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* River-dominated marine sedimentary systems
* River versus ice sheet sediment source
* |ce sheet-dominated sedimentary systems

* |ce streams

* Paleo ice streams

* Onshore evidence
e Offshore evidence
* Trough-mouth fans
 Two main sedimentary agents
* |ce stream push: Glacial maxima debris flows
* Melt water
e Tunnel valleys
* Meltwater plumes and plumites
* Grounding-zone wedges
e Seaice sediment transport
* Contourites
e Turbidites

e Mass transport deposits
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RIVER-DOMINATED MARINE
SEDIMENTARY SYSTEMS
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Global Distribution of Deltas
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Rifted margins are found in the Entire Atlantic Ocean (except Barbados and South
Shetland subduction zone), Antarctica, Arctic, and Indian Ocean
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RIFTED PASSIVE MARGINS

Rifted passive margin create the accommodation space for hosting the
largest sedimentary accumulations in the world oceans, including the river-
dominated Arctic Ocean

i Continental margin |

TASA Graphic Arts, 2002
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RIVER DOMINATED marine sedimentary systems

Rivers are point-source
Sediment transport and deposition controlled primarily by sea
level changes

River deltas
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Willamette Valley
Juan De Fuca Plate

Coast Range

Mid-Ocean Ridge Subduction Zone Continental Rift

11



ALSO ON

& © Dipartimento di Matematica e Geoscienze

130°'W

Corso di Geologia Marina 2017-18

ACTIVE MARGINS

7

Jy
an A S
 HCq

125°'W
.

B

‘
3

(
R o

Pacific ’
Plate

1

\

a Canada

.\

y A
R SRUSA
'

Q,) ‘ '.'\,\\ o 49°N
2 IO
“4 LY
AN
o
St’a/t -
z
L/
3
—r
S
i
/
e Columbia
River
A
o
(0]
«Q
O
-}

45°'N

12



*ﬂ% UNIVERSITA DEGLI STUDI DITRIESTE

 Dipartimento di Matematica e Geoscienze Corso di Geologia Marina 2017-18

IN RIVER-DOMINATED MARINE SEDIMENTARY SYSTEMS
SEDIMENTS ARE MOSTLY SAND

13
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RIVER VERSUS ICE SHEET
SEDIMENT SOURCE
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Rifted margins are found in the Entire Atlantic Ocean (except Barbados and South
Shetland subduction zone), Antarctica, Arctic, and Indian Ocean
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Antarctica:
No rivers

Only ICE-SHEET
DOMINATED
Sedimentary input
to the oceans

This work has been released into the public domain by its author,
Davepape. This applies worldwide.

In some countries this may not be legally possible; if so

Davepape grants anyone the right to use this work for any purpose,
without any conditions, unless such conditions are required by law.
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Hannes Grobe/AWI, from Frazer, 2012. Scientific American
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RIVERINE INPUT 2

IN THE ARCTIC OCEAN | paciie

. . . Ocean
(During interglacials)
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Stein, 2008
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RIVERINE INPUT
IN THE ARCTIC OCEAN
(During glacials)

Hannes Grobe/AWI, from Frazer, 2012. Scientific American
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Evidence of Deep Sea fan deposition in the deep Arctic Basin (likely river induced by
riverine sedimentary input)

(A) 84° 270° 86° 26° 180°

Stein, 2008
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180 W

Approximate shore
line during the LGM

L e

Not all the Arctic
continental shelf was
covered by the ice
sheet

Hannes Grobe/AWI, from Frazer, 2012. Scientific American
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Explanation
180
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Collet et al., 2011
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Ice on an Alaskan lake captures methane

Marianne Lavelle, The National Geographic. December 2012 ,/ e —
Photo Mark Thiessen

World ocean review: The impacts of hydrate
mining
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Anthony et al., 2012, Nature Geoscience 29
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DEEP WATER METHANE RELEASE FROM GAS HYDRATES RESERVOIRS
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RIVER DOMINATED:
e Continental shelf edge modulated by sea level
* Deep Sea Fans
* Sand dominated
* Gentle slope
e Sub-sea permafrost

ICE SHEET DOMINATED:
* Continental shelf edge modulated by Ice sheets at glacial
maxima
Trough-mouth fans
Clay dominated
Steep slope
No subsea permafrost
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ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS
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Types of ice
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ANTARCTICA e e —

Sea ice

36
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ANTARCTICA
Ice sheet
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.
ANTARCTICA

Ice sheet and
icebergs




Corso di Geologia Marina 2017-18 @

ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS

ICE STREAMS
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Source http://www.ipy.org/index.php?/ipy/detail/asaid 41
Author R. Bindschadler.
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NASA's Goddard Space Flight Center
Greenland photos courtesy of NASA/GSFC/Jefferson Beck
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NASA's Goddard Space Flight Center
Greenland photos courtesy of NASA/GSFC/Jefferson Beck
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Two ice streams separated by a zone of more sluggish ice in Wilkes Land, Antarctica. The ice
embayment coincides with the zone of sluggish ice -- on either side of it the ice is moving
much faster, and has pushed out across the coast in distinct tongues.

45
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ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS

PALEO ICE STREAMS
Offshore evidence
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MEGA-SCALE
GLACIAL
LINEATIONS

Stokes and Clark_2001_QSR
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57°30'W

Canals et al., 2002
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Water depth (m) km
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The COHIMAR/SEDANO Scientific Party, 2003
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ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS

PALEO ICE STREAMS
Onshore evidence
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Mega-scale glacial lineations from a palaeo-ice stream landsystem
in Northern Canada. Photograph: C. Stokes

55
Glacial Landsystems Working Group (GLWG) Durham University http://www.dur.ac.uk/geography/gec/research_groups/glwg/



UNIVERSITA DEGLI STUDI DITRIESTE
Dipartimento di Matematica e Geoscienze Corso di Geologia Marina 2017-18 @

20 km

Head convergence of former Haldane Ice Stream northwest of
Great Bear Lake, Canada (Winsborrow et al., 2004).

56
Klemana and Glasserb, 2007



UNIVERSITA DEGLISTUDI DITRIESTE

- Dipartimento di Matematica e Geoscienze

Corso di Geologia Marina 2017-18

Onshore and
offshore
Evidence of ice
streams

Ottesen et al., 2005
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Global cooling in the last 50 million years approximately

"2 eeCO0LING

0O
PLEISTOCENO = “s
[ w
PLIOCENO ----.3--&---?58‘-.--
< SO=n
2 > o<Es S
9 T 23< >
2 10 - N 9% &
g N ° T o=
z o A Y [
g & Sso =z
.u_'l 8 ----ﬁ--------&-----‘- LA |
(2] = ,‘ a’
w ’ —
20 | ICE HOUSE { e
WORLD 3 o
© o ‘_—’ -
O & ‘ 5
— 8 \ o
o o 30 - \ 7]
N a b ) < =
o < © »
g | B N .35 EEEEEN -.-} EEEEEEN +
(&) o “\
© 2 40 - N\
wlg| . DOUBT HOUSE ©“,
w
S| & WORLD .
2 9 \\
g 50—---w---------------‘----
'I
n GREEN HOUSE  *
S \
: | « |WORLD {
3 ]
= (]
65 /
0 4 8 12

Era Mesozoica . | A i 59

TEMPERATURA (°C)




UNIVERSITA DEGLISTUDI DITRIESTE

Dipartimento di Matematica e Geoscienze Corso di Geologia Marina 2017-18

TODAY
PLEISTOCENE

TERTIARY

CRETACEOUS

CcooL

JURASSIC

WARM

TRIASSIC

PERMIAN

CARBONIFEROUS

DEVONIAN

SILURIAN

oo [ cool. |

ORDOVICIAN

CAMBRIAN

WARM

"RECAMBRIAN

cooL

Extreme climates throughout the geologcal

C. R. Scotese
PALEOMAP

Average Global Temperature



UNIVERSITA DEGLI STUDI DITRIESTI

* . Dipartimento di Matematica e Geoscienze Corso di Geologia Marina 2017-18 &l

Evidence of Continental Drift
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ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS

TROUGHS-MOUTH
FANS



VERSITA DEGLI STUDI DITRIESTE

Dipartimento di Matematica e Geoscienze

TOPOGRAPHY

Note presence of TMF
on Arctic and
northern Atlantic
margins

IBCAO v.3 DTM
Jakobbson et al., 2013
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Vorren and Laberg, 1997
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Vorren, 2003
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ICE SHEET-DOMINATED
SEDIMENTARY SYSTEMS

TWO MAIN SEDIMENTARY
AGENTS

ICE STREAM PUSH:
GLACIAL MAXIMA DEBRIS FLOWS
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Ice rafted debris: L / /// /,///// \\—‘: i
Debris flows .-+ - / / :
"Till delta" _

Turbidity
currents

Basal
erosion

Deformation till
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S

Evidence of subglacially derived debris flow
deposits in acoustic back-scatter data

Bjerneya
Trough

74°N

72°N

O’Cofaigh et al. , 2003, Boreas
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76°N

Storfjorden TMF

On the shelf On the slope
* Three main e Gullies

depositional lobes ¢ Channels
* Glacial lineations  * Debris mounds
* [ceberg ploughmarke Landslides 13°E 14°E 15°E

16°E 17°E 18°E
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Glacial Debris Flows
In sub-bottom
Profiler record,
Stofjorden TMF
(NW Barents Sea)

Pedrosa et al., 2011
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SEDIMENT LITHOFACIES

INTERLAMINATED
laminated mud STRUCTURELESS MASSIVE

and sandy layers WITH IRD DIAMICTON

M

=

HEAVILY CRUDELY
BIOTURBATED LAYERED

Lithofacies

X-radiograph

. . MUD | SAND grayish brow e
colour light brown light gray olive gray olive grey very-dark gre
water content 55-60% 55-60% 33% | 29% 30-40% o o \*
(wet weight %) (129-150%)* (129-150%)* (41%)* (49%)* (40-70%)* <20% (<24%)
bulk sediment| very low very low  [mid-low: high moderate high
density (g cc-1) 1.4-1.5 1.5-1.6 1.7-1.8: 2 1.8 2.2
mean . . 753 i 6.5 g |U.slope 6.99 M-sill| matrix 6.5 @ M-silt
grain size /.7 0 Fsit 780 Fsit | E gy i M-silt |M.slope 7.8 0 F-sir\ & cm-thick pebbles
undrained ’
shear strength 2-4 kPa 2-8 kPa 4-12i kPa 20 kPa up to 44 kPa
magnetic :
suseeptibilty |  20-80S| 3081 fi5208] 4p&| 15308 138l
Corg (%) 0.83 0.80 1.14 1.19 1.37
Org. Matter (%) 1.50 1.44 2.06 2.14 2.47 V02 o403
Corg/Ntot 6-8 6-8 >12 >12 >12 sec384_CalFe FolTi sec6d7 CaFe FelT
(OM provenance) marine marine continental continental continental - =
CaCOg3 :
content (%) 10-23 3-10 2-3 : 3 2-3 4-5
. calcareus ; o rare reworked
bioclasts and siliceus mainly siliceus barren almost barren bioclasts
. SV-04
water  grain bulk  cone shear ecd CaFe FefTi
tent d h e
00 w0 SWo gy e sk desy st 2 T
: SV-05 ‘ (sec4&5) 20 60 20 60 1.6 1.8 2040 60 %
~ Halimhe TraT L i
O R EEE
0 i i |\ st % =i
2t Sonarne A et
- LS5 H 5 i
2 117 Profile Chirp g : -3
F SVAIS L25 3 1 =
(profile e-e”) M | -

Lucchi et al.,2012
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Ice bed with inverted
erosional marks
Subglacial
meltwater
sheetflow

moraine “_

cavity fill Bedrock
erosional

Sediments
marks

left as drumlins

78

Eyles, 2006
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Large flute (A) and
drumlin (B) Saskatchewan (A) Glacially sculpted bedrock surface at Sudbury,

Glacier, Alberta Ontario.
(B) Ouimet Canyon, near Thunder Bay, Ontario, cut

by meltwaters. The canyon is 500 m wide and 70 m
Eyles, 2006 deep.
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A

Catastrophic meltwater discharge

1 0([)°W GOTW 40°W ~. Escaping meltwaters

(precise route unknown)

Low salinity water, sediment
=== and icebergs entering
North Atlantic

45°N

4 __Canada

MI_L___L‘Ziﬁilé : i
L
1 1

100°W 90°W 80°W 70°W

(A) Englacial conduit at Kviarjokull Glacier, Iceland,
figure for scale. Eskers are the sediment-plugged
remains of conduits (#3, Fig. 2) and form sinuous
ridges built of fluvioglacial sands and gravels (B); in C
an esker has been completely excavated for aggegate
exhuming the lower part of the conduit floor on which
it was deposited.

Eyles, 2006
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Glacial Lake Missoula and the Channeled Scablands
15,000 - 17,000 Years Ago

PACIFIC COASTLINE SHOWN AS IT EXISTS TODAY
DURING RECENT ICE AGE, SEA LEVELS WERE 300 FT LOWER

Figure 39-Aerial view to north of north rim of Camas Prairie Basin showing two sublake notches. ad, antidunes;eb,
expansion bar; GCRs, giant current ripples; k, kolk pits; Ig, lee gravels; pp, ‘plunge pool’; wb, washover bar.

47"

arNg

4/

T LT Ay N

Figure 56—The Bellevue Erratic in the Willamette Valley, OR. The 160- _ _ i
ton block of Belt argillite was rafted across four states in a huge chunk of Figure 57—Floodwaters and entrained sediments
glacier torn from the ice dam. created turbid currents that swept across the
Pacific Ocean floor for 700 miles [1100 km][Zuffa
and others, 2000]. 81

Keenan Lee, Colorado School of Mines, 2009



5, UNIVERSITA DEGLISTUDI DITRIESTE

: Dipartimento di Matematica e Geoscienze Corso di Geologia Marina 2017-18

MELTWATER

TUNNEL VALLEYS

82
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Pleistocene subglacial tunnel valleys in the central North Sea basin: 3-D
morphology and evolution

(@ &

62°N | .

Adverse slope:
clinoform sediments 58°N |..

LYC V) P

Adverse slope

Adverse slope:
clinoform sediments 50°N | ..

clinoform sediments

0 200 Elsterian ice

km sheet limit

Adverse slope
clinoform sediments

83
Bojer Kristensen et al., 2008, Earth Surf. Process. Landforms
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\\m-

:::!

Phase 1

Section 2

Valley G

Bojer Kristensen et al., 2008, Earth Surf. Process. Landforms
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Phase 4

Phase 3
valleys

(valley G)  phase 2

igraph
Stratigraphy Phase 2
WGD/SW PR VS ——
(Hol.-Weich.){ - f .A-,L v o .
.7,(.,' B L T

undiff.

Elsterian __y-
unconformity

Aberdeen
Ground Fm._
(Early-Middle
Pleistocene)

Sand fill

150m

1500m

Bojer Kristensen et al., 2008, Earth Surf. Process. Landforms
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MELTWATER PLUMES and
PLUMITES
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NON-ICE CONTACT
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Powell and Molnia, 1989, Marine Geology
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SUSPENSION SETTLING

INTERSTRATIFIED
SEDIMENT
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BEDLOAD
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SEDIMENT LITHOFACIES
INTERLAMINATED
Lithotacies | aofigveo |  CRVERY | jaminmesimu”| US| QSRS
X-radiograph [ |- " ‘ X
. . MUD | SAND|grayish brown/| . . =
colour light brown light gray olive gray olive grey very-dark grey
water content 55-60% 55-60% 33% 29% 30-40% ° oy
(wet weight %) (129-150%)* (129-150%)* (41%)" & (49%)" (40-70%)* <20% (<24%)
bulk sediment| very low very low |Imid-low; high moderate high
density (g cc-1) 1.4-1.5 1.5-1.6 1.7-1.8: 2 1.8 2.2
mean . . 750 | 6.5 0 |U.slope 6.99 M-silt| matrix 6.5 @ M-silt
grain size 1.7 9 F-sil 78 OF-sit | EGiit | Mesitt |{islope 7.8 0 F-silf & cm-thick pebbles
undrained ’
shear strength 2-4 kPa 2-8 kPa 4-12i kPa 20 kPa up to 44 kPa
magnetic ’
Suscgpﬁbi”ty 20-30 Sl 30 SI 15-20 S 28 tSO| 15-30 SI 13 SI
Corg (%) 0.83 0.80 1.14 1.19 1.37
Org. Matter (%) 1.50 1.44 2.06 2.14 2.47
Corg/Ntot 6-8 6-8 >12 >12 >12
(OM provenance) marine marine continental continental continental
OEiCioe 10-23 3-10 2-3 ' 3 2-3 4-5
content (%) ) i A ) )
. calcareus : o rare reworked
bioclasts and siliceus mainly siliceus| barren almost barren bioclasts
. SV-04
onent So  cenly arengn’, SeapCarerFel
3000 3200 sw SV-05 (fj?;w.%) (weight2%) (g/cc)y (kPe?) ="
09 SV-05 ; (8604&5) 20 40 60 e
w projection p 4 = -’_‘ B ===
010 C Submeirin —=
; G = |
£ 1.4 — | b))‘
s Profile Chirp ; bl |
F SVAIS L25 | T =
(profile e-e’) . _ ]

EVIDENCE OF
MELTWATER
OUTBURST EVENTS
IN THE MARIEN
SEDIMENTARY
RECORD (see case-
study by Lucchi)

SV-03
Fe/Ti sec.6&7 CalFe

SV-02
Fe/Ti
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GROUNDING-ZONE WEDGES

91
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(@) , slope continental shelf N ice shelf u ice stream ,
I | ] L} L 1

debris flows

rapid retreat

b cross-cutting
®) MSGL  GZWs

episodic retreat

© recessional cross-cutting
moraines

[ deglacial sediment | il slow retreat

O'Cofaigh, 2012. Phil. Trans. R. Soc. A
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S

Grounding zones|
k with streamlined
lobes

lion moraines

i

RN [
» LS i
il

Dowdeswell et al., 2009.Geology

SEE CASE
STUDY BY
Rebesco)

Rapid Retreat
Mega-scale
glacial lineations

L\(

Ice Sheet

7.
B

250km

S
R ® Continental e ||| Mega-scale glacial lineations
2 ‘ B <~ = shelf edge \ @ Grounding-zone wedges
. -\ 1

h"Rogs Island

East Antarcticy _ ’

= Transverse ridges

D Shallow banks < 500 m

Ross Sea

Yo

R

Episodic Retreat Slow Retreat
Superimposed grounding Superimposed
zone wedges retreat moraines
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SEA ICE SEDIMENT TRANSPORT
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S N

Offshore e

Winds _ © (Clouds ) _ :
——®= (Fog I ) Offshore ice drift
Flaw lead -

Thermal energy release

J—) (Drift Ice)

Freezing

Thermohaline
convection - Halocline

ges . Deep water |
inflow?

i i e Vi

-
anchor ice =%

Cold Brines

Siberian shelf

95
Stein, 2008
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Foraminifers
Silicoflagellates

P

Biog. deb‘ri&

Biogenic

Stein, 2008

Others

Quartz

, Feldspars

Clay minerals

Terrigenous

o @ % \ A

Transpolar Gyre

Drift
\

Import/export of sea-ice sediments
(10°ty™)

Import 14 (42)

Export 8.6 ()

Accum. 54 (33)\

Beaufort

) S

Potential source

reas for sea-ice
sediments (<30 n

< Surface currents
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CONTOURITES
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CONTOURITES

Cover image: Contourites, 2009. Edited by M. Rebesco and A. Camerlenghi, Elsevier
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Model of glacial sedimentation on continental slope and rise
on the Antarctic Margin

NW Small-scale slump SE

Bottom current Grounded ice sheet

Suspended load
“a

Turbidity current Continental shelf

Continental slope

¥ Sediment drift

Abyssal plain Sediment waves

99
Rebesco et al., 1997
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Key
|:| Major sediment drifts

Bj—Bjorn
G —Gardar
H — Hatton
F —Feni

Area of significant bottom-current-
|:| influenced sedimentation (sediment
drifts and waves) and erosion

WSD — West Shetland Drift
FD — Faroe Drift
LD - Lofoten Drift

Flow paths of intermediate- and

S deep-water masses that bathe
the continental margin and adjacent
oceanic basins

—200— Bathymetry contour, in metres

:I Plio-Pleistocene prograding wedges

SSF — Sula Sgeir Fan
BF —Barra Fan
DF —Donegal Fan

e Across-shelf sediment
pathway/ice stream

— Maximum ice limit of Pleistocene
glaciation

Major sediment slides

Major fracture zones and
lineaments

25°W N : o T Continent-Ocean Boundary

0 | 10|00 km

5°W o

100
Van Weering et al., 20009.
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Hustof et al., 2009
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R Glacial troughs / Inferred
2l paleo-ice stream flow

;. Glacial toughs /
5 Megascale stream-lined
<o subglacial landforms
L _ Inter-trough areas
1 Shelfobes
Canyon-channe| systems
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. ., Mound crests
64°S 1, Landside scars

63'S

Ice stream Ice stream Ice stream

Grounded ice _od

= .
//; : @ - J\\‘
/,/ \
Bottom Bottom
currents currents

~> Turbidity channel Sediment failure
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Amblas et al., QSR, 2006
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Northern Antarctic Peninsula
71°W 70°W 69°W 68°W 67°W 66°W 65°W 64°W
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Volpi et al., 2011 SEPM Special Publication No. 96,
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MASS TRANSPORT DEPOSITS
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Alternation of interglacial, high water content sediment and dense
glacial maximum debris flow deposits: preconditioning for slope
instability
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n Till/debris flows - Slide deposits - Hemipelagites/contourites
108
Rise et al., 2005
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HINLOPEN/ YERMAK
SLIDE
North of Svalbard

STOREGGA SLIDE

1200 1600 2000 2400 2800

mbawz:hymetry (m)

Norwegian margin

distance to headwall: 63 kmy

18001900 2000 2100 2200 2300

Vanneste et al., 2006, EPSL
Winkelmann et al., 2006, G3

Faerseth & Bjgrn Helge Saetersmoen, 2008,
Norwegian J. of Geology
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Shot
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SEDIMENTARY MOUNDS
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ODP Site 1095

IRREGULAR UPPER BOUNDARY
EROSIONAL BASE NE

ALEXANDER CHANNEL

Diviacco et al., 2006. Marine Geophysical Researches
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