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Introduction

Stratigraphy

“the science of stratified (layered) rocks in terms of time and space”
(Oxford Dictionary of Earth Sciences, 2003)

Sequence

"A chronologic succession of sedimentary rocks from older below to younger

above, essentially without interruption, bounded by unconformities.”
(Glossary of Geology, 1987)
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Introduction

Sequence stratigraphy is one type of lithostratigraphy

» used for subdivision of the sedimentary basin fill by a framework of major
depositional and erosional surfaces

* creates units of contemporaneous accumulated strata bounded by these
surfaces (=sequences)

« developed for clastic and carbonate sediments from continental, marginal
marine, basin margins and down-slope settings of basins. The

« surfaces often generated during changes in relative sea level and formed
during associated deposition and erosion.
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Introduction - basic principles

Sequence Stratigraphy is based on Steno's principles of sediment accumulation

Law of Original Horizontality

Law of Superposition (originally like figure to the right)
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Introduction - basic principles

Sequence Stratigraphy is based on Walther's Facies Law -

vertical and lateral equivalence of sediments

Only those facies types and lithologies can be deposited on top of each other, which can be
observed beside each other at one time level

fluvial sands
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brackish muds

. shallow marin,e marine Limestones
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e ——— — —
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Introduction - Lithostratigraphy

Lithostratigraphic units recognized and defined by lithic characteristics only,
not by age.

Hierarchy: Supergroup - Group — Formation - Member - Bed/Bed sets
2 types of contacts between units: conformable and unconformable.

Conformable: continuous deposition, no break or hiatus
(surface = conformity)

Unconformable: period of erosion/non-deposition (surface =
unconformity)

Lithostratigraphical correlation based on lithofacies (using key beds or
sequences)

based on lithology, color, structure,
thickness...
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Lithostratigraphy

Different types of lithostratigraphical frameworks conflicting with
sequence stratigraphy:

» Lithostratigraphy (sensu strictu)

Allostratigraphy

* Trangression-Regression Cycles
« Stratigraphic Sequences

* Seismo-Stratigraphy

* Sequence Stratigraphy
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Lithostratigraphy - Allostratigraphy
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=] Formation A - e.g., a fluvial system sequence stratigraphic surfaces
[_] Formation B - e.g., a coastal system — — lithostratigraphic surfaces
=] Formation C - e.g., a shallow-marine system

Time dependent stratigraphic framework
Subdivision by time equivalent surfaces/ layers:

Transgressive/ regressive surfaces (erosional & marine flooding
surfaces)

also tuffites, tempestites, turbidites .... (marker beds)
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Lithostratigraphy vs. Allostratigraphy

Lithostratigraphic correlation - correlation of similar lithologies

COASTAL-PLAIN SANDSTONES ~ SHALLOW-MARINE ~ MARINE
AND MUDSTONES SANDSTONES MUDSTONgSL

Allostratigraphic correlation — correlation of timelines but different lithologies (facies)

COASTAL-PLAIN SANDSTONES ~ SHALLOW-MARINE ~ MARINE
AND MUDSTONES SANDSTONES MUDSTONESL
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Lithostratigraphy - Transgressive-Regressive Cycles

fluvial [0 - open shelf

—+—— [ransgressing sea results in retrogradational stacking patterns

Young ' — . I [ [ [ [
B Old —=
Transgression: landward shoreline & facies shift
Regressing sea results in progradational stacking patterms =—=
MES

Regression: seaward shoreline & facies shift

Time dependent stratigraphic framework organized by transgressive / regressive surfaces
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Lithostratigraphy - Stratigraphic sequences

Stratigraphic Sequences - assemblage of strata and formations
bounded by prominent interregional unconformities

v Corilleran margin Appalachian margin —v

Quaternary
Tertiary

TEJAS erosion

Cretaceous

Jurassic

Triassic

Devonian |- nomd e
Silurian TIPPECANOE
Ordovician
Cambrian e e e
erosion
re ri

Sloss et al. 1949

Subdivision of the Phanerozoic

| succession (blue) of N-America
1 into six sequences (blue), limited

by times of non-deposition or

erosion (yellow)
Sloss 1963

{ Stratigraphic sequences are based

on transgressive / regressive cycles
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Sedimentary Cycles

Lithostratigraphical correlations are based on sedimentary cycles
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Sedimentary Cycles

Tectono- | Relative Sea Relative Sea
Eustatic/ Sequence Level Level
Eustatic Stratigraphic Duration Amplitude  Rise/Fall Rate
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Sedimentary Cycles - 1% order cycles

. . Conti I-Cycle >
Eustatic Curve | Periods ontinental-Cycle > 100 My
g Ealling Controlled by continental break up and

formation

Phanerozoic 1st order eustatic cycle
linked to Precambrian (Rodinia or
Proto-Pangea) and Permo-Triassic
(Pangea) supercontinents.

Permian 1st order eustatic cycles are directly

related to the volume of oceanic basins
Mississippian

Present sea level

Silurian

Cambrian

Geological time in million years

Precambrian
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Sedimentary Cycles - 2"9 order cycles

Transgressive — regressive Cycle 10-100 My

Mainly controlled by sea-floor spreading

Rapid spreading

. sealevel

Rage: len/ 1000 years
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Sedimentary Cycles - 3" order cycles

Sequence Cycle 1-10 My

nd oeder ¢ #5850 Na

MELATIVE SEA-LEVIL CHANGES
g

C

e, :

(%) SECUENCE CYCLE

(%)

y i

o0 B v

) 4

v k2

Based on eustatic sea-level changes
Local to regional volcanic and tectonic

S events — rifting, orogenesis, freezing/

) o o

4 melting of ice caps

o]4)

§ Changes to earth's shape, producing

- "bulges" or "sags" = ocean level

fluctuations.
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Parasequence Cycle 0,01-1 My

Caused by high-frequency changes in

the realitve sea-level
(Milankovich cycles, climate)

Parasequences are defined as a
relatively conformable succession of
genetically related beds or bedsets
bounded by marine flooding surfaces
and their correlative surfaces.

Most parasequences are asymmetical
shallowing-upward sedimentary cycles

identified in lithological succession or
well logs

UNIWERSYTET
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Sedimentary Cycles - 4-5% order cycles

Sequenzen 3.0rdnung

nach SzuLc
(1999)

nach KEDZIERSKI

(1999)
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Sedimentary Cycles - 4-5t order cycles

Parasequences

Parasequence:

A relatively conformable succession of
genetically related beds or bedsets (within
a parasequence set) bounded by marine
flooding surfaces (Van Wagoner 1985).

Patterns of the stacking of parasequence
sets are used in conjunction with bounding
surfaces and their position within a
sequence to define systems tracts (Van
Wagoner et al. 1988).
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Sedimentary Cycles - 4-5% order cycles

Parasequences
Sand-rich shoreline (deltaic systems): Muddy coastline:
: , Facies Environment
Facies Environment
Flooding coal swamp
rf tidal
_ surface \ offshore — supfrlztl a
seaward-inclined ‘% foreshore and rooted
laminae mudstone
trough upper
cross-stratified . shoreface p burrowed
sandstone © mudstone
E and trough . )
¢ ©  cross laminated 'nt";mdal
® proximal storm S sandstone with at
E beds with lower o flaser to lenticular
o  Mudstone shoreface P bedding
S interbeds %
2 £
5 .
2 Sigmaidal subtidal
£ cross-bedded flat
burrowed sandstone
mudstone
with distal offshore
storm beds Flooding j supratidal
surface flat
coarsening-upward succession, mud/sand cross-bedded subtidal sands to
mixed sediments (offshore) to sand mudstone/rippled sands alternations
dominated lower shoreface to pure sands (intertidal) to entirely bioturbated (coaly)

of upper shoreface/foreshore mudstones (supratidal).
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Sedimentary Cycles - 4-5% order cycles

shallowing upward :
cycle
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Sedimentary Cycles - 4-5t order cycles

Camarillas, Maestrat Basin
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Sedimentary Cycles - 4-5% order cycles

Parasequences
1 km
L upper shoreface lower shoreface  ,~ flooding surface
on — — ' —
m / bedsets J—— e
*_ flooding surface offshore
Outcrop A Outcrop B Outcrop C
mud sand mud sand mud sand

D seaward-dipping planar laminae
[ ] trough cross-bedding ]\
[:] hummocky beds

D bioturbated marine mudstone

figure adapted from Van Wagoner et al. (1990)

- facies within a parasequences changes laterally, therefore a single parasequence will
not be composed of the same facies everywhere

- composed of deeper water facies downdip and shallower water facies updip

- paraseqguence boundaries may become obscure in coastal plain settings and in deep
marine settings due to the lack of facies contrast indicating flooding surfaces
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Sedimentary Cycles - 4-5t order cycles

Parasequence Cycle

INTERACTION OF 3rd AND 4th ORDER e il
EUSTATIC CYCLES 'Y
2 COMPOSITE 10
1 3 EUSTATICCURVE , 9
+100 -~ < /N
8
- f 4 /7\ /\ MFS
o / B
w o /1
=100 4th ORDER EUSTATIC CYCLE ol
__+40 gfos’ 2
Lo /\ 74 e i
w ¥ .\ Relative Sea Level Curve
-40 SB ° ; .
OH 3rd ORDER A
/Z EUSTATIC CYCLE~ "
T (/’ [ Composite Curve of
W  |3rd 4th and 5th-Order |
L 5 \ ‘;\Euslauc Curves \E\ ?
-100- N 5[[\ Order Eugtatic Curve
0 2 " 6 8 0 12 14 -100 8 A "
100,000'S YEARS it P NEPRBEEI N e
+100 ft ~{— 4th Order Eustatic Curve __.(-‘: ‘
Overlapping of sea-level cyclicity of ] sB ; Sy
. * g ®—Eustatic Curve
different orders leads to complex MFS sB'
sequence pattern (4-5t" order) 100 f '
0 2 4 6 8 10 12
Years X 10,000
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Parasequence - Stacking pattern

position of
\ graphic log
© rasequence.
[} 3 parasequence sea-level 2 b g
v 2 1
-9 o i : sea-level 1 surface
Stackin pattern of o ¢ BNl o~
p cw parasequence rapid -
1 deepe!
(a)

parasequence sets
indicate the type of
position of
sea-level changes s
paraseguence :_S"‘ B =S '
Sl

parasequence —— sea-level 1
1

transgression / "
regression

parasequence.
2

parasequence.
1

position of
‘.'0 () graphic log
0
3 = parasequence sea-level 2 parasequence
29 2 sea-level 1 2
3 q>_) parase;]uence
w2
parasequence
1
(c)

position of
graphic log
______________ sea-level 1

©
G
o) parase?uence sea-level 2
5 = parasequence.
@ - ]
1
©
© - < Surface g
a parasequence. foNesenmg
1 rapid
shallowing

© The Open University

KEY
_%." alluvial and coastal 2155 shallow-marine
. %, plain sediments s0s sediments

offshore-marine
sediments
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Parasequence - Stacking pattern

PROGRADATIONAL PARASEQUENCE SET WELL-LOG
DEPOSITION > ACCOMMODATION RESPONSE
. Well Location SP RES
Progradation
Regression Wi
Sediment input > o
Accomodation space ® {'
RETROGRADATIONAL PARASEQUENCE SET
DEPOSITION < ACCOMMODATION
. e ‘ sP  RES
Retrogradation =i
Transgression > f(
Sediment input < ‘,?
Accomodation space ?
AGGRADATIONAL PARASEQUENCE SET
DEPOSITION = ACCOMMODATION SP  RES
Aggradation 1 7
stable sea-level 5 z
Sediment input= |g = 2
Accomodation space  |§ f(

] COASTAL-PLAIN [ JSHALLOW MARINE ] SHELF MUDSTONE
SANDSTONE & MUDSTONES ~ SANDSTONES
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Sequence Stratigraphy - Accomodation space

General opinion

Sequence stratigraphy is defined by sea-level variations,
a stratigraphic framework of transgressive / regressive cycles

No !!

Sequence stratigraphy is defined by changes in accomodation
space
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Accommodation space

"the space available for potential sediment accumulation® (Jervey 1998)

Distribution and deposition of sediments in a siliziclastic shelf system (passive
continental margin) is controlled by accommodation space

accommodation
space (non-marine)

1
eustasy-A- current sea-level
previous sea-level

accommodation
=, space (marine)

tectonic uplift

tectonic subsidence

-4
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Accommodation space

Accommodation space is controlled by:
Sea level variations: eustatic sea-level rise and fall, regional to global variation

Sediment input: sediment supply into the basin, local to regional variation
weathering, erosion, transport energy (climate, tectonic development)

Basin subsidence: basement variations, regional variation, geodynamic
tectonical basin development

1
tasy-~~ current sea-level
previous sea-level

1

tectonic uplift

tectonic subsidence

1 g

® The Open University

A Accommodation space / t = A Eustasy + A Subsidence — A Sedimentation
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Accommodation space

Controlling factors: sea-level, sediment input, subsidence

Increasing accommodation space by:

Sea-level rise Decreasing Increasing
Sediment input Basin subsidence

Sea-level

!

Accomodation-
space

|

Ocean floor

Sediment input

Basement
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Accommodation space

Controlling factors: sea-level, sediment input, subsidence

Decreasing accommodation space by:

Decreasing
Increasing Basin subsidence
Sea-level fall Sediment input (uplift)
Sea-level
Accomodation-
space
Ocean floor

Sediment input

Basement
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Accommodation space

Complex interactions between controlling factors

SEDIMENT
SUPPLY

@ £ o
= >
o o 5
cCw @m—o
CO E5H0F
§C £855%
—
ol -
e £
SE cm3E
— =
1a) — Q.
] 0 Qo O
© O

e @Se@’ or

TECTONIC EUSTATIC
DOMINATED \ / DOMINATED

SUBSIDENCE EUSTATIC
HISTORY SEA-LEVEL
CHANGE
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Accommodation space

Accommodation space

SEA SURFACE

EUSTACY

wo >
@ O
<
= 3
L e
L 2
w§
O O
< 3
& <

SUBSIDENCE/UPLIFT

Change of accomodation space is defined as:

A Accommodation space = A Eustatic sea level + A Subsidence — A Sedimentation

34
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Accommodation space - sea-level change

Sediment-Water
Interface

Sea Surface

Eustatic \

Local Datum e Sea-level Accumulated
6“0 Sediment
S\©
su®
Fixed Datum
. e.g. Centre of
C. G.St. C. Kendall 2006 (After Emery, 1995) the Earth

Eustatic sea level: Fixed point (e.g. centre of the earth)

Relative sea level: local point — fixed to crust (eustasy + tectonics + sediment compaction)
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Accommodation space - relative sea-level change

Relative sea-level changes is controlled by eustatic sea-
level changes, basin subsidence and sediment input
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Accommodation space - relative sea-level change

Relative sea-level in passive continental margin

increasing
subsidence

* Low subsidence (10-100m/ma)

dl e Continuous Subsidence
L.3sl8
to th ty tg tg tigtiatiatigtigloo too taatog tog

e 4 * No uplift

f
PLUS

I EUSTATIC SEA-LEVEL I

HAno0H

low t, t, ty te tg tio tiatiatistigtoo too tatag tog

high

e eustatic SL curve = Sinus-curve

* Transgessions/regressions start slowly

* maximum speed at Inflection Point (B / D)

time —»
EQUALS
remveseatevel| * Relative SL rise and fall (sinus curve)
/] . .
R ¥ e Overall trend: increasing sea-level

* Increasing accomodation space

| I |
low to t, ty tg tg tyo tiatiatietigloo tan taaloe og
time —»
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Accommodation space - relative sea-level change

Relative sea-level in complex tectonic settings

200-400 ka

ORBITAL
RBIT
¥ \\ 7 \\ OSCILLATION

TECTONIC

L EVERT TECTONIC
~ EVENT
\
BASIN
SUBSIDENCE
C\E3

N RELATIVE
pL CHANGE OF
SEA LEVEL

\

HIGH

Y LOW

SEA LEVEL

\4
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Accommodation space - relative sea-level change

Relative sea-level depends on global parameters

* Orbital parameters (Milankovich cycles)
e continental distribution
* rate of glaciation (polar ice caps)

e global climate (changing water volumes due to temperature)
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Accommodation space - relative sea-level change

Relative sea-level depends on Hinterland development

* Tectonical und climatical parameter
* uplift (Hinterland) increases sediment supply
* fluvial system tend to get base level again (more sediment input)

e active orogens (continuous uplift), increased numbers of
sediment mass flows (turbidites, debris flows)
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Accommodation space - relative sea-level change

Impact of the different parameters on sea level changes

1000 -
100 -
E. SF spreading
S
= Ice
a —
< 10- Sedimentation
Cont
Thermal expansion Collis
Grouncwater
kes

1my 100 my
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Accomodation space - Basin subsidence

Basin subsidence mainly controlled by tectonic events

Crustal Stretching

Crustal thinning

Rifting

. Sedimentation
Normal faulting . -
. Open marine conditions
Crustal Stretching

/

sea-floor spreading

Sedimentation Ocean

2 Oceanic Crust

/

plate subduction
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Accomodation space - Sediment input

Effect of changing sediment input on accomodation space

A) SL at time 1

Accomodation Space T Sea-level rise with
zero sediment flux
SL at time 0

TRANSGRESSION

-«—— Transgression

B)

Sea-level rise with
low sediment flux

RETROGRADATION

sediment flux =

Sea-level rise with
rate of sea-level rise

AGGRADATION

INCREASING SEDIMENT FLUX

Regression —>»
4 b,

Sea-level rise with
high sediment flux

PROGRADATION
After Posametier & Allen, 1999
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Accomodation space - Sediment input

Rate of sediment supply is controlled by erosion base level

erosion base level is the ideal erosion profile adjusted to the ocean
(global base level) or to lakes (local base level)

rate of erosion strongly controlled by relief

River profile adjusted to
lake (local) base level

T
N
A
N Lake
~
P e R e
base level ki
~— .
S Y e 0% ' Ocean
River profile as it would appear if E R~ i
lake were drained and entire rive e e e e,

were adjusted to ocean base level base level
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Accomodation space - Sediment input

Relief is controlled by interaction of erosion and uplift

SSs—=———

Erosion rate
(meters per
million years)

million years)

———

Uplift greater Uplift in balance  Uplift less than erosion; Uplift almost stopped; No uplift; slow
than erosion; with erosion; mountains lower erosion slowed; erosion; lowlands

mountains rise ~ Mountains remain low hills and plains
at high elevations

Uplift rate
(meters per



Sequence Stratigraphy - Basics, Concepts & Applications ié?,i.‘g.ﬂ'ﬁiﬁ;}}

AKOW

Accomodation space - sediment input

Silicates - sediment availabilty controlled by

* climate (precipitation & temperatures)
e vegetation (soil development)

 weathering processes: chemical, physical & biological
weathering

* climatic changes often increase erosion (sediment supply)
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Accomodation space - sediment input

Carbonates - sediment availabilty controlled by

* climate more important as in siliciclastic sediments
* mostly biogenic in-situ production
e specific conditions for carbonate producing organisms
(mostly climatic)
- light (low dispersed sediment)
- water temperature
- salinity
- oxygen (water circulation)
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Accomodation space - Sediment input

sediment compaction

* increasing accommodation space

porosity/%
5 0 1|0 210 3|O 4|O 510 610 710 810 at stable relative sea-level
| ,,f“/" gia * sandstone compaction up to 30%
1= :
(acSions * mudstone compaction up to 80%
2+ / hiidstone * mainly in areas of high sediment
in ltas, turbidite fans
€ 3+ sandstone put (de )
E / e difficult to seperate from
=% v o f]
S 47/ sandstone subsidence
5"::," /
,'}ff;'
56— ; | ~iIo.%:minimum estimate
1 =—————maximum estimate
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