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1. Problem
s related

to sensitive claysand quick
clay

in N
orw

ay
have theirrootin geology

and the
Ice

Age!

1. Glaciation, glacierretreat 
and accum

ulation
of

(glacio)m
arine claysin the

fjords

2. Glacioisostaticuplift
ofthe

crustleading
to fall of

the
relative sea

level

Corner (2006)

flocculation…
…

Relative sea level

Tim
e



3. Em
ergence

ofclay
deposits, 

erosion
and leaching

ofsalts/ 
geochem

icalalterations:

Developm
ent of

sensitive sedim
ents

including
quick

clay

Groundw
ater flow
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D. Triggering
oflandslidesas 

a resultofnaturalerosion
and/or hum

an activity…
.

Landslide at Kråkneset3. June 2020



“W
hy bother??”

Because know
ledge on paleoenvironm

ents provides 
im

portant GEO
LO

GICAL CO
N

STRAIN
TS for m

arine clay 
occurrences:

1.M
arine lim

it (M
L)

2.M
aps over the Q

uaternary geology

3.Com
m

unicated to society via the internet 
(w

w
w

.ngu.no)
–used in planning/quick clay-related w

ork
From

 w
w

w
.ngu.no

‘Q
uaternary m

ap’

500 m

M
arine Lim

it (M
L)

Financial support from
 N

VE



From
 N

VEs kvikkleireveileder1/2019

M
odels on quick clay form

ation focus on post-depositional leaching 
in association to fractured bedrock/acquifers…

…

(L’Heureux 2013, m
odifisertfra

Løken
1983)
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2. AIM
 O

F TALK

1)To increase the aw
arenessabout 

depositional environm
ents and 

‘genetics’ of m
arine clay deposits

2)To highlight som
e synsedim

entary 
factorsthat play role in the 
developm

ent of sensitive clays



Selm
er-O

lsen (1976) -Textbook in Engineering Geology

…
.good! –but a bit oversim

plified! 

Paleoenvironm
ental m

odels help us explain the geology w
e encounter:

1.2.

•
Em

brace the range of processesinvolved
•

Reflect their causal relationships
•

Provide a contextfor understanding the 
deposits

3. ABO
U

T PALAEO
EN

VIRO
N

M
EN

TS



Lønne
1995
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Detailed depositional m
odel for 

proxim
al ice-contact delta:

Data on internal structures are easy to access…
 

Gravel pits/georadar



•
Clay deposits are hard to 
study over larger areas

•
Exposures are random

•
Georadardoesn’t w

ork here

Few
er depositional 

m
odels focus on onshore 

fjord-m
arine deposits:

Dry-crust clay

Subtle bedding

Foto: Louise Hansen



Possible scenarios for production sand size bedload 
floccules from

 m
oving suspensions: The sm

all grey dots 
represent in-flow

 floccules that are m
erged into larger 

aggregates (Schieberet al. 2022).

“Clay deposits have 
accum

ulated through ‘passive’ 
suspension sedim

entation of 
flocculated clay and silt…

”

N
ew

 research:
Role of m

oving suspensions?

M
eslard

et al. 2022

The sedim
entation processes are 

(often) inferred:

M
eltw

ater plum
e

Glacier

Flocculation



PLU
M

E IS M
ISSIN

G

Pow
el 1981

4. GLACIATED FJO
RD EN

VIRO
N

M
EN

TS



Pow
ell and M

olnia
(1989)

O
verflow

 plum
es

sand/silt/clay in suspension

Interflow
 plum

es
sand/silt/clay in suspension

U
nderflow

s(dense effluents)
-channels
-coarser m

aterial
-turbidity currents

Effluent plum
es are spread according to density and w

ater colum
n stratification/salinity, seasonality

A) SEDIM
EN

T TRAN
SFER FRO

M
 M

ARGIN
 AT FJO

RD GLACIER:

+ flocculation

…
.transported to distal areas/protected em

baym
entsalong the w

ay (topography)



Sedim
entation processes:

•
Hem

ipelagic (varying)
•

Ice-berg drop
•

Tidal currents/circulation
•

Turbidity currents/m
uddy

•
Resedim

entation/slum
ps

•
M

ajor m
ass flow

 events
•

Reduced/no bioturbation
•

Specific biota
•

Annual variation
•

…
..

Processes change over tim
e during 

glacier advance/retreat (clim
ate)

PRO
CESSES AN

D DEPO
SITS IN

 GLACIATED FJO
RD BASIN

S
Glacial sources

Deposits: 
Facies:
•

Rhythm
ically lam

inated m
ud

•
Diffusely stratified m

ud
•

Graded/m
assive m

ud
•

Banded m
ud

•
Deform

ed m
ud

•
Bioturbated m

ud
•

+/-Fossil content

Core photographs/CT scans:



Stratification in 
soft clay

Solid clay

Slide plane

Photo: Louise H
ansen

O
nshoresexposures:

Photo: Louise H
ansen

Photo: Louise H
ansen



75-100 m
Glacim

arine/ 
hem

ipelagic 
sedim

ents

M
assflow

deposits

N
ordfjorden, w

estern N
orw

ay, H
jelstuen et al. (2009)

O
verall stratification is evident from

 m
arine seism

ics(Topas)



Large-scale structures in onshore exposure (M
id N

orw
ay):

Photo: Louise H
ansen

Large exposures are rare!

Exam
ple of syn-/postdepositional

deform
ation



Few
 onshore studies of clay/silt deposits 

address the details in processes and depositional 
environm

ents

Exam
ple from

 Cham
plain sea in Canada:

Sedim
entary structures from

 CT canned cores

Al-M
ufti et al. 2022

CT-scanned cores
Dom

inating
m

ud facies!

Relationship betw
een bedding types and properties?

‘Density proxy’



Foram
inifer species assem

blages 
(zones A-G) tell about salinity 

A classical paleoenvironm
ental study on m

icropaleontology!



“A close correlation exists betw
een the stratigraphical 

zones and the shear strengths of a clay deposit”

“A clay belonging to zone D, w
hich w

as deposited in 
w

ater of low
 salinity, w

ill, during the process of 
leaching, probably reach this critical value* som

e 
thousand years before a clay w

hich had a high 
original salt content in its pore w

ater (fig. 10)”

Feyling-Hansen (1957)

* Salt content

Low
 salt contents are in part inherited from

 the depositional environm
ent!



GLO
Fs are catastophicfloodings caused 

by the drainage of m
ajor glacial lake 

basins during final deglaciation!

5. GLACIAL LAKE O
U

TBU
RST FLO

O
DS (GLO

Fs)

Regnellet al. 2019

•
Sudden influx of freshw

aterto m
arine basins

•
Loads of suspended fines

•
Rapid deposition of event beds

•
(Feyling-Hanssen zone D???)

Cross section through N
orw

ay and Sw
eden



6. N
O

N
-GLACIATED FJO

RD EN
VIRO

N
M

EN
T

Sedim
entation processes:

•
Hem

ipelagic/low
er rates

•
Currents/circulation

•
M

ore bioturbation
•

Turbidity currents
•

Resedim
entation/slum

ps
•

M
ajor m

ass flow
 events

•
O

rganic production
•

Specific biota
•

Annual variation
•

…
..

Processes change over tim
e 

(clim
ate)

Deposits: 
Several facies:
•

Bioturbated m
ud

•
Event beds 

W
ith preserved 

stratification
•

+ Fossil content

Typical sedim
entation rates:

Glaciated: M
ax 50-100 cm

/yr
N

on-glaciated: M
ax 5-10 cm

/yr

PRO
CESSES AN

D DEPO
SITS IN

 N
O

N
-GLACIATED FJO

RD BASIN
S

Deltaic sources

Photo: Louise H
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Hansen et al. 2011

Som
e event beds are produced during exceptional events like landslides and/or floods

0601012-2

Event
bed

Biotur
-bated 
m

ud

Event beds m
ay be

m
ore sensitive than the 

surrounding beds

•
Clay-rich suspensions

•
Flocculation

•
Suspension  
sedim

entation
•

Sedim
ent gravity flow

s

•
(Reduced salinities)

•
Fast sedim

entation!!

-provide
renew

ed influx of clay to the fjord



6000 calyrBP: 
sea level 40 m

 a.s.l. 

Longitudinal profile through a fjord valley

Postglacial fjord-m
arine deposits

-Thinner than their glaciom
arine 

counterparts

‘Recycled’ m
ud potentially accum

ulate in shallow
 fjord arm

s
follow

ed by em
ergence/leaching…

..
…

…
could becom

e young sensitive clays below
 the valley floor

glaciom
arine clays

From
 NGU report 2002.040 

m
odified from

 Eilertsen 2002 



•
Supply of suspended fines w

ith low
 activity m

inerals (‘rock flour’)
•

Salinity/flocculation
•

High suspended concentrations (large flocs)
•

Protected conditions facilitating fast suspension sedim
entation 

•
High sedim

entation ratesleading to large pore spaces/high w
ater contents

•
Interbedded coarser layers facilitating later leaching

•
Low

 activity of shear forces that reduce floc sizes/ Little/no bioturbation
•

Role of bedload floccules? O
rganic m

aterial?

7. CO
N

CLU
SIO

N

Paleoenvironm
ental m

odels:

1) Help our understanding of fjord-m
arine deposits regarding their occurrences/variability in 3D/4D

•
Structural inform

ation at all scales/fossil content are im
portant for genetic interpretation

•
Studies are encouraged that im

prove our know
ledge on processes/environm

ents

2) Several factors related to sedim
entation play a role in the developm

ent of sensitive clays:

Photo: Louise H
ansen
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Thank
you

for the
attention!


