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I. INTRODUCTION

An earlier internal report has reviewed a number of field observations of
salt concentration profiles in Scandinavian marine clays (Heiberg, 1972).
The development of the observed sailt concentration profiles were modeled
by applying elementary concepts of salt diffusion superimposed on pore
water flow. For a given elapsed time since the surface(s) became fresh,
an observed salt concentration prof-ile was consistent with only one value
of each of the two physical parameters involved, namely the pore water
velocity and the diffusion constant. The time elapsed since the top surface
became fresh could be estimated from the data on isostatic uplift of the
region. This allowed numerical values of pore water velocities and diffusion
constants to be estimated from the salt concentration profiles. The esti-
mates of the diffusion constants indicated that it varied within very narrow
limits. It was found necessary to confirm this indication by measuring the
diffusion constant under controléd conditions in the laboratory. One reason
for this was that the times used in computing diffusion constants from field
data could be in error if a considerable amount of clay compression had

occurred after the surface first rose above sea level.

This report will present the results of the laboratory experiments. The

experiments included:

(1) A study of the influence of method of salt extraction on

++

the measured concentrations of Na+, K+, Mg ', and

Ca++ ions.

(2) A study of the soil profile at the site where the clay for

the experiment was sampled.

(3) A study of the diffusion process in the two types of clays
sampled as a function of temperature. Diffusion was
allowed towards a fresh water reservoir in one end of
the cylinder. The amount of Na+, K+, Mg++, and Ca++
in the reservoir was recorded as a function of time.
After completing the experiment, the concentration of

Na+, K+, Mg++, and Catt was recorded 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 CLAYS STUDIED

It was decided to determine the diffusion constants in two clays which
embraced the types of clays encountered in southern Norway. It was
therefore natural to collect samples from a site in Drammen where NGI
previously have taken numerous samples for a multitude of laboratory
studies. The soil profile is given by Bjerrum (1967), Fig.19. The
determinations carried out in this investigation on natural water content,
Atterberg limits, and salt concentrations are given in Drawing 001. The
soil profile 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 clay layer extends to a depth of 11 m. Below is a lean glacial
clay with lower clay content and lower water content, 25-40%. This clay
contains occasional layers of sand and silt. The salt concentrations increase
with depth to about 9 meter below ground level. They remain practically
constant below this depth. (The different methods used to extract the salt
has a distinct influence on the value determined. So does the time of
storage on the magnesium concentrations. This will be discussed separa-
tely later in the report). The porosities of the post-glacial plastic clay
and of the glacial lean clay embrace those of the clays most frequently

encountered in southern Norway.

III. THE EXPERIMENTAL SET-UP

The diffusion experiment was conducted on six undisturbed samples. Three
were taken in the plastic clay, at a depth where the salt concentrations were

constant with depth. Three were taken in the lean clay.

Two duplicate samples from each clay were tested at 7°C which corresponds
to the ground temperature. One sample from each clay was tested at room
temperature (approximately 22°C). The samples were taken in reinforced
plastic cylinders and brought to the laboratory. The clay was flush with the
bottom end of the cylinder. The clay at the bottom of the cylinder was
capped with a thin filter paper and a sheet of gaz, Drawing 007. (This
prevented soil to fall out without obstructing the diffusion path markedly).
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The top end was sealed with wax and a rubber cap. The open end of the
cylinder was then placed in approximately 700 ml of demineralized water.
This water was changed regularly, and the quantity of salt removed was

determined.

The distribution of salt concentration and of relative electrical conductivity

in the cylinders was determined at the end of the experiment.

The determinations of salt concentration were made by measuring concen-
trations of Na+, K+. Mg++, and Ca’" on a Perkin-Elmer atomic absorption
spectrophotometer (model 290). The Cat determinations reported below
were made using Lay03 as releasing agent, with the exception of the deter-
minations reported in Drawings 005 and 013. The results shown in Draw-
ing 005 are not entirely reliable and should be considered as an indication
only. The results shown in Drawing 013 are probably reliable due to the

low salt concentrations in the solutions analysed.

The data involving determinations of salt concentrations were recorded and
analysed as explained in report 50703-1. The data sheets and the intermediate
computations are on file, whereas the final computed results are included

in the appendix of this report.

IV. THE INFLUENCE OF THE PROCEDURE OF SALT EXTRACTION
ON DETERMINED SALT CONCENTRATIONS

The influence of the procedure used to extract the salts from the clay was
studied on cylinder P2 after the diffusion experiment was terminated. The

methods of extraction used were:

(1) To press the clay and determine the concentrations in

the water thus produced.

(2) To stir approximately 25 g of clay with 25 ml of demineralized
water, and to analyse the water phase after excluding the clay

by centrifugation and filtration.
(3) As procedure 2, but now using 75 ml of demineralized water.

(4) To stir approximately 25 g of clay with 50 ml of a 1.0 molar

BaCl, solution. The water phase is separated and the procedure
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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 reference concentrat-
ions for the concentrations determined by the other three methods.
The first three methods are aimed at determining the salt con-

centrations in the free pore water only.

Samples of 6 cm length were homogenized and analysed. The natural water
content of the clay varied little from 55%, as shown in Drawing 008. Diffusion
had been allowed to take place for 205 days prior to the analysis. Drawings

002 to 005 show the concentrations Na+, K+, Mg++, and Ca.++ as determined

by the different methods of extraction. Drawing 006 shows measured values

of pH. The pH values reported from the pressed clay was measured in the presse
pore water. The other values were recorded in the clay suspension after
stirring. Drawing 002 gives the values of relative electrical conductivities

recorded.

The experimental results show that the different procedures of salt extraction.

from the free pore water influences the salt concentrations determined.

When the salt concentration in the free pore water is diluted, there occurs a
change in the relative composition of the solution. The relative concentrations
of the monovalent ions Na+ and K+ are increased, the relative concentrations
of the divalent ions 1\4‘1‘9_;']'+ and Ca’t are decreased and the pH is changed

towards the basic side.

The greatest change in milli-equivalents per litre occurs for Nat and Mg++.
The change in percent of the total concentration is negligible for Na+, however,

due to the high concentration of this ion.

These results may be interpreted to reflect an exchange of ions between the
free pore water and the phase adsorbed on the minerals. This exchange

accompanies an expansion of the adsorbed phase. Whether the exchange is
balanced, may not be determined with certainty as the ca® concentrations

are not determined reliably.

The concentrations determined by extracting the salts by pressing the clay,

and by washing approximately 25 g of clay with 75 g of water, may be com-
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pared for the entire soil profile in Drawing 001. The discrepancies in the
concentrations are negligible for Na® and quite marked for Kt and Mg++.
Comparative determinations of ca*t are not available. The Mg++ concen-
trations obtained by pressing after the end of the diffusion experiments show

that 2 marked change has occurred upon storage of the samples.

The salt concentrations determined by pressing the clay are less scattered
than those obtained by washing. The reason may well be that the amount of
dilution was not the same in each sample washed. (The amount of clay to

be washed was not the same in each sample, nor was the natural water content

of the clay).

The diffusion process will lead to a dilution of the salt concentrations in the
pore water of the samples. It may therefore be expectad that the exchange
of ions reported on above will interfere as a source of Na' and K% ions and

a sink of Mg-'.+

in the theory used to analyse the diffusion process, they may be expected

and Ca++ ions. As such sources and sinks are disregarded

to appear as "abnormal” behaviour, when the amount of salt which has left
the cylinders is to be compared with the difference between the initial and final
amounts.in the sample. It will be seen that the exchange processes may

be neglected when analysing the diffusion of bulk salt at the concentrations
studied in this work. The reason is that the salt consists predominantly of
NaCl, and only a very small fraction of Na® takes part in the exchange
process. The exchange processes may complicate the diffusion consider-

ably at low salt concentrations, however.

V. THE DIFFUSION CONSTANTS

The diffusion constants are computed from the rate of outflow of ions from
the cylinders. The salt concentration profiles in the cylinders at the end of
the experiment (after about 190 days of diffusion) are computed from the
diffusion constants, and compared with the measured concentrations for Na.+,
K+, and Mg++ ions. The Ca++ ion did not conform with the behaviour expected

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

The results of significance in this study are the diffusion constants for Na™.
The computed value of this constant is 0.0122 T 0.0003 mz/year S A ch
The corresponding value at room temperature (approximately ZZOC) is

=} 0.0217 ¥ 0.0003. These values are applicable to both the lean and the

L &)
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plastic clays. This proves that diffusion at high salt concentrations is a pre-
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:

o - erflzis—)
o
where
C is the concen.tra.tion
C, is the initial concentration

z is the distance from the fresh surface

W)

is the diffusion constant

(o

is the elapsed time

A comparison between the computed and the measured concentration profile
is presented in Drawing 009. The measured values confirm the computed
ones. The measurements were performed by pressing slices of the test

cylinder. Each slice was 2 cm thick.
The apparent diffusion constant for k* ions, computed from the amounts
removed from the sample, were not in agreement with the concentration

profiles measured at the end of the experiment.

The computed values of the diffusion constans were as shown below:

Clay Sample D in mz/year D in mz/year
No. at 7°C at 22°C

Plastic Pl .023 7%

Plastic P2 .028 9

Lean P4 .034

Lean P5 .034

Plastic P3 .061

Lean Pé6 .068 2.2

The concentration profiles computed from diffusion constants of 0.027 mz/year
and 0.060 mz/year are compared with the measured values in Drawing 010.
The computed concentrations are much too low. The measured concentrations

indicate that the diffusion constant for kt 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 apparent diffusion constants for I\'Ig++ are also in disagree-
ment with the measured salt concentration profiles. The computed diffusion

constants are:

Clay Sample D in mz/year D in mZ/year
No. at 7°C at 22°C

Plastic Pl 0.0061 )

Plastic P2 0.0059

Lean P4 0.0068 y

Lean P5 0.0060

Plastic P3 0.0083

Lean Pb 0.0010

The salt concentration profiles computed from diffusion constants of 0.006,
0.008, and 0.010 mZ/year are compared with the measured values in Draw-
ing 011. The computed concentrations are distinctly higher than the measured
ones. This is again in agreement with the results presented in the above
paragraph. There it was found that the amount of Mg++ ions in the pore

water was decreased when the salt concentration was decreased. The mea-
sured values of Mg++ concentration are in better agreement with the values

of diffusion constants for Na' than with those given above.

The experiments showed that ca't deviates significantly from the pattern
expected from simple diffusion. The cumulative amount of et leaving

a cylinder would be proportional to the square root of time if simple diffusion
occurred. The curves shown in Drawing 013 are linear only in the initial
phase. Midway through the experiment the curve steepens before it reaches
a quasi-constant slope in the final stage. This slope is lower than the initial

for the plastic clay and higher for the lean clay.

The presence of slightly soluble salts may well have an influence on this

behaviour. If Ca++

the outflow curve would coincide roughly with what is described above as the

in the reservoir is in equilibrium with for instance CaC03,

initial range.
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The measured Ca++ concentrations in the clay at the end of the experiment
are shown in Drawing 012. At first sight the distribution of cattis roughly
equivalent to that of Na®. 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™t behaviour cannot be assessed on the basis of the data collected

in this investigation. It does not affect the process of bulk diffusion, as the

Ca++ concentration is only a small fraction of the total salt concentration.

VI. CONCLUSIONS

The diffusion experiments described in this report have shown that the
diffusion constant of Na® is 0.0122 ¥ 0.0003 at 7°C and 0.01217 ¥ 0.0003

at room temperature (approximately ZZOC). The value of the diffusion con-
stant was determined on marine clays from Drammen. The diffusion constant
did not vary with the natural water content of the clay. Samples of natural
water content ranging from 28 to 58 percent were tested. This covers the
range encountered most frequently in southern Norway. The determinations
were made at salt concentrations of the order of those encountered in sea
water (30 g/1 NaCl or 10,000 mg/1 Na+) . The results prove that the diffusion
of salt at these concentrations is a predictable process, and that very detailed

knowledge of the clay properties is not required to predict it.

The diffusion experiments, and a series of dilution experiments showed that
there is an increase of the monovalent ions and a decrease of divalent ions
in solution in the free pore water when the salt concentration in the pore
water is reduced. This exchange will influence the process of bulk diffusion
at concentrations of the order of a few grams per litre NaCl. At higher con-
centrations, the process of diffusion of K', Mg'T, and Ca™¥ is affected, but
not in a way which invalidates the diffusion constants quoted above. The
amount of salt removed from the clays by diffusion indicates diffusion con-

*+ Which differ from the values given, whereas the distri-

stants for K+, Mg
bution of salt concentration determined by pressing the clay in the test
cylinders after the experiments confirm the values given. The behaviour of

catt is not as expected from simple diffusion.

The processes which complicate the elementary process of salt diffusion

is without practical significance at high concentrations. Nat 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
NORWEGIAN GEOTECHNICAL INSTITUTE

T60cls Beuy
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AL L Y
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APPENDIX

Tables of experimental results
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EVIKSGATE 15 DRAMMIN.ANALYSE AY DIFFUSJONSPRCFIL I SLASTSYLINDRE

MO PRSVE EeRBE  VANN KA X M5 Ca
NOw  iiianoar INNHOLD
H PST MG /L MG/L HG/L MESL
! 1 193 .01 55.81 597.91 28.16 53.71 7L.13
2 102 .03 5%8.93 17E9.47 T75.52 150.24 £3.33
3 o3 .05  5T.43 2877.36 125.23 275.53 114.58
4% 1G4 .C7  5E8.45 3349.56 179.235 §53.4C 15E.7
- § 1C% .T9 55.€1 4858,49 169,19 531.96 218.75
5 16 L11  55.45 5613.21 216.22 L72.21 10%.73
T a93 .13 §7.52 6524.39 219,85 THE.3E 452.59
8 173 .1° £E,10 19£7.00 *a1 97 914.8% 145,23
& 303 01 53.49 i5e7.91 4C.51 2634 SS.83
15 323 .C5 53.53 2557.29 123,55 271.5 1TE .42
11 zgs .C2 £0.21 41%3.77 162.16 576.42 177.28
2 397 «13 59,15 5613.71 212.%4 Suf.94 IZ1.72
13 392 .17 55,57 T432.02 256.76 £822.75 JiT.36
Qi 313 .21 E1.21 8348.78 273.85 8£2.33 338402
25 317 «25 5,72 BTEC.49 se3.92 Q6E.G9 ITn.69
A L20 . Br 24 a3en, 74 Tih.1Y 1025.32 L7 i 6
17 sC1 5 36.17-- “7512.20 T12.84% 238.52 288.7
12 u4Ce e 35.01 1227.27 49,52 132.78 €2.52
1¢ 827 132 IT.41 4OTELED 115.1% 452.40 171.68
20 41S =12 I0.54 8952.44" P62 278.72 21.73
T2l 612 .25 34,76 3397.24 Tanid 1762.55  fu3.62
72 416 <31 25.17 9756.10 766,89 1052.55 I7N.68
23 gi° 37 36.52 9634.15 © 285.R9 1563.1¢9 152.27
24, _azg £43 35,97 5873,78 271,69 Prxt.a] 2.7
2% 501 i 29,25 127,27 TougL.fl 1I02.E4h LEZ.9
26 5Ts .07 29.58 4G22.E4 143.89 S14.15 223.13
27 &7 AZ | Plala 7195.12 195.925 E2R.E1 3iC.34
28 E1G .13 26.9% ETET.59 230,45 227.85 353,14
Uzg e13 .75 2T.49 ST E6 T2l e 1g e i
®rz s1g £31  25.25 914E.34 24 .62 °78.72 371%.73
31 E1d £3T  23.3% 387,24 253,38 i63%.C00 275.02
X e g L ola84 b= 1 2E3LIE 1715.74 T Lo
5 £21 [ 3 28.31 J11E1.82 4.1 113.21 64,53
EUT .G7  27.53 1342,76 107.56 377.3¢€ I72.59
1T €27 <12 2%.80 §213.51 1BZ.832 591.49 315.52
53€ it .19  28.55 7926.83 219,55 25G.36 s1c.td
&7 E13 25 25.27 ] iheRE pR N laal
13 BlE «31  23.43 145,34 245,62 257.45 ILT.76
3 €18 =37 28,35 O390.24% 25E.T6 22,36 179,31
&2 g22 43 23,51 939,746 255.7% €94 .68 3TD.65
Wit s HAY 15,73 -
RESULTATER
SCTI3 DANNEVIKSUATE 16, OHAMMIN, ANAZLYSC AY CIFFUSJCNSSYLIMGER P2
NG oPRaVE DYSOE VAN NA K G o 3
Hla THMWDLD
L 251 ML MmE/L MG/ MESL
1 211 .03 55.28 Fertd 1850 73.95 163,45 18,78 |
2 221 «09 54,72 Siro.2n ZeEo 191,73 SEL.T2Z 21072
3 231 15 S5.704 SFFE-Ls Tase 28C.700 185,21 1€C.42
o % 281 221  56.2% Fasio s Biod 34,315 823,79 185,32
§ 5 251 2 53.32 e53: w2 B30 -ig.27 237,53 i85.23
O S5 «33 £2.76 fauinnn B88p T1T7.T9 TE3.54 00,
T 21 <39 5G.I1 es==ia 8300 317.39 33,13 10c,83 |
g 231 LLE 53,43 a3y B45e tig,as SRILSY 147,95
9 Z12 .03 535.286 20%3.73 1Z22.191 77,316 e3a21
i 222 =79 54.02 470,72 13736 323.45 EEB.TFT -
11 232 15 55.34 T157.55 395.79 425,10 112,97 |
17 242 .71 53,29 8397.,74 430.39 S1E.74 14E.CC
a13 752 .27 53,32 S238.16 452.73 753,39 159.35
Yrg 282 .33 £52.7% SUEL.NE 459,12 T37.5¢€ 1£7.61
gic Fiz2 W35 > e 28L7,49 4£5.77 Tea.18 167.54
313 £52 5 4E. "9 SGIELET Y5C.0F TTZ2.%4 15F. "N
3T 213 03 £5.256 2121.71 127.24 €2.14 .02
18 723 .09 S8.32 §793.¢F8 155.83 165.23 I7.95
iz 233 15 55.34 TH39.43 455,96 3141.43 £a,3§
27 243 «21 £3.23 2321.46 NT.2 523.32 P%.451
21 253 P £1.32 S1312.€3 565,92 453.23 g0, 7a
%22 bed 4 =22 £2.7% Z5855.21 T4ELTS 4C7.23 20L38
d=3 233 ¥ 8527.36 TIT.14 469.8¢8 £5.73
_3n 232 P i PR | T25-0h gra,2 91,73
S 7% 2lu 3 2TITLN7 IiEu.49 140,45 RI4a57
S5 224 .09 5735.03 p il 1759.42 9.52
Ezr 234 .15 £215.58 2355.29 1738.33 348,11
iZ? 2h5 « 21 ATENL3IT 2657.33 IBAT.52 1278.78
a3 254 w27 9BL2 42 23I01.23 1855.86 17IR.42
;;: =1 «33 GBEL.52 2%37.55 1381.62 1163.92
231 274 «I9  E3,3I1 1CI6T.7C 7563.79 3i922.70 i121.79
D LGS 4g.ne §822,80 Z491.45 I835.88 I1Z1.67

Dato

Tegner

Salt concentrations

in the cylinders of the

diffusion experiment at the end of the
diffusion process.
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51.18 233111 U097
55 .81 EGUALRY I2R .13
82 .50 AT hh.n1 326 .33
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! Dato Tegner
In-situ salt concentrations determined by extracting the salts 906&]2#11
by pressing and by washing the clay.
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