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MINERALOGICAL, CHEMICAL AND PHYSICAL STUDY OF POTENTIAL 
BUFFER AND BACKFILL MATERIALS FROM ABM TEST PACKAGE 1 
 
ABSTRACT 
 
In the ABM experiment, three test packages with centre steel heaters surrounded by 
stacks of compacted bentonite rings of various clay materials were placed in boreholes 
in Äspö tunnel. The first parcel was saturated with Äspö groundwater and the heater 
was turned on simultaneously with the start of saturation. This parcel was excavated 30 
months after its installation. 
 
Chemical, mineralogical and physical properties of the MX-80, Dep-CaN, Asha and 
Friedland clay samples from the ABM parcel 1 were analysed and compared to 
reference samples. Chemical analyses (ICP-AES, C, CO3, S, water soluble SO4, 
Fe2+/Fe3+), exchangeable cation analyses, mineralogical analyses (XRD, FTIR) and 
selective extractions were used to determine changes in the chemistry and mineralogy of 
ABM materials. Swelling pressure and hydraulic conductivity measurements were 
performed both for extracted samples and for ground and recompacted samples.  
 
Major changes in exchangeable cation composition were observed in all samples 
originating from equilibration with Äspö groundwater and interactions with equilibrated 
waters from neighbouring block materials. Some minor changes in chemical 
composition were observed as well. Increases in soluble sulphate content in the vicinity 
of the heater were thought to result from precipitation of sulphate salts. Decreases in 
sodium content and increases in calcium content were ascribed to changes in 
exchangeable cations.  
 
Interaction with iron was observed to occur only in the close vicinity (first few mm) of 
the heater. No significantly measureable change in mineralogical composition was seen 
in any of the studied materials. 
 
Extracted Dep-CaN samples showed a slight decrease in swelling pressure. However, 
when the material was ground, compacted and measured again the swelling pressure 
was fully recovered. No related change in hydraulic conductivities was observed. 
 
Keywords: ABM experiment, bentonite, clay, chemical composition, mineralogical 
composition, swelling pressure, hydraulic conductivity. 
 



 
 

 

ABM-KOKEEN ENSIMMÄISEN TESTIPAKKAUKSEN MAHDOLLISTEN 
PUSKURI- JA TÄYTTÖMATERIAALIEN MINERALOGISTEN, 
KEMIALLISTEN JA FYSIKAALISTEN OMINAISUUKSIEN TUTKIMUS 
 
TIIVISTELMÄ 
 
ABM-koe koostuu kolmesta testipakkauksesta, joissa jokaisessa on keskellä teräsläm-
mitin, jota ympäröi päällekkäin asetetut eri bentoniittimateriaaleista puristetut renkaat. 
Testipakkaukset on asetettu Äspö-tutkimustunneliin porattuihin reikiin. Ensimmäistä 
testipakkausta kyllästettiin Äspön pohjavedellä ja lämmitin käynnistettiin samaan 
aikaan kyllästämisen kanssa. Tämä ensimmäinen testipakkaus kaivettiin ylös tutkit-
tavaksi 30:n kuukauden kuluttua asennuksesta. 
 
ABM-kokeen ensimmäisessä pakkauksessa olleiden MX-80, Dep-CaN, Asha ja 
Friedland-savi näytteiden kemiallisia, mineralogisia ja fysikaalisia ominaisuuksia tutkit-
tiin ja verrattiin vertailunäytteisiin. Kemiallisia analyysejä (ICP-AES, C, CO3, S, vesi-
liukoinen SO4, Fe2+/Fe3+), vaihtuvien kationien määrityksiä, mineralogisia analyysejä 
(XRD, FTIR) ja osittaisuuttoja käytettiin savimateriaalien kemiallisessa ja mineralo-
gisessa koostumuksessa mahdollisesti tapahtuneiden muutoksien havainnoinnissa. 
Fysikaalisia ominaisuuksia tutkittiin paisuntapaine- ja vedenjohtavuusmittauksilla, sekä 
poratuista näytteistä, että jauhetuista- ja uudelleenpuristetuista näytteistä. 
 
Vaihtuvien kationien koostumuksessa havaittiin kaikissa tutkituissa näytteissä merkit-
tävä muutos, joka yhdistettiin tasapainon muodostumiseen Äspön pohjaveden kanssa 
sekä vuorovaikutuksiin viereisten bentoniittirenkaiden kanssa tasapainottuneen veden 
kanssa. Myös kemiallisissa koostumuksissa havaittiin pieniä muutoksia. Lämmittimen 
läheisyydessä havaitun vesiliukoisen sulfaatin määrän kasvun ajateltiin aiheutuvan 
sulfaattisuolojen saostumisesta. Na-pitoisuuden lasku ja Ca-pitoisuuden kasvu yhdistet-
tiin pääasiassa muutoksiin vaihtuvissa kationeissa. 
 
Vain hyvin läheltä lämmitintä (muutaman mm:n etäisyydellä) havaittiin rauta-bentoniitti 
vuorovaikutusta. Yhdessäkään tutkitussa materiaalissa ei havaittu selviä muutoksia 
mineralogisessa koostumuksessa. 
 
Poratuissa Dep-CaN näytteissä havaittiin pieni paisuntapaineen alenema. Kun näyte 
jauhettiin, puristettiin ja mittaus suoritettiin uudestaan, paisuntapaine palautui vertailu-
näytteen tasolle. Vedenjohtavuuksissa ei havaittu vastaavia muutoksia. 
 
Avainsanat: ABM-koe, bentoniitti, savi, kemiallinen koostumus, mineraloginen 
koostumus, paisuntapaine, veden johtavuus 
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1 BACKGROUND 
 
Chemistry and physical properties of clay material to be used in nuclear waste 
repository buffer systems will be altered through contact with surrounding groundwater, 
through interactions with degradation products of structural components consisting of 
materials such as Fe, Cu, or cement, or by heat produced by the fuel canister. The long-
term chemical and mineralogical stability of the buffer material is a prerequisite for 
maintaining its performance and safety functions (Miller and Marcos 2007). 
 
One of the most widely studied and characterized bentonite materials is Wyoming MX-
80. Due to concerns over its availability, long-term safety and cost, alternatives for the 
use of MX-80 bentonite in nuclear waste repository buffer systems are currently being 
explored (Posiva 2009). 
 
Posiva is a participant in SKB’s alternative buffer material (ABM) project, which is 
focussed on characterizing alternative clay material behaviour and evolution in 
conditions analogous to those expected in an actual spent fuel repository. The overall 
objective of the project is to verify earlier results from laboratory tests under more 
realistic conditions in terms of scale, temperature and geochemical environment, and to 
produce data for verification of THM and geochemical models (Eng et al. 2007). 
 
The results of the ABM project should also directly inform the selection of alternative 
buffer candidate materials. From ABM test materials, MX-80, Dep-CaN, Asha and 
Friedland Clay materials are of interest to Posiva. 
 
 
1.1  ABM Test package 1 
 
In the ABM experiment, three packages containing steel heaters surrounded by stacks of 
compacted bentonite rings of various clay materials, instrumented with temperature and 
moisture sensors, were placed in boreholes in the Äspö HRL at a depth of -450 m (Eng. 
et al. 2007). The package surfaces were sealed with layers of concrete. The layout of 
test package 1 is presented in Figure 1a.  
 
To speed up the saturation, the test package was artificially saturated with Äspö 
groundwater through perforated titanium pipes that were located at the outer edge of the 
buffer package. The composition of Äspö groundwater is shown in Table 1. To further 
increase the water distribution along the test package, the slot between the buffer 
package and the rock was filled with sand (Eng et al. 2007). The heater was turned on 
simultaneously with the start of saturation. The heater temperature was increased 
stepwise and target temperature was achieved approximately in a year. The final 
temperature distribution is presented in Figure 1b. Excavation of the 1st parcel was 
performed in May 2009 after 30 months from installation.  
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Figure 1. A) Layout of test materials and B) final temperature distribution in test 
package 1 (modified from Svensson et al. 2011). Studied samples are highlighted and 
marked with red arrows. 
 
Table 1. Composition of Äspö groundwater (7.10.2009) (SKB 2010). 

 Na K Ca Mg Sr Si Fe HCO3 Cl SO4 Br pH 
 mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l  

Äspö 
groundwater 2470 12.4 2560 64.8 43.8 6.27 0.405 51.7 8580 483 59.0 7.33 

 

1.2  Reference materials 
 
Mineralogical and chemical data pertaining to reference materials used in the ABM 
experiment are presented in Kumpulainen et al. (2011). Physical properties (grain 
density, grain size distribution, specific surface area, water absorption capacity, dry 
density, swelling pressure and hydraulic conductivity) of reference materials are 
presented in this study. 

A) B) 
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2 SAMPLING 
 
ABM Parcel 1 was excavated in the Äspö hard rock laboratory in May 2009, roughly 
cut, and transported to Clay Technology (Lund, Sweden) for more precise sampling. 
Thereafter, buffer block sections from Parcel 1 were sent to participants of the ABM 
project. Figure 1 shows the buffer block sections requested by Posiva. 
 

 
 

Figure 2. Sampling scheme for analysed buffer block sections. Swelling pressure and 
hydraulic conductivities were measured from P-samples. Chemical composition, 
exchangeable cations, selective extractions and mineralogical changes (XRD and FTIR) 
were measured from M-samples. 
 
Samples were delivered to VTT in steel transport containers and in heat welded 
aluminum bags flushed with argon. The bags were opened and the blocks further sliced, 
according to Figure 2a, in a nitrogen flushed glovebox at VTT.  
 
The buffer block sections analysed for the purposes of this report were sampled 
according to Figure 2b. The blocks are pictured in Figure 3. Samples used for the 
mineralogical, chemical and physical tests were taken from five locations along the axis 
from the surface in contact with the heater to the outer perimeter. 
 

A) B) 
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Figure 3. Photographic images of the received buffer block sections. Arrows point in 
the direction of the heater. 
 
Visual observations indicated that only slight interaction with iron from the heater had 
occurred. In samples 15C (Dep-CaN) and 14A (Asha), a greyish/greenish colouring was 
observed in the zone of direct contact with the iron heater. In sample 11A (MX-80), the 
interaction with iron from the heater extended approximately 2 mm into the bentonite 
(Figure 4). No visual indication of Fe from the heater was observed in sample 9A 
(Friedland). 
 

 
Figure 4. Interaction of the sample 11A (MX-80) with iron from the heater. 
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3 METHODS 
 
Most of the analyses were done only for samples taken from the inner (0-2 cm) and 
outermost (8-10 cm) parts of the profile. The samples from the middle parts (2-4, 4-6, 
and 6-8 cm) of the profile were analysed only to compliment the data for the chemical 
composition, hydraulic conductivity and swelling pressure. 
 
3.1  Mineralogy 
 
3.1.1  XRD 
 
XRD analysis of randomly oriented bulk samples was done to identify crystalline 
minerals and to distinguish between dioctahedral and trioctahedral clay minerals using 
the positions of the d(060) reflections. The position of the d(060) line for most 
dioctahedral clay minerals is near 1.49-1.50 Å; for trioctahedral clay minerals it is found 
at 1.52-1.55 Å. The position of the d(060) lines for clay minerals that typically occur in 
bentonites (Kumpulainen et al. 2011) are 1.490 Å for kaolinite, 1.499 Å for illite, and 
1.492-1.504 Å for montmorillonite (Brindley and Brown 1980). 
 
Randomly oriented bulk samples were prepared by grinding a small amount of bulk 
material in an agate mortar with pestle to a particle size < 10 μm. Approximately 10 mg 
of ground clay was mixed with acetone on a glass slide. Sample mounts were 
transferred to a rotating sample holder, scanned with Philips X’Pert MPD diffractometer 
equipped with Cu anode tube and monochromator, a variable divergence slit, using 
wavelength of K�1 = 1.54060; K�2 = 1.54443; and K� = 1.39225; voltage of 40kV and 
current of 55 mA, from 2 to 70o 2� with 0.02o counting steps and 1 s/step counting time 
at the Geological Survey of Finland.  
 
XRD analysis of purified clay fraction was done to identify clay minerals. Various 
orientation, saturation, solvation and heating techniques were used. 
 
Oriented mounts were prepared from purified clay fractions that had been converted to 
Mg-forms. The filter-membrane peel-off technique (Drever 1973; Moore and Reynolds 
1989) was used for preparation of the oriented mounts. A concentrated suspension 
containing approximately 600 mg of purified clay in 10 mL of deionized water was 
vacuum filtered onto 0.45 μm pore size cellulose filter. Sample mounts were dried in air 
and scanned with XRD from 2 to 35o 2� with 0.02o counting steps and 1 s/step counting 
time. 
 
Ethylene glycol (EG) solvation was used to identify swelling clay minerals, i.e. 
smectites (Moore and Reynolds 1989). Oriented sample mounts were placed on a 
platform in a desiccator containing EG and put into an oven at 60 oC for 20 h. Mounts 
were scanned immediately after solvation from 2 to 35o 2� with 0.02o counting steps 
and 1 s/step counting time. 
 
Heating oriented mount at 550 oC for 2 h results in the disappearance of kaolin peaks at 
a d-value of 7 Å allowing distinction of kaolin minerals from chlorites (Moore and 
Reynolds 1989). Oriented mounts were placed in a furnace oven at 550 oC for 2 h. After 
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heating, mounts were scanned from 2 to 20o 2� with 0.02o counting steps and 1 s/step 
counting time. 
 
3.1.2  FTIR 
 
2 mg of ground sample material was mixed with 200 mg of KBr powder in a vibratory 
grinder and pressed into 13 mm diameter discs. Spectra were recorded immediately 
after preparation and after drying the KBr discs at 150 oC for 20 h to remove adsorbed 
water. Infrared spectra were recorded in triplicate using transmission mode in a range 
from 4000 to 200 cm-1 with Perkin Elmer Spectrum One FTIR spectrometer at the 
Department of Geology, University of Helsinki. Resolution of scans was 4 cm-1.  
 
3.2  Exchangeable cations 
 
Exchangeable cations were extracted using NH4Cl in 80 % ethanol (Belyayeva 1967; 
Jackson 1975). One gram of ground bulk material was dispersed in approximately 20 
mL of 0.5 M NH4Cl in 80 % ethanol. The suspension was shaken for 30 minutes, 
centrifuged at 3600 rpm for 15 min, and the supernatant was decanted to a volumetric 
flask. The extraction was repeated two times with 15 ml of extraction solution to reach 
the total volume of 50 mL.  The extract was filtered through a 0.2 μm pore size filter, 
ethanol was evaporated and the extract diluted back to 50 mL with deionized water. The 
amount of dissolved Ca, Fe, K, Na and Mg was determined using ICP-AES at Labtium 
Oy. The results were adjusted against adsorbed water content (determined 
gravimetrically at 105 oC) and reported as equivalent charges / kg of dry weight. 
 
3.3 Chemical composition 
 
3.3.1  Total chemical composition 
 
Chemical composition analyses were performed by Labtium Oy. Before analyses 
material was dried in a convection oven at 105 oC for 24 h. 
 
The bulk materials were digested using lithium metaborate fusion and nitric acid 
dissolution. Concentrations of dissolved elements (Al, Ca, Fe, K, Mg, Na, Si and Ti) 
were determined using ICP-AES.  
 
Concentration of Fe2+ was determined titrimetrically from HF decomposed samples 
using 0.05 N K2CrO7 (Saikkonen and Rautiainen 1993). The concentration of Fe3+ was 
determined by subtracting ferrous iron concentration from total concentration of Fe. 
 
Soluble sulphate content was determined by water extraction and ion chromatography 
(IC). Total sulphur content was determined by combustion at 1200 oC (Leco). 
 
The carbon content was determined with combustion (Leco). Carbon released below 
550 oC was considered to be bound to organic matter, and carbon released at 550-
1000 oC to be inorganic (bound to carbonates). 
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The loss on ignition (LOI) at 1000 oC was measured gravimetrically. It was considered 
to present the amount of crystalline water after subtraction of carbon and sulphate 
contents. 
 
3.3.2  Poorly crystalline Fe, Al and Si 
 
Citrate-bicarbonate-dithionite (CBD) extraction (Mehra and Jackson, 1960) was used 
for quantification of poorly crystalline Fe oxides. 0.5 g of dry (105 °C) bulk material 
was placed in a 50 mL polypropene (PP) centrifuge tube together with 20 mL of 0.3 M 
Na-citrate solution and 2.5 mL of 1 M NaHCO3. The tube was placed in a water bath 
and heated to 80 oC. Then, one third of 0.5 g of Na2S2O4 was added, the mixture stirred 
constantly for one minute and then occasionally for 5 minutes. Addition of sodium 
dithionite and mixing was repeated twice until there was no reddish colour visible in the 
clay. The mixture was allowed to cool down. Then 5 mL of saturated NaCl solution was 
added to induce flocculation. The mixture was centrifuged at 3600 rpm for 15 min, 
supernatant collected, the residue washed with 35 mL of deionized water and 5 mL of 
saturated NaCl solution, recentrifuged, added to the previous supernatant, filtered 
through 0.45 μm and diluted to 100 mL with deionized water in a volumetric flask. 
Concentration of Fe in the extract was analysed by ICP-AES at Labtium Oy. 
 
The amount of highly soluble Si in bulk materials was studied with 0.5 M sodium 
carbonate extraction (SC) (Farmer et al. 1977). 0.1 g of bulk material was placed in a 
centrifuge bottle (PP) together with 80 mL of 0.5 M Na2CO3 solution. The suspension 
was shaken for 16 h, centrifuged and supernatant collected, filtered through 0.45 μm 
and diluted to 100 ml with deionized water in a volumetric flask. The concentration of 
Si in the extract was analysed by ICP-AES at Labtium Oy. 
 
3.4  Physical tests 
 
3.4.1  Grain density 
 
In order to calculate the dry densities (see 3.4.5), grain densities needed to be measured. 
It was assumed that grain densities did not change significantly during the ABM 
experiment. Thus, only reference materials were measured.  
 
Empty, 50 ml volumetric flasks were weighed and filled with deionised water to the 
graduation mark. The exact volume of the flasks was calculated as V=m/�, where m is 
the mass of water in the bottles and � is the density of water at ambient temperature. 
 
Bulk clay material (approximately 10-13 g) was dried at 105 °C for 24 h. Immediately 
after removal from the oven, the sample material was put into a dry volumetric flask, 
sealed, and allowed to cool down. After cooling, the flask with dry sample was weighed. 
1 M NaCl solution was added to completely cover the sample. The flask was agitated to 
facilitate the escape of air from the sample. After 24 h the flask was agitated again, 
filled to the graduation mark and weighed. Two reference flasks filled only with 1 M 
NaCl solution were used to determine the liquid density at the ambient temperature. The 
grain density was calculated as in Karnland et al. (2006). 
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3.4.2  Grain size distribution 
 
It was assumed that grain size distributions did not change significantly during the 
ABM experiment. Thus, only reference materials were measured. Bulk sample was 
dispersed in 0.02 M Na-pyrophosphate solution, stirred overnight, and treated for 45 s 
with ultrasonic tip prior to analysis. Volumetric grain size distribution was determined 
with laser diffraction technique using Coulter 200LS at the University of Helsinki.  
 
3.4.3  Specific surface area 
 
Specific surface area (SSA) was determined using ethylene glycol monoethyl ether 
(EGME) adsorption method. EGME accesses the clay interlayer sites and thus 
represents a total SSA, which is highly dependent on the mineralogy. Only reference 
materials were measured. 
 
100 g of dried (105 °C) anhydrous calcium chloride was mixed with 20 ml of EGME, 
and placed in the bottom of a desiccator (Cerato and Lutenegger 2002). Sample material 
was ground and sieved to 500 μm. Approximately 1.1 g of prepared material was placed 
into an aluminum sample container, weighed and dried at 105 °C for 24 h. The sample 
was allowed to cool for few minutes in a desiccator, weighed and the sample material 
spread evenly into the bottom of the container. 3 ml of EGME was added to the sample 
and the mixture was swirled to ensure that the sample was fully covered with EGME. 
The sample container was covered and placed into a desiccator, which was evacuated. 
After 20-24 h, the sample was removed, weighed and placed back into the desiccator. 
After a subsequent 3 h under vacuum, the sample was weighed again. This process was 
repeated until the mass of the sample varied by only 0.001 g. The specific surface area 
(SSA) was calculated as in Cerato and Lutenegger (2002). 
 
3.4.4  Water absorption capacity 
 
Approximately 0.3-0.6 g (depending on the material) of dried (105 °C ± 5 °C for 24 h) 
and ground (<125 μm) sample material was placed into an Enslin-Neff device, where 
the material was allowed to absorb water freely through a glass frit for 24 h (Deutsche 
norm DIN 18132, 1995). Only reference materials were measured. 
 
3.4.5  Dry density and EMDD 
 
Assuming that samples were fully saturated, dry densities were determined from water 
ratios measured after swelling pressure and hydraulic conductivity tests as in Kiviranta 
and Kumpulainen (2011). In order to compare swelling pressures and hydraulic 
conductivities of clay materials of different densities and montmorillonite contents, 
effective montmorillonite dry densities (EMDD) were calculated as presented by Dixon 
et al. (2002). 
 
3.4.6  Swelling pressure and hydraulic conductivity 
 
Hydro-mechanical (HM) properties of MX-80, Dep-CaN, Asha, and Friedland clay 
were studied by measuring swelling pressure and hydraulic conductivity. Such 
measurements were performed on samples bored directly out of the extracted buffer 



13 
 

 

block sections along distance profiles and on ground and recompacted samples from the 
same material. Water content was measured after SP and HC measurements were 
completed. 
 
Reference samples were compacted using a cylindrical mould and hydraulic press to a 
diameter of 24 mm and thickness of approximately 10 mm. The reference samples were 
prepared from the ABM clay materials to target density values equivalent to those 
emplaced in ABM test package 1.  
 
The dismantled ABM test package 1 was sliced radially according to Figure 2b and 
swelling pressure and hydraulic conductivity samples were drilled from the slices using 
a wood-coring drill bit with a diameter of 25 mm. Blocks made of Asha and Friedland 
clay were difficult to drill and many samples broke apart during drilling. Hence, the 
amount of samples tested for undisturbed swelling pressure and hydraulic conductivity 
and their location in the profile varied for each material.  
 
In addition, one ABM test package sample taken closest from the heater from each 
material was dried, ground, compacted and the swelling pressure and hydraulic 
conductivity were measured.  
 
The samples were placed into fixed-volume swelling pressure cells (Figure 5) of 
appropriate diameter (24 mm or 25 mm). Direct contact between the piston, porous frit, 
and compacted sample was established. Force transducers (Honeywell Model 53 load 
cells) were placed between the cell piston and top plate in order to measure axial force 
due to sample swelling pressure. Pre-stress loads of approximately 10 % of expected 
equilibrium swelling pressure were established on each sample test cell prior to 
saturation. Force transducer loads were recorded every 30 minutes via data logger. De-
aired 1 % sodium chloride solution (10 g/l) was used as the saturating solution.  
 
Saturation was provided using a peristaltic pump whereby the saturating solution was 
allowed to slowly flow first through the bottom circuit of the cells for 7 days and 
thereafter through both the top and bottom circuits of the cells for an additional 7-21 
days. Such bottom-up saturation is used to allow residual air in the sample to escape 
through the top of the cells (Karnland et al. 2006). Flow was generally provided through 
the cells at intervals of 5 - 10 minutes twice per day. 
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Figure 5. Schematic illustration of fixed-volume swelling pressure cell (modified from 
Schatz and Martikainen 2010). 
 
Once the measured swelling pressure signal over a three day period was found to vary 
by no more than ±1 % and saturation had been continued at least two weeks, it was 
assumed that equilibrium condition was reached and hydraulic conductivity 
measurement was started. During hydraulic conductivity measurements, axial force 
measurements were continued in order to detect any significant effect due to increased 
hydraulic loads. A connection was made between a pressure panel outlet and one of the 
cell bottom circuit ports. Additionally, one end of a clear tubing of known diameter was 
attached to one of the cell top circuit ports with the other end remaining open to 
atmosphere. Hydraulic conductivity measurements were initiated by increasing the 
water pressure into the cell bottom circuit to a load pressure of 500 kN, which does not 
exceed half of the measured swelling pressure in any of the samples (see Table 12), i.e., 
it shouldn’t consolidate the samples (Karnland et al. 2006). The volume of fluid 
permeating through the sample and out of the cell top circuit was measured as a 
function of time. The composition of permeant solution was identical to that of the 
saturating solution for any given sample. Prior to hydraulic conductivity measurements, 
permeant solutions were de-aired. 
 
The hydraulic conductivity was considered steady if four or more consecutive hydraulic 
conductivity determinations fell within ± 50 % (ASTM D 5084-03), but generally the 
variation was under ± 25 % in this study. In addition hydraulic conductivity was not 
allowed to show significant upward or downward trend. After completion of all 
measurements, the saturated samples were removed as quickly as possible from the 
swelling pressure cells and immediately sectioned into two pieces, which were weighed 
for water content determination. After weighing, saturated sample sections were dried in 
a laboratory oven at 105 °C for 24 h. The sample sections were weighed again after 
drying to determine the mass due to water loss. The swelling pressure was calculated as 
in Kiviranta and Kumpulainen (2011). The sample hydraulic conductivities were 
determined from the measured flow rates based on a Darcy’s law calculation corrected 
to a constant temperature of 20 °C as in Kiviranta and Kumpulainen (2011). 
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4 RESULTS AND DISCUSSION 
 
4.1  Mineralogy 
 
Changes in mineralogy between reference and exposed buffer materials were estimated 
with x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 
selective extractions.  For XRD and FTIR studies, clay fractions were separated to 
identify changes in clay mineralogy. Selective extractions included citrate-bicarbonate-
dithionite extraction (CBD) to identify the presence and quantity of poorly crystalline 
iron oxides, and sodium bicarbonate extraction to quantify poorly crystalline aluminium 
silicate phases.  
 
4.1.1  XRD 
 
Bulk samples 
 
XRD-patterns of bulk samples are presented in Figures 6-9 and in Appendix 1. No 
significant differences in mineralogical composition between reference and exposed 
samples were observed after examination of XRD-patterns of randomly oriented bulk 
samples in any of the studied materials. 
 
The position of the d(001) line for 2:1 clay minerals in bulk samples of 11AM (MX-80) 
and 14AM (Asha) increased from approximately 12.5 Å to 14-15 Å compared to the 
d(001) line position of reference samples (Figure 10). The d(001) is sensitive to changes 
in clay mineralogy, water content and type of exchangeable cations (MacEwan and 
Wilson 1980). The changes in d(001) for MX-80 and Asha can be explained by change 
in exchangeable cations from monovalent cations to divalent cations (see section 4.2) 
and consequential increase in hydration from monovalent to divalent layer for MX-80 
and Asha. Basal reflections of Friedland clay were weak and therefore possible changes 
in the d(001)-line position cannot be distinguished. 
 
The positions of the d(060) lines and their broadness in all samples from test package 1 
was  equal with reference samples for all materials (Figure 11, Table 2) indicating no 
major changes in composition of clay minerals. Further, no indication of formation of 
newly formed trioctahedral minerals, appearing at 60-61o 2� was found. 
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Figure 6. X-ray diffraction patterns of randomly oriented bulk sample, oriented clay 
fraction, ethylene glycol (EG) solvated oriented and heated oriented (550 °C) mounts of 
MX-80 samples 11AM1 and 11AM5 from 2 to 35o 2�. On the bottom, a comparison of 
randomly oriented bulk MX-80 samples (11AM1, 11AM5 and reference) from 2 to 
70o 2�. 
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Figure 7. X-ray diffraction patterns of randomly oriented bulk sample, oriented clay 
fraction, ethylene glycol (EG) solvated oriented and heated oriented (550 °C) mounts of 
Dep-CaN samples 15CM1 and 15CM5 from 2 to 35o 2�. On the bottom, comparison of 
randomly oriented bulk Dep-CaN samples (15CM1, 15CM5 and reference) from 2 to 
70o 2�. 
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Figure 8. X-ray diffraction patterns of randomly oriented bulk sample, oriented clay 
fraction, ethylene glycol (EG) solvated oriented and heated oriented (550 °C) mounts of 
ASHA samples 14AM1 and 14AM5 from 2 to 35o 2�. On the bottom, comparison of 
randomly oriented bulk ASHA samples (14AM1, 14AM5 and reference) from 2 to 
70o 2�. 
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Figure 9. X-ray diffraction patterns of randomly oriented bulk sample, oriented clay 
fraction, ethylene glycol (EG) solvated oriented and heated oriented (550 °C) mounts of 
Friedland samples 9AM1 and 9AM5 from 2 to 35o 2�. On the bottom, comparison of 
randomly oriented bulk Friedland samples (9AM1, 9AM5 and reference) from 2 to 
70o 2�. 
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Figure 10. XRD-patterns of bulk samples at smectite d(001) region. Samples closest to 
iron heater are marked with red, samples closest to outer wall with blue and reference 
samples with black color. Reference samples represent mean diffractograms of five 
analyses. 
 
Clay fraction 
 
The clay minerals remained unchanged in all samples (Figures 6-9 and 11; Table2). 
 
All bentonite samples (MX-80, Dep-CaN and Asha) showed a strong d(001) reflection 
at, approximately, 14 Å, which shifted fully to 16-17 Å after EG solvation, indicating 
the presence of smectite. The d(001) reflection of Friedland clay samples shifted only 
partly indicating the presence of mixed-layer smectite-illite. After heating at 550 oC, the 
d(001) line in all samples shifted to, approximately, 9.5 Å (Figures 6-9, Table 2).  
 
Asha and Friedland samples showed a peak at 7 Å, which disappeared after heating at 
550 oC indicating the presence of kaolin minerals (Figures 8-9).  
 
Despite repeated purification cycles, the clay fractions of some samples (11AM5, 
9AM1 and 9AM5) still showed indications of quartz impurities (Figures 6 and 9; 
Table 2). 
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Figure 11. XRD-patterns of bulk samples at clay minerals d(060) region. Samples 
closest to iron heater are marked with red, samples closest to outer wall with blue and 
reference samples with black color. Reference samples are mean diffractograms of five 
analyses. 
 
 
Table 2. Position of important lines (in Å). 
Fraction Bulk Clay 
Treatment  Oriented EG 550oC Identified clay 

minerals and 
impurities 

Line/ 
interpretation 

d(060) Dioct./ 
Trioct. 

d(001) d(001) d(002) d(003) 
 

d(001) 

         
MX-80 11AM1 1.497 Dioct. 14.60 16.29 8.36 5.58 9.54 I/S 
MX-80 11AM5 1.495 Dioct. 15.02 17.13 8.57 5.66 9.57 I/S, Q 
MX-80 Ref. 1.497 Dioct. 14.66 16.49 8.41 5.60 9.48 I/S, Q 
         
Dep-CaN 15CM1 1.498 Dioct. 15.02 16.93 8.57 5.65 9.83 I/S 
Dep-CaN 15CM5 1.497 Dioct. 14.85 16.71 8.52 5.61 9.64 I/S 
Dep-CaN Ref. 1.496 Dioct. 14.72 16.58 8.44 5.59 9.44 I/S 
         
ASHA 14AM1 ~1.500 Dioct. 13.71 16.06 8.19 5.52 9.66 I/S, K 
ASHA 14AM5 ~1.500 Dioct. 14.71 16.26 8.33 5.48 9.52 I/S, K 
ASHA Ref. ~1.500 Dioct. 14.75 16.54 8.36 5.57 9.53 I/S, K 
         

Friedland 9AM1 1.499; 
1.540 

Dioct.(+ 
Trioct.?) 14.53 16.08 10.12 5.02 10.15 I/S, K, Q 

Friedland 9AM5 1.500; 
1.541 

Dioct.(+ 
Trioct.?) 13.95 16.60 9.82 4.95 9.81 I/S, K, Q 

Friedland Ref. 1.502; 
1.542 

Dioct.(+ 
Trioct.?) 13.99 16.51 9.84 5.51 9.66 I/S, K 

Abbreviations: I/S=illite/smectite, K=kaolin, Q= quartz 
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4.1.2  FTIR 
 
The spectra of studied materials are presented in Figures 12-15, and relevant band 
energies and band assignments (Farmer and Russell 1967; Farmer 1974; Russell 1987; 
Madejová and Komadel 2001) are presented in Table 3. 
 

 
Figure 12. FTIR spectra of clay fractions of studied MX-80 samples. 
 
 

 
Figure 13. FTIR spectra of clay fractions of studied Dep-CaN samples. 
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Figure 14. FTIR spectra of clay fractions of studied Asha samples. 
 
 

 
Figure 15. FTIR spectra of clay fractions of studied Friedland samples. 
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Table 3. The position of IR-absorption bands of studied samples (measured from clay 
fractions, values from the measurements of dried samples), and band assignments 
(S=smectite, K=kaolinite, I=illite, Q=quartz). 

Sample 
A

lA
lO

H
 (K

) 

A
lM

gO
H

 (S
) 

A
lA

lO
H

 (K
, S

) 

A
lF

e3+
O

H
 (S

) 

H
2O

 

H
2O

 

Si
-O

-S
i 

T
et

ra
he

dr
al

 
Si

-O
 (S

,K
,Q

) 
A

lA
lO

H
 (S

) 

A
lF

eO
H

 (S
) 

A
lM

gO
H

 (S
) 

A
lM

gO
H

 
(S

) 
A

l-O
 (I

) 
Q

, f
re

e 
Si

-O
 

Si
-O

 (Q
) 

Si
-O

 (K
), 

A
l-O

-S
i (

I)
 

(S
, K

) 

A
l-O

, S
iO

 

A
l-O

-S
i 

Si
-O

-S
i 

Si
-O

 

MX-80 Ref.   3627  3436 1633  1047 919 880 848  799   696 624 525 468  
MX-80 11AM1   3635  3414 1633 1119 1046 917 880 848  799   698 622 524 466  
MX-80 11AM5   3633  3412 1633 1119 1048 918 880 849  799   696 622 524 467  
                     
Dep-CaN Ref.   3636  3447 1630  1040 917 880 841  795   700 625 525 468 423 
Dep-CaN 15CM1   3628  3413 1635 1110 1038 915 881 840  797   701 624 524 467 421 
Dep-CaN 15CM5   3627  3412 1635 1112 1040 914 884 843  797   700 623 524 468 424 
                     
Asha Ref. 3697  3621 3591 3436 1630 1107 1035 914 877   794  752 696 625 532 469 430 
Asha 14AM1 3697  3621 3591 3413 1635 1113 1032 912 876   795  752 694 623 531 466 426 
Asha 14AM5 3697  3621 3597 3412 1635 1106 1032 912 878   795  752 694 625 531 466 429 
                     
Fried. Ref. 3699  3621  3423 1627 1109 1032 913   833 800 780 755 698  536 471 428 
Fried. 9AM1 3699  3621  3412 1633 1107 1032 912 878  831 799 780 755 696  534 470 427 
Fried. 9AM5 3699  3621  3402 1634 1109 1032 913 879  832 799 779 754 696  535 470 428 

 
There were two main reasons for the variation in FTIR spectra of reference samples 
from parcel 1 samples. First, the fractionation of clay was done more carefully for 
parcel 1 samples than for reference samples meaning that the amount of mineral 
impurities such as carbonates was lower in parcel 1 samples. Secondly, the KBr used for 
preparation of parcel 1 samples was, unfortunately, of a different purity than the KBr 
used for the analysis of reference samples. However, because KBr was also analysed 
separately, the bands caused by KBr impurities could be determined and thus were not 
taken into account in the comparison of parcel 1 samples and reference samples. 
 
No significant changes were seen in the position of the bands after comparison of 
samples from the inner and the outer part (Figures 12-15, Table 3) or between the ABM 
test samples (this study) and the reference samples (Kumpulainen and Kiviranta 2010) 
(Table 3). However, there were small changes in the shape and intensity of some bands 
of MX-80 and Dep-CaN, which can be assigned to the relative abundance of mineral 
phases and their composition. The FTIR-spectra of MX-80 and Dep-CaN showed an 
increase in Si-O-Si stretching at 1110 cm-1 and a decrease in Al-Al-OH bending at 915 
cm-1, which can both be assigned to possible changes in the smectite composition. In the 
FTIR spectra of MX-80 there was also a decrease in the intensity of the free 
silica/cristobalite band at 800 cm-1. As the content of easily soluble silica was increased 
(section 4.3.2) in the sample closest to the heater in MX-80 the most likely explanation 
is a decrease in cristobalite content. However, because the number of analysed samples 
was small, and, furthermore, the observed changes in spectra were small and included 
uncertainties in sample preparations, no clear conclusion can be made. 
 
For Asha and Friedland clay there were no observable changes between the FTIR-
spectra of reference samples and parcel 1 samples. 
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4.2 Exchangeable cations 
 
The composition of exchangeable cations had changed in all materials (Table 4). The 
XRD data supports these findings (see 4.1.1). The most significant change was the 
increase in Ca and Mg saturation and decrease in Na saturation for all samples except 
Dep-CaN, which showed an increase in Na saturation and decrease in Mg saturation. 
Saturation with K had remained unchanged.  
 
Sum of exchangeable cations remained unchanged, except sample taken from inner part 
of profile 15 (Dep-CaN), which increased slightly from 0.92 eq/kg to 0.95 eq/kg (Table 
4). This supports the observation made by Muurinen (2010), who observed a slight 
increase in CEC in the hottest part of the profile of Dep-CaN, as well as of MX-80 
(Table 4). The duplicate sample analysis shows that the repeatability of exchangeable 
cation determination is good (Table 4). As changes in sum of exchangeable cations were 
very small and other factors such as dissolution of accessory minerals (sulphates, 
carbonates) may have affected the results, the noted change remains close to the 
analysis errors. 
 
Table 4. Exchangeable cations. 
 Saturation of exchangeable sites Exchangeable cations (in dry (105°C) weight) CEC / Cu-trien 
Sample Ca K Mg Na Ca K Mg Na Sum *a) *b) 

[%] [%] [%] [%] [eq/kg] [eq/kg] [eq/kg] [eq/kg] [eq/kg] [eq/kg] [eq/kg]
MX-80 Ref.* 27 2 9 62 0.25 0.02 0.08 0.57 0.92 0.84 0.87 
MX-80 11AM1 35 2 17 46 0.32 0.02 0.16 0.43 0.92 nd 0.91 
MX-80 11AM5 35 2 18 45 0.32 0.02 0.16 0.41 0.91 nd 0.87 
            
Dep-CaN Ref.* 51 2 25 23 0.47 0.02 0.23 0.21 0.92 0.82 0.83 
Dep-CaN 
15CM1 52 2 16 30 0.49 0.02 0.15 0.28 0.95 nd 0.87 
Dep-CaN 
15CM5 52 2 17 30 0.48 0.01 0.16 0.28 0.93 nd 0.84 
Dep-CaN 
15CM5 
/duplicate 52 2 17 30 0.48 0.01 0.16 0.28 0.93 nd nd 
            
Asha Ref.* 22 0 16 62 0.20 0.00 0.14 0.56 0.90 0.90 0.89 
Asha 14AM1 52 1 19 28 0.47 0.01 0.17 0.25 0.91 nd 0.88 
Asha 14AM5 54 1 16 29 0.49 0.01 0.14 0.26 0.91 nd 0.89 
            
Fried. Ref.* 4 6 13 76 0.01 0.02 0.04 0.24 0.31 0.26 0.27 
Fried. 9AM1 31 6 19 45 0.09 0.02 0.06 0.14 0.31 nd 0.29 
Fried. 9AM5 28 6 16 50 0.08 0.02 0.05 0.15 0.30 nd 0.31 

*Results from a) Kumpulainen et al.(2011) and b) Muurinen (2010).Values from 
Muurinen are from corresponding positions as samples of this study. nd=not 
determined 
 
Changes in exchangeable cation composition can be explained on the basis of 
equilibration with Äspö groundwater (Table 1), which is enriched with Ca and Na salts, 
as well as with chemical interaction between the buffer blocks with each other. For 
example, Asha (14AM) and Dep-CaN (15CM) samples, which had initially very 
different exchangeable cation compositions were located next to each other, had in the 
end almost identical exchangeable cation distribution. The same was seen also in MX-
80 (11AM) and Friedland clay (9AM) samples, which were also located near each 
other. 
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4.3  Chemical composition 
 
4.3.1  Total chemical composition 
 
Interaction with Fe in the heater was observed in sample 11AM (MX-80), where an 
increase in Fe content was observed in the subsample closest to the iron heater 
(Table 5). This finding is in line with the visual observation described earlier (Figure 4).  
 
Table 5. Total chemical composition of bulk materials. All results are in wt.% and 
normalized to 100 %. 
Analysi
s round Samples SiO2 Al2O3 Fe2O3 FeO TiO2

Mg
O CaO Na2O K2

O CO3
Org. 

C SO4 
S 

(other) LOI

 MX-80               
2 11AM1 63.27 18.02 4.17 0.48 0.15 2.68 1.33 1.91 0.76 0.31 0.20 0.38 0.16 7.08
3 11AM2 62.07 19.67 3.65 0.83 0.19 2.64 1.63 1.65 0.53 0.82 0.17 0.38 0.13 7.01
3 11AM3 62.26 19.69 3.51 0.64 0.16 2.63 1.72 1.63 0.50 0.96 0.17 0.32 0.09 7.17
2 11AM5 64.20 18.05 3.51 0.33 0.15 2.33 1.50 1.81 0.92 0.78 0.19 0.10 0.16 7.04
1 ref. 65.37 18.70 3.50 0.36 0.15 2.34 1.29 2.19 0.53 0.79 0.14 0.14 0.20 5.36
                
 Dep-CaN               
2 15CM1 55.61 16.55 4.65 0.35 0.73 3.14 5.22 1.19 1.11 4.34 0.05 0.66 0.72 10.7

2 
3 

15CM2 53.20 18.65 4.98 0.55 0.76 3.47 5.45 1.08 0.92 5.41 <0.06 0.46 0.54 10.4
1 

3 15CM3 55.48 17.70 4.69 0.49 0.73 3.24 5.27 1.02 0.90 5.15 0.07 0.17 0.50 9.98
2 15CM5 55.57 16.41 4.54 0.32 0.73 2.96 5.34 1.19 1.10 4.60 0.04 0.47 0.79 11.0

6 
1 ref. 57.66 16.96 4.71 0.20 0.75 3.26 5.04 0.90 0.98 5.12 0.02 0.35 0.62 8.94
                
 Asha               
2 14AM1 49.24 20.04 13.17 0.19 1.08 2.01 1.50 0.98 0.58 0.63 0.06 0.08 0.00 11.2

1 
3 

14AM2 49.25 21.26 13.03 0.27 1.09 2.16 1.63 0.82 0.21 0.49 <0.05 0.08 0.03 10.2
4 

3 
14AM3 47.49 20.59 15.63 0.22 1.04 2.11 1.70 0.79 0.16 0.49 <0.05 0.07 0.02 10.2

5 
2 14AM5 48.76 19.83 13.69 0.10 1.12 1.91 1.54 1.04 0.64 0.22 0.04 0.06 0.00 11.4

0 
1 ref. 51.15 21.23 13.40 0.07 1.20 2.02 0.73 2.02 0.06 0.36 0.02 0.01 0.02 8.11
                
 Friedlan

d               

2 9AM1 59.23 17.32 4.60 2.78 0.95 2.05 0.79 0.88 2.65 2.04 0.34 0.67 0.46 8.29
3 9AM2 58.00 18.35 4.82 3.20 0.96 2.10 0.86 0.60 2.48 1.83 0.35 0.56 0.31 8.32
3 9AM3 57.89 18.31 4.59 3.33 0.96 2.09 0.81 0.66 2.62 2.82 0.28 0.56 0.30 8.43
2 9AM5 59.89 17.25 4.51 2.73 0.94 1.91 0.52 0.90 2.73 2.13 0.33 0.14 0.41 8.21
1 ref. 60.61 17.28 4.46 2.62 0.95 1.93 0.48 1.09 2.94 2.40 0.31 0.53 0.39 7.25

 
An increase in soluble sulphate content in the hottest parts of the profile was observed 
in samples 11AM (MX-80), 15CM (Dep-CaN) and 9AM (Friedland) (Figure 16), which 
is in line with results reported by Muurinen (2010). These increases may have resulted 
from redistribution and precipitation of sulphates similarly as in LOT experiment 
(Karnland et al. 2009). In this study, it is likely that such precipitation of sulphates such 
as gypsum or anhydrite in the close vicinity of the heater has occurred although not 
observed by XRD. Decreases in Na content were observed in samples 11AM (MX-80), 
14AM (Asha) and 9AM (Friedland) and increases in Ca content were observed in all 
samples. As exchangeable cation distribution from Na to Ca was changed 
correspondingly (Table 4), the decrease in Na content and increase in Ca content must 
be at least partly related to equilibration of clay mineral exchangeable cations with the 
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Ca-enriched Äspö groundwater (see Table 1). Sample 14AM (Asha) showed a slight 
increase in K content compared to the reference (Table 5), which can similarly be 
related to the equilibrium with the Äspö groundwater and possible chemical interactions 
with surrounding blocks (namely Dep-CaN and Rokle), which contain initially more 
potassium than Asha.  
 
Sample 11AM (MX-80) showed also an increase in Mg content towards the heater. No 
significant changes were seen in the amounts of Ti, S and organic carbon. The carbonate 
content had slightly depleted near the heater in samples 9AM (Friedland), 11AM (MX-
80) and 15CM (Dep-CaN), but increased in sample 14AM (Asha). 
 
Unfortunately, the total chemical composition data of samples from the same profile 
and corresponding reference samples were not entirely comparable due to analytical 
errors that were related to the fact that samples were analysed in three different 
occasions. This meant that for example, the content of LOI was slightly different, but 
also the ratio of major elements (Si, Al, etc.) in different analysis rounds were different, 
which cannot be explained by changes in LOI, but must be related to e.g. analytical 
error in digestion of the sample or analytical error in detection. In addition, there were 
small differences in sample preparation, which might have induced e.g. Fe 
contamination of middle samples. To avoid such errors and improve comparability of 
the samples in the future, all samples need to be analysed at the same time. 
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Figure 16. Soluble sulphate content (wt.%) at different distances from the heater. 
 
 
4.3.2  Poorly crystalline Fe, Al and Si 
 
Content of poorly crystalline Fe oxide phases was higher in the inner part (closest to the 
Fe heater) of the profile in samples 11AM (MX-80) and 14AM (Asha) (Table 6). 
Conversely, in sample 15CM (Dep-CaN) the content of poorly crystalline of Fe oxides 
seem to be higher in the reference sample and in the outer part of the profile. It should 
be noted that CBD extraction was done for samples that were stored in oxidized 
conditions, which means that CBD extracted iron might contain reactive iron that was 
initially bound to some other iron phases than oxides/hydroxides, but oxidised during 
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storage of the samples. The total amount of iron and perhaps also the total Fe2+/Fe3+-
ratio was increased in samples closest to the iron heater (Table 6). These results indicate 
that only minor (see also section 4.3.1) iron-bentonite interaction, extending only few 
millimetres distance from iron heater had occurred. 
 
Table 6. The contents of poorly crystalline Fe phases (CBD-extraction) in bulk samples, 
total Fe2+/Fe3+ ratio and total Fe content. 

 CBD extractable Fe Total 
Fe2+/Fe3+ 

Total Fe 
 wt. % CBD/total wt.% 

MX-80 11AM1 0.47 0.100 0.13 3.58 
MX-80 11AM5 0.25 0.065 0.12 2.96 
MX-80 ref. 0.22 0.056 0.11 2.97 
     
Dep-CaN 15CM1 0.23 0.045 0.08 3.86 
Dep-CaN 15CM1 2 0.23 0.045 - - 
Dep-CaN 15CM5 0.41 0.083 0.08 3.75 
Dep-CaN ref. 0.42 0.085 0.05 3.80 
     
ASHA 14AM1 3.72 0.278 0.02 10.37 
ASHA 14AM5 3.60 0.261 0.01 10.71 
ASHA ref. 3.45 0.256 0.01 10.46 
     
Friedland 9AM1 0.50 0.066 0.67 5.52 
Friedland 9AM5 0.50 0.066 0.67 5.42 
Friedland ref. 0.47 0.064 0.65 5.30 

 
Content of readily soluble silica in clay material and the ratio of readily soluble to total 
silica were increased in the hottest (inner) part of the profile in sample 11AM (MX-80) 
(Table 7). This could indicate that some chemical reaction liberating silica (e.g. 
illitisation, cristobalite dissolution) was occurring in the hottest part of the profile of 
MX-80. On the other hand, for other materials (Dep-CaN, Asha, Friedland), readily 
soluble silica was higher in the coolest (outer) part of the profile, which could indicate 
silica migration and precipitation to the coolest parts. However, it should be noted that 
these observations are uncertain because the amount of samples analysed were few, and 
furthermore the observed differences were very small. 
 
Table 7. The contents of poorly crystalline Si phases in bulk samples. 

 SC 
 SiO2

 wt. % SC/total 
MX-80 11AM1 0.91 0.014 
MX-80 11AM5 0.80 0.012 
MX-80 ref. 0.68 0.010 
   
Dep-CaN 15CM1 0.51 0.009 
Dep-CaN 15CM5 0.67 0.012 
Dep-CaN ref. 0.58 0.010 
   
ASHA 14AM1 0.50 0.010 
ASHA 14AM5 0.54 0.011 
ASHA ref. 0.49 0.010 
   
Friedland 9AM1 0.24 0.004 
Friedland 9AM5 0.28 0.005 
Friedland ref. 0.26 0.004 
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4.4 Physical tests 
 
4.4.1  Grain density 
 
The grain densities for MX-80, Dep-CaN and Friedland clay were very similar to one 
another (Table 8). The slightly higher grain density of Asha is explained by its higher 
content of iron. The measured grain densities for the reference materials were close to 
what has been measured earlier e.g. by Karnland et al. (2006) and calculated for ABM 
parcel 1 samples by Muurinen (2010). 
 
Table 8. Grain densities of reference materials. The grain densities were measured in 
1M NaCl solutions and represent mean values of three measurements. Values 
calculated for ABM parcel 1 samples by Muurinen are shown for comparison. 

 Grain density (g/cm3) 
 Measured for reference 

samples (this study) 
 Calculated for ABM parcel 
1 samples (Muurinen, 2010) 

MX-80 ref. 2.775 ±0.003 2.70-2.76 
Dep-CaN ref. 2.764 ±0.030 2.78-2.85 
Asha ref. 2.898 ±0.003 2.71-3.02 
Friedland clay ref. 2.793 ±0.009 2.71-2.74 
 
 
4.4.2  Grain size distribution 
 
Grain size distributions for ABM reference materials are presented in Table 9 and in 
Figure 17. It should be noted that compared to the traditional methods (e.g. pipette, 
sieving), laser diffraction often underestimates the clay fraction (Eshel et al. 2004), 
because the laser diffraction method assumes spherical particle shapes, and instead of 
spheres the clay minerals form elongated flakes. The grain size limit that can be stated 
as clay fraction in laser diffraction is thus higher: instead of traditional <2 μm, it is for 
most samples approximately <8 μm (Konert and Vandenberghe 1997).  
 
The volume fraction (vol.%) of clay-sized grains assuming the <8 μm boundary, was 
somewhat correlated to the weight fraction of clay minerals in the materials; the amount 
of clay fraction was 67 vol.% (MX-80), 56 vol.% (Dep-CaN), 83 vol.% (Asha) and 63 
vol.% (Friedland clay), respectively (this study), and the amount of clay minerals in the 
samples was 82 wt.% (MX-80), 77 wt.% (Dep-CaN), 91 wt.% (Asha) and 61 wt.% 
(Friedland clay), respectively (Kumpulainen et al., 2011). 
 
Table 9. Cumulative grain size distributions (vol. %) for ABM reference materials. 

 0.001 0.002 0.003 0.004 0.005 0.006 0.01 0.02 0.06 0.2 0.6 2 6 20 
 mm mm mm mm mm mm mm mm mm mm mm mm mm mm 
MX-80 ref. 4.6 35.0 51.7 57.1 59.7 62.9 68.0 76.7 93.0 100 100 100 100 100 
Dep-CaN 
ref. 

5.9 21.1 31.8 38.3 43.2 49.5 58.8 74.1 96.0 99.9 100 100 100 100 

Asha ref. 4.3 29.3 50.5 62.5 70.0 77.5 85.2 92.5 98.7 100 100 100 100 100 
Friedl. ref. 1.0 14.7 28.2 37.7 45.0 53.9 66.3 82.7 97.0 100 100 100 100 100 
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Figure 17. Volumetric grain size distributions for ABM reference materials. 
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4.4.3  Specific surface area 
 
The specific surface areas of ABM reference materials (Table 10) correlated with 
smectite contents of the materials, i.e., higher surface areas were measured for samples 
with higher smectite content.  
 
Table 10. Specific surface areas of reference materials. The presented values are mean 
values of 3-4 measurements. For comparison, smectite contents from Kumpulainen et al. 
(2011) are shown. 

 Specific surface area 
(m2/g) 

Smectite content 
(wt.%) 

MX-80 ref. 610 ± 3 81.3 
Dep-CaN ref. 550 ± 5 72.1 
Asha ref. 419 ± 6 67.1 
Friedland clay ref. 144 ± 2 31.8 

 
 
4.4.4  Water absorption capacity 
 
The water absorption capacities of ABM reference materials are presented in Table 11. 
The results are influenced by the amount of swelling clay minerals in the material, and 
especially the type of exchangeable cations (Neff 1959; Kaufhold et al. 2010). For 
example, the water absorption capacity measured for Dep-CaN is less than that for Asha 
which has lower smectite content (see Table 10). This effect is due to the lower amount 
of exchangeable Na+ in Dep-CaN. 
 
Table 11. Water absorption capacities of reference materials.The presented values are 
mean values of 2-4 measurements. 

 Water 
absorption 

capacity [%] 

Fraction of 
exchangeable Na 

Smectite content 
*exchang. Na 

MX-80 ref. 573 ± 18 0.62 50.4 
Dep-CaN ref. 150 ± 24 0.23 16.6 
Asha ref. 360 ± 32 0.62 41.6 
Friedland clay ref. 94 ± 3 0.76 24.2 
 
 
4.4.5  Swelling pressure, hydraulic conductivity, dry density and EMDD 
 
The swelling pressures, hydraulic conductivities and dry densities are presented in Table 
12. The swelling pressures and hydraulic conductivities are also presented in Figures 
18-21 as a function of dry density. 
 
Pictures of bored samples before and after swelling pressure and hydraulic conductivity 
measurements are presented in Appendix 2. As indicated, some of the samples showed 
signs of chipping or cracking after boring. However, these features were visibly 
homogenized after saturation. 



32 
 

 

Table 12. Swelling pressures (SP) and hydraulic conductivities (HC) of all samples. The 
dry densities were determined from water ratios (w) of samples measured after finishing 
the SP- and HC-measurements. 
Sample SP  

(MPa) 
Dry 

density  
(g/cm3) 

w (%) HC  
at 20 °C 

(m/s) 

Fraction of 
non- 

swelling 
material 

EMDD 
(g/cm3) 

MX-80 ref. 1 7.17 1.547 28.61 7.08E-14 0.187 1.404 
MX-80 ref. 2 5.66 1.533 29.21 - 0.187 1.390 
MX-80 ref. 3 11.3 1.631 25.28 - 0.187 1.490 
11AP2 6.01 1.531 29.30 6.81E-14 0.187 1.388 
11AP3 6.59 1.555 28.26 7.68E-14 0.187 1.412 
11AP4 5.59 1.497 30.76 8.49E-14 0.187 1.354 
11AP1recompacted 7.80 1.573 27.56 5.65E-14 0.187 1.430 
       
Dep-CaN ref.1 5.54 1.448 32.86 1.17E-13 0.279 1.223 
Dep-CaN ref.2 7.75 1.505 30.26 9.60E-14 0.279 1.279 
Dep-CaN ref. 3 7.08 1.489 31.00 - 0.279 1.263 
15CP2 5.81 1.523 29.46 9.50E-14 0.279 1.298 
15CP4 4.70 1.492 30.85 1.02E-13 0.279 1.266 
15CP1 
recompacted 5.74 1.456 32.51 7.03E-14 0.279 1.231 
       
Asha ref. 1 6.50 1.612* - 1.35E-13 0.329 1.324 
Asha ref. 2 6.08 1.525 31.08 - 0.329 1.238 
Asha ref. 3 6.42 1.531 30.82 - 0.329 1.243 
14AP3 6.13 1.549 30.05 1.22E-13 0.329 1.261 
14AP5 4.39 1.462 33.89 1.93E-13 0.329 1.176 
14AP1 
recompacted 5.05 1.495 32.39 1.28E-13 0.329 1.208 
       
Friedland ref. 1 2.66 1.821 19.10 8.74E-13 0.682 1.043 
Friedland ref. 2 3.17 1.837 18.63 8.15E-13 0.682 1.059 
Friedland ref. 3 1.00 1.718 22.39 - 0.682 0.941 
9AP5 2.98 1.870 17.66 3.94E-13 0.682 1.094 
9AP1recompacted 1.13 1.719 22.38 1.88E-12 0.682 0.942 
*See section 4.4.5. 
 
The bored Dep-CaN samples showed a slight decrease in swelling pressure relative to 
the reference material (Figure 19). When the material was ground, compacted and 
measured again the swelling pressure was fully recovered. Some indications of decrease 
in swelling pressures were seen also for Asha and Friedland clay. Svensson et al. (2011) 
found a decrease in swelling pressures in bored Dep-CaN and Asha samples from ABM 
parcel 1. They saw a larger decrease in swelling pressure in Asha samples close to the 
heater than in the outer Asha samples. In this study, all measured Asha samples were 
from the middle or outer sections. Due to experimental difficulties during dismantling 
of one of the Asha reference samples from the measurement cell, there might have 
occurred contamination of sample with excess water. Therefore, the reported dry 
density for Asha Ref. 1 (marked with *) was calculated from the initial sample weight, 
water ratio and volume instead of final water ratio. For comparison, calculated initial 
values for Asha Ref. 2 and 3 are 1.572 and 1.598 respectively, meaning that the dry 
density calculated from final water ratio for Asha Ref.1 would have been smaller than 



33 
 

 

the reported value. Further, this implies that the decrease in swelling pressure could 
have been possible also in Asha samples in this study. No notable changes were seen in 
MX-80 samples in this study or in Svensson et al. (2011). 
 
Cementation may decrease the swelling capacity (e.g. Oscarson et al. 1990). However, 
selective extractions of poorly crystalline iron oxides (Table 6) and silica (Table 7) did 
not reveal any significant increase in the presence of such cementing, poorly crystalline 
mineral phases. Thus, the remaining explanation for initial decrease in the swelling 
pressure is some other mechanistic effect or cementation caused by the already existing 
cementing phases in the materials.  
 
No significant changes were seen in hydraulic conductivities. 
 
 

 
Figure 18. Dependence of swelling pressure and hydraulic conductivity from dry 
density of MX-80 samples. 
 
 

 
Figure 19. Dependence of swelling pressure and hydraulic conductivity from dry 
density of Dep-CaN samples. 
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Figure 20. Dependence of swelling pressure and hydraulic conductivity from dry 
density of Asha samples. (Reference* is explained in section 4.4.5.) 
 

 
Figure 21. Dependence of swelling pressure and hydraulic conductivity from dry 
density of Friedland clay samples. 
 
Muurinen (2010) also analysed the initial water ratios and dry densities of the ABM 
parcel 1 samples from the same blocks as in this study. The water ratios presented in 
Table 12 of this study should have been higher than the water ratios of Muurinen 
(2010), because usually the dimensions of precisely cut samples are slightly smaller 
than the swelling pressure measurement cells in order to fit the samples into cells, hence 
the density usually decreases and the water ratio correspondingly increases during 
swelling pressure measurements compared to the initial density. On the contrary, water 
ratios of this study (Table 12) were smaller and dry densities accordingly higher than 
the values presented by Muurinen (2010). This suggests that the density of the samples 
of this study have changed during storage. This might have originated e.g. by dry 
shrinkage of the samples before boring. 
 
The water ratios and dry densities measured after swelling pressure measurements by 
Svensson et al. (2011) are consistent with the values of Muurinen (2010) i.e., the water 
ratios are higher and dry densities accordingly smaller than measured in this study, 
which is to be expected as explained above. Also the swelling pressures measured by 
Svensson et al. (2011) are smaller than the values reported in this study. This supports 
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the conclusion that there was probably no error in density determination, but the density 
of the samples had changed. The dry densities measured after swelling pressure 
measurements by Svensson et al. (2011) were approximately 2-11 % smaller than the 
values reported in this study. 
 
Swelling pressures and hydraulic conductivities were presented also as a function of 
EMDD (Figures 22 and 23, respectively). All data points in Figure 22 fit to the graph 
relatively well, i.e., the swelling capacity of the swelling minerals is similar in all 
studied materials. When the data is compared in this way, the decrease in swelling 
pressure of Dep-CaN doesn’t seem so significant as in Figure 19 and considering all the 
uncertainties in the measurements, no clear conclusions can be made as long as the 
amount of swelling pressure and hydraulic conductivity measurements of Dep-CaN and 
others is not increased. 
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Figure 22. Dependency of swelling pressure on EMDD. 
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Figure 23. Dependency of hydraulic conductivity on EMDD. 
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5 CONCLUSIONS 
 
Exchangeable cation composition, and to some extent also total chemical composition 
had changed likely due to interactions with Äspö groundwater and neighboring block 
materials. MX-80, Asha and Friedland clay had gained Ca and lost Na, Dep-CaN had 
gained Na in their exchangeable cation positions. Increase in water soluble sulphate 
content that was observed in all samples in the close vicinity of the heater was thought 
to result from precipitation of sulphate salts. Total amount of iron, CBD extractable iron 
and the ratio of ferrous to ferric iron were increased in the close vicinity of the Fe heater 
for MX-80. For other materials, only minor indications of Fe-bentonite interaction 
occurred. No major change in mineralogy was seen in any of the studied materials.  
 
The bored Dep-CaN samples showed a slight decrease in swelling pressure. When the 
material was ground, compacted and measured again the swelling pressure was 
recovered. Some indications of decrease in swelling pressures were seen also in other 
materials, but the amount of data points was limited, hence no clear conclusions can be 
made. The reason for the observed decreases in swelling pressure for the exposed 
materials could not be established. No change in hydraulic conductivities was seen. 
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Appendix 1. XRD-patterns of bulk fractions and identified minerals. 
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Appendix 1.  XRD-patterns of bulk fractions and identified minerals. 
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Appendix 2. Photographic images of bored samples before and after swelling pressure 
and hydraulic conductivity measurements. 
 

 
Figure 1. Bored 11AP-samples before and after swelling pressure and hydraulic 
conductivity measurements. 
 
 

 
Figure 2. Bored 9AP5-sample before and after swelling pressure and hydraulic 
conductivity measurements. 
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Appendix 2. Photographic images of bored samples before and after swelling pressure 
and hydraulic conductivity measurements. 
 

 
Figure 3. Bored 15CP-samples before and after swelling pressure and hydraulic 
conductivity measurements. 
 
 

 
Figure 4. Bored 14AP-samples before and after swelling pressure and hydraulic 
conductivity measurements. 




