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Caption for cover
This is one of the most spectacular and well-known views in the Canadian Rockies: Cirrus Mountain
and the Weeping Wall seen from the Big Bend viewpoint in northern Banff National Park, Alberta.

Several important boundaries, both geological and ecological, are evident in this image. The
distinct break in slope across the centre, edged by trees, marks the boundary between the Upper
Devonian and Lower Mississippian. The steep lower slopes of Cirrus Mountain are formed in grey
limestone of the Upper Devonian Palliser Formation. These cliffs are known as the Weeping Wall,
so called for the number of waterfalls that cascade down the face. The more gently sloping mid-
slopes of Cirrus Mountain are formed by shales of the Banff Formation. The upper slopes are
formed from the more resistant dark grey cliff-forming rocks of the Rundle Group. Cirrus Mountain
rises to 3215 masl, giving almost 1600m of relief in this view. To the left of the main peak, in the
notch, lies the Mount Coleman normal fault, with the lower peak at the far left capped by rocks of
the Palliser Formation. This three-part geological sequence (Palliser-Banff-Rundle) occurs widely in
the Front Ranges and in places, as here, the Main Ranges of the Canadian Rockies.

The treeline, an important modern ecological boundary, is also well marked along the slopes of
Cirrus Mountain. In this area, the upper subalpine forest is dominated by Engelmann spruce (Picea
engelmannii} with some Rocky Mountain Sub-alpine Fir (Abies bifolia). Whitebark pine (Pinus
albicaulis) is often a component of the treeline zone. In this view southward, down the North
Saskatchewan River valley, the valley floor lies at about 1600 masl. The Icefields Parkway (Hwy 93),
a major tourist route, parallels the river.

Photo credits: David Gummer, Provincial Museum of Alberta, June 2002. © 2004 Provincial
Museum of Alberta.



Preface

This book arose from a special
session sponsored by the Canadian
Association of Palynologists, which
was held at the Geological Associa-

tion of Canada-Mineralogical Association of
Canada Joint Annual Meeting in Saskatoon in
2002. The session featured seven papers and a
poster. It was an interesting and well-attended
session, providing a fine opportunity to explore
some imaginative and thought-provoking
research. The presentations illustrated many
approaches to the study of boundaries, and the
participants were enthusiastic about the pro-
spects for publication. It was clear from our
research that no similarly focused book was
available. Given the variety of approaches and
applications of boundary problems and the
centrality of boundary issues in many geoscience
projects, a compilation volume seemed particu-
larly timely. As conveners of the special session,
we undertook to steer the project through the
publication process.

We also solicited papers from people who
were not able to attend the conference, and
received a tremendous response. The 16 papers
in this volume provide a revealing and extensive
survey of the ways in which identification and
characterization of boundaries are approached
in the many different branches of palynology
and micropalaeontology. The papers span geo-
logical intervals from the Cambrian to the
Miocene, and feature most major micropalaeon-
tological indicators, including conodonts, pol-
len, spores, diatoms, dinoflagellates,
foraminifera and ostracodes. Although the
original session had a strong Canadian and
North American focus, the papers included here
have a much broader geographical range, and
include contributions from Poland, Egypt,
Belgium, Argentina and the United Kingdom.
Boundary problems are evidently not con-
strained by political boundaries!

The sponsoring organization, the Canadian
Association of Palynologists or Association
Canadienne des Palynologues (CAP), was
founded in 1979. CAP is primarily a newsletter
organization, producing two issues a year. The
CAP website (http://www.scirpus.ca/cap/

cap.shtml) also promotes communication among
the widely scattered membership and serves as
an archive for palynology-related articles and
items from the Newsletter. CAP fosters interest
in palynology through many activities, including
participation in geoscience meetings and
encouraging publications, such as this volume.

Although numbers fluctuate, CAP has a core
of around 50 members. Participants are drawn
from all branches of palynology and work in all
geological eras. CAP counts among its members
many distinguished Canadian geoscientists.
Recently, the Association has also attracted
members from other micropalaeontological
fields. In common with all science in Canada,
CAP has been affected by recent economic
downturns. Nevertheless, CAP remains a
vibrant and active geoscience association, as
the successful compilation of this volume
illustrates.

The production of this book has involved
many people from different organizations. The
Provincial Museum of Alberta supported the
assembly of the volume by covering mailing and
courier costs. We thank the authors for their
patience and co-operation during the assembly
process, and the many reviewers for their
insightful and authoritative comments on the
manuscripts. We are most grateful to the
Geological Society for its support and encour-
agement throughout this project, and in parti-
cular John Gregory and Angharad Hills, for
their advice and patience.

On a personal level, ABB thanks Yves
Beaudoin for tolerating semi-permanent piles
of manuscripts on the dining-room table and for
cheerfully 'ticking off reference lists during
winter evenings. MJH is indebted, as ever, to
his family for their support.

Finally, we hope this volume will promote
discussion and stimulate additional research on
the fascinating practical problems and theore-
tical issues posed by boundary identification and
characterization. If, 10 years hence, we can
contemplate convening another session with new
research built on the solid foundation of the
work described here, we and the authors will
have done our jobs.

vii





Drawing a line in the sand: identifying and characterizing boundaries in the
geological record

ALWYNNE B. BEAUDOIN1 & MARTIN J. HEAD2

1 Quaternary Environments, Provincial Museum of Alberta, 12845-102nd Avenue,
Edmonton, Alberta, T5N OM6, Canada (e-mail: Alwynne.Beaudoin@gov.ab.ca)

2Department of Geography, University of Cambridge, Downing Place, Cambridge,
CB2 BEN, UK (e-mail: mh300@cam.ac.uk)

Abstract: The identification and characterization of boundaries is a fundamental activity in
geoscience. Spatial and temporal boundaries are rarely sharp but are more usually zones of
transition, which may have variable characteristics. The examination of palynological and
micropalaeontological data is often crucial for the delineation of geological boundaries,
especially for the definition of Global Boundary Stratotype Sections and Points (GSSPs). The
sixteen papers in this volume highlight many productive methodological approaches to
boundary identification. This essay reviews the theoretical background to boundary
identification in geology, and provides the contextual perspective for the subsequent papers.

Much of geoscience has to do with classification,
of organisms, of rocks, or of processes. Inevi-
tably, classification devolves into an exercise in
drawing boundaries: putting a limit on what is
included and what is not. In the geological
record, this exercise takes place in three dimen-
sions, with space and time interacting to produce
a plethora of boundaries and boundary defini-
tions. Although conventionally, on strati graphic
charts, for example, temporal boundaries are
often shown as sharp lines, in reality they are
rarely so. Similarly, spatial boundaries on maps
are seldom as abrupt as they are drawn. Process
boundaries are yet more subtle and usually less
clear. Indeed, even to speak of 'a boundary' is
contentious, since boundaries come in many
forms and types. Boundaries are more often
intervals or spaces of transition, leaving plenty
of room for argument over their placement.
Perhaps for this reason, some of the more
truculent and long-lasting debates in geology
have been over the positioning and identification
of boundaries. Drawing a line in the sand may
seem a simple exercise but turns out to be
fraught with complexities!

Boundary definitions

In geoscience, the criteria for identifying chron-
ostratigraphic, biostratigraphic and lithostrati-
graphic units are outlined in rules set up by
international agreement, such as the Interna-
tional Stratigraphic Guide (Salvador 1994), or

guidelines such as the North American Strati-
graphic Code (North American Commission on
Stratigraphic Nomenclature 1983), or the Strati-
graphic Procedure (Rawson et al. 2002). The
demarcation of boundaries is generally a con-
sequence of the identification of units, rather
than the other way round. Historically, the
identification of boundaries has often arisen
from the practical exigencies of geological
mapping: the need to produce visual representa-
tions of geology, primarily based on sections or
surface exposures. Boundaries, therefore, were
often synonymous with the limits of mappable
units, that were generally field-identified on the
basis of lithology. This approach gave rise to the
designation of 'body stratotypes', a methodol-
ogy that proved limiting for the subdivision of
geological time because of gaps in the rock
record (Harland et al. 1990).

Modern geochronology emphasizes bound-
aries, especially lower stage boundaries, rather
than units, as fundamental for subdivision and
correlation (Remane 2003). Under the auspices
of the International Commission on Stratigra-
phy (ICS), various subcommissions have been
established to examine the placement of parti-
cularly critical temporal boundaries in the
geological record (see list in Gradstein & Ogg
2003). Considerable effort has been devoted to
the establishment of Global Boundary Strato-
type Sections and Points (GSSPs), with more
than 40 defined so far (Gradstein et al. undated).
For each boundary, a type section and a specific

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 1-10. 0305-8719/04/S15 © The Geological Society of
London 2004.
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point within that section are chosen by interna-
tional agreement as a means to define the
boundary formally. The type section is therefore
a particular section at an identified location (ICS
2004). Although parastratotype sections may be
established at considerable convenience to local
and regional stratigraphers, ultimately all
securely identified boundaries must be correla-
table to the GSSP. In practice, almost all GSSPs
are defined from shallow-marine sediments.
Macrofossil biostratigraphy is used for many
GSSP definitions, particularly in the Mesozoic
(see list in ICS 2004). However, changes in
micropalaeontological indicators - especially
conodonts, calcareous nannofossils, and forami-
nifera - often underpin these definitions. Micro-
palaeontology is becoming increasingly
important, particularly for GSSPs in the Cen-
ozoic and Palaeozoic, due to the more contin-
uous nature of microfossil recovery. Since it acts
as an exemplar, the selection of a type section is
often a difficult matter, and candidate sections
are minutely scrutinised (see Sikora et al. and
Mei et al.). The establishment of a GSSP rarely
ends discussion or extinguishes debate; GSSPs
may be challenged, re-examined, and defended
(Zhang & Barnes a).

Boundary types

Surprisingly, despite all the attention paid to
boundaries, there is no cohesive theoretical
treatment of them in the geological literature,
although stratigraphic principles have been
widely discussed (e.g. Hedberg 1976; Salvador
1994; Remane 2003; Walsh 2004). This situation
differs from ecology, where there is an emerging
body of literature dealing with boundary theory
(see Gosz 1991, and Cadenasso et al. 2003a,
2003&). Because ecology deals with living organ-
isms and their environment, this theoretical
approach is also applicable to palynology and
micropalaeontology. Strayer et al. (2003) distin-
guish two major types of boundaries: investiga-
tive and tangible boundaries. Investigative
boundaries are those that are imposed by
practical or administrative considerations and
often have no physical expression in the land-
scape. Investigative boundaries can also occur
when language barriers preclude discussion or
access to information. Nikitenko & Mickey, for
example, review an enormous quantity of
literature from Russia, which has not hitherto
been accessible to people who do not read
Russian. Spatially speaking, tangible boundaries
are associated with some biotic change, environ-
mental discontinuity, or landscape expression. It
is the exploration of tangible boundaries with

which this volume is primarily concerned.
However, it is worth noting that some geological
boundaries may be a consequence of investiga-
tive boundaries, where research or analyses are
constrained by jurisdictional or political limits,
such as those that confine national geological
surveys. Establishing boundaries may be more
than an esoteric exercise; boundary definitions
may have important management implications,
as in the establishment of ecological reserves, or
legal consequences, as in the definition of
continental margins (e.g. Hedberg 1979).

Spatial boundaries differ in type and degree.
Boundaries may be abrupt or gradual, solid or
permeable, permanent or ephemeral, constant or
fluctuating, stationary or moving, narrow or
broad, relatively straight or highly convoluted.
Where a boundary is defined by a physical
landscape expression or environmental disconti-
nuity, its character may affect the way in which
organisms react to it. Moreover, conditions that
form a boundary for one type of organism may
have no impact on another. Physical boundaries
can also act as a filter, only allowing certain
organisms to pass through. For these reasons,
the identification and characterization of a
boundary through biotic indicators may depend
on what organism is being examined as a proxy
and the sensitivity of that organism to change.
Boundaries may also regulate flows of materials
or energy (Cadenesso et al. 2003&). Where a
boundary is defined by a perturbation, the
magnitude, extent, and duration of that pertur-
bation may influence biotic response. Some
biota may show considerable complacency or
resiliency until critical threshold values are
crossed.

Analogues from modern ecological and
environmental boundaries

The identification of boundaries on the modern
landscape provides many examples of these
different types. Here, we can examine bound-
aries in the simplest spatial cases, with the
complication of geological time removed. How-
ever, the identification of boundaries across the
landscape, and the characterization of transi-
tions, provides analogies for the 'space for time'
substitution which is the foundation of the
'present is the key to the past' approach to
geoscience. Some boundaries are obvious, the
land-sea transition, for example, and have long
been a focus of research. State-change bound-
aries, such as the water-atmosphere or ice-water
interfaces, are also clearly marked. Other

2



IDENTIFYING AND CHARACTERIZING BOUNDARIES

boundaries, such as temperature limits, are more
subtle and less visible. These boundaries are
often formed when the gradient or rate-of-
change of a parameter becomes steep (Cade-
nesso el al. 2003#). Process boundaries have
been a research focus for decades, especially
with respect to fluid dynamics in fluvial (Thornes
1979) and aeolian (e.g. Walker & Nickling 2002)
systems. The recognition that unique suites of
processes occur at boundaries also permeates
meteorology and climatology (e.g. Oke 1993,
1997) and soil science (e.g. Belnap et al. 2003).

Despite their definition with respect to the
present landscape, spatial boundaries are usually
dynamic and do often also incorporate a time
dimension, albeit short term. Boundaries that
are formed by physical discontinuities, such as
breaks in slope, tend to have greater longevity
and be fixed to a specific landscape position.
Other types of boundaries, including process
and biotic boundaries, however, are often more
mobile and short lived. They may oscillate or
fluctuate around a mean position on several
scales from diurnal, such as tidal limits, to
subseasonal, such as wetland margins (Shay &
Shay 1986; Kantrud et al 1989), to seasonal,
such as the active layer-permafrost boundary
(French 1993). Other ecological boundaries may
move at decadal or century scales and can often
be directional. These may include, for example,
the migration front for plant species, such as the
post-glacial expansion of lodgepole pine in
western North America (MacDonald & Cwynar
1985). Boundaries which are most likely to have
correlates in the geological record are ones
where the mean position is relatively fixed for
a long time, or where the directional shift is
accompanied by distinctive biotic changes.

Of all modern ecological boundaries, perhaps
none is as well studied as the treeline, both the
alpine (altitudinal) treeline and the northern
boreal (latitudinal) treeline (e.g. Frenzel et al.
1996; Arno & Hammerly 1984). This boundary
exemplifies many of the issues of identification
and characterization that pervade ecological and
geological boundary definition. Wardle (1974, p.
396) emphasized that 'timberline is the sharpest
temperature-dependent boundary in nature',
and thus its location is climate-related. But,
because of the physiological plasticity and
response of trees to environmental stress, the
treeline is not, in fact, a sharp line, but rather a
zone representing a complex transition between
forested and treeless areas. Strictly, the alpine
treeline (or tree limit) is the upper elevation limit
of krummholz forms of nominally arboreal
species, and the timberline is the limit of
standing tree growth (Wardle 1974). Between

these limits, in the krummholz zone, trees often
occur in isolated 'tree islands' and may be
deformed, flagged, or stunted. Where elevational
controls are sharp, as on steep slopes, the alpine
treeline zone can be quite narrow, in contrast to
the northern boreal treeline zone, which is often
broad. Here, an expanse of 'forest-tundra' is
identified, which in northern Canada may be up
to about 200km wide (Timoney et al. 1992).
Thus, the boundary between forested and non-
forested areas represents the interplay of topo-
graphical, latitudinal, biotic, temporal and
ecological factors.

Such definitional minutiae may seem
picayune, but they have significant implications
for interpretation of palynological data. Because
altitudinal treeline shows a strong correlation
with growing season temperature, many studies
have attempted to characterize its modern
position through palynological signatures, and
then use these signatures to interpret past pollen
records as a 'proxy' temperature signal (e.g.
Beaudoin 1986; Pellatt et al. 2000). There are
several problems to this approach, not least
being the assumption that the present boundary
is in equilibrium with, or controlled by, current
conditions and thus is a surrogate measure for
contemporary conditions. But because tree
response to a perturbation or a temperature
change may be lagged, this assumption may be
suspect. The response may also vary depending
on the floristic composition of the treeline,
because not all taxa will necessarily react in the
same way. Computational issues may also over-
simplify the situation. Usually, some form of
regression between modern pollen signatures
and growing season temperatures is performed
and the results used to interpret signatures from
past records. This approach forces a one-to-one
correspondence (albeit with some probability
attached) with the values from the past record,
and does not allow for the fact that the character
of the treeline may have varied over time, for
example, through floristic change. The inferred
record may therefore appear more sharply
focused and delineated than it probably was.
Modern analogies are always laden with such
ambiguities, but nevertheless remain the best
approach for ecological or environmental
boundary characterization.

Geological boundaries

In the geological past, boundary identification
becomes even more complex with the addition of
the time dimension. The same dichotomies
apply, although we can also add swift or slow,
abrupt or gradual, continuous or gapped to the

3



A. B. BEAUDOIN & M. J. HEAD

mix. We can also distinguish between abiotic
(lithostratigraphic) and biotic (biostratigraphic)
boundaries. Biostratigraphic boundaries are
analogous to modern ecological boundaries
because they are defined by changes in biota.
These could, of course, coincide with lithostrati-
graphic changes, but this need not be the case.
These boundaries can be both spatially and
temporally transgressive, and may be of local or
regional significance. Critical boundaries, such
as those that define stages, must be of more than
local extent (Remane 2003). This can make their
identification in geological records problematic,
not least because geological studies often have a
very limited spatial view. Often, boundary
inferences are made from samples obtained
from one or a few cores or boreholes. So the
geological or subsurface view of boundaries is
often highly patchy and discontinuous and
represents only a limited subset of the available
environmental variance. Where multiple views
are available (e.g. Zhang & Barnes a, Nikitenko
& Mickey), it may be important to tease out the
ecological variability, such as shallow v. deep
water or warm water v. cool water, so that the
more substantive regionally or globally signifi-
cant variation can be clearly identified.

Techniques for boundary identification

Boundaries in the geological record are identi-
fied using many techniques, but the examination
of palynological and micropalaeontological data
is often crucial. Perhaps the easiest boundaries
to identify are those where there is an abrupt
lithostratigraphic change or where there is a
clear temporal break in the record - as at an
erosional unconformity. The identification of
chronostratigraphic boundaries may be more
difficult, and in some cases relies on biotic
events. Thus, chronostratigraphic and biostrati-
graphic boundaries may coincide. Significant
biostratigraphic changes are often marked by
the appearance or disappearance of important
indicator taxa or, more often, assemblage
changes.

The reliance on indicator taxa for boundary
definition raises questions of consistency, fidelity
and reproducibility, especially when these taxa
form only a small part of an assemblage. For
example, in a multi-core pollen study of a well-
defined Holocene temporal level from Lake
O'Hara (Beaudoin & Reasoner 1992) showed
that minor taxa (present as less than 1 % of the
assemblage) were unreliable indicators, because
their occurrence was highly variable and they
did not show high fidelity between contempora-
neous samples. Where a boundary is defined by

a discontinuity, it may also act as a filter, adding
further complications to the recognition of
indicator taxa. The incorporation of biotic
remains in sediments may be complicated by
taphonomic factors, such as downslope trans-
port (Zhang & Barnes a), and by post-deposi-
tional factors affecting preservation (Van
Eetvelde & Dupuis).

Sampling factors also influence the potential
for boundary identification. First and last
appearance of taxa in a stratigraphic record
may be influenced by how much of the record
has been examined, and are fundamentally
statements of probability, associated with con-
fidence limits (Holland 2003). Over millennia,
geological processes, primarily erosion, reduce
the amount of any exposed stratigraphic unit.
Hence, only some of the original sediment, and
therefore part of the original variability, is
available for examination. Thus, the probability
of finding remains of any organism is influenced
by how much of the sediment unit is left. Peters
& Foote (2002), for example, suggest that the
evaluation of extinction rates may be influenced
by these sampling factors. Using data from
marine sedimentary formations, they conclude
that derived extinction rates may be spurious, an
artefact of the amount of the stratigraphic
record available for examination. It may be
more difficult therefore to identify boundaries
within intervals for which the sedimentary
record is slender or poorly preserved.

Numerical or statistical methods are often
useful in distinguishing meaningful and consis-
tent biotic changes. These methods are most
applicable where large data-sets are available,
and they can help to identify patterns in
otherwise overwhelming amounts of data.
Numerical methods can be used to answer two
important biostratigraphic questions. First,
given changing assemblages through time or up
a stratigraphic section, where are the significant
breaks or most important changes? Such judge-
ments can be made qualitatively, by visual
inspection for instance, but numerical methods
have the advantage of being reproducible, given
the same data-set, and following defined rules.
Numerical zonation methods have been widely
employed in Quaternary palynology to identify
assemblages (e.g. Birks & Gordon 1985), espe-
cially when stratigraphic constraints are
included (Grimm 1987). Pollen zone boundaries
may be ecologically or chronostratigraphically
important (e.g. Fernandez-Marron et al.}. Sec-
ond, given several assemblages and some knowl-
edge of contemporaneous environmental
conditions, can we make inferences about
assemblage-environment linkages or controls?
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Such environmental inferences can then be
extended to assemblages where the contempora-
neous conditions are not well known. Ordina-
tion or classification methods have been used to
explore these patterns in palynological or
micropalaeontological data, using techniques
such as cluster analysis or principal components
analysis (see Kovach 1989). These techniques
can often highlight environmental shifts, such as
sea-level or water temperature changes, in
complex data. Several studies in this volume,
including Zhang & Barnes a, Elewa & Morsi,
and Nikitenko & Mickey, use numerical methods
for this purpose.

Using palynology and micropalaeontology to
identify boundaries in the geological record

From the widest perspective, there are certain
biological events in the geological past that
stand out as being pivotal: the occurrence of the
first fossils, the appearance of the first terrestrial
fauna, the rise of flowering plants. However, no
events have arguably generated more debate
than mass extinctions and their causes. By their
very nature, extinctions, reflecting significant
changes in biota, are often defining events for
boundaries. MacLeod takes this 'big picture'
approach by examining the pattern and periodi-
city of extinction events shown by marine
invertebrate genera through the sweep of Pha-
nerozoic time. He investigates the association
between these and the five most widely invoked
explanatory factors - bolide impacts, continen-
tal flood-basalt eruptions, eustatic changes, and
marine anoxia events. His analysis shows that
two factors - marine regression and volcanic
eruptions - explain most of the observed events.
MacLeod observes that terrestrial mechanisms
provide sufficient control to account for most
extinction events through the Phanerozoic. The
popular-culture image of extinction, exemplified
by startled dinosaurs staring skywards as a
flaming fireball approaches, apparently needs
some revision!

MacLeod's analysis of extinction intensity
through time also leads to some provocative
suggestions. Rather than being a steadily declin-
ing trend through the Phanerozoic, MacLeod
shows that the extinction intensity became
marked around the end of the Devonian, with
a notable reduction in extreme-intensity events
around the end of the Triassic. MacLeod links
these to changes in the global carbon cycle as a
consequence of evolutionary events. He offers
two possibilities for the causal mechanism: the
diversification of land plants in the Late

Palaeozoic and the diversification of phyto-
plankton in the Late Triassic. This opens
intriguing possibilities of linkages and feedback
mechanisms between evolutionary events, cli-
mate changes, and extinctions - perhaps point-
ing the way to a more integrated theoretical
perspective.

Doran et al. also adopt a 'big picture'
approach and also examine evolutionary trends,
in this case in post-extinction planktonic for-
aminifera, concentrating on two boundaries, the
Cenomanian-Turonian (C-T) and the Cretac-
eous-Tertiary (K-T). Their concern is with the
rate and pattern of faunal recovery after
extinction. If extinction is a boundary, it can
be regarded as the quintessential filter, only
allowing certain life-forms to pass. What hap-
pens to the taxa that make it through extinction?
Doran et a/.'s analysis shows rapid evolutionary
change in foraminifera following these major
extinction events. They suggest that this pattern
relates to specific characteristics, which they
term 'passport' characteristics, that allowed
some taxa to pass through or survive the
extinction events. These taxa may not necessa-
rily be best adapted to the post-extinction
environment, but they form the foundation for
subsequent populations.

After much debate, the GSSP for the Cam-
brian-Ordovician boundary was located at
Green Point, western Newfoundland, Canada,
and defined on the basis of conodont biostrati-
graphy (Cooper et al 2001). This GSSP was
contentious because of differing opinions about
the conodont record, in particular the degree of
transport and mixing. To clarify this issue,
Zhang & Barnes a analyse conodont commu-
nities associated with different environmental
settings, from shallow platform to distal slope,
across this boundary in western Newfoundland.
They use multivariate statistical techniques to
identify consistent patterns and gradational
relationships, and show that conodont commu-
nities were partitioning the environment accord-
ing to slope position and water depth. Therefore,
conodont community change may reflect sea-
level changes affecting water depth, in particular
sea-level rise in the Early Ordovician. Over-
printed on this are community changes resulting
from rapid evolution and diversification. Both
factors are important to an evaluation of the
conodont record across this boundary.

The end of the Ordovician is marked by the
second-most severe mass extinction in the
Phanerozoic, resulting in the estimated loss of
some 85% of all marine species (Jablonski 1991;
Sheehan 2001). This was brought about by a
continental glaciation in North Africa that
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resulted in cooler oceanic temperatures and
more aerated bottom waters: changes that had
profound implications for marine organisms
(Hallam & Wignall 1999; Sheehan 2001). Zhang
& Barnes b have examined the depletion of
conodont taxa at the end of the Ordovician, and
particularly the nature and timing of their post-
extinction recovery. Their analysis of deposits of
Early Llandovery (earliest Silurian) age from the
essentially complete succession on Anticosti
Island, Quebec, has revealed an unexpectedly
complex series of speciation, extinction, immi-
gration and emigration events that can be in part
correlated to eustatic and other ocean-climate
changes. The Anticosti Basin may indeed have
been an important centre of evolutionary radia-
tion for conodont animals during the earliest
Silurian.

Taxonomic matters often lie at the heart of
boundary definitions, as in the study by Mei et
al. They present the case for establishment of a
GSSP for the base of the Changhsingian Stage
(Upper Permian) at Meishan, China, based on
the analysis of conodonts. They suggest that the
boundary should be defined at the first appear-
ance of Clarkina wangi. This species was
established following the authors' examination
of conodonts from the Meishan section, using
characteristics of the sample-population rather
than individuals to distinguish taxa: focusing on
carinal morphology. Taxa are defined when the
population as a whole exhibits a predominance
of the particular morphology. In this instance,
the transition from one carinal configuration to
another occurs over a narrow interval, allowing
the boundary to be relatively well constrained.
Their sample-population analysis is an interest-
ing way of approaching a question that is
relevant to many micropalaeontological indica-
tors - how much morphological variation can be
allowed before a new taxon is recognized?

The Carboniferous System is internationally
defined (by GSSPs) at its top and base, but the
inter-regional correlation of stages continues to
present challenges. The Duckmantian is a
European stage within the lower Upper Carbo-
niferous. It overlies the Langsettian Stage, and
its base is defined by the base of the Vander-
beckei Marine Band and in a boundary strato-
type in Derbyshire, England, UK. The position
of this marine band has been correlated with
important changes in macro- and microfloral
assemblages across northwestern Europe.
McLean et al. have analysed the Duckmantian
stratotype in detail, using miospores to char-
acterize the Vanderbeckei Marine Band and the
Langsettian-Duckmantian boundary in particu-
lar. By then analysing this same marine band in

a borehole in the southern North Sea, McLean
et al. have been able to assess the potential of
miospores for recognizing the boundary else-
where. Results show that although the Vander-
beckei Marine Band and can be recognized
palynologically, a clear floristic break does not
occur at its base. Indeed, a gradual turnover of
taxa occurs across the boundary. McLean et al.
conclude that marine flooding events in the
Upper Carboniferous coal measures may not
exclusively provide the impetus for evolutionary
change in the flora, which apparently continued
to evolve throughout transgressive-regressive
cycles.

In the Lower Jurassic, the Early Toarcian was
characterized by a mass-extinction event,
marked by rising sea-levels with widespread
anoxia, and consequent deposition of black
shales (Hallam & Wignall 1999; Harries & Little
1999). Nikitenko & Mickey review studies on a
broad regional scale from Russia and Alaska,
concentrating especially on foraminifera and
ostracodes through the Pliensbachian-Toarcian
interval. Numerical analysis allows them to
identify biogeographical units of ostracodes
and foraminifera within the Arctic and Boreal-
Atlantic realms. Nikitenko & Mickey distinguish
consistent patterns of zonation within ostracode
and foraminifera that allow correlation both
across this region and with the microfossil
sequence from Western Europe. In the Early
Toarcian in the Arctic, ostracode genera and
families completely changed, and more than
80% of the foraminiferal species were replaced.
Interestingly, the authors note that the reduction
in species and generic diversity began in the Late
Pliensbachian in the Arctic - somewhat earlier
than in Western Europe.

The exact placement of the Jurassic-Cretac-
eous boundary remains contentious, largely
owing to difficulties in correlating between
Tethyan and Boreal realms. These realms occur
at a time of marked provincialism in the marine
biota, brought about by low global sea-levels.
The lowermost stage of the Cretaceous is the
Berriasian, whose stratotype is at Berrias,
France. Correlating this stratotype beyond the
Tethys has been problematic, owing to the
localized nature of the ammonite fauna. Hunt
has used dinoflagellate cyst stratigraphy at
classic sites in Dorset, southern England, UK,
as a means of correlating these sites with the
type Berriasian. Dorset was within the Tethyan
Realm, but close to the northern Boreal Realm.
This has allowed Hunt to use miospores to
correlate the Dorset sections with the Terschel-
ling Basin in the Netherlands, which is within
the Boreal Realm. This approach achieves a
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novel correlation between the Berriasian, includ-
ing its base (and hence the Jurassic-Cretaceous
boundary), and the ammonite biostratigraphy of
the Boreal Realm.

Hart's historical account of the recognition of
a mid-Cenomanian non-sequence in the chalk
succession of southern England and northern
France is a salutary reminder of the practical
application of boundary problems. The non-
sequence was originally identified during geolo-
gical studies, especially micropalaeontological
work on the foraminifera, associated with the
development of the Channel Tunnel. Work
throughout southern England and northern
France during subsequent decades showed that
this non-sequence represents a hiatus, in some
places an unconformity, of regional extent.
Above it, the foraminifera include a greater
abundance of planktonic forms, indicating more
open-marine conditions. This study raises some
fascinating issues with respect to boundary
definitions. Should this non-sequence or deposi-
tional break be considered a sequence bound-
ary? Can a boundary be formed by an absence?
The definition of a GSSP relies on its identifica-
tion within a conformable sequence (Walsh
2004), but Hart's study shows that other types
of boundaries may also be useful in regional
correlations.

Macrofossil biostratigraphy provides one line
of evidence for Sikora et al. as they tackle an
aspect of the Jurassic-Cretaceous boundary -
the establishment of a GSSP. To be useful as a
standard, a stratotype must be continuous
across the interval, be widely correctable, and
be accessible to the scientific community. Sikora
et al. examine and compare the macrofossil and
microfossil biostratigraphy of two sections
proposed as potential GSSPs: at Wagon Mound,
New Mexico, USA, and Salzgitter-Salder, cen-
tral Germany. Sikora et al. are able to show that
different indicator types provide different tem-
poral signatures, and that, more significantly,
the micropalaeontological indicators show a
different temporal pattern to macrofossil
remains. Their study suggests that neither of
the proposed stratotypes are likely to be good
candidates for a GSSP. This example shows the
value of using multiple indicators for boundary
characterization.

The Cretaceous-Tertiary (K-T) boundary is
perhaps the most studied of all geological
boundaries, and probably, because of its well-
publicized association with dinosaur extinction,
the most well-known outside geoscience (see
Alvarez et al. 1980; Hildebrand 1993). It
represents a profound disruption to terrestrial
and marine ecosystems on a global scale,

although the scale and rate of biotic extinctions
is debated.

An intriguing aspect of the K-T transition is
the contrast between North American (and
Pacific) and European pollen records. North
American records reveal a pronounced extinc-
tion event near the boundary (Nichols 1996),
followed at some sites by a brief increase in fern
abundance (the 'fern spike') that is thought to
relate to short-term environmental disturbance
(Tschudy et al. 1984; Fleming & Nichols 1990;
Sweet 2001). In contrast, no appreciable changes
have been recorded in pollen records from the
Old World, including Europe. To test this
apparent lack of change, Fernandez-Marron et
al. have analysed spore and pollen data from
two sections that span the K-T transition in
Spain. Because these sections represent differing
palaeoenvironmental settings, any effects caused
by local factors and taphonomy should be
detected. While no noticeable extinctions could
be linked to the boundary, a statistical analysis
reveals significant differences in assemblage
composition. These changes, which include an
increase in trilete fern spores across the K-T
transition and a reduction in the Danian
samples, offer a new means to identify the
K-T boundary in terrestrial deposits of the
region.

Dinoflagellate cysts are relatively unaffected
by short-term environmental disruption, owing
to their ability to remain dormant for several
years. This presumably explains their continuous
record across the K-T boundary, which makes
them well suited for studying environmental
changes through this interval (Brinkhuis et al.
1998). Most sites presently studied represent
shelfal facies (e.g. Brinkhuis & Leereveld 1988;
Brinkhuis & Schi01er 1996; Brinkhuis et al.
1998). The study by Gedl a examines dinofla-
gellate cysts at a deep-water site in the Czech
Republic, thereby offering a new perspective on
this critical boundary. Gedl a concludes that a
warm, stable, marine climate prevailed across
the boundary. Although no major changes in
assemblages were found, minor changes might
relate to gradual sea-level fall or increasing
nutrient availability. A peak abundance of
heterotrophic dinoflagellate cysts near the
boundary appears to indicate upwelling in this
part of the Tethys.

The Palaeocene-Eocene transition is marked
by significant changes in many Earth systems,
including global climate, with a marked carbon
isotope anomaly, and ocean circulation, accom-
panied by palaeogeographical changes (Norris &
Rohl 1999; Zachos et al. 2001). Both marine and
terrestrial organisms show considerable evolu-
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tionary turnover through this interval (Berggren
et al. 1998; Hallam & Wignall 1999). Despite the
abundant evidence for change, the establishment
of a GSSP for the Palaeocene-Eocene is
currently subject to vigorous debate (see Aubry
et al. 1999; Walsh 2004). Two studies in this
volume shed further light on this interval.

Van Eetvelde & Dupius use diatoms to
examine the Upper Palaeocene to Lower Eocene
interval in two localities from northern France.
Here, examination of the record is complicated
by preservation issues because the diatoms are
heavily pyritized, requiring specialized extrac-
tion techniques. Nevertheless, three distinct
diatom assemblages can be recognized, and
these offer the prospect of correlation between
the sequences of the Dieppe-Hampshire and
North Sea basins.

Elewa & Morsi also examine the Palaeocene-
Eocene interval, in this case based on ostracodes
recovered from sediment sequences in northeast
Egypt. Numerical analysis permits the identifi-
cation of ecozones, distinguished by environ-
mental parameters, including water depth,
temperature, turbulence and dissolved oxygen
content. Elewa & Morsi conclude that changes in
ostracode assemblages were mainly the result of
changing local environmental conditions, rather
than speciation or extinction. However, they do
detect faunal changes probably associated with
the Palaeocene-Eocene thermal maximum (Ken-
nett & Stott 1991), which elsewhere is associated
with extinctions.

The Eocene-Oligocene transition is generally
characterized by falling temperatures and a drop
in global sea-level. However, the boundary itself
is contentious, owing to disagreements in defini-
tion (Berggren et al. 1995, pp. 197-198; Brin-
khuis & Visscher 1995). It is marked either by
the highest occurrence of the foraminiferal genus
Hantkenina or that of the dinoflagellate cyst
Areosphaeridium diktyoplokum. The latter
datum, which is stratigraphically higher than
the former, is used by Gedl b in his study of
dinoflagellate cysts from the Carpathian Moun-
tains of Poland. Gedl's study identifies the
position of the Eocene-Oligocene boundary in
the Leluchow section, and infers a drop in
relative sea-level that might correlate with Early
Oligocene eustatic lowering. Sea-surface tem-
peratures are found to drop prior to the Eocene-
Oligocene boundary at this site.

The Oligocene-Miocene boundary represents
one of the most important eustatic rises in the
Cenozoic, with high sea-levels continuing
throughout the early Early Miocene (Haq et
al 1987, 1988; Hardenbol el al. 1998). In
South America, a major marine transgression

in Patagonia is associated with this event,
although its precise dating has remained
questionable. Guerstein et al. have used paly-
nology to assign a Late Oligocene and early
Early Miocene age to the marine Centinela
Formation deposited near the margin of this
transgression. A maximum flooding surface is
indicated by high ratios of dinoflagellate cysts
in the earliest Miocene.

In conclusion, the sixteen papers summarized
here highlight many methodological and defini-
tional issues with boundaries in geology.
Although not all problems are resolved, the
papers point the way to productive investigative
and analytical approaches that may prove
worthwhile in other situations.
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Abstract: Two prominent patterns have been recognized in Phanerozoic extinction data: (1) a
quasi-periodic distribution of extinction-intensity peaks, and (2) a linear, declining background
extinction intensity gradient. Characterization and interpretation of both patterns are necessary
to understand Phanerozoic extinction controls. The extinction-intensity peak spectrum has been
variously interpreted as a reflection of the time-series of major sea-level regressions, continental
flood-basalt province (CFBP) eruptions, and bolide impacts. In order to evaluate the level of
association between these time-series and the Phanerozoic marine invertebrate extinction record
statistically, a new Monte Carlo simulation strategy is presented. Results of simulation-based
tests suggest that the time-series of major, eustatic sea-level regressions and CFBP eruption
events have a statistically significant (p ^ 0.05) association with Tatarian-Pliocene, stage-level,
extinction intensity peaks. Associations between this peak series and the time-series of crater-
producing bolide impacts do not appear significant at this level. A limited multicausal event
scenario was also tested using the Monte Carlo method, and recognized the combination of sea-
level regression and CFBP volcanism to be significantly associated with the largest extinction
intensity peaks of the last 250 Ma. The background extinction-intensity gradient has been
interpreted variously as: (1) an indicator of progressive improvement in extinction resistance
through selection; (2) the by-product of an invasion of marginal (extinction-resistant) habitats;
and (3) as a taxonomic-stratigraphical artefact. Results of subdivided linear trend analyses
suggest that the background extinction-intensity gradient is largely confined to the Late
Palaeozoic-Cenozoic interval. No statistically significant gradient is present in the most recent
compilation of Early-Middle Palaeozoic data on marine, invertebrate extinctions. The timing of
gradient initiation and extinction variance analyses suggest that reorganization of global carbon
cycles and oceanographical circulation patterns in the Devonian-Early Carboniferous, and the
evolutionary appearance of modern phytoplankton groups in the Late Triassic both had
dramatic effects on the character of the extinction-intensity gradient.

Over the past 20 years, enquiries into the nature tionary processes might be decoupled from
and causes of Phanerozoic extinction events macroevolutionary processes, thus justifying a
have constituted one of the most active and 'hard' version of punctuated equilibrium (e.g.
integrative of all Earth science research pro- Gould 1984, 1985, 2002). Still others were swept
grammes. There are many reasons for this up in the spotlight of media-driven concerns
activity level within such a quintessentially about the extent to which biodiversity reduc-
palaeontological subject. For some, genuine tions in the modern world represent a harbinger
extinction research became possible only after of a modern mass extinction to rival those of the
the Alvarez et al (1980) bolide impact hypoth- geological past (e.g. Ward 1995, 2000; Leakey &
esis for the Cretaceous-Tertiary (K-T) extinc- Lewin 1996). For all, the new ideas swirling
tion was proposed. That study demonstrated round the extinction question held out the hope
how the question of extinction causation could of contributing toward the solution of some of
be expressed in the context of reductive, palaeontology's most long-standing mysteries
hypothesis-driven science (e.g. Raup 1986, (e.g. the cause of the dinosaur extinction, the
1991; Glen 1994). For others, the concept of cause of the Permo-Triassic extinction), not to
mass extinction provided a way of reintroducing mention the promise of funding, often from non-
catastrophism into geology (e.g. Berggren & Van traditional sources (e.g. NASA).
Couvering 1984; Ward 1992, 1995, 2000). Others Despite all the work that has gone into
saw the bolide causation hypothesis in particular palaeontological extinctions-related research
as providing a mechanism whereby microevolu- programmes during the last two decades, the

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 11-33. 0305-8719/04/S15 © The Geological Society of
London 2004.
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scientific community seems no closer to a
consensus on extinction causes today than it
was at the beginning of the modern extinction
studies era in 1980. Frequent media reports of
the impact-extinction scenario's hegemony not-
withstanding, both of the formal, published,
opinion surveys carried out over this interval
(Hoffman & Nitecki 1985; Galvin 1998), as well
as allusions to an, as yet, unpublished survey
(Glen 1996, 1998), show that Earth scientists
hold a variety of views on Phanerozoic extinc-
tion causation. These surveys also identify
palaeontologists - those with the greatest in-
depth knowledge of Phanerozoic extinction data
- as the group most hostile to the idea of a single
cause for extinctions in general and mass
extinctions in particular. David Raup (1986,
1991), and William Glen (1996, 1998) have
suggested that palaeontological intransigence
over the bolide impact scenario represents
evidence that palaeontologists are: (1) unprofes-
sional in their innate rejection of a hypothesis
first advanced by non-palaeontologists and/or
(2) ignorant of the facts of the bolide impact
case. However, after more than two decades of
almost continuous controversy, symposia, semi-
nars, articles and conversations, it would seem
that fairness also dictates entertainment of the
possibility that palaeontologists have carefully
evaluated the both data and interpretations in
favour of single-cause extinction scenarios in the
fossil record and, for the most part, found those
data and interpretations insufficient to warrant
their support (e.g. Archibald 1996; MacLeod &
Keller 1996; Hallam & Wignall 1997).

At this juncture in the ongoing debate it seems
appropriate to review critically the basis on
which extinction controls have been identified or
evaluated in the past and, if possible, make
recommendations for procedural improvements.
As has been noted before (e.g. MacLeod 2003),
David Raup's (1991) dictum of consistency
provides the logical foundation upon which
any strategy for recognizing extinction causes
must be based.

There is no way of assessing cause and effect
[in historical studies] except to look for
patterns of coincidence - and this requires
multiple examinations of each cause-effect
pair. If all extinction events are different the
deciphering of any one of them will be next to
impossible (p. 151).

Failure to appreciate the significance of this
logical construct has led (literally) to decades of
confusion among the proponents of various

extinction causal scenarios. For example, the
dictum's successful - though unacknowledged -
application to the question of distributional
patterns in iridium abundance anomalies,
shocked quartz occurrences, and glass spherule
occurrences is the primary reason why Earth
scientists (including the overwhelming majority
of palaeontologists, see Hoffman & Nitecki
1985; Galvin 1998; Glen 1998), now accept the
reality of a collision between the Earth and a
meteor-cometary impactor some 65 Ma ago.
Had the coincident occurrence of these three
impact indicators not been observed in a (now)
large number of stratigraphic successions and at
horizons isotopically or biostratigraphically
dated to the appropriate time, the case for a
K-T bolide impact would be fatally weakened.
To paraphrase Raup (1991) in this context, if the
K-T impact event had left different local
physiochemical signatures in different strati-
graphic successions, the deciphering of any one
of them would have been next to impossible.

So too with the identification of extinction
controls. The study of any one locality - or
indeed of any one event - is insufficient to
evaluate generalized extinction control or causa-
tion hypotheses, irrespective of the detail at
which any local study is carried out. Detailed,
single-locality or single-event studies are neces-
sary, of course. Without them there would be no
hope of collecting the data required for com-
parative analyses. Taken in isolation, however,
these studies cannot be used to identify general-
ized extinction causes; especially if their data are
either collected or presented in a manner that
prevents comparison with other such studies
either in time or space.

Aside from clarifying the importance of data
comparability across events, appreciation of the
significance of adopting a comparative
approach to the determination of generalized
extinction causes has another critical implica-
tion: the value of statistical hypothesis testing.
Raup's (1991) passage alluding to 'patterns of
coincidence' means the observation of repeated
instances of stratigraphic (temporal) or geo-
graphical (spatial) association. Naturally occur-
ring events or proxy observations can exhibit
association - even repeated associations - for
any number of reasons. Not all of these
reasons support a deterministic or direct,
cause-effect interpretation of the relation.
Nevertheless, repeated instances of association
beyond the point of reasonable expectation
under a null statistical model must be judged
as favouring such a deterministic relation. This
judgement is inherently probabilistic in char-
acter and should be referenced explicitly to a
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probability density distribution for an applic-
able association statistic.

In large part, the difficulty in evaluating the
power of alternative causal scenarios to account
for extinction patterns has been the lack of
appropriate probability density distributions for
stratigraphic or geographical association
metrics. The recent proliferation of jack-knifing,
bootstrapping, Monte Carlo simulation, and
other data-resampling methods in biological
statistics (e.g. Manley 1997) in general, and in
palaeontological studies in particular (e.g.
Kitchell et al 1987; Kitchell & MacLeod 1988;
MacLeod 1991, 2003) has largely solved this
problem in principle. All that remains, in
practice, is to employ the tools already available.

The final concern of this review is one of
scope. Various patterns are present in Phaner-
ozoic extinction data, each of which denotes a
different phenomenological domain. The most
extensively cited of these patterns is the quasi-
periodic distribution of extinction intensity
peaks, some of which have been described as
'mass extinctions' (e.g. Newell 1967; Jablonski
19860, 1986Z?). Given all the media attention that
the concept of mass extinction has garnered over
the last two decades, there is some degree of
irony in realizing that there remains no precise,
scientific definition of this widely used term.
Various articles allude to the 'big three' (end-
Permian, end-Ordovician, end-Cretaceous) or
the 'big five' (end-Permian, end-Ordovician,
end-Cretaceous, end-Devonian, end-Triassic)
mass extinction events. As alluded to above,
statistical analyses of these extinction peak data
have been undertaken and these have used
various methods to identify these peaks (e.g.
Raup & Sepkoski 1982, 1984; Sepkoski & Raup
1986). Nevertheless, no statistical summary has
thus far unambiguously identified any of these
groupings as being either qualitatively or quan-
titatively different from other large extinction
events (e.g. Middle Cambrian, end-Cambrian;
see also Hallam & Wignall 1997).

The second, although much less well-studied,
Phanerozoic extinction pattern is the declining
background extinction gradient (Raup & Sep-
koski 1982; Sepkoski & Raup 1986; Jablonski
1986a). For the most part this has been seen as a
nuisance factor to be corrected for, so that other
analyses may proceed (e.g. Raup & Sepkoski
1984). The widespread recognition of this
pattern, however, implies a causal agent, the
identification of which might lead to a deeper
understanding of evolutionary processes, the
history of life, taxonomic practice, or all three.

The point to draw from these introductory
observations is that any successful explanation

for Phanerozoic extinction causes must seek to
account for all consistently expressed patterns
within these data - not simply a subset thereof.
In this same vein, it must also be appreciated
that limitations on the nature of the extinction
data themselves will necessarily constrain the
approaches used and, ultimately, the conclusions
reached.

The data

Any review or data (re)analysis formulated
along these lines must be clear about the nature
and scope of its data. The extinction data used in
this investigation were compiled by the late J. J.
Sepkoski Jr and consist of counts of marine
invertebrate genera from all Phanerozoic stages.
These data were tabulated by Sepkoski to
estimate standing diversity along with numbers
of genera originating and becoming extinct at
some point within each of the time intervals.
Various versions of these data have been used in
a large number of extinction and diversification
studies (e.g. Raup and Sepkoski 1986, 1988;
Raup 1986, 1991; Raup & Boyajian 1988;
Sepkoski 1990, 1994, 1996; Kirchner & Weil
2000; Kirchner 2002; MacLeod 2003).

Smith (2001) has recently raised the important
question of the extent to which taxonomic data
compilations such as those of Sepkoski reflect a
true record of life's diversity history or a record
that has been strongly biased by systematic
differences in the amount of fossiliferous strata
of different ages available for sampling. In the
context of the present study, if Sepkoski's set of
extinction-intensity values were found to be
strongly correlated with stage-level estimates of
the amount of rock available for sampling, the
former could be regarded validly as a simple
reflection of variation in the latter. In particular,
Smith (2001) argued that the Hettangian-Plio-
cene interval of the Sepkoski extinction data did
contain evidence for this type of bias in the form
of a 'significant position [cross-]correlation value
at a lag of 0 and -1 and a significant negative
correlation value at a lag of -5.' (p. 361).
Unfortunately, there are several problems with
Smith's (2001) use of cross-correlation analysis
and his interpretation of those results.

Cross-correlation analysis assumes that both
time-series have been sampled identically at
discrete and uniform intervals (Davis 1973,
1986, 2002). This basic assumption is badly
violated by both of Smith's (2001) data-sets, in
which the sampling interval shows a substantial
variance (standard deviation = 1.68 Ma). In
addition, the statistical interpretation of the
cross-correlation calculation is only valid to the
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extent that both time-series can be concatenated
to form a bivariate normal distribution. If the
series are not bivariate normal, then the prob-
ability estimates may be erroneous. In this light,
the marginally significant nature of Smith
estimated correlations at lags 0 and -1 should
be treated with some scepticism. (Note: the + 5
lag is irrelevant to Smith's hypothesis of a close
association between the two time-series). More-
over, recall that the null hypothesis for the
standard correlation test is r = 0.0. Failure to
accept the null hypothesis at a marginal - and
possibly overestimated - probability value does
not constitute compelling evidence of a strong
sampling bias in Sepkoski's Hettangian-Plio-
cene extinction data.

A better test of Smith's data would be to
compare the simple parametric or non-para-
metric correlations, depending on the confor-
mance of the underlying variable distributions to
normality assumptions. After appropriate trans-
formations (arcsine in the case of the per cent
extinction intensity data; Iog10 in the case of
outcrop area data) and detrending the para-
metric test yields a substantially non-significant
correlation of 0.269 (t= 1.553, d.f. = 31),
whereas the non-parametric Kendall's T test
yields a marginally significant correlation of
0.250 (z = 2.049, d.f. = 32). In either instance - as
in Smith's (2001) cross-correlation results - there
is no statistical support for a dominant sam-
pling-area bias in the Sepkoski extinction data.

For the present analysis, the standing diversity
and total extinction counts for each of Sepkos-

ki's stage-level Phanerozoic subdivisions were
used to estimate the marine invertebrate extinc-
tion-intensity time-series (Fig. 1). The per cent
extinction metric was used as the best available
extinction-intensity estimator because it is scaled
for the number of genera at risk in each time
interval and because it is relatively insensitive to
estimation errors in both stage standing diversity
and chronology (see Sepkoski & Raup 1986).
Moreover, the per cent extinction-intensity time-
series:

(1) quantifies successfully the quasi-periodic
character of extinction intensity peaks;

(2) identifies all widely recognized 'mass
extinction' events; and

(3) illustrates the background extinction-
intensity gradient.

Rearrangement of this extinction-intensity
spectrum in rank order (Fig. 2) illustrates this
spectrum's continuous nature. Such continuity
precludes any possibility of recognizing a
distinct class of 'mass extinction' events objec-
tively separable from 'background extinction'
events on the basis of extinction intensity. Peaks
in extinction intensity obviously do occur, but
they are a function of the data ordering, not an
intrinsic component of the data-set itself. The
challenge of extinction-causation analysis, then,
is to attempt to account for the ordering or
distribution of these events in terms of the
ordering and distribution time-series of other
events in Earth history.

Fig. 1. Genus-level, extinction-intensity record for Phanerozoic stages represented as a histogram of equal-sized
bins. Data from Sepkoski (pers. comm. via Kirchner 2002: see Acknowledgements). Black bars, Palaeozoic
stages; dark-grey bars, Mesozoic stages; light-grey bars, Cenozoic stages. Arrows identify local extinction-
intensity peaks.
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Fig. 2. Rank-ordered, genus-level, Phanerozoic extinction intensities. Bar shading as in Figure 1. Note continuity
of the overall extinction-intensity spectrum and predominance of Palaeozoic data at the spectrum's high end.
Note also the relatively low rank (12) of the Maastrichtian ( = Cretaceous-Tertiary, or K-T) 'mass extinction'
event. Continuity of the spectrum as a whole, along with variability of individual extinction event's rank suggests
that: (1) a contiguous 'mass extinction' category cannot be recognized objectively, and (2) the same set of causal
processes is responsible for events throughout the spectrum.

Methods and models

In practice, the identification of likely controls
on Phanerozoic extinction patterns requires that
aspects of patterning in the extinction-intensity
time-series be described quantitatively and then
compared with the time-series of putative causal
mechanisms. There are several different candi-
date causal mechanism series that have already
been compared to aspects of these extinction
data.

Extinction-intensity peaks

The most prominent extinction-intensity pattern
investigated to date has been the temporal
distribution of local peaks or extinction intensity
maxima. Soon after the revival of interest in
mass extinction mechanisms, Raup and Sep-
koski claimed to have demonstrated a 26 Ma
periodicity in the spacing of extinction-intensity
peaks for the last 250 Ma of Earth history (see
Raup & Sepkoski 1984, 1986; Sepkoski & Raup
1986; Sepkoski 1990). Extinction-intensity peak
periodicity was subsequently challenged on a
wide variety of palaeontological and analytial
grounds (e.g. see Prothero 1994 and Manley
1997 for reviews). Manley (1997) has recently

reviewed the statistical problems associated with
applying randomization methods to unequally
spaced time-series (especially those that contain
a non-random trend) for the purpose of
periodicity testing. His reanalysis of Sepkoski's
family-level extinction data concluded that no
statistically significant periodic signal was con-
tained therein. MacLeod (2003) applied Man-
ley's methods to Sepkoski's Phanerozoic genus-
level data and also found that time-series to
contain no significant periodic signal. Whereas
failure of the periodic model to account for the
distribution of local extinction-intensity peaks
all but rules out causal mechanisms based on
celestial mechanics (e.g. oscillations in the
galactic plane or a previously unknown planet),
these results do not rule out extraterrestrial
causation per se.

Aside from periodicity studies, the most
common way of identifying the mechanisms
responsible for the extinction-intensity peak
distribution has been to tabulate correspon-
dences between the temporal distributions of
these peaks and the temporal distributions of
putative causal mechanisms (see Table 1). Under
this tabulation approach, the mechanism identi-
fied as being most likely to be responsible for the
peak distribution is the one exhibiting the
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Table 1. Tabulation of extinction events and cause (modified from Hallam & Wignall 1997)

Extinction interval Extinction cause Counts
Bolide Volcanic Climatic Climatic Eustatic Anoxia -
impact eruption cooling warming regression transgression

Late Eocene
End-Palaeocene
End-Cretaceous
End-Cenomanian
Early Toarcian
End-Triassic
End Permian
Late Moakouan
Devonian-Carboniferous
Frasnian-Fammenian
Late Ashgill
Middle-Late Cambrian
Late Early Cambrian
Late Precambrian

Counts 1 3 3 3 50

1

3

4

1

1

1

3

1

1

1

4

1

2

1

greatest number of correspondences (e.g. Hal-
lam & Wignall 1997; Wignall 2001). This
approach is insufficient for a number of reasons:

(1) because the number of matches between
any two time-series is not referenced to a
statistical null model, there is no way to
evaluate the association's statistical sig-
nificance;

(2) matches with stages that do not contain a
local extinction-intensity peak are not
taken into consideration in evaluating
the level of association;

(3) variations in the total frequency of event
series are not taken into consideration in
evaluating the level of association;

(4) mechanisms whose preservational fre-
quency diminishes into the geological
past are placed at a disadvantage in any
raw tabulation (e.g. the records of bolide
impacts and CFBP eruptions is largely
confined to the Mesozoic-Cenozoic
whereas accurate, stage-level records for
global, eustatic transgression/regression
phases and marine anoxia events are
available for the entire Phanerozoic);

(5) there is no way to evaluate the explana-
tory power of coincidences between puta-
tive causal time-series on the target
extinction pattern.

Monte Carlo simulation strategies can be used
to address all these problems.

The concept behind the Monte Carlo method
for analysing into tabulated co-occurrences was
introduced to the palaeontological literature by

Raup & Crick (1979). Suppose extinction-
intensity peaks and occurrences of an environ-
mental perturbation (e.g. major bolide impacts,
sea-level lowstands, CFBP eruptions) were
scattered randomly in time with no deterministic
relation between their time-series. If the interval
used to recognize different time-spans is suffi-
ciently coarse (e.g. see Table 1), a number of co-
occurrences between the perturbation and the
extinction-intensity peak patterns would be
expected purely by chance. In order to build a
logical case for a non-random relation between
two time-series, however, the number of associa-
tions must be greater than that expected by
chance alone.

But how does one construct a probability
distribution for two unique and non-repeatable
historical time-series? Hypothetical random ser-
ies can be constructed from the observed time-
series (Fig. 3). These represent - at least
metaphorically - alternative histories in which
each event series is known to be independent of
the other. If each time-series represents a valid
estimate of the event's occurrence frequency,
and if a sufficient number of these alternative,
random histories are created, the number of
observed matches between the two simulated
time-series will provide an estimate of the
probability density distribution for the match
count under a statistical null model of no
deterministic relation. Accordingly, the observed
number of matches between the extinction
record and the time-series of any putative causal
mechanism can be compared with the expected
match distribution under this null hypothesis
and the probability of obtaining the observed

10



Observed association

IDENTIFYING EXTINCTION CONTROLS

Simulated association Simulated association

17

Fig. 3. Diagrams illustrating operation of the Monte Carlo simulation procedure for evaluating the statistical
level of matches between discontinuous stratigraphic event time-series. Far left: two series of observations ordered
stratigraphically with the time axis subdivided into discrete intervals. Observed numbers of event occurrence and
co-occurrences shown below diagram. Each of the three simulated time-series pair (right) represents the results of
comparisons between artificially constructed time-series assembled by sampling the corresponding observed time-
series randomly and with replacement. Event frequencies and numbers of positive co-occurrences (matches)
reflect possible values for these parameters under a randomized, non-deterministic relation model. By creating a
large number of such simulations (usually ^ 1000) and tabulating the co-occurrence results, a probability density
distribution can be estimated and used to evaluate the observed co-occurrence value to a specified confidence
level.

level of association evaluated. The Monte Carlo
approach has the additional advantage of
supporting extension to the consideration of
interacting causal time-series and - unlike
classical 'urn problem' methods (see Raup &
Crick 1979) - being fully generalizable to time-
series of any composition.

The extinction-intensity gradient

Compared to the extinction-intensity peak pat-
tern, the background extinction-intensity gradi-
ent has scarcely received any analytical
attention. Indeed, what analysis of this extinc-
tion pattern there has been seems largely
confined to attempts to remove the 'background'
pattern from the extinction-intensity peak pat-
tern so that the heights of the peaks could be
estimated more accurately (e.g. Raup & Sep-
koski 1984). Because the background extinction-
intensity gradient has been regarded as a linear
function, its characterization has been
approached by Model 1 least-squares, linear

regression analysis, with the significance of the
regression determined through a combination of
standard, parametric F-tests augmented (in
some instances) by bootstrapped significance
estimates (see Manley 1997). However, the linear
and continuous nature of this pattern has, up to
now, always been assumed (e.g. Raup &
Sepkoski 1984). Exploration of alternative,
non-linear models for characterizing this pattern
- along with their implications for causal
interpretation - is one of the primary objectives
of this investigation.

If a time-series data-set exhibits a consistent
trend, then any sufficiently large subset of the
data should, upon analysis, also yield values
consistent with the overall trend (Fig. 4a). The
'sufficiently large' qualifier in the above state-
ment is necessary because a certain amount of
random scatter about the trend line is to be
expected. If the specified subset is so small that
this scatter obscures the trend, that result cannot
be regarded as sufficient to challenge the trend's
existence. If a time-series trend is complicated by

Simulated association
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Fig. 4. (a) and (b): hypothetical trended time-series formed by randomly perturbing data from the line
y= \.2x-\-10 (dashed line), (a) Statistically significant linear trend-line (solid line) estimated by least-squares
regression analysis, (b) Data perturbed randomly from the line y = \.2x+ 10 for the first 40 time units and then
randomly perturbed from the line y = 63 for the next 20 time units (dashed line) with the resulting statistically
significant, linear trend-line (solid line) estimated by least-squares regression analysis, (c) Analysis of consistently
trended time-series (as in (a); dashed line) subdivided into three intervals with trend-lines estimated for each
interval (solid lines). In each case, trend-lines are statistically significant, with slopes that are statistically
equivalent to one another, (d) Analysis of inconsistently trended time-series (as in (b); dashed lines) subdivided
into three intervals with trend-lines estimated for each interval (solid lines). Note that by subdividing the data and
testing for linearity (or equivalence of slope), the non-linear model segment is identified successfully. Data
analysis strategies such as these can be used to test complex, process-level extinction and diversification
hypotheses.

non-linearities or a loss of trend, however (e.g.
multiple trends, increases in the data's variance
along the trend, Fig. 4b), application of a linear
model may return a result with a superficially
high statistical certainty (Davis 1973, 1986; Zar
1974; Sokal & Rohlf 1981, 1995). In the absence
of a more specific, non-linear model, the most
obvious analytical approach to determination of
whether significant non-linearities exist within a
large data-set is to subdivide the data into large,
contiguous blocks and submit these to trend
analysis tests using the least-squares method
(Figs 4c & 4d).

Correlates with the distribution of
extinction-intensity peaks

Table 2 gives empirical patterns, time-series
scopes, and sources for the various comparison
time-series considered in this analysis. Owing to
limitations in the parsing of Sepkoski's extinc-
tion data, the stage level of temporal resolution
was chosen for all time-series. This inevitably

degrades some of the biostratigraphic data
available in better-studied stratigraphical inter-
vals (e.g. close to the Cretaceous-Tertiary
boundary). It also grossly underestimates the
precision with which some of the putative causal
mechanisms' time-series are known (e.g. Cour-
tillot et al. 1996; Grieve et al. 1996; Courtillot &
Renne in press). This rather coarse binning level
is necessary, however, because the stratigraphic
ranges of most marine invertebrate taxa are
presently not known to substage levels of
temporal resolution.

One obvious result of this convention is that
extinction horizons cannot be assumed to be
concentrated in particular portions of the stage
in which they occur (e.g. close to or at the
younger stage boundary). Another is that some
extinctions attributed to particular stages may
be associated with a causal mechanism that is
known to predate or post-date those extinctions.
An interesting example of the latter is the
Manicouagan impact, which Grieve et al.
(1996) report as having an age of 214 Ma. This
age is considered Middle Norian by the Grad-
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Table 2. Stage-level associations between extinction intensity peaks and various putative causal mechanism time-
series

Stage/substage Extinction mechanism

Extinction
peak

Bolide
impact (1)

Sea-level Sea-level Marine CFBP
regress. (2) transgression (3) anoxia (4) eruption (5)

Grey boxes indicate minor bolide impacts (10km-50km crater diameter), regression, transgression, and anoxia
intervals. Black boxes indicate major bolide impacts (>50km crater diameter), lowstand, highstand, and anoxia
intervals. Data sources as follows: (1) Grieve etal. 1996; (2, 3) Haq 1991; Hallam 1992; (4) Parrish & Curtis 1982;
Hallam 1987; (5) Wignall 2001.

stein & Ogg (1996) time-scale. Accordingly, the
stage-binning convention outlined above would
associate this impact with the Norian extinction
event, despite the fact that some authors (e.g.
Hallam & Wignall 1997) have argued that the
Manicouagan impact predates some proportion
of the Norian extinction by millions of years. Set
against this source of potential error are

problems associated with placing too much
emphasis on substage levels of resolution,
including:

(1) appeals to substage resolution levels
cannot be justified in light of the available
stratigraphic resolution for the broad
range of marine genera;

Pliocene
Upper Miocene
Middle Miocene
Lower Miocene
Upper Oliqocene
Lower Oliqocene
Upper Eocene
Middle Eocene
Lower Eocene
Palaeocene
Maastrictian
Campanian
Sant.-Coniacian
Turonian
Cenomanian
Albian
Aptian
Barremian
Hauterivian
Valanginian
Berriasian
Tithonian
Kimmeridgian
Oxfordian
Callovian
Bathonian
Baiocian
Aalenian
Toarcian
Pliensbachian
Sinemurian
Hettanqian
Norian
Carnian
Ladinian
Anisian
Induan
Tatarian
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(2) geological time-scales themselves can
undergo considerable revision year to
year; and

(3) the inherent imprecision of using the
genus level of taxonomic resolution
argues for caution in making fine-scale
temporal distinctions.

On balance, the inevitable loss of temporal
resolution imposed on the analysis by the overall
quality of available biostratigraphic data is
offset by the advantage of being able to compare
occurrence patterns across the extinction-inten-
sity peak spectrum.

The time-series distribution of each extinction
mechanism was compared to the stage-level
extinction-intensity peak distribution using the
Monte Carlo resampling method described
above. Each resulting simulation represented
an estimate of the number of mechanism-peak
associations that might be expected under a
statistical null model of no deterministic relation
between the two time-series. For each analysis,
1000 such simulations were performed in order
to estimate the random association frequency
distribution for each putative causal mechanism.
The resulting frequency distributions were then
compared with the actual number of observed
associations for each putative cause-effect pair
in order to obtain valid, non-parametric, statis-
tical estimates of each association's strength.
Results of analyses for nine putative causal
mechanisms are presented in Table 3.

Bolide impacts are thought to influence
marine invertebrate extinction rates through
climate changes that lead to extinctions of
planktonic primary producers at the base of
marine food chains. The Alvarez et al. (1982; see
also Alvarez & Asaro 1990; Alvarez et al. 1994;
Alvarez 1997) scenario of short-term, bolide
impact-induced global climate change being the
primary cause of extinction-intensity peaks over
the past 250 Ma is represented by two simula-
tions. The first of these tests the association

between extinction intensity peaks and impacts
producing craters greater than or equal to 10 km
in diameter. The second tests the association
between extinction intensity peaks and impacts
producing craters between 50 and 150km in
diameter. Whereas the former would probably
be recognized to include impacts too small to
have produced global environmental effects (but
see Raup 1991), the latter includes many craters
whose associated impact events have repeatedly
been identified as mass extinction causal agents
(e.g. Popagai, Chicxulub, Manicouagan; see
Hallam & Wignall 1997 for a review).

When the distribution of the entire impact
events time-series matching these two intensity-
class criteria is compared statistically with the
extinction-intensity peak distribution, the
observed association levels are identified as
insufficient to refute the null, or non-determi-
nistic hypothesis at traditional confidence levels
(p = 0.05). If this confidence level was lowered to
0.10 - reflecting a 90% certainty - the determi-
nistic alternative hypothesis could be accepted
for the association between extinction-intensity
peaks and larger impact class. Before rushing to
embrace this result as the sole - or even the most
likely - explanation for the extinction-intensity
peak distribution, however, it is appropriate to
assess the statistical strength of associations
between the extinction peaks and other causal
mechanisms' time-series.

Eustatic sea-level fall has long been suspected
as a cause of elevated extinction intensities
(Newell 1967; Hallam 1989; Archibald 1996;
Hallam & Wignall 1997, 1999). This mechanism
is thought to operate by: (1) reducing the
amount of habitable area on the continental
shelves for marine organisms, and (2) global
climate changes resulting from the relatively
rapid oxidation of organic matter on the
exposed shelves. Eustatic sea-level lowstands
also tend to be associated with the development
of widespread marine anoxia due to reductions
in the intensity of marine circulation. The latter

Table 3. Estimated association probabilities

Extinction cause series No. of occurrences No. of positive associations Median assoc probability

Bolide impact (>10km)
Bolide impact (50-1 50 km)
Major eustatic regression
Major eustatic lowstand
Major eustatic transgression
Major eustatic highstand
Anoxia (major)
Anoxia (major, global)
CFBP eruption

20
6

16
7

22
7

25
10
9

6
3
6
3
2
1
5
2
6

0.172
0.088
0.040
0.135
0.991
0.732
0.718
0.609
0.000
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mechanism could be especially problematic for
habitat area-stressed benthic invertebrate popu-
lations, since anoxic bottom waters generated
during a prolonged sea-level lowstand would
surge across shelf habitats during the initial
phases of the following eustatic sea-level rise
(Wignall & Hallam 1992).

This complex extinction causal mechanism
was represented by three different simulation
couplets (Table 3). The first of these sets focuses
on the effect of progressively lowering sea-level
by comparing the extinction-intensity peak dis-
tribution with instances of: (1) eustatic sea-level
fall, and (2) the stage-level distributions of
temporally localized, major sea-level lowstands.
The second set seeks confirmation of the sea-
level effect through examination of the reciprocal
pattern of eustatic sea-level rises and major
highstands. The last focuses on the association
between extinction-intensity peaks and the devel-
opment widespread intervals of anoxic condi-
tions on the Earth's continental shelves. Like
these mechanisms themselves, the results of these
simulations are both complex and revealing.

Based on 1000 random simulations, there
appears to be an unusually strong, and statisti-
cally significant, correspondence between inter-
vals of declining eustatic sea-level and peaks of
extinction intensity (Table 3). Note that this high
correspondence does not simply reflect the fact
that there are a relatively large number of stages
characterized by sea-level fall. The number of
associations between these two spectra is much
higher than would be expected under the
corresponding random model. Nevertheless,
this effect seems to be confined strictly to
intervals in which eustatic sea-level is declining
progressively. The corresponding simulations of
the extinction-intensity peak distribution and
the distribution of localized sea-level lowstands
did not identify the association between these
two time-series as statistically significant. These
results would seem to imply that marine benthic
faunas can be severely stressed by declining sea-
levels, but that the effect is continuous over the
entire course of the sea-level fall, as opposed to
being either localized or inordinately intensified
in the temporal vicinity of lowstands.

Interestingly, Hallam & Wignall (1999) have
recently reviewed the lithostratigraphy of all
major extinction intervals and come to exactly
the opposite conclusion; namely, that all major
extinction intervals do coincide with pronounced
fluctuations in the eustatic sea-level curve (see
their fig. 11, p. 239). Hallam & Wignall's (1999)
results are not inconsistent with the Monte
Carlo simulation results reported above. Hallam
& Wignall (1999) are simply discussing a

different aspect of the eustatic sea-level curve.
Whereas the Monte Carlo study was performed
on the smoothed version of the global eustatic
sea-level curve reported by Haq (1991) and
Hallam (1992), the Hallam & Wignall (1999)
study focuses on much smaller scale eustatic sea-
level fluctuations that, although present on the
level of the outcrop or core, are invisible in the
longer-term Phanerozoic sea-level curve. While
there is absolutely no doubt that all of the major
Phanerozoic extinctions do take place during
times of sea-level fluctuation (as Hallam &
Wignall 1997, 1999 have shown), there is also
absolutely no doubt that such fluctuations occur
multiple times in virtually every Phanerozoic
stage, irrespective of the level of extinction
intensity. It is simply not appropriate to empha-
size only the positive instances of associations
between short-term sea-level fluctuation and
elevated extinction intensity and ignore the
much larger set of negative associations. Also,
by equating genuine major sea-level lowstands
(e.g. the end-Permian lowstands) with short-
term fluctuations in sea-level that take place in
the context of major transgressions (e.g. Cen-
omanian) and regressions (e.g. Maastrichtian),
Hallam & Wignall (1999) have given an accu-
rate, but incomplete, assessment of the level of
association between environmental stresses
induced by sea-level fluctuation per se and
marine invertebrate extinctions. The Monte
Carlo simulation analysis assumes that the
smaller-scale sea-level fluctuations are embedded
in the global Phanerozoic sea-level curve, but
tests the higher-level hypothesis of whether
major Phanerozoic extinctions are associated
with large-scale regression, transgression, low-
stand, and highstand intervals. (Because of the
common occurrence of Phanerozoic short-term
sea-level fluctuations, a corresponding Monte
Carlo analysis is not needed unless or until it can
be demonstrated that such fluctuations can be
subdivided unambiguously down into more
restrictive groupings.)

These sea-level regression-lowstand results are
confirmed by reciprocal analyses of sea-level
rises and highstands (Table 3). Indeed, under a
random model, a negative association between
extinction-intensity peaks and intervals of pro-
gressively rising sea-level is even more significant
than its positive association with declining sea-
levels. As was true of the previous simulation
couplet, the effect appears confined to intervals
in which sea-level is changing, rather than being
focused in stages containing local sea-level
maxima or highstands.

Perhaps the most unexpected results of these
sea-level effect simulations, however, came from



22 N. MACLEOD

the analysis of associations between the extinc-
tion-intensity peak distribution and intervals of
marine anoxia (Table 3). Irrespective of whether
the environmental data were inclusive (contain-
ing all significant instances of continental shelf
anoxia) or restrictive (confined only to very
intense or very widespread anoxia events), the
observed levels of association both fell well
within the range considered consistent with a
non-deterministic relation between the extinc-
tion peak and anoxia time-series. This result
contrasts with previous claims that anoxia is
repeatedly associated with peaks of extinction
intensity (e.g. Wignall & Hallam 1992; Hallam &
Wignall 1997; Wignall & Twitchett 2002).

These interpretive contrasts are also reminis-
cent of the contrasting views of sea-level effects
on extinction-peak distributions discussed pre-
viously. Once again, there is no doubt that
localized extinction events are often associated
with marine anoxia (see references above). There
is also no doubt that many stages characterized
by major marine anoxia events do not exhibit
elevated extinction levels. The Monte Carlo
simulation studies undertaken in this investiga-
tion have shown that extinction-intensity peaks
are not associated with major, global anoxia
events to a statistically significant degree. In
order to demonstrate a statistical case for the
association between anoxia events (or sea-level
fluctuations) proponents of that mechanism
must specify the time-series of all anoxia (or
sea-level) events comparable to those associated
with extinction peaks - including those that are
not associated with extinction peaks - and test
that time-series in the manner outlined above.
Anything less runs the risk of confusing the
distinction between anecdote and analysis.

The last simulation series compared the
patterns of extinction intensity peaks with the
distribution of CFBP eruptions. This associa-
tion, first noted by Rampino & Stothers (1988,
see also Courtillot et al. 1996; Wignall 2001), is
thought to be based on severe and repeated
perturbations of the global climate induced by
sustained intervals of temporally localized, but
exceedingly large, subaerial basaltic eruptions.
Comparison of the association frequency
between extinction-intensity peaks and well-
dated Mesozoic-Cenozoic CFPB eruptions
with results obtained from a series of 1000
random simulations based on these two time-
series provides unequivocal statistical support
for the alternative, deterministic model. The
statistical significance of this association is
unquestionable. Out of 1000 random simula-
tions, only one produced an association level as
great as that observed in the actual stage-level

comparison. This is by far the highest level of
significance for any of the association frequen-
cies analysed in this investigation. Accordingly,
the presumption of a likely deterministic, cause-
effect relation between this class of volcanic
eruption, and the temporal distribution of
extinction-intensity peaks, is very strong.

Because the simulation analyses discovered
two statistically significant patterns of associa-
tion between putative causal mechanisms and
the extinction-intensity peak time-series (eustatic
sea-level falls and CFBP eruptions), the question
of whether a dynamic interaction between these
two time-series can go any way toward explain-
ing additional aspects of the extinction-intensity
peak spectrum is raised. The most obvious
candidate pattern is peak height or extinction-
intensity magnitude. MacLeod (1998) noted that
the three largest extinction-intensity peaks in the
last 250 Ma (Tatarian, Norian, Maastrichtian)
each occurred during stages that also contained
a CFBP eruption event (Siberian Traps, Central
Atlantic Magmatic Event, Deccan Traps) and
the culmination of a eustatic sea-level fall (see
Fig. 1 and Table 2). Two of these peaks are also
associated with a large bolide impact event (the
Norian Manicouagan impact, and the Maas-
trichtian Chicxulub impact). However, the lack
of a confirmed, large, crater-producing impact
(>50km diameter crater) associated with the
Tatarian extinction intensity peak - the most
intense marine extinction event of the entire
Phanerozoic - widespread evidence that many
Norian and Maastrichtian extinctions took
place prior to the impact events themselves (see
MacLeod & Keller 1996; Hallam & Wignall
1997 and references therein; MacLeod el al.
1997), and the occurrence of similarly large
impact caters in stages not characterized by
elevated extinction intensities, all suggest that
impacts played, at best, a subordinate role in
contributing to these extinctions.

Using the same Monte Carlo data simulation
strategy outlined above, it is possible to evaluate
the statistical significance of the bicausal
mechanism (CFBP eruptions and eustatic sea-
level fall) scenario. Results of this analysis are
presented in Figure 5. Surprisingly, as many as
four matches between the stage-level extinction
intensity peak, sea-level regression, and CFBP
eruption time-series over the last 250 Ma can be
expected on random grounds alone. In terms of
the relative frequency of these matches, how-
ever, the 1000 simulations make it clear that
match patterns of three or more are quite rare.
The estimated median probability of achieving a
pattern of three matches between these time-
series by random coincidence alone is approxi-
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Fig. 5. Estimated probability density distribution for
co-occurrences between the CFBP volcanic eruption
and the long-term eustatic sea-level regression time-
series with the extinction-intensity peak time-series.
The observed number of matches between these three
time-series (3, see Table 2) was attained by this random
simulation (n = 1000) 23 times.

mately 0.002 - well above the level traditionally
required for identifying statistical confidence.
Accordingly, the observation of three stage-level
matches between these spectra is taken as
statistical support for the interpretation that
both eustatic sea-level falls and CFBP eruptions
were deterministically involved in causing the
Tatarian, Norian, and Maastrichtian extinction
events. Given the strength of this result it also
seems likely that multiple event associations are
principal causes of other instances of elevated
extinction-intensity events throughout the Pha-
nerozoic.

Patterns in the extinction-intensity gradient

The so-called background extinction-intensity
gradient is quantified typically by performing a
least-squares regression (Model 1 regression of
Sokal & Rohlf 1981, 1995) of extinction
magnitude on time (Raup & Sepkoski 1982;
Sepkoski & Raup 1986; see also Davis 2002). In
this investigation, extinction magnitude was
estimated as per cent stage-level generic extinc-
tions (see justification above), and time as the
endpoint of each stage as given in the Gradstein
& Ogg (1996) time-scale. Use of the endpoint as
the time estimate should not be construed as
implying that stage-level extinctions are concen-

trated at the stage ends or inter-stage boundary
transitions. Rather, this convention is justified as
the only date by which we can be certain that all
extinctions assigned to each stage have taken
place.

Figure 6 illustrates the intensity-age scatter-
plot for these data. Results of the least-squares
(extinction intensity on time) regression analysis
(also shown in Fig. 6) are statistically significant
as assessed by both F-test (F= 61.77, d.f. = l,
70) and bootstrap methods (median probability
of obtaining a slope as high as 0.0743 under
random re-ordering of the data: 0.00). These
results mirror prior findings of Raup & Sepkoski
(1982; Sepkoski & Raup 1986) regarding the
nature of the Tatarian-recent extinction-inten-
sity gradient.

There have been various attempts to interpret
this gradient. Some authors have attributed it to
successive improvements in species fitness over
time (Raup & Sepkoski 1982; Van Valen 1994).
Others point to a progressive increase in extinc-
tion resistance conferred as a result of: (1) an
increase in the number of species per clade with
consequent extension of the clades' geographical
distribution (Sepkoski 1984; Flessa & Jablonski
1985), or (2) the progressive radiation of clades
into marginal environments where extinction
resistance is conferred as a result of improved
tolerance to environmental fluctuations (Vermeij
1987). Vermeij (1987) has also argued that the
gradient might be either a taxonomic or strati-
graphic artefact. In each case, the explanatory
model assumes the validity of the gradient
throughout the entire interval. Expanding the
focus of analysis from the Tatarian-recent
interval allows this latter assumption to be
examined.

Coincidentally, suspicions that the extinction-
intensity gradient may contain hitherto unsus-
pected non-linearities has solid empirical and
theoretical justification. Analysis of residuals
resulting from linear modelling of the Phaner-
ozoic extinction intensity gradient suggests that
Sepkoski's genus-level extinction data do not
conform well to a single-factor causal model
(Fig. 7). In addition, Martin (1996) pointed to
several alternative environmental patterns whose
trends also appear to mirror to a greater or
lesser extent the extinction-intensity gradient.
Thus, elevated SO4 values in Early-Middle
Palaeozoic sediments, along with the contrasting
low values in Cenozoic sediments, have been
interpreted as evidence that Early-Middle
Palaeozoic oceans were characterized by much
more sluggish circulation and higher levels of
anoxia than their relatively well-mixed and
highly oxygenated Mesozoic-Cenozoic counter-
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Fig. 6. Genus-level, extinction-intensity record for Phanerozoic stages represented as a scatter-plot superimposed
on the linear, least-squares regression of these extinction-intensity magnitudes on time. Data from Sepkoski (pers.
comm. via Kirchner 2002). See text for discussion.

parts (see Martin 1996 and references therein).
If, as has been suggested by Martin (1996),
Early-Middle Palaeozoic marine habitats were
less stable than Mesozoic and Cenozoic marine
habitats, this might be reflected in a more
complex form for the extinction-intensity gra-
dient than has been assumed to-date.

Least-squares regression analysis of these
Early and Middle Palaeozoic data (Cambrian-
Devonian) confirms this suspicion. Although the
estimated gradient value in this interval is
similar to that of the succeeding interval,
significance tests reveal that, for these data, the
null hypothesis of no trend cannot be rejected
(Fig. 8). Many interval subdivisions were exam-
ined in the course of this investigation in an
attempt to locate the most likely initiation point
of the background extinction intensity gradient
(see Discussion section). In terms of the magni-
tude of the contrast between associated F-values,
the most likely position appears to be coincident
with the Frasnian extinction intensity peak. The
interval from the Upper Devonian (Famennian)
through the Neogene (Pliocene) exhibits a well-
constrained and highly significant declining
trend in per cent extinction magnitudes (slope:
0.077, JF-value: 43.637 with d.f.: 1, 44; see Fig. 8).
In contrast, the interval from the Cambrian
(Nemakitian-Daldynian) through the Upper
Devonian (Frasnian) exhibits a poorly con-
strained and statistically non-significant trend
(slope-0.109, F-value-3.960 with d.f.: 1, 20).
Since this Lower Palaeozoic interval represents
over one-third of the Phanerozoic time-span, it
seems inappropriate to conclude that the inter-
val is too short for any linear trend to have

Fig. 7. Scatter-plot of residuals from the regression
analysis shown in Figure 6. Note well-structured
increase in residual variability with increasing time.
This pattern of variation suggests that the extinction-
intensity gradient may be difficult to estimate reliably
for older subintervals. Labelled points represent
residuals for local extinction-intensity peaks that stand
well above the data-set's first-order linear trend.
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Fig. 8. Genus-level, extinction-intensity record for Phanerozoic stages represented as a scatter-plot with estimated
gradients shown as linear trend lines with associated 95 per cent confidence bands (dashed) and 'gradient events'
shown as labelled vertical lines. The Late Devonian event (Event I, estimated timing 250 Ma) represents the oldest
point at which the extinction-intensity gradient loses coherence. Stages to the left (older) of this line exhibit no
statistically significant extinction-intensity gradient. Stages to the right (younger) of this line exhibit a highly
significant gradient of linearly decreasing extinction intensities over time. (Note: extinction-intensity peaks that
stand well above the overall trend-line (solid black data points) were not used to estimate the gradient. If these
points are included in the analysis, however, the result is not qualitatively different). A second event (estimated
timing 209 Ma) marks the point where inter-stage variability in the extinction-intensity data collapses. See text for
discussion and interpretation.

become noticeable. Consequently, the more
likely form of these data can be described as a
discontinuous or stepped function with the step
between a 'not well-defined' or 'absent' extinc-
tion-intensity trend, and a 'well-developed,
declining' extinction-intensity trend occurring
somewhere in the vicinity of the Late Devo-
nian-Early Carboniferous (Fig. 8).

There is one other consistent pattern in these
Phanerozoic extinction-intensity data that bears
on their interpretation. As can also be seen
clearly in Figure 8, a dramatic decrease in the
variance of per cent extinction-intensity values
occurs in the Late Triassic, after the Norian
extinction-intensity peak. If the confounding
effects of the set of extinction-intensity peaks
are removed from the data-set, then the magni-
tude of this variance reduction can be quantified
by comparison of standard deviations from sub-
intervals identified (provisionally) in Figure 8.
These are shown in Figure 9. Note the similarity
between the values for the gradient-less Cam-
brian-Devonian sub-interval and the Devonian-
Triassic sub-interval, as well as their dramatic
distinction from the post-Triassic sub-interval.
These suggest that, in addition to the onset of
progressively declining extinction intensity
values in the Late Devonian-Early Carbonifer-
ous, something occurred in the Late Triassic that

served to buffer the entire marine system from
the extreme fluctuations in extinction probabil-
ities that, up to that time, had been characteristic
of the marine biotic realm.

Discussion

For both aspects of the Phanerozoic extinction
record, the identification of a consistent pattern
is required before hypotheses of causal process
can be tested rigorously. While efforts directed
toward this pattern identification task have a
reasonably long history in the case of the
extinction-intensity peak distribution (largely
as a result of Raup and Sepkoski's early claims
for periodicity in these data), mass extinction
research since 1980 has nevertheless focused on
the description of individual extinction events in
ever greater geochemical, sedimentological, and
palaeontological detail. This was especially true
of attempts to understand the Maastrichtian, or
the so-called K-T boundary, extinction event,
although, more recently, the Tatarian (or end-
Permian) event has become the focus of similar
scrutiny. Irrespective of these efforts, to the
extent that the purpose of such research is
provide insight into generalized extinction
causes, the best that isolated, single-event
investigations can hope to achieve in terms of
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Fig. 9. Aggregate, extinction-peak normalized inter-stage variability in extinction-intensity values. Note the
similarity between the two pre-Jurassic subdivisions and their joint difference from the Jurassic-Neogene
subdivision.

addressing the problem of generalized cause
is to provide data for later comparative
analyses.

Aside from a limited amount of truly compar-
able data on which to found such studies,
comparative analysis of the Phanerozoic extinc-
tion record has also been hampered by the lack
of a reliable procedure whereby quantitative
tests of association could be evaluated against a
specific null hypothesis. The Monte Carlo
simulation procedure outlined above provides a
first step toward fashioning analytical tools to
accomplish such evaluations. Similarly, the sub-
interval sampling strategy provides students of
extinction data - as well as other stratigraphic
observation series - with a method of testing for
nonlinearities in time-series data and identifying
the pattern-level discontinuities that might
suggest causal relations.

In terms of the extinction-intensity peak data,
results of this investigation suggest that the
primary factors influencing generalized extinc-
tion probabilities in the marine realm are (in
order of importance): (1) the occurrence pattern
of CFBP eruptions, and (2) the general state of
major eustatic sea-level trends. Noticeably
heightened extinction intensities (= increased
extinction probabilities) are likely to occur
whenever a collectively large (>1.5 million cubic
kilometres of extrusives) series of volcanic
eruptions takes place over a time-span of less
than three million years (Courtillot et al. 1996;
Courtillot & Renne in press). Based on historical
data spanning the last 250 Ma, the statistical
likelihood of this generalized relation being non-
deterministic is effectively 0.0, even though the

observed stage-level association ratio is 0.67 (see
Table 3). Heightened extinction intensities will
also tend to occur whenever eustatic sea-level
goes into a phase of long-term decline spanning
(on average) not less than seven million years.
Based on similar historical data, the statistical
likelihood that this generalized relation is non-
deterministic is less than 0.05, even though the
observed stage-level association ratio is only
0.38 (see Table 3).

Bolide impacts that leave crater diameters of
between 10 and 150km have a very different
statistical association with extinction-intensity
peaks than either CFBP eruptions or eustatic
sea-level falls. The idea that bolide impacts per
se are associated deterministically with extinc-
tion intensity peaks is clearly unsustainable.
There are simply too many records of medium-
to large-sized bolide impacts having occurred
during extinction quiescent intervals of Earth
history. Moreover, the idea that large bolide
impacts (e.g. those leaving craters between 50
and 150km diameter) have determined the
distribution of extinction-intensity peaks over-
states the statistical strength of the observed
association. Over the last 250 Ma there are too
few known craters of this size (six) to be able to
account for all major extinction peaks (eight). At
best, only three such large craters can be
regarded as coinciding with extinction-intensity
peaks at the stage level of temporal resolution
(see Table 2). Because large extinction events
often occur in the absence of any evidence for an
unusually large bolide impacts, and because
large impact events often occur in stages that do
not exhibit elevated extinction intensities (see
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Fig. 1 and Table 2), other factors must be
involved in controlling the generalized extinc-
tion-intensity peak distribution.

Jones et al. (2002) have recently advanced the
interesting scenario of CFBP volcanic fields
being themselves the signatures of very large
impact events (e.g. collisions between the Earth
and iron impactors greater than or equal to
20km in diameter travelling at 10 kmsec"1).
This argument is based on:

(1) mechanistic difficulties with the 'super-
plume model' currently accepted as the
cause of CFBP eruption events;

(2) new calculations estimating the volume of
decompression melting that could be
expected as a result of this impact type;

(3) results of hydrodynamic simulation
experiments; and

(4) new calculations regarding the probability
of the Earth encountering objects of this
type during the course of the Phanerozoic.

These results indicate that such high-density,
high-velocity, and large object impacts would
auto-obliterate the associated crater and initiate
supersolidus decompression melting of the local
mantle, producing as much as 3 x 106km3 of
melt (30% of which might be delivered to the
surface). These simulations also suggest that the
resultant eruptions would continue episodically
for at least one million years.

This 'super-impact' scenario might explain a
variety of problems with current geomorpholo-
gical and volcanological observations from
CFBP eruption fields. These include the absence
of any craters of a size corresponding to this
large-impact class, and the lack of a normal,
volcanogenic mechanism for moving such a
large volume of melt material out of the mantle
in the relatively short time indicated by chrono-
metric studies of CFBP events. Nevertheless, the
super-impact scenario remains a purely theore-
tical construct for the time being. Jones et al.
(2002) attempted to apply the super-impact
scenario to the Siberian and Deccan traps, but
this was unconvincing because they failed to
adequately report critical data (e.g. lack of
synchrony between the onset of eruption and
Ir anomaly emplacements). Nonetheless, this
failure does not detract from the plausibility of
the model itself. Empirical confirmation of the
super-impact scenario will only come when -
conforming to Raup's (1991) dictum - a set of
physiochemical attributes unique to this class of
impact are proposed, accepted by the relevant
scientific communities, and observed at the sites
of CFBP eruption fields.

The ultimate fate of this super-impact sce-
nario, however, in no way alters the analyses,
results, or conclusions of this investigation. As
shown above, the class of impacts responsible
for the terrestrial impact cratering record does
not exhibit a stage-level pattern of association
with extinction-intensity peaks adequate for
identification as a generalized cause of the
latter's distribution. If a separate and larger
class of impacts is found to be responsible for
the creation of CFBP eruptions, this in no way
changes the fact that the distribution of such
events - irrespective of their cause - does show
the sort of tight and, for the most part, mutually
exclusive association pattern with extinction-
intensity peaks that strongly supports a deter-
ministic link between these event classes. Indeed,
one of the most attractive aspects of the super-
impact scenario is that it provides a more
specific mechanism than any other available to
date for generating a source of environmental
perturbation that might extend over a suffi-
ciently long time interval to match the best
palaeontological estimates for the durations of
major extinction events.

Irrespective of whether the Jones et al. (2002)
super-impact scenario is ultimately confirmed,
coincidences between causal mechanism classes
undoubtedly occur, especially at the rather
coarse levels of time resolution afforded by
current synoptic palaeontological data.
Although coarse relative to some forms of
physical data, available biotic data easily
demonstrate that extinction-peak killing
mechanisms do not depend on the overwhelming
of formidable biotic and ecological homeostatic
processes through massive, but short-term,
environmental perturbation. Rather, these data
indicate clearly that the disruption of local
ecosystems occurs by quasi-continuous and
unpredictably timed perturbations of variable
magnitude over time intervals that - while short
in geological terms - are long in ecological and
population biological terms. Much empirical
data of contemporary conservation biology
confirms that this sort of continuous environ-
mental disturbance is an effective killing
mechanism for local populations over relatively
short time periods (see Scheffer et al. 2001 for a
review). The coincidence scenario simply scales
this effect up to global magnitudes.

In terms of direct empirical support, the
coincidence scenario is much more consistent
with the extended temporal signatures of many
large extinction events (see Erwin 1993; Archi-
bald 1996; MacLeod & Keller 1996; and Hallam
& Wignall 1997 for examples) than the 'bad
weekend' scenarios offered by supporters of an
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impact-extinction link (e.g. Alvarez 1997).
Moreover, the more pluralistic coincidence
hypothesis allows each mechanism to play its
own role in the precipitation of major extinction
events, rather than arbitrarily denying that
geological events and processes known to
produce severe environmental perturbations
throughout Earth history have any deterministic
link to extinction probabilities (e.g. Ryder 1996).

Although this investigation has found evi-
dence for at least substantial links between the
distribution of extinction peaks and all three
major extinction mechanisms, it is interesting to
note that statistical significance at the standard
p = Q.Q5 level was met exclusively for associa-
tions between extinction peaks and the time-
series of terrestrial CFBP eruptions and major,
eustatic, sea-level regression trends. Given cur-
rent data, the effect of crater-leaving bolide
impacts appears to be one of inducing variations
- albeit a rather large variation in the case of the
Chicxulub bolide - on the themes set by
interactions between these two extinction-
mechanism classes.

The other general theme evident from accep-
tance of CFBP eruption and sea-level regression
as the pace-setting extinction-peak mechanisms,
with bolide impacts playing a largely subsidiary
role, is the strong apparent link that each
mechanism implies between events in the terres-
trial and marine realms. The Phanerozoic
extinction record is predominantly a record of
what is happening to life in the oceans. Yet, the
manner of operation for all three leading
extinction casual mechanisms is through climate
change that, for the most part, appears to be
amplified by terrestrial processes. The large,
subaqueous CFBP eruptions that formed the
submarine Ontong-Java and Kerguelen plateaus
(that were emplaced during the Barremian and
Aptian stages, respectively) are not associated
with peaks in extinction intensity. The primary
mechanism by which CFBP eruptions and
bolide impacts is thought to perturb the
environment is through injection of particulate
material into the stratosphere (but see Pope
2002). Such injections would be minimal for
deep-ocean impact events (Croft 1982). As for
sea-level regressions, although the traditional
killing mechanism associated with this event
class is loss of habitat area to neritic marine
biotas (Hallam 1989), exposure of formerly
submarine continental shelves during a rapid
eustatic sea-level fall would also elicit severe
climatic effects (e.g. intensification of climatic
gradients, increased seasonality, global cooling;
see MacLeod 1998 and references therein)
through alterations of atmospheric chemistry.

This terrestrial-marine linkage is also sus-
pected to have played a role in controlling
patterns of background extinction intensity. As
stated above, initiation of the declining extinc-
tion gradient appears to occur within the Late
Devonian through Early Carboniferous interval.
Accurate estimation of this threshold is compli-
cated by the presence of the very large Late
Permian-Triassic extinction intensity levels.
These were preceded by much lower extinction
intensity values in the Late Carboniferous and
Early Permian whose magnitudes appear con-
sistent with post-Norian 'background' extinction
values (Figs 1 & 8). If the Late Permian-Triassic
is regarded as an anomalous interval of rela-
tively high extinction intensities embedded
within a 'groundmass' of lower extinction
values, initiation of the background extinction
gradient began in the Late Devonian-Early
Carboniferous. Alternatively, if the Late Carbo-
niferous through Early Permian is regarded as
an anomalous interval of low extinction inten-
sities embedded within a groundmass of higher
extinction values, initiation of the background
extinction-intensity gradient might be brought
forward as far as the Early Jurassic. At present,
the former interpretation is preferred: because
the significance contrast between the two inter-
vals' F-values is greatest for the Cambrian-
Devonian/Carboniferous-Palaeogene subdivi-
sion scheme, and for mechanistic reasons.

The Late Devonian-Early Carboniferous
interval was a watershed, not only for the
history of life, but also for the organization of
global geochemical cycles. Indeed, the latter
occurred largely because of the former. For
example, this interval follows a major extinction
event for the acritarchs - the only well-known
Early-Middle Palaeozoic marine planktonic
primary-producer group - as well as the
appearance of the first abundant land plants,
first forests, and first deep soils. These con-
tingent evolutionary-ecological events would
have radically altered the Palaeozoic carbon
cycle, the effect of which can be seen in shifts
toward lower 87Sr/86Sr ratios (Burke et al 1982)
and heavier 313C values (see Hallam 1992).
These shifts have generally been thought to
reflect lower levels of terrestrial runoff to marine
environments (implying lower nutrient input to
nearshore marine settings), and increased rates
of photosynthesis-carbon recycling in the upper
parts of the water column, respectively. This
transition also records a shift toward lighter <534S
values (Hallam 1992) suggesting a general
intensification of marine circulation patterns at
this time, probably in response to the initial
stages of Pangaea assembly. Overall, these



IDENTIFYING EXTINCTION CONTROLS 29

trends suggest that the marine biosphere under-
went a change from relatively stagnant condi-
tions characterized by the geologically frequent
occurrence of shifting patches of poorly oxyge-
nated waters and relatively high rates of
terrestrial runoff, to a better-mixed, less-anoxic
post-Devonian condition with lower levels of
terrestrial runoff. This switch would favour a
decline in overall extinction-intensity values as
marine biotas became adapted to more stable
conditions with rising nutrient levels as a by-
product of selection for physiological and
ecological mechanisms designed to maximize
rates of marine primary production and nutrient
recycling (Hallock 1987; Martin 1996).

Although numerous kill mechanisms have
been proposed for the Permo-Triassic extinction
(see Erwin 1993 and Wignall 2001 for reviews),
based on the results of this investigation - as
well as others - it seems likely that climatic
effects brought on as a result of lowered sea-
level, the Siberian Trap CFBP eruptions, and the
tectonic amalgamation of Pangaea played deter-
ministic roles (as well as perhaps being accen-
tuated by a short-term, global anoxia event, see
Wignall & Hallam 1992; Wignall & Twitchett
2002). It is interesting to speculate that these
extinctions might also have been exacerbated by
the possible lack of a diversified marine phyto-
plankton flora in the Late Permian oceans. The
identities of Late Palaeozoic phytoplankton
groups have long been enigmatic. As mentioned
above, acritarchs suffered a major diversity
decline at the close of the Devonian (Tappan
& Loeblich 1973). While most plant protist
classes extant in the Devonian continued
throughout the remainder of the Phanerozoic
(Tappan 1980), the numerical dominance
enjoyed by the Early Palaeozoic acritarch flora
did not re-establish itself until the diversification
of modern phytoplankton groups in the Early
Jurassic (Tappan & Loeblich 1973). The Late
Palaeozoic interval is particularly interesting in
that a decline in marine primary productivity
caused by the extinction or near extinction of
phytoplankton clades has been implicated con-
sistently in studies of several Mesozoic and
Cenozoic marine extinction-intensity peaks.
Reviewing this literature suggests that enough
circumstantial evidence is available to sketch an
outline of this flora's diversity history even in the
absence of a direct fossil record.

Following the Late Devonian extinction
event, overall extinction intensities remained
relatively high in the enigmatic Early Carboni-
ferous (see Fig. 1). During the Late Carbonifer-
ous and Early Permian, however, these estimates
plummet to the lowest values that had been

recorded up to that time. The magnitude of these
low extinction-intensity values - which are
comparable to those characteristic of post-
Triassic stages in which a diversified phyto-
plankton flora was a quasi-permanent fixture -
provides circumstantial evidence for the exis-
tence of a diversified phytoplankton flora during
(at least) the Late Carboniferous-Early Per-
mian. Consistent with this inference is the
diversity of the benthic, filter-feeding, marine
fauna that characterizes this interval.

Throughout the Late Permian, however,
extinction-intensity magnitudes mount to the
Tatarian high. Given the decimation of filter-
feeding faunas across the Permo-Triassic bound-
ary (Erwin 1993), and the post-Permian associa-
tion between phytoplankton diversity lows and
elevated extinction-intensity peaks, it strains
credulity to believe that Late Permian phyto-
plankton floras were unaffected by this event.
Owing to the relatively high levels of marine
invertebrate extinction that characterize the
Triassic, a continued phytoplankton diversity
low may also have characterized this immediate
post-Palaeozoic interval, perhaps lengthening
the extinction-recovery phase. With the diversi-
fication of dinoflagellates and calcareous nanno-
plankton in the Late Triassic-Early Jurassic,
however, extinction-intensity magnitudes under-
went a dramatic reduction, to values only
slightly higher than those characteristic of
Palaeogene and Neogene intervals (see Figs 1
& 8). The subsequent macroevolutionary impor-
tance of the Late Triassic-Early Jurassic phyto-
plankton diversification is not only seen in the
Jurassic-recent extinction record (where it may
have played a role in controlling rates during
background- and peak-intensity intervals,
Wignall 2001), but is also beginning be appre-
ciated as a major control in Mesozoic-Cenozoic
diversification patterns (e.g. Valentine &
Jablonski 1986 (molluscs); Smith 1984, and
MacLeod 2003 (echinoderms)).

Summary

Progress toward understanding the major con-
trols on marine Phanerozoic extinction patterns
is necessary for a variety of palaeontological and
conservation biological reasons. Up to now such
progress has been impeded by:

(1) an undue focus on the collection of
information about individual events;

(2) lack of appropriate analytical strategies
for comparing patterns of stratigraphic
coincidence against predictions from rea-
sonable null models; and
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(3) failure to investigate analytically all pro-
minent patterns exhibited by the Phaner-
ozoic extinction record.

By correcting these oversights, comprehensive
explanations for this important aspect of life's
history on this planet can begin to be developed
in light of the necessary integration between
palaeontological and physical data.

Preliminary Monte Carlo simulation studies
of stratigraphical association patterns -
described herein and applied for the first time
in the context of extinction studies - suggest that
the extinction-intensity peak distribution most
closely matches the distributions of CFBP
volcanic events and long-term eustatic sea-level
regressions. Based on the statistical significance
of these associations, both mechanisms are
identified as the most likely candidates for
generalized control of Phanerozoic marine
extinction probabilities. Monte Carlo associa-
tion analysis of coincidental interactions
between CFBP volcanism and sea-level regres-
sion also identify the coincidence of these
mechanisms as providing first-order, generalized
controls on the distribution of large extinction-
intensity peaks, at least for the last 250 Ma.
Bolide impacts leaving craters of between 50 and
150 kilometres have a much lower, and non-
significant (p = 0.05), level of statistical associa-
tion with the extinction-intensity peak record.
Accordingly, this class of bolide impact is not
regarded as fulfilling the requirements of a
generalized control mechanism, although, of
course, individual bolide impacts may have
played a role in accentuating global extinction
intensities on a coincidental basis. These results
imply that Earth-based tectonic factors have
played a much larger role in controlling Phaner-
ozoic extinction history than extraterrestrial
bombardments (although the recent theoretical
proposition of CFBP volcanic events being the
signatures of very large bolide impacts events is
noted with interest).

New analyses of the background extinction-
intensity gradient also reveal previously unsus-
pected associations. Subdivided time-series trend
analyses indicate that this gradient is not a
general feature of the Phanerozoic extinction
record, but is restricted to the Jurassic-Neogene
interval at least and Late Palaeozoic-Neogene
interval at most. The previous interval (Cam-
brian-Devonian at least, Cambrian-Triassic at
most) is not characterized by a statistically
significant, linear, extinction-intensity trend.
These results suggest that onset of a linear
'background extinction' gradient coincided
either with the Late Palaeozoic reorganization

of the global carbon cycle (driven by the
evolutionary diversification of land plants) or
the Late Triassic reorganization of the global
carbon cycle (driven by the evolutionary diver-
sification of modern phytoplankton groups).
Both these evolutionary events had substantial
effects on marine invertebrate diversification -
as well as extinction - patterns.

Combining the results of these two analyses, it
would appear as though the primary controls on
the Phanerozoic pattern of marine extinction
intensity are: (1) tecto-eustatic and (2) evolu-
tionary. Both process classes effect extinction
probabilities primarily by inducing global cli-
mate changes with small-to-medium, long-term
perturbations being implicated as more danger-
ous than large, short-term perturbations.
Although all aspects of the extinction record
require continued investigation to facilitate the
evaluation of more detailed hypotheses, the
primary terra incognita of this research pro-
gramme is the Late Palaeozoic-Triassic interval.
In particular, the identity and evolutionary fates
of Late Palaeozoic-Triassic phytoplankton
floras need to be much better understood in
order to evaluate their likely generalized role in
influencing generalized extinction dynamics.
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Abstract: Boundary-defining events influence the evolutionary behaviour of post-extinction
survivors. The Cox proportional hazards model takes into account the varying background
extinction rates characteristic of boundaries and enables survivorship analysis of post-boundary
behaviour. Survivorship results from the Middle Cretaceous to recent planktonic foraminifera
reveal two intriguing observations. First, they indicate significantly age-dependent extinction
probabilities in populations of species following two boundaries: Cenomanian-Turonian (C—T)
and Cretaceous-Tertiary (K-T); the survivors are short lived and show rapid turnover.
Characteristics that might mediate this macroevolutionary behaviour are clearly distinct from
those that precede the extinction. We hypothesize that the rapid taxonomic turnover during
post-extinction macroevolutionary recovery is driven by the lingering expression of 'passport'
characteristics, where the primary adaptive value was during the preceding extinction. Second,
age-dependency of extinction oscillates through time. Many survivorship curves averaging long-
term data have exponential or near-exponential form: suggesting a lack of age-dependence
consistent with the Red Queen hypothesis. The boundary events discussed here, analysed in
higher-resolution 15 Ma subsets, demonstrate perturbation of some post-extinction populations
toward positive age-dependence, and are followed by long intervals suggestive of recovery. Red
Queen behaviour, when measured over very long time-spans, appears to be the time-averaged
result of these boundary-generated oscillations between short-term positive age-dependence and
longer-term return to nearly age-independent Red Queen behaviour.

It is unavoidable that the characteristics which even be less well adapted to the post-extinction
survivor species carry with them through a mass world than their recently extinct relatives would
extinction must necessarily be the same char- have been had they survived. In this sense, a
acteristics that mediate recovery - a fact so passport characteristic, like a true passport, may
simple as to be a truism were its implications not lose its utility once the boundary has been
so far-reaching. The implications for our under- passed.
standing of adaptation are particularly compel- Extinctions and their causes have received a
ling. Adaptation is such an integral aspect of the great deal of attention - far out of proportion to
evolutionary process that its role often goes the brevity of the events that they record,
unquestioned - so much so that it can be Conversely, biotic recovery from extinction,
tempting to begin an evolutionary study with although it can span tens of millions of years
the a priori assumption that organisms' adapta- (Arnold et al. 19956; Erwin 2001), receives far
tions reflect a harmonious relationship with the less attention than such long recovery times
environment in which we find them. However, would invite. We might speculate that this is
the survivors of an extinction, although they because the post-extinction biota is viewed as
may (fortuitously or otherwise) have 'passport' depauperate and therefore of diminished inter-
(the 'passport' concept was developed from est; but, whatever the reasons, it is important to
earlier work of A. J. Arnold, but is named here remember that it is not the victims of extinction
for the first time) characteristics that allowed but the survivors that shape subsequent diversi-
them to pass through an event, may not fication.
necessarily reflect optimal adaptation to the It is sometimes held that opportunists pass
post-extinction setting in which these survivors through boundaries and eventually dominate the
find themselves. These survivor species may recovery biota. Studies on the K-T and E-O

From: BEAUDOIN, A.B. & HEAD, MJ. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 35-46. 0305-8719/04/S15 © The Geological Society of
London 2004.
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events have suggested that recovery is a much
more complicated issue. Extinction survivors
may include a range of survival characteristics,
including residence in protected habitats, broad
adaptive ranges, dormancy, larval stages, and
many others (Kauffman 1984; Keller 19860, b,
1988, 1989a, b; Hansen et al 1987; Hansen 1988;
Kauffman & Walliser 1988; Harries et al 1996;
Jablonski 2002). One mechanism of survival
involves intrinsic biological factors, such as a
proclivity for rapid speciation based on factors
related to population structure or generation
time. Lineages that show rapid speciation may
leave distinctive patterns of survivorship during
their recovery.

A lingering question also relates to the
magnitude of extinctions. Are mass extinctions
distinct departures from normal background
levels of diversity fluctuation, or are they simply
the most extreme end members of a continuous
distribution of diversity fluctuations, different in
degree but not in kind? In other words, is there
anything special about mass extinctions other
than the fact that we notice them because of
their magnitude? In spite of a great deal of
discussion, the issue is still unresolved (e.g.
Boyajian 1986, 1991; Jablonski 1986, 1989,
2001; Thackery 1990; Hubbard & Gilinsky
1992; Raup 1994; Kirchner & Weil 2000). Our
results suggest that some boundary extinction
events can be distinguished from background
diversity fluctuations, but that the distinction is
expressed most clearly by the nature of recovery
rather than by the magnitude of the extinction
itself.

The Red Queen Hypothesis is based on Van
Valen's (1973) Law of Constant Extinction - a
counterintuitive but widespread observation
that species within ecologically homogeneous
taxa tend not to increase (or decrease) their
immunity to extinction through time; instead,
taxonomic survivorship curves show a constant
probability of extinction regardless of species
longevity. This observation is judged to be
counterintuitive because longer-lived species
might be expected to have more time to adapt
to the abiotic environment, thereby acquiring a
resistance to extinction that their shorter-lived
relatives cannot. To explain this observation,
Van Valen advanced the Red Queen Hypothesis,
which holds that ever-changing biotic interac-
tion between species requires that they continu-
ally evolve to avoid extinction, and that species
do not develop increased immunity from extinc-
tion, because the remainder of the biota is
continually evolving in response. Thus, later
members of a lineage may be adaptively superior
to their ancestors, but their fitness (and species

survivorship) remains unchanged as they evolve
to keep pace with an ever-shifting biotic setting.
Hence, the Red Queen's comment about life on
the other side of the looking glass: 'Now here,
you see, it takes all the running you can do, to
keep in the same place.' (Carroll 1872).

Unfortunately, to the extent that mass extinc-
tions exert an anomalous influence on extinction
patterns and later recovery, they also make
survivorship analysis of extinctions more com-
plex. The great variation in extinction rates
through boundaries creates inhomogeneous
populations that are difficult to compare
through the analysis of simple survivorship
curves. The simple exponential survivorship
predicted under the Red Queen Hypothesis
assumed populations undergoing stochastically
similar rates of extinction (Van Valen 1973), an
assumption that is not met in the vicinity of
most extinction boundaries. More complex
techniques of survivorship analysis are thus
required to account for the temporal variation
caused by perturbations associated with mass
extinctions, and time-dependent variation in
general (Pearson 1992).

Extinction events may also create even longer-
term bias in survivorship analysis. Indeed, the
lingering effects of extinction may characterize
much of the interval between boundaries.
Initially, the intent of this research was to model
the survivorship of planktonic foraminifera over
the last 145 Ma in order to explore patterns of
age-dependence. Our results show that strati-
graphic boundaries can play a central role in
shaping patterns of macroevolutionary survivor-
ship as well as recovery during the intervals
between. We show this by applying the assump-
tions of the Red Queen Hypothesis across major
extinction boundaries.

The data

To test boundary survivorship patterns, we will
examine the fossil record of planktonic forami-
nifera. Planktonic foraminifera have an excellent
fossil record, yet were nearly eliminated by the
K-T boundary event. This distinctive history
gives their recovery pattern particular clarity.
Their precisely constrained stratigraphic ranges
make them ideal candidates for survivorship
analysis. Foraminiferal ranges are known to the
level of morphospecies; in addition, much of
their phylogeny is known from direct observa-
tion of transitions in the fossil record.

Longevity data for the Cenozoic Globiger-
inida were derived primarily from integration of
works by Blow (1979), Kennett & Srinivasan
(1983) and Bolli & Saunders (1985). The
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Palaeogene foraminiferal history was further
refined and developed from the Palaeogene
Working Group: Berggren (1977), Boersma &
Premoli Silva (1983), Toumarkine & Luterba-
cher (1985), Fordham (1986), Boersma et al
(1987), Premoli Silva & Boersma (1988), and
Olsson et al. (1999). Species origination and
extinction times are calibrated to the time scale
of Berggren et al. (1995). Cretaceous data are
derived from Postuma (1971), Robaszynski et al.
(1984), Bolli et al. (1989), Hart (1990), Berggren
and Norris (1997), BouDagher-Fadel et al.
(1997) and Olsson et al. (1999). The stratigraphic
resolution of the Cenozoic provides an excellent
background for the study of planktonic for-
aminiferal survivorship. These data are
expanded from the version used by Parker &
Arnold (1997). In addition to the longevity data,
the data also contain morphological information
on all Cenozoic species, including landmark-
based distance measures, angles, and parameters
derived from measurements (e.g. Raupian para-
meters, principal component analysis).

The phylogenetic relationships were taken
from the literature and are based primarily on
the reports of stratigraphically preserved ances-
tor-descendant transitions and phylogenetic
analyses. Because the survivorship study is based
on individual species' longevities and is not
dependent upon branching topology, phyloge-
netic relationships will not affect the analyses.
However, because branching relationships
among Palaeogene foraminifera have been
thought to affect species ranges (Pearson
1998/?), the authors are also working on a
follow-up to this study to account for branching
topologies.

Only the planktonic foraminifera currently
provide the taxonomic and stratigraphic resolu-
tion necessary for a study such as this; none-
theless, some concerns must be addressed. One is
that it is possible that specialists have divided
lineages into operational taxonomic units that
only approximate biological reality (Pearson
1992; Parker & Arnold 1997). This may result
from 'pseudoextinction' and 'pseudospeciation'
(Pearson 1998a); Pearson discussed this problem
at length in the context of survivorship analysis
(Pearson 1995, 1996, 1998/7; McGowan et al.
1999). Since then, an additional problem has
arisen regarding the classification of true biolo-
gical species (in the sense of Mayr's Biological
Species Concept). Classification of two or more
true biological species under a single name can
be the result of so-called 'cryptic' speciation.
Cryptic speciation has become an increasingly
common observation for many taxa, including
planktonic foraminifera (de Vargas et al. 1999,

2001). Recent studies indicate that pelagic
biodiversity in general may be greatly under-
estimated due to cryptic speciation (Norris
2000). For these reasons, and others, it should
be stressed that we define all species in terms of
the morphological species concept. These pro-
blems do not invalidate survivorship analysis,
although some refinement of the analyses and
their interpretation may become appropriate as
issues such as cryptic speciation and pseudo-
extinction are clarified over time. This issue is
further discussed below.

Cox survivorship analysis

Survivorship analysis has produced valuable
palaeontological insights since the time of
Simpson (1944), but has also been the subject
of controversy. Application of the Epstein test to
planktonic foraminifera indicated that they
showed exponential patterns consistent with
the Red Queen Hypothesis (Arnold 1982). The
Total Life Method of Epstein verified the log
linearity of survivorship and therefore lack of
age-dependence (Epstein 19600, b). Pearson
(1992, 1995) later observed that temporally
heterogeneous extinction rates affected survivor-
ship analysis and ought to be taken into
account. Taxa existing at different times could
experience vastly different rates of extinction
(e.g. those present at the K-T boundary v. an
assemblage in the Middle Miocene). Thus,
extinction rates in real time, or time-dependency
of extinction, had to be separated from the issue
of the longevity of the taxon, or age-dependency.
Pearson proposed his Corrected Survivorship
Score (CSS) to account for this distinction
(Pearson 1992, 1995; McGowan et al. 1999).
Analysis of survivorship near important geolo-
gical boundaries is particularly problematic,
because it is precisely at these boundaries that
temporal variation in extinction becomes most
pronounced.

Approaches to survivorship that account for
time-dependency can also be found among the
models used in failure time analysis (Kalbfleisch
& Prentice 1980). Data that have an end point at
the time an event occurs are called failure time
data. Failure may be broadly defined to include
any response pertinent to the field of study in
question. Failure time data are distinguished by
the presence of censoring; that is, for some
individuals we only have partial information
about the failure time. The most common type
of censoring is right censoring; we know only
that the survival time of an individual exceeds
some given value, c. This happens in medical
situations if a patient drops out of the study
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before the event of interest (e.g. death) is
observed, or if a patient survives beyond the
end of the study period. For the purpose of this
analysis, the taxon range is analogous to the
survival of a patient, and extant species in the
data-set are considered to be censored.

An alternative to the CSS for addressing
survivorship across boundaries and eliminating
the problem of time-dependence is the use of a
proportional hazards model. Regression models
of survivorship often assume a proportional
hazard function. The non-parametric version of
this model is the Cox proportional hazards
model (Cox 1972; Lee 1980). The essence of the
Cox model consists of a hazard rate calculated
as a product of an arbitrary baseline hazard with
an exponential function of the covariate. It takes
the form:

where t represents geological time, h0(t) is the
baseline hazard rate, ft a regression parameter,
and z a covariate of interest; in palaeontological
analyses of species, z might be a morphological
character (e.g. chamber number). This model
might be applied to an entire population - say,
all the planktonic foraminifera - with variations
in the background extinction rate handled by the
function of h0(t). The model is called a propor-
tional hazards model because the ratio of the
hazard functions for two individuals with
different values, z\ and Z2, of the covariate,
turns out to be:

which does not depend on time, that is, the
hazard functions are proportional.

In order to examine age-dependence, our
model must include species age as a covariate.
Since the species age varies with time, we must
slightly reformulate the Cox model as follows:

where t again represents geological time, z(t) the
species age at time t; for a species originating at
time tQ, we have z(t) — t — to for t < t$. The
arbitrary baseline hazard rate is again h0(t). The
coefficient is now multiplied by z(t\ where
species age is a function of time. With this
form of the model we may ask questions about
temporal variation in survivorship. This altera-
tion of the model preserves and takes into

account information about origination and
extinction of foraminiferal species at their
respective first appearance datums (FADs) and
last appearance datums (LADs) within the
context of geological time.

For the Cox model, when z(t) is taken to be
the species age, a non-zero value of the regres-
sion coefficient, ft, indicates a relationship
between species age and extinction rates. For
positive ft values, there is an increase in
probability of extinction with increasing species
range, or 'age'. Negative coefficients show the
converse relationship. Naturally, a time-frame
must be defined within which to examine
survivorship behaviour. Examining short-term
variation in survivorship requires that we
balance the competing needs for stratigraphic
resolution and statistical certainty. For this
study, after experimenting with larger and
smaller temporal windows, /^-values and ft
coefficients were calculated for 15 Ma windows
of time. Shorter and longer time-frames reflect a
similar pattern (the authors are pursuing sepa-
rate work optimizing this balance). The p-value
is the probability of obtaining as large or larger
a value of |/?|, the absolute value of the estimated
coefficient, given that the true value ft is 0. The ft
value and />-value plotted for that interval was
considered to lie at the midpoint (or 7.5 Ma into
the frame; Figs 1 & 2). The window was moved
forward in time at 1 Ma intervals and recalcu-
lated.

Results

Sequential calculations of age-dependency for
species which originate within 15 Ma time
frames from the Middle Cretaceous to the
present gives a continuously varying pattern
punctuated by sudden shifts at critical bound-
aries. Figure 1 shows a significant shift in ft
values following the C-T and K-T events. The
E-O event does not show the same pattern.
Interestingly, /?-values for the coefficient are
highly significant following both the C-T and
K-T events. The age-dependence in extinction
lasts approximately 25 Ma after the K-T
boundary. Following these extinctions, the ft
values appear to drop at a nearly constant rate;
the drop takes place over a large portion of the
Cenozoic, even sometimes dropping into nega-
tive values (Fig. 1). Also noticeable are smaller
positive shifts in ft at about 108, 72 and 27
million years that interrupt the steady declines
from earlier high values.

It is known from previous work that age-
dependence in planktonic foraminiferal survi-
vorship is statistically significant for the Cen-



39

Fig. 1. Beta-coefficient (with standard error bars) and
/7-values for /? by geological time for all species in the
data-set. Positive ft (top) indicates extinction prob-
ability increases as species age increases; negative
coefficient indicates the reverse. The /7-values (below)
show strong significance following the C-T and K-T
boundaries, although not the E—O.

ozoic planktonic foraminifera as a whole, and
that the elimination of short-ranged species (less
than 4 Ma duration) from the analysis causes the
survivorship curve to revert to exponential form
(Parker & Arnold 1997). Because of this, in
Figure 2, only the age-dependence of species
lasting 4 Ma or longer was assessed. Removal of
the short-ranging species reduced the age-depen-
dence effect following the C-T and K-T
boundaries. However, the population immedi-
ately following the Jurassic-Cretaceous bound-
ary shows significant age-dependence. The p-
values in both analyses appear to exhibit a
quasi-periodic spacing.

Discussion

Age-dependent extinction is indicated by non-
zero /? values, and means the probability of
extinction increases (or decreases) as a function

Fig. 2. Beta-coefficient (with standard error bars) and
/7-values for f$ by geological time for all species in the
data-set with ranges greater than 4 Ma. Eliminating
shorter-ranged species removes much of the signifi-
cance of the C-T and K-T events. In both figures, note
the somewhat periodic nature of the coefficients and p-
values.

of species age. Through the Late Mesozoic and
Cenozoic, age-dependence of extinction exhibits
fluctuations through time; most of this fluctua-
tion is in the direction of positive ft indicating
that the likelihood of extinction generally tends
to increase (rather than decrease) with increasing
age; however, we can only speak with confidence
about time intervals in which the /7-values are
significant. The pronounced positive departures
immediately following the C-T and K-T events
(as demonstrated by simultaneously highly
significant /7-values and strongly positive /?
values) suggest that events at these boundaries
increase the age-dependence effect. Moreover,
the data indicate that short-ranged species are
the cause of the age-dependence effect (Fig. 2).
Because we cannot test the idea with our data,
we have been cautious in giving consideration to
the possibility of species senescence; at the same

DEVIATION FROM RED QUEEN BEHAVIOUR
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time, our results do not rule it out. Overall, we
believe that our data favour the alternative that
we expand upon below.

Our initial hypothesis was that this distinctive
pattern of significant age-dependent extinction
might reflect a taxonomic artefact rather than
the biological reality: if rapid anagenesis is the
dominant evolutionary pattern during these two
post-boundary times, then taxonomists may
have arbitrarily subdivided rapidly evolving
chronospecies into artificial short-ranged mor-
phospecies (Pearson 19980). Phylogenetic trees
of Palaeogene planktonic foraminifera, not only
morphospecies' ranges, show strong biases
(Pearson 1998/?). However, if this is the case,
then we are still left trying to explain why the
anagenesis that generates this distinctive pattern
dominates only during recovery times immedi-
ately after the C-T and K-T boundaries. We
proceed on the assumption that taxonomic
decisions are likely to be based on an underlying
reality; misinterpretation of that reality as
cladogenesis or true extinction rather than
anagenesis does not invalidate the observation
of age-dependence, it merely changes its inter-
pretation. Thus, appeal to taxonomic artefact
merely frames the same questions in a new
context. These questions are as follows.

Does extinction leave an imprint that charac-
terizes subsequent recovery! Yes. Post-extinction
age-dependence, now verified by two survivor-
ship models (Parker & Arnold 1997 and herein)
and an analysis of mean longevity (Arnold et al.
1995&) strongly suggest this. The change in
species age structure is a signature that lingers
for at least 15 Ma after the C-T boundary.
Significant age-dependence lingers for about
25 Ma in the case of the K-T. Interestingly,
molluscan gamma diversity took 25 Ma before
this group showed full recovery after the K-T
boundary (Hansen 1988). As with foraminifera,
it appears that molluscan faunas spend much, if
not most, of their time recovering from extinc-
tions. A contrasting interpretation is that age-
dependence is a taxonomic artefact. Pearson
removed the age-dependence in post-K-T mor-
phospecies longevities by analysing lineages
(Pearson 1996); removal of pseudoextinction
and pseudospeciation eliminated the effect.
However, we must now ask why age-dependence
arises after two extinction boundaries. If it is a
result of taxonomic artefact in both instances,
then why is this taxonomic artefact concentrated
so significantly after extinction events?

Can mass extinctions be distinguished from
background extinction! Our data suggest that
some can, again, by their lingering age-depen-
dence signature. The K-T extinction is both a

profound extinction and a sharp stratigraphic
boundary, and its age-dependent signature
lingers for at least 20 Ma after the event.
However, the Cenomanian-Turonian extinction
is a second-order extinction, perhaps less dis-
tinctive than the Eocene-Oligocene (E-O), and
yet it carries a post-boundary signature of age-
dependence (and equivalent significance levels)
for nearly half as long as the K-T, while the E-O
boundary shows no age-dependent signal at all.
This suggests to us that some feature other than
the magnitude of the extinction is responsible for
the observed age-dependency.

What can passport characters tell us about
macroevolutionary recovery after boundaries!
The results lend themselves to two immediate
explanations. One is simply that the recovery
intervals are characterized by rapid expansion
into ecospace; the other is that a more compli-
cated biological scenario is being played out.
The first choice is the traditional understanding
of mass extinction recovery and cannot be
discounted. However, subtle clues indicate a
more complicated macroevolutionary picture
that reflects juvenilization of surviving lineages,
resulting in what we here designate as 'passport
characters'.

Arnold et al. (19950) analysed the dynamics
of how small planktonic foraminifera tend to
survive extinction events. Size increase appears
to reflect asymmetrical drift from small begin-
ning size with asymmetry being introduced by a
biological absorbing boundary at zero or very
small size. Arnold et al. posit that this is the
underlying cause of Cope's Rule. Cope's Rule
holds that lineages tend to increase in mean
size over time, making the size of the later
descendants noticeably greater than that of the
earlier species (such as those following mass
extinctions). But this proposal simply frames
the question in a new perspective: why are
post-extinction survivors small? Arnold et al.
(19950) suggest that it is not because the Early
Palaeocene world favours small size, rather
because it was small-bodied species that pre-
ferentially survived the K-T and Eocene-
Oligocene events and necessarily carried that
character with them when they began the post-
extinction recoveries. The authors suggest that
small-bodied species, by virtue of their gener-
ally shorter generation times, should have a
more rapid evolutionary response to selective
pressure than their large-bodied relatives, a
factor that not only explains the tendency of
small-bodied species to weather mass extinc-
tions, but is a possible explanation for Cope's
Rule that is general enough to apply across the
full taxonomic and ecological spectrum. They
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indirectly supported this hypothesis with the
observation that species destined to leave
descendants form a significantly greater pro-
portion of the small-bodied foraminiferal biota
(as compared with the large-bodied biota)
during times of crisis (Fig. 3). After the K-T
and E—O extinctions the survivor species, in
addition to their smaller mean size, show a
globose morphology, an apparent preferential
tendency toward pseudoextinction or cladogen-
esis (rather than true lineage termination)
(Arnold et al. 19950), and in the case of the
post-K-T population, rapid turnover and sig-
nificantly shorter mean species durations
(Arnold et al. 19956).

These interrelated features, although charac-
terized as both microevolutionary (small size,
globose morphology) and macroevolutionary
(rapid turnover, preferential tendency toward
cladogenesis/pseudoextinction among small-
bodied species, and shorter durations), have
one thing in common: the survivors of the K-T
and their immediate descendants share them. We
hypothesize that the rapid turnover (or the
propensity for it) seen during the Early Palaeo-
cene and after the C-T is, like small size at the
organism level, a 'passport character' at the
macroevolutionary level. That is, it is the
continued expression of rapid turnover that
one might expect in species that either:

(1) retain the evolutionary responsiveness to
evolve through the rapidly changing condi-
tions of a mass extinction; or

(2) share a propensity for such responsiveness
(e.g. through paedomorphosis that emerges
during extinctions).

The present finding of significant post-bound-
ary age-dependent survivorship is consistent
with this hypothesis.

A second insight that can be gained is in
regard to the organismal and ecological char-
acters that might drive rapid post-boundary
turnover. Throughout most of the time that we
cover, age-dependency is usually asymmetrical
in the positive direction; that is, with increasing
age species tend to show increasing probability
of extinction rather than increasing immunity to
extinction. Further, it is the short-lived species
that explain (in a statistical, rather than a causal,
sense) the age-dependency, and it is therefore
these species that bear closer examination.
Indeed, as noted by Arnold et al. (19956; fig.
4) and in temporally expanded form in Figure 4
(herein), there are quasi-periodic windows dur-
ing which short-lived species (those less than
4 Ma duration) apparently do not originate. Cox
& Weibull's (Parker & Arnold 1997) model
allows for removal of short-duration cases from
the statistical population without compromising
the results. When this is done, no age-dependent
effect is observed in either Cox or Weibull
analysis. Since trophic ecology and population
structure have been strongly related to longevity
for Palaeogene species (Norris 1992), its influ-
ence on speciation rates may point to the causal
underpinnings of the post-boundary rapid turn-

Fig. 3. Differential macroevolutionary characteristics of small (< 300 /mi) versus large-bodied species during the
E-O event. At the 38 Ma peak, note the significantly greater proportion of small species that leave descendants, as
compared with that of large-bodied species. Dashed lines indicate where data are untrustworthy due to edge
effects. Reproduced with permission of the Journal of Paleontology.
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Fig. 4. Comparison of times of origination versus species longevity. Absence of data in upper right part of the
graph is an artefact of censorship at the recent (a similar effect is seen at the K-T). 'Gaps' in the origination
distribution of short-ranged species (e.g. 18-36 and 45-52 Ma) indicate variations in age-dependent extinction.
Cenozoic and Cretaceous short-ranged foraminifera species have had quasi-periodic absences. Note the absence
of short-ranged species immediately prior to the K-T boundary and the large number immediately following. The
major extinction boundaries, including the Jurassic-Cretaceous boundary (J-K), are marked in grey.

over and age-dependence. Shorter-ranged popu-
lations also display a number of morphological
differences from their longer-ranged counter-
parts. The explanatory role of these characters is
the subject of ongoing investigation by the
present authors.

What does age-dependency imply with respect
to the Red Queen Hypothesis? The Red Queen
was initially invoked to explain the surprising
failure of taxonomic survivorship curves to
deviate from exponentiality in the negative
direction, as would be predicted if long-lived
species tended to develop extinction immunity
by adaptation over their durations. The Red
Queen Hypothesis holds that species are, in
effect, constantly evolving to keep up with
adaptive peaks that shift at random with respect
to their ability to adapt.

Due to the changing hazard rates experienced
by any taxon during its existence, a few
preconditions should be added to the applica-
tion of the Red Queen Hypothesis. These

preconditions must address whether hazard
rates show significant temporal variation for
the population in question. The original Red
Queen concept assumed a stochastically con-
stant underlying hazard rate; this assumption
may be valid over shorter time-scales, with
species populations experiencing identical
extinction rates. However, over longer time-
scales - with strongly variable extinction rates -
background hazard rates must be taken into
account (McGowan et al. 1999). Unfortunately,
the Red Queen Hypothesis is usually envisioned
in relation to an exponential survivorship curve.
For periods that comprise homogeneous popu-
lations (with regard to extinction rates) this is
appropriate. Therefore, with constant back-
ground hazard rates, the exponential model
applies. But when discussing survivorship in
the context of fluctuating background hazards, a
more complex model needs to be employed,
because species undergoing varying extinction
rates would not yield a straightforward survivor-
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ship curve. For this reason, in the context of
changing background rates, it is better to think
of the Red Queen Hypothesis as the absence of
age-dependence in extinction, and the macro-
evolutionary consequences devolving therefrom.
This absence of age-dependence must be mea-
sured in the context of a survivorship model that
accounts for temporal inhomogeneities of
extinction.

The early expectation of the Red Queen
Hypothesis was that extinction probability
would decrease with increasing species age.
This study shows that planktonic foraminifera,
in fact, show preferential deviation in the
opposite direction, primarily after mass extinc-
tion boundaries, followed by a gradational
return to age independence consistent with the
Red Queen Hypothesis. In a sense, one might
suggest that immediately after the K-T the
survivor species are still 'running' - not because
they have momentum, but because it was the
'runners' that got through the K-T event. Their
ability to speciate rapidly (or their anagenetic
responsiveness) explains the post-event pattern
of rapid turnover, shortened durations, and age-
dependency, and is consistent with their small
size.

'Step' v. 'spike'perturbations and extinction

We might envision the abiotic environmental
changes that drive extinction as varying from
'spike perturbation' (in which abiotic conditions
return to the pre-extinction state after the event)
to 'step perturbation' (in which conditions
remain changed; steps might vary in height and
abruptness. The concept of step perturbation
should be distinguished from that of stepwise
extinction, which describes multiple steps in
extinction response). There is evidence that the
K-T extinctions were caused by an impact event
(Alvarez et al. 1980 inter alia}', this would be an
excellent example of a spike perturbation in
which conditions were altered dramatically for a
short period, and then recovered. The C-T event
was of a lower magnitude than the K-T, with
only 27% of marine genera disappearing. Since
deep-water foraminifera disappear first, an
ocean anoxic event (OAE) has been a strong
candidate for the extinction (Jarvis et al. 1988;
Tur 1996). Interestingly, fluctuations in $ values
are reminiscent of Raup-Sepkoski periodicities
recently affirmed in planktonic foraminifera
through time-series analysis (Prokoph et al.
2000). In either scenario - an impact or a
transient OAE - these extinctions might be
characterized as 'spike' perturbations. We stress
that although the mechanics of these extinctions

may have been vastly different, the recoveries
appear similar and are the basis of our distinc-
tion.

In contrast to the K-T and C-T, the most
generally accepted explanations for the E-O
extinctions are related to the (step) development
of the modern mode of thermohaline circulation,
driven primarily by colder bottom-water masses.
Of course there is a body of evidence suggesting
that other factors might have influenced these
events. The E-O boundary has a variety of
additional scenarios, including several micro-
tektite horizons, global deepening of the calcium
carbonate compensation depth (CCD), and
volcanism, in addition to long-term climatic
changes (Kennett et al. 1985; Keller 19866). It
would be premature to suggest that the step/
spike distinction explains our observed differing
patterns in age-dependency, but its consistency
leads us to draw attention to the possibility.

Conclusion

Cox survivorship analysis of the planktonic
foraminifera indicates that events at the C-T
and K-T boundaries caused significant age-
dependent effects. This is in contrast to the
expectations of the Red Queen Hypothesis,
where extinction is postulated to occur randomly
with respect to species age. Boundaries may
therefore complicate our expectations under the
Red Queen Hypothesis. Post-boundary popula-
tions show an increased probability of extinction
with age, and this deviation remains significant
for nearly 25 Ma in the case of the K-T
boundary, and nearly half that time in the case
of the C-T. During the post-boundary period of
significant age-dependence, there appears to be a
pattern of gradational return toward Red Queen
survivorship behaviour (i.e. absence of age-
dependence). Ironically, our results, in demon-
strating significant but transient deviation from
Red Queen behaviour, lend support to the Red
Queen Hypothesis, because they suggest that
Red Queen behaviour may express the 'normal'
conditions to which the biota return after the
perturbation of an extinction event. Coefficient
values even appear to trend toward negative
values - indicating greater resistance to extinc-
tion with increasing age. Interestingly, this
perturbation and gradational return is not seen
after the E-O extinction events.

These results imply that some mass extinc-
tions may exhibit an age-dependency signature
that distinguishes them from background diver-
sity fluctuation. It has been unclear whether
mass extinctions and background extinctions are
end members of a continuous distribution of
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extinction intensities. According to the Cox
model, age-dependency fluctuates through time
but appears strongly altered at some boundaries;
it may be that post-extinction recovery beha-
viour provides an important, yet overlooked,
signature that distinguishes mass from back-
ground extinction.

Since the Red Queen Hypothesis implies that
on balance, biotic interaction dominates over
abiotic factors in controlling species survivor-
ship, it may follow that the extinction-driven
departures from exponential Red Queen beha-
viour reported herein may signal a shift in the
balance from biotic interaction to transient
abiotic control of survivorship patterns imme-
diately after some extinctions.

Our results further suggest that Jablonski
(1986) may be right in his suggestion that
extinction is the most important factor in
evolution. The planktonic foraminifera appear
to have spent a significant part of their history
recovering from the effects of extinction, and
much of their macroevolutionary behaviour
during recovery seems to be influenced as
much by the characteristics that survivors carry
through extinction events as by the environ-
ments that they encounter during post-extinc-
tion times.

We would like to thank P. N. Pearson and P. J. Harries
for their insightful comments and suggestions in
improving this manuscript.
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Abstract: Twelve conodont communities and assemblages in the Cambrian-Ordovician interval
of western Newfoundland are recognized by four cluster analyses, which include 18468
identifiable conodont specimens recovered from 230 conodont-bearing samples from four
strati graphic sections. Each section represents a different facies: platform, upper proximal slope,
lower proximal slope, and distal slope. The 12 conodont communities and assemblages were
differentiated into pelagic and nektobenthic communities as well as both the assemblages with a
mixture of pelagic and nektobenthic communities and transported assemblage. The distribution
of conodont communities along the platform-to-slope environmental gradient shows some
gradational relationships. Relative sea-level curves derived in part from the distribution pattern
of conodont communities reveal a major sea-level drop in the latest Cordylodus proavus Zone
time, and two major sea-level rises in the early lapetognathus fluctivagus Zone time and early
Cordylodus angulatus Zone time, respectively.

The Cambrian-Ordovician boundary has pro-
ven to be one of the most contentious and
difficult to define of all the Phanerozoic systemic
boundaries. It took two separate Boundary
Working Groups of the International Union of
Geological Sciences over 20 years to approve a
GSSP (Global Stratotype Section and Point).
Some Cambrian-Ordovician sections have been
documented in summary volumes (e.g. Bassett &
Dean 1982; Special issue on the Cambrian-
Ordovician Boundary, Geological Magazine,
1988, Vol. 125(4)) with the final decision out-
lined in Cooper et al. (2001). Despite examining
many sections, the final short-list was reduced to
Green Point in western Newfoundland, Canada,
Dayangcha in Jilin Province, NE China, and
Lava Dam, Utah, United States. The main
difficulties in deciding the Cambrian-Ordovician
boundary questions revolved mainly around the
issues of the exact level, the taxon (and
taxonomy) to define that level, and the quality
of the section. It was decided by the Cambrian-
Ordovician Boundary Working Group early in
the debates to use a conodont species that
marked a level close to but below the first
appearance of planktonic graptolites. Even-
tually, it was agreed to use the first appearance
of the species lapetognathus fluctivagus Nicoll,
Miller, Nowlan, Repetski & Ethington. After
further re-examination of the data from the
three short-listed sections, an agreement was

made to have the GSSP at Green Point, western
Newfoundland. Earlier, Fortey et al. (1982) had
documented the faunal distributions for the mid-
lower proximal slope Broom Point sections, with
later conodont studies by Bagnoli et al. (1986).
After sampling all the key sections in the Cow
Head Group in western Newfoundland, Barnes
(1988) proposed that the best section to meet the
criteria of a GSSP was at Green Point and
provided detailed conodont data for the section,
with correlations to the other sections. The final
proposal for the GSSP at that locality was made
by Cooper et al. (2001) and approved by IUGS.

A major criticism by some workers (e.g. Miller
1984; Miller & Flokstra 1999; Dubinina 1991)
during the debate was that the Cow Head slope
sequence not only contained some breccias (two
in the Green Point boundary interval), but that
many or most of the limestones were transported
downslope from the shallow-water platform.
Likewise, they argued that many or most of
the contained conodonts could have been
similarly derived. However, it was clear from
several other detailed studies that the composi-
tion of the Late Cambrian-Early Ordovician
deep-water conodont faunas (Fahraeus & Now-
lan 1978; Bagnoli et al. 1986; Barnes 1988;
Stouge & Bagnoli 1988) was significantly differ-
ent from the lateral equivalents that occupied
the shallow-water platform facies (Barnes &
Tuke 1970; Stouge 1982; Ji & Barnes 1996). In

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries,
Geological Society, London, Special Publications, 230, 47-72. 0305-8719/04/S15 © The Geological Society of
London 2004.
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fact, the two regions represented different faunal
realms (Atlantic Realm and Midcontinent
Realm; Pohler & Barnes 1990). The tectono-
stratigraphic setting in western Newfoundland
remained relatively constant during Middle
Cambrian to Early Ordovician times. Thus,
this present study of Tremadocian conodont
faunas can be used to interpret the evolving
conodont community patterns and can be
compared to the Arenigian studies of Pohler et
al (1987) and Pohler (1994), which demon-
strated the different composition and commu-
nity structure of the shelf-break conodont
faunas. Despite these obvious differences in
conodont faunas along the environmental gra-
dient of the platform-shelf-break-proximal to
distal slope facies, the critics argued that many
of the faunas were transported downslope. The
purpose of this paper is to re-evaluate the
conodont faunas across the Cambrian-Ordovi-
cian boundary; to apply multivariate statistical
methods to establish the pattern of conodont
communities over this interval; and to draw
quantitative comparisons between the commu-
nity patterns on the platform and those on the
proximal to distal slope.

In western Newfoundland, Upper Cambrian
and Lower Ordovician strata are represented by
the para-autochthonous Port au Port and St
George groups and the allochthonous Cow
Head Group. These units belong to the Humber
Zone of the Appalachian Orogen (Williams
1979). The Port au Port and the St George
groups have been interpreted by most workers as
representing deposition on a carbonate plat-
form, and the Cow Head Group as representing
deposition on an adjacent continental slope
from Mid-Cambrian to Mid-Ordovician times
(Hiscott & James 1985; James & Stevens 1986;
James et al. 1989; Knight et al. 1991) (Fig. 1).

The Upper Cambrian and Lower Ordovician
shelf-break and upper slope deposits are
nowhere exposed, but their nature has been
determined from studies of the numerous large
clasts in sediment gravity flows redeposited on
the lower slope (James & Stevens 1986; Pohler et
al. 1987; Pohler & James 1989; Pohler 1994).

In the para-autochthonous sequence, the Port
au Port Group is divided into the March Point,
Petite Jardin and Berry Head formations (upper-
most Middle and Upper Cambrian), and the
overlying St George Group is divided into the
Watt's Bight, Boat Harbour, Catoche and
Aguathuna formations (Lower Ordovician;
Ibexian, Tremadocian-Arenigian) (Fig. 2).

In the Upper Cambrian and Lower Ordovi-
cian allochthonous sequence, the Cow Head
Group is divided into proximal and distal facies,

the former being the Shallow Bay Formation,
and the latter being the Green Point Formation.
The Shallow Bay Formation includes the
Downes Point, Tucker's Cove, Stearing Island,
and Factory Cove members, and the Green Point
Formation is divided into the Martin Point,
Broom Point and St Paul's members (Fig. 2).

This paper covers the interval of: (1) the Berry
Head Formation, Port au Port Group and lower
Watt's Bight Formation (St George Group) for
the para-autochthonous sequence; and (2) the
upper Tuckers Cove and the lower Stearing
Island members, Shallow Bay Formation, and
the upper Martin Point and lower Broom Point
members, Green Point Formation (Cow Head
Group) for the proximal and distal facies of the
allochthonous sequence. These intervals cross
the Cambrian-Ordovician boundary (Fig. 2),
and mark a period of rapid initial diversification
of the euconodonts (Sweet 1988).

The conodont faunas across the Cambrian-
Ordovician boundary interval within the Cow
Head Group were described by Bagnoli et al.
(1986) and Barnes (1988), and those within the
upper Port au Port and St George groups by Ji
& Barnes (1994a). Studies on conodont ecology
for this interval in western Newfoundland have
been made by Ji & Barnes (19946) for the
platform facies, based on presence-absence
statistical analysis. This present study will
analyse the data of Bagnoli et al. (1986) and
Barnes (1988), and re-analyses part of the data
of Ji & Barnes (1994a) to document the
development and replacement of conodont
communities along the environment gradient
from shallow platform, across the shelf-break
and upper slope, to proximal and distal slope,
based on a new statistical analysis using the
absolute abundance of the conodont elements.

Review of earlier work and the concepts of
community and assemblage

Barnes et al. (1973), Barnes & Fahraeus (1975)
and Fahraeus & Barnes (1975) proposed a
model for conodont palaeoecology based on
the studies of Ordovician conodonts. Midconti-
nent and North Atlantic Provinces were recog-
nized (Sweet & Bergstrom 1974, 1984), which
were later termed Realms (Pohler & Barnes
1990). Lindstrom (1976) argued for a large
number of provinces. The Midcontinent con-
odont fauna was interpreted as representing
raised temperatures and salinities in shallow,
low-latitude seas, and the North Atlantic con-
odont fauna as a more cosmopolitan normal-
marine fauna occupying cool and/or deep waters
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Fig. 1. Geological map of the Humber Zone in western Newfoundland, with inset maps showing sections and
location of Mingan Islands, Quebec (modified from James & Stevens 1986; Ji & Barnes 199%; Johnston & Barnes
1999). The locations of sections included in this study are represented by black dots.

(Barnes & Fahraeus 1975; Pohler & Barnes
1990). In both provinces, conodont communities
(or biofacies) can be recognized that show a
lateral segregation along an onshore-offshore
environmental gradient, which implies that the
conodonts were benthic or nektobenthic in
habit, with relatively few pelagic taxa. The
term 'community' is used herein to denote an
ecological association of taxa usually related to
particular environmental parameters, and the
term 'assemblage' to denote a non-ecological
association (mixture) of taxa that reflect differ-
ent environmental parameters.

Based on Barnes & Fahraeus' (1975) model
and detailed studies on the Arenigian (Early
Ordovician) conodonts from western New-
foundland, a sequence of conodont communities
has been established, which extended from the
shelf platform (Ji & Barnes I994b) to the shelf-

break and upper slope (Pohler 1994), and on to
the proximal and distal slope (Johnston &
Barnes 1999). The conodont community distri-
bution is summarized in Figure 3a. In this
model, each assemblage is a mixture of both the
post-mortem elements of the in situ nektobenthic
community and elements from the pelagic
community from the overlying water column.
Figure 3b postulates more extreme conditions
that involved some downslope transport of the
elements. During intervals of lowered sea-level,
the platform and parts of the shelf-break were
exposed and some material was transported on
to the slope. Some elements of the shelf-break
and upper-slope conodont fauna could then be
preserved in the slope facies sediments. Pohler et
al (1987) and Pohler (1994) recognized the shelf-
break and upper slope communities within
transported clasts in the megabreccias. However,
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Fig. 2. Summary of the chronostratigraphy and biostratigraphy of different para-autochthonous and
allochthonous sequences in western Newfoundland and the Mingan Islands, Quebec (extracted and modified
from James et al. 1989). The shaded area covers the interval of this study.

this work was primarily based on field and
petrographic observations of the Arenigian
transported breccias (Beds 10, 12 and 14), and
on the conodont samples collected from differ-
ent breccia clast lithologies. This present study
will test the hypothesis shown in Figure 3b based
on bedded deep-water sediments, but for an
earlier time interval

Conodont communities can be differentiated
at different taxonomic levels (e.g. Merrill & von
Bitter 1984). The Ordovician conodont commu-
nities recognized previously in western New-
foundland are basically generic-level
communities, named after one or two dominant
genera. The reconstruction of most of those
conodont communities was based largely on the
relative abundance of distinct conodont assem-
blages. The distribution pattern of the different
conodont communities through time shows their

rapid introduction followed by a period of stasis
(Ji & Barnes 19946; Johnston & Barnes 1999).

Late Croixian (Late Cambrian) and Trema-
docian (Early Ordovician) conodont commu-
nities from western Newfoundland have not
been well established, except for those from the
carbonate platform (Ji & Barnes 1994Z?). This
paper selects this interval to differentiate the
conodont communities at the species level; to
apply a more rigorous statistical analysis than
that of Ji & Barnes (19946); and to test the
hypotheses summarized in Figure 3.

Database and statistical approach

Statistical reconstructions of conodont commu-
nities based on cluster analysis have been widely
used (e.g. von Bitter 1972; McCracken & Barnes
1981; Nowlan & Barnes 1981; Sweet & Berg-
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Fig. 3. (a) Model of conodont nektobenthie and pelagic modes of life modified from Barnes & Fahraeus (1975)
and Pohler & Barnes (1990), also showing the buried conodont community as a combination of nektobenthie and
pelagic communities in Cambrian-Ordovician strata of western Newfoundland; (b) a model of conodont
nektobenthie and pelagic modes of life during lower sea-levels: the platform community was not developed; the
buried community in deep-water deposits may be mixed with transported shallow-water (shelf-break/upper slope)
nektobenthie communities in western Newfoundland. Dashed curved lines and solid curved lines represent pelagic
communities in relatively shallow water with aerobic conditions and relatively deep water with anaerobic
conditions, respectively; white diamonds, black diamonds, white dots and black dots represent platform, shelf-
break/upper slope, proximal slope and distal slope communities, respectively.

strom 1984; Ji & Barnes 19946; Zhang & Barnes
2002a, 20026). With the increased conodont
data from western Newfoundland, it is now
possible to refine the pattern of conodont
communities along an environmental gradient
from platform to distal slope, and to understand
how the replacement of conodont communities
responded to sea-level changes. Although Pohler
(1994) and Johnston & Barnes (1999) demon-
strated the general pattern of Arenigian con-
odont communities from shelf-break and slope,
it was not supported by statistical analysis. Ji &
Barnes (19946) used cluster analysis to deter-
mine conodont community structure; however,
they only attempted Q-type analysis of pre-
sence-absence data. In this present paper, both
R- and Q-type cluster analysis of absolute
abundance data are employed to recognize the
conodont communities. This provides a means
of visualizing the conodont community patterns.

Database

The database for this study is built mainly on
three previous studies from western Newfound-
land: the Late Croixian (=Sunwaptan) and
Early Tremadocian conodonts from the plat-
form facies (Ji & Barnes 1994a), and those from
upper and lower proximal slope to distal slope
facies (Bagnoli et al 1986; Barnes 1988). The
lateral lithofacies reconstruction of James et al.
(1989, fig. 16) is followed herein. The database
includes 18468 identifiable conodont specimens
recovered from 230 conodont-bearing samples
(av. 3 kg; barren samples are excluded) from five
upper Croixian (=Sunwaptan) and Lower
Tremadocian sections spanning the Eoconodon-
tus notchpeakensis Zone to the lower Cordylodus
angulatus Zone, and representing inner platform
to distal slope facies, with only the outer
platform and shelf-break facies being absent.
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(1) The shallow platform fades includes part of
two sections:

(a) East Isthmus Bay section (Zl), seven
samples from the uppermost Cambrian
Berry Head Formation which contained
24 disjunct conodont elements repre-
senting four multi-element species (Ji &
Barnes 1994a, appendix B on p. 81);

(b) West Isthmus Bay section (Z2), six
samples from the lowest Ordovician
lower Watt's Bight Formation which
produced 179 disjunct conodont ele-
ments representing 13 multielement
species (Ji & Barnes 1994a, appendix
B on p. 82).

(2) Upper proximal slope fades: Cow Head
Ledge section, 13 samples from the upper-
most Cambrian Tucker's Cove Member
and lowest Ordovician Stearing Island
Member, Shallow Bay Formation (Barnes
1988, table 1), which yield 290 disjunct
conodont elements representing 18 multi-
element species,

(3) Lower proximal slope facies: Broom Point
North section, 77 samples from the upper-
most Cambrian Tuckers Cove Member,
Shallow Bay Formation and lowest Ordo-
vician Broom Point Member, Green Point
Formation, which contained 4119 disjunct
conodont elements representing 49 multi-
element species. Of the 77 samples, 16 in the
upper part of the section are from the
collection of Bagnoli et al. (1986, table 1)
and 61 in the lower and middle part of the
section are from that of Barnes (1988,
table 2, but in which the numbers of
elements given for Cambrooistodus cambri-
cus Miller to Eoconodontus notchpeakensis
Miller on page 391, all need to be dropped
down one line due to an editorial error).

(4) Distal slope facies: Green Point section, 55
samples from the uppermost Cambrian
Martin Point Member and lowest Ordovi-
cian Broom Point Member, Green Point
Formation, which yield 9356 disjunct con-
odont elements representing 39 species
(Barnes 1988, table 6). For clarity, some
systematic notes are made as follows:

(a) Barnes 1988, table 6: samples 17 and 18
contained five and 24 specimens
assigned earlier to Cordylodus primitivus
sp. nov. by Bagnoli et al. (1986), but
referred to C. hastatus sp. nov. by
Barnes (1988, synonymy) and likewise
included as C. hastatus Barnes herein.

(b) The specimens identified as lapetog-
nathus preaengensis Landing by Barnes
(1988, figs 13y, z, aa-ee) were revised
systematically as /. fluctivagus new
species, /. aengensis (Lindstrom) and
Cordylodus sp. by Nicoll et al. (1999).
Herein, Barnes' (1988) usage is fol-
lowed, including using the name for
the community, since that database is
being incorporated.

(c) Cordylodus andresi Barnes (defined by
Barnes 1988) is a junior homonym of C.
andresi Viira & Sergeeva (in Viira et al.
1987).

Conodont community j assemblage analysis:
statistical methodology

In analysing the data to establish conodont
communities, cluster analysis of the species
abundance data is adopted (number of conodont
elements for each species per kilogram), using
SPSS version 6.1 for the Macintosh (SPSS 1994).
Both Q- and R-mode hierarchical cluster ana-
lyses were performed for both cases (samples)
and variables (species). The recorded species
abundance for each sample was divided into
seven intervals (<1, 1-4, 5-9, 10-24, 25-49,
50-99, and >100). Pearson's correlation coeffi-
cient was used as an index of similarity, which
indicates the strength of the linear relationship
between the variables, with larger values indicat-
ing stronger relationships, and clusters were
created using the within-groups linkage method.
These intervals of absolute element abundance
are expressed as a graded series of dots that are
plotted at the intersection of certain species and
samples. The pattern of community partitioning
is determined from the assemblages of dots
representing distinctive groupings of samples
and specimens. This methodology was adopted
recently by Westrop & Cuggy (1999) in a study
of Late Cambrian trilobites, and later by Zhang
& Barnes (2002a, 20026) in studies of Late
Ordovician and Early Silurian conodont
palaeoecology.

Four R- and Q-type cluster analyses were
designed and performed for East and West
Isthmus Bay (Fig. 4), Cow Head Ledge (Fig. 5),
Broom Point North (Fig. 6), and Green Point
(Fig. 7) sections. Cluster analysis tends to divide
an ecological gradient into discrete units,
whereas the gradational nature of the conodont
community groups is evident in the abundance
data shown in the Q- and R-mode dendrograms.

Overall, over the Late Cambrian and Early
Ordovician interval along the environment



CAMBRIAN - ORDOVICIAN CONODONT COMMUNITIES 53

Fig. 4. Results of Q- and R-mode cluster analysis of 13
selected conodont-bearing samples from the platform
facies (Berry Head and lower Watt's Bight formations)
(sample data of Berry Head Formation from East
Isthmus Bay section labelled as Zl, and sample data of
lower Watt's Bight from West Isthmus Bay section
labelled as 72). Samples are in Q-mode clustering
order, taxa are in R-mode clustering order and relative
abundance of taxa is expressed as a graded series of
dots. Intersections of Q- and R-clusters define two
conodont communities, indicated by the abbreviations:
T.n., Teridontus nakamurai; S.n., Semiacontiodus
nogamii. The database is extracted from appendix B of
Ji & Barnes (19940, pp. 81-82). Pelagic and nekto-
benthic communities are differentiated by dashed dark
grey boxes with hollow letters and solid light grey
boxes with bold letters, respectively. The dashed box
without shading indicates a pelagic community not
discussed as a separate community in the text.

Fig. 5. Results of Q- and R-mode cluster analysis of 13
conodont-bearing samples from the upper proximal
slope facies Stearing Island Member, Shallow Bay
Formation, in the Cow Head Ledge section. Samples
are in Q-mode clustering order, taxa are in R-mode
clustering order and relative abundance of taxa is
expressed as a graded series of dots. Intersections of Q-
and R-clusters define three conodont communities and
assemblages, indicated by the abbreviations: P.t.,
Phakelodus tenuis; P.t.-E.n., P. tenuis-Eoconodontus
notchpeakensis; C.h—C.p., Cordylodus hastatus—C.
proavus. The database is from table 1 of Barnes (1988).
Pelagic and nektobenthic communities are differen-
tiated by a dashed dark-grey box with hollow letters
and solid light-grey boxes with bold letters, respec-
tively.

different assemblages comprising pelagic species,
followed by sections dealing with transported
assemblages and nektobenthic communities.

gradient from platform to distal slope in western
Newfoundland, 12 different conodont commu-
nities and assemblages are recognized herein by
cluster analysis. Some of the communities are
common in a variety of facies, which suggests a
pelagic mode of life. However, most of commu-
nities are unique to certain facies, which suggests
a nektobenthic mode of life with insignificant
downslope transportation or mixing. In con-
trast, the assemblages recognized by the analysis
are caused either by significant downslope
transportation, or by the mixing of components
of both pelagic and nektobenthic communities.
The pelagic communities are discussed in detail
in the following section, together with the

Pelagic communities

The Phakelodus tenuis community and the
P. tenuis-Eoeonodont notchpeakensis
assemblage

Phakelodus tenuis (Miiller) is a coniform proto-
conodont, and is locally preserved as fused
clusters of elements. It is one of the most
common species in the samples used herein,
Phakelodus tenuis has not been reported from
the platform facies of both uppermost Cambrian
Berry Head Formation at East Isthmus Bay
section and lowest Ordovician Watt's Bight
Formation at West Isthmus Bay section (Fig.
4). However, this species is common in all
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correlative sections from upper proximal slope
to distal slope (Figs 5-7).

Cluster analysis for the Cow Head Ledge,
Broom Point North, and Green Point samples
(Figs 5-7) produced two main groups in Q-mode
clustering order. One group contains Phakelodus
tennis, and another group yields very few P.
tenuis, but abundant Teridontus nakamuria.

The conodont community and assemblage
related to Phakelodus tennis are recognized: (1)
a P. tennis community distributed in both the
Upper Cambrian and Lower Ordovician in each
section along the environment gradient from
upper proximal slope to distal slope; (2) a P.
tenuis-Eoconodontus notchpeakensis assemblage
in the Upper Cambrian at the Cow Head Ledge
and Broom Point North sections (Fig. 8).

Phakelodus tenuis community. Unlike the other
conodont communities recognized in this study,
the Phakelodus tenuis community is made up
mainly by the eponymous species. The
community can be recognized at Cow Head
Ledge, Broom Point North, and Green Point
sections, but it always has a low species
abundance (Figs 5-7). Figure 8 shows that this
community occurs discontinuously throughout
these three sections, alternating with other
communities. In the Lower Ordovician Broom
Point Member, Green Point Formation at

Fig. 6. Results of Q- and R-mode cluster analysis of 77
conodont-bearing samples from the lower proximal
slope fades of the Tucker's Cove Member, Shallow
Bay Formation and Broom Point Member, Green
Point Formation at Broom Point North section.
Samples are in Q-mode clustering order; taxa are in R-
mode clustering order; and relative abundance of taxa
is expressed as a graded series of dots. Intersections of
Q- and R-clusters defined nine conodont communities
and assemblages, indicated by the abbreviations: P.t.,
Phakelodus tenuis; T.n., Teridontus nakamurai; P.t.—
E.n., P. tenuis-Eoconodontus notchpeakensis; T.n.-E.a.,
Teridontus nakamurai—E. alisonae; C.p., Cordylodus
proavus; C.h.-C.p., C. hastatus-C. proavus; C.i-C.c, C.
intermedius-C. caboti; M.S., Monocostodus sevierensis;
C.d.-P.n., C. deflexus-Parutahconus nodosus. The
database is the combination of table 2 of Barnes (1988)
and the Broom Point part of table 1 of Bagnoli et al.
(1986). Pelagic and nektobenthic communities are
differentiated by dashed dark-grey boxes with hollow
letters and solid light-grey boxes with bold letters,
respectively. The dashed boxes without shading
indicate the pelagic communities not discussed as
separate communities in the text. The nominate species
and the main component of the nektobenthic com-
munity are differentiated by shaded boxes with solid
outlines and shaded box without outlines, respectively.

Broom Point North section (Fig. 8), the
community alternates with conodont-barren
intervals in units 95 and 96 (James & Stevens
1986; Barnes 1988), which are dominated by
parted lime mudstone containing layers about
2cm thick, separated by paper-thin argillaceous
limestone.

Miller (1984) concluded that Phakelodus
Miller was cosmopolitan, based on its wide
occurrence in North America, Europe, Asia,
India and Australia. He considered that it was
pelagic, based on its presence in various facies
ranging from shallow, normal-marine, to possi-
bly restricted platform-margin and shelf
palaeoenvironments, to deep continental-slope
deposits in Nevada; and especially in black,
organic and pyrite-rich alum shales in Sweden
(Miiller 1959). These latter sediments were
deposited under anoxic bottom conditions
(Henningsmoen 1957; Schovsbo 2001), and the
only faunas preserved were pelagic. Miller
(1984) also noted that Phakelodus did not
tolerate algal or peritidal facies that represented
shallow water and raised salinity. This genus has
not been reported from Upper Cambrian and
Lower Ordovician platform facies in western
Newfoundland, including the Port au Port
Peninsula, where the characteristic lithofacies
range from dolostone to limestone with massive
thrombolite mounds (Knight & James 1988; Ji &
Barnes 1994a, 19946), and the Teridontus
nakamurai and Semiacontiodus nogamii commu-
nities are prevalent (Figs 4 & 8).

The distribution pattern of the Phakelodus
tenuis community in western Newfoundland

Fig. 7. (overleaf) Results of Q- and R-mode cluster
analysis of 55 conodont-bearing samples from Martin
Point and Broom Point members, Green Point
Formation at the Green Point section. Samples are in
Q-mode clustering order; taxa are in R-mode cluster-
ing order; and relative abundance of taxa is expressed
as a graded series of dots. Intersections of Q- and R-
clusters defined six conodont communities and
assemblages, indicated by the abbreviations: P.t.,
Phakelodus tenuis; T.n., Teridontus nakamurai; U.u-
I.p., Utahconus utahensis-Iapetognathus preaengensis;
C.c—C.i, Cordylodus caboti-C. intermedius; C.c., C.
caboti; C.h.-C.p., C. hastatus-C. proavus. The data-
base is from table 6 of Barnes (1988). Pelagic and
nektobenthic communities are differentiated by a
dashed dark-grey boxes with hollow letters and solid
light-grey boxes with bold letters, respectively. The
dashed boxes without shading indicate the pelagic
communities not discussed as separate communities in
the text. The nominate species and the main compo-
nent of the nektobenthic community are differentiated
by shaded boxes with solid outlines and shaded boxes
without outlines, respectively.
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supports its pelagic habit, where it is usually the
sole component of the community. It is always
related to green, grey and black shale and
ribbons lime of mudstone with graptolites,
which represent the greatest water depth and
anaerobic conditions (James & Stevens 1986)
that other conodonts could not tolerate. The low
species abundance suggests that this species
could tolerate some degree of anoxia, but not
extreme anoxia.

The nature of the Phakelodus tennis commu-
nity and its environmental preference coincided
with House's (1985) observation that phases of
low biological diversity and/or extinction are
often correlated with the spread of euxinic
conditions. Further, McGhee et al. (1991) noted
that such a biological phenomenon and euxinic
conditions are commonly associated with global
transgressive phases.

Additionally, 12 samples from the Green Point
section yielded the Phakelodus tenuis commu-
nity, but included a few specimens of the other
species. They form a doorstep pattern in Q-type
output, and are characterized by a relatively high
abundance of P. tenuis (<l-24 specimens per
kilogram), but with the co-occurrence of 16 other
species distributed among the different samples
(Fig. 7). Among the 16 species, Cordylodus caboti
Bagnoli, Barnes & Stevens is relatively common,
occurring in seven samples at low abundance
(<l-4 specimens per kilogram). These samples
occur through the whole section, but are
concentrated in units 25 and 26 (James & Stevens
1986; Barnes 1988), which comprise shale and
ribbon limestone with graptolites. The presence
of C. caboti in these samples may indicate

Fig. 8. The distribution of the conodont communities
and assemblages identified by cluster analysis over four
different sections of Upper Cambrian and Lower
Ordovician strata. The platform section (East and
West Isthmus Bay) is from Ji & Barnes (1994<a); upper
proximal slope (Cow Head Ledge), lower proximal
slope (Broom Point North) and distal slope (Green
Point) sections are from Barnes (1988) and Bagnoli et
al. (1986). Inferred sea-level curves are based on the
distribution of the conodont communities and assem-
blages, except for the upper proximal slope section that
has fewer samples than other sections. The left-hand
scale bar is for the two sections on the left; the right-
hand scale bar is for other two sections on the right.
The abbreviations in legend: T.n., Teridontus; S.n.,
Semiacontiodus nogamii; P.t,, Phakelodus tenuis; P.t-
E.n., P. tenuis-Eoconodontus notchpeakensis; T.n-
E.a., Teridontus nakamurai-E. alisonae; C.h-C.p.,
Cordylodus hastatus-C. proavus; C.p., C. proavus;
M.S., Monocostodus sevierensis; C.d.—P.n., C. deflexus-
Parutahconus nodosus; C.c., C. caboti; C.p., C.c—C.i,
Cordylodus caboti-C. intermedius; U.u.-I.p., Utahconus
utahensis-Iapetognathus preaengensis.

dysaerobic conditions, as C. caboti is interpreted
as nektobenthic (see later discussion).

Phakelodus tenuis-Eoconodontus notch-
peakensis assemblage. The Phakelodus tenuis-
Eoconodontus notchpeakensis assemblage can be
recognized in the Cow Head Ledge and Broom
Point North sections, but is best developed in
the Broom Point North section (Figs 5, 6 & 8).
At this latter locality, it is characterized by
abundant P. tenuis (being 60% on average, with
1-99 specimens per kilogram), and E.
notchpeakensis (being 10% on average, with
<1—24 specimens per kilogram). Another
striking characteristic of the assemblage at
Broom Point North is that out of all the
sections it shows the most diverse
proconodontid species. Within this assemblage,
except for the eponymous species, the common
representatives are species of Proconodontus
Miller. Out of 12 samples, samples 7, 5, and 4
yielded: Proconodontus muelleri Miller, P.
serratus Miller, and P. posterocostatus Miller
respectively - comprising 9% of the assemblage
overall (Fig. 9b). Six of the 12 samples produced
Prooneotodus rotundatus Druce & Jones, which
is a paraconodontid that forms 11% of the
assemblage with six other paraconodontid
species belonging to five genera (Fig. 9b). The
composition of the assemblage is different from
the interpretations made by Dubinina (1991, fig.
7).

However, at Cow Head Ledge, the recogni-
tion of the assemblage is based on the rare
occurrence of Eoconodontus notchpeakensis and
Proconodontus muelleri (<l-4 specimens per kg).
Eoconodontus notchpeakensis has only been
recovered from three out of 55 samples at the
Green Point section, which are not clustered
together and do not have a close relationship to
any communities recognized by the cluster
analysis.

At Broom Point North, the Phakelodus
tenuis—Eoconodontus notchpeakensis assemblage
is mainly preserved in units 60, 61, 65 and 69-72
(Fig. 8), which are parted limestone, ribbon
limestone, ribbon to parted grainstone, and
parted grainstone. These lithologies are gener-
ally related to deep, quiet, aerobic and locally
high-energy environments (James & Stevens
1986). At Cow Head Ledge, the community is
mainly found in units 7.5 and 8.1 (Fig. 8), which
are dominated by grainstone and ribbon lime-
stone. Compared with units 60, 61, 65, 69-72 at
Broom Point North, these lithologies represent a
higher-energy environment, or gravity-driven
downslope transportation. The high species
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Fig. 9. Relative abundance pie diagram for conodont taxa of Teridontus nakamurai-E. alisonae (a) and
Phakelodus tenuis-Eoconodontus notchpeakensis (b) assemblages. Samples from the lower proximal slope facies of
the Tucker's Cove Member, Shallow Bay at Broom Point North section (Barnes 1988). Shaded areas show the
main components of the nektobenthic communities; the numbers in brackets after certain taxa represent the
number of species.

diversity of proconodontids and the high species
abundance of E. notchpeakensis at Broom Point
North, together with their rarity at Cow Head
Ledge and Green Point, suggest that these
conodonts had a narrow environmental prefer-
ence - for the lower proximal slope.

Dubinina (1991, fig. 7, p. 115) observed only
1-2% of Proconodontus sp. from the total
assemblage during Eoconodontus notchpeakensis
times, and argued that rare occurrences of
Proconodontus elements in western Newfound-
land were probably transported. However, if
these elements were transported from shallow
water, they should be more abundant in the
more proximal Cow Head Ledge than in Broom
Point North, but this is not the case: elements of
Proconodontus being rare in the Cow Head
Ledge section.

The more narrowly and more widely distrib-
uted species that are grouped together suggest a
mixture of pelagic P. tennis and nektobenthic
Eoconodontus notchpeakensis communities
(Fig. 6). Only the earliest Cordylodus species,
C. primitivus Bagnoli, Barnes & Stevens, occurs
in the interval in which this assemblage is
preserved, and only two of 12 samples yield
<l-4 specimens (per kilogram) of C. primitivus
at Broom Point North. This does not support
Miller's (1984) observation that both Cordylo-
dus and Eoconodontus occur in stinkstones - one
of Klapper & Barrick's (1978) criteria of a
pelagic mode of life.

Teridontus nakamurai community and T.
nakamurai-Eoconodontus alisonae
assemblage

Teridontus nakamurai community. Teridontus
nakamurai (Nogami) is the oldest
protopanderodontid (Sweet 1988) conodont:
ranging from Late Cambrian to Early
Ordovician, and is another of the most
common species in the samples used herein.
The Teridontus nakamurai community is one of
the communities composed mainly of the
nominate species (Figs 4 & 8). The pelagic
mode of life of this species was suggested by
Miller (1984), but its rareness in anaerobic
environments was not explained.

As mentioned above, the cluster analysis for
the Broom Point North and Green Point
sections provides two dominant groups: one
rich in Phakelodus tenuis, and the other in
Teridontus nakamurai.

These two species show a strong antipathetic
relationship in many samples from Cow Head
Ledge, Broom Point North, and Green Point
sections (Figs lOa-lOc). Phakelodus tenuis does
not occur in the platform facies, but Teridontus
nakamurai occurs anywhere from platform to
distal slope, but not in the anoxic shale and
ribbon limestone. The two species from Upper
Cambrian and Lower Ordovician continental
slope deposits in Highgate Gorge, Northwestern
Vermont (Landing 1983) show a similar pattern
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Fig. 10. Teridontus nakamurai and Phakelodus tennis
show a strong antipathetic relationship - even
displaying a mutually exclusive pattern among the
samples from Cow Head Ledge (a); Broom Point
North (b); Green Point (c); and NW Vermont (d)
sections. The database of (a)-(c) is from tables 1, 2 and
6 of Barnes (1988) and table 1 of Bagnoli et al. (1986);
(d) is from figs 5 and 6 of Landing (1983; samples are
rearranged based on stratigraphic order, and samples
from section F are not included). The solid and shaded
curves represent percentage of T. nakamurai and P.
tennis in total fauna in each sample, respectively.

(Fig. lOd) to that of western Newfoundland, but
with T. nakamurai being more abundant. This is
probably related to the shallower-water depth of
the Highgate Gorge section. Such a pattern
reflects a pelagic mode of life.

The Teridontus nakamurai community is
restricted to the upper part of the Berry Head
Formation at East Isthmus Bay and the lower
part of the Watt's Bight Formation at West
Isthmus Bay (Figs 4 & 8). This interval of the
section is dominated by dolostone, dolomitized
limestone, and oolitic limestone — and minor
erosion surfaces and desiccation cracks occur in
the upper part (Ji & Barnes 1994a, appendix A).
The community obviously preferred a very
shallow-water environment with raised salinity
and locally high energy, but did extend into
deeper water, although it is not found in
lithologies deposited in anaerobic conditions,
unlike Phakelodus tenuis (Fig. 8).

Thus, the species Teridontus nakamurai and
Phakelodus tenuis can exist within aerobic and
anaerobic conditions respectively, but their sole
nominate communities may represent the shal-
lowest and deepest water that conodonts could
reach during the Late Cambrian and Early
Ordovician.

Teridontus nakamurai-Econodontus alisonae
assemblage. The Teridontus nakamurai-
Eoconodontus alisonae assemblage is only
recognized in the Broom Point North
section, where it alternates with the
Phakelodus tenuis-E. notchpeakensis
assemblage in the Tucker's Cove Member
(Figs. 6 & 8). Compared with the latter
assemblage, the T. nakamurai-E. alisonae
assemblage contains more abundant T.
nakamurai, with 51% on average and <l-24
specimens per kilogram, compared with E.
alisonae Landing, with 20% on average and 1—
9 specimens per kilogram (Fig. 9a). Both
Proconodontus and paraconodontid species
are less abundant than in the P. tenuis-E.
notchpeakensis assemblage. The observations
on the composition of the assemblage do not
support the interpretation by Dubinina (1991,
fig 8) that the conodont fauna in western
Newfoundland during E. alisonae times, of
about 40% E. alisonae and 20% E.
notchpeakensis, Proconodontus and T.
nakamurai, made by Dubinina (1991, fig. 8).

The Teridontus nakamurai-Eoconodontus ali-
sonae assemblage is preserved in units 63 and 66
at Broom Point North section (Fig. 8), which are
parted grainstone and ribbon-to-parted grain-
stone. These lithologies represent a higher-

60
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energy and probably shallower environment
than that of Phakelodus tenuis-E. notchpeakensis
community. If downslope transportation of
Proconodontus species was a significant factor,
as advocated by Dubinina (1991, fig. 8), then the
Proconodontus species should be more abundant
in the T. nakamurai-E. alisonae assemblage than
in the P. tenuis-E. notchpeakensis assemblage,
instead of the opposite (Fig. 9a & b).

Like to the Phakelodus tenuis-Eoconodontus
notchpeakensis assemblage, the Teridontus naka-
murai-E. alisonae assemblage also represents a
mixture of both the pelagic T. nakamurai
community and the nektobenthic E. alisonae
community.

The two species of Eoconodontus: E. notch-
peakensis and E. alisonae, formed a mixed
assemblage with different pelagic species, Pha-
kelodus tenuis and Teridontus nakamurai, respec-
tively (Figs 6 & 9a, b), which suggests that E.
notchpeakensis and P. tenuis may have preferred
a deeper-water environment than E. alisonae and
T. nakamurai.

Cordylodus proavus community

Cordylodus proavus Miiller is widespread in the
western Newfoundland slope facies; as a com-
munity, it is only recognized in the lower
proximal slope section at Broom Point North
(Figs 6 & 8).

The community is preserved in either ribbon
and parted limestone with argillaceous inter-
beds, or in conglomerate. The former lithology
represents the in situ deposit in the lower
proximal slope, and the latter represents debris
flows from the shelf-break or upper slope. The
wide distribution of the species and the wide
range of the lithofacies suggest a more pelagic
mode of life for C. proavus than the other species
of the genus. However, as a pelagic species, its
relationship with Teridontus nakamurai and
Phakelodus tenuis is unclear.

Transported assemblage: Cordylodus
hastatus-C. proavus assemblage

Cordylodus hastatus is distinguished by its
robust to massive elements. Together with C.
proavus, it forms the C. hastatus-C. proavus
assemblage, which has a wide environmental
distribution from the upper proximal to the
distal slope, recognized at the Cow Head Ledge,
Broom Point North, and Green Point sections,
and with a short stratigraphic range in the C.
proavus Zone/C. caboti Zone of the Upper
Cambrian (Figs 5-8).

The Cow Head Ledge samples used herein
extend up to the lower part of Cordylodus
lindstromi Zone (— lapetognathus fluctivagus
Zone of Cooper et al. 2001). The three successive
samples from the Cow Head Ledge section yield
C. hastatus, a species which is the main
component of one of the three conodont
community and assemblages recognized in that
section (Figs 5 & 8).

At the Cow Head Ledge section, the Cordy-
lodus hastatus-C. proavus assemblage occurs in
the lenticular grainstone and lenticular intraclast
grainstone of units 8-5 and 8-8 (James & Stevens
1986; Barnes 1988). At the Broom Point North
section, most of the samples yielding the C.
hastatus-C. proavus assemblage are from the
conglomerate and parted limestone in unit 74
(Figs 6 & 8) (James & Stevens 1986; Barnes
1988). At the Green Point section (Figs 7 & 8),
samples GP17 and GP18 contained five and 24
specimens of Cordylodus primitivus (Barnes
1988, table 6; Bagnoli et al. 1986, table 1;
samples GP1A and GP1B = GP17 and GP18 of
Barnes 1988). However, based on Barnes (1988),
these specimens should be referred to C.
hastatus. The assemblage is preserved in unit
19 (James & Stevens 1986; Barnes 1988) in
Green Point, which is a conglomerate bed that
consists of 90% clasts (three-quarters tabular,
average size 5cm, largest size 20cm). Thus, the
assemblage tended to be preserved in the bedded
rocks in the relative shallow environment of the
upper proximal slope facies, and in the con-
glomerate in the relative deep environment of
the distal slope. Undoubtedly, these conglomer-
ate samples were transported from a shallower-
water location.

When Cordylodus hastatus was established,
several specimens illustrated as other Cordylodus
species by earlier workers were considered as
synonyms (Barnes 1988), including:

(1) one specimen of Cordylodus prion Lind-
strom of Druce & Jones (1971, pi. 2, fig. 4);

(2) one specimen of Cordylodus prion of Land-
ing (1983, fig. 8B);

(3) two specimens of Cordylodus proavus of
Apollonov et al. (1984, pi. 30, figs 3, 14);

(4) two specimens of Cordylodus proavus of
Chen & Gong (1986, pi. 36, fig. 13, 17); and

(5) three specimens of Cordylodus primitivus of
Bagnoli et al. (1986, pi. 1, fig. 9).

These specimens were from both relatively
shallow-water (Druce & Jones 1971; Chen &
Gong 1986) and relatively deep-water deposits
(Landing 1983; Apollonov et al. 1984; Bagnoli et
al. 1986). Recently, Cordylodus hastatus was
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Fig. 11. Relative abundance pie diagram for eonodont
taxa of the Semiacontiodus nogamii community.
Samples from platform facies of the uppermost Berry
Head and lower Watt's Bight formations (Ji & Barnes
1994fl). Shadowed area shows the main component of
the community; the numbers in brackets after certain
taxa represent the number of species.

reported from the Lloyd George Member,
Kechika Formation, NE British Columbia,
distinguished by intraformational conglomerate,
lime mudstone, and wackestone (Pyle & Barnes
2000, 2002). Cordylodus hastatus makes up 6%
of the eonodont fauna from sample GP-94-6-6
from a conglomerate from the Grey Peak section
of a carbonate ramp facies (Pyle & Barnes 2002).

Thus, given the robust elements of Cordylodus
hastatus and its associated lithofacies, and as the
C. hastatus-C. proavus assemblage is recognized
in the upper proximal slope, lower proximal
slope, and distal slope facies, elements of this
assemblage were probably transported from the
shelf-break or upper slope. This is a good example
to test the hypothesis in Fig. 3b. Comparing the
narrow environmental distribution of Cordylodus
hastatus to that of C. proavus may suggest
that these two species had a nektobenthic and
a pelagic mode of life, respectively.

Nektobenthic communities

Most of the communities discussed in the
following sections contain abundant Teridontus
nakamurai (considered as a pelagic species in the
earlier discussion). Hence, most of the commu-
nities discussed in this section are a mixture of
both pelagic and nektobenthic faunal compo-
nents. Therefore, the following section will avoid
a duplicate discussion of pelagic communities.

Platform community: Semiacontiodus
nogamii community

The Semiacontiodus nogamii community (Fig. 4)
is the only Early Ordovician nektobenthic
community recognized in the platform facies,
East and West Isthmus Bay sections, instead of
the Semiacontiodus-Teridontus community
recognized by Ji & Barnes (1994&). Although
the Berry Head and Watt's Bight formations
include much dolostone and dolomitized lime-
stone, samples in Q-mode-cluster forming the
community are mainly from limestone. Thus,
this community should represent a shallow-
water environment with normal to slightly raised
salinity. The S. nogamii community occurs in the
uppermost Berry Head (Upper Cambrian-
Lower Ordovician) and lower Watt's Bight
(Lower Ordovician) formations (Fig. 8), and is
composed of 49% S, nogamii Miller, but with
only 4% Teridontus nakamurai (Fig. 11). In the
East and West Bay sections, the S. nogamii
community replaced the T. nakamurai commu-
nity in the upper Berry Head Formation,
together with the initial introduction of Cordy-
lodus lindstromi Druce & Jones on to the
platform in western Newfoundland during a
flooding event.

Fig. 12. Comparison of the relative abundance of
Cordylodus caboti and C. intermedium between two
different facies: (a) lower proximal slope (Broom Point
section); (b) distal slope (Green Point section) (Barnes
1988). The solid and dashed curves represent the
percentage of Cordylodus caboti and C. intermedius in
total fauna in each sample, respectively.



Table 1. Relative abundance o/Cordylodus species in sections from the platform (East and West Isthmus Bay) , upper proximal slope (Cow Head Ledge), lower proximal slope
(Broom Point North), and distal slope (Green Point) fades

East & West Isthmus Bay

angulatus
andresi
tortus
lindstromi
intermedius
caboti
hastatus
proavus
deflexus
primitivus

1 sample (2%)*

2/20 (10%); 2-6% (4%)*
6/20(30%); 1-11% (5%)

Cow Head

?

2/7
one

3/3
4/7

2/7

Ledge Broom Point North

(28%); 1-3% (2%)*
sample; 3%*

(100%); 6-100% (37%)
(57%); 8-27% (15%)

(28%); 24-27% (26%)*

9/24 (38%);
10/35 (29%)
9/39 (23%);
15/46(33%)
22/50 (44%)
12/37 (35%)
21/52 (40%)
21/55 (38%)
10/57 (18%)

3-20% (10%)
; 1-24 (8%)
1-25% (10%)
; 3-46% (17%)
; 1-55% (15%)
; 1-36% (15%)
; 1-100% (21%)
; 2-19% (18%)
; 1-33% 10%

Green Point

2 samples [<l-34% (17%)]*
15/42 (36%); 1-12% (7%)
15/38 (39%); 2-8% (4%)
16/42 (38%); 1-100% (7%)
25/46 (54%); 2-61% (17%)
33/48 (69%); 6-100% (30%)
4/25 (16%); 8-31% (19%)
23/44 (52%); 1-100% (11%)
17/48 (35%); 1-50% (12%)
1 sample; 17%*

The species are listed in the left column in stratigraphic order from bottom to top. Dashes represent the absence of that species; four pieces of data in each cell from left to
right represent: (1) the ratio of sample numbers containing the species to the total sample number of the interval in which the species occurs; (2) percentage of samples in the
interval in which the species occurs; (3) range of relative abundance of the species; (4) average abundance of the species.* indicates data based only on one or two samples.
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Fig. 13. Relative abundance pie diagram for eonodont taxa of the Monocostodus sevierensis community. Samples
from the lower proximal slope facies Broom Point Member, Green Point Formation at the Broom Point North
section (Barnes 1988). Shadowed areas show the main components of the communities; the numbers in brackets
after certain taxa represent the number of species, (a) Relative abundance of Teridontus and Hirsutodontus
lineages except for the pelagic T. nakamurai; (b) relative abundance of all taxa.

Semiacontiodus nogamii can be also found in
upper and lower proximal slope and distal slope
environments at low abundance, which is
considered as either being due to transportation
or to an unfavourable environment (see later
discussion).

Lower proximal slope communities

Three communities can be recognized on the
lower proximal slope (Figs 6 & 8): the Cordy-
lodus caboti-C. intermedius, the C. deflexus—
Parutahconus nodosus, and the Monocostodus
sevierensis communities. Both species diversity
and species abundance are higher when com-
pared with the platform community.

Cordylodus caboti-C. intermedius community.
Both Cordylodus caboti and C. intermedius
Furnish are more abundant at Green Point
than at Broom Point North (Table 1, Fig. 12).
The C. caboti-C. intermedius community is
present in both sections. In Broom Point
North (Figs 6 & 8), nine samples are closely
grouped together under these two species in the
Q-mode clustering. The community recognized
at Broom Point North is not related to either the
Monocostodus sevierensis community or to the
C. deflexus-Parutahconus nodosus communities
that are considered as the nektobenthic

representatives (see discussion below). Such a
partitioning pattern suggests that C. caboti-C.
intermedius community was nektobenthic.

Cordylodus deflexus-Parutahconus
nodosus community

The Cordylodus deflexus-Parutahconus nodosus
community can be recognized among eleven
samples in the Broom Point North section (Figs
6 & 8). The species Parutahconus nodosus Land-
ing was established by Landing (in Fortey et al.
1982), based on material from the Broom Point
North and South sections. It has not been
reported elsewhere, and it may be endemic.
The community containing this species is mainly
preserved in upper unit 74 and unit 75 (James &
Stevens 1986; Barnes 1988). The former is
conglomerate and parted limestone, but the
samples were collected from bedded grainstone;
the latter is composed of parted limestone,
alternating grainstone and mudstone separated
by green-grey argillaceous limestone, with the
samples being taken from the grainstone beds.

In the Cow Head Group, over 80% of the
grainstone particles are peloids, which origi-
nated from shelf-break calcined algae (Coniglio
& James 1985). The question is whether, like the
peloids, the components of the Cordylodus
deflexus-Parutahconus nodosus community were
transported downslope.
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Within this community, three species of
Clavohamulus Furnish, with low abundance
(<l-4 specimens per kilogram), were found in
a few samples in the Q-mode cluster. Miller
(1984) noted that the species of this genus occur
in various shallow-water lithologies, including
stromatolitic limestone, and stromatolitic and
non-stromatolitic dolostone, all of which prob-
ably represent a warm, shallow, high-salinity
environment. Three samples out of 11 in the
community contain Clavohamulus hintzei Miller,
which was considered to tolerate a variety of
shallow, high-energy, and possibly high-salinity
conditions, but also lived in more normal-
marine environments found on cratonic and
miogeoclinal carbonate platforms (Lehnert et al,
1997). This species was found in the Watts Bight
Formation at Pigeon Head and Lower Cove
sections and lower Boat Harbour Formation at
Jerry's Nose and Pigeon Head sections in the
adjacent platform facies, western Newfoundland
(Ji & Barnes 1994a). A shallow-water represen-
tative, Semiacontiodus nogamii, a species char-
acteristic of the Late Cambrian to Early
Ordovician conodont community in the East
and West Isthmus Bay sections, is found in four
samples of the Cordylodus deflexus-Parutahco-
nus nodosus community. The rare elements of the
shallow-water conodonts found in the lower
proximal slope facies may have been transported
by turbidites and/or debris flows.

However, Parutahconus nodosus, one of the
characteristic nominate species of the commu-
nity, is a common species within the community,
although at low abundance (<l-4 specimens per
kilogram), and is hardly found beyond the lower
proximal slope facies, which may suggest a
nektobenthic mode of life, and an in situ fauna.
In both the Broom Point North and Green Point
sections, Cordylodus deflexus Bagnoli, Barnes &
Stevens displays a more stable distribution than
do any of the other Cordylodus species (Table 1).
Cordylodus deflexus is slightly more abundant in
the Broom Point North than in Green Point
section. This may indicate that C. deflexus had
the widest tolerance to the slope environments
among several species of the genus.

Monocostodus sevierensis community. The
Monocostodus sevierensis community can be
recognized among nine samples in the Broom
Point North section (Figs 6 & 8). The obvious
feature of this community is that the species
diversity within the Teridontus and
Hirsutodontus lineages is increased. Except for
T. nakamurai, eight species of the lineages
(Clavohamulus elongatus Miller, C. hintzei, 'C.'

sp. nov. Barnes, H. simplex (Druce & Jones),
Parutahconus nodosus, Monocostodus sevierensis
(Miller), Semiacontiodus nogamii and Utahconus
utahensis (Miller)) form 42% of the community
(Fig. 13b), and every sample in the Q-mode
cluster forming the community yields the
nominate species, with 35% belonging to the
two lineages (Fig. 13a). There are no specimens
of Cordylodus deflexus, although M. sevierensis
can be found in the C. deflexus-Parutahconus
nodosus community.

Except for the data of Landing (1983), almost
all the earlier reported occurrences of Mono-
costodus sevierensis were from shallow-water
deposits in North America (Miller 1969; Miller
et al 1981; Nowlan 1985) and Australia (Druce
et al. 1982).

Landing (1983), however, reported Monocos-
todus sevierensis from the Gorge Formation,
Vermont, USA, which is a continental slope
deposit. In western Newfoundland, the commu-
nity dominated by this species is scattered
among units 75, 77, 78, 83, and 85 of the Broom
Point North section (Fig. 8) (James & Stevens
1986; Barnes 1988), which are bedded parted
limestone, parted to ribbon limestone, parted to
ribbon grainstone, shale, and parted lime
mudstone respectively. Unit 77 produced numer-
ous trilobites. These units are not influenced by
major transportation, but rare elements of
Clavohamulus and Semiacontiodus species may
have been transported by turbidites and/or
debris flows, as discussed earlier.

Distal slope communities

Distal slope communities are those recognized in
the Green Point section (Figs 7 & 8). Their
principal feature is that they have the greatest
number of Cordylodus species among all the
different facies (Table 1). Globally, Cordylodus
species are a major component of most slope
and platform communities, and they play an
important role in Late Cambrian and Early
Ordovician biostratigraphy.

Abundant elements of Cordylodus were found
in lagerstatten stinkstones in Sweden, which was
cited by Miller (1984) as evidence of the pelagic
mode of life of Cordylodus. Barnes & Fahraeus
(1975) concluded that Cordylodus proavus was
pelagic, but that younger species such as C.
angulatus Pander became adapted to a more
nektobenthic mode of life. Western Newfound-
land material (Barnes 1988, used herein) does
not provide enough data to prove the habit for
C. angulatus, because the sampled sections only
extend into the basal part of the C. angulatus
Zone, except for the West Isthmus Bay section.
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The analysis of the mode of life of Cordylodus
species is based on the interval from the first
appearance of C. primitivus (within the Eocono-
dontus notchpeakensis Zone) to the first appear-
ance of C. angulatus (the base of C. angulatus
Zone) in western Newfoundland (Fig. 2; Table
1). The sections are chosen from platform fades,
through proximal slope facies, to distal slope
facies.

The platform facies, represented by the
sections at East and West Isthmus Bay (Ji &
Barnes 1994a), has the lowest number of
Cordylodus species. Although the Cow Head
Ledge section, representing the upper proximal
slope facies, only extends into lower C, lindstromi
Zone (= lapetognathus fluctivagus Zone of
Cooper et al 2001), it does not yield several
species that occur in C. proavus and C. caboti
zones in lower proximal and distal slope facies,
such as C. andresi Viira & Sergeeva, C. deflexus,
C. caboti Bagnoli, Barnes & Stevens, and C.
intermedius Furnish. This overall distribution
pattern shows that most Cordylodus species
preferred a deeper-water environment. The
question is whether all Cordylodus species had
an even distribution in deeper facies beyond the
upper proximal slope.

Table 1 summarizes the percentage of samples
containing a particular species through the
interval in which the species occurs within each
section, and also the relative abundance of the

species in those samples. The Cordylodus species
in the platform facies, taking West Isthmus Bay
section (Z2) as a example and using the interval
from base of Watt's Bight Formation to the
sample containing the last appearance of C.
intermedius (in total 20 conodont-bearing sam-
ples), only two and six samples produce C.
lindstromi and C. intermedius^ with 4% and 5%
relative abundance, respectively (Table 1). Com-
paring the relative abundance of these two
species in platform facies to those in the slope
facies (Broom Point and Green Point), the
former is much lower than the latter. Hence,
although these two species do appear in the
platform facies, the slope may be their preferred
environment.

Three communities can be recognized in the
distal slope (Figs 7 & 8): the Cordylodus caboti,
C. caboti—C. intermedius and Utahconus utahen-
sis-Iapetognathus preaengensis communities.

Cordylodus caboti community. Cordylodus caboti
only occurs on the slope (Broom Point North and
Green Point sections) (Figs 6, 7 & 12; Table 1). It
is the nominate species of the C. caboti Zone that
succeeds the C. proavus Zone (Barnes 1988).
Based on its occurrence in the stratigraphic
sequence, it should be found in the intervals of
the Isthmus and Cow Head Ledge sections that
are selected for this study - but it is absent in both

Fig. 14. Relative abundance pie diagram for conodont taxa of the Utahconus utahensis-Iapetognathus
preaengensis community. Samples from the distal slope facies of the Broom Point Member, Green Point
Formation at Green Point section (Barnes 1988). Shadowed areas show the main components of the
communities; the numbers in brackets followed taxa represents the number of species, (a) relative abundance of
Teridontus and Hirsutodontus lineages except for the pelagic T. nakamurai, (b) relative abundance of all taxa.
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sections. This is presumed to relate to its
palaeoecological preferences, i.e. environments
deeper than the upper proximal slope.

The conodont community dominated by Cor-
lylodus caboti is only recognized by cluster
analysis in the Green Point section (Figs 7 & 8),
where it occurs in the C. lindstromi Zone (=
lapetognathus fluctivagus Zone of Cooper et al.
2001). The C. caboti community has both low
species abundance and low species diversity, with
the latter only ranging from one to eight (Fig. 7).

Furthermore, comparing the relative abun-
dance of Cordylodus caboti in the distal slope
facies to that in the lower proximal slope
facies (Fig. 12, Table 1), the former ranges
from 6% to 100%, with an average of 30%
among 33 out of 48 samples (69%); and the
latter ranges between 1% and 55%, with an
average of 15% among 22 out of 50 samples
(44%). The relative abundance data suggest
that C, caboti preferred a deep-water environ-
ment and aerobic conditions, which is sup-
ported by the absence of both Phakelodus
tenuis and Teridontus nakamurai.

Cordylodus caboti-C. intermedius community.
As discussed earlier, the Cordylodus caboti-C.
intermedius community is also recognized in the
lower proximal slope (Figs 6 & 8). The difference
is that the community recognized in the distal
slope contains common C. deflexus. But it rarely
contains Utahconus utahensis, which is
characteristic of the U. utahensis-Iapetognathus
preaengensis community in the Green Point
section. The Cordylodus caboti-C. intermedius
community also differs from the Utahconus
u tahensis-Iape togna th us preaengensis
community in having a lower species diversity,
ranging from two to 11 (Fig. 7) (see discussion
below).

Utahconus utahensis-Iapetognathus preaen-
gensis community. The Utahconus utahensis—
lapetognathus preaengensis community is only
recognized in the Green Point section (Figs 7 &
8). This community has a high species diversity,
with 10-20 species. Besides the nominate species,
the community has Cordylodus lindstromi, C.
tortus Barnes, C. andresi, C. caboti, C.
intermedius, and C. proavus, that are common
to abundant.

Comparing Figure 14 with Figure 13, the
relative abundance of Cordylodus is much higher
in the distal slope Utahconus utahensis-Iapetog-
nathus preaengensis community (49%) (Fig. 14b)
than that in the lower proximal slope Mono-
costodus sevierensis community (17%) (Fig. 13b).

The rapid increase in the relative abundance
of Cordylodus corresponds to the decrease in the
relative abundance of Teridontus and Hirsuto-
dontus lineages in the distal slope facies.
Although the relative abundance of the Teri-
dontus and Hirsutodontus lineages in the Utah-
conus utahensis-Iapetognathus preaengensis
community is lower (seven species form 8% of
the community: Fig. 14) than that in the
Monocostodus sevierensis community (42%,
Fig. 13) in the proximal slope facies, U. utahensis
itself occupies 83% of the Teridontus and
Hirsutodontus lineages in the distal slope. How-
ever, U. utahensis in the M. sevierensis commu-
nity in the lower proximal slope comprises only
3% of the two lineages (Fig. 13). If the
appearance of U. utahensis in the distal slope
was due to transportation, as concluded by
Miller (1984) and Dubinina (1991), logically this
species would be more abundant in the proximal
slope. If downslope transport involved this
species, it should be traceable back to its
platform source area, but it has not been
reported from the adjacent carbonate platform
area (Ji & Barnes 19940).

lapetognathus preaengensis Landing, another
characteristic species of the community, forms
2% among 20 species of the community. It only
occurs in a few samples outside of the commu-
nity in the distal slope facies and the different
communities in lower proximal slope with low
species abundance (<1 specimen per kilogram).
Its distribution pattern is similar to that of
Utahconus utahensis.

Interpretation of the eustatic signal for the
latest Cambrian and earliest Ordovieian

Downslope conodont transport during sea-
level drop in latest Cordylodus proavus
Zone times

In the uppermost Cambrian, conglomerates
were widespread in the slope environment,
represented by the lowest Stearing Island Mem-
ber (within the shallow Bay Formation in the
Cow Head Ledge section), by the lowest Broom
Point Member (within the Green Point Forma-
tion in the Broom Point North section), and by
the uppermost Martin Point Member (within the
Green Point Formation at the Green Point
section). The conglomerates were derived
through downslope slumps or flows carrying
carbonate blocks from the shelf margin (James
1981). It has been proposed that the conglom-
erates were generated during regressive phases,
when the carbonate platform margin was
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exposed and brecciated, with the formation of a
karst surface (James et al. 1989).

As noted above, among the 12 conodont
communities and assemblages (distributed from
platform to distal slope) recognized by the
cluster analysis, only the Cordylodus hastatus-
C. proavus assemblage has a wide environmental
distribution (from the upper proximal to the
distal slope), recognized at the Cow Head Ledge,
Broom Point North, and Green Point sections.
The assemblage tended to be preserved in the

bedded rocks in the Cow Head Ledge section
(representing a relatively shallow environment),
and in the conglomerate in the Broom Point
North and Green Point sections (representing a
relatively deep distal environment). Such a
distribution pattern was probably created by a
regressive event.

In western Newfoundland, the base of the
Cordylodus proavus Zone is not accurately
constrained. In the Green Point section, the C.
hastatus-C, proavus assemblage contains C.

Fig. 15. Summary of conodont community distribution through space and time during the Late Cambrian and
Early Ordovician in western Newfoundland. Shaded solid boxes, white solid boxes, and dashed boxes represent
pelagic, nektobenthic, and transported communities, respectively. Dark and light shaded boxes represent two
trends of shallow/aerobic and deep/anaerobic conditions. The environmental profile shows an ideal condition
with the buried conodont fauna as a combination of nektobenthic and pelagic communities without the influence
of downslope transport. See Figure 3 for details.
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caboti, indicating the C. caboti Zone. One
sample (BPN22), representing the C. hastatus-
C. proavus assemblage at the Broom Point
North section, contains Clavohamulus elongatus,
which indicates that the sea-level drop was
within or later than the age of the C. elongatus
Subzone. This regression is probably related to
the 'event 1' recognized by Miller (1992).

Sea-level rise and aerobic conditions leading
to community diversity in early
lapetognathus fluctivagus Zone time

The base of the Cordylodus lindstromi Zone was
taken earlier as the base of the Tremadocian,
which marks the conodont turnover after the
latest Cambrian sea-level drop (Barnes et al
1995). Recently, the base of lapetognathus

fluctivagus Zone was suggested to mark such a
boundary (Cooper et al. 2001). In western
Newfoundland, the first appearances of C.
lindstromi and /. preaengensis were coupled with
a major increase in both conodont diversity and
abundance. The Semiacontiodus nogamii> C.
deflexus-Parutahconus nodosus, and Utahconus
utahensis-I. preaengensis communities suddenly
appeared in the platform, lower proximal slope,
and distal slope facies, respectively. The species
diversity of the conodont communities increases
along the environment gradient, with 2-8, 5-15,
and 10-20 species in the East and West Isthmus
Bay, Broom Point North, and Green Point
sections, respectively. The three communities
are preserved mainly in the oolitic limestone at
East and West Isthmus Bay, grainstone or parted
limestone at Broom Point North, and lime
mudstone at Green Point, respectively, which
indicate aerobic conditions. Comparing the
lithofacies in which the Cordylodus hastatus-C.
proavus assemblage was preserved, these lithofa-
cies apparently represent in situ deposits, and the
products of the transgression succeeding a major
regression. Combining the lithofacies, the dis-
tribution and diversity of the conodont commu-
nities, the sea-level rise in the earliest Ordovician
was probably coupled with aerobic conditions.

Sea-level rise and anaerobic conditions
causing severe changes among communities
in early Cordylodus angulatus Zone time

During the time interval between the first
appearance of Cordylodus lindstromi/lapetog-
nathus fluctivagus and the first appearance of
C. angulatus, several different communities
repeatedly replaced each other, being associated
with lithofacies changes between limestones and

shales, which may reflect frequent secondary
sea-level changes. However, the conodont com-
munities underwent a major change during the
first appearance of C. angulatus. In the Broom
Point North section, the community is domi-
nated by Phakelodus tenuis, with low species
diversity and species abundance, and preserved
in units 95 (ribbon lime grainstone separated by
shale) and 96 (lime mudstone; Fig. 8) (James &
Stevens 1986; Barnes 1988). In the Green Point
section the two samples (GP75 and GP77)
collected from unit 28 (lime mudstone) (James
& Stevens 1986; Barnes 1988) contain conodonts
that are less abundant and diverse than the
Utahconus utahensis-Iapetognathus preaengensis
community compared to the samples grouped
under the community, although the two samples
show a close relationship to the U. utahensis-I.
preaengensis community (Fig. 7). One possible
explanation is that the disappearance of the
older communities is not only a reflection of an
eustatic event but possibly of a critical threshold
in ocean ventilation (oxygenation) (Barnes et al.
1995). However, in the East and West Isthmus
Bay section, the Semiacontiodus nogamii com-
munity reappeared with a higher species diver-
sity than in the earlier interval, which is 7.5m
above a bed containing desiccation cracks and
12.5m below the first appearance of C. angula-
tus. The reappearance of this community in the
shallow platform facies is probably the result of
well-oxygenated conditions.

Conclusions

Western Newfoundland provides several com-
plete stratigraphic sections along the environ-
ment gradient, from the platform to the distal
slope, for the Upper Cambrian and Lower
Ordovician boundary interval. This was a
critical interval, with initial rapid evolution,
diversification, and ecological partitioning of
euconodonts. These sections have been sampled
in detail for conodonts, and detailed taxonomic
and biostratigraphic studies have been published
(Bagnoli et al. 1986; Barnes 1988). The resulting
databases contain 18468 identifiable conodont
specimens processed from 230 conodont-bearing
samples, which has allowed a series of statistical
palaeoecological analyses (Q- and R-mode
cluster analyses) to be carried out. As a result,
a complex pattern of evolving conodont com-
munities has been defined.

Some distinct patterns emerged from the
analysis and the interpretations, namely:

The distribution of conodont communities
along the platform to slope environment
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gradient in western Newfoundland shows
some gradational relationships (Fig. 15).
The Phakelodus tennis and Teridontus naka-
murai communities were the two major
pelagic conodont communities, but showed
an antipathetic relationship. The former was
related to a deep-water environment and
anaerobic conditions, whereas the latter
preferred shallow to deep water and aerobic
conditions. Such a relationship can be used as
an indicator of sea-level change.
The earlier Cordylodus species, such as C.
proavus, probably had a pelagic mode of life,
but most of Cordylodus species are inter-
preted to have had a nektobenthic mode of
life, and to have favoured deeper water and
aerobic conditions, except for C. hastatus,
which tended to live in shallower, high-energy
marine environments.
The presence of the Cordylodus hastatus-C.
proavus assemblage in each section, from
the upper proximal slope to the distal
slope, reflects a downslope transportation
event.
The conodont communities maintained a
relatively stable development during pre-
Cordylodus proavus Zone times (latest Cam-
brian) both in platform and in slope settings,
with the former dominated by Teridontus
nakamurai, and the latter by Phakelodus
tennis and the two species of Eoconodontus,
The data from the slope facies show that the
earliest conodont communities evolved and
were replaced rapidly during the Cordylodus
proavus-C. angulatus zonal interval, which
reflects a rapid sea-level change during this
time interval.
The main sea-level drop occurred in the latest
Cordylodus proavus Zone time and is recog-
nized by the downslope transportation of the
C. hastatus community. The main periods of
sea-level rise occurred in early C. lindstromi
Zone (= lapetognathus fluctivagus Zone of
Cooper et al. 2001) and early C. angulatus
Zone times, which are characterized by high
community diversity under aerobic condi-
tions, and the major changes within the
communities under anaerobic conditions in
the slope environment, respectively.
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Conodont bio-events, cladistics and response to glacio-eustasy,
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Abstract: Conodont diversity was severely reduced during the terminal Ordovician mass
extinction. Few species, mainly coniform taxa, survived across the Ordovician-Silurian
boundary. The nature and timing of the post-extinction recovery and diversification have
previously been difficult to assess, due to limited knowledge and preservation of the earliest
Silurian faunas. Recent documentation of early Llandovery conodont faunas from a complete
stratigraphic succession on Anticosti Island, Quebec, along with the data re-examined from
earlier detailed studies, provides the basis for a new analysis. Five evolutionary cycles are
recognized through the Llandovery, together with a distinct set of bio-events that are
interpreted as immigration, emigration, origination, and extinction events through
consideration of global occurrence data for Llandovery conodonts. These events are
supported by the detailed sampling and stratigraphic range data, as well as the first cladistic
analysis of the four key genera: Oulodus, Ozarkodina, Pterospathodus, and Rexroadus. The
Anticosti Basin may have been an important centre of evolutionary radiation, given that several
genera and species have first appearances in this region and that initial evolutionary lineages can
be established for many taxa. Many faunal variations appear to be correlated to eustatic events
as well as the changing ocean-climate state through this boundary interval.

The Ordovician-Silurian boundary has proven
to be one of the most intriguing both in defining
formally and in documenting and explaining the
cause, timing and scale of the mass extinction
and the nature of the subsequent Early Silurian
faunal recovery. The terminal Ordovician gla-
ciation (e.g. Sheehan 2001) is now known to
have been the principal cause of the second most
severe mass extinction in the entire Phanerozoic.
It resulted in the loss of about 28% of the
families and 50% of the genera of known marine
taxa (Sepkoski 1995). The duration of the mass
extinction was brief, with two main phases
(Brenchley et al. 1994; 2003). The major regres-
sion associated with the peak Hirnantian glacial
phase resulted in there being relatively few
sections spanning the Ordovician-Silurian
boundary that are relatively undeformed and
fossiliferous. The IUGS eventually approved a
GSSP (Global Stratotype Section and Point) at
Dob's Linn, Scotland, based on the first
appearance of the graptolite Parakidograptus
acuminatus (Cocks 1985). Strong criticism was
directed at the deformed nature and low faunal
diversity of the stratotype section (e.g. Lesper-
ance et al. 1987). The precise level of the
Ordovician-Silurian boundary is presently
under re-examination by the Subcommission

on Silurian Stratigraphy because of an improved
understanding of the acuminatus lineage; a
minor redefinition is expected.

A problem in defining the Ordovician-Silur-
ian boundary was that all but about three
graptolite species in a single genus (Normal-
ograptus) survived the mass extinction. The base
of the Silurian was defined at a level a little
higher than initially anticipated, in order to use
species within the radiation event. Consequently,
the glaciation and the mass extinction became,
by definition, terminal Ordovician events. The
only other serious contender as a GSSP for the
base of the Silurian was on Anticosti Island,
Quebec, with the Point definition based on
conodonts (Barnes & McCracken 1981;
McCracken & Barnes 1981; Barnes 1989). This
section was well exposed, undeformed, and had
abundant and diverse faunas, except for zonal
graptolites, in the boundary interval.

A period of about a decade of intense sampling
and stratigraphic and biostratigraphic studies on
many sections around the world provided a large
database. It revealed not only the pattern of mass
extinction in the terminal Ordovician, but also
the nature of evolutionary radiation and ecolo-
gical adaptation in the subsequent recovery
phase in the Early Silurian (Llandovery). With

From'. BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 73-104. 0305-8719/04/S15 © The Geological Society of
London 2004.
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the recent publication of the final monographic
treatment of the Early Silurian conodonts from
Anticosti Island (Zhang & Barnes 20020), it is
now possible to re-examine quantitatively the
abundant conodont data for the entire Anticosti
sequence (Upper Ordovician-Lower Silurian).
Zhang & Barnes (20026) applied statistical
techniques to define a pattern of evolving
conodont communities through this broad
boundary interval, and related such changes, in
part, to the significant eustatic changes asso-
ciated with the various glacial-interglacial
phases. New cladistic analyses for four key
genera are employed here to help clarify the
evolutionary relationships and responses.

Anticosti Island, located in the Gulf of St
Lawrence, is underlain by undeformed Upper
Ordovician (Ashgillian; Gamachian) and Lower
Silurian (Llandovery) strata that are divided into
the Vaureal, Ellis Bay, Becscie, Merrimack, Gun
River, Jupiter and Chicotte formations (Fig. 1).
The whole sequence is represented by excellent
coastal and river exposures of richly fossiliferous
limestones and minor shales and siliciclastic
sediments (Petryk 19810), totalling about 800-
1100m in thickness. During this time interval,
the Anticosti Basin was a slowly subsiding basin
on the southern margin of Laurentia, situated at
a palaeolatitude of about 15-20° south of the
equator, and facing the NW margin of the
lapetus Ocean (Mac Niocall et al. 1997; van
Staal et al, 1998). The Anticosti Island succes-
sion is virtually complete (although see the
contrary opinion of Brenchley et al. 2003) and
represents shallow to deep subtidal environ-

ments oscillating between about 10 and 20m
water depth (Copper & Long 1998; Jin &
Copper 1999; Zhang & Barnes, 20026).

The sequence is of particular interest, because
it includes the world's thickest and most
complete carbonate section for the time span-
ning the Ordovician and Silurian boundary. The
sequence lies at or near the boundary between
the Ellis Bay and Becscie formations. Further,
the uppermost Ellis Bay, Becscie, Merrimack,
Gun River, Jupiter and Chicotte formations
together provide the most complete Llandovery
conodont sequence. The entire succession has
been sampled intensively for conodonts (479 3-
4 kg samples taken at 2-3 m intervals with some
duplicate sampling: Vaureal-102, Ellis Bay-122,
Becscie, Merrimack and Gun River-202, and
Jupiter and Chicotte-53 samples). This has
resulted in a series of major taxonomic, bios-
tratigraphic, and palaeoecological publications:
Vaureal Formation (Nowlan & Barnes 1981),
Ellis Bay Formation (McCracken & Barnes
1981; Barnes 1988), Becscie, Merrimack and
Gun River formations (Fahraeus & Barnes 1981;
Barnes 1989; Zhang & Barnes 2000, 20020), and
Jupiter and Chicotte formations (Uyeno &
Barnes 1983). Additional Anticosti conodont
studies have addressed the relationship between
palaeoecology and the pattern of eustasy (Zhang
& Barnes 20026, 2002c; Zhang et al. 2002).

The Silurian, especially the Early Silurian, has
long been known to have low conodont diversity
compared to the Ordovician. Sweet (1985) noted
the decrease in conodont species diversity
through time beyond the Early Ordovician,

Fig. 1. Geological map of Anticosti Island (after Jin & Copper 1999).
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and Sepkoski (1995) provided a diversity curve
for conodont genera through the Early Palaeo-
zoic. Sweet (1988) documented the cyclic diver-
sity changes and established four long-term and
20 shorter second-order cycles. The Silurian
history of conodonts corresponds with Sweet's
IV and V second-order cycles, which shows a
high-diversity episode in the late Llandovery
and a smaller one in the early Ludlow. Barnes
and Bergstrom (1988) and Armstrong (1995)
detailed the conodont faunal changes and
extinction across the Ordovician-Silurian
boundary. The terminal Ordovician mass extinc-
tion was the second most severe in the Phaner-
ozoic history of life and resulted in a reduction
of conodont genera from over 50 to 10
(Sepkoski 1995, fig. 5). This profound effect on
the Ordovician biota was caused by the con-
tinental glaciation in North Africa that gener-
ated both cool high-latitude oceanic
temperatures and lowered CC>2 levels (Brenchley
et al 1994, 2003; Barnes et al. 1996; Poussart et
al 1999; Sheehan 2001) neither of which had
been experienced previously in the Early Palaeo-
zoic. It is in the context of this mass extinction,
that the nature and timing of the conodont
evolutionary recovery can be examined. Arm-
strong (1995) considered this earlier, but the
earliest Silurian conodont faunas were poorly
known. This is partly due to the hiatus that
occurs in most Ordovician-Silurian boundary
sections; to the post-glacial transgressive phases
that are not extensive until the mid-Llandovery;
and to the common clastic or dolomitic facies of
many lower Llandovery sections that inhibit the
collection of abundant conodont faunas. Con-
sequently, the excellent Anticosti conodont
faunas, from a limestone sequence that is
continuous through the systemic boundary
interval and through the Llandovery, allow an
analysis of the nature of the recovery phase. This
present study documents several distinct con-
odont speciation, immigration, migration and
extinction events through the Llandovery, which
are supported by new cladistic analyses of four
key genera.

Aldridge (1988) argued for a single generic
origination event in the late Llandovery,
characterized by the appearance of some new
genera with new characteristics or apparatuses
(e.g. Pterospathodus Walliser, Apsidognathus
Walliser). The early Llandovery was considered
to be a period of relatively slow innovation for
conodonts. A similar diversity pattern is appar-
ent in Estonian sections, with three high-
diversity intervals: top Rhuddanian-early Aero-
nian, Telychian until earliest Wenlock, and early
Ludlow (Mannik & Viira 1993).

A model for Silurian ocean-climate change
was developed by Jeppsson (1988, 1990, 1997)
and Aldridge et al. (1993) that tested such
changes with particular reference to sedimentol-
ogy and conodont faunas. Aldridge et al. (1993)
and Jeppsson (1997) identified two cycles in the
Llandovery to earliest Wenlock interval: each
cycle started with a Secundo episode, then went
through a Primo episode, and terminated with
an extinction event (Fig. 2). This pattern was
based mainly on the lithostratigraphic succes-
sion and conodont faunas in the Oslo-Asker
district, Norway, where the stratigraphy is well
known, sedimentation was fairly continuous,
and exposures are good. Based on their inter-
pretations, the Secundo episodes were periods of
evolutionary stasis for conodonts. The Spirod-
den Secundo episode spans the Rhuddanian and
early Aeronian, with limited conodont specia-
tion following the Late Ordovician extinction,
and with a relatively constant speciation for the
whole interval. The Malmoykalven Secundo
episode spans most of the late Aeronian, with
conodonts also maintaining a very low diversity.

All these studies suggest strongly that after the
terminal Ordovician extinction, the notable
increase in conodont faunal diversity was
delayed until the late Llandovery. Although
earlier studies on Early Silurian conodonts (e.g.
Aldridge et al. 1993; Jeppsson 1997) tried to
include all well-documented sequences, includ-
ing Anticosti Island, they were limited by the
incompletely documented faunas commonly
from discontinuous sections. In particular, con-
odonts from the Becscie, Merrimack and Gun
River formations had not then been studied in
detail. This work has now been completed
(Zhang & Barnes 2000, 2002a, 2002/7, 2002c;
Zhang et al. 2002).

The conodont database

This study incorporates the earlier results of
McCracken & Barnes (1981) and Uyeno &
Barnes (1983), but it has been necessary to
update and standardize some earlier taxonomic
interpretations. Zhang & Barnes (2000, 2002a)
recently documented the lower Llandovery
conodont taxonomy, and therefore only a brief
summary of the revisions is presented here.

(1) Ozarkodina sp. nov. A s.f. of McCracken &
Barnes, 1981, p. 84, pi. 7, fig. 21 is placed in
multi-element synonymy with Ozarkodina
strena Zhang & Barnes.

(2) Walliserodus cf. W. curvatus (Branson &
Branson) of McCracken & Barnes, 1981, p.
91, pi. 1, figs 22-25 and Walliserodus
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Fig. 2. Early Silurian oceanic changes (after Jeppsson 1998).

sanctidairi Cooper of Uyeno & Barnes,
1983, p. 26, pi. 7, figs 1-3, 5, 6 are included
in Walliserodus curvatus (Branson & Bran-
son).

(3) Panderodus gracilis (Branson & Mehl) of
McCracken & Barnes, 1981, pp. 85-86, pi.
1, figs 1-12, 15 and P. gibber Nowlan and
Barnes of McCracken & Barnes, 1981, p.
85, pi. 2, figs 7-10 are combined within P.
unicostatus (Branson & Mehl).

(4) Oulodus sp. A of Uyeno & Barnes, 1983, p.
19, pi. 1, figs. 14, 15, 18-20 is assigned to
Ou. panuarensis Bischoff.

(5) Oulodus sp. of Uyeno & Barnes, 1983, p. 20,
pi. 8, fig. 21 is included in Ou. sigmoideus
Zhang & Barnes.

(6) Oulodus! fluegeli subsp. A of Uyeno &
Barnes, 1983, p. 18, pi. 7, figs. 11-22 is
considered a synonym of Ou.! expansus
(Armstrong).

(7) Distomodus cf. D. kentuckyensis Branson &
Branson of Cooper (1975) adopted by
Uyeno & Barnes, 1983, p. 17, pi. 9, figs.
27, 28 is referred to drepanodontiform
elements (formerly referred by many
authors to 'Drepanodus suberectus' (Bran-
son & Branson)).

(8) Most of member 6 of the Ellis Bay
Formation as used in McCracken & Barnes
(1981) has been reassigned to the lower
Becscie Formation (Petryk 198la). Hence,
the conodont distribution data from mem-
ber 6, Ellis Bay Formation (McCracken &
Barnes 1981) is herein combined with other

collections from the lower Becscie Forma-
tion used by Zhang & Barnes (2000, 2002a,
20026, 2002c).

Thus, on the conodont distribution chart
(Fig. 3), the lower Becscie Formation is equiva-
lent to the uppermost part (member 6) of the
Ellis Bay Formation (McCracken & Barnes
1981). We adopt the Merrimack Formation (of
Copper & Long 1989), which is the argillaceous
unit referred earlier to the uppermost member of
the Becscie Formation. The stratigraphic sub-
divisions in the Jupiter and Chicotte formations
are adjusted slightly from those used by Uyeno
& Barnes (1983) following stratigraphic revi-
sions by Copper & Long (1990).

Bio-events and biostratigraphic events

The term 'bio-event' long used by palaeontolo-
gists was defined recently by Sageman et al.
(1997, p. 524) as 'short-term (hours or days to
kys) locally, regionally, or interregionally perva-
sive changes in the ecological, biogeographical,
and/or evolutionary character of biotas that are
isochronous or nearly so throughout their
range'. They divided bio-events into diversifica-
tion bio-events and reduction bio-events. Both
can be classified into three main categories, the
former including ecological, biogeographical
and evolutionary diversification bio-events, and
the latter including ecological, biogeographical
and evolutionary reduction bio-events. Evolu-
tionary diversification and reduction bio-events



Fig. 3. Summary range chart of conodonts from the Early Silurian Becscie, Merrimack, Gun River, Jupiter and Chicotte formations, Anticosti Island (after Zhang &
Barnes 2002o).
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are equivalent to in situ speciation and extinction
events, respectively; the other two categories
that are related to diversification and reduction
bio-events represent migration events.

The appearance and disappearance of species
in a particular section can only define biostrati-
graphic events, not bio-events. After establishing
the first and last appearance of certain taxa in
several sections, the statistical pattern of appear-
ances and disappearances of these taxa may
discriminate between speciation, immigration
and extinction events. Understanding the rela-
tionships between local bio-events and regional
to global trends in speciation and extinction
depends upon detailed regional faunal databases.
Another important challenge in defining local
bio-events is to differentiate speciation from
immigration, and extinction from emigration.

The pattern of conodont turnover during the
Llandovery is well documented (e.g. Sweet 1985,
1988; Jeppsson 1988, 1990, 1997; Aldridge et al
1993; Mannik & Virra 1993; Zhang & Barnes,
2002^). Less clear is the role that changing sea-
level plays in influencing conodont turnover,
and how that turnover is accomplished: through
faunal immigration, speciation, extinction, or all
three. Similarly, it is unclear how that disap-
pearance occurs: through faunal emigration,
extinction, or both. Differentiating between the
processes of in situ speciation and immigration
on the one hand, or extinction and emigration
on the other, requires some method of evaluat-
ing whether the local first and last appearance
horizons of individual taxa are reasonable
approximations of their actual (biotic) time of
origination and extinction. This goal also
requires determination of whether the ancestor
for each species, or at least closest known sister
species, is also present in the region at the time
of species origin (Goldman et al. 1999).

Construction of evolutionary trees for
Llandovery conodonts from Anticosti Island

In many previous studies, determining both
speciation and extinction events in the fossil
record has depended greatly on documenting the
precise species appearances and disappearances
within particular stratigraphic sections, which is
the taxonomic approach. One of the essential
assumptions of this method, as pointed out by
Smith (1994), is that the taxa used are real, not
some arbitrary convention of taxonomists, and
their appearances and disappearances represent
real biological events. Another important factor
has been ignored in most previous studies: the
difference between immigration and origination

has been obscured because of the uncertainty of
phylogenetic relationships. The evolution and
extinction patterns of Llandovery conodonts,
based on the construction of evolutionary trees,
have not yet been examined. Using cladistics to
construct evolutionary trees for Llandovery
conodonts substantially improves the under-
standing of evolutionary patterns and processes.

Smith (1994) described the use of cladistic
methodology in the construction of an evolu-
tionary tree, beginning with studying the dis-
tribution of morphological characters within the
taxa. From this, a character-taxon matrix is
assembled and a cladistic analysis performed.
The resulting cladogram provides a hypothesis
of relationships that is independent of biostrati-
graphic information. If this is tested and
branches are found to be well supported by the
stratigraphic data, then the cladogram can be
converted into an evolutionary tree.

A primary goal of this study is to determine
the evolutionary pattern of Llandovery cono-
donts on the basis of phylogenetic hypotheses,
with character analysis providing the detailed
support for the phylogenetic hypotheses. How-
ever, as none of the reconstructions of conodont
apparatuses employed here are based on the
preserved animals or bedding-plane assem-
blages, and as some of the apparatuses are not
well reconstructed, in this case, we have selected
the key element (usually the diagnostic 'Pa'
element) on which to perform the analysis. The
essential prerequisite of character analysis is that
all the reconstructions of apparatuses are
correct, and if the evolution of the key element
represents that of the whole apparatus, then the
character analysis will elucidate the objective
pattern of character evolution.

Conodont samples were collected on average
every 2-3 m through the Anticosti succession.
For some sections the collections were dupli-
cated. Hence, the position of the appearance and
disappearance of each species is typically within
+ 2m. The Llandovery ramiform-pectiniform
conodonts are from three major lineages:
ozarkodinid (Ozarkodina Branson & Mehl,
Pterospathodus, Kockelellal Walliser), prionio-
dinid (Oulodus Branson & Mehl, and Rexroadus
Zhang & Barnes), and prioniodontid (Distomo-
dus Branson & Branson and Icriodella Rhodes).
It has been widely accepted that these three
major lineages had evolved independently since
the Ordovician (Sweet 1988). Thus the analyses
are designed basically for the different lineages,
rather than including all species in a single
analysis.

The most abundant genera are Ozarkodina,
Oulodus and Rexroadus, and many of their
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species co-occur. The former two genera have
been used to establish a revised conodont
biozonation (Zhang & Barnes 20020), and the
latter genus was newly established to include
Oulodus! kentuckyensis (Branson & Branson)
and Ou.l nathani McCracken & Barnes (Zhang
& Barnes 20020). One analysis is designed for all
Ozarkodina species, and another for prioniodi-
nid species (of Oulodus and Rexroadus). Pter-
ospathodus also played an important role in
Llandovery conodont evolution, although its
abundance is much lower than for Ozarkodina,
Oulodus and Rexroadus. Overall, Pterospathodus
is included as an ozarkodinid; however, it
evolved in a different family from Ozarkodina.
To investigate the relationship between Ozarko-
dina and Pterospathodus is beyond the scope of
this paper, so a separate analysis was designed
for the Pterospathodus species. The relationships
among several species within different lineages
and the origination pattern based on the
phylogenetic method are investigated. Prionio-
dontid genera such as Distomodus and Icriodella
are much less abundant and diverse, and,
consequently, no analysis of these taxa was
made, although the appearance and disappear-
ance of their species will be discussed together
with those of Ozarkodina, Oulodus, Rexroadus
and Pterospathodus.

Recently, a new scheme of terminology for
conodont element orientation and anatomical
notation was proposed (Purnell et al. 2000),
based on the biological information from
natural assemblages. Although this scheme
was adopted to describe the conodont char-
acters in a recent cladistics study (Donoghue
2001), it has not been widely used by conodont
workers. In order to avoid confusion and to be
more widely understood at this point, the
traditional terminology (Sweet 1981, 1988) is
employed to describe characters and character
states.

In this study, both MacClade version 3.0
(Maddison & Maddison 1992) and Paup version
3.1 (Swofford 1993) were employed together.
MacClade was used to edit files, and then Paup
was used to do automatic searches for parsimo-
nious trees. Finally, MacClade was used to
explore the trees further and analyse character
evolution. The techniques adopted are as fol-
lows: contingent coding strategy (Hawkins et al.
1997) is employed; all of the characters are
unordered; no weighting is employed a priori,
heuristics is used as a searching method; a
posteriori reweighting was employed for choos-
ing one among multiple most-parsimonious trees
(Carpenter 1988; Donoghue 2001), when an
initial unweighted analysis of the database

produces more than one tree; out-group taxa
are used to root the trees.

The in-group taxa include all species within
the lineages occurring in the Anticosti Llandov-
ery under consideration. For cladistic analysis,
the choice of an out-group taxon can be
important for the success of out-group rooting.
The best out-group taxon should be the most
closely related taxon to the in-group, and could
be its possible ancestor. However, with the
absence of previous detailed phylogenetic stu-
dies, choosing out-group taxa in this study is
based on the assumptions that:

(1) the out-group taxa are closely related to the
in-group taxa;

(2) the out-group taxa appeared earlier than
the interval under consideration.

Analysis I for species of Ozarkodina

The data matrix (Fig. 5) includes eight species of
Ozarkodina as in-group taxa: Oz. aldridgei
Uyeno, Oz. clavula (Uyeno), Oz. gulletensis
(Aldridge), Oz. hassi (Pollock, Rexroad &
Nicoll), Oz. oldhamensis (Rexroad), Oz. pirata
(Uyeno), Oz. polindinata (Nicoll & Rexroad),
and Oz. strena Zhang & Barnes. The apparatus
reconstructions of Oz. hassi, Oz. oldhamensis,
Oz. pirata, and Oz. sterna are based on Zhang &
Barnes (20020), those of Oz. aldridgei, Oz.
gulletensis and Oz. polindinata on Uyeno &
Barnes (1983), and that of Oz. clavula mostly on
Zhang & Barnes (20020), except for the Sa
element that is based on Uyeno & Barnes (1983).

The ancestral stocks of the Silurian ozarkodi-
nids are uncertain. The Ordovician genera
Aphelognathus Branson, Mehl & Branson and
'Plectodind Sweet are the most widespread and
characteristic of the Ordovician ozarkodinids,
and Ozarkodina hassi and Oz. oldhamensis were
considered as the youngest species of 'Plecto-
dind (Sweet 1988). Yaoxianognathus An also
shows considerable similarity to Ozarkodina
(Zhen et al. 1998). However, the ideal out-group
candidates for Llandovery Ozarkodina species
should be those generally recognized Ordovician
Ozarkodina species. Thus, choosing the out-
group taxa for Llandovery Ozarkodina species is
narrowed. Three options are:

(1) Ozarkodina sp. s.f. Nowlan & Barnes from
the Upper Ordovician Vaureal Formation,
Anticosti Island, Quebec (Nowlan &
Barnes 1981), this form resembles the Pa
element of the Silurian species Oz. hassi,
but its denticles are more slender and more
laterally compressed;
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(2) Ozarkodina sesquipedalis Nowlan &
McCracken from the Upper Ordovician
Whittaker Formation, Mackenzie Moun-
tains, Northwest Territories (about 60m
below the Ordovician-Silurian boundary)
(Nowlan et al. 1988), this species was
described as an apparatus, and is similar
to some Silurian ozarkodinid species, such
as Oz. hassi and Oz. pirata',

(3) Ozarkodina alpina s.f. Serpagli from the
Upper Ordovician, Carnic Alps (Serpagli
1967), which is similar to the Pa element
of Ozarkodina sesquipedalis in overall
shape.

Considering the apparatus reconstruction and
geographical distribution, the former two species
are chosen as the out-group taxa.

25 multistate characters of the apparatus were
incorporated in the Ozarkodina analysis (Fig. 5).

(1) Pa basal shape: carminate (0); angulate
(1); carminate-angulate (2).

(2) Pa cusp: present (0); absent (1).
(3) Pa denticles above basal cavity: cusp (0);

fused without apices (1); fused with
discrete apices (2).

(4) Pa basal cavity position: about one-third of
the blade distance from the posterior tip
(0); about the mid-length of the blade (1);
near posterior end (2); beneath the cusp (3).

(5) Pa basal cavity shape: without flare (0);
symmetrical flare (1); asymmetrical flare
(2).

(6) Pa denticulation 1: two processes with
equal robustness (0); anterior process
more robust than posterior one (1); two
ends more robust than middle (2); middle
more robust than two ends (3).

(7) Pa denticulation 2: compressed (0);
rounded (1).

(8) Pb basal shape: angulate (0); extensive
digyrate (1); bipennate (2).

(9) Pb denticulation: discrete (0); partly dis-
crete (1).

(10) Pb processes: anterior shorter than poster-
ior (0); anterior longer than posterior (1);
anterior equal to posterior (2).

(11) Pb orientation: arched and bowed (0);
slightly arched (1); slightly arched and
bowed (2).

(12) Pb basal cavity: small flare on one side (0);
small flares on two sides (1); open along
processes (2); without flare (3).

(13) Pb cusp 1: within anterior-posterior plane
(0); away from anterior-posterior plane
(1).

Oz. aldridgei
Oz. oldhamensis
Oz. clavula
Oz. gulletensis
Oz. polinclinata
Oz. hassi
Oz. strena
Oz. pirata
Oz. sesquipedalis
Oz. sp. s.f.

Oz. aldridgei
Oz. oldhamensis
Oz. clavula
Oz. gulletensis
Oz. polinclinata
Oz. hassi
Oz. strena
Oz. pirata
Oz. sp. s.f.
Oz. sesquipedalis

Oz. aldridgei
Oz. oldhamensis
Oz. clavula
Oz. gulletensis
Oz. polinclinata
Oz. hassi
Oz. strena
Oz. pirata
Oz. sesquipedalis
Oz. sp. s.f.

Oz. aldridgei
Oz. oldhamensis
Oz. clavula
Oz. gulletensis
Oz. polinclinata
Oz. hassi
Oz. strena
Oz. pirata
Oz. sesquipedalis
Oz. sp. s.f.

Oz. aldridgei
Oz. oldhamensis
Oz. clavula
Oz. gulletensis
Oz. polinclinata
Oz. hassi
Oz. strena
Oz. pirata
Oz. sesquipedalis
Oz. sp. s.f.
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(14) Pb cusp 2: erect (0); posterior (1); lateral
(2); proclined (3).

(15) S denticulation: discrete (0); partly discrete
(1).

(16) S denticles flanking cusp: shorter than
other (0); equal to others (1).

(17) S cusp cross-section: lanceolate (0); convex
(1); compressed with sharp edges (2);
subround with edges (3).

(18) S basal cavity: with flare on one side (0);
without flare (1); recessive basal margin (2).

(19) M basal shape: makellate (0); dolabrate
with erect cusp (1); breviform digyrate (2);
dolabrate with posterior cusp (3).

(20) M denticulation: discrete (0); partly dis-
crete (1).

(21) M basal cavity: with flare on one side (0);
without flare (1); open along process (2);
with recessive basal margin (3).

(22) Sa lateral processes: curved down laterally
(0); straight down laterally (1).

(23) Sa posterior process: present (0); absent
(1).

(24) Sb basal shape: slightly asymmetrical (0);
breviform digyrate (1).

(25) Sc anterior process: bent down and inward
(0); bent down (1); no anterior process (2).

In analysis I, three most parsimonious clado-
grams, with a consistency index (CI) of 0.767
and a retention index (RI) of 0.460, were
obtained with a length of 60 steps. A posteriori
reweighting had an effect on neither the number
of cladograms nor the tree topology (Fig. 4a-c).
Figure 4c is chosen to trace characters (Fig. 5)
and construct the evolutionary tree based on
biostratigraphic distribution of the species (Fig.
6). Both 50% majority rule and strict consensus
trees are calculated, which sums up the parts in
all the rival cladograms that are in agreement
(Figs 4d-e).

Two groups can be recognized (Fig. 5). Group
I is composed of Ozarkodina hassi, Oz. strena
and Oz. pirata, and group II consists of Oz.
oldhamensis, Oz. aldridgei, Oz. gulletensis, Oz.
clavula and Oz. polindinata. When the charac-
ters are traced, several character states are
recognized as synapomorphies. Two character
states related to the Pa element are the
synapomorphies of group II: carminate basal
shape (0 of 1) (it will be abbreviated as 0 of 1 in
the later similar discussion) and cusp absent (1

Fig. 4. (a-c) Three equally most parsimonious trees
for species of Ozarkodina in analysis I; (d & e)
consensus tree of three equally most parsimonious
trees (d, 50% majority rule; e, strict consensus). Bold
italics indicate out-group taxa.

Fig. 5. Data box and one possible maximally parsi-
monious reconstruction from one of the most parsi-
monious trees (Fig. 4c: branches are rotated) for
species of Ozarkodina in analysis I. Dashed boxes and
dashed box with shading indicate synapomorphies for
group II and group I, respectively.
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Fig. 6. Reconstruction of evolutionary tree for species of Ozarkodina, based on Figure 5.

of 2). In addition, angulate basal shape (1 of 1) is
the synapomorphies of group I (Fig. 5). These
synapomorphic characters support group II as
being monophyletic, and questionably also
group I. Thus, the species of Ozarkodina evolved
through the two different lineages during the
Llandovery on Anticosti Island.

Analysis II for prioniodinid species (of
Oulodus and Rexroadus)

The second data matrix (Fig. 8) includes seven
species as in-group taxa: five species of Oulodus-
Ou. panuarensis Bischoff, Ou. sigmoideus Zhang
& Barnes, Ou.jeannae Schonlaub, Ou.! expansus
(Armstrong), and Ou.! cf. Ou.! fluegeli (Walli-
ser), and two species of Rexroadus-R. kentuck-
yensis (Branson & Branson) and R. nathani
(McCracken & Barnes), all the apparatus
reconstructions are based on Zhang & Barnes
(2002<f), except for Ou.! cf. Ou.! fluegeli that is
after Uyeno & Barnes (1983).

Twenty multistate characters of the apparatus
were used in the Oulodus and Rexroadus analysis
(Fig. 8):

(1) Robustness of the apparatus: relatively
slender (0); relatively robust (1).

(2) Size of the basal cavity of all elements:
large with flare (0); small with flare (1);
small without flare (2).

(3) Basal shape of Pa element 1: blade-like (0);
ramiform (1).

(4) Basal shape of Pa element 2: one process
longer than the other (0); two processes
equal (1).

(5) Processes' orientation of Pa element:
anteriorly-posteriorly (0); laterally (1).

(6) Angle between two processes of Pa ele-
ment: nearly 90° (0); 90-180° (1); nearly
180° (2); twisted (3).

(7) Cusp of Pa element: prominent (0); not
prominent (1).

(8) Denticulation of Pa element: fused on
anterior process (0); discrete on both
processes (1).

(9) Posterior protuberance of Pa element:
present (0); absent (1).

(10) Pb element: angulate-like with twisted
posterior process (0); extensiform digyrate
(1); breviform digyrate (2).

(11) M element: dolobrate (0); makellate (1);
dolobrate-makellate (2); breviform digy-
rate (3); makellate-breviform digyrate (4).

(12) Processes' orientation of M element: ante-
rior-posterior (0); lateral (1); between 0
and 1 (2).
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(13) Short process of M element: bent poster-
iorly (0); bent anteriorly (1); absent (2).

(14) Sa element: alate with cusp curved 90°
posteriorly (0); alate with cusp curved
posteriorly (1); alate with cusp almost
erect (2).

(15) Angle between two processes of Sa ele-
ment: about 90° (0); > 90° (1); < 90° (2).

(16) Sb element: breviform digyrate with cusp
curved 90° posteriorly (0); breviform digy-
rate with cusp curved posteriorly (1); brevi-
form digyrate with cusp almost erect (2).

(17) Aboral surface of S elements: inverted (0);
non-inverted (1).

(18) Posterior protuberance of Sa and Sb
elements: present (0); absent (1).

(19) Sc element: bipennate with anterior pro-
cess curved posteriorly (0); bipennate with
anterior process bent downward (1);
bipennate with anterior process both
curved posteriorly and bent downward (2).

(20) Interspaces of denticles: U shaped (0); V
shaped (1).

Choosing the out-group taxa for this analysis
is problematic, for example:

(1) When Aphelognathus aff. A. grandis Bran-
son, Mehl & Branson (McCracken &
Barnes 1981) and A. sp. nov. A Nowlan &
Barnes (Nowlan & Barnes 1981), whose Pa
element is similar to that of Rexroadus,
were chosen as out-group taxa, one tree was
produced, with a consistency index (CI) of
0.717 and a retention index (RI) of 0.629,
and its tree-length is 46. In this case
Aphelognathus sp. nov. A falls within the
in-group (Fig. 7a).

(2) When Oulodus ulrichi (Stone & Furnish)
and Ou. rohneri Ethington & Furnish
(McCracken & Barnes 1981; Nowlan &
Barnes 1981), whose Pa and apparatus are
similar to Ou. jeannae, Ou.l expansus and
Ou.l cf. Ou.l fluegeli, were assigned as out-
group taxa, three equally most parsimo-
nious cladograms were obtained, with a CI
of 0.744 and a RI of 0.496, and the tree-
length is 43. A posteriori reweighting results
in only one tree from the three. In this case
Oulodus rohneri falls within the in-group
(Fig. 7b).

Fig. 7. The most parsimonious trees for prioniodinid
species in analysis II. a, b, c, d and e, and f are from
five different analyses, in which different species are
chosen as out-group taxa. Out-group taxa are indi-
cated by bold italics.

R. kentuckyensis
Ou. sigmoideus
R. nathani
Ou. panuarensis
Ou.? expansus
Ou.? cf. Ou.? fluegeli
Ou. jeannea
A. n. sp. A
A. aff. A. grandis

R. kentuckyensis
R. nathani
Ou. sigmoideus
Ou.? expansus
Ou.? cf. Ou.? fluegeli
Ou. jeannea
Ou. rohneri
Ou. panuarensis
Ou. ulrichi

A. aff. A. grandis
R. kentuckyensis
Ou. sigmoideus
R. nathani
Ou. panuarensis
Ou. ulrichi
Ou.? expansus
Ou.? cf. Ou.? fluegeli
Ou. jeannea

R. kentuckyensis
R. nathani
Ou. sigmoideus
Ou. panuarensis
Ou.? expansus
Ou. jeannea
Ou.? cf. Ou.? fluegeli
Ou. ulrichi

R. kentuckyensis
R. nathani
Ou. sigmoideus
Ou. panuarensis
Ou.? expansus
Ou.? cf. Ou.? fluegeli
Ou. jeannea
Ou. ulrichi

R. kentuckyensis
Ou. sigmoideus
R. nathani
Ou. panuarensis
Ou.? expansus
Ou.? cf. Ou.? fluegeli
Ou. jeannea
A. aff. A grandis
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Fig. 8. Data box and one possible parsimonious
reconstruction from one of the five analyses for
prioniodinid species (based on Fig. 7f), in which
Aphelognathus aff. A. grandis is chosen as an out-group
taxon.

(3) When Aphelognathus aff. A. grandis and
Oulodus ulrichi are selected as the out-group
taxa, only one tree is gained, with a CI of
0.705 and an RI of 0.629, and its tree-length
is 44. In this case, Ou. ulrichi falls within the
in-group (Fig. 7c).

(4) When only one species - Oulodus ulrichi -
was appointed as the out-group taxon,
there were two equally most parsimonious
cladograms, with a CI of 0.775 and an RI of
0.517, and the tree-length is 40. A posteriori
reweighting affects neither the number nor
the topology of trees. In this case, the
topology of the cladogram shows that the
species of the in-group are arranged in a
reversed biostratigraphic order (Figs 7d &
e).

(5) When only one species - Aphelognathus aff.
A. grandis was used as the out-group taxon,
one tree was obtained, with a CI of 0.750
and an RI of 0.482, and its tree-length is 40.
In this case, the species are arranged on two
branches of the in-group in a normal
stratigraphic order (Fig. 7f).

In the former three cases, the most parsimo-
nious solutions show that one of the out-group
taxa falls within the in-group, and the initial
assumption - the in-group is monophyletic, was
wrong (Fig. 7a-c). Practically, Aphelognathus
aff. A. grandis is employed as the out-group
taxon, although it is better to have more than
one out-group taxon. The out-group rooting
gives support to the observation made by
McCracken & Barnes (1981) that the presence
of a blade-like Pa element in Ou.! nathani and
Ou.! kentuckyensis argues against their deriva-
tion from Ordovician species of Oulodus, and
their transference to the new genus Rexroadus
(Zhang & Barnes 2002^). MacClade allows
character tracing on its tree window, and the
construction of an evolutionary tree could be
made based on one of the most parsimonious
trees and biostratigraphic distribution of the
species (Fig. 9). However, present knowledge on
the Oulodus and Rexroadus species involved in
this analysis shows that the two genera may not
share the common ancestor; in particular, the
shape and orientation of the Pa element of the
two genera may indicate that they are homo-
plastic. Additionally, some species probably
originated outside of the Anticosti Basin (see
later discussion).

Analysis HI for species of Pterospathodus

The third data matrix (Fig. 11) includes eight
species of Pterospathodus as in-group: P.!
originalis Zhang & Barnes, P. cf. P. celloni
(Walliser), P. celloni (Walliser), P. pennatus
pennatus (Walliser), P. pennatus procerus
(Walliser), P. siluricus (Pollock, Rexroad &
Nicoll), P. posteritenuis Uyeno and P. amor-
phognathoides Walliser. Although their appara-
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Fig. 9. Reconstruction of evolutionary tree for prioniodinid species (of Oulodus and Rexroadus), based on
Figure 8.

tuses have been reconstructed by different
authors, it is difficult to identify the homology,
especially after Carniodus Walliser was consid-
ered as part of Pterospathodus and the latter as
an apparatus with 14 elements (Mannik 1998).
Among the eight species that occur on Antic-
osti, the apparatus of P. celloni, P. pennatus
pennatus, P. pennatus procerus, and P. amor-
phognathoides were reconstructed by Mannik
(1998) in his new concept. Among the Antic-
osti collections, C. carnulus indeed occurs with
P. amorphognathoides, P. celloni and P. penna-
tus procerus in the same samples from younger
strata - the Chicotte Formation (Uyeno &
Barnes 1983), but there is not enough material
to prove this for other species from the older
strata - the Becscie, Gun River and Jupiter
formations. If Mannik's (1998) reconstructions
were employed in this analysis, there would be
too many unknown characters. Hence, the
most simplistic solution is to include only the
diagnostic Pa element of the eight species in
this analysis.

The choice of out-groups for this analysis
could lie within the Family Pterospathodontidae
that includes Apsidognathus, Astropentagnathus,
Aulacognathus, Johnognathus and Pterospatho-
dus. However, none of these has been found in
the early Llandovery, except for Pterospathodus

(Zhang & Barnes 2002a). Sweet (1988, p. 99)
hypothesized that the simple or bifurcate lateral
process on one or both sides of Pa element in the
apparatus of Pterospathodus appears to have
developed from Ozarkodina-like carminate ele-
ments through gradual lateral expansion of one
or both sides at mid-length. Following this
hypothesis, the two Ozarkodina species, Oz.
hassi and Oz. oldhamensis, are included in the
out-group.

Fourteen multistate characters of the Pa
element of both in-group and out-group taxa
are selected (Fig. 11).

(1) Shape of the Pa element: angulate (0);
carminiscaphate (1); carminate (2); pasti-
niscaphate (3).

(2) Denticle shape: short and fused (0); long
and fused with discrete tips (1); discrete
(2).

(3) Denticle size on two processes: equal (0);
those on anterior process larger than those
on posterior process (1); those on anterior
process smaller than those on posterior
process (2).

(4) Denticle size on one process: equal (0);
those on distal end larger than those in the
middle (1); those on distal end smaller
than those in the middle (2).
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P. amorphognathoides
P. posteritenuis
P. pennatus procerus
P. pennatus pennatus
P. cf. P. celloni
P. celloni
P. siluricus
P. ? originalis
O. hassi
O. oldhamensis

P. amorphognathoides
P. posteritenuis
P. pennatus procerus
P. pennatus pennatus
P. cf. R celloni
P. celloni
P. siluricus
P. ? originalis
O. hassi
O. oldhamensis

P. amorphognathoides
P. posteritenuis
P. pennatus procerus
P. pennatus pennatus
P. cf. R celloni
P. celloni
P. siluricus
P. ? originalis
O. hassi
O. oldhamensis

P. amorphognathoides
P. posteritenuis
P. pennatus procerus
P. pennatus pennatus
P. celloni
P. siluricus
P. cf. P celloni
P. ? originalis
O. hassi
O. oldhamensis

P amorphognathoides
P. posteritenuis
P. pennatus procerus
P. pennatus pennatus
P. celloni
P siluricus
P. cf. P celloni
P. ? originalis
O. hassi
O. oldhamensis

Fig. 10. (a-c) Three equally most parsimonious trees
for species of Pterospathodus in analysis III; (d-e)
consensus tree of the three equally most parsimonious
trees (d, 50% majority rule; e, strict consensus). Bold
italics indicate out-group taxa.

(5) Lateral process: present (0); absent (1).
(6) Character 1 of lateral expansion: on two

sides (0); on outer side (1); no expansion
(2).

(7) Character 2 of lateral expansion: denticu-
late expansion (0); adenticulate (1); no
expansion (2).

(8) Character 3 of lateral expansion: one
process forming an angle less than 90°
with posterior process (0); with bifurcated
process (1); no process (2); one process
forming an angle of about 90° with
posterior process (3).

(9) Bifurcating process: posterior longer than
anterior (0); anterior longer than posterior
(1); bifurcating process absent (2).

(10) Under surface of lateral process: expanded
(0); non-expanded (1); lateral process
absent (2).

(11) Cusp: prominent (0); not prominent (1).
(12) Length of main processes: equal (0);

anterior process longer than posterior
(1); posterior process longer than anterior
(2).

(13) Under surface of main processes:
expanded posteriorly (0); expanded middle
(1); expanded two processes (2); non-
expanded (3).

(14) Platform ledge: present (0); absent (1).

In analysis III, 15 equally most parsimonious
cladograms, with a consistency index (CI) of
0.737 and a retention index (RI) of 0.714, were
obtained, whose shortest tree-length is 38.
Again, for choosing the best one of the 15 rival
trees, a posteriori reweighting was performed,
which reduced the number of the trees to three
(Figs lOa-c). One of the three (Fig. lOc) is
chosen to trace characters (Fig. 11) and to
reconstruct the evolutionary tree (Fig. 12),
whose topology shows most of Pterospathodus
species being arranged in the order of their
biostratigraphic occurrence on Anticosti Island,
with the exception of P. posteritenuis. A 50%
majority rule and strict consensus trees are
calculated, which summarize the parts in all
the rival cladograms that are in agreement (Figs
lOd-e).

Two groups can be recognized (Figs 11 & 12).
Group I is composed of Pterospathodusl origi-
nalis, P. siluricus and P. celloni; and group II
consists of P. cf. P. celloni, P. pennatus pennatus,
P. pennatus procerus, P. posteritenuis and P.
amorphognathoides (Fig. 11). Figure lla shows
that only character 7 provides synapomorphic
evidence for group I, which is no lateral
expansion/process related to the Pa element of
the species (1 of 7). Within group II (Fig. lla),
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Fig. 11. Data box and one possible maximally parsimonious reconstruction from one most parsimonious tree
(Fig. lOc) for species of Pterospathodus in analysis III. Dashed boxes and dashed box with shade in (a) indicate
synapomorphies for group II and group I, respectively; dashed boxes and dashed boxes with shading in (b)
indicate the derived and inherited characters of Pterospathodus cf. P. celloni, respectively. Bold italics indicate
out-group taxa.

each species is at least supported by a derived
character, i.e. P. cf. P. celloni by lateral process
present (0 of 5) and denticulate lateral expansion
(0 of 7), P. pennatus pennatus by pastiniscaphate
shape (3 of 1), P. pennatus procerus by expanded
underside (0 of 10) and P. posteritenuis by
bifurcated lateral process (1 of 8) and underside
of main processes expanded (2 of 13). In this
case, four monophyletic groups and six addi-
tional paraphyletic groups can be recognized
within group II by the different combinations of
the stems. Herein the two character states
derived at P. cf. P. celloni, i.e. lateral process
present (0 of 5) and denticulate lateral expansion
(0 of 7) are recognized as the synapomorphies of

group II, and the five taxa within group II as a
monophyletic group.

This supports the idea that the species of
Pterospathodus, or at least their Pa elements,
evolved through the two different lineages
during the Llandovery on Anticosti Island.
However, the earliest representative of group II
- P. cf. P. celloni, appeared much later than that
of group: I - P.I originalis. Pterospathodus cf. P.
celloni is an important species in linking the two
groups: it is the last species retaining six
characters of P.I originalis of the group I, and
the first species deriving three new characters for
group II (Fig. lib).
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Fig. 12. Reconstruction of an evolutionary tree for species of Pterospathodus, based on Figure 11.

Conodont evolutionary cycles in the
Llandovery

Cycle I: latest Ashgillian-earliest
Rhuddanian

The marked conodont faunal turnover in the
latest Ordovician has long been recognized, both
on Anticosti Island (McCracken & Barnes 1981;
Barnes 1988), and on a global scale (Barnes &
Bergstrom 1988; Sweet, 1988; Armstrong 1995;
Barnes et al, 1996). On Anticosti, there is a 1.5m
transitional interval in the uppermost Ellis Bay
Formation that has a mixed fauna. In the
overlying Becscie Formation, the Silurian con-
odont fauna comprises 17 species, 12 of which
are unknown from older strata (Fig. 3). The
absence of zonally diagnostic graptolites makes
the precise time interval of the conodont faunal
turnover uncertain. Armstrong (1995) argued
that the conodont faunal turnover on Anticosti
Island is of latest Ordovician age. In the
Canadian Arctic, where zonal conodonts and
graptolites co-occur in the Cape Phillips For-
mation, conodont turnover is in the latest
Ordovician mid Glyptograptus persculptus Zone
(Melchin et al 1991; Jowett & Barnes 1999,
2000), slightly below the denned base of the
Silurian which is the base of the overlying
Parakidograptus acuminatus Zone.

This transitional turnover fauna (Cycle I) on
Anticosti (Fig. 13) is a mixture of generalized
species, represented by:

(1) long-ranging coniform taxa traced back to
the Ordovician, such as Panderodus and
Walliserodus;

(2) newly evolved prioniodontids, i.e. Distomo-
dus and some Icriodella species;

(3) newly evolved ozarkodinids, such as all the
Ozarkodina species; and

(4) newly evolved prioniodinids, i.e. the two
species of Rexroadus.

Among this turnover fauna, the most abun-
dant new species are Ozarkodina has si, Oz.
oldhamensis, Rexroadus kentuckyensis and R.
nathani. The second most abundant species
group comprises Icriodella deflecta Aldridge, /.
discreta Pollock, Rexroad & Nicoll, and /.
dicrana Zhang & Barnes. The lower and upper
boundaries of Cycle I are denned by the first
appearance of newly evolved ozarkodinids and
last appearance of I. dicrana respectively (Fig.
13). Cycle I spans about 15m of the lower
Becscie Formation.

What was the origin of these new taxa? Was
the faunal turnover a result of immigration or in
situ speciation? Based on Smith (1994, p. 175),
the appearance of a taxon that does not seem to
be closely related to any earlier ones found
within that region potentially represents an
immigration event. For Anticosti Island, are
the newcomers endemic or cosmopolitan spe-
cies? To ascertain the endemic species, phyloge-
netic analyses are required to give support to the
local branching history of the taxa; for the



Fig. 13. Five cycles of conodont bio-events through the Llandovery (Early Silurian) sequence, Anticosti Island. The curve and shaded rectangular areas between the two
scale bars represent the number of species and the sum of speciation and extinction, respectively; G., Gamachian; E.B., Ellis Bay Formation; M., Merrimack Formation.
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cosmopolitan species, precise correlation is
required to assess the relative timing of their
appearance throughout their palaeogeographical
range in addition to phylogenetic analysis. To
determine the nature of the Ordovician-Silurian
conodont turnover several different stocks are
examined.

Speciation in the prioniodinid stock. The
prioniodinid species in Cycle I on Anticosti
Island comprise the only two species of
Rexroadus already noted. All the Ordovician
Oulodus species disappeared suddenly below the
Ordovician-Silurian boundary; the new earliest
Silurian prioniodinid species such as Rexroadus
nathani and R. kentuckyensis have atypical
characteristics for Oulodus (Zhang & Barnes
2002a), as indicated in the earlier cladistic
analysis II.

Rexroadus nathani and R. kentuckyensis do
not have a wide geographical distribution. They
occur on Anticosti Island (McCracken & Barnes
1981) and Gaspe Peninsula (Nowlan 1981, 1983)
of eastern Canada, and Arctic Canada (Jowett &
Barnes 1999, 2000). A few questionable speci-
mens of the two species have also been recovered
from the western USA (Leatham 1985) and the
Oslo region, Norway (Aldridge & Mohamed
1982; Idris 1984). In reconstructing the appara-
tus of R. kentuckyensis, components of Oulodus
sp. A and Ou. sp. B described by Cooper (1975)
from the Brassfield Limestone, Ohio, were
considered to be synonymous with R. kentuck-
yensis (McCracken & Barnes 1981). Zhang &
Barnes (2002a) regarded the latter and part of
the former to belong to Ou. sigmoideus, and the
P elements to belong to Ou. panuarensis. In both
the Oslo region and the western USA, specimens
assigned to R. nathani are questioned, and their
first appearances are later than that of Distomo-
dus kentuckyensis. The lowest occurrence of D.
kentuckyensis on Anticosti Island is 49 m above
that of R. nathani and R. kentuckyensis. If the
first appearance of D. kentuckyensis is coeval,
then the first appearance of R. nathani and R.
kentuckyensis on Anticosti Island should be
earlier than anywhere else that they have been
found. Thus, the first appearance of R. nathani
and R. kentuckyensis may represent an in situ
speciation event in the Anticosti Basin. If true,
then their possible ancestor should occur in the
Anticosti Basin, and probably does not lie
among the Oulodus species (see discussion of
Analysis II).

Speciation in the ozarkodinid stock. The
ozarkodinid genera that appear in the earliest
Silurian on Anticosti Island include the

spathognathodontid Ozarkodina and
kockelellid KockelelM. The former is far more
abundant than the latter. Unlike Rexroadus
nathani and R. kentuckyensis, Ozarkodina hassi
and Oz. oldhamensis are relatively cosmopolitan,
having widespread occurrence in many
palaeotropical regions, and in a few higher-
latitude locations. Based on known occurrence,
the possible ancestor of Oz. hassi and Oz.
oldhamensis could be limited to Anticosti
Island and the Mackenzie Mountains, and the
taxa could be Ozarkodina sp. s.f. and Oz.
sesquipedalis^ respectively, as discussed earlier
in choosing the ideal candidates of out-group
taxa that could be the possible ancestor for the
in-group taxa in analysis I.

The Mackenzie Mountains section represents
a basin-margin facies, whereas the Anticosti
section represents a shallow-water subtidal
facies, both located within Laurentia. Thus, the
possible ancestor of Silurian spathognathodon-
tids probably evolved within Laurentia.
Although only two specimens of Ozarkodina
sp. s.f. (Pa element) were recovered from the
Upper Ordovician on Anticosti Island, and none
of the other elements assigned to it have been
reported from there, it is an Ordovician Ozar-
kodina representative on Anticosti. The first
appearance of spathognathodontid species on
Anticosti is an example of in situ speciation.

The first occurrences of Ozarkodina hassi and
Oz. oldhamensis are at almost the same strati-
graphic level. Morphologically, the former is
more likely to be the direct descendant of
Ozarkodina sp. s.f. or Oz. sesquipedalis than
the latter. Cladistically, the former inherited far
more characters from Ozarkodina sp. s.f. or Oz.
sesquipedalis than did the latter (Fig. 5). How-
ever, the relationship between Oz. oldhamensis
and Oz. hassi remains uncertain.

Kockelella! manitoulinensis (Pollock, Rexroad
& Nicoll) is neither a typical spathognathodon-
tid nor a typical kockelellid species. Its most
likely ancestor is Ozarkodina pseudofissilis (Lind-
strom), which has a much wider distribution
than any spathognathodontid species in the Late
Ordovician. The Pa element of Oz. pseudofissilis
has a shorter posterior process, flexed laterally,
forming an angle of about 145° with the anterior
process, which is similar to the Silurian Kock-
elelldl manitoulinensis. Ozarkodina pseudofissilis
has been reported from the Upper Ordovician of
the UK (Lindstrom 1959; Orchard 1980) and the
Ashgillian Matapedia Group of Gaspe Penin-
sula, Quebec (Nowlan 1981) to the south of
Anticosti Island. Hence, it is likely that in situ
speciation of Kockelellal manitoulinensis hap-
pened in the Anticosti Basin.
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Speciation in the prioniodontid stock. The only
prioniodontid genus present within Cycle I is
Icriodella. It has a long stratigraphic range, from
Middle Ordovician to Lower Silurian. Both
Ordovician species (such as /. superba Rhodes)
and Silurian species (such as /. deflecta and 7.
discretd) are widespread in North America and
Europe. Within Cycle I (Fig. 13), I. dicrana is the
only species that has so for only been found on
Anticosti Island. This species is different from
others in having blade-bearing denticles with
laterally bifurcated tips.

Icriodella superba has been recovered from
Ashgillian strata in Britain (Rhodes 1953;
Lindstrom 1959; Orchard 1980), and in late
Middle and Upper Ordovician strata in North
America (e.g. Schopf 1966; Webers 1966; Sweet
et al 1971; Uyeno 1974). Nowlan (1981)
reported the species from the Ashgillian Mata-
pedia Group of the Gaspe Peninsula, Quebec.
Consequently, as with Kockelellal manitoulinen-
sis, the earliest Silurian species of Icriodella
probably originated from an in situ speciation
event in the Anticosti Basin.

By examining the different stocks that
appeared in the earliest Silurian, and deducing
their possible ancestors, the conodont faunal
turnover associated with the latest Ordovician
mass extinction was probably followed by
several in situ speciations, which mainly hap-
pened among the three genera: Ozarkodina,
Rexroadus and Icriodella in the Anticosti Basin.
The speciation in Cycle I is significant, with the
sum of speciation and extinction being 14
(speciation defined as '+' and extinction as '-'),
which is far larger than for any later cycles
(Fig. 13).

Cycle II: early Rhuddanian

Cycle II, in the early Rhuddanian (Fig. 13), is
characterized by the successive appearance of
several new species, with branching events in
different lineages, such as Oulodus sigmoideus,
Ozarkodina strena, Pterospathodusl originalis,
together with Distomodus kentuckyensis reported
earlier from the lower Llandovery, and also
Ozarkodina pirata, Panderodus recurvatus
(Rhodes) and Oulodus panuarensis reported
earlier from the upper Llandovery.

Cycle II is unlike Cycle I, in which all new
species appear within a short interval near the
Ordovician-Silurian boundary, but rather it is a
longer interval with new species being intro-
duced progressively. Cycle II starts with the
lowest occurrence of Oulodus sigmoideus (about
15m above the base of the Becscie Formation)
and ends with the restricted occurrence of

Pterospathodusl originalis (54m above the base
of the Becscie Formation).

Speciation in the ozarkodinid stock. Within Cycle
II (Fig. 13), Ozarkodina pirata, Oz. strena and
Pterospathodusl originalis belong to the
ozarkodinid stock. Ozarkodina pirata has a
moderately wide distribution geographically
and stratigraphically. It has been reported
from the upper Llandovery Jupiter Formation,
Anticosti Island (Uyeno & Barnes 1983) and the
middle to upper Llandovery rocks of North
Greenland (Armstrong 1990). The form species
Ozarkodina sp. nov. A (Pa), Ozarkodina cf. Oz.
media Walliser (Pb), Neoprioniodus planus
Walliser (M), Trichonodella symmetrica
(Branson & Mehl) (Sa), Plectospathodus
flexuosus Branson & Mehl (Sb) described by
Pollock et al. (1970) from Michigan, have all
been considered to be conspecific with Oz. pirata
by Zhang & Barnes (2002a), but it is difficult to
determine its exact stratigraphic level from these
records. If the Michigan occurrence is neglected,
then its lowest occurrence is in the lower Becscie
Formation on Anticosti Island and probably
represents the origination of the species.

Except for Ozarkodina cf. Ostrena reported
from the northern Rocky Mountains, British
Columbia (Pyle & Barnes 2003), Ozarkodina
strena has not been reported outside Anticosti
Island; it may have its first appearance on
Anticosti Island representing an in situ specia-
tion event.

Both Ozarkodina pirata and Oz. strena occur
on the same branch with Oz. has si on the
cladogram (Figs 4, 5 & 6). Figure 5 shows that
Oz. pirata is characterized by the following
autapomorphies: dolabrate M element with erect
cusp (1 of 19), basal cavity of M element without
flare (1 of 21), Sa element with posterior process
(0 of 23), and Sc element with anterior process
bent down (1 of 25); further, Oz. strena is
characterized by following auapomorphies: Pa
element's anterior process is more robust than
posterior one (1 of 6); Pa element's round
denticulation (1 of 7), Pb element's basal cavity
with small flare on one side (0 of 12) and Sb
element slightly asymmetrical (0 of 24). The
hypothesis that Oz. hassi could be the common
ancestor of Oz. pirata and Oz. strena is well
supported by the synapomorphies as discussed
earlier in analysis I (Fig. 5). So early Rhudda-
nian speciation events within the ozarkodinid
stock probably happened mainly among those
species having a Pa element that is angulate with
a prominent cusp and basal cavity beneath the
cusp.
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Pterospathodusl originalis is the earliest repre-
sentative of the pterospathodontids, and its Pa
element is basically angulate with a strong offset
lateral lobe of the base on the outer side and a
prominent cusp. Although not a typical pter-
ospathodontid, it probably represents the ances-
tral species of Pterospathodus, and gradually
evolved into the more typical species by adding
the offset lateral lobe on the inner side and
reducing its cusp (Zhang & Barnes 2002a). This
earliest representative of Pterospathodus may
have evolved from a species of Ozarkodina, as
discussed earlier in analysis III.

Speciation in the prioniodinid stock. Oulodus
sigmoideus and Ou. panuarensis are the two
species belonging to the prioniodinid stock
within Cycle II. Cladistically, these two species
evolved from the different clade, the Ou.
sigmoideus is supported by a derived character,
the inverted aboral surface of the S element (0 of
17), and the Ou. panuarensis by a large basal
cavity with flare (0 of 2), makellate M element (1
of 11), bipennate Sc element with anterior
process bent downward (1 of 19) (Fig. 8).
Oulodus sigmoideus was recently described
from Anticosti Island by Zhang & Barnes
(20020) who placed several informal names in
synonymy. It is found in the Jupiter Formation,
Anticosti Island (= Oulodus sp. Uyeno in Uyeno
& Barnes 1983), the Welsh Borderland
(= Lonchodina sp. A (Pa) and Lonchodina
walliseri Ziegler (Pb), Aldridge 1972), and the
Brassfield Formation, Ohio (= Lonchodinat sp.
Rexroad (Pa) and Lonchodina walliseri (Pb),
Rexroad 1967).

The Jupiter Formation contains the highest
occurrence of Oulodus sigmoideus. In the Welsh
Borderland, it ranges from Fronian through
Telychian. It is difficult to correlate the lowest
occurrence of this species between Anticosti
Island and Ohio (Rexroad 1967), where it occurs
throughout the Brassfield Formation that is
within the Distomodus kentuckyensis Zone.
There is a significant gap between the Silurian
Brassfield Formation and the underlying Ordo-
vician Belfast Member in Ohio. Rexroad (1967)
considered the Brassfield conodont fauna to be
equivalent to zone A3. However, the Becscie
Formation spans A]-A4. The lowest occurrence
of Ou. sigmoideus is at about 29m above the
base of the Becscie Formation, and lower than
the lowest occurrence of D. kentuckyensis -
making it the lowest known occurrence.

Oulodus panuarensis was first described from
the Lower Silurian in New South Wales,
Australia (Bischoff 1986). Oulodus sp. B from

the Brassfield Formation of southern Ohio
(Cooper 1975), Ou. sp. A from Jupiter Forma-
tion, Anticosti (Uyeno in Uyeno & Barnes 1983),
and Ou. spp. indet. group 8 (Armstrong 1990)
from northern Greenland, and part of the
apparatus Ou. angullongensis from New South
Wales (Bischoff 1986), were considered synon-
ymous with Ou. panuarensis (Zhang & Barnes
20020). Form species described as Neoprioniodus
planus Walliser (M) by Rexroad (1967) from the
Brassfield Formation, Ohio, and as Neoprionio-
dus cf. N. excavatus (Branson & Mehl) (M) and
Ligonodina sp. nov. (Sc) by Pollock et al. (1970)
from the Lower Silurian of Michigan and
Ontario were also included in Ou. panuarensis
(Zhang & Barnes 20020).

In New South Wales, the first appearance of
Oulodus panuarensis (= Ou. angullongensis Bis-
choff) occurs with that of Distomodus combinatus
Bischoff and D. tridens Bischoff, and was
correlated with the upper graptolite Cystograptus
vesiculosus Zone - about A3 time (Bischoff 1986).
The exact stratigraphic level oWulodus sp. B from
the Brassfield Formation, Ohio, is unknown
(Cooper 1975), but all Oulodus species at the
West Union section occur later than Distomodus
kentuckyensis. Oulodus spp. indet. group 8 (Arm-
strong 1990) from the Aleqatsia Fjord Forma-
tion, Kap Jefferson, northern Greenland occurs
near the top of the formation, which lies close to
the Rhuddanian-Aeronian boundary (Arm-
strong 1990). The lowest occurrence of Ou.
panuarensis is lower than that of Distomodus
kentuckyensis on Anticosti Island (Fig. 3). Thus,
the first appearance of Ou. panuarensis on Antic-
osti Island is the earliest yet known.

Speciation in the prioniodontid stock. Distomodus
kentuckyensis is a biostratigraphically important
prioniodontid, widespread both in North
America and Europe, and a zone fossil in the
lower Llandovery. Its appearance is in the
Idwian and early Fronian (Aldridge 1972). In
North America, it occurs near the base of the
Brassfield Formation, Ohio (Cooper 1975), and
about 46m above the base of the Becscie
Formation, Anticosti Island, which might be
the lowest known. The origin of Distomodus
kentuckyensis probably lies among the Late
Ordovician balognathids such as
Gamachignathus (Sweet 1988). If true, then it is
likely that D. kentuckyensis originated in the
Anticosti Basin.

Thus, the faunal turnover exhibited by the
three above-mentioned stocks in Cycle II repre-
sents a highly significant evolutionary event, but
the sum of Speciation and extinction of the
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species decreased from 14 in Cycle I to 3 in Cycle
II (Fig. 13).

Cycle III: earliest to mid-late Aeronian

Cycle III (Fig. 13) lasted much longer than the
other cycles, starting in the earliest Aeronian
with the first appearance of Oulodusl expansus
and Ou. jeannae until the mid- to late Aeronian
with the last appearance of Ou. panuarensis and
the temporary disappearance of almost all
species. The recognition of Cycle III is based on:

(1) several short-lived species whose first and
last appearances were almost at the same
time;

(2) the extinction of many species that origi-
nated in the early Rhuddanian; and

(3) the emigration of almost all conodont
species at the end of the cycle.

Speciation in the ozarkodinid stock. Unlike
Cycles I and II in the Rhuddanian,
pterospathodontids played an important role in
the ozarkodinid stock within Cycle III. Four
species appeared in this cycle, mostly short-
ranging, with their lowest and highest
occurrences at almost the same level:
Pterospathodus cf. P. celloni, P. pennatus
pennatus, P. siluricus and P. posteritenuis (Figs
3, 12 & 13).

The biostratigraphic data (Figs 3 & 13),
cladistic analysis (Figs 10 & 11) and the
construction of a phylogenetic tree (Fig. 12) all
indicate that the middle Aeronian was an
important interval for Pterospathodus specia-
tion. Analysis III reveals that Pterospathodus
probably diversified through two lineages (Figs
10 & 11). Group I developed a carminiscaphate
element with lateral lobes at mid-length (1 of 1),
which is related to P. siluricus (Figs 11 & 12).
Group II may have developed a lateral process
(0 of 5) with a denticulate lateral expansion (0 of
7), which is related to P. cf. P. celloni', a
pastiniscaphate element (3 of 1) with a lateral
process forming an angle less than 90° with a
posterior process (0 of 8), which is related to P.
pennatus pennatus, a bifurcated lateral process (1
of 8); and the main processes having an
expanded undersurface (2 of 13), which is related
to P. posteritenuis (Figs 11 & 12). Although
some species, such as P. celloni, P. pennatus
procerus and P. amorphognathoides appeared in
the early Telychian, the origination of some of
their important characters can be traced back to
the middle Aeronian in the Anticosti Basin.

Another interesting Cycle III pterospathodon-
tid representative is Apsidognathusl sp.
Although represented by a single specimen,
probably a Pa element, it shows a broad,
shallow, and completely excavated lower sur-
face, and a row of broken denticles on the upper
surface that bifurcate near the anterior (?) end -
all basic characters of the genus (Zhang &
Barnes 2002a). All previously known species of
this genus occurred in or later than the
Pterospathodus celloni Zone. The importance of
this Anticosti discovery is that the character
origination of the genus can be traced back to
the middle Aeronian within the Anticosti Basin.

Ozarkodina clavula is the only spathognatho-
dontid newcomer: a record in Cycle III from the
Aeronian Gun River Formation (Zhang &
Barnes 2002a) represents its first known appear-
ance. A unique derived character, the Pa
element's denticles at two ends being more
robust than in the middle (2 of 6), supports the
Speciation of Oz. clavula (Figs 5 & 6). Thus,
Cycle III is an important period for the
Speciation of Pterospathodus and the lineage of
Ozarkodina lacking a prominent cusp.

Speciation in the prioniodontid stock. The
important prioniodontid newcomer in Cycle III
is Distomodus staurognathoides (Walliser), which
has a world-wide distribution. In Britain
(Aldridge 1972) and Oslo (Aldridge et al. 1993),
the lower boundary of the D. staurognathoides
Zone is assigned to the Fronian or mid-Aeronian
Monograptus sedgwickii Zone. The lowest
occurrence of D. staurognathoides is in the
middle of member 3, Gun River Formation,
about 50m above the base of the formation
(Zhang & Barnes 2002a). The associated
graptolite Atavograptus atavus (Riva & Petryk
1981) indicates that the first appearance of D.
staurognathoides is no later than the
Monograptus triangulatus Zone, which is early
Aeronian, and hence earlier than in Europe.

Two species of a recently described genus,
Anticostiodus fahraeusi Zhang & Barnes and A.
boltoni Zhang & Barnes, have an apparatus that
shows similarity with the Ordovician prionio-
dontids, although their position in the framework
of the conodont classification is unknown. These
species occur 13m above the lowest occurrence of
Distomodus staurognathoides (Zhang & Barnes
2000). The only earlier report of conodonts now
referred to A. fahraeusi was made by Rexroad
(1967) from the Brassfield Formation of the
Cincinnati Arch area, and a new discovery of A.
fahraeusi by Pyle & Barnes (2003) from the
Kenny Formation, NE British Columbia.



94 S. ZHANG & C. R. BARNES

Speciation in the prioniodinid stock. Both
Oulodus! expansus and Ou. jeannae were
recovered just above the Beeseie-Gun River
formational boundary, approximately at the
Rhuddanian-Aeronian boundary (Zhang &
Barnes 2002#). This is taken as the lower
boundary of Cycle III (Figs 3 & 13). Oulodus
jeannae was originally described from the
Pterospathodus celloni Zone, Austria (Sweet &
Schonlaub 1975). Its earlier appearance on
Anticosti Island suggests a Speciation event
more likely from Ou.! expansus, an immigrant
in the Anticosti Basin (see discussion below)
than from Ou. panuarensis, which is cladistically
supported by its sharing a synapomorphy with
Ou.! expansus (Pa element with a posterior
protuberance, 0 of 9), but none with Ou.
panuarensis (Figs 8 & 9).

Immigration. Oulodus! expansus first occurs
together with Ou. jeannae at the base of the
Gun River Formation, which represents the
earliest Oulodus species whose Pa element is
similar to those of the Upper Ordovician species.
The earliest-known occurrence of Oulodus!
expansus is in northern Greenland (Armstrong
1990), where it was established as the zonal fossil
for the upper shelf and slope facies of equivalent
age to the O.I nathani Zone (McCracken &
Barnes 1981) on Anticosti Island; the lower limit
of the zone is close to the Ordovician-Silurian
boundary. However, the Greenland section is
incomplete. Recently, Jowett & Barnes (2000)
found the M element of Ou.! expansus in the
Atavograptus atavus Zone and the whole
apparatus in the Coronograptus cyphus Zone
from upper shelf and slope facies of the Cape
Phillips Formation, Cornwallis Island, Arctic
Canada. Evidently, Ou.! expansus appeared
much later on Anticosti Island than in
Greenland and Arctic Canada, indicating an
immigration event.

Anticosti Island. Prior to the final disappearance
of some species, notably Kockelella!
manitoulinensis, R. kentuckyensis, Ou.
panuarensis, Oz. strena, and Oz. hassi, there
was a period of evolutionary stasis. In the lower
Gun River Formation, few samples contain
these species. Other species that first appeared,
but did not become extinct in Cycle III, such as
Oulodus sigmoideus, Ou.! expansus, Distomodus
staurognathoides and Ozarkodina clavula, also
experienced a period of stasis.

This was the first major extinction event after
the latest Ordovician extinction, but it lasted
longer and alternated with Speciation events.
Cycle III started with the immigration of
Oulodus! expansus at the beginning of the
Aeronian, which was followed by a period of
stasis with no speciation or extinction. The
extinction is recognized by the disappearance
of Rexroadus nathani, Ozarkodina strena, Oz.
hassi and Kockelella! manitoulinensis, accompa-
nied later by the speciation of Oz. clavula,
Distomodus staurognathoides, Anticostiodus bol-
toni and A. fahraeusi. It is also characterized by
the loss of Oulodus jeannae, Oz. oldhamensis,
Icriodella deflecta and R. kentuckyensis, which
was followed by a major speciation of Pter-
ospathodus near the Aeronian-Telychian bound-
ary. Cycle III terminates with an extinction
marked by the disappearance of Ou. panuarensis
in the early Telychian and the local disappear-
ance of all but one coniform species below the
barren interval (Fig. 13).

Aldridge et al. (1993) recognized the Sandvika
P—S event based on the Llandovery sequence in
the Oslo region, and commented that the
Sandvika event could be represented low in the
Jupiter Formation, Anticosti Island. If the
extinction event recognized in this study was
related to the Sandvika event, then it would be
much earlier, and have lasted longer than that in
the Oslo region.

Alternation of extinction and speciation.
Although speciation in Cycle III happened in
different stocks, the extinction rate in this cycle
prevailed over the speciation rate (Fig. 13), with
the sum of speciation and extinction within
Cycle III being minus four. Nine species became
extinct within Cycle III (Figs 3 & 13): Rexroadus
kentuckyensis, R. nathani, Oulodus panuarensis,
Ozarkodina hassi, Oz. oldhamensis, Oz. strena,
Icriodella deflecta and Kockelella!
manitoulinensis that originated in the early
Rhuddanian, and Ou. jeannae that originated
in the earliest Aeronian. The extinction event is
based on their absence from younger strata on

Emigration. Lazarus taxa (Flessa & Jablonski
1983) disappeared at mass extinction levels but
later reappeared. Smith (1994) expanded the
concept to refer to taxa that have a significant
gap in their fossil record. Here, this term is used
to indicate those species that disappeared in
member 3 of the Jupiter Formation and then
reappeared in member 4. Besides the extinction
of Oulodus panuarensis, the upper limit of Cycle
III is also marked by the sudden disappearance
of Lazarus taxa. These include all coniform
species that originated in the Ordovician and
Early Silurian, such as Panderodus unicostatus,
P. recurvatus, Walliserodus curvatus,
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Pseudooneotodus beckmanni (Bischoff &
Sannemann). Decoriconus fragilis (Branson &
Mehl), and ramiform-pectiniform species that
originated in the early Rhuddanian and early
Aeronian, such as Oulodus sigmoideus, Ou.l
expansus, Ozarkodina pirata, Oz. clavula,
Distomodus staurognathoides, and Pterospatho-
dus posteritenuis. Their disappearance marked
an emigration event that is associated with a
barren conodont interval in member 3 of the
Jupiter Formation, which comprises about 30 m
of green-grey shale, locally sandy (Uyeno &
Barnes 1983). This is the longest duration with
almost no conodonts through the entire
Anticosti sequence.

The member 3 shale is of limited geographical
extent, and is of uncertain depositional environ-
mental interpretation. It may represent a brief
period of deepening, with the elastics derived
from the Appalachian Orogen to the south; or
alternatively a local clastic influx from the
Canadian Shield to the north, since shallowing
is suggested by plant spores (Duffield 1985).
Copper & Long (1990) revised the Jupiter
Formation to combine members 1-3 as the
Goeland Member, with an overlying biohermal
unit as the East Point Member. They interpreted
the Goeland Member to represent relatively
deeper waters, with shallowing occurring in the
biohermal East Point Member. This issue is
discussed further by Zhang & Barnes (20026).

During member 3 time, almost all conodont
species migrated away from the Anticosti Basin
to escape the harsh environment that even such
species as Panderodus unicostatus, being the
most eurytopic of all Early Silurian conodont
species (Zhang & Barnes 20020, 20026, 2002c),
could not tolerate.

Cycle IV: latest Aeronian

Cycle IV is recognized in the late Aeronian. Its
lower boundary is marked by the reappearance
of all coniform species and the long-ranging
ramiform-pectiniform species: Ozarkodina pir-
ata. The upper boundary is characterized by the
extinction of several species, including Oulodus
sigmoideus, Oz. pirata and Pterospathodus pos-
teritenuis. The Cycle spans the upper Oz. clavula
and lower Oz. aldridgei zones (Zhang & Barnes
2002a).

Reappearance of the Lazarus species. The lowest
member 4 of the Jupiter Formation is dominantly
lime mudstone - a marked change from the
underlying shales of member 3. The base of
member 4 yields all the long-ranging coniform

species extending from the Ordovician and
earliest Silurian, including Panderodus
unicostatus, P. recurvatus, Walliserodus curvatus,
Pseudooneotodus beckmanni, and Decoriconus
fragilis, and the ramiform—pectiniform species
Ozarkodina pirata. Hence, these Lazarus
conodont species reappeared largely because the
appropriate environment was developed again in
the Anticosti Basin after the conodont-barren
interval. However, not all Lazarus species
reappeared simultaneously, and the later
reappearance of some other species, such as
Oulodus sigmoideus, Ou.l expansus, Ozarkodina
clavula, Distomodus staurognathoides and
Pterospathodus posteritenuis, probably indicates
their more stenotypic character.

Immigration of newcomer species. There was no
remarkable speciation event in Cycle IV, with
only a few newcomers such as Dapsilodus
obliquicostatus (Branson & Mehl) and
Ozarkodina aldridgei. The known lowest
occurrence of D. obliquicostatus is at the
Ordovician-Silurian boundary in the Cape
Phillips Formation, the age-equivalent upper
shelf and slope facies in the Arctic Islands
(Jowett & Barnes 2000), and in the Hanson
Creek and Roberts Mountains formations along
the shelf-to-basin transect in Central Nevada
(Sweet 2000). Hence, these two occurrences were
earlier than on Anticosti Island.

Cladistic analysis (Figs 4, 5 & 6) identifies
Ozarkodina oldhamensis and Oz. aldridgei as a
clade at the terminus of the cladogram. Two
characters, i.e. fused denticles without apices
above the basal cavity (1 of 3) and a symmetrical
flared basal cavity (1 of 5), could be synapo-
morphies to identify them as a monophyletic
group.

In the discussion about extinctions within
Cycle III, Ozarkodina oldhamensis was shown to
have become extinct. Both Oz. oldhamensis and
Oz. hassi had originated in the earliest Rhudda-
nian. The former possesses two derived char-
acter states: fused denticles without apices above
the basal cavity (1 of 3), and a symmetrical flare-
shaped basal cavity (1 of 5) (Fig. 5). These differ
from the latter. This suggests that these two
character states were derived first in the earliest
Rhuddanian. However, they are also the states
that identify Oz. oldhamensis and Oz. aldridgei
as a clade, since both character states are also
found in Oz. aldridgei. Based on cladistic theory,
the monophyletic species Oz. oldhamensis,
defined by the two apomorphic character states,
had therefore not become extinct. There is a
significant interval between the highest occur-
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rence of Oz. oldhamensis in the upper Gun River
Formation and the lowest occurrence of Oz.
aldridgei in the middle Jupiter Formation. Thus,
the disappearance of Ozarkodina oldhamensis in
the Gun River Formation in Cycle III could be a
termed pseudo-extinction (Stanley 1979), and
the occurrence of Oz. aldridgei in the Jupiter
Formation in Cycle VI could be termed a
pseudo-origination. The appearance of the new-
comer Ozarkodina aldridgei together with Dap-
silodus obliquieo status in Cycle IV suggests an
immigration event.

Extinction. The upper boundary of Cycle IV is
marked by the last appearance of Oulodus
sigmoideus, Ozarkodina pirata and
Pterospathodus posteritenuis. These species did
not return immediately after the conodont-
barren interval, as mentioned above, and did
not appear during most of Cycle IV. Their
reappearance was close to their last appearance,
being at almost the same time. Although the
number of species becoming extinct in Cycle IV
is less than that in Cycle III, there was little
speciation - thus the sum of speciation and
extinction within Cycle IV is minus 3, marking
the second conodont extinction event that
occurred in the Llandovery. Compared to the
extinction event in Cycle III, this one was of
shorter duration, and occurred near the end of
the cycle.

Cycle V: early Telychian

Speciation. Almost all species in Cycle V in the
early Telychian can be recognized world-wide.
On Anticosti Island, this cycle is remarkable for
the sudden occurrence of 13 species near the
Jupiter-Chicotte formational boundary, of
which most have an apparatus with platform P
elements (Figs 3 & 13).

Aulacognathus bullatus (Nicoll & Rexroad),
Ozarkodina polinclinata, Oz. gulletensis, and
Icriodella inconstans Aldridge make their lowest
occurrence, and Oz. clavula and Oulodus!
expansus make their return after their highest
occurrence before the conodont barren interval
in the uppermost lime mudstones of member 4,
Jupiter Formation. The debut of Kockelella
ranuliformis (Walliser), Astropentagnathus irre-
gularis Mostler, Apsidognathus tuberculatus
Walliser, Pterospathodus celloni, P. pennatus
procerus, Carniodus carnulus Walliser, and two
species of Pseudooneotodus coincided with the
development of shallow-water crinoidal grain-
stones at the base of the Chicotte Formation.
The last new Llandovery conodont representa-

tives on Anticosti Island, 1'Johnognathus' huddlei
Mashkova and Pterospathodus amorphog-
nathoides made their lowest occurrence in the
upper part of the exposed Chicotte Formation
(Uyeno & Barnes 1983).

The major speciation in Cycle V happened
within the Family Pterospathodontidae, repre-
senting an evolutionary burst of pterospatho-
dontids in the Early Telychian. Pterospathodus
and Apsidognathus; whose first appearances were
in the early Middle Aeronian, along with
Aulacognathus, Astropentagnathus, Carniodus
and Johnognathus, are the only six genera
included in the Family Pterospathodontidae
(Sweet 1988). There is no evidence for the origin
of the last few genera; in contrast, many
characters of species of Pterospathodus within
Cycle V can be traced back to the Aeronian
(Figs 10-12). However, the following derived
characters strongly support speciation in the
early Telychian: under surface expanded poster-
iorly (0 of 13) supports the speciation of P.
celloni with group I; anterior longer than
posterior between the bifurcating lateral pro-
cesses (1 of 9) and having a platform ledge (0 of
14) support the speciation of P. amorphog-
nathoides at the terminus of group II. Further,
within Group II, P. pennatus procerus is
supported by a homoplasy character, lateral
expansion on outer side (1 of 6), that has a
disjunct distribution, indicating multiple inde-
pendent derivation (Fig. 11). The other specia-
tion occurred within the spathognathodontids,
mainly within the ozarkodinids. The first
appearance of Ozarkodina polinclinata and Oz.
gulletensis is at the same level within Cycle V.
The cladogram and evolutionary tree (Figs 4-6)
suggest that the Llandovery Ozarkodina evolved
through two different lineages. As discussed
earlier, the main speciation of the lineage with
prominent cusp happened in the early Rhudda-
nian; later, the main speciation of the lineage
without prominent cusp, including Oz. polincli-
nata and Oz. gulletensis, occurred in the late
Aeronian and early Telychian. Ozarkodina
polinclinata is supported by a derived character
- the basal cavity of Pa element near posterior
end (2 of 4); however, Oz. gulletensis is
supported by several homoplastic characters
(Fig. 5).

Graptolites from the Jupiter Formation (Riva
& Petryk 1981) are represented by Monograptus
sedgwickii (Portlock), which is common in
member 4. This species ranges through the M.
sedgwickii and Rastrites maximus zones of the
upper Llandovery in Britain (Toghill 1968).

Upper member 4 of the Jupiter Formation
contains a conodont fauna that is correlated
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to those from the Pterospathodus celloni Zone
in Norway and the Icriodella inconstans Zone
in Britain (Uyeno & Barnes 1983). The fauna
in Britain was compared with the C5 -
Monodimacis greistoniensis Zone (Aldridge
1972), and in the Oslo Region with C4 and
C$ - Monograptus crispus and M. greistonien-
sis zones. Although the fauna appears in
uppermost member 4, it compares best with
that of the Rastrites maximus Zone, suggest-
ing that the first appearance of this fauna on
Anticosti Island was earlier than those from
Norway and Britain. This indicates that the
conodont fauna appearing near the Jupiter-
Chicotte boundary represent an in situ specia-
tion event whose scale could match the
earliest Rhuddanian event.

Pterospathodus amorphognathoides, the world-
wide latest Llandovery zone fossil, makes its
occurrence only in the upper Chicotte Forma-
tion on Anticosti Island, approximately 24m
above the base of the formation (note that the
higher strata of the Chicotte Formation to the
east were inaccessible at the time of sample
collection; upper Chicotte here refers to strata
cropping out both around and inland from
Southwest Point). The P. amorphognathoides
fauna equates with the C6 subdivision of the
Telychian, i.e. graptolite Monodimacis crenulata
Zone. It is uncertain whether its first appearance
on Anticosti Island represents in situ speciation
or immigration. However, as in the discussion of
Pterospathodus speciation, the origination of
some characters of P. amorphognathoides can
be traced back to middle late Aeronian on
Anticosti Island. Hence it seems more likely that
it was an in situ speciation event.

Extinctionl. Four species, Oulodusl expansus,
Ozarkodina clavula, Oz. aldridgei, and
Distomodus staurognathoides first appeared in
the Aeronian. These made their highest
occurrence near the Jupiter-Chicotte boundary.
Other species that made both their first and last
appearance in Cycle V include Aulacognathus
bullatus, Kockelella ranuliformis, Astropenta-
gnathus irregularis, Apsidognathus tuberculatus,
Pterospathodus celloni, P. pennatus procerus, and
Carniodus carnulus, as well as 1'Johnognathus'
huddlei and Pterospathodus amorphognathoides.
As only the lower 24 m of the Chicotte Formation
was sampled, it is not known whether the last
appearance of these species represents an
extinction event on Anticosti Island. However,
there was a world-wide conodont extinction event
in the latest Telychian, named the Ireviken Event
by Aldridge et al. (1993). If the last appearance of

these species on Anticosti Island did represent an
extinction event, then the event may have
happened earlier than elsewhere in the world, as
none of the species are found in the exposed
uppermost sample of Llandovery sequence. This
sample contains the first and only appearance of
P. amorphognathoides, whereas most species that
disappeared in Cycle V can be found in the P.
amorphognathoides Zone outside of Anticosti
Island. However, the special crinoidal
grainstone-rudstone facies development of the
Chicotte Formation may have influenced
particular species distributions. If the last
appearance of these species represents an
extinction event on Anticosti Island, then Cycle
V would represent a mixture of speciations and
extinctions.

Bio-events and sea-level changes

Sea-level changes can be controlled intrinsically
(locally) or extrinsically (globally). The main
glacio-eustatic drop during the latest Ordovician
and the subsequent rise during the earliest
Silurian have been used to explain the decline
and recovery in faunal diversity (e.g. Barnes 1986;
Brenchley 1989; Brenchley et al. 1994; Barnes et
al. 1996; Zhang & Barnes 20026). What is less
clear is the role that sea-level plays in influencing
conodont speciation, extinction, immigration and
emigration in a basin-wide setting. The Llandov-
ery sequence on Anticosti Island provides an
opportunity to examine its role.

Methodology

In addition to the extensive terminal Ordovician
glacial deposits across North Africa, Ordovi-
cian-Silurian glacial deposits have also been
reported from Argentina, Bolivia, Brazil and
Peru (Caputo & Lima 1984; Zalan et al. 1987;
Grahn & Caputo 1992; Astini & Buggisch 1993;
Biiggisch & Astini 1993; Caputo 1998). In
particular, three short-lived, waning phases of
Silurian glaciation (early Aeronian, latest Aero-
nian-early Telychian, and latest Telychian-ear-
liest Wenlock) have been recorded from the
stratigraphic evidence in the Nhamunda Forma-
tion of the Trombetas Group in Brazil (Grahn &
Caputo 1992; Grahn 1996; Caputo 1998) and
from oxygen-isotope data (Azmy et al. 1998;
Veizer et al. 1999). The three phases of Silurian
glaciation correlate approximately with the
Monograptus triangulatus, M. sedgwickii and
Cyrtograptus centrifugus zones.

Were the Llandovery conodont faunas mod-
ified by these three Silurian glacial events?
Copper & Long (1998), Jin & Copper (1999)
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and Dewing (1999) constructed sea-level curves
based on the Llandovery sediments and brachio-
pods; the main low sea-levels were recognized in
late Rhuddanian, earliest Aeronian and latest
Aeronian. Those in the late Rhuddanian and
latest Aeronian correlate to the Coronograptus
cyphus and Monograptus sedgwickii zones.

The two immigration events, recognized by
the invasion of Oulodusl expansus in the earliest
Aeronian and Dapsilodus obliquicostatus in the
latest Aeronian, could represent the two major
transgressions during the Llandovery on Antic-
osti Island. Both species are regarded as
indicative of deeper- and/or cooler-water envir-
onments.

The conodont extinction in the latest Ordovi-
cian and recovery in the earliest Silurian were
probably induced by the glaciation and asso-
ciated with the sea-level drop and subsequent
rise. The pattern of conodont extinction and
speciation that alternated through the Llandov-
ery on Anticosti Island appears, at least in part,
to correlate with the frequent sea-level changes
(Zhang & Barnes 20026).

The evolution and modification of conodont
biofacies appear to have depended greatly on
water depth (Zhang & Barnes 2002e). The
changes of conodont biofacies through time
are strongly correlated to the sea-level changes
(Zhang & Barnes 20026). Detailed studies of
Llandovery sediments and brachiopods of
Anticosti Island have been accomplished by
Copper & Long (1998), Jin & Copper (1999),
and Dewing (1999). Their reconstructed sea-
level curves have been refined on a finer scale
using conodont data (Zhang & Barnes 20026).

Sea-level changes

Earliest Rhuddanian sea-level rise and speciation
in Cycle I and Cycle II. The early Rhuddanian
was a period of rapid sea-level rise resulting
from melting of the North African continental
ice sheets (Ziegler et al 1979; Loydell 1998). The
palaeobathymetric changes indicated by
Ordovician-Silurian boundary strata on
Anticosti Island have been interpreted as
glacio-eustatic in origin by Petryk (19816),
McCracken & Barnes (1981), and Zhang &
Barnes (20026). Relatively high sea-level in the
earliest Rhuddanian probably extended through
member 1 of the Becscie Formation, which
contains only rare brachiopods (Jin & Copper
1999) and is dominated by laminated,
homogeneous rnudstone (Sami & Desrochers
1992). It is interpreted to have been deposited
below storm-wave base and in water depths of
70-100 m (Sami & Desrochers 1992). The

conodont community was dominated by a
deeper-water assemblage of Walliserodus
curvatus, Ozarkodina oldhamensis and
Rexroadus kentuckyensis. In this short period,
a burst of in situ conodont speciation within
Cycle I was accomplished rapidly during the
initial transgression. Shortly after Cycle I,
another in situ speciation event introduced
several new species within Cycle II during a
period of stable high sea-level (Zhang & Barnes
20026) (Fig. 13).

Early Rhuddanian sea-level drop and evolutionary
stasis. Relatively low sea-level probably
prevailed through the whole of member 2 of
the Becscie Formation and the lower to middle
part of the Merrimack Formation. This part of
the Llandovery sequence (late Rhuddanian) has
an abundant Virgiana brachiopod fauna (Jin &
Copper 1999). Member 2 and the lower-middle
part of the Merrimack Formation are
dominated by laminated mudstone-grainstone
and, at some localities, such as at Riviere Jupiter
and Cap Henri-Riviere aux Cailloux, by
laminated calcisiltite-grainstone. The former
lithology is considered to represent deposition
by episodic high-energy waning flows on the
inner to outer ramp at water depths of 30-70 m;
the latter lithology represents high-energy storm
waves and currents on the inner ramp at water
depths of 10-30m (Sami & Desrochers 1992).

The dominant conodont community in mem-
ber 2, Becscie Formation is Ozarkodina strena-
Rexroadus nathani that reflects a shallow-water
environment, above wave base (Zhang & Barnes
20026) (Fig. 13). This community maintained a
stable development through most of member 2
and the lower to middle part of the Merrimack
Formation. Through this long interval, cono-
dont speciation was stagnant and is probably
related to the regression.

Latest Rhuddanian-earliest Aeronian
transgression and conodont immigration in the
beginning of Cycle III. The upper Merrimack
Formation contains rare Virgiana (Jin & Copper
1999) and is composed of calcareous mudstone-
shale that represents deposition on the outer
ramp at water depths of 7 5-120m (Sami &
Desrochers 1992). This environment probably
persisted until the earliest Aeronian, as the basal
part of the Gun River Formation yields the
common graptolite Climacograptus rectangularis
(Riva & Petryk 1981) associated with the
brachiopod Fenestrirostra pyrrba (Copper &
Long 1989). Shortly afterwards, in member 3
of the Gun River Formation, the graptolite

98
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Atavograptus atavus made its lowest occurrence,
which ranges from A. atavus to Monograptus
triangulatus zones in Britain. This was the
highest sea-level stand since the earliest
Rhuddanian. It is associated with a change to
a deeper-water conodont community (Zhang &
Barnes 20025) (Fig. 13). Oulodusl expansus,
which is interpreted as a deep-water specialist,
first immigrated onto the Anticosti platform in
the earliest Aeronian.

Early Aeronian alternating regression and
transgression with faunal effects in Cycle III,
The cause of early Aeronian sea-level drop is
suggested to be glacio-eustasy (Grahn & Caputo
1992; Grahn 1996; Caputo 1998) correlated with
the Monograptus triangulatus Zone (Azmy et al.
1998; Veizer et al 1999). Graptolites from
member 3 of the Gun River Formation (Riva
& Petryk 1981) include Atavograptus atavus, a
distinctive graptolite that ranges through A.
atavus to M. triangulatus zones (Rickards 1970;
Hutt 1974-1975), which spans middle
Rhuddanian to early Aeronian. As noted
earlier, this level is best correlated with the M.
triangulatus Zone.

The first extinction phase within Cycle III
started with the disappearance of Rexroadus
nathani, and was over with the disappearance of
Ozarkodina hassi. This interval is roughly equal
to the range of Atavograptus atavus. Thus, this
extinction phase correlates with the early Aero-
nian glaciation and regression. This extinction
phase within Cycle III was the first extinction
event after that of the latest Ordovician. It is
interesting that most of the species that became
extinct in this phase are those that had a
preference for shallow-water environments,
such as Rexroadus nathani, Ozarkodina hassi,
and Oz. strena.

Termination of the short-lived glaciation in the
early Aeronian likely resulted in a transgression.
The Gun River Formation consists primarily of
rhythmic micrites and shales that represent a
deeper-water setting (Copper & Long 1998). This
interval is the diversification phase in Cycle III,
in which in situ speciation replaced the first
extinction phase. This sea-level rise correlates
with the appearance of newcomers to Anticosti
such as Distomodus staurognathoides, Ozarko-
dina clavula and two new species of Antic-
ostiodus. Within Cycle III, following this
diversification, another extinction phase
occurred that is characterized by the extinction
of some deeper-water taxa such as Ozarkodina
oldhamensis, Oulodus jeannae and Rexroadus
kentuckyensis. Another diversification phase

followed, characterized by speciation within
Pterospathodus. Most of these events happened
within the Gun River Formation (Fig. 13). The
principal conodont community in the Gun River
is one dominated by Ozarkodina pirata, Oulodus
jeannae and Icriodella deflect a, which remained
stable through most of the formation (Zhang &
Barnes 20025). Stricklandiid brachiopods with
low abundance were also prevalent through the
whole formation, but brachiopods indicate
shallowing toward the top (Jin & Copper 1999).
These authors note a further shallowing in the
base of the Goeland Member, Jupiter Forma-
tion, and the change to a Pentamerus commu-
nity. This correlates with the last diversification
phase of Cycle III, with the origination of several
Pterospathodus species.

Late Aeronian regression and emigration of
Lazarus conodonts at the end of Cycle III

The highest occurrence of Oulodus panuarensis is
in the uppermost member 1 of the Jupiter
Formation. Member 2 is not exposed on south
coast. Member 3, equivalent to the upper part of
the Goeland Member, or probably to the East
Point Member that is a reefal unit (Copper &
Long 1990), is the conodont-barren interval.
This interval is dominantly of uniform green-
grey shale and produced land-derived micro-
fossils (Duffield 1985). As noted earlier, there is
some debate whether this clastic interval repre-
sents a deepening or a shallowing event. If this
interval is equivalent to East Point Member of
Copper & Long (1990), then brachiopod studies
indicate a very low abundance of Pentamerus,
Clorinda and stricklandiids, which is interpreted
as reflecting deposition below the normal storm
wave base (Jin & Copper 1999). The virtual
absence of conodonts indicates a hostile envir-
onment. This facies and faunal change may be
caused by the latest Aeronian glaciation.

Azmy et al. (1998) and Veizer et al. (1999)
documented the late Aeronian glaciation, which
probably caused the sea-level drop both globally
and locally - forcing all conodonts to migrate
away from the Anticosti Basin. This glaciation
was correlated to the graptolite Monograptus
sedgwickii Zone by Azmy et al. (1998) and Veizer
et al. (1999). However, on Anticosti Island the
lowest occurrence of M. sedgwickii was accom-
panied by the reoccurrence of conodonts, just
above the conodont-barren interval (Fig. 13).

Late Aeronian transgression and reappearance of
Lazarus conodonts and the immigration of
newcomers in Cycle IV. The lower part of
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member 4 of the Jupiter Formation is equivalent
to the lower part of the Richardson Member
(Copper & Long 1990). It contains the first
appearance ofMonogmptus sedgwickii and is rich
in stricklandiid brachiopods: indicative of deeper
water. The lowest conodont sample from
member 4 contains only long-ranging coniform
species (Uyeno & Barnes 1983), which were
interpreted as Lazarus taxa earlier in this paper.
The reappearance of Lazarus taxa correlates with
the transgression following the late Aeronian
glaciation. Shortly after their reappearance (15m
and 17m above the top of member 3), deeper-
water conodont species, such as Dapsilodus
obliquicostatus and Ozarkodina aldridgei^ first
immigrated into the Anticosti Basin (Fig. 13).
This immigration was accompanied by the
brachiopod Dicoelosia: a genus that indicates a
deep-water environment (BA5 or deeper); with a
suggested depth of about 120m (Jin & Copper
1999), this marks the deepest environment in the
Anticosti sequence. Therefore, the reappearance
of Lazarus species and the subsequent invasion
of deep-water conodont species probably
indicate a deepening process (Fig. 13).

Latest Aeronian and earliest Telychian regression
and mixture of speciation and extinction in Cycle
V. The uppermost part of member 4 of the Jupiter
Formation, equivalent to the Pavilion Member of
Copper & Long (1990), is a recessive, greenish-
grey shale and interbedded limestone unit, and
has the most diverse fauna of brachiopods and
corals found in the Jupiter Formation. It is
capped by a thick blanket of crinoidal thickets
and reefal development of the overlying Chicotte
Formation. This appears to represent a regional
event that transformed the Anticosti Basin in late
Llandovery time into a very shallow environment
(Copper & Long 1990). In this short interval, 13
conodont species made their first appearance in
the Anticosti Basin - some probably representing
in situ speciation. There is insufficient evidence to
prove that the last appearance of all conodont
species in Cycle V represents their extinction,
because of the sampling limitation. However,
based on their world-wide distribution, several
species such as Aulocognathus bullatus, Icriodella
inconstans, Ozarkodina gulletensis^ and
Pterospathodus celloni became extinct at this
level. Thus, Cycle V represents a mixture of
speciation and extinction, which happened
during a regression spanning the P. celloni and
lower P. amorphognathoides zones (Zhang &
Barnes 20026).

It is difficult to precisely correlate this event
with the graptolite zonation, as no zonal

graptolites have been found in the interval of
Cycle V. On the basis of conodont and
brachiopod biostratigraphy (Barnes 1989), the
Chicotte ranges at least as high as Telychian C§
and the graptolite Monoclimacis crenulata Zone.
The lowstand recognized in Cycle V does not
support the highstand related to the M. crenu-
lata Zone and conodont Pterospathodus amor-
phognathoides Zone recognized by Ross & Ross
(1996) and Johnson (1996), and may represent
the third and final minor glacio-eustatic event
within the Llandovery (Azmy et al. 1998).

Conclusions

The Ordovieian-Silurian boundary interval is
characterized by the second-most severe mass
extinction in the Phanerozoic. It contains an
intriguing pattern of evolutionary and ecological
changes in the recovery phase through the
Llandovery. Recent completion of taxonomic
studies of early Llandovery conodont faunas,
along with a reassessment of former studies of
later Llandovery faunas (from the virtually
complete Llandovery sequence on Anticosti
Island, Quebec) has provided a clearer picture
of the evolutionary and ecological dynamics of
the post-mass-extinction faunal recovery. The
pattern of conodont bio-events is interpreted as
reflecting a series of speciation, extinction,
immigration and emigration events. Five con-
odont evolutionary cycles (I—V) are recognized
and supported by new cladistic analyses for four
key genera: Oulodus, Ozarkodina, Pterospatho-
dus and Rexroadus. One particular, but differ-
ing, kind of bio-event played a leading role in
each cycle, rather than cycles simply repeating
themselves, and this suggests a more complex
ocean-climate state than the model for P and S
cycles proposed by Jeppsson (1990) and
Aldridge et al. (1993). Although influenced by
several environmental parameters, the bio-
events correlate closely to phases of transgres-
sion or regression that were generated by the
terminal Ordovician and Early Silurian glacia-
tions on Gondwana. The effects of Llandovery
glaciations on conodont faunas should be felt
globally. The conodont bio-events and evolu-
tionary cycles recognized herein, based on the
shallow-water facies of Anticosti sequence, need
to be compared with those from different
palaeoenvironments, particularly from deep-
water basinal facies. Only when these have
been more rigorously/extensively correlated,
will it be possible to fully assess the influence
of sea-level changes caused largely by glaciations
on Llandovery conodont bio-events. The Antic-
osti Basin may have been an important centre of
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evolutionary radiation, given that several species
have their first appearances in this region and
that initial evolutionary lineages can be estab-
lished for many taxa.
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Abstract: Conodonts have been restudied in order to define the base of the Changhsingian Stage
boundary at Meishan, Changxing County, Zhejiang Province, China. The Changhsingian
represents the second and last stage of the Upper Permian, which is also known as the
Lopingian Series. A sample-population based taxonomic approach has been used and
described. This approach usually views the entire collection within a given sample as a
population and recognizes the most consistent and stable characters within that 'sample-
population' for identification. Three related conodont species, Clarkina longicuspidata Mei &
Wardlaw in Mei et al. 1994, C. wangi (Zhang 1987) and C. subcarinata (Sweet in Teichert et al.
1973) have been redefined and redescribed using this new approach that recognizes carinal
development as an apomorphic character for these taxa. A consistent change in denticulation
has been observed between Clarkina longicuspidata and Clarkina wangi wherein C.
longicuspidata has a prominent gap in front of the cusp, whereas C. wangi has a 'wall'-like
carina. The carinal change may have resulted from a heterochronic process involving
acceleration, since juvenile descendants exhibit features of ancestral adults; the change may
be related to the evolution of other biota that may represent potential food sources for the
conodont animal, given the apparent importance of the conodont carina for food processing. It
is suggested that the base of the Changhsingian Stage could be defined within the C.
longicuspidata-C. wangi lineage, based on the newly refined taxonomy. This boundary occurs
close to the flooding surface that represents at least the second parasequence within the
Changxing Limestone. The proposed boundary is close to, but not identical with, the
traditionally defined boundary.

The base of the Changhsingian Stage was
studied extensively by Zhao et al. (1981) and
Wang & Wang (198la), but formal recognition
of this stage boundary has not yet been
presented to the International Union of Geolo-
gical Sciences for ratification. The Changhsin-
gian represents the second and last stage of the
Upper Permian, which is also known as the
Lopingian Series. Zhao et al. (1981) documented
changes in different fossil groups around this
boundary. They formally recommended that the
base of the Changhsingian Stage be defined as
the horizon between the Clarkina orient alls Zone
and the C. subcarinata Zone that is located at the
base of bed 2 (sensu Zhao et al. 1981), which is
the base of the Changxing Limestone in section
D at Meishan, Changxing County, Zhejiang
Province, China (Fig. 1). The Changhsingian
Stage (historic name and spelling; see Jin et al.
1997) is named for the succession in the
Changxing County (latter spelling is modern
Pinyin transliteration; both pronounced Chang-

sing). This section is also the Global Stratotype
Section and Point (GSSP) for the Permian-
Triassic boundary. The boundary defined by
Zhao et al. (1981) has been widely used since it
was defined, as it reflects the well-defined faunal
changes in major fossil groups such as con-
odonts, brachiopods, ammonoids, corals and
fusulinaceans (Zhao et al. 1981). These faunal
changes may, however, be accentuated by the
presence of a significant unconformity at, or just
below, the base of the Changxing Limestone.
Proximity to this unconformity has led others to
look for a suitable boundary a little higher in the
section. Wardlaw & Mei (2000) suggested that
the First Appearance Datum (FAD) of C.
subcarinata sensu stricto would be a suitable
boundary at 13.71m above the base of the
Changxing Limestone at Section D, based on a
significant change in the denticulation of gon-
dolellid conodonts. Later, Mei & Henderson
(2001) suggested that the base of the Changh-
singian Stage could be defined within the C.

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 105-121. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. Location map for the Meishan locality near Changxing, Zhejiang in SE China. The exact location of
Meishan section D depicted in Figure 2 is 31° 4' 55" N and 119° 42' 22.9" E.

longicuspidata-C'. wangi lineage in Bed 4 based
on revised taxonomic definitions. The latter
definition is only about 80cm higher than the
traditional boundary suggested by Zhao et al
(1981), providing historical support for this
position. The proposed boundary (Fig. 2) is
defined by the gradual change within a conodont
evolutionary lineage that is recognized by a
sample-population approach; this accounts for
the considerable variability exhibited by these
species. The proposed boundary occurs near the
flooding surface in the second parasequence of
the Changxing Limestone, and is therefore a
more suitable position with respect to continuity
of deposition. This paper presents the detailed
definition of this boundary, highlights the
conodont taxonomy necessary for this defini-
tion, and demonstrates that the refined taxon-
omy is based on a sample-population approach.

Material

Zhao et al, (1981), Yin et al. (1996) and Zhang et
al. (1997) described the Meishan section in
detail. The bed numbering system used by Yin
et al. (1996) is followed here, with slight
modification of the measured thickness of
related beds. Conodont samples were collected
continuously from the boundary interval

between the Longtan Formation and the
Changxing Limestone in section D at Meishan,
Zhejiang, China (Fig. 2). This interval includes
beds 1, 2, 3, 4a, 4b and 5 of Yin et al. (1996). The
boundary between beds 1 and 2 is the boundary
between the underlying Longtan Formation and
the overlying Changxing Limestone.

Abundant conodonts have been recovered
from beds 2 to 5. They are exclusively dominated
by species of Clarkina, but also include species of
rare Sweetina and Hindeodus as well as Iranog-
nathus tarazi. Samples from Bed 1 are barren of
conodonts. In addition, conodonts from sample
Me-10 of Mei et al. (1998) and sample 69SA-
10M of Teichert et al (1973) are illustrated
herein for comparison. Sample Me-10 is from
the middle of bed 8 of Sheng et al. (1984), which
probably corresponds with the middle of Bed 11
of Yin et al. (1996). The holotype of Clarkina
subcarinata is from sample 69SA-10M at Local-
ity 1 in Julfa, NW Iran sensu Teichert et al.
(1973).

Stratigraphy and sequence stratigraphy

Regionally, the Longtan Formation is a coal-
bearing, marginal-marine unit (Wu & He 1999)
in which the top represents the maximum
regression during the Wuchiapingian Stage.
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Fig. 2. Stratigraphic column of the lower part of the Meishan D section (Fig. 1), which is the proposed stratotype
for a GSSP of the Changhsingian Stage (uppermost stage of the Permian); the boundary position is dashed, since
it has not yet been submitted for ratification. Sample numbers and positions are provided. The base of the section
is at, or near, a fault and/or unconformity. Two flooding surfaces (FS) define the base of interpreted
parasequences. The photos on the right overlap (V marks the same point on the two photos and a black vertical
bar indicates the position of the lower (A) photo and the upper (B) photo).

Transgressive deposits (fine cherty siliciclastics)
of the Talung and the basal Changxing Lime-
stone overlie the Longtan Formation, presum-

ably in an unconformable contact; however, the
extent of this unconformity is uncertain. Region-
ally, the boundary between the Longtan For-
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mation and the Changxing Limestone is
regarded as a sequence boundary (Zhang et al.
1997). However, in section D at Meishan, this
boundary is represented by a smooth transition
from calcareous mudstone beds that increase in
thickness upward in bed 1 to thick-bedded
bioclastic limestone in bed 2. The exposure at
the Meishan D section contains only the upper-
most part of the Longtan Formation (Fig. 2);
the base is either faulted or near the unconfor-
mity mentioned above. These beds include
earthy yellow, calcareous siltstone and mudstone
with horizontal beds of increasing thickness that
contain ammonoids and brachiopods (Yin et al.
1996). This unit appears to be conformable with
the overlying Baoqing Member of the Changx-
ing Limestone and may represent the first
transgressive cycle above the unconformity
near the top of the Longtan Formation; the
unit is not assigned to the Talung Formation
because of the lack of chert. The lowest bed (bed
2) of the Changxing Limestone, which is
represented by dark grey, thick-bedded silty
wackestone, appears to form the upper part of a
cycle or parasequence. Bed 3 contains greyish
black calcareous mudstone and thin-bedded
argillaceous mudstone that may represent the
flooding unit of a second parasequence in the
section. Beds 4 and 5 include thin- to medium-
bedded wackestone and represent the regressive
portion of this second parasequence. The
speciation event from C. longicuspidata to C.
wangi occurs just above the maximum flooding
surface of the second parasequence. Yin et al.
(1996) and Zhang et al. (1997) illustrate numer-
ous high-frequency cycles throughout the
Changxing Limestone.

The descriptions and identified fossils from
each unit or bed (the bed numbering system
does not always conform to the standard
definition of a bed and may include more than
one depositional bed) are summarized below
from Zhao et al. (1981) and Yin et al (1996).
Bed thickness measurements are slightly mod-
ified by us.

Upper Permian (Lopingian) Changxing
Limestone

Bed 5 (depth, 210-370cm). Dark-grey thin- to
medium-bedded bioclastic micritic limestone
with siliceous banding, with normal graded
bedding and small-scale sandy wavy bedding.
Non-fusulinacean foraminifera (230-370 cm,
ACT 109): Glomospira sp.; (290-330 cm, ACT
109): Frondicularia ovata, Damgarita sp.,
Nodosaria krotovi (250-290 cm, ACT 108):

Geinitzina uralica, Globivalvulina distensa,
Nodosarina longissima, Damgarita sp.,
Pseudonodosarlina sp. (210-250 cm, ACT 107):
Damgarita sp., Frondicularia sp., Geinitzina
splandli', fish (210-370 cm): Palaeomiscoidei
gen. et sp. indet., Sinohelicoprion changxingensis
Liu & Chang, Sinoplatysomus meishanensis Wei;
ostracodes (210-370 cm): Bairdiacypris fornicata
Shi, Bairdia wrodeloformis Chen, Bassleretta
firma Kellett, Eumiraculum changxingensis
Chen, Petasobairdia bicornuta Chen, Silenmites
sockakwaformis Shi.

Bed 4b (depth, 158-2IIcm). Grey, thin- to
medium-bedded bioclastic micritic limestone,
intercalated with light-grey thin-bedded
calcareous mudrock in the upper part, with
slightly wavy bedding. Non-fusulinacean
foraminifera (158-211 cm, ACT 106): Geinitzina
splandli, Pseudoglandulina conicula; fusulinaceans
(158-211 cm): Palaeofusulina minima Sheng &
Chang; fish (158-211cm): Amblypteridae?
Coelacanthidae gen. et sp. indet.,
Palaeoniscoidei gen. et sp. indet., Sinonelicoprion
changxingensis Liu & Chang, Sinoptatysomusg
meishanensis Wei; ostracodes (158-211 cm):
Basslerella obesa Kellett, Petasobairdia bicornuta
Chen.

Bed 4a (depth, 82-158cm). Grey thick-bedded
bioclastic micritic limestone. Fusulinaceans (85-
125cm, ACT 104): Palaeofusulina minima,
Reichelina pulchra; non-fusulinacean
foraminifera (125-158 cm, ACT 105):
Frondicularia palmate, Geinitzina splandli,
Globivalvulina sp., Nodosaria longissma (85-
125cm, ACT 104): Nodosaria delicata,
Damgarita sp.; brachiopods (85-158 cm)
Cathaysia chonetoides (Chao), C. parvalia
Chang.

Bed 3 (depth, 56-82cm). Greyish yellow illite-
montmorillonite clay, U-Pb age: 257 Ma
(Mundil et al. 2001) (56-82 cm) Greyish black
silty and calcareous mudrock intercalating
argillaceous mudrock, with horizontal bedding.

Bed2 (depth, 0-56cm). Dark-grey thick-bedded
silt-bearing micritic limestone. Non-fusulinacean
foraminifera (0-55 cm, ACT 103): Collaniella
sp., Eacristellaria sp., Geinitzina postcarhonica
Spandel, Pseudoglandulina conica.

-Conformable contact-
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Upper Permian (Lopingian) Longtan
Formation

Bed 1 (depth of upper part, 0 to —30 cm). Dark,
dolomitized calcirudite with fragments of
limestone, siltstone and phosphate. Non-
fusulinacean foraminifera (0 to —30cm, ACT
102): Geinitzina uralica, Hemigardius sp.,
brachiopods (0 to -30cm, ACT 102):
Orbiculoidea sp., Cathaysia chonetoides (Chao),
Paryphella gouwaensis Liao, Spinomarginifera sp.

Bed 1 (depth of lower part, —30 to —70cm).
Dark, medium-bedded calcareous siltstone with
horizontal beddings. The corresponding bed in
Section C contains ammonoids (ACT 32):
Araxoceratidae gen. et sp. indet.,
Pseudogastrioceras sp.; bivalves: Palaeoneilo
sunanensis Liu, P. cf. leiyangensis Liu,
Pernopecten sp., Schizodus cf. dubiiformis
Waagen; brachiopods (ACT 32): Anidanthus cf.
sinosus (Huang), Acosarina sp., Cathay sia
chonetoides (Chao), Crurithyris sp.,
Neowellerella sp., Orbiculoidea minuta Liao,
Orthotichia sp., Paryphella gouwaensis Liao,
Spinomarginifera lopingensis (Kayser),
Streptorhynchus sp.

The taxonomic changes used to define a
potential Changhsingian Stage base occur in
the lower part of bed 4 just above a flooding
surface defining a second parasequence in the
Changxing Limestone.

Discussion

The configuration of the denticles of the Pa
element of Clarkina species (Fig. 3) is the most
stable characteristic within the sample-popula-
tions of this study, and can be used to define the
Wuchiapingian-Changhsingian boundary. The
evolution of the denticulation around the
boundary between the Longtan Formation and
the Changxing Limestone in the D section can
be characterized in adult specimens. Lambert
(1994) discussed a methodology for using size as
a proxy of relative maturity, by using the
relationship of number of denticles to carina
length in neogondolellid platform elements.
Small, juvenile forms generally show more
discrete denticles than large, adult forms, and
are similar throughout the Changxing Lime-
stone. Very large, gerontic forms display exces-
sive fusion and commonly pathological, bizarre
characters. In the basal part of the Changxing
Limestone, a distinctive change in the config-
uration of the denticles of Clarkina Pa elements

has been observed around the base of bed 4. The
carina in adult Pa elements of Clarkina species
from bed 2 and bed 3 has a proclined and
recurved cusp that appears erect and is as high
as or a little higher than the penultimate denticle
(Fig. 3). The slope of the cusp is gentle, low and
usually one and a half to twice as long as the
height of the cusp. The cusp joins the penulti-
mate posterior denticle by a ridge that gently
slopes down from the cusp and forms the lowest
and narrowest part of the carina, just posterior
to the penultimate posterior denticle, which is
usually considerably reduced and fused; the
connecting ridge forms a wide concave arc in
lateral view (Fig. 4a-o, Fig. 5a-h, Fig. 6a-n).
This denticulation cannot be differentiated from
that of Clarkina longicuspidata (Mei et al. 1994).
As a result, C. longicuspidata is used herein as a
species defined by a sample-population concept
to include morphotypes with various platform
outlines, but the same denticulation as men-
tioned above. The denticulation in adult Pa
elements of Clarkina from Bed 4 to Bed 9 (sensu
Yin et al, 1996) has posterior denticles that are
not reduced and a cusp that connects the carina
with a high ridge with no clear separation from
the highly fused remaining carina (Fig. 7a~k). As
a result, the carina in lateral view remains about
the same height toward the end of the platform
and commonly looks like a high 'wall'. We apply
the name Clarkina wangi to specimens from this
interval bearing this type of denticulation.
Clarkina subcarinata sensu stricto has a similar
denticulation to C. wangi, but the posterior
denticles are usually moderately reduced in
height and partially discrete (Fig. 8a-m).

While it is true that the smallest juveniles of
Clarkina species appear to be very similar, we
can get some hint of the evolutionary process by
looking at juveniles of C. longicuspidata and C.
wangi. Juveniles of C. longicuspidata (Figs 4a-d,
6a-d) have relatively discrete denticles compared
to the increasingly fused denticles of intermedi-
ate (Figs 5e-f, 6i-j) and larger mature forms
(Figs 5g-h, 6n). In contrast, denticles of
juveniles of C. wangi (Fig. 7b, e, f & h) are
already partially fused, and in adults this fusion
is completed by closing of the anterior gap
adjacent to the cusp, forming a high wall-like
carina. This would imply a heterochronic
process involving acceleration of development
(Gould 1977) or recapitulation. In contrast,
Henderson et al. (2002) demonstrated that the
presence of discrete denticles, typical of juveniles
of Jinogondolella granti, in adults of the descen-
dant Clarkina postbitteri may result from pae-
domorphosis. It is noteworthy that the latter
process occurred at a major sequence boundary
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(Guadalupian-Lopingian Series boundary)
involving the evolution of a new gondolellid
genus Clarkina, defined by the lack of serration
and change in platform outline. In contrast, the
subject of this paper involves a small evolu-
tionary event within an anagenetic series of
Clarkina species occurring near a relatively
minor flooding surface. This suggests that
evolution involving these taxa may be influenced
by the same environmental factors that influence

sequence stratigraphy, and that the scale of the
effects is similar.

Our species concept interprets platform out-
line as a plesiomorphic character because
pointed, rounded and squared platforms are
seen in all Clarkina taxa; all platform shapes are
represented in all collections over the interval
studied herein. Platform outline is therefore not
suitable for phylogenetic analysis. Our phyloge-
netic species concept (Wheeler & Platnick 2000)

Fig. 3. Illustration of key morphological features on selected Pa elements of Clarkina spp. Figures al & a2 are the
same as Figure 4ml & m2. Figures bl & b2 are the same as Figure 611 & 12. Figures cl & c2 are the same as Fig.
7jl & j2. Figures dl & d2 are the same as Figure 7hl & h2. Figure e is the same as Figure 8e. Figures fl and f2 are
the same as Figure 8mi & m2. Scale bar is 0.4 mm.
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Fig. 4. All specimens are Pa elements; scale bar is 0.4 mm. Specimens illustrated are from the Meishan Section,
Changxing, Zhejiang, China. The upper view and oblique view are denoted respectively by 1 and 2 after the letter,
(a-o) Clarkina longicuspidata Mei & Wardlaw in Mei et al. 1994. Pa elements showing ontogeny and different
morphologies of the posterior end. See Fig. 5a-e &g for bigger specimens. From samples 2-3. (p) Clarkina
orientalis (Barskov & Koroleva 1970). From sample 2-3.
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Fig. 5. All specimens are Pa elements, scale bar is 0.4mm. Specimens illustrated are from the Meishan Section,
Changxing, Zhejiang, China. The upper view and oblique view are denoted respectively by 1 and 2 after the letter,
(a-e & g). Clarkina longicuspidata Mei & Wardlaw in Mei et al (1994) Pa elements showing different
morphologies of the posterior end. See Fig. 4a~o for smaller specimens. From sample 2-3. (f & h). Clarkina
longicuspidata Mei & Wardlaw in Mei et al. (1994). Pa elements showing a small and a large specimen. From
sample 2-4.
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Fig. 6. All specimens are Pa elements; scale bar is 0.4mm. Specimens illustrated are from the Meishan Section,
Changxing, Zhejiang, China. The upper view and oblique view are denoted respectively by 1 and 2 after the
number, (a-e) Clarkina longicuspidata Mei & Wardlaw in Mei et al. 1994. Pa elements showing small specimens
and different morphologies of the posterior end. From sample 3-1. (f-n) Clarkina longicuspidata Mei & Wardlaw
in Mei et al. 1994. Pa elements showing ontogeny and different morphologies of the posterior end. From sample
3-2.
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Fig. 7. All specimens are Pa elements; scale bar is 0.4mm. Specimens illustrated are from the Meishan Section,
Changxing, Zhejiang, China. Upper views and oblique views are denoted respectively by 1 and 2 after the letter,
(a-c). Clarkina wangi (Zhang 1987). Pa elements showing ontogeny. From sample 4a-2. (d & g) Clarkina wangi
(Zhang 1987). Pa elements showing a small and a big specimen. From sample 4a-3. (e, f & h-k) Clarkina wangi
(Zhang 1987). Pa elements showing ontogeny and different morphologies. From the sample at the base of Bed 5.
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Fig. 8. All specimens are Pa elements; scale bar is 0.4 mm. Specimens illustrated as a, c, h, k & m are from the
Meishan section, Changxing, Zhejiang, China, and those as b, d-g, i, j & 1 are from the section at Locality 1 in
Julfa, NW Iran, sensu Teichert et al. (1973). The upper view and oblique view are denoted respectively by 1 and 2
after the letter, (a-m) Clarkina subcarinata (Sweet in Teichert et al. 1973). Pa elements showing ontogeny, a, c, h, k
& m are from the sample Me-10 of Mei et al. (1998) at the Meishan section, Changxing, Zhejiang, China; b, d-g, i,
j & 1 are from Sweet's collection and from the sample 69SA-10M of Teichert et al. (1973) at the section at Locality
1 in Julfa, NW Iran.



116 S. MEI ET AL.

recognizes the carinal configuration as an
important apomorphic character and completely
encompasses the holotype and topotypes of
Clarkina subcarinata (Sweet in Teichert et al.
1973), C. longicuspidata and C. wangi. These
species are based on unique patterns of shared
characters within populations with emphasis on
the carinal configuration. Clarkina orientalis
(Fig. 4p), the most easily identifiable Clarkina
species for the Lopingian, ranges from bed 2 to
bed 4. Its distinct denticulation may suggest that
it belongs to a different lineage. The transition
from the denticulation of Clarkina longicuspi-
data to that of C. wangi occurs in a very short
interval (about 20cm within the basal part of
bed 4) and thus allows us to distinguish these
two species fairly consistently. The sample from
the lower part of bed 4 yielded abundant adult
forms with a high, wall-like carina, and the
sample from the top of bed 3 (sensu Yin et al.
1996) yielded abundant adult specimens with a
typical denticulation of Clarkina longicuspidata,
Rare specimens from the top of bed 3 and basal
part of bed 4 have a penultimate denticle that is
only slightly reduced, and are therefore similar
to that of Clarkina wangi. Rare morphotypes
within sample-populations that resemble closely
related taxa are not recognized as separate taxa
unless a distinct growth series can be demon-
strated. The first occurrence of Clarkina wangi is
somewhere within the basal part of bed 4.
However, conodonts recovered from the basal
part of bed 4 (Sample 4a-l) are not common
and are therefore not adequate for examining
population variation. As a result, larger samples
around this interval are necessary to determine a
precise speciation point. We suggest that the
base of the Changhsingian be defined by the
FAD of Clarkina wangi in section D at Meishan,
Changxing County, China, because it is close to
the traditional boundary defined by Zhao et al,
(1981), it is recognized by a distinct change in
conodont carinal configuration, and it occurs in
beds of continuous deposition at least one
parasequence above an unconformity.

Our population approach might imply that
differences occur by gradually increasing the
proportion of new characters over an extended
interval, but in fact, the changes appear to occur
over a relatively narrow interval, which is why
we can recognize this boundary with a reason-
able degree of consistency.

Donoghue & Purnell (1999) have demon-
strated mammal-like occlusion in ozarkodinid
conodonts that may provide a palaeobiological
basis for relating the evolution of morphological
variation used in biostratigraphic analyses.
Ozarkodinid Pa elements as in Streptognathodus

(their Idiognathodus sensu lato) have a long
anterior blade that constrains element motion to
the transverse plane and maximizes food-proces-
sing efficiency. The high anterior (ventral in
Purnell et al. 2000) blade in the ozarkodinid
genus Clarkina may have served a similar
function. The importance of the carinal shape
in these taxa may be related to the parallel
evolution of taxa representing potential food
sources or to the availability of food sources
along some environmental gradient. It is possi-
ble that the minor variation recognized herein at
the specific level may be related to ecological
factors. This hypothesis is testable by examining
correlative intervals in other sections, from basin
to margin, and in other geographical regions.
The cosmopolitan nature of many of these taxa
appears to suggest that the variations reflect true
evolutionary change.

Taxonomy

The genus Clarkina was referred to as a
prioniodinid by Sweet (1988), based on the
presence of digyrate elements in both P-posi-
tions, but this is true only if the segminiplanate
Pa elements like those illustrated in this paper
are part of an unimembrate apparatus that is
distinct from the elements attributed to the
genus Xaniognathus. Orchard & Rieber (1999)
classify Neogondolella as an Upper Permian
through Middle Triassic ozarkodinid genus.
They indicated that natural assemblages clearly
show that the P-positions are not occupied by
digyrate elements and that the apparatus plan is
typical of the Ozarkodinida. We recognize Late
Permian gondolellids as belonging to the genus
Clarkina on the basis of the distinctive Pa-
element with its abrupt anterior narrowing; the
rest of the apparatus plan is characteristic of
suprageneric classification.

The Pa elements of Permian gondolellids are
not highly diversified in morphology and there-
fore are difficult to classify. Rare individuals
within a population of a particular species may
exhibit one or several characteristics that are
thought to be diagnostic of different species
(Wardlaw & Collinson 1979). The analysis of
large numbers of individuals is necessary to
understand the ontogeny and intra-specific
variation of these taxa. We have found that to
effectively differentiate among Permian gondo-
lellid species and maximize their value for
stratigraphic correlation, it is necessary to
examine the entire sample-population and
choose the most consistent and stable character
within this sample-population for identification.
In many cases, the most consistent and reliable
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character for Permian gondolellids is the general
configuration of the denticles, which can be used
to define a natural sample-population or an
apparatus species (Orchard et al, 1994; Mei
1996; Mei et al. 1998; Henderson 2001). In some
cases, the overall configuration of the anterior,
middle and posterior platform of Pa elements is
stable and thus useful for identification of a
sample-population (Mei & Henderson 2001). In
the past, platform outline was emphasized and
this taxonomic practice has resulted in many
form species with long stratigraphic ranges.

We recognize that the denticulation config-
uration of the Pa element of Clarkina is the most
stable characteristic within sample-populations
of Clarkina species near the Wuchiapingian-
Changhsingian boundary, whereas the platform
outline is highly variable within sample-popula-
tions. As Mei et al. (1998) demonstrated,
conodont morphotypes with the same platform
outline occur throughout the Upper Wuchia-
pingian and the entire Changhsingian stages,
whereas the denticulation configuration changes
throughout the succession. In an attempt to
consolidate the disparate morphological form
taxa that have been previously identified as
species, Mei et al. (1998) recognized several
assemblage zones within the Changxing Lime-
stone, based on the change in denticulation
pattern and noting four 'shape classes' or
morphotypes in each zone. The shapes were
round-, square-, narrow- and transitional mor-
photypes (transitional among square, narrow
and round). Typically, the names applied to
these morphotypes include "C. deflecta' for the
square-morphotype, 'C. changxingensis" for the
round-morphotype, 'C. wangf for the narrow-
morphotype, and 'C. subearinata" for the transi-
tional morphotype. All four morphotypes occur
in every sample throughout the entire Changx-
ing Limestone, and clearly do not serve as valid
species identifiers. Based on the study of many
topotypes for each morphospecies and our
abundant new material from the Changxing
Limestone, we suggest that species of Clarkina
be redefined on the clear evolutionary progres-
sion of denticulation pattern in the Pa elements;
this would provide a powerful boundary defini-
tion, rather than platform outline morphologies
that provide little variation throughout the
Changxing Limestone. As a result, a taxonomic
approach that emphasizes consistent characters
in a sample-population, including denticulation
and configuration of platform, has been adopted
for Permian gondolellids (Henderson et al.
2002); for the interval of interest, carinal
denticulation is considered as an apomorphic
character and is therefore emphasized. The

difference between this sample-population taxo-
nomic approach and the conventional platform
outline form-taxa approach was demonstrated
by Henderson (2001, pp. 127-129) using Gua-
dalupian-Lopingian boundary conodonts illu-
strated by Wang (2000). The sample-population
taxonomic approach emphasizes the need to
document the total sample-population variation,
including ontogenetic variation, by illustrating
numerous specimens in order to facilitate under-
standing of verbal descriptions that are often
limited by the complexity of describing the total
variation within any sample-population.

Purnell et al. (2000) have introduced new
orientations and elemental notations in light of
palaeobiological considerations of the conodont
apparatus. In this scheme, the anterior blade of
the PI element (or Pa) would be ventral and the
posterior platform dorsal. The inner side of the
platform would be caudal or posterior and the
outer side rostral or anterior. The upper surface
view would be oral or adaxial and the lower
surface view would be aboral or abaxial. While
this orientation terminology may reflect true
biological orientation, we have chosen to con-
tinue to use the conventional terms to facilitate
comparison with previous descriptions.

Systematics
Phylum Chordata Bateson 1886
Class Conodonta Eiehenberg 1930
Subclass Conodonti Branson 1938
Order Ozarkodinida Dzik 1976
Superfamily Gondolellacea Lindstrom 1970
Family Gondolellidae Lindstrom 1970
Genus Clarkina Kozur 1989

Clarkina longicuspidata Mei & Wardlaw in
Mei et al. 1994
Figs 3a-b, 4a-o, 5a-h, 6a-n

Clarkina longicuspidata Mei & Wardlaw in Mei
et al. 1994, p. 136, pi. II, figs 7-9.

Original diagnosis: A species of Clarkina char-
acterized by a Pa element with a square to
bluntly rounded posterior termination to the
platform which is widest near the middle part, a
terminally located long and large proclined cusp,
a marked gap between the cusp and the poster-
iormost denticle, denticles increasing in height
anteriorly except for distal few, with the widest
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one near the anterior narrowing of platform,
well-developed smooth furrows, upturned lateral
margins and a smoothly abrupt anterior
narrowing of the platform (Mei ei al. 1994,
p. 136).
Emended diagnosis: A species of Clarkina with
a denticulation in adult Pa elements that has a
more or less erect cusp that is as high as or a
little bit higher than the posteriormost denticle.
The slope of the cusp is gentle, low and usually
1.5 to 2 times as long as the height of the cusp.
The cusp joins the penultimate posterior denticle
by a ridge that gently slopes down from the cusp
and forms the lowest and narrowest part of the
carina, just posterior to the penultimate poster-
ior denticle, which is usually considerably
reduced and fused; the connecting ridge forms
a wide concave arc in lateral view. This wide gap
becomes less prominent in larger gerontic speci-
mens and in stratigraphically younger speci-
mens. The platform is usually elongate, usually
widest around the middle and tapering toward
the anterior. The posterior platform termination
ranges from narrowly pointed to rounded and
squared.
Holotype: The specimen illustrated on pi. IT, fig.
7 (Mei & Wardlaw in Mei el al, 1994) with the
depository number of NIGP121717. This speci-
men is from Sample QT-67 in the upper
Wuchiaping Formation at Nanjiang Section,
Sichuan, South China.
Remarks: This species is differentiated from
Clarkina subcarinata (Figs 3e-f, 8a-m) by its
prominent gap anterior to the cusp. However,
this wide posterior carinal gap becomes con-
siderably reduced in larger gerontic specimens
(Figs 5g & h) and in stratigraphically younger
specimens. Clarkina wangi differs from this
species by lacking a gap between the cusp and
the posterior denticles.
Occurrence: Late Wuchiapingian, South China.

Clarkina subcarinata (Sweet in Teichert et
al. 1973)
Figs 3e-f, 8a-m

Neogondolella carinata subcarinata Sweet in
Teichert et al. 1973, p. 437, pi. 13, figs 12-17;
fig. 16E-H.
Neogondolella subcarinata subcarinata (Sweet in
Teichert et al. 1973). Wang & Wang in Zhao et
al. 1981, pi. V, figs 1-5, 8, 9, 15 & 16.
Neogondolella subcarinata (Sweet in Teichert et
al. 1973). Orchard et al. 1994 (in part as
morphotype 2), p. 835, pi. 1, figs 3, 4 & 9.

Neogondolella subcarinata (Sweet in Teichert et
al. 1973). Tian 1993, figs 6-8.
Clarkina subcarinata (Sweet in Teichert et al.
1973). Mei et al. 1998, pi. II, fig, K.
Clarkina wangi (auct. non Zhang, 1987). Mei et
al. 1998, pi. Ill, fig. J.

Original diagnosis: A subspecies of Neogondo-
lella carinata (Clark) with elements distinguished
from those of the typical subspecies by a
somewhat broader platform; a shorter, wider
keel; and a less distinctly set-off buttress beneath
the posterior platform brim (Sweet in Teichert et
al. 1973, p. 436).
Emended diagnosis: A species of Clarkina with
denticulation in adult Pa elements similar to C.
wangi; however, the posterior denticles are
partially discrete and usually moderately
reduced in height.
Syntypes: The specimens illustrated by Sweet (in
Teichert et al. 1973, pi. 13, figs 12-17). They are
from Sample 69SA-10M at the section of
Locality 1 in Julfa, NW Iran (Teichert et al.
1973). Sweet illustrated, using light photogra-
phy, the upper and lower surfaces of three
specimens in growth series as syntypes, presum-
ably in an attempt to illustrate multiple speci-
mens as a population subset. We empathize with
this approach, but feel that it is still better to
designate a single specimen as a holotype.
Holotype: We designate the adult specimen from
Sweet in Teichert et al. 1973 (pi. 13, figs 12 & 13)
as a lectotype and provide SEM photos of
topotype material in Figs 8a-m.
Remarks: We found that denticulation is the
most reliable character for differentiating this
species from related species, as illustrated dia-
grammatically by Sweet (in Teichert et al. 1973,
text-fig. 16); other features such as the platform
outline are not as useful. Clarkina carinata
(Clark 1959) differs from Clarkina subcarinata
by having a much more prominent cusp and a
carina in which the posterior denticles are not
reduced, but often increase in size posteriorly.
Sweet (1973) discussed the stratigraphic ranges
of these taxa in various sections around the
world. Clarkina wangi differs from this species
by having posterior denticles that are usually
mostly fused and are of the same height. It is
possible that the minor differences between
Clarkina subcarinata and Clarkina wangi are
due to an ecological response, as opposed to a
stratigraphic evolutionary change. Our current
interpretation is that these differences represent
stratigraphic evolutionary change, since Clar-
kina subcarinata succeeds Clarkina wangi over
an interval at the Meishan section that demon-
strates very little apparent ecological change.
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Clarkina wangi (Zhang 1987)
Figs 3c-d, 7a-k

Neogondolella subcarinata elongata Wang &
Wang 19810, p. 118, pi. II, figs 1-4.
Neogondolella subcarinata elongata Wang &
Wang 1981/7, pi. 1, figs 21 & 25.
Neogondolella subcarinata elongata Wang &
Wang in Zhao el al 1981, p. 80, pi. VI, figs 1-5.
Gondolella wangi Zhang 1987, pi. 1, fig. 4.
Not Neogondolella wangi Dai & Zhang 1989, p.
234, pi. 49, figs 19-22.
Neogondolella wangi Dai, Tian & Zhang in Tian
1993, pi. 4, figs 23a & 23b.
Clarkina wangi (Zhang). Mei el al 1998, p. 225,
pi. Ill, fig. K.
Clarkina subcarinata (auct, non Sweet in Teichert
et al. 1973). Mei et al. 1998, pi. I, fig. E, pi. II,
fig. I.
Clarkina prechangxingensis Mei et al. 1998, pl.l,
fig-I.
Clarkina predeflecta Mei et al. 1998, pi. II, figs E,
J, pi. Ill, fig. C.

Original diagnosis: Unit wide, widest around the
middle of the unit, tapering considerably both
anteriorly and posteriorly, usually no free blade.
The posterior end of the unit extends posteriorly
and is sharp, with a prominent and reclined
cusp. The anterior blade is a little higher than
the rest of the carina, and decreases in height
toward the posterior. The attachment surface on
the lower surface is wide. Unit is prominently
arched in the middle (translated from Chinese in
Wang&Wang 19810).
Original English diagnosis: A subspecies of
Neogondolella subcarinata characterized by an
elongated and posteriorly inclined cusp and by a
wide platform that abruptly narrows anteriorly
(Wang & Wang 1981/?, p. 231).
Original description: Platform wide, arched, and
slightly curved laterally, its greatest width near
middle or mid-posterior. Cusp commonly pro-
jects beyond posterior platform, forming a
posterior separate wedge, commonly forming
part of margin of platform. Denticles on carina
partly fused: increasing in size and spacing
anteriorly. Platform abruptly tapering at poster-
ior end and at anterior one-third to one-fourth
of unit. Free blade not well developed. Lower
attachment surface wide and having a pit,
surrounded by an elevated loop posteriorly;
keel gradually elevated from pit (Wang &
Wang 1981/?, p. 231).
Emended diagnosis: A species of Clarkina with a
platform of the narrow type, widest at the mid-

length of the posterior and middle platform,
where the platform tapers to both the anterior
and posterior and is thus lenticular in outline.
Denticles and the reclined cusp are largely fused
as a continuous carina that keeps nearly the same
height, extends beyond the posterior platform
margin and thus makes the platform end
pointed. In advanced forms the carina is less
fused and decreases slowly in height up to the
reclined cusp (Mei et al. 1998, p. 225).
New emended diagnosis: A species of Clarkina
with a denticulation in adult Pa elements that
has posterior denticles that are of near equal
height and a cusp that is attached to the carina
bearing mostly fused denticles. The carina in
lateral view keeps about the same height towards
the end of the platform and very often looks like
a high 'wall'. The carina extends beyond the
posterior platform margin and thus makes the
platform end pointed. In advanced forms the
carina is less fused and decreases slowly in height
until the reclined cusp.
Remarks: This species was originally named by
Wang & Wang (198la, 1981/?) as a subspecies of
Neogondolella subcarinata: N. subcarinata elon-
gata. Later, this subspecies was elevated to
species level by both Zhang (1987) and Dai &
Zhang (1989). Since the species name 'elongata'
has been used for a Lower Triassic species by
Sweet (1970), both Zhang (1987) and Dai &
Zhang (1989) renamed it 'wangC. Specimens
designated as N. wangi by Dai & Zhang are
from the Shangsi section and have a different
denticulation pattern - they are not Clarkina
wangi. Mei et al. (1998) tentatively limited this
species to specimens with a narrow-type platform
and a wall-like carina. Specimens with this type
of denticulation, but with different shapes of
platform outline were tentatively named Clar-
kina prechangxingensis (round morphotype), C.
wangi (narrow morphotype), C. predeflecta
(square morphotype) and C. subcarinata (transi-
tional mophotype) by Mei et al. (1998) in an
attempt to consolidate the disparate form taxa
identified previously. Mei et al. (1998) stated:
'The taxonomy of form species is tentatively
followed here to avoid dramatic taxonomic
change, although the present authors are ready
to accept taxonomic adjustments to the multi-
element species in the near future.' Following this
trend, and based on the holotypes of the form
species, we apply the names Clarkina wangi to the
forms with the high, wall-like carina with various
platform outlines (Fig. 7a-k), and Clarkina
subcarinata sensu stricto to the forms with a
similar denticulation to C. wangi, but the poster-
ior denticles are usually moderately reduced in
height and partially discrete (Fig. 8a-m).
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Holotype: The specimen illustrated with the
depository number of 53222 by Wang & Wang
(198la; pi. II, figs 3, 4) and by Wang & Wang
(1981b; pi. 1, figs 21, 25). This specimen is from
Sample ACT-116, which is from the middle Bed
5 of Sheng et al. (1984). The stratigraphic
position is approximately corresponding with
the middle Bed 8 of Yin et al. (1996).
Occurrence: Lower Changhsingian, South
China.
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Palynostratigraphy of the Upper Carboniferous Langsettian-Duckmantian

Stage boundary in Britain

DUNCAN MCLEAN, BERNARD OWENS & DAVID RODMAN
Palynology Research Facility, Department of Animal and Plant Sciences, Alfred Denny

Building, University of Sheffield, Western Bank, Sheffield S10 2TN, UK
(e-mail: d.mclean@sheffield.ac.uk)

Abstract: A critique of palynostratigraphic zonation schemes associated with the Langsettian-
Duckmantian Stage boundary shows that, at high levels of stratigraphic resolution, most
criteria used as palynological proxies for the position of the boundary are unsuitable. Most
importantly, in the Duckmantian stratotype section the highest stratigraphic occurrence of the
index species Schulzospora rara is above (rather than below or within) the Vanderbeckei Marine
Band, the base of which defines the Duckmantian Stage. A cored section through the boundary
in southern North Sea well 44/22-1 displays comparable microfloral distributions. While data
are as yet too sparse to provide detailed answers, the findings have implications for
understanding how marine flooding events affected Carboniferous microfloral evolution and
extinction. Ultimately this influences how microfloral biozone boundaries relate to the regional
European Upper Carboniferous stage boundaries, which are largely defined in relation to strata
deposited during marine flooding events similar to that associated with the Langsettian-
Duckmantian boundary. The miospore genus Sinuspores Artiiz is emended, and two new taxa
are described: Gondisporites bulboides sp. nov. and Hymenospora murdochensis sp. nov.

The Second International Congress on Carbo-
niferous Stratigraphy in Heerlen in 1935 defined
contiguous stages within the Westphalian Series
of the European Carboniferous as Westphalian
A, B, C and D in ascending sequence (Jongmans
& Gothan 1937). Following suggestions by
George & Wagner (1972), Calver & Owens
(1977) and Ramsbottom (1981), Owens et al
(1985) proposed replacement of the Heerlen
terminology with stage names based on strato-
types within the British Isles. In their classifica-
tion, the Westphalian A is replaced by the
Langsettian, the Westphalian B by the Duck-
mantian and the Westphalian C by the Bolso-
vian. These nomenclatural changes and
associated designation of stratotype sections
were ratified by the Subcommission on Carbo-
niferous Stratigraphy in 1989 (Engel 1989). The
Duckmantian thus represents a regional Stage
for the European Carboniferous. Use of the
name is continued and widespread (Wagner &
Winkler Prins 1997; Heckel 2001). The base of
the Duckmantian has been correlated within the
Lower Moscovian (Wagner & Winkler Prins
1997) or within the Upper Bashkirian stages of
the former Soviet Union (Peppers 1996) (Fig. 1).
Results from the Subcommission on Carboni-
ferous Stratigraphy Task Group to identify and

define a global chronostratigraphic boundary
close to the Bashkirian-Moscovian Boundary
may help to resolve this discrepancy.

The base of the Duckmantian Stage is defined
by a stratotype section (55° 13' 33" N,
01 ° 21'53" W, national grid reference
SK4237,7040) in a disused railway cutting at
Duckmanton near Chesterfield, Derbyshire, UK
(Fig. 2). The stage boundary is defined by the
first appearance of marine macrofossils at the
base of the Vanderbeckei Marine Band. The
nomenclature of the marine band was defined
and standardized by Ramsbottom et al. (1978).
The marine band represents a widely correlata-
ble horizon. Calver (1968) estimated that the
horizon could be consistently recognized over an
area of 960 x 50km in sequences of fluvio-
deltaic coal measures that are otherwise char-
acterized by rapid lateral and vertical facies
changes. No other marine bands are recognized
in the upper Langsettian to mid-Duckmantian
sequence and, as such, the Vanderbeckei Marine
Band provides ready lithostratigraphic correla-
tion even without the presence of diagnostic
goniatite macrofaunas. Fossil groups other than
marine faunas may provide evidence for the
stratigraphic location of the marine band. It is
the only marine band to occur within the non-

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 123-135. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. Subdivisions of the European Westphalian and
their correlation with the Late Carboniferous Stages of
the former Soviet Union (CIS). The Duckmantian-
Langsettian boundary is emphasized by a star. No
vertical scale is implied.

Fig. 2. Location of the studied sections.

marine bivalve Modiolaris Chronozone, and its
position has been correlated with significant
changes in macro- and microfloral assemblages
across northwestern Europe (Clayton et al. 1977;
Wagner 1984).

Changes in the microflora across the Lang-
settian-Duckmantian boundary have long been
recognized (Tomlinson 1940, reported in Smith
& Butterworth 1967, p. 28; Balme & Butter-
worth 1952) and have formed the basis for
biozonal subdivision of the associated strata.
Smith & Butterworth (1967) recognized changes
in assemblages recovered from coal seams above
and below the boundary. They carefully avoided
defining any biozones (Smith & Butterworth
1967, p. 12), although their 'assemblages' have
subsequently been interpreted as assemblage
biozones (e.g. Clayton et al. 1977). Care is
needed in extending the application of these
assemblages to those from other lithologies.
Miospores from coals represent a limited part of
the total microflora (Neves 1958), and it is
expected that abundance and total stratigraphic
range characteristics of taxa will vary between
coal and non-coal lithologies. Furthermore, the
sampling strategy of Smith & Butterworth
(1967) appears to have been defined by economic
interests, such that small, unworkable coal
seams were largely ignored. Their coal assem-
blages are recognizable by the ranges of several
index taxa (Smith & Butterworth 1967, text-fig.
5) and some abundance criteria (summarized in
Smith & Butterworth 1967, pp 81-82, text-fig.
55). The base of their Schulzospora rara (VII)
assemblage was defined by the first seam (above
their Radiizonates aligerens (VI) assemblage) to
be without R. aligerens. The base of their
Dictyotriletes bireticulatus (VIII) assemblage
was explicitly correlated with the Vanderbeckei
Marine Band (Smith & Butterworth 1967, p. 81),
but is in effect defined as the first coal seam to
contain Endosporites globiformis and Radiizo-
nates tennis and to be without S. rara. Vestispora
pseudoreticulata is 'almost invariably' confined
to the VIII and overlying assemblages (Smith &
Butterworth 1967, p. 82).

Clayton et al. (1977) defined a series of
biozones, using several criteria. They correlated
their Radiizonates aligerens (RA) Biozone with
the Radiizonates aligerens (VI) and Schulzospora
rara (VII) assemblages of Smith & Butterworth
(1967). The overlying Microreticulatisporites
nobilis-Florinites junior (NJ) Biozone was
defined by the lower limits of M. nobilis and F.
junior, and the upper limits of Sinuspores sinuatus
and Schulzospora rara. The base of the NJ
Biozone was correlated with the Vanderbeckei
Marine Band across northwestern Europe.
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Boundary sections

Stratotype section

The boundary stratotype section in the Duck-
manton railway cutting displays a series of upper
Langsettian to lower Duckmantian coal mea-
sures. Elements of the geology of the section
were described by Smith et aL (1967) and Anon.
(1978). Ramsbottom (1981) described the strati-
graphy of the basal Duckmantian in the section
in detail, and palaeontological data were col-
lated by Edwards & Stubblefield (1948); Smith et
aL (1967); Eagar in Anon. (1978); Ramsbottom
(1981) and Owens et al. (1985). These studies
show the distribution of marine faunas, non-
marine bivalves, ostracodes and miospores. The
Langsettian-Duckmantian boundary is defined
at the point in the section at which the first
marine macrofauna occurs in the marine mud-
stones of the Anthracoceratites vanderbeckei
Marine Band. This is immediately above the
Joan Coal, which is succeeded by 38 cm of
mudstones containing a fauna (Lingula, Prae-
hollinella) representative of a transgressive mar-
ine phase, and 56cm of mudstones with iron
carbonate concretions containing a pectinoid
fauna (Dunbarella, Myalina). The latter unit
represents the acme phase of the marine flooding
event (sensu Calver 1968). It is succeeded by
2.7m of mudstones representing the regressive
phase of marine flooding. Towards the top of
this unit are intercalations of strata containing
marine fossils (Ammodiscus, Glomospird) and
stunted non-marine fossils (Geisinia) that are
typical of the Vanderbeckei Marine Band in this
part of the Pennine Basin (Calver 1968). The
marine band is overlain by non-marine mud-
stones with some prominent ironstone horizons
containing non-marine bivalves.

Recognizable macrofloras have not been
recovered from the section (Cleal & Thomas
1996). The section is now largely overgrown.
Sample material for the present study covered
the interval from the First Piper Coal to the Top
First Waterloo Coal (Fig. 3), and was acquired
from trenches dug by the British Geological
Survey in 1972 and from shallow workings
opened during the miners' strike of 1984. The
full sequence of strata was thus not available for
sampling, but a BGS trench provided closely
spaced samples over the interval of the Vander-
beckei Marine Band and immediately adjacent
strata (Fig. 4).

Well 44122-1

Conoco UK Ltd well 44/22-1 (54° 15/24//N,
02°20 /49 / /E; Fig. 2) was drilled in 1984, and
penetrated a thick Langsettian-Duckmantian
sequence truncated by the Saalian unconfor-
mity (Fig. 5). The strata belong to the Westoe
Coal Formation and the Caister Coal Forma-
tion of Cameron (1993). Hydrocarbon-bearing
sandstone reservoirs in this and neighbouring
wells define the Murdoch Gas Field. Recovery
of an extensive cored section from well 44/22-
1 allowed the recognition of a limited macro-
fauna typical of the Vanderbeckei Marine
Band. In the core a thin coal is overlain by
5.2m of non-marine strata, followed by 2.3m
of siltstones containing Lingula (incursion
faunal phase) and 1.7m of silty mudstones
and iron carbonate concretions containing
Spirifer pennystonensis, Levipustula piscarae
and crinoid columnals (acme faunal phase).
A specimen of Lingula recovered from 3.2m
higher in the sequence represents the highest
recorded marine fossil, suggesting a total
thickness of 7.2m of marine strata. Occur-
rence of the marine brachiopods S. pennysto-
nensis and L. piscarae is typical of the
productoid facies of the Vanderbeckei Marine
Band (George 1928; Mason 1957; Calver
1968). The marine strata are succeeded by a
coarsening-upwards sequence of siltstones and
fine sandstones overlain by a thick develop-
ment of coarse sandstones and conglomerates
of the Murdoch-Caister sandstone unit
(McLean & Murray 1996). A total of 62
core and eight side-wall core samples were
analysed from throughout this section, with a
concentration of 24 core samples around the
horizon of the Langsettian-Duckmantian
boundary (Fig. 6).

Palynostratigraphy

Both study sections provided abundant and
diverse palynological assemblages, with more
than 200 miospore taxa recorded from each.
Figures 3 & 5 illustrate the distributions of
particular miospore taxa in composite sections
of upper Langsettian and lower Duckmantian
strata in the area of Duckmanton, and in the
southern North Sea Murdoch Gas Field. The
detailed distributions of selected palynomorphs
around the Langsettian-Duckmantian bound-
ary are shown in Figures 4 & 6. The data
have been interpreted in terms of the criteria
used to define the assemblages of Smith &
Butterworth (1967) and the biozones of
Clayton et aL (1977). In both sections, the
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Fig. 3. Distribution of stratigraphically significant miospore species in the Duckmanton railway cutting and
neighbouring area. Key to lithologies for Figures 3-6.

boundary between the VI and VII assemblages
is identified by the range top of Radiizonates
aligerens. The VII—VIII assemblage boundary
is less readily recognizable. In both areas,
occurrences of Endosporites globiformis and
Vestispora pseudoreticulata extend down into
Langsettian strata and are even associated
with R. aligerens, and the ranges of Schulzos-

pora rara and Radiizonates tennis overlap
(Figs 3-6). Here the boundary between the
assemblages has been taken at the total range
top (irrespective of lithology) of S. rara. If
non-coal microfloras are excluded, the range
top of S. rara would be placed at the Joan
Coal in Duckmanton and at the -1 Coal
(sensu McLean & Murray 1996) in the
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Fig. 4. Distribution of selected palynomorphs in the Duckmantian boundary stratotype section. For key to
lithologies, see Figure 3.

Murdoch Gas Field. Recognition of the
biozonal boundaries of Clayton et al (1977)
is also problematic, because the stratigraphic
criteria that are used to define the base of the
NJ Biozone (range top of S. rara, range top
of Sinuspores sinuatus, range base of Micro-
reticulatisporites nobilis) do not occur at the
same horizon.

The difficulties in these interpretations relate
to using several criteria to define assemblages or
assemblage biozones. A more suitable approach
may be to define biostratigraphic units using
events specific to a single taxon. In the case of
the Langsettian-Duckmantian boundary, the
following events may prove suitable:

(1) Range base of Microreticulatisporites nobi-
lis;

(2) Range top of Sinuspores spp. (S. sinuatus
and S. cf. sinuatus) or Spelaeotriletes pre-
tiosus windsorensis',

(3) Range top of Schulzospora rara;
(4) Range base of Protohaploxypinus spp.;

(5) Range top of Camptotriletes superbus, or
range base of Radiizonates faunus or R.
tenuis',

(6) Range top of R. aligerens.

Establishment of such units awaits the consid-
eration of the consistency of these events over a
wider geographical area. These events generally
concur with observations of the distribution of
particular taxa across NW Europe, but pub-
lished records are all at low levels of strati-
graphic resolution. The range base of
Protohaploxypinus spp. as recognized here is
considerably lower than previously described.
Clayton et al. (1977) and Van de Laar &
Fermont (1989) showed Protohaploxypinus spp.
occurring in the Lower Bolsovian. Farther
afield, however, the genus is known from the
questionable Upper Namurian (Zhu 1993) and
Lower Westphalian (Playford & Dino 2000).
Several other taxa have ranges that may appear
suitable. However, the range of Fragilipollenites
radiatus (Fig. 4) extends into younger strata than
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Fig. 5. Distribution of stratigraphically significant miospore species in the upper Langsettian and Duckmantian
of the Murdoch Gas Field. For key to lithologies, see Figure 3.

in this study (McLean 1997). The range top of
Hymenospora murdochensis sp. nov. appears to
lie consistently in the coal beneath the Vander-
beckei Marine Band, but additional records are
needed before the suitability of this species can
be assessed. Similarly there are too few Eur-
opean records of Anafoveosporites avcinii to
assess its biostratigraphic utility.

It may be that at low levels of stratigraphic
resolution (low sample density or sampling
confined to coals) there is an apparent change

in the microflora across the Langsettian-Duck-
mantian boundary, but the ranges of taxa
illustrated in Figures 4 & 6 show that at high
levels of stratigraphic resolution the boundary is
typified by a gradual turnover of taxa. Further-
more, at this level of resolution there is little
consistency in the order of these biostratigraphic
events. This is illustrated by the different
positions of the range tops of Apiculatasporites
variocorneus and Radiizonates striatus, and the
range bases of Alatisporites hoffmeisterii and
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Fig. 6. Distribution of selected palynomorphs in the Duckmantian boundary section in southern North Sea well
44/22-1. For key to lithologies, see Figure 3.

Gondisporites bulboides sp. nov. relative to the
the six events listed above.

Palaeoenvironments

Few unequivocal marine palynomorphs are
recognized in Upper Carboniferous marine
strata in northwestern Europe (McLean &
Chisholm 1996), although scolecodonts (the
jaw apparatuses of marine annelids) occur rarely
in many marine bands. Palynological identifica-
tion of Upper Carboniferous marine bands thus
relies upon changes in miospore assemblage
composition (Neves 1958; Davies & McLean
1996) and palynofacies (Van de Laar & Fermont
1990). Most significant is the increase in
abundance of certain saccate pollen taxa in
marine strata. In the studied sections, both
striate and non-striate bisaccate pollen (Illinites
unicus, Protohaploxypinus spp., Sahnites spp.,
Limitisporites spp.) occur throughout the Van-

derbeckei Marine Band and, except for speci-
mens of Limitisporites spp. in the overlying non-
marine unit in well 44/22-1, are restricted to it.
Similarly, the sphenopsid miospore Elaterites
triferens may occur elsewhere, but is often
common in the incursion phase of the marine
band. There are clearly palaeoecological effects
on the distribution of these forms (Chaloner
1958; Chaloner & Muir 1968) that allow their
presence to suggest the position and extent of
marine strata. Ultimately the driving force
behind these distributions is palaeoclimatic,
reflecting changes in the availability of low-lying
habitats suitable for land plants, in turn brought
about by glacial-interglacial sea-level fluctua-
tions. Sea-level fluctuations have been envisaged
as driving vegetational compositional changes
(Chaloner 1958) and also the overall evolution
of the microflora. In recognizing that Upper
Carboniferous microfloral biozonal boundaries
coincide with marine band horizons, Owens et
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al. (1977) suggested a causal link, whereby
evolutionary stress was produced by marine
flooding of lowland habitats. If this model is
correct, then most miospore range tops would
coincide with the incursion phase of a marine
flooding event. In the Vanderbeckei Marine
Band this is not the case (Figs 4 & 6). Of the
taxa which have their range tops in proximity to
the marine band, none are consistently in the
lower part of the incursion phase. In fact, most
extend into the regressive phase or higher.
Significantly, Schulzospora rara and Radiizo-
nates striatus both occur in the non-marine
strata above the marine band. Given the limited
data-set available, the implication is that periods
of marine flooding alone did not exert particular
evolutionary stress upon the microflora, but that
evolution and extinction took place throughout
the complete transgressive-regressive (i.e. inter-
glacial) event.

Conclusions

It appears that, at high levels of stratigraphic
resolution, there is no palynostratigraphic event
that consistently equates to the horizon of the
Langsettian-Duckmantian boundary. However,
a series of events recognized within a gradual
turnover of taxa across the boundary may prove
to provide a framework within which the
boundary can be located. In addition, palaeoe-
cological changes apparent in microfloral assem-
blages allow recognition of the marine strata of
the Vanderbeckei Marine Band - the base of
which defines the Duckmantian Stage. The
distribution of palynomorph range tops and
bases across the boundary suggests that marine
flooding did not drive the evolution of the
microflora, but that the vegetational response to
both transgression and regression may have
been important.

Systematic palaeontology

All described and figured specimens are housed
in the collection of the Palynology Research
Facility, Department of Animal and Plant
Sciences, University of Sheffield, UK, collection
numbers ML5742 to ML5747.

Anteturma SPORITES Potonie 1893
Turma TRILETES Reinsch emend.
Dettmann 1963
Subturma AZONOTRILETES Luber
emend. Dettmann 1963

Infraturma LAEVIGATI Bennie &
Kidston emend. Potonie 1956
Sinuspores Artiiz emend, nov.

Synonymy: Sinuspores Artiiz 1957, p. 254.
Sinuspores Artiiz emend. Ravn 1986, p. 80.

Type of genus: Sinuspores sinuatus Artiiz emend.
Ravn 1986.
Original diagnosis: Translated from Artiiz (1957,
p. 254). Trilete iso- and microspores with a
rounded equatorial outline. 'Y' mark generally
distinct, straight, reaching three-quarters of the
spore diameter. There are sinusoidal, curved
structures ('Sinuskurven') on the surface of the
spore. These structures appear as light areas
against a dark background. There is a struc-
tureless and sculptureless, dark-brown cingulum
('Giirtelzone') around the spore.
Emended diagnosis: Miospores radial, trilete,
acamerate; amb circular. Ends of the laesurae
extend into a broad, rounded curvatural ridge
that lies in a subequatorial, proximal position.
Exine proximally laevigate, distally sculptured
with low, broad, sinuous muri and sometimes
also with low, broad verrucae. Areas of rela-
tively thin exine between the muri are sinuous to
irregular in shape.
Remarks: Artuz (1957, p. 254) provided a clear,
descriptive diagnosis for the genus. Ravn (1986,
p. 80) provided an interpretative emendation
that emphasized the curvatural nature of the
subequatorial thickening but described the exine
as 'laevigate or nearly so'. This description of the
exine is misleading, since all species (and the
genus remained monospecific until now) have a
distinctive and characteristic distal exine sculp-
ture. Indeed, it is to the existence of sinusoidal
areas ('Sinuskurven' of Artiiz, 1957, p. 245)
between these sculptural thickenings that the
name Sinuspores refers. In removing reference to
the distal sculpture, Ravn (1986) described a
genus that is indistinguishable from Retusotri-
letes Naumova emend. Richardson 1965. The
current emendation restates the importance of
the distal sculpture, while including the inter-
pretation of the subequatorial proximal struc-
ture as a curvatural ridge. Examination of the
illustrations provided by Artiiz (1957, pi. 7, figs
48a, b); of all subsequently illustrated specimens
assigned to this genus; and of voucher material
prepared from the type locality, indicate that the
areas ('Sinuskurven') between the distal sculp-
tural thickenings vary on any one specimen from
sinusoidal to irregular. Further, amongst the
linear muri, the positive sculpture includes
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elements that are more or less equidimensional
in plan view and are best described as verrucae.
These consistent features have been included in
the emendation of the generic diagnosis.

Sinuspores cf. sinuatus
Fig. 7a & b

Description: Radial, trilete, acamerate mios-
pores. Amb circular to subcircular. Laesurae
straight or slightly sinuous, accompanied by
narrow labra less than 1 /mi wide. Labra
broaden at their equatorial extremities, where
they extend to a broad, proximal subequatorial
curvatural crassitude, 4.0-8.0/mi wide. Exine
1.0-2.0/mi thick. Contact faces and curvatural
ridge laevigate; distal surface ornamented with
broad, low, elongate, meandering muri (1.0—
2.0 /mi high, 2.0-8.0/mi wide and up to 20/mi
long), which do not anastomose. Size of
miospores 40(55)70 /urn. Based on 20 specimens.
Comparison. Specimens assigned to this taxon
are smaller and have narrower labra than
Sinuspores sinuatus Artiiz 1957. Their distal
ornament may resemble that of Punctatisporites
edgarensis Peppers 1970, but they have a well-
developed curvatural crassitude characteristic of
the genus Sinuspores. Orbisporis convolutus
Butterworth & Spinner 1967 is larger (69-
116/mi) and has wider labra of regular width.
Butterworth & Spinner (1967, p. 9) state that the
labra of O. convolutus 'terminate against' a wide
proximal subequatorial thickening. This sug-
gests a similarity to the structure of Sinuspores,
but examination of the type material of O.
convolutus indicates that the labra invariably
terminate before reaching the subequatorial
thickening. A distinct area of thin exine between
2 /mi (as on the holotype) and 8 /mi separates the
two thickened structures. In addition, there is no
evidence for invagination of the subequatorial
structure of O. convolutus.
Remarks: Miospore size may be affected by
preparation techniques (Butterworth & Wil-
liams 1954), and so it should only be used
with caution as a discriminatory taxonomic
attribute. In the present instance, the sizes of
S. sinuatus and S. cf. sinuatus remain discrete
within any assemblage. Further, specimens of S.
cf. sinuatus do not reach the published minimum
size of S. sinuatus (75/mi, Butterworth &
Williams 1958).

Subturma SOLUTITRILETES Neves &
Owens 1966

Infraturma DECORATI Neves & Owens
1966
Gondisporites Bharadwaj 1962
Type of genus: G. raniganjemsis
Bharadwaj 1962, pi. 2, fig. 48

Gondisporites bulboides sp. nov.
Fig. 7c-h

Diagnosis: Circular to subcircular, distinctly
camerate miospores with narrow, subequatorial
curvaturae perfectae with a narrow equatorial
zona developed beyond; distal ornament of fine
grana and scattered spinae-coni.
Description: Radial, trilete, camerate miospores.
Amb circular. Laesurae straight or slightly
flexuous, accompanied by weakly developed
labra less than 1.0/mi high, reaching to the
equator and developing into curvaturae perfec-
tae. Intexine thin but distinct, laevigate, three-
quarters of the spore diameter. Exoexine equa-
torially developed into a narrow zona 2.0/mi to
3.5/mi wide. Proximal exoexine punctate or
faintly granulate. Distal ornament of densely
set, faint grana, less than 0.5 /mi in diameter,
with scattered spinae-coni, 0.5/mi in diameter
and 1.0 /mi to 2.0/mi high. Size of miospores
68(79.5)85 /mi. Based on 20 specimens.
Derivation of name: Latin bulbus - onion, with
reference to the appearance of the spore as
having several concentrically arranged layers.
Type locality: Well 44/22-1; southern North Sea.
Type horizon: Mudstones in core at 3638.04m;
lower Duckmantian.
Holotype: Fig. 7c & d Well 44/22-1, core at
3638.04m, slide 1, collection number ML5744
England Finder reference E56/1.
Comparison: This is the only species of Gondis-
porites so far described from the European
Carboniferous. It differs from species of Kraeu-
selisporites and Spelaeotriletes by the presence of
the equatorial zona. Gondisporites ewingtonensis
Backhouse 1988 and G. wilsonii Backhouse 1988
have coarser distal ornament. G. raniganjensis
Bharadwaj 1962 has an equatorial zona which is
distinctly thickened along its inner margin.

Subturma MEMBRANATITRILETES
Neves & Owens 1966
Infraturma MEMBRANATI Neves 1961
Hymenospora Neves 1961
Type of genus: H. palliolata Neves 1961,
pi. 33, fig. 11
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Hymenospora murdochensis sp. nov.
Fig. 7i-m

Diagnosis: Camerate trilete miospore with
numerous, radially arranged plications of the
finely granulate exoexine. Exoexine attached to
intexine in furrows of plications. Cameration of
more or less constant width around the intexine.
Description: Radial, trilete, camerate miospores.
Amb subcircular, broadly rounded triangular or
elongate-oval. Laesurae straight, simple, reach-
ing to the margin of intexine, often difficult to
discern. Intexine laevigate, three-quarters radius
of spore. Cameration of more or less constant
width around the intexine. Exoexine finely
granulate, grana largest (up to 1.0/mi diameter)
on the distal surface towards the distal pole;
folded into 30 to 50, more or less radial
plications on both proximal and distal faces;
exoexine attached to intexine in furrows of
plications. Size of miospores 46(53.3)59/mi.
Based on 20 specimens.
Derivation of name: Named after the Murdoch
Gas Field in which the species was first
recognized.
Type locality: Well 44/22-1, southern North Sea.
Type horizon: Coal in core at 3679.52m; upper
Langsettian.
Holotype: Fig. 7i & j. Well 44/22-1, core at
3679.52m, slide 1, collection number ML5742
England Finder reference V58/0.
Comparison: Hymenospora palliolata Neves 1961
is larger, has fewer radial plications and a
laevigate exoexine. H. multirugosa Peppers
1970 has prominent, labrate laesurae and a
relatively thick, infrapunctate exoexine. Schul-
zospora plicata Butterworth & Williams 1958 is

Fig. 7. Illustration of miospore taxa. Scale bar
represents 20 /mi. Specimens are identified by location,
sample depth, slide number, University of Sheffield
slide reference and England Finder reference,
(a) Sinuspores cf. sinuatus, 44/22-1, 3699.65m, 1,
ML5747, H56/4. Proximal focus, (b) Same specimen,
distal focus, (c-h) Gondisporites bulboides sp. nov. (c)
Holotype, 44/22-1, 3638.04m, 1, ML5744, E56/1.
Proximal focus, (d) Holotype, distal focus, (e) Para-
type, 44/22-1, 3638.04m, 1, ML5744, Q38/3. 'zona'
indicates narrow equatorial zona; 'curv.' indicates
curvatural ridge; 'int.' indicates outer margin of
intexine. (f) Paratype, 44/22-1, 3638.04m, 1, ML5744,
V50/2. (g) 44/22-1, 3622.79m, 1, ML5746, H47/2. (h)
Paratype, 44/22-2, 3638.04m, 2, 40.1. (i-m) Hymeno-
spora murdochensis sp. nov. (i) Holotype, 44/22-1,
3679.52m, 1, ML5742, V58/0. Proximal focus, (j)
Holotype, distal focus, (k) Paratype, 44/22-1,
3679.52m, 1, ML5742, M68/3. (1) Paratype, 44/22-1,
3679.52m, 1, ML5742, U63/4. (m) Paratype, 44/22-1,
3679.52m, 1, S64/0.

consistently elongate-elliptical in outline due to
the median constriction of the exoexine. It
therefore does not have the consistent width of
cameration of H. murdochensis.

W. H. C. Ramsbottom identified macrofaunas from
the Murdoch Gas Field. The authors wish to thank
ConocoPhillips UK Ltd and partners GDF Britain
Ltd and Tullow Oil UK for permission to publish data
from well 44/22-1. B. O. publishes with the approval of
The Director, British Geological Survey (NERC).

Appendix I

List and author citations of palynomorph taxa
mentioned in this paper:
Alatisporites hoffmeisterii Morgan 1955
Anafoveosporites avcinii (Ravn & Fitzgerald) Ravn

1986
Apiculatasporites variocorneus (Sullivan) Ravn 1986
Botryococcus Kutzing 1849
Camptotriletes super bus Neves 1961
Dictyotriletes bireticulatus (Ibrahim) Potonie & Kremp

emend. Smith & Butterworth 1967
Elaterites trifevens Wilson 1943
Endosporites globiformis (Ibrahim) Schopf et al. 1944
Endosporites zonalis (Loose) Knox 1950
Florinites junior Potonie & Kremp 1956
Fragilipollenites radiatus Konyali in Agrali et al. emend

McLean 1997
Gondisporites bulboides sp. nov.
Gondisporites ewingtoneneis Backhouse 1988
Gondisporites raniganjensis Bharadwaj 1962
Gondisporites wilsonii Backhouse 1988
Hymenospora multirugosa Peppers 1970
Hymenospora murdochensis sp. nov.
Hymenospora palliolata Neves 1961
Illinites unicus Kosanke emend. Jansonius & Hills 1976
Kraeuselisporites Leschik emend. Scheuring 1974
Limitisporites Leschik emend. Klaus 1958
Microreticulatisporites nobilis (Wicher) Knox 1950
Orbisporis convolutus Butterworth & Spinner 1967
Protohaploxypinus Samoilovich emend. Morbey 1975
Punctatisporites edgarensis Peppers 1970
Radiizonates aligerens (Knox) emend. Staplin &

Jansonius 1964
Radiizonates difformis (Kosanke) Staplin & Jansonius

1964
Radiizonates faunus (Ibrahim) Smith & Butterworth

1967
Radiizonates striatus (Knox) Staplin & Jansonius 1964
Radiizonates cf. striatus sensu Smith & Butterworth

1967
Radiizonates tennis (Loose) Butterworth & Smith in

Butterworth et al. 1964
Reduviasporonites stoschianus (Balme) Elsik 1999
Sahnites Pant ex Pant 1955
Schulzospora plicata Butterworth & Williams 1958
Schulzospora rara Kosanke 1950
Sinuspores sinuatus Artiiz emend. Ravn 1986
Spelaeotriletes Neves & Owens 1966
Spelaeotriletes pretiosus windsorensis Utting 1987
Vestispora pseudoreticulata Spode in Smith & Butter-

worth 1967
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Abstract: The analysis of samples from numerous Pliensbachian and Toarcian sections from the
northern regions of Russia and northern Alaska, as well as published data, allow us to estimate
the correlative significance of foraminifera and ostracodes, and to develop an Arctic zonal
standard based on these microfauna. During the Late Pliensbachian-Early Toarcian
depositional period in the Arctic Basin and northwestern seas of Western Europe, a
succession of almost simultaneous biotic and abiotic events occurred: widespread
development of black bituminous shale at the beginning of the Early Toarcian, and a
microbiota crisis (mass extinction event) in the Northern Hemisphere. The Early Toarcian
microbiotic crisis was very sharp in both Arctic and Western European palaeobasins. In the
Arctic seas, the generic and family composition of ostracode communities was completely
replaced by new taxa. The species composition of foraminiferal assemblages changed
considerably, while the generic composition of the foraminifera is only characterized by
partial changes. In the Western European seas, the Early Toarcian microbenthos crisis caused
taxonomic changes generally at the species level among foraminifera and at the generic level
among ostracodes. The comprehensive analysis of the biogeographical distribution of Late
Pliensbachian and Early Toarcian foraminifera and ostracodes, as well as Jaccard cluster
analysis, allow us to define several biogeographical units within the Arctic and Boreal-Atlantic
realms. A pattern of ecological distribution of microbenthos in bathymetric zones in Siberian
palaeobasins has been developed, providing the basis for palaeoenvironmental reconstructions.

Upper Pliensbachian and Lower Toarcian
deposits are widespread in both the Arctic Basin
and in NW Europe (Fig. 1). Numerous sections
of Upper Pliensbachian-Lower Toarcian micro-
fossils (foraminifera and ostracodes) from the
Barents Sea shelf, NW and eastern Siberia, NE
Russia and northern Alaska have been investi-
gated by the authors. For comparative analysis,
the published data on lithostratigraphy, bios-
tratigraphy and micropalaeontology of Upper
Pliensbachian-Lower Toarcian sections from
the NW portion of Western Europe, the North
Sea, the Barents Sea shelf and Arctic Canada
were included in this study (Norling 1972;
Bate & Coleman 1975; Souaya 1976; L0faldli
& Nagy 1980; Copestake & Johnson 1981, 1984,
1989; Wall 1983; Riegraf 1985; Ainsworth 1986,
1987; Gramberg 1988; Malz & Nagy 1989;
Basov et al 1989; Nagy & Johansen 1991; Leith
et al. 1992; Embry 1993; Dibner 1998; Arias
2000).

During the Late Pliensbachian-Early Toar-
cian in the Arctic basin and northwestern seas of
western Europe, a succession of almost simulta-
neous biotic and abiotic events occurred. The
widespread development of black bituminous
shale during the earliest Toarcian coincided with
a biotic crisis (mass extinction event) in the Early
Toarcian within the Northern Hemisphere. In
Northern Europe, this biotic event has been well
publicized by authors such as Hallam (1975,
1986), Copestake & Johnson (1981, 1984, 1989),
Jenkyns (1985, 1988), Riegraf (1985), Ainsworth
(1986, 1987), Little & Benton (1995), Hylton &
Hart (1998), Liu et al. (1998), Hallam & Wignall
(1999), Harries & Little, (1999), Arias (2000),
and Rohl et al. (2001).

Data on the Pliensbachian-Toarcian micro-
fauna of Arctic regions are not so numerous:
mainly comprising descriptions of the foramini-
fera and ostracodes, as well as taxonomic lists of
microfauna from the Pliensbachian-Toarcian

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 137-174. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. The main Arctic Basin and NW Europe Pliensbachian-Toarcian study areas, showing the location of the
studied sections. 1, NW of Western Europe (England, Fastnet Basin, Sweden); 2, North Sea; 3, Barents Sea area:
South Barents depression, Franz Josef Land, Svalbard; 4, NW Siberia; 5, NE Siberia; 6, NE Russia; 7, northern
Alaska (Arctic platform of Alaska); 8, Canadian Arctic archipelago and Northwest Territories of Canada.

deposits of eastern and western Siberia, northern
Alaska, the Barents Sea region and Canadian
Arctic, or investigations concentrated on zonal
stratigraphy (Tappan 1955; Gerke 1961; Berg-
quist 1966; Saks 1976; Souaya 1976; Wall 1983;
Mickey & Haga 1987; Basov et al. 1989; Azbel &
Grigelis 1991; Nikitenko 1992,1994; Nikitenko &
Shurygin 1994a; Shurygin et al. 2000). Some
studies have concentrated on the details of the
Pliensbachian-Toarcian biotic crisis (Nikitenko
& Shurygin 19946; Nikitenko & Pospelova 1996).

The aim of this paper is to summarize all the
data on the distribution of foraminifera and
ostracodes in the Upper Pliensbachian and

Lower Toarcian deposits of the Arctic regions,
evaluate the correlative potential of the forami-
nifera and ostracodes, and develop an Arctic
zonal standard based on these data. Also, we
will describe and characterize the Pliensbachian-
Toarcian microfaunal turnover of the Arctic
region. Despite the fact that the foraminifera
and ostracodes are the most widespread groups
of Jurassic microfossils present in the differing
facies (from brackish to normal marine), these
groups are very seldom utilized for palaeobio-
geographical purposes (Gordon 1970; Basov
1983). This necessitates the analysis of the
biogeographical distribution of the foraminifera
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and ostracodes at the end of the Late Pliensba-
chian-earliest Toarcian in the Arctic regions on
the basis of well-developed biostratigraphy, as
well as the development of the patterns of
ecological distribution of the microfauna in
bathymetric zones in the studied palaeobasins,
and the reconstruction of palaeoenvironments.

Stratigraphy

Upper Pliensbachian-Lower Toarcian deposits,
both from the Arctic and northwestern areas of
Western Europe, are characterized by a succes-
sion of sedimentological cycles caused by
eustatic events in the world's oceans. The
widespread development of Lower Toarcian
organic-rich shales allows us to divide the Upper
Pliensbachian-Lower Toarcian deposits of the
NW areas of Western Europe and the Arctic
into two parts: Upper Pliensbachian and Lower
Toarcian (Fig. 2). The Lower Toarcian bitumi-
nous clays are now regarded as an interregional
stratigraphic marker-level, due to typical homo-
geneous argillaceous composition and compar-
able thickness (20^0 m) over the vast territory
of the Arctic and Europe.

Any stratigraphic and palaeobiogeographical
reconstructions are only possible on the basis of
reliable and detailed biostratigraphic informa-
tion. All the deposits of the different Arctic
regions are characterized by rich assemblages of
foraminifera, ostracodes and palynomorphs, as
well as less-abundant ammonites and bivalves,
allowing for the definitive correlation of these
deposits.

Northeastern Siberia and northeastern
Russia

Pliensbachian-Toarcian deposits in northeastern
Siberia and northeastern Russia are distributed
in numerous outcrops and well-sections, and are
characterized by macrofaunas, including ammo-
nites, belemnites and bivalves, and also rich and
diverse foraminiferal and ostracode assem-
blages. During the 1990s, zonation schemes for
both Siberia and northeastern Russia based on
the foraminiferal (f-zones) and ostracode (o-
zones) have been developed and correlated with
each other, and tied into the Boreal Ammonite
zonal standard (Nikitenko 1992, 1994; Niki-
tenko & Shurygin 19940, b\ Zakharov et al.
1997; Shurygin et al. 2000). The combination of
Jurassic zones based on foraminiferal and
ostracode data has allowed us to calibrate the
sections of Arctic Russia (Nikitenko 1992, 1994;

Nikitenko & Shurygin 19940, b\ Shurygin et al.
2000).

The Upper Pliensbachian in the northern
portion of central Siberia is represented by
sediments of the upper part of the Zimnyay
Formation comprising marine and near-shore
sandstones, mudstones and siltstones (Fig. 3). In
the west, the Zimnyay Formation is overlain by
argillites and clays with pebbles, and thin layers
of organic-rich shale of the Levinskiy Forma-
tion. In the central areas, it is overlain by clays
and silty clays of the lower part of the Airkat
Formation, while in the eastern areas (lower
reaches of the Lena River) it is overlain by clays
and silts of the Kyra Formation. In the upper
part of the Zimnyay Formation, and lower parts
of the Levinskiy, Airkat and Kyra formations,
the Ammodiscus siliceus JF3 Zone (uppermost
Lower Pliensbachian-basal Upper Pliensba-
chian) has been established. Foraminiferal
assemblages of this zone are characterized by
an abundance of Ammodiscus siliceus (Fig. 3).
Trochammina inusitata is subsidiary, while other
foraminifera (Turritellella volubilis, Jaculella
jacutica, Spiroplectammina sp. 1, Astacolus
varians, Geinitzinita tenera and Marginulinopsis
hatangensis) are rare. In this part of the section,
the ostracodes (Ogmoconcha longula, 'Mandel-
stamid' sp.) are rare, characterizing the Ogmo-
concha longula JO2 Zone (Hettangian-basal
Lower Toarcian) assemblage (Figs 4 & 5).

The foraminiferal assemblage of the overlying
Trochammina lapidosa-Frondiculinita dubiella
JF5 Zone (middle stokesi Ammonite Zone) is
more diverse (Fig. 6h, n & r). Dentalina gloria,
Neobulimina sp., Nodosaria turgida, Marginulina
spinata orbicularis, M. prima, M. quinta and
Ichthyolaria lustrata have their inceptions in this
zone. The assemblage is dominated by Trocham-
mina lapidosa, while Ammodiscus siliceus, Hyper-
ammina odiosa and Glomospira ex gr. gordialis are
subsidiary. In some horizons, Neobulimina sp.
dominate the assemblage. The Trochammina
lapidosa-Frondiculinita dubiella JF5 Zone occurs
in the lower part of the Levinskiy, Airkat and
Kyra formations in NE Siberia (Shurygin et al.
2000). In the upper part of the Trochammina
lapidosa-Frondiculinita dubiella JF5 Zone, the
diversity of the ostracodes increases. The lowest
occurrence of the Ogmoconchella olenekensis,
Ogmoconcha nordvikensis, 'Mandelstamia' line-
arts and Nanacy'there costata (Fig. 71, o, p, s, r, u &
w) was observed in the Nanacythere costata JO3
Zone (uppermost stokesi Ammonite Zone-lower
part of viligaensis Ammonite Zone) (Fig. 5).

The Anmarginulina gerkei JF7 Zone ranges
from the upper part of the stokesi Ammonite
Zone to the lower part of the margaritatus



Fig. 2. Lithostratigraphic summary showing Lower Jurassic deposits and the age of organic-rich marine mudrock units in diverse geographical areas. Dark fill: Lower
Toarcian organic-rich marine mudrock units.



Fig. 3. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera, NE Siberia and NE Russia (part 1). For legend, see Fig. 2.



Fig. 4. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera, NE Siberia and NE Russia (part 2). For legend, see Fig. 2.



Fig. 5. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifers and ostracodes, NE Siberia and NE Russia. For legend, see Fig. 2.
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Ammonite Zone (upper part of Levinskiy part of the section. 'Mandelstamia lubrica and
Formation, middle part of Airkat and Kyra Ogmoconchella ornata (Fig. 7t & v) have their
Formations). It is characterized by a consider- inceptions in these assemblages. These foramini-
able change of the foraminiferal assemblages, fera (JF8 Zone) and ostracodes (JOB Zone) occur
with the inceptions of Involutina liassica sibirica, in the clays in the top of the Levinskiy Formation
Citharina fallax, Marginulinopsis ventrosa, Mar- and from the overlying siltstones with inter-
ginulina spinata interrupta, Saracenaria sublaevis, bedded sandstone of the Sharapovo Formation,
Ichthyolaria terquemi and Conorboides bulimi- and also in the Airkat Formation and in the top
noides (Fig. 6a, d, e & q). Among the forami- of the Kyra Formation.
nifera, a large number of migrant taxa are The Recurvoides taimyrensis JF9 Zone ranges
recognized. from the uppermost Upper Pliensbachian to the

The foraminiferal assemblage from the over- lowermost Lower Toarcian (upper part of
lying Anmarginulina arctica JF8 Zone (upper part viligaensis Ammonite ZonQ-propinquum Ammo-
of margaritatus Ammonite Zone-lower part of nite Zone). At the base of foraminiferal zone
viligaensis Ammonite Zone) is characterized by a (JF9), foraminifera greatly decrease in diversity,
high diversity of the calcareous foraminifera, Recurvoides taimyrensis (Fig. 8a, b & c) becomes
which sometimes dominate over the agglutinated the dominant taxon, while Kutsevella barrowen-
foraminifera. This assemblage is characterized by sis and locally Trochammina lapidosa are sub-
Lenticulina margarita, Pyrulinoides anabarensis, sidiary. The characteristic feature of the
Ichthyolaria sulcata, Pseudonodosaria pseudovul- foraminiferal assemblages from this Zone is the
gata, Grigelis apheilolocula and Frondiculinita extinction of many of the most typical Pliens-
lobata (Fig. 6b, c, g, i, j, k, 1, o, p, s, w, y, z & bachian species and the inception of the first
aa). The most diverse ostracodal assemblage of Toarcian elements in the upper part of Recur-
the Nanacy'there costata JO3 Zone is found in this voides taimyrensis JF9 Zone (Figs 4 & 5).

Fig. 6. The foraminiferal assemblages of Upper Pliensbachian (a, b, c, d, e, f, g, h, i, j, k, 1, n, o, p, q, r, s, t, u, v, w,
y, z & aa) and lowermost Toarcian (m & x) from NE Siberia, NE Russia and the Franz Josef Land archipelago.
Measurements (in brackets): length of specimens in micrometres.

(a, d, e, q, r, t & u) Northeastern Siberia, Anabar Bay, outcrop 12; Airkat Formation, (a, d, e & q) Upper
Pliensbachian, stokesi Ammonite Zones, Anmarginulina gerkei JF7 Zone, (r) Upper Pliensbachian, stokesi
Ammonite Zones, Trochammina lapidosa-Frondiculinita dubiella JF5 Zone, (t & u) Upper Pliensbachian,
margaritatus Ammonite Zones, Anmarginulina arctica JF8 Zone, (b, c, g, h, i, j, k, 1, n, o, p, s, w, y, z & aa)
Northeastern Siberia, Yuryung-Tumus Peninsula; Airkat Formation, (b, c, g, i, j, k, 1, o, p, s, w, y, z & aa) Upper
Pliensbachian, margaritatus Ammonite Zones, Anmarginulina arctica JF8 Zone, (h & n) Upper Pliensbachian,
Trochammina lapidosa-Frondiculinita dubiella JF5 Zone, (v & x) Northeastern Russia, left Kedon River basin,
Astronomicheskaya River, outcrop 2.

(a & b) Saracenaria sublaevis (Franke 1936). (a) (883.1); 1048/302. Bed 50, sample 6. (b) (646.7); 1048/306.
Outcrop 8, bed 1, sample 1. (c) Citharina fallax (Payard 1947) (1686); 892/31. Outcrop 8, bed 1, sample 3. (d, e &
f) Anmarginulina gerkei Nikitenko, 1992. (d) (1050); 1048/101. Bed 50, sample 1. (e) (980.2); 1048/102. Bed 50,
sample 1. (f) (555.6); 1048/103. Northeastern Siberia, Taymyr Peninsula, Cape Tsvetkova, outcrop 7, bed 32,
sample 2; Airkat Formation, Upper Pliensbachian, Anmarginulina gerkei JF7 Zone, (g) Frondiculinita lobata
(Gerke 1957) (810.5); 892/39. Outcrop 5, bed 1, sample 2. (h & n) Frondiculinita dubiella (Gerke 1957). (h)
Microspheric test (1309.3); 892/37. Outcrop 10, bed 3, sample la. (n) Megalospheric test (1297.3); 892/38.
Outcrop 9, bed 3, sample 3. (i, j & k) Anmarginulina arctica (Schleifer 1961). (i) Megalospheric test (752.9); 1048/
95. Outcrop 5, bed 1, sample 4. (j) Megalospheric test, ventral view (737.2); 1048/96. Outcrop 5, bed 1, sample 1.
(k) Megalospheric test (324.9); 1048/99. Outcrop 5, bed 1, sample 1. (1, o & p) Pseudonodosaria pseudovulgata
(Gerke 1961). (1) Microspheric test (509.3); 1048/89. Outcrop 5, bed 1, sample 1. (o) Microspheric test (624.4);
1048/91. Outcrop 5, bed 1, sample 3. (p) Megalospheric test (619.2); 1048/93. Outcrop 5, bed 1, sample 3. (m)
Textularia areoplecta Tappan 1955. (710.4); ZFI1/5. Franz Josef Land archipelago, Bell Island, outcrop 1, bed 5,
sample 1/5; Tegetthoff Formation (upper part), uppermost Pliensbachian-lowermost Toarcian, Recurvoides
taimyrensis JF9 Zone, (q, r & v) Trochammina lapidosa Gerke & Sossipatrova, 1961. (q) Microspheric test (886.2);
1048/69. Bed 50, sample 2. (r) Megalospheric test (788.9); 1048/74. Bed 45, sample 7. (v) Megalospheric test
(422.3); 2N16/2. Bed 4, sample 16; Upper Pliensbachian, viligaensis Ammonite Zone, Recurvoides taimyrensis JF9
Zone, (s, t & u) Pyrulinoides anabarensis Nikitenko 2000. (s) Megalospheric test, (1157.9); 1048/122. Outcrop 5,
bed 1, sample 1. (t) Microspheric test (536.2); 1048/119. Bed 55, sample 2. (u) Megalospheric test (1333.6); 1048/
118. Bed 53, sample 2. (w) Marginulina spinata interrupta Terquem 1866. Megalospheric test (748.5); 1048/310.
Outcrop 5, bed 1, sample 2. (x) Lenticulina gottingensis (Bornemann 1854) (567.2); 1048/301. Bed 6, sample 43;
lowermost of Lower Toarcian, propinquum Ammonite Zone, Recurvoides taimyrensis JF9 Zone, (y, z & aa)
Conorboides buliminoides (Gerke 1961). (y) Ventral view (291.2); 1048/125. Outcrop 5, bed 1, sample 2. (z) (370.6);
1048/127. Outcrop 5, bed 1, sample 3. (aa) Dorsal view (315.3); 1048/126. Outcrop 5, bed 1, sample 3.
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In many sections from the northern regions of
eastern Siberia, the lowermost Toarcian (propin-
quum Ammonite Zone) is often eroded or
absent. Therefore, the boundaries between for-
aminiferal and ostracodal zones in these sections
are rather sharp and are associated with an
almost complete change of microfaunal assem-
blages. Where this part of the lowermost
Toarcian is present in the sections (NE Russia),
the transition between the assemblages is grada-
tional, with the complete change of microfaunal
assemblages occurring at the boundary between
the propinquum and falciferum Ammonite
Zones. In the lowermost Toarcian, the highest
occurrences of the Pliensbachian foraminifera
(Trochammina lapidosa, Recurvoides taimyrensis,
Lenticulina margarita, Nodosaria daviformis and
Marginulina spinata interruptd) (Fig. 6x; Fig. 8p
& q) and the ostracodes (Ogmoconcha longula
and Ogmoconchella conversd), as well as the
lowest occurrence of the Toarcian microfauna
(Trochammina kisselmani, Ammobaculites lobus,
Ammodiscus glumaceus, Nodosaria regularis,
Globulina sibirica, Triplasia kingakensis, Rein-

holdella pachyderma and Kinkelinella sermoisen-
sis) (Fig. 8f, g & r, Fig. 9n, o & p) characteristic
for the upper part of this section have been
observed. Depletion of the ostracode assem-
blages begins in the uppermost part of the Upper
Pliensbachian, with the extinction of both
Nanacy'there and 'Mandelstamia\ The Recur-
voides taimyrensis JF9 Zone and the upper parts
of Ogmoconcha longula JO2 Zone are present in
the upper silty and sandy deposits of the
Sharapovo and Airkat Formations, and prob-
ably into the base of the clayey deposits of the
Kiterbyut Formation in some sections from NE
Siberia, and in the Pliensbachian-Toarcian
deposits of NE Russia.

Lower Toarcian black, locally bituminous
shales of the Kiterbyut Formation occur
throughout northern Siberia (Shurygin et al.
2000). Their stratigraphic analogues in western
Siberia are the black mudstones of the Togur
Formation, while in northeastern Russia these
comprise clayey silty deposits. In sections of the
coastal facies from the Anabar River and the
lower sublittoral facies (Eastern Taymyr), the

Fig. 7. The ostracode assemblages of Upper Pliensbachian (1, p, q, o, r, s, t, u, v & w) and Lower Toarcian (a, b, c,
d, e, f, g, h, i, j, k, m & n) from northeastern Siberia and northeastern Russia. Measurements (in brackets): length
of specimens in micrometres.

(a, b, c, d, e, f, h, i, k, m, n & v) Northeastern Siberia, Taymyr Peninsula, Cape Tsvetkova, outcrop 7. (a, c & f)
Bed 1, sample 2; Korotkiy Formation, Lower Toarcian, commune-monestieri Ammonite Zones, Camptocythere
occalata JO6 Zone, (d, e, h, i, k, m & n) Bed 7; Kiterbyut Formation, Lower Toarcian, Trachycythere verrucosa
JO5 Zone, (v) Bed 13, Airkat Formation, Upper Pliensbachian, Nanacy there costata JOS Zone, (g, 1, p & s) NE
Siberia, Anabar Bay. (g) Outcrop 11, bed 1; Kiterbyut Formation, Lower Toarcian, Camptocythere mandelstami
JO4 Zone. (1, p & s) Outcrop 12; Airkat Formation, Upper Pliensbachian, Nanacy there costata JO3 Zone, (o, r, u
& w) NE Siberia, Olenek river basin, outcrop 1, bed 3, sample 7; Kyra Formation, Upper Pliensbachian,
Nanacy there costata JO5 Zone.

(a, b, c & f) Camptocythere occalata Gerke & Lev, 1958. (a) 1. Male carapace, left side, lateral view (792.3);
1050/32. (b) Female, right valve, internal lateral view (810.3); M5524. East Siberia, Vilyuy Basin, Markha river,
outcrop 5, bed 5, sample 23; Suntary Formation, Toarcian, Camptocythere occalata JO6 Zone, (c) Female, right
valve, lateral view (963.8); 1048/5. (f) Female, right valve, internal lateral view (978.9); 1048/6. (d, e, g, j, k & n)
Camptocythere mandelstami Gerke & Lev, 1958. (d) Female carapace, right side, lateral view (893.6); 1048/1.
Sample 2. (e) Female carapace, dorsal view (914.1); 1048/2. Sample 2. (g) Female, left valve, internal lateral view
(873.4); AB1113. Sample 3. (j) Female carapace, left side, lateral view (598.1); 2N51/1. Northeastern Russia, Left
Kedon River basin, Astronomicheskaya River, outcrop 2, bed 8, sample 51; Lower Toarcian, falciferum
Ammonite Zone, Camptocythere mandelstami JO4 Zone, (k) Male, carapace, left side, lateral view (1130.4); 1048/
3. Sample 2. (n) Male carapace, dorsal view (1117.9); 1048/4. Sample 2. (h & i) Trachycythere verrucosa Triebel &
Klingler 1959. (h) Carapace, dorsal view (845.9); 1048/16. Sample 1. (i) Carapace, right side, lateral view (845.9).
(1 & p) Nanacy there costata (Gerke & Lev 1958). (1) Carapace, left side, lateral view (427); 1048/17. stokesi
Ammonite Zone, Bed 50, sample 9. (p) Carapace, dorsal view (426.5); 1048/18. Bed 50, sample 2. (m) Polycope
pelta Fischer 1961. Carapace, lateral view (204.1); 1048/240. Sample 2. (o & r) Ogmoconchella olenekensis (Gerke
& Lev 1958). (o) Carapace, right side, lateral view (641.3); 7/3a. (r) Right valve, internal lateral view (631.5); 7/4a.
(q & s) Ogmoconcha longula Gerke & Lev 1958. (q) Carapace, right side, lateral view (684.5); 1048/28.
Northeastern Siberia, Yuryung-Tumus Peninsula, outcrop 1, bed 6, sample 1; Airkat Formation, Upper
Pliensbachian, margaritatus Ammonite Zone, Ogmoconcha longula JO2 Zone, (s) Carapace, dorsal view, (823.5);
1048/26. Bed 52, sample 2. (t & v) Ogmoconchella ornata (Gerke & Lev 1958). (t) Carapace, right side, lateral
view, (731.6); 1048/236. Northeastern Siberia, Anabar River, outcrop 3, bed 7, sample 7; Airkat Formation,
Upper Pliensbachian, Nanacy there costata JO3 Zone, (v) Carapace, right side, lateral view (792.8); 7/4a. Bed 12,
sample 2. (u) Ogmoconcha nordvikensis Gerke & Lev 1958. Carapace, right side, lateral view, (621.8); 7/4b. (w)
'Mandelstania' linearis Gerke & Lev 1958. Carapace, left side, lateral view, (470); l/7v.
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maximum content of the pelitic fraction varies
between 91% and 97%. A high concentration of
organic carbon is also characteristic of these
sediments (Kaplan 1976; Levchuk 1985). The
thicknesses of the Kiterbyut Formation are
between 22m and 25m and are remarkably
consistent over the vast territory of the Siberian
Platform (Shurygin et al 2000).

In the Kiterbyut Formation, the lower part of
the Kelimyar Formation, and at the base of the
overlying sandy silts of the Nadoyakh and Eren
Formations, foraminiferal assemblages of the
Ammobaculites lobus-Trochammina kisselmani
JF11 Zone (lower part of the Lower Toarcian,
falciferum Ammonite Zone-lower half of the
commune Ammonite Zone) have been found.
The foraminiferal assemblages of the relatively
deep-water facies are dominated by Trocham-
mina kisselmani, Bulbobaculites strigosus and
Triplasia kingakensis (Fig. 9a, b, c, j, k, 1, q &
r), while Ammobaculites lobus (Fig. 9d & g) and
Ammoglobigerina canningensis are subdominant
species. Evolutinella taimyrensis, Globulina sibir-
ica (Fig. 9e, h & m), Spiroplectammina sp. 2 and
Lagenammina jurassica are also common (Figs 4
& 5). The characteristic feature of this assem-
blage is the presence of migrant species from
southern palaeobasins (Palmula deslongchampsi,
Cyclogyra Hasina and Dentalina kiterbutica). The
near-shore shallow-water facies are distin-
guished by abundant Ammobaculites lobus, while

Trochammina kisselmani, Saccammina inanis and
Triplasia kingakensis are rare.

The Camptocythere mandelstami JO4 Zone
(lower part of Lower Toarcian, falciferum
Ammonite Zone-lower half of commune Ammo-
nite Zone) is characterized by a monospecific
assemblage in the shallow-water facies (Fig. 7d,
e, k & n). In the deeper-water facies, migrant
species from the west European basins occur
(Tr achy cy there verrucosa, Kinkelinella sermoi-
sensis and Polycope peltd) (Fig. 7h, i, & m)
defining the Trachycythere verrucosa JO5 Zone
(falciferum Ammonite Zone-lowest part of
commune Ammonite Zone).

In the later part of the Early Toarcian, the
differentiation of palaeoenvironments begins.
The sandy silts of the Nadoykh and Eren
Formations accumulated in the coastal areas of
the Siberian palaeobasin, while the clayey silts of
the Kelimyar Formation and their analogues
were deposited in the more offshore areas.
Foraminiferal assemblages of the Lenticulina
mult a-Astacolus praefoliaceus JF12 Zone, upper
part of the Lower Toarcian-lower part of the
Lower Aalenian (upper part of commune
Ammonite Zone-lower part of maclintocki
Ammonite Zone) are characterized by Lenticu-
lina multa, Astacolus praefoliaceus, Nodosaria
pulchra, Citharina gradata, Evolutinella zwetkovi,
Ammodiscus glumaceus and Saccammina inanis
(Fig. 8h, j, k, m & s; Fig. 9s & t). Rather

Fig. 8. The foraminiferal assemblages of uppermost Pliensbachian (a, b, c & o), lowermost Toarcian (d, e, f, g, 1,
p, q & r), Lower (h, i, m, n & s) and Upper (j & k) Toarcian from NE Siberia, NE Russia and the Franz Josef
Land archipelago. Measurements (in brackets): length of specimens in micrometres.

(a, c, h, i, n & s) Northeastern Siberia, Taymyr Peninsula, Cape Tsvetkova, outcrop 7. (a & c) Airkat
Formation, Upper Pliensbachian, Recurvoides taimyrensis JF9 Zone, (h & s) Korotkiy Formation, Lower
Toarcian, commune-monestieri Ammonite Zones, Ammobaculites lobus-Trochammina kisselmani JF11 Zone, (i &
n) Kiterbyut Formation, Lower Toarcian, Ammobaculites lobus-Trochammina kisselmani JF11 Zone, (b & o)
Northeastern Siberia, Anabar Bay, outcrop 12, bed 65, Airkat Formation, Upper Pliensbachian, Recurvoides
taimyrensis JF9 Zone, (f, g, 1, p, q & r) Northeastern Russia, left Kedon river basin, Astronomicheskaya River,
outcrop 2, lowermost Lower Toarcian, propinquum Ammonite Zone, Recurvoides taimyrensis JF11 Zone. (j, k &
m) Northeastern Russia, left Kedon River basin, Saturn River, outcrop 1.

(a, b, c, d & e) Recurvoides taimyrensis Nikitenko 1992. (a) Dorsal view (285.9); 1048/277. Bed 10, sample 2. (b)
Dorsal view (396.1); 1048/281. Sample 5. (c) Ventral view (282.7); 1048/278. Bed 10, sample 2. (d) Dorsal view
(516.4); ZFI1/6. Franz Josef Land archipelago, Bell Island, outcrop 1, bed 5, sample 1/5; Tegetthoff Formation
(upper part), uppermost Pliensbachian-lowermost Toarcian, Recurvoides taimyrensis JF9 Zone, (e) Lateral view
(500). (f & g) Reinholdellapachyderma Hofker 1952. (f) Dorsal view (382.1); 2N43/1. Bed 6, sample 43. (g) Ventral
view (508); 2N43/2. Bed 6, sample 43. (h) Ammodiscus glumaceus Gerke & Sossipatrova 1961 (514.3); 1048/244.
Bed 3, sample 3. (i & o) Kutsevella barrowensis (Tappan 1951). (i) (510); 1048/260. Bed 5, sample 1. (o) (779); 1048/
261, Sample 3. (j, k & s) Lenticulina multa Schleifer 1961. (j & k) Megalospheric test (1365.8); 1048/298. Bed 17,
sample 124; Upper Toarcian, falcodiscus Ammonite Zone, Astacolus praefoliaceus-Lenticulina multa JF12 Zone,
(s) Microspheric test (867.7); 1048/108. Bed 1, sample 2. (1) Thurammina subfavosa Franke 1936. (376.5); 2N35/3.
Bed 5, sample 35. (m) Astacolus praefoliaceus (Gerke 1961) (345.8); 1N13/1. Bed 13, sample 95; Lower Toarcian,
commune Ammonite Zone, Astacolus praefoliaceus-Lenticulina multa JF12 Zone, (n) Globulina sibirica Kisselman
1983 (335.1); 1048/320. Bed 5, sample 2. (p) Marginulinopsis schleiferi Gerke 1961 (496); 2N35/10. Bed 5, sample
35. (q) Marginulina spinata interrupta Terquem 1866 (777.6); 1048/318. Bed 5, sample 35. (r) Trochammina
kisselmani Sapjanik & Sokolov, 1991 (218.1); 1048/290. Bed 5, sample 20.
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impoverished ostracodal assemblages of the
Camptocythere occalata JO6 Zone, upper part
of the Lower Toarcian to lower part of the Upper
Toarcian (upper part of commune Ammonite
Zone-lower part of wurttenbergeri Ammonite
Zone), are mostly represented by rare occur-
rences of the index species (Fig. 7a, b, c & f)-

When the data are insufficient (specific facies,
rare samples) to distinguish this detailed Upper
Pliensbachian-Lower Toarcian foraminiferal
zonation, f-zones of a wider stratigraphic range
have been established. For example, in the
coastal shallow-water deposits at the base of
the Upper Pliensbachian, the f-zone Trocham-
mina inusitata-Turritellella volubilis, JF2 (Upper
Sinemurian-lower part of Upper Pliensbachian)
has been recognized. Above the Ammodiscus
siliceus JF3 Zone, due to impoverished forami-
niferal assemblages, an Upper Pliensbachian and
lowermost Toarcian biostraton of wide strati-
graphic range, the Trochammina lapidosa JF4
Zone, can be established. It is overlain by the
Trochammina kisselmani JF10 Zone (Lower
Toarcian). In the more offshore shallow-water
facies, above the Trochammina lapidosa-Frondi-
culinita dubiella JF5 Zone, the Conorboides
buliminoides JF6 Zone has been distinguished.
This corresponds with the upper part of the
Upper Pliensbachian.

Northwestern Siberia

In northwestern Siberia, Pliensbachian and
Toarcian sediments have only been described
from boreholes. Conventional core samples
from these subsurface strata contain relatively
rich foraminiferal and ostracodal assemblages

and rare bivalves. Autonomous Jurassic zona-
tions based on the foraminifera and ostracodes,
which have been developed from the ammonite-
dated coastal outcrops of northeastern Siberia,
are present over the northern regions of western
Siberia. Some marker levels can be observed in
central and even southern regions of western
Siberia. The detailed (as in northern Siberia)
subdivision of the Lower and Middle Jurassic of
western Siberia based on microfauna is difficult
to duplicate, due to the rare and incomplete
recovery of microfaunal assemblages in core
samples. However, marker levels are rather
distinct and occur across the region (Nikitenko
et al. 2000).

At the base of the Upper Pliensbachian, in the
uppermost part of the Zimnyay Formation and
lowermost part of the Levinskiy Formation, the
Ammodiscus siliceus JF3 Zone has been identified
(Fig. 10). The foraminiferal assemblages are
characterized by abundant Ammodiscus siliceus
and Trochammina inusitata, in association with
rare Pseudonodosaria dea, Marginulinaprima and
Verneuilinoides pudica (Nikitenko et al. 2000).

In the central part of NW Siberia, clays of the
Chernichnoe Formation and sandy silts of the
Sarapovo Formation were deposited in subcon-
tinental to nearshore marine palaeoenviron-
ments. In layers of marine genesis, rare
Trochammina lapidosa, Ammodiscus siliceus,
Hyperammina ex gr. odiosa, Saccammina sp.
and Jaculella jacutica have been recovered,
characterizing the Trochammina lapidosa JF4
Zone, upper part of Upper Pliensbachian-basal
Lower Toarcian (Nikitenko et al. 2000). In the
more northern regions, where coastal marine
environments were more stable, this part of the

Fig. 9. The foraminiferal assemblages of the Lower Toarcian from northeastern Siberia and northeastern Russia.
Measurements (in brackets): length of specimens in micrometres.

(a, b, c, d, e, f, h, i, j, k, 1, m, q, r, s & t) Northeastern Siberia, Taymyr Peninsula, Cape Tsvetkova, outcrop 7. (a,
b, c, e, h, i, j, k, 1, m & q) Kiterbyut Formation, Lower Toarcian, Ammobaculites lobus-Trochammina kisselmani
JF11 Zone, (r, s & t) Korotkiy Formation, (r) Lower Toarcian, Ammobaculites lobus-Trochammina kisselmani
JF11 Zone, (s & t) Lower Toarcian, commune-monestieri Ammonite Zones, Astacolus praefoliaceus-Lenticulina
multa JF11 Zone, (g, n, o & p) Northeastern Russia, left Kedon River basin, Astronomicheskaya River, outcrop
2. (g) Lower Toarcian, falciferum  Ammonite Zone, Ammobaculites lobus-Trochammina kisselmani JF11 Zone, (n,
o & p) lowermost Lower Toarcian, propinquum Ammonite Zone, Recurvoides taimyrensis JF9 Zone.

(a, b, c & i) Triplasia kingakensis Loeblich & Tappan 1952. (a) (796.5); 1048/61. Bed 7, sample 4. (b) (1066.5);
1048/57. Bed 7, sample 4. (c) (722.2); 1048/58. Bed 7, sample 4. (i) (1047.7); 1048/59. Bed 7, sample 4. (d, f & g)
Ammobaculites lobus Gerke & Sossipatrova 1961. (d) (562.3); 1048/250. Bed 7, sample 2. (f) (522.7); 1048/249. Bed
5, sample 1. (g) (570.8); 2N61/1. Bed 12, sample 61. (e & h) Evolutinella taimyrensis Nikitenko 2003. (e) (312.6);
1048/269. Bed 5, sample 1. (h) (169.4); 1048/265. Bed 5, sample 1. (j, k, 1, n & o) Trochammina kisselmani Sapjanik
& Sokolov 1991. (j) Microspheric test, dorsal view (302); 1048/81. Bed 5, sample 1. (k) Megalospheric test, ventral
view (371.5); 1048/160. Bed 7, sample 4. (1) Megalospheric test, dorsal view (461.9); 1048/80. Bed 5, sample 1. (n)
Megalospheric test, dorsal view (217.9); 2N27/2. Bed 5, sample 27. (o) Ventral view, (m & p) Globulina sibirica
Kisselman 1983. (m) (281.8); 1048/319. Bed 5, sample 1. (p) (567.2); 1048/325. Bed 5, sample 35. (q & r)
Bulbobaculites strigosus (Gerke & Sossipatrova 1961). (q) Megalospheric test (517); 1048/285. Bed 7, sample 2. (r)
Megalospheric test (257.2); 1048/289. Bed 4, sample 2. (s & t) Astacolus praefoliaceus (Gerke 1961). (s)
Megalospheric test (792.3); 1048/113. Bed 1, sample 2. (t) Microspheric test (522.6); 1048/112. Bed 1, sample 2.



Fig. 10. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera and ostracodes, NW Siberia. For legend, see Fig. 2.
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section can be further subdivided. For example,
from the Levinskiy Formation and lower part of
the Sharapovo Formation, Trochammina lapi-
dosa, Lenticulina gottingensis, Anmarginulina
gerkei, Verneuilinoides sp., Marginulinopsis
hatangensis, M. schleiferi, Pseudonodosaria pseu-
dovulgata and Frondiculinita lobata have been
recovered (Glinskikh 2001). These taxa are
typical of the undivided Anmarginulina gerkei-
A. arctica JF7-JF8 Zones (middle part of Upper
Pliensbachian). In the uppermost part of the
Sharapovo Formation, and in its analogue
(Chernichnoe Formation) plus the base of the
Togur Formation, the foraminifera characteriz-
ing the Recurvoides taimyrensis JF9 Zone have
been recovered, notably Recurvoides taimyrensis,
Recurvoides sp. ind. Kutsevella barrowensis and
Trochammina ex gr. kisselmani (Komissarenko
1989). In the Pliensbachian sections of western
Siberia, ostracodes are rather rare and repre-
sented only by the index species of the Ogmo-
concha longula JO2 Zone (Fig. 10).

The Togur Formation (stratigraphic analogue
of the Kiterbyut Formation, lower part of the
Lower Toarcian) occurs in the central regions of
western Siberia and consists of black, sometimes
bituminous, mudstones. The foraminiferal
assemblages of the Ammobaculites lobus-Sac-
cammina inanis JF11 Zone, an analogue of the
northern Siberian lower Toarcian Ammobacu-
lites lobus-Trochammina kisselmani JF11 Zone,
occur in the Togur, Kiterbyut, the lowermost
parts of the Novogodnyay, and the Nadoyakh
Formations. Taxa present include Ammodiscus
glumaceus, Ammobaculites lobus, Saccammina
inanis, Trochammina kisselmani, Globulina sibir-
ica and Kutsevella ex gr. barrowensis.

When the data are insufficient (specific facies
or poor recovery from the core) to distinguish
this foraminiferal zonation, foraminiferal bios-
tratons of wider stratigraphic range have been
established. At the base of the Upper Pliensba-
chian, the Trochammina inusitata JF2 Zone
(Lower Pliensbachian-lower part of Upper
Pliensbachian) has been recognized. The Ammo-
discus glumaceus JF12 Zone is considered a
biostratigraphic subdivision ranging from
Lower Toarcian to Lower Aalenian (Fig. 10).
However, in its lower part, there is a well-defined
marker level: Ammobaculites lobus-Saccammina
inanis JF11 Zone. The undifferentiated middle
part of Ammodiscus glumaceus JF12 Zone can be
correlated with the middle Siberian Astacolus
praefoliaceus-Lenticulina multa JF12 Zone. At
this level, in the Novogodnyay Formation and
Nadoyakh Formation, rare Ammobaculites prae-
foliaceus, Lenticulina sp. ind. and Ammodiscus
glumaceus occur. In the Kiterbyut Formation

and lowermost part of the Nadoyakh Formation
the single ostracode species Camptocythere
mandelstami (JO4 Zone) has been recognized
(Fig. 10).

Barents Sea Region

There is much less information about the
Pliensbachian-Toarcian microfaunas from the
Barents Sea region. The oldest foraminiferal
assemblages of Pliensbachian age have been
described from mudstones occurring in the
Wilhelm Island, Spitsbergen, area. This assem-
blage is represented by Ammodiscus siliceus,
Trochammina lapidosa, Glomospira ex gr. gor-
dialis, Saccammina sp., Gaudryina sp. and
Textularia ex gr. areoplecta (Klubov 1965),
which are characteristic of the Trochammina
lapidosa JF4 Zone, upper part of the Upper
Pliensbachian-lowermost Toarcian (Fig. 11).
Diverse Ammodiscus spp. (Lofaldli & Nagy
1980) were recovered from the clayey silts of
the Wilhelmoya Formation, Passet Member,
dated as Upper Sinemurian-Toarcian (Kong-
soya, Kong Karls Land). These deposits are
overlain by Middle and Upper Jurassic sedi-
ments, often beginning with a layer of phos-
phorite concretions, which contain Toarcian and
Aalenian ammonites (Pchelina 1965, 1967). The
microfauna from the sandy silts of the upper
part of the upper Tegetthoff Formation (Bell
Island, Franz Josef Land) comprises the for-
aminifera Ammodiscus siliceus, Trochammina
lapidosa, Saccammina sp., Glomospira ex gr.
gordialis, Recurvoides taimyrensis, Reophax
metensis and Textularia areoplecta (Fig. 6m;
Fig. 8d, e), which are characteristic of the
Recurvoides taimyrensis JF9 Zone.

In the Barents Sea region, in the overlying
deposits of the lowermost Toarcian, no forami-
nifera have been found. In the central areas of
the Barents Sea shelf, the rare ostracode
Camptocythere mandelstami JO4 Zone has been
recovered from ditch-cutting samples only.
Impoverished foraminiferal assemblages com-
prising Astacolus praefoliaceus and Dentalina
aff. forta from the Astacolus praefoliaceus JF12
Zone from the upper part of the Lower Toarcian
(Fig. 11), have been recovered in well sections
from the central areas of the Barents Sea shelf
(Gramberg 1988; Basov et al 1989).

Arctic Canada

In the northern Yukon and northern Richard-
son Mountains, only one occurrence of forami-
nifera (Trochammina sp. 5264 and Troch-
ammina sp. 5271) has been described (Poulton
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Fig. 11. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera and
ostraeodes, Barents Sea area. For legend, see Figure 2.

Fig. 12. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera, Canadian
Arctic. For legend, see Figure 2.
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et al. 1982) from sandy silts of the Almstrom
Creek Formation, dated as Late Pliensbachian
by the occurrence of the ammonite Amaltheus.
In the overlying silty clays and mudstones of the
Manuel Creek Formation, a richer foraminiferal
assemblage has been recovered (Trochammina
sp. 5267, Trochammina sp. cf. T. canningensis
(= Ammoglobigerina canningensis), Ammodiscus
sp. cf. A. orbis (=A. siliceus), Ammobaculites sp.
5261 (=A. lobus), Ammobaculites sp. 4925
(= Bulbobaculites strigosus) and Spiroplectam-
mina sp. 5273). This assemblage is most typical
for the Ammobaculites lobus-Trochammina kis-
selmani JF11 Zone, which is based on the
occurrences of these foraminifera and the
ammonite Dactylioceras sp. (Poulton et al.
1982).

In sections from the Canadian Arctic archi-
pelago, in the shales of the Jameson Bay
Formation, Wall (1983) established the Flabel-
lammina sp. assemblage, which has been dated
as Toarcian. The foraminiferal assemblages,
however, include Saccammina sp. 1 (= S. inanis),
Kutsevella barrowensis, Flabellammina sp. 1
(= Triplasia kingakensis), Haplophragmium sp.
1 (= Bulbobaculites strigosus) and Eoguttulinal
sp. (= Globulina sibirica). These are diagnostic of
the northern Siberian Ammobaculites lobus-
Trochammina kisselmani JF11 Zone, which is
characteristic of the lower part of the Lower
Toarcian (Fig. 12). Therefore, the stratigraphic
range of the Flabellammina sp. assemblage can
now be dated as the lower part of the Lower
Toarcian (falciferum Ammonite Zone-lower
part of the commune Ammonite Zone).

In the central part of the Canadian Arctic
archipelago, Souaya (1976) established two
foraminiferal zones based on ditch-cutting sam-
ples, namely Ammodiscus sp. cf. A. rugosus
(Pliensbachian-?Toarcian) and Ammodiscus sp.
cf. A. baticus (?Pliensbachian-lower part of the
Bathonian), from sediments now envisaged to be
Pliensbachian-Lower Aalenian. The foramini-
fera from these zones are characterized by
similar assemblages comprising both Pliensba-
chian and Toarcian species, and taxa typical of
the Middle and Upper Jurassic (Ammodiscus
thornsi, Flabellammina! sp., Ammobaculites
venustus, A. vetusta, A. alaskensis, A. barrowen-
sis, Gaudryina dyscrita, Haplophragmoides king-
akensis, Kutsevella barrowensis, Trochammina
sp. cf. T. sab lei, Pseudobolivina sp. C and
Astacolus ectypus).

At present there are no published data on
Pliensbachian and Toarcian ostracodes from
Arctic Canada.

The Pliensbachian and Toarcian sediments
from Arctic Canada and northern Siberia are

rather similar (Figs 2, 3-5 & 12). For example, in
the northern Yukon and northern Richardson
Mountains, the Pliensbachian sandy silts of the
Almstrom Creek Formation are overlain by
Lower Toarcian clays and clayey siltstones of
the lower part of the Manuel Creek Formation
(Poulton et al 1982). In the Canadian Arctic
archipelago, the Lower Toarcian Jameson Bay
Formation, sometimes containing bituminous
clays, overlies the Pliensbachian sandy silts of
the uppermost part of the Heiberg Formation
(Embry 1993). A gradual change of Lower
Pliensbachian siltstones and silty clays to Toar-
cian bituminous clays can only be recognized in
the Pliensbachian-Toarcian part of the Jameson
Bay Formation.

Arctic platform of Alaska

In northern Alaska, the Upper Pliensbachian is
represented by the lower member of the Kingak
Formation, comprising mudstones, interbedded
with siltstones and sandstones (Fig. 2). Some
sections, however, are characterized by mud-
stones or organic-rich mudstones with rare
interbedded siltstones. The Lower Toarcian
deposits of the lower member of the Kingak
Formation are represented by bituminous mud-
stones, which in turn are overlain, and, in some
cases, replaced by, alternating non-bituminous
mudstones and siltstones (Mickey & Haga 1987).

In the northern regions of Arctic Alaska, the
Pliensbachian-Toarcian deposits are recognized
in many well sections. Micropalaeontological
subdivision of these sediments is based on the
analysis of conventional core and ditch cutting
samples. At the base of Upper Pliensbachian
section the Trochammina inusitata-Turritellella
volubilis JF2 Zone (Upper Sinemurian-lower
part of Upper Pliensbachian) is represented by
an impoverished foraminiferal assemblage
(Ammodiscus siliceus, Trochammina inusitata,
Turritellella volubilis, Spiroplectammina sp. and
Marginulinopsis hatangensis). In a few sections,
this stratigraphic level is marked by an abun-
dance of Ammodiscus siliceus, but it is limited to
local sections and cannot be traced as widely as
in eastern and western Siberia. The upper
horizons of the Kingak Formation are charac-
terized by foraminiferal assemblages of the
Anmarginulina arctica-A. gerkei JF7-JF8 Zone.
Foraminifers are abundant and diverse in this
part of section. They include Trochammina
lapidosa, Lenticulina gottingensis, Ichthyolaria
lustrata, Pseudonodosaria pseudovulgata, Anmar-
ginulina gerkei, Citharina fallax, Saracenaria
sublaevis, Kutsevella barrowensis and Margin-
ulinopsis quadricostata (Fig. 13).



Fig. 13. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera, Arctic Platform of Alaska. For legend, see Fig. 2.
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The Recurvoides taimyrensis JF9 Zone is
represented by an impoverished foraminiferal
composition. It is dominated by Recurvoides
taimyrensis. Common taxa include Kutsevella
barrowensis, Saccammina sp. 2 and Textularia
areoplecta. In the lower part of this f-zone (JF9),
foraminifera from the underlying Anmarginulina
arctica-A. gerkei JF7-JF8 Zone become extinct
(Conorboides buliminoides, Pyrulinoides anabar-
ensis and Verneuilinoides ex gr. pudicd). In the
upper part of the Recurvoides taimyrensis JF9
Zone, the first Toarcian taxa, which are typical
for the overlying Zone, are present (Trocham-
mina kisselmani, Triplasia kingakensis and
Ammodiscus glumaceus). At the boundary
between the Recurvoides taimyrensis JF9 Zone
and the Ammobaculites lobus-Trochammina kis-
selmani JF11 Zone there is a sharp change in the
taxonomic composition of foraminiferal assem-
blages (Fig. 14). In some sections it was possible
to recognize only the Trochammina lapidosa JF4
Zone characterized by a long stratigraphic
range. This situation is caused by rare sample
recovery and the specific facies. Foraminiferal
assemblages of this zone are represented by
Trochammina lapidosa, Lenticulina gottingensis,
Hyperammina odiosa, Ichthyolaria lustrata, Mar-
ginulina arnica, Dentalina communis and Geinit-
zinita tenera (Figs 13 & 14). Ostracode
assemblages of the Upper Pliensbachian and
Lower Toarcian (Ogmoconcha longula JO2
Zone) are rather sparse, comprising only a few
taxa (Ogmoconchella ornata and Nanacythere ex
gr. costatd). At the boundary of the Ogmoconcha
longula JO2 Zones and Camptocythere mandel-
stami JO4 Zones, the composition of the
ostracodal assemblages completely alters (Fig.
14).

It should be noted that the Pliensbachian-
Toarcian boundary is similarly characterized in
the northern regions of Alaska, Siberia and the
northeastern regions of Russia (Figs 2, 3-5, 13 &
14). For example, in some sections in the upper
part of Recurvoides taimyrensis JF9 Zone the
foraminiferal assemblages contain both Pliens-
bachian and Toarcian taxa, suggesting that this
part of the section corresponds with the lower
part of the Lower Toarcian. In several sections,
it is supported by joint occurrences of the
ammonite Dactylioceras aff. D. tenuicostatum
and foraminifera in core samples (Tappan 1955).
In other sections, foraminiferal assemblages of
the Recurvoides taimyrensis JF9 Zone are
represented by Pliensbachian taxa only, and
the boundary with the overlying zone is very
sharp. In this case, the lower zone of the Lower
Toarcian has probably been eroded or was not
deposited in the section.

The foraminiferal assemblages allow us to
reliably identify the Ammobaculites lobus-Tro-
chammina kisselmani JF11 Zone recovered from
the bituminous mudstones of the lower member
of the Kingak Formation. The foraminifera are
dominated by Trochammina kisselmani, Ammo-
globigerina canningensis and Bulbobaculites stri-
gosus (Fig. 14). Common taxa are represented
by Triplasia kingakensis, Ammobaculites lobus,
Evolutinella taimyrensis and Citharina hofkeri. In
the same sedimentary interval, the Campto-
cythere mandelstami JO4 Zone has been estab-
lished and is characterized by abundant
Camptocythere mandelstami and additional rare
Kinkelinella sp. juv., K. ex gr. sermoisensis and
Paracypris sp. 2.

The overlying part of the lower member of the
Kingak Formation is comprised of siltstones
and clayey siltstones. In this part of the section,
the foraminifera characterizing the Astacolus
praefoliaceus-Lenticulina multa JF12 Zone
include the inceptions of Astacolus praefoliaceus,
Lenticulina toarcense, L. multa and Nodosaria
pulchra. Along with foraminifera, some ostra-
code species (Camptocythere occalata and Ekty-
phocythere cf. debilis) which are typical of the
ostracode assemblage for the Camptocythere
occalata JO6 Zone have been recovered (Fig.
14).

Biotic and abiotic events

In the Arctic basin and northwestern seas of
western Europe, during the Late Pliensbachian-
Early Toarcian, several simultaneous biotic and
abiotic events have been recognized (Nikitenko
& Shurygin 1994/7; Little & Benton 1995; Hylton
& Hart 1998). One of the most striking biotic
events is the Early Toarcian microbiota crisis
(mass extinction event) in the Northern Hemi-
sphere.

The beginning of the Late Pliensbachian
(stokesi chron to the beginning of the margar-
itatus chron) is characterized by a transgression
of the Arctic basin (Fig. 15). The climate was
warm and wet; coal deposits accumulated in
many areas of the Northern Hemisphere (Ilyina
1985; Shurygin et al. 2000). In the Arctic
palaeobasin, and palaeoseas of the northwestern
regions of Western Europe, the taxonomic
diversity of foraminifera and ostracode assem-
blages gradually increases. For example, three
genera of ostracodes and 20 genera of forami-
nifera have been defined for the stokesi chron in
the Arctic seas, while the margaritatus chron is
characterized by four genera of ostracodes and
29 genera of foraminifera (Fig. 16). The
transgression and climatic warming caused the



Fig. 14. Summary of the distribution of selected Upper Pliensbachian-Lower Toarcian foraminifera and ostracodes, Arctic Platform of Alaska.
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invasion of a number of thermophilic migrant
taxa (on both species and generic levels) in the
microbenthos communities of the Arctic palaeo-
seas. Some foraminiferal species of the genera
Neobulimina, Saracenaria, Involutina, Ichthyo-
laria and Geinitzinita, as well as possibly some
ostracodal species of the genus Nanacythere,
migrated from the west, while the foraminiferal
genera Grigelis, Pyrulinoides, and Astacolus
probably migrated from the Palaeopacific (Fig.
15). At that time, the palaeogeographical differ-
entiation of the microbenthos characterizing
different ecological (bionomical) zones was
distinct. In the Late Pliensbachian, foraminiferal
catenae with many elements (four to five) and
ostracode catena with two elements were most
typical for the northern Siberian seas. A catena
is the lateral succession of interrelated commu-
nities on the bathymetric profile or slope
extending from the palaeoshore toward the
centre of the basin (Krasilov 1972, 1977;
Tesakov 1978; Bogolepov 1983; Zakharov
1988; Nikitenko & Pospelova 1996).

The regressive stage of the Arctic palaeobasin
began at the end of the margaritatus chron/the
beginning of the spinatum chron. In association
with a eustatic fall, a rather sharp cooling has
been observed, denoted by the presence of
glendonites in the northern regions of eastern
Siberia (Kaplan 1976). At the same time, the
climate gradually became arid (Zakharov 1994).
The palaeobasins became more shallow, while
the profile of the sea-bed changed. There was
possibly a series of geographical barriers causing

Fig. 15. Composite stratigraphic ranges of the Late
Pliensbachian-Early Toarcian main microbenthic taxa
from NE Siberia and NE Russia. Microbiotic and
abiotic events. 1*, Zakharov (1994); 2*, Zakharov
(1994), with modification; 3*, the model of mass
extinction events adopted from Kauffman & Erwin
(1995).
Ostracodes: 1, Ogmoconcha; 2, Ogmoconchella; 3,
"Mandelstamia; 4, Nanacythere; 5, Kinkelinella; 6,
Trachycythere', 7, Polycope; 8, 'Monoceratina'; 9,
Camptocy there.
Foraminifera: 1, Ammodiscus; 2, Glomospira; 3, Tro-
chammina; 4, Astacolus', 5, Lenticulina; 6, Ammobacu-
lites; 7, Reophax; 8, Hyperammina; 9, Saccammina; 10,
Dentalina; 11, Citharina; 12, Spiroplectammina; 13,
Geinitzinita; 14, Marginulina; 15, Gaudryina; 16,
Ichthyolaria; 17, Nodosaria; 18, Marginulinopsis; 19,
Hippocrepina; 20, Jaculella; 21, Frondiculinita; 22,
Pseudonodosaria; 23, Involutina', 24, Conorboides', 25,
Anmarginulina; 26, Neobulimina; 27, Grigelis; 28,
Saracenaria; 29, Pyrulinoides; 30, Kutsevella; 31,
Recurvoides; 32, Triplasia; 33, Reinholdella; 34, Glo-
bulina; 35, Palmula; 36, Cyclogyra; 37, Ammoglobi-
gerina; 38, Bulbobaculites; 39, Evolutinella.

restrictions. These events apparently caused
changes in the current system, which resulted
in the biotic connections with Western European
seas being broken. However, the migration of
microbenthos inside the Arctic Basin continued,
denoted by the presence of the same taxa at
similar stratigraphic levels in different Arctic
regions (Fig. 15). Simultaneous eustatic fall,
climatic cooling, change of sea-bed profile (and
consequently changes of the current system)
caused microbenthos depletion at the specific
and generic levels, as well as dominance shifts in
the Arctic microbenthos communities.

In the earliest Toarcian, a climatic warming
(Ilyina 1985) took place in association with a
major eustatic rise. Analysis of the microbenthos
distribution at the Pliensbachian-Toarcian
boundary suggests the absence of continuity
between Pliensbachian and Toarcian microbe-
nthos communities. At the base of the Lower
Toarcian (propinquum Ammonite Zone), species
and some genera of Arctic foraminifera were
almost completely replaced, while some families
disappeared (Fig. 15). The generic compositions
of the ostracodes changed completely (Figs 15 &
17) and at that level in the Siberian and Western
European seas the Healdidae disappeared (Arias
2000). During this crisis, the differentiation of
the ecological zones of the benthos sharply
reduced two- to three-element catena, and the
biodiversity also decreased in individual ele-
ments of the catena.

A new stage in the development of microbe-
nthos communities began at the falciferum
chron. The taxonomic diversity, as well as the
degree of differentiation of microbenthos asso-
ciations and life-forms characterizing different
ecological zones, gradually increased. During
this stage, organic-rich black shales accumulated
in the Arctic palaeobasins. Investigations of
microcyclicity of the Lower Toarcian black
shales indicate that the deposits at the bound-
aries of thin layers (2-5 mm) of organic-rich
black shales were usually characterized by
abundant monospecific communities of thin-
shelled ostracodes with a well-developed system
of pores and pore canals (i.e. Camptocythere
mandelstami). In the deposits represented by the
alternation of black layers with lighter grey
clays, abundant and relatively diverse forami-
niferal assemblages are recognized. The layers of
black clays are characterized by rare eurybiotic
Ammodiscus and Saccammina only. This feature
of microbenthos distribution and structure in
Lower Toarcian clays has been traced in
numerous sections (Nikitenko 1994). It may be
attributed to the alternation of periods of
stagnant water and relatively well-aerated bot-





Fig. 16. Changes in taxonomic structure of foraminifera and ostracode associations
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torn waters, as well as to periodic increases in the
amount of organic material accumulating in the
sedimentary basin.

During the post-crisis period there were
reliable links between the microbenthos commu-
nities of the Arctic and Western European seas,
caused by transgression and climatic warming.
In the Arctic palaeobasin, this stage is char-
acterized by periodic invasions of migrant taxa
of both foraminifera (Palmula, Cyclogyra and
Nodosarid) and ostracodes (Trachycythere, Poly-
cope and Kinkelinella), which are widespread in
the Toarcian Western European palaeoseas (Fig.
15). In Arctic palaeoseas, the Western European
migrant taxa are generally rare, with no descen-
dants. At the same time, some specific Arctic
forms (for example, the ostracode genus Camp-
tocythere) migrated to Western European seas,
giving rise to new taxa (Triebel 1950; Bate &
Coleman 1975).

The Early Toarcian microbiotic crisis was
very sharp in both Arctic and Western European
palaeobasins, and it was the most remarkable
event of the Jurassic. For example, in the Arctic
seas, the genera and families of the ostracodal
communities were completely replaced by new
taxa (Figs 15 & 17b). The species composition of
foraminiferal assemblages changed consider-
ably, while generic composition of foraminifera
is characterized by partial changes. Many
families disappeared (Fig. 17a). In the Western
European seas (Fig. 16), the microbenthos crisis
caused taxonomic changes generally on the
species level among foraminifera and on the
generic level among ostracodes (Fig. 16). In the
Early Toarcian, the number of foraminifera and
ostracodes was reduced by more than half
(Copestake & Johnson 1981, 1984, 1989; Riegraf
1985; Arias 2000).

The regressive stage of the Arctic palaeobasin
began in the middle of the commune chron,
resulting in a differentiation of sedimentation
conditions. Sandy silts accumulated in coastal
areas of palaeobasins, while clayey silts were
deposited in offshore areas. During this post-
crisis period (an interval of recovery), the
diversity of Arctic foraminifera was only a half
of its level in Western European seas, and the
difference between the ostracode diversity in the
Arctic basin and European sea was even more
sharp (Figs 15 & 16) (Copestake & Johnson
1981, 1984, 1989; Arias 2000). The taxonomic
diversity of Arctic foraminiferal and ostracodal
communities had gradually recovered by the
Toarcian-Aalenian boundary. The model of
Kauffman and Erwin (1995) for the basic
structure of a mass extinction event holds for
the Pliensbachian-Toarcian microbiotic event.

Palaeobiogeography

The comprehensive analysis of biotic and abiotic
events and the reliable biostratigraphic data
(ability to estimate isochronism or unisochron-
ism of events) allow reliable palaeobiogeogra-
phical reconstructions. Very large
biogeographical assemblages characterizing all
the Jurassic are proposed on the basis of
foraminiferal analysis (Gordon 1970; Basov
1983). On the one hand, for the Boreal Jurassic
shelf assemblages, which are characteristic for
the Boreal Zone, as well as for Tethyan
Assemblages (for the Tethyan Zone) some
biogeographical type assemblages of Jurassic
foraminifera have been established: cyclammi-
niids-pavonitiniids (tropical zone), nodosariids-
epistominiids (subtropical and temperate zone)
and nodosariids-ammodisciids (subpolar zone)
(Gordon 1970; Basov 1983). On the other hand,
biogeographical maps for the Volgian stage were
based on the analysis of the distribution of
characteristic species of foraminifera (Ivanova
1973). Such studies are rare for the Jurassic
ostracodes.

The traditional principles of palaeobiogeo-
graphical zonation (Saks et al 1971; Saks 1972;
Westermann 2000), such as definition of
'Realms' based on endemic family availability,
as well as the definition of 'Provinces' based on
the distribution of endemic genera, cannot be
used for the microbenthos. In the Arctic
palaeobasin, the microbenthos is generally
characterized by foraminiferal and ostracode
families and genera of rather wide geographical
distribution (cosmopolitan) only. Analysis has
been carried out using genera, because opinions
on the classification of some species vary
considerably in different publications, while
the nomenclature of the genera is more stan-
dard.

Palaeobiogeographical studies should be
based on abundance data, but they are not
always available from the publications. In this
case they can be substituted by presence/absence
data, which are usually sufficient for large-scale
palaeobiogeographical studies (Shi 1993; Liu et
al. 1998). We performed multivariate analysis
(Jaccard Cluster Analysis) on the micropalaeon-
tological data obtained from the study of Upper
Pliensbachian and Lower Toarcian sections
from northwestern and eastern Siberia, north-
eastern Russia, Franz Josef Land and northern
Alaska, as well as published data on north-
western Europe, the North Sea, the Barents Sea
shelf and Arctic Canada (Klubov 1965; Norling
1972; Bate & Coleman 1975; Souaya 1976;
L0faldli & Nagy 1980; Copestake & Johnson



PLIENSBACHIAN-TOARCIAN BOUNDARY IN THE ARCTIC 163

Fig. 17. Foraminifera (a) and ostracode (b) assemblage composition across the Pliensbachian-Toarcian
boundary in northeastern Siberia and northeastern Russia.
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1981, 1984, 1989; Poulton et al. 1982; Wall 1983;
Ainsworth 1986, 1987; Basov et al. 1989; Malz &
Nagy 1989; Dibner 1998). It also should be
noted that the analysed data are unequal: the
biostratigraphy of the Upper Pliensbachian and
Lower Toarcian sections of different regions of
the Northern Hemisphere were studied to
different degrees. So, multivariate data on the
Upper Pliensbachian and the Lower Toarcian
have been used separately. Our studies of Upper
Pliensbachian and Lower Toarcian foraminifera
and ostracodes from northwestern and eastern
Siberia, northern Alaska and Franz Josef Land
include quantitative taxa proportions as well as
the dynamics of taxonomic variation, commu-
nity structure and other aspects, while, in
publications devoted to the micropalaeontology
of the Barents Sea shelf, Spitsbergen, the North
Sea, northwestern Europe and Arctic Canada,
these data were often lacking. Therefore, for
palaeobiogeographical distribution of Late
Pliensbachian and Early Toarcian foraminifera
and ostracodes from these regions of the Arctic
and northwestern Europe, presence/absence
data have been used. The BioDiversity Profes-
sional program has been used to calculate the
matrix and construct the dendrograms (McA-
leece et al. 1997). Cluster analysis with the group
average link method and based on the Jaccard
coefficient has been carried out. Because for-
aminifera and ostracodes react differently to
environmental changes and represent different
taxonomic groups, they have been analysed
separately. This has allowed us to estimate and
compare the results of the cluster analysis for
these different groups of microfauna.

Based on these analyses, we identified the
following biogeographical units for the Arctic
and the northern area of the Boreal-Atlantic
Realms: four foraminiferal provinces (north-
western Europe, North Sea, western Siberia-
Canadian Arctic and eastern Siberia-northern
Alaska provinces) for the Late Pliensbachian
and Early Toarcian; four ostracodal provinces
(northwestern Europe, North Sea, western
Siberia and eastern Siberia-northern Alaska
provinces) for the Late Pliensbachian; three
ostracodal provinces (northwestern Europe,
eastern Siberia-northern Alaska and western
Siberia-Barents Sea provinces) for the Early
Toarcian (Figs 18 & 19). The boundaries of the
provinces and realms based on palaeogeogra-
phical distribution of different groups of
microbenthos have changed their position dur-
ing geological time. The North Sea region was
apparently a transitional (ecotone) zone between
Arctic and Boreal-Atlantic microbenthos asso-
ciations (Figs 18 & 19).

Arctic palaeoseas may be divided into a
number of ecological zones. In the northern
Siberian and northern Alaskan seas, the Late
Pliensbachian microfaunal communities were
the richest and the most diverse among Early
Jurassic microfaunal communities. During this
time-frame, the palaeogeographical differentia-
tion of microbenthos communities characteriz-
ing different ecological zones was distinct. In the
Late Pliensbachian, in the northern Siberian seas
(Fig. 20a) the foraminiferal catena commonly
comprised many elements (four to five), while
the ostracode catena were composed of only two
elements.

The inner part of the upper sublittoral zone
(Fig. 20a) was represented by nearly monospe-
cific Ammodiscus communities, while Saccam-
mina, Glomospira and some other taxa were
rather rare (ecological zone Fl). The aggluti-
nated foraminiferal tests are often coarse
grained. This zone is characterized by active
hydrodynamics and unstable salinity.

The taxonomic diversity gradually increased
with depth. For instance, in the outer part of the
upper sublittoral zone (ecological zone F2),
foraminifera are represented by abundant
Recurvoides and numerous Kutsevella, Saccam-
mina and Glomospira, while Ammodiscus and
some other taxa are rarer. Sandy and silty
grounds were settled by rare, but taxonomically
diverse calcareous foraminifera, such as Lenti-
culina, Astacolus, Marginulina, Nodosaria, and
Ichthyolaria. Large abundances of Glomospira in
some areas of the palaeobasin suggest active
hydrodynamic conditions, while high taxonomic
diversity may indicate normal salinities. In the
shallow-water offshore areas, ostracodes are
rare and represented by only Ogmoconcha (Fig.
20a).

The maximum taxonomic diversity of
microbenthos communities (Fig. 20a) has been
observed in the inner part of the middle
sublittoral zone. Near-shore areas are character-
ized by various calcareous foraminifera (Anmar-
ginulina, Pyrulinoides, Citharina and
Conorboides), although their assemblages are
dominated by eurybiotic Recurvoides or Tro-
chammina (ecological zone F3). Ostracodes are
also more abundant in these areas.

Fig. 18. Palaeobiogeographical zonation of the Arctic
Realm in the Late Pliensbachian on the basis of
foraminifera (a) and on ostracodes (b), with dendro-
grams showing results of cluster analysis. (Base map
after Golonka & Scotese (1995); palaeogeographical
reconstructions after Bogolepov (1983), with modifi-
cations.)



Fig. 18.



Fig. 19. Full caption on page 168.
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Fig. 20. Full caption on page 168.
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In the outer part of the middle sublittoral zone
(Fig. 20a) the taxonomic diversity of the
microbenthos slightly decreases. These assem-
blages are dominated by calcareous foramini-
fera. The population density of Lenticulina,
Marginulina, Nodosaria, Pseudonodosaria, Gei-
nitzinita and Planularia increases, whereas
agglutinated foraminifera are less abundant
(ecological zone F3).

Foraminiferal communities of the lower sub-
littoral zone (Fig. 20a) are characterized by
similar features, but they are less rich and
diverse. This foraminiferal association lacks
any dominant species and is characterized by a
lower population density (ecological zone F4).
They include typical eurybiotic taxa, such as
Trochammina, Dentalina, Astacolus and Pseudo-
nodosaria. The foraminifera are smaller and
their tests are much thinner in comparison with
the foraminifera of the middle sublittoral com-
munities. The tests of agglutinating foraminifera
are extremely fine grained.

The characteristic feature of the outer part of
the middle sublittoral zone and the lower
sublittoral zone is the diversity peak of ostra-
codes, Ogmoconcha, Ogmoconchella, Nana-
cythere and 'Mandelstamid* (ecological zone
02).

During the Early Toarcian microbiotic crisis,
differentiation of the microbenthos characteriz-
ing different ecological zones (two-three ele-
ments of a catena) as well as the diversity of life-
forms in the individual elements of the catena,
decreased sharply (Fig. 206). This new stage of
the development of microbenthos communities
began at the falciferum chron. The taxonomic
diversity and the degree of differentiation of life-

Fig. 19. Palaeobiogeographical zonation of the Arctic
Realm in the Early Toarcian on the basis of
foraminifera (a) and on ostracodes (b), with dendro-
grams showing results of cluster analysis. (Base map
after Golonka & Scotese (1995); palaeogeographical
reconstructions after Bogolepov (1983), with modifi-
cations.)

form associations characterizing different ecolo-
gical zones gradually increased.

Eurybiotic Ammodiscus, Saccammina and rare
Trochammina are typical of microbenthos com-
munities (Fig. 20b) of the inner part of the upper
sublittoral zone (ecological zone Fl). Geochem-
ical data (Levchuk 1985) and the specific
composition of the microfossils indicate the
desalination of sea-water in this zone of the
palaeobasin.

In the outer part of the upper sublittoral zone
(Fig. 20b) foraminiferal assemblages are also
dominated by Trochammina and Ammobaculites,
while the number of Ammodiscus and Saccam-
mina decreases, and Bulbobacuities, Kutsevella
and Triplasia are rare (ecological zone Fl). In
this zone the ostracodes are represented only by
Camptocy there.

The most diverse assemblages of foraminifera
and ostracodes have been defined for the middle
sublittoral zone (ecological zones F2 and O2).
Foraminiferal communities (Fig. 20b) of this
zone are dominated by Trochammina, Triplasia
and Ammobaculites characterized by high popu-
lation densities. Spiroplectammina, Evolutinella,
Kutsevella and some other taxa are less abun-
dant. Calcareous foraminiferal communities
(Palmula, Dentalina, Globulina and Cyclogyra)
are rather diverse, but their population density is
low. Ostracodes are dominated by Campto-
cythere mandelstami, whereas Kinkelinella, Tra-
chycythere and Polycope are rare (ecological
zone O2). The carapaces of Camptocythere
mandelstami are thin walled with well-developed
pores and pore-canal systems. In all ecological
zones of the Siberian palaeobasin, foraminiferal
tests are usually very small and thin walled,
suggesting unfavourable oxygen conditions at
the beginning of the Early Toarcian.

In the second part of the Early Toarcian (the
second part of the commune chron), the inner
part of the upper sublittoral (Fig. 20b) zone was
settled by rare specimens of Ammodiscus,
Saccammina and Glomospira with small tests.
The outer part of the upper sublittoral zone is

Fig. 20. The Yenisey-Lena marine basin in the Late Pliensbachian (a) and Early Toarcian (b), bathymetric
profile, distribution of microbenthos and microphytoplankton ecological zones. Ill, upper sublittoral zone; II,
middle sublittoral zone; I, lower sublittoral zone b, inner part; a, outer part. Community of microbenthos and
associations of microphytoplankton in the Late Pliensbachian (a): Microphytoplankton associations (Nikitenko
& Pospelova 1996): Dl, Nannoceratopsis. The foraminiferal community: Fl, Ammo discus-Saccammina; F2,
Recurvoides-Kutsevella-Trochammina; F3, Trochammina-Lenticulina; F3", Conorboides-Anmarginulina; F3'
Trochammina-Pyrulinoides; F4, Astacolus-Anmarginulina. The ostracode community: Ol, Ogmoconcha; O2,
Ogmoconcha-Nanacythere. Community of microbenthos and associations of microphytoplankton in the Early
Toarcian (b): Microphytoplankton associations (Nikitenko & Pospelova 1996): Dl, Nannoceratopsis The
foraminiferal community: Fl, Trochammina-Kutsevella; Fl', Saccammina-Ammodiscus; Fl", Trochammina-
Ammobaculites; F2, Trochammina-Triplasia. The ostracode community: Ol, Camptocythere; O2, Camptocy there-
Kinkelinella.



Fig. 21. The Circumboreal inter-regional correlation of the Upper Pliensbachian-Lower Toarcian based on foraminifera. Inter-regional correlation levels: 1, Saracenaria
sublaevis, Involutina liassica, Ichthyolaria terquemi, Grigelis apheilolocula. 2, Reinholdella pachy derma, Thurammina subfavosa. 3, The level of the boreal crisis affecting the
microbiota. Invasion of Palmula deslongchampsi, Cydogyra Hasina. Invasion in NW Europe of Trochammina kisselmani, Ammoglobigerina canningensis, Haplophragmoides
kingakensis. 4, Lenticulina multa, Astacolus praefoliaceus, Nodosaria pulchra, Palmula ex gr. tenuistriata.



Fig. 22. The Circumboreal inter-regional correlation of the Upper Pliensbachian-Lower Toarcian based on ostracodes. Inter-regional correlation levels: 1, The level of the
boreal crisis affecting the microbiota. Invasion of Trachycy there verrucosa, Kinkelinella sermoisensis, Poly cope pelta. 2, Invasion of 'Monoceratina vulsa', Ektyphocy there cf.
debilis. Invasion in NW Europe of Camptocythere toarciana (= C. occalata).
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characterized by rare Lenticulina, Astacolus,
Trochammina and Dentalina. According to
geochemical data (Levchuk 1985) and micro-
fauna composition, the salinity of the water was
unstable - ranging from normal-marine to
brackish conditions.

The assemblages of the middle sublittoral
zone are dominated by Lenticulina and Astaco-
lus, while Globulina, Ichthyolaria, Nodosaria,
Dentalina, Citharina, Ammodiscus and some
other taxa are less abundant. The ostracode
Camptocythere is typical of both the outer part
of the upper sublittoral zone and the middle
sublittoral zone (Fig. 20b). Geochemical data
indicate normal salinity in this zone of the
palaeobasin (Levchuk 1985).

Conclusions

The results of these investigations allow us to
trace Lower Jurassic ostracode and foraminif-
eral zonations developed from the northern
regions of the eastern Siberia sections (Figs 3-
5) over the whole Arctic basin: western Siberia
(Fig. 10), NE Russia (Figs 3-5), Franz Josef
Land (Fig. 11) and northern Alaska (Mickey et
al. 1998) (Figs 13 & 14). Using published data,
these zonal units or their analogues can be
defined in Arctic Canada (Fig. 12) and the
Barents Sea shelf (Wall 1983; Basov et al. 1989)
(Fig. 11). Therefore, Lower Jurassic zonations
based on foraminifera and ostracodes estab-
lished for northern Siberia can be considered as
an Arctic zonal standard (Figs 21 & 22).
Moreover, several marker levels based on
microfossils have been traced which allow us to
correlate Arctic and Western European micro-
fossil zonations of Lower and Middle Jurassic
age (Figs 21 & 22).

The main abiotic and biotic events in the Late
Pliensbachian and Early Toarcian of the Arctic
Basin have been analysed. This allows us to
conclude that a decrease of species and generic
diversity of Arctic foraminifera and ostracodes
began in the latest Pliensbachian, while in
Western European palaeobasins the micro-
benthos extinction began in the Toarcian.

The Early Toarcian microbiotic crisis in the
Arctic was caused by several global events. At
the end of the Late Pliensbachian there was a
eustatic sea-level fall, climatic cooling, and
changes of underwater topography. At the
beginning of the Early Toarcian, there was
climatic warming, a major eustatic rise, a change
in the topography of the sea-bed, a change in the
current system pattern and the development of
anoxic environments. The alternation of these
abiotic events during a short period of time

resulted in a sharp decrease of microbiotic
diversity followed by a new phase of develop-
ment of microbenthos communities. The begin-
ning of thQfalciferum chron is characterized by a
very sharp change in the taxonomic composition
of the microbenthos communities (Figs 15-17).
The formation of black bituminous clays in
Siberian palaeobasins, from the falciferum chron
to the beginning of commune chron, correlates
well with the second model of bituminous clay
accumulation described by Hallam (1975). The
deposits accumulated in a relatively shallow-
water basin with a gently sloping sea-floor and
the introduction of rather large quantities of
organic material.

Mass extinction of microbenthos was simul-
taneous in Arctic and Western European palaeo-
seas and has been dated as Early Toarcian
(tenuicostatum chron). The Early Toarcian
microbiota crisis was distinct in both the Arctic
and the Western European palaeobasins. For
example, the genera and family composition of
Arctic ostracodes completely changed, and 80%
of the foraminiferal special disappeared with
many families also disappearing altogether. In
Western European palaeoseas, the taxonomic
composition changed mainly at the species level
among foraminifera and on the generic level
among ostracodes (Fig. 16).

During the Late Pliensbachian and Early
Toarcian there were permanent connections
between the marine microbiota of the Arctic
Palaeobasin, while Arctic and Western Eur-
opean microbiota were linked only during short
periods of eustatic sea-level rise and warming.

The comprehensive analysis of the biogeogra-
phical distribution of Late Pliensbachian and
Early Toarcian foraminifera and ostracodes, as
well as Jaccard cluster analysis, allow us to
define several biogeographical units within the
Arctic and Boreal-Atlantic realms (Figs 18 &
19). The boundaries of provinces and realms
based on the palaeogeographical distribution of
ecological groups of microbenthos, as one would
expect, change their position during geological
time.
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Abstract: Placement of the Jurassic-Cretaceous boundary and its correlation between the
Tethyan and Boreal realms are still contentious. The distribution of stratigraphically significant
dinoflagellate cysts in the Portland Stone and Purbeck formations of the Isle of Purbeck,
Dorset, UK provides a basis for direct correlation between these sections and the type
Berriasian in southeast France. The base of the Berriasian - and thus of the currently accepted
Jurassic-Cretaceous boundary - most probably lies at the base of the Cypris Freestones in the
Purbeck Formation. Miospore correlation between the Dorset sections and ammonite-bearing
rocks in the Spilsby Province suggests that the base of the Cretaceous lies close to the base of the
Subcraspidites preplicomphalus zone in the Boreal Realm.

The latest Jurassic and earliest Cretaceous were
marked globally by low sea-levels and conse-
quent provincialism of marine biota. European
biotas are divided biogeographically into the
southern Tethyan province and the northern
Boreal province (Fig. 1). The distinctive nature
of the biota in these provinces has necessitated
the establishment of independent zonations and
stage nomenclature.

In the Tethyan province, the terminal Jurassic
stage has historically been known as the
Tithonian, although no stratotype has been
recognized. The basal Cretaceous stage is the
Berriasian, with a stratotype and a provisionally
agreed 'golden spike' at the base of bed 138 at
Berrias in the Ardeche, France (Anon. 1975).
The Berriasian stratotype is regarded as proble-
matical because the underlying 'Tithonique'
does not contain ammonites (Ogg & Lowrie
1986). The ammonite fauna at Berrias is
comparatively localized and many correlations
within Tithonian-Berriasian rocks in the Teth-
yan realm use calpionellids, but these planktonic
microfossils are not widespread outside Tethyan
limestone facies.

North of Tethys, provincialism of ammonite
faunas is very marked close to the Jurassic-
Cretaceous boundary. The terminal Jurassic
stage is the Portlandian, with a basal stratotype
in Dorset at Hounstout Cliff (Wimbledon &
Cope 1978). The rocks overlying the type
Portlandian, the Purbeck Formation, are mostly
non-marine and thus lack ammonite faunas.

Thus 'Purbeckian', the earliest name for the
following stage, was quickly discarded for
stratigraphic purposes, although it is still used
as a facies term.

Separate stratotypes were set up for the
terminal Jurassic and basal Cretaceous stages
in the rocks of the Russian Platform. Here the
terminal Jurassic stage is the Volgian and the
basal Cretaceous stage is the Ryazanian. Casey
(1967) demonstrated the incompleteness of the
type Volgian. It has become known that there is
a discrepancy in age between the base of the
Ryazanian and the base of the Berriasian
(Wimbledon & Hunt 1983; Wimbledon 1995;
Sey & Kalacheva 1997; Hoedemaeker 1999).
Attempts to correlate between the various
boundary successions are hampered by a general
lack of strong biostratigraphic evidence; more-
over, correlations based on events or sequence
stratigraphy have not held up to close scrutiny
(Ogg & Lowrie 1986).

In England, marine deposition was virtually
continuous in the Portland-Wight Basin in
Southern England during the Late Jurassic
Kimmeridgian and Portlandian stages (Ains-
worth et al. 1998), but no continuous fully
marine sequence exists across the Jurassic-
Cretaceous boundary. Townson (1975) and
Coe (1996) suggested discontinuities in deposi-
tion during the Portlandian, but differed in their
assessments of where these might be. Recent
detailed logging of sections by Wimbledon
(1980, 1986, 1995), Allen et al (in press) and

From: BEAUDOIN, A.B. & HEAD, MJ. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 175-186. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. Palaeogeography near the Jurassic-Cretaceous
boundary, with key localities indicated (modified from
Hawkes et al. 1998).

palaeoenvironmental work by Hunt (1987) do
not, however, support the suggestion of wide-
spread unconformities within these rocks. Fully
marine sedimentation in the Portland-Wight
Basin largely ended with the top of the Portland
Stone Formation. Sedimentation in this basin
was thereafter predominantly non-marine (Ains-
worth et al. 1998), although interrupted by a
series of marine incursions of varying magnitude
(Hunt 1987).

A discontinuous and condensed Late Portlan-
dian-Early Ryazanian depositional series was
recognized by Casey (1973) in the Spilsby Shelf
area of Eastern England. Casey's (1963, 1973)
correlation of the Spilsby series with the later
Portlandian and Lower Cretaceous rocks of the
Portland-Wight Basin rested on two assump-
tions. The first was the apparent recognition of
the Spilsby ammonite Paracraspidites oppressus
in the Shrimp Bed at the very top of the Portland
Stone Formation in Dorset. The second was the
recognition of the Cinder Bed in the middle part
of the Purbeck Beds as a marine event,
equivalent to the base of the Praetollia runctoni
zone in the Spilsby Shelf. According to Wim-
bledon (1985), the correlation of the Shrimp Bed
with rocks in Eastern England is unreliable,
because the specimens from Eastern England
attributed to Paracraspidites oppressus by Casey
(1973) are assignable to species of the Titanites
anguiformis, Kerberites kerberus and Kerberites
okusensis biozones. The ammonites in the
Shrimp Bed in Dorset attributed by Casey
(1973) to Paracraspidites oppressus are fragmen-
tary and unattributable to any single species.

The Cinder Bed contains no age-diagnostic
macrofossils, and Casey's (1963) correlation
rested upon it marking a 'marine event' that
could be matched with a supposed marine
transgression in the Mid-Spilsby Nodule Bed.
Later, Casey (1973) demonstrated that the Mid-
Spilsby Nodule Bed was Late Ryazanian in age
and the Cinder Bed was more loosely related to
one of four possible 'marine events' in the
Spilsby series. Nevertheless, several influential
publications, including Wimbledon (1980),
accepted the Cinder Bed as the base of the
Ryazanian in Southern England. This correla-
tion was questioned by Wimbledon & Hunt
(1983).

A resolution of these issues is offered by
marine palynomorphs in the Purbeck Formation
(Wimbledon & Hunt 1983; Hunt 1987). In this
paper the occurrence of stratigraphically sig-
nificant dinoflagellate cysts (hereafter called
dinocysts) is described from the Portland Stone
of the Isle of Purbeck at St Aldhelm's Head
Quarry (NGR SY964761: W2°03 /00' /50°35 /

05" N) and St Aldhelm's Head (SY962754:
W2°03'12"N50°34'40") and from the Purbeck
Formation of Durlston Bay (NGR SZ035780
to SZ037785: Wl° 57' 02" N50° 36' 04" to
Wl°56'06" N50°36/20") and Durlston Head
(NGR SZ035772: Wl° 57/03"N50° 35'36"), in
Dorset, England (Fig. 2). The dinocysts,
together with magnetostratigraphy (Ogg et al.
1994), enable the position of the currently
accepted Portlandian-Berriasian boundary in
southern England to be identified. This work
calibrates a miospore-based correlation by
Abbink et al. (2001) of rocks in the Spilsby
Province (which contain widely correctable
Boreal ammonites and dinocysts) with the
Purbeck Formation (Hunt 1985).

The Portland Stone and Purbeck formations

The Portland Stone Formation consists of
between 22 and 40m of limestones, predomi-
nantly of shallow-water origin (Townson 1975).
Norris (1965) described selected dinocysts from
the Portland Stone Formation and Hunt (1987)
described microplankton assemblages.

The Purbeck Formation consists of up to
120m of limestones, shales and evaporites, of
predominantly lagoonal origin. Details of the
stratigraphy are given in Bristow (1857), with
modern sedimentological interpretation pro-
vided, for example, by West (1975). Miospores
of the Purbeck Formation were described by
Norris (1969), Wimbledon & Hunt (1983) and
Hunt (1985). Norris (1965) described selected
dinocysts from the lower part of the Purbeck
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Formation. Hunt (1987) described the strong
fades control of dinocyst and acritarch assem-
blages. Although the Purbeck Formation is
predominantly non-marine, a number of hor-
izons contain marine dinocysts, oysters, Proto-
cardia, Corbula and other marine taxa, notably
the Hard Cockle Bed, Cinder Bed, Scallop Bed
and Corbula Beds.

Materials and methods

This study is based on 10 productive samples
from the Portland Stone Formation and 67
from the Purbeck Formation at a mean sample
interval of just less than 2 m. The samples are
placed in Figure 3 against bed-by-bed logging
by Wimbledon (1995, and in Benton & Spenser
1995, fig. 7.14), from a datum in the highest bed
exposed in the Purbeck Formation in Durlston
Bay. The samples are the same as those used by
Hunt (1987). Samples were processed using
standard palynological techniques - HC1 and
then HF maceration, sieving on 10/mi nylon
mesh, followed by swirling on a clock glass.
Well over half the samples were limestones: in
these and especially in the samples from the
Portland Stone Formation, samples ranging up
to 2kg in weight were processed to ensure
adequate palynomorph recovery. Where avail-
able, at least 250 palynomorphs were counted
from each sample. Where material was suffi-
cient, a further five slides were scanned from
each sample to locate rare specimens. The data

were handled in Tilia, Tiliagraph and TGView.
Dinocyst nomenclature follows Williams et al.
(1998) and miospore terminology follows Hunt
(1985).

Dinocyst biostratigraphy

Figure 3 shows the distribution of selected
dinocysts in the Portland Stone and Purbeck
formations in Dorset. The distribution of many
taxa is extremely discontinuous and corresponds
to a series of marine events (Hunt 1987). Most
samples containing dinocysts are characterized
by large numbers of long-running, ecologically
generalist taxa such as Mendicodinium groenlan-
dicum, Barbatacysta pelionensis and an unpub-
lished Gochteodinia species. Stratigraphically
significant taxa are generally present at less
than 1% of the microplankton assemblage and
thus are indicated on Fig. 3 as presences. The
presence of recycled Carboniferous and Jurassic
taxa in the Soft Cockle Beds, Corbula Beds,
Upper Cypris Clays and Cypris Clays indicates
that range-tops are potentially unreliable in
these parts of the section. Range bases may
have been delayed in appearance by the lack of
suitable facies for marine dinoflagellates, but are
inherently more reliable than range tops where
recycling is apparent. Nevertheless, the distribu-
tion of taxa enables correlation with records
from other localities. Key comparisons are with
the work of Monteil (1992a, b and in Stover et
al. 1996) and previously unpublished work by

Fig. 2. The location of the studied sections in Dorset, England. Locality 1 is St Aldhelm's Head Quarry and
locality 2 is St Aldhelm's Head cliff section.
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the present author for the basal Cretaceous type
section at Berrias, France.

Key range-top and range-base tie points with
the Berriasian type section are shown in Figure
4. The base of the Berriasian, and thus of the
Cretaceous, is marked in Bed 138 at Berrias by
the range tops of Dichadogonyaulax culmula and
Senoniasphaera jurassica and the range bases of
Warrenia californica (Fig. 5a) and Amphorula
monteilii (Fig. 6b). Other important range tops
are Amphorula monteilii in bed 145, Impleto-
sphaeridium tribuliferum in bed 146, Egmontodi-
nium polyphlacorum in bed 148 and
Kleithriasphaeridium porosispinum in bed 149.
Other key appearance datums include Dichado-
gonyaulax bensonii in Bed 146 (Monteil in Stover
et al, 1996, text-fig. 40) and Cirrusphaera
dissimilis (Fig. 5b) in bed 144, Kleithriasphaer-
idium fas datum and Muderongia simplex in bed
149.

By comparing events in the Berriasian type
section with the Dorset sequence, it is sug-
gested that the base of the Berriasian lies
between the top of the Freestone Bed at St
Aldhelms Head (the range top of Kleithrias-
phaeridium porosispinum and Dichadogonyaulax
culmula and range base of Amphorula monteilii
and Cirrusphaera dissimilis) and the base of the
Cypris Freestones on St Aldhelm's Head (the
range base of Warrenia californica). This is in
broad agreement with correlations based on
charophytes and ostracods (Blanc & Mojon
1996). The magnetostratigraphy of Ogg et al.
(1994) is consistent with the base of the
Cretaceous lying at the base of the Cypris
Freestones.

The base of Dichadogonyaulax bensonii and
the top of Impletosphaeridium tribuliferum in the
Hard Cockle suggest correlation with bed 146 in
the Pseudosubplanites grandis ammonite zone at
Berrias, and again is approximately consistent
with the magnetostratigraphy of Ogg et al.
(1994). The incoming of Kleithriasphaeridium
fasciatum and Muderongia simplex in the top-
most Building Stones suggests correlation with
bed 149, at the top of the Subthurmannia
subalpina ammonite zone at Berrias and with
the Upper Ryazanian Scriniodinium pharo dino-
cyst subzone (Surites icenii ammonite zone) in
the North Sea and Spilsby Shelf. This is
consistent with the magnetostratigraphy of Ogg
et al. (1994). The incoming of Pseudoceratium
pelliferum in bed 156 at Berrias near the top of
the Dalmasiceras dalmasi ammonite zone sug-
gests correlation with the Pseudoceratium pelli-
ferum dinocyst subzone (Peregrinoceras albidum
ammonite zone) in the North Sea (Davey 1982;
Costa & Davey 1992).

Miospore biostratigraphy

The incoming of miospore taxa in Dorset (Hunt
1985) and the Terschelling Basin in the Spilsby
Province facilitates close correlation between the
two sections (Abbink et al. 2001). The range
base of Leptolepidites psarosus in the Broken
Beds Dorset provides a Late Portlandian tie-
point with the Subcraspidites primitivus ammo-
nite zone in the Spilsby province. The range base
of Apiculatisporis verbitskayae (Fig. 6e) at the
base of the Cypris Freestones enables correla-
tion of the basal Berriasian to be made with the
Subcraspidites preplicomphalus ammonite zone
in the Spilsby province.

The range bases of Matonisporites elegans
(Fig. 6d) and Aequitriradites spinulosus (Fig. 6c)
in the Cherty Freshwater Beds suggest correla-
tion with the upper part of the Subcraspidites
lamp lug hi ammonite zone in the Terschelling
Basin. 'Cretaceous' miospores, however, rise in
the Hectoroceras kochi zone in the Terschelling
Basin, but in Dorset very suddenly rise in the
Cherty Freshwater Beds (Hunt 1985). This
suggests that in Dorset the stratal equivalent to
the Praetollia runctoni ammonite zone is missing
(Abbink 2001). These correlations suggest that
most of the upper Volgian should be attributed
to the Cretaceous, with its base in the Boreal
Realm lying close to the base of the Subcraspi-
dites preplicomphalus ammonite zone and within
the Amphorula expiriatum dinocyst subzone and
equivalents (Fig. 7).

Provincialism and the interpretation of
compiled ranges

Wimbledon & Hunt (1983) pointed out that
there were no bivalves in common between the
North Sea and Wessex basins during the latest
Jurassic and earliest Cretaceous. It is clear from
the results presented here that ranges of strati-
graphically useful dinocyst taxa such as Dicha-
dogonyaulax culmula are very different in Dorset
and in the North Sea basin. Little comparison
can be drawn between dinocyst floras in Dorset
and the Boreal sequences reported by Duxbury
(1977), Davey (1982), Birkelund et al. (1983),
Piasecki (1984) and Heilmann-Clausen (1987)
between the Kerberites kerberus and the Surites
icenii ammonite zones. This is consistent with
the two basins being completely isolated from
one another during this interval. Only correla-
tion using miospores (Abbink et al. 2001) links
the Dorset sections, and thus Berrias, with the
Boreal Realm during this time. Amalgamation
of dinocyst ranges for the Wessex and North Sea
basins (e.g. Davey 1979; Riding & Thomas 1992)



Portland Stone and Purbeck formations
Dinocysts

Fig. 3. Stratigraphic occurrence of selected dinocysts and acritarchs in a composite section of the Portland Stone and Purbeck formations in
the Isle of Purbeck, Dorset. Depths in the section are metres below the highest exposed bed in the Purbeck Formation. Sections are: Durlston
Bay 0-103m, Durlston Head 103-116m, St Aldhelm's Head Quarry 117m, St Aldhelm's Head Cliff 118-147m.
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Fig. 4. Key range tops and range bases in the Berriasian type section (after Monteil \992a, b; Monteil in Stover et
al. 1996, text-fig. 40; and Hunt, unpublished data)

for this interval is potentially misleading if
applied to either basin. There is still therefore a
need for biostratigraphic schemes tied explicitly
to rock units rather than to abstractions based
on standard ammonite zonation, magnetic
chrons or eustatic events for this period of
isolation.

The utility of event-based correlations?

Correlations of non-biostratigraphically cali-
brated events based on magnetostratigraphy
and sequence stratigraphy are subject to pro-
blems caused by parts of the stratigraphic
column at any given locality - including suppo-
sedly widely visible, large-scale events - not
being represented by rock or visible non-
sequences. This is a particular problem in
shallow-water shelf palaeoenvironments, such
as at Berrias, where sedimentary evidence for
non-sequences may not be evident. Attempts to
force sequence-stratigraphic correlation on to
shallow-water facies rocks where no strong
biostratigraphic calibration is available are
especially likely to be problematical. This is not
only because of the probability of missing rock,
but also because there is an extremely high
probability that local tectonic or even sedimen-
tary events will provide significant 'noise' to

confuse any eustatic signal. The biostratigraphic
results set out in this paper are incompatible with
the magnetostratigraphic correlations of Ogg et
al. (1994) above the level of the Hard Cockle
Beds. This is because of the considerable hiatus
suggested by the biostratigraphic correlations at
Berrias, and the smaller, later one in Dorset.
Similarly, re-evaluation of the event correlations
suggested by Hoedemaeker (1999) is required.
Event-correlation only becomes reliable when
calibrated with secure biostratigraphy.

Fig. 5. Selected stratigraphically significant dinocysts
from the Purbeck Formation, all 1000 x Nomarski.
For each specimen, the slide code is followed by an
England Finder reference: (a) Warrenia californica
Monteil, dorsal view showing two-plate precingular
archeopyle: Intermarine Beds, Ladydown, Wardour,
LD16.1, K41.1; (b) Cirrusphaera dissimilis Monteil,
ventral view: Hard Cockle Bed, Durlston Bay, DB13.3,
J35.4; (c) Endoscrinium campanulum (Gocht) Vozz-
hennikova, lateral view of hypocyst: Cinder Bed,
Durlston Bay, DB2.3, D37.4; (d) Gochteodinia villosa
(Vozzhennikova) Norris, lateral view of small speci-
men, showing archeopyle: Cinder Bed, Durlston Bay,
DB2.3, O33.3.
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Fig. 7. Correlation of key European sequences around the Jurassic-Cretaceous boundary (partly after Abbink et
al. 2001). Dinocyst tie-points are indicated by a filled circle, and miospore tie-points by a filled triangle.

Conclusion

Relatively well-constrained dinocyst biostrati-
graphic tie-points enable correlation between the
end of the Portlandian stage in Britain and the
start of the Berriasian stage in Tethys. This

Fig. 6. Selected stratigraphically significant dinocysts
and miospores from the Purbeck Formation, all from
Durlston Bay, all 1000 x , a, c-e transmitted light; b,
Nomarski. (a) Cantulodinium arthuriae Van Helden,
ventral view showing archaeopyle: gypsum body in the
Soft Cockle Beds, DB12.1, G26.3; (b) Amphorula
monteilii Dodekova, lateral view of specimen with
operculum partially detached: Hard Cockle Bed,
DB13.3, L32.1; (c) Aequitriradites spinulosus (Cookson
& Dettmann) Cookson & Dettmann, distal view
showing well-developed hilum: Cherty Freshwater
Beds, DB7.4, F44.1; (d) Matonisporites elegans Hunt,
holotype, in apical view, Cherty Freshwater Beds,
DB7.2, K33.3; (e) Apiculatisporites verbitskayae Dor-
hofer, apical view: Cherty Freshwater Beds, DB7.4,
B37.2.

correlation demonstrates the utility of the type
Portlandian in Dorset as the terminal Jurassic
stage and for the first time provides a good
assessment of the position of the Tethyan - and
thus global - Jurassic-Cretaceous boundary
outside the area where this is already provided
by the Tethyan ammonite and calpionellid
zonations. The Late Portlandian-Early Berria-
sian sea in Southern England was an arm of
Tethys and unconnected with the Boreal Ocean,
as suggested Wimbledon & Hunt (1983), but the
miospore correlations suggested by Abbink et al.
(2001) bridge the gap between the disjunct
Tethyan and Boreal zonations. At the Jurassic-
Cretaceous boundary, palynology has the poten-
tial to resolve long-running uncertainties and
constrain correlation.

It is a pleasure to acknowledge the supervision of C.
Downie early in my study of the Dorset sections, and
the encouragement and good advice of E. Spinner, K.
Doming and W. Wimbledon. K. Doming is thanked
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for sample processing at Pallab Research, Sheffield
and for much logistical support. This paper was
substantially improved by a constructive review by
W. Wimbledon, the referee's comments from R.
Fensome and J. Riding, and editorial input from M.
Head.

Appendix I: Listing of figured species with
author citations

Dinocysts

Amphorula monteilii Dodekova 1994
Cantulodinium arthuriae Van Helden 1986
Cirrusphaera dissimilis Monteil I992a
Endoscrinium campanulum (Gocht 1959) Vozzhenni-

kova 1967
Gochteodinia villosa (Vozzhennikova 1967) Norris

1978
Warrenia californica Monteil 1992<2

Miospores

Aequitriradites spinulosus (Cookson & Dettmann 1958)
Cookson & Dettmann 1961

Apiculatisporites verbitskayae Dorhofer 1979
Matonisporites elegans Hunt 1985
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The mid-Cenomanian non-sequence: a micropalaeontological detective story
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Abstract: The mid-Cenomanian non-sequence is described in terms of its stratigraphical
position, regional impact and importance in Cenomanian stratigraphy. After its discovery in the
site investigation for the Channel Tunnel and its location within the chalk succession of the
Dover-Sangatte area, it has been traced throughout the United Kingdom and northern France.
In stratigraphically complete successions it is coincident with the base of the Rotalipora
cushmani Taxon Range Zone, although in many areas there is a major hiatus (—sequence
boundary?) at this level. In more marginal successions, the non-sequence is characterized by the
presence of reworked, phosphatized macrofossil assemblages in which the actual date of
deposition can only be determined by the non-phosphatized macrofaunal elements or the
microfossils extracted from the enclosing sediments. In Dorset/Devon and northern France the
Cenomanian successions are condensed, and horizons with reworked macrofaunas have been
investigated using a variety of micropalaeontological techniques (thin-sections, processed
residues, acid reductions, etc.). In these areas the mid-Cenomanian non-sequence becomes one
of the most important features of the succession and marks a major hiatus in many localities.

The mid-Cenomanian non-sequence was discov-
ered in the 1960s during the site investigation
work for the Channel Tunnel. At first it was
envisaged that this break in the depositional
history of the 'Lower Chalk' might cause
problems during the construction phase of the
project. In the event, most of the route of the
tunnel was located stratigraphically below this
level and it was only very close to the French end
of the tunnel that any engineering work took
place this high in the succession. The initial
interest in the stratigraphy of the non-sequence
was, therefore, replaced with more major
engineering concerns at the Albian-Cenomanian
boundary (see Hart 2000).

The discovery and subsequent assessment of
the regional scale and importance of the mid-
Cenomanian non-sequence is here documented
for the first time. Following its discovery in the
site investigation work, it was only incidental to
the construction phase but, over the last 30
years, its importance and relevance to Cretac-
eous stratigraphy has been made clear by the
subsequent research reported here.

Site investigation for the Channel Tunnel

The first mention of a cross-Channel 'fixed link'
was in 1751, when Nicolas Desmaret, a French
farmer, suggested that a causeway, bridge or
tunnel should be constructed between France

and Britain. The first serious proposal for a
tunnel was made by Albert Mathieu-Favier in
1802, although an alternative proposal for the
sinking of a submerged tube was made one year
later by Tessier du Mottray. The worsening
political situation between Britain and France
over the next decades halted any further
proposals and little, if any, further progress
was made. It was in 1855 that the idea was
resurrected by Thome de Gamond who, almost
single-handed, began the geological mapping of
the sea-floor between Calais and Dover. With
the increasing development of the railways,
Isambard Kingdom Brunei and Robert Stephen-
son both showed an interest in the idea of a
tunnel. Royal support came from Prince Albert,
who saw this as a way of saving Queen Victoria
from the violent seasickness that she apparently
suffered while travelling by ship!

In 1878 a French company began excavations
near Sangatte while, in 1880, Sir Edward Watkin
sank a shaft at Abbot's Cliff near Dover and
tunnelled 800m using a compressed-air tunnel-
ling machine designed by Col. Frederick Beau-
mont. During these early attempts at
construction there was growing political opposi-
tion to the whole concept of a 'fixed link' and all
work was halted in 1883, by which time the
French had dug 1800m and the British had
tunnelled over 2100 yards. The world wars of the
twentieth century intervened and the only

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 187-206. 0305-8719/04/S15 © The Geological Society of
London 2004.
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significant mention of the tunnel between the
wars was in 1929. In that year, at a conference in
Le Havre, Professor P. F. Kendall (an eminent
mining and water engineer) presented a paper on
the proposed tunnel under the English Channel.
This interesting account (which was published in
The Naturalist in October 1929) ended with the
following statement.

It seems to me imperative that, if timely
warning is to be given of approach to adverse
conditions, a geologist with an intimate
knowledge of the lithology and palaeontology
of the Chalk should be in attendance at the
tunnel works and should make a close
examination of each length of excavation
before the linings are put in place. This may
mean a visit every day, and perhaps twice a
day. He would thus be able to note any change
of dip or of the texture of the Chalk and assist
the engineers in the solution of the problems
which arise. It may be advisable that the
French and English geologists should examine
in concert each other's section. I conclude with
the earnest hope that in my time the breach of
the last barrier of Chalk between the two
headings and a handclasp between French and
English workers will signalise a closer bond of
friendship between the two nations.

While the handclasp did not occur in 'his time',
this statement proved to be a remarkably
accurate prediction of what actually occurred
some 60 years later. Geologists on the UK side
did visit the faces once or twice a day and
(micro)-palaeontologists were present on both
sides of the Channel (see Harris et al 1996).

Eventually, in the 1950s, the Channel Tunnel
Study Group embarked on a major geological
survey of the strata between Dover (Fig.l) and
Sangatte. David J. Carter (then at Imperial
College, London University) was commissioned
to produce a correlation of the chalk succession
in the area using foraminifera. Such investiga-
tions had, by this time, become commonplace in
the oil industry, but this was the first major
engineering project to employ such methods.
The direction of this investigation was greatly
influenced by the work of Williams-Mitchell
(1948), who had recently published the first
foraminiferal zonation of the chalk in the UK.
This seminal work has scarcely had the recogni-
tion it deserves, as many of the taxa (and the
ranges that he described) are still used by
micropalaeontologists working on the chalk
foraminifera of NW Europe (see Hart et al.

1989). In the course of the 1958-1959 investiga-
tion, David Carter, almost single-handedly,
investigated the onshore succession, as well as
samples from both boreholes and drop-cores
that were collected from the English Channel. In
Bruckshaw et al. (1961) an outline zonation of
the Middle Cretaceous succession was pub-
lished, and this is reproduced in Figure 2.

The distribution of the foraminifera indicated
in Figure 2 was not compared (at that time) to
other regions of Europe (or elsewhere), because
it was very much a local' zonation and, in any
case, there was no real international standard
against which to make comparisons. During the
early 1960s, Carter continually updated his
information on the fauna of the mid-Cretaceous
succession in anticipation of further develop-
ments. Some of this work involved the formal
identification of taxa that had previously been in
open nomenclature. With the publication of
Bandy's (1961) synthesis of the Cretaceous
planktonic foraminifera, it became clear that
the first appearance (and last appearance) of
Rotalipora cushmani was of major importance
and the slightly earlier appearance of Rotalipora
reicheli was also significant. As Bandy's data
came (mainly) from the USA, this was also one
of the first examples of how the planktonic
foraminifera could be used in inter-continental
correlation.

In 1964-1965, the Channel Tunnel Study
Group conducted a major investigation of the
Dover-Sangatte area, with a large number of
marine boreholes being added to those drilled in
the earlier work. By this time, a number of
possible tunnelling horizons had been excluded
and the Lower Chalk (of Cenomanian age) had
been identified as the preferred option. In this
part of the succession (Fig. 3) the Lower Chalk
(now the Grey Chalk Subgroup of the Chalk
Group; see Mortimore et al. 2001) is character-
ized by alternations of grey chalk and dark grey
marly chalk. There are no flints (cherts) at this
level, and the optimum line of the tunnel was to
be located above the obvious beds of the sponge
Exanthesis labrosus (see Kennedy in McKerrow
1978, fig. 103) below the level of the mid-
Cenomanian non-sequence.

When first identified, the mid-Cenomanian
non-sequence was simply the base of the
Rotalipora cushmani Taxon Range Zone. It
was located within Zone 11 of the benthic
zonation scheme (see Fig. 2; the appearance of
R. cushmani [15] within the zone characterized
by the lower part of the range of Plectina
cenomana [17]). It was also known that, at the
same point in the succession, there was a major
change in the proportions of planktonic and
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Fig. 1. Outline map of southern England and northern France showing the base of the Cenomanian and the
localities discussed in the text. The locations of Figures 6 & 9 are indicated.

benthic taxa. Below the non-sequence relatively
few planktonic individuals are found in the 500-
250 /mi size fraction, while immediately above
the first appearance of R. cushmani there can be
anything up to 60-70% of the fauna composed
of planktonic taxa. The term 'non-sequence' was
used because it appeared to most closely fit
current definitions. See, for example, Allaby &
Allaby (1990):

A minor break in a concordant succession of
strata, representing a period during which
either no deposition of sediment occurred or it
was subsequently removed. Such periods may
be of short duration and localized, but are not
necessarily so. Compare diastem.

As work on the correlation of the marine
boreholes progressed, it became clear that one of

the most important relationships to understand
was that between the Lower Chalk and the
underlying Gault Clay Formation. This required
both a detailed knowledge of the succession and
of the microfauna and, as a result, this work was
time-consuming (see details in Hart 2000). This
meant that there were thousands of samples
from the remainder of the Lower Chalk succes-
sion which, although less important, needed
analysis and correlation. In order to accomplish
this part of the work Carter looked to develop a
rapid, but effective (and accurate), method of
correlation. At this very point in time, Shaw
(1964) published his book on Time in Strati-
graphy and Carter immediately considered if this
new form of 'graphical correlation' could be
adapted to solve the problems of the tunnel.
After lengthy discussions and experimentation,
the new system was abandoned and a 'graphical'
method adopted that used the planktonic:
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Fig. 2. The distribution of key species of foraminifera in the mid-Cretaceous succession of the area investigated
during the 1958-1959 work of the Channel Tunnel Study Group (from Bruckshaw et al. 1961). The specific
identification of the foraminifera indicated by numbers 1-45 is almost irrelevant, especially since many - at the
time of publication - were in open nomenclature. Two species are, however, significant: 15, Rotalipora cushmani;
21, Rotalipora reicheli. Reproduced with permission of the Institution of Civil Engineers and Thomas Telford
Publishing.

benthic ratios of suites of samples from adjacent generated. This decision was based on the
boreholes. In some cases the stratigraphical argument that graphical correlation establishes
information from adjacent boreholes was a 'standard' succession against which other
plotted on graphs and simple lines of correlation successions are correlated. In the case of the
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Fig. 3. The principal lithological features of the cross-Channel succession as recorded in a typical borehole from
the UK side of the Channel. The graph indicates the increasing calcium carbonate content of the chalk; after Hart
(1992). The lithostratigraphical nomenclature has changed recently (see Mortimore et al. 2001 for a full review),
but some of the 'informal' names are still used here.

Channel Tunnel the correlation required was not
against a 'standard', but along the line of the
tunnel - from borehole to borehole. Using

relatively simple planktonic:benthic ratios,
backed up by zonal determinations, Carter
settled on a graphical method of correlation,

MID-CENOMANIAN NON-SEQUENCE
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some of the data for which could be gathered by
less trained personnel. Using the 500-250/im
grain-size fraction (in which the majority of
adult foraminifera will be found) it is possible to
count the numbers of planktonic (surface-water
dwelling) foraminifera and benthic (substrate-
dwelling) foraminifera. While this is fully
acknowledged as rather an imprecise methodol-
ogy to employ if one was undertaking a detailed
palaeoecological analysis, this planktonic:
benthic ratio (or P:B ratio) does produce a
striking pattern (Fig. 4). The zonal scheme
shown in Figure 4 is that used by Carter &
Hart (1977) in their stratigraphical work in
Southern England and is basically the same
zonation that was later used by Hart et al.
(1989). The P:B ratio plot shows two very
distinctive features: a major non-sequence in
the middle of the succession (between zones Hi
and 1 lii) and a major peak in the occurrence of
Rotalipora cushmani which was later named the
'c-line' in correlation charts. The mid-Cenoma-
nian non-sequence was identified by:

an abrupt increase in the percentage of
planktonic foraminifera recorded in the
samples;
the first appearance of Rotalipora cushmani,
although rare specimens of the related
Rotalipora montsalvensis are found below
this level; and
the extinction of Favusella washitensis: its last
appearance being in the chalk/marl rhythms
immediately below the non-sequence.

The non-sequence (or P/B break in the work of
Paul et al. 1994) is located just above the
Orbirhynchia mantelliana Band (Kennedy 1969),
which lies a short distance below the marked
change in lithology from chalk/marl rhythms to
more massive beds of chalk separated by thin
marl seams. The P:B ratio plots for all the
boreholes across the Channel contain many
features in common, and several of the most
distinctive events were used to generate a
correlation along the length of the tunnel (Fig.
5). Using this methodology it was possible to
use these correlation lines to generate an
accurate cross-section from Folkestone/Dover
to Sangatte. When these data were assembled it
became clear that the 'c-line' provided a
valuable datum and that, below this level, the
mid-Cenomanian non-sequence (MCNS) was
seen to cross-cut many of the correlation lines
(see Fig. 5). The MCNS was identified, there-
fore, as more than a minor faunal or sedimen-
tary break, i.e. a clearly marked regional event.
Although the planktonic:benthic ratio cannot

really be used as a means of calculating water
depth (in absolute terms) it is clear that the
marked increase in planktonic taxa indicates a
relatively major sea-level shift (see Hart &
Bailey 1979).

Regional significance of the MCNS

In autumn 1965, just as the final stages of the
Channel Tunnel Site Investigation were coming
to a close, the author and R. J. H. Hiscock (a
fellow student) were dispatched to north Dorset
(Figs 1 & 6) to investigate the Lower Chalk
successions in a more marginal setting. All of
these localities are very small, isolated and
exceptionally difficult to locate. They cannot
be found without the use of 1:50000 Ordnance
Survey maps. Unfortunately, such detailed work
is required if the subtle changes in the Cenoma-
nian succession are to be determined in this
region (see Kennedy 1970; Drummond 1970;
Carter & Hart 1977; Hart 1994). The area in
question lies between Shillingstone and Buck-
land, and includes localities (with grid refer-
ences) at:

Stour Bank, near Shillingstone (ST. 846 106);
Okeford Fitzpaine (ST. 805 105);
Stoke Wake (ST. 763 067);
Dorsetshire Gap (ST. 742 033); and
Buckland Newton (ST. 703 051).

At the first two locations (Fig. 6; 'star-shaped'
symbols), the base of the chalk appears to be in a
'normal' Glauconitic Marl, typical of localities
all over Southern and SE England. At Stoke
Wake (Fig. 6; 'sunburst' symbol) there is a
marked erosion surface cutting into the Upper
Greensand with a 'bouldery' basal bed to the
chalk succession. No phosphatized fossils are
recorded (Kennedy 1970, p. 624). The lowermost
part of the chalk succession (Fig. 7) is faintly
glauconitic but this dies out rapidly up-section.
The chalk just above the base of the succession
contains large numbers of planktonic foramini-
fera and appears to be just above the MCNS. At
other localities immediately to the west (Dorset-
shire Gap and Buckland Newton; Fig. 6;
'cross' symbols) a phosphatic Basement Bed
(Kennedy 1970, pp. 625-629) appears which
contains a variety of macrofossils preserved in
both light- and dark-coloured phosphate. There
is an admixture of macrofaunal elements, indi-
cating significant reworking. The top of the
Upper Greensand is eroded and shows evidence
of both phosphatization and glauconitization.
The microfauna indicates a level well above the
MCNS, up to Zone 1 lii (11A on Fig. 2) or 12 of



MID-CENOMANIAN NON-SEQUENCE 193

Fig. 4. Zonation, bio-events and planktonic:benthic ratio for the Lower Chalk succession at Dover: borehole
P.OOO was located just inside Dover Harbour (Fig. 1). The zones are those used by Carter & Hart (1977). Graph A
shows the rare P:B ratio plot, while Graph B has the planktonic component broken down into generic groupings.
Graph C shows the succession at Betchworth, Surrey (Fig. 1), with the benthic component subdivided into
agglutinated taxa and calcareous taxa. The numbers adjacent to the lithological column for the Dover succession
are the foraminiferal zones of Carter & Hart (1977).
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the benthic zonation. At all other localities west
of this area the base of the chalk becomes
progressively younger until, at Membury (6km
NW of Axminster), the glauconitic chalks resting
on the underlying strata are of latest Cenoma-
nian age (Hart 1970; Hart 1975; Carter & Hart
1977; Mortimore et al 2001, pp. 133-137).

The place where the MCNS cuts on to the top
of the Upper Greensand in North Dorset,
therefore, is marked by a major change in the
characteristics of the 'Chalk Basement Bed'. The
acceptance that the base of the chalk was
diachronous across southern and SW England
(Hancock 1969; Hart 1970; Drummond 1970;
Kennedy 1970; Carter & Hart 1977; and
subsequent research summarized in Mortimore
et al. 2001) was an important step in our
understanding of mid-Cretaceous stratigraphy
in the UK. It also brought the understanding of
the MCNS to a wider audience.

Correlation using planktonicrbenthic ratio
graphs

Using the methodology shown in Figure 4, Hart
(1970) and Carter & Hart (1977) demonstrated
the utility of the planktonic:benthic ratio counts
by generating a correlation (Fig. 4) from Dover
to Betchworth (immediately east of Dorking,
Surrey). The Betchworth succession was
sampled at a very close spacing, and the graph
produced from the faunal data is very similar to
that at Dover. The base of the quarry was,
unfortunately, just about the level of the 'c-line'
of correlation and, while a peak in the counts of
R. cushmani is recorded, one cannot be certain
that it is a coeval horizon. Some of the peaks in
the R. cushmani distribution are quite clearly
comparable, although it is noticeable that
Praeglobotruncana species are more abundant
in the Surrey succession. Betchworth is approxi-
mately 110km from Dover - more than twice
the distance across the English Channel shown
in Figure 5.

At the same time as the correlation with
Betchworth was being generated, Hart (1970)
attempted to correlate the Lower Chalk succes-
sions at Eastbourne, Culver Cliff (Isle of Wight)
and Compton Bay (Isle of Wight) with that
recorded at Dover. In the first instance this was
designed to link up with the successions studied
in north Dorset. Sampling of the three succes-
sions was undertaken at 1-m intervals (approxi-
mately) and the prepared residues were
investigated for both benthic and planktonic
foraminifera. The resulting graphs (Fig. 8)
clearly identify the MCNS (between Zones Hi

and 1 lii), although the 'c-line' - so prominent at
Dover and across the English Channel towards
Sangatte - can only be identified with some
difficulty. Why should the planktonic:benthic
ratio plots look so different?

The cross-Channel correlation was based on
boreholes located approximately 1 km apart (or
even closer), and the total distance was only
42km. The four successions shown in Figure 8
cover a total distance of over 200 km, and it is
not surprising that, over this distance, differ-
ences are apparent. The sampling interval was
not identical to that at Dover (or at Betch-
worth), and it is known that within chalk/marl
rhythms there is a variation within the fauna
(Leary & Hart 1992). In comparing the plank-
tonic:benthic ratios, it is evident that:

the closer the sampling interval (e.g. Dover),
the greater the variability;
the planktonic foraminifera are, generally,
more abundant at Dover and Eastbourne;
Rotalipora spp. are more abundant at Dover
and Eastbourne; and
the MCNS is clearly located above the O.
mantelliana horizon at all locations.

Murray (1976) argues that the abundance and
maximum size of planktonic foraminifera
decreases across the continental shelf away
from the present-day continental edge. The
data from the successions across Southern
England suggest that the Compton Bay succes-
sion, which was deposited nearer to the 'Cornu-
bian Island' (Hart 1999) records fewer
planktonic foraminifera than successions in
other parts of the basin. The Cenomanian
successions of the Goban Spur (DSDP Leg 80)
which were deposited adjacent to the edge of the
continental shelf do contain an abundant, and
large-sized, planktonic fauna (Leary & Hart
1989), in agreement with Murray's model.

The correlation shown in Figure 8 confirms
that the MCNS is a major feature of the
Cenomanian succession. Later work by Paul et
al. (1994) also reported the presence of the
MCNS (= P/B Break) in the Folkestone, South-
erham (Sussex), Culver Cliff (Isle of Wight) and
Speeton (Yorkshire) successions.

Fig. 5. The correlation of Borehole P.OOO (Dover) with
three selected boreholes drilled at marine sites along
the route of the tunnel. The 'c-line' has been used as a
datum for the correlation, which uses some of the bio-
events identified in Figure 4. The succession on the
French coast (right-hand column) is based on the work
of Robaszynski et al. (1980). GM marks the Glauco-
nitic Marl at the base of the chalk succession.
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Fig. 6. Outline geological map of Dorset, east Devon, south Somerset and SW Wiltshire (based on the maps of the British Geological Survey). Additionally, the map shows
the major faults identified by Chadwick (1986) and Jenkyns & Senior (1991), which may have been active in the early to mid-Cretaceous. The nature of the base of the chalk
is indicated for a few key locations that are mentioned in the text.



Fig. 7. The base of the chalk at three locations (see Fig. 6) in mid-Dorset. Zone 14 is equivalent to the Plenus Marls. The datum used for the construction of the diagram is
the extinction of Rotalipora cushmani. Data modified from Hart (1994).
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Fig. 8. Correlation of the Lower Chalk succession at Dover, Eastbourne (Sussex), Culver Cliff (Isle of Wight) and
Compton Bay (Isle of Wight). The ornament in the planktonic:benthic graphs is the same as that used in Figures 4
&5.

In Dorset, Somerset and east Devon, the
MCNS was confirmed (Hart 1970; Carter &
Hart 1977) in the majority of successions, with
the base of the chalk becoming progressively
younger in the successions already discussed. In
addition, it was also recorded at Warren Hill

(between Chard and Crewkerne), Snowdon Hill
(Chard) and - finally - at Membury (Hart 1975)
where the chalk succession was recognized as
being of Turonian age, rather than Cenomanian.
This conclusion has been supported by Morti-
more et al (2001).



Fig. 9. Locality map for the mid-Cretaceous successions in the vicinity of Beer, SE Devon. The Pinnacles succession shown in Figure 10 was collected from a fallen block
(since removed by cliff falls and coastal erosion) that was on the beach below the Pinnacles to the west of Beer Head. The same succession is still available in the Hooken
Cliffs immediately inland of the Pinnacles, although this succession is rather difficult to access.
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Marginal fades of the Anglo-Paris Basin

In SW Dorset and east Devon and in the western
part of the Paris Basin (Maine, Sarthe, etc.)
there are more arenaceous facies that were,
generally, deposited in much shallower-water
environments. In the Beer area (Figs 1 & 9), the
Cenomanian succession is represented by a
succession of thin, sandy limestones (Meyer
1874; Jukes-Browne & Hill 1903; Smith 1957,
1961, 1965; Drummond 1970; Hart 1970;
Kennedy 1970; Carter & Hart 1977; Jarvis &
Woodroof 1984; Jarvis & Tocher 1987; Jarvis et
al 1988; Robaszynski et al. 1998). Within these
limestones the processing methods used on the
marly chalks of southern England (the solvent
method of Brasier 1980) were totally inappropri-
ate and three alternative techniques were
employed:

thin sections - on which counts could not be
made;
hydrochloric acid reductions - the residues of
which had to be studied underwater because
drying the resultant fauna caused them to
disintegrate. The planktonic foraminifera
were only preserved as glauconitic chamber
infillings, which are very difficult to identify
to species level; and
crushed underwater with a pestle and mortar
- the residues of which could be counted with
some degree of confidence, although only low
numbers of foraminifera were recorded. This
may make the results a little less reliable than
samples where over 500 specimens in the 500-
250 /mi size fraction would normally be
counted and where all size fractions would
be inspected for species content.

Fig. 10. The Beer Head Limestone Formation recorded from a fallen block below the Pinnacles (ST.220 879),
west of Beer Head (see Fig. 9). The ornamentation in the planktonic:benthic graph is the same as that used in
Figures 4 & 7. The MCNS is indicated, as are the distinctive extinction levels of R. cushmani and R.
greenhornensis.
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Fig. 11. The Cenomanian succession of the Cap d'Antifer cliffs (Seine Maritime, France; see Fig. 1), together
with the ranges of some key foraminifera. The ornamentation in the planktonic:benthic graph is the same as that
used in Figures 4 & 7. Note the absence of Rotalipora spp. in this succession, despite the abundance of planktonic
foraminifera. As most of these are species of Hedbergella, this is probably a restriction caused by the shallow
water in that environment at the time of deposition.

Within the Beer Head Limestone Formation
(Jarvis & Woodroof 1984) there are a number of
important hardgrounds separating the indivi-
dual beds of limestone (members). Three of

these hardgrounds (Hgd) are shown in Figure
10: the King's Hole Hardground, the Humble
Point Hardground and the Haven Cliff Hard-
ground. Bed C of Jukes-Browne & Hill (1903)
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Fig. 12. The Cenomanian succession of the Cote Ste Catherine (Rouen; see Fig. 1) section. The ornamentation in
the planktonic:benthic ratio graph is that used in Figs 4 & 7. Note the prominent feature identified as the 'Rouen
Fossil Bed'.

and Smith (1957) was renamed the Pinnacles
Member (of the Beer Head Limestone Forma-
tion) by Jarvis & Woodroof (1984). Despite the
problems of sample preparation, the Pinnacles
Member has yielded a reasonable microfauna,
including the extinction of R. greenhornensis and
R. cushmani in precisely the same relationship
seen in the Dover succession. If anything, R.
greenhornensis appears to be slightly more
abundant in the Devon succession, and this
could be due to either the proximity to the
developing Atlantic Ocean, or the more robust
nature of the test (reducing breakage during

processing). The fauna of Bed B (= Little Beach
Member) is less distinctive, with only a few long-
ranging taxa being recorded. The planktonic
foraminifera are very rare (glauconitic moulds
only) but include R. cushmani and Praeglobo-
truncana stephani. Below the King's Hole Hard-
ground Bed A2 (= Hooken Member) the fauna
is essentially composed of agglutinated forami-
nifera and a few long-ranging forms of the
calcareous benthic genus Gavelinella - none of
which can be used to identify any particular zone
within the Cenomanian. The mid-Cenomanian
non-sequence is located below Bed B, being
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represented by the surface above the King's
Hole Hardground (see also Robaszynski et al.
1998, figs 12 and 14).

When the same techniques were adopted in an
investigation of the Seine Maritime coast at Cap
d'Antifer (Figs 1 & 11) and at the famous Cote
Ste Catherine section in Rouen (Figs 1 & 12)
similar faunas were recovered. In some cases,
counts are possible, while in other parts of the
succession the samples are almost impossible to
process by other than thin-section or acid
reduction. In this area the 'Rouen 2' hardground
(Juignet & Breton 1992; Robaszynski et al. 1998)
is the local correlative of the mid-Cenomanian
non-sequence. For further discussion, see
Juignet (1970), Carter & Hart (1977) and
Robaszynski et al. (1998).

In the sand-dominated successions of Maine,
northern France, to the north and NE of Le
Mans, the only succession in which good
foraminiferal assemblages at this level have
been investigated is the old quarry at Les
Aulnais, near Theligny (Juignet & Breton
1992). In this succession the bed of phosphatized
fossils that are found in the glauconitic chalks of
the basal Craie de Theligny rest on a resistant
calcareous sandstone which is reminiscent of the
Eggardon Grit of SW England (see Drummond
1970; Kennedy 1970; Carter & Hart 1977). The
faunal relationships are almost identical to the
Eggardon Hill succession, and the base of the
Craie de Theligny appears to rest on the mid-
Cenomanian non-sequence.

Summary

The mid-Cenomanian non-sequence is, in near-
complete successions, simply the base of the
zone of Rotalipora cushmani. When traced
laterally it was soon recognized that there is a
hiatus at this level, and that in many places there
is evidence of missing strata both above and
below the non-sequence; in places it is clearly
marking an unconformity. The sudden increase
in planktonic foraminifera above the non-
sequence appears to indicate a major change in
water depth at this level because the overlying
strata are characterized by 'floods' of keeled
planktonic foraminifera. Following the metho-
dology of Emery & Myers (1996, fig. 6.14), such
'floods' may record maximum flooding surfaces
and, in 1997a, Hart suggested that the 'c-line' of
correlation (Fig. 4) might be a maximum flood-
ing surface and that the MCNS was, potentially,
a sequence boundary. It is also evident that, in
marginal areas (e.g. Dorset and Devon) the
MCNS is also a 'transgressive surface'. This
suggestion was not followed by Robaszynski et

al. (1998), although subsequent communication
with the lead author of that paper has indicated
that it had been prepared some time in advance
of final publication. More recently, Gale (pers.
com.) has indicated that the MCNS may be a
sequence boundary and, in a recent compilation
based in the Cauvery Basin, Gale et al. (2002)
have recognized additional sequences within the
Cenomanian succession.

There are inherent difficulties in the applica-
tion of sequence stratigraphy to deeper-water
carbonate environments such as the chalk of
NW Europe. Sequence stratigraphy was devel-
oped in siliciclastic successions, and relies on the
identification of exposed surfaces, palaeosols,
ravinement surfaces, influx of detrital sediments,
etc. Hancock (1989) has made extensive use of
nodular chalks and hardgrounds in his models
of sea-level change in the chalk succession:
taking each hardground as marking the end of
a period of relative sea-level fall. That hard-
grounds are important is not in dispute, but
their association with more marginal successions
has been taken, by some, to indicate shallower-
water conditions. Gale (1996) has summarized
some of the characteristic indicators of sea-level
change in the chalk succession although (Gale
1996, p. 185) he does highlight some of the
problems associated with this type of analysis.
In a review based on the successions in SW
England, Hart (1997/?) has also considered the
problems caused by sediment production being
controlled by biotic changes in the surface
waters rather than sediment supply from neigh-
bouring landmasses (as would be the case in
'classic' sequence stratigraphy). It is apparent
that in many of the chalk successions in the UK
the influx of deeper-water dwelling planktonic
foraminifera provides an indication of increased
habitable water column (= an increase in water
depth over the shelf). Figure 13 shows a model
of the distribution of both planktonic and
benthic foraminifera within an idealized
sequence (based on the Emery & Myers 1996,
fig. 6.14 model). While the sediment response
shown in this figure is that of a siliciclastic
setting, the faunal changes would be the same
(or similar) in a chalk environment. The
dramatic change in the planktonic:benthic ratio
recorded at the MCNS clearly records a
significant change in water depth (= habitable
water column) over the shelf area of the Anglo-
Paris Basin and elsewhere (see Eicher I969a, b;
Carter & Hart 1977, fig. 11).

As a sequence boundary, and an important
'non-sequence' in the context of this paper, this
break in deposition forms a major feature in
marginal successions where the hiatus is that
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Fig. 13. Schematic interpretation of the distribution of foraminifera in an idealized sequence (adapted from
Emery & Myers 1996, fig. 6.14). As this model is based on a siliciclastic succession, it can only be applied to a
carbonate succession with caution (see text for discussion).

much greater. It can be identified also in many
other parts of the world, including the Western
Interior Sea-way of the USA (Eicher 19690, b;
Carter & Hart 1977), the Cauvery Basin, India
(Tewari 1996; Hart et al. 2001), the Sergipe
Basin, Brazil (Koutsoukos & Hart 1990, fig. 2)
and the Carnarvon Basin, Western Australia
(Haig 2002, p. 58). A major 'non-sequence' in
the mid-Cenomanian has also been reported by
Campbell (2003) from the Bathurst Island
Group, offshore Northern Australia.

The author acknowledges the help of a wide range of
colleagues, both in the UK and abroad. D. J. Carter is
particularly thanked for the part that he played in
generating many of the ideas presented here and for
being such an able mentor. J. Abraham provided the
final versions of the diagrams and is thanked for his
valuable assistance.
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Abstract: A knowledgeable choice for a stage boundary stratotype is dependent upon obtaining
high-resolution stratigraphic data. Detailed analyses conducted for the two potential Turonian-
Coniacian stage boundary stratotypes that were considered at the Second Cretaceous Stage
Boundary Symposium provide both positive and negative insights for consideration. The
Salzgitter-Salder Quarry in central Germany (which was recommended by the symposium)
contains abundant bivalve fossils, including the recommended boundary datum: the lowest
occurrence of the inoceramid bivalve Cremnoceramus deformis erectus. Foraminifera are also
abundant, but extensive diagenetic recrystallization seriously degrades nannofossil and
palynomorph recovery and limits the potential of the section for stable isotope stratigraphy
and radiometric dating. Furthermore, palaeoenvironmental analysis indicates that much of the
Salzgitter stage boundary interval has resulted from allochthonous sedimentation, indicating
that the well-developed lithological cyclicity between limestone and marlstone that occurs in the
section is largely autocyclic. The orbital cyclostratigraphic potential of the section is therefore
also in question.

The Wagon Mound outcrop in northeastern New Mexico, USA, has good recovery and
biostratigraphic control for all three microfossil groups, but the base of C. deformis erectus
occurs above the section, by definition placing the section entirely in the Upper Turonian. Well-
preserved ammonites and inoceramid bivalves are also recoverable in over half of this section.
Facies have not been recrystallized and represent continuous autochthonous sedimentation with
sharply defined lithological cyclicity between limestone/marlstone couplets on a fine
stratigraphic scale. In addition, a number of bentonites with proven datability occur in the
section. Thus the bio- and chemostratigraphic dating potential, as well as the radiometric dating
potential, of the section are good. However, much of the section is composed of carbonaceous,
dysoxic facies with abnormal marine micro- and macrofossil assemblages, limiting study of the
stratigraphic or palaeoecological trends leading up to the boundary.

The absence of the datum at Wagon Mound is puzzling, because microfossil biostratigraphy
suggests that the section is substantially coeval with the Salzgitter-Salder section. The C.
deformis erectus datum may thus be diachronous. Until the suitability of the recommended
boundary datum is addressed, a reasoned choice of a section for the boundary stratotype is not
possible. In any case, the absence of C. deformis erectus and the abnormal facies in the lower
part of the Wagon Mound section, and the extensive diagenesis and partly allochthonous nature
of the Salzgitter-Salder section, are serious enough problems to warrant rejection of both
sections as stratotypes.

At the Second International Symposium on proposed as potential stratotypes for the Tur-
Cretaceous Stage Boundaries, held in Brussels, onian-Coniacian boundary: the Wagon Mound
Belgium, in September 1995, two sections were (Fig. 1) outcrop section in New Mexico, USA,

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 207-242. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 2. Location of the Salzgitter-Salder outcrop.

Neither of the potential stratotype sections
considered has a published microfossil biostrati-
graphy - limiting their potential for global
correlation. The main aim of this study is to
document the foraminiferal, calcareous nanno-
fossil and marine palynomorph biostratigraphy
of the two sections, and to use these events to
correlate the Turonian-Coniacian boundary as
defined by macrofossils. Unfortunately, based
on the resulting correlation, it is not possible to
recommend either section as a good Turonian-
Coniacian stratotype, before serious chronostra-
tigraphic problems are resolved.

Materials and methods

This study is based on outcrop samples collected
from the Wagon Mound and Salzgitter-Salder
sections. The Wagon Mound section
(36°01.39/N 104°41.85/W, WGS84 sphaeroid)

is located in NE New Mexico in a road cut along
Interstate Highway 25, approximately 1 km NE
of the town of Wagon Mound (Fig. 1), at mile
marker 389. A 20-m section of limestones, marls,
sandstones and shales of the Carlile and
Niobrara Formations is well exposed in outcrop
(Fig. 3), with horizontal bedding. The Salzgitter-
Salder section (52° 07.55' N 10° 19.80' E, WGS84
sphaeroid) occurs in a partially abandoned
quarry in Lower Saxony, central Germany,
approximately 500m south of the town of
Salzgitter-Salder (Fig. 2). According to Kauff-
man et al (1996), 260m of limestones and marls
are exposed in the walls of the quarry. This
study concentrates on a 9.82-m section across
the proposed Turonian-Coniacian boundary, as
defined by the recommended boundary datum,
the lowest occurrence of Cremnoceramus defor-
mis erectus (Fig. 4). Bedding in the quarry dips
to the north at approximately 70°. Illegal
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Fig. 3. Lithostratigraphy and macrofossil biostratigraphy of the Wagon Mound outcrop.
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Fig. 4. Lithostratigraphy of the Salzgitter-Salder outcrop (after Wood et al. 1984 and Kauffman et al. 1996).



212 P. J. SIKORA^r^L.

quarrying of limestone has greatly changed the
appearance of the outcrop, which can be seen by
comparing the photograph in fig. 3 of Kauffman
et al (1996) and Fig. 5 in this study.

Samples were processed for foraminifera,
using standard preparation techniques, which
include the boiling and disaggregation of sam-
ples in a solution of water, Calgon, and
detergent, and then washing the resulting slurry
through a 75-/mi mesh sieve. The >75-/mi sand
fractions were then collected on filter paper in a
Buchner funnel, dried, and stored. For indu-
rated limestones that could not be washed,
standard petrographic thin-sections were pre-
pared, and examined using a transmitted light
microscope. All sand fractions were selectively
picked for planktonic foraminifera and biostra-
tigraphically important benthic foraminifera,
and representative specimens were mounted on
slides. Well-preserved foraminiferal specimens
were digitally imaged using a Phillips 505
Scanning Electron Microscope (SEM), having
been sputter coated for eight minutes with gold
at 20-30 mA.

For nannofossils, smear slides were prepared
using standard techniques (see Bown & Young

1998). A small amount of fresh rock was scraped
on to a coverslip and then smeared evenly with a
wet toothpick. The coverslip was then dried on a
hotplate, before being glued to a glass slide using
Norland 61 optical adhesive. Nannofossil slides
were examined at 1250 x magnification, using a
Zeiss Universal cross-polarizing microscope,
and taxa were recorded semi-quantitatively.
Digital images of the nannofossils were captured
using a Sony DSC-S75 3.2 megapixel digital
camera mounted on the light microscope.

Palynological analyses were performed on a
select subset of samples, using standard macera-
tion and slide preparation techniques. Staining
was used to highlight specimens.

Lithostratigraphy

Wagon Mound

The Wagon Mound section (Figs 3 & 6) exposes
a conformable contact between the Carlile and
Niobrara formations. Across the Western Inter-
ior Basin, this contact is more usually marked by
a major unconformity, indicative of a large drop
in sea-level (e.g. Elder & Kirkland 1993; Leckie

Fig. 5. Photograph of the Turonian-Coniacian boundary interval in the Salzgitter-Salder section.
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Fig. 6. Photograph of the Wagon Mound outcrop. Bentonites Bl and B2 are shown.

et al. 1997). Only in the basinal deposits of
south-central Colorado and northeastern New
Mexico does the section become continuous
(Laferriere 1987).

Approximately 9.8m of the upper Carlile
Formation is exposed, comprising three mem-
bers: the Blue Hill Member, the Juana Lopez
Calcarenite Member and the Montezuma Valley
Shale Member (the 'Unnamed Shale' Member of
Laferriere 1987), from oldest to youngest,
respectively (Fig. 3). The lower shale, assigned
to the Blue Hill Member, is about 3.1m thick
and is largely covered at Wagon Mound by
talus, but several gully washes along the base of
the outcrop have eroded through the talus and
provide fresh exposures. The Blue Hill Member
is a black to dark-grey, pyritic, slightly to very
calcareous, laminated claystone containing chips
of inoceramid bivalves and numerous, thin
(<0.01m) layers of fine sandstone. Often lenti-
cular and sometimes showing current ripples, the
sandstone layers contain small fragments and
isolated prisms of inoceramid bivalves. Some of
the sandstone bases are bioturbated by a 2mm
diameter trace. The upper 1 m of the unit is more
calcareous overall, and contains sparse, large,

lenticular (0.2 x 1.0m) septarian Fe-calcite con-
cretions. This more calcareous interval is also
marked by a prominent (0.04m) yellow bento-
nite (Bl in Fig. 3) 0.55m beneath the top of the
member. The Blue Hill Member is marked by
low-diversity, high-abundance assemblages of
both macrofossils and microfossils, that increase
in absolute abundance up-section.

The Juana Lopez Member is approximately
1.8m thick at Wagon Mound. The unit is
marked by complex interbedding of thin calcar-
enite and sandy, inoceramid limestone (Fig. 7a),
dark-grey shale and bedded, rippled and, rarely,
bioturbated fine-grained sandstone (Fig. 7b).
The upper part of the sandstone layers is marked
by hummocky cross-stratification. A thin
(10cm), yellow bentonite (B2 in Fig. 3) occurs
near the middle of the member. The Juana
Lopez Member is quite indurated and forms a
prominent ledge in outcrop (Fig. 8).

The uppermost part of the Carlile Formation
at Wagon Mound is comprised of 4.8m of
calcareous claystone/shale, previously known
informally as the Unnamed Shale member
(Laferriere 1987), but correlated by ammonite
stratigraphy in this study to the Montezuma
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Fig. 7. Thin-section photos of the main indurated lithologies present in the Wagon Mound section, (a) limestone
from the upper Juana Lopez Member, 4.55m, composed of sandy inoceramid packstone; (b) well-sorted, fine-
grained quartz sandstone from the middle Juana Lopez Member (3.20m), with thin, organic-rich muddy laminae;
(c) typical limestone from the Fort Hays Member, first limestone at 9.85m, showing densely fossiliferous,
bioturbated wackestone with abundant macrofossil debris and planktonic foraminifera; (d) typical limestone
from the Smoky Hill Member, ninth limestone at 16.45m, showing intensely bioturbated, organic-rich
wackestone with abundant planktonic foraminifera and very fine-grained macrofossil debris (bar= 1 mm).

Valley Member of the Mancos Shale in the Four
Corners region (Leckie et al. 1997). The lower
1.8m is composed of carbonaceous, poorly to
moderately calcareous, black claystone that
contains abundant inoceramids, ammonites
and fish debris. This lower section weathers
very easily, requiring extensive trenching to
obtain fresh samples. The upper 3.0m of the
Montezuma Valley Member is marked by much
more calcareous, extensively bioturbated, dark-
grey shale/marlstone that is poorly fossiliferous
for macrofossils, but contains abundant micro-
fossils. The upper section is more resistant to
weathering than the lower portion of the unit,
resulting in a pronounced break in outcrop slope
(Fig. 9). The Montezuma Valley Member con-
tains three bentonites, the thickest in the lower
portion of the section (0.14m) whereas the other

two occur in the more calcareous upper part (B3,
B4 and B5, respectively, in Fig. 3).

The Carlile Formation is conformably over-
lain by 5.35m of the Fort Hays Member of the
Niobrara Formation. The Fort Hays Member is
composed of sharply defined couplets of hard,
micritic limestone (0.2 to 0.6m thick) and
medium- to dark-grey marlstone (0.3m to
0.6m thick; Figs 3 & 9). The limestone interbeds
make up the greatest thickness of the section,
which is the primary lithological criterion defin-
ing the Fort Hays Member. The limestone is
consistent in lithology throughout: very fossili-
ferous, extensively bioturbated wackestone
marked by abundant planktonic foraminifera,
few to frequent benthic species and common to
abundant inoceramid and/or echinoid debris
(Fig. 7c). Macrofossil debris visible to the naked
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Fig. 8. Oblique photograph of the Wagon Mound outcrop, showing the prominent ledge formed by the Juana
Lopez Member.

eye is quite rare, however. The limestone is very
clean, with little clay, and well indurated. The
intervening beds vary in clay content between a
calcareous claystone and marlstone, although
the former is most common. Relatively soft
lithologically, the claystone/marlstone samples
completely disaggregate during foraminiferal
processing, to yield washed residues composed
completely of macrofossil debris and foramini-
fera. Subsidiary mineral constituents such as
pyrite are extremely rare.

The Smoky Hill Member of the Niobrara
Formation conformably overlies the Fort Hays
Member. The analysed Smoky Hill Member
section is approximately 10.6m thick at Wagon
Mound, with an additional 1.5m of thermally
altered section underlying the Cenozoic basalt
capping the outcrop (Fig. 10). As in the Fort
Hays Member, the Smoky Hill Member is
composed of extensively bioturbated limestone/
claystone couplets with very rare macroscopic
macrofossils. However, in the Smoky Hill
Member, the couplets are more irregularly
spaced and less sharply delineated, and calcar-
eous claystone composes most of the section

thickness (Fig. 3). Limestone beds in the Smoky
Hill Member comprise very fossiliferous wack-
estone marked by abundant planktonic forami-
nifera, few to frequent benthic foraminifera and
common to abundant macrofossil debris (Fig.
7d). They contain little clay, and are very
indurated. Macrofossil debris is even finer
grained than in the Fort Hays Member and is
almost entirely composed of inoceramid and
other indeterminate mollusc fragments, with
only very rare echinoderm debris. The Smoky
Hill Member is also much more organic-rich
(Fig. 7d). The claystone layers, as in the Fort
Hays Member section, yield residues almost
completely composed of macrofossil debris and
foraminifera. However, rare to frequent pyrite is
consistently present, and no marlstone is noted.

Salzgitter-Salder

The Turonian-Coniacian boundary occurs in
the upper part of the Salzgitter-Salder section in
the Grauweisse Wechselfolge Formation, which
is composed of discrete, thickening-upwards
marlstone/limestone couplets (Wood et al.
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Fig. 9. Photograph of the Montezuma Valley Shale and Fort Hays Member at Wagon Mound. Bentonites B3-B5
and limestone beds 1-7 are shown.

1984). Nearly 30m of section were analysed for
this study, beginning at 14.6m below the
recommended boundary datum (the LO of
Cremnoceramus deformis erectus) and continu-
ing to 15.2m above the boundary. The upper
6.8m of the studied interval (i.e. from 23.0 to
29.8m) are predominantly limestone, with much
less frequent, thinner and more sporadic marl-
stone layers than in the lower Grauweisse
Wechselfolge Formation. This upper interval is
referred to informally in local stratigraphy as the
Upper Limestone Unit (Fig. 4). The studied
section is richly fossiliferous, especially in
inoceramid bivalves, echinoids and foraminifera.
However, ammonites are rare, and extensive
diagenetic recrystallization results in poor recov-
ery of nannofossils and palynomorphs. Fresh
exposures of marlstone beds are dark grey and
relatively indurated. However, the marlstone
disaggregates well upon washing, yielding abun-
dant foraminifera in free specimen.

The limestone beds of the Salzgitter section
are dark to medium grey, extensively recrystal-
lized and very indurated. Thin-section examina-
tion reveals that many of these limestone layers

are calcisphere wackestone, with little or no
evidence of bioturbation (Fig. 11 a).

Palaeontology

Foraminifera

Wagon Mound. Microfossil recovery in the
Wagon Mound section is generally very good.
The most abundant and/or biostratigraphically
significant foraminiferal species are illustrated
on Figs 12 to 16. Only near the base of the Blue
Hill Member and in most of the Juana Lopez
Member does recovery become poor. Both
planktonic and benthic foraminifera from the
Blue Hill Shale generally increase in abundance
up-section. Their diversity is low, and, in the
lower portion of the outcrop of the member they
are present as near-mono specific assemblages.
However, in the more calcareous upper part of
the member, foraminiferal diversity rises for
both planktonic and benthic species.
Nevertheless, both abundance and diversity
remain much lower than that which
characterizes the Niobrara section.
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Fig. 10. Photograph of the Smoky Hill Member at Wagon Mound.

Preservation of foraminifera in the Blue Hill
Shale ranges from very poor (due to dissolution)
to good. Following similar trends as abundance
and diversity, preservation improves up-section
in the unit. Macrofossil debris is abundant, but
composed largely of bivalve debris derived from
a low-diversity assemblage dominated by
Mytiloides (Kauffman et al. 1994). However,
occasional ammonites occur in the upper, more
calcareous section.

Foraminiferal recovery in the Juana Lopez
Member is generally poor. The claystone/marl-
stone layers of the lower portion of the unit yield
abundant inoceramid debris and other indeter-
minate mollusc fragments, but only infrequent
benthic foraminifera and extremely infrequent
planktonic species (small Hedbergella and
Whiteinelld). The fossil content of the well-
cemented calcarenite in the middle of the unit is
very poor. However, occasional discontinuous
muddy laminae contain very fine-grained macro-

fossil debris and occasional benthic and plank-
tonic foraminifera (Fig. 7b). The calcarenite is
too indurated to yield free microfossil speci-
mens, requiring study in thin-section.

Macrofossils are abundant in the limestone
beds of the Juana Lopez Member, although
predominantly composed of small, indetermi-
nate fragments of inoceramids, other molluscs
and echinoid debris. Occasional ammonite
moulds are also present. Echinoderm debris is
most common in the cleanest limestone layers,
whereas inoceramid debris is dominant in the
more argillaceous limestone at the top of the
unit. Foraminifera are largely composed of rare
to frequent planktonic species, mainly hetero-
helicids, although diversity increases in the
uppermost part of the unit. Benthic foraminifera
are extremely rare. The induration of the Juana
Lopez Member limestone beds usually permits
study of microfossils only in thin-section. How-
ever, the uppermost part of the interval becomes
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Fig. 11. Thin-section photos of limestone beds from the Salzgitter-Salder outcrop, illustrating the three main
depositional facies. (a) massive calcisphere wackestone from 3.2m, indicative of calciturbidites or fine-grained
debris flows; (b) burrowed foraminiferal, calcisphere wackestone from 27.2m, burrow infill (B) characterized by
common planktonic foraminifera and fine-grained macrofossil debris, indicating more intermittent sediment flow
deposition mixing with interbedded autochthonous material via bioturbation; (c) autochthonous pelagic
wackestone from 12.0m, rich in planktonic foraminifera and fine-grained macrofossil debris (bar= 1 mm).

more argillaceous as part of a gradational
contact with the overlying Montezuma Valley
Shale. The uppermost limestone yields frequent
free specimens of foraminifera by washing.
However, preservation is poor, due to fragmen-
tation and recrystallization.

The Montezuma Valley Shale of the Carlile
Formation contains abundant, diverse and well-
preserved inoceramid bivalves and ammonites
throughout the poorly exposed lower section.
Planktonic foraminifera are abundant, but
poorly preserved, while benthic foraminifera
are frequent, mainly comprising Planulina spp.
and agglutinated taxa. Fine-grained macrofossil
debris is uncommon. In the more calcareous
upper portion, planktonic foraminifera become
even more abundant, but diversity remains low,
with dominance by heterohelicids and White-
inella. Benthic foraminifera are rare or absent,

fine-grained inoceramid debris becomes abun-
dant, and there is an influx of echinoderm debris
as well. The macrofossil debris is almost entirely

Fig. 12. Foraminifera. All bars equal 100 jum. (a & b)
Haplophragmoides gilberti, (a) dorsal view, (b) edge
view, Blue Hill Member, Carlile Formation, Wagon
Mound outcrop, 1.2m; (c) Eggerellina mariae, Sal-
zgitter-Salder, 18.9m; (d-f) Globorotalites micheliana,
(d) dorsal view, (e) edge view, (f) ventral view,
Salzgitter-Salder, 19.8m; (g-i) Pseudoparella?
ripleyensis, (g) dorsal view, (h) edge view, (i) ventral
view, Salzgitter-Salder, 16.2m; (j-I) Valvulineria infre-
quens, (j) dorsal view, (k) edge view, (1) ventral view,
Fort Hays Member, Niobrara Formation, Wagon
Mound outcrop, 9.5m; (m-o) Anomalinoides talaria,
(m) dorsal view, (n) edge view, (o) ventral view, Fort
Hays Member, Niobrara Formation, Wagon Mound
outcrop, 9.1 m.
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present as sand- and silt-sized fragments, reflect-
ing intense bioturbation. Although much more
common, the planktonic foraminifera from
throughout the Montezuma Valley Shale are
similar in species composition to those noted
from the limestone beds in the uppermost part of
the Juana Lopez Member.

Abundant foraminifera and fine-grained
macrofossil debris characterize both limestone
and claystone of the Fort Hays Member of the
Niobrara Formation (Fig. 7c), with little varia-
tion in microfossil composition. The limestone is
very indurated, however, and can only be studied
in thin-section. Although microfossil composi-
tion is similar to the upper Montezuma Valley
Shale, the Fort Hays Member is distinguished by
an increase in planktonic foraminiferal diversity,
especially amongst keeled species, and a marked
rise in the abundance of echinoid debris and
benthic foraminifera. Preservation of Fort Hays
Member foraminifera ranges from fair to good.
Although silt and sand-sized macrofossil frag-
ments are often abundant in the Fort Hays
Member, whole specimens are very rare, either
as unaltered shell material or as moulds.

The planktonic foraminifera of the lower
2.3 m of the Smoky Hill Member are similar in
species composition to those of the upper Fort
Hays Member, but species of Whiteinella
become dominant, with less-common keeled
taxa. Fine-grained inoceramid debris remains
abundant, but echinoderm debris is nearly
absent, as are benthic foraminifera. The middle
5.0m of the studied Smoky Hill Member section
is marked by less dominance of Whiteinella, with
higher species diversity among planktonic for-
aminifera and an influx of a common, diverse
assemblage of large nodosariid benthic forami-
nifera. The abundance of inoceramid debris
declines upwards. Finally, in the upper 2.3m of
the studied Smoky Hill Member section, keeled
planktonic foraminifera become dominant, with
the highest abundance of Dicarinella noted in
the Niobrara section. Among benthic species,

Fig. 13. All bars equal 100 /mi. (a-c) Hastigerinoides
subdigitata, (a) dorsal view, (b) edge view, (c) ventral
view, Juana Lopez Member, Carlile Formation,
Wagon Mound outcrop, 4.2m; (d-f) Whiteinella
aprica, (d) dorsal view, (e) edge view, (f) ventral view,
Fort Hays Member, Niobrara Formation, Wagon
Mound outcrop, 6.1 m; (g-i) Whiteinella paradubia, (g)
dorsal view, (h) edge view, (i) ventral view, Salzgitter-
Salder, 18.9m; (j-1) Anatidnella multiloculata, (j)
dorsal view, (k) edge view, (1) ventral view, Salzgitter-
Salder, 1.8m; (m-o) Archaeoglobigerina blowi, (m)
dorsal view, (n) edge view, (o) ventral view, Salzgitter-
Salder, 19.2m.

nodosariids decline in favour of agglutinated
taxa, mainly ataxophragmiids. Inoceramid deb-
ris is infrequent. Preservation of foraminifera is
in general good throughout the Smoky Hill
Member section. As with the Fort Hays
Member, limestone beds require study in thin-
section (Fig. 7d), and no major difference is
noted in microfossil composition between lime-
stone and claystone layers.

Salzgitter-Salder. The marlstone beds of the
Salzgitter-Salder outcrop yield abundant
planktonic foraminifera in free specimen, with
fair to good preservation. Fine-grained bivalve
and echinoderm debris is also abundant, and
whole specimens of these macrofossils are
common in the outcrop. Benthic foraminiferal
abundance ranges from frequent to abundant.
Planktonic foraminifera dominated by non-
keeled species (mainly Whiteinella) are
prevalent in the lowest part of the studied
section (Fig. 4) from 0.0 to 11.7m, although
Archaeoglobigerina cretacea is also common.
Benthic foraminifera are common, but are
composed of an unusual assemblage of
Arenobulimina and diverse Gavelinella species
mixed with deep-water siliceous agglutinated
taxa, mainly ammodiscids.

From 11.7m to the base of the Coniacian at
14.6m (as marked by the recommended bound-
ary marker: the LO of the bivalve Cremnocer-
amus deformis erectus), planktonic foraminifera
become dominated by keeled species: mainly
Marginotruncana spp. Among benthic foramini-
fera, gavelinellids become dominant. Siliceous
agglutinated taxa become rare and sporadic in
distribution. The section immediately above the
boundary, from 15.1 to 17.9m is characterized
by an abrupt turnover in planktonic foraminif-
eral composition, with extreme dominance by
Whiteinella and rapid decline of keeled species
(nearly absent from 16.8m through 17.9m).
Benthic foraminiferal composition becomes
mixed again, with a return of frequent Arenobu-
limina and deep-water siliceous taxa. However,
beginning at 18.9m, keeled planktonic forami-
nifera begin a rapid rise in abundance, and
benthic foraminifera again become dominated
by gavelinellids. By 21.6m, keeled planktonic
species are again dominant, whereas benthic
foraminiferal diversity reaches a maximum.

Unlike the Niobrara section at Wagon
Mound, the Salzgitter limestone beds have a
markedly different microfossil composition to
that of the marlstone. The limestone is pre-
dominantly calcisphere wackestone, whereas
calcispheres are either rare or absent in the
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marlstone washed residues. The calcisphere
wackestone frequently displays a massive tex-
ture, with little evidence of bioturbation (Fig.
11 a). Also common are calcisphere limestone
with a higher planktonic foraminiferal content
and rare burrows, indicative of mixing of
different layers by bioturbation (Fig. lib). The
rarest type of limestone at Salzgitter-Salder is
foraminiferal wackestone in which calcispheres
are rare (Fig. lie). There is no obvious pattern
in the distribution of these carbonate facies in
the studied interval.

Calcareous nannofossils

Wagon Mound. Calcareous nannofossil
abundance varies from very low (with some
samples barren) to moderate, with generally
poor to moderate preservation. Significant
nannofossil species are illustrated on Figures
17 & 18. The lower part of the Wagon Mound
section (0 to 5.76m), comprising the Blue Hill
Member, the Juana Lopez Member and the
Montezuma Valley Shale, contains an unusual
Upper Turonian to lowermost Coniacian
assemblage composed of diverse, moderately to
well-preserved holococcoliths. This assemblage
decreases in abundance in the Montezuma
Valley Shale between 5.26 and 6.40m, and is
absent from the overlying Niobrara Formation
section. The holococcolith assemblage includes
rare Bifidalithus geminicatillus, rare Calculites cf.
anfractus, common Saepiovirgata biferula, and
four undescribed species, two of which are
common (these species will be described in a
separate publication by RWH). The assemblage
also contains an undescribed placolith.

The presence of B. geminicatillus and S.
biferula is surprising, because Varol (1991)
described both of these species from the
Campanian of the North Sea. The specimens
of S. biferula observed in this study are about

Fig. 14. All bars equal 100 /mi. (a-c) Falsotruncana
douglasi, (a) dorsal view, (b) edge view, (c) ventral
view, Juana Lopez Member, Carlile Formation,
Wagon Mound outcrop, 2.4m; (d-f) Marginotruncana
paraconcavata, (d) dorsal view, (e) edge view, (f)
ventral view, Fort Hays Member, Niobrara Forma-
tion, Wagon Mound outcrop, 9.5m; (g-i) Margin-
otruncana paraventricosa, (g) dorsal view, (h) edge
view, (i) ventral view, Salzgitter-Salder, 5.6m; (j-1)
Dicarinella concavata, (j) dorsal view, (k) edge view, (1)
ventral view, Smoky Hill Member, Niobrara Forma-
tion, Wagon Mound outcrop, 14.1 m; (m-o) Dicar-
inella primitiva, (m) dorsal view, (n) edge view, (o)
ventral view, Fort Hays Member, Niobrara Forma-
tion, Wagon Mound outcrop, 9.5m.

half the size of the holotype (although larger
specimens similar in size to the holotype occur
very rarely in the Santonian and Campanian of
the Niobrara Chalk from western Kansas in
unpublished work by R. W. Howe), but appear
otherwise identical. Also surprising is the pre-
sence of C. cf. anfractus, similar to a species
described from the Cenomanian of the North
Sea by Jakubowski (1986).

The previous North Sea distribution of all
three species indicates that they have strong
cool-surface-water ('Boreal') affinities. Their
presence in the Upper Turonian Wagon Mound
section therefore suggests a strong Boreal
affinity for the Western Interior Seaway at this
time, probably associated with much cooler
surface waters than those indicated by both
nannofossils and planktonic foraminifera in the
overlying Fort Hays Member and Smoky Hill
Member. Upper Cretaceous intervals with
diverse holococcoliths are relatively rare (e.g.
Campanian holococcoliths described from the
Gulf of Mexico by Risatti (1973) and Wind &
Wise (1978)) and the Wagon Mound section
provides a rare insight into the Turonian-
Coniacian history of this poorly understood
coccolith group.

The overall nannofossil assemblage in the
Blue Hill Member and Juana Lopez Member
exhibits very low abundance and poor preserva-
tion. The assemblage is dominated by the above-
mentioned holococcoliths and Watznaueria bar-
nesae, with less-common Prediscosphaera creta-
cea, Gartner ago obliquum, Tranolithus spp., and
Eiffellithus spp. Species richness varies from 10
to 22 species, with barren samples at 4.40m,
5.76m and 8.20m. The disparity in preservation
and abundance between the holococcoliths and
heterococcoliths in this interval is difficult to
explain. It suggests that the environment at the
time of deposition was favourable for holococ-
coliths, but not heterococcoliths, and that the
heterococcoliths may have been penecontempor-
aneously reworked.

Nannofossil assemblages in the Fort Hays
and Smoky Hill Members of the Niobrara
Formation are richer and better preserved than
those of the underlying Carlile Formation.
Abundance is low to moderate, with poor to
moderate preservation. Species richness varies
from 13 to 40 species, with most samples having
between 20 and 35 species. The assemblages are
dominated by Watznaueria barnesae, with lesser
abundances of Eiffellithus spp., Gartner ago
obliquum, Lithraphidites carniolensis, Predisco-
sphaera cretacea, Retecapsa spp., Tranolithus
species, and indeterminate small Zeugrhabdotus
spp.
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Nannofossils are consistently rare to very rare
and poorly preserved throughout the Salzgitter-
Salder section, making meaningful biostrati-
graphic zonation very difficult. Lees (pers.
comm. 2003) records relatively abundant and
diverse nannofossil assemblages from this sec-
tion, so it is likely that her processing methods
were more suited to the lithology. Marlstone
layers have slightly higher species richness and
abundance than the limestone beds. Species
richness varies from one to 37 species, with
most samples having 10 or less taxa, and only
four of 40 samples having 20 or more species.
The assemblages are dominated by Watznaueria
barnesae, with lesser abundances of Eiffellithus
spp., Gartnerago obliquum, Lithraphidites carnio-
lensis, Prediscosphaera cretacea, Retecapsa spp.,
Tranolithus spp., and Zeugrhabdotus bicrescenti-
cus.

Marine palynomorphs

Wagon Mound. Dinoflagellate cyst recovery is
largely limited to the claystone and marlstone
beds in both sections. Even within these strata,
the recovery and assemblage composition is
variable - probably the result of a combination
of outcrop weathering, diagenesis and
palaeoenvironment. In the Wagon Mound
section, an LO of Dinogymnium albertii in the
sample at 2.2m indicates a latest Turonian age.
At the base of the measured section (0.0m)
within the Blue Hill Member there are rare
specimens of Oligosphaeridium to turn to turn,
whose highest stratigraphic occurrence (HO) is
characteristic of the Upper Turonian. The
species composition of the dinoflagellate
assemblage changes substantially within the
Juana Lopez Member. Whereas the Blue Hill
Member and Juana Lopez Member assemblages
features a marked cool surface-water affinity
'Boreal' component (e.g. Chatangiella spp.),

these forms are much rarer in the Niobrara
Formation, where they are replaced by species
with more warm surface-water 'Tethyan'
distributions (e.g. Xiphophoridium). Moderate
diversity and the absence of deep-water taxa
such as Pterodinium spp. indicate open marine
shelf depositional conditions.

Salzgitter-Salder. In the Salzgitter-Salder
outcrop, most of the palynomorphs recovered
were derived from a more restricted
palaeoenvironment. Much of the Turonian
section is characterized by a low-diversity
dinoflagellate assemblage strongly dominated
by the species Palaeohystrichophora
infusoria ides, typical of very shallow-water and
possibly restricted depositional conditions
(Bottjer & Stein 1994). However, a few samples
from the Turonian section yield somewhat
higher diversity, more open shelf assemblages,
indicating more normal marine hemipelagic
deposition. The sample at 13.4m yields
moderately diverse species that include the
Turonian indexes Florentinia clavigera (HO)
and Oligosphaeridium to turn to turn (HO, as at
Wagon Mound). Unfortunately, the latest
Turonian datum, the LO of Dinogymnium
albertii that occurred at Wagon Mound, was
not observed in the Salzgitter-Salder section,
probably due to palaeoenvironmental exclusion.
Dinoflagellate recovery is also variable in the
Lower Coniacian interval, varying from nearly
monospecific recovery of P. infusorioides to
high-diversity high-abundance events that
include relatively abundant deep-water taxa
(i.e. Pterodinium spp.). In general,
dinoflagellate diversity is higher in the
Coniacian, indicating more hemipelagic, open
marine conditions. The assemblage from 21.6m
is particularly diverse, and yields several
important Lower Coniacian markers. Most
notable is the occurrence of Pervosphaeridium

Fig. 15. All bars equal 100 /mi. (a-c) Planulina kansasensis, (a) dorsal view, (b) edge view, (c) ventral view, Smoky
Hill Member, Niobrara Formation, Wagon Mound outcrop, 14.1 m; (d-f) Gavelinella petita, (d) dorsal view
showing highly limbate and raised sutures on the early whorls and the early part of the ultimate whorl, (e) edge
view, note relatively high trochospire and very thickened, imperforate periphery, (f) ventral view exhibiting
prominent umbilical boss, Blue Hill Member, Carlile Formation, Wagon Mound outcrop, 0.4m; (g-i) Gavelinella
petita transitional to Planulina texana, (g) dorsal view showing highly raised and limbate sutures restricted to
early whorls; (h) edge view showing much reduced trochospire height and less-thickened periphery, (i) ventral
view with reduced umbilical boss, Blue Hill Member, Carlile Formation, Wagon Mound outcrop, 1.2m; (j-1)
Planulina texana s.s., (j) dorsal view showing raised sutures restricted to early whorls and developed only near the
spiral suture, and a final whorl with slightly limbate to slightly depressed sutures, (k) edge view showing extremely
low trochospire, the much reduced height of the raised dorsal sutures and a further reduction in the thickness of
the imperforate periphery, (1) ventral view showing much reduced umbilical boss, Blue Hill Member, Carlile
Formation, Wagon Mound outcrop, 1.4m; (m-o) Lingulogavelinella cf. vombensis (Brotzen) sensu Hart et al.
(1989), (m) dorsal view, (n) edge view, (o) ventral view, Salzgitter-Salder outcrop, 13.1 m
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Fig. 16. All bars equal 100 yum. (a-c) Gavelinella daini,
(a) dorsal view, (b) edge view, (c) ventral view,
Salzgitter-Salder, 1.8m; (d-f) Gavelinella menneri, (d)
dorsal view, (e) edge view, (f) ventral view, Salzgitter-
Salder, 8.4m; (g-i) Gavelinellopsis tourainensis, (g)
dorsal view, (h) edge view, (i) ventral view, Salzgitter-
Salder, 15.5m; (j-1) Stensioina granulata levis, (j)
dorsal view, (k) edge view, (1) ventral view, Salzgitter-
Salder, 11.7m; (m-o) Stensioina granulata kelleri, (m)
dorsal view, (n) edge view, (o) ventral view, Salzgitter-
Salder, 13.1m.

truncigerum (absent at Wagon Mound) that
provides a useful Lower Coniacian LO. Other
age-diagnostic taxa include Endoscrinium
campanula and Dapsilidinium laminaspinosum —
both taxa with a HO in the Lower Coniacian.

Chronostratigraphy

The Turonian-Coniacian boundary at Salzgit-
ter-Salder is set on the boundary datum recom-
mended at the Second International Symposium

Fig. 17. All bars equal 10 /mi. (a) Bifidalithus geminicatillus, Wagon Mound, 1.85m; (b) Biscutum sp. D, Wagon
Mound, 0.85m; (c) Braarudosphaera regularis, Wagon Mound, 0.85m; (d & e) Calculites cf. C. anfractus, Wagon
Mound, 6.50m; (f) Eiffellithus eximius, Wagon Mound, 1.85m; (g & h) Holococcolith sp. B, Wagon Mound,
1.85m; (i & j) Holococcolith sp. C, Wagon Mound, 0.85m; (k & 1) Holococcolith sp. E, Wagon Mound, 0.35m;
(m) Kamptnerius magnificus, Wagon Mound, 25.15m; (n) Marthasterites furcatus, Wagon Mound, 24.65m; (o &
p) Miravetesina ficula, Wagon Mound, 25.15m.
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Fig. 18. All bars equal 10 /im. (a & b) Pharus sp. A, Wagon Mound, 0.35m; (c) Pharus sp. A, Wagon Mound,
0.35m; (d & e) Quadrum intermedium, Wagon Mound, 3.35m; (f & h) Saepiovirgata biferula, Wagon Mound,
0.35 m; (i) Stoverius achylosus, Wagon Mound, 1.85 m; (j & k) Tortolithus carteri sp. nov. Wagon Mound, 4.75 m;
(1) Zeugrhabdotus biperforatus, Wagon Mound, 25.15m.

on Cretaceous Stage Boundaries: the lowest
occurrence of the bivalve Cremnoceramus rotun-
datus (Kauffman et al. 1996), which has since
been synonymized with C. deformis erectus
(Walaszczyk & Cobban 2000). This study has
identified several microfossil and/or nannofossil
biostratigraphic events that are associated with
the boundary datum that may serve as strati-
graphic proxies (Fig. 19). As noted by Walaszc-
zyk & Cobban (2000), contrary to Kauffman et
al. (1996), C. deformis erectus is not present in
the Wagon Mound section - making the entire
section Turonian. Walaszczyk & Cobban (2000)
record the base of C. deformis erectus in the
upper part of the nearby Springer section (about
35 km north of Wagon Mound on highway 1-25,
near the town of Springer), which is partially
equivalent to the Wagon Mound section, but
ranges stratigraphically higher. The LO of C.
deformis erectus is said to occur in the Springer
section at a level approximately 10m above the
top of the Wagon Mound section (Fig. 19).

This absence of Cremnoceramus deformis
erectus in the Wagon Mound section is con-

firmed by frequent occurrences of the ammonite
Prionocyclus germari in the Fort Hays Member
of the Niobrara Formation. This taxon has been
extensively used throughout the Western Inter-
ior as an Upper Turonian stratigraphic index
(Kennedy et al. 2001) that precedes the strati-
graphic range of C. deformis erectus (Walaszc-
zyk & Cobban 2000). However, the relative
biostratigraphy of planktonic foraminifera and
marine palynomorphs indicates a substantial
stratigraphic equivalence of the Wagon Mound
and Salzgitter-Salder sections (Fig. 19). As such,
a major discrepancy exists between the correla-
tions based upon macrofossils and those based
upon microfossils between the two sections. This
raises questions about the global synchroneity of
the LO of C. deformis erectus.

Wagon Mound

The ammonite succession of the Upper Turo-
nian to Lower Coniacian in the southern part of
the Western Interior Basin has been well
described (Cobban 1951; Kennedy et al. 2001).
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Fig. 19. Correlation of lithostratigraphy and the principal biostratigraphic datums noted from the Salzgitter-
Salder and Wagon Mound sections. The location of the recommended boundary datum (LO of C. deformis
erectus) in the Salzgitter-Salder section is contrasted with its inferred position 10m above the top of the Wagon
Mound section. We consider that nannofossils in the samples that we examined are too rare and sporadic in the
Salzgitter-Salder section for reliable correlation. DC, dinoflagellates; NN, nannofossils; PF, planktonic
foraminifera; *, datum occurs at base of section.

A series of biostratigraphic zones have been
erected, based upon the relatively short ranges of
mostly endemic species belonging to the genera
Prionocyclus, Scaphites and Forresteria. In
addition, Walaszczyk & Cobban (2000) have
established a detailed inoceramid zonation, with
which they were able to partially zone the
Wagon Mound section. We have re-collected
ammonites and inoceramids from the Wagon
Mound section (Fig. 19), and our specimens
were identified by Dr William Cobban of the

United States Geological Survey in Denver,
Colorado. The resulting macrofossil zonation
indicates that the Carlile Formation and Fort
Hays Member of the Niobrara Formation in the
Wagon Mound section fall entirely within the
Upper Turonian.

Abundant, mostly fragmentary, specimens of
Scaphites whitfieldi occur in the basal 1.15m of
the Montezuma Valley Shale, and rarely in the
highest O. lm of the underlying Juana Lopez
Member. Also present in this interval are rarer
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specimens of Prionocyclus novomexicanus and
Baculites cf. yokoyamai. The Upper Turonian S.
whitfieldi zone is indicated. The upper part of the
Montezuma Valley Shale and the basal two
limestones and intervening marlstones of the
Fort Hays Member are largely barren of whole
macrofossils, except for the 7.15-m level in the
lower Fort Hays Member. From this level are
recovered abundant, but badly preserved, speci-
mens of B. cf. yokoyamai (Fig. 3). The middle
and upper parts of the Fort Hays Member yield
infrequent specimens of Prionocyclus germari at
about 11.0m and 14.5m in the section. This is
the zonal index of the uppermost Turonian P.
germari Zone of the Western Interior (Kennedy
et al. 2001). The species is also known from
Germany (Kaufmann et al. 1996) and the Czech
Republic (Cech 1987), where it ranges up to and
just above the so-called Didymotis II event that
marks the top Turonian and is immediately
beneath the LO of Cremnoceramus deformis
erectus. The Fort Hays Member also yields the
inoceramids Mytiloides scupini and M. ratonen-
sis that are indicative of the Upper, but not
uppermost, Turonian (Walaszczyk & Cobban
2000).

Thus the previously proposed Turonian-
Coniacian boundary level at Wagon Mound
(Kaufmann et al. 1996) actually occurs near the
base of the P. germari Zone, which is widely
accepted to be of Late Turonian age (e.g.
Kennedy et al. 2001). Together with the inocer-
amid zonation of the section by Walaszczyk &
Cobban (2000), this precludes any further
discussion of Wagon Mound as a Turonian-
Coniacian boundary stratotype if the current
recommended boundary datum is adopted (i.e.
C. deformis erectus). Rather, based upon macro-
fossils, the Fort Hays Member falls entirely
within the P. germari and M. scupini Zones of
latest Turonian age. A Coniacian inoceramid
fauna, including C. deformis erectus, first occurs
in the higher part of the Smoky Hill Member at
Springer, New Mexico, at a level equivalent to
about 10m above the top of the Wagon Mound
outcrop.

Stratigraphy at the Wagon Mound section is
complicated by palaeoenvironmental factors.
Planktonic foraminiferal recovery in the Blue
Hill Member increases from none in the basal
sample to frequent in the less-carbonaceous
upper interval, but diversity and preservation
remain poor throughout. Planktonic foramini-
fera provide no useful datums, comprising a
nearly monospecific assemblage of Heterohelix
globulosa, with the only other species noted
being Hedbergella implicata and H. lata. Benthic
foraminifera are dominated by an informally

named species, 'Anomalina W, used widely as a
Turonian HO by the petroleum industry in the
subsurface section across the Gulf of Mexico.
This taxon is synonymous with the published
taxon Gavelinella petita (Lundquist 2000; also
see Taxonomic Notes, below). Gavelinella petita
forms a near-mono specific assemblage in the
lower part of the Blue Hill Member at Wagon
Mound, and then declines sharply in abundance
in the upper part of the unit, with a HO at 1.2m
in the section. From 1.0 to 1.2m, G, petita co-
occurs with specimens that appear transitional
in morphology between it and the widespread (in
the Western Interior and Gulf Coast basins)
benthic taxon Planulina texana (Fig. 15J-1; also
see Taxonomic Notes, below). At 1.4m, P.
texana sensu stricto has its LO. It is probable
that P. texana was derived from G. petita, with
the rapid morphological transition recorded in
the section from 1.0 to 1.2m possibly represent-
ing a punctuated evolutionary event. The only
other foraminiferal biostratigraphic event of
note in the Blue Hill Member is the LO of the
endemic benthic species Planulina kansasensis at
1.0m.

The poorly preserved, low-abundance nanno-
fossil assemblages in the Blue Hill Member (with
the exception of the unusual holococcolith
assemblage described above) make precise bios-
tratigraphic zonation difficult. The presence of
Eiffellithus eximius and Lithastrinus moratus (L.
septenarius of many authors) in the absence of
Marthasteritesfurcatus suggests a Late Turonian
age for the Blue Hill Member. The presence of
very rare Lilliasterites angular is in the Blue Hill
Member also supports a Late Turonian age
(Stradner & Steinmetz 1984), as does the
presence of a single specimen of Stoverius
achylosus at 0.35m - a species with an Upper
Turonian HO (Burnett 1998 and J. A. Bergen,
unpubl. data).

Although the Blue Hill Member is carbonac-
eous: a lithology usually favourable to palyno-
morph recovery, dinoflagellates are either very
rare or absent in the unit. Weathering may be
the cause, but the Blue Hill Member did yield
well-preserved calcareous microfossils, including
some very prone to dissolution, such as holo-
coccoliths. The dinoflagellate Oligosphaeridium
totum totum, occurring at the base of the
measured section, is known to have an Upper
Turonian HO (Williams et al. 1993). Near the
top of the unit, at 2.2m there are also two other
datums indicative of the uppermost Turonian:
the LO of Dinogymnium albertii and the LO of
Isabelidinium cooksoniae (Fig. 19).

In contrast to the Blue Hill Member, the
overlying Juana Lopez Member is an example
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of an unfavourable lithology for microfossil
recovery (recrystallized calcarenite) that none-
theless yields a number of important biostrati-
graphic daturas (Fig. 19). Among planktonic
foraminifera, long-ranging species remain
dominant, especially Heterohelix globulosa, but
also less common species of Hedbergella and
Whiteinella. However, in more argillaceous
limestone at the top of the unit there are rare
stratigraphic indexes, including the keeled
Upper Turonian index Falsotruncana douglasi,
with a HO at 4.55m, and an influx of
Hastigerinoides species (i.e. H. subdigitata and
H. waters!) at 4.75m. Historically, the lowest
stratigraphic occurrence of species of Hastiger-
inoides has been used in Western Interior
sections to mark the base of the Coniacian
(Frerichs et al. 1977), but H. subdigitata has
been reported from Turonian strata (Richer and
Worstell 1970). The LO of Marthasterites
furcatus occurs at 3.35m in the Juana Lopez
Member - an event often used to approximate
the Turonian-Coniacian boundary. However,
Lees (pers. comm. 2003) has shown that the LO
of M. furcatus is highly variable stratigraphi-
cally, occurring as low as the middle Turonian.

A very similar relative succession of plank-
tonic foraminiferal and palynomorph biostrati-
graphic datums correlates the LO of
Cremnoceramus deformis erectus in the Salzgit-
ter-Salder section to a level within the Wagon
Mound outcrop, even though the inoceramid
datum is absent in the latter (Fig. 19). The
equivalent level falls between the LO of Dicar-
inella primitiva, at 5.26m in the Montezuma
Valley Member of the Carlile Formation, and
the LO of Archaeoglobigerina blowi, at 12.75m
in the lower part of the Fort Hays Member of
the Niobrara Formation. These planktonic
foraminiferal datums and others common to
both sections (e.g. the LO of Dicarinella
concavata) were long considered to be Coniacian
datums (e.g. Caron 1985), but were then
calibrated to the Turonian of Tunisia in the
definitive study of Robaszynski et al. (1990).
Nevertheless, regardless of the stage calibration,
the relative microfossil biostratigraphy indicates
that the Wagon Mound and Salzgitter-Salder
sections are largely coeval. This directly contra-
dicts the placement of the boundary in the
Wagon Mound section based on macrofossil
stratigraphy, suggesting the possibility that the
LO of C. deformis erectus is not synchronous
between the Salzgitter-Salder and Wagon
Mound sections.

The abundant and diverse foraminiferal and
nannofossil assemblages of the Fort Hays and
Smoky Hill members of the Niobrara Forma-

tion are characterized by a well-defined succes-
sion of biostratigraphic datums (Fig. 19). For
planktonic foraminifera, the principal events
include:

The LO of Archaeoglobigerina blowi in the
middle Fort Hays Member at 12.75m

The HO of Dicarinella hagni in the upper Fort
Hays Member at 14.55m

The LO of Dicarinella concavata at the base of
the Smoky Hill Member at 14.90m

In addition, a number of benthic foraminiferal
datums are noted:

The LO of Eouvigerina gracilis in the lower
Fort Hays Member at 10.35m

The LO of Valvulineria infrequens in the
middle Fort Hays Member at 11.75m

The LO of Palmula pilulata in the upper Fort
Hays Member at 12.75m

The LO of Neoflabellina suturalis in the upper
Fort Hays Member at 14.35m

The LO of Dorothia smokyensis in the upper
Fort Hays Member at 14.35m

No significant nannofossil or palynomorph
datums occur within the Niobrara section.

Salzgitter-Salder

Foraminiferal biostratigraphic control is gener-
ally good, but complicated by the radical change
in biofacies between the marlstone and limestone
beds within the stacked couplets (Fig. 4). The
dominance of calcispheres in most of the lime-
stone, accompanied by a large drop in plank-
tonic foraminiferal abundance, probably
explains why most biostratigraphic datums fall
within marlstone beds. As such, the stratigraphic
position of foraminiferal datums (Fig. 19) is
probably partially controlled by palaeoenviron-
ment. However, because most of the limestone/
marlstone couplets are less than 1 m in thickness,
the effect on stratigraphic placement is probably
minor.

The Upper Turonian section analysed by this
study is much more pelagic-rich than the
carbonaceous shale and calcarenite that com-
poses this interval at Wagon Mound. However,
almost no Turonian-restricted species are noted.
The sole exception is the occurrence of Margin-
otruncana marianosi at 8.4m. The most notice-
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able biostratigraphic event in the Upper Tur-
onian interval, however, is a strong influx of the
seldom-described planktonic foraminifer Mar-
ginotruncana paraventricosa at 5.6m, a bio-
horizon that has been noted regionally (Brauti-
gam 1962). The Coniacian section is marked by
a similar succession of datums as those that
characterized the Wagon Mound section. The
interval analysed at Salzgitter-Salder does not
penetrate as far into the Coniacian as the Wagon
Mound interval - possibly reaching only to the
LO of Dicarinella concavata, questionably iden-
tified from a limestone thin-section at 29.2m.
The total list of planktonic foraminiferal datums
follows, with events also occurring in the Wagon
Mound section marked by (*).

Influx of Marginotruncana paraventricosa at
5.6m

Presence of Marginotruncana marianosi at
8.4m

LO of Hastigerinoides subdigitata at 10.9m*

LO of Dicarinella primitiva at 11.7m*

LO of Archaeoglobigerina blowi at 19.2m*

HO of Dicarinella hagni at 23.0m*

LO of Dicarinella concavatal at 29.2m*

In addition, the Salzgitter-Salder section con-
tains a diverse assemblage of benthic foramini-
fera, many of which have been used as
biostratigraphic indices in the North Sea and
UK chalk succession or in the Gulf of Mexico.
One of the most obvious of these events is the LO
of the informally described species Lingulogave-
linella cf. vombensis (Brotzen) sensu Hart et al.
(1989, pi. 7.19, pp. 352-353), a datum indicative
of the base of the Coniacian in the UK chalk. This
species has also been noted as approximating the
Turonian-Coniacian boundary in the Shakh-
Bogota section of the northern Mangyshlak area
of Kazakhstan (Naidin el al 1984). Other
important North Sea area markers include sub-
species of Stensioina granulata long used as
stratigraphic indices in northwest Europe (e.g.
Koch 1977). In Salzgitter-Salder, these include S.
granulata levis and S. granulata kelleri that may
also occur near the boundary in western Kazakh-
stan, described as Stensioina sp. ex gr. S. granulata
(Naidin et al. 1984). A summary of benthic
foraminiferal events follows:

LO of Praebulimina reussi at 5.6m

LO of Globorotalites subconica at 7.8m

LO of Eouvigerina gracilis at 8.4m*

LO of Gavelinopsis tourainensis at 10.9m

LO of Heterostomella austinana at 10.9m

LO of Stensioina granulata kelleri at 11.7m

LO of Lingulogavelinella cf. vombensis (Brot-
zen) sensu Hart et al. 1989 at 13.1m

LO of Osangularia whitei at 14.6m

HO of Stensioina granulata kelleri at 17.9m

HO of Stensioina granulata levis at 20.2 m

Calcareous nannofossil preservation is so
poor and abundance is so low in our samples
from the Salzgitter-Salder section, that any kind
of accurate biostratigraphy is impossible. A
general Late Turonian to Early Coniacian age
is indicated for the section by the LO of
Lithastrinus moratus (L. septenarius of many
authors) at 8.40m, the HO of Miravetesinaficula
at 10.40m, the HO of Marthasterites furcatus at
20.20m, and the absence of Micula decussata
from the section.

Microfloral biostratigraphy in the Salzgitter-
Salder section is relatively poor, due to the
extensive diagenesis. Although marine palyno-
morphs are characterized by low diversity,
nevertheless several important biostratigraphic
datums are noted. These include the Upper
Turonian HO of Oligosphaeridium totum totum
at 13.4m (also noted in the Blue Hill Member at
Wagon Mound) and the Lower Coniacian LO of
Pervosphaeridium truncigerum at 21.6m.

The recommended boundary datum, the LO of
the bivalve Cremnoceramus deformis erectus,
occurs at 14.6m, a boundary placement also
supported by the HO of the dinoflagellate Oligo-
sphaeridium totum totum at 13.4m. Several
planktonic foraminiferal datums are also asso-
ciated with the stage boundary and occur in the
same order as in the Wagon Mound section,
including (from lowest to highest occurrence): the
LO of Hastigerinoides subdigitata, the LO of
Dicarinella primitiva, the HO of Dicarinella hagni
and the LO of Archaeoglobigerina blowi (Fig. 19).
Historically, several Salzgitter-Salder benthic
foraminiferal datums that occur below the
defined stage boundary have been used to mark
the base of the Coniacian, and include the LO of
the northwest European datum Gavelinopsis
tourainensis, and the LO of Gulf of Mexico datum
Heterostomella austinana. In addition, the LO of
the European Coniacian index Lingulogavelinella
cf. vombensis (Brotzen) sensu Hart et al. (1989)
occurs at 13.4m (Fig. 19).
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All these microfossil 'boundary' indexes fall
within 4m of the C. deformis erectus datum in
the Salzgitter-Salder section, indicating that the
European occurrence of this event would serve
as a boundary datum that did not substantially
change the micropalaeontological definition of
the Turonian-Coniacian stage boundary. How-
ever, the lack of a similar congruence between
microfossil and macrofossil datums in the
Wagon Mound section presents an unresolved
discrepancy.

Palaeoenvironment

Wagon Mound

In general, the Carlile Formation is indicative of
depositional environments unfavorable for cal-
careous microfossils. The very low-diversity
assemblages characteristic of the black, pyritic
Blue Hill Member (Fig. 3) clearly indicate a
dysoxic and restricted depositional environment,
a facies that is quite extensive in the Lower to
Middle Turonian of the Western Interior Basin
and the Gulf of Mexico coast (e.g. Kump and
Slingerland 1999). The benthic foraminifer
Gavelinella petita was a taxon well adapted to
such a palaeoenvironment, and it dominates the
deeper-water eutrophic Turonian facies of the
Gulf of Mexico and the central axis of the
Western Interior sea-way. Surface water condi-
tions were abnormal, with planktonic foramini-
fera dominated by Heterohelix globulosa and
lesser amounts of Hedbergella species. One
possible cause for the unusual pelagic assem-
blage and the stratified water column indicated
by the benthic assemblage would be the
dominance of a relatively cool, lower-salinity
and low-density surface water mass. Modelling
of precipitation and evaporation rates for the
Western Interior sea-way at this time has
indicated that it may have been a net exporter
of fresh water - similar to the modern Black Sea
(Slingerland et al 1996). In addition, the
unusual nannofossil assemblage that occurs in
the more calcareous portion of the Blue Hill
Member indicates cool surface water conditions.
These nannofossils had a distinct affinity for
cool 'Boreal' water masses, indicating south-
ward flow of a colder, denser, northern water
mass into the Wagon Mound area. Regardless
of the cause of this stratified water column, the
less-carbonaceous facies of the upper part of the
Blue Hill Member at Wagon Mound indicate a
time during which this stratification was break-
ing down, with progressively higher oxygenation
levels in the bottom water. A likely cause for
this palaeoenvironmental change was a major

sea-level drop in the Middle Turonian (Hard-
enbol et al. 1998) causing a drop in pelagic
productivity as well as a basinward shift of any
oxygen-minimum zone. We hypothesize that the
quick termination of widespread dysoxic envir-
onments led to a punctuated evolutionary event
whereby Gavelinella petita evolved to Planulina
texana, a more generalist species that subse-
quently dominated open-marine facies across
the Western Interior Basin and Gulf of Mexico
shelf from the Coniacian to Campanian (Cush-
man 1946).

The eustatic drop is reflected at Wagon
Mound by regressive facies culminating in the
Juana Lopez Member (Fig. 3). The lower
portion of the Juana Lopez Member is largely
composed of tightly cemented, calcareous
quartz sandstone and calcarenite, indicative of
extensively reworked sediments deposited well
above storm-wave base and possibly above
normal-wave base. This interval represents the
maximum marine regression. Microfossils
within this layer are limited to thin, discontin-
uous muddy laminae and are composed of very
small nodosariid benthic taxa and unidentifiable
fragments of planktonic species (Fig. 20a).
These muddy laminae are probably indicative
of ephemeral deeper-water conditions associated
with storm surge events. The uppermost portion
of the Juana Lopez Member at Wagon Mound
(4.00-4.75m) is largely composed of sandy,
inoceramid packstone (Fig. 7a) with few to
frequent foraminifer a. This facies represents the
beginning of a transgression, with deeper-water
depositional conditions below normal-, but
above storm-wave base. The storm deposits
are marked by a complex lithofacies of grain-
and mud-supported laminae, including mud-
draped ripples (Fig. 20b).

The transgression continues with deposition
of the shallow-marine facies of the Montezuma
Valley Shale. The poorly calcareous, carbonac-
eous shale of the lower portion of the unit is
indicative of quiet, open-marine, yet relatively
turbid and nearshore deposition that gradually
gave way to clearer, deeper-water, inner-shelf
palaeoenvironments represented by the very
calcareous shale and marlstone of the upper
Montezuma Valley Shale. Nannofossil and
palynomorph assemblages indicate continuation
of cool surface water conditions during lower
Montezuma Valley Shale time, but there is a
sharp decline in higher latitude taxa in the upper
Montezuma Valley Shale. The regressive facies
preserved in the Wagon Mound section (i.e. the
upper Blue Hill Member through middle Juana
Lopez Member), as well as the basal transgres-
sive facies of the upper Juana Lopez Member
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Fig. 20. Thin-section photos showing depositional details of the Juana Lopez Member; (a) close-up of muddy
laminae in fine-grained sandstone at 3.20m, showing very small nodosariid benthic foraminifera (Bf) and
planktonic foraminiferal fragments (Pf), indicating deposition during ephemeral storm surges; (b) complex
lamination in limestone from 4.55m, showing mud-draped ripples composed of quartz silt and very fine-grained
macrofossil debris, indicating storm deposits of the basal transgressive sequence (bar = 1 mm).

through Montezuma Valley Shale, are absent
across much of the Western Interior Basin to the
north and east of the Wagon Mound area
(Laferriere 1987). This extensive unconformity
indicates the large magnitude of the terminal
Turonian eustatic fall.

The transgression continues with deposition
of the Fort Hays Member of the Niobrara
Formation. The lower 2.5m of the Fort Hays
Member is indicative of open-marine, middle-
shelf facies, dominated by non-keeled foramini-
fera and with rare benthic taxa composed
principally of nodosariids. This represents
deposition in only slightly deeper water than
the upper Montezuma Valley Shale facies. The
culmination of the transgression is represented
by the upper part of the Fort Hays Member
from 12.35m to 14.85m. A major influx occurs
of diverse, keeled planktonic species and a more
diverse assemblage of benthic foraminifera
composed of gavelinellids, nodosariids and
buliminids. Middle to inner-outer shelf, nor-
mal-marine, mesotrophic conditions are indi-
cated. An exception to this palaeoenvironment is
provided by the marlstone at 13.40m that
indicates ephemeral development of an oxygen
minimum zone associated with high pelagic
productivity. A sharp drop in planktonic abun-
dance and diversity characterizes the sample,
with an assemblage dominated by shallow-water
dwellers such as Heterohelix globulosa and tiny
species of Hedbergella that indicate exclusion of
planktonic fauna from the lower photic zone.
Benthic foraminifera are abundant, but strongly
dominated by the very compressed species

Planulina kansasensis - a probable low-oxygen
opportunist. This discrete dysoxic layer may
mark the time of maximum flooding during the
transgression.

The lower 2.3 m of the Smoky Hill Member
section are indicative of regressive, more argil-
laceous facies corresponding with a pulse of the
Sevier Orogeny to the west. Keeled planktonic
species are much less common than in the upper
Fort Hays Member, and benthic foraminifera
become very rare. A relatively turbid water
column and more rapid sedimentation rates are
indicated, but palaeobathymetry is indetermi-
nate, due to the rarity of benthic species. The
middle 5.0m of the Smoky Hill Member section
are marked by an increase in keeled planktonic
foraminifera and overall species diversity, as well
as by a diverse nodosariid benthic foraminiferal
assemblage. Such an assemblage is characteristic
of less-turbid conditions on an open-marine
middle shelf, possibly indicating an increase in
local sea-level that displaced terrestrial sediment
sources landward. This transgression continued
with deposition of the upper 2.3m of the
analysed Smoky Hill Member section marked
by abundant keeled planktonic taxa, especially
species of Dicarinella, as well as ataxophragmiid
agglutinated benthic foraminifera, indicating
normal-marine, outer-shelf palaeobathymetry
with a strong warm surface-water Tethyan'
influence. The limestone beds of the Smoky
Hill Member are similar in composition to those
of the Fort Hays Member, although lower in
species diversity and more carbonaceous (Fig.
7d), and benthic foraminifera are more common
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than in the Smoky Hill Member claystone beds,
indicating lower sedimentation rates and less
turbidity. These intervals of carbonate deposi-
tion may be indicative of short-term climatic
changes to more arid conditions, leading to
decreased erosion on land.

Salzgitter-Salder

This section provides less evidence of major sea-
level fluctuations relative to the Wagon Mound
section. An unusual mix of benthic foraminifera
characterizes the marlstone of the lower part of
the section (0.0-11.7m). Deep-water, siliceous
agglutinates are frequent: mainly species of
Glomospira and Ammodiscus, but also including
rarer taxa such as Caudammina ovulum and
Kalamopsis grzybowskii. More common than
these basinal species are taxa characteristic of
outer-shelf to uppermost-slope palaeobathyme-
try, principally species of Gavelinella and Gyro-
idinoides, and ataxophragmiid agglutinated taxa.
Finally, also common are shallower shelf indi-
cators: mainly species of Arenobulimina aggluti-
nated benthic foraminifera and abundant
echinoid debris. Such a palaeobathymetric
mixture of assemblages is indicative of
allochthonous microfossils and deposition at
least in part by sediment flows. This hypothesis
is supported by the composition of dinoflagel-
lates from this interval: generally a very low-
diversity assemblage dominated by Palaeohystri-
chophora infusorioides, indicative of restricted,
shallow-marine facies and downslope transport.
Furthermore, thin-section examination of the
limestone layers interbedded with the marlstone
of this lower section reveal massive calcisphere
wackestone, quite different from the foraminif-
eral assemblage recovered from the marlstone
(Fig. 1 la). 'Calcisphere' is a general term used to
describe a mix of calcareous dinoflagellates and
reproductive cysts from benthic calcareous algae
(e.g. dasyclads) that predominate in near-shore
carbonate facies. It therefore appears that the
limestone layers represent sediment flow depos-
its (e.g. calciturbidites) and that even the
marlstone beds contain a large allochthonous
component.

The marlstone beds in the overlying interval
from 12.0-14.3m indicate deposition during a
more quiescent period in which down-gradient
sediment transport abated. Benthic foraminif-
eral diversity drops as the outer-shelf/upper-
slope assemblage, dominated by gavelinellids,
comes to make up most of the benthic for-
aminifera. It is likely that this assemblage is
indicative of the in situ palaeobathymetry of the
entire analysed interval. The shallower-water

components noted from the lower section are
allochthonous, and the deep-water siliceous
agglutinated foraminifera may have been oppor-
tunists taking advantage of a benthic environ-
ment that was frequently disturbed by sediment
flows - a phenomenon noted in modern slope
environments (Kaminski 1985). This hypothesis
is also supported by palynological analysis,
which shows a marked increase in dinoflagellate
diversity to a more normal, open-marine assem-
blage. Also, thin-section analysis of the lime-
stone beds from this part of the section reveal
the only carbonate facies in the Salzgitter-Salder
section indicative of entirely autochthonous
deposition, i.e. heavily bioturbated, planktonic-
foraminiferal wackestone (Fig, lie).

The Lower Coniacian interval from 14.6 to
17.9m is marked by two major changes from
the underlying quiescent section: a turnover in
planktonic foraminiferal composition, and the
return of allochthonous beds. The planktonic
foraminifera of the 12.0-14.3m section are
dominated by keeled species, mainly of the
genus Marginotruncana, but also with consis-
tently present Dicarinella taxa. The fauna of
the Lower Coniacian section, however, is
marked by a sharp decline in the abundance
of keeled species and dominance of large
Whiteinella taxa, mainly W. paradubia and
W. aprica. This assemblage is more 'Boreal' in
aspect - similar to the species composition
noted in basinal, Coniacian North Sea chalk
(Sikora et al 1999).

The incursion of a cold-water mass into the
Salzgitter area at this time is not likely to have
been due to global climatic change, because the
Early Coniacian was a time of warming relative
to the cooler Late Turonian (see Wagon Mound
discussion, above). It is more likely to have been
a regional palaeoceanographic event, possibly
related to local tectonic movement. This hypoth-
esis is supported by the coincident resumption of
allochthonous sedimentation, possibly triggered
by seismic disturbances. Calcisphere wackestone
once again characterizes limestone beds, and
benthic foraminifera recovered from the marl-
stone again show a mix of shallower- and
deeper-water species, with the dominant gaveli-
nellid assemblage. Also, as in the allochthonous
interval at the bottom of the section (0.0-
11.7m), palynomorph abundance and diversity
plummets in this Coniacian section - again
featuring dominance by Palaeohystrichophora
infusorioides.

The overlying interval from 18.9 to 23.0m is
characteristic of another quiescent period of
deposition dominated by autochthonous sedi-
mentation. Dominated by marlstone, the section
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contains benthic foraminifera once again largely
composed of the gavelinellid assemblage. Keeled
planktonic foraminifera also dominate the pela-
gic assemblage, indicating either a warming of
surface water and/or local flooding event. In
addition, this interval is marked by the most
diverse and deep-water dinoflagellate cyst
assemblage recovered in the analysed section.
'Boreal' cool surface-water affinity dinocyst taxa
(i.e. Chatangiella spp.) are a major component of
the deep-water assemblage, suggesting that a
flooding event is the more likely scenario.

Finally, the uppermost part of the studied
interval from the Upper Limestone Unit (24.3-
29.8m) is dominated by calcisphere wackestone
and thin, more poorly developed marlstone.
Although marked by common calcispheres, the
limestone beds from this unit have a high
planktonic foraminiferal content (Fig. lib),
possibly indicating less frequent and thinner
allochthonous intervals (dominated by calci-
spheres) that were subsequently mixed with
autochthonous deposits through bioturbation.

Comparative stratigraphy

In general, no scientific decision is made entirely
without non-scientific bias, and the choice of a
section stratotype certainly is no exception to
this rule. A stratotype is often chosen more for
which outcrop has had the greatest degree of
investment of time and expenditure than for its
relative scientific merit. Varying degrees of
chauvinism, both subdiscipline and national,
also often play a role. Nevertheless, a well-
chosen stratotype will serve as a valuable tool
for consistent stratigraphic research, with indir-
ect ramifications throughout all the geosciences
that are dependent upon reliable age correlation.
Such a choice should therefore be taken very
seriously and not made in haste. We believe that
in addition to the more technical criteria for
stratotype selection (such as accessibility, per-
manence, etc.), a good boundary stratotype
section should clearly exhibit advantages in
three more empirical areas.

Definition of the boundary datum

Certainly, one of the foremost traits that a
boundary stratotype section should have is a
well-defined level for the recommended bound-
ary datum. The LO of the bivalve Cremnocer-
amus deformis erectus has been well defined in
the Salzgitter-Salder section, occurring com-
monly from its LO at 14.6m and then easily
found further up-section. In contrast, the C.
deformis erectus datum is absent from the

Wagon Mound outcrop, despite the presence
of an abundant bivalve assemblage. However,
microfossil relative biostratigraphy indicates
that the Salzgitter-Salder and Wagon Mound
outcrops are largely coeval and that the C.
deformis erectus datum in Germany is equiva-
lent to a level in the Wagon Mound section that
substantially predates its Western Interior LO.
This discrepancy may indicate that the inocer-
amid datum is globally diachronous - certainly
not an impossibility for a fossil of a benthic
organism. However, the European and Western
Interior macrofossil biostratigraphy for the
Turonian-Coniacian has been intercalibrated
using several additional ammonite and inocer-
amid datums, and is very persuasive (Walaszc-
zyk & Cobban 2000). This macrofossil
calibration indicates that the Wagon Mound
section in its entirety is stratigraphically lower
than the measured Salzgitter-Salder section of
the present study. Therefore, in order to
validate the microfossil correlation, it appears
that not only the LO of Cremnoceramus
deformis erectus, but also that of several other
well-studied bivalves and ammonites, would
have to be diachronous, while maintaining the
same relative order of events. While this would
certainly be unlikely, the same can be said of
the microfossil datums. The relative strati-
graphic order of these events is quite similar
between the two stratotype candidates. This
biostratigraphy is also the basis of many years
of research, and is at least equally persuasive,
especially when considering the much more
widespread distribution upon which the micro-
fossil biostratigraphy is based. In order to
maintain isochroneity between the C. deformis
erectus datums in the Salzgitter-Salder and New
Mexico sections, several microfossil datums will
need to be diachronous, while maintaining the
same relative order of events. Although it is
true that many of these microfossil datums are
now considered to occur well within the
Turonian, this stage calibration is largely based
upon much of the same macrofossil biostrati-
graphy (Robaszynski et aL 1990) that conflicts
with the microfossil datums in this study. It
would be somewhat circular in reasoning to
assess possible diachroneity in a macrofossil
zonation based upon microfossil stage calibra-
tions that resulted from that same macrofossil
stratigraphy.

Fossil recovery

Both sections have serious deficiencies in fossil
recovery. The Blue Hill Member at Wagon
Mound is fairly thin, and is either poorly
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fossiliferous or characterized by near-monospe-
cific assemblages for both microfossils and
macrofossils. Recovery improves considerably
in the Juana Lopez Member and lower Mon-
tezuma Valley Member, with frequent to com-
mon bivalves and ammonites, and rich
calcareous microfossil assemblages in the upper
Montezuma Valley Shale and Niobrara Forma-
tion intervals. Nevertheless, the lack of a normal
open-marine section in the Blue Hill and Juana
Lopez Members is a serious drawback -
obscuring or preventing the study of evolution-
ary, palaeoecological and stratigraphic trends of
the latest Turonian.

In contrast, the Salzgitter-Salder section has a
very fossiliferous, normal open-marine, Upper
Turonian section that is more than 20m thick
and is underlain by a well-developed Middle
Turonian section. The problem with fossil
recovery in this section is not facies or lack of
exposure: it is diagenesis. Although planktonic
foraminifera are generally common and diverse,
nannofossil assemblages are depauperate and
poorly preserved due to recrystallization. Paly-
nomorph recovery is not as severely affected,
but recovery is seriously degraded in certain
intervals, especially in the limestone beds. For
high-resolution stratigraphic correlation to a
stratotype, use of multidisciplinary proxies
provides the best results. One type of microfossil
may exhibit stratigraphic truncation due to
environmental exclusion or diagenesis that will
not affect another group. If diagenesis allows
only one group to be used for correlation,
palaeoecological truncation of stratigraphic
ranges may go unrecognized. For the Salzgit-
ter-Salder section, however, widespread global
correlation to other intervals will probably rely
mainly upon planktonic foraminifera alone. In
contrast, for the Wagon Mound section and
overlying intervals, a multidisciplinary integra-
tion of all three major microfossil groups is
feasible to define the stage boundary and the
entire Coniacian section.

Independent absolute age dating

Another key aspect of a stratotype section is the
potential for age dating independent of biostra-
tigraphy. For a Turonian-Coniacian section,
three applicable methods are radiometric dating,
orbital cyclicity and stable isotopic signature.
No information on stable isotopes is currently
available for either section, but the extensive
diagenetic alteration of the Salzgitter-Salder
section would be likely to have a detrimental
affect on retrieving primary isotopic values. For
radiometric dating, both sections possess a

number of bentonite layers. Dating has been
attempted for Salzgitter-Salder bentonites, but
no useful results were obtained, because of
diagenetic alteration (S. Voigt, pers. comm.
2002). Wagon Mound bentonites have not
been dated previously, but the thicker bentonite
in the Juana Lopez Member (Bl in Fig. 3)
was dated by Obradovich (1993) in a nearby
section and yielded an 40Ar/39 Ar date
(90.21 ± 0.72 Ma, i.e. Late Turonian) only
slightly older than obtained for this level by
the current study. Encouraged by this result, we
have collected several bentonite samples from
Wagon Mound for 40Ar/39 Ar analyses that are
currently ongoing.

For cycle stratigraphy, both the Grauweisse
Wechselfolge section at Salzgitter-Salder and the
Niobrara Formation at Wagon Mound exhibit
well-defined cyclicity, with numerous lime/marl
couplets on a fine stratigraphic scale. By
combining cycle analysis with radiometric dates
(that could allow the derivation of an absolute
age duration of the section), the cycles may be
shown to be orbitally controlled. If so, all
datums within the section may be able to be
placed within a precessional order of age
resolution (approximately 20000 years). We
have collected samples from Wagon Mound at
every 10cm for cycle analysis, with measure-
ments currently under way for both carbonate
content and magnetic susceptibility. The results
will be presented in a subsequent paper. For
Salzgitter-Salder, however, cyclostratigraphic
dating is much less feasible. The poor likelihood
of obtaining any radiometric dates from the
section prevents an absolute age determination
of its duration, making recognition of orbital
periodicities more speculative (i.e. having to rely
on defining a hierarchy of periodicities and
seeing if the ratios match those of the principal
orbital cycles). Even if periodicities can be
defined, it is unlikely that they will be orbitally
derived. The great majority of the limestone
beds in the Salzgitter-Salder section are at least
partially and often totally allochthonous. In the
lower and middle portion of the analysed
section, this was also often true for the
marlstone layers. This need not be an impedi-
ment to biostratigraphy. The derivation of the
allochthonous component was probably from
penecontemporaneous down-gradient move-
ment of sediment flows - events instantaneous
in geological time. However, it does indicate
that much, if not all, of the lithological cyclicity
noted in the section is autocyclic, not orbital.
The potential for cyclostratigraphic dating of
the Salzgitter-Salder section is therefore very
poor.
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Which section should we choose?

An adequate resolution of the discrepancy
between the microfossil and macrofossil bios-
tratigraphy for the Wagon Mound and Salzgit-
ter-Salder sections will require further study by
both microfossil and macrofossil palaeontolo-
gists. Until this discrepancy is resolved, or until
a new datum is selected, we believe that a
discussion of the relative merits of the Wagon
Mound and Salzgitter-Salder sections (or any
other outcrop) as a stage boundary stratotype is
largely moot. Nevertheless, the question of
boundary datum aside, this detailed palaeonto-
logical study of the Wagon Mound and Salzgit-
ter-Salder sections has revealed both definite
merits and serious deficiencies of both for use as
boundary stratotype sections.

At Wagon Mound the uppermost Juana
Lopez through Smokey Hill section contains a
rich assemblage of macrofossils and microfossils
with a succession of well-defined datums. A
multidisciplinary integration of microfossils
from all three major groups can be used as
stratigraphic proxies to correlate the section to a
wide range of marine settings and sample types.
The section is characterized by a succession of
inoceramid bivalves and ammonites that allows
correlation to Western Interior macrofossil
zonations. The radiometric dating potential of
the section is good (and soon to be evaluated),
and the autochthonous Niobrara section shows
excellent, high-resolution cyclostratigraphy that
may allow absolute dating on a precessional
level of resolution. However, the poor fossil
content of much of the Carlile Formation
section, and its limited exposure at Wagon
Mound, prevent study of many palaeontological
trends near the end of the Turonian.

The Salzgitter-Salder section is also very
fossiliferous for macrofossils, as well as forami-
nifera. It provides a normal marine section for
both the Turonian and Coniacian section, not
just immediately below and above the boundary,
but extending down-section into the Middle
Turonian and up-section well into the Conia-
cian. The LO of Cremnoceramus deformis erectus
is well defined, with the species abundant from
its LO and up section. However, the extensive
diagenetic alteration (recrystallization) of the
section has serious repercussions. Nannofossil
recovery is poor, and palynomorph distribution
is sporadic with highly variable recovery. Thus,
a multidisciplinary integration of microfossils
from all three major groups that can be used as
stratigraphic proxies to correlate the section to a
wide range of different localities could not be
achieved here. Microfossil correlation will be

heavily dependent upon planktonic foramini-
fera. Furthermore, the recrystallization of ben-
tonites in the section prevents reliable
radiometric dating. Successful cyclostratigraphic
absolute age calibration of the section is also
unlikely, because palaeoenvironmental analysis
indicates that most of the limestone beds and
many of the marlstone layers are allochthonous
deposits. The lithological cycles noted in the
outcrop are therefore autocyclic in nature,
reflecting local palaeoceanographic and tectonic
controls.

Together with the discrepancy between micro-
fossil and macrofossil biostratigraphy, we raise
these issues not to incite needless contention, but
to try to ensure selection of the best boundary
stratotype possible. We are confident that the
Turonian-Coniacian palaeontological commu-
nity will be able to quickly resolve these issues
and select a boundary stratotype and datum that
best serves stratigraphy and geoscience as a
whole.

Taxonomic notes

Benthic foraminifera (PJS)
Gavelinella petita (Carsey)
Fig. 15d-f

Description: Test, compressed, small, coarsely
perforate, low trochospire, biconvex to rarely
concavo-convex, the dorsal side being higher;
10-12 chambers in the final whorl, increasing
regularly in size; dorsally evolute with sutures on
earlier whorls and early chambers of the last
whorl very limbate and strongly raised, some-
times fusing into a small, central umbo, sutures
of later chambers on last whorl becoming flush,
limbate to very slightly depressed; ventrally
involute with small, but prominent central
boss, sutures flush and limbate, sometimes very
slightly raised near the boss; periphery suban-
gular with a greatly thickened imperforate ridge;
aperture extending from the umbilical boss to
the peripheral ridge, covered by poorly devel-
oped flaps extending from the last few chambers.
Remarks: This taxon has been long known to
biostratigraphers in the petroleum industry by
the informal designation 'Anomalina W and
widely used as a top Turonian HO. In his
doctoral dissertation, Lundquist (2000) identi-
fied this taxon as equivalent to Gavelinella petita
(Carsey) from analysis of the type specimen.
Tappan (1940) had declared Carsey's species to
be invalid because the drawing of the type
specimen was mistakenly of a 'cristallarian test'.
Based upon Carsey's original description, she
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then synonymized the taxon with her new
species, Gavelinella plummerae (Tappan). How-
ever, Lundquist (2000) stated that the type
specimen was mistakenly thought by Tappan
to be a 'cristallarian', due to poor preservation,
and was actually a gavelinellid equivalent to
'Anomalina W. Carsey's short type description
also did not note the raised dorsal sutures
because of the poor preservation, leading to
Tappan's synonymy with G. plummerae. The
confused status of Gavelinella petit a may yet
necessitate suppression and erection of a new
species, but, until the matter can be investigated
further, the usage of Lundquist (2000) is
followed here.
Transition to Planulina texana: Gavelinella petita
bears similarity to the well-known species
Planulina texana (Carsey). However, this widely
distributed species of the Coniacian to Santo-
nian Western Interior and Gulf of Mexico
differs from G. petita by being more compressed,
with a much lower trochospire; differing in the
nature of the dorsal sutures, being strongly
limbate only between the chambers of the
earliest whorls and even then much less raised
than those of G. petita, whereas in all of the final
whorl, are only slightly limbate, flush to even
slightly depressed; by having a much less
thickened, imperforate margin; and, by having
a much less well-developed umbilical boss (Fig.
15J-1).

In a very thin interval of the Blue Hill
Member of the Carlile Formation in the Wagon
Mound outcrop (1.2 to 1.4m), common speci-
mens transitional to the two taxa occur (Fig. 15
g-i). These transitional specimens are intermedi-
ate between G. petita and P. texana in the height
of the trochospire, the robustness of the
umbilical boss, and thickness of the imperforate
periphery. The raised dorsal sutures are just as
raised and limbate on the chambers of the earlier
whorls as in G. petita, but less developed on the
earliest chambers of the last whorl. However, the
sutures of the early chambers of the last whorl
are still more prominent than those of the last
whorl in P. texana. The HO for G. petita s.s.
occurs at the top of this transitional zone at
1.2m in the Wagon Mound section. The LO for
P. texana s.s. occurs just above the top of the
zone at 1.4m. It thus appears that this narrow
zone represents a rare recording of a punctuated
evolutionary event, whereby G. petita quickly
gave rise to P. texana, perhaps in response to the
rapid disappearance of widespread dysoxic
palaeoenvironments at this time.

Calcareous nannofossils (James A. Bergen*
and R. W. Howe)
Tortolithus carteri Bergen & Howe sp. nov.
Fig. 18j & k

Watznaueria virginica (auct. non Bukry 1969).
Bralower & Bergen 1998, p. 76.
Tortolithus caistorensis (auct. non Crux 1982).
Burnett, 1998, p. 313, pi. 6.9, fig. 21.

Diagnosis: A brightly birefringent species of
Tortolithus.
Description (light microscope): A small to large,
normally elliptical murolith. The rim appears to
be bicyclic. The outer rim cycle is very narrow
and faintly birefringent. The broad inner rim
cycle is brightly birefringent (first-order white to
orange) and is constructed of a low number (16—
22) of relatively large, imbricated elements. The
inner rim cycle sutures are oblique and its
elements are raised distally at their inner
terminations to form a narrow 'lip' around the
central area margin. The central area is relatively
narrow and filled by a plate constructed of a
single-element cycle of elements. The central
area elements are less birefringent than the rim,
and are bisected by a prominent longitudinal
suture. Small perforations may be present
between the junctures of the central area
elements and the inner rim margin. A distal
projection has not been observed. Length varies
from 4 to 8 /mi.
Etymology: Named in honour of palaeontologist
Joseph G. Carter from the University of North
Carolina, Chapel Hill.
Type: Holotype, Fig. 18j & k. Deposited in the
collections of Geoscience Australia, Canberra,
under the GA sample number 1441001. Type
locality is the Wagon Mound section, New
Mexico, USA.
Occurrence: This species is restricted to the
Upper Turonian and Coniacian in the Western
Interior of the US, Southern England, and the
North Sea. Its lowest occurrence is below that of
Micula decussata within Zone CC13. Its highest
occurrence occurs 20 metres below the terminal
Coniacian in the Whitecliff section in the Isle of
Wight and defines the top of Zone KN27 of
Bergen & Sikora (1999) in the North Sea.
Discussion: Burnett (1998) illustrated a brightly
birefringent Coniacian specimen identified as
Tortolithus caistorensis Crux and extended the
range of that species from the Campanian down
into the Coniacian. T. caistorensis, although

*BP America, 501 Westlake Park Blvd, PO Box 3092, Houston, TX 77253, USA.
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having a distal shield construction similar to T.
carteri, is entirely faintly birefringent and
restricted to the Campanian. Its central elements
are also raised above the distal rim surface.
Electron photomicrographs of Tortolithus virgi-
nica (Bukry) seem virtually indistinguishable
from Coniacian specimens of T. carteri observed
under the light microscope. However, the
original specimens of T. virginica illustrated by
Bukry (1969) were recovered from the basal
Campanian (Taylor Marl) of the Waxahachie
section in SE Texas and are very small. JAB has
re-examined this section and observed small
specimens with the light microscope that are
faintly birefringent and have the ultrastructure
of T. virginica. This species also has its lowest
occurrence at the base of the Campanian at this
locality within the uppermost Austin chalk.
Specimens of the brightly birefringent species,
Tortolithus carteri, have only been recovered
from Upper Turonian and Lower Coniacian
sections in the Western Interior (US), England,
and the North Sea. The species is very small near
the base of its stratigraphic range in the Upper
Turonian and Lower Coniacian, but became
larger during the Upper Coniacian. Tortolithus
carteri is distinguished from other species of
Tortolithus by its bright birefringent rim (often
first-order yellow to orange) and has an older
stratigraphic occurrence.
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Abstract: North American and Pacific spore-pollen records show a major extinction event at the
Cretaceous-Tertiary (K-T) boundary, and abrupt changes are similarly found in many marine
organisms world-wide. In contrast, records from the Old World reveal little evidence of
terrestrial vegetational change across the boundary. In order to improve the characterization of
changes across the K-T boundary, palynological assemblages from two sections in the southern
Pyrenees have been evaluated. The abundance and diversity of trilete fern spores are high in
Maastrichtian samples and show a statistically significant decrease during the Danian. The 'fern
spike' of low-diversity spores found elsewhere is not recorded in the Pyrenean region. Minor
replacements of taxa across the K-T boundary are also noted, as well as an increase in
inaperturate gymnosperm pollen in the Danian. Comparing our two examined sections with one
another reveals important differences in angiosperm pollen composition.

Dramatic floral changes have been documented
across the Cretaceous-Tertiary (K-T) boundary
in the North American and Pacific records.
Here, a major extinction event in the plant
record, and a sudden, brief increase in fern
abundance (the 'fern spike'), have been corre-
lated with an iridium anomaly related to an
extraterrestrial impact at the boundary (Johnson
et al. 2000; Vajda et al. 2001, and references
therein). However, the palynological record in
the Old World has not yet shown any appreci-
able changes during this critical period, which
hinders the detection of the K-T boundary.
Until now, some of the best-documented con-
tinuous sections dated by biostratigraphy and
magnetostratigraphy across the K-T boundary
in Europe and Africa have failed to show any
significant palynological changes (Meon 1990,
1991; Medus et al. 1988, 1992; Lopez-Martinez
et al 1999; Mayr et al 1999). This lack of a clear
palynological K-T boundary in the Old World
contrasts with the abrupt change observed in the
fossil record of many protists (coccoliths,
planktonic foraminifera) and metazoans (mol-
luscs, sharks and reptiles).

In the Pyrenean Basin, a thick succession of
red beds characterizes the Tremp Formation,
which dates from Late Cretaceous to Early
Tertiary. Within this succession Ashraf & Erben

(1986) recorded an impoverishment of plant
species, which they interpreted as representing
the palynological K-T boundary. However,
biostratigraphic and magnetostratigraphic dat-
ing subsequently demonstrated an older age for
this interval - at around the Campanian-
Maastrichtian transition (sensu Gradstein et al
1995; Lopez-Martinez et al 1999; Ardevol et al
2000; Lopez-Martinez et al 2001). A decrease in
plant diversity is recorded in other Old World
regions (Stets et al 1996; Markevitch et al
2000), but this event can be correlated better
with the Campanian-Maastrichtian transition
than with the K-T boundary. Therefore, no
regional events in the Old World Late Cretac-
eous palynological succession have yet been
demonstrably correlated with this boundary.

The apparently smooth transition across the
K-T boundary in the palynological record of the
Old World may be due to incomplete sampling
or to palaeoenvironmental factors. We have
therefore studied the palynological record across
the boundary in the south central Pyrenees
(Spain) by comparing two sections about
50km apart in differing palaeogeographical
settings:

(1) The Fontllonga section (Lleida, Catalonia)
representing upper estuarine deposits with a

From'. BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 243-255. 0305-8719/04/S15 © The Geological Society of
London 2004.
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sedimentation rate between 10 and 100m
Ma"1 near the K-T boundary (Alvarez-
Sierra et al. 1994; Lopez-Martinez et al.
19980; Mayr et al 1999).

(2) The Campo section (Huesca, Aragon), a
highly expanded stratigraphic section of
marine platform deposits with a sedimenta-
tion rate up to 200m Ma"1 (Lopez-Mar-
tinez et al. 19986; Ardevol et al. 2000;
Fernandez-Marron et al. 2000).

Correlating two palynological successions
across the K-T boundary from the same region
but representing different palaeogeographical
settings should help to detect the palaeoenviron-
mental, climatic and evolutionary factors that
affected the plant fossil record during this
critical interval.

Geological setting

The south central Pyrenees (Spain) contain a
rich geological record across the Cretaceous-
Tertiary transition, represented by marine and
non-marine deposits from the Aren and Tremp
Formations (Fig. 1). Middle Campanian to
Palaeocene deposits exceeding 2000m in thick-
ness are preserved in excellent outcrops. The
Aren Formation consists of biocalcarenitic and
hybrid sandstones from nearshore environ-
ments, intercalated with offshore marls and
turbidite deposits basinwards (i.e. westwards);
its age ranges from Mid-Campanian to Late
Maastrichtian. The Tremp Formation consists
of red beds and peritidal limestones deposited in
coastal and continental settings. The middle part
of the formation contains the K-T boundary; its
lower part intercalates with the Aren Formation
(Ardevol et al. 2000; Lopez-Martinez et al.
2001).

The Fontllonga and Campo sections are
situated in the South Pyrenean Central Unit,
which is a complex allochthonous tectonic slab
formed by a detached Mesozoic cover thrust
over the foreland Ebro Basin. The South
Pyrenean Central Unit is made up of several
thrust sheets, which have noticeably shortened
the original distance between sections. The
Fontllonga and the Campo sections are sepa-
rated by the Montsec thrust anticline (Fig. 1),
whose shortening effect has been estimated at
least about 17km (Ardevol et al. 2000).

The Fontllonga section (41°58/N, 0°51'E),
situated on the Ager syncline at Lleida, is
located within the Sierras Marginales thrust
sheet, which consists of Jurassic, Upper Cretac-
eous and Palaeogene limestones and sandstones
overlying Upper Triassic gypsum. The Tremp

Formation here consists of about 700m of
Campanian to Palaeocene red beds, interpreted
as transitional marine/non-marine sediments
(paralic deposits) formed in peritidal and upper
estuarine palaeoenvironments. Mixed marine
and freshwater influence within this red bed
succession is attested by tidal sedimentary
structures (sigmoidal cross-stratification, mud
drapes), remains of marine organisms (the
cyanobacterium Girvanella, marine dinoflagel-
lates, and the rays Igdabatis and Rhombodus)
and marine bioclastic components within the
sandstones (red algae, marine molluscs), remains
of terrestrial and lacustrine organisms (dinosaur
eggshells, continental ostracpdes and molluscs)
and isotopic composition (Alvarez-Sierra et al.
1994; Lopez-Martinez et al. 1998a; Mayr et al.
1999).

The Campo section (42° 23' N and 0° 24' E) is
located in the Cotiella thrust sheet, formed by
Upper Cretaceous and Palaeogene platform
limestones, slope breccias, marls and turbidites.
Campanian and Maastrichtian deposits here
reach more than 2000m in thickness, formed
by turbidites and marls in the lower part, and
deltaic sandstones and shelfal calcarenites in the
upper part. The overlying red beds equivalent to
the lower Tremp Formation consist of a 60-m
thick interval comprising red mudstones and
sandstones with minor intercalations of black
shales and dolostones (Eichenseer 1988; Roba-
dor et al. 1990). This section is situated in a
basinward position relative to Fontllonga. The
marine origin of the Campo red beds is attested
by the presence of non-reworked dinoflagellates,
micro- and macroforaminifera (Laffiteina biben-
sis), authochthonous rudists and a drifted
ammonite shell (P achy discus gollevillensis).

The Cretaceous-Tertiary boundary

The Cretaceous-Tertiary boundary has been
located within the middle of the Tremp Forma-
tion in the south central Pyrenees, using
biostratigraphy (foraminifera, charophytes,
rudists, ammonites, vertebrates), magnetostrati-
graphy and chemostratigraphy. In the Fontl-
longa section, the K-T boundary occurs within a
1- to 3-m thick lutite interval near the top of a
thick sandstone unit correlated with Chron C29r
(Galbrun et al. 1993). Dinosaur remains are
common below this interval but disappear just
above it, where a <513C isotopic anomaly
indicates a marked change in organic productiv-
ity. Vertebrate remains allow this geochemical
anomaly to be placed in the earliest Palaeocene
(Lopez-Martinez et al. 1998a, 1999).



Fig. 1. Geological map of the studied area showing Fontllonga and Campo sections and a palaeogeographical map for the uppermost Maastrichtian-lowermost
Palaeocene interval. Plate reconstruction according to http://www.odsn.de/odsn/services/paleomap/adv_map.html.
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In the Campo section, stable isotopic analyses
have not yet revealed a dl3C isotopic anomaly
related to the K-T boundary. Preliminary
magnetostratigraphic analyses have shown
reversed polarity in the uppermost 30 m of the
Aren Sandstone and in the 60-m thick lower
Tremp Formation (Galbrun et al. in press) that
is compatible with Chron C29r containing this
boundary. Biostratigraphic interpretation relies
on the presence of the benthic foraminiferid
Laffiteina bibensis in the middle part of the red
beds. This species has been interpreted as being
earliest Palaeocene in age, by Serra-Kiel et al
(1998), who used it as a marker for their
lowermost Tertiary SBZ-1 biozone. However,
in the Campo section this species is associated
with rudists and ammonites, which confirms its
Cretaceous age as deduced in other regions
(Eichenseer 1988; Loeblich & Tappan 1988;
Lopez-Martinez et al, 19986). Palaeocene char-
ophyte taxa are reported just above the upper-
most rudist- and ammonite-bearing level (Y.
Tambareau, pers. comm.). The foraminiferid
Laffiteina bibensis is observed until approxi-
mately 55m above the base of the Tremp
Formation (Fig. 2). Therefore, the K-T bound-
ary in the Campo section can be placed above
the highest occurrence of rudists, ammonites
and dinosaurs and below the massive carbonate
Unit 3 of Danian age, correlated to the middle
part of the Tremp Formation and to the
Salarons Formation (Eichenseer 1988; Robador
et al. 1990; Fig. 2). Lithostratigraphic correla-
tion indicates that the K-T boundary can
probably be placed within the lower 10m of
this 16-m thick interval, which corresponds with
a reversed magnetic polarity interval (Galbrun et
al. in press; O. Oms, pers. comm.).

In continental sections from the Old World,
no iridium anomaly has yet been associated with
a K-T boundary level as determined by bios-
tratigraphic methods. The Fontllonga and
Campo sections are among the best-calibrated
Old World continental sections for this critical
period. Although hiatuses across the K-T
boundary interval cannot be excluded, they are
not likely in either section: the critical interval in
both sections lies within a thick reversed
magnetic interval correlated with Chron C29r.
In the Fontllonga section, the stratigraphic
interval correlated with Chron C29r is 35.8m
thick, whereas in the Campo section it exceeds
38m. The K-T boundary interval in the
Fontllonga section is situated within a detrital
unit whose sedimentation rate is estimated at
about SOm/Ma"1. The uppermost part of the
Chron C29r interval, which is of Tertiary age,
corresponds to a limestone unit with palaeosols,

indicating a strong drop in sedimentation rate.
For this reason, the K-T boundary lies near the
top of the Chron C29r interval in this section
(Fig. 2).

The Campo section does not yet have a clearly
delimited Chron C29r interval. A hiatus is
expected to be present in the Danian part of
the section (above CP-13 sample, Fig. 2) because
the normal polarity chrons C29n and C28n are
lacking.

Palynology

This study analyses data statistically from nine
samples of the Fontllonga section (two samples
from Lopez-Martinez et al., 1999; six samples
from Mayr et al., 1999; and the newly analysed
sample #31) and six samples of the Campo
section (all newly analysed). Indices employed
are the abundance (number of specimens) and
diversity (number of species) of spores relative to
the total spore-pollen assemblage, excluding
fungi. The indices are treated as percentages.
Spores include bryophytes, lycopods and ferns;
whereas pollen includes gymnosperms and
angiosperms. The total number of spores and
pollen counted per sample ranges between 29
and 632 specimens (average of 185) for our
samples and those of Lopez-Martinez et al.
(1999), and between 90 and 270 specimens
(average of 162) for those of Mayr et al.
(1999). The data for each sample are given in
Tables 1 to 3 and in Figure 3.

Fontllonga section

The Fontllonga section has been repeatedly
sampled for palynology in order to detect
changes in the floral composition across the
K-T boundary (Medus et al. 1988, 1992; Lopez-
Martinez et al. 1999; Mayr et al. 1999). The
Fontllonga palynological record includes sam-
ples from the boundary interval studied by
Medus et al. (1988), two samples embracing
the boundary studied by Lopez-Martinez et al.
(1999, samples F#32 and F#36) and six samples
studied by Mayr et al. (1999), three of them from
the Maastrichtian (CH-21, CH-25 and CH-26)
and three from the Lower Danian (CH-16, CH-
27 and CH-20). Mayr et al. (1999) included
another Danian sample from the neighbouring
Figuerola section. These previous studies show
only small, fluctuating changes in the palynolo-
gical succession across the K-T boundary.

In our study we included another palynologi-
cal assemblage dated as Late Maastrichtian
(sample F#31); additional intermediate samples
were prepared but did not contain palyno-
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Fig. 2. The position of palynological samples evaluated in the present study. Left, Fontllonga stratigraphic
section showing palaeomagnetic polarity and proposed correlation (Galbrun et al. 1993; Lopez-Martinez et al.
1998#; and Mayr el al. 1999). Sample $31 is from the present study, samples $32 and $36 are from Lopez-
Martinez et al. (1999), and samples CH-16 to CH-27 are from Mayr et al. (1999). Right, Campo stratigraphic
section corresponding mostly with a reversed polarity chron assumed to be C29r. Lines of correlation to the
Fontllonga section are based on sequence stratigraphy and biostratigraphy (Robador et al. 1990; Ardevol et al.
2000).
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Table 1. Comparison of spore frequency (species diversity and relative abundance) in palynomorph assemblages
below and above the K-T boundary in the Fontllonga section.

Fontllonga section Diversity (%) Abundance (%) No. of samples

Uppermost Maastrichtian
Lowermost Danian
/-test probability

Max.

66.7
50.0

Mean

50.5
43.1

16.4% (-)

Min.

40.0
36.4

Max.

78.7
48.0

Mean

54.8
37.0

7.3% (-)

Min.

30.1
28.5

6
4

Data from Lopez-Martinez et al. (1999), Mayr et al. (1999) and new data from this work (see Table 3).
(-) not statistically significant.

morphs. The positions of all samples statistically
analysed in this paper for the Fontllonga section
are shown in Figure 2.

Spores are the main component of the three
palynomorph assemblages, and are generally
large trilete types: psilate Leiotriletes spp. and
Cyathidites spp., ornamented and thick-walled
Lycopodiumsporites sp., Matthesisporites pluri-
tuberosus Doring, Polypodiaceoisporites spp. and
Echinatisporis spp., as well as cingulate Patellas-
porites sp. and taeniate Cicatricosisporites sp.
spores. The flora was thus dominated by
lycopods and ferns, mainly from the Schizaceae,
Gleichenidaceae, Cyatheaceae and Polypodia-
ceae families. Thick-walled spores reach 90-94%
of the spore assemblage, indicating the strong
influence of locally developed fern forests.

The spores Biretisporites potoniaei Delcourt &
Sprumont, Matthesisporites plurituberosus Dor-
ing and Trilites tuberculiformis (Cookson) Dett-
man, proposed as Cretaceous markers by Asraf
& Erben (1986), appear in our Cretaceous
assemblage F#31 from Fontllonga. However,
Mayr et al. (1999) also reported these species
from Danian samples in the Fontllonga area.

The predominance of spore diversity and
abundance over pollen is particularly high in

the Cretaceous samples, although the difference
is not large (Fig. 3). Mayr et al. (1999) also
reported an increase in trilete spore abundance
and diversity within the uppermost Maastrich-
tian in the Fontllonga section, and interpreted
this dominance as indicative of environmental
change across the K-T boundary. When all
samples are considered, the palynomorph assem-
blages below this boundary actually show an
overall dominance in spores samples above the
boundary, but the difference is not statistically
significant (a 7% probability of a null hypothesis
remains; see Table 1). Both spore diversity and
abundance decrease across the K-T boundary,
but the difference in the Fontllonga samples is
too low and the overlap too high to be
significant as a biostratigraphic boundary criter-
ion.

In the Fontllonga section, those samples
containing the highest spore abundance (F#32
and CH-25, 71-78%) are very close to the K-T
boundary but are not the closest. Older Campa-
nian and Maastrichtian samples from other
Pyrenean areas show even higher spore ratios
in the palynomorph assemblages, reaching as
much as 85.3% diversity and 88.4% abundance
(De Porta et al. 1985; Ashraf & Erben 1986;

Table 2. Comparison of spore frequency (species diversity and relative abundance) in palynomorph assemblages
across the K-T boundary for the combined Fontllonga and Campo sections.

Fontllonga and Campo sections Diversity (%) Abundance (%) No. of samples

Uppermost Maastrichtian and
K-T boundary interval
Lowermost Danian
/-test probability

Max.

74.6

50.0

Mean

58.6

44.5
3.5%*

Min.

40.0

36.4

Max. Mean

80.8 61.6

48.1 37.3
0.07%f

Min.

30.1

28.5

11

5

Data from Lopez-Martinez et al. (1999), Mayr et al. (1999), Fernandez-Marron et al. (2000) and new data from
this work (see Table 3).
* Statistically significant.
fHighly significant.



Table 3. Counts of palynological taxa and specimens from the Fontllonga and Campo sections.

Fontllonga

Diversity (taxa)
Spores
(trilete)
Gymnosperms
(inaperturate pollen)
Angiosperms
(Normapolles)

Abundance
Spores
(trilete)
Gymnosperms
(inaperturate pollen)
Angiosperms
(Normapolles)

CH21*

14
7

(6)
2

(0)
5

(1)

93
28

(28)
20
(0)
45
(2)

CH25*

21
14

(13)
2

(1)
5

(1)

239
188

(177)
17

(12)
34

(12)

#31

58
27

(23)
6

(1)
25
(8)

91
40

(34)
15

(2)
36

(18)

#32

40
20

(18)
4

(2)
16
(5)

552
396

(378)
46
(8)

110
(95)

CH26*

18
9

(9)
2

(1)
9

(2)

128
68

(61)
4

(1)
56

(15)

#36

44
16

(14)
6

(3)
22
(6)

632
304

(287)
76

(19)
252

(114)

CH16*

22
11

(9)
2

(1)
9

(2)

142
41

(36)
18

(17)
83

(12)

CH27*

23
9

(9)
1

(1)
13
(4)

270
80

(78)
21

(18)
165

(18)

CH20*

17
8

(6)
1

(1)
8

(3)

96
38

(34)
25

(25)
33
(8)

L

56
35

(33)
6

(4)
15
(2)

80
55

(53)
9

(7)
16

(2)

Rt

19
11

(11)
3

(2)
5

(1)

29
17

(17)
6

(3)
6

(1)

Campo

M3

51
29

(24)
7

(5)
15
(1)

82
51

(45)
11

(9)
20
(1)

M4

59
44

(43)
5

(2)
10

(1)

90
71

(70)
8

(4)
11

(1)

14kk

26
18

(18)
4

(1)
4

(0)

64
50

(50)
7

(1)
7

(0)

CP13

22
11

(10)
7

(4)
4

(0)

39
15

(14)
18

(11)
6

(0)

Counts for those samples indicated by an asterisk (*) are calculated from Mayr et al. (1999, tables 1 and 2) excluding fungal and algal remains and dinoflagellate cysts.



Fig. 3. Diagrams showing spore and pollen abundance and diversity. Spores, dotted; gymnosperm pollen, hatched; angiosperm pollen, white; Normapolles, black, inversely
scaled.
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Medus et al. 1988). Therefore, during latest
Cretaceous times, the Pyrenean region was
already dominated by ferns, which increases
the difficulty in detecting a fern spike similar to
those reported for North America and New
Zealand just above the K-T boundary (Fleming
& Nichols 1990; Vajda et al. 2001).

Gymnosperms are a minor component of the
palynomorph assemblages in the Fontllonga
section, reaching about 10% of the total diversity
and abundance. Cupressaceae-Taxodiaceae and
Cycadaceae are the main components, the
Pinaceae being extremely rare both in upper-
most Cretaceous and Palaeocene samples. Sam-
ples studied by Mayr et al (1999) around the K-
T boundary in the Fontllonga section also show
a very similar gymnosperm ratio and composi-
tion. A proposed increase in Pinaceae abun-
dance after the boundary as a biostratigraphic
criterion in the Fontllonga section (Medus et al.
1992) can therefore be excluded. The frequency
of bisaccate pollen is often related to tapho-
nomic factors, and in marine samples is extre-
mely sensitive to the distance of the sample
location from shore.

The pollen composition in the Fontllonga
section shows a major angiosperm component,
reaching more than 40% of the total spore-
pollen assemblage. A diverse angiosperm flora
includes: Tricolpopollenites sp., Polycolpites sp.,
Rugulitriporites sp., Subtriporopollenites sp.,
Triporopollenites spp., Polyp or opollenites sp.,
Triatriopollenites sp., etc. The Normapolles
group (Trudopollis sp., Vacuopollis sp., Semi-
oculopollis sp., Nudopollis sp.) is an important
component, comprising about 12% of the total
assemblage diversity and 18% of the abundance,
although Mayr et al. (1999) reported a lower
Normapolles abundance and diversity (lower
than 10%). The Normapolles Pseudoromeinipol-
lenites cf. paleocenicus occurs only in Tertiary
samples from Fontllonga, according to our
results and those of Mayr et al. (1999). This
species may be characteristic of the European
Tertiary and different from Cretaceous forms
attributed to the same genus by Medus (1986)
and Medus et al. (1988).

Campo section

In order to obtain the highest resolution record
possible across the K-T boundary, the more
expanded Campo section has been chosen to
explore the palynological pattern of plant
change. Chron C29r containing the boundary
may here span more than 90m in thickness,
compared with around 50m in the Fontllonga
section. Moreover, the grey-black shale and

clay-dominated deposits of the K-T transition in
the Campo section are more favourable to
continuous deposition and palynomorph pre-
servation than in the Fontllonga section, where
an amalgamation of channel sandstones corre-
lated to Chron C29r presumably contain strati-
graphic hiatuses.

The red-bed interval in the Campo section has
yielded six significant palynological assemblages
among the numerous studied samples. Two
(samples L and Rt) correspond with the upper-
most Maastrichtian levels containing Laffiteina
bibensis, rudists and ammonites; three samples
above them (M3, M4 and KK) correspond to a
10-m thick interval where the K-T boundary can
probably be situated; and the highest analysed
sample (CP-13) is considered Tertiary in age
because of its close proximity to the Danian
limestone unit (Fig. 2).

The total diversity in the Campo samples is
similar to that in Fontllonga (an average of
about 40 v. 47 taxa per sample), in spite of fewer
specimens counted (66 v. 425 average specimens
per sample respectively). However, the variance
between samples is much more important in the
Campo section (standard deviation 18.4 v. 9.4).
The dominance of spores over pollen in the
Campo samples, both in diversity (50% spore
taxa on average) and abundance (65% spore
specimens on average), is even stronger than in
the Fontllonga section (44% and 54% respec-
tively) (Fig. 3). We note the lack of cingulate and
teniate spores in Campo, which are present in
Fontllonga.

The trilete spore species Biretisporites potoniei
Delcourt & Sprumont, Cyathidites minor Cou-
per, Lycopodiumsporites austrodavatidites
(Cookson) Potonie, Matthesisporites plurituber-
osus Doring and Polypodiaceoisporites potoniei
(Potonie & Gelletich) Kedves, which are
restricted to the Maastrichtian according to
Asraf & Erben (1986), occur in the lowermost
five spore assemblages analysed from the Campo
section and are absent from the Danian sample
CP-13. However, three of these taxa are reported
by Mayr et al. (1999) in the Danian samples
from Fontllonga (see above). More sampling is
necessary to confirm that at least two of these
forms were extinct after the K-T boundary.

The previously noted increased spore-pollen
ratio below the K-T boundary at Fontllonga is
also seen in assemblages from the K-T bound-
ary interval in the Campo section, which may be
chronologically closer to the boundary than
those from the Fontllonga section (Fernandez-
Marron et al. 2000). The Upper Maastrichtian L
and Rt assemblages reach around 60-70% in
spore diversity and abundance; the spore ratio
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noticeably rises in the M4 and KK samples
(around 70-75% diversity and 80% abundance),
and decreases to 40-50% in the Danian CP-13
assemblage.

Gymnosperms are hardly more abundant in
the Campo assemblages than in those of
Fontllonga. We record three to seven taxa per
sample with 9-20% average abundance. Only the
Danian sample CP-13 shows a massive presence
of gymnosperms, mainly Inaperturopollenites sp.
(up to 32% diversity and 46% abundance, Fig.
3). This pollen form is present in all samples as
well as Araucariacites sp. and pollen related to
the Cycadophyta. Bisaccate pollen are rare. In
all of the Campo samples, angiosperms are poor,
both in diversity (average 22%) and abundance
(17%), in relation to the total spore-pollen
assemblage (Fig. 3). The pollen genus Subtripor-
opollenites which is represented by several
species, together with Triatriopollenites sp. and
Polycolpites sp., are the only significant compo-
nents, whereas the Normapolles presence is
insignificant (average 2% diversity and less
than 1% abundance). Hence, the angiosperm
pollen frequency from the Campo succession
differs strongly from that of Fontllonga, this
difference being statistically highly significant in
both diversity and abundance (null hypothesis
probability p = 0.0002 and p = 0.002 respec-
tively, according to the t-test).

Both angiosperm and Normapolles frequen-
cies decrease upwards in the Campo palynolo-
gical succession, although the numbers of
specimens counted in the youngest samples are
not yet large enough to be conclusive. The
extraordinarily low percentage of Normapolles
in the Campo samples (less than 1% of about
400 counted specimens) seems related to a very
low representation of angiosperms, and not to a
replacement by modern-type angiosperms which
is a long-term trend across the Cretaceous-
Tertiary transition (Lopez-Martinez et aL 1999).
However, the Normapolles decline needs to be
fully validated before being considered a reliable
signal (see below).

Comparison between sections

When palynological samples from both the
Fontllonga and Campo sections are considered
together, the observed changes in spore-pollen
ratio across the K-T boundary show a consis-
tent pattern. The difference in spore-pollen ratio
becomes reinforced and statistically significant
or highly significant (Table 2). On average, the
spore-pollen ratio across the K-T boundary
falls from 59% diversity and 62% abundance, to
45% diversity and 37% abundance. Sample CP-

13 from Campo closely fits the ratio of Tertiary
samples from the well-dated Fontllonga section,
which supports its Danian age. The three
samples from the Campo K-T boundary inter-
val are similar to those from the Cretaceous,
although the boundary itself cannot yet be
confidently placed in relation to them.

The spore occurrence pattern in the Campo
section shows good correlation between diversity
and abundance peaks (correlation coefficient
r = 0.93), indeed a much better correlation than
at Fontllonga (r = 0.58) and also better than at
other Pyrenean localities (La Posa and Coll de
Nargo, r = 0.87) (calculated from data in De
Porta et al 1985 and Ashraf & Erben 1986). In
contrast, the North American fern spike shows a
high spore abundance with low diversity
(Tschudy et al. 1984). The two New Zealand
sections which document the fern spike differ,
but both show a relatively high spore diversity,
that includes both ground and tree ferns, for a
duration of 30000 years (Vajda et al. 2001).

The unusual composition of gymnosperms
from the Campo Tertiary sample shows some
similarities with a Danian sample from the
Figuerola section, near Fontllonga, in having
an unusually high abundance of inaperturate
pollen (Mayr et al 1999). The New Zealand
record also documents a gymnosperm-rich
period during the Early Danian, lasting more
than 1 Ma after the fern spike and revealed by
dominance of the conifer pollen Phyllocladidites
(Vajda et al. 2001).

In contrast to the relatively rich and diverse
angiosperms characterizing the Fontllonga
assemblages, with Normapolles pollen compris-
ing about half of the specimens, the low
representation of Normapolles and other
angiosperm pollen close to the K-T boundary
in the Campo section could be considered a
palaeoenvironmental signal, indicating a regres-
sive step in the vegetation successional sequence.
The frequency of angiosperms is usually a rather
consistent indicator in palynological composi-
tion. However, the Normapolles frequency in
other Pyrenean palynological studies seems to be
highly unstable when comparing data from
different authors for the same localities. For
example, our Normapolles frequences in the
Fontllonga samples (17-19% of a total of 1700
spores and pollen) are significantly higher than
those for the same part of the section studied by
Mayr et al. (1999) (5-11% of up to 1455 spores
and pollen), in spite of good general agreement
between both palynological studies. Also in La
Posa grey marl samples (latest Campanian,
lower Tremp Formation, Isona, Lleida), the
Normapolles reach around 20% of species
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diversity according to De Porta et al. (1985), but
only 1.4% according to Ashraf & Erben (1986).
These differences cannot be explained by ran-
dom sampling effects or palaeoenvironmental
factors, since the samples came from the same
parts of the same section. The possibility that
preparation techniques may affect the Norma-
polles frequency is another factor that needs to
be studied. Meanwhile, we do not consider the
Normapolles frequency to be a reliable signal in
our analysis.

Conclusions

Palynological changes across the K-T boundary
in the south central Pyrenees have been por-
trayed in previous studies as following a smooth
transition, with minor vegetational fluctuations
linked to local palaeoenvironmental factors. We
have re-evaluated a previously published paly-
nological succession from the best time-con-
strained section, at Fontllonga, and have
analysed an additional sample. New palynolo-
gical data have also been collected from the
highly expanded Campo section, situated in a
more paralic environment and a palaeogeogra-
phical position more distal relative to the
shoreline.

Our results lead to a better characterization of
the palynological K-T boundary. The most
noticeable pattern in plant changes across this
boundary in the Pyrenean realm is the increase
in trilete spores during the latest Maastrichtian
and K-T boundary interval assemblages, and its
decrease in the Danian assemblages. In our
study, this pattern previously observed in the
Fontllonga sections and in some localities in the
south of France (Medus et al. 1988; Lopez-
Martinez et al. 1999; Mayr et al. 1999; Fernan-
dez-Marron et al. 2000) has been reinforced by
showing that this difference is statistically highly
significant, and by verifying the same pattern in
the highly expanded Campo section. In the
Pyrenees, a long interval, from uppermost
Maastrichtian to the K-T boundary interval, is
characterised by taxonomically diverse as well as
abundant trilete spores. This contrasts with the
short-duration fern-spike at the K-T boundary
in North America and New Zealand, where an
abrupt increase in ferns represents a low-
diversity assemblage comprising the monolete
form genus Laevigatosporites or the trilete form
genus Cyathidites, respectively (Sweet et al.
1999; Vajda et al. 2001). It is therefore likely
that the fern increase in our study is driven by
different causal mechanisms from those of the
fern spike in North America and New Zealand.

There are no noticeable extinctions across the
K-T boundary in the studied sections. Several
biostratigraphic criteria previously proposed for
delimiting the boundary need to be modified or
rejected. The spore species Cyathidites minor
Couper, Lycopodiumsporites austroclavatidites
(Cookson) Potonie, and Polypodiaceoisporites
potoniei (Potonie & Gelletich) Kedves are
recorded below and above the K-T boundary,
whereas Biretisporites potoniei Delcourt & Spru-
mont, Matthesisporites plurituberosus Doring
and Trilites tuberculiformis (Cookson) Dettman,
which are only found in our Cretaceous assem-
blages, have nevertheless been reported from
Danian samples by Mayr et al. (1999). All these
species were proposed as Cretaceous markers by
Asraf & Erben (1986). An increase in bisaccate
pollen after the K-T boundary is not observed
and its fluctuations are not recommended as
biostratigraphic criterion (Medus et al. 1992).
The decrease in Normapolles abundance around
the boundary (Lopez-Martinez et al. 1999) is
also a flawed criterion, since its fluctuations are
based on unstable observations. Pseudoromeini-
pollenites cf. paleocenicus, if distinguishable from
its Cretaceous relatives, would be a biostrati-
graphically significant newcomer after the K-T
boundary.

The increase in frequency of spores across the
K-T boundary is better marked in the Campo
section, where two fern-rich samples from the
K-T boundary interval show extremely low
proportions of angiosperm pollen. Following
this increase in spores, two Tertiary samples
from both sections show an unusual abundance
in inaperturate gymnosperm pollen. This pattern
in the palynological succession across the K-T
boundary is similar to that from other regions
where a fern spike has been documented. This
correlation would imply that the youngest spore-
rich samples from Campo could already corre-
spond with the earliest Tertiary. This hypothesis
can be tested by geochemical analyses across this
palynologically constrained K-T boundary
interval.
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Dinoflagellate cyst record of the deep-sea Cretaceous-Tertiary boundary
at Uzgrun, Carpathian Mountains, Czech Republic
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Abstract: The record of organic-walled dinoflagellate cysts in deep-sea facies across the
Cretaceous-Tertiary boundary is poorly known. A detailed study of uppermost Maastrichtian-
lowermost Danian Tethyan deep-sea flysch sediments deposited below the carbonate
compensation depth at Uzgrun, in the Czech Republic, has yielded numerous and relatively
well-preserved dinoflagellate cysts. Their distribution allows the Cretaceous-Tertiary boundary
to be placed within a 73 cm interval, within which an iridium anomaly occurs. Assemblages
show no major shifts within the boundary interval, but gradual changes were recorded that
possibly relate to sea-level fluctuations and/or nutrient availability. High concentrations of
peridinioids appear to indicate upwelling in this part of the Tethys near the Cretaceous-Tertiary
boundary. The presence of thermophilic dinoflagellate cysts throughout the section points to a
stable, warm-temperate to subtropical climate during the latest Maastrichtian and earliest
Danian. Events, such as the Areoligera sp. acme, Manumiella seelandica acme and the
Spinidinium sp. acme, known from other Cretaceous-Tertiary boundary sections around the
world, were recognized within the studied material.

The causes, effects and scale of biotic change
that began at the end of the Cretaceous remain
controversial. A bolide impact (e.g. Alvarez et
al 1980), increased volcanic activity (e.g.
McLean 1985), and palaeoclimatic changes of
various kinds are frequently cited as causes of
the Cretaceous-Tertiary (K-T) boundary event.
Such events would have caused changes in
surface-water chemistry (Hansen 1990), climatic
cooling (e.g. Romein & Smit 1981; Perch-
Nielsen et al. 1982), sea-level fluctuations (e.g.
Keller et al. 1993) and a decrease in surface
ocean productivity (e.g. Keller & Lindinger
1989). There is also debate over the scale and
rate of biota extinction. Raup & Sepkoski (1984,
1986) claimed rapid mass mortality at the
boundary, whereas Keller et al. (1993) and
MacLeod (1996) postulated a protracted turn-
over. MacLeod also suggested that the incom-
pleteness of the sedimentological record often
explained the sharp extinction pattern observed.
According to MacLeod et al. (1997), only the
calcareous nannoplankton suffered sudden
widespread extinction, whereas other fossil
groups underwent stepwise extinction or crossed
the K-T boundary unscathed.

Organic-walled dinoflagellate cysts (hereafter
'dinocysts') are one of the fossil groups that
crossed the K-T boundary without significant
change (e.g. Habib et al. 1992). Although

dinocysts show a gradual decline in species
richness in the latest Maastrichtian, only a few
species are believed to have become extinct at or
close to the boundary. Moreover, no abrupt
increase in species diversity has been observed
for the Early Palaeocene (Brinkhuis & Zachar-
iasse 1988; Stover et al. 1996). Most of the K-T
boundary sections examined for dinocysts repre-
sent inshore facies (e.g. Firth 1987; Brinkhuis &
Schioler 1996). In contrast, the Solan Formation
exposed at Uzgrun represents deep-sea flysch
sediments deposited below the carbonate com-
pensation depth (CCD) in the northeastern part
of the Tethyan realm (Bubik et al. 1999).
Dinocysts found in this stratigraphically contin-
uous Maastrichtian-Danian section therefore
provide new information on the Cretaceous-
Tertiary boundary event. In these deep-water
hemipelagic deposits, the autochthonous (ocea-
nic) component of the dinocyst assemblages may
be compared directly with cysts transported to
this site by turbidite currents from the shelf.

Geological setting

The Solan Formation exposed at the Uzgrun
exposure in the Moravian Carpathians belongs
to the Raca Zone of the Magura Nappe. The
Magura Nappe is the largest and southernmost
tectonic unit of the Flysch Carpathians (Fig. la).

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 257-273. 0305-8719/04/S15 © The Geological Society of
London 2004.
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It includes Lower Cretaceous through Lower
Oligocene deposits - mainly of turbidite char-
acter. Older deposits, beginning with the Lower
Jurassic, are tectonically incorporated into the
Pieniny Klippen Belt (e.g. Birkenmajer 1977).
The Magura Nappe is divided on the basis of
lithofacies into the Siary (northernmost), the
Raca, the Bystrica, and the Krynica (southern-
most) zones. Within these zones there is a
general increase of coarse-grained deposits
southwards (Birkenmajer & Oszczypko 1989).
The Raca Zone is characterized by the common
presence of fine-grained deposits.

The Solan Formation, of Senonian through
Palaeocene age, is developed as a thin-, or
occasionally, medium-bedded fiysch. Sandstone
layers rarely exceed 10cm in thickness, although
sandstone layers more than 1 m thick do also
occur. Dark-coloured, greenish-grey calcareous
or non-calcareous silty claystones form the tops
of turbidite cycles. Non-calcareous claystones
(representing hemipelagic deposits), pelocarbo-
nates and turbiditic limestones occur infre-
quently. The formation passes upwards into
the Beloveza Formation (Bubik et al 1999).

According to Bubik el al. (1999), the Solan
Formation was deposited in a deep-sea environ-
ment below the carbonate compensation depth
(CCD). This is indicated by the lack of
carbonates, and by the exclusively agglutinated
foraminifera in the hemipelagites. The Solan
Formation is thought to have been deposited as
distal turbidite sediments in a lower fan to
abyssal plain setting.

Material

The studied section is about 16m long and
exposed as a continuous outcrop on the right
(eastern) bank of an unnamed brook in the
vicinity of the Slovak-Czech boundary-control
point at Uzgrun (near the road between Velke
Karlovice and Makov; Fig. 1). The strata dip
steeply at an angle of 45-55° south. This section
was designated as a potential Cretaceous-
Tertiary boundary section by Bubik et al.
(1999), who studied the foraminifera, radiolar-
ians and calcareous nannoplankton from the
Solan Formation. The results of these studies
did not precisely identify the position of the
boundary. Slightly enriched iridium contents of
between 0.06 and 0.09ppb in three turbiditic
samples (19E21, 19E23 and 19E25) were found
during further studies. The enrichments were
interpreted as representing reworking of the
iridium anomaly layer associated with the K-T
boundary (Bubik et al 2002).

Fig. 1. Location of the investigated section: (a)
simplified tectonic map of the Western Carpathians
(after Lexa et al 2000); MN, Magura Nappe; SN,
Silesian Nappe; SSN, Sub-Silesian Nappe; SkN, Skole
Nappe; DN, Dukla Nappe; (b) geology of the Uzgrun
area (after Bubik et al 1999).
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For the present study, 42 samples were taken
from a 9-m thick interval of the section (Fig. 2).
Samples were often taken at intervals as small as
1-2 cm in order to examine how lithological
changes reflect changes in palynofacies and
dinocyst assemblages. Fourteen samples were
taken over 50-cm interval of the putative K-T
boundary (Fig. 2). The fine-grained lithologies
sampled were: pelocarbonates (19A1, 19C3),
marly limestones (20C1, 20D1), calcareous
turbidite claystones (19B1, 19C1, 19E), non-
calcareous turbidite claystones (20B3, 20C2,
20E2, 19E1, 19E21, 19E23, 19E25, 19E27,
19E28, 19E4, 19F02, 19F06, 19F4, 19F6), non-
calcareous hemipelagic claystones and clays
(20B5, 20B6, 20C3, 20D3, 20E3, 19A, 19B2,
19C2, 19D1, 19D2, 19E2, 19E24, 19E26, 19E29,
19E3, 19E31, 19F01, 19F, 19F2, 19F5, 19F7).

Methods

Each sample, consisting of between 20 and 30 g
of cleaned and crushed rock, was subjected to
standard palynological procedures, including
38% hydrochloric acid (HC1) treatment, 40%
hydrofluoric acid (HF) treatment, heavy-liquid
(ZnCi2 + HCl; density 2.0 g/cm3) separation,
ultrasound for 10-15s and sieving at 15/mi on
a nylon mesh. Two microscope slides were made
from each sample, using glycerine jelly as a
mounting medium.

Palynomorphs and phytoclasts were counted
up to a total of 500 specimens, after which
dinocysts continued to be counted until the
entire slide had been enumerated (their fre-
quency is shown in Fig. 3). The second slide was
then scanned for additional dinocyst taxa.
Dinocyst nomenclature follows Williams et al.
(1998). The rock samples, palynological residues
and slides are all stored in the collection of the
Institute of Geological Sciences, Polish Acad-
emy of Sciences, Krakow.

Results

All samples from the Uzgrufi section yielded rich
palynological material consisting of terrestrial
(land plant remains, including cuticles, opaque
phytoclasts, pollen grains, spores, etc.) and
marine elements. The latter are represented
almost exclusively by dinocysts, comprising at
least 116 taxa (Figs 3-5). An alphabetical
species list of dinocyst taxa is provided in
Appendix I. Rare foraminiferal organic linings
are present. The ratio of terrestrial to marine
elements varies distinctly between samples,
reflecting their lithology. The palynofacies of
samples taken from the turbidite layers is

dominated by terrestrial elements represented
mainly by cuticles and sporomorphs. Opaque
phytoclasts and dinocysts dominate samples
from the hemipelagic deposits.

The dinocyst assemblages are also related to
the lithology. Turbidite samples contain poorly
preserved but abundant and taxonomically
diverse dinocysts, with such taxa as Spiniferites,
Areoligera, Cerodinium and the so-called 'round-
browns' (possibly endocysts of Trithyrodinium)
occurring frequently. Less-diverse but better-
preserved dinocysts are found in the hemipelagic
deposits. Impagidinium- and Pterodinium-rich
assemblages with a few specimens of Codoniella
campanulata occur here. In several hemipelagic
samples (especially the pelocarbonates), an
increase in frequency of an undetermined
peridinioid dinocyst (Peridinioid sp. 1) is docu-
mented.

A few taxa occur frequently in almost all
samples: Spiniferites ramosus s.L, Peridinioid sp.
1, Pterodinium cingulatum, Heterosphaeridium
sp. and Areoligera medusettiformis. Several other
taxa, although present in the majority of
samples, are infrequent: Hystrichosphaeridium
tubiferum, Cerodinium diebelii, Palaeotetradi-
nium silicorum, Trithyrodinium sp. and Rottnes-
tia aff. borussica. Taxa that are frequent in some
samples, but absent in others, are: Manumiella
seelandica, Senegalinium sp. and Spinidinium sp.
(Fig. 3). Most dinocyst taxa in the Uzgrufi
section are infrequent; they often occur as single
specimens per sample, or may occur only once in
the section.

Several dinocyst taxa from Uzgrun section are
presumed to be recycled. These are taxa with
known pre-Late Maastrichtian last appearances:
e.g. Chatangiella spp., Cannosphaeropsis utinen-
sis and Coronifera oceanica (e.g. Costa & Davey
1992). They occur in turbidites and hemipelagic
sediments. No differences in state of preserva-
tion are observed among the forms treated as
recycled and those believed to be in situ.

Position of the K-T boundary in the Uzgrun
section

Dinocyst assemblages from the K-T boundary
interval have been studied in many sections
world-wide, both in low and high latitudes (e.g.
Benson 1976; Hansen 1979; De Coninck & Smit
1982; Hultberg 1985; Firth 1987; Brinkhuis &
Leereveld 1988; Brinkhuis & Zachariasse 1988;
Kuhn & Kirsch 1992; Srivastava 1994; Elliot et
al. 1994; Askin & Jacobson 1996; N0hr-Hansen
& Dam 1997). These studies permit a global
evaluation of dinocyst distribution across the K-
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T boundary. No dinocyst mass extinction has
been observed at the boundary (e.g. Brinkhuis &
Zachariasse 1988). Rather, a species-diversity
maximum in the Campanian-Maastrichtian is
followed by an apparently gradual decline into
the Early Palaeocene (Stover et al 1996). Only a
few global last appearance events have been
recognized across the boundary. The dinocyst
first appearance events at the boundary or in the
Early Danian, although more numerous, are not
comparable with the evolutionary radiation
pattern of Early Palaeocene calcareous nanno-
plankton.

The last appearances of Dinogymnium and
related taxa (e.g. Alisogymniuni) are dinocyst
events associated with the K-T boundary. The
last appearance of Palynodinium grallator was
originally believed to coincide with this bound-
ary (e.g. Powell 1992). Subsequent authors (e.g.
Habib et al 1996; N0hr-Hansen & Dam 1997;
Brinkhuis et al 1998; Dam et al 1998; Hern-
green et al 1998) have demonstrated that the
last appearance of Palynodinium grallator is in
the earliest Danian (basal part of the planktonic
foraminiferal Zone PI a).

Membranilarnacial tenella, Senoniasphaera
inornata, Damassadinium californicum and Car-
patella cornuta are among those dinocysts that
appear for the first time in the Early Danian. It
was previously believed that S. inornata, D.
californicum and C. cornuta had an almost
simultaneous first appearance at the K-T
boundary (e.g. Hansen 1977). Later studies
(e.g. Habib 1994; Habib et al 1996; Brinkhuis
et al 1998) showed that only S. inornata first
appears at this boundary. Both D. californicum
and C. cornuta appear for the first time much
later, in planktonic foraminiferal zones Pa or
PI a. Brinkhuis & Schi01er (1996) suggested
diachronous first appearances of these two
taxa, the earliest being in low latitudes.

The basal part of the Uzgrufi section, between
samples 20B3 and 19D1, represents uppermost
Maastrichtian, as indicated by the presence of
Disphaerogena carposphaeropsis and Palynodi-
nium grallator and the genera Dinogymnium and
Amphigymnium. Disphaerogena carposphaeropsis
is known to appear for the first time in the latest

Fig. 2. Lithological column of the Uzgrun section
(after Bubik, unpubl.): 1, non-calcareous turbidite
claystones; 2, calcareous turbidite claystones; 3, non-
calcareous hemipelagic claystones and clays; 4, pelo-
carbonates; 5, turbidite siltstones; 6, sandstones; 7,
calcareous; 8, convoluted lamination; 9, ripples; 10,
parallel lamination; 11, Chondrites sp.; 12, graded
bedding; 13, indium anomaly.

Maastrichtian (e.g. Benson 1976; Brinkhuis &
Zachariasse 1988; Moshkovitz & Habib 1993;
Habib 1994; N0hr-Hansen & Dam 1997).
Dinogymnium acuminatum has its highest occur-
rence in sample 19D1. Representatives of the
genus Dinogymnium do not cross the K-T
boundary (e.g. Stover et al 1996), although
some authors have recorded scattered specimens
in lowermost Danian deposits (e.g. Brinkhuis &
Zachariasse 1988). Amphigymnium sp. was
found in two samples below 19D1 (Fig. 3); a
single specimen of this genus in sample 19F is
presumably recycled.

Carpatella cornuta, the first typical Danian
species found in the studied material, has its
lowest occurrence in sample 19E4 (Fig. 6). This
sample is therefore regarded as the lowest
documented Danian sample. However, the low-
est global occurrence of C. cornuta is slightly
above the K-T boundary (Brinkhuis et al 1998).
Therefore, the interval between sample 19E4 and
19F6 might be correlated with Lower Danian
planktonic foraminiferal zone Pa or with the
bottom part of PI a, since Palynodinium grallator
has its highest occurrence in sample 19F6. Single
specimens of Adnatosphaeridium buccinum were
found in samples 19E23 and 19E25. This species
was believed to be restricted to the Cretaceous,
but is now known to also occur in the Lower
Danian (e.g. Herngreen et al 1998).

The precise position of the K-T boundary in
the Uzgrun section, as based on dinocysts,
remains uncertain within the 19D1-19E4 inter-
val (Fig. 6). Geochemical data suggest its
position coincides with sample 19E21 where
the lowest slightly enriched iridium content was
identified. Thus, the K-T boundary would be
placed c. 35cm below the lowest occurrence of
Carpatella cornuta, and c. 38cm above the
highest occurrence of Dinogymnium acuminatum
(Fig. 6).

Interpretation of palaeoenvironmental
changes across the K-T boundary at Uzgrun

The Uzgrun section represents flysch sedimenta-
tion consisting of turbiditic rhythms of relatively
coarse-grained clastic material at the base, and
fining upwards. A thin layer of hemipelagic/
pelagic clay usually occurs at the top of each
rhythm. Turbiditic material typically originates
from the more proximal parts of a flysch basin,
e.g. from outer shelf and slope environments,
whereas hemipelagic deposits represent mainly
autochthonous background sedimentation.
Dinocyst assemblages reflect these different
provenances (Fig. 7). Oceanic dinocysts (Impa-
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gidinium and Pterodinium) show the highest
frequencies in hemipelagic samples. They are
absent or rare in most of the turbidites. These
genera occur across the K-T boundary and do
not show any major peaks. An indistinct
tendency towards a gradual up-section decrease
in the Impagidinium-Pterodinium group can be
detected (Fig. 7), and may be taken to indicate
sea-level fall. This trend is more pronounced if
Codoniella campanulata is included in the
oceanic group (this species occurs in the studied
material almost exclusively in hemipelagic sam-
ples). It constitutes up to 3-5% of the dinocyst
assemblage in the lower part of the section,
becoming almost absent upwards. The same
tendency is clearly visible if the dinocyst
distribution only in hemipelagic samples is taken
into account (Fig. 8b). A general decline in the
number of representatives of Spiniferites and
Achomosphaera, which likewise might be related
to sea-level fall, is also recognizable in turbiditic
(Fig. 8a) and hemipelagic samples (Fig. 8b).

Representatives of Areoligera (mainly A. medu-
settiformis), a genus often associated with
inshore environments (e.g. Brinkhuis 1994),
show the highest frequencies in hemipelagic
samples just below and above the lowest
occurrence of Carpatella cornuta (Fig. 7 & Fig.
8b). This might indicate less-open oceanic
conditions in the earliest Danian possibly related
to a long-term sea-level fall from the latest
Maastrichtian into the earliest Danian.

The up-section decrease in oceanic species
(which are associated with oligotrophic waters)
(Dale 1996) may also imply changes in surface
waters related to a gradual increase in nutrient
availability. The negative correlation of the
oceanic Impagidinium-Pterodinium group curve
with that of Peridinioid sp. 1 is particularly
evident (Fig. 8b). Peridinioid sp. 1 (an undeter-
mined species possibly related to Senegalinium or
Alterbidinium) is the most frequent representa-
tive of the peridinialeans, whose mass occurrence
in oceanic waters suggests a distinct increase in

Fig. 3. Distribution of dinocysts in the Uzgrun section. Line widths reflect the number of specimens counted. The
inferred age is based on dinocysts (this study, Fig. 6). Taxa considered to be recycled are identified with an
asterisk (*).
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Fig. 4. Selected dinocysts from the Uzgrufi section. The scale bar in (a) represents 15/mi and refers to all other
photomicrographs. Slide code and England Finder references are given, (a) Hystrichosphaeropsis nuda, Uzgr20E3,
H27/3-4; (b) Adnatosphaeridium buccinum - operculum, Uzgrl9E23a, H50/1; (c) Hystrichokolpoma bulbosum,
Uzgrl9E23a, U37/3; (d) Nelsoniella tuberculata, Uzgrl9F7, D48; (e) Hystrichostrogylon coninckii, Uzgr20E2,
R39/1-2; (f & i) Manumiella seelandica, Uzgrl9F4, H45/2; Uzgrl9Cl, L51/4; (g) Riculacystcft pala, Uzgrl9E23a,
V49/2; (h) Areoligera medusettiformis, Uzgr20B5, T36; (j) Carpatella cornuta, Uzgrl9E4, O50/1-3; (k) Areoligera
coronata, Uzgrl9Dl, T36; (1) Heterosphaeridium sp., Uzgr20C3, H38/1; (m & p) Palynodinium aff. grallator,
Uzgrl9El, M33; Uzgrl9B2, H32/3; (n) Disphaerogena carposphaeropsis, Uzgr20B5, U46/3-4; (o) Palynodinium
grallator, Uzgrl9El, H32/1.
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nutrient availability (e.g. Biffi & Grignani 1983).
A frequency peak of the Impagidinium-Pterodi-
nium group in sample 19B2 is followed by a
gradual decline, starting with sample 19C2. In
the same sample, Peridinioid sp. 1 is present as
single specimen only. It begins to dominate in the
superjacent sample 19C3 (almost 50% of dino-
cyst assemblage), becoming the most frequent
species in hemipelagic samples up to 19E29 (Fig.
8b). The Peridinioid sp. 1 acme is the most
pronounced event in the dinocyst record close to
the K-T boundary in the Uzgrun section.
Upwelling seems to be the most plausible
explanation of this phenomenon, since there is
no increase in peridinioids within adjacent
turbiditic samples, and the palynofacies of the
hemipelagic samples shows no increase in
terrigenous palynomorphs that would be
expected if river influx was responsible for the
introduction of nutrients. Was the postulated
upwelling related to the K-T event? Probably
not, since the Peridinioid sp. 1 acme begins in
sample 19C3, i.e. c. 45cm below the highest
occurrence of Dinogymnium acuminatum and c.
85cm below the lowest iridium anomaly.

Among the other dinocyst events recorded in
the Uzgrun section, none seems to be associated
with the K-T event. Two acmes of Manumiella
seelandica, a species commonly found around
the boundary (e.g. Askin & Jacobson 1996),
occur below and above the K-T boundary
interval (Figs 7 & 8). A distinct frequency peak
of Heterosphaeridium occurs below the lowest
occurrence of Carpatella cornuta but above the
iridium anomalies (Figs 7 & 8b). The signifi-
cance of this acme is unknown because of the
lack of palaeoenvironmental information on
Heterosphaeridium.

No distinct signs of climatic change across the
K-T boundary in the Uzgrun section were
recognized. Cerodinium spp. and Trithyrodinium

Fig. 5. Selected dinocysts from the Uzgrun section.
Scale bar in (a) represents 25 um and refers to all other
photomicrographs. Slide code and England Finder
references are given, (a) Amphigymnium sp., Uzgr20E3,
K48/2; (b) Dinogymnium acuminatum, Uzgr20Cl, N48/
2-4; (c, d & h) 'round-browns', possibly endocysts of
Trithyrodinium sp., Uzgrl9F2, E48; Uzgrl9E23a, L36/
1; Uzgrl9F02a, P34/2; (e-g) Peridinioid sp. 1,
Uzgrl9E29, M29/3-4, cavate specimen; Uzgrl9E26a,
H36/3, endocyst; Uzgrl9E29, F41/2-4, endocyst; (i)
Spinidinium sp., Uzgrl9F6, F51/1-2; (j) Trithyrodi-
nium aff. evittii, Uzgrl9Fc, O42/3-4; (k) Codoniella
campanulata, Uzgr20B6, G37; (1) Cerodinium diebelii,
Uzgrl9Bl, G30/2; (m) Cerodinium albert ii,
Uzgrl9E23a, O51/2; (n) Chatangiella campbellensis,
Uzgrl9E23a, D49/2.

spp. (including the 'round-browns', probably
endocysts of Trithyrodinium sp.) occur through-
out the section, without marked fluctuations.
The genus Cerodinium belongs to the tropical to
subtropical Mclntyre suite, and Trithyrodinium
evittii was included in the warm temperate
Williams suite by Lentin & Williams (1980).
Trithyrodinium spp. were also found in the
Upper Cretaceous strata of Morocco (Rauscher
& Doubinger 1982), and Colombia and Vene-
zuela (Yepes 2001). The constant presence of
these tropical taxa in the Uzgrun section
indicates rather stable and warm surface waters
in the Magura Basin, consistent with the warm
temperate or subtropical climate that prevailed
here during the latest Maastrichtian and earliest
Danian.

Comparison

Some dinocyst events recorded in the present
study show similarity with those from other
localities, and presumably reflect comparable
palaeoenvironmental events associated with the
K-T boundary.

An acme of Peridinioid sp. 1 in the Uzgrun
section, interpreted as a result of upwelling,
possibly correlates with peaks of Senegalinium
species in other K-T sections. Peaks of Senega-
linium found in West Greenland were interpreted
by N0hr-Hansen & Dam (1997) as a reflection of
increased nutrient availability caused by upwel-
ling linked to a transgressive phase. Similar
peaks of Senegalinium specimens, although
variously positioned in relation to the K-T
boundary, were found in California (Drugg
1967), Tunisia (Brinkhuis & Zachariasse 1988)
and Seymour Island, Antarctica (Elliot et aL
1994; Askin & Jacobson 1996).

Acmes of Manumiella seelandica in the upper-
most Maastrichtian strata in the Uzgrun section
are known elsewhere from several sections (e.g.
Hultberg 1986; Firth 1987; Askin & Jacobson
1996; Smit & Brinkhuis 1996; N0hr-Hansen &
Dam 1997). This species has two abundance
peaks at Uzgrun (Fig. 7). The almost mono-
specific Manumiella seelandica assemblages were
interpreted by Hultberg (1986) as result of low-
salinity or even brackish environments.

The abundance of Areoligera specimens in
samples from the upper part of the section (Figs
3 & 7) resembles a similar event described by
Hultberg (1985) from Scandinavia. Kuhn &
Kirsch (1992) found representatives of Areoli-
gera to dominate assemblages from the K-T
boundary section in Austria.

Another characteristic dinocyst event is an
acme of Spinidinium recognized above the K-T
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Fig. 6. Ranges of selected dinocysts in the Uzgrun section and the inferred age based on dinocysts.



Fig. 7. Distribution of selected dinocyst groups and the ratio of Gonyaulacales v. Peridiniales in the Uzgrun section. The shaded area refers to the K-T boundary interval as
inferred from dinocysts.



Fig. 8. Distribution of selected dinocyst groups and the ratio of Gonyaulacales v. Peridiniales in the Uzgrun section in (a) turbiditic and (b) hemipelagic samples. The
shaded area refers to the K-T boundary interval, as inferred from dinocysts.
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boundary at Uzgrun. The frequent occurrence of
this genus, often in almost monospecific assem-
blages, was noted for the Danian of Seymour
Island, West Antarctica by Askin (19880, b). The
first appearance of Spinidinium densispinatum in
the Early Danian is mentioned by Brinkhuis &
Zachariasse (1988) as being among the most
important dinocyst events in the earliest Danian
world-wide.

The continuous presence of Trithyrodinium
spp. in uppermost Maastrichtian and lowermost
Danian deposits at Uzgrun (no complete
Trithyrodinium evittii was found in the Uzgrun
section, but the 'round-browns' resemble the
endocyst of T. evittii, and the species determined
as Trithyrodinium aff. evittii differs from T.
evittii only by its thinner endocyst wall) recalls
the occurrence of this genus in other K-T
sections. N0hr-Hansen & Dam (1997) found
acmes of Trithyrodinium fragile (later treated as
a junior synonym of T. evittii, a Tethyan species,
according to N0hr-Hansen & Dam 1999) in
lowermost Danian deposits of West Greenland.
A short-term occurrence of Trithyrodinium evittii
above the K-T boundary was also documented
from Antarctica by Askin (1988<a). This species
was also found in a similar stratigraphic position
in the USA (Drugg 1967; Firth 1987) and New
Zealand (Strong et al 1995).

Conclusions

These are as follows:

(1) The dinocyst record of the deep-sea Uzgrun
succession, Moravian Carpathians, allows
identification of the K-T boundary within a
7 3-cm interval in which an iridium anomaly
has been found. The highest occurrence of
the Maastrichtian species Dinogymnium
acuminatum is 38cm below the iridium
anomaly, whereas the lowest occurrence of
the Danian Carpatella cornuta is 35cm
above it. Between these two datums, there
are no dinocyst events of biostratigraphic
significance.

(2) The quantitative and qualitative changes in
dinocyst assemblages at Uzgrun reflect
lithologies in the section. Turbiditic samples
have increased frequencies of often poorly
preserved nearshore dinocysts (e.g. Cerodi-
nium species), whereas hemipelagic samples
contain frequent oceanic species (Impagidi-
nium-Pterodinium group and Codoniella
campanulatd).

(3) No significant changes in the dinocyst
assemblages were observed around the K—
T boundary in the studied section. How-

ever, a gradual sea-level fall and/or
increased nutrient supply were presumably
responsible for a gradual up-section
decrease in the frequency of oceanic taxa.

(4) The acme of Peridinioid sp. 1 near to the
K-T boundary interval presumably sig-
nifies increased nutrient supply, and implies
upwelling in the Magura Basin at this time.

(5) The continuous presence of Cerodinium
spp. and Trithyrodinium spp. throughout
the section suggests that surface waters
were warm and stable across the boundary.

(6) Dinocyst events, such as the Areoligera sp.
acme, Manumiella seelandica acme and the
Spinidinium sp. acme, known from other
K-T boundary sections around the world,
were recognized within the studied material.
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Appendix

An alphabetical listing of dinocyst taxa found in
the Uzgrun section is provided below. Full
taxonomic citations are given in Williams et al.
(1998). Taxa considered to be recycled are
identified with an asterisk (*). Numbers in
parentheses refer to Figure 3, followed by
reference to the appropriate photomicrographs
in Figures 4 and 5.

Achilleodinium sp. (97)
Achomosphaera ramulifera (9)
Achomosphaera sagena (6)
Achomosphaera sp. (4)
Adnatosphaeridium buccinum (89; Fig. 4b)
Alterbidinium sp. (26)
Amphigymnium sp. (60; Fig. 5a)
Andalusiella polymorpha (114)
Apteodinium sp. (87)
Areoligera coronata (18; Fig. 4k)
Areoligera medusettiformis (102)
Cannosphaeropsis utinensis* (62)
Carpatella cornuta (103; Fig. 4j)
Cerodinium albertii (25; Fig. 5m)
Cerodinium aff. albertii (61)
Cerodinium diebelii (20; Fig. 5f)
Cerodinium aff. diebelii (68)
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Cerodinium obliquipes (53)
Cerodinium sp. (43)
Chatangiella campbellensis* (88; Fig. 5n)
Chatangiella manumit* (63)
Chatangiella sp.* (81)
Codoniella campanulata (14; Fig. 5k)
Cordosphaeridium sp. (96)
Coronifera oceanica* (82)
Cribroperidinium sp. (32)
Dapsilidinium sp. (85)
Dinocyst gen. et spec, indet. (39)
Dinogymnium acuminatum (31; Fig. 5k)
Dinogymnium sp. (2)
Disphaerogena carposphaeropsis (15; Fig. 4n)
Fibrocysta vectensis (79)
Fibrocysta sp. (108)
Florentinia mantellii* (35)
Florentinia radiculata* (40)
Glaphyrocysta ordinata (65)
Glaphyrocysta sp. (78)
Heteraulacacysta campanula (17)
Heterosphaeridium sp. (34; Fig. 4f)
Hystrichokolpoma bulbosum (66; Fig. 4c)
Hystrichokolpoma aff. bulbosum (84)
Hystrichosphaeridium recurvatum (37)
Hystrichosphaeridium tubiferum (16)
Hystrichosphaeridium tubiferum subsp. brevispinum

(95)
Hystrichosphaeridium sp. (92)
Hystrichosphaeropsis nuda (59)
Hystrichosphaeropsis sp. (75)
Hystrichostrogylon coninckii (55; Fig. 4)
Hystrichostrogylon membraniphorum (22)
Hystrichostrogylon membraniphorum subsp. granula-

tum (74)
Hystrichostrogylon sp. (70)
Impagidinium aff. aculeatum (101)
Impagidinium aff. brevisulcatum (100)
Impagidinium aff. dispertitum (45)
Isabelidinium] amphiatum* (64)
Isabelidinium bakeri* (23)
Isabelidinium sp. (47)
Kallosphaeridiuml inornatum (33)
Kleithriasphaeridium sp. (44)
Lejeunecysta sp. (52)
Lingulodinium sp. (98)
Manumiella seelandica (72; Fig. 4f, i)
Manumiella aff. seelandica (73)
Nannoceratopsis sp.* (51)
Nelsoniella tuberculata (115; Fig. 4d)
Nematosphaeropsis aff. labyrinthus (76)
Nematosphaeropsis aff. lemniscata (50)
Odontochitina sp.* (113)
Oligosphaeridium] asterigerum* (57)
Oligosphaeridium perforatum* (112)
Oligosphaeridium pulcherrimum* (69)
Operculodinium sp. (5)
Palaeocystodinium golzowense (30)
Palaeocystodinium! aff. hyperxanthum (27)
Palaeohystrichophora infusorioides* (1)
Palaeoperidinium sp. (46)
Palaeotetradinium silicorum (24)
Palaeotetradinium sp. (104)
Palynodinium grallator (71; Fig. 4o)

Palynodinium aff. grallator (8; Fig. 4m & p)
Peridinioid sp. 1 (7; Fig. 5e-g)
Pervosphaeridium pseudhystrichodiniuml (54)
Phanerodinium sp. ( I l l )
Phelodinium kozlowskii (49)
Phelodinium magnificum (116)
Phelodinium tricuspe (28)
Phelodinium sp. (19)
Pterodinium cingulatum (3)
Riculacystal pala (91; Fig. 4g)
Rottnestia aff. borussica (42; Fig. 5c, d & h)
Selenopemphix brevispinosa! (56)
Senegalinium sp. (58)
Spinidinium sp. (106)
Spiniferella cornuta (107)
Spiniferites aff. pseudofurcatus (99)
Spiniferites ramosus s.l. (11)
Stephodinium coronatuml (21)
Surculosphaeridiuml longifurcatum (109)
Systematophora sp. (90)
Tanyosphaeridium sp. (48)
Tectatodinium sp. (105)
Tehamadinium sp. (36)
Thalassiphora inflatal (94)
Thalassiphora pelagica (83)
Thalassiphora aff. reticulata (77)
Thalassiphora sp. (67)
Triblastula utinensis (41)
Trichodinium castanea* (80)
Trigonopyxidia ginella (12)
Trigonopyxidia aff. ginella (86)
Trithyrodinium aff. druggii (93)
Trithyrodinium aff. evittii (29; Fig. 5j)
Trithyrodinium vermiculatum (110)
Unipontidinium grandel (13)
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Upper Palaeocene and Lower Eocene interval in the Dieppe-Hampshire
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Abstract: Assemblages of brackish and marine pyritized diatoms have been examined from
Thanetian and Ypresian sediments in the Dieppe-Hampshire Basin. Two sites were studied: the
borehole of Saint-Josse and sections at Ailly, both located in northern France. Pyritized
diatoms are preserved in the deposits by epigenesis or as internal moulds by the growth of pyrite
crystals in internal cavities. In both sites studied, most groups of in situ microfossils (e.g.
dinoflagellates, foraminifera, nannoplankton) were extremely rare or absent, in contrast to
pyritized diatoms, which showed good recovery, thereby proving their utility across this
interval. The Palaeocene-Eocene boundary referred to this study is the official boundary
defined by the Carbon Isotope Excursion. This is recorded in both sites studied. Diatom
assemblages change character through the stratigraphic sequence, with three major diatom
assemblages being defined which provide a key reference marker for the Palaeocene-Eocene
boundary sediments from the Dieppe-Hampshire Basin. The first assemblage, Dl, is
characterized by the abundance peak of Coscinodiscus morsianus var. moelleri and
Coscinodiscus morsianus var. morsianus. This assemblage is recorded in Thanetian and Lower
Sparnacian facies. The second assemblage, D2, is defined by the abundance peak of Fenestrella
antiqua, the downhole occurrence of Coscinodiscus morsianus sp., and a great diversity of
circular diatoms. The upper part of this zone is marked by the greatest occurrence of Fenestrella
antiqua and the extinction of Coscinodiscus morsianus var. moelleri. This assemblage
corresponds with the upper part of the Sparnacian facies. The last assemblage (D3), of Early
Ypresian age, is characterized by the presence of Aulacodiscus, Trinacria, Craspedodiscus and
the great diversity of triangular, oval and bipolar species; these are held to indicate a marked
increase in marine influence. These diatom assemblages from the Dieppe-Hampshire Basin
show similarities to those from the North Sea Basin. Correlations between these two basins are
possible by the use of pyritized diatoms. Thanks to these correlations, it is now possible to
locate the Carbon Isotope Excursion in the North Sea Basin.

This paper reports the first results and inter- not obvious. Some previous works have
pretations of an investigation of the diatoms revealed the presence of siliceous diatoms
from Palaeogene formations near the Palaeo- (Cayeux 1891) in Thanetian 'tuffeaux' and
cene-Eocene boundary in the Dieppe-Hamp- particularly of pyritized diatoms in Ypresian
shire Basin. Using dinoflagellates and calcareous sediments from the Paris Basin (Bolin et al.
nannoplankton for biostratigraphic analysis, a 1982; Bignot 1983). Recognizing that pyritized
fairly good correlation of the Sele and Balder diatoms have a proven utility for biostrati-
Formations with the onshore sections of the graphic studies (e.g. King 1983; Malm et al.
Dieppe-Hampshire and Paris Basin has been 1984; Mudge & Copestake 1992; Mitlehner
extensively discussed recently and is now well 1996) in the North Sea Basin, this paper seeks
established (Knox et al. 1996; Steurbaut 1998). to examine the biostratigraphic potential of
Thanetian and Ypresian sediments from the pyritized diatoms in the Dieppe-Hampshire
Saint-Josse borehole and Ailly sections of the Basin and their correlations with the Paris and
Dieppe-Hampshire Basin are poor in the North Sea basins.
microfossils usually used for biostratigraphic Several explanations have been advanced for
analysis (e.g. dinoflagellates, foraminifera and the presence and abundance of diatoms in the
calcareous nannoplankton) in contrast to pyr- North Sea Basin. Some workers (Jacque &
itized diatoms. Correlations across this basin are Thouvenin 1975; Knox 1984) have linked the

From. BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 275-291. 0305-8719/04/S15 © The Geological Society of
London 2004.
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abundance of the diatoms to the volcanic ashes
present in the North Sea Tertiary Basin. They
suggested that contemporaneous volcanic activ-
ity may have led to silica enrichment of sea-
waters which, in turn, encouraged blooming.
Bidgood (1995) and Mitlehner (1994) have
shown that species of pyritized diatoms
occurred throughout the Cenozoic in offshore
North Sea sediments not associated with tuff
deposition. The second explanation for diatom
blooming in Palaeogene sediments is the pre-
sence of upwelling currents in the North Sea
Basin (Malm et al. 1984; Mitlehner 1994, 1996;
Bidgood 1995).

Previous studies on pyritized diatoms in the
Palaeocene-Eocene deposits of the North
Sea Basin

Pyritized diatoms and pyritization

Pyritized diatoms in the North Sea Basin and
adjacent onshore deposits have been documen-
ted and illustrated by many studies, including:
Bettenstaedt et al (1962), Benda (1965, 1972),
Bidgood et al. (1999), Jacque & Thouvenin
(1975), Hughes (1981), King (1983, 1990), Malm
et al. (1984), Mudge & Copestake (1992), Neal et
al. (1994), and especially by Mitlehner (1994).
He described and identified about 40 diatom
taxa, comprising siliceous and pyritized speci-
mens of Tertiary age.

The pyritization process affects diatoms in
two ways:

by epigenesis: the siliceous frustule of the
diatom is completely altered to pyrite, and all
the details of the diatoms are preserved,
including areolae, velum and labiate pro-
cesses
by early diagenetic infilling of the frustule by
pyrite crystals, producing an internal mould,
in many instances rendering a near-perfect
impression of the interior morphology of the
original diatom frustule.

Pyritization has some advantages for the pre-
servation of the diatoms. Pyritized morphotypes
usually preserve the original frustule shape with
girdle bands intact - a feature not often
observed in non-pyritized specimens, which are
usually preserved as isolated valves (Bidgood et
al. 1999).

Diatom bio stratigraphy

The biostratigraphic importance of Palaeogene
diatom taxa in offshore exploration was demon-

strated by King (1983, 1990), Mudge & Copes-
take (1992) and Mitlehner (1994, 1996). King
(1983) established a micropalaeontological
zonation for the marine Cenozoic (Early Palaeo-
cene to Early Pleistocene) of the North Sea. He
proposed two parallel zonal schemes: one based
on benthic foraminifera, and the other based on
planktonic microfossils - including pyritized
diatoms. This planktonic zonation was called
NSP (North Sea Plankton). The NSP4 zone
defined by King is important for biostratigraphy
near the Palaeocene-Eocene boundary (Fig. 1).
The top of this zone is characterized by the
highest occurrence of Fenestrella antiqua (Cosci-
nodiscus sp. 1 sensu King). The NSP4 zone was
recognized around the Palaeocene-Eocene
boundary, and the basal Eocene was placed
within the upper part of zone NSP4.

Mudge & Copestake (1992) described two
major diatom bio-events during the Palaeogene
(Fig. 1). The first, M6, bio-event is defined by
the downhole acme of a distinctive diatom
assemblage containing common to abundant
Coscinodiscus sp. 4 (^Coscinodiscus morsianus
var. morsianus), Coscinodiscus sp. 2
(=Coscinodiscus morsianus var. moelleri) and
Coscinodiscus sp. 7 (a resting spore of Fenestrella
antiqua). The second, M7, bio-event is defined
by a distinctive downhole diatom influx includ-
ing Coscinodiscus sp. 1 (=Fenestrella antiqua)
and Coscinodiscus sp. 2 (=Coscinodiscus morsia-
nus var. moelleri). This influx occurs within a
rich and diverse diatom association, including
species of Triceratium, Isthmia, Hemiaulus and
Trinacria.

Mitlehner's (1996) biozonation based on
foraminifera and diatom marker species (Fig.
1) shows that the lowest occurrence of the widely
occurring diatom Fenestrella antiqua is an
efficient basin-wide marker for the base of the
Eocene (Fig. 1).

Therefore, the stratigraphically important
taxa for Palaeogene near the Palaeocene-Eocene
boundary are Coscinodiscus morsianus var.
moelleri and Fenestrella antiqua. A taxonomic
revision of these two species was made by
Mitlehner (1994).

Aims of the study

The principal purpose of this study is to provide
a preliminary biozonation of the stratigraphy of
Upper Palaeocene and Lower Eocene sediments
exposed in northern France on the basis of the
diatom stratigraphic record. Using two sections
to erect a regional zonation is premature; there-
fore, this work is an exploratory study and not a
detailed regional synthesis. The second purpose
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Fig. 1. Lower Palaeogene (near the Palaeocene-Eocene boundary) biozonations of the central North Sea with
main diatom marker species (in bold). (Compiled from King 1983, Mudge & Copestake 1992 and Mitlehner
1996.)

is to correlate our results with the biostrati- excursion value of <S13C. This negative Carbon
graphic zonations based on diatom records in the Isotope Excursion (CIE) is the official reference
North Sea Basin. In addition, diatom assem- for the base of the Eocene (Luterbacher et al.
blages can give new data on correlation between 2000).
the lithostratigraphic units of the Saint-Josse Both sites are located in the Dieppe-Hamp-
borehole and Ailly sections where the Carbon shire Basin which, together with the Paris,
Isotope Excursion is observed. London and Belgian basins, forms the southern

bight of the North Sea Basin (Fig. 2). The
Geological settings of Saint-Josse and Ailly Dieppe-Hampshire Basin was intermittently

separated from the North Sea Basin by the
This work is based on the study of the borehole uplift of the Artois sill at various times during
CC82 at Saint-Josse (50.4686° N, 1.6656°E) the Palaeogene. Three main groups or facies
(Fig. 3a) and of the Cap d'Ailly (49.9167° N, characterize the geology of the Palaeocene-
0.9514° E) sections (Fig. 3b) which are located in Eocene interval. The Thanetian facies is formed
the northern part of France (Fig. 2). essentially by continental or presumably related

The Palaeocene-Eocene boundary occurs in continental deposits (Fig. 2). The Sparnacian
Cap d'Ailly sections approximately at the end of facies corresponds with the period when the
SP2 (Magioncalda et al. 2001) and in the 'Le Dieppe-Hampshire Basin formed a shallow
Goulet' Unit of Saint-Josse (Magioncalda & embayment in which true marine deposits are
Dupuis, in prep.). This is shown by carbon uncommon, and brackish palaeoenvironments
isotope analysis, which shows a very negative (Fig. 2) are frequent (Dupuis et al. 1998; Dupuis
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Fig. 2. Geographical location of Saint-Josse and Ailly, and distribution of Palaeogene facies in the Dieppe-
Hampshire Basin.

& Thiry 1998). The Ypresian is marked by an
important transgression and by fully marine
conditions.

Lithostratigraphic correlations

Correlations between the lithostratigraphic units
of the Saint-Josse borehole and the Cap d'Ailly
sections (Fig. 3) are based on lithological and
sedimentological data.

The Bois Gorguette Sands at Saint-Josse
correspond with the sands, gravels, limestones,
marls and lignites of the 'Sables et Ores du Pays
de Caux' and 'Calcaires, marnes et lignites du

Cap d'Ailly' units of the Cap d'Ailly sections.
The 'Le Goulet' Unit may be correlated with
the uppermost lignite horizon (LI) of the
'Calcaires, marnes et lignites du Cap d'Ailly'
Unit. This correlation is confirmed by the
presence of the carbon isotope excursion in
both units (Magioncalda & Dupuis, in prep.).
Note the presence of a hiatus between the 'Le
Goulet' and 'Saint-Aubin' units at Saint-Josse.
A further correlation is for the shell-beds of the
Saint-Aubin Unit which correspond with those
of the lower and upper 'Sables et Argiles a
Ostracodes et a Mollusques' (SAOM) units
(SP3 and SP4).
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Fig. 3. Lithology and lithostratigraphy of Palaeogene deposits, and position of samples at Saint-Josse (a) and at
Cap d'Ailly (b). (Modified after Dupuis et al. 1998.)
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Sampling procedure

The stratigraphic position of the samples is
shown in the stratigraphic summary logs (Fig.
3). Thirteen samples from Saint-Josse were
processed for microfauna: four from the Sorrus
Unit, seven from the Saint-Aubin Unit, and one
further sample from the Mont-Hulin Unit. At
Ailly, four samples were obtained from the SP2
Unit ('Calcaires, marnes et lignites du Cap
d'Ailly' Unit). One sample was also obtained
from the SP3 Unit. A further five samples were
also obtained from the SP4 Unit (upper part of
the SAOM Unit). Four samples from the FV2
and FV3 units (lower and upper part of the
'Argiles et sablons') were also processed. Finally,
the unit FV4 ('Argile brune a concretions' Unit)
(two samples) and the unit FV5 ('Argile
glauconieuse du Phare d'Ailly' Unit) (two
samples) were sampled.

Pyritized microfossils were extracted by che-
mical treatments which do not use any oxidant
product, with the aim of preserving pyrite (Van
Eetvelde & Cornet 2002). Samples, once
crushed, were attacked first by HC1 (20%) to
eliminate carbonates and second by tetra-
sodium diphosphate (Na4P2O7 0.15M) to sus-
pend and disperse argillaceous matter which was
eliminated by siphoning. Residues, after granu-
lometric sorting by sieving, were placed into
bromoform (specific gravity of 2.87-2.89) which
permits a density separation; the pyritized
fraction, including the diatoms, settles down
and can be collected.

Pyritized diatoms were then mounted on
slides and counted under a light microscope in
transmitted and reflected lights. Diatoms were
also examined with a scanning electron micro-
scope (Philips XL-20) to confirm their identifica-
tion. The slides were studied both qualitatively
and quantitatively. The quantitative analysis
comprised a minimum count of 200 diatoms
where possible (Tables 1 & 2).

Diatom identifications were carried out
with reference to Cleve-Euler (1951), Ross &
Sims (1970), Van der Werff & Huls (1976),
Sims (1989, 1990), Round et al, (1990),
Homann (1991), Mitlehner (1994), Scherer &
Koc (1996) and Hasle & Syversten (1997).
The identification of some taxa is sometimes
not easy, owing to the poor quality of the
preservation of pyritized diatoms in some
samples. In these instances, the identification
of the genus is certain, but the specific
epithet is left in open nomenclature. All
material is stored in the collection of the
Geology Department, University of Namur,
Belgium.

Results

Pyritized residues collected from the different
samples contain pyritized dinoflagellates and
pyritized diatoms. Pyritized diatoms are more
abundant than dinoflagellates in all cases.
Contrary to previous studies (King 1990; Mitle-
hner 1994) which reported three to four taxa and
only some tens of pyritized diatoms per sample,
we often obtained more than 200 specimens
counted, and ten to 16 different taxa (Table 3).
This is attributable mainly to our improved
recovery techniques.

Diatom assemblage zones of the studied
borehole and sections

Although the samples from the Mont-Hulin
Unit, and units SP2, SP5, FV2 and FV3, are
barren of diatoms, most other samples contain
reasonably well-preserved pyritized diatoms
suitable for biostratigraphic analysis. Diatoms
are poorly recorded in the Sorrus Unit. One
sample (32.50-32.55) is barren of diatoms. The
three other samples contain few diatoms: three
to a maximum of 25 specimens. Pyritized
diatoms are common to abundant in the Saint-
Aubin, upper SAOM, 'Argile brune a concre-
tions' and 'Argile glauconieuse du Phare d'Ailly'
units.

Diatom preservation varies widely between
different sediments. They are often well pre-
served by epigenesis in the Saint-Josse borehole
(Figs 4—8), and most often as internal moulds in
the Ailly sections (Figs 12-15). Pyrite crystals
constituting the moulds are cubes, octahedrons
(Figs 10 & 11), pyritohedrons and framboids
(Figs 4 & 6-8).

Changes in the diatom assemblages permit
establishment of a preliminary biozonation for
the Dieppe-Hampshire Basin (Fig. 16). Dia-
tom assemblages are complex and are defined
on the basis of first and last appearance,
lowest or highest occurrence, maximum and
diversity of the species. These diatom assem-
blages confirm the lithological correlation
between the Saint-Aubin Unit of Ailly and
the lower and upper SAOM units of Ailly.
This illustrates the biostratigraphic potential
value of pyritized diatoms in the Dieppe-
Hampshire Basin.

Saint-Josse diatom assemblage zones

Diatom assemblage Dl

The diatom assemblage Dl is defined by the
abundance of circular diatoms and the peak



Table I . Pyritized diatom distribution (counts) at Saint-Josse, in alphabetical order; species diversity and diatom assemblages

Depth of
samples (m) Units

13.90-14.00 MH

14.85-15.00

16.20-16.20
16.75-16.85
17.87-17.87 SA
18.75-18.85
19.50-19.60
20.55-20.65

21.75-21.83 LG

Not sampled BG

Not sampled LC

32.50-32.55
32.55-32.60
34.31-34.45 SO
34.57-34.60

69
57
21
10
71

—

2

11
3
5
3
7
3

2

1
2

_ 25 — 9 —
— 1 — 1 134
5 — — — 5

— 38 — — 83
— 7 2 — 113

 6

— 30 12 — 61

— — 2 — 5
— — 2 — 1

1 3 — 7
2
7

34 2 8
9

31 — 19

2

133 — — — 12
142 — — — —
166 — — — 1
107 — — — —
23 — 1 — 1
23 1 — 14 117

19

!
2

7 — — — 2
_ _ _ _ ! _ _

—
—
_

— 1 — — 2

3
_
_

5 3 2 8 —
1 — — — —
1 — 5 — —
1 2 — 9 —

— 9 3 5 1
5

1 — — 4 2

1

8
19
8
7

45
3

38

11
3

1

4
2
6
2

3

—

2

0

2

298
381
225
270
342
248

222

0

0

0
3

25
14

12
10
9

10
16
9

12

1
6
7

D2

Dl

Dl

MH, Mont Hulin; SA, Saint-Aubin; LG, Le Goulet; BG, Bois-Gorguette; LC, La Calotterie; SO, Sorrus

1



Table 2. Pyritized diatom distribution at Cap d'Ailly; total number of diatoms in comparison with pyritized dinoflagellates and diatom assemblages

Units Position (m)

FV5
FV5

FV4
FV4

FV3
FV3

FV2
FV2

SP5

SP4
SP4
SP4
SP4
SP4
SP4
SP4

SP3

SP2
SP2
SP2
SP2

43.5
41

38.8
36.2

33.75
31.95

29.8
29.3

18.15

18.35
17.45
17.10
16.90
16.55
16.20
15.75

13.42

9-9.5
8.5-9
7
6.9

_ _ _ _ _ 15 _ 2 16 — 17 39 — 10
_ _ _ _ _ 33 3 5 13 — 14 16

— — — — 21 13 16 18 — 11 11 — 13
— — — — 23 15 12 3 1 6 5 2 13

 

_ i _ _ 1 1 2 
8 7 3 10 5 4 37 1

_ _ _ _ _ 6 2 — 1 —
— 3 7 154 16 — 14 3 15 1

107 9 10 5 4 71 6 29 1 12 1

— 6 1 3 — — 7 1

o 1

5 8 15 3 4 — 7 12 79 2 25 6 4 2 1 11 283
4 34 43 4 11 1 12 8 40 4 7 3 16 271

11 24 16 4 4 13 4 4 61 8 252
7 36 24 12 7 7 9 182

1

4 9
7 82

 3 12
35 °48
20 275

4 22

3

4
4

34
19

1

1
70

7
26
4
1

14

— -

D3b

D3a

?

D2

?

1
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Table 3. Author citations for diatom taxa encountered during this study

Diatoms - author citations

Actinoptychus senarius Ehrenberg
Actinoptychus sp. sensu Round, Crawford & Mann
Aulacodiscus hirtus Barker & Meakin
Aulacodiscus subexcavatus Hustedt
Aulacodiscus sp. sensu Round, Crawford & Mann
Biddulphia biddulphiana (Smith) Boyer
Biddulphia sp. sensu Round, Crawford & Mann
Coscinodiscus commutatus Grunow
Coscinodiscus granii Gough
Coscinodiscus morsianus var. moelleri Mitlehner
Coscinodiscus morsianus var. morsianus (Sims) Mitlehner
Coscinodiscus perforatus Ehrenberg
Craspedodiscus oblongus (Greville) Schmidt
Eunotogramma weissei Ehrenberg
Fenestrella antiqua (Grunow) Swatmann
Hemiaulus sp. sensu Round, Crawford & Mann
Melosira clavigera Grunow
Odontella heibergii Grunow
Odontella sp. sensu Round, Crawford & Mann
Paralia ornata Grunow
Paralia siberica var. laevis Crawford
Stellarima microtrias (Ehrenberg) Hasle & Sims
Stephanogonia danica Grunow
Stephanopyxis turris (Greville & Arnott) Ralfs
Triceratium nobile Witt
Trinacria excavata Heiberg
Trinacria regina (Heiberg) Homann

abundance of Coscinodiscus morsianus var,
moelleri (Figs 10 & 11) and Coscinodiscus
morsianus var. morsianus. Triangular diatoms
are very rare. In this biozone, Paralia siberica
(Fig. 5) (not a marker species) can be found in
the most 'continental' deposits (sample 32.55-
32.60).

Diatom assemblage D2

The diatom assemblage D2 is defined by the
abundance and the great diversity of circular
diatom taxa. The most abundant diatoms are
Actinoptychus senarius (Figs 6-9) and Fenestrella
antiqua. The top of this zone is defined by the
greatest abundance of Fenestrella antiqua. Cos-
cinodiscus morsianus var. moelleri disappears
near the top of this zone. Actinoptychus senarius
and Biddulphia sp. 1 do not occur in higher beds,
and are also marker species for this diatom
assemblage.

Ailly biostratigraphy

Diatom assemblage D2

This has the same main characteristics as the D2
diatom assemblage of Saint-Josse.

Diatom assemblage D3

The diatom assemblage D3 is defined by the
abundance of circular species (Aulacodiscus spp.
(Figs 14 & 15) and Actinoptychus sp.), triangular
species (Trinacria (Fig. 13), Triceratium and
Trigonium species), oval species (Craspedodiscus
sp. and diatom ovalis sensu Bidgood et al.
(1999)) and bipolar diatoms (Hemiaulus and
Odontella species). The D3 diatom assemblage is
also characterized by the great diversity of
triangular species. The most abundant diatoms
are Trinacria species and Aulacodiscus species.

A distinction can be made between the lower
(D3a) and upper part (D3b) of this assemblage.
The D3b assemblage is characterized by the
presence of three diagnostic taxa: Aulacodiscus
sp. 3, Hemiaulus sp. 5 and Triceratium nobile,
that are not recorded in the D3a assemblage.
This D3 assemblage contains the most diverse
diatom assemblage found in this study.

Comments on the diatom assemblages for the
Dieppe-Hampshire Basin

No samples were taken in the 'La Calotterie' and
Bois Gorguette units at Saint-Josse and in the
'Sables fauves' Unit (FV1) at Ailly, because
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Fig. 4. Biddulphia biddulphiana, Saint-Josse, sample 17.87, SEM. Valve view. Frustule well preserved in pyrite (a);
internal mould in framboids of pyrite (b). Fig. 5. Paralia siberica, Saint-Josse, sample 32.55-32.60, SEM.
External view, specimen very well preserved. Figs 6 & 7. Actinoptychus senarius, sample 16.20, SEM. Valve view,
details of areolae well preserved in pyrite (a) covering a mould constituted by framboids of pyrite (b). Fig. 8.
Actinoptychus senarius, sample 19.50-19.60, SEM. External view. Fig. 9. Actinoptychus senarius, sample 19.50-
19.60, SEM. Internal mould rendering a near-perfect impression of the interior morphology of the original
diatom frustule.

these sediments are unsuited to diatom analysis,
owing to oxidization and large grain size. In fact,
the 'La Calotterie' Unit and the FV1 Unit
comprise glauconitic and oxidized sands in
which the opal-A of the diatom frustule is often

dissolved. If the siliceous diatoms are preserved
in pyrite, then oxidation corrodes and destroys
the diatoms. The sediments of the FV2 and FV3
units are also very oxidized, making these units
unsuitable for pyritized diatom analysis. To
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Figs 10-11. Coscinodiscus morsianus var. moelleri, Ailly, sample 16.55, SEM. External view, areolae well
preserved on the valve surface. Fig. 12. Odontella sp. 1, Ailly, sample 16.55, SEM. Internal mould. Fig.
13. Trinacria excavata, Ailly, sample 43.5, SEM. Internal mould. Fig. 14. Aulacodiscus sp. 2, Ailly, sample 41,
SEM. Internal mould. Fig. 15. Aulacodiscus subexcavatus, Ailly, sample 43.5, SEM. Internal mould.

confirm this assertion, four samples were pro-
cessed and no pyritized diatoms were found in
these units - only pyrite crystals strongly
oxidized. Moreover, the Bois Gorguette Unit
comprises fluviatile sands, and no diatoms are
known to be present in this palaeoenvironment
during the Palaeocene. Further studies are
needed to confirm this assertion.

At Ailly, the 'Calcaires, marnes et lignites du
Cap d'Ailly' Unit proved to be barren of
diatoms. Four samples examined showed the
presence of pyrite but no diatoms. One possible
reason for the lack of diatoms in this unit is its
continental palaeoenvironment, which is indi-
cated by the presence of lignite horizons. This
palaeoenvironment was not suitable for diatoms
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Fig. 16. Lower Palaeogene lithostratigraphy and diatom assemblages of the Dieppe-Hampshire Basin
(diatomaceous units shown in bold) - correlations with formations of Denmark and Central North Sea.

during the Palaeogene. No fluviatile freshwater
diatoms are known prior to the Late Eocene
(Strel'nikova & Lastivka 1999).

Comparison with previous work in the
Dieppe-Hampshire and Paris basins

Bignot (1983) suggested that freshwater diatoms
evolved during the Palaeogene in the lagoonal
palaeoenvironment of the 'Sparnacian' facies.
However, during this study, no freshwater
diatoms were found, but some near-shore
species (Paralia siberica and Actinoptychus
spp.) were observed in continental deposits
from the Sorrus Unit. The near-shore ecology
of these species was demonstrated by Van der
Werff & Huls (1976), Zong (1997) and Oresh-

kina (2000). The predominance of these near-
shore diatoms in some strata is the only
indication of a strong coastal influence. In
contrast, less-abundant near-shore diatoms sug-
gest a more pronounced transgressive palaeoen-
vironment. In summary, true freshwater diatoms
have not been identified in strata older than Late
Eocene (Lohmann & Andrews 1968). Bignot
(1983) also stated that there is a low diversity of
diatoms recorded in 'Sparnacian' deposits -
contrasting with the rich assemblages observed
in the Fur Formation. Our work has shown the
contrary, with diatoms recovered in abundance
in the 'Sparnacian' deposits (more than 16
different species were found in one sample
analysed).

Bolin et al. (1982) made the first description of
pyritized diatoms in 'Cuisian' (Ypresian) sedi-
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ments from the Paris Basin. In our study, their
species (Actinoptychus spp. and Aulacodiscus
spp.) were also found in the Varengeville
Formation, which seems to correspond with
the 'Cuisian' of Bolin el al (1982). The different
Aulacodiscus species permit the attribution of
the 'Cuisian' to our D3 assemblage.

Comparison and correlation with diatom
biostratigraphy of the North Sea Basin:
Palaeocene-Eocene boundary evidence

The changes in Palaeogene diatom zonal assem-
blages, taxonomic composition, and ecological
structure dynamics in the Dieppe-Hampshire
Basin are similar to the diatomaceous deposits
of the North Sea Basin (King 1983, 1990; Mudge
& Copestake 1992; Mitlehner 1994, 1996; see
Fig. 17).

The M6 bio-event of Mudge & Copestake
(1992) is found in the Dieppe-Hampshire Basin,
and corresponds with the boundary between the
assemblages Dl and D2. This implies that the
Sele Formation (dated as Thanetian to Ypre-
sian) can be correlated with the lower 'Sparna-
cian' Formations, and the Balder Formation
with the upper part of the 'SAOM' Unit, and
may be the 'Argile glauconieuse des Craquelins'
Unit (Lower Ypresian) (Fig. 16).

The NSP4 biozone of King (1983) could be
identified in the Dieppe-Hampshire Basin. The
D2 diatom assemblage has approximately the
same boundaries as the NSP4 biozone, but the
D2 diatom assemblage shows a higher diversity
of species and a different composition from the
assemblage of NSP4. For example, Actinopty-
chus senarius and Biddulphia sp. are recorded in
the D2 diatom assemblage but not in the NSP4
biozone. The M7 bio-event of Mudge &
Copestake (1992), which corresponds with the
upper boundary of the NSP4 biozone, is not
recorded in the Dieppe-Hamsphire Basin.

If the first peak abundance of Fenestrella
antiqua is used to determine the base of the
Eocene, as suggested by Mitlehner (1996), then
this base can be placed in the vicinity of the 'Le
Goulet' Formation at Saint-Josse, and by
correlation, the end of the 'Calcaires, marnes et
lignites du Cap d'Ailly' Unit (SP2) at Ailly. It
confirms the results of the carbon isotope
analysis, which shows the presence of the
Carbon Isotope Excursion (reference of the
base of the Eocene) in the Lignite horizon LI
at the top of the SP2 Unit at Ailly (Magioncalda
et al. 2001) and in the 'Le Goulet' Unit at Ailly
(Magioncalda & Dupuis, in prep.).

Diatom assemblages from the Dieppe-Hamp-
shire Basin are similar to those encountered in
deposits from the Fur Formation of Denmark
(Homann 1991; Mitlehner 1994), the Balder
Formation (central North Sea Basin) (Malm et
al. 1984) and Eocene deposits of the southern
North Sea (Hughes 1981) (Fig. 16). Pyritized
diatom assemblages from the Ypresian sedi-
ments of Ailly are similar to the siliceous and
pyritized diatom assemblages found in Ypresian
deposits from North Germany (Benda 1965) and
Denmark in the Moler Formation (Benda 1972).
The same species are found, including Eunoto-
gramma weissei, Aulacodiscus hirtus, Aulacodis-
cus subexcavatus, Triceratium nobile, and
Stephanopyxis turris. The greatest difference is
the absence, during the Ypresian, of Coscino-
discus morsianus var. moelleri, which corre-
sponds with the Craspedodiscus moelleri
described by Benda. Some cosmopolitan species,
such as Craspedodiscus oblongus recorded in
Early Eocene deposits from the Atlantic area
(Gombos 1982), are also present in the Dieppe-
Hampshire Basin.

It seems that some taxa, such as Actinoptychus
senarius, are restricted in their paleogeographical
occurrence, depending on the palaeoenviron-
ment. Actinoptychus senarius occurs in brackish
palaeoenvironments in the Dieppe-Hampshire
Basin and is rare in the North Sea Basin.
However, Actinoptychus senarius does occur in
abundance in the lower part of the Fur Forma-
tion ('Negative Serie') in association with
abundant pennate diatoms (Mitlehner 1996),
suggesting the presence of shallower waters.
Further environmental information suggesting a
slightly brackish palaeoenvironment for the
lower part of the Fur Formation is shown by
palynological studies (e.g. Heilmann-Clausen
1985; Schroder 1992). Furthermore, a new
diatom genus, Cylindrospira, described by Mitle-
hner (1995) was also recovered from this
interval; its morphology bears striking simila-
rities to several tubular freshwater taxa, such as
Aulacoseira, found in lacustrine environments
from the Late Eocene onwards - further
suggesting lowered salinities.

The diatom assemblages found in the Saint-
Aubin Unit at Saint-Josse comprise brackish
and marine diatoms. The upper part of the
Formation of Varengeville at Ailly shows a
major change in diatom assemblages: there is a
proliferation of bipolar, triangular and oval
diatom species. This indicates a marked
increase in marine influence in the Dieppe-
Hampshire Basin during the Ypresian, as
already shown for the North Sea Basin
(Mitlehner 1996).
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Fig. 17. Comparison of latest Palaeocene and earliest Eocene North Sea diatom biozonations and the Dieppe-
Hampshire Basin diatom assemblages proposed in this work, including the main diatom marker species.

Conclusions

This study has shown that pyritized diatoms are
a good fossil marker in Palaeocene-Eocene
sediments of the Dieppe-Hampshire Basin and
have a great potential biostratigraphic value.
Despite wide variations in preservation of the
pyritized diatoms, they can often be identified
and used for correlation, age dating and
palaeonvironmental studies. This work has led

to the recognition of three major diatom
assemblages and some diatom events. The low-
ermost, Dl, occurring in Sorrus and Saint-
Aubin (lower part) units, contains essentially
circular diatoms. This assemblage is character-
ized by the abundance peak of Coscinodiscus
morsianus var. moelleri. The second, most
diverse assemblage (called D2) includes circular
and triangular species with a great diversity of
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circular diatoms, the most abundant of these
being Fenestrella antiqua. This assemblage
occurs in the Saint-Aubin (upper part) and
upper 'Sables et Argiles a Ostracodes et Mollus-
ques' units from the Sparnacian facies. The last
and most diverse assemblage (D3), including
more cosmopolitan species (Craspedodiscus
oblongus, Aulacodiscus spp.), is found in the
Varengeville Formation (Lower Eocene, Ypre-
sian). This assemblage is marked by the great
diversity of triangular species and the high
occurrence of Aulacodiscus spp., Trigonium
spp. and Trinacria spp. Diatoms confirm that
the Saint-Aubin Unit in the Saint-Josse borehole
corresponds with the lower and upper 'Sables et
Argiles a Ostracodes et Mollusques' units at
Ailly.

Our study documents the diatom assemblages
in the vicinity of the Palaeocene-Eocene bound-
ary in the Dieppe-Hampshire Basin, and per-
mits correlation between boreholes and sections.
The use of pyritized diatoms also allows
correlation of the approximate position of the
Carbon Isotope Excursion (the official reference
for the base of the Eocene) in the Dieppe-
Hampshire and North Sea basins.

Recommendations

The present study has revealed that the pyritized
diatoms are suitable for correlations and bios-
tratigraphic analysis in the Dieppe-Hampshire
Basin, as already proven for the North Sea
Basin. This work has also shown that correla-
tions between the Dieppe-Hampshire and North
Sea basins are possible owing to the diatoms. In
order to erect biozones, clarify the influence of
ecological controls and test the validity of the
diatom biozonation, it will be necessary to
examine other sections from the Dieppe-Hamp-
shire and Paris basins and boreholes from the
Belgian Basin, including a thorough investiga-
tion of the Kallo borehole and a re-examination
of the Knokke borehole.

This work was carried out as part of a Ph.D. research
project in the Geology Department of the Facultes
Universitaires Notre-Dame de la Paix of Namur. The
first author thanks C. Comet for her valuable advice
and comments in discussions during the different steps
of this work. V. Hallet is acknowledged for financial
assistance. We also thank J. P. Debar of the Centre
d'Etudes Techniques de I'Equipement Nord-Picardie,
who gave permission to use the samples of the Saint-
Josse borehole CC82. We also wish to acknowledge J.
Dagnelie and Y. Houbion for technical assistance with
the treatment of the samples.
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Abstract: Quantitative study of the ostracode assemblages from the Palaeocene to Early Eocene
succession exposed along the area of east-central Sinai extending from the Egma Plateau in the
south to Areif El Naqa in the north, using cluster analysis based on the customary presence/
absence data matrix of frequencies (the Jaccard coefficient of similarity), has resulted in the
distinction of five ecozones in the Early Palaeocene to Early Eocene intervals. Correspondence
analysis applied to the same data matrix has led to the identification of five environmental
factors affecting the distribution of the whole ostracode assemblage of the study area. These are
the time factor or vertical distribution (second latent vector), water depth (third latent vector),
degree of energy (fourth latent vector), water temperature as a function of depth (fifth latent
vector), and oxygen concentration (sixth latent vector). From this, the prevailing
palaeoenvironments in the study area during the Early Palaeocene to Early Eocene times
have been reconstructed. A distinct faunal change has been detected at the Palaeocene-Eocene
thermal maximum (PETM) as indicated by the second latent vector.

Study area and previous work

Our knowledge of the Palaeocene to Early
Eocene ostracodes from the southern realm of
the Tethys has been increased substantially
through the works of Bassiouni et al. (1977),
Boukhary et al (1982), Khalifa et al (1984),
Bassiouni & Luger (1990), Ismail (1992, 1996),
Aref (1995), Elewa et al (1999) and Morsi (1999)
in Egypt; Honigstein et al (1991), Honigstein &
Rosenfeld (1995) and Honigstein et al (2002) in
Israel; Bassiouni (1969, 1970) in Jordan; Barsotti
(1963) and Whatley & Arias (1993) in Libya;
Esker (1968), Donze et al (1982) and Peypou-
quet et al (1986) in Tunisia; and Grekoff (1969)
and Damotte & Fleury (1987) in Algeria. Other
relevant studies from areas such as West Africa,
include Apostolescu (1961), Reyment (1963,
1966, 1981), Reyment & Reyment (1980), and
Carbonnel et al (1990). However, little attention
has been paid to the Palaeocene to Early Eocene
ostracodes of Sinai. Despite the abundance of
ostracodes in strata of this age in Sinai, the only
studies are by Ismail (1996) and Morsi (1999).

The present study represents one among a
series of papers concerned with the stratigraphy,
palaeontology and geodynamics of the Upper
Cretaceous-Lower Tertiary succession in north-
eastern Egypt as part of a scientific co-operation

project between Ain Shams University, Egypt
and the University of Bremen, Germany. It deals
with the Palaeocene-Lower Eocene ostracode
fauna extracted from five stratigraphic sections
measured in the area of east-central Sinai, Egypt
(Fig. 1). The Sinai Peninsula covers an area of
approximately 61,000km2 and is separated
geographically from Egypt by the Suez Canal
and the Gulf of Suez (Jenkins in Said 1990).

The detailed lithostratigraphic description as
well as biostratigraphy of the studied sections
have been discussed in other publications (Lim-
ing et al 19980, b\ Marzouk & Liming 1998;
Morsi 1999). The ostracode systematic palaeon-
tology, biostratigraphy, palaeoecology and
palaeobiogeography have been the subject of a
separate publication (Morsi 1999). Age assign-
ments are mainly based on planktonic forami-
nifera and calcareous nannofossils described by
Liming et al (1998a, b) and Marzouk & Liming
(1998).

The aim of the present study is to establish an
appropriate palaeoecological zonation for the
Palaeocene to Early Eocene ostracodes of the
study area, using cluster analysis. Reconstruc-
tion of the palaeoenvironment, with the help of
correspondence analysis of the available ostra-
code data, is also attempted.

From: BEAUDOIN, A.B. & HEAD, MJ. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 293-308. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. Location map of the studied sections (after Morsi 1999).

Five sections, between latitudes 29°-30° 30' N
and longitudes 34°-34° 30' E, were measured and
studied (Fig. 1). These sections are:

(1) Egma Plateau (Q), between latitude
29° 25' N and longitude 34° 10' E;

(2) El Sheikh Attiya (C), between latitude
29° 15' N and longitude 34° 30' E;

(3) 10km west of Gebel Themed (K), between
latitude 29° 35' N and longitude 34° 15' E;

(4) Gebel Misheiti (F), between latitude
29° 50' N and longitude 34° 20' E;

(5) Gebel Areif El Naqa (A), between latitude
30° 25' N and longitude 34° 20' E.

Stratigraphy

The study area exposes a thick succession that
ranges in age from Triassic to Mid-Eocene, of
which only the Palaeocene-Lower Eocene sec-
tions are being studied herein. The Palaeocene-
Lower Eocene part of the succession is pre-
dominantly composed of greenish hemipelagic
marls and argillaceous limestones (the Esna
Shale of Beadnell 1905). It is overlain by a
succession of limestones, chalks and dolomites
with flint intercalations representing the Lower-
(?) Middle Eocene 'Thebes Formation' (Said

1962). The Esna Shale contains abundant
planktonic foraminifera and calcareous nanno-
fossils which permit a detailed biostratigraphic
zonation (Marzouk & Liming 1998). It uncon-
formably overlies chalks and limestones of the
Campanian-Maastrichtian Sudr Chalk (Allam
& Khalil 1988; Ziko et al 1993; Marzouk &
Liming, 1998; Liming et al. 1998(2). As described
by Marzouk and Liming (1998), this unconfor-
mity is of regional nature with varying vertical
extension around the K-T boundary and is
documented by missing biozones and/or
reworked Late Maastrichtian microfauna. The
hiatus is minimal at the El Sheikh Attiya (C)
section, where the Late Maastrichtian plank-
tonic foraminiferal Abathomphalus mayaroensis
and calcareous nannofossil Micula prinsii Zones
are followed on top by the Parvularuglobigerina
eugubina and NP1 Zones respectively. It is larger
in the section at Areif El-Naqa (A), where the
Parvularuglobigerina eugubina and the calcar-
eous nannofossil NP1 Zones are missing and the
Palaeocene begins with the Parasubbotina pseu-
dobulloides and NP2 Zones. In the Gebel
Misheiti (F) section, these latest Maastrichtian
zones are succeeded by the Palaeocene succes-
sion, which starts with the Parasubbotina pseu-
dobulloides and NP2 Zones. In the Egma Plateau
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(Q) and west of Themed (K) sections, the K—T
boundary is not exposed and the section begins
in the Palaeocene (Praemurica trinidadensis -
NP3 Zones at the Egma Plateau and Praemurica
uncinata - NP3 Zones west of Themed).

The Palaeocene-Eocene boundary lies within
the upper part of the Esna Shale. It is placed at
the planktonic foraminiferal Morozovella velas-
coensis-Morozovella edgari and the nannofossil
NP9-NP10 zonal boundaries (Marzouk & Lim-
ing 1998). The highest part of the fauna-yielding
part of the Esna Shale is not synchronous in the
studied sections. The M. edgari Zone (NP10)
represents the uppermost zone in the sections of
El Sheikh Attiya (C), west of Themed (K) and
Gebel Misheiti (F); the M. subbotinae (NP11) is
the uppermost zone at the Egma Plateau (Q). In
the Areif El Naqa (A) section, M. uncinata
(NP3) Zone is the highest recorded zone being
unconformably succeeded by (?) Middle Eocene
flinty dolomitic limestone of the Thebes For-
mation'.

The Palaeocene-Early Eocene lithological
sequence in the study area (Fig. 2) can be
divided into the following rock units in upward
sequence based on lithological features.

Esna Formation

Beadnell (1905) introduced the term 'Esna Shale'
to describe the thick shales of Gebel Aweina
near Esna. In 1960 and later in 1971, Said named
the shale outcropping in the succession of
northern Wadi Qena as the Esna Formation,
which we follow herein.

In the study area, this formation is composed
of green-grey marl and argillaceous limestone
with a white chalky interval near the top. The
Esna Formation unconformably overlies the
Maastrichtian Sudr Chalk (Allam & Khalil
1988; Ziko et al. 1993; Marzouk & Liming
1998), and equates to the Dakhla Shale
succession, the Tarawan Chalk and the Esna
Shale in the Western Desert and Nile Valley.
Allam & Khalil (1988) have introduced the
term 'Beida Formation' for the succession
outcropping at the area of Areif El Naqa.
Based on planktonic foraminifera, the age of
the Esna Formation is Palaeocene (Said 1960;
Khalifa & El Sayed 1984; Nishi et al. 1994).
However, by means of planktonic foraminifera
and calcareous nannoplankton, as well as
ostracodes, Marzouk & Liming (1998) and
Morsi (1999) assigned this formation to the
Early Palaeocene (Danian) at the base to Early
Eocene (Ypresian) at the top.

Thebes Formation

The Thebes Formation was originally described
by Said (1960) in the Gebel Gurnah area
(opposite Luxor). He later assigned the same
term to the limestone facies overlying the Esna
Formation in northern Wadi Qena (Said 1971).

In the study area, the Thebes Formation
consists of chalky, argillaceous, occasionally
dolomitic, bedded limestone with intercalations
of yellowish, brownish flint. In the Areif El
Naqa section, it consists of thick-bedded chalk
with marly interlayers, thereby differing from
the typical Thebes Formation of Said (1960).

Marzouk & Liming (1998) and Morsi (1999)
assigned the Thebes Formation to the Early
Eocene (Ypresian). However, Nishi et al. (1994)
attributed it to the Late Palaeocene to latest
Early Eocene, using planktonic foraminifera.

Material and methods

Out of 116 marl and limestone samples collected
from the five studied sections, 73 relatively soft
marl and argillaceous limestone samples yielded
well-preserved ostracodes. These ostracodes are
deposited under the name of A. M. Morsi in the
Geology Department, Faculty of Science, Ain
Shams University, Cairo, Egypt. Serial reference
numbers (S-42 to S-54) are given only to the
specimens photographed by A. M. Morsi with
the Cam Scan SEM of the FB5-Geowissenschaf-
ten, University of Bremen, Germany. Excluding
samples containing rare species (R), and having
less than five frequent occurrences in each of
these samples, we have selected 38 ostracode-
bearing samples suitable for faunal analysis.
Cluster analysis based on the Jaccard coefficient
of similarity (the group average linkage method)
was made on 38 samples having 23 ostracode
species, based on the presence/absence data
matrix, for discriminating sample groups. For
the next step, we applied the correspondence
analysis to the same data matrix, expressed as a
contingency table of frequencies with a constant
sum, to elucidate the most important environ-
mental factors affecting the distribution of the
ostracode assemblages in the study area. Inter-
pretations of the dendrogram resulted from
cluster analysis as well as the latent vectors of
the correspondence analysis were made by one
of us (A. Elewa).

The cluster analysis program, used for this
study, is contained in the BioDiversity Pro.
software (version 2), 1997. The correspondence
analysis program is included with the textbook
by Reyment & Savazzi (1999).
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Fig. 2. Correlation of the studied sections. Symbols are the same in Figure 1. Solid lines: correlation by age;
dashed lines: lithostratigraphic correlation. The 'X' symbol on section F indicates undefined portion of the
section. Different vertical scales for the different sections are used so that they all span the correct relative time
frame as given by the age column on the left.

The multivariate results separated here are in
the fixed mode not the random mode (Reyment
& Joreskog 1993): hence our conclusions arrived
at in this study cannot be extrapolated. We
analysed one particular collection of data
(sample) without regarding it as a sample from
some statistical population of objects. The
results can only be interpreted with respect to

the objects in the sample, and no inference is
made about a population larger than the actual
sample. Additionally, the components of latent
vectors are very susceptible to instability. For
this reason, we have contented ourselves with a
high level of 'significance' for the components
accepted as being verifiable.
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Brief notes on the techniques used in the
present study

Cluster analysis

Cluster analysis is the name of a group of
multivariate techniques whose primary purpose
is to identify similar entities from the character-
istics they possess. This technique has been
variously referred to as Q analysis, typology,
classification analysis and numerical taxonomy.
The most commonly used clustering algorithms
can be classified in two general categories: non-
hierarchial and hierarchial. In the non-hierachial
or the K-means method, the first step is to select
a cluster centre or seed, and all objects
(individuals) within a prespecified threshold
distance are included in the resulting cluster.
On the other hand, the hierarchial procedures
involve the construction of a hierarchy or
treelike structure. There are basically two types
of hierarchial clustering procedures: agglomera-
tive and divisive. In the agglomerative methods,
each observation starts out as its own cluster,
then the two closest clusters (or individuals) are
combined into a new aggregate cluster, and so
on until all individuals are grouped into one
large cluster. This process is shown in a
dendrogram or tree graph. In general, five
popular agglomerative procedures are used to
develop clusters: single linkage, complete link-
age, average linkage (used in the present study),
Ward's method and centroid. On the other
hand, the divisive method proceeds in the
opposite direction to agglomerative methods.
In divisive methods, the procedure begins with
one large cluster containing all observations,
and then the observations that are most dissim-
ilar are split off and turned into smaller clusters,
and so on until each observation becomes a
cluster in itself. For more information about
cluster analysis, see Everitt (1980) and Hair et al.
(1992).

Correspondence analysis

Benzecri (1973) has introduced correspondence
analysis as a graphical technique, although the
main features of the method have been known
for many years. Benzecri's unique contribution
consists of a means of scaling the axes so that the
variables (i.e. parts) can be graphically indicated
in relation to the individuals of the sample.
Reyment & Savazzi (1999) prefer to call it an
'analysis of associations' for the reason that the
French word 'correspondance' is not an exact
equivalent of the inexact English derivation - the
word 'association' being closer to the idea

involved in French. Correspondence analysis
has the advantage over other interdependent
techniques in its ability to accommodate both
non-metric and non-linear relationships. Briefly,
the aim of correspondence analysis is to obtain
simultaneously, and on equivalent scales (i.e.
dividing the data entries by the square roots of
their respective row and column totals), what we
have termed R-mode factor loadings and Q-
mode factor loadings that represent the same
principal components of the data matrix (Rey-
ment & Joreskog 1993). The method starts with
presentation of a cross-tabulation table to yield
a conditional expectation very similar to an
expected chi-square value. Then these values are
normalized, and a process much like factor
analysis defines lower-dimensional solutions.
The fundamental mathematical principle is
known as the singular value decomposition,
the properties of which were established by J. J.
Sylvester more than 120 years ago. These factors
simultaneously relate the rows and columns of
the data matrix in a single joint plot. For
detailed explanation of the technique, see
Benzecri (1973), Reyment (1991), Hair et al.
(1992), Reyment & Joreskog (1993) and Rey-
ment & Savazzi (1999).

Ostracode regional distribution

The studied ostracode fauna are mainly repre-
sented by an outer neritic to upper bathyal
assemblage (Morsi 1999). They belong to the
type recognized by Bassiouni & Luger (1990)
and Damotte (1995) as the 'South Tethyan
Type'. Many of the recorded species have a
wide distribution in the Palaeocene-Lower
Eocene strata along the southern realm of the
Tethys ocean. Among 27 species found in the
present sections, 23 were previously recorded in
different areas of North Africa and the Middle
East. Almost identical fauna are also present in
the same stratigraphic level in Algeria (Damotte
& Fleury 1987), Tunisia (Esker 1968; Donze et
al. 1982), Israel (Honigstein & Rosenfeld 1995)
and Jordan (Bassiouni, 1969, 1970). Only two
species, namely Parakrithe crolifa and Reticulina
sangalkamensis, are also known from West
Africa (Apostolescu 1961; Reyment 1981). These
two species were able to inhabit inner to outer
neritic depth ranges (Bassiouni & Luger 1990),
thus being capable of migrating between the
Southern Tethyan realm and the West African
basins through the Trans-Saharan Sea-way (for
detailed discussion see Morsi 1999).

The stratigraphic ranges of the recorded
ostracode species are given in Table 1. This
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Table 1. Stratigraphic range of the recorded ostracode species (after Morsi 1999). Solid lines: occurrences in the
area of the present study; dashed lines: other occurrences based on literature.

Campanian-
Maastricht.

Palaeocene

Early Late

Eocene

Early

Cytherelloidea attiyaensis
Pontocyprella recurva
Acanthocythereis meslei meslei
Cythereis mesa mesa
Cythereis mesa ventroreticulata
Paracosta pervinquieri
Bairdia aff. septentrionalis
Krithe echolsae

Martinicythere bassiounii
Ordoniya ordoniya
Phacorhabdotus inaequicostatus
Mauritsina coronata
Mauritsinajord. nodoreticulata
Megommatocythere denticulata
Bythocypris cf. olaredodui
Cytherella sinaensis
Cristaeleberis reticulata
Oertliella posterotriangulata
Ordoniya bulaqensis
Cytherella cf. lagenalis
Parakrithe crolifa
Paracosta parakefensis
Reticulina sangalkamensis
Mauritsina martinii
Ordoniya burmaensis
Ordoniya hasaensis
Reticulina proteros

table establishes the distinction between three
kinds of ostracode species:

(1) Species crossing the K-T boundary;
(2) Early Palaeocene species;
(3) Late Palaeocene species. These later species

are found to extend higher in the Early
Eocene.

Zonation based on palaeobiotopes

The five palaeobiotopes that were identified by
cluster analysis (Fig. 3), were first plotted on the
studied columnar sections and then extended

farther vertically and horizontally (by adding
those samples having smaller number of speci-
mens but including the same species of the five
palaeobiotopes), to define the exact ostracode
zonation existing within these sections (Fig. 4).

Palaeobiotopes 1 and 2 are restricted to the
south, whereas the other three palaeobiotopes
are widely distributed through the area under
investigation.

Each of these palaeobiotopes has its char-
acteristic ostracode species that represent a
particular environment, therefore these palaeo-
biotopes could be equated to the following
ostracode ecozones.
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Fig. 3. Dendrogram resulting from cluster analysis of 38 analysed samples. 1 to 5 are palaeobiotopes.

Cytherelloidea attiyaensis Assemblage Zone
(Fig. 5a, f&g)

Author: Defined here.
Definition: This zone is based on palaeobiotope
5 (Fig. 3). In addition to the nominate species,
Cytherella sinaensis Morsi, Martinicythere bas-
siounii Honigstein & Rosenfeld and Ordoniya
ordoniya (Bassiouni) are also common.
Type section: Bed no. 4 (marl), samples C14 to
C16 and CIS to C19 from the El Sheikh Attiya
section (C).
Occurrence: The Esna Formation; the base of
the section exposed at the Egma Plateau (Q),
samples Ql, Q7 and Q8; samples C14 to C16
and CIS to C19 from the El Sheikh Attiya
section (C); sample K14 from the section at

10km west of Gebel Themed (K); samples F36
and F38 from the Gebel Misheiti section (F).
Age: Early Palaeocene.

Cythereis mesa mesa Assemblage Zone
(Fig. 5b, c, d, f, g, j & k)

Author: Defined here.
Definition: This zone is based on palaeobiotope
4 (Fig. 3). This zone is characterized by the
consistent occurrences of Cythereis mesa mesa
Honigstein, Cytherella sinaensis Morsi, Bairdia
aff. septentrionalis Bonnema and Martinicy there
bassiounii Honigstein & Rosenfeld. Krithe echol-
sae Esker also occurs in low abundance.
Type section: Samples Q2 to Q6 of bed no. 1
(marl) at the Egma Plateau section (Q).
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Fig. 4. Distribution of the defined ostracode ecozones on the studied sections. 1, the Oertliella poster otriangulata-
Megommatocythere denticulata Assemblage Zone; 2, the Parakrithe crolifa-Cristaeleberis reticulata Assemblage
Zone; 3, the Krithe echolsae Assemblage Zone; 4, the Cythereis mesa mesa Assemblage Zone; 5, the Cytherelloidea
attiyaensis Assemblage Zone.

Occurrence: The Esna Formation; samples Q2
to Q6 from the Egma Plateau section (Q);
sample C13 and C20 at El Sheikh Attiya section
(C); samples K9, Kll and K13 at 10km west of
the Gebel Themed (K); samples F29 to F35, F37
and F40 from the Gebel Misheiti section (F).
Age: Early Palaeocene.

Krithe echolsae Assemblage Zone (Fig. 5b,
c, d, e , f & g )

Author: Defined here.

Definition: This zone is based on palaeobiotope
3 (Fig. 3). It is characterized by the frequent
occurrence of the nominate species. Martini-
cythere bassiounii Honigstein & Rosenfeld,
Bairdia aff. septentrionalis Bonnema, Phacor-
habdotus inaequicostatus Colin & Donze, Ordo-
niya ordoniya (Bassiouni) and Pontocyprella
recurva Esker consistently occur in this zone.
Type section: Bed no. 3 (calcareous shale),
samples F21 to F27 and the base of bed no. 4
(argillaceous limestone), sample F28 of the
section at Gebel Misheiti (F).
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Fig. 5. RV, right view; LV, left view; DV, dorsal view.
(a) Cytherelloidea attiyaensis Morsi; El Sheikh Attiya section, sample C12; S-42, length 0.90mm, LV.
(b-c) Bairdia aff. septentrionalis Bonnema; El Sheikh Attiya section, sample C24; S-43, length 1.62mm, width
0.85mm. (b) DV; (c) RV. (d) Krithe echolsae Esker; El Sheikh Attiya section, sample Cll; S-45, length 0.74mm,
RV. (e) Phacorhabdotus inaequicostatus Colin & Donze; Gebel Misheiti section, sample F25; S-54, length
0.61 mm, RV. (f-g) Martinicythere bassiounii Honigstein & Rosenfeld; Egma Plateau section, sample Q2; S-46,
width 0.33mm, length 0.62mm, (f) LV; (g) DV. (h) Megommatocythere denticulata (Esker); El Sheikh Attiya
section, sample C13; S-51, length 1.02mm, RV. (i) Oertliella posterotriangulata Morsi; West Themed section,
sample K3; S-52, length 0.68 mm, RV. (j & k) Cythereis mesa mesa Honigstein; Egma Plateau section, sample Q7;
S-49, width 0.40mm, length 0.90mm; (j) LV; (k) DV. (1) Mauritsina martinii Bassiouni; El Sheikh Attiya section,
sample C33; S-48, length 0.90mm, RV. (m) Cristaeleberis reticulata Bassiouni; El Sheikh Attiya section, sample
C16; S-50, length 0.91 mm, RV.
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Occurrence: The Esna Formation; the base of
sections at the El Sheikh Attiya (C), sample Cll
and at 10km west of the Gebel Themed (K),
samples Kl to K8 and K15 to K16; samples F21
to F28, F39 and F43 from the section at Gebel
Misheiti (F); samples A7 and A8 from the
section at Gebel Areif El Naqa (A).
Age: Early to Late Palaeocene.

Parakrithe crolifa-Cristaeleberis reticulata
Assemblage Zone (Fig. 5a, f, g & h)

Author: Defined here.
Definition: This zone is based on palaeobiotope
2 (Fig. 3). This zone is characterized by the
dominance of Parakrithe crolifa Bassiouni &
Luger and Cristaeleberis reticulata Bassiouni.
Martinicythere bassiounii Honigstein & Rosen-
feld also occurs in this zone.
Type section: Samples C12 and C21 of bed no.
4 (marl) at El Sheikh Attiya section (C).
Occurrence: The Esna Formation; samples C12
and C21 of bed no. 4 (marl) from the El Sheikh
Attiya section (C).
Age: Early to Late Palaeocene.

Oertliella posterotriangulata-
Megommatocythere denticulata Assemblage
Zone (Fig. 5a, b, c, e, h, i & 1)

Author: Defined here.
Definition: This zone is based on palaeobiotope
1 (Fig. 3). This zone is characterized by the
frequent occurrences of the nominate species as
well as Mauritsina coronata Esker, Bairdia aff.
septentrionalis Bonnema, Ordoniya burmaensis
(Bassiouni), Phacorhabdotus inaequico status
Colin & Donze, Cytherella sinaensis Morsi.
Mauritsina martinii Bassiouni rarely occurs in
this zone.
Type section: Samples C25 to C30 of bed no. 4
(marl) at El Sheikh Attiya section (C).
Occurrence: The Esna Formation; samples C25
to C30 of bed no. 4 (marl) from the El Sheikh
Attiya section (C).
Age: Late Palaeocene to Early Eocene.

Analysis of correspondences for defining
palaeoenvironments

Reyment (1991) stated that correspondence
analysis is appropriate for the analysis of
presence/absence data and counts in a contin-
gency table (i.e. a table of frequencies with
constant row-sums). It means that the sums of
the rows are all about 100, because the method
was specifically devised for the analysis of

contingency tables, the entries in which may be
interpreted as probabilities, and hence have a
constant sum. Correspondence analysis is
entirely graphical, in that the reason for doing
the analysis is to look for clustering in the data
and to look for a relationship between the
variables (parts) and the data-points (see Rey-
ment & Savazzi 1999).

In the present study, 38 ostracode-bearing
samples, were selected and treated by correspon-
dence analysis for 23 ostracode species to extract
the effective latent roots of the data matrix. The
results are summarized in Table 2. This table
shows that the first five latent roots account for
about 59% of the variance. This contains
adequate information for modelling the
palaeoenvironmental patterns of the ostracode
faunas in the study area. Notice that the first
latent root is lost because of the effects of the
contingency table and the effect of scaling (see
Reyment & Savazzi 1999), thus, the second
latent root becomes the first real and interpre-
table latent root.

The five latent roots were examined by
comparing their associated vectors (Figs 6a-d).
From these figures it was possible to reach an
appropriate results about the most important
factors affecting the distribution of the ostra-
code assemblages of the study area. The second
latent vector (Fig. 6a) is successful in identifying
species that range from Late Palaeocene into the
Early Eocene (with high positive second latent
vector), such as Reticulina proteros Bassiouni
(no. 60) and R. sangalkamensis (Apostolescu)
(no. 61), from the remaining species restricted to
Palaeocene (with low positive second latent
vector). In other words, this latent vector
represents the time factor. It is remarkable that
Reticulina proteros Bassiouni and R. sangalk-
amensis (Apostolescu) are close to sample C34
(no. 21). This is the most recent sample of the 38
analysed and is located at the top of bed no. 4
(Marl), near the contact between the Late
Palaeocene and the Early Eocene of the section
at El Sheikh Attiya (see Fig. 2). This sample

Table 2. Summary of correspondence analysis. Latent
roots 7 to 20 are not included because they do not add
significantly to the explained variance.

No.

2
3
4
5
6

Latent root

0.48981
0.27059
0.20598
0.19687
0.16663

Variance
per cent

21.727
12.003
9.137
8.733
7.391

Cumulative
per cent

21.727
33.730
42.867
51.600
58.991
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Fig. 6a-d. Plot of second v. third, fourth, fifth, and sixth axes of correspondence, respectively, (a) time factor for
the second axis and water depth for the third axis, (b) degree of energy for the fourth axis; (c) water temperature
as a function of depth for the fifth axis; (d) oxygenation for the sixth axis. Points 1-38 represent samples and
points 39-61 represent species.

shows changes in the ostracode fauna at the
Palaeocene-Eocene thermal maximum (PETM)
in the study area as indicated by the second
latent vector.

The same graph (Fig. 6a), shows that the third
latent vector groups the species according to
their water depth. It could separate middle to
outer shelf species (with high positive third
latent vector) from outer shelf to upper bathyal
ones (with high negative third latent vector). The
middle to outer shelf species are Cristaeleberis

reticulata Bassiouni (no. 56); Cythereis mesa
ventroreticulata Honigstein (no. 55), according
to Bassiouni & Luger (1990) who assigned a
species belonging to the genus Cristaeleberis to
the middle to outer shelf and Keen et al. (1994)
who pointed out that species with a localized
distribution (like Cythereis mesa ventroreticu-
lata) probably indicate infraneritic depths.
Those with outer shelf to upper bathyal depths
include: Reticulina proteros Bassiouni (no. 60);
R. sangalkamensis (Apostolescu) (no. 61); Maur-
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itsina jordanica nodoreticulata Bassiouni (no. 51)
and Paracosta parakefensis Bassiouni & Luger
(no. 58), according to Bassiouni & Luger (1990)
and Donze et al. (1982). The shallower species
are close to samples C12, C21 and C25 (nos 10,
18 and 19 in the graph Fig. 5a) of the section at
El Sheikh Attiya (C) (Fig. 2). Those species
indicating deeper zones are close to samples F32
and F33 (nos 30 and 31) of the section at Gebel
Misheiti (F) (Fig. 2).

The fourth latent vector (Fig. 6b) separates
between species indicating turbulent, rather
shallow-water conditions (with high positive
fourth latent vector) and those confined to
tranquil, deep-water conditions (with high nega-
tive fourth latent vector). The first group is
represented in the graph by species inhabiting
infraneritic depths, such as Cythereis mesa
ventroreticulata (no. 55) (Keen et al. 1994). The
second group represents species living in outer
shelf to upper bathyal depths, according to
Bassiouni & Luger (1990), Keen et al. (1994) and
Morsi (1999). These include Mauritsina coronata
(no. 57), Ordoniya burmaensis (Bassiouni) (no.
59), Paracosta parakefensis (no. 58), Cytherelloi-
dea attiyaensis Morsi (no. 53) and Krithe
echolsae. Notice from the graph that Cythereis
mesa ventroreticulata is very close to sample K2
(no. 22) of the section located at 10km west of
Themed (K), while the species belonging to the
deeper zones are close to samples C25 and C26
(nos 19 and 20 in the graph, respectively) of the
section at El Sheikh Attiya (C).

The fifth latent vector (Fig. 6c) is clearly
successful in distinguishing between species
(with high positive fifth latent vector) occupying
the outer circum-littoral (125-200 m; Keen et al.
1994) to outer shelf (deep infraneritic; Bassiouni
& Luger 1990) such as Mauritsina coronata (no.
57) and those (with high negative fifth latent
vector) occupying the upper bathyal zones such
as Acanthocythereis meslei meslei Donze & Oertli
(no. 54), which is characterized by its high
spinosity and Paracosta parakefensis (no. 58),
see Benson (1975), Donze et al. (1982) and
Bassiouni & Luger (1990). On the other hand,
Athersuch et al. (1989) recognized a species
belonging to the genus Acantho cythereis within a
group of species that prefer to live in colder
water in the southern limits of the British Isles.
Many species of this group also live in Arctic
waters. From these notes, it seems that the fifth
latent vector could differentiate between species
inhabiting the outer circum-littoral zones with
warm-water conditions (samples C25 and C26;
nos 19 and 20 in the graph, respectively) of the
section at El Sheikh Attiya (C) and those
preferring to live in upper bathyal zones with

colder waters (sample C16; no. 14). In conclu-
sion, this latent vector represents the water
temperature as a function of depth.

The sixth latent vector (Fig. 6d) prominently
discriminates between Acanthocythereis meslei
meslei Donze & Oertli (no. 54) (with high
positive sixth latent vector) that prefer well-
oxygenated water conditions from those (with
high negative latent vector) in poorly oxyge-
nated conditions, including Paracosta parake-
fensis (no. 58), Parakrithe crolifa Bassiouni &
Luger (no. 52), Cytherelloidea attiyaensis Morsi
(no. 53) and Cristaeleberis reticulata Bassiouni
(no. 56), according to Peypouquet (in Donze et
al. 1982), Peypouquet et al. (1986) and Whatley
(1991). It is clear that those species associated
with poorly oxygenated conditions are close to
sample C21 (no. 18 in the graph). It seems that
this latent vector represents the oxygenation of
water.

History of environmental conditions of the
study area

The studied succession ranges in age from
Palaeocene to Early Eocene. The Palaeocene is
restricted to the Esna Formation, while the
Early Eocene is included within both the Esna
and Thebes formations (Fig. 2).

Using correspondence analysis and the dis-
tribution of the identified ostracode assemblages
(Fig. 7), the palaeoenvironmental history of the
study area was reconstructed as follows:

Sample C16, of the Cytherelloidea attiyaensis
Assemblage Zone and containing Acantho-
cythereis meslei meslei, has a negative fifth latent
vector indicating a distinct fluctuation of the
water temperature in outer shelf to upper
bathyal depths.

Samples F32 and F33, of the Cythereis mesa
mesa Assemblage Zone, were deposited under
outer shelf to upper bathyal depths (negative
third latent vector).

Sample K2, of the Krithe echolsae Assemblage
Zone, shows turbulent water conditions (posi-
tive fourth latent vector).

Samples C12 and C21, of the Parakrithe
crolifa-Cristaeleberis reticulata Assemblage
Zone, were deposited under middle to outer
shelf environments (positive third latent vector)
and reduced oxygen content of water (negative
sixth latent vector).

Samples C25 and C26, of the Oertliella
posterotriangulata-Megommatocythere denticu-
lata Assemblage Zone, were deposited under
outer shelf to upper bathyal depths (negative
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Fig. 7. Distribution of the second to sixth latent vectors on the studied sections. 2, positive second latent vector;
3, positive third latent vector; (c) negative third latent vector; 4, positive fourth latent vector; (d) negative fourth
latent vector; 5, positive fifth latent vector; (e) negative fifth latent vector; 6, positive sixth latent vector; (f)
negative sixth latent vector.

third latent vector) associated with calm water
conditions (negative fourth latent vector), warm
water (positive fifth latent vector) and good
oxygenation (positive sixth latent vector).

The analysis (Table 3) suggests that during the
Early Palaeocene (the interval of the Acantho-
cythereis meslei meslei Donze & Oertli), the
whole succession was affected by a distinct
fluctuation of water temperature in the outer
shelf to upper bathyal environments. This
interval is dominated by the Cytherelloidea

attiyaensis Assemblage Zone and the Cythereis
mesa mesa Assemblage Zone. Although Cyther-
elloidea is generally known from shallow, warm
waters, species belonging to this genus have been
recognized by Bassiouni & Luger (1990) from
the outer infraneritic depths, as indicated by
their accompanying foraminifera (see Morsi
1999). In the interval from Early to Late
Palaeocene, the succession shows almost calm,
warm, well-oxygenated water conditions in the
outer shelf to upper bathyal environments,
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Table 3. Summary of the proposed palaeoenvironmental conditions of the study area.

Sample
no.

C25
and C26

C12
and C21

K2

F32 and
F33

C16

Age

Late Palaeocene
to Early Eocene

Early to Late
Palaeocene

Early to Late
Palaeocene

Early
Palaeocene

Early
Palaeocene

Biotope
no.

1

2

3

4

5

Ecozone

Oertliella posterotriangulata-
Megommatocy there
denticulata

Parakrithe crolifa-
Cristaeleberis reticulata

Krithe echolsae

Cythereis mesa mesa

Cytherelloidea attiyaensis

Latent vector

Negative third,
negative fourth,
positive fifth
and positive sixth

Positive third anc
negative sixth

Positive fourth

Negative third

Negative fifth

Environment

Calm, well-oxygenated
conditions as outer shelf
to upper bathyal depths

I Reduced oxygen content
of water in middle to
outer shelf environments

Turbulent water
conditions

Outer shelf to upper
bathyal depths

Fairly cold water
conditions at outer
shelf to upper bathyal
depths

except for the intervals dominated by the
Parakrithe crolifa-Cristaeleberis reticulata
Assemblage Zone, in the south (section C),
which is characterized by reduced oxygen con-
tent of water in middle to outer shelf environ-
ments. Normal marine conditions in outer shelf
to upper bathyal depths prevailed during the
Late Palaeocene. Species extending to the Early
Eocene, such as Megommatocythere denticulata,
Mauritsina martini and Ordoniya burmaensis, are
included within the Oertliella posterotriangulata-
Megommatocythere denticulata Assemblage
Zone (samples C25 to C30), representing normal
marine conditions. However, the most recent
sample in the 38 analysed samples (C34), which
has a positive fourth latent vector (indicating
turbulent conditions), contains species that
survived to Early Eocene times (e.g. Reticulina
sangalkamensis and R. proteros). Generally, the
latter species were recognized within more recent
samples (of Early Eocene age). Thus, during
Early Eocene times, there was a gradual change
from tranquil to turbulent marine conditions.

In general, a distinct change in the fauna has
been detected at the Palaeocene-Eocene thermal
maximum (PETM) as indicated by the second
latent vector which separates species restricted
to Late Palaeocene times from those that
survived to Early Eocene times.

Conclusions

The present study of ostracode faunas from the
Palaeocene to Early Eocene sediments of east-
central Sinai has enabled the distinction of five
ecozones: Cytherelloidea attiyaensis Assemblage
Zone (Early Palaeocene), Cythereis mesa mesa

Assemblage Zone (Early Palaeocene), Krithe
echolsae Assemblage Zone (Early to Late
Palaeocene), Parakrithe crolifa-Cristaeleberis
reticulata Assemblage Zone (Early to Late
Palaeocene) and Oertliella poster otriangulata-
Megommatocythere denticulata Assemblage
Zone (Late Palaeocene to Early Eocene). Water
depth, turbulence, water temperature, and the
dissolved oxygen content of water were probably
the most important environmental factors
affecting the distribution of ostracode assem-
blages in the study area.

The results indicate that faunal change in
these ostracode assemblages is due to the change
in their distribution, as a result of changes in the
environmental conditions, rather than origina-
tion or extinction. This result seems reasonable,
because many species that disappeared below or
at the Late Palaeocene-Early Eocene boundary
in the study area were recognized at that
boundary or even higher in other provinces
from North and West Africa and the Middle
East (see Morsi 1999; Elewa 2002).
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Dinoflagellate cyst record of the Eocene-Oligocene boundary succession in
flysch deposits at Leluchow, Carpathian Mountains, Poland
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Abstract: Organic-walled dinoflagellate cysts from Eocene-Oligocene transitional deposits have
been studied in a section at Leluchow, Flysch Carpathians, Poland. The Eocene-Oligocene
boundary, as based on dinoflagellate cyst distribution, is placed in the upper part of the
Leluchow Marl Member. The main biostratigraphic events associated with this boundary
interval are the highest occurrence of Areosphaeridium michoudii and Areosphaeridium
diktyoplokum, and the lowest occurrence of Wetzeliella gochtii. Distinct changes in
dinoflagellate cyst assemblages and palynofacies across the Eocene-Oligocene boundary at
Leluchow imply a drop in relative sea-level within the Carpathian flysch basin that might
correlate with a major eustatie fall during the earliest Oligocene. A drop in sea surface
temperature is recognized prior to the Eocene-Oligocene boundary, and evidence is presented
for an increase in nutrient level and decrease in salinity within the photic zone during the earliest
Oligocene.

The Eocene-Oligocene transition in the Flysch
Carpathians is marked by a distinct facies
change. The Upper Eocene is developed as
turbiditic and/or hemipelagic, mainly light-
coloured sediments, which were deposited in
relatively well-oxidized settings at depths below
the carbonate compensation depth (CCD). In
contrast, dark-coloured bituminous deposits
(the Menilite Beds sensu lato) represent the
Lower Oligocene. Pale-coloured marly deposits
- the Sub-Menilitic Globigerina Marl - usually
separate these two lithofacies (Leszczynski 1997,
fig. 2). Such a significant transformation of
facies must have been related to prominent
palaeoenvironmental changes in the Carpathian
flysch sea. An attempt to reconstruct these
changes as recorded in the Leluchow section
was the objective of this study. For this purpose,
the analysis of palynofacies and organic-walled
dinoflagellate cyst (hereafter 'dinocyst') distribu-
tion was applied, and the results have been
compared to those from other Eocene-Oligo-
cene transitional successions in more external
tectonic units of the Flysch Carpathians.

Geological setting

The uppermost Eocene-lowermost Oligocene
interval of the Sub-Menilite Globigerina Marl
(Olszewska 1985; Leszczynski 1997) reaches up
to 25 metres in thickness, and is widely

distributed throughout the Flysch Carpathians
(Blaicher el al 1963; Rogl & Steininger 1983). It
is known from the Polish Flysch Carpathians in
tectonic units that occur north of the Magura
Nappe (so-called 'external units'; Fig. 1). How-
ever, it has not yet been recognized in the
Magura Nappe itself, the southernmost and
largest tectonic unit, where these marly deposits
have possibly been replaced by thick-bedded
turbiditic sedimentation that dominated Late
Eocene deposition in the Magura Basin (N.
Oszczypko 1992). The equivalent of these marls,
the Leluchow Marl Member, has been found
only at one place in the Polish part of the
Magura Nappe, at Leluchow (Fig. 2). Similar
deposits were reported from neighbouring Slo-
vakia (Swidzinski 1934; Oszczypko-Clowes
1998). The Leluchow Marl Member passes
upwards into the Smereczek Shale Member,
which is an equivalent of the Menilite Beds in
external units (Birkenmajer & Oszczypko 1989).

Swidzinski (1939, 196la) included these marly
deposits in the Richvald Series, where, according
to him, they crop out in tectonic windows.
Ksiazkiewicz & Lesko (1959) regarded these
deposits as the youngest strata of the Magura
Nappe in this area. They noted the presence of
possible tectonic discontinuities between the
deposits representing the Richvald Series and
the Magura Nappe, but they hesitated to define
the exact relationship between these units

From. BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 309-324. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Fig. 1. Tectonic sketch-map of the Polish Carpathians (after Ksiazkiewicz 1977) with location of the study area
(arrowed).

Fig. 2. Location of the Eocene-Oligocene boundary section at Leluchow (arrowed; latitude: 49° 20; N, longitude:
20° 56' E).
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(Ksi^zkiewicz & Lesko 1959, p. 776). Birkenma-
jer & Oszczypko (1989) included the studied
deposits within the basal part of the Malcov
Formation.

The age of the Leluchow Marl Member and
the Smereczek Shale Member at Leluchow was
studied by means of planktonic foraminifera
(Malata in Oszczypko et al. 1990) and calcareous
nannoplankton (M. Oszczypko 1996; Oszc-
zypko-Clowes 1998, 1999). The results, although
inconsistent for the calcareous nannoplankton,
suggest a Late Eocene age for at least the lower
part of the Leluchow Marl Member, and an
Early Oligocene age for the Smereczek Shale
Member.

Material

The studied deposits (49°20'N, 20°56/E) are
exposed along the left slope of the Poprad River
Valley at Leluchow. They crop out in a country
road-cutting above an old orthodox church at
Leluchow (Fig. 2; Oszczypko-Clowes 2001, fig.
31). The outcrop is technically disturbed and the
boundary between the studied deposits and the
subjacent Magura Formation is not exposed. The
Leluchow Marl Member is developed as reddish
and olive-greenish marls with green shales at the
bottom. Greenish, brownish-spotted marls occur
in the uppermost part of this member. The
Smereczek Shale Member is composed of poorly
calcareous dark-brownish, siliceous shales with
non-calcareous hornstones (Fig. 3). Seventeen
samples were taken from studied deposits: their
position is indicated in Figure 3.

Methods

The samples were processed following standard
palynological procedure, including 38% hydro-
chloric acid (HC1) treatment, 40% hydrofluoric
acid (HF) treatment, heavy liquid (ZnCl2 + HC1;
density 2.0gem3) separation, ultrasound for 10-
15 s and sieving at 15 /mi on a nylon mesh. A 10-
minute 100% fuming nitric acid (HNO3) treat-
ment was applied to samples Lchl5, Lchl7 and
LchlS. Two microscope slides were made from
each sample (four slides for samples Lchl6,
Lchl7 and LchlS) using glycerine jelly as a
mounting medium. The quantity of rock pro-
cessed depended on the amount of organic
matter suspected: 80-100 g for reddish marl,
20-30 g for olive-greenish marl and shale and
10 g for bituminous brownish shale. The rock
samples, palynological residues and slides are
stored in the collection of the Institute of
Geological Sciences, Polish Academy of
Sciences, Krakow.

Fig. 3. Simplified lithology and lithostratigraphy of
the section at Leluchow (lithostratigraphy after
Birkenmajer & Oszczypko 1989), including the posi-
tion of investigated samples.

Palynomorphs and phytoclasts were counted
up to a total of 500. Additionally, all dinocysts
were counted from one slide. The second slide
was scanned for additional dinocyst taxa. In the
case of samples Lchl6, Lchl7 and LchlS, four
slides were counted for dinocysts, due to the
dilution of dinocysts by plant remains.
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Results

Ten of the 17 samples analysed were found to
contain dinocysts. The dinocyst distribution and
palynofacies changes through the studied suc-
cession are shown in Figures 4 & 5 respectively.
An alphabetical species list of dinocyst taxa
found in the Leluchow section is provided in
Appendix I. Selected dinocyst taxa are illu-
strated in Figures 6-8.

Leluchow Marl Member

The two lowermost samples, Lch2 and Lch3
(greenish marly shales), contain frequent dino-
cysts. They represent 20-15% of the palynofa-
cies, with opaque phytoclasts up to 80%.
Sporomorphs and translucent structured phyto-
clasts occur in trace amounts only (Fig. 5). The
most frequent dinocysts in this interval are
Corrudinium incompositum and Impagidinium
spp. (10-20%), Deflandrea spp. (10-15%), Het-
erosphaeridium sp. A (45% in sample Lch2),
Spiniferites spp. in sample Lch2, and Achomo-
sphaera alcicornu in sample Lch3.

The reddish marls are barren (samples Lch 4
and Lch5), whereas the palynofacies of the
greenish-olive marls just above the reddish marls
is composed entirely of opaque phytoclasts
(Lch6 and Lch7). Higher within the greenish-
olive marls, samples Lch8-ll are characterized
by frequent dinocysts, which represent 30-50%
of the palynofacies. The dinocyst assemblages
from this part of the section show the highest
species richness. The most frequent dinocysts in
this interval are Impagidinium spp. (more than
30% in the lower part) and Deflandrea spp.
(above 30% in the upper part). Stoveracysta! sp.
sensu Brinkhuis (1992) occurs as the most
frequent taxon in sample Lch9 - 28%. Impagi-
dinium becomes relatively more frequent in the
higher part of the greenish-olive marl interval
(sample Lchll), and is the only dinocyst found
in the highest part (sample Lch 12). Sporo-
morphs and translucent-structured phytoclasts
occur subordinately, although they are more
frequent than in the lowermost samples (Fig. 5).
They are absent from the highest sample Lch 12.

The reddish marls from the upper interval
(sample Lch 13) contain opaque phytoclasts
only. A similar palynofacies occurs in the
lowermost part of the second greenish-olive
marl interval (sample Lchl4; Fig. 5). Two
palynofacies types occur higher within this
greenish-olive marl interval (samples Lch 15
and Lch 16). The palynofacies of the lower
sample, Lchl5, is dominated by dinocysts
(almost 70%), and is composed of an almost

Fig. 4. Dinocyst distribution in the Leluchow section
(taxon numbers refer to the species list in Appendix I).
The inferred age is based on dinocysts (this study, Fig.
9). Line widths reflect the number of specimens
counted.

monospecific assemblage of Adnatosphaeridium
(Fig. 5). Impagidinium, Spiniferites and Defla-
ndrea occur subordinately, representing only a
few per cent of the dinocyst assemblage.
Sporomorphs and translucent-structured phyto-
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Fig. 5. Palynofacies of the Leluchow Marl Member and the Smereczek Shale Member from the Leluchow section
(photographs of palynofacies from samples near the Eocene-Oligocene boundary are shown).

clasts represent only a few per cent of the
palynofacies. The highest part of the Leluchow
Marl Member (sample Lchl6) is characterized
by a palynofacies comprising 90% translucent-
structured phytoclasts and sporomorphs (mainly
bisaccate pollen grains). Among the infrequent
dinocysts present (1-2% of the palynofacies),
members of the Wetzeliellaceae, together with
Deflandrea and Spiniferites are the most com-
mon (Fig. 5).

Smereczek Shale Member

The palynofacies of these bituminous shales is
similar to that of the highest sample in the
Leluchow Marl Member (Lchl6). Terrestrial
elements (plant remains and sporomorphs;
Fig. 5) predominate. The dinocysts found in
the lower sample (LchlT) are, as with sample
Lchl6, dominated by Wetzeliella, Deflandrea
and Spiniferites. The prasinophycean alga
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Fig. 6. Selected dinocysts from the Leluchow section. Scale bar in (a) represents 15/mi and refers to all other
photomicrographs. Slide code and England Finder references are given, (a) Adnatosphaeridium aff. vittatum,
Lchl6a, E39/3; (b) Adnatosphaeridium multispinosum, Lchl6a, C37/1; (c) Operculodinium divergens, Lchllb, C42/
3; (d) Areosphaeridium michoudii, Lch3a, P29/4; (e) Turbiosphaera symmetrica, Lchl6a, Q43/3; (f) Operculodinium
microtriainum, LchSb, O33/4; (g) Nematosphaeropsis labyrinthus, LchlTc, D47/4; (h) Nematosphaeropsis
lemniscata, LchSa, D30/1-2; (i) Nematosphaeropsis reticulensis, LchSb, E35; (j) Corrudinium incompositum,
Lch2a, C33/C34; (k) Impagidinium dispertitum, Lch3, B41/1; (1) Impagidinium velorum, LchlOa, H30/3; (m)
Impagidinium aff.japonicum, Lch9a, F43/2; (n) Impagidinium sp. B, Lch2a, O32/2; (o) Achomosphaera alcicornu,
LchSa, F34/4.
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Fig. 7. Selected dinocysts from the Leluchow section. Scale bar in (a) represents 15^m and refers to all other
photomicrographs. Slide code and England Finder references are given, (a & e) Rottnestia borussica, Lchl6a,
U37/2, a - focus on epicyst, e - focus on hypocyst; (b) Thalassiphora aff. delicata, Lchl6b, J45/3; (c)
Hystrichosphaeropsis sp., LchSa, B50/3; (d) Stoveracystcft sp. sensu Brinkhuis 1992, Lch9a, T46/4; (f)
Areosphaeridium diktyoplokum, LchSb, N36/3; (g) Gelatia inflata, LchlOa, S36; (h) Samlandia chlamydophora,
LchlOa, T46/1-3; (i) Homotryblium plectilum, LchSb, V40/3; (j) Hystrichosphaeropsis rectangular is, LchlOa, O29/
2; (k) Pentadinium goniferum, Lch2b, Q31/4; (1) Pentadinium laticinctum subsp. granulatum, LchlOa, C31/4; (m)
Pentadinium laticinctum, LchSa, S50.



316 P. GEDL

Fig. 8. Selected dinocysts from the Leluchow section. Scale bar in (a) represents 15/mi and refers to all other
photomicrographs. Slide code and England Finder references are given, (a, b & c) Deflandrea sp., LchSa, U38;
LchlOa, E42; Lchl6a, C46; (d) Heterosphaeridium sp. A, Lch2a, D44/1-2; (e) Phthanoperidinium chalossense,
LchlOa, Q31/4; (f) Vectidinium sp., Lchl6a, O36/4; (g & k) Wetzeliella gochtii, LchlSa, X32/3-4; Lchl7b, P30/1;
(h) Lentinia serrata, Lchl Ib, T36/4; (i) Svalbardella sp., LchlTa, V30/3-4; (j & 1) Wetzeliella symmetrica, Lchl5b,
D39/1-3; LchlTc, Q35/2; (m) Charlesdowniea coleothrypta, LchlSa, C30/1-2; (n) Charlesdowniea clathrata,
LchSa, X42/2; (o) Charlesdowniea coleothrypta subsp. rotundata, Lchl5a, W35.
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Pterospermella occurs in sample Lchl7. No
aquatic palynomorphs were found in the highest
sample, LchlS.

Age interpretation and the position of the
Eocene-Oligocene boundary

The presence of Areosphaeridium michoudii and
Areosphaeridium diktyoplokum, and the lack of
Oligocene taxa in the studied section, up to the
sample Lchll inclusive, together indicate a Late
Eocene age. The highest occurrence of Areo-
sphaeridium michoudii in the North Sea is
tentatively correlated with the top of calcareous
nannoplankton Zone NP18 (Bujak 1994; Bujak
& Mudge 1994). This species occurs in that part
of the Leluchow section assigned to the NP19/20
Zone (continuous presence of Isthmolithus
recurvus in the Leluchow Marl Member; M.
Oszczypko 1996). Thus, Areosphaeridium
michoudii has a possibly diachronous last
appearance, becoming extinct later in lower
latitudes.

Lack of dinocysts in samples Lchl2-14 does
not allow the age of this narrow interval to be
estimated. An Early Oligocene age can tenta-
tively be suggested for the remaining part of the
succession above sample LchlS, where Wetze-
liella gochtii has its lowest occurrence. Costa &
Downie (1976) suggested that the lowest occur-
rence of Wetzeliella gochtii is in the upper part of
Zone NP22 or possibly in NP21 according to
Costa (in Van Couvering et al 1981, p. 338).
Powell (1992) stated that this event occurs at the
base of NP22. These datings were based on
evidence from Northwestern Europe and the
North Atlantic, where the Eocene-Oligocene
transitional interval is often devoid of dinocysts
(e.g. Chateauneuf & Gruas-Cavagnetto 1978;
Costa & Downie 1979; Manum et al. 1989).
Brinkhuis (1992) found the lowest occurrence of
Wetzeliella gochtii in the Mediterranean within
his Reticulatosphaera actinocoronata Interval
Zone calibrated with the middle part of NP21
Zone (=CP16B Subzone of Okada & Bukry
1980). In the same sample, LchlS, Areosphaer-
idium diktyoplokum has its highest occurrence in
the studied succession. This event is widely
associated with the Eocene-Oligocene boundary
(e.g. Biffi & Manum 1988; Williams et al. 1993;
Stover et al. 1996). In the Mediterranean area, as
well in NW Europe, these two events are not
coincident: Areosphaeridium diktyoplokum has
its highest occurrence below the lowest occur-
rence of Wetzeliella gochtii, and the latter event
is reported from the Lower Oligocene (Powell

1992; Brinkhuis 1994; Wilpshaar et al. 1996).
The co-occurrence of Areosphaeridium diktyo-
plokum and Wetzeliella gochtii in the same
sample may be interpreted as reworking of the
former species. However, Wetzeliella gochtii was
found in the Polish Flysch Carpathians in the
upper part of the Sub-Menilitic Globigerina
Marl in Znamirowice (sample no. 6 of Bujak in
Van Couvering et al. 1981). This sample was
dated by Aubry (in Van Couvering et al. 1981) as
the uppermost part of NP 19/20 Zone, i.e. as
Upper Eocene. Hence, it is likely that Wetzeliella
gochtii had already appeared in the Carpathian
Basin by the latest Eocene.

The internationally ratified Eocene-Oligocene
boundary is placed in the Massignano section
(Apennines), where Hantkenina spp. have their
highest occurrence (for discussion and earlier
citations, see Berggren et al. 1995). This event
was correlated by Brinkhuis & Biffi (1993) using
dinocysts with the middle part of the Priabonian
in the boundary stratotype at Priabona (Barbin
& Bignot 1986). The dinocyst event coinciding
with the top of the Priabonian is the highest
occurrence of Areosphaeridium diktyoplokum,
designated as the Eocene-Oligocene boundary
event by Brinkhuis & Vissher (1995). This
criterion is applied in the present paper. There-
fore, the Eocene-Oligocene boundary is tenta-
tively placed at, or close to, sample Lchl5. This
interpretation agrees with data obtained by
Malata (in Oszczypko et al. 1990) based on the
foraminifera. The undivided Eocene-Oligocene
interval of Malata's study correlates with the
inferred Eocene-Oligocene boundary interval
based on dinocysts (Fig. 9). The age interpreta-
tion based on calcareous nannoplankton varies
depending on the particular paper consulted
(Fig. 9). The dinocyst-based age interpretation is
comparable to the calcareous nannoplankton-
based age interpretation of M. Oszczypko
(1996). Her interpretations in later papers
(Oszczypko-Clowes 1998, 1999) seem unjusti-
fied. An Upper Eocene Zone NP19/20 was
originally recognized, based on the presence of
species such as Discoaster barbadiensis and
Discoaster saipanensis (M. Oszczypko 1996). In
later papers (Oszczypko-Clowes 1998, 1999),
these records were arbitrarily treated as recycled,
although no evidence of their being reworked
was mentioned earlier (M. Oszczypko 1996, p.
12), and the Leluchow Marl Member was
interpreted to comprise NP 19-20 (pars?) to
NP22. Most of the equivalents of the Sub-
Menilite Globigerina Marl in the Carpatho-
Alpine belt are no younger than NP21 (Leszc-
zynski 1997, tables 2 and 5).



318 P. GEDL

Fig. 9. Inferred age of the Leluchow section based on dinocyst events. Comparison with interpretations of
previous micropalaeontological studies is given.

Palaeoenvironmental changes across the
Eocene-Oligocene boundary succession at
Leluchow

Sedimentary setting and changes in nutrient
levels

The frequent occurrence of Impagidinium and
Nematosphaeropsis, of which modern and fossil
representatives are known from oceanic settings
(Wall et al 1977; Harland 1983; Dale 1996;
Rochon et al 1999; Vink et al 2000), in the
Leluchow Marl Member indicates that this unit
was deposited in an open-water environment
(Fig. 10). The fossil species Corrudinium incom-
positum, morphologically similar to Impagidi-
nium, is included in this group. The presence of
oceanic species and marine palynofacies suggest
pelagic sedimentation. Fluctuations of palyno-
facies and dinocyst assemblages in relation to
lithology (red-green alternation of marls; Fig. 5)
reflect changing bottom-water conditions. Red-
dish marls devoid of dinocysts represent pelagic
sedimentation with highly aerobic bottom con-
ditions in which dinocysts became oxidized.
Greenish marls, which presumably represent
diluted distal turbidite (hemipelagic) deposits

(Leszczynski 1997, fig. 3), were favourable for
dinocyst preservation. Influxes of organic matter
changed the aerobic conditions on the sea-floor
or accelerated burial rates.

Dinocyst assemblages from the investigated
site show a progressive vertical change in their
composition. Impagidinium species and Corrudi-
nium incompositum, the only oceanic dinocysts in
the lower part of the section, are steadily
replaced by Nematosphaeropsis until the latter
form dominates in the uppermost part of the
Leluchow Marl Member and in the overlying
Smereczek Shale Member (Fig. lla). This seems
to reflect a decreasing oceanic influence with
time, because Nematosphaeropsis is tolerant of
mesotrophic environments, whereas Impagidi-
nium is limited to oligotrophic waters (Dale
1996; Vink et al. 2000).

An increase in nutrient levels in the highest
part of the Leluchow Marl Member and in the
overlying Smereczek Shale Member is also
marked by the appearance of frequent Peridi-
nialeans (Fig. lib). Representatives of the
genera Deflandrea and Wetzeliella together
dominate this interval (Fig. 10), and have been
associated with eutrophic environments (Kothe
1990; Brinkhuis 1994). Eutrophication of the
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Fig. 10. Quantitative distribution of selected dinocyst morphogroups in relation to sediment type (dark line
placed in sample Lchl5 indicates the inferred Eocene-Oligocene boundary).

photic zone close to the Eocene-Oligocene
boundary seems to be related to freshwater
influx. This is interpreted from the analysis of
the palynofacies assemblages, which are entirely
composed of terrestrial elements, in contrast to
the lower part of the section (Figs 5 & lid).
Brackish surface waters are therefore envisioned.
Further progressive decrease in salinity of the
surface waters would have resulted in unfavour-
able conditions for dinoflagellates - the highest
sample LchlS taken from the Smereczek Shale
Member is devoid of dinocysts (Figs lla & c).

This rapid change in palynofacies, starting in
sample Lchl6, seems to represent river input
and implies a fall in relative sea-level. The
change occurs just above the Eocene-Oligocene
boundary, as interpreted by the highest occur-
rence of Areosphaeridium diktyoplokum in sam-
ple LchlS immediately below. This event may be
correlated with a major eustatic drop that took
place in the earliest Oligocene (base of the
TA4.4 cycle; Haq et al. 1988). This fall in sea-
level has been identified in northern Italy where
it occurs at the same biostratigraphic horizon as
in Leluchow, namely just above the highest
occurrence of Areosphaeridium diktyoplokum
(Brinkhuis 1994).

Changes in sea surface temperature

Climatic fluctuations may also have influenced
changes in the dinocyst assemblages across the
Eocene-Oligocene boundary transition at Lelu-
chow. The occurrence of Impagidinium velorum
and Gelatia inflata, both characteristic of higher

latitudes, in the interval between samples LchlO
and LchlS suggests a possible temperature drop
in the surface water layer (Fig. lie). This
evidence seems to be reliable because oceanic
dinocysts appear to be more sensitive indicators
of water temperature than neritic ones (Zeven-
boom 1995). The lowest occurrence of these
high-latitude dinocysts in the sample LchlO
indicates that the suggested drop in temperature
of surface waters in the Magura Basin began
during the Late Eocene. This event continued
into the Early Oligocene, since another high-
latitude species, Svalbardella sp., occurs in the
Lower Oligocene Smereczek Shale Member
(Fig. 4). More precise dating of this event is
not possible because the interval between
samples Lchl2 and 14 is almost devoid of
dinocysts. Brinkhuis (1994) used the occurrence
of high-latitude dinocysts (e.g. Corrudinium
incompositum, Achomosphaera alcicornu, Gelatia
inflata, Impagidinium pallidum and Rottnestia
borussicd) to provide evidence of cooling events,
Cl during the latest Eocene, and C2 at the
Eocene-Oligocene boundary (sensu Brinkhuis &
Visscher 1995). The latter cooling event C2
might be correlated with the event recognized in
the Leluchow section, since it embraces the
highest occurrence of Areosphaeridium diktyo-
plokum.

The Eocene-Oligocene boundary in the
Flysch Carpathians - a comparison

The dinocyst succession from the Eocene-
Oligocene boundary interval at Leluchow is



Fig. 11. Palaeoenvironmental interpretation of dinocyst and palynofacies events reflecting changes during the deposition of the Leluchow section. The curves are conceptual
only, and are not plotted to specific data. The curve in diagram (a) is based on the presence of offshore Impagidinium (I. brevisculatum, I. dispertitum, I. aff. japonicum, I.
velorum, I. sp. B) and Nematosphaeropsis (N. labyrinthus, N. lemniscata, N. reticulensis). The curve in diagram (b) reflects the decline of oligotrophic Impagidinium, followed
by frequent occurrence of mesotrophic Wetzeliellaceae (Wetzeliella gochtii, W. symmetrica, W. symmetrica incisa, Wetzeliella sp.). Frequent occurrence of Wetzeliellaceae
determines also the changes in shape of the curve in diagram (c), whereas the shape of the curve in diagram (e) reflects the occurrence of high-latitude Impagidinium velorum,
Gelatia inflata and Svalbardella sp. Inferred age (diagram f) is based on the highest occurrence of Areosphaeridium diktyoplokum (dark line placed in sample Lchl5 indicates
the inferred Eocene-Oligocene boundary sensu Brinkhuis & Visscher 1995).



EOCENE-OLIGOCENE DINOCYSTS IN THE CARPATHIANS 321

similar to those known from other tectonic units
of the Flysch Carpathians. A major change in
the palynomorph distribution pattern across this
boundary in the Leluchow section, notably the
rich and taxonomically diverse dinocyst assem-
blages of the Late Eocene and their replacement
by terrigenous palynofacies during the Early
Oligocene, is comparable to the palynofacies
variations in the Eocene-Oligocene transitional
sections from the Silesian, Dukla and Skole
units (Bujak in Van Couvering et al. 1980; Gedl
1999). This indicates the regional significance of
the Eocene-Oligocene boundary changes that
occurred in the Flysch Carpathian Basin.

Upper Eocene pelagic and hemipelagic sedi-
ments of the external Flysch Carpathian units
are characterized by diverse dinocyst assem-
blages with relatively frequent examples of the
oceanic genus Impagidinium. These are compar-
able with dinocyst assemblages from the green-
ish shales and marls of the Leluchow Marl
Member. Turbiditic sediments of the external
Flysch Carpathian units, usually dark-coloured
deposits, contain common inshore taxa such as
the Areoligeraceae (Membranophoridium, Gla-
phyrocysta, Areoligera) and Homotryblium.
Almost monospecific Homotryblium assem-
blages often characterize the uppermost Eocene
parts of the Sub-Menilite Globigerina Marl. No
similar Homotryblium-dommsited assemblage
has been found in the Leluchow section (Fig.
10). These monospecific assemblages reflect
stressed environmental conditions, possibly
related to sea-level fall in the latest Eocene.
The acme of Adnatosphaeridium aff. vittatum
(sample Lchl5) possibly reflects a restricted
environmental setting, although different from
those of coeval deposits of the external units.
These differences presumably reflect a more
offshore setting for the Leluchow Upper Eocene
deposits.

The initiation of the Early Oligocene
organic-rich deposition in external units, i.e.
the Menilite Beds sensu lato, is associated with
an increased frequency of peridinialeans (Gedl
1999). This trend, as at Leluchow, reflects
brackish waters, as concluded from palynofa-
cies. A Late Eocene drop in sea-surface
temperature interpreted in the Leluchow Marl
Member has also been identified in other
Carpathian units. High-latitude dinocysts such
as Gelatia inflata, Impagidinium velorum and
Impagidinium pallidum occur in the Silesian
and Skole units below the Eocene-Oligocene
boundary (Gedl unpubl.).

Conclusions

These are as follows.

(1) The age of the Leluchow Marl Member is
Late Eocene and Early Oligocene based on
dinocysts. Three local dinocyst events were
recognized in this part of the studied
succession. These are: the highest occur-
rence of Areosphaeridium michoudii, the
highest occurrence of Areosphaeridium dik-
tyoplokum and the lowest occurrence of
Wetzeliella gochtii. Comparison with cal-
careous nannoplankton data suggests that
Areosphaeridium michoudii appeared for the
last time in the Magura Basin during the
Priabonian (Zone NP19/20), i.e. later than
in the North Sea. The highest occurrence of
Areosphaeridium dihtyoplokum and the low-
est occurrence of Wetzeliella gochtii in the
same sample suggest a Late Eocene first
appearance of the latter species in the
Carpathian Basin, although the reworking
of Areosphaeridium diktyoplokum cannot be
excluded. It must be noted that the Eocene-
Oligocene boundary succession in the Car-
pathians is continuous. The Smereczek
Shale Member is Early Oligocene in age,
but the scarcity of dinocysts in this member
prohibits precise dating.

(2) The Eocene-Oligocene boundary (sensu
Brinkhuis & Visscher 1995) is placed within
the uppermost part of the Leluchow Marl
Member at the highest occurrence of Areo-
sphaeridium diktyoplokum, in sample
Lchl5.

(3) The palynological record of the Eocene-
Oligocene transition at Leluchow is char-
acterized by a major change in palynofacies
and the composition of the dinocyst assem-
blages. Marine palynofacies are replaced in
the uppermost part of the section by
terrigenous palynofacies. Rich and diverse
marine dinocyst assemblages undergo gra-
dual impoverishment until they disappear
in the uppermost part of the section. These
reflect palaeoenvironmental changes that
occurred during the latest Eocene and
earliest Oligocene in the Magura Basin.
The most pronounced changes were a
reduction in salinity and increase in nutri-
ent levels in the surface waters, which,
along with evidence from the palynofacies,
point to increasing proximity to shore and
imply a fall in relative sea-level close to the
boundary. A decline in sea-surface tem-
perature is also registered during the latest
Eocene and earliest Oligocene.
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(4) Similar changes are recognized in the
Eocene—Oligocene boundary succession of
the external Flysch Carpathian units. A
decline in the dinocyst record and changes
in palynofacies reflect major palaeoenvir-
onmental changes of regional significance
that occurred during the latest Eocene and
earliest Oligocene times in the Carpathian
Basin. This contrasts with the palynological
record of the Eocene-Oligocene boundary
succession from NW Europe and the
Mediterranean, where the changes in dino-
cyst assemblages are subtle.
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Appendix

An alphabetical listing of dinocyst taxa found in
the Leluchow section is provided below. Full
taxonomic citations are given in Williams et aL
(1998). Numbers in parentheses refer to Figure
4, followed by reference to the appropriate
photomicrographs in Figures 6 to 8.

Achilleodinium biformoides (34)
Achomosphaera alcicornu (11; Fig. 60)
Achomosphaera sagena (42)
Achomosphaera sp. (21)
Adnatosphaeridium multispinosum (63; Fig. 6b)
Adnatosphaeridium aff. vittatum (64; Fig. 6a)
Amphorosphaeridium sp. (56)
Apteodinium spp. (57)
Areosphaeridium diktyoplokum (10; Fig. 7f)
Areosphaeridium ebdonii (59)
Areosphaeridium michoudii (8; Fig. 6d)
Batiacasphaera sp. (17)
Charlesdowniea dathrata (39; Fig. 8n)
Charlesdowniea coleothrypta (40; Fig. 8m)
Charlesdowniea coleothrypta subsp. rotundata (41; Fig.

80)
Charlesdowniea sp. (18)
Cleistosphaeridium sp. (35)
Corrudinium incompositum (7; Fig. 6j)
Dapsilidinium spp. (53)
Deflandrea spp. (6; Fig. 8a, b, c)
Diphyes colligerum (37)
Distatodinium cf. paradoxum (75)
Dracodinium laszczynskii (13)
Enneadocysta pectiniformis (44)
Gelatia inflata (55; Fig. 7g)
Glaphyrocystal vicina (49)

Heterelaucacystal leptalea (68)
Heterosphaeridium sp. A (1; Fig. 8d)
Homotryblium plectilum (19; Fig. 7i)
Homotryblium tenuispinosum (43)
Homotryblium vallum (50)
Hystrichokolpoma cinctum (15)
Hystrichokolpoma rigaudiae (14)
Hystrichosphaeropsis rectangularis (52; Fig. 7j)
Hystrichosphaeropsis sp. (30; Fig. 7c)
Impagidinium brevisculatum (27)
Impagidinium dispertitum (25; Fig. 6k)
Impagidinium aff. japonicum (23; Fig. 6m)
Impagidinium velorum (51; Fig. 61)
Impagidinium sp. B (2; Fig. 6n)
Lanternosphaeridium axiale (48)
Lejeunecysta hyalina (76)
Lentinia serrata (36; Fig. 8h)
Lingulodinium machaerophorum (9)
Lingulodinium pycnospinosum (73)
Membranophoridium aspinatum (46)
Nematosphaeropsis labyrinthus (77; Fig. 6g)
Nematosphaeropsis lemniscata (28; Fig. 6h)
Nematosphaeropsis reticulensis (29; Fig. 6i)
Operculodinium centrocarpum (16)
Operculodinium divergens (61; Fig. 6c)
Operculodinium! hirsutum (58)
Operculodinium microtriainum (33; Fig. 6f)
Operculodinium tiara (26)
Palaeocystodinium golzowense (38)
Pentadinium goniferum (20; Fig. 7k)
Pentadinium laticinctum (31; Fig. 7m)
Pentadinium laticinctum subsp. granulatum (22; Fig. 71)
Phthanoperidinium chalossense (60; Fig. 8e)
Reticulatosphaera actinocoronata (71)
Rottnestia borussica (45; Fig. 7a, e)
Samlandia chlamydophora (54; Fig. 7h)
Selenopemphix nephroides (70)
Spiniferites pseudofurcatus (4)
Spiniferites ramosus s.l. (3)
Stoverocystal sp. sensu Brinkhuis 1992 (47; Fig. 7d)
Svalbardella sp. (67; Fig. 8i)
Tectatodinium spp. (12)
Thalassiphora aff. delicata (62; Fig. 7b)
Thalassiphora patula (5)
Thalassiphora pelagica (32)
Turbiosphaera symmetrica (66; Fig. 6e)
Vectidinium sp. (65; Fig. 8f)
Wetzeliella gochtii (69; Fig. 8g, k)
Wetzeliella symmetrica (74; Fig. 8j, 1)
Wetzeliella symmetrica subsp. incisa (72)
Wetzeliella sp. (24)
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Abstract: Palynological analysis of the Centinela Formation, exposed in the foothills of the
Patagonian Andes, has revealed the presence of pollen, dinoflagellate cysts, and
chlorococcalean and prasinophycean algae. These groups are here reported from the
Centinela Formation for the first time. Sporomorph and dinoflagellate cyst assemblages
suggest a Late Oligocene and Early Miocene age. These results coincide with a 87Sr/86Sr age
close to the age of the Oligocene-Miocene boundary obtained from the lower part of the
section. Palynological information from the Centinela Formation permits correlation with
Upper Oligocene and Lower Miocene units cropping out along the Atlantic Patagonian coast.
Assemblages from the lower part of the section suggest that the beds were deposited under
marine, near-shore palaeoenvironmental conditions with a strong continental influence. In the
middle part of the section, high dinoflagellate cyst ratios coincide with a maximum flooding
surface recorded in the Centinela Formation. Towards the top of the Centinela Formation, the
sporomorph assemblages reflect the development of vegetation adapted to coastal
environments, which agrees with the sparse occurrence of marine palynomorphs. A new
dinoflagellate species, Hystrichostrogylon sulcatum, is proposed. This species appears to range
across the Oligocene-Miocene boundary and is particularly abundant in the lowest Miocene.

During the Late Oligocene and Early Miocene,
one of the most important marine transgressions
during the Cenozoic occurred in the southern-
most part of South America. The sediments
deposited during this event, informally known as
Tatagoniano', are an important component of
the sedimentary succession of the Colorado, San
Jorge, and Austral basins (Fig. 1). These
sediments also attracted the interest of
d'Orbigny (1842) and Darwin (1846). Subse-
quent work has revealed the key role of these
sediments in the unravelling of palaeobiogeo-
graphical problems in the Southern Hemisphere
(Legarreta & Uliana 1994).

Upper Oligocene-Lower Miocene marine
sediments in the Colorado Basin are represented
by the lowermost beds of the Barranca Final
Formation (Malumian et al 1998; Guerstein &
Guler 2000; Guerstein & Junciel 2001). Farther
south, in the San Jorge Basin, the 'Patagonian
transgression' is recorded in the Chenque
Formation. This unit has been the focus of the
great controversy concerning the age of this
transgressive event, which ranges from Late
Eocene to Early Miocene according to different
authors (Camacho 1995; Barreda 1996). How-

ever, recent micropalaeontological evidence
indicates its Late Oligocene? and Early to early
Mid-Miocene age (Malumian 1999; Barreda
2002).

In the Austral Basin there are excellent
exposures of the Tatagoniano' along the foot-
hills of the Andes between Lago Posadas and
Rio Turbio as well as along the Atlantic coast.
In the western area, these deposits are known as
the Centinela Formation (Furque 1973),
whereas along the eastern coastal area they are
grouped into the San Julian and Monte Leon
formations, dated as Late Oligocene-Early
Miocene. The latter formation records the high-
est relative sea-level and the first influx of
Antarctic waters on to the Argentine continental
shelf (Malumian 2002).

In this work we describe the palynological
assemblages recovered from the Centinela For-
mation exposed south of El Calafate. The
assemblages suggest a Late Oligocene to Early
Miocene age for this unit, in agreement with
87Sr/86Sr ages (Casadio et al. 20006, 2001). The
fluctuating dinocyst frequencies reflect shallow-
marine to coastal-marine conditions. The paly-
nological assemblages from the overlapping

From: BEAUDOIN, A.B. & HEAD, M.J. (eds) 2004. The Palynology and Micropalaeontology of Boundaries.
Geological Society, London, Special Publications, 230, 325-343. 0305-8719/04/S15 © The Geological Society of
London 2004.
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Santa Cruz Formation indicate a continental
environment toward the top of the section.

Stratigraphic setting

In the studied area, the Upper Oligocene-Lower
Miocene sedimentary section overlies Eocene
(Middle to Upper?) rocks and is separated from
them by a regional unconformity. The unit
overlying the unconformity is the continental
Rio Leona Formation (100-200 m) which dis-
plays a fining-upwards succession from con-
glomerates to coal-rich clays (Fig. 1).
Transitionally overlying this unit are the marine
sandstones, fossiliferous muddy-sandstones,
shell-beds, and mudstones of the Centinela
Formation (120-250 m). This formation is
unconformably overlain by the Middle Miocene
Santa Cruz Formation. The Rio Leona Forma-
tion and Centinela Formation thus constitute a
single depositional sequence between the two
unconformities (S. Casadio & S. Marenssi,
unpublished data).

The preserved succession in the study area
shows a vertical arrangement of facies passing
upwards from fluviatile high-energy to low-
energy fluviatile-deltaic environments, which
are covered by marine deposits. Thus, the coal-
rich beds of the uppermost part of the Rio
Leona Formation preceded the marine trans-
gression of the Centinela Formation. This part
of the succession shows evidence of reworking,
not only from the underlying Eocene rocks, but
also from Upper Cretaceous rocks (Carrizo et al.
1990). Thus, sediments below the unconformity
would have been exposed as early as the
Oligocene (S. Casadio & S. Marenssi, unpub-
lished data).

The section studied, 380m thick, is exposed
along the banks of the Arroyo de las Bandurrias
(50° 30' S, 72° 15' W), south of the Puesto Estan-
cia 25 de Mayo. The analysed Stratigraphic
interval is between the 110 and 490m height in
the integrated section illustrated in Figure 1. The
lower Centinela Formation is composed of fine
sandstones and siltstones bearing a diverse fauna
of crustaceans, including nine families of Dec-
apoda and one of Isopoda. These fossils show
strong affinities with temperate and subtropical
faunas of the Atlantic Ocean basins (Casadio et
al. 20000). These fossils document the southern-
most extension of low-latitude oceanographic
influence on this region during the Palaeogene-
Neogene transition. A bed of white, massive tuff
overlies these rocks, followed by siltstones, tuffs,
and sandstones with decapods and specimens of
the bivalve Panopea sp. in life position. These
sediments were presumably formed in predomi-

nantly subtidal environments. A valve of the
oyster Crassostrectt hatcheri (Ortmann) collected
25m below the tuff bed yielded an 87Sr/86Sr age
of 23.19 Ma (Casadio et al. 20006).

The upper part of the Centinela Formation
comprises fine- to medium-grained sandstones
with intercalated siltstones exhibiting sigmoid
and planar bidirectional cross-stratification and
also beds containing valves of Crassostrea!
hatcheri. Specimens of this oyster may be
distinguished by the large size and great thick-
ness of its shell. They may be found either in life
position or as post-mortem accumulations.
Samples of the shells collected 110m above the
base of the section (Fig. 1) were analysed for
<513C and <518O. The results suggest that the
oysters grew under normal marine conditions
and in water temperatures ranging between
15°C in winter and 21° C in summer (Casadio
et al. 2000a). These results agree with informa-
tion available from other fossil species belonging
to this genus (Nelson 1978; Kirby 2000, 2001).

Sedimentary and palaeontological evidence
suggest a shallow, subtidal depositional environ-
ment for the section between 150 and 270m
(Fig. 1). R. Melchor & S. Casadio (unpublished
data) reached similar conclusions based on the
presence of well-developed bio-erosion sculpture
on specimens of Crassostrea! hatcheri.

Materials and methods

Forty-five samples were collected from the type
section of the Centinela Formation, of which 17
were selected for palynological analysis. The
Stratigraphic position of the samples is shown in
Figure 2. The samples were prepared at the
Geological Survey of Canada (Atlantic). Pre-
paration techniques included hydrofluoric and
hydrochloric acid treatment, mild oxidation
(10% nitric acid for one minute) and a 10%
ammonia hydroxide wash for one minute. The
organic fraction was concentrated by separation
in zinc bromide (specific gravity 2.0). Differen-
tial centrifuging was used to remove fine
particles, and the residues were sieved to
concentrate the 10-180/im fraction. The resi-
dues were stained using Bismarck C and
mounted and dried on coverslips in hydroxy-
ethyl cellulose with ethylene glycol monomethyl
ether as a dispersal agent. The coverslips were
then affixed to the slides with elvacite.

Specimens were illustrated with a Nikon
Coolpix 950 camera attached to a Nikon Eclipse
600 microscope. Digital images are not reversed
and all line drawings show external views. Co-
ordinates quoted from the Vernier scale of
Nikon microscope serial no. 772751 follow the



Fig. 1. Palaeogeographical map showing the latest Oligocene-Early Miocene transgression recorded in Patagonia. Thicker line indicates palaeo-shorelines (from Malumian
1999). Integrated section showing the lithological units exposed at the Bandurrias River area, SW Argentina. 1, Centinela Formation at its type area (this study); 2,
Chenque Formation, San Jorge Basin (Barreda 1996; Palamarczuk & Barreda 1998); 3, Mazarredo sub-basin (Barreda & Palamarczuk 2000a); 4, San Julian Formation in
Playa La Mina area (Barreda 1997); 5, Monte Leon Formation at its type area (Barreda & Palamarczuk 20006)



Fig. 2. Distribution and frequencies of selected dinocysts and sporomorphs from the Centinela Formation at its type section. Proposed age based on palynological analysis.
Comparison with the two lowest palynological assemblages from Barreda & Palamarczuk (2000c). TST: transgressive system tract; MFS: maximum flooding surface; HST:
highstand system tract.
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sample and slide number for each specimen
illustrated. England Finder (EF) references are
provided in the corresponding figure explana-
tions. The types and illustrated specimens are
stored in the collection of the Laboratory of
Palynology, Universidad Nacional del Sur,
Bahia Blanca, Argentina (UNSLP). The dino-
flagellate cyst nomenclature follows Williams et
al. (1998) and the systematic section uses the
classification of Fensome et al. (1993). The
geological time-scale of Berggren et al. (1995)
is used.

Palynological assemblages and
palaeoenvironments

Palynological assemblages from the Centinela
Formation are rich in palynomorphs, mainly
pollen and spores with variable amounts of
dinoflagellate cysts (dinocysts) and green algae
remains. All the pollen types recognized in this
study and their botanical affinities are included
in Appendix la. The dinocyst species identified
in the Centinela Formation are listed in Appen-
dix Ib. Figure 2 shows the distribution and
frequencies of selected palynomorphs recovered
from the Centinela Formation along with
dinocyst/total palynomorph ratios, expressed
as percent.

Samples from LA-0 to LA-14 have dinocyst
ratios under 10% of total palynomorphs. Dino-
cyst assemblages are poorly represented, and are
mainly composed of Operculodinium israelia-
num, Spiniferites ramosus, Lingulodinium
machaerophorum and Reticulatosphaera actino-
coronata. The sporomorph assemblages are
dominated by arboreal pollen of Podocarpaceae
and Fagaceae throughout the section. Small
amounts of Asteraceae, Malvaceae, Ephedra-
ceae and Poaceae pollen are also present from
the bottom of the Centinela Formation. These
assemblages indicate marine near-shore condi-
tions with a strong influence from the continen-
tal area.

Sample LA-19 shows the lowest stratigraphic
occurrences of Nematosphaeropsis rigida and
Cyperaceaepollis neogenicus. A notable increase
in the dinocyst ratio is recorded in samples AB-1
and LA-23, reaching 83% and 73% of the total
palynomorphs, respectively. These assemblages
are dominated by Operculodinium israelianum, a
species abundant in very shallow depths, parti-
cularly estuaries (Edwards & Andrle 1992; Head
1998).

Sample LA-26 shows a relatively high abun-
dance of species of Nematosphaeropsis, Nemato-
sphaeropsis jCannosphaerosp sis sp. and

Hystrichostrogylon sulcatum. Some of the dino-
cyst species from LA-19, AB-1, LA-23 and LA-
26 show high variability in their morphologies,
as described in the systematic palaeontology. A
stressed environment subjected to salinity, tem-
perature, and/ or water-depth changes may be
responsible for these gradational morphotypes.

According to S. Casadio & S. Marenssi
(unpublished data), the stratigraphic interval
between 110 and 250m corresponds with the
transgressive system tract (TST in Fig. 2), and
the contact between Rio Leona and Centinela
formations represents the transgressive surface
(TS). In this context, the assemblage LA-26
coincides with the maximum flooding surface
(MFS, Fig. 2) of the sequence described by S.
Casadio & S. Marenssi, unpublished data.

Overlying deposits (AB-6 to AB-17) are
characterized by high frequencies of sporo-
morphs, with the absence of most of the dinocyst
taxa encountered in the lower assemblages.
These deposits contain increasing amounts of
Asteraceae, Malvaceae and scarce Poaceae,
Chenopodiaceae and Sparganiaceae pollen as
well as rare Tasmanites sp. and Pediastrum sp.
These pollen associations reflect the develop-
ment of coastal vegetation, and indicate that the
coastline was moving closer to the study area.
The weak marine signal and the progradational
conditions described above correspond with the
highstand system tract (HST, Fig. 2) of the
sequence.

The palynological assemblages from samples
AB-29 to AB-32 do not show compositional
changes related to underlying samples (AB-15
and AB-17), and represent the lowest palynolo-
gical record from the Santa Cruz Formation.

All samples contain small amounts of Late
Cretaceous reworked dinocyst specimens,
including Isabelidinium pellucidum, Litosphaer-
idium sp., Manumiellal cretacea, M. seelandica,
Nelsoniella aceras and Odontochitina sp. cf. O.
costata. Middle Eocene to Lower Oligocene
reworked material is represented by a few
specimens of Phthanoperidinium comatum in
samples LA-6 and LA-19.

Age and correlation

The Asteraceae, recorded in pollen assemblages
from the bottom of the section, indicate an age
no older than Oligocene. According to Macphail
& Hill (1994), Mutisiapollis patersonii, described
from the Lower Oligocene deposits of Tasmania,
represents one of the earliest records of Aster-
aceae.

Mutisiapollis viteauensis, the only Asteraceae
recorded in the Centinela Formation, is gener-



330 G. R. GUERSTEIN ET AL.

ally associated with Baumannipollis variapertur-
atus. Both species were erected by Barreda
(1993) from the Chenque Formation (Lower
Miocene) in the San Jorge Basin, Argentina.
Mutisiapollis viteauensis and Baumannipollis
variaperturatus have not been recovered from
deposits older than Late Oligocene, and have
been widely recorded from Neogene deposits of
Argentina (Barreda 1996; Barreda et al. 1998;
Ottone et al. 1998; Barreda & Palamarczuk
20000, 20006; Guler et al. 2001). Thus, the
sporomorph assemblages found in the Centinela
Formation suggest an age no older than Late
Oligocene.

Fifteen dinocyst taxa were recognized in the
Centinela Formation. Most have long strati-
graphic ranges. Some of these taxa have their
first appearance datums (FADs) in the Palaeo-
gene, including Reticulatosphaera actinocoronata
(Late Priabonian), Lingulodinium machaero-
phorum (Late Palaeocene) and Hystrichostrogy-
lon membraniphorum (Lutetian).

Nematosphaeropsis rigida is a common species
in some Neogene assemblages, with confirmed
records supporting an FAD at about the
Middle Miocene (Wrenn 1988; Versteegh &
Zonneveld 1994; de Verteuil 1996; de Verteuil &
Norris 1996; Poulsen et al. 1996; Head &
Westphal 1999). In Argentina, the presence of
Nematosphaeropsis rigida has been documented
in units dated as Early Miocene or younger
(Palamarczuk & Barreda 1998; Barreda &
Palamarczuk 20000; Barreda 2002; Guler et al.
2002). This species is rare in sample LA-19 and
becomes common in samples AB-1 and LA-26,
and, in the absence of more reliable indices,
suggests an age no older than Miocene for these
levels

This is the first palynological analysis of
Oligocene-Miocene beds from the western part
of Santa Cruz Province. Previous palynological
studies were carried out on units cropping out
along the Atlantic Patagonian coast in the San
Jorge and Austral basins. Barreda (1996) pro-
posed four informal palynological zones based
on the sporomorph assemblages from the
Chenque Formation in SE Chubut Province.
The age postulated for these palynozones ranges
from Late Oligocene? to Early-Mid-? Miocene.
Subsequently, Palamarczuk & Barreda (1998)
analysed the dinocysts recovered from these
deposits and restricted the age of the Chenque
Formation to the Early Miocene. Barreda &
Palamarczuk (20000) studied the palynological
assemblages from deposits cropping out in NE
Santa Cruz Province in the Mazarredo sub-
Basin (sensu Bellosi 1995). These authors recog-
nized two palynological units, which they

assigned to the Late Oligocene and Early
Miocene respectively.

To the south, in the Austral Basin, the
sporomorph assemblages indicate an Oligocene
(possibly Late Oligocene) age for the base of San
Julian Formation (Barreda 1997). Barreda &
Palamarczuk (20006) studied both sporomorph
and dinocyst assemblages from the Monte Leon
Formation in its type area and assigned the
formation to the Miocene.

Further palynostratigraphic discussion was
presented by Barreda & Palamarczuk (2000c)
based on the published information mentioned
above. They proposed, from bottom to top, the
following four informal palynological assem-
blages:

(1) the Mutisiapollis viteauensis, Margocolpor-
ites tenuireticulatus and Reticulatosphaera^
actinocoronata assemblage (M-M/R, Late
Oligocene; see Fig. 2). This assemblage was
compared with the lower unit described by
Barreda & Palamarczuk (20000) in sections
from NE Santa Cruz Province (Mazarredo
Basin);

(2) the Cyperaceaepollis neogenicus, Tricolpites
trioblatus and Lingulodinium hemicystum
assemblage (C-T/L, Early Miocene). This
assemblage was identified at the bottom of
the Chenque Formation and the lower part
of the Monte Leon Formation and was
compared with the upper unit described by
Barreda & Palamarczuk (20000);

(3) the Glencopollis ornatus and Cannosphaer-
opsis quattrocchiae (as C. utinensis) assem-
blage (G/C, Early Miocene) was identified
in the middle part of the Chenque Forma-
tion and the upper part of the Monte Leon
Formation; and

(4) the Tubulifloridites antipodica, Baumanni-
pollis chubutensis and Hystrichosphaeropsis
obscura assemblage (T-B/H, Middle? Mio-
cene) was only recognized in the uppermost
part of the Chenque Formation.

Figure 3 shows the comparison between the
units identified in western Santa Cruz and those
cropping out in the Atlantic coastal area. The
palynological assemblages from the lower part
of the Centinela Formation are characterized by
the presence of Mutisiapollis viteauensis and
Reticulatosphera actinocoronata. These assem-
blages, even though not identical, may be
equivalent to the Late Oligocene M-M/R
palynological assemblage.

The samples from the middle and upper part
of the Centinela Formation yield some of the
diagnostic species that define the base of the
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Fig. 3. Correlation of lithostratigraphic units cropping out in the western part of Santa Cruz Province with those
exposed along the Atlantic coast in the San Jorge and Austral basins.

Early Miocene C-T/L assemblage. Furthermore,
Mutisiapollis viteauensis and Baumannipollis
variaperturatus are poorly represented in the
palynological samples from the lower part of the
Centinela Formation (LA-0 to LA-14), but
become common to abundant toward the upper
part of the section (LA-19 to AB-32). This

increase in the frequencies of Mutisiapollis
viteauensis and Baumannipollis variaperturatus,
along with the lowest occurrence of Nemato-
sphaeropsis rigida, has also been shown by
Barreda & Palamarczuk (2000a; page 105, fig.
3) to be at the base of the Early Miocene C-T/L
assemblage (Barreda & Palamarczuk 200(k).
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The absence in our assemblages of species
representing an evolved flora characteristic of
Early to Mid-? Miocene palynological assem-
blages G/C and T-B/H is remarkable. We
conclude that deposits of late Early Miocene
or younger ages are not represented in the
studied section.

Discussion and conclusions

The rocks exposed in western Santa Cruz,
assigned to the Centinela Formation, were
considered to be Oligocene-Miocene in age,
based on molluscan assemblages (Furque &
Camacho 1972; Riccardi & Rolled 1980).
Furque (1973) and Griffin (1990) suggested a
Miocene age for this unit, whereas Pinero
(1983), using foraminiferal data, considered an
Oligocene-Miocene age for this formation.

Recent radiometric results reveal great dis-
crepancies related to the age of the Centinela
Formation. The 40Ar/39Ar analysis of a volcanic
ash bed from the lower part of the formation
yielded an age of approximately 46 Ma (Casadio
et al. 20000). Subsequently, Casadio et al
(2000&) obtained a younger age based on the
87Sr/86Sr ratio from a valve of Crassostrea!
hatcheri, indicating an age of 23.19 Ma for the
lowermost part of the Centinela Formation,
which is in agreement with the palynological
interpretation.

The palynological assemblages from the lower
part of the studied section, in conjunction with
sedimentological data, reflect a subtidal
palaeoenvironment. The sedimentological infor-
mation from the upper part of the Centinela
Formation suggests a more shallow subtidal
palaeoenvironment confirmed by a decreasing
abundance and diversity of dinocysts. The
pollen assemblages also reflect the development
of vegetation adapted to a coastal environment.

The palynological assemblages suggest that
the lower part of the Centinela Formation may
be equivalent to the Upper Oligocene units from
the southern area of the San Jorge Gulf.
Likewise, the middle and upper part of the
Centinela Formation suggests a correlation with
the lowermost beds of the Chenque Formation,
the uppermost levels cropping out in southern
San Jorge Gulf, and possibly with the bottom of
the Monte Leon Formation. Otherwise, there
are insufficient elements in common to establish
a close correlation with the Oligocene San Julian
Formation.

Systematic palaeontology

Division Dinoflagellata (Biitschli 1885)
Fensome et al. 1993
Class Dinophyceae Pascher 1914
Order Gonyaulacales Taylor 1980
Family Gonyaulacaceae Lindemann 1928
Genus Hystrichostrogylon
(Agelopoulos) Stover & Evitt 1978
Type species: Hystrichostrogylon
membraniphorum Agelopoulos 1964

Hystrichostrogylon sulcatum sp. nov.
Fig. 4a-f, Fig. 5a-l, Fig. 6a-c

Holotype: Laboratory of Palynology Universi-
dad Nacional del Sur (UNSLP) slide no. LA-26
45 x 102. England Finder L31/3, Fig. 4 a & b,
Fig. 5 a-c.
Type locality: Centinela Formation, Bandurrias
River, southern Calafate, Santa Cruz, Argentina.
Stratigraphic horizon: Centinela Formation, at
140m above the base of the section (Fig. 2).
Stratigraphic occurrence: Upper Oligocene to
Lower Miocene.
Etymology: Adjective derived from the Latin
sulcus: ventral furrow or groove in reference to
the mid-ventral position of the cavation.
Diagnosis: A species of Hystrichostrogylon
characterized by a narrow mid-ventral cavation
and an antapical structure composed of two
large gonal processes joined by a suturocavate
membrane. All the processes are hollow, taper-
ing, trifurcate with solid distal ends.
Description: Cysts camocavate with spherical
to subspherical central body. Endophragm
smooth, periphragm finely granulate, always
appressed except on the sulcal area, where
endophragm and periphragm are narrowly
separated. The pericoel communicates with the
exterior through a small hole or claustrum in the
mid-ventral part of the periphragm. The pro-
cesses are variable in size and shape. Most of the
processes are gonal, triangular in cross-section,
broad, tapering, hollow, joined proximally by
very faint sutural ridges. Distally the processes
are trifurcate with solid ends. The apex of the
cyst is consistently indicated by a single, thin,
distally bifid process. Processes on opposite
margins of the cingulum may be connected in
pairs by relatively high membranes. Two large
antapical processes are joined at their bases by a
common suturocavate membrane developing an
antapical structure. The height of the processes



OLIGOCENE-MIOCENE PALYNOMORPHS OF ARGENTINA 333

Fig. 4. Hystrichostrogylon sulcatum sp. nov., line sketches. Archeopyle and claustrum shown in grey, (a & b)
Holotype. UNSLP slide no. LA26: 45 x 102 (EF L31/3). (a) left lateral surface, (b) right lateral surface, claustrum
arrowed, (c) UNSLP slide no. LA26: 50.8 x 104.7 (EF O25/1). Claustrum arrowed, (d) UNSLP slide no. LA26:
34 x 100 (EF J42/4). Ventral surface showing pericoel folded, single, thin, process at the apex arrowed, (e & f)
UNSLP slide no. LA26: 45.2 x 109 (EF S30/4). (e) ventral surface showing sulcal pericoel in ventral view;
claustrum arrowed, (f) dorsal surface; processes at both sides connected by membranes in pairs.
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Fig. 5. All digital images were taken using an interference contrast optical system. EF: England Finder references.
Scale bar: lO^m. Hystrichostrogylon sulcatum sp. nov. (a & c) Holotype. UNSLP slide no. LA26: 45 x 102 (EF
L31/3). Left lateral view; (a) high focus, left lateral surface; (b) intermediate focus; (c) low focus, right lateral
surface, (d & f) UNSLP slide no. LA26: 33.7 x 101.7 (EF L43/3). Oblique dorsal view, (d) high focus; (e)
intermediate focus showing sulcal pericoel folded to the right; (f) low focus, (g & h) UNSLP slide no. LA26:
45.2 x 109 (EF S30/4). Dorsal view, (g) high focus; (h) low focus, (i & 1) UNSLP slide no. LA26: 34 x 100 (EF
J42/4) Ventral view, (i) High focus showing sulcal pericoel folded on the ventral surface; (1) Intermediate focus.
(j & k) UNSLP slide no. LA26: 50.4 x 101 (EF K25/3). Right lateral view, (j) high focus; (k) low focus.
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Fig. 6. All digital images were taken using an interference contrast optical system. EF: England Finder references.
Scale bar: 10 /mi. (a & c) Hystrichostrogylon sulcatum sp. nov. a, UNSLP slide no. LA26: 35.5 x 101 (EF K41/3)
right lateral view, low focus, (b & c) UNSP slide no. LA26: 50.8 x 104.7 (EF O25/1). Left lateral view, (b)
intermediate focus; (c) low focus, claustrum arrowed, (d & f) Specimens showing gradational features between
Hystrichostrogylon sulcatum and Spiniferites mirabilis (Rossignol) Sarjeant. (d) UNSLP slide no. LA11:
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varies depending on the degree of cavation,
resulting in shorter processes at the sulcus than
elsewhere. Archeopyle precingular, formed by
the loss of plate 3".
Dimensions: Central body length: 32 (49) 65 um
(40 specimens measured); central body width: 32
(45) 55 um (20 specimens measured); processes
length: 8-18 /mi; antapical process structure:
length 13 (15) 17 /mi; width 19 (24) 34 /mi (16
specimens measured).
Comparisons: This species of Hystrichostrogylon
is characterized by a pericoel confined to the
sulcal area with a small claustrum at the mid-
ventral part of the periphragm. In both Hystri-
chostrogylon borisii Schioler 1993 and H. con-
inckii Heilmann-Clausen in Thompsen and
Heilmann-Clausen (1985) the endophragm and
periphragm are appressed dorsally, but with
relatively large ventral pericoels, and a large
rounded mid-ventral claustrum, in the peri-
phragm. In H, membraniphorum Agelopoulos
1964 the pericoel is only developed antapically,
although according to Eaton (1976), this species
(as Achomosphaera membraniphord) forms a
distinctive pericoel in the antapical and ventral
areas. In H. holohymenium Islam 1983 the
pericoel almost completely surrounds the endo-
cyst, whereas in H, clausenii Bujak 1994 the
periphragm and endophragm are in contact in
the mid-dorsal and mid-ventral regions with a
pericoel surounding the ambital periphery of the
cyst; the claustrum is typically developed on the
left cingular-postcingular side of the peri-
phragm. The new species described here differs
from all other species of Hystrichostrogylon in
having a characteristic antapical process struc-
ture. The features of H. sulcatum strongly
resemble those described for Spiniferites falcipe-
dius Warny & Wrenn 1997. These two species
also have in common a consistent, thin pre-
apical process and with the cingular area defined
by pairs of processes transversally joined by high
membranes. In dorso-ventral view H. sulcatum is
therefore remarkably similar to Spiniferites
falcipedius (Fig. 6e & 0- However, most of the
specimens recovered from the Centinela Forma-

tion show the sulcal pericoel, a feature obviously
absent in S. falcipedius. The morphological
features shared by these two species suggest a
close relationship.
Remarks: The antapical process structure and
the distal process morphology show a grada-
tional variation within the dinoflagellate cyst
assemblages recovered from the Centinela For-
mation. Warny & Wrenn (1997) have already
noted a gradation between specimens sharing
characteristics of Spiniferites mirabilis (Ros-
signol) Sarjeant 1979 and S. falcipedius, from
the upper Neogene succession of the Atlantic
Coast of Morocco. These authors suggested an
evolutionary relationship between the two spe-
cies. Similarly, some Argentinian specimens of
H. sulcatum and Spiniferites falcipedius (Fig.
6e-f) possess broad, gonal and distally solid
processes with an antapical process structure
giving rise to three short bifurcate and trifurcate
processes, typical of S. mirabilis (Fig. 6e & f)-
Other specimens bear thin, trifurcate gonal and
bifurcate intergonal processes with an antapical
structure as in S. mirabilis, but possess the sulcal
cavation (Fig. 6d). The last case was only
observed in the assemblages from the lower
part of the section.

Genus Nematosphaeropsis Deflandre &
Cookson 1955 emend. Williams & Downie
1966

Type species: Nematosphaeropsis
balcombiana Deflandre & Cookson 1955
Nematosphaeropsis rigida Wrenn 1988
Fig. 7g-n

Remarks: Very few specimens of Nematospher-
opsis found in the Centinela Formation can be
assigned to Nematosphaeropsis rigida. Most of
them possess processes with complex distal ends
showing a highly variable trabecular network.
The presence of small loops next to the gonal

37.7 x 101.7 (EF L38/2). Dorsal view, intermediate focus. Processes and antapical structure as in Spiniferites
mirabilis. Pericoel arrowed, (e & f) UNSLP slide no. LA26: 39.9 x 108.9 (EF T36/6). Processes and pericoel
typical of H. sulcatum; antapical structure as in S. mirabilis. Ventral view, (e) high focus, pericoel folded on the
ventral surface arrowed; (f) low focus; (g) Hystrichostrogylon membraniphorum Agelopoulos. UNSLP slide no.
LA26: 34.7 x 104.6 (EF O41/4). Dorsal view, intermediate focus, (h) Lejeunecysta cf.fallax (Morgenroth)
Artzner & Dorhofer emend. Biffi & Grignani. UNSLP slide no. AB1: 44.8 x 96.6 (EF F31/0). Dorsal view,
intermediate focus, (i) Lejeunecysta sp. UNSLP slide no. LA26: 51 x 1001 (EF K24/4). Ventral view,
intermediate focus, (j) Lingulodinium machaerophorum (Deflandre & Cookson) Wall. UNSLP slide no. LA6:
47.1 x 100.5 (EF K34/4). Ventral view, (k) Operculodinium israelianum (Rossignol) Wall. UNSLP slide no. AB1:
46 x 93.7 (EF C30/1). Dorsal view, high focus. (1) Reticulatosphaera actinocoronata (Benedek) Bujak &
Matsuoka. UNSLP slide no. LA6: 39.2 x 109.7 (EF T37/3). Uncertain view.
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and intergonal junctions is a remarkable trabe-
cular feature (Fig. 7i & j, m & n). Although these
loops were not described when the species was
named, these features were noticed by J. Wrenn
(pers. comm. 2002) in the type material and are
clearly observable on his SEM photomicro-
graphs (Wrenn 1988; plate 4, figs 1-5). More-
over, the distal ends of processes are commonly
expanded into perforate platforms (Fig. 7h).
These platforms are absent on the type material
from the Gulf of Mexico and on other species of
Nematosphaeropsis. However, Guler & Guer-
stein (2003) illustrate specimens of N. rigida
from Miocene to Pliocene deposits of the
Colorado Basin bearing perforate platforms. In
addition, some specimens possess a few thick
single trabeculae, just below the external pair of
trabeculae, joining adjacent processes (Fig. 7k &
1, n). The combination of these features gives rise
to a complex trabecular network which char-
acterizes specimens of N. rigida from the
Centinela Formation.

Nematosphaeropsis/Cannosphaeropsissp.
Fig. 7a-f

Remarks: Specimens are characterized by a
subspherical to ellipsoidal central body with
regular gonal processes supporting a complex
trabecular network. Single ribbon-like trabecu-
lae are connected to the central body by lateral,

polar and dorsal processes, the latter being the
shortest. Therefore, they form an asymmetrical
network which is ventrally expanded, with the
ventral area devoid of processes (Fig. 7a-c).
The distal ends of the processes are expanded
forming membranous platforms giving rise to
pairs of thin, cylindrical trabeculae closely
surrounding the underlying thicker trabeculae.
Thus, these peculiar forms share features of
both Cannosphaeropsis and Nematospheropsis,
and represent a possible morphological link
between these two genera. We suspect that the
significant morphological variability exhibited
by the specimens included in Nematosphaer-
opsis j Cannosphaeropsis sp. and Nematosphaer-
opsis rigida is a response to a stressed
environment.
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Fig. 7. All digital images were taken using an interference contrast optical system, except when indicated. EF:
England Finder references. Scale bar: 10 jum. (a & f) NematosphaeropsisjCannosphaeropsis sp. a, UNSLP slide no.
LA26: 37 x 101 (EF K39/0). General view, (b & c) UNSLP slide no. LA26: 37 x 93.5 (EF C39/0). Right lateral
view, (b) high focus, sulcal area arrowed; (c) low focus, arrow showing the shortest cingular processes on the
dorsal area, (d & f) UNSLP slide no. LA26: 30.5 x 109.9 (EF T46/3). Ventral view, (d) high focus, perforate
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Appendix I List of species identified in the
Centinela Formation

a Pollen

Species Botanical affinity

Baumannipollis variaperturatus Barreda 1993 (Fig. 8a) Malvaceae
Chenopodipollis chenopodiaceoides (Martin) Truswell 1985 (Fig. 8m) Chenopodiaceae
Cyperaceaepollis neogenicus Krutzsch 1970 (Fig. 8f) Cyperaceae
Equisetosporites claricristatus (Shakmundes) Barreda 1997 (Fig. 8g) Ephedraceae
Graminidites sp. (Fig. 80) Poaceae
Mutisiapollis viteauensis (Barreda) Barreda in Barreda et al. 1998 (Fig. 8b-d & h) Asteraceae
Nothofagidites saraensis Menendez & Caccavari 1975 (Fig. 81) Fagaceae
Nothofagidites dorotensis Romero 1973 (Fig. 8i & j) Fagaceae
Nothofagidites rocaensis Romero 1973 (Fig. 8k) Fagaceae
Podocarpidites marwckii Couper 1953 (Fig. 8r) Podocarpaceae
Phyllodadidites mawsonii Cookson 1947 (Fig. 8s) Podocarpaceae
Sparganiaceapollenites barungensis Harris 1972 (Fig. 8p) Sparganiaceae
Tricolpites reticulatus Cookson 1947 (Fig. 8n) Gunneraceae
Tricolpites trioblatus Mildenhall & Pocknall 1989 (Fig. 8e) Scrophulariaceae

b Dinoflagellate cysts

Hystrichostrogylon sulcatum sp. nov. (Fig. 5a-l, Fig. 6a-c)
Hystrichostrogylon membraniphorum Agelopoulos 1964 (Fig. 6g)
Lejeunecysta sp. cf. L. fall ax (Morgenroth) Artzner & Dorhofer 1978 emend. Biffi & Grignani 1983 (Fig. 6h)
Lejeunecysta sp. (Fig. 6i)
Lingulodinium machaerophorum (Deflandre & Cookson) Wall 1967 (Fig. 6j)
Nematosphaeropsis sp. cf. N. lativittata Wrenn 1988
Nematosphaeropsis rigida Wrenn 1988 (Fig. 7g-n)
Nematosphaeropsis/Cannosphaeropsis sp. (Fig. 7a-f)
Operculodinium israelianum (Rossignol) Wall 1967 (Fig. 6k)
Reticulatosphaera actinocoronata (Benedek) Bujak & Matsuoka 1986 (Fig. 61)
Spiniferites ramosus (Ehrenberg) Mantell 1854

c Algae

Pediastrum sp. (Fig. 8q & t)
Tasmanites sp.

d Reworked dinoflagellate cysts

Isabelidinium pellucidum (Deflandre & Cookson) Lentin & Williams 1977
Litosphaeridium sp.
Manumiella! cretacea (Cookson) Bujak & Davies 1983
Manumiella seelandica (Lange) Bujak & Davies 1983
Nelsoniella aceras Cookson & Eisenack 1960
Odontochitina sp. cf. O. costata Alberti 1961 emend. Clarke & Verdier 1967
Phthanoperidinium comatum (Morgenroth) Eisenack & Kjellstrom

platform arrowed; (e) intermediate focus; (f) low focus, single trabecula arrowed in black; double trabecula
arrowed in white, (g & n) Nematosphaeropsis rigida Wrenn. (g & j) UNSLP slide no. LA23: 39.3 x 94.6 (EF D37/
0). (g) general view; (j) detail showing loops on trabeculae. Phase contrast, (h & i) UNSLP slide no. LA23:
39.3 x 99.5 (EF J37/1). (h) detail showing gonal platforms (arrowed); (i) detail showing loops on trabeculae. (k &
n) UNSLP slide no. LA26: 44 x 95.7 (EF E32/3). (k) general view; (1) detail showing single trabecula arrowed in
black and double trabecula arrowed in white, (m & n) details showing loops on the trabecular network.
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Fig. 8. All digital images were taken using an interference contrast optical system, except when indicated. EF:
England Finder references. Scale bar: 10/mi. (a) Baumannipollis variaperturatus Barreda. UNSLP slide no. AB-
29: 41.8 x 99 (EF H43). Polar view, cross-section, (b & d, h) Mutisiapollis viteauensis (Barreda) Barreda. (b & c)
UNSLP slide no. LA19: 34 x 110.5 (EF U42). Polar view, (b) High focus; c, Cross-section, (d) UNSLP slide no.
LAI 1: 15.5 x 100 (EF K61). Oblique polar view, high focus, (h) UNSLP slide no. LA 26: 43.7 x 108 (EF R32/3).
Equatorial view, intermediate focus, (e) Tricolpites trioblatus Mildenhall & Pocknall. UNSLP slide no. AB30:
32.5 x 107.5 (EF R43/4). Polar view, intermediate focus, (f) Cyperaceaepollis neogenicus Krutzsch. UNSLP slide
no. LA19: 38.5 x 106 (EF P38/3) (x 60). General view, (g) Equisetosporites daricristatus (Shakmundes) Barreda.
UNSLP slide no. LA19: 43.5 x 98.8 (EF H32/4). General view, (i & j) Nothofagidites dorotensis Romero, (i)
UNSLP slide no. AB8: 40.5 x 99 (EF H35/4). Polar view, intermediate focus, (j) UNSLP slide no. AB8:
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Appendix II Other species cited in the text

a Pollen

Baumannipollis chubutensis Barreda 1993
Glencopollis ornatus Pocknall & Mildenhall 1984
Margocolporites tenuireticulatus Barreda 1997
Mutisiapollis patersonii Macphail & Hill 1994
Tubulifloridites antipodica Cookson 1947

b Dinoflagellate cysts

Cannosphaeropsis quattrocchiae Guerstein et al. 2001
Cannosphaeropsis utinensis Wetzel 1933
Hystrichosphaeropsis obscura Habib 1972
Hystrichostrogylon borisii Schi01er 1993
Hystrichostrogylon dausenii Bujak 1994
Hystrichostrogylon coninckii Heilmann-Clausen in Thomsen & Heilmann-Clausen 1985
Hystrichostrogylon holohymenium Islam 1983
Lingulodinium hemicystum McMinn 1991
Spiniferites falcipedius Warny & Wrenn 1997
Spiniferites mirabilis (Rossignol) Sarjeant 1970
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lata 230

Hemiaulus 276, 280, 282, 283
Hertzina 53, 54
Heteraulacacysta campanula 262
heterococcoliths, Turonian-Coniacian 223
Heterohelix globulosa 230, 233, 234
Heterosphaeridium 259, 262, 264, 312, 316
Heterostomella austinana 232
Hettangian-Pliocene extinction data 13-14
Hindeodus 106
Hirsutodontus 65, 66

hirsutus 53, 54, 56
simplex 53, 54, 56

holococcoliths, Turonian-Coniacian 223
Homotryblium 315, 321
Hymenospora murdochensis 126-129, 132, 133
Hymenospora palliolata 131
Hyperammina odiosa 139, 151, 157
Hystrichokolpoma bulbosum 262, 264
Hystrichosphaeridium tubiferum 259, 262
Hystrichosphaeropsis 315

nuda 262, 264
obscura 330

Hystrichostrogylon coninckii 262, 264, 336, 341
Hystrichostrogylon membraniphorum 262, 330, 332,

335
Hystrichostrogylon sulcatum 329, 332, 333, 334, 335,

336

lapetognathus fluctivagus 47, 50, 52, 66, 67, 68
lapetognathus preaengensis 52, 54, 56, 66, 67, 68
Ichthyolaria 159, 164

lustrata 139, 155, 157
sulcata 145
terquemi 145

IcriodellalZ, 88, 91, 96, 99
deflecta 88, 91, 94
dicrana 88, 91
discreta 88, 91
superba 91

Illinites unicus 127, 129
immigration, conodont, Anticosti Island 94, 96, 98,

99
Impagidinium 263, 263, 312, 314, 318, 319, 321
Impletosphaeridium tribuliferum 178
Inaperturopollenites 252
indicator taxa 4
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invertebrates, benthic 21
Involutina 159

liassica sibirica 145
Iranognathus tarazi 106
Ireviken Event 97
iridium abundance anomalies 12, 243, 246, 258
Isabelidinium 262

cooksoniae 230
pellucidum 329

Isthmia 276
Isthmolithus recurvus 317

jack-knifing 13
Jaculella jacutica 151
Johnognathus 96
Juana Lopez Calcarenite Member, Wagon Mound

213, 214, 215, 216-217, 233, 234
Jupiter Formation 91, 92, 94, 95, 96, 99, 100
Jurassic, Pliensbachian-Toarcian boundary 137,

140
Jurassic-Cretaceous boundary 175-184

K-T boundary
dinocysts, Uzgrun 257-271
south central Pyrenees 243-253

palynology 246-253
K-T boundary event, causes and effects 257
K-T boundary extinction 11, 12, 25, 36, 243, 257

age-dependent survivorship 38, 39, 40, 43
Kalamopsis grzybowskii 235
Kallosphaeridiunf! inornatum 262
Kamptnerius magnificus 227
kill mechanisms 27, 29
King's Hole Hardground 202-203
Kinkelinella sermoisensis 147, 149, 157
Kleithriasphaeridium 178
Kockelellal manitoulinensis 90, 94
Kockelella! ranuliformis 96
Krithe echolsae 298, 301, 304

assemblage zone 300, 302, 304
krummholz zone 3
Kutsevella barrowensis 145, 153, 155, 164

Laevigatosporites 253
Laffiteina bibensis 246, 251
Lagenammina jurassica 149
Langsettian-Duckmantian Stage boundary 123-133,

124
microflora 124
miospore species 124, 126, 128
palaeoenvironments 129-130
palynomorphs 125, 727, 729
palynostratigraphy 125-133, 126
stratotype sections 125

Law of Constant Extinction 36
Lazarus taxa 94, 99-100
Leiotriletes 248
Lejeunecysta cf. fallax 335

Leluchow, Flysch Carpathians
Eocene-Oligocene boundary succession 309-322
palaeoenvironmental changes 318-319, 320

Leluchow Marl Member 309, 577
dinocyst distribution 312-313

Lenodus variabilis 50
Lenticulina 164

gottingensis 153, 155, 157
margarita 145, 147
multa 149, 157
t oar cense 157

Lentinia serrata 316
Leptolepidites psarosus 178
Ligonodina 92
Lilliasterites angularis 230
Limitisporites 127, 129
Lingulodinium hemicystum 330
Lingulodinium machaerophorum 329, 330, 335
Lingulogavelinella cf. vombensis 224, 232
Lithastrinus moratus 230, 232
Lithraphidites carniolensis 223, 225
Litosphaeridium 329
Llandovery, Anticosti Island

conodont diversity 75
conodont evolutionary cycles 88-97
conodont evolutionary trees 78-88
sea-level change 97-100

Lonchodina walliseri 92
Longtan Formation 106-108
Lopingian Series 105, 707
Loxodentatus bipinnatus 53
Loxognathodus phyllodus 53
Lycopodiumsporites 248, 251

Maastrichtian, southern Pyrenees 248, 253
Maastrichtian extinction 22, 24, 25
Maastrichtian-Danian, dinoflagellate cysts 257-271
Macerodus crassatus 53
Macerodus dianae 50
Macerodus! wattsbightensis 53
macroevolution 41
macrofossils, biostratigraphy 208-209, 270, 228
Magura Nappe 257

Eocene-Oligocene boundary 309
geology 258

'Mandelstamitf linearis 139
''Mandelsiamid lubrica 145
Manicouagan impact 18-19, 22
Manumiella 329

seelandica 259, 262, 264, 266
Marginotruncana 221, 235

marianosi 231, 232
paraconcavata 222
paraventricosa 222, 231, 232

Marginulina 164
arnica 157
prima 151
spinata interrupta 145, 147
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spinata orbicularis 139
Marginulinopsis hatangensis 153, 155
Marginulinopsis quadricostata 155
Marginulinopsis schleiferi 153
Marginulinopsis ventrosa 145
Margocolporites tenuireticulatus 330
marine transgression, Oligocene-Miocene boundary

325
Marthasterites furcatus 227, 230, 231, 232
Martinicythere bassiounii 298, 301
Matonisporites elegans 178, 182
Matthesisporites plurituberosus Doring 248, 251
Mauritsina coronata 298, 304
Mauritsina jordanica nodoreticulata 298, 304
Mauritsina martinii 298, 301, 306
Megommatocythere denticulata 298, 301, 306

assemblage zone 302, 304
Melosira clavigera 280
Membranilarnacia! tenella 261
Membranophoridium 321
Mendicodinium groenlandicum 111
Merrimack Formation 98
microevolution 41
microfossils 208-209, 228
micropalaeontology, in boundary identification 5
Microreticulatisporites nobilis 124, 126, 128
mid-Cenomanian non-sequence (MCNS) see

Cenomanian, mid, non-sequence
Miocene

palynomorphs, Argentina 330-331
see also Oligocene-Miocene boundary

miospore biostratigraphy, Jurassic-Cretaceous
boundary 178-180

miospores, Langsettian-Duckmantian Stage boundary
124, 126, 128

Miravetesina ficula 227, 232
Monoclimacis crenulata Zone 97
Monocostodus sevierensis 54, 56, 65, 67, 68
Monograptus Zones 93, 97, 98, 99
Monte Carlo simulation 13, 16-17, 17, 21, 22
Montezuma Valley Shale Member, Wagon Mound

213-214, 216, 218, 221, 233
Muderongia simplex 178
Murdoch Gas Field, North Sea 125, 126, 128
Mutisiapollis patersonii 329
Mutisiapollis viteauensis 330, 331, 340

Nanacy there 160
costata 139, 145, 157

nannofossils, calcareous, Turonian-Coniacian 223,
225, 227, 228

Nelsoniella aceras 329
Nelsoniella tuberculata 263, 264
Nematosphaeropsis 262, 314, 318, 338

rigida 329, 330, 331, 336, 337, 338
Neobulimina 139, 160
Neoflabellina suturalis 231
Neoprioniodus planus 91

Newfoundland, western 49
Cambrian-Ordovician conodonts 47-70

mode of life 51
stratigraphy 50

Niobrara Formation, Wagon Mound 214-215, 223,
234

Nodosaria 164
claviformis 147
pulchra 149, 157
regular is 147
turgida 139

non-sequence
definition 189
Mid-Cenomanian 187-204

Norian extinction 19, 22, 24
Normalograptus 73
Normapolles, K-T boundary, Pyrenees 251, 252,

253
North Sea Basin, diatoms 276, 287-288
North Sea Plankton zonation 276, 277
Nothofagidites dorotensis 340
numerical methods 4-5

OAE see ocean anoxic event
ocean anoxic event (OAE) 43
Odontella 280, 282, 283, 285
Odontochitina 263, 329
Oepikodus communis 50
Oepikodus evae 50
Oertliella poster-otriangulata 298, 301

assemblage zone 302, 304, 306
Ogmochoncha 164

longula 139, 147, 153
nordvikensis 139

Ogmoconchella conversa 147
Ogmoconchella olenekensis 139
Ogmoconchella ornata 145, 157
Oligocene see E-O boundary
Oligocene-Miocene boundary

Centinela Formation, Argentina 325-341
marine transgression 325, 327

Oligosphaeridium totum totum 225, 230, 232
Operculodinium 314

israelianum 329, 335
Orbirhynchia mantelliana Band 192, 194
Ordoniya 298

burmaensis 298, 304, 306
Ordovician, see also Cambrian-Ordovician boundary
Ordovician-Silurian boundary 73-100
Osangularia whitei 232
ostracodes

Palaeocene-Eocene
Sinai 293-306

cluster analysis 295-297
correspondence analysis 302-306
distribution 297-298
palaeobiotopes 298-302

Pliensbachian-Toarcian boundary 137, 759, 170
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Alaska 156, 157, 160
Barents Sea 153
Siberia 139, 143, 146, 147, 151-153, 163

Oulodus 76, 78, 90, 91-92, 94, 96, 98
evolutionary trees 82-84, 85
expansus 76, 82-84, 93, 98
fluegeli 76, 82-84
Jeanne 82-84, 93
panuarensis 76, 82-84, 91-92, 93, 94, 99
rohneri 83
sigmoideus 76, 82-84, 91, 92, 95
ulrichi 83, 84

Ozarkodina 75-76, 78, 88-97
aldridgei 79-81,95, 96, 100
alpina 79-82
clavula 79-82, 93, 94, 99
evolutionary trees 79-82, 82, 84-88
gulletensis 79-82, 96, 100
hassi 79-82, 85, 87, 88, 90, 91, 94, 99
oldhamensis 79-82, 84, 87, 88, 90, 94, 95, 98
pirata 79-82, 91, 95, 99
polindinata 79-82, 96
sesquipedalis 79-82
sf/wi0 76, 79-82, 91, 94

P:B ratio see planktonic:benthic ratio
palaeobiotopes, ostracodes, Palaeocene-Eocene

298-302
Palaeocene-Eocene, ostracodes, Sinai 293-306
Palaeocene-Eocene boundary

diatoms, Dieppe-Hampshire Basin 275-289
Esna Shale 295

palaeoenvironment
correspondence analysis 297, 302-304
Eocene-Oligocene boundary 318-319, 320
K-T boundary, Uzgrun 261, 263, 266
Palaeocene-Eocene, Sinai 302-306
Palaeogene 286
Turonian-Coniacian

Salzgitter-Salder 235-236
Wagon Mound 233-234

Palaeogene, deposits, Dieppe-Hampshire Basin
279

Palaeohystrichophora infusorioides 225, 235, 262
Palaeotetradinium silicorum 259, 262
Palaeozoic, Late, phytoplankton extinction 29
Palmula deslongchampsi 149
Palmula pilulata 231
Palynodinium grallator 261, 262, 264
palynology, in boundary identification 5
palynomorphs

K-T boundary, Pyrenees 248-253
marine, Turonian-Coniacian boundary 225
Oligocene-Miocene boundary 329-341

palynostratigraphy, Langsettian-Duckmantian Stage
boundary 123-133

Panderodus 88
gibber 76

gracilis 76
recurvatus 91, 94
unicostatus 76, 95

Pangaea 29
Paracordylodus gracilis 50
Paracosta parakefensis 298, 304
Paracosta pervinquieri 298
Paracypris 157
Parakidograptus acuminatus 73
Parakrithe crolifa 297, 298, 304

assemblage zone 302, 304, 305
Paralia ornata 282
Paralia siberica 280, 283, 284, 286
Pamtahconus nodosus 54, 56, 64, 65, 68
passport characteristics 35, 40, 41
Patagonian transgression 325, 327, 329
Patagoniano sediments 325
Patellasporites 248
Pentadinium 315
Pentamerus 99
Permian-Triassic boundary

conodont population 105-120
extinction 28, 29

perturbation, step v. spike 43
Pervosphaeridium truncigerum 225, 232
Phacorhabdotus inaequicostatus 298, 301
Phakelodus tennis 53-60, 67, 68, 70
Phanerozoic extinction 11-30

data 13-14
Phanerozoic sea-level fluctuation 21, 22
Pharus 228
Phelodinium 262
Phthanoperidinium chalossense 316
Phthanoperidinium comatum 329
phytoplankton, Late Permian 29
plankton, zonation 276, 277
planktonic:benthic ratio, foraminifera 190-194
Planularia 164
Planulina kansasensis 224, 230, 234
Planulina texana 224, 230, 233, 239
Plectina cenomana 188
'Plectodintf 79
Plectospathodus flexuosus 91
Pliensbachian-Toarcian boundary

Arctic Basin 137-171
stratigraphy 139-157

Alaska 155-157
Barents Sea 153
Canada 153-155
Siberia 139, 145, 147, 149, 151

pollen, K-T boundary, Pyrenees 246-253
polycolpites 251, 252
Polycostatus falsioneotensis 53
Polypodiaceoisporites 248, 251
Polyporopollenites 251
Pontocyprella recurva 298
Portland Stone Formation 175, 177-183

dinocyst biostratigraphy 177-180
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miospore biostratigraphy 178-180
Portland-Wight Basin 175, 176
Praebulimina reussi 232
Praeglobotruncana 194, 202
Prediscosphaera cretacea 223, 225
Prioniodus elegans 50
Prionocyclus germari 228, 230
Prionocyclus novomexicanus 229
Problematoconites perforata 54, 56
processing techniques

diatoms 281
dinocysts 177, 259, 311, 326, 329
foraminifera 200, 212
nannofossils 212
palynomorphs 259, 311, 326, 329

Proconodontus 58, 59, 60
muelleri 53, 54, 58
poster-ocostatus 54, 58
serratus 54, 58
tenuiserratus 54,

Prooneotodus rotundatus 53, 54, 56, 58
proportional hazards model 38
Prosagittodontus dahlmani 54, 56
Prosagittodontus eureka 54, 56
Protohaploxypinus 127, 129
Protoprioniodus simplicissimus 50
provincialism 178-180
pseudoextinction 37
Pseudonodosaria 164

pseudovulgata 145, 153, 155
Pseudooneotodus 95, 96

dea 151
PseudoparelM ripleyensis 219
pseudospeciation 37
Pteracontiodus cryptodens 50
Pterodinium 263

cingulatum 259, 262
Pterospathodus 78, 93, 94, 95, 96, 99

amorphognathoides 84-87, 87-88, 93, 96,
97, 100

celloni 85-87, 87-88, 93
evolutionary trees 84^87, 87-88
originalis 87-88, 91, 92
pennatus 84-87, 87-88, 93
posteritenuis 84-87, 87-88, 93
siluricus 84-87, 87-88, 93

Pterotheca 280
Purbeck Formation 175, 177-183

dinocyst biostratigraphy 177-183
miospore biostratigraphy 178-180

Pyrenean Basin, K-T boundary 243
Pyrenees, south central

geology 244, 245
K-T boundary 244, 246

pyritization 276
Pyrulinoides 160, 164

anabarensis 145, 155

Quadrum intermedium 228
quartz, shocked 12

Radiizonates aligerens 124, 126
Radiizonates faunus 126-129
Radiizonates striatus 126-129, 130
Radiizonates tennis 124, 126-129
Rastrites maximus Zone 96
Recurvoides taimyrensis 145, 147, 153, 156, 164
Red Queen Hypothesis 36, 42-44
Reduviasporonites stoschianus 127
regression

Aeronian 99
eustatic 16, 19, 20, 28, see also sea-level change
Maastrichtian 21
Pliensbachian 157
Telychian 100

Reinholdella pachy derma 147
Reophax metensis 153
Retecapsa 223, 225
Reticulatosphaera actinocoronata 329, 330, 335
Reticulina proteros 302, 303, 306
Reticulina sangalkamensis 297, 298, 302, 303, 306
Rexroadus 78, 90, 98

evolutionary trees 78, 82-85, 85
kentuckyensis 82, 88, 94
nathani 82, 88, 90, 94

Rhizosolenia 280, 282
Rhuddanian

conodont evolutionary cycles 88-93
sea-level change 98-99

Riculacystal pala 264
Rossodus 56
Rotalipora cushmani 188, 189, 190, 192, 194, 797, 202
Rotalipora greenhornensis 202
Rotalipora montsalvensis 192
Rotalipora reicheli 188, 190
Rottnestia borussica 259, 262, 315, 319
Rugulitriporites 251
Russia, arctic see Siberia

Saccammina 149, 151, 153, 156, 164
Saepiovirgata biferula 223, 228
Sahnites 127, 129
Saint Josse borehole

Dieppe-Hampshire Basin 277, 278, 279
diatom assemblage zones 283, 287

pyritized diatom distribution 280
Salzgitter-Salder outcrop 208-209, 209, 218, 236-238

calcareous nannofossils 225, 232
chronostratigraphy 227-228, 231-233
foraminifera 221,223, 231
lithostratigraphy 277, 272, 215-216
marine palynomorphs 225, 232
palaeoenvironment 235-236

Samlandia chlamydophora 315
sampling factors 4
San Jorge Basin, Argentina 325, 327, 331
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Sandvika event 94
Saracenaria 160

sublaevis 145, 155
Scaphites whitfieldi 229
Schulzospora rara 124, 126-129, 130

sea-level change
eustatic 20-23, 20, 23, 26, 28
Cambrian-Ordovician, effect on conodont

communities 67-68, 69
mid-Cenomanian non-sequence 192, 203
Ordovician-Silurian, effect on conodont

speciation 97-100
Turonian 233

Upper Carboniferous, effect on microflora
129-130

see also regression, transgression
sedimentation

allochthonous 235
flysch 261, 263

Semiacontiodus nogamii 53-56, 62, 64, 65, 68, 69
Senegalinium 259, 262, 263, 266
Senoniasphaera inornata 261
Senoniasphaera jurassica 178
shale, black bituminous, Toarcian 137, 147
Siberia, Pliensbachian-Toarcian boundary,

stratigraphy 139, 141-144, 145, 147, 149, 151
Siberian Traps 22, 27, 29
Silurian

conodont fauna 75, 88
ocean-climate change I S , 76
see also Ordovician-Silurian boundary

Sinai
Palaeocene-Eocene

ostracodes 293-306
stratigraphy 294-295, 294, 296

Sinuspores sinuatus 124, 126-128, 130-131, 132
Smereczek Shale Member 309, 311

dinocyst distribution 313, 317
Smoky Hill Member, Wagon Mound 215, 277, 234
Solan Formation, Uzgrun 257-271

geology 257-258
Sparnacian facies, Palaeogene 286, 287, 289
speciation 36

conodont 88-97
effect of sea-level change 97-100

cryptic 37
species senescence 40
Spelaeotrilites pretiosus windsorensis 126-129
Spilsby Shelf 176
Spinidinium 259, 263, 265

densispinatum 270
Spiniferites 263, 263, 312, 313, 336

mirabilis 335
ramosus 259, 262, 329

Spiroplectammina 149, 155
spore:pollen ratio, K-T boundary, Pyrenees

246-253
sporomorphs, Oligocene-Miocene boundary 328, 329

Stellarima microtrias 280
Stensioina granulata kelleri 226, 232
Stensioina granulata levis 226, 232
Stephanogonia danica 280, 282
Stephanopyxis turris 282, 287
Stoveracysta 312, 315
Stoverius achylosus 228, 230
subtriporopollenites 251, 252
super-impact scenario 27
survivor species 35, 36

large-body v. small-body 40-41
survivorship analysis 37-38, 43
Svalbardella 316, 319
Sweetina 106

Tatarian extinction 22, 24, 25, 29
Telychian

conodont evolutionary cycles 96-97
sea-level change 100

Teridontus nakamurai 53-60, 62, 65, 67, 70
Tertiary see K-T boundary
Tethyan province 175, 176
Textularia 153, 156
Thalassiphora 262, 263, 315
Thebes Formation, Sinai 294, 295
timberline 3
Tithonian 175
Toarcian

mass extinction 137, 157, 162
see also Pliensbachian-Toarcian boundary

palaeoenvironments 149
Tortolithus caistorensi 239
Tortolithus carteri 228, 239-240
Total Life Method, survivorship analysis 37
Trachycythere verrucosa 149
Tranolithus 223, 225
transgression 16, 19, 20, see also sea-level change

Aeronian 98, 99
Cenomanian 21
Oligocene-Miocene (Patagonian) 325, 327, 329
Pliensbachian 157

treeline 3
Tremadocian, conodont fauna 48, 69
Tremp Formation, Pyrenees, K-T boundary

243-244, 245
Triatriopollenites 251, 252
Triceratium 276, 280, 282, 283, 287
Trichonodella symmetrica 91
Tricolpites trioblatus 330, 340
Tricolpopollenites 251
Trigonium 282, 283, 289
Trilites tuberculiformis 248
Trinacria 276, 280, 282, 283, 285, 289
Triplasia 170

kingakensis 147, 149, 156, 157
Tripodus laevis 50
Triporopollenites 251
Trithyrodinium 259, 263, 265, 270
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