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THE CONDENSED SECTION - THE LINK BETWEEN GEOLOGY AND GEOPHYSICS

The third order maximum flooding surface and its depositional facies,
the condensed section, are very valuable biostratigraphic and
chronostratigraphic elements in Sequence 'and Seismic Stratigraphy.
The condensed section depositional facies consists of thin, marine,
hemipelagic to pelagic sediments, deposited at very slow rates during
sediment starvation, rapid rise of relative sea level and maximum
transgression of the shoreline. The thickness of the stratigraphic
section is therefore "condensed". They are associated with authigenic
minerals and maximum abundance peaks of planktonic microfossils such
as foraminifers and calcareous nannofossils. The condensed section,
therefore, is the time-stratigraphic correlation tool that links
together the deep and shallow water sediment packages.

Important chronostratigraphic species within the condensed sections
permit an absolute age (in millions of years) to be assigned to each
third order condensed section. These condensed sections along with
third order sequence boundaries are very important elements in
sequence stratigraphy analysis. An E-log is annotated with condensed
sections and paleobathymetry. The E-log 1is calibrated with the
seismic record section by noting the placement of the condensed
sections on a two-way time log which is overlain on a seismic record
section. There it is found to coincide with regionally continuous,
parallel, high amplitude seismic reflectors that are usually downlap
surfaces. The contained chronologically significant species permit
these seismic reflectors to be accurately dated in millions of years.
Thus the geologists and their E-logs are directly linked to the
geophysicists and their seismic record sections through the time-
stratigraphic condensed section.

Through the use of condensed sections, you can:
o Calibrate E-logs and the seismic record sections through two-way
time logs
Recognize the downlap surfaces on seismic sections
Enhance reservoir prediction
Correlate from well to well
Provide absolute ages, based on the association of condensed
sections with age-datable microfossil assemblages
o Tie other events to a common standard of reference (e.g., the
Haq, et al. chart)

O Oo0Oo0oo

Detailed zonation based on benthic foraminifers for the shallow water
offshore environments on the Continental Shelf has been use: for fifty
years in the Gulf of Mexico. As companies' exploration etr:rts moved
toward the edge of the Continental Shelf and into deejer water
sediments, correlations wusing "standard industry tops" of benthic
foraminifers became difficult and undependable. When the companies
moved their exploration program into even deeper water (600 to 4500
feet) on the Continental Slope in the early 1980's, they found that
their correlation tool, the benthic foraminifers "climbed time" down
dip, were washed down slope, were associated with deepwater sands and
had no time significance.
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Because the Gulf of Mexico is dominated by gradual, regressively
deposited sediments, the neritic sediments of the Continental Shelf
thicken rapidly gqulfward into massive shales, mudstones and
sandstones, largely on the downthrown side of normal faults. As the
environment shifts, the sediments and their corresponding benthic
foraminiferal assemblages peculiar to the environment shift with it
and are diachronous 1in nature. In the Gulf Coast, these sediments
become almost impossible to correlate for any distance on the basis of
electric logs.

In 1983, the first commercially available chronological zonation for
the Pliocene-Pleistocene sediments throughout the Gulf of Mexico was
established, based on planktonic foraminifers and calcareous nanno-
fossils. This zonation is highly dependable and is facilitated by a
unique, computer-generated checklisting program. This program _lists
the species and their abundances in each sample and provides a paleo-
water depth curve for the entire well, The foraminiferal and cal-
careous nannofossil bioevents ("tops") are assigned an absolute age.
An E-log is annotated with these absolute ages and with a paleowater
depth curve for the entire well. Subsequently, computer-generated
histograms of microfossil abundance are made from the checklist and
are used to recognize various condensed sections in the well. The
same E-log is annotated with these condensed sections. This is the
key to linking together deep and shallow water sediment packages.

Accurate regional time-stratigraphic correlation of Pleistocene
through Miocene sequences on the Gulf of Mexico Continental Shelf and
deepwater Slope is absolutely necessary to understanding the problems
of locating favorable structures, lithofacies (reservoir), and time of
structural growth -- all factors mandatory to the development of a
hydrocarbon trap.

The Maximum Flooding Surfaces (condensed sections) are the
"bentonites" of the marine environment and are time lines that can be
recognized and mapped from shallow updip to deep downdip wells from
offshore Louisiana to offshore Texas. The Maximum Flooding Surfaces
are the major downlap surfaces on seismic record sections.
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CONDENSED SECTION characteristics

Low Sedimentation rates with low TOC
- fossil abundancy peaks
fossil diversity peaks
thin clay intervals
firm grounds with open burrows
dlagenetic minerals
glauconite
siderite
phosphorite
authogenic dolomite
algal-rich source material

Total organic matter (TOC) peaks when
condensed section Is anoxic

very low sedimentation rates

- blostratigraphlc gaps
hard grounds with bored surfaces
winnowing :
deep water current erosion
dlagenetic minerals as above
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Pattern Recognition of Condensed Sections

Based on Detailed Analysis of Microfossils

and Sysfems Tracts

HISTOGRAMS

Abundance

[

Diversity

024460-02490
02490-02320

02320-02330
023%0-02380

02280-02610

N24610-02640
024640-02470

02670-02700
02700-02730

02720-02760

02760-02790
°2779-02CT20
02820-02830
02830-02880
02800--02910

02910-02940
02940-02970

02970-03000
03000-03030

03030-03040

03060—03090
03090-~03120

03120-03130
03130—03180

03180-03210

03210-C3240
03240—03270

03270-03300
0330003330

03X30-03340

033460-03390
03390-03420

03420-03430
03420—034680

03480-03310

03310-03340
03240-03370

03370—03600

]
]

‘ TST

{ Lsee

LSsfc

102

24

13

MFS CS

e

-R—— — ——

bt cs

tbt



GENERALIZED RELATIONSHIP OF FACIES TO THIRD-ORDER SYSTEMS TRACTS
WITHIN THE 2ND ORDER REGRESSIVE PHASE - VERCORS PLATEAU
(H4 to B4 depositional sequences)

Highly burrowed offshore facies

HST
TST

Prograding to aggrading
parasequences with coastal
onlap and facies transgression
= UPPER LOWSTAND

Fine grained turbidites &
peri-platform mud

el ettt e . . et et e e
- R R R R Y -V iy e ap————
B>

Marly condensed section

(slope fan)
Lowstand flushing: ‘ =
slope ~ basin floor fan . . Well-bedded ~
= LOWER LOWSTAND Platform derived grains pelagic/mari cycles
(bhasin-floor fan)
Downward shift of coastal onlap
) TJACQUIN 1992

Y (up to 70 meters)
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The upper figure shows patterns of chronostratigraphic surfaces for
a strongly prograding sequence, the vertical scale is in depth and
the horizontal scale in distance. The lower figure shows the sane
depositional unite, but now shown as a chronostratigraphic chart,
displaying both depositional units and hiatuses created by erosion
and non-deposition.
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SEQUENCE STRATIGRAPHY

Sequence Set
Sequence Systems Tract

Parasequence

STRATIGRAPHIC TERMINOLOGY

CHRONOSTRAT IGRAPHY
(time-rock)

Erathem
System
Series

Stage

B I0CHRONOSTRAT IGRAPHY

Biochronozone

Biochronohorizon

MAGNE TOCHRONOS TRAT I GRAPHY
Polarity Superchronozone

Polarity Chronozone
Polarity Subchronozone

SEQUENCE CHRONOSTRATIGRAPHY
First Order Sequerce Chronozone

Second Order Sequence Chronozone
Third Order Sequence Chronozone
Fourth Order Sequence Chronozone

GEOCHRONOLOGY
(time)

Era
Period
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Age

BIOCHRONOLOGY

Biochron
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Polarity Superchron

Polarity Chron
Polarity Subchron

SEQUENCE CHRONOLOGY
Megasechron

Supersechron
Seckron
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Haq, Hardenbol & Vail (1987 in press)

* Chart showing types os stratigraphy, FIG. ﬁ-l
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G. 4-3d : Triassic chronostratigraphy and cycles of sea level chanqge. Linear
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‘iassic cycle chart are B.U. Haq, P.R. Vail, J. Harenbol, J.F. Sarg and

E. Morgan. For sources see text and references in Haq and others (1987b).

e Triassic magnetic polarity reversal model is synthesized from available

ta and may be subject to change in future as new data become available.
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PART 4 - SECTION 7: SEQUENCES, SYSTEMS TRACTS AND SILICICLASTIC
DEPOSITIONAL SYSTEMS AND LITHOFACIES

OBJECTIVE:

To illustrate the relation between the depositional systems and lithofacies and determine their
position within the systems tracts.

GIVEN:

Work sheet for location of the coarse-grained material within the systems tracts, Figure 4/5-1

Summary diagrams of depositional systems, processes and lithofacies within each systems
tract, Figures 4/5-2 to 4/5-17

Answer sheet of distribution of the coarse-grained sediments, Figure 4/5-18

TERMS TO KNOW:
Depositional systems
Depositional environments
Lithofacies

EXERCISE: DETERMINE THE DISTRIBUTION OF THE
COARSE-GRAINED MATERIAL WITHIN EACH SYSTEMS TRACT

As the instructor goes through the explanation of the distribution of the depositional systems and
lithofacies within each systems tract, color on the work sheet the corresponding location of the coarse-
grained sediments.

DISCUSSION: ‘
Sediments are deposited episodically by depositional systems and are packaged in cyclic
stratigraphic units. The principal depositional systems and lithofacies units are listed below:

Sequence Stratigraphy Workbook Part 4 - Section 1 page47  Version 8/28/91
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DEPOSITIONAL SYSTEMS LITHOFACIES
Submarine fans:
basin floor fan sheet lobe sands
channelized sands
slope fan overbank turbidites
meandering channel sands
debris flows
slumps
canyon fill deposits
Deltas:
highstand deltas distnibutary mouth bars
prodelta turbidites
coastal beach and storms
prodelta muds
lowstand deltas same as highstand, but tend
to be coarser grain size
slumps
toe-of-slope turbidites
Coastal belt sands: barrier islands and beaches
storm deposits
Offshore shelf deposits: burrowed muds
laminated muds
organic
rapid deposition
authigenic minerals
glauconite
dolomite
phosphorite
siderite
Estuarine/lagoonal deposits: tidal flats
tidal inlet and deltas
- burrowed muds and sands
oyster banks
Marsh (paludal) deposits: peat bogs
Lake (lacustrine) deposits:
Incised valley fills: braided stream deposits

Sequence Stratigraphy Workbook Part4 - Section 1 page 48  Version 8/28/91



Fluvial plain deposits: meandering stream deposits
alluvial fan deposits
Wind (eolian) deposits: sand dunes

Soils:

SUMMARY OF SILICICLASTIC DEPOSITIONAL SYSTEMS, PROCESSES AND
LITHOFACIES BY SYSTEMS TRACT:

LOWSTAND SYSTEMS TRACT

Setting: Deep water basin with well developed shelf/slope break
* Basin Floor Fan: see Figures 4/5-4 and 4/5-5

Setting: Relative sea level falls below the depositional coastal break and the sea surface and
stream profile continuously move downward with respect to the land surface.

Major economic potental:
Excellent quality hydrocarbon reservoirs.
Hydrocarbon migration pathways.

Question: Why do basin floor fans have a high percentage of sand?
* Slope Fan: see Figures 4/5-6 and 4/5-7.

Setting: Relative sea level is low but rising slowly.

Major economic potential:
Excellent quality hydrocarbon reservoir sands within leveed channel fills
Poor quality but often large volume hydrocarbon reservoir sands in very thin
(below E-log resolution) turbidites of leveed channel / overbank dcposits
Occasional discontinuous displaced shallow water sand reservoirs within slumps
Generally poor hydrocarbon source rock except in a few silled basins

* Lowstand Prograding Wedge see Figures 4/5-8, 4/5-9 and 4/5-10.

Setting: Relative sea level is rising above the shelf/slope break quickly enough ro allow
progradation

Sequence Stratigraphy Workbook Part4 - Section 1 page 49  Version 8/28/91
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Major economic potential:
Possible hydrocarbon reservoirs in the coastal belt sands in the incised valley fill
sands if the valley are already filled

A summary of the possible lowstand reservoir sands is presented in Figure 4/5-12.

TRANSGRESSIVE SYSTEMS TRACT

Setting: Relative sea level is rising rapidly and drowning the platform
* See Figures 4/5-13 and 4/5-14

HIGHSTAND SYSTEMS TRACT -

Setting: Relative sea level is high and during a gradual slowing of rise
* See Figures 4/5-15 and 4/5-16

SHELF MARGIN SYSTEMS TRACT

Setting: The unit is deposited following a gentle eustatic fall and during a progressive increase in
the rate of relatve sea level
* See Figure 4/5-17

-
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VARIATIONS IN SILICICLASTIC SYSTEMS TRACTS

SHELF BREAK SETTING

TST >
Incised valley

»
Lowstand prograding complex
Slope fan e

i
—

Basin floor fan

GROWTH FAULT SETTING

Top lowstand
prograding complex
Top sb
slopc tun Top

basin floor fan

DEEP RAMP SETTING

HST

mfs > \\
TST> — .,
Incised valley ﬁ%

Lowstand prograding complex or
Shelf margin systems tract

T. Jacquin 1991

SHALLOW RAMP SETTING
(Forced Regression)

HST,
M‘ L .I.STM

Upper lowstand prograding complcx

Incised valicy
Wave basc erosion

Subacrial crosion .
Lower lowstand prograding complcx
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TYPICAL LOG PATTERNS ASSOCIATED WITH GULF OF MEXICO
DEPOSITIONAL SEQUENCES AND SYSTEMS TRACTS
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TRANSGRESSIVE SYSTEMS TRACT

Lake or Marsh Deposits

Depositional Systems:
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Valley Fill
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- Beach and Shoreface Sands Relative Sea Level 6
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Wind (eolian) Deposits
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Ravinement Deposits
Coastal Belt Sands
Offshore Shelf Deposits
Hemipelagic Deposits

Dominant Depositional
and Erosional Processes:

Estuarine

Wind

Lake

Marsh

Tidal (estuarine/lagoonal)
Ravinement

Storm

Beach

Reworked Authigenic Minerals
Authigenic Minerals
Suspension

Shelf Sands
Relative Sea Level 5

LST Prograding Complex

Slope Fan

Basin Floor Fan

Major Lithofacies:

1) Estuarine Sands in Incised Valley Fills
2) Dune Sands

3) Lake Sands, Muds and Carbonates
4) Widespread Peat, Lignite and Coal
5) Oyster Banks

6) Tidal (estuarine/lagoonal) Deposits
7) Pebble Lags

8) Beach and Storm Sands

9) Authigenic Minerals

10) Laminqted (organic rich) Shales
11) Offshore Burrowed Mudstone
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SP.or GR

TRANSGRESSIVE SYSTEMS TRACT

Characteristic Well Response

.

-

MAXIMUM FLOOQDIN RFACE

® Commonly lowest resistivity—highest gamma

@ Most clay rich shale (most starved)

® Faunal abundance peak (MFS Condensed Sections)
@ Apparent truncation common below boundary

@® Downlap common above boundary

INTERVAL

@ Individual parasequences prograde, fine and thin upward (backstep) -

® Beach and shoreface sands common near base '

@ Basinal equivalent is thin hemipelagic shale

@ Correlation is good, but backstepping transgressive surface of erosion
are time-transgressive

@® Sands often better sorted than HST

@® Authigenic minerals common

EQUEN NDA

® Onlaps sequence boundary

® Commonly transgressive surface of erosion (ravinement surface)
over LST, IVF or older shelf sediments near shelf edge

® Nonmarine sediments (coastal plain, coal or lake sediments) onlap
sequence boundary in more landward areas

@ Top Lowstand surface at base of TST

MMCRO-STRAT INC. 1-90 ©
JBS. PRV & WWW




TYPICAL LOG EXPRESSION OF TRANQRESSIVE
SYSTEM TRACT AND SEQUENCE BOUNDARY

S.P. RESIST.

100 F..

L
'l

ENVIRONMENTAL ANALYSIS

COND. INTERVAL

LAMINATED SHALE

TRANSERESSIVE
= MARINE BARS &
SHOREFACE SANDS

JBSe61711]

Veil, Pors. Comm., 1886

FROM LOGS FROM CORES.
S.W.C. & CUTTINGS
TRANSGRESSIVE |  MARINE SHALE
SHALES
SEQUENCE
REGRESSIVE BOUNDARY
CYCLED | RecRESSIVE DELTA
FRONT AND DELTA
PLAIN SEDIMENTS:
CYCLED
REGRESSIVE
REGRESSIVE DELTA FRONT
CYCLE I SEDIMENTS:
CYCLEI
REGRESSIVE
SLOPE SHALES | DELTA SLOPE
SHALES
Fig. 4
(4%
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TRANSGRESSIVE SYSTEMS TRACTS (TST)
EXPLORATION APPLICATIONS

RESERVOIR
BEACH-SHOREFACE
EXCELLENT k & ¢.

LAGOONAL VARIABLE.
PREDICTABLE LINEAR
TRENDS.

MIGRATION
TYPICALLY DOWN-
WARD AND LATERAL
WITHIN TST.

J6Ser23s1

SOURCE SEAL

GOOD TOP AND GOOD TOP TST.

LATERAL TST. VARIABLE LATERAL
AND BASE.

TRAPS

STRAT TRAPS IN ISOLATED

SANDS. CONTINUOUS BASAL

TST REQUIRES A STRUCTURAL TRAP.
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HIGHSTAND SYSTEMS TRACT

Bay Line

Type 1 Sequence Boundary

Y/

Maximum Flooding Surface <
Top Lowstan e
Top SI
Maximum Flooding /cgmp?gf Fan / 1

Downlap Surface Downlap Surface

MICRO-STRAT INC. 1-90 *®
JBS, PRV & WWW

Basin Floor Fan Complex




bb)

SLT

HIGHSTAND SYSTEMS :RACT

Fluvial pig,

A A A A A

Al A\ A PN

Della
Plain ‘
\M" Thin Interbedded

wne Coastal Sands
82 \
\ J /‘-‘..4./.-\-.-
'r.‘.
arearw b AWt SYTYTYYTR :

~

Lake or Marsh Deposlits

DEPOSITIONAL SYSTEMS
1) Fluvlal Plsin Delta

2) Delta Deposits

3) Coestal Plain Deposlis

4) Coastal Dell Sands

5) OffsHore Stiits and Muds

', DOMINANT DEPOSITIONAL
AND EROSIONAL PROCESSES

* MAJOR LITHOFACIES

1) Meandering Slreams
Aluvial Fans

1) Fluvial

2) Dellalc
2) Fluvlal

J) Bay and Marsh
J3) Bay and Marsh

4) Sand

4) Beach and Slorm

5) St and Mud
S) Suspension

Prodeltla or
!Ollshore
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HIGH STAND SYSTEMS TRACT

Characteristic Well Response

SPorGR.

TST

HST

ABCRQ-8 TRAT INC. 1-90 @
JBS. PRV & WWW \

SEQUENCE BOUNDARY
@® Onlap above boundary
@® Lowstand erosion on shelf
ﬁ @® Incised valleys on shelf

® Canyon cuts and slump scars on upper slope

@ Truncation or toplap below boundary
® Fluvial (meandering streams. alluvial fans) below boundary
L in more landward areas

INTERVAL
@ Coarsening and shallowing upward sand and silt interbedded
@® Shoreface & deltaic sands near top
@® Progrades laterally into offshore shales
@® Basinal equivalent is hemipelagic shales
@® Log correlation is difficult in upper part
@® Reservoir continuity is fair to poor

[ MAXIMUM FLOODING SURFACE

@® Commonly lowest resistivity—highest gamma
@ Most clay rich shale (most starved) .

® Faunal abundance peak (MFS CS)

@® Downlap common above boundary

@® Apparent truncation common below boundary
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NERITIC FACIES SYSTEMS TRACTS

SP.or GR.

TST

TRANSGRESSIVE SYSTEMS TRACT
INCISED VALLEY FILL

SEQUENCE BOUNDARY

HIGHSTAND SYSTEMS TRACT

MAXIMUM FLOODING SURFACE

TRANSGRESSIVE SYSTEMS TRACT

SEQUENCE BOUNDARY

HIGHSTAND SYSTEMS TRACT

MAXIMUM FLOODING SURFACE
TRANSGRESSIVE SURFACE

LOWSTAND SYSTEMS TRACT
prograding cOmplex

BTTO-STRAT INC. 1-00 ©

JBs, PRV & www
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HIGHSTAND SYSTEMS TRACTS (HST)
EXPLORATION APPLICATIONS

RESERVOIR
DISCONTINUOUS
FLUVIAL, DELTAIC
FACIES PREDOMINATE.

MINOR SHOREFACE FACIES.

MIGRATION

GAS AND LEAN OIL
TYPICAL FROM
CONTEMPORANEOUS
SOURCE. GOOD OIL
SOURCE OFTEN REQUIRES

VERTICAL FAULT CONDUIT.

SOURCE SEAL

OFTEN A PROBLEM. LEAKS UPDIP INTO
DEEP SOURCE TYPICAL.  TST.

HST SHALES OFTEN LEAKS LATERALLY.
LEAN AND GAS-PRONE. FLOODING SURFACE

USUALLY TOP SEAL.
TRAPS

PREDOMINANTLY STRUCTURAL.
EARLY TIMING CRITICAL.

JoSer23s30



LOWSTAND SYSTEMS TRACT
MORPHOLOGIES OF TURBIDITES

Bottomset ("shingled") Passive Margin Basin Fill "Active Margins"

S
&
Channel Overbank "High Mud Content” : Aprons "High Sand Content”
LN T .
Sheet Lobe Mostly Sand Input I Remanent Lobe and Contouries

AV 12/
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LOWSTAND SYSTEMS TRACT
BASIN FLOOR FAN COMPLEX

—

Type 1 Sequence Boundary

/
Top Basin Floor Fan Complex
MICRO-STRAT INC. 1-90 ® !
_ o s

JBS, PRV & www
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LOWSTAND SYSTEMS TRACT - BASIN FLOOR FAN COMPLEX

Stream Profile 1 Siliciclastics

Stream Profile 2

Headward Erosion Original Depositional Profile

e

e

QW() (=9 (

Relative Sea Level 2

or grainflows

. -
v, BT 2 e ety rn g et

T ladnda Snlevad [t

42 « 5 ot o«

AT ST AN Y AT TN O YLV AR Y PR RV

Depositional Systems: Dominant Depositional

1) Soils and Erosional Processes: 1)
2) Basin Floor Fan 1)  Soils 2)
3) High-DensityFurbidites 2) Headward Erosion

orGrainflows - Incised Valleys

4 Basin Floor Contourites - Flushing of River
Valley Sand into Basin
3) Slumping
- Submarine Canyons and Slope 3)
Scars
4) High Density Turbidity Currents
5) Grainflows
6) Basin Floor "Contour"” Currents

Sand rich sediments slumped
forming high density turbidites

PR v

Relative Sea l_evel 1 l

Top Basin Floor
Fan Surface

..Nn‘-;.,.x\\n‘.q4'y\,’\:v';:, -
i aad  teforylnya Y -
SRRy AT M e

Modified Depositional Mound
>1% dip strike section

N
D A
Major Lithofacies:

By
1-;"’1',," "

R s

Soils

Massive Basin Floor Sheet Mounds
- Winnowed amalgamated sands (a)
- Unamalgamated sands (b)

- Remenant mounds (c)

- Aftached contourites (d)

- Basin Floor Contourites (e)

Minor Interbedded Lithofacies

- Hemipelagic silts and shales

- Thin bedded turbidites

- Debris flows at proximale edge

AV 1292



. Characteristic Log Response

SP.or GR. SP.orGR.

UPPER BOUNDARY

SF ® Hemipelagic shale or channel/overbank apron facies
above boundary
@® Sharp boundary with minimal transition

- = bl cs -
ecoe 0000000000000000¢ eeee ( tbfs ) ) INTERVAL

@® Turbidite sands

Amalgamated ® Amalgamated massive turbidite sands

Unamalgamated

BF Turbidite Sands w::,’,::;: ::’1:« e Unamalgamated massive turbidite sands, with
Cpntouwite Sands shale breaks
N ‘ (SB e Minor erosional surfaces within sand
o )"\ e Commonly a major erosionalsurface at top of fan
e May be remnant fan mounds
HST/TST @ Redeposited massive shingled sands bordering
Hemlpelagic Shale fan mounds

@® Contourite sands
® Redeposited massive sands in separate mounds

( SEQUENCE BOUNDARY
\ ® Massive sand above hemipelagic shale
<

(railroad track shale)
@® Sharp boundary
MO S TRAT INC.. 1-50 © ! ® No erosion at base except sometimes at proximal

JBS. PRV 8 www portion of fan
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SEQUENCE STRATIGRAPITY AS AN EXPLLORATION TOOL

i e

[ angin

O
-y
i

Figure 6. Scismic section which shows systems tracts within an individual depositional sequence in the offshore Louisiana South
Additions. Above, uninterprete!; below, interpretation.

After Pacht et al., 1990
-270-



Figure 9. Scismic section which shows a gas ficld developed within a basin-Ooor fan.

After Pacht et al. 1990

-269-
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BASIN FLOOR LOWSTAND FAN SYSTEMS TRACTS (LSF)
EXPLORATION APPLICATIONS

RESEARVOIR

TYPICALLY EXCEL-
LENT k & ¢.
CONTINUITY VARIABLE,
OFTEN A PROBLEM IN

UPPER CHANNELIZED
LOBES.

MIGRATION

VERTICAL FROM
OEEPER SOURCE.
POSSIBLE DOWNWARD
AND LATERAL FROM
C.S. SHALES.

SOURCE

LEAKAGE FROM
DEEPER BEDS.
POSSIBLE. TOP &
LATERAL CONDENSED
SECTION (C.S.)
SHALES.

TRAPS

SEAL

EXCELLENT, PELAGIC

SHALES OF C.S. AISK

NO SEAL (F OVERLAIN
BY SLOPE FAN.

TYPICALLY STRATIGRAPHIC.

J8Ser2ier

FIG. 4



LOWSTAND SYSTEMS TRACT
SLOPE FAN COMPLEX

641

Top Slope Fan Comélex LTop Basin Floor Fan Complex
MICRO-STRAT INC. 1-90° Downlap Surface
JBS, PRV & www




LOWSTAND SYSTEMS TRACT - SLOPE FAN COMPLEX

Stream Profile 2
Stream Profile 3

Siliciclastics

Relative Sea Level 2
Relative Sea Level 3

D tional s .
H—Soits—
- from previous slope
- from fluvial systems

- from headward erosion
of canyons

0 Hemipelag

Dominant Depositional
and Erosional Processes:
1)  Soil formation

2) Slumping

3) Mass Flow

4) Turbidity Currents
5) Suspension

Proximal Slope Fan (Canyon Fill)
(may extend into storm wavebase)

Channel Overbank Lobes

Distal Fan

R AN R P U A A O N GV T ST PR

Major Lithofacies: Basin Floor Fan

1) Soils

2) Proximal Slope Fan:

J Slumps
vie Conglomerates

Massive sands
Debris flows

3) Channel Overbank Lobes:
Abandonment facies
Channel fill (turbidite sands or silts)
Overbank thin-bedded turbidites
Thickening upward channel attached lobes
Distal mudstone apron

4) Chaotic slumps

5) Hemipelagic shales between lobes

Chaotic Slump
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LOW STAND SYSTEMS TRACT - SLOPE FAN COMPLEX | N

Characteristic Well Response

[ UPPER BOUNDARY
® Downward shift from hemipelagic shale to laminated

SP or GR. ) o
ﬁ fine grained turbidites
PC @ Fining upward digitated log character below boundary
PUSTUUSUUTURE U XSS S Gl Faunal abundance peak (sf cs)
AF
— :zz wanerony  INTERVAL
CHANNEL/ SANDS ® Crescent shape to individual channel/overbank units
OVERBANK — ICES CHANNEL @® Within channel/overbank units. sands thicken,
UNIT 2 — ICES FILL then thin upward
BCES 3 ® 1-10 channel/overbank units within each slope fan
SF ® Proximal facies may be highly sand-prone near
- source
@® Channel fill facies may be:
CHANNEL/ e Massive turbidite sands
OVERBANK ® Massive turbidite sands fining upward with sharp
UNIT 1 bases
‘ I — _ e Mudstone-fine grained turbidites
0000000000000 0000Q000000000000000000000
BFC [ LOWER BOUNDARY
SB @® Hemipelagic shale with faunal abundance peak
' commonly at base of slope fan complex (bf cs)
LEGEND S ® Lies on Sequence Boundary or on Low Stand Systems
-A i _Intemal channel Tract Basin Floor Fan Complex
g#a:m i  facies 159" erosional surtace @ Boundary commonly 'conformele in basin and
0':‘ (z‘efbaheﬂ: be Bcss_!iasa':;h?nnel g erosional on slope
M hon T s Minor condened MICRO-STRAT INC. 160




GAMMA SP

RESISTIVITY

CONDUCTIVITY

====z%=== cocs

EXAMPLE 1: LOWSTAND SYSTEMS TRACT-SLOPE FAN

00SS1

CHANNEL/
OVERBANK
UNIT 3

00091

CHANNEL/

OVERBANK

UNIT 2

CHANNEL/
OVERBANK
UNIT 1

LEGEND

CO-Channel overbank
condensed section

00591

JBS. PRV & www

MICRO-STRAT INC. 1-90 ©

OFFSHORE LA. PLEISTOCENE

oL

AF-Abanconment (acies
CF- Channael lill
OB- Overbank
AL- Aftached lobes
A- Apron
ICES =~ Internal channel

erosional surtace

BCES- Basal channel
erosional suriace

149 Q-

292




EXAMPLE 2: LOWSTAND SYSTEMS TRACT-SLOPE FAN

GAMMA SP RESISTIVITY CONDUCTIVITY
s T s
r.r\';. ] g
X % 0B
- i Ii — —r—
: AL
f CHANNEL/
1 OVERBANK
e 1 ~ UNIT 2
2 1z % } —
~ (%4
A ;
- .' A
! = ‘i L L coc
T R =T T - - D =c S
.J"" i ? AF
=% '-x g_ &__g
= ——— CHANNEL/
= - % = CF OVERBANK
- g — UNIT 1
= } é o BCES
=1 L3
\C
l-—." ¥ T ‘\{ AL
LEGEND
[}- 1 g A | COCS‘Chlnnol overbank
condensed section

OFFSHORE LA. PLEISTOCENE

MICRO-STRAT INC. 1-90 °
JBS. PRV & Www

\

- s -,

AF- Abandonment {acies
CF- Channel fill
0OB- Overbank
AL-attached iobes
A= Apron
ICES - Internal channe!
erosional syriace

BCES- Basal channe!
erosiongl syrace

1‘7;(,

2

93
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LOW RESISTIVITY PLIOCENE SANDS

10 CA (Gamy 120
.0 e (av) 2 L
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A

SNEDER, pc., 1907

Figure Log of slope fan overbank sands.

CORE OF LOW RESISTIVITY PLIOCENE SAND
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SLOPE FAN (LEVEED CHANNEL FACIES - LCF)
EXPLORATION APPLICATIONS

RESEAVOIR

S5-40 m SANDS IN CHANNELS.
THIN (1-30 cm) SANDS IN
OVERBANK FACIES. CHANNEL
SANDS DISCONTINUOUS.
OVERBANK SANDS MAY BE
QUITE WIDESPREAD.
OVERBANK SANDS OIFFICULT

TO RECOGNIZE AND EVALUATE.

MIGRATION

UNCERTAIN, PROBABLY VERTI-
CAL, VIA FAULT CONDUITS OR
FAOM LSF.

SOURCE SEAL

UNCERTAIN, INTERNAL SHALE SEALS.

PROBABLY DEEP. TOP SEAL CS.
OVERBANK SANDS

LIMITED BY LEVEES AND
APRON-EDGE PINCH OUTS.

TRAPS

TYPICALLY STRATIGRAPHIC.
SOME STRUCTURAL
ENHANCEMENT.
JOS872348

Fig. 5
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LOWSTAND SYSTEMS TRACT

PROGRADING COMPLEX

MICRO-STRAT INC. 1-90 °
JBS. PRV & www

o

Top Lowstand Surface Top Slope Complex Top Basin Floor Fan Complex

Top of Prograding Complex Downlap Surface

Downlap Surface




LOWSTAND SYSTEMS TRACT - PROGRADING COMPLEX

LOW TO MODERATE SEDIMENTATION RATES

Stream Profile 4

|

Stream Profile 3

f

Braided
Stream

Depositional Systems:

Soils

Incised Valley Fills

Wave Dominated Deltas
Beach and Storm Deposits
Tidal Dominated Deltas
Slide Blocks

Siliciclastics

Coastal Plain

Beach and Storm Deposits

Relative Sea Level 4
Relative Sea Level 3

Dominant Depositional
and Erosional Processes:
1)  Soil Formation

2)  Fluvial
3) Deltaic
4) Beach

5) Storm

6) Tidal

7)  Shallow Marine
8) Hemipelagic

Prodelta or Offshore Muds

Hemipelagic Shales

Major Lithofacies:
1) Soils
2) Braided Streams
3) Tidal Deposits
4) Coastal Plain
- usually sand rich
- sometimes shale rich
5) Beach and Storm Sands
Foreshore
" Upper Shoreface
Lower Shoreface
Transitional
6) Prodelta
7) Offshore
8) ° Hemipelagic
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LOWSTAND SYSTEMS TRACT-PROGRADING COMPLEX

Characteristic Well Response

SP oo GR

TST

- @ EE- @ <aEE~- - @ - @ < -8

i}

pc

HST G 4 ® Toplap common below boundary
_;_—______{2___ mis f @ Transgressive surface of erosion (ravinement surface)
ve

-
TOP LOWSTAND SURFACE
® Transition from upward shallowing 1o upward deepening

on the shelf

INTERVAL

® Thick intervals of coarsening upward sands common near top.
® Shoreface and deltaic sands typical
® Progrades laterally into bathyal hemipelagic shale
@® Pinches out near offlap break of underlying highstand
® May contain shingled turbidite mounds at base
LOWER BOUNDARY

® Slope fan Condensed Sections

® Maximum clay-shale point

® Faunal abundance peak

i
\

® Downlap common above boundary

MICRO-STRAT INC. 1-90 ©
JBS. PRV 8 WWW




LOWSTAND SYSTEMS TRACT - PROGRADING COMPLEX
HIGH SEDIMENTATION RATES
Siliciclastics

Stream Profile 4

Stream Profile 3

Delta Plain

Relative Sea Level 4
Relative Sea Level 3

ol

Hemipelagic Shales

Braided .
Stream Shingled Turbidites
Slope Fan

Depositional Systems: Major Lithofacies:

1) Soils S 1)  Soail

2) Incised Valley Fills 2) Braided Streams

3) Deltas 3) Deltaic (usually wave or fluvial dominated)

4) Slumps - Delta Plain

5) Bottom Set (Shingled) - Delta Front

Turbidites 4) Tidal Sands in absense of deltas
6) Hemipelagic Deposits 5) Slump blocks and Olistostroms at

end of LPC in tectonically active areas
6) Bottom Set (Shingled) Turbidite Sands

Dominant Depositional 7) Hemipelagic Shales

and Erosional Processes:

1)  Soil Formation

2) Fluvial

3) Deltaic

4) Slumping of Delta Front
5) Turbidites

6) Suspension
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PROGRADING COMPLEX
BOTTOM-SET (SHINGLED) TURBIDITES

CHARACTERISTIC WELL RESPONSE

TOP LOWSTAND SURFACE

SP.orGR
Transition from upward shallowing
HST % to upward deepening
— — Toplap below boundary
_TI8T Transgressive surface of erosion on the shelf
7 INTERVAL
Thick intervals of blocky sands common near top
PGC Fluvial and deltaic sands typical
Progrades laterally into bathyal shales
PGC pinches out against break-in-slope at shelf edge
LST UPPER BOUNDARY
T bres Maximum clay-shale point
Ty e—— Minor faunal abundance peak (bt cs)
INTERVAL
Series of thin units with blocky sand at base and each
bt unit fines upward (“"Christmas tree" pattern)
Sand units are scparated by thin hemipelagic shales
Overall pattern is commonly fining upward
: - — LOWER BOUNDARY
SFC.:“.“ csoscee Hemipelagic shale
CHANNEL/ Well developed abunda.n(fe peak (sf cs)
OVERBANK R

UNIT
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Obf

SP.

CHANNELIZED SEQUENCE BOUNDARY

Fluvial Fill of the Late Prograding Complex or
Estaurine Fill of the Early Transgressive
Systems Tract n

SP. S.P. SP.

V\/\\x/ ~~ SEQUENCE BOUNDARY
CHRONOSTRATIGRAPHIC
MARKER BED

Incised Lowstand j CORRELATION
River Valley

MICRO-STRAT INC. 1-90 ©
JBS. PRV 8 WWW
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PROGRADING COMPLEX
EXPLORATION APPLICATIONS

RESERVOIR SOURCE SEAL

VARIABLE: STACKED DEEPER BEDS, OR GOOD TST TOP SEAL.
FLUVIAL, DELTAIC TST SOURCE AT LATERAL SEAL MAY
AND SHOREFACE. TOP. BE POOR.

VARIABLE CONTINUITY.

MIGRATION TRAPS

PROBABLY DEPENDS ON TYPICALLY STRUCTURAL.
FAULT CONDUITS FROM POSSIBLE COMPACTION
DEEPER SOURCE. CLOSURE.

POSSIBLE DOWNWARD

MIGRATION FROM TST.
JBSE72343



P3b!

INCISED VALLEY FILL (IVF)

RESERVOIR

BRAIDED STREAM
SANDS TYPICAL.
GOOD TO FAIR

-~ CONTINUITY.

MIGRATION
DOWNWARD FROM
TST. POSSIBLE
VERTICAL MIGRA.-
TION VIA FAULTS.

EXPLORATION APPLICATIONS

SOURCE SEAL
TOP SOURCE FROM TST SHALES. POOR
TST. POSSIBLE LATERAL SEAL.

DEEP SOURCES.

TRAPS
TYPICALLY REQUIRES
STAUCTURAL CLOSURE OR NOSE.

J6Se723148
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SUBMARINE CANYON FILL (SCF)
EXPLORATIOH APPLICATIONS

RESERVOIR

VERY VARIABLE.
SUBMARINE CHANNEL
SANDS, TURBIDITES.
POOR CONTINUITY.

MIGRATION
UNCERTAIN. VERTICAL
MIGRATION VIA FAULTS
MAY BE BEST.

SOURCE SEAL
UNCERTAIN. CONTEMPO- LOCAL SHALE
RANEOUS SOURCE IS SEALS.

PROBABLY GAS PRONE.

TRAPS
STRATIGRAPHIC PINCH-OUTS.

JOS872)44
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R SURFACES

(SB) SEQUENCE BOUNDARIES
(S8 1) = TYPE 1
(S8 2) = TYPE 2
(OLS) DOWMNL AP SURFACES
(mfs) = maxlmum flooding surface
(tbts) = tlop basin floor lan surface
(tsfe) = lop slope fan swwlace
(TS) TRANSGRESSIVE SURFACE
(First flooding swlace above
maximum progradation)

JBSs8e2)98

P2
A9h 1
a

-1 POSSIBLE RESERVOIA SANDS

A

@ INCISED VALLEY FILL SANDS

@ COASTAL BELT SANDS

@ CHANNEL/OVERBANK CHANNEL SANODS

J8See2199

SYSTEMS TRACTS

HST = HIGHSTAND SYSTEMS TRACT
TST = TRANSGRESSIVE SYSTEMS TRACT
Ivl = fnclsed valley fiN
LST = LOWSTAND SYSTEMS TRACT
ivl = Inclsed valley il
lsw = lowstand wedge-prograding complex
s! = lowsland slope fan
bl = lowsland basin floor fan

SMST = SHELF MARGMIN SYSTEMS TRACT

VAIL, 1987

@ OVERBANK SANDS

@ BASIN FLOOR FAN

SHINGLED TOE OF LOWSTAND
PROGRADING WEDGE SANDS

VAL 1947



YARIATIONS IN CARBONATE SYSTEMS TRACTS

CARBONATE RIM
(end member typical of gentle slopes
and grainstone margins)

HST

TST >

( Lowstand bioclastic —>» <
' prograding complex ?\v\ Pclagic drapc
Slopc fan turbidites ~>

Eithcr carbonatc megabreccias
or bioclastic basin floor fan

Pclagic mudstonc

CARBONATE RIM

(end member typical of steep well-cemented slopes) |

HST
LN

mfs‘_—_>\
TST =

Toc of slope
breccias

Pclagic drapc
Pcri-platform dcrived mud

Mcgabrcccia

CARBONATE RAMP

HS'I\'

mfs >-= R —
— x\\k

Lowstand prograding complcx or
Shelf margin systems tract

T. Jacquin 1991

ISOLATED PLATFORM |
(end member typical of bypass and steep slopes)

lIST

TST
HST (Platform derived mud)

LST h .
(Platform derived grains and ooze)




TRIASSIC OF THE DOLOMITE MOUNTAIIS ITALY

MmyYor
; —a- 218

i A ) DOLOMIA PRINCIPALE (Putitidal eomplex) : :

—— e 2288

&
P O | - ) ] . . - 2
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T
- VOLCANICLASTIC ss 7, S >
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$8- SEQUENCE IOUNDANY : . 7]
" DLS - DOWNLAP SURFACE qumw z i
LSW - LOWSTAND WEDGE :
(CARBONATE OR CLASTIC)

(Summasrized from Bosellinl, 1984)

Mo. 23.—Schem:tic ummary of Triassic carbonale scquences, Dolomite Mountalns, northemn Italy (Interpreted from Boscllini, 1984).

Sarg, 1988
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GENERALIZED RELATIONSHIP OF FACIES TO THIRD-ORDER SYSTEMS TRACTS
WITHIN THE 2ND ORDER REGRESSIVE PHASE - VERCORS PLATEAU
(H4 to B4 depositional sequences)

Highly burrowed offshore facies

HST [
TST § RRRRRR —-

Prograding 1o aggrading
parasequences with coastal
onlap and facies transgression
= UPPER LOWSTAND
Fine grained turbidites &
peri-platform mud

Marly condensed section

(slope fan)
Lowstand Hlushing: _
slope + basin floor fan P .l' derived erai Well-bedded =~
= LOWER LOWSTAND atform derived grains icl ,
(hasin-floor fan) pelagic/marl cycles
Downward shift of coastal onlap
. T JACQUIN 1992

Y (up to 70 meters)
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COAL O4FTet 1 o

GRADED TVRIMITE
PLALATIOAN SO2E
UNGAADID TVRIWITE

Ages ;m,. SPECh AP

Fig.4 Highstand bundles and compositional signals in
calciturbidites from Quaternary cores of Tongue of the Ocean, a
basin surrounded by the GCreat Bahsma Bank. Turbidites are most
abundant during intergleacial highstands of the sea, when platfore
tops are flooded and produce sediment. Turbidites also vary in
coaposition: Highstand layers are rich in pellets and ooids -
i.e. grains that form on the shallow banks by the interaction of
tidal currents and waves. Lowstand turbidites consist mainly of
skeletsl material, including reefl detritus, because fringing
reefs and skeletal sand can wmigrate downslope with falling sea
level. Glacial-interglacial stratigraphy is provided by variation
in aragonite/calcite ratio, a property that is closely correlated
with the oxygen isotope curve (glacial isotope stages are
shaded). After Haak & Schlager (1989).

adapted from Haak and Schiager, 1989
remberprehed .L7 \Vaul |, (o9
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DROWNING BY SEA-LEVEL PULSC 2

Numbers: amokivde (in meiers) ot
ellective nse 3t sudsrdence 50 M/NMy

<

___-_--_
iy
<z
-
o
o

105 100 95 Ma

Fig.l15 Postulated eustatic sea level curve (Haq et al., 1987) for
the mid-Cretaceous, a8 time of global platform drowning. A
platform that kept up with rising sea level and subsided at 50
m/Ma must have been exposed during the dotted intervals of the
curve and experienced only the fluctuations drawn in full., The
aoplitudes of these effective sea-level rises are shown in meters
on the graph. They are too smaell to move & platform out of the
photic zone and often too smaell to even remove it from the zone
of light saturation.

140 120 ., 100 BOMe
8¢ | Vai Ha |[Ba| Ap Alblen Ce [T{IS Ca "a
ANOXIA
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Fig.16 Frequency distribution through time of oceanic anoxic
events (top) aend platform drownings (bottom). The coincidence in
time supports the idea of a causal link. This mey be one example
of environmental control on depositional sequences and sequence
bouncdaries. After Schlager & Philip (1990).
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HST-ALLUVIAL FAN FACIES (AF)
EXPLORATION APPLICATIONS

RESEAVOIAR

ALLUVIAL GRAVELS
AND SANDS. POOR TO
FAIR CONTINUITY.
PERMEABILITY POOR
TO FAIR. BEST
RESEAVOIA SANDS
ARE AT TOP IN TST
LAG GRAVELS.

MIGR ATION

VERTICAL MIGRATION
VIA FAULTS, OR
MIGRATION THROUGH
LATERAL HST FACIES.

SOURCE
OIFFICULT. BEST
CHANCE IS A DEEP
OLDER SOURCE.

TRAPS

STRUCTURAL TRAPS
BEST. DEEP BASIN

SEAL

HIGH RISK OF NO SEAL.
SHALES ASSOCIATED
WITH TST ARE BEST,
BUT CUT BY CHANNELS.

STRATIGRAPHIC TRAPS.

JOSer2349
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Ot Morocco

Fig.B8a Unconformity on a Cretaceous-Jurassic platform off Morocco
(dotted). This sequence boundary was attributed to a Valanginian
lowstand by Vail et al. (1977). Schlager (1989) interpreted it as

drowning unconformity. Note similerity with the coeval
platform in the nearly conjugate American margin. Note
the raised rim at the plaetform margin and differential
causing folds in overlying siliciclastics. Arrows mark
of boreholes.
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furthermore
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positions

b) Turbidites in DSDP Hole 416 monitor the drowning of this
platform belt: The disappearance of platform mud indicates
reduction of growth: phosphate grains and ooids with quartz
nuclei are new graein types, not present deeper in the section;
their formation indicates continued flooding of the platform and
increase of water depth rather than exposure. After Schlager

(1980), modified.
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Fig.7 Drowning unconformity on Wilmingtoen Platform. The seaward
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almost transparent si1liciclastics. Clastics prograde over and
downlap on the platform top: they also onlap the seaward flank,
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(1988). Meyer (1989) and Schlapger (1989) for detailed

intevrpretations



THE TECHNIQUES OF
SEQUENCE STRATIGRAPHY

PART 2C:
Results of Changes in Shelfal Accommodation:
Introduction to Basin Fill Model

Description Of Fig. 2-21
Inital depositional surface is shown as a heavy black line. It depicts, from left to right, the
equilibriumn streamn gradient, shelf, slope, and basin floor.

Subsidence is shown in meters per 100,000 years by vertical arrows located below the initial
surface of deposition (heavy line). The subsidence rate is 0.0 m/100 ky at the left hand edge of the
figure, and increases with distance to 2.0 m/100 ky at the basin margin. The basin subsides at a
constant rate of 3.0 m/100 ky.

Eustatic changes of sea level are shown in meters versus geologic time on the graph located in the
upper right hand portion of the figure. Each time interval is 100,000 years in duration. Thus the
total interval of time represented by geologic time lines 1 through 30 is 3 million years. Two
custatic falls are shown. The magnitude of the first eustatic fall is 80 meters and the second is 15
meters. The first fall (stratal surfaces 5-12) has a rate of eustatic fall greater than the rate of tectonic
subsidence. The second fall (stratal surfaces 20-27) has a rate of eustatic fall less than the rate of
subsidence.

Volume of sediments per unit time (100,000 years) corresponds to the area of the rectangular box
in the left hand portion of the figure (0.01 sq. km./ 100,000 years).

Lines mark the depositional interface after the sediment supply is exhausted at the end of each
100,000 year time increment. Therefore, the lines mark the position of each 100,000 year geologic
time line at the end of the model run. They form continuous stratal surfaces that correspond to
reflection events in a seismic depth section. They are depositional interfaces that separate older
from younger rocks. The diagram simulates the primary reflection patterns as recorded on seismic
profiles.

Sequence Stratigraphy Workbook - Version 30/10/92 Page 8



Basic Assumptions of diagram:
The sediment supply rate is constant through time.
Erosion is not present.
All depositional processes occur within the two-dimensional cross-section.

Sequence Stratigraphy Workbook - Version 30/10/92
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THE TECHNIQUES OF

SEQUENCE STRATIGRAPHY

I3
PART B

SEQUENCE STRATIGRAPHY INTERPRETATION
PROCEDURE
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WELL LOG/SEISMIC/BIOSTRATIGRAPHY SEQUENCE STRATIGRAPHY
INTERPRETATION PROCEDURE
APPLIED TO THE NEOGENE OF THE GULF OF MEXICO

STEP 1 - UNDERSTAND DEPOSITIONAL SETTING

* Seismic Overview In Vicinity Of Well Log To Be Interpreted

* Interpret Rock Type From Well Logs

* Interpret Depositional Environments From Biostratigraphy And Well
Logs

* Interpret Major Regressive/Transgressive Facies Cycle Wedges On
Well Logs )

* |dentity Discontinuities From Dipmeter Logs

STEP 2 - IDENTIFY CONDENSED SECTIONS FROM BIOSTRATIGRAPHY
* Identify Condensed Sections And Locate On Well Logs
* Age Date Condensed Sections With Biostratigraphy

STEP 3-INTERPRET SEQUENCES AND SYSTEMS TRACTS
* Interpret Sequences, Systems Tracts, And Faults On Well Logs
* Interpret Sequences, Systems Tracts, And Faults On Seismic Data
* Interpret Sequences and Systems Tracts on Adjacent Outcrops
* Tie To Global Cycle Chart

STEP 4 - CORRELATE WELL LOGS BY UTILIZING PARASEQUENCES
AND MARKER BEDS WITHIN SYSTEMS TRACTS
* Correlate Well Logs By Parasequence/Marker Bed Correlation

STEP 5 - CONSTRUCT SUMMARY DIAGRAMS

* Cross Sections Showing Sequences, Systems Tracts, Parasequence
Boundaries and Lithofacies

* Interpreted Key Seismic Sections That Coincide With Geologic Cross
Section Where Possible

* Summary Chronostratigraphic Charts Showing Sequences, S. :tems

" Tracts, and Litho‘acies

* Map Sequences And Systems Tracts For Interpreting Paleogeography
And Geologic History

STEP 6 - MAKE SEQUc..CE BOUNDARY BASED TECTONIC SUBSIDENCE
CURVES AND CORRELATE TO CHRONOSTRATIGRAPHIC CHART

STEP 7 - IDENTIFY RESOURCE PLAYS AND PROSPECTS
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WELL LOG/SEISMIC/BIOSTRATIGRAPHY SEQUENCE
STRATIGRAPHY INTERPRETATION PROCEDURE
APPLIED TO THE NEOGENE OF THE GULF OF MEXICO

DATA AND MATERIALS
- Welllogs (approximately 1 inch equals 100 feet)
- High resolution biostratigraphy check lists, for reference wells
- Well log sequence stratigraphy interpretation charts, where
possible (Paleowater depth, Faunal abundance, Faunal diversit{es,
and well logs)

- Seismic sections
- Synthetic seismograms and/or time depth conversion charts

- Well log cross sections (uninterpreted and approximately 1 inch
equals 400 to 500 feet)

- Graph paper for chronostratigraphic chart

- Color pencils (red, orange, green, rose, brown, tuscan red, yellow,
and blue) and straight edge

STEP 1 - UNDERSTAND DEPOSITIONAL SETTING

* Seismic Overview In Vicinity Of Well Log To Be Interpreted
- Identify faults
- Identify truncation unconformities
- Identify incised valleys and canyons
- Interpret approximate paleowater depths

* Interpret Rock Type From Well Logs )
- Gamma and/or spontaneous potential curves
- Sonic and/or resistivity curves
- Porosity logs

* Interpret Depositional Environments From Biostratigraphy And Well

Logs

- Paleontology
- Cores and cutlings
- Well log patterns.

‘ - Compare to seismic interpretation from Step 1
* Interpret Major Regressive/Transgressive Facies Cycle Wedges On
Well Logs

- Second order cycles (3-50 My)
* Identify Discontinuities From Dipmeter Logs
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STEP 2 - IDENTIFY CONDENSED SECTIONS FROM BIOSTRATIGRAPHY
* Identify Condensed Sections And Locate On Well Logs
- Faunal and floral abundancy peaks from high resolution
biostratigraphy
- Faunal and floral diversity peaks from high resolution
biostratigraphy
- Total organic matter peaks
- Authigenic mineral peaks
- Hardgrounds
* Age Date Condensed Sections With Biostratigraphy
- Determine age of condensed section from high resolution
biostratigraphy
- Check for missing or stacked condensed sections, i. e. for
indications of faults, slump scars, canyons, or multiple
sequence starvation.

STEP 3 - INTERPRET SEQUENCES AND SYSTEMS TRACTS
* Interpret Sequences, Systems Tracts, And Faults On Well Logs
- Use scale that is approximately 1 inch equals 100 feet
* Interpret Sequences, Systems Tracts, And Faults On Seismic Data
- Identify and correlate discontinuities from reflection
termination patterns
- Identify sequences and systems tracts
- Tie sequence and systems tract boundaries to wells with
synthetic seismograms or time-depth conversion charts
- Check consistency of seismic correlgtions by closing loops on
the seismic grid
- Color systems tracts on key seismic sections, highlighting
sand and porous carbonate beds
* Interpret Sequences and Systems Tracts on Adjacent Qutcrops
* Tie To Global Cycle Chart
. - Determine correépondance of number and age of sequences
- with number and age of sequences predicted by the chart
- if different, evaulate the reason for the difference
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STEP 4- CORRELATE WELL LOGS BY UTILIZING PARASEQUENCES
AND MARKER BEDS WITHIN SYSTEMS TRACTS
* Correlate Well Logs By Parasequence/Marker Bed Correlation
- On individual wells identify parasequences and marker beds
within the systems tracts
- Correlate sequences and systems tracts between well logs,
following seismic correlations and biostratigraphic ages
- Correlate parasequences and marker beds between wells,
starting in the vicinity of maximum flooding surfaces
- Evaluate systems tract boundaries using parasequence
stacking patterns

STEP 5- CONSTRUCT SUMMARY DIAGRAMS

* Cross Sections Showing Sequences, Systems Tracts, Parasequence
Boundaries and Lithofacies '

* Interpreted Key Seismic Sections That Coincide With Geologic Cross
Section Where Possible

* Summary Chronostratigraphic Charts Showing Sequences, Systems
Tracts, and Lithofacies

* Map Sequences And Systems Tracts For Interpreting Paleogeography

And Geologic History
- Well log isopachs and facies

- Seismic isochrons and facies

STEP 6 - MAKE SEQUENCE BOUNDARY BASED TECTONIC SUBSIDENCE
CURVES AND CORRELATE TO CHRONOSTRATIGRAPHIC CHART
- Relate changes in rate of tectonic subsidence to major
transgressive/regressive facies wedges
- Calculate eustatic variations
- Plot summary tectonic subsidence curve on
chronostratigraphic chan

STEP 7 - IDENTIFY RESOURCE PLAYS AND PROSPECTS
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AN INTEGRATED APPROACH TO EXPLORATION AND DEVELOPMENT IN
THE 90s: WELL LOG-SEISMIC SEQUENCE STRATIGRAPHY ANALYSIS

Peter R. Vail, ! and Walter Womnardt Jr.2

' ABSTRACT

Well Log-Seismic Sequence Siraugraphy Analysis is a new technology that integrates high resolution biostratigraphic
and paleodathymetns da:s and the sharactensucs of the well log signarures with seismic reflection proiiles. This methodm -
ogy permiu the biostratigrapher, geologist and geophysicist to work together (o subdivide 3 stratigraphic section intc
packages of sediments bounded by chronosiratigraphically significant condensed sections and their associdted maximum
ficoding surt'aces and sequence boundanes using well logs and seismic profiles. Each sequence is subdivided into smaller
lithogenetic (facies linked) units called sysiems tracts on the basis of charactensuc well-log panems. The systems tract
boundunes. are idenufied on well logs. marked on two-way time logs or synthetic seismograms and corvelated with carre.
sponding systems tracts that have been independently identified on the seismic profiles using seismic-siraugraphic inter-
pretation procedures (Vail and Womasdt, 1990).

Faunal and Noral abundance and diversity histograms provide critical information to make reproducible chronosmati-
graphic correlauons (Huang and Womardt, 1986: Shaller, 1987, Womardt. 1989: and Shal(er. 1990) . The paleobathyme:-
nc interpretations permit tne identification of rock types in relauon (o the depositional environment and sysiems racu. The
high resolution biosaratigraphy s cnucal in integrated well log-seismic sequence saratigraphic analysis because it pmvicis
information for 1denuilywng (0ssil abundance and diversity peaks that are imporant (or recognizing and correlating cen-
densed sections and maximum Nooduing surfaces on well logs and seismic profiles. High resolution biosmiugraphy and
paleobathymeary dats provides the additional data package that has hereto(ore been missing wn seismic sequence STatigra-
phy. Added 10 the well log and seismic data set, they provide an integrated daa package that permiis the inexpenenced
person 1o use the concepts of seismic well log-sequence saraugraphy to develop expertise and confidence in 1s praguice. In
order to obtain consistently reliable results in well log-seismic sequence sustigraphy, 3 particular procedure must be fol-

lowed and specific data seis must be used.

INTRODUCTION

During the past few years we have developed a totally inte-
grated technology called Well-Log Seismic Sequence Strang-
raphy Analysis. This technique helps unvavel the complex
suatigraphy in vanous pans of the world, and dramatically
‘ncreases the ability of explorationists to interpret the rock
types associated with AY0 anomalies or 10 predict hydrocas-
bons where AY0Q anomalies do not exist.

Well-Log Seismic Sequence Suatigraphy is a new technique
thatintegrates high resolution bioswatigraphic and paleobathy-
meuic daw, and the charactenstics of Uic well-log signarures
with seismic-reflection profiles. This methodology permits the
geologist and geophysicist to divide a rock section into a senes
of genetic units bounded by condensed sections and theu
ctronosoatigraphic maximum flooding surface and sequence
boundanes using well logs and seismic profiles. When the
maximum fooding surfaces and sequence boundanes are
dated at ther minimum hiatus or their conformities, they are

!'Proressor. Deparument of Geology & Geophysics. Rice Uruversi-
ry. P.O. Box 1892, Houston. Texas 77251

1 MICRO-STRAT. INC., and Adjunct Prolessor. Depanment of
Geology & Geophysics. Rice Univernity, P.O. Box 1892, Hous-
ton, Teaas 77251
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chronosoatigraphic boundaries. All the rocks deposited be-
tween these surfaces are therefore chronosuatigraphic inter-
vals. Condensed sections and sequence boundanes are datec
on the basis of high resolution biostratigraphy. Subsequenly.
each sequence is subdivided into smaller packages calied iy's-
tems tracts on the basis of charactenisuic well-log patierns.

* The boundaries of systems acts identified on well logs are

marked on (wo-way time logs or synthetic seismograms and
then correlated with corresponding systems wracts that have
been independently idenulied on the seismic profiles using
seismic-suratigraphic pnnciples. Faunal and Noral abundance
and diversity dai plus paleobathymemic interpretations pro-
vide exaremely valuable additional data to make reproducible
chronosuraugraphic correlations and 10 identify the rock types
in relation to the deposiuonal environments and systems wracts.
High resolution biosuratigraphy provides the biological and
geological dawa set that has heretofore been missing in seismic
sequence szaugraphy. It provides a data package that allows
the inexperienced person to use the concepis of seismic se-
quence saatigraphy and (o develop expentise and confidence
using this methodology.

[dentification of the maximum (looding surface and its asso-
ciated depositonal facies. the condensed section (Figure 1),
UYvrough the analysis of faunal and floral abundance/diversity
dau obtained from the deuiled checklisu (saatgraphic distn.



MAXIMUM FLOODING SURFACE
CONDENSED SECTION
(SEDIMENT STARVATION)

Fossil Abundance and Diversily Peask

/ Ses Level

TS T s the characteristic zone for
lossil change, launai and
exiinction evenis and siage
boundarles.

o Submarine Erosion
o Blostrstigraphic Hislus

jure L. The position of maximum flooding surfsce and condensed section, and their relationship to different systems tracus withins

positionsl sequence,

ion chars), are critical in well log-seismic sequence soati-
phic analysis and permit subdivision of E.logs and seismic
ord sections into a senes of packages of sediments that are
inded by chronostratigraphic surfaces (Womardt. 1989).
alysis of (aunal and Norl abundance/diversity dawa pro-
es a method of reliably and consistently recognizing differ-
types of condensed sections on well logs. Condensed sec-
iIs develop not only in association with the maximum
xding surface. but also at the base of the lowstand prograd-
complex/top of slope fan complex. Minor condensed sec-
18 are also present between the channel overbank lobes
hn the lope fan complex/top of the basin Noor (ans. The
umum flooding surfaces are associated with warm water

ano Noras. Whereas the condensed sections in the low-
id systems tracts are associated with cold water fauna and
as.

order to obtain consistently reliable results. specific data
1 be used and a partcular procedure (Table 1) must be
ywed.

DATA REQUIREMENTS

iree types of data are necessary: well logs. high resolution
tratigraphic and paleobathymewnc data, and seismic-re-
10n protiles. A full suite of petrophysically corrected wure-
logs (if possiole). including a dipmeter log, 1S optimum:
ever.an E-log with S.P.. resistivity and Gamma Ray and/or
t curves 1s adequate for sequence stratigrapnic interpreta-
A log scale of 100° w |7 is most useful for the first steps of
nalysis.

Bioszaugraphic dawa have been commonly presented in four
general formats: (1) “Paleo tops” information 1s based on the
first downhole occwrence of a particular species in a well
which may or may not be its Tue extinction pownt in time. (n the
Gulf of Mexico "“Paleo tops” have been commonly based on
benthic foramin fers that usually climb in section downdip and
become very rare in bathyal environments. (2) “Paleo tops”
with minimum (aunal and floral abundance daw (Rare, Few,
Common, Abundant). The abundancy peaks from these data
ue often very misleading. (3) "Paleo tops” using benthic
(oraminifers and the "bioevents™ of the planktonic foraminl-
ers and calcareous nannofossils are recorded (Womardt and
Lamb, 1985). Diversity is usually not accurate because of the
limited number of species idenufied per sampie and the abun-
dances can be misieading because only the samples with many
fossils are deemed imporant.

Therefore, these three types of “paleo top™ and abundance
repons alone are inadequate for well log-seiymic sequence
strauigraphy analysis. (4) Very deuiled biosuwaugraphic and
palsooathymemc analyses of the towal fauna \id (lora in each
sample at J0-or 60-foot intervals are annotate: on a checklist
or stratgraphic distribution chant, using benthic foraminifers
for paleobathymetury; and the "bioevents” of the plankionic
foraminifers and caicareous nannofossils for age dates in mil-
lions of years (Womardt and Lamb. 1985). We have aiso found
the diversity and frequency histograms (o be very accurate
when a fau amount of onginal sample was processed.

This nigh resolution bioszaugraphy is the integraton of 3
very detaled biosaatigraphic checklists. bioevents, recogni-
uonof the warm andcold condensed sections and it 1s the only
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Figure 2. Part of microfossil checklist,
stratigraphic analysus.

methodology that provides the adequately detailed data neces-
vy to properly perform seismic sequence scratigraphy analy-
i$ 10 a cost-effective manner.

The basis of the high resolution biostraugraphy is the check-
list (Figure 2). [t 1s consuucted by recording the detaled
occwTence and abundance of plankionic and benthic forami-
nifers and calcareous nannofossils in cuttings samples at 30- 1o
60-foot Lntervals (Womardt and Lamb, 1985). These checkdisis
provide the detailed szaugraphic and paleodathymeaic wnfor-
mation necessary to evaluate all of the imporant foraminiferal
and calcareous nannofossil bicevents as they relate (0 the
recogniuon of the major condensed secuions and their maxi-
mum (looding surfaces. They are also very valuable because
they provide an opportuniry to evaluate the placement of a
species’ first downhole occurrence (its “top™). and idenuly
shallow-water species that have been transporied down slope
into a deepwater environment. High resolution biosgatigraphy
Integrates the occurrences and abundances of species on a
sample by sample basis (Lamb. er a/.. 1987). [t provides the

wic descnptive deluled information necessary 10 calculate
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which provides the detailed stratigraphic and psiecobathymetric information for s:quence

small vanations in paleowater depth especially the deepenings
associated with the condensed sections associsted with warm
water species, and the means (0 consauct histograms showing
microfossil abundance and diversity vaniation (not just abun-
dance peaks) throughout the suatigraphic section in a well
(Figure 3). These histograms. in tumn, provide deuiled infor-
mation that permits the recognition and venfication of warm
condensed sections associated with (he maximum fooding
surface. and cold condensed secuions on the top of basin loor
fans, top of slope fans, and minor condensed sections on the
top of individual lobes within the slope fan and sequence
boundanes by the lack of fossils.

Age daung and correlation in well log-seismic sequence
stcaugraphy analysis is based on the condensed section, its
assemblage of fossils and its association with significant mi-
crofossil bioevents and their age in millions of ye:us and
correlanon with the global cycle chan. Using this meBiodoio-
gy the condensed sections gives much more reliable results for
chronosgatigrapnic correlation than the usual biostrat:graphic
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aation (Huang, 1986. Shaffer. 1987, Womardt. 1989 and
affer. 1990).

“he third dawa set required is the seismic reflection profile. A
Jorclosely spaced gnd of high-resolution seismic sections
h synthetic setsmograms constructed from pevophysically
Tected well logs with check shots is opumum. However. 3
¢ key seismic lines tied to the available well conuol with
stratigraphy commonly provides adequate information for
Il log-seismic sequence saatigraphic analysis.

‘o (acilitate our interpretauons in well log-seismic sequence

wigraphy, we prepare 3 well-log sequence-stratigraphic

Jlysis chart which shows from left 1o nght. at the same scale.
following dzta:

Jaleowater depth

b

2) Nannofossil abundance and diversity with imporant bioev-
ents (“tops’™) '

J) Planktonic and benthonic (oraminiferal abundance and di-
versity with important bioevents (“tops™)

4) Well logs (SP/Gamma & Resistivity/Sonic)
S5) Interprewation of depositional systems and litholacies
6) Interpretation of sequences and systems tracts

7) Absolute age
INTERPRETATION PROCEDURE

Table 1. Procedure for well log-seismic sequence
stratigraphic analysis

1) Seismic overview

2) Interpret lithology from log character (confirm with cores
and cuttings when possible)

J) Interpretdepositional environments and paleobathymeuy
from micropaleontology/paleoecology and then from well
log character

4) Identily major 2nd-order, Tansgressive and regressive
wedges

5) Interpret condensed sections from (aunal and foral abun-
dance and diversity to recognize:

o Warm-water condensed sections associated with maxi-
mum flooding surfaces
¢ Cold-water condensed sectinns associated with
¢ Base of lowstand prograding wedges-top slope fan
complex
Minor condensed sections between channel overbank
lobes in slope fan complexes and top of basin floot.fan
complexes

6) Agedatecondensed section with high resolution biostrati-
graphy

7) Locate discontinuities on dipmeter log

8) Interpret sequence and systems wact boundanes (rom log
character

9) " Interpret sequence boundaries, maximum flooding sur-
(aces and systems wacts on seismic dataand tie the seismic
interpretation to the well logs

10) Tie to global cycle chant

11) Identify and correlate parasequences and marker beds

12) Construct well log-seismic sequence stratigraphic
cross-secuons

1) Prepare a chronosuatigraphic chart from key cross-sec-
tions (0 summanze staugraphic framework

The specific procedure we recommend for well log-seismic
sequence scaugraphic analysis has 13 steps (Table 1). Se-
quence suatigraphic termunology used in this procedure is
illuswated in Figure 4.

1) The firststep is a seismic overview in the area of the well. A
seismic overview provides information on location of ma-
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jor fauits, cruncation, unconformities, general paleobathy-
meury.

2) The second step is to interpret lithology from log character.

-Any error in this step can iead to misinterpretations in the

later stages of the procedure, thus confirmation with cores
and cuttings. where possible, is vecy important.

J) The third step involves the detailed interpretation of the
paleoenvironments and paleobathymetry from the benthic
foraminifers within the cuttings or core samples. The data
available for these interpretations are obtained (rom the
highresolution biostratigraphic checklist. The benthic (or-
aminifers arc ploted on a separate checklist with the
shallow water species on the nghx and the species that are
charactenstic of successively deeper environments plotied
to the left in each sample. This checklist 1s made from the
onginal checklist that is plotted with first occurrence
downhole. After the occurrence and abundance of each
species has been plotted from shallow 10 deep water for
every 60-foot sample downhole, a paicobathymemnc curve
is drawn based on the interpretation of the benthic forami-

nifers in ecach sample. Detailed analysis of each sample
and the assignment of that sample (0 a centain paleowater
depth permits the recognition of the deepenings that are
associated with the warm condensed sections. These lev-
eis are checks against changes in abundance/diversity
curves. where maximum values generally reflect trans-
gressive conditions and minimum values regressive coa-
ditions (Clement, et al., 1989). This paleobathymewric
curve is plonted durectly on the checklist, and provides
valuable information with regard to the “actual” deposi-
tional environment of the reservoir sand.

Once the paleowater depths are determined from the in
situ benthic foraminifers. rather than from the species that
have been washed downslope. a number of paleoenviron-
ments associated with the different water depthis can be
interpreted directly from the well logs. A classification of
paleoenvuonments is shown in Table 2 (Wormwrdt and
Lamb, 1985). It is important (0 determine the paicowater
depth from paleobathymemic interpretations beflcre inter-
preting the log pattemns because similar log patterns may
be observed in deep and shallow water.cnvironments.

SUBFACES

m——— (S8) SEQUENCE BOUNDARIES
(SB 1) = TYFE 1
(S8 2) = TYPE 2
e (TLS) TOP LOW STAND SURFACE
(first foodng surface above
maximum prograaation)
(OLS) DOWNLAP SURFACES

T I (mfs) = maximum fooding surface
o (tats) = 10D Y00 fan surface
sosssese (tbre) = 10p basin floor fan surtace

SEQUENCE STRATIGRAPHIC TERMINOLOGY

TIME
N EUSTACY
__ﬁ_ Shell Margin Systems Tract (SMST) - \ﬁ - i
oy *
Highstand Systems Tract (HST) # I .
I 3 TECTONIC

Transgrosaive Systems Tract (TST) E ! c:o A SUBSIDENCE
Lowstand Syatema Tract (LST) ulaeed | t l T

> o|w32i @ = | pEl ATIVE CHANGE

///| Proarading Complex (oc) 3 i : | ! OF SEA LEVEL

RS Slope Fan Complex . (Base Level)

Basin Fioor Compiex =

m—= = C3 ® condensed section

LST TST HST SMST

SMST = SHELF MARGIN SYSTEMS TRACT
HST = HIGHSTAND SYSTEMS TRACT
TST = TRANSGRESSIVE SYSTEMS TRACT
ivl ® inCised valley flll

LST = LOWSTAND SYSTEMS TRACT
vl = incised vulley fill
pc ® prograding complex

mcs = minor condensed section
sfc = siope fun complex
3 = condensad section
bic = basin ficor [an cCompex

' “Tgure ¢. Sequence stratigraphic terminology.
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Thus similar log pattemms can represent verv different
aepositional environments.

Table 2. Paleobathymeiric Zonation

Paleobathymetry
(in leet) Paleocenvironment
0-100 | Inner Nenuc
107-300 | Middle Nenuc Nenuc
300-600 | Outer Nentic
600-1200 Upper Upper |
Bawvyal Upper
1200-1500 Lower Upper Bathyal
Bawyal
15003000 | Middle Banyar | Middle
J000-4300 Upper Lower
Baunvyal Lower
- .00-6000 Lower Lower Bathyd
Banyud
Below 6000 l Abvssal

The iourth step is to idenufy the major ransgressive and
regressive facies wedges (Smith, 1965). These wedges are
related to the rate and type of sediment supply (Figure 5).
They aso conaol how well the fithofacies arc developed
within the systems tracus.

5) The fifth siep 1s 10 1denuly the 2r@ 11 SLY orcer conaensec

seciions using faunal and flora! acundance na diversity
peaxs (Figure 3). These are corrsiated with 2nd-order
cycles that are tectonically or tectono-eustaucally con-
wolled. The condensed section depositional facies consists
of thin, manne, hemtipelagic to petagic sediments depos-
ited at a relatively slow rate (sediment starvauon) in com-
panson (o the over- and underlying sediments. Concensed
sections may occwr 3t four different positions within 3
depositional sequence. The ntajor condensed seciion 13
associated with warmn water faunas and foras. the maxi-
mum (ooding surface. and Mooaing onto the shelf (Fig.
ures 6, 7.8 and 9). [t separates the dack stepping transgres.
sive systems tract from the fore stepoing highstand’
systems act. Additional condensed sections asscciated
with cold water faunas and floras are present at the toes of
the lowstand prograding complex/top of siope fan (Fig-
ure 10). Munor condensed sections also occur between
channe! overbank lobes within the lowstand slope fan and
the top of the basin floor fan complex below the slope fan
complex.

The major condensed section which conauns the maxi-
mum flooding surface and which separates the Tansgres-
sive systems tract from the hignsand systems cuct is
commonly associated with authigenic minerals. warm wa.
ter fossils, fossil abundance peaks and hemipelagic lami-
nated shales (Figure 1). n the C2nozoic section of the Gulf
of Mexico. where the sedimentation rates are exgemely
high. these major condensed sections are charactenzed by

MID-01P POWN=D/P

MID-NCRITIC FACICY

I N4l

L . rUaRL

t
»
"
llrnc

sre 5. Stratigraphic dlagram of Claiborne group (Eocenel. showing c)clical sedimentary units in Cane River-3parua and
ck-vi-Yn\u. Central Louisiana partly after H. N. Fisk t1940) (Modified after Lohman 1949, AAPG).
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P. LACUNOSA, P, ANNULA, P. ANNULA (LARGE) AND SMALL GEPHYROCAPSA
CONDENSED SECIONS

Figure 6. Checklist snowing . lacunosa. P. annuia. P. onnula (1arge) and small gephyrocapsa condensed secuions.
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gure 7. Checkilst showing / sellil & Ang “B" condensed section.

hemipelagic shales which may be hundreds of feet thick.  8) [n the eighth step we interpret sequence and sysiems gact

The major condensed section contains 8 maximum flood-
ing swrface which is recognizable on an E-log. This maxi-
mum (looding surface is a correlatable physical surface
that commonly represents the maximum shale powt be-
tween the [ining upward transgressive systems gact and

coarsening upward highsiand systems tract. [n some
cases the maximum flooding surface may be represented
by a thin shale spike. or limestone bed.

The sixth step is to evaluate chronostratigraphically impor-
tant bicevents so that an absolute age can be assigned to
each condensed section (Figure 11). The (ust downhole
occwrence of imporunt microlossils species are eva.
luated agunst each other using the high resolution check-
list to determine whether they are wrue last occurrences up
hole, depressed tops. or have climbed section down dip
(diachronous). If the bioevent of an imponrant species is
interpreted as its extincuon point an age in millions of
years (ma) is assigned (o the species.

The seventh step is to evaluate the dipmeter log. if avail-
able. for discontinuities. Dipmeter logs will not show
discontinuities at all systems tract boundanes, butare very
helpful.

boundaries from log character. First, the maximum (lood-
ing surfaces are identified within the major condensed
sections on the E-logs. Maximum Nooding surfaces are
identified as the high gamma. low SP. low resistivity, low
sonic log pick characteristic of the shaliest part of the
section. Ln the nentic environument this pick should mark 2
point where a fining upward patiern changes (o a coarsen-
ing upward pattern. [n some cases a high resistivity spike
may occur at the maximum flooding surface because of 3
concentration of calcareous fossils. Maximum fooding
surfaces are associated »1:h major faunal and floral abun-
dance and diversity pear: and a charactenstic arsemblage
of fossils in the Cenozoic of the Gulf of Mexico. In the
deep water environment, maximum looding surfaces rep-
resent the intervals of lowest sedimentation rate within the
hemipelagic shales of the condensed section.

Sequence boundaries are identified within the coarsening
upward pattern between the maximum flooding surfaces.
[n the nernitic environment. sequence boundanies mark an
abrupt shallowing or an abrupt increase in depositional
rates. The typical log pattern 1s an aggradational (massive)
log pattern that overlies an interbedded log patiern. In the
deep-water envuonment sequence boundanes commonly

336



TRANSACTTONS—GULF COAST ASSOCIATION OF GEOLOGICAL SOCIETIES

VOLUME XLI. 1991

C. MACINTYREI CONDENSED SECTION

e BmY. mioca&~iCa

0 1 Sma=p Fpay

«Figure 8. Checkiist showing C. macinryrei condensed section.

occur at the base of log patiterns indicating an abru

pt

increase in silt or sand which overlie hemipelagic shales.
Sequence boundanes located at submanne erosion sur-
faces and penecontemporaneous slump surfaces may be

the most difficult to recognize on logs because they inte

fe

rupt the repetitious rend and systems tracts. However, the
log pattems and biosuraugraphy commonly change signifi-
cantly at such surfaces. In general, the secuon overlying

the submanne erosional or slump surface 1s shalier. Sei

mic daw 1s especially important in locauing these surfaces.

Within the deep water (bathyal) environment the log pat-
tem typical of a sequence boundary shows an abrupt in-
crease in silt or sand deposition over the hemipelagic
shales. For example. sequence boundanes at the base of
basin-foor fans are the easiest 1o recognize (Figure 12).
They are charactenzed by a blocky (box car) sand log
pattern over railroad track log patterns typical of hemipe-
lagic shales (Figure 13). The sequence boundary 1s located
at the base of the blocky sand. A vanation of this pattern
occurs at the masgin of a basin Noor (an, where the sands
are unamalgamated. [n this case. the blocky log pattern

will show thin shale spikes within,

337

In cases where the slope fan rests directly on older se-
quences and no basinfloor fan exists, the sequence bound-
ary is more difficult to idenuly (Figure 14). In general the
boundary is placed at the first significant increase’ .n silti-
ness above 3 hemipelagic shale. The sequence boundary
separates the ruilroad track shale pattern of the und:rlying
hemipetagic shale section from the crescent-shaped log
pattern of the coarsening/fining upward lobes of the siope
fan (Figure 13). Several crescent-shaped lobes may be
present within one slope fan (Figure 16). [ndividual lobe
boundanes are charactenzed by minor faunal anc fNoral
abundances and diversity peaks in minor condensed inter-
vals. The individual sands and silts within the cres-
cent-shapedlobes are highly digitated and show 3 charac-
tenstic fining upward pattern. Vanations of this pattern
occur where slumps within a slope fan overlie the se-
quence boundary or in the distal portions of slope fans.
Distal slope fans tend to be siltier than the underlying
hemipelagic shales. but lack sands and well developed
crescent-shaped log patterns. The sequence boundary s
located at the shale/silt boundary.

The boundary between the siope fan and basin-Nloor fan is
located atthe maximum shale point immediateiy above the
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GRT. MARGARITAE, A. TRICORNICULATUS AND GBQ. MITRA CONDENSED SECTIONS ‘

gure 9. Checkllst showing Grt margariae, A. micornicularus and Gdg. mura condensed sections.

basin floor fan. A (aunal and floral abundance and diversi-
ty pecak often marks a well developed condensed interval at
this boundary.

The surface at the top of the lowstand systems tract was
. viously referred to as the cansgressive surface. We felt
that this change was necessary because oansgressive sur-
faces of erosion or ravinement surfaces within the rans-
gressive systems tract were sometimes confused with the
uansgressive surface (Fig. 18).

Where the lowstand prograding complex rests directly on
the underlying sequence. several log parterns may mask
the sequence boundary. (n nner or inner-middle neritic
envuronments this boundary may be tthe base of a blocky
(massive) sand log partern (Figwe 19). Ln outer-middle or
outer nentic and uppermost bathval envuonments the se-
quence boundary may be 3t the base of a coarsening up-
ward patern representing the downlapping toes of the
lowstand prograding complex. This is the region where
lowstand prograding complexes attain their maximum
thickness (Fig. 17). In bathyal and deeper water environ-
ments the lowswand prograding complex typically has the

railroad-crack pantern of & hemipelagic shale. Sometimes a
slight coarsening upward pattern may be identifiable.

Where the lowsuand prograding complex rests directly on
the underlying slope fan complex of previous sequence.
bonom set rurbidite sands and shales at the toes of the
lowstand prograding complex may develop. These turbi-
dites commonly have a set of Chnsimas-tree shaped log
panemns. Wecallthese shingled rurbidites. These turbidites
can be well developed and are charactenstically found to
be deposited parallel to sirike.

The boundary between the lowsiand prograding complex
and slope (an is generally marked by a maximum shale
point and a well developed condensed section associated
with a cold water fauna and Nora. The abundance and
diversity peaks associated with this boundary are often
confused with the warm condensed section and its maxi-
mum flooding surface. If this cold-water condensed sec-
tion is mistaken for the warm-water condensed section.
then the shingled rurbidites may be misinterpreted as sand
packages wn the highstand systems Tact.

The gansgressive systems wact (Figure 20) is character-
ized by an over all fine and thin upward (backstep) even
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LOWSTAND SYSTEMS TRACT
BASIN FLOOR FAN COMPLEX
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Figure 12. Lowstand systems tract basin Nour fan complex,
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though the individual parasequences tend (0 prograde
(Figure 21). The sequence boundary between the trans-
gressive systems tract and the underlying sequence is com-
monly recognized by one of two log patterns (Figure 22):
1) the point of change between coarsening upward (fore
stepping) and fining upward (back stepping) prograding
packages (parasequences). or (2) the base of 3 blocky
(massive) sand pattern that is located between the coarsen-
ing upwasd and fining upward panern. This massive sand
18 commonly an incised valley fill. ln the deep manne

LOWSTAND SYSTEMS TRACT

'® $wms /1a Covume

t» Oown uw F on Compme
Ovwues burtoes

Figure 13. Lowstand sysiems tract siope fan complex,

environment the transgressive systems (ract is commonly
represented by a very thin hemipelagic shale which has a
railroad track log patiemn showing a slight fining upwarg

The high stand systems tact (Figure 23) is characterize

by a set of prograding, coarsening upward and shallowing
upward parasequences that terminate at a sequence bound-
ary (Figure 24). Where the shallowing upward patten
includes the coaswal or delta plain depositional facies. the

LOW STAND SYSTEMS TRACT - BASIN FLOOR FAN COMPLEX

Characteristic Log Response

UPPER BOUNDARY

® Hemipelagic shale or channel/overbank apron facies

above boundary

@ Sharp boundary with minimal transition

@ Turbidite sands

o Amalgamated massive turbidite sands
e Unamalgamated massive turbidite sands, with
shale breaks

® Minor erosional surfaces within sand

o Commonly a major erosional surtace at top of fan

e May be remnant fan mounds

Hewpmagc Shavw

@ Redeposited massive shingled sands bordering
fan mounds

@® Contourite sands
o Recdeposited massive sands in separate mounds
SEQUENCE BOUNDARY
@ Massive sand above hemipelagic shale
(railroad track shale)

® Sham boundary
@ No erosion at-base except sometimes at proximal

portion of fan

r 14. Log characteristics of s basin Moor fan complex.

JB38, PRY L www
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LOW STAND SYSTEMS TRACT -~ SLOPE FAN COMPLEX

ol teristic Well R
UPPER BOUNDARY

® Downward shift from hemipelagic shale to laminated

SP.or AR
fine grained turbidites
PC &'\ ® Fining upward digitated log character below boundary
oy oy '“_“ @ Faunal abundance peak
— |CES
o — |CES “ﬁg* [ ) Crescent shape to individual channel/overtank units
OVERBANK ICES OUNNEL ® Within channel/overbank units, sands thicken,
UNIT 2 ICES FilL then thin upward
BCES | ® 1-10 channel/overbank units within each siope fan
SF @ Proximal facies may be highly sand-prone near
MCS source
it o il ® Channel fill facies may be:
CHANNEL/ o Massive turbidite sands
OVERBANK @ Massive turbidite sands fining upward with sharp
UNIT 1 bases
—— — o Mudstione=fine grained turbidites
0900000000 0000000 00000000000 0000000
BFC ( LOWER BOUNDARY
SB @ Hemipelagic shale with faunal abundance peak
— — commonly at base of slope fan complex
LEGEND < @ Lies on Sequence Boundary or on Low Stand Systems
AF- Abmngonment hacies ICES -'MeMal channel Tract Basin Floor Fan Complex
‘CF- Channel il ercaonsl surtace ® Boundary commonly conformable in basin and
08- Overtank scss-a‘“' channel erosional on siope
AL~ Altached lobee ercsional surtsce - w
A - Apren MCS _wmm

Figure 1S. Log characteristics of s slope fan complex.

log pattern commonly indicates an interbedded sand and
shale lithologic facies The sequence boundary commonly
occurs at the boundary between the interbedded coastal or
delta plain sediments and overlying massive sandstone
pattemn at the buse of the transgressive systems tract or
incised valley fill (Figure 19).

9) The ninth step 1s to compare the ages of the depositional
sequences defined on the well logs to the global cycle
chart. This companson can help vou evaluate whether all
sequences have been tdentified. Haq, etal. (1987) have the
latest published versions (3.2B) of the global cycle chan
(Figure 25). Our recently revised Plio-Pleistocene chan
(or the Gulf Coast is illustrated in Figure 26.

10) The tenth step is to identify the sequence boundanes.
maximum flooding surfaces and systems tracts on seismic
profiles. Once the s=quences and systems tracts have been
identified independently on the wel! logs and seismic data.
they can be ued. by use of 2-way ume logs. synthetics
based on check shots. or synthetics based on petrophysical

341

relationships. Ln general. most of the sequence and sys-
tems wract boundanes will tie. but occasionally some will
not. Where ties are not possible. re-evaluation of the well
log and seismic interpretation must be made to resolve the
problem,

In general seismic profiles (rom Gull of Mexico Cenozoic
slope basins. offshore Texas and Louisiana. can be divided
into four intervals: (1) a lower zone of apparently continu-
ous reflections interrupted by (aults and diapirs. (2) a thick
overlying zone of complex mounds with thin zones of
continuous reflectors. (1) a zone of coniinuous reflectors.
and. (4) near the upper poruon of the section. 3 zone of
continuous reflectors witl. erosional surfaces.

The (acies of the four zones typically have the following
interpretation: Zone | consists of distal slope fans with
thin hemipelagic shales of the highstand. transgressive and
lowstand prograding complex. Zorie 2 is mostly siope fan,
with basin flcor fans near the base and tun heripelagic
shales of the highstand. transgressive. and lowsund pro-
grading complex. Paleowater depths are commonly batny-
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EXAMPLE 1: LOWSTAND SYSTEMS TRACT-SLOPE FAN
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LOWSTAND SYSTEMS TRACT
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Flgure 17, Lowstand systems tract prograding complex.

al. but will sometimes include outer neritic environments,
Zone J is mostly lowstand prograding complex and trans-
gressive and highstand systems tracts. Reservour quality
shingled turbidites may be developed in the lower portion
of this zone. Zone 4 is transgressive and highstand systems
tracts that are deposited in 3 nentic environment with

CHANNELIZEQ SEQUENCE BOUNDARY
Pni 74 o Po \ste Prupresng Conpuge o
(rmwve 7 o Fo low Ioupasw
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1 | | -
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Figure 19. Log charscteristics of @ incised vailey flll.

incised valley fill deposits in a fluvial or estuarine environ-
ment.

Sequences and systems tacts are difficult to recognize in
Zone |, but are readily identifiable in Zone 2. In general

w

SP. o QR

HST
TST T

N
B

INTERYAL

pc
of

Characteristic Well Response

TOP LOWSTAND SURFACE
@ Transition from upward shallowing to upward deepening
® Toplap common below boundary
® Transgressive surface of erosion (ravinement surface)
on the sheif

® Thick Intervals of-coarsening upward sands common near top
@ Shoreface and deltaic sands typical
® Progrades laterallv into bathyal hemipelagic shale

® Pinches out near offlap break of undertying highstand
® May contain shingled turbidite mounds at base

LOWER BOUNDARY X
® Minor Condensed Section
® Maximum clay-shale point
@ Faunal abundance peak
® DOownlap common above boundary

Figure 18, Log charscteristrics of 3 prograding compiex.
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TRANSGRESSIVE SYSTEMS TRACT
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ure 20, Transgressive systems iract,

the sequence boundary is at the top of the continuous
reflectors. marking the hemipelagic shales and the base of
the complex mounds in the slope (ans. When a basin floor
fan is present it is usually difficult 10 recognize. The basin
Noor (ans are characterized by one or two continuous
¢ ctors that onlap the edge of the penecontemporaneous
slope basin and show evidence of mounding. The sequence
boundary is placed below these onlapping reflectors. The

NERITIC FACIES SYSTEMS TRACTS

" eeA

rsr TRANSGAESSIVE SYSTEMS TRACT
NOSED WLLLY Al e

SOV BOUMNOMY e

v FIGHSTAND SYSTEMS TRACT

— GALRALY F\LEN0 S e
sy TRANSGARESSIVE SYSTEMS TRACT
HASNCET VO e

POGHITAND SYSTEMS TRACT
— AIALY NOTDO SITAY e
— TRAMIGAE 3IVY SUIPACT e

LOWSTAND SYSTEMS TRACT
Hrogredng weune

Figure 22. Log characteristics of nerltic facies sysiems tracts.

top and base of the oansgressive systems tracts character:
istically produces the most correlatable reilectors. These

TRANSGRESSIVE SYSTEMS TRACT
Characteristic Well Response
[ MAXIMUM FLOODING SURFACE

® Commonly lowest resistivity~highest gamma
@ Most clay rich shale (most starved)

® Faunal abundance peak

@ Apparent truncation common below boundary
® Downlap common above boundary

INTERYAL
@ Individual parasequences prograde. fine and thin upward (backstep)
® Beach and shoreface sands. common near base
@ Basinal equivalent is thin hemipelagic shale
TST @ Correlation is good, but backstepping transgressive surface of erosion
are time—=transgressive
@ Sands often better sorted than HST
@ Authigenic minerals common

-
SEQUENCE BOUNDARY
HST ® Onlaps sequence boundary
® Commonly transgressive surtace of erosion (ravinement surface)
< over LST, IVF or older shell sediments near shelf edge
® Nonmarine sediments (coastal plain, coal or lake sediments) onlap
sequence boundary in more landward areas

@ Top Lowstand surface at base of TST

SP. ot QR

HST -

JB3, PRV & www

g

ire sl Log characteristics of a transgressive sysiems (ract.
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Figure 23, Highstand systems tract.
are the regionally continuous, parallel, high amplitude
reflectors.

In Zone 2 systems tract boundarnies are often difficult to
identify within the continuous reflections of Zone 2. and

the transgressive systems tracts commonly produce the
most conunuous reflectors. Highstand systems tracts are
vanable in thickness. but may be well developed. Zone 4 is
typically very sandy because it is composed of the massive
sands inincised valley fills: stacked. backstepping sandsof
the transgressive systems ract and stacked sands of the
highstand systems tract. The incised valley erosional sur-
faces are commonly readily identifiable on seismic dara,

I1) The eleventh step is to identify and correlate parase-
quences and marker beds within the systems tracts on well
logs. The best interval to identify correlative parasequence
marker beds is associated with the marine flooding sur-
(ace. Parzsequence boundanies are tlooding surfaces at the
base of coarsening upward patierns. They are useful for
developing a consistent log correlation pattemn. Marker
beds are commonly associated with the parasequences.
Parasequence correlations are important for basin reser-

" voir evaluation because they can be used:

well log ties are especially imporant in this zone. In (1) to evaluate correlation consistency
general, Zone 2 is mostly lowstand prograding complex (2) to define chronostratigraphic horizons
that may include shingied turbidites. The top and base of (3) to correlate with seismic patiemns

HIGH STAND SYSTEMS TBACT
Characteristic Well Response

srwan [ SEQUENCE BOUNDARY

@ Onlap above boundary

® Lowstand erosion on shelf

TST < @ Incised valleys on shelt
® Canyon cuts and slump scars on upper slope
® Truncation or toplap below boundary
@ Fluvial (meandering streams, allvvial lans) below boundary

L in more landward areas

INTERVYAL, . -

® Coarsening and shallowing upward sand and siit Interbedded
® Shoretace & deitaic sands near top
@ Progrades laterally into ottshore shales
® Basinal equivalent is hemipelagic shales
® Log correlation is difficult in upper part

- @ Reservoir continuity is fair to poor

wmez ":'E [ MAXIMUM FLOODING SURFACE
TST ® Commonly lowest resistivity=highest gamma
{ ® Mostclay rich shale (most starved)

HST

® Faunal abundance peak
® Downlap common above boundary
@ Apparent truncation common below boundary

JB3, PRY L Wwww

Flgure 24. Log characteristics of a highstand systems tract.
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iwre 15, Global Mesozoic-Cenozoic cycle chart (in part, after Haq et al, 1987).

:4) 10 serve as units for reservoir description, since they
define the pnmary porosiry dismbutions.

step twelve is one of the most important and involves
: ouction of a well log-seismic sequence suatigraphic
sross section in which the maximum (looding surfaces.
jequence boundanes and systems tracts are correlated
rom well to well (Figure 27). Ln a dip section that has been
ded to a seismic section the lowstand basun (loor fans and
ilope fans are well developed in the lower (downdip)
sortion of the section. Ln the updip direction the basin floor
‘ans are generally absent, the slope (ans are less well
ieveloped and the prograding wedges become well devel-
sped. The basin floor fans, the slope (ans and prograding
~edges of the lowstand systems (racts progressively pinch
jut in a landward (updip) direction. The updip portion of
he section shows well developed backsteppung oansgres-
sive and foresteppung and highstand systems gacts and
xcasional incised valleys.

“he final step. number 13, involves the preparation of a
:hronostraugraphic chart from key cross-sections (o sum-

marize the saatigraphic framework interpreied from the
paleontologic data, well logs and seismic profiles.

CONCLUSIONS

Webelieve that the use of well-log seismic sequence soatig-
raphy will give companies a competitive advanuage and sub-
stangally reduce ther nsk in bidding on offshore blocks by
allowing them to properly evaluaie new and previously leused
blocks. This methodology can be used to:

e More accurately age date, correlate and ;:uibme con-
densed secuons. sequence boundanes and systems gacts with
the seismic reflecuons on seismic profiles between well:.

e Identify the rfype of systems Tact that is associates with
potenual hydrocarbon reservous. sowte rocks and seals and
determine the play concept for the reservour sands (shelf or
slope) because each system Tact requires a different explora-
tion philosophy.

o Undersiand the geomeay of the reservoir (e.g.. basin floor
(an. channel or overbank sands. shingled rurbidites, delta
lobes. longshore bar or incised valley fill).
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e 15, Global Mesozoic-Cenozoic cycle chart (In part, after Haq e1 al, 1987).

410 serve as units for reservoir description, since they
kfine the pnmary porosiry disombutions.

i twelve is one of the most imponant and involves
t...quction of a well log-seismic sequence swratigraphic
088 section in which the maximum (looding surfaces.
quence boundanes and systems tracts are correlated
tom well to well (Figure 27). ln a dip section that has been
Id 10 2 seismic section the lowstand basin floor fans and
/lope fans are well developed in the lower (downdip)
xrion of the section. Ln the updip direction the basin floor
“ins wre generally absent, the slope fans are less well
gveloped and the prograding wedges become well devel-
1ped. The basin floor fans, the slope fans and prograding
wedges of the lowstand systems (racts progressively pinch
tin 3 landward (updip) direction. The updip portion of
hesection shows well developed backsteppung ansgres-
ive and foresteppung and highstand systems oracts and
xcasional incised valleys.

e final step. number 13. involves the preparation of a
:n-*sourmgnphic chan from key cross-sections (0 sum-

marize the sgatigraphic framework interpreted from the
paleontologic data, well logs and seismic profiles,

CONCLUSIONS

We-believe that the use of well-log seismic sequence soratig-
raphy will give companies a competitive advantage and sub-
standally reduce therr nsk in bidding on offshore blocks by
alowing them to properly evaluate new and previously leused
blocks. This methodology can be used to:

o More accurately age date, correlate and ;:uibme con-
densed secuons, sequence boundanes and systems gacts with
the seismic reflecuons on seismic profiles between well:.

o [dentify the rype of systems oract that is associates with
potenual hydrocarbon reservous. sowrce rocks and seals and
determine the play concept (or the reservoir sands (shell or
slope) because each system gact requires a different explora-
tion philosophy.

* Understand the geomey of the reservoir (e.g.. basin floor
(an. channel or overbank sands. shingled rurbidites, delta
lobes. longshore bar or incised valley fill).
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PLIO-PLEISTOCENE SEQUENCE CHRONOSTRATIGRAPHY
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EXERCISES

SECTION 1
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PART 10 - SECTION 1: WELL LOG / SEISMIC LITHOSTRATIGRAPHY
AND CHRONOSTRATIGRAPHY TRANSGRESSIVE AND HIGHSTAND
SYSTEMS TRACTS

GIVEN:
* Well log sequence stratigraphy procedure
* Big sheet with the five well logs to correlate
* Characteristic Log responses for each systems tract, Figures 4/7b-1 to 4/7b-6
* Some informations on the different logs, Figures 4/7b-7 to 4/7b-12

* Answer sheet, Figure 4/7b-13

Sequence Stratigraphy Workbook Part 4 - Section 1 page 87  Version 8/28/91
3¢



EXERCISE

LITHOSTRATIGRAPHY AND CHRONOSTRATIGRAPHY FROM WELL LOGS

Peter R. Vail And John B. Sangree

Contributions From T.R. Nardin And J. Van Wagoner, Exxon
Production Research Company and R.M. Sneider, Richardson, Sangree

and Sneider

OBJECTIVE

To understand the relationship between lithostratigraphy
(rock) and chronostratigraphy (time-rock) wunits and to
explore the usefulness of sequence and parasequence concepts
in log correlation and interpretation.

DEFINITIONS

WORK

STRATIGRAPHY is the science of rock strata.
CHRONOSTRATIGRAPHY (TIME-ROCK STRATIGRAPHY) is a type of
stratigraphy that subdivides a sedimentary section into
units composed of all the sediments deposdited during a
specific interval of geologic time.

LITBOSTRATIGRAPRY (ROCK STRATIGRAPHY) is a type of
stratigraphy that sybdivides a sedimentary section into
units composed of the same general rock type. The basic
unit is a FORMATION defined as a mappable rock unit. A
formation may have time-transgressive boundaries. (Hedberg
and Salvador 198-) .

PARASZQUENCE is a relatively conformable succession of
genetically related beds bounded by marine flooding surfaces
or their correlative conformities (Van wWagoner, 1985).

MATERIALS -

Five well logs (spontaneous Potential - SP, short normal
resistivity, amplified short normal resistivity and
lithology) .

Index map showing subsea structure of unconformity surface
Plate I: Log ‘cross-section,

Plate III: Chronostratigraphic chart.

ANSWER MATERIALS:

Plate II: Lithostratigraphic and chronostratigraphic
.correlation
Plate IV: ~ Chronostratigraphic chart.

199



LOG CBARACTERISTICS
LITHOLOGIC LOG: The lithologic log is located in the center
of each well and shows the rock type. 1In this case the rock
type shown is the interpreted distribution of sandstone and
shale. The sandstone and shale beds are interpreted from

the SP and resistivity curves.

SPONTANEOUS POTENTIAL - SP: The curve at the left of each
lithologic log is the SP log. Excursions to the left
indicate permeable sediments, in this case sandstone. The
more nearly straight portion along the right side of the SP
track indicates impervious sediments, in this case shale.
The SP is a measure of the difference between the potential
of a movable electrode in the borehole and a fixed reference
electrode at the surface. It provides a measure of
formation permeability.

SHORT NORMAL RESISTIVITY: The curve at the right of each
lithologic log is a resistivity 1log. It measures the
inverse of the electrical conductivity. The short normal
curve is a resistivity curve with a short source to receiver
distance. Excursions of the resistivity log can be caused
by changes in porosity, tortuosity, minerologic composition,
and type and degree of fluid saturation. The AMPLIFIED
SBORT NORMAL is the same curve with an expanded lateral
scale. It.is especially useful for making well 1log
correlations in shaly sections.

PART I

INSTRUCTIONS (use separate logs and index map).

Arrange the logs in the order shown on the index map and
make a quick preliminary correlation. Our purpose at this
point is to decide what is an appropriate
chronostratigraphic datum for. a cross-section. Can we use
the top of the sand that overlies the unconformity surface?
Do you see a better correlation surface in the more
continuous shale section?

‘ PART 11

INSTRUCTICNS: (use Plate I).
1. Identzfy lithologic formations using the S.P. curve.

Color the sands yellow

* Identify the top of the "basal sand"™ that lies above
the unconformity.

* Identify the top of the marine shale, and consequently
the base of the sand overlying the shale wedge.

* Mark the top and base of the sand,complexes with a

3$0



yellow marker on each log.

Identzfy and correlate the parasegquences.

Each parasequence boundary occurs of the top of a unit
that both coarsens and thickens upward. Our
interpretation of the parasequence boundaries 1is
indicated by arrowheads on well 5.

* Identify and correlate as many of the parasequences as
you can. Note that the easiest parasequence
correlation occurs in the marine shale wedge. The
correlation can be extended into the sands once the
shale correlation pattern is established.

Identify the sequence boundary overlying the shale
wedge. This is best seen in wells 2,3, and 4 where a
massive well sorted marine sand overlies thinner bedded
deltaic sands and shales.

Identify the surface corresponding to the maximum marine
invasion, the condensed section. This lies at the
center of the marine shale wedge in the lowest
resistivity shales.

Connect the formation boundaries using a yellow line.
Begin at the left of the section and carry the yellow
line along the top of the sand at the parasegquence
boundary until the sand grades laterally into shale,
then drop vertically to the next sand-shale boundary and
repeat the process. The same procedure is used to
identify the top of the shale wedge, except that the
boundary steps up instead of down.

Now take out Plate II and compare your solution with our
interpretation. We have defined the individual sand
beds with sloping ("Shazam") lines and the formation
boundary with a dashed line.

PART 111l

INSTRUCTIONS (Use Plates II and III)

1.

Using biostratigraphic data and the eustatic cycle chart
we have identified the age of the sequence boundaries
and we have esta.lished proportional ages for each
parasequence. Identify these in Plate II.

Using the formation boundaries and ages of Plate 1II,

construct a chronostratigraphic diagram of the age
relationships of the two sand formations and the
intervening shale wedge. Plot these boundaries on Plate

5§



III. Use wide-spaced vertical lines to indicate an
erosional or depositional hiatus. Color the sand
formations yellow.

3. Compare your solution with our own shown on Plate 1V.

DISCUSSION:
There are two types of physical stratigraphic surfaces

in the sediments at the time of deposition - bedding or
stratal surfaces and stratal discontinuities.

Bedding surfaces are the physical depositional surfaces
that separate the principal sedimentary rock layers. They
represent periods of nondeposition or .a change in the
depositional regime. Within a given interval, bedding
surfaces may extend from a region where they separate
recognizable different layers to a region where the
bordering layers are the same type rock. Thus, at any
particular point, bedding surfaces may or may not be readily
recognizable. Stratal surfaces are major through-going
bedding surfaces that separate the principal sedimentary
strata and form practical geologic time-lines through a
stratigraphic section.

Stratal discontinuities are physical surfaces caused by
erosion or nondeposition. Discontinuities are commonly
unconformities or nondepositional hiatuses. An unconformity
is a surface representing a significant time gap with
erosional truncation (subaerial or subagueous) and/or
subaerial exposure. These surfaces separate older strata
below from younger strata above and oiten (but not always)
are marked by the discordant patterns of truncation, onlap
or toplap. (vail, BEardenbol and Todd, 1985).
Nondepositional hiatuses are time gaps in the stratigrapnic
record caused by nondeposition or very slow depositional
rates. In the latter case the nondepositional hiatus is
commonly associated with a condensea interval. Subagueous
nondepositional hiatuses are commonly characterized by the
pinchout of the toes of prograding clinoforms. This pattern
is called downlap. (Vail, Hardenbol and Todd, 1981l).

Both bedding or stratal surfaces and stratal
discontinuities are geologic time surfaces. Bedding and
stratal surfaces are synchronous geologic time suriaces
because they represent former depositional surfaces that
existed at a specific time in geologic history. We can
observe bedding surfaces forming today in beaches,
turbidites, varves, ash falls and fluvial degosits.

-~
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Comparison of these recent sediments with ancient rocks
shows identical bedding features. Therefore, if these
surfaces form in hours, days, or even years, they are
practical synchronous surfaces representing an instant of
geological time. Stratal discontinuities are not time
synchronous, but they are geologic time bourndaries that
separate older from younger rocks. Their exact geologic age
is determined by dating the stratal surface where they
become conformable.
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EXERCLISE SEIS STRAT-4
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Fig. 4-1. Disctribution of velocity based on continuous velocity logs (CVL).
Correlations established using stratal surfaces. (After Vail

et al, 1979).
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PART 10

EXERCISES

SECTION 2

WELL LOG / SEISMIC - GULF COAST PLIO-PLEISTOCENE
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Well Log / Seismic Sequence Stratigraphy
" and
High Resolution Biostratigraphy Exercise

Materials
A) SEPM Transect A: Plio-Pliestocene Offshore Galveston, Texas
- Index Map
- Well locations
- Seismic line

- Well log cross section
- Seismic section (display copy only)

B) Wells A70, 158, 188, 218, 248, 160, 247
- Sequence stratigraphy interpretation chart
- Seismic panel
- Time - depth overlay

I hibi
A) Overhead projector clear films
- Interpreted well logs
- Interpreted histograms
- Overview seismic panels
- Interpreted seismic panels
B) Posters
- Well log interpretations
- Well log cross section
- Seismic section interpretation
- Chronostratigraphic chart

Problem

1) Interpret depositional systems and lithofacies on well logs and seismic panels.
2) Interpret sequences and system tracts on well logs and seismic section.

3) Construct stratigraphic cross section and chronostratigraphic chart

L4
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PLIO-PLEISTOCENE SEQUENCE CHRONOSTRATIGRAPHY
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Higno Kesolution Biostratigraphy Exercise

A) East/ West Cameron region, Offshore Louisiana Plio-Pleistocene Well log

- Sequence stratigraphy interpretation chan
B) Seismic secton
C) Time depth wable
D) Time - depth overlay
- Linear time scale that overlays sesimic section
- Non-linear depth scale
- Paleowater depths
- Fossil abundance curve
- Key fossil tops
E) Well log seismic tie overlay

-1 hibi
A) Overhead projector clear films
- Interpreted well log
- Interpreted histogram
- Ovaview seismic panel
- Interpreted seismic panel
B) Posters
- Welllog interpretation
- Seismic section intzpretaton

Eroblem
") Interpret depositional systems and lithofacies on well log and seismic panel.

.) Interpret sequences and system tacts on well log and seismic section.

Procedure - Follow Sequence Stratgrapby Interpretation Procedure in workbook
1) On well log color

- Sand: yellow

- Shale: green

- turbidite mudstone : brown

L4

® Kice University Sequence Suabgraphy work Group & Microdwat Inc. 117191 Page # 1

¥H-@
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- inner neritic: yellow
middle neritc: light green
outer neritic: dark green
upper bathyal: light blue
middle bathyal: dark blue

- lower bathyal: purple
3) On abundance/diversity overlay, mark abunadancy peaks in green.
4) On abundance/diversity overlay, mark fossil top numerical ages.
5) On well log mark depositional systems.

- forestepping parasequences
backstepping parasequences
incised valley fills
shingled turbidites
hemipelagic shales
channe] overbank lobes _

o chamel B
* overbank
artached lobes
* distal apron

= sheet lobe sands

- See step 3 in workbook interpretation procedure for complete list
6) On well log mark sequence and systems tract boundaries using standard colors (in conjuncton with
step 7).
7) On seismic section interpret sequences and system tracts in vincinity of well log (with step 6).

- Color sysiem tracs using standard colors

- Highlight sand occurence in yellow
8) On well log, age date sequence boundarics and maximum flooding surfaces using Plio-Pleistoc
sequence stratigraphy cycles.

® Kice Umvensity Sequence Smaagraphy Work Group & Microdtat Inc. 1171791 Page # 2



-l

= SEISMIC
TIME

= l—:,u LAC.
- RUNCATS.
: INNER NERITIC COlL CHANGE
2= -
= MID. NERITIC - TRIMA
= INNER NERITIC
3—-
= < H. SELL
= OUTER NERITIC 3540
4= (
=—1.400 - C. MAC
S=—=1500" 4680
= —1.800 D. BROUMER
6 = —=1700 ) 6660
= &—
ZT—1800 o BROUMER
= —1.900 6100
7= —2.000 UPPER BATHYAL <
_ — ~+ GLOB. Mlocer;lolg
83 2,200 D. PENTARADI
= —2.300 2
= _2.400 COMMON REWORKE!
9= __2.500 CRETACEOUS
= —2.600
10= —2.700 UPPER <+ D. TAMALIS
= BATHYAL 9520
= —2.800 DIVERSITY INCREAS
115 —=2.900 4 &
=—-3.000 \
122 —3.100
£ —3.200  VOLCANIC S
= —3.300 12,480-780
8= 400 R. PSEUDOUMB -13.1%
Z —3456 S £ T.D. 13,71

REVISED DEC. 12, ‘88 LAS



fze = 11:43 AM

Date = September 5, 1990

Ki 38 (substract from depth)

a o -
1464912 Y 181444 Jb"' .
ipths at 10 ms increments measured in feet. m Seamic 0
TIME ! 0 10 20 30 40 50 60 70 80 90
200 | 508 533 S61 %90 618 646 675 703 73 760
300 1 788 816 845 873 901 930 958 986 1018 1043
400 | 1071 1103 1134 1165 1197 1238 1389 1291 11322 1353
500 | 138¢ 1416 1447 1478 1510 1541 1572 1604 1635 166
600 | 1697 1731 1764 1797 1830 1863 1896 1929 1962 1991
700 | 2038 2062 2098 2128 2161 2194 2327 2260 2293 232
800 ! 2389 239¢ 2428 2462 2496 2531 2568 2599 2634 . 266
900 | 2702 2736 2771 2808 28139 2873 2908 2942 2976 3ol
1000 | 3045 3079 3114 3149 3183 3218 3283 3287 3322 338
1100 | 3391 3426 3461 3498 3530 3565 3599 363¢ 3669 370
1300 | 3738 3778 3811 3848 A884 3921  39%7 3994 4030 40F
1300 | 4103 4140 €176 4213 4249 4286 4322 43%9 4398 q
1400 | 4468 4507 4546 458S 4623 4662 4701 4740 4779 de_
1500 | 48%6 4895 €934 4973 5012 $050 s089 5128 5167 520
1600 | %5244 $28¢ 5323 $362 5401 5440 5479 5518 5587 559
1700 | 5638 8674 $713 5753 5792 5831 5870 %5909 5948 598
1800 | 6026 6064 6103 6141 6180 6218 6256 6295 633 637
1900 | 6410 6448 6486 6525 6563 6601 6640 6678 6716 67%
000 | 6793 6833 6872 6912 6952 6991 7031 7071 7110 71E
100 | 7190 7229 7369 7309 7348 7388 74328 7467 7507 754
2300 | 7886 7628 7670 7712 7758 7797 7839 7881 7923 796
3300 | 8007 8049 8091 8133 8178 8217 8260 8302 8344 838
2400 | 8428 8472 8516 8560 8604 8643 8692 8736 8781 882
%00 ! 8869 8913 89%7 9001 9045 9089 9133 9177 9231 926
2600 | 9310 9358 9401 9446 9492 9533 9583 9629 967S 972
3700 | 9766 9811 9857 9903 9948 9994 10040 10085 10131 1017
2800 | 10322 10269 10316 10362 10409 10456 10503 10549 10%96 1064
3500 | 10689 10736 10783 10830 10876 10923 10970 11017 11063 1111
3000 | 11157 11205 112%3 11301 11348 11396 11444 11492 11540 1158
J100 | 11636 11634 11732 11780 11827 1187% 11923 11971 12019 13206
3300 1 12115 12163 12211 12259 12308 123%6 12404 124%2 13%01 12
3300 | 12597 12645 12693 12742 12790 12838 12886 12934 12983 1.
3400 | 13079 13127 1317% 13224 13272 13320 13368 13417 13465 13%1
3500 | 13861 13609 13658 13706 13754 13802 13851 13899 13947 1399
600 1 14043 14091 14139 14187 14235 14283 14331 14379 14437 1447
3700 | 14523 14571 14619 14667 14715 14763 14811 14859 14907 149%
J800 | 15003 15051 1%098 1%146 15193 15241 15288 15336 15383 1542
J900 | 15478 15526 1%%573 15620 15668 15715 15763 15810 15858 1890
(000 | 15953 16000 16046° 16093 16140 16187 16234 16281 16327 1637
(100 I' 16421 16468 1651% -6%62 16608 16655 16702 16749 16796 168¢
(200 | 16889 16936 16982 ~7028 17074 17120 17166 17212 172%8 1730
(300 ! 17350 172396 17443 .7688 17535 17%81 17627 17673 17719 1776
(600 | 17811 17857 17903 17948 17994 18040 18086 183132 18177 18232
(500 . 182369 18315 18361 18406 18452 18498 18544 18%89 18635 186¢
(600 18727 18773 18818 18864 18910 189%6 19002 19047 19093 1913
(700 19185 19231 19276 19322 19368 1941¢ 19660 19%05 19%%1 19%9
(800 ; 19643 19688 19734 19779 19825 19870 19915 19961 20006 200S
(500 | 20097 2014J) 20188 20233 320279 20324 20370 20415 30461 2050
) 410



)

411

TIME | 0 10 20 30 40 50 60 70 80 90
S000 | 20582 208597 20642 20688 20733 20779 20824 20870 20918 2096(
$100 | 21006 21051 21097 21142 21188 21233 21279 21324 21369 2141S
$200 ! 21460 21506 21551 21%97 21643 21688 21734 21779 21825 21870
$300 ! 21916 21962 22007 22053 22098 22144 22189 22235 22281 2232
S400 | 22372 22417 22463 22508 22554 22600 22645 22691 22736 2278l
5500 | 22827 22873 22919 22964 23010 23055 23101 23146 23192 2323
S600 | 23283 23329 23375 23421 23466 213512 23558 23604 22650 21369
S700 | 23741 23787 23833 23879 23924 23970 24016 24062 24108 2415
S800 | 24199 24245 24291 24337 24384 24430 24476 24522 24568 2461
S900 | 24660 24706 24752 24798 24844 24890 24936 24981 25029 2507¢
6000 | 235121 25168 25214 25261 25308 25355 235401 25448 25495 2550
6100 | 25589 25635 25682 25729 25776 25822 25869 25916 25963 2600
6200 ! 26056 26103 26151 26198 26245 26292 26339 26386 26433 2648¢C
6300 | 26528 26575 26622 26669 26716 26763 26810 26857 26905 2695.
A400 | 26999 27046 27094 27141 27188 27236 27283 27330 27378 2742
SO0 | 27472 27520 27367 27614 27662 27709 277%6 27804 27851 2789
~0600 | 27946 27994 28042 28090 28138 28186 28234 28283 28331 28337
6700 | 28427 28475 28%23 28571 28619 28668 28716 28764 28812 2886
6800 | 28908 28956 29004 29051 29099 29147 29194 29242 29290 2933
6900 | 29385 29433 29480 29%28 29576 29623 29671 29719 29766 2981
7000 | 29862
-



SB : Sequence Boundary :
H : Highstand S.T. well location
T : Transgressive S.T.
P : Prograding comp.

SF : Slope Fan
B : Basin floor fan
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EXERCISE SEQUENCE STRATIGTRAPHY
Midland Basin

(Seismic data courtesy J. F. Sarg)

Situation:’

Interbedded Permian sands and carbonates in the Midland Basin present an
ideal opportunity for rapid changes in depositional facies resulting from
rapid eustatic sea level changes. The combination of a rich source of
hydrocarbons and low permeability sands and carbonates presents excellent °
opportunities for stratigraphic traps and fractured reservoirs.

Given: Figure
Location map and Permian eustatic cycle chart 1
North-West seismic section 2

Problem: Stage 1

Correlate the sequence boundaries, using onlap and downlap criteria. Can
you identify lowstand fan mounds?

Problem: Stage 2

Supplied: Three wvell logs
Synthetic seismograms and lithologs Figure 4

1) Identify sequence boundaries and systems tracts on logs.

2) Tie synthetics to seismic section and identify carbonate banks and
lowstand sands in wells and on seismic sections.

3) Complete your seismic correlation and seismic facies analysis.

Discussion:

1) What plays can you see in the area, both carbonates and sands?

2) What criteria could be used to predict sand occurrence and sand
porosity?

3) If you had to select a single play to pursue as an exploration
venture, vhere would you put your time and money?

Stage 3 Figure
Supplied: Interpreted seismic section 3
Well log correlation section 5
Synthetic model from log correlation 6

Discussion:

1) Are you convinced of the congruence of time-stratigraphic log corre-
lation and seismic reflections?

2) Do you see the utility of combining log and seismic data in a sequence
framevork to develop a complete time-stratigraphic interpretation?

35y
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Graphic Correlation Exe: cise

Biostratigraphic Range Chart Well Data with Biostratigraphy aphic ion Int jo
€ Key - (4
S i | [ Y5
2 e—  aLAD ! NH
© = 21 &
500 — <200 ~ 1500
- g 400 — | Ao - Sana —
7 2
g 300 — SIee '_E.svu =
%)
= [ ] Q
200 — aoe S0 ~
100 — Somn — S9n0
T ' LJ L} l L] .
N I I I I Y B N ) . ]
A B C D E F G H I

. ite (43
Species Composite Standard Units (time)

Procedure

1. Identify Time value (in CSU) from the Biostratigraphic Range Chart of the various significant tops
and acme occurances in the Well with Biostratigraphic Data

2. Plot the data from the well in Time and Depth on the Graphic Correlation Interpretation diagram
Draw a Line of Correlation connecting the maximum number of data points i
4. Interpret the Sequence Stratigraphy based on observations from the well and biostratigraphic data

w
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PART 10 - EXERCISES
SECTION 4 - SEQUENCE STRATIGRAPHY FROM LITERATURE DIAGRAMS

INTRODUCTION

Consider Figure 1 to be a geologic Cross Section published in a geologic magazine what
would be your working hypotheses on how this Cross Section could be interpreted in terms
of sequence stratigraphy? The following questions are to guide your answers.

QUESTIONS

1) On figure 1 draw the following:
* Parasequence boundaries in blue.
* Parasequence boundary terminations with red arrows.
* Sequence boundaries in orange.
* Maximum flooding surfaces in green.
* Top lowstand systems tracts in rose.
* Top slope fans in brown.
* Top basin floor fans in Tuscan (dark) red.

2) On Figure | number the parasequence boundaries from 1 to ....n.... and name the
following:
* Stratal termination patterns.
* Stratal patterns.

3) OnFigure 1 label:
* Highstar.d Systems Tracts (HST)
* Transgressive Systems Tracts (TST)
* Lowstand Systems Tracts (LST)
* prograding complex (1pc)
* slope fan (sf)
* basin floor fan (bf)

Sequence Stratigraphy Workbook Part4 - Section 1 page91  Version 8/28/91
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4) On Figure 1 label:

* Meandering streams ......... coo4 Ms
* Braided streams ......... m bs
* Coals and lignites ........... .
* Lakes and marshes .......... )k\k W
* Coastal belt sands ............ * beach to shoreface
* tidal
* distbutary mouth bars °
* Major ravinement
surfaces .......... - RS (colorred)
* Authogenic Minerals ........... G

* Organic matter deposited ........ TOC m

* Organic matter deposited
in a non-marine environment ..... TOC nm

* Hemipelagic shales
* Offshore facies
* Turbidite mudstones

5) Consider the basal unconformity to have on age of 30 M.A. Estimate the age of the over
lying sequence boundaries and maximum flooding surfaces.

6) On a separate piece of graph paper draw a chronostratigraphic chart and include:

* Systems tracts.
* Lithofacies.

7) Sketch shape of Tectonic Subsidence curve at location A. Draw at same time scale a
chronostratigraphic chart.

8) Indicate major transgressive and regressive cycles on tectonic subsidence curve and
include:
* Peak transgressions
* Maximum regressions

9) Sketch shape of eustatic curve at same scale as chronostratigraphic chart

Sequence Stratigraphy Workbook Part4 - Section 1 page 92  Version 8/28/91
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10) Indicate type 1 and possible type 2 sequence boundaries.

Sequence Stratigraphy Workbook Part 4 - Section 1 page 93  Version 8/28/91
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Ge=OLOGIC CROSS SEC11ON

\

LEGEND

2] Fluvial sediments

=] Sandstone

(=] Marine shale

(1 Coastal or Delta plai

FINAL EXAM

GEOL:427
SEQUENCE STRATIGRAPHY
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