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1. INTRODUCTION 

An earlier internal report has reviewed a number of field observations of 

salt concentration profiles in Sca ndinavia n m a rine clays (Heiberg, 1972) . 

The development of the observed salt concentration pr ofiles were modeled 

by applying elementary concepts of salt diffusion superimposed on por e 

water flow. For a g iven e l apsed time since the surfacer s) became fr esh, 

an observed salt concentr ation profile was cons i stent with only one value 

o f each of the two physical parameters involved, namely the pore water 

velocity and the diffusion constant. The time elapsed since the top surface 

became fr esh could be estimated from the data on isostatic uplift of the 

region. This allowed numerical values of pore wate r velocities a nd diffusion 

constants to be estimated f r om the salt concentr ation p r ofiles . The esti

mates of the diffusion constants indicated that it varied within very narrow 

limits . It was found necessary to confirm this indicati on by me·asuring the 

diffusion constant under controled conditions in the laboratory. One reason 

fo r this was that the time s used in computing diffusi on constants f r om field 

data could be in e rr o r if a conside r able amount of clay compr ession had 

occurred afte r the surface fir s t rose above sea level. 

This report w ill present the r esults of the laboratory experiments . The 

experiments included : 

( 1 ) A stud y of the influence of method of 

th e measured concentrations of Na +, 
C ++ . a lons. 

s a lt extr action on 
+ ++ K ,Mg ,and 

(2) A study of th e soil profile at the site wh e r e the clay fo r 

the experiment was sampled . 

(3) A study of the diffusion process in the two types of clays 

sampled a s a function of temperature . Diffusion was 

a llowed towards a f r esh water r eservoir in one end of 
+ + ++ ++ the cylinder. The amount of Na , K ,Mg , and Ca 

in the reservoir was r ecorded as a function of time. 

Af ter compl eting the experiment, th e concentration of 

Na +, K+, Mg ++, a nd Ca ++ was r ecorded in the clay at 
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different distances from the fresh surface. These 

sets of measurements allowed independent computations 

of the diffusion constant to be made. 

II . THE CLA YS STUDIED 

It was decided to dete r mine the diffusion constants in two clays which 

embr aced the types o f clays encounter ed in southern Norway. It was 

therefore natur al to collect samples f r om a site in D r ammen wher e NGI 

pr ev i ously have taken numerous sampl es for a mul titude of labor atory 

studies. Th e soil profile is given by Bjerr um (1967) , F ig. 1 9. The 

determinations c a rried out in this investigation on natural water content, 

A tterberg limits, and salt concentrations are given in Drawing 001. The 

soil profi l e consists of 4 m sand, underlain by plastic Drammen clay , a 

post- glacial clay with high clay content and a natural water content of 

50% . This cl.5J.y laye r extends to a depth of 11 m . Below is a lean glacial 

clay with lower clay content and lower water content, 25 - 40 '70 . This clay 

contains occasiona l layers of sand and silt. Th e salt concentrations inc rease 

with depth to about 9 meter below g r ound level. They r emain practically 

constant below this depth . (The different methods used to extract the salt 

has a distinc t influence on the value determin ed . So does the time of 

storage on the magnesium concentrations . This w ill be discussed separa

tely l a ter in the report). The porosities of the post- g lac i a l pl as tic clay 

and of the glacial lean clay embrace those of the clays most fr equen tly 

encounter ed in souther n Nor way . 

III . THE EX PERIME TAL SET - UP 

The diffusion exper i m ent was conducted on s i " und i sturbed sampl e s. Thr ee 

wer e taken i n the p lastic clay, at a depth where the salt concentration s were 

constant w ith depth . Thre e wer e taken in the lean clay . 

Two duplicate samples from each clay wer e tested at 7
0

C which corresponds 

to the ground temper atur e. One sample fr om each clay was tested at r oom 

temper atur e (approximately 22
0 C) . The s amples wer e taken in reinforced 

plas tic cylinder s and br ought to the laboratory. The clay was flush with the 

bottom end of the cyli nder . The clay a t the bottom of the cylinder was 

capped with a thin filte r paper and a sheet of gaz, Drawing 007 . (This 

pr evented soil to fall out without obstructing the diffusion path markedly). 



GES GEOTEK ' ISKE I NSTlTUTT 3 . 

The top end was sealed with wax and a rubber cap. The open end of the 

cylinder was then placed in approxiJnately 700 ml of demineralized water . 

This water was changed regularly, and the quantity of salt removed was 

dete r m ined . 

The d i stribution of salt concentration and of relative electrical conductivi ty 

in the cylinders was dete r mined at the end of the experiment. 

The determinations of salt concentration were made by measur ing concen

trations of Na +, K+, Mg ++ and Ca ++ on a Perkin- Elmer atomic absorption 

spectrophotometer (model 290) . The Ca ++ determinations r eported below 

were made using La203 as releasing agent, with the exception of the deter 

minations r eported in Drawings 005 and 013. The results shown in Draw

ing 005 a r e not enti r ely r eliabl e and should be consider ed as an indi cation 

only . T he results shown i n D r awi ng 013 a r e probably re l iable due to the 

low salt concentrations in the solutions ana l ysed . 

The data involving dete r minations of salt concentr ations wer e r ecorded a nd 

analysed as explained i n repor t 50703 - 1 . The data sheets and the intermedia t e 

computati ons are on fil e , wh e r eas th e fina l computed r esults a r e i ncluded 

in the appendix of th i s r e p or t. 

I V . THE INFLUENC E O F THE PROCEDURE OF SA L T E XTRACTION ° T D ETERMINED SALT CONCENTRATIONS 

The influence of the p r ocedur e used to extr act the sal ts from the clay wa s 

s tudied on cylinder P2 after the diffusion exper iment was te r m inated . The 

methods of extracti on used were : 

(1 ) To p r ess the clay and dete r m i ne the concentrati ons in 

the wate r thus pr oduc ed. 

(2) T o s tir appr oximately 25 g of clay w ith 25 m l of demi neralized 

wa te r, and to ana l yse the wa t er phase afte r exclud ing the cla y 

by cent rifuga tion and fil tr a tion. 

(3) As procedur e 2 , bu t now using 75 ml of demi ne r ali zed wat e r. 

(4) To stir appr oximatel y 25 g of clay with 50 m l of a 1.0 mol a r 

BaCI
Z 

s olution . T he water phase is separated and the procedur e 
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is repeated twice . The final volume of solution (approximately 

150 ml) is diluted to 250 ml. The Ba ++ ions will replace the 
+ + ++ ++ ions of Na , K ,Mg ,and Ca adsorbed on the clay surfaces . 

The solution will therefore contain both the ions which normally 

are in the pore water and those which normally are adsorbed 

on the clay . These concentrations serve as r eference concentrat_ 

ions for the concentrations dete r mined by the other three methods . 

The first three methods are a imed at deter mining the salt con

centr a tions in the f r ee pore wate r only. 

Samples of 6 cm length were homogenized and analysed . The natur a l water 

content of the clay varied little from 55%, as shown in Drawing 008 . Diffus i on 

had been allowed to take place for 205 days prior to the analysis. Drawing s 
+ + ++ ++ . 002 to 005 show the concentrations a, K ,Mg , and Ca as determmed 

by the different methods of extraction. D r awi ng 006 shows measur ed values 

of pH . The pH values r eported fr om the p r essed clay was measured in the p r esse: 

por e water. Th e othe r values wer e r ecord ed in the clay suspension after 

stirring . Dr awi ng 002 g ives th e v alues of r e l a tiv e elec tri cal conductivities 

recorded . 

The experimental r esults show that th e diffe r ent procedur es of salt extraction . 

from the f r ee pore wate r influences the salt concentr ations determined . 

When th e salt concentr ation in the free pore water i s diluted, the r e occurs a 

change in the r e l ati ve compos ition of the solution. The r elative concentrations 

of the monovalent ions Na + and K+ a r e incr eased , the relativ e concentr ations 
++ ++ . of the d iva l en t ions Mg and Ca a r e dec r eased and th e pH 1S changed 

towar ds the bas i c side. 

The g r eatest change in milli - equivalents per litre Occurs for Na+ and Mg++ 

The change in percent of the total concentrati on is negligible for Na +, however, 

due to the high concentr ation of this ion. 

Th e s e r esults may be inte r p r e ted to r eflect an exch ange of i ons between the 

free pore wate r and the phase adsorbed on the min e r a ls. This exchange 

accompanie s an expansion of the adsor bed phase . Wnether the exchange is 

b I d b d . d . th . th C ++ . a ance , may not e eterm1ne Wl certalntyas e a concentr atlOns 

a r e not determined r eliably. 

The concentrations determined by extr act ing the salts by pressing the clay, 

and by washing approximately 25 g of clay w ith 75 g of water, may be COm -
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par ed for the enti r e soil profile in Drawing 001. The discrepancies in the 

concentrations are negligible for Na + and quite marked for K+ and Mg ++ 
Compar ative determinations of Ca ++ are not available . The Mg ++ concen

trations obtained by pressing after the end of the diffusion experiments show 

that a mar ked change has occurred upon stor age of the samples . 

The salt concentrations determined by pressing the clay a r e less scatte r e d 

than those obtained by washing. Th e r eason may well be that th e amount of 

dilution was not th e same in each sample washed. (The amount of clay to 

be wash ed was no t th e same in each sampl e , nOr was the natural water content 

of the cla y) . 

The diffusion process will lead to a dilution of the salt concentrations in the 

!lor e water of the samples. It may therefor e be expected that the exchange 

of ions r epor ted on above will interfere as a SOurce of a + and K+ ions and 
++ ++ . a sink of Mg and Ca ,ons . As such SOUI' ces and s inks a r e disregar ded 

in the theory used to analy se the diffusion process , th ey may be expected 

to appear as " abnorma l" b eh aviour , wh en th e amoun t of salt wh i ch h as left 

the cylinders is to be compared with the difference between the initial and fina l 

amoun ts . in th e sampl e . It will be seen th a t the exch ange processes may 

be negl ected wh e n analy sing the diffusion of bulk salt at the concentr ations 

studied in this work . The r eason i s that the salt cons ists p r edominantly of 

TaC l , and only a very small fraction of a + takes part in the exchange 

process . The exchange processes may complicate the diffusion consider

ably a t low salt concentrations, however . 

V . THE DIFFUSIO CONSTANTS 

The diffusion constants a re computed from the r ate of outflow of ions from 

the cylinders . The salt concentration profiles In the cylinders at th e end of 

the exp eriment (after about 190 days of d iffusion) a r e computed from the 

diffusion constants, and compared with the measured conc entra tions for Na + 
+ ++ . ++ . . . ' 

K , a nd Mg ,ons . The C a ,on d,d n ot conform w,th the behaviour expec ted 

for simple diffusion. The behaviour of this ion is discussed separately . 

The r esults of significance i n this study a r e the diffusion constants for Na +. 
The computed val ue of this constant is O. 0122 ~ 0 . 0003 m 2 /year at 7 0 C. 

Th e corresponding val ue at room temperature (approximatel y 22 0 C) i s 

0 . 02 17 ~ 0.0003. Thes e values a r e applicable to both the l ean and the 
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plastic clays. This proves that diffusion at high salt concentrations is a pr e 

dictable process , and that very detailed knowledge of the clay properties is 

not a prerequisite for predicting it. 

The concentration profiles in the cylinders may be computed from knowledge 

of the diffusion constant by the equation : 

C z 
C o ' e rf ("N"D"'t:- ) 

wh ere 

C is the concentration 

Co is the initial concentration 

z is the d i stance from the fresh surface 

D is the diffusion constant 

t is the e l apsed time 

A comparison between the computed and the measured concentration profile 

is pr esented in Dr awing 009 . The measur ed values confi r m the computed 

ones . The measur ements were performed by pressing sl i ces of the te s t 

cyli nder. Each s li ce was 2 cm thick . 

The apparent diffusion constant for K+ ions, computed from the amounts 

removed from the sample , were not in ag r eement with the concentration 

profiles measur ed at the end of the experiment. 

The computed v a lues of the d iffusion cons tans wer e as shown bel ow : 

Clay S ample D . 2 / 10 m year D . 2 / In rn year 
No . a t 7 0 c at 22 0 C 

Plastic PI . 023 "] -
Plastic P2 .028 r 

Lean P4 . 034 ~-> 

Lean PS .034 

Plastic P3 .061 

Lean P6 .068 :l 2 I 
-, 

Th e concentration pr ofiles computed from diffusion constants of 0.02.7 m
2
/year 

and 0.060 m 2 /year are compared with the measur ed values in Drawing 0 10 . 

The computea concentrations are much too low. The measur ed concentr ation s 

indicate that the diffusion constant fo r K+ is nearly identical with the constant 

for Na +. 
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The observation that more K+ has left the sample than what is removed from 

the pore water is consistent with the observation in the above paragraph, 

that K+ is brought out in solution in the pore water when the salt concentrat

ion in it is decreased . 

The computed a pparent diffusion constants for Mg ++ are also in disagree 

ment with the measured salt concentration pr ofiles. The computed diffus ion 

cons tan ts a r e : 

C lay Sample D . 2 / in m year D . 2 / In m year 
No . at 7 0 C at 22 0 C 

Plastic P I 0 . 0061 /1 

Plastic P2 0 . 0059 c 

Lean P 4 0 . 0068 ") .I. 

Lean P S 0.0060 " 
Plasti c P 3 0 . 0083 

{,. 

L ean P6 0.0010 
;. 

The salt concentration profi l es computed from diffusion constants of 0 . 006 , 
2 0 . 008 , and 0.010 m / year a r e compared with the measured values in Draw-

ing Oi l. T he computed concentrations a r e distinctly higher th a n the measur e d 

ones. This i s again in ag r eement with the results presented In the above 

paragraph . There it was found that the amount of Mg ++ ions i n the pore 

wate r was decreased when the sal t concentration was dec r eased. 

d 1 f M ++ . . b . th sur e va ues 0 g concentratlOn are ln e tte r agreement \Vl 

of diffusion constants fo r Na + than with those given above . 

The mea 

the va l ues 

The exper iments showed thatCa++ deviates significantly f r om the pattern 

expected from simple dIffusion. The cumulative amount of Ca ++ leaving 

a cylinder would be pr opor tional to the squar e r oot of time if simpl e diffus i on 

occurr ed . T he curves shown in D r awing 0 13 a r e linear onl y in the in i ti a l 

ph ase. M idway thr ough the experiment the cur ve steepens befor e it r each e s 

a quas i- constan t s l ope i n the fina l stage. Thi s s l ope i s l ower than the i n i t i a l 

for the p lasti c clay and h i gher f o r the l ean cla y. 

The pr esence of slightly soluble salts may well have an influence on th i s 

behaviour . If Ca ++ in the reservoir is i~ equilibrium with fo r instance C aC0
3

, 

the outflow cur ve would coincide roughly with what is desc r ibed above as the 

ini tia l r ange . 
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Th e measured Ca ++ concentrations in the clay at the end of the exper iment 

are shown i n Drawing 012 . At first Sight the distribution of Ca ++ is rough ly 
+ equivalent to that of a A closer examination will reveal that the curves 

for all the samples are concave towards the concentration axes (not towards 

the distance axes as expected), and that this range of the curve culminates 

in an" abnormal" maximum value . The reason for, or the significance of 

the Ca ++ behaviour cannot be assessed on the basis of the data collected 

in thi··s investigation. 

C
++ .. a concentr ahon is 

It does not affect the process of bulk diffusion , as the 

onl y a small f r action of the total sal t concentrati on . 

VI. CO C L USIONS 

The d i ffus ion experiments described in this report have shown that th e 

diffusion constant of a+ i s 0 . 0122 :!" 0 . 0003 a t 70 C and 0 . 01217 :!" 0.0003 

at r oom temperature (appr oximatel y 22
0
C). T he value of the diffusion c o n

stant was determined on marine clays from Drammen . The diffusion constant 

did not var y with the natur a l water content of the clay . Sarr::ples of natural 

water content r anging f r om 28 to 58 percent were tested . Th i s cover s the 

range e n count ered mos t fr equen tly in southern Nor way . Th e de terminati on s 

wer e m ade a t salt concentr ations of the o r de r of those encounter ed in sea 

wat er ( 30 g/l NaC I or 10, 000 mg/l Na +). Th e r esults pr ove that the diffus ion 

of sal t a t these concentr a tion s i s a predi ctable pr ocess , and tha t ve r y detaile d 

knowl edge of the clay pr oper ti es i s not r equi red t o p r edi c t it. 

The diffus i on exper iment s , and a ser ies of d i lution exper iments showed tha t 

ther e is an i ncrease of the monovalent ions and a decrease of divalent i on s 

in solution i n the fr ee por e wate r when the salt concentration in the por e 

wa t er i s reduced . Th i s exchange w i ll influence the pr ocess of bulk diffu sion 

at concentr a tions of the o rde r of a few g r ams p er li t r e NaC l. At h igher c on-
+ ++ ++ . centr a tions , th e proce s s of d iffus i o n of K , Mg , and C a is affected , bu t 

n ot in a way whi ch i nvalida t es the d iffus ion cons tants quo ted above . The 

a m ount of s a lt r e m oved from th e 

s ta n ts f or K+, Mg ++ whic h differ 

clays by d iffu s ion i nd i ca tes d i ffu s ion con-

fr om th e 

bution of sal t concentrati on de termined by 

values gi ven, wh e r eas the di s tri 

pr essing the clay i n the te s t 

cylinders afte r the exper iments confir m the values given . The behavi ou r of 

Ca ++ i s not as expected f r om simple diffusion . 

The p r oce s ses which compli cate t..'te elementar y pr ocess of salt diffus i on 

i s w i thout p r actical s ign ificance at high concentrations . a+ behaves 
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according to the elementary process . The concentrations of the other ions 

are minor in comparison with the Na + concentration. 

for the 

NORWEGIA GEOTECH rCAL I STITUTE 

'6\ci!.v ~ 
Toralv Berr e 

~~v--rcl. ~ 
Sigurd H e iberg 
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