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ABSTRACT

Sequence stratigraphy, as proposed by
the Exxon school, represents a new
paradigm in geology, whereby se-
quences are regarded as eustatic in
origin, and are therefore lo be consid-
ered superior, as chronostratigraphic
indicators, to all other recorders of
stratigraphic age. Such an approach is
built on circular reasoning and may re-
sult in a sequence framework consisting
of a poorly correlaied assoriment of re-
gional events with little or no global
significance.

Sequence correlation beyond the
physical tracing that can be accom-
plished within an individual basin de-
pends on the use of conventional chron-

osltratigraphic indicators, primarily bio-
stratigraphy.

Biostratigraphic correlation is char-
acterized by imprecisions reflecting the
rates of evolution and fossil preserva-
tion. Giobal correlation and dating of
biozones is hampered by faunalfloral
provincialism and errors inherent in nu-
merical {(e.g., radiometric) dating. At
present, the best available chronostrat-
igraphic dating methods contain poten-
tial errors of up to a few million years.
This is equal to or greater thanthe event
spacing of the “third-order cycles”,
which conslitute the main subdivisions
of Exxon's global cycle chart. Therefore,
sequence frameworks in different ba-
sins cannot be reliably distinguished on
the basis of chronostratigraphic evi-
dence. Much research indicates the im-
portance of regional tectonic processes
in the generation of stratigraphic se-
quences. For this reason, the test of
global synchroneity remains central to a
resolution of the tectonic-versus-eu-
static debate for these cycles, and this
currently constitutes one of the most
vigorous and exciting areas of strati-
graphic research.

RESUME
La nolion de stratigraphie séquenti-
elle telle que proposée par l'école de
pensée de Exxon constilue un para-
digme nouveau en géologie. Selon ce
nouveau paradigme, les séquences
présentent un caraclére eustatique A
lorigine et par conséguent, doivent étre
considérées comme des marqueurs
stratigraphiques d'une classe supér-
ieure a tous les auires marqueurs
chrongstratigraphiques. Une telle ap-
proche repose sur un raisonnement
tautologique qui pourrait donner lieu a
un arrangement des séquences constit-
vées d'événements régionaux mal cor-
rélés el ayant peu ou pas de valeur a
l'échelle planétaire.

Une corrélation séquentielle qui dé-

passe la simple reconnaissance de
caractéres physiques a l'intérieur d'un
bassin particulier dépend de I'tilisation
de marqueurs chronostratigraphiques
conventionnels, principalement bio-
stratigraphiques.

La corrélation biostratigraphique
comporte des imprécisions provenant
de Ja variabilité des taux d'évolution et
de préservation des fossiles. Lexis-
tence de provincialismes fauniques ou
floraux ainsi que derreurs inhérentes
aux datations chiffrées (c-.a4-d. radio-
métriques) nuisent aux corrélations a
léchelle planétaire ainsi quaux data-
tions de biozones. Les meilleures méth-
odes actuelles de datation comportent
des erreurs possibles de quelgues mil-
lions d'années. Cela équivaut 3 des
écarts qui équivalent ou qui sont plus
grands que ceux des « cycles de troisi-
é&me ordre de grandeur », lesquels con-
stituent les principales subdivisions du
diagramme des cycles planélaires de
lécole de Exxon. Par conséquent, onne
peut différencier de maniére fiable les
arrangements séquentiels de différents
bassins, en se basant sur des critéres
chronostratigraphiques. De nom-
breuses recherches montrent I'impor-
tance des mécanismes tectoniques ré-
gionaux dans l'élaboration des sé-
quences stratigraphigues. En consé-
quence, voild pourquoi le test de
synchronisme planétaire est encore
d’une importance vitale dans la déter-
mination du caractére tectonique ou
esutatique de ces cycles. Et présente-
ment cela constitue I'un des champs de
recherche des plus dynamiques et des
plus excitants en stratigraphie.

INTRODUCTION

Sequence stratigraphy encompasses
two distinct, and quite different concep-
tual models, both originating with the
new methods of analyzing regional seis-
mic-reflection data that were proposed
by Vail et al. (1977). As noted by Carter



et al. (1991, p. 42,60):

One model relates to presumed sea-
level behaviour through time; the
othar model relates to the strati-
graphic record produced during a sin-
gle sea-level cycle. Though the two
models are interrelated they are log-
ically distinct, and we believe that itis
important to test them separately. ...
Our studies lead us to have consider-
able confidence in the correctness
and power of the Exxon seguence-
stratigraphic model as applied to sea-
level controlled, cyclothemic sequen-
ces. ... At the same time, we suspect
that the Exxon ‘Global' sea-level
curve, in general, represents a patch-
work through time of many different
local relative sea-level curves.

The main purpose of this paper is to
examine the stratigraphic basis for the
global eustasy model. The work of P.R.
Vail and his colleagues and co-workers
is examined in detail, because their
work has been so widely quoted and
their global cycle chart is evolving to-
ward the status of a stratigraphic sian-
dard, which gives it a particular promi-
nence and importance. Sequence stra-
tigraphy as a framework for regional
and local stratigraphic-sedimentologic
studies (e.g., Vail, 1987, Wilgus et al.,
1988) is not discussed in this paper.

The global cycle model represents a
new paradigm in geclogy. It has been
proposed that stratigraphic sequences
are superior as chronostratigraphic in-
dicators to all other forms of strati-
graphic data, because they were gener-
ated by synchronous global eustatic
processes. According to this view, they
therefore comprise the ideal basis for a
superior standard of geoclogical time.
While considerable use is made of bio-
stratigraphic and other conventional
data for the dating and correlating of
sequences, the new paradigm explicitly
subordinates these data to the se-
quence framework, thereby downplay-
ing the efforts of more than 200 years of
stratigraphic research to develop and
refine a geological time scale based
primarily on painstaking biostratigraph-
ic research (e.g., see Harland et al,
1990). 1t is on the basis of the new para-
digm that the global cycle chart of Vail et
al. (1977) and its subsequent revised
version (Haq et al., 1987 1988b: the "Vail
curve” or the "Exxon global cycle chart™)
was built. The main theoretical basis for
the paradigm is the supposition that
global stratigraphic architecture is con-
trolled primarily by eustatic sea-level

changes with an episodicity inthe range
of 1-10 m.y. (the so-called third-order
cycles).

It is commonly forgotten that the
basic premise of the paradigm remains
unproven. There is no convincing, inde-
pendent evidence that a suite of globally
correlatable eustatic cycles on this
scale exists. The critical test of the Ex-
xon chart is, therefore, to demanstrate
that successions of cycles of precisely
similar age do indeed exist in many tec-
tonically independent basins around the
world (Miller and Kent, 1987; Gradstein
et al., 1988; Miall, 1992). The chrono-
siratigraphic accuracy and precision of
the chart and of the field sections on
which it is based are, therefore, of crit-
ical importance. This requires indepen-
dent studies of sequence stratigraphies
in tectonically unrelated basins. Unfor-
tunataely, this is often nof what is done.
While biostratigraphers continue to re-
fine the stratigraphic framework in indi-
vidual basins, many sequence studies
begin by using the Exxon chart as a
tempiate for stratigraphic correlation
(e.g., Olsson, 1988; Baum and Vail,
1988; most of the papers in Ross and
Haman, 1987). Successful correlations
are then presented as confirmation that
the cycle chart is correct {(e.g., Baum
and Vail, 1988), and excellent local evi-
dence may even be distorted orignored
in favour of a correlation with the Exxon
curve (Hancock, 1993a). The dangers of
circutar reasoning are obvious.

Virtually none of the events in the
Exxon chart has received independent
global confirmation by careful chrono-
straligraphic work. A few exceplions
might include such major events as the
mid-Oligocene eustatic drop related to
rapid build-up of Antarctic ice (Pitman,
1978; Miller and Kent, 1987). A few spe-
cific events in the Cretaceous were dis-
cussed by Hancock (1993b), and this
topic receives lengthy treatment in Hal-
lam (1992). Most of the careful local
independent studies that have been
carried out (e.g., Hubbard, 1988; Carter
ef al., 1931 Underhill, 1991, Hancock,
1993a,b) indicate significant depar-
tures from the Exxon curve. How, then,
is the basic premise of the Exxon chart,
that globally correlatable cycles actually
exist, to receive an independent test
and confirmation? | suggest that exist-
ing approachs are seriously flawed.

Itis the main objective of this paper to
argue that current chronostratigraphic
dating techniques do not permit the

level of accuracy and precision in
sequence correlation claimed for the
global cycle charts that have been pub-
lished by Peter Vail and his former Ex-
xon colleagues and co-workers. Re-
gional cyclicity of relative sea levelon a
1-10 m.y. (“third-order™) time scaie can
be amply demonsirated from the strati-
graphic record, but we cannot yet con-
vincingly isolate any global eustatic sig-
nal. Undil this has been done it is prema-
ture to construct a “global” cycle chart.

THE GLOBAL EUSTASY PARADIGM
Peter Vail and his co-workers have
made the theoretical basis for their
global-eustasy model quite clear. For
example, in their first major publication
they stated:

Cne of the greatest potential applica-
tions of the global cycle chartis its use
as an instrument of geochronology.
Global cycles are geochronologic
units defined by a single criterion —
the global change in the relative posi-
tion of sea level through time. Deter-
mination of these cycles is dependent
on a synthesis of data from many
branches of geology. As seen on the
Phanerozoic chart ..., the boundaries
of the global cycies in several cases
do not match the standard epoch and
period boundaries, but several of the
standard boundaries have been
placed arbitrarily and remain contro-
versial. Using global cycles with their
natural and significant boundaries,
an international system of geochro-
nology can be developed on arational
basis. If geologists combine their
efforts to prepare more accurate
charts of regional cycles, and use
them to improve the global chart, it
can become a more accurate and
meaningful standard for Phanerozoic

time. (Vail et al., 1977 p. 96).

This approach has been used
throughout the Exxon work. For exam-
ple, with reference to the Jurassic of the
North Sea, Vail and Todd (1981, p. 217)
stated that “several unconformities
cannot be dated precisely; in these
cases their ages are based on our global
cycle chart, with age assignment made
on the basis of a best fit with the data”

An example of this approach is given
later in this same paper (p. 230) where
Vail and Todd stated, "the late Pliens-
bachian hiatus described by Linstey and
others (1979} fits the basal early Pliens-
bachian sequence boundary on our
gtobat cycle chart” In other words, the
age assignment of the earlier workers is
subordinated to the sequence frame-
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work. The Pliensbachian stage is now
estimated to span approximately 7 m.y.,
which provides an indication of the
magnitude of the revision Vail and Todd
{1981) are willing to make based on their

A. The global eustasy approach
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Figure1 Two approaches to the correlation
of stratigraphic events.

sequence analysis. Vail et al. (1984, p.
143) stated, “Interpretations [of strati-
graphic sequences] based on litho-
facies and biostratigraphy could be mis-
leading unless they are placed within a
context of detailed stratal chronostrat-
igraphic correlations.”

The contaxt of the word “chronostrat-
igraphic” in this reference implies cor-
retation by tracing seismic reflections.

Baum and Vail (1988, p. 322) stated
that

sequence stratigraphy offers a unify-
ing concepl to divide the rock record
into chronostratigraphic units, avoids
the weaknesses and incorporates the
strengths of other methodologies,
and provides a global framework for
geochemical, geochronclogical, pa-
leontological, and facies analyses.

Baum and Vail (1988) commented on
the inconsistent placement of slage
boundaries in the Cenozoic section of

TECTONIC TECTONIC TECTONIC "GLOBAL
PROVINCE A PROVINCE B PROVINCE C MASTER
| 1T I 1 CURVE"

~ Second-order sequence
boundaries

T

Figure 2 The construction of a “"global master curve” of stratigraphic events from local
sequences of events in three separale tectonic provinces, based on the assumption that each
event is globally synchronous. The ‘master list” of events (numbered 1 to 25) is not present in
complete form in any single focality, and very few individual events may be correlated between
tectonic provinces. Events indicated with question marks may or may not be correlated with
those in other tectonic provinces, depending on assumptions that must be made about acceptable
imprecision in chronostratigraphic correlation. The curves are drawn In this diagram to simulate
the Exxon method of plotting coastal onlap. Some of the larger onlap events are labelled as
second-order sequence boundaries, and may reflect regional plate-tectonic events. The other
events reflect regional teclonic events refated to in-plane stress, basin subsidence, etc. in the
Exxon method all the events are interpreted to be eustatic (global) in origin. ‘Missing” events at any
given locality are aitributed to local tectonism, removal by erosion, elc.

the Gulf Coast. Some are at sequence
boundaries, others at other major types
of surface (such as transgressive sur-
faces) within sequences. They recom-
mended the use of a sequence frame-
work for redefining the stages, and defi-
ning the stage boundaries at the cor-
relative conformities of the sequences.
This approach indicates a misunder-
standing of the purpose of erecting an
independent stage framework for chron-
ostratigraphic purposes.

An example of a standard Exxon-type
sequence analysis was provided by
Mitchum and UKana (1988). Their cor-
relation of a carbonate basin-margin
section in a backarc setting with the
global cycle chart was done on the basis
of a general positioning of the stratigra-
phy within the Tithonian-Valanginian in-
terval, by comparison (not detailed cor-
relation) of the subsurface with nearby
outcrops, where ammonite zonation
had been carried out. No faunal data
were available from the wells used to
correlate the seismic section! However,
the pattern of seismic sequence bound-
aries was said to match the global pat-
tern for this interval.

Vail et al. (1991) stated that sequen-
ces “can be used as chronostrati-
graphic units if the bounding unconfor-
mities are traced to the minimal hiatus
at their conformable position and age
dated with biostratigraphy™ (p. 622),
and “Sequence cycles provide the
means to subdivide sedimentary strata
into genetic chronostratigraphic inter-
vals ... Sequences, systems tract, and
parasequence surfaces provide a
framework for correlation and map-
ping” (p. 659)

As is made clear by these quotes, the
Exxon approach subordinates biostrati-
graphic and other data to the sequence
framework, where conflicts arise. |t fails
to recognize the fundamentally inde-
pendent nature of these data. The Ex-
xon method is essentially that sum-
marized in Figure 1A. The assumption is
made that an important sealevel event
in any given stratigraphic section repre-
sents a eustatic event. From the para-
digm of global eustasy it then follows
that 8 comparable pattern of sea-level
events in other sections is, by definition,
correlated with the original event, even
when the chronostratigraphic data may
not support such correlations. The ap-
plication of this approach to correlation
in order to construct a "global master
curve” is illustrated in Figure 2. Figure



1B illustrates schematically the quanti-
tative approach to correlation, which is
to attach error bars to assigned ages,
based on numerical estimates of age,
calculations from sedimentation rates,
etc. A correlation band may then be
erected based on standard error ex-
pressions, such as standard deviations.
The accuracy and precision of correla-
tions can readily be assessed from such
diagrams.

Miller and Kent (1987), while arguing
for the need for carefut chronostrat-
igraphic correlation, point out that “the
durations of the third-order cycles are at
the limit of biostratigraphic resolution.”
They go on to state:

We agree that in order to test the
validity of the third-order cycles it is
not necessary to establish that every
[their emphasis] third-order cycle is
precisely the same age on different
margins. Haq and others (1987) uti-
lized a sequence approach to receg-
nize third-order events above known
datum levels. Assuming that they ob-
served the same patterns on different
margins, their observation of the
same ordinal hierarchy of events with-
in a given time window on different
margins argues against a local cause
and points to eustatic control. ... How-
ever, the simple matching of third-
order cycles between locations is
complicated by gaps in the records,
uncertainties in establishing datum
planes, and the ability to discriminate
between these cycles at the outcrop
level.

Miller and Kent {1987) and Miall
(1991a) have pointed out some of the
problems and imprecisions in chrono-
stratigraphic correlation. Ricken (1991,
p. 773) stated:

Without a precise time control the
depositional mechanisms forming
beds and sequences cannot be suffi-
ciently understood. ... timing has re-
mained an elysive problem. Too many
inaccuracies are involved in resolving
stratigraphic durations, including a
large range of errcr in radiometric age
determinations, poor biostratigraphic
as well as magnetostratigraphic reso-
iution, and an incompleteness of sedi-
mentary sections. As a result, time
estimates are commonly imprecise,
and the range of error is often larger
than the actual time span considered

A very similar point was made by
Christie-Blick ef al. {1988) and Grads-
tein et al. (1988). It is an examination of
this subject that forms the main purpose
of this paper.

The dangers inherent in simple pat-
tern recognition, of the type alluded to
by Miller and Kent (1987) are that, given
the density of stratigraphic events pre-
sent in the Vail curve, there is literally an
“event for every occasion” (Miall, 1992).
Practically any stratligraphic succes-
sion can be made to correlate with the
Vail curve, even synthetic sections con-
structed from tables of random numbers
{Miall, 1992). Dickinson (1993), in a dis-
cussion of this paper, demonstrated
that the average duration of third-order
cycles in the Exxon chart increases with
age, and suggested that this reflects a
decrease in the quality of the sequence
data in older sections; in other words,
the event spacing is at least in part an
artefact of the data quality and the ana-
lytical methodology used to construct
the chart. Haq et al. {1988a) referred to
a procedure of “rigorous pattern match-
ing” of sequences and systems tracts,
but have nowhere described their meth-
odology or attempted to quantify the
degree of “rigour”.

THE INCOMPLETENESS OF THE
STRATIGRAPHIC RECORD

One of the features of the existing geo-
logical time scale that Vail ef al. (1977)
expressed concern about is that “the
boundaries of the global cycles in
several cases do not match the stan-
dard epoch and period boundaries.”
This remark refiects a historical appre-
ciation of the almost accidental way by
which many of these boundaries were
determined by the methods of Oppel
and D'Orbigny during the 19th and early
20th centuries (Hancock, 1977). Yet it
displays an ignhorance or misunder-
standing of the modern approach to the
calibration of the time scale. Time is
continuous, whereas the events that we
have historically used to document it in
the geoclogical record have commonly
been prominent breaks, such as major
unconformities or facies changes. The
problem with using a hiatus as a chrono-
stratigraphic boundary is that a hiatus
represents missing time that is bound lo
be represented by a sedimentary rec-
ord somewhere else (Hedberg, 1976). It
is possible that entire sequences could
be missing at such hiatuses. Vail would
seemingly wish us to continue this ap-
proach, which carries the danger of cir-
cular reasoning in placing undue em-
phasis on significant “events” that are
presumed 1o be synchronous in dif-
ferent areas. The modern approach o

defining the chronostratigraphic record
is to place boundaries within continu-
ous successions, specifically avoiding
sections that contain significant sirati-
graphic events, such as disconformabie
sequence boundaries {(current praclice
is described by Miall, 1990, section 3.7).

It has become a geological truism
ihat many sedimentary units accumu-
late as a result of short intervals of rapid
sedimentation separated by long inter-
vals of time when little or no sedimentis
deposited (Ager, 1981). Therefore, al-
though time is continuous, the strati-
graphic record of time is not. Time, as
recorded in the stratigraphic record, is
discontinuous on several time scales.
Breaks in the record range from such
trivial events as the nondeposition or
erosion that takes place in front of an
advancing bedform (a few seconds to
minutes), to the nondeposition due to
drying out at ebb tide (a few hours}, to
the summer dry periods following spring
run-off events (several months), to the
surfaces of erosion corresponding to
sequence boundaries (tens to at least
hundreds of thousands of years), to the
fonger breaks caused by lectonism, up
to the major regicnal unconformities
generated by orogeny (millions of
years). There Is a similarly wide varia-
tion in actual rates of continuous accu-
mulation, from the rapid sandflow or
grainfall accumulation of a cross-bed
foreset lamina (time measured in sec-
onds), and the dumping of graded beds
from a turbidity current (time measured
in hours to days), to the siow pelagic fill
of an oceanic abyssal plain {undis-
turbed for hundreds or thousands of
years, or more).

It is now widely realized that rates of
sedimentation measured in modern de-
positional environments or the ancient
record vary in inverse proportion to the
time scale over which they are meas-
ured. Sadler (1981) documented this in
detail, using 25,000 records of accumu-
lation rates. His sythesis showed that
measured sedimentation rates vary by
11 orders of magnitude, from 10-4 to 107
m/ka. This huge range of values reflects
the increasing number and length of
intervals of nondeposition or erosion
factored into the measurements as the
length of the measured stratigraphic
record increases. Miall (1991b) sug-
gested that the sedimenlary time scale
constitutes a natural hierarchy corre-
sponding to the natural hierarchy of
temporal processes (diurnal, lunar, sea-
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sonal, geomorphic threshold, tectonic,
etc.). Crowley (1984) determined by mo-
delling experiments that as sedimenta-
tion rate decreases the number of time
lines preserved decreases exponen-
tially, and the completeness of the rec-
ord of depositional events decreases
linearly. Low-magnitude depositional
events are progressively eliminated
from the record.

Many workers, including Berggren
and Van Couvering (1978), Ager (1981),
Sadler (1981), McShea and Raup (1986},
nsele ef al (1991b), and Ricken (1991)
have been aware of the hierarchical na-
ture of stratigraphic events, and the pro-
blem this poses for evaluating the cor-
relation of events of very different time
spans. Algeo (1993) proposed amethod
for estimating stratigraphic complete-
ness based on preservation of magnet-
ic reversal events. The method is most
suitable for time intervals such as the
Late Jurassic-Early Cretaceous, and
the latest Cretaceous-present, during
which periods reversal frequency was in
the range of 1-5 m.y.

A simple illustration of the hierarchy
of sedimentation rates, and the impor-
tant consequences this has for correla-
tion, is shown in Figure 3. Sedimenta-
tion rates used in this exercise and

quoted below are based on the compila-
tion of Miall (1991b). The total elapsed
time for the succession of four se-
quences in this diagramis 1 m.y., based
on conventional geclogical dating
methods, such as the use of biostrati-
graphy. However, in modern environ-
ments where similar sedimentary suc-
cessions are accumulating, such as on
prograding shorelines, short-term sedi-
mentation rates typically are much
higher. Elapsed time calculated on the
basis of continuous sedimentation of an
individual sequence amounts o consid-
erably less (total of 400 ka for the four
sequences), indicating a significant
amount of “missing” time (600 ka). This
time is represented by the sedimentary
breaks between the sequences. Algeo
and Wilkinson (1988) concluded, follow-
ing a similar discussion of sedimenta-
tion rates, that in most siratigraphic
sections only about one thirtieth of elap-
sed time is represented by sediment.

As discussed below, a further analy-
sis could take into account the rapid
sedimentation of individual subenviron-
ments within the shoreline (tidal chan-
nels, beachas, washover fans, efc.), and
this would demonstrale the presence of
missing time at a smaller scale, within
the 100 ka represented by each se-
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Figure 3 Comparison of sedimentation rates measured at two different scales. The typical
sedimentation rale for accumulation at a geomorphic scale, comparable to that which can be
measured for many fifth-order and some fourth-order stratigraphic sequences, is 0.1 m/ka
{Miall, 1991b). Longer-term sedimentation rates, such as those estimated from geological,
chronostratigraphic data, are in the order of 0.01-0.1 m/ka (Miall, 1991b). Calculations of total
elapsed time using these contrasting rates indicate considerable "missing” time corresponding

to nondeposition and erosion.

quence (e.g., Swift and Thorme, 1991,
fig. 16, p- 23). Thus, facies successions
(“parasequences,” in the Exxon termi-
nology; e.g., Van Wagoner et al., 1990)
that constitute the components of se-
quences, such as delta lobes and re-
gressive beaches, represent 103-104
years and have sedimentation rates up
to an order of magnitude higher than
fifth-order sequences, in the 1-10 m/ka
range.

The important point to emerge from
this simple exercise is that the sedimen-
tary breaks between supposedly con-
tinuous successions may represent sig-
nificant lengths of time, much longer
than is suggested by calculations of
long-term sedimentation rates. This
opens the possibility that the sequen-
ces that were deposited during the time
span between the breaks may not actu-
ally correlate in time at all. Physical
tracing of sequences by use of marker
horizons, mapping of erosion surfaces
and sequence boundaries, efc., may
confirm the existence of a regional
sequence framework, but these se-
quences could, in principal, be mark-
edly diachronous, and correlation be-
tween basins, where no such physical
tracing is possible, should be viewed
with extreme caution.

Figure 4 makes the same point re-
garding missing time in a different
way. Many detailed chronostratigraphic
compilations have shown that marine
stratigraphic successions commonly
consist of intervals of “continuous” sec-
tion representing up to a few million
years of sedimentation, separated by
disconformities spanning a few hun-
dred thousand years to more than one
mitlion years (e.g., MacLeod and Keller,
1991, fig. 15; Aubry, 1991, fig. 6). The first
column of Figure 4, labelled TC (for
third-order cycle), illustrates an exam-
ple of such a succession. Each such
third-order cycle may be composed of a
suite of cycles in the Milankovitch band
{fourth- and fifth-order cycles; column
MC in Fig. 4) which individually repre-
sent tens of years to a few hundred
thousand years. Chronostratigraphic
compilations for such successions
commonly demonstrate that the hia-
tuses between the cycles represent as
much or more missing time than is re-
corded by actual sediment (e.g., Rams-
bottom, 1979; Heckel, 1986). Sedimen-
tation rates calculated for such se-
quences {compiled by Miall, 1991b)
confirm this, and the second column of



Figure 4 indicates a possible chrono-
stratigraphic breakdown of the third-
order cycles into component Milanko-
vitch cycles. Each of these cycles con-
sists of superimposed depositional sys-
tems (column DS) such as delta or bar-
rier-strandpiain complexes, and each of
these, in turn, is made up of individual
lithosomes {column L}, including fluvial
and tidal channels, beaches, defta
lobes, efc. According to the hierarchical
breakdown of Miall {1991b) the four col-
umns correspond to sediment groups
10, 9, 8 and 7,in order from left to right. In
each case, moving (from left to right} to
a smaller scale of depositional unit
focusses attention on a finer scale of
depositional subdivision, including con-
tained discontinuities. The evidence
clearly confirms Ager's (1981) assertion
that the sedimentary record consists of
“more gap than record.”

Devine's (1991} lithostratigraphic and
chronostratigraphic model of a typical
marginal-marine sequence (Fig. 3)
demonstrates the importance of mis-
sing time at the sequence boundary (his
subaerial hiatus). Shorter breaks in his
model, such as the estuarine scours,
correspond to breaks between deposi-
tional systems, but more are present in
such a succession than Devine (1991)
has indicated. His chronostratigraphic
diagram is redrawn in Figure 6 to em-
phasize sedimentary breaks, and nu-
merous additional discontinuities have
been indicated, corresponding to the
types of breaks in the record intreduced
by switches in depositional systems,
channel avulsions, storms and hurri-
canes, elc. Cartwright et al. (1993)
made a similar point regarding the com-
plexity of the preserved record, par-
ticularly in marginal-marine deposits,
and commented on the difficulty of “for-
cing-through” meaningful stratigraphic
correlations using seismic-reflection
data.

The conclusion is that the sedimen-
tary record is extremely fragmentary. A
time scale that focusses on continuity is
to be preferred over one that is built on
unconformities. The moderm method of
refining the geological time scale uses
“continuous” sections for the definition
of chrenostratigraphic boundaries and
encompasses a method for the incor-
poralion of missing time by defining onty
the base of chronostratigraphic units,
not their tops. if missing time is subse-
quently documented in the stratigraphic

record by careful chronostratigraphic
observation or measurement, it is as-
signed to the underlying chronostrat-
igraphic unit, thereby avoiding the need
for a redefinition of the unit (Ager, 1964;
McLaren, 1970; Basseft, 1985),

In the Exxon work much use is made
of the term “correlative conformities,’
as in their original definition of a se-
quence as “a relatively conformable
succession of genetically related strata
bounded at its top and base by uncon-
formities or their correlative conform-
ities” (Vail at al., 1977, p. 210). However,
sequence boundaries are diachronous.
The transgression and regression that
constitute a sea-level cycle generate
breaks in sedimentation at different
times in different parts of a basin mar-
gin. Kidwell (1988) demonstrated that
the major break in sedimentation on the
open shelf occurs as a result of erosion
during lowstand and sediment bypass
or starvation during transgression,
whereas in marginal-marine environ-
ments, the major break oceurs during
regression. The sequence-boundary
unconformities are therefore offset by
as much as a half cycle between basin-
margin and basin-centre locations. Kid-
well (1988) referred to this process as
reciprocal sedimentation.

Given an acknowledgement of the di-
achronous nature of sequence bound-
aries, the accuracy of sequence cor-
relation could be improved by dating of
the correlative conformities in deep-
marine settings, where breaks in sedi-
mentation are likely to be at a minimum,
but it is doubtful if this is commonly
possible. It requires that sequences be
physically traced from basin margins
into deep-water environments, intro-
ducing problems of physical correlatton
in areas of limited data, and problems
of chronostratigraphic correlation be-
tween different sedimentary environ-
ments in which zonal assemblages are
likely to be of different type. As dis-
cussed below, problems of correlation
across environmental and faunal-prov-
ince boundaries are often significant. In
view of the ubiguity of breaks in sedi-
mentation in the stratigraphic record, it
is arguable whether, in fact, the con-
cept of the correlative conformity is
realistic.

The significance of missing section
and the ambiguity surrounding the cor-
relation of unconformities is discussed
further below.
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Figure 4 A demonstration of the predom-
inance of missing time in the sedimentary
record. Two third-order cycles are plotted on
a chronostratigraphic scale (column TC), and
successively broken down into components
that reflect an increasingly fine scale of
chronostratigraphic subdivision, The second
column shows Milankovitch cycles (MC},
followed by depositional systems (DS) and
individual flithosomes (L), such as channels,
deftas, beaches, etc. At this scale chrono-
stratigraphic subdivision is at the limit of line
thickness, and is therefore generalized, but
does not represent the limit of subdivision
that should be indicated, based on the control
of deposition by events of shorter duration
and recurrence interval (e.g., infrequent
hurricanes, seasonal dynamic events, etc.).



Geoscience Canada Volume 21 Number 1

THE DATING AND

CORRELATION OF

STRATIGRAPHIC EVENTS:
POTENTIAL SOURCES OF
UNCERTAINTY

The dating and correlation of strati-
graphic events between basins, where
physical tracing-out of beds cannot be
performed, involves the use of bio-
stratigraphy and a variety of other
chronostratigraphic methods. The pro-
cess is a complex one, fraught with
many possible sources of error. Many
textbooks and review articles have

A

TRANSGRESSIVE
AND
AGGRADATIONAL
DEPOSITS

REGRESSIVE
DEPOSITS

dealt with various aspects of this sub-
ject, but practical reviews for the work-
ing geologist have not been developed.
What follows is an attempt to break
down the process into a series of dis-
crete “steps”, although in practice dat-
ing successions and erecting local and
global time scales is an iterative pro-
cess, and no individual stratigrapher fol-
lows the entire procedural order as set
out here. The geologist is able to draw
on the accumulated knowledge of the
geological time scale that has (as noted
earlier) been undergoing improvements

for more than 200 years, but each new
case study presents its own unique
problems.

Standard correlation methods are
discussed by Miall (1990, chapter 3) and
in several standard textbooks on stratig-
raphy. Harland et al. (1990) provided
what is probably the most thorough and
scholarly discussion of the develop-
ment of the geological time scale. Kauff-
man and Hazel (1977) edited a valuable
collection of papers containing many
different types of biostratigraphic study,
and including a useful historical article

——— TRANSGRESSIVE PHASE ——|

GEOLOGIC TIME

b REGRESSIVE PHASE ——{

TRANSGRESSIVE DEPOSITS

CHANNELED ESTUARY

~ INNER SHELF SANDS

7 REGRESSIVE DEPOSITS

Figure 5 Lithostratigraphic (A) and chronostratigraphic (B) model of a transgressive-regressive couplet of the Point Lookout Sandstone,
northwestern New Mexico. This succession represents a sequence in the Milankovitch band, although the base-level change that controlled it may
be of tectonic origin. Numbered events 1-12 are arbitrary time lines (from Devine, 1991).



by Hancock (1977). Agterberg (1990)
and Guex (1991) presented detailed de-
scriptions of quantitative methods for
correlation. Numerous books and pa-
pers have addressed the subject of bio-
geography and faunal provincialism.
Review arlicies by Ludvigsen ef al.
(19886) and Smith (1988) provide useful
surmnmaries.

Six main “steps” are involved in the
dating and correlation of stratigraphic
events. The discussion of these steps in
the foltowing sections is elaborated
from that in Miall (1991a), with the addi-
tion of many new examples. Figure 7
summarizes these steps and provides
generalized estimates of the magnitude
of the uncertainty associated with each
aspect of the correfation and dating of
the stratigraphic record. Some of these
errors may be cumulative, as discussed
in the subsequent paragraphs. The as-
signment of ages and of correlalions
with global frameworks is an iterative

process that, in some areas, has been
underway for many years. There is
much feedback and cross-checking
from one step to another. What follows
should be viewed, therefore, as an at-
tempt to break down the practical busi-
ness of dating and correlationinto more
readily understandable pieces, all of
which may be employed at one time or
another in the unravelling of regional
and giobal stratigraphies. The main
steps are as follows:

1) Identification of sequence bound-
aries. Determining the position of the
sequence boundary may or may not be
a straightforward procedure. There are
several potential sources of error and
confusion, as noted below.

2) Determining the chronostratigraphic
significance of unconformities. Uncon-
formities, such as sequence bound-
aries, represent finite time spans which
vary in duration from place to place. in
any given location this time span could

encompass the lime span represented
by several different sedimentary breaks
at other locations.

3) Determination of the biostratigraphic
framework. One or more fossil groups is
used to assign the selected event to a
biozone framework. Errors may be intro-
duced because of the incompleteness
of the fossil record.

4) Assessment of relative biostrati-
graphic precision. The length of time
represented by biozones depends on
such factors as faunal diversity and
rates of evolution. it varies considerably
through geological time and between
different fossil groups.

5) Correlation of biozones with the
global stage framework. The existing
stage framework was, with notable ex-
ceptions, built from the study of macro-
fossils in European type seclions. Cor-
relation with this framework raises
questions of environmental limitations
on biozone extent, our ability to inter-
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Figure 8 A redrawing of Figure 5B fo emphasize the gaps in the stratigraphic record. The larger gaps are those of Devine (1991}, and represent
the sequence boundary (SB), corresponding to the kinds of gaps shown in column MC of Figure 3. Intermediate-scale gaps are those between
individual depositional systems (DS), and correspond fo some of the time-line “events” in Devine's original model (Fig. 4A). The smallest gaps (L}
are those between individual lithosomes. Only a few of these are labelled.
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relate zonal schemes built from
different fossil groups, and problems of
global faunal and floral provinciality.

6) Assignment of absolute ages. The
use of radiometric and magnetostrati-
graphic dating methods, plus the in-
creasing use of chemostratigraphy
(oxygen and strontium isotope ratios)
permits the assignment of absolute
ages in years to the biostratigraphic
framework. Such technigues also con-
stitute methods of correlation in their
own right, especially where fossils are
sparse.

Identification of

Sequence Boundaries

The first step is that a well section,
seismic record, or outcrop profile is ana-
lyzed and the positions of sequence
boundaries are determined from the
vertical succession of lithofacies. The
possible errors in this procedure include
the potential for confusion between sev-
eral allocyclic and autocyclic causes for
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the events in the stratigraphic record,
and the problem of the ubiquitous gaps
in the sedimentary record, as dis-
cussed in earlier sections of this paper.
In a regional study of Paleogene shelf-
margin deposits in the North Sea basin,
Armentrout ef al. (1993) found that cor-
relation errors of up to 30 m could be
expected when stratigraphic events,
such as sequence boundaries, were
traced from well to well using log mark-
ers, log-to-seismic correlations and
seismic correlation loops.

Although the principles of sequence
stratigraphy have by now been well doc-
umented (the following are the key Ex-
Xon papers: Vail, 1987, Van Wagoner et
al., 1987 1990; Posamentier ef al., 1988),
there are various situations where defi-
nition of the sequence boundaries may
be fraught with potential error, quite
apart from the relatively simple problem
of within-basin correlation error noted
above. These include the following five
potential problems.

D.

nannofossils

1. Confusion of the sequence bound-
ary with a ravinement surface. Distinct
and prominent erosion surfaces are
commonly developed by wave erosion
during transgression, and may easily be
confused with a sequence-boundary
unconformity {Demarest and Kraft,
1987). Wave-cut erosion surfaces of this
type are termed ravinement surfaces.
They reprasent the surface of equilibri-
um on the shelf formed in response
to the local wave and current regime.
“As sea-level rises the shoreface profile
translates upward and landward
through a process of erosional shore-
face retreat. Theravinement surface cut
by this process will physically rise to-
ward the basin margin. it will also be-
come younger in the same direction”
{(Nummedal and Swift, 1987). The ra-
vinement surface is only one of several
types of diastem that may be encoun-
tered in transgressive systems tracts.
Others include channel scours and ma-
rine erosion surfaces. These can make

E.

Determination Biozone duration Global stage framework Error in the numerical
and biogeography

time scale

‘oraminifera

P .
ostracods

Tethyan New World Boreal
I Interior =3 01d World Boreal stages
0.2-5 m.y. up to ~ 5 m.y. upto ~5m.y.

Figure 7 Steps in the correlation and dating of stratigraphic evenls. 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 ambiguily in the placement of biozone boundaries. (C) 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 the faunal provinces of Crelaceous ammonites, shown on a mid-Cretaceous plate-tectonic reconstruction. Based on
Kennedy and Cobban (1977} and Kauffman (1984). (E) The assignment of numetrical 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 el al., 1990). The
establishment of a global biostratigraphically-based sequence framework involves the accumulation of uncertainty over steps A to D. Potential
arror may be reduced by the application of radiometric, magnetostratigraphic or chemostratigraphic techniques which, nonetheless, contain their

own inherent uncertainties (step E).
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the definition of sequence boundaries
difficult. The ravinement surface, in par-
ticular, is commonly a major erosion
surface that separates markedly dif-
ferent facies, but it forms within the
transgressive systems tract and is,
therefore, not a sequence boundary,
unless the depth of erosion at the ra-
vinement surface is such that no trans-
gressive deposits are preserved. In the
jatter case, the ravinement surface is
coincident with the erosion surface at
the top of the underlying regressive
deposits.

2. Apparent sequence boundaries
formed by submarine erosion. Uncon-
formities may be generated by marine
erosion caused by deep ocean cur-
rents. These can shiftin position across
the sea floor as a result of changes in
topography brought about by tectonism
or sedimentation, resulting in diachro-
nous breaks in sedimentation that bear
no causal or temporal relation to
changes in sea level. Christie-Blick ot
al. (1990) cited the case of the West-
ern Boundary Undercurrent that flows
along the continental stope of the Atlan-
tic Ocean off the Uniled States. This
current is erosive where it impinges on
the continental slope, but deposition of
entrained fine clastic material takes
place atthe margins of the main current,
and the growth of this blanket is causing
the current to gradually shift up the
slope. The resull is onlapping of the
deposits onto the slope below the cur-
rent, and erosional truncation of the up-
slope deposits. The unconformities that
define the Cenozoic sequence stratig-
raphy of the Biake Plateau off the east-
ern United States do not correlate with
those on the Exxon global cycle chart,
and are now interpreted to have formed
as a result of submarine erosion by the
meandering Gulf Stream (Schlager,
1992). Miall (1986) also suggested that
the condensed sections that tend to
form at times of maximum transgres-
sion (Vail, 1987) may also be confused
with surfaces formed by the winnowing
action of strong oceanic currents, and
that they therefore may not have any
significance with regard to sea level.

3. Apparent sequence boundaries
formed as “drowning unconformities”.
Carbonate environments are very sen-
sitive to environmental change. Schla-
ger (1989, 1992} proposed the term
“drowning unconformity” for breaks in
carbonate sedimentation that could be
could be caused by the following

events: rapid sea-level rise, poisoning
of the carbonate factory by an influx of
terrigenous sediment, an oversupply
of nutrients, and rapid temperature
changes. The unconformities are actu-
ally intervals of slow sedimentation rep-
resented by thin condensed sections
with many small hiatuses, and may be
indistinguishable on the seismic record
from true unconformable breaks be-
cause of limited seismic resolution.
Drowning unconformities may be mis-
taken for sequence boundaries. Archi-
tecturally, they may be similar to low-
stand unconformities, and care must be
taken to interpret them correctly. Schla-
ger (1992) stated:

Drowning requires that the reef or
platform be submerged to subphotic
depths by a relative rise that exceeds
the growth potential of the carbonate
system. The race between sea level
and platform growth goes over a short
distance, the thickness of the photic
zone. Holocene systems indicate that
their short-term growth potential is an
order of magnitude higher than the
rates of long-term subsidence or of
third-order sea level cycles ... This
implies that drowning events must be
caused by unusually rapid pulses of
sea level or by environmental change
that reduced the growth potential

of platforms. With growth reduced,

drowning may occur at normal rates of

rise.

Schlager (1992) pointed to such envi-
ronmental changes as the shifts in the
El-Nifio current, which bring about sud-
den rises in water temperalure, beyond
the tolerance of many corals. Drowning
can also occur when sea-level rise in-
vades flat bank tops, creating shallow
lagoons with highly variable tempera-
tures and salinities, plus high suspen-
ded-sediment loads due to coaslal soil
erosion. Oceanic anoxic events, par-
ticularly in the Cretaceous, are also
known to have caused reef drowning.
Schlager (1992) suggested that two Val-
angian third-order sequence bound-
aries in the Hag et al. (1987 1988b)
gltobal cycle chart may aciually be
drowning unconformities that have
been misinterpreted as lowstand
events.

4. The generation of erosion surfaces
during falling sea-level. Recent work
has demonstrated that the component
of the original Exxon sequence models
covering times of falling sea level needs
reevaluation (Plint, 1988; Hunt and
Tucker, 1992). So-called “stranded para-

sequences” may form on the shelf and
slope. An erosion surface may develop
on the shelf beneath regressing strand-
plain deposits (analogous to the ravine-
ment surface that develops during ris-
ing sea level), but this occurs during
sea-level fall, and is therefore not 1o be
confused with the sequence boundary.
Plint (1988) referred to the strandplain
deposits that rest on these erosion sur-
faces as “sharp-based” sandbodies de-
posited during “forced regressions”.
Hunt and Tucker (1992) also made the
very important point that the so-called
“lowstand fans™ are actually deposited
during falling sea level as a result of the
shedding of detritus as the shelf is ex-
posed. This phase ends at or shortly
afterthe time when sealevel reaches its
lowest peint. The sequence boundary
should therefore be defined as occur-
ring above this systems tract, not below,
as in the original Exxon models.

5. Pseudo-unconformities in seismic-
reflection records. It is a fundamental
principle of seismic stratigraphy that
seismic reflections are chronostrat-
igraphic in character (Vall et al., 1977,
Cross and Lessenger, 1988). However,
because of problems of resolution, seis-
mic reflections can develop at diachro-
nous facies contacts, producing what
Schlager (1992) termed pseudo-uncon-
formities. According to Schlager (1992)
such reflections develop “where a rapid
facies change occurs in each bed at a
similar position and the seismic tool
merges these points of change into one
reflection. Time lines cross this refiec-
tion, thus it is not an unconformity...” He
gave as an example a seismic model of
the lapout of carbonate slope deposits
into basinal facies in the Triassic depos-
its of the Dolomites. Clearly, such
pseudo-unconformities are not sur-
faces of erosion, and must be elimi-
nated in a sequence analysis. Schlager
(1992) indicated that carbonate plat-
forms are particularly prone to this type
of seismic response because of the
rapid lateral facies changes that com-
monly are present.

Simple errors, such as the confusion
between a sequence boundary and a
ravinement surface, could lead to possi-
ble errors in boundary placement of at
least several metres. Given a typical
sedimentation rate of 01 m/ka, a 10 m
error is equal to 100 ka. Changing the
placement of the sequence boundary
from the base to the top of the “low-
stand"” fans could represent a consider-
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ably larger change in assigned age.

The Chronostratigraphic Meaning of
Unconformities

Assigning an age to an unconformity
surface is not necessarily a simple mat-
ter, as illustrated in the useful theo-
retical discussion by Aubry (1991}. An
unconformity represents a finite time
span; it may have a complex genesis,
representing amalgamation of more
than one event. It may also be diachro-
nous. For example, the transgressions
and regressions that occur during the
genesis of a stratigraphic sequence
take a finite length of time: in the case of
third-order sequences, possibly up to
several million years. As noted above,
Kidwell (1988) demonstrated that this
results in an offset in sequence bound-
ary unconformities by as much as one
half of a cycle between basin centre and
basin margin.

Unconformities actually represent
amalgamations of two surfaces, the
surface of truncation of older strata and
the surface of transgression of younger
strata. These two surfaces may vary
in age considerably from location to
location, as indicated by chronostrati-

graphic diagrams (e.g., Vail et al,,
1977, fig. 13, p. 78). Even if the two
surfaces have been dated, this still does
not provide an accurate estimate of the
timing of the event or events that gener-
ated the unconformity. As shown in Fig-
ure 8A, a fall in relative sea level may
have occurred at time T1, in which case
no erosion or deposition took place pri-
or to the deposition of the overlying
sequence. An alternative is that sedi-
mentation continued untit time T3, fol-
lowed by a rapid erosional event and
transgression. Or the sea-level event
may have occurred at any time T2.

A given major unconformity may re-
present the combined effects of two or
more unrelated sea-level events, of eu-
static and tectonic origin (Fig. 8B). Rec-
ognizing the occurrence of more than
one event requires the location and dat-
ing of sections where the hiatus is short,
as in the various possible sections B in
Figure 8B. As explained by Aubry (1991,
p. 6646),

If an unconformity Y with a short hia-
tus on the shelves of basin A can be
shown te be exactly correlative (=iso-
chronous=synchronous) in the strati-
graphic sense with an unconformity y

11

with a short hiatus on the shelves on
basin B (/.e., if the two hiatuses over-
{ap almost exactly), it is probable, al-
though not certain, that both uncon-
formities Y and y are correlative, in
the genetic sense, with a unique
event T. Overlap between hiatuses of
stratigraphically correlatable uncon-
formities in two widely separated
basins fulfills a condition required but
insufficient to establish global eusta-
sy. Unconformities ¥ and y will be-
come a global eustatic signal if other
correlative (=synchronous) unconfor-
mities ... with short hiatus can be re-
cognized on as many shelves as pos-
sible of widely separated basins.

Even this procedure begs the ques-
tion of the expected duration of sea-
level events. Given the rapid events that
characterize glacioeustasy (frequency
in the 104-105-year range}, this is not a
trivial question, Aubry's figures (Fig. 8)
were drawn to illustrate actual problems
that arose in attempts to assign ages to
unconformities in Eocene sections. The
difference between times T1 and T3 in
Figure BA is 2 m.y., which represents a
significant potential range of error. it
could correspond to one entire third-
order sequence.
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more than one even! (diagrams from Aubry, 1991).
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Theoretical studies by Pitman and
Golovchenko (1988) demonstrated a
phase-lag between sea-level change
and the stratigraphic response, par-
ticularty in areas of slow subsidence
and sea-level change, and rapid sedi-
ment supply. This was confirmed by the
computer modelling experiments of Jor-
dan and Flemings (1991), who slated
that "the sequence boundary for an
identical sea level history could be of
different ages and the agas could differ
by as much as ¥ cycle” This directly
contradicts the Exxon models, based on
the work of Jervey (1988), who asserted
that sediment supply affects shoreline
position, but not the timing of sequence
boundaries. It is an important result
because it indicates that sequence
boundaries are inherently imprecise re-
corders of sea-level change. Practical
examples of this were Hlustrated by
Leckie and Krystinik (1993).

Determination of the
Blostratigraphic Framework

The biostratigraphic data base for the
global time scale has experienced an
orders-of-magnitude expansion since
micro-organisms began to take on in-
creasing importance in subsurface
petroleum exploration in the post-war
years, and following the commence-
ment of the Deep Sea Drilling Project
(DSDP) in 1968. However, the main
basis for the global time scale remains
the classical macrofossil assemblages
{e.g., ammonites, graptolites) that have
been in use, in many cases, since the
19th century. Supplementing macro-
fossil and microfossil collections from
outcrops, drilling operations on land and
beneath the oceans have contributed a
vast biostratigraphic sample base over
the last few decades, permitting the
evaluation of a wide range of micro-
organisms for biostratigraphic pur-
poses in all the world's tectonic and
climatic zones. The result has been a
considerable improvement in the flex-
ibility and precision of dating methods,
and much incremental improvement in
the global time scale. Several useful
reviews of this area of research are
contained in the synthesis of the first
decade of DSDP edited by Warme ef al.
(1981).

As noted by Cope (1993), detailed,
meticulous taxonomic work still holds
the potential for much improved bio-
stratigraphic resolution and flexibility
at all levels of the geological column.

In older Mesozoic and Paleozoic
strala, such fossil groups as conodonts
and graptolites have yielded very re-
fined biostratigraphic zonal systems.
However, this potential has yet to be
fulty tapped by sequence stratigra-
phers.

The varicus types of zones, and
the methods for the erection of zonal
schemes, are subjects deall with in
standard textbooks and reviews (e.g.,
Miall, 1990, chapter. 3; Kauffman and
Hazel, 1977), and will not be discussed
here. The purpose of this section is to
focus on two major problems that affect
the accuracy and precision of biostrati-
graphic correlation.

The Problem of incomplete
Biostratigraphic Recovery.

Because of incomplete preservation,
poor recovery, or environmental factors,
the rocks rarely yield a complete record
through time of each biozone fauna or
flora. Practical, measured biostrati-
graphic time, as indicated by the imper-
fect fossil record, may be different from
a hypathetical “real” time, which is re-
corded by invisible (hypothetical) time
lines in the rock record (the “r" gaps in
Fig. 9), and can rarely be perfectly de-
fined (Murphy, 1977; Johnson, 1992).
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How important are the "r" gaps
shown in Figure 97 Many researchers
have attempted to sidestep this prob-
lem, by treating fossil occurrences
quantitatively, and applying statistical
treatments to assessments of preserva-
tion and correlation (e.g., Riedel, 1881,
McKinney, 1986; Agterberg, 1990, Guex,
1991). However, the method of graphic
correlation (discussed below), which
focusses attention on the incomplete-
ness of the fossil record, allows us to
examine this question. Resulls pre-
sented by Edwards (1989) indicate that
vertical anomalies of up to 10 m are not
uncommon. Doyle {1977) illustrated in
detail an attempt to correlate two wells
using palynological data. Ranges of
correlation error up to 30 m are appar-
ent from his data, and resuit from incom-
plete preservation or wide sample spac-
ing . At a sedimentation rate of 0.1 m/ka,
30 m of section is equivalent to 300 ka,
more than enough to lead to miscorrela-
tion of sequences in the Milankovitch
band.

Conventional wisdom has it that pe-
lagic organisms are the best biostrati-
graphic indicators because they are
widely distributed by ccean currents
and tend o be less environmentally sen-
sitive. However, recent detailed studies
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Figure 9 Hypothetical time-rock diagram, showing the ranges of three species as recorded in
six stratigraphic sections. The first-appearances of the three species in section A are used to
define biozones BZ1 and BZ2, the recorded extent of which is shown by the heavy lines
connecting the six sections. Dashed lines extending from section A indicate ideal
chronostratigraphic time lines. in most sections these differ from the biozone boundaries by a
time increment “r’, resufting from failure of the fossilization process, sample spacing, or

environmental factors (Johnson, 1992).
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of nektonic and planktonic forms have
indicated a wide range of factors that
lead to uneven distribution and preser-
vation even of these more desirable
forms. Thierstein (1981} and Roth and
Bowdler (1981), in studies of Creta-
ceous nannoplankton, discussed a vari-
ety of mechanisms that affected dis-
tribution of these organisms. Among the
most important environmental factors
are changes in ocean currents, which
affect water temperatures and the con-
centrations of oxygen and carbon diox-
ide and nutrients in the seas. Changes
in temperature and sea level affect the
position of the carbonate compensa-
tion depth in the oceans, and hence
affect the rates of dissolution and pre-
servability of calcareous forms in deep-
sea sediments. Conversely, bottom-
dwelling faunas, which are specifically
limited in their geographical distribution
because of ecological factors, may ex-
hibit a diversity and rapid evolutionary
turn over that makes them ideal as bio-
stratigraphic indicators in specific
stratigraphic settings. For example, cor-
als have been found to be of great bio-
stratigraphic utility in the study of reef
limestones of all ages.

Diachroneity of the

Biostratigraphic Record

Another common item of conventional
wisdom is that evolutionary changes in
faunal assemblages are dispersed so
rapidly thal, on geological time scales,
they can essentially be regarded as in-
stantaneous. This argument is used, in
particular, 1o justify the interpretation of
what biostratigraphers call “first-ap-
pearance datums"” (FADs) as time-
stratigraphic events (setting aside the
problems of preservation discussed
above). However, there is increasing ev-
idence that this is not always the case.
Some examples of very detailed work
have demonstrated considerable dia-
chroneity in important pelagic fossil
groups.

MaclLeod and Keller (1991) explored
the completeness of the stratigraphic
sections that span the Cretaceous-Ter-
tiary boundary, as a basis for an exam-
ination of the various hypotheses that
have been proposed to explain the dra-
matic global extinction oceurring at that
iime. They used graphic correlation
methods, and were able to demonstrate
that many foraminiferal FADs and last-
appearance datums (LADs) are dia-
chronous. Maximum diachronsity at

this time is indicated by the species
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
faclors.

An even more starting example of
diachroneity is that reported by Jenkins
and Gamson (1993). The FAD of the
Late Cenozoic foraminifera
Globorofalia truncatulinoides differs by
600 ka between the southeast Pacific
Ocean and the North Atlantic Ocean,
This result is based on detailed analysis
of DSDP material, and is interpreted as
indicating the time taken for the organ-
ism to migrate northward from the
South Pacific following its first evolu-
tionary appearance there. As Jenkins
and Gamson (1993) concluded,

The implications are that some of the
well documented evolutionary line-
ages in the Cenozoic may show simi-
far patters of evolution being limited to
discrete ocean water masses fol-
lowed 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 im-
portance, because the result is derived
from excellent data, and can therefore
be regarded as highly reliable, and
deals with one of the most universally
preferred fossil groups for biostrati-
graphic purposes, the foraminifera. It
would appear to suggest a limit of up to
approximately one half million years on
the precision that can be expected of
any biostratigraphic event.

The two cases reported here may or
may not be a fair representation of the
magnitude of diachroneity in general.
After a great deal of study, experienced
biostratigraphers commonly determine
that some species are more reliable or
consistent in their occurrence than oth-
ers. Such forms may be termed "index
fossils”, and receive a prominence re-
flecting their usefulness in stratigraphic
studies. Detailed studies may indicate
that some groups are more reliable than
others as biostratigraphic indicators.
For example, Zlegler ef al. (1968) dem-
onstrated that brachiopod successions
in the Welsh Paleozoic record were fa-
cies controlled and markedly diachro-
nous, based on the use of the zonal
scheme provided by graptolites as the
primary indicator of relative time. Ar-
mentrout (1981) used diatom zones to

13

demonstrate that molluscan stages are
time transgressive in the Cenozoic
rocks of the northwest United States.
Wignall (1991) demonstrated the dia-
chroneity of Jurassic ostracod zones.

The Value of Quantitative
Biostratigraphic Methods
Much work has been carried out in at-
tempts to apply quantitative, statistical
methods to biostratigraphic data, in
order torefine stratigraphic correlations
and to permit these correlations to be
evaluated in probabilistic terms. Excel-
lent syntheses have been provided by
Agterberg (1990) and Geux (1991).
However, many problems remain, be-
cause the biostratigraphic data base
does not necessarlly mest some of the
necessary assumptions required for
statistical work. Geux (1991, p. 179),
in discussing the use of multivariate
methods, quoted Millendorf and Heffner
(1978, p. 313), who stated:
This approach ignores the effects of
faunal gradation within an iso-
chronous unit with respect to geo-
graphic position. Thus, if the faunal
composition of such an isochronous
unit changes across the study area,
samples taken from distant points in
the unit might be dissimilar enough
not to cluster. Simply, the greater the
lateral variation and the larger the
dlstance between them, the less simi-
lar are the two isochronous samples.
Geux (1991, p. 180) himself stated:
In one way or another, all methods
based on global resemblance be-
tween fossil samples end in fixing the
boundaries of statistical biofacies,
and they do not make it possible to
find, within a fossil assemblage, the
species that are characteristic of the
relative age of the deposits under
study.

As Agterberg (1990, chapter 2) dem-
onstrated, not only biofacies, but sam-
pling methods and questions of preser-
vation also affect the distribution of
fossits. It is questiopable, therefore,
whether statistical methods can assist
directly with solving the problem of as-
sessing error in global correlation.

There is one important exception to
this generalization, and that is a tech-
nique known as graphic correlation.
The method was proposed by Shaw
{1964), and has been developed by Mil-
ler (1977) and Edwards (1984, 1989).
The data on foraminiferal diachroneity
at the Cretaceous-Tertiary boundary
quoted above from MacLeod and Keller



14

(1991) were obtained using the graphic
correlation method. The statistical
methods that have evolved for ranking,
scaling and correlation (Agterberg,
1990; Gradstein et al., 1990) are a form
of quantified graphic correlation.

As with conventional biostratigraphy,
the graphic method relies on the careful
field or laboratory recording of occur-
rence data, and focusses on the colla-
tion and interpretation of FADs and
LADs. The objective is to define the
local ranges for many taxa in at least
three complete sections through the
succession of interest. The more sec-
tions 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 stan-
dard reference section, Eventually, data
from several other good sections are
amalgamated with it to produce a com-
posite standard reference section. A
particularly thorough paleontologic
study should be carried out on the stan-
dard reference section, as this enables
later sections, for example, those pro-
duced by exploration drilling, to be cor-
related with it rapidly and accurately.

The graphic lechnique is used both lo
amalgamate data for the production of
the composite standard and for cor-
relating the standard with new seclions.
Figure 10 shows a two-dimensional
graph in which the thicknesses of two
sections X and Y have been marked off
on the corresponding axes. The FADs
and LADs are marked on the sections
by circles and crosses, respectively. If
the taxon occurs in both sections,
points can be drawn within the graph
corresponding to FADs and LADs by
tracing lines perpendicular to the X and
¥ axes until they intersect. For example,
the plot for the top of fossil 7 is the coinci-
dence of points X = 350 and Y = 355.

If all the taxa occur over their total
range in both sections and if sedimenta-
tion rates are constant {but not neces-
sarily the same) in both sections, the
points on the graph fall on a straight line,
called the line of correlfation. 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 compiete
there. The line of correlation is then
drawn so that it falls below most of the
FADs and above most of the LADs.

FADs 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 cor-
rected by using the occurrence in sec-
tion Y to determine where the taxon
should have first appeared in the stan-
dard. The procedure is explained fur-
ther by Miall (1990, p. 116-118).

if the average, long-term rate of sedi-
mentation 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. Ob-
viously, the standard reference section
should be chosen so as to avoid these
problems as far as possible. Harper and
Crowley (1985) pointed out that sedi-
mentation rates are, in fact, never con-
stant and that stratigraphic sections are
full of gaps of varying lengths (as dis-
cussed above; see Figs. 4, 6). For this
reason, they questioned the value of
the graphic correlation method. How-
ever, Edwards (1985) responded that
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when due regard is paid to the scale of
intraformational stratigraphic gaps, ver-
sus the (usually) much coarser scale of
biostratigraphic correlation, the pres-
ence of gaps is not of critical impor-
tance. Longer gaps, of the scale that
can be detecled in biostratigraphic data
(e.g., missing biozones) will give rise to
obvious hiatuses in the line of correla-
tion, as noted previously.

The advantage of the graphic method
is that once a reliable composite stan-
dard reference section has been drawn
up, it enables chronostratigraphic cor-
relation 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 correla-
tion can be drawn. Hay and Southam
{1978) recommended using linear re-
gression techniques to determine the
correlation line, but this approach as-
signs equal weight to all data points
instead of using one standard section
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Figure 10 Typical data plot used in the graphic correlation method. Section X is chosen as the
standard reference section, and section Y Is any other section to be correfated with /1. FADs are
shown by circles and LADs by crosses, plotted along the axis of each section. Data points within
the graph indicate correlations of FADs and LADs, and are the basis for defining the line of
correlation (the diagonal line). Points off the line reflect incomplete sampling or absence as a
result of ecological factors. Progressive correlations of other sections to the standard enables
“true” ranges of each taxon to be refined in the standard section, resulting in a detailed basis for
further correlation and the erection of standard time units (Milfer, 1977).



Geoscience Canada Volume 21 Number 1

as a basis for a continuing process of
improvement. As Edwards (1984)
noted, all data points do not necessarily
have equal value; the judgment and ex-
perience of the biostratigrapher are es-
sential in evaluating the input data. For
this reason, statistical treatment of the
data is inappropriate.

Figure 11 illustrates an example of the
use of the graphic method in correfating
an Upper Cretaceous succession in the
Green River Basin, Wyoming, using pai-
ynological data (from Miller, 1977). The
composite standard reference section
has been converted from thickness into
composite standard time units, by divid-
ing it arbitrarily into units of equal thick-
ness. As long as the rate of sedimenta-
tion in the reference section is constant,
these time units will be of constant dura-
tion, although we cannot determine

<qw

by this method alone what their duration
is in years. Isochrons may bedrawn to
connect stratigraphic sections at any
selected level of the composite stan-
dard time scale. These isochrons assist
in defining the architecture of the suc-
cession, For example, time unit 30 in
Figure 11 is truncated, indicating the
presence of an unconformity.

An important difference between the
graphical method and conventional
zoning schemes is that zoning methods
provide little more than an ordinal level
of correlation (biozones, as expressed
in the rock record, have a finite thick-
ness that commonly cannot be further
subdivided), whereas the graphic meth-
od provides interval data (the ability to
make graduated subdivisions of relative
time). Given appropriate ties to the
global time frame, the composite stand-

ard time units can be correlated to ab-
solute 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. The precision of these
estimates is limited solely by the ac-
curacy and precision obtainable during
the correlation to the global standard.
MaclLeod and Keller {1991) provided ex-
cellent examples of this procedure, and
their results suggest an obtainable pre-
cision of less than £100 ka. Other exam-
ples of the use of graphic correlation are
given by Scott et al. {1988), although no
data plots are presented. In a later pa-
per Scott et al, (1993) used graphic cor-
relation methods in a study of core data
to demonstrate diachroneity of some
Cretaceous sequence boundaries of

more than 0.5 m.y.
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Assessment of Relative
Bilostratigraphic Precision

The precision of biostratigraphic zona-
tion is a reflection of the diversity and
rate of evolution of the fossil group used
to define the zonal scheme. This varies
considerably over time and between dif-
ferent fossil groups. For example, Fig-
ure 7C is a simplified version of a chart
provided by Cox {1990) to illustrate the
time resolution of various fossil groups
used in the subsurface correlation of
Jurassic strata in the North Sea Basin.
The best time resolution is obtained
from ammonites, which have been sub-
divided into zones representing ap-
proximately 0.5 m.y. Hallam (1992}
claimed a precision of 0.2 m.y. in excep-
tional cases. However, ammonites are
rarely obtainable in subsurface work,
and the microfossil groups that are typ-
ically used provide time resolution rang-
ing from 1 m.y. to 4 m.y. The sloping
caps 1o each bar in Figure 7C illustrate
the varying length of biczones for each
fossil group through the Jurassic. For
example, dinocyst zones each repre-
sent about 1 m.y. in the Late Jurassic,
but are approximately 3 m.y. long in the
Early Jurassic.

Moore and Romine (1981), in a study
of the contributions to stratigraphy of
the DSDP project, examined the ques-
tion of biostratigraphic resolution in de-
tail. In 1975 (the latest data examined in
this paper) the resolution of foraminifer-
al zonation, as expressed by the aver-
age duration of biozones, varied from 4
m.y. during much of the Cretaceous, to 1
m.y. during parts of the Neogene. Sri-
nivasan and Kennett (1981) found that
foraminiferal zones in the Neogene
ranged from 0.4 m.y. to 2.0 m.y. They
suggested:

Experience shows that this resolution
seems to have reached its practical
limit. This ... is largely constrained by
the evolution of important new spe-
cies within distinctive and useful line-
ages. Further subdivision of the exist-
ing zones is of course possible when
additional criteria are employed, but
further subdivision of zones into
shorter time-intervals does not guar-
antee a practicai scheme for bio-
stratigraphic subdivision; thatis, such
zones may hot be widely applicable.

Combinations of foraminiferal zones
with other micro-organisms occurring
in the same sediments, such as cal-
carecus nannofossils and radiolaria,
increase biostratigraphic precision
(Moore and Romine, 1981 Srinivasan

and Kennett, 1981; Cope, 1993}, but not
necessarily by a large amount. Figure
12 shows the biostratigraphic resolution
that was achievable in 1975 based on
combinations of all three fossil groups.
The combination of three fossil groups
does increases accuracy and precision
(to a 0.3-2.0 m.y. range), but, commonly,
zonal boundaries of more than one
group coincide in time, so that no addi-
tional precision is provided. It is not
thought likely that precision is likely to
further increase by very much. In facl,
the system of numbered microfossil
zones that was established early during
the DSDP project still forms the basis for
the Exxon global cycle charts of the late
1980s. As noted earlier in this paper, the
analysis of different fossil groups from
the same stratigraphic sections may
ailso indicate that some groups are
more facies controlled than others,
and demonstrate diachronism. Cross-
checking between these different
groups may therefore be important in
the reduction of biostratigraphic uncer-
tainty (e.g.. Ziegler et al, 1968; Ar-
mentrout, 1981).

It has been suggested that because
sequence boundaries are dated pri-
marily by biostratigraphic data, they
should be referred 10 and correlated on
this basis, without reference to the ab-
solute time scale, in order to circumvent

the imprecisions associated with this
scale (as discussed in the nexi sec-
tions). However, even where no attempt
is made to provide absolute ages for
sequence boundaries, this discussion
has shown that a built-in biostrati-
graphicimprecision of between approxi-
mately one half million years and (in the
worst case) several million years must
be accepted for the ages of sequence
boundaries. A potential error in this
range, as in most regional bio-
stratigraphic frameworks, is already too
greal to permit the interregional correla-
tion of sequences that are less than a
few million years in duration (many
third-order cycles). Biozones in the Ex-
xon synthesis of Mesozoic-Cenozoic
time have durations of 1-5 m.y. Uncer-
tainties of this magnitude are therefore
to be anticipated. Greater accuracy (lo
less than 1 m.y.) has certainly been
attained locally, for example, by using
ammonites (Hallam, 1992). Cope (1993)
quoted detailed studies of British am-
monites that yield a local resolution es-
timated at less than 200 ka, but such a
level of accuracy cannot yel be ex-
tended globally for the purpose of test-
ing the global cyclicity model.

Correlation of Biozones with the
Global Stage Framework
Hedberg {1976) suggested that the
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Figure 12 Biostratigraphic resolution of marine strata based on combined zonation of
foraminifera, radiolariz and calcareous nannofossils, expressed as the number of
biostratigraphic boundaries per million years, averaged over individual epochs. Average
resolution as it existed in 1969, at the beginning of the DSDP project, is shown by the cross-
hatched columns. Improvements up to 1975 are indicated by the blank top to each cofurmn

(Moore and Romine, 1981}.
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stage be regarded as the basic working
unit of chronostratigraphy but, as Han-
cock (1977) pointed out, stages were
originally defined as groups of bio-
zones, therefore stages are biostrati-
graphic entities. However, modern work
continues 1o focus on the stage as the
most useful, practical basis for subdivid-
ing the stratigraphic record, and for
standardizing the geological time scale.
This is facilitated by the gradual incor-
poration into the stage framework of
different faunal and floral biozone sys-
tems, by the use of radiometric and
magnetic methods to assign numerical
ages to the stages, and by the use of
stratotypes defined by “golden spikes”
to establish global reference sections
for unambiguous time correlation (Miall,
1990, chapter 3).

Published global time scales, such as
the wall chart accompanying Harland et
al. (1990), the Elsevier charts, and the
bio- and chronostratigraphic framework
accompanying the Exxon chart (Haq ef
al. (1987, 1988b) convey an impression
of completeness, precision and certi-

tude. However, an examination of the
delailed evidence that is being used to
bwild these time scales reveals numer-
ous gaps, generalizations and inconsis-
tencies. Difficulties in the erection of
global biostratigraphic (stage) frame-
works arise from the fact that most or-
ganisms are limited in their distribution
by tectonic, physiographic and climatic
barriers. Broad ecological differences
from region to region and continent to
continent require the definition of faunal
and floral provinces (e.g., Kennedy and
Cobban, 1977; Gray and Boucot, 1979;
Kauffman, 1984; Smith, 1988; Hancock,
1993a,b). Time correlation across pro-
vincial boundaries may be fraught with
error or uncertainty because of the lim-
iled number of taxa that cross the prov-
ince boundaries. Commonly, such cor-
relations depend on the fact that faunal
boundaries shift to and fro in response
o climatic changes or plate-tectonic
events, permitting faunas and fioras
from adjacent provinces to become in-
{erbedded. Uncertainties of the magni-
tude of one or more biozones are pos-
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sible in this process of cross-correlation.

Hancock (1993a, p. 8) stated, “It is
seldom realised by geoclogists at large
how insecure most zonal schemes are,
and how few are the regions in which
any one scheme has been successfully
tested.” A synthesis with which he was
involved (Birkelund et al., 1984; see
also Hancock, 1993b) noted as many as
nine different possible biostratigraphic
standards that could be used to define
specific stage boundaries in the Creta-
ceous. Many are partly in conflict with
one another.

Figure 13 flustrates the process of
collating chronostratigraphic data from
a variety of sources around the world in
order to construct a global stage frame-
work calibrated with absolute ages.
During much of the Mesozoic, the pres-
ence of the wide east-west-oriented
Tethyan Ocean, separation of the North
and South American continents, and
the broad latitudinal extent of the
American continents led to consider-
able faunal provincialism in benthic and
some pelagic fossil groups. The Tethyan,

TYPES OF DATA

macrofossils

% microfossils

E magnetostratigraphy
@ radiometric ages

FAUNAL PROVINCES
New-world Boreal

[ nterior USA
@ Old-world Boreal

Tethyan

|:| Oceanic
crust
{ E. Cretaceous and older )

o

Figure 13 The process of constructing a global time scale based on the collation of biostratigraphic, magnetostratigraphic and radiometric data.
This diagram is loosely based on the construction of the Cretaceous time scale by Van Hinte {1976) but, of necessily, shows only a few of the key
data points used in the compilation. Macrofossil data from the original nineteenth-century type sections in Europe comprise a critical base for the
time scale. The Wastern Interior of North America is also a key area because of the wealth of well-studied sections there (e.g., Obradovich and
Cobban, 1975). A few other data points, many representing DSDP data, are indicated. Biostratigraphic correlation is complicated by the probiem of
faunal provincialism. A very simpiified distribution of Cretaceous ammonite faunal provinces (from Kennedy and Cobban, 1975, Kauffman, 1984) is
shown,
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Boreal and other provinces indicated in
Figure 13 are based on detailed work
on the distribution of Cretaceous am-
monites. As Hancock (1993a, p. 8)
stated, "Every wide-ranging stratigra-
pher working on the Mesozoic meets
the difficulty of correlations between
boreal and tethyan realms.” Faunal pro-
vingialism is also a problem with micro-
fossils, including most of those favoured
by biostratigraphers for intercontinental
correlation. Theirstein (1981) and Roth
and Bowdler (1981) described latitudi-
nally controlled biogeographic distribu-
tion of Cretacecus nannoplankton. The
latter authors also described neritic-
oceanic biogeographic gradients.

As a single example of the magnitude
of the potential for error at this stage of
the analysis, Surlyk’s (1990, 1991) study
of the sequence stratigraphy of the Ju-
rassic section of East Greenland may
be mentioned. He derived a sea-level
curve for this area, and compared it to
the curves of Hallam (1988) and Haq et
al. (1987, 1988b). In doing so, he noted
“that the correlation between the Bore-
al and Tethyan stages across the Juras-
sic-Cretaceous boundary is only pre-
cise within ¥z stage, rendering the eu-
static ... nature of sea-level curves
rather meaningless for this time inter-
val”

An error in correlation of a biozone to
the standard by as little as onezone as a
result of faunal provincialism could add
an error of up to 5 m.y., although this
should be considered a pessimistic
maximum. The degree of uncertainty
varies considerably, depending on the
degree of evolutionary divergence be-
tween organisms that has arisen be-
cause of long-continued climatic dif-
ference or plale separation between
regions.

Assignment of Absolute Ages

An important step in the tesling of re-
gional and global correlations is to as-
sign absolute ages to stratigraphic
events using numerical methods based
on radiometric, magnetostratigraphic
and chemostratigraphic metheds. This
may be done in two main ways. First, it
may be accomplished by the dating of
the sequence framework itself, for ex-
ample, by the radiometric analysis of
interbedded volcanic horizons or glau-
conitic beds, or by the establishment of
a magnetostratigraphic framework. Se-
cond, the biostratigraphic framework
may be related to one or other of the

published global time scales, making
use of the accumulated evidence for the
age of, say, the Campanian-Maastrichti-
an boundary to fix the age of local bio-
stratigraphically dated horizons. These
two approaches are not, of course, mu-
tually exclusive, and much use may be
made of local, regional and global cor-
relation networks and data bases to
achieve the best result.

The accuracy and precision of time
resolution varies with the chronostrat-
igraphic methods used and the level of
the stratigraphic column. Various au-
thors have estimated the dating preci-
sion over various intervals of geological
time, and have assessed the incremen-
tal improvements in the global time
scale that has been built from local,
regional, and inter-regional correiation
programs. Kidd and Hailwood (1993} es-
timated the resolution for various time
slices back to the Triassic (Table 1).

Kauffman et al. {1991} described
methods of high-resolution correlation
that use biostratigraphy (graphic cor-
relation methods), magnetostrati-
graphy, chemostratigraphy and the cor-
relation of event beds. Numerous data-
ble ash beds are present in his sections.
A potential uncertainty of only +100 ka
is claimed for Cretaceous beds of the
Western Interior of the United States.
However, this provides only a regional
framework, and it is unlikely that it could
be extended to other unrelated basins
with the same degree of precision.

Miller (1990) indicated that chrono-
stratigraphic resolution of Cenozoic
sections could ideally attain accuracies
of +100 ka, based on the use of modern
chronostratigraphic techniques and
biostratigraphic data bases, but he con-

Table 1 Achievable resolu-
tion for integrated stratigraphy
in marine successions.

Quaternary. ............ <1-3 ka
Late Cenozoic. . ........ 5-10 ka
Early Cenozoic. . ... 10 ka-1 m.y.
Late Cretaceous. .. 100 ka-1 m.y.
Early Cretaceous. . ... .. ~10 m.y.
Jurassic............. 50-150 ka
Triassic ... ....... 225 ka-2 m.y.

{simplified from Kidd and Hail-
wood, 1993)

ceded that uncertainties of 0.5 m.y. to
2.0 my. are common in many actual
case studies. Aubry (1991), in a detailed
discussion of the Early Eccene record
of sea-level change, staled that under
ideal conditions, combinations of bio-
stratigraphic (mainly microfossil) and
magnetostratigraphic data should per-
mit dating to within 0.2 m.y. to 0.3 m.y.
Yet commonly, according to her, the
data from specific locations are inade-
quate to permit the use of all availabie
tools.

Unfortunately there is still no univer-
sal agreement on the ages of many of
the major chronostratigraphic bound-
aries. Many authoritative scales have
been published, such as thatused in the
Decade of North American Geology
Project (Palmer, 1983), and the syn-
thesis of Harland ef al. (1990). However,
residual differences belween these
scales exist, as illustrated in Figure 14.
Menning (1989} provided a thorough
compilation of various numerical time
scales.

Harland et al. (1990) indicated that
the range of possible ages for stage
boundaries in the Cretaceous vary by
as little as x4 m.y. for the Albian-Cenc-
manian boundary (the difference be-
tween the likely minimum and maximum
possible ages) and as much as + 25
m.y. for the Aptian-Barremian boundary.
They assigned an overall average 2%
uncertainty to the calibration of the
Phanerozoic scale (+ 2 m.y. at 100 Ma).
These error values relate to the best
available global data calibraled by
several independent means, yet they
reveal a residual imprecision that would
not permit the dating of any given strati-
graphic event, even in one of the global
stratolypes, to better than + 2 m.y. The
implied precision of the Haq et al (1987,
1988b) chart, and the density of event
spacing. are, therefore, simply impossi-
ble, and none of the “events™ shown in
this chart can be refied upon as proven.
It must be emphasized that this relates
to the problem of global correlation. As
noted above, much greater precision
can be achieved locally, but this does
not help in the testing of global cyclicity.

Summary:

Uncertainties in Global Correlation
There are two related but distinct pro-
blems to be addressed in the con-
struction of a global stratigraphic frame-
work. On the one hand, we need to test
whether similar stratigraphic events
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(such as sequence boundaries) and
successions of events (e.g., succesions
of sequences) have closely similar ages
in different parts of the earth, in order to
test models of global causality (e.g., eu-
stasy). From this perspective, precise
correlation is critical, but determination
of absolute age is not, aithough all the
Exxon publications on the giobal cycle
chart appear to suggest that absolute
age is of primary importance by the way
they annotate the cycle charts. On the
other hand, there is the ongoing effortto
determine the precise age of strati-
graphic events, leading to continuing
refinements in the global time scale. In
either case, the potential error, oruncer-
tainty, involved with one or more of the
“steps” described above must be ac-
knowledged and addressed as partof a
determination of the level of refinement
to be expected in stratigraphic interpre-
tation.

In the first case, tests of global syn-

CRETACEOUS TIME-SCALES

chroneity can be attempted through the
use of biostratigraphic data to provide
relative ages, or by very precise chro-
nostratigraphic correlation through
the use of radiometric, magnetostrati-
graphic or chemostratigraphic dating,
or a combination of both procedures.
Magnetostratigraphic and chemostrati-
graphic methods (particularly the use of
oxygen isotope data) are becoming
very precise for some Cenozoic strata,
in some cases permitting precision of
dating and correlation to uncertainty
levels of as little as a few tens of thou-
sands of years. This topic is beyond the
scope of the present paper and is not
discussed further (see Johnson ef al,
1988, and Kamp and Turner, 1990, for
examples). For strata of Mesozoic and
Paleozoic age, and for much of the older
Cenozoic, radiometric dating is the
most important chronostratigraphic
tool. Potential error associated with this
technique is summarized above, and
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ranges up to a few millions of years,
depending on the type of data and the
technique used. In many cases, im-
precision arises from the fact that the
material required for radiometric dating,
such as a volcanic tephra, is some
stratigraphic distance from the event of
interest, introducing uncertainties in
dating stemming from the incomplete-
ness of the stratigraphic record and
variations in sedimentation rates, of the
type discussed earlier in this paper.
The establishment of giobal correla-
tions based on biostratigraphic data
alone involves two of the “steps” dis-
cussed above. Individual biozones have
finite durations and commmonly are not
subdivisible (they constitute an “ordi-
nal” type of data). As noted above, this
introduces imprecisions related to the
duration of the zones, varying from ap-
proximately 0.5 m.y. to 5.0 m.y,, depend-
ing on the fossil forms used, and the
location and age of the rocks under
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study. Biostratigraphic imprecision may
be significantly reduced in some cases
by the use of several zonal schemes in
combination, and such combinations
also serve as checks against facies
control and diachroneily. The correla-
tion of zones across environmental and
faunal/floral province boundaries intro-
duces additional uncertainty, possibly
amounting te as much as a few million
years, as discussed above. To a consid-
erable extent, the two types of error,
those reflecting biozone duration and
interprovincial uncertainty, are addi-
tive when global correlation is
attempted.

The magnitude of uncertainty in glob-
al biostratigraphic correlation may or
may nol be reduced by the use of chron-
ostratigraphic methads, by assigning
absolute ages to the local biozone
framework. This type of cross-disciplin-
ary work is what has led to the develop-
ment and refinement of the global time
scale, and research in sequence stra-
tigraphy has the potential to add consid-
erably to this effort and also to benefit
from it. As shown by Kauffman et al
(1991), in some cases accuracies of
+100 ka may be achieved by very de-
tailed work, but this type of work needs
io be undertaken in many parts of the
globe before tests of global synchro-
neity can be attempted at such alevel of
accuracy.

The nature of transgressive and re-
gressive processes during a sea-level
cycle may introduce an offsetof upto a
half-cycle in the age of the sequence-
bounding unconformity between basin
centre and basin margin. Theoretical
studies of the formation of stratigraphic
sequences also indicate thal they may
exhibit a variable phase lag of up toone-
quarter of a sea-level cycle along depo-
sitional strike, depending on factors of
subsidence rate and sediment supply.
Sequence-bounding unconformities
are therefore diachronous, spanning
finite time intervals of up to a few million
years. These factors introduce local
complications into the stratigraphic rec-
ord that our methods of dating and cor-
relation are generally not yet able to
resolve.

IMPLICATIONS FOR THE EXXON
GLOBAL CYCLE CHART

The Exxon curves are nol the first
curves that have been compiled in an
attempt to provide a global standard.
Early work by Stille, Schuchert, Grabau

and others was reviewed by Hallam
(1992) who has himself been compiling
and revising sea-level curves for many
years. His latest book (Hallam, 1992) is
an excellent compilation and updating
of all his earlier work. However, it is
the Exxon curves that have received
so much attention, and that have ap-
peared in globa! syntheses of geologic
time, such as that by Harland et al.
{1990). The Exxon work therefore needs
ta be examined carefully.

Potential error in the global time scale
is discussed in some detail by Haq et al.
(1988b), but the relationship between
this error and the dating and correlation
of sequence boundaries is nol dis-
cussed. Sequence boundaries are not
shown with attached error bars in the
global cycle charl. Haq et al. {1987,
1988Bb) show sequence boundaries
spaced 1 m.y. or less apart and, in some
cases, date them to within + 0.5 my,
even though this is less than the stated
potential age error. What this means is
that in most cases, the potential dating
error of any one sequence boundary
encompasses the assigned age of at
least the sequence above and below.
Distinguishing the ages of such adja-
cent sequence boundaries is thus
not possible on chronostratigraphic
grounds. This inconsistency, plus resid-
uat disagreements between various
chronostratigraphers involved in the
compilation of the global cycle chart,
has led to numerous errors and incon-
sistencies in the papers published in
support of the chart. These were sum-
marized by Miall (1991a).

The correlation and dating of stacked
sequences and the use of pattern-
matching technigues may reduce the
potential for error, but this procedure
can introduce its own problems, as dis-
cussed below with reference to Creta-
ceous clastic wedges in Alberta.

The practice of assigning radiometric
ages to sequence boundaries, even
where the absolute ages are subject to
revision, is a source of considerable
confusion. Baum and Vail (1988, p. 314)
stated:

Although sequence boundaries are
named by a radiometric age (corre-
sponding to the age of the sequence
boundary where it becomes conform-
able), the sequence boundaries are
dated paleontologically ... Currently
there are numerous composite radio-
metric-time scales, all varying slightly
from one anothet. Thus, some unnec-

essary confusion exists because dif-
ferent authors prefer different time
scales. The radiometric age of a se-
quence boundary may vary from au-
thor to author but the paleontologic
age is the same.

Comparisons between the sea-level
curves published in the same book by
Haq et al. (1988b) and Baum and Vail
(1988) show that they are nol the same.
Both versions are clearly labelled as
*sustatic,” indicating that they are pre-
senting the end product of the Exxon
sequence-stratigraphic analytical
methodology. This being the case, how
can they be different? It is explicit in the
methodology that tectonics and other
complicating factors may be ignored in
the placement (age) of sequence
boundaries, although it is allowed that
the amplitude of the sea-level deflec-
tions comprising the eustatic curve may
be modified by teclonics (Vail et af,
1991). Underhill (1991) has also demon-
strated major inconsistencies in the Ju-
rassic curves derived from Exxon re-
search in the North Sea Basin. Appar-
ent conflicls between the two curves co-
authored by P R. Vail can readily be
understood as a reflection of the kinds
of errar or uncertainty discussed in this
paper, but this is not addressed by the
authors of these curves, who (as noted
elsewhere) do not deal effectively with
the significance of error in any of their
papers.

As an example of the problems aris-
ing from chronostratigraphic impreci-
sion, | cile here the altempt by Plint of a/.
{1992) 1o correlate the Cretaceous clas-
tic pulses in the Alberta Basin, Canada,
with the global cycle chart (Fig. 15).
Table 2 reproduces Plint's (1991) table of
possible stage ages for the mid-Creta-
ceous, showing the ages assigned in
four recent time scales. Plint (1991) used
these data as the basis for his correla-
tion of one of the clastic pulses, the
Marshybank Formation. This unit is as-
signed a latest Coniacian to early San-
tonian age on biostratigraphic grounds.
Plint's table indicates that the Conia-
cian-Santonian boundary is between 86
Ma and 88 Ma, depending on the time
scale used. The arithmetic average of
these values is 86.87 and Plint {1991) is
therefore confident in assigning the
Marshybank clastic pulse to the 87.5Ma
eustatic event of the Exxon global cycle
chart. Given the magnitudes of the er-
rors discussed in this paper, a correla-
tion with the 88.5 Ma event, or even the
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Table 2
stages (Plint, 1991).

Obradovitch

Campanian

82
4
86
(1
87

Turonian

& Cobban, 1975

Palmer,
1983

84
(3.5)
875
M
88.5

Boundaries and durations of the Coniacian and Santonian

UGS,
1989

Haq et al.,
1988b

84
(4)
88
M

89

83
3
86
(2)

88

85 Ma event on the global cycle chart,
would not be unreasonable. However,
as can be seen from Figure 15, this
would require a realignment of many of
the other clastic pulses in the Alberta
Basin, none of which has been dated
with any greater degree of precision.
The best that can be said for this cor-
relation exercise is that it is “permis-
sive”; the data do not negate it as a
possibility. The alternative possibility is
that these clastic pulses are tectonic in
origin: typical “motasse”, in the sense of
Van Houten (1981). Plint and his co-
workers have, in fact, examined various
tectonic mechanisms for the generation
of sequence architectures in the Alber-

Average

83.25
(3.62)

86.87
(1.25)

8812

COASTAL
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l
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LOWSTAND
SANDBODIES

% 80 - — — < Basal Belly River Gp
< —83 - - ~ < Chungo / Milk River Mbr.|
1 -85 - — — ?
=
81 2%
O ¥4 - 875 - — Marshybank & Bad Heart Fms.
m C§§jkq —88.5 — ~ <_U. part of Cardium Fm. (ES5-E7)
Al
&é 3 90520 = = — < L_part of Cardium_Fm. (7 EL-E3)]
= |23 =01 -
§ . E -03 — — — < Doe Creek, Pouce Coupe Mbs., etc|
Q %2 —94 — — -
© -955 — — ?
—-96.5 - — < 7 Fish Scales sandstone |
é -08 - —- — < Viking Formation]
5 “99- - -
< 100 - - -
2ND 3RD
FROM HAQ et al. 1988b ORDER ORDER

Figure 15 The major clastic puises in the Alberta Basin, each constituting “third-order” sandstone-dominated sequences, and their proposed
correlation with the Exxon global cycle chart (Plint et al., 1992). Bracket indicates range of ages assigned to the Coniacian-Santonian boundary In

various sources (Table 2).
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ta Basin (Plint et al, 1993; Hart and
Plint, 1993). Miall (1991a, 1992) sug-
gested that many of the “events” in the
Exxon global cycle chart are of regional
tectonic origin, and the example of the
Alberta clastic pulses given here is typi-
cal of the difficulties involved in assess-
ing the alternatives.

Dixon (1993) addressed the tecton-
ics-versus-sustasy question in the case
of regional unconformities present in
the Cretaceous succession of north-
west Canada. Imprecision and uncer-
tainty in biostratigraphic correlation
with the Exxon curve exist in part be-
cause of the difficulty of precise correla-
tion across faunal-province boundaries
into the Boreal realm. Dixon (1993)
demonstrated that each of the eight se-
quence boundaries in the succession
could be correlated to two or three of
the "events” in the Exxon curve, con-
firming Miall's (1992) suggestion that
the curve contains “an event for every
occasion” In several cases, however,
regional evidence clearly indicates a
tectonic origin for the sequence bound-
ary. For example, a late Albian-early
Cenomanian sequence boundary cor-
responds to a break-up unconformity
preceding the sea-floor spreading that
generated the Canada Basin.

Hancock (1993a,b) carried out a de-
tailed examination of the Cretaceous
part of the Exxon curve. He pointed out
that the biostratigraphic framework
consists of an amalgam of regional bio-
zones, many of which do not occur to-
gether in a given localion. Serious pro-
blems of Tethyan-Boreal provinciality
were not addressed in the Exxon work,
and Hancock (1993a) had difficulty cor-
relating his own detailed stratigraphic
synthesis with the Exxon curve using
either biostratigraphic comparisons or
radiometric ages. He concluded that "It
is perhaps inevitable that discussion of
the Exxon chart should seem to be a
catalogue of complaints.”

As Kauffman et al. (1991) showed,
extremely precise dating can be cartied
out on a regional scale, given good bio-
stratigraphic, magnetostratigraphic,
and radiometric data. However, this is
only the beginning in the effort to con-
struct a global cycle chart, for which the
establishment of global correlationsis a
necessary condition. | have suggested
elsewhere (Miall, 1992) that without
such global correlations, there is no in-
dependent proof that the paradigm of
third-order global eustasy has any valid-

ity whatsoever, Itis completely mislead-
ing to state, as do Posamentier and
Weimer (1993, p. 737) that, on the one
hand, chronostratigraphic error is a
serious problem, while on the other
hand arguing that the global cycle chart
is most useful to stratigraphers where
there is no age dating available! | re-
spectfully submit that “They don‘t get it!”

CONCLUSIONS

Research into global stratigraphy and
global stratigraphic controls has re-
ceived an enormous impetus from the
work of Peter Vail and his colleagues.
The sequence-architecture model is
now firmly established, and is providing
a basis for much exciting research and
synthesis. However, as this paper has
attempted to demonstrate, the question
of global synchroneity of stratigraphic
events remains unresclved. 1t is still
beyond our powers to test the global
synchroneity of the “third-order” cycles
(those ranging between approximately
1 m.y. and 10 m.y. in duration} that con-
stitule the main basis of the Exxon
global cycle chart because, as demon-
strated in this paper, the accuracy and
precision of our methods of dating and
correlation are, in most cases, assaci-
ated with potential uncertainties of up
to a few milions of years. Much re-
search is now demonstrating the poten-
tial for tectonic processes to develop
cycles of third-order type (Macdonald,
1991; Williams and Dobb, 1993). This
currently constitutes one of the most
vigorous and exciting areas of strali-
graphic research. Cycles of tectonic ori-
gin may have areal extents of regional
of continental scope, but are very un-
likely to be global. For this reason, the
test of global synchroneity remains cen-
tral to a resolution of the tectonic-
versus-eustatic debate, and for the for-
seeable future, improvements in bio-
stratigraphic correlation will represent
our best hope for resolving this gues-
tion.
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geology. Candidates using innovative modeling, experimantation, and/or
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