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INTRODUCT,

Application of seiszaic stratigraphic interpiecation techniques to sedi-
mentary basin analysiz has resulted in a new way to subdivide, c
and map sedimencary “ocks. This v:chniq:u: i

reflections into packages that corespuad to chwonosiratigraphically cua-
strained geneiic depositional inteivals. These inteivals ars called &pc,t~
tional sequences and systems tracts. They have prediciable steaval p
and lithofacies; thus, they provide a new way (o establish a chionos:
graphic correlation framework based on physical criteia
Cepositional sequences zorrelate throughout seditnencary basivg
ably correlate globaily. Particular sets of depnsitional processes
thus certain depositional environments and lithofacies are associuted with
pasticular systems tracts. Thus, an identificarion of systerns tracts on seis-
mic data provides a fraimework for more accurate prediction of depositional
environments and lithofacies. An accurace knowledge of depositioasl
environments arid lithofacies enables iraproved vrzdictions of reseivoir,
source, and seal rocks and wigration pathways. Fundamental contiol of
depositior.al sequences, is, we believe, shorz-zerm custatic changes of sea
level superimposed ot longer-terra tectonic changzs. Systems tracts also
provide a seismic target tiai s thicker tnan an individual reservoir uni:,
buc which has a genetic rzla to that v2servoir uait. This gen=ic
relation between SYsteims ¢ voii waiis makes the seismic C pie-
diztion of reservoirs '

SEISMIC STRATIGRAPHY INTERPRETATION

USING SEQUENCE STRATIGRAPHY

s chapter {25 the procedure for predicting stratigraphy from
seismic data using the seismic expression of sequences and systems tracts.
It fisst discusses thie relarion of seismic reflections to geologic time lines
and shows how this relationship provides the basis for subdividing seismic
ions into packages corresponding to genetic depositional intervals.
Following this, e genetic intervals are discussed in the section on
sequenca stratigraphy. The section on ssismic sequence analysis describes
hew these genetic depositional intervals are interpreted from seismic data.
on on seisair facies shows how a seismic facies aralysis of these
intervals i3 sore accurate because of the association of particular
systeis tracts with pasticular depositional processes. The specific ages of
the depositivial sequenzes and systems tracts for the Mesozoic and Ceno-
20ic arz presented on & chart (Plate 1) that shows global cycles of relative
cmﬂg 3 of coastal onlap and eustatic changes of sea level related to bio-
phic zonatlons, magnetic reversals, and absolute age dates.

nic sections in this volume rhat were prepared by some of the
15 of this peper iliistrate the application of this interpretation proce:

l i« i prediciing stratifgraphy from seismic data. Other sections provide a
: of the mezhod, P -

i

SMIC STRATIGRAPHY
PRETATION PROCEDURE

The seismic s‘cwﬂgrap\hy interpretation procedure recommended in this

report consists of seven steps. They are:

I —seisinic sequence analysis

{og sequence analysis

ic, well-to-seismic ties

4—-szisinic fac!es analysis

5—inzeipsetation of depositional environment and lithofacies
6—foswasd seismic modeling
7--Ainal Lintzipretation

Tz fiust stwy is seismic sequence analysis; it defines the genetic reflec”
1 peckages vefeiied 1o as seismic sequences and seismic systems tracts by

cifying diﬁconmml[\ies on thte basis of reflection termination patterns.

Two patterns, onlap and downlap, occur above the discontinuity; three
patterns, truncation, toplap, and apparent truncation, occur below the
discontinuity. These patterns are shown on Figure 1 and are discussed more
fully later in this chapter in the section on seismic sequence interpreta-
tion. Sequence boundaries are characterized by regional onlap and trunca-
tion. Wirh one exception, systems tract boundaries within a sequence are
characterized by regional downlap.

The second step is well-log sequence analysis. In this step we make pre-
limirary estiratés of sequences and systems tracts by first interpreting the
Jepositional lithofacies on wireline logs using cores and cuttings to cali-
brate the log. Following this, we estimate sequences and systems tracts
from the interpreted lithofacies, and determine changes in accommoda-
tion from parasequence stacking patterns. We check the preliminary esti-
mates cf sequences and systems tracts in two ways: by correlation between
wells with biostratigraphy-time correlations, well-log marker-bed correla-
ticns, and correlation with the global cycle chart shown on Plate 1; and by
correlation with seismic profiles.

The third step is synthetic well-to-seismic ties. Its purpose is to tie, as
carefully as possible, information from well logs to the seismic section.
There are two primary objectives. The first is to tie the well-log depth
information to seismic time. The second is to know what causes the seis-
mic reflection by understanding the constructive and destructive interfer-

seismic facies analysis are the geometry of reflectors within sequences and
systems tracts, amplitude, frequency, continuity and interval velocity.
Well-processed instantaneous velocity sections are ideal for seismic facies
analysis. The seismic sequence and systems tract boundaries interpreted on
the basic seismic profiles should be used to identify physical discontinui-
ties. The abrupt changes across these discontinuities should be separated
from more gradual lithcfacies changes within the genetic sequences and
systems tracts. Log-calibrated velocity corridors for rock type prediction,
offset analysis for fluid and lithofacies determination, and P/S ratios for
gross rock type are other important lithofacies prediction tools in the
proper setting.

The fifth step is interpretation of depositional environment and lithofa-
cies from the objectively determined seismic facies parameters coupled
with a maximum knowledge of the regional geology.

The sixth step is forward seismic modeling, which has, in general, three
purposes. The first is to interpret stratigraphy and fluid composition at or
near the limits of seismic resolution by wave-form analysis. Our experience
indicates that this is more accurately accomplished within a depositional -
environment and lithofacies interpretation framework based on seismic
sequence and seismic facies analysis. The second purpose is seismic simula-
tion of a geologic cross section showing stratal surfaces and impedance
contrasts. These sections are commonly made to compare with the seismic

ence patterns of the individual wavelets that ariginate from the i d:
contrasts. Figure 2 is'an example of a synthetic seismogram that accom-
plishes both of these abjectives. The composite synthetic seismic trace
shows how the depth information relates to seismic time, and the plots of
individual wavelets show the contribution from each impedance interface
to the indiyidual reflections. We rec d that seismic e analy-
sis and well-log sequence analysis be started independently so that discon-
tinwuities are identified as objectively as possible on both the seismic and
well data before they are tied together by the synthetics. After the syn-
thetic ties ave completed, the sequence and systems tract boundaries can
be adjusted to the best solution.

The fourth step is seismic facies analysis. Its purpose is to determine as
objectively as possible all variations of seismic parameters within individ-
ual seismic sequences and systems tracts in order to determine lateral litho-
facies and fluid type changes. The principal seismic parameters used in

data to und| d seismic response. The third purpose is simulation of the
reflection patterns seen or seismic sections by calculating stratal patterns
from rates of subsidence, eustasy, and sediment supply. This is called basin

- simulation modeling.

The seventh step is an integrated final interpretation based on the inter-
pretation objectives and the data available. )
 Since the interpretations in this chapter are limited to the first five
steps, the following sections will discuss them in further detail.

SEISMIC REFLECTIONS AND
GEOLOGIC TIME LINES

Three types of relations hetween seismic reflections and geologic time
lines are identifiable on seismic sections. They are (1) seismic reflections
that follow synchronous geolcgic time lines within (plus-or-minus) one-

.lmerprcta(ion using seducnce stratigraphy
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hdlf wavelength; (2) seismic discontinuitics, siich as unconformities and
downlap sutfaces, that follow geologic time boundaries; and (3) rare seis-
mic reflectionis caused by fluid interfaces and certain diagenetic changes
that follow sutfaces that are diachronous to geologic time lines. Vail et al.
(1977. patt 5), discuss ho seismic reflections are produced primarily from
stratal sutfaces and-from discontinuities, such as unconformities and.
downlap surfaces, with sufficient velacity—density contrasts to cause coher-
ent seismic reflections. Stratal surfaces represent ancient surfaces of depo-

- sition and therefote are essentially time synchronous. The duration of the

hiatus associatéd with a discontinuity varics, but the discontinuity is,
itself, d geologle titne boundary because it separates rocks of different ages
and do‘gs hot ctoss dther chronostratigraphic surfaces. For example, the
ages of the strita above and below an unconformity will vary if the areal
extent of erosion ot tion-deposition varies with time, but all the rocks
below the utconfotmity will be older then the rocks above the unconform-
ity. Although time lines merge along a discontinuity, none actually cross it.
For these reasons, teflections derived from discontinuities are not diachro-
nous. Diachrorious reflections are caused by fluid interfaces, such as gas/

* water, gés/oil, and (in certain cases) oil/water; by gas hydrates; and by
certain diagenétic changes, such as the opaline transition in areas where
biogenic silica is plentiful.

4+~ Figure 3 shows diagrammatically the typical relationship between seis-

ic reflections atd lithofacies. The black lines represent seismic reflec-

. tions.Notice how they cross lithofacies baundaries. For example, those

“neat the top of the diagrammatic section pass from fine-grained marine

" “shales, through tiearshore sands, into-coastal-plain sediments, and finally
orilap as a fluvial lithofacies. The seismic reflections are following former
depositional (stratal) surfaces, which are the true physical surfaces in the
rocks and are not the time-transgressive lithofacies boundaries. There is no
coritinuous physical sutface at a time-transgressive lithofacies boundary for
a reflection to follow. Higher amplitudes associated with the greater impe-
dance contrasts within the zone of sand/shale interbedding, for example,
typically climb frot one reflection to the next as the zone of maximum
impedarice contrasts climbs. Because rock formation boundaries com-
thonly follow mappable lithofacies boundaries, seismic reflections also will

~ cross formation boundaries where they are time transgressive.

Although seismic reflections closely follow synchronous geologic time
lines, bed spacing can cause the reflection peak to vary by plus-or-minus .
ohe-half the selsmic wavelength. This relationship is shown on their figure
17, and discussed on page 115, of Vail et al. (1977).

Two discontinulties are also shown on Figure 3. The lower one, located
niear the basé of the diagrammatic section, is characterized by regional
oﬂ‘ﬂb; It 18 & séquence boundary. The upper one, located in the middle of
the diagrammatic bection, is characterized by downlap; it is a downlap sur-

face. Nortice that the sequence boundary is located within the sand lithofa-
cies and crosses into a coastal- plain lithofacies. The downlap surface is
located within the fine-grained marine shales and passes laterally into
nearshore sands and coastal-plain sediments. The location of sequence
boundaries and downlap surfaces within lithofacies or formational units is
common. ¥

If the preceding discussion is true, s we contend, there is no obvious
relation hetween seismic reflections and lithofacies. However, there is such
a relation, and to understand it we must understand how the major varia-
bles of subsidence, sea level, sediment supply, and climate affect the stratal
patterns and lithofacies distributions.

SEQUENCE STRATIGRAPHY

There are four major variables that control the variations in stratal pat-
terns and lithofacies distributions within sedimentary rocks. The first is
tectonic subsidence, which creates the space where the sediments are
deposited. The sccond is eustatic change of sea level, which we believe is
the major control over the stratal patterns and the distribution of lithofa-
cies. The third is the volume of sediments, or how much of the basin is
filled. It controls paleovater depth. The fourth is climate, which is a major
control over the type of sediments. For example, rainfall and temperature
are important to the distribution of carbonates and evaporites and to the
type and amount of siliciclastic rocks deposited.

The combination of eustasy and tectonic subsidence produces a relative

" change of sea level. The key to understanding stratigraphy is an under-

standing of the relative change of sea level. Figure 4 includes a plot of eus-
tasy against a linear plor of tectonic subsidence. We used a linear plot to
match our field observations that tectonic subsidence changes slowly with
respect to eustasy. The combination of eustasy and tectonic subsidence
gives us the relative change of sea level. The relative change of sea level
creates the accommodation, or available space, for the sediments. As is
evident on Figure 4, the thickness of sediments is primarily controlled by
tectonic subsidence. Tke depositional stratal patterns and distribution of
lithofacies, however, are controlled by the rate of relative sea level change.
This expresses itself by the change of slope on the relative-change-of-sea-
level curve. It is controlled primarily by eustasy.

Our studies show a unique relation between the rate of relative change
of sea level and depositional processes. To illustrate this, the relative-
change-of-sea-level curve is subdivided into a number of time intervals.
Our studies show that the discontinuities that we observe in the strati-
graphic record and that bound systems tracts correspond to the vertical
lines that bound the time intervals shown on Figure 4, and the systems

tracts represent the rocks deposited within these time intervals, The solid
black lines show where the discontinuities characterized by regional onlap
and truncation plot in respect to the relative-change-of sea-level curve;
they define a sequence. A sequence is interpreted to he deposited during a
cycle of eustatic change of sea level starting and ending in the vicinity of
the inflection points on the falling limhs of the sea level curve.

The relationship hetween relative changes of sea level and systems tracts
is shown in depth and geologic time on Figure 4. There are four systems
tracts: lowstand, transgressive, highstand, and shelf margin. Each systems
tract is identifiable on the basis of abjective criteria obscrvable in out-
crops, on well logs, and on seismic data.

Lowstand systems tracts are deposited basinward of the preceding deposi-
tional shoreline break, previously called the depositional shelf edge. They
overlie a Type 1 sequence houndary and lap out at (or near) the preceding
depositional shoreline break, except where they fill incised valleys on the
shelf, as shown on Figure 4. Therc are three major variations of stratal pat-
terns associated with lowstand deposits. Figure 5a shows the case in which
there is a distinct shelf-slope break and a deep-water hasin. Figure 5b
shows the case having no distinct shelf-slope break and with the shelf-to-
basin change as a ramp. Figure 5c shows the case in which there are large
growth faults associated with the shelf-slope break and the zone of growth
faulting acts similarly to a depositional shoreline break.

The shelf-edge case illustrated on Figures 4 and 5a may have four parts:
lowstand basin floor fan, lnwstand slope fan, lowstand vedge, and incised
valley fill. Lowstand basin floor fans are composed primrily of deep
marine mounds made up of massive sands or carbonate dlebris deposited as
lobes or channels. Lowstand slope fans are made up of mass flows and tur-
bidite channel/overbank deposits. Lowstand wedges are largely composed
of shallowing-upward lowstand deltas or terraces that prograde basinward
and pinch out landward at the preceding depositional shoreline break. -
They are characterized by aggradational progradation, shown on Figure 6.
Basin floor turbidites may interfinger with the toes of th.e lowstand wedge
prograding strata in certain sand-rich systems, giving a shingled appear-
ance. Lowstand incised valley fills are made up of sediments that fill previ-
ously cut valleys and are contemporaneous with the lowstand slope fan and
lowstand wedge, or are filled later during the time wher. the transgressive
systems tract is deposited. '

The ramp case illustrated in Figure 5b may have three parts: a lower low-
stand wedge, an upper lowstand wedge, and lowstand ir.cised valley fill.
The lower lowstand wedge is an interval that pinches out basinward of the
preceding shoreline break and is the most basinally restricted unit. The
upper lowstand wedge anlaps the lower wedge and pinches out in the
vicinity of the shoreline break above the lower wedge. The lowstand

incised valley fill is made up of sedi s dep d contemp usly

with the upper wedge, or later during the time when the transgressive sys-
tems tract is deposited.

The growth fault case illustrated in Figure Sc usually has two parts, con-
sisting of a thick section of lowstand interbedded sands and marine shales
deposited on the downside of the growth fault and an incised vallcy fill.
The lowstand sediments deposited on the downside of the growth fault
commonly pinch ot in the vicinity of the growth fault. Broad, incised
valleys, commonly filled contemporaneously with the lowstand deposits,
may be very common landward of the fault zone.

The boundary at the base of the lowstand systems tract is a sequence
boundary. In the déep-water setting, Figure 5a, the boundaries hetween the
units within the lowstand systems tract are downlap surfaces. The downlap
surface between the lowstand basin floor fan and lowstand slope fan is
called the top basin floor fan surface (Figure 4). The downlap surface
between the lowstand slope fan and the lowstand wedge is called the top
slope fan surface (Figute 4). In the ramp setting, the boundary hetween the
lower and upper lowstand wedge is called the mid-lowstand surface (Figure
5b).

Transgressive systems tracts are made up of a set of backstepping, retro-
gradational parasequences that thicken shelfward until they thin by onlap
at the base. In general, the younger parasequences in the set are progres-
sively thinner than the older because of sediment starvation. Thus, the
transgressive systems tract thins basinward and upward, forming a con-
densed section at the top and seaward of the inner shelf. In areas of lower-
sediment supply, incised valleys may not fill with sediments until the time
of the transgressive systems tract.

The boundary at the base of the transgressive systems tract is the first
flooding surface above the lowstand wedge systems tract. It is called the
transgressive surface. Landward of where the lowstand systems tract
pinches out, the lower boundary of the transgressive systems tract coin-
cides with the unconformable part of the sequence boundary.

Highstand systems tracts are made up of three parts: early highstand, late
highstand prograding complex, and late highstand subaerial complex (Fig-
ure 7). The early highstand is characterized by an upward- and outward-
building sigmoidal prograding stratal pattern (Figure 6). The late highstand
prograding complex is characterized by an outward-building oblique pro-
grading stratal pattern (Figure 6); the late highstand subaerial complex is
characterized by sediments deposited above sea level. The late highstand
prograding complex and the late highstand subaerial complex are depos-
ited cont ly. The boundary at the base of the highstand sys-
tems tract is a dowhlap surface that is associated with the condensed
section and is called the maximum flooding surface (Figure 4). It becomes
conformable on the inner shelf and loses its identity within the coastal
plain sediments.

o
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The shelf margin systems tract is a prograding and aggrading wedge that
overlies a Type 2 sequence boundary and laps out on the shelf landward of
the preceding depositional shoreline break. The shelf margin prograding
wedge is characterized by aggradational progradation (Figire 6). Its lower :
boundary is a conformable sequence boundary and its upper boundary is a
transgressive surface. An unconformity exists landward of where it pinches
out.

This section has described the geometry of depositional scquences and
svstems tracts. The next step is to interpret them on seismic data.

" SEISMIC SEQUENCE ANALYSIS

The objective of seismic sequence analysis is to interpret depositional
sequences and systems tracts on seismic sections by identifying discontinu-
ities on the hasis of reflection terminations. The best way to do this is to
look for places where two reflectors converge. Where reflectors converge
there will he reflection terminations. Mark the reflection terminations
with arrows. Draw in the discontinuity surface between the onlapping and
downlapping reflections above, and the truncating and toplapping reflec-
tors helow. If the discontinuity becomes conformable, trace its position
across the section by reflection correlation. Continue this process on all
addditional lines in the grid. Close all seismic grid loops by checking the
loop ties for cach discontinuity or its conformable equivalent. Identify the
type of discontinuity. If it is characterized by regional onlap above and
truncation helow, it is probably a sequence boundary. If it is ¢ haracterized
by regional downlap, it is most likely a downlap surf

When analyzing seismic data, we recommend a consistent «olor code for
tracing reflection patterns and surfaces of discontinuity. We use red for
reflection patterns and reflection terminations, green for downlap surfaces
(vellow for those who are color blind), blue for transgressive surfaces, and
other colors for sequence boundaries. If the interpretation needs to be pre-
sented i black and white, we recommend thin solid lines for reflection
patrerns and thicker solid lines for sequence boundaries, dashed lines for
dewnlap surfaces, and dotted lines for transgressive surfaces. The proce-
ems deceptively simple, but it takes considerable experience to per-

dure s
fecr it
Figure 1 <hows a simulated seismic section, and illustrates the procedure
described above, Within the lower zone of convergence, reflectors termi-
nate by lapping out in an updip direction. This is the onlap pattern.
Ancther zone of convergence at the top of the section is also characterized
by unlap. Between these zones characterized by onlap are zones of conver-
pence characterized by reflectors that terminate by lapping out in a down-
dip direction. This is the downlap pattern. On the left-hand part of the
dinuram, reflectors terminate upward below the discontinuity and indicate

that a section is missing. Two examples are shown: the eroded top of a
structure, and regional heveling. This is the truncation pattern. On the
upper right-hand portion of the diagram, the reflectors lap out against each
other below the discontinuity. This is the toplap pattern. In the right cen-
ter, reflectors terminate helow the discontinuity by depositional thinning
(sediment starvation). This is the apparent truncation pattern.

In summary, there are two types of reflection termination parterns that
lap dut above the discontinuity. These are onlap and downlap. Three types
of reflection termination patterns terminate below the discontinuity: frun-
cation, toplap, and apparent truncation. In cases where highstands arc
thick, toplap may occur well below the sequence boundary, as shown on
Figure 1. Care must be taken to identify onlap above the discontinuity to
be sure of the position of the sequence boundary. An addirional reflection
termination pattemn that does not indicate a discontinuity is divergence.
Reflection terminations caused by divergence may be misleading when
interpreting discontinuities.

Figure [ also indicates the types of discontinuities. Discontinuitics char-
acterized by onlap and truncation are sequence boundaries, and are
marked with solid lines. The discontinuities characterized by -downlap are
downlap surfaces; they are marked with dashed lines. Three types of
downlap surfaces are shown: top basin floor fan surface, top slope fan sur-
face, and maximum flooding surface commonly associated with a con-
densed section. Transgressive surfaces are the most difficult to identify on
seismic data. If a depositional shoreline hreak is present, the transgressive
surface is commonly indicated by a high-amplitude reflector that occurs at
the top of a set of offlapping reflectors and that onlaps out in a lindward
direction near the depositional shelf hreak. It is marked with o dotted line.

SEISMIC FACIES ANALYSIS

The ohjective of seismic facies analysis is to quantify and interpret scis-
mic parameter variations caused hy geologic changes within scismic
sequences and systems tracts. The most useful seismic paramerers are dis-
cussed in the previous section on interpretation procedure. In this chapter,
only the reflection pattern geometries will he considered. Some of the
more common patterns are shown on Figure 8.

The best way to identify reflection pattern geometries is to laok for
reflectors that dip at a greater angle than those above and helow. In pen-
eral, these reflectors will indicate depositional slopes. This pattern is-called
offlap. The rollover at the top of the offlap pattern indicates the deposi-
tional shelf break. Seaward of the depositional coastal break is deeper
water. Deep water preserves depositional topography. Many scismic reflec-
tion patterns have been identified on seismic data recorded where the sedi-
ments were.deposited in deep-water scttings.

Some of the most important seismic reflection patterns are offlap, sub-
marine onlap, submarine mounds, channel/overbank complexes, slumps,
slope-front-fill, climbing toplap, and drape. The offlap pattern can be used
to interpret paleawater depths by analyzing the height of the prograding
clinoforms. The onlap pattern helps to interpret submasine topography.
Mounds, channcl/overbank complexes (leveed channel deposits), and
slumps indicate lowstand deposits. Slope-front-fill generally indicates dis-
tal mudstones: Climbing toplap is often associated with deep marine cur-
rent deposits. Drape indicates sediments derived from suspension. The
apparent truncation and downlap patterns indicate sediment starvation.
Landward of the shelf edge, seismic facies interpretation is much more
difficult because sea level and stream gradients tend to level out deposi-
tional surfaces, causing parallel to subparallel seismic reflection patterns.
Within this area, truncation, subtle onlap, and mounded fluvial deposits
create most of the stratal geometries. Figure 6 simulates a seismic section
and shows the scismic reflection patterns mentioned above. Sequence
houndaries are shown as solid lines and downlap surfaces as dashed lines.

LITHOFACIES INTERPRETATION
AND EXPLORATION SIGNIFICANCE

Once the more objective seismic facies interpretatior procedure is com-
pleted, the more subjective lithofacies interpretation is ready to begin.
The first step is to learn as much as possible about the regional geology
from well and outerop control. With this hackground, one needs to decide
whether the sedimentary section of interest is siliciclastics, carbonates,
mixed siliciclastics and carbonates, or carbonates and evaporites.

Figures 7 and 8 illustrate typical distributions of siliciclastic and carbon-
ate lithologies in relation to depositional sequences and systems tracts.
The example shown on Figure 9 is from a mixed siliciclastic and carbonate
area. A first-pass interpretation based on reflection patterns alone would
be that the lowstands are mainly siliciclastic and transgressive, and high-
stands are carbonare. If this is the case we would interpret the fan mounds
as deep marine sand. The channel/overbank complexes commonly are
fine-grained turhidites with sands possibly present at their apexes: The
lowstand wedge prograding complex generally shallows upward and com-
monly has sands at the top and landward of the shelf edge. The transgres-
sive systems tract may consist of carhonate pinnacles and banks building

up on the shelf. The highstand would probably copsist of shelf carbonates,

slope carbonates, and basin carhonates, depending on their relation to the
offlap pattern. Such an interpretation is, of course, very preliminary, but
does provide a model to test with more quantitative scismic facies analysis
and modeling.

Lowstand Systems Tract

The major siliciclastic lithofacies and their exploration significance
within a lowstand systems tract are shown on Figure 10. Reservoir-quality
sands are present in six possihle positions within the lowstand systems
tract. They are the mounded basin floor fan; the thin overbank turbidite
sands and generally more massive channel sands of the slope fan, the shin-
gled toe-of-slope sands and shallow-water coastal sands of the lowstand
prograding complex, and the incised valley fill.

Mounded basin floor fan sands are excellent reservoirs and form many
major fields. Traps are both structural and stratigraphic. Because the sands
are deposited largely by turbidity currents, which flow toward basin lows,
these sands will thin or pinch out against contemporaneous highs. Struc-
tural traps should have formed following deposition of the sands, in order
to contain good reservoir rocks. Stratigraphic traps depend on the top and
hase seal. In general, the slope fan that commonly overlies the basin floor
fan is not a séal because of the thin overhank turbidite sands that are com-
monly present. Thercfore, the best stratigraphic traps pinch out in a basin
direction against a contempaoraneous structure or the opposite side of the. .
bhasin. Basin floor fan sand pinchouts in a proximal direction usually do not
trap hydrocarbons because the hydrocarhons appear to leak upward into
the slope fan turbidites. ’

In general, the first possible seal is the prograding toes of the lowstand
prograding wedge. Thus, the top fan surface should show closure or pinch
out to develop a trap. In arcas where the lowstand prograding wedge
anlaps in a proximal direction instead of downlapping, it probably will not
seal because of the presence of coastal sands.

The turbidite sands of the slope fan contain major hydrocarbon reserves,
but the reservoir properties of the thin overbank turbidites are poor. Sands
within the channels of the slope fan commonly are excellent reservoirs,
but are very difficult to predict ahead of the drill unless they contain a seis-
mic hydrocarbon indicator. The first overlying sealing rock is usually the
prograding toes of the overlying lowstand prograding wedge, as dis¢ussed
above. '

The lowstand prograding wedge may contain both deep- and shallow-
water reservoir sands. If the depositional system is very sandy, basin floor
turbidites may be present that interfinger with the toes of the prograding
clinoforms. These sands generally are turhidites that contain the complete
Bouma sequence, but'commonly they have well-developed basal sands that

* create moderately good reservorrs. The individual sands tend to be shin-

gled and have good séals, because they pinch out between the toes of the
lowstand prograding complex.

Excellent reservoir-quality shallow-water coastal sands and incised valléy
sands are usually present in the proximal position of the lowstand prograding

Interpretation using sequence stratigraphy 5
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PART 2:
KEY DEFINITIONS
OF SEQUENCE STRATIGRAPHY

J.C. VAN WAGONER .
R.M.MITCHUM, JR.
H. W. POSAMENTIER
Exxon Production Research Company
Houston, Texas
and
P R.VAIL
Rice University
Houston, Texas

It is important to establish the fundamental concepts of sequence stratigra-
phy and to Jefine terminology critical for the communication of these con-
cepts. Vail et al. (1977) published seismic stratigraphy concepts in the
American Association of Petroleum Geologists' Memoir 26. Since that
time, with new insight from computer-simulation studies, outcrop documen-
tation, and subsurface studies based on well-log and seismiic control. our
ideas have evolved beyond Memoir 26. These ideas.are summarized here,
and are presented and documented in more detail in the Society of Eco-

and parasequences arc defined and identified by the physical relationships of
strata, including the lateral continuity and geometry of the surfaces bound-
ing the units, vertical and lateral stacking patterns, and the lateral geometry
of the strata within these units. Absolute thickness, the amount of time
during which they form, and interpretation of regional or global origin are
not used to define sequence-stratigraphic units.

Sequences and their stratal components are interpreted to form in
response to the interaction between the rates of eustasy, subsidence, and
sediment supply: These interactions can be modeled and the models verified
by observations to predict stratal relationships and to infer ages in areas
where geological data are limited.

The paragraphs helow define and briefly explain the terms important for
communicating sequence-stratigraphy concepts. The terms are more fully
discussed in Part 1.

Parasequences and parasequence sets are the fundamental building blocks
of sequences.

® Parasequence—n relatively conformable succession of genetically related
beds or hedsets hounded hy marine-flooding surfaces and their correla-
tive surfaces (Van Wagoner, 1985). Parasequences are progradational
and therefore the beds wirhin parasequences shoat upward.

Marine-flooding surface—a surface that separates younger from older
strata, across which there is evidence of an abrupt increase in water
depth. This deepening commonly is accompanied by minor submarine
erosion (hut no subaerial erosion or basinward shift in facies) and non-
deposition, and a minor hiatus may be indicated. Onlap of overlying
strata onto a4 marine-flooding surface does not occur unless this surface is

sequence boundaries; and (3) may be downlap surfaces and boundaries of
systems tracts. Stacking patterns of parasequences in parasequence sets
(Figure 1) are progradational, retrogradational, or aggradational,
depending upon the ratio of depositional rates to accommodation rates.
These stacking patterns are predictable within a sequence.

Sequences are the basic stratal units used to construct a sequence-

stratigraphic framework within which chronostratigraphic and lithostrati-
graphic correlations can be done. Sequences can be recognized in well logs,

cores, outcrops, or seismic lines.

® Sequence—a relatively conformable succession of genetically related
strata bounded by unconformities and their correlative conformities

(Mitchum, 1977).

® Unconformity—a surface separating younger from older strata, along
which there is evidence of subaerial erosional truncation (and, in some
areas, correlative submarine erosion) or subaerial exposure, with a signif-
icant hiatus indicated. This definition restricts the usage of the term
unconformity to surfaces marked by subaerial exposure on their land-
ward portions and modifies the definition of unconformity used by
Mitchum (1977). He defines an unconformity as “a surface of erosion or
nondeposition that separates younger strata from older rocks and repre-
sents a significant hiatus” (p. 211). This earlier, broacer definition
encompasses both subaerial and submarine surfaces @nd does not suffi-
ciently differentiate between sequence and parasequ:nce.boundaries.
Local, contemporaneous erosion and deposition asscciated with geologi-
cal processes, such as point-bar development or dune migration, are

® Type-I sequence boundary—a regional surface (Figures 2 and 3) character-
ized by subaerial exposure and concurtent subaerial erosion associated
with stream rejuvenation, a basinward shift of facies, a downward shift
in coastal onlap, and onlap of overlying strata. As a result of the basin-
ward shift in facies, nonmarine or very shallow-marine rocks, such as
braided-stream or estuarine sandstones above a sequence boundary, may
directly overlie deeper water marine rocks, such as lower-shoreface sand-
stones or shelf mudstones below a boundary, with no intervening rocks
deposited in intermediate depositional environments. A typical well-log
response produced by a basinward shift in facies marking a sequence
boundary is illustratedin Figure 2. A Type-1 sequence boundary is inter-
preted to form when the rate of eustatic fall exceeds the rate of basin
subsidence at the depositional-shoreline break, producing a relative fall
in sea level at that position. The depositional-shoreline break is a posi-
tion on the shelf, landward of which the depositional surface is at or
near base level (usually sea level), and seaward of which the depositional
surface is below base level (Posamentier et al., in press). This position
coincides approximately with the seaward end of the stream-mouth bar
in a delta or with the upper shoreface in a beach. In previous publica-
tions (Vail and Todd, 1981; Vail et al., 1984), the depositional-shoreline
break has been referred to as the shelf edge. In many basins, the
depositional-shoreline break may be 100 miles or more landward of the
shelf break, which is matked by a change in dip from gently dipping
shelf (commonly less than 1:1000) landward of the shelf break to the
more steeply dipping slope (commonly greater than 1:40) seaward of the
shelf break (Heezen et al., 1959). In other basins, the depositional-
shoreline break may be at the shelf break.

nomic Paleontologists and Mineralogists Special Publication, Sea-Level excluded from the definition of unconformity used here.
Change—An Integrated Approach, scheduled to be released in 1988. In the : :
Special Publication, an expanded version of this paper serves as the intro-
duction for a series of eight papers documenting, with well-log, core, out-
crop, and scismic examples, the concepts of sequence stratigraphy. The
reader is referred to that special publication for the details of these concepts.
Sequence stratigraphy is the study of rock relationships within a chronostra- .
tigraphic framework of repetitive, genctically related strata bounded by sur-
faces of erosion or nondeposition, or their correlative conformities. The
fundamental unit of sequence stratigraphy is the sequence, which is hounded
by unconformities and their correlative conformities. A sequence can be
subdivided into systems tracts, which are defined by their position within the ® Parasequence set--a succession of genetically related parasequences
sequence and by the stacking patterns of | quence sets and p es which form a distinctive stacking pattern that is bounded, in many
bounded by marine-flooding surfaces. Boundaries of sequences, parase- cases, by major marine-flooding surfaces and their correlative surfaces
quence sets, and parasequences provide a chronostratigraphic framework for (Van Wagoner, 1985). Parasequence set boundaries (1) separate distinc-
correlating and mapping sedimentary rocks. Sequences, parasequence sets, tive parasequence stacking patterns; (2) may be coincident with ary.

coincident with it sequence houndary. Marine-flooding surfaces are pia- ® Txpe-2 sei ¢ boundary—a-regional surface (Figure 4) marked by sub-
nar and commonly exhibit only very minor topographic relief ranging ® Conformity—a surface separating younger from older strata, along which aerial exposure and a downward shift in coastal onlap landward of the
from several inches to tens of feet, with several feet being most com- there is no evidence of erosion (either subaeri bmarine), or non- depositional-shoreline break; however, it lacks hoth subaerial erosion
mon. The marine-flooding surface cémmanly has a correlative surface deposition, and along which no significant hiarus is indicated. It associated with stream rejuvenation and'a basinward shift in facies.

in the constal plain and a correlative surface on the shelf. Facies analysis includes surfaces onto which there is very slow deposition, with long Onlap of overlying strata landward of the depositional-shoreline break
of the strata across the correlative surfaces usually does not indicate a periods of geologic time represented by very thin deposits. - also marks a Type-2 sequence boundary. A Type-2 sequence boundary is
significant change ir warer depth; often, the correlative surfaces in the - Type-1 and Type-2 sequences are recognized in the rock record. interpreted to form when the rate of eustatic fall is less than the rate of
coattal plain or on the shelf can be identified only by correlating updip basin subsidence at the depositional-shoreline break, so that no relative
or downdip from a marine-flooding surface. fall in sea level occurs at this shoreline position.

Sequences can be subdivided into systems tracts.

e

® Type-1 sequence—a sequence (Figures 2 and 3) bounded below hy a
Type-1 sequence boundary and above by a Type-1 ora Type-2 sequence
boundary.

*® Systems tract—a linkage of contemporaneous depositional systems
(Brown and Fisher, 1977). We use the term, systems tract, to designate
three subdivisions within each sequence: lowstand, transgressive, and
highstand systems tracts in a Type-1 sequence (Figures 2 and 3); and

® Type-2 sequence—a sequence (Figure 4) bounded helow by a Type-2
sequence boundary and above by a Type-1 or a Type-2 sequence hound-

[ Van Wagoner et al. Definitions of sequence stratigraphy 11




complex. This is the pusition of the lowstand delta. The lowstand del-

tas tend to have a point source; thus, the sands are concentrated in the
source areas and change facies to silts and shales both larerally and hasin-
ward. Because lowstand prograding sands tend to aggrade as well as pro-
grade, they commonly are very thick. These sands form major reservoirs in
many areas. Structural trap type varies, but rollover into a growth fault is a

. common trap type. Stratigraphic traps depend on an updip seal, and hydro- -

carbons commonly leak landward into the incised valley fill. However, if
the underlying unit is impermeable, stratigraphic traps can be present
where the onlapping sands pinch out below the preceding depositional
shoreline break.

Fluvial and estuarine sands of the incised valleys commonly are excel-
lent reservoirs and are excellent stratigraphic trap targets where the valleys
are incised into impermeable coastal plain shales. Where shale-filled sub-
marine canyons are developed, stratigraphic traps commonly form where
older reservoir sands are truncated by the submarine canyon.

Because of the generally high depositional rates of the lowstand systems
tracts, the source potential usually is low. Exceptions occur where the dep-
vsitional sites are euxinic, but the percent of total organic matter seldom
exceeds 1%. i

Transgressive, Highstand and Shelf Margin Systems Tracts

Some of the best coastal sand reservoir rocks torm when accommodartion
is increasing rapidly. The transgressive, early highstand, and shelf margin
systems tracts all have high accommodation rates and are characterized by
the development of excellent reservoir sands. These sands form the reser-
voirs of many major structural traps. The overlying shales of the upper
transgressive systems tract and lower highstand form seals that generally
are excellent at least on the outer shelf, but the updip and base seals com-
monly are a problem for stratigraphic traps. Stratigraphic traps do occur
where seals are present over beach ridge mounds, onlapping sands, and
unconformity truncations. Siliciclastic rocks of the late highstand systems
tracts commonly form poorer reservoirs. '

The starved portion of the transgressive and early highstand systems
tract is the stratigraphic position of many of the world's best source rocks
deposited in a marine environment. Coals and terrestrial source rocks also
tend to be associated with the transgressive and early highstand systems
tracts landward of the coastline.

GLOBAL CYCLE CHARTS

The development of sequence stratigraphic concepts has produced the
basis for identifying global sea level fluctuations in subsurface seismic and,

well Jata, and in outcrops of marine sediments along continental margins
and interiors. Such documentation of sea level events, especially from the
outcrop sections from different parts of the world, has led to a new genera-
tion of Mesozoic and Cenozoic global cycle charts wich greater resolution
than that obtainable from seismic and well data alone (Place 1), -

These cycle chares are tied to a widely applicable, integrated chronos-
tratigraphy that combines state-of-the-art geochronologic, ‘magneto-
stratigraphic, and biostratigraphic data. For a more detailed discussion of
these charts, see Haq et al, (1987 and in press). The charts are presented in
this volume at large scale to facilitate their use in seismic stratigraphic
interptetation.
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shelf-margin, transgressive, and highstand systems rracts in a Type-2
sequence (Figure 4).

* Depositional system—a three-dimensional assemblage of lithofacies
(Fisher and McGowan, 1967).

Systems tracts are defined objectively on the basis of types of bounding
surtaces, their position within a sequence, and parasequence and
parasequence-set stacking patterns. Systems tracts are also characterized by
geometry and facies associations. When referring to systems tracts, the terms
lowstand and highstand are not meant to imply a unique period of rime or
position on a cycle of eustatic or relative change of sea level. The actual
time of initiation of a systems tract is interpreted to be a function of the
interaction between eustasy, sediment supply, and tectonics.

The lowermost systems tracts is called the lowstand systems tract (Figures 2
and 3) if ic lies directly on a Type-1 sequence boundary; however, it is called
the shelf-margin systems tract if it lies directly on a Type-2 boundary (Figure
4).

The lowstand systems tract, if deposited in a basin with a shelf break (Fig-
ure 1), generally can be subdivided into three separate units, a basin-floor
fan, a slure fan, and a lowstand wedge.

* Basin-floor fan—a portion of the lowstand systems tract characrerized by
deposition of submarine fans on the lower slope or basin floor. Fan for-
mation is associated with the erosion of canyons into the slope and the
incision of fluvial valleys into the shelf. Siliciclastic sediment bypasses
the shelf and slope through the valleys and the canyons to feed the
basin-floor fan. The base of the basin-floor fan (coincident with the base
of the lowstand systems tract) is the Type-1 sequence boundary; the top
of the fan is a downlap surface.

© Slope fan—a portion of the lowstand systems tract characterized by turbi-
dite and debris-flow deposition on the middle or the base of the slope.
Slope-fan deposition can be coeval with the basin-floor fan or with the
early portion of the lowstand wedge. The top of the slope fan isa
downlap surface for the middle and upper portions of the lowstand
wedge.

* [owstand wedge—a portion of the lowstand systems tract characterized
on the shelf by incised-valley fill (Figures 2 and 3), which commonly
onlaps onto the sequence boundary, and on the slope by progradational
fill with wedge geometry overlying and commonly downlapping onto
the basin-floor fan or the slope fan. Lowstand wedge deposition is not
coeval with basin-floor deposition. Lowstand wedges are composed of

progradartional to aggradational parasequence sets. The top of the low-
stand wedge, coincident with the top of the lowstand systems tract, is a
marine-flooding surface called the transgressive surface (Figures 2 to 4).

® Transgressive surface—rthe first significant marine-flooding surface across

the shelf within the sequence.

The lowstand systems tract, if deposited in a basin with a ramp margin
(Figure 3), consists of a relatively thin lowstand wedge thar may coneain two
parts. The first part is charactenized by stream mcision and sediment bypass
of the coastal plain interpreted ro occur during a relative fall in sea level
during which the shoreline steps rapidly basinward until the relacive fall
stabilizes. The second part of the wedge is characterized by a slow relacive
rise in sea level, the infilling of incised valleys, and continued shoreline
progradation, resulting in a lowstand wedge composed of incised-valley-fill
deposits updip and one or more progradational parasequence sets downdip.
The top of the lowstand wedge is the transgressive surface; the base of the
lowstand wedge is the lower sequence boundary.

® Shelf-margin systems tract—the lowermost systems tract associated with a
Type-2 sequence boundary (Figure 4). This systems tract is characrerized
by one or more weakly progradational to aggradational parasequence
sets; the sets onlap onto the sequence boundary in a landward direction
and downlap onto the sequence boundary in a basinward direction. The
top of the shelf-margin systems tract is the transgressive surface, which
also forms the base of the transgressive systems tract. The base of the
shelf-margin systems tract is a Type-2 sequence boundary.

Transgressive systems tract—the middle systems tract of both Type-1 and
Type-2 sequences (Figures 2 to 4). It is characterized by one or more
retrogradational parasequence sets. The base of the transgressive sys-
tems tract is the transgressive surface at the top of the lowstand or shelf-
margin systems tracts. Parasequences within the transgressive systems
tract onlap onto the sequence boundary in a landward direction and
downlap onto the transgressive surface in a basinward direction. The
top of the transgressive systems tract is the downdlap surface.

* Downlap surface—a marine-flooding surface onto which the toes of pro-
grading clinoforms in the overlying highstand systems tract downlap.
This surface marks the change from a retrogradational to an aggrada-
tional parasequence set and is the surface of maximum flooding. The
condensed section (Figures 2 to 4) occurs largely wichin the transgressive
and distal highstand systems tracts.

* Condensed section—a facies consisting of thin marine beds of hemipela-
gic or pelagic sediments deposited at very slow rates. Condensed sec-
tions are most extensive during the tme of regional rransgression of the

shoreline.

* Highstand systems tract—the upper systems tract in either a Type-1 ora
Type-1 sequence (Figures 2 to 4). This systems tract is commonly wide-
spread on the shelf, and may be characterized by one or more aggrada-
tional parasequence sets that are succeeded by one or more
progradational parasequence sets with prograding clinoform geometries,
Parasequences within the highstand systems tract onlap onto the
sequence boundary in a landward direction and downlap onto the top of
the transgressive or lowsrand systems tracts in a basinward direction.
The highstand systems tract is bounded at the top by a Type-1 or Type-2
sequence boundary and ar the botrom by the downlap surface.

Systems tracts are interpreted to be deposited during specific increments

of the eustatic curve (Jervey, in press; Posamentier et al., in press).

® Lowstand fan of lowstand systems tract—during a time of rapid eustatic
fall;

@ Slope fan of lowstand systems tract—during the late eustatic fall or early
eustatic rise;

* Lowstand wedge of lowstand systems tract—during the late eustatic fall or
early rise;

® Transgressive systems tract—during a rapid eustatic rise; and

* Highstand systems tract—during the late part of a eustatic rise, a eustatic

stillstand, and the early part of a eustaric fall.

The subdivision of sedimentary strara into sequences, parasequences, and’
systems tracts provides a powerful methodology for the analysis of rime and
rock relationships in sedimentary strata. Sequences and sequence bounda-
ries subdivide sedimentary rocks into genertically related units bounded by
surfaces with chronostratigraphic significance. These surfaces provide a
framework for correlating and mapping. Interpretation of systems tracts pro-
vides a framework for predicting facies relationships within the sequence.
Parasequence sets, parasequences, and their bounding surfaces further subdi-
vide the sequence and component systems tracts into smaller genetic units
for detailed mapping, correlating, and interpreting depositional environ-
ments.
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ATLAS OF SEISMIC STRATIGRAPHY
SHELL OIL COMPANY

INTRODUCTION

This “Actlas of Seismic Stratigraphy” is taken from a 1979 Shell Oil Com-
pany publication that was designed and produced for use in Shell Oil Corfi-
pany’s Exploration Training program. Its purpose was and still is to
demonstrate a basic geologic/geophysical approach to the study of stratigra-
phy as incerpreted from seismic data. Depositional sequences and lithologies
are defined by geometric analysis of seismic reflectors complemented by well
and outcrop data, although the outcrop data of the original text (except for'
illustrations of unconformities) are not included in this volume. This atlas
expands upon and illustrates many of the concepts presented in AAPG
Memoir 26. Since the Shell atlas originally was not planned for publication
or public distribution, conventional references or comments, such as “modi-
fied from" are not shown. Citations listed in the bibliography recognize the
key published work, but not the unpublished Shell work.
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COVERAGE
The atlas presented here consists of three parts:

1. Geometric Analysis of Depositional Sequences
2. Facies Analysis of Depositional Sequences
3. Basin Fill Analysis

In a general sense, this order of presentarion reflects the steps involved in
a typical seismic stratigraphic investigation. Depositional sequences are
identified on the basis of reflection terminations. These are calibrated with
well dara, including age and lithologic information. Where possible, out-
crop dara may be projected into the line of section. Once the depositional
sequences are identified, seismic facies may be interpreted on the basis of
internal configuration types and seismic reflection characteristics, i.e., fre-
quency, amplitude, and continuity. These facies should, if possible, be cali-
brated t lithology and depositional facies interpretations derived from well
dara. The chronostratigraphic significance of depositional sequences may be
tested by constructing a time-stratigraphic chart. A complete seismic strati-
graphic analysis requires mapping depositional sequences and seismic facies
in three dimensions. From these maps, palec-environmental interpretations
and lithology predictions may be made.

GEOMETRIC ANALYSIS

The first section defines deposirional sequences and illustrates various
rypes of bounding unconformities exposed at the surface, in subsurtace dara,
and on seismic profiles. Depositional sequences and the relationship of
strata to sequence boundaries are shown on seismic profiles and on well log
sections. Seismic well log dara are integrated to interpret a series of deposi-
tional sequences.

FACIES ANALYSIS

Once sequences are defined, environment and lithofacies within each
sequence are interpreted through seismic facies analysis. Intemal retlection
configurations within a seismic sequence are divided into Parallel and
Clinoform reflection types. The various external reflection configurations of
seismic sequences are defined from both two- and three-dimensional analy-
ses of forms. Paleo-environmental and lithofacies implications are inter-
preted on the basis of external and internal reflection configuration and
seismic character.

BASIN FILL ANALYSIS

The third section combines the techniques illustrated in the first two sec-
tions and sets forth a generalized procedure for making a regional strati-
graphic interpretation and basin fill analysis. Each step of a basin fill analysis
is demonstrated using the Taranaki basin as an example. The complered
basin analysis includes seismic profiles with depositional sequences, envi-
ronmental and lithologic interpretations, chronostratigraphic charts of seis-
mic sequences, time-stratigraphic correlation charts with lithofacies, and
finally, seismic facies maps and paleogeographic maps for each seismic
sequence.

Shell Oil Company

Atlas of seismic stratigraphy 15




