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Introduction

| by Ashton Embry

This is the first in a series of articles on one
of my favorite subjects: sequence
stratigraphy. | have called the series practical
sequence stratigraphy because I'll be
emphasizing the application of the discipline
rather than dwelling on theoretical models.
Each article will cover one main topic and |
hope by the end of the series anyone who
has had the fortitude to read all the articles
will have a good idea what sequence
stratigraphy is and how it can be used to
help find petroleum.

During the last 30 years, sequence
stratigraphy has been discussed in dozens
of books and thousands of scientific papers.
It also has become the most commonly used
stratigraphic discipline for developing a
correlation framework within a sedimentary
basin because of the low costs associated
with such an analysis as well as its
applicability in many cases to a well log and
seismic data base in addition to cores and
outcrop. Despite such popularity,
considerable confusion and various
misconceptions are associated with the
methods and terminology (e.g., unit
definition) for sequence stratigraphy. This is
unfortunate because sequence stratigraphy
can be an excellent foundation for facies
analysis and consequent interpretations of
paleogeographic evolution and depositional
history of portions of a sedimentary basin.

| became involved in developing sequence
stratigraphic methodology because | found |
could not apply the methods and
terminology proposed by Exxon scientists
almost 20 years ago. As a stratigrapher for
the Geological Survey of Canada, my main
focus is on the description and
interpretation of the Mesozoic succession
of the Canadian Arctic Archipelago. Sequence
analysis is an essential part of such work
and | found it frustrating that | could not
apply the proposed Exxonian methods and
terminology in a rigourous scientific manner.
Furthermore, when | went through the
literature in an attempt to see how others
were applying the Exxonian methods, | found
that the applications were either seriously
flawed or did not really employ the Exxonian
methods. This led me to develop methods
and terminology which, above all, were
guided by objectivity and reproducibility. |
also made sure that such methods and
terminology could be used in diverse
geological settings, from outcrop to

subsurface, and from undisturbed basin fills
to tectonically disrupted areas with only
fragmentary records. Finally, | also addressed
the issue of data type because it is essential
that any proposed methods and terms can
be used equally well with outcrop sections,
mechanical well logs supported by chip
samples and scattered core, seismic data, or
any combination of these data types. In these
efforts | was assisted by colleagues at the
GSC, especially Benoit Beauchamp and Jim
Dixon, who also experienced the same
problems as | did when it came to the
application of sequence stratigraphy to
regional stratigraphic successions. | also
received a great deal of help and feedback
from my friend Erik Johannessen of
StatoilHydro, who saw the problems
stemming from Exxonian sequence
stratigraphy from the perspective of a
petroleum explorationist.

This series of articles will summarize the
terminology and methods which | and my
colleagues have found most useful in our
sequence stratigraphic studies. This
methodology has many features in common
with the Exxon work but it also has
significant differences. | hope to demonstrate
that sequence stratigraphy, when properly
utilized, provides a very reliable way to
correlate stratigraphic cross-sections with
accuracy and precision. The preparation of
such cross-sections is a fundamental activity
in the exploration for stratigraphically
trapped oil and gas and the use of sequence
stratigraphy significantly enhances the chance
of success of any stratigraphic petroleum
prospect. Sequence stratigraphy also allows
a stratigraphic succession to be put into a
time framework which in turn allows the
depositional history and paleogeographic
evolution to be interpreted against a
background of base-level changes. Such
interpretations provide the predictive
aspect of sequence stratigraphy.

Below, | discuss how sequence stratigraphy
is best viewed as a separate stratigraphic
discipline rather than some all encompassing
discipline which integrates data from all
sources.

Stratigraphy and Stratigraphic
Disciplines

Stratigraphy is the scientific discipline that
studies layered rocks (strata) that obey
Steno’s Law of Superposition (younger strata

overlie older strata). The Law of
Superposition allows a relative temporal
ordering of stratigraphic units and surfaces
at any location, and correlation of such
entities between different localities permits
a relative ordering of strata to be assembled
for the entire Earth. Stratigraphy includes
recognizing and interpreting the physical,
biological, and chemical properties of strata
and defining a variety of stratigraphic
surfaces and units on the basis of vertical
changes in these properties.

Each stratigraphic discipline focuses on a
specific property of strata for unit definition,
description, and interpretation. Vertical
changes in that specific property of the strata
allow the recognition and delineation of
stratigraphic surfaces within that discipline
and these are used both to define the
boundaries of the units and to provide stand
alone correlation surfaces. The stratigraphic
disciplines of lithostratigraphy (changes in
lithology) and biostratigraphy (changes in
fossil content) have dominated stratigraphic
analysis since the time of William Smith.
However, over the past 50 years, other
properties of strata have been used to define
new stratigraphic disciplines, each with its
own specific category of stratigraphic units
and surfaces. The “late comers” which have
been adopted are magnetostratigraphy
(changes in magnetic properties),
chemostratigraphy (changes in chemical
properties), and sequence stratigraphy
(changes in depositional trend).

For each stratigraphic discipline, the
recognized changes in the specific property
which characterizes that discipline are
correlated (matched on the basis of similar
character and stratigraphic position) from
one locality to the next and become the
boundaries of a series of units. Changes in
the various rock properties often can be
extended over wide areas so as to allow
the definition of a set of regional units.
Furthermore, it is useful to determine the
time relationships of a stratigraphic
succession. To accomplish this, stratigraphic
boundaries which are used for correlation
have to be evaluated in terms of their
relationship to time. Each stratigraphic
surface represents an episode of change
which occurred over a discrete interval of
time and thus each has a degree of
diachroneity over its extent. To undertake a
chronostratigraphic analysis (i.e., to put the
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succession into a time framework), each
correlated surface has to be evaluated in
terms of how close it approximates a time
surface.

Surfaces that have low diachroneity, that is,
they developed over a short time interval,
are the closest approximation to time
surfaces we have and they have the most
utility for the construction of stratigraphic
cross sections and time frameworks. Such
boundaries were classically determined by
biostratigraphy with rare contributions from
lithostratigraphy (e.g., bentonites). More
recently, ~magnetostratigraphy and
chemostratigraphy have been employed to
contribute to the construction of an
approximate time framework. The main
problems with using these stratigraphic
disciplines in petroleum geology are that
they are very time consuming, require highly
trained specialists, and often involve large
costs. Furthermore, they also require rock
samples from either outcrop or core that
are rarely available for most subsurface
studies. All these constraints have greatly
limited the application of these types of
stratigraphic analysis in day-to-day
petroleum exploration. As discussed below,
sequence stratigraphy does not have the
drawbacks and constraints that severely limit
the use of the other stratigraphic disciplines
for building an approximate time correlation
framework for subsurface successions.

Sequence Stratigraphy - The recognizable
property change of strata that allows
sequence stratigraphic surfaces to be defined
and delineated, and provides the rationale
for sequence stratigraphy being a distinct
stratigraphic discipline, is a change in
depositional trend. Examples of changes in
depositional trend include the change from
sedimentation to erosion and/or starvation,
a change from a coarsening-upward trend
to a fining-upward one and vice-versa, and a
change from a shallowing-upward trend to a
deepening-upward one and vice-versa. Such
changes are based on relatively objective
observations and interpretations and they
are the main ones used to define specific
sequence stratigraphic surfaces. The latter
two changes in trend are often used to
interpret a change from a regressive trend
to a transgressive trend and vice versa. Much
more interpretive changes in depositional
trend — the change from base-level fall to
base-level rise and vice-versa — are also
sometimes used in sequence stratigraphy
but, as will be discussed, these are very
difficult to apply to many datasets.

These changes in depositional trend are
used to define and delineate specific types
of sequence stratigraphic surfaces (e.g.,
subaerial unconformity for the change from

sedimentation to subaerial erosion) and
these surfaces in turn are used for
correlation and for defining the specific units
of sequence stratigraphy (e.g., a sequence).
Given the above, we can say “Sequence
Stratigraphy consists of:

I) the recognition and correlation of
stratigraphic surfaces which represent
changes in depositional trends in the
rock record and

2) the description and interpretation of
resulting, genetic stratigraphic units
bound by those surfaces.”

Each surface of sequence stratigraphy is
characterized by a specific combination of
physical characteristics, which are based on:

I) sedimentological criteria of the
surface itself and the strata above and
below it, and

2) geometric relationships between the
surface and strata above and below it.

Thus the types of data available for a sequence
stratigraphic analysis must allow the facies
of the succession to be reasonably
interpreted and the stratal geometries to be
determined. Data from other stratigraphic
disciplines such as biostratigraphy and
chemostratigraphy can also contribute to
surface recognition (e.g., help determine
stratal geometries) but cannot be used for
surface characterization.

For each stratigraphic discipline, it is useful,
but not essential, to have a solid theoretical
foundation which links the generation of the
various surfaces in that discipline to
phenomena which occur on our planet. For
example, surfaces in biostratigraphy
represent changes in fossil content that are
due mainly to a combination of evolution
and shifting environments of deposition. It
must be noted that biostratigraphy
flourished long before the theory of
evolution was developed. Most sequence
stratigraphic surfaces were recognized in the
rock record and used for correlation long
before a theory was developed to explain
their existence. Eventually it was postulated
that these sequence stratigraphic surfaces
are generated by the interaction of
sedimentation with relative changes in base
level and this theoretical model is widely
accepted today. In the next article | will
describe the historical development of both
the empirical observations and the
theoretical underpinnings which have led to
the current state of sequence stratigraphy.




Practical Sequence Stratigraphy II
Historical Development of the Discipline:
The First 200 Years (1788-1988)

| by Ashton Embry

In my initial article in this series, |
emphasized that sequence stratigraphy is one
of a number of stratigraphic disciplines with
each discipline characterized by a specific
type of stratigraphic surface used for
correlation and unit definition. | defined
sequence stratigraphy as |) the recognition
and correlation of stratigraphic surfaces
which represent changes in depositional
trends in the rock record and 2) the
description and interpretation of resulting,
genetic stratigraphic units bound by those
surfaces. Sequence stratigraphic thought has
traveled a long and bumpy road to arrive at
our current understanding of the discipline
and that succinct definition.

In this article and the following one, | will
describe the history of sequence
stratigraphic analysis from its first vestiges,
which were part of the birth of modern
geology, to its current state, which is vibrant
but burdened by invisible surfaces, an
overblown jargon, and questionable
methodologies.

Early Work

Sequence stratigraphy has been slowly
evolving ever since the late 1700s when
James Hutton, the father of modern geology,
first recognized an unconformity as a
specific type of stratigraphic surface and
realized that it represented a substantial
time gap. From that time onward,
unconformities were seen as very useful
stratigraphic surfaces for correlation and
bounding stratigraphic units and for
unraveling geological history. Because an
unconformity represents a change in
depositional trend, it is one of the main
surfaces employed in sequence stratigraphy.
Thus, it can be said that sequence
stratigraphy began at the moment Hutton
conceptualized an unconformity.

During the 1800s, debate began on whether
unconformities were generated by a rise of
the land surface (tectonics) or by a fall in
sea level (eustasy). By the end of the century
the tectonics interpretation was favoured
and unconformities, and the episodes of
diastrophism they represented, were seen
as the key to global correlations. In the first
two decades of the 20th century, key
relationships associated with
unconformities were recognized. Grabau

(1906) described stratigraphic truncation
below the unconformity and stratigraphic
onlap above it. Barrell (1917) provided the
first deductive model for sequence
stratigraphy when he introduced the concept
of base level, an abstract surface which acts
as the ceiling for sedimentation, and
proposed that cycles of base-level rise and
fall produced repeated unconformities in the
stratigraphic record. Notably, he also defined
a diastem which, in contrast to an
unconformity, is a stratigraphic surface which
represents an insignificant gap in the
stratigraphic record. Unfortunately Barrell
was struck down by the Spanish Flu soon
after his paper on base level and
unconformities was published, and his “ahead
of their time” concepts lay in limbo for a
long time.

In the 1930s small-scale, unconformity
bounded units were recognized in the
Carboniferous strata of the mid-continent
and were called cyclothems (Weller, 1930;
Wanless and Shepard, 1936). We now know
that these cyclothems were generated by
numerous eustatic rises and fall in sea level
related to the waxing and waning of the
Gondwana glaciers. However, at the time of
their recognition, there was fierce debate
as to whether cyclothems were the product
of tectonics or eustasy.

Sloss and Wheeler

Sequence stratigraphy began as a specific
stratigraphic discipline almost 60 years ago
when Sloss et al. (1949) coined the term
sequence for a stratigraphic unit bounded
by large-magnitude, regional unconformities
which spanned most of North America.
Krumbein and Sloss (1951, p. 380-381)
elaborated on the concept of a sequence
which they characterized as a “major tectonic
cycle.” It was not until the early 1960s that
Sloss (1963) fully developed the concept and
named six sequences which occurred
throughout North America. Sloss (1963)
interpreted that the unconformities which
bound his sequences were generated by
repeated episodes of continent-wide,
tectonic uplift.

After Sloss et al. (1949) gave us the concept
of a sequence, Harry Wheeler published a
series of papers (Wheeler and Murray, 1957;
Wheeler 1958, 1959, 1964a, 1964b) which

used theoretical deduction to provide a
foundation for the development of
unconformities and consequent sequences.
The main parameters in Wheeler’s model,
like that of Barrell (1917), were sediment
supply and rising and falling base level (base-
level transit cycles). Wheeler (1958, 1959)
provided real-world examples of
unconformity-bounded sequences to
support his model. In most cases, the
recognized unconformities were of smaller
magnitude than the continent-wide
unconformities of Sloss (1963) and many of
the unconformities of Wheeler (1958, 1959)
disappeared in a basinward direction. As
illustrated by Wheeler (1958, Fig. 3), where
one of the bounding unconformities
disappeared, that specific sequence was no
longer recognizable. Thus to Wheeler (1958),
a sequence was a unit bounded by
unconformities over its entire extent.

The result of defining a sequence as a unit
bounded entirely by unconformities was that
most sequences occurred only on the flanks
of a basin where major breaks in the
stratigraphic record were common and
readily recognized. Nomenclatural problems
occurred as unconformities appeared and
disappeared along depositional strike and
basinward and new sequences had to be
recognized at every place this happened
(Figure 2.1, page 4). Furthermore,
unconformity bounded sequences had very
limited value for subdividing the more
central successions of a basin where breaks
in the record were absent or very subtle.

In summary, by the mid 1960s, sequence
stratigraphy was characterized by two
separate approaches, one of data-driven
empiricism as exemplified by the work of
Sloss (1963) and the other of theoretical
deduction as used by Wheeler (1958).
Notably, both approaches came to a similar
place, that of a sequence being a unit
bounded by subaerial unconformities
generated by base-level fall (tectonic uplift
or eustatic fall).

The pre-modern era in sequence history
came to a close in the mid 1960s with the
publication of Kansas Geological Survey

Bulletin 169 (Merriam, 1964) which
summarized the concepts on cyclic
sedimentation and unconformity
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Figure 2.1. The occurrence of 10 unconformities on the basin margin allows 9 “unconformity-only” sequences
to be defined. Because each unconformity extends a different distance into the basin, a new series of
“unconformity-only” sequences has to be defined each time an unconformity disappears. Such a chaotic
nomenclatural system and the lack of subdivision over much of the basin ensured that the “unconformity-
only” sequences of Wheeler (1958) were not widely adopted.

Figure 2.2. A seismically delineated sequence boundary (red line) exhibits of a variety of specific stratigraphic
relationships along its length indicating that different types of surfaces comprise the boundary. On the basin
flank the boundary is characterized by truncation whereas further basinward it exhibits marine onlap.
Toward the basin centre the boundary is a correlative conformity. Seismic line from Quaternary succession of
the Gulf of Mexico, Desoto Canyon area (modified from Posamentier, 2003).

development up to that date.After this, interest
in sequence stratigraphy waned as the focus
of sedimentary geology switched to process
sedimentology and facies models. In the mid
1970s a few new terms were introduced.
Frazier (1974) named a unit bounded by marine
starvation surfaces (today’s maximum flooding
surfaces) a depositional complex and Chang
(1976) renamed a sequence as defined by Sloss
et al. (1949) as a synthem. Neither of these
suggestions was embraced by the stratigraphic
community and sequence stratigraphy
remained in the closet until Exxon researchers
published their revolutionary concepts and
methods.

Peter Vail and Seismic Data

Interest in sequence stratigraphy was revived
in 1977 with the publication of AAPG
Memoir 26 on Seismic Stratigraphy (Payton,
1977). In this watershed publication, Peter
Vail and his colleagues from Exxon used
regional seismic lines as their primary data
base and demonstrated that the sedimentary
record consists of a series of units that are
bound mainly by unconformities (Vail et al.,
1977). This was accomplished on the
reasonable assumptions that many seismic
reflectors parallel stratal surfaces and that
unconformities coincided with seismic
reflectors at which other reflectors

terminated due to truncation, toplap, onlap,
or downlap. In essence, Vail et al. (1977) used
seismic data to delineate unconformities by
way of the seismically imaged, geometric
relationships of the strata.

A number of the Exxon researchers,
including Peter Vail, had been graduate
students under Larry Sloss and it is not
surprising that the seismically determined,
unconformity related units were termed
“depositional sequences” by the Exxon
scientists. On the basin flanks, a sequence-
bounding reflector was characterized by
truncation below and onlap above and
appeared to be similar to the unconformity
used by Sloss et al. (1949) and Wheeler
(1958) to bound a sequence (i.e., an
unconformity formed mainly by subaerial
erosion). Of critical importance was the
observation that the reflector that
encompassed this truncation unconformity
on the basin flanks could be traced into the
more central areas of the basin where it had
different character. In some areas the
reflector exhibited no evidence of missing
section and these portions were termed the
correlative conformity part of the sequence
boundary. More commonly, the reflector
exhibited unconformable relationships
characterized by either marine onlap or by
marine downlap. Thus a sequence boundary,
as delineated with seismic data, seemed to
be a composite boundary characterized by a
truncation unconformity on the basin flanks
and by marine unconformities and stretches
of correlative conformities in the more
central portions of the basin (Figure 2.2).
On the basis of these observations, Mitchum
et al. (1977) proposed a new definition of a
sequence — “a stratigraphic unit composed
of a relatively conformable succession of
strata bounded at its top and bottom by
unconformities or correlative conformities.”

The new definition essentially
revolutionized sequence stratigraphy. With
it, the stratigraphic succession of a given
basin could be subdivided into a series of
sequences which could be recognized over
most or all of a basin (Figure 2.3). The
problems that had prevented the acceptance
of the unconformity-only bounded
sequences of Sloss (1963) and Wheeler
(1958) were thus resolved and new life was
breathed into sequence stratigraphy.
Overall, the Exxon seismic data clearly
demonstrated that sequence boundaries are
key, regional correlation horizons and that
sequences are the most practical units to
use for stratigraphic subdivision if one wants
to describe and interpret the depositional
history of a stratigraphic succession. One
of the most innovative aspects of the Vail et
al. (1977) sequence boundary is that it is a
composite of different types of stratigraphic




surfaces rather than one specific type of
surface. It is this composite nature of a
sequence boundary which allows sequences
to the correlated over large areas of a basin
and is the key to the great utility of such a
boundary. One problem associated with the
seismically delineated, composite sequence
boundary was the uncertainty of the specific
nature of the surface types which comprised
a sequence boundary. Such uncertainty stems
mainly from the poor vertical resolution of
the seismic data which was available at the
time Vail et al. (1977) were doing their
studies. In most instances, individual
reflectors comprised 20-30 metres of strata
and thus the seismic data were not adequate
to resolve the necessary details to
confidently identify all the specific types of
stratigraphic surfaces which were generating
the reflectors that were designated as
sequence boundaries on seismic sections.
On the basis of truncation/onlap
relationships, a reasonable interpretation
was that subaerial unconformities formed
the sequence boundaries on the basin flanks.
However, it was very uncertain what specific
types of stratigraphic surfaces formed the
seismically determined, marine
unconformities and the correlative
conformities of the sequence boundaries
farther basinward. Furthermore, in some
cases, such as for the “downlap surface” or
a toplap unconformity, it was uncertain
whether or not the seismically imaged
unconformity (apparent truncation of
reflectors) was a real unconformity or was
an artifact of the low seismic resolution
(merging rather than terminating strata).This
uncertainty regarding the specific types of
stratigraphic surfaces which comprise a
sequence boundary is still causing significant
problems today.

The Rise of Sea Level

In addition to providing a new methodology
and definition for sequence delineation, Vail
et al. (1977) interpreted that the multitude
of sequence boundaries they recognized on
seismic data from many parts of the world
were generated primarily by eustatic sea
level changes. This interpretation stood in
contrast to that of Sloss (1963), who had
always emphasized tectonics as the prime
driver of sequence boundary generation. As
noted earlier, the debate of tectonics versus
eustasy for unconformity generation began
in the 19th century and it continues today.
Importantly, the interpretation that eustasy
was the driving force behind sequence
generation led to the development of a
deductive model for sequence generation
which combined sinusoidal eustatic sea level
change with a constant sediment supply and
a basinward increasing subsidence rate. This
model reproduced a number of the
stratigraphic relationships seen on the

Figure 2.3. The same 10 unconformities as shown on Figure 2.1 are present on the basin flank and the same
9 depositional sequences are delineated. With Mitchum et al’s (1977) addition of the “correlative conformity”
to the definition of a sequence boundary, the same 9 sequences can be extended over the entire basin. This
resolved the nomenclatural nightmare of “unconformity-only” sequences and the lack of subdivision in the

central portions of a basin.

seismic sections such as basin flank
unconformities associated with truncation
and basin centre, condensed horizons
associated with downlap. Because of this,
the model was embraced by the Exxon
scientists and became the centre piece of
their next watershed publications on
sequence stratigraphy (Wilgus et al., 1988).
These papers, and the models and
interpretations they advocated, formed the
foundation for new sequence stratigraphic
terminology and methods which could be
applied to the rock record of well logs and
outcrops as well as to seismic. In the next
article in this series, | will discuss this
revolutionary model which took sequence
stratigraphy from correlating low-resolution
seismic to interpreting high-resolution well
log and outcrop stratigraphic sections. | will
also put into context all the terminology
and disagreements the Exxon sequence
model has spawned over the past 20 years
and I'll describe the alternative models and
methods which have arisen during this time.
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Practical Sequence Stratigraphy III

Historical Development of the Discipline:
The Last 20 Years (1988-2008)

| by Ashton Embry

In the last article in this series, | looked at
the first 200 years (1788 to 1988) of the
development of sequence stratigraphy as a
useful stratigraphic discipline for
correlation, mapping, and interpreting
depositional history. By 1988 we had a
revised definition of a sequence which was
a stratigraphic unit bounded by
unconformities or correlative conformities
(Mitchum et al, 1977). Because this definition
was based mainly on observations from
seismic data, there was considerable
confusion as to what specific types of
stratigraphic surfaces constituted a
sequence boundary, especially the
correlative conformities. The veil was lifted
in 1988.

The Exxon Sequence Model

In 1988, the first, comprehensive sequence
stratigraphic model was described in a
series of papers authored by researchers
from Exxon Corporation. These papers
appeared in SEPM Special Publication 42 -
Sea level Changes: An Integrated Approach
(Wilgus et al., 1988) and they presented
Exxon’s methods, models, classification
systems, and terminology for sequence
stratigraphy. These papers also made clear
how Exxon scientists delineated and
correlated a sequence boundary from basin
edge to basin centre. The Exxon work was
based on a combination of theoretical
modeling and empirical observations from
seismic records, well-log cross-sections,
and outcrop data.

The paper by Mac Jervey (Jervey, 1988)
presented a quantitative, theoretical model
for sequence development and it greatly
expanded the concepts on the interaction
of sedimentation and base-level change
which had been first explored by Barrell
(1917) and Wheeler (1958). Jervey’s model
used sinusoidal sea level change, subsidence
which increased basinward, and a constant
sediment supply as its input parameters. The
model predicted that, during a cycle of base-
level rise and fall (see Jervey, 1988, Fig. 9),
three different sedimentary units would be
sequentially developed and that these would
constitute a sequence. These were an initial,
progradational (regressive) unit deposited
during initial slow base-level rise, a middle,
retrogradational (transgressive) unit

deposited during fast base-level rise and an
upper, progradational (regressive) unit
deposited as base-level rise slowed and
during the subsequent interval of base-level
fall.

Depositional Sequence Boundaries

On the basis of Jervey’s concepts and the
stratigraphic geometries observed on
regional seismic profiles, Exxon scientists
(Baum and Vail, 1988; Posamentier et al.,,
1988; Posamentier and Vail, 1988) developed
a theoretical sequence stratigraphic model
for a shelf/slope/basin depositional setting
(Figure 3.1). In this model, a depositional
sequence is bound by subaerial
unconformities on the basin margin and by
correlative surfaces farther basinward.

Two types of depositional sequence
boundaries, originally defined by Vail and Todd
(1981), were included in the Exxon model. A
Type | sequence boundary encompassed a
major subaerial unconformity which
extended from the basin edge, past the shelf
margin and onto the upper slope. Basinward,
the boundary was called a correlative
conformity (see Baum and Vail, 1988, Fig. |)
and was extended along the base of the
turbidite facies which occupied the basin
floor and onlapped the lower slope (Figure
3.0).

A Type 2 sequence boundary comprised a
relatively minor subaerial unconformity
which did not reach the shelf edge. It was
confined mainly to the proximal portion of
the shelf often within nonmarine strata
(Posamentier and Vail, 1988, Fig. 18). The
basinward extension of the Type 2 sequence
boundary (correlative conformity) was along
a chronostratigraphic surface equal to the
time of start base-level rise (time of
maximum rate of eustatic fall) (Baum and Vail,
1988, Fig. |;Van Wagoner et al., 1988, Fig. 4;
Posamentier et al., 1988, Fig 6).

Systems Tracts

The depositional sequence was divided into
three component units which were termed
systems tracts.These approximated the three
units that Jervey (1988) had deduced as being
part of a sequence that develops during a
sinusoidal, base-level rise/fall cycle. The
lower unit was called the lowstand systems
tract (LST) and it consisted of a basal unit of
turbidites overlain by a progradational wedge
which onlapped the upper slope portion of
the sequence bounding unconformity. The
LST was bound by the sequence boundary
below and the transgressive surface above
(Figure 3.1). The transgressive surface, as
defined by the Exxon workers, marks the
change from progradational sedimentation
below to retrogradational sedimentation

Figure 3.1. The Exxon depositional sequence model of 1988.The lower boundary is a Type | sequence
boundary (SBI) and it coincides with a subaerial unconformity on the shelf and upper slope and with the
base of submarine fan deposits in the basin.The upper boundary is a Type 2 boundary (SB2) and it coincides
with a subaerial unconformity on the shelf and with a time surface (clinoform) equivalent to the start base-

level rise farther basinward.

The transgressive surface (TS) and maximum flooding surface (mfs) occur within the sequence and allow it
to be subdivided into three systems tracts — lowstand (LSW), transgressive (TST) and highstand (HST). The
systems tract which directly overlies a Type 2 sequence boundary is called a shelf margin systems tract

(SMW). Modified from Baum and Vail (1988, Fig.1).




above. The LST was interpreted to have
developed during most of base-level fall and
the early part of rise.

The middle unit was called the transgressive
systems tract (TST) and it consisted of
retrogradational sediments that
overstepped the LST and onlapped the shelfal
portion of the subaerial unconformity. The
TST was bound by the transgressive surface
below and the maximum flooding surface
(MFS) above (Figure 3.1, page 7). The MFS
was defined as the surface of sequence
stratigraphy that marks the change from
retrogradational sedimentation below to
progradational sedimentation above. The
transgressive systems tract was interpreted
to have developed during high rates of base-
level rise.

The upper systems tract was termed the
highstand systems tract (HST) and it consisted
of progradational sediments which were
capped by a subaerial unconformity (sequence
boundary on the basin flanks and by the
correlative surfaces farther basinward (Figure
3.1, page 7). The HST was interpreted to have
developed during the waning stage of base-
level rise and the early portion of base-level
fall. The wedge of strata above the Type 2
sequence boundary and below the next
transgressive surface was called the shelf
margin systems tract (SMWV) (Figure 3.1 page 7).

Van Wagoner et al., (1988) applied the same
terminology to siliciclastic sediments
deposited in a ramp setting (see their Fig. 3).
In this case the sequence boundary was
extended basinward from the termination
of the unconformity along the facies contact
between shallow water sandstones above
and marine shales below and then into the
offshore shales. Van Wagoner et al., (1988)
also defined a small-scale sequence
stratigraphic unit termed a parasequence. It
was defined as a relatively conformable
succession of genetically related beds or
bedsets bound by marine flooding surfaces.
A marine flooding surface was defined as a
surface which separates older from younger
strata across which there is evidence of an
abrupt deepening.

There can be no doubt that the Exxon
sequence stratigraphic work was a very
significant and important contribution to
sedimentary geology because it transformed
sedimentology from a static discipline which
focused on facies models to a dynamic
discipline in which facies developed in a
framework of shifting base level. It also
provided a comprehensive classification
system for sequence stratigraphy and
elucidated the linkage between changing base
level and the development of specific surfaces
of sequence stratigraphy and the units they

enclosed. Thus it is not surprising the model
was enthusiastically embraced by the
industrial and academic sedimentary geology
communities.

The Exxon sequence model, and
accompanying methods and classification
systems were the product of a combination
of theoretical deduction and empirical
observations. Most of the stratigraphic
surfaces employed in their work were
material-based surfaces which were defined
on the basis of physical criteria. However
the model also included an abstract time
surface equated with the start of base-level
rise. As will be discussed in future articles,
the inclusion of a chronostratigraphic
surface has caused some problems. Their
1988 sequence model has a few other
inconsistencies and these also will be
discussed in subsequent articles.

Genetic Stratigraphic Sequence

The next contribution to sequence
stratigraphic classification came with
Galloway’s (1989) proposal that a sequence
be bound by maximum flooding surfaces
(“downlap surfaces”), the prominent
stratigraphic surface at the top of the TST of
Exxon (Figure 3.2). Such a sequence was a
completely different stratigraphic entity from
the depositional sequence of the Exxon
model, although it did fit Mitchum et al’s
(1977) general definition of a sequence
because the distal portion of a MFS is often
an unconformity produced mainly by

sediment starvation. The conformable,
proximal portion of the MFS is a suitable
correlative conformity of the sequence
boundary. Galloway (1989) named a
sequence bounded by MFSs a genetic
stratigraphic sequence (GSS).

In contrast to the Exxon depositional
sequence, which was in part based on
Jervey’s (1988) deductive model, Galloway’s
genetic stratigraphic sequence was purely
an empirical construct based on his extensive
work on the Tertiary strata of the Gulf Coast
and the observation that MFSs are usually
the most readily recognizable sequence
stratigraphic surfaces in marine successions.

Revision of the Exxon Model

Hunt and Tucker (1992) were the first authors
to modify the original 1988 Exxon sequence
model and they focused on the placement of
the Type | depositional sequence boundary.
In the Exxon model, strata deposited during
base-level fall were placed below the
unconformable sequence boundary on the
basin flanks and above the sequence
boundary in more basinward localities. Hunt
and Tucker (1992) correctly asserted that the
depositional sequence boundary in the basin
must lie on top, rather than below, the strata
deposited during fall (i.e., the submarine fan
turbidites) to ensure a single, through-going
sequence boundary is delineated. Notably
Jervey (1988, Fig. 20), in his deductive model
of sequence development, also put the
turbidite facies below the sequence

Figure 3.2. This schematic cross-section illustrates the boundaries of both the genetic stratigraphic sequence
(GSS) of Galloway (1989) (MFS boundary) and the T-R sequence of Embry (1993) (composite SU/SR-U/MRS
boundary). Both of these sequence types are based solely on empirical observations and this contrasts with
the 1988 Exxon depositional sequence model which is substantially derived from theoretical deduction.
Embry (1993) subdivided a T-R sequence into a transgressive systems tract (TST) and a regressive systems
tract (RST) on the basis of the enclosed MFS. These systems tracts can be readily applied to a GSS.




boundary rather than above it. In their
modification of the Exxon model, Hunt and
Tucker (1992) proposed that the basinward
extension of the sequence boundary be along
the time surface at the start of base-level
rise which they called the correlative
conformity (CC) (Figure 3.3).

They also added a fourth systems tract in
the uppermost portion of a sequence and
called it the forced regression systems tract
(FRST). Their FRST was bound above by the
sequence boundary (SU on the flank, CC in
the basin) and below by the newly defined,
“basal surface of forced regression” (BSFR)
which equated to a time surface equal to the
time of start base-level fall (Figure 3.3).

With such a definition, the FRST
encompassed all the strata deposited during
base-level fall. The LST of Hunt and Tucker
(1992) was restricted to the strata between
the CC below and the transgressive surface
above and represented the progradational
strata deposited during the initial phase of
slow base-level rise that occurred in the
Jervey model (Figure 3.3). Thus the LST of
Hunt and Tucker (1992) was equivalent to
only part of the LST of the Exxon Type |
sequence but was entirely equivalent to the
SMW of the Exxon Type 2 sequence.

To complicate matters even more, Nummedal
et al.,, (1993) referred all strata deposited
during basin level fall as the falling stage
systems tract (FSST).The four systems tract,
sequence model of Hunt and Tucker (1992)
was elaborated on and clearly illustrated by
Helland-Hansen and Gjelberg (1994) who
ably demonstrated the theoretical logic of
such a classification system.

T-R Sequence

In 1993, due to my inability to objectively
apply the Exxon sequence stratigraphic
methods and classification system to very
well exposed strata of the nine km-thick
Mesozoic succession of the Sverdrup Basin
of Arctic Canada, | suggested another
possible combination of surfaces which
would satisfy the basic definition of a
sequence boundary (Embry, 1993; Embry and
Johannessen, 1993).

Following the work of Wheeler (1958) and
Exxon (Posamentier et al., 1988), a subaerial
unconformity (SU) was used as a sequence
boundary on the basin flank with the proviso
that in many settings the SU is partially or
totally replaced by a shoreline ravinement
(SR-U) which represents the landward
portion of the transgressive surface of Exxon
workers. The sequence boundary was
extended basinward from the termination
of the basin flank unconformity (SU/SR-U)
along the maximum regressive surface (MRS)

Figure 3.3. The depositional sequence and component systems tracts of Hunt and Tucker (1992). Hunt and
Tucker (1992) advocated for the utilization of two time surfaces — the basal surface of forced regression
(BSFR) (equals start base-level fall) and the correlative conformity (CC) (equals start base-level rise) for
delineating sequence and systems tract boundaries. Their depositional sequence boundary is a composite of
the subaerial unconformity on the basin flank and the correlative conformity time surface farther basinward.
Note that the forced regressive systems tract (FRST), which was defined by Hunt and Tucker (1992),is bound
by both time surfaces and represents all the strata deposited during base-level fall. The other systems tracts
are lowstand (LST), transgressive (TS) and highstand (HST).

which  represents the basinward,
conformable portion of the transgressive
surface (Figure 3.2).

Such a boundary was theoretically reasonable
because the landward termination of the
maximum regressive surface joins the
basinward termination of the shoreline
ravinement. Thus the composite of the SU,
SR-U and MRS forms one, single through-
going sequence boundary which can be
recognized with objectivity from basin edge
to basin centre.The unit bound by this newly
defined sequence boundary was called a T-R
sequence because the sequence boundary
separated strata deposited during regression
below from transgressive strata above.

The T-R sequence was divided into two
systems tracts: a transgressive systems tract
(TST) bounded by the sequence boundary
below and the MFS above and a regressive
systems tract (RST) bounded by the MFS
below and the sequence boundary above
(Figure 3.2). Notably, like Galloway’s (1989)
GSS,aT-R sequence was entirely an empirical
construct based on observations of
subsurface sections and extensive, very well
exposed outcrops.

Another Depositional

Sequence Boundary

Another proposal for defining a depositional
sequence boundary was made by

Posamentier and Allen (1999).They suggested
using only a portion of the subaerial
unconformity as the sequence boundary and
then extending the boundary basinward along
the time surface at the start of fall; the BSFR
as defined by Hunt and Tucker (1992)
(Posamentier and Allen, 1999, Fig. 2.31)
(Figure 3.4, page 10).

As illustrated by Posamentier and Allen
(1999), the juncture between the SU and the
BSFR occurs well landward of the basinward
termination of the SU (Figure 3.4, page 10).
They subdivided such a sequence into three
systems tracts — LST,TST,and HST —and these
were defined essentially in the same way as
those used for the Exxon Type | sequence of
Posamentier and Vail (1988). Posamentier and
Allen (1999) also suggested that the concept
of a Type 2 sequence (boundary) be
abandoned.

Summary

In summary, over the past 20 years, different
models for sequence boundary delineation
and for the subdivision of a sequence into
systems tracts have been proposed. This has
resulted in considerable confusion and
miscommunication as different authors apply
different sequence models and terminology
in their study areas. In some cases the same
term is used for different entities (e.g., the
LST of Posamentier and Allen (1999) versus
the LST of Hunt and Tucker (1992)). In other




Figure 3.4. The depositional sequence boundary of Posamentier and Allen (1999).This proposed sequence
boundary consists of only part of the subaerial unconformity (SU) and is extended basinward along the basal
surface of forced regression (the time surface at the start of base-level fall). Note that a substantial portion of
the subaerial unconformity lies within the sequence. The sequence is divided into the same three systems
tracts as recognized for the 1988 Type | sequence model of Exxon.

cases different terms are used for the same
entity (e.g., the FRST of Hunt and Tucker
(1992) and the FSST of Nummedal et al.,
(1993) for all strata deposited during base-
level fall). Such nomenclatural chaos is not
conducive for effective communication.

Most importantly, the different proposals for
sequence models and classification systems
have not been comprehensively compared
so as to determine the relative pros and cons
of each one. Such a review would help
workers select the most appropriate
sequence stratigraphic classification system
for their studies.

In following articles in this series, | will build
sequence stratigraphic methods and
classification systems from the bottom up. |
will also review a variety of classifications
systems with regards to applicability to real
world situations encountered by petroleum
geologists. In the next few articles we will
look at the various surfaces of sequence
stratigraphy which have been defined and
each will be evaluated in terms of their
usefulness for correlation and for bounding
sequence stratigraphic units.
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Practical Sequence Stratigraphy IV

The Material-based Surfaces of Sequence Stratigraphy,
Part 1: Subaerial Unconformity and Regressive Surface

of Marine Erosion

| by Ashton Embry

The fundamental building blocks of sequence
stratigraphy are the various sequence
stratigraphic surfaces that are defined and
used for correlation and for bounding units.
As discussed in the first article in this series,
sequence stratigraphic surfaces represent
changes in depositional trend and this
distinguishes them from surfaces of other
stratigraphic disciplines which represent
changes in different observable properties
of strata.

Before describing various surfaces in detail,
a few generalities about surfaces are
required. First of all, there are two distinctly
different types of sequence stratigraphic
surfaces in use today — material-based and
time-based.

A material-based surface is defined on the
basis of observable physical characteristics
which include ) the physical properties of
the surface and of overlying and underlying
strata and 2) the geometrical relationships
between the surface and the underlying and
overlying strata.

A time-based surface in sequence
stratigraphy is defined on the basis of an
interpreted, site-specific event related to a
change in either the direction of shoreline
movement (e.g., landward movement to
seaward movement) or the direction of base-
level change (e.g., falling base level to rising
base level).

Surfaces are also described in terms of their
relationship to the interpreted time gap
across the surface. A surface across which
there is a large, significant time gap as
evidenced by the missing stratigraphic
surfaces (e.g., truncation, onlap) is called an
unconformity. If the time gap is very minor
and is inferred mainly on the basis of a
scoured and/or abrupt contact rather than
on missing surfaces across the contact, the
surface is called a diastem. If there is no
inferred time loss across the surface, it is
referred to as a conformity. Notably,
different portions of a single surface type
can exhibit different relationships to time
(e.g., one portion can be conformable and

another portion unconformable with yet
another portion being diastemic). Finally,
surfaces are often interpreted in terms of
their relationship to time over parts or all
of their extent, that is, the relationship
between the surface and time surfaces. If a
given surface is conformable and the same
age over its entire extent, it is a time surface.
However, no material-based, conformable
surface is equivalent to a time surface because
the generation of such a surface is always
dependent in part on sedimentation rate.This
factor always varies in space and time,
ensuring all conformable, material-based
surfaces will develop over an interval of time
and will always exhibit some diachroneity
(i.e., time surfaces will pass through them).

Surfaces which develop over an extended
interval of time such that time surfaces cross
them at a high angle are classed as being
highly diachronous. Those which develop
over a relatively short time interval such that
time lines cross them at a low angle are
referred to as having low diachroneity. In
some cases, time surfaces do not cross a
surface but rather terminate against it (e.g.,
truncation, onlap) (Figure 4.1). Such a surface
is either an unconformity or a diastem and is
referred to as a time barrier. Wherever a
surface is a time barrier, all strata below it
are entirely older than all strata above it.

It must be noted that some unconformities
or diastems are diachronous and time
surfaces pass through them (offset) rather
than terminating against them. Once again, a
single surface can exhibit more than one
relationship time over its extent (e.g., a highly
diachronous diastem over one portion and
a time barrier unconformity over another)

The six, material-based surfaces of sequence
stratigraphy (Embry, 1995, 2001) in common
use for correlation and/or as a unit boundary
are:

I) Subaerial unconformity,

2) Regressive surface of marine erosion,
3) Shoreline ravinement,

4) Maximum regressive surface,

5) Maximum flooding surface, and

6) Slope onlap surface.

Importantly, each of these surfaces is
characterized by a combination of observable
attributes that allow it to be distinguished
from other stratigraphic surfaces and allow
for its recognition by objective criteria. In
this article, the first two of these surfaces
are described and interpreted as to their
origin, their relationship to time, and their
potential usefulness for correlation and
bounding a sequence stratigraphic unit. The
remaining material-based surfaces, as well

Figure 4.1. Time surfaces terminate at the unconformity that is a time barrier.The time surfaces below the
unconformity are truncated and they onlap on top of the unconformity.All the strata below the unconformity

are entirely older than all the strata above.
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as time-based surfaces, will be discussed in
subsequent articles.

Subaerial Unconformity (SU)

The subaerial unconformity is an important,
sequence stratigraphic surface and was the
surface used to empirically define a sequence
in the first place (Sloss et al.,, 1949). It was
first recognized through observation over
200 years ago and James Hutton’s discovery
/ recognition of the Silurian / Devonian
subaerial unconformity at Siccar Point,
Scotland is legendary. The defining attributes
of a subaerial unconformity are an erosive
surface or weathering zone (e.g., paleosol,
karst) overlain by nonmarine/brackish marine
strata, and the demonstration that it
represents a significant gap in the
stratigraphic record (Figure 4.2). Any type
of strata can lie below. Shanmugan (1988)
elaborates on the physical characteristics of
a subaerial unconformity.

It is worth emphasizing that nonmarine to
brackish strata are required to overlie a
subaerial unconformity. When marine strata
overlie strata that had been formerly
exposed and eroded, the surface marking the
contact is not a subaerial unconformity. There
is little doubt that an SU once overlay the
eroded strata but it is no longer present
having been eroded during the passage of
marine waters over it. Most often the
remaining unconformable surface is a
shoreline ravinement although other
surfaces can potentially erode through and
thus replace a subaerial unconformity as the
surface marking a major gap in the succession.

The occurrence of a significant stratigraphic
gap across a subaerial unconformity is critical
for its recognition because this establishes
the unconformable nature of the surface.
Importantly, this allows a subaerial
unconformity to be distinguished from
subaerial diastems which are scoured
contacts at the base of fluvial channel strata
and which are much more common in the
record. Such subaerial diastems originate
through channel migration on a flood plain
and are highly diachronous, diastemic
surfaces which harbour only a very minor
time gap at any locality.

To demonstrate the presence of a significant
time gap beneath an SU, it is usually necessary
to show that truncated strata lie below the
surface. The occurrence of onlapping
nonmarine strata above the surface adds
further support to such an interpretation.
These stratigraphic relationships are most
readily seen on seismic data integrated with
facies data from wells (Vail et al., 1977)
although sometimes such seismically
determined relationships are not real and
are an artifact of the seismic parameters

Figure 4.2. Outcrop of Lower Cretaceous strata on east central Axel Heiberg Island. The surface labeled SU
is an abrupt scour surface beneath fluvial channel strata.The surface truncates strata below and is onlapped
by fluvial strata above. It has all the characteristics of a subaerial unconformity and is interpreted as such.
Regional correlations indicate major truncation below this surface confirming its interpretation as an SU.

(Cartwright et al., 1993;
Schlager, 2005; Janson et al.,
2007).

The geometrical relationships
(truncation, onlap) which help
to delineate an SU can also often
be determined on cross
sections of well log and/or
outcrop data (Figure 4.3). Data
from other stratigraphic
disciplines, especially
biostratigraphy, can be useful in
demonstrating the occurrence
of a substantial time gap across
a suspected subaerial
unconformity.

Barrell (1917) and Wheeler
(1958) related the origin of a
subaerial unconformity to the
movement of base level, which

is the conceptual surface of
equilibrium between erosion
and deposition. Deposition can
potentially occur where base
level occurs above the surface
of the Earth and erosion will occur in areas
where it lies below the Earth’s surface. A
subaerial unconformity is interpreted to
form by subaerial erosional processes,
especially those connected to fluvial and/or
chemical erosion, during a time of base-level
fall (Jervey, 1988). As base level falls beneath
the Earth’s surface, subaerial erosion cuts
down to that level.

Wheeler (1958) and Jervey (1988) also

Figure 4.3. An SU is delineated on this cross section on the basis of
the truncation of the underlying strata of the Deer Bay Formation
and the occurrence of fluvial strata directly above the unconformity.

showed that a subaerial unconformity
advances basinward during the entire time
of base-level fall and reaches its maximum
basinward extent at the end of base-level
fall. It continues to form during subsequent
base-level rise as it retreats landward and is
onlapped by nonmarine to brackish sediment.

In regards to its relation to time surfaces, a
subaerial unconformity is commonly an
approximate time barrier and time surfaces,
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Figure 4.4. An SU is often an approximate time barrier because fluvial strata
deposited during base-level fall can be preserved in incised valleys. Such
strata (deposited at time T2) are the same age as deltaic strata deposited
down dip and which underlie the SU. In this case some strata on top of the
interpreted SU are older than some strata below it and it is not a perfect time
barrier.

Figure 4.5. An RSME is interpreted at the base of the sandstone because it is
an abrupt contact which is underlain by offshore shelf strata which coarsen-
upward (see sonic log) and overlain by coarsening-upward shoreface strata
(after Plint, 1988).

for the most part, do not pass through it. In other words, almost all
strata below the surface are older than almost all those above.

There are definitely exceptions to this and these can be associated
with migrating uplifts (Winker, 2002). Also, some fluvial strata, especially
at the base of incised valley fills, may have been deposited during base-
level fall (Suter et al, 1987; Galloway and Sylvia, 2002; Blum and Aslan,
2006) and are thus older than some of the down-dip strata below the
unconformity (Figure 4.4). In this case, the actual subaerial unconformity
would lie on top of fluvial strata deposited during fall. However, such a
surface would likely be very hard to identify within a succession of
fluvial strata and the basal contact of the fluvial strata is best interpreted
as the SU unless compelling data dictate otherwise (Suter et al., 1987).

The time-barrier aspect of a subaerial unconformity makes it an
important surface for correlation and for bounding genetic units. This
surface has been given other names besides subaerial unconformity
such as lowstand unconformity (Schlager, 1992), regressive surface of
fluvial erosion (Plint and Nummedal, 2000), and fluvial entrenchment /
incision surface (Galloway and Sylvia, 2002). However, the term
subaerial unconformity has the widest acceptance and is the one |
would recommend for this surface.

Regressive Surface of Marine Erosion (RSME)

The regressive surface of marine erosion was first empirically
recognized and named by Plint (1988) mainly on the basis of studies on
Cretaceous strata in Alberta. Its defining characteristics include being a
sharp, scoured surface and having offshore marine strata (usually mid
to outer shelf) that coarsen upwards below the surface and coarsening

and shallowing-upward shoreface strata above the surface (Figure 4.5).
The underlying shelf strata are variably truncated and the overlying
shoreface strata downlap onto the RSME. Sometimes a Glossifungites
trace fossil assemblage is associated with the RSME (MacEachern et al,,
1992). The surface occurs within an overall regressive succession but
is considered a change in depositional trend from deposition to
nondeposition and back to deposition.

Plint (1988) interpreted the RSME formed during a time of base-level
fall when the inner part of the marine shelf in front of the steeper
shoreface is sometimes eroded. This area of inner shelf erosion, which
can be up to a few tens of kilometres wide, moves seaward during the
entire interval of base-level fall and is progressively covered by
prograding shoreface deposits (Figure 4.6). Thus the RSME can
potentially be quite widespread both along strike and down dip.
However, it should be noted that in many cases an RSME either has a
patchy distribution or does not form at all due to variations in sea
floor slope, sedimentation rate, and base-level fall rate (Naish and
Kamp, 1997; Hampson, 2000; Bhattacharya and Willis, 2001).

In most cases, erosion beneath the RSME is minor and localized and
thus it is almost always a diastem and not an unconformity (Galloway
and Sylvia, 2002). Sometimes local truncation of strata beneath an RSME
can be demonstrated but this requires very close control. However,
the potential for more substantial erosion exists and, in a few examples,
it has been shown to be an unconformity where it has eroded through
a subaerial unconformity (Bradshaw and Nelson, 2004; Cantalamessa
and Celma, 2004).

Because the regressive surface of marine erosion migrates basinward
during the entire time of base-level fall, it is a highly diachronous surface
and time lines pass through it (offset) at a high angle (Embry, 2002)
(Figure 4.7). It is not an approximate time barrier like a subaerial

Figure 4.6. The RSME forms as a scour zone on the inner shelf in front of the
shoreface during base-level fall. It migrates basinward during the entire inter-
val of base-level fall and is downlapped by shoreface strata which are in turn
capped by an SU.

Figure 4.7. The RSME is a highly diachronous surface and time surfaces pass
through it at a high angle. The time surfaces are offset across the RSME with
shoreface strata above the RSME being the same age as offshore shelf strata
below it. The RSME is not a time barrier.
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unconformity except in the few instances
where it has eroded through a subaerial
unconformity (e.g., Cantalamessa and Celma,
2004). Because it is most often a highly
diachronous, diastemic surface and has a very
patchy distribution, the RSME is not suitable
for use as a bounding surface for sequence
stratigraphic units or for being part of a
correlation framework. However, it is
important to recognize such a surface when
it is present and to use it as part of facies
analysis inside the established sequence
stratigraphic correlation framework.
Galloway and Sylvia (2002) referred to this
surface as the regressive ravinement surface.
The term regressive surface of marine
erosion is most commonly used and is
recommended.
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Practical Sequence Stratigraphy V
The Material-based Surfaces of Sequence Stratigraphy,
Part 2: Shoreline Ravinement and Maximum Regressive

Surface

| by Ashton Embry

Introduction

As discussed in the last installment of this
series, six material-based surfaces of
sequence stratigraphy have been empirically
recognized over the past 200 years. Each
surface represents a specific change in
depositional trend which can be recognized
on the basis of observational data.
Collectively, these surfaces are the basic
building blocks of sequence stratigraphy and
allow high resolution correlations, definition
and delineation of specific sequence
stratigraphic units, and interpretations of
depositional history in terms of base-level
change.The two surfaces discussed in my last
article, the subaerial unconformity and the
regressive surface of marine erosion, formed
primarily during base-level fall. The two
surfaces which are discussed in this article,
shoreline ravinement and maximum
regressive surface, form at the start of, and
during, base-level rise.

As will be discussed, both these surfaces
potentially have great utility in sequence
stratigraphic analyses. Furthermore, as
material-based surfaces, they can be
identified on the basis of physical
characteristics which include the nature of
the surface itself, the nature of underlying
and overlying strata, and the geometrical
relationships between the surface and
surfaces in underlying and overlying strata.
The relationship of the surfaces to either
base-level change or to a change in shoreline
direction has no role in their definition and
characterization. However, the origin of each
surface is interpreted in terms of the
interaction of sedimentation with base-level
change.

Shoreline Ravinement (SR)

A stratigraphic surface referred to herein as
a shoreline ravinement has been empirically
recognized for a long time. Excellent
descriptions of the surface and its mode of
origin were given by Stamp (1921), Bruun
(1962), and Swift (1975). The characteristic
attributes of a shoreline ravinement which
allow its recognition are an abrupt, scoured
contact overlain by estuarine or marine
strata which fine and deepen upwards.
Underlying strata can vary from non-marine

to fully marine. As a scoured contact, it
represents a change in trend from deposition
to non-deposition and, as will be discussed
in more detail, it can vary along its extent
from being a minor diastem to being a major
unconformity.

The origin of a shoreline ravinement surface
was determined by early workers on the
basis of observations along modern
shorelines which are transgressing (i.e.,
moving landward). Because the slope of the
alluvial plain is commonly less than that of
the shoreface, erosion carves out a new
shoreface profile as the shoreline moves
landward during transgression. One or more
such erosional surfaces form as wave and/or
tidal processes erode previously deposited
shoreface, beach, brackish, and non-marine
sediment. The eroded sediment is deposited
both landward and seaward of the shoreline
(Figure 5.1). When both tidal and wave
processes are acting in a given area, both a
tidal shoreline ravinement and a wave
shoreline ravinement can form (Dalrymple
et al.,, 1994; Zaitlin et al., 1994), although in
most cases only a wave shoreline ravinement
is preserved.

The SR begins to form at the start of
transgression which occurs when rate of

base-level rise exceeds the sedimentation
rate at the shoreline. This often occurs very
soon after the start of base-level rise along
most of the shoreline where the
sedimentation rate is low to moderate
(Embry, 2002). The SR stops being generated
at the end of transgression which can occur
at anytime during base-level rise depending
on the interaction of the rate of base-level
rise with the rate of sediment supply. Because
it develops over the entire time of
transgression, a shoreline ravinement is
often considered to be diachronous (e.g.,
Nummedal et al., 1993). However, over its
extent, it can either be a diastem or an
unconformity and thus can exhibit two
different relationships with regards to time
(Figure 5.2, page 18). It is important to
determine which parts of a given shoreline
ravinement are unconformable
(unconformable shoreline ravinement, SR-
U) and which parts are diastemic (diastemic
shoreline ravinement, SR-D).

A diastemic portion of a shoreline
ravinement (SR-D) has the defining
characteristics of an SR as described above
and is further characterized by the presence
of penecontemporaneous, nonmarine strata
underlying the surface and the preservation
of the previously developed subaerial

Figure 5.1. The shoreline ravinement (SR) forms by shoreface erosion during transgression. It migrates
landward during the entire interval of transgression and thus can form a widespread surface. In this example
the shoreline ravinement surface has cut down only partially through the succession of non-marine/brackish
strata that were deposited contemporaneously with the formation of the SR. In this case the SR is a highly

diachronous diastem.
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Figure 5.2. The two different time relationships of a shoreline ravinement surface. A shoreline ravinement
surface is a highly diachronous diastem (SR-D) when it has not eroded the underlying subaerial unconformity.
However, when it has eroded the underlying subaerial unconformity (SU), it is an unconformity and a time
barrier (SR-U) with all strata below being older than all strata above the surface.

Figure 5.3.In this outcrop of Early Cretaceous strata from eastern Axel Heiberg Island, a subaerial unconformity
(SU) is present beneath the white-weathering fluvial sandstone.A shoreline ravinement occurs at a scoured
contact which occurs at the base of a thin, marine sandstone which fines upward into marine shale and
siltstone of mid-shelf origin. The strata between the SU and the SR are fluvial in origin. In this case the SR is a
diastemic shoreline ravinement (SR-D) which is highly diachronous.

unconformity (Figures 5.1, page 17; 5.2; 5.3;
5.4). At any given locality, there is only a very
minor time gap across a diastemic shoreline
ravinement and overall it is a highly
diachronous surface with time lines cutting
it at a high angle and somewhat offset (Figure
5.5).

In contrast, a portion of a shoreline
ravinement that has removed both the
penecontemporaneous, non-marine strata
that were deposited behind the shoreface
as it moved landward, and the subaerial
unconformity that had formed during the
preceding base-level fall and regression

(Figure 5.2), is an unconformity and not a
diastem. With the removal of the subaerial
unconformity, the shoreline ravinement takes
on the time relationships of the subaerial
unconformity and becomes a time barrier
that represents a significant gap in the
stratigraphic record. All strata below an
unconformable shoreline ravinement are
older than all strata on top of it (Figure 5.6).

The SR-U has the defining characteristics of
an SR and an additional characteristic is that,
in most cases, the underlying strata are
marine rather than non-marine (Figures 5.7,
5.8). However, the key characteristic which
allows the confident recognition of an SR-U
is that the strata below are regionally
truncated and the marine strata above often
onlap (Figure 5.9, page 18). Such relationships
are often clearly imaged on seismic data
(Suter et al.,, 1987) or are determined by
correlations on well log and outcrop cross
sections. Notably the SR-U illustrated on the
log of Figure 5.8 would be hard to identify if
it could not be demonstrated that truncation
was occurring at the stratigraphic level.

Many major unconformities in the
stratigraphic record, including some of those
used by Sloss (1963) to define his continent-
wide sequences, are unconformable
shoreline ravinements rather than subaerial
unconformities (e.g., the major, base Norian
unconformity illustrated in Figure 5.9, page
18). An unconformable shoreline ravinement
can be differentiated from a subaerial
unconformity by the presence of marine
strata directly above the surface. This
characteristic contrasts with that of an SU
which has fluvial/brackish strata directly
overlying the surface. When estuarine
deposits directly overlie an unconformity, it
is sometimes difficult to decide if the SU has
been preserved or has been eroded by
estuarine (tidal?) currents (i.e., surface is an
SR-U).

In carbonate rocks, a subaerial unconformity

Figure 5.4. A subsurface section of Early Cretaceous strata with accompany-
ing gamma ray/sonic logs.A shoreline ravinement separates non-marine strata
below from marine strata above. The subaerial unconformity which formed
during the preceding base-level fall is preserved and the SR is a highly
diachronous, diastemic shoreline ravinement (SR-D).

surface.

Figure 5.5. The time relationships of a diastemic shoreline ravinement (SR-D) which
overlies penecontemporaneous fluvial-brackish strata. Time surfaces cut the SR-D
at a high angle and are offset across the surface.Thus the SR-D is a highly diachronous
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Figure 5.6. The time relationships of an unconformable shoreline ravinement (SR-
U) which has completely eroded the penecontemporaneous fluvial-brackish strata
as well as the subaerial unconformity.Time lines are truncated below the SR-U and
onlap the SR-U.All strata below the SR-U are entirely older than all strata above it,
making an unconformable shoreline ravinement a time barrier.

This distinctive surface has been given a variety of names including
ravinement surface (Swift, 1975), transgressive ravinement surface
(Galloway and Sylvia, 2002), transgressive surface (Van Wagoner et
al., 1988), transgressive surface of erosion (Posamentier and Allen,
1999), and shoreface ravinement (Embry, 2002). | prefer to use the
term shoreline ravinement for this very distinctive surface with the
proviso that modifiers such as tidal and wave can be added to it. |
would emphasize it is important to add the modifier diastemic or
unconformable to any stretch of shoreline ravinement surface to
differentiate between the two very different relationships to time
(highly diachronous or time barrier) that exist for a given shoreline
ravinement (Figure 5.2).

Maximum Regressive Surface (MRS)

The maximum regressive surface has been recognized from empirical
data for as long as fining/coarsening and deepening/ shallowing cycles
(“transgressive-regressive or T-R cycles”) have been recorded in
the stratigraphic record (at least 150 years).

The main characteristic for identification of
an MRS in marine clastic strata is it is a
conformable horizon or diastemic surface
which marks a change in trend from
coarsening-upward to fining-upward. The
MRS is never an unconformity. Over most of
its extent, the MRS also coincides with a
change from shallowing-upwards to
deepening-upward and this criterion is very
helpful, especially in shallow water facies
(Figure 5.10, page 18). In deeper water, high
subsidence areas, the change from of
shallowing to deepening may not coincide
with the MRS as defined by grain size criteria
(Vecsei and Duringer, 2003)

In nonmarine siliciclastic strata, the change
from coarsening to fining is also applicable
for objectively identifying an MRS. In
carbonate strata the change from shallowing
upward to deepening upward is usually the

Figure 5.7. In this outcrop of Triassic strata from northern Ellesmere Island, an

ravinement (SR-U) occurs at the base of a thin, marine shelf limestone unit (3m) which overlies marine
siftstones of mid-shelf origin. The key characteristics of an SR illustrated here are the sharp, scoured contact
and the deepening-upward, marine succession directly overlying the SR. Importantly, regional correlations

most reliable and readily applicable criterion
for identifying an MRS. The change in trend
from coarsening to fining also is applicable
for carbonates but sometimes can be
misleading.

unconformable shoreline

indicate that about 400 metres of strata are missing beneath the SR-U at this locality.

which develops during an episode of base-level fall is not often
preserved, in part because little sediment is deposited above high
tide. The shoreline ravinement which develops during the following
transgression usually removes any thin veneer of supratidal sediment
and erodes the subaerial unconformity such that marine strata occur
on both sides of the surface. Admittedly, because carbonate strata
tend to be cemented very early, especially in situations of exposure,
such shoreline erosion during transgression may be extremely minor.
However, for consistency and clarity, | suggest use of the term
unconformable shoreline ravinement rather than subaerial
unconformity in situations where marine carbonate strata directly
overlie such an unconformable surface.

In terms of utility, the unconformable portion of an SR (SR-U) is very
useful for correlation and for bounding sequence stratigraphic units
because it is a time barrier. However, the diastemic portion of an SR
(SR-D) is not useful for these purpo