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Preface 

This text is intended as an in-depth analysis and discussion of sequence stratigraphic concepts as they pertain 
to siliciclastic deposits. We have re-visited these concepts in light of the virtual explosion of sequence strati- 
graphic literature in recent years. Our approach stresses the application of geologic "first principles" in the 
development of sequence stratigraphic concepts, and it is our objective to emphasize that sequence stratigraphy 
is an approaclz or a way of looking at stratigraphic successions rather than a unique model or template to which 
all data sets must conform. Consequently, those looking here for a "cookbook" approach to the application of 
sequence stratigraphic principles may be disappointed. Wherever possible we have illustrated our ideas with 
schematic diagrams and real-world examples in an effort to remain pragmatic in our discussion. 

We also stress that proper application of these concepts requires integration of all relevant data sets ranging 
from outcrop to wireline log, to seismic, to biostratigraphic, etc. In addition, a wide variety of disciplines must 
be integrated as appropriate; these include facies analyses, depositional systems analyses, seismic stratigraphy, 
biostratigraphy, etc. In light of the integrated and interdisciplinary approach which is required by sequence 
stratigraphy, this discipline has been described as a "unifying concept" useful for bringing together and inte- 
grating disparate data bases. 

We recognize that what has become known as sequence stratigraphy has its roots in classical geology and 
in many ways represents a re-packaging of some of these concepts. There are, however, aspects of sequence 
stratigraphy that are, indeed, new and different and provide potentially new insights into sedimentary basins. 
Because of these, sequence stratigraphy has been of significant importance to the petroleum exploration industry. 
Prediction of the spatial and temporal distribution of reservoir, seal, and source facies has been improved by 
use of the sequence stratigraphic approach. Enhanced understanding of reservoir compartmentalization and 
continuity has been an outgrowth of the development of these concepts and in some instances new and different 
exploration plays have been developed as a result of sequence stratigraphic analyses. 

We consider this text as representing a "snapshot" of sequence stratigraphy as it exists today. Where there 
exist contentious issues, we will attempt to address them by presenting what we hope to be a balanced assess- 
ment, and in many instances we will indicate our preferences. We recognize that sequence stratigraphy still is 
a rapidly evolving discipline and significant modifications to these concepts or new variations on the general 
theme will yet emerge. We have attempted to present a sufficiently robust conceptual and pragmatic framework 
to accommodate such future modifications; however, only time will determine whether or not we have been 
successful. 

Henry W. Posamentier, Jakarta, Indonesia 

George P. Allen, Brisbane, Australia 

Siliciclastic Sequence Stratigraphy: Concepts and Applications, SEPM Concepts in Sedimentology and Paleontology No. 7 
Copyright 0 1999, SEPM (Society for Sedimentary Geology), ISBN 1-56576-070-0 





Overview 

INTRODUCTION 

Since their initial publication by Wilgus et al. (1988), the 
concepts of sequence stratigraphy have become widely ac- 
cepted and applied by the geological community to a broad 
range of data bases, including conventional and high-resolution 
seismic data, wireline logs, outcrops, cores, and paleontologic 
and geochemical data. Much has been written recently about 
sequence stratigraphy, and numerous papers in the recent lit- 
erature have applied these concepts or a variation of them (e.g., 
Einsele et al., 1991; MacDonald, 1991; Posamentier et al., 
1993; Dalrymple et al., 1994; Johnson, 1994; Weimer and Po- 
samentier, 1994; Saito et al., 1995; Van Wagoner and Bertram, 
1995). The sequence stratigraphic approach has been applied 
to rocks ranging in age from Proterozoic (Christie-Blick et al., 
1988) to modern (Posamentier et al., 1992a). Recent reviews 
of sequence stratigraphic concepts have been published by 
Christie-Blick and Driscoll (1995), Emery and Myers (1996), 
and Miall (1995). In particular, Emery and Myers (1996) pro- 
vide a comprehensive review of sequence stratigraphic con- 
cepts and their application in various depositional environ- 
ments, with a strong emphasis on the latter. In this text we will 
focus more on the-fundamentals of sequence stratigraphy in 
order to provide a clear understanding of the basic building 
blocks of this type of analysis. We have taken this approach so 
that readers can then develop sequence stratigraphic models 
specifically adapted to their geological conditions rather than 
memorize and apply static "models" or templates. We believe 
that this approach will result in a better andmore efficient ap- 
plication of sequence stratigraphy. 

The initial publications discussing these concepts have de- 
fined sequence stratigraphy as being the study of "rock rela- 
tionships within a time-stratigraphic framework of repetitive, 
genetically related strata bounded by surfaces of erosion or 
nondeposition, or their correlative conformities" (Posamentier 
et al., 1988; Van Wagoner et al., 1988). In more practical terms, 
sequence stratigraphy involves the analysis of cyclic sedimen- 
tation patterns that are present in stratigraphic successions, as 
they develop in response to variations in sediment supply and 
mace available for sediment to accumulate. 

Along with this general acceptance of the concepts of se- 
quence stratigraphy, there also has been a commensurate pro- 
liferation of jargon and terminology. Regrettably, this has 
served as somewhat of a diversion regarding application of 
these concepts. One of the goals of this volume is to re-focus 
on the original concepts and principles underlying sequence 
stratigraphy and downplay differences in terminology and ap- 
proach. In particular, we wish to emphasize what can be con- 
sidered as stratigraphic "first principles7' on which sequence 
stratigraphy is based and to illustrate how they can be practi- 
cally applied in different geologic settings. To this end, we have 
listed in Table 1.1 what we consider to be "first urinci~les" of 
stratigraphy in general and sequence stratigraphy in particular. 

Our approach to the application of these concepts is to em- 
phasize that the so called "sequence stratigraphic model" is not 
a "model" in the strict sense. Contrary to what may have been 
suggested in earlier papers, the sequence stratigraphic "model" 
cannot be faithfully portrayed by any single block diagram or 
set of block diagrams such as those published by Haq et al. 
(1987) (their fig. 1) or Posamentier et al. (1988) (their figs. 1- 
6). Rather, as we will show, the sequence stratigraphic "model" 
has numerous variations in response to local geologic factors 
that exert varying degrees of control on sedimentary facies and 
stratal architecture. As pointed out by Kreisa (personal com- 
munication, 1994) the countless variations of stratigraphic re- 
lationships embodied in the rock record are generated by pa- 
rameters that are infinitely variable in time as well as space. 
For example, subsidence rates, sediment flux, basin energy, bio- 
genic activity, etc., all vary across a continuum of values, lead- 
ing to an endless array of combinations and permutations that 
together produce the rock record. Any specific geologic model, 
therefore, represents an attempt to pigeonhole this variability 
so as to capture the more influential factors, to recognize pat- 
terns, and ultimately to better understand and predict natural 
systems. Consequently, given the inherent shortcomings of 
models in general, we prefer to view the "sequence stratigraphic 
model" as consisting of a set of first principles, which, when 
properly understood and applied, enable the analysis, under- 
standing, and prediction of spatial and temporal distribution of 
lithology and stratal patterns within a basin. Thus, the user of 

TABLE 1.1.-LIST OF SOME KEY GEOLOGICAL "FIRST PRINCIPLES" 
RELEVANT 

TO SEQUENCE STRATIGRAPHY. 

All natural systems tend toward a state of equilibrium in which there is the most 
efficient use of energy. This state of equilibrium can be expressed as a graded or 
steady-state profile in alluvial, shelfal, or deep-water settings, and sea level in near- 
shore marine settings. 

Fluid and sediment gravity flows tend to move from high to low elevations, i.e., water 
flows downhill, tending to follow topographic or bathymetric lows. 

Walther's Law: the same succession that is present vertically also is present 
horizontally unless there is a break in sedimentafion. 

Sedimentation patterns reflect the ratio between the rate of sediment supply and the 
rate of change of accommodation (i.e., space available for sediment to accumulate). 

The significant bulk of siliciclastic sediments is derived from hinterland areas and is 
delivered to sedimentary basins by river systems. 

Flow velocity is directly proportional to slope magnitude. 

Flow discharge (subaerial or subaqueous) is equal to flow velocity times cross- 
sectional area. 

Sediment grain size and flux is directly proportional to stream power, i.e., flow 
velocity and discharge. 

Fine-grained sediment (e.g., silt and clay) generally is transported in suspension 
whereas coarser sediment (e.g., sand sized and greater) generally is transported as bed 
load or in suspension. 

As environmental energy decreases, coarse-grained sediments are deposited first. 

The larger a fluvial drainage basin, the less flashy the fluvial dischar~e. 
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2 HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

this approach must evaluate the various input parameters that 
control sedimentation patterns (Fig. 1.1) and, through the ap- 
plication of sound geologic reasoning, develop a sequence 
stratigraphic "story" for the unique circumstances of his basin. 
As will be repeatedly stressed in this text, the preferred ap- 
proach for the-application of sequence stratigraphic conceptsis 
that of a tool rather than a template (Posamentier and Allen, 
1993a). 

The early literature on sequence stratigraphy focused largely 
on the application of the global eustatic cycle chart (Haq et al., 
1987). This emphasis resulted in the perception that the primary 
goal of sequence stratigraphy was to construct age models for 
a given stratigraphic succession. This approach involved the 
correlation of local stratigraphic successions with the global 
eustatic cycle chart using available biostratigraphic data as well 
as analysis of physical stratigraphy (i.e., coastal onlap geome- 
try) (Haq et al., 1987, 1988). More recently, the emphasis has 
shifted to analysis and prediction of temporal and spatial strati- 
graphic relationships based on the interpretation of cyclicity in 
the rock record and an understanding of sedimentary processes. 
It is our contention that this latter application involving the 
prediction of lithology and stratal architecture arguably consti- 
tutes the most significant utilization of sequence stratigraphy 
concepts. Therefore, the emphasis in this text will be on the 
prediction of stratigraphic relationships and not on the appli- 
cation of global sea-level charts. This application of sequence 
stratigraphy basically involves analyzing the interaction be- 
tween sediment supply and the space available for that sediment 
to fill. That available space is referred to as sediment accom- 
modation (Jervey, 1988). Accommodation is a function of sev- 
eral factors, including eustasy, tectonics, sediment compaction, 
physiographic setting (see discussion in Chapter 2). Accom- 
modation can exist in any geologic setting ranging from alluvial 
to eolian to deep marine. 

During the past several years, there also has been an over- 
emphasis on sea level as the dominant control on stratal archi- 

Stratigraphic Architecture 

tecture. We will emphasize that other factors such as tectonism 
and sediment supply are as important as, and in certain in- 
stances more important than sea level in determining patterns 
of sediment accumulation. We believe, therefore, that the va- 
lidity of sequence stratigraphy does not depend on whether eus- 
tasy or tectonics is the dominant factor in determining sediment 
accommodation, or whether the "global" eustatic sea-level 
curve and its applications within a sequence stratigraphic con- 
text is valid. With regard to the primary factors controlling sed- 
iment accommodation, we will emphasize that there is no one 
dominant factor, but an interplay of numerous factors, e.g., eus- 
tasy, tectonism, basin physiography, sediment flux, and sedi- 
ment compaction, whose relative importance can vary in dif- 
ferent parts of a basin. As will be discussed later, we will 
downplay the question of whether sediments are responding 
primarily to sea-surface movement (i.e., eustasy) or to sea-floor 
movement (i.e., total subsidence as a function of such factors 
as tectonism, thermal subsidence, and sediment compaction) 
and focus instead on the integration of these movements, fo- 
cusing on relative sea level instead. This emphasis on relative 
sea level implies that within any one basin, changes in accom- 
modation and stratal patterns vary locally with varying rates of 
tectonic subsidence, sediment supply, etc. Therefore it must al- 
ways be borne in mind that sequence stratigraphic concepts do 
not imply that stratal patterns within coeval geologic sections 
will be identical everywhere. 

The application of sequence stratigraphic concepts has been 
demonstrated to be especially useful for oil and gas exploration. 
This is true in particular for lithologic prediction in mature ba- 
sins where the primary concern has shifted from the search for 
structural traps to structural/stratigraphic traps, or even purely 
stratigraphic traps (Bowen et al., 1993). With its strong empha- 
sis on the timing of depositional events, the sequence strati- 
graphic "approach" has brought into sharp focus temporal as 
well as spatial stratigraphic relationships and has significantly 

S e d ~ m e n t a r y  
Eus tasy  Subs t ra te  Vegetation F I U V 1 a l  T e c t o n ~ c s  Processes 

Subs ldence l  P rovenance  and  D ~ s c h a r g e  

Cl~rna te  Sediment Tectonfcs  
Crustal Compaction Env~ronrnental  
C o o l ~ n g  

C i l m a t e  S tream Paleogeography Ene rgy  
Ptracy 

FIG. 1.1 .-Interrelationships of key pa- 
rameters associated with basin-fill archi- 
tecture. 
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improved understanding of timing and location of reservoir, 
source, and seal facies. In addition, sequence stratigraphy can 
provide invaluable insights to the development of new play 
concepts such as incised-valley fills (e.g., Weimer, 1984; Rein- 
son et al., 1988; Van Wagoner et al., 1990; Allen and Posa- 
mentier, 1993; Bowen et al., 1993; Dalrymple et al., 1994) and 
lowstand deltas and shorefaces (e.g., Plint, 1988; Posamentier 
and Chamberlain, 1989, 1993; Posamentier et al., 1992a; Plint 
et al., 1987; Walker and Plint, 1992; Bergman and Walker, 
1995). 

Sequence stratigraphic concepts also can be useful in frontier 
areas, where they can help to establish viable geologic models 
(e.g., Brink et al., 1993; Muntingh and Brown, 1993). Having 
said this, we must warn that the accuracy of sequence strati- 
graphic interpretations (as for any geologic interpretations) is 
directly proportional to the amount of data available. Conse- 
quently, the less data that are available (a situation common in 
frontier basins), the greater the uncertainty of the interpretation. 
Consequently, predictions in frontier settings will tend to be 
relatively more model-driven than data-driven. In spite of this, 
it is our belief that even where data from a basin are sparse, the 
sequence stratigraphic approach will enable the formulation of 
the most realistic, plausible, and predictive model. 

Sequence stratigraphy lends itself readily to quantitative 
modeling (Tetzlaff and Harbaugh, 1989; Cross, 1990; Miall, 
1995). The interactions between parameters that govern strati- 
graphic evolution can be very complex, with intricate feedback 
loops. Modeling of these independent and dependent variables 
is essential for the purpose of testing sensitivities to the varia- 
tions of these parameters working in concert. Numerous studies 
have attempted to model the stratigraphic response to variations 
of controlling parameters such as sedimentflux, eustasy, and 
total subsidence (Helland-Hansen et al., 1988; Jervey, 1988; 
Syvitski, 1989; Lawrence et al., 1990; Steckler et al., 1993; 
Ross et al., 1995; Milana, 1998). Although models are becom- 
ing progressively more sophisticated and moving into new ar- 
eas such as fuzzy logic (Nordlund, 1996), most models are still 
incapable of realistically modeling in three dimensions, and 
modeling in varying complex physiographic settings. Nonethe- 
less, it is likely that this rapidly evolving area of research will 
quickly fill these gaps and provide us with invaluable insights. 

The following sections describe briefly the historical devel- 
opment of sequence stratigraphy, followed by a discussion of 
the nature of cyclic sedimentary successions and the definition 
of sequences. 

DEVELOPMENT OF SEQUENCE STRATIGRAPHY 

Modern sequence stratigraphic concepts can be traced to the 
work of the European stratigraphers who in the late 19th cen- 
tury subdivided sedimentary rocks into discrete units separated 
by surfaces representing abrupt changes or breaks in sedimen- 
tation. These rock successions were formally defined as uncon- 
formity-bounded stages. At about the same time, Suess (1904) 
introduced and expounded on the concepts of eustasy and 
global controls on unconformities. 

Subsequently, Wheeler (1958, 1959), Weller (1960), and 
Sloss (1962, 1963), recognized the significance and utility of 
correlating time-synchronous surfaces across geological sec- 
tions and further refined these concepts. Their application of 

chronostratigraphy to stratigraphic analysis in many instances 
yielded better insights than those available from the more con- 
ventional lithostratigraphic approach prevalent among stratig- 
raphers at that time (Fig. 1.2). Many of the notions that these 
workers developed can readily be recast into what we now refer 
to as sequence stratigraphy. 

The approach Wheeler, Weller, and Sloss championed did 
not take root with the geologic community to the extent that 
modem sequence stratigraphy has, because they were missing 
one critical ingredient that did not become available until the 
late 1960s and 1970s. This ingredient was high-quality, multi- 
channel seismic reflection data. With these data geologists 
could obtain continuous physical stratigraphic images of the 
subsurface that allowed them to minimize some of the major 
leaps of faith previously required of stratigraphic correlations. 

With the advent of high-quality multi-channel seismic re- 
flection data, the discipline of seismic stratigraphy came into 
its own. Generally speaking, seismic stratigraphy involves the 
stratigraphic interpretation of seismic data. In the landmark 
publication AAPG Memoir 26, Peter Vail and his colleagues at 
Exxon Production Research Co. (Vail et al., 1977) observed that 
detailed stratigraphic information could be interpreted from 
seismic data. In fact, relatively sophisticated stratigraphic in- 
sights could be gleaned from such data. The fundamental as- 
sumption upon which Vail and his colleagues based their work 

FORMATION C 
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1-19 

FORMATION B 
Member 62 

FORMATION A 

B) CHRONOSTRATlGRAPHY 

GR 

LOWSTAND SYSTEMS TRACT 

T - UNCOMFORMITY B 

HIGHSTAND SYSTEMS TRACT 

I MAXIMUM FLOODING SURFACE , 
TRANSGRESSIVE SURFACE 
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FIG. 1.2.-Schematic illustration of the different approaches of "classical" 
stratigraphy, i.e., A) lithostratigraphy, and B) sequence stratigraphy or chron- 
ostratigraphy. Lithostratigraphy defines rock units on the basis of physical char- 
acteristics of rocks, whereas sequence stratigraphy defines rock units based on 
chronostratigraphy and focuses on the significance of surfaces separating major 
sedimentary successions. 
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clothem from the Pennsylvanian of Illi- 
nois, USA. Solid line indicates the origi- 
nal interpretation of Udden (1912), the 
dotted-line alternative interpretation pro- 
posed by Heckel (1984), and the dashed- 
line alternative interpretation proposed 
by Riegel (from Riegel, 1991, reproduced 

,". - with permission from Springer-Verlag). 
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\ 

FIG. 1.4.-Examples of cyclic sedimentation patterns at various scales. Wells 
illustrated are from fluvial and coastal to shelf settings. The well on the left 
illustrates the smallest-scale cycles, formed by regression with associated pro- 
gradation, and transgression with associated retrogradation of individual deltaic 
lobes or shoreline deposits. These units, bounded by flooding surfaces, have 
been referred to as "parasequences" (Van Wagoner et al., 1988). The two wells 
on the right illustrate larger-scale cycles, which result from longer-period eus- 
tatic and/or tectonic cycles. 

A flooding surface, most recently defined by Kamola and Van 
Wagoner (1995), is a surface that separates older from younger 
rock and is marked by deeper-water strata resting on shallower- 
water strata. Kamola and Van Wagoner (1995) further point out 
that flooding surfaces can form in lacustrine as well as marine 
environments. It is not clear from their definition, however, 
whether this surface forms as a result merely of deepening of 
water depth or actual flooding of a previously emergent surface. 
We prefer restricting the usage of this term so as to be consistent 
with the common definition of the word "flooding", that is, "an 
overflowing of water onto land that is normally dry", or "an 
inundation" (Webster's I1 New Riverside Dictionary, 1984). 
Consequently, using this rationale, the presence of a flooding 
surface suggests that the section below had been subaerially 
exposed. Whether evidence for subaerial exposure is present, 
however, is a function of how effective transgressive erosive 
scour was in stripping off root traces, paleosols, and any other 
evidence for subaerial exposure. 

We suggest the more generic term drowning surface to refer 
to a depositional surface across which is observed an abrupt 
deepening. Thus, all flooding surfaces are drowning surfaces, 
but not all drowning surfaces are flooding surfaces. Until it can 
be determined that actual "flooding" had occurred, the term 
drowning surface is preferred. In general, flooding surfaces cap 
regressive successions landward of the seawardmost location 
of the shoreline. The drowning surface is the seaward extension 
of the flooding surface and, in fact, constitutes the correlative 
surface on the shelf. 

The term transgressive surface is commonly used inter- 
changeably with flooding surface. The distinction between 
these terms lies in the word transgressive, which refers to the 
direction of shoreline movement (i.e., landward), andjooding, 
which refers only to the process of inundation. In our discus- 
sion, the term transgressive suqace will be reserved for a sur- 
face marking the onset of a significant and extended period of 
transgression within a succession. We recognize that the usage 
of the term "significant" can be ambiguous, but in practical 
terms the criterion will depend upon the importance of the 
transgressive event within the section being studied. For ex- 
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FIG. 1.S.Schematic dip profile illus- 
trating the key sequence stratigraphic 
surfaces-sequence boundaries, and max- 
imum flooding surfaces, and their strati- 
graphic expression. These surfaces serve 
to subdivide stratigraphic sections into 
sequences and systems tracts. 

ample, a surface that separates a regressive succession from a 
section characterized by overall transgression would be consid- 
ered as significant. 

Another important type of surface is the maximum~ooding 
surface within a given succession. A "maximum flooding" sur- 
face refers to the surface of deposition at the time the shoreline 
is at its maximum landward position (i.e., the time of maximum 
transgression). These surfaces can be generally traced landward 
from the sea floor (or by analogy, the lake floor) into coastal 
lagoons and bays and onto the alluvial plain. As will be dis- 
cussed later, this surface is generally readily identifiable within 
cyclic sedimentary successions and can potentially form very 
good stratigraphic markers for regional correlations (Galloway, 
1989a). 

As mentioned earlier, the initial publications on seismic stra- 
tigraphy and later sequence stratigraphy selected unconformi- 
ties and their correlative surfaces to subdivide sediment cycles 
into depositional sequences (Vail et al., 1977); such cyclic 
stratigraphic units were given the name "sequences". This us- 
age was consistent with that proposed by Sloss (1962) (although 
Sloss' sequences were commonly significantly larger in scale, 
and did not include the notion of the correlative conformity) 
and excluded regressive-transgressive successions that do not 
contain unconformities, such as those formed by variations in 
sediment supply (e.g., delta-lobe switches), or, as will be dis- 
cussed later, by changes in the rate of relative sea-level rise. 

In this book, we will adopt the definition of an unconformity 
as a regional surface of nondeposition that separates younger 
from older strata and represents a significant time gap; the sur- 
face can be either erosional or nonerosional. Two notions are 
important in this definition: 1) the notion of a "significant" time 
gap, (i.e., potentially measurable by some geochronologic tool), 
and 2) that all the sediments above the unconformity are 
younger than all the sediments below. In shelf environments, 
the presence of an unconformity implies conditions of regional 
nondeposition, commonly associated with sea-level fall and 
subaerial exposure of the sea floor (Posarnentier et al., 1988; 
Van Wagoner et al., 1988) (see discussion in Chapter 2). This, 
of course, does not mean that submarine unconforhities cannot 
develop as well. In fact, submarine unconformities can develop 
coevally with subaerial unconformities in response to shifted 
oceanic currents and bottom-water that some- 
times accompany changes of sea level (Haq, 1993). However, 
in this text, the discussion will focus on subaerially formed 
unconformities. These unconformities generally grade seaward 
into conformable surfaces (see discussion in Chapter 2). 

Various authors have argued that other types of surfaces may 
be more appropriate to subdivide sequences (e.g., Galloway, 
1989a; Hunt and Tucker, 1992; Martinsen, 1993; Martinsen et 

al., 1993; Embry, 1995). In general, the most widely used 
alternatives to unconformities as sequence boundaries are max- 
imum flooding surfaces (Galloway, 1989a) or transgressive sur- 
faces (Embry, 1995). Maximum flooding surfaces are com- 
monly associated with condensed sections (i.e., a sedimentary 
facies deposited in areas of very low sedimentation rates, com- 
monly observed on the mid- to outer shelf, and beyond). In 
many instances, these surfaces are more easily recognizable 
than unconformities (see discussion in Chapter 3) and have 
been used to subdivide stratigraphic successions into "deposi- 
tional episodes" (Frazier, 1974), or "genetic sequences" (Gal- 
loway, 1989a). M@rk et al. (1989) and Embry (1995) have used 
transgressive surfaces to subdivide successions into "T-R cy- 
cles" (i.e., transgressive and regressive cycles, defined by John- 
son et al. (1985) as "sedimentary rocks deposited during the 
time between one deepening event and the beginning of the 
next"). In many instances, however, these surfaces can be cryp- 
tic and hence difficult to recognize in subsurface data. 

We believe that unconformities are more appropriate surfaces 
to bound sequences than are maximum flooding surfaces or 
transgressive surfaces. The rationale for bounding a sequence 
with unconformities (the so-called "Exxon" approach) rather 
than maximum flooding surfaces (the so-called "Galloway" ap- 
proach) or transgressive surfaces (the so-called T-R cycles) is 
both philosophical as well as practical. The term sequence is 
defined as "a following of one thing after another" or "a related 
or continuous series" (Webster's II New Riverside Dictionary, 
1984). From this definition, it seems reasonable that the term 
sequence should be reserved for sedimentary successions char- 
acterized by relatively continuous sedimentation. In a strati- 
graphic suicession p;nctuated by unconformities, maximum 
flooding surfaces, and transgressive surfaces, the most notable 
breaks in sedimentation are observed at unconformities, which 
by definition represent signijicant gaps of sedimentation. For 
this reason, Sloss (1963) defined his regional sequences by re- 
gional unconformity surfaces rather than maximum flooding 
surfaces or transgressive surfaces (Fig. 1.6). Maximum flooding 
surfaces, although often readily identifiable in the rock record, 
are associated with condensed sections, which represent periods 
of very slow rates of sedimentation but usually contain no sig- 
nificant sedimentation gaps. Likewise, transgressive surfaces 
mark the onset of transgression after a period of shoreline re- 
gression and also are not generally associated with significant 
sedimentation gaps. Bounding a sequence by either transgres- 
sive surfaces or maximum flooding surfaces can result in se- 
quences containing significant unconformities as part of what 
is meant to be a relative continuum of sedimentation. 

Furthermore, from the perspective of oil and gas exploration 
and exploitation, the choice of unconformities as sequence- 
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bounding surfaces is also desirable because, as will be discussed 
in Chapter 3, these surfaces commonly are associated with sand 
(i.e., reservoir) deposition. In contrast, condensed sections and 
maximum flooding surfaces are characteristically shale-prone 
and lacking in sandstone reservoirs. 

Although we advocate unconformities and their correlative 
surfaces as the sequence bounding surfaces, as will be discussed 
in more detail below (Chapter 3) ,  we also recognize the im- 
portance and utility of correlating flooding surfaces and maxi- 
mum flooding surfaces. In fact, the practical approach for se- 
quence stratigraphic analysis that we recommend (see 
discussion in Chapter 5) is to first identify flooding surfaces and 
maximum flooding surfaces, surfaces that are generally rela- 
tively easy to identify and correlate. Once the stratigraphic suc- 
cession has been subdivided in this way, the most plausible 
candidates for sequence boundaries, which by definition must 
lie between condensed sections, can and should be identified 
and correlated. 

EXPLORATION SIGNIFICANCE 

There is little question that sequence stratigraphy has been 
of great importance to the petroleum exploration industry. Pre- 
diction of the spatial and temporal distribution of reservoir, seal, 
and source facies has been improved by use of the sequence 
stratigraphic approach. Enhanced understanding of reservoir 
compartmentalization and continuity has been an outgrowth of 
development of these concepts, and in some instances new and 
different exploration plays have been developed in consequence 
of sequence stratigraphic analyses. In this text, we have inten- 
tionally chosen not to enumerate the specific aspects of the 
sequence stratigraphic approach that are relevant to either ex- 
ploration or exploitation in light of the fact that berzefifs carz be 
derived front nearly all aspects of the sequence stratigraphic 
approach. We leave it to the readers to relate the concepts dis- 
cussed here to their ongoing geological analyses and recognize 
the applicability to their work, whether they are in the business 
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of petroleum exploration or some other aspect of geological 
investigation. 

APPROACH 

The fundamental approach in this text will be to offer a prac- 
tical method for the application of sequence stratigraphic con- 
cepts, based on a review of basic stratigraphic concepts illus- 
trated with appropriate examples. We will strive to avoid 
potential blind alleys such as detailed discussions on terminol- 
ogy, or whether the "Exxon" or "Galloway" approach must be 
used, and discussions regarding which schematic illustration 
best captures the "sequence stratigraphic model". Our approach 
will strive to be flexible and pragmatic, and we will emphasize 
the notion that if a proposed geological scenario is reasonable, 
and if it does not violate any stratigraphic first principles, then 
it can be acceptable. We subscribe also to the notion of Occam's 
razor, which suggests that the simplest of competing theories 
be preferred to the more complex. Finally, although we may 
favor one geologic approach over another, we recognize that if 
a proposed geological solution is reasonable, then it is of little 
concern whether it is consistent with one previously published 
approach or another. This pragmatic approach will be our guid- 
ing philosophy in this text. 

The emphasis of this text will be on fluvial, marginal marine, 
and shelf siliciclastic depositional settings. We believe that se- 
quence stratigraphic principles are better understood and have 
been applied with greater success in these settings than in deep- 
water systems. This is due to several factors. First, sufficiently 
precise paleontological data relating deep-water with coeval 
shallow-water deposits are usually lacking. Thus, the precise 
relationships between unconforrnities on the shelf and sedi- 
ments in deep-water environments are not always clear. Sec- 
ondly, the lack of continuity in subsurface or outcrop data pre- 
cludes the analysis of detailed time and facies relationships 
between deep-water and shelf environments. 

In addition to a lack of continuous data between deep-water 
and coastal deposits, the process sedimentology of deep-water 
deposits is not as well understood as it is for nonmarine and 
nearshore marine deposits. Hence, although there is also usually 
a data gap between shelf and coastal, and fluvial deposits, at 
least there is a better theoretical understanding of their rela- 
tionship because of the greater accessibility for their study in 
modern environments. Modern deep-water systems, in contrast, 
are much more difficult to study first hand, because of their 
relative inaccessibility. Moreover, most deep-water systems are 
currently the sites of pelagic and hemipelagic sedimentation, 
and receive very little siliciclastic sediment. 

Eolian depositional environments will not be considered in 
this text. The linkage between this environment and coastal 
marine environments is tenuous and at present not well under- 
stood. Several authors, however, have begun to evaluate eolian 
strata in a sequence stratigraphic context (e.g., Talbot, 1985; 
Kocurek, 1988; Havholm, 1991; Kocurek and Havholm, 1993; 
Havholm et al., 1993). 

This text is subdivided into seven chapters. Because of the 
interconnectedness of the various topics, there will invariably 
exist some overlap in the discussions. Although we have at- 
tempted to minimize redundancies, there nonetheless remains 
some repetition, which we deemed necessary to reinforce par- 
ticular concepts or arguments. Thus, for example, some of the 
ideas necessary for the development of the general sequence 
stratigraphic model, discussed in Chapter 2, must be revisited 
in subsequent sections. We hope that such repetition will serve 
to emphasize and reinforce key ideas. 

The following chapter presents a discussion of the stratal 
patterns that would be formed in an idealized sequence. Al- 
though this scheme can be thought of as a "model" (i.e., appli- 
cable as a template to interpret geological data), our aim is to 
present it as an idealized response to variations in controlling 
parameters and as such must be utilized in a flexible manner so 
as to take into account local conditions. 



Fundamental Concepts of Sequence Stratigraphy 

INTRODUCTION emphasis placed on unraveling the cause-and-effect relation- 

The objective of this chapter is to introduce the fundamental 
concepts of sequence stratigraphy. These fundamental concepts 
comprise the basic factors and processes that control basin-fill 
patterns. We will define depositional sequences, discuss how 
they form, and in the process review a number of variations 
and problems that have been the subject of recent debate. It is 
essential to understand these factors and processes as well as 
the implications of the debates concerning various definitions 
in order to 1) effectively apply these concepts to specific geo- 
logic settings, and 2) to gain a deeper appreciation of the sig- 
nificance of the key contentious issues in this discipline. We 
propose a number of modifications to the sequence stratigraphic 
concepts. These include 1) elimination of type 1, type 2 se- 
quence nomenclature, replacing it with a single sequence 
boundary type, 2) identification of shelf ridges as a potentially 
significant component of transgressive systems tracts, and 3) 
recognition that incised valleys in some instances can be re- 
stricted to outer-shelf and inner-shelf coastal-prism settings, 
with the unincised lowstand feeder svstems referred to as low- 
stand bypass channel systems. These and other modifications 
are refinements of the sequence stratigraphic approach that have 
come to light as a result of extensive application of these 
concepts. 

Once again, we would like to stress that the role of sequence 
stratigraphy is to provide a way of analyzing how sedimentary 
basins fill. We will repeatedly emphasize that the goal of se- 
quence stratigraphy is to provide an approach, or a way of 
looking at sedimentary rocks rather than to furnish a template 
to indiscriminately apply to all data sets. Specifically, sequence 
stratigraphy is meant to assist in the ordering and description 
of temporal and spatial relationships between and within strati- 
graphic units. o u r  intent is to identify and describe the causal 
link between forcing parameters such as tectonism, sediment 
flux, and eustasy, and subsequently assess the resultant strati- 
graphic response. We will focus on the stratigraphic response 
to an amalgam of factors, any one of which can dominate in 
any given area. We will illustrate how these factors combine to 
produce a systematic cyclicity in the rock record and not focus 
on any single one of these factors, such as eustasy or tectonics, 
as the dominant driving mechanism. This will allow us to avoid - 
one of the more contentious aspects of sequence stratigraphy, 
that is, the use of global sea-level (i.e., eustatic) charts for the 
purposes of regional correlation (Miall, 1994; Krystinik and 
DeJarnett, 1995). 

ships between these factors and resultant stratigraphy. In addi- 
tion, sequence stratigraphy has sought to better understand the 
linkage between coeval sedimentary systems in different dep- 
ositional settings. Consequently, the effect of such factors as 
changes of sea level and sediment supply on alluvial sedimen- 
tation and coastal deposits has been a major focus of interest. 
Understanding that these disparate environments have a pre- 
dictable response to such changes, and understanding the nature 
of these responses, can be of great assistance in such matters 
as local correlation, regional correlation, and ultimately con- 
struction of paleogeographic maps. Similarly, other distinctive 
depositional settings such as the shelf and deep water also have 
a unique response to these changes in forcing parameters. There 
too, correlation and enhanced understanding of spatial and tem- 
poral relationships are afforded. The key, therefore, to success- 
ful application of sequence stratigraphic concepts is to gain an 
appreciation of how the significant controls on the evolution of 
stratal patterns operate. 

The major factors that influence facies patterns and stratal 
architecture within a sedimentary basin fill are sediment accom- 
modation, the nature and rate of sediment supply, and the phys- 
iography of the basin. These parameters are mutually interac- 
tive, and each one directly affects the rate and style of sediment 
accumulation within a basin (Fig. 1.1). These factors and their 
effects are discussed in the following section. As an outgrowth 
of this discussion, we will address the process of shoreline re- 
gression, which is an important aspect of how sedimentary ba- 
sins fill, and introduce the notion that two fundamentally dif- 
ferent types of this process can operate. 

Sediment Accommodation 

Among the more important of the major factors controlling 
sedimentary basin fills is sediment accommodation (Jervey, 
1988). Accommodation describes the space available for sedi- 
ment to fill; in marine or lacustrine environments it is deter- 
mined by the combined movements of the sea (eustasy) or lake 
surface and the seaJlake floor. The notion of sediment accom- 
modation arguably represents one of the more innovative con- 
tributions of sequence stratigraphy. Strictly speaking, accom- 
modation is defined as the space existing between the actual 
land or sea-floor surface and sea level or lake level. In fluvial 
environments, sediment accommodation comprises the space 
between the land surface and a surface of fluvial equilibrium, 
whose shape and position is determined by the hydrology and 
sediment load of the river. The common thread linking the con- 

BASIC CONTROLS AND PROCESSES cept of accommodation to alluvial as well as to marine envi- 
ronments is that accommodation represents the space between Introduction 
the ground surface (subaqueous or subaerial) and a hypothetical 

The introduction of sequence stratigraphy has led to a fresh surface that defines or delimits the upper boundary to which 
look at the factors that control stratal patterns with a significant sediments will potentially fill. This hypothetical surface can be 

Siliciclastic Sequence Stratigraphy: Concepts and Applications, SEPM Concepts in Sedimentology and Paleontology No. 7 
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the sea surface in a marine environment, the lake surface in a 
lacustrine environment, or a steady state or dynamic equilib- 
rium fluvial profile in an alluvial or marine/lacustrine environ- 
ment (Swift and Thorne, 1991; Thorne and Swift, 1991). Even 
in deep-water environments, the concept of accommodation can 
be relevant, comprising the space between the sea floor and a 
deep-sea steady-state or equilibrium profile as potentially de- 
fined by the nature and rate of sediment supply and flow dis- 
charge, much the way similar equilibrium profiles exist in al- 
luvial environments (see discussion in Chapter 4). In the 
following section we begin our discussion of accommodation 
by addressing firstly accommodation in marine (including la- 
custrine) environments and secondly, fluvial environments. 

Marine and Lacustrine Environments.- 

In marine and lacustrine settings, accommodation comprises 
the space between the sea floor and the sea surface. It is the sea 
surface that in general constitutes the upper level to which sed- 
iments will fill. Strictly speaking, however, this is not quite true. 
For example, in a shelfal area across which a delta is prograd- 
ing, sediments first fill the marine accommodation, building up 
to sea level, then as the delta front passes and a delta plain is 
established there is subsequent formation of subaerial Bccom- 
modation. Clearly then, accommodation must be considered in 
a dynamic rather than a static way. Is the upper limit of sedi- 
mentation in marine (or lacustrine) environments the water sur- 
face, or is it the ever-changing fluvial equilibrium surface that 
marks this upper limit (see discussion of subaerial accommo- 
dation in the next section)? For the purposes of this discussion 
we will simplify matters and assume that in marine (and lacus- 
trine) environments, it is the sea surface that marks the upper 
boundary of the accommodation envelope (Posamentier et al., 
1988). 

Accommodation can be said to be a function of changes in 
relative sea (or lake) level (in the following discussion, the term 
"sea" level will implicitly also include "lake" level, and "sea" 
floor will implicitly also include "lake" floor). By relative sea 
level is meant the position of the sea surface relative to a fixed 
datum near the sea floor (Fig. 2.1). This definition of sea level 
takes into account both eustasy (i.e., the elevation of the sea 
surface) as well as vertical movements of the sea floor (i.e., in 

Sea Surface 

Water 
Depth 

Water 
Bottom Eustasy 

t + 
Center of 
the Earth 

Accumulated 
Sediment 

FIG. 2.1.-Eustasy, relative sea level, and water depth as a function of sea 
surface, water bottom, and subsurface datum position. See text for further dis- 
cussion. (From Posamentier et al., 1988.) 

response to tectonism, crustal cooling, and/or sediment com- 
paction and loading). The notion of relative sea level, therefore, 
defuses the often-cited arguments regarding whether eustasy or 
tectonics is the predominant factor in determining sediment ac- 
commodation. Sedimentary patterns respond to changes in ac- 
commodation regardless of what has been the prime factor in 
the creation of that space. Sediments do not "know" the differ- 
ence between eustasy and tectonism in this regard. Sorting out 
the specific contributions of eustasy versus tectonics can be 
very challenging in a single basin (Greenlee and Moore, 1988). 
Sahagian et al. (1996) have attempted to extract a eustatic signal 
by analyzing stratigraphic successions in basins characterized 
by little or no subsidence (i.e., stable cratonic areas). Nonethe- 
less, with the exception of such rare non-subsiding basins, ex- 
tracting eustasy and subsidence from relative sea-level change 
is the equivalent of trying to solve a single equation with several 
unknowns. 

In marine and lacustrine settings, changes in relative sea level 
result from the interaction between movements of the sea sur- 
face (i.e., eustasy) and the sea floor. Therefore, if relative sea 
level varies cyclically, the rate at which shelf accommodation 
is created also varies cyclically. Such cyclic variations of ac- 
commodation, and the rate at which accommodation is created, 
can have a significant effect on stratal architecture insofar as 
they can induce transgression and regression, and cause the 
formation of unconformities. 

Sea-surface movement and sea-floor movement can work in 
concert as well as in opposition to each other. For example, as 
shown in Figure 2.2, during periods of eustatic fall, relative sea 
level can either rise or fall depending on the rate of sea-floor 
subsidence. If the rate of subsidence exceeds the rate of eustatic 
change, then relative sea level rises (times 1-4 in Fig. 2.2). If 
the rate of eustatic fall accelerates, but remains less than the 
rate of subsidence, then relative sea level continues to rise but 
at a slower rate (times 1 and 3 in Fig. 2.2). When the rate of 
subsidence is less than the rate of eustatic fall, then a relative 
sea-level fall occurs (time 5 in Fig. 2.2). Again, it is important 
to emphasize that sediment fill does not respond directly to 
eustasy but rather to relative sea-level change; and for all prac- 
tical purposes, relative sea level is a proxy for accommodation, 
as shown in Figure 2.2. During periods of relative sea-level rise 
(i.e., when subsidence exceeds eustatic fall, or if there is sub- 
sidence without any eustatic change), the space in which sedi- 
ment can accumulate (i.e., accommodation) increases. If the 
rate of relative sea-level rise is slow, little new accommodation 
is added (times 1 and 3 in Fig. 2.2) on the shelf or in lakes. 
During this time, even though relative sea level may be rising, 
sediments can rapidly fill the space available between the sea 
floor and the sea surface. Therefore, periods of slow relative 
sea-level rise commonly are characterized by relatively rapid 
regression and progradation, if there is sufficient sediment sup- 
ply available. Alternatively, such a scenario of slow sea-level 
rise could result in shoreline transgression if sediment flux is 
verv low. 

During periods of rapid relative sea-level rise, which can 
result from a combination of eustatic rise and subsidence, or 
rapid subsidence without eustasy, accommodation increases 
rapidly (times 2 and 4 in Fig. 2.2). If the rate of increase of 
accommodation is faster than the rate of sediment accumulation 
on the sea floor, shoreline transgression occurs. Concomitant 
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FIG. 2.2.-Relative sea level as a function of eustasy and total subsidence. 

For this example, we have maintained subsidence at a fixed rate through the 
three cycles of eustatic change shown here. Note that, with the exception of a 
short period of relative sea-level fall during the third cycle, relative sea level 
rises throughout the period shown, albeit at varying rates. Assuming constant 
sediment flux, the periods of rapid relative sea-level rise would be associated 
with shoreline transgression and formation, distally, of condensed sections. In 
contrast, the periods of slow relative sea-level rise would be associated with 
shoreline regression. The periods of relative sea-level fall would be associated 
with lowstand deposition (see discussion in text). (After Posamentier et al., 
1988.) 

with the accelerated rate of increase of accommodation and 
rapid landward migration of the coastline, the more distal shelf, 
slope, and basin (or lacustrine) environments become starved 
of sediments and a condensed section forms. As will be dis- 
cussed in Chapter 3, a condensed section represents a sedimen- 
tary facies that corresponds to an interval of very slow rates of 
sediment accumulation. It first begins to form in more distal 
slope and basinal environments, and as the shoreline backsteps 
landward, gradually expands in its coverage to include not only 
the basin but all of the slope and part of the shelf as well. 

When the rate of eustatic (i.e., sea surface) fall is greater 
than the rate of sea-floor subsidence, a relative sea-level fall 
takes place and accommodation decreases (time 5 in Fig. 2.2). 
As will be discussed later in this chapter, this produces signifi- 
cant changes in both shelf and fluvial depositional systems. 

If relative sea level varies in response to changes in the rate 
of subsidence and/or eustasy, coastal stratal patterns respond 
accordingly. Even if sediment supply to the shelf or lake is 
constant, the rate of shoreline regression accelerates as the rate 
of relative sea-level rise diminishes or falls and decelerates as 
relative sea-level rise accelerates (Figs. 2.3 and 2.4). If relative 
sea level varies cyclically (Fig. 2.2) and the sea-level fluctua- 
tions are such that for discrete periods during each sea-level 
cycle the maximum rate of relative sea-level rise attained out- 
paces the rate of sediment accumulation, then cycles of coastal 
regression and transgression occur (Figs. 2.3 and 2.4). 

Because accommodation is linked to changes in relative sea 
level, there is a tendency to confuse accommodation with pa- 
leobathymetry. It is critical to clearly understand the distinction 
between paleobathymetry (i.e., water depth) and accommoda- 
tion in marine and lacustrine environments. Paleobathymetry at 
any given location reflects the degree to which the available 
sediment supply has filled the space available for sedimentation 
at that location. As shown schematically in Figure 2.5, if the 
sedimentation rate is less than the rate at which new accom- 
modation is added, then the water depth recorded in the sedi- 
ments increases as relative sea level rises and the shoreline is 
transgressed. Alternatively, if the rate of increase of relative sea- 
level rise and accommodation is less than the rate of sediment 
accumulation, the shoreline regresses, the water column grad- 
ually fills with sediment, and the local water depth decreases 
even though relative sea level continues to rise. Therefore, for 
the same rate of relative sea-level rise, depending on sediment 
accumulation rate, an upward-deepening or upward-shallowing 
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FIG. 2.3.Stratigraphic response to 
slowdown and then acceleration of rela- 
tive sea-level rise. This represents a seg- 
ment of a longer relative sea-level curve 
as shown in Figure 2.2 (i.e., times 1 and 
3 in Figure 2.2). As progressively less 
vertical shelf accommodation is created 
(up to time 5), proportionately more sed- 
iment can be devoted to progradation and 
therefore regression (i.e., forestepping). 
After time 5, the reverse occurs, until 
eventually the rate of new accommoda- 
tion added overwhelms the sediment flux 
and transgression occurs (i.e., backstep- 
ping). 

of progradation 
and Regression 
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FIG. 2.4.-Stratigraphic response to 
rapid relative sea-level rise shown in A) 
depth as well as B) time. The depiction 
of the section in linear time (B) illustrates 
the position of the maximum flooding 
surface at the heart of the condensed sec- 
tion. Note how the condensed section, 
which is depicted as a thin section in the 
depth display (A), is shown as a basin- 
ward-expanding (in time) section (B). 
Figure 2.2 (i.e., times 2,4, and 6 in Figure 
2.2) illustrates the timing of this relative 
sea-level scenario within a longer period 
of relative sea-level change. 

FIG. 2.5.-Schematic illustration of the 
relationship and difference between ac- 
commodation and paleobathymetry. 
Changes in paleobathymetry reflect the 
degree to which the available accommo- 
dation is filled with sediment, whereas 
accommodation refers to the potential 
volume available for sedimentation. On 
the shelf and in the coastal zone, changes 
in accommodation are brought about by 
changes of relative sea level. In A, B, C, 
and D, the relative sea-level rise is the 
same. In A, relative sea-level rise occurs 
without any accompanying sediment in- 
flux, so that there is an increase in water 
depth equivalent to the relative sea-level 
rise. In B, there is some sediment influx, 
but not enough to fill the accommodation 
created by the relative sea-level rise. 
Consequently, the increased accommo- 
dation is only partly filled and water 
depth increases, but less than the total 
relative sea-level rise, and the magnitude 
of the increase varies with location. In C, 
there is a balance between sediment in- 
flux and the rate of increase of accom- 
modation so that the position of the 
shoreline remains stable and water depth 
at any given location remains constant. In 
D, there is an oversupply of sediment 
with respect to increasing accommoda- 
tion, therefore a regressive section devel- 
ops with upward-decreasing water depth. 
In each section, although the increase in 
accommodation (i.e., relative sea-level 
change) is identical, the type of strati- 
graphic succession and variations in pa- 
leobathymetry are a function of the ratio 
between sedimentation rates and the in- 
crease of accommodation. The strati- 
graphic stacking patterns shown can be 
described as progradational or forestep- 
ping (D), aggradational (C), and retrogra- 
dational or backstepping (B). 
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sedimentary succession can be deposited and the shoreline can 
regress or transgress. 

An example of the relationship between shoreline regression1 
transgression, sediment accumulation rates, and relative sea 
level can be observed if one considers a present-day passive- 
margin outer shelf environment. In this setting, because of con- 
tinued subsidence due to crustal cooling and sediment compac- 
tion, coupled with a nearly stationary sea surface, slow relative 
sea-level rise is presently occurring. In this outer shelf location, 
sediment accumulation rates might be lower than the rate of 
relative sea-level rise, resulting in a progressive increase in wa- 
ter depth. At the same time, elsewhere along the shelf, in areas 
of identical subsidence rates but higher sediment accumulation 
rates, high enough to exceed the rate of relative sea-level rise, 
the sea floor actually rises faster than the sea surface, resulting 
in decreasing water depth. This example highlights the inde- 
pendent nature of paleobathymetric variations and relative sea- 
level change. Understanding the interplay between l )  sea- 
surface and sea-floor movement and 2) sediment accumulation 
rate is critical for paleoenvironmental interpretation of pale- 
ontologic data because faunal assemblages do not record rela- 
tive sea-level changes, but only changes of water depth. Sedi- 
mentation patterns, on the other hand, are an expression of the 
ratio of sediment accumulation rate and the rate of change of 
accommodation. This notion represents one of the important 
first principles of stratigraphy (Table 1.1) and is crucial to the 
understanding and correct application of sequence stratigraphic 
concepts. 

Fluvial Environments.- 

Accommodation is a critical factor that controls sedimenta- 
tion and resulting facies and stratal architecture in alluvial en- 
vironments. Before discussing how fluvial accommodation is 
created, however, it is useful to review some basic geomorpho- 
logic notions concerning fluvial systems. Another of the basic 
stratigraphic (and physical) first principles (Table 1.1) is that 
"water flows downhill seeking the lowest topographic loca- 
tion". All rivers flow down topographic gradients, and alluvial 
systems always form above sea level (unless the alluvial system 
drains into a body of water below sea level). Sea level, there- 
fore, represents the lowest level or base level to which a river 
adjusts its flow. 

Two components of fluvial systems can be recognized: the 
alluvial plain and the coastal plain. Posamentier and Vail 
(1988) have highlighted the fundamental difference between 
alluvial and coastal plains and their significance from the stand- 
point of stratigraphic architecture. Alluvial plains are formed 
by fluvial processes and lie above sea level, whereas in contrast, 
coastal plains are formed by prograding deltaic or shoreface 
processes and lie at or just above sea level. Consequently, 
coastal plains continue to be influenced by marine processes 
(e.g., tidal processes), whereas alluvial systems lie beyond the 
reach of marine influence. The coastal plain comprises a surface 
that essentially coincides with sea level. Delta plains, strand 
plains, and tidal fladmarsh systems are all examples of coastal 
plains (Fig. 2.6). Posamentier and Vail(1988) defined the junc- 
tion between a coastal plain and an alluvial plain as the bayline. 

In general, river gradients tend to decrease in a downstream 
direction (Leopold et a]., 1964), resulting in a concave-upwards 

ent decrease, sediment grain size also tends to decrease in the 
downstream direction. This is largely a result of mechanical and 
chemical weathering of grains with increased distance from the 
provenance area (Fig. 2.7A). 

In fluvial settings, accommodation comprises the space be- 
tween the surface of the existing fluvial or coastal plain and the 
position in space of the fluvial equilibrium profile. The fluvial 
equilibrium profile has been described by Mackin (1948) as a 
"graded or dynamic equilibrium surface wherein the slope is 
adjusted so that there is neither net sediment aggradation nor 
erosion through time and that the sediment load entering the 
system from upstream equals the load leaving the system from 
downstream" (Fig. 2.7A). In more general terms, the fluvial 
equilibrium profile represents the profile that a river strives to 
attain in order to maintain equilibrium between the alluvial gra- 
dient at every point and the water and sediment load it is trans- 
porting. It should be noted that because fluvial discharge (both 
total discharge and variability of discharge) and sediment load 
can be variable in time, the position of the equilibrium profile 
in space can be variable and dynamic as well. Over the long 
term, however, the mean position of the equilibrium profile rep- 
resents for the purposes of this discussion the upper (or lower) 
limit of the accommodation envelope, just as the sea surface 
serves this purpose in the marine environment. In general, a 
river always attempts to attain an equilibrium profile, primarily 
by depositing sediment or eroding into its alluvial plain. 

When this long-term equilibrium position is achieved, the 
velocity of the river at any point along its profile is sufficient 
to transport the available sediment load through the system 
without any net sediment lost or gained through deposition or 
erosion. If disequilibrium conditions occur, the river will at- 
tempt to reestablish the equilibrium slope by eroding or ag- 
grading the alluvial plain or by changing its channel pattern 
(Schumm, 1993). This can happen both over the short term 
(e.g., in response to river floowand over the long term (e.g., 
in response to climatic change). By increasing its sinuosity, the 
river effectively decreases its slope, and vice versa. Thus, some 
authors (e.g., Schumm, 1993) have suggested that change in 
channel pattern may be an effective mechanism to reestablish 
the equilibrium profile. It is not yet clear to what extent such 
changes of channel pattern can constitute long-term responses 
to changes in sediment load, discharge, and alluvial gradient. 
Clearly, major changes in these parameters inevitably result in 
incision (or entrenchment) or aggradation (Bull, 1991). For the 
purposes of stratigraphic discussion, we will focus primarily on 
process-response associated with changes of alluvial gradient, 
discharge, and sediment load. 

Rivers tend to incise their alluvial plains when their flow 
velocity increases or aggrade when their flow velocity de- 
creases. Changes in fluvial discharge, alluvial gradient, and/or 
sediment load can initiate disequilibrium. For example, if the 
discharge of a stream is decreased, the river responds by de- 
creasing its velocity and hence its sediment carrying capacity. 
Net deposition of sediment ensues, and a reduction of gradient 
results. If a profile becomes oversteepened (with respect to 
equilibrium conditions), such as by seaward tilting of the al- 
luvial plain as shown in Figure 2.7F, flow velocity tends to 
increase, sediment transport capacity is increased, and the river 
incises into the alluvial plain. ultimately, the river channel cuts 
down to the equilibrium profile level and stability with no net longitudinal profile. Concomitant with this downstream gradi- 
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Delta Pla 

FIG. 2.6.-A) Satellite image of the Indus delta illustrating the seaward encroachment of a fluvial depositional environment across a delta plain. In this instance, 
subaerial accommodation is produced in response to seaward migration of the fluvial equilibrium profile. Note that the leading edge of the fluvial environment 
extends farther across the delta plain in the vicinity of the Indus River. B) Photo of Peyto Lake, Alberta, Canada, illustrating a prograding braid delta associated 
with lake-level stillstand. Note the creation of subaerial or alluvial accommodation associated with the regressing shoreline. 
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FIG. 2.7.-Schematic depiction of 
positive and negative fluvial accommo- 
dation. A) and B) illustrate an equilib- 
rium fluvial profile anchored at sea level 
(i.e., base level). Everywhere along this 
profile, the sediment grain size is in equi- 
librium with river flow, so that as much 
sediment leaves the fluvial system at the 
mouth and is discharged onto the shelf, 
as enters the system from the hinterlands. 
C) If the equilibrium profile falls below 
the alluvial profile, the river is out of 
equilibrium and incises into the substrate 
in order to reestablish an equilibrium pro- 
file. In this instance, the space between 
the profile of the river and the equilibrium 
profile forms negative subaerial accom- 
modation. D) If the equilibrium profile 
rises above the alluvial profile, the river 
aggrades its floodplain in order to rees- 
tablish equilibrium. This aggradation 
gives rise to sedimentation on the alluvial 
plain as the river fills the subaerial ac- 
commodation. See text for discussion of 
causes of equilibrium shifts. E) In fore- 
land basins, flexural loading because of 
crustal overthrusting can cause "back- 
ward" rotation of alluvial profiles, 
thereby creating accommodation that in- 
creases in the landward direction. F) Tec- 
tonic uplift can cause negative accom- 
modation to exist, thereby leading to 
alluvial erosion. 

Fluvial Profile Below 
Equilibrium Profile 

E )  

Accommodation) 

(Positive 

Differential 
Subsidence 

Accommodation) 

erosion or deposition is reestablished at the lower level; at that 
point the river is said to be at grade. If the profile of the river 
is tilted landward and thereby understeeperzed, flow velocity 
decreases, sediment transport capacity diminishes, and depo- 
sition of sediment and aggradation of the alluvial plain occurs 
(Fig. 2.7E). This results in a rise in the alluvial profile in order 
to reestablish the stable condition of no net deposition or 
erosion. 

When the fluvial equilibrium profile and the surface of the 
alluvial plain coincide, equilibrium conditions prevail and no 

net aggradation or erosion occurs (Fig. 2.7B). At this time, lat- 
eral shifting of rivers can take place but no alluvial-plain ag- 
gradation occurs and sediment transits through the fluvial 
system. 

When the fluvial equilibrium profile lies above the surface 
of the alluvial plain, the river is understeepened and alluvial 
aggradation takes place to fill the space between the fluvial 
profile and the fluvial equilibrium profile (Fig. 2.7C). This 
space, which the river strives to fill with sediment, represents 
positive fluvial accommodatiorz. When the equilibrium profile 
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falls below the surface of the alluvial plain, the river is over- 
steepened, there is negativeJEuvia1 accommodation and fluvial 
incision occurs (e.g., Blum, 1993) (Fig. 2.7B). In effect, the 
equilibrium profile represents a surface above which sediments 
are not deposited and below which sediments are deposited. 
Because the position and shape of the equilibrium profile is 
modified by a change in fluvial flow parameters, accommoda- 
tion can be added or taken away by changes in the fluvial flow 
parameters such as sediment grain size, sediment flux, and flu- 
vial discharge. Changes of each of these parameters can effect 
changes in the position of the equilibrium profile. For example, 
changes in the position of the equilibrium profile have been 
attributed to the effects of climatic change on runoff and dis- 
charge (Blum, 1990; Blum and Valastro, 1989). 

From the above discussion, it is clear that the critical factor 
that controls fluvial accommodation is the position in space of 
the fluvial equilibrium profile relative to the position of the 
actual fluvial profile. Consequently, a change in the shape or 
position of the equilibrium fluvial profile always induces a mod- 
ification of the fluvial regime and can commonly result in either 
erosion (incision or entrenchment) by the river or sediment ac- 
cumulation and aggradation of the alluvial plain. Two important 
notions concerning the equilibrium profile are its shape (i.e., 
gradient and form) and its position in space. The shape of the 
fluvial equilibrium profile is controlled by hydrologic and sed- 
imentary factors such as water discharge, sediment volume, and 
sediment caliber (Lane, 1955; Leopold et al., 1964; Leopold 
and Bull, 1979; Bull, 1991) as well as substrate erodibility. The 
coarser the sediment load, the steeper the equilibrium profile, 
insofar as the river requires a higher flow velocity to transport 
the sediment. Therefore, because in most rivers sediment grain 
size decreases downstream, the slope of the fluvial profile tends 
to decrease seaward (Fig. 2.7A). Locally, sediment character- 
istics may be altered by erosion of the substrate and flow dis- 
charge can be altered by confluence of tributary systems; the 
equilibrium profiles become adjusted accordingly. 

An important factor controlling fluvial accommodation is the 
position of the actual surface of the alluvial-plain profile rela- 
tive to the position of the equilibrium profile. One of the most 
common factors causing a change in the position of the alluvial 
profile is tectonic tilting. For example, on the fold-and-thrust- 
belt side of foreland basins, flexural loading can result in back- 
ward tilting of the land surface (Fig. 2.8A). This results in a 
progressive lowering of the actual fluvial profile with respect 
to the equilibrium profile, insofar as the position of relative sea 
level remains unchanged. This further results in an increase of 
fluvial accommodation towards the orogenic belt (Fig. 2.8A). 
In general, tectonic tilting and subsidence is a major cause of 
fluvial accommodation, and for this reason alluvial deposits 
commonly form thick accumulations in the tilting and subsiding 
zones of foreland, extensional, and pull-apart basins. On basin 
margins with very low rates of subsidence, the tectonic contri- 
bution to accommodation is minimal and accommodation 
change is mainly a function of vertical or horizontal shifts of 
the fluvial equilibrium profile in response to changes in the 
position of the shoreline, as will be discussed later. 

Localized tectonic subsidence or uplift along a fluvial profile 
also can induce local fluvial incision or deposition (Figs. 2.9 
and 2.10). For example, fluvial systems in areas of local tectonic 
sag (e.g., within an extensional basin) experience increased flu- 

vial accommodation, resulting in potential accumulation of 
anomalously thick alluvial deposits, floodplain swamps with 
coal, andlor lakes with various types of lacustrine sediments 
(Fig. 2.1 1). Figure 2.12 illustrates an area of localized accel- 
erated subsidence associated with the formation of half grabens 
in a pull-apart tectonic setting. 

The position in space of the equilibrium profile is determined 
primarily by the level of the body of water into which the river 
debouches (Powell, 1875; Davis, 1908; Schumm, 1993). This 
can be sea level, lake level, or even another river (Fig. 2.13). 
Certain authors (e.g., Powell, 1875; Davis, 1908; Schumm, 
1993) have defined this surface as the base level for the fluvial 
profile. Other authors (e.g., Barrell, 1917; Sloss, 1962) have 
used the term base level synonymously with the equilibrium 
profile. The reader is referred to Shanley and McCabe (1994) 
for a concise review of the essence of this conflicting termi- 
nology. In the context of this book, we will use the term base 
level as defined by Bates and Jackson (1987), that is, the "theo- 
retical limit or lowest level toward which erosion of the Earth's 
surface constantly progresses but rarely, if ever, reaches. The 
general or ultimate base level for the land surface is sea level". 
In other words, ultimate base level is synonymous with relative 
sea level. It is common under certain circumstances that tem- 
porary base levels may exist for periods of time. As Bates and 
Jackson (1987) point out, temporary base levels, such as those 
associated with lakes or structural sills, may be common locally 
(Fig. 2.13). To avoid confusion, we will use the term equilib- 
rium profile to refer to the sense of base level as used by Bull 
(1991) when he describes a "base level of erosion". 

In practical terms, base level is represented by the level that 
a river attains at its mouth (i.e., either sea level or lake level), 
and constitutes the surface to which the equilibrium profile is 
anchored. The concept of anchoring of the profile at the level 
of the river mouth is critical to understanding potential accom- 
modation change. If this point moves in space either landward 
or seaward, or up or down, the alluvial equilibrium profile re- 
sponds in kind. Shifts in space of the equilibrium profile can 
result in a corresponding increase or decrease of accommoda- 
tion with concomitant fluvial aggradation or incision. It is 
through the movements of the point to which alluvial equilib- 
rium profiles are anchored that relative sea-level change can 
have a significant effect on subaerial (i.e., alluvial) accommo- 
dation and consequently fluvial stratal patterns (e.g., Gardner, 
1992). 

With the exception of basins with interior drainage, relative 
sea-level changes constitute the principal common thread link- 
ing stratigraphic successions in marine and continental envi- 
ronments. The extent to which relative sea-level change con- 
trols facies and stratal architecture in both environments 
determines whether stratal patterns can be confidently corre- 
lated from one environment to the other. In general, the role of 
sea level in marine successions is more pronounced and direct 
than in continental settings, insofar as the effects of sea-level 
change tend to diminish upstream from the coast (Fig. 2.14). In 
alluvial settings, local factors such as tectonism tend to become 
the predominant factor controlling stratal patterns (Schurnm, 
1993; Shanley and McCabe, 1994). This is particularly true in 
settings characterized by rapid tectonic tilting, where the effects 
of relative sea-level change can be subordinate to tectonism and 
localized to the vicinity of the coastline (Marzo et al., 1995; 
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A) Positive Accommodation 

Local Accommodation 
(Lacustrine and/or Alluvial Sediment) 

Fluvial Equilibrium Profile 
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FIG. 2.9.-Schematic depiction of the effects of localized subsidence or up- 
lift on accommodation in the nonmarine environment. A) Where subsidence 
or sag occurs, positive accommodation is created. If sedimentation rate keeps 
up with the rate of subsidence, then the space is filled with predominantly 
alluvial deposits. If, however, the rate of subsidence exceeds the rate at which 
sediment is supplied, then the continental equivalent of transgression occurs: 
a lake forms as the fluvial profile is flooded, and lacustrine sedimentation en- 
sues (see Figs. 2.11, 2.12, and 2.43). B) Where uplift occurs, a negative ac- 
commodation situation exists and fluvial incision through the uplifted area fol- 
lows, as the fluvial system seeks to reestablish its equilibrium profile. 

no fluvial accommodation is created (Fig. 2.16). This occurs 
because the shoreline effectively tracks up the fluvial profile. 
Sediment load, gradient, and discharge remain in the same deli- 
cate balance as before transgression. All that has changed is 
that the river terminates somewhat farther landward (i.e., at the 
new location of the river mouth, which has shifted landward 
due to transgression). Each segment of the fluvial profile re- 
mains in equilibrium with the stream power at that location, 

Lake constitutes an excellent sediment trap 

FIG. 2.1 1.-Illustration of a lake that has formed in response to local sub- 
sidence that has produced local accommodation sufficient to overwhelm the 
fluvial sediment flux. The lake serves as an efficient sediment trap as well as 
serving to damp floods and to stabilize river flow downstream of the lake. 

FIG. 2.10.-Infrared air photo of the Sheep Mountain anticline, Wyoming. 
Where the river in the central part of the image flows parallel to the structural 
grain, it is not significantly incised. Where it cuts across the anticlinal fold, 
however, the river is deeply incised. This antecedent stream has maintained its 
equilibrium profile across the anticline by cutting through the rising structure 
at a pace equal to the rate of structural uplift. Negative accommodation char- 
acterizes the reach of the river where it crosses the anticline (US Geological 
Survey). 

the "seaward-migrating" river mouth (Fig. 2.15). Consequently, 25 km 
under conditions of relative sea-level stillstand and slow rela- 
tive sea-level rise, regression of the coastline is associated with FIG. 2.12.-Satellite image of the Baringo and Bogoria Grabens, Kenya, 

fluvial aggradation. example of fluvial aggradation due to illustrating areas of localized accelerated subsidence associated with formation 
of half grabens in a pull-apart tectonic setting. The major basin-bounding faults 

coastal plain regression is in Figures 2'6 and 2'15' lie just to the east (i.e., to the right side of the image) of the two lakes shown. 
Where a rapid rise in sea level results in transgression and Note that lakes have formed locally where the rate of sedimentation is less than 

migration of the coastline up an alluvial plain at equilibrium, the rate of subsidence. (From Le Turdu et al., 1995.) 
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FIG. 2.13.-Photograph of a small, incised tributary channel that has been 
rejuvenated because of lowered temporary base level at its mouth. This lowered 
temporary base level was associated with downcutting of the main trunk chan- 
nel. Note that the former floodplain for this small channel is now being cut 
into and is therefore no longer active. The location of these systems is in 
Writing on Stone Provincial Park, Alberta, Canada. 
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FIG. 2.14.-Schematic depiction of the proportional importance of upstream, 
or local, factors (e.g., discharge, sediment flux, and tectonics) and downstream, 
or regional, factors (i.e., relative sea-level change) to changes in fluvial systems. 
(Note that this figure considers these effects only for the reach of the fluvial 
system that lies between the shoreline and the first significant knickpoint.) 
Towards the downstream end of fluvial systems the effect of changes in up- 
stream or local factors becomes damped and approaches zero. Conversely, 
towards the upstream end, changes in such factors as fluvial discharge, sedi- 
ment flux, and tectonics progressively overwhelm the effects of relative sea- 
level change. (From Posamentier and James, 1993.) 

and transgression does not modify this situation. Therefore, un- 
less there is a change in the nature of the fluvial sediment supply 
or stream discharge concomitant with transgression, relative 
sea-level rise and coastal transgression do not in themselves 
result in fluvial aggradation or incision. Recent papers on the 
effects of the Holocene transgression on underlying fluvial de- 
posits (e.g., Allen and Posamentier, 1991, 1993) appear to con- 
firm this. 

Under certain circumstances, fluvial systems can experience 
some aggradation during periods of river-mouth transgression. 
This can occur if the mouth of the river migrates landward, but 
its path traces a trajectory that rises above the alluvial profile 

(Fig. 2.16). In this way, accommodation is formed. As sug- 
gested by Helland-Hansen and Gjelberg (1994), shoreline tra- 
jectories can be a function of the rate of relative sea-level rise, 
sediment flux, and/or fluvial discharge. 

When a relative sea-level fall exposes the sea (or lake) floor 
whose slope is greater than that of the fluvial equilibrium pro- 
file, a relatively steep stream segment is added to the fluvial 
profile. This results in the mouth of the river being shifted to 
the base of this oversteepened section. The fluvial equilibrium 
profile that begins at this new river mouth location now extends 
upstream from this position. However, because the lower 
reaches of the fluvial system are now relatively steep, the equi- 
librium profile tracks upstream below the level of the fluvial 
surface. As a consequence, fluvial incision occurs as the fluvial 
system strives to reestablish equilibrium (Fig. 2.17A). In this 
instance, there is a situation of negative accommodation be- 
cause the equilibrium profile is shifted below the freshly ex- 
posed sea floor. The zone of fluvial incision gradually propa- 
gates upstream as fluvial erosion causes the zone of 
oversteepened stream segment to migrate in that direction. The 
point of intersection of the original stream profile and the new 
incised stream profile is referred to as the knickpoint (Figs. 2.18 
and 2.19). In many instances, the knickpoint is associated with 
a sudden and localized increase in the fluvial profile, which can 
be the site of waterfalls or rapids. This zone separates the older 
fluvial profile, predating relative sea-level fall landward of the 
knickpoint, from the younger readjusted fluvial profile down- 
stream from the knickpoint. The depth of fluvial incision caused 
by a relative sea-level fall is a function of the difference in slope 
between the sea floor exposed by the relative sea-level fall and 
the slope of the fluvial equilibrium profile as well as the mag- 
nitude of sea-level fall. This particular aspect of fluvial incision 
will be discussed in more detail later in this chapter. Also to be 
discussed later in this chapter is the caveat that the upstream 
influence of relative sea level diminishes with distance from the 
river mouth, giving way to variations of other local factors such 
as variations in sediment flux, variations in fluvial discharge, 
climatic influences, and tectonics. 

The occurrence of fluvial oversteepening and incision, 
caused by either relative sea-level fall or tectonic tilting, are of 
fundamental importance in sedimentary basins because, in ad- 
dition to incision, they bring about fluvial bypass and nonde- 
position, which results in the creation of sedimentary hiatuses 
and unconformities. In shelf and alluvial settings, unconfor- 
mities are commonly the result of either a relative sea-level fall 
or tectonic uplift. These effects are of great importance and will 
be discussed in more detail later in this chapter. 

If the slope of the exposed sea floor is equal to or less than 
that of the equilibrium profile, the river respectively remains in 
equilibrium or even aggrades. As will be discussed later in this 
chapter, the former can be observed in some instances whereas 
the latter seems quite rare. 

Sediment Supply 

Variation of fluvial sediment supply, expressed as sediment 
flux and grain size, is another major parameter that determines 
the patterns of basin fill in siliciclastic basins. The primary con- 
trols on sediment supply include climate, the relief of the fluvial 
drainage basin, lithology of the substrate, and vegetative cover 
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A) Accommodation produced by: Seaward Shift of Profile 

L , Successive Fluvial 
Equilibrium Profiles 

Mountain 
Front 

FIG. 2.15.-Schematic cross sections 
through the alluvial and coastal plain be- 
hind a prograding shoreline under A) 
relative sea-level stillstand conditions 
and B) relative sea-level rise. As the 
shoreline progrades, the fluvial equilib- 

Relative Sea- rium profile migrates seaward in order to 
Level Stillstand keep up with the shoreline. With farther 

progradation seaward extension of the fluvial profile, 
the sediments of the distal alluvial plain 
become finer grained and the profile gra- 

m ,.onmarine Alluvial Offshore Marine dient decreases. As illustrated, for the 
same equilibrium profile, significantly A Coastal PlaidNearshore Marine more accommodation is generated per 
unit time when relative sea level is rising 

B) Accommodation produced by: Seaward Shiff of P d l e  + Vertical Shlff of Profie (B) than during stillstand (A). Also, note 
that in both instances the rate of creation 

Successive Fluvial 
/ Equilibrium Profiles 

of accommodation decreases in the lower 
reaches of the stream. as the eauilibrium 

, , Progradation Relative Sea- 

- t -Lev21 Rise 

profile shifts seaward A d  is chhacterized 
by a progressively lower gradient. 

Equilibrium Profile 

~~uilibrium- 
Profile 
Time 1 

patterns. Basins with high sediment flux likely are characterized 
by successive outbuilding (i.e., regression and progradation) of 
the shoreline. Basins with low sediment flux and the same rate 
of accommodation change can be characterized by landward- 
stepping shorelines (i.e., transgression and retrogradation). 
Such differences in stratal architecture can exist even within a 
single basin. For example, in a basin subjected to a regionally 

FIG. 2.16.-Fluvial equilibrium profile shown before and after a period of 
rapid relative sea-level rise. When sea level rises rapidly from level 1 to level A) Fluvial Incision 
2, the sea transgresses the coastline without concomitant coastal aggradation 
(as likely occurred during the early Holocene transgression). During this period 
of rapid transgression, there is insignificant seaward or upward shift of the -..----- 
equilibrium profile and therefore no new accommodation is created. Steady- 
state conditions are maintained as the alluvial profile is progressively flooded. 
The fluvial system is graded to the sea at point A (at time I), and then to point 

B) B at time 2. 
Steady State 

(Blum, 1990; Einsele, 1992). Changes of sediment supply can 
be caused by tectonism, climatic changes, or more local effects 
such as stream piracy (Leopold et al., 1964), as well as mech- 
anisms intrinsic to the fluvial systems (Wescott, 1993). 

Variations in sediment supply can control stratal patterns in 
two ways (Schlager, 1993): 1) for a given rate of change of 
accommodation (e.g., as a result of relative sea-level variations 
or tectonism), the stratigraphic architecture is largely a function 
of the caliber and volume of local sediment influx, and 2) the 
volumes and rates of sediment supply can directly modify ac- 
commodation through the effect of isostatic and flexural effects 
of sediment loading. Both of these mechanisms are discussed 
in the following sections. 

Response to Changes in Sediment Flux.- 

For a given rate of accommodation change, local variations 
in sediment supply result in variations in sediment stacking 

C) Fluvial 
Aggradation 

Relative 

FIG. 2.17.-Three scenarios of fluvial response to relative sea-level fall: A) 
fluvial incision occurs due to exposure of a shelf surface steeper than the graded 
(i.e., equilibrium) alluvial profile, B) steady-state conditions with no net fluvial 
erosion or deposition occumng, because of exposure of a shelf surface with 
the same gradient as the graded alluvial profile, and C) fluvial aggradation 
occumng, because of exposure of a shelf surface with a gradient lower than 
that of the graded alluvial-plain profile. Note that C is likely the least common 
scenario. 
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Alluvial Fluvial 
A ,  Sediments Equilibrium 

Relative Sea-Level Fall 

Sea Level 

FIG. 2.18.-Effect of a relative sea- 
level fall exposing a sea floor steeper than 
the slope of the fluvial equilibrium pro- 
file, resulting in a downward and seaward 
migration of the fluvial profile and sub- 
sequent fluvial incision. The incision is 
caused by a zone of landward-migrating 
fluvial erosion; at the leading edge (i.e., 
on the landward side) of this zone of ero- 
sion, the break in profile between the pre- 
existing profile and the new incising pro- 
file is referred to as the knickpoinr. The 
resulting incised fluvial surface forms a 
regional stratigraphic unconformity (see 
discussion in later sections of the text). 

C) sion Boundary 

sequence 
Boundary 

uniform rate of accommodation change (i.e., a widespread and 
continuous relative sea-level rise), very different stratal patterns 
form at the same time in different parts of the basin in response 
to different local rates of sediment influx. In this way, part of a 
coastline could be accumulating regressive deposits while at the 
same time other coastal areas with a lower sediment flux could 
be characterized by transgression, as shown for the Cameroon 
coastline in Figure 2.20. Because sediment inputs generally oc- 
cur as fluvial point sources along a coast, these variations can 
be very important in large sedimentary basins. The effects re- 
lated to localized changes of sediment influx are generally more 
significant and rapid in syntectonic sedimentary basins such as 
extensional rift and strike-slip basins. In these settings, signifi- 
cant variations in uplift of the sediment source areas occur over 
small areas and can cause rapid changes in the rates of local 
sediment supply (Surlyk, 1978, 1989; Prosser, 1993; Ravnas 
and Steel, 1998). Consequently, because sedimentary stacking 
patterns can vary within equivalent time intervals in response 
to local changes in sediment supply, stratigraphic surfaces 
marking changes from transgression to regression do not nec- 
essarily represent regional time surfaces within a sedimentary 
basin. Such diachroneity is illustrated in Figure 2.20, where in 
one part of the coastline, transgression initiated during the late 
Pleistocene continues to the present, whereas in another part of 
the coastline, regression of the shoreline is already well under- 
way. Wehr (1993) documented an example of the effects of 
varying rates of sediment influx on the diachroneity of trans- 
gressive episodes in the Western Canadian Sedimentary Basin. 

EfSects of Sediment Supply on Accommodation.- 

To a certain extent, variations in the nature and rates of sed- 
iment supply can also bring about changes in accommodation. 
This can occur in two ways: 1) changes in subsidence rates and 
patterns brought about by sediment loading of the shelf, and 2) 
modification of the fluvial equilibrium profile associated with 
changes in t6e grain size and sediment flux. 

In areas of rapid deposition on the shelf, isostatically induced 
subsidence is an important effect and can locally increase the 

rate of relative sea-level rise and accommodation (Matthews, 
1984). In areas of very large sediment point sources such as in 
major deltas, subsidence and increased accommodation due to 
sediment accumulation can result in sedimentary deposits sev- 
eral hundreds or thousands of meters thick. In such a basin, if 
the location of the point source of sediment were to shift along 
the coast, there would be a notable decrease in the rate of sub- 
sidence, relative sea-level rise, and accommodation increase in 
the area of the abandoned delta. A concomitant increase of sub- 
sidence and accommodation rate would occur in the zone to 
which the source of sediment supply had shifted. These sedi- 
ment-supply-induced changes in relative sea level would sig- 
nificantly influence the stratal architecture at both locations, 
resulting in thicker and better preserved successions in areas of 
loading-induced high subsidence than areas of low subsidence. 
In areas of high sediment flux, more stratigraphic detail would 
be preserved, and in some instances, a greater number of se- 
quences can be documented. In areas of low sediment flux and 
consequently lower sediment-loading-associated accommoda- 
tion, erosion associated with unconformities of successive se- 
quences may result in partial or complete removal of sequences, 
and consequently poor preservation of the stratigraphic 
succession. 

Changes in the grain size and volume of sediment supply can 
also result in modification of the equilibrium fluvial profile. For 
example, if a major stream capture occurs in an alluvial basin 
and the volume and grain size of the sediments in a river are 
considerably increased, the gradient of the equilibrium profile 
must increase so as to enable the river to transport the new 
sediment load. This results in increased fluvial accommodation. 
Such sediment-supply-controlled modifications can either 
significantly increase or decrease the available fluvial 
accommodation. 

EfSects of Basin Physiography 

Basin physiography can also play an important role in de- 
termining stratigraphic architecture. The various aspects of 
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Knickpoint 

Incised Valley Knickpoinf 
A c t i v e  Floodplain 

Relict Floodplain 

FIG. 2.19.-A) Photograph of a small-scale, actively incising "valley". Note 
the multiple knickpoints that have formed in response to successive lowering 
of base level and subsequent incision events. Terraces present in the lower 
reaches of this "valley" represent the "valley" floor that existed during the early 
stage of incision and are sites where fluvial deposits can ultimately be preserved 
as stranded fluvial terraces. B) Schematic depiction of knickpoint migration, 
illustrating the expansion of the inactive, or relict, floodplain at the expense of 
the active floodplain as the knickpoint migrates up-system. 

sins with a shelf and slope can contain thick deep-water de- 
posits. Moreover, deltaic successions deposited on the outer 
margins of the shelf tend to be relatively thick even in the ab- 
sence of rapid subsidence. Even where tectonically or thermally 
induced subsidence is low, high subsidence rates at the outer 
shelf due to compaction and diapirism of thick prograding slope 
mud can significantly increase sediment accommodation and 
result in thick shelf-edge deposits. The rate of regression nec- 
essarily slows dramatically when the shoreline reaches the shelf 
edge. With the deep water of the slope environment, accom- 
modation is very high and the available sediment delivered to 
the shoreline commonly can make only slow headway in its 
seaward migration. 

The gradients of the shelf and slope are also important factors 
in modulating the effects of relative sea-level change. Rates of 
regression are very sensitive to shelf (and slope) gradients. All 
else being equal, the lower the shelf gradient, the more rapid 
the rate of shoreline regression. The degree of fluvial incision 
during periods of relative sea-level fall also is strongly influ- 
enced by the shelf gradient. A relative sea-level fall on a low- 
gradient shelf commonly is associated with less fluvial incision 
than on a steeper-gradient shelf or slope (see discussion later in 
this chapter on the controls on fluvial incision). However, a low- 
gradient shelf is also characterized by a much greater region of 
subaerial exposure and therefore a more widespread subaerial 
unconformity. This phenomenon of rapid shoreline regression 
with associated stratal architecture will be discussed in more 
detail in Chapters 3 and 4. 

Tectonism either directly or indirectly can influence the four 
major factors governing sequence evolution: sea-floor (or lake- 

A M E R O O N  

A  T L A N T / C  

physiography that can significantly influence stratigraphic ar- 
chitecture comprise: 1) the presence or absence of a discrete 
shelfJslope break, 2) the gradients of the shelf and slope, 3) 
width of the shelf, and 4) presence of localized sags or uplifted 
areas within the basin. 

The presence or absence of a shelf and/or slope is one of the FIG. 2.20.-The coast of Cameroon in West Africa. Note that there is an 
most important aspects of basin physiography. Basins compris- estuary at the mouth of the Wouri River, whereas there is a delta at the mouth 

ing only a gently sloping or ramp, are characterized by of the Sanaga River. Clearly, transgression still dominates the Wouri River 
area, whereas the Sanaga River area is experiencing regression. This illustrates the absence of With this type of physi- the time-transgressive nature of the maximum flooding surface, which has al- 

ography and under conditions of slow subsidence, prograding read, formed in the vicinitv of the Sanaga River delta but has not vet formed - - .  

coastal and deltaic successions tend to be thin. In contrast, ba- in thk vicinity of the WOU; River estuary. 
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floor) motion, sea-surjiace (or lake-surjiace) rnotiorz, sediment 
flux, and plzysiograplzy. Tectonism (or lack of it) exerts a first- 
order control on basin physiography. It is actually through its 
physiographic expression that tectonics most significantly in- 
fluences stratigraphic architecture. Widely different tectonic 
styles may locally produce the same physiography and engen- 
der the same stratigraphic architecture. A normal fault produces 
similar local physiography, regardless of whether it is located 
on the flanks of a small pull-apart basin or near the edge of a 
passive margin. Nonetheless, different tectonic styles can pro- 
duce distinctive physiographic complexes even though local 
details may not be unique. Thus, a small pull-apart basin may 
be characterized by normal faulting just as a passive margin 
might be, but the pull-apart basin has a host of other features 
that sets its stratal architecture apart from that of the passive 
margin. For example, high-gradient fluvial systems and lacus- 
trine settings with restricted circulation often characterize the 
stratal architecture within pull-apart basins. In contrast, passive 
margins commonly are less complex, with listric faults near the 
shelf margin and shelf-edge deltas associated with discrete 
shelflslope breaks. 

Sea-floor (or lake-floor) motion is largely influenced by tec- 
tonism through either uplift or subsidence. Tectonics on a re- 
gional scale can influence sea-surface motion (i.e., eustasy) in- 
directly through positioning of land masses in a configuration 
that favors buildup or decay of continental glaciers, with re- 
sulting sea-level fall and rise, respectively. Sea-floor spreading 
can also induce long-term sea-level change, with general sea- 
level rise during times of high activity and fall during periods 
of low activity. Sediment flux is influenced both directly and 
indirectly by tectonism; the direct effect is through elevation of 
land masses either on a local or regional scale, either at small 
scale (through interaction between intraplate stresses and lith- 
ospheric flexure) or large scale (through plate collisions). The 
indirect effect is through the influence of tectonics on climate, 
which can result in the modification of storm-track location and 
introduction or elimination of orographic effects. 

The width and gradient of a shelf and the presence or absence 
of a deep-water basin are all directly or indirectly a function of 
tectonic activity, or lack of it. Thus, the development of narrow, 
high-gradient shelves is favored in tectonically active settings. 
In contrast, the formation of wide, low-gradient shelves is fa- 
vored in tectonically quiescent passive-margin settings. These 
two physiographic settings would probably be characterized by 
vastly different stratigraphic architecture. The presence of bur- 
ied salt with associated salt domes, ridges, etc., can produce a 
highly complex physiography that can have significant effects 
on local sequence architecture. In half-graben basins, extreme 
differences in subsidence rates, accommodation, and sediment 
flux can occur on opposite sides of the basin. This can result in 
markedly different stratal architecture. Yet, regardless of the 
complexity of these controlling parameters, a precise under- 
standing of the structural and physiographic patterns of a basin 
is necessary to understand the stratigraphic architecture and pre- 
dict spatial and temporal stratigraphic relationships using the 
sequence stratigraphic approach. 

Normal and Forced Regressions 

Consideration of the effects of relative sea-level (or lake- 
level) fall on fluvial systems and the associated formation of 

unconformities (see previous discussion of fluvial accommo- 
dation) has led to the notion that coastal regression can occur 
by two fundamentally different processes: "rzor~nal" regression 
and 'yorced" regression (Posamentier et al., 1992b; Walker and 
Plint, 1992). Because of the implications for basin-fill architec- 
ture, it is essential to distinguish between these two processes 
and to identify the stratal patterns that are associated with them. 

In normal regressions, seaward movement of the coastline 
takes place as a result of sediment filling the available accom- 
modation on the shelf, thereby causing the shoreline to regress 
(Fig. 2.21). This is typically what happens when a delta or 
shoreface progrades and fills the shelf (or lacustrine) water col- 
umn, resulting in migration of the shoreline seaward. This pro- 
cess requires only that sediment supply exceed sediment dis- 
persion by coastal waves and tides, and that the rate of sediment 
accumulation exceed the rate at which new accommodation (as 
a result of relative sea-level rise) is added (Fig. 2.21). Forced 
regression takes place when there is a relative sea-level fall that 
progressively exposes the sea (or lake) floor, thereby causing 
the shoreline to migrate seaward (Posamentier et al., 1992b). 
This process of forced regression is very different from normal 
regression insofar as it can take place even in the absence of 
sediment supply to the coast. Forced regression generally is 
associated with the formation of an unconformity and possible 
fluvial incision landward of the shoreline. 

The distinction between "normal" and "forced" regression is 
significant because fundamentally different processes and de- 
posits are associated with each type of regression (Fig. 2.22; 
Posamentier et al., 1992b). During normal regression, the 
coastal plain continues to be a depositional surface, alluvial 
accommodation increases, and fluvial aggradation takes place 
on the coastal plain as the shoreline regresses and the coastal 
plain expands (see earlier discussion in this chapter). In marked 
contrast, during forced regression, the coastal plain is not a site 
of sedimentation but rather a zone of sedimentary bypass form- 
ing an unconformity surface. Coastal progradation always ac- 
companies normal regression, whereas progradation does not 
always occur when forced regression takes place. 

After forced regression, the unconformity that has developed 
on the coastal and alluvial plain merges into a conformable 
surface, i.e., a correlative conformity, seaward of the coastline. 
It most instances, because the coeval surface seaward of the 
coast is below water, i.e., is overlain by shelf (or lacustrine) 
accommodation, some sediment accumulation occurs, and 
therefore it does not record a sedimentary hiatus or unconfor- 
mity. Figure 2.21 illustrates the relationship between the un- 
conformity and its seaward correlative conformity surface. The- 
oretically, at the onset of the relative sea-level fall, the entire 
surface landward of the shoreline is converted into a zone of 
fluvial bypass and an unconformity. This surface and its coeval 
conformable surface seaward of the shoreline (i.e., the correl- 
ative conformity) is defined as the major bounding surface of 
sequences and will be discussed in more detail later in this 
chapter. As relative sea level continues to fall, progressively 
exposing more sea floor as the shoreline regresses, the uncon- 
formity extends seaward, and becomes younger in a seaward 
direction (see discussion in Chapter 3). 

It is important to emphasize that forced regression represents 
a stratigraphic response to relative sea-level fall, which can be 
induced by eustasy, tectonism, or a combination of both. The 



I 
Gradational? 

HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

Sequence Boundary 

I 
Ravlnement Surface 

\ mJ I 

(I 
Sequence Boundary 

Sequence Boundary 

1 
( 
1 

Gradationally 
based shoreface 

succession deposited 
during sea-level 

highstand 

10m - 

,- Ravinement Surface , 
Upper shoreface: ridge 
and runnewrip channels 

Middle ahoreface: 
Swaley stratification 

Lower shoreface: 
inner shelf transition- 
Hummocky 
cross-stratification 

Mid-shelf: 
bioturbated 
sandy siltstone 

Outer shelf: 
bioturbated 
mudstone 

Gutter- 
casts 

Ravinement Surface 

Relatively thin 
erosionally-based 
shoreface 
sandbody 

- Mudstone , intraclasts 

\ Sequence Boundary \ 

Sharp-based 
shoreface succession 

deposited during 
relative sea-level fall 

I I 
Gradationally based 

shoreface succession 
deposited during 

relative sea-level fall 

FIG. 2.21.-The stratigraphic expression of forced regression. Note the sharp-based expression of the lowstand deposits proximally, contrasted with the 
gradationally based expression distally (see text for discussion). The sequence boundary grades from a subaerial unconfonnity (well A), to a regressive surface 
of marine erosion (well B), to a correlative conformity (well C). (After Posamentier et al., 1992b; Walker and Plint, 1992.) 

"Normal" 
A) Regression 

FIG. 2.22.-Stratal architecture of A) 
"normal" regression, contrasted with that 
of B) "forced" regression. Note that "nor- 
mal" regression is associated with aggra- 
dation as well as progradation, whereas 
"forced" regression is associated with 
downstepping and progradtion. 

"Normal" "Forced" 
Regression -* Regression - 

Relative Sea 
Level Fall 

role of eustasy in bringing about episodes of relative sea-level occurrence of relative sea-level falls, forced regressions, and 
fall and forming forced-regression deposits is well documented their associated deposits are discussed in detail in Chapters 3 
(e.g., Suter and Berryhill, 1985; Tesson et al., 1990; Tesson et and 4. 
al., 1993; Sydow and Roberts, 1994; Morton and Suter, 1996). 
In active tectonic settings, tectonically induced relative sea- DEPOSITIONAL SEQUENCES . 
level falls and forced regression have also been documented 
(e.g., Bardaji et al., 1990; Corner et al., 1990; Gawthorpe et al., Introduction 
1994; Gawthorpe et al., 2000). Figure 2.23 illustrates how a 
tectonically driven forced regression can occur by tectonic tilt- As discussed in Chapter 1, one of the striking features of 
ing and uplift of the coastal zone. The criteria to recognize the stratigraphic successions in shelf and coastal environments is 
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Time 1 

Time 2 

Time 3 

Time 4 

Forced Regression 

FIG. 2.23.-Illustration of tectonically 
induced forced regression. At time 1, nor- 
mal regression associated with aggrada- 
tion of the alluvial plain and progradation 
of the delta and/or shoreface is occurring. 
At time 2, tectonic uplift in the continen- 
tal environment occurs, causing tilting 
and consequent erosion in the alluvial en- 
vironment, and, as becomes clear in times 
3 and 4, results in a seaward-expanding 
nnconformity surface. The effect is to in- 
crease the sediment flux due to erosion. 
Note that just as with forced regression 
due to relative sea-level fall, there exists 
a master sequence boundary (shown as a 
thick line), as well as numerous higher- 
frequency sequence boundaries (compare 
with Fig. 2.31). 

- Sequence Boundary 4 Subsidence 

Subaerial Unconforrnity 

the presence of cyclic sedimentation patterns comprising alter- 
nating episodes of regression and transgression. These cycles 
can be observed at vastly different scales (Fig. 1.4) and are 
present throughout geologic time, from the Precambrian to the 
Recent. 

These patterns suggest that either sediment supply or accom- 
modation, or both, must vary cyclically throughout geologic 
time. Several mechanisms are known that can account for these 
cyclic variations at different scales. For example, long-period 
changes in sediment supply and relative sea level can occur in 
association with large-scale tectonic cycles. These cycles have 
been discussed by Vail et al. (1991) and can result in long- 
period (e.g. > 10 My) and large-scale (huiidreds to thousands 
of meters thick) regressive-transgressive basin-fill cycles. 
Shorter-period climatic cycles also have been abundantly de- 
scribed and invoked as a major cause of sediment cyclicity (Vail 
et al., 1991). These vary from very short-period (e.g., tens to 
hundreds of thousands of years) Milankovitch climatic cycles 
(Melnyk and Smith, 1989; Fischer and Bottjer, 1991; Nio et al., 
1993; Yang and Baumfalk, 1993; Yang and Nio, 1993; Hinnov 
and Park, 1998), to longer-period (several millions of years) 
variations in the volume of the polar ice caps (Vail et al., 1991; 
Abreu and Anderson, 1998). Tectonism can also bring about 
rapid variations in sediment supply and accommodation in ac- 
tive tectonic basins and form small-scale sedimentary cycles 
(Chough and Hwang, 1997; Ravnas and Steel, 1998). 

Regardless of their scale and origin, these sedimentary cycles 
form the basis for the definition of the fundamental stratigraphic 
units referred to as depositional sequences. The identification, 
analysis, and interpretation of depositional sequences in terms 
of the basic factors discussed in the first part of this chapter 
constitute the major objectives of sequence stratigraphy. One 
of the more important issues therefore is how to define se- 
quences and subdivide the stratigraphic record into cyclic sed- 
imentary units. 

Dejnition of a Sequence 

Since the introduction of sequence stratigraphic concepts, 
several definitions have been proposed for sequences. Initially, 

Mitchum (1977) defined a depositional sequence as: "a strati- 
graphic unit composed of a relatively conformable succession 
of genetically related strata and bounded at its top and base by 
unconformities or their correlative conformities". In a later ad- 
dendum to this definition, Posamentier et al. (1988) stated that 
a sequence is "composed of a succession of systems tracts and 
is interpreted to be deposited between eustatic-fall inflection 
points", thus suggesting a linkage between sequence evolution 
and sea level and emphasizing the effects of eustasy. This has 
led to some confusion insofar as it is now recognized that stratal 
architecture develops in response to relative sea-level change, 
which represents an integration of sea-surface and sea-floor 
movement, rather than to just eustasy. Consequently, the link- 
age to eustasy was somewhat presumptuous. We suggest a re- 
turn to Mitchum's definition, albeit with a minor modification 
suggested by Salvador (personal communication, 1998). He 
suggested that direct reference to correlative conformities be 
eliminated, and rather, reference to correlative confortnities be 
included as an addendum to the definition. Thus, we will define 
a sequence (in this discussion we will adopt the more general 
term "sequences" rather than "depositional sequences") as a 
stratigraphic unit composed of a relatively conformable suc- 
cession of genetically related strata and bounded at its top and 
base by unconformities. Where the hiatal breaks associated 
with the bounding urzconformities narrow below resolutiorz of 
available geoclzronologic tools, the time surj4aces (i.e., chro- 
nohorizons) that are correlative with the "collapsed" uncon- 
formities constitute the sequence boundaries; these surfaces 
form the correlative conformities of Mitchum's definition (Mit- 
chum, 1977). However, the sequence boundary is defined by 
unconformities, and it is the unconformities that define (i.e., 
indicate the existence of) a sequence. The unconformities, in 
turn, dejne the position of the correlative conformities. Con- 
sequently a sequence does not cease to exist where one or both 
bounding unconformities have died out, but continues through 
sections that are relatively conformable, where they are delin- 
eated by correlative conformities (Fig. 2.24). In this way the 
sequence can be delineated not only where unconformities are 
present but also in areas where the unconformities have dis- 
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Unconformity II 
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FIG. 2.24.-Depositional sequence 
shown in A) depth and B) time. The se- 
quence is defined by unconformities I and 
I1 as well as the correlative conformity 
surfaces that continue beyond the loca- 
tions where the unconformities die out 
(marked with arrows). The sequence at 
location 1 is bounded by unconformities 
at base and top, at location 2, by an un- 
conformity at the base and a correlative 
conformity at the top, and at location 3, 
by correlative conformities at the base 
and top. 

appeared. But, again it is important to reemphasize that it is 
unconformities that define (i.e., indicate the existence of) a se- 
quence. In this sense, the definition is consistent with that of 
Sloss (1963). 

Unconformity-bounded stratigraphic units, or sequences, are 
not restricted in their occurrence to marine environments alone. 
Indeed, sequences have been described in alluvial and lacus- 
trine basins with no known outlet to the sea. Such settings in- 
clude those where the primary controlling cause of the forma- 
tion of unconformities, and therefore sequences, was change in 
the rate of tectonic uplift and subsidence (Mutti, 1985; Mutti 
and Sgavetti, 1987; Mutti et al., 1988; Legaretta et al., 1993; 
Dam and Surlyk, 1993; Allen et al., 1996). It is also possible 
that large-scale climatic changes can produce regional uncon- 
formities in alluvial settings, and therefore sequences as well. 
Consequently, although relative sea level (or lake level) com- 
monly is the dominant factor in the deposition of sequences in 
marine or lacustrine basins, tectonism and other factors such as 
climatic change alone can form sequences as well. This appli- 
cation of sequence stratigraphic concepts is in contrast with 
those of Posamentier et al. (1988), Van Wagoner et al. (1990), 
and Vail et al. (1991), who downplayed the effects of tectonism 
alone. 

The initial definitions of sequences (e.g., Mitchum, 1977; 
Posamentier et al., 1988) did not imply any spatial or temporal 
scale. However, Vail, et al. (1991) later suggested that a specific 
time duration be associated with depositiorznl sequences, re- 
stricting this term to sequences formed by so-called third-order 
eustatic cycles, of 0.5-3.0 My period. However, as discussed 
by Posamentier et al. (1992a) and Wood et al. (1994), uncon- 
formity-bounded sequences can be deposited at a broad range 
of scales of time and size. It is misleading, therefore, to assume 
that when the term depositional sequence is applied, a 0.5-3.0 
My period, or for that matter any period, is implied. Rather, we 
would suggest that the modifier first-order, second-order, third 
order, etc. (in the sense of Vail et al., 1991), be used if the 
duration of the sequence is known. 

A complete depositional sequence in a marginal marine (or 
lacustrine) setting forms a regressive-transgressive-regressive 

facies succession deposited during a cycle of accommodation 
change (Posamentier et al., 1988) and will be discussed in this 
and following chapters. Other authors (e.g., Galloway, 1989a, 
1989b; Embry, 1995) also have applied the recognition of trans- 
gressive-regressive patterns to the definition of sequential dep- 
osition, even though they have proposed different criteria for 
which surfaces should constitute the sequence boundaries. The 
Galloway approach defines sequences as regressive-transgres- 
sive cycles bounded by surfaces that form at the time of max- 
imum transgression of the shelf, i.e., maximum flooding sur- 
faces. The "T-R approach", championed by Embry (1995), 
defines sequences as transgressive-regressive cycles bounded 
by transgressive surfaces, i.e., the surfaces separating regressive 
deposits below from transgressive deposits above (Fig. 2.25). 

In the initial papers on sequence stratigraphy by Jervey 
(1988), Posamentier et al. (1988), and Posamentier and Vail 
(1988), the effects of relative sea-level falls on determining se- 
quence deposition were emphasized, insofar as these periods 
are associated with the formation of unconformities in marine 
shelf basins (see earlier discussion on the effects of relative sea- 
level change at the shoreline). Nonetheless, not every cycle of 
sea-level change is associated with a relative sea-level fall. In - 
some instances, sea-level cycles are punctuated not by relative 
sea-level falls but by slowdowns in relative sea-level rise. In 
these instances, even though the sea surface might be falling 
(i.e., a eustatic fall), relative sea level could still rise, albeit at 
a diminished rate, if the rate of sea-floor subsidence is greater 
than the rate of the eustatic fall (see the discussion on relative 
sea level at the beginning of this chapter). In those settings 
where the rate of subsidence is exceeded by the rate of eustatic 
fall, a relative sea-level fall occurred, and a type I sequence 
boundary was said to have formed (Posamentier and Vail, 
1988). In those settings where the rate of subsidence is greater 
than the rate of eustatic fall, a slowdown but not a fall of relative 
sea level occurs, and a type 2 sequence boundary is said to have 
formed (Posamentier and Vail, 1988). This led to the definition 
of type I and type 2 depositional sequences (Vail et al., 1984; 
Posamentier and Vail, 1988). As we discuss below, we advocate 
elimination of type 1 and type 2 designations in favor of a single 
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AI FIG. 2.25.-Schematic depiction of , ., 
different definitions of sequences. A) Se- 
quence bounded by unconformities or 
their correlative conformities. B) Se- 
quence bounded by maximum flooding 
surfaces. C) Sequence bounded by sur- 
faces of maximum regression. 

Section \ 
-% 

type of sequence and sequence boundary. However, we will first 
briefly review type 1 and type 2 sequence terminology. 

The designation of type l and type 2 was originally applied 
to sequence boundaries that were characterized by widespread 
erosion in the case of the former and minimal erosion in the 
case of the latter (Vail et al., 1984). The observations upon 
which this proposal was based were primarily derived from 
relatively low-resolution multichannel seismic data. It was in- 
tended that type 1 sequence boundaries be restricted to those 
surfaces that formed in response to periods of relative sea-level 
fall at the shoreline. In contrast, type 2 sequence boundaries 
described those surfaces that were associated with slowdowns 
of relative sea-level rise but no period of relative sea-level fall 
(Fig. 2.2, just prior to time 5 ,  and Fig. 2.26A). There has been 
some confusion regarding type 1 and 2 terminology. Some au- 
thors have incorrectly taken type 1 sequence boundaries to 
mean those sequence boundaries associated with significantly 
greater unconf6rmities than type 2 sequence boundaries. Others 
have incorrectly taken type 1 sequence boundaries to be asso- 
ciated with relative sea-level falls that exposed the entire shelf, 
in contrast with type 2 sequence boundaries, which were not 
associated with exposure of the entire shelf. 

As shown in Figure 2.26B, a type 2 sequence has been de- 
posited between two episodes of slowdown in relative sea-level 
rise and therefore were not separated by an unconformity. The 
sequence boundary was inferred to occur at the inflection points 
of the relative sea-level curve (times 1 and 3 in Fig. 2.2). These 
inflection points represent the times of the lowest rate of in- 
crease of relative sea level and accommodation (Fig. 2.2), and 
therefore represent the times of maximum rate of regression 
within a regressive-transgressive cycle (Fig. 2.19B). Figure 2.2 
illustrates relative sea-level cycles that result in deposition of 
both type I and type 2 sequences. A type 1 sequence would 
have been initiated at time 5 (the upper bounding surface would 
have formed at or near the next inflection point on the falling 
limb of the relative sea-level curve, which is not shown), 
whereas type 2 sequences would be deposited between times 1 
and 3 and between times 3 and 5 (Fig. 2.2). 

A type 2 sequence boundary was thought to form at the time 
of minimum rate of relative sea-level rise within a relative sea- 
level cycle that does not contain an episode of relative sea-level 
fall at the shoreline. (times 1 and 3 in Fig. 2.2). These intervals 
of lowest relative sea-level rise, and therefore accommodation 
rates, would represent periods during which the ratio of the rate 
of sediment supply to the rate of accommodation change would 
be highest and consequently, the rate of normal shoreline re- 
gression would be most rapid. In practical terms, the time of 
maximum rate of normal regression is difficult to identify 
within a given section (Fig. 2.26B). Perhaps the best criterion 
for recognition is a transition from an increasingly regressive 
to decreasingly regressive succession, or from a progradational 
to an aggradational stacking pattern (Figs. 2.26B and 2.27). 

In contrast, type 1 sequence boundaries form in response to 
relative sea-level fall at the shoreline (time 5 in Fig. 2.2). During 
these times of negative accommodation, forced regression is 
initiated and the shoreline migrates seaward regardless of sed- 
iment flux. 

Figure 2.27 illustrates both types of relative sea-level cycles 
and sequence boundaries. Note that if the rate of sea-floor sub- 
sidence varies within a same basin, the same eustatic cycle can 
give rise to either type of sequence. If the subsidence rate at the 
shoreline is less than the rate of eustatic fall, a type 1 sequence 
boundary overlain by a type 1 sequence forms. If subsidence 
rates are greater than the rate of eustatic fall, a type 2 sequence 
boundary overlain by a type 2 sequence was thought to exist. 

The above represents the way the terms type 1 sequence1 
sequence boundary have been used in the literature (e.g., 
MacNaughton et al., 1997). We recognize that this usage is 
widespread in current geologic thinking; however, we propose 
here a significant change in that usage in an effort to establish 
internal consistency within the basic concepts of sequence stra- 
tigraphy. This change will tend to simplify sequence terminol- 
ogy as well as correct earlier misconceptions. We believe that 
the distinction between type 1 and type 2 sequence boundaries, 
and hence between type 1 and type 2 sequences, is artificial and 
should be eliminated. Rather, there should be only one type of 
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sequence boundary, and one type of sequence, consistent with 
the original usage of Mitchum (1977) and Sloss (1963). Se- 
quence boundaries, as before, can have varied expression, rang- 
ing from unconformity to correlative conformity. 

With only one type of sequence, the need for type 1 and 2 
terminology is eliminated. The basis of our assertion to drop 
the distinction between type 1 and 2 sequence boundaries is 
that unconformities can grade into correlative conformities 
along depositional strike as well as along depositional dip. 
Consequently an unconformable sequence boundary (what for- 
merly had been referred to as a type 1 sequence boundary) along 
one part of a coastline can grade along strike into a conformable 
sequence boundary (what formerly had been referred to as a 
type 2 sequence boundary). 

Figure 2.28 illustrates how unconformities can grade into 
correlative conformities along depositional strike as well as 
along depositional dip. This figure, illustrating schematically 
the effects of varying subsidence rates along depositional strike, 
i.e., parallel to a shoreline (Fig. 2.28), is critical to understand- 
ing why we propose eliminating type 1 and type 2 sequence 
boundary designations. The shoreline in the lower left of this 
figure is characterized by relatively low subsidence rates, in 
contrast with the shoreline in the upper right, which is charac- 
terized by relatively high subsidence rates. For a given rate of 

FIG. 2.26.Schematic illustration of 
sequence boundaries in areas of A) low 
and B) high subsidence rates. These two 
illustrations describe what were formerly 
referred to as type 1 and type 2 sequence 
boundaries (see Fig. 2.28 and discussions 
in text). The sequence boundary in A 
forms when there is a period of relative 
sea-level fall that punctuates a period of 
overall relative sea-level rise. In contrast, 
The sequence boundary in B forms when 
there is a temporary decrease in the rate 
of relative sea-level rise (but not a period 
of relative sea-level fall). Note that in sce- 
nario B, the sequence boundary can be 
overlain either by a retrogradational 
stacking pattern or by a more aggrada- 
tional though still progradational stacking 
pattern, depending on sediment flux. 

eustatic fall, relative sea level in the area of low subsidence 
rates can fall, whereas in the area of higher subsidence rates, 
relative sea level can rise continuously with only a slowdown 
in the rate of rise during the period of eustatic fall. Using the 
type 1 and type 2 sequence nomenclature, the sequence bound- 
ary in the area to the left (slow subsidence) would have been 
characterized as type 1 whereas in the area to the right (rapid 
subsidence) as type 2 and the sequence boundary would grade 
from one type to the other within the same sequence. Note also 
how the time during which the unconformity forms diminishes 
progressively along strike from lower left to upper right (i.e., 
from the zones of fastest to slowest subsidence rates), reaching 
zero where the rate of subsidence equals the rate of eustatic fall. 
In the zone of rapid subsidence (right), the sequence boundary 
is expressed exclusively as a correlative conformity. In the dip 
direction (i.e., perpendicular to the shoreline), note that the ex- 
pression of the sequence boundary on the left side of the illus- 
tration (i.e., in the zone of slow subsidence) changes from an 
unconformity landward of the shoreline to a correlative con- 
formity seaward of the shoreline. 

The position of the sequence boundary on the right (formerly 
referred to there as a type 2 sequence boundary) in Figure 2.28 
(i.e., within the zone of rapid subsidence) lies at the transition 
from an increasingly regressive to a decreasingly regressive and 
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relative conformities, consistent with the definition of sequence 
boundary proposed by Mitchum (1977). 

Howell and Flint (1994) have documented this type of situ- 
ation in the Fulmar Sandstone of the North Sea. These sedi- 
ments were deposited along the edge of a complex rift basin 
along which subsidence rates were variable, so that in places 
subsidence exceeded eustatic fall whereas in others eustatic fall 

Hish 8 e r a  of exceeded subsidence. They argued that this resulted in localized 
deposition of coeval type 1 and type 2 sequences. We would 
suggest that the sequence boundary was expressed as an un- 

?I 
LOW LOW - conformity where subsidence rates were low and as a correla- 

Time - tive conformity where subsidence rates were high and that it 
TCT --- was the same sequence and the same "type" of sequence in both 

C-quence Boundary 
Figure 2.28 also clearly shows the potentially diachronous 

HST nature of sequence-bounding unconformities. Note that the un- 

A) B) 
conformity (and therefore the next sequence) forms progres- 
sively later from the left to the right side of this illustration. 

FIG. 2.27.-Stratal architecture for sequences that develop in response to the 
same eustatic effects but different tectonic effects. A) Sequences that develop 
in areas where the rate of subsidence exceeds the rate of eustatic change at all 
times (even during periods of eustatic fall) are characterized by progradation, 
followed by aggradation and retrogradation (compare with Fig. 2.26B). B) Se- 
quences that develop in areas where the rate of subsidence is exceeded by the 
rate of eustatic fall for short periods are characterized by lowstand shorelines, 
zones of sedimentary bypass, and possible incised valleys (compare with Fig. 
2.2619). LST = lowstand systems tract, TST = transgressive systems tract, 
SMST = shelf-margin systems tract, and HST = highstand systems tract. 
(From Sedimentary Geology, v. 86, Posamentier and Allen, Variability of the 
sequence stratigraphic model: effects of local basin factors, 1993a, with per- 
mission of Elsevier Science.) 

This diachroneity is a result of changing rate of relative sea- 
level fall from left to right. This diminishing relative sea-level 
fall results in progressively later sequence boundary formation 
from left to right. The maximum magnitude of potential dia- 
chroneity is one-quarter cycle, as shown in Figure 2.28 (see 
also discussion later in this chapter in reference to Fig. 2.48). 

The incornoration of the three-dimensional asDect of se- 
quences and sequence boundaries, implicit in the above dis- 
cussion, addresses a significant concern raised by Martinsen 
and Helland-Hansen (1994). They point out that all too often, 
geological interpretations are constrained by dip-oriented per- 
spectives, and that variations along strike are not taken into 
account. Elimination of type 1 and type 2 sequence boundary 

aggradational stratigraphic succession. This surface, like any designations in line with-the above discussion would be con- 
correlative conformity, would be difficult to identify with data sistent with their observation in this regard. 
restricted only to the area where the sequence boundary is ex- The concept of the correlative conformity has applicability 
pressed as a correlative conformity. This correlative conformity in both a dip and a strike sense, as shown in Figure 2.28. How- 
surface would be identified only through stratigraphic correla- ever, long-distance correlation of the correlative conformity de- 
tion with the coeval unconformity on the left side of this illus- pends on the availability of appropriately precise geochrono- 
tration by use of any available correlation tool (e.g., outcrop, logic tools and techniques. Without such tools and techniques 
biostratigraphic, or geochemical data). Note that there is no the correlative confo&ty cannot be identified because it is em- 
significant break in sedimentation at the correlative conformity. bedded within a succession marked by continuous sedimenta- 
Thus, from lower left to upper right, the expression of the se- tion (hence a succession of conformable strata). It is for this 
quence boundary changes from unconformity to correlative reason that some geoscientists (e.g., M.-P. Aubrey, personal 
conformity, going along depositional strike as well as along communication, 1996) question the usefulness of identifying 
depositional dip (i.e., from proximal to distal). correlative conformities and, further, using such surfaces to de- 

We again refer to Figure 2.28 to summarize our rationale for fine sequences. They argue that because this surface does not 
eliminating type 1 and type 2 sequence designations. As men- appear to have any unique attributes that would cause it to be 
tioned above, previous usage would have applied the type 2 distinguishable from the countless other depositional surfaces 
designation to the upper right region in Figure 2.28 where the that punctuate conformable sections of the stratigraphic record, 
sequence boundary is expressed as a coeval correlative con- such surfaces should not be elevated to the rank of sequence 
formity. The type 1 designation would have been applied to the boundary. In deep marine environments, for example, se- 
lower left region in Figure 2.28 where the sequence boundary quences bounded by well-developed unconformities on the 
is expressed in part as an unconformity. If one accepts the no- shelf may be bounded only by coeval correlative conformities. 
tion that along a dip profile sequence boundaries can be ex- Therefore, sequences in the deep sea environment, insofar as 
pressed as unconformities or correlative conformities and still they are defined by nondescript correlative conformity surfaces, 
be referred to as the same type of sequence boundary, then the would be virtually impossible to objectively define in that en- . - 

same rationale should be applied along strike. clearly, the same vironment. This argument, which has been made in reference 
rules that apply in a dip direction (i.e., unconformity grading primarily to proximal to distal relationships (i.e., from shelf to 
to a correlative conformity) must apply also along strike. Con- deep sea), applies also to lateral, along-strike relationships such 
sequently, we argue that there are no type 1's or type 2's, just as those shown in Figure 2.28. In both instances, sequence 
sequence boundaries expressed as unconformities or their cor- boundaries are identified and then correlated through the sec- 
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FIG. 2.28.Schematic depiction of the relationship between stratigraphic architecture that has previously been described as type 1 and type 2 sequence 
boundaries. In this illustration, the rate of subsidence increases from lower left to upper right. Given the same eustatic fall, the sequence boundary is in part 
expressed as an unconformity (i.e., updip) and in part as a correlative conformity (i.e., downdip) where subsidence rates are low (i.e., lower than the rate of 
eustatic fall), as is the case for the lower left side of this illustration. This manifestation of the sequence boundary has, in the past, had been referred to as a type 
1 sequence boundary. In the area of higher subsidence (i.e., the upper right side of this illustration), where the rate of subsidence exceeds the rate of eustatic fall 
at all times, the entire sequence boundary is expressed as a correlative conformity. In this area, the sequence boundary in the past had been referred to as a type 
2 sequence boundary. Note that with increasing subsidence (i.e., from left to right on this figure) the area characterized by an unconformable type 1 sequence 
boundary progressively decreases. The sequence boundary grades from an unconformity to a correlative conformity both along dip (along the left side of the 
illustration) as well as along strike (from left to right across the illustration). 

tion only afer they have been objectively defzned as unconfor- conformity. Without extending the unconformity surface into 
mity suifaces either updip or elsewhere along strike. its correlative conformity, the paleogeographic map would ter- 

Although we recognize the inherent difficulties of recogniz- minate where the unconformity dies out, yielding an undesir- 
ing correlative conformities, we believe that recognition of se- able depiction of regional paleogeography. 
quences must extend from areas where sequence boundaries are 
expressed as unconformities to areas where sequence bound- Role of Tectonics in Sequence Architecture 
aries are expressed as correlative conformities. If this were not 
the case, then sequences could appear and disappear wherever 
the time gap associated with an unconformity appears and dis- 
appears (i.e., where the unconformity grades into a correlative 
conformity and vice versa). A sequence should not cease to 
exist merely because the sequence boundary may be locally 
expressed as a correlative conformity. Thus, if an unconformity 
surface grades into a correlative conformity and then back to 
an unconformity, would the sequences defined by this surface 
exist at one location but not at a neighboring location? This 
would inevitably lead to a confusion of nomenclature and 
interpretation. 

Another important rationale for recognizing sequence bound- 
aries in areas where they are expressed as correlative conform- 
ities lies in the construction of paleogeographic interpretations. 
For these types of analyses, it is essential that time-equivalent 
surfaces through stratigraphic successions be identified. A key 
time-equivalent surface is the time of unconformity formation. 
In order to depict the paleogeography at such a moment in time, 
it might be necessary to map this surface into areas where the 
succession is completely conformable. In those areas correla- 
tion and subsequent mapping follows the coeval correlative 

The principal factor in determining whether a sequence is 
bounded by a surface at least partially expressed as a subaerial 
unconformity is the contrast between the rate of subsidence at 
the shoreline and the maximum rate of eustatic fall. Where sub- 
sidence rate exceeds the rate of eustatic fall throughout the sea- 
level cycle the sequence boundary is characterized by a correl- 
ative conformity, as shown in Figure 2.27A and the right side 
of Figure 2.28. Where the rate of eustatic fall exceeds the rate 
of subsidence for part of the eustatic cycle, the sequence bound- 
ary is characterized at least in part by a subaerial unconformity, 
as shown in Figure 2.27B and the left side of Figure 2.28. 

In certain basins, subsidence rates can vary significantly 
along dip. For example, in foreland basins the rate of subsi- 
dence decreases seaward away from the fold-and-thrust belt 
(Figs. 2.8A and C). In contrast, on passive margins, the rate of 
subsidence increases seaward (Figs. 2.8B and D). These vari- 
ations in subsidence along dip potentially set up two distinct 
zones within which very different stratigraphic architecture 
would evolve. Figures 2.8C and D illustrate that two zones can 
be identified: Zone A, where the rate of subsidence is always 
greater than eustatic fall, and Zone B, where the rate of subsi- 
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dence, at least for short periods, exceeds the rate of eustatic fall 
(Posamentier and Allen, 1993b). Consequently, if the maximum 
seaward position of the shoreline during a given eustatic cycle 
lies within Zone A, then a stratal architecture lacking lowstand 
deposition, as shown in Figure 2.27A and the right side of Fig- 
ure 2.28, evolves. In that instance, the sequence is bounded at 
its base by a correlative conformity proximally as well as dis- 
tally. If, however, the shoreline lies in Zone B when relative 
sea-level fall occurs, then a stratal architecture that contains 
lowstand deposits, as shown in Figure 2.27B and the left side 
of Figure 2.28, evolves. 

The rate of subsidence and the maximum rate of eustatic fall 
determine the position of the boundary between Zone A and 
Zone B. This boundary is located where the rate of subsidence 
along the basin margin equals the maximum rate of eustatic fall 
during a eustatic cycle. This time corresponds to the inflection 
point on the eustatic curve (Fig. 2.2). The point where the rate 
of eustatic fall equals the rate of subsidence is referred to as the 
equilibrium point (Posamentier and Vail, 1988). This point mi- 
grates towards areas of higher subsidence preceding the eus- 
tatic-fall inflection point, and towards areas of lower subsidence 
following the eustatic-fall inflection point. If eustatic fall is ex- 
tremely rapid, then Zone B expands. On passive margins, this 
likely would result in expansion of Zone B completely across 
the shelf and beyond. The result would be sequences bounded 
in part by subaerial unconformities. Conversely, if eustatic fall 
is slow, then Zone B contracts and stratigraphic architecture as 
illustrated in Figure 2.27A would be more common. Alterna- 
tively, where subsidence rates are disproportionately high, Zone 
B would contract, achieving the same results as when eustatic 
rates of fall are low, and where subsidence rates are dispropor- 
tionately low, Zone B would expand, achieving the same effects 
as when eustatic rates of fall are high. 

As shown in Figures 2.8C and D, the relative positions of 
Zones A and B in foreland basins and passive margins are re- 
versed in response to the differing causes of subsidence in these 
two types of basins. At this point it must be noted that the role 
of sediment flux can be critical. If sediment flux is relatively 
high, and the eustasy and tectonic situation is as shown in Fig- 
ure 2.8C (i.e., a foreland-basin margin with Zone A located 
proximally and Zone B located distally), then there is a greater 
likelihood that regressing shorelines will reach Zone B and 
therefore be characterized as shown in Figure 2.27B. The re- 
verse holds true on passive margins, because in this situation, 
if sediment flux is high, and the boundary between Zone A and 
Zone B lies on the shelf, then lowstand deposition does not 
occur and the stratal architecture will be as shown in Figure 
2.27A. 

It is also important to note, in the context of this zonal ap- 
proach to predicting stratigraphic architecture, that the position 
of the boundary between Zone A and Zone B can be highly 
dynamic and variable from one eustatic and/or subsidence cycle 
to the next. There will be times when Zone B dominates the 
entire basin margin and other times when Zone A dominates 
the basin margin. 

Formation of Sequerzces and Systems Tracts 

This section addresses the analysis of stratigraphic architec- 
ture and formation of sequences. As discussed in the previous 

sections, sequences can form in marine settings in response to 
cyclic changes in relative sea (or lake) level, i.e., accommo- 
dation, due to a combination of tectonism and eustasy. Simi- 
larly, in nonmarine settings sequences can form in response to 
cyclic variations in fluvial or lacustrine accommodation due to 
cyclic changes in tectonic uplift and subsidence. Although se- 
quences from both settings have been documented, most of the 
sequence stratigraphy literature has focused on sequences in 
marine shelf settings. Therefore, in order to analyze how a se- 
quence is formed and describe its internal stratal architecture, 
we will discuss the various phases in the formation of a se- 
quence deposited in a shelf setting in response to a single cycle 
of relative sea-level change. Each of these phases is shown in 
Figure 2.29, which depicts the formation of a hypothetical shelf 
sequence. As mentioned previously, these concepts are equally 
valid for lacustrine settings (e.g., Huaida, 1991; Dam and Sur- 
lyk, 1993; Liro, 1993), and the following discussion is appli- 
cable also to lacustrine deposits wherein the notion of relative 
sea level is replaced by relative lake level. For the purposes of 
this discussion, several initial simplifying assumptions are 
made. Detailed facies expression of each stratigraphic unit 
within the sequence and variations on the general theme will 
be addressed in greater detail in later chapters. The reader is 
again cautioned that the scenarios and illustrations presented 
here represent only a few variations on the general theme of 
sequence architecture within a sedimentary basin. 

Each cycle of relative sea-level change that generates an un- 
conformity is associated with deposition of a sequence, com- 
posed of a predictable and relatively conformable stratigraphic 
succession. The sediments that constitute the sequence can be 
subdivided into distinct stratigraphic units that are deposited 
during specific phases of the relative sea-level (or, in the case 
of nonmarine sequences, tectonic) cycle. These units have been 
referred to as systems tracts. This term was originated by Brown 
and Fisher (1977), who intended it to describe a "two-dimen- 
sional linkage of coeval depositional systems on a given dep- 
ositional surface". Thus, no thickness was implied in the origi- 
nal definition. However, sequence stratigraphic usage has 
extended the notion of systems tracts into the third dimension 
to comprise genetically associated deposits (Posamentier et al., 
1988). The boundaries between systems tracts form key strati- 
graphic surfaces (including transgressive surfaces and maxi- 
mum flooding surfaces as well as sequence boundaries) and 
represent breaks in the continuum of sedimentation, as will be 
discussed in more detail later in this chapter and in Chapter 3. 
Another important aspect of systems tracts as the term is used 
in a sequence stratigraphic context is that the sediments within 
a systems tract are not necessarily coeval. As will be discussed 
in more detail later, it is possible that one type of systems tract 
can form in one area, whereas another type of systems tract can 
form at the same time in another area. This can occur because 
the key surfaces that separate systems tracts do not necessarily 
have chronostratigraphic significance. 

Figure 2.30 illustrates a schematic dip section across a pro- 
gradational delta-plain and coastal-plain succession during a 
decelerating relative sea-level rise. In the example illustrated, 
the rate of relative sea-level rise is assumed to be less than the 
rate of sediment accumulation. Therefore, in response to a de- 
creasing rate of relative sea-level rise, and hence a diminishing 
rate of new accommodation added to the shelf, the shoreline 
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FIG. 2.29.-Phases in the formation of a sequence deposited in a shelf setting in response to a single cycle of relative sea-level change. A) The component 
time-stratigraphic units: early lowstand, late lowstand, transgressive, and highstand systems tracts. B) Lithofacies distribution within a sequence. 
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FIG. 2.30.-Effects of a deceleration of relative sea-level rise (assuming constant sediment flux) on the stacking patterns of shelf and coastal deposits. The 
rate of addition of subaerial accommodation decreases from early to late highstand. In response, there is an upward-decreasing rate of aggradation and increased 
rate of progradation (compare with Fig. 2.3 from time 1 to time 5). Note that with long-distance regression, the increased rate of progradation due to the initial 
decrease of subaerial accommodation that accompanies decelerating relative sea-level rise is eventually reversed. This is due to the progressive increase of 
submarine accommodation as the coastline migrates into a progressively deeper-water shelf setting. Also, with long-distance regression, after an initial subaerial 
accommodation decrease, alluvial and coastal-plain accommodation eventually decreases as well, in response to the expansion of the length and breadth of the 
alluvial plain (see fig. 4.51 and discussion in Chapter 4). 

migrates seaward at an accelerating rate. At the same time, be- 
cause less accommodation is added per unit time, the rate of 
delta-plain and coastal-plain aggradation decreases and the 
thickness of sediment deposited during equal time increments 
diminishes (Fig. 2.3). At the same time, because of the seaward 
migration of the shoreline, alluvial accommodation is created 
on the delta plain and coastal plain. Alluvial sediment is de- 
posited on the delta plain and coastal plain in response to a 
progressive seaward and upward shift in the theoretical equi- 

librium profile with relative sea-level rise (see previous discus- 
sion on fluvial accommodation and discussion in Chapters 3 
and 4). 

When a relative sea-level fall occurs at the shoreline, signifi- 
cant changes in sedimentary processes are set into motion. As 
discussed earlier in this chapter, initially the lowered sea level 
results in subaerial exposure of a relatively steep (i.e., relative 
to the gradient of the alluviaVcoasta1 plain) delta front or shore- 
face. In effect, the fluvial profile is lengthened and steepened 
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by exposure of the sea floor during the sea-level fall. This over- 
steepened stream segment is the site of accelerated stream flow 
and fluvial incision as the river extends seaward over the rela- 
tively steep exposed sea-floor surface (Figs. 2.18 and 2.19B; 
Schumm, 1993). The updip limit of the zone of fluvial incision, 
known as the knickpoint (see earlier discussion), gradually mi- 
grates upstream as headward fluvial erosion ensues. In this way 
the zone of active fluvial erosion migrates progressively 
uvstream. 

In the wake of the upstream-migrating knickpoint, an uncon- 
formable surface with an initially narrow incised valley is 
formed. The incised valley is bounded by interfluves that form 
nondepositional surfaces and drainage divides (Schumm, 
1993). As the knickpoint and fluvial incision migrate upstream, 
the unconformity gradually enlarges landward. Eventually, flu- 
vial incision and the unconformitv can extend landward over 
considerable distances in some instances (e.g., on passive mar- 
gins, incised valleys can extend several hundreds of kilometers 
landward). In other instances (e.g., along active margins), flu- 
vial incision can be restricted to narrow shelf and coastal-plain 
environments. In general, however, it should not be assumed 
that the knickpoint migrates completely up a given fluvial sys- 
tem, all the way to the highlands. Rather, the knickpoint mi- 
grates only as far upstream as the first long-lived structurally 
supported knickpoint (e.g., the "fall zone7' near the eastern edge 
of the Appalachian Mountains) (Posamentier and Vail, 1988; 
Zaitlin et al., 1994). Near the river mouth, sea-level-induced 
fluvial incision continues to occur as long as relative sea level 
continues to fall and expose a slope with a gradient steeper than 
that of the fluvial equilibrium profile (Wood et al., 1993a, 
1993b; Koss et al., 1994). 

The total depth of fluvial incision is related to the difference 
between the slope of the sea floor exposed by the relative sea- 
level fall and that of the slope of the alluvial or coastal plain 
landward of the coastline as well as to the total magnitude of 
relative sea-level fall (see discussion in Chapter 3). Depending 
on the physiography of the shelf, fluvial incision can be deep 
or very shallow or, in exceptional cases, it might not even occur 
(Fig. 2.17). For example, if the relative sea-level fall exposes a 
sea floor with a slope the same as or less than that of the fluvial 
equilibrium profile, the river does not become oversteepened 
and fluvial incision does not take place (Fig. 2.17B and C). In 
most coastal settings, however, the slope of the inner shelf ad- 
jacent to the coast (i.e., mouth bar or shoreface) is steeper than 
that of the equilibrium fluvial profiles landward of the mouth 
of the river. Consequently, if a relative sea-level fall exposes 
the sea floor, fluvial incision generally occurs (see Tables 2.1 
and 2.2 for typical shelf and fluvial gradients). On passive mar- 
gins, if the relative sea-level fall exposes the steep continental 

TABLE 2.1.-SHELF GRADIENTS (IN DEGREES) OF SELECTED 
CONTINENTAL MARGINS. 

Slope (in degrees) 

Bering Sea (off Yukon Delta, Alaska, U.S.) 0.008 
Gulf of Mexico (off Florida, U.S.) 0.013 
Gulf of Mexico (off Galveston, Texas, U.S.) 0.017 
Eastern North America (off New Jersey, U.S.) 0.026 
Eastern North America (off Long Island, New York, U.S.) 0.035 
Gulf of Mexico (off south TexasISan Antonio Bay, U.S.) 0.050 
Gulf of Mexico (off south Texas/Laguna Madre. U.S.) 0.075 

TABLE 2.2.-ALLUVIAL GRADIENTS (IN DEGREES) OF SELECTED FLUVIAL 
SYSTEMS OF VARIOUS SIZES. 

Slope (in degrees) 

Mississippi River (Between Baton Rouge and Arkansas City, U.S.) 0.006 
Nile River 0.010 
Lower Edisto River (South Carolina, U.S.) 0.019 
Rio Grande (south Texas, U.S.) 0.023 
Brazos River (southeast Texas, U.S.) 0.024 
Lower Colorado River (southeast Texas, U.S.) 0.03 1 
Upper Edisto River (South Carolina, U.S.) 0.035 
Great Egg Harbor River (New Jersey, U.S.) 0.037 
Upper Colorado River (southeast Texas, U.S.) 0.041 
Babbage River (Yukon, Canada) 0.046 
Toms River (New Jersey, U.S.) 0.087 

slope, the resulting fluvial incision is relatively deep (the actual 
range of depths of fluvial incision is discussed in Chapter 4). 

In contrast, on gentle ramp-type basin margins that generally 
characterize most interior seaways, sea-floor gradients are usu- 
ally low and can be similar to the gradients of the fluvial equi- 
librium profiles, so that less fluvial incision can occur after a 
relative sea-level fall. This appears to have occurred in low- 
gradient ramp basins such as characterized the time of deposi- 
tion of the Viking and Cardium formations in the western Ca- 
nadian Cretaceous seaway. Multiple basin-isolated interpreted 
lowstand shorelines without apparent associated channel feeder 
systems are documented for these formations (Downing and 
Walker, 1988; Posamentier and Chamberlain, 1993). Minimal 
incision coupled with poor preservation due to subsequent vig- 
orous transgressive erosion could account for this absence of 
incised valleys. This alternative will be discussed in greater 
detail later. 

With the initiation of a relative sea-level fall, fluvial incision, 
and unconformity development, a sequence boundary is formed 
and deposition of a new sequence is begun (Fig. 2.29). As pre- 
viously discussed, during each successive phase of relative sea- 
level change, distinct sediment stacking patterns develop. By 
recognizing distinctive and systematic changes of stacking pat- 
tern, each sequence can be subdivided into stratigraphic units 
known as systems tracts. Each sequence comprises three sys- 
tems tracts: the lowstand systems tract, the transgressive sys- 
tems tract, and the higlzstand systems tract. The following sec- 
tion summarizes the key aspects of these components of the 
sequence, and is based on the original discussion in Posamen- 
tier et al. (1988). The detailed log and facies expression of each 
systems tracts and the nature of their bounding surfaces will be 
discussed in greater detail in Chapters 3 and 4, respectively. 

Lowstand Systems Tract.- 

The sedimentary succession deposited during periods of fall- 
ing relative sea level, subsequent stillstand, and slow initial rise 
of relative sea level constitutes the lowstand systems tract. In 
practical terms, the lowstand systems tract includes all the de- 
posits accumulated after the onset of relative sea-level fall, and 
as long as shoreline regression continues. Consequently, it in- 
cludes the entire period of relative sea-level fall as well as the 
initial rise, that is, until the rate of rise exceeds the rate of 
sediment accumulation. 

The lowstand systems tract can be subdivided into an early 
and a late phase. The early lowstand phase develops during the 
period of relative sea-level fall, whereas the late lowstand de- 
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velops during the period of relative sea-level stillstand and sub- 
sequent slow rise. This early lowstand phase also has been re- 
ferred to as the 'yalling-stage systems tract" (Nummedal et al., 
1993; Plint and Nummedal, 2000) and the 'yorced regressive 
wedge systenzs tract" (Hunt and Tucker, 1992, 1995). We prefer 
the term early lowstand over "forced regressive wedge s);stems 
tracf" because we believe that systems tract terminology should 
remain as generic as possible, avoiding reference to any one 
depositional system. Naming a systems tract on the basis of the 
dominant local depositional system could open the floodgates 
to a plethora of potential new terms such as "incised valley 
systems tract7', or "submarine fan systems tract", and so on. We 
prefer the nomenclature of early lowstar~d systems tract tofall- 
ing stage systems tract because incorporating a "falling stage 

~ - 

systems tract" would suggest that a "rising stage systems tract" 
should be introduced as well. Moreover, as soon as sea level 
begins to fall, a region is in a lowstand situation regardless of 
whether sea level proceeds to fall only for a short time longer, 
or for a significantly longer period. Sea-level lowstand should 
describe the entire period of time that sea level is low relative 
to a preceding time period, rather than to just the period of time 
just after sea level reaches its lowest position. Consequently, 
the notion of lowstand deposition should apply to the period of 
relative sea-level fall as well as to the period of resumed relative 
sea-level rise immediately following the time of lowest sea 
level. Proliferation of new terminology should be avoided if 
possible. For these reasons, and although the terms early low- 
stand systems tract and falling stage systems tract could be used 
interchangeably, we will use the former term in our discussions 
here. 

When relative sea-level fall begins, fluvial incision can be 
initiated and sediments can bypass the pre-fall, fluvial-plain and 
coastal-plain surface upon which an unconformity develops. 
This newly formed unconformity gradually extends upstream 
until it merges with a tectonically induced unconformity in the 
more proximal reaches of the fluvial system, where tectonic 
uplift can be taking place. This location represents the upstream 
limit of the exclusive influence of relative sea-level change on 
fluvial processes. Farther upstream, the relative sea-level "mes- 
sage" to incise is blurred and combined with a tectonic 
"message". 

The initiation of fluvial incision bv the relative sea-level fall 
marks the onset of the formation of the sequence-bounding un- 
conformity that constitutes the base of the sequence. Its timing 
is related only to relative sea-level change and is generally in- 
dependent of sediment supply. This latter notion is crucial, be- 
cause the sequence boundary thus defined constitutes the only 
key su$ace within a sequence whose timing is independent of 
sediment supply. The timing of both the maximum flooding 
surface and the transgressive surface are strongly influenced by 
sediment flux. This point will be discussed in more detail later. 

Seaward of the mouth of the incising river, other events occur 
that affect the expression of the sequence boundary. As relative 
sea-level fall continues and there is a continued supply of fluvial 
sediment to the shoreline, deposition of wedges of downward- 
stepping and basinward-stepping coastal deposits takes place. 
(Fig. 2.29). This wedge progrades over a surface that is coeval 
with the sequence-boundary unconformity. This basal surface 
forms the conformable segment of the sequence boundary, 

which merges landward into the sequence-boundary unconfor- 
mity (Fig. 2.29). 

Thus, the sequence boundary comprises an unconformity in 
its landward extremity and grades seaward into a correlative 
conformity (Figs. 2.31 and 2.32). All the sediments accumu- 
lated during the period of falling relative sea level, i.e., the 
downward-stepping and seaward-stepping shoreface and del- 
taic deposits (as well as any coeval deep-water deposits), com- 
prise the early lowstand systems tract (Posamentier and Allen, 
1993a). These form lowstand deposits in the sense that relative 
sea-level fall has initiated subaerial exposure of the shelf, which 
now stands above sea level and above the forced-regression 
coastal sediments that are being deposited. 

With each successive relative sea-level fall, the coastal plain 
landward of the shoreline is subjected to fluvial incision and 
converted into an unconformity surface. With continuing rela- 
tive sea-level fall, these successive unconformities extend sea- 
ward at the top of the early lowstand deposits and merge land- 
ward with the unconformity developed at the onset of relative 
sea-level fall (Fig. 2.29). This leads to a potential problem of 
placement of the sequence boundary with respect to the sedi- 
ments deposited during relative sea-level fall and has been the 
subject of some debate. This problem is analyzed in detail in a 
later section of this chapter. 

As relative sea level continues to fall, the forced regression 
and increased sediment supply from the incising rivers combine 
to increase the rate of regression and produce a rapidly pro- 
grading and downstepping sediment wedge that extends across 
the shelf (Fig. 2.29). If there exists a discrete shelf-slope break 
in the basin, the early lowstand deposits can rapidly reach the 
edge of the shelf. When this occurs, the focused delivery of the 
increased fluvial sediment load via incised valleys to relatively 
small areas of the shelf edge promotes rapid and localized ac- 
cumulations of thick coastal-deltaic deposits that can lead to 
shelf-edge instability and slope failure. This, in turn, can lead 
to the formation of submarine canyons that become enlarged 
by mass wasting and extend landward by retrogressive slump- 
ing. These canyons can serve as conduits for sediment transport 
to the lower slope and basin floor (Fig. 2.33). Because the focus 
of this book is on shelf settings, the reader is referred to dis- 
cussions in Mutti (1985, 1992) Mutti et al. (1994), Kolla and 
Perlmutter (1993), Normark et al. (1993), Posamentier et al. 
(1991), Posamentier and Allen (1993a), and Emery and Myers 
(1996), for a more detailed discussion of the sequence strati- 
graphic patterns of deep-water deposits. In addition, we will 
further examine deep-water deposits in Chapter 4. 

When relative sea level attains its lowest position, an impor- 
tant change in sedimentation processes occurs and the late 
phase of the lowstand systems tract begins to form (Fig. 2.29; 
Posamentier and Allen, 1993a). With relative sea level (or lake 
level) no longer falling and either remaining stationary or 
slowly rising, fluvial incision at the river mouth ceases and 
fluvial deposition resumes. It should be noted, however, that 
depending upon the time elapsed since the previous sea-level 
fall, fluvial incision accompanying the landward migrating 
knickpoints can still be propagating upstream along the fluvial 
profile at some distance landward of the shoreline. Also, be- 
cause relative sea level is stable or slowly rising, forced re- 
gression ends as well. Continued shoreline regression can still 
occur, but it now takes place because the rate of sediment sup- 
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FIG. 2.3 1 .-Schematic illustration of 
the formation of a succession of high-fre- 
quency unconformities during a period of 
overall relative sea-level fall. As illus- 
trated in A, at the onset of relative sea- 
level fall an unconformity is formed, 
which merges into a correlative conform- 
ity seaward of the shoreline. This surface 
forms the inaster sequence boundary 
serisu stricto. As relative sea level contin- 
ues to fall, successively younger uncon- 
formity surfaces are formed and merge 
seaward on top of the lowstand coastal 
plain. If relative sea-level fall is episodic 
(A), higher-order sequence boundaries 
can be distinguished because of their 
stepwise expression, separating succes- 
sive lowstand shoreface deposits that step 
across the shelf. If the rate of relative sea- 
level fall and the sediment flux are con- 
stant, the unconformity surface does not 
appear to downstep (B), and it would be 
difficult to identify the "master" sequence 
boundary, i.e., the surface marking the 
onset of the relative sea-level fall (see 
discussion in text). . 
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ply is larger relative to the rate of increase in accommodation, 
i.e., the regression becomes "normal" (Fig. 2.22). The onset of 
normal regression is associated with fluvial aggradation within 
the incised valleys as the fluvial equilibrium profile migrates 
seaward and upward so as to remain anchored at the river mouth 
(see discussion earlier in this chapter). As the late lowstand 
shoreline continues to regress, fluvial aggradation can eventu- 
ally extend onto the interfluve unconformity. This most likely 
occurs either when the incised valleys are shallow, i.e., with 
depths slightly exceeding that of the river channel prior to in- 
cision, or in the case of long-duration lowstand periods wherein 
the aggrading fluvial deposits can "spill out" of the incised val- 
leys into the interfluves. 

Deposition during this late phase of the lowstand systems 
tract comprises several types of sedimentary systems: aggrading 
incised-valley fluvial fill, prograding shoreline with develop- 
ment of coastal plains, and, if basin physiography permits, as- 
sociated deep-water systems (Fig. 2.34). Fluvial late lowstand 
deposits unconformably overlie the sequence boundary within 
incised valleys, whereas farther seaward they overlie either the 

early lowstand coastal-deltaic deposits or the conformable (i.e., 
correlative conformity) sequence boundary (Fig. 2.32). 

During late lowstand time, the rate and nature of fluvial sed- 
iment supply changes, even if all else (e.g., climate, tectonic 
tilting, etc.) remains constant. When relative sea level is falling 
during early lowstand, rivers incise their substrate, resulting in 
an increased volume of fluvially transported sediment. When 
relative sea level stops falling, i.e., during late lowstand time, 
the rivers in the vicinity of the shoreline cease incising (al- 
though incision can continue to propagate upstream, as previ- 
ously mentioned), tending to decrease sediment supply. Com- 
pounding this decrease in sediment supply is the fact that rivers 
begin to aggrade within their valleys as the shoreline migrates 
seaward by normal regression. Also during the sea-level still- 
stand and slow rise that follows a period of relative sea-level 
fall, the sand-to-mud ratio delivered to the river mouth tends to 
be lower because the coarser grain-size fractions are preferen- 
tially deposited within the incised valleys. Therefore, barring 
changes of sediment supply due to other factors such as tecton- 
ics and climate change (e.g., see Blum, 1990; Blum and Valas- 
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FIG. 2.32.-Illustration of the varying attributes of a sequence boundary in sedimentary basins with "ramp" margins. At the landward side, the sequence 
boundary can be a polygenetic surface of erosion. Formed initially by subaerial erosional processes, this surface is later modified by wave and/or current erosion 
during shoreline transgression. Note that the sequence boundary retains the signature of the last process that inodi$ed that surjace. Consequently, in the end, 
this surface has the attributes of a ravinement surface (i.e., transgressive surface of erosion). Locally (e.g., within incised valleys), a fluvially or tidally incised 
channel-form surface can be characteristic of the sequence boundary in this landward setting. Farther seaward, sharp-based lowstand shoreface deposits (i.e., 
forced-regression deposits) can lie unconformably on a surface cut by wave action during sea-level fall. Finally, farthest seaward, the sequence boundary can 
be expressed as a gradational boundary (i.e., a correlative conformity) that separates lowstand from underlying highstand deposits. 

he. 2.33.Shelf/slope break and basin along a continental margin showing 
key elements of depositional systems active there during times of sea-level 
lowstand. Canyons serve as a conduit for sediment to be delivered to the deep 
water. Deep-water turbidite systems commonly form beyond the mouths of 
shelf-edge canyons or where there is an abrupt decrease in gradient. Also active 
at this time are slope mass-wasting processes such as slumps, slides, and debris 
flows (see Normark et al., 1993, for further discussion). (From Normark et al., 
1993.) 

RG. 2.34.-Perspective view of depositional systems active during late low- 
stand systems tract time. These include fluvial valley-fill systems, shelf-edge 
deltaic systems, and deep-water basinal turbidite systems. 

tro, 1989), or other factors such as deglaciation or strearnpiracy, 
late-phase lowstand deposits typically are less sand-prone and 
finer-grained in both the fluvial and the marginal-marine dep- 
ositional systems, as well as the more distal shelf, slope, and 
basinal depositional systems (see discussion in Posamentier and 
Allen, 1993a). 

In practical terms, a lowstand systems tract observed on the 
margins of a sedimentary basin comprises a wedge of rapidly 
prograding coastal and deltaic deposits extending seaward 
across the shelf (several examples of these wedges are illus- 
trated in Chapter 4). Landward of these coastal deposits, sand- 
prone lowstand fluvial incised-valley fills can extend over con- 
siderable distances updip. Both of these sand-prone units 
commonly overlie generally mud-prone and more distal shelf 
deposits. When the lowstand deposits are transgressed, they 
commonly are overlain by marine mudstones similar to those 
underlying them. Numerous examples of this type of facies suc- 
cession have been documented (see Chapter 4). The facies ex- 
pression and recognition of these lowstand deposits is discussed 
in more detail in Chapters 3 and 4. 

Because of these facies patterns and vertical successions, as 
well as from the perspective of presence of source, seal, and 
reservoir facies, the lowstand systems tract has excellent explo- 
ration potential. In this systems tract, coarse clastic facies can 
be deposited in shelf environments more commonly (i.e., out- 
side of lowstand time) characterized by pelagic or hemipelagic 
mud that can form both hydrocarbon source rock and seal in 
the right circumstances. Thus, an opportune juxtaposition of 
reservoir (in the lowstand systems tract) and seal (in the trans- 
gressive systems tract) can be present (Fig. 2.35). 

Transgressive Systems Tract.- 

As the rate of relative sea-level rise increases, the rate at 
which new accommodation is added eventually exceeds the rate 
at which sediment is supplied, so that shoreline transgression 
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Fig. 2.35.-Sequence stratigraphic model depicting the petroleum play significance of each systems tract. 

is initiated and the transgressive systems tract is deposited (Fig. 
2.29). The transgressive systems tract comprises the deposits 
accumulated from the onset of coastal transgression until the 
time of maximum transgression of the coast, just prior to re- 
newed regression. 

Transgression can be induced either by a decrease in sedi- 
ment flux or by an increase in the rate of new accommodation 
added (i.e., by an increased rate of relative sea-level rise). It is 
difficult to differentiate between these two causal mechanisms 
unless regional data are available. In this section, we will focus 
on relative sea-level rise and its effects. Once again, we em- 
phasize that eustasy andor tectonism can drive relative sea- 
level change and that sorting out which is the dominant factor 
can be exceedingly difficult. In situations of extreme tectonism 
(i.e., very high subsidence rates) or very rapid eustatic rise, the 
rate of sediment supply is almost always unable to keep up with 
the rate of new accommodation added. Chough and Hwang 
(1997) have referred to this as forced transgression, drawing a 
parallel with forced regression, which occurs when relative sea 
level falls. 

With the onset of transgression, incised valleys are trans- 
formed into estuaries (Fig. 2.36), which may become filled with 
a complex suite of facies ranging from nonmarine to marginal 
marine to open marine (Allen and Posamentier, 1993, 1994a; 

Dalrymple et al., 1992; see Chapter 4 for a more detailed dis- 
cussion). During transgression, incised valleys, bays, and la- 
goons form efficient traps for fluvially sourced sediments, while 
concomitantly shorelines tend to be starved and rapidly trans- 
gressed. Also during transgression, fluvial valleys are eventu- 
ally flooded and fluvial sedimentation can cease if the rate of 
sea-level rise is sufficiently high. Consequently, fluvial depo- 
sition is restricted during transgressive systems tract time. If the 
rate of transgression is very rapid, fluvial deposition during 
transgression is restricted to the thickness of a single channel 
section as transgressive coastal deposits (Allen and Posamen- 
tier, 1993) cover the alluvial-plain profile. 

The depositional systems during transgressive systems tract 
time commonly include, from landward to seaward: a thin flu- 
vial depositional system, aggrading coastal-plain deposits, 
wave- and current-reworked transgressive lag deposits (when 
the coast is affected by strong wave andlor tidal energy), and 
fine-grained marine mud deposited seaward of the late lowstand 
sediments. The sources of sediment during transgressive sys- 
tems tract time are twofold: ever-continuing fluvially delivered 
supply from the hinterlands, and reworking of the substrate by 
wave and tidal erosion during transgression. The coastal-plain 
deposits within the transgressive systems tract tend to be sand- 
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deficient and can contain abundant organic deposits (Cross, 
1988). 

In certain settings, sediments reworked by waves and tidal 
currents during transgression can form significant deposits of 
sandstone on the flooded shelf (Snedden and Dalrymple, 1999). 
Commonly, these comprise palimpsest deposits. Such deposits 
are well known on modem shelves (Kenyon, 1970; Johnson et 
al., 1982; Belderson and Stride, 1966; Swift and Field, 1981) 
and have been identified in the subsurface as well (Posamentier 
et al., 1998). 

In some instances, sea-level stillstands and even minor short- 
lived sea-level falls can punctuate the overall rapid sea-level 
rise. These events can produce short periods of shoreline re- 
gression and even forced regression (Plint et al., 1987; Posa- 
mentier and Chamberlain, 1993; Walker and Wiseman, 1995; 
MacEachem et al., 1998) before resumption of relative sea- 
level rise and transgression. Figure 2.37 illustrates a situation 
where short-lived regression punctuates an overall transgres- 
sion (i.e., so-called "punctuated transgression"). Figure 2.38 il- 
lustrates the types of bounding surfaces associated with punc- 

FIG. 2.36.-Perspective view of depo- 
centers active during transgressive sys- 
tems tract time. These include incised 
valleys, estuaries, bays, and lagoons, as 
well as locations on the shelf where trans- 
gressive lag or healing-phase wedge (see 
discussion in Chapter 4) sediments might 
be deposited. 

tuated transgressive deposits contrasted with forced-regression 
deposits (see discussion in Chapters 3 and 4). 

As coastal depocenters shift progressively farther landward 
during transgressive systems tract time, sedimentation in more 
distal shelf settings becomes dominated by thin-bedded and 
fine-grained deposits. These sediments constitute a condensed 
section (Loutit et al., 1988). The farther seaward, the greater 
the length of time is represented by the condensed section. Fig- 
ure 2.39 illustrates this time-stratigraphic relationship in a 
Wheeler diagram. Note that the time expansion of the con- 
densed section is opposite that of the hiatus on the unconfor- 
mity, which increases landward. The surface within the con- 
densed section that represents the time of maximum flooding 
of the shelf, i.e., the time at which the shoreline is in its max- 
imum landward position, is referred to as the maxirnumJEooding 
surjiace (Posamentier et al., 1988; Van Wagoner et al., 1988). 
Because the time of maximum transgression in any one area of 
the basin depends on local sediment flux as well as the local 
rates of relative sea-level rise, in effect the maximum flooding 
surface can represent a significantly diachronous surface within 

Shoreline - 
Shoreline Regression 

Shoreline 

Time 2 
Transgression and Subsequent Stillstand 
Formation of Wave-Cut BevelITerrace 

Shoreline, 

Shoreline 

FIG. 2.37.-Illustration of a short-lived 
regression that punctuates an overall 
transgression (i.e., so-called "punctuated 
transgression"). At time 1, shoreline re- 
gression occurs and the shoreline lies sea- 
ward of the illustration shown. At time 2, 
transgression and subsequent sea-level 
stillstand occurs, resulting in the fonna- 
tion of an erosional bevel with associated 
terrace. At time 3, short-lived regression 
and progradation occur. Finally, at time 
4, transgression resumes once again and 
the shoreline has shifted to a position 
landward of the illustration shown. Note 
that there are ravinement surfaces at the 
lower and the upper bounding surfaces of 
this short-lived stillstand regressive unit 
(see Fig. 2.38). 

Resumed Transgression and Deposition of Transgressive 
Deposits (i.e., Transgressive Lag and Healing-Phase Wedge) 
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A) Forced Regressive (i.e., Lowstand) Progradation 

Ravinement Surface \ 

B) Transgression Punctuated by Stillstand Progradation 
Ravinement Surface . 

Ravinement Surface 

FIG. 2.38.Xomparison between A) the bounding surfaces that characterize 
lowstand forced-regression deposits and B) regressive wedges deposited during 
stillstand regression punctuating an overall transgressive event. Note that a 
ravinement surface characterizes the top and base of B, whereas a ravinement 
surface characterizes only at the top of the regressive wedge shown in A. The 
base of the wedge shown in A is referred to as a correlative conformity. 

a basin (see discussions in Allen and Posamentier, 1994b; Mar- 
tinsen and Helland-Hansen, 1994). It is common that the max- 
imum flooding surface represents a chronostratigraphic surface 
in a dip section (i.e., as illustrated in Figs. 2.29 and 2.39), and 
a diachronous surface along depositional strike, because of var- 
iations of sediment influx along the coast. These differences 
between depositional dip and depositional strike are discussed 
in more detail later in this chapter. 

Commonly, the onset of transgression is abrupt and clearly 
identifiable in cores and well logs, and a distinct surface sepa- 
rating the lowstand and transgressive systems tracts can be 
identified. This surface, known as the transgressive sugace (Po- 
samentier and Vail, 1988) typically separates transgressive 
nearshore marine sediments above from regressive coastal- 
plain or fluvial deposits below. During transgression of shore- 
lines in areas of high wave energy, significant wave erosion of 
previously subaerially exposed substrates can occur (Fig. 2.40). 
This erosion can result in removal of as much as 10-20 m of 
substrate (Demarest and Kraft, 1987) and produce a wave-rav- 
inement surface (Swift et al., 1972; Swift, 1975). 

The transgressive systems tract has potential for excellent 
hydrocarbon source and seal development (Fig. 2.35). To a 
lesser extent, reservoir facies also can develop in the form of 
transgressive tide-reworked coastaValluvial plain and wave-re- 
worked shoreface deposits (see Chapter 4), nonetheless, it is 
hydrocarbon source and seal that generally constitute the most 
significant contribution to petroleum systems of this systems 
tract. With coarse clastic depocenters shifted landward during 
this interval, the more distal zones of a sedimentary basin are 
characterized by low rates of clastic influx, often allowing sec- 
tions with relatively high content of total organic carbon to 
develop (Cross, 1988; Creaney and Passey, 1993). These shale- 
prone deposits, which blanket the shelf, can serve as either 
source or seal facies. 

Highstand Systems Tract.- 
When relative sea-level rise slows to the rate at which avail- 

able sediment flux is equal to or greater than the rate at which 

accommodation is produced, then transgression ends and either 
shoreline stillstand occurs or regression resumes. The regres- 
sive deposits that form when sediment accumulation rates ex- 
ceed the rate of relative sea-level rise and increase in accom- 
modation constitute the highstand systems tract (Fig. 2.29). 
This systems tract eventually progrades over the condensed sec- 
tion and maximum flooding surface. At the onset of highstand 
systems tract time, much of the shelf and deep basin is still 
dominated by deposition of the condensed section even though 
the shoreline is beginning to migrate seaward. As mentioned 
above, the onset of highstand regression might not be recorded 
at the same time in all parts of the basin insofar as this event 
is sensitive to local sediment flux and subsidence (the latter in 
the context of its contribution to relative sea-level change). 

During this time, any remaining incised-valley estuaries, 
which previously had served as sediment traps during trans- 
gression and deprived the shoreline of sediment, are filled. In 
some coastal settings, there can be a transitional period during 
which the regressive highstand systems tract begins to be de- 
posited within the estuaries in the form of prograding bayhead 
or estuary-head deltas while at the same time the shorelines 
between estuaries, deprived of sediment supply, can continue 
to be transgressed (Allen and Posamentier, 1993). In some set- 
tings where wave energy is high, transgression by shoreface 
erosion can continue despite the stabilization of sea level and 
the renewed delivery of sediment to the coast (e.g., Leckie, 
1994), thus prolonging deposition of the transgressive systems 
tract. In other settings, where sediment flux can be greater 
through one fluvial system than through a neighboring one, the 
former system can be characterized by renewed highstand del- 
taic deposition whereas the latter can still be characterized by 
estuarine trapping of fluvially derived sediments (Fig. 2.20). 
This situation is an example of the diachronous nature of max- 
imum flooding surfaces. As illustrated in Figure 2.20, the max- 
imum flooding surface on the shelf has not yet formed in areas 
proximal to the estuarine system, where the transgressive sys- 
tems tract continues to be deposited. In contrast, the maximum 
flooding surface has already formed in areas proximal to the 
deltaic system where the highstand systems tract (in the form 
of the delta) is being deposited. 

The highstand systems tract is deposited during an interval 
of slowing rates of sea-level rise. In response, the rate of 
coastal-plain aggradation decreases as the rate of coastal pro- 
gradation increases, and sand deposits tend to be increasingly 
amalgamated. This can be accompanied by increased rates of 
coastal progradation (Figs. 2.29 and 2.30). Therefore, as the 
highstand systems tract develops, the coastal-plain deposits be- 
come increasingly thinner and sandier and the corresponding 
reservoirs exhibit a greater degree of interconnectedness. At the 
same time, accelerating shoreline regression results in increased 
fluvial accommodation as the fluvial equilibrium profile mi- 
grates seaward, as discussed earlier. Therefore, fluvial deposi- 
tion migrates farther out on the coastal plain, as the highstand 
systems tract continues to develop (Figs. 2.29 and 2.41). 

By the end of highstand systems tract time, the rate of relative 
sea-level rise has slowed to zero and only progradation occurs. 
The rate of regression is most rapid at this time unless the shore- 
line has migrated across the shelf to the shelf edge, where there 
is an abrupt increase in water depth and accommodation. Such 
is the situation of the present-day Mississippi birdfoot delta, 
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FIG. 2.39.-Wheeler diagram (B) based on the stratigraphy shown in (A). Note that hiatuses form both landward, during lowstands of sea level, and seaward, 
during highstands of sea level. However, the hiatus that forms during sea-level lowstand is expressed in part as a gap of sedimentation and in part as an erosional 
vacuity. In contrast, the hiatus that forms during sea-level highstand is expressed primarily not as a true hiatal break but as a section of very slow rates of 
sedimentation that forms a corzderzsed section. Also note the smaller-scale sequences that form in response to the higher-frequency sea-level events shown on 
the relative sea-level curve (C). (Reprinted from Sedimentary Geology, v. 95, Kolla et al., Stranded parasequences and the forced regressive wedge systems 
tract: deposition during base-level fall, p. 136-145, 1995, with permission from Elsevier Science.) 

Shoreface irosion [Transgressing Shoreline] 
Transgressive Lag -Fzs&&, 

which has prograded out to the edge of the shelf. This abrupt 
increase of accommodation at the shelf edge stalls the regres- 
sion, because much of the available sediment goes into con- 
struction of slope clinoforms (Fig. 2.42). In this instance, be- 
cause of this reduced rate of highstand regression during 
relative sea-level stillstand, the rate of increase of fluvial ac- 
commodation tends to approach zero, encouraging clustering 
of fluvial channels (see discussion in Chapter 4). 

In a sense, the highstand systems tract is a mirror image of 
the late lowstand systems tract. The late lowstand systems tract 

Ravinement surface' is characterized b; a progressively increasing rate bf sea-level 

FIG. 2.40.-Schematic depiction of the formation of a ravinement surface. 
rise, starting from a relative sea-level stillstand, and the high- 

Shoreface erosion occurring in conjunction with a transgressing shoreface re- stand systems tract is characterized by a progressively decreas- 
sults in removal of the upper part of the underlying strata and deposition of ing relative sea-level rise culminating in a sea-level stillstand. 
transgressive lag sediments on top of this "beheaded" section. (After Bruun, The late lowstand systems tract and the highstand systems tract 
1962, and Swift, 1975.) are both characterized by normal regression, but the highstand 
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FIG. 2.41.-Dip cross sections illustrating shifts of the fluvial equilibrium profile and changes of accommodation in response to a cycle of relative sea-level 
change. Each systems tract is shown to comprise several small-scale regressive-transgressive cycles (i.e., parasequences), so that at each phase of normal 
shoreline regression within a parasequence, fluvial accommodation is created. For the purposes of this illustration, it is assumed that rivers respond rapidly to 
this accommodation and fill the space available. Note that fluvial accommodation is positive (i.e., space is being made available and deposition occurs) during 
each time period shown, with the exception of the early lowstand systems tract (B), when accommodation is negative (i.e., erosion occurs). 

systems tract is marked by increasing rates of coastal regres- sequent transgressive systems tract time. Although highstand 
sion, whereas the late lowstand systems tract is characterized floodplain shale can in some instances provide adequate seal, 
by decreasing rates of coastal regression. abundant crosscutting channel sandstone deposited during the 

From an exploration perspective, the highstand systems tract late highstand systems tract can fragment and perforate these 
in coastal-plain and alluvial-plain settings contains ample res- seals. In the more distal areas of the highstand systems tract, 
ervoir facies. However, seal can be problematic (Fig. 2.35) un- reservoir facies are less prevalent; however, seal facies are more 
less marine flooding extends far enough landward during sub- widespread. During deposition of the early part of the highstand 
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FIG. 2.42.-Limits on seaward progra- 
dation in an outer-shelf setting. Note that 
the volume of new accommodation added 
with fixed equal increments of relative 
sea-level rise increases gradually as pro- 
gradation moves the shoreline into pro- 
gressively deeper water, and then in- 
creases abruptly once the shelf edge is 
reached. When the shelf edge is reached, 
progradation rate decreases dramatically 
because of this increased space that must 
be filled before regression can continue 
in this setting. A further impediment to 
continued regression in this setting is the 
inherent slope instability that accompa- 
nies progradation into the slope environ- 
ment. 

systems tract, extensive parts of the middle to outer shelf and 
beyond can still be sites of slow rates of sedimentation. These 
facies constitute a continuation of the condensed section that 
was initiated during transgressive systems tract time, and can 
constitute excellent source beds (Loutit et al., 1988; Creaney 
and Passey, 1993) as well as top seal or bottom seal facies. 

Figure 2.29 illustrates a hypothetical section within a com- 
plete shelf sequence. As illustrated, the sequence is expressed 
as a sediment cycle bounded by unconformities (or correlative 
conformities in more distal environments). The most favorable 
juxtaposition of sand-prone, seal-prone, and source-prone fa- 
c i e ~  deposits can be observed within the lowstand systems tract. 
This systems tract grades upward into more shale-prone trans- 
gressive systems tract deposits. The maximum flooding surface 
generally is associated with a widespread shale-prone unit, 
which furnishes a good regional seal and in some instances 
source-prone facies. The overlying highstand systems tract 
forms an increasingly sand-prone succession, and the sequence 
is subsequently capped by the next sequence boundary. 

Depositional sequences can also form in nonmarine environ- 
ments, for example when tectonic tilting, climatic changes, or 
other changes can result in formation of episodic unconformi- 
ties and associated "lowstand" deposits in fluvial and lacustrine 
deposits. Such sequences have been described by several au- 
thors (e.g., Legaretta et al., 1993; Allen et al., 1996; Mutti et 
al., 1996) in various types of tectonic settings. Figure 2.43 il- 
lustrates how a nonmarine sequence can form in an intracra- 
tonic basin affected by episodic tectonic uplift on its periphery. 
This scenario is based on a study by Musakti (1997) of non- 
marine fluvial and lacustrine sequences in the Jurassic Ero- 
manga basin of central Australia. These sequences are charac- 
terized by episodes of fluvial and lacustrine sedimentation 
associated with episodes of tectonic uplift on the margins of the 
basin. They are described in more detail in Chapters 3 and 4. 

When tectonic tilting and uplift occurs on a basin margin, 
rivers are oversteepened and incise into the substrate, forming 
an unconformity and consequently a sequence boundary. Con- 
trary to a sequence boundary of a sequence controlled by sea 
level (or lake level), the "message" for rivers to incise and form 
an unconformity (and therefore a sequence boundary) does not 
propagate landward from the coast but occurs simultaneously 
over the entire area affected by tectonic tilting in the upstream 

extremity of the basin. In such instances, fluvial systems tend 
to be entrenched to varying degrees and knickpoint migration 
is unlikely. 

In instances of tectonic-uplift-induced unconformities in al- 
luvial settings, fluvial entrenchment is accompanied by in- 
creased volume of sediment supply. These sediments are sub- 
sequently deposited downstream from the tectonic hinge point, 
where fluvial accommodation continues to increase by regional 
subsidence. Sediments accumulate there as widespread fluvial 
sand sheets, grading downdip into prograding lacustrine deltas. 
The relationship between the surface at the base of these fluvial 
deposits and the unconformity farther landward in the zone of 
tectonic tilting is analogous to the surface at the base of early 
lowstand forced-regression deposits in marine shelf environ- 
ments. In both settings, sedimentation proceeds unabated across 
the sequence boundary, and in both areas the sequence bound- 
ary is expressed as a correlative conformity. In continental set- 
tings, where uplift produces unconformities in the alluvial dep- 
ositional system, downdip sand-prone fluvial channels and 
associated lacustrine deltas constitute an equivalent to a low- 
stand systems tract in shelf sequences and are similarly char- 
acterized by onlap updip onto the sequence-boundary 
unconformity. 

When tectonic tilting andlor uplift ceases and regional sub- 
sidence resumes, the rate of sediment supply delivered down- 
system diminishes and an upward-shaling succession forms in 
these down-system environments, with isolated fluvial channels 
in floodplain shales. In some instances, under the right tectonic 
circumstances, this diminished sediment supply down-system 
can lead to the formation of unfilled low areas where lacustrine 
systems can develop. This could result in a period of lacustrine 
transgression producing the continental version of a transgres- 
sive systems tract. Subsequently, when renewed tectonic tilting 
occurs, an erosional unconformity again forms, capping the se- 
quence. These sequences are similar to those formed by sea- 
level variations in shelf settings and form unconformity- 
bounded sedimentary cycles punctuated by an episode of 
mud-prone lacustrine transgression (Fig. 2.43). The best res- 
ervoir potential would occur, as in the shelf sequences, within 
the sand-prone lowstand fluvial channels and the best seals and 
source rock in the transgressive lacustrine mudstone. 
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FIG. 2.43.-Schematic depiction of the 
development of sequences in continental 
settings that are influenced by periodic 
tectonic uplift. Accelerating uplift occurs 
during times 2-4. During this time, the 
tectonic hingepoint migrates down-sys- 
tem and a form of forced regression oc- 
curs (compare with Fig. 2.23). At time 5, 
uplift decreases and the tectonic hinge- 
point migrates up-system. At this time, 
also, increased subsidence down-system 
results in increased accommodation and 
lake formation. Continued subsidence 
coupled with decreased sediment supply 
to the shoreline (a greater part of the sed- 
iment budget is devoted to filling alluvial 
accommodation upsystem) leads to lacus- 
trine shoreline transgression during times 
6 and 7. Time 8 is characterized by 
slowed subsidence and concomitant 
slowed rate of new alluvial accommoda- 
tion, which results in increased sediment 
supplied to the shoreline and consequent 
regression. Finally, at time 9, up-system 
uplift resumes and tectonic forced regres- 
sion occurs. The master sequence bound- 
aries form at times 2 and 9. 

The internal architecture and sand-shale distribution patterns 
within sequences in both marine and nonmarine settings control 
the plumbing systems of regional hydrocarbon systems, i.e., the 
most likely pathways for fluids to migrate from source to res- 
ervoir sections. Understanding the sequence architecture within 
a basin as well as the structural history is therefore crucial in 
order to predict regional hydrocarbon systems. A more detailed 
analysis of the facies and log expression of the various surfaces 
and systems tracts within sequences in marine and nonmarine 
settings is discussed in Chapters 3 and 4, and illustrated with a 
number of documented examples from various basins. 

VARIATIONS AND PROBLEMS 

Introduction 

The previous section illustrates the general features of dep- 
ositional sequences in shelf and nonmarine settings, on the basis 

of the concepts published by Posamentier and Vail (1988). Al- 
though the existence of most of these features has been gen- 
erally accepted, during the past years there has been a contin- 
uing debate, as well as certain amount of confusion, concerning 
a number of specific features and notions. These include issues 
such as the intrinsic difference between sedimentary cycles, 
"para" sequences, and (depositional) sequences, the definition, 
location, and timing of the sequence boundary, the definition of 
the lowstand systems tract in regard to falling relative sea level, 
the existence and interrelationships of higher-frequency se- 
quences within lower-frequency sequences, etc. The following 
section attempts to address these important topics. It is unreal- 
istic to imagine, however, that these areas of controversy can 
be easily resolved insofar as they concern complex natural phe- 
nomena and interrelationships, some of which are still poorly 
understood. Nonetheless, it is our aim to highlight and discuss 
some of the salient points of these controversies to achieve what 
we hope is a reasonable interpretation of the stratigraphic rec- 
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ord. We recognize that many of these issues will remain con- 
troversial until better and more detailed data are available. 

Cycles vs. Sequences 

Under certain circumstances, cyclic stratigraphic units can 
form that are similar to sequences in appearance, yet fail to 
fulfill the crucial diagnostic characteristic of a sequence, i.e., 
being bounded by unconformities or their correlative conform- 
ities. The simple sedimentary cycle formed by delta lobe 
switching is one such circumstance. Lobe switching is the result 
of local changes in sediment flux to the coast caused by aban- 
donment of delta lobes, and can have little or no relationship 
with relative sea-level change. In most cases, delta-lobe switch- 
ing results in the formation of small-scale (i.e., generally a few 
tens of meters thick) regressive-transgressive cycles. These 
sedimentary cycles are very common in delta-dominated basin 
margins and are similar in appearance to the depositional se- 
quence depicted on the right side of Figure 2.28. The major 
difference, of course, is that no unconfonnity exists within the 
regressive-transgressive delta cycle either updip or downdip, 
or along strike. However, the two successions when viewed in 
isolation are virtually indistinguishable. The only way to de- 
termine whether a locally observed regressive-transgressive cy- 
cle is punctuated by a sequence boundary is by subregional and 
regional stratigraphic correlations or by inference from facies 
patterns (see later discussion in this chapter as well as in Chap- 
ters 3 and 4) or biostratigraphic data that the cycle contains an 
unconformity. In the case of delta-lobe switches, these regres- 
sive-transgressive units likely would be of limited extent within 
the basin (i.e., as extensive as the individual delta lobe). 

A similar but more regionally widespread regressive-trans- 
gressive cycle can develop in active tectonic settings where. 
successive changes in sediment supply can occur due to tectonic 
events in the provenance area. Xue (1997) documents two tec- 
tonically driven regressive-transgressive episodes within the 
Paleogene Wilcox Group in the Gulf of Mexico (Fig. 2.44). In 
such settings, the associated nearshore and shelf deposits can 
form regressive-transgressive successions that have no causal 
relationship with changes in relative sea level or accommoda- 
tion and no relationship with unconformity surfaces. Such de- 
posits should not be considered as sequences. In certain in- 
stances, however, successive episodes of tectonic uplift and 
tilting of a fluvial drainage basin would not only engender ep- 
isodic increases in sediment flux to the coast but would also 
cause the river to incise and unconformities to form within the 
fluvial basin. In this case, if the coeval regressive-transgressive 
cycles on the shelf can be related to these unconformities and 
were therefore shown to be bounded by correlative unconfor- 
mities, then they would constitute sequences, as would the flu- 
vial sediment cycles bounded by unconformities in the adjacent 
fluvial basin. 

In an ideal situation where very high-resolution geochrono- 
logic control exists, regressive-transgressive stratigraphic units 
that are sea-level vs. sediment-flux related can be differentiated 
by comparison of unit-time thickness of topset beds. Figure 2.3 
illustrates a regressive-transgressive succession that forms un- 
der the influence of decelerating and then accelerating relative 
sea-level rise. Note the progressive thinning of unit-time topset 
beds as the point of the lowest rate of relative sea-level rise is 

FIG. 2.44.-Two depositional episodes (i.e., the Rio Grande Embayment and 
the Houston Embayment) bounded by regional maximum flooding surfaces are 
shown in a strike section across the Texas Gulf of Mexico coast. (From Xue, 
AAPG O 1997, reprinted by permission of the American Association of Pe- 
troleum Geologists.) 

approached, and then progressive thickening of unit-time topset 
beds as relative sea-level rise again accelerates. This depiction 
is a detail of the cross section shown on the right side of Figure 
2.28. The geometry illustrated in Figure 2.3 would be in marked 
contrast with the geometry associated with a regressive-trans- 
gressive delta lobe prograding under the influence of stable to 
uniformly rising relative sea level. In this latter instance, there 
would be no progressive thinning and then thickening of topset 
beds per unit time such as shown in Figure 2.3, but rather suc- 
cessive topset beds would be of similar thickness per unit time. 
This uniformity of topset bed thickness within a relatively uni- 
form delta lobe prograding under the influence of stable to uni- 
formly rising relative sea level is a function of stable rates of 
new accommodation added. This is in contrast with the situa- 
tion shown in Figure 2.3, where accommodation decreases and 
then increases within the regressive part of the section. 

Demonstrating a sea-level cause for thinning and subsequent 
thickening of topset beds is still not sufficient to confirm the 
presence of a surface that is correlative to an unconformity 
(where subsidence was lower, as in the left side of Fig. 2.28). 
Unit-time thinning and thickening of topsets might indeed be 
sea-level induced, but this slowdown and subsequent acceler- 
ation of relative sea-level rise might be associated with a 
"bump" on an overall sea-level rise that nowhere, even where 
subsidence is zero, results in an unconformity-forming relative 
sea-level fall. Consequently, determining whether stratigraphic 
sections such as shown in Figure 2.45 constitute sequences or 
merely sediment-flux-induced perturbations can be very diffi- 
cult without considering regional context. 

The scenario described above, wherein a slowdown of rela- 
tive sea-level rise occurs, produces a stratigraphic unit that has 
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FIG. 2.45.-Parasequence and sequence development in areas of A) high 
subsidence rate and B) low subsidence rate occurring in conjunction with the 
same eustatic event. A relative sea-level fall that characterizes the area of low 
subsidence is synchronous with a slowdown and then an acceleration of relative 
sea-level rise that characterizes the area of high subsidence. The sequence 
boundary in area A is expressed as a correlative conformity that is not coeval 
with the sequence boundary, expressed as an unconformity in area B (see Fig. 
2.28). Note that in A, a flooding surface bounds the top of the progradational 
succession, producing a classic parasequence. This upper bounding surface, 
however, is not coincident with a sequence boundary. At B, the flooding surface 
at the top of the progradational succession also defines a parasequence, but in 
this instance this surface is polygenetic, comprising first a subaerial unconfor- 
mity and later a ravinement surface. Consequently, the upper bounding surface 
is a transgressive surface coincident with a sequence boundary. The nearly 
identical expression of the two log profiles underscores the need for regional 
coverage in correctly determining whether and where a sequence boundary 
exists. This figure draws attention to the inherent difficulties of doing detailed 
sequence stratigraphic interpretations using a single well log or a single limited 
outcrop. 

similarities with bona-fide sequences. If the initial rate of rela- 
tive sea-level rise is greater than sediment flux, coastal trans- 
gression takes place, whereas if a slowdown in the rate of rela- 
tive sea-level rise takes place, the rate of sediment supply may 
be sufficient to temporarily cause shoreline regression. Trans- 
gression would then be renewed when relative sea level re- 
sumes its previous rate of rise. 

This type of regressive-transgressive stratigraphic unit is not 
associated with an unconformity and therefore a correlative un- 
conformity, though it has all the other attributes of the stacking 
patterns of sequences, as shown in Figure 2.3 and discussed 
above. Consequently, consistent with Mitchum's (1977) defi- 
nition of a sequence, such cycles would not satisfy the criteria 
to be called a sequence. Nonetheless, as previously discussed, 
regional correlations or detailed biostratigraphy would be nec- 
essary to establish the presence (or absence) of unconformities 
and correlative conformities. 

Sequences vs. Parasequences 

A common aspect of sequence stratigraphic analyses is the 
recognition of what have been referred to as parasequences. A 
parasequence, as defined by Van Wagoner et al. (1990), com- 
prises a regressive shallowing-upward succession bounded by 
marine flooding surfaces above and below. Figure 2.46 illus- 
trates an example of a succession of parasequences. There has 
been some confusion surrounding the usage of this term and 
the application of the parasequence concept (see discussions in 
Posamentier and James, 1993; Arnott, 1995; Kamola and Van 
Wagoner, 1995). Three issues are involved. Firstly, the distinc- 
tion between parasequences and sequences must be made clear. 
Parasequences are not simply "small-scale sequences". Con- 
trary to sequences, parasequences are not defined as being un- 
conformity-bounded (or correlative-conformity-bounded) 
stratigraphic units and therefore do not constitute sequences in 
the sense of Mitchum (1977), small scale or otherwise. In fact, 
these stratigraphic units are somewhat akin to the "genetic se- 
quences" as described by Galloway (1989a), insofar as "genetic 
sequences" are defined as bounded by maximum flooding 
surfaces. 

Secondly, the implication in early publications (Van Wagoner 
et al., 1990) was that parasequences were useful in regional 
correlations because they were widespread, possibly sea-level- 
associated deposits. However, local lobe switching can produce 
successions limited in areal extent that are virtually indistin- 
guishable from successions of broad regional extent. Both types 
of deposits qualify as "parasequences", but their usefulness in 
regional correlation, the purported hallmark of parasequences, 
is quite different. 

Finally, numerous authors have used the term parasequence 
in recent years to describe sedimentary cycles in a broad range 
of depositional settings, in ways inconsistent with how the term 
was originally defined. For example, the use of "parasequences" 
in deep-water environments, estuaries, and alluvial environ- 

Well OCS-G-5721 No. 1 
(Block 222 Main Pass) 

Gamma Ray 

FIG. 2.46.-Example of a succession of Pleistocene-age parasequences from 
a well in the offshore Gulf of Mexico (OCS-G-5721 No. 1). The parasequences 
in the upper part of the section are in a setting more proximal than those in the 
lower part of the section. 
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ments is questionable at best. This is especially true in deep- 
water settings, where the identification of "flooding surfaces" 
is commonly irrelevant. True parasequences likely are restricted 
in their occurrence to marine (or lacustrine) basin-margin set- 
tings, where periodic shoreline regression followed by marine 
flooding can be common. 

In light of the above discussion, we suggest that the term 
parasequence be reserved in its usage to flooding-surface- 
bounded shoaling-upward successions, devoid of scale conno- 
tations and sea-level implications, as originally intended by Van 
Wagoner et al. (1990). These recognition criteria are easiest to 
satisfy in shallow, nearshore marine (lacustrine) environments 
but are significantly more difficult in other depositional envi- 
ronments like deep-water and alluvial environments. Conse- 
quently, we suggest that to avoid confusion, the term parase- 
quence should be avoided in descriptions of sedimentary cycles 
in these latter depositional settings. 

Position and Timing of the Sequence Boundary 

Because relative sea-level fall is never instantaneous, and can 
generally continue over a significant time span (e.g., hundreds 
of thousand of years or more), the problem of the timing of the 
sequence boundary becomes important. Should the sequence 
boundary be defined at the onset of relative sea-level fall, i.e., 
when unconformities begin to form landward of the shoreline, 
or at some point afterwards? Similarly, in a tectonically formed 
sequence in alluvial settings, should the sequence boundary be 
located at the onset of tectonic uplift, or at the end (assuming 
that these times can be resolved)? The issue of where to place 
the sequence boundary becomes particularly problematic in 
shelfal (or lacustrine) settings, because in these environments, 
sediments deposited during periods of falling relative sea level 
can be preserved. Some authors (e.g., Posamentier et al., 1988; 
Posamentier et al., 1992b; Morton and Suter, 1996) have argued 
that the sediments deposited during relative sea-level fall over- 
lie the sequence boundary, implying that the sequence boundary 
is formed at the onset of relative sea-level fall (Figs. 2.26 and 
2.28). Others have argued that the sequence boundary is formed 
at the end of the relative sea-level fall (e.g., Hunt and Tucker, 
1992, 1995). Inherent in these contrasting definitions is the 
question of whether the sequence boundary represents a surface 
that forms at a specific point in time, and therefore represents 
a chronostratigraphically significant surface. We will discuss 
below that placing the sequence boundary at the top of sedi- 
ments deposited during relative sea-level fall implies that the 
sequence boundary is, in fact, the unconformity surface itself 
(a surface that can form over long periods of time), thereby 
eliminating any chronostratigraphic significance of the se- 
quence boundary. 

As mentioned in the previous section describing the forma- 
tion of systems tracts within a sequence, the occurrence of con- 
tinued coastal progradation during periods of falling relative 
sea level results in the formation of progressively younger un- 
conformity surfaces as the early lowstand deposits prograde 
seaward (Fig. 2.47). This leads to two alternatives for strati- 
graphically positioning the sequence boundary, alternatives that 
have been the subject of some debate (Vail et al., 1977; Posa- 
mentier and Vail, 1988; Embry, 1995; Galloway, 1989a; Hunt 
and Tucker, 1992, 1995; Kolla et al., 1995; Van Wagoner, 1995; 

Morton and Suter, 1996; Posamentier and Morris, 2000). Figure 
2.47 illustrates two sequence boundary scenarios: 1) the time 
surface at the initiation of the relative sea-level fall (i.e., at 
surface A, the base of the early lowstand deposits in Fig. 2.47; 
Posamentier et al., 1992b) and 2) at the surface marked "ravi- 
nement surface" at the top of what we have labeled the early 
lowstand systems tract, and what Nummedal et al. (1993) have 
referred to as falling-stage systems tract deposits (Fig. 2.47). 

The principal arguments favoring placement of the sequence 
boundary at the top of the wedge of early lowstand deposits are 
that 1) this surface is the most easily recognizable, i.e., it is 
expressed as an unconformity (in contrast to the more-difficult- 
to-recognize correlative conformity), and 2) this surface is 
widespread, and as a result is the most readily mappable surface 
in the succession (Hunt and Tucker, 1992; Van Wagoner, 1995). 
This surface at the top of the wedge of early lowstand deposits 
is often expressed as a sharply defined erosional interface 
formed by a combination of fluvial, tidal, andlor wave pro- 
cesses. Thus, from the perspective of ease of recognition (at 
least locally), this surface would be the surface of choice for 
the sequence boundary. Nonetheless, we argue that although 
this upper bounding surface may be the easiest to identify, it is 
a potentially significantly diachronous surface that is an amal- 
gamation of higher-frequency unconformities (and therefore se- 
quence boundaries) that form during the overall fall of relative 
sea level, as illustrated in Figure 2.47. The degree of diachro- 
neity can be substantial, i.e., extending from the time of initi- 
ation of relative sea-level fall (time A in Fig. 2.47) to the time 
of the lowest position of relative sea level (time D in Fig. 2.47). 
This can be the equivalent of a period of half a sea-level cycle 
(Fig. 2.48). We also argue that whichever surface is selected as 
the master sequence boundary must have relevance in all set- 
tings within the basin, where sedimentation rates can be higher 
or lower, and in physiographic settings ranging from alluvial1 
coastal plain to shelf to basin. In other words, the surjace se- 
lected as the sequence boundary should have regional sign$- 
cance and not just local or provincial significance. 

We favor placing the sequence boundary at the base of the 
sediment wedge deposited during falling relative sea level (or 
tectonic tilting in the case of nonmarine sequences). Figure 
2.47B illustrates this relationship for a shelf deltaic complex. 
The sequence boundary in this instance is a correlative con- 
formity at the base of a downlapping stratal geometry formed 
by prograding and downstepping lowstand deltaiclshoreface 
deposits. This correlative confoGity represents the surface that 
existed at the time of initiation of sea-level fall (surface A, Fig. 
2.47). Subsequent to this time, falling sea level causes sediment 
to bypass previously deposited (highstand) deposits. On the sea- 
ward side of the last highstand shoreline, facies assemblages 
can be observed to shift relatively abruptly seaward. It is im- 
portant to note that this surface (i.e., at the base of the early 
lowstand deposits), which we define as the sequence boundax$, 
is expressed in part as an unconformity and in part as a correl- 
ative conformity. This varied expression of the sequence bound- 
ary is consistent with the earliest definitions of the sequence 
boundary concept (Mitchum, 1977; Posamentier and Vail, 
1988; Van Wagoner et al., 1988), wherein it was recognized 
that sequence boundaries can have varied expression, compris- 
ing unconformable as well as conformable surfaces. In addition, 
it is important to note that this bounding surface has chronos- 
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RG. 2.47.-Illustration, in time and 
depth, of sediments deposited during fall- 
ing and subsequent rising relative sea 
level. In this illustration the turnaround 
from regression to transgression occurs 
after a short-lived stillstand and slow rise 
during times 6 and 7. Note the time-trans- 
gressive nature of the top of the forced- 
regression wedge complex (i.e., units 3, 
4, and 5). The base of the backstepping 
transgressive deposits (i.e., units 8 and 9) 
is also time transgressive, as shown in B. 
The master sequence boundary lies at the 
base of unit 3, whereas higher-frequency 
sequence boundaries lie at the bases of 
units 4, 5, and 6. 

RG. 2.48.-Illustration of a family of 
relative sea-level curves corresponding to 
the same eustatic cycle but different rates 
of subsidence. Thus, each relative sea- 
level curve characterizes a basin margin 
with a different subsidence rate. Rates of 
subsidence range from 0 to 40 depth units 
per unit time. Note that the period of rela- 
tive sea-level fall, commonly associated 
with forced regression and incised-valley 
formation, is short where subsidence 
rates are high. Moreover, the period of 
rapid relative sea-level rise, commonly 
associated with shoreline transgression 
and extensive condensed-section deposi- 
tion, is longer where subsidence rates are 
high. Conversely, where subsidence is 
low, the period of relative sea-level fall 
is longer and the period of rapid relative 
sea-level rise is shorter. Note also that the 
timing of sequence-boundary formation 
is progressively later with increased sub- 
sidence (compare with Fig. 2.28), 
whereas the timing of transgressive-sur- 
face formation is progressively earlier 
with increased subsidence. The sequence 
boundary in this example is in part ex- 
pressed as an unconformity (i.e., in areas 
where subsidence rates are less than 40). 
For areas where subsidence is greater 
than 40, the sequence boundary is ex- 
pressed entirely (i.e., from up-system to 
down-system) as a correlative conformity 
(compare with 2.28). In that instance 
the sequence boundary forms at the in- 
flection point of the relative sea-level 
curve. (After Wehr, 1993.) 

tratigraphic significance insofar as it represents the paleogeog- The downstepping pattern shown in Figure 2.47 presupposes 
raphy at a moment in time. As sea-level fall continues, strati- that either relative sea-level fall occurred as a series of discrete 
graphic units comprising successive progradational deposits steps or that sea-level fall was uniform but sediment flux varied 
form. These make up the early lowstand or falling-stage sys- cyclically. In both instances a succession of downstepping sed- 
tems tract. imentary wedges would form. Equally possible is that sea-level 
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fall can be uniform and sediment flux constant, resulting in a A) 
continuum of downstepping wedges without discrete down- 
stepping units. For the purposes of this discussion, we will as- 
sume that a succession of discrete downsteu~ing wedges char- 

L L  u - 
acterizes deposition during a period of relative sea-level fall. - - - - Sequence Boundary 

The successive unconforkity segments formed with each B) 
successive sea-level fall constitute higher-order sequence 
boundaries and unconformities (surfaces B, C, and D, Fig. 2.47) 
(see figs. 12 and 13 in Posamentier et al., 1992b). The Wheeler 
diagram shown in Figure 2.47B depicts these surfaces as time Y 
lines. With each successive relativk sea-level fall, the uncon- 
formity landward of the shoreline is rejuvenated by further in- 
cision, thereby in a sense superimposing a younger unconfor- 
mity onto an older unconformity surface. This results in the 
merging and superposition of these surfaces in a landward di- 
rection, as illustrated in the depth section (Fig. 2.47A). Thus, 
the surface at the top of unit 2 is a composite surface amalga- 
mating sequence boundaries A + B + C + D. The surface at the 
top of unit 3 is a composite surface amalgamating sequence 
boundaries B + C + D, and so on. The surface at the base of the 
incised-valley deposits at the top of the wedge of early lowstand 
deposits corresponds to time line D (unfortunately, the Wheeler 
diagram shows only when deposition and nondeposition occur, 
but not when erosion occurs, but we have illustrated the timing 
of the formation of these successive unconformities with dashed 
lines (Fig. 2.47B). The physical surface then at the top of the 
early lowstand deltaic wedge as shown in Figure 2.47A clearly 
is an amalgam of surfaces that began to form earlier proximally 
and later distally. It is, of course, an excellent and important 
lithostratigraphic boundary, but as Figure 2.47B illustrates, it 
is clearly diachronous. As shown in Figure 2.47B, the age of 
the sequence boundary, $i t  is placed at the top of the early 
lowstand deltaic wedge, would be equivalent to the age of the 
youngest underlying sediments. These youngest sediments 
would be observed at distal interfluve locations, where the ero- 
sional vacuity would be minimal. Nonetheless, diachroneity 
notwithstanding, from a lithostratigraphic perspective this sur- 
face at the top of the downstepping series of wedges is a readily 
identifiable surface. 

There is no question that surface A in Figure 2.47 is a more 
difficult surface to identify than the hybrid, diachronous uncon- 
formity surface at the top of the early lowstand deposits. The 
reason for this is that surface A is characterized as an uncon- 
formity over part of the area and a correlative conformity over 
the remaining area, and although this is true also of the surface 
at the top of the early lowstand deposits (which is expressed as 
a correlative conformity seaward of unit 5), for surface A, the 
correlative conformity covers a proportionally greater area. As 
Figure 2.47 shows, the criterion for determining the age of 
su@ace A is the age of the oldest preserved intellfluve strata, 
usually observed in proximal regions. 

Figures 2.49 and 2.50 show specific situations that illustrate 
problems with selecting the top of the early lowstand deposits 
as the sequence boundary. Figure 2.49 schematically depicts 
the situation described by McMurray and Gawthorpe (2000) 
for the northern Peloponnesos, Greece. Along this coastline of 
the Gulf of Corinth, there exist areas with high sediment flux 
and high shelf gradient on the one hand (site A in Fig. 2.49), 
and low sediment flux and low shelf gradient on the other (site 
B in Fig. 2.49). Both areas have been influenced by the same 

FIG. 2.49.-Two longitudinal profiles illustrating A) attached forced-re- 
gression deposits in areas with high sediment flux and B) detached for-ced- 
regression deposits in areas with low sediment flux. Both areas are assumed 
to have been influenced by the same relative sea-level change. 

late Pleistocene relative sea-level fall. The sequence architec- 
ture in these two areas is markedly different and highlights the 
need to consider the effects of strike variability on sequence 
architecture (Gawthorpe et al., 1994; Gawthorpe et al., 2000; 
Martinsen and Helland-Hansen, 1994). In the area characterized 
by high sediment flux and high shelf gradient, early-lowstand 
fan deltas have formed during the late Pleistocene eustatic sea- 
level fall (Fig. 2.49A). In contrast, in the area of low sediment 
flux and low shelf gradient, sediment supply to the coast was 
intermittent during the relative sea-level fall, so that the early- 
lowstand deposits are discontinuous and do not form a contin- 
uously prograding dip section (these discontinuous early-low- 
stand deposits shown in Fig. 2.49B are known as "detached" 
lowstand deposits and will be discussed in more detail in Chap- 
ter 4). 

Using the Hunt and Tucker (1992) approach of placing the 
sequence boundary at the top of the wedge of early lowstand 
deposits causes problems as one moves down the coast from 
sites of continuous and high rates of sediment supply (Site A, 
Fig. 2.49A) to sites of discontinuous and low rates of sediment 
supply (Site B, Fig. 2.49B). At site A, the sequence boundary 
(according to the Hunt and Tucker definition) would be the 
surface capping units 2, 3, and 4. These units would comprise 
the last part of the highstand systems tract. At site B, the po- 
sition of the sequence boundary would certainly be above unit 
2, but then it could be either below unit 3 or above it, depending 
upon whether the data set is limited to the window marked as 
"x" or as "y". If the data set is restricted to the "x" window, 
then the sequence boundary would be placed below unit 3, in- 
sofar as this wedge would be inferred to be the seawardmost, 
or lowstand, wedge. If the data set was limited to the "y" win- 
dow, then the sequence boundary would be above unit 3, insofar 
as this wedge of sediment would be part of the early-lowstand 
(or falling-stage) wedge of sediment deposited en route to the 
seawardmost lowstand wedge (i.e., unit 4). If the window of 
data were to include the entire profile, then the position of the 
sequence boundary would change yet again; the sequence 
boundary would be placed above units 2, 3, and 4 and below 
unit 5. Thus, the extent of the data set (i.e., the "window to the 
world" for the geologist) effectively determines the positioning 
and timing of the sequence boundary within a given profile if 
the Hunt and Tucker (1992) criteria are used. Should the po- 
sition of the sequence boundary depend on the extent of data 
coverage? We believe that this is inadvisable. 
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FIG. 2.50.-Two longitudinal profiles 
illustrating forced-regression stratal ar- 
chitecture in two different physiographic 
settings. A) Highstand deposition has 
reached the shelf margin just prior to the 
initiation of relative sea-level fall. B) 
Elsewhere along the coast, highstand 
deposition has reached only a mid-shelf 
position just before relative sea level be- 
gins to fall. The resulting positions of the 
sequence boundary are Surface X, fol- 
lowing the approach of Posamentier et al. 
(1992b), and Surface Y, following the ap- 
proach of Hunt and Tucker (1992). 

Sequence Boundary 

Surface X and Y (Between units 6 and 7) /- 

Likewise, if the Hunt and Tucker (1992) approach is used, 
the placement of the sequence boundary on coeval profiles at 
different locations along a coastline can potentially be radically 
different as a function such local factors as sediment flux and 
shelf gradient. In this instance, one should ask whether these 
local factors should play a major role in determining which 
surface should serve as the master sequence boundary. We be- 
lieve that it would lead to confusion to include deposits formed 
by the same relative sea-level fall in a lowstand systems tract 
in one area, and in the previous highstand systems tract in an- 
other area. 

Using the approach advocated by Posamentier and Vail 
(1988) and Posamentier et al. (1992b) the sequence boundary 
would be placed at the top of unit 2 and the base of unit 3 on 
both profiles (Figs. 2.49A and B) regardless of the "window to 
the world". The consistency implicit in this choice of sequence 
boundary position affords greater confidence in the accuracy of 
paleogeographic maps based on mapping the "sequence bound- 
ary". Not to use this surface would seem a marked shift back 
to the realm of lithostratigraphy and away from all that se- 
quence stratigraphy represents in the way of chronostratigraphy. 

Another rationale for placing the master sequence boundary 
at the base of wedges 3 and 4 is based on comparisons of the 
stratigraphy of wedges 3 and 4 with the wedges of 1 and 2, on 
the one hand, and wedge 5 on the other. We suggest that wedges 
3 and 4 have more in common with wedge 5 than with wedges 
1 and 2, arguing that rather than being included in a sequence 
with wedges 1 and 2, wedges 3 and 4 should be included in the 
same sequence as wedge 5. Units 3 and 4 have far more in 
common with unit 5 insofar as each is 1) associated with a sea- 
level position below (i.e., lower than) the shelf level of unit 2, 
and 2) associated with a zone of sedimentary bypass across the 
alluvial and coastal plains. Moreover, placing the sequence 
boundary at the top of 3 and 4 the unconformity that began to 
form landward of the wedge 2 coastline, prior to deposition of 
wedge 3, would put an unconformity within the sequence. 

Figure 2.50 illustrates a situation where the choice of where 
to place the sequence boundary is greatly influenced by local 
physiography. These two profiles are patterned after the mod- 
ern-day physiography of the Louisiana (Fig. 2.50A) and Texas 
Gulf Coast (Fig. 2.50B). For the purposes of this discussion we 
will assume that relative sea-level fall begins at the end of dep- 
osition of unit 2 at both locations. At location A, highstand 
progradation has nearly reached the shelf edge when sea-level 
fall begins, whereas at the same time at location B, highstand 
progradation is restricted to the inner shelf. At location A, with 
the depocenter at the shelf edge, canyon cutting and formation 
of incised valleys begin almost immediately in response to the 
initiation of relative sea-level fall. Progradation and shoreline 
regression is minimal because of the relatively steep sea floor 
at this location. This steep gradient results in instability and 
mass wasting of sediment delivered to this area. At the same 
time, at location B, with a significantly gentler sea-floor gra- 
dient, forced regression is initiated. At location A, deep-water 
sedimentation begins at time 3, but at location B, deep-water 
sedimentation does not begin until time 7. Thus, the issue is 
clear. If the Hunt and Tucker (1992) approach is used, the se- 
quence boundary at location A is defined along surface X and 
at location B along surface Y. Surface Y, which would be in- 
terpreted as the sequence boundary at location B, would be 
observed within the basinal lowstand deposits at location A. 
With such an interpretation, correlation of the sequence bound- 
ary from location A to location B would be problematic and 
paleogeographic maps based on this diachronous sui$ace 
would be meaningless. In contrast, using the Posamentier et al. 
(1992b) approach, the sequence boundary would at both loca- 
tions be observed along surface X. Using this approach, paleo- 
geographic maps would correctly show that in part of the region 
(i.e., at location B) the expression of the early lowstand systems 
tract (i.e., falling-stage systems tract) would be forced-regres- 
sion deposition on the shelf whereas in another part of the re- 
gion (i.e., at location A) the expression of the early-lowstand 
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systems tract would be deep-water deposition on the slope and 
in the basin. 

Local physiography can play a significant role in affecting 
the stratal architecture of lowstand systems tracts as well as the 
expression of the sequence boundary, as discussed above. How- 
ever, local physiographic setting should not determine whether 
stratal units are part of one sequence or part of another (as it 
would in the example cited above). If this happens, then an 
important positive attribute of the sequence stratigraphic ap- 
proach is critically diminished, i.e., the notion of chronostrati- 
graphically relating separate depositional systems for the pur- 
pose of understanding paleogeography and basin-fill evolution. 

It is important again to note that although the top of a suc- 
cession of forced-regression wedges is not designated as the 
sequence boundary, it nevertheless constitutes a significant 
bounding surface that locally can be far easier to identify than 
the sequence boundary (where it is expressed as a correlative 
conformity), and in many instances (e.g., for data sets of limited 
coverage) it could be the surface identified as the sequence 
boundary. This surface, which forms atop the wedge of early- 
lowstand deposits, marks the time of lowest relative sea level 
and is an important part of any sequence stratigraphic interpre- 
tation. The surface at the top of wedge of early-lowstand de- 
posits is an amalgamation of higher-order sequence boundaries 
(Posamentier et al., 1992b) and marks the surface that separates 
the early-lowstand systems tract from the late-lowstand systems 
tract. 

Sequence Hierarchies 

The previous sections have discussed how depositional se- 
quences form in response to cyclic patterns of change in relative 
sea level and sediment accommodation. Within any sedimen- 
tary basin, these cycles can occur at different time scales so that 
a hierarchy of sequences at different frequencies can develop 
in response to each cycle scale. For example, tectonically in- 
duced accommodation cycles commonly occur over a relatively 
long time period (e.g., 10 million years or more; Haq et al., 
1987) (Fig. 1.4), whereas glacially induced eustatic cycles com- 

FIG. 2.5 1 .-Superposition of first-, 
second-, third-, and fourth-order sea-level 
cycles to yield composite sequences in 
the earliest Cambrian siliciclastic strata, 
Mackenzie Mountains, Canada. Note that 
composite sequence 2 (CS2) is associated 
with the falling limb of the second-order 
sea-level curve shown, and is dominated 
by relatively coarse-grained lowstand 
deposition. In contrast, composite se- 
quence 1 (CSl) is associated with the 
highstand of the second-order sea-level 
cycle shown, and is dominated by rela- 
tively fine-grained distal highstand de- 
posits. (From MacNaughton et al., 1997.) 

monly are shorter, on the order of several million years or less 
(Vail et al., 1991) (Fig. 1.4). During periods of active continen- 
tal glaciation, eustatic cycles can occur with an even higher 
frequency (e.g. a few tens to hundreds of thousands of years; 
Bard et al., 1990). This implies that sequences with different 
periodicities can be observed within a given stratigraphic in- 
terval, and longer-period sequences can contain several shorter- 
period, higher-frequency sequences. When this nested perio- 
dicity exists, the longer-period sequences influence the stratal 
patterns within the higher-frequency sequences. An example of 
this can occur when high-frequency glacially controlled eustatic 
cycles are superimposed onto low-frequency subsidence-con- 
trolled eustatic cycles. 

Long-term cyclic variations in subsidence rates punctuated 
by episodic tectonic uplift events result in cycles of rising and 
falling relative sea level over long time periods. When subsi- 
dence accelerates, the overall rate of relative sea-level rise in- 
creases, whereas when tectonic uplift occurs, relative sea-level 
fall can take place. If higher-frequency eustatic cycles are su- 
perimposed on a long-term subsidence cycle, the effects of the 
higher-frequency cycles are modulated by their position within 
the longer-period cycle. Thus, as shown in Figure 2.48, the 
falling limb of the relative sea-level curve is enhanced when 
the high-frequency cycle is superimposed on the longer-period 
falling limb, and vice versa. In general, a eustatic fall results in 
a relative sea-level fall only when the rate of the longer-period 
total subsidence trend is less than the rate of eustatic sea-level 
fall (Fig. 2.48). Consequently, the effects of eustatic falls is 
diminished during periods of rapid subsidence (high rates of 
long-term relative sea-level rise), and amplified during periods 
of slower subsidence. Conversely, as pointed out by Galloway 
(1989a) eustatic rises are amplified during periods of long-term 
rapid relative sea-level rise (rapid subsidence). 

If the rate of the long-term subsidence is high enough, eus- 
tatic fall is not recorded as a relative sea-level fall, but only as 
a decrease in the rate of relative sea-level rise (Fig. 2.48). There- 
fore, in a rapidly subsiding basin (or in a zone of higher sub- 
sidence rates within a basin), the higher-frequency lowstand 
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systems tracts are significantly diminished or locally absent, 
whereas the transgressive systems tracts are amplified. Con- 
versely, the deposition of transgressive systems tracts is aug- 
mented during periods of long-term rapid relative sea-level rise 
and diminished during periods of long-term slow relative sea- 
level rise, or relative sea-level fall (Fig. 2.48). In practical terms, 
sand-prone shelf deposits with numerous unconformities are 
more common in slowly subsiding basins (e.g., tectonically qui- 
escent trailing-continental-margin settings characterized by a 
relatively cold crust), whereas rapidly subsiding basins are 
characterized by more shale-prone shelf deposits and fewer 
unconformities. 

The interaction of long-term and short-term relative sea-level 
variations also can bring about changes in the timing of key 
surfaces such as unconformable sequence boundaries. Given 
similar high-frequency eustatic cycles, the duration of relative 
sea-level fall is longer in slowly subsiding basins than in rapidly 
subsiding basins (Fig. 2.48). Therefore, the timing of the se- 
quence boundary is earlier in slowly subsiding basins (or zones 
of slower subsidence within a same basin), than in rapidly sub- 
siding basins. Also, the duration of the time hiatus character- 
izing the unconformities is greater in the slowly subsiding ba- 
sins or zones within a basin (Fig. 2.48). 

The notion of nested sequences and sequence hierarchy has 
significant implications for hydrocarbon exploration because 
the nature and relative prominence of systems tracts within a 
sequence is determined by their position within a larger-scale 
sequence. For example, higher-frequency sequences within the 
transgressive systems tract of a lower-frequency sequence are 
characterized by diminished lowstand or highstand systems 
tracts and proportionally more dominant transgressive systems 
tracts. Conversely, higher-frequency sequences within the low- 
stand and highstand systems tracts of a lower-frequency se- 
quence exhibit well-developed lowstand and highstand systems 
tracts, and the transgressive systems tracts are diminished. Mit- 
chum and Van Wagoner (1991) have referred to such groupings 
as sequence sets (e.g., transgressive sequence set, highstand se- 
quence set, etc.). In this way, superposition of cycles with dif- 
ferent frequencies can significantly influence the temporal and 
spatial distribution of regional source-, reservoir- and seal- 
prone facies within a basin (Fig. 2.48; MacNaughton et al., 
1997). 

The concept of nested cycles has led to the identification of 
specific large-scale cycles of sequence patterns related to long- 
period, or so-called "second-order" eustatic cycles. For exam- 
ple, Vail et al. (1991) have defined the "Neogene Cycle" in 

which the long-period (their "second-order") Miocene to Plio- 
cene eustatic cycle controls the stratal patterns within higher- 
frequency (their "third-order") sequences. Thus, the transgres- 
sive systems tracts of the third-order sequences are amplified 
during the middle Miocene, i.e., during the longer-period rapid 
eustatic rise. Conversely, the third-order lowstand and late high- 
stand systems tracts of the late Miocene and early Pliocene are 
amplified during the second-order eustatic slow rise and fall. 
Large-scale cycles, such as Vail et al.'s (1991) Neogene Cycle, 
generally result in long-term cyclic episodes of shoreline re- 
gression and progradation alternating with shoreline transgres- 
sion or aggradation. Relatively rapid shelf progradation and 
sand-prone shelf deposits characterize periods of long-term 
slow relative sea-level rise or fall, while shelf aggradation and 
more shale-prone deposits occur during long-term rapid relative 
sea-level rise. Such depositional episodes have been well doc- 
umented for the Wilcox Group of the Gulf of Mexico (Xue, 
1997). These depositional episodes have been related to pulses 
of Laramide tectonism. 

Difficulties arise, however, in distinguishing between se- 
quences of different orders. Is there an inherent difference be- 
tween a sequence that forms in thousands of years and one that 
forms in millions of years? Is there an inherent difference be- 
tween a higher-order (i.e., shorter-period) sequence boundary 
and a lower-order (i.e., longer-period) sequence boundary? The 
answer to both questions is probably no. The boundary between 
a lower-order transgressive systems tract and highstand systems 
tract (i.e., a maximum flooding surface) would not necessarily 
be more pronounced or well developed than a maximum flood- 
ing surface within higher-order systems tracts. Likewise, a 
lower-order sequence boundary likely would be indistinguish- 
able from a higher-order sequence boundary. 

Rather than focusing on the attributes of individual bounding 
surfaces, the defining criteria for sequence hierarchies should 
come firstly from geochronologic control ( is . ,  age dating the 
sequence duration) and secondly from the internal stacking pat- 
terns (i.e., the way successive higher-order sequences stack to 
form lower-order systems tracts and sequences). Thus, a lower- 
order transgressive systems tract can comprise a succession of 
landward-stepping higher-order sequences, and a lower-order 
highstand systems tract, by a succession of seaward-stepping, 
higher-order sequences. Furthermore, lower-order transgressive 
systems tracts would contain higher-order sequences dominated 
by well developed transgressive depositional systems, just as 
lower-order highstand and lowstand systems tracts would con- 
tain higher-order sequences dominated by well developed high- 
stand and lowstand depositional systems, respectively. 





Attributes of Key Surfaces 

INTRODUCTION stratigraphic successions generally can be subdivided into re- 

The previous chapters have described in general terms how petit&e or cyclic stratigraphic units at varying scale. The ob- 

depositional sequences form and the general facies patterns that jective of this chapter is to illustrate the well-log and facies 

characterize them. The important observation was made that signatures of the key surfaces that bound and punctuate these 
stratigraphic units to form sequences and systems tracts. 

TABLE 3. I .--GEOLOGICAL CRITERIA FOR THE RECOGNITION OF 
INCISED VALLEYS 

- 

The presence of multiple feeder tributary valleys to the main incised trunk valley 
Anomalously thick channel-fill deposits 
Multi-story fill of Huvial channels 
Channelized deposits that "hang" from the same stratigraphic horizon in most 
localities where this surface is observed 
The presence of a widespread fluvial erosion surface characterized by significant relief 
(e.g., greater than 15-20 m) 
Anomalously well-developed paleosols on iuterfluves between incised valleys 
The presence of multiple channel-fill deposits clustered within a relatively small 
vertical section 
ChanneUvalley fill significantly younger than underlying deposits 
ChanneUvalley fill characterized by lithology distinctly different from underlying 
deposits 

- - 
As discussed previously, cyclic variations of accommodation 

in either marine or continental settings result in regressive- 
transgressive cycles that comprise generally predictable facies 
associations and stratal patterns. As discussed in Chapter 2, 
whenever these cycles are bounded by unconformities, at least 
locally, they are defined as sequences. The facies associations 
that characterize the different phases of cyclic sedimentation 
within a sequence can be grouped together as systems tracts. 
Systems tracts comprise linked depositional systems bounded 
by key stratigraphic surfaces (Posarnentier et al., 1988). The 
most important of these surfaces are the sequence boundary, 
the transgressive sur$ace, the downlap su$ace, and the maxi- 
mum JEooding su$ace. 

I Wave-Cut Bevel I 
Siliciclastic Sequence Stratigraphy: Concepts and Applications, SEPM Concepts in Sedimentology and Paleontology No. 7 
Copyright O 1999, SEPM (Society for Sedimentaq Geology), ISBN 1-56576-070-0 

FIG. 3.1.Small-scale deltaic system, 
approximately 1 m wide, illustrating the 
effects of "sea-level" fall. This delta (the 
East Coulee Delta) began to form when 
"sea level" was high. Subsequently, when 
"sea level" fell, the relatively steep delta- 
front slope was exposed, leading to inci- 
sion of the highstand delta and formation 
of the lowstand delta. Note that there cur- 
rently exists a zone of sedimentary by- 
pass across the highstand delta; sediment 
is transported through an incised valley 
and deposited in the form of a basinward- 
restricted delta. Note also that the inac- 
tive part of the lowstand delta (i.e., the 
left side) is currently being transgressed 
and an erosional surface (i.e., a ravine- 
ment surface) has begun to form there. 
(From Posamentier et at., 1992a.) 
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FIG. 3.2.-Schematic illustration of key bounding surfaces that form in response to A) relative sea-level fall and B) relative sea-level rise. C) The variety of 
lithologic expression is shown in the corresponding well-log cross section. 
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Break in slope separating upland erosional 
from downstream depositional areas 

Sea-Floor Profile 

............... 
Relative .......... 

VALLEY 

................ ............. Relative ................ 
Sea-Level Fall 

Small tributary incised valleys 

FIG. 3.3.Schematic illustration of the 
relationship between the gradient of the 
sea floor exposed by lowered sea-level 
fall, and the subsequent depth of valley 
incision. At one extreme (A), the gradient 
of the freshly exposed sea floor is equal 
to that of the alluvial profile, resulting in 
no incision. At the other extreme (D), 
sea-level fall exposes a vertical cliff, re- 
sulting in incision nearly equal to the 
magnitude of sea-level fall. B and C il- 
lustrate intermediate situations where 
sea-level fall exposes surfaces that are 
somewhat steeper than the alluvial pro- 
file, but not as extreme as shown in D. In 
these instances, valley incision occurs but 
to a depth somewhat less than the mag- 
nitude of sea-level fall. 

Small tributary 
Ijcised valleys 

\ 

Small tributary i n k e d  valleys 

FIG. 3.4.-Example of three modem incised valleys. A) This valley, in central Alberta, Canada, is approximately two kilometers across. It likely formed as a 
result of significant reduction of fluvial discharge (associated with a sharp decrease of glacial meltwater at the end of the Pleistocene) andlor tectonic tilting. 
Within the valley a fluvial channel can be observed. Of principal significance is the existence of small tributary valleys etched into the margins of the incised 
valley. These tributary valleys are the hallmark of true incised valleys, regardless of the cause of incision (e.g., change of discharge, tectonics, relative sea-level 
fall). The areas outside of the valley are interfluves that lie beyond the reach of river flooding by the channel within the valley system. Similar examples of 
incised valleys are shown in B and C (in Colorado and Saskatchewan, respectively), both characterized by prominent incised tributary valleys. (From Shelton, 
1966.) 
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INTERFLUVE 

MAX. FLOODING 
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RG. 3.5.-A) Time slice from a 3D seismic volume illustrating a Pleistocene incised valley offshore Thailand. Note the similarities with the modem examples 
shown in Figure 3.4. A small channel is observed within the one-kilometer-wide valley, and small tributary valleys are etched into the margins of the incised 
valley. The presence of these tributary channels suggests the presence of a widespread interlluve outside the valley. B) 3D seismic amplitude map from a 3D 
seismic volume offshore of the modem Mahakam (from Allen and Chambers, 1998). Note the presence of dendritic incised valleys extending from beneath the 
prodelta and crossing the shelf (toward the right). These incised valleys, about 30 m deep, were formed during the late Pleistocene relative sea-level fall by 
fluvial incision into underlying early-lowstand prograding deltaic deposits. During the ensuing Holocene sea-level rise, interfluves were drowned and overlain 
by isolated transgressive carbonate shoals (compare with Fig. 3.58). The modem highstand Mahakam delta is prograding over this drowned shelf surface and 
accumulating prodelta mud within the as yet unjlled valleys. C) Series of four time slices from just below the sea floor (i.e., 48, 58, 68, and 90 m below sea 
level) illustrating a late Pleistocene incised valley. Note the small tributary valleys draining the inferred interlluve areas (compare with Fig. 3.4). Note, also, the 
unincised channels and channel belt. 

Sequences can be defined and subdivided using core, out- 
crop, well log, and seismic data by identifying these key sur- 
faces (Posamentier et al., 1988; Van Wagoner et d., 1990; Bhat- 
tacharya, 1993). Subsequently, analysis of the stratigraphic 
architecture between these surfaces leads to the identification 
of component systems tracts. As always, it is important to note 
that interpretations should not be based solely on a single data 
set, but must be based on the integration of all available geo- 
logic data. For example, analyses based on well logs alone do 
not furnish data on sedimentary facies and depositional process, 
and are characterized by data gaps between wells that require 
"leaps of faith". It is therefore always necessary to integrate 
with the well-log data all available ground truth (i.e., corelout- 
crop data, as well as seismic data) in order to yield a more 
robust, reasonable, and realistic geologic solution. 

Identification of the key stratigraphic surfaces within a sec- 
tion is a crucial phase of any sequence-stratigraphic interpre- 
tation, whether working with outcrop, core, well-log, or seismic 
data. Depending on the paleogeographic location of the section 

within a basin, the log and facies expression of these surfaces 
can vary considerably. In some depositional environments, se- 
quence boundaries can be difficult to identify on well logs or 
cores, whereas maximum flooding surfaces can be relatively 
easy to locate, and vice versa. Thus, in shelf settings, maximum 
flooding surfaces generally are the most straightforward sur- 
faces to identify and, as pointed out by Galloway (1989a), rep- 
resent the best surfaces on which to construct regional well-log 
correlations. Maximum flooding surfaces also are commonly 
associated with organic-rich facies (i.e., condensed sections) in 
shelfal and deeper environments, and lacustrine or carbona- 
ceous deposits in alluvial settings. They typically are wide- 
spread and have a relatively consistent lithologic expression. 
However, even if sequence boundaries are difficult to identify, 
it nonetheless is important to infer their most plausible location 
within a section, because 1) unconformable sequence bound- 
aries are the most significant hiatal breaks within stratigraphic 
successions, and 2) sequence boundaries are commonly asso- 
ciated with abundant reservoir potential, commonly juxtaposed 
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with finer-grained source and/or seal facies. In contrast, maxi- interpreting lithologic successions are to determine 1) the lo- 
mum flooding surfaces lie within condensed sections, which are cation of tlze studj] area with respect to the paleogeography of 
generally characterized by continuous, albeit slow, sedimenta- the basin, and 2) the type of depositional environment. Once 
tion. Maximum flooding surfaces are generally also associated the details of the depositional environment are known, key sur- 
with widespread shale deposition and good hydrocarbon seals. faces are easier to recognize. Specific sedimentary processes, 

As discussed in Chapter 5, the essential first steps in con- which produce distinctive surfaces, are more likely in some 
strutting a sequence-stratigraphic framework for the purpose of environments than others. For example, the sequence boundary 
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FIG. 3.6.-A) Horizon slice from a 3D seismic volume illustrating a Miocene channel system offshore Java that is interpreted as a distributary channel network 
rather than an incised valley, again largely because of the smoothness of the channel edges and absence of incised tributary channels. B) Seismic horizon slice 
of a Pleistocene channel offshore Great Britain that was likely a deeply cut channel but not an incised valley. Note that the margins of the channel are smooth, 
lacking any tributary valleys. Note also the absence of a smaller channel within the larger system. The absence of both of these attributes suggests that this 
system, though of the same width and depth as that shown in Figure 3.5A is not an incised valley, but rather is a simple channel (albeit a large one) with 
associated delta plain. In this instance no interfluves are present in the area shown here. 

in proximal shelfal settings can be a sharply defined erosional SEQUENCE BOUNDARY 

surface that lies beneath an incised-valley fluvial fill, whereas 
in more distal marine settings the sequence boundary can be a The attributes of sequence boundaries are determined by the 
correlative conformity beneath progradational shorefaceldeltaic Processes that acted on that surface both during the period of 
deposits, a surface that is difficult to identify. The following relative sea-level fall and afterward. The sequence boundary 
section describes the attributes of the key surfaces in sequence also may be characterized by the contrasting facies successions 
stratigraphy as observed in various paleogeographic settings. bracketing this surface. Different processes and sedimentary fa- 
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FIG. 3.7.-The Gironde system, an example of an incised fluvial valley that 
formed as a result of the 135-meter Wisconsinan eustatic fall. This sea-level 
fall resulted in the formation of a high-relief erosional surface (i.e., sequence 
boundary) extending across the entire shelf. When the shelf was drowned by 
the subsequent Holocene sea-level rise, these valleys were transformed into 
coastal-plain estuaries that today can be observed along many of the world's 
coastlines, such as the one shown here. (From Allen and Posamentier, 1993.) 
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FIG. 3.8.-Interpreted incised valleys observed across the shelf of the Gulf 
of Mexico. They are inferred to have formed in response to repeated eustatic 
falls that affected the late Pleistocene. Note that the valleys extend across the 
entire shelf and link downdip with major shelf-edge deltaic depocenters (in- 
terpreted as lowstand deposits). What is absent here, however, is evidence in 
the form of multiple small tributary valleys (compare with Figs. 3.4 and 3.5) 
confirming that these systems are, in fact, incised valleys rather than simply 
across-shelf channels (compare with Fig. 3.25). (From Suter and Berryhill, 
1985.) 

sequence-boundary attributes are the product of a single process 
whereas in other instances they are the product of multiple 
processes. 

We can again refer to the East Coulee Delta shown in Figure 
3.1 to illustrate the expression of the sequence boundary outside 
of the incised major feeder valley. On the interfluve area (atop 
the highstand systems tract), the sequence boundary is first sub- 
jected to subaerial erosion and is the site of soil formation. 
Then, when the interfluve area is later flooded, this surface is 
subjected to erosion by wave and/or tidal processes. The ex- 
pression of the sequence boundary thus reflects the effects of 
the last process that acted on it, in this instance, transgressive 
erosion. In such instances, this surface can be referred to as a cies characterize different depositional environments; thus, the 
merged sequence bo~mrlar~~/trmsgressi,ie suiface (abbreviated expression of a sequence boundary is not the same in different 
as SBITS or E/T for erosion/transgression in some of the 

parts of a sedimentary basin. 
literature). Figure 3.1 a vev small-scale sequence that formed Figure 3.1 also illustrates deposits that formed during the 

in a very short period of time (Posamentier et al., 19924. This ..sea-level.9 lowsrmd. We can infer that the sequence boundary, 
a system during lowstand is to which underlies the small delta that formed at the mouth of the 

illustrate the varied expressions of the sequence boundary At feeder valley, is expressed there as a correlative conformity. 
the base of the large feeder valley, the sequence boundary bears ~ h ~ s ,  the correlative conformity would be traced landward into 
the signature of fluvial erosion and has the attributes of an an- its con.elative unconformity, expressed as an angular unconfor- 
gular uncOnformit~. Higher up, the sides the feeder mity within the valley and a disconformity along the interfluves. 
valley, the sequence boundary there, which originally was cut The following discussion is an in-depth analysis of sequence- 
by fluvial Processes, is subsequently modified by subaerial boundary formation. We group sequence boundaries into three 
mass-wasting Processes. Later, during eventual flooding of the distinct paleogeographic zones: 1) alluvial, 2) slzelJ; and 3) 
valley, transgressive ~rosional Processes (tide- or wave-asso- deep-water slope a r ~ l  basirl environments. Figure 3.2 illustrates 
ciated) further modify this surface. Fluvial deposits generally the hypothetical well-log and facies signatures for a sequence 
overlie the sequence boundary at the base, unless these deposits boundary in each of these paleogeographic settings along a pas- 
are eroded by tidal or wave processes during subsequent flood- sive continental margin. 
ing of the valley associated with relative sea-level rise. These 
modifications underline the notion that the sequerzce bounclaq] Alluvial Erzvirotirizerit 
bears the sigrzat~lre of tlze last process that acted orz it prior to In alluvial environments, unconformities, and therefore se- 
being buried by later secliriierzt rleposition. In some instances, quence boundaries, are formed when there is a significant 
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FIG. 3.9.-Hypothetical examples of 
shallow and deep fluvial incision associ- 
ated with relative sea-level fall. A) Shal- 
low fluvial incision usually forms wide- 
spread sandstone sheets of amalgamated 
fluvial channel-fill deposits. The base of 
these sheets is commonly a low relief re- 
gional erosion surface. These deposits 
can form sandstone units that are contin- 
uous over tens or hundreds of kilometers 
along strike as well as dip (see discussion 
in text). B) Deep fluvial incision gener- 
ally leads to narrow and deep incised val- 
leys with high relief. The fluvial fill of 
these valleys can be very complex, with 
nested flnvial terraces related to small- 
scale variations of sea level. 

Sequence Boundary FIG. 3.10.-Schematic depiction based 
on outcrop observations illustrating chan- 
nel clustering as a function of increased 
lateral expansion of meander belts due to 
slowed rates of new accommodation 
added just prior to formation of sequence 
boundaries. Note that it is the increased 
likelihood of encountering channel sand- 
stone deposits because of the expanded 
meander belts, rather than increased rates 
of avulsion, that seems to be the cause of 
the observed channel clustering during 
late highstand systems tract time. 
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CHAPTER 3: ATTRIBUTES OF KEY SURFACES 61 ioOw Plint, 1998) characterize these interfluve settings. The depth of 
fluvial incision and the relief on the resulting unconformity is 

x 50 
2 i r n  

a function of the vertical distance to which the fluvial equilib- 
rium profile is lowered below the original fluvial profile as well 
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FIG. 3.1 1.-Schematic depiction of subaerial accommodation change in re- 
sponse to decelerating relative sea-level rise. In the scenario shown, the alluvial 
slope is assumed to be 0.005" and alluvial sedimentation is assumed to keep 
pace with the creation of new accommodation. With decelerating relative sea- 
level rise, the proportion of sediment required to fill subaerial accommodation 
progressively decreases, because less subaerial space is made available per 
successive units of time (see Table 3.2). In response, the rate of regression 
increases (see caveat discussed in conjunction with Figures 2.30 and 4.51, and 
discussion in Chapter 4). The magnitude of subaerial accommodation created 
strictly as a function of relative sea-level rise is 49 m. The amount of subaerial 
accommodation per unit time directly attributable to seaward shift of the fluvial 
equilibrium profile steadily increases for a total of 8.7 m. The cumulative sub- 
aerial accommodation in this instance is 57.7 m, the bulk of which (i.e., 49 m) 
is attributable to relative sea-level rise. Note that the lowest rate of new accom- 
modation added, and therefore the lowest rate of aggradation of alluvial de- 
posits, occurs at time 4-5, suggesting the greatest likelihood of channel clus- 
tering at that time. 

downward shift of the fluvial equilibrium profile to a position 
below the actual fluvial profile. This produces a situation of 
negative accommodation (see discussion in Chapter 2), to 
which alluvial systems respond by downcutting. Several factors 
can cause a downward shift of the fluvial profile. These include 
tectonic tilting, increased stream power due to increased dis- 
charge, and increased alluvial gradient due to sea-level-induced 
exposure of a relatively steep surface. In some instances, 
changes in these factors can be accommodated by responses 
other than downcutting. A common alternative to downcutting 
is modification of stream channel pattern (Schumm, 1993). 
However, whereas this can be an alternative response in certain 
instances, this alternative generally is thought to be restricted 
to relatively minor environmental changes. The response to sig- 
nificant environmental changes such as those listed above more 
commonly is lowering of the fluvial equilibrium profile with 
associated fluvial incision. 

When a downward shift of the fluvial equilibrium profile 
occurs, most commonly as a response to tectonically induced 
uplift, the alluvial profile is subjected to negative accommo- 
dation and the rivers incise into their substrate. During this in- 
cision, fluvial valleys become a zone of erosion and sediment 
bypass, and the base of the incising rivers records a time hiatus 
and an unconformity. At the same time, the adjacent interfluves 
are transformed into zones of nondeposition, and likewise rec- 
ord a time hiatus and form an unconformity. Lowered water 
tables and sites of prolonged soil formation (McCarthy and 

Schumm and Brakenridge (1987) observe that the differences 
between fluvial and shelf gradients exert a significant control 
on the response of fluvial systems to sea-level fall. In the in- 
stance of rivers flowing to the sea, when a relative sea-level fall 
exposes a sea floor with a gradient steeper than that of the 
fluvial profile, the fluvial systems tend to incise the substrate to 
a depth greater than that of a simple channel (Figs. 3.7 and 
3.17; see discussion in Chapter 2). The depth of incision is a 
direct function of the magnitude of the relative sea-level fall 
and the slope of the freshly exposed sea floor relative to that of 
the fluvial profile (Fig. 3.3). In general, for a given relative sea- 
level fall, the steeper the sea floor, the deeper is the fluvial 
incision. Figure 3.3 illustrates two end-member scenarios (A 
and D) with two intermediate positions (B and C); note the 
progressive increase in depth of fluvial incision from A to D 
with increasing sea-floor slope. The effects of sea-level fall on 
fluvial systems is felt only as far as the first regional bedrock- 
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FIG. 3.12.-Schematic depiction of subaerial accommodation change in re- 
sponse to decelerating relative sea-level rise. In the scenario shown, the alluvial 
slope is assumed to be 0.03°. As in Figure 3.1 1, when relative sea-level rise 
slows, the proportion of sediment dedicated to filling the subaerial accommo- 
dation decreases, because progressively less subaerial space is made available 
per unit time (see Table 3.3). In response, the rate of regression increases. The 
total subaerial accommodation created strictly as a function of relative sea- 
level rise is 49 m, as was the case for the low-gradient system shown in Figure 
3.1 1. The subaerial accommodation per unit time directly attributable to sea- 
ward shift of the fluvial equilibrium profile increases steadily from time 0 to 
time 5. The incremental as well as total subaerial accommodation due to sea- 
ward shift of profiles is significantly greater for this high-gradient system than 
for the low-gradient system shown in Figure 3.1 1. Note also that the there is a 
period (i.e., time 2-3) when the rate of new accommodation added is at a 
minimum during this period of decelerating relative sea-level rise (see Table 
3.3). This should lead to the occurrence of channel clustering at that time. 
However, the channel clustering at the time of unconformity formation should 
still be more pronounced in light of the fact that the rate of new accommodation 
added at that time is zero. The key observation from this and Figure 3.1 1 is 
that in low-gradient systems, seaward shift of alluvial equilibrium profiles plays 
a significantly smaller role in the creation of subaerial accommodation than in 
high-gradient systems. I 



HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

Transgressive 
Surface 

\ 
Maximum Flooding 

Surface 
Sequence 
Boundary / 

B) 

High 

Relative 

No Fluvlal 

Low 

FIG. 3.13.-Illustration of the timing of channel clustering. Channel cluster- 
ing occurs when the rate of new accommodation added is low and approaching 
zero. This happens primarily during late highstand systems tract time as well 
as during the earliest late lowstand systems tract time. 

TABLE 3.2.-ACCOMMODATION AS A FUNCTION OF RELATIVE SEA-LEVEL 
RISE AND SEAWARD SHIFT OF A LOW-GRADIENT (0.005") FLUVIAL . , 

EQIJILIBRIIJM PROFILE; ACCOMMODATION IS ILLIISTRATED 
GRAPHICA1.I.Y IN PIGIIRE I I (SEE TEXT FOR I>IS('IJSSION) 

Accommodation Due Accommodation Due 
Basinward Shifi to Relative to Seaward Shift Total 

Time of Shoreline Sea-Level Rise of Profile Accommodation 

Total 100.0 km 49.0 m 8.7 m 57.7 m 

TABLE 3.3.-ACCOMMODATION AS A FUNCTION OF RELATIVE SEA-LEVEL 
RISE AND SEAWARD SHIFT OF A HIGH-GRADIENT (0.03') FLUVIAL 

EQUILIBRIUM PROFILE; ACCOMMODATION IS ILLUSTRATED 
GRAPHICALLY IN FIGURE 12 (SEE TEXT FOR DISCUSSION) 

Accommodation Due Accommodation Due 
Basinward Shiit to Relative to Seau'ard Shift Total 

Time of Shoreline Sea-Level Rise of Profile Accommodation 

Total 100.0 km 49.0 m 52.3 m 26.6 m 

controlled knickpoint (i.e., a knickpoint is defined as a signifi- 
cant break in a fluvial longitudinal profile). 

Table 3.1 lists many of the geologic criteria for recognition 
of incised valleys. The importance and relevance of these cri- 
teria currently is a topic of debate in the literature (see review 
in Shanley and McCabe, 1994). For example, fluvial sections 
are replete with sharp-based channel sandstone, so that identi- 
fication of bona-fide incised valleys as direct indicators of un- 
conformities and sequence boundaries can be difficult. Certain 
authors argue that, because of the abundance of sharp-based 
sandstones, the occurrence of larger-scale patterns such as chan- 
nel clustering is the best criterion for identification of sequence 
boundaries (Shanley and McCabe, 1991; Posamentier and Al- 
len, 1993b). Others argue that channel clustering can be a func- 
tion of frequency of avulsion (Bridge and Leeder, 1979) and 
variations in subsidence rates and style of sedimentation (i.e., 
suspended-load-dominated vs. bedload-dominated rivers). 
Heller and Paola (1996) argue that sediment-flux variations, in 
addition to subsidence variations, play an important role in in- 
fluencing channel-avulsion frequency. Nonetheless, in spite of 
these uncertainties, there are some generalizations on which 
most workers can agree. 

If the depth of fluvial incision is significant (i.e., greater than 
a single channel depth; > 20-30 m), the sequence boundary 
forms a high-relief regional erosion surface with incised fluvial 
valleys. At these times river flow cannot escape the incised- 
valley system (much of the former flood plain sits atop inter- 
fluves between incised valleys), nondepositional interfluves de- 
velop, and subordinate tributary feeders form (Fig. 3.4). These 
interfluve areas, which were sites of active flood-plain deposi- 
tion prior to valley incision, become sites of nondeposition sub- 
sequent to valley incision. The final extent of the tributary 
feeder channels may be reduced by post-lowstand transgressive 
erosion (i.e., ravinement processes). However, because the 
floors of the tributary channels must meet the floor of the trunk 
channel (assuming that these tributaries are not "hanging" val- 
leys), partial preservation of these small tributaries is inevitable. 
Unfortunately, with most forms of data such as 2D seismic, 
outcrop, and well-log data, three-dimensional information es- 
sential for defining tributary feeder channels commonly is un- 
available, and other criteria are used to infer valley incision, as 
discussed below. In some instances, however, 3D seismic data 
can provide clear evidence for the presence of trunk valleys 
with small tributary feeders (Fig. 3.5). Figure 3.6 illustrates two 
subsurface examples of smooth-margined, non-incised channel 
systems. 

The presence of subordinate tributary feeders represents one 
of the more compelling pieces of evidence for the presence of 
incised valleys (O'Byrne and Flint, 1995, 1996). However, al- 
though this is significant evidence, this criterion is not an un- 
equivocal indicator of the presence of incised valleys. Dissected 
abandoned floodplains can form in ways other than by sea-level 
fall. Two such ways include decreased fluvial discharge, caus- 
ing an underfit stream to form at the base of a former channel, 
and local tectonic uplift. One or the other of these factors prob- 
ably caused the incisions observed in Figure 3.4. 

Incised valleys with associated interfluves generally charac- 
terize landscapes of the late Pleistocene glacial periods (Fig. 
3.7), when global sea level fell approximately 120-130 m, ex- 
posing the steep gradients of the outer shelf and upper slope on 
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FIG. 3.14.-Examples of candidate se- 
quence boundaries and channel stacking 
patterns in fluvial deposits. A) Note the 
high degree of channel amalgamation 
above the sequence-bounding unconfor- 
mity, in contrast with the more isolated 
channel deposits of the underlying high- 
stand systems tract. B) In this example, 
the change in channel stacking is pro- 
gressive, so that it is more difficult to lo- 
cate the sequence boundaries; however, 
the decreasing channel clustering above 
the sequence boundary is clear. 
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20 krn . 
all continental margins. As a result, deep (up to 40-50 m) flu- 
vially incised valleys are interpreted to have formed across the 
shelf (Fig. 3.8; Suter and Berryhill, 1985). Had relative sea level 
not fallen sufficiently far to expose the outer shelf and upper 
slope, it is likely that the depth of fluvial incision would have 
been significantly less. A sea-level fall of lesser magnitude 
would have exposed only the more gently sloping inner to mid- 
dle she& in effect simulating the effects of sea-level fall on a 
ramp-style margin. This observation is significant because it 
suggests that in the absence of any concomitant tectonic mod- 
ification of the equilibrium profile, even a large (i.e., 135 m) 
eustatically driven relative sea-level fall results in only several 
tens of meters of fluvial incision and potential fluvial deposi- 
tion. Moreover, given these scales of incision, the seismic at- 
tributes of such features using multichannel seismic data can, 
in fact, be quite subtle, in light of the resolution limits of this 
exploration tool. 

Where fluvial incision is low (on the order of, or less than, 
the fluvial-channel depths; e.g., less than 10-15 m), the regional 
sequence boundary exhibits minimal relief, and incised valleys 
tend to be relatively wider than when incision is deep, all else 

c Depth of Incision C 
.- .- i. 3L 

W W 

Stream Longitudinal Profile 

FIG. 3.16.-Fluvial incision A) as a function of changes of fluvial discharge, 
changes in sediment load, tectonic uplift in nonmarine areas is contrasted with 
fluvial incision B) associated with changes of relative sea level. Note that the 
style of incision differs between A and B. In A, the depth of incision decreases 
and approaches zero in the downstream direction (note that relative sea level 
remains stable in this instance), and in B, the depth of incision is maximum 
close to the mouth of the stream and either remains the same or decreases in 
the upstream direction (note that relative sea level falls in this instance). Note, 
however, that when examined closely, the depth of incision in B also ap- 
proaches zero at the mouth of the stream, going from maximum incision at the 
last shoreline position of the underlying highstand to zero at the mouth of the 
incised stream, potentially over a relatively short distance (see discussion of 
coastal prisms in Chapter 4 and Figs. 4.27, 4.28, and 4.29). 

FIG. 3.15.--Control of tectonic subsi- 
dence on fluvial aggradation in the Dig- 
nes Miocene foreland basin (SE France). 
In this active foreland basin, the thickest 
preserved fluvial succession is observed 
adjacent to the orogenic belt, where sub- 
sidence is the most rapid. (Modified from 
Crumeyrolle et al., 1991.) 

being equal (Fig. 3.9). This is because the deeper the incision, 
the greater the volume of sediment that must be eroded and 
removed by the river so as to widen its valley. If the exposed 
sea-floor gradient is lower than the fluvial equilibrium profile 
(note that this is a relatively unusual situation), then fluvial 
aggradation could theoretically occur and no apparent evidence 
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FIG. 3.17.-Examples of candidate sequence boundaries expressed as fluvial 
valleys incised into shelf mudstone. 
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FIG. 3.18.-Internal stratal architecture 
within an incised valley of the Viking 
Formation, Canada, at Crystal Field. Note 
the presence of multiple erosional sur- 
faces including wave ravinement and 
tidal ravinement surfaces within the in- 
cised valley. (C. Chamberlain, unpub- 
lished data.) 

FIG. 3.19.-Internal stratal architecture 
within an incised valley: Gironde estuary, 
southeast France. Note the presence of 
multiple erosional surfaces within the in- 
cised valley. (From Allen and Posarnen- 
tier, 1993.) 
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for base-level fall would be recorded (Wood et al., 19933). Wc 
believe, howcvcr, that this physiographic scenario ( i .~ . ,  where 
the shelf gradient is lowcr than the gradients of feeder tluvial 
systems) is relatively uncommon. - 

Identification of bona-j5de incised valleys in continental en- 
vironments can be problematic, because of the common pres- 
ence of sharpbased fluvial sandstone in this setting ( ~ e s c o t t  
and Wood, 1995). In order to identify sequence boundaries in 
alluvial settings it is therefore necessary to distinguish between 
channelized deposits that are associated with incised valleys 
and those that are not. Table 3.1 summarizes several criteria 
that can be used to identify incised-valley deposits. Each cri- 
terion alone does not constitute unequivocal evidence for the 
presence of a sequence-bounding unconformity. However, to- 
gether these observations would constitute converging lines of 
evidence. Where fluvial systems are deeply incised, broad 
floodplains that previously received sediment would now be 
"high and dry". These areas would constitute interfluve settings 
characterized by nondeposition and anomalously thick soil pro- 
files (Leckie et al., 1989; McCarthy and Plint, 1998; Ye, 1995; 
Aitken and Flint, 1996). Because incised valleys caused by a 
regionally effective mechanism such as relative sea-level fall 
would be observed over relatively large areas, numerous valley- 
fill deposits would be observed to be "hanging from" the same 
stratigraphic horizon. Also, incised valleys tend to be more 
deeply incised than normal fluvial channels, and filled with rela- 
tively thicker and coarser deposits made up of multiple-story 
channel fills (Aitken and Flint, 1995). 

In certain instances, recognition of incised valleys within flu- 
vial sections might not be possible because of poor data control 
or an overabundance of channel deposits. under these circum- 
stances, other less definitive criteria for the recognition of se- 
quence boundaries must be used. As suggested earlier, some 
aspect of increased channel clustering can be indicative of the 
presence of a sequence boundary. Some authors (e.g., Hamilton 
and Tadros, 1994) suggest that, in addition to incised valleys 
and clustered channels, coal-rich zones can be used to define 
nonmarine sequence boundaries. However, it is unclear why 
coals rather than paleosols should indicate the presence of an 
unconformity. To the contrary, coals indicate increased rate of 
new accommodation or decreased siliciclastic sediment flux 
relative to new accommodation (Bohacs and Suter, 1997). 
Nonetheless, some widespread coal deposits can prove useful 
in subdividing nonmarine stratigraphic successions into strati- 
graphic units, though such stratigraphic units likely bear no 
direct temporal relationship to coeval sequence boundaries (Bo- 
hacs and Suter, 1997). 

Previous work on fluvial channel clustering by Allen (1978), 
Leeder (1978), Bridge and Leeder (1979), and Mackey and 
Bridge (1995) suggests that fluvial sequence boundaries can be 
associated with increased channel clustering (Shanley and 
McCabe, 199 1, 1994; Posamentier and Allen, 1993b). Posa- 
mentier et al. (1988) suggest that during the late highstand sys- 
tems tract, the rate of alluvial-plain aggradation slows and iso- 
lated channel-fill deposits with low lateral continuity give way 
to amalgamated channels that result in high lateral continuity 
of sands (Fig. 3.10). Thus, as the actual land surface approaches 
(as would be the case during the late highstand) or is near to 
the position of the fluvial equilibrium profile (as would be the 
case during the late lowstand), increased channel clustering 
would be expected. The opposite would occur when the actual 

FIG. 3.20.-Conventional core from well 16-7-54-19W5 of the Western Ca- 
nadian Sedimentary Basin, Alberta, Canada, illustrating the basal part of an 
incised-valley fill as well as the underlying offshore marine mudstone section 
(upper Albian Viking Formation). Note the sharp contact at the base of the 
incised-valley fill. On the basis of regional analysis, this surface is interpreted 
as a sequence boundary. The incised-valley fill is largely estuarine in origin, 
though elsewhere in neighboring wells fluvial deposits also can be observed. 

land surface lies significantly below the fluvial equilibrium pro- 
file (as would be the case during the early highstand). 

The suggestion that channel clustering might be indicative 
of the presence of sequence boundaries is based on the as- 
sumption that the rate at which accommodation is added or 
taken away in alluvial environments yields distinctive channel 
stacking patterns. However, Heller and Paola (1996) effectively 
argue that avulsion rates are tied directly to changes in sediment 
flux as well as alluvial accommodation. Thus, any link between 
variations in channel clustering and accommodation, and hence 
sequence boundaries, based exclusively on avulsion processes 
as suggested by Bridge and Leeder (1979) must assume a con- 
stant sediment flux. 

If the assumption of constant sediment flux can be made, 
then the link between sequence boundaries and vertical stacking 
patterns can be explained through the effect of accommodation 
on the width of meander belts. Building on the work of Bridge 
and Leeder (1979), Posamentier et al. (1988) suggested that as 
the rate of increase of new alluvial accommodation slows, the 
rate of fluvial aggradation diminishes. As shown in Figure 3.10, 
periods of slowed accommodation would be characterized by 
increased channel clustering. Conversely, periods of rapid ad- 
dition of alluvial accommodation would be characterized by 
decreased channel clustering. Again, this criterion for recog- 
nition of sequence boundaries requires an assumption of con- 
stant sediment flux (Heller and Paola, 1996). 
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FIG. 3.21 .-Example of candidate sequence boundaries in fluvial and coastal 
deposits. The upper sequence boundary is observed at the base of a widespread 
(based on regional mapping) fluvial channel incising coastal-plain sediments. 
At the lower sequence boundary, no lowstand deposits are observed because 
this well was drilled on an interfluve outside of the incised valley. The surface 
identified as the sequence boundary is picked at the junction between the up- 
ward-coarsening regressive section (i.e., the highstand systems tract) and the 
upward-fining transgressive systems tract. 

TABLE 3.4.-SUMMARY OF ATTRIBUTES COMMONLY ASSOCIATED WITH 
WELLS PENETRATING CHANNELS OR INCISED-VALLEY FILLS 

Anomalous well-log expression relative to surrounding wells 
Truncated or missing "regional" well-log markers 
Anomalous trace-fossil assemblage (commonly restricted) relative to surrounding wells 
Anomalously high gasloil production 
Variable lithofacies facies assemblage, ranging from fluvial to estuarine to offshore 
marine 
Sharp lithologic contact defining valley base 

TABLE 3.5.-SUMMARY OF ATTRIBUTES COMMONLY ASSOCIATED WITH 
WELLS LOCATED OUTSIDE CHANNELS OR INCISED-VALLEY FILLS (I.E., 

"REGIONAL" WELLS) 

Predictable and consistent log response 
Highly diverse regionally correlative trace fossil assemblage 
Comparatively low (vis-d-vis incised valley wells) gasloil production 
Regionally correlatable well-log markers 
Widespread distribution of lower-shoreface to offshore-transition facies 

In general, then, channel clustering is preserlt when the ac- 
tual land surface lies at or just below the theoretical equilib- 
riunz projle for prolonged periods. This situation is observed 
during late highstand systems tract time when the rate of rela- 
tive sea-level rise, and hence the rate of new accommodation 
added in both marine and nonmarine settings, has slowed. This 
also is observed during late lowstand systems tract tirne, when 
relative sea level is slowly rising and the actual land surface 
lies just below the theoretical equilibrium profile. One can vi- 
sualize this as a situation where stream profiles are continually 
playing "catch-up" to the ever-shifting theoretical equilibrium 
profile. Whenever the land surface comes close to catching up 
(in situations where the land surface lies below the theoretical 
equilibrium profile), channel clustering is likely. 

Within the highstand systems tract, fluvial accommodation is 
created as a result of seaward migration of the shoreline as well 
as rise of relative sea level. This causes the fluvial equilibrium 
profile to shift seaward and upward, respectively (Fig. 2.15). 
The magnitude of fluvial accommodation created by a seaward 
shift of the equilibrium profile as the shoreline regresses is di- 
rectly proportional to the gradient of the equilibrium profile. In 
high-gradient rivers (e.g., braided rivers or alluvial fans), there- 
fore, seaward shift of the equilibrium profile is probably the 
major contributor to accommodation, as opposed to relative 
sea-level rise, whereas in low-gradient systems, relatively little 
accommodation is added by seaward migration of the profile. 

Figures 3.1 1 and 3.12 illustrate the fluvial accommodation 
that occurs in response to both seaward and upward shift of a 
fluvial equilibrium profile. Tables 3.2 and 3.3 accompany these 
illustrations and show that for the same sea-level rise (i.e., 49 
m) and for the same distance of seaward migration of the equi- 
librium profile (i.e., 100 km), the magnitude of accommodation 
attributable to relative sea-level rise is the same (i.e., 49 m). In 
contrast, the magnitude of accommodation attributable to sea- 
ward shift of the equilibrium profiles is significantly greater for 
the high-gradient system (i.e., 52.3 m) than for the low-gradient 
system (i.e., 8.7 m). Note that in both instances there can exist 
a coastal plainldelta plain environment seaward of the depicted 
shoreline, but this facies tract is not factored into this illustration 
insofar as the tops of these deposits are essentially at or near 
sea level. 

Immediately after the relative sea-level highstand, when rela- 
tive sea level begins to fall, fluvial accommodation usually be- 
comes nil or negative, and fluvial incision commonly occurs. 
Because the "message" for fluvial incision migrates upstream 
from the shoreline, there is a time lag between the time when 
a hydraulic "message" to incise originates at the mouth of the 
fluvial system, and the time it is received at any given point 
upstream. Consequently, even when relative sea-level fall be- 
gins, the upper reaches of the river can still be aggrading (Wood 
et al., 1993a). The existence of incised fluvial valleys extending 
across the shelf (Suter and Berryhill, 1985) in response to Pleis- 
tocene sea-level falls, however, suggests that the actual time 
required for a fluvial system to incise landward across a shelf 
50-100 km wide can be very rapid. This would be of the order 
of a few tens of thousands of years, particularly when rivers 
are eroding unconsolidated sediment. 

Within a cycle of relative sea-level change, there are two 
periods during which there is a decrease in the rate at which 
fluvial accommodation is created: during the late highstand, 
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FIG. 3.22.-Example of a candidate sequence boundary associated with an incised valley cutting through a low-energy shoreface. Without core data (B), 
placement of this candidate sequence boundary would be difficult with wireline log data (A) alone. (From Hayes, 1988.) 

Depth 

Meters 

1980- 

1985 - 

1 9 9 0 -  

1995 - 

when the rate of addition of new fluvial accommodation de- 
creases as a result of the decreasing rate of relative sea-level 
rise, and again during times of rapid shoreline transgression, 
when fluvial aggradation ceases (Fig. 2.41). During these times 
of minimal new accommodation added, channel clustering 
should approach a maximum (Fig. 3.13A).' Because of the rela- 
tively rapid transgression of the coastal and alluvial plain during 
transgressive systems tract time, however, the coastline proba- 
bly migrates landward over the alluvial plain, without any sig- 
nificant fluvial aggradation (Allen and Posamentier, 1993, 
1994a). Therefore, only the sequence boundary is associated 
with channel clustering. 

Conversely, twice during a relative sea-level cycle, the rate 
of new accommodation added reaches a peak, resulting in two 
periods of relatively rapid fluvial aggradation and low channel 
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'Note that periods of relative sea-level fall are characterized by negative fluvial accom- 
modation, and therefore channel incision. 
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clustering: during early highstand and during late lowstand. 
During both of these intervals, relative sea level is rising rela- 
tively rapidly, but not rapidly enough to cause transgression. 
Figure 3.13B illustrates the timing of maximal/minimal channel 
clustering relative to changes in relative sea level and 
accommodation. 

Another possible distinctive feature of alluvial sequence 
boundaries, in addition to increased channel clustering, is a pos- 
sible association with braided fluvial channel deposition. When 
a higher-gradient sea floor is exposed by a relative sea-level fall 
and incision of the substrate causes an increase in fluvial sedi- 
ment load, the potential increase in flow gradient, sediment 
load, and grain size (or sandlmud ratio) might result in a tem- 
porary braided channel geometry and coarser grain sizes. As 
fluvial aggradation resumes during the late phase of the low- 
stand and highstand systems tracts, the river might revert to a 
lower-gradient profile and more sinuous channel geometry. 

Figures 3.10, 3.13, and 3.14 illustrate hypothetical and ob- 
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Incised Valley 

FIG. 3.23.-Block diagrams illustrat- 
ing three scenarios for incised-valley ex- 
tent across a shelf: A) incised valley ex- 
tends completely across the shelf and 
coastal plain in response to sea level fall 
that fully exposes the shelf, B) incised 
valley develops only at the outer shelf 
and across the inner-shelf coastal prism 
in response to sea level fall that fully ex- 
poses the shelf; lowstand sediments are 
transported across the shelf through low- 
stand bypass channels, and C )  incised 
valley restricted to the inner-shelf coastal 
prism in response to sea level fall that 
does not fully expose the shelf; lowstand 
sediments are transported across the shelf 
through lowstand bypass channels and 
feed mid-shelf depocenters. 

served examples of sequence boundaries in alluvial settings. 
The clearest expression of a sequence boundary in fluvial set- 
tings is the presence of a major regional erosion surface 
abruptly overlain by amalgamated fluvial channels, within a 
succession characterized by isolated channels and high flood- 
plaintchannel ratio (Fig. 3.14). Lowstand fluvial channels can 
be present either as amalgamated incised-valley fills (Van Wag- 
oner et al., 1990; Reynolds, 1994; Van Wagoner, 1994), or as 
widespread fluvial sandstone sheets, with or without high-relief 
incision at their bases (Fig. 3.9A) (e.g., the Castlegate Sand- 
stone, Van Wagoner et al., 1991; Olsen et al., 1995; Van Wag- 
oner, 1995; the basal Calico Sequence, Hettinger et al., 1994; 
the Mirador Sandstone in Colombia, Pulham, 1994, 1995). In 
a well log, core section, or single outcrop, these regional fluvial 
sandstone sheets are similar to amalgamated channel-fill de- 
posits at the base of a valley, but in plan view they are more 
regionally continuous and widespread. These fluvial sheet-like 
sandstone deposits can represent either an amalgamation of flu- 
vial channels that have "spilled out" of shallow incised valleys, 
or an amalgamation of fluvial channels associated with incised 
valleys that have broadened considerably because of lateral ero- 
sion, thereby effectively minimizing or eliminating interfluves. 
In the case of areas where the sequence boundary is expressed 
as a correlative conformity (see discussion in Chapter 2; the 
right side of Fig. 2.28), where the sequence boundary is asso- 
ciated with slowdown of relative sea-level rise (due to locally 
high subsidence) rather than sea-level fall, a non-incised fluvial 
sheet could be the most typical expression of the sequence 
boundary. 

Factors Other than Relative Sea-Level Change that Can 
Control Alluvial Accommodation.- 

At this point in the discussion, it is important to acknowledge 
again the role of factors other than relative sea-level change 
that also can control accommodation in nonmarine settings. As 
discussed in the previous chapter, relative sea-level change can 
influence the position of the shoreline, which, in turn, can yield 
changes in fluvial accommodation. However, as suggested by 
several authors (e.g., Blum 1990; Blum and Valastro, 1989; 
Schumm, 1993), climate changes or purely local factors such 
as local tectonics can well play a more important role in fluvial 
stratigraphy than distant shoreline regressions or transgressions. 
Recent studies of nonmarine rift-basin sediments has shown 
distinct evidence of Milankovitch forcing, suggesting that cli- 
mate change can be the dominant factor controlling sedimen- 
tation in these settings (Yang and Nio, 1993; Yang and Baum- 
falk, 1993). Unconformities not directly associated with 
sea-level change nonetheless define sequences in the sense of 
unconformity-bounded stratigraphic units. Such sequences sat- 
isfy the key criterion for sequence designation-delineation by 
unconforrnities or their correlative conformities, regardless of 
the mechanism responsible for causing the unconformity to 
form. Thus, some sequences in fluvial settings may bear little 
or no relationship to sequence boundaries that might be forming 
in coeval marine or coastal deposits. 

Tectonic subsidence probably is the single most important 
factor in producing extensive nonmarine deposits. In basins 
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FIG. 3.24.-3-D seismic amplitude horizon slice from the Plio-Pleistocene 
section of the offshore Gulf of Mexico. This image illustrates an interpreted 
deltaic distributary channel with smooth walls, suggesting that this is not an 
incised valley. This channel is located at a paleo-mid-shelf position. 

where subsidence in the nonmarine sector is high, the land sur- 
face can continually lie below the equilibrium profile, resulting 
in extensive periods of fluvial aggradation. Some of the thickest 
preserved fluvial successions are observed in the proximal parts 
of foreland basins (i.e., closest to the tectonically active fold- 
and-thrust belt) (Fig. 3.15) and along the normal-faulted side 
of extensional basins. In these settings, changes in fluvial ac- 
commodation due to sea-level variations can be minor com- 
pared with tectonically induced accommodation. In this case, 
changes in relative sea level would be recorded only as changes 
in fluvial style or stacking pattern (see Chapter 4). These effects 
can be expressed as changes in meander-belt width (or areal 
distribution of channelized deposits) or as changes in channel 
clustering. If the rate of subsidence diminishes for a given sed- 
iment supply, the channellfloodplain ratio increases and the 
channels become increasingly clustered (Leeder, 1978). 

Variations in sediment supply, fluvial discharge, tectonics, 
and other local factors, as well as changes in relative sea level, 
can influence changes in the size of the accommodation enve- 
lope (i.e., the space available for sediment to fill between the 
actual ground surface and the position in space of the equilib- 
rium profile). Sequence boundaries caused by any of these ef- 
fects can be virtually indistinguishable from those produced by 
a relative sea-level fall unless some other feature, such as the 
presence of angular discordance, indicates control by factors 
other than sea-level change. Although this does not detract from 
the utility of such surfaces for local correlation, regional cor- 
relations and linkage with coeval marine successions are more 
difficult. 

Where linkage of nonmarine and coeval marine successions 
is present, then it may be possible to distinguish locally induced 
and sea-level-induced sequence boundaries. In the instance of 
incised valleys produced by such local factors as tectonic uplift 
or diminished vegetative cover, fluvial incision diminishes in 
the downstream direction, approaching zero near the shoreline 
(as shown in Fig. 3.16). If relative sea-level change were the 
key forcing factor, then fluvial rejuvenation would be observed 
through the highstand shoreline and forced regression would 
take place. 

Marine Environment 
For the purposes of this discussion, we will subdivide the 

marine environment into two zones: 1) the she& defined as the 

FIG. 3.25.-Modem example (Millsite Reservoir near Ferron, Utah) of an incised valley formed in response to lowered lake level, where incision is restricted 
to the coastal prism. This channel has incised approximately two meters into what had been a highstand delta at the head of the lake. Note that incision is 
restricted to the area between the mouth of the channel and the proximal pinchout of the highstand delta. The delta is analogous to the coastal prism constituting 
the coastal plain in continental-margin settings. 
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FIG. 3.26.-A) 3D seismic amplitude horizon slice from the FXE area of offshore Java, Indonesia (C. Whorlow, personal communication, 1998), illustrating 
a lowstand fluvial channel that is not incised and is referred to as a lowstand bypass channel system (see discussion in text). Shown here is a high-sinuosity 
channel characterized by meander scroll bars. Preferential truncation of these scroll bars on the northwestern side suggests flow from northwest to southeast. B) 
The well-log cross section shows that away from the meander belt, there are no precursor delta-front or shoreface deposits that underlie these deposits, suggesting 
that this fluvial channel lies within the zone of sedimentary bypass between the highstand and lowstand depocenters (C). 
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area between the last highstand shoreline and the last lowstand 
shoreline, and 2) the slope and basin floor, extending from the 
shelflslope break seaward. The expression of the sequence 
boundary is most variable in the shelf zone, with a master se- 
quence boundary that is expressed as either an unconformity or 
a correlative conformity, and potentially a number of higher- 
order sequence boundaries (at the top of forced regressive 
wedge deposits of the early lowstand systems tract) expressed 
as amalgamated unconformities. In the slope and basin-floor 
zone, seaward of the shelflslope break, the sequence boundary 
is expressed as either an unconformity or correlative 
conformity. 

When relative sea-level fall begins, a major stratigraphic sur- 
face (i.e., the sequence boundary) begins to develop across the 
subaerially exposed shelf (i.e., in the alluvial/coastal plain en- 
vironment, as discussed above). This surface defines the top of 
the highstand systems tract and the base of the lowstand systems 
tract and is characterized by a hiatus and an unconformity. Con- 
tinued relative sea-level fall can expose the shelf andlor slope, 
resulting in a widespread unconformity. For reasons discussed 
in Chapter 2, we place the sequence boundary at the base of 
sediments deposited during these periods of relative sea-level 
fall. When relative sea level attains its lowest position, the entire 
exposed shelf surface is subjected to subaerial weathering and 
possible fluvial incision. If conditions favor forced regressive 
deposition to occur, then an amalgamation of higher-order se- 
quence boundaries expressed as a single unconformity charac- 
terizes the top of the forced regressive wedge (see discussion 
in Chapter 2 and Fig. 2.31A). The amalgamated higher-order 
sequence boundaries in the inner to middle shelf zone are ex- 
pressed as a single unconformity that can be expressed as either 
a surface of fluvial erosion at the base of incised valleys or as 

a surface of nondeposition on interiiuves between incised val- 
leys. In this respect, this surface is similar in appearance to 
sequence boundaries in alluvial settings. The difference, of 
course, is that the sediments that underlie the interfluves and 
incised valleys can range from marginal-marine to open-marine 
deposits, in contrast with fluvial settings, where the underlying 
and overlying sediments are alluvial deposits. 

The sequence boundary beneath forced regressive deposits is 
expressed primarily as a correlative conformity. However, in 
certain instances a certain amount of submarine erosion can 
occur there as well (Fig. 2.21). This erosion is associated with 
lowering of the fair-weather wave base in response to lowered 
relative sea level (Plint, 1988). However, the relative areal ex- 
tent of the conformable vs. unconformable sequence boundq  
at the base of forced regressive deposits is not clear (see dis- 
cussion below). 

Sequence Boundaries on the Shel$- 

The sequence boundary within this zone is characterized by 
subaerial exposure and development of an unconformity sur- 
face if there exists a zone of sedimentary bypass between high- 
stand and lowstand deposits (i.e., detached lowstand of Ains- 
worth and Pattison, 1994). Farther seaward, where forced 
regressive deposits may be present, the sequence boundary 
commonly splits into a master sequence boundary at the base 
and an amalgamation of higher-order sequence boundaries at 
the top of the forced regressive deposits (Fig. 2.31). In general, 
within the zone of sedimentary bypass between highstand and 
lowstand deposits, two types of facies configurations can be 
observed in association with sequence boundaries: 1) fluvial 
deposits of the Eowstand systems tract overlying ofshore shelf 
sediments of the previous highstand systems tract, or 2) coastal 
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FIG. 3.27.-A) Pennsylvanian Morrow 

A Formation, Colorado, U.S.A., channel 

-1300 system, characterized by a single, narrow 
high-sinuosity channel. This system, 
which has been interpreted as an incised 

-1800 valley, could in fact be similar to the sys- 
tem shown in Figure 3.25 and represent 
simply a lowstand bypass channel system 
in a mid-shelf location. This channel sys- 
tem seems to be characterized by rela- 
tively simple fluvial to estuarine, single- 
stage fill (B and C). Note that wells 
penetrating the interfluves also are char- 
acterized by an absence of precursor pro- 
grading deltaic or shoreface deposits, as 
was the case in Figure 3.25. (From 
Bowen et al., 1993.) 
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FIG. 3.28.-Schematic depiction of 
valley incision during a period of shore- 
line transgression, Canterbury Plains, 
New Zealand. High wave energy causes 
shoreline retreat during sea-level still- 
stand. This shoreline retreat results in the 
formation of relatively steep sea-cliffs, 
which, in turn, leads to oversteepening of 
the lower reaches of streams and subse- 
quent valley incision that propagates up- 
stream. (After Leckie, 1994.) 

FIG. 3.29.-The relationship between 
sequence boundaries and transgressive 
surfaces along a dip profile. The two sur- 
faces are merged wherever lowstand de- 
posits are absent (e.g., on intefiuves). 
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FIG. 3.30.-Schematic illustration of the effects of wave ravinement during 
transgression on a high-wave-energy coast. If the thickness of section eroded 
by wave action is equal to or greater than the depth of fluvially incised channels, 
no lowstand fluvial incised valleys are preserved. This can occur in ramp basin 
margins where the low-gradient shelf surface causes shallow fluvial incision 
during the period of falling relative sea level. 

FIG. 3.31.-Transgressive deposits overlying a transgressive surface of ero- 
sion (i.e., ravinement surface) at 7985.5 feet. The thickness of the transgressive 
deposits is approximately 3.5 feet (I m). Note the large (> 3 cm) chert pebble 
just above the ravinement surface. 

or ofshore marine deposits of the transgressive systems tract 
overlying oflshore marine sediments of the highstand systems 
tract of the previous sequence. Note that in each instance, sed- 
iments of the earlier-deposited highstand systems tract underlie 
the sequence boundary. If these preceding highstand deposits 
are thin or absent because of erosion or local nondeposition, 
however, then sediments of the lowstand or transgressive sys- 
tems tract can directly overlie deposits of systems tracts from 
sequences deposited still earlier. Alternatively, if sea level re- 
mains relatively low for several successive sea-level cycles, no 
sedimentation occurs in the zone of sedimentary bypass until 
accommodation is eventually created either by sea-level rise 
and associated transgression or by tectonic subsidence creating 
accommodation by lowering the surface profile below the level 
of the fluvial equilibrium profile. 

1) Lowstand Jluvial over highstand ofshore marine. In this 
instance, the sequence boundary is characterized by a fluvial 
erosion surface incised into highstand offshore marine deposits. 
Where this is the case, isolated fluvial channel-fill sandstone or 
conglomerate deposits are observed embedded within an over- 
all marine mudstone section (Figs. 3.17 and 3.18). Moreover, 
the fill of the channel bears no genetic relationship to the ma- 
terial through which it is cutting. In many instances, there can 
exist a significant age difference between the channel fill and 
the substrate being incised. The unconformity at the base of the 
incised valley fill shown in Figure 3.18 is characterized by a 
hiatus of the order of a few million years. Away from the val- 
leys, interlluve areas exist. In these areas transgressive systems 
tract deposits may overlie highstand deposits, as discussed be- 
low. Regardless of whether or not these lowstand channels con- 
stitute incised valleys, they nonetheless are indicative of a zone 
of shelfal sedimentary bypass and therefore suggest a probable 
relative sea-level fall. 

Where fluvial or estuarine deposits overlie and are incised 
into marine mud, they generally are incised-valley-fill deposits. 
As in continental settings, if several closely spaced wells can 
be correlated, the internal architecture of the incised-valley fill 
can be determined (Figs. 3.18 and 3.19; Pattison 1991; Van 
Wagoner et al., 1991; Pattison and Walker, 1994). However, 
given the inherently complex nature of incised-valley fills, 
without such close spacing and in the absence of extensive core 
control, precise stratal relationships can remain unclear. Tables 
3.4 and 3.5 highlight some of the criteria that are useful for 
discriminating between incised-valley-fill wells and so-called 
"regional" wells that penetrate the interfluves outside the 
valleys. 

The sand deposits that characterize incised-valley fills (Fig. 
3.20) can have a variable gamma-ray log response of "blocky", 
"fining upward", or even "coarsening upward". With well logs 
alone, it generally is difficult, if not impossible, to determine if 
the channel deposits are fluvial or estuarine (i.e., lowstand or 
transgressive systems tract deposits) respectively, or whether 
they are simple channel fill or the typically more complex fill 
of an incised valley. Typically, core data are required to accu- 
rately determine the depositional environment of such deposits. 
By examining facies in core, it is usually possible to distinguish 
between sandstones deposited in fluvial, estuarine, or coastal- 
littoral environments. However, regardless of whether a precise 
determination of depositional environment can be made, the 
base of an anomalously massive, "blocky", thick (i.e., several 
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FIG. 3.32.-A) Well-log and B) core example of the expression of a sequence boundary both at the base of incised-valley fill and at the top of associated 
adjacent interfluves. Regional analysis suggests that the contact between the Golata and Kiskatinaw formations can be interpreted as an unconformity and 
therefore a sequence boundary. The valley system developed on the top Golata surface may be an incised-valley system separating underlying Golata highstand 
systems tract deposits from overlying Kiskatinaw transgressive systems tract deposits. The "colored shale unit" may be the paleosol that developed during the 
period of valley incision. (From Barclay, 1988.) 

meters or more) sandstone embedded within offshore marine 
mud is a good candidate for a sequence boundary (though not 
necessarily the master sequence boundary). 

In more proximal shelf settings, lowstand fluvial and trans- 
gressive estuarine deposits can overlie and incise previous high- 
stand littoral or delta-front deposits, especially if there is no 
significant zone of sedimentary bypass (attached lowstand de- 
posits of Ainsworth and Pattison, 1994). In these settings, it is 
commonly more difficult to locate the sequence boundary be- 
cause the overall succession is sandier and hence lowstand or 
transgressive valley-fill deposits do not stand out as clearly. 
Commonly, where sandstone is observed both above and below 
a sequence boundary, only an approximate positioning of the 
sequence boundary is possible. In such instances, a tentative 
sequence boundary can be identified at the base of a massive 
"blocky" sandstone that overlies a progressively coarsening- 
upward and thickening-upward stratigraphic units and underlies 
a fining-upward and thinning-upward transgressive succession 
(Figs. 3.21 and 3.22). Only if there is an indication of a marked 
basinward shift of facies tracts that accompanies this erosion 
surface, or if a stratigraphic time gap at this surface can be 
documented, can a definitive sequence-boundary interpretation 
be made. Alternatively, if multiple regional well logs are char- 
acterized by laterally continuous, clean, blocky, channel-like 
deposits that are consistently present and are significantly 
cleaner (or coarser grained) than the underlying sediments, then 
an inference of a sequence boundary can be made (see discus- 
sion in Chapter 4). In many such instances, when available 

well-log or core data are insufficient, the presence of a sequence 
boundary can be inferred, but definitive proof is lacking. 

The extent of incised-valley development landward of a low- 
stand shoreline is not well understood. Some data suggest that 
incised valleys extend completely across the shelf and into the 
fluvial environment (Suter and Berryhill, 1985; Anderson et al., 
1989). The valley system shown in Figure 3.5C is located -200 
km from the shelf edge. This situation is illustrated schemati- 
cally in Figure 3.23A. Other data suggest that such extensive 
incised valleys might not be so common (Abbott, 1998). True 
incised valleys can be imaged in the subsurface, (e.g., Fig. 3.5). 
However, in an extensive 3-D seismic volume from the Gulf of 
Mexico offshore shelf, comprehensive analysis of the Plio- 
Pleistocene section has revealed no unequivocal incised valleys 
locally (Liu et al., 1998). By "unequivocal incised valley" we 
mean a valley system characterized by multiple small tributary 
feeders incising the floodplain (Figs. 3.5 and 3.23). Instead, 
what have been observed are well-imaged smooth-walled chan- 
nels rather than valleys (Fig. 3.24). These Gulf of Mexico data 
are located in a paleo-mid shelf setting. We suggest that in at 
least some circumstances, incised valley extent may be limited 
to the outer shelf as well as the coastal prism of the inner shelf 
as illustrated in Figure 3.23B (see discussion of coastal prisms 
in Chapter 4; Figs. 3.25 and 4.28). Alternatively, nonincised 
systems can develop if sea-level fall does not fully expose the 
shelf (Figs. 3.23C). Nonincised fluvial systems that feed low- 
stand depocenters such as mid-shelf deltaic or shoreface de- 
posits can be referred to as lowstand bypass channel systems. 
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A cross-shelf pattern of fluvial incision shown in Figure 
3.23A also can be caused by increased fluvial discharge, which 
can lead to valley entrenchment. Such valley deepening, if fol- 
lowed by a period of decreased discharge, can yield the same 
incised-valley morphology as that produced by knickpoint mi- 
gration, except that entrenchment would characterize the entire 
system affected by these discharge variations. Consequently, 
entrenchment induced by discharge variation would be effective 
irrespective of any coastal prisms. Discharge-induced entrench- 
ment can be mistaken for incision induced by base-level fall 
and might be relatively common during times of climatic 
change (possible examples shown in Figs. 3.4A and 4.20). 

Another example of a non-incised fluvial system that formed 
on the shelf in response to lowered sea level is shown in Figure 
3.26. This example of a lowstand bypass channel system is 
interpreted to lie in a middle shelf location, analogous to the 
central part of Figure 3.23B. Two fluvial channels are observed 
on this seismic horizon slice, one characterized by high sinu- 
osity and one by low sinuosity (Fig. 3.26A). These systems are 

not incised, an interpretation based on the absence of any trib- 
utary feeder systems (compare with Figs. 3.4 and 3.5). Well- 
log data confirm that where channel deposits are not present 
(e.g., at FRE-1, OF-1, and FX-1; Fig. 3.26B) the stratigraphic 
succession consists of offshore marine over offshore marine 
deposits (compare with Fig. 3.23B). We interpret the fluvial 
deposits at FXE-1 (Figs. 3.25B and C) to represent lowstand 
deposits that do not lie within an incised valley. Clearly the 
presence of alluvial sediment directly overlying offshore marine 
sediment suggests that the boundary between them marks a 
major dislocation in depositional environment and a significant 
seaward shift in facies, defining a sequence boundary. The dep- 
ositional environment of the sediments that overlie and underlie 
the alluvial deposits is interpreted to be offshore marine, char- 
acterized by low wave energy, thus allowing for the preserva- 
tion of the fluvial deposits after transgression. In environments 
with higher wave energy, such features might have less pres- 
ervation potential. Abbott (1998) reports that fluvial channels 
that are inferred to have existed across the Pleistocene Taranaki 
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FIG. 3.33.-Late Pleistocene/Holocene transgressive deposits from the con- 
tinental shelf offshore southern France. These deposits sharply overlie the trans- 
gressive surface of erosion that formed during the sea-level rise that marked 
the end of the Pleistocene lowstand. 

shelf (New Zealand) are nowhere preserved because of vigor- 
ous transgressive erosion. 

Figure 3.27 illustrates another example of a sequence bound- 
ary at the base of a channel similar to that illustrated in Figure 
3.26. The expression of the sequence boundary on the associ- 
ated interfluves is a flooding surface marked only by the pres- 
ence of a paleosol (Fig. 3.27). These paleosols formed on the 
black marine shales of the interpreted underlying highstand de- 
posits (Krystinik and Blakeny, 1990; Bowen et al., 1993). The 
fact that the paleosols were developed on black marine shales 
suggests that the absence of highstand sands was because they 
were never deposited there, rather than because they had been 
removed by transgressive erosion (Bowen et al., 1993). Pre- 
sumably, minimal erosion accompanied transgressive events, 
therefore allowing for the preservation of the paleosols. The 
degree to which the Morrow system is incised is not clear. A 
single upper Morrow channel thickness ranges up to 24 m (80 
ft) as shown in Figure 3.27 and ranges from 0.8 to 3.2 km (0.5 
to 2.0 miles) wide (Bowen et al., 1993). It is not certain that 
the Morrow system constitutes an incised valley, within which 
presumably a channel would lie, or a single channel, such as 
that shown in Figure 3.26. Unfortunately, quality of seismic 
data is inadequate to resolve the detail of any small tributary 
channels. With a width-to-depth ratio of over 100:l (i.e., 3.2 
km:24 m), shallow channel depths (i.e., less than 24 m), and a 
meandering map pattern (Fig. 3.27), the system as mapped ap- 

pears to resemble more a single channel, similar to that shown 
in Figure 3.25, than an incised valley. 

The examples shown in Figures 3.5, 3.23, 3.25, and 3.26 
illustrate the variety of expressions that can characterize the 
sequence boundary on the freshly exposed shelf. At wells OF- 
1 and FX-1 (Fig. 3.26), little or no alluvial-plain deposits have 
been preserved. It would appear from these well logs that what- 
ever thin alluvial plain might have been deposited directly over- 
lying the offshore marine sediments had been almost com- 
pletely eroded during the transgressive event that heralded 
cessation of subaerial conditions and a return to a marine en- 
vironment. Only the channel-fill deposits at FXE- 1 and the pos- 
sible thin alluvial deposits at FRE-1 constitute the record of 
deposition at this location during sea-level fall and lowstand. 
Where the sequence.boundary separates offshore marine de- 
posits below from offshore marine deposits above, such as at 
OF-1, the expression of this bounding surface is that of a trans- 
gressive surface of erosion. Without core or ancillary data such 
as seismic or outcrop data, such surfaces can commonly go 
unrecognized. Where the sequence boundary separates offshore 
marine deposits from overlying alluvial-plain or fluvial chan- 
nel-fill deposits, the surface is characterized by either a discon- 
formity (beneath the floodplain deposits) or an erosional un- 
conformity (beneath the alluvial channel fill). 

We propose that incised valleys are most commonly best de- 
veloped on the outer shelf and then, depending on the gradient 
of the mid-shelf, degree of induration of the substrate, and the 
duration of sea-level lowstand, would extend partly or com- 
pletely across the shelf. These factors would control the extent 
across the shelf that the knickpoint, which defines the upstream 
limit of incision, can migrate. Consequently, the mid-shelf set- 
ting exposed by sea-level fall can be characterized in some in- 
stances by throughgoing incised valleys (Fig. 3.23A, upper il- 
lustration), and in other instances by non-incised simple 
channels at equilibrium with the shelf surface-now the flood- 
plain (Figs. 3.23A, lower illustration, and 3.26). 

In certain circumstances, fluvial incision can occur even dur- 
ing shoreline transgression, as documented by Leckie (1994) 
for the Canterbury Plains, New Zealand. This transgression is 
the result of beach erosion due to a high-energy wave regime. 
The sea cliffs that have consequently formed as a result of this 
erosion have caused an oversteepening of the downstream 
reaches of fluvial systems, which, in turn, has rejuvenated the 
rivers and induced valley incision, all during a period of coastal 
transgression (Fig. 3.28). 

2) Transgressive coastal plain or ofshore marine overlying 
highstand ofshore marine. In this type of succession the low- 
stand systems tract is inferred to be locally or totally absent, 
thus leading to a superposition of transgressive or highstand 
deposits directly on earlier-deposited highstand deposits. Thus, 
where transgressive deposits directly overlie highstand depos- 
its, the sequence boundary and the transgressive surface are 
merged into a single surface. This commonly characterizes sec- 
tions located on the inteduves outside of incised valleys, where 
no lowstand fluvial deposits are observed above the sequence 
boundary, and transgressive coastal-plain or offshore-marine 
deposits directly overlie the various highstand depositional sys- 
tems (Fig. 3.29). The superposition of transgressive deposits 
over highstand deposits is also observed in mid-shelf settings 
in situations where no lowstand deposits are preserved. This 
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FIG. 3.34.-A) Transgressive lag deposit approximately 8 cm thick overlying a transgressive surface of erosion (note arrow). B) A transgressive surface of 
erosion expressed as a mudstone-on-mudstone contact and defined by the presence of isolated chert pebbles 1-2 cm in diameter; Viking Formation, Alberta, 
Canada. From regional mapping, each of these surfaces is a merged sequence boundary and transgressive surface. 

would occur if the zone of sedimentary bypass is characterized 
by shallow feeder channels (rather than deeply incised valleys), 
and such channels would be completely eroded by subsequent 
transgressive ravinement processes (Fig. 3.30). 

In interfluve settings, the sequence boundary surface can ini- 
tially exhibit the characteristics of a subaerially exposed surface 
that developed during relative sea-level fall. Such a surface is 
characterized by a deeply weathered soil horizon that is pre- 
served if coastal and shelf energy (e.g., wave, tidal, geostrophic, 
and other shelf current energy) is weak and minimal erosion 
takes place during the shoreline transgression across the area. 
In such instances, transgressive mudflats, lagoon, or bay de- 
posits overlie paleosols or a subaerial rooted horizon. The con- 
tact between these deposits is the sequence boundary. Alter- 
natively, if coastal and shelf energy is strong, the sequence 

boundary is expressed as a well-developed ravinement sur$ace, 
masking the subaerial exposure surface that had developed dur- 
ing the earlier sea-level lowstand. Ravinement by waves and 
currents during transgression can erode up to 10-20 m of the 
substrate (Suter and Berryhill, 1985; Demarest and Kraft, 1987; 
J. Anderson, personal communication, 1992; Abbott, 1998). 
Such erosion could readily have destroyed any evidence for 
earlier subaerial exposure. This is the explanation for the ab- 
sence of evidence for subaerial exposure and feeder valleys 
landward of lowstand shoreface deposits of the Cardium For- 
mation in the Western Canada Sedimentary Basin (Plint et al., 
1987), the Viking Formation in the western Canadian sedimen- 
tary basin (Walker, 1995), and the Castlecliff section of the 
Taranaki Basin, New Zealand (Abbott, 1998). Figure 3.31 il- 
lustrates a transgressive surface of erosion representing a 
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FIG. 3.35.-A) Coarse sandstone to 
gravel waves overlying a combined trans- 
gressive surface and sequence boundary, 
Cardium Formation, Alberta, Canada. 
The transgressive surface is interpreted as 
a wave ravinement surface. These bed- 
forms consist of sediment winnowed 
from the underlying section by wave ac- 
tion during transgression (i.e., lag depos- 
its) and subsequently reworked into lin- 
ear features by waves and shelf currents. 
B) Modem wave-ravinement surface cur- 
rently forming on the coast adjacent to 
the Gironde estuary, southwest France. 
Pleistocene highstand fluvial deposits 
(the gray cross-bedded sands in C are ero- 
sionally overlain by a thin veneer of 
transgressive beach sand and cobble lag 
(B and C). The ravinement surface con- 
stitutes an amalgamated sequence bound- 
ary and transgressive surface across 
which there is a 120 ky hiatus. 
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FIG. 3.36.-Transgressive lag deposits on a ravinement surface within the 
Viking Formation, Alberta, Canada (well 4-14-58-5W5). The scattered pebbles 
(c. 1 cm diameter) observed at this surface lie within a medium- to coarse- 
grained sandstone matrix. The ravinement surface separates a coarsening- and 
shallowing-upward, very fine to fine-grained sandstone section (interpreted 
lower shoreface) below, from a silty mudstone section (interpreted offshore) 
above. 

abrupt facies transition observed both within the valleys and on 
the interfluves suggests exposure of the shelf and a relative sea- 
level fall. Such a transition would be clearly identifiable in cores 
or outcrop. With log data alone, however, it would be very 
difficult to infer the presence of a sequence boundary. 

Commonly, ravinement surfaces are characterized by the su- 
perposition of coarser-grained over finer-grained deposits. The 
sediments that overlie a ravinement surface generally represent 
the winnowed product of wave and/or other erosive processes 

merged transgressive surface and sequence boundary, with any 
evidence for subaerial exposure having been eroded during 
transgression. m 

~ n e x a m ~ l e  of an interfluve sequence boundary is illustrated 
in Figure 3.31. In this example, a succession of dark gray to 
black shelf mudstones is abruvtlv overlain bv red to aeen  shale - 

A - - 
with roots, interpreted as a paleosol. This abrupt subaerial ex- 
posure of offshore mud is a good indication that a relative sea- 
level fall occurred and that the contact between the marine muds 
with paleosol at the top and the overlying sediment is a se- 
quence-boundary unconformity. Krystinik and DeJarnett (1995) 
report the presence of paleosdl horizons developed on marine 
mudstones overlain by marine mudstones, within the Morrow 
Formation of the central United States. They interpret these 
surfaces as sequence boundaries. This surface is equivalent to 
the base of sandstone-filled incised valleys cutting into the same 

FIG. 3.37.-Transgressive lag deposits at the top of the Kennilworth Member to of the Blackhawk Formation, Book Cliffs, Utah, USA (A and 8). Note the 
leum Mitchek #31-3 in Fig. 3.27)- These incised valleys are pebbles, shell fragments, and wood fragments that are present within a matrix 
filled with fluvial and estuarine sands. In this instance, the of medium sandstone. This surface is interpreted as a wave-ravinement surface. 
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acting on the substrate, within the transgressing shoreface and 
subsequent shelf environment. Hence, these deposits have been 
referred to as transgressive lag deposits (Figs. 3.31,3.33,3.34, 
3.35, and 3.36), and typically contain shell fragments, sharks' 
teeth, wood fragments, and rip-up clasts, all derived from the 
underlying deposits, within a matrix of relatively coarse- 
grained sandstone (Figs. 3.37 and 3.38). Burrows that penetrate 
deeply into the substrate (several meters in some instances) can 
locally characterize wave-ravinement surfaces (Fig. 3.39). This 
type of trace-fossil assemblage is called the Glossifungites ich- 
nofacies (MacEachern et al., 1992) and is characteristic of a 
surface that has been partially cemented or "firmed up" (i.e., a 
firmground) and then subsequently exhumed by erosion during 
transgression (Fig. 3.40). The types of burrows that commonly 
are observed at this surface include Thalassinoides, Rhizocor- 
allium, Skolithos, Arenicolites, and Diplocraterion (Mac- 
Eachern et al., 1992). In some instances, wave-ravinement sur- 
faces can exhibit a significant magnitude of relief as a result of 
wave scour and current action. In the Cardium formation, Eyles 
and Walker (1988) have observed up to 15 m of local relief on 
such surfaces (Fig. 3.41), though it is not clear how much ero- 
sion occurred subaerially by fluvial processes and how much 
occurred subaqueously by marine wave processes. 

In many instances, sequence boundaries at interfluve settings, 
whether in environments of high or low wave andfor current 
energy, separate upward-coarsening and upward-thickening re- 
gressive highstand deposits below from upward-fining and up- 
ward-thinning transgressive deposits above (Fig. 3.42). As dis- 
cussed above, this surface represents a merged sequence 

FIG. 3.38.-~erged sequence boundary and transgressive surface (approx- boundary and transgressive surface. Without core data, and in 
imately half the length of a pencil below the tip) from the Viking Formation, the absence of obvious lowstand deposits, the precise location 
Alberta, Canada (well 10-16-51-15W5). This surface is interpreted as a ravi- Of the sequence boundary is somewhat speculative and can de- 
nement surface. No evidence for subaerial exposure is observed below this 
surface; it is inferred that evidence for subaerial erosion was removed by wave pend on correlation with neighboring wells where lowstand de- 
action during transgression. posits might have been encountered (e.g., incised-valley-fill de- 

posits, forced regressive deposits, etc.) (Fig. 3.42). However, 
the value of identifying a candidate sequence boundary lies in 
the possibilities that are opened up; tbe presence of a sequence 
boundary with such attiibutes suggests the possible deposition 
of 1) nearby incised-valley deposits, 2) associated detached or 
attached forced regressive deposits (e.g., in the form of shelf- 

FIG. 3.39.-Ravinement surface at the 
top of the Panther Tongue Sandstone, 
Utah, USA. Burrows originating at this 
surface (note person for scale, standing 
on this surface) can be observed to pen- 
etrate at least two meters into the sub- 
strate. 
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RG. 3.40.-A) Formation of the Glos- 
sifungires ichnofacies in association with 
transgressive erosion. During transgres- 
sion, a firmground is exposed at the sea 
floor by shoreface erosion of the upper 
part of the progradational substrate. Bur- 
rows form as the firmground is colonized 
in the high-energy zone near the trans- 
gressing shoreline. Subsequently, as 
transgression continues and water depth 
increases, transgressive deposits overlie 
the burrowed surface and infill the pre- 
viously formed burrows. B) An example 
of the forination of a Glossifungites ich- 
nofacies on a modem beach. Note the 
presence of lagoonal material exposed in 
the surf zone beneath the fallen tree. The 
surf zone is characterized by the abundant 
presence of open burrows within a firm- 
ground substrate. 
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FIG. 3.41.-Erosion on a merged sequence boundary and transgressive surface. As much as 15 m of the substrate is inferred to have been eroded; note the 
relief observed on this surface on sections 1 and 3. The estimated depth of erosion on this surface is based, in part, on truncated log markers and in part on the 
fact that no evidence for subaerial exposure in the form of paleosol or root traces is preserved, implying erosion sufficient to strip off these sections. (From Eyles 
and Walker, 1988.) 
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IiIc. 3.42.Schematic facies and log patterns in an incised valley and the, adjacent interiluves. Key surfaces shown include the sequence boundary, the 
transgressive surface, and the maximum flooding surface. Within the incised valley (well B), the sequence boundary generally is easy to identify, because the 
incising river channel has eroded the previous highstand, characterized by offshore to nearshore deposits. At the interfluves (wells A and C), there are no lowstand 
deposits, and the transgressive systems tract directly overlies the older highstand systems tract. At these locations, it is necessary to locate the sequence boundary 
by correlation with wells from within the incised valley. 
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FIG. 3.43.Schematic depiction of normal and forced regressions: A, B) normal regressions that occur during relative sea-level rise and stillstand, respectively, 
when the rate of sediment flux exceeds the rate of new space added (i.e., new accommodation); C) forced regression that occurs during relative sea-level fall. 
The shoreface deposits associated with this type of regression are 1) in many instances detached from the underlying highstand shoreline, 2) associated with a 
zone of sedimentary bypass between the provenance and the depocenter, which is characterized by subaerial erosion, and 3) commonly characterized by a sharp 
base defining an unconformity underlying the proximal part of the lowstand deposits and a correlative conformity underlying the distal part of the lowstand 
deposits. 
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FIG. 3.44.--Outcrop exposure of the Panther Tongue Member of the Star Point Formation near Helper, Utah. Note the sharp, well-defined top and the relatively 
well-defined base of this sandstone unit. The top is expressed as a ravinement surface and interpreted as a transgressive surface separating lowstand deposits 
below from transgressive deposits above. The base (at the arrow) is expressed as a rapid transition from massively bedded, intensively burrowed silty sandstone 
below, to a tabular-bedded, less intensively burrowed sandstone above, and is interpreted as a sequence boundary associated with the process of forced regression. 
It is not clear, however, whether this basal bounding surface is the master basal boundary or whether the master basal boundary exists here as a correlative 
conformity somewhat below the surface shown here (compare with Fig. 3.49). 

perched or shelf-edge shoreface and/or deltaic deposits), and/ 
or 3) associated deep-water deposits (e.g., turbidites and other 
sediment-gravity-flow deposits). 

Any soils that may develop on freshly exposed highstand 
deposits during lowstands of sea level have questionable pres- 
ervation potential in light of the potential for removal during 
subsequent transgression. Conditions that favor soil preserva- 
tion are those where environmental energy (e.g., associated 
with waves and shelf currents) is low. In these settings, the 
sequence boundary is expressed as a surface overlying a rooted 
zone, paleosol, or carbonaceous shale, capping offshore marine 
mudstone. Marginal-marine (e.g., lagoonal deposits) or open- 
marine transgressive deposits would overlie this succession 
with little transgressive erosive modification of the surface that 
formed during the time of lowstand when the surface was sub- 
aerially exposed. 

If wave energy is high, this subaerially exposed sequence 
boundary surface is eroded during transgression as mentioned 
above (also, see discussion in Chapter 4), and no direct trace 
or evidence of subaerial exposure is preserved (e.g., Abbott, 
1998). The presence of a ravinement surface with offshore, sub- 
wave-base marine mud both above and below, or transgressive 
shelf sand above and marine mud below, can suggest that sub- 
aerial emergence or at least a shallowing occurred, further im- 
plying the presence of a sequence boundary. However, erosion 
surfaces can also form if there is a shift in the location of shelf 
currents, which can consequently create locally distributed 
scour surfaces. Such latter surfaces can have little or nothing to 
do with transgression or the presence of sequence boundaries. 
One important key to distinguishing shelf-located erosion sur- 
faces from true ravinement surfaces, which are associated with 
transgression, is in their mappability. Erosion surfaces that are 
associated with transgression (i.e., those that record the passage 
of a landward-retreating shoreline) commonly are significantly 
more widespread than those that are not. 

In any event, the best indicator of a sequence boundary 
within the zone of sedimentary bypass between highstand and 

(detached) lowstand deposits is some evidence either below or 
above the surface in question that subaerial exposure of under- 
lying offshore marine sediments occurred. This can be in the 
form of the presence of paleosols or the presence of fluvial and/ 
or estuarine deposits directly overlying offshore marine mud- 
stone (Fig. 3.26). Paleosols developed on offshore marine mud- 
stone, in particular, are impossible to develop without subaerial 
exposure associated with a relative sea-level fall. Commonly, 
however, failure to observe paleosols can occur because of poor 
data coverage (e.g., minimal core data available) or because 
transgressive erosion has removed all traces of the paleosol. In 
these instances, indirect evidence often is the only means of 
identification of a sequence boundary. The best indirect evi- 
dence for subaerial exposure is the presence of a wave- 
ravinement surface and/or shelf ridges directly overlying a shel- 
fal mudstone section (see discussion on shelf ridges later in this 
chapter). The presence of these features suggests that a shore- 
line existed seaward of this location, and this, by extension, 
suggests that at that time this location was subaerially exposed. 

3) Early lowstand forced regressive deposits over ofshore 
marine highstand deposits. Where forced regressive deposits 
are present, the sequence boundary lies at the base of these 
deposits, and can beexpressed as either a correlative conformity 
or an unconformity. In some instances, abrupt basinward facies 
shifts characterize this surface (Fig. 3.43; Plint, 1988; Posa- 
mentier et al., 1988; Posamentier et al., 1992b). In other in- 
stances, shallow shelf mud overlies deeper shelf mud, not nec- 
essarily separated by an erosion surface. In those areas where 
lowered storm wave base due to lowered relative sea level 
causes downward readjustment of the shelf equilibrium profile 
leading to shelfal erosion, the sequence boundary is expressed 
as an unconformity. Forced regression across such surfaces can 
occur and result in seauence boundaries that are unconformable 
at the base of the forced regressive deposits. This surface has 
been referred to as a regressive sur$ace of erosion (R. Weimer, 
1990, personal communication). Regressive surfaces of erosion 
have in some instances been associated with sharp-based shore- 
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FIG. 3.45.-Example of sharp-based 
shoreface deposits A, B) from Dunvegan 
Formation, northeast British Columbia, 
Canada and C, D) the Aren Formation of 
northern Spain. In both instances near- 
shore marine sandstones sharply overlie 
offshore marine mudstones, and both are 
interpreted as early-lowstand forced-re- 
gression deposits. The basal bounding 
surface is referred to as a regressive sur- 
face of erosion. 
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FIG. 3.46.-Example of sharp-based shoreface deposits from the lower Jles 
Formation of the Mesa Verde Group, northwestern Colorado. Erosion char- 
acterizes the contact (note the arrow) between lower shoreface and offshore 
marine deposits and is interpreted to be a regressive surface of erosion and 
sequence boundary. The shoreface deposits represent early lowstand systems 
tract, forced-regression deposition. (From Hadley and Elliott, 1993.) 

faceldeltaic sandstones (Figs. 3.44,3.45, and 3.46; Plint, 1988, 
1996; Posamentier et al., 1992b; Pattison, 1995). The use of 
sharp-based shoreface or deltaic deposits as a criterion for the 
recognition of lowstand forced regressive deposits and the pres- 
ence of a regressive sullface of erosion (i.e., sequence boundary) 
can be problematic, however. Posamentier and Chamberlain 
(1993) have observed that the extent of significant erosion at 
the base of a well-defined forced regressive wedge is restricted 
to a relatively narrow belt (< 10 km) near the landward pinch- 
out of the wedge (Fig. 3.47). This observation suggests that this 
sequence-boundary attribute (i.e., sharp-based shoreface de- 

posits) may be in certain instances only locally signijicant. 
Where the unconformable base of the forced regressive deposits 
grades into a conformable surface, the sequence boundary is 
expressed as a correlative conformity. 

In instances where successive forced regressive deposits are 
attached to each other, higher-frequency sequence boundaries 
as shown in Figure 2.31, can exhibit the characteristics of a 
master sequence-bounding surface that separates attached low- 
stand deposits from underlying highstand deposits (see discus- 
sion above), Figures 3.44 and 3.48 represent such a surface at 
the base of the Panther Tongue Member of the Star Point For- 
mation, Utah (Posamentier et d., 1995). A well log through this 
section illustrates the well-log expression of the sequence 
boundary (Fig. 3.49). Across this surface, the bedding style 
changes from massive to tabular bedded (Figs. 3.48 and 3.50), 
the abundance of trace fossils abruptly decreases, and the suite 
of trace fossils changes significantly. 

The surface at the top of a successiop of attached forced 
regressive wedges deserves special mention. This surface is an 
amalgamation of higher-order sequence boundaries. It com- 
monly is well developed, and in some instances it lies at the 
base of late lowstand fluvial deposits and in other instances 
along a ravinement surface at the base of transgressive deposits. 
One possible example of where this amalgamation of higher- 
order sequence boundaries lies at the base of late-lowstand flu- 
vial deposits is the surface at the base of the fluvial Castlegate 
Sandstone, Utah. Although interpreted by some as a sequence 
boundary separating highstand shoreface deposits below from 
lowstand fluvial deposits above (Van Wagoner, 1995), this sur- 
face can also be interpreted as separating attached forced re- 
gressive (i.e., early lowstand systems tract) shoreface deposits 
below from late lowstand fluvial deposits above 0. Nurnmedal, 
personal communication, 1995). One possible example of the 
amalgamation of higher-order sequence boundaries separating 
early lowstand systems tract deposits below from transgressive 
systems tract deposits above is at the top of the Panther Tongue 
Member of the Star Point Formation, Utah, as shown in Figure 
3.51 (Posamentier et al., 1995). 
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FIG. 3.47.-Dip section across a lowstand shoreface, Joarcam Field, Viking Formation, Canada. Note that the sequence boundary is expressed as an erosional 
unconforrnity characterized by sharp-based sboreface sandstone only in the most proximal part of the lowstand succession (i.e., at well number 6). Below the 
rest of the lowstand deposits, the sequence boundary is expressed as a correlative conformity. At the top of the lowstand deposits is a transgressive surface. 
Landward of the lowstand pinchout, the sequence boundary is merged with the transgressive surface (compare this landward location with the zone of sedimentary 
bypass shown in Fig. 3.26). (From Posamentier and Chamberlain, 1993.) 

FIG. 3.48.Sharp-based, early low- 
stand systems tract, forced-regression de- 
posits, Campanian Panther Tongue Mem- 
ber, Star Point Formation, Price, Utah. In 
these exposures, the tabular-bedded units 
directly overlie more massively bedded 
deposits (arrow points to contact). A 
well-developed transgressive surface of 
erosion (i.e., ravinement surface) is ob- 
served at the top of the tabular-bedded 
unit (see Fig. 3.62). The thickness of the 
tabular-bedded unit is approximately 20 
m. 
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In distal shelf settings, the stratigraphic expression of a con- 
formable sequence boundary commonly comprises regressive 
coarsening-upward (lowstand) shallow-marine to coastal de- 
posits gradationally overlying (highstand) offshore-marine de- 
posits. The contact between the lowstand andhighstand systems 

Gamma Ray tracts (i.e., the sequence boundary, expressed here as a correl- 
ative conformity) must be defined where the sequence boundary 
is unconformable and then correlated into those areas where the 
sequence boundary is conformable. Figure 3.47 illustrates an 
example of a correlative conformity at the base of lowstand 
deposits that can be defined by correlating back to where the 
sequence boundary is expressed as an unconformity. In this 
example, the point of pinchout of the lowstand deposits (i.e., 
forced regressive deposits) has been identified. Landward of 
this point, the sequence boundary is expressed as a ravinement 
surface within the sedimentary bypass zone separating high- 
stand shoreface deposits from overlying transgressive offshore- 
marine deposits. Just seaward of this point, as discussed above, 
there exists a narrow zone where the sequence boundary is ex- 
pressed as an erosion surface. In this example, the erosional 
surface grades seaward into a non-erosional surface that can be 
correlated as a log marker that approximates the position of the 
sequence boundary (Fig. 3.47). Where the sequence boundary 
is conformable, it exists only as a chronohorizon, and depend- 
ing on the precision of the correlation, precise identification of 
the sequence boundary can be limited in these areas. It should 
be noted that because geology is an ever-evolving discipline, 

I ransgresslve we might discover a tool sometime in the future that will trans- 
Surface (TSE) form an indistinguishable, seemingly correlative conformity 

into a subtle but recognizable unconformity. Perhaps some fau- 
High-Frequency nal, geochemical, sedimentological, or other criteria will prove 
Sequence Boundary to be useful here. Thus, today's correlative conformity might 

become tomorrow's unconformity! 

Master Sequence Sequence Boundaries on the Slope and in the Basin.- 

Boundary (???) In deep-water settings from the slope to the abyssal plain, 
sedimentation generally is continuous from highstand through 
lowstand times, albeit at significantly different rates. Locally, 
however, as a result of scour associated with sediment gravity 
flows, significant unconformities can develop. Consequently, in 
some deep-water environments an unconformable sequence 
boundary may exist whereas in others the sequence boundary 
is expressed as a correlative conformity. Slow sedimentation 
rates in deep-water environments result in deposition of con- 
densed sections there, and, because of their thinness, even min- 
imal erosion at the bases of turbidity currents or debris flows 
(where they overlie condensed sections) can produce apparentIy 
significant hiatal breaks. 

In areas where mass-movement deposits are common, con- 
densed sections generally make up only a very small part of a 
stratigraphic succession. When this situation occurs, sections 
can be inappropriately sampled so as to give the mistaken im- 
pression of the presence of significant hiatal breaks, as shown 

RG. 3.49.-Wireline log section from well through Panther Tongue Sand- in ~i~~~~ 3.52. ~ h ~ ~ ~ f ~ ~ ~ ,  in deep basinal settings, although true stone, Bookcliffs, Utah, USA. This well (Richfield Oil Corp., Gentry Mountain 
Unit 1-A, Section 11, Township 155 Range TE, Emery County, Utah) is lo- hiatal breaks (i'e'g unconformities) exist because of 
cated approximately 30 km from the outcrop section shown in Figure 3.49. erosional v a ~ ~ i t i e s  caused by S.cour by .%diment gravity flows 
Note the key surfaces marked on the well log: transgressive surface (see Figs. or bottom currents, identification of false or apparent hiatal 
3.39,3.51, and 3.62), high-frequency sequence boundary (see Figs. 3.44 and breaks can result from inadequate frequency of biostratigraphic 
3.48), and master sequence boundary (see Fig. 2.31). sampling. 

In addition to hiatal breaks caused by sediment-gravity-flow 
scour, hiatal breaks in deep-water settings also can develop by 
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FIG. 3.50.-A) Outcrop exposure and B) measured section through the Panther Tongue Sandstone at Straight Canyon, Bookcliffs, Utah, USA. Note the 
relatively sharp contact between the tabular-bedded and bioturbated sandstone at the 8-m mark in the measured section. This surface can be observed in the 
outcrop photo at the overhang halfway up the photo. This surface is interpreted to be a high-frequency sequence boundary. The transgressive surface can be 
observed in the outcrop photo approximately three-quarters up the photo (at the 18 m mark in the measured section). The master sequence boundary lies toward 
the base of the outcrop shown. 

changes in oceanic circulation patterns and changes in bottom- 
water chemistry (Haq, 1993) that can accompany eustatic 
changes andfor tectonic events. Such surfaces would constitute 
sequence boundaries punctuating stratigraphic successions in 
depositional environments that lie out of the reach of shelf- and 
slope-derived sediment gravity flows. In those instances where 
tectonic events rather than eustasy might have played a dorni- 
nant role in influencing the positioning of bottom water cur- 
rents, hiatal breaks in deep-water settings might not bear any 
temporal relationship to sequence boundaries on the shelf. 

Deposition of relatively coarse-grained sediments in deep- 
water settings commonly is associated with the seaward shifts 
of shelf depocenters that accompany relative sea-level falls 

(Vail et a]., 1977; Mutti, 1985; Posamentier et al., 1991; Kolla 
and Perlmutter, 1993; Mutti d a]., 1994). As Reading and Rich- 
ards (1994) point out, it is the grain size of the coastal sediments 
deposited at the shelf edge during lowstand that to a large extent 
determines the type of deep-water turbidite system that devel- 
ops. The rapid shift of depocenter to the shelf edge promotes 
slope instability and increases the likelihood of mass-movement 
events remobilizing shelf-edge sediment downslope into deeper 
water (Mutti et al., 1994). Typically, the first mass-movement 
events can be relatively large and relatively sand-prone insofar 
as the first shelf-edge failures can involve remobilization of 
relatively sand-rich, shelf-edge deposits of previous lowstand 
systems tracts. Mutti et al. (1994) have suggested that subse- 



HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

Linear 
Time 

FIG. 3.51.--Outcrop exposure of the 
Panther Tongue Member, Star Point For- 
mation, at Sowbelly Gulch, near Helper, 
Utah. Total thickness of the section 
shown is 15 m. A ravinement surface 
(i.e., transgressive surface of erosion) 
overlain by an approximately one-meter- 
thick transgressive sandstone caps the 
outcrop. The deposits immediately un- 
derlying the ravinement surface comprise 
marine distributary-mouth-bar facies 
with no fluvial, coastal-plain, or delta- 
plain deposits preserved there. Over the 
entire dip-oriented outcrop exposure of 
this member, c. 52 km, no fluvial, coastal- 
plain, or delta-plain deposits are any- 
where observed beneath the ravinement 
surface. This outcrop is located nearly at 
the most proximal location of the Panther 
Tongue outcrop. 

FIG. 3.52.-Hypothetical section 
through a deep-water succession. The 
section is dominated by lowstand depos- 
its; highstand and transgressive systems 
tract deposits are expressed here as a con- 
densed section facies. A) The section in 
depth; B) the same section in time. If pa- 
leontological sampling is done at fixed in- 
crements, generally the relatively thin but 
relatively long-duration condensed sec- 
tion will be undersampled. Consequently, 
because of this undersampling, "artifi- 
cial" interpreted faunal breaks can result. 

- Paleo Sample 
CS Condensed Section 
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FIG. 3.54.-Well log through a condensed section showing the relationship 
between the condensed section, the flooding surface (expressed here as a TSE 
or transgressive surface of erosion), and the maximum flooding surface. Note 
that the maximum flooding surface lies at the heart of the condensed section. 

FIG. 3.53.-Schematic illustration of 
two sediment input points along a conti- 
nental margin; one is characterized by the 
depocenter being at the shelf edge just 
prior to sea-level fall (I), and the other is 
characterized by the depocenter being at 
the inner shelf (11). Note that with the ini- 
tiation of sea-level fall (A; time 1) insta- 
bility would be induced at the shelf edge 
in both locations, thus initiating delivery 
of sediment into adjacent deep-water en- 
vironments both at I and 11. Nonetheless, 
sediment volumes would be significantly 
greater at location I. At time 2 (B), both 
active depocenters would be at the shelf 
edge, so that sediment flux to the deep 
water would be high at both I and 11. 

quent failures tend to be smaller as shelf-edge equilibrium con- 
ditions are gradually reestablished. These later deposits tend to 
be progressively finer grained as the relatively muddier fluvial 
source, rather than reworked shelf-edge deltas, becomes a 
greater contributor to slope mass-movement events (see dis- 
cussion in Posamentier and Allen, 1993a). Consequently, se- 
quence boundaries commonly are overlain by relatively sand- 
rich deposits, consistent with the inference that deposits of the 
earliest lowstand deposits are more sand rich than those of the 
later lowstand systems tract (Mutti, 1985; Morgan and Cam- 
pion, 1987, 1990; Posamentier et al., 1991; Mitchum et al., 
1993). However, as Williams et al. (1998) point out, from their 
work in the Great Valley Group of the Sacramento Basin, 
U.S.A., this need not always be the case. In their "window to 
the world" (i.e., the Williams Canyon), they observe that the 
sequence boundary everywhere lies at the base of a fine-grained 
turbidite facies. This could be a function of the location of their 
data base. In canyon settings, presumably the high-energy flows 
that performed the incision of this feature were in bypass mode 
there, leaving only the finer-grained tails of higher-energy flows 
as well as sediments of later lower-energy flows to be deposited 
there. Beyond the mouth of the canyon, it is possible and likely 
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RG. 3.55.--Seismic expression of multiple downlap surfaces. This type of stratal geometry commonly marks the presence of condensed-section facie~ at the 
point of downlap. 

4FS 
TST 

WG. 3.56.-Examples of candidate sequence boundaries and maximum 
flooding surfaces in coastal and shelf deposits from the Kutei Basin, Indonesia. 
The sections consist of shelf, coastal, and fluvial deposits; the candidate se- 
quence boundaries are observed within the most sand-prone sections. Note that 
when few well logs are the basis for a sequence stratigraphic analysis, the 
confidence level for accurate identification of sequence boundaries can be low; 
hence these picks are referred to as "candidates" and require more regional 
mapping to confirm their precise positions. The maximum flooding surface is 
easier to identify on the well logs than the sequence boundaries and coincides 
with the highest GR shale peaks at the base of regressive sections (see text for 
fuaher discussion). Note that in this example, transgressive systems tract de- 
posits are thin, comprising the section between the sequence boundary (SB) 
and the maximum flooding surface (MFS). 

that the high-energy flows responsible for carving the canyon 
would have deposited their relatively coarse-grained loads di- 
rectly on the sequence boundary. 

In summary, sequence boundaries in deep-water environ- 
ments can be expressed as either unconformities or correlative 
conformities. The unconfonnities can be characterized 1) by a 
contact involving hemipelagic and/or pelagic mudstone on 
hemipelagic and/or pelagic mudstone on the basin plain where 
erosion by intensified sea-floor currents results in a hiatus, 2) 
by a contact involving hemipelagic and/or pelagic mudstone on 
hemipelagic and/or pelagic mudstone in slope settings where 
erosion caused by the passage of successive sediment-gravity 
flows within a zone of sedimentary bypass results in a hiatal 
break, and 3) by a relatively coarse-grained sediment-gravity- 
flow deposit erosively overlying either condensed-section mud- 
stone or older coarse-grained sediment-gravity-flow deposit. A 
correlative conformity can be characterized by a contact in- 
volving hemipelagic and/or pelagic mudstone on hemipelagic 
and/or pelagic mudstone, usually in basin-plain or slope envi- 
ronments outside of the reach of sediment-gravity-flow pro- 
cesses. In many instances, sequence boundaries in the deep wa- 
ter correspond to and are coeval with sequence boundaries on 
the shelf. This is especially true when deep-water turbidity flow 
events are triggered by shifts of sediment depocenters to the 
shelf edge (e.g., by forced regression) commonly associated 
with relative sea-level falls and associated lowstand systems 
tract deposition. Where deep-water sequence boundaries are as- 
sociated with events restricted to the deep-water environment, 
there may be no correlation between shelfal and basinal se- 
quence boundaries. Such deep-water-restricted events can in- 
clude seismic events that may have triggered deep-water tur- 
bidity flows or tectonic events in deep-water environments that 
may have caused subtle shifts of erosive bottom currents. 

unconfonnities in the deep-water environment begin to form 
with the onset of relative sea-level fall. Where highstand re- 
gression has shifted depocenters to the outer shelf just prior to 
relative sea-level fall, delivery of relatively high volumes of 
coarse-grained sediment by river systems to the shelf edge and 
beyond, into the deep water, begins almost immediately after 
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FIG. 3.57.--Core from Pagerungan Field, Indonesia, illustrating condensed-section facies. The two sections shown here are parts of the landward expression 
of two condensed sections, each less than one meter thick, which are embedded within an otherwise nonmarine section, barren of any marine fauna or faunal 
traces. Within these thin sections, marine fauna and abundant Thalassinoides traces are observed (although only the core on the right is characterized by abundant 
traces). Maximum flooding surfaces are infened to lie within these sections. 

the initiation of relative sea-level fall (Fig. 2.50A). However, 
where depocenters lie at the inner or middle shelf just prior to 
sea-level fall, the question of when coarse-grained sediments 
are first delivered to the deep water is more problematic (Fig. 
2.50B). We suggest that the lowering of relative sea level can 
destabilize shelf-edge deposits, so that any relict sand-prone 
deposits (e.g., delta-front or shoreface systems) located there 
can be remobilized. Destabilization can occur as a result of 
diminished confining pressure associated with "stripping off" 
of sections of water column (see discussion in Chapter 4; Paul1 
et al. 1991; Haq, 1993). Figure 3.53 illustrates two shelf-edge 
settings, one (location 11) where the depocenter lies at the inner 
shelf at the time of initiation of relative sea-level fall, and the 
other (location I) where the depocenter lies at the outer shelf at 
the time of initiation of relative sea-level fall. If there are pre- 
existing relict sand-prone shelf-edge deposits at location II, then 
deep-water sedimentation can begin during the early lowstand 
at both locations I and 11. In contrast, when there are no relict 
shelf-edge deposits to remobilize at the onset of relative sea- 
level fall, there can exist a significant diachroneity between the 
times of initiation of deep-water deposition at locations I and 
I1 (Figure 2.50). 

MAXIMUM FLOODING SURFACE 

The maximum jlooding surjtace represents the surface that 
exists at the time of maximum transgression of the shelf, and 

separates the transgressive systems tract from the overlying 
highstand systems tract. In this definition, the term maximum 
transgression refers to the maximum landward position of the 
coastline, rather than the maximum water depth on the shelf. 
As we will discuss below, the maximum water depth on the 
shelf commonly is not achieved at the time of maximum trans- 
gression, but rather usually postdates it. The maximum flooding 
surface is distinguished from the transgressive surjtace, which 
marks the initiation of transgression after a period of regression. 
The transgressive surface separates the lowstand systems tract 
from the overlying transgressive systems tract. As such, it usu- 
ally is characterized as a surface across which there is an abrupt 
increase of water depth and is commonly expressed as a ravi- 
nement surface. 

The timing of transgression, and hence the timing of for- 
mation of the transgressive surface and subsequently the max- 
imum flooding surface, can vary widely. Both sediment flux 
and relative sea-level change play a major role in determining 
the timing of transgression and the associated formation of 
these surfaces. In general, widespread general transgression is 
caused by relative sea-level rise rapid enough to overwhelm 
sediment flux, but locally the precise timing is determined by 
sediment-flux factors. A local drop in sediment supply deliv- 
ered to the shoreline can cause localized transgression; alter- 
natively, more regionally, accelerated relative sea-level rise 
caused by either accelerated eustatic rise or accelerated total 
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FIG. 3.58.Schematic depiction of A) a low-frequency maximum flooding surface and B) a high-frequency maximum flooding surface. The low-frequency 
maximum flooding surface separates a succession of backstepping (i.e., retrogradational) parasequences from a succession of forestepping (i.e., progradational) 
parasequences (A). Upon closer examination, higher-frequency maximum flooding surfaces can be observed separating each of the successive parasequences 
within both the forestepping and backstepping successions (B). 

subsidence can cause more widespread transgression. Thus, a 
simple delta-lobe abandonment may be associated with local- 
ized transgression due to a cutoff of sediment supply, whereas 
a relative sea-level rise driven by a eustatic rise causes more 
widespread (and therefore more regionally mappable) trans- 
gression. As discussed in Chapter 2 and illustrated in Figure 
2.20, the potential dependence of the timing of maximum trans- 
gression on local factors can result in a markedly diachronous 
maximum flooding surface over a relatively short distance (Al- 
len and Posamentier, 1994b). 

At the time of maximum transgression, coastal depocenters 
are located at their maximum landward position. Consequently, 
at these times relatively slow pelagic and hemipelagic sedi- 
mentation prevails on the middle to outer shelf and beyond. 
The resulting deposits are thin and represent relatively long 
periods of geologic time, and are referred to as condensed sec- 
tions (Loutit et al., 1988; Kidwell, 1989). Kidwell (1989) has 
shown that condensed sections can have varied expression, 
ranging from bone beds to concentrations of fine-grained 
sediments. 

In response to the progressive flooding of the shelf during 
transgressive systems tract time, the condensed section first be- 
gins to form at the outer shelf and then gradually spreads land- 

ward across the shelf, becoming younger updip. Eventually, 
when maximum flooding occurs on the shelf, the condensed- 
section facies is the most widespread and extends the farthest 
landward. Subsequently, as the rate of relative sea-level rise 
slows so that the rate of sediment supply once again exceeds 
the rate of new shelf accommodation added, transgression gives 
way to renewed regression and the highstand systems tract be- 
gins to develop. 

At the beginning of highstand regression, however, parts of 
the outer shelf that are characterized by lower rates of sediment 
supply can still be sites of continued deposition of the con- 
densed section. Consequently, the condensed section comprises 
in part, transgressive systems tract deposits and in part, high- 
stand deposits. The farther seaward, the greater the duration of 
the condensed section. The maximum flooding surface is the 
surface, or time line, that existed at the point of maximum trans- 
gression of the shoreline and lies at the heart of the condensed 
section (Figs. 3.21 and 3.54), separating the transgressive sys- 
tems tract from the highstand systems tract. Because highstand 
coastal regression can begin while relative sea level is still ris- 
ing (such as is the case in present-day deltas), water depths 
continue to increase in shelf areas where the condensed section 
facies continues to be deposited even after the time of maximum 
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FIG. 3.59.-Depositional sequences in a predominantly nonmarine setting. 
The candidate sequence boundaries are picked at the base of regionally present 
blocky sandstones. The maximum flooding surfaces are observed within thin 
lagoonal or nearshore mudstones. However, on the basis of their log character, 
maximum flooding surfaces are difficult to distinguish from floodplain mud- 
stones separating individual fluvial channels. 

shoreline transgression. It follows, therefore, that the maximum 
flooding surjace does not necessarily represent the point of 
maximum water depth everywhere. 

On seismic data in shelfal settings, the condensed section 
might not be resolvable directly, but under the right circum- 
stances (i.e., if seismically resolvable clinofonns are present), 
it can be imaged as a downlap surface. Apparent downlap sur- 
faces develop where relatively thick clinoform deposits of a 
progradational succession thin and seismically pinch out or 
downlap onto a single surface at the toe of a slope (Fig. 3.55). 
It should be noted that this downlapping geometric relationship 
(i.e., successive apparent terminations of reflections) is an ar- 
tifact of the relatively low resolution of seismic data because, 
in fact, the strata do not actually terminate at this surface but 

rather thin tangentially at the so-called downlap surface. At 
seismic scale, this gives the appearance of downlap. Because 
the condensed section contains within it the maximum flooding 
surface, downlap sui$aces on seismic data sometimes are re- 
ferred to as maximum JEooding surjaces. However, not all 
downlap surfaces are maximum flooding surfaces. Examples of 
these exceptions include: 1) the surface at the base of forced 
regressive deposits, where in fact the seismic downlap surface 
marks the presence of a sequence boundary in the form of a 
regressive surface of erosion or its correlative conformity, and 
2) the surface at the base of late lowstand shelf-edge deltaic 
deposits where they can downlap onto early lowstand deep- 
water turbidites. 

Maximum flooding surfaces commonly are easier to identify 
than sequence boundaries on well logs because of their rela- 
tively widespread distribution within the condensed section and 
their uniform and distinctive lithologic expression. In outcrop, 
because maximum flooding surfaces are present within mud- 
rich sections that commonly form poorly exposed recessive 
zones, they can be difficult to identify. However, in some in- 
stances, such as the so-called "marine bands" comprising gon- 
iatite-rich shale zones of the Namurian section in the United 
Kingdom, widespread marine shales, presumably containing 
within them maximum flooding surfaces, make excellent cor- 
relation markers (Martinsen, 1993). Moreover, their ease of rec- 
ognition on well logs makes maximum flooding surfaces very 
useful for regional correlations and for subdividing strati- 
graphic sections into large-scale regressive-transgressive cy- 
cles (Galloway, 1989a, 1989b) (see discussion in Chapter 5). 
Nonetheless, whereas these surfaces constitute significant cor- 
relation markers in many sequence-stratigraphic analyses (es- 
pecially those analyses in shelf environments), maximum flood- 
ing surfaces are not ideal sequence boundaries because they do 
not represent major breaks in sedimentation and they do not 
represent unconformities in the stratigraphic succession, as dis- 
cussed in Chapter 2. 

The facies expression of a section that contains a maximum 
flooding surface commonly is that of a pronounced fine-grained 
marine shale within an overall muddy succession (Loutit et al., 
1988; Creaney and Passey, 1993; Bohacs and Suter, 1997), or 
at the contact between an upward-fining and upward-thinning 
transgressive succession below and an upward-coarsening and 
upward-thickening regressive succession above (Figs. 3.54 and 
3.56). In some instances, the condensed section may be ex- 
pressed as a shellbed (containing in situ shells) or a bonebed 
(Kidwell, 1989; Abbott, 1998). Figure 3.57 illustrates a thin 
marine section embedded in a much thicker nonmarine to par- 
alic stratigraphic unit. However, as with sequence boundaries, 
the facies and log signature of the maximum flooding surface 
varies with the paleogeographic location of the well and with 
the degree of preservation of the regressive and transgressive 
successions immediately above and below the maximum flood- 
ing surface. Also as with sequence boundaries, we can identify 
low-frequency and high-frequency maximum flooding surfaces, 
as shown in Figure 3.58. On the high-frequency end are max- 
imum flooding surfaces characterized by a single flooding event 
that culminates in the formation of a maximum flooding sur- 
face. Such a situation probably characterized the Pleistocene / 
Holocene transition in many areas. On the low-frequency end 
are maximum flooding surfaces separating a succession of sev- 
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FIG. 3.60.-Four well logs from a predominantly continental setting, punctuated by a thin marine tongue (indicating the presence of a maximum flooding 
surface). In these wells, the only part of the section that can be correlated with confidence is the marine section, because of its uniformly shaly expression and 
because of its distinctive fining-upward log pattern below and coarsening-upward pattern above. 

era1 backstepping and forestepping stratigraphic units (i.e., a 
transgressive and subsequent highstand systems tract). In this 
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FIG. 3.61.-A maximum flooding surface within a continental section from 
the Middle Triassic siliciclastic units of the Chaunoy Field, Paris Basin (from 
Eschard et al., 1998). The maximum flooding surface in this type of continental 
depositional environment lies within a lacustrine mudstone section bracketed 
by alluvial mudstones and sandstones. 

instance, the maximum flooding surface would be that which 
formed in response to the most signijicant transgressive event 
(Fig. 3.58). 

The facies and log signature of a maximum flooding surface 
can be grouped into two general categories, on the basis of the 
location of the section within the basin and the depositional 
environments that straddle the maximum flooding surface. 
These two categories of depositional environments are 1)  al- 
luvial settings, and 2 )  coastal to shelfsettings. 

Alluvial Environment 

The expression of the maximum flooding surface in alluvial 
sections (defined here as regions updip of the farthest inland 
incursion of direct marine influence) can be examined from the 
perspective of high-frequency and low-frequency events. In the 
following discussion we will address each of these scenarios. 

Where a maximum flooding surface forms in response to a 
single rapid transgressive event, it likely is a correlative surface 
that directly overlies late-lowstand fluvial deposits. When rapid 
transgression occurs, fluvial equilibrium profiles for the most 
part remain fixed in space, and alluvial systems become zones 
of no net erosion or deposition. The shoreline trajectory, in the 
sense of Helland-Hansen and Gjelberg (1994), is directed up 
the fluvial profile. Under these conditions, lateral migration 
rather than vertical aggradation of channels prevails. Conse- 
quently, the surface correlative to the maximum flooding sur- 
face lies at the contact between laterally migrating late-low- 
stand and transgressive fluvial channels, on the one hand, and 
vertically aggrading early-highstand fluvial channels on the 
other hand. 



CHAPTER 3: ATTRIBUTES OF KEY SURFACES 

line transgression), the task of identifying surfaces equivalent 
to the maximum flooding surface is easier than in full alluvial 
settings. In coastal-plain environments, the maximum flooding 
surface can be expressed as a tongue of brackish or coastal- 
plain deposits interbedded with fluvial sediments. In these tran- 
sitional settings, identification of tongues of marine or lagoonal 
deposits andlor coals (Hamilton and Tadros, 1994) can be the 
most reliable means of subdividing largely nonmarine strati- 

I 
graphic successions (Shanley and McCabe, 1989). 

Identification of thin marine or brackish sediments embedded 
in an overall nonmarine succession is difficult from well logs. 
The log response to nonmarine flood-plain shale can be virtu- 
ally indistinguishable from that of marine shale or lagoonal 
deposits. If the marine rocks are shelf sandstone or mudstone, 

FIG. 3.62.-Examples of ravinement surface at the top of the Panther Tongue 
Sandstone near Helper, Utah, USA. Note the traction deposits that overlie the - 
ravinement surface and the sandstone-filled burrows that originate at the ravi- 500 m 

nement surface and penetrate the substrate. The sediments overlying the ravi- B) 
nement surface are reworked transgressive lag deposits derived from the un- 2000 yr BP 

derlying deltaic unit. a . .... . 
4000 yr BP 

.... . 
Over longer time scales, long-term transgression can consist 

of a succession of backstepping events. This succession can be - 
thought of as a succession of higher-order sequences superim- ;k;q , Lf-yrBp ,>I,: 
posed on a long-term overall sea-level rise. Such higher-order 
sequences are likely each to be dominated by transgressive and 20 meters 

r - 7  --------,- L above highstand deposits (see discussion in Chapter 2). The overall sea level 
long-term effect, however, is an overall slower transgression, 
insofar as transgression proceeds in stepwise fashion. Under 
these circumstances, transgression is accompanied by a general / 

BP 6000yr BP 
- 

2000 yr BP 100 m 
shoreline trajectory following a vector directed upward as well 
as landward. thus allowing for extensive fluvial de~osition dur- u 

ing the highstand phase of each higher-order siquence. The FIG. 3.63.-Forced regression associated with progradation of a modem 
maximum flooding surface in this instance lies within a section delta: Alta delta, Norway. This area was glaciated during the late Pleistocene 

u 

with a low degree of channel that would straddle the and since that time has undergone isostaticuplift resultingin a prolonged period 

longer-tem boundary between transgressive and highstand sys- of relative sea-level fall throughout the Holocene. As a result, progradation of 
the Alta delta during this time has been characterized by forced regression. A) tems tracts. The Alta delta is characterized by a number of terraces that have been modified 

Coastal and Shelf Environment by tide and wave processes and only partially preserved. These terraces rep- 
resent earlier-formed and subsequently uplifted delta-plain deposits. B) A pro- 

In the Imre distal zones of the alluvial and coastal plain 6% file through these terraces, showing the successive downstepping of the delta .. . 

areas within reach of the sea during periods of maximum shore- through time. (After Corner et al., 1990.) 
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FIG. 3.64.-Core from well 12-12-46-20W4 in Alberta, Canada. Shown here 
is the distal (i.e., seaward of the shoreline) expression of the seawardmost 
clinoform of the Joarcam lowstand (see Fig. 3.47). The surface marked "top 
lowstand systems tract" represents the seaward expression of the transgressive 
surface and is characterized here as a conformable surface. This surface is 
recognizable by the marked change in intensity of burrowing; the section below 
this surface (i.e., the lowstand deposits) contains a high-diversity and high- 
abundance trace-fossil assemblage to the point where few, if any, primary sed- 
imentary structures are preserved. The section above this surface, in contrast, 
contains a low-diversity and low-abundance trace-fossil assemblage, with good 
preservation of primary sedimentary structures. Location of this well is shown 
in Figure 3.47 between wells 11 and 12. (From Posamentier and Chamberlain, 
1993.) 

these too can be indistinguishable from nonmarine deposits on 
well logs alone (Fig. 3.59). If these marginal marine tongues 
are carbonate rocks or coals, then identification from logs may 
be possible. In some instances such marginal-marine deposits 
are preceded by a thinning-upward or fining-upward succession 
and followed by a thickening-upward or coarsening-upward 
succession (i.e., transgression followed by regression) (Fig. 
3.60). In these instances, these marginal-marine deposits may 
be recognizable, though the interpretation would be signifi- 
cantly strengthened through correlation with neighboring wells 
and recognition of the same pattern at the same stratigraphic 
horizon (Fig. 3.60). Such marginal-marine tongues within over- 
all nonmarine successions have been documented in the Cre- 
taceous of the Kaiparowits Plateau, Utah (Shanley and McCabe, 
1989; Shanley et al., 1992) and in the Cretaceous Dmmheller 
Marine Tongue of the Edmonton Group, Alberta, Canada (D.P. 

James, personal communication, 1988). In core and outcrop, 
the presence of marine tongues can be detected by the presence 
of marine trace fossils and/or marine microfauna (Fig. 3.57). In 
lacustrine basins, maximum flooding surfaces also can be ex- 
posed in much the same way. Eschard et al. (1998) document 
a maximum flooding surface within the Middle Triassic silici- 
clastic units of the Chaunoy Field, Paris Basin (Fig. 3.61). They 
show that the expression of the maximum flooding surface in 
this kind of continental depositional environment is character- 
ized by lacustrine mudstones bracketed by alluvial mudstones 
and sandstones. 

On the open shelf out to the shelf edge, the maximum flood- 
ing surface lies within a condensed-section facies and generally 
is considerably easier to identify. As discussed above, in these 
settings the condensed section typically is expressed as a dis- 
tinctively shaly and in some instances high-gamma-ray section. 
Maximum flooding surfaces also can be expressed as exten- 
sively burrowed marine hardgrounds or firmgrounds, or as cal- 
careous beds within predominantly siliciclastic mudstone suc- 
cessions (Kidwell, 1989, 1997). It is important to note, 
however, that the presence of a condensed section does not 
mean that sediment influx has stopped; it merely means that 
depocenters have shifted landward and sedimentation rates 
have diminished significantly. In some instances, the time of 
maximum flooding can be marked by nondeposition of silici- 
clastics and instead, deposition of carbonates. This is the case 
on the shelf east of Kalimantan, Indonesia, where, for a short 
time around 8000 yr BP (the approximate time of maximum 
shoreline transgression), shelf carbonate systems thrived (Rob- 
erts and Sydow, 1996), before being rendered inactive by re- 
sumed siliciclastic influx associated with regression of nearby 
deltaic systems such as the Mahakam Delta. 

Unlike sequence boundaries, the forniatiorz of a maxinzum 
jooding sui$ace at tlie time of maximunz slielf trarzsgressior~ is 
a firnction of both rate of relative sea-level change and rate of 
sediment supply. As discussed above, a maximum flooding sur- 
face might therefore be younger or older in different parts of a 
basin as a function of varying local sediment supply rate (Wehr, 
1993). Consequently, although correlation of maximum flood- 
ing surfaces can be easier than correlation of sequence bound- 
aries, the risk remains that these surfaces can be somewhat 
diachronous. For example, the condensed section that formed 
during the Holocene transgression in the Gulf of Mexico ended 
approximately 4000 yr BP in the vicinity of the Mississippi 
Delta. Farther down the Gulf coast to offshore Texas, the con- 
densed section is still accumulating on the shelf as the coastline 
continues to be transgressed. Thus, the maximum flooding sur- 
face that ultimately will be preserved in the rock record will be 
diachronous by at least 4000 years. Consequently, a paleogeo- 
graphic map drawn at the level of a maximum flooding surface 
may have limited validity. An ancillary problem associated with 
this potential regional diachroneity is that difficulties may arise 
when attempts are made to correlate and extend maximum 
flooding surfaces into the alluvial environment. Thus, once 
again, for the purposes of paleogeographic mapping, diachro- 
neity causes problems here in the nonmarine environments, as 
it did for the marine environments. Nonetheless, having pre- 
sented these words of caution, we note that over extended geo- 
logic time, given the resolution of most geochronologic tools, 
this diachroneity might not be significant (for further discus- 
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CHAPTER 3: ATTRIBUTES OF KEY SURFACES 
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FIG. 3.65.-Example of transgressive and highstand systems tract deposits within an incised valley in Louisiana. The transgressive systems tract deposits 
comprise central-basin silty clay and clay sediments presumably deposited during flooding of the valley, whereas the highstand systems tract comprises delta- 
front and delta-plain sediments, deposited when highstand progradation (at least within the estuary) again resumed. Note that the sequence boundary at the base 
of the incised-valley fill is coincident with a transgressive surface. One can infer that transgressive erosion associated with tidal processes modified an earlier- 
formed fluvial erosional surface, and that it is the latter that was associated with significantly more erosion, even if it is the former that leaves the final imprint. 
(From Nichol et al., 1996.) 

sion, see Wehr, 1993). The tolerance to diachroneity varies from The sediments exposed just at sea level are beheaded lagoonal 
study to study and is a judgment call in each instance. or delta-plain deposits that were originally deposited in a back- 

beach environment. The depth of erosion associated with the 
TRANSGRESSIVE SURFACE transgressive surface on the shelf is variable. In settings of very 

When the rate of relative sea-level rise accelerates to a point 
where the rate of new accommodation added exceeds the rate 
of sediment influx, transgression occurs. The transgressive sur- 
face marks the boundary between either lowstand or highstand 
systems tract deposits below and transgressive systems tract 
deposits above. It is most commonly expressed as a wave ra- 
vinement surface on the shelf (see discussion in Chapter 2) and 
represents the first significant marine flooding surface that over- 
lies a lowstand or highstand regressive section. Several exam- 
ples of transgressive surfaces on the shelf are illustrated in Fig- 
ures 3.31, 3.34, 3.35, 3.37, 3.38, 3.39, and 3.62. 

Figure 3.40A shows how ravinement surfaces form on the 
shelf. Commonly, these surfaces form as a result of wave ero- 
sion progressively migrating landward across previously de- 
posited delta-plain, strand-plain, lagoonal, coastal-plain, and al- 
luvial-plain deposits. The eroded sediments are then dispersed 
and redeposited in the marine environment. Depending upon 
the degree of reworking of these deposits subsequent to trans- 
gression, these eroded sediments can take the form of a contin- 
uous to discontinuous blanket of relatively coarse material over- 
lying the ravinement surface (e.g., Abbott, 1998). In some 
instances, shelf currents can reshape these deposits into shelf 
ridges, which can attain thicknesses in excess of 30 meters. We 
will discuss deposits of the transgressive systems tract in greater 
detail in Chapter 4. 

Figure 3.40B illustrates a ravinement surface in the process 
of being formed in association with a transgressing shoreline. 

low marine energy, such as on the Mahakam Delta (G.P. Allen, 
unpublished data) and on the interfluves of the Morrow channel 
system (Krystinik and Blakeney, 1990; Bowen et al., 1993) de- 
scribed above, erosion can be minimal. In areas of high wave 
energy, such as the Pacific northwest coast of the U.S., erosion 
can be as much as 20 m or more (Howard and Reineck, 1981; 
Clifton, personal communication, 1983). 

As noted in Chapter 2, erosion of lowstand delta tops occurs 
both during falling sea level (i.e., during the time of forced 
regression) and during periods of shoreline transgression. Dur- 
ing periods of falling sea level, fluvial and other erosional pro- 
cesses can result in significant erosion of the substrate, in some 
instances partially or completely removing sediments deposited 
during the period of relative sea-level fall (i.e., the early low- 
stand). Figure 3.63 illustrates lowstand deposits currently being 
cannibalized during a modern relative sea-level fall (isostatic 
rebound of the Fennoscandian Shield is resulting in a condition 
of relative sea-level fall in areas of northern Scandinavia). In 
this instance, erosion is caused by a combination of fluvial and 
tidal processes (Corner et al., 1990). 

Seaward of the maximum seaward location of the lowstand 
shoreline, the transgressive surface is expressed as a correlative 
surface (e.g., between wells 10 and 11 in Fig. 3.47). This sur- 
face can be difficult to recognize, but in relatively proximal 
settings (i.e., just seaward of the maximum seaward location of 
the lowstand shoreline), this surface, which separates lowstand 
from transgressive systems tract deposits, can be subtle, though 
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nonetheless recognizable, as illustrated in Figure 3.64. This fig- 
ure illustrates a fully marine and probably conformable trans- 
gressive surface, which is characterized by sediments that are 
significantly more burrowed below than above. This difference 
in burrowing intensity likely is related to the change in sea- 
floor environment that accompanied the shift from seaward- 

I f t  stepping lowstand systems tract deposition to landward-step- 
(30 cm) ping transgressive systems tract deposition (Posamentier and 

Chamberlain, 1993). 
Recognition of transgressive surfaces within incised valleys 

and channels can be difficult, given the complexity of deposi- 
tional systems that characterize their fill. Examples of trans- 
gressive surfaces at the bases of incised valleys and channels 
are illustrated in Figures 3.20, 3.65, and 3.66, respectively. We 
will address in more detail the expression of the transgressive 
surface within incised valleys in Chapter 4. 

In paralic settings, where the transgressive systems tract can 
be quite thin, the transgressive surface may lie very close to the 
maximum flooding surface (Shanley and McCabe, 1989). In 
fact, this holds true in all depositional environments where 

0 )  transgressive systems tract deposits are very thin. In many Ho- 
locene shelf settings close to active deltas, the period of post- 
Pleistocene transgression, which ranged from approximately 
12,000 to 4-8,000 yr BP, is characterized by very thin trans- 
gressive systems tract deposits (i.e., less than 10 cm). During 
the time of rapid, nearly global transgression, sediment influx 
onto the shelf was largely shut down because of the trapping 
of this sediment within estuaries and other back-barrier settings. 

~ /OSSI~ IR~~ ICJ  @ 
Smite Until bayhead deltas could actively form and fill their respective - Rhychmi? bays and estuaries, thereby restarting active sedimentation on 

Lamrnatrons 
-- Current-Ripple 

the shelf, the rates of shelf sediment accumulation remained 
Laminations exceedingly low. Consequently, with such thin transgressive 

&! Carbonaceous 
Marerial 

systems tract deposits, the position of the maximum flooding 
u Burrows surface can be at nearly the same level as the transgressive 

surface. Posamentier et al. (1998) present an example of a trans- 
FIG. 3.66.-A) Conventional core and B) core description from well EZC- gressive surface at virtually the same level as the maximum 

2, E-Field, offshore northwest Java, Indonesia. The well is located near the flooding surface for the Miocene of the Java Sea shelf offshore 
edge of a distributary channel shown in Figures 4.79A and C. The channel fill ~ ~ d ~ ~ ~ ~ i ~  (see ~ i ~ .  4 .79~) .  H ~ ~ ~ ~ ~ ~ ,  if during this time of ma- 
comprises middle neritic facies, suggesting that these sediments are part of the 
transgressive systems tract. Consequently, the surface at the base of the dis- some hemipelagic sediment does become 
tributarv channel is a transmessive surface. transported to the shelf, or if carbonate sedimentation or shelf- 

ridgiformation occurs, then the maximum flooding surface can 
be widely separated from the transgressive surface. 



Facies and Log Expression of Systems Tracts 

INTRODUCTION 

The preceding chapter discussed the identification and inter- 
pretation of key stratigraphic surfaces. This aspect of a se- 
quence stratigraphic analysis is an essential part of the general 
approach, but the analysis and interpretation of sediment stack- 
ing patterns between these surfaces is equally important. As 
discussed in Chapter 2, a sequence deposited during a cycle of 
change in relative sea level (or in fluvial accommodation) can 
be subdivided into systems tracts, characterized by specific 
stacking patterns and bounded by key stratigraphic surfaces. 
For reasons discussed in Chapter 2, we suggest abandonment 
of type 1 and type 2 sequence nomenclature, replacing it with 
a single sequence type. A complete sequence comprises three 
systems tracts: lowstand, transgressive, and highstand. Each 
systems tract represents a specific sedimentary response to the 
interaction between sediment flux, physiography, environmen- 
tal energy, and changes in accommodation. 

In practical terms, a systems tract consists of a sedimentary 
succession with a specific type of stacking pattern (i.e., regres- 
sive, stationary, or transgressive-in the case of coastal and 
shelfal deposits; Fig. 2.5). Systems tracts generally are depos- 
ited during a specific phase of relative sea level, though the 
precise timing of deposition of systems tracts is a function of 
the local balance between sediment flux and rate of change of 
accommodation. Within a sequence, the transgressive surfaces 
and maximum flooding surfaces described in Chapter 3 mark 

Tens to Hundnd. of Ion 

the physical boundaries between systems tracts, across which 
changes of stacking patterns can bk observed. A regressive or 
progradational stacking pattern consists of a succession of dis- 
crete stratigraphic units, each of which steps farther seaward 
than the preceding stratigraphic unit. The terms forestepping 
and seaward stepping also have been used to describe this stack- 
ing pattern. A stationary or aggradational stacking pattern con- 
sists of a succession of discrete stratigraphic units, each of 
which extends approximately the same distance seaward. Fi- 
nally, A transgressive or retrogradational stacking pattern con- 
sists of a succession of discrete stratigraphic units each of which 
steps progressively less far seaward. The terms backstepping 
and landward stepping also have been used to describe this 
stacking pattern. 

Sediment stacking patterns are to a large extent determined 
by the interplay between sediment supply and accommodation 
change, and, because these parameters vary within a basin, the 
timing of systems tracts and their boundaries is not necessarily 
coeval within a basin. For example, regression can occur in one 
part of a basin while another is undergoing transgression, sim- 
ply because of varying sediment flux. Alternatively, sediment 
flux can remain constant and rate of subsidence can vary along 
strike to produce the same effect. The surface that generally 
comes closest to being coeval within a basin is the sequence 
boundary, which by definition (see discussion in Chapter 2) is 
the sedimentary surface at the onset of relative sea-level (or 
base-level) fall. However, again it should be stated that even 

FIG. 4.1.--Gamma-ray log and facies patterns of a passive-margin depositional sequence in different paleogeographic settings. Note that sequences tend to be 
characterized by a cyclic sediment pattern, ranging from sand-prone deposits at the sequence boundary, through transgressive shaly sediments at the maximum 
flooding surface, and coarsening again into shallowing-upward sandy deposits in the late highstand. 

Siliciclastic Sequence Stratigraphy: Concepts and Applications, SEPM Concepts in Sedimentology and Paleontology No. 7 
Copyright O 1999, SEPM (Society for Sedimentary Geology), ISBN 1-56576-070-0 
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FIG. 4.2.-Hypothetical illustration of a vertical section within a nonmarine sequence. The sequence is formed by cyclic variations in fluvial accommodation; 
the sequence-boundary unconformity results from a base-level fall or a tectonic tilt of the fluvial profile. Depending on the depth of incision, either isolated 
incised valleys or a sheet of amalgamated fluvial channels are formed above the sequence boundary. As fluvial accommodation again increases after the formation 
of the sequence boundary, the channel sands become increasingly isolated within fine-grained overbank and flood-plain sediments. When the rate of increase of 
accommodation exceeds the rate of sediment supply, the alluvial plain is transgressed by a lacustrine environment and a lacustrine maximum flooding surface 
forms. As the rate of new accommodation added diminishes above the maximum flooding surface, an upward-coarsening succession is formed, comprising 
increasingly amalgamated lacustrine deltaic or fluvial-channel sands. As shown, lowstand, transgressive, and highstand systems tracts can be identified. The 
fluvial section above the sequence boundary constitutes the lowstand; it is overlain by lacustrine deposits, which can be amalgamated into a transgressive systems 
tract. Regressive highstand lacustrine delta and fluvial sediments then cap these deposits. See Figure 4.25 for a subsurface example of alluvial and lacustrine 
sequences in a nonmarine intracratonic setting. (Modified from Legaretta et al., 1993.) 

RESERVOIRS, SEALS 
AND SOURCE ROCKS LEVEL 

FIG. 4.3.-Vertical facies patterns, depositional environments, sand continuity, and relative sea-level change in a sequence deposited in a proximal shelf 
setting. Incised-valley-fill deposits or amalgamated fluvial channels overlie the unconformable sequence boundary. These grade upward into transgressive coastal- 
plain or shelf sediments capped by a maximum flooding surface. The overlying highstand deposits form a regressive and increasingly sand-prone succession. 
As illustrated, reservoir continuity, seal potential, and abundance of source-rock-prone sediments vary in a predictable way within the different systems tracts. 
Note that the relative sea-level curve is characterized by an apparent abrupt fall in association with the sequence boundary. However, this apparent abrupt fall 
is a function of the absence (because of erosion) of deposits corresponding to the period of relative sea-level fall. Consequently, following a period of erosion 
and nondeposition, sedimentation resumes when sea level is markedly lower and rising slowly. 
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IiIc. 4.4.-Photos of the same fluvial 
system during A) lowstand and then B, 
C) during transgressive systems tract 
time. During lowstand time (A) the sys- 
tem actively incises and the depocenter is 
located in the far distance. During sub- 
sequent transgression, the fluvial system 
is rapidly flooded (B and C). From B to 
C, the depocenter moves rapidly up-sys- 
tem, as sediment is trapped within the 
"estuarine" system (i.e., the flooded in- 
cised valley). 
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FIG. 4.5.-Variation of stacking pat- 
terns between A) latest early lowstand 
and B) late-lowstand coastal deposits. 
The latest early lowstand is characterized 
by rapid progradation, and the late low- 
stand, predominantly by aggradation. 

FIG. 4.6.-Late Pleistocene eustatic 
sea-level curve. Note the presence of 
higher-frequency cycles superimposed 
on the longer-period sea-level cycle. 
These smaller cycles result in the for- 
mation of higher-frequency sequences. 
The higher-frequency sequences in turn 
stack to form composite sequences. (Af- 
ter Bard et a]., 1990.) 
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FIG. 4.7.-Schematic depiction of hypothetical wireline logs across a suc- 
cession of lowstand shorelines. A) A situation where little erosion of the upper 
part of each subunit occurs. This would be characteristic of a setting where 
neither fluvial erosion nor subsequent transgressive wave erosion is significant. 
Note that with each pair of logs through each subunit (i.e., wells 1 and 2 for 
subunit Ba, wells 3 and 4 for subunit Bb, and wells 5 and 6 for subunit Bc) 
the seawardmost of the two is typically shalier. Also, adjacent wells through 
successive lowstand shorelines are characterized by the presence of more sand- 
stone in the more seaward well (e.g., compare the sandstone content in wells 
2 and 3). B) A situation where significant erosion occurs at the top of the 
succession of lowstand shorelines. This would characterize a setting where 
fluvial erosion during sea-level fall and lowstand stillstand and/or transgressive 
wave erosion during sea-level rise is significant. Erosion down to sea level has 
occurred across the entire profile. Note that the preserved part of each succes- 
sive lowstand shoreline is consequently progressively sandier in the seaward 
direction. (From Posamentier et al., 1992b.) 

the sequence boundary can be somewhat diachronous, insofar 
as subsidence (in response to tectonism) and, therefore, the rate 
of sea-level fall, can vary along a basin margin (Figs. 2.28 and 
2.48). 

In basins without rapid and local changes in tectonic uplift 
or subsidence, such as on passive margins, intracratonic basins, 
or ramp basins, individual systems tracts and their bounding 
surfaces can be continuous over very large areas (e.g., 10,000 
km2 or more). In addition, even though the age of the bounding 
surfaces separating the systems tracts might be diachronous on 
the scale of the basin, the difference in age is commonly below 
biostratigraphic resolution. Even if their diachroneity can be 
established on a regional scale, the surfaces and systems tracts 
can still be physically contihuous over wide areas and record 
important phases of the evolution of the basin. In terms of hy- 
drocarbon exploration and development, the recognition, iden- 
tification, and correlation of systems tracts within a sequence 
is crucial, because they determine spatial and temporal distri- 
butions of regional reservoir, seal, and source rock within a 
basin. 

The internal characteristics of systems tracts are determined 
by several factors, including: 1) the depositional environment 
and type of sedimentary processes; 2) the balance between the 
rate of sediment supply and the rate of change of accornmo- 
dation; 3) the paleogeographic location of the section; 4) the 
tectonic and physiographic setting; and (5) the frequency, am- 
plitude, and degree of asymmetry of relative sea-level cycles. 
As previously mentioned, given this host of factors, variations 
on the basic sequence model are virtually unlimited. The fol- 
lowing discussion reviews representative examples of facies 
and well-log expressions of each systems tract in various dep- 

SHALLOW 
INCISED LOWSTAND 
VALLEYS SYSTEMS TRACT 

TRACT SEQUENCE 

A)  

BOUNDARY 

SHELF-PERCHED LOWSTAND DEPOSITS 

B) SLOPE-PERCHED LOWSTAND DEPOSITS 

SEQUENCE 
BOUNDARY 

\ 

FIG. 4.8.-Schematic illustrations of 
A) shelf-perched and B) slope-perched 
lowstand deposits. Shelf-perched low- 
stand deposits are generally thin and 
characterized by shallow fluvial incision 
and rapid seaward progradation. Slope or 
shelf-edge lowstand deposits are thicker, 
because of shelf-edge tilting and the 
greater magnitude of accommodation on 
the outer shelf and slope (see Fig. 4.46). 
The greater thickness of unstable shales 
in the slope-perched lowstand deposits 
also favors slumping and synsedimentary 
faulting on the shelf edge as the lowstand 
deposits prograde onto the slope (see Fig. 
4.46). 

S 
SHELF INCREASES 
ACCOMMODATION 



HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

FIG. 4.9.-A) Forced-regression stratal 
architecture associated with gentle shelf/ 
slope gradients. Note the relatively long- 
distance regression. B) Forced-regression 
stratal architecture associated with steep 
shelf/slope gradients. Note the relatively 
short-distance regression in the latter in- 
5tance. 

Slope 0.02" 

Slope 0.05" Slope 0.5" 

FIG. 4.10.-Illustration of the distance of seaward shift of the shoreline in 
response to sea-level lowering of 10 m. A) seaward shift of 29 km characterizes 
a 10 m sea-level fall across a sea-floor slope of 0.02" (a slope typical of a 
surface on a passive-margin shelf; see Table 2.1); B) seaward shift of 12 km 
characterizes a 10 m sea-level fall across a sea-floor slope of 0.05"; C) seaward 
shift of 1 km characterizes a 10 m sea-level fall across a sea-floor slope of 0.5" 
(a slope typical of a shoreface). 

ositional environments. Figure 4.1 illustrates a series of ideal- 
ized log and facies patterns within a depositional sequence 
along a dip section through a passive-margin basin. As illus- 
trated, the sediment stacking and facies patterns vary consid- 
erably with paleogeography within the basin. In addition, se- 
quences form in nonmarine (alluvial or lacustrine) as well as in 
marine settings, as illustrated in Figures 4.2 and 4.3. The prin- 
cipal well-log and facies attributes, with subsurface and outcrop 
examples of each systems tract, are presented in the following 
sections. Certain topics discussed in Chapter 3 are revisited here 
insofar as they are relevant to discussions both of surfaces and 
of facies and log expression. 

LOWSTAND SYSTEMS TRACT 

One of the more innovative aspects of sequence stratigraphy 
has been the identification of sedimentary deposits related to 
episodes of relative sea-level fall. Although certain effects of 

fall of relative sea level (i.e., ultimate base level for fluvial 
systems), such as fluvial incision and the formation of uncon- 
formities, were known previously, the specific nature and strati- 
graphic implications of these features were not clearly under- 
stood. The identification of related deposits and, in particular, 
the notion that shallow-marine to fluvial sand-prone sediments 
can be deposited in distal shelf environments has been ex- 
tremely beneficial for hydrocarbon exploration and has resulted 
in the identification of heretofore-unsuspected play concepts. 

As discussed in the preceding chapters, the lowstand systems 
tract is deposited subsequent to the onset of relative sea-level 
fall (or of negative accommodation in the case of continental 
lacustrine deposits). As such, it comprises sediments deposited 
below the level of the highstand coastal plain. Lowstand sys- 
tems tract deposition ends when relative sea level rises suffi- 
ciently rapidly so as to overwhelm the available sediment sup- 
ply and cause transgression to occur. (Fig. 4.4 illustrates a 
progression from the lowstand to the transgressive systems 
tract.) The lowstand systems tract forms an overall regressive 
stratigraphic unit that overlies the sequence boundary and on- 
laps onto the unconformable sequence boundary. On the basis 
of the location of a section within a sedimentary basin, the 
lowstand systems tract can form three distinct types of deposits: 
1) alluvial, 2) coastal plain and nearshore marinellacustrine (in 
the case of nonmarine basins), and 3) deep-water slope and 
basin mass-movement deposits. 

The lowstand systems tract can be divided into an early low- 
stand systerns tract and a late lowstnnd systems tract. This sub- 
division is particularly important with regard to shoreface and 
shelf deposits, and less so with regard to continental and deep- 
water deposits. This is true, in part, because in the coastal-plain 
and shelf environment, sea-level change is the major factor de- 
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termining stratal architecture and the development of key 
bounding surfaces. In the continental and deep-water environ- 
ment, other factors, such as tectonics and sediment flux, can 
overwhelm the effects of relative sea-level change, and a dis- 
tinction between early and late lowstand systems tract is less 
certain. Consequently, we do not elevate the early and late low- 
stand systems tracts to the rank of separate systems tracts, 
though we recognize that there would be some merit to doing 
so in certain depositional settings. 

FIG. 4.1 1.-Bathymetry of two large 
modem deltas, the Mississippi and the 
Mahakam (Kalimantan, Indonesia). Note 
the relatively steep gradient on the shelf 
adjacent to the zones of active deltaic 
progradation and the lower slope gradient 
along the shelf on either side of the deltas. 

Higher-Order Relative Sea-level Cycles 

The occurrence of higher-frequency eustatic and/or tectonic 
cycles superimposed on lower-frequency sea-level cycles can 
result in multiple regressive-transgressive cycles within a low- 
stand succession (Erskine and Vail, 1988; Posamentier and Vail, 
1988; Mitchum and Van Wagoner, 1991). When these cycles 
involve an episode of relative sea-level fall, the associated de- 
posits constitute higher-frequency sequences with stratal ge- 
ometries similar to those of lower-frequency sequences. If these 
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FIG. 4.12.Schematic depiction of a shelf margin characterized in part by 
high sedimentation rate and in part by low sedimentation rate. Where sedi- 
mentation rate is high, successive periods of relative sea-level fall result in 
deposition of attached forced-regression deposits (i.e., B-B'). In contrast, 
where sedimentation rate is low, successive periods of relative sea-level fall 
result in deposition of detached forced-regression deposits (i.e., A-A'). 

cycles do not involve periods of relative sea-level fall, but only 
a slowdown in the rate of relative sea-level rise, cyclic sedi- 
mentation occurs without any associated subaerial unconfor- 
mities. Regressive-transgressive stratigraphic successions that 
develop under the influence of such sea-level cycles are more 
widely distributed than virtually identical successions produced 
by variations in sediment flux, such as would be associated with 
delta-lobe switching. In both instances, these deposits comprise 
parasequences. Where late-lowstand deposits are sufficiently 
thick so as to preserve several such parasequences, the stacking 
pattern of successive parasequences is characterized by pro- 
gressive seaward stepping or progradation. The latter part of 
the late lowstand is generally characterized by a transition from 
a prograding to an aggrading parasequence-stacking pattern 
(Fig. 4.5). The total thickness of the late-lowstand succession 
is a function of the magnitude of accommodation created by 
the relative sea-level rise and the duration of the period during 
which sediment supply is able to maintain overall regression 
during the early stages of relative sea-level rise. 

When higher-frequency cycles superimposed on lower-fre- 
quency cycles contain a period of relative sea-level fall, such 
as occurred during the late Pleistocene (Fig. 4.6), a complex 
pattern of higher-order within lower-order sequences and se- 
quence-bounding unconformities can develop (see discussion 

in Chapter 2; Fig. 2.31). An example of this type of stratal 
architecture is described by Posamentier et al. (1992b). As il- 
lustrated in Figure 4.7, it can be difficult to identify and cor- 
relate these as higher-order sequences and differentiate the 
lower-order sequence boundaries from the higher-order se- 
quence boundaries, particularly if data coverage is not regional 
and geochronologic data are lacking. Nonetheless, as more 
abundant outcrop or subsurface data become available, it is gen- 
erally possible to identify and correlate the different orders of 
sequence boundaries and maximum flooding surfaces and 
thereby identify the higher-order systems tracts. 

Physiographic Setting 

One of the important factors in determining the stratal ar- 
chitecture of lowstand deposits on the shelf is basin physiog- 
raphy. Such aspects as shelf width and shelf gradient can play 
an important role in determining stratal architecture. For ex- 
ample, a steep shelf gradient results in slower rates of forced 
regression, leading more likely to attached forced-regression 
deposits. Moreover, incised-valley development tends to be fa- 
vored on comparatively steep shelves (see discussion in Chapter 
3). If the shelf is wide and comparatively steep, then it is likely 

FIG. 4.13.-Example of Pleistocene lowstand deltaic deposits on the middle 
and outer shelf of the Gulf of Mexico (from Suter and Berryhill, 1985). The 
lowstand deltas on the shelf are typically much thinner than the shelf-edge 
lowstand deltas that prograde onto the upper slope (see also Fig. 4.55). 
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FIG 4.14-Seismic reflection profile of a forced-regression complex offshore the Rh6ne delta. southeast France This wedge is a forced-regression wedge 
detached from the underlying highstand Rhdne delta. Note that this entire regressive complex pinches out in the landward direction (at the anow); landward of 
this location, extending to the provenance area, there existed a zone of sedimentary bypass that characterized the time of formation of this shelf-edge complex. 
Alw. note the toes of the modem highstand Rhdne delta downlapping onto the late Pleistocene wedge. (Seismic section coulresy of M Tesson.) 

1 kilometer 

L 
F I G  4.15,-Detached Pleistocene lowstand complex on the R h b e  shelf (southeast France) High-resolution, shallow-penetration seismic profile of the con- 

tinental shelf edge offshore of the Rhdne Delta, southeast France. A wedge of wave-dominated deltaic shoreface sediments has accumulated that is characterized 
by onlap onto a shelf unconfmity. At least three interuals of forced regression are shown here: Units A, B, and C. Each. in turn. is characterized by a succession 
of higher-frequency forced regressions. (From Posamentier et al., 1992b.) 
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Vertical Exaggeration = 46x 

FIG. 4.16.-High-resolution seismic profiles through the late Pleistocene Mississippi delta showing successive stages of progradation. The enhanced thickness 
of each successive wedge is attributed to subsidence in the basin behind the rising diapir. Profile A shows a dip-oriented section, and profile B shows a strike- 
oriented section. (From Suter and Benyhill, 1985.) 

that the lowstand shoreline does not lie at the shelf edge, and 
therefore deep-water deposition across the slope and to the ba- 
sin beyond is unlikely. 

In passive-margin basins with high sediment flux, highstand 
shorelines can prograde rapidly (e.g., in a few thousand years) 
to the shelf edge, as with the present Mississippi Delta. This is 
more common in low-wave-energy environments, where flu- 
vially sourced sediments are not widely dispersed by wave- 
induced longshore drift. Under these circumstances, the shore- 
line can practically coincide with the shelf edge and a relative 
sea-level fall almost immediately exposes the upper slope. 
Early-lowstand deposits can then accumulate on the upper slope 
and are said to be slope-perched lowstand deposits (Fig. 4.8). 
Under these circumstances also, sediment can be delivered to 
the deep-water basin in relatively high (compared with the pre- 
ceding highstand time) volumes, both by mass wasting of slope- 
perched deposits and by density underfiows that occur during 

times of river flood. If the previous highstand shoreline did not 
reach the edge of the shelfprior to the~initiation of relative sea- 
level fall, or if relative sea-level fall does not expose the outer 
shelf, lowstand deposits are shelf-perched, that is, deposited 
entirely on the shelf (Fig. 4.8). 

The slope of the sea-floor surface exposed by relative sea- 
level fall affects lowstand stratal architecture and sediment 
stacking patterns insofar as it can influence the rate of seaward 
shoreline migration for a given relative sea-level fall. Moreover, 
the magnitude of the gradient can determine whether fluvial 
incised valleys form and whether slope stability is likely or not. 
The following section addresses thi effects of basin physiog- 
raphy on stratal architecture in the lowstand systems tract, first 
on the shelf and then on the slope. 

The effect of lowering relative sea level on a ramp-type basin 
margin characterized by a gently sloping sea floor is to cause 
rapid seaward migration of the shoreline by the process of 
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RG. 4.17.-Example of a lowstand prograding wedge in the Miocene Kutei 
Basin (Kalimantan, Indonesia). This wedge was formed by a mid-Miocene 
eustatic sea-level fall, which caused rapid progradation of deltaic deposits out 
to the shelf edge. Continued progradation of the lowstand deltas on the upper 
slope and subsequent aggradation during the ensuing relative sea-level rise 
resulted in development of a prominent wedge-shaped unit, which is clearly 
visible on seismic sections and onlaps updip onto the shelf. 

forced regression (Fig. 4.9) (see discussion in Chapter 2). In 
this kind of physiographic setting, even a slight relative sea- 
level fall produces a very wide area of subaerial shelf exposure 
(Fig. 4.10). On such low-gradient shelves, the available accom- 
modation for shoreface deposition is low, even before relative 
sea-level fall begins. Subsequently, during relative sea-level 
fall, accommodation decreases further. This compounds the 
sea-level effects on shoreline regression and causes lowstand 
regression to accelerate. In a situation where shelf gradients 
vary, as in rapidly prograding deltaic coastlines, the distance of 

Shelf 
7 

Canyon 

seaward migration of the shoreline by forced regression during 
a sea-level fall varies. As illustrated in Figure 4.1 1 the shelf 
gradient in the vicinity of active delta progradation is greater 
than in the adjacent nondeltaic coast. Consequently a given 
relative sea-level fall exposes a wider shelf area in the areas 
lateral to rather than in front of the prograding delta. If sediment 
supply to the areas lateral to the delta is intermittent, as in the 
Mississippi, these zones tend to accumulate detached lowstand 
deposits, whereas the lowstand deposits in the vicinity of the 
active delta tend to be attached (Fig. 4.12). 

Another important effect of a low-gradient shelf is to reduce 
the depth of fluvial incision during relative sea-level fall. As 
discussed in Chapter 3, the greater the slope of the exposed sea- 
floor surface, the greater is the depth of fluvial incision due to 
sea-level fall, and vice versa (Fig. 3.3) (Posamentier et al., 
1992b). Further, for a given relative sea-level fall, the shelf area 
exposed and the rate of regression are inversely proportional to 
the slope of the shelf. This tends to result in rapid lowstand 
coastal regression on broad, low-gradient, ramp-type shelves. 
Lowstand deposits in this kind of physiographic setting are typ- 
ically relatively thin (e.g., less than 10-25 m thick) and wide- 
spread over the shelf as a result of rapid seaward shoreline 
migration as relative sea level falls (Fig. 4.13). 

When relative sea-level fall exposes the outer shelf and upper 
slope, areas generally with steeper gradients, the stratal geom- 
etry of the lowstand deposits differs markedly from deposits on 
low-gradient shelves (Fig. 4.8). This is related to three factors: 
1) the increased amount of accommodation at the shelf edge 
and slope; 2) the increased likelihood of complete sedimentary 
bypass of the shelf and upper slope by density underflows; 3) 
the increased subsidence toward the shelf edge and slope that 
characterizes most passive continental margins; and 4) the de- 
creased slope stability in relatively steep, muddy slope settings. 

In general, the rate of normal shoreline regression decreases 
in shelf-edge and upper-slope settings because of the increased 
accommodation that must be filled for seaward migration of the 
shoreline to occur (See discussion above and in Fig. 2.42). Sim- 
ilarly, the rate of forced regression for a given relative sea-level 
fall also decreases on high-gradient slopes. Inboard of the shelf 
edge on passive margins, subsidence rates commonly are sig- 
nificantly higher because of the combined effects of tectonic 

RG. 4.18.-Bathymehic map of the 
Atlantic shelf offshore the Congo River, 
Africa. Note that the Congo canyon ex- 
tends across the shelf, through the coast- 
line, and into the mouth of the Congo 
River. Presumably, much of the sediment 
transported by the Congo River is deliv- 
ered directly into the head of the canyon, 
from where it can travel farther, across 
the shelf and slope and onto the basin 
floor. Moreover, sediments transported 
by longshore drift along the coastline are 
diverted into the canyon as well. (After 
Veatch and Smith, 1939.) 

f 
Shelf Edge 

rt 
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FIG. 4.19.-Bathymetric map of the Atlantic shelf offshore New York and New Jersey, USA (from Uchupi, 1970). Note the presence of the seaward extension 
of the Hudson River valley. This Pleistocene valley remains at least partially unfilled and feeds a relict shelf-edge delta. The Hudson canyon lies just seaward 
of the mouth of the Pleistocene Hudson River valley, incised into the slope and outer shelf. The canyon is more than an order of magnitude deeper than the 
Hudson River valley, but the proximity of the canyon to the mouth of the river valley suggests a genetic linkage. The Hudson shelf valley likely was deeply 
incised during a relatively short period of time when the discharge down the Hudson valley system was augmented by glacial meltwater during the late Pleistocene. 
For a relatively short time, meltwater from much of the Laurentide ice sheet was diverted down this system rather than out the St. Lawrence River. Note also 
the linear shelf ridges on the northeast bank of the incised Hudson paleo-valley. These ridges constitute part of the Holocene transgressive systems tract (see 
discussion later in this chapter). 
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deposits can form thick, localized sandy depocenters, charac- 
terized by low overall rates of progradation (Fig. 4.16). In ba- 
sins with very high rates of subsidence (e.g., > 500-600 m/ 
My) and high sediment supply, shelf-edge lowstand wedges can 
form thick (several hundred meters), regressive complexes 
punctuated by numerous higher-order sequence boundaries. In 
slowly subsiding basins (e.g., < 50 rn/My), the wedges are 
thinner (several tens of meters). Figure 4.15 illustrates a thick 
(> 100 m) Pleistocene lowstand deltaic depocenter in the Gulf 
of Mexico. These deposits represent vertically stacked lowstand 
deltas that have accumulated in shelf-edge diapiric depressions - 
(Fig. 4.16). 

Mass-movement processes also can affect shelf-edge depo- 

FIG. 4.20.-3D perspective view of the Atlantic shelf offshore New York 
sition. These processes are common in outer-shelf and slope 

and New Jersey, USA, based on depth soundings, covering the same area settings and result from substrate instability due to high sedi- 
shown on the bathymetric map of Figure 4.19. mentation rates on the slope and the relatively steep gradient of 

the sea floor. Repeated failure of the shelf edge can inhibit sea- 
ward migration bf the shoreline and result inextensive slump- 

tilting due to crustal cooling and compaction of the underlying ing and synsedimentary faulting within the lowstand deposits 
slope mud. This results in the formation of thick wedge-shaped (Fig. 4.15). This tends to disrupt reservoir continuity, yielding 
lowstand deposits that tend to stack vertically with complex potentially segmented and stratigraphically compartmentalized 
internal onlap patterns that are amplified by rapid shelf tilting reservoir deposits. 
(Figs. 4.14 and 4.15). In areas affected by growth faulting and Shelf-edge lowstand deposits tend to be more recognizable 
diapirism, such as in the U.S. Gulf Coast, shelf-edge lowstand on seismic data than shelf-perched lowstand deposits, because 

1 MILE 

FIG. 4.21 .-Example of a large incision on the edge of the shelf in a Cretaceous passive margin in northern Alaska. This feature was formed by slumping and 
erosive deep-water sediment gravity flows on the upper slope and is not related to fluvial incision. Rather, it is a submarine canyon. Such submarine canyons 
commonly are at least an order of magnitude deeper than incised valleys (compare with Figs. 4.29 and 4.30). If their scale is not taken into account, these features 
can be misinterpreted on seismic sections as fluvially incised valleys. The fill of canyons commonly is dominated by turhidite, debris-flow, and slump deposits, 
whereas the fill of incised valleys commonly is dominated by fluvial and estuarine deposits. 
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FIG. 4.23.-Schematic dip section of 
early- and late-phase shelf lowstand de- 
posits. During early lowstand (top), rela- 
tive sea level is falling, forced regression 
takes place, and the exposed surface land- 
ward of the shoreline forms an unconfor- 
mity and a surface of sedimentary bypass. 
During late lowstand (bottom), relative 
sea level has stabilized and then slowly 
rises. As long as the rate of rise is less 
than the rate of sediment accumulation, 
shoreline regression continues and the 
coastal and alluvial plain aggrades. This 
aggradation results in the  cutnu nu la ti on 
of a landward-onlapping wedge of fluvial 
and coastal-plain deposits over the un- 

4 4 RELATIVE SEA- conformity. This onlap has been defined 
LEVEL RISE as ''coastal" onlap by Mitchum (1977). 
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of their typically thicker development (Figs. 4.8 and 4.17). 
These shelf-edge stratigraphic units can have relatively good 
prospectivity because they tend to be sand-prone, are separated 
from the preceding highstand coastal deposits by zones of sed- 
imentary bypass, and are sealed by transgressive shale above 
and by distal highstand shale below (Fig. 4.8). A potential prob- 
lem of updip hydrocarbon leakage can occur, however, if the 
sandstone at the shelf edge is in communication with sand-rich 
incised-valley-fill deposits or continuous sheets of sand-rich 
transgressive lag deposits (see discussion below). On the other 
hand, deposition in distal settings tends to place these lowstand 
shelf-edge deposits closer to potential marine source rocks as- 
sociated with overlying andfor underlying condensed-section 
deposits as well as possible outer-shelf carbonaceous deltaic 
deposits. 

Because slumping at the shelf edge is common where rates 
of sedimentation are high, retrogressive slumping can lead to 
the development of submarine canyons where river mouths are 
located close to the shelf-slope break. This linkage of canyons 
and major rivers is especially common on passive margins 
(Figs. 4.18, 4.19, and 4.20). Increased slumping in a localized 
area during times of sea-level lowstand is facilitated if the flu- 
vial systems are incised and their mouths are therefore anchored 
in place. Such rivers debouch directly into these canyons, which 
serve as conduits for sediment gravity flows from the river- 
mouth bars down the slope and onto the basin floor. If slumping 
is frequent, these areas are characterized by more or less con- 
tinuous sediment delivery to the deep basin and rapid deposition 
on the basin floor as submarine fans. 

It is crucial that a distinction be made between canyons and 
incised valleys. Canyons are formed predominantly by sub- 
aqueous retrogressive slumping and erosion by sediment grav- 
ity flows, whereas incised valleys are formed initially by sub- 
aerial fluvial erosion, although they can be modified 
subsequently by other erosional processes such as tidal-current 
scour (Allen and Posamentier, 1991, 1993). The fill of these 

two channelized features can be markedly different, because 
canyons tend to be filled mainly by mud (predominantly by 
mass-movement deposits) and incised valleys commonly con- 
tain substantial volumes of sand. The scale of incised valleys 
and submarine canyons also is markedly different: incised val- 
leys generally are only a few tens of meters deep, whereas can- 
yons are usually several hundreds of meters deep. Conse- 
quently, on vertical seismic transects, the identification of 
incised valleys can be difficult because of limits of resolution, 
whereas canyons, having significantly greater relief, are more 
readily observed (Figs. 4.21 and 4.22). 

Alluvial Deposits 

Fluvial lowstand deposits can accumulate either within a to- 
tally continental setting, such as on an alluvial plain landward 
of any marine or paralic influences (Fig. 4.2), or directly over- 
lying older highstand coastal-plain or even shelf sediments 
(Figs. 4.1 and 4.3). In both instances, lowstand fluvial deposits 
generally consist of relatively coarse-grained fluvial channel- 
fill sediments overlying an unconformity (Figs. 3.26 and 3.27). 
This chapter discusses the facies and log patterns of fluvial low- 
stand deposits in both of these settings. We must acknowledge 
from the outset of this discussion that there remains a funda- 
mental gap in our understanding of how fluvial sedimentation 
processes are affected by changes in relative sea level and tec- 
tonism, and that this subject is still being debated (Schumm, 
1993; Wescott, 1993; Bull, 1991; Shanley and McCabe, 1994). 
Nonetheless, the following discussion outlines a general model 
for lowstand fluvial deposits based on generally accepted con- 
cepts of fluvial geomorphology and hydrology. 

At the onset of and during a period of relative sea-level fall, 
the early phase of the lowstand systems tract develops while 
underlying and older highstand shelf or coastal-plain deposits 
are progressively subaerially exposed and subjected to fluvial 
incision (Fig. 4.23). As this progressive subaerial exposure oc- 
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FIG. 4.24.-Effect of landward tectonic tilting on fluvial stratal patterns. A) 
Landward tilting of the fluvial profile under conditions of constant eustatic sea 
level results in landward-increasing fluvial accommodation and subsequent ag- 
gradation. B) If a relative sea-level fall at the coastline occurs at the same time, 
fluvial incision occurs in the distal reaches of the fluvial profile, where the rate 
of tectonic subsidence and tilt is less than the rate of eustatic fall. Landward 
of the equilibrium point (i.e., where subsidence equals eustatic fall), there is 
no incision and fluvial accommodation and aggradation is continuous. C) These 
effects result in continuous aggradation of a thick wedge of fluvial deposits 
across the correlatively conformable sequence boundary, which grades down- 
stream into an unconformable sequence boundary. Note that the approximate 
position of the sequence boundary in the continental section is associated with 
the zone of maximum channel clustering. (Modified from Posamentier and 
Allen, 1993b.) 

curs, the exposed surface becomes an unconformity and a zone 
of no net deposition develops. This surface then is a zone of 
fluvial sedimentary bypass. Minor preservation of fluvial sedi- 
ments deposited during periods of falling relative sea level can 
occur in the form of stranded fluvial terraces within incised 
valleys (Fig. 2.19A). These terraces can be subsequently buried 
and overlain by fluvial deposition that can aggrade during the 
late lowstand, or by coastal deposits formed during the ensuing 
transgression. When fluvial incision occurs the total fluvial sed- 
iment load is increased as the volume of sediment from the 
excavation of the incised valleys is added to the normal fluvial 
sediment load derived from the hinterland. Furthermore, the 
increased stream power of the incising rivers that develops in 
response to an increased gradient induced by relative sea-level 
fall generally results in a grain size coarser than before the onset 

of incision. Moreover, with a condition of negative accommo- 
dation, all grain sizes are set in motion through fluvial erosion, 
but the sediments deposited first are the coarsest. These effects 
can result in characteristic facies criteria that can facilitate iden- 
tification of lowstand fluvial deposits, as will be discussed later. 

If landward tectonic tilting of the fluvial profiles occurs while 
relative sea level is falling, then fluvial aggradation can take 
place in the landward reaches of fluvial systems at the same 
time that rivers are incising at their distal reaches (Fig. 4.24). 
This situation is common on the fold-and-thrust margin of fore- 
land basins, or on tilted-fault-block basins. In such tectonic set- 
tings, where sedimentation is influenced by coeval tectonic tilt- 
ing or subsidence as well as by relative sea-level fall, fluvial 
aggradation can be continuous throughout the lowstand in cer- 
tain reaches of the fluvial profile. When this occurs, the uncon- 
formity in the distal reaches of the fluvial profile formed by the 
effects of a relative sea-level fall can merge landward into a 
correlative conformity. This process is discussed in greater de- 
tail by Posamentier and Allen (1993b). 

In a purely alluvial setting, away from any effects of marine 
base level, early-lowstand conditions are characterized by neg- 
ative accommodation along the fluvial profile, that is, when the 
equilibrium profile drops below the profile of the river (see 
discussion in Chapter 2). This commonly occurs when the pro- 
file is oversteepened by tectonic tilting and results in effects 
virtually identical to those produced by a relative sea-level fall, 
i.e., incision of the rivers, fluvial sediment bypass, and forma- 
tion of an unconformity. The resulting unconformity forms a 
sequence boundary with many of the same attributes that char- 
acterize unconformities formed by a relative sea-level fall (see 
discussion in Chapter 3). However, most importantly, these un- 
conformities qualify as sequence boundaries in the sense of 
Mitchum (1977), and define valid alluvial sequences, despite 
the potential lack of synchroneity with coastal or shelf 
sequences. 

When relative sea level stops falling, fluvial incision that 
might have been occurring at the coastline ceases. However, 
because the "message" to incise propagates upstream over a 
period of time, upstream reaches of rivers can continue to ex- 
perience incision for a time even after cessation of relative sea- 
level fall. This constitutes a lagged response to the earlier "mes- 
sages" to incise and represents the time between base-level 
changes at the river mouth and the arrival of the incising knick- 
point upstream (see discussion in Chapter 3). This lagged re- 
sponse adds another component to the potential diachroneity of 
unconformable seauenceboundaries. 

At the end of early lowstand systems tract time, rivers contain 
a minimal volume of fluvial deposits along the axes of the in- 
cised valleys because the early lowstand is a time of negative 
accommodation and overall sedimentary bypass or throughput. 
These fluvial deposits are of a thickness equivalent to the depth 
of the active fluvial channel (not the depth of the incised valley) 
and represent a "snapshot" of passing fluvial sediments frozen 
in time that would be preserved once fluvial incision ceases. 
Allen and Posamentier (1993, 1994a) have illustrated this sit- 
uation in their study of the Gironde incised-valley fill. The early 
lowstand systems tract, defined as the sediments deposited dur- 
ing a period of relative sea-level fall or tectonic oversteepening, 
does not produce any substantial accumulation of fluvial sedi- 
ments. This is consistent with the fact that unconformities and 
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FIG. 4.25.-Fluvial and lacustrine sequences in the nonmarine intracratonic Jurassic Eromanga basin in central Australia. Note the regionally correlatable 
cyclic sedimentation patterns; these are interpreted to result from cyclic variations in fluvial accommodation due to variations in tectonic subsidence. The 
maximum flooding surfaces represent episodes of rapid base-level rise and lacustrine transgression of the alluvial plain (see Figs. 2.43 and 4.2). These surfaces 
form very good stratigraphic markers and can be correlated over hundreds of kilometers. The sequence boundaries are related to fluvial rejuvenation resulting 
from tectonic uplift on the edges of the basin. The lowstand deposits overlying the sequence boundaries are made up of amalgamated fluvial channels forming 
sheet-like sandstone deposits that extend several hundred kilometers along dip and strike. (From Allen et al., 1996; Musakti, 1997.) 
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FIG. 4.26.-Example of a regionally extensive Paleocene lowstand fluvial sand sheet in Colombia. This sandstone unit is made up of amalgamated channel- 
fill deposits that overlie an unconformable sequence boundary. The lowstand fluvial sands are overlain by transgressive estuarine and coastal deposits, which 
constitute the transgressive systems tract. The sediments beneath the sequence boundary consist of isolated highstand coastal-plain channel fills and flood-plain 
muds. (Modified from Pulham, 1994.) 
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& Plain Coastal ahn- 

FIG. 4.27.-A) Longitudinal profile il- 
lustrating the four principal geomorphic 
settings characteristic of a continental 
margin: alluvial plain, coastal plain, 
shelf, and slope. The coastal prism ex- 
tends from the bayline (i.e., the contact 
between the alluvial plain and coastal 
plain, generally at the upstream limit of 
the fluvial backwater curve) to the pinch- 
out of the shoreface on the shelf. (From 
Posamentier et al., 1992b.) B) Longitu- 
dinal profile of the River Po, Italy. Note 
the presence of a coastal prism approxi- 
mately 200 km wide (see Fig. 3.23B). 
(From Hernandez-Molina, 1993.) 
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hiatuses are being formed in the alluvial environment during 
the early lowstand. The example shown in Figure 3.25 is an- 
other instance of probably thin fluvial deposits constituting the 
lowstand systems tract. 

After relative sea-level fall ceases and stillstand and slow rise 
ensue, the late phase of the lowstand systems tract begins (Fig. 
4.23). During this phase, rivers cease their incision, stabilize, 
and begin to aggrade, as coastal plains enlarge by the process 
of "normal" shoreline regression (in contrast with "forced" re- 
gression; see discussion in Chapter 2). The total thickness of 
fluvial aggradation during this late-lowstand phase is controlled 
by the combination of two processes (assuming no significant 
changes in fluvial discharge or sediment supply, other than that 
due to the incision process itself): 1) landward tectonic tilting 
of part or all of the fluvial profile; and 2) fluvial aggradation 
induced by the seaward and upward migration of the fluvial 
equilibrium profile. The latter is the result of continued seaward 
shoreline migration (i.e., regression) during relative sea-level 
stillstand and ensuing slow rise (Figs. 2.15 and 4.23; Posamen- 
tier and Vail, 1988; Helland-Hansen and Gjelberg, 1994; Hel- 
land-Hansen and Martinsen, 1996). The resulting fluvial de- 
posits constitute the bulk of lowstand systems tract deposits 
landward of the shoreline. If deep incised valleys have formed 
during the relative sea-level fall, the lowstand fluvial deposits 
accumulate as sand-prone fluvial channel belts in the thalweg 
of the incised valleys. In the case of sequence boundaries with 
low erosional relief, (e.g., if the depth of fluvial incision is less 
than 10-15 meters, the depth of a single river channel), low- 
stand fluvial deposits are more likely to form widespread tab- 
ular sheets of amalgamated fluvial channel-fill deposits (Fig. 
3.9). Figures 3.4 and 3.5 illustrate examples of narrow and 
deeply incised valleys, whereas Figures 4.25 and 4.26 illustrate 
examples of fluvial fill overlying low-relief fluvial incision sur- 

faces. Extensive sheet-like fluvial sand deposits characterize 
each of these fills. Both types of incised valley and lowstand 
fluvial geometry can characterize relative-sea-level-controlled 
sequences as well as tectonically controlled sequences. 

The thickness and geometry of lowstand fluvial deposits de- 
pends on a number of parameters. These include: 1) the depth 
of fluvial incision during the early lowstand, which, in turn, is 
partly a function of a) the physiography (i.e., gradient) of the 
previous highstand shoreface and shelf environment, and b) the 
occurrence and rate of landward tectonic tilting in the fluvial 
profile; 2) the magnitude of relative sea-level rise that occurs 
prior to the initiation of transgression, a factor that is a measure 
of the rate of sediment supply vs. the rate of relative sea-level 
rise; 3) the volume of sediment supply and the effects of 
changes in sediment supply (in terms of caliber and volume) 
due to the cessation of valley incision; and 4) the size (i.e., 
discharge) of the fluvial system. 

One of the most important controls on lowstand fluvial sed- 
imentation is the depth of fluvial incision during the early low- 
stand. This depends primarily on the physiography of the shelf 
(as discussed in Chapter 3, Fig. 3.3), as well as the occurrence 
of tectonic uplift or tilting of part or all of the shelf and/or 
coastal/alluvial plain. In basins with little or no synsedimentary 
tectonism, as in passive margins affected only by thermal sub- 
sidence and eustasy, the depth of incised valleys in most in- 
stances is generally on the order of only a few tens of meters. 
Consequently, the depth of fluvial incision caused by the large- 
scale (c. 125 m) eustatic falls of the late Pleistocene did not 
exceed 50-60 m. Only in rare instances, such as the Chattian 
30 Ma eustatic fall, postulated to have been 150-175 m (Haq 
et al., 1987), does eustatically induced fluvial incision exceed 
these values. In these passive-margin settings, much of the rela- 
tive sea-level fall is expended progressively exposing the gently 
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FIG. 4.28.-A) Oblique air photograph of raised beach terraces above the 
Great Salt Lake, Utah. An incised valley has cut through the Pleistocene shore- 
line. Note, however, that the extent of fluvial erosion is limited to the coastal 
prism, that is, extending from the base of the shoreface to the onlap pinchout 
of the strand plain. (Photo courtesy of Ian Gordon; from Posamentier et al., 
1992b.) B) Vertical air photograph of the Zeelim alluvial fan in the Dead Sea 
area of Israel. This feature formed as a fan delta during the highstand of lake 
level during the Late Pleistocene. The paleo-shoreline likely was located less 
than a kilometer downdip from the apex of the fan. As a result of lake-level 
fall during the late Pleistocene to early Holocene, the fan delta has been incised. 
The alluvial fan constitutes a coastal prism; the depth of incision decreases 
from greater than 40 m near the apex of the fan delta to zero towards the lower 
part of the fan delta. The gradient of the fan-delta front is significantly greater 
than the gradient of the incised valley. Note again that the extent of fluvial 
erosion is limited to the coastal prism. (From Bowman, 1974.) 

sloping shelf. Consequently, active incision probably does not 
begin until late in the period of relative sea-level fall when the 
relatively steep slope of the outer shelf and upper slope is ex- 
posed (see discussion in Chapter 3; Fig. 3.3). In active tectonic 
basins, however, where part of the shelf can be uplifting while 
relative sea level is falling, the added component of tectonically 
induced incision can significantly increase the depth of the in- 
cised valleys to several hundred meters or more. In an extreme 
example, the Colorado River has incised more than 1500 m into 
its substratum in response to regional tectonic uplift. 

Where relative sea-level fall exposes a sea floor with a low 
gradient, little if any fluvial incision occurs (Fig. 3.3). When 
this happens, fluvial incision can be limited to the littoral or 
coastal prism, where shoreface slopes are generally higher than 
the fluvial equilibrium profile (Figs. 4.27,4.28, and 4.29). The 
resulting incised valley is then of limited dip extent (Figs. 3.24, 
4.27, and 4.28). This is consistent with the views of Leopold 
and Bull (1979), Saucier (1974), and Blum (1991), and is con- 
sistent with the flume model experiments of Koss et al. (1994). 

Figure 4.27B shows the longitudinal profile of the Po River 
and adjacent shelf and illustrates the pronounced coastal prism 
that has formed at the edge of the delta front. Note that the top 
of the coastal prism, which constitutes the delta plain, exhibits 
a much lower gradient than either the updip fluvial profile or 
the seaward shoreface profile. Fluvial incision due to a relative 
sea-level fall would expose the steep shoreface profile, and in- 
cision would be most pronounced in the vicinity of the coastal 
prism. Therefore, where highstand coastal prisms exist (and in 
the absence of tectonism), the depth of fluvial incision due to 
a relative sea-level fall generally tends to reach a maximum 
close to the seawardmost highstand shoreline of the coastal 
prism. The depth of incision decreases both landward across 
the coastal prism as well as seaward down its steep side (Allen 
and Posamentier, 1994a). 

Another possible example of an incised-valley system best 
developed across a coastal prism is shown in Figure 4.30 (Rah- 
mani, 1988; Ainsworth and Walker, 1994). This system extends 
approximately 50 km upstream across an interpreted coastal 
plain, before it peters out within an alluvial plain. By analysis 
of subsurface data, the valley narrows upstream from a maxi- 
mum of 12 km to a minimum of 0.5 km. Although the scale is 
different, the morphology of the system shown in Figures 4.30 
and 4.31 is similar to that shown in Figure 4.28. 

Figure 4.32 illustrates another example of an incised-valley 
system that seems to be best developed across a coastal prism. 
The valley system is developed within the Cretaceous Viking 
Formation of central Alberta, Canada, and widens from less 
than 1 km to more than 10 km. In addition, the incised valley 
reaches its maximum depth of greater than 30 m near the mouth 
of this system and a minimum of less than 5 m at the updip 
limit of the mapped valley system (Fig. 4.32). 

Another important factor controlling the pattern and geom- 
etry of fluvial lowstand deposits is the configuration and mor- 
phology of the highstand coastline. Highstand coastlines com- 
monly are characterized by prograding deltas deposited during 
a period of decelerating relative sea-level rise. On coasts with 
low wave energy, distributary channels typically exhibit a 
branching network of bifurcating channels that extends across 
the delta plain. When a relative sea-level fall occurs, each dis- 
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FIG. 4.29.-Forced-regression deposits associated with the Metis River, New Brunswick (from Hill et al., 1997). This area is characterized by isostatic rebound 
occuning in response to deglaciation during the late Pleistocene. Consequently, relative sea-level fall has characterized this area since that time. Four stages are 
illustrated, representing the shoreline position at c. 10,700 yr BP, 10,200 yr BP, 10,000 yr BP, and the present. Each successive seaward shift of the shoreline 
is associated with a downstep. Note that the Metis River forms an incised valley only where it passes through the coastal prism (Posamentier and Allen, 1993a) 
consisting of the delta formed at c. 10,700 yr BP. Detached forced-regression deposits as a result of partial preservation are associated with each downstepped 
shoreline. Note that the beaches formed at each stage are not in contact with each other because of partial preservation and are detached along strike as well as 
along dip. 

tributary initially forms a fluvially incised valley at its mouth 
(Fig. 4.33). Each distributary channel maintains its discharge 
until a landward-migrating knickpoint reaches a point of bifur- 
cation on the delta plain, whereupon one of the two incised 
distributaries is abandoned. The abandoned incised valley even- 
tually has the characteristics of a hanging valley relative to the 
still-active valley. The result of this process is to create a large 
number of small incised valleys across the exposed highstand 
coastal plain and delta plain. The end product is a single incised 
distributary valley that has captured the entire river discharge 
to form a main trunk valley. If the relative sea-level fall occurs 
in discrete steps separated by periods of short-lived sea-level 
stillstand or rise (as was the situation during the late Pleisto- 
cene), this process can be repeated several times during early 
lowstand systems tract time. The resulting valley pattern is that 
of numerous, small-scale incised valleys extending across the 
exposed shelf. Such dense networks of small incised valleys 

have been observed in places on shelves adjacent to river-dom- 
inated deltas (e.g., the Gulf of Mexico, Suter and Berryhill, 
1985) (Fig. 3.8) and the Mahakam delta area, offshore eastern 
Kalimantan, Indonesia (Fig. 3.5). On wave-dominated coasts, 
however, deltas contain fewer distributaries, with only one or 
two distributaries active at any one time. Therefore, a relative 
sea-level fall on a wave-dominated coast likely results in far 
fewer incised valleys (Fig. 4.34), as illustrated by the wave- 
dominated RhGne delta shelf, which exhibits only one major 
incised valley on the shelf (Fig. 4.35). In this way, the pattern 
of lowstand fluvial deposits can be, to a large extent, inherited 
from the morphology of the highstand coast. This inherited 
physiography can be a significant factor in evaluating lowstand 
deposits in deltaic settings. From a hydrocarbon perspective, 
prediction of the style of lowstand fluvial deposition along these 
lines can have significant impact on development of exploration 
play concepts as well as field exploitation schemes. 
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FIG. 4.30.-Mapped extent of an incised valley from the Edmonton Group, 
Alberta, Canada (from Ainsworth and Walker, 1994). The incised valley, as 
mapped, extends for approximately 50 km up depositional dip, dying out into 
an alluvial plain. Downdip the valley ends at the seaward limit of the highstand 
coastal plain. A reasonable explanation for the limited areal extent of the valley 
system could be that the incision was limited to a highstand coastal prism. 
(Compare with Fig. 3.23A). 

FIG. 4.31.--Outcrop photo of a mud-filled part of the incised valley shown 
in Fig. 4.30, south of Drumheller, Alberta, Canada. 

When tectonically induced landward tilting of the fluvial pro- 
file occurs, fluvial accommodation is added, and in this kind of 
setting, the effect of sea-level fall in the form of valley incision 
on downstream sections grades upstream to a stable profile and 
then farther upstream to fluvial aggradation (Fig. 4.24). This is 
common in foreland or half-graben basins, where fluvial pro- 
files are subjected to continued landward tilting. In these set- 
tings, thick wedges of fluvial sediment can be deposited co- 
evally with the formation, during periods of relative sea-level 
fall, of incised valleys closer to the shoreline. These up-system 
fluvial deposits overlie a conformable sequence boundary, and 
constitute the proximal lowstand systems tract (Fig. 4.24). Al- 
though it is clear that these types of fluvial stratigraphic patterns 

occur, more research is required to fully understand how fluvial 
systems respond over the long term to tectonically induced 
modifications of the longitudinal profile. Equally importantly, 
how does active tectonism interact with climate and relative 
sea-level change to influence fluvial aggradation in proximal 
parts of the system while incision and bypass occurs in distal 
parts of the system during the early lowstand? Do sequence 
boundaries expressed as unconformities associated with incised 
valleys in distal reaches of the fluvial system (e.g., McCarthy 
and Plint, 1998) have a recognizable expression in more prox- 
imal reaches of the fluvial system? 

In well logs and cores, the basal section of lowstand fluvial 
deposits commonly appears as massive, multistory, and gener- 
ally coarse-grained channel fills. Log profiles tend to be blocky 
or bell-shaped depending on the type of fluvial channel and the 
thickness of mud within the channel (Figs. 3.2,3.14,3.17,3.21, 
and 3.22; see discussion in this chapter and chapter 5). Com- 
monly, basal lowstand fluvial sediments exhibit a braided chan- 
nel pattern, even where subjacent highstand channels might 
have been meandering (Fig. 4.26). Cannibalization and active 
erosion of underlying sand-prone deposits such as highstand 
distributary channels and mouth bars can induce unstable chan- 
nel banks and enhance the proportion of sand in the fluvial 
sediment load, and lead to the development of a braided channel 
pattern. In addition, during active valley incision, the finer- 
grained sediments tend to pass through the system preferen- 
tially, leaving the winnowed coarser sediments to make up the 
basal part of the lowstand deposits. For these reasons, the grain 
size of the lowstand fluvial sediments is generally greater than 
that of the underlying highstand deposits. Examples of increase 
in grain size across nonmarine sequence boundaries have been 
described by Van Wagoner et al. (1990), Van Wagoner (1995), 
Legaretta et al. (1993), Shanley and McCabe (1993), Pulham 
(1994, 1995), Rahrnanian et al. (1995), and Allen et al. (1996) 
in a nonmarine intracratonic basin. Figure 4.36 illustrates an 
example of an abrupt increase in fluvial grain size across a 
sequence boundary in Paleocene sediments in Colombia. 

As the rate of relative sea-level rise accelerates during late 
lowstand, the rate of fluvial accommodation and hence, aggra- 
dation, also increases, though this effect may be restricted to 
the confines of incised valleys. This increased accommodation 
is due both to relative sea-level rise and to seaward shifting of 
fluvial equilibrium profiles (Fig. 2.15). The result commonly is 
a fluvial section grading upward into a more rapidly aggrading, 
mud-dominant, alluvial-plain section containing higher-sinu- 
osity river channels of the transgressive systems tract (Fig. 4.3). 
This vertical evolution is important for sandstone reservoir de- 
velopment because channel interconnectedness decreases up- 
ward, concomitantly with an increase in the sealing potential of 
the floodplain or estuarine shale (Figs. 4.37 and 4.38). This 
upward-decreasing sandmud ratio and decreasing channel 
amalgamation in the late lowstand also occurs in purely alluvial 
sequences (Legaretta et al., 1993). As the rate of new fluvial 
accommodation added increases (in the alluvial environment 
this commonly occurs in response to increasing subsidence 
rate), a greater proportion of muddy floodplain deposits are pre- 
served and the sandy channel fills become more isolated. Sev- 
eral authors (e.g., Allen, 1978; Leeder, 1978; Alexander and 
Leeder, 1987) have discussed these controls on fluvial 
stratigraphy. 
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FIG. 4.32.-3D block diagram of the sequence boundary at the base of the "Crystal" incised valley and over associated intefiuves, from the Viking Formation, 
Alberta, Canada. Note that the incised valley dies out landward and ends seaward in much the same way as the incised valley shown in Figure 4.30. Again, a 
reasonable explanation for the limited areal extent of this incised valley is that the significant incision was restricted to the limit of a highstand coastal prism 
(see Figs. 3.22A and 4.30). 

Tidal effects at river mouths can play a significant role in the 
degree of development of lowstand fluvial deposits. In general, 
where there is a large tidal amplitude (e.g., on macrotidal 
coasts), the tidal prism damps out fluvial floods at the landward 
limit of the coastal plain and impedes alluvial aggradation in 
the coastal-plain environment (Allen, 1991). Thus, the land- 
ward limit of tidal influence effectively defines the landward 
limit of the coastal plain. The coastal plain associated with the 
Gironde estuary (in this instance, the coastal plain comprises a 
narrow belt approximately upstream from the apex of the Gi- 
ronde estuary and less than 10 km wide on either side of the 
rivers feeding the Gironde) extends more than 100 km inland, 
equivalent to the maximum landward extent of tidal influence. 
Fluvial aggradation occurs only landward of this zone, even 
though the tide-dominated river mouth is actively migrating 
seaward (i.e., regression) within the estuary (Fig. 4.39; Allen 
and Posamentier, 1993). In contrast, on coasts where tidal 
ranges are low, fluvial floods can extend to the mouth of the 
river, thereby expanding the areal coverage of the alluvial plain 
at the expense of the coastal plain. Figure 4.39 illustrates a 
longitudinal section across the RhBne delta that has formed on 
a microtidal coastline. The distributary channels in this delta 
are flood-prone out to their mouths, resulting in substantial flu- 
vial aggradation almost all the way to the coastline. This tends 
to substantially decrease the areal coverage of the coastal plain 
relative to the alluvial plain. In this latter situation, which gen- 
erally characterizes microtidal coasts, the seaward migration of 

the fluvial profile in response to shoreline regression is much 
faster than on macrotidal coasts. Consequently, although fluvial 
accommodation is created by regressing shorelines in both ma- 
crotidal and microtidal settings, the rate at which rivers fill this 
accommodation tends to be significantly faster on microtidal 
coasts. 

In certain instances, lowstand fluvial deposits can be difficult 
to distinguish, particularly in well logs, from deltaic or fluvial 
channel fills deposited during regressive, late highstand systems 
tracts. When deeply incised valleys erode into highstand deltaic 
or fluvial deposits, it generally is easy to identify lowstand de- 
posits, particularly if they are coarser grained, or if there is a 
change in channel geometry or stacking pattern (Figs. 3.14 and 
4.36). As discussed in Chapter 5, however, it is important to 
note that not all blocky sandstone deposits are incised-valley or 
even lowstand fluvial deposits. Table 3.1 lists several criteria 
that can be used to identify lowstand fluvial deposits (for ad- 
ditional discussion, see Van Wagoner et al., 1990). The best 
recognition criteria are provided by a combination of core, well- 
log, and 3D seismic data, which can allow recognition of 
changes in fluvial stacking patterns (e.g., increase of channel 
stacking and multistory fills) (Figs. 3.14 and 4.26), or abrupt 
increase of grain size and changes in fluvial geomorphology 
(Fig. 4.36). Commonly, a sudden and regionally correlatable 
increase in channel stacking density is the best criterion for 
identification of lowstand fluvial deposits in alluvial settings 
(Fig. 3.14). 
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vial sand deposit. These deposits could be restricted to incised 
valleys of limited lateral extent (< 3 km wide) on the one ex- 
treme, or form widespread sand sheets on the other extreme (> 
50 km wide). 

If the incised valleys are of limited lateral extent (e.g., a few 
kilometers or less), the fluvial deposits can be excellent strati- 
graphic traps insofar as they can form sand-prone belts sealed 
by marine shale (Bowen et al., 1993). Direct seismic detection 
of sand-prone incised-valley fills can be difficult with conven- 
tional 2D seismic data because of seismic resolution limits. In 
nontectonic settings, incised-valley fills generally are restricted 
to a few tens of meters in thickness. In certain instances, they 
can be detected through mapping of seismic amplitude anom- 
alies (e.g., Anderson et al., 1989; Bowen et al. 1993). When 
there is sufficient impedance contrast between the valley-fill 
sand and the encasing mudstones and where seismic frequency 
content is sufficiently high, 3D seismic amplitude maps on in- 
dividual seismic reflections can be used to identify even small- 
scale incised-valley fills (Fig. 3.5). 
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FIG. 4.33.-Illustration of the effects of highstand coastal and delta-plain 
morphology on fluvial incision during early lowstand systems tract time. In the 
example shown, the highstand coast consists of a river-dominated delta with B) EARLY LOWSTAND RELATIVE SEA- 
numerous seaward-branching distributaries. As relative sea level falls, each LEVEL FALL 
distributary is incised and forms a valley. However, as the knickpoint migrates - - - - - - - - - 
upstream within each distributary and reaches a point of bifurcation, stream 
capture occurs, eventually resulting in the formation of a major trunk valley A-- 4 that captures most or all of the fluvial flow. INCISED VALLEY 

In the more distal Darts of the basin. where lowstand fluvial 
deposits overlie shelf mudstone, interpretation of lowstand flu- 
vial deposits is more straightforward (Fig. 4.17). In this setting, 
the most diagnostic criterion is the presence of an anomalous 
contact between fluvial sands or gavels and shelf mudstones 
(Figs. 3.2 and 3.17). In such a succession, the shoreface facies, I 
transitional between offshore shelf mudstones and alluvial de- 
posits, is regionally absent. This is the situation illustrated in 
Figure 3.26, where no underlying transitional shoreface or del- 
taic deposits are observed beneath either the fluvial or the co- 
eval alluvial-plain deposits. An analogous vertical relationship 
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can be observed in nonmarine environments, where fluvial low- FIG. 4.34.-Incised valleys on wave-dominated deltaic coasts. One or a few 

stand sandstones can abruptly lacustrine active distributary channels generally characterize these deltas. Therefore when 
they are subjected to a relative sea-level fall, only one incised valley is formed Such a 'Ontact is an sequence boundary' on the shelf, in contrast to river-dominated deltas, which are associated with 

In general, it is possible, On the basis a sing1e log numerous ancillarv incised distributaries in coniunction with a ~ r i n c i ~ a l  incised . ' 
or outcrop section, to infer the lateral extent of a lowstand flu- trunk valley (see Fig. 4.33). 
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Prospecting for incised-valley sandstone deposits also can 
benefit from an analysis of deep-seated structures (Weimer, 
1988). Deep-seated faults or lineaments can control the location 
of fluvial drainage patterns (Fig. 4.40) as well as the location 
of sweet spots within incised valleys (e.g., Weimer, 1988). Re- 
gional isopach mapping also can help to identify the most pro- 
spective areas for lowstand fluvial deposits; rivers tend to flow 
toward the lowest topography, where the most sand-prone areas 
on a sequence-bounding unconformity exist. These can be lo- 
cated by isopaching between the sequence boundary and an 
overlying paleohorizontal datum, such as a transgressive sur- 
face or a maximum flooding surface. The zones of thickest iso- 
pachs represent the paleo-topographic lows on an exposed un- 
conformity surface and therefore the areas of preferential and 
thickest fluvial deposition (Fig. 4.41). It is important to note 

FIG. 4.35.-Pleistocene incised shelf valley seaward of the Rh6ne delta that several of the aforementioned ways of predicting the pre- 
(southwestern France). The RhBne wave-dominated delta contains only one 
active distributary channel at a time; therefore, only a single incised valley was 
formed on the shelf during the late Pleistocene sea-level fall. This is in contrast 
with the river-dominated Mahakam lowstand delta, which contains numerous 
incised distributaries (see Fig. 3.5). 
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FIG. 4.36.Sedimentary facies in Paleocene lowstand fluvial deposits in 
Colombia. The lower part of the core consists of shaly highstand coastal-plain 
sediments. These are erosionally overlain by an unconformable sequence 
boundary and coarse lowstand fluvial sand and gravel. These sands were de- 
posited in bedload-dominant, low-sinuosity rivers, and are much coarser than 
those of the underlying, more sinuous highstand coastal-plain channels. The 
transgressive surface can be observed in the core as a bioturbated coastal-plain 
mud deposit overlying unbioturbated channel-fill mudstone. In well logs, how- 
ever, this surface would be very difficult to identify. Note the upward-increas- 
ing proportion of shale in the transgressive systems tract. 
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FIG. 4.37.-Log example of the upward-decreasing sand-to-mud ratio above 
a sequence boundary. The thick channel fills that overlie the sequence bound- 
aries are interpreted as incised fluvial channels. These are overlain by coastal- 
plain channels and nearshore-marine sand deposits. Note the thick section of 
shale on either side of the interpreted maximum flooding surface. This shale 
unit is widespread, readily mappable, and forms an effective regional seal. 
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RG. 4.38.-Example of a subsurface Miocene fluvial incised-valley fill in Louisiana (from Van Wagoner et al., 1990). The base of the valley consists of a 
fluvially incised unconformable sequence boundary, whereas the interfluves adjacent to the valley form a non-incised unconformable sequence boundary. The 
interfluve sequence boundary is merged with the transgressive surface and is overlain by transgressive shelf mudstone. Note the clean sand at the base of the 
valley, which probably consists of lowstand fluvial deposits, and the increasingly muddy and upward-fining estuarine succession that constitutes the transgressive 
systems tract. The position of the transgressive surface, which would separate fluvial from marine-influenced deposits (i.e., estuarine) is difficult to determine 
with precision in the absence of conventional core data. 

ferred location of lowstand fluvial sweet spots, including fault 
mapping, regional isopach mapping, and mapping of the effects 
of differential compaction, apply also to non-incised fluvial de- 
posits. What makes these criteria appealing from an exploration 
perspective is that when these criteria are used in an otherwise 
mudstone-rich environment, such as a shelf, it enhances the 
possibility of encountering lowstand reservoir-prone deposits 
encased in mudstone (i.e., potential source and seal). 

In the absence of significant fluvial incision, lowstand fluvial 
deposits can form widespread sandstone sheets. Widespread 
fluvial sand deposits also can form when the late lowstand per- 
sists for a long time and fluvial aggradation spills out onto the 
valley interfluves. These sheets can be correlated over several 
tens or hundreds of kilometers (Figs. 3.9, 4.25, and 4.26). Al- 
though these deposits generally form excellent reservoirs (e.g., 
Pulham 1994, 1995), in contrast to the more laterally limited 
incised-valley reservoirs, they are less likely to have a strati- 
graphic trapping component and therefore require four-way 
structural dip closure. Amalgamated fluvial channel sandstone 
sheets also can form in the absence of a relative sea-level fall, 
such as in areas of continued landward tectonic tilting or on 
tectonically quiescent margins when the rate of relative sea- 
level rise or subsidence slows. In many instances, therefore, it 
can be very difficult to differentiate between non-incised low- 
stand fluvial deposits and non-lowstand amalgamated fluvial- 
channel fills. In addition, fluvial aggradation and channel amal- 
gamation can occur in the late highstand, making it difficult to 
separate these deposits from non-incised lowstand fluvial de- 
posits, unless there is a notable change in grain size or channel 
pattern (e.g., from meandering to braided channels). 

When the rate of relative sea-level rise is greater than the rate 
of sediment supply, the shoreline begins to be transgressed and 
the transgressive systems tract accumulates over the fluvial low- 
stand section. In most instances, the transgressive deposits com- 
prise mud-rich estuarine or lagoonal sediments and, if only 
well-log data are available, it is commonly difficult to identify 
the transgressive surface (i.e., the contact between the lowstand 
and the transgressive systems tract deposits). In general, cores 
are required to distinguish between transgressive coastal-plain 
deposits and underlying aggrading late-lowstand fluvial depos- 
its. This point will be discussed in more detail below. 

In summary, identification of sequence boundaries in alluvial 
settings can be difficult with limited data sets. Clearly, the ideal 
approach is interdisciplinary, integrating perspectives from in- 
dividual as well as regionally distributed well logs, sedimen- 
tologic observations, pedologic observations, seismic data, and 
geochemical data. McCarthy and Plint (1998) illustrate very 
well the integration of paleosol analysis with geological obser- 
vations in the study of continental sequence boundaries in the 
Dunvegan Formation of the Western Canadian Sedimentarv Ba- .+ 

sin. In this example, the key observations are the recognition 
of anomalously well-developed paleosols that define interlluve 
settings. 

Shoreface and She2f Deposits 

In this section we describe the sediments deposited seaward 
of the highstand shoreline regressive limit. These deposits over- 
lie the sequence boundary, which is characterized by a correl- 
ative conformity and a downlap surface for these lowstand pro- 
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FIG. 4.39.-Topographic profiles 
across the RhBne delta and the Gironde 
estuarine delta. In the microtidal RhBne 
delta (A), fluvial floods affect the entire 
distributary channel out to the delta front, 
thereby causing the levees and adjacent 
delta plain to aggrade, as illustrated in the 
topographic map of the RhBne delta 
plain. This fluvial aggradation has raised 
the alluvial profile across the delta plain 
so as to maintain a slope for the river to 
flow across the delta. In the macrotidal 
Gironde estuary (B) however, fluvial 
floods are damped by the large (6 m) tidal 
range, and the flood surges, which attain 
ten meters in the Garonne River, dissipate 
in the tidal estuary. Therefore no fluvial 
aggradation occurs in the tide-dominated 
estuarine delta, which forms a coastal 
plain at sea (tide) level, in contrast to the 
RhBne delta plain, which has aggraded 
above sea level. The bayline (i.e., the 
boundary between coastal plain and al- 
luvial plain) lies farther seaward in the 
RhBne than in the Gironde. 

TABLE 4.1.-USEFULNESS OF VARIOUS TYPES OF GEOLOGIC DATA IN THE RECOGNITION OF FORCED REGRESSION. 

Criterion Outcrop Core Well Log Seismic 

Presence of a significant zone of separation between highstand and lowstand shorefacetdelta-front deposits Good Fair Fair Fair 
Sharp-based shorefacetdelta-front deposits Good Good Good Poor 
Progressively shallower clinoforms going from proximal to distal Good Poor Poor Good 
Presence of long-distance regression Fair Poor Poor Good 
Absence of alluvial andlor coastal plainrdelta plain capping the proximal part of regressive deposits Good Good Fair Poor 
Presence of seaward-dipping surface at top of regressive succession Fair Poor Fair Good 
Increased mean grain size within regressive units, going from proximal to distal Good Good Fair Poor 
Presence of foreshortened shallowing-upward regressive successions Good Good Poor Poor 

grading coastal sediments (see discussion in Chapter 3). As 
noted earlier, these lowstand deposits on the shelf can be sub- 
divided into an early and a late lowstand systems tract. Under 
certain circumstances, higher-order sequence boundaries can be 
present at the tops of the early lowstand deposits (see Chapter 
2). Where sea-level fall exposes a shelf across which there is 
shoreline regression, forced regression is said to occur there. 
When sea-level fall ends, and stillstand and slow sea-level rise 

resumes, normal regression in the late lowstand can occur, de- 
pending upon the ratio of sediment flux to rate of new accom- 
modation added. 

In nonmarine settings, prograding lowstand shoreface de- 
posits also can occur, in the form of lacustrine deltas. A fall in 
lake level causes a fall in base level for rivers emptying into 
the lake and consequently results in fluvial incision. Several 
authors (Legaretta et al. 1993; Dam and Surlyk, 1993; Allen et 



CHAPTER 4: FACIES AND LOG EXPRESSION OF SYSTEMS TRACTS 129 

FIG. 4.40.-Seismic horizon slice offshore Matagorda Island, Gulf of Mexico, illustrating the influence of faulting on an alluvial channel approximately 125 
m wide. Landward is to the upper right of the display. Two high-angle normal faults are present here, expressed as linear steps trending from the upper left to 
the lower right of this horizon slice. The channel is deflected by the more extensive of the two faults for a distance of approximately 1.5 km. However, the 
channel tracks along the edge of the upthrown block. This suggests that, at the time the channel was active, the fault probably had not yet broken through at 
this level, but rather was expressed as a sag at the surface. This sag was of sufficient magnitude to control the location of the channel for a short distance. Had 
the fault had surface expression at this time, the channel would likely have been located along the downthrown block. The less extensive fault apparently had 
no effect on the position of the channel, as evidenced by the fact that the channel cut directly across the fault with no obvious change of course. (After Dom et 
al., 1993.) 

of relative sea level (and therefore base level for fluvial sys- 
tems) generally results in fluvial rejuvenation and valley inci- 
sion, at least across the coastal prism, as discussed previously. 
When this occurs, the exposed highstand alluvial and coastal 
plains become zones of sedimentary bypass and an unconfor- 
mity surface forms. As the rivers incise their substrate, the sed- 
iment load, sediment grain size, and sand-to-mud ratio of the 
river increase. The fluvial sediment is transported directly to 
the mouths of the incising rivers, with little or no deposition 

B, Maximum 
within the alluvial or coastal plain, as long as fluvial base level 

Flooding is falling. 
The interaction between variability of sediment flux at the 

river mouths, coastal environmental energy, and shelf physi- 

A Sequence Boundary 
ography determines the architecture and stratal patterns of the 
early lowstand deposits. However, it is the variability of sedi- 
ment flux that tends to dominate. If there is a continuous and 
relatively high influx of fluvial sediment to the coastline during 

Maximum Thickness falling relative sea level, a seaward- and downward-stepping 
FIG. 4.41 .-Schematic depiction of the deposition of lowstand clustered flu- Over 

vial channel deposits preferentially. within the deepest part of an asymmetric mud (Fig. 4.42A). Early-lowstand coastal sediments accumu- 
half graben. late as continuous shoreface or mouth-bar sand deposits while 

the shoreline is forced seaward and downward on the shelf 
al., 1996) have described lowstand shoreface or deltaic deposits (Figs. 4.15, 4.42, and 4.43). Such early-lowstand deposits, 
in lacustrine settings. which are "attached" to the preceding highstand deposits (Fig. 

4.42), are associated with the forced-regression process (see 
Early Lowstand.- discussion in Chapter 2). 
The early phase of the lowstand systems tract begins to de- As discussed in-chapter 2, when there is a continuous supply 

velop at the onset of relative sea-level fall. Continued lowering of sediment to the coast during the early lowstand, a correlative 
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FIG. 4.42.-Illustration of the effects of continuous and discontinuous sediment supply during a relative sea-level fall on the shelf. A) When sediment supply 
is continuous, the shoreface progrades at the same time that relative sea level is falling and lowstand coastal sand deposits are commonly in dip continuity with 
highstand coastal sand deposits (i.e., they are "attached"). When this happens, it can be difficult to identify and locate the master sequence boundary, or even to 
detect the presence of a lowstand systems tract (compare with Fig. 4.53). B) When sediment supply to the coast is discontinuous during relative sea-level fall, 
isolated, or "detached" lowstand coastal sand deposits can accumulate across the shelf. These fom isolated sand units embedded in shelf mudstones and furnish 
excellent reservoir prospects and stratigraphic traps. Examples of both types of shelf lowstand deposit have been described (see discussion in text and Ainsworth 
and Pattison, 1994). 

conformity marks the expression of the master sequence bound- 
ary below these early-lowstand deposits. At the same time an 
unconformity surface forms above these deposits, and extends 
seaward as relative sea level continues to fall. This unconfor- 
mity merges updip with the master sequence boundary uncon- 
formity that forms at the onset of relative sea-level fall (Fig. 
2.31). Figure 4.15 illustrates the effect of episodic downward 
shifts of relative sea level during progradation of a Late Pleis- 
tocene lowstand delta on the RhBne shelf. These relative sea- 
level falls are manifested as downward shifts of the prograding 
shoreface, forming higher-order sequence boundaries and 
unconformities. 

For the reasons discussed in Chapter 2, these unconformity 
surfaces formed during falling relative sea level do not consti- 
tute the master sequence boundary, but rather should be con- 
sidered as higher-order sequence boundaries and unconformi- 
ties, even though they are physically attached to the master 
sequence boundary. Although this distinction is conceptually 
important, it is clear that when dealing with limited geological 
data it will not be possible to distinguish the master sequence 
boundary from higher-order sequence boundaries. 

Attached shelf lowstand deposits have been discussed by 
Plint (1988), Posamentier et al. (1992b), and Nurnmedal et al. 
(1993) and documented on modem shelves by several authors 
(Tesson et al., 1993; Debec and Allen, 1995; Roberts and Sy- 
dow, 1996; Suiter, 1996) (Fig. 4.43). These types of lowstand 
coastal deposits are exceedingly difficult to identify in the an- 
cient stratigraphic record, because without extensive regional 
data it is difficult to differentiate early- or late-lowstand pro- 
grading deposits from highstand prograding deposits. Perhaps 
the best evidence is merely circumstantial, that is, that espe- 

cially long-distance shoreline regression and progradation is fa- 
cilitated by falling relative sea level (see discussion below on 
forced regression). Thus, the episodes of rapid coastal progra- 
dation that are commonly observed in many shelf settings are 
candidates for attached lowstand deposits (Fig. 4.43,4.44, and 
4.45). 

If sediment supply to the coast during falling relative sea 
level is intermittent, early lowstand deposits accumulate as iso- 
lated belts of coastal sand, downstepping in discrete increments 
seaward across the shelf (Fig. 4.42). These "detached" lowstand 
coastal sand deposits have been described on modem shelves 
(Fig. 4.46) and in the ancient stratigraphic record (Plint et al., 
1987; Plint, 1988; Posamentier and Chamberlain, 1989, 1993; 
Bhattacharya and Walker, 1992; Pattison and Walker, 1994) 
(Fig. 4.47). In both instances (i.e., attached and detached low- 
stand deposits), however, the regional stratigraphic pattern of 
the early lowstand is that of a rapid basinward shift of the shore- 
line. Internally, both attached and detached lowstand types of 
lowstand coastal sand deposits commonly exhibit a "shingled" 
or clinoform architecture, typical of prograding coastal sand 
bodies, and generally form upward-coarsening log patterns 
(Fig. 4.7). Both attached and detached lowstand deposits form 
after sea level has fallen so as to expose a highstand shelf. The 
entire lowstand (both early and late) is characterized by sedi- 
mentation below the level of the preceding highstand coastal- 
plain shoreface, hence the term "lowstand" to describe these 
deposits. Lowstand, therefore, alludes to the lowered position 
of relative sea level during deposition of these systems tracts. 

After transgression, lowstand sandstone deposits can form 
isolated, or detached, sand units encased within shelf mudstones 
(Figs. 3.47, 4.7 and 4.46). Before the popularization of se- 
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FIG. 4.43.-Line drawing (top) and stratigraphic interpretation (bottom) of a high-resolution seismic dip section in the Mahakarn delta (modified from Roberts 
and Sydow, 1996). The prograding clinoforms beneath the modem (highstand) delta represent the late Pleistocene lowstand delta that prograded to the edge of 
the shelf and was subsequently transgressed during the Holocene sea-level rise. Note the downward-stepping geometry of the clinoforms; this indicates that delta 
progradation occurred during relative sea-level fall, making it part of the early lowstand systems tract. This apparent attached progradation during sea-level fall 
has resulted in dip continuity between highstand and lowstand deltaic sands (see discussion in Chapter 2 and Figs. 4.42 and 4.53). The master sequence boundary 
in this instance is expressed as a correlative conformity located beneath the early lowstand delta, which, in turn, is overlain by an unconformity and incised 
distributary channels associated with higher-frequency sequence boundaries punctuating the period of relative sea-level fall (Fig. 4.33). The transgressive systems 
tract consists of carbonate shoals, onto which the prodelta muds of the modem highstand delta presently downlap. 
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RG. 4.44.-A) Example of a rapidly prograding sandy shoreface in the Cretaceous Dunvegan Formation, Alberta, Canada (from Bhattacharya and Walker, 
1992). Such a rapid and extensive progradation of coastal deposits across the shelf without any appreciable aggradation is typical of early lowstand deposits 
with continuous sediment supply. B) A cross section consisting of the cored wells shown in A. A basinward and downward shift in coastal onlap and lithofacies 
is clearly illustrated. This suggests the occurrence of a relative sea-level fall during progradation; however, because sediment supply to the coast was continuous, 
the lowstand deposits are "attached" (i.e., there is dip continuity between the highstand and lowstand sand deposits). 



HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

e TF 
-TENS OF KILOMETERS + - 

- -- SGRESSIVE CAR- 

KEYSURFACES 

SB MASTER SEQUENCE BOUNDARY 

MFS MAXIMUM FLOODING SURFACE 

HSB HIGHERORDER SEQUENCE BOUNDARY - UNCONFORMllY 

INCISED VALLEY 

SYSTEM TRACTS 

HST HIGHSTAND 

ELST EARLY LOWSTAND 

LLST LATE LOWSTAND 

TST TRANSGRESSIVE 

quence stratigraphic concepts, these deposits commonly were 
interpreted as isolated mid-shelf "offshore" bars (Tillman and 
Martinsen, 1984; Plint, 1988). 

The distinction between attached and detached lowstand 
shelf sandstone deposits is significant for hydrocarbon explo- 
ration and field-development studies from the perspective of 
reservoir compartmentalization and stratal architecture. In the 
case of continuous sediment supply during falling relative sea 
level, highstand shoreface deposits commonly tend to be in 
physical continuity with, and attached to, the downward-step- 
ping lowstand shoreface deposits that extend across the shelf 
(Fig. 4.42) (Rosenthal 1988; Smith et al. 1989; Nummedal et 
a1 1993; Hadley and Elliott, 1993; Ainsworth and Pattison, 
1994). These comprise the attached, lowstand forced-regression 
deposits of Ainsworth and Pattison (1994). Studies by Roberts 
and Sydow (1996) on the shelf offshore of the Mahakam delta, 
Borneo, suggest that this situation can be common in deltaic 
coastal systems. These deposits, comprising amalgamated high- 
stand and downwardlseaward-stepping, early lowstand depos- 
its, tend to be characterized by widespread sand distribution on 
the shelf. The deposits on the shelf generally form upward- 
coarsening sand units that abruptly or gradationally overlie 
shelf mudstones. Because of the amalgamation and physical 
continuity of the highstand and lowstand systems tracts, it can 
be difficult to identify the master sequence boundary in sub- 
surface data (Fig. 4.43). When this occurs, the most recogniz- 
able key surfaces are the transgressive surface and the maxi- 
mum flooding surface. The resulting sequence architecture 
mimics that of vertically stacked, regressive-transgressiveunits 
without a distinction between highstand regressive units and 
downstepping lowstand regressive units (Fig. 2.22). 

Detached, lowstand sand deposits that are isolated within 
shelf (or lacustrine) mudstone can form separate reservoir com- 

FIG. 4.45.4chematic illustra- 
tion of Pleistocene sequence stack- 
ing patterns on the Mahakam delta 
shelf, based on high-resolution seis- 
mic profiling and 3D seismic data 
(see Figs. 3.5 and 4.43). Delta pro- 
gradation was continuous during 
relative sea-level fall, so that the 
sand deposits of the highstand and 
early lowstand systems tracts are at- 
tached; an unconformity separates 
the early and late lowstand phases. 
The most obvious discontinuities in 
this type of sequence pattern are the 
maximum flooding surfaces and the 
unconformities between the early 
and late lowstand. Although these 
unconformities do not constitute the 
master sequence boundaries, which 
separate the highstand from the 
lowstand systems tracts, they none- 

.theless would probably be identi- 
fied as such in subsurface data (see 
discussion in text). (From Allen and 
Chambers, 1998.) 

partments and effective individual stratigraphic traps (Fig. 
4.42B). In many cases, however, there is a problem of updip 
seal, inasmuch as thin transgressive sand deposits or sandy in- 
cised-valley fills can occur on the sequence boundary updip of 
the lowstand sand. Figure 4.48 illustrates an example of de- 
tached, lowstand shoreface deposits on a wide shelf in the Cre- 
taceous Cardium Formation of Alberta, Canada. Although the 
lowstand coastal sandstones are detached from the highstand 
sandstones, reservoir continuity could exist between the low- 
stand and highstand sandstones through the fluvial sand-filled 
incised-valley system that extends between the highstand and 
lowstand deposits. This example illustrates one of the difficul- 
ties of obtaining an efficient stratigraphic seal by updip onlap 
of lowstand deposits, insofar as there can be updip sand con- 
tinuity either through incised-valley fills or through transgres- 
sive shelf sand deposits overlying the sequence boundary.- 

The documented modem and ancient examples of detached 
lowstand sand deposits seem to be primarily from wave-dom- 
inated settings, for example the Viking Formation, Alberta, 
Canada (Downing and Walker, 1988; Plint, 1988; Pattison, 
1991; Posamentier and Chamberlain, 1989, 1993; Posamentier 
et al., 1992b), the Cardium Formation, Alberta, Canada (Plint 
et al., 1987; Plint, 1988), and the Upper Cretaceous Dunvegan 
Formation, Alberta, Canada (Bhattacharya and Walker, 1992). 
In recent deposits, they have been observed on the Rh6ne delta 
shelf (Tesson et al., 1990; Tesson et al., 1993) (Fig. 4.46). With 
the exception of the Dunvegan Formation, the detached low- 
stand deposits in each of these examples are associated with 
wave-dominated shelves and do not appear to be near active 
delta systems. The apparent detachment of lowstand units could 
have been related to shifts in regional wind or wave patterns. 
Such shifts could have caused longshore sediment transport 
along the coast to occur intermittently so that at any one coastal 
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FIG. 4.46.-Detached Pleistocene lowstand complex on the RhBne shelf, southeastern France. These deposits comprise a wedge of wave-dominated deltaic 
shoreface sediments that onlap onto a shelf unconformity. This wedge consists of four separate high-frequency stratigraphic units. The master sequence boundary 
lies at the base of this wedge complex. On the landward side of this profile the distal modem highstand RhBne delta can be observed, encroaching onto the 
middle shelf. Note also the presence of numerous synsedimentary faults and slumps on the outer shelf and slope. (From Tesson et al., 1993.) 

location there could have occurred periods of virtually no sed- 
iment flux during relative sea-level fall. 

Lowstand coastal sand deposits in high-wave-energy settings 
commonly can be identified by the presence of a wave-eroded 
surface at the base of the sandstone. An example of lowstand 
shoreface sandstone is illustrated schematically in Chapter 2, 
Figure 2.21. In this example, based on observations from the 
Cretaceous Cardium Formation, Alberta, Canada, the lowstand 
shorefaces exhibit a "normal" upward-shallowing and upward- 
coarsening section. However, the base of the sandstone is 
marked by a sharp erosional contact with offshore marine mud- 
stones, suggesting erosion by falling wave base during falling 
relative sea level (Plint, 1988). Figures 3.45 and 3.46 illustrate 
other examples of lowstand shoreface deposits in the Creta- 
ceous Dunvegan Formation in northeastern British Columbia, 
Canada (Plint, 1998; Plint and Bhattacharya, 1991), and the 
Cretaceous Mesaverde Group in Colorado, U.S.A. (Hadley and 

Elliott, 1993). In these well-documented outcrop examples, in- 
terpreted lowstand shoreface deposits exhibit an erosional base 
with significant local relief (up to 1 m). Similar erosional-based 
lacustrine shoreface deposits have been described and inter- 
preted as lowstand deposits formed as a result of falling lacus- 
trine water level (Dam and Surlyk, 1993). These lacustrine de- 
posits exhibit the same facies and stratigraphic attributes as 
comparable deposits in a marine shelf setting. Although rela- 
tively few sequence stratigraphic analyses have been carried out 
in lacustrine environments, these and other examples clearly 
indicate that there is a great degree of similarity in stratal ge- 
ometries between lacustrine and marine shelf deposits. 

Erosion due to wave-base lowering results in the reequili- 
bration of the shelf profile (Thorne and Swift, 1991). This ero- 
sion surface is then the submarine expression of the sequence 
boundary situated below the early lowstand deposits and has 
been referred to as a regressive suface of erosion. Seaward of 
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FIG. 4.47.-Regional map of isolated 
lowstand shoreface deposits of the Cre- 
taceous Viking formation in Alberta, 
Canada. These relatively narrow linear 
sandstone units formed during a period of 
successive relative sea-level falls. (From 
Pattison, 1991.) 
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FIG. 4.48.-Example of lowstand shoreface deposits in the Cretaceous Cardium Formation (Alberta, Canada) (from Bhattacharya, 1993). These lowstand 
shoreface sandstones were formed during brief episodes of relative sea-level fall on a low-gradient shelf in a foreland ramp-basin margin. Two sequences are 
shown. The sands of the lowstand systems tract of Sequence B are "detached" from those of the preceding highstand (Highstand A in the section). Though 
largely isolated within shelf mudstones, these lowstand sands are overlain by a thin transgressive sand deposit (Transgressive lag 1 in the section) that extends 
beyond the updip limit of the detacfied lowstand sand body. Updip hydrocarbon leakage could occur through this sand, thereby impeding stratigraphic trapping 
within the lowstand sand unit even though it can be characterized as a "detached lowstand deposit. In contrast, the lowstand sands of the upper sequence 
(Sequence C) are in physical continuity with the sands of the preceding highstand shoreface, limiting the stratigraphic trapping potential of the lowstand sands 
of Sequence C. However, because the lowstand sands constitute a separate stratigraphic unit from the sands of the highstand systems tract, stratigraphic 
compartmentalization of the sands would nonetheless be a strong possibility, with baffles if not barriers to flow separating the two units. 
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FIG. 4.49.-Schematic depiction of 
stratigraphic criteria for the recognition 
of forced regression. A) The presence of 
a zone of sedimentary bypass between a 
wedge of basinally isolated nearshore 
marine sediments and immediately pre- 
ceding highstand nearshore marine sedi- 
ments. B) The presence of sharp-based 
shoreface and/or delta-front deposits. C )  
The presence of progressively lower-re- 
lief clinoforms going from proximal to 
distal. D) The absence of fluvial and/or 
coastal-plain or delta-plain facies capping 
the proximal part of regressive deposits. 
E) The presence of a seaward-dipping up- 
per bounding surface atop a mid- to 
outer-shelf progradational unit, where the 
dip exceeds that which would be reason- 
ably expected in a nonmarine environ- 
ment. F) The presence of a foreshortened 
stratigraphic section such that the paleo- 
bathymetric change from the base to the 
top of a stratigraphic section is signifi- 
cantly less than the section thickness. 

this zone, the sequence boundary is a conformable non-ero- tect in outcrops or cores unless they are correlated into the area 
sional surface (i.e., the correlative conformity) that generally as time lines from the correlative unconfonnity surfaces (see 
lies at a mudstone-on-mudstone contact (Figures 2.21 and discussion in Chapter 3). In certain instances, however, the 
3.47). In most instances, these distal and non-erosional, con- basal erosion surface can extend a significant distance seaward, 
formable sequence-boundary surfaces are very difficult to de- as suggested by the observations of Hadley and Elliott (1993) 
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(Fig. 3.46). In any event, the presence of sharp-based shoreface 
sediments, indicative of the presence of forced-regression de- 
posits, does not address the question of whether these sediments 
are attached or detached, early-lowstand deposits. Only map- 
ping of the inferred lowstand deposits can address this issue. 

As discussed above, the facies and well-log patterns observed 
within early lowstand coastal deposits in wave-dominated en- 
vironments can vary from sharp-based and blocky in proximal 
settings to gradationally based and coarsening-upward in more 
distal settings (Figs. 2.21, 3.46, and 3.47). The sharp-based log 
pattern can resemble a channel-fill sandstone on well logs and 
could be mistaken for incised-valley fill or, simply, channel-fill 
deposits on the shelf. The most reliable means for determining 
the precise origin of these deposits is to examine cores. In the 
absence of cores, detailed well-log correlations and electrofa- 
cies mapping can provide insights into the depositional envi- 
ronment and the determination that these sharp-based deposits 
are indeed shoreface sediments. Commonly, channel deposits 
tend to be oriented normal to regional shoreline trends whereas 
lowstand shoreface deposits are more widespread and parallel 
to the shoreline. 

at any given locality. Some of these criteria involve directly 
observable evidence, whereas other criteria involve de facto 
evidence, or evidence by omission. Each of these criteria, how- 
ever, should be an indication of the possibility of the presence 
of forced-regression deposits, and should lead to the search for 
other converging lines of evidence. Table 4.1 summarizes the 
usefulness of various types of geologic data in recognizing each 
of the following criteria (Posamentier and Moms, 2000). 

1) The presence of a zone of separation between shoreface 
deposits located on basin margins and shoreface deposits lo- 
cated farther seaward (Fig. 4.49A). This relationship is indic- 
ative of a zone of sedimentary bypass that has produced basin- 
isolated sandstone deposits that are typical of detached 
forced-regression deposits. An example of such a zone of sed- 
imentary bypass between highstand and lowstand deposits is 
shown in Figure 3.26. The lowstand deposits pinch out in the 
landward direction, causing them to be detached from the mod- 
em Rh8ne delta. It should be noted that where there exists high 
shelf energy in the form of waves and currents, vigorous trans- 
gressive erosion can accentuate the isolation of earlier-depos- 
sed  lowstand sediments. 

Recognition Criteria for Forced-Regression Deposits of the Another example of sedimentary bypass inferred to have 
Earl)] Lowstand Sj~stems Tract.- been associated with forced regression is the C Member of the - 

Distinguishing forced-regression deposits from normal re- Kuparuk Formation, North Slope, Alaska (Figure 4.50). These 
gressive deposits can be difficult, especially where available deposits are interpreted to overlie a ravinement surface asso- 
data sets are only small "windows on the world". Most com- ciated with a regional transgressive event. This surface also is 
monly, of the criteria listed below (some of which are shown a major unconformity with several million years of section ab- 
schematically in Fig. 4.49), only a subset of this list is observed sent because of erosion associated with falling relative sea level 
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FIG. 4.50.-Photo of core illustrating the contact between the Kuparuk B 
and Kuparuk C Members of the Kuparuk River Formation, North Slope, 
Alaska. This surface is a regional unconformity across which there exists a 
hiatus of several million years. This contact is inferred to have formed as a 
subaerial erosion surface during times of relative sea-level lowstand that was 
subsequently modified by transgressive erosion, forming a ravinement surface. 
The ravinement surface is characterized by a GlossifunRites ichnofacies (note 
the Skolithos burrow hanging from the ravinement surface on the left side of 
the core). The Kuparuk B Member is expressed in this area as a lower-shoreface 
to offshore silty sandstone, whereas the overlying Kuparuk C Member is ex- 
pressed here as a transgressive lag deposit associated with the passage of a 
shoreface environment. 

Uniform 
Sediment Slowed regression 

Relative Sea 

0 Subaerial fill 

and subsequent sea-level lowstand. We infer that this erosion 
was largely subaerial, judging by its regional extent and the fact 
that hundreds of meters of section were removed at this surface. 
Thus, these conclusions, coupled with the interpretation of 
transgression across the surface shown in Figure 4.50, lead us 
to infer that a shoreline and associated shoreface deposits must 
have existed seaward of this location, being deposited as a re- 
sponse to major relative sea-level fall (probably tectonically 
driven), which therefore existed as a detached or isolated 
forced-regression deposit. 

2) The occurrence of long-distance regression across a shelf. 
With increased distance of regression during periods of relative 
sea-level stillstands or slow rise, progressively more sediment 
is required to fill the ever-expanding space across an ever-deep- 
ening shelf (Fig 4.51). Eventually, the rate of regression un- 
doubtedly slows and ultimately gives way to transgression (P. 
McCabe and K. Shanley, personal communication, 1994). The 
optimal way to ensure long-distance regression in the face of 
ever-deepening water in the offshore direction is to lower rela- 
tive sea level, thus decreasing the space (i.e., accommodation) 
that sediments need to fill in order to continue the regression. 
However, merely observing long-distance regression is alone 
insufficient evidence in that it is circumstantial. Nonetheless, 
this observation should at least raise the awareness of forced 
regression as a possible working hypothesis to be tested. 

3) The presence of sharp-based shoreface or delta-front de- 
posits (Figs. 3.44,3.46, 3.48, and 4.49B). This sharp-based ex- 
pression is indicative of a missing transitional facies. The ab- 
sence of this transitional facies is associated with erosion in 
response to lowering of wave base as relative sea level falls 
(Plint, 1988). It is not clear, however, how widespread this 
sharp-based attribute is relative to a forced-regression wedge. 
In a study of forced-regression deposits based on cores and well 
logs, it has been noted that the extent to which forced-regression 
deposits have a sharp base is limited to only the proximal-most 
2-4 krn of the detached forced-regression wedge (Fig. 3.47; 
Posamentier and Chamberlain, 1993). However, the extent of 
this sharp-based character may be significantly greater for more 

Subaqueous fill Increasing water depth 
(i.e., increasing subaqueous 
accommodationl 

FIG. 4.51.-Schematic illustration of sediment-supply limitations on long-distance "normal" regression. The volume of subaerial accommodation increases as 
the shoreline and associated alluvial equilibrium profiles migrate seaward. Similarly, subaqueous accommodation increases as progradation into progressively 
deeper shelf waters occurs. In response to the ever-increasing rate of new accommodation added and assuming constant sediment flux, the rate of regression 
ultimately slows, making long-distance regression difficult; the ratio of sediment supply to accommodation progressively decreases. 
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FIG. 4.52.-Two measured sections from the Campanian Panther Tongue Member of the Star Point Formation, Wasatch Plateau, Utah. These measured sections 
are c. 35 km apart along dip and at both locations the Panther Tongue is characterized by clinoform geometry. The clinoforms at the Gentile Wash section near 
Helper, Utah, are c. 15 m (47 feet) high, whereas the clinoforms at the North Huntington Canyon, Utah, section, c. 35 km downdip, are c. 10 m (34 feet) high. 
This example illustrates the criterion for recognition of forced regression illustrated in Figure 4.49C. 

extensive forced-regression wedges (the forced-regression 
wedge documented by Posamentier and Chamberlain, 1993, is 
only c. 20 krn wide). 

4) The presence of progressively lower-relief clinofoms in a 
seaward direction (Figs. 2.49C and 4.52). Typically, the shelf 
is characterized by a seaward-sloping profile. Consequently, 
with stable or slowly rising relative sea level, prograding near- 
shore deposits (i.e., associated with normal regression) pro- 
gressively build into ever-deeper water, which, all else being 
equal, results in progressively higher-relief clinoforms. Thus, if 
progressively lower-relief clinoforms are observed in a seaward 

direction, it implies that the progradational depositional system 
is building into progressively shallower water (Fig. 4.52). 

5) The absence of JIuvial andor coastal plaiddelta plain 
facies capping the proximal part of regressive deposits (Figs. 
3.51 and 4.49D). During periods of sea-level stillstand or slow 
rise, normal regression commonly is associated with progres- 
sive aggradation of fluvial andlor coastal-plain and delta-plain 
facies in proximal areas. This occurs in response to subaerial 
accommodation that develops in association with normal re- 
gression, as discussed earlier. The surface atop the regressive 
deposits must develop a gradient so as to maintain the flow of 
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FIG. 4.53.-Shallow-penetration seismic reflection profile offshore Lagniappe Delta (Mississippi Delta complex), Gulf of Mexico (from Kolla et al., 2000). 
On the left side of the profile there exists an apparently smooth-topped forced-regression wedge whose top bounding surface dips seaward. This is in contrast 
to the progradational unit on the right side of the profile, whose top bounding surface appears horizontal. This latter unit appears downstepped relative to the 
stratigraphic unit on the left side of the profile and is inferred to have been deposited during a relative sea-level stillstand. This example illustrates the criterion 
for recognition of forced regression illustrated in Figure 4.49E. 

distributary and fluvial systems. Delta-plain environments may 
prevail initially, followed eventually by fluvial environments. 
The absence of these facies, especially in the most proximal 
areas, suggests either that extensive erosion of these facies has 
occurred during transgression or that forced regression has 
taken place. As discussed above, forced regression produces an 
upper bounding surface with a seaward-dipping gradient, thus 
negating the need to aggrade a fluvial andlor delta plain so as 
to maintain a fluvial grade. 

6) The presence of a seaward-dipping upper bounding sur- 
face atop a mid-shelf to outer-shelf progradational unit, where 
the dip exceeds that which would be reasonably expected in a 
nonmarine environment (Fig. 4.49E). This seaward-dipping 
surface may be either smooth-topped or stepped (see discussion 
above). Figure 4.53 illustrates an excellent example of such a 
forced-regression deposit. Note the seaward-dipping top char- 
acterizing the clinoform geometry on the left side of the seismic 
profile, in sharp contrast to the immediately adjacent horizontal 
top characterizing the right side of the profile. The horizontal 
aspect of the right-hand clinoform package indicates the present 
orientation of what was a horizontal surface at the time of dep- 
osition, clearly suggesting that the seaward-dipping left-hand 
clinoform package represents a surface formed by successive 
small downsteps of offlap wedges rather than a profile that has 
been tilted. 

7) The presence of increased average sediment grain size in 
regressive deposits going from proximal to distal. This in- 
creased grain size is caused by the cannibalization and winnow- 
ing of earlier-deposited highstand deposits, the lack of storage 
space (accommodation) in which coarse sediment can be de- 
posited, and potentially increased fluvial gradients. In some in- 
stances, this phenomenon may not result in an increase of grain 
size seaward, but only in a diminishment of the tendency for 
grain-size decrease seaward. 

The caliber of the sediment delivered to the shoreline during 
the early lowstand is somewhat different from that delivered 
during the prior slow relative sea-level rise. When rivers incise 
their alluvial plains, the fluvial sediment load is increased as a 
result of fluvial erosion of the substrate during incision, above 
and beyond that which is sourced from the hinterlands. More- 
over, as the river becomes entrenched, less of the fluvial sedi- 
ment load is deposited as aggrading floodplain deposits because 
of the greatly diminished extent of the floodplain within the 
incising valley. This results in a greater proportion of the fluvial 
sediment load being delivered to the river mouth. Finally, the 
increase in the fluvial gradient during incision temporarily in- 
creases the flow velocity of the river, so that the fluvial carrying 
capacity increases and a commensurate increase in grain size 
of the fluvial deposits can be observed on the fluvially incised 
surface. 
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Basic Cyclot hem Depositional Environment 
a (simplified megocyclofhem) I Near- I Offshore I 

FIG. 4.54.-Basic vertical sequence of an individual "Kansas Cyclothem" 
(after Heckel, 1977). Note that the interpreted depositional environment for the 
"core" shale is deep water, and that the depositional environment for the "out- 
side" shale, four meters above, is nonmarine. Thus, to go from deep water to 
nonmarine over four meters suggests the presence of a foreshortened section 
indicative of a relative sea-level fall during progradation and hence a forced- 
regression event. This example illustrates the criterion for recognition of forced 
regression illustrated in Figure 4.49F. 

8) The presence of '~oreshorterzed" stratigraphic sections. 
Stratigraphic sections where the decompacted thickness of a 
shoaling-upward section is significantly less than the difference 
in paleo-water depth from base to top (where the top is at or 
near sea level) (Fig. 4.49F) are said to be foreshortened. The 
difference between the decompacted thickness and the differ- 
ence in paleo-water depth from the bottom to top of the section 
must be accounted for by sea-level change. For example, the 
paleo-water depth near the base of a shoaling-upward section 
of the Panther Tongue Sandstone, Utah (Figs. 3.52 and 3.51), 
is 75-100 m (estimated on the basis of sedimentary structures 
and biostratigraphic information; P. Thompson, personal com- 
munication, 1997), but the total decompacted thickness of the 
interval between the base and the top of this section is only 25 
m. Even if one adds back in the thickness of sediment removed 
during lowstand and/or transgression, the total thickness is still 
substantially less than the change in paleo-water depth. In the 
case of the Panther Tongue Sandstone, shown in Figure 3.51, 

it is assumed that the thickness of sediment removed was ap- 
proximately equivalent to the thickness of the delta plain and 
any associated soil profile, insofar as this facies appears to be 
missing from the top of the succession below the ravinement 
surface (Posamentier et al., 1995; Morris et al., 1995). The 
forced-regression process therefore must be invoked to account 
for such a foreshortened section. 

Many if not most cyclothems may have formed in association 
with forced regression (P. Heckel, personal communication, 
1996). Figure 4.54 illustrates a generic cyclothem with its as- 
sociated paleobathymetry. Note that the water depth goes from 
"deep water" to nonmarine over a section of 5 m. Thus, because 
deep water implies depths significantly greater than 5 m, this 
section appears "foreshortened" and forced regression must 
have accompanied deposition. Moreover, long-distance regres- 
sion across a broad seaway, such as that which characterized 
these cyclothems, would have been facilitated by forced re- 
gression (see discussion above). 

FIG. 4.55.-Core description, gamma-ray log, and paleobathymetric inter- 
pretation from borehole MP 303, Gulf of Mexico (from Kolla et al., 2000). 
This borehole penetrates a progradational stratigraphic unit offshore Louisiana, 
Gulf of Mexico. At the base of the progradational succession, the paleo-water 
depth is interpreted to be c. 135 m (450 ft) and at the top of the progradational 
succession the paleo-water depth is zero. The progradational succession is 65 
m (200 ft) thick, thus suggesting a foreshortened section so that paleobathy- 
metry goes from 135 m to 0 m over a section only 65 m thick. This foreshort- 
ening is indicative of progradation under the influence of falling relative sea 
level and therefore is evidence for forced regression. This example illustrates 
the criterion for recognition of forced regression illustrated in Figure 4.49F. 
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A) SOUTH NORTH 

FIG. 4.56.-A) Multichannel reflection seismic section across an intraslope basin in the Gulf of Mexico. Deep-water deposits comprising turbidites and debrites, 
with minor proportions of hemipelagites, characterize the fill of these small basins. Note the onlapping relationships within the basin fill. The onlap defines the 
sequence boundary, which commonly is expressed lithostratigraphically as lowstand turbidites and/or debrites overlying transgressive and highstand hemipelag- 
ites. B) Bathymetric map across the continental slope of the Gulf of Mexico offshore Louisiana, USA. Note the numerous intraslope basins on the slope. These 
basins serve as conduits for sediment gravity flows and depocenters for their deposits. 
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Leveed Channel 

Another example of a foreshortened section is shown in Fig- 
ure 4.55. The well information shown here is from a well bore 
that penetrates a late Pleistocene shelf-edge delta offshore Loui- 
siana, Gulf of Mexico (Kolla et al., 2000). The well is drilled 
through a clinoform package (as observed on seismic data; 
Kolla et al., 2000) and is characterized by a coarsening-upward 
and shallowing-upward lithology, consistent with the presence 
of progradational architecture. The paleo-water depth at ap- 
proximately 65 m (c. 215 ft) below the ravinement surface and 
45 m (c. 148 ft) below the depth at which zero paleo-water 
depth is interpreted is estimated to be 135 m (c. 450 ft). Even 
taking compaction into account, it would be impossible to shal- 
low from 135 m of water depth to zero water depth and deposit 
only 45 m of sediment. Consequently, this section seems to 
have been significantly foreshortened, suggesting progradation 
in the presence of forced regression. 

Late Lowstand.- 

During the period of late lowstand, that is, the interval between 
the time when sea level is lowest and when overall shore- 

FIG. 4.57.Seismic amplitude map from a 3D seismic volume showing a 
deep-water leveed channel from the Viosca Knoll area of the Gulf of Mexico. 
Note the dark patches on either side of the channel; these patches could rep- 
resent crevasse-splay deposits. (Data courtesy of M. Gillespie, Vastar Re- 
sources.) B) 

Area 2 

Down Depositional Dip 

Time 

FIG. 4.59.-A) Schematic depiction of a sediment staging area at a shelf 
edge. Sediments deposited there in the form of shoreface or deltaic systems 

- 

10 km can be remobilized and transported to the slope and basin, where they are 
redeposited as deep-water sediment-gravity-flow units. B) Schematic depiction 

FIG. 4.58.Sidescan sonar sea-floor imagery across the deep-sea distal Um- of a succession of shelf-edge slope failures. The initial event, at time 1, is the 
nak Fan system, Bering Sea. Shown here is a modem distributary (braided?) largest. Subsequent events are progressively smaller as shelf-edge stability is 
channel complex, probably associated with deposition of sheet bedded turbi- reestablished. The result of this waning process could be deposits in the deep 
dites and debrites. (From Kenyon and Millington, 1995.) water that would be characterized by a thinning-upward stacking pattern. 



FIG. 4.60.-Schematic depiction of the 
Pleistocene evolution of deep-water slope 
and basin erosion and deposition offshore 
Aleutian Islands, Alaska, USA. The 
physiography is characterized by a rela- 
tively steep continental slope grading to 
the gently sloping Umnak Plateau. A sill 
over 200 m high separates the Umnak 
Plateau from the basin plain. At time I, 
the slope area is characterized by erosion 
resulting in the formation of deeply in- 
cised canyons, and the Umnak plateau is 
characterized by sediment deposition by 
confined and unconfined flows. Flows at 
this time do not reach the sill and the ba- 
sin plain beyond. At time 2, progradation 
of the system causes flows to now reach, 
and pass, the sill. The acceleration of 
flows down the sill results in erosion and 
incision of the Umnak plateau and for- 
mation of a deeply cut valley or canyon 
there. Incision progressively propagates 
up-system in the form of a headward-mi- 
grating knickpoint. Sedimentation occurs 
on the basin plain outboard of the Umnak 
sill, as well as on the Umnak plateau in- 
board of the knickpoint as far as the toe 
of slope. At time 3, knickpoint migration 
has reached the toe of slope and has 
linked the deeply cut valley or canyon on 
the Umnak plateau with the canyon cut 
into the continental slope. At this time, 
deposition occurs as confined and uncon- 
fined flow on the basin plain, as well as 
in the form of backfilling within the can- 
yon cut into the Umnak plateau (after 
Kenyon and Millington, 1995). 
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line transgression begins, shorelines continue migrating sea- 
ward by normal regression. However, the rate of regression 
slows as relative sea level rises ever more quickly toward the 
latter part of the late lowstand. Moreover, at the lowest stand 
of relative sea level, the shoreline lies at mid-shelf to outer- 
shelf locations, where shelf gradients generally are progres- 
sively steeper and accommodation is relatively high (compared 
with the inner shelf, where gradients commonly are lower). This 
increased accommodation also serves to slow regression during 
the late lowstand (Fig. 2.42). Consequently, during the late low- 
stand, coastal progradation progressively gives way to aggra- 
dation, while, at the same time, the point of coastal onlap at the 
landward side of the coastal prism migrates progressively far- 
ther landward across the shelf unconformity. 

The stratal patterns within coastal and shelf lowstand depos- 
its are highly variable, depending on a number of factors such 
as 1) the presence of higher-frequency relative sea-level cycles, 
2) the continuity of sediment influx during early lowstand (as 
discussed in the preceding paragraphs), and 3) the physiography 

of the shelf (see discussion above). In many instances, these 
effects can make it difficult to identify and interpret the various 
phases of lowstand sedimentation on the shelf, particularly 
when the available data are restricted to only one or a few 
vertical well sections. 

In many ways, late-lowstand stratal architecture in shelf set- 
tings resembles that of the highstand systems tract. Both high- 
stand and late lowstand deposits evolve under the influence of 
relative sea-level rise, sufficiently slow so as not to overwhelm 
the sediment influx. Consequently, both stratigraphic units are 
characterized by shoreline regression. In light of these similar- 
ities, we will not address the stratigraphic architecture of the 
late lowstand in detail here, but refer the reader to our discus- 
sion of the highstand systems tract below. The key differences 
between the two units are that 1) late-lowstand deposits form 
under the influence of accelerating sea-level rise, whereas high- 
stand deposits form under the influence of decelerating relative 
sea-level rise, and 2) late-lowstand deposits are confined to ar- 
eas below and seaward of the previous highstand coastal plain, 



HENRY W. POSAMENTIER AND GEORGE P. ALLEN 

Time L 1 -+Base Level 

Ponded Turbidites 

Sedimentary Bypass 
Time 2 Through Turbidite 

Ponded Turbidites 

Turbidite Valley "'I\ / TemPOm'y Base 
Incision 

Time 3 
Sedimentary 

Bypass Through 
Turbidite Valley Turbidite valley 7 

Incision 

FIG. 4.61.-The evolution of intraslope basin fill by sediment-gravity-flow 
deposits. The process of fill and spill of intraslope basins is analogous in some 
respects to subaerial settings. Flows decelerate when they encounter low-gra- 
dient settings such as an intraslope basin (see Fig. 4.56B). In response, sedi- 
ment-carrying capacity diminishes and sedimentation occurs. Ultimately, when 
the basin has filled with sediment, the gradient at the top of the basin fill 
increases as the system strives to reestablish an equilibrium profile required to 
maintain flow velocity. Concomitantly, successive flows spill over the sill sepa- 
rating adjacent basins. The spilling process results in accelerated flow velocity, 
which, in turn, increases sediment carrying capacity and causes erosion to occur 
(compare with Fig. 4.60, time 2). This, then, creates an upsystem-migrating 
knickpoint, and a bypass valley forms at the top of the just-filled intraslope 
basin. This process repeats itself as successive down-dip basins fill and spill. 
(After Prather et al., 1998.) 

FIG. 4.62.-F'leistocene deepwater, low-sinuosity channel in the Balmoral 
Field area of the Noah Sea, offshore UK. This channel is incised into a sand- 
stone-rich substrate that was deposited as an aggradational stack of deepwater 
turbidite distributary-channel deposits. 

whereas highstand deposits are significantly more widespread. 
The effect of accelerating vs. decelerating relative sea-level rise 
is to produce a stacking pattern that is decreasingly regressive 
tending toward aggradational, within the late lowstand, and the 
opposite within the highstand. That is, the highstand tends to 
be characterized by an increasingly regressive (i.e., prograda- 
tional) stacking pattern. Late-lowstand deposition occurs pri- 
marily within incised valleys across the alluvial plain, coastal 
plain, and shelf (Allen and Posamentier, 1994a, 1994b; Martin- 
sen, 1994; Zaitlin et al., 1994), and as deltaic and/or shoreface 
deposits on the middle to outer shelf (Winker, 1982; Suter and 

Down Depositional Dip 

- 
one km 

FIG. 4.63.4ide-scan sonar image of the Monterey Fan channel offshore 
California, USA. This channel appears to be in the process of being incised 
and rejuvenated by the process of knickpoint migration. The result of this 
process is the formation of erosional remnant raised terraces on either side of 
the channel. (From Masson et al.. 1995.) 

Sand-pmne channelized deposits 

FIG. 4.64.4chernatic cross section through a channel-levee complex illus- 
trating sand and mud distribution. Within the levees, the sand percentage de- 
creases with distance from the channel. In this example, the channel deposits 
stack vertically, but with a progressive lateral migration from left to right. 
Consequently, the well-log signature through this channel-levee complex can 
be characterized by either a fining-upward or coarsening-upward pattern, as 
shown in wells 1 and 3 respectively. (After Posamentier and Allen, 1993a.) 
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FIG. 4.65.Stratal geometry and hypothetical log patterns in coastal lowstand deposits and the overlying transgressive systems tract. The surface between the 
lowstand and the overlying transgressive systems tract is the transgressive surface. The surface between the lowstand and underlying highstand systems tract 
deposits is erosional proximally and conformable distally and constitutes the sequence boundary. 

Berryhill, 1985; Sydow and Roberts, 1994; Winn et al., 1995; 
Kolla et al., 2000). 

Deep- Water Slope and Basin Deposits 

In the initial publications on sequence stratigraphy (e.g., Vail 
et al., 1977) it was recognized that times of sea-level lowstand 
were associated with periods of high sedimentation rates in 
deep-water environments. This increased volume of sediment 
delivered to deep-water areas occurs at this time for one major 
reason: during early lowstand, because of sea-level fall, shore- 
lines tend to prograde rapidly across the shelf, forcing depo- 
centers to reach the shelf edge. This can result in accumulation 
of large volumes of sand and mud at the shelf edge. Further- 
more, the rapid sedimentation at the shelf edge and upper slope 
gives rise to frequent and large-volume slumping, which can 
efficiently generate sediment gravity flows into the deep basin. 
Moreover, when rivers flood, the sediment load may be suffi- 
cient to produce density underiiows (i.e., hyperpycnal flows) 
directly toward the deeper basin (Mulder and Syvitski, 1995). 

The changing volume of sediment gravity flows as well as 
the sand content of those flows during a period of relative sea- 
level lowstand determines whether there is a systematic evo- 
lution of deep-water sedimentation. It has been suggested that 
deep-water lowstand successions commonly comprise massive 
sheet-bedded sandstones overlain by more discontinuous sands 
of a leveed channel complex (Mutti, 1985; Posamentier and 

Vail, 1988; Vail and Wornardt, 1990; Van Wagoner et al., 1990; 
Posamentier and Erskine, 199 1 ; Posamentier et al., 199 1 ; Mit- 
chum et al., 1993), though this may not always be the case 
(Williams et al., 1998). We suggest that because of the variety 
of factors that govern sediment delivery to deep-water environ- 
ments, sea-level change being just one of these, the resulting 
stratigraphic successions are more likely to reflect this com- 
plexity, and we urge caution. For example, Pleistocene deep- 
water deposits in the Gulf of Mexico that were supplied through 
the Mississippi drainage system reflect the complex patterns of 
glacial meltwater runoff and consequently sediment discharge 
(Clark et al., 1996). Discharge down the Mississippi system was 
highly variable, reaching a peak during times when continental 
ice sheets were melting rapidly (Kennett and Shackleton, 1975). 
Further complicating matters are the effects of drainage diver- 
sion of glacial meltwater from the Mississippi to the St. 
Lawrence system and the possible effect of rapid drainage of 
large proglacial lakes (Clark and Karrow, 1984; Calkin and 
Feenstra, 1985; Teller, 1990, 1995). In spite of these potentially 
complicating factors, however, lowstand successions character- 
ized by massive sands overlying sequence boundaries, and sub- 
sequently overlain by less sand-rich leveed-channel deposits, 
nonetheless have been observed in many instances. 

The terms basin-joor fan and slope fan have commonly been 
used to indicate deep-water turbidite systems deposited during 
early and late lowstand systems tract time, respectively (Vail, 
1987; Vail et al., 1991; Mitchum et al., 1993). Beyond the phys- 
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' Coarsening Upward f Fining Upward 

RG. 4.66.-Log example of cyclic sedimentation patterns formed by up- 
ward-thickening and coarsening highstand deposits overlain by thin lowstand 
deposits, and then by upward-thinning and fining transgressive deposits. 

iographic connotation of basinJloor and slope fan, these terms 
have taken on added meaning. Basin-floor fans have come to 
suggest extensive, sand-prone, sheet-bedded, unconfined-flow- 
deposited turbidites, whereas slope fans have come to mean 
leveed-channel, confined-flow-deposited turbidites that, with 
the exception of the channelized deposits, are comparatively 
mud rich. In our discussion, we will avoid the use of the terms 
basinJloor and slope fan with these added meanings. We prefer 
instead to reserve the use of these terms for more descriptive 
purposes and not to use these terms in a stratigraphic sense. 
Thus, we suggest that the term slope fan be restricted to de- 
scribing a deep-water depositional system (note that these types 
of deposits are not always fan-shaped but rather have shapes 
that are determined by irregularities of the sea floor) deposited 

on the slope (Fig. 4.56) and that the term basin-floor fan be 
restricted to describing a deep-water depositional system de- 
posited on the basin floor (Figs. 4.57 and 4.58). 

Whether a deep-water system is sand rich (and characterized 
by sheet-bedded geometry) or sand poor (and characterized by 
leveed-channel complexes) is largely determined by the sand/ 
mud ratio of the sediment at the staging area (Fig. 4.59A) or, 
in .the case of hyperpycnal-fed systems, by the sand-to-mud 
ratio of the river load. The sand-richness or sand-poorness of a 
deep-water depositional system is not necessarily a function of 
its physiographic location, as the common usage of the terms 
basin-floor fan and slope fan might suggest. In other words, not 
all turbidite systems observed on the basin floor are sheet-bed- 
ded, whereas not all turbidite systems observed on the slope are 
sand poor. In fact, in some instances, large mud-prone leveed- 
channel complexes are observed far across the deep-water basin 
floor (Damuth et al., 1988; Kenyon et al., 1995), whereas in 
contrast, many sand-rich systems comprising sheet-bedded 
sandstone are observed in slope settings (Pulham, 1993; Prather 
et al., 1998; Weimer et al., 1998). 

It remains unclear to what extent the principal contribution 
of sediments to deep-water environments involves sediment 
gravity flows that originated as slumps vs. those that originated 
as hyperpycnal flows (Mulder and Syvitski, 1995). Presumably, 
flows that originate as slumps of previously deposited sedi- 
ments have a higher sand-to-mud ratio than slumps that origi- 
nated as hyperpycnal flows, because previously deposited sed- 
iments likely were subjected to the sediment grain-size sorting 
effects of waves (especially at the shelf edge). In contrast, sed- 
iments delivered directly by river flow are muddier because 
they are not reworked by waves prior to commencing their jour- 
ney into deeper water. The role of sea level in determining 
whether slump or hyperpycnal flow dominate is not clear. We 
conjecture that during the early transgression, when river 
mouths have backed away from the shelf edge, the hyperpycnal 
mechanism is somewhat diminished in effectiveness, while the 
slumping mechanism, because of a delayed response to late- 
lowstand sediment loading of the upper slope, may remain ac- 
tive for a time. Thus, the last gasp of many deep-water systems 
might be relatively sand rich. Likewise, during the early low- 
stand, before river mouths reach the shelf edge, the hyperpycnal 
mechanism may still be ineffective whereas the slumping mech- 
anism involving mouth-bar deposits may already have begun. 
Consequently, both the early stage of sea-level lowstand as well 
as the early stage of transgression can be associated with rela- 
tively sand-rich deep-water deposits. 

Another effect of sea-level fall on deep-water systems is that 
of potential upper-slope instability caused by the actual relative 
sea-level fall itself. One potential cause of this instability is the 
unloading of the shelf by a wedge of water as much as 130 m 
thick. Another potential cause is the presence of gas hydrates 
(i.e., clathrate, which represents the solid, crystalline phase of 
natural gas or methane) just below the sea floor. These hydrates 
are stable under moderately low-temperature and high-pressure 
conditions, but under the influence of major sea-level fall, 
which can alter eauilibrium conditions. can lower the zone of 
hydrate stability A d  hence diminish 'slope stability causing 
slumping to occur (Paul1 et al., 1991; Haq, 1993). Neither of 
these effects is well understood at this time, but nonetheless 
could play a role in deep-water sedimentation during early low- 
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FIG. 4.67.-Log patterns in a transgressive systems tract in Oligocene-Miocene deltaic and coastal sediments of the San Joaquin Basin, California (from Tye 
et al., 1993). Note the upward-thinning and landward-stepping pattern of the higher-frequency cycles, or parasequences. The base of the section consists of a 
regressive stacking pattern that is interpreted as a lowstand systems tract, onlapping landward onto a shelf sequence boundary. The outer-shelf mudstones beneath 
the maximum flooding surface form a regionally continuous seal for the transgressive systems tract sandstones. 

stand as well as transgressive systems tract times. Similarly, 
loading by sea water during relative sea-level rise could again 
destabilize shelf-edge deposits, again causing an abrupt incur- 
sion of shelf-edge-stored sand to be remobilized and be trans- 
ported into the basin (Pickering et al., 1998). 

During the successive phases of lowstand sedimentation, 
there appears to be a systematic evolution of sediment caliber 
and volume of sediment gravity flows into the deep basin. These 
changes are thought to reflect the processes that occur at shelf- 
edge staging areas (Mutti et al., 1994) (i.e., zones of temporary 
sand deposition at the river mouth, Fig. 4.59A), prior to trans- 
port into deep water by gravity-induced density flows. Sediment 
gravity flows that originate as slumps at the shelf edge and 
upper slope can deliver significant volumes of sand- or gravel- 
size sediment to the deep basin. Consequently, the proportion 
of sand in the gravity flows is a function of the sand/mud ratio 
of the sediments deuosited at the river mouth. The flow vol- 
umes, in turn, are dGectly proportional to the magnitude of the 
slope failures at the shelf edge. Typically, initial slope-failure 
events are followed by a succession of lesser-magnitude events 
as slopes gradually reequilibrate. This progressive decrease in 
flow volume can be expressed as a succession of upward-thin- 
ning turbidite beds (Fig. 4.59B; Mutti et al., 1994). 

The sand-to-mud ratio in deep-water sediment gravity flows, 
as well as the flow volume and frequency in conjunction with 
the sea-floor physiography, determines the precise morphology 
of the deep-water system. The reader is referred to recent sum- 
maries of the morphology of deep-water systems and their con- 
trols by Reading and Richards (1994) and Galloway (1998) for 
more detailed discussion. It is reasonable to conclude that deep- 
water sedimentation is likely to be most rapid during periods 
of sea-level lowstand simply because depocenters are most 
likely to be located at or near the shelf edge then. However, this 
is not to say that deep-water sedimentation cannot occur during 
highstands of sea level. One need only look at the effects of the 
1929 Grand Banks event offshore Newfoundland, Canada, to 
know that deep-water sedimentation can conceivably occur at 
any time (Heezen and Ewing, 1952; Emery et al., 1970). More- 
over, canyons that extend across the shelf and capture active 
fluvial flow, such as canyons that cross the shelf offshore Cali- 
fornia or the Congo canyon of offshore West Africa (Fig. 4.18) 
likely are active feeders of deep-water systems during relative 
sea-level highstands (Heezen et al., 1964). Nonetheless, with 
the exception of such relatively isolated systems, it is reason- 
able to conclude that significantly more deep-water systems 
would become active during relative sea-level lowstand. 
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FIG. 4.68.-A) Incised-valley fill 
within the Viking Formation at Crystal 
Field, Alberta (gamma-ray and resistivity 
logs shown). A wave-ravinement surface 
caps the succession above both interfluve 
sections and valley sections. The fill of 
the channel is predominantly estuarine. 
The surface at the base of the channel fill 
likely was cut initially by fluvial pro- 
cesses and then later modified (during 
transgression) by tidal processes resulting 
in formation of a tidal-ravinement surface 
there. (After Posamentier and Allen, 
1993a.) B) Incised-valley fill within the 

WLYG-&RFACE Muddy Formation near Ft. Collins, Col- -- orado. These deposits are coeval with 
SURFACEAN~SEQUOUCE those of the Viking Formation farther 

WDARY north. At this location, incised-valley es- 
tuarine deposits of the Horsetooth Mem- 
ber unconformably overlie shelf deposits 
of the Ft. Collins Member. 
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FIG. 4.69.-Log patterns in a continen- 
tal transgressive systems tract in the Ju- 
rassic Eromanga Basin, southwest 
Queensland (Australia). These deposits 
consist of aggrading fluvial and lacustrine 
sediments in an intracratonic basin with 
no known exit to the sea. The sequence 
boundaries exhibit low erosional relief 
and are overlain by widespread sandstone 
sheets formed by coalesced fluvial chan- 
nels. The sequence boundaries are inter- 
preted to have formed as a result of tec- 
tonic uplift on the edge of the basin. 
Aggrading fluvial channels and flood- 
plain sediments overlie the fluvial sand- 
stone sheet. A regional deposit of lacus- 
trine deltas and shales that represent a 
period of rapid subsidence and increased 
fluvial accommodation constitutes the 
transgressive systems tract. The maxi- 
mum flooding surfaces is observed within 
a regionally extensive, lacustrine shale 
deposit that forms an efficient seal for the 
underlying sandy section. The upward- 
coarsening lacustrine and floodplain de- 
posits above the maximum flooding sur- 
faces represent highstand systems tract 
deposits characterized by a decrease in 
the rate of fluvial accommodation with 
respect to sediment supply. 
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SYS7ULS 
TRACT 

FIG. 4.70.-Example of well-log patterns in a transgressive systems tract in shelf and deltaic deposits within the Miocene Kutei Basin (Kalimantan, Indonesia). 
A candidate sequence boundary is interpreted at the base of a channel-fill sandstone, identified as a possible fluvial lowstand incised-valley fill. The overlying 
section exhibits an upward-thinning and deepening trend comprising several smaller-scale cycles, capped by a thick shelf mudstone deposit. This upward-thinning 
transgressive succession represents a transgressive systems tract, with a maximum flooding surface at the base of the thick shelf muds. These facies patterns can 
be correlated over a wide area within the basin and are inferred to be related to a mid-Miocene eustatic cycle. 
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FIG. 4.71.-Problems of updip strati- 
graphic seal in detached lowstand and on- 
lapping transgressive deposits on the 
shelf. When wave erosion affects the 
shoreline during transgression, a thin but 
continuous veneer of transgressive sand 
can be deposited. This sand can cause hy- 
drocarbon leakage updip, even though a 
shelf mudstone seal overlies the sand. 
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FIG. 4.72.-Example of a transgressive surface in the Miocene Kutei Basin 
(Indonesia). This delta has formed in conditions of very low wave energy and 
moderate tides. Sediment erosion and redistribution during transgression is 
therefore inferred to be practically nil at the contact between the coal and the 
overlying marine shales. 

The concept of dynamic equilibrium or steady-state condi- 
tions applies also to deep-water sedimentation (Figs. 4.60 and 
4.61). Note that in each instance a period of deposition was 
followed by a period of erosion. This change in regime was 
independent of changes in sediment flux, but rather was asso- 
ciated with knickpoint migration caused by physiography. Fig- 
ures 4.62 and 4.63 illustrate deep-water systems that have 
evolved from aggradational to degradational in response to low- 
ered equilibrium profiles. Deep-water erosion can also occur 
because of increased gravity-flow discharge, causing entrench- 
ment across the entire profile rather than incision by knickpoint 
migration (see discussion on entrenchment as it pertains to al- 
luvial settings in Chapter 3). 

The facies and log expression of deep-water sandstone de- 
posits is highly variable. Several types of facies patterns and 
log motifs can be observed depending on the type of deep-water 
depositional system that is present (see discussion on log motifs 
in Chapter 5). For example, in deposits resulting from confined 
flows in turbidite levee-channel complexes, a blocky to fining- 
upward log pattern can be observed within the channels, 
whereas serrated log patterns and thin sand-shale alternations 
are more common in the levees and overbank deposits (Fig. 
4.64). If the channel and levees migrate laterally through time, 
either a coarsening-upward or a fining-upward overall pattern 
can be observed (Fig. 4.64). In deep-water turbidite systems 
that were deposited by essentially unconfined flow (i.e., flow 
not confined by levees), tabular-bedded deposits commonly re- 
sult. Whether these comprise a succession of amalgamated, 

Incised Valley 

Mudstone 

Gamma Ray 
0 API 150 

CORE 

0 

MFS -\ 

5 \ 
I 

TS 
\ 
\ 
\ 
\ 

FIG. 4.73.-Example of a fluvial incised valley in the Miocene Kutei Basin 
(Kalimantan, Indonesia). This valley is interpreted to have been formed by 
incision of an antecedent highstand deltaic distributary channel into underlying 
shelf-prodelta mudstones during a relative sea-level fall. The basal valley fill 
consists of coarse-grained, trough cross-bedded sandstone devoid of any tidal 
structures or bioturbation. These sands are interpreted to be fluvial lowstand 
systems tract deposits. The top of the fluvial sand fines upward into bioturbated 
silty sandstone, which comprises the transgressive systems tract, deposited 
when the valley was flooded during a relative sea-level rise. Because of the 
verj low wave energy on the shelf, no significant wave-ravinement surface was 
formed during transgression, and consequently the transgressive surface is very 
difficult to identify in well logs. 
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FIG. 4.74.-A) Sea-floor bathymetry 
offshore Java, Indonesia. Incised valleys 
that formed during the Pleistocene low- 
stand persist today as unfilled valleys on 
the flooded shelf. B) Seismic section 
across an unfilled Pleistocene incised val- 
ley at the location shown in A. Note that 
there is a thin sedimentary fill along the 
axis of the valley, as suggested by the flat 
valley floor. (From Gresko and Lowry, 
1995.) 

nested shallow channels, as suggested by high-resolution side- transgressive systems tract are analogous to what happens dur- 
scan sonar imagery of the Mississippi Fan (Twichell et al., ing the early lowstand systems tract, where there, too, the sys- 
1992), or whether these tabular-bedded deposits truly comprise tems tract can comprise a single downstepping event or a suc- 
extensive tabular beds in the sense of the lobes described by cession of downstepping events. 
Mutti (1985), the log response is nonetheless the same (i.e., Incised-valley fills are an important component of transgres- 
characterized by a blocky log response). sive systems tract deposits. These deposits have led to new 

hydrocarbon play concepts that have proven to be successful in 
TRANSGRESSIVE SYSTEMS TRACT 

When the rate of relative sea-level rise durine the late low- 
u 

stand exceeds the rate at which sediment is supplied to the 
shoreline, lowstand regression cannot be maintained and trans- -I- - - 
gression begins, marking the onset of the transgressive systems 
tract. Commonly this happens abruptly, marked by the forma- 
tion of a flooding surface (Fig. 2.46). The transgressive systems 
tract in coastal to shelf settings is generally easy to identify in 
well logs and cores (e.g., Figs. 3.17,4.65, and 4.66) because of 
its distinctive deepening and generally fining-upward expres- 
sion marking an upward transition into more distal and shale- 
rich marine sediments. When the transgressive systems tract I 
comprises several smaller-scale regressive-transgressive cycles 
(parasequences), the stacking pattern exhibits a landward-step- 
ping and upward-deepening pattern (Fig. 4.67). It is important 
to note that the transgressive systems tract can comprise a single 
transgressive event or a succession of small-scale regressive 
events arranged in a progressively backstepping pattern. In 
other words, each successive regressive event extends less far 

FIG. 4.75.-Aerial photograph of the Chandeleur Islands, Gulf of Mexico. into the basin* This pattern can be described as backstepping, subsidence of the mud-prone Mississippi delta plain because of sediment corn- 
~ a ~ d w a r d  stepping, retrogradational, or transgressive- In a paction has caused the delta-plain surface to sink below sea level, leaving only 
sense, these single andlor multiple backsteps comprising the the landward-migrating, sand-prone, transgressive shoreface above sea level. 
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FIG. 4.76.-Examples of transgressive 
tidal sand ridges on the shelf. The top il- 
lustration (A) shows the large tidal sand 
ridges that have formed on the Holocene 
transgressed shelf of the east coast of En- 
gland. (From Swift, 1975, after Houbolt, 
1968, in Dalrymple, 1992.) The bottom 
section (B) illustrates the internal archi- 
tecture of transgressive tidal-ridge sand 
deposits, which can attain 30 m in height. 
(From Dalrymple, 1992, after Bern6 et 
al., 1988.) On shelves affected by strong 
tidal currents, thick tidal-ridge sand de- 
posits can be an important component of 
the transgressive systems tract. 

many basins (Reinson et al., 1988; Zaitlin and Shultz, 1990; 
Dolson et al., 1991; Bowen et al., 1993; Pattison and Walker, 
1994). Examples of both recent and ancient incised-valley fills 
have been described by a number of authors (e.g., Roy, 1984, 
1994; Anderson et al., 1990; Van Wagoner et al., 1990; Pattison, 
1991; Blakeney-DeJarnett and Krystinik, 1992; Allen and Po- 
samentier, 1993, 1994a; Kindinger et d., 1994; Ainsworth and 
Walker, 1994; Archer et al., 1994; Belknap et al., 1994; Dal- 
rymple et al., 1994; Kvale and Barnhill, 1994; Thomas and 
Anderson, 1994; Pattison and Walker, 1994) (e.g., Figs. 3.19 
and 4.68). The reader is referred to Chapter 3 for an in-depth 
discussion of how incised valleys form. 

Also during transgression, sedimentation at the shelf edge 
(i.e., in the staging areas for deep-water deposition) diminishes, 
and slope stability is reestablished. With diminished frequency 
of mass-movement events and hyperpycnal flows down the can- 
yon axis, active canyon cutting gradually shuts down at this 
time. Typically, canyons later fill through a mix of hemipelagic 
and pelagic sedimentation and, combined with slumping from 
mudstone-prone canyon walls, generally comprise a predomi- 
nantly mudstone fill (Goodwin and Prior, 1989; Kolla and Perl- 
mutter, 1993). The seismic expression of canyon fill also is a 
manifestation of these mudstone-dominated deposits. Typically, 
the seismic facies is characterized by a contorted-chaotic seis- 
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FIG. 4.77.-Evolution of shelf tidal ridges from the East China Sea. Ridge development was initiated during late Pleistocene transgression of the shelf, when 
the paleo-Yangtze River valley was transformed into an estuary with a broad embayment. Tidal shelf ridges formed at the mouth of the newly formed estuary 
at that time. During the subsequent marine transgression of the shelf, the mouth of the estuary gradually migrated landward. At the same time, the site of tidal- 
ridge formation migrated landward as well. The development of these ridges is shown in four stages of transgression. Deposition of sand ridges within the 
landward-migrating embayments resulted in a fairway of tidal shelf ridges oriented normal to the regional paleo-shoreline, (From Yang and Sun, 1988.) 
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FIG. 4.78.-Transverse high-resolution seismic profile across one of the late Pleistocene tidal shelf ridges in the East China Sea, offshore China, shown in 
Figure 4.77. Note the high-angle clinoform reflections indicative of progradation. (From Z. X. Liu et al., 1998.) 
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FIG. 4.79.-Amplitude extraction from the Main Unit of the Miocene Upper Cibulakan Formation at E-Field, offshore northwest Java, Indonesia, showing 
tidal ridges and a distributary channel (A and B). The tidal ridges are expressed as linear seismic amplitude anomalies oriented north-northeastlsouth-southwest, 
with well-defined leading edges to the west-northwest and poorly defined trailing edges to the east-southeast. Note that the shelf ridges are oriented transverse 
to the channel. Ridge migration direction is inferred to have been to the west-northwest. The lithology of the channel and ridges is shown on the well-log cross 
section (C). Transverse seismic profiles across the ridge and channel are shown in D and E respectively. On the basis of regional studies, the tidal ridges are 
interpreted to be oriented normal to the regional coastline. Conventional core through the channel is shown in Figure 3.66. 

mic reflection pattern with, in some instances, "sagging" re- 
flections along the flanks of the canyon, reflecting the process 
of differential compaction (Posamentier and Erskine, 1991) 
(Fig. 4.21). 

In nonmarine settings, transgressive systems tracts also form 
and are represented by lacustrine deposits "transgressing" low- 
stand fluvial or deltaic/shoreface sediments (Fig. 3.61 and Fig. 
4.55). The principal differences between lacustrine and marine 
transgressive systems tracts are those features that are associ- 
ated with processes unique or absent in these respective set- 
tings. In general, currents on lacustrine shelves are significantly 
weaker in lacustrine settings than in marine settings; therefore, 
for example, well-developed transgressive shelf ridges are far 
more common in marine than lacustrine environments (see dis- 
cussion on shelf ridges below). 

When a rapid relative sea-level rise and transgression takes 
place, numerous lagoons, bays, and estuaries, which trap large 

volumes of fluvial sediment, characterize coastlines. This re- 
sults in a decrease of the sediment flux to the coast. If there is 
significant wave energy, the longshore transport system be- 
comes impoverished, wave erosion occurs, and accelerated 
shoreline transgression results. 

The surface that separates the lowstand systems tract from 
the transgressive systems tract has been referred to as the trans- 
gressive surface (Posamentier et al., 1988). On well logs, the 
transgressive surface in proximal settings can generally be iden- 
tified by a change from a seaward-stepping (i.e., regressive) or 
aggradational stacking pattern, to an overall landward-stepping 
(i.e., transgressive or retrogradational) stacking pattern (Figs. 
3.54, 4.65, and 4.66). In more distal settings (i.e., seaward of 
the maximum basinward position of the lowstand shoreline), 
the transgressive surface can be difficult to recognize because 
it is a conformable surface that separates lowstand shelf mud- 
stone from transgressive shelf mudstone (Fig. 3.64). 
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Channel 

As the transgression proceeds and the rate of relative sea- 
level rise increases, coastal deposits progressively step land- 
ward and onlap updip onto the subaerially exposed shelf and 
sequence-boundary unconformity (Fig. 4.65). If the shelf was 
fluvially incised during lowstand, the fluvial valleys become 
flooded and converted into estuaries where tidal estuarine, la- 
goonal, or tidal-inlet deposits accumulate above fluvial low- 
stand sediments (Fig. 3.42; Dalrymple et al., 1992). When sea- 
level rise floods the interfluves between incised valleys, 
deposits of thin marine transgressive mud or carbonates blanket 
the shelf (Figs. 3.42 and 3.58). Coastline retreat across the shelf 
is rapid, and can shift landward several tens or hundreds of 
kilometers (Fig. 4.10) within a relatively short geological time 
span (e.g., a few thousand to tens of thousands of years). Con- 
tinued relative sea-level rise results in nearly complete starva- 
tion of terrigenous sediments on the shelf and the formation of 
a condensed section. As discussed previously (see discussion 
in Chapter 3) the condensed section represents a facies within 
which relatively long periods of time are represented by rela- 
tively thin stratigraphic sections (Loutit et al., 1988). The con- 
densed section contains the maximum flooding surface (see dis- 
cussion in Chapter 3) and generally consists of thin marine 
shale with abundant fauna or, if complete sediment starvation 
occurs, as biochemical precipitates (iron crdsts and concretions, 
carbonates, glauconitic, sideritic, and/or phosphatic beds, etc.; 
Loutit et al., 1988; Kidwell, 1989). Such deposits can com- 
monly be identified on well logs and can form excellent markers 
for correlations between wells. However, indurated beds, such 
as siderites and ankerites, also can be observed within noncon- 
densed sections. Consequently, caution is urged when correlat- 
ing "hard streaks". 

Sand Ridgelpatch 

Rapid relative sea-level rise and shoreline transgression do 
not allow for significant fluvial aggradation, because fluvial sys- 
tems become flooded and no subaerial accommodation is pro- 
duced (see discussion in Chapter 2). In certain instances (e.g., 
where wave erosion during relative sea-level rise and subse- 
quent stillstand causes a sea cliff to form), rivers can even incise 
during transgression (Posamentier et al., 1989; Helland-Hansen 
and Gjelberg, 1994; Leckie, 1994; Helland-Hansen, 1995). 
When tectonic subsidence and landward tilting of the fluvial 
profiles occurs, as in foreland basins (Beaumont, 198 1) or half- 
graben basins, fluvial aggradation can occur simultaneously 
with shoreline transgression (Posamentier and Allen, 1993b). 
In general, however, in tectonically quiescent basins, there is 
relatively little fluvial deposition during transgressive systems 
tract time. 

Transgressive deposits can have good source-rock and seal 
potential, both in coastal-plain and shelf depositional systems. 
Source rocks in the form of thick coals, carbonaceous shale, 
and organic-rich offshore mud are common in transgressive 
systems tracts, where rapidly increasing accommodation favors 
deposition of widespread organic mud on the coastal plain 
(Cross, 1988). Also, condensed-section deposits on the shelf 
can constitute some of the most extensive, world-class source 
beds (Bessereau et al., 1993; Creaney and Passey, 1993). 

Transgressive successions commonly exhibit a fining- and 
thinning-upward pattern on well logs (Fig. 4.65). This can be 
observed either on the small scale of a single cycle of sea level 
(Fig. 3.54) or on the larger scale of a succession of high-fre- 
quency sea-level cycles superimposed on an overall sea-level 
rise (e.g., the transgressive parasequence stacking pattern de- 
scribed by Van Wagoner et al., 1988; Van Wagoner et al., 1990) 
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(Figs. 4.67 and 4.70). A thin upward-fining unit (Fig. 3.54) 
commonly characterizes transgressive deposits associated with 
a single transgressive event. Transgressive deposits associated 
with successive backstepping events are expressed as a succes- 
sion of small-scale regressive deposits (i.e., parasequences), 
with each regressive event prograding less far than the one that 
preceded it (e.g., Fig. 2.4, before time 4) (see also fig. 1 in Van 
Wagoner et al., 1988). 

This backstepping pattern results from short-lived periods of 
coastal regression that punctuate periods of overall coastal 
transgression. These small-scale regressive events may be as- 
sociated with autocyclic processes, such as delta-lobe switching 
(Frazier, 1974), or allocyclic processes related to short-duration 
sea-level stillstands or even relative sea-level falls. When these 
cycles result from episodic relative sea-level falls, they consti- 

tute higher-frequency sequences within the transgressive sys- 
tems tract. In the case of the transgressive systems tract, these 
cyclic deposits exhibit an overall upward-thinning and upward- 
fining succession that is readily observed in well logs (Fig. 
4.53). 

A practical problem when dealing only with well logs in 
transgressive systems tracts on open coasts or incised valleys 
concerns the identification of the transgressive surface. Whether 
this surface can be identified with only well-log data depends 
on the facies contrast between the transgressive systems tract 
and the underlying highstand or lowstand systems tracts. This 
contrast depends primarily on the type of deposits being trans- 
gressed and the coastal depositional environments that devel- 
oped during transgression. Interpretation difficulties are com- 
mon when mud-prone transgressive deposits directly overlie 
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FIG. 4.80.-Two seismic horizon slices approximately 160 m apart from the 
Main Unit of the Miocene Upper Cibulakan Formation at FXE-Field (A and 
B). The long linear features oriented northeast-southwest are interpreted to be 
tidal sand ridges (expressed here as lighter-gray swaths) averaging 1-2 km 
wide and well over 15 km long. Similar ridges are observed at several other 
levels within this section and are consistently sharp-edged on their northwestern 
side. Well penetrations through these features confirm the presence of relatively 
well-sorted very fine to fine-grained sandstone there. 

muddy offshore deposits of the highstand systems tract. Simi- 
larly, problems of interpretation can arise if sand-prone estua- 
rine deposits directly overlie sand-rich alluvial-plain or coastal- 
plain lowstand or highstand systems tract deposits. In most 
instances, log motifs are not necessarily unique and core or 
outcrop data are essential in order to identify accurately the key 
bounding surfaces and to identify systems tracts correctly. 

The transgressive systems tract forms an interval with good 
trapping potential, because it is generally capped by widespread 

marine mudstone. In addition, as relative sea-level rise and shelf 
accommodation accelerates, sandstone deposits, particularly in 
the coastal plain, become more isolated within shale, thereby 
further increasing hydrocarbon trapping potential (Fig. 4.3). 
The transgressive marine mudstones of the condensed section 
and between the successive smaller-scale cycles (parasequ- 
ences) tend to onlap updip onto the transgressive surface, or the 
sequence boundary if the two surfaces are merged. This can 
lead to the formation of updip stratigraphic seals. Updip hydro- 
carbon leakage can occur, however, unless there is also a bottom 
seal. As illustrated in Figure 4.71, if the shales overlie trans- 
gressive coastal sandstones that onlap onto lowstand fluvial or 
coastal-plain sand (e.g., within an incised valley), then no updip 
seal develops. Consequently, potential for updip stratigraphic 
trapping in transgressive systems tracts is better where trans- 
gressive sandstone is deposited on open coasts (i.e., on the in- 
terfluves outside of incised valleys): Even in this case, updip 
leakage can occur if the transgressive sands are widespread, 
such as those associated with a wave ravinement surface (Fig. 
4.71). 

The most important factor that determines the facies and log 
patterns of the transgressive systems tract is the nature of 
coastal depositional environments during transgression and, in 
particular, the energy of wave and tidal processes. Because of 
the generally reduced fluvial sediment flux to the coast during 
transgression, sediment reworking due to tide and wave erosion 
is a characteristic feature of transgressive systems tract deposits. 
Because of the distinct coastal morphology and facies patterns 
formed by waves and tides, the facies expression and stratal 
patterns of the transgressive systems tract are very different on 
coasts with different ratios of tide and wave energy. In the fol- 
lowing sections, we elaborate on these differences. 

Coastal Settings with Low Wave Energy and Low 
Tidal Energy 

On coasts with very low wave and tide energy, little sediment 
erosion and reworking occurs during transgression. This results 
in shale-prone and thin transgressive systems tracts. A modern 
example of an extremely low-wave-energy coast affected by 
moderate tides is the Mahakam delta in Indonesia and its Mi- 
ocene equivalents in the underlying Kutei Delta Basin. When 
transgression occurs in this delta, there is very little sediment 
reworking by tides or waves and the transgressive systems tract 
consists only of transgressive shelf muds and carbonates ac- 
cumulating directly over coastal-plain and delta-front mud and 
sand (Carbonel and Moyes, 1987; Debec and Allen, 1995; Rob- 
erts and Sydow, 1996; Allen and Chambers, 1998) (Fig. 4.43). 
When the transgressive systems tract comprises several smaller- 
scale deltaic cycles, it is expressed as a stacking of upward- 
thinning and upward-fining, backstepping deltaic cycles, with 
no sediment reworking by waves or tides as each individual 
stratigraphic unit is transgressed (Fig. 4.70). 

Because of the reduced erosion during transgression, the 
transgressive systems tract in low-energy coastal settings ex- 
hibit an abrupt vertical transition from lowstand fluvial, coastal- 
plain, or shelf deposits, to offshore shelf muds. This is com- 
monly observed within the Miocene section offshore of the 
Mahakam delta, Kalimantan, Indonesia (G.P. Allen, unpub- 
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FIG. 4.81.-A) Seismic facies map 
across an 80 ms section encompassing the 
shelf ridge shown in the southeastern cor- 
ner of Figure 4.80A (seismic facies map 
produced by CGG Petrosystems Strati- 
magic software). Note the sharp edge on 
the northwestern side. Note also the 
oblique patch across the shelf ridge, sug- 
gesting possible sand wave migration 
from northeast to southwest along the 
long axis of the shelf ridge. B) Seismic 
reflection dip attribute map of the top of 
the shelf ridge in the southeastern corner 
of Figure 4.80A. Note the relatively steep 
slope on the northwestern side and the 
more gently tapering margin on the 
southeastern side. This asymmetry sug- 
gests a direction of migration toward the 
northwest. C) Transverse seismic section 
across the shelf ridge observed in the 
southeast corner of Figure 4.80A. The 
color band above the shelf ridge repre- 
sents the seismic facies (A) of each trace. 
Note the reflection onlapping the gentle 
east-southeastem side of the shelf ridge. 

lished data). Prograding distributary-mouth bars are overlain by 
intensely bioturbated silty sand with abundant siderite concre- 
tions and overlain by shelf muds containing siderite concre- 
tions. The vertical facies transitions are gradual and there is no 
well-defined transgressive surface. With only well-log data it 
would be difficult, if not impossible, to identify the transgres- 
sive surface. Figure 4.72 illustrates a transgressive section in 
the same basin, wherein shelf prodelta mudstone overlies a 
delta-plain coal. In this instance, the contact is abrupt but there 
is no trace of either wave or tide erosion at the contact between 
the coal and the marine mud. 

Transgressive systems tracts within incised valleys in settings 

with low wave and tide energy exhibit similar features. Figure 
4.73 illustrates an incised valley fill from the Miocene Kutei 
basin. The valley fill consists of two superimposed 10-m-thick 
fluvial channels containing coarse, trough cross-bedded sand- 
stone. These fluvial deposits erode into shelf silts and muds and 
are interpreted as lowstand deposits. The transgressive systems 
tract overlying the upper channel comprises 2 meters of bio- 
turbated medium-grained sandstone that grades upward into 
bioturbated shelf mud. There is no sharply defined surface or 
erosional contact separating the fluvial lowstand deposits from 
the transgressive systems tract, and without a core it would be 
very difficult to identify the, transgressive surface. 
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trast to the thicker and coarser-grained transgressive deposits 
deposited during the same time interval within incised valleys 
on coasts with high tide and wave energy (see discussion be- 
low). A similar situation can be observed in the Java Sea off- 
shore northwest Java (Fig. 4.74; Harris, 1994; Gresko and 
Lowry, 1995; Posamentier et al., 1998), where incised valleys 
remain unfilled. 

On many coasts, weak though not negligible waves can char- 
acterize shelves during transgression. The Mississippi delta, 
which is considered to be a river-dominated, delta system with 
generally low wave and tide energy (Galloway, 1975), is typical 
of these conditions. In these low wave-energy environments, 
the onset of transgression is marked by the establishment of 
backbarrier lagoons or bays, or the formation of coals over flu- 
vial or coastal-plain sediments. In this situation it would be 
difficult to locate the transgressive surface strictly from well 
logs, because the log motifs of these muddy transgressive de- 
posits would resemble the underlying lowstand or highstand 
coastal-plain sediments (i.e., levee, splay, floodplain, etc.). Dur- 
ing transgression of abandoned delta lobes (Fig. 4.75) relatively 

PIo. 4.82.--seismic horizon slice from the Main Unit of the Miocene Upper low-energy waves can rework previously deposited regressive 
Cibulakan Formation at -Field illustrating interpreted shelf ribbons ex- 
pressed as n-w lineac faares nofi-nofie~t/wuthth~o~thwe~~. deposits and, if these underlying deposits contain sand, can pro- 
These features are less than 100 m wide and are well over 15 km long. The duce thin, sandy backstepping barriers over a low-energy wave 
ghostly meandering channel that can be observed here is a shadow effect from ravinement surface characterized at most by ody a few meters 
a meandening fluvial system approximately 30 ms (approximately 28 m) above of erosion (Boyd and Penland, 1984; Pedand et al., 1988). 
(see Fig. 3.25). When these barriers are overstepped and drowned, they can 

evolve into shelf ridges, which can continue to migrate until 

The late Pleistocene incised valleys observed on the shelf 'hey pass effective wave base (Fig. 
seaward of the modern Mahakam delta indicate the presence of 4.75). 
probable fluvial deposits at the base of the 30-m-deep valleys; 
however, because of the lack of sediment reworking and the Coastal Settings with Low Wave Energy and High 

rapid rate of relative sea-level rise, these valleys remained un- Tidal Energy 

filled during the Holocene sea-level rise (Debec et al. 1994; On low-wave-energy coasts with a significant tide range 
Debec and Allen 1995). The lack of thick transgressive systems (e.g., > 4 meters), the morphology of open coasts during trans- 
tract deposits in this low-energy coastal environment is in con- gression takes on an "estuarine" character, with wide flaring 
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RG. 4.83.-Transgressive systems tract in a setting with low wave energy and high tidal energy (tide range up to 6 m) in the upper reaches of the Gironde 
estuary (southwestern France). The section overlies an erosional and unconformable sequence boundary at the base of the valley, incised during the late Pleistocene 
relative sea-level fall. Lowstand fluvial gravel and coarse sand overlie the sequence boundary. During the rapid Holocene sea-level rise, the valley was drowned 
and converted into a tidal estuary. At this time, a transgressive systems tract consisting of medium-grained, tidal-estuary sand and mud was deposited over the 
fluvial sediments. These transgressive sediments are finer grained than the underlying fluvial lowstand and contain abundant clay laminae and flasers. The 
transgressive surface separating the lowstand and transgressive systems tract deposits is very distinctive in cores and outcrops. 

estuarine-like embayments containing extensive tidal flats, 
marshes, tidal channels, and sand ridges. Strong tidal currents 
occur within these embayments, and erosion and reworking in- 
crease significantly during transgression. Because of sediment 
reworking by tidal currents, the transgressive systems tract is 
generally thicker than in settings with low-wave energy and 
low-tide energy. Modem examples of these types of coastal 
settings are represented by the modern Nushagak Bay in Alaska 
(Hayes and Kana, 1976), the Wash embayment on the east coast 
of England (Evans and Collins, 1975), and the Bay of Fundy 
in Canada (Dalrymple and Zaitlin, 1989). In such environments, 
during transgression tidal-flat and tidal-channel deposits accu- 
mulate above lowstand or highstand fluvial or coastal-plain sed- 
iments. These tidal channels are erosive and rework older sed- 
iment down to a depth equivalent to the depths of the channels. 
These depths are a function of tidal range i d  can extend down 
as much as 5 meters. 

A distinctive feature on transgressed shelves in settings with 
high tidal energy and low to moderate wave energy is the pres- 
ence of tidal sand ridges. These ridges have been described in 
restricted shelves with strong tidal currents, such as in the En- 
glish Channel and the North Sea (Fig. 4.76). They are formed 
by tidal reworking of older coastal k d  fluvial sand deposits 
during transgression and can accumulate large sand deposits on 
the shelf, exceeding 10 meters in height (Dalrymple, 1992). 

Some ridges appear to be strictly erosional remnants, with 
ridges being formed as a result of erosional scour leaving be- 
hind residual ridges (Bern6 et d . ,  1998), whereas others (Hou- 
bolt, 1968; Liu et al., 1998) appear to be more constructional, 
formed as a result of combined aggradation and progradation. 
Figure 4.76 shows examples of these end-member ridge types. 

A Holocene example of tidal ridges in the East China Sea is 
illustrated in Yang and Sun (1988) and Z. X. Liu et al. (1998). 
These ridges formed in response to progressive shoreline trans- 
gression during Late Pleistocene to Early Holocene time and 
are clustered within the embayment inherited from the Pleis- 
tocene Yangtze River valley (Fig. 4.77). The internal architec- 
ture of one of these ridges is shown in Figure 4.78 and again 
illustrates cross-stratification. 

Figure 4.79 shows a subsurface example of tidal ridges 
formed in an environment with low wave energy and high tidal 
energy. In this example, both a distributary channel and tidal 
ridges are observed. The shelf ridges are inferred to have 
formed after flooding of the delta plain (Posamentier et al., 
1998). They are characterized by pronounced linearity, typi- 
cally on their western sides. Figure 4.79C illustrates the varied 
lithologic expression of these tidal ridges, ranging from blocky 
(well EZC-2) to coarsening upward (wells EZC-4 and EZE-2) 
to bell-shaped (EZE-3). 

Figure 4.80 shows another example of tidal ridges in the 
subsurface. These are linear features approximately 1-3 km 
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FIG. 4.84.-Example of coastal morphology during transgression on a high-wave-energy, mesotidal coast (Indian River Bay, Delaware; from Belknap et al., 
1994). A linear wave-built barrier with a small tidal inlet has formed on the retreating coast, partially barring a transgressive estuary. This back-bamer estuary 
and lagoonal environment was formed when a fluvially incised valley was drowned during the Holocene transgression. The estuary is presently filling with 
carbonaceous and bioturbated mud, which is eroded by a wave ravinement surface as the shoreline recedes (see Fig. 4.85) 

Shoreline 

Accommodation 

RSL 2 
RSL 1 

Onlap Wedge of 
Transgressive 

Shelf Sediments 

FIG. 4.85.-Erosion of shoreface deposits and deposition of a transgressive 
sediment wedge by wave action on high-wave-energy shelves. As transgression 
ensues, the point of onlap of successive sediment wedges steps landward onto 
the older regressive highstand or lowstand deposits. These deposits are the 
landward equivalent of the healing-phase wedge (see Fig. 4.91). (After Num- 
medal et al., 1993.) 

wide and oriented parallel to an inferred embayment axis. 
Closer examination of one of these ridges reveals an asymmet- 
ric cross profile, with a sharp edge delineating the ridge on the 
western side (Fig. 4.81). Seismic facies maps and other interval 
attributes suggest that these ridges are not of uniform thickness 
over their entire length, but rather consist of thicker and thinner 
segments (Fig. 4.81). These thicks and thins may correspond 
to oblique to transverse sand waves moving parallel to the ridge 
in the direction of the dominant tidal current. 

Where tidal currents are not sufficiently strong to form sand 
ridges, sand ribbons and other small features such as sand 
waves and sand patches can form on the sea floor (Belderson 
and Stride, 1966; Belderson et al., 1982). Figure 4.82 shows a 
subsurface example of shelf ribbons. These deposits are com- 
monly less than 50 cm thick and can extend for tens of 
kilometers. 

Incised valleys affected by a high tide range are converted 
to tidal estuaries during transgression (Dalrymple et al., 1994). 
When this takes place, the lowstand fluvial deposits can be re- 
worked and overlain by tide-dominated estuarine-channel de- 
posits (Allen and Posamentier, 1993; Rossetti, 1998). These 
deposits generally are easy to identify, because they are char- 
acterized by typical tidal facies and structures. Figure 4.83 il- 
lustrates an example of a strongly tide-influenced transgressive 
systems tract within the Holocene Gironde incised valley in 
southwestern France (Allen and Posamentier 1993). As shown, 
the transgressive surface is marked by an abrupt transition from 
coarse fluvial sand and gravel lowstand deposits to tide-domi- 
nated estuarine channel-fill deposits comprising medium sand 
with abundant clay drapes and flasers. Similar facies patterns 
have been observed in the tide-influenced Cretaceous Drum- 
heller Formation in Western Alberta (Rahmani, 1988; Ains- 
worth and Walker, 1994), and the Devonian Catskill Formation 
in Pennsylvania, U.S.A. (Breyer, 1995; Cotter and Driese, 
1998). With only well-log data, however, it would be more 
difficult to identify the transgressive surface, which would lie 
at the contact between clean and blocky fluvial sand and over- 
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RG. 4.86.-Effects of wave erosion during transgression on a coast with high wave energy, Delaware, USA. Wave action results in "beheading" of earlier- 
deposited highstand and lowstand sections and deposition of a regionally extensive bed of transgressive shelf sand over a wave ravinement surface. These shelf 
sands are in places shaped by currents and waves into tidal sand ridges. (From Kraft, 1971; Kraft et al., 1987.) 
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RG. 4.87.-Example of a transgressive shelf sand ridge formed by wave and storm processes on the modem shelf off of New Jersey. (From Alpine Geophysical 
Associates, 1974, in Snedden and Dalrymple, 1999.) 
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FIG. 4.88.-Example of transgressive deposits directly overlying a merged 
sequence boundary and transgressive surface of erosion. The hiatus at the rav- 
inement surface is greater than 3 million years. This is an example of a poly- 
genetic surface where extensive erosion likely occurred during a long period 
of subaerial exposure, but the ultimate expression of this surface as a ravine- 
ment surface simply reflects the effects of the last erosive process to act on this 
surface. In all likelihood, the depth of erosion associated with the wave ra- 
vinement process was far less than that associated with subaerial erosional 
processes. Consequently, the local expression of the sequence boundary is that 
of a ravinement surface. The transgressive sandstone varies in thickness from 
less than one meter to over 15 meters and is a prolific hydrocarbon producer. 

10-20 m is common (Demarest and Kraft, 1987; Abbott, 1998; 
M. Tesson, personal communication, 1998). The effect of this 
wave erosion is to create a widespread and continuous erosion 
surface, known as a wave ravinement surface (Swift, 1975) (see 
discussion in Chapter 3). 

Some of the sediments eroded by waves during the trans- 
gression are transported seaward on the shelf by storms and 
form a transgressive deposit above the wave ravinement surface 
(Figs. 4.85 and 4.86) (e.g., Curray, 1964; Swift, 1968; Belknap 
and Kraft, 1981; Demarest and Kraft, 1987; Kraft et al., 1987; 
Abbott, 1998). The coarsest sediments generally are not trans- 
ported very far seaward from the shoreline and remain as a lag 
above the wave ravinement surface (Swift, 1976). Most of the 
sand-size sediment is dispersed on the shelf seaward of the re- 
treating shoreline and accumulates as a sheet-like unit of storm 
deposits or shelf sand ridges (Fig. 4.87; Swift and Field, 1981; 
Snedden and Kreisa, 1995; Snedden and Dalrymple, 1999; Ab- 
bott, 1998). Recently Rine et al. (1991) and Snedden et al. 
(1994) have shown a genetic link between inlet channels and 
some overlying transgressive sand ridges, suggesting that at 
least some transgressive sand ridges form in relatively shallow- 
water shoreface-attached settings before they become inactive 
later during the transgression. These transgressive shelf-sand 
deposits can form excellent regional reservoirs and range in 
thickness from 1-3 m (in the case of sheet-like transgressive 
storm sands), to 5-10 m, in the case of shelf sand ridges (Fig. 
4.87). The internal character of a modem nearshore ridge has 
been described by Snedden et al. (1994) and typically com- 
prises well-sorted fine- to coarse-grained, cross-bedded to bio- 
turbated sediment. 

An example of this type of deposit is the "CI" member of 
the Kuparuk Formation (Masterson and Paris, 1987; Masterson 
and Eggert, 1992). These transgressive systems tract deposits 
form an upward-fining and upward-deepening sand section 
above a regional erosion surface, which constitutes a merged 
sequence boundary and wave-ravined transgressive surface 

lying muddy sands with a more erratic gamma ray response (F;~. 4.88). The ~ r i o m  and Rannoch sandstones in the Jurassic 

(Fig. 4.83). This succession could be mistaken for a "normal" Brent Group in the North Sea are another example of a sandy 

upward-fining fluvial channel fill. If wave energy is very low, transgressive systems tract in a high-wave-energy setting (Hel- 

these estuarine-channel and mud-flat deposits are capped by land-Hansen et al., 1992; Eschard et al., 1993). This sand also 

offshore marine shelf mudstones. forms an upward-fining sand blanket up to 2-3 m thick and is 
continuous over several hundred square kilometers (Fig. 4.89). 

Coastal Settings with High Wave Energy and LOW 
Tidal Energy 

Coastlines subjected to high wave energy and low tide ranges 
are characterized by widespread beach and shoreface deposits 
that form regionally widespread sand belts parallel to the coast. 
During transgression, coastal morphology typically comprises 
extensive lagoons and embayments behind thin, elongate, sandy 
coastal barriers (Fig. 4.84) (Hayes, 1975). The lack of signifi- 
cant tidal currents is reflected in the continuous barriers and 
small number of tidal inlets that cut through the barriers (Hayes 
1975). The thickness and facies patterns of the transgressive 
systems tract are a function of the location of the section with 
respect to the regressive shoreline that preceded transgression. 

In high-wave-energy environments, shoreface erosion by 
wave action during transgression can remove significant thick- 
nesses of substrate (i.e., late highstand or lowstand) sediments 
(Figs. 4.85 and 4.86). Where wave energy is high, erosion of 

Another example of transgressive deposits is the castlecliff 
section of the mid-Pleistocene Wanganui Basin, New Zealand 
(Abbott, 1998). The sediments of the Castlecliff section overlie 
an amalgamated transgressive surface (expressed here as a rav- 
inement surface) and sequence boundary. The sediments below 
this surface are offshore marine silts of the preceding highstand 
systems tract. Figure 4.90 illustrates several measured sections 
within transgressive systems tracts in the Castlecliff section. 
Note the variability of lithofacies and the lack of any consistent 
coarsening-upward or fining-upward trends. 

The finest grain-size fractions are transported farther seaward 
and are deposited on the shelf and beyond as a mud-rich sedi- 
ment wedge, termed the healing-phase wedge by Posamentier 
and Allen (1993a). It is "healing7' in the sense that it fills low 
areas of the sea floor, notably the space outboard of the last 
regressive clinoform (Fig. 4.91), so as to smooth out the lon- 
gitudinal profile and reestablish a graded sea-floor profile (Figs. 
4.92, 4.93, and 4.94 illustrate healing-phase wedges at dif- 
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FIG. 4.89.-Example of transgressive 
sandstone overlying a wave-eroded trans- 
gressive ravinement surface. The well log 
and core description shown (A) are a de- 
tail of the well-log cross section (B). This 
is an example of a widespread transgres- 
sive shoreface Jurassic sand sheet (the 
Broome Member of the Brent Forma- 
tion), which forms a major reservoir in 
the North Sea. 

ferent scales). The role of equilibrium profiles in basin-fill evo- 
lution is discussed in detail in Thorne and Swift (1991). 

Depending on the relief of the last prograding shoreface, 
these wedge-shaped deposits can contain significant volumes 
of sediment. Typically, the sediments that constitute these 
wedges are relatively fine-grained silt and mud with scattered 
thin beds of sand at the base or embedded within it (Posarnentier 
and Allen, 1993a). Nonetheless, the grain-size distribution 
within the healing-phase wedge depends upon the substrate 
cannibalized during transgression. Bern6 et al. (1998), in their 
analysis of offshore sand ridges and lowstand shorefaces, off- 
shore France, report extensive erosion of a relatively sand-rich 
substrate during transgression. They suggest that this implies 
that a large amount of shelf sediment, possibly sand-rich, was 
transported seaward during transgression. The log response of 
a typical healing-phase deposit is shown in Figure 3.47 from 
well number 11 seaward. 

Figure 4.95 illustrates the progressive formation of the heal- 
ing-phase wedge. At time 1, during the earliest phase of trans- 

gression, the shoreline has not transgressed far from the location 
of maximum shoreline regression. Sediment derived from ero- 
sion at the shoreface can be transported by inertial or sediment- 
gravity-flow processes across the transgressed delta plain or 
coastal plain as well as the delta front or shoreface slope be- 
yond. At the same time, sediments in suspension in the water 
column (the sediment plume), usually the finer-grained fraction, 
can be deposited in the relatively sheltered deeper-water setting 
outboard of the last clinoform. At time 2 (Fig. 4.95), the shore- 
line has transgressed far enough away from the last clinoform 
so that little inertial or sediment-gravity-flow deposition occurs 
there at that time. Instead, the only type of sedimentation that 
characterizes this area is that which is associated with suspen- 
sion from the sediment plume. Because of the decrease in fall- 
out rate with increased distance seaward, this latter process 
tends to produce a convex-up longitudinal profile. Figure 4.96 
illustrates a healing-phase wedge overlying a latest Pleistocene 
lowstand regressive wedge of sediment from the outer shelf of 
the Gulf of Mexico (M. Cucci, unpublished data). This latest 
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FIG. 4.90.-Various measured sections through several transgressive deposits within mid-Pleistocene sequences of the Wanganui Basin, New Zealand (from 
Abbott, 1998). Note that in each instance these deposits overlie a ravinement surface characterized by a Glossifungites ichnofacies. These transgressive deposits 
display a wide range of lithologic attributes, with a variety of grain sizes and a range of stacking patters varying from coarsening upward to blocky to fining 
upward. 

Backstepping 
Barrier Beaches 

FIG. 4.91.-Schematic depiction of the distribution of sediments derived 
from substrate erosion during shoreline transgression. 1) Some sediments mi- 
grate landward in the form of backstepping barrier-beach deposits, which can 
eventually be preserved if they are "overstepped". 2) Some sediments mantle 
the ravinement surface in the form of transgressive lag deposits. These deposits 
can later be reshaped into shelf sand waves and ridges. 3) Some sediments are 
transported seaward of the last clinoform of subjacent progradational deposits 
and can form a wedge-shaped deposit referred to as the healing-phase wedge. 

Pleistocene lowstand regressive wedge pinches out both land- 
ward and seaward. Examination of the internal geometry of this 
wedge reveals that within the lowstand regressive wedge the 
clinoform gradients increase progressively seaward, achieving 
a maximum of 3.0" at the last-formed clinoform. After the for- 
mation of this clinoform, additional clinoforms within the in- 
ferred healing-phase wedge show a progressive decrease in gra- 
dient (Fig. 4.97). However, more importantly, these clinoforms 
grade from concave-up at the last lowstand clinoform, to flat, 
to convex-up. The modem sea floor has a markedly convex-up 
profile (Fig. 4.98). 

Seaward of the regressive (lowstand) shoreline that irnrne- 
diately preceded the transgressive systems tract, and at depths 
greater than fair-weather wave base, the transgressive surface 
records only a deepening event with little obvious expression. 
Posamentier and Chamberlain (1993) observed that the trans- 
gressive surface in this setting can be characterized by a change 
in type and intensity of bioturbation (i.e., intensely burrowed 
silty mudstone below from sparsely burrowed silty mudstone 
above), as well as by a sharp increase in the hydrogen index in 
the sediments overlying the transgressive surface (Figs. 3.64 
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Healing-Phase Wedge 
I 

FIG. 4.92.-Multichannel seismic pro- 
file showing dip-oriented section through 
a shelf-perched delta. This delta is inter- 
preted as a lowstand systems tract formed 
by the process of forced regression. Note 
the landward pinchout of this wedge, sug- 
gesting a zone of sedimentary bypass be- 
tween the provenance area and this 
wedge (see Fig. 3.25). Seaward of the last 
lowstand clinoform, there exists a wedge- 
shaped unit that onlaps the lowstand 
delta, interpreted as a healing-phase 
wedge. (Seismic section courtesy of La- 
mont-Doherty Earth Observatory.) 

FIG. 4.93.-Multichannel seismic re- 
flection profiles showing continental- 
scale healing-phase wedge deposits. In 
this instance the healing-phase wedge has 
formed over a period of several million 
years, presumably through several sea- 
level cycles. A) These healing-phase de- 
posits comprise a wedge approximately 
250 m thick that pinches out at the shelf 
edge of earlier-deposited progradational 
deposits. The wedge is predominantly 
mud-prone, though some thin-bedded 
turbiditic sands are observed at the base 
of the wedge. B) Similarly to A, a heal- 
ing-phase wedge can be observed beyond 
the shelf edge of a continental-scale pro- 
gradational wedge. These deposits are 
predominantly shale-prone. 
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FIG. 4.94.-Multichannel seismic re- 
flection profile illustrating Late Pleisto- 
cene shelf-edge deltas with interpreted 
onlapping healing-phase wedge deposits 
from the Gulf of Mexico. Note the onlap- 
ping seismic reflection geometry and 
their high-amplitude continuous charac- 
ter. (From Posamentier and Allen, 
1993a.) 

and 4.99; Posamentier and Chamberlain, 1993). A similar ob- 
servation was made for sediments overlying a transgressive sur- 
face in the Tocito-Mancos interval in the San Juan Basin, New 
Mexico (Fig. 4.100). Without core or outcrop data, recognition 
of the transgressive surface in these distal shelf settings is vir- 
tually impossible. Posamentier and Chamberlain (1993) suggest 
that this decrease in burrowing intensity in the transgressive 
systems tract is related to increased environmental stress at the 
sea floor during the time that the coastal plaiddelta plain is 
transgressed. Such environmental stress can take the form of 
increased turbidity or increased organic matter in the water col- 
umn associated with shoreline transgression and coastal-plain 
andlor delta-plain erosion. 

While the shoreline is being transgressed, the facies pattern 
deposited on the coastal plain andor delta plain inboard of the 
transgressing shoreline is a function of the depositional envi- 
ronment landward of the retreating shoreline. If extensive la- 
goons have formed behind landward-retreating barriers, as is 
commonly the case (Hayes, 1975; Kraft et al. 1987), the initial 
deposits of the transgressive systems tract are lagoonal and 
marsh silt and mud. These fine-grained sediments can overlie 
late highstand or lowstand coastal-plain or fluvial deposits. If 
the transgressive deposits overlie regressive coastal-plain muds 
and silts, the transgressive surface is difficult to identify, be- 
cause it lies at the contact between muds deposited in similar 
brackish environments. If, however, the transgressive lagoons 
overlie lowstand or late-highstand alluvial-plain deposits, the 
transgressive surface separates nonmarine floodplain deposits 
from overlying brackish and commonly bioturbated lagoonal 
sediments. In both situations, it is very difficult to identify the 
transgressive surface from log data alone. 

If there is a substantial filling of lagoons during transgres- 
sion, the transgressive systems tract can form a relatively thick 
deposit (e.g., up to 10 m or more). Where this occurs, the trans- 
gressing barrier and shoreface migrate landward over the la- 

High & Time 
Shoreline A) Time 1 

Progradational Wedge 

5) Time 2 Shoreline Transgressive Surface - Low 
Time 

Healing-Phase Wedge I Sediment-gravity-flow deposits 
Suspension (plume) sedimentation 

C) Time 3 
Relatively coarse-grained (at base) 

- Low 
Time 

Wedge ,, Suspension (plume) sedimentation 
Relatively fine-grained 

FIG. 4.95.Schematic illustration of the formation of the healing-phase 
wedge. A) Time 1 illustrates progradation occumng in response to slow relative 
sea-level rise. B) At time 2, transgression has begun and the shoreline lies just 
landward of the location of maximum shoreline regression. Sediment eroded 
by shoreface processes at this time is transported by inertial or sediment-grav- 
ity-flow processes across the transgressed surface and down the shoreface or 
delta front. At the same time, suspended sediments are transported farther sea- 
ward and tend to be preferentially deposited in relatively low-energy settings 
outboard of the last clinoform. C) At time 3, the shoreline the shoreline has 
transgressed far enough from the location of maximum shoreline regression so 
that little or no sediment delivered by inertial flows or sediment-gravity flows 
can reach beyond this location. Outboard of the location of maximum shoreline 
regression only sedimentation from suspension plumes would occur at this 
time. Because of the progressive decrease in fallout rate with increased distance 
seaward associated with this process, a convex-up profile develops. 
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FIG. 4.96.-A healing-phase wedge overlying the latest Pleistocene lowstand wedge along the Texas Gulf of Mexico coast. Note the progressive change from 
concave-up clinoforms characterizing the regressive lowstand wedge (yellow) to convex-up clinoforms characterizing the modem sea floor (blue). (M. Cucci, 
unpublished data.) 

kilometers 

FIG. 4.97.-Upper-clinoform slope angles across the shelf margin from the 
regressive lowstand wedge to the transgressive healing-phase wedge (shown 
in Fig. 4.96). Note that the maximum slope angle is reached at the maximum 
seaward location of the shelf-edge progradational wedge. (M. Cucci, unpub- 
lished data.) 
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goonal and marsh deposits, which become truncated by a wave 
ravinement surface. This surface is regionally diachronous and 
cuts across the depositional surfaces of the underlying trans- 
gressive lagoonal deposits. Numerous examples of these types 
of stratal geometries have been described in Holocene coastal 
deposits of the East Coast of the U.S.A. (e.g., Demarest and 
Kraft, 1987). 

Transgressive systems tracts in incised valleys are character- 
ized by lagoonal and/or estuarine silt and mud overlying low- 
stand fluvial sand and gravel in the valley axis and directly 
overlying the sequence-boundary unconformity on the valley 
walls. These lagoonal and/or estuarine muds are truncated by a 

FIG. 4.98.4linoform profiles of the top of the lowstand regressive wedge FIG. 4.99.-Outcrop photo of relatively unburrowed mudstone immediately 
(yellow), the early transgressive healing-phase wedge (orange), and the late above the transgressive surface that caps the lowstand Muddy Formation near 
transgressive healing-phase wedge (blue). (M. Cucci, unpublished data.) Morrison, Colorado, USA. 
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FIG. 4.100.-Data on organic matter from the Tocito-Mancos interval at 
Bisti oil field, New Mexico. Note the increase in total organic carbon (TOC) 
and hydrogen index across the transgressive surface. (After Pasley et al., 1991, 
1993.) 

wave ravinement surface, overlain by an upward-fining trans- 
gressive sand deposit (Fig. 4.87). In certain situations, for ex- 
ample, if transgression is rapid and sediment supply is low, or 
wave energy is high and wave ravinement is deep, lagoonal 
deposits are thin or absent and the wave ravinement surface can 
overlie lowstand fluvial sands directly. When this occurs, the 
transgressive surface is expressed as a wave ravinement surface. 
A similar situation can occur if wave energy is very high and 
early transgressive systems tract lagoonal muds are entirely 
eroded by waves. 

Coastal Settirzgs with High Wave Energy and High 
Tidal Energy 

When both high-energy waves and large tides affect the coast 
during transgression, elongate shore-parallel beach and shore- 
face sand belts are truncated by deeply scoured tidal-inlet chan- 
nels and, in contrast to coasts with low tidal energy and high 
wave energy, barrier islands tend to be short (Hayes, 1975). On 
open coasts, tidal flats, marshes, and lagoons form behind the 
landward-migrating barriers, while estuaries develop in fluvial 
incised valleys. Because of the combined effects of wave and 
tidal erosion and sediment reworking, the transgressive systems 
tract in these high-energy coastal environments are the thickest 
and contain the most facies variability, exhibiting both tidal and 
wave facies associations. 

As in settings with high-wave energy and low-tide energy, 
the nature and facies pattern of the transgressive systems tract 
is a function of the location of the section with respect to the 
shoreline. On open coasts and landward of the wave-dominated 
shoreline, tide-dominated-lagoon and tidal-flat deposits accu- 
mulate. These typically are sandy tidal-channel-fill sediments 
capped by muddy tidal-flat and marsh deposits. At the seaward 
end of the lagoons, thick flood-tidal-delta sands are developed. 

The thickness of these inner, or early transgressive systems tract 
deposits depends on the tide range and the depth of the tidal 
channels. In macrotidal environments, these channels can be 
10-15 m or more deep. These channels erode and rework a 
significant thickness of older, regressive (highstand or low- 
stand) sediments. 

Figure 4.101 illustrates the morphology of Arcachon Lagoon, 
a large transgressive tidal lagoon on the Atlantic coast of south- 
western France. This lagoon system is migrating landward over 
older fluvial deposits. The base of the transgressive systems 
tract is formed by the erosional contact of the sand-filled tidal 
channels, and consequently the transgressive surface is ex- 
pressed by an erosional contact with tidal-channel sands over- 
lying older highstand sands (H. Fenies, personal communica- 
tion, 1994). In this instance, because the lagoon is migrating 
landward over Pleistocene fluvial deposits, the bases of the tidal 
channels constitute a merged sequence boundary and trans- 
gressive surface. Because the depth of the tidal channels in- 
creases downstream, the lagoon forms a seaward-thickening 
wedge of sand formed by amalgamated tidal-channel deposits. 
The zone of deepest channel erosion is at the inlet of the lagoon, 
where the tidal inlet has scoured down to a depth of 20 m. 

When the coast is transgressed in settings with high-wave 
and tide energy, the landward-migrating tidal inlets erode 
deeply (e.g., 10-20 m) into the underlying sediments (Fig. 
4.102). These earlier deposits eroded by the tidal inlets can 
consist either of older lowstand deposits or highstand sediments 
of the previous sequence, or more proximal transgressive la- 
goonal deposits. This transgressive tidal-inlet erosion surface 
has been called a tidal-ravinement surface (Allen, 1991) and is 
an important feature of the transgressive systems tract in mixed 
wave and tidal settings (Allen and Posamentier, 1993; Zaitlin 
et al., 1994). When this surface erodes deeper than the earlier- 
deposited, transgressive systems tract lagoonal deposits, it con- 
stitutes the transgressive surface (Fig. 4.102). 

On open coasts outside incised valleys, the transgressive sur- 
face commonly merges with the sequence boundary, because 
lowstand deposits are commonly thin on interfluves and tidal 
inlets can readily erode through them. The depth of tidal-inlet 
scour is generally also deeper than wave-ravinement scour, so 
that the upper part of the tidal-inlet sand fill is commonly trun- 
cated by the shallower, wave-ravinement surface (Fig. 4.68). 
Because tidal currents are generally weak on open shelves, the 
sediments overlying the wave-ravinement surface in these set- 
tings are similar to those discussed in settings with high wave 
energy and low tidal energy. 

When transgression occurs in an incised valley in settings 
with high wave energy and high tidal energy, the valley is con- 
verted into a tidal estuary. These are very common on modern 
coastlines and generally exhibit a distinctive sediment-fill pat- 
tern (Fig. 4.102; Allen, 1991; Dalrymple et al., 1992). Two 
major transgressive facies associations are common in mixed 
wave- and tide-influenced incised valleys: 1) tide-dominated 
estuarine sand and mud deposits in the inner landward part of 
the estuary, which is sheltered from waves by estuary-mouth 
barrier bars; and 2) wave- and tide-dominated tidal inlet and 
shoreface deposits at the estuary mouth. As the estuary is trans- 
gressed by the retreating shoreline, tide-dominated estuarine 
sandy channel fills and tidal-flat muds accumulate in the inner 
estuary (Fig. 3.65). These deposits can overlie lowstand fluvial 
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Sea Floor - 
Base of Tidal Channel 
(Transgressive Surface) 

FIG. 4.101.-Depositional environ- 
ments in a transgressive systems tract on 
a coast with high tidal energy and high 
wave energy (Arcachon Bay, southwest- 
em France). The coastal morphology is 
characterized by a large sand barrier cut 
by a deeply scoured (20 m) tidal inlet. 
The barrier protects a tidal lagoon with 
sandy tidal channels capped by tidal flats. 
The lagoonal deposits form a transgres- 
sive wedge of sand-filled tidal channels 
cut into older lowstand fluvial deposits. 
As the shoreline migrates across the la- 
goon during continued transgression, 
wave erosion removes several meters of 
lagoon sediment and forms a wave ravi- 
nement surface, which is overlain by 
coarse transgressive shelf sands. (From 
H. Fenies, personal communication.) 

deposits in the valley thalweg and the sequence boundary on (i.e., the transgressive, tidal-ravinement, and wave-ravinement 
the valley walls (Fig. 4.102). These early estuarine transgres- surfaces) form important stratigraphic surfaces in the trans- 
sive systems tract deposits can form accumulations of tidal sand gressive systems tract and record major environmental changes 
and mud up to 10 m or more thick within the valley (Allen and that occur during transgression. They are also important in 
Posamentier, 1993; Dalrymple et al., 1992, 1994; Nichol et al., terms of petroleum-field development insofar as they separate 
1996). Their base constitutes the transgressive surface. These different types of sand deposits with potentially different res- 
deposits subsequently can be deeply eroded by a tidal ravine- ervoir attributes, and consequently define distinct flow units. 
ment surface as the tidal inlet migrates landward. This surface 
is then overlain by a thick (up to 10 m or more) deposit of clean HIGHSTAND SYSTEMS TRACT 
tidal-inlet-fill sand. Once the shoreline transgresses across, this 
tidal-inlet sand is, in turn, capped by the erosional wave ravi- The regressive sediments above the maximum flooding sur- 
nement surface. face constitute the highstand systems tract and are deposited 

Figure 4.103 illustrates these three surfaces, which charac- when the rate of relative sea-level rise has slowed to the point 
terize the transgressive systems tract in incised valleys in high where it is less than the rate of sediment influx. When this 
wave energy and high tidal energy settings. All three surfaces occurs, a turnaround from shoreline transgression to shoreline 
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FIG. 4.102.-Formation of a tidal-ravinement surface during transgression, with associated facies associations; example from the Gironde Estuary, southwestern 
France. Tidal scour is produced at the mouth of the estuary, whpe tidal currents are accelerated by the partial barring of the estuary mouth by spit complexes. 
Lateral shifting of the inlet during transgression ultimately results in an erosional surface (i.e., tidal ravinement surface) extending from one side of the valley 
to the other. (From Allen and Posamentier, 1993.) 
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regression occurs (Fig. 2.5). The maximum landward position 
of the shoreline represents the turnaround point within a se- 
quence, whereupon subsequent shoreline regression occurs, ei- 
ther as a single seaward migration or as a succession of increas- 
ingly seaward pulses of sediment (i.e., parasequences). Log 
patterns of the highstand systems tract on the shelf generally 
are characterized by an upward-thickening, -coarsening, and 
-shallowing facies succession downlapping onto the maximum 
flooding surface (Fig. 2.30). In the case of a single seaward 
shoreline migration, this results in deposition of a single shoal- 
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ing-upward unit or parasequence. In the case of a more com- 
plex seaward migration of the shoreline, comprising successive 
regressive-transgressive pulses of sediment, due to either vary- 
ing rates of sediment flux or varying rates of relative sea-level 
rise, a succession of regressively stacked parasequences (i.e., 
each successive one extending farther seaward) is formed. This 
pattern of basin fill is described as progradational, forestepping, 
or seaward-stepping (Fig. 2.30). 

In nonmarine environments, highstand systems tract deposits 
accumulate during periods of decelerating rate of fluvial or la- 
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FIG. 4.103.-Hypothetical sections across incised valleys in A) settings with low tide and wave energy and B) settings with high tide and wave energy. In 
low-energy shelf environments (e.g., the Mahakam shelf, Kalimantan, Indonesia), the transgressive systems tract generally is thin because of the lack of erosion 
and sediment reworking by waves and tides during transgression. On high-energy coasts (e.g., the US Atlantic or French Atlantic coasts), wave and tide erosion 
reworks a significant thickness of older lowstand or highstand sediment and generates a relatively thick section (e.g., up to 10 m or more) of transgressive 
deposits, which can he punctuated by both tide- and wave-ravinement surfaces. The greater the degree of coastal energy and transgressive erosion, the more 
pronounced and recognizable are the key surfaces and facies association within the transgressive systems tract. 

DELTAIC T O  SHELF 
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SHELF M U D S T O N E  :t 

+ SEVERAL KM -+ FIG. 4.104.-Regional well-log section 
from a highstand systems tract within 
Tertiary deltaic deposits of the Gulf of 
Mexico. The maximum flooding surface 

- is observed within widespread marine 
offshore shale and is overlain by a re- - gressive and upward-coarsening section 
of deltaic deposits. This unit forms a 
highstand systems tract comprising sev- 
eral smaller-scale deltaic cycles. Because 
of the decelerating rate of relative sea- 
level rise with respect to rate of sediment 
supply, an upward-shallowing and, 
sandying regressive section is formed. 
Note the high degree of sandstone amal- 
gamation in the late highstand deposits, 
in contrast with the more shale-prone de- 
posits in the early highstand section. In 
this instance, it is difficult to locate the 
overlying sequence boundary within the 
amalgamated channel deposits. 
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custrine accommodation after a prolonged period of rapid flu- 
vial or lacustrine accommodation increase. This generally re- 
sults in an upward coarsening and thickening section of fluvial 
channel-fill deposits or lacustrine deltas (Fig. 4.2). Because of 
the increasing ratio of sediment supply to rate of accommoda- 
tion increase, the highstand fluvial section in nonmarine as well 
as marine basins is characterized by an upward-increasing de- 
gree of channel amalgamation (Fig. 4.2). Legaretta et al. (1993) 
and Aitken and Flint (1994) have described examples of fluvial 
and lacustrine highstand systems tracts. 

Figures 4.25 and 4.69 show an example of a fluvial and la- 
custrine highstand systems tract in a nonmarine intracratonic 
basin. These sequences and their systems tracts were deposited 
in intracratonic basins and are interpreted to have been formed 
by episodic basin-margin uplift coupled with varying rates of 
basin subsidence (Musakti, 1997) and are extremely widespread 
(i.e., over several hundreds of kilometers). 

In marine settings, the rate of relative sea-level rise decreases 
so that the rate of new accommodation added on the shelf di- 
minishes and shoreline regression accelerates. At the onset of 
the highstand, relative sea level is still rising relatively rapidly 
(but less than the rate of sediment accumulation). This results 
in a regressive stacking pattern with a strong aggradational 
component, which is characteristic of the early phase of the 
highstand systems tract (Fig. 4.30). On the coastal plain behind 
the shoreline, during the early highstand, the high rate of new 
accommodation added results in trapping of coarse-grained sed- 
iments on the alluvial plain, which, in turn, produces mud-dom- 
inant coastal-plain deposits with a low ratio of channel-fill to 
floodplain deposits. 

Sandstone reservoirs deposited during highstand systems 
tract time tend to be isolated. This reflects the relatively low 
sediment flux compared to the rate of new accommodation 
added that characterizes this period. The log response of the 
early highstand systems tract in the alluvial and coastal plain 
tends to reflect this relatively floodplain-dominated succession; 
all else being equal, channel clustering is low at this time (Figs. 
3.10, 3.13, and 4.2; Legaretta et al., 1993). In the alluvial plain, 
accommodation results from a combination of a seaward shift 
of the fluvial equilibrium profile in response to shoreline re- 
gression, and a vertical shift of the equilibrium profile in re- 
sponse to relative sea-level rise (see discussion in Chapter 2). 
During the early phase of the highstand, the latter process is 
dominant. In marine shelf successions, the relatively rapid rate 
of relative sea-level rise results in predominantly aggrading to 
prograding, shale-prone regressive successions (Fig. 4.104). 

During the late phase of the highstand systems tract, relative 
sea-level rise decelerates, eventually achieving stillstand (Fig. 
2.30). Decelerating sea-level rise slows the rate at which ac- 
commodation is added on the shelf. This results in an acceler- 
ation of shoreline regression (Fig. 2.30), as progressively less 
marine sediment is required to fill the accommodation on the 

shelf. Because of rapid regression and diminished aggradation, 
individual parasequences tend to be thinner than those in the 
early highstand. However, these late highstand coastal sand- 
stone deposits also tend to be more widely distributed across 
the shelf and tend to be in relatively good communication with 
each other. Figure 4.104 illustrates the increasing sand propor- 
tion and reservoir amalgamation in the late highstand phase of 
a sequence in the Gulf of Mexico. 

Fluvial accommodation during the late phase of the high- 
stand is related to the seaward shift of the fluvial equilibrium 
profile as the shoreline regresses more rapidly. During this 
phase, and in contrast to the early highstand, fluvial accom- 
modation because of the vertical shift of the equilibrium profile 
becomes progressively less important (Figs. 2.41A and 3.1 1). 
Large fluvial systems, commonly characterized by relatively 
low gradients (Table 2.2), experience maximum rates of accom- 
modation increase in response to upward rather than seaward 
shifts of profiles. Thus, they experience lower rates of increas- 
ing accommodation during late highstand than during early 
highstand, so that the increase in channel clustering and the 
ratio of channel fill to floodplain volume during late highstand 
is particularly noticeable (Fig. 3.1 1). 

When relative sea-level fall begins, shoreline regression ac- 
celerates; however, at this time shoreline regression is not re- 
lated to an excess of sediment supply relative to accommoda- 
tion, but rather is a result of the relative sea-level fall (i.e., 
forced regression). New subaerial accommodation commonly 
is not produced during periods of sea-level fall, and, in fact, in 
many instances, negative accommodation at this time leads to 
fluvial incision, as discussed in Chapter 2. In response, an un- 
conformable sequence boundary is formed. The log and facies 
response of the late highstand systems tract reflects not only 
increased channel clustering but also the development of ex- 
tensive paleosols that form subsequent to highstand deposition 
(i.e., during the time of subaerial exposure and fluvial bypass 
of highstand floodplains that occurs during the early lowstand). 

In practical terms, it can be difficult to separate late-highstand 
fluvial and coastal-plain channels from similar lowstand depos- 
its, on the basis of well-log data alone. From an exploration 
perspective, gas-prone source rocks as well as relatively iso- 
lated sandstone reservoirs can exist within the early highstand 
systems tract. In contrast, because of the decreased rate of ad- 
dition of accommodation, the late highstand is characterized by 
a high degree of sand amalgamation and reservoir connectivity, 
and commensurately poorer source-rock potential. As a result 
of the increased interconnectedness of late-highstand sand de- 
posits, late-highstand floodplain and coastal deposits commonly 
lack adequate seals. The sealing potential of these deposits is 
further diminished by the presence of an overlying, unconform- 
able sequence boundary and sand-prone incised-valley-fill 
deposits. 





Practical Methodology 

INTRODUCTION sea-level fall. Alternatively, if the setting is that of a shelf or a 

This chapter briefly reviews some practical guidelines for 
sequence-stratigraphic analysis, with an emphasis on borehole 
data. As the previous chapters have discussed, the log and facies 
characteristics of key surfaces and systems tracts vary consid- 
erably with paleogeographic location within a basin. Also, as 
discussed, basin physiography and coastal morphology play an 
important role in that they control the kind of depositional en- 
vironment that develops (e.g., wave-dominated versus river- 
dominated deltaic systems). Thus, in order to fully exploit the 
sequence stratigraphic approach for basin-fill analysis, it is es- 
sential to have a firm understanding of the interplay between 
sea-level change, coastal physiography, sediment flux, and sed- 
imentary processes. When done properly, the sequence-strati- 
graphic approach can yield as many new questions as answers. 
However, these new questions can lead to previously un- 
thought-of geologic solutions. In this way, the sequence-strati- 
graphic approach constitutes a powerful tool for the generation 
of reasonable geological working hypotheses. 

SEQUENCE STRATIGRAPHIC PROCEDURE 

The sequence-stratigraphic approach, possibly more so than 
most other kinds of geological analysis, benefits greatly from 
use of integrated data sets and application of a systematic, step- 
by-step approach. Each interpretive step must be carefully and 
objectively appraised with respect to geologic reasonableness. 
There are no rigid templates for this approach; rather, as long 
as proposed geologic explanations violate no basic geologic 
principles, then they are considered reasonable. In short, there 
is no right or wrong, only reasonable or unreasonable. The 
emphasis, as discussed earlier, is on flexibility and pragmatism 
in the application of sequence-stratigraphic concepts. The fol- 
lowing section outlines a practical and objective approach for 
applying sequence-stratigraphic concepts to the interpretation 
of subsurface data, with an emphasis on wireline-log data. 

Step 1-Establish the Paleogeographic Setting 

The first and arguably most important step in sequence-strati- 
graphic analysis is to determine the general physiographic set- 
ting for the database being analyzed. Determining the physio- 
graphic setting is crucial, in order to narrow the range of 
possible geologic interpretations for a given set of observations. 
Basin physiography exerts a first-order influence on the types 
of depositional environments that develop, and controls the 
types of depositional systems that evolve, as well as the style 
of stratal architecture that fills a sedimentary basin. For exam- 
ple, if it is known that a discrete shelflslope break existed in 
the area of interest, then deep-water turbidites, submarine can- 
yons, distal-shelf lowstand coastal deposits, incised valleys, 
etc., could reasonably be expected as a consequence of relative 

- .  ... 
ramp-style margin, a relative sea-level fall probably would re- 
sult in different geomorphic features, such as little or no fluvial 
valley incision, or isolated lowstand shoreface deposits. Certain 
types of sedimentary processes and features are more likely to 
be observed in the former type of setting than in the latter, thus 
narrowing the number of potentially "reasonable" solutions. 

The physiographic setting can be ascertained in a number of 
ways. One important source of observations in this regard is 
regional multi-channel seismic reflection data. Regional seismic 
sections commonly can indicate the major physiographic set- 
ting at the time of deposition. For example, seismic data can 
provide invaluable insight regarding the presence or absence of 
a shelflslope break, the style of syndepositional tectonism and 
its effect on physiography, the presence of a wide or narrow 
shelf, and the gradient of the shelf. Other data that also can help 
determine physiographic setting include regional well-log cor- 
relations with associated cores, regional outcrop relationships, 
and biostratigraphic data. 

The determination of the general regional paleogeographic 
- - -  

setting of the study area is critical to understanding the strati- 
graphic response to variations in relative sea-level change and 
accommodation. The stratigiaphic response is very different in 
different kinds of environments. For example, the effects of 
relative sea-level fall and the facies patterns that will be en- 
countered are very different in fluvial settings than in outer- 
shelf or basinal settings. Also, because well-log patterns cannot 
unequivocally determine depositional environments, identifi- 
cation of the general paleogeographic setting can enhance the 
credibility of the interpretation of well logs. It is essential, there- 
fore, to determine the general environmental setting (e.g., flu- 
vial, coastal, outer shelf, or basinal). This can generally be done 
with regional geologic data such as regional seismic sections, 
paleontology, or regional well data. 

Because of its importance in determining paleogeographic 
settings and depositional environments, further emphasis must 
be placed on the value of examining regional seismic data. 
These data provide continuous imaging of the subsurface in a 
way not possible with other forms of geologic data. As we 
pointed out in Chapter 1, it was largely seismic data that was 
responsible for the initial development of sequence strati- 
graphic concepts. Seismic-stratigraphic analysis pioneered by 
Vail et al. (1977) is uniquely suited for establishing a physical 
stratigraphic framework and understanding the stratigraphic 
evolution of a section; however, two caveats must be stressed. 
First, seismic data in and of themselves provide insights re- 
garding physical stratigraphic relationships (insofar as seismic 
reflections approximate time lines) and lithologies only (Vail et 
al., 1977). Without core data to calibrate seismic-stratigraphic 
interpretations of lithofacies relationships and depositional en- 
vironments, interpretations remain speculative. Second, con- 
ventional multi-channel seismic-reflection data are limited in 
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their resolution. At best, seismic data cannot clearly image 
stratigraphic units thinner than 5-10 m. Thus, in many in- 
stances, the degree of seismic resolution is such that many 
higher-frequency events of considerable importance will not be 
observable at the scale of seismic data. In addition, because of 
limited seismic resolution, the location of stratal terminations, 
imaged on seismic data as reflection terminations, will, in gen- 
eral, not be located where the reflection terminations are ob- 
served. Coastal onlap as well as downlap terminations, in par- 
ticular, can, in fact, be located a considerable distance landward 
and seaward, respectively, of where they appear on seismic 
data, because of stratal thinning. 

In addition to yielding important insight into the detailed 
stratigraphic architecture of basin fill, seismic data also enable 
the interpretation of the overall geologic and tectonic setting of 
the basin. These insights can be critical in satisfying the basic 
requirements of Step 1, that is, determination of paleophysiog- 
raphy and paleogeography. Basic geomorphic provinces of 
shelf, slope, and basin can commonly be interpreted on regional 
seismic data, thus providing the framework for further analysis. 

In determining the paleogeographic setting for an area under 
investigation, the notion of an integrated approach cannot be 
overemphasized. In the past there has been a tendency to be 
overly optimistic about interpretations based on single data ba- 
ses, whether these involve seismic sections without adequate 
"ground truth" borehole data, or well logs without adequate 
calibration with rock data or biostratigraphic data in the absence 
of either seismic or well-log data. An integrated approach cap- 
italizes on the advantages of each database and enhances the 
overall credibility of the interpretation. The resulting "converg- 
ing lines of evidence" inevitably result in more robust geologic 
interpretations. Little hurts the credibility of an interpretation 
more than "over-interpretation" of available data due to lack of 
data integration. For example, interpreting a regional well-log 
cross section without integrating available regional seismic data 
could result in the loss of critical insights that would signifi- 
cantly enhance well-to-well correlations. Similarly, interpreting 
depositional systems from wireline-log motifs in the absence of 
core data can be equally risky, because log motifs rarely are 
unique responses to depositional environments. Core data are 
absolutely essential in the calibration of the log expression of 
depositional environments. 

Step 2-Irzter-pret Depositiorial Systerns and Facies Using 
All Available Data 

This is a critical step that will, to a large extent, determine 
the validity of the stratigraphic interpretation. Correct identifi- 
cation of the depositional environment will guide which cor- 
relation style to use between wells. Thus, one style of correla- 
tion would be "reasonable" for prograding shoreface deposits, 
but a very different correlation style would be used for incised- 
valley-fill deposits, and still another style of correlation would 
be "most reasonable7' for deep-water turbidites. In this way, 
correlation within stratigraphic units (i.e., systems tracts) will 
be improved. Correlation betweeri successive stratigraphic units 
will be improved as well. Knowing the physiographic setting 
and the type of depositional system will improve the inter- 
preter's ability to choose the "most reasonable" correlation style 
between, for example, a regressive highstand progradational 
unit and a subsequent lowstand forced-regressive deposit. 

Clearly, core and outcrop data (including sedimentologic, 
biostratigraphic, and geochemical information) are the most un- 
equivocal "ground truth" information on depositional systems. 
To this end, knowledge of sedimentology is essential in correct 
identification of depositional systems. To a lesser extent, well- 
log and seismic data can be used for identification of deposi- 
tional systems, though in order to increase the accuracy of such 
identifications, these data rnzrst be calibrated or verijed with 
available rock rkrta. 

The following discussion focuses on the use of wireline log 
information for identification of the depositional system. Data 
of this kind generally are widely available and commonly used 
in stratigraphic studies. In the final analysis, the best approach 
to identification of depositional systems is to integrate insights 
from each of the data sets: core, outcrop, well-log, and seismic, 
as availability permits. Petrographic and biostratigraphic data 
can also provide invaluable insights regarding depositional 
environments. 

Log Motifs.- 

When working with subsurface information in the absence 
of core or nearby outcrop data, the interpreter commonly must 
make do with wireline logs for the detailed analysis of depo- 
sitional environments (e.g., Anderson et al., 1982; Serra and 
Abbott, 1982; Cant, 1984, 1992; Rider, 1990). As previously 
discussed, the interpretation of depositional environments from 
well logs in the absence of cores is somewhat speculative. In 
general, just as facies associations are more representative of 
depositional setting than iridividual facies, so too electrofacies 
associatiorzs provide better insights than specific wireline log 
patterns (i.e., electrofacies) for an individual sand body. Thus, 
the presence of an individual sandstone unit characterized by a 
"blocky" or "box-car" gamma-ray log response, embedded in 
a thick shale section, can be suggestive of a relatively deep- 
water environment (although there can be significant exceptions 
to this generalization). However, a "blocky" sandstone out of 
context could be interpreted to be, among other possibilities, 
fluvial, deltaic distributary or estuarine channel-fill, shoreface, 
or deep-water turbidite deposits (Fig. 5.1). 

A broad range of sandstone log motifs or patterns have been 
identified by a number of authors (e.g., Allen, 1975; Selley, 
1978; Anderson et al., 1982; Serra and Abbott, 1982; Cant, 
1984, 1992; Snedden, 1984; Rider, 1990). For the sake of sim- 
plicity, only four types will be discussed here: 1) coarsening 
upward; 2) fining upward; 3) blocky; and 4) serrated. T l ~ e j r s t  
step iri tlie deterrnirzatiorz of depositional facies from log pat- 
terns is to exarnirze log sigriatures for ir~dividual stratigraphic 
iwits, or litlzofacies elements, and sirbseqitentl~l to examine the 
overall pattern or the context within which these individz/al 
units are observed This step essentially comprises first identi- 
fying elements of depositional system (electrofacies element) 
and then moving on to identifying the depositional system 
(electrofacies association) itself. A reasonable question is: 
"what constitutes a stratigraphic unit or electrofacies element 
in this context?" in this context. Although the concept of "elec- 
trofacies elements" is somewhat subjective, in many shelf and 
fluvial settings most deposits can be subdivided into deposi- 
tional elements such as channel fills, crevasse splays, mouth 
bars, or shorefaces. In our usage of this term, an "electrofacies 
element" comprises one of these elements and is approximately 
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3-30 m thick. Under certain circumstances. such units will be 
straightforward to identify, whereas in others, especially when 
successive units amalgamate, it can be difficult to identify in- 
dividual electrofacies elements. 

From a pragmatic perspective, we would recommend, as a 
first pass, use of the four basic motifs listed above to determine 
what should constitute a "electrofacies element". This, in itself, 
will provide insights regarding variations in depositional en- 
vironments, as will be discussed later. Once examination and 
analysis of log motifs is complete and a number of possible 
depositional environments have been identified, determining 
which environment is most likely can be done by examining 
electrofacies associations (as well, of course, as incorporating 
all available core, paleontologic, and seismic data). In other 
words, what do neighboring stratigraphic units look like? In 
this way, a context is developed within which these stratigraphic 
units can be interpreted. The following discussion will first ad- 
dress sandstone log motifs for individual electrofacies elements. 

u 

and then examine associations or contexts within which these 
patterns are observed. Note that this should not be construed as 
an exhaustive discussion of wireline log motifs, but rather a 
general overview of the subject. For a more comprehensive 
discussion on the subject, the reader is referred to the publica- 
tions of Serra and Abbott (1982), Anderson et al. (1982), Cant 
(1984, 1992), and Rider (1990). 

The choice of which logging tool to use for identifying li- 
thology and grain-size trends can vary from one location to 
another (Serra and Abbott, 1982). Commonly the gamma-ray 
log is the most useful tool for recognizing grain-size trends 
(Rider, 1990), especially in relatively coarse-grained succes- 
sions (i.e., sandy siltstone and coarser). However, when sand- 
stone deposits contain radioactive minerals, this tool might not 
be a good indicator of grain-size trends. In such instances, SP 
and resistivity logs (e.g., ILD, LLD, SFL) can be more useful 
(though the user should be aware of potential hydrocarbon ef- 
fects on wireline-log response; Snedden, 1984). For fine- 
grained (i.e., mudstone) successions, resistivity and neutron 
logs typically provide the most useful tool for stratigraphic cor- 
relation. Other logs, such as the sonic log, can also be useful 
for correlation purposes and identification of log motifs. In gen- 

FIG. 5.1 .-Four well logs from differ- 
ent depositional environments, each in- 
cluding a "blockp" sandstone section: A) 
nonrnarine channel fill; B)  estuarine 
channel fill; C) sharp-based shoreface de- 
posits; D) deep-water channel filled with 
turbidite deposits. 

eral, it has been our experience that all the available logs should 
be used when making this kind of electrofacies analysis. This 
will reduce the probability of misinterpreting spuriouior anom- 
alous log signatures because of phenomena such as well caving, 
reservoir fluids, or exotic mineralogy and diagenesis. For a 
more in-depth treatment of the application of wireline logs to 
geological interpretation, the reader is referred to the numerous 
relevant papers in Hurst et al. (1990). 
Coarser~ing-Upward Paftenz.-Certain types of well-log motifs 
are more indicative of depositional environment than others. In 
general, it has been our experience that the coarser~ing-upward 
log motif (for sections 5-30 m thick) is the least equivocal (Fig. 
5.2). In siliciclastic deposits, this well-log signature indicates 
the gradual encroachment of a progressively higher-energy dep- 
ositional environment. Depositional elements such as prograd- 
ing distributary-mouth-bar and shoreface deposits commonly 
display coarsening-upward log responses. In contrast, deep-wa- 
ter turbidite deposits are much less commonly characterized by 
this log motif. However, under certain circumstances, such as 
in the overbank deposits illustrated in Figure 4.41, or at the 
distal edge of a seaward-building turbidite lobe deposit, coars- 
ening-upward log signatures can also be observed. Nonetheless, 
in most instances where repeated coarsening-upward sections 
5-30 m thick are observed, the coarsening-upward motif is in- 
dicative of sediments filling in a relatively shallow-water dep- 
ositional setting. - 
Fining-Upward Pattern.-The depositional environment sug- 
gested by ajizing-upward (sharp-based or otherwise) log motif 
is less clear (Figs. 5.2 and 5.3). This kind of electrofacies ele- 
ment is indicative of deposits associated either with 1) waning 
depositional events such as sediment gravity flows, 2) progres- 
sive shifts of a depocenter away from the section in question 
(i.e., transgressive deposits), or 3) a progressive decrease of 
available energy at the location of deposition (e.g., channel-fill 
deposits). These log patterns in isolation are not unequivocal 
indicators of depositional environment, because this pattern can 
be observed in depositional environments ranging from fluvial 
to abyssal marine. 

The first kind of deposit (i.e., sediment-gravity-flow depos- 
its) can be observed in a broad range of depositional environ- 
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GAMMA RAY (API) RESISTIVITY FIG. 5.2.-Well log from Viking For- 
mation, Alberta, Canada, illustrating 
coarsening-upward and fining-upward 
log patterns. The depositional environ- 
ment is a wave-dominated shoreface. The 
coarsening-upward section is interpreted 
as a progradational succession; the fin- 
ing-upward section is interpreted as a 
transgressive or backstepping succession. 
A progressive thinning upward of sand 
units of similar grain size rather than a 
fining-upward succession produces the 
fining-upward pattern in this instance. 
Thus, this apparent fining-upward log 
signature is an artifact of the inability of 
the logging tool to resolve thin beds. 

CU =COARSENING UPWARD FU = FINING UPWARD 

ments ranging from fluvial to abyssal marine. However, with 
some exceptions, only in deep-water environments (marine or 
lacustrine) does this process produce deposits of sufficient 
thickness (i.e., > 5 m) for grain-size trends to be resolved read- 
ily with conventional logging tools (e.g., gamma ray or SP). 
Again, the context (i.e., the electrofacies association) within 
which these patterns are observed is critical to a proper iden- 
tification of depositional environment. In deep-water settings, 
the fining-upward log patterns can be associated with serrated 
and blocky patterns with only rare coarsening-upward patterns, 
all embedded within a thick blanket of fine-grained deposits. 
Note, however, that in this instance biostratigraphic and seismic 
data would be an especially essential aid in depositional-envi- 
ronment interpretation. 

The second kind of stratigraphic unit that is commonly char- 
acterized by a fining-upward log motif is a transgressive de- 
posit. After a transgressing shoreface passes a particular loca- 
tion, progressively finer and more distal marine sediment is 
transported from the receding shoreface to the location in ques- 
tion. This results in a fining-upward lithofacies succession in 
those instances where transgressive deposits are preserved. If 
the magnitude of wave or tide energy in the environment during 
transgression is significant, transgressive deposits can accu- 
mulate over an erosional wave-ravinement surface in the form 
of bars or ridges (as discussed in previous chapters), and the 
gamma-ray profile can be sharp-based. The depositional envi- 
ronment for these kinds of transgressive sand deposits is near- 
shore marine to inner shelf (i.e., typically less than 10-15 km 
offshore). Because of the disconformable relationship of trans- 
gressive deposits relative to what underlies them, virtually any 

log pattern can underlie these deposits, ranging from blocky to 
serrated to continuous shale. Overlying this log pattern, a pat- 
tern indicative of continuous shale would be most likely. 

The third kind of fining-upward sandstone deposit is asso- 
ciated with channel fills (e.g., lateral-accretion deposits asso- 
ciated with fluvial or tidal point bars, and, less commonly, deep- 
water turbidite channels), and is most common in fluvial and 
coastal-deltaic environments. In these settings a fining-upward 
sandy lithofacies succession develops as the maximum velocity 
of flowing water through the axis of the system (e.g., in fluvial 
systems this would be at the thalweg) progressively shifts away 
from the location in question as a point bar is constructed (Al- 
len, 1978). In some instances, the presence of a fining-upward 
log motif can be partially obscured by the presence of very 
coarse but mud rip-up clasts at the channel base, causing the 
logging tool to suggest a coarsening-upward and then fining- 
upward log motif. The depositional environment associated 
with these kinds of deposits thus ranges from fluvial to coastal 
plain to tidal channels and tidal inlets, and less commonly deep- 
water turbidite channels. 

From this discussion, it is clear that a fining-upward log pat- 
tern can be difficult to correctly interpret in isolation. However, 
within the context of electrofacies associations, predictive ac- 
curacy can be improved to some extent. Nonetheless, this log 
pattern, by itself, is hardly an unequivocal line of evidence. 
Blocky Puttem.-The blocky sandstone log motif is another 
electrofacies element that can be observed in a broad range of 
depositional environments, ranging from the nonmarine to the 
deep marine. Possibilities include fluvial-channel-fill sandstone, 
tidal-channel-fill sandstone, nearshore-marine deposits (e.g., 
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Spontaneous Potential (MV) energy and facies yields a serrated or jagged log response (Fig. 
-40 10 - 5.5). Such rapid energy variations can occur in nonmarine 

floodplain environments, lower-shoreface to offshore transi- 
5600 tional environments, shallow-water transgressive settings, and 

deep-water turbidite environments, to name just a few. Conse- 
quently, for the determination of depositional environment, this 

5700 log motif is most useful when considered within the broader 
context of lithofacies associations. 

5800 Electrofacies Associations.- 

When dealing with stratigraphic units exhibiting log patterns 
that are not unique to a single depositional environment, it be- 

5900 
comes important to examine the context or succession within 
which those patterns are observed. For example, although a 

6000 
blocky pattern can be observed in nonmarine to deep-marine 
settings (Fig. 5. I), the presence of an isolated blocky sandstone 
in an overall marine shale-rich succession would suggest a 

6100 deep-marine setting. However, an important exception to this 
interpretation would be fluvial and/or estuarine sandstone de- 
posits in a valley incising outer-shelf or upper-slope marine 

6200 shale. If the blocky pattern is observed to be part of a succession 
that includes some coarsening-upward units, this would support 

6300 

Spontaneous Potential (MV) 

6400 4000 

4100 
6500 
feet 

FIG. 5.3.-We11 log illustrating fining-upward log patterns in an alluvial set- 4200 
ting. 

4300 

some lower-shoreface deposits can be sharp based and blocky, 
especially those associated with the process of forced regres- 
sion, as discussed previously), and deep-marine deposits (e.g., 4400 

debris flows, turbidites) (Fig. 4). Amalgamated fluvial deposits, 
characterized by a blocky well-log motif, can be common 
within incised-valley complexes as well. The presence of this 4500 

motif embedded within a thick mudstone blanket can suggest 
either an incised-valley or deep-marine depositional environ- 
ment. The presence of this log motif in association with suc- 4600 

cessive coarsening-upward units would suggest a deltaic to 
coastal-plain environment. The presence of this pattern within 4700 
a context of serrated and fining-upward elements in the absence 
of significant mudstone deposits would suggest a fluvial to 
coastal-plain environment. Once again, information from bio- 4800 
stratigraphic and seismic data can prove to be invaluable aids 
to determining depositional environment correctly. 
Serrated Puttem.-The serrated or "jagged" sandstone log mo- 4900 
tif is another electrofacies element that can be observed in a 
broad variety of depositional environments, ranging from flu- 
vial to deep marine. This pattern is indicative of a heterolithic 5000 

lithofacies, at least at the scale of wireline-log data. A heter- 
olithic succession implies deposition under the influence of rap- 
idly alternating high and low energy such that when environ- 5100 

feet 
mental energy is high, sand is deposited (if available), and when 
energy is low, mud or silt is deposited. This "flip-flopping" of FIG. 5.4.-Well log illustrating blocky log patterns in an alluvial setting. 
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Spontaneous Potential (MV) 
- 1 1 0 1  + 

feet 

FIG. 5.5.-Well log illustrating a serrated or jagged log response in an al- 
luvial setting. 

an interpretation of a shallow-water marine to nonmarine dep- 
ositional environment. The blocky sandstone might then rep- 
resent an incised-valley fill on the shelf, a sharp-based shoreface 
deposit resulting from forced regression, or "merely" a distrib- 
utary or tidal-inlet channel fill with no particular sequence 
stratigraphic significance. Similarly, fining-upward, coarsening- 
upward, and serrated log motifs are not unique environmental 
indicators. The context or succession of electrofacies elements 
constitutes the lithofacies association and, ultimately, it is the 
electrofacies associations rather than the individual electrofa- 
cies elements that are critical in highgrading interpretations of 
depositional environment of individual stratigraphic units. Of 
course, it goes without saying that other data, such as core, 
outcrop, biostratigraphic, petrographic, geochemical, and seis- 
mic data, where available, always should be integrated into the 
analysis of depositional environment. 

Step 3-Subdivide the Stratigraphic Successior~ tlzroz/gh 
the IderztiJication of Maximu171 Flooding Surjiaces 

and Sequence Boundaries 

Once an environmental interpretation has been made, cor- 
relation between wells can be done with greater confidence. 
Decision points encountered in the process of correlating from 
one data point to anther can be guided by the style of correlation 

required by specific depositional systems. The correlation pro- 
cess involves the identification of many correlation markers, 
some of which we elevate to a higher status and refer to as key 
surfaces (e.g., sequence boundaries, unconformities, flooding 
surfaces, maximum flooding surfaces, transgressive surfaces). 
Key surfaces can be identified using various types of data, rang- 
ing from seismic to outcrop, and from biostratigraphic to ich- 
nologic data. It is these key surfaces that form the basis for 
punctuating and subdividing the stratigraphic succession. 

As observed by Galloway (1989a), it usually is easiest first 
to identify rnax-inzum flooding sugaces rather than sequence 
boundaries, especially in shelfal settings. Typically, when the 
shoreline is at its maximum landward position, minimal terrig- 
enous sediment is delivered to the shelf, slope, and basin, which 
consequently become sites of slow hemipelagic to pelagic sed- 
imentation referred to as condensed sections. On the shelf and 
upper slope, these deposits tend to be enriched in organic matter 
and typically are characterized by a high gamma-ray response. 
In some instances condensed sections can contain glauconite, 
siderite, or other biochemical precipitates that exhibit a wide 
range of log motifs. In other instances, condensed sections can 
be expressed as carbonates. In general, the maximum flooding 
surface lies at the heart of the condensed section (Fig. 3.40). 

It should be noted that merely identifying "hot" gamma-ray 
zones is not sufficient for unequivocally identifying condensed 
sections. The presence of "hot" gamma-ray zones simply in- 
dicates that a highly radioactive section (commonly comprising 
fine-grained, organic-rich sediments) has been deposited and 
preserved. Generally, such sediments are deposited as either 
marine or lacustrine sediments during a period of restricted bot- 
tom-water circulation or during a period of diminished terrig- 
enous sediment influx, or they can merely be associated with 
carbonaceous mudstone in coastal-plain or marginal-marine 
marsh environments. Strictly speaking, the identiJication of a 
condensed section and a maximztm flooding surjiace shozrld be 
based on the identgcation of a convergence of time horizons 
rather than degree of radioactivity. Converging well-log cor- 
relation markers, converging seismic reflections, or converging 
strata can indicate convergence of time horizons. 

Galloway (1989a) points out that condensed sections and 
maximum flooding surfaces commonly are the easiest strati- 
graphic markers to use for subdividing stratigraphic successions 
in marine and coastal-plain environments because 1) they have 
broad areal extent, and 2) they commonly exhibit a distinctive 
log response that is relatively easy to identify and consequently 
to correlate. Identification of sequence boundaries can be more 
difficult because of their varied facies expressions and different 
log responses depending on paleogeographic location, as dis- 
cussed in the preceding chapters. For example, in some places, 
sequence boundaries can be expressed as coarse-grained valley- 
fill deposits sharply overlying offshore mudstone, whereas in 
others they can be expressed as a cryptic surface within mud- 
stone. In other places, sequence boundaries can be expressed 
as sharp surfaces separating transgressive sandstone above from 
coastal-plain or marine shale below. In distal marine settings, 
sequence boundaries can be expressed as correlative conform- 
ities, making them very difficult to identify locally. Conse- 
quently, in most marine environments we suggest first identi- 
fying maximum flooding surfaces and then identifying 
sequence boundaries. 



CHAPTER 5: PRACTICAL METHODOLOGY 

Figure 5.6 illustrates a stratigraphic succession, deposited in 
a shelf to coastal-plain setting in the Gulf of Mexico, that has 
been subdivided by maximum flooding surfaces and sequence 
boundaries. Note that there seem to be different orders of strati- 
graphic cycles (and hence, different orders of maximum flood- 
ing surfaces and sequence boundaries). Clearly, different scales 
of condensed sections can form, at one extreme as marine mud 
overlying locally abandoned delta lobes (i.e., overlying flood- 
ing surfaces), and at the other, as marine mud overlying region- 
ally abandoned delta systems. The former deposits are com- 
monly related to autocyclic events, whereas the latter deposits 
are more likely to be associated with allocyclic events and, 
therefore, to represent major basinwide backsteps, forming re- 
gionally correlatable markers. Three different orders of maxi- 
mum flooding surface are identified in Figure 5.6; these can be 
interpreted respectively as 1) major flooding of the shelf and, 
consequently, correlatable over great distances (i.e., tens to 
thousands of kilometers), 2) minor sea-level fluctuations re- 
sulting in short-lived and relatively minor transgressions (cor- 
relatable over moderate distances, i.e., up to 20-30 km), and 3) 
lobe switching, resulting in local development of thin shaly 
sections that cannot be correlated over distances greater than 
several kilometers. 

Identification of maximum flooding surfaces benefits greatly 
from integration of biostratigraphic data. The only unequivocal 
criterion for identification of condensed sections, with which 
maximum flooding surfaces are always associated, is the rela- 
tively close spacing of time lines. In most instances, however, 
because of the limits of biochronostratigraphic resolution, the 
convergence of time lines will not be obvious, and the major 
criteria will be the presence of a section of maximum mud 
deposition and relatively large paleo-water depths. Because di- 
lution of fauna by terrigenous clastics is at a minimum in con- 
densed sections, maximum flooding surfaces commonly are as- 
sociated with peaks in faunal abundance and diversity 
(Schaffer, 1987; Armentrout and Clement, 1990). 

Subdividing a stratigraphic succession by maximum flooding 
surfaces is essentially the approach advocated by Galloway 
(1989a). However, though the initial steps that we advocate are 
identical, our suggested approach goes several steps further. 
After the succession has been initially subdivided by maximum 
flooding surfaces, the next step is to subdivide the succession 
further by identifying possible or candidate sequence bound- 
aries (Fig. 5.6). Typically, sequence boundaries exist tempo- 
rally and spatially between maximum flooding surfaces asso- 
ciated with major, as well as relatively minor, shelf flooding 
events. However, sequence boundaries-are not associated with 
simple delta-lobe switching. Because maximum flooding sur- 
faces can be associated with major (i.e., basinwide or regional) 
flooding events as well as minor (i.e., less widespread) flooding 
events, correspondingly, several orders of sequence boundary 
can be identified (Fig. 5.6). The interpretation of boundary or- 
der is based on recognition of what are interpreted as major or 
minor punctuating surfaces. For example, the first-orderkax- 
imum flooding surface is picked within the thick mudstone that 
separates two sections dominated by sandstone pulses interbed- 
ded with thinner mudstones. The first-order sequence boundary 
is interpreted at the base of the thickest channelized (?) sand- 
stone within the section bounded by two first-order maximum 
flooding surfaces. In similar fashion, second-order and third- 

Spontaneous 
Potential (MV) 

- 1101 + 

-- 4 IstOrdsf MFS 

+ 2nd Order MFS 

c. 3rd Order" MFS - SB Sequence Boundary 

"Order" is used here in the sense 
of orders of magnitw relative rather 
than absdute duration cydes Is implied. 

FIG. 5.6.-Spontaneous-potential well log from a well drilled on the Gulf of 
Mexico shelf (depth is in feet). Low, medium, and high-frequency (i.e., first, 
second, and third order) maximum flooding surfaces as well as candidate se- 
quence boundaries are identified. 
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order maximum flooding surfaces and sequence boundaries can 
be recognized. 

The specific attributes of the sequence boundary can be 
highly variable, as discussed in Chapter 3. Sequence boundaries 
are easiest to recognize in shelf settings, where they can be 
expressed as a sharp contact between blocky fluvial or estuarine 
sandstone overlying marine mudstone (i.e., at the base of shelf- 
incised valleys), or as sharp-based shoreface sandstone over- 
lying offshore-marine mudstone. In other shelf areas, such as 
across interfluves between incised valleys, the sequence bound- 
ary can be more difficult to recognize (see discussion in Chapter 
3). Because the attributes of the sequence boundary are largely 
a function of depositional environment as well as physiographic 
setting, it behooves the interpreter to know as much as possible 
about these two controlling factors before attempting to identify 
sequence boundaries. Knowledge of these controlling factors 
will help define what would be a reasonable and likely, versus 
an unreasonable and unlikely, sequence-boundary expression. 

Identification of sequence boundaries and maximum flooding 
surfaces also benefits from analysis of overall log patterns. In 
shelf settings, three general types of stacking patterns have been 
described: progradational, aggradational, and retrogradational 
(Van Wagoner et al., 1988). Progradational stacking commonly 
follows deposition of a basinwide condensed section. The pro- 
gressive seaward shift of the coastal depocenters, commonly 
associated with slowdowns of relative sea-level rise, can be 
expressed as a succession of shallowing- or coarsening-upward 
stratigraphic units (i.e., parasequences), each of which pro- 
grades farther seaward than the preceding one (Figs. 2.25,3.34, 
and 5.7). During this period, the ratio of rate of sediment supply 
to rate of new accommodation created progressively increases. 

When the ratio of sediment supply is approximately in bal- 
ance with the rate of new accommodation created, successive 
regressive pulses prograde equally far seaward. This equilib- 
rium situation results in an aggradational stacking pattern. This 
stacking pattern can be associated with late-lowstand deposits 
that overlie sequence boundaries, or early-highstand deposits 

-------- Bedding Planes 

Flooding Surfaces 

FIG. 5.7.-Schematic depiction of A) a progradational event with its asso- 
ciated log response, and B) a forestepping succession of progradational events 
with its associated log response. Note that in A the thickness of the individual 
event is shown to be c. 20 m, whereas the thickness of the succession of events 
shown in B is shown to be c. 80 m. Progradation can be used either to describe 
a single event (A) or a stacking pattern comprising a succession of events (B). 

that overlie condensed sections and underlie late highstand pro- 
gradational successions. When rate of rate of sediment supply 
is overwhelmed by the rate of new accommodation created (i.e., 
the ratio of sediment supply to rate of new accommodation 
added decreases) there is a tendency for successive regressive 
events (i.e., each associated with parasequence deposition) to 
culminate progressively less far seaward. This results in a re- 
trogradational stacking pattern (Fig. 2.4). Ultimately, this trend 
commonly culminates in the development of another condensed 
section. Thus, condensed sections with associated maximum 
jlooding surjiaces commonly lie between retrogradational suc- 
cessions below and progradational or aggradational succes- 
sions above, whereas sequence boundaries commonly lie be- 
tween progradational successions below and retrogradational 
or aggradational successions above. 

Step 4-Analyze Facies Stacking Patterns and IdentzJj, 
Systems Tracts 

Once the key surfaces (i.e., sequence boundaries and maxi- 
mum flooding surfaces) have been located, the next step is to 
identify the systems tracts that "fill" the space between these 
surfaces. This phase of sequence-stratigraphic analysis is based 
on analysis of depositional environments and their vertical 
stacking patterns. It is crucial that this phase be based on inte- 
gration of all available data, because as mentioned previously, 
log patterns alone cannot unequivocally indicate depositional 
environments. Core, outcrop, biostratigraphic, and seismic data, 
in addition to log data, all can contribute useful insights in this 
respect. 

With really restricted data sets, differentiating between the 
lowstand and highstand systems tract deposits on the shelf can 
be difficult, because both of these stratigraphic units can be 
characterized by regressive and progradational depositional 
systems. Where a progradational lowstand systems tract over- 
lies a progradational highstand systems tract, the contact be- 
tween the two can be difficult to identify. Further, where only 
a single progradational succession is observed it can be difficult 
to determine if such a deposit is a highstand or Iowstand de- 
posit. Figure 5.8 illustrates a lowstand systems tract deposited 
at the shelf edge. The fact that these deposits constitute a low- 
stand systems tract is borne out by the fact that they are re- 
stricted to the shelf edge, onlapping against a sequence bound- 
ary midway across the shelf (top panel, Fig. 5.8). As the 
extracted detail illustrates, the succession is characterized by a 
regressive and progradational architecture. In isolation, these 
deposits could readily be mistaken for a highstand systems tract. 
It is only through regional mapping that it becomes clear that 
they are shelf-edge-restricted deposits, clearly formed during 
low stands of sea level. Once it is established that these deposits 
do constitute a lowstand systems tract, then features such as 
associated incised valleys or forced-regression deposits become 
elements to watch for. 

On the shelf and in coastal-plain deposits, the transgressive 
systems tract generally forms an upward-fining and -thinning 
section. Transgressive systems tract deposits can directly over- 
lie either highstand or lowstand systems tract deposits. In distal 
shelf settings, transgressive deposits are more likely to overlie 
lowstand deposits (e.g., shelf-edge-delta or shoreface deposits), 
whereas in proximal shelf settings transgressive deposits are 
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stand Delta Complex 

FIG. 5.8.-Detail from Figure 4.14, highlighting a part of the section with a clinoform or progradational geometry. Without information from the rest of this 
line (shown in full in Figure 4.14), it would be impossible to determine whether this section was part of a highstand or lowstand systems tract, progradational 
geometry being common to both. The key difference between the two alternative interpretations is the observation in Figure 4.14, that the highlighted stratigraphic 
unit onlaps and pinches out in the mid-shelf, thus making this a lowstand complex. (After Posamentier and Allen, 1993a.) 

more likely to overlie highstand deposits. In the latter instance, 
the transgressive surface has merged with the earlier-formed 
sequence boundary, insofar as the lowstand deposits, which 
commonly separate highstand from transgressive deposits, can 
be locally absent in this setting. Figure 5.2 illustrates a trans- 
gressive surface separating transgressive systems tract deposits 
(above) from lowstand systems tract deposits (below). The up- 
per limit of the transgressive systems tract is the maximum 
flooding surface, which coincides with the transition into a re- 
gressive, upward-coarsening and -thickening section represent- 
ing the subsequent highstand systems tract. 

The thickness of the transgressive systems tract can vary con- 
siderably, depending on the rate of relative sea-level rise, the 
rate of sediment influx, the magnitude of available environ- 
mental energy (e.g., waves, currents, etc.), and the order (i.e., 
first order, second order, etc.) of the sequences under consid- 
eration (Fig. 5.6). Transgressive systems tract deposits can 
range from a thin stringer of pebbles, to thick shelf sand ridges 
(Snedden et al., 1994), to even thicker deposits of retrograda- 
tionally stacked parasequences. 

The highstand systems tract commonly is present above the 
maximum flooding surface, which separates it from the trans- 
gressive systems tract. It comprises a regressive, progradational 
section and commonly exhibits an upward-coarsening and 
-thickening facies pattern. In shelf deposits, the base of the 
highstand systems tract tends to be shale-prone; the toes of the 
highstand systems tract clinoforms can be characterized as that 
part of the condensed section overlying the maximum flooding 
surface. The coarsening- or sandying-upward pattern reflects a 
gradual return of temgenous sediment across the shelf. 

Lowstand systems tract deposits can be difficult to identify 
for a number of reasons. As already discussed, if the "window 
to the world" is too small, critical architectural criteria, such as 
landward pinchout (Fig. 5.8), may go unnoticed. Master se- 
quence boundaries at the bases of lowstand shelf-edge wedges 
can be impossible to identify where they are expressed as cor- 
relative conformities, unless these surfaces have been correlated 
from areas where the sequence boundary is expressed as an 
unconformity (i.e., the unconformity dejines the correlative 
conformity). In fact, the stratigraphic architecture that charac- 
terizes the sequence boundary at the base of a lowstand shelf- 
edge deposit can show a downlap pattern (Fig. 5.8) that is pres- 
ent at the base of forced-regression deposits. Landward of the 
point of pinchout of lowstand shoreface or deltaic deposits (in 
the case of detached, forced-regression deposits on the shelf), 
the lowstand systems tract comprises fluvial deposits (locally 
present within incised valleys) that could be mistaken for late- 
highstand channel fill. Within these zones of sedimentary by- 
pass, the lowstand systems tract can be altogether absent locally 
in the area of interfluves, or regionally across the entire area if 
lowstand feeder-channel deposits were not thick enough to sur- 
vive transgressive erosion. 

In identifying the lowstand systems tract, it is crucial to de- 
termine correctly the overall depositional setting, because the 
expression of the lowstand systems tract depends on whether 
the section lies seaward or landward of the unconformable part 
of the sequence-boundary surface. If the section is located 
where the sequence boundary is expressed as a correlative con- 
formity, the lowstand systems tract generally will be observed 
as an upward-coarsening and -thickening regressive (progra- 
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A)  dational) section that commonly can be mistaken for the high- 

la,, 
stand systems tract. In these more distal shelf settings, unless 
the presence of an onlap surface with a point of wedge pinchout 
can be detected on seismic sections, it can be difficult to sepa- 
rate the lowstand systems tract from the previous highstand 
systems tract. In this situation, a "best guess" must be made, 
based on the presence (or absence) of an abrupt shallowing of 
the deposits (see discussion on forced regression in Chapter 2). 

On the exposed shelf (i.e., the zone of sedimentary bypass), 
the lowstand systems tract comprises fluvial deposits occurring 
either within incised valleys or as non-incised channels filled 
with fluvial sandstone. In either instance, the channel-fill log 
pattern of a lowstand systems tract can be mistaken for fluvial 
or distributary channels deposited in the late highstand systems 
tract. Biostratigraphic or radiometric age dating may assist in 
determining whether the channel bases represent significant un- 
conformities and therefore sequence boundaries. Similarly, if it 
can be established that the sediments being incised by the chan- 
nelized deposits are not genetically linked with the channel fill, 

s then it is likely that an unconformable sequence boundary is 
present (Fig. 5.9). 

In general, the key to a successful sequence-stratigraphic in- 
terpretation is the integration of different data sets. Each data 

Distributary Channel set brings a different set of insights to the problem, and, while 
unequivocal interpretations can be derived from individual data 
sets, the development of converging lines of evidence through 
the analysis of multiple data sets can serve to enhance signifi- 
cantly the credibility of an interpretation. The challenge facing 
the interpreter is not so much to be an expert in a variety of 
d ierent  disciplines, but more of knowing when and where to 

Distributary ~ o u t h  B& bring in d@erLnt disciplines. A recent example of this is a study 
Re. 5.9.Schematic cross section illustrating A) a channel that is nor ge- by McCarthy and Plint (1998), wherein the discipline of ped- 

netically associated with the underlying strata (sequence boundary is present), ology proved to be invaluable in the interpretation of sequence 
vs. B) a channel that is genetically associated with the underlying strata (no boundaries in continental settings. sequence boundary is present). Note that no delta-front facies, which could 
have been the precursor deposits to the later channel, are observed in the off- 
channel wells of well-log cross section (A). In contrast, coarsening-upward 
delta-front deposits, which could have been the precursor deposits to the later 
channel, are observed in off-channel wells of well-log cross section (B). 



Misconceptions, Confusion, and Pitfalls in the 
Application of Sequence Stratigraphy 

INTRODUCTION of eustatic curves. During the 1960s and 1970s, after the quality - 
of seismic data had improved sufficiently to allow mean^ingful 

sequence stratigraphy is a way of stratigraphic stratigraphic infomation to be extracted, early interpreters no- successions, and represents an t' the Or@- ticed a striking similarity of coastal onlap pattern between ba- 
nization of sedimentary rocks. Collsequently, there is no one sins (P.R. Vail, personal commun~cat~on, 1980). ~h~~~ obser- 
"stratigraphic model", but rather an infinite number of varia- vations led to the conclusion that a globally effective 

On the genera' theme. What has come be known as mechanism must be responsible for this apparently globally 
sequence stratigraphy thus is a collection of "first principles", synchronous pattern. This, in turn, inadvertently led to a bias 
based on the interactions of four key variables: ecrstasy, vertical towards thinking that eustasy was t12e dominant factor in basin- 
rnovernent of the substrate (including the effects of tectonics, fill evolution. Later publications sought to shift the emphasis 
isostatic and flexural loading, and compaction), ~ h ~ ~ s i o g i ~ a ~ l l ~  off eustasy and onto relative sea level (Posamentier and Allen, 
(i.e., the of the land surface and the sea-flOOr surface, 1993a), but confusion has nonetheless persisted. Eustasy is an 
width of shelf, proximity to sediment sources, etc.1, and sedi- extremely difficult parameter to extract from stratigraphic data. 
nlentflux (a function of climate, vegetative cover, stream piracy, -solving- for eustasy can be analogous to solving an equation 
etc.). How these variables interact determines the evolution and with two or more unknowns. on ly  in basins where one or more 
stratal architecture of a basin fill. These variables also determine variables can be held constant can eustatic information be ex- 
the nature of key bounding surfaces, as well as the stratal ar- tracted. For example, this may be possible in stable intracra- 
chitecture within sequences and systems tracts. tonic basins, where subsidence is believed to be negligible for 

Sequence stratigraphy, at its best, represents an integration long periods (sahagian et al., 1996). 
of disciplines, as well as an integration of various types of data. ~ ~ ~ t h ~ ~  source of confusion that has its roots in early seismic 
As such, sequence stratigraphy does not constitute a separate and sequence-stratigraphic publications is the criteria for re- 
entity. The sequence-stratigraphic approach should never take flection or horizon terminations commonly associated with 
the   lace of other approaches, but should be used in conjunction various key stratigraphic surfaces. Seismic reflection termina- 
with them. Consequently, sequence stratigraphy should not take tions defined stratal discontinuities; in particular, onlap sug- 
the o lace of facies analysis, nor should it take the place of dep- gested the presence of an unconformity and therefore a se- 
ositional-s~stems analyses, for example. Rather, the sequence- quence boundary, whereas downlap suggested the presence of 
stratigraphic approach should complement and embrace these a condensed section (Mitchum et al., 1977). Although this can 
other analytical approaches (Posamentier and James, 1993). be true in many instances, these reflection-termination criteria 

A common misconception that has led to some confusion are not always present to define sequence boundaries and con- 
m-rounds the role of eustasy in determining sequence architec- densed sections, respectively. Consequently, the absence of 
ture and the timing of sequence boundaries. Sedimentary sys- these reflection geometries within the limits of a study area does 
terns do not "feel" eustatic changes alone; rather, they respond not mean that these key bounding surfaces are not present. An 
to changes of relative sea level. Relative sea level reflects the example where the formulaic approach to interpreting key sur- 
motion of the sea surface and the sea floor, For example, if the faces does not work is in the case of the geometry at the base 
sea surface falls rapidly (i.e., rapid eustatic fall) and the sea of forced regressive wedges. Figure 2.33 illustrates that a down- 
floor falls at the same rate, the rate of relative sea-level change lapping geometry defines the base of the wedge. In this in- 
is zero. As far as the sedimentary systems in this environment stance, however, this geometry does not define a condensed 
are concerned, sea level (i.e., relative sea level) is stationary. In section and maximum flooding surface, but rather defines the 
this instance it is the stationary sea level to which the sedimen- position of the master sequence boundary (see discussion in 
tary systems are responding, not the rapid eustatic fall. Chapters 1 and 2). 

Part of the confusion surrounding the role of eustasy origi- Sequence-stratigraphic terminology has led to confusion and 
nated with the early seismic and sequence-stratigraphic publi- consternation among stratigraphers (Weimer, 1992). There are 
cations, which placed a heavy emphasis on eustasy at the ex- those who argue that much of the "jargon" that has been intro- 
pense of relative sea level (Vail et al., 1977; Posamentier et al., duced in recent years under the guise of developing the disci- 
1988). Although the concept of relative sea level was intro- pline of sequence stratigraphy has merely duplicated, unnec- 
duced and its role discussed (Posamentier and Vail, 1988), essarily, already existing terminology (Weimer, 1992). The 
many illustrations in these early publications nonetheless made introduction of entirely new "jargon" when old terminology is 
reference to eustatic curves rather than relative-sea-levelcurves. sufficient, with minor adaptation, is clearly not desirable. Some 
The reason for this early bias towards eustasy can be traced argue that this ongoing debate over terminology has tended to 
back to the origins of seismic stratigraphy and the generation shift attention away from the development of the science and 

Siliciclastic Sequence Stratigraphy: Concepts and Applications, SEPM Concepts in Sedimentology and Paleontology No. 7 
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towards issues of less relevance (Posamentier and Weimer, 
1993; Weimer and Posamentier, 1993). Debates about what to 
call this systems tract or that surface, for example, have been 
somewhat of a "red herring" and a distraction. However, on the 
other hand, the need for scientists to communicate precisely is 
of paramount importance. Without a consistent, precise, agreed- 
upon terminology, scientists cannot communicate effectively 
and build upon each other's work. A balance must be found 
between retention of old terminology and introduction of new 
terminology. As the discipline matures, the terminology will 
ultimately be streamlined, not by committee edict, but rather by 
scientists "voting with their pens" through peer-reviewed pub- 
lications. Appropriate terminology will be that which stands the 
test of time. 

Some basic terms that have been more commonly misused 
and misapplied in recent years include eustasy, relative sea 
level, progradation, regression, and transgression. Eustasy and 
relative sea level should not be interchanged freely, except for 
the rare situation where total subsidence or uplift is zero. Oth- 
erwise, eustasy refers strictly to the sea-surface position relative 
to a nonmoving reference such as the center of the earth, 
whereas relative sea level refers to the position of the sea sur- 
face relative to the subsiding or uplifting sea floor (Fig. 2.1). 
Relative sea-level change is equivalent to accommodation 
change, whereas eustasy is not (except, again, for that rare sit- 
uation where total subsidence or uplift equals zero). When rela- 
tive sea level rises, transgression need not always occur. Trans- 
gression occurs during sea-level rise only if the rate of sea-level 
rise (or new accommodation added) exceeds the rate of sedi- 
ment supply. Likewise, regression occurs when the rate of sed- 
iment supply exceeds the rate at which new accommodation is 
produced. When relative sea level falls, new accommodation is 
negative, so that regression almost always occurs under those 
circumstances. 

Regression and transgression merely describe the seaward 
and landward migration direction of the shoreline, respectively, 
and have no connotation regarding internal architecture. When 
sedimentation in the form of shoreface or deltaic accretion or 
outbuilding accompanies regression, then progradation is said 
to occur. Note that the terms regression and progradation are 
not synonymous: regression describes the migration direction 
of the shoreline, and progradation describes the internal archi- 
tecture of the stratigraphic unit. Regression can occur without 
progradation (during periods of forced regression), although 
progradation cannot occur without regression. 

TOOL VS. TEMPLATE 

A common pitfall in the application of sequence-stratigraphic 
concepts has been their use as a confining, rigid template rather 
than a robust flexible approach or tool (see discussion in Po- 
samentier and James, 1993). Since the early introduction of this 
approach, there has been a tendency to adopt the general 
"model" as it has been described in various publications (e.g., 
Posamentier and Vail, 1988; Posamentier et al., 1988; Van Wag- 
oner et al., 1990) and apply it directly to a given area with little 
or no modification. Thus, illustrations like that shown in Figure 
6.1 have been used as templates that sometimes have resulted 
in artificial forcing of local observations so as to conform to an 
idealistic view of stratigraphic relationships. It should be noted 

that depictions such as that shown in Figure 6.1 paint idealized 
scenarios that represent the sum of disparate observations from 
many different sedimentary basins. As such, it would be highly 
unlikely that the stratal architecture in any one basin would ever 
faithfully resemble this highly idealized depiction. Similarly, 
given the importance of local factors such as sediment flux, 
tectonics, climate, and physiography, no two coeval sequences, 
whether from different basins or from different parts of the 
same basin, will have identical stratal architecture. 

A corollary of this potential abuse of the sequence-strati- 
graphic model is the assertion that, if local architectures do not 
fit this idealized depiction, then the "sequence-stratigraphic 
model is invalid and does not work". These types of assertions 
belie a fundamental lack of understanding of the basic princi- 
ples upon which sequence stratigraphy is developed, which, in 
fact, are the basic principles of stratigraphy as they have been 
developed since early in the twentieth century. Proper appli- 
cation of the sequence-stratigraphic approach entails integrating 
eustatic with local parameters, including tectonics, sediment 
supply, vegetation, fluvial discharge, climate, and a host of 
other local factors. As such, because local uarameters are an 
integral part of any sequence-stratigraphic analysis, sequence 
stratigraphy does "work" in all geologic settings, including 
rocks of all environments and ages. It can be true, however, 
that in some instances the sequence-stratigraphic approach 
might not be easy to apply. For example, recognition of certain 
key bounding surfaces in certain depositional environments can 
be difficult, or, locally, all systemstracts might not be present, 
leading to some unusual juxtapositions of successive strati- 
graphic units, etc. For example, Carey et al. (1998) observed 
that the New Jersey (U.S.A.) continental shelf is dominated by 
lowstand and transgressive systems tract deposits, and that Late 
Pleistocene highstand systems tracts are either absent or very 
poorly preserved. However, because an approach can be locally 
difficult to apply does not mean that it is invalid. 

RECOGNITION OF KEY SURFACES 

Recognition of certain key surfaces is critical to the appli- 
cation of sequence-stratigraphic concepts, because they are the 
surfaces that bound sequences and systems tracts and therefore 
play a significant role in defining stratal architecture within and 
between sequences (Bhattacharya, 1993). As we have dis- 
cussed, the variability of expression of these various types of 
surfaces can make their identification difficult in some in- 
stances. For example, sequence boundaries can be expressed as 
an erosional surface formed by fluvial processes, as a trans- 
gressive surface of erosion formed by wave reworking during 
transgression, or as a conformable surface marking merely a 
facies change. A further complication is that, under certain cir- 
cumstances, key surfaces can be polygenetic and bear the sig- 
nature of more than one kind of key surface. An example of 
this is a surface that has been subaerially exposed as a result of 
relative sea-level fall. Subaerial erosive processes may have 
acted upon this surface for a relatively long period of time, 
forming an unconformity and, therefore, a sequence boundary. 
Eventually, when transgression occurs, shoreface and shelf ero- 
sional agents act relatively briefly upon this surface as the near- 
shore, high-energy zone migrates landward across the area. 
Nonetheless, the surface bears the signature of the last process 



CHAPTER 6: MISCONCEPTIONS, CONFUSION, AND PITFALLS IN THE APPLICATION OF SEQUENCE STRATIGRAPHY 187 

LEGEND 

SURFACES 

ISBI SEQUENCE BOUNOARIES 
(SB 11 - TYPE 1 
IS0 2) - NPE 2 

IOLSl DOWNLAP SURFACES 
Imfsl = muimum tbodi arfaa 
(&I-mptannnfaca 
Ids1 - top teveed channel wrfaca 

ITS1 TRANSGRESSIVE SURFACE 
IFim tbodng surfam above maximum 
regnrdonl 

SYSTEMS TRACTS 

SUBAERIAL HIATUS 

DISTANCE 

HST - HIGHSTAND SYSTEMS TRACT 
TST - TRANSGRESSIVE SYSTEMS TRACT 
LSW - LOWSTANO WEOGE SYSTEMS TRACT 

ivr-indsadvaleyfiU 
pgc - pagrading complsx 
kc -&sad Channel compbx 

LSF - LOWSTANO FAN SYSTEMS TRACT 
fc - fan channeb 
fl-fan l o b  

SMW = SHELF MARGIN WEOGE SYSTEMS TRACT 

FIG. 6.1.-A schematic illustration of the classic sequence stratigraphic model shown in depth and in time (i.e., a Wheeler diagram). This represents an 
idealized and generalized depiction synthesized from observations from many different sedimentary basins. (From Haq et al., 1987.) 

that acted on it-in this instance, transgressive erosion. Con- 
sequently, this surface represents a merged transgressive surface 
and sequence boundary. 

The sequence stratigraphic significance of transgressive sur- 
faces of erosion can lead to confusion. On the one hand, not all 
transgressive surfaces are merged with sequence boundaries, 
the scenario described above. If they are present as merged 
surfaces, then it would be reasonable to look for potential 
stranded or detached lowstand stratigraphic units isolated in a 
distal, outer-shelf location (Fig. 6.2). However, not all trans- 
gressive surfaces represent merged transgressive surfaces and 
sequence boundaries. If lowstand systems tract deposits are 
present then the transgressive surface and the sequence bound- 

Ravinement Surface 
sand-prone- 
Lowstand D e p o s i t s  

FIG. 6.2.Schematic depiction of the significance of transgressive surface 
capped by transgressive lag. Such surfaces suggest that there .may exist sand- 
prone lowstand deposits farther seaward. 

ary are separated (Fig. 3.23), with the transgressive surface at 
the top of the lowstand deposits and the sequence boundary at 
the base. What makes matters difficult is that, on the basis of 
surface attributes, it is virtually impossible to discern whether 
the transgressive surface is merged with a sequence boundary. 
The transgressive surface most likely has the same attributes 
whether or not it is merged with a sequence boundary (as de- 
scribed in the preceding paragraph). The key to correct inter- 
pretation lies in analysis of the sedimentology and the strati- 
graphic architecture of the deposits on either side of the surface, 
rather than the attributes of the surface itself. In other words, it 
is the context within which the surface is observed that consti- 
tutes the differential observations. The wide range of expression 
of sequence-boundary surfaces means that overly simplistic for- 
mulae for sequence-boundary recognition can readily lead to 
misinterpretations. 

Another concern about ravinement surfaces is that not every 
ravinement surface is associated with shoreline transgression. 
Thus, not every ravinement surface separating offshore mud- 
stone from offshore mudstone and characterized by a lag de- 
posit overlying a Glossifungites ichnofacies constitutes an in- 
dicator to look seaward for potential lowstand shoreface and1 
or deltaic deposits. Figure 6.3 illustrates a situation in a 
tectonically active area where scour surfaces repeatedly form 
at the top of episodically rising structures. This can yield mul- 
tiple, closely spaced Glossifungites surfaces. The test of 
whether a given Glossifingites surface is a transgressive surface 
lies in its regional distribution, as well as the sedimentological 
and stratigraphic context within which it is observed. If this 
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FIG. 6.3.--Schematic illustration of a ravinement surface that forms at the 
crest of a rising structure on the shelf. Such surfaces can share many of the 
key attributes of transgressive shoreface-associated ravinement surfaces (e.g., 
association with Glossifungites ichnofacies) but can, in fact, have nothing to 
do with transgression or the passage of a shoreface. Regional mapping should 
facilitate differentiation between transgressive and structural ravinement sur- 
faces. 

surface is present only at or near paleo-bathymetric highs, and 
if successive Glossifingites surfaces are closely spaced verti- 
cally, then these surfaces are poor candidates for interpretation 
as transgressive surfaces. If, however, a Glossi~ngites surface 
is present at paleo-bathymetric highs as well as lows (i.e., they 
are regionally mappable), and if Glossifungites surfaces are 
widely spaced vertically, then an interpretation of this surface 
as a transgressive surface would be more reasonable. 

Identification of a sequence boundary at the base of every 
"blocky" sandstone in nonmarine or marine environments 
clearly is misleading and incorrect. Sharp-based sandstones are 
common in a variety of environments and are observed in sit- 
uations where no sea-level change has occurred and no se- 
quence boundary is present. For example, such deposits are 
common in most fluvial and distributary channels, as well as in 
deep-sea channels. Even "normal" shoreface deposits in certain 
circumstances can be sharp-based (H. E. Clifton, personal com- 
munication, 1991). In the absence of any relative sea-level 
change, these deposits do not define key bounding surfaces 
from a sequence-stratigraphic perspective. Thus, it is imperative 
that when interpreting a sharp-based sandstone as defining a 
sequence boundary, corroborating evidence be presented. For 
example, recognition of significant paleosols on interfluves ad- 
jacent to channelized deposits would differentiate a sharp-based 
channelized deposit having no sequence-stratigraphic signifi- 
cance from a sharp-based incised-valley fill that does have se- 
quence-stratigraphic significance. The latter would be associ- 
ated with better-developed paleosols than the former. Whether 
such paleosols are commonly preserved is another issue. 

In a comprehensive sequence-stratigraphic analysis, it is es- 
sential that all key surfaces (e.g., sequence boundaries, trans- 
gressive surfaces, maximum flooding surfaces, and flooding 
surfaces) be interpreted and mapped. Consequently, though we 

choose to place sequence boundaries at unconformity surfaces, 
this does not diminish the value of identifying and correlating 
the other key surfaces as well. Unconformities, as well as trans- 
gressive surfaces, maximum flooding surfaces, and flooding 
surfaces, are an integral part of all sequence-stratigraphic 
analyses. 

SYSTEMS-TRACT IDENTIFICATION 

Correct identification of systems tracts commonly depends 
on regional correlations. Too small an area of study can lead to 
erroneous interpretations. For example, both lowstand and 
highstand shelf deposits are characterized by progradational 
stacking patterns. Figure 5.8 illustrates how lowstand deposits 
can readily be mistaken for highstand deposits. The windowed 
area illustrates a progradational pattern. This kind of architec- 
ture also can characterize highstand deposits and, therefore, is 
a non-unique attribute. In the example presented here (Fig. 5.8), 
the only way to determine whether these deposits are, in fact, 
lowstand deposits would be to expand the "window to the 
world". This would enable the stratigrapher to observe that 
these deposits constitute a shelf-edge restricted stratigraphic 
unit that pinches out landward onto a shelf unconformity (i.e., 
sequence boundary) and lies substantially seaward of subjacent 
highstand deposits. 

Figure 5.8 also serves to highlight another potential pitfall of 
sequence-stratigraphic interpretations. Once the deposits in the 
example shown have been correctly identified as a lowstand 
systems tract, it becomes clear that very little highstand depo- 
sition has occurred in this depositional setting. When relative 
sea level is high, the depocenter remains farther landward (out- 
side of the area shown on this section). Thus, the stratigraphic 
section in the shelf-edge area shown in Figure 5.8, consists 
predominantly of a succession of stacked lowstand systems 
tract deposits, separated by thin transgressive and highstand 
systems tract deposits. Conversely, the stratigraphic section on 
the inner shelf landward of the section shown in Figure 5.8, 
would consist of stacked highstand and transgressive systems- 
tract deposits. Lowstand deposits on the inner shelf, landward 
of the surface exposed by the relative sea-level fall, are re- 
stricted to incised valleys; therefore, at many inner-shelf loca- 
tions, the lowstand systems tract will be locally absent. This 
implies that not all systems tracts are observed in all parts of 
a sedimentary basin. 

Likewise, over longer periods, entire sequences may be lo- 
cally absent because of sediment-supply issues or because of 
prolonged periods of overall lowstand. Consequently, stratig- 
raphers correlating sequences from basin to basin and even 
within the same basin must be cognizant of the potential for 
miscorrelation because of missing sequences. This is especially 
problematic when the "window to the world" lies at the prox- 
imal part of a sedimentary basin, where sedimentation is spo- 
radic, being restricted largely to periods of highest sea level. 
Likewise, the problems associated with missing stratigraphic 
sections can be especially problematic during parts of the geo- 
logic record characterized by overall sea-level lowstand, such 
as the Carboniferous to Permian and the Plio-Pleistocene. At 
these times, even highstand deposits of successive sequences 
may have pinched out seaward of the study area, leading to 
potentially large gaps in the stratigraphic record if the "window 
to the world" lies at the basin margin. 
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Figure 5.8 can be used also to illustrate the point that caution 
must taken when applying overly simplistic recognition criteria 
for the identijkation of key bounding sui$aces. As mentioned 
previously, sequence boundaries can have a wide range of ex- 
pressions, ranging from transgressive surfaces of erosion, to 
fluvially eroded unconformity surfaces, to correlative conform- 
ities. Figure 5.8 illustrates an example where a downlap surface 
does not necessarily represent a condensed section, but in this 
instance represents a sequence boundary. Note that the base of 
these forced regressive lowstand deposits has the stratal archi- 
tecture of a downlap surface, but, because it is at the base of 
lowstand deposits, in this instance it defines a sequence 
boundary. 

Three aspects of lowstand systems tract deposits have caused 
some confusion in sequence-stratigraphic interpretations. 
Firstly, not all lowstand shoreface or deltaic deposits are de- 
tached from immediately preceding highstand deposits (Ains- 
worth and Pattison, 1994). Such lowstand deposits may be dif- 
ficult to differentiate from highstand deposits, but nonetheless 
develop in response to relative sea-level fall. Whether or not 
lowstand shelf deposits are detached or attached depends on 
factors such as sediment flux as well as rate and amplitude of 
relative sea-level fall. The second cause of potential confusion 
is that incised valleys that are formed in response to sea-level 
lowering do not necessarily extend landward from the lowstand 
shoreline across the entire shelf and beyond. Evidence from the 
Plio-Pleistocene suggests that some incised valleys are re- 
stricted to the outer shelf and the inner-shelf coastal prism, 
whereas others do extend across the entire shelf (Fig. 3.8). It is 
not clear whether size alone is the determining factor. The third 
cause of potential confusion involves identification of the mas- 
ter sequence boundary where attached forced-regression wedge 
deposits are present. As illustrated in Figure 4.13, an incised 
valley may form at the top of a forced-regression wedge, rep- 
resenting an amalgamation of higher-order sequence bound- 
aries, whereas the correlative conformity at the base of the 
forced regressive wedge is the master sequence boundary. 

Finally, there is a misconception that deep-water systems are 
active only during times when sea level is low. It is important 
to emphasize that a mass-movement event responsible for trans- 
porting significant volumes of sediment to the deep basin can 
occur at any time, whether sea level is high or low. For example, 
the Grand Banks, Newfoundland, earthquake of 1929 triggered 
a massive sediment gravity flow into the deep Atlantic basin 
floor (Heezen and Ewing, 1952), during what is demonstrably 
a period of relative sea-level highstand. Likewise, today some 
rivers, such as the Congo, can deliver their sediment loads di- 
rectly to the heads of canyons (Fig. 4.36), from where the sed- 
iment can be transported through the canyons directly to the 
deep ocean basin (Heezen et al., 1964). In some instances, such 
as off the coast of California, submarine canyons can intercept 
longshore drift (Dill, 1964) and can be effective in delivering 
significant volumes of sediments to the deep-water basin floor. 
In general, sedimentation rates in deep ocean basins are highest 
when there is an active and well-supplied source of sediment 
at the shelf edge. This precondition is most commonly met 
when rivers or distributaries terminate at or near the shelf edge, 
a situation that is most likely to be achieved during sea-level 
lowstands, when, through the process of forced regression, 
shorelines are shifted closer to the shelf edge. Thus, we would 

argue that although sedimentation can occur at any time in the 
deep ocean, it is most likely to be most rapid during times when 
sea level is low. It is at these times that potentially vast parts 
of the continental shelf are zones of sedimentary bypass, and 
large volumes of sediment are delivered directly to the upper 
slope, from where they can be transported directly or, through 
remobilization later, indirectly to the deep-basin floor. 

Another potential source of confusion promulgated by prac- 
titioners of sequence stratigraphy is the use of the terms low- 
stand, highstand, and transgressive deposits. When used to de- 
scribe a stratigraphic unit, little information is actually given. 
For example, when a stratigraphic unit is described as a low- 
stand deposit, all that is implied is that these sediments were 
deposited when sea level was in a relatively low position. Noth- 
ing is said about what kind of sediments these actually are. 
Consequently, the term lowstand deposit is vague and relatively 
uninformative. Lowstand deposits, after all, can include any or 
all of the following: incised-valley deposits, attached or de- 
tached forced regressive shoreface or deltaic deposits (including 
all the elements of a delta, such as distributary-mouth bar, dis- 
tributary channel, and crevasse splay), deep-water submarine 
fans, etc. Furthermore, the setting for lowstand deposits could 
range from the fluvial environment far inboard of the shoreline, 
to the inner, middle, and outer shelf, to the slope and deep-sea 
basin floor. The same confusion surrounds the use of trans- 
gressive and highstand when used in isolation. If the user 
wishes to make the point that certain deposits were associated 
with specific sea-level positions, then these terms alone would 
suffice. However, if the user wishes to address the specifics of 
a given stratigraphic unit, then the use of lowstand, highstand, 
and transgressive is insufficient and will only lead to confusion. 
When lowstand, highstand, and transgressive are applied to 
systems tracts, the implication is that the user is describing a 
linkage of coeval depositional systems from alluvial to deep- 
sea environments, deposited under speciJic circumstances. 

PARASEQUENCES 

As discussed in Chapter 2, parasequences are defined as 
shoaling-upward stratigraphic units bounded by flooding sur- 
faces or their correlative surfaces (Van Wagoner et al., 1990; 
Kamola and Van Wagoner, 1995). As such, their presence 
should be restricted to areas where shoaling can occur and 
flooding surfaces can form. Ideally, these features are best de- 
veloped in shallow-marine shelf environments. Unless flooding 
surfaces can be correlated into the nonmarine environment by 
use of uniquely correlatable strata such as volcanic ash beds, 
recognition of such features is virtually impossible in continen- 
tal environments in that flooding surfaces do not exist there. 
Likewise, in deep-water environments, parasequences cannot 
be identified in that upward shoaling is irrelevant in the deep 
water, but more to the point, with event beds and bed sets, 
changes in sedimentation rates commonly can be identified, 
whereas flooding surfaces cannot. In estuarine settings, the cri- 
teria for parasequence identification are difficult to recognize, 
given the highly varied range of processes active in this setting. 
Consequently, one could say that the term parasequence has 
little or no utility in depositional settings outside the marine 
shelf, such as the fluvial, the deep-sea, or the estuarine envi- 
ronment. Usage in these latter environments tends only to cause 
confusion. 
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of individual data sets in isolation invariably leads to a product radiometric data, and various disciplines, including depositional 
inferior to what could be achieved through use of integrated systems and facies analysis, trace-fossil analysis, seismic stra- 
data sets. tigraphy, petrophysical analysis, satellite imagery, and aerial- 

The sequence-stratigraphic approach provides the framework photo analysis, to list just a few. The "umbrella" that sequence 
that facilitates integration of a wide range of data sets, including stratigraphy provides is one of the greatest advantages to this 
outcrop, well-log, seismic, biostratigraphic, geochemical, and approach. 





Concluding Statement 

Sequence stratigraphy is an approach to analyzing lithologic 
successions within a time framework. This approach is appli- 
cable at a broad spectrum of scales, ranging from basinwide 
regional analyses to local field-development studies. The most 
effective application of these concepts is through the integration 
of a number of different data sets, with each contributing to the 
final interpretation. Seismic data provide continuous subsurface 
imaging; well-log data contribute insights regarding vertical 
stratigraphic stacking patterns as well as lateral facies trends; 
core data are essential for calibrating well-log and seismic data; 
outcrop data are essential for establishing the process-sedimen- 
tological framework; geochemical and paleontological data 
provide useful insights regarding paleo-environments as well 
as processes active at the time of deposition. Clearly, the greater 
the degree of data integration, the more robust the final 
interpretation. 

It can be argued that applying sequence-stratigraphic con- 
cepts merely involves doing "good" geology. Many of these 
"sequence-stratigraphic" concepts have been embraced by the 
geological community at least since the beginning of the twen- 
tieth century. Indeed, the first principles upon which sequence 
stratigraphy is based are some of the cornerstones of sedimen- 
tary geology. Thus, the role of cyclic variations of sea level was 
recognized many decades ago (e.g., Gilbert, 1895; Wanless and 
Shepard, 1936; Wheeler and Murray, 1957). Moreover, subdi- 
vision of stratigraphic successions into "sequences" by "uncon- 
formity" surfaces is also not new (e.g., Wheeler, 1959; Sloss, 
1962, 1963). However, the further recognition and interpreta- 
tion of systems tracts within the sequences, embodied in what 
we now refer to as sequence stratigraphy, and the integration 
of seismic data with rock data does represent a significant ad- 
vance in the understanding of sedimentary basin-fill evolution. 

On a practical level, sequence-stratigraphic concepts furnish 
the earth scientist with a means for generating realistic strati- 
graphic models that can be used to integrate scattered obser- 
vations synergistically and to predict regional and local stratal 
geometries and facies patterns within a basin. These concepts 
are useful for exploration as well as field development. ~ n B n  
exploration mode, they enable a better prediction of source, 
seal, and reservoir facies. In a field-development mode, knowl- 
edge of detailed stratal architecture within potential reservoir 
and seal facies can lead to identification of flow units. as well 
as reservoir compartments, and hence potential stratigraphic 
traps. 

Like any other scientific discipline, sequence-stratigraphic 
concepts can be misapplied and abused. For example, the use 
of well logs "uncalibrated" with rock data, or in isolation from 
seismic data, can yield highly erroneous geologic interpreta- 
tions. Likewise, the use of seismic data "uncalibrated" by rock 
or well-log data similarly can yield highly erroneous interpre- 

tations. The proper application of sequence-stratigraphic con- 
cepts requires flexibility and imagination on the part of the in- 
terpreter. There are no definitive schematics or "cartoons" to 
which the user can refer that will provide an unequivocal so- 
lution to every geologic circumstance. In other words, the ad- 
age "one size fits all" definitely does not apply here! Local 
conditions of physiography, sediment flux, tectonics, vegeta- 
tion, and climate can yield an endless variety of geologic "mod- 
els". What these models have in common, however, is the con- 
sistent application of the first principles that govern 
stratigra 'lic responses to these forcing parameters. Once these 
factors are superimposed onto a condition of cyclically varying 
relative sea level or space available within which sediment can 
accumulate, the resulting stratal architecture can be predicted. 
Clearly, the more that is known about local conditions, the more 
accurate and precise will be the geological predictions. What 
does not change from setting to setting is tlze set of first prirz- 
ciples upon which sequence stratigraphy is based. It is tlzis set 
offirst principles that constitutes the backbone of the sequence- 
stratigraphic approach. 

Sequence stratigraphy is only beginning to be utilized for 
practical hydrocarbon exploration and field development. More 
work is needed to understand better the sedimentological and 
reservoir implications of these concepts; more documentation 
of examples in various tectonic settings is essential. Under-util- 
ized data such as field-production data, geochemistry, biostra- 
tigraphy, and even petrography will be more widely integrated 
in the future and undoubtedly will yield significant new in- 
sights. As the concepts continue to be tested and applied, new 
variations on the theme will continue to be recognized. When 
significant variations are encountered, they will tend to be in- 
corporated into the general model, much the way the concept 
of "forced regression" has been integrated. 

It is likely that sequence-stratigraphic concepts will continue 
to evolve rapidly as more and more earth scientists make use 
of the approach. Moreover, the increased use of 3D seismic data 
volumes for the extraction of stratigraphic insights will likely 
contribute to this evolution. Whether, or to what extent, what 
is known today as "sequence stratigraphy" will resemble the 
"sequence stratigraphy" of tomorrow will depend on the users. 
What works or is functional will endure, what does not work 
will fall by the wayside, and what has not yet been adequately 
explained will cause significant modifications. By no means do 
we believe that what we have written here is the final word on 
sequence stratigraphy. Rather, we hope to have presented the 
foundations upon which the sequence-stratigraphic approach is 
based and a snapshot of sequence stratigraphy as it exists and 
is applied today. We hope that the user will take these ideas as 
a springboard for further development and application, leading 
to continued evolution of this powerful approach to strati- 
graphic analysis. 
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