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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. Inevitably, 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 dimensions, with space and time interacting to produce
a plethora of boundaries and boundary deﬁnitions. Although conventionally, on stratigraphic
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 chronostratigraphic, biostratigraphic and lithostratigraphic units are outlined in rules set up by
international agreement, such as the International Stratigraphic Guide (Salvador 1994), or

guidelines such as the North American Stratigraphic Code (North American Commission on
Stratigraphic Nomenclature 1983), or the Stratigraphic Procedure (Rawson et al. 2002). The
demarcation of boundaries is generally a consequence 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 representations 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 methodology that proved limiting for the subdivision of
geological time because of gaps in the rock
record (Harland et al. 1990).
Modern geochronology emphasizes boundaries, especially lower stage boundaries, rather
than units, as fundamental for subdivision and
correlation (Remane 2003). Under the auspices
of the International Commission on Stratigraphy (ICS), various subcommissions have been
established to examine the placement of particularly critical temporal boundaries in the
geological record (see list in Gradstein & Ogg
2003). Considerable effort has been devoted to
the establishment of Global Boundary Stratotype Sections and Points (GSSPs), with more
than 40 deﬁned so far (Gradstein et al. undated).
For each boundary, a type section and a speciﬁc
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point within that section are chosen by international 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 correlatable 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 foraminifera – often underpin these deﬁnitions. Micropalaeontology
is
becoming
increasingly
important, particularly for GSSPs in the Cenozoic and Palaeozoic, due to the more continuous 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,
2003b). Because ecology deals with living organisms and their environment, this theoretical
approach is also applicable to palynology and
micropalaeontology. Strayer et al. (2003) distinguish two major types of boundaries: investigative and tangible boundaries. Investigative
boundaries are those that are imposed by
practical or administrative considerations and
often have no physical expression in the landscape. 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, environmental discontinuity, or landscape expression. It
is the exploration of tangible boundaries with
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which this volume is primarily concerned.
However, it is worth noting that some geological
boundaries may be a consequence of investigative 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 discontinuity, 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. 2003b). Where a
boundary is deﬁned by a perturbation, the
magnitude, extent, and duration of that perturbation 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 boundaries in the simplest spatial cases, with the
complication of geological time removed. However, the identiﬁcation of boundaries across the
landscape, and the characterization of transitions, 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 boundaries, such as the water–atmosphere or ice–water
interfaces, are also clearly marked. Other
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boundaries, such as temperature limits, are more
subtle and less visible. These boundaries are
often formed when the gradient or rate-ofchange of a parameter becomes steep (Cadenesso et al. 2003a). 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
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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 200 km wide (Timoney et al. 1992).
Thus, the boundary between forested and nonforested areas represents the interplay of topographical, 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 oversimplify 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
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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 lithostratigraphic 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 signiﬁcant variation can be clearly identiﬁed.

Techniques for boundary identiﬁcation
Boundaries in the geological record are identiﬁed 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 biostratigraphic 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 welldeﬁned 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 contemporaneous samples. Where a boundary is deﬁned by
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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 transport (Zhang & Barnes a), and by post-depositional 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 conﬁdence 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 consistent 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 judgements 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), especially when stratigraphic constraints are
included (Grimm 1987). Pollen zone boundaries
may be ecologically or chronostratigraphically
important (e.g. Fernández-Marrón et al.). Second, given several assemblages and some knowledge 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 contemporaneous conditions are not well known. Ordination 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 periodicity of extinction events shown by marine
invertebrate genera through the sweep of Phanerozoic time. He investigates the association
between these and the ﬁve most widely invoked
explanatory factors – bolide impacts, continental 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 declining 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
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Palaeozoic and the diversiﬁcation of phytoplankton in the Late Triassic. This opens
intriguing possibilities of linkages and feedback
mechanisms between evolutionary events, climate changes, and extinctions – perhaps pointing 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 foraminifera, concentrating on two boundaries, the
Cenomanian–Turonian (C–T) and the Cretaceous–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 happens to the taxa that make it through extinction?
Doran et al.’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 necessarily be best adapted to the post-extinction
environment, but they form the foundation for
subsequent populations.
After much debate, the GSSP for the Cambrian–Ordovician boundary was located at
Green Point, western Newfoundland, Canada,
and deﬁned on the basis of conodont biostratigraphy (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 communities 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 communities were partitioning the environment according to slope position and water depth. Therefore,
conodont community change may reﬂect sealevel changes affecting water depth, in particular
sea-level rise in the Early Ordovician. Overprinted 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 postextinction 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, immigration 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 radiation 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 appearance 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 interesting way of approaching a question that is
relevant to many micropalaeontological indicators – 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 Carboniferous. It overlies the Langsettian Stage, and
its base is deﬁned by the base of the Vanderbeckei Marine Band and in a boundary stratotype 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 characterize the Vanderbeckei Marine Band and the
Langsettian–Duckmantian boundary in particular. By then analysing this same marine band in
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a borehole in the southern North Sea, McLean
et al. have been able to assess the potential of
miospores for recognizing the boundary elsewhere. Results show that although the Vanderbeckei 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–Cretaceous 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 Terschelling Basin in the Netherlands, which is within
the Boreal Realm. This approach achieves a
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novel correlation between the Berriasian, including 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 nonsequence was originally identiﬁed during geological 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 depositional break be considered a sequence boundary? Can a boundary be formed by an absence?
The deﬁnition of a GSSP relies on its identiﬁcation 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 correlatable, 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, central Germany. Sikora et al. are able to show that
different indicator types provide different temporal 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 wellpublicized 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,
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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 extinction 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, Fernández-Marrón 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 & Schiøler 1996; Brinkhuis et al.
1998). The study by Gedl a examines dinoﬂagellate 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, accompanied by palaeogeographical changes (Norris &
Röhl 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 extraction 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 identiﬁcation of ecozones, distinguished by environmental 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 (Kennett & 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 deﬁnition (Berggren et al. 1995, pp. 197–198; Brinkhuis & 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 Mountains of Poland. Gedl’s study identiﬁes the
position of the Eocene–Oligocene boundary in
the Leluchów section, and infers a drop in
relative sea-level that might correlate with Early
Oligocene eustatic lowering. Sea-surface temperatures 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 et al. 1998). In
South America, a major marine transgression
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in Patagonia is associated with this event,
although its precise dating has remained
questionable. Guerstein et al. have used palynology 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 deﬁnitional 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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