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7.1  Introduction

Stratigraphy is defined as the study of layered rocks. In the
context of sedimentary geology in general, and of this book
in particular, Stratigraphy is the discipline that pulls every-
thing together. In Chaps. 2-5 of this book we deal with
increasingly large and complex sedimentological concepts,
and in Chap. 6 we discuss mapping methods, which are
essentially methods for extending our interpretations beyond
our immediate data points by interpolation and extrapola-
tion. Here in this chapter we add the elements of chronos-
tratigraphic dating and correlation, and demonstrate the
interdisciplinary nature of modern stratigraphic methods.

Interpretations that focus on local to regional facies
studies or sequence stratigraphy rely on the principles of
Stratigraphy to create and confirm local and regional corre-
lations. Rock units and the depositional environments in
which they formed may be related to each other in a way that
enables additional correlations to be made to, for example,
regional and global climatic and tectonic events. Strati-
graphic methods are required to construct such correlations,
and a dependence on these methods increases with the scale
of a project, from the local to the regional to the continental
to the global.

Formal stratigraphic practices, including the definition of
formations and of stages, had their origins in nineteenth-
century field geology, beginning with William Smith (Conkin
and Conkin 1984; Miall 2004), and have evolved into a set of
carefully defined procedures for naming and correlating the
various kinds of stratigraphic unit (Salvador 1994; NACSN
2005). They have also, for many years, been applied suc-
cessfully to subsurface well data. These methods are mainly
based on detailed lithostratigraphic and biostratigraphic
information, the analysis of which is discussed later in this
Chapter, along with other important aids to correlation,
including radiometric dating and magnetic reversal stratigra-
phy. Lithostratigraphic classification of the sedimentary
record remains the basic descriptive process for stratigraphic
documentation, but the ultimate goal is now to develop
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stratigraphic frameworks based on sequence stratigraphy
(Catuneanu 2006; Catuneanu et al. 2011; see Sect. 7.7).

A broader, more regional approach to correlation gener-
ally is taken by those dealing with reflection seismic data
(Veeken 2007). Commercial seismic work in frontier regions
and the deep reflection profiles produced by groups such as
the Consortium for Continental Reflection Profiling
(COCORP) in the United States, Canada’s Lithoprobe Pro-
ject, and many other international projects, provide sweeping
regional cross sections, within which correlations at the
detailed level may be far from clear. This work may be
supplemented by detailed three-dimensional reconstructions
created using 3-D seismic methods applied to prospective
rock volumes (Brown 2011).

With outcrop and well data, the problem may be to
establish the regional framework from a mass of local detail,
whereas with seismic data it is the detail that may be hard to
see (depending on depth, on which seismic resolution
depends). The ideal combination is, of course, a basin with a
network of key exploration holes tied to regional seismic
lines, plus local 3-D seismic volumes. Most advanced pet-
roleum exploration projects now achieve this level of detail.

These differences in data type and scale have led to two
different approaches to stratigraphic correlation. In industry
exploration work in frontier regions, particularly the great
offshore basins, a rather informal, pragmatic approach may
be taken to such topics as biostratigraphic zonation and the
naming of formations. The broad picture can be derived from
seismic cross-sections, and the details gradually resolve
themselves as more well data become available. Application
of various basin mapping methods (Chap. 6) and use of the
genetic, depositional systems approaches and sequence
stratigraphy concepts (Chap. 5) are of particular value here.
Some examples of detailed mapping and correlation and the
kinds of research questions these projects raise are discussed
in Chap. 8.

In the absence of seismic data, it is necessary to construct
the forest from the individual trees (the second approach).
The stratigraphic framework in most well explored (mature)
basins was built up this way using lithostratigraphic meth-
ods, and in the past the work has usually been accompanied
by considerable controversy, as local specialists have argued
about the relationships between the successions in different
parts of a basin or between outcrop and subsurface units.
Sequence concepts, because of their predictive power, can
now make this task easier, although the work is usually not
without its problems.

Whether a basin analysis exercise starts from seismic
sections or from outcrop work, it is desirable, eventually, to
document the fine detail of the stratigraphy by establishing a
sequence-stratigraphic framework and, ideally, to tie this to
the global time scale (formal sequence-stratigraphic methods
have yet to be finalized; see Sect. 7.7). Every local
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biostratigraphic, radiometric, and magnetostratigraphic study
can potentially contribute to the long-term effort to perfect
a global chronostratigraphic (time) scale. This last step is
beyond the needs of most exploration companies and is an
area of research commonly taken over by state geological
surveys and individuals in academic institutions, although
the data base and expertise built up in industry may form an
essential component. This is one area in which the govern-
ment core and data repositories can prove their usefulness.

Several commissions and subcommissions and numerous
working groups of the International Union of Geological
Sciences (IUGS), mostly under the auspices of the Interna-
tional Commission on Stratigraphy (ICS), have been carry-
ing this work for many years, as have many national groups.
The North American Commission on Stratigraphic Nomen-
clature has been particularly influential. Some of the results
are reported in this chapter, and the interested reader may
wish to examine the IUGS journal Episodes, which reports
on the activities of these various groups and announces
important publications. Other important publications include
Newsletters on Stratigraphy (published by E. Schweizerbart,
founded in 1965), and the journal Stratigraphy (published by
Micropaleontology Press, founded by William Berggren and
John A. Van Couvering in 2004). They both publish original
research articles and reviews, and may also include back-
ground information on ongoing work of ICS and the Inter-
national Subcommission on Stratigraphic Classification
(ISSC). The North American Commission published an
updated, comprehensive guide to stratigraphic procedure in
2005. Recent synthesis publications describing the Geolog-
ical Time Scale have brought this topic to a high level of
sophistication (Gradstein et al. 2004a, 2012). We discuss this
later in this chapter (Sect. 7.8). The website www.
stratigraphy.org is the official website of the ICS.

This chapter is intended to provide an introduction to
practical working methods. Chronostratigraphic (including
biostratigraphic) research must form an integral part of any
ongoing basin analysis project unless it is strictly local in
scope. The work is usually performed by specialists. Cor-
relation methods based on lithostratigraphy and sequence
stratigraphy are also compared and contrasted here, although
the procedures for erecting formal, named units (included
here for consistency and completeness) can be left to
advanced stages of the analysis (and do not yet include
procedures relating to sequence stratigraphy). Such naming
is best carried out by individuals with sedimentological
training, so that the depositional systems and sequence
concepts described in Chaps. 3-5 can be incorporated into
the work. Research trends, emerging problems, and some
new developments, are discussed in Chap. 8.

As discussed in detail in Chap. 8, the sedimentary record
is “more gap than record”. For a hundred years, since Barrell
(1917) published his ground-breaking work on the rates of
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7.1 Introduction

sedimentary processes, the fragmentary nature of the record
has largely been ignored by practicing stratigraphers and
sedimentologists. Typically, in many stratigraphic sections,
only about 10 % of elapsed time is represented by preserved
rock at a 10%-year time scale. All the developments in dating
and correlation methods, and the emergence of the powerful
new descriptive-interpretive methods of sequence stratigra-
phy have all been accomplished despite this fact. Stratigra-
phy continues to “work” as a practical method of basin
mapping and resource exploration. How can this be? It is
because there is a limited suite of natural processes that
deposit and preserve sediment, and these predominate in the
development of the stratigraphic record, including both the
accumulated sedimentary successions and the hiatuses that
separate them. For example, modern work on sequence
stratigraphy has identified a limited range of allogenic pro-
cesses, all characterized by a specific range of time scales,
that are now known to generate sequences (Miall 1995). The
order-of-magnitude range of time scales over which these
processes operate was the basis for the original hierarchical
“order” classification of sequences (Vail et al. 1977). The
range of natural processes that build the sedimentary record,
from the burst-and-sweep turbulence of a traction current to
the accumulation of a basin-fill over millions of years,
constitutes a crudely fractal distribution of rates and time
scales; but these processes are genetically unrelated. This is
important because it means that the distribution of relevant
time scales is not mathematically precise, and that, therefore,
quantification of processes, for example on the basis of
fractal theory, may not be particularly useful, or illuminating
or, indeed, relevant. Also, as noted elsewhere, interpretations
of sedimentary processes that imply continuity, such as
sediment-transport mass-balance calculations and the
reconstruction of shoreline trajectories through transgres-
sions and regressions, need to take into account the inter-
ruptions in the record represented by hiatuses, the frequency
and duration of which have consistently been ignored. We
address these issues in more detail in Chap. 8.

7.2  Types of Stratigraphic Unit

Rocks may be described in terms of any of their physical,
chemical, organic, or other properties, including lithology,
fossil content, geochemistry, petrology, mineralogy, electri-
cal resistivity, seismic velocity, density (gravity), magnetic
polarity, or age. Theoretically, any of these properties may
be used for description and correlation, and most are so used
for various purposes. In practice lithology is the most
important criterion; fossil content is also crucial for rocks of
Phanerozoic age. Magnetic polarity is finding increasing
application as a correlation tool, particularly for the younger
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Mesozoic and Cenozoic, and radiometric ages are used to
assign numerical (“absolute”) ages to biostratigraphic,
magnetic and other chronostratigraphic units. A standard
oxygen isotope scale is available for the late Cenozoic. Other
geophysical properties are used in the early reconnaissance
stages of exploration of a sedimentary basin. Not all these
properties will necessarily give rise to the same correlations
of a given rock body; for example, it is commonly difficult to
relate geophysical properties precisely to lithology. There-
fore, no single type of stratigraphic unit can be used to define
all the variability present in nature.

Reflection-seismic data have been widely used in the
exploration of sedimentary basins since the 1970s, making
use of the concepts of seismic stratigraphy (Sect. 6.3), and
with particular application to the interpretive field of
sequence stratigraphy (Chap. 5). Sheriff (1976) pointed out
that for reflecting events to be distinguished on seismic data
they must each represent a clear velocity contrast and must
be at least the equivalent of a quarter wavelength apart. At
shallow depths, velocities are in the range of 1.5-2.5 km/s
and reflections are relatively high frequency, about
5-100 Hz, so that a quarter wavelength is on the order of
5-12 m. At greater depths, typical reflection wavelengths
increase considerably. Therefore stratigraphic resolution is
fairly coarse (Fig. 7.1). Early work in seismic sequence
stratigraphy had portrayed sequence boundaries as distinc-
tive reflection surfaces correlatable over wide distances
(Mitchum et al. 1977), but improved acquisition and pro-
cessing techniques have demonstrated that the broad,
through-going correlations on which this early work were
based may be suspect. Cartwright et al. (1993) demonstrated
that many of the critical features of sequence architecture,
including the sequence boundaries, break down upon
detailed examination into complex reflection patterns rep-
resenting local facies variability, and major through-going
surfaces may not be present or easy to trace. Seismic data are
essential for studying large-scale stratigraphic features such
as depositional systems and regional (or global) sequences,
but may be of less use in the development of the refined
stratigraphic subdivisions that are the subject of this chapter.
The reader interested in the application of seismic methods
to basin analysis may wish to consult standard textbooks in
this area, such as Catuneanu (2006) or Veeken (2007).

Two basic categories of stratigraphic information are
essential for the complete documentation of the stratigraphic
record: (1) descriptive lithic units; and (2) geochronologic
information, dealing with correlation and age of the strata
(Harland 1993).

The most important types of stratigraphic units are:

Lithostratigraphic units: these are strictly empirical, based
on observable lithologic features including composition and
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Fig. 7.1 Scale of a typical
seismic wave form as compared

to an outcrop (left), and compared
to a wireline log (right). The
frequencies characteristically
used in petroleum exploration
seismic work (10-60 Hz) have
long wavelengths. Seismic
resolution is therefore limited to
large-scale stratigraphic features
(based on an idea from A.E.
Pallister and A.E. Wren)

v
tens of
metres

grain-size and possibly also including certain basic sedi-
mentological information, such as types of sedimentary
structures and cyclic successions.

Biostratigraphic units: these are based on fossil content. Life
forms evolve with time, permitting subdivision into bio-
zones on the basis of changes in the fauna or flora. The first
and last appearance of particular species or variants may also
serve as useful time markers.

Unconformity-bounded units: these are units bounded above
and below by unconformities. They may consist of any kinds
of rocks, igneous, metamorphic or sedimentary.
Unconformity-bounded sedimentary successions may be
formalized using the empirical, descriptive classification
procedures of allostratigraphy (see NACSN 2005), but
increasingly geologists now employ the interpretive proce-
dures and models of sequence stratigraphy as the main
basis for subdivision and mapping of the basin fill.
Chronostratigraphic units: these comprise an interpretive
stratigraphy, in contrast to lithostratigraphic and biostrati-
graphic units, which are strictly descriptive. Chronostratig-
raphy concerns itself with correlation and the age of the
strata, which may be determined by a variety of means, of
which the most important are fossil content, radiometric
dating, magnetic polarity (for the post Middle Jurassic) and
the oxygen isotope record (for the Cenozoic).

Both lithostratigraphic and biostratigraphic units may be
local in extent. Lithologic character depends on the deposi-
tional environment, sediment supply, climate, rate of subsi-
dence, etc., all of which can vary over short distances.
Lithostratigraphic units are diachronous to a greater or lesser
degree, that is, they represent a different time range in dif-
ferent places, reflecting gradual shifts in environment, for
example, during transgression or regression. The limits of a
stratigraphic unit are either its erosional truncation at the
surface or beneath an unconformity or a facies change into a
contemporaneous unit of a different lithology. A special type

of lithostratigraphic unit is that formed by short-lived strati-
graphic events, which are those that have widespread depo-
sitional effects within very short time spans (Ager 1981).
Examples of such events are volcanic ash falls, the deposits
of violent storms and tsunamis, and certain regional or global
sea-level changes. Such event deposits may prove very useful
as local correlation tools, as discussed below (Sect. 7.8.4).

Biostratigraphic units are based on fauna or flora, the
distribution of which is ecologically controlled. Also, con-
temporaneous faunas located in ecological niches that are
similar but geographically isolated may show subtly different
evolutionary patterns, making comparisons or correlations
between the areas difficult (this is the subject of biogeogra-
phy). All life forms evolve with time, so that faunas and floras
show both spatial and temporal limits on their distribution.

The unconformities that demarcate unconformity-
bounded units are caused by subaerial erosion during times
of low stands of sea level, by submarine erosion, or by
sudden environmental change. These events typically are
widespread. Sea-level change may be caused by tectonic
elevation of the basement or by eustatic changes in sea level.
In either case, the unconformity surfaces define units of
considerable lateral extent. Rapid changes in depositional
environment may generate what Schlager (1989) termed
drowning unconformities. Some unconformities may be of
global significance, although this is typically difficult to
demonstrate (Miall 2010, Chap. 14) Unconformities provide
an excellent basis for the regional subdivision of a basin fill,
and their interpretation may throw considerable light on
regional tectonic evolution. Sequence stratigraphy has
become the method of choice for subsurface mapping by the
petroleum industry precisely because of its practical utility in
focusing on and documenting these unconformity-bounded
successions (Chap. 5).

Chronostratigraphy attempts to resolve the difficulties in
regional and global correlation by establishing a global,
time-based reference frame. A standard Geological Time
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Scale (GTS) has gradually evolved since the discovery of
radiometric dating early in the twentieth century. However,
the accuracy of chronostratigraphic correlation is only as
good as that of the time-diagnostic criteria on which it is
based. Imprecision and error remain (Sects. 7.8, 8.10).

The evolution of these four types of units has had along and
complex history (Hancock 1977; Conkin and Conkin 1984;
Miall 2004) and there has been controversy about definitions.
Hedberg (1976), Hancock (1977), and Harland (1978, 1993)
discussed some of the early practical and philosophical
problems. Nineteenth-century geological practice did not
distinguish lithology from age, causing severe correlation
problems wherever a facies change or a diachronous boundary
occurred. More recently there has been controversy over
whether the rocks (lithologic units) or interpreted age range
should form the primary basis of chronostratigraphy (e.g.,
Zalasiewicz et al. 2004). The discussions are likely to seem
somewhat academic and theoretical to the average basin
analyst and will not be discussed at length here.

(a) (b) (c)
Location Determination Biozone duration
of of biozone
sequence framework
boundary m.y %
:
£ ¢
E / % @
g |
: |
L[]
*1-2ka  upto 0.2-5 m.y.
~ 2 m.y.

Fig. 7.2 Steps in the correlation and dating of stratigraphic events.
e = typical range of error associated with each step. a In the case of the
sequence framework, location of sequence boundaries may not be a
simple matter, but depends on interpretation of the rock record using
sequence principles. b Assignment of the boundary event to the
biozone framework. An incomplete record of preserved taxa (almost
always the case) may lead to ambiguity in the placement of biozone
boundaries. ¢ The precision of biozone correlation depends on biozone
duration. Shown here is a simplification of Cox’s (1990) summary of
the duration of zones in Jurassic sediments of the North Sea Basin.
d The building of a global stage framework is fundamental to the
development of a global time scale. However, global correlation is
hampered by faunal provincialism. Shown here is a simplification of
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7.3  The Six Steps Involved in Dating
and Correlation

Six main “steps” are involved in the dating and correlation
of stratigraphic events (Miall 1994). Figure 7.2 summarizes
these steps and provides generalized estimates of the mag-
nitude of the uncertainty associated with each aspect of the
correlation and dating of the stratigraphic record. Some of
these errors may be cumulative, as discussed in the subse-
quent sections. The assignment of ages and of correlations
with global frameworks is an iterative process that, in some
areas, has been underway for many years. There is much
feed-back and cross-checking from one step to another.
What follows should be viewed, therefore, as an attempt to
break down the practical business of dating and correlation
into more readily understandable pieces, all of which may be
employed at one time or another in the unravelling of
regional and global stratigraphies. The main steps are as
follows:

(d) (e)

Global stage framework Error in the numerical
time scale

and biogeography

[T] Tethyan EZZ New World Boreal
[ Interior =3 Old World Boreal
USA

up to ~ 5 m.y.

stages

up to ~ 5 m.y.

the faunal provinces of Cretaceous ammonites, shown on a
mid-Cretaceous plate-tectonic reconstruction. Based on Kennedy and
Cobban (1977) and Kauffman (1984). e The assignment of numerical
ages to stage boundaries and other stratigraphic events contains
inherent experimental error and also the error involved in the original
correlation of the datable horizon(s) to the stratigraphic event in
question. Diagrams of this type are a standard feature of any discussion
of the global time scale (e.g., Haq et al. 1988; Harland et al. 1990). The
establishment of a global biostratigraphically-based sequence frame-
work involves the accumulation of uncertainty over steps a—d. Potential
error may be reduced by the application of radiometric, magnetostrati-
graphic or chemostratigraphic techniques which, nonetheless, contain
their own inherent uncertainties (step e)
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1. Identification of the units or stratigraphic events to be
correlated, and development of regional correlation
frameworks, including the mapping of hiatuses, uncon-
formities and other key surfaces. Local correlations may
be based on lithostratigraphy, but sequence stratigraphic
concepts and methods are now practically universal.
Correlations may be guided or constrained by supple-
mentary data, such as biostratigraphic zonation. Deter-
mining the position of events such as sequence
boundaries may or may not be a straightforward proce-
dure, and requiring the application of facies mapping and
sequence mapping techniques (Chaps. 3, 4, and 5).

2. Determining the extent and chronostratigraphic signifi-
cance of unconformities. Unconformities, including
sequence boundaries, represent finite time spans which
vary in duration from place to place. In any given loca-
tion this time span could encompass the time span rep-
resented by several different sedimentary breaks at other
locations. Resolving such problems may require that
some of the other steps be completed, particularly step 3.

3. Determination of the biostratigraphic framework. One or
more fossil groups is used to assign the selected event to
a biozone framework, and zones are defined and corre-
lated from section to section. Error and uncertainty may
be introduced because of the incompleteness of the fossil
record. Graphic correlation or other quantitative tech-
niques may be employed (Sect. 7.5).

4. Assessment of relative biostratigraphic precision. The
length of time represented by biozones depends on such
factors as faunal diversity and rates of evolution. Dura-
tions of biozones vary considerably through geological
time and between different fossil groups

5. Correlation of biozones with the global stage framework
(Sect. 7.8.3). Much of the existing stage framework was
initially, with notable exceptions, built from the study of

Chiltern
Hills.
*
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macrofossils in European type sections, although
microfossils have become increasingly important for
subsurface work and for global studies (McGowran
2005). Correlation with this framework raises questions
of environmental limitations on biozone extent, our
ability to inter-relate zonal schemes built from different
fossil groups, and problems of global faunal and floral
provinciality and diachroneity.

6. Assignment of numerical (“absolute”) ages (Sect. 7.8.2).
The use of radiometric and magnetostratigraphic dating
methods, plus the increasing use of chemostratigraphy
(oxygen and strontium isotope concentrations) permits
the assignment of numerical ages in years to the bios-
tratigraphic framework. Such techniques also constitute
methods of correlation in their own right, especially
where fossils are sparse. The Geological Time Scale
(GTS) has become an instrument of considerable geo-
logical importance and practical utility in recent years,
contributing to the emergence of what Miall (2013) ter-
med “Sophisticated Stratigraphy” (Sect. 7.8; see
Fig. 7.33).

7.4 Lithostratigraphy

Until the 1980s it was standard practice to describe and map
stratigraphic successions on the basis of lithostratigraphic
principles (Fig. 7.3). In the field, particularly in arid regions
where the rocks are well exposed, it is still the historically
established formations that are the basis for field location
and identification. Such is the case, for example, in the
Grand Canyon and Canyonlands areas of the United States,
and the Front Ranges of the Rocky Mountains in Alberta. It
is necessary, therefore, to be able to read older publications

Nor h
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Fig. 63.—Section across the London Basin, showing the probab'e Ridge of old Rocks, (After W. Whitaker, Ge)l. Survey.)

o Low: r Bagshot Sand (of Hampstead) & London clay
d Thanet Sand (crops out on the south only). e Chalk with flints,
¢ Upper Greensand (crops up on the south only). h Gaulr,
&k Wealden Beds (on the south only).

¢ Woolwich and Reading Beds (including the Oldhaven Beds, which cccur on hie sonth only),
& Chalk withont flints,
i Lower Greensand.

1 Oolutie Clays (shown only on the north, but proved t) ocenr on the south, beyond range of the s:ction, by the S1b-Wealden boring, near Dattle, in Sussex).

.+ Old Rocks (Palaozoic).

Fig. 7.3 A cross-section of the London Basin, England, showing the development of descriptive terminology for stratigraphic units. From

“Geology of the counties of England and Wales”, by Harrison (1882)
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and maps and understand what type of information they
convey.

Amongst the problems with lithostratigraphy as a method
of description is that the defined units carry no meaning
regarding the origins or age of the units. Formations are
commonly diachronous, and many stratigraphic names were
established many decades ago, long before the advent of
modern facies and sequence analysis. Older literature may
therefore be replete with the names of local, poorly defined
units, with a given body of rocks defined and named dif-
ferently in different parts of a basin. Procedures are available
(e.g., see NACSN 2005) for the revision and redefinition of
units as new information becomes available from surface
mapping or subsurface exploration.

7.4.1 Types of Lithostratigraphic Units

and Their Definition

A hierarchy of units has been developed based on the for-
mation, which is the primary lithostratigraphic unit
(NACSN 2005).

Group
Formation
Member
Tongue or lentil
Bed.

The formation. An important convention has long since
been established that all sedimentary rocks should be

Fig. 7.4 An example of a
lithostratigraphic subdivision of a
rock succession. Stratigraphic
units exposed in the mountains of
northern Ellesmere Island, Arctic
Canada (photo A.F. Embry)

subdivided (when sufficient data have been collected) into
formations. No other types of lithostratigraphic subdivision
need be used, although convenience of description may
require them.

What is a formation? There are no fixed definitions that
deal with the scale or variability of what should constitute a
formation, although the procedures for establishing limits
(contacts) and names are well established (e.g., see NACSN
2005). Figure 7.4 provides a good example of the way in
which stratigraphic successions are subdivided on the basis
of lithology. The lithologies, colors and weathering charac-
teristics of the rocks suggest a fourfold subdivision of the
exposure. Comparisons with other exposures nearby and the
presence of distinctive fossils permits three of the subdivi-
sions to be assigned to previously existing formations, while
the fourth (oldest) unit is different from the local succession,
and has yet to be given a name. This outcrop is large enough
that the angular unconformity between two of the units (the
Nansen and the Barrow formations) can clearly be seen.

The degree of lithologic variability required to distinguish
a separate formation tends to reflect the level of information
available to the stratigrapher. Formations may be only a few
meters or several thousands of meters in thickness; they may
be traceable for only a few kilometers or for thousands of
kilometers. Formations in frontier basins usually are com-
pletely different in physical magnitude from those in popu-
lated, well-explored basins, such as much of western Europe
and the United States. In exploration in frontier basins pro-
ceeds, some of the larger formations first defined on a
reconnaissance basis may have subsequently been subdi-
vided into smaller units and the ranking of the names

2 A

ik He"'iberg.Fc':rm'ation (Lower Jurassic)

Barrow Formation (Upper Triassic)
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changed. NACSN (2005) provides the procedures for mak-
ing these kinds of revisions.

The most important criteria for establishing a formation
are its usefulness in subdividing stratigraphic cross sections
and its “mappability”. For reconnaissance mapping, a thin
unit that cannot accurately be depicted at a scale of, for
example, 1:250,000, may be of little use, although the def-
inition and mapping of thin but widespread marker units
may be of considerable utility. For more detailed work,
mappability at a scale of 1:50,000 or even 1:10,000 may be a
more useful criterion. Problems of consistency may arise
when detailed work is conducted around a mine site within
what is otherwise a poorly explored frontier basin.

Formations should not contain major unconformities,
although minor disconformities may be acceptable (indeed,
as we now recognize, they are all but unavoidable). The
contacts of the formation should be established at obvious
lithologic changes. These may be sharp or gradational. An
unconformity is a logical choice for a formation contact.
Where lithologies change gradually, either vertically or lat-
erally, it may be difficult to choose a logical place to draw
the contact. For example, a mudstone may pass up into a
sandstone through a transitional succession with sandstone
beds becoming thicker and more abundant upward. The
mudstone-sandstone formation contact could be drawn at the
oldest thick, coarse sandstone (with thickness and coarseness
carefully spelled out), at the level where sandstone and
mudstone each constitute 50 % of the section, or at the
youngest extensive mudstone bed. The choice is arbitrary,
and it is immaterial which method is selected as long as the
same method is used as consistently as possible throughout
the extent of the formation.

Other problems of definition arise where there are lateral
lithologic changes, requiring definition of a new formation.
A simple diachronous contact is not a problem, but where
the two units intertongue with one another, it may be vir-
tually impossible to draw a simple formation contact. One
solution is to give each tongue the same name as the parent

formation. A section passing through the transition region
may then show the two formations succeeding each other
several times. The only problem this causes is if formation
contact and thickness data are stored in a data bank and used
in automated contouring programs. Without additional input
from the operator, a computer program might not be able to
handle this type of data. Other alternatives are to define the
whole transitional rock volume in terms of one of the parent
units, to separate the transitional lithologies as a separate
lithostratigraphic entity, or to give separate tongues their
own bed, tongue, or member names. Published stratigraphic
codes (e.g., Salvador 1994; NACSN 2005) provide proce-
dures and practical solutions but do not specify any rigid
rules for the resolution of such problems. The main criteria
should be practicality, convenience, and consistency.

The sometimes arbitrary nomenclatural issues raised by
lithostratigraphic methods may be clarified or avoided by the
use of modern sequence methods, but it should not be
forgotten that sequence stratigraphy is an interpretive
approach to the rocks, and the inductive, empirical nature of
lithostratigraphy will likely remain as an essential under-
pinning of basinal stratigraphic frameworks for some time to
come.

A range of other terms is used to group or subdivide
stratigraphic successions on the basis of lithostratigraphy
(Fig. 7.5). Vertical and lateral contacts between units may be
defined on the basis of clear lithologic change, but are
commonly somewhat arbitrary, and as noted above, such
subdivisions contain no useful information about the depo-
sitional relationships of the strata. We address these issues
later, in the discussion on sequence stratigraphy (Sect. 7.6),
where it is demonstrated how this genetic approach to
stratigraphy can lead to much more meaningful reconstruc-
tions and interpretations.

The group. All other stratigraphic units are based on the
formation. A group consists of two or more formations
related lithologically. In the past, named groups have been
established for thick and varied successions without first

Fig. 7.5 A correlation table for a
hypothetical basin fill, drawn to
illustrate the various ways in
which lithostratigraphic
terminology may be adapted to
best capture existing stratigraphic
variability

T

High Park Member

Toronto Group

1
Etobicoke Formation

Mimico Tongue

Long Branch Tongue

York Fm.
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defining the constituent formations. This is not recom-
mended practice. By contrast, formations defined during
reconnaissance exploration may be subdivided into con-
stituent formations and the original name retained and ele-
vated to group status if detailed mapping subsequently
provides appropriate data. Groups should not contain major
unconformities.

The component formations of a group may not every-
where be the same. Lateral facies changes requiring defini-
tion of different formations can occur within a single
group. In contrast, a component formation may extend lat-
erally from one group to another. Groups are normally
defined for regions of complex stratigraphy. Toward the
basin margin or basin center, the component formations may
lose their individuality, in which case the group may there be
“demoted” to a formation, while still retaining the same
name.

The terms supergroup and subgroup are occasionally
used to provide an additional hierarchy of subdivision.
Usually, there are historical reasons for this; some of the
higher ranking names may have started out as member,
formation or group names, with reclassification and pro-
motion being required as additional work demonstrated the
need for further subdivision.

The member. This is the next ranking unit below for-
mation. Not all formations need be divided into members,
and formal names need be used for only a few, one, or none
of the constituent members, depending on convenience or
the level of information available.

There are no standards for the thickness or extent of
members, and commonly it is difficult to decide whether to
define a given lithostratigraphic unit as a member or a for-
mation. However, recommended practice is that all parts of a
succession be subdivided into formations, and so this is the
best level at which to start. A member cannot be defined
without its parent formation.

For mapping and other purposes, it commonly is conve-
nient to establish informal units such as the lower sandstone
member, which do not require formal names.

Tongue or lentil. These are similar to members. Because
of their geometric connotations, the terms are useful for parts
of formations where they interfinger with each other. Formal
names may be established for one, several, or all such units,
depending on convenience and practicality.

Bed. This is the smallest formal, named unit in the hier-
archy of lithostratigraphic units. Normally, only a few parts
of a stratigraphic succession will be subdivided into named
beds. Coal seams in mine areas, prominent volcanic tuff
horizons, and other marker beds are typical examples.
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Certain stratabound ore-bearing beds, such as placer units
may also be named.

7.4.2 The Names of Lithostratigraphic Units

When establishing a named unit, it is standard practice to
give it a geographical name, chosen to suggest the location
or areal extent of the unit. This may be a river, lake, bay,
headland, hill, mountain, town, village, etc. Permanent
names are preferable. Subsurface work in frontier basins,
particularly in offshore areas, may rapidly use up all the
available names, in which case the name of the well chosen
as the type section may be used. Failing this, names may
have to be invented.

In most cases, the geographical name will be followed by
the rank designation, for example, Wilcox Group, Pocono
Formation. For beds, this is commonly not done, particularly
in the case of coal seams, for which a complex mine ter-
minology may have evolved. Many older stratigraphic units
use a lithologic term instead of a rank term, for example,
Gault Clay, Dakota Sandstone, Austin Chalk (e.g., see
Fig. 7.3), but this is not recommended because the rank of
the unit is not clear from the name alone (NACSN 2005).

Workers should beware of using a geographic name that
has already been employed in a different context or renaming
units without justification. Geological survey organizations
commonly retain a file of current and obsolete stratigraphic
names that the worker may wish to consult. Formal naming
of units requires that the name be published in a recognized
publication, such as a national or international journal.
Information required to establish a name includes a desig-
nated type section or stratotype, with a detailed description
of the succession and information about the distribution of
the unit and its relationship to overlying, underlying or
age-equivalent units in adjacent locations. Further details on
the establishment of stratotypes is provided in Sect. 7.8:
Chronostratigraphy.

Lithostratigraphic units may be changed in rank as the
level of knowledge improves. For example, the Cornwallis
Group in the Canadian Arctic Islands started as the Corn-
wallis Formation and was raised to group rank when it was
realized that it contained three mappable units of formation
rank. Conversely, the Eureka Sound Group was named for a
thick and varied clastic succession, but it was never subdi-
vided into named constituent formations by the original
author and was reduced to formation status. The unit has
now been subdivided and has been formally redefined as a
group once again.
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When a unit is raised in rank, the original name should
not be used for any of the subdivisions, but is best retained
for the higher ranking unit or abandoned altogether.

7.5 Biostratigraphy

Biostratigraphy is the study of the relative arrangement of
strata based on their fossil content. Descriptive or empirical
biostratigraphy is used in erecting zones for local or regional
stratigraphic correlation and forms the basis for a global
system of chronostratigraphic subdivision.

Fossil content varies through a stratigraphic succession
for two main reasons: evolutionary changes and ecological
differences, such as changes in climate or depositional
environment. Biostratigraphy should be based only on evo-
lutionary changes, but it is always difficult to distinguish
these from changes that take place in a biostratigraphic
assemblage as a result of ecological modifications, and this
problem is a cause of continuing controversy for many fossil
groups.

Biostratigraphy obviously can only be studied and a
classification erected where fossils are present. This rules out
all of the Precambrian, except for the concluding subdivision
of the Proterozoic—the Ediacaran (Knoll et al. 2006). Even
in the Phanerozoic, there are many rock units for which the
fossil record is very sparse, and biostratigraphic subdivision
is correspondingly crude. This is particularly the case in
nonmarine strata or those (particularly carbonates) in which
fossil remains have been destroyed by diagenesis.

Biostratigraphy is a study for specialists. Refined work
requires intimate knowledge of the phylogeny of a large
number of fossil groups and their regional or global distri-
bution. To accumulate this knowledge may take half a life-
time, and the subject is an excellent example of a science in
which the practitioner seems to spend inordinate amounts of
time “learning more and more about less and less”. Some of
the leading authorities in a particular fossil group may be
able to discuss the cutting edge of their research with only
half a dozen other colleagues around the world. This gives
them considerable value if one happens to find their kind of
fossil, but it may somewhat restrict their scientific scope.
Geologists engaged in basin analysis of the Phanerozoic are
very rarely such specialists. Biostratigraphers are therefore
employed by many organizations to provide these special-
ized service skills, or they function independently as con-
sultants. They may be engaged much of the time in pursuing
paleontological research, but are able to provide biostrati-
graphic diagnoses for selected fossil types over a specified
age range.

Professional biostratigraphic work may take a great deal
of field and laboratory time. Sections that a sedimentologist
may dismiss as sparsely fossiliferous may yield hundreds or
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even thousands of specimens to the careful collector (see
Fig. 3.50). Laboratory extraction of microfossils or paly-
nomorphs may yield similar numbers. It is this kind of work
that is necessary for modern, refined biostratigraphic studies.
Much of the submitted material, particularly that from
frontier exploration wells, may itself provide the basis for
new biostratigraphic zoning schemes.

Basin analysts should understand what they are getting
when they submit their own material to a specialist for
identification. Commonly, they are interested in two items of
information: (1) the age of the enclosing rock, information
that can be used for correlation purposes, and (2) informa-
tion regarding the ecological environment of the fossils,
which can aid in the interpretation of depositional environ-
ments. Age is a chronostratigraphic interpretation based on
taxonomic descriptions, but commonly there are problems of
fossil identification or interpretation, particularly where the
fossil record is sparse or the material is from a new, poorly
studied area. The purpose of this section, therefore, is to
discuss some of the problems of the biostratigraphic record,
and to describe the methods biostratigraphers use in plying
their trade.

7.5.1 The Nature of the Biostratigraphic Record
Biofacies and Biogeography: The geographical distribution
of taxa reflects the restriction of ranges due to ecological
variations and the geographical isolation of populations.
Two topics are included under this heading, the facies
control of faunas and floras and the problem of faunal and
floral provincialism.

Some taxa are adapted to a benthonic (bottom-dwelling)
mode of life and others to a nektonic (swimming) or
planktonic (floating) habit. Ideally nektonic, or planktonic
forms are greatly to be preferred for biostratigraphic pur-
poses because of the likelihood of their being more widely
distributed and therefore more broadly useful. Benthonic
forms tend to be more facies dependent because of their need
for certain water conditions or sediment types for feeding
and dwelling behavior. However, in practice, benthonic
forms are widely used by professional biostratigraphers.
Even such static forms as corals, burrowing molluscs, or
anchored brachiopods have been found to be invaluable for
zoning the deposits of the continental shelves. Many ben-
thonic taxa have a planktonic larval stage that ensures wide
distribution via marine circulation. Conversely, many
planktonic forms, such as the graptolites, are too fragile to
survive in agitated, shallow water environments and are
therefore just as facies-bound as their benthonic contempo-
raries. In practice, virtually every taxonomic group has some
biostratigraphic utility, although considerable problems may
arise in attempts to determine the relationships between the
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Fig. 7.6 The interbedding of planktonic
three biofacies resulting from palynomorphs foraminifera

shifting of environments.
Typically such interbedding is
caused by sea-level change
(McGowran 2005, Fig. 1.4, p. 8)

ZONE Il

various facies-bound faunas, unless environmental fluctua-
tions cause lithofacies of different types, with their accom-
panying faunas or floras, to become interbedded (Fig. 7.6).
Where well exposed, such mixed successions are of great
value in establishing a global chronostratigraphic frame-
work. Figure 7.6 illustrates such a scenario schematically,
where marine foraminiferal zones can be correlated to non-
marine paynomorphs because of the interfingering of these
facies zones. The zig-zag “shazam” interfingering configu-
ration used to illustrate facies relationships in this diagram is
an overly simplistic representation of the progradation and
retrogradation that occurs as a result of changes in relative
sea-level, but helps to make the point that the vertical range
of a given assemblage may be diachronous, changing in age
laterally as a result of shifts through time of facies belts.
Classic examples of facies-bound faunas widely used by
biostratigraphers are the shelly and graptolitic faunas of the
lower Paleozoic. The shelly fauna actually includes two
more or less distinct sub-faunas, one in the inner, shallower
shelf dominated by brachiopods and the other on the outer
shelf, characterized by trilobites. The graptolitic fauna is
confined mainly to low-energy deposits of the continental
slope, rise, and abyssal plain (Berry 1977). In Newfound-
land, on what was the ancient eastern continental margin of
North America during the Cambrian and Ordovician, these
two facies interfinger. Carbonate turbidites and debris flows,
derived from collapse of the continental margin, are
interbedded with graptolitic shales at the base of the conti-
nental slope (Fig. 7.7). At Green Point, on the west coast,
this assemblage straddles the Cambrian-Ordovician bound-
ary, and the location has been established as the stratotype

ZONE A

Fig. 7.7 Interbedding of a shelly fauna in limestone sediment-gravity
flows and a graptolitic fauna in interbedded  shales,
Cambrian-Ordovician continental-margin deposits, Green Point, New-
foundland. The beds here are overturned. This location has been
designated as a stratotype for the Cambrian-Ordovician boundary

for this important chronostratigraphic boundary (the GSSP
for the base of the Tremadocian Series: Cooper et al. 2001).

A good example of facies control of what might appear at
first sight to be a recurrent, biostratigraphically controlled
fauna is provided by the brachiopod communities of the
Upper Ordovician to Middle Silurian of the Welsh Border-
lands. Ziegler et al. (1968) showed that at many localities
there is a sequence of assemblages containing, in upward
stratigraphic order, Lingula, Eocoelia, Pentamerus, Strick-
landia, and Clorinda, followed by a graptolitic fauna.
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Fig. 7.8 An example of facies-bound faunas. The succession of
brachiopod communities in each of these sections is the same (L, E, P,
S, C), but use of graptolite biostratigraphy (biozones A/-C7) shows

Careful correlation of these sections using graptolites
showed that the brachiopod sequence is markedly di-
achronous. This is shown in Fig. 7.8, in which the graptolite
zones are shown by horizontal correlation lines labeled
A1-C7. One might ask, why are the graptolites trusted more
than the brachiopods for the purposes of chronostratigraphic
correlation? The answer is that brachiopods are benthonic
organisms known to be prone to facies control, whereas
graptolites are tried and tested biostratigraphic indicators.
The correlations shown in Fig. 7.8 are supported by addi-
tional work on two of the brachiopod genera, Eocoelia and
Stricklandia. When examined in detail, evolutionary trends
can be detected within the populations of these genera as
they are traced from west to east across the line of section
shown in Fig. 7.8 (and other sections not shown). The
overall interpretation of these faunal data is that the sections
reveal a gradual eastward marine transgression and deep-
ening of the water, such that successive brachiopod com-
munities represent ecological adjustments to increased
depths (Lingula inhabited brackish waters, and in part the
subsequent succession represents changing shell thicknesses
in response to wave and tidal energy). There is no obvious
relationship between brachiopod assemblage and sediment
type in this case.

Biogeography and evolution: William Smith recognized
the significance of the succession of faunas in the strati-
graphic record long before Darwin’s theory of evolution was
established. The point is that it is not necessary to understand
evolutionary relationships of fossil groups in order to make
use of them as tools in the inductive establishment of
stratigraphic order and correlation. However, it can certainly
help to explain the nature of taxonomic change and the
distribution of distinct groups through time and space.

that they are markedly diachronous and therefore facies controlled.
Silurian, Welsh Borderland (Ziegler et al. 1968; McKerrow 1971)

Molecular biology shows that the underlying process of
evolution is genetic drift, the gradual accumulation of ran-
dom incremental change in gene variants. Natural selection
favors some mutations over others, which generates steady
change. Isolation of populations will also tend to increase
genetic divergence, eventually to the point that populations
will be unable to interbreed and then constitute distinct
species (see review of current ideas by Kelley et al. 2013).

Three styles of evolution were described by Eldridge and
Gould (1977), and are illustrated in Fig. 7.9. The first, ter-
med phyletic gradualism or transformational evolution
(McGowran 2005, p. 382), refers to long-term evolutionary
change, typically in response to geographical, climatic, or
other environmental pressures (Fig. 7.9a). Certain varieties
of a species may be favored by these changes, so that there is
a gradual adjustment in the stock until a distinctive new
species appears.

Kauffman (1977) described two examples of phyletic
gradualism in Cretaceous pelecypods. Figure 7.10 illustrates
a series of histograms of height-width ratios of the Inocer-
amus pictus lineage, derived from populations collected at
about 40-cm intervals (lower graph), and the number of
growth ridges in the first 25 mm of shells of Mytiloides
labiatus (upper graph). The data permit subdivision of the
population into species (S), subspecies (SS), and morpho-
logical zones (MZ), as indicated in the adjacent columns.

Another example of gradual evolution is provided by the
foraminifera Globigerina and Orbulina (Fig. 7.11). The
species listed in the top are an evolutionary series, three of
which are illustrated (1: Globigerina quadrilobatus; 2: G.
bisphericus; 3: Orbulina universa). The gradual variation
between these types has permitted the erection of seven
zones, as indicated by the horizontal lines at the left.
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Fig. 7.9 Three models of
evolution: a phyletic gradualism;
b punctuated equilibrium; and

c reticulate speciation. A, B, etc.,
refer to successive varieties or
species; 1, 2, etc., refer to
chronology of events. In b, the
same area at left of diagram is
successively occupied by three
species A, B, and C, which evolve
elsewhere and migrate in
(Sylvester-Bradley 1977)
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Two types of environmental adaptation can occur, that
which is accompanied by permanent genetic change and that
which can, to some extent (never precisely), reverse itself to
recreate the same variety or race of a species more than once,
whenever the same environmental conditions are repeated
(homeomorphy). Clearly, the first type is the only one of use
to biostratigraphers, but the literature is replete with
ambiguous biostratigraphic determinations that may be fal-
sely based on diachronous environmental change. For
example, this has been a serious problem with the ammo-
nites (Kennedy and Cobban 1977), one of the best of bios-
tratigraphic indicators.

Taxa that evolve by phyletic gradualism have the most
potential for refined biostratigraphic zonation, but they
require specialist study to recognize the very subtle changes
between the varieties. This type of work is beyond the
abilities of the generalist basin analyst.

The second style of evolution was named punctuated
equilibrium by Eldridge and Gould (1972, 1977). The
concept was adapted from an earlier term, allopatric spe-
ciation, and is based on the premise that in a successful,
widely distributed taxon the population is genetically con-
servative. Evolution is thought to occur only where extreme
variants are selected by environmental pressures on the
fringes of the species range. Rather than a gradual adaptation
to an ecological niche or a broadening of a species range by
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extending slowly into subtly different niches, as in phyletic
gradualism, the hypothesis of punctuated equilibrium pro-
poses the spasmodic occurrence of bursts of relatively rapid
evolutionary change. Extreme variants of a species can only
evolve into a new species if they become isolated by changes
in environment, climate, or geography, as through the rifting
and drifting apart of continental plates. Also, the catastrophic
extinction of organisms by bolide impacts or other catas-
trophes empties out many ecological niches and permits
rapid adaptive radiation and the explosive development of
many new taxa in the period immediately following these
extinctions (Fig. 7.9b).

Sylvester-Bradley (1977) proposed a third style of evo-
lution, which he termed reticulate speciation (Fig. 7.9¢).
This combines, on a small-scale, the mechanisms of both the
other two evolutionary styles. Sylvester-Bradley offered the
modern common vole as an example of a taxon that has
evolved in this way. The vole is distributed virtually globally
and comprises numerous races reflecting adaptation to local
variations in climate, vegetation, altitude, isolation on
islands, etc. These varieties have evolved in response to
rapid global changes following the Pleistocene ice age, and
they demonstrate the rapidity with which geographical and
ecological changes may bring about evolution. The apparent
stability of the species of several taxonomic groups for
several million years or more at times during the geological
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past contrasts with the rapid adaptability of the modern vole.
To what extent reticulate speciation will be recognized for
fossil groups remains to be determined. However, to rec-
ognize this style of evolution would seem to require an
immense bank of detailed descriptive data, and therefore it is
very much a subject of study for specialists.

A review of modern concepts in evolution as applied to
the fossil record is provided by Kelley et al. (2013).

In the geological record, many distinct populations have
been recognized, based on geographical distributions, and
are defined as faunal provinces. These are much discussed

by biostratigraphers. To the non-specialist such concepts as
the Malvinokaffric Province or the Tethyan or Boreal
Realms are sometimes difficult to understand. The definition
of what constitutes a given faunal province requires a great
deal of specialist knowledge, but even the specialists had
difficulty before the advent of plate tectonics in compre-
hending why many of these provinces existed. Until the
1970s there was much discussion of the appearance and
disappearance of strange, narrow “land bridges” to explain
the merging and divergence of provincial variations. But in
fact, faunal provincialism provides some of the most
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Fig. 7.11 Evolution of the foraminifera Globigerina, culminating in
the different genus Orbulina, in southern Australia. The stippling
pattern indicates continuous variation between the various morpho-
types, and their ranges. Seven zones are defined by the horizontal lines
at left (from McGowran 2005, Fig. 4.1, p. 95)

convincing geological lines of evidence for plate tectonics
(Tarling 1982).

One of the most famous of these is the example of the
trilobite faunas flanking Iapetus, the proto-Atlantic Ocean
that developed between Laurentia (ancient North America)
and Baltica and Africa in the earliest Paleozoic. Specialists
noted significant differences in Cambrian trilobites between
those found in England and those in Scotland, and between
those from western and eastern occurrences in Newfound-
land, whereas Scottish trilobites are similar to those in
western Newfoundland, and English trilobites are similar to
those in eastern Newfoundland (Fig. 7.12). Given current
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geographic distributions of the fossils these similarities and
differences make no sense. However, Wilson (1966) cited
these distributions as one of several lines of evidence in his
proposal—now universally accepted—that the line demark-
ing the two distinct trilobite faunal provinces constitutes an
ancient continental suture that formed when a former ocean
closed as a result of subduction and continental collision.
That ocean, now called Iapetus, occupied approximately the
position of the present Atlantic Ocean, but many significant
continental fragments changed margins when the present
ocean developed; that is, the continental rift occurred along a
somewhat different line. Landing et al. (2013) reviewed in
detail the faunal provincialism that developed in the Cam-
brian following the breakup of Rodinia.

The ammonites provide an excellent example of the
various biogeographic styles that can occur in organisms,
some offering considerable advantages to the biostratigra-
pher, others a severe hindrance. Many ammonites underwent
a planktonic larval stage that may have lasted from hours to
weeks. Where this occurred, it would have been of some
importance to the distribution of the species. Not all
ammonites showed this. Distribution patterns and varying
degrees of facies independence show that some ammonites
were benthonic in adult life habitat, some were nektonic, and
some may have been planktonic. Their facies distribution
and provincial tendencies thus varied considerably. Some
ammonites may have drifted long distances after death. The
modern Nautilus, the only living relative of the ammonites,
has a buoyant shell after death, and observations in modern
oceans suggests that the shell may drift for hundreds, if not
thousands of kilometers. Geologically this could be of great
importance, but Kennedy and Cobban (1977) suggested that
many ammonites in fact became rapidly waterlogged after
death and did not float appreciable distances.

Kennedy and Cobban (1977) summarized much of the
data for Cretaceous ammonite distribution and concluded
that there were five types of faunal provinces. Some genera
have a virtually worldwide, or pandemic, distribution.
Pandemic taxa would seem to offer the best possibilities for
global correlation. They are relatively facies independent,
but it turns out that many are long-ranging forms and thus of
limited biostratigraphic usefulness.

Some ammonites have latitudinally restricted distribu-
tions, reflecting their preference for waters of a certain
temperature or salinity and their tolerance of seasonal fluc-
tuations. Some examples are shown in Fig. 7.13. They define
two provinces, the northern, colder water Boreal province
(open symbols) and the more tropical Tethyan province
(closed symbols). In many parts of Europe and North
America, faunal fluctuations through stratigraphic succes-
sions between Tethyan and Boreal (and other) faunas have
been cited as evidence of the existence of connecting sea-
ways and transgressions across otherwise barren areas.



326

7 Stratigraphy: The Modern Synthesis

Fig. 7.12 The Cambrian trilobite
faunas of the Iapetus margins.
Based on Wilson (1966)
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Fig. 7.13 The biogeography of selected Cretaceous ammonites,
plotted on a Cretaceous plate-tectonic reconstruction of the continents.
Climatic tolerances underlie the different geographic spread of Boreal
versus Tethyan forms (an example of latitudinally restricted distribu-
tions), while the gradually widening Atlantic Ocean caused the gradual
isolation and separate evolutionary development of ammonite faunas on
different sides of the ocean (longitudinally restricted distributions).
These faunas occasionally mixed in the Western Interior Seaway of
North America because of shifts in climate and changes in sea level that
caused local faunal migrations along a north-south axis (Kennedy and
Cobban 1977)

Longitudinal restrictions on distribution, such as the
presence of land masses or large ocean basins, are a cause of
further provincialism. These are added to latitudinal

restrictions in the generation of the third type of faunal
province: endemic distributions. Note that in Fig. 7.13 the
Tethyan genera show no longitudinal restriction, whereas the
four Boreal genera are typical endemic taxa, restricted to
either Eurasia or North America (these are examples chosen
to illustrate a point and should not be taken to define a
universal difference between the Boreal and Tethyan pro-
vinces). Endemic ammonites have been shown to have
evolved rapidly and thus are of prime biostratigraphic
importance, although their provincialism has hindered
intercontinental correlation.

Disjunct distributions are those of scattered but never-
theless widely distributed taxa. The distributions are not
thought to represent inadequate data or severe facies control,
but probably reflect very low population densities.

As noted, some ammonite taxa may drift in oceanic
currents after death. In extreme cases, where an endemic
form is involved, such drifted or necrotic distributions may
prove invaluable for long-distance correlation.

In general, the provinciality of taxa increases the diffi-
culty by which they may be related to the global time scale,
because provincialism reduces the variety of forms that may
be used to establish relative ages.

7.5.2 Biochronology: Zones and Datums

By the mid-nineteenth century, the work of the early strati-
graphers, following Smith, had clearly established the value
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of fossil assemblages for the establishment of stratigraphic
order and for the purposes of comparison between strati-
graphic sections. The similarity of the succession of faunas
or floras between sections in different basins, even different
continents—termed homotaxis—was well established. The
main elements of the Phanerozoic geological time scale had
been defined, including all the names of the periods (Berry
1968), and the concepts of the biozone and the stage were
already developed (Hancock 1977). However, there
remained the issue of age. In the absence of a clear under-
standing of how faunas and floras changed with time, and
without the tools to establish numerical age, it remained a
legitimate question whether homotaxis could be equated
with synchrony. Darwin’s The Origin of Species was pub-
lished in 1859, yet in 1862 T.H. Huxley stated “for anything
that geology or palaeontology are able to show to the con-
trary, a Devonian fauna or flora in the British Isles may have
been contemporaneous with Silurian life in North America,
and with a Carboniferous fauna and flora in Africa.”

Eventually this philosophical dilemma was resolved by
developments in the understanding of the processes of
evolution, coupled with the establishment of ever more
detailed systems of zonation and correlation, which left little
room for doubt regarding the reality of the principle of rel-
ative age and time correlation based on fossil content. Some
of the steps in the evolution of thought are described by
Hancock (1977), Miall (2004) and McGowran (2005,
pp. 54-65).

It is now universally accepted that formally established
biozones represent specific intervals of time, subject to two
important caveats, (1) the changes in taxonomy that lead to
the definition of discrete datum planes of change, or zones of
similarity in the fossil record, are not globally instantaneous.
The appearance of a successful evolutionary step requires a
discrete period of time for it to spread throughout its full

Fig. 7.14 Types of biozone, as
defined in the International
Stratigraphic Guide (Salvador
1994. Diagram from Pearson
1998, Fig. 5.2, p. 126)
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range. This time period may be short, in geological terms,
but it is not instantaneous, and may be measureable; we
return to this problem in Sect. 7.5.3. (2) the geographic range
of a biostratigraphic datum or zone is limited by ecological
factors. A biozone may not, therefore, have exactly the same
age range everywhere.

There is a variety of methods available for making the
most efficient use of fossil occurrences. Particularly dis-
tinctive and/or abundant forms may serve to represent a
specific span of time. Such forms are called index fossils.
The first or last appearance of particular, distinctive species,
are commonly employed as biomarkers. These horizons are
termed the first-appearance datum (FAD) and the last-
appearance datum (LAD). Suites of fossils may be used to
define biozones. This may be done in several different ways
(Fig. 7.14). Figure 7.15 illustrates one of the more common
methods of defining a biozone, which takes advantage of the
fact that the ranges of different species typically overlap. In
this diagram a concurrent-range zone is defined as that
interval of the rocks within which all three of the fossils A, B
and C are present, and falls between the FAD of species B
and the LAD of species A.

It is important to be aware that the time range indicated
by a biozone is not necessarily the same everywhere. Fig-
ure 7.16 illustrates a hypothetical example where the dia-
chronous spread of a fossil taxon and subsequent variations
in its range owing to climatic factors has led to significant
variability in the local range of the biozone. Diachroneity is
discussed further in the next section. There are sophisticated
methods for managing these issues, and, as discussed in
Sect. 7.8, biostratigraphy is still the major foundation of the
Geological Time Scale for the Phanerozoic.

In addition to ecological factors, there are considerations
of preservation and potential sampling bias. Diagenetic
destruction of fossils is common, and sampling bias might
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Fig. 7.16 The diachroneity of a biozone. A taxon first appears near the
equator, and takes a discrete amount of time (up to 2 million years) to
migrate into higher latitudes north and south of the equator. The range
does not then remain constant because of ecological factors, in this
case, climate change, which leads to contraction and then renewed
expansion of the range, until the taxon become extinct. The
biochronozone (or biochron) of this taxon (the time span it represents)
is global in extent but, in practice, the time span is that which is
indicated by the actual presence of the taxon, which varies from place
to place and, in this illustration, is absent altogether in high latitudes
(McGowran 2005, Fig. 2.11, p. 38; after Loutit et al. 1988)

simply reflect bad luck in choice of sampling site, or a bias
induced by poor collection practices (Fig. 7.17). For exam-
ple, whereas a field geologist undertaking a reconnaissance
mapping exercise might be satisfied with a cursory
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Fig. 7.17 First- and last-appearance datums define ideal time lines in
the rocks. However, in this example, many first occurrences are higher
(younger) than the hypothetical time lines would predict, and a few are
lower (older). The reasons for this are discussed in the text

examination of an outcrop for fossil content, a professional
biostratigrapher is likely to carry out more thorough inves-
tigations. For example, soft sands and clays may be run
through a sieve or water-washed on site to isolate macro-
fossils, or large lithologic samples may be collected at rou-
tine stratigraphic intervals for water or acid treatment to
extract microfossils or palynomorphs. In the subsurface,
drilling disturbance may constitute a major problem. The
drilling process penetrates layers from the top down, so the
stratigraphically last appearance of a fossil (the LAD) will
be the first encounter with a given taxon, and the level of this
horizon is one that can be trusted. However, the tendency for
holes to cave can lead to fossils (and rock cuttings) being fed
into the mud stream after the drill bit has passed on down
their point of origin. For this reason, the FAD of a fossil
taxon in the subsurface needs to be treated with caution.

As Sadler et al. (2014, p. 4) stated: “Signals and noise
mingle among these contradictions. Records of real eco-
logical patch dynamics, biogeographical habitat shifts and
evolutionary turnover are confounded by incomplete
preservation and collection.”

Figure 7.18 is an example of palynological zonation of
two wells through a Cretaceous succession in Delaware
(from Doyle 1977). The wells are represented by their
gamma ray logs with sample collection depths given in feet.
The ranges of the principal angiosperm pollen types are
shown by vertical bars, shown dashed where identification is
uncertain. Concurrent-range zones are delimited by dashed
lines perpendicular to the depth scale and are numbered I to
IV next to the Series, Stage and Formation designations. It
was found that the zones could be most easily defined on the
basis of first (oldest) appearance of a taxon, partly because
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extinct species tended to be reworked, and partly because
taxa were found to die out slowly at the upper limit of their
range. Work of this type required the counting and docu-
mentation of several hundreds of individual pollen grains in
each sample. Several or many complete sections through the
succession of interest may be required before the data are
adequate for the definition of the biozones. Range charts,
such as that illustrated here, must be prepared for each and
carefully compared.

Another way to define biozones focuses on the gradual
change in the anatomy of a particular evolutionary lineage.
This is called a lineage zone. McGowran (2005) used an
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example from late Cenozoic mammalian evolution to illus-
trate this concept (Fig. 7.19). The evolution of dental mor-
phology provided much of the information on which this

zonal scheme was based.

7.5.3 Diachroneity of the Biostratigraphic

Record

Another common item of conventional wisdom is that evo-
lutionary changes in faunal assemblages are dispersed so
rapidly that, on geological time scales, they can essentially
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Fig. 7.19 Lineage zones defined
by rodent evolution (McGowran
2005, Fig. 4.31, p. 150; based on MQ

Continental Biostratigraphy Ranges of significant
Central & Western Europe

7 Stratigraphy: The Modern Synthesis

Chronostratigraphy

rodent genera Mediter- Global

; P —_ Rodent Rodent ranean
Fejar and Heinrich 1989) — E$ S ite st Central & Western Europe o @
8 L TArvicola] A. ferrestris T ——0 8=
] . rrhenian
MQ2|S< Microtus| A. cantiana ] M’:“ azzian % o
—| w @ | Mmomys e Bl (]
S8 2 g savini 2 Sicilian § L
22| 5§ |Mmomys .2 1~ Emilian RZ]
MO @S| SE | savini- E Calabrian| 2
@ = = | M pusillus ! 4 o
Mimomys | § 2
c plioceaenicus [~3 ]
— MN17f 5 @ 5.8
= 5 % [Mimom B E :
> s
E B > Jonicus < Piacencian &
—MN16b| @ & - 3 —1
= 5= | Mimomys > 3 S
MN16a | > @ S | hajnackensis o ‘é! i / 8
Mimomys = 2
MN15b| _ 34 occitanys e w3 s / a
g EE Imomys EQ >3 a@ 4 ;
__MNi1sa|'c S 9 |davakosi SE £ /" |Zanclian
O £ [Fromi s S
as romimomys T o = O g
MN14b/ S | €8 | moidavicus 23 29
P L= S & | Promimomys S £8 g 5
insuliferus '8 E
S = j
Stephanomys & g2 i
1 Q > >
MN13 2 2 T blonsis 2 Efe 6 Messinian
£ < S8 E /
— 4 3 S—afteiss
2 =3 b
< g g §||§88s
M2 [ L | Parapodemus < 5 E a 7
= T | gaudryi S2 § 8
3 ; 3 ]
= 14 TS =
S s88<|[© 2
] = 25§ 8 @
) S 83 8
MN11 w & | Parapodemus 3 S Tortonian S
> | lugdunensis £52 =
Q=sC
MN10| 22 Progonomys 1
@ J| EE | hispanicus
] S8 0-
wols | S8
g 2 | Microtocricetus ]
wl§ c% moliassicus .
11 ISerravallian

be regarded as instantaneous. This argument is used, in
particular, to justify the interpretation of FADs as
time-stratigraphic events (setting aside the problems of
preservation discussed above). However, this is not always
the case. Some examples of detailed work have demon-
strated considerable diachroneity in important pelagic fossil
groups. Landing et al. (2013) provided an overview of the
problem, focusing in particular on the Cambrian. Cramer
et al. (2015) pointed out that many “events” that are assumed
to be instantaneous on a geological time scale, may, in fact,
be diachronous on a finer time scale. With our increasing
ability to provide chronostratigraphic control on events in
deep time to a £0.1 % level of accuracy (Sect. 8.10) quan-
tifying diachroneity may become increasingly important.
MacLeod and Keller (1991) explored the completeness of
the stratigraphic sections that span the Cretaceous-Tertiary
boundary, as a basis for an examination of the various
hypotheses that have been proposed to explain the dramatic
global extinction occurring at that time. They used graphic
correlation methods, and were able to demonstrate that many
foraminiferal FADs and LADs are diachronous. Maximum
diachroneity at this time is indicated by the species

(upper)

Subbotina pseudobulloides, the FAD of which may vary by
up to 250 ka between Texas and North Africa. However, it is
not clear how much of this apparent diachroneity is due to
preservational factors.

An even more startling example of diachroneity is that
reported by Jenkins and Gamson (1993). The FAD of the
Neogene foraminifera Globorotalia truncatulinoides differs
by 600 ka between the southeast Pacific Ocean and the
North Atlantic Ocean, based on analysis of much DSDP
material. This is interpreted as indicating the time taken for
the organism to migrate northward from the South Pacific
following its first evolutionary appearance there. As Jenkins
and Gamson (1993) concluded

The implications are that some of the well documented evolu-
tionary lineages in the Cenozoic may show similar patterns of
evolution being limited to discrete ocean water masses followed
by later migration into other oceans ... If this is true, then some
of these so-called ‘datum planes’ are diachronous.

This conclusion is of considerable importance, because
the result is derived from excellent data, and can, therefore,
be regarded as highly reliable, and relates to one of the most
universally preferred fossil groups for Mesozoic-Cenozoic
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biostratigraphic purposes, the foraminifera. It would appear
to suggest a limit of up to about one half million years on the
precision that can be expected of any biostratigraphic event.
Figure 7.16 illustrates the general problem.

Cody et al. (2008) provided another example of
diachroneity. They reported on the distribution of diatoms in
32 Neogene cores from the Southern Ocean, which allowed
an estimate to be made of the differences between the levels
of the observed local First Occurrence and Last Occurrence
events and the projected levels of the global FADs and
LADs for the same species. Around 50 % of local event
levels do not accurately record the timing of the global
event: a few are off by 4 Ma or more from the total global
FAD and LAD, due mostly to a small set of individually
incomplete local ranges.

The cases reported here may or may not be a fair repre-
sentation of the magnitude of diachroneity in general,
although this is recognized as a general problem (Smith et al.
2015). After a great deal of study, experienced biostratig-
raphers commonly determine that some species are more
reliable or consistent in their occurrence than others. Such
forms may be termed index fossils, and receive a promi-
nence reflecting their usefulness in stratigraphic studies.
Studies may indicate that some groups are more reliable than
others as biostratigraphic indicators. For example, Ziegler
et al. (1968) demonstrated that brachiopod successions in the
Welsh Paleozoic record were facies controlled and markedly
diachronous, based on the use of the zonal scheme provided
by graptolites as the primary indicator of relative time
(Fig. 7.8). Armentrout (1981) used diatom zones to
demonstrate that molluscan stages are time transgressive in
the Cenozoic rocks of the northwest United States. Wignall
(1991) demonstrated the diachroneity of Jurassic ostracod
zones. Landing et al. (2013, p. 136) offered this general
caution.

Use of the local FADs of a fossil for correlation between sec-
tions without rigorous supplementary information will lead to
errors in correlation or poorly defined chronostratigraphic units
because significant time intervals likely will separate the local
FADs. Each FAD must mirror biological phenomena ranging
from evolutionary origination, to dispersal, successful local
colonisation, and appearance of facies that allow a species’
fossilisation

7.5.4 Quantitative Methods in Biochronology

The graphic correlation technique. This method was first
described in a landmark book by Shaw (1964). Useful
explanations of the technique were given by Miller (1977),
and Edwards (1984, 1985). Mann and Lane (1995) edited a
research collection devoted to the application of this topic to
practical problems in basin analysis. Gradstein et al. (2004b)
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discussed the use of the method in the construction of the
Geological Time Scale. The example used herein has been
borrowed from Miller (1977).

As with conventional biostratigraphy, the graphic method
relies on the careful field or laboratory recording of occur-
rence data. However, only two items of data are noted for
each taxon, the first (oldest) and last (youngest) occurrence
(the FAD and LAD). These define a local range for each
taxon. The objective is to define the local ranges for many
taxa in at least three complete sections through the succes-
sion of interest. The more sections that are used, the more
nearly these ranges will correspond to the total (true) ranges
of the taxa. To compare the sections, a simple graphical
method is used.

One particularly complete and well-sampled section is
chosen as a standard reference section. Eventually, data
from several other good sections are amalgamated with it to
produce a composite standard reference section. A partic-
ularly thorough paleontologic study should be carried out on
the standard reference section, as this enables later sections,
for example, those produced by exploration drilling, to be
correlated with it rapidly and accurately.

The graphic technique, which will now be described, is
used both to amalgamate data for the production of the
composite standard and for correlating the standard with new
sections. Figure 7.20 shows a two-dimensional graph in
which the thicknesses of two sections X and Y have been
marked off on the corresponding axes. The first occurrence
of each taxon is marked by a circle on each section and the
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Fig. 7.20 This and the next three figures illustrate Shaw’s (1964)
graphic correlation method as discussed by Miller (1977). This plot
shows the distribution of first occurrences (open circles) and last
occurrences (crosses) in two sections and positioning of the line of
correlation. The channel is the zone on either side of the line of
correlation encompassing observation error
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Fig. 7.21 The method used to compile a composite standard reference
section. Data from new sections may be used to extend the range of
occurrence of taxa that do not show their full range in the standard
section (lowest occurrence of species 6, highest occurrence of species 8)
and may also be used to transfer data on to the standard section, such as
the range of species 5, which does not occur in the latter (Miller 1977)

last occurrence by a cross. If the fossil taxon occurs in both
sections, points can be drawn within the graph correspond-
ing to first and last occurrences by tracing lines perpendic-
ular to the X and Y axes until they intersect. For example,
the plot for the top of fossil 7 is the coincidence of points
X =350 and Y = 355.

If all the taxa occur over their total range in both sections
and if sedimentation rates are constant (but not necessarily
the same) in both sections, the points on the graph fall on a
straight line, called the line of correlation. In most cases,
however, there will be a scatter of points. The X section is
chosen as the standard reference section, and ranges will
presumably be more complete there. The line of correlation
is then drawn so that it falls below most of the first occur-
rence points and above most of the last occurrence points.
First occurrence points to the left of the line indicate late first
appearance of the taxon in section Y. Those to the right of
the line indicate late first appearance in section X. If X is the
composite standard, it can be corrected by using the occur-
rence in section Y to determine where the taxon should have
first appeared in the standard. The procedure is shown in
Fig. 7.21. Arrows from the first occurrence of fossil 6 show
that in section X the corrected first appearance should be at
165 ft. The same arguments apply to the points for last
appearances. Corrections of the kind carried out for fossil 6
(and also the last occurrence of fossil 8) in Fig. 7.21 enable
refinements to be made to the reference section. Combining
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several sections in this manner is the method by which the
composite standard is produced. Data points can also be
introduced for fossils that do not occur in the reference
section. In Fig. 7.21, arrows from the first and last occur-
rences of fossil 5 in section Y show that it should have
occurred between 320 and 437 ft. in section X.

If the average, long-term rate of sedimentation changes in
one or other of the sections, the line of correlation will bend.
If there is a hiatus (or a fault) in the new, untested sections
(sections Y), the line will show a horizontal terrace. Obvi-
ously, the standard reference section should be chosen so as
to avoid these problems as far as possible. Harper and
Crowley (1985) pointed out that sedimentation rates are in
fact never constant and that stratigraphic sections are full of
gaps of varying lengths (we discuss this problem in this
chapter). For this reason, they questioned the value of the
graphic correlation method. However, Edwards (1985)
responded that when due regard is paid to the scale of
intraformational stratigraphic gaps, versus the (usually)
much coarser scale of biostratigraphic correlation, the pres-
ence of gaps is not of critical importance. Longer gaps, of
the scale that can be detected in biostratigraphic data (e.g.,
missing biozones) will give rise to obvious bends in the line
of correlation, as noted previously.

The advantage of the graphic method is that once a
reliable composite standard reference section has been
drawn up it enables chronostratigraphic correlation to be
determined between any point within it and the correct point
on any comparison section. Correlation points may simply
be read off the line of correlation. The range of error arising
from such correlation depends on the accuracy with which
the line of correlation can be drawn. Hay and Southam
(1978) recommended using linear regression techniques to
determine the correlation line, but this approach assigns
equal weight to all data points instead of using one standard
section as a basis for a continuing process of improvement.
But as Edwards (1984) noted, all data points do not neces-
sarily have equal value; the judgment and experience of the
biostratigrapher are essential in evaluating the input data. For
this reason, statistical treatment of the data is inappropriate.

Figures 7.22 and 7.23 illustrate an example of the use of
the graphic method in correlating an Upper Cretaceous
succession in the Green River Basin, Wyoming, using
palynological data (from Miller 1977). The composite
standard reference section has been converted from thick-
ness into composite standard time units, by dividing it up
arbitrarily into units of equal thickness. As long as the rate of
sedimentation in the reference section is constant, these time
units will be of constant duration, although we cannot
determine by this method alone what their duration is in
years. Figure 7.22 shows the method for determining the
position of selected time lines on each test section, and in
Fig. 7.23 the time units are used as the basis for drawing
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correlation lines between four such sections. Note the
unconformity in each illustration and the variation in sedi-
mentation rates in Fig. 7.23.

The value of the graphic method for correlating sections
with highly variable lithofacies and no marker beds is
obvious, and it is perhaps surprising that the method is not
more widely used. An important difference between this
method and conventional zoning schemes is that zoning
methods provide little more than an ordinal level of corre-
lation (biozones, as expressed in the rock record, have a
finite thickness which commonly cannot be further subdi-
vided), whereas the graphic method provides interval data

(the ability to make graduated subdivisions of relative time).
Given appropriate ties to the global time frame the
composite standard time units can be correlated to absolute
ages in years, and used to make precise interpolations of
the age of any given horizon (such as a sequence boundary)
between fossil occurrences and tie points (Gradstein
et al. 2004b). The precision of these estimates is limited
solely by the accuracy and precision obtainable during the
correlation to the global standard. MacLeod and Keller
(1991) provided excellent examples of this procedure, and
their results suggest an obtainable precision of less
than +100 ka.
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Constrained optimization (CONOP): Gradstein et al.
(2004b) pointed out several disadvantages of the basic gra-
phic correlation method. It relies on only a few sections,
placing particular importance on a single section that
becomes the basis for the composite standard. A superior,
automated correlation method, called constrained optimiza-
tion, has been used in the construction of several parts of the
Phanerozoic time scale. This method automates graphic
correlation so that multiple sections are compared and cor-
related simultaneously. In this way, gaps and changes in
sedimentation rate in the initial standard section do not
influence the outcome. The method is described by Kemple
et al. (1995), Sadler (1999a), and critically evaluated by
Smith et al. (2015).

Several of the time scales for the Phanerozoic periods
described in detail in Gradstein et al. (2004a) were devel-
oped using these techniques. For example, the Ordovician
scale in Gradstein et al. (2004a) made use of 669 graptolite
taxa in 119 sections. In the recent study of
Ordovician-Silurian graptolite biostratigraphy by Sadler
et al. (2009) they noted (p. 887) that “The graptolite zones
vary widely in duration from as short as 0.1 million years to
nearly 5.0 million years. The mean duration of zones or
zonal groupings calibrated here is 1.44 million years in the
Ordovician and 0.91 million years in the Silurian.” Current
developments in the biostratigraphic basis of chronostratig-
raphy are discussed further in Sect. 8.10.1.

7.6  Unconformity-Bounded Units
Unconformities have commonly served as convenient
boundaries for various types of stratigraphic units, particu-
larly those based on lithostratigraphy. In many areas, regional
unconformities have long been used to define natural sub-
divisions of the stratigraphic record (Blackwelder 1909). As
originally defined by Sloss et al. (1949), sequences were
defined as operational units separated by “marked disconti-
nuities in the stratal record of the craton which may be traced
and correlated for great distances on the objective bases of
lithologic and faunal ‘breaks’ ...” The use of unconformities
as boundaries is now avoided in the definition of chronos-
tratigraphic units, for reasons explained in Sect. 7.7. How-
ever, it is increasingly, being recognized that the stratigraphic
record is subdivided into unconformity-bounded units of
regional and possibly even global extent, caused by wide-
spread changes in sea level or by regional tectonic or climatic
events (Emery and Myers 1996; Miall 2010). The methods of
sequence stratigraphy have become virtually universal
(Catuneanu 2006).

Unconformity-bounded units include other types of unit
within them, such as biostratigraphic and lithostratigraphic
units. They are not the same as these and are not necessarily
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equivalent to chronostratigraphic units, because the ages of
the bounding unconformities may change from place to
place. However, unconformity-bounded units have a certain
chronostratigraphic significance because, with certain unu-
sual exceptions, all the rocks below an unconformity are
older than all of those above, and time lines do not cross
unconformity surfaces. Some exceptions to these rules
include (1) where a disconformity surface is caused by
submarine erosion by a deep oceanic current that changes
position with time, as a result of changing configuration of
the ocean basin (Christie-Blick et al. 1990), but this is not a
problem that is likely to be encountered very frequently;
(2) Ravinement surfaces are time-transgressive (Nummedal
and Swift 1987); (3) Large-scale incised valleys, caused by
base-level fall at a coastline, may be significantly
time-transgressive (Strong and Paola 2008).

Proposals for the formal definition of unconformity-
bounded units were given by the International Subcommis-
sion on Stratigraphic Classification (1987; see also Salvador
1994) and are also contained in the North American Com-
mission on Stratigraphic Nomenclature (1983, 2005). The
term sequence, as originally used by Sloss et al. (1949) was
not recommended by these authorities, because this term had
come to be used in a number of slightly but significantly
different ways. In common geological parlance, the term
sequence has commonly been used as a synonym for suc-
cession, a practice that needs to be discouraged because of
the value now associated with the sequence method.
The ISSC (1987) recommended the formal term synthem, a
proposal followed by Salvador (1994), whereas the North
American Stratigraphic Commission proposed the definition
of allostratigraphic units, including alloformation,
allogroup, and allomember (NACSN 1983). The term syn-
them has not been accepted by the stratigraphic community.
Allostratigraphy, as a formal system of definition and
naming, has had a modest success. The intent was that major
unconformity-bounded units would be termed alloforma-
tions, with minor units nested within them, such as parase-
quences, labeled allomembers (NACSN 2005). The intent of
this approach was to be purely descriptive, with no genetic
connotations built into the terminology or methods.

Several groups of workers have made use of allostrati-
graphic methodology. For example, Autin (1992) subdivided
the terraces and associated sediments in a Holocene fluvial
floodplain succession into alloformations. R.G. Walker and his
coworkers employed allostratigraphic terminology in their
study of the sequence stratigraphy of part of the Alberta Basin,
Canada. Their first definition of unconformity-bounded units is
described in Plint et al. (1986), where the defining concepts
were referred to as event stratigraphy, following the devel-
opments of ideas in this area by Einsele and Seilacher (1982).
With the increasing realization that sequences and their
bounding surfaces may be markedly diachronous, we no longer
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refer to sequences and sequence boundaries as “events”.
Walker (1990) discussed some of the practical problems in
making use of sequence and allostratigraphic concepts (see
Sect. 1.2.13). Explicit use of allostratigraphic terms appears in
later papers by this group (e.g., Plint 1990). A text on facies
analysis that built extensively on the work of this group rec-
ommends the use of allostratigraphic methods and terminology
as a general approach to the study of stratigraphic sequences
(Walker 1992). Martinsen et al. (1993) compared lithostrati-
graphic, allostratigraphic and sequence concepts as applied to a
stratigraphic succession in Wyoming. As they were able to
demonstrate, each method has its local advantages and disad-
vantages. However, itis now safe to say that, in 2013, where the
data justify it, allostratigraphy has largely been bypassed in
favour of the much more powerful, genetic concepts and
interpretive methods associated with sequence stratigraphy.

7.7  The Development of Formal
Definitions for Sequence

Stratigraphy

Allostratigraphy represented one of the first, hesitant,
attempt to incorporate unconformity-bounded units into the
formal framework of stratigraphy (see Sect. 1.2.9 for earlier
ideas on this topic). Acceptance of its successor, sequence
stratigraphy, by the “official” international community—the
International Commission on Stratigraphy—has nearly been
achieved. Controversies about how to define sequences have
hindered the development of formal procedures.

One of the commonest complaints about sequence
stratigraphy was that it is “model-driven.” Catuneanu (2006,
p. 6-9) summarized the various approaches that have been
taken to defining sequences, and argued the case that the

Fig. 7.24 The evolution of
sequence definitions. 7-R
transgressive-regressive. From
Catuneanu et al. (2011)
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differences between the various models is not important, so
long as sequences are described properly with reference to a
selected standard model, with correct and appropriate
recognition of systems tracts and bounding surfaces. His
comparison diagram is reproduced here as Fig. 7.24, and the
suite of important surfaces that are used in sequence and
systems-tract definition is shown in Fig. 7.25. The major
difference between the sequence models is where different
workers have chosen to place the sequence boundary. It
should be noted that in each of the sequence definitions
shown in Fig. 7.26, a similar set of systems tracts is shown in
much the same relationship to each other. Exceptions
include the T-R sequence, which makes use of a simplified
definition of systems tracts, and such differences as that
between the “late highstand” of depositional sequence III
and the “falling stage” of depositional sequence IV.

There has been extensive discussion between the original
proponents of the modern sequence models (P.R. Vail, H.
Posamentier and their colleagues at Exxon) and others,
regarding sequence definitions, centered on such character-
istics as the facies shifts that take place within sequences and
their significance with regard to the base-level cycle. This
discussion has led to a number of different ways of defining
sequences (Figs. 7.24-7.26). In a masterly synthesis of the
controversies, Catuneanu (2006) showed how to resolve
these differences, and in three major collaborative publica-
tions (Catuneanu et al. 2009, 2010, 2011) discussed pro-
posals for formal definitions that could be accepted by all
workers (Fig. 7.26). As he demonstrated, “all approaches are
correct under the specific circumstances for which they were
proposed” (Catuneanu et al. 2011, pp. 232-233). Additional
details, including descriptions and illustrations of the key
bounding surfaces that develop on continental shelves, are
described by Zecchin and Catuneanu (2013).

Sequences
Sloss et al. (1949)
Sloss (1963)

v

l

Genetic Sequences
Frazier (1974)
Galloway (1989)

T-R Sequences
Johnson & Murphy (1984)
Embry & Johannessen (1992)

Depositional Sequence |
(Seismic Stratigraphy)
Mitchum et al. (1977)

l

l

Depositional Sequence I
Hag et al. (1987)
Posamentier et al. (1988)

Depositional Sequence I
Van Wagoner et al. (1988, 1990)
Christie-Blick (1991)

Depositional Sequence IV
Hunt & Tucker (1992, 1995)
Helland-Hansen & Gjelberg (1994)
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Fig. 7.25 Stratigraphic surfaces used in the definition of sequences and systems tracts, and their timing, relative to the cycle of base-level change

(Catuneanu 2006, Fig. 4.7)
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Fig. 7.26 Nomenclature of systems tracts, and timing of sequence
boundaries for the various sequence stratigraphic approaches. Abbre-
viations: RSL relative sea level; T transgression; R regression; FR
forced regression; LNR lowstand normal regression; HNR highstand
normal regression; LST lowstand systems tract; 7ST transgressive
systems tract; HST highstand systems tract; FSST falling-stage systems

In the original Exxon model (Vail et al. 1977) the
sequence boundary (commonly abbreviated as SB on dia-
grams) was drawn at the subaerial unconformity surface,
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tract; RST regressive systems tract; 7-R transgressive-regressive; CC*
correlative conformity in the sense of Posamentier and Allen (1999);
CC** correlative conformity in the sense of Hunt and Tucker (1992);
MFS maximum flooding surface; MRS maximum regressive surface
(from Catuneanu et al. 2011)

following the precedent set by Sloss (1963), an approach
which readily permits the sequence framework to be incor-
porated into an allostratigraphic terminology, at least for
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coastal deposits, where the subaerial erosion surface is
readily mapped. Offshore may be a different story. The first
sequence model (Vail et al. 1977) did not recognize the
falling-stage systems tract. The highstand of one sequence
was followed directly by the lowstand of the next sequence,
with the sequence boundary falling between the two systems
tracts. With the recognition of the process of forced regres-
sion (Plint 1988), the forced regressive deposits could be
assigned either to a “late highstand” or to an “early low-
stand.” Based on assumptions about the changing rate of sea
level fall, the sequence boundary—the coastal equivalent of
the subaerial erosion surface—was initially placed at the
basal surface of forced regression (assumed commence-
ment of forced regression). This placement of the sequence
boundary is the basis for what Catuneanu (2006) refers to as
“depositional sequence II”” (Fig. 7.26). The problem with this
definition is addressed below. In addition, the early Exxon
work defined several different types of sequence-bounding
unconformity. Vail and Todd (1981) recognized three types,
but later work (e.g., Van Wagoner et al. 1987) simplified this
into two, termed type-1 and type-2 unconformities, based on
assumptions about the rate of change of sea level and how
this was reflected in the sequence architecture. In the rock
record, they would be differentiated on the basis of the extent
of subaerial erosion and the amount of seaward shift of facies
belts. However, Catuneanu (2006, p. 167) pointed out the
long-standing confusions associated with these definitions
and recommended that they be abandoned. These “types” are
not discussed further in this book. Schlager (2005, p. 121)
recommended the separate recognition of a third type of
sequence boundary, one which forms “when sea level rises
faster than the system can aggrade, such that a transgressive
systems tract directly overlies the preceding highstand tract
often with a significant marine hiatus. ... Marine erosion
frequently accentuates this sequence boundary, particularly
on drowned carbonate platforms.”

Hunt and Tucker (1992) were amongst the first (since
Barrell!) to point out that during sea-level fall, subaerial
erosion continues until the time of sea-level lowstand, with
the continuing transfer of sediment through clastic delivery
systems to the shelf, slope and basin, and with continuing
downcutting of the subaerial erosion surface throughout
this phase. The age of the subaerial erosion surface, there-
fore, spans the time up to the end of the phase of sea-level
fall, a time substantially later than the time of initiation of
forced regression. The use of the basal surface of forced
regression as a sequence boundary, as in “depositional
sequence II” is, therefore, not an ideal surface at which to
define the sequence boundary, although, as Catuneanu
(2006) reports, it is commonly a prominent surface on
seismic-reflection lines. In fact, as Embry (1995) pointed out
(see Fig. 7.29), there is no through-going surface associated
with forced regression that can be used to extend the
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subaerial erosion surface offshore for the purpose of defining
a sequence boundary. He argued that “from my experience I
have found that the most suitable stratigraphic surface for the
conformable expression of a sequence boundary is the
transgressive surface” (Embry 1995, p. 4). This meets his
criterion—one with which all stratigraphers would agree—
that “one of the main purposes of sequence definition [is] a
coherent genetic unit without significant internal breaks”
(Embry 1995, p. 2). His preferred definition of sequences,
the T-R sequence, places the sequence boundary at the TR
surface, at the end of the phase of regression and the time of
initial transgression (Figs. 7.28 and 7.29). There is, of
course, a delay in time between the end of downcutting of
the subaerial erosion surface during the falling stage, and the
flooding of the same surface during transgression. The
results of the two processes may coincide in the rocks, which
is why this surface may provide a good stratigraphic marker;
but it is important to remember that the surface is not a time
marker, but represents a time gap, with the gap decreasing in
duration basinward.

Highlighting the timing of development of the subaerial
erosion surface by Hunt and Tucker (1992) also served to
highlight the inconsistency of assigning the main succession
of submarine fan deposits on the basin floor to the lowstand
systems tract, as shown in the Vail et al. (1977) and Posa-
mentier et al. (1988) models, in which these deposits are
shown resting on the sequence boundary. Notwithstanding
the discussion of the Hunt and Tucker (1992) paper by Kolla
et al. (1995), who defended the original Exxon models, this
is an inconsistency that required a redefinition of the stan-
dard sequence boundary. It is now recognized that in the
deep offshore, within submarine-fan deposits formed from
sediment delivered to the basin floor during a falling stage
(the period of most active sediment delivery to the conti-
nental margin; see Fig. 5.13), there may be no sharp defi-
nition of the end of the falling stage nor of the turn-around
and subsequent beginning of the next cycle of sea-level rise
and, therefore, no distinct surface at which to draw the
sequence boundary. The boundary here is a correlative
conformity, and may be very difficult to define in practice.

An alternative sequence model, termed the genetic
stratigraphic sequence (Figs. 7.26 and 7.28), was defined
by Galloway (1989), building on the work of Frazier (1974).
Although Galloway stressed supposed philosophical differ-
ences between his model and the Exxon model, in practice,
the difference between them is simply one of where to define
the sequence boundaries. The Exxon model places emphasis
on subaerial unconformities, but Galloway (1989) pointed
out that under some circumstances unconformities may be
poorly defined or absent and, in any case, are not always
easy to recognize and map. Galloway’s (1989) preference is
to draw the sequence boundaries at the maximum flooding
surface, which corresponds to the highstand downlap
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surfaces. He claims that these surfaces are more prominent in
the stratigraphic record, and therefore more readily
mappable.

Galloway’s proposal has not met with general acceptance.
For example, Walker (1992) disputed one of Galloway’s
main contentions, that “because shelf deposits are derived
from reworked transgressed or contemporary retrograda-
tional deposits, their distribution commonly reflects the
paleogeography of the precursor depositional episode.”
Galloway (1989) went on to state that “these deposits are best
included in and mapped as a facies element of the underlying
genetic stratigraphic sequence.” However, as Walker (1992)
pointed out, most sedimentological parameters, including
depth of water, waves, tides, basin geometry, salinity, rates of
sediment supply, and grain size, change when an unconfor-
mity or a maximum flooding surface is crossed. From the
point of view of genetic linkage, therefore, the only sedi-
mentologically related packages lie (1) between a subaerial
unconformity and a maximum flooding surface, (2) between
a maximum flooding surface and the next younger uncon-
formity, or (3) between a subaerial erosion surface and the
overlying unconformity (an incised-valley-fill) (Walker
1992, p. 11).

However, some workers have found Galloway’s use of
the maximum flooding surface much more convenient for
sequence mapping, for practical reasons. For example, it
may yield a prominent gamma-ray spike in wireline logs
(Underhill and Partington 1993), or it may correspond to
widespread and distinctive goniatite bands (Martinsen
1993), or it may provide a more readily traceable marker, in
contrast to the surface at the base of the lowstand systems
tract, which may have irregular topography and may be hard
to distinguish from other channel-scour surfaces (Gibling
and Bird 1994). In nonmarine sections it may be hard to find
the paleosol on interfluves that correlates with the
sequence-bounding channel-scour surface (Martinesen
1993). In some studies (e.g., Plint et al. 1986; Bhattacharya
1993) it has been found that ravinement erosion during
transgression has removed the transgressive systems tract, so
that the marine flooding surface coincides with the sequence
boundary.

Catuneanu et al. (2011, p. 183) pointed out that however
sequences are defined, there may be unconformities con-
tained within them. For example, Galloway’s (1989) genetic
stratigraphic sequences are explicitly defined with the
sequence boundary at the maximum flooding surface, not the
subaerial erosion surface. Therefore, sequences can no
longer be defined as “unconformity-bounded.” Given the
need to encompass all types of sequence model, Catuneanu
et al. (2009, p. 19) proposed to redefine a sequence as “a
succession of strata deposited during a full cycle of change
in accommodation or sediment supply”.
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As described in Chaps. 3 and 4, many stratigraphic suc-
cessions contain small-scale cycles nested within a sequence.
Van Wagoner et al. (1988, 1990) erected the term parase-
quence to encompass the shoaling-upward successions,
capped by flooding surfaces, that are common in coastal
clastic successions. The term was proposed originally as part
of a hierarchy of terms, the bed, bedset, parasequence,
parasequence set, and sequence. Prograding delta lobes,
regressing clastic shorelines, and peritidal carbonate cycles
are examples of parasequences that are particularly common
in the geological record. Catuneanu et al. (2009, p. 19) noted
that the term has also been used for cyclic deposits in some
fluvial and deep-marine deposits, where the concept of
“flooding surface” is irrelevant. A particular source of con-
fusion comes from the incorporation of the word “sequence”
within the term parasequence. The nomenclature problem
was not improved by the usage employed by Mitchum and
Van Wagoner (1991), who equated parasequences with
“4th-order paracycles.” Sequences are allogenic products of
regional controls, whereas parasequences may be a product
of autogenic processes, such as delta lobe switching
(Fig. 7.27). This has been demonstrated to be the case in the
example of the Dunvegan delta illustrated in Fig. 5.11
(Bhattacharya 1991). The shingles and their bounding
flooding surfaces are therefore local in distribution, and their
development has little, if anything, to do with the allogenic
mechanisms that generate sequences. However, to apply to
these successions a term that contains the word “sequence”
in it is inevitably to introduce the implication that they are
allogenic in origin and constitute regionally correlatable
units. The correct interpretation clearly depends on good
mapping to determine the extent and correlatability of each
shingle, and it would seem advisable not to use a term in a
descriptive sense that carries genetic implications. Yet
Mitchum and Van  Wagoner (1991) illustrated
parasequences/paracycles with a dip-oriented cross-
section 90 km long, which claims to show correlations
between several separate depositional systems. This, and the
implication that parasequences are the same thing as minor
sequences, added to the confusion. Furthermore, some
high-frequency sequences formed by Milankovitch pro-
cesses are comparable in thickness and outcrop appearance.
It would be this author’s preference that the term parase-
quence be abandoned entirely, but Catuneanu et al. (2009,
2011) (papers to which this author contributed!) recom-
mended that the term may continue to be used if it is
restricted to its original definition.

The selection of which sequence definition or model to use
in any given stratigraphic setting is a matter of choice. The
original Sloss/Vail depositional sequence model (Sloss
1963; Vail et al. 1977) and the T-R model of Embry and
Johannessen (1992) use the subaerial erosion surface as the
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4. Subsidence ~ “transgression”

] o

Fig. 7.27 The development and abandonment of delta lobes in a river
dominated, Mississippi-type delta (e.g., see Fig. 4.21), based on
detailed analysis of the Mississippi delta system by Boyd and Penland
(1988). In stage 1, progradation develops an upward-shoaling deltaic
succession. Abandonment, followed by subsidence (resulting from
compaction) cause the upper layers of the succession to be reworked
(stage 2), resulting in the development of an extensive barrier island

|:| shelf shoal

system (stage 3). Finally, the deposit undergoes transgression and is
covered by marine shale (stage 4). Repetition of this succession of
events when a new delta lobe progrades back over the older deposit
results in shoaling upward successions bounded by transgressive
flooding surfaces, that is, parasequences. In this case, however, they are
clearly of autogenic origin. Systems-tract designations for each of the
four stages are indicated in parenthesis

DEPOSITIONAL GENETIC STRATIGRAPHIC  TRANSGRESSIVE-REGRESSIVE
SEQUENCES SEQUENCE SEQUENCE
Fluvial | Baselevel | Marine Fluvial | Baselevel | Marine Fluvial | Baselevel | Marine
Jlg ‘ ‘.E ‘L.E ‘

‘ 4
MFS -»(4

fall rise
Fig. 7.28 Selection of sequence boundaries according to the ‘depo-
sitional’, ‘genetic stratigraphic’ and ‘transgressive-regressive’ sequence
models. The choice of sequence boundary is less important than the
correct identification of all sequence stratigraphic surfaces in a
succession (Fig. 7.25). Abbreviations: SU subaerial unconformity;
CC1 correlative conformity sensu Posamentier and Allen (1999); CC2

<+

MFS

SuU

<«
rise fall

fall

correlative conformity sensu Hunt and Tucker (1992); MFS maximum
flooding surface; MRS maximum regressive surface. The subaerial
unconformity is a stage-significant surface, whereas all other surfaces
shown in this diagram are event-significant (Catuneanu et al. 2009,
Fig. 24, p. 17)
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Fig. 7.29 Schematic cross-section through an ideal continental-margin
sequence, showing the relationships between the major surfaces. Red
arrows and letters denote three alternative ways to define sequences. In
coastal and nearshore deposits the sequence boundary for depositional
sequences (DS) and TR sequences (TR) is defined by the subaerial
erosion surface (SU). Correlating this surface offshore may be difficult
in the absence of high-quality seismic-reflection data. Genetic strati-
graphic sequences (GS) are defined by the maximum flooding surfaces.
Depositional sequences III and IV use the correlative conformity
corresponding to the end of base-level fall as the sequence boundary
(CC** of Fig. 7.26, CC2 of Fig. 7.28 and this figure). This may be
indicated by a change from erosional to aggradational deposition in the

sequence boundary (Figs. 7.28 and 7.29). The sequence then
represents a full cycle of increasing and decreasing accom-
modation preserved between two erosion surfaces. The Gal-
loway (1989)genetic stratigraphic sequence model uses the
maximum flooding surface (MFS) as the sequence boundary
(Figs. 7.28 and 7.29). In many stratigraphic settings, recog-
nizing and correlating a maximum flooding surface is much
more easily accomplished than mapping the subaerial erosion
surface. The MFS is commonly represented by a marine shale
or a condensed section which, because it is deposited at a time
of maximum transgression, is typically widespread and forms
a distinctive marker bed between packages of coarser clastic
or carbonate/evaporite facies. Subaerial erosion surfaces may
be characterized by significant erosional relief, which may
make them difficult to trace within suites of wireline logs.
Furthermore, where this surface occurs within successions of
nonmarine strata it can be very difficult to distinguish the
sequence boundary from local fluvial channel scour surfaces.

forced-regressive deposits. The time of initiation of base-level fall
corresponds to correlative conformity CC* of Fig. 7.26 and CCI of
Fig. 7.28 and this figure, and defines the contact between early and late
highstand in depositional sequence III. The top of a DS is indicated
here by the arrow labeled DS that terminates at the surface marking the
beginning of base-level rise. TR sequences are defined in the offshore
by the end of regression. In this diagram the wedge of regressive
deposits is truncated by the transgressive surface, which here marks the
top of a TR sequence. In depositional sequence terminology, this latest
wedge of regressive deposits is classified as the lowstand systems tract
(adapted from Embry 1995, Fig. 1)

However, these differences in mappability do not need to be
reflected in the choice of sequence model.

The TR sequence model uses the subaerial erosion surface
as the sequence boundary for the nonmarine and nearshore
portions of a sequence, but differs from the depositional
sequence where sequences are traced into the offshore.

In a nonmarine to coastal to marine section, the maximum
seaward extent of the subaerial erosion surface depends on
the amplitude of relative sea-level change. Traced far enough
seaward there will be a point beyond which water depths are
such that exposure and erosion do not take place during
base-level fall. Correlating sequence boundaries and systems
tracts into the offshore may be difficult. The erosion surface
generated by forced regression (RSE in Fig. 7.29) defines the
base of the falling-stage systems tract but, as demonstrated
by Plint (1988), this surface is not at a stratigraphically
consistent level, but may recur at stratigraphically higher
positions in the offshore direction as base-level fall
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continues. The offshore limit of the RSE records the end of
the phase of base-level fall, and this point is used to define
the sequence boundary in depositional sequences III and
IV (Fig. 7.29). Regressive sedimentation is likely to con-
tinue, until the rate of rising accommodation during the
subsequent cycle of base-level rise equals the rate of sedi-
ment supply. At this time, regression ends, and this point is
used by Embry (1995) and Embry and Johannessen (1992)
to define the sequence boundary for TR cycles. This coin-
cides with the transgressive surface marking the beginning
of the next cycle of base-level rise (TS in Fig. 7.29). In many
shelf settings, the TS is marked by lag deposits or a con-
densed section and is readily recognizable in cores and on
wireline logs. It passes landward into the ravinement surface
(R in Fig. 7.29), a diachronous surface formed by wave
erosion during transgression.

In earlier definitions of the depositional sequence (de-
positional sequences I and II in Fig. 7.26), the seaward
correlative of the subaerial erosion surface was equated with
the beginning of base-level fall and this surface, and its
seaward extension as a correlative conformity (CC1 in
Fig. 7.28; this surface is also shown in Fig. 7.29), was used
to demarcate the sequence boundary. The inconsistencies in
this approach were pointed out by Hunt and Tucker (1992).
Subaerial erosion continues throughout the falling stage of
the base-level cycle, and so the erosion surface that is sub-
sequently preserved by being transgressed and buried during
the succeeding base-level rise will correspond in age to the
end of the falling stage, not the beginning. The first
regressive surface marking the beginning of the falling stage
may be followed by others, further seaward and strati-
graphically younger, as the falling-stage proceeds. Another

coastal plain
(HST)(9-12)

Fig. 7.30 A generalized
sequence model

retrogradational
strandplain
deposits (TST)

transgressive
surface (7-8)

10 HST

TST

Sequence boundary

FSST

-:-V —
inci L
incised valley (SB) (including 3

followed by LST
12 and TST (5-7)
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of the inconsistencies of the early sequence definitions was
the assignment of offshore submarine fan deposits primarily
to the “lowstand wedge” formed (according to this earlier
interpretation) during the beginning of the next cycle of
base-level rise. Given that much of the sediment supply for
submarine fans comes from subaerial erosion during falling
base level (Fig. 5.13), this does not seem plausible.

Embry and Johannessen (1992) claimed that the TR
sequence definition is the only one that adheres to objective
criteria, meaning the designation of the sequence boundary
at a mappable surface. This is correct in that, as shown in
Fig. 7.29, the surfaces marking the beginning and end of a
cycle of base-level change are not necessarily associated
with any recognizable facies change in the rocks, meaning
that their recognition and mapping in surface outcrops or in
subsurface cores, logs or seismic data, requires interpolation
and extrapolation. The surface marking the end of regression
is a lithologically mappable surface, but it will be directly
mappable only so far seaward as regressive deposits extend.
Beyond that point, correlation may be possible by the tracing
of reflections in seismic data, but recognition of the surface
of maximum regression in cores or logs through deep marine
deposits is not likely to be possible, so this particular feature
of the TR definition is not significantly better than that of the
depositional sequence.

A generalized sequence model is shown in Fig. 7.30. In
this model the base-of-slope submarine fan and other
deep-water deposits are assigned to the falling stage systems
tract, contrary to the first sequence definitions (depositional
sequences I and II). The sequence boundary (surface 4)
includes an incised valley, which is filled by the lowstand
systems tract and during transgression (surfaces 5-7).

maximum flooding surface (MFS)
and downlap surface (8)

continental slope

valley-fill
deposits)
submarine fan

(FSST)

time lines

[ st
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one km

I 100 msec

Fig. 7.31 Seismic line in the Gulf of Mexico showing different genetic
types of deposits (forced regressive, normal regressive, transgressive)
and stratigraphic surfaces that may serve as sequence boundaries
according to different sequence stratigraphic models (modified from
Posamentier and Kolla 2003). Abbreviations: FR forced regressive; LNR
lowstand normal regressive; T transgressive; SU subaerial unconfor-
mity; CC* correlative conformity sensu Posamentier and Allen 1999
(=basal surface of forced regression); CC** correlative conformity sensu
Hunt and Tucker 1992; MRS maximum regressive surface; MFS
maximum flooding surface. The line displays the typical stacking
patterns and stratal terminations associated with forced regression
(offlap, downlap, toplap, truncation), normal regression (downlap,
topset), and transgression (onlap) (Catuneanu et al. 2009, Fig. 7, p. 6)

Commonly, incised valleys are filled towards the end of the
transgressive phase, with deposition extending beyond the
margins of the valley. Elsewhere on the continental margin
transgressive deposits are characteristically thin, and may

consist of condensed deposits or a coarse lag. Hardgrounds
and extensive bioturbation are common.

A significant flaw of the TR model is that the surface of
maximum regression may not correlate with the subaerial
erosion surface. As Embry and Johannessen (1992) noted,
regression may continue in time beyond the end of the cycle
of base-level fall, which corresponds to the age of the sub-
aerial erosion surface. The deposits that form after this time
are assigned to the lowstand systems tract, and may com-
prise a substantial thickness of regressive deposits, accu-
mulated on the shelf, slope and deep basin during the
beginning of the next cycle of transgression. Two seismic
lines are shown here which contain this feature (Figs. 7.31
and 7.32). The lowstand normal regressive deposits
(LNR) in Fig. 7.31 are the deposits which form after the end
of base-level fall—indicated by the correlative conformity
(CC**) extending basinward from the subaerial erosion
surface—and are capped by the maximum regressive surface
(MRS). A particularly thick succession of shelf and slope
deposits are assigned to the LNR in Fig. 7.32. This section
illustrates the migration through time of the shelf margin and
the shoreline. In this example a high sediment supply was
maintained throughout transgression, resulting in a thick
transgressive shelf section. This is commonly not the case,
with transgression commonly recorded as a lag deposit or a
condensed section.

= = P Shelf-edge trajectory

Shoreline trajectory:
= = p lowstand normal regression
w= == [ transgression
= = P highstand normal regression

Fig. 7.32 Dip regional seismic profile from the Pelotas Basin,
southern Brazil (modified from Abreu 1998), showing large-scale
(high-rank) lowstand normal regressive (LNR), transgressive (7) and
highstand normal regressive (HNR) systems tracts. Lower rank
sequences are nested within these higher rank systems tracts. The
transgressive systems tract thickens landward, which reflects the
direction of shift of the depocenter. Individual backstepping parase-
quences are difficult to observe within the transgressive systems tract
due to the limitation imposed by vertical seismic resolution. The

Sequence stratigraphic surfaces:

subaerial unconformity

correlative conformity (sensu Hunt and Tucker, 1992)
maximum regressive surface

maximum flooding surface

shoreline trajectory and the shelf-edge trajectory may coincide during
lowstand normal regression, but are separate during transgression and
highstand normal regression. The change in depositional trends from
dominantly progradational to dominantly aggradational is typical for
lowstand normal regressions. Conversely, the change in depositional
trends from dominantly aggradational to dominantly progradational is
typical for highstand normal regressions. Horizontal scale approxi-
mately 50 km. Vertical scale 2 s two-way travel time (Catuneanu et al.
2009, Fig. 19, p. 14)
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7.8  Chronostratigraphy
and Geochronometry
7.8.1 The Emergence of Modern Methods

Geochronometry is the study of the continuum of geologic
time. Geologic events and rock units may be fixed within
this time frame by a variety of methods, of which radio-
metric dating is the most direct.

Chronostratigraphy is the study of the standard strati-
graphic scale, comprising the familiar eras, periods, and ages
(e.g., Paleozoic, Triassic, Campanian) (Table 7.1).

For the Phanerozoic, biostratigraphy is the main basis of
the chronostratigraphic method, but radiometric methods and
magnetic reversal stratigraphy are essential for providing
numerical (“absolute”) ages, and chemostratigraphy is
becoming increasingly important. Radiometric dating is the
only chronostratigraphic tool available for the Precambrian,
and is essential for providing a calibration scale of bios-
tratigraphic subdivisions in the Phanerozoic (Harland et al.
1964, 1990; Berggren et al. 1995). Magnetic reversals are
now of great importance for studying Upper Cretaceous and
Cenozoic strata, but are difficult to use in older rocks owing
to the difficulty of obtaining complete reversal sequences
and the problems of post-depositional modification (Kennett
1980).

Early speculations about the age of the Earth, and of rates
of geological processes, began to be situated within a
modern quantitative framework with the development of
radiometric dating by Ernest Rutherford in 1905. The Eng-
lish geologist Arthur Holmes made the development of a
radiometrically calibrated geologic time scale a central part
of his life’s work, and it could be argued that the first
modern era in the quantification of geologic time ended with
his death in 1965. Two major events occurred at about this
time. The second edition of his great book “Principles of
Physical Geology” appeared (Holmes 1965), containing,
among other things, a lengthy treatment of radiometric dat-
ing (plus what were then his very advanced ideas about
continental drift), and the Geological Society of London
published the first comprehensive compilation of data in

Table 7.1 The conventional hierarchy of formal chronostratigraphic
and geochronologic terms

Chronostratigraphic Geochronologic
Eonothem Eon

Erathem Era

System Period

Series Epoch

Stage Age

Substage Subage
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support of a modern geological time scale (Harland and
Francis 1964; Harland et al. 1971).

It is important to distinguish between the two quite dif-
ferent, but interrelated concepts of time, geochronometry,
the measurement of time, in standard units such as the year
and the second, and chronostratigraphy, the compilation of
standard rock units. A distinction between “time” and
“rocks” is essential, given the incompleteness of the strati-
graphic record, and the need to continually revise, expand
and update the means by which we relate the chronostrati-
graphic to the geochronometric scale. Harland (1978) and
Harland et al. (1990, Chaps. 1-3) provided detailed expla-
nations of the theory and terminology surrounding these
terms. Because of the very fragmentary nature of the sedi-
mentary record, there is still no chronostratigraphic standard
for the Precambrian, which is subdivided mainly on a
geochronometric basis, except for the Ediacaran System
(635-542 Ma), the youngest part of the Precambrian, which
is the only exception (Knoll et al. 2006).

The subdivision of the stratigraphic record into ever
smaller units based on detailed studies of their fossil content
had reached a remarkably sophisticated level by the early
twentieth century, based on the specialized study of some
unique units in which the fossils are abundant and contain
readily measureable indicators of rapid evolution. The
ammonites of the Jurassic in southern Britain figure promi-
nently in this history, as described by Callomon (1995,
2001). It can be demonstrated that local subdivisions of
relative stratal time representing time spans in the range of
10° years are possible based on such work (this is discussed
further in Chap. 8). But the question of how to incorporate
this information systematically in the construction of a
chronostratigraphic scale that could be used worldwide
continued to be controversial and problematic until the
1970s (this early history is summarized by Miall 2004,
pp. 6-11). There are three obvious reasons: the record is
everywhere locally incomplete, fossils are facies bound, and
with very rare exceptions it is not possible to assign specific
numerical ages to fossil horizons without interpolations and
extrapolations that might incorporate the other two prob-
lems. Some boundaries, including many established early in
the history of the science, had been very poorly defined. For
example, the Silurian-Devonian boundary, first recognised in
Britain, occurs at a major angular unconformity, or within a
marine to nonmarine transition, within which biostrati-
graphic correlation was problematic, raising (but only much
later, when time began to be quantified) the question of how
to define and categorize the time undocumented at the break.

Solutions to these problems began to emerge in the
1960s, and might be said to constitute the beginning of the
second phase of the modern era of modern stratigraphy. The
key development was the evolution of the concept of
the Global Stratigraphic Sections and Points (GSSP).
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The ideas appear to be primarily British in origin (e.g., Ager
1964; Bassett 1985; Cowie 1986; Holland 1986). They
encompass two important concepts: the idea of designating
key marker boundaries at specific type locations within
continuous sections, and the idea that multiple criteria—
biostratigraphy and radiometric dating, and more recently
magnetostratigraphy and chemostratigraphy, wherever
applicable, should be used to nail down the precise age of
the boundary “by all available means,” to quote Torrens
(2002, p. 256). McLaren (1970, p. 802) explained the
desirability of defining boundaries within continuous sec-
tions in this way:

There is another approach to boundaries, however, which
maintains that they should be defined wherever possible in an
area where “nothing happened.” The International Subcommis-
sion on Stratigraphic Classification, of which Hollis Hedberg is
Chairman, has recommended in its Circular No. 25 of July, 1969,
that “Boundary-stratotypes should always be chosen within
sequences of continuous sedimentation. The boundary of a
chronostratigraphic unit should never be placed at an unconfor-
mity. Abrupt and drastic changes in lithology or fossil content
should be looked at with suspicion as possibly indicating gaps in
the sequence which would impair the value of the boundary as a
chronostratigraphic marker and should be used only if there is
adequate evidence of essential continuity of deposition. The
marker for a boundary-stratotype may often best be placed within
a certain bed to minimize the possibility that it may fall at a time
gap.” This marker is becoming known as “the Golden Spike.”

By “nothing happened” is meant a stratigraphic succes-
sions that is apparently continuous. The choice of boundary
is then purely arbitrary, and depends simply on our ability to
select a horizon that can be the most efficiently and most
completely documented and defined (just as there is nothing
about time itself that distinguishes between, say, February
and March, but to define a boundary between them is useful
for purposes of communication and record). This is the
epitome of an empirical approach to stratigraphy. Choosing
to place a boundary where “nothing happened” is to delib-
erately avoid having to deal with some “event” that would
require interpretation (see Miall 2004 for a discussion of the
importance of this point). This recommendation was
accepted in the first International Stratigraphic Guide
(Hedberg 1976, pp. 84-85). The concept also includes the
proviso that only the base of a unit is so defined at the
chosen location, not the top of the underlying unit, lest future
work determine that at the type section the boundary is
marked by a hiatus—hence the term topless stage. The
“missing time” so identified is then assigned to the under-
lying unit, permitting continuous revision without the need
for new boundary definitions.

The importance of using “all available means” to identify,
calibrate and date GSSPs cannot be over-emphasized. As
noted in Sect. 7.5.3 the use of single criteria, such as FADs
and LADs can lead to errors associated with biostratigraphic
diachroneity. Quantitative methods, particularly graphic
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correlation and its advanced version, constrained optimiza-
tion, make use of multiple criteria. As Smith et al. (2015)
noted, despite the best efforts of stratigraphers, it has emerged
that some GSSPs have been defined at sedimentary breaks,
and others still over-rely on few chronostratigraphic criteria,
such as the range of a single key taxon. Some 74 of currently
defined GSSPs actually only make use of biostratigraphic
criteria. Smith et al. (2015) also noted that most GSSPs have
been defined at outcrop sections of shallow-marine rocks
(where the probability of multiple hiatuses and much missing
section is greatest: see Chap. 8), with little use being made of
subsurface drill-core sections, and none have been estab-
lished in deep-marine sediments, where the preserved record
is likely to contain fewer hiatuses.

The concept of the Global Stratigraphic Section and Point
(GSSP), informally called the Golden Spike concept, was
rapidly accepted, and has led to an explosion of specialized
work under the auspices of the International Commission on
Stratigraphy (ICS), a division of the International Union of
Geological Sciences (IUGS), to correlate key sections
worldwide in order to develop internationally recognized
markers for epochs and stages that could then become part of
the standard chronostratigraphic scale (e.g., Remane 2000a).
This work is regularly reported in the journal IUGS Episodes
and, nowadays, on the website www.stratigraphy.org
maintained by the ICS. A discussion of selected GSSPs is
presented in Sect. 7.8.3. About 100 Phanerozoic boundaries
have been established as requiring definition in the form of a
GSSP, and according to Smith et al. (2015) 65 have been
ratified by the International Union of Geological Sciences
(as of the summer of 2013) with several awaiting ratification.

It is instructive to review the development of the modern
geologic time scale through from 1964 to the present.
Amongst the first to appear were scales for the Jurassic and
Cretaceous developed by van Hinte (1976a, b). Useful dis-
cussions of stratigraphic concepts were compiled by Cohee
et al. (1978). Numerous attempts to synthesize existing data
for the Phanerozoic have been made, notably by British
(Harland et al. 1982, 1990), French (Odin 1982) and
American (Berggren et al. 1995) groups. Each group drew
on its own data base and made different interpolations and
extrapolations, with the result that there are significant dif-
ferences in the assigned ages of many of the important
chronostratigraphic boundaries.

A quantum leap forward was achieved by the ICS with
the publication in 2004 of its updated Geologic Time Scale
(GTS2004: Gradstein et al. 2004a). Gradstein et al. (2012)
subsequently published their own updated version (although
this is not an official product of the International Strati-
graphic Commission). The 2004 version incorporates
numerous new data points, documented with the use of
quantitative biostratigraphy, much-improved radiometric
dating methods, chemostratigraphy and (for the Neogene)
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Fig. 7.33 The Geological Time Scale prepared by the International Commission on Stratigraphy. Internationally agreed GSSPs are marked with a
golden-spike icon. This figure shows the version current as of January 2013 (www.stratigraphy.org)

cyclostratigraphy (Fig. 7.33). The new scale presents us with
unprecedented opportunities for the comparison and cali-
bration of detailed local and regional studies of rates and
processes. Paleogene, Mesozoic and most Paleozoic ages are
given to the nearest 100,000 years, although for parts of the
scale, potential errors of >1 million years. remain. This scale,
like all before it, incorporates numerous revisions of
assigned ages. Almost all major chronostratigraphic bound-
aries in the Mesozoic and Paleozoic have been revised by
several million years relative to earlier scales, such as that of
Berggren et al. (1995), reflecting new data or changing
interpretations of earlier data. There is no sign, yet, that the
time scale has finally stabilized, although the incremental
changes from one scale to the next do appear to be getting
smaller. We return to this point later.

The Time Scale now undergoes continuous revision,
under the auspices of the ICS. For example, a 2012 version
was published in time for the 34th international Geological
Congress at Brisbane (Cohen et al. 2012) (Fig. 7.33). An
example of the detail involved in the construction of the
scale is shown in Fig. 7.34.

7.8.2 Determining the Numerical (“Absolute”)
Age of a Stratigraphic Horizon

Direct dating of sedimentary rocks by radiometric dating can
only be carried out on a few potassium-bearing minerals,
such as glauconite, because potassium is the only constituent
of authigenic sedimentary minerals that contains naturally
occurring radiogenic isotopes. Potassium-argon and
argon-argon methods are the most common ones employed.
However, the ages determined by the use of this method may
relate to diagenetic age rather than depositional age, and
there are problems associated with the loss of the daughter
product, argon.

More commonly, radiometric ages are determined for
interbedded volcanic horizons, especially ash beds or ben-
tonites, and the stratigraphic age of the rocks of interest are
then determined by interpolation, as shown in Fig. 7.35. In
order to make use of this method, two major assumptions
have to be invoked, firstly, that sedimentation was continuous
and, secondly, that sedimentation was at a constant rate. In
most cases, neither of these assumptions can be assumed to
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be fulfilled. This does not mean that the technique is useless,
only that it must be employed with care. Ideally, many
radiometric determinations should be made on successive
volcanic units, and then interpolations and extrapolations can
be fine-tuned by methods of averaging and by making local
corrections. We come back to this issue in Chap. 8, where we
examine further some deeper questions regarding the inter-
pretation of time as preserved in the rock record.

Modern radiometric dating methods. Not surprisingly,
the methods of radiometric dating and the data base have
undergone orders-of-magnitude transformations over the last
half-century (Mattinson 2013). Holmes (1960) provided a
list of 63 ages, mostly obtained by the K/Ar method. Of
these, nineteen were used to construct a linear time scale,
adjusting the space allotted to each system according to
cumulative stratal thickness, it being assumed at the time that
this constituted an indication of the duration of the period.
By the time of the 1964 Geological Society of London scale
in 1964, the data base consisted of some 337 measurements.
The Harland et al. (1990, Table 4.2) compilation lists some

750 entries. Figure 7.36 illustrates the increased accuracy
and precision of the dating of the Permian-Triassic boundary
over the 22-year period from 1991 to 2011. The current ICS
date for this boundary is 252.17 + 0.06 Ma.

Amongst the improvements in methods has been the
establishment of the chronogram method by Harland et al.
(1982, pp. 3—4) for plotting and visualization of measure-
ment error, a standardization of decay constants, much
enhanced analytical methods, and a better appreciation of the
systematics of the various isotopic decay paths. The K/Ar
and Rb/Sr methods have been found to be less reliable than
those obtained by the *°’Ar/*’Ar and U-Pb methods (Vil-
leneuve 2004; Mattinson 2013). The use of ages derived
from glauconites, popular in the 1980s (Odin 1982), has
decreased, because of the increasing realization of the
unreliability of the method. It has been demonstrated
repeatedly that daughter products, Sr or Ar, may be lost from
the mineral grains, yielding ages that are too young.

Radiometric age determinations are characterized by a
normal experimental error. Current practice may achieve a
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Fig. 7.35 The determination of “absolute” ages of stratigraphic events
by using the method of “bracketing” the event by a pair of radiometric
ages; The principle of the method (leff) and the reality in practice
(right). a On the left, 118 m of beds are shown accumulating in 56.9
—55.5 million years = 1.4 million years. The average sedimentation rate
is therefore 118/1.4 m/million years = 84 m/million years. The
sequence boundary of interest is 30.3 m above the lower ash bed.
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Fig. 7.36 The improvements in accuracy and precision of the dating
of the Permian-Triassic boundary from 1991 to 2011. Solid circles are
dates based on U-Pb zircon analysis; open circles are dates based on
Ar—Ar analysis of sanidine (Mattinson 2013, Fig. 11, p. 315)

Assuming a constant sedimentation rate and no hiatuses, the 30.3 m of
beds accumulated in 30.3/84 = 0.36 million years. Therefore the age of
this boundary is 56.9—0.36 = 56.54 Ma. However, as shown in b, at
right, real sections are full of sedimentary breaks, which represent
missing time, and variations in sedimentation rate, all of which render
the concept of the average sedimentation rate suspect

precision of £0.1 % or better (Mattinson 2013, p. 310; Smith
et al. 2015; Cramer et al. 2015), e.g., +£100,000 years at
100 Ma. However, the attainment of such accuracy and
precision in the stratigraphic record depends on the avail-
ability of appropriate datable material at the rights places in
the rock record, and the accuracy of the existing time scale
varies from stage to stage because of this. Refinements in
decay constants and inter-laboratory calibration become ever
more important. As Sageman et al. (2014) demonstrated by
their discussion of U-Pb and *°Ar/*°Ar data sets from an
Upper Cretaceous interval in the Western Interior Basin,
dating accuracy and precision is now such that differences
between the two methods may relate to internal differences
in the processes that set the final isotopic ratios—differences
in Ar closure temperature between different minerals and the
length of the cooling phases of igneous bodies from which
such minerals as zircon are ultimately derived. There may be
differences of several hundred thousand years between the
results from different methods, that then need to be recon-
ciled by calibration against other data sets, including
biochronology and magnetostratigraphy.
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Even given a very precisely dated GSSP for a key
chronostratigraphic boundary, it is then quite another matter
to exploit this information to date and calibrate new sections
elsewhere. This exercise requires a biostratigraphic, radio-
metric or chemostratigraphic record capable of yielding
correlations of equivalent accuracy and precision.

Magnetostratigraphy: The first major development, the
erection of a satisfactory geomagnetic polarity scale for the
last 4.5 Ma, was published by Cox (1969), based primarily
on the sampling of successions of lava flows. The standard
scale now in use was developed primarily from the study of
cores through undisturbed deep-sea sediments. The first use
of such cores predated the Deep Sea Drilling Project
(DSDP), and the cores were very short (see review by
Kennett 1980). Harrison and Funnell (1964) were the first to
combine biostratigraphy and chronostratigraphy in an
attempt to correlate a reversal event. Later, Opdyke et al.
(1966) studied some longer cores, up to 12 m in length and
were able to correlate reversal events with the land-based
lava sequence. Radiolarian zone boundaries closely parallel
the reversal correlations (Fig. 7.37). The DSDP started in
1968 and began to have an important effect on chronos-
tratigraphy. However, difficulties were encountered in
establishing magnetic stratigraphy directly from the cores
because of drilling disturbance and bioturbation. The prac-
tice developed of calibrating polarity and biostratigraphic
data by correlating deep marine with exposed on-land sec-
tions and dating the latter radiometrically.

7 Stratigraphy: The Modern Synthesis

Since the 1960s, magnetostratigraphy has become almost
equal in importance to biostratigraphy and radiometric dat-
ing in establishing a time scale for the last 160 Ma of Earth’s
history. The establishment of a reliable reversal sequence
requires close sampling of an assumed, undisturbed, con-
tinuous section, and relies on the ability to recognize a kind
of “bar-code” pattern of normal and reversed intervals.
However, undisturbed sections for the pre-Late Jurassic are
rare—there is no undisturbed sea floor of greater age—and it
therefore much more difficult to standardize the scale for
these older rocks.

The technique is most useful for time spans characterized
by frequent reversals. During the Cenozoic, reversals
occurred two or three times each million years, providing a
very distinctive pattern that has enabled the establishment of
29 reversal intervals, named chrons for that era (Ogg and
Smith 2004). The availability of age information on a 10* to
10°-year time scale has provided powerful new tools for
exploring the rates of sedimentary and stratigraphic pro-
cesses in the geological record. Reversal sequences for older
parts of the Mesozoic and for the Paleozoic have been
assembled from partial sections (Langereis et al. 2010), but
are not yet reliable enough to become part of the standard
geological time scale.

Magnetostratigraphy may also be used to correlate local
sections with each other without regard to the global scale.
However, because reversal events are not unique, it is not
possible to correlate them by matching sequences from
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different stratigraphic sections unless they contain particu-
larly distinctive long or short polarity intervals. Some sup-
plementary criteria may be required to assist in matching,
such as marker beds or biostratigraphic zonation. Picard
(1964) and Irving (1966) were among the first Western
workers to use paleomagnetic correlation for sediments on
the continents. The technique has become widely used for
nonmarine sediments because of the scarcity of other means
of precise correlation.

A single example of the use of magnetostratigraphy in a
practical field problem is described here briefly. For many
years, a team has been exploring the nonmarine Siwalik
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Fig. 7.38 The practical use of magnetostratigraphy to correlate
sections of nonmarine strata in Pakistan. Three partial sections are
compiled at left to provide a single composite section for the Pabbi
Hills region. Key vertebrate locations are shown, and field samples
showing normal and reversed magnetic polarities are indicated by the
vertically arranged suites of black and white circles. Correlation of the
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Group (Oligocene-Quaternary) of Pakistan, in part because
of its rich vertebrate fauna and in part because of the
information the sediments yield about the tectonics of the
Himalayas, from which the sediments were derived. Mag-
netostratigraphy, coupled with radiometric dating of several
ash beds, has provided a useful means of local correlation
between sections that show marked lateral facies changes
(Keller et al. 1977; Barndt et al. 1978; Johnson et al. 1979).
It was also possible to propose a correlation with the global
scale. Figure 7.38 illustrates the correlation of three closely
spaced sections in the Pabbi Hills area, near Jhelum. From
three to five oriented rock specimens were collected from
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Pabbi Hills section with the standard scale and with other nearby
stratigraphic sections is shown at right. Note the presence of missing
reversals in some of the sections, indicating either incomplete
sampling, or reversals that are actually missing because of local
erosion (redrawn from Johnson et al. 1979)
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each of 113 sites within the sections. These were subjected
to laboratory tests to determine the stability of the field and
the absence of magnetic overprinting, and the pole positions
obtained corrected for structural dip. The reversal zones
were correlated with the standard scale of Opdyke (1972)
using the following argument. The oldest remains of Equus
(horse) were found at the 400 m level in the composite
section. The oldest occurrence of Equus in North America is
dated 3.5 Ma and in Asia 2.5 Ma. It is considered unlikely
that the Pabbi Hills fossils are older than 3.5 Ma. Note that
the fossil locality is in a short normal polarity sequence
within a long reversed interval. Only two such dominantly
reversed intervals are present in the magnetostratigraphic
scale, the Matuyama and the Gilbert zones. The Gilbert zone
extended from 5.1 to 3.3 Ma, and the Matuyama from 2.41
to 0.70 Ma. (Revised ages of Opdyke 1972; modified from
Cox 1969). The evidence of Equus suggests that this is the
Matuyama zone. The two short normal events then correlate
with the Olduvai and Jaramillo subzones. The Gilsa event
(subzone) of Fig. 7.38 is not universally recognized and does
not appear on Opdyke’s (1972) chart.

Four composite sections have been correlated using the
presence of two tuff horizons (Visser and Johnson 1978) and
the polarity zones, as shown in Fig. 7.38.

The importance of this work is that it permits precise
local and global correlation of vertebrate localities, permits
accurate calculations of sedimentation rates, and provides
accurate control for studying sedimentological characteris-
tics, basin architecture, and tectonic events. Some of these
aspects have been explored in later papers by this research
group and other workers in the area. For example, Johnson
et al. (1985) were able to determine the various time scales
represented by fluvial cycles and to explore the implications
for rates of channel wandering and the nature of tectonic and
climatic controls on sedimentation. Behrensmeyer (1987)
developed detailed two-dimensional reconstructions of the
stratigraphic architecture as a basis for an examination of the
taphonomy of the vertebrate remains.

Chemostratigraphy: Oxygen isotope stratigraphy has
made an enormous contribution to the development of
stratigraphy. The method depends on measurements of the
160/'80 ratio. Because '®0 is the lighter of the two isotopes,
water molecules containing this light oxygen are preferen-
tially evaporated from seawater. During times of ice-free
global climate they are recycled to the oceans and the iso-
topic ratio remains in a stable balance corresponding to the
natural proportions of the two isotopes in the hydrosphere.
However, glacial ice is composed of condensed
'°0O-enriched water, so that continental ice buildups are
preferentially enriched in '°0, with the result that the 5'%0
content of the oceans is increased. Sediments preserve the
isotopic ratios of the oxygen that existed in the hydrosphere
at the time the sediments were formed. Measurements are

7 Stratigraphy: The Modern Synthesis

made on the carbonate comprising foraminiferal tests.
Emiliani (1955) was the first to demonstrate that the oxygen
isotope record is cyclic, and was amongst the first to argue
that the fluctuations should reflect the high-frequency
oscillations between glacial and interglacial stages that
have characterized the Cenozoic record.

We now know that the '°0/'®0 ratio is a highly sensitive
indicator of global ocean temperatures and ice cover, and
can therefore be used as an analog recorder of ice volumes
(Hays et al. 1976; Shackleton and Opdyke 1976; Matthews
1984a, 1988). Matthews (1984a) suggested a calibration
value of 3'®0 variation of about 0.011 %o per meter of
sea-level change.

A modern oxygen isotope scale developed from the early
systematic work of the SPECMAP (SPEctral MAPping)
project (Imbrie et al. 1984; Imbrie 1985). Following, in
particular, the pioneering work of Hays et al. (1976) the
SPECMAP project established a detailed record for the late
Pleistocene (the last 780 ka) which calibrated the scale
against an insolation energy index calculated from the
integration of the three major orbital cycles, obliquity, pre-
cession and eccentricity. Since that time it has become
standard procedure to record the oxygen isotope signal in
deep sea cores, and numerous studies have contributed to the
refinement of the scale.

The current scale used in GTS2004 includes a systematic
series of marine cycles back to 5.5 Ma (Gradstein et al.
20044, Fig. 21.5) and a more detailed presentation of the 106
Marine Isotope Stages (MIS) for the last 2.65 million years
of Earth history (Fig. 7.39; Gradstein et al. 2004a, Fig. 22.1)
—an average duration of 25,000 years for each stage. As
discussed in Sects. 7.8.7 and 8.11, the calibration of this
scale against the record of orbital variations through the last
few million years of Earth history is now providing the basis
for a new, astrochronological time scale.

Strontium isotope stratigraphy is a relatively new topic. It
was not mentioned at all by Harland et al. (1990). In the late
1970s it began to be recognised that the ratio ®’St/*Sr varied
systematically through time, as recorded in marine sediments
(Burke et al. 1982). Veizer (1989) provided a detailed review
of the origins of strontium in seawater and the processes that
affected the preservation of the signal, including the effects
of diagenesis. He argued that the rate of mixing of ocean
waters and the long-residence time of strontium in seawater
could potentially yield a reliable signal. McArthur (1994,
1998; McArthur and Howarth 2004) has taken the lead in the
development and application of the tool to age determination
and standardization of the method and its integration into the
process of refining the time scale.

The *’Sr/*°Sr ratio varies with age in the carbonate of
various marine shells, mainly because of fluctuations in the
rates and types of continental weathering, and the mea-
surement of this value enables a sample to be situated on a
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Fig. 7.39 The GTS2004 time scale for the last 2.7 Ma, showing the
magnetic polarity chrons and the marine oxygen isotope record
(Gradstein et al. 2004a, Fig. 22.1, p. 444)

graph showing the variation in composition with time. The
graph for the Phanerozoic, as currently in use (McArthur and
Howarth 2004, Fig. 7.1) is remarkably similar to that com-
piled by Veizer (1989), which indicates that the technique
rapidly reached maturity.

The values of the ratio are not unique with respect to time,
because it has risen and fallen in a crudely cyclic manner
within the range 0.7070-0.7090 during the last 450 mil-
lion years, so that some intermediate values correspond to
several different ages on the curve. It is therefore necessary to
know, within a few millions of years, which part of the graph
to use for reading off the age against the calculated ratio.
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7.8.3 Stages and Boundaries

The evolution of the stage concept was a confused one.
D’Orbigny and Oppel in the mid-nineteenth century were
the first to use the term with essentially its present meaning
(Hancock 1977; McGowran 2005).

Stages are essentially convenient groupings of biozones.
Stage boundaries may be drawn at the top or base of a
particularly well or widely developed biozone or at a
prominent faunal change. Many of our modern stage names
were rather loosely defined, perhaps on only a handful of
taxa when originally established, but have subsequently been
refined by more and more detailed study using many dif-
ferent life forms. Biozones are now usually established using
only the members of a single phylum (except, perhaps,
Oppel zones), whereas many stages have now been defined
in many different ways. For example, Devonian stages are
based mainly on brachiopods, corals, trilobites, fish, con-
odonts, and palynomorphs; Cretaceous stages are based
mainly on ammonites, pelecypods, brachiopods, for-
aminifera, nannofossils, and palynomorphs.

What has happened over the years is that stage terms
became so useful that geologists began to define the same
stage in different ways. They added descriptions of suites of
different kinds of fossils, which helped to define parallel
successions of biozones and to transcend biogeographic
problems, and then when radiometric and magnetostrati-
graphic data became available, this information was added in
as well. Gradually the rock-term stage became a more
broadly-based term referring globally to a particular interval
of time. The modern use of stage concepts is well illustrated
in current treatments of the Geologic Time Scale, e.g., in
Gradstein et al. (20044, 2012). The stage is now regarded as
“the basic working unit of chronostratigraphy” (Hedberg
1976; Salvador 1994; Smith et al. 2015).

In any given sedimentary basin, the recognition of a stage
and its component chronozones depends on the nature of the
fossil and other evidence that can be compiled for analysis.
Surface studies may be able to benefit from the very detailed
studies of macrofossils that have been carried out over the
last 150 years. For example, paleontologists have found that
ammonites evolved so rapidly during the Mesozoic that they
have been able to erect scores of biozones. Modern dating
methods have shown that for some parts of the Mesozoic
these zones may represent time intervals as small as
250,000 years, which permits an astonish precision in dating
where the record is complete enough (Callomon 1995). An
extreme example is shown in Fig. 7.40 (we return to a dis-
cussion of this particular example in Chap. 8). For parts of
the Paleozoic, trilobites and graptolites offer similar bios-
tratigraphic precision.
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Fig. 7.40 The 56 ammonite faunal horizons recognized in 13 sections
of the Inferior Oolite of Dorset and Somerset, England. The sections
average 5 m in thickness, are spaced out over a total distance of about
80 km, and span about 5 Ma of the Middle Jurassic; therefore each faunal
horizon represents an average of about 90,000 years. Aa Aalenian, Bj
Bajocian, Bt Bathonian stages (Callomon 1995, Fig. 5, p. 143)

Subsurface studies must rely on microfossil or palyno-
logical evidence (McGowran 2005). Foraminifera evolved
rapidly during the Cenozoic, but for most of geologic time
microfossils, though commonly occurring in great abun-
dance, seemed to have evolved more slowly, and so indi-
vidual biozones necessarily represent longer intervals of time.

7 Stratigraphy: The Modern Synthesis

Most fossil groups tends to be facies bound, and the key to
successful stage correlation is to locate sections where more
than one useful fossil group is present or where repeated
facies variations cause ecologically incompatible taxa to
occur close together by interdigitation. This is largely a
matter of chance. Much depends on lucky exposure of the
right section, and the literature is replete with obscure geo-
graphic localities that have attained a specialized kind of fame
because of the excellence of the biostratigraphic work carried
out there. Examples are such small Welsh towns as Llanvirn
and Llandeilo (Ordovician), the FEifel district, Belgium
(Devonian), and the Barrandian area of the Czech Republic
(Silurian-Devonian boundary). Geologists worldwide knew
about Maastricht long before the average European politician
had heard about this minor city. Most stages are named after
such places. The end result of this extended effort is that
many stages can now be recognized globally, with varying
degrees of confidence. Plate-tectonic movements cause fau-
nal provincialism to vary in many taxonomic groups simul-
taneously, and so the perfection of this correlation varies
from place to place and time to time. For example, Berry
(1977) reported that correlation of Early and Middle
Ordovician graptolitic faunas between Europe and North
America has been fraught with controversy because of faunal
provincialism. At that time, the proto-Atlantic Ocean (lape-
tus) was at its widest. We earlier referred to the comparable
problem of trilobite correlation across lapetus (Fig. 7.12).

As an example of modern work in establishing stages by
means of detailed faunal work on several animal groups, a
brief discussion is presented here of the Pridolian and
Lochkovian stages, as defined in the Barrandian area of the
Czech Republic. Chlupac (1972) published a detailed
description of the faunas and revised the earlier biostrati-
graphic subdivisions of these rocks. His faunal list for the
two stages includes over 300 species, of which graptolites,
conodonts, and trilobites constitute the most important
biostratigraphic indicators. Other groups providing sub-
sidiary control include eurypterids, phyllocarids, ostracodes,
echinoids, cephalopods, gastropods, pelecypods, and bra-
chiopods. Figure 7.41 illustrates one of several short but
critical sections measured through the Pridolian-Lochkovian
boundary near Klonk. Limestone beds are numbered 1-53.
This section constitutes the very first internationally agreed
GSSP, having been ratified by the International Union of
Geological Sciences in 1972. It constitutes the stratotype for
the Silurian-Devonian boundary. A vital characteristic of the
Barrandian area is that here the section straddling the
Silurian-Devonian boundary is basinal in origin, and there-
fore preserves a more continuous marine section relative to
the marginal-marine, nonmarine or unconformable contact in
the British type areas of the Silurian and Devonian.

The Pridolian-Lochkovian succession in this area consists
mainly of thinly interbedded, grayish-black, calcareous
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mudstone and grayish-black to dark gray, fine-grained (mi-
critic), skeletal, platy, weathering limestone, with subordi-
nate beds of pale limestone and coarser, detrital limestone
(calcarenite to calcirudite). Graptolites are abundant in the
mudstones; trilobites and conodonts occur sparsely in the
limestones, particularly in the paler, less muddy units, and
become more abundant north of Klonk, where the rocks
undergo a facies change into a predominantly pure carbonate
succession. This interbedding of different facies with their
contrasting faunas is one of the most important features of
these central European sections from the point of view of
biostratigraphic stratotype definition.

Two graptolite biozones have been recognized in the
Pridolian and form the main basis for the definition of the
unit. They are the Monograptus ultimus zone below and the
M. transgrediens zone above. The latter does not reach to the
top of the Pridolian, but is followed by a graptolite inter-
regnum containing only sparse, nondiagnostic forms
(Fig. 7.41). The base of the Lochkovian is defined by the
sudden widespread appearance and abundance of Mono-
graptus uniformis in bed 20. Other species of Monograptus
and Linograptus appear in the upper part of the lower
Lochkovian, while in the upper Lochkovian, M. hercynicus
is typical. Some of these species occur in the pure carbonate
facies, permitting close correlation with the shelly fauna. It is
interesting to note that in spite of the effort biostratigraphers
have made to formalize their biozone types Chlupac’s work
is typical of many in that no attempt is made to state what
kind of biozone is in use. The older of these graptolite
biozones appear to be single-taxon range biozones, with
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concurrent-range biozones for the upper part of the lower
Lochkovian and the upper Lochkovian.

The trilobite Warburgella (Podolites) rugulosa rugosa is
of primary importance in delineating the lower boundary of
the Lochkovian. In the Klonk section, it appears in limestone
bed 21, immediately above the first appearance of M. uni-
formis in the upper part of bed 20 (Fig. 7.41).

The conodont Icriodus woschmidti defines a range bio-
zone corresponding approximately with the lower part of the
Lochkovian, although in the Barrandian area, it ranges down
through the graptolite interregnum into the top of the M.
transgrediens biozone. Conodonts are not common in the
somewhat argillaceous facies at Klonk.

This discussion could be extended considerably into a
consideration of other faunal groups and some of the sub-
sidiary species that define concurrent-range zones. It is to be
hoped, however, that by this time the reader can discern the
main threads of a procedure that has now been followed
innumerable times by many different workers.

Barnes et al. (1976) discussed the correlation between
graptolites, conodonts, trilobites, and brachiopods for the
Ordovician rocks of Canada. This is an interesting case in that
the benthonic fauna was used to establish a North American
stage nomenclature in the craton (the Richmond, Maysville,
etc.), whereas graptolites occur mainly in deeper water
deposits and were correlated with the classic British stages
(Ashgill, Caradoc, etc.), in spite of the difficulties of faunal
provincialism across the Iapetus Ocean referred to earlier. To
be of any regional use, these biostratigraphic schemes had to
be integrated with each other, and this depended on finding
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locations, as at Klonk, where the different biofacies are
interbedded. In order to cover the entire Ordovician System,
it was necessary to study partial sections in the Canadian
Rocky Mountains, Nevada, Texas, Newfoundland, the St.
Lawrence Lowlands, and parts of the Canadian Arctic
Islands. One of the key sections was the Lower to Middle
Ordovician Cow Head Group of Newfoundland. At Green
Point, where the beds are overturned, the stratotype for the
Cambrian-Ordovician boundary has been established
(Fig. 7.7; Cooper et al. 2001). Here, trilobites and conodonts

deep water basin, where graptolite-bearing shales buried
them. Integration of the biozone schemes had to allow for the
fact that the boulders were probably slightly younger than the
enclosing shales. Elsewhere, transgressions and regressions
caused intermingling of faunas from different facies and
different faunal provinces.

Another example of GSSP is that for the base of the
Turonian at Pueblo, Colorado, the description of which was
provided by Kennedy et al. (2005). The succession here
consists of alternating limestones and shales (Fig. 7.42). The

occur in limestone boulders slumped from the shelf into the limestones are fossiliferous biomicrites. Much of the
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Fig. 7.43 The GSSP for the base of the Turonian. See Fig. 7.42 for
stratigraphic location (photo by Brad Sageman)

succession is bioturbated. The alternation of the two major
lithologies is attributed to orbitally-forced climatic cyclicity.
The base of the Turonian has been placed at the base of bed
86, which corresponds to the first occurrence of the
ammonite Watinoceras devonense (Fig. 7.43). There are
many secondary biostratigraphic indicators of the boundary,
including bivalves, dinoflagellates, and other ammonites.
Figure 7.42 shows the ranges of the inoceramids in this
section, and the inoceramid and ammonites zones. The
boundary is also indicated by a carbon-isotope excursion
which can be correlated world-wide, and corresponds to an
Oceanic Anoxic Event. The numerical age of the boundary
has been derived from radiometric dating of several ben-
tonite beds that be traced throughout much of the Western
Interior Basin. The bentonites at the Pueblo location are too
weathered to be dated, but Kennedy et al. (2005) provide
dates determined from six other samples collected from
correlative units in other parts of the basin.

7.8.4 Event Stratigraphy

The term event stratigraphy has been attributed to Ager
(1973), although, as noted by Torrens (2002, p. 258),
geologists have been aware of the importance of sudden
events for some time. Typical geological “events” include
sudden sedimentary events, such as storms and sediment
gravity flows; volcanic events, generating widespread ash
beds; earthquakes; biologic events such as first- and
last-appearances of taxa, and mass extinction events; and
chemostratigraphic events, such as “carbon excursions”.
Comprehesive treatments of this topic have been provided
by Einsele and Seilacher (1982) and Kauffman (1988).

Where the products of specific events can be recognized
reliably they provide invaluable markers for local and
regional correlation. Bentonite layers, because they can be
characterized by their petrology and radiometric age, have
been used for this purpose for many years. Some events
appear to be truly unique, such as the K-T boundary event as
the product of a meteorite impact, as first proposed by
Alvarez et al. (1980); a hypothesis now almost universally
accepted. However, there are many other types of event that
are repeatable (e.g., major sediment-gravity flows; lique-
faction events attributable to earthquakes), which means that
their reliability as markers may be limited, unless correlation
can be substantiated by secondary means.

Kauffman (1988) documented in detail the methods of
what he termed High-Resolution Event Stratigraphy, in
which he made use of bentonites, biomarkers, and other
events to construct regional stratigraphic correlations using
the methods of graphic correlation, with an estimated
accuracy of £100 ka. In Sect. 7.8.6 we discuss a debate
regarding the use of event stratigraphy in the construction of
the standard suite of GSSPs. We return to this topic in
Sect. 8.11 as part of a brief introduction to modern research
to develop the astrochronological time scale.

7.8.5 Absolute Ages: Their Accuracy
and Precision

Time scales like the one in Fig. 7.33 look finished. It would
appear that if fossils can be assigned to one or other of the
stages shown in this diagram, it should be possible to
determine the age of a section almost anywhere within the
Phanerozoic to within a fraction of a million years. Often
this is, in fact the case, but the precision of the scale is
deceptive. It represents geologists’ best guesses, given all the
available information at the time of compilation. It does not
show the amount of interpolation and extrapolation that has
gone into the construction of the scale. To get an idea about
this look at Fig. 7.44. This is a table that compares the
assigned ages of the Mesozoic stages between eleven dif-
ferent published compilations. Each of these syntheses rep-
resents research of the highest international standard.

Why are there so many variations in assigned age from
one scale to the next? For example, the age of the
Jurassic-Cretaceous boundary has moved up and down by
15.3 Ma years since 1982. How can this be?

The answer is that many of the assigned ages depend on
extrapolation or interpolation from a limited number of
well-known fixed points. It is rare for an important bio-
marker, such as a key FAD, to occur stratigraphically next to
a datable ash bed or a magnetic reversal event. Many event
ages are determined using the kinds of calculations shown in
Fig. 7.35. A key event is bracketed by two or more dated
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Fig. 7.44 Comparison of time
scales for the Mesozoic

(Gradstein et al. 2004a, Fig. 1.6b)
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horizons, and the age worked out by assuming continuous
sedimentation at a constant rate. Both these assumptions are
commonly incorrect. Making the same kind of calculations
at several locations where the same kinds of assumptions
have to be made may result in a range of ages for the same
event. The geologist then makes a best guess, picking the
one that seems to be the most reliable, or averaging them in
some way. Opinions may differ about which particular field
locality or which dating exercise offers the most reliable tie
point for the scale.

In the absence of sufficient datable field locations, all
kinds of assumptions have had to be made. For example,
assumptions that the species of a given group of animals
evolve at a constant rate, so that their zones can all be
assumed to be of the same duration. The first work to date
the reversal events in the magnetostratigraphic scale was
carried out on the magnetized oceanic crust, and made use of
an assumption that sea-floor-spreading rates were constant,
so that the width of the reversal zone could be transformed
into a value for its duration. This assumption has since been
proved to be completely wrong—sea-floor spreading rates
vary almost continuously.

Figure 7.45 illustrates the problem, using some real data
from a well off the Florida coast. Which of the two inter-
pretations is correct? Both will yield approximate ages for
samples lying between the dated points, but the differences,
though small, could be important. Where the slope between
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Fig. 7.45 The problem of calibration. The data points in both graphs
represent the same set of real data from a well in the Gulf Coast, off
Florida (from Roof et al. 1991). Each point is a biomarker that has been
dated against the available time scale. The question then arises, does
this data represent continuous sedimentation at a constant rate? The
straight line of correlation in the left-hand figure suggests that this is
the case, making allowance for small errors in the dating of the fossils.
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two points in this diagram is low, this means that the
thickness of strata between the points is untypically small,
given the indicated age span. A simple explanation would be
that there is a local disconformity. An unusually steep slope
could mean the occurrence of a rare event, such as the
passage of a turbidity current, which locally thickens the
stratal record. Careful re-examination of the original rock
record could help to resolve this problem.

Further developments in chronostratigraphic accuracy
and precision are discussed in Sects. 8.10 and 8.11.

7.8.6 The Current State of the Global
Stratigraphic Sections and Points
(GSSP) Concept,
and Standardization
of the Chronostratigraphic Scale

Despite the apparent inductive simplicity of the approach
described here to the refinement of the time scale, the
completion of the necessary suite of GSSPs has been slow,
in part because of the inability of some working groups to
arrive at agreement (Vai 2001). In addition, two contrasting
approaches to the definition of chronostratigraphic units and
unit boundaries have now evolved, each emphasizing dif-
ferent characteristics of the rock record and the accumulated
data that describes it (Smith et al. 2015). Castradori (2002)
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But it is possible to look at the data a different way, as seen in the
right-hand figure. Sedimentation rate may vary, and there may be
several minor unconformities. Careful examination of the section is
necessary to determine the nature of facies changes, the presence of
breaks in sedimentation, and so on, in order to test the validity of the
interpretations suggested in the right-hand diagram
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provided an excellent summary of what has become a lively
controversy within the International Commission on
Stratigraphy. The first approach, which Castradori described
as the historical and conceptual approach, emphasizes the
historical continuity of the erection and definition of units
and their boundaries, the data base for which has continued
to grow since the nineteenth century by a process of
inductive accretion. Aubry et al. (1999, 2000) expanded
upon and defended this approach. As noted by Smith et al.
(2015), in some cases, precedence and historical continuity
have had to be set aside in favour of choosing new strato-
types that provide a greater data base for correlation
purposes.

The alternative method, which Castradori terms the
hyper-pragmatic approach (a very misleading label, in this
writer’s opinion), focuses on the search for and recognition
of significant “events” as providing the most suitable basis
for rock-time markers, from which correlation and unit
definition can then proceed. The followers of this method-
ology (see response by Remane 2000b, to the discussion by
Aubry et al. 2000) suggest that in some instances historical
definitions of units and their boundaries should be modified
or set aside in favour of globally recognizable event markers,
such as a prominent biomarker, a magnetic reversal event, an
isotopic excursion, or, eventually, events based on
cyclostratigraphy. This approach explicitly sets aside
McLaren’s (1970) recommendation (cited above) that
boundaries be defined in places where “nothing happened,”
although it is in accord with suggestions in the first strati-
graphic guide that “natural breaks” in the stratigraphy could
be used or boundaries defined “at or near markers favorable
for long-distance time-correlation” (Hedberg 1976, p. 71,
84). The virtue of this method is that where appropriately
applied it may make field recognition of the boundary easier.
The potential disadvantage is that is places prime emphasis
on a single criterion for definition, and relies on assumptions
about the superior time-significance of the selected boundary
event. The deductive flavour of hypothesis is therefore added
to the methodology. In this sense the method is not strictly
empirical (as discussed below, assumptions about global
synchroneity of stratigraphic events may in some cases be
misguided. See Miall and Miall 2001).

Smith et al. (2015) noted that even where the traditional
approach has been used to define a GSSP, there has tended
to be an overreliance on single biostratigraphic criteria for
the definition, which may limit their usefulness and flexi-
bility. To the key defining criterion of (for example) the first-
or last-appearance datum of a chosen taxon could be added

7 Stratigraphy: The Modern Synthesis

the stratigraphic distance above or below the FAD or LAD
of other taxa. They also noted the importance of supple-
mentary criteria.

The hyper-pragmatic approach builds assumptions into
what has otherwise been an inductive methodology free of all
but the most basic of hypotheses about the time-significance
of the rock record. The strength of the historical and con-
ceptual approach is that it emphasizes multiple criteria, and
makes use of long-established practices for reconciling dif-
ferent data bases, and for carrying correlations into areas
where any given criterion may not be recognizable. For this
reason, this writer is not in favour of the proposal by Zala-
siewicz et al. (2004) to eliminate the distinction between time-
rock units (chronostratigraphy) and the measurement of
geologic time (geochronology). Their proposal hinges on the
supposed supremacy of the global stratotype boundary points.
History has repeatedly demonstrated the difficulties that have
arisen from the reliance on single criteria for stratigraphic
definitions, and the incompleteness of the rock record, which
is why “time” and the “rocks” are so rarely synonymous in
practice (see also Aubry 2007, on this point; and Heckert and
Lucas 2004, for other comments on the Zalasiewicz et al.
proposal). Some of the current controversies surrounding the
placement of GSSPs in the Cenozoic are discussed by
Berggren (2007) and Walsh (2004). The latter paper also
contains a lengthy discussion regarding the controversies
surrounding the definitions and useages of the key terms,
including stage, boundary stratotypes, GSSP, etc., most of
which is beyond the concerns of the practicing stratigrapher.

A different debate has arisen since the power of as-
trochronological calibration of the time scale became
evident, a topic we take up in the next section, and again in
Sect. 8.11. Astrochronology is based on the assertion that, in
certain, carefully selected sections, a complete record of
orbital forcing is preserved by cyclic variations in facies and
thicknesses in the sedimentary record, and that by counting
the cycles and correlating them to numerical ages derived
from radiometric dating or some other means, a precise time
scale with an accuracy and precision in the 10*-year range
may be established.

As noted above, the traditional (at least since the 1970s)
method of defining the time scale has been by the erection of
GSSPs and topless stages, the purpose of the latter feature
being to automatically allow for the presence of hidden
hiatuses in the succession at the stratotypes. However, the
relevance of this issue has been called into question when
the method of selecting and dating a GSSP involves the
necessary assumption of stratigraphic completeness, either in
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the actual stratotype or in the composite section upon which
the stratotype is based. Such is the case with astrochronol-
ogy. As noted by Hilgen et al. (2006, p. 117):

.. all late Neogene GSSPs are by now defined in land-based
deep marine sections. All these sections have an integrated
high-resolution stratigraphy, uniting detailed cyclo-, magneto-
and biostratigraphies and have been astronomically tuned.
Moreover, they cover the entire interval of the stage in a
demonstrable continuous succession. As such, the sections
perfectly embody the concept of a stage and may serve as unit
stratotype for that stage in addition to accommodating its GSSP.

These authors argued for the extension of the concept to
the remainder of the Cenozoic and also to the Mesozoic, as
the astrochronological data base becomes more complete
(Hilgen et al. 2015; see Sect. 8.11). They also pointed out
that if the GTS is based on complete sections then the dis-
tinction between “rock” and “time” becomes unnecessary.
However, I remain convinced that we need to be careful
about abandoning the long-held cautions that support this
dual terminology. The preservation of sections that are
complete at the 10* to 10°-year time scale is likely to be very
unusual, requiring especially undisturbed basinal conditions,
and the identification of the sections that are complete
enough to be used in the establishment of an astrochrono-
logical time scale should be considered a rare event (see next
section). The issue of the incompleteness of the stratigraphic
record is discussed further in Chap. 8.

7.8.7 Cyclostratigraphy and Astrochronology

Cyclostratigraphy: the subdiscipline of stratigraphy that
deals with the identification, characterization, correlation,
and interpretation of cyclic variations in the stratigraphic
record.

Astrochronology: The dating of sedimentary units by
calibration of the cyclostratigraphic record with astronomi-
cally tuned time scales.

Tuning: Adjusting the frequencies, including harmonics,
of a complex record preserved in a natural succession to
best-fit a predicted astronomical signal.

Croll (1864) and Gilbert (1895) were the first to realize
that variations in the Earth’s orbital behavior may affect the
amount and distribution of solar radiation received at the
Earth’s surface, by latitude and by season, and could be the
cause of major climate variations. Several classic studies
were undertaken to search for orbital frequencies in the rock
record, and theoretical work on the distribution of insolation
was carried out by the Serbian mathematician Milankovitch
(1930, 1941), who showed how orbital oscillations could
affect the distribution of solar radiation over the earth’s
surface. However, it was not for some years that the nec-
essary data from the sedimentary record was obtained to
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support his model. Emiliani (1955) was the first to discover
periodicities in the Pleistocene marine isotopic record, and
the work by Hays et al. (1976) is regarded by many (e.g., de
Boer and Smith 1994) as the definitive study that marked the
beginning of a more widespread acceptance of orbital forc-
ing, the so-called Milankovitch processes, as a major cause
of stratigraphic cyclicity on a 10* to 10°-year frequency—
what is now termed the Milankovitch band. The model is
now firmly established, particularly since accurate chronos-
tratigraphic dating of marine sediments has led to the doc-
umentation of the record of faunal variations and
temperature changes in numerous upper Cenozoic sections
(Gradstein et al. 2004a; Hilgen et al. 2015; see summary in
Miall 2010, Sects. 7.2, 11.3). These show remarkably close
agreement with the predictions made from astronomical
observations. Many high-frequency sequence records are
now interpreted in terms of the orbital-forcing model
(summaries and reviews in Miall 2010, Chap. 11; Hilgen
et al. 2015).

There are several separate components of orbital variation
(Fig. 7.46). The present orbital behavior of the earth includes
the following cyclic changes (Schwarzacher 1993):

1. Variations in orbital eccentricity (the shape of the
Earth’s orbit around the sun). Several “wobbles”, which
have periods of 2035.4, 412.8, 128.2, 99.5, 94.9, and
54 ka. The major periods are those at around 405 and
100 ka.

2. Changes of up to 3° in the obliquity of the ecliptic, with
a major period of 41 ka, and minor periods of 53.6 and
39.7 ka.

3. Precession of the equinoxes. The Earth’s orbit rotates
like a spinning top, with a major period of 23.7 ka. This
affects the timing of the perihelion (the position of closest
approach of the earth to the sun on an elliptical orbit),
which changes with a period of 19 ka.

=% / PRECESSION
\ _/ (wobble" 21 ka]

o)

ECCENTRICITY
('stretch’: 95 ka) .2

Fig. 7.46 Perturbations in the orbital behaviour of the earth, showing
the causes of Milankovitch cyclicity. Adapted from Imbrie and Imbrie
(1979)


http://dx.doi.org/10.1007/978-3-319-24304-7_8
http://dx.doi.org/10.1007/978-3-319-24304-7_8

360

Imbrie (1985, p. 423) explained the effects of these
variables as follows:

Variations in obliquity alter the income side of the radiation
budget in two fundamental ways: they modulate the intensity of
the seasonal cycle, and they alter the annually integrated
pole-to-equator insolation gradient on which the intensity of the
atmospheric and oceanic circulations largely depend. (Low
values of obliquity correspond to lower seasonality and steeper
insolation gradients.) Variations in precession, on the other
hand, alter the structure of the seasonal cycle by moving the
perihelion point along the orbit. The effect of this motion is to
change the earth-sun distance at every season, and thereby
change the intensity of incoming radiation at every season.

Each of these components is capable of causing significant
climatic fluctuations given an adequate degree of global
sensitivity to climate forcing. For example, when obliquity is
low (rotation axis nearly normal to the ecliptic), more energy
is delivered to the equator and less to the poles, giving rise to a
steeper latitudinal temperature gradient and lower seasonal-
ity. Variations in precession alter the structure of the seasonal
cycle, by moving the perihelion point along the orbit. This
changes the earth-sun distance at every season, thus changing
the intensity of insolation at each season. “For a given latitude
and season typical departures from modern values are on the
order of ~5 %” (Imbrie 1985, p. 423). Because the forcing
effects have different periods they go in and out of phase. One
of the major contributions of Milankovitch was to demon-
strate these phase relationships on the basis of laborious
time-series calculations. These can now, of course, be readily
carried out by computer. The success of modern stratigraphic
work has been to demonstrate the existence of curves of
change in temperature, redox state, carbonate content, organic
productivity, and other variables in the Cenozoic record that
can be correlated directly with the curves of Fig. 7.47. For this
purpose sophisticated time-series spectral analysis is per-
formed on various measured parameters, such as
oxygen-isotope content or cycle thickness. This approach has
led to the development of a special type of quantitative
analysis termed cyclostratigraphy (House 1985).

The Earth became highly sensitized to orbital variations
during the cool climates of the Late Cenozoic, and it is now
generally accepted, following the work of Hays et al. (1976)
that the fluctuations in glaciation that characterized the
Neogene were driven by orbital forcing, a process that gave
us the oxygen isotope time scale (Emiliani 1955; Imbrie and
Imbrie 1979; Imbrie 1985; Imbrie et al. 1984).

To develop a time scale from the orbital record in sedi-
mentary successions requires several important assumptions,
given that, unlike, for example, bioevents or datable ash
beds, cyclostratigraphy consists of a succession of identical,
or near identical, cyclic fluctuations in some primary depo-
sitional characteristic, such as carbon or calcium carbonate
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Fig. 7.47 The three major orbital-forcing parameters, showing their
combined effect in the eccentricity-tilt-precession (ETP) curve at
bottom. Absolute eccentricity values are shown. Obliquity is measured
in degrees. Precession is shown by a precession index. The ETP scale is
in standard deviation units (Imbrie 1985)

content, redox state, bed thickness or, more generally, facies.
The assumptions include the following:

1. The section is continuous, or

2. (alternate): Discontinuities in the section can be recog-
nized and accounted for in the subsequent analysis;

3. Sedimentation rate was constant, or events (such as tur-
bidites) beds can all be recognized and discounted.

4. Orbital frequencies may be reconstructed for the distant
past based on astronomical calculations of planetary
motions.

5. Thickness can be converted to time using a simple
sedimentation-rate transformation;

6. The variabilities in stratigraphic preservation (facies
changes, hiatuses) can be effectively managed by
pattern-matching techniques.

7. Orbital frequencies can be reconstructed from the rock
record of the distant geological past, based on indepen-
dent age-bracketing of the section.

In general, these assumptions are more likely to be met in
deep-marine and lacustrine settings, where it may be
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expected that the allogenic forcing of sedimentary processes
by orbital mechanisms might be expected to overwhelm
local autogenic influences. However, one of the more con-
vincing studies of a high-frequency sequence stratigraphic
record being used as the basis for a cyclostratigraphic time
scale is that of the shallow-marine Plio-Pleistocene cycles of
the Wanganui Basin in North Island, New Zealand
(Fig. 7.48). Also, Hilgen et al. (2015) cite several studies of
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Fig. 7.48 Composite
stratigraphic columns for the
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sections, Wanganui Basin, New
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ODP cores (Fig. 7.39). On the longer term, extending back
into the Paleogene and earlier, the 405-ka eccentricity cycle
seems to be the most stable and the most likely to provide
the basis for astrochronology.

There have been several focused attempts to examine the
use of the orbital “pacemaker” as the basis for a
high-precision time scale (Herbert et al. 1995; House and
Gale 1995; Shackleton et al. 1999), and several important
regional studies that began to make a substantial contribution
to the growth of this field of research. The stratigraphic and
sedimentologic basis for this research was summarized by
Miall (2010, Chap. 11). A range of indicators may be used to
examine for orbital cyclicity, beyond the physical “cyclic”
appearance of the rocks themselves. These include bed
thickness, oxygen isotope ratios, weight-percent calcium
carbonate, grayscale pixel data (from core scans), magnetic
susceptibility, and resistivity data from a microimaging
scanner.

Pioneering studies to establish an astrochronological time
scale have been led by Fritz Hilgen. A reliable cyclostrati-
graphic (astrochronologic) time scale was first established for
the youngest Cenozoic strata, back to about 5 Ma (Hilgen
1991; Berggren et al. 1995; Hilgen et al., 2006; see Figs. 7.49
and 7.50). Over the succeeding decade, astronomically
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calibrated sections were used to extend the astrochronologi-
cal time scale back to 14.84 Ma, the base of the Serravallian
stage, in the mid-Miocene (www.stratigraphy.org), and
research is proceeding to extend the time scale not only to the
base of the Cenozoic, but through at least the Mesozoic
(Hinnov and Ogg 2007; Hilgen et al. 2006, 2015). Fig-
ure 7.51 illustrates the correlation of Upper Miocene sections
in the Mediterranean basin to the orbital scale. Westphal et al.
(2008) offered a sharply critical review of the field data base
on which part of the astrochronological time scale is based,
pointing to problems of diagenesis and differential com-
paction of contrasting lithologies, that render direct
one-for-one correlations between the critical field sections
problematic. A careful comparison of the correlations
between two critical field sections shows that the correlations
of the astronomical cycles are not always supported by the
correlations of bioevents. In some cases, there are different
numbers of cycles between the occurrences of key bioevents.
Multiple cross-checks are required to evaluate and, if possi-
ble, correct for such discrepancies.

For the older part of the geological record (particularly
the Mesozoic and Paleozoic), several studies have now
established convincing “floating” scales for specific strati-
graphic intervals; that is, scales that exhibit reliable orbital

Fig. 7.49 The Punta di Maiata section on Sicily. Punta di Maiata is the
middle partial section of the Rossello Composite and part of the
Zanclean unit stratotypes, which defines the base of the Pliocene (Van
Couvering et al. 2000; Hilgen et al. 2006). Larger-scale
eccentricity-related cycles are clearly visible in the weathering profile
of the cape. Small-scale quadripartite cycles are precession-related;

precession-obliquity interference patterns are present in particular in the
older 400-kyr carbonate maximum indicated in blue. All cycles have
been tuned in detail and the section has an excellent magnetostratig-
raphy, calcareous plankton biostratigraphy and stable isotope stratig-
raphy (Hilgen et al. 2006)
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Capo Rossello Composite
(Langereis and Hilgen, 1991)

Astronomical Time Scale

(Lourens et al., 1996)
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Fig. 7.50 The Rossello Composite Section (RCS, Sicily, Italy) the
unit stratotypes for series spanning the base of the Pliocene, incorpo-
rating the orbital tuning of the basic precession-controlled sedimentary
cycles and the resulting astronomical time scale with accurate and
precise astronomical ages for sedimentary cycles, calcareous plankton
events and magnetic reversal boundaries. The Zanclean and Piacenzian
GSSPs are formally defined in the RCS while the level that

time-stratigraphically correlates with the Gelasian GSSP is found in
the topmost part of the section. The well tuned RCS lies at the base of
the Early—Middle Pliocene part of the astrochronological time scale and
the Global Standard Chronostratigraphic Scale and as such could serve
as unit stratotype for both the Zanclean and Piacenzian Stage (Hilgen
et al. 2006)
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Fig. 7.51 Astronomical tuning
of sapropels and associated grey
marls in land-based deep marine
sections in the Mediterranean for
the interval between 10 and 7 Ma
(upper Miocene). Colours in the
lithological columns indicate
sapropels (black), associated grey
marls (grey) and homogeneous
marls (yellow). Colours in the
magnetostratigraphic columns
indicate normal polarities (black),
reversed polarities (white) and
uncertain polarities (grey).
Sapropels and associated grey
marls have been numbered per
section and lumped into
large-scale groups (roman
numerals) and small scale groups.
The initial age model is based on
magnetobiostratigraphy. Phase
relations between sapropel cycles
and the orbital
parameters/insolation used for the
tuning are based on the
comparison of the sapropel
chronology for the last

0.5 million years with
astronomical target curves
(Hilgen et al. 2015, Fig. 2)
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frequencies, once tuned, but that cannot be precisely corre-
lated to the numerical time scale because of residual
imprecisions in numerical dating methods (Hilgen et al.
2015).

A discussion of some current research in this area is
provided in Sect. 8.11.

References

Abreu, V., 1998. Evolution of the conjugate volcanic passive margins:
Pelotas Basin (Brazil) and offshore Namibia (Africa): Implication
for global sea-level changes. Unpublished Ph.D. thesis, Rice
University, Houston.

Ager, D. V., 1964, The British Mesozoic Committee: Nature, v. 203,
p. 1059.

Ager, D. V., 1973, The nature of the stratigraphical record: New York,
John Wiley, 114 p.

Metochia

Eccentricity Precession Insolation
400 kyr + 100.000 yoar max <> min  min <> max

BARRARA AhakRRLE AR

Gibliscemi
AB

TR

4%
"}
ol =
.
iy

TR

&
L

Age (in Ma)

]

Thonn 77

£

Ager, D. V., 1981, The nature of the stratigraphical record (second
edition): John Wiley, New York, 122 p.

Alvarez, L. W., Alvarez, W., Asaro, F., and Michel, H. V. 1980,
Extraterrestrial cause for the Cretaceous-Tertiary extinction:
Science, v. 208, p. 1095-1108.

Armentrout, J. M., 1981, Correlation and ages of Cenozoic chronos-
tratigraphic units in Oregon and Washington: Geological Society of
America Special Paper 184, p. 137-148.

Aubry, M.-P., 2007, chronostratigraphic terminology: Building on
Principles: Stratigraphy, v. 4, p. 117-125.

Aubry, M.-P., Van Couvering, J., Berggren, W. A., and Steininger, F.,
1999, Problems in chronostratigraphy: stages, series, unit and
boundary stratotype section and point and tarnished golden spikes:
Earth-Science Reviews, v. 46, p. 99-148.

Aubry, M.-P., Van Couvering, J., Berggren, W. A., and Steininger, F.,
2000, Should the gold spike glitter: Episodes, v. 23, p. 203-210.
Autin, W. J., 1992, Use of alloformations for definition of Holocene
meander belts in the middle Amite River, southeastern Louisiana:

Geological Society of America Bulletin, v. 104, p. 233-241.

Barndt, J., Johnson, N. M., Johnson, G. D., Opdyke, N. D., Lindsay, E.

H., Pilbeam, D., And Tahirkheli, R. A. H., 1978, The magnetic


http://dx.doi.org/10.1007/978-3-319-24304-7_8

References

polarity stratigraphy and age of the Siwalik Group near Dhok
Pathan Village, Potwar Plateau, Pakistan: Earth Planetary Science
Letters, v. 41, p. 355-364.

Barnes, C. R., Jackson, D. E., and Norford, B. S., 1976, Correlation
between Canadian Ordovician zonations based on graptolites,
conodonts and benthic macrofossils from key successions, in Bassett,
M. G., ed., The Ordovician System: proceedings of a Palacontolog-
ical Association symposium, Birmingham, September 1974: Univer-
sity of Wales and National Museum of Wales, Cardiff, p. 209-225.

Barrell, Joseph, 1917, Rhythms and the measurement of geologic time:
Geological Society of America Bulletin, v. 28, p. 745-904.

Bassett, M. G., 1985, Towards a “common language” in stratigraphy:
Episodes, v. 8, p. 87-92.

Behrensmeyer, A. K., 1987, Miocene fluvial facies and vertebrate
taphonomy in northern Pakistan;. in Ethridge, F. G., Flores, R. M.,
and Harvey, M. D., eds., Recent developments in fluvial sedimen-
tology: Society of Economic Paleontologists and Mineralogists
Special Publication 39, p. 169-176.

Berggren, W. A., 2007, Status of the hierarchical subdivision of higher
order marine Cenozoic chronostratigraphic units: Stratigraphy, v. 4,
p. 99-108.

Berggren, W. A., Kent, D. V., Aubry, M.-P., and Hardenbol, J., eds.,
1995, Geochronology, time scales and global stratigraphic correla-
tion: Society for Sedimentary Geology Special Publication 54, 386 p.

Berry, W. B. N., 1968, Growth of prehistoric time scale, based on
organic evolution: W.H. Freeman and Co., San Francisco, 158 p.

Berry, W. B. N., 1977, Graptolite biostratigraphy: a wedding of
classical principles and current concepts; in Kauffman, E. G., and
Hazel, J. E., eds., Concepts and methods of biostratigraphy:
Dowden, Hutchinson and Ross Inc., Stroudsburg, Pennsylvania,
p. 321-338.

Bhattacharya, J., 1991, Regional to sub-regional facies architecture of
river-dominated deltas, Upper Cretaceous Dunvegan Formation,
Alberta subsurface, in Miall, A. D., and Tyler, N., eds., The
three-dimensional facies architecture of terrigenous clastic sedi-
ments and its implications for hydrocarbon discovery and recovery,
Society of Economic Paleontologists and Mineralogists, Concepts
in Sedimentology and Paleontology, v. 3, p. 189-206.

Bhattacharya, J. P., 1993, The expression and interpretation of marine
flooding surfaces and erosional surfaces in core; examples from the
Upper Cretaceous Dunvegan Formation, Alberta foreland basin,
Canada, in Posamentier, H. W., Summerhayes, C. P., Haq, B. U.,
and Allen, G. P., eds., Sequence stratigraphy and facies associa-
tions: International Association of Sedimentologists Special Publi-
cation 18, p. 125-160.

Blackwelder, E., 1909, The valuation of unconformities: Journal of
Geology, v. 17, p. 289-299.

Boyd, R., and Penland, S., 1988, A geomorphic model for Mississippi
delta evolution: Gulf Coast Association of Geological Societies,
Transactions, v. 38, p. 443-452.

Brown, A. R., 2011, Interpretation of three-dimensional seismic data,
seventh edition, American Association of Petroleum Geologists
Memoir 42, 646 p.

Burke, W. H., Denson, R. E., Hetherington, E. A., Koepnick, R. B.,
Nelson, H. F., and Otto, J. B., 1982, Variations of seawater
87S1/%6Sr through Phanerozoic time: Geology, v. 10, p. 516-519.

Callomon, J. H., 1995, Time from fossils: S. S. Buckman and Jurassic
high-resolution geochronology, in Le Bas, M. J., ed., Milestones in
Geology: Geological Society of London Memoir 16, p. 127-150.

Callomon, J. H., 2001, Fossils as geological clocks, in C. L. E. Lewis
and S. J. Knell, eds., The age of the Earth: from 4004 BC to AD
2002: Geological Society of London Special Publication 190,
p. 237-252.

Cartwright, J. A., Haddock, R. C., and Pinheiro, L. M., 1993, The
lateral extent of sequence boundaries, in Williams, G. D., and Dobb,

365

A., eds., Tectonics and seismic sequence stratigraphy: Geological
Society, London, Special Publication 71, p. 15-34.

Castradori, D., 2002, A complete standard chronostratigraphic scale:
how to turn a dream into reality? Episodes, v. 25, p. 107-110.
Catuneanu, O., 2006, Principles of sequence stratigraphy: Elsevier,

Amsterdam, 375 p.

Catuneanu, O., Abreu, V., Bhattacharya, J. P., Blum, M. D., Dalrymple,
R. W., Eriksson, P. G., Fielding, C. R., Fisher, W. L., Galloway, W.
E., Gibling, M. R., Giles, K. A., Holbrook, J. M., Jordan, R.,
Kendall, C. G. St. C., Macurda, B., Martinsen, O. J., Miall, A. D.,
Neal, J. E., Nummedal, D., Pomar, L., Posamentier, H. W., Pratt, B.
R,. Sarg, J. F., Shanley, K. W., Steel, R. J., Strasser, A., Tucker, M.
E., and Winker, C., 2009, Toward the Standardization of Sequence
Stratigraphy: Earth Science Reviews, v. 92, p. 1-33.

Catuneanu, O., Bhattacharya, J. P., Blum, M. D., Dalrymple, R. W.,
Eriksson, P. G., Fielding, C. R., Fisher, W. L., Galloway, W. E.,
Gianolla, P., Gibling, M. R., Giles, K. A., Holbrook, J. M., Jordan,
R., Kendall, C. G. St. C., Macurda, B., Martinsen, O. J., Miall, A.
D., Nummedal, D., Posamentier, H. W., Pratt, B. R,. Shanley, K.
W., Steel, R. J., Strasser, A., and Tucker, M. E., 2010, Sequence
stratigraphy: common ground after three decades of development:
First Break, v. 28, p. 21-34.

Catuneanu, O., Galloway, W.E., Kendall, C.G.St.C., Miall, A.D.,
Posamentier, H.W., Strasser A., and Tucker M.E., 2011, Sequence
Stratigraphy: Methodology and Nomenclature: Report to ISSC:
Newsletters on Stratigraphy, v. 4 (3), p. 173-245.

Chlupac, 1., 1972, The Silurian-Devonian boundary in the Barrandian:
Bulletin of Canadian Petroleum Geology, v. 20, p. 104-174.

Christie-Blick, N., Mountain, G. S., and Miller, K. G., 1990, Seismic
stratigraphy: record of sea-level change, in Revelle, R., ed.,
Sea-level change: National Research Council, Studies in Geo-
physics, Washington, National Academy Press, p. 116-140.

Cody, R. M., Levy, R. H., Harwood, D. M., and Sadler, P. M., 2008,
Thinking outside the zone: high-resolution quantitative biochronol-
ogy for the Antarctic Neogene: Palacogeography, Palacoclimatology,
Palaeoecology, v. 260, p. 92 - 121.

Cohee, G. V., Glaessner, M. F., and Hedberg, H. D., eds., 1978,
Contributions to the geologic time scale: American Association of
Petroleum Geologists Studies in Geology No. 6.

Cohen, K.M., Finney, S., and Gibbard, P.L., 2012, International
Chronostratigraphic Chart: International Commission on Stratigra-
phy, www.stratigraphy.org.

Conkin, B. M., and Conkin, J. E., eds., 1984, Stratigraphy: foundations
and concepts: Benchmark Papers in Geology, New York: Van
Nostrand Reinhold, 363 p.

Cooper, R. A., Nowlan, G. S., and Williams, S. H., 2001, Global
Stratotype Section and Point for base of the Ordovician System:
Episodes, v. 24, p. 19-28.

Cowie, J. W., 1986, Guidelines for boundary stratotypes: Episodes, v.
9, p. 78-82.

Cox, A., 1969, Geomagnetic reversals: Science, v. 163, p. 237-245.

Cox, B. M., 1990, A review of Jurassic chronostratigraphy and age
indicators for the UK, in Hardman, R. F. P., and Brooks, J., eds.,
Tectonic events responsible for Britain’s oil and gas reserves:
Geological Society, London, Special Publication 55, p. 169-190.

Cramer, B. D., Vandenbroucke, T. R. A., and Ludvigson, G. A., 2015,
High-resolution event stratigraphy (HiRES) and the quantification
of stratigraphic uncertainty: Silurian examples of the quest for
precision in stratigraphy: Earth Science reviews, v. 141, p. 136-153.

Croll, J., 1864, On the physical cause of the change of climate during
geological epochs: Philosophical Magazine, v. 28, p. 435-436.

de Boer, P. L., and Smith, D. G., 1994, Orbital forcing and cyclic
sequences, in de Boer, P. L., and Smith, D. G., eds., Orbital forcing
and cyclic sequences: International Association of Sedimentologists
Special Publication 19, p. 1-14.


http://www.stratigraphy.org

366

Doyle, J. A., 1977: Spores and pollen: the Potomac Group (Cretaceous)
Angiosperm sequence; in Kauffman, E. G., and Hazel, J. E., eds.,
Concepts and methods of biostratigraphy: Dowden, Hutchinson and
Ross Inc., Stroudsburg, Pennsylvania, p. 339-364.

Edwards, L. E., 1984, Insights on why graphic correlation (Shaw’s
method) works: Journal of Geology, v. 92, p. 583-597.

Edwards, L. E., 1985, Insights on why graphic correlation (Shaw’s
method) works: A reply [to discussion]: Journal of Geology, v. 93,
p. 507-509.

Einsele, G., and Seilacher, A., eds., 1982, Cyclic and event stratifica-
tion: Springer-Verlag Inc., Berlin, 536 p.

Eldredge, N., and Gould, S. J., 1972, Punctuated equilibrium: an
alternative to phyletic gradualism, in Schopf, T. J. M., ed., Models
in paleobiology: San Francisco, Freeman, Cooper and Company,
p. 82-115.

Eldredge, N., and Gould, S. J., 1977, Evolutionary models and
biostratigraphic strategies; in Kauffman, E. G., and Hazel, J. E.,
eds., Concepts and methods of biostratigraphy: Dowden, Hutchin-
son and Ross Inc., Stroudsburg, Pennsylvania, p. 25-40.

Embry, A. F., 1995, Sequence boundaries and sequence hierarchies:
problems and proposals, in Steel, R. J., Felt, V. L., Johannessen, E.
P., and Mathieu, C., eds., Sequence stratigraphy on the Northwest
European margin: Norsk Petroleumsforening Special Publication 5,
Elsevier, Amsterdam, p. 1-11

Embry, A. F., and Johannessen, E. P., 1992, T-R sequence stratigraphy,
facies analysis and reservoir distribution in the uppermost
Triassic-Lower Jurassic succession, western Sverdrup Basin, Arctic
Canada, in Vorren, T. O., Bergsager, E., Dahl-Stamnes, O. A.,
Holter, E., Johansen, B., Lie, E., and Lund, T. B., eds., Arctic
geology and petroleum potential: Norwegian Petroleum Society
Special Publication 2, p. 121-146.

Emery, D., and Myers, K. J., 1996, Sequence stratigraphy: Blackwell,
Oxford, 297 p.

Emiliani, C., 1955, Pleistocene temperatures: Journal of Geology, v. 63,
p. 538-578.

Fejfar, O., and Heinrich, W. D., 1989, Muroid rodent biochronology of
the Neogene and Quaternary, in Lindsay, E. H., Fahlbusch, V., and
Mein, P., eds., European mammal chronology: NATO Advanced
Research Workshop, p. 91-118.

Frazier, D. E., 1974, Depositional episodes: their relationship to the
Quaternary stratigraphic framework in the northwestern portion of
the Gulf Basin: Bureau of Economic Geology, University of Texas,
Geological Circular 74-1, 26 p.

House. M. R., and Gale, A. S., eds., 1995, Orbital forcing timescales
and cyclostratigraphy: Geological Society, London, Special Publi-
cation 85, 210 p.

Galloway, W. E., 1989, Genetic stratigraphic sequences in basin
analysis I: Architecture and genesis of flooding-surface bounded
depositional units: American Association of Petroleum Geologists
Bulletin, v. 73, p. 125-142.

Gibling, M. R., and Bird, D. J., 1994, Late Carboniferous cyclothems
and alluvial paleovalleys in the Sydney Basin, Nova Scotia:
Geological Society of America Bulletin, v. 106, p. 105-117.

Gilbert, G. K., 1895, Sedimentary measurement of geologic time:
Journal of Geology, v. 3, p. 121-127.

Gradstein, F. M., Ogg, J. G., and Smith, A. G, eds., 2004a, A geologic
time scale: Cambridge University Press, Cambridge, 610 p.

Gradstein, F. M., Cooper, R. A., and Sadler, P. M., 2004b, Biostratig-
raphy: time scales from graphic and quantitative methods, in
Gradstein, F. M., Ogg, J. G., and Smith, A. G., eds., A geologic
time scale: Cambridge University Press, Cambridge, p. 49-54.

Gradstein, F. M., Ogg, J. G., Schmitz, M. D., and Ogg, G. M., 2012, The
Geologic time scale 2012: Elsevier, Amsterdam, 2 vols., 1176 p.

Hancock, J. M., 1977, The historic development of biostratigraphic
correlation, in Kauffman, E. G. and Hazel, J. E., eds., Concepts and

7 Stratigraphy: The Modern Synthesis

methods of biostratigraphy: Dowden, Hutchinson and Ross Inc.,
Stroudsburg, Pennsylvania, p. 3-22.

Haq, B. U., Hardenbol, J., and Vail, P. R., 1988, Mesozoic and
Cenozoic chronostratigraphy and cycles of sea-level change, in
Wilgus, C. K., Hastings, B. S., Kendall, C. G. St. C., Posamentier,
H. W., Ross, C. A., and Van Wagoner, J. C., eds., Sea-level
Changes: an integrated approach: Society of Economic Paleontol-
ogists and Mineralogists Special Publication 42, p. 71-108.

Harland, W. B., 1978, Geochronologic scales, in Cohee, G. V.,
Glaessner, M. F. and Hedberg, H. D., eds., Contributions to the
Geologic time scale: American Association of Petroleum Geologists
Studies in Geology 6, p. 9-32.

Harland, W. B., 1993, Stratigraphic regulation and guidance: a critique
of current tendencies in stratigraphic codes and guides: Discussion:
Geological Society of America Bulletin, v. 105, p. 1135-1136.

Harland, W. B., and Francis, H., eds., 1964, The Phanerozoic time scale
(A symposium dedicated to Professor Arthur Holmes): Quarterly
Journal of the Geological Society of London, v. 120s, 458 p.

Harland, W. B., and Francis, H., eds., 1971, The Phanerozoic time scale
— A Supplement. Geological Society of London Special Publica-
tion 5, 356 p.

Harland, W. B., Smith, A. G., and Wilcock, B., eds., 1964, The
Phanerozoic time scale (A symposium dedicated to Professor Arthur
Holmes): Geological Society of London, Supplement to Quarterly
Journal, v. 120 s, 458 p.

Harland, W. B., Cox, A. V., Llewellyn, P. G., Pickton, C. A. G., Smith,
A.G., and Walters, R., 1982, A geologic time scale: Cambridge Earth
Science Series, Cambridge University Press, Cambridge, 131 p.

Harland, W. B., Armstrong, R. L., Cox, A. V., Craig, L. E., Smith, A.
G., and Smith, D. G., 1990, A geologic time scale, 1989:
Cambridge Earth Science Series, Cambridge University Press,
Cambridge, 263 p.

Harper, C. W, Jr., and Crowley, K. D., 1985, Insights on why graphic
correlation (Shaw’s method) works: A discussion: Journal of
Geology, v. 93, p. 503-506.

Harrison, W. J., 1882, Geology of the counties of England and Wales,
London, Kelly and Company, 346 p.

Harrison, C. G. A., and Funnell, B. M., 1964, Relationship of
palacomagnetic reversals and micropalacontology in two Late
Cenozoic cores from the Pacific Ocean: Nature, v. 204, p. 566.

Hay, W. W., and Southam, J. R., 1978, Quantifying biostratigraphic
correlation: Annual Review of Earth and Planetary Sciences, v. 6,
p. 353-375.

Hays, J. D., Imbrie, J., and Shackleton, N. J., 1976, Variations in the
earth’s orbit: pacemaker of the ice ages: Science, v. 194,
p. 1121-1132.

Heckert, A. B., and Lucas, S. G., 2004, Simplifying the stratigraphy of
time: Comments and Reply: Geology, v. 32, p. e58.

Hedberg, H. D., ed., 1976, International Stratigraphic Guide: Wiley,
New York, 200 p.

Herbert, T. D., Premoli Silva, P, Erba, E., and Fischer, A. G., 1995.
Orbital chronology of Cretaceous-Paleocene marine sediments, in
Berggren, W. A., Kent, D. V., Aubry, M.-P., and Hardenbol, J.,
eds., Geochronology, time scales and global stratigraphic correla-
tion: Society for Sedimentary Geology Special Publication 54,
p. 81-93.

Hilgen, F. J., 1991. Extension of the astronomically -calibrated
(polarity) time scale to the Miocene/Pliocene boundary: Earth and
Planetary Sciences Letters, v. 107, p. 349-368.

Hilgen, F. J., Brinkhuis, H., and Zachariasse, W. J., 2006, Unit
stratotypes for global stages. The Neogene perspective: Earth
Science Reviews v. 74, p. 113-125.

Hilgen, F. J., Hinnov, L. A., Aziz, H. A., Abels, H. A., Batenburg, S.,
Bosmans, J. H. C., de Boer, B., Hiisings, S. K., Kuiper, K. F., and
Lourens, L. J., 2015, Stratigraphic continuity and fragmentary



References

sedimentation: the success of cyclostratigraphy as part of integrated
stratigraphy in Smith, D. G., Bailey, R., J., Burgess, P., and Fraser,
A., eds., Strata and time: Geological Society, London, Special
Publication 404, p. 157-197.

Hinnov, L. A., and Ogg, J. G., 2007, Cyclostratigraphy and the
astronomical time scale: Stratigraphy, v. 4, p. 239-251.

Holland, C. H., 1986, Does the golden spike still glitter? Journal of the
Geological Society, London, v. 143, p. 3-21.

Holmes, A., 1960, A revised geological time-scale: Transactions of the
Edinburgh Geological Society, v. 17, p. 183-216.

Holmes, A., 1965: Principles of Physical Geology, second edition,
Nelson, London, 1288 p.

House, M. R., 1985, A new approach to an absolute timescale from
measurements of orbital cycles and sedimentary microrhythms:
Nature, v. 315, p. 721-725.

Hunt, D., and Tucker, M. E., 1992, Stranded parasequences and the
forced regressive wedge systems tract: deposition during base-level
fall: Sedimentary Geology, v. 81, p. 1-9.

Imbrie, J., 1985, A theoretical framework for the Pleistocene ice age:
Journal of the Geological Society, London, v. 142, p. 417-432.
Imbrie, J., and Imbrie, K. P., 1979, Ice ages: solving the mystery:

Enslow, Hillside, New Jersey, 224 p.

Imbrie, J., Hays, J. D., Martinson, D. G., MclIntyre, A., Mix, A. C.,
Morley, J. J., Pisias, N. G., Prell, W. L., Shackleton, N. J., 1984.
The orbital theory of Pleistocene climate: support from a revised
chronology of the marine 5'%0 record, in: Berger, A. L., Imbrie, J.,
Hays, J., Kukla, G., and Saltzman, B., eds., Milankovitch and
Climate. D. Reidel, Norwell, Mass, p. 269-305.

International Subcommission on Stratigraphic Classification, 1987,
Unconformity-bounded stratigraphic units: Geological Society of
America Bulletin, v. 98, p. 232-237.

Irving, E., 1966: Paleomagnetism of some Carboniferous rocks from
New South Wales and its relation to geological events: Journal of
Geophysical Research, v. 71, p. 6025-6051.

Jenkins, D. G., and Gamson, P., 1993, The late Cenozoic Globorotalia
truncatulinoides datum plane in the Atlantic, Pacific and Indian
Oceans, in Hailwood, E. A., and Kidd, R. B., eds., High resolution
stratigraphy: Geological Society, London, Special Publication 70,
p. 127-130.

Johnson, G. D., Johnson, N. M., Opdyke, N. D., and Tahirkheli, R.
A. K., 1979, Magnetic reversal stratigraphy and sedimentary
tectonic history of the Upper Siwalik Group, eastern Salt Range
and southwestern Kashmir, in Farah, A., and DeJong, K. A., eds.,
Geodynamics of Pakistan: Geological Survey of Pakistan, Quetta,
Pakistan, p. 149-165.

Johnson, N. M., Stix, J., Tauxe, L., Cerveny, P. F., and Tahirkheli, R.
A. K., 1985, Paleomagnetic chronology, fluvial processes, and
tectonic implications of the Siwalik deposits near Chinji Village,
Pakistan: Journal of Geology, v. 93, p. 27-40.

Kauffman, E. G., 1984, Paleobiogeography and evolutionary response
dynamic in the Cretaceous Western Interior Seaway of North
America, in Westerman, G. E., ed., Jurassic-Cretaceous biochronol-
ogy and paleogeography of North America: Geological Association
of Canada Special Paper 27, p. 273-306.

Kauffman, E. G., 1988, Concepts and methods of high-resolution event
stratigraphy: Annual Reviews of Earth and Planetary Sciences, v.
16, p. 605-654.

Kauffmann, E. G., 1977, Evolutionary rates and biostratigraphy; in
Kauffman, E. G., and Hazel, J. E., eds., Concepts and methods of
biostratigraphy: Dowden, Hutchinson and Ross Inc., Stroudsburg,
Pennsylvania, p. 109-142.

Keller, H. M., Tahirkheli, R. A. K., Mirza, M. A., Johnson, G. D., and
Johnson, N. M., 1977, Magnetic polarity stratigraphy of the Upper

367

Siwalik deposits, Pabbi Hills, Pakistan: Earth and Planetary Science
Letters, v. 36, p. 187-201.

Kelley, P. H., Fastovsky, D. E., Wilson, M. A., Laws, R. A., and
Raymond, A., 2013, From paleontology to paleobiology: A
half-century of progress in understanding life history, in Bickford,
M. E., ed., The web of geological sciences: Advances, impacts and
interactions: Geological Society of America Special Paper 500,
p. 191-232.

Kemple, W. G., Sadler, P. M., and Strauss, D. J., 1995, Extending
graphic correlation to many dimensions: stratigraphic correlation as
constrained optimization, in Mann, K. O., and Lane, H. R., eds.,
Graphic correlation: Society for Sedimentary Geology, Special
Publication 53, p. 65-82.

Kennedy, W. J., and Cobban, W. A., 1977, The role of ammonites in
biostratigraphy; in Kauffman, E. G. and Hazel, J. E., eds., Concepts
and methods of biostratigraphy: Dowden, Hutchinson and Ross
Inc., Stroudsburg, Pennsylvania, p. 309-320.

Kennedy, W. J., Walaszczyk, 1., and Cobban, W. A., 2005, The Global
Boundary Stratotype Section and Point for the base of the Turonian
Stage of the Cretaceous, Pueblo, Colorado, U.S.A.: Episodes, v. 28,
p. 93-104.

Kennett, J. P., ed., 1980, Magnetic stratigraphy of sediments: Dowden,
Hutchinson and Ross Inc., Stroudsburg, Pennsylvania, Benchmark
Papers in Geology 54, 438 p.

Knoll, A., Walter, M. R., Narbonne, G. M., and Christie-Blick, N.,
2006, The Ediacaran Period: a new addition to the geologic time
scale: Lethaia, v. 39, p. 13-30.

Kolla, V., Posamentier, H. W., and Eichenseer, H., 1995, Stranded
parasequences and the forced regressive wedge systems tract:
deposition during base-level fall—discussion: Sedimentary Geol-
ogy, v. 95, p. 139-145.

Landing, E., Geyer, G., Brasier, M. D., and Bowring, 2013, S. A,
Cambrian evolutionary radiation: context, correlation and chronos-
tratigraphy—Overcoming deficiencies of the first appearance datum
(FAD) concept: Earth Science Reviews, v. 123, p. 133-172.

Langereis, C. G., Krijgsman, W., Muttoni, G., and Menning, M., 2010,
Magnetostratigraphy—concepts, definitions, and applications:
Newsletters on Stratigraphy, v. 43, p. 207-233.

Loutit, T. S., Hardenbol, J., Vail, P. R., and Baum, G. R., 1988,
Condensed sections: the key to age dating and correlation of
continental margin sequences, in Wilgus, C. K., Hastings, B. S.,
Kendall, C. G. St. C., Posamentier, H. W., Ross, C. A., and Van
Wagoner, J. C., eds., Sea-level Changes: an integrated approach:
Society of Economic Paleontologists and Mineralogists Special
Publication 42, p. 183-213.

MacLeod, N., and Keller, G., 1991, How complete are
Cretaceous/Tertiary boundary sections? A chronostratigraphic esti-
mate based on graphic correlation: Geological Society of America
Bulletin, v. 103, p. 1439-1457.

Mann, K. O., and Lane, H. R., eds., 1995, Graphic correlation: Society
for Sedimentary Geology, Special Publication 53, 263 p.

Martinsen, O. J., 1993, Namurian (Late Carboniferous) depositional
systems of the Craven-Askrigg area, northern England: implications
for sequence-stratigraphic models, in Posamentier, H. W., Sum-
merhayes, C. P., Haq, B. U., and Allen, G. P., eds., Sequence
stratigraphy and facies associations: International Association of
Sedimentologists Special Publication 18, p. 247-281.

Martinsen, O. J., 1993, Namurian (Late Carboniferous) depositional
systems of the Craven-Askrigg area, northern England: implications
for sequence-stratigraphic models, in Posamentier, H. W., Sum-
merhayes, C. P.,, Haq, B. U., and Allen, G. P., eds., Sequence
stratigraphy and facies associations: International Association of
Sedimentologists Special Publication 18, p. 247-281.



368

Martinsen, O. J., Martinsen, R. S., and Steidtmann, J. R., 1993,
Mesaverde Group (Upper Cretaceous), southeastern Wyoming:
allostratigraphy versus sequence stratigraphy in a tectonically active
area: American Association of Petroleum Geologists Bulletin, v. 77,
p. 1351-1373.

Matthews, R. K., 1984a, Oxygen-isotope record of ice-volume history:
100 million years of glacio-isostatic sea-level fluctuation, in Schlee,
J. S., ed., Interregional unconformities and hydrocarbon accumu-
lation: American Association of Petroleum Geologists Memoir 36,
p. 97-107.

Matthews, R. K., 1988, Sea level history: Science, v. 241, p. 597-599.

Mattinson, J. M., 2013, The geochronology revolution, in Bickford, M.
E., The web of geological sciences: advances, impacts and
interactions: Geological Society of America Special paper 500,
p. 303-320.

McArthur, J. M., 1994, Recent trends in strontium isotope stratigraphy,
Terra Nova, v. 6, p. 331-358.

McArthur, J. M., 1998, Strontium isotope stratigraphy, in Doyle, P. and
Bennett, M. R., eds., Unlocking the stratigraphical record: John
Wiley and Sons, Chichester, p. 221-241.

McArthur, J. M., and Howarth, R. J., 2004, Strontium isotope
stratigraphy, in Gradstein, F. M., Ogg, J. G., and Smith, A. G.,
eds., A geologic time scale: Cambridge University Press, Cam-
bridge, p. 96-105.

McGowran, B., 2005, Biostratigraphy: Microfossils and Geological
Time: Cambridge University Press, Cambridge, 459 p.

McKerrow, W. S., 1971, Palaeontological prospects—the use of fossils
in stratigraphy: Journal of the Geological Society, London, v. 127,
p. 455-464.

McLaren, D. J., 1970, Presidential address: time, life and boundaries:
Journal of Paleontology, v. 44, p. 801-813.

Miall, A. D., 1994, Sequence stratigraphy and chronostratigraphy:
problems of definition and precision in correlation, and their
implications for global eustasy: Geoscience Canada, v. 21, p. 1-26.

Miall, A. D., 1995, Whither stratigraphy? Sedimentary Geology, v.
100, p. 5-20.

Miall, A. D., 2004, Empiricism and model building in stratigraphy: the
historical roots of present-day practices. Stratigraphy: American
Museum of Natural History, v. 1, p. 3-25.

Miall, A. D., 2010, The geology of stratigraphic sequences, second
edition: Springer-Verlag, Berlin, 522 p.

Miall, A. D., 2013, Sophisticated stratigraphy, in Bickford, M. E., ed.,
The web of geological sciences: Advances, impacts and interac-
tions: Geological Society of America Special Paper 500,
p. 169-190.

Miall, A. D., and Miall, C. E., 2001, Sequence stratigraphy as a
scientific enterprise: the evolution and persistence of conflicting
paradigms: Earth Science Reviews, v. 54, #4, p. 321-348.

Milankovitch, M., 1930, Mathematische klimalehre und astronomische
theorie der klimaschwankungen, in Koppen, W., and Geiger, R.,
eds., Handbuch der klimatologie, I (A); Gebruder Borntraeger,
Berlin.

Milankovitch, M., 1941, Kanon der Erdbestrahlung und seine Anwen-
dung auf das Eiszeitenproblem: Akad. Royale Serbe, 133, 633 p.

Miller, F. X., 1977, The graphic correlation method in biostratigraphy,
in Kauffman, E. G., and Hazel, J. E., eds., Concepts and methods in
biostratigraphy: Dowden, Hutchinson and Ross, Inc., Stroudsburg,
Pennsylvania, p. 165-186.

Mitchum, R. M., Jr., and Van Wagoner, J. C., 1991, High-frequency
sequences and their stacking patterns: sequence-stratigraphic evi-
dence of high-frequency eustatic cycles: Sedimentary Geology, v.
70, 131-160.

Mitchum, R. M., Jr., Vail, P. R., and Sangree, J. B., 1977, Seismic
stratigraphy and global changes of sea level, Part six: Stratigraphic
interpretation of seismic reflection patterns in depositional

7 Stratigraphy: The Modern Synthesis

sequences, in Payton, C. E., ed., Seismic stratigraphy—applications
to hydrocarbon exploration; American Association of Petroleum
Geologists Memoir 26, p. 117-133.

Naish, T. R, Field, B. D., Zhu, H., Melhuish, A., Carter, R. M., Abbott,
S. T., Edwards, S., Alloway, B. V., Wilson, G. S., Niessen, F.,
Barker, A., Browne, G. H., and Maslen, G., 2005, integrated
outcrop, drill core, borehole and seismic stratigraphic architecture of
a cyclothemic, shallow-marine depositional system, Wanganui
Basin, New Zealand: Journal of the Royal Society of New Zealand,
v. 35, p, 91-122.

North American Commission on Stratigraphic Nomenclature, 1983,
North American Stratigraphic Code: American Association of
Petroleum Geologists Bulletin, v. 67, p. 841-875.

North American Commission on Stratigraphic Nomenclature
(NACSN), 2005, North American Stratigraphic Code: American
Association of Petroleum Geologists Bulletin, v. 89, p. 1547-1591.

Nummedal, D., and Swift, D. J. P., 1987, Transgressive stratigraphy at
sequence-bounding unconformities: some principles derived from
Holocene and Cretaceous examples, in Nummedal, D., Pilkey, O.
H., and Howard, J. D., eds., Sea-level fluctuation and coastal
evolution; Society of Economic Paleontologists and Mineralogists
Special Publication 41, p. 241-260.

Odin, G. S., 1982, Numerical dating in Stratigraphy, v. 1 and 2,
Chichester: Wiley-Interscience.

Ogg, J. G., and Smith, A. G., 2004, The geomagnetic polarity time
scale,, in Gradstein, F. M., Ogg, J. G., and Smith, A. G., eds., A
geologic time scale: Cambridge University Press, Cambridge,
p. 63-86.

Opdyke, N. D., 1972, Paleomagnetism of deep-sea cores; Review of
Geophysics and Space Physics, v. 10, p. 213.

Opdyke, N. D., Glass, B., Hays, J. D., and Foster, J., 1966,
Paleomagnetic study of Antarctic deep-sea cores: Science, v. 154,
p. 349-357.

Pearson, P. N., 1998, Evolutionary concepts in biostratigraphy, in
Doyle, P. and Bennett, M. R., eds., Unlocking the stratigraphical
record: John Wiley and Sons, Chichester, p. 123-144.

Picard, N. D., 1964, Paleomagnetic correlation of units within the
Chugwater (Triassic) Formation, west-central Wyoming: American
Association of Petroleum Geologists Bulletin, v. 48, p. 269-291.

Plint, A. G., 1988, Sharp-based shoreface sequences and “offshore
bars” in the Cardium Formation of Alberta: their relationship to
relative changes in sea level, in Wilgus, C. K., Hastings, B. S.,
Kendall, C. G. St. C., Posamentier, H. W., Ross, C. A., and Van
Wagoner, J. C., eds., Sea-level Changes: an integrated approach:
Society of Economic Paleontologists and Mineralogists Special
Publication 42, p. 357-370.

Plint, A. G., 1990, An allostratigraphic correlation of the Muskiki and
Marshybank Formations (Coniacian-Santonian) in the foothills and
subsurface of the Alberta Basin: Bulletin of Canadian Petroleum
Geology, v. 38, p. 288-306.

Plint, A. G., Walker, R. G., and Bergman, K. M., 1986, Cardium
Formation 6. Stratigraphic framework of the Cardium in subsurface:
Bulletin of Canadian Petroleum Geology, v. 34, p. 213-225.

Posamentier, H. W., and Allen, G. P., 1999, Siliciclastic sequence
stratigraphy—concepts and applications: Society for Sedimentary
Geology (SEPM), Concepts in sedimentology and paleontology 7,
210 p.

Posamentier, H. W., and Kolla, V., 2003, Seismic geomorphology and
stratigraphy of depositional elements in deep-water settings: Journal
of Sedimentary Research, v. 73, p. 367-388.

Posamentier, H. W., Jervey, M. T., and Vail, P. R., 1988, Eustatic
controls on clastic deposition —Conceptual framework, in Wilgus,
C. K., Hastings, B. S., Kendall, C. G. St. C., Posamentier, H. W.,
Ross, C. A., and Van Wagoner, J. C., eds., Sea level Changes - an



References

integrated approach: Society of Economic Paleontologists and
Mineralogists Special Publication 42, p. 109-124.

Remane, J., 2000a, Explanatory note and international stratigraphic
chart: UNESCO, Division of Earth Sciences, Paris.

Remane, J., 2000b, Should the golden spike glitter?—Comments to the
paper of M.-P. Aubry et al.: Episodes, v. 23, p. 211-213.

Roof, S. R., Mullins, H. T., Gartner, S., Huang, T. C., Joyce, E.,
Prutzman, J., and Tjalmsa, L., 1991, Climatic forcing of cyclic
carbonate sedimentation during the last 5.4 million years along the
west Florida continental margin: Journal of Sedimentary Research,
v. 61, p. 1070-1088.

Sadler, P. M., 1999a, Constrained optimization approaches to strati-
graphic correlation and seriation problems. A user’s guide and
reference manuals to the CONOP program family: University of
California, Riverside, 142 p.

Sadler, P. M., Cooper, R. A., and Melchin, M., 2009: High-resolution,
early Paleozoic (Ordovician-Silurian) time scales: Geological
Society of America Bulletin, v. 121, p. 887-906.

Sadler, P. M., Cooper, R. A., and Crampton, J. S., 2014,
High-resolution geobiologic time-lines: progress and potential, fifty
years after the advent of graphic correlation: The Sedimentary
Record, v. 12, #3, p. 4-9.

Sageman, B. B., Singer, B. S., Meyers, S. R., Siewert, S. E.,
Walaszczyk, 1., Condon, D. J., Jicha, B. R., Obradovich, J. D., and
Sawyer, D. A., 2014, Integrating *°Ar/** Are, U-Pb and astronomical
clocks in the Cretaceous Niobrara Formation, Western Interior
Basin, USA: Geological Society of America Bulletin, v. 126,
p. 956-973.

Salvador, A., ed., 1994, International Stratigraphic Guide, Second
edition: International Union of Geological Sciences, Trondheim,
Norway, and Geological Society of America, Boulder, Colorado,
214 p.

Schlager, W., 1989, Drowning unconformities on carbonate platforms, in
Crevello, P.D., Wilson, J. L., Sarg,J. F., and Read, J. F., eds., Controls
on carbonate platforms and basin development: Society of Economic
Paleontologists and Mineralogists Special Publication 44, p. 15-25.

Schlager, W., 2005, Carbonate sedimentology and sequence stratigra-
phy: SEPM Concepts in Sedimentology and Paleontology #8, 200p.

Schwarzacher, W., 1993, Cyclostratigraphy and the Milankovitch theory:
Elsevier, Amsterdam, Developments in Sedimentology 52, 225 p.

Shackleton, N. J., and Opdyke, N. D., 1976, Oxygen isotope and
paleomagnetic stratigraphy of equatorial Pacific core V28-239, Late
Pliocene to latest Pliocene: Geological Society of America Memoir
145, p. 449-464.

Shackleton, N. J., McCave, I. N., and Weedon, G. P., eds., 1999,
Astronomical (Milankovitch) calibration of the geological
time-scale: Philosophical Transactions of the Royal Society,
London, Series A, v. 357, p 1731-2007.

Shaw, A. B., 1964, Time in stratigraphy: McGraw Hill, New York, 365 p.

Sheriff, R. E., 1976, Inferring stratigraphy from seismic data; American
Association of Petroleum Geologists Bulletin: v. 60, p. 528-542.

Sloss, L. L., 1963, Sequences in the cratonic interior of North America:
Geological Society of America Bulletin, v. 74, p. 93-113.

Sloss, L. L., Krumbein, W. C., and Dapples, E. C., 1949, Integrated
facies analysis; in Longwell, C. R., ed., Sedimentary facies in
geologic history: Geological Society of America Memoir 39,
p. 91-124.

Smith, A. G., Barry, T., Bown, P., Cope, J., Gale, A., Gibbard, P.,
Gregory, J., Hounslow, M., Kemp, D., Knox, R., Marshall, J.,
Oates, M., Rawson, P., Powell, J., and Waters, C., 2015, GSSPs,
global stratigraphy and correlation: in Smith, D. G., Bailey, R., J.,
Burgess, P., and Fraser, A., eds., Strata and time: Geological
Society, London, Special Publication 404, p. 37-67.

369

Strong, N., and Paola, C., 2008, Valleys that never were: time surfaces
versus stratigraphic surfaces: Journal of Sedimentary Research, v.
78, p. 579-593.

Sylvester-Bradley, P.C., 1977: Biostratigraphical tests of evolutionary
theory; in Kauffman, E. G., and Hazel, J. E., eds., Concepts and
methods of biostratigraphy: Dowden, Hutchinson and Ross Inc.,
Stroudsburg, Pennsylvania, p. 41-64.

Tarling, D. H., 1982, Land bridges and plate tectonics: Geobios, v. 15,
Supplement 1, p. 361-374.

Torrens, H. S., 2002, Some personal thoughts on stratigraphic precision
in the twentieth century, in Oldroyd, D. R., ed., The Earth inside
and out: some major contributions to geology in the twentieth
century: Geological Society, London, Special Publication 192,
p. 251-272.

Underhill, J R., and Partington, M. A., 1993, Jurassic thermal doming
and deflation in the North Sea: implications of the sequence
stratigraphy evidence, in Parker, J. R., ed., Petroleum geology of
northwest Europe: Proceedings of the 4™ Conference, Bath,
Geological Society, London, v. 1, p. 337-346.

Vai, G. B., 2001, GSSP, IUGS and IGC: an endless story toward a
common language in the Earth Sciences: Episodes: v. 24, p. 29-31.

Vail, P. R., and Todd, R. G., 1981, Northern North Sea Jurassic
unconformities, chronostratigraphy and sea-level changes from
seismic stratigraphy, in Illing, L. V., and Hobson, G. D., eds.,
Petroleum Geology of the continental shelf of northwest Europe:
Institute of Petroleum, London, p. 216-235.

Vail, P. R., Mitchum, R. M., Jr., Todd, R. G., Widmier, J. M.,
Thompson, S., III, Sangree, J. B., Bubb, J. N., and Hatlelid, W. G.,
1977, Seismic stratigraphy and global changes of sea-level, in
Payton, C. E., ed., Seismic stratigraphy - applications to hydrocar-
bon exploration: American Association of Petroleum Geologists
Memoir 26, p. 49-212.

Van Couvering, J. A., Castradori, D., Cita, M. B., Hilgen, F. J., and
Rio, D., 2000, The base of the Zanclean Stage and of the Pliocene
Series: Episodes, v. 23, p. 179-187.

Van Hinte, J. E., 1976a, A Jurassic time scale: American Association of
Petroleum Geologists Bulletin, v. 60, p. 489-497.

Van Hinte, J. E., 1976b, A Cretaceous time scale: American
Association of Petroleum Geologists Bulletin, v. 60, p. 498-516.
Van Wagoner, J. C., Mitchum, R. M., Jr., Posamentier, H. W., and Vail,
P. R., 1987, Seismic stratigraphy interpretation using sequence
stratigraphy, Part 2: key definitions of sequence stratigraphy, in
Bally, A. W., ed., Atlas of seismic stratigraphy: American Associ-
ation of Petroleum Geologists Studies in Geology 27, v. 1, p. 11-14.

Van Wagoner, J. C., Posamentier, H. W., Mitchum, R. M., Jr., Vail,
P. R, Sarg, J. F., Loutit, T. S., and Hardenbol, J., 1988, An
overview of the fundamentals of sequence stratigraphy and key
definitions, in Wilgus, C. K., Hastings, B. S., Kendall, C. G. St. C.,
Posamentier, H. W., Ross, C. A., and Van Wagoner, J. C., eds., Sea
level Changes - an integrated approach: Society of Economic
Paleontologists and Mineralogists Special Publication 42, p. 39-45.

Van Wagoner, J. C., Mitchum, R. M., Campion, K. M. and Rahmanian,
V. D. 1990, Siliciclastic sequence stratigraphy in well logs, cores,
and outcrops: American Association of Petroleum Geologists
Methods in Exploration Series 7, 55 p.

Veeken, 2007, Seismic stratigraphy, basin analysis and reservoir
characterization: Elsevier, Amsterdam, Seismic Exploration, v. 37,
509 p.

Veizer, J. 1989, Strontium isotopes in seawater through time: Annual
Review of Earth and Planetary Science Letters, v. 17, p. 141-167.

Villeneuve, M., 2004, Radiogenic isotope geochronology, in Gradstein,
F. M., Ogg, J. G., and Smith, A. G., eds., A geologic time scale:
Cambridge University Press, Cambridge, p. 87-95.



370

Visser, C. F., and Johnson, G. D., 1978, Tectonic control of Late
Pliocene molasse sedimentation in a portion of the Jhelum
re-entrant, Pakistan: Geologische Rundschau, v. 67, p. 15-37.

Walker, R. G., 1990, Facies modeling and sequence stratigraphy:
Journal of Sedimentary Petrology, v. 60, p. 777-786.

Walker, R. G., 1992, Facies, facies models and modern stratigraphic
concepts, in Walker, R. G. and James, N. P., eds., Facies models:
response to sea-level change: Geological Association of Canada,
p. 1-14.

Walsh, S. L., 2004, Solutions in chronostratigraphy: the
Paleocene/Eocene boundary debate, and Aubry vs. Hedberg on
chronostratigraphic principles: Earth Science Reviews, v. 64,
p. 119-155.

Westphal, H., Munnecke, A., and Brandano, M., 2008, Effects of
diagenesis on the astrochronological approach of defining strati-
graphic boundaries in calcareous rhythmites: The Tortonian GSSP:
Lethaia, v. 41, p. 461-476.

7 Stratigraphy: The Modern Synthesis

Wignall, P. B., 1991, Ostracod and foraminifera micropaleontology
and its bearing on biostratigraphy: a case study from the
Kimmeridgian (Late Jurassic) of north west Europe: Palaios, v. 5,
p. 219-226.

Wilson, J. T., 1966, Did the Atlantic close and then re-open? Nature, v.
211, p. 676-681.

Zalasiewicz, J., Smith, A., Brenchley, P., Evans, J., Knox, R., Riley, N.,
Gale, A., Gregory, F. J., Rushton, A., Gibbard, P., Hesselbo, S.,
Marshall, J., Oates, M., Rawson, P., and Trewin, N., 2004,
Simplifying the stratigraphy of time: Geology, v. 32, p. 1-4.

Zecchin, M., and Catuneanu, O., 2013, High-resolution sequence
stratigraphy of clastic shelves I: units and bounding surfaces:
Marine and Petroleum Geology, v. 39, p. 1-25.

Ziegler, A. M., Cocks, L. R. M., and McKerrow, W .S., 1968, The
Llandovery transgression of the Welsh borderland: Paleontology, v.
11, p. 736-782.



	7 Stratigraphy: The Modern Synthesis
	7.1�Introduction
	7.2�Types of Stratigraphic Unit
	7.3�The Six Steps Involved in Dating and Correlation
	7.4�Lithostratigraphy
	7.4.1 Types of Lithostratigraphic Units and Their Definition
	7.4.2 The Names of Lithostratigraphic Units

	7.5�Biostratigraphy
	7.5.1 The Nature of the Biostratigraphic Record
	7.5.2 Biochronology: Zones and Datums
	7.5.3 Diachroneity of the Biostratigraphic Record
	7.5.4 Quantitative Methods in Biochronology

	7.6�Unconformity-Bounded Units
	7.7�The Development of Formal Definitions for Sequence Stratigraphy
	7.8�Chronostratigraphy and Geochronometry
	7.8.1 The Emergence of Modern Methods
	7.8.2 Determining the Numerical (``Absolute'') Age of a Stratigraphic Horizon
	7.8.3 Stages and Boundaries
	7.8.4 Event Stratigraphy
	7.8.5 Absolute Ages: Their Accuracy and Precision 
	7.8.6 The Current State of the Global Stratigraphic Sections and Points (GSSP) Concept, and Standardization of the Chronostratigraphic Scale
	7.8.7 Cyclostratigraphy and Astrochronology

	References


