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ABSTRACT 
 

The chemical and microstructural properties of some bentonites used in the ABM 

project in Äspö HRL were studied in laboratory experiments. The aim was to obtain 

information about the materials before they were used in the field experiment and to test 

the research methods that will be used when the packages of the field experiment are 

retrieved. The bentonites of interest were MX-80, Deponit CAN, Asha 505 and 

Friedland Clay. 

 

The pH values in the compacted samples prepared from the clay powders and deionized 

water were about 8 for MX-80, 7 for Deponit and Asha, and 6.5 for Friedland clay. The 

Eh values in the compacted MX-80, Asha and Deponit samples varied between 100 mV 

and -100 mV, and in the Friedland clay from 0 mV to 200 mV. 

 

The total porosity, chloride porosity and the microstructure were studied in compacted 

samples prepared from MX-80, Deponit, Asha and Friedland Clay and equilibrated 

through filter plates with 0.1 M NaCl solution for 12.5 months in aerobic conditions. 

The dry densities of the samples were approximately 0.7, 1.0, 1.25 and 1.55 g/cm
3
. 

XRD and SAXS (Small Angle X-ray Scattering) were used to study the microstructure 

of the MX-80 and Deponit bentonites. It was obvious that the chloride porosity was 

lower than the water porosity in all the clays, which indicates the exclusion of anions 

caused by the negatively charged surfaces. In the XRD measurements on MX-80, Asha 

and Deponit, the measured basal spaces represented by the diffraction peaks were 

smaller than the theoretical one assuming a homogenous microstructure. This indicates 

that there was a substantial amount of water also in the pores, which were not seen by 

XRD. 

 

The SAXS data modelling which considered single discs and stacks of discs proposed 

that a large fraction of the clay should be considered as single platelets. The fraction of 

the single discs decreased with the increasing density of the sample. The number of 

layers in the stacks varied from 4 to 8. 

 

By combining the information from the SAXS measurements and the chloride exclusion 

measurements, it was possible to evaluate the volumes of the soft and dense fractions 

and the pore sizes in each fraction. In MX-80 bentonite, the chloride porosity was 

mostly caused by the pores in the soft clay where the pore size is larger. The volume of 

the soft fraction decreased and its density increased with increasing density of the 

sample.  

 

In the Deponit samples, the chloride porosity was higher than the water content in the 

soft clay fraction. This indicates that in Deponit, which is Ca-Mg bentonite, the 

interlamellar space contributed more to the chloride porosity than in the sodium 

bentonite. In the Deponit samples, the amount of water in the soft fraction decreased 

more quickly with the increasing density than in the MX-80 samples.  

 

Keywords: bentonite, pH, Eh, porosity, microstructure, XRD, SAXS 



Tutkimus Äspön Vaihtoehtoiset puskurimateriaalit -projektin (ABM) 
referenssinäytteiden kemiallisista ominaisuuksista ja mikrorakenteesta 
 

TIIVISTELMÄ 
 

Eräiden ABM-projektissa käytettyjen bentoniittien kemiallisia ominaisuuksia ja 

mikrorakennetta tutkittiin laboratoriokokeissa. Tavoitteena oli saada tietoa materiaa-

leista ennen kuin ne olivat kenttäkokeessa ja testata tutkimusmenetelmiä, joita käytetään 

kenttäkokeesta otettavien näytteiden tutkimiseen. Kiinnostavia materiaaleja olivat MX-

80, Deponit CAN, Asha 505 ja Friedland savi. 

 

Savipulvereista ja deionisoidusta vedestä valmistettujen, puristettujen näytteiden pH:t 

olivat MX-80:llä noin 8, Deponitilla ja Ashalla 7 ja Friedland savella 6.5. Eh-arvot 

puristetuissa MX-80-, Asha-, ja Deponit-näytteissä vaihtelivat 100 mV:n ja -100 mV:n 

välillä ja Friedland savessa 0 mV:n ja 200 mV:n välillä. 

 

Kokonais- ja kloridihuokoisuutta ja mikrorakennetta tutkittiin kompaktoiduissa näyt-

teissä, jotka oli valmistettu MX-80-, Deponit- ja Asha-bentoniitista, ja Friedland savesta 

ja tasapainotettu sintterin läpi 0.1 M NaCl:n kanssa 12.5 kuukautta hapellisissa 

olosuhteissa. Näytteiden kuivatiheydet olivat 0.7, 1.0, 1.25 ja 1.55 g/cm
3
. XRD:lla ja 

SAXS:lla (Small Angle X-ray Scatterin) tutkittiin MX-80:n ja Deponitin mikro-

rakennetta. Kloridihuokoisuus oli selvästi alempi kuin vesihuokoisuus kaikissa 

näytteissä, mikä osoitti varattujen pintojen aiheuttaman ekskluusion olemassaoloa. MX-

80-, Asha- ja Deponit-näytteiden XRD-mittauksissa difraktiopiikeistä saadut 

montmorilloniittitasojen väliset etäisyydet olivat pienempiä kuin teoreettiset arvot, jotka 

on saatu olettamalla homogeeninen mikrorakenne. Tämä viittaa siihen, että huokosissa 

oli huomattava määrä vettä, jota XRD ei havainnut. 

 

Mallinnettaessa SAXS-mittaustuloksia mallilla, joka otti huomioon yksittäiset levyt ja 

pakkautuneet levyt havaittiin, että suurta osuutta savesta on pidettävä yksittäisinä 

levyinä. Yksittäisten levyjen osuus pieneni näytteen tiheyden kasvaessa. Levyjen 

lukumäärä pakassa vaihteli neljästä kahdeksaan.  

 

Yhdistämällä SAXS-mittauksista ja kloridin ekskluusiomittauksista saadut tulokset oli 

mahdollista arvioida pehmeän ja tiheän fraktion tilavuudet näytteissä ja huokoskoot 

kussakin fraktiossa. MX-80-bentoniitissa kloridin huokoisuus aiheutui enimmäkseen 

huokosista pehmeässä fraktiossa, jossa huokoset ovat suurempikokoisia. Pehmeän 

fraktion tilavuus pieneni ja sen tiheys kasvoi näytteen tiheyden kasvaessa.  

 

Deponit-näytteissä kloridi-huokoisuus oli suurempi kuin vesipitoisuus pehmeässä 

fraktiossa. Tämä viittaa siihen, että Deponitissa, joka on Ca-Mg-bentoniittia, interla-

mellaaritilan huokoset myötävaikuttavat enemmän kloridihuokoisuuteen kuin 

natriumbentoniitissa. Deponit-näytteissä pehmeän fraktion vesimäärä pieneni voimak-

kaammin tiheyden kasvaessa kuin MX-80-näytteissä.  

 

Avainsanat: bentoniitti, pH, Eh, huokoisuus, mikrorakenne, XRD, SAXS 
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FOREWORD  
 
This work is part of Posiva´s contribution to the Alternative Buffer Materials (ABM) 

project in Äspö HRL. The work was supervised by Marjut Vähänen and Petri 

Korkeakoski on behalf of Posiva Oy. The XRD measurements were performed by Tapio 

Klasila at VTT. The SAXS measurements were carried out by Panu Hiekkataipale at 

The Nanomicroscopy Center of The Helsinki University of Technology. 
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1 INTRODUCTION 
 
1.1 Alternative Buffer Materials (ABM) Project in Äspö HRL 
 

The Alternative Buffer Materials (ABM) project is conducted as an internal SKB 

project in Äspö HRL. Other organizations that are part of the Äspö cooperation have 

been invited to participate in the project.  

 

The MX-80 bentonite from American Colloid Co (Wyoming) has so far been used by 

many nuclear waste companies as a buffer reference material for nuclear waste disposal. 

A large-scale programme to study the use of possible alternative buffer materials has 

now been initiated in Äspö HRL, mainly to correlate the physical and chemical 

properties to fundamental mineralogical properties. The project will be carried out using 

material that according to laboratory studies are conceivable buffer materials.  

 

The testing principle is to emplace “parcels” containing a heater, a central tube, a pre-

compacted clay buffer, instruments and parameter-controlling equipment in vertical 

boreholes with a diameter of 300 mm and a depth of approximately 3 m. The 

installation phase was completed at the end of 2006. The packages have been compiled 

of 10 cm-high blocks prepared of different clay types. The complete block order for all 

three packages is given in Table 1. In the saturation phase the experiment will run 

continuously. The buffer can be saturated with an artificial water saturation system or 

with the natural groundwater coming from the rock fractures. The heater in the packages 

simulates the heat from the spent fuel inside the copper canister. The retrieval and 

analysis of the packages will be commenced after different experimental times, as seen 

in Figure 1.  

 

 
 

 

Figure 1.  Experimental arrangement of ABM. 
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Table.1.  The test block order in the packages. The numbering starts from the bottom 

and includes the additional MX80 blocks. 
Block 
number Package 1 Package 2 Package 3 

30 MX80 MX80 MX80 

29 MX80 MX80 MX80 

28 Ikosorb Febex Ibeco Seal 

27 Deponit Ikosorb Rawra material 

26 Ibeco Seal MX80 Pellets Febex 

25 Friedland Deponit MX80 

24 Asha 505 MX80 Pellets /quartz Friedland 

23 Calcigel Rawra material Callovo-Oxfordian 

22 Febex Friedland Kunigel V1 

21 Callovo-Oxfordian Kunigel V1 Deponit 

20 MX80 Pellets Asha 505 Calcigel 

19 MX80 Pellets /quartz Callovo-Oxfordian MX80 Pellets 

18 MX80 Calcigel Asha 505 

17 Kunigel V1 MX80 Ikosorb 

16 Rawra material Ibeco Seal MX80 Pellets /quartz 

15 Deponit Callovo-Oxfordian Friedland 

14 Asha 505 MX80 Pellets /quartz MX80 Pellets 

13 Rawra material Kunigel V1 Ibeco Seal 

12 Callovo-Oxfordian Ikosorb Kunigel V1 

11 MX80 Ibeco Seal Febex 

10 Ikosorb Asha 505 Deponit 

9 Friedland Febex Callovo-Oxfordian 

8 Febex MX80 Pellets Ikosorb 

7 MX80 Pellets /quartz Rawra material Rawra material 

6 Ibeco Seal MX80 Calcigel 

5 Calcigel Deponit MX80 Pellets /quartz 

4 Kunigel V1 Friedland Asha 505 

3 MX80 Pellets Calcigel MX80 

2 MX80 MX80 MX80 

1 MX80 MX80 MX80 

 

 

1.2 Materials of interest in Posiva´s studies 
 

The clay materials of interest in Posiva’s studies are MX-80, Deponit CAN, Asha 505 

and Friedland Clay. Because bentonite is a natural material its composition can vary. 

Table 2 gives the typical contents of some main minerals in different clays studied in 

Posiva’s work. Three of the materials, MX-80, Deponit CAN, and Asha 505, have high 
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montmorillonite contents and they represent alternative buffer materials. The 

montmorillonite content of Friedland clay is low and it can be considered as a possible 

material for tunnel filling. Two of the bentonites, MX-80, and Asha 505, are sodium 

bentonites, while in Deponit CAN the exchangeable cations are mostly divalent Ca
2+

 

and Mg
2+

. The cation-exchange capacity and typical occupation of the exchangeable 

cations of each clay is given in Table 3. 

 

1.3 Posiva’s contribution to ABM 
 

During the years 2007 – 2008 the work comprised studies with the reference materials. 

The aim of those studies was to obtain information about the materials before they were 

used in the experiment and to test the research methods that will be used when the 

packages are retrieved. The topics studied in Posiva’s contribution to ABM concern pH 

and Eh in the porewater and the porosity and microstructure of the compacted clays. 

 

 

Table 2. Typical content of some major mineral phases in different bentonite types 

(Karnland et al. 2006). 

 

Phase MX-80 Deponit CAN Asha Friedland Clay 

Montmorillonite ( %) 81.1 – 82.3 79.5 – 82.5 79 - 87 25 - 34 

Illite (%) 0.6 – 0.7 4.5 – 5.1 0.6 – 10.4 26 

Kaolin (%)    8.8 -13.4 

Calcite (%) 0.1 – 0.5 3.6 – 6.2 0.0 – 1.0 0.0 – 0.2 

Gypsum (%) 0.5 – 1.3 0.2 – 0.6 0.3 – 2.2 0.6 – 1.2 

Pyrite (%) 0.0.5 – 0.6 1.0 – 1.2 0.3 – 1.1 0.9 – 1.4 

Quartz (%) 2.5 – 3.6 0.1 – 0.5 0.0 – 3.9 18.7 – 20.2 

 

 

Table 3.  CEC determined for clays used in this study and CEC and exchangeable 

cations in similar clay types in Karnland et al. 2006.  

 

Phase MX-80 Deponit CAN Asha 505 Friedland Clay 

CECthis study (meq/g) 0.87 0.83 0.89 0.26 

CEC (meq/g) 0.71 – 0.77 0.81 0.63 -0.86 0.21 

Na (%) 83 24 32 - 70 76 

K (%) 2 2 0 - 1 7 

Ca (%) 9 45 5 - 38 4 

Mg (%) 6 29 18 - 29 14 
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2 EXPERIMENTAL 
 
2.1 pH measurements in the bentonites 
 

Knowledge of the porewater chemistry in compacted water-saturated bentonite is 

important, e.g. when assessing the corrosion of the waste canister or the behaviour of 

released radionuclides in a nuclear waste repository. The pH was studied in compacted 

samples prepared from MX-80, Deponit, Asha and Friedland Clay. The pH 

measurements were performed in bentonite samples prepared from different clays and 

deionized water at different bentonite-to-water ratios. Before mixing, the materials had 

been exposed to air and they were assumed to be in equilibrium with the atmospheric 

carbon dioxide and water.  

 

The soft samples with a bentonite-to-water ratio of less than 0.1 g/g were prepared in 50 

ml centrifugal tubes and the water for the pH measurements was separated from the 

samples with a centrifuge. The experimental time for the soft samples was about four 

weeks.  

 

The measurements with compacted clay were carried out with the squeezing-cell 

method presented schematically in Figure 2. The samples were prepared from clay 

powders where a suitable amount of deionized water had been mixed before the 

compaction. Two IrOx pH electrodes calibrated beforehand were placed in each cell. 

The samples were kept in aerobic conditions during the experiment. The potential 

values between the measurement electrodes and reference electrode were monitored for 

four weeks, then the electrodes were removed and recalibrated. The pH values were 

calculated from the potential values at the end of the experiment on the basis of the 

calibration after the experiment.   

 

Appendix A presents the bentonite and water amounts used in the preparation of the 

samples and the measured pH values at the end of the experiment. Figure 3 presents the 

measured pH values as a function of the bentonite-to-water weight ratio in the samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic drawing of the squeezing cell in the squeezing mode (left) and 

measuring mode (right). Diameter of the piston is 20 mm. 
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Figure 3. pH in different bentonites as a function of bentonite-to-water weight ratio 

(B/W) from Appendix A. The measurement time was four weeks. 

 

 

The pH values of the samples prepared from different clay powders and deionized water 

depend on the clay used in the measurement. The high-density pH values are about 8 for 

MX-80, 7 for Deponit and Asha, and 6.5 for Friedland clay. 

 
2.2 Eh measurements in the bentonites 
 

Similar measurement cells as in the pH measurement were used for the Eh 

measurements. The samples were compacted from aerobic clay and water in aerobic 

conditions. The dry densities of the samples were 1.6 g/cm
3
. One Au, Pt and IrOx 

electrode were placed in each measurement cell. Then the samples were moved to the 

nitrogen glove box where the oxygen concentration was below 1 ppm. The potentials 

between the measurement electrodes and the reference electrodes were monitored for 

determination of the Eh and pH. The experiment lasted about ten months. The measured 

Eh values as a function of time are presented in Figures 4, 5, 6 and 7 for the different 

clays. In MX-80, Asha and Deponit the Eh values vary between 100 mV and -100 mV 

and in Friedland clay from 0 to 200 mV. At the end of the experiment, the pH electrodes 

were removed from the samples and recalibrated. The pH values were calculated from 

the potential values at the end of the experiment on the basis of the calibration after the 

experiment.  The measured pH values at the end of the experiments (samples MX7, 

DE7, AS7, and FR7) are presented in Appendix 1 together with the other pH values.  

The pH values are in line with those determined in the four-week measurement of the 

pH samples.  
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Figure 4.  Eh in compacted MX-80 bentonite as a function of time. 

 

 
DE7

-500

-400

-300

-200

-100

0

100

200

0 50 100 150 200 250 300

Time (d)

E
h

 (
m

V
)

Au

Pt

 
 

Figure 5.  Eh in compacted Deponit bentonite as a function of time. 
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Figure 6.  Eh in compacted Asha bentonite as a function of time. 
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Figure 7.  Eh in compacted Friedland clay as a function of time. 
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2.3 Porosity studies in the compacted bentonite samples 
 
2.3.1 Experimental arrangement 
 

The performance of the bentonite buffer with respect to its important functions is 

strongly dependent on the microstructure. The compacted clay in contact with water 

takes water into the interlamellar spaces which reduces the volume of the larger pores. 

Depending on the available space (density) and on the type of adsorbed cation, the 

interlamellar space varies while the thickness of the montmorillonite layer is about 0.95 

nm. 

 

It is usually assumed that the amount of water involved in the geochemical processes in 

the bentonite corresponds to the water in the large external pores, while free ions are 

strongly excluded from the interlamellar space. Usually the geochemical porosity is 

supposed to be equivalent to the accessible porosity to chloride (Wersin et al. 2004, 

Bradbury and Baeyens 2003). The amount of that porosity depends on the dry density 

and salinity in the system and on the size of the pores. Homogenization during water 

saturation is expected to change the size distribution of the external pores. 

 

The total porosity, chloride porosity and bentonite microstructure were studied in 

compacted bentonite samples prepared from MX-80, Deponit, Asha and Friedland Clay. 

The experimental arrangement is presented in Figure 8. The compacted bentonite 

samples of 9.5 mm in the length and 20 mm in the diameter were equilibrated through 

filter plates with 0.1 M NaCl solution for 12.5 months in aerobic conditions. The 

planned dry density of the bentonite samples were approximately 0.7, 1.0, 1.3 and 1.6 

g/cm
3
. The bentonite-to-solution ratio was a constant 0.15 g/g in all the samples. 

Altogether, 16 samples as seen in Appendix B/1 were studied. At the end of the 

experiment the external solution was removed and analyzed. The bentonite samples 

were removed one by one from the sample plate and a layer of 1 mm next to the filter 

plate, where the water content often is increased, was removed. Half of the next layer of 

2 mm was used for the water content measurement and the other half for determination 

of chloride concentration in the clay. The rest of the bentonite sample was used for 

XRD and SAXS measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Experimental arrangement of the porosity study. 
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2.3.2 Chemical conditions in the external vessel 
  

The pH values of the external solutions were measured as soon as the solution was 

removed from the vessel. Later the solution was filtered with 12 k MWCO ultrafilter 

and Na
+
, K

+
, Ca

2+
, Mg

2+
, Cl

-
, SO4

2-
 and HCO3

-
 were analyzed from the solutions. The 

results of the analyses are presented in Appendix B/2. Figures 9 – 12 clarify the 

variation of concentrations in the solutions as a function of the density for different 

clays. 
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Figure 9. Chemical composition of the solutions in the external vessels of MX-80 

samples in the porosity experiment.  
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Figure 10. Chemical composition of the solutions in the external vessels of Asha 

samples in the porosity experiment.  
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External solutions of Deponit
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Figure 11. Chemical composition of the solutions in the external vessels of Deponit 

samples in the porosity experiment.  

 

 

External solutions of Friedland Clay

1.E+00

1.E+01

1.E+02

1.E+03

0 0.5 1 1.5 2

Dry density (g/cm
3
)

C
o

n
c

e
n

tr
a

ti
o

n
 (

m
m

o
l/
l)

5

6

7

8

9

10

p
H

HCO3

Na

K

Ca

Mg

Cl

SO4

pH

 
 

Figure 12. Chemical composition of the solutions in the external vessels of Friedland 

clay samples in the porosity experiment.  

. 
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2.3.3 Water and chloride porosity in the bentonite samples 
 

The water content was determined by drying the bentonite sample at 105 
o
C for 2 days. 

The chloride analysis was performed by dispersing the bentonite sample of  0.3 – 1 g in 

20 ml of deionized water. The samples were shaken for four days and then the solution 

was separated from the bentonite in a centrifuge. The solution sample was removed and 

ultrafiltered with 12 k MWCO filter. The chloride concentration was analyzed with IC. 

The chloride porosity εCl was evaluated from the volume-based concentration ratios 

between the bentonite and the external solution from Eq. (1), where mCl is the mass of 

chloride in the studied bentonite sample, mb is the dry mass of bentonite, ρg is the grain 

density of bentonite (2.75 g/cm
3
), Vw  is the volume of water in the bentonite sample and 

C
0

Cl is the chloride concentration in the external solution. 

 

   
0)/( Clwgb

Cl
Cl

CVm

m
    (1) 

 

Figure 13 presents the water porosity and chloride porosity values as a function of the 

dry density for the different clays used in the porosity experiments. The water porosity 

is a theoretical curve based on the grain density of 2.75 g/cm
3
. The chloride porosity 

values are lower than the water porosity in all the clays owing to the exclusion. The 

Friedland clay shows higher chloride porosity values, which is explained by its lower 

smectite content.  

 

According to the Donnan model, polyelectrolytes, like bentonite, in contact with salt 

solutions through a membrane are expected to have a unique content of ions in the 

porewater. Equation (2), which is based on the Donnan model, presents the relationship 

between the concentration of a monovalent cation in the external water and porewater 

(Overbeek 1952, Karnland 1998, Stålberg 1999). 

 

2

4 2222

eecccccccc

ieie

CCC
C                   (2) 

 

where  

Ce is the cation concentration in the external water (mol/l) 

Cie is the cation concentration caused by the external water into the porewater 

(mol/l) 

Ccc  is the concentration caused by the exchangeable cations into the porewater 

(mol/l), and 

ie , γcc and γe are activity coefficients in different conditions. 

 

Ccc can be evaluated from the cation-exchange capacity and water content in the clay. In 

the case where chloride and sodium are the only ions in the system, the chloride 

concentration in the porewater is equal to Cie. By assuming that all the activity 

coefficients are equal to one, the concentration caused by the external solution into the 

porewater can be solved. 
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Donnan exclusion modelling was done for the MX-80 samples assuming a homogenous 

structure in the bentonite. The total surface area of the bentonite used in the calculations 

was 600 m
2
/g, CEC was 83 meq/g and the specific density 2.75 g/cm

3
. The 

concentration caused by the exchangeable cations in the porewater (Ccc) could then be 

calculated. The cation concentration caused by the external solution into the porewater 

(Cie) was then solved from Eq. (2) and and the chloride porosity from Eq.( 1). The effect 

of the dissolving accessory minerals was ignored in the modelling. The theoretical curve 

for the chloride porosity of MX-80 is presented in Figure 13. It is obvious that the 

measured chloride porosities are lower than the water porosity, which indicates the 

exclusion caused by the charged surfaces. The values are, however, higher than the 

theoretical values calculated for MX-80 assuming a homogenous structure. 
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Figure  13.  Chloride porosity and water porosity as a function of dry density in 

different clay samples.  The same grain density 2.75 g/cm
3
 has been used for all the 

clays while doing the calculations. The chloride porosity calculation based on the 

Donnan model is done only for MX-80 assuming a homogenous bentonite. 
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2.3.4 XRD measurements of bentonite samples 
 

The MX-80, Asha and Deponit samples from the porosity experiment were studied with 

XRD. For the measurements, the bentonite sample was moved to a sample holder, as 

seen in Figure 14. The bentonite surface was trimmed according to the surface of the 

sample holder and coated with Mylar foil to prevent drying. The bottom of the sample 

was also closed with tape. The XRD measurements were performed immediately in 

order to avoid any drying of the bentonite. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.  Sample holder for XRD measurements. 

 

X-ray diffractograms were run from the samples using a Philips X’Pert MPD 

diffractometer and the powder method.  Measurements were run from the samples under 

the mylar foil using the following parameters: 

 

Incident beam path 

CuKa radiation 40kV 50 mA 

Divergence slit 1 ° 

Nickel filter 

Mask 15 mm 

Soller slit 0.04 rad 

 

Measurement parameters 

Scan axis: Gonio 

Scan mode: continues 

Start angle: 3 °2Θ 

End angle: 12 °2Θ 

Scan speed 0.01 °2Θ/min 

 

 

Diffracted beam bath 

Anti-scatter slit ¼ ° 

Receiving slit height 1 mm 

No filter 

Soller slit 0.04 rad 

 

 

The diffractograms of the XRD measurements are presented for different bentonites in 

Figures 15 – 17. The figures present the intensities as a function of the basal space, i.e. 

the thickness formed by one montmorillonite layer plus interlamellar water layer. For 

comparison, the figures also show the basal spaces given by Tournassat et al. (2003) for 

montmorillonite assuming 0, 1, 2 and 3 molecular layers of water in the interlamellar 

space (0.955 nm, 1.25 nm, 1.56 nm 1.86 nm). On the x-axes are presented the 

Mylar foil 

Tape 

Bentonite 

Teflon ring 
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theoretical places of the peaks for different bentonite densities if it is assumed that water 

is evenly spread on all montmorillonite surfaces. In the calculations, the same total 

surface area of 600 m
2
/g was used for all the clays. The density increases from left to 

right and the colours are the same as in the curves.  

 

The measured basal space is equal with the sum of the thickness of the montmorillonite 

layer and the interlamellar water layer. A general conclusion, which concerns all the 

clays in Figures 15 – 17 is that the measured basal space represented by the peaks is 

smaller than the theoretical one. This means that there is water which is not seen by 

XRD. It can be assumed that there is water also in other, probably larger pores than 

those represented by the peaks of one to three water layers. The height of the curve to 

the right of the three-water-layer peak (1.86 nm) suggests that there are spaces with 

more water layers, although separate peaks cannot be seen. When the density of the 

sample increases from 0.7 g/cm
3
 the height of the curve in the area of the large basal 

space drops and the peak of the two water layers starts to increase. At the density of 

1.55 g/cm
3
 the peaks of two and three water layers exist simultaneously.  

 

The water in the pores with basal spaces larger than the measurement area (i.e. > 3 nm) 

was evaluated for MX-80 samples. The net pulses of the basal spaces, 1.26±0.15 nm, 

1.56±0.15 nm, 1.86±0.15 nm, 21.6±0.15 nm, 24.6±0.15 nm and 27.6±0.15 nm were 

assumed to represent the weight fractions of the bentonite in one cubic centimetre.  The 

theoretical dry density for each basal space could be evaluated assuming the grain 

density of bentonite 2.75g/cm
3
, the surface area of montmorillonite 600 m

2
/g and the 

layer thickness of montmorillonite 0.95 nm. The volume of each clay fraction and their 

water content could then be calculated. Table 4 presents the calculated results. For the 

samples of lower density (MX10, MX11, MX12), the calculated water amount is clearly 

less than the total water in the bentonite, which indicates there is water that is not seen 

by the XRD measurement. In the case of the dry density of 1.55 g/cm
3
 (MX13), the 

method is not accurate enough. The probable reason is that the overlapping peaks at 

different basal spaces cannot be properly considered by the simple method used in the 

calculations. In addition, the evaluation of the bottom line of the peaks is uncertain. 

However, the results indicate that the bentonite is not swelling ideally, the basal spaces 

are smaller than expected and there is water which is not seen by XRD. 

 

Table 4. The water content calculated from XRD measurement of MX-80 bentonite for 

the basal spaces from 1.26 to 2.76 nm and the measured water content determined by 

drying the samples at 105
o
C. 

 

Sample Water amount calculated from 

XRD curve for basal spaces 

from 1.26 to 2.76 nm (g/cm
3
) 

Measured total water 

in bentonite (g/cm
3
) 

MX10 0.265 0.749 

MX11 0.354 0.640 

MX12 0.426 0.545 

MX13 0.465 0.436 
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Figure 15.  Diffraction intensity curves as a function of the basal space in the MX-80 

samples. The dry density of the bentonite sample in g/cm
3
 is given in the legend. The 

vertical dotted lines with numerical values show the basal spaces found in literature for 

bentonite with 0, 1, 2 and 3 water layers in the interlamellar space. The theoretical 

peak places for different densities are on the x-axis. 
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Figure 16.  Diffraction intensity curves as a function of the basal space in the Asha 

samples. The dry density of the bentonite sample in g/cm
3
 is given in the legend. The 

vertical dotted lines with numerical values show the basal spaces found in literature for 

bentonite with 0, 1, 2 and 3 water layers in the interlamellar space. The theoretical 

peak places for different densities are on the x-axis. 
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Deponit samples
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Figure 17.  Diffraction intensity curves as a function of the basal space in the Deponit 

samples. The dry density of the bentonite sample in g/cm
3
 is given in the legend. The 

vertical dotted lines with numerical values show the basal spaces found in literature for 

bentonite with 0, 1, 2 and 3 water layers in the interlamellar space. The theoretical 

peak places for different densities are on the x-axis. 

 
 
2.3.5 SAXS measurements of bentonite samples  
 

Small-angle X-ray Scattering (SAXS) measurements were performed with a SAXS 

device consisting of a Bruker MICROSTAR microfocus rotating anode X-ray source 

with Montel Optics (parallel beam, CuK radiation = 1.54 Å), where the beam was 

further collimated using three sets of JJ X-ray 4-blade slits. Two different sample-to-

detector distances, 1.5 m and 0.5 m, were used. The sample to detector distance of 1.5 m 

was used spanning a q-range from 0.01 to 0.16 Å
-1

. The sample to detector distance of 

0.5 m was used spanning a q-range from 0.03 to 0.45 Å
-1

. The scattering intensities 

were measured using a 2D area detector (Bruker HiStar). The magnitude of the 

scattering vector is given by q =(4 / )sin , where 2 is the scattering angle. The q-

values were calibrated using a silver behenate standard (d = 58.4 Å). Corrections for 

spatial distortion and detector response were made using an Fe-55 source. The SAXS 

patterns from the samples were absorption corrected and the background scattering was 

subtracted.  

 

For measurement, the samples were cut into 0.5 mm-thick slices to keep the absorption 

of the direct X-ray beam at a reasonable level.  The sample was placed in the sample 

ring as shown in Figure 18. Mylar foils were placed on each surface of bentonite to 

prevent drying of the sample and the ring was fixed in the sample holder. 
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The MX-80 and Deponit samples from the porosity experiment were studied. The data 

sets of the two different detector distances were joined together by scaling the low-q 

data set to coincide with the high-q data set in the overlap region.  The joined curves are 

presented in Appendix C. The scattering intensity I(q) has been presented for MX-80 

and  Deponit samples as a function of the basal space in Figures 19 and 20. The I(q) 

values have been scaled in order to make their comparison easier.  

 

 

 
 

Figure 18. Sample holder used in SAXS measurements. 

 

Characteristic for all the curves is the diffraction peak at about the same values as in the 

XRD measurements and a straight line at higher basal space values. The place and 

shape of the peak depends on the density of the clay, indicating which basal spaces are 

dominant. The MX-80 sample of a density of 0.69 g/cm
3
 shows a broad peak also at a 

basal space of about 4 – 5 nm. The peak is probably present with the other samples, too, 

but not so clearly. 

 

At low q-values the SAXS curves approach a straight line with a slope close to -3, 

except in the case of the highest density where the slopes are close to -3.5. The slopes 

are presented in the figures of Appendix C for all the measured samples. The slope -3 

probably represents the large three-dimensional structures. Very large aggregates or 

stacks with close to 100% volume fraction would give a gradient of -4 (Duijneveldt et 

al. 2005). The change of the slope of the high density samples to -3.5 may indicate the 

approaching of such conditions. 

 

The scattering data in the q-range between 0.03 and 0.5 Å
-1

 was modelled with the 

model used by Pizzey et al. (2004) and Duijneveldt et al. (2005) for soft clays. The 

model considers two types of particles, single discs and stacks of discs. The scattered 

intensity is given by the weighed sum of the scattering from the stacks and single discs. 

In our study, the equation was modified so that it was able to consider single discs and 

stacked discs of different basal spaces. Equation (3) presents the modified form of the 

equation. 
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I(q) means the intensity, S is a scaling factor, q is the scattering vector, h is the thickness 

of a montmorillonite layer (9.5 Å), Mn is the number of layers in a stack, xn is  the 

fraction of the stacked clay or single clay platelets, dn is the basal space in the stack or  
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Figure 19. SAXS scattering data as a function of the basal space for the MX-80 

samples. The intensity values have been scaled to about the same level. 

 

 
 

Figure 20. SAXS scattering data as a function of the basal space for the Deponit 

samples. The intensity values have been scaled to about the same level. 
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between the single platelets, and φn is the electron density difference between the clay 

and the solution. The subscript n=1 to k refers to stacks of different basal spaces and 

depends on the system studied. The polydispersity of the number, Mn, in a stack is 

retained and the angle brackets in the equation indicate an average over a distribution. 

In the case of single platelets Mn = 1. 

 

The modelling curves and the used parameters are presented in Appendix C together 

with the measured ones. The parameter φn was kept constant in all the calculations. The 

fraction x together with the corresponding basal space could be used to move the peak 

place and to change its shape. The number of platelets in a stack changes the width of 

the peak.  Use of the single platelets appeared to be necessary to obtain a good fitting. 

The number of layers in the stacks varies from 4 to 8. 

 
2.3.6 Interpretation of porosity studies 
 

The XRD measurements already indicated that swelling of bentonite is not ideal and the 

basal spaces were smaller than expected. XRD could not, however give any information 

about the basal space above 3 nm. For this purpose the data given by SAXS can be 

used. The SAXS measurements and the chloride exclusion studies were used together to 

get a more detailed picture of the microstructure of the bentonite. 

 

To fit the model in Eq. (3) with the measured scattering data, values were given for the 

bentonite fractions of different basal space and of the single layers. Values have also to 

be selected for the number of the layers in the stacks. Table 5 summarizes the results 

obtained in the SAXS fittings. Qualitatively the fitting proposes that a large fraction of 

the clay should be considered as single platelets and the fraction decreases with the 

increasing density of the sample. There are also stacks of different basal spaces. The 

fraction of the smaller basal space increases with the increasing density. The number of 

layers in the stacks varies from 4 to 8.The fitting method is not very precise and extends 

only to about 100 Å.  

 

In order to obtain a more precise picture of the scattering effects at high q-values, the 

I(q)-values have been divided by the slopes of the curves at low q-values. The new 

modified intensity values I(q)/slope are presented for MX-80 and Deponit samples in 

Figures 21 to 24.  

 

For further calculations the intensity values were scaled so that 

 

)/)(()( * slopeqIFqI      (4) 
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*)(      (5) 

 

where I(q)
*
 is the scaled intensity, F is a scaling factor, q(1) and q(n) are the observed q-

area and mb is the mass of the bentonite observed. The modified intensities are then  
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Table 5. Results from fitting of the SAXS measurements. 

 

  MX10 MX11 MX12 MX13 

Dry Density (g/cm
3
) 0.69 0.99 1.25 1.55 

Fraction of bentonite with a basal space15.6 Å 0 0 0 0.82 

Fraction of bentonite with a basal space18.6 Å 0.23 0.42 0.3 0.03 

Fraction of bentonite with a basal space 21.6 Å 0.06 0.07 0.4 0.01 

Fraction of bentonite with a basal space 24.6 Å 0.02 0.01 0.05 0.005 

Fraction of bentonite with a basal space 27.6 Å <0.01 <0.01 <0.01 0 

Fraction of bentonite with a basal space single 
layers 0.68 0.49 0.24 0.14 

Number of platelets in stacks 4 6 7 8 

     

 DE10 DE11 DE12 DE13 

Dry Density (g/cm
3
) 0.69 0.99 1.26 1.54 

Fraction of bentonite with a basal space15.6 Å 0 0 0.30 0.63 

Fraction of bentonite with a basal space18.6 Å 0.35 0.32 0.30 0.12 

Fraction of bentonite with a basal space 21.6 Å 0.05 0.06 0.05 0.02 

Fraction of bentonite with a basal space 24.6 Å 0.02 0.01 0.01 0.01 

Fraction of bentonite with a basal space 27.6 Å 0 0.01 0.02 0 

Fraction of bentonite with a basal space single 
layers 0.58 0.60 0.33 0.22 

Number of platelets in stacks 5 6 6 6 

 

equal to the dry weight of the bentonite at each q-value. In practice mb was selected so 

that it was equal to the weight of the bentonite in a cm
3
, i.e. numerically equal to the dry 

density. If it is assumed that each q-value represents a basal space formed by a 

montmorillonite layer and a water layer, it is possible to calculate the total water amount 

over the observed q-values. While doing the calculations, the basal spaces from 14 Å to 

100 Å were used to represent the organized area, and the clay above the basal space 100 

Å was considered as the soft clay area. By comparing the calculated water amount 

within the 14 – 100 Å basal space with the measured water amount in the bentonite 

sample, it could be seen which amount of the water was not seen in the SAXS 

measurement. It was assumed that this water is in the larger pores. It is called as water 

in soft fraction below.  

 

The results of the chloride exclusion measurements were then used to determine how 

the water in the large pores is organized. It was assumed that the exclusion follows the 

Donnan law seen in Eq. (2). By iteration a suitable amount of the bentonite and 

interlamellar water were moved from the stacks to the water of soft fraction so that the 

total exclusion from the interlamellar spaces and from the soft fraction was equal to the 

measured chloride exclusion. The results of the calculations for the MX-80 samples are 

presented in Table 6. By comparing the measured chloride porosity with the value of the 
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water in the soft fraction, it is obvious that there is some exclusion also in the soft 

fraction.  

 

The chloride porosity is mostly caused by the pores in the soft fraction where the pore 

size is larger. The volume of the soft fraction decreases and its density increases with 

increasing density of the clay. At the bentonite density expected to be used in a 

repository, the volume of the soft fraction is about 14%. The calculation is based on the 

assumption of homogenous distribution of the flakes in the soft fraction. An 

inhomogeneous distribution, which may physically be more probable, leads to a lower 

volume of the soft fraction.  

 

In the case of the Deponit samples, the total water amount over the observed q-values 

was calculated in the same way as for the MX-80 samples. By comparing the calculated 

water amount with the measured water amount in the sample, the water amount in the 

soft fraction could be seen. No exclusion calculations were done with the Deponit 

samples.  

 

The results for the Deponit samples are presented in Table 7. It can be seen that the 

chloride porosity is higher than the water in the soft fraction. This means that in 

Deponit, which is Ca-Mg bentonite, the interlamellar space contributes more to the 

chloride porosity than in the sodium bentonite. Owing to the thinner double layers in the 

divalent bentonite, there is probably very little exclusion in the soft fraction. It is also 

possible that chloride forms ion pairs with the divalent cations, which should be 

considered. In the Deponit samples the water amount in the soft fraction decreases more 

quickly with the increasing density than in the MX-80 samples. This may be caused by 

the smaller particle size in the Deponit bentonite, which makes its homogenization 

easier. 
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Figure 21. Modified SAXS scattering intensities of MX-80 samples as a function of q. 

The I(q)-values have been divided by the slope of the curve at low q-values. 

 

 
 

Figure 22. Modified  SAXS scattering intensities of MX-80 samples as a function of the 

basal space. The I(q)-values have been divided by the slope of the curve at low q-values. 

The points on the x-axis show the theoretical basal spaces. 
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Figure 23. Modified SAXS scattering intensities of Deponit samples as a function of q. 

The I(q)-values have been divided by the slope of the curve at low q-values. 

 

 
 

Figure 24. Modified SAXS scattering intensities of Deponit samples as a function of the 

basal space. The I(q)-values have been divided by the slope of the curve at low q-values. 

The points on the x-axis show the theoretical basal spaces. 
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 Table 6. Results of the modelling of the porosities on the basis of the SAXS 

measurements and chloride exclusion experiments. The bentonite is assumed to be 

formed of dense and soft fractions. 

 

 MX10 MX11 MX12 MX13 

Experimental results     

Dry density (g/cm
3
) 0.69 0.99 1.25 1.55 

Bulk density (g/cm
3
) 1.44 1.63 1.80 1.99 

Total water (g/cm
3
) 0.749 0.640 0.545 0.436 

Measured chloride porosity 0.37 0.22 0.09 0.05 

Modelling results     

Water of soft clay fraction (g/cm
3
) 0.457 0.307 0.216 0.125 

Water of dense clay fraction (g/cm
3
) 0.292 0.333 0.329 0.311 

Total chloride porosity 0.37 0.22 0.09 0.05 

 Contribution of dense fraction 0.025 0.020 0.015 0.011 

 Contribution of soft fraction 0.345 0.200 0.075 0.039 

Volume of dense fraction (cm
3
/cm

3
) 0.532 0.682 0.760 0.860 

Dry density of dense fraction (g/cm
3
) 1.239 1.405 1.557 1.753 

Volume of soft fraction (cm
3
/cm

3
) 0.468 0.318 0.240 0.140 

Dry density of soft fraction (g/cm
3
) 0.065 0.102 0.276 0.309 

Effective basal space in soft fraction (Å) 495 322 118 105 

 

 

Table 7. Results of the modelling of the porosities on the basis of the SAXS 

measurements. The bentonite is assumed to be formed of dense and soft fractions. 

 

 DE10 DE11 DE12 DE13 

Experimental results     

Total average dry density 0.69 0.99 1.24 1.54 

Total average bulk density 1.44 1.63 1.79 1.98 

Measured chloride porosity 0.52 0.34 0.16 0.09 

Modelling results     

Water in soft clay fraction 0.477 0.267 0.163 0.054 
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The same type of microstructural models were earlier proposed, for example in Pusch et 

al. 1990 and Pusch 2001, in order to be able to explain different phenomena in 

bentonite. The basic idea of the general microstructural model (GMM) presented by 

Pusch et al. 1990 is that the clay microstructure, which is initially formed by powder 

granules, successively transforms to a more homogenous state by redistribution of both 

clay flakes and water. A major process is concluded to be the foliation of thin stacks 

from the dense granules and creation of more or less soft gels in the voids between the 

granules. The gel densities are assumed to depend on the bulk density and on the size of 

the pores filled by the gel. Figure 25 compares the gel densities obtained in this study 

with those presented by Pusch et al. 1990 and Pusch et al. 2001. The values of Pusch et 

al. 1990 are rather close to the results of this study, while the values in Pusch et al. 2001 

are clearly higher. In the NMR studies by Carlsson (1985) it was found that the 

dielectric relaxation time of the water protons, which is proportional to the free water 

content, increased with the decreasing clay density. 
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Figure 25. Gel densities obtained in this study, Pusch et al. 1990 and Pusch et al. 2001.
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3 SUMMARY 
 

The testing principle in the project on Alternative Buffer Materials (ABM) in Äspö 

HRL is to emplace “parcels” containing a heater, a central tube, pre-compacted clay 

buffer, instruments and parameter-controlling equipment in vertical boreholes with a 

diameter of 300 mm and a depth of approximately 3 m. The chemical and 

microstructural properties of some bentonites used in the ABM were studied in 

laboratory experiments. The aim was to obtain information about the materials before 

they were used in the field experiment and to test the research methods, which will be 

used when the packages of the field experiment are retrieved. The bentonites of interest 

were MX-80, Deponit CAN, Asha 505 and Friedland Clay. The topics studied in 

Posiva’s contribution to ABM concern pH and Eh in the porewater and the porosity and 

microstructure of the compacted clays. 

 

Measurements on pH were performed on soft and compacted clay samples prepared 

from the different clays and deionized water. The measured values depended on the clay 

type and the clay-to-water ratio used in the measurement. The pH values in the 

compacted clays of a dry density of 1.6 g/cm
3
 were about 8 for MX-80, 7 for Deponit 

and Asha, and 6.5 for Friedland clay. 

 

For the Eh measurements the samples were compacted from aerobic clay and deionized 

water in aerobic conditions. One Au and Pt electrode was placed in each measurement 

cell for Eh measurement. The measurements were carried out in a nitrogen glove-box. 

The dry densities of the samples were 1.6 g/cm
3
. In MX-80, Asha and Deponit the Eh 

values varied between 100 mV and -100 mV, and in Friedland clay from 0 mV to 200 

mV. 

 

The total porosity, chloride porosity and bentonite microstructure were studied in 

compacted samples prepared from MX-80, Deponit, Asha and Friedland Clay. The 

compacted samples were equilibrated through filter plates with 0.1 M NaCl solution for 

12.5 months in aerobic conditions. The dry densities of the samples were approximately 

0.7, 1.0, 1.25 and 1.55 g/cm
3
. At the end of the experiment the chloride concentrations 

in the solution and clay were analyzed for determination of the chloride porosity. The 

water porosity was determined by drying of the samples. XRD and SAXS (Small Angle 

X-ray Scattering) were used to study the microstructural properties of the MX-80 and 

Deponit bentonites. 

  

It was obvious that the chloride porosities were lower than the water porosities in all the 

clays, which indicates the exclusion caused by the charged surfaces. A general 

conclusion from the XRD measurements on the MX-80, Asha and Deponit samples was 

that the measured basal space represented by the diffraction peaks is smaller than the 

theoretical one assuming a homogenous microstructure. This indicates that there is 

water also in larger pores than seen by XRD. 

  

The SAXS measurements show the peaks at about the same values as the XRD 

measurements and a straight line in log-log scale at higher basal space values. The place 

and shape of the peak depended on the density of the clay indicating which basal spaces 

were dominant. The scattering data was modelled with a model which considered single 
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discs and stacks of discs. Qualitatively, the fitting proposed that a large fraction of the 

bentonite should be considered as single platelets. The fraction of the single discs 

decreased with the increasing density of the sample. The fraction of the smaller basal 

space increased with the increasing density. The number of layers in the stacks varied 

from 4 to 8. 

 

SAXS measurements and the chloride exclusion studies were used together to obtain 

information about the microstructure of bentonite. It was possible to evaluate from the 

scattering intensity values the total water amount over the observed q-values. By 

comparing the calculated water amount with the measured water amount in the sample, 

it could be seen which amount of the water was not seen in the SAXS measurement. It 

was assumed that this water is in the larger pores in the soft clay fraction. The results of 

the chloride exclusion measurements were then used to evaluate the density and volume 

of the soft fraction on the basis of the Donnan law. 

 

In MX-80 bentonite, the chloride porosity was mostly caused by the pores in the soft 

clay fraction where the pores are larger. The volume of the soft fraction decreased and 

its density increased with increasing density of the clay. At the bentonite density 

expected to be used in a repository, the volume fraction of the soft clay was about 14% 

if homogenous distribution of the flakes was assumed in the soft fraction. 

 

In the Deponit samples the chloride porosity was higher than the water content in the 

soft clay fraction. This indicates that in Deponit, which is of Ca-Mg type, the 

interlamellar space contributes more to the chloride porosity than in the sodium 

bentonite. Owing to the thinner double layers in the divalent bentonite there is probably 

very little exclusion in the soft fraction. It is also possible that chloride forms ion pairs 

with the divalent cations, which should be considered. In the Deponit samples the water 

amount in the soft clay decreases more quickly with the increasing density than in the 

MX-80 samples.  
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APPENDIX A 
 

 

Measured pH in bentonite porewater as a function of bentonite-to-water ratio in 

the sample. The values pH(1) and pH(2) represent two different electrodes in the 

sample. The samples numbers 1 – 6 were pH samples with a measurement time of 

four weeks and the samples of number 7 were Eh samples with a measurement 

time of ten months. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Dry 
bentonite  Water B/W ratio  

 

 (g) (g) (g/g) pH (1) pH(2) 

MX-80 samples     

MX1 0.49 41.58 0.012 10.0  

MX2 1.81 40.67 0.05 9.7  

MX3 4.48 39.47 0.12 9.2  

MX4 2.69 9.28 0.32 8.2 8.3 

MX5 7.17 8.41 1.23 7.7 7.7 

MX6 13.44 8.40 3.77 7.8 7.9 

MX7 13.44 8.40 3.77 8.2  

Deponit CAN samples     

DE1 0.43 41.12 0.010 9.7  

DE2 1.64 40.12 0.04 9.2  

DE3 4.35 37.51 0.12 8.6  

DE4 2.53 9.39 0.30 7.3 7.5 

DE5 6.75 8.70 1.08 7.2 7.2 

DE6 12.66 7.89 3.85 6.9 7.1 

DE7 12.66 7.89 3.85 7.2  

Asha samples     

AS1 0.42 41.58 0.010 9.6  

AS2 1.76 41.64 0.04 9.1  

AS3 4.33 46.80 0.10 8.9  

AS4 2.52 9.36 0.30 7.8 7.9 

AS5 6.72 8.62 1.07 6.8 6.9 

AS6 12.60 7.89 3.60 6.6 7.2 

AS7 12.60 7.89 3.60 7.2  

Friedland clay samples    

FR1 0.54 41.10 0.013 8.2  

FR2 2.00 40.03 0.05 8.0  

FR3 4.89 37.11 0.14 7.8  

FR4 2.86 9.16 0.35 7.0 6.8 

FR5 7.63 8.10 1.42 6.3 6.4 

FR6 14.31 8.92 3.77 6.5 6.6 

FR7 14.31 8.92 3.77 6.2  
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APPENDIX B/1 

 

 

Arrangements used in the porosity study.

 External

Sample Dry dens Cell vol. B/W ratio NaCl-sol

(g/cm
3
) (cm

3
) (g/g) (ml)

MX10 0.7 3.14 0.15 14.7

MX11 1.0 3.14 0.15 20.9

MX12 1.3 3.14 0.15 27.2

MX13 1.6 3.14 0.15 33.5

DE10 0.7 3.14 0.15 14.7

DE11 1.0 3.14 0.15 20.9

DE12 1.3 3.14 0.15 27.2

DE13 1.6 3.14 0.15 33.5

AS10 0.7 3.14 0.15 14.7

AS11 1.0 3.14 0.15 20.9

AS12 1.3 3.14 0.15 27.2

AS13 1.6 3.14 0.15 33.5

FR10 0.7 3.14 0.15 14.7

FR11 1.0 3.14 0.15 20.9

FR12 1.3 3.14 0.15 27.2

FR13 1.6 3.14 0.15 33.5
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APPENDIX B/2 
 

Chemical composition in the external solution of the porosity study at the end of 

the experiment. 

 
Sample pH HCO3- Na K Ca Mg Cl SO4

(mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)

MX10 8.08 4.43 105.3 0.79 1.85 0.86 97.6 5.00

MX11 7.82 4.98 104.8 0.77 1.50 0.74 97.9 4.79

MX12 8.15 1.95 102.7 0.72 1.20 0.53 98.7 5.10

MX13 8.15 1.66 106.6 0.56 1.12 0.58 100.1 4.79

DE10 7.55 0.67 98.3 0.82 4.24 2.80 102.7 5.52

DE11 7.73 1.99 91.8 0.82 5.74 3.87 99.6 5.73

DE12 7.82 1.49 94.4 0.82 5.74 3.91 102.4 6.04

DE13 7.80 1.20 96.1 0.66 5.49 3.99 102.1 5.83

AS10 7.98 3.49 104.8 0.09 1.17 0.90 103.8 1.46

AS11 7.90 2.69 108.7 0.10 1.17 0.95 110.0 1.67

AS12 7.99 1.82 117.0 0.10 1.00 0.95 115.7 1.67

AS13 7.59 1.03 110.5 0.07 1.05 1.03 112.8 1.56

FR10 7.42 3.68 113.5 1.25 2.50 2.80 104.4 9.06

FR11 7.49 5.76 112.2 1.18 2.45 2.76 101.8 8.33

FR12 7.73 5.40 112.7 1.15 2.50 2.67 101.3 8.33

FR13 7.68 5.46 116.1 1.25 2.50 2.76 103.8 8.54  
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APPENDIX C/1 
 

SAXS measurement of MX10 sample. 

- In the figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

 

Data used in modelling of MX10      

Electron density difference 0.5      

Basal space  50 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.68 0 0.23 0.06 0.02 0.009 

Platelets in stacks  1  4±2 4±2 4±2 4±2 
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APPENDIX C/2 
 

SAXS measurement of MX11 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

 

Data used in modelling of MX11      

Electron density difference   0.5      

Basal space   42 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.49 0 0.42 0.07 0.01 0.007 

Platelets in stacks   1  6±3 6±3 6±3 6±3 
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APPENDIX C/3 
 

SAXS measurement of MX12 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

 

Data used in modelling of MX12      

Electron density difference 0.5      

Basal space  42 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.24 0 0.3 0.4 0.05 0.009 

Platelets in stacks  1  7±3 7±3 7±3 7±3 

 

 



 42 

APPENDIX C/4 
 

SAXS measurement of MX13 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

Data used in modelling of MX13      

Electron density difference 0.5      

Basal space  42 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.14 0.82 0.03 0.01 0.005 0 

Platelets in stacks  1  8±3 8±3 8±3 8±3 
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APPENDIX C/5 
 

SAXS measurement of DE10 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

Data used in modelling of DE10      

Electron density difference 0.5      

Basal space  100 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.58 0 0.35 0.05 0.02 0 

Platelets in stacks  1  5±3 5±3 5±3 5±3 
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APPENDIX C/6 
 

SAXS measurement of DE11 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

Data used in modelling of DE11      

Electron density difference 0.5      

Basal space  80 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.60 0 0.32 0.06 0.01 0.01 

Platelets in stacks  1  6±3 6±3 6±3 6±3 
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APPENDIX C/7 
 

SAXS measurement of DE12 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

Data used in modelling of DE12      

Electron density difference 0.5      

Basal space  70 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.33 0.3 0.3 0.05 0.01 0.01 

Platelets in stacks  1  6±3 6±3 6±3  
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APPENDIX C/8 
 

SAXS measurement of DE13 sample. 

- In the upper figure are the measured data and the fitting curve vs. q 

- In the table are the fitting parameters 

 

 
 

Data used in modelling of DE13      

Electron density difference 0.5      

Basal space  60 Å 15.6 Å 18.6 Å 21.6 Å 24.6 Å 27.6 Å 

Fractions    0.22 0.63 0.12 0.02 0.01 0 

Platelets in stacks  1  6±3 6±3   

 

 

 




