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Abstract:
Crystalline rock and consolidated clay are both considered adequate host rocks for a high-level 
radioactive waste deep geological repository (HLWR). Over the extended periods of HLWR opera-
tion, long-lived radionuclides (RN) may be released from the fuel and migrate to the geo/biosphere. 
To predict the fate of contaminants and to assess the safety of the host rock, it is very important to 
determine transport parameters, as diffusion coefficients, and to relate them to the physical properties 
of the barriers, as connected porosity. In heterogeneous materials, it is also a major task to describe 
the transport at the mineral scale evaluating diffusion coefficients and mineral-specific porosities 
on single minerals. The main objective of this study was to determine within granite and conso-
lidated clay, the connective porosity and mineral-specific porosities by poly-methylmethacrylate 
(PMMA) autoradiography method. Scanning electron microscopy and energy-dispersive X-ray 
analyses (FESEM/EDS) were performed in order to study the pore apertures of porous regions in 
greater detail and to identify the corresponding minerals. By the novel application of the nuclear 
ion beam technique Rutherford Backscattering Spectrometry (RBS) apparent diffusion coefficients 
were determined at mineral scale. Finally, the porosity results were used to evaluate the effective 
diffusion coefficients and retention parameters of single minerals in different granite samples and 
consolidated clays.

Estudios de Impregnación PMMA y Microscopía Electrónica para la Caracterización
Física de Rocas Cristalinas y Arcillas Consolidadas como Apoyo a Estudios de Difusión. 

Siitari-Kauppi, M.; Leskinen, A., Kelokaski, M.; Togneri, L. (1)
Alonso, U.; Missana, T.; García - Gutiérrez, M. (2)

Palelli, A. (3)
44 pp.   39 figs.    6 tablas   42 refs.

Resumen:
Las rocas cristalinas y las arcillas consolidadas son dos de las formaciones geológicas consideradas para 
albergar un almacenamiento geológico profundo (AGP) de residuos radiactivos de alta actividad. En 
la evaluación a largo plazo de la seguridad de un AGP se considera que diferentes radionucleidos (RN) 
podrían liberarse y migrar hacia la biosfera a través de la formación geológica. Para poder predecir el 
transporte de los RN se necesita determinar parámetros de transporte de los RN como, por ejemplo, 
coeficientes de difusión, y relacionarlos con las propiedades físicas de la roca considerada como la po-
rosidad accesible de los distintos minerales, teniendo así en cuenta la heterogeneidad de la roca.
El objetivo principal de este estudio es determinar la porosidad específica conectada en diferentes granitos 
y arcillas consolidadas, a escala de mineral, mediante el método de autoradiografía con polimetilme-
tracrilato (PMMA). Para estudiar en detalle los tamaños de poro y de las micro-fracturas se realizaron 
también estudios de microscopía electrónica de barrido y de microanálisis por emisión de Rayos - X 
dispersados (FESEM/EDS).
Los resultados de porosidad obtenidos se utilizan para valorar la retención de los RN a partir de los co-
eficientes de difusión aparentes determinados, a nivel de mineral, mediante la aplicación de la técnica 
nuclear de dispersión de haces de iones, Espectrometría de Retrodispersión Rutherford (RBS) tanto en 
los diferentes granitos y como en arcillas consolidadas.

(1) Laboratory of Radiochemistry, University of Helsinki, Finland
(2) CIEMAT, Department of Environment, Madrid, Spain
(3) CIVEN, Marghera, Italy
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1 Introduction 

1.1 General 

In the frame of deep geological disposals of nuclear fuel, long- lived radionuclides (RN) or 
activation products may be released from the fuel to the geo/biosphere. Within the bedrock, 
contaminants will be mainly transported along fractures by advection and retarded both by sorption 
on mineral surfaces and by molecular diffusion into stagnant pore water in the matrix along a 
connected system of pores and micro fissures (Missana et al., 2006). In addition, a mayor transport 
(or retardation) mechanism in rocks is diffusion making the determination of RN diffusion 
coefficients important. 

The interactions of transported components with inner mineral surfaces play a major role in 
the retardation process. The effectiveness of the rock matrix as natural barrier is decisively 
influenced by size, shape and spatial arrangement of the effective rock porosity network. Therefore, 
the pore network connectivity is one of the key questions for the understanding of RN migration in 
heterogeneous media. A reliable picture of the pore space structure in rock minerals phases can be 
achieved by using different complementary methods of characterization. 

Main objective of this study is to determine the porosity of three different granites and several 
clays is studied by polymethylmethacrylate impregnation method (PMMA) (Hellmuth et al., 1994; 
Hellmuth et al., 1993) followed by field emission scanning electron microscope and electron 
dispersive roentgen spectroscopy (FESEM/EDAX) analyses.  

The PMMA impregnation technique was started in Finland for the characterization of the 
granitic rock samples and for the excavation disturbance in tonalite caused by boring of 
experimental full-scale deposition holes in the Research Tunnel at Olkiluoto. The method 
development continued by (Sammartino et al., 2002) covering porosity measurements for 
consolidated clays. In addition, an application for detailed mineral specific porosity determinations 
is described by (Sardini et al., 2006).  

For granite, 14C-PMMA was used for the impregnation. This impregnate makes possible to 
study the spatial distribution of the pore space and the heterogeneities of rock matrices on sub-
micrometric to centimetric scales. Subsequent autoradiography and digital image analysis enable 
features limited in size by the range of 14C beta radiation to be measured. The structures of various 
minerals were studied in more detail by using FESEM/EDAX which allows the determination of 
minerals according to their elemental composition.  

The porosity of two consolidated clays; clay from Mont Terri test site (Switzerland) (Thury, 
2002), and clay from Bure (France), (Gaucher et al., 2004b) was studied using 3H labelled 
methylmethacrylate (3H-PMMA) method. In addition PMMA impregnation tests on Febex 
bentonite (Huertas et al., 2000) were performed.  

FESEM/EDAX analysis were performed in order to study the pore apertures of porous 
regions in greater detail and to identify the corresponding minerals (Leskinen et al., 2007). The 
physical properties of the rocks will be afterwards related to the diffusion properties of 
radionuclides. 

The physical characterization was focused on evaluating the mineral specific porosities; 
because of the RN diffusion was separately investigated, on the same sample and on main minerals, 
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by the novel application of the nuclear ion beam technique Rutherford Backscattering Spectrometry 
(RBS). This RBS application represents a novel approach especially valuable for high sorbing 
elements that showed micro-meter diffusion lengths in reasonable time spam. Full details on 
apparent diffusion experiments within granite or consolidated clays can be found elsewhere (Alonso 
et al., 2006; Alonso et al., In Preparation; Alonso et al., 2007; Alonso et al., 2003a; Alonso et al., 
2003b). In the present study, porosity data are combined to the apparent diffusion coefficients data, 
obtained by RBS measurements on the same samples, to obtain effective diffusion coefficients and 
to estimate distribution ratios (Rd) on the minerals surface to get additional information about their 
retention properties.  

2 Materials 

Three different granites, coming from different locations were selected: (1) Grimsel granite 
from Switzerland (Bossart and Mazurek, 1991), (2) El Berrocal granite from Spain (Buil, B. 2002) 
and (3) Los Ratones granite from a former U mine in Spain (ENRESA, 1996). 

The mineralogical composition of the Grimsel granite includes K-feldspar (30 - 35 vol %), 
plagioclase (28 - 32 vol %), quartz (33 - 37 vol %) and dark minerals (3 - 7 vol %).  

The mineral composition of the El Berrocal granite includes quartz (40 vol %), K-feldspar (20 
vol %), plagioclase (30 vol %) and dark minerals (10 vol %) (Fernandez-Merayo et al., 1996). The 
dark minerals include muscovite, chlorite and biotite. El Berrocal granite is a hetero-granular, 
medium - to coarse-grained granite; the rock is rather weathered and the plagioclase shows strong 
alteration. 

Los Ratones granite is granodiorite type and comes from southwest Spain. Its mineral 
composition consists of quartz (33-35%), plagioclase (29-32%), K-feldspars (26-28%), muscovite 
(5-6%) and biotite (2-3 %). Additionally, it presents corderite, andalucite, ilmenite and zircon. From 
the mineralogical point of view the Los Ratones granite is like the El Berrocal granite. 

The consolidated clay samples studied here were Opalinus clay from the Mont Terri 
underground rock laboratory (Thury, 2002), Switzerland and the Bure Callovo-Oxfordian (Bure 
clay) argillite formation of the Bure site, France (Gaucher et al., 2004b). 

Opalinus Clay is a stiff, over-consolidated clay whose constituents are mainly illite (23 ± 2 
%) wt.), mixed smectite- illite layers (11 ± 2 %), quartz (14 ± 4 % %), calcite (13 ± 8 %) and 
kaolinite (22 ± 2 %), Chlorite (10 ± 2 %), pyrite (1.1 ± 0.5 %), siderite (3 ± 1.8 %), albite (1 ± 1 %), 
k-feldspar (1 ± 1.6 %) and organic carbon (0.8 ± 0.5 %) (Thury and Bossart, 1999). 

The Bure Callovo-Oxfordian clay is mainly composed by a clay fraction (30-65%), with 
mixed smectite- illite layers(30-35 %), illite (10-20 % wt.), quartz (20-35 %) a calcite fraction (20-
30 %) and kaolinite (0-5 %), Chlorite (0-5 %), pyrite (0-2 %) and organic carbon (0.2-09 % wt.) 
(Gaucher et al., 2004a). 

In addition,  the porosity of FEBEX bentonite samples coming from Spain was also studied. 
This bentonite comes from the Cortijo de Archidona (Almería, Spain). This clay has a smectite 
content greater than 90% (93 ± 2%), with quartz (2 ± 1%), plagioclase (3 ± 1%), cristobalite (2 ± 
1%), potassic feldspar, calcite, and trydimite as accessory minerals (Huertas et al., 2000). Bentonite 
cylindrical plugs were compacted at different dry densities (from 1.0 to 1.7 g/cm3) (García-
Gutiérrez et al., 2006a). This bentonite was used in the international research project; “Full-  scale 



 3 

Engineering Barrier EXperiment in crystalline host rock (FEBEX) (Huertas et al., 2000) whose aim 
was testing the emplacement concept of high- level waste on a real scale. 

 

Table 1 lists the samples for PMMA impregnation used in this study. Photo images of the 
granite samples are presented in Figure 1, consolidated clay samples in Figure 2 and FEBEX 
bentonite in Figure 3. 

 

Table 1. Samples for PMMA impregnation, investigation of micro-fracturing and 
porosity and impregnate used. G stands for “Grimsel”, R for “Los Ratones” and B for 
“El Berrocal” granite respectively. 

Sample Description Impregnant 
G1 Grimsel granite / cut and polished,  14C-MMA 
G2 Grimsel granite / measured by µPIXE “ 
R1 “Ratones” Spanish granite / measured by µPIXE “ 
B1 “El Berrocal” Spanish granite / cut and polished “ 
M1 Opalinus clay sample from Mont Terri clay, Switzerland 3H-MMA 
Bu1 Callovo-Oxfordian clay sample from Bure, France “ 
F1 Febex bentonite sample “ 

 

 

 
Sample G1: 2.5x1.7x0.9 cm3. 

 

 
Sample G2: 3.8x1.7x1.0 cm3 

 

 
Sample R1: 2.5x1.6x1.1 cm3 

 

 
Sample B1:(3.4x1.6x0.9) cm3 

Figure 1. Photo images of the granite samples before impregnation. 
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Sample M1: 1.5x2.7x1.2 cm3. 

Figure 2. Photo images of clay sample from the Mont Terri Test Site before 
impregnation. 

 

 

 
Sample Bu1: 1x0.5x0.5 cm3 

 

 
Samples F1 

Figure 3. Photo images of the FEBEX bentonite samples before impregnation. 

 

2.1 Sample preparation for 14C-PMMA and FESEM studies 

A schematic presentation of the sawing procedure for each sample is shown in Figure 4, 
presenting a partition diagram performed for sample G1. The sawing after impregnation served for 
autoradiography and scanning electron microscopy. The surfaces were polished with aluminium 
oxide paste (600 Mesh) for autoradiography. Furthermore the surfaces that were analyzed with 
electron microscopy were polished with 0.25 µm diamond paste. 
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Figure 4. Partition diagram for samples. Autoradiographs has taken from the shaded 
surfaces. 

 

3 Methodology and techniques 

3.1 PMMA methodology 

The 14C-PMMA and 3H-PMMA methods involve the impregnation of centimetre-scale rock 
cores with 14C or 3H labelled methylmethacrylate (14C-MMA) in a vacuum, irradiation 
polymerization, autoradiography and optical densitometry using digital image-processing 
techniques (Hellmuth et al., 1994; Hellmuth et al., 1999; Hellmuth et al., 1993; Siitari-Kauppi et al., 
1998). 

Impregnation with MMA, a labelled low-molecular-weight and low-viscosity monomer which 
wets the silicate surfaces well and which can be fixed by polymerization, provides information 
about the accessible pore space in rocks that cannot be obtained using other methods. Total porosity 
is calculated by using 2D autoradiograph of the sawn rock surfaces. The geometry of porous regions 
is visualized. 

3.1.1 Properties of 14C-MMA and 3H-MMA tracers 

Methylmethacrylate is a monomer with a viscosity of 5.84·10-3 Pas (20°C) (Daniels and 
Alberty, 1967) that is significantly lower than the viscosity of water 8.95·10-3 Pas (25°C) (Leonard, 
1978). Impregnation of bulk rock specimens by MMA by capillary forces is rapid and dependent on 
the existing pore apertures, because of its contact angle on silicate surfaces is low. The MMA 
molecule is small (molecular weight 100.1) it has non-electrolytic properties and only low polarity, 
the polarity of the ester being considerably lower than that of water. In the rock matrix MMA 
behaves like a non-sorbing tracer. In order to later detect by autoradiography the areas where the 
MMA acceded within the rocks, it was traced either traced with 14C, for analyzing the porosity of 
granite or 3H for analyzing the accessible porosity of clays. The low β  energy of the 3H isotope 
(maximum of 18 keV) and the 14C (maximum of 155 keV) isotopes are convenient for 
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autoradiographic measurements. 14C-MMA tracer was diluted and N2 gas was bubbled through the 
solution for one hour to avoid any oxygen in solution. Oxygen may inhibit irradiation 
polymerization. The tracer activity, that was measured by liquid scintillation counting, was 14 
µCi/ml = 518 kBq/ml for 14C labeled MMA.  

For quantitative porosity measurements, the tracer activity should be calculated from the 14C-
PMMA autoradiograph by image analysis and correlated to calibration sources. The calibration 
sources were prepared by diluting the 14C-MMA with inactive MMA. 100 ppm hydroquinone was 
used for stabilization. Activities ranged from 462 Bq/ml (12.5 nCi/ml) to 185 000 Bq/ml (5 
µCi/ml). The 3H-MMA tracer was handled the same way as the 14C labelled MMA. The 3H-MMA 
tracer activity was 3.5 mCi/ml = 130 MBq/ml for sample M1 and 1.5 mCi/ml = 55 MBq/ml for 
samples Bu1 and F1 (Table 1). 

3.1.2 Drying, impregnation and irradiation polymerization of samples 

Before impregnation, the granite rock samples were placed in their own glass vials without 
the cap into the oven (Heraeus, Instrumentarium). The temperature was maintained at 100 ± 5 ºC 
for two weeks. Then the vials were placed on an aluminium chamber and vacuum drying was 
performed for two days 100 ± 3 ºC. After drying the samples in the aluminium chamber were 
cooled to the room temperature 21 ± 2º C. Vacuum conditions were kept in the chamber.  

The tracer was intruded slowly into a chamber in vacuum conditions; vacuum was not broken 
within three weeks. The total impregnation time was 22 days. The samples were then irradiated 
with gamma rays from a Co-60 source to polymerize the monomer in the rock matrix.  

The irradiation polymerization was done in their own glass vials. The vials were placed into 
plastic vessel and it was surrounded by water for cooling the system during polymerization. The 
irradiation lasted 192 h and the dose rate was about 0.4 kGy/h with a total dose of 77 kGy. After 
irradiation it was observed that the PMMA was properly polymerized in all samples.  

The clay samples were vacuum-dried in aluminium chambers for 14 days at a maximum 
temperature of 50°C and then cooled to a temperature of 21 ± 2°C.  

Impregnation with 3H-MMA was carried out by placing the tracer in a 50 ml reservoir and 
transferring it under vacuum to the impregnation chamber. Slow transfer of the monomer ensures 
degassing and infiltration of the sample without vapour. Impregnation time was 22 days. After 
impregnation, samples were irradiated with gamma rays from a Co-60 source to polymerise the 
monomer in the matrix; the irradiation time was 180h and the dose rate was about 0.4 kGy/h and the 
total dose was 72 kGy. Samples were irradiated in glass vials under 3H-MMA. 

3.1.3 Autoradiography 

Irradiation of rocks with 60Co causes strong thermo-luminescence in K-feldspar and other 
major rock-forming minerals which exposes autoradiography film. To avoid this effect, the thermo-
luminescence was released by heating the impregnated and irradiated samples to 120°C for a period 
of 3 hours prior to sawing. Mylar foil with an aluminium coating was used to shield the film from 
other emissions. 

After heating, the samples were sawn into pieces as described in Figure 4. The sawn rock 
surfaces were exposed on Kodak BioMax MR Film, a high-performance autoradiographic film for 
low-energy β-emitting nuclides. The nominal resolution of the β  film is a few µm. The final spatial 



 7 

resolution achieved depends on the roughness of the sawn surface, the space between the rock and 
autoradiographic film and the range of the 155 keV or 18 keV beta particles in the rock matrix. The 
resolutions are stated to be 20 µm for 14C and 10 µm for 3H. 

With the level of tracer activities used here and the type of autoradiographic film employed, 
the exposure times for rock samples ranged from 5 to 20 days. While the 5-day exposure time is 
convenient for the quantitative determination of porosity, the 20-day exposure time is better for the 
qualitative inspection of micro fractures. For clay samples the exposure times varied from 2 to 10 
days. 

The detection system of autoradiography refers to nuclear emulsion of the autoradiographic 
film and the measurement of the blackening of the film by digitizing the intensities (grey levels) of 
the film. Since the response of the image source and the amplifier of the digital image analyser are 
linear, the digitised grey levels of the film can be treated as intensities and converted to optical 
densities, which are defined as decadic logarithm of the intensity ratio of background to sample 
subdomains, thus the blackening is related to silver grain density according to Lambert & Beer’s 
law and is concentration proportional.  

The sensitivity of the autoradiographic film is declared as a function of exposure time, the 
activity of the radiation source per square area and the blackening of the autoradiographic film. 
Figure 5 shows the effect of exposure time on the optical densities of the 14C-PMMA calibration 
sources, which are dilutions of the used tracer. An example of an autoradiograph of 5 days exposed 
calibration sources is included. The nonlinear response of the autoradiographic method at high 
concentrations can be seen and the saturation of the autoradiographic film at optical density values 
of around 1.8 is detected.  
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Figure 5. (A) Optical densities of 14C-PMMA calibration sources of different exposure 
times: 1, 2, 5 and 15 days exposed on Kodak Biomax MR autoradiographic film. (B) An 
autoradiograph of the calibration sources exposed 5 days. 
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3.1.4 Calculation of porosity 

The qualitative and quantitative interpretations of porosity and pore structure are based on the 
digital image analysis of the films. The 2D autoradiographs are digitized with a table scanner 
(CanoScan 9900F, Canon, optical resolution 2400 dpi) and analyzed by Matlab 7.0 using the Image 
Processing Toolbox (The MathWorks, 3 Apple Hill drive Natick MA 01760-2098, USA). The 
Mankeli Program (Version 2, 2005) measures the intensities of the film from the scanned 8-bit 
images, converted the intensities to optical densities and used the information to calculate 
porosities.  

The preconditions for applying this method are: (i) a known local bulk rock density; (ii) the 
presence of only two phases - mineral and PMMA; and (iii) the homogeneous distribution of pores 
and minerals are below the limit of the lateral resolution of autoradiography. 

Digital image analysis starts by dividing the autoradiograph into area units called pixels. In 
this study, the 600 dpi (dots per inch) resolution was used in the quantitative analysis resulted in a 
pixel size of (21x21) µm2. Essentially, all the intensities of the sub-domains were converted into 
corresponding optical densities, and these were in turn converted into levels of activity with the help 
of the calibration curves. Finally, the levels of activity were converted into their corresponding 
porosities. In principle, the interpretation is based on studying the abundance of tracer in each sub-
domain. The basic calculations related to porosity determination can be found in (Hellmuth et al., 
1993). 

Since the response of the image source and the amplifier of the digital image analyser are 
linear, the digitised grey levels of the film can be treated as intensities. Optical densities, which 
according to Lambert & Beer’s law are proportional to concentration, are derived from the 
intensities: 









−=

0

log
I

I
D   (E.1) 

where D is the optical density, I0 is the intensity of the background and I is the intensity of the 
sample. 

A conversion function is required to relate the measured optical densities to the corresponding 
levels of activity. 14C-PMMA standards (tracer diluted with inactive MMA) having specific 
activities between 462 and 185000Bq/ml were used to establish the calibration function. The 
construction of the calibration curves which enable the quantitative measurement of the 
autoradiographs obtained by the PMMA method is conducted by an iterative calculation of three 
parameters (a,k,c). For a given exposure time the mathematical function describing the nonlinear 
behaviour of the local activity versus optical density of the film has the principle form: 

( ) ceaD kA +−= −1  (E.2) 

where D is the optical density and A is the specific activity. The equation is written in the 
form: 

( ) CkADAb +−=−ln  (E.3) 

where the parameters Ab= a+c = Dmax, k and C = ln(a) = D0 are found iteratively by the least 
squares method (first the value of A is iterated to give the best correlation with the data points and 
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then k and C are calculated) and the activity in the rock sample is calculated from the measured 
optical density. Solving A from above equation gives: 

k
DDD

A
−

−−
= 0max )ln(

 (E.4) 

The local porosity ε of the sample was simply obtained from the abundance of the tracer 
(assuming that the concentration of tracer in the PMMA is constant, the higher the abundance of the 
tracer, the higher the local porosity): 

%100*)/( 0AAβε =  (E.5) 

where A0 is the specific activity of the tracer used to impregnate the rock matrix, and β  is the 
β-absorption correction factor. The absorption of β  radiation in a substance depends on the density 
of the substance in a roughly linear fashion. The factor β  can therefore be approximated from: 

β ρ ρ= s / 0   (E.6) 

where ρs is the density of the sample and ρ0 is the density of pure PMMA (1.18 g/cm3). In this 
interpretation, the sample is assumed to consist of rock material and pores (containing PMMA). ρs 
can therefore be expressed as: 

( )ρ ερ ε ρs r= + −0 1  (E.7) 

where ρr is the density of the mineral grains. In bulk measurements the average density of the 
rock sample is used instead of mineral density. Using equations E.6 and E.7 in equation E.5, the 
porosity and the activity relationship can be solved: 

ε

ρ
ρ

ρ
ρ

=
+ −
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where A is the specific activity of individual pixel and A0 is the specific activity of the tracer. 
The porosity of each individual pixel n from the autoradiogram is calculated according to Equations 
E.4 and E.8. The porosity histogram provides the relative frequency of regions of different 
individual porosities. The total porosity is obtained from the porosity distribution by taking a 
weighted average: 

ε
ε

tot

n n
n

n
n

Area

Area
=

∑
∑

 (E.9) 

where Arean is the area of pixel n, and εn is the local porosity of pixel n. 

The amount of tracer in the sample, and the volumetric porosity, can therefore be derived 
from the blackening of the film caused by the radiation emitted from the plane surface of the rock 
section. Figure 6 shows an example of the autoradiograph and the porosity distribution of clay 
sample M1. If the pore sizes are well below the resolution of the autoradiography, the major 
fraction of the beta radiation emitted is attenuated by silicate. 
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Figure 6. (A) Autoradiograph of sample M1 and (B) corresponding porosity histogram 
of marked area. Total porosity of 19 % was determined. 

 

3.2 FESEM/EDAX studies 

The scanning electron microscopy and energy dispersive X-ray analyses were performed on 
the PMMA impregnated rock samples to study the pore apertures of porous regions in greater detail. 
In addition, the micro fissure apertures and the corresponding minerals were determined.  

The analyses were performed using a Hitachi FE-SEM S-4800 field emission scanning 
electron microscope and the elemental composition of the minerals was analyzed quantitatively 
using a INCA350 EDS system with a UTW Si(Li) detector operated in the backscattered electron 
mode (BSE). The operating conditions in the course of measurements were 20 kV acceleration 
voltages and a 20 µA beam current with a spot diameter of approximately 0.5 µm. The samples 
were carbon coated. Magnifications of up to 1000 times were used to reveal apertures down to a 
size of 500 nm.  

 

3.3 Diffusion experiments performed by RBS technique 

3.3.1 Methodology for diffusion studies in granite 

For diffusion experiments, similar samples as those used for porosity evaluation were studied. 
Granite samples were sectioned with a diamond slab saw to a thickness of approximately 400 µm, 
mechanically grinded to 30 µm and polished with carborundum to standardize surface roughness, 
by looking for proper interference colours by using a cross-polarized light microscope.  

In the first attempts, uranium was selected as diffusant  because of the Rutherford 
backscattering (RBS) technique is more sensitive to heavy elements. Uranium solutions were 
prepared by dissolving UO2(NO3)2·6H2O (Merck) in a low-mineralized water (Na-HCO3 type, pH 
8.3 and conductivity 282 µS/cm) to a final uranium concentration of 5.71·10-3 M. The uranium 
solubility was checked by speciation calculations performed with the CHESS v 2.4 code (van der 

(A) (B) 
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Lee and De Windt, 1999). To avoid precipitation the final pH was adjusted to pH 5, in these 
conditions, the perdominant specie is uranyl (UO2[2+]). 

The methodology applied in this study by combining petrography and diffusion experiments, 
on the same granite samples and on the main granite minerals, will be described below only for the 
uranium case. However, the methodology was also applied to analyze the diffusion of other relevant 
elements (Eu, Se, Cs, Re) (Alonso et al., 2006) and also for studying colloid diffusion as function of 
colloid size (Alonso et al., 2007). 

Granite samples were immersed in the uranium solutions different times ranging from 5 
minutes to 1 day. These times were selected taking into account the maximum penetration depth 
that can be investigated by RBS under our experimental conditions (Alonso et al., 2003b).  

Before RBS measurements, the granite samples were cleaned with ethanol to minimize the 
presence of RN on the surface that could bias the analysis of the diffusion process and also were 
covered with a carbon layer of about 100 Å to prevent electrostatic charge effects during ion beam 
irradiation. 

3.3.2 Methodology for diffusion studies in clays 

Previous to diffusion experiments, clay tablets (Figure 2) were hydrated by introducing the 
samples in a closed system filled with a synthetic groundwater (Pearson, 2000), but preventing 
direct contact between tablets and water, to maintain the clay integrity. 

After saturation, clay tablets were spiked, in a sequence of time ranging from 1 week to 
several hours, with 20 µl of the tracer solution prepared to a concentration of 5·10-3 M. Experiments 
were performed with several elements (Eu, U, I, Re and Se) (Alonso et al., In Preparation) but only 
the case of Eu and Sr will be described here. 

Before ion beam irradiation, to prevent electrostatic charge effects, all samples were covered 
with a carbon layer of about 100 Å. 

3.3.3 RBS measurements: Apparent diffusion coefficients determination 

The nuclear ion beam surface technique Rutherford Backscattering Spectrometry (RBS) was 
used in this study to measure diffusion coefficients within rocks. In general, the determination of 
diffusion coefficients by conventional diffusion methodologies for elements suffering high sorption 
on granite and clays is difficult over reasonable time spam, since their diffusion lengths are limited 
to the micrometer range. The RBS technique, widely applied in material science, allows 
determining the concentration of trace elements heavier than the major constituents of the substrate 
in the samples near-surface region (several µm) (Chu et al., 1978). Another advantage of this 
technique is that it allows measuring concentration profiles in areas of 1 mm2 so that analyses can 
be performed on single minerals, and thus accounting for the rock heterogeneity.  

The rock surfaces were analyzed with RBS under the same experimental conditions described 
in detail herein (Alonso et al., 2003b; Patelli et al., 2006).  

RBS spectra were analyzed with the X-RUMP code (Windows version of the more known 
RUMP) (Doolittle, 1986, 1990; http://www.genplot.com/). This computational algorithm simulates 
the backscattering phenomenon and provides a highly effective tool for interpreting RBS data. 
Spectrum simulation is performed, in an iterative manner, by defining a theoretical sample 
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substrate, with a specific elemental composition and structure, to achieve an optimum set of 
parameters and allowing a fit of a given spectrum. Impurities and diffusion profiles are simulated by 
generating fine layers of a varying in-depth composition.  

To demonstrate the occurrence of diffusion within the geological material, the RBS spectra 
must be simulated either with an equation assuming a RN concentration gradient in the granite 
and/or analyzing the temporal dependence of diffusion lengths. To simulate the full spectra with the 
XRUMP code in the same way, an average granite or clay composition was used as “substrate” 
allowing small variations (< 5%) of some elements content. In this “substrate”, a concentration 
gradient of RN was introduced to simulate diffusion. The diffusion lengths were obtained from the 
concentration gradients that more closely match the RBS spectra.  

As a first approximation to obtain the diffusion coefficients (D), the dependence of diffusion 
lengths (x) on time (t) was analyzed. Diffusion length dependence over time in a diffusion-
controlled process can be approximated with the equation: 

)(Dtx =           (E.10) 

Since the determination of the diffusion coefficient is made in transient conditions by 
analyzing Au concentrations in the solid (where retention may occur) the value is defined as the 
“apparent” diffusion coefficient (Da) (García-Gutiérrez et al., 2006b). 

Full details on these diffusion results can be found elsewhere for RN within granite (Alonso et 
al., 2004; Alonso et al., 2003a; Alonso et al., 2003b), colloids within granite (Alonso et al., 2005; 
Alonso et al., 2007) and RN within clays (Alonso et al., In Preparation). 

3.4 Estimation of effective coefficients (De) and retardation (Rd) 

The comparison of the apparent diffusion data (Da) obtained by RBS can only be made with 
theoretical values, known as “effective” diffusion coefficients (De) (García-Gutiérrez et al., 2006b; 
Ohlsonn and Neretnieks, 1997). 

A short description of the relationship between diffusion parameters is given below. More 
details on the theory of diffusion in crystalline rock can be found elsewhere (Neretkiens, 1980; 
Ohlsson and Neretnieks, 1995). 

The diffusion coefficient of a spherical particle in an unconfined liquid (D0), is related to 
temperature (T), with the viscosity (η) of the liquid and with the hydrodynamic radius of the 
particle (r) determined by the Stokes-Einstein equation: 

0 6
kT

D
rπη

=           (E.11) 

where k is the Boltzmann constant.  

In porous media, diffusion occurs in the water within the pores, with tortuosity (τ) and 
constrictivity (δ) hindering diffusion in solids. The diffusivity in the solid pores (Dp) is expressed 
as: 

0 2pD D
δ
τ

=
          (E.12) 
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Dp values are smaller than the diffusion coefficients in a unconfined liquid (Do), since the 

ratio 
2

δ
τ  = G (or geometric factor) is generally less than one.  

For granites, the effective diffusion coefficient (De) can be calculated also applying the 
porosity values by considering the following relation where (Dp) is the pore diffusion coefficient: 

De = ε·G·Do          (E.13) 

For granite, an empirical relationship between G and the accessible porosity (ε) in crystalline 
rocks is given by G=0.71ε0.58 (Jakob, 2004; Parkhomenko, 1967). 

For clays, the effective diffusion coefficient (De) can be related to the hydrodynamic diffusion 
coefficient (Do) by: 

De = εm·Do          (E.14) 

where “m” is an empirical coefficient that accounts for the tortuosity (τ) and constrictivity (δ) 
that hinder diffusion in solids, being then the geometric factor G = ε(m-1). It is reported that for 
consolidated clays the “m” coefficient has values not significantly higher than 2 (Boving and 
Grathwohl, 2001). 

The measured average porosity obtained by PMMA methodology on similar samples can be 
used to evaluate the geometric factor (G) of the different granites, and also of the main granite 
minerals. In the case of clay the combination of diffusion and porosity data either allows estimation 
of the “m” factor or the evaluation the RN retention (Rd, distribution coefficient). 

The relation between Da and De is given by (García-Gutiérrez et al., 2006b):  

Da = De/α          (E.15) 

where α = ε + ρ·Rd is the dimensionless rock capacity factor, and Rd the distribution 
coefficient. 
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4 Results: granite samples 

4.1 14C- PMMA analysis 

The photo images and the corresponding autoradiographs of samples G1, G2, B1 and R1  
(Table 1) are presented in Figure 7 to Figure 10. Different shades of grey on the autoradiographs 
correspond to different porosities; the darker the shade, the higher the porosity. All studied granite 
samples were impregnated with 14C-labelled PMMA and the total porosities varied from 0.3 % to 
and 0.75 %.  

Table 2 lists the total porosity results as well as the mineral specific porosities calculated from 
the autoradiographs.  

 

a)  b)  

Figure 7. a) Photo image of sample G1 and b) corresponding autoradiograph. Total 
porosity of 0.8 % was determined. Width of sample is 1.9 cm and exposure time used 
was 10 days. 

 

a)  b)  

Figure 8. a) Photo image of sample G2 and b) corresponding autoradiograph. Total 
porosity of 0.65 % was determined. Width of sample is 2.2 cm and exposure time used 
was 27 days. 
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a)  b)  

Figure 9. a) Photo image of sample R1 and b) corresponding autoradiograph. Total 
porosity of 0.25 % was determined. Width of sample is 2.5 cm and exposure time used 
was 10 days. 

 

a)  b)  

Figure 10. a) Photo image of sample B1 and b) corresponding autoradiograph. Total 
porosity of 0.3 % was determined. Width of sample is 3.3 cm and exposure time used 
was 27 days. 

 

Table 2. Total PMMA porosities of studied granite samples and mineral specific 
porosities; quartz, feldspars and dark minerals. The error is evaluated to be 10%. 

Sample  Total PMMA 
porosity Quartz Feldspar Dark 

minerals notes 

Grimsel granite 
(G1+G2) 0.75% 0.5% 0.5% >1.4% all mineral grains porous 

Los Ratones 
granite 

(R1) 
0.25% no PMMA 

porosity 0.3% >1.1% grain boundary + in 
feldspars intra-granular 

El Berrocal 
granite 

(B1) 
0.3% no PMMA 

porosity 0.3% >0.8% grain boundary+ in 
feldspars intra-granular 

 

The total porosity of the Grimsel granite (0.75 %) was significantly higher than the porosities 
of the El Berrocal and Los Ratones granites (0.3 % and 0.25 %, respectively). The porosities of the 
Grimsel granites feldspars were two to three times higher than the porosities of the El Berrocal and 
Los Ratones granites feldspars. However, there was no significant difference between the porosities 
of the dark minerals. Highest porosities measured were about 1 to 3 % observed mainly in a few 
mafic minerals existing around feldspar and quartz grains in Grimsel granites and sparsely 
distributed in the El Berrocal granite and Los Ratones granite.  
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The clear difference in the porosity and the pore structure was found between the various 
quartz grains. The quartz crystals of the El Berrocal and Los Ratones granites were nonporous when 
measured with the PMMA method, but the quartz of Grimsel granite showed 0.5 % intra-granular 
porosity. However B1 and R1 samples’ autoradiographs revealed intra- and transgranular micro 
fractures within the quartz grains whereas the texture of G1 and G2 samples quartz grains showed 
even porosity pattern without any sign of micro fractures. As a whole, visual inspection of the 
samples’ autoradiographs revealed heterogeneous porosity patterns thorough the samples when 
considering the textures in centimetre scale. 

Figure 11 presents the photo image of El Berrocal granite sample and the corresponding 
autoradiograph (Fernandez-Merayo et al. 1996). Within that study several dm3 size rock cores were 
impregnated with 14C-MMA. The total PMMA porosity was 0.45 %. According to electron 
microscopy studies the pore apertures from 0.4 to 1.2 µm were abundant. 

 

a)  b)  

Figure 11. a) Photo image of El Berrocal granite sample (Fernandez-Merayo et al. 
1996) and b) corresponding autoradiograph. Total porosity of 0.45 % was determined. 
Diameter of rock core is 7 cm and exposure time used was 12 days. 

 

4.2 Electron microscopy analyses 

Figure 12 shows the sample B1 electron microscopy sample placed on the stand.  

Figure 13 shows the BSE images of the Grimsel granite quartz crystals. Clear intra-granular 
pore network is found; apertures being 1 µm and below.  

Figure 14 shows the BSE image of the Grimsel granite feldspar crystal where an intra 
granular micro fissure transects the grain. The opening of a grain boundary between biotite and 
feldspar grains is illustrated in Figure 15.  
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Figure 12. Sample B1 for electron microscopy studies. Polished with 0.25 µm diamond 
paste. 

 

        

Figure 13. Backscattered electron image of G1 granites quartz grain. The intra 
granular micro-fissure network within the grain has apertures below 1 µm. 
Magnifications 200x and 500x 
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Figure 14. Backscattered electron image of G1 granites feldspar grain. A micro fissure 
(aperture of a few microns) transecting the grain which contains numerous pores. 
Magnification 200x. 

 

 

Figure 15. Backscattered electron image of G1 granites feldspar and biotite grains. A 
grain boundary opening being about 10 µm in size.  Magnification 200x. 

 

Figure 16 presents R1 granites’ grain boundary pore openings. Grain boundary openings vary 
from a few µm to about 20 µm in size. Biotite which is a sheet silicate is formed from thin lamellas 
and schistose structure; the distance between the lamellas varies from a few nanometres to hundreds 
of nanometres. The specific surface area within biotite grains is huge. RN migration and the RN 
possibility to use the specific surface area for chemical interactions within biotite grains are very 
much dependent on the ease of whole grain connectivity in larger scale than nanometres.  

Figure 17 presents 400-fold magnification of a biotite grain. Potassium-feldspar and quartz 
grain boundary opening, which has an aperture of about 10 µm (Figure 18).  
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Figure 16. Backscattered electron image of R1 granites quartz, potassium feldspar and 
biotite grains. Grain boundary openings varying from a few µm to about 20 µm in size.  
Magnification 350x. 

 

 

Figure 17. Backscattered electron image of R1 granites biotite grain. Magnification 
400x. 
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Figure 18. Backscattered electron image of R1 granites potassium feldspar grain. A 10 
µm fissure transects plagioclase grain. Magnification 350x. 

 

Figure 19 shows the BSE image of the El Berrocal granites’ K-feldspar and quartz grain 
boundary opening, which has an aperture of about 10 µm. The grain boundary porosity is 
significant within B1 sample (Figure 20). However, the feldspar grains showed also high intra-
granular porosity; both pores and micro-fissures were found indicating well-defined connective 
migration routes for RN on the tens of micrometers scale. In quartz grains the intragranular micro-
fissures were few and fissure fillings were found (Figure 21). Intra granular porosity is not found in 
quartz grains; a few micro fissures transect the grains but connected pores are not detected. 

 

 

Figure 19. Backscattered electron image of B1 granite; feldspars and quartz grains. 
Magnification 250x. 

 

Kfeldspar 
plagioclase 
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Figure 20. Backscattered electron image of B1 granites grain boundary between 
plagioclase and quartz grain. Grain boundary width is about 1µm. Magnification 
2000x. 

 

  
Figure 21. Backscattered electron image of B1 granites intra granular micro fissures in 
quartz grain. Grain boundary width is about 1µm. Magnificatios 250x and 2000x 

 
 
4.3 Diffusion experiments in granite minerals 

The uranium diffusion was studied on the main minerals (quartz, feldspars and dark minerals) 
in the three selected granites. 

Prior to diffusion experiments different granite areas approximately 1 mm2 were analysed by 
RBS in order to characterize the minerals surface. Figure 22 shows an example of the RBS 
spectrum obtained from a feldspar grain in Los Ratones granite sample.  

The channels (energy) corresponding to some elements composing the granite are indicated 
(Ba, Fe, K, Si, O, C), as well as their contribution to the spectrum. Elements with high mass 
produce high yields (intensities in the RBS spectra) and elements of lower mass produce lower 
yields, but all the signals appear superimposed in the spectrum. In granite, no signal is detected for 
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energies corresponding to elements heavier than Ba. To properly investigate diffusion profiles in 
granite by RBS it is thus recommended the selection of heavy elements. 

The RBS spectra obtained from “whiter areas”, on the three granite specimens, corresponding 
to minerals such as feldspars, quartz or plagioclases, did not show significant differences. Only in 
some cases some RBS channelling was observed on quartz areas. Channelling is a special feature of 
RBS, which is observed on areas presenting high crystallinity (Chu et al., 1978), when the ion beam 
passes through the crystalline lattice without colliding with the atoms..  
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Figure 22. Experimental RBS spectrum of granite feldspar area with the simulation. 
The individual signals from K, Si and Al are plotted. 

Figure 23 shows a comparison of typical RBS spectrum obtained on El Berrocal granite 
“white areas” (generally feldspars, quartz or plagioclases) and anRBS spectrum obtained on dark 
areas (biotite). It can be seen that the spectra are very different. The spectrum obtained on dark 
areas presents a higher Fe signal which affects the whole RBS spectrum, because of superposition . 

The natural presence of U in the granites (4 to-10 ppm) was not detected by RBS. Indeed, 
within the three studied granites, no signal was detected for energies corresponding to elements 
heavier than Ba, in any case. 

To obtain an average composition of the main granite areas (quartz, feldspars and dark 
minerals) required for further simulations, simulation of RBS spectra obtained on different minerals 
on the three granites was performed with the RUMP code. The average composition obtained from 
the RBS spectra simulation for the three studied minerals (in atomic weight %) are presented in 
Table 3. It is noteworthy that a pure quartz (SiO 2) should be only composed by Si and O, but the 
quartz areas analysed by RBS required the addition of Cl, K, Ca Ti and Ba in the simulations to 
properly fit the spectra. The analysed area by RBS is 1 mm2 so it maybe possible that the quartz 
areas includes some small accessory minerals. The penetration depth of 2.2 MeV α particles in 
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granite is around 20 µm, so the backscattered particles come from depths around a few µm. Thus, 
the possibility of missing information from two different mineral layers (quartz on the surface and 
an accessory mineral in-depth) cannot be fully discarded. 

These compositions were used for further simulation of U diffusion, just accounting for small 
variations (lower than a 5%) of some elements (mainly Fe and K). RBS is more sensitive to heavier 
elements and the relative analytical error is below 5 %. 
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Figure 23. Comparative RBS spectra obtained on El Berrocal Granite (¢) White areas 
and («) Dark areas. 

 

Table 3. Average chemical composition (in atomic weight %) obtained from the 
simulation of the RBS spectra measured on the main granite minerals in the different 
garnites. 

Element Quartz Feldspar Dark minerals 

O 68.42 70 70 
Na - 2 2 
Mg - 3 3 
Al - 16 16 
Si 29.32 17 17 
Cl 1.27 0.5 0.9 
K 0.29 1.7 2.5 
Ca 0.20 0.20 0.20 
Ti 0.2 0.1 0.5 
Fe 0.5 0.5 1.4 
Sr - 0.01 0.01 
Ba 0.01 0.01 0.01 
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4.3.1 U diffusion within feldspar minerals. 

Figure 24 shows the RBS spectra obtained on feldspars areas from Grimsel granite, after 
immersion in uranium during different times: 5 minutes, 2 hours and 1 day. Only the spectra in 
those energies near the region of interest for U (1.6 - 2.2 MeV) are shown. In all the RBS spectra 
obtained, the signal of U is clearly visible. The uranium peaks are asymmetrical showing a 
pronounced peak at higher channels (energies) corresponding to U retained at the surface by 
sorption/deposition, and a tail pointing towards lower energies indicating that U is penetrating 
within the mineral (Alonso et al., 2007; Alonso et al., 2003b). The fact that the U peak height and 
tail increases over time indicates that uranium is diffusing.  

 

650 700 750 800 850 900
Channel

0

1

2

3

4

5

6

N
or

m
al

iz
ed

Y
ie

ld

1.6 1.7 1.8 1.9 2.0 2.1

Energy (MeV)

GGrimsel + U 5 min
GGrimsel + U 2 hours
GGrimsel + U 1 day
Simulations

U

 

Figure 24. RBS spectra of Grimsel Feldspars areas after contact with U solution: (¢) 5 
minutes, («) 2 hours and (r) 1 day. Simulations are plotted as continuous lines.  

 

In Figure 25, the RBS spectra obtained on feldspar areas after 1 day contact with U solution, 
within the three studied granites, are presented for comparison. It can be seen that the peaks are 
similar and showed equivalent behaviour : the time and height dependence of the U peak was 
observed within the three granites. Only within the Grimsel feldspar the U tail is slightly longer, 
indicating faster diffusion. This can be explained by the slightly higher porosity measured there, 0.5 
%, compared to 0.3 % within Los Ratones or El Berrocal granites (Table 2).  
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Figure 25. RBS spectra of feldspar areas after 1 day contact with U solution: (? ) El 
Berrocal, (¢) Los Ratones and («) Grimsel granite. 

 

Within feldspar areas the U peaks are well resolved, even at shorter times, since the U tail is 
not lost within the signals of lower elements (the Fe signal starts at energy 1.68 MeV and it is low 
in feldspar areas). Therefore, by simulation of the RBS spectra considering the main composition 
reported in Table 3, it is possible to measure the U diffusion lengths (Alonso et al., 2007; Alonso et 
al., 2003b). Since the experiments were performed at different times, it is possible to obtain 
apparent diffusion coefficients (Da) for U on the different minerals. The Da values obtained for U 
diffusion within feldspars minerals for the three granites are included in Table 4.  

The measured Da values for the U diffusion are slightly higher within Grimsel granite 
feldspars (1.5 E-13 m2/s), that showed higher porosity, and are fully comparable within El Berrocal 
and Los Ratones granite (Da ≈ 9 E-14 m2/s), that showed the same accessible porosity. 
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Table 4. Uranium apparent diffusion coefficients (Da) measured by RBS on different 
areas for the three studied granites. 

Mineral Granite  Da (m2/s) Measured porosity 

Feldspar Grimsel (1.5 ± 0.5) E-13 0.5 % 

 El Berrocal (9.3 ± 0.5)E-14 0.3 % 

 Los Ratones (8.9 ± 0.5)E-14 0.3 % 

Quartz Grimsel  (1.1 ± 0.5) E-13 0.5 % 

 El Berrocal ≈ (7 ± 0.5) E-15 no PMMA porosity 

 Los Ratones ≈ (6 ± 0.5) E-15 no PMMA porosity 

Dark minerals Grimsel  (5.2 ± 0.5) E-13 > 1.4 % 

 El Berrocal (3.6 ± 0.5) E-13 > 1.1 % 

 Los Ratones (1.6 ± 0.5) E-13 0.8 % 

 

4.3.2 U diffusion within quartz minerals 

Figure 26 - Left shows the RBS spectra obtained on quartz areas after contact with U solution 
different times on Grimsel granite. It can be seen that the U peaks height and tail presents similar 
behaviour than previously described within feldspars even when the U retention on the surface is 
lower (Figure 24). The measured Da for the U diffusion within Grimsel quartz minerals (also 
included in Table 4) was equivalent (within the experimental error) to that measured within Grimsel 
feldspars: this is consistent with the fact that both minerals in this granite showed similar PMMA 
porosity (Table 4).  

Figure 26 - Left shows the RBS spectra obtained on quartz areas after contact with U solution 
different times on El Berrocal. It is first noticeable that, despite quartz minerals in El Berrocal (and 
Los Ratones) granites showed no accessible PMMA porosity U is also detected within this mineral. 
As shown by FESEM analyses (Figure 21), even connected pores were not detected by PMMA for 
El Berrocal and Los Ratones granites, intragranular micro-fissures were and fissure fillings were 
found transecting the grains, and they may provide diffusion paths within quartz minerals. In any 
case, it can be seen that within El Berrocal quartzes (Figure 26- Right) the U peak did not showed a 
clear dependence of U height and tail, and that the tail is not very pronounced, indicating that most 
of the U is retained over the surface.  

Moreover, looking in detail to the RBS spectrum obtained after 5 minutes of immersion 
within El Berrocal quartz area (Figure 26 - Right) it can be seen that the U tail presents a special 
shape at energies around 1.8 MeV, this feature is named channeling, and occurs in samples with 
high crystalline. This was observed many times when quartz areas were analyzed on Los Ratones 
and El Berrocal granite, and in a lesser on Grimsel granite, but it was never detected on other 
minerals in any of the studied granites. The behaviour observed within Los Ratones quartz minerals 
was totally equivalent to that of El Berrocal. 
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The determination of apparent diffusion coefficients (Da) on these quartz areas in Los Ratones 
and El Berrocal granites is subject to the existence of micro-cracks and it is not actually related to 
the mineral properties. When it was possible, Da were estimated from the measured diffusion 
lengths on the quartz minerals that showed no accessible PMMA porosity. The obtained values (6-7 
E-15 m2/s) are included in Table 4 and are more than one order of magnitude lower than those 
measured on feldspar areas on the same granites, in contrast to what was observed for Grimsel. 
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Figure 26. RBS spectra of Berrocal Quartz areas after contact with U solution: (¢) 5 
minutes, («) 2 hours and (r) 1 day. 

 

4.3.3 U diffusion within dark minerals 

Dark minerals presented the highest porosity in all the three granites (Table 2). As example, 
Figure 27 shows the comparative of RBS spectra obtained on three different Grimsel granite 
minerals (quartz, feldspar and biotite) after 1 day of immersion in U solution. It can be seen that the 
U peak is clearly more pronounced in the dark minerals (in this case a biotite) indicating faster 
diffusion. This increase is in agreement with the porosity data. Moreover, in general the U 
contribution at higher energies (2.1 MeV) was always higher on the dark minerals, indicating also 
higher surface retention on dark minerals, compared to that on quartzes or feldspars. Equivalent 
behaviour was observed within biotites on the three granites. The Da values obtained for U diffusion 
within dark minerals within the three selected granites are also included in Table 4. Comparative ly 
the values are higher than in the other minerals, in agreement with their higher PMMA accessible 
porosity. 
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Figure 27. RBS spectra of Grimsel granite main minerals after contact with U solution 
1 day: (¢) Quartz, («) Feldspar and (r) Biotite. Simulations are plotted as 
continuous lines. 

As summary, the differences observed for the Da values measured for U on different granites, 
and on different minerals, (Table 4) can be explained considering the porosity values and the 
microscopy analyses performed on the same samples. It is interesting that the RBS technique allows 
the observation of U diffusion differences within minerals of different porosity what confirms the 
sensitivity of the technique. Moreover it allows measuring diffusion coefficients of high-sorbing 
RN within granite, which cannot be achieved by conventional diffusion experiments. 

4.3.4 Uranium retention estimation 

With the porosity values determined by PMMA (Table 2) the diffusivity in the solid pores 
(Dp) was calculated with E.12, by considering an empirical relationship between G and the 
accessible porosity (ε) of G=0.71ε0.58 (Jakob, 2004; Parkhomenko, 1967). Then, the effective 
diffusion coefficients (De) can be calculated with E.13. All calculated values are included in Table 
5. With E.14, considering the Da coefficients measured on the same samples than the porosity 
values, it is possible to calculate the dimensionless rock capacity factor (α) and derive retention 
(Rd) values within the different granite minerals. In the case where no PMMA porosity was 
detected, these calculations could not be done.  
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Table 5. Evaluation of D0, Dp, De, α and Rd for U within the different granite minerals 
Da and porosity values are experimentally determined on the same samples.  

Mineral 
Granite 

Da  
(m2/s) Porosity G 

Dp  
(m2/s) 

De 
(m2/s) α 

Rd  
(ml/g) 

Feldspar Grimsel 1.5E-13 0.005 3.3E-2 9.17E-11 4.59E-13 3.06 1.14 
 El Berrocal 9.3E-14 0.003 2.4E-2 6.82E-11 2.05E-13 2.20 0.82 
 Los 

Ratones 8.9E-14 0.003 2.4E-2 6.82E-11 2.05E-13 2.30 0.86 
Quartz Grimsel 1.1E-13 0.005 3.3E-2 9.17E-11 4.59E-13 4.17 1.04 

 
El Berrocal 7Ε-15 

No 
PMMA nd nd nd nd nd 

 Los 
Ratones 6Ε-15 

No 
PMMA nd nd nd nd nd 

Dark 
minerals Grimsel 5.20E-13 0.014 5.97E-2 1.67E-10 2.33E-12 4.49 1.60 

 El Berrocal 3.60E-13 0.011 5.2E-2 1.45E-10 1.59E-12 4.43 1.58 
 Los 

Ratones 2.60E-13 0.008 4.3E-2 1.20E-10 9.6E-13 3.7 1.3 
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5 Results: clay samples 

5.1 3H- PMMA analyses 

Studies on the solid pore structure were performed to determine the clay samples porosity by 
3H- PMMA impregnation technique. Two clay samples which did not contain swelling clays were 
analysed namely Callovo-Oxfordian from Bure Site France (Gaucher et al., 2004b) and Opalinus 
from Mont Terri Swizerland (Thury and Bossart, 1999). Methylmethacrylate intruded well into the 
samples. However pre-handling of the clay matrix is difficult and producing artefacts as micro 
fractures was possible. Within the PMMA procedure the samples have to be dried before 
impregnation, what it is difficult to do without modifying their structure. Sammartino et al., 2002, 
recommended the solvent exchange technique to dry clay samples. 

The Opalinus clay geological sediment layer investigated in the Mont Terri rock laboratory 
was formed some 180 million years ago during the Jurassic period (Dogger, Aalenian) as marine 
sediment made up of fine mud particles. The weight of the more recent sediments deposited on top 
of the Opalinus clay had the effect of squeezing water out of the rock. So, it gradually became an 
indurated claystone. The Opalinus clay formation is about 160 m thick. Three slightly different 
facies can be identified: a shaly facies in the lower half of the sequence, a 15 m thick sandy–limy 
facies in the middle of the sequence and a sandy facies interstratified with the shaly facies in the 
upper part. The shaly facies contains about 65% clay minerals and about 20% quartz. The sandy 
facies has a lower clay content of about 40% and a higher quartz component of about 30%. In the 
area where the rock laboratory is located, rock strata dip with an angle of approximately 40° south-
easterly and are penetrated by several minor faults (Wersin et al., 2004). 

The Callovo-Oxfordian formation is a complex mineral assemblage where phyllosilicates, 
quartz and feldspars are cemented by carbonates (calcite and dolomite). Small proportions of Fe-
rich minerals (pyrite, siderite and oxide and hydroxides of Fe) and organic matter are also present. 
The detrital minerals, little transformed by the diagenetic process, are generally in the >2 µm 
fraction size whereas the diagenetic minerals, mainly phyllosilicates, are concentrated in the <2 µm 
fraction size. The mineralogical composition varies as a function of burial depth (Vieillard et al., 
2004) 

Figure 28 illustrates the photo images of the sawn and polished surfaces of the Opalinus clay 
sample (M1) and the corresponding autoradiographs exposed on the film for 4 days : the darker the 
shade on the autoradiograph is, the higher the porosity. The two samples; M1 A and M1 B, that 
were impregnated, were 5 mm in thickness and a few centimetres in length. Because of the small 
sample size and the fact that clay structure is fragile during the drying step of the method a few 
micro fractures were formed in the matrix. The micro fractures are seen on the autoradiographs 
having the same optical density as the tracer PMMA surrounding the sample. These micro fractures 
are clear also in the clay samples surfaces. These areas on the autoradiographs were not included in 
the porosity measurement procedure because of their artefact origin. 
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Figure 28. Photo images of 3H-PMMA impregnated clay samples M1 A and M1 B and 
corresponding autoradiographs. The darker the shade is, the higher the porosity. 
Sample length is 2.5 cm. Porosity histograms were performed on two marked areas M1 
A and M1 B. 

 

Figure 29 shows two porosity histograms analysed from the clay sample autoradiographs 
(measured areas shown in Figure 28). The structure consists of sheet like features e.g. veins that 
have different porosities. The PMMA porosities varied between 20 and 40 %. Highest porosity 
values might be due to the small sample size which caused artefact like fractures and also caused 
loosening of the structure during the PMMA procedure. 
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Figure 29. PMMA porosity histograms: total porosity of 19% from area M1 A (left) and 
total porosity of 43% from area M1 B (right).  

 

Figure 30 illustrates the photo images of the sawn and polished surfaces of the Bure clay 
sample (Bu1) and the corresponding autoradiographs exposed on the film for 10 days. The darker 
the shade on the autoradiograph is, the higher the porosity. The sample size was (6x9x7) mm3. 
Because of the small sample size and the fact that clay structure is fragile during the drying step of 

M

M
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the method a few micro fractures were formed in the matrix. These micro fractures are clear also in 
the clay samples surfaces. The sample edges showed higher porosity than the inner matrix which 
might be due to artefact. These areas on the autoradiographs were not included in the porosity. 
Figure 31 shows an example of one PMMA porosity distribution of sample Bu1. The total PMMA 
porosity was (17±2) %.  

 

     

Figure 30. Photo image of 3H-PMMA impregnated sample Bu1 and corresponding 
autoradiograph. The darker the shade; the higher the porosity. Sample length is 9 mm. 
Porosity histogram was performed on the marked area. 
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Figure 31. PMMA porosity histogram of sample Bu1. A total porosity of 17 % was 
measured.  

 

The third clay sample measured within this study was a FEBEX bentonite sample. This 
sample contains swelling clay; smectite and within the PMMA procedure the matrix was fully 
broken during irradiation polymerization step. Figure 32 shows the F1 sample structure after 
polymerization. The PMMA porosity was not determined for F1 sample. 
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Figure 32. Photo image of 3H-PMMA impregnated sample F1 and corresponding 
autoradiograph. Core sample diameter is 22 mm.  

 

5.2 Electron microscopy results 

Figure 33 shows the BSE images of the clay sample Bu1. A micro fractures that trans sect the 
sample are artefacts due to pre handling of the sample. The void openings varied from 20 to 50 µm. 
These micro fractures were not included into the PMMA porosity measurements. The texture of the 
matrix contains calcite mineral grains that have diameters of about 5 to 10 µm and clay mineral 
grains that are smaller in size. The Bure clay is heterogeneous in the scale of micrometers even 
though the porosity pattern by PMMA method is homogeneous in the scale of centimetres. Figure 
34 shows the backscattered electron images of iron sulphide. Inclusions adjacent of the micro 
fracture in the sample Bu1; size of the grain is hundreds of micro meters. 

 

 

Figure 33. Backscattered electron image of clay sample Bu1. Micro fractures transect 
the sample. Magnification 250x. 
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Figure 34. Backscattered electron image of clay sample Bu1. Iron sulphide inclusion in 
the ground matrix. Magnifications 300x and 800x. 

 

Figure 35 shows the BSE images of the clay sample M1. A calcite vein transects the ground 
matrix and a micro fracture surrounded by iron sulphides is found. These micro fractures were not 
included into the PMMA porosity measurements. The Mont Terri clay is heterogeneous in the scale 
of micrometers even though the porosity pattern by PMMA method is homogeneous in the scale of 
centimetres.  
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Figure 35. Backscattered electron images of clay sample M1. Calcite vein and iron 
sulphide surrounding a micro fracture. Magnification 350x. 

 

Figure 36 and Figure 37 show the BSE images of the FEBEX sample. It can be seen that the 
smectite is totally crushed. Smectite is swelling type clay which causes the artefacts during the 
PMMA procedure. PMMA veins were about tens of microns wide in the polymerized matrix. 
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Figure 36. Backscattered electron images of FEBEX sample. Smectite grain is swelled.. 
Magnification 350x. 

 

   

Figure 37. Backscattered electron images of FEBEX sample showing PMMA in the 
matrix. Magnifications 450x and 1500x. 
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5.3 Results of RBS diffusion experiments within Opalinus clay 

From the RBS point of view, the Opalinus clay is very homogenous and the spectra obtained 
from different points were very similar. No appreciable signal was detected for elements higher 
than Sr.  

Figure 38 presents RBS spectra obtained on clay samples after contact with Eu solution, 
different times limited to the region of interest for Eu (energy 2.0 to 1.6 MeV).  
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Figure 38. RBS spectra of the Opalinus clay: (•) untreated and after contact with Eu 
solution (¢) 1 day, («) 3 days, (♦) 4 days and (r) 7 days. Simulations are plotted as 
continuous lines.  

 

Undoubted Eu peaks are detected, indicating Eu access into the clay. The Eu peak shape is 
rather narrow at higher channels, suggesting Eu retention on the surface caused by sorption, but 
also, the Eu peak showed a tail going towards lower channels, indicating that Eu was going deeper 
in the sample. The time dependence of the Eu peak height and tail was in agreement with a 
diffusion process. 

Figure 38 shows the RBS spectra obtained on the clay surface after contact with Sr solution, 
at several contact times, limited to the region of interest for Sr (energies 1.82 to 1.6 MeV) are 
presented. It can be seen that, even after 5 minutes, the Sr signal is plane, overlapping its tail with 
the signal of lighter elements, indicating faster Sr diffusion than that of Eu).  
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Figure 39. RBS spectra of MtTerri clay: (p) untreated, and after contact with Sr 
solution (¢) 5 minutes, («) 2 hours, (♦) 4 hours and (r) 1 day. Simulations are 
plotted as continuous lines.  

 

To demonstrate that Eu and Sr diffused within the clay, spectra were simulated considering an 
average clay composition in agreement with that reported in (Thury and Bossart, 1999). In this 
“substrate”, a concentration gradient of the selected element (Eu or Sr) was introduced to simulate 
the diffusion.  

The simulations that fitted the experimental data in a satisfactorily way, are shown as 
continuous lines in both Figure 38 and Figure 39. Further, considering a mean clay density of 2.3 
g/cm3, energy scale can be converted to distance scale, to obtain diffusion lengths.  

By representing the diffusion length (x) as function of the time (t), it is possible to obtain an 
estimation of the apparent diffusion coefficient (Da) (Crank, 1956). The measured diffusion 
coefficients are presented in Table 6. For the Sr case, the value is a lower limit, because the peak 
signal is planar and tail is overlapped with other signals. 
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Table 6. Diffusion coefficients measured by RBS (Da) and calculated (De) with the 
determined porosity and reported sorption values (Rd). 

  

 

Measured 

  Calculated 

De=D0·εm 

ε=0.19; m=2  

Calculated 

De =α ·Da 

Element Da (RBS) m2/s Radio (m) D0 (m2/s) De (m2/s) RD (mL/g) 

Eu 4.3E-16 2.31E-10 9.4E-10 4E-11 40890 

Sr > 2.35E-13 2.19E-10 1.0E-9 4.2E-11 < 78 

 

The effective diffusion coefficient (De) for Eu and Sr can be obtained through their 
hydrodynamic diffusion coefficient (Do) with (E.14), considering a value for the empirical 
coefficient m = 2, since it is is reported the  for consolidated clays the “m” coefficient has a value 
not significantly higher than 2 (Boving and Grathwohl, 2001) and the porosity (ε) value determined 
on the same samples by impregnation method (Figure 29) ε = 0.19. The calculated effective 
coefficients (De) are included in Table 6. From the Da and De values, the retention parameters (Rd 
the distribution coefficient, in ml/g) can be estimated.  

It was possible to determine diffusion coefficients for Eu and Sr within clays. The evaluation 
of diffusion coefficients for a high sorbing element as Eu it is very valuable since almost no data is 
available. The methodology for the selected elements, by combining diffusion experiments and pore 
structure analyses was satisfactory since the diffusion values obtained for Sr were comparable to 
those determined by conventional experiments, but experimental times (days) are clearly shorter 
than those required with conventional experiments (months-years). 
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6 Summary and Conclusions 

In this study, different crystalline and clayey samples were analysed by PMMA method and 
electron microscopy for their physical characterisation and the determination their mean porosity as 
well as the porosity of their main minerals. This study was carried out a as a support of diffusion 
experiments with elements like U, Eu and Sr, carried out with the Rutherford backscattering 
spectrometry technique, which was used for the first time to this aim.. 

The correlation between the solute diffusion coefficients to the medium properties, in 
particular to its porosity, provides important information for understanding how to deal with the 
medium heterogeneity.  

The analyses of three different granites (Grimsel, El Berrocal and Los Ratones) showed that 
they present different mean porosity. The total porosity of the Grimsel granite (0.75%) was 
significantly higher than the porosities of the El Berrocal and Los Ratones granites (0.3%). The 
porosities of the Grimsel granite feldspars were twice to three times higher than the porosities of the 
El Berrocal and Los Ratones granites’ feldspars. However, there was no significant difference 
between the porosities of the dark minerals.  

The measured Da values for the U diffusion within feldspars in the three granites were 
comparable (Da ≈ 9  E-14 m2/s), jut slightly higher within Grimsel (1.5 E-13 m2/s), that showed 
higher porosity. The most interesting difference was found between the various quartz grains. The 
quartz crystals of the El Berrocal and Los Ratones granites were nonporous when measured with 
the PMMA method, but the quartz of the Grimsel granite showed 0.5% intra-granular porosity. In 
quartz minerals showing no accessible PMMA, porosity, uranium access was subject to the 
existence of micro-cracks or intergranular fissures. The Da values on these areas were around 6-7 E-
15 m2/s. However, in Grimsel quartz minerals de Da measured for U was equivalent to that 
measured on feldspar grains. In Grimsel granite both quartz and feldspar had porosity value of 0.5 
%. 

Dark minerals presented the highest porosity within the three granites and equivalent 
behaviour was measured on the three granites: the higher the porosity the higher the Da measured. 

The fact that diffusion coefficients and porosity can be determined at a mineral scale and in 
the same sample is interesting because allows determining the retention properties of different 
minerals analysed. 

The porosity studies performed on consolidated clay samples revealed that the porosity was 
rather homogeneous, with a mean value of 19 % in OPA clay and 16 % in Bure clay. Diffusion 
coefficients where measured by RBS only in the OPA clay and it was possible to determine 
diffusion coefficients for Eu and Sr. The evaluation of diffusion coefficients for a high sorbing 
element as Eu it is relevant  since almost no data is available. The methodology applied seemed 
satisfactory selected elements, by combining diffusion experiments and pore structure analyses was 
satisfactory since the diffusion values obtained for Sr were comparable to those determined by 
conventional experiments, being the experimental times (days) are clearly shorter than those 
required with conventional experiments (months-years). 

FEBEX bentonite cannot be very well analysed by PMMA method since it is a swelling clay. 
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