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Purpose:

This course is designed for exploration/production geologists and geological managers or
reservoir engineers. The course will give you an overview of the history of stratigraphy from
traditional lithostratigraphy and biostratigraphy through seismic stratigraphy, sequence
stratigraphy and allostratigraphy. The course provides both a theoretical understanding of how
sequences and systems tracts form as well as a practical methodology for undertaking
stratigraphic systems using outcrop, core, well log, and seismic data. The course will be a
combination of lectures and practical exercises.

Examples will be comprehensive and include seismic data, well logs, outcrops and cores
from petroleum basins around the world. Students are encouraged to bring examples of their own
work or data sets as discussion points.

Course Content & Major Topics

Introduction: Types of Stratigraphy

Base level concepts (accommodation and accumulation)
History of Sequence Stratigraphy

Seismic Stratigraphy

Sequence Stratigraphy Concepts

Sequence Stratigraphic Methodology

Shallow Marine Sequence Stratigraphy

Fluvial Sequence Stratigraphy and Incised valleys

Deep Water Sequence Stratigraphy

1.
2.
3.
4.
5.
6.
7.
8.
9.

Instructor Biography:

Janok P. Bhattacharya is the Robert E. Sheriff Professor of
Sequence Stratigraphy at the University of Houston. His research
interests include fluvial and deltaic sequence stratigraphy and
facies architecture, and the local control of structure on
stratigraphy. He received his B.Sc. in 1981 from Memorial
University of Newfoundland, and Ph.D. in 1989 from McMaster
University, Hamilton, Ontario, both in Canada. Bhattacharya
worked for ARCO and then the Bureau of Economic Geology at
Austin before becoming a professor at the University of Texas at
Dallas in 1998. He joined UH in the Fall of 2005. He has worked
on a number of major fluvio-deltaic reservoirs, including the Supergiant Prudhoe Bay field in
Alaska, for which he was awarded the ARCO Exploration Research and Technical Services
Award of Excellence for Major Impact on Operations in 1993. He has won best speaker awards
for talks on his deltaic outcrop analog work, presented to the AAPG, CSPG and Houston
Geological Society and was the technical program coordinator for the 2004 Annual AAPG
conference in Dallas. He was a 2005-2006 AAPG distinguished Lecture. In 2005 he was awarded
an AAPG SW Section Distinguished educator award and in 2007 was awarded the AAPG Grover
Murray Distinguished Educator Award. He is the 2007 GCSSEPM President-elect and SEPM
Vice-Chair for the 2008 Annual AAPG Meeting. He has authored or co-authored over 40
technical papers and over 100 abstracts.
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Sequence Stratigraphy Part 1. Introduction
Short Course

Sequence Stratigraphy:
History, Theory and
Applications

Janok P. Bhattacharya

Robert E. Sheriff Professor of Sequence Stratigraphy

UNIVERSITY ¢of HOUSTON

Purpose of Course

* This course will give you an overview of the history of
stratigraphy from traditional lithostratigraphy and
biostratigraphy through seismic stratigraphy, sequence
stratigraphy and allostratigraphy.

* The course provides both a theoretical understanding of
how sequences and systems tracts form as well as a
practical methodology for undertaking stratigraphic studies
using outcrop, core, well log, and seismic data.

Bhattacharya, 2007



Sequence Stratigraphy Part 1. Introduction
Short Course

Syllabus: Topics

. Introduction: Types of Stratigraphy
. Historical Foundations of Sequence Stratigraphy
. Seismic Stratigraphy
. Sequence Stratigraphy Concepts
. Surfaces
. Sequence Stratigraphic Methodology
. Base Level Controls
. Shallow marine sequence stratigraphy
. Fluvial Sequence Stratigraphy and Incised valleys
10. Deep Water Sequence Stratigraphy
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How many types of
stratigraphy can you name?

Bhattacharya, 2007



Sequence Stratigraphy Part 1. Introduction
Short Course

How many types of
stratigraphy can you name?

+ Lithostratigraphy + Biostratigraphy
» Allostratigraphy * Chronostratigraphy
+ Sequence Stratigraphy < Cyclostratigraphy
— Genetic Sequence * Magnetostratigraphy
stratigraphy « Pedostratigraphy
— Depositional « Event Stratigraphy
sequence « Morphostratigraphy
stratigraphy

Formal Schemes

+ Lithostratigraphy + Biostratigraphy
» Allostratigraphy * Chronostratigraphy

* Magnetostratigraphy
* Pedostratigraphy

Bhattacharya, 2007



Sequence Stratigraphy Part 1. Introduction
Short Course

Informal Schemes

+ Sequence Stratigraphy -+ Cyclostratigraphy
— Genetic Sequence

stratigraphy

— Depositional « Event Stratigraphy
sequence « Morphostratigraphy
stratigraphy

Formal Stratigraphy

Lithostratigraphy

Defined on basis of lithologic
properties.
+ Strataform bodies (i.e. sedimentary). \ “sandstone

Groups, Formations, Members, Beds.

Bhattacharya, 2007



Sequence Stratigraphy

Part 1. Introduction
Short Course

Lithostratigraphy (NACSN)

Traditional scheme available for formally naming rock units
defined on the basis of:

lithology

distribution

- age

stratigraphic position (typically in 1D vertical successions).

Emphasizes mappability.

Concept defined prior to availability of extensive subsurface data
(e.g. seismic, well log, core).

b D f 3 4
Mappability o~ _
+ 1800-1940
— Plan-view representation of .
intersection of rocks and strata with Flat Iylng
land surface.
and srtace undeformed
* Emphasis on 1:50,000 topo mapping LS .~ -strata
. Y
by geological surveys. by *e, (Plains)
e .,
+ Emphasis on mapping in outcrop. '--.’"
— Many formations defined prior to :’, .
) BN A
availability of extensive subsurface Tilted |99 b
data (e.g. seismic, well log, core). deformed ““
strata
(Rocky %
Mountains) s, -
L TR 4 -, el 5
» i

Bhattacharya, 2007



Sequence Stratigraphy Part 1. Introduction
Short Course
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Sequence Stratigraphy Part 1. Introduction
Short Course

Informal Stratigraphy

Informal Stratigraphy

» Reflects the increasing importance of subsurface data and cross
sectional views of sedimentary basins, rather than map-view.

* Importance of recognition of cyclic alternation of facies organized
into larger scale stratigraphic packages.

» Reflect explosion of facies sedimentology in analysis of

stratigraphic units.

Informal Stratigraphy
Some Informal Schemes

+ Seismic Stratigraphy
— Large-scale stratal packages identified on the basis of stratal
geometry, seismic character (facies) and lapout relationships
(Unconformities).
+ Sequence Stratigraphy
— Study of unconformity-bounded “sequences” in the context of
accommodation and accumulation concepts.
+ Event Stratigraphy
— Mapping and correlation of specific beds or events (e.g. surfaces,
bentonites, turbidites, storm beds).
* Cyclostratigraphy
— Study of cyclic sedimentary packages driven by apparently cyclic
phenomena (e.g. Milankovitch cycles, climate cycles).

Bhattacharya, 2007



Sequence Stratigraphy Part 1. Introduction
Short Course

Informal Stratigraphy
Earlier Informal Schemes

* Formats (Forgotson, 1957)
— well log marker defined units.
+ PACS (Goodwin & Anderson, 1985)
— punctuated aggradational cycles.
* GIS (Busch, 1971)

— genetic increments of strata.

Major Questions

+ What is the purpose of stratigraphy

Coherent naming of units?
* There is glory in being the peron who names something!
* Too many names causes confusion.

Correlation of units?
* Rock versus time?

Exploration for reservoir?

* Need to understand all the stratigraphic elements of the
Petroleum System,

— Source, seal and trap.
Tool for mapping?

10
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Sequence Stratigraphy Part 1. Introduction
Short Course

Major Arguments

+ What is the purpose of stratigraphy

— If different lithostratigraphic units are the same
biostratigraphic age, should they be called the
same or different units?

— This caused an age-old fight between the
biostratigraphers and lithostratigraphers.

+ Correlation versus nomenclature.

— Correlation implies the physical linkage of

facies.

— This is what sequence stratigraphy addresses.

11
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Sequence Stratigraphy Part 2. Foundations
Short Course

Part 2.

Wheeler’s Confusion and the
Seismic Revolution:
How Geophysics Saved
Stratigraphy

Janok P. Bhattacharya
Robert Sheriff Professor of Sequence Stratigraphy

University of Houston

Outline

A brief history of Sequence Stratigraphy

Lithostratigraphy in the mid-20th Century
— failure

The Seismic Revolution
Conclusion

12
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective

Foundations

« Early worker’s recognized importance of
base-level as a control on sedimentation.
— Antoine Lavoisier (1789)
— Grabau (1906)

* principles of sedimentary overlap
— Barrell (1912, 1917)

» defined concepts of base level and hiatuses
— Blackwelder (1909)

* recognized importance of unconformity-bounded
sequences in North America

Historical Perspective
Founders of Sequence Stratigraphy

* Newer workers applied concepts to subsurface
and presented more sophisticated schemes.
— Harry Wheeler (1912?-1987)
» Sequence concepts
Larry Sloss (1913-1996)
+ North American Sequence Stratigraphy
Daniel Busch (1972)
+ Genetic increments of strata (parasequences)
John L. Rich (1848-1956)
* Fondoform, undaform and clinoform
Peter Vail et al. at Exxon

+ Applied Wheeler and Sloss ideas to interpretation of
seismic data

* Developed seismic stratigraphy

13

Bhattacharya, 2007



Sequence Stratigraphy

Short Course

Antoine-Laurent Lavoisier (1789) recognized that
sedimentary layers recorded distance from the shoreline.

R e

ST Brmtian dae Ralsinr do-Ogyio s v dorie dole W, & 7 —l
"j" Srmatinn doe Gl die Sable, ao- Epgille o e gonceul dor Ranar Bitice
Iy Sediments Sediments
coarser near finer farther

to shore ©“ ‘off shore

Lavoisier (1789) also recognized that Layers recorded rises
and falls of sea level.

I At s fo g o0 pravemivet fas Bascr Latarear of Fofgpins ].
s o parvie e o P i
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Sequence Stratigraphy Part 2. Foundations
Short Course

Amadeus W. Grabau

+ Amadeus William Grabau 1870 - 1946
- American stratigrapher
- Principles of sedimentary overiap.

- Showed onlap, offlap relationships in Paleoz
North America.

- Early authority on the Geology of China

- MIT Faculty: 1892 - 1897

- Rensselaer Polytechnical Institut, 1899- 1901
- Died in Peking (Beijing) China

Amadeus Grabau

= T mie ek Apeer Lin
1/ O T e, s e oL TR Ty 7
- S R e

Grabau (1906)
— principles of sedimentary overlap. e
— Showed onlap, offlap relationships in

Paleozoic strata of North America.

15
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Sequence Stratigraphy Part 2. Foundations
Short Course

Offlap, facies and time lines

Seg Legef

Seq Legef

Grabau (1906)
— Showed offlap relationships in Paleozoic strata of North America.

— Showed sequence stratigraphic relationships between facies and time in offlapping, regressive
strata.

Offlap, facies and time lines -
94 years later

A Grabau - 1906
B

Seq Legef

PROGRADATION OF PARASEQUENCE (Al DURING A TIME WHEN THE RATE OF DEPOSITION EXCEEDS THE RATE OF WATER
DEPTH INCREASE. BEDSETS COMPOSE THE PARASEQUENCE. THE YOUNGEST BEDSET SURFACE IS NONDEPOSITIONAL

16
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective

Time stratigraphy

- B A____ B
e e T — o — B —" 1
ey |

T — W — Jin — ¢

._T,_Ju.“_n — X h

* Grabau (1906)
— lllustrated time associated with a given unconformity.

Historical Perspective

Eliot Blackwelder

« Blackwelder (1909)

— Extended Grabau’s work and documented method to evaluate the
time associated with an unconformity

A B Cc
- Gulf border Piscene belt Eocene _belt
5 2 DRI « e e v e % . b %8 be w8 o e s v s 4 e e ae s v
3 sttt ettt SIS
< it CEaraca
g,i" e T T e
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& 2 .. paves
!
Preseat Interval of. Emergenace
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Miocene RS IARANTE NI 2K T e—
ot e e e S aP e e
igocene [ 4 e s s s s s s e s e 84 % aaewoweesws e ee———
Eocene SRR RASNSIN e
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective
Continental Sequences

+ Blackwelder (1909)

I TEXAS CENTRAL | LAKE |
. . ! REGION INTERIOR REGION  LABRADOR)
- recognized importance _ —
of unconformity- Quaternary g
bounded sequences in Tertiary ——
North America 6,4‘5
Jurassic E
Triassic I
Permian

Pemsylvanian

Hississippian

Silurian

Ordevician

Cambrian

Pre-Cambrian

Historical Perspective
Larry Sloss:
Father of American Stratigraphy

* Applied Blackwelder’s and [QUATERNARY = |
Wheeler’s work to North America TERTIARY

(1963). CRETACEQUS
+ Named six major sequences in JURASSIC
North American Stratigraphy, TRIASSIC
representing major tectono-eustatic |PERMIAN
events. |PENNSYLVANIAN | ABSAROKA
— Sauk, Tippecanoe, Kaskaskia, |MISSISSIPPIAN
Absaroka, Zuni, Tejas. DEVONIAN
+ Defined continent-wide SILURIAN TIPPECANQE.
unconformity-bounded units, which ORDOVICIAN
he termed sequences.
+ Co-supervised graduate student GANBRIAN i
Peter Vail at Northwestern ]
. . S —_*
UnlverS|ty. CORDILLERAN MIOGEOSYNECLINE APPALACHIAN MIOGEOSYNCLINE

18
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective

Joseph Barrell

« Barrell (1912)
— Showed evolution of deltaic facies as a function of changing subsidence

Subaerial topset beds Foreset beds
Subaqueous topset beds Bottomset beds

Stage A: No sea level change (forestepping)
Stage B: Sea-level Rise = Accumulation (aggradation)
Stage C: Sea-level rise > Accumulation (backstepping)

Delta evolution as a function of tectonics

] Subaérial topset beds 3
freeed Subaqueous topset beds 553 Bottomset beds

Vertical scale magnified several hundred times  Barrell, 1912

19
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Sequence Stratigraphy
Short Course

Part 2. Foundations

Barrell (1917)

— recognized
relationship between
time and
stratigraphy.

This figure was
driven by early
attempts to use
sedimentation rates
to calculate the age
of the Earth.

Time in stratigraphy

Historical Perspective

.

Time intervals recorded by sedimantals

/

F1ouRe 6.—Sedimentary Record made by harmendc Oscillations in fosclerel
A-A. Primary eurve of rising baselevel.
BB, D glving dl D-D.
C-C, Minor 1l1atd and P due Iargely to cllmatie rhythms,

Foundations

Van Wagoner et
al. (1988)
reproduced
similar concepts.

™ i v T e D o =i e

\\\
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Sequence Stratigraphy
Short Course

Part 2. Foundations

Historical Perspective

Harry Wheeler

Wheeler depicted
“exploded”
stratigraphic cross
sections with time on
the vertical axis.
Lacuna comprises

time of non-

deposition (hiatus)

and time represented

by rocks that once

MiATUS

were there and have (nongeposition]

been eroded

(vacuity).

EROSION SURFACE lesprassed as hime=sirotigropiec Iruncoton)
EROSIONAL VACUITY (removal during higtal intervail

} LACUNA inondeposition ond erasion)

} HOLOSTROME € (restored compiete deposivion)

SHIHL

L ED]

MM 14

S5IN

ELROSION SURFACE a3 tine @
EROSIONAL VACWITY framgval during hiclal intervai)

] LAGUNA inondeposition ang srosion)

} HOLOSTROME ' lresiocsd compleie ceposition)

S ot verrowe ¢ % E'//%
N S HOLOSTROME € \\\\\ o & %%

Si=an

= 2= s AR TR

Wheeler insisted
on arbitrary
vertical cutoffs to
define different
sequences.
No correlative
conformities.
Unwieldy
scheme resulted
in a proliferation
of sequence
names!
Why the
confusion?
Wheeler, 1958

21
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective
Larry Sloss:
Father of American Stratigraphy

* Applied Blackwelder’s and [QUATERNARY = |
Wheeler’s work to North America TERTIARY

(1963).

+ Named six major sequences in North

CGRETACEOQUS

JURASSIC
American Stratigraphy, representing |Triassic

major tectono-eustatic events. PERMIAN
| ABSAROKA
- Sauk, Tippecanoe, Kaskaskia, PENNSYLVANIAN
Absaroka, Zuni, Tejas. |MISSISSIPPIAN
+ Defined continent-wide DEVONIAN

unconformity-bounded units, which SILURIAN TIPPECANOE.

he termed sequences.

|oRDOVICIAN
+ Co-supervised graduate student !
Peter Vail at Northwestern CAMBRIAN |
University.
CORDILLERAN MIDGEDSYNELINE APPALACHIAN uron:osmm?

Historical Perspective
Larry Sloss:
Father of American Stratigraphy

*  Applied H uTaH WHOMI % T e —
Blackwelder’s and . Wyoming Shelf Williste
Wheeler’s work to ]
North America
(1963).

* Mapped major
unconformity
bounded units

[ -
spect Mtn, S

across North NORTHE®K |LLINDIS ™I VIRGIN|A

Apgalachian

America.

Trerpealeau
Franconia

Dresbach

Figure 1. Diagrammatic cross sections of the Sauk Sequence (white) and the lower part
of the Tippecanoe Sequence (black)

22
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Sequence Stratigraphy Part 2. Foundations
Short Course

Historical Perspective
Larry Sloss:
Father of American Stratigraphy

UTAH Wriving MOLTALS ALBERTS

Applied
Blackwelder’s and
Wheeler’s work to
North America
(1963).

Mapped major
unconformity
bounded units

across North
America.

Figure 4. Duagrammatic eross seetions showing relationshaps of lower part ol Zom Sequence
(hlack) 1o older wmts (white). Sequence boundaries are shown by heavy wavy lines

Historical Perspective
Larry Sloss:
Father of American Stratigraphy

Blackwelder, 1909 Sloss, 1963
[ | [COATERNARY= |

X 1 | LARE
GIoN INTERIOR REGION _ EABRADOR
1 TERTIARY

TEJAS

CRETACEOUS

i JURASSIC
TRIASSIC
PERMIAN
e T |PennsvLvamian | ABSAROKA

DEVONIAN

SILURIAN TIPPECANOE.

ORDOVIGIAN
Ordevician

CAMBRIAN

Pre-Cambrian | |

.

]
COMDILLEAAN MIDGEDSYNCLINE APPALACHIAN MIOGEQSTNCLINE

Sloss fully recognized Blackwelder’s earlier contributions.

23
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Sequence Stratigraphy Part 2. Foundations
Short Course

Sthaoe 1prQROM)

R

Larry S|oss W & QR L)

» Attempted to model sequences
using variations of Sediment
Quantity (Q) and Receptor Value
(R).

*  Now known as A/S ratio.

* Accommodation versus
Sediment Supply
* Paper in AAPG, 1962. F16. 1.—Process variables of stratigraphic models

considered. (), represented by endless belt which may
run at varying rates, is guantity of clastic material
supplied to depositional site. R is the receptor value of
the depositional site, the space below baselevel created
by subsidence (indieated by cross-hatching). I repre-
sents dispersal which tends to remove material from
depositional site. M, malerials supplied, is assumed to
he of unvarying composition and texture during opera-
tion of cach model. In upper diagram () is less than K;
I} is effective in removing material from depositional
site. In lower diagrams, D is inefiective and the shape
of the resulting accumulation of sediment is function
of () and K.

Larry Sloss

+ Showed that
transgression and
regression can be
controlled either by
changing subsidence

or sediment supply. 0= const.

+ Final stratigraphic R=7(T)
response is the same in
his theoretical cases Nl LT | _STRANO Line
with different driving oy i
mechanisms.

LINEAR SUBSIDENCE

Fi6. 6.—Linear subsidence models for alternate
transgression-regression.

Upper diagram shows process model where () is
variable and R is constant; middie diagram shows
process model where () is constant and R is variable.
Both may produce observable response model of
lower figure.

24
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Sequence Stratigraphy

Part 2. Foundations
Short Course

Larry Sloss

INTERFACE 1, R= consi

— T

e ——— S —
1
Q= const %E .

R= FAT) ————

Teead

SUBSIDENCE
¢ PROFILE

INTERFACE T,
STRAND LINE T, BT, + STILLSTAND

STRAND LINE T,(%) 8 TalT:)

o
—

NONLINEAR SUBSIDENCE
NONLINEAR SUBSIDENCE

Fic. 8. Non-linear subsidence models for alternate
transgression-regression. Two process models above;

Fic. 7.—Non-lincar subsidence models for stillstand. observable response model below.

Daniel Busch

Recognized “Genetic Increments of Strata” (GIS)

“The GIS is a vertical sequence of strata in which each lithologic
component is related genetically to all the others. It is defined at the
top by a time-lithologic marker bed (such as a thin limestone or
bentonite) and at the base by either a time-lithologic marker bed, an
unconformity, or a facies change from marine to nonmarine beds. It
generally consists of the total of all marginal marine sediments
deposited during one stillstand stage of a shoreline, or it may be a

wedge of sediments deposited during a series of cyclic subsidences
or emergences.”

Recognized “Genetic Sequences of Strata” (GSS)

— “The concept of transgression and regression, as determined from the
overlapping relations of relatively shallow or deeper water facies, is

extremely pertinent to the petroleum exploration geologist” (Busch,
1974).

25
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Sequence Stratigraphy
Short Course

Part 2. Foundations

Genetic
Increments of
Strata

» Surface bounded
succession of
strata.

+ Equivalent to a
parasequence.

A,
o = o e e e o ]
}GIS

SHALE L SHEET SS

T LU

B. BENTONITE

i R L
LAGOONAL s, ..:'—B&K ARINE S, J o
e LS

SHALE

61s
NF, SHEET SS.

e 5 H
"L"l-:__"_‘_‘_“_:-:-._: MARINE SH.

S G1S

oy
NONMARINE SH. SS, & N

Busch, 1974 o

* Group of GIS units
tract.

Genetic Sequence of Strata

= Sequence or systems

Busch, 1974

fGSS

Bhattacharya, 2007
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Sequence Stratigraphy
Short Course

Part 2. Foundations

J.L. Rich (19%1)

Sea

Surface

Fondoform

— Bottomset, deep water
Clinoform

— Foreset, slope

Undaform
— Topset, shelf

Only clinoform is retained in the literature

— failure

Outline

 Lithostratigraphy in the mid-20th Century

Bhattacharya, 2007
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Sequence Stratigraphy Part 2. Foundations
Short Course

Lithostratigraphy
The Formation

* The basic unit of mapping.

* Units mapped at the regional to sub-regional scale.
- 1:50,000

+ Emphasis on mapping in outcrop.

— Defined prior to availability of extensive subsurface data (e.g. seismic, well log,

core).
* With outcrop data cross sections are derived from geologic maps
+ Something to think about
— In subsurface (2D seismic and well logs) maps are derived from cross sections.

— “A cross section is simply a map on its side!” (Grant Mossop).

Lithostratigraphy
in 1956

* Formations

versus
—Lithofacies
—Lithosomes
—Lithostromes
Wheeler
and
Mallory,
1956

rig e

Fio8. 4-6.—Generalised stratigrphic cross sections illsstrating vertically, laterally, and vertico-
lateeal repated ook it (2 Cambian of Teamisste Kentueky, and Virginia.

28
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Sequence Stratigraphy Part 2. Foundations
Short Course

Facies vs. Stratlgraphy_

0y

+ Lithotope
+ Lithofacies A
* Lithosome !

FiG. 2

T =TT = =1
i it UM T Y ) P el FE (R | [T I FIG. 3
F1es. 1-3.—Block diagrams illustrating factors in lithofacies concept.

Wheeler and Mallory, 1956

DESIGNATION OF STRATIGRAPHIC U'NITS

Harry Wheeler ‘ -

* How to name interfingering

lithofacies?
— Focused on how to formally “ -
designate Formations and e @
3 £
“ » z L T 0 n 1|
Members as “mappable . ‘;‘.,T‘_:’é_!r_,___-Ji ) " L;_,_ii._-,‘:ﬁ.-.ql
units. ¥ v s -
A A
fel [

— Lithofacies emphasis rather

than correlation.

— Very concerned about

structural mis-interpretation

of interfingering units as

representing structurally

. "1»‘
repeated sections. P rock unit desip-
sation. Usits of rc.mm onal rnk md.mm IA upu-l et and the lhu mumms arbitrary cul-
offs by nl.d lines. Units of member mak with lowercase letters and with dashed contacts and

ut.

Wheeler and Mallory, 1953

29
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Sequence Stratigraphy
Short Course

Part 2. Foundations

Inter-tonguing Units

*  Wheeler and Mallory addressed nomenclature of interfingering

units, focusing on arbitrary vertical cutoffs.

(g) Wheeler and Mallory, 1956 (h)

Example of Complex Nomenclature

* Interfingering units in the Book Cliffs, Utah.

* Note Buck Tongue shale is considered a member of the Price River Fm.,

not the Mancos Shale.

¢
K|y W Seg0 34 mom. of Prico River fm e
O e i S -
ol S B N Py Ry T J
NI ‘
W\ &1 Uppur_shman. of Blochhoe 1
| & 1Mo s mom of Blochot
Wl 3 (LMddo_sh mm_ NANCOS  SHALE
$3 (Lo

f Wheeler and Mallory, 1953

30

Bhattacharya, 2007

19



Sequence Stratigraphy Part 2. Foundations
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DESIGNATION OF STRATIGRAFHIC UNITS 2413

w ] FORNATION. £

Wheeler & Mallory

*  Nomenclature of

MOENKOP! GR

PARK CITY FORMATION
]

L0 FOKUT SANDSTONE s
. - . : P Avge ey el
interfingering units, using conns oo ot tora TTTUEE wove romwarion
P ettt Pt = iR e T
vertical cutoffs. No¥T4 SHICE
. . BURROWS LINESTONE ~
+ These are real stratigraphic A I TR S [ wccane s

- e XL
| FMALE PIOEHE SHALE

units from around the south- __%r*
€

central and western USA.

MUAY LIMESTONE

M P Pl Sech_mem of Brigh Angel shele ,|
rieitice__mwe. o Seigh_Aogelutas
[LraOeN LF |- 'A' (mmm__: - Sl gwionr awsee swace
s memper "3 1
[F—— Uneemad  mem of Brigh Angel shais _—

TAFEATS OUARTZITE [PROSPECT WOUNTAIN )
El

MUY LIMESTONE g——‘—

TR T TY — T Tyl
g o L Ip | Mgrrmitig g m of | ! Angel 5

Lrwoow arm;nun Umemad mem. of SMENT ARSIL SHALE

PIOCHE  SHALE Bright Avgel shol
PROSPECT IW‘P‘M‘ OQUARTIITE (TAFEATS)

BRIENT ANSEL GR. BAIGNT ANGEL R
[

Wheeler .
$ 2 [ 20 22 am T S . ==§--1
and ¥ %i?n JLAZE&A_&,_& -
§1§ | o of Siscina
Mallory’ § § L T ¢ WANEOS SNALE
L]
1956 :

Fio. 3. —Generalized sectom{ml 1o scale) showing actual or recommended application of arbi-
trary rulaﬂ in selection and naming of rock wnits. (a) Permian-Trinssic of Utah; (b) Cretaceous-
Tertiary of California; (¢ JthnmnlAnm\ evada-Utab; (d, ¢ ]Cnm'hmnn(ﬁnndl'_‘ln;m
{f) Cretaceces of Utal-Colorado.

State-of-the-art stratigraphy in 1953

¢ Who would place orange boxes in different Formations?

¢ Which of these boundaries would produce a seismic reflection?

S Wy LS _ BuRRows L
’MLMF (M PEASLEY LINESTONE
ol CHISHOLN SH T

SHALE

PIOCHE SHALE
“P_’,_
—= i —

PROSPECT NOUNTAIN QUART2ITE
° Wheeler and Mallory, 1956
Flags or Reality? ’

NILLARD LS

S BUSBY QUARTZITE
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Harry Wheeler

Good:
— Wheeler (1958) formalized concept of time-stratigraphy
— Wheeler recognized that hiatuses are as important as the rocks.
— Wheeler depicted “exploded” stratigraphic cross sections with time on the
vertical axis.
— Wheeler defined sequences as unconformity bounded units.
Confusing:
— Wheeler’'s sequences were defined by arbitrary vertical cutoffs.
— No correlative conformity.

— Vertical cutoffs also were key in defining lithostratigraphic units.

« This may not be widely appreciated!

Stratigraphy in 1960

o “Stratigraphy is the
complete triumph of
terminology over facts

and common sense.”
e Paul D. Krynine, circa
1960

32
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units.

Stratigraphy in mid-70’s

* IN academia, stratigraphy was considered a largely dead
field caricatured by endless debates about what to name

+ Same lithologies with same-age fossils were placed in
different Formations because of arbitrary vertical cutoffs.

+ Sedimentologists became more focused on petrographic
studies or on facies analysis.

* Facies models largely replaced stratigraphy in the
classroom.

— Daniel Busch, James Forgotson, Rich, Fraser, and Bob
Weimer were all working on early versions of sequence
stratigraphy at this time, and concepts were being applied
within industry, but these ideas were not widely taught in
North American or European Universities.

State-of-the-art stratigraphy in 1953

Which of these arbitrary lithostratigraphic units will produce a
coherent reflection?

~<7 I\ VoL /CHUCKY\'
R §\§\§\\§§§§\\W\\ N *“‘% \ s\%\‘ N ":"’WM' 3
) e

MARYVILLE HONAKER
ROGERSVILLE % g
RUTLEDGE RS
FIG. 4

Flags or Reality? ~ov¢

KNOX

.o ——-

~ N ~ F
Yo e &\?w%ig;%\%\g\\ﬁQ&\w ‘§ S

4/

Wheeler and Mallory, 1953
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coherent reflection?

State-of-the-art stratigraphy in 1971

Which of these arbitrary lithostratigraphic units will produce a

w

Facies correlation

Flags or Reality?

Fig. 4 —Schematic cross section of Medina Formation along Niagara escarpment, showing
H £ depositi

of envir o

Martini, 1971

State-of-the-art stratigraphy in 1981

. Which of these
arbitrary
lithostratigraphic
units will
produce a

i |
Mantague Cnl Cooke Co. ' Denton Co. | Collin Co.
'
’s LATNE TEXAS 86 [ |
I ENTZ et ci#i5 Gainesville sroLesest  ancoel ponow| PUREW)  ruMBLE®I
" 00m Potest water Raiser Johnscn  Brooks  Light Moinr

ter el
| f
¢5-

LAYNE -MEYERS
City of Mekinaay
water well

coherent
reflection?

. Clearly facies
analysis isn’t
getting us where  coon Joen
we need to go!

D"""’

s

Flags or Reality?

EXPLANATION
i:Iﬁis-ouo- marine corbonate

D Flavigl and deltic

strondpiain and fluvial

[ vominanty fiait
Eatk ('

i, coarse-graoined

Facies correlation

Hobday et al., 1981
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Stratigraphy or Flags in 20017

* Representations of lateral
transitions.

* No outcrop or seismic line
even vaguely resembles these
geometries!

* This is what the latest
textbooks teach to
undergraduates.

Boggs, 2001

Outline

A brief History of Sequence Stratigraphy
Lithostratigraphy in the mid-20th Century

— failure
* The Seismic Revolution
Conclusion

35
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Seismic Stratigraphy

Seismic reflections assumed to image bedding surfaces.

Reflection character and geometry is related to lithology and
facies architecture.
Stratal discontinuities identified by reflection terminations
(lapout).
“Depositional Sequences” bounded by unconformities and their
correlative conformities.

— Maximum resolution of about 50m.

Chronostratigraphic significance of
seismic reflections

* Why would anyone assume or assert that seismic
reflections are effectively “time lines”?
— “Primary seismic reflections are generated by stratal
surfaces which are chronostratigraphic rather than by

boundaries of arbitrarily defined lithostratigraphic units”
Vail et al., 1977

* What does this mean?
» The conclusion, that seismic reflectors are

chronostratigraphic horizons “is clearly untenable
in a literal sense... “

— Dickinson, 2003, The place and power of myth in
geoscience, Am. Jour. Sci. v. 303, p.856-864.
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These stratigraphic depictions

don’t look like seismic lines!

What does the seismic image show that the geological cross sections fail to convey? | 03

Stacking greatly enhances the signal

All of this data =’|‘_1_trace (X) on a seismic line

=k

to noise ratio

e Coherent reflections (off
bedding surfaces)
constructively interfere.

e Incoherent reflections
(lithofacies shazams)
destructively interfere.

Bhattacharya, 2007
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L] L]
Seismic vs. Well Logs
B 2 2 ' east
s i o 8
MIOCENE-PUCCENE
PR EOCINT
Vail, 1987
Facies versus Seismic
g 1]
MIOCENE-PUCCENE
T e
-
B
L. L
+ Lithostratigraphic facies boundaries are gradational and form “Shazam”-
type, interfingering boundaries.
+ Seismic reflections are interpreted to mark bed, bedset or parasequence
boundaries.
* Bed, bedset or parasequence boundaries are typically sharply defined
surfaces across which there is a marked lithological change.
Vail, 1987
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RE FlECT-ION ‘I‘ERM1N-AT!0N$
= UNCONFORMITIES

Termination of reflections termed lapout.

Used to separate apparently conformable sedimentary units.

Incised Valleys
Oms
100 -§ '
3 el s E e S 3
200 L

1
gzirsr;nl-:ﬁllzr;;f Quaternary Incised valley, Gulf of Mexico, Suter and 1 mile
* Truncation of strata at valley floor and margins.

Onlap and downlap of strata within valley.

S

39
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Ferron Valleys - Outcrop Example
"—"‘_‘1?” 16: 7‘15-:5‘"“ "i‘ T3 . Tzl SRl ; 1o - o

—— Major flooding surface —— Sequence boundary
——— Minor floeding surface Channel storey

Barton et al., 2004 0 i

(] 3om
Mo vertical exaggeration

* Truncation of strata at valley floor and margins.

e Onlap and downlap of strata within valley.

Conclusions:
What are Sequences Made of?

The seismic approach led to
a more detailed application
of Sloss and Wheeler ideas
to the stratigraphic record.

ot v,

Van Wagoner et al., 1990
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Conclusions:

Seismic stratigraphic concepts led to a re-

evaluation of well-log stratigraphic
e e e “%Pproaches, although there were important
] I o . precursors (e.g. Busch, 1972).
: :; HHHHHHH e S J] BTN 15T leﬁh‘umm
! ?\“ S0 ‘

:; (\ }‘_ ' . v.-e»zyr;mwmmm

% ?3% = __,\fE‘B% :-mws«mzemwm

it L5 S

YN %5\ = %-. 1 1l

NE Ny = N e

R\ fig . 4§ SN NIz AR

NI AL NI

i NI s Ny :ﬁﬁ“}i

NN N\ IV NN t?

EERERRER RN LR

Plint. 2000

Conclusion:his revolutionized our approach to
outcrop Sequence Stratigraphy

WEST EAST | SOUTHEAST NORTHWEST

D@D Comepr aguence bossdaren. A Corvesteripple laminsn

aeE ::t’-whh-dwn 2
(@) Plooding scfar mriting iop of- 3 m 'D-a
Do breamd syt e | Lowe shorise |
R iy
B fsareia) drpodis withia. i
S Troaghore beds
From Van Wagoner, 1995
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Outcrop Sequence Stratigraphy

EAST [ SOUTHEAST NORTHWEST

g

L4
gg: Cartepi qucs bosdiris ,; werd § v ¥ Sego a4 mam of Prics River Im
Hogh feuescy Hom Sl e e T T P S e e
e o R [ - Bl 0T B iy s
L o Lo o E bs
e 20 s g o ot
tenigmimpeie ) A3 U e of Blcthod |
L o i i ose ol o | ([ WA symem of Blocthont
G Trosgemes begs :.: : ------- NAKCOS  SKALE
i Wheeler and Mallory, 1953
From Van Wagoner, 19 ]
Conclusion

* If an outcrop or well log cross section looks like a
seismic line, its probably right!

Cretaceous Dunvegan Fm., Alberta Subsurface

Seismic Stratigraphy,
Modern Rhone shelf

Tesson etal., 1990

Bhattacharya and Walker, 1991
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Seismic Stratigraphy
Seismic Stratigraphy

Seismic reflections assumed to image bedding surfaces.

Reflection character and geometry is related to lithology and
facies architecture.

Stratal discontinuities identified by reflection terminations
(lapout).

“Depositional Sequences” bounded by unconformities and their
correlative conformities.

Conventional exploration seismic data remotely senses geology.
Maximum resolution of about 75m.

Seismic Stratigraphy
Chronostratigraphic

significance of reflections

* “Primary seismic reflections are generated by
stratal surfaces which are chronostratigraphic
rather than by boundaries of arbitrarily defined
lithostratigraphic units” Vail et al., 1977.

+ Stacking enhances ability to see subtle changa
across beds or other stratal boundaries.

+ Diachronous facies boundaries do not usually
form strong or coherent reflections.
— But there are always exceptions.

43

Bhattacharya, 2007



Sequence Stratigraphy Part 3. Seismic Stratigraphy
Short Course

Facies versus Seismic

Imli-nmlf
comveRTaL AT

eren socunt

|
aAw e RS -1 |

|werer crsraceous

A =

+ Lithostratigraphic facies boundaries are gradational and form “Shazam”-
type, interfingering boundaries.

+ Seismic reflections are interpreted to mark bed, bedset or parasequence
boundaries.

+ Bed, bedset or parasequence boundaries are typically sharply defined
surfaces across which there is a marked lithological change.

Vail, 1987

Facies vs Clinoforms in
Progading Carbonate Shelf

MNarth Soutn

Inner shalf = ;
(high-impadance mudstone) Shelf crest/shelf margin
e (owv-impedance grainstane)

Basinward

Slops (high-impedance
packstone/wackestone)

Lithelacies boundary

4
Seoclogic time ling

" Grainstone facies boundary is imaged

Ao rescreir Lnit =y
(arainstone)

o BOO m - Amplitude - ——
1. i carbonate iti and its seismic response. (a) Depositional model. Time-stratigraphic units
comprise clinoform deposits that consist of inner shelf, shelr-ma::,s:.elf margin, and slope fades. Three time-transgressive,
lithastratigraphic units (inner shelf shelf-cr hel e, and slape when the system

progrades basinward. Note that the lithostratigraphic units dip Iandward and cross depositional surfaces or geologic time lines. (b} A
seismic line AA’ from a multichannel, migrated, Pavave 3D data volume in Kingdom aAbo field, west Texas, showing a slighthy
landward-dipping seismic reflection event that responds to the time-transgressive, shelf-crest/shelf-margin grainstone lithofacies (Abo

reservair unil}. See Figure 5 for location of seclion AA"
Zeng and Kerans, 2003
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Remember Seismic Resolution!

50 HERTZ PULSE
FIG. 17—Comparison of resolving power between 50-
Hz and 20-Hz pulse.

Vail et al., 1977

—— REFLECTION TERMINATIONS ' ' Vail, 1987
~ UNCONFORMITIES i

+ Termination of reflections termed lapout.
* Used to separate apparently conformable sedimentary units.
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= UNCONFORMITIES

» If 1 was forced to describe sequence stratigraphy using only one
word it would be “lapout”.

Lapout in Outcrops

Submarine Channel Architecture Slope to Basin 207

Permian Brushy Canyon (Gardner and Borer, 2000)
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Seismic Data

Oms

35080

100 4

200 _ S e

300

Incised Valleys in High Resolution

Seismic line of Q nary Incised valley, Gulf of Mexico, Suter and i
Berryhill 1985, 1 m Ile

Truncation of strata at valley floor and margins.
Onlap and downlap of strata within vallley

"}_&ﬂ?‘ 16 - 152514 13512, & 11_'7 10 < B3

v

ding surfa:

Barton et al., 2004 0 i

Mo vertical exaggeration

e Truncation of strata at valley floor and margins.

* Onlap and downlap of strata within valley.

Ferron Valleys - Outcrop Example

ing o
——— Minor flooding surface Channel storey

0 30m
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Offlapping and downlapping beds in a
deltaic sandstone, outcrop example
G 1 S

GPR and Photomosiac

* Inclined (downlapping and offlapping) beds in a
prograding delta are well imaged by Ground
Penetrating Radar.

* These would be below typical 40Hz seismic
resolution.

POSITION (M)
3400 360.0 380.0 400.0 4200 4400 460.0 480.0 500.0 520.0

540.0

DEPTH (M)

Lee et al., 2005

48

Bhattacharya, 2007




Sequence Stratigraphy Part 3. Seismic Stratigraphy
Short Course

Types of Lapout

UPPER BOUNDARY

=SS I=——

1. EROSIONAL TRUNCATION 2. TOPLAP 3. CONCORDANCE
A.

LOWER BOUNDARY

I~

', ONLAP 2 DOWNLAP 3. CONCORDANCE
B L gaseap——

Various stratal terminations at sequence boundaries. From Mitchum and
others, 1977a. Reprinted by permission of AAPG.

Types of Lapout

UPPER BOUNDARY

F = —
—_— T -~
N e e

Sl el T
T, e -

EROSIONAL TRUNCATION TOPLAP

LOWER BOUNDARY

OFFLAP

ONLAP DOWNLAP
L —— BaseLap ———J Modified after Mitchum et al., 1977
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EROSIONAL
UNCONFORMITIES

CONCORDANT ABOVE
8

Lapout and Sratal Termination

NON- DEPOSITIONAL
UNCONFORMITIES

CONCORDANT ABOVE

ONLAP ABOVE
3
' 2
s

EROSIONAL.  ANGULAR/NON-STRUCTURAL

EROSIONAL: ANGULAR/STRUCTURAL

DOWNLAP &BOVE

EROSIONAL’ ANGULAR/STRUCTURAL

ONLAP RBOVE
23
22

y
1
5

EROSIONAL. ANGULAR/STRUCTURAL

4 13 %
15
1
TILTING OR ORIGINAL DEPOSITION.

ATTITUDE BELOW

RN ==

DOWNLAP ABOVE

ERDSIONAL: AN -
ONLAP ABOVE L GULAR Y NON- STRUCTURAL

L CONCORDANT _ ABOVE

CONCORDANT BELOW

Lopout
Reflection Terminations

2 e

CONCORDANT BELOW

Slide courtesy of Weldon Beauchamp

and
Nan - depositi
Uncenformities

of Lapout

Onlap and downlap
relationships give
evidence of regressions
and transgressions. In
Seismic stratigraphic
interpretation these

events are important to
recognize to help to
estimate time stratigraphic
units.

Interpretation

COWNLAR comcomDANT
2
mM\ :.
2
: //_ // /
CONCORDANT ANGULAR: EROSIONAL
e ]
—
ONLAP DOwWNLAP
L
2 E D \\\\_\b\
[, 3
M / 3 i3 /
ANGULAR: EROSIONAL
_
——
CONCORDANT
o NOTE: Downlap of cnlop over on angular
larcaional) uncoaformity with sither tilted or
Ll i rhyi iy n
DSOS e i eyt
TOPL&AP % fext for sxplongticn.
e ———— G| OT
————
ONLAP rnumfmmilln
'_"‘\\__* Lapout reflection
== e S
crease
a S e Arrow In disction of
\;/ greater hiatus or time
9.
CONCORDANT
_—t—— e
Slide courtesy of Weldon Beauchamp
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Shelf Seismic data

0.70
AN AT BRI ol T e
s il . Ll - -t < - ——— - -
0.80 i .;u - . - r—— --ﬂ”}
. e - e —
-
- -

Two-Way Traveltime (s)

. _‘f\.‘-‘ 3 . .‘ ot A, . -
140 e e S R &Cﬁa‘\\ NSy
Seismic Line from offshore Australian continental shelf,
(Feary and James, 1998)

retation vo...

Carbonate reefs
——y—

0.70

0.80

0.90 ~

1.00

Mesozoic
sediments

Two-Way Traveltime (s)

1.20 47

130 L—

9o~ =

== W/}
L —0 »:ﬁ.% /

140 L /é

Intrepretation of seismic line showing sequences
defined by lapout relationships (Feary and James, 1998)
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Seismic Facies

FAN COMPLEX SIMPLE FAN COMPLEX COMPOUND
w

e —

CONTOURITE MOUND

VOLCANIC MOUND

e

Clastic Facies Seismic Patterns

MIGRATING WAVE

Mitchum et al., 1977

Seismic Stratigraphy:

b

TIME — SECONDS

?&‘ﬂ%;:fﬁi:ﬂﬁ 3
0 5 KM
0 5 MILES
5 V.Ex3

E 2
&7
sl

A lapout interpretation A

Ll bk, o A

Seismic Line, offshore Morocco, from Mitchum et al., 1977.

DEPTH — KILOMETERS
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Seismic Stratigraphy:
Facies Interpretation

AT

TIME — SECONDS

5- VEX3
Seismic Facies, offshore Morocco, from Mitchum et al., 1977.

Hrieod | EER R

[
~ o o & oW

[~ ]
DEPTH — KILOMETERS

Seismic Facies Mapping

0BSCURED
FAULTING

Seismic Facies Map,
offshore Morocco,
from Mitchum et al.,
1977.

2

N
NN

UNDERLYING
— SHELF EDGE

(]

%

R

TE — stoons

i

MILES

0 10 |

0 16 Q) DOWNLAP SEISMIC
KILOMETERS 4 ONLAP LINES
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Slug Model: Lapout Only
Passive Continental Margin

SEQUENCE
TOPLAP /BOUNDARY

TRUNCATION

SEQUENCE
BOUNDARY ~DOWNLAP

APPARENT
DOWNLAP SURFACE TRUNCATION

Diagram showing reflection termination patterns and types of
discontinvities. From Vail, 1987. Reprinted by permission of AAPG.

Seismic stratigraphy involves the correlation of stratal packages
bounded by discontinuities defined by stratal termination
(Sequence Boundaries and other surfaces). Vail. 1987

Slug Model: Lapout + Facies
Siliciclastic Margin

» Lapout geometries and seismic facies are used to interpret
depositional systems and facies.
» Facies interpretations are greatly enhanced if there is well log or core
data.
mfs

POSSIBLE RESERVOIR SANDS

@ INCISED VALLEY FILL SANDS @ OVERBANK SANDS
@ COASTAL BELT SANDS (5) BASIN FLOOR FAN
@ CHANNEL/OVERBANK CHANNEL SANDS e B oS TAND
Vail, 1987
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Slug Model: Lapout + Facies

Carbonate Margin
AGGRADATIONAL “d itto”

SHELF OFFLAP
sigmoiD EDGE opyiquE

DEEP WATER SAND E}] CARBONATE SHELF FACIES

MARINE SILT MUDSTONE [l cARBONATE SLOPE FaCIES

MARINE SHALE AND MUD  [[;.-] CARBONATE BASIN FACIES Vail. 1987

Seismic Stratigraphy and Sea-level Change

* Developed at Exxon Production Research
Company.
» Theorized synchronous global changes in sea

level.

— Reservoir sands deposited during falls

— Fossil-rich hydrocarbon source rocks deposited
during rises.

55

Bhattacharya, 2007



Sequence Stratigraphy Part 3. Seismic Stratigraphy
Short Course

Exxon had data from around the world

coastal plain

1©1994 Enoyclopaedia Britannica, Ino

Seismic Data Give Image of
Continental Margin
Stratigraphy

5 b s

nag) awiL

] rowsTanD DePosITS
— SEQUENCE BOUNDARIES

Slide courtesy of H. Posamentier, after Vail et al., 1977
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Time Stratigraphic Analysis
B UNCONFORMITY CONFORMITY B
(SURFACE OF NONDEPOSITION) (NO HIATUS)
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Time Stratigraphic Analysis
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Wheeler diagram of North Sea.
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Onlap charts showed globally synchronous
rises and falls of sea level (eustasy).
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FIG. 14—Comparison of regional cycle charts offshore West Africa and Texas Gulf Coast with global cycle chart.

Todd and Mitchum, 1977

, Vail et al., 1977
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Sequence Stratigraphy Part 3. Seismic Stratigraphy
Short Course
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proprietary
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FIG. 2—Globul eyeles of selative change of ses bevel during Jurassic-Tertiary b
cyeles (hatchured arca) have not been relcased for publication.

Seismic Stratigraphy
Global Correlation and Eustasy

*  We know there is a structure, but is there any reservoir rock?

« Vail applied Wheeler’s concepts to seismic cross sections.

* Observed similarity of coastal onlap between basins.

» Interpreted cause of apparent synchronicity to be eustasy.

* Global synchronicity allows lithology prediction in undrilled or
little known basins.

* Reservoirs may lie farther in basin during development of
unconformities.

» Publication of the first global sea level charts (Vail et al., 1977;
Haq et al., 1987, 1988).

+ Eustasy has been heavily criticized in recent years (Miall, 1997,
Miall and Miall, 2003).
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Sequence Stratigraphy

» Application of seismic stratigraphic principles to outcrop,
core, well log data, and high resolution seismic data.

* Led to more theoretical understanding of how depositional
systems change and are linked as a consequence of
forcing parameters (accommodation/accumulation, Jervey
1988).

» Sequence stratigraphic concepts may be applicable at a
wider variety of spatial and temporal scales than seismic
stratigraphy.

Sequence Stratigraphy
Definitions

* Sequence Stratigraphy = Rocks + Surfaces + Time

» The study of rock relationships within a chronostratigraphic
framework wherein the succession of rocks is cyclic and is
composed of genetically related stratal units.

* The repackaging of the rocks into rock units bounded by
unconformities and their correlative conformities.

» Sequences consist of depositional systems tracts and are
interpreted in terms of accommodation/accumulation.

60

Bhattacharya, 2007



Sequence Stratigraphy
Short Course

Part 4: Sequence Stratigraphic
Concepts

Lithostratigraphy

“Simple” inter-tonguing of lithofacies

Sequence Stratigraphy

METERS

(ON-C)

|
|COASTAL ONLAP

(A) STRATIGRAPHIC CROSS SECTION

Lithofacies and surfaces integrated.

Vail et al., 1984
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Sequence Stratigraphy
Short Course

Part 4: Sequence Stratigraphic
Concepts

Wheeler Diagram
(B) CHRONOSTRATIGRAPHIC CHART
5 =
o 10
[=4
o
(4]
=
]
& 15
[E5] FINEGRAINED MARINE
(1)) SEQUENCE BOUNDARY TYPE OR AGE  1a SEQUENCE IDENTIFICATION  DLS DOWNLAP SURFACE
+ Time-stratigraphic analysis of sequence stratigraphic cross sections.
— ldeally requires some time information
Biostrat, radiometric dates
Vail et al., 1977
(A) STRATIGRAPHIC CROSS SECTION
e =
TRUNCATION (TE)
[ %]
&
=
=5 4
COASTAL ONLAP
-1 (ON-C) la =S
] ~ DOWNLAP (DN) -+~
o o e DOWNLAP (ON)
(B) CHRONDSTRATIGRAPHIC CHART
Wheeler Diagram
5] :
& 10 z —
g |—-———12| /-~y e — — — — — —
o -
38 SUBAERIAL HIATUS~
=]
e} — _ERDSIONAL HIATUS — [
[&]
" A — -
——CS MAXIMUM SUBAERIAL EXPOSURE
20
[ AuuvviaL AN [T] COASTAL PLAIN - [ ) NEARSHORE FINEGRAINED MARINE
[1] SEQUENCE BOUNDARY TYPE OR AGE  1a SEQUENCE IDENTIFICATION ~ DLS DOWNLAP SURFACE
Vail et al., 1977
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Part 4: Sequence Stratigraphic

Short Course Concepts
Sea-level curve
RELATIVE CHANGE SHORELINE LOCATION MARINE CONDENSED EUSTATIC SEA LEVEL
OF COASTAL ONLAP SECTIONS-(CS)
LANDWARD SEAWARD TRANSGRESSION REGRESSION LANDWARD SEAWARD HIGH Low
5~ - SHORELINE .
= .
SEQUENCE \ e | [ B
BOUNDARIES \
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DEPOSITION
DURING
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15 71 LQF SEA LEVEL

L
/ f%n‘[msmum
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RELATIVE
20|CHANGE oOF LR
COASTAL ONLAP

ALLUVIAL PLAIN
[ cosvaL pLain

COASTAL PLAIN DEPOSITS IN BASIN B
MARINE DEPOSITS IN BASIN A

m SEQUENCE BOUNDARY TYPE

FINE-GRAINED MARINE
DLS DOWNLAP SURFACE
la SEQUENCE IDENTIACATION

Vail et al., 1977

DEPTH
{Meters)
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gt UNCONFORMITY . CONFORMITY I
! (SURFACE OF NONDEPOSITION) " INOHIATUS)
25
B 24
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Mitchum et al., 1977
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Part 4: Sequence Stratigraphic
Concepts

Wheeler Diagrams

—
GENERALIZED CORDILLERAN MiSSISSIPPIAN - TRIASSIC SEQUENCES |

Wheeler, 1958
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

How are Sequences Defined
and ldentified?

* A depositional sequence is defined as a
relatively conformable succession of
genetically related strata bounded by
unconformities or their correlative
conformities (Mitchum, 1977).

¢ There are other types of sequences (e.g.
genetic sequences of Galloway, 1989).

— Stratal unit between maximum flooding surfaces.

Type 2 (Exxon
EXPLANATION yp ( )
E] Shore-zone focies

- — GEnetic g y and correlotive conformity
ﬁﬁﬁﬁﬁ i q farmity ond correlotive conformity
——  Depositional surfaces
® Successive coostal depositional systems
¢ Genetic strangrophic sequence  Galloway - Genetic Stratigraphic Sequences
] Depasitional sequence Exxon - Depositional Sequences
Bhattacharya, 2007



Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

How are Depositional Sequences
Defined and ldentified?

* Unconformity (Mitchum et al., 1977)

— A surface of erosion or nondeposition that separates younger strata from
older rocks and represents a significant hiatus (at least a correlatable part
of a geochronologic unit is not represented by strata).

— Periods of erosion and nondeposition occur at each global fall of sea
level, producing interregional unconformities.

e Unconformity (Van Wagoner, 1995)

— Surface separating younger from older strata, along which there is
evidence of subaerial erosional truncation or subaerial exposure or
correlative submarine erosion in some areas, indicating a significant
hiatus. Forms in response to a relative fall in sea level.

— This is a much more restrictive definition of unconformity than is
commonly used or used in earlier works on sequence stratigraphy.

Types of Unconformities

A Modern
— by Sequence
—————7q Stratigraphy is
&% 55 very focused on
——
NSNS these.
Angular unconformity Disconformity
Cc
S I S -

}

Paraconformity Monconformity
B shale 577 Igneous rock
Sandstone ;-Mu!' Metamorphic rock
"_ Limestone ——  Erosion surface

FIGURE 14.2 Four basic types of unconformities. Arrows point to unconformity surfaces. (After
Dunbar, C. 0., and ]. Rodgers, 1957, Principles of stratigraphy: John Wiley & Sons, New York. Fig.
57, p. 117, reprinted by permission.)
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Short Course Concepts

Stratigraphy
Types of Unconformities

Copyright @ The McGraw-Hill Companies, Inc. Permission required for repreduction or display.

Prothero and Dott., 2005

One type of unconformity may grade laterally into another
type.

Sloss Sequences

GUATERNART =

TERTIARY

CRETACEOUS |

JURASSIC

frasse | | Angular Unconformities
[PEAMIAN |
wl ABSAROKA

|MISSISEIPPIAN

DEVOMIAN

SILURIAN

|CROOVICIAN

|CAMBRIAN

CORDILLERAN MOTECSTNCLINE AFPALACHIAN MIOGLOSYNEL ML

» Six major sequences in North American Stratigraphy, represent
major tectono-eustatic events.
— Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, Tejas.
+ Unconformities are primarily angular and very widespread over the
entire North American Craton.
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Short Course Concepts

Sequence Stratigraphy

Applications of Sequence
Stratigraphy

* Age model predictions
- analysis of sequences for the purpose of extracting a eustatic signal
to determine age.
- assumes inherent validity of published global sea-level curves.
» Lithology prediction
- Analysis of stratigraphic successions for the purpose of
understanding temporal and spatial relationships between rocks in the
context of relative sea level change.
- The use of sequence stratigraphy for lithology prediction is thus
independent of a belief in eustasy as the underlying mechanism.
- The key to success is the correct identification and correlation of
chronostratigraphically significant surfaces.
- This approach requires the integration of facies successions and time-
stratigraphy.

What are Sequences Made of?

Van Wagoner et al., 1990
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Short Course Concepts

Sequence Hierarchies

« EXXON School

— Lamina * European/Texas School
— Laminaset — Facies

— Bed — Facies Association

— Bedset — Depositional System
— Parasequence — Systems Tract

— Parasequence set

Sequence
— Sequence

Early Sequence Stratigraphy

Vail et al., 1977

SEA LEVEL

E=3HIGHSTAND DEPOSITS
LOWSTAND DEPOSITS
B3 OLDER ROCKS

MARINE _
OFFLAP

UNCONFORMITIES
~~~- SUBMARINE
~~~~ SUBAERIAL
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Modern sequence stratigraphy

Van Wagoner, 1990

Highstand systems tract
Transgressive systems tract

Lowstand

Sequence boundary
Maximum flooding surface

Transgressive surface

Modern sequence stratigraphy

Van Wagoner, 1990

Highstand systems tract
Transgressive systems tract

Lowstand

Parasequences:
The building blocks of
sequences
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Sequence Stratigraphy
Short Course

Part 4: Sequence Stratigraphic
Concepts

Parasequence

» Genetically related strata bounded by
flooding surfaces or their correlative
surfaces.

+ Commonly characterized by a shoaling

upward facies succession.

1 km
—=

shoreface 1
e —
23 m
L/

flooding
= o face
badsts —

Outerap C
mud sand

Outerop B
rmud sand

Outerop A

[ ] seaward-cipping planar beds rud sand

|:| ‘trough cross bedding
- hummocky beds
[ bictisbated marine mudstone

Sequence Stratigraphy

Facies

Environment
Flooding
surface ~  ofishare
=

seaward-nclinsd
laminag

proimal sterm
5 bedswih

@ mudstone
£ Interoeds
2

burrowsd
mudstones wih
distal storm
beds.

Parasequence

SUPERCYCLE

GEOLOGIC TIME
=
-

PARACYCLE
—

b= 400 M~ b= 200 M~

=100 M—~

-— RISE RELATIVE CHANGE OF SEA LEVEL

FALL —=

+ Developed from older concept of a paracycle.

exposure.

— “The interval of time occupied by one regional or global relative rise and stillstand of sea

level, followed by another rise with no intervening relative fall” (Mitchum, 1977).

— Results in units bounded by flooding surfaces that lack evidence of subaerial

Vail et al., 1977
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Sequence Stratigraphy

Parasequence

Examples include
— prograding delta
lobe,

— standard shallowing-

upward carbonate

“cycle”.
Can be autogenic in

origin.

Sequence Stratigraphy

Parasequence

ranas ouToeoe !

Van Wagoner et al., 1990
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Sequence Stratigraphy
Short Course

Part 4: Sequence Stratigraphic
Concepts

“Parasequences” in the
modern Mississippi

* Cross section through lobe shows
upward coarsening parasequence.

+ Parasequence extends over 50 km
along strike and nearly 100 km down
dip.

* These are extensive units, but will be
smaller in a smaller-scale delta.

Contour interval
in feet

A . . Strike oriented secation across dselta lobe . B
L 1 3= 25
| \F Y |E (é i
[ . = % , i rsg
%r i i /f i =

Modified after Coleman and Prior, 1980

Evolutio of Paragequ_ece

REOCCUPATION A'-

NNER-SHELF SHOAL

From Boyd et al., 1989
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Autocyclic Lobes of the Holocene Mississippi Delta

Lobe ~ Parasequence

Sequence Stratigraphy
Parasequence Sets

» Groups of parasequences organized into systematic stacking
patterns.

+ Typically associated with specific systems tracts.

R TR DT Kb, PR AR

* Progradational
— Downstepping,
— Forestepping,
— Seaward stepping
— Offlapping.
+ Aggradational
— vertically stacked.
* Retrogradational
— Backstepping.
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Sequence Stratigraphy
Parasequence Sets

* Progradational
— Downstepping,
— Forestepping,
— Seaward stepping

— Offlapping.
FROGRADATIONAL PARASEQUENCE SET WELL-LOG
DEFOSITION > ACGOMMODATION RESPONSE
RETROGRADATIONAL PARASEQUENCE SET
[T COASTAL-PLAIN [ |SHALLOW MARINE ] SHELF MUDSTONE

SANDSTONE & MUDSTONES ~ SANDSTONES (after Van Waganer et al., 1538)

Example of progradational, seaward- to down-stepping
parasequences

Romeo Genetic Stratigraphy

ARCO "New Picture"

North South
ES Bay St #1 o4-10 09-05 03-27 03-06 17-01 17-04
= |
g bt ]
E L s | el LB |
S NCEN LR

T P N

x I-' [ | Q‘Q\ [ ey 50
= 1 |paum L! | | . I | R ﬁ = i
E"v‘ T L  m—y p— [ | p— | e e g

i 2 Mil
[0l Fluvial [] Deltaic [H Floodplain [ Prodelta/Shelf Ses,

Ivishak sandstones, Prudhoe Bay, AK

Tye et al., 1999
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Short Course Concepts

Example of Seaward-Stepping Parasequences

i = a1 |
B = 8 = =
i =t = = o= - .
- = = ¥ k % i
=] & e = = g = 2 == =
i % =t = B - # E .
| = =5 . o o ia — % |
{ = = = — =
) | = vl e . B 2 :
E B o T ) s = = | t
El ﬁ E 5 | 3 ';f 4 H
- | 2 - * < b 3 | o
H : & ¥ it ' — =
g 1 8 — e ¥ .
| - oy ] = -} =3 - — B
1 i % il I = 2

Cretaceous - Book Cllffs, Utah From Van Wagoner et al., 1990

Example of Landward and Seaward-Stepping
Parasequences

Cretaceous - Book Cliffs, Utah
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Sequence Stratigraphy
Parasequence Sets

+ Aggradational
— vertically stacked.

AGGRADATIONAL PARASEQUENCE SET WELL-LOG
RESPONSE
DEPOSITION = ACCOMMODATION SP  RES

] COASTAL-PLAIN SHALLOW MARINE [ SHELF MUDSTONE
SANDSTONE & MUDSTONES ~ SANDSTONES (alter Van Wagoner ef ai., 1988)

Example of Vertically Aggrading Parasequences

NORTH S0UTH
M MARKEY NO, 1 GULF NO. | LANGSTON MAX, WART G L WD 1 AT MAST MO 1
PANDLA CO., TEXAS WUSK CO., TEXAS NACOGOOCHES CO . TEXAS NACOODOCHES CO., TEXAS
= s - s - - s i

Figare ng 1, Cotton Valley Group, S<baler Farmation, east Tewis.
E-’f\lﬂl&'\li BRGSO Y AT lﬂl"l
et
-

From Van Wagoner et al., 1990 E:

o

Gulf Coast, LA o

E———
sy
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Short Course Concepts

Sequence Stratigraphy
Parasequence Sets

* Retrogradational
— Backstepping.

RETROGRADATIONAL PARASEQUENCE SET ;vEESLFI‘_OI:'?Si
DEFOSITION < ACCOMMODATION
BASINWARD 8P RES
[ COASTAL-PLAIN SHALLOW MARINE B SHELF MUDSTONE
SANDSTOME & MUDSTONES ~ SANDSTONES (after Vian Waganer ef al,, 1958)

Examples of parasequence stacking patterns

Seaward stepping (progradational )parasequence set

"""*h""‘""':::::'-—h 2

From Van Wagoner et al., 1990
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

RETROGRADATIONAL PARASEQUENCE SET WELL-LOG
DEFGSITION < AGCOMMODATION “ESPOQ“SEE;
* Groups of s
parasequences
may be
organized into
systematic
t k- AGGRADATIONAL PARASEQUENCE SET ;VEESL;(-)L’%CE
stac Ing DEPOSITION = ACCOMMODATION SP RES
patterns.
PROGRADATIONAL PARASEQUENCE SET WELL-LOG
DEPOSITION > ACCOMMODATION RESPONSE
RETROGRADATIONAL PARASEGUENCE SET
[ZEJCOASTAL-PLAIN | SHALLOW MARINE [ SHELF MUDSTONE
Van Wagoner etal., 1990 SANDSTONE & MUDS'IONES[_]SANDSTONES (after Van Waganer et at, 1958)

Parasequence Sets

DI OF CALKORA T ANA FETROLEUM ARG KOCH WDUSTRIES
RS LFE G WO 2 ' ? WO, 1
DUVAL CO. TEXAS S whar i

aaaaaaaaaaaaa

Van Wagoner et al., 1990

Figure 7—Well-log responses for beach and deltaic parasequences from Jurassic to Miocene in age. All well-log depths are in feet,

+ Parasequence sets may be identified in a single well log.
* Great caution MUST be used.
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Stacking patterns
may reflect
Transgression
and Regression
from Autocyclic
Shifting of
Sediment Supply

(Martinsen and Helland-
Hansen, 1994)

Sequence Stratigraphy
Parasequence Sets

Parasequence sets are bounded by more extensive surfaces than
parasequences.

Regressive facies successions may occur within all parasequence
sets.

— For example, regressive delta lobes can occur within a transgressive
systems tract.

This has caused much debate in the literature.
Stacking patterns may be a function of autogenic controls.

Stacking patterns can vary along strike.
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Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Sequence Stratigraphy
Systems Tracts

+ Linkage of contemporaneous depositional systems.

» Defined by physical position in a sequence and on the basis of
parasequence stacking patterns.

+ Bounded by specific surfaces.

+ May be related to formation during an interval of relative sea-level change.

+ Commonly interpreted in the context of changes in accommodation and
accumulation.

+ Big arguments about the “rock” paradigm versus the “Sea-level paradigm
(Van Wagoner, 1995).

Systems Tracts

SEQUENCE BOUNDARY FORMATION
AND LOWSTAND SYSTEMS TRACT:
FAN DEPOSITION

PRE-EXISTING DEPOSITIONAL
SHORELINE BREAK

I A\
| ‘.T; g

+ Sequence Boundary (SB) inferred to form during rapid sea-level fall, which
causes subaerial exposure and fluvial degradation on the newly exposed
shelf.

* SB bounds the base of the LST.

Van Wagoner et al., 1990
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Systems Tracts

N LOWSTAND SYSTEMS TRACT:
B WEDGE DEPOSITION

As fall slows, sea-level stabilizes in a low position, and depositional systems start to deposit.

Note, lowstand includes slightly falling and rising sea level in theoretical curve.

Van Wagoner et al., 1990

Systems Tracts

HIGHSTAND SYSTEMS TRACT

At highstand of sea level, system again stabilizes and systems begin to prograde
— Transgressive systems tract not sold separately.

HST bounded below by the Maxiumu Flooding Surface and above by the SB.

Van Wagoner et al., 1990
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Short Course Concepts

Systems Tracts

Lowstand Systems Tract

+ New sequence boundary fall as rate of fall accelerates.
* Note, HST is largely eroded

Van Wagoner et al., 1990

Type 1 Sequences

HIGHSTAND SYSTEMS TRACT: TRANSGRESSIVE SYSTEMS TRACT.
AGGRADATIONAL TO PROGRA- RETROGRADATIONAL PARA.
DATIONAL PARASEQUENCE SET SEQUENCE SET
LOWSTAND SYSTEMS TRACT, LOW.
STAND WEDGE: PROGRADATIONAL
TRANSGRESSIVE
SURFACE PARASEQUENCE SET

. FLUVIAL OR ESTUARINE SANDSTONES

WITHIN INCISED VALLEYS HIGHSTAND SYSTEMS
TRACT OF OLDER
COASTAL-PLAIN SANDSTONES SEQUENCE
AND MUDSTONES
D SHALLOW-MARINE
ANDST
HIRIONS TRANSGRESSIVE

SURFACE

SHELF AND SLOPE MUDSTONES

AND THIN SANDSTONES
SUBMARINE-FAN AND LEVEE CHANNEL
SANDSTONES

CONDENSED SECTION
DEPOSITS

LOWSTAND SYSTEMS
TRACT, SLOPE FAN

LOWSTAND SYSTEMS
TRACT, BASIN-FLOOR
FaN

WELL-LDG RESPONSE OF A PARA
SEQUENCE: NORMAL VERTICAL
ASSOCIATION OF FACIES

TYPE-1 SEQUENCE
BOUNDARY

E PARASEQUENCE

Sequence stratigraphy
e T :
CAL CHANGE IN FACIES PRODUCED BY A where there is a Shelf—slope

Van Wagoner et al., 1990 SRR SIRCEIN Rt break

83

Bhattacharya, 2007



Sequence Stratigraphy Part 4: Sequence Stratigraphic
Short Course Concepts

Lowstand
Systems
ract

. »
O

E
]
B

I

BOUSTART

* Bounded below by the Sequence Boundary.
* Bounded above by “The Transgressive Surface”.

* Lowstand systems tracts are interpreted to have been deposited during relative
sea-level falls and subsequent lowstands.

* Characteristically deposited below the level of the coastal plain or shelf.
+ Commonly are basinally-isolated.
— attached versus detached

* May include linkage of incised valleys, lowstand shoreline, lowstand delta, and
deep-water submarine fan.

+ Downstepping, forestepping pattern or aggradational stacking pattern.
+ Shorelines are observed to be regressive to stillstanding throughout the LST.

Systems Tracts
Falling Stage/Forced Regressive
N

______ t Relative Sea
Level Rise

“Normal® *Forced”
B) Regression e i-‘— Regression —_— -

Relative Sea

\k Level Fall

Posamentier and Allen, 1999
» Deposited during time of rapid sea-level falls.

+ Commonly deposited on the shelf and common in ramp-type margins,
without a shelf-slope break.

* Forestepping to downstepping stacking pattern.
» Lack of subaerial accommodation.
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Part 4: Sequence Stratigraphic
Concepts

Falling Stage

Systems Tracts

* Interpretation of systems
tracts during cyclic sea-level
changes.

— The Posamentier and Allen
view.

+ SB becomes difficult to pick
reliably.

* May predate full extent of
subaerial unconformity and

may underlie sequence | et [
s $ Locations) Transgressive Syssema Tract |
boundary.

* Sometimes referred to as
Late Highstand Systems
Tract or as early Lowstand
Systems Tract.

Transgressive Systems Tract

HIOHSTAND SYSTEMS TRACT ‘ TRANSGRESSIVE SYSTEMS TRACT

AGGAADATIONAL TO PAOGRA RETROGRADATIONAL PARA
DATIONAL PARASEQUENCE SET SEQUENCE SET

LOWSTAND SYSTEMS TRACT. LOW
STAND WIDGE: PAOGRADATIONAL

TRANSGRESSIVE | o) nSEQUENCE SET

SURFACE

Van Wagoner et al., 1990
FLUVIAL DR ESTUARINE SANDSTONES
WiThaN INCISED VALLEYS HIGHSTAND SYSTEMS

TRACT OF OLDER

COASTALPLAIN SANDSTONES SEouEnNcE

AND MUDSTONES

SHALLOW MARINE
SANDSTOMES

[rrassonessive|
SUREACE

[l s+ ano suoee mupsTanes

L AND THIN SANDSTONES
SUBMARINE FAS AND LEVEE CHANNEL
SANDSTONES

- CONDENSED SECTIDN
RERAGTE

LOWSTAND SYSTEMS

TRACT, SLOFE FAN J_-’
/

LOWSTAND SYSTEMS I

The base is defined by the first regionally persistent flooding surface (The Transgressive Surface).

Top defined by Maximum Flooding Surface
Marks change from backstepping to progradational parasequence stacking pattern.
Interpreted to have been deposited during intervals of rapid relative sea-level rise.

Accumulation rate is exceeded by the rate of new space added on the shelf (i.e., new
accommodation).

Overall shoreline transgression occurs.

This systems tract may include estuarine, shoreface, coastal plain, and deltaic depositional
systems.
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Transgressive Systems Tract

Landward stepping (retrogradational) parasequence set

[P a——

Examples of parasequence stacking ~ From Ve Wagoneretal, 1950

patterns

Transgressive Systems Tract

* There has been much debate about transgressive facies within the
lowstand systems tract versus the strictly-defined Transgressive
Systems Tract.

— Many valley-fills show a transgressive facies fill.

— The valley-fill facies is interpreted as the LST, even if facies show a
transgressive character.

— Only when valleys are filled and the shelf floods, is the TST defined.
» Vail and others have lamented using the term “Transgressive
Systems Tract” versus a more descriptive term.
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Highstand Systems Tract

TRANSGRESSIVE SYSTEMS TRACT ‘

HIGHSTAND SYSTEMS TRACT
AGGAADATIONAL TO PADGAA.
DATIONAL PARASEQUENCE SET

RETROGHADATIONAL PARA
SEQUENCE SET

LOWSTAND SYSTEMS TRACT. LOW
STAND WIDGE
PARASEQUENCE SET

SURFACE

Van Wagoner et

al., 1990
FLUVIAL OR ESTUARINE SANCSTONES
WITHEN INCISED VALLEYS HIGHSTAND SYSTEMS
TRACT OF OLDE
COASTALPLAIN SANDSTONES SECUENCE

AND MUDSTONES

SHALLOW MARINE
SANDSTOMES

TRanscaessivi|
SUREACE

SMELF AND SLOPE MUDSTONES
AND THIN SANDSTONES

SUBMARINE FAS AND LEVEE CHANNEL
SANDSTONES

CONDENSED SECTIDN
DEPOSITS

LOWSTAND SYSTEMS

TRACT. SLOPE Fan |
/

LOWSTAND SYSTEMS
TRACT, BASIN-FLOOR

Interpreted to be deposited during intervals of decelerating relative sea level rise and
stillstand.

Accumulation exceeds accommodation resulting in shoreline regression (normal
regression).

Aggradational to forestepping stacking patterns.

Fluvial, shoreline, and deltaic depositional systems are most common.

Shelfal carbonate systems are common in lower latitudes.

Condensed section usually associated with highstand.

Falatve

Highstand
Systems Tracts

Extensive subaerial
accommodation.
“Normal” regression.
Lack of erosional
discontinuities.

In Posmantier and Allen
view, HST is largely
preserved.

AL Inteitieen TR, |
3 Uicaorn) Tranagressive Sysema Tract |

. Posamentier and Allen, 1999
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Systems Tracts
Condensed Sections

+ Coeval facies equivalents seaward of all systems tracts.

» Develop beyond the influence of most terrigenous sedimentation.

+ Significant amounts of time are represented by anomalously thin
units.

* Characterized by a "hot" gamma ray log response and by faunal
peaks.

+ Also chalks, cherts, phosphorites.

* May be associated with marine “corrosion”.

Condensed Section:
Dunvegan Fm., Alberta

[

T

£
|
ST
I e ‘g“‘”“ T Watch what happens
T Ty e to log signature at
g e L3h il base of downlap
L é-\\ ~ i * D2 SN DN interval
) Plint, 2000 "=
j N M i 20606

(3676 S453THE 2065406
%)

YN

j«—ai, e et 1) B
17 =

=
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Concepts

DR

Condensed Section:
Dunvegan Fm., Alberta

Plint, 2000 [

Note high gamma
response at downlap
zone

TG (50

s
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g e
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i
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SHEL
AND THIN SANDSTO!

LUBMARSNE F Al
ANDETONES

ww

Condensed Sections

FLUVIAL OR ESTUARINE SANDSTONES
Wi INCISED WALLEYS

F AND SLOPE MUDSTONIS
NUS

TS

I} /

; ! Towstana svatims |/
N AND LEVEE CHANNEL . | / I TRACT, SLOPE FAN /
i -/ ) o J/

Systems Tracts

HIGHSTAND SYSTEMS TRACT Van Wagoner et al., 1990
AGGAADATIONAL TO PROGAA.

DATIOMAL PARASEQUENCE SET

LOWSTAND SYSTEMS TRACT, LOW.
STAND WEDGE: PROGRADATIONAL
PARASEQUENCE SET

/- TAANSGRESEIVE
SURFACE
L

TRy aRESSIVI

N anl

Part 4: Sequence Stratigraphic

Condensed sections commonly associated with downlap
surfaces.

There is downlap within the lowstand systems tract and
between the transgressive and highstand systems tract.
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Another Slug

=
INCISED VALLEY —
Ivf)
CANYDI

Al IN DEPTH tbfs fc fl

CORRELATIVE CONFORMITY
( SEﬂl'J'EI‘!{Z.'EJ BOUNDARY)

CONDENSED
SECTION

SUBAERIAL HIATUS
UNCONFORMITY

f————GEOLOGIC TIME———{

DISTANCE

o

CORREL ATIVE CONFORMITY
Haq et al., 1987 N— (SEGUENCE BOUNDARY)

Type 2 sequences

HIGHSTAND SYSTEMS TRACT TRANSGRESSIVE SYSTEMS TRACT SHELF-MARGIN SYSTEMS TRACT:
AGGRADATIONAL TO PROGRADA RETROGRADATIONAL PARA- SUGHTLY PAOGRADATIONAL TO
TIONAL PARASEQUENCE SETS SEQUENCE SET AGGRADATIONAL PARASEQUENCE

DEPD.‘:\TION&L
SHORELINE BREAK

COASTALFLAIN SANDSTONES
AND MUDSTONES
SHALLOW-MARINE
SANDSTONES

Van Wagoner et al., 1990

SHELF AND SLOPE —— Y PE-2 SEQUENCE BOUNDARY
MUDSTONES
peeuS PARASEQUENCE

Type 2 sequence where there is a shelf-slope break. Because the slope
is never exposed, rivers do not incise (no nickpoints).
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Type 1 Sequence in a Ramp Margin

HIGHSTAND SYSTEMS TRACT TRANSGRESSIVE SYSTEMS TRACT: LOWSTAND SYSTEMS TRACT, LOW-
AGGRADATIONAL AND PROGRA- RETROGRADATIONAL PARA- STAND WEDGE: PROGRADATIONAL
DATIONAL PARASEQUENCE SETS SEQUENCE SET PARASEQUENCE SET

/ TRANSGRESSIVE
SU?’ACE
e S—

DEPOSITIONAL-
SHORELINE BREAK

FLUVIAL OR ESTUARINE SANDSTONES
WITHIN INCISED VALLEYS

——i
HIGHSTAND SYSTEMS TRACT
OF OLDER SEQUENCE
5 i COASTAL-PLAIN SANDSTONES

| AND MUDSTONES

SHALLOW-MARINE
SANDSTONES

SHELF —— TYPE-1 SEQUENCE BOUNDARY
MUCSTONES Van Wagoner et al., 1990

CONDENSED-SECTION E WTea—
DEPOSITS PARASEQUENCE

Sequence stratigraphy where there is no shelf-slope break
- ramp setting
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Contacts and Surfaces

 What is the difference between a contact, a
boundary and a surface?

» Are all geological surfaces time lines or
even chronostratigraphically significant?

Contacts and Surfaces

+ Lithostratigraphy

— Point, surface or zone across which there is a lithologic
boundary useful for mapping.

— Note, formations are not supposed to contain
unconformities.

— Contacts can be highly diachronous.
+ Sequence stratigraphy

— “chronostratigraphically significant” contacts or surfaces
useful in correlation and mapping.
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A

*  Smooth versus
stepped vertical
transitions.

*  Where do you
pick the
formation
contact?

Shale

Sandy shale

Sandstone

Vertical Contacts

Lithostratigraphy
B
Shale
Intercalated

71 shale and sandstone

; Sandstone

Boggs, 2001

* Representations of lateral
transitions.

* No outcrop or seismic line even
vaguely resembles these
geometries!

* This is what the latest textbooks
teach to undergraduates.

*  We have to do better than this!

Stratigraphy or Flags?

Boggs, 2001

Bhattacharya, 2007

93



Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Lithostratigraphy
Contacts

Strata show a variety of vertical and lateral contacts.
Contacts can be gradational.

S ProdeltasMudstones
i~ e . =
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Short Course

Grand Canyon Stratigraphy

6 - Hermit, Coconino, Toroweap, and Kaibab
6d - Kaibab Limestone
6¢ - Toroweap Formation
6b - Coconino Sandstone
6a - Hermit Shale
5 - Supai Group
5d - Esplanade Formation
5¢ - Wescogame Formation
5b - Manakacha Formation
5a - Watahomigi Formation
4 - Temple Butte, Redwall, and Surprise Canyon
4c - Surprise Canyon Formation
4b - Redwall Limestone
4a - Temple Butte Limestone
3 - Tonto Group (Cambrian)
3c - Muav Limestone
3b - Bright Angel Shale
3a - Tapeats Sandstone
2 - Grand Canyon Supergroup
1 - Vishnu Group
1b - Zoroaster Granite
1a - Vishnu Schist

~j0~A30[000)/11M/10 RIpAdI M US//:dNYy

puBID oY)

Kue)

BAIB UO.

FlatslingpRaleozoic
Sanedsionas, snalos
And limasionas

R
X Angularsinconformity
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Precambrian Sedimentary Rocks in the Grand

Flatlying REIEDEOIC
Sandsionas, 3nalas
Ancllimasionas

R apeats:Sandstone
N

Grand Canyon
Map

Note increase in complexity of
rocks below Tapeats sandstone.
Formations represent mappable
units.
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Short Course

Contacts Lithostratigraphy

+ Contacts can be sharp.
Sharp contact marks the
base of eolian Coconino
sandstone, Grand Canyon.

1 Unconformity with Tertiary rocks overlying
St rat I g ra p hy Cretaceous Indianola sandstones and

conglomerates, Salina Utah
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Paraconformity

=1 Shale

Sandstone
Bl vimestone

Types of Unconformities

Nonconformity

[-‘,'-;‘ Igneous rock
THT - Metamorphic rock

——  Erosion surface

FIGURE 14.2 Four basic types of unconformities. Arrows point to unconformity surfaces, (After
Dunbar, C. 0., and J. Rodgers, 1957, Principles of stratigraphy: John Wiley & Sons, New York. Fig.
57,'p. 117, reprinted by permission.)

Lithostratigraphy

GUATERNART =

TERTIARY

CRETACEOUS

JURASSIC
|TRIassIc
|PERMIAN
PENNSYLVANIAN | ABSAROKA
MISSISEIPPIAN

DEVOMIAN

SILURIAN TIPPECANQE

|CROOVICIAN

Sloss Sequences

Angular Unconformities

|CAMBRIAN

[CR—

COTILLEMAN MDGEGSTRCLINE

AFPALACHIAN MIOGLOSYNEL ML

» Six major sequences in North American Stratigraphy, represent

major tectono-eustatic events.
— Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, Tejas.

+ Unconformities are primarily angular and very widespread over the
entire North American Craton.
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Short Course

Lithostratigraphy
Contacts and Surfaces

+ Conformity

— bedding surface with no stratigraphic break.
* Hiatus

— a break in the geologic record (the hiatus refers to the break in time).
* Unconformity

- asurface of erosion or non-deposition that separates older from younger rocks
and that indicates a significant hiatus.
- Angular Unconformity
- Disconformity
- Paraconformity

- Nonconformity
+ Diastem

— Local erosion surface (e.g. base of fluvial channel, local scour).

Definitions of Unconformity

* Unconformity: Webster’s Dictionary, 1990.

— Lack of continuity in deposition between rock strata in contact corresponding to a period of
nondeposition, weathering, or erosion.

* Unconformity: Bates and Jackson, 1987.

— A substantial break or gap in the geologic record where a rock unit is overlain by another
that is not next in stratigraphic succession... It results from a change that caused
deposition to cease for a considerable span of time, and it normally implies uplift and
erosion with loss of the previously formed record. An unconformity is of longer duration
than diastem.

* Unconformity: Mitchum, 1977.

— A surface of erosion or non deposition that separates younger strata from older rocks and
represents a significant hiatus (at least a correlatable part pf a geochronologic unit is not
represented by strata).

* Unconformity: Mitchum et al., 1977.

— Observable discordances in a given stratigraphic section that show evidence of erosion or
nondeposition with obvious stratal terminations, but in places may be traced into less
obvious paraconformities recognized by biostratigraphy or other methods.
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Short Course

Sequence Stratigraphy
Contacts and Surfaces

* Sequence boundary
— An unconformity and its correlative conformity.
* Unconformity: Van Wagoner, 1995, Sequence Stratigraphy definition

— A surface separating younger from older strata along which there is
evidence of subaerial-erosional truncation and, in some areas, correlative
submarine erosion, a basinward shift of facies, onlap, truncation, or
abnormal subaerial exposure, with a significant hiatus indicated.

— Local, contemporaneous erosion and deposition associated with geological
processes such as point-bar development or aeolian-dune migration (i.e.
diastems) are excluded from the definition of unconformity (Mitchum et al.,
1977; Van Wagoner et al., 1990).

Sequence Stratigraphy
Contacts and Surfaces

* Flooding surface

— A surface separating younger from older strata across which there is
evidence of an abrupt increase in water depth. This deepening is commonly
accompanied by minor submarine erosion or non-deposition, but not by
subaerial erosion due to stream rejuvenation or a basinward shift in facies,
including abnormal subaerial exposure, with a minor hiatus indicated. The
amount of submarine erosion associated with a flooding surface varies, but
probably ranges from a few inches to tens of feet, with several feet being
most common. The flooding surface has a correlative surface in the coastal
plain and a correlative surface on the shelf (Van Wagoner et al., 1987,
1988, 1990).
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Short Course

Key Surfaces

Key Surfaces

» At the outcrop or core scale of observation, seismic stratigraphic
"discontinuity surfaces"” may in fact represent a summation of a
number of surfaces due to poor resolution of the seismic tool.

* Recognized by facies breaks and anomalous juxtaposition of
facies.

* Includes:

— Sequence Boundaries
— Transgressive Surfaces
— Maximum Flooding Surfaces.

Key Surfaces
Sequence Boundaries

* Type 1 versus Type 2
* Angular (tectonic)
+ Disconformities
+ Paraconformities
* Includes correlative conformity
+ Synonyms:
— lowstand surface of erosion

— regressive surface of erosion (debatable).
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Part 5: Contacts & Key Surfaces

Key Surfaces
Attributes of Sequence Boundaries

* Interpreted to be formed because of a relative sea level fall.
+ Accompanied by an abrupt seaward shift in facies and basinward shift in onlap.
* May be associated with the formation of incised valleys.

» Interfluves are associated with areas of widespread subaerial exposure.

— paleosols

— Karst

SEQUENCE BOUNDARY FORMATION
AND LOWSTAND SYSTEMS TRACT:

FAN DEPOSITION

S ——

Van Wagoner et al., 1990

Sequence Boundaries
and Knickpoints

+ Exposure of steeper profile causes
incision at knickpoints.

* Landward of knickpoints, relative sea
level change may have no effect on
stratigraphic architecture.

* New valleys may “capture” river.

+ Abandoned valleys may have NO sandy
reservoir facies.

* Areas between rivers (interfluves) may
show evidence for subaerial exposure.

— Paleosols
— Mudcracks
— Caliche

— roots

Evolution of Nickpoints

v
g

Figure 3—When sea level falls and exposes the shelf
break, (A) the main stream im‘lw and a lnni kp( rint
begins to migrate
also form and (B) erode In the |It3dwan.| direction,

forming new drainage systems on the previously sub
merged shelf. Continued headward extension inte

sccts the pre-established fMuvial system and (C) up-
tures it by providing a steeper more cfficient course to

theses. Wescott, 1993
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Red Deer
River
Valley,
Alberta

+ Both river and
floodplain are
convined within
valley.

* Note side drainages

Seismic Expression of Incised Valleys
Southeast Asia

Kalimantan (Brown, 1997)

TS

ETributary
Valleys =

Offshore ;Fﬁailaﬁ

shendritic: Posamentier and Allen, 1999

IPIER
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Sequence Boundaries

[}
IMILES

A

SB(2)

FS/SB (SEE LEGEND] FS (SEE LEGEND)

Change in SB along depositional strike

T T T
SBI1} SBi1) SBI1)

Van Wagoner et al., 1990

Large Scale Valley: Ferron Sst., Utah

Bhattacharya, 2007
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Photomosaic 2

Mud-chip lag and
extraformational pebbles
mark valley base.
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Nielsen Wash Valley

‘.l'_alltﬂ.I Margin

N
., Upper Parasequence
i

Lower Shoreface Parasequency

Multi-storey, multi-lateral fill.

Exhumed Ferron Paleo-
Valley at Nielsen Wash

N ] . i e,

Laterally migrating bar overlies floodplain mudstone,
contained within larger erosional feature (valley).
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L
ER M

LAl wmml
IR oot rm;-_-;ﬁum
__ |
i
S ﬁam»m»l R _qaﬁml

Weiguo Li, 2006

Strike Cross Section of Incised | ¢
Valley
) -

: i ﬂwﬁhmm

* Incised valley is indicated by truncation, onlap and rooted inter-fluve.
* Valley incises into storm-dominated marine parasequences.
* Valley has been traced for over 4 km along strike.

et e Y H—

] ." & 'i— ;:

Barton et al., 2004 ———

—— Major flooding surface —— Sequence boundary
—— Minor flooding surface Channel storey
(] 100 ft

Novertical exaggeration

Multistorey incision and fill, south side of 170.
These incisions have been interpreted as distributary channels.
Detailed analysis suggest that they are small, incised valleys.

Bhattacharya, 2007
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Ferron Valleys

Depth of valley = 30m Bhattacharya and Tye, 2004
Maximum depth of channel = 9m
Channel width = 30m to 250 m

Seismic Examples of Incised Valleys

Oms
1 '?’. e moye i iy rey J 1
100 -
200 LR o porabebad St b 5 1oy b b
e T P R AT |
1] Ll LR *H
ROt 1 5 4 M A O 3 5
GOM, Suter and Berryhill, 1985 1 mile

108

Bhattacharya, 2007

17



Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Well log cross section through a
valley-fill

=i el

Van Wagoner et al., 1990

Abrupt lateral facies changes interpreted
as valleys

el
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Viking Sandstone, Alberta

WAVE RAVINEMENT SURFACE (TSE)

o o W e

& N e
v i 2 W e
WEST oM o @ ! )

VIKING

Jiom
JOLIFOU
MANNVILLE P g
1 km
TIDAL RAVINEMENT SURFACE
(SEQUENCE BOUNDARY)
» Coarse valley facies erode into marine mudstones. POLYGENETIC SURFACE
. COMPRISING TRANSGRESSIVE
* Truncation of log markers. SURFACE AND SEQUENCE
BOUNDARY

* Top of valley is eroded by marine processes.

Posamentier and Allen, 1999

Fall River Sandstone, Wyoming

* Channel much thicker than associated upward coarsening delta deposits.
+ Channel does not interfinger with adjacent marine facies.

+ Channel is not contained within the delta front.

+ Scale of channel is way too large (100 feet deep river?).

Willis, 1997
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Texas Gulf Coast

Brazos and
Colorado
River Alluvial
Plain

QUATENARY ALLUVIAL PLAIN, COLORADO RIVER, TEXAS

active channelbelt
Pleistocene /
highstand
alluvial plains

onlap of
successive
100 kyr
alluvial plains

]
Z0N
Wi “\\\\\\\\\\\\HW///N Wi,

Holocene
alluvial
plain

!

TNy,
W
\§\

7
N\
N

Y,

oy,
&,
N
n\\\\n%\\\\\\x\“‘w/mm

A
MII\\\\\\\\\\\‘&W%

10 my

i

5 0k Basal Valley Fill Unconformities
m v

Blum and Torngvist, 2000

channel belt

T71T  @lluvial plain paleosol
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Short Course

GLACIO-EUSTASY: 125 KA TO PRESENT

0

-50

—
=
=

=

=
i
]

i |
o
@

v

20 40 60 80 100 120

YEARS BEFORE PRESENT (x 1000)

modified from Revelle (1990)

Note, valleys cut and fill over the last 120 Ka but sea-level has

only just risen to the point where old valley can flood pre-120
Ka level

Composite Incised Valleys

Composite Valley Fill, Colorado River, Texas

ca. 20,000.14,000 yr3 BF

History of Colorado River valley fills, Blum, 1993
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Sequence Boundaries

Correlative

Disconformity —» conformity

1
SBI1) SBi3)

Van Wagoner et al., 1990

Key Surfaces

Preservation and Seaward
Expression of Sequence Boundaries

» Preservation potential depends on the depth of fluvial incision and amount of
subsequent marine erosion during subsequent transgression (ravinement).

* In the marine realm the sequence boundary may be expressed as an erosional
surface at the base of an incised shoreface.

* Farther seaward, marine erosion may occur in response to impingement by
waves on the previously quiescent sea.

— May see abrupt change in oxygenation on the substrate or change from laminated
mudstones to bedded or bioturbated.

+ Eventually, the sequence boundary passes into a correlative conformity.
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Key Surfaces
Transgressive Surfaces

* Related to times of sea level rise.
+ Transgression-related surfaces tend to be diachronous.
* May be considered geologically “instantaneous” at a regional to sub-
regional scale, and particularly at the seismic scale.
+ Transgression-related surfaces may be easier to identify in core, outcrops,
and well-log data
+ Can serve as useful correlation markers and as bounding discontinuities
for allostratigraphic units.
* May merge landward with the sequence-bounding unconformity or
seaward with the correlative conformity.
* Includes:
— Flooding Surfaces (FS)
— Transgressive Surface of Erosion (TSE)
— TSE also called Ravinement.

Flooding Surfaces

Razor sharp contact
between shallow water
sandstone and deeper
water marine mudstones
records deepening.

Bioturbation shows marine ¥
working of previously
exposed surface.

Roots record subaerial
exposure.
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Flooding Surfaces

Razor sharp contact between shallow water
sandstone and deeper water marine
mudstones records deepening.

Facies 3 - burrowed marine mudstones.

Bioturbation shows marine working of
previously exposed surface.

Facies 2 - bioturbated sandy mudstone

Roots and paleosol record subaerial
exposure.

Facies 1 - paleosol

Top Mannville Fm., (slide courtesy of James MacEachern)

Transgressive Surfaces

* Flooding implies inundation of previously dry (or subaerial)
environment.

— Correlative surfaces can be “deepening” surfaces, in which there is
evidence of abrupt deepening across a surface that was always
underwater.

* Flooding is commonly taken as a relatively passive process in
which there is little to no erosion (a few meters or less).

* Where significant erosion can be demonstrated, the term
“Transgressive Surface of Erosion” (TSE) is used.

* These are also referred to as Ravinement Surfaces.
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Short Course

REHOBOTH BAY, DELAWARE

Modern
Ravinement
Surface

Minor erosion  Periodic deposition
-\ccntlnunus

A diachronous deposiion
surface '

May erode up to 40m
(Leckie, 1994).

GOM ravinement
averages 9m.
Ravinement Surface

may “replace”
sequence boundary.

After Kraft et al (1987)

WVERTICAL SCALE GREATLY EXAGGERATED

— T~

Ravinement is produced by shoreface retreat

SHOREFACE:
— Steeply dipping slope that separates the subaerial from the
subaqueous plane.
— Forms in response to shoaling waves (fairweather processes).
» Fairweather wave-base typically taken to be between 5-15 meters.
— Mud typically unable to be deposited.
— Shorefaces can be erosional (wave-cut terrace) or depositional.

WAVES BEGIN TO BUILD UP
SPILLING BREAKERS
SHOALING WAVES

SANDY SUBSTRATE

——=- Cruziana - Ichnofacies

Walker and Plint. 1992
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Sequence Stratigraphy

Short Course

The Shoreface

* Forms in response to shoaling waves which tend to transport sand landward.

— This is sometimes called the littoral fence.

* The shoreface usually marks the area where day-to-day transport of sand
occurs (so-called fair-weather wave base).

Note asymmetry in shoaling waves
WVERTICAL SCALE GREATLY EXAGGERATED s

WAVES BEGIN TO BUILD uv.."
SPILLING BREAKERS
SHOALING WAVES

LOWER | MIDDLE UPPER
pe———— SHOREFACE

- — — OFFSHORE ————>

- - —— MUDDY E -- SANDY SUBSTRATE —MM—————
- Cruziana -' s B lchnofacies
i Foopmeet Walker and Plint. 1992
Ravinement
Barrier Nummedal and Swift, 1987
A

Sea Level 2

Sea Level 1

Ravinement surface

Landward migration of the shoreface produces an erosional “Ravinement”
surface.

Time lines cross this surface.
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Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Formation of a Ravinement Surface

iy weune Regression
; Ravinement surface in
W Gironde Estuary has
Progradation lots of space between
cobbles for animals to

dfe <.'Z Shoreline Transgression
Z e anns " burrow.
\' '-’ = Transgressive

"Healing Phase"

Yot raiy

Ravinement Surface with Giossfungites Ichnofacies

After Posamentier and Allen, 1999

“Uh-oh, more terminology!”
What is Glossifungites?

« Certain trace fossils are defined on the
basis of the substrate type
— Soupgrounds
— Softgrounds
— Firmgrounds (Glossifungites)
— Hardgrounds (Trypanites)
— Woodgrounds (Teredolites)

* These are as subset of the broader
ichnofacies concept.
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Short Course

Ichnofacies
Sandy Share Different trace fossil
Semi- assemblages characterize
Sonsalldated different environments.

Substrate

Bublittoral Zone

Abyssal

R ok
Abyssal
B==E=m Zone

21

Bathyal
Zonge

Sublittoral Zane

Sandy Shore

Skolithos Cruziane Zoophycos Nereites

5
Rocky Coast

Trypanites |Glossifungites

Pemberton et al., 1992 after Frey and Pemberton, 1985 and Seilacher, 1967

Substrate Dependent Ichnofacies

* Ichnofacies may be
substrate specific
— Soupground (no structures
visible),
— Softground (structures
visible),

Softground, Cruziana
to Zoophycos
transition; Cretaceous
Dunvegan Fm.,
Alberta
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Short Course

Glossifungites

» Firmground.

+ May indicate partial erosion and exhumation of a
firm substrate.

» Commonly associated with ravinement surfaces.

Elnmm |
BREGEEEN

Tongue Utah (above) and Kuparuk sandstone, Alaska (right)

Glossifungites Ichnofacies

Sharp-walled, passively-infilled

Thallasinoides network, Dunvegan A
Fm., Alberta, Canada 9 burrow, Wall Creek sandstone, Wyoming.

Sharp-walled, passively-infilled Pelecypod

120
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Short Course

Trypanites Ichnofacies

* Hardgrounds e.g. Trypanites, made by boring animals.
» Bored pebbles indicate a marine setting.

» Borings extremely common inmost carbonates

2 - = T = i = — —

Pholad borings, infilled
with transgressive
conglomerate,
Washington Coast

Teredolites Ichnofacies

* Woodgrounds e.g. Teredolites, made by boring animals.

Fossilized Teredolites borings,
in Coastal Plain coals of the
- Cretaceous Ferron Sandstone,
Teredolites borings, in log along Brazos Utah

Delta coast

[ o
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Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Bored fossil wood in marine-
influenced channels in point bars of
the Ferron Sandstone, UT.

Back to Trangressive surfaces

Razor sharp contact between shoreface sandstone and overlying
marine mudstone. Posey Allomember, Belle Fourche Member,
Frontier Formation, Wyoming, Cretaceous.
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Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Posey Sandstone - Frontier Fm.

no pres

Marine MUdstones

&

Vertebral element from
Marine Plesiosaur Tail.

Lag material at
top of Posey
Sandstone

Marine Ophiomorpha
~ fragment in coarse
. sandstone
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Short Course

Cretaceous Panther Tongue
Delta, Utah

Facies - Transgressive Lag

o A

Delta is top-

truncated, no
preserved paralic
topset facies.

1Y
amgag R i
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Short Course

2nd Frontier Sandstone, WY

|50m

Gradationally- Sess
based, top-
truncated,
upward
coarsening
facies
succession,
interpreted as a
shoreface.

2nd Frontier Sandstone, WY

Cross-bedded pebbly sandstones overlie erosion surface.
Pebbles concentrated from scattered pebbles in underlying facies.
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Sequence Stratigraphy
Short Course

Burrows were |
filled with [
pebbles and
sand following
trangression
of shoreface.

Part 5: Contacts & Key Surfaces

A gallery of branching
Thallasinoides
burrows forms a
Glossifungites
Ichnofacies.

Flooding surfaces

Flooding surface (FS)

transition from sandy to
muddy facies.

10cm

Angular discontinuity

forms ...

Transgressive Surface
of Erosion (TSE)

marked by abrupt vt .

DL

Tosum

TSE and FS AT
may be LR

unresolvable

onwelllogs '
=
......... W
o

-----

Bhattacharya, 2007

126

35



Sequence Stratigraphy Part 5: Contacts & Key Surfaces
Short Course

Transgressive Surfaces

Ravinement Surfaces

» Also called a Transgressive surface of Erosion.

+ Tens of centimeters to tens of meters can be eroded.

» Erosion caused by shoreface retreat.

» May be associated with development of a firmground trace fossil
suite (Glossifungites).

+ Sediments transported seaward and landward, forming
trangressive lag or relict sand body.

* Younger erosion surface can modify older sequence boundary

- termed Flooding Surface/Sequence Boundary by Exxon (FSSB).

Transgressive Surfaces

Flooding Surfaces

* Think of this as a more “passive”.

+ Commonly have little erosion.

+ Can include offshore areas where water depth simply increases
(deepening surface).

* May be of local extent (minor flooding surfaces).

» Hardcore Exxon literature does not distinguish ravinement from
flooding (e.g. Van Wagoner et al., 1990).

+ Hierarchy of flooding surfaces includes minor and major flooding
surfaces.

» Also referred to as marine flooding surfaces.
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Short Course

Lowstand System Tract

« Definition

— The lowstand systems tract overlies the “sequence boundary”
(includes correlative conformity).

« Distal lowstands overlie correlative conformities.

Relative Sea Level

Shallow
Incised
B) Valleys

wWave
Erosion

Distal Lowstand Shoreline

Sediment Eroded .~ hn i TR e i " T
by Shoreface
Wawve Action

. Merged :
Posamentier and Allen, 1999 Transgressive Standes Casn

Surface and Isolated Shoreface
Sequence

Boundary

Correlative Conformities

Let’s remove the proximal facies (a common
problem in foreland basins)

Ay

: Relative Sea Level I

Shallow
Incised
B) Valleys

wWave
Erosion

Can you still distinguish I
distal lowstand facies "&
if proximal portions of pre—— s

baSIn are mISSIng') Isolated Shoreface
128
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Short Course

Correlative Conformities

Let’s remove the proximal facies, a common
problem in foreland basins

Ay
w
Shallow
Incised
B) Valleys

wWave
Erosion
b

Good luck picking the correlative |-~ | |

conformity! ——

Stranded Basin-
Isolated Shoreface

Surface and
Sequence
Boundary

Transgressive Surfaces

Maxiumum Flooding Surfaces

Surface associated with the time of peak transgression.
Commonly associated with a condensed section.
May be very difficult to pick.

There may be several scales (hierarchy) of maximum flooding

surface.
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Short Course

Part 5: Contacts & Key Surfaces

Another Slug

CORRELATIVE
(SEQUENCE

CONFORMITY
3 BOUNDARY)

=]

UNCONFORMITY

DIS

Haq et al., 1987 Bl IN GEDLOGIC TIME

CORRELATIVE CONFORMITY
({SEQUENCE BOUNDARY)

Condensed Section:

FRTBNE 60770 BTHE BTG

Dunvegan Fm., Alberta

Condensed
sections, mfs
somewhere in

Plint, 2000

]
[

L

DTG SSTECHs MG h e re !
TG (BN
S
N ?f ., } o peeh ?ESMK‘W#W SAEHTH L8NS
50 4 bl
e gl 2 n o
Mg [
R %I- i, : \;i ST
) L AN " 0 %:‘r\-'\{ ?Sf !
»A l 7?‘??;: ; gf i F:F\S;C’t‘it?:g’
=N NN :j % SN |
Ruks \‘-. - LT j% _(\:\5 | [ Z:? e _:If
L I L/ DG T i \\ii "‘L‘ il
DA | j\M A 73’*&5
i T i \
sl 2] |
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Short Course

Subsurface Stratigraphic Methods
Lithostratigraphy vs. Allostratigraphy

» Lithostratigraphy

— Correlation of similar lithologies and the consequent packaging of
rocks into litho-stratigraphic units.

— Contacts may be highly diachronous.
— Formal designations include groups, formations, and members.
» Allostratigraphy
— Packaging of rock units bounded by stratigraphic discontinuities
(bounding discontinuities).
— Based on correlation of chronostratigraphically significant
surfaces through rocks of potentially varying lithologies.

— The bounding discontinuity must be a mappable surface.

Subsurface Stratigraphic Methods
Lithostratigraphy vs. Allostratigraphy

+ Lithostratigraphy
— Correlation of similar lithologies and the consequent packaging of rocks into litho-
stratigraphic units.
— Contacts may be highly diachronous.

— Formal designations include groups, formations, and members.

WEST EAST
HE B.C B.CJAB DUNVEGAN PLAINS

DUNVEGAN LITHOSTRATIGRAPHY
KASKAPAU FM,

TUROHIAN

2MND WHITE SPECKS

LA BICHE FM,

SHAFTESHURY FM,

CRAUISER FM.

FISH SCALES

(Singh, 1983}
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Bhattacharya, 2007

Short Course

Part 6. Subsurface Methods

Subsurface Stratigraphic Methods
Lithostratigraphy vs. Allostratigraphy

| W Doe Creek Marker

Kaskapau

Dunvegan

<f——— About 200km —————

Bhattacharya, 1993

Subsurface Stratigraphic Methods
Lithostratigraphy vs. Allostratigraphy

Lithostratigraphy =~ Allostratigraphy

WEST

MEBC BOMS  owweaan e i

DUNVEGAN LITHOSTRATIGHAPHY
KASKAPAL FM.

TURDNIAN

CEMOMANIAN

SHAFTESDURY FM.
CRUISER FM.

FISH SCALES lid Bhattacharya, 1993

Allostratigraphy

— Packaging of rock units bounded by stratigraphic discontinuities (bounding
discontinuities).

— Based on correlation of chronostratigraphically significant surfaces through rocks of
potentially varying lithologies.

— The bounding discontinuity must be a mappable surface.
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Short Course

Subsurface Stratigraphic Methods
Allostratigraphy vs. Sequence Stratigraphy

* Formal way of defining and naming discontinuity-bounded rock
successions.

» Does not place particular emphasis on which type of
discontinuity should be used as the "fundamental”
stratigraphic break.

* May include unconformity-bounded depositional sequences
(Mitchum, 1977) and flooding surface bounded genetic
stratigraphic sequences (Galloway, 1989).

— Sequence Stratigraphy is a subset of Allostratigraphy (sort-of).
+ Generic method of defining and naming discontinuity-bounded

rock successions emphasizing mappability rather than origin in
the context of sea level change.

Subsurface Stratigraphic Methods
Value of Allostratigrapic Approach

* Formal way of defining and naming discontinuity-bounded rock
successions.

» Does not place particular emphasis on which type of
discontinuity should be used as the "fundamental”
stratigraphic break.

* May include unconformity-bounded depositional sequences
(Mitchum, 1977) and flooding surface bounded genetic

stratigraphic sequences (Galloway, 1989).

+ Generic method of defining and naming discontinuity-bounded
rock successions emphasizing mappability rather than origin in
the context of sea level change.
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Subsurface Stratigraphic Methods
Methodology

. Evaluate previous work and regional seismic and well log data.
. Establish depositional facies to determine correlation styles.

. Identify Facies breaks which mark bounding discontinuities.

. Establish facies correlation lengths from closely spaced data.
. Expand correlations to larger scale.

. Correlate sandstone bodies last.

. Map sandstones.

0 N O g A WON =

. Make time stratigraphic charts (Wheeler diagrams).

Subsurface Stratigraphic Methods
NMethodology

+ The methodology described next can be applied regardless of whether
you are a sequence stratigrapher or an allostratigrapher.

+ The methodology applies to well logs, cores and (to a lesser degree)
outcrop studies.

* The methodology should be useful regardless of who you work for.

* In a later lecture | will discuss the merits of allostratigraphy versus
sequence stratigraphy, but many people do not agree with me here,
although some do!

— Key question to ask is does it make any difference to how I correlate the data
or what prediction | will make?
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Short Course

Methodology

1. Evaluate previous work and
regional seismic and well log
data.

— establish basin-scale
paleogeography, age, and structure.

DEPTH — KILOFEET

TIME — SECONDS

i
2k

[~ TC——— B L Vail et al., 1977
— ; L] 5 MILES

Methodology

1. Evaluate previous work and regional seismic and well
log data.
— orient cross sections along depositional strike and dip

RANGE
5 1|26 20 15

dIHSNMOL

Bhattacharya and Walker, 1991
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

IMPERIAL
= SPIRIT RIVER #1
[e]
= H z |
= spiritense -';§
Methodology HE = ‘
. Z pacalis
1. Evaluate previous work and 2 e
regional seismic and well E ' |
log data. 2 )

« Integrate paleontological data | 3|3
other available bio- or chrono- g & § | §
stratigraphic information. Sla g

> 0 o
o |
31% |
mi Barren
m |
— 5 |.r'|sn :
'b_ § ! E | mani |
=" =
= Bhattacharya, 1994

Methodology
2. Establish depositional facies (cores, well log)

to determine correlation styles.

Fluvial facies of
the Morrison
| show relatively
horizontal
mudtone beds
with flat-topped,
erosionally
based channel
M belts.

Outcrops provide key insights into how facies are organized.
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Short Course

Subsurface Stratigraphic Methods
Methodology

2. Establish depositional facies (cores well logs) to determine correlation styles.

Marine facies of
the distal
Blackhawk show
upward-
coarsening
sandstones beds
capped by
regional flooding
surfaces that dip
subtly seaward.

14 e A
i ¥ %
- g

|

Subsurface Stratigraphic Methods
NMethodology

2. Establish depositional facies (seismic) to determine correlation styles.

~0
e i
=== = = K= o e
= Kz~ B2 5 3
s e ==t " =
o : B |
9 7 ed ==l
g o~ "=
8 e T o s B
7] ' o
| 0 TR o -2
E
=] 112613
5 |
[ |
G- J v i Az
0 5 KM Vail et al., 1977
| —
0 5 MILES

Seismic data show that surfaces dip seaward in marine units.
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Short Course

Subsurface Stratigraphic Methods
Methodology

2. Establish depositional facies to determine correlation styles.

Marine facies of
the Ferron show
upward-
coarsening
sandstones beds
capped by
regional flooding
surfaces that dip
subtly seaward.

Subsurface Stratigraphic Methods
NMethodology

2. Establish depositional facies to determine correlation styles.

PiodeltaiMudstones

Beds within Ferron delta front dip markedly seaward.
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Short Course

Subsurface Stratigraphic Methods

Methodology

2. Establish depositional facies to determine correlation styles.

Marine facies of
the Posey
sandstone show
upward-
coarsening
sandstones beds
«| capped by

| regional flooding
| surfaces. Beds
within delta front
i dip markedly
seaward.

Methodology

3. ldentify facies breaks which mark
bounding discontinuities.

Sharp sandstone
| top marks marine
.| flooding surface
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Sequence Stratigraphy
Short Course

Part 6. Subsurface Methods

Bounding Discontinuities

+ Erosional lags
— bases of channels and channel belts.
— Mud-chips.
* Truncation
— bases of channel belts or incised valleys.
— May be seen on seismic data.
+ Exposure surfaces
— Paleosols, mudcracks.
* Flooding surfaces
— Coals.
+ Condensed sections
— widespread lacustrine mudstones

+ Commonly used as Reservoir Model Layers

Methodology

Angular Unconformities
— Truncation

Bhattacharya, 2007 140
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Short Course

Methodology

3. Identify Facies breaks which mark bounding discontinuities.

| Pebbly sandstone
e 120S Marks
a4 flooding surface

Well Log Stratigraphy

DOME LATOR Shale ¥
3-20-622W5 |

Flooding surface——p Sg

NVAYHS R

Marine
Sandstone
+ Core data

allow

sedimentary

facies and well

log patterns to L e
be calibrated. Non-Marine |

R Rooted |
Sandstone

NYOFANND

e

AWNBEILAVHE

-—-I-\_ll.__ e

\
=yl

Bhattacharya, 1993
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Short Course

Part 6. Subsurface Methods

Well Log Stratigraphy

DOME LATOR
3-20-622W5

NVAYHS R

+ Core data
allow
sedimentary
facies and well
log patterns to
be calibrated.

NYOFANND

AWNBEILAVHE
e
]

Marine
Shale

il Flooding surface————p .:‘ -
8 / Marine &
| e Sandstone [§

laminated
mudstone

Methodology

3. Identi

ify Facies breaks which mark bounding discontinuities.

2

Cretaceous Buck Horn Conglomerate, Utah

Conglomerate
marks sudden
increase in energy.
Possible erosional
disconformity.
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Sequence Stratigraphy
Short Course

Part 6. Subsurface Methods

Methodology

3. Identify Facies breaks which mark bounding discontinuities.

Shallow water
sandstone
erosively overlies
prodelta
mudstones.

Cretaceous Dunvegan Fm., Alberta

Methodology

Base of major channel/valley

MES
e THANSGRESSION

il

\

ngn= maring
ehannal il

FLUVIAL-DOMINATED

# NOIS5300NS S§313va

DISTRIBUTARY
i . -:EMSES
Omatars=iy
Bhattacharya, 1991 Cretaceous Dunvegan Fm., Alberta
Bhattacharya, 2007
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Short Course

Subsurface Stratigraphic Methods
Methodology

Sequence boundary marks base of major channel/valley that feeds a lowstand delta.

R_:\_f{ SGRESSION

]

non= maring
channel fiil

FLUVIAL-DOMINATED
DISTRIBUTARY

NOIS5300NS S313Wa

-
L

\
- gt
A dses
maring

— Bhattacharya, 1991

Cretaceous Dunvegan Fm., Alberta

Methodology
4. Establish facies correlation lengths from

closely spaced data.

* Outcrop data.

Statistics on sizes of depositional elements.

Overlapping
marine
sandstones,
Frontier Fm.,
Wyoming will
affect regional
correlation of
sandstone
bodies.
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Short Course

Methodology
4. Establish facies correlation lengths from closely spaced data.

— Use outcrop analogs.

Dipping Ferron
Delta front
sandstones
extend laterally a
few hundred
meters from top
to base of
sandstone body.

< 3
Bij Hewn Sheep Canyon 2
NWNE Sec 17
E T205 RITE

Methodology

4. Establish facies correlation lengths - -
from closely spaced data. e "
— Use outcrop analogs. T
— Note closely spaced outcrop sections =T (_Eﬁ‘,h\ = G
look similar. Pl S M
T o gt
T T
I -
B S =
Book Cliffs sections <1tkmapart | % g S P
(Van Wagoner 1995) ~—3 _T%;_ — T?
i |
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Short Course

Methodology

* Note sections shows more change with distance

28
1 Joep Trail
Twscher Canyon NENW 5ec. 2
SWNE Soc R T215 R20E
Methodology
Ruck Tongue I e

Flooding Surfuce

L]
i

4. Close versus widely spaced data

e
et
LC;nI(;a:.i ;'"
- - W SLArS .
¢ Book Cliffs sections 100km Seypence
apart.
*  How would you correlate b
these? _1 1
¢ Woould you correlate these? | Desent

Systems
Tract

¢ Should you correlate these?

Van Wagoner (1995)
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Short Course

Book Cliffs Stratigraphy

Van Wagoner, 1995

Subsurface Stratigraphic Methods
Methodology

4. Establish facies correlation lengths from closely spaced data.

— Focus in producing fields, twinned or horizontal wells.

RANGE
26

Wells are closely
spaced in
producing fields.

Ask yourself: Is
it rational to
correlate this
specific layer
across this

55 distance?

dIHSNMOL

."\_,__. - b L i 11— | 51
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Part 6. Subsurface Methods

Sequence Stratigraphy
Short Course

|
|

ﬂwﬁis -
ﬂvw, tiv\ \ \\

(RS S435TH 2885608
St
.;‘?‘j:y

i
3%
!

}.\y \\ /

Plint, 2000

hy

fﬂo\?:.i f!uﬁ/

NS AN 2060
[t

TG (50
S,

[HEHID s
L]

%ﬁ»@f\m\b =

DRTEMG S5TEERS 3NN
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GUTHIE BTHE OTHEN

A
c @
(] ]
—— =z
® g
3] 2
c
=] H
S
- 5
—_ H
E
E
£
2
-
T =
14 00C

Dunvegan Allostrat

Correlate everything that you can.

Loop tie.
Interpret lapout.and strata

McCallum, 1977 in
Mitchum et al., 1977

5. Expand correlations to larger scale.

148

Plint, 2000
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Subsurface Correlations

Cretaceous Milk River - Anderson member O’Connell et al., 1995

Note Level of correlation detail
in Outcrop Sections

Van Wagoner, 1995
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Subsurface Stratigraphic Methods
5. Expand correlations to larger scale.

* Interpret lapout and stratal truncation.

Stratal lapout cannot be seen directly.

You must interpolate between wells.

You MUST use geological concepts and models to correlate.

+ Autocorrelation programs have a very difficult time with geological

concepts.

You must be model driven but the trick is to pick the right model!

Use multiple-working-hypotheses.

Correlation Methodology

+ Correlate key markers within the mudstones
first.
— Mudstones record the most amount of time.
— Mudtones provide key environmental information.
+ Correlate sandstones last

— Fit sandstones in between mudstones.

Bhattacharya, 2007 150
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Subsurface Stratigraphic Methods
Datum Rules

+ Beds may be smooth but are rarely flat.

— Maybe flat in fluvial systems.
+ Datum can distort the actual stratigraphic relationships.

* Use multiple datums to show accurate stratigraphy.

i { = Tl
Ny
Fobrre ST

:f ngﬁffes"blutiﬁn-'se,ignjc Iine,;ffis:l{z;;é Rhone shelf, i\h}editéﬁrénéa? iTeséoﬁ etal.
Fisi g a 2oy X — | ! e -

Subsurface Stratigraphic Methods
Datum Rules

 Compare well log stratigraphic architecture with seismic
analogs.

Modern Rhone shelf Cretaceous Dunvegan Fm., Alberta Subsurface

Bhattacharya, 1993
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Short Course

Datum Rules
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Short Course

NE

Offshore bar model Tillman and Martinsen (1987)

| . Cody Shale

* Various interpretation of e ) O |
Cretaceous Shannon
Sandstone reflect
diffferent choices of
datum!

Datum Rules s:;mnou SUBSURFACE MODELS

-+——100 ft —=

Datum: Base of Shannon |

Lowstand shoreface model Bergman (1995)

Incised-valley fill model  Sullivan and others (1995)
Datum: Top Shannon
, R

W IISses er

~——100 ft—= & ~——100 ft—»

<«———15,000 ft ——————»

Note Parasequences dip
landward and seaward

Van Wagoner, 1995
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Short Course

Note Parasequences dip
landward and seaward

Van Wagoner, 1995

Note Parasequences dip
landward and seaward

Top Datum distorts stratigraphy
Actually most datums distort stratigraphy

Van Wagoner, 1995 (This is an outstanding cross section, | am
just pointing out how datum choice distorts stratigraphy)
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Short Course

Consequence of picking
lithostratigraphic datum
®©

CHAONOSTAATIGRAPHIC CORRELATION PARASEQUINGE
Rl it SET snpary

= COASTAL PLAIN SANDSTONES [ R

AND MUDSTONES MUBSTONIS

[ feaowsns WEL
SANDSTONES LOCATONS

1 PARASIGUENCE NUMBER

___.---——u
——--I“—___.___

LITHOSTRATIGRAPHIC CORRELATION

Figure 17—Comp of (A) ch igraphi lation and (B) litk igraphi lation styles:

progradational parasequence set. [
Van Wagoner et al., 1990

Well Log Stratigraphy

Ground Elevation =
1000 Feet Above Sea Level

+ Typically well logs are “Hung” on
either a structural or stratigraphic
datum.

500 Feet Above Sea Level (+500)

Sea Level (0)

500 Feet Below Sea Level (-500)
How Datums Work

Structurally hung cross section.

|
.
o
T
4
o
=4
2
8
i

—-100

|
&
Feet Below Sea Level
ic%20C)

ll

by 7
) " Structure Datum=500 Feet Below Sea Level|

http://www.abix.

A structural cross-section.
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Methodology

7. Map sandstones and explore for your
reservoir.

Bhattacharya, 1991

Subsurface Stratigraphic Methods
7.Map Sandstones

* Map anomalies may require revision to correlations.

» Stacking patterns are best seen in map view.

* Channel and channel belt patterns may be observed directly in
3D seismic data.

+ Map may depict “fairways” rather than channel belts or
channels.

+ Be aware of scale of feature that you map compared to
reasonable estimates of channel-belt width and thickness.

Bhattacharya, 2007 156
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Sequence Stratigraphy Part 6. Subsurface Methods

Short Course

|A) STRATIGRAPHIC CROSS SECTION

Optional

Step

8. Make time
stratigraphi
c charts “10
(Wheeler ; g
; £ SUBAERIAL HIATUS B— . pLs— S
diagrams). S ‘-;-.. e ﬁc“‘r"--_f—ﬂ"(%%"’ CONDENSED SECTION (CS)
= _ _EROSIONAL HI =P julamn :
O e\ N — et b
==— (S MAXIMUM SUBAERIAL EXPOSURE
20| e ;-_.@?' OLS
B auuviaL AN [T cOASTAL PLAN [T ] NEARSHORE FINEGRAINED MARINE
[1] SEQUENCE BOUNDARY TYPE DR AGE 1a SEQUENCE IDENTIFICATION 0LS DOWNLAP SURFACE
Vail et al., 1984

Subsurface Stratigraphic Methods
Last Optional Step

8. Make time stratigraphic charts (Wheeler diagrams).
— Helps find anomalous correlations.

— Can be compared with other chronometric data (magnetostratigraphy,
biostrat, sea-level curves).

Millions of Years

Bhattacharya, 1994
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Sequence Stratigraphy Part 6. Subsurface Methods
Short Course

Subsurface Stratigraphic Methods
Methodology Conclusions
1. Evaluate previous work and regional seismic and well log data.

- Integrate biostrat.

2. Establish depositional facies to determine correlation styles.

- Use outcrop or seismic analog data.
3. Identify facies breaks which mark bounding discontinuities.
4. Establish facies correlation lengths from closely spaced data.
5. Expand correlations to larger scale.

- Focus on mudstones.
6. Correlate sandstone bodies last.
7. Map sandstones.

- This is relatively easy if correlations are good.

8. Make time stratigraphic charts (Wheeler diagrams).
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Sequence Stratigraphy Part 7. Base Level Concepts
Short Course

Erosion & Deposition
Aggradation versus Degradation
A
» If sediment discharge (Qs) varies

along-stream either erosion or -

deposition is taking place as long

as sediment has no other way of

entering the system. '

* This is commonly controlled by a . :
change in slope (changes bed '
shear stress). —

— Deposition is favored by

decreasing slopes.

— Erosion is favored by increasing 1

Sediment transport over the reference area. A: Sediment is
slopes. being added to the flow from the bed somehow, so there's

net erosion. B: Sediment is being added to the bed from the

flow how, 50 there's net it

(from Southard, 1993, unpublished notes)

Erosion & Deposition
Aggradation versus Degradation

» Decreasing water depth favors erosion on back of bedforms.
* Increase in water depth favors deposition in front of bedform
» Deposition is favored by decreasing slopes.

» Erosion is favored by increasing slopes.

water surface
— ——__'—'_._.'_—___—_\—__
Increasing U, 1 Decreasing U, 1
’- flow - = —
Erosion Deposition

zone of intense turbulence

ripple or dune
separation vortex

Flow and sediment transport over ripples and dunes.

Bridge, 2003
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Short Course

Shear Stress

* Reflects the downslope resolution of pressure
* The steeper the slope, the higher the shear stress.
— Flow can do more work.

Pressure = vh

T

: .

(1)v.=yhsing
S =Slope=H e
Y E ¢
L = Length
Erosion & Deposition
Base level

» Stratigraphic Base level
— Imaginary surface that separates erosion from deposition.
» Systems tend towards an “equilibrium” profile.
— Graded river profile
— Graded marine shelf
— Angle of repose
» Large and small-scale change in the profile can result in
deposition or erosion both locally and regionally.
»  Geomorphic base level:
— The lowest level to which the land surface tends
— Approximately sea-level
— Implies a flat surface
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Short Course

Sea Level Concepts

+ Eustasy
— Absolute
Change in sea- Atmosphere
level
. Ocean
* Relative Sea- aratma
level

— Relative change
compared to a
datum Subsidence

Center

of the
Earth

Graded Profiles

Base level \

+ Examples of “equilibrium” i} .

profiles. ®
— Graded river profile ;‘ \
. 7\
— Graded marine shelf Ty
— Angle of repose &H\xm\‘::::ﬁ____
©
RS P,
== - _f{:/:u:u_:;:.__r_ AAAAAAAA — 5L,
p/j T “_—_—_\ sL

Fig. 1. Graded profiles. (A) the Gilbert-Mackin profile
(steady-state equilibrium); (B) the Davis profile (dynamic
equilibrium); (C) the Davis profile regraded in response to
a sea-level fall.

(from Thome & Swift, 1991, p.3s)
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Short Course

Erosion & Deposition

Nickpoints

» Erosion commonly occurs at a break in slope, especially if it
becomes exposed.

» The point at which this type of erosion occurs is called a “nickpoint”.

Erosion Equilibrium Fluvial Aggradation

ﬁ‘ew
base
level
Nickpoint )
Posamentier and Allen, 1999
Evolution of Nickpoints
Nlckpomts e85
e___'_,,_.- e "( \
™~ et et g SEA LEVEL
Headward erosion may o ‘\%ﬂ “%f"\
occur following a drop in (7 I

relative sea level.

+ This may form a gullied
slope.

» Gullies may later connect
with trunk stream or river,
forming an incised valley.

* Gullies may fill with mud
during transgression.

* Nickpoints can also form in
the submarine environment.

Figure 3—When sea level falls and exposes the shelf
break, (A) the main stream incises and a knickpoint
begins to migrate upstream. Additional knickpoints
also form and (B) erode in the headward direction,
forming new drainage systems on the previously sub-
merged shelf. Continued headward extension inter-
sects the pre blished fluvial sy and (C) cap-
tures it by providing a stecper more efficlent course to

he sea.
‘ Wescott, 1993 }
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Short Course

t Coulee Deltn Posamentier et

+ Gully erosion occurs at break in slope.
+ Deposition occurs where slope flattens basinward

Nickpoints

-
- )

LT Pt

+ Gully erosion occurs at break in slope.

» Deposition occurs where slope flattens basinward.
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Short Course

Erosion & Deposition

Nickpoints

Posamentier and Allen, 1999
Possible Incised Valley Locations

Highstand shoreline
Lowstand shoreline

+ Gully erosion occurs at breaks in slope.
+ Several nickpoints may occur along a river path.

Modern
ravinement

* A diachronous
surface Minor erosion Periadi;%eposmon

* May erode up to
40m (Leckie, 1994).

« GOM ravinement
averages 9m.

* May “replace”
sequence
boundary.

15

5 10
Distance (Km) —~—RSE
After Kraft et al (1987) ~TSE
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Short Course

Formation of a Ravinement Surface

iy weune Regression

Progradation

Ravinement surface in
Gironde Estuary has
lots of space between

<.'Z Shoreline Transgression cobbles for animals to
= 20N : - burrow.
““"‘-‘._ s o %

\ : Transgressive

"Healing Phase"

Ravinement Surface with Giossfungites Ichnofacies

After Posamentier and Allen, 1999

Erosion & Deposition
Accommodation/Accumulation

* Accommodation

— The space available for sediment infilling.
— The shape of the space can change.

— The rate at which space is created or destroyed can change
* Accumulation
— The sediment that fills the space.

— Largely controlled by sediment supply.
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Sequence Stratigraphy

Short Course

Erosion & Deposition

Concepts

» The sedimentary/stratigraphic record is largely dependant on:

— the size, shape, and rate at which accommodation increases or
decreases,

— the availability of sediment to fill that space (sediment supply).
» Accommodation is primarily controlled by:
— changes in the volume of the oceans (eustasy),
* As long as basin is linked to the sea!
— changes in tectonic subsidence and uplift,
— compactional subsidence.
* Physiography also controls accommodation:
— Shape of the land surface,
— Slope.
+ Sediment availability is largely controlled by relief and climate.

Accommodation vs Sty

R

Sediment Supply  Trem,

« Basin fill patterns
reflect Sediment
Quantity (Q) and
Receptor Value (R).

* Now known as A/S

ratio.
. F16. 1.—Process variables of stratigraphic models
- Accommodatlon considered. ), represented by endiess belt which may
. run at varyving rates, is guanfity of clastic material
versus Sedlment supplied to depositional site. R is the receptor value of

the depositional site, the space below baselevel created
S I by subsidence (indicated by cross-hatching). ID repre-
Upp y sents dispersal which tends to remove material from
depositional site. M, malerials supplied, is assumed to
he of unvarying composition and texture during opera-
tion of each model. In upper diagram () is less than K;
I} is effective in removing material from depositional
site. In lower diagrams, D is inefiective and the shape
of the resulting accumulation of sediment is function
of () and K.

Part 7. Base Level Concepts

Sloss, 1962
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Accommodation )
S TRANSGRESSIVE
Vs
Sediment Supply
Iﬁ ..? % RETROGRADATIONAL
- - 5 w -
+ Basin fill patterns Zz%
z 23 AGGRADATIONAL
reflect 285
accommodation T '
versus EH
accumulation 7
ratio.
T PROGRADATIOMNAL
7
Drepostional Architectures as a Function of Accommaodation Volume & Sedimentary Supply
fraam Emery, 15 after Galowsy, | 585}

Sequences and Sea
Level

» Stratal patterns
relate to
changing
accommodation
and relative sea
level curve.

Posamentier and Allen, 1999
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Part 7. Base Level Concepts

Sequences and Sea
Level

» Stratal patterns
also are
influenced by
changing
tectonics.

Posamentier and Allen, 1999

Time 1

Time 2 ~._

Time 3 . _

Tima &

Time 8
1 E—

Tectanic
Hingepaint Subsidence

Tectonic 1
Hingepaint Subsidence

“Forced Regression”
—-

l Subsidence

Transgression
-—

= 8riNe erosion

D Fluwial mudstones I:I Offshare shales
I:l Flusial channel I:I Easin-floor sediments
I:l Shoreline sandstones

%5 — Pegressive surface of

Shoreline Trajectory

choreline
Trajectary

# Direction of zea
lewel change

Gijellberg and Helland-Hansen, 1994

Bhattacharya, 2007
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Trajectory Examples

* Prudhoe Bay - Subsurface
* Ferron Sandstone - Outcrop
* Forced Regressions

Arctic Ocean PrUdh_Oe
Bay Field

50 Miles
b

Tye et al., 1999
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Part 7. Base Level Concepts

* Purpose
— Improve models fo
lower-most deltaic
strata for infill drilling
and secondary

Tye et al., 1999

Area and Purpose

recovery (waterflood).

South

Tye et al., 1999

Remaining Qil
»xﬁ\\\\

Cross Section

North

Original Gas Cap

not te saale

Bhattacharya, 2007
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Short Course

Romeo Lithostratigraphy

ARCO "Old Picture"

North South
S, S. Bay St #1 04-10 09-05 03-27 03-06 17-01 17-04
S
< 4 T _ R RS
SN ) .. i 5 i T ’T
?u & LDalum}—-f ‘7 H e ; e E 4 J_
o2
|:|2A D1B [:I1A 2 Miles
Tye et al., 1999
L] L]
WELL 9-06 Vertical Facies
Gamma . Core  Resistivity b ._‘. e = 0 - s
‘-fj‘fj
— .(\:_‘- -
g
e
e
= 3
1|2 k.
)
P
?

o
¢
= s
: £ \f J
| IR
Datum - 4 .
I [ | S
e\ Vi
=i a7
b 5

Tye et al., 1999
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Part 7. Base Level Concepts

Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO
DS 15
GRAIN SIZE
oy 4
7 [wbre—2,  E FACIES
i . ASSOCIATIONS
I CFL
N 2B
G SFL
(o]
FLOODPLAIN
2A e SPFL
R SFL
o]
M DCHAN
E BAY
o 1B
DCHAN
DMB
1A DF
KAVIK PRODELTA
Tye et al., 1999

Upward
coarsening
succession
reflecting
superposition of
fluvial over
deltaic.

Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO
DS 15
GRAIN SIZE
i
MM SR ‘Iﬂ oCar FACIES
L ‘I' ASSOCIATIONS
I CFL
N 2B
G SFL
(o] R C— |
FLOODPLAIN |
2A iy SPFL
i 3
R SFL
o]
M DCHAN /
5 1B BAY /. !
DcHAh/
MB
1A DF
KAVIK PRODELTA
Tye et al., 1999
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Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO |
DS 15
MM SR FACIES
. ASSOCIATIONS
1 CFL
N 2B
G SFL
o]
FLOODPLAIN
2A SPFL
R SFL
o]
M DCHAN
(E} 1B BAY /.
DCHA
DMB
1A DF
KAVIK @HSTR | PRODELTA
Tye et al., 1999

Vertical Facies

FACIES ASSOCIATIONS IN THE ROMEO ‘

DS 15

GRAIN SIZE

pobaie

GAMMA B4

|vedkre e

Log L P ,ussf)&:ﬁsgoﬁs
1 CFL
N 2B
G SFL
o]
FLODDPLAIN
2A
R
O |
M |
E
o |1B /
1A
KAVIK 53 PRODELTA

Tye et al., 1999
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Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO
DS 15
GRAIN SIZE
AN A | FACIES
L ASSOCIATIONS
T
A
N 2B
G
(o]
FLOODPLAIN
24
R
o]
M
E
o 1B
1A
KAVIK PRODELTA
Tye et al., 1999

FACIES
ASSOCIATIONS

CFL

PRODELTA

Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO
DS 15
GRAIN SIZE
e
I —
g P
T
A
N 2B
G
o]
2A
R
(8]
M
E
o 1B
1A
KAVIK
Tye et al., 1999
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Vertical Facies

GAMMA B4
LOG

FACIES
ASSOCIATIONS

2B

on=Zx-

2A

omE0o®D

B

1A

KAVIK
Tye et al., 1999

PRODELTA

Vertical Facies
FACIES ASSOCIATIONS IN THE ROMEO
DS 15
GRAIN SIZE
{itirs
GAMMA BA Y |-an i
Foe e . ASSOOATIONS

I CFL
N 2B
G
o]

2A
R
0
M
E
o |1B

1A
KAVIK PRODELTA

Tye et al., 1999
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Romeo Genetic Stratigraphy
ARCO "New Picture"
North South
8S. Bay St#1  04-10 09-05 03-27 03-06 17-01 17-04
E 1 [ J1 1 x| Tl
£ g < ' ‘
o s NES il
ELLW'—% T S NN R
[ Fluvial [ Deltaic [ Floodplain [ Prodelta/Shelf e
Tye et al., 1999
Romeo Genetic Stratigraphy
ARCO "New Picture"
North South
8S. Bay St#1  04-10 09-05 03-27 03-06 17-01 17-04
E 1 [ J1 1 x| Tl
RAP.S HARN)
E| s il S8 4 |
T ] N { =
LS { § E:
I NEASS A ol ims %g ; : 12
3LLWL"_ s g e | ML
[ Fluvial [ Deltaic [ Floodplain [ Prodelta/Shelf e
Shoreline trajectory is positive and then negative. Floodplain mudstones
build-up behind aggrading shoreline during positive trajectory. Tye et al., 1999
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ARCO "Old Picture"

Romeo Lithostratigraphy

Tye et al., 1999

North South
S S.BaySt#1  04-10 09-05 03-27 03-06 17-01 17-04
&
o R e e . i s
o . ik : T SIE
£ -
i <17
?E 4 LDalumL- > r ‘1 4 _L
s = ] = g A
¥
2 Mil
M 2A []1B [ 1A e

Bhattacharya, 2007

L]
Prudhoe Bay Cross section
North South
DFII!M‘
Floodplain D Distributary-#outh Bar/Delta Front
D Digributary Channel D ProdeitaShel! s w0 L] __2-!1 J’ﬂ‘_'_. _'i‘ﬂ(__
[ A B0 S0EEESEE
I EL LAy - oo
L= S.BAY ST o410 "'}_‘.’-_ My =TS F‘?F i Tt By | mm;&md
e e el TJE
GIRLIS. # GULL IS, #2 £ BAY ST. 0 r e ] Jlt ;_| S Asi bt -
Vet b g e - - . } Xeray Interval
i~ i H BT P e e -
b ) 1
W . : T : Jlll Tango Interval
e L =EE i b 1 — Soquenco Boundary
130 by — - = o i s
123 _L - | ¥ = Kavik Datum
Tye et al., 1999
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Part 7. Base Level Concepts

Ferron Example

Ferron delta

complex
generally
builds to the
northeast.

Bhattacharya and Davies, 2004

X}
J) =
L)
CJ ‘Iﬂ
. )

"*._ San Rafael
. Swell
70

10+,
I:_ .
Mile

Ferron Cross-Section

e ety W Sorrge Wath fioes Canres
| I

a
E Garrison and van den Bergh, 2004 —_—
| [ tearmanine Sanawone [ Bracosn Baylagoonal Faces  ~--- Congensed Sechcn Depcsts

, . [ F1o0 Sancisiones [ Prosstanesrcre £S5 Corcensed Secion

3 ni o ] Zona 581 Soguonce Boundary Nataten

"o Ko " [ cou Zores £ Sequence Boundary FS1 Depositonal Sequence Nolation
[ Dsta Pain Facies NN Grown Fat = Maspined Sacton Posicn |
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Ferron Cross-Section

Garrison and van den Bergh, 2004 R b e
1 [ tearmanne sanasone [ Bracosn Baylagoona Faces

M [ F1o0 Sancisiones [ Prosstanesrcre
1
L E o - - Zona
i) PRk L] I oo Pores i, Sequence Boundary
Variable shoreline trajectory. | Bl ovaranraces N\ G

Quaternary Examples

 Well constrained Sea level curve.
« High resolution seimsic data.

« Some cores
— Platform borings
— Research cores
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* Known sea
level curve
based on
oxygen
isotope
record.

Gulf of Mexico

Sea level curve in the Gulf of Mexico
through the past 125,000 years

25
(&
o £ 5 Transgressive
13 System Trast
£ -2 a ¢
% 50 Leawstand
= b d Systems Tract
F 75
@ Highstand
100 4 Systems Tract
2
128 T T
o 58 100
Time {Ka)}

modified from ESPECM AP (Imbrie el al., 1684}

http://gulf.rice.edu/gulfmethods.html.

Isotope Stage 2

Isotope Stage 4 [

Highstand t

Lowstand

Lagniappe Delta, GOM

T T r
Pascagouia Fiver Sy W ®
3 1 woaie "4

/ey

o 1w
|

7 oters
Isnbaths in mitns beiow se vl
7 ® Consorum boring sites | _ BRI

iy !|"I

Roberts et al., 2004; Sydow, 200
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Lagniappe Delta, GOM

I 1k
S —— - — e || - | conventional Seismic

Wavelets

[60hz. 40hz 20hz.
*~J7o00ft/s 800Oft/s 10000ft/s

T

» Stratigraphic datasets calibrated against known sea-level curve.

» Provides high-res view of geometries and lithologic distributions within sequence
systems tracts on a siliciclastic shelf

» Bridges the gap between seismic stratigraphy and detailed reality of the rock record

» In Neogene paralic systems 4thto5t order eustatic and autocyclic (100ky-<1ky)
processes are what dominate reservoir stacking patterns and internal architecture at
the field scale. Conventional seismic strat is done mainly at the 34 order (1-2my)
scale

SrikeLine Data with core

Acoustic|*
Wipeout|.
- ] e, _ .
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MISSISSIPPI - ALABAMA SHELF STRATIGRAPHY
Lagniappe Delta - Dip Stratigraphy
Sydow, 2004 ESULERGE

=0m — PRESENT SEA LEVEL im

S8 - SEQLENCE BOURDA

TST- TRANSORESSVE SYSTELES TRACT
LST-LONSTAND SYSTEMES TRACT
FSST-FALING STAGE SYSTEMS TRACT

"] v T 0

100 50

Accommodation at the Shelf Edge

Landward Seaward

Rate of
Regression 5
1

1
\ Volume of

Total Marine
Accommodation
Just Seaward
of Shoreline

High

Rate of Relative
Sea-Level Rise

8

Shelf Edge Location
_'. g

Distance Seaward

At the shelf edge, accommodation becomes very large and systems can no
longer prograde, unless shelf edge is exposed by a sea-level fall (Posamentier
and Allen, 1999). Clinoforms will typically steepen toward the shelf edge.
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Inner Shelf Geometry

0 10 20km

— MFS (~Condensed Section)
— Ravinement

— SB Sydow, 2004

— Parasequence FS

D transgressive shoals, tidal inlet fills
D estuarine/lagoonal

] fiuvial

D delta front ss/shoreface ss

D prodelta/delta-front/offshore sh

Middle Shelf Geometry

0 10 20km

o) -
=

— MFS (~Condensed Section)
— Ravinement

— sB Sydow, 2004

— Parasequence FS

D transgressive shoals, tidal inlet fills
D estuarine/lagoonal

] fluvial

D delta front ss/shoreface ss

D prodelta/delta-front/offshore sh
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0 10 20km

MP303

Outer Shelf Geometry

— MFS (~Condensed Section)
— Ravinement SydOW, 2004

— SB
— Parasequence FS

D transgressive shoals, tidal inlet fills
D estuarine/lagoonal

] fiuvial

D distributary channel

D delta front ss/shoreface ss

D prodelta/delta-front/offshore sh
[ MTC (slump, debris flow)

Dip Stratigraphy

MISSISSIPPI - ALABAMA SHELF STRATIGRAPHY

Inner Shelf Middle Shelf Outer.Shelf

e
Tl

Sydow, 2004
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Inner Shelf o o soken Sydow, 2004 cerewe
om.; 1
Middle Shelf
(o]
2:3 %\\ f !
3
Outer Shelf MP303
— MFS (~Condensed Section) [ ] transgressive shoals, tidal inlet fills [_] delta front ss/shoreface ss
— Ravinement
— SB D estuarine/lagoonal D prodelta/delta-front/offshore sh
— Parasequence FS D fluvial D MTC (slump, debris flow)

2D Seismic Plan-view Mapping of Distributary Channels in
the Lagniappe Delta

2D seismic reveals
general delta lobe shape.
Internal details unknown. . "

= Kilomaters
T 08
~

Shelf Edge, +*
* 2

Py /L«euxﬂsm
atly

286 km

Detailed high-
resolution seismic
mapping reveals
higher-order
distributary channels
within the delta lobe.

Dscuned by
Miss. Delta mud lobes -~

Roberts et al., 2004
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Climate gradient
in the Gulf of
Mexico.

Differences in
rainfall and
drainage basin
areas allow
contrast of
seuence
development in
high versus low
sediment supply
systems given a
known sea-level

Gulf of Mexico

Bathymetry (m) ———__
0

500
ﬁm

Average Annual Precipitation (in)
Mississippi River 609 e
Drainage Basin
il
S

M’J e
@,60

history.
* Also some
differences in N\
shelf width. Gulf of Mexico LNl
From Anderson et al., 2004
Gulf of Mexico
* Known sea Sea level curve in the Gulf of Mexico
|eve| curve through the past 125,000 years
based on “7 ]
oxygen S | B I ity
isotope = AN
Iso E OWSstan
rec ord. E : 7] b d I:I gystetlf'lsdTract
T .5
@ Highstand
100 - 4 Systems Tract
-125 : T T
¢ 50 1H
Time {Ka)}

modified from ESPECM AP (Imbrie el al., 1684}

http://gulf.rice.edu/gulfmethods.html.
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Part 7. Base Level Concepts

Trinlty £
Sabllsly:a

\

LCentral

+ Sea level change.

EnsiTexas

Gulf of Mexico

Western
Louisiana

[ Ghannels and valleys
[F]Deltas

[™]Ercslon

2= Barriar bar sands

Legend
200

Kilometers

o Shelr muds
—

Highstand Systems Tract (5e-2)
Depositional Environments

» Sea level cha

Gulf of Mexico
nge.

Trinity #

3078 \ Sahine

25" o

EastTexas

\ 7

Westarh ;
A Loviziana

ESQ?

[incised valley Q) 200

] Daita ar Wedge

1 [ Slope Deposit Kilometers o
Lowstand Systems Tract (2)
i E Depositional Environments -
55 S.b b 9.4‘ b STZ b 9?3“ b a'a" b 8.6’ b
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Gulf of Mexico

+ Sea level change.

EzslTaxas
Trinity /
Sahine
o7

Weztem j Z
hal Lauisiana, % iy
O Lyisianzy

E=H 2and shoals

I Tidal hiels e L4 debas

L% Erastan [ meises valey a 200

] Banvier bar - P Delta or Wedga T

=) shelfmude  [E8] Channol il Kilometers "

Transgressive Systems Tract (2-1)
Depositional Environments

o
a0° ea° as°

26"

u L] L] L] L]
58 o6° a4° 92°

Brazos Lowstand

Ling RS3-51
South 1 LineG300X North[West Line G-90Y Eas
IR Sagedls
o -— nigﬁumﬁan

L

7

Stage 2 lowstand
reaches shelf edge in
the ancestral Brazos
Delta.

Two-Way Travel Time (ms)

g

Anderson, 2005
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Short Course

. Strike Section

WEST BRAZOS LINE R93-51 EAST

100
200

Early staga 3 =
Colorado Dalta 2

400

TWTT (ms)

sediment supply deltas reach shelf edge
during highstand, whereas low-sediment

1 P Tomsryse supply deltas don’t reach the edge until

stage 2 lowstand of sea level (Anderson,
2005).

Outer Shelf Geometry

progradational '\']!_:""‘E‘“'l ;
chinolonms
TS-1 center

/

unit 2 barrier

aggraded delta lobe
bottomset beds switching

100

- 200

two-way travel time (ms)

ve =~ 21x
—

one kilometer oL - — 300

progradational sigmond
clinoforms 10

{200

two-way travel time (ms)

Appalachicola Delta (McKeown et al., 2004)

189

Bhattacharya, 2007



Sequence Stratigraphy
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Part 7. Base Level Concepts

Strike Shelf Geometry

shell edge

unit 4

: -
. X 2
— onlapping

Kilometers wedges

Pensacola Shelf, Florida (Bart and Anderson, 2004

& two-way travel time

Gulf of Mexico

+ Slug diagrams along the
coast illustrate differing
timing and geometries of
sequences primarily
controlled by sediment
supply (Anderson et al.,
2004)

Sea level curve in the Gulf of Mexico
through the past 125,000 years

1
7 a 5 (7 Transgressive
5 System Tract
a
- c Lawstand
b d Systems Traet
Highstand
4 Systems Tract
T T
@ 50 160

Time {Ka)

modified from SPECH AP (Imbris ek al., 1983}

Sea Level (m}
Lo
g
L

2
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Part 7. Base Level Concepts

Attached

= == == == Sequence Boundary

Attached versus Detached Forced
Regressions

Detached
_2
% 3
1 b —— i ~4~ 5 J
— m o~

Related to the ability of shoreline sediments to keep pace with decreasing
accommodation during fall (from Posamentier and Allen, 1999)

Relative Sea-
Loved Stillstand

Tract
Uncomtormity 243 |\ otgemity 253 ER Lowstand System Tract

(from Posamentier and Allen, 1999)

Sedimentological expression of forced regression

Normal Regression

e TR
Highstand Systems |

Smooth

Relative Sea-
Level Stillstand

' Continuous Relative
Sea-Level Fall

Bhattacharya, 2007
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Part 7. Base Level Concepts

* But stepped
trajectory may be
produced by
continuous fall (see
papers on
autostepping, Muto
and Steel, 2004)

Figure 1. Photographs of evelving fluvial delta in representative run. Time from beginning
of run is indicated in A-G. In spite of steady forcing (rate of relative sea-level fall, A =

<0, sodi discharge g, = water discharge g, = nete that
depositional system aggraded in early stages of development (A-C), but sudden major in-
cision then occurred (D), after which delta never recovered its original valley-free geometry
(E=G). Instead, numerous paired stream terraces formed along valley. See text for conditions.
of run. a.b.b.—alluvium-bedrock boundary.

HeTAVITLY LWIWJOITRAINW

Shoreface sandsto
Transitional facies Wake soit
erosion surface
Shelf mudstone ('Regressive surface
of erosion’)

Transgressive
erosion surface

After Plint and Walker (19|
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Sequence Boundary

Upper shoreface: ridge
and runnelirip channets

Gradationally
based shoreface
succession deposited
during sea-level

Middle shoreface:
Swaley stratification

Sedimentological expression of forced regression

Relatively thin
erosionally-based
shoreface
sandbody

highstand - _ Mudstone
Lower shoreface: Gutter \fnlmclam
inner shelf transition- casis = Sequence Boundary —_

1om Hummacky — <N
cross-stratification o
Mid-gheif: 2
j| Dioturbated Sharp-based
sandy siltstone shoreface succession
deposited during Gradationally based
Qutor shei: relative sea-level fall shoreface succession
! o deposited during

mudstone

(from Posamentier and Allen, 199 after Walker and Plint, 1992)

* Sharp-based
shorefaces seen as
indicative of non-
genetic relationship
between underlying
“shelf” mudstone and
overlying shallow-
marine sandstone.

relative sea-level fall

Sedimentological
expression of
forced regression

» Sharp-based
shorefaces seen as
indicative of non-
genetic relationship
between underlying
“shelf” mudstone and
overlying shallow-
marine sndstone

Bhattacharya, 2007

SHARP VS. GRADATIONAL
SHOREFACE

Coastal plain

Coal - Backshore
Beach

Breaker zone -
ridge

and runnel/rip

"Mormal® gradational-
based shoreface
succession

Sharp-based
shoreface succession
deposited during

Shoreface - Swale !
Y relative sea level fall

cross - stratification

Lower shoreface

inner shelf transition Relatively thin,

erosive-based
shoreface
sandbody

Hummocky cross -
stratification’

Mid-shelf -
bicturbated
sandy siltstone

e
o IT-‘PE__I Mudstone intraclasts

T~ Gutter casts

QOuter shelf-
bioturbated
mudstone

f ' m
00

After Plint and Walker, (1982)
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Correlation of the Chungo -
Milk River

A tale of missed datums

+ Chungo - Milk River sandstones form
the “first parasequences” below the
Belly River Formation (equivalent to
the Mesaverde).

- Lithostratigraphically thought to be
the same unit.

 Are they?
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Upper Cretaceous
Alberta basin

| INDEX MAP

N wedges prograde into a

R ‘ muddier section
(modified after Williams
and Burk, 1964).

|
1] i Ny N\ !
' : N : Several major prograding

Upper Cret_a_ceous Alberta basin

INDEX MAP

Several major prograding wedges prograde into a muddier
section. Lower tongues more difficult to distingish landward
(modified after Williams and Burk, 1964).
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Part 8. A Tale of Missed Datums

IGHWOO

[t] T
TRAP CREEK =

MAYCROF T
|

Lethbridge
[ ]

cabuoy 044

i 1LIJ'NDERECK
N

L
\.%\\
13 1%

WRITING - O~ STONE

Lundbreck Falls

Lithostratigraphy Facies
Belly
River Fluvial

—

Upper Shoreface

Lower Shoreface

Thistle Offshore- Prodelta

Rosenthal and Walkeru,“ 1987

<4—— Possible marine tongue?

Chungo
Section
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Outcrop of Chungo - Nomad -
Belly River at Lundbreck Falls

—

Upward coarsening “shoreface” or delta front?

197
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Section begins with thin to medium bedded sandstones
and mudstones.

K

aBitan

hin bedded, lightly burrowed,
| with ripple cross lamination.
Ripple formes suggest
combined flows (wave +
*| unidirectional).

198
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Straight-crested, asymmetrical ripples suggest combined
flows.

Chungo Delta
Front

Soft-sediment deformation
suggests rapid sedimentation.

199
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

i

HCS suggests storms. Note lack |
of burrowing suggesting fluvial
influence.

- =

Large-scale cross strata in upper shoreface-delta top
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Part 8. A Tale of Missed Datums

5|

Br:n;l"
L]
-
BARRIERN A
S
5 LO|
IGHWOOD 2
TRAP CREEK
?
Lethbridge
a
WRtTING-&STONE
| . Measured Section
- | I AR
5 Pakowkiciaggett  Op€N Marine
=g TSE
™ e
oo A
’ .
» Fluvial
N P Obvious ; FI UVI al
a < lithostratigraphic
g 2 kick
‘g _  Shoreface b
3 =] le
! e

Bhattacharya, 2007

E: t 3
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i B _ §
—| o
e & ol
= " fa g
I_ E ._;;_y. [=]
Writing-On-Sione Provincial Park Payenberg et al., 2003
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Milk River
at “Writing
on Stone”

Base Milk River

Bioturbated, black
mudstones suggest marine
shelf. Mudstones grade into
sandstones.
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Part 8. A Tale of Missed Datums

Milk River

- HC

Bhattacharya, 2007
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Milk River - Shoreface sst.
T o R ; : TR %

Ophiomorpha burrowed sandstones.

Milk River - Shoreface sst.

Landward directed cross-bedding interpreted as a tidal ramp.

204
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Milk River - Non Marine

Poorly exposed muddy strata above shoreface.

Milk River - Non Marine

Coal - (photo from Payenberg et al., 2003).
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Milk River - Non Marine

Fluvial valleys cutting top of shoreface (photo from Payenberg
et al., 2003).

Lithostratigraphic Correlations

CHUNGO LITHOSTRATIGRAPHY
(Rosenthal, 1984)

About 200 km |

uuuuuuu

lllllll

R o8 Rosenthal et al., 1984

Flooding surface on Top Chungo
picked as datum.
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Sequence Stratigraphy Part 8. A Tale of Missed Datums

Short Course

Lithestratigraphic Correlations
Rosenthal and Walker, 1987

?  HOHWDODR.|  SHEEPA LONGVIEW BARAER LAKE  GHOST DAM

Top Chungo shoreface picked as
datum.

Sequence stratigraphic Correlations
Leckie et al., 1994

LUNDBRECK MAYCROFT  OLDMANR. TRAPCREEK  HIGHWOODR,1  LONGVIEW SHEEP A
il WOU e

CHUNGO
WAPIABI FM.,

SR | (T

WAPIABI FM.

AT

3
=
@
I
F

Flooding surface on Top Chungo again
picked as datum. Note offlap.
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Part 8. A Tale of Missed Datums

e AL
3 - 7 “'., "

Alternate Correlations

Lithostratigraphy ...couesmss

Sequence Stratigraphy

wmeriir ot E 8

DM WISEST  OMINL e MmO i

Biostratigraphy

TRAP BATEMAN I
wex | ot |« Chungo strata to the

SECTION SECTION

; north are younger than

3 gg LUNDBRECK
Ni es
gi SECTION
z2

Chungo in the south.

— * Significant unconformity
is measured in the
south, requiring offlap.

= | e

“earty iriporate™

Cugpar part) WAPIAB FM

Sweet and Iéraman, 1990
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\
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Subsurface correlations suggest offlap.
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Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Subsurface Correlations

Subsurface correlations also show significant younging and offlap
(O’Connell et al., 1989).

Subsurface Correlations

e ——
SN (¥
n .
- ‘—../V‘/ Sy
Tifzs |
L J..J
A 5 Enlargement A
E 5
[ N &
=N i
i = | '\: E)
3
i = . [ Eale [ERodlder Tpper Eagh - — T T
— = T ke Upper Eagle AT oty s e per ol
e il === Virgelle 2wy e ~Virgolle 3—= T+, = Eagle ] 22
Tk B T Virgollo 1 = iy S S Telegragh
£ 5 — = I = — S B, ot iig |7
: Y| A== - -ty = = .
> 3 Fd Colorado|Shale|WFS - ?‘g
Tl i
-/ v B
- = -
(el -~ Marker horizan Aul'l uuuu ber boundary =" Inferred allomember boundary - Transgressive surface «Coastal sandstone

Subsurface correlations in Montana equivalents also show
significant younging and offlap (Payenberg et al., 2003).

210

Bhattacharya, 2007



Sequence Stratigraphy Part 8. A Tale of Missed Datums
Short Course

Lithostratigraphic Correlations
Rosenthal and Walker, 1987

LUNDSRECK MAYCROFT OLDMAN R TRAP CREEK HIGHADOO R, 2 HGHWDOO R, | SHEEP A LONGVIEW DARREA LAKE  GHOST DAM

peLLY e Fu - Lack of shoreline fac1es

© wsionn

Anomalous sandstones, deeper in the section
do not connect with anything landward.

Consequence of picking
Iithostntigraphle datum

CHRONOSTRATIGRAPHIC comsumou B ”l."';'.uw nce

= COASTAL PLAIN SANDSTONES [ R

AND MUDSTONES MUBSTONIS

[ feaowsns WEL
SANDSTONES LOCATONS

1

__—---—ﬂ
——--Ih.-___.___

PARASIGUENCT NUMBER

LITHOSTRATIGRAPHIC CORRELATION

Figure 17—Comp of (A) ch igraphi lation and (B) lith
progradational parasequence set.

igraphi lation styles:

Van Wagoner et al., 1990
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Short Course

Alternate Correlations

Lithostratigraphy ...couesmss

thal, 1984)

s AW

Conclusions

Essential to pick the correct datum

+ Must honor biostratigraphy

+ Prograding shallow marine systems
commonly offlap and young
seaward.
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Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Top-Truncated Deltas In a
Sequence Stratigraphic
Framework

Janok P. Bhattacharya
M. Royhan Gani
Charles D. Howell
Cornel Olariu
Brian J. Willis

The Cretaceous laboratory

+ Contain numerous examples of deltaic facies successions and
facies architecture, both top-truncated and topset-preserved.

Bhattacharya, 2007 213



Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Topset Preserved Delta

Ferron delta, Utah.

Sandsone Bracosh Baylagoonal Faces

Topset Preserved Deltas

¢ Ferron delta, Utah.

Bhattacharya, 2007 214



Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Top-truncated sandstones

* Gradationally-based, top-truncated upward-coarsening delta-front.
» Posey Allomember, Frontier Formation, Powder River Basin, Wyoming.

Posey Sandstone - Frontier Fm.

f 4 ..‘;,. ‘, [ ’ pL ’. 'Q:g- :3
and delta front sandstones;-

;@&5, e e ;

AN
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Sequence Stratigraphy
Short Course

Lag material at
top of Posey

9. Top Truncated Deltas

R e B R

Vertebral element from
Marine Plesiosaur Tail.

 Marine Ophiomorpha
. fragment in coarse
. sandstone

TR

Problem

* The Cretaceous Interior Seaway remains at the

center of debates about origin of elongate

"shelf" sandstones encased in marine shales.

— Lack of overlying non-marine facies led many away

form a deltaic interpretation.

« Mutually exclusive interpretations.

* How are disparate interpretations resolved?

Bhattacharya, 2007
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Short Course 9. Top Truncated Deltas

Origin of Linear Sandstones

Offshore Bars

Static sea-
level facies
models

Origin of Linear Sandstones

Shorefaces
Dynamic
sea-level
models
(sequence
stratigraphy)

Bhattacharya, 2007 217
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Short Course 9. Top Truncated Deltas

Origin of Linear Sandstones

Deltas in structural

valleys
Dynamic

- sea-level

models:

Structural But which
/ Bump one is right?

Seal

Origin of Linear Sandstones

Incised Valleys

Dynamic
sea-level
models:

But which
one is right?

Bhattacharya, 2007 218
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Short Course 9. Top Truncated Deltas

Origin of Linear Sandstones

Offshore Shoreface Elongate
Bar 8 Delta
"é‘.‘; Struct al
) ‘ A« Buv p
%
Eﬁﬂ;g Seal
Seal
_,4\—
\\\ J Inclsed
N Valley

Types of Valleys

* River Valleys (incised)

» Subaerial Rift valleys (structurally-
controlled).

« Subaqueous valleys (seascapes)
— Not all valleys need be incised

Bhattacharya, 2007 219
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Short Course 9. Top Truncated Deltas

Types of Valleys

 Incised valleys caused by sea level
falls commonly do not produce
angular unconformities.
— They produce disconformities

e
.

* No tilting of strata
e Simple truncation and onlap

Types of Valleys

« Valleys caused by tectonics
commonly produce angular
unconformities.

- N /—

e Tilting of strata
e Complex truncation and onlap

Bhattacharya, 2007 220



Sequence Stratigraphy

. Del
Short Course 9. Top Truncated Deltas

. :
Imagine that the ’
San Rafael area 7
is flooded and @
new deltas .
prograde over a
complex
seascape.

el

Bhattacharya, 2007 771
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Short Course 9. Top Truncated Deltas

San Rafael Swell, Utah

The delta shapes Continued (
reflect the complex progradation
seascape.

subtle structures.

Bhattacharya, 2007 222
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Sequence Stratigraphy
Short Course

“Shelf” Sandstones show typical
Delta Front Facies Successions

Linsen bedding at base of
_upward-coarsening sand body

Lack of burrowing = fluvial influence

Heterolithic facies suggests tidal
reworking.

Bhattacharya, 2007 793

9. Top Truncated Deltas
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Sequence Stratigraphy

Bhattacharya, 2007

Short Course

Tidal Bundles in regressive
_denalgbe

= tide-influenced elongate delta

Lower Belle Fourche Member

Frontier Formation, WY

Elongate
Frewens
Delta

Frewens Delta
sandstones onlap
structural high

Lobafe
Willow
Delta

oy e 0 f Frewens
\ oF ¢ M Uplift Delta

\ Delta sands are not stacked vertically ‘tones

but are rather arranged side-by-side! or!Iap
— — viue: Willow
0 Pebble Bed S Bentonit lobe.

From \

224

9. Top Truncated Deltas
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Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Top truncation over subtle
uplifts

Marine Gradationally-

erosion SEEEC,
upward-

enhanced coarsening
over high

area Pebbly Sandstone —— Bentonite
Crogsg-bedded Sandstone

Sandstone
Muddy Sandstone ~=~ Uncaonformity

Sandy Mudstone
Mudstone

. Facies Boundary

Lag Facies

* Proximal
expression

— Pebble bed
overlying delta
front facies.

Bhattacharya, 2007 775
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Short Course 9. Top Truncated Deltas

Lag Facies

Big Pebbles in Mudstone Distal expression

R : %= = — Thin pebble bed
- ' encased in marine
mudstones.

— Abundant shark’s
teeth.

2nd Frontier Sandstone, WY

» Spectacular lateral pinchout of shoreface
sandstone formed by top-truncation.

: SN
3X vertical exaggeration

Bhattacharya, 2007 226
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Short Course 9. Top Truncated Deltas

2nd Frontier Sandstone, WY

I50m

Gradationally-
based, top-
truncated,
upward
coarsening

facies
succession,
interpreted as a .#
shoreface.

2nd Frontier Sandstone, WY

» Thin pebbly sandstone beds lie in lower
burrowed shoreface.

o

Bhattacharya, 2007 297
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Short Course

9. Top Truncated Deltas

2nd Frontier Sandstone, WY

» Cross-bedded pebbly sandstones overlie erosion

surface.

* Pebbles concentrated from scattered pebbles in

Burrows were
filled with
pebbles and
sand following
trangression
of shoreface.

Bhattacharya, 2007

ies.

A gallery of branching
Thallasinoides
burrows forms a
Glossifungites
Ichnofacies.

228
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Sequence Stratigraphy
Short Course

9. Top Truncated Deltas

snt Surface

Ravinement surface in
Gironde Estuary has
lots of space between
cobbles for animals to
burrow.

Ravinement Surface with Giossfungites Ichnofacies

After Posamentier and Allen, 1999

Ravinement of Paralic Facies

Shallow

Incised
B) Valleys

Wave
Erosion

Sediment Eroded
by Shoreface
Wave Action

Bhattacharya, 2007

Merged
Transgressive
Surface and
Sequence
Boundary

Shallow fluvial
channels have
low
preservation
potential

Top
truncated
delta or
shoreface

Stranded Basin-
Isolated Shoreface

From Posamentier and Allen, 1999
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Short Course 9. Top Truncated Deltas

Top Truncation in the “Second”
Frontier Sandstone, Wyoming

AT

=

Vakarelov and Bhattacharya, 2004

Erosion also seen in subsurface

Vakarelov and Bhattacharya, 2004

—— SYNTECTONIC UPLIFT —

Bhattacharya, 2007 230

18



Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Erosion
can be
mapped in

regional *
subsurface
data

l | Vakarelov and Bhattacharya, 2004

Ancient Example - Cretaceous
Panther Tongue Delta, Utah

Spring Canyon outcrop gives
strike and dip views through
proximal delta front.

Bhattacharya, 2007 231
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Short Course 9. Top Truncated Deltas

Seaward-dipping clinoforms
(Delta Front)

Tabular, seaward-dipping Shallow, terminal
delta front sandstones. distributary channels.

Bhattacharya, 2007 232
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Short Course

9. Top Truncated Deltas

Digital Mapping of Panther Tongue Sandstone, Utah

Photo draping

Raw data

3D model

Olariu et al., 2005

Photorealistic Movie of Panther Tongue Sandstone, Utah

Bhattacharya, 2007
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Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Prodelta turbidites
and interbedded
mudstones

Prodelta Facies

* Burrowing reflects degree of marine versus fluvial
influence as well as sedimentation rate.

- -

Highly burrowed shelf
muddy sandstones,
Cretaceous Panther

Tongue sandstone, Utah.

Laminated lightly burrowed prodelta
mudstones, Cretaceous Panther Tongue
sandstone, Utah.

Bhattacharya, 2007 34



Sequence Stratigraphy

Short Course 9. Top Truncated Deltas

Prodelta Facies

» Burrowing reflects degree of marine versus fluvial

influence as well as sedimentation rate.

Highly burrowed
shelf mudstones,
Cretaceous
Dunvegan
Formation,
Alberta. Slow
sedimentation
rates. Far from
fluvial influence.

Laminated lightly burrowed
prodelta mudstones, Cretaceous
Dunvegan Formation, Alberta.
Lack of burrowing probably
indicates river influence.

Wave-rippled
sandstones and
interbedded § : 3
laminated =5 i g fF 8. More highly
mudstones, g § burrowed
Cretaceous = 2 " shelf
Dunvegan 7 ds % mudstones,
Formation, : ; ». ; Cretaceous
Alberta. Note | ¢ e > e Dunvegan
very little | : ; =" | Formation,

burrowing. = =3 Alberta.

Bhattacharya, 2007 135

23



Sequence Stratigraphy
Short Course 9. Top Truncated Deltas

Facies - Delta Front Turbidites
R
Delta front facies record fluvial
dominance:
| - turbidites.
- low diversity ichnofauna.

Graded
_ Sandstone
R beds

Delta is top-
truncated, no
preserved paralic
topset facies.

ossifungites

Bhattacharya, 2007 236
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Panther Paleogeography

Panther
tongue delta
interpreted to
build around
paleohigh
(early

activation of |
San Rafael
Swell)

PANTHER TONGUE EVOLUTION

Posamentier et al., 1995

San Rafael Swell, Utah

The delta shapes Continued @9
reflect the complex progradation D
sea-floor
topography.
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Shelf Sand Solution

+ We suggest that many of these deposits are top-eroded deltas
formed where rivers delivered sediment to lowstand coastlines.
+ Key Evidence:
— Deltaic Depositional Systems
» lobate to elongate geometry
» radiating paleocurrents,
» basinward dipping internal
clinoform beds,
» upward coarsening facies
successions.

Shelf Sand Solution

» Despite erosion of topset
facies, river-influence can
still be detected.

— Biofacies record river influence
* Low to moderate abundance
and diversity of trace fossils
high proportion of non-
marine spores and pollen
few marine foraminifera, no

calcareous forms.

Bhattacharya, 2007 738
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Tidal Facies may be preserved

= tide-influenced elongate delta

Sequence Stratigraphic Implications

» Sequence stratigraphic terminology is difficult to use.

+ Sandstones do not show simple vertical stacking
patterns.

— Low accommodation setting left little room for sandstones to stack
vertically.

— Successive episodes of delta progradation were offset along strike.

Bhattacharya, 2007 239
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Sequence Stratigraphic Implications

» Major discontinuities form at the tops of sandstone bodies
by wave erosion during transgression (ravinement) rather
than by fluvial erosion.

NO SHARP-BASED SHOREFACES!
Minor syndepositional deformation of the basin floor exerts

a first-order influence on sediment deposition and
preservation.

Pepbly Sand stone —— Bantonite
1o [53] Cross-pedded Sanastone
y 2 *~ Facies Doundary

s [Inconfoemity

55— Regressive surface of

T Marine erosion

- Fluwial mudstones I:I Offshare shales
i 5 % Shareling
I:l Fluwial channel I:I Basin-floor sediments T Trajectory

I:l Shoreline sandstones Direction of sea
lewel change

Gjellberg and Helland-Hansen, 1994
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Conclusion
Dip view
n:@ﬁmﬁ DUNES JL?@?SLEJ%

o
P

=N * & T 40m
o PRODELTAIC DELTAIC
. SEDIMENTS ~ SEDIMENTS 0 Eom
* Top truncation
also seen in
seismic
examples (not Strike view
limited to NB#
Cretaceous) S susLhouaEmE
gm_— CLINOFORMS __FSST N
L IZFALY T TGN
4m [ e TR OROCK
0 500 m.

Hart and Long, 1996

Conclusion

Critical to integrate sedimentology,
paleontology and mapping of bounding
discontinuities.

Structure and stratigraphy in foreland
basins are a paired process.

In low accommodation (basin distal,
lowstand) settings,

— Depositional remnants are common.

Not all valleys are incised or even
subaerially exposed.

— Think about seascapes

Bhattacharya, 2007
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Stratigraphy of Fluvial Systems

Salt Wash Member, Morrison Formation

Early Fluvial Stratigraphy Models

Piedmont formed of dlluvil fans

Low singosity stream Strongly meandering streamn

[ Jcoarse tan, enarnal bar, o memdd:; et ERro Eomw facies -Muinly ropstroium déposils
Friend, 1983

« Assumes that plan-view form of river is primary
control on preserved proportion of mud versus
sand.
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Controls on Fluvial Architecture

Main controls

sediment supply

avulsion frequency

ki

low aggradation

| & = =
— accommodation. @ < < ‘:§=7
|
I
|
low channel
belt avulsion gg =
highaggradation( [ —————————

low channel
migration

igh channel migration

Bristow & Best, 1993

Non-marine seque

nce stratigraphy

— e VII"_ T
el e
T S
&>

-

Time

Atnalgamated Huvial channel deposits

Yalley incision and terrace formation

Low-sinuosity
high gradicnt rivers

1-10's m

1-10's km

Non-marine systems Base  ghoreline Systems
Level
Isolated, high sinuosity fluvial channels ) D

High Low

>
>
,

Shanley and McCabe, 1994
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Non-marine sequence stratlgraphy

FLUVIAL STRATAL PATTIRNS | SEOUENCE STRATIGRASIY STRATAL GLOMUTRIE

B8 P vl kE L6 B3

fun
}’.f.'? e : -.
i

fee Twolypes of (v chanie! i et The
- o riiy ey aee
{=c SumpEd of 4l upArd-fing RS of S,
|~
| — I
= ; —
- HL |<
[ Ean E e
= - .. Pomchametined
% = j - _———— | cnteme
= v —
t i BE -1] e
T e
8 Fug s

Them IT|IJIM|H am QWII I.|I
n:rM\l:- 4 Mphstas

Van Wagoner, 1995

Non-marine sequence stratigraphy

TTT = TTIhT === Tmr "'Hﬂ:—"'l'l'l'ﬂ'r -
HST L - T
_____ e e T e T T —rE— e
= =2 el == " o =
T e e T
D
TST il e e T
T T e " T o
wrT = ww-qu- __D'_'
/
LST gullying
= 4
Increasing soil hydromorphic channel floodplain
mm:?ily soil deposit deposit

Wright and Marriott, 1993
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Non-marine sequence stratigraphy

SEQUENCE
(ALLOFORMATION
OR ALLOMEMBER)

E

valley fill

| fluvial channel-fills
i lidat channels and bars ] marine shale

deltaic distributaries and mouth bars === marine limestone

1 nonmarine floodplair deposits —— cnzl

Miall, 1997

Incised Valleys

The Grand Canyon!
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Incised Valley - Definition

+ Avalley is an elongate erosional feature that is significantly
deeper than the river that now occupies it, and the walls of
which do not routinely flood.

Grand Canyon is
essentially a big valley!

Colorado river is
severely underfit.

A

Active floodplain Flood level

Transition from
unincised — [

Abandoned floodplain

to Flood level
incised —

Flood level

Regional marker Boyd et al., 2006

247

Bhattacharya, 2007



Sequence Stratigraphy Part 10. Fluvial Sequence
Short Course Stratigraphy

Criteria For Valley Recognition
ﬂ'n'ﬁ wmwﬁrd'Shif}?%q o 'ﬁr e
* Onlap

* Regional Extent

Boyd et al., 2006

Criteria For Valley Recognition

* Typically several storeys thick.

* Do not inter-finger with floodplain sediments.
— Laterally confined by valley walls.

» Associated with widespread exposure

» Can have complex fluvio-estuarine fills.

+ May be seen seismically.
— Truncation below, onlap above

+ May show multiple episodes of cut and fill.

* Incision decreases downstream unless a nickpoint is
encountered.
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Incised Valleys vs unconfined
channels

Confined vs. Unconfined Fluvial Systems

Large scale relative to deltaic deposits

Facies organization

[ Aot mussicns from Willis, 1996

Simple vs Compound Valleys

Simple System Compound System

Modified after Zaitlin et al. 1994
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<— ShelffRamp —>k—————— Incised-Valley Sy

Non-incised
Fluvial System

[ Delta

Segment 1 Segment 2 Segment 3
Marine Outer >{ Middl Inner Fluvial ——>
wvs ws s
a

; ’ [ Marine
[ central Basin

22

[] Barrier/inlet
[ Bayhead Delta
Bl Fluvial

[] Underlying Sequence

[ Highstands
Systems Tract

Boyd et al., 2006

B Lowstand

[ Transgressive
Systems Tract

Systems Tract

Sequence Boundary

Tidal Ravinement Surfaces

Transgressive Surface
Bayhead Diastem
Tidal Ravinement Surfaces
Bayhead Diastem

Wave Ravinement Surface

Transgressive Surface

Maximum Flooding Surface

Sequence Boundary

Filling of a
valley

* Theoretical
map views
of valley
filled during
a single
sea-level
cycle.

Slide courtesy of Garrison (2006)

incised Valley System

et N
| Phevial Systers

———ils

# Lowstand 1
Systems Trac

Tramugressive Shoreline

Coniral Basln
» Incled-Val
™ el oy

PR

Zaitlin et al. 1994

Bhattacharya, 2007

250



Sequence Stratigraphy Part 10. Fluvial Sequence
Short Course Stratigraphy

Eastuaries versus Valleys

* Tripartite fill
— Marine
— Mixed
— Fluvial

From Boyd et al. 2006 after Kulm and Byrne, 1967

Wave-Dominated Estuary

ESTUARY ;

MARINE -DOMINATED MIXED -ENERGY | RIVER -DOMINATED o
5100
E Bk ~ i Tomewsy 7

Boyd et al., 2006
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ESTUARY

Tide-Dominated Estuary

MARINE -DOMINATED

TOTAL ENER! t = TN

~

~
-~

-

TIDALC

-~
-~

RELATIVE ENERGY

: MleD-ENERcY{RNERmmNME'D

S

-

- ZORRENTS

- .. MEAN-
RS TRAIG HT"' DERING

~J
|
: /'A"‘ I
WAvES A b Rt
i)
- :
) |

| “STRAIGHT"

Boyd et al., 2006

Non-incised

<— ShelffRamp —>k—————— Incised-Valley Sy

Fluvial System

) ’ [ Marine
— [ central Basin

[] Barrier/inlet
[ Delta

[ Bayhead Delta
Fluvial

Segment 1 Segment 2 Segment 3
Marine Outer >{ Middl Inner Fluvial ——>
wvs ws s
A ; 20 @ o
|

[] Underlying Sequence

[ Highstands
Systems Tract

[ Transgressive
Systems Tract

Tidal Ravinement Surfaces

Wave Ravinement Surface
Transgressive Surface

Tidal Ravinement Surfaces

Bayhead Diastem
i M g

Boyd et al., 2006

Il Lowstand
Systems Tract

Transgressive Surface
Bayhead Diastem

Maximum Flooding Surface

Sequence Boundary
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ldealized Cross Section
‘!‘@hrou@gh 2l \{)alley
. 4 ®

3 1 ®
i | l |
; i ; :
x o 7

o

: 2 B
Z 3 7
8 1 3 o ,% i
. i
B Elg )
lz,, £ [ 2 &2
2 L] 44 | My :
5% 33 5% I 3
1 Qi !
g §§ 3 la
| 13 47

Boyd et al., 2006

Seismic Expression of Incised Valley

Oms
+ -
100
2l-#dlH ,_u_ - ATy % = T B Ce PR
e TEE D T TR
L e e R~ 5
ST | el e e T e
S R R EH S R
300 IR } LAl falaeh =
i e il s il DS 5 e e b

1 mile

Seismic line of Quaternary Incised valley, Gulf of Mexico
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Texas Gulf Coast

Brazos and
Colorado
River Alluvial
Plain

QUATENARY ALLUVIAL PLAIN, COLORADO RIVER, TEXAS

active channelbelt
Pleistocene /
highstand
alluvial plains

onlap of
successive
100 kyr
alluvial plains

]
70N
Wi “\\\\\\\\\\\\HW///N Wi,

Holocene
alluvial
plain

!

TNy,
W
\§\

-
N
0N

Y,

my,
&,
D
WIS

A
MII\\\\\\\\\\\‘&W%

10 my

i

b T0k Basal Valley Fill Unconformities
m v

Blum and Torngvist, 2000

channel belt

T71T  @lluvial plain paleosol
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Composite Valleys (GOM)

Composite Valley Fill, Colorado River, Texas

History of Colorado River valley fills, Blum, 1993

VACUUM CLEANER VS. CONVEYOR BELT MODEL FOR
FALLING STAGE AND LOWSTAND SEDIMENT SUPPLY

V=225km’
p=2700 kg m’
D= 60 kyrs
VC = 60.8x 10 t in 60 kyrs

sy=120t km™ yr'
A =100,000 ki’
SY=12x10 tyr
D= 60 kyrs
CB=72x 10"t in 60 kyrs

VE =250 x

Blum and Torngvist, 2000
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GLACIO-EUSTASY: 125 KA TO PRESENT

g
=
=
)
o
]
o
v

60 80 100 120

YEARS BEFORE PRESENT (x 1000)

modified from Revelle (1990)

Colorado River Conclusion

 Bifurcating pattern originally thought to reflect
switching of distributary channels.

+ Actually reflects more complex history of
valley incision, filling and sometimes valley
switching over 100 KA time scales.

— Related to Pleistocene glaciations and sea level
changes.

* NOT simple autocyclic delta switching model.
— Overuse of Mississippi models.
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Ancient Examples in North
Armerica
« Distributary Channels or Valleys?

— Pennsylvanian
— Cretaceous

Pennsylvanian, Booch “Delta”

sw pDeltas or

THICKNESS

et oo Vall

mii’y 20-60 Vd eyS?
@ ol pooL []60-120'
T _JSHALE 0-240'

ESDISTRIB.

73m distributary?

N7
LOCA 10N
ot e

Busch, 1971
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Stratigraphic cross section of
Booch Sandstones, Oklahoma

Mismatch between scale of upward coarsening delta front
successions and the associated channels.

Over-thick channels are more likely incised valleys.

A
100m thick distributary?!
Feet
1 ¥ 15 1 F . } 3 t 7 [ ri

. 900,

=

o

=

)

w

—t

Oklahoma E

il

A =B .

5 Miles 3

0

After Busch, 1971

Which Way is The River Flowing?

MULDON . +---1 | :F | Why Are

' | There No
Mouth Bar
Sands?

Distributary
|_channels are

300 feet
thick!

After Cleaves and
Broussard, 1980

Pennsylvanian age
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Morrow Sandstone

From Boyd et al., 2006

Pennsylvanian Morrow Sandstone

A P ot S i R B B B Bl Kl e -2 l_:_L., .
ST

| i b ——
|||||| i ures |I|_iﬁa| ’j [I i_- | 8 s
A A

B S I Wy 977
. |n..=.e.,_lp=ﬂu__ Updip Fac s .

Note: Mapping shows
tributive valley networks

Bowen and Weimer, 2003
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Ancient Examples in North

* Cretaceous

Anmerica

/
/%
2 s
5 ;r‘
. PAYNE |

Bij E;SL"Z&::& véil.
ohstrai epl‘by daf?**‘ s
p ni;s/«/‘? FEHTON\ \;\f? 5 ‘\\{iul
| ==H=

Maps and cross sections of
Cretaceous Fall River
sandstone in Wyoming.

SW BW 14, 42N-TOW

Rasmussen, et al., 1985.

Fast

NW NE 8, 42N-60W HW NE 15, 42N-58W

i i

ery\Tkhick Ch;j1 eé —>+ Fall River
7] i / if{_ﬂ Formation

SW NW 19, 42N-59W%

Skull Creek
Shale

Lakota
Farmation

;<

Thinner Upward Coarsenlng Delta successions
6 MILES—

Bhattacharya, 2007
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HORN

MTNS.

CASPER

ARCH

Maps of

channels are ‘
interpreted l
as a '
distributary l
delta pattern. |wms.

LARAMIE

-
-
.

A Y
‘A’ HARTVILLE
UPLIFT

—

asmuss-en, iet al., 1985.

HORN

MTNS.

No fringing
delta front
sands are
deposited
beyond rive
mouths—-

CASPER

ARCH

Maps of
channels ar§ ‘
interpreted
as a !
distributary l
delta pattern. |uine

-
-
.

2
adil

Rasmuss-en, ilet al., 1985.

ee 1o i
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Fall River Paleogeography

Fall River was
interpreted as
a Mississippi-
type, birdfoot
delta.

Modern
Mississippi
channels are
mud-
dominated
versus Fall
River which
are sand
dominated.

HARTVILLE
UPLIFT

Rasmussen, Jump and Wallace, 1985

* Deep distributary channels
of the Mississippi Birdfoot
over-used as a modern
analog.

Scale not appropriate for
smaller-scale interior
seaway rivers.

Interior epeiric seas are
shallow.

Fringe of sediment continues beyond channel mouths
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Fall River Outcrop Belt

Fall River Valley in
Outcrop

a;

Palaeovalley deposits

Marine deposits

from Willis, 1997

Regional Cross Sections:
from Willis, 1997 Fall River Stacked Incised Valleys

Cross-section A: West wall outerops in Red Canyon
 da ta s Ta

Metre
in the wost wall and a minor canyon 1o the sast projected 1o a palssovalley-perpandicular plane
20 e

w Gonls.qummnl - Tide influenced fluvial E
charnels ] ChANNMIE
(] v chaces R -

I oo aion s
10K vastical axaggeration
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Cretaceous Incised Valley

Bedding Diagrams:
Multiple Channel Storeys in each Fall River Valley Fill

% Pamssccurent (up s e the cuterop)
[ Musswre-domnames depoets

South

e Misfor arosion mriace

=TT Crannel basal erosion wtace

=T Uit of epome
favwrtcal aaggeraton

W

Croaa-sacmn seartton 6348 degress sast of rertt
Fig, 6. Bedding diagrams showing stratal surfaces in the major sandstone-dominated bady. (A) Outerop located near
the body axis. (B) Outcrop closer to the margin. Major erosion surfaces bound individual valley-fills (numbered 1-4),
each containing many smaller-scale channel bodies. Numbered letters mark tops of measured sedimentologic logs.
Note that Palaeocurrents are shown relative to an outcrop orthogonal (up is into the outcrop plane).

from Willis, 1997

Cretaceous Incised Valley

Correlated Vertical Sections Across Fall River Incised Valleys

Fig. 4. Selec an. S Fig. 2 for bocation of logs within Red Canyos and

the projected pasitions

Willis, 1997
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Fall River now interpreted as an Incised
Valley (Willis, 1997)

Channel much thicker than associated upward coarsening delta deposits.
Channel does not interfinger with adjacent marine facies.

Channel is not contained within the delta front.

Scale of channel is way too large (100 feet deep river?).

Model for Flood Capped versus Flood-Based Valley Fill

from Willis, 1997
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{/ (—»L) - Outline of the Cretaceous Western Interior
G—, Seaway, North America.

=
--c,‘
/_.J

: LIET]
J
&,

.
*x, SO0Miles

L
.

.
o,
e
.y

(from Krystinik and Dejarnett, 1995) (from Bhattacharya and Tye, 2004)

Lmsmone Camy WIBow Sorrge Waeh flaes Canyer
AT 0 LT Last Chance Delta B
=g * I 5w

Ory Wasn

Snant Canysn Woan Besg Wash Otk Fiat Famen Crae
. 1 1 1 |
5 T, 22 63

i
L

2

; AR T :
Jim Garrison and T.C. van den Bergh (2004)

= e ] voane-masing sangsmne - Bracosn Byl agoonal Faces -+ Corgented Secson Deposty
........ o
[ F1o0 Sancisiones ProdsttafCfshore 8 Concensed Secton
- - Zone 581 Soguence Boundary Notatcn
I oo zoes A, Sequence Boundary FS1 Depositonal Sequencs Notaten
[ 001a Pain Facies “,  Grown Fadt = Meoasured Soction Posiion

. Dip-oriented regional cross section of the Last
Chance Delta complex of the Ferron Sandstone
(from Garrison and van den Bergh, 2004).

. Note multiple scales of channels and channel
belts.
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Smaller, single
storey, channels
in lowar Ferron.
Multi-storey
channel§ higher
up.
Mud-plugged
channels are a
proxy for
original channel
dimensions.

—— e —

¥- 2
Garrison and van den Be}gh, 2004

1
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Strike
Panel

. Upper Ferron Sandstone Last Chance Delta e
1km — g ———
| . S— — i T LT
— e ;‘rg_g)_,gjzy: I fmfmn]f_——._é:r-.;_:‘—_._

e ‘hf-ﬂ!\lzﬁ—t e
= - »

Nerth Canyen Wall, Willow Springs Wash, Willew Springs Quadrangle

Garrison and van den Bergh, 2004

Kokopelli Channel Belt

I rop s arir sl Lng T L Trenge Croms svtcmncn (01852

[ ey L ™

0
= 0 meters 100
Garrison and van den Bergh, 2004

. Interfingering of the channel belt and adjacent floodplain.

. Unconfined channel.

Trougn

. Multi-lateral and locally multi-storey.
. This is NOT a valley.

. Channel is about 10 meters deep.
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Single-storey channels

[

I | T i |l ]
Well-developéﬂiﬁgleﬁ , laterally accreting point bar ‘ l

w E
<— western —w|

Coarse- to very coarse-grained trough cross-bedded sandstone

Med pper- 1 d traugh bedded sandstone S CmHihick irterlayers of ripple cross-lamin:
Mediurm-ower- to d trough bedded sandstone -7\‘;&1‘”;;";”" mudstone 0 25 s m
Fine-grained trough cross-bedded sandstone
Ripple cross-aminated sandstone
[E=] #bandonment depasits of CD1 CCO (-2.94 m)
Undifferentiated bars of CD1 "=

[ undifferentiated deposits of CD3

[ 1udstone intraclasts conglomerate

o CG10 (556 m)

[T internal bounding surtace interpreted on GPR data
CG1 Measured stratigraphic section
—— major baunding sutface

e e Corbeanu et al., 2004

= bedsel accretionary surface
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Facies Architecture - dip view

CG‘\ co Il calCet oy ¢G3 cuthank / channel margin N
y \J

i 75 m

[Z0 Goarse- fo very eoarse-grained trough cross-bedded sandstone 1 NIPPI2 cross-aminated sandstone
Medium upper- to caarse-grained traugh cross- bedded sandstone EESR) Crthick interlayers of ripple crosslaminated sandstone,

Mediumiower- {0 fine-grained Hrough cross-bedded sandstone gy Siistone and mudstone
[0 Fne-srained trough cross-bedded sandstone CG62(-3.78 m)
= Abandonment deposits of €01 I Mudstone intraclasts conglomerate o ==
Undiferentiated fm ten [ unifferentiated deposits of D3~

CGI(-4.58 m)
[

o] 1 lower delta-plain deposits ”g*w”“m( i "
inter il bounding surface interpreted on G PR data

CG1- 51 Measured stratigraphic section fmew
—— major bounding surface p2s
—— minor accretionary surface

—— bedset accretionary surface

Corbeanu et al., 2004

Climbing Trough Cross Strata
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Marine-influenced point bar
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Marine-influenced point bar

ETeréqol_jge;:ﬁ_ S gt 8

3D projection of data coverage,
positioned on terrain map using GPS

Boreholes

2D GPR Grids

Measured

Corbula Gulch, Utah
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Overview of GPR Data

N
2D Grid

3D Grids

Corbeanu et al., 2004

Maps of Inclined Point Bar Surfaces

280 Indined surface I Indiined surface 41 Indined surface

Loz AN S Teoz AN RN Loz AN
Sl 4 et bood - :—& o Kﬁﬁj R
TS T T
o+ WA

IR

2™ Intersection of o/ food } o
00 lateral . (‘ o8ty l [U
ol accretion \; =
50— . Incined aurface’ Honzontal slice at ¥ mdepth
surfaces with el AN N j o AN
300 horizontal J/JJ#I K‘l \&; S @
£ 20 slice at 7m Q Ao | R i [ fes
=}~ depth through p_y u. b Eg ) L
w_  datavolume. | . ®fmfe . RLL: SN
¥.m ¥.m H.m

Corbeanu et al., 2004
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3D Paleochannel Reconstruction

» Paleochannel

@ dimensions
— bankfull width:

225-150 m

— bankfull depth:
39-52m

westenmast 2-D GPR line

Corbeanu et al., 2004

3D Paleochannel Reconstruction

A B . Laterally accreting

sSW | - eastern inclined bedset__, NE

| < ~distributary channel
erosional suﬁaceg — not Stralght

100
< central inclined —— Upstream accretion seen in variable
bedset cuts through bar deposits.
r- = b LT TR, — = C D
| Eai 2
1| SE |“‘— eastern inclined bedset —--l NW
I ..Il o
| )( B2
I g -
1.5 WY 64

Corbeanu et al., 2004
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Incised
Rivers

HW

Upper Ferron Sandstone Last Chance Delta

Vi vusme s

Nerth Canyen Wall, Willow Springs Wash, Willew Springs Quadrangle
Garrison and van den Bergh, 2004

5 km
from
+ shoreline

S v AT e i ]
17km | B — -
from [ T ——

shoreline | oy . o — -

L

Y meters 28

[ 52 ot iy

Garrison and van den Bergh, 2004

 Lower stories appear to be entrenched
e Upper stories inter-finger with floodplain

Garrison and van den Bergh, 2004
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County Line Channel

- Ny @4 °' v LY | skm
o= e S <R + shoreline

5 [ S

1.7 km
from [ e ey e i b e s
shoreline

Il v | e e st e

[ 52 ot ety

Garrison and van den Bergh, 2004

Early stage of river is more confined
and may, or may not be entrenched.

. Channel belt expands in younger
storeys.

Small Feron Valles

Be 165 ‘15',;5"_"14 ~13

¢ flooding surface —— Sequ un
—— Minor flooding surface Channel storey

Barton et al., 2004 0 001

] 30m
Novertical exaggeration

* 30 m deep, multistorey incision and fill, south side of 170.
+ These incisions have been interpreted as Mississippi-scale distributary channels.
+ Detailed analysis suggest that they are small, incised valleys.
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Small Ferron Valleys

Bhattacharya and Tye, 2004

* Depth of valley = 30m
* Maximum depth of channel = 9m
« Channel width = 30m to 250 m

Large Ferron
Vallleys

[ iy ot st S [ES—— e ot e By

~ 7 Major inciséd valley fluvial complex

T Attached Lowstand

——_ = -

- - g" -?.g'_: T‘" _'. '\"’Ij_"
e e T
I — ' i m Garrison and van den Bergh, 2004

278

Bhattacharya, 2007



Sequence Stratigraphy Part 10. Fluvial Sequence
Short Course Stratigraphy

Wide Ferron Valleys
Last Chance Delta

1566 NSTE
e — e — —-A HSHE 255E
i Position of f
[+)
e ZE Emay o
u-10

gy e =54 2568 E5TE TS
ot e o s ~+—
et - [ematers
v ot e 2
A-B-C  Locaion of Regions! Wl Owtciop of Feron Sandstons
Cross saction
[} 0 EE] Avwaof erosional unconiormity a1
Garrison and van den Bergh (2006) itomaters e base of valley incsion

1> 2 | Wide Ferron Valleys

Garrison and van den Bergh (2006)
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Wide Ferron Valleys

Valley shows full segment development of Zaitlin et al. (1994)

MC-1 GV-15
-

Garrison and van den Bergh (2006)

Wide Ferron Valleys

Valley at Highstand

11126 mze ez .2 111,28 1ML24" maz .z

® a7 OB bole or maasures sacton # v O ok or momsured secion.
P I—I—é Pesairating ndvaley L —
. Dl bk o st ko o 1 . D ok of moasued section 0 1 2
penmtraning incsed valey kilometers ol ponetmiing incised vy 18 kilometers

Garrison and van den Bergh (2006)
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Large Scale Valley: Ferron Sst., Utah
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Photomosaic 2

Mud-chip lag and
extraformational
pebbles mark
valley base.

Nielsen Wash Valley

s,
.. Upper Parasequence
i

Lower Shoreface Parasequence

Multi-storey, multi-lateral fill.
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Exhumed Ferron Paleo-
Valley at Nielsen Wash

L Shorelaces="1

%

Laterally migrating bar overlies floodplain mudstone,
contained within larger erosional feature (valley).

~—

Floodplain to Fluvial Successions
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Rooted Paleosol ‘

VEire ; ot . o ~—

Thick Fluvial
Channels overlie
Floodplain
Mudstones

Thickness of fluvial
sandstone body
suggests that it may be
a bvalley-scale feature
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Stratigraphy

Valley

Strike Cross Section of Incised

.............

7

I 5 |
S T

Weiguo Li, 2006

|

* Incised valley is indicated by truncation, onlap and rooted inter-fluve.
* Valley incises into storm-dominated marine parasequences.
* Valley has been traced for over 4 km along strike.

\

Al

E 10m
5 = 3
= £ =

T i

!'5

Bhattacharya, 2007
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Non-Marine Sequence Stratigraphy

+« Accommodation cycles can cause regular arrangement
of sandstone stacking patterns (Shanley &McCabe, 1994).

+ Accommodation cycles may be driven by tectonic
changes, climate changes, and sea-level changes.

+ Aot of research looking for ‘Milankovitch’ cycles in non-
marine facies.

» Facies partitioning reflects accommodation

— Is mud deposited on floodplain or transported and bypassed
through system?

— Is sand stored in channels or bypassed into marine or lacustrine
system?
» Do sandstone-rich fluvial deposits reflect incised valleys or
widespread change in accommodation?
— Castlegate sandstone, Utah.

Accommodation vs. Fluvial Stacking Patterns

» Decreasing accommodation may be associated with fluvial
bypass, formation of incised valleys, and fluvial terraces.

* Formation of incised valleys may be diminished in foreland
basins.

+ Slowly increasing accommodation may be associated with
amalgamated channel and channel bell sandstones and fluvial-
dominated valley fills.

* Rapidly increasing accommodation may result in estuarine-
dominated valley fills, tidally-influenced fluvial deposits, and
floodplain dominated fluvial deposits.

* Medium rates of increasing accommodation (e.g. highstand)
may result in floodplain-dominated fluvial deposits.
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Deep Waier Sysiems
Continental Margins

| Cont. | Abyssal

Continental Shelf | _Siope Continental Rise Plain
. Width .
Average width 75 km | | wigth  0-600 km

Average slope |?m/km{0.r°}|f rsof) kml Slope 1-10 mfkrn(o.05°-06°)' ]S:;’:m
v. Slope

70 m/km | {0.05°)
(40) |

AT T e e ST L EVE] ettt
\¥-Average 130m

1500 - 4000 m

Vertical exaggeration 20x 4000 m

Vertical exaggertion Ix e—

From Boggs, 1995, after Drake and Burk (1974), modified by Cook et al. (1982)
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Deep Water Elements

| Inner- to Mid-Shelf (Highstand) Delta ‘

| Sheif-Edge (Lowstand) Delta |

Crevasse
Splay

Frontal Splay

Sediment
Waves

Posamentier and Walker, 2006

Sediment Gravity Flows

SEDIMENT GRAVITY FLOWS

I l

General term

o TURBIDITY LIQUEFIED GRAIN DEBRIS
Specific term CURRENT SEDIMENT FLOW FLOW FLOW
UPWARD
Sediment INTERGRANULAR  GRAIN MATRIX
support. TURBULENCE  FLOW INTERACTION STRENGTH
mechanism 9] rrr——— 0
"0 ot O1 ﬁo 0. Co~] [Q0L

o (o]
J
%goj' tO?O?,f?r’“ | ?g%\boc

Middleton and Hampton, 1973
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Deep Waier Sysiems
Density Underflows

« Warm water flowing into cold water.

Salt water flowing into fresh or brackish water.

« Bass overlying Guinness (Black and Tan).

W

* Turbidity currents.

Allen, 1985

Ancient Turbidites

* Typically monotonous
thick succession of
interbedded shales
and muddy
sandstones (flysch,
“classical” turbidites).
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Deep Water Systems
Ancient Turbidites

* Bouma (1962) noted
that individual beds
showed a regular

succession of
sedimentary

structures.

The Bouma

. Sequence
From Boggs, 1995 after Hsu, 1989

The Bouma Seqlue__rgce

+ T, - Massive Division =

¢ T, - Parallel laminated

* T, -Rippled Division
* T4 - Parallel Laminated
* T, - Mud (Pelagic)

The Bouma

. Sequence
From Boggs, 1995 after Hsu, 1989
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Mechanisms associated with Bouma
Divisions

T, - Fluidization A
T, - Traction E
T, - Traction D
T, - Suspension/Traction C
T, - Suspension — B

A

The Bouma

Sequence
From Boggs, 1995 after Hsu, 1989

The Bouma Sequence

From Boggs, 1995 after Hsu, 1989
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Bouma uences

R v

Tcq Unit, Panther T, units, California
Tongue Delta, Utah

Bouma Sequences
Ty units,
North
Tepg units Washington coast, note jllzcl)spl;

normal grading
TR L
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Deep Walter Sysiems

Ancient Turbidites

+  Commonly show
association with
deepwater fossils or trace
fossils, although shallow
water fauna can be
introduced into deeper
water by turbidity current.

* Commonly sharp-based
with unidirectional tool
and flute marks.

Deep Waier Sysiems
Continental Margin Processes

A
- Qegp gna‘ostfqphfc currents |

— .__1 - .‘._\IJ' \,“ NN

—.R ) o
-_.,_‘_‘fs‘-!spensron

From Boggs, 1995 after Seibold and Berger, 1982
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Deep Waier Sysiems
Continental Margin Processes

» Slope deposits (submarine canyons,
characterized by slides and slumps (MTC’s).

Deep Waier Sysiems
Continental Margin Processes
» Slope deposits (submarine canyons, characterized by slides and
slumps).

» Mass Transport Complexes

Gull Island Formation, Carboniferous, Ireland.
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Deep Waier Sysiems
Continental Margin Processes

» Slope deposits

Deformed mudstone, encased in bedded turbidites, Gull
Island Formation, Carboniferous, Ireland.

Deep Waier Sysiems
Continental Margin Processes

» Slope deposits

Intraformational folding (syn-sedimentary), Waitemata Gp., Eocene,. New
Zealand (courtesy of Posamentier and Walker, 2004).
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Continental Margin Processes

' u"m\ﬂ

W ;
Deep gecs!rophm currents

From Boggs, 1995 after Seibold and Berger, 1982

Deep Water Facies Models

e Submarine Fans

— Can be very large!

— Form at the base of slope and on the deep ocean basin floor. E

' u"m\ﬂ

Deep gecs!rophm currents

From Boggs, 1995 after Seibold and Berger, 1982
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Deep Water Sysitems

Fan Models

¢ Submarine Fan Models

UPPER FAN
CANYON

" ABANDONED

SUPRAFAN
' SUPRAFAN
SUPRAFAN 5 b
\H_-t_::::‘ﬁ"‘"““—‘ A A’ KILOMETERS
PROFILE

NORMARK, 1978

Normark
fan model,
based on
small,
sandy
California
fans (e.g.
Navy
Fan).

Fan Models

FEEDER CHANNEL

L)

!

SANDSTONE
kil

LOWER FAN
wm\
PLAIN

TURBIDITES
NO RELATIVE SCALE IMPLIED

Walker fan model (1978)

1 -incorrect
distribution of sand
and mud

2 - no consideration
of tectonic setting

3 - no consideration
of grain size

4 - no consideration
of sea level
fluctuation
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Submarine Fans

* Submarine Fans

DEMERARJQ AB. p
— Have numerous i

components.

— Canyons

— Channels

— Levees

— Distributary channels
and lobes.

— Debris flow

complexes.

Map of the Amazon

fan, a considerably
larger system than

the Navy Fan. (from
Walker, 1992)

CANYON
50° 49° 48° 47° 46° 45° 442

Deep Water Facies Models

e Submarine Fans

— Can be very large!

Table1 Dimensions of modern submarine fans.

Amazon Rhone Indus Laurentian Mississippi
Length km 700+ 440 1500 700+ 540
Width km 250-700 210 960 450 570
Area km? 3.3x10° 7 x10% 1.1x108  3x10° 3x10°
Thickness km 4.2 1.2 3+ 2 4
Volume km? 7x 105 1.2x10* 1x 106 1x10%? 2.9x10°5

Walker, 1992
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Typical “seascape” . Frontal Splay
\ ! - ‘

Debris Flow Lobes

Walker, 2006 g Avulsion Channel

Deep Water Systems
Architectural Elements

« Attempt to use hierarchy of bounding surfaces related to
morphogenetic elements.

* Newer ideas emphasize deep water provinces
— Tributive incised canyon
— Aggradational single channel-levee complex.

— Distributive terminal system.

» Can be harder to apply to outcrops.
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Deep Water Facles Models

Geophysical Imaging
of Fans.

LOWER

Sea-floor bathymetry.
Seismic imaging (2D
and 3D).

CANYON

WESTERN

0°

VEM, A
\ FZ.

ge

FAN -

s

éASTERN
. { cLC
cearAlll g
RISE

0 KM 100 200
30

50° 49°

45° 440
Walker, 1992

46°

Deep Water Facies Models

Seismic Imaging of Fans revealed
aggradational channel-levee complexes.

~.H__\_

L.CLC

CLS ™= ---

10 KM

Walker (1992) simplified
after Manley and Flood
(1988)
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* Channel levee complexes
commonly overlie chaotic debris

flow complexes.

Deep Water Facies Models

0 10 20
—
KM

VERTICAL
SCALE BAR
= | SECOND
[ TWO way

TRAVEL
D TIME )

sequence
w7

Weimer, 1989

, R
100 KM CAMPECHE .‘
S— ESCARPMENT

Walker (1992) after Bouma and Coleman (1985)

0° 8.5“
Incised feeder canyons feed
distributive channels farther

down slope.

r25®

one km ¥

Debris Flow Internal
Compressional Structures

one km

Bhattacharya, 2007

= u—— ——

Posamentier and Walker, 7006
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Thrust Faults withi

Courtesy Posamentier and Walker, 2004

Bhattacharya, 2007

Part 11. Sequence Stratigraphy of
Deep Water Systems

a Snow “Slide”

Thrust Faults

Meandering Submarine
Channels
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Migrating Leveed Channel on
Basin Floor

Passive
Channel Fill

* Channel Belt Slope = 0.32
* Channel Thalweg Slope =~ 0.07

* Channel sinuosity = 2.31

Posamentier and Walker, 2006
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Deep water Channels in Outcrops

. m' R 3 I:ﬂ_ £ ' ; e -
Upper Miocene, San Clemente, California (Posamentier
and Walker, 2006)

Deep water Channels in Outcrops

s
SR e NGRS ) v

Upper Miocene, San Clemente, California (Posamentier and
Walker, 2006)
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Deep water Channels in Outcrops

Submarine Channel Architecture Slope

Permian Brushy Canyon (Gardner and Borer, 2000)

Submarine Channel Architecture Slope to Basin 197
Channelform Hierarchy Scalar Term
Submarine Fan Conduit Complex depositional sequence
— —_——— " 300 m thick + 2-3 km wide

Submarine Fan Conduit fan geomorphology

e — ——
S 60 m thick - 1-2 km wide
Sth-order
L cycle

Channel Complex architectural element set

Spill phase

25 m - 800 m

Single-Story Channel architectural element

anation b 7m-200m
Organc Rich Siltstone \dw e

Interbedded Sandstone and Siltstone
[ Interbedded Sandstone and siltslons

with beeds thanming from chanmnel margin

2] Heteralthic channel titwith rip-up clasts
= - ith
laminated cap ! Gardner and Borer, 2000

e Frosicnal surface
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196

Depth (m)

100

10

0.1

Gardner and Borer, 2000
Sand Body Dimensions

Previously collected data . .::. . *
. R o s 3
i »ancient data . ‘..&.{ P
. modern data » e .-_? §~..1.
LN ]
- subsurface data .? > %; .
5 SRR
i NP
- ‘ L]
g .
: [s]a]
| o S o
o e . o Brushy Canyon data
3 O . o n= 70 ¢ single-story channel
- ‘o e n= 32 @ channel complex
- n= 13 @ fan conduit
© o n=8 @ conduit complex
1 | . |

10 100 1000 104 105
Width (m)

Gardner and Borer, 2000

Submarine Channel Architecture Slope to Basin 205

)
5 =

m. ittt ity mt vy

ot et ey
] sErEnm e aR

o Yoo s
| ST o) T
Energy o

Figure 9—Facies cross section of a Fan 4 channel complex at upper Brushy Mesa (middle Brushy Canyon). Note
the high degree of lateral facies change within the channel complex, which is typical of Fan 4 channel fills, Facies
correlation length increases and facies diversity decreases upsection through the cut, fill, and spill phases. The
channel is multistoried, with a highly serrated margin consisting of many identifiable 1- to 3-m cuts,
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3D Facies
Architecture and
associated cliff
exposures,
Brushy Basin
fan, Permian
basin.

Gardner and Borer, 2000

" . —
o $ 7 L _Bile >
& = S Cont. Int.: 40 toet
. 2 D
] e
o Nt
. L w
W 4] N
| I‘\ Ir'. \\
U 1 fl |

Submarine Channel Architecture Slope to Basin

Proximal
Salt Flat Be
smstgrchy I3

iSlopel

Channel
architecture:
updip
downdip

i Bypass & Erosion |

ing Channel Offset,

Gardner and Borer, 2000

P [ﬂom
R s QR 1 ATy S e 2 %
REneE. Thm BCES
a———

T arine Chanme] Archiledare Shaps o Basin |

F

Ee—— ErCETTrESs ——
° hall measurérment - i cross-sectional geometry nol expossd

Bhattacharya, 2007
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Channel
architecture:
updip
downdip

Gardner and Borer, 2000

2 Gardnes and Borer

Channel Complex Section ‘Wheeler Diagram
Proximal (high g
Upper Slope Confinement

depoaits “kefl-behind”
by bypassing fows
1

Distal (low gradient)
Basin Floor

Spatial Domains in Stratigraphic Cycle

i Background Suspension
Build cut @ Deposits (Abandonment) L]
Fill @@ spin [J Hiatus
| | | J
Fan Growth Fan Decay

al and spatial buildscutsfills

Levee Crests

¥ ¥

Posamentier and Walker, 2006

Bhattacharya, 2007

Overspill and
Flow Stripping

Potentially Prospective
Overbank

Confined Channel Flow

Overspill

Flow Stripping
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Courtesy
Posamentier and Walker, 2006

Overbank Splays

[— e

Levee facies,
Scotland Fm., 3
Barbados.

Thin-bedded.

Deep Water Systems

Dominated by climbing ripples.

Bhattacharya, 2007
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Levee facies, Jasper, Alberta.

Overbank Splays
* Thin-bedded.

Thin-bedded muddy overbank
facies, Alaska.

Deep Water Systems

Frontal Splays (terminal lobes)

Posamentier and Walker, 2006

Bhattacharya, 2007
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Paired Distributary Channel and
Channel-Levee Complex

Posamentier and Walker, 2006

Distributary Channels and Sandy
lobe Facies

Amalgamated channel sandstones, Carboniferous Ross Fm.,
Ireland
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Distributary Channels and Sandy
lobe Facles

\“ anl._ - ‘“ ‘

___‘M.\

wi

. B \
Thlckenlng upward beds, Cretaceous Matllua Fm., Callfornla

Turbidite fans in the Permian Tanqua Karoo, South Africa

Fio. 1.—Landsatimage of the SW Karoo Basin, South Africa with the Tanqua and depocenters marked, An omecinal bend in the Cape Fold Belt bounds

Laingshurg
the Tanqua depocenter to the woit (the N-5 trending Cederberge branch) and to the south (the E-W trending Swartberg Branch). The box denoter the study area of the
MOMAD rexcarch project; approximately 35 km % 25 km. Landust image frome bitpusfrubs ssc nasa goimrsdl,
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Fio. 1.—Landsatimsge of the SW Karoo Bagn, South Africa with the Tanqua and Laie

MOMAD rescarch peojoct; approximately 35 km X 25 km. Landsat image from: htps/lrube sse nasa gormrdd.

cpocenters marked, An omchnal bend in the Cape Fold Belt bounds
1the Tanqua depocenter to the weat (the N-S trending Coderberge branch) and to the south (ibe E-W trending Swariberg Branch), The box denotes the stidy area of the

T
- i

.

ED

. Waterlamoen
Fonkelh
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Measured N
5 -
sections « S m
.-y’. = :
s % g § 5 Unit 5 IE o
— = = = e\
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Cross section RIR SRPE-== T EI p—
. Bt e = = I i\
through distal £ %I!E = gl ":i e
fans showing RS PSS o F === e :
= PSEL ey HE e
upward sia U
thickening o ' i =B 5% 5/
S i — : S
= 2 F 1
1 = = S S 2
(progradational) | 1 Foy T {
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(Hodgson et al. ’ Fan 2y
2006) A
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Facies
Successions ; _
from Cores ?‘p‘Q’.’”

§: Interfan
:mudstone

Note dominance

of progradational

deep-water

“parasequences”

(Hodgson et al. k- il 88

2006). f -H L EEE S

Stratigraphical
base

- Eitfiplogical -+ Il I8 18
base I

Aggradational Progradational
deposits deposits

Paleogeographic Maps

e DM _HODGSON ET AL

Fan

A

Sandstone-prone
parts of the fan

Estimated base
of slope

Estimated
shelf edge

Fu. 4. e outlines. of the fan systems, which have boen mfincd from integration of the ostcp and NOMAD cor and well-log
data (white dots). Only the ;mcba-lu:-ol’?-n 1 and 2 ar presentat outcrop, md then original sire and geometry i poorly constrained. Mote the change in thestyle
of dope deivery from poit-sowced basin-flocs fims {Fans 1-4) to multiple feeder systems in Uit 5.
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STRATIGRAPHIC EVOLUTION OF FINE-GRAINED SUBMARINE FAN SYSTEMS 29
Growth
N -,.. S phase
70 — E
- -
Dip-section through 2
2
Fan 3 Jd s
£ 5
£ ]
L -3
© s
Q
w
hl
&
10 g
1]
Hodgson et al. 2006 Hodgson et al. 2006 R
13 07 18 10 36 25 12 14 41 23 . 60 31 24 33 386 L
Scale in km
Fi. 10.—Dip correlation panel of Fan 3 stratigraphy from S to N, approxi down the axis of the fan. The lation is based on al ing interfan
or silistone-prone units. Note the thinning of the lower and upper units into the basin, the tabular nature of the central portions, and the channel forms at the base of the
fan in distal locations. The channelized nature of the feeder system at Ongeluks River prevents robust ion of the intrafan stratigraphy. Natural gamma logs are
shown at well sites. Log positions are located in Figure 9A. Se¢ Figure 3 for grain-size scale,
0 D.M. HODGSON ET AL 2006
- -
Srowh Strike-section through Fan 3 E
&
g% ’
T
xrm
&
NS2

Aggradation

Progradation

1.4 13 [11.] 09 1.0 23 26 0.8 a1
Scale in km

Fig. 11.—5trike correlation panel of Fan 3 stratigraphy from W to E, approximately across the fan at Gemsbok River. Note the thinning of the lower and upper units,
and the tabular nature of the central portions. Natural gamma logs are shown at well sites. Log positions are located in Figure 9A. See Figure 3 for grain-size scale.
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JSR STRATIGRAPHIC EVOLUTION OF FINE-GRAINED SUBMARINE FAN SYSTEMS 33

N Evolution of Fans in dip-view nB3 S

Hodgson et al. 2006 ; hd

No vertical exaggeration

30 km

Fig. 14.—Cartoon to illustrate the intemal divisions and down-dip distribution of the Tanqua fan systems. The progradational phase is related to the early lowstand
systems tract (LST), the aggradational phase to the middle LST, and the retrogradational phase to the late LST. The cartoon is based on Fan 3 (wells NB3 and NB2 are
the reference logs used), but all fan systems follow the same fi k. Hi only the dational phase is preserved at outcrop in Fans | and 2, and Fan 4 is

dominated by the aggs i phase. For comparison the same cartoon is also shown below with no vertical exaggeration. S¢e Figure 3 for grain-size scale.

Evolution of Fans in dip-view

34 D.M. HODGSON ET AL JSR

‘ E
) D Extont of good cutcrop nd
- previous fan growth models
£ :
s i
—————————————— : <ol
s
£
‘ : ) f Hodgson et al. 2006
No vertical exaggeration
25 km

Fia. 15— Cartoon to illusirate the intemal divisions and along-sirike distribution of the Tanqua fan systems (well NB3 is employed as a reference section). The
retrogradational phase displays sid ing as well as hack ing trends, For ison the same cartoon is also shown below wath no vertical exaggeration, See
Figure 3 for grain-size scale.
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Distributary Channels and Sandy
lobe Facies

Partially dewatered channel normally graded
sandstones with scours, Scotland Fm., Barbados.

Distributary Channels and Sandy
lobe Facie

Normally graded to structureless sandstones with scours, Sespe
Fm., California.
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Deep Water Facies Architectural Elements

* Leveed Channels
* Overbank Deposits
* Frontal Splays

* Mass Transport deposits

Deep Water Facies Models

+ Extremely high volumes of sediment associated with
submarine fans.

+  “Infinite” accommodation.
+ Fill and spill in mini-basins (e.g. GOM).
» Large control of sea floor topography.

+ Sediments can be reworked by marine currents (e.g.
contourites).
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Sand Mud Ratio versus

Runout distance

“Effective” Flow Height
(i.e., Height of high-density
column within turbidity flow)
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Runout Distance vs. Slope

Autocyelic
Increasing Curvature of Slope
i¥F [ -

Lo b
I o
| { ‘ Increasing Sand:Mud

Allocyelic =

Posamentier and Walker, 2006

High

Low

Deep Water Sequence Stratigraphy

A Relative sea level

Ry

Lowstand interval

|<::>|

Time

>

Condensed section

_ay

ﬂ (turbidity currents dominate)
Interval of upper-slope (—%

instability (mass-transport dominates)

(relatively high sand:mud)

(relatively low sand:mud)
Frontal splays dominate
I————

Interval of upper-slope instability
(mass-transport dominates)

Interval that shoreline is
located near the shelf edge

Leveed channels dominate

Condensed
section
Posamentier and Walker, 2006
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Deep Water Sequence Stratigraphy

5. Condensed- 3. Channel-
section deposits levee deposits g

. Frontaksplay
deposits

4. Debris-flo
deposits

1. Debris-flow
deposits

Posamentier and Walker, 2006

Confined, Mini-basins

 May or may not be salt related

— e.g. tectonic mini-basins of Europe versus salt mini-
basing of GOM.

» Basins successively fill and spill.
— Salt basins are commonly syntectonic.

« Allocyclic controls (e.g. sea level lowstands) may
still be required for sediment to reach basins.
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* Filling of GOM Mini
basins broadly
correlated to sea

level.

Sea level curve in the Gulf of Mexico

through the past 125,000 years

25

[ a ¢

»
b

(o
(=W

Sea Level (m}
: &
g

Time {Ka)

modified from SPECH AP (Imbris ek al., 1983}

A
]
]

Transgrassive
System Tract

Lawstand
Systems Tract

Highstand
Systems Tract

225 N

2720 N

2r5 N

Mallarino et al. 2006

Figura 1. (a} Map of the Gulf of
Mhesico; (b) sea-Soor topography of
the upper sk and location of the
sudbed minibasin system; and (<) the
bathvymetric map of the basin 4. Basin 4
hars an oval shape with the main ass
oriented northeast southwest. 1 it the
termination of the mind:sin system,
and it lecks outlets, Bathymetry ranges.
from about 1200 b sightly more fian
1400 m (39040 1o skghtly more than
45600 ). Twa temporary abandoned
feeder charnels wore mapped in the
rorthern side [armons in (c)], The sies
of the 15 giant piston cones (black and
white circles) are shawn in the hathy.
metric map as well a5 the tracks of
the seismic profiles. In (¢), core labels
have been shortened (eg. 40 sands
for MD-03 2640). White dirdes indicate
cores anabyzed for biostratgraphy.
The figure i () is modified from
hitpfjoceanexpions moaa gov; he
figure in (b) & modiied from

Liu and Bryant {2000,

ML 67 AL 1091

TWTT (s)

+ Seismic expression

TR T2 20 200 20 300 320 340 200 340 400 430

1 1 1 ! whe

Mallarino et al. 2006
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Falling . . Lowstand

o
Mini basins .

+ Filling of GOM Mini
basins broadly
correlated to sea
level. 2= (:J'zlg’—sa%_l?a)

- " a4 o o a6 o P

b)

Figure 2. (a-¢) Late Quaternary paleogeographic maps
of the northwestern Gulf of Mesico shell. The maps span a
time interval from 120 %0 4 ka (from M5 5¢ to MIS 1) and
hustrate the main depositional systems existing during that
time irtenval on the shelf. During the List maximum lowstand
of WIS 2 (map b, the Brazos River merged with the Trinity-
Sabine rrver system, and sediments bypassed the exposed
shell margin aourishing the minibasin of the Brazos-Trinity
dope system. Sediment source of the minbasin system
during earker stages is unknown. In all maps, dashed lines
represent boundaries between areas of the Gulf margn
(namely, ceniral Texas, east Texas Brazos-Colorado, east
Tenas Trinity-Sabine, and western Lousiana) characterized
by distinct seftings such as sediment flux, margin physiogra-
phy, and subsidence rates. In map 2a, numbers on defta
lobes indicate their chronological order. CD = Colorado
delta; BD = Brazos deka; WLD = western Louisiana delta;
BT/5D = Brasos-Trinity-Sabine defa; CV = Colorado
lowstand inised valley; BV = Brazos lowstand incised valley;

T/5W = Trinity-Sabine lowstand inciied valley; BTms (black
rectangle) = manibasis of the Brazos- Trinity shope system.
The white oval represents the Ibcation of basin 4 (modiied
fram Anderson et al, 2004).

Mallarino et al. 2006

Mini basin fill history

Figure 3. (3) Model for the a)

m:;a;in filling ";"{'j”ﬁ"" in Basin1  Basin2 Basin3  Basih4

which deposition did not prog- p ;
ress strictly fmtp upslupe_to memmml - :
downslope basins, as basin 4 :

received sediment before the Extended poriod " d

upslope basins were filled to clbypase \ )

spill point (variation of the fill- '

and-spill model (modified from ' Basin 3 colapes

Beaubouef and Friedmann,

2000). ‘il redirechon o drnage
*  Fill-and-Spill H _ -

100 ka)

]
i
(|

approximately
from proximalto  ; [ A -
distal with ‘5.3 2 - [Jorase corsieses

. || Leovod=channel complaxes
considerable ; T

. . eamplaxos
local variation % I coromport compces
Dist: i lop

Mallarino et al. 2006
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Mini basin fill
history

Legend

[ unit 1 (hemipelagic mud mainiy)
Unit 2 (sandy turbidites mainly)

I unit 3 (nonhemipelagic mud)
Unit 4 (nonhemipelagic mud and
sandy rbidites?a
Unit 5 (hemipelagic mud)

e==z=a Ash layer

E Unit & (ncn‘l'nsmpalagnc mud with
minar sandy turbidites)
BZ = Biozones

™

IEEEEER]
-

Figure 13, Dharass ilkis¥ aing the B histery of basin 4, The depusifon of each unil s seferred o the sea bevel cunve and marine

iootnpe stages. The sea beved quren it modified from Lambeck and Chappel (3001).

s Mature aad Timing of s intessioge Minbagin

Mallarino et al. 2006

Facies versus Sea-level in a mini-basin

d
u2 ‘

Note increase in

. g .
. 5 turbidite sands as
F 2
| g sea level reaches
é 2 its maximum
lowstand
[T Hemipetagic (L > 50%)
e
E s }_‘QWWW% mm
20
[ tionhemipeiagic (L < 50%)
Figure 14, I igrap ul Imn 4 i wih Iﬂem level curve, The composed lightness curve (cores MD-2640 and
2643) allows diff ing lagic from nonh (sand, slt, and day) depesits. Hemipelagic intervak were deposited

during the MIS 5d-c and ‘b-a transition, early MIS 3, and MIS 2-1 transition, time of overal transgression, and early highstands.
Nonhemipelagic intervals, and spedfically sand deposition, occurred during MIS Sd, MIS 5h, and late MIS 3 times of sea level
regression. The brgest amount of sand was delivered during the madmum sea level Iunsland of the last glacial maximum when sea
level was about 120 m (393 f) below the present level During MIS 4, despite a sgnificant sea level fall, sedmentation consisted of
hemipelagic deposits, Itk unknown whether this episode was restricted only to basin 4 or it invelved the other linked basing as well,
In basin 4, the overall amount of sand delivered progressively increases through Ilrne and it peaks during MIS 2, This trend matches
the general progressive sea kel fall that ¢ the last glacakinterglacial oyde. Mallarino et al. 2006
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Mechanisms and
fill types in a
progressively
filled mini-basin
pair (based on
European outcrop
and GOM

exampleS). Ci. Fm'tiy_pa? Cil. Flow bypass _abandonme_qt"

Fill and Spill in confined basins

DEPOSITIONAL EVOLUTION OF CONFINED TURBINTE BASING 453

e,
at base-ol-sope

Fio. 2| model b the
progeesive sl of 3 coatined bz
=d 3t e bie of e sloge

of a bowes busia, Se¢ st foe descriptions of he
foux wagen

Fill and Spill in confined basins

DEPOSITIONAL EVOLUTION OF CONFINED TURBIDITE BASINS 455

Vertical stacking of

confined basin sequences
due to progressive uplift of
basin margins

Fie. 3.—Verical stacking of confined basin

Renew:ad pnlaplof sequences gencrated by episodic uplift of basin

upper basin cycde topography. The circled numbers refer to the
four phases in a typical confined-basin sequence
as illustrated in Figure 2.

Tilted onlap of lower
basin cycle

Sinclair and Tommaso, 2002

Facies evolution in a spill and fill mini-basin.

Note lack of MTC’s, these are actually more common
that shown in this paper.
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Gulf of Mexico

* Slug diagrams along the coast
illustrate differing timing and
geometries of sequences
primarily controlled by sediment
supply (Anderson et al., 2004)

Conclusions: Deep Water
Sequence Stratigraphy

« Staging area is critical
— Need rivers near or at shelf edge to deliver sediment.
— This usually requires a sea-level drop.

« MTC’s typically represent remobilized slope mudstones

— May form during rise of sea level that increases pore
pressure.

— Also can be triggered by local slope failure
* e.g. earthquake
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Conclusions: Deep Water
Sequence Stratigraphy

* Fans can show progradational, retrogradational and
aggradational stacking.

* Parasequences may be identified.

Conclusions: Deep Water
Sequence Stratigraphy

« Slope and physiography are key drivers in locating
incised, confined and unconfined elements.
- Canyons
— Channel Levee Complexes
— Distributary fan lobe complexes

* Net-to-gross may reflect position on the fan, runout
distance and caliber of supplied sediment.
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Allostratigraphy (NACSN)

* Introduced by Quaternary stratigraphers to map units
bounded by piedmont surfaces,

— Q, versus Q,

Quaternary stratigraphy in a
lithostratigraphic world

Different age
units of
alluvium (Q, )
can be seen,
but are not
designated
as different
stratigraphic
units.

Figure 3 Cross-stream geologic section, Hays, KS. Both line oriented north-
sauth, line B-B' lies alang the eastern edge of the Hays city limits, A-A' lies 3.2 km to
the west (Brikowski, 1987). After Laffa (1948)
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Quaternary sediments in an
allostratigraphic world

I-Z:url_\_l_:u Middle Pleistocene Mlke Blum’ 1 993

rrace Remnants

el

Late Pleistocene Terraces

chanr

Holocene Valley Fill

Bedrock
Valley Walls Colorado

River

meters above low water

Depositional Late Holocene Fill
Early 1o Middle Holocene Fill

Different age terraces are defined as alloformations
in recent studies of Colorado River valley deposits
in Texas (Blum, 1993).

Definition of Allostratigraphic Units

OLDER ROCKS \:i::

OLDER ROCKS
EXPLANATION
| Clay 4 Allostratigraphic unit

NACSN, 1 983 Sand e Buried soil

S Gravel ~——— Disconformity

Alluvial sands and gravels and terrace clays define
heterogeneous allostratigraphic units.
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Cretaceous Examples

Paleogeography
associated with
Dunvegan and
Frontier
Formations

Cenomanian
Paleogeography

Dunvegan
[ |

Lithostratigraphy of Dunvegan Formation

WEST EAST
N.E.B.C B.C./AB DUNVEGAN PLAINS
E DUNVEGAN LITHOSTRATIGRAPHY
z KASKAPAU FM. i
MARINE
o
>
= 2ND WHITE SPECKS
sxc—m—— HOWARD CREEK S5
——— POUCE COUPE 55
— DOE CREEK 55
MARINE LA BICHE FM.
z
| = 10
| £ SHORELINE Beamgiior fecaton,
| AN
5 titatredrs iggipiatiglin
z e
E dafisgs Jaametitarcies
. ,
| wane  suarressuny e, DIGHTERdRECIMEgEIVE
CRUISER FM ¥ i
| : saeTyy ageSsfiadiche
|
l [ e S s ---- FISH SCALES - R LR P T
(Singh, 1983)
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Allostratigraphy of Dunvegan Clastic Wedge

| . Doe Creek Marker

Kaskapau

Dunvegan

= Different lithostratigraphic
units (Dunvegan and upper
Shaftesbury) are age
equivalent.

Shaftesbury

Allostratigraphy of Dunvegan Clastic Wedge

| . Doe Cresk Marker

Kaskapau

Dunvegan

= Different lithostratigraphic
units (Dunvegan and upper
Shaftesbury) are age
equivalent.

Bhatiacharyay 1998
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Sequence Stratigraphy

Short Course

Allostratigraphy vs. Lithostratigraphy

Allostratigraphy

Mappable units
Lithologically homogeneous

Diachronous boundaries Dis

Lithostratigraphy as

a basis for mapping

..........

* Undifferentiated
mapping of sandstones
in entire wedge.

* Individual “tongues”
hard to map.

Mappable units
May be heterolithic

continuity bounded

Hard to differentiate
individual
depositional systems
up-dip

Individual
depositional systems
may be differentiated
down-dip, but which

sand belongs to
which tongue?
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DOME LATOR

Data and Area 3-20-62-2“‘5-

NEdYHS YN

NYS3ANNGD

Lot 4:: D S N, 1’_4’\ 12
Vi e Tuse ]

dIHSNMOL

AUNBSILIVHS

Flooding surfaces - _
Bounding discontinuities &

Razor sharp contact
between shallow water
sandstone and deeper
water marine mudstones
records deepening.

Bioturbation shows marine
working of previously
exposed surface.

Roots record subaerial
exposure.
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DN LT

L]

—— TSE and FS

Flooding surface (FS) &t © Lo are he
marked by abrupt ; ; unresolvable E
transition from sandy to é | on well logs

B

muddy facies.

Q.

Angular discontinuity
forms z
Transgressive Surface | &
of Erosion (TSE) :

Allostratigraphic - Separate tongues
mapping (Allomembers and
shingles) can be mapped.

» Improved resolution of
depositional systems.

Isolith of Shingle E1
Subsurface Map

Bhattacharya, 1991, 1993
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Strike Cross Section

Deeply incised facies suggest sequence boundaries; or;are
they distributary channels?.

* Improved paleogeographic
resolution versus
lithostratigraphic map.

o —
= 2
ST
e

PALEOGEOGRAPHY =
SHINGLE E, S

Bhattacharya, 1991, 1993
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Sequence Stratigraphic Interpretation

» Basinward shift in facies.
* Bigger lobes in E1.

» Attached lowstand.

* Autocyclic?

Bhattacharya, 1991

SB separates
river-dominated
deltas of E1
above from
river-dominated
deltas E4, E3,
and E2 below.

Allostratigraphy

Isolith of D
Subsurface Map
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Allostratigraphy

S

Conclusion

Allostratigraphy is
an excellent
framework for
correlation within
which sequence
stratigraphy may
be interpreted.

Part. 12 Allostratigraphy vs.
Sequence Stratigraphy

Major paleogeographic
reorganization occurs across
allomember boundary from
wave- versus river dominated
depositional systems.

What is aBounding Discontinuity?

+ General Surfaces
Unconformity
Disconformity
Paraconformity

Omission Surface

Discontinuity Surface

Any traceable bed

boundary?

Bhattacharya, 2007

» Sequence Stratigraphic
Surfaces
— Sequence Boundary
Transgressive Surface
Flooding Surface

Maximum Flooding

Surface

Correlative Conformity
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What is a Bounding Discontinuity?

Any mappable or “pickable” stratal boundary.
Most beds boundaries have some time missing and thus
represent discontinuities (Derek Ager).

— Missing time is not required to define discontinuity.
Most beds represent a change in lithology and thus
represent a facies discontinuity, even if no time is missing.

— e.g. bentonite beds in Wyoming represent regionally traceable

sharp change in lithology.

It is the ability to map the discontinuity that is important not
the interpretation of the origin of the discontinuity nor

amount of time missing.

Allostratigraphy of Frontier
Fm., Wyoming

Frewens

Willow

Uplift

i"w‘i‘m...._.'

H‘c’:rﬁn L

—
I:I Sandstone - Heterolithic facies

. Pebble Bed = Bentonite

L : Bhattacharya and Willis., 2001
J Bentonltes and pebble-capped ravinement
surfaces used to define allomembers.
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Bentonites of Frontier Fm.

» Bentonites and pebble-capped ravinement surfaces

used to define allomembers.

Bounding discontinuities formed by
marine erosion over. subtle uplifts

Marine
erosion

over high
area

Bhattacharya, 2007

Pebbly Sandstone
Crogss-bedded Sandstone

Sandstone
Muddy Sandstone

Sandy Mudstone
Mudstone

HARLAN
Al LOMEMBER

—— Bentonite
. Facies Boundary

~=~  ncaonformity

Bhattacharya and Willis., 2001
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Lag Facies

* Proximal
expression

— Pebble bed
overlying delta
front facies.

Lag Facies

e o

Big Pebbles in Mudstone

Bhattacharya, 2007

Part. 12 Allostratigraphy vs.
Sequence Stratigraphy

» Distal expression

— Thin pebble bed
encased in marine
mudstones.

— Abundant shark’s

341
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Posey Sandstone - Frontier Fm.

Posey Sandstone - Frontier Fm.

Bhattacharya, 2007

Varinerbiscontinuity
fivial S

‘sandstones;-

342

14



Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

il R e A

H Vertet‘);al.’element from
Lag materlal at Marine Plesiosaur Tail.
top of Posey s
Sandstone

' Marine Ophiomorpha
+ fragment in coarse
.. sandstone

A i, _f

Allostratigraphic Schemes

Allostratigraphy
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Sequence Stratigraphy

« Powerful way of interpreting allostratigraphic
units in the context of cyclic changes in

accommodation and accumulation.
Stems from seismic stratigraphy.

Defined by the “SEQUENCE BOUNDARY”

Seismic Stratigraphy

Based on observed changes in reflection patterns at the basin-scale.
Physical position of stratal packages (sequences, systems tracts) can
be observed and mapped.

Sequence bounding unconformities can be observed passing into

correlative conformities because reflections are continuous.

DEPTH — KILOFEET

TIME — SECONDS

l|] 5 KM

0 5 MILES Vail et al., 1977
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Seismic Stratigraphy

Environments (shelf, slope, basin etc.) are easily distinguished.

Lithologies are difficult to distinguish.
— inferred rather than observed from stratal patterns.

— Industry routinely loses tens of millions of dollars every year because of
poor predictability of reservoir lithology.

DEPTH — KILOFEET

TIME — SECONDS

L i Vail et al., 1977

Sequence Boundary

« Sequence boundary originally defined as the
unconformity and its correlative conformity
(Mitchum, 1977).

 Redefined as an erosional surface that is
subaerially exposed (Van Wagoner et al., 1990).

Incised Valley within Fall River Sandstone, (Willis, 1997)
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Seismic Stratigraphy

Angular unconformity gorrfelati\.ls
onformi

Sl ;' s
G OSLE : Az SIS ——\ !3‘”1 ///\\\_”/ LL\[E
Deep marine carbonates . :

S el

Fold 1

* Perdido fold belt, Gulf of Mexico (Fiduk et al., 1999)
* No subaerial exposure, totally marine erosion.
* Can this be a sequence boundary?

No Sequence or No Sense?

» Wholly marine unconformities, useful in
allostratigraphy, do not satisfy the strict
definition requiring subaerial exposure.

— Deepwater unconformities like Perdido Fold belt.
— Marine erosion surfaces like in Frontier Fm.
— Other ravinement and flooding surfaces.

— Deep tidal scours (Willis, this meeting).
« Angular Unconformities are not always sequence

boundaries?

— Sea-level and environmental facies bias in definition.
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Lowstand System Tract

» Definition
— The lowstand systems tract overlies the “sequence
boundary” (includes correlative conformity).

Distal lowstands overlie correlative conformities.

Relative Sea Level

Shallow
Incised
Valleys

wWave

Exesion Distal Lowstand Shoreline

Sediment Eroded
by Shoreface
Wawve Action

Smranded Basin-

Surface and Isolated Shoreface

Sequence
Boundary

Posamentier and Allen, 1999

Correlative Conformities

Let’s remove the proximal facies, a common
problem in foreland basins

Ay

: Relative Sea Level I

Shallow
Incised
B) Valleys

wWave
Erosion

Good luck picking the
correlative conformity! ————————

Stranded Basin-
Isolated Shoreface
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Well Log Sequence Stratigraphy

Mitchum et al., 1977

Limitations of outcrop, well log
and core studies

Bhattacharya, 1988

» Surfaces have to be extrapolated between data points.
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Limitations of outcrop, well log
and core studies

Bhattacharya, 1993

Sequence boundary can not be objectively picked where it is
expressed as a correlative conformity.
This makes it impossible to correctly identify the “sequences” in

some (many?) cases.

Sequence Hierarchies

Impossible to use in most outcrop studies.
Unwieldy in core studies.
\ W51 Good for measuring tidal bundles and tidal

laminites
European/Texas

School

wed — Facies

Bedset — Facies Association
Parasequence — Depositional System
Parasequence set — Systems Tract

Sequence — Sequence

349
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Sequence Hierarchies

» Hierarchy of beds and bedsets is in
a state of constant flux as we learn
more about facies architecture.

« Bed
 Bedset

Sequence Hierarchies

Numerous scales of bed and bedsets are common.

Hierarchy changes if beds offlap or are cross stratified.

Offlapping bedsets show complex hierarchy
§ Willis et al., 1999

20m

Bedding architecture within \v
2X Vertical Exaggeration Frewens Allomember, Wyoming N\
350

Bhattacharya, 2007



Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Sequence Hierarchies

Standard facies nomenclature is much more
flexible.

Incorporation of facies architecture terms is a
major challenge.

+ Facies

» Facies Association

* Depositional System
Systems Tract

Sequence

Terminology Problems

» Lack of consistency in definition and usage of
sequence terms.

+ May convey either positional or temporal concepts.

— Despite claims that Systems Tracts are defined purely
physically, most practitioners refer to early and late
subdivision within systems tracts.

— Use of time terms suggests that sequence stratigraphers
fundamentally believe that a system tract represents a unit
of time or a period of sea level change rather than a rock
unit.
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

More Terminology Problems

Practical problems in defining the correlative conformity.

Difficult to define sequences where evidence for erosion is
cryptic or absent.

Bias towards subaerial exposure results in inability to label
tectonically produced marine erosion surfaces as sequence
boundaries (sensu Exxon).

Marine erosion may remove evidence of prior subaerial
exposure, which must then be inferred rather than
observed.

If I can’t call erosion bounded units sequences what term
do | use?
— Allostratigraphy avoids genetic terminology

The Good News

« Sequence Stratigraphy
— highly flexible tool for genetic interpretation.

— retain flexibility to add or delete categories as
we better understand the complexity of the
stratigraphic record.

+ Falling Stage Systems Tract in favor
+ Shelf Margin Systems Tract rarely used

* Type 2 Sequence Boundary largely abandoned in

most published examples.
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Conclusions

+ Sequence terminology needs clarification.
— Highly biased towards sea level changes through time.
— Need to clarify temporal and genetic bias in terminology.
+ Because of genetic nature of terminology,
Sequence Stratigraphy is a less valuable scheme
for formally naming rock units.

+ Attempts to formalize sequence categories will
likely not be successful.

— Attempts to present formalized facies schemes have been
moderately successful at best.

Conclusions

» Allostratigraphy is inherently less controversial in
that it emphasizes mappable, observable
discontinuities, rather than inferred exposure
surfaces.

* Only available scheme for formal naming.

» Results should be reproducible.
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Sequence Stratigraphy Part. 12 Allostratigraphy vs.
Short Course Sequence Stratigraphy

Conclusions

» Allostratigraphy lacks the theoretical intellectual
framework for interpreting strata in the context of
key surfaces formed by changes in accommodation
and accumulation.

Sequence interpretation is best built on a robust
allostratigraphic framework.
— Sequence Stratigraphic Interpretations may change.

— Basic allostratigraphic definitions of mappable units
should have a longer shelf life than ensuing
interpretations.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Kaskapau

Dunvegan

g About 200km =——

Shaftesbury
M
wm
c

Bhattacharya, 1993

3

o

Q
o
-

7]

]
x

Dunvegan

Klooding Surfaces

(define’parasequences)
g About 200km =——

Shaftesbury
M
wm
c
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Kaskapau

Dunvegan

dfflapping Parasequence Sets
comprise Allomeémbers
<———— About 200km ——————————>

=
=
o
S Fsu -
b
=
(7]

"= Doe Creek Marker

Kaskapau

Dunvegan

\ Major: Flooding Surfaces

define Allomembers
——— About 200kM -

Shaftesbury
M
wm
c
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Dunvegan

" Sequence Boundaries

) | i L I
1 -
1 ) |
\ / /]
]

Shaftesbury
M
wm
c

=
)
=

Strike Cross Section

» Valleys and sequence boundaries much easier to identify in
strike section.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Sequence Stratigraphic Interpretation

» Basinward shift in facies.
* Bigger lobes in E1.

» Attached lowstand.

» Autocyclic?

SB separates
river-dominated
deltas of E1
above from
river-dominated
deltas E4, E3,
and E2 below.

I
Bhattacharya, 1991

'R10W6
R15W5

| L 1

T 1 1 1 ]
0, 12mi 1
0 15km :

w
Allomember E E
sand isolith b

R15W5

Let’s look at cross section A- A ¢
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

D1

DIP SECTION, ALLOMEMBER E

Lowstand
delta

Let’s start
with the
“highstand”

QAbATETc|

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER E

Abundant graded siltstone beds, and moderate level of burrowing
suggest a river-dominated prodelta.

DIP SECTION; ALLOMEMBER E
r 16-10 .
Ubiquitous soft-sediment deformation, abundant graded siltstone beds,
and lack of burrowing suggest river-dominated prodelta. Mud-capped
sandstone bedsets are interpreted as minor flooding surfaces (MnFS).

Top of
Parasequence 3 (E3)

Bhattacharya, 1991, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER E

'i%arasequence 2 (E2) 16-10

Spjtase: M.ca orm zm_on

and climbing current ripples, and lack of burrowing suggest river-

dominated processes. Bhattacharya, 1991, 1993

Parasequence 2 (E2)  DIP SECTI
A

Ly,

g
|

There are a number of abrupt facies changes at the top of the parasequence that
coincide with an SB, and a variety of transgressive surfaces. SB is marked by a
rooted horizon indicating subaerial exposure (SE). Sudden appearance of
biotuirbation marks transgressive surface (TSE). Top of transgressive bioturbated
unit marks Major flooding surface (MjFS).

Bhattacharya, 1991, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER E

16-1) T .
221 Incision into underlying
15-31 2-1

M|FS— : arasequence suggests a
Tls =] p q g

b g : ~#| sequence boundary

Lowstand
delta
10-22

NW
A

Bhattacharya, 1993

STRIKE SECTION, E, INCISED VALLEY

14-35 16-35 3-6 7-6 10-6 9-6 11-5 1-8

Total length ~ 5.5

H Cored interval

Bhattacharya, 1991 sarseeis)
= | SB is marked by truncation of log markers and
Y~ replacement of funnel shaped profiles with sharp-

o based bell-shaped or blocky profiles.

..........
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

STRIKE SECTION, E, INCISED VALLEY

14-35

?

7-6

Bhattacharya, 1991

ft m
15

5
I Total length ~ 5 km
0

Bell-shaped or blocky profiles show abundant cross bedded sandstone and -
lack of burrows suggesting a fluvial environment.

Base of E, Valley __ TOP

? S |15 63 26W5
1

[l 8.1-12.7m
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Lowstand
delta

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

-4
—,_'[_R*‘NSV_'EESE'.?,!”5

FLUVIAL-DOMINATED
DISTRIBUTARY

NOIS53D0NS §313va

L

e \
A dses

ommg,

maring

Base of valley

Cretaceous Dunvegan Fm., Alberta

Bhattacharya, 1991, 1993
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Sequence Stratigraphy
Short Course

13. Dunvegan Case History

Flooding surfaces

Flooding surface (FS)

muddy facies.

10cm

TSE and FS
may be 2-1
unresolvableg ¢

marked by abrupt vt ~
on well logs

transition from sandy to

Angular discontinuity

Transgressive Surface
of Erosion (TSE)

forms ...

Gr Res

1775

Bhattacharya, 1993
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Sequence Stratigraphy
Short Course

13. Dunvegan Case History

various surfaces
e Allomem .
s 2 5 expressed in
. . e i w g e .
| the bay environment?
] L.
1 1 1 g 1 I :
[+ 4 L.
0 12 mi B
0 15km B T B s e e 57 L S -y
Allomember E E E E
sand isolith 8 b b
Bhattacharya, 1993

DIP SECTION, ALLOMEMBER E

In bay-well, facies
coarsen and then fine
1p. SB is somewhere
between the two

Bhattacharya, 2007

Lowstand
delta

QAbATETc|

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History

Short Course

JIF 0 . 1 =14z
b U
EXg
- L —
= =
B 1
= c Lowstzhd _:_—'_
del ——
= - 10-2 "
> E2'\ E1 Y
= ——f= = 5 1=
= SN =
o5 BN
Some scientists use the triangle concept to correlate e

sections and pick key surfaces at the “turnaround”
between the facies successions.

TION, ALLOMEMBER E

16-10

Well stratified mudstones and sandstones, lack of
burrowing, gutter casts and graded beds suggest storm
and river-dominated prodelta to distal delta front.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

TION, ALLOMEMBER E

Laminated to rippled to cross bedded sandstones capped
by interbedded mudstones and laminated sandstones.

TION, ALLOMEMBER E

Wl B Tnterbedded mudstones and sandstones capped by

mudstones.

Bioturbated

369
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Glossifungites marks major
transgressive surface with
normal marine above and
restricted marine to
brackish below. Note bed is

Contact between
mudstones and
sandstones represents
initial flooding of bay.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Grain size jump, with
TION! ALLOMEMBEB E dune-scale cross strata

16-10 overlying delta front

facies is assumed to be
SB, but hard to pick!

DIP SECTION, ALLOMEMBER E

Lowstand
delta

Let’s look at the
& lowstand delta e ey

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER E
NW i SE

Interbedded deformed sandstones and mudstones overlie black “distal
mudstones. Possible distal expression of SB? Facies above SB show
low diversity and low abundant ichnofauna.

Lowstand
delta

P

SB

o DIP SECTION, ALLOMEMBER E

A 16—1

15-31 -
MIFS— =

e At | e

Deformed sandstones and lack of burrowing suggest river-dominance,
similar to facies below the SB!

T — ..._ = = T—— - T
| . |7 [ F’ e
: - - 1
: .. . | ‘
| i
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Sequence Stratigraphy 13. Dunvegan Case History

Short Course

Deformed sandstones and lack of burrowing suggest river-dominance.
Note abundant mud-rip-up clasts.

¢

!||
II.

Lowstand
eu.al-ﬂfaims delta

.f..!i" . ; b <
3 . / 10-22

E)

it
|
|

N
|

|'HE|| !

&lLE
Vii iy 1 e
lF
E

.
(HHH
1

Close-up of top of core
showing probable
Hummocky Cross

: stratification, suggesting

i storms. Note lack of
burrowing.

Lowstand
delta
10-22
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Upward-coarsening, rare burrowed zones and poorly
stratified sandstones suggest rapid sedimentation
indicating river-dominance.

L]

Upward-coarsening, lack of burrowing, poorly stratified
sandstones suggest rapid sedimentation and river-
dominance.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Abrupt contact of sandstones with bioturbated marine
mudstones marks initial transgression (ITS). Burrowed
interval may indicate stepp

e =

i peei e

QABATE G

Highstand vs. I —
b
Lowstand facies

“Highstand” and “Lowstand” facies
very similar. Nature of deltaic
processes shows little change

“Highstand” E2 delta
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Sequence Stratigraphy
Short Course

Kaskapau

c
©
o
(1]
>
c
=1
(=

Shaftesbury
&
c

13. Dunvegan Case History

_ Doe Creek Marker

)
Consists of 3 parasequences and
contains 1 sequence boundary

Bhattacharya, 1993

Allomember D Map

:

Bhattacharya, 2007
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

—=
15?

L,

T
T — ?J! | =
g

Allomember D show clear downstepping, when flattened on a lower datum. Top of
D drops by 25 meters indicative of a forced regression during falling sea-level.

DIP SECTION, ALLOMEMBER D

7-21

ﬁ

Bhattacharya, 1993
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Sequence Stratigraphy

Short Course

Bhattacharya, 2007

13. Dunvegan Case History

Thin-bedded, graded siltstones and sandstones interbedded with
mudstones. Gutter casts and HCS suggests storms. Low BI

suggests deltaic (river) stress. Interpreted as storm-wave
influenced prodelta facies.

Bz el 4 elh Hillm | |
Syneresis cracks (Syn) in lower interval reflect brackish
conditions. TSE marks transition from low to high bioturbation

__ interval. Overlying facies have abundant HCS alternating with
W bioturbated facies. High BI and diverse ichnofauna suggest

wave-dominated.

- Tl
u\l}
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Sequence Stratigraphy
Short Course

Bhattacharya, 2007

13. Dunvegan Case History

Section changes into less bioturbated and cross-bedded
sandstones interpreted as upper shoreface deposits.

Top of shoreface is capped by flat-stratified possible beach
deposits containing root traces. Note SB, TSE and MFS all
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Short Course

NE
B

740

it

—====1] n=q-_-__,_‘
"

=

|

Let’s look at
the valley.

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

STRIKE SECTION, WASKAHIGAN VALLEY, ALLOMEMBER
sw
A

D2 Funnels cut by D1 Bells

S B P
AT

Total length ~ 35 km

DAb3TSSC

Bhattacharya, 1989

STRIKE SECTION, WASKAHIGAN VALLEY, ALLOMEMBER

swW
A
1-16  7-22

Total length ~ 15 km

QABITE4S

Bhattacharya, 1989
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTIC Sharp contact between lightly burrowed heterolithic facies and
cross-bedded to burrowed sandstones above is interpreted as the
Sequence Boundary. Thin muds and burrows in overlying facies
suggest marine-tidal influence, and valley is interpreted as estuarine
in nature.

DIP SECTION, ALLOMEMBER D -
Facies fine up and muds show a distinctly marine character,
suggesting an estuarine fill and a possible intra-valley flooding
surface.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTI Contact between bioturbated sandy mudstone and black mudstone
taken as Major Flooding Surface (Maximum?). Other FS in

1

i

1

i Ly

e

A ESTUARY
MARINE-DOMINATED H MIXED- ENERGY ] RIVER-DOMINATED
sStuaries . L ! ! -
VS
2 1 I &“9
| |

& 0 I | 4!'05’ - 5

: | | 6

= |

3 TIDAL 4

E}' - -L:N-EE'!'T_-S_ ! yoraL EMERGY ",/

. P A= —— e _ ] _

CENTRAL BASIN

ALLUVIAL
VALLEY

ALLUVIAL
SEDIMENTS |

—=°

0 ay

Dalrymple, Zaitlin and Boyd, 1992
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Est“aries Commonly show tripartite transgressive fill (Alluvial,

Central Bay capped by marine facies). Alluvial facies
may not prograde back over marine facies in distal end.

—— sEau| H BARRIER AND CENTRAL ALLUVIAL
SHOREFACE BASIN DEPOSITS

P BAY-HEAD
DELTA

c1 c2 c3
TALLUVIAL ALLUVIAL CHANNEL
FLL#M. ALLUVIAL CHANNEL RBAN AND OVERBANK
PROGRADING AND OVERBANK
MARINE SHOREFACE SPITBEACH
] TN e ESTUARY.MOUTH pdingd
/ SHeLE SAND PLUG
E BAY HEAD DELTA
5 CENTRAL BAS: 8 ESTUARY-MOUTH
b 1 - 5 e i INTERDISTRIBUTARY
LB H BAY
g8 ¢ o
Y
BAY HEAD DELTA CENTRAL BASIN
‘*’ 5 CENTRAL BASIN
U BAY HEAD DELTA Fita- BAY HEAD DELTA : BAY HEAD DELTA
AVAL UVIAL CHANY L 5
V¥ s A Elms Tl ALLUVIALIOVERBANK "D ALLUVIAL CHANNEL H.LN'I.;LE CHANNEL

Dalrymple, Zaitlin and Boyd, 1992

DIP SECTION, ALLOMEMBER D

Estuarine valley fill in D, associated with wave-
dominated delta, shows increasing marine
conditions upwards unlike more fluvial-
dominated valley fill in Allomember E.

Bhattacharya, 1993
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER D

Let’s look at
the lowstand
shoreface.

Bhattacharya, 1993

ALLOMEMBER D

Relatively un-bioturbated mudstones
and siltstones with HCS-filled gutter
casts suggest strom-flood influenced
prodelta

Qrb37S6e %
Bhattacharya, 1993 =
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Sequence Stratigraphy
Short Course

ALLOMEMBER D

Sudden increase in bioturbation
marks flooding event between D1
and D2. Overlying facies have a
more wave-dominated, shoreface
character.

Bhattacharya, 1993

13. Dunvegan Case History

ALLOMEMBER D

L
shoreface

Bhattacharya, 2007
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Sequence Stratigraphy
Short Course

HCS at top, with mostly sandstone
suggests delta-front - shoreface.

shoreface

13. Dunvegan Case History

S F g "_

| ==

Tak | S
I';l

Allomember D Map

@o w @w w
5 z s 3 3 5
T T ST L. Y T SR L... T R R T S R | x
] o Waskahigan valley
i T65
T o
4 92 barrier
1 =
] - T60
] N
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b = f o] b
i D, wave-dominated ~~. /', ‘
delta - @ 0 :
] r . | T5¢
T T Tea | T T T | ¥ e
= b A
w
[
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0 15km s £ £

Cuspate, lobate sand body fed by Waskahigan valley
indicates lowstand, wave-influenced delta

Bhattacharya, 1993

Bhattacharya, 2007

387

33



Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP SECTION, ALLOMEMBER D

7-21

shoreface

The distal end of the
system (with core data)

o b 19-60-21W5
1.5 - 219m
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Sequence Stratigraphy

Short Course

Bhattacharya, 2007

1 619 -60- 215

1.5 = 2197

Increase in BI fii°
above this
surface. BIF

389

13. Dunvegan Case History

J Distal lowstand

delta shows

il coarsening

upward and
robust

QADITEE:
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

2 Distal Sequence Boundar—yis_
clearer in well log

: 15(1:

Conclusions

D: Wave-influenced systems

AIOWE

H - | B
L3 L

o
s

& [nrown
RIEWS

#

Allomember E z
]

RIOWE
RASWS

Study contrasts sequence
stratigraphy and key
surfaces of fluvial versus
wave-dominated systems.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

DIP 0 . 0 BER D
1
L) )
%= Topof D -
= drops by 1 ¢
25 m.
B
o
- = or
| z

Both systems show clear downstepping, when flattened on a lower datum,
consistent with deposition during falling sea-level.

=

Both systems show clear downstepping, when flattened on a lower datum,
consistent with deposition during falling sea-level.
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Sequence Stratigraphy 13. Dunvegan Case History
Short Course

Downstepping

« Similar to that seen in Quaternary-aged
forced regressive deltas, like the Rhone.

[ High re:
g1 gt

e s ey >' Sk e
lution seismic line, offshore Rhone shelf, Mfediterrranean (Tesson etal.,
R T R > x : n

Evolution of "

Allomembers

* Allomembers
show similar
parasequence
architecture,
stacking and a0 et s
expression of pe—
key surfaces,
despite
contrasting
environments of "===
deposition.

2. EARLY LOWSTAND (sea lavel tall and farced regreasion)

4. TRANSGRESSION (fas! rise}

[ mavrmvoeiTa rLam [T DELTA FRONT SHOREFACE

Bhattacharya, 1993 [P -
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Sequence Stratigraphy
Short Course

B Van Wagoner et al., 1990. B’

A B

i

T T
SBI1) 5B13)

200
FT. |

13. Dunvegan Case History

Conclusions

G

D1

N

SB’s at base of valleys can be tracked seaward, as suggested by Van Wagoner

et al., 1990.

Conclusions

 Similarity of surfaces,
despite differences in
facies.

* Depositional systems
above and below SB’s
are not hugely different
and therefore hard (but
not impossible) to pick.

* Major paleogeographic
reorganization of facies
and environments
occurs across flooding
surfaces, not SB’s.

o DIP SECTION, ALLOMEMBER E

Bhattacharya, 2007
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Sequence Stratigraphy
Short Course

13. Dunvegan Case History

Conclusions

+ Valley fills show
markedly different
internal facies reflecting
difference in fluvial
versus marine
processes.

— E is fluvial-dominated fill
— D is marine-dominated

TION, ALLOMEMBER D

&2

Conclusions

+ Valley fills show
markedly different
internal facies reflecting
difference in fluvial
versus marine
processes.

— E is fluvial-dominated fill
— D is marine-dominated

Bhattacharya, 2007
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STRIKE SECTION, E, INCISED VALLEY
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