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Source: W

ith, C
, Löfroth, H

., Bastani, M
., Persson, L., R

odhe, L., H
edfors, J., Schoning, K., 2022: A 

m
ethodology for m

apping of quick clay in Sw
eden. https://doi.org/10.1007/s11069-022-05278-y

G
eo-hydrological constraints for 

developing sensitive clay and 
risk for quick clay landslides

Potential for quick clay 
in Sw

eden based on the deposition 
environm

ental (salt, brackish or freshw
ater) of clays 

1.
D

epositional environm
ent 

Æ
M

arine/brackish/freshw
ater.

2.
W

ater transport and dilution processes
Æ

Advection/diffusion.

3.
Landslide risk.
Æ

Tem
perature and precipitation,

Æ
C

hange in land use.
Æ

Surface topography.
Æ

Bedrock topography.



Bedrock topography?
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•
Can estim

ates of bedrock topography and sedim
ent 

thickness be used to filter out potential depositional areas 
w

ith likely sedim
entological conditions for developm

ent of 
sensitive clay?

•
Can bedrock topography be associated w

ith focusing effects 
of w

aterflow
w

hich is critical for transport of salt out of the 
clay?

•
Can bedrock topography together w

ith land surface 
gradients terrain be used to screen out potential risk areas 
for quick clay landslides?



3

50 km

Till
H

um
m

ocky m
oraines

G
lacio-fluvial/lacustrine

M
arine deposits

Shore deposits
Fluvial deposits
Boulder fields 
Avalanche deposits
Peatand bog
Exposed bedrock/
spars sedim

ent cover 

Land cover of m
ainland 

N
orw

ay

geo.ngu.no/kart/losm
asse/
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Kitterød (H

ESS, 2017)

Land cover of m
ainland N

orw
ay

~60%~6%

A
(u)

X
(u)

E[X
(u)|A

(u)]



N
t
of wells: 20432

N, D>0
: 19682 

D (m)   L (m)
mean  5.53   831.7
std

8.88  1020.0 
CV    0.62     0.8
max 229.00 22171.0
P95  20.00  2880.7
P75   6.00  1108.6
P50   2.00   460.3
P25   1.00   172.8
P5    0.50    34.2
min   0.05     0.5

http://geo.ngu.no/kart/granada/

U
se point observations x(u

i ) to 
estim

ate bedrock topography B(u) 
and sedim

ent thickness D
(u) at any 

location of interest:

G
oal:

E[X
(u)|x(u

i ), A
(u)],

and
Var[X

(u)|x(u
i ), A

(u)],
w

here
i=

1,…
,N

, 
N

is num
ber of observations.
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Estim
ation challenges:

•
preferential sam

pling 
•

non-stationarity
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Idea: 
U

se L(u), to reduce Var[D
(u)]

Kitterød (H
ESS) 2017.
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Sem
i-variogram

s for D
 and L

C
orrelation length of 

D
 is ~10 km

C
orrelation length of 

L is ~6 km



C
ross-validation on G

R
AN

AD
A observations
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9 C
ross-validation of

G
R

AN
AD

A observations

•
B

lue: 63%
 fulfilled the cross-validation 

test by either the O
rdinary Kriging (O

K) 
or C

o-Kriging (C
K).

•
G

reen: 3.5%
 fulfilled the test by O

K or 
C

K. 
•

R
ed: 37%

 did not fulfill the test neither 
by O

K nor O
K.

C
ross-validation test is defined by:

•
Absolute m

ean error.
•

Precision, and
•

Accuracy.
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C
ourtesy: D

an H
obely, G

lacialvalley at the head of Leh
valley, Ladakh, N

W
 India. Valley is 

im
m

ediately south of the pass of K
hardung

La. Leh
valley glacier is visible at the top of the valley.

C
am

era
location:34°16′ 01.2″ N

, 77°37′ 22.8″ E, https://com
m

ons.w
ikim

edia.org/w
iki/File:U

-
shaped_valley_at_the_head_of_Leh_valley,_Ladakh.JPG

#file

C
ase study: 

Ø
vre

Eiker, 
D

ram
m

ensvassdraget.
Purpose:

Test algorithm
s to reduce 

estim
ation error.
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W
hat kind of m

athem
atics?
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Poisson’s equation yields a parabolic function [x,y] in m

odelling dom
ain :

:

f(x,y) =
 a

0 +
 a

1 x +
 a

2 y +
 a

3 x 2+
 a

4 xy
+

 a
5 y 2.

•
C

hallenge: Poisson equation is sensitive to D
irichlet boundary conditions:

At bedrock outcrops (xc , yc ), D
(xc , yc ) =

 0, or B(xc ,yc ) =
 T(x

c , yc ).

Poisson’s equation?

�
2f(x,y)  

;(x,y)



Kitterød and Leblois ((H
yd.R

es.) 2021
12 Test: Poisson’s equation 

+ kriging on residuals

(and test drillings)



Kitterød and Leblois ((H
yd.R

es.) 2021
13 Test: Poisson’s equation 

+ kriging on residuals
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15 Estim
ation of sedim

ent thickness, Ø
vre

Eiker

O
rdinary

Kriging
C

o-
Kriging

Bedrock
Kriging

Poisson
Kriging

Kitterød and Leblois ((H
yd.R

es.) 2021



C
ase study: 

Fredrikstad, InterC
ity connection O

slo –
H

alden.

O
bservations:

o
Subsidence in central part of Fredrikstad: safety hazards for bridges, and dam

ages on buildings.

o
Leakage of artesian groundw

ater.

o
Q

uick clay identification by test drilling.

C
hallenges:

C
onstructions floating on the clay –

or pillars to the bedrock?

Æ
railw

ays and roads?

Æ
new

 term
inal building?
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17
Fredrikstad –

G
reåker (2019 estim

ates) 

Bedrock topography (m
 a.m

.s.l.)
Sedim

ent thickness (m
 below

 surface)
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Subsidence
m

easurem
ents

by differential 
Synthetic Aperture R

adar 
(SAR

) technique 
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19 Subsidence in Fredrikstad
C

ity

Physical level m
easurem

ents
SAR

lm
easurem

ents

27.12.2014
22.09.2017
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O
rtofoto

og
vertikale

setningeristasjonsom
rådet(m

m
/årdes 2012 –

okt2017)
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Sedim
ent thickness 

(m
 below

 surface)
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Sedim
ent thickness 

(m
 below

 surface)
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N
VE Atlas quick clay w

eb-page:
H

igh risk (red), 
m

edium
 risk (yellow

), 
low

 risk (blue)



Sedim
ent thickness 

(m
 below

 surface)
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•
N

um
ber of observations increase.

•
C

om
puter capacity increase.

•
Bedrock topography can be estim

ated, but not w
ithout uncertainties.

•
Further testing av algorithm

s are necessary (PhD
 and M

Sc projects).

•
Proposals: 

–
R

isk for quick clay landslides should be analyzed w
ith bedrock topography as a 

background variable together w
ith other relevant variables.

–
…
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onclusions so far …
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