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Abstract

The spent fuel from nuclear power plants will be disposed of in geological formations.

Understanding of the nature of the radionuclide transport through geological barriers is essential

in any assessment of the confining properties of such barriers. Radioelement migration within a

rock matrix under natural long-term conditions is a complex process controlled by many

parameters. Purely physical parameters such as porosity, hydraulic conductivity and diffusivity

are used to describe transport in well-defined laboratory systems. In natural rock matrices,

transport is influenced in a more complex manner by physical pore properties such as pore size

distribution, connectivity, tortuosity and constrictivity and by the petrological and chemical

nature and charge of the pore surfaces. An overall characterisation of heterogeneous rock

structures is required in order to understand of radioelement transport processes.

A new method was developed for characterisation of the heterogeneous pore structure of

centimetric-scale rock cores. The polymethylmethacrylate (PMMA) method involves the

impregnation of a rock sample with 14C- or 3H-labelled methylmethacrylate (MMA) in vacuum,

polymerization by irradiation, autoradiography with nuclear emulsion, optical densitometry, and

porosity calculation routines relying on digital image processing techniques. The low molecular

weight and low viscosity carrier monomer MMA, which can be fixed after impregnation by

polymerisation, provides direct information about the accessable pore space in rock. Applied to

low porous rocks, autoradiography describes the spatial distribution of the porosity. This

information is not available with water gravimetry, which gives only bulk porosity values.

The PMMA method is suitable for characterising the pore structure of a low porous crystalline

rock. Valuable information can also be obtained on the heterogeneous structures of rocks of

sedimentary origin. The method integrates the microscopic scales to the core scale. The porosity

distribution provided by the PMMA method is easily related to the mineralogy of the rock by

digital image analysis. The PMMA method provides a realistic quantitative analysis of the

mineral specific porosities. The porosity evolution can be seen as part of the alteration and

deformation history of the rocks and information can be obtained on the porous network

coverning the transport properties in low permeable rocks. The structure of porous media is

shown to have a clear effect on diffusion in well-defined laboratory systems where natural
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heterogeneous rock cores are studied. Moreover quantitative analysis of heterogeneous porosity

specific to particular minerals, is shown to allow a direct deduction of retardation properties of

the rock. In addition, it is shown that the results of the PMMA experiments can be applied in

heterogeneous diffusion modelling.
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1 Introduction

Geological disposal of the spent nuclear fuel from nuclear power plants is the most extensively

studied option for nuclear waste management in Finland, France, Sweden, Germany, Switzerland,

and Canada. The applied geological formation may be crystalline rock, a clay formation or a salt

domain. In particular, deep geological disposal has been studied for highly radioactive and long-

term activity spent nuclear fuel and reprocessing waste. The Finnish approach to all spent fuel

generated in the country is geological disposal in the crystalline bedrock. The repository would

be based on a KBS-3 type concept (Posiva 2000) and the planned disposal depth is of the order of

500 m. A similar depth is proposed in the Swedish concept. The Finnish nuclear waste disposal

facilities will be excavated in the saturated bedrock under groundwater level.

The purpose of geological disposal of nuclear wastes is to isolate the wastes from the human

environment for long time periods, while the activity decreases to an acceptable level. The

isolation function is studied in performance assessments of the disposal facility. The multibarrier

system - unsoluble fuel rods, copper canister, bentonite backfill and bedrock - between biosphere

and the spent fuel is considered in the performance assessment studies. Since bedrock is the

ultimate barrier between man and the nuclear waste, studying and modelling the migration of

radionuclides in the bedrock is an important task in any performance assessment of a repository.

Recent decades have seen extensive research on radionuclide migration in groundwater in rock

fractures, including in situ experiments, laboratory-scale experiments, natural analogue studies

and modelling work. In fractured rock systems the radionuclides migrate with flowing water and

the advective transport is restricted to the wide apertures of the rock fractures. Diffusion from the

water flowing in the fractures into the stagnant pore water in the adjacent rock is a potentially

important retardation and dispersion mechanism. The radionuclide diffusion through a geological

barrier is one of the phenomena to be taken into account in the study of confining properties of

geological nuclear waste barriers (Neretnieks 1980).

The term matrix diffusion is applied to the process by which radionuclides in groundwater,

flowing in distinct fractures, penetrate the surrounding rock. Diffusion into the rock occurs

through a connected system of pores and microfractures. The radionuclides may either sorb on
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the rock pore surfaces or else remain in solution in the immobile pore water. The importance of

matrix diffusion in the context of a radioactive waste repository is that it greatly enlarges the area

of rock surface in contact with advecting radionuclides, from simply the fracture walls to a

portion of the bulk rock. Sorbing radionuclides are able to contact a much greater volume of rock,

and thus total retardation will be greater, and non-sorbing radionuclides, which would otherwise

be transported at the advection rate of the groundwater are also delayed. The effective diffusion

coefficient (De), porosity (ε) and distribution coefficient (Kd) are the parameters describing

radionuclide retardation in transport models of performance assessment (Vieno & Nordman

1999).

A wide variety of methods exist for the characterisation of physical rock properties: permeability

measurements, electrical resistivity measurements, diffusivity measurements and water saturation

porosity measurements. Typically these methods give bulk data such as porosities, pore size

distributions, diffusivities, flow conductivities and specific surface areas. These data are usually

obtained in laboratory-scale tests relying on transport models for homogeneous matrices (Skagius

& Neretnieks 1985, 1986; Bradbury et al. 1985, 1986; Valkiainen 1992, 1995). It is essential to

ensure, as far as possible, that the values provided in laboratory-scale experiments, are reliable in

large-scale modelling and appropriate to real situations; where matrices are known to be

heterogeneous. Recent work of Johansson et al. (1998, 2000) have shown that diffusion

experiments at laboratory-scale are more accurately modelled when also the heterogeneous

structure of the porosity is applied in the calculations likewise Xu (2000) emphasises the

heterogeneities of natural systems in flow–dispersion–diffusion calculations. Pore characters as

tortuosity and constrictivity, which are included in the rock capacity factor, are usually

understood as geometry factors, lengthen the diffusion pathway and reduce the diffusion cross-

section, respectively. Not only the geometric criteria, but also the physical and chemical

interactions between radionuclides and the pore walls reduce the molecular mobility, and these

interactions in turn are influenced by the porosity and the pore apertures of the rock.

A rock is composed of solids, mostly crystals, organized according to a microstructure, which is

determined by the genetic processes (sedimentary, volcanogenic, magmatic, alteration), and of

voids, which result from intergranular joints, microfractures and dissolved zones. The pores have

important implications for chemical and isotopic exchange in feldspars and other rock forming

minerals, and for mineral reactivity with aqueous fluids in the temperature range of diagenesis



3

and soil formation (Walker et al. 1995). They are a significant repository of water and gases,

including noble gases and halogens in crustal rocks. They contribute to the temperature

dependence of the rheological properties of the crust and the rock electrical conductivity. Until

now, rock formation has been studied through the solid component assemblages, i.e. chemical

composition, size and shape. The voids were considered numerically, as modifications of

physical properties such as permeability and transmissivities.

In the present work the void distribution is considered as a major petrographical feature. The

mechanical and alteration history of the rocks has also been registered in their porosity. The high

resolution of the porosity images obtained by the 14C-polymethylmethacrylate (PMMA) –

autoradiographic method and the improved capacities of image processing techniques makes such

an approach possible. The PMMA method is applied to centimetric-scale rock samples, where

methylmethacrylate (MMA) intrudes into nanometric-scale pores. Two-dimensional porosity

images intergrate the information from nanometric scale to centimetric scale. When voids are

considered as petrographical objects alongside minerals, the value of rock analysis for genetic

investigation, physical research and predictive modelling is considerably improved.

This thesis introduces a new method for characterising the heterogeneous spatial porosities -

inter-, intra- and transgranular fissures and pores - of granitic rock samples in centimetric to

micrometric range. It offers a better understanding of rock porosity, and thereby a fuller

understanding of retardation processes as a part of the nuclear waste disposal assessment. The

structure of the work is as follows: 1) The conventional methods for characterising the porosities

and structures of granitic rocks are briefly reviewed. 2) The PMMA method and the

autoradiographic technique are presented in detail. 3) The PMMA porosity results are compared

with results obtained by water gravimetry and mercury porosimetry. 4) Experimental studies on

matrix diffusion are presented and the results are discussed in the light of the PMMA rock matrix

structural data. 5) Finally, applications and improvements to the PMMA method are presented.
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2 Porosity of rock

2.1 Definitions used in characterising rocks

The interface between circulating aqueous solutions and mineral phases is defined by the relative

distribution of solution-filled pores and minerals (Norton & Knapp 1977). Porosity in rocks in the

widest sense is understood to mean the entire solution-filled void space between and within the

individual mineral grains. In crystalline rocks, a combination of processes including

crystallisation sequence, brittle or ductile deformation of the fabric, corrosion, dissolution,

neoformation and alteration of minerals produces the characteristic properties of the pore space

(homogeneity or heterogeneity, aperture, form, length of pores). Although the pore aperture is

dependent on pressure, the pores generally remain open in the normal mineral fabrics of

crystalline rocks.

The presence of pores in the fabric of a rock material decreases its strength, and increases its

deformability. Even a small volume fraction of pores can produce an appreciable mechanical

effect (Jamtveit et al. 1997). Sandstones and carbonate rocks in particular occur with a wide

range of porosities and hence of mechanical characteristics. Igneous rocks are typically low

porous and low permeable rocks, but if weakened by weathering processes have high porosities.

A representative rock sample for testing porosity should generally comprise several lumps, each

an order of magnitude larger than the largest grain or pore size. Fissures of similar size to that of

a rock sample will cause erratic results in porosity determinations just as in diffusivity

determinations; their presence should be noted and if possible the lump size increased or reduced

to specifically include or exclude the influence of such fissures.

The International Society for Rock Mechanics (1979) has suggested the parameters for water

content, porosity and density of rock samples. The following terms and symbols will be used to

denote the masses and volumes of rock constituents when calculating physical properties such as

porosity and density.

Grain is the solid component of the sample, with mass Ms and volume Vs.

Mass of the pore water is Mw and volume is Vw
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Pore air is assigned zero mass and having volume Va

Pores, or voids, have volume Vv = Vw + Va

Bulk sample mass is thus M = Ms + Mw

Bulk sample volume V = Vs + Vv

Definitions, terminology and preferred S.I. units:

Water content w = Mw/Ms x 100 (%)

Porosity ε = Vv/V x100 (%)

Degree of saturation Sr = (Vw/Vv) x 100 (%)

Density = bulk (natural) density ρ = M/V = (Ms + Mw)/V (kg/m3)

Dry (apparent) density ρd = Ms/Vs (kg/m3)

Water saturated density ρsat = (Ms+Vvρw) /V (kg/m3)

Grain (real) density ρs (density of solids) = Ms/Vs (kg/m3)

Equations of interdependence

The physical properties defined above are interrelated, so that any unknown property can be

calculated if the others are known. The equations listed below can be used to calculate the

remaining properties from water content, porosity and dry density of the rock. Whereas water

content (w), degree of saturation (Sr) and porosity (ε) are usually expressed as percentages, the

void ratio is usually a dimensionless ratio. The following equations apply: 

w

d
r

w
S

ερ
ρ100= (%) (2.1)

d

w ρρ �
�

�
�
�

� +=
100

1 (kg/m3) (2.2)

ε
ρρ
−

=
100
100 d

s (kg/m3) (2.3)

Norton & Knapp (1977) have presented a pore model widely used in studying transport

phenomena in crystalline rock. This model is adopted here. The total porosity, εt, in fractured

media is represented by

rdft εεεε ++= (2.5)
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where εf  is the effective flow porosity and represents those pores through which the dominant

mode of fluid and aqueous species transport is fluid flow, i.e. dominated by advective transport

with hydrodynamic dispersion; εd is the diffusion porosity and represents those pores through

which the dominant mode of transport is by diffusion through the aqueous phase and εr is the

residual porosity and represents those pores not connected to εf and εr. The diffusion porosity, εd,

determines the pore diffusion coefficient Dp (Johansson 2000, Skagius et al. 1986, Bradbury &

Green 1985,1986b). The parameter εp is often used to define the connected porosity. In some

contexts εp is divided into transport porosity and dead-end porosity. The dead-end porosity has

been studied widely in recent years (Katsube 1982, Wadden & Katsube 1982, Valkiainen 1992,

1995).  Figure 2.1 gives an illustrative presentation of the pore structure with the surface charges

and dead-end pores. The dead-end porosity is one part of the diffusion porosity and can be

defined as storage porosity for diffusing species. Division into transport and dead-end porosity is

not made in this work. The porosity refers to the pore volumes accessable for diffusion and

symbol εp is equal to εd.

Figure 2.1  An illustrative presentation of a pore
structure with surface charge and dead-end pores
(adapted from Valkiainen 1992)

Tortuosity, τ, and constrictivity, δ, are dimensionless pore geometry factors which characterise

the diffusion porosity  (Figure 2.2). The actual length of the tortuous capillary divided by the

straight line distance between the ends of the tube defines the tortuosity factor τ, the value of

which will always be less than 1 (Katsube et al. 1985). Tortuosity characterises the curved shapes

of pores and fissures, in contrast to the straight lines along the diffusion pathways. Tortuosity

lengthens the diffusion pathways. Constrictivity, in turn, characterises the pore sizes or fissure
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apertures along the diffusion flux and when constrictivity increases the diffusion cross-sections

are reduced.

Figure 2.2 Schematic explanation of
a) tortuosity, which lengthens the
diffusion pathway,s and
b) constrictivity, which  influences  on the
diffusion cross- sections.
(Frick 1996)

Because physical interactions that reduce the molecular mobility in the pore space of a mineral

matrix are always present, the tortuosity and constrictivity parameters, which are purely

geometrical, cannot usually be measured directly. These parameters are summarised into a single

empirical parameter, the geometry factor G=δ/τ2 (van Brakel & Heertjes 1974, Neretnieks 1980)

in order to relate pore geometry to diffusivity:

wwp GDDD ==
2τ

δ
(2.6)

where Dw is the diffusion coefficient of a diffusing species in free water (m2/s)  and Dp is the

diffusion coefficient in pore water (m2/s) and G is a dimensionless geometry factor. The narrower

the pore space and the stronger the physical interaction of the solution with the mineral phase, the

greater the internal friction and the smaller the geometry factor. The value of the geometry factor

varies between 0.001 and 1 in a very wide range of rock matrices, and high pressures reduce it

(Neretnieks 1980). The empirical parameter encompasses all geometric and physical factors that

reduce molecular mobility in the pore space as compared with free water.

Geraud et al. (1992) suggested the porosity model of granitic rocks illustrated in Figure 2.3. The

porosity is composed of two types of microstructure: pores and cracks. While crack refers to long

narrow cavities of low aspect ratio, where the length is at least ten times the width, the term pore

refers to approximately equidimensional cavities or high-aspect ratio cavities. Aspect ratio is

defined as the ratio of minimum to maximum cavity dimensions. The term void is used instead of

crack. Nomenclature of pores has been defined by IUPAC as micropores <2 nm, mesopores 2-50

nm and macropores >50nm. The porosity of rocks can be divided into still other types of pores
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not mentioned above. First there are transgranular pores, which are pores or microfissures that

transsect the mineral grains. Secondly, there are intergranular pores, which are located around the

mineral grains forming an connected network of pores. Thirdly, there are intragranular pores

located inside mineral grains and either connected to the transgranular or intergranular pores or

isolated, in which case they are a part of the residual porosity.

Figure 2.3  Porosity model for granitic rocks (adapted from Geraud et al. 1992). Porosity is composed of
two types of microstructures: pores and cracks. They are distinguished by their aspect ratio (l/L ratio). A
pore aspect ratio is defined as less than 0.1 and a crack aspect ratio as more than 0.1. This structure
comprises the total porosity, which is divided into connected porosity and unconnected porosity. Throat
diameter is a parameter depending on pressure injection in mercury porosimetry and can be related to
crack width.

2.2 Geological aspect

Porosity in crystalline rocks can be mainly divided into two types: primary, acquired during

magmatic crystallisation, and secondary, acquired since crystallisation through rock alteration.

Rock forming minerals are changed structurally and chemically with time by water–rock

interactions, resulting weathering and alteration. When a rock undergoes deformation due to

some superimposed stress, the mineral constituents of the rock may deform in either a brittle

manner by fracturing or in a ductile fashion by crystal plastic processes. Low temperature and

higher strain rates favour brittle deformation of minerals whilst higher temperatures and lower

strain rates promote ductile deformation. Porosities of fresh granites and gneisses range from
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about 0.2% to 1%; after alteration or weathering, the porosity varies from 1% to several per cent

(Norton & Knapp 1977, Skagius & Neretnieks 1986). Occasionally alteration leads to decreased

porosities of the rock matrices (Katsube & Kamineni 1983). According to Sprunt & Brace (1974)

the porosity of unweathered granites is mainly cracks. Pores appear with alteration and

weathering. Quartz is resistant to weathering. Biotite changes to chlorite and later on to clay

minerals. Potassium feldspar and plagioclase change through sericitisation to clay minerals,

which are of grain size 2 µm and below and have porosities ranging from below 1% up to tens of

per cent. Zeolites may be defined as hydrated aluminosilicates of the alkali and alkaline earth

metals with an infinitely extended three-dimensional anion network. Zeolites contain narrow

pores (<1 nm) and are easily disrupted during drying.

2.3 Length scales of heterogeneities

The scale limits for the investigations are now presented. The outcome of any given process in a

porous rock depends on length scales, over which the system may or may not be homogneous. A

homogneous system is one whose properties are independent of its linear size. Normally there are

heterogeneities in the system, existing at different length scales and the overall behaviour of the

transport processes such as diffuson will depend on the way the tracers distribute themselves in

the heterogeneous rock medium.

In general, the heterogeneities of a natural porous rock can be described at mainly four different

length scales, which are as follows (Sahimi 1995): 1) the microscopic heterogeneities are at the

level of pores and the mineral grains and are examined through microscopy or electron

microscopy of thin sections, 2) the macroscopic heterogeneities are at the level of rock cores and

represent centimetric scales, 3) megascopic heterogeneities are at the level of entire rock blocks,

which may possess large fractures and faults and 4) gigascopic heterogeneities are encountered in

landscapes that may contain mountains and rivers etc. This work looks at the heterogeneities of

rock at the first two scales. Contrary to the studies on transport phenomena where cores are

assumed to be homogeneous and average effective properties like porosity and diffusivity are

assigned to them, this work focuses on the impact of centimetric-scale structures on transport

processes.
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2.4 Conventional methods to characterise rocks

2.4.1 Water impregnation method

Water is a naturally occurring substance in crystalline rock matrices. However there are different

types of water: interstitial water, water bound in the crystal lattice and the stagnant water in open

pore spaces. Water saturation is the basic method used in porosity determinations; it measures the

interconnected porosity of rocks excluding the residual porosity. The size of the water molecule

is 0.193 nm and the viscosity of water is 0.00985 P at 25°C (Leonard 1978). Because of the

asymmetric charge distribution, water molecules have an electrical dipole moment, which is 1.68

D. Thus water molecules have an ionic character and are bound in several layers on the charged

surface of the solid rock phase.  As a result, the viscosity of the water, or its internal friction, is

considerably greater (up to a few nanometers) around the mineral grains than it is in the “free”

unrestricted medium as schematically illustrated in Figure 2.4. The smaller the pore apertures (i.e.

“narrower” pore space), the greater is the contribution to the electrostatic forces.

Figure 2.4  Simplified schematic representation of the bonding and distribution of water molecules and
ions on silicate surfaces of the pore space and the relative viscosity of the aqeous phase in narrow pores.
(Frick 1996)
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A wide variety of procedures are available for measuring the water porosity, one of them being a

standard method of the International Society for Rock Mechanics. The proposed method for

porosity/density determinations using saturation technique (Rock characterisation, testing and

monitoring ISRM suggested methods. 1979) was used in some of the experiments reported in this

work. The proposed test is designed to measure the porosity, dry density and related properties of

a rock sample in the form of specimens of regular geometry. The specimen is dried in an oven

capable of maintaining a temperature of 105°C to within 3°C for a period of at least 24 hours.

During cooling the specimen is kept in a desiccator. The specimen dimensions are measured with

a micrometer caliber. The specimens are immersed in water under vacuum for at least one hour.

The specimen mass is determined with a balance having an accuracy of within 0.01%. For the

weighing, the specimen is removed from the vacuum chamber and the surface is dried with a

moist cloth. The saturated dry-surface mass of the specimen is determined. Then the specimen is

dried to constant mass at 105°C and the dry mass is determined. The samples used were 10 mm

thick rock cores having diameters of 20 to 50 mm.

Besides the ISRM method, a modification of the procedure of Skagius & Neretnieks (1986) was

used in this work. The samples were dried under vacuum of (one-stage oil pump) for 2 to 7 days

at 80 to 90°C. The water was infiltrated under ambient pressure or under vacuum for about a

week. After infiltration water adhering to the surface was removed by wiping with a piece of

cloth, and water in large surface pores (damage caused by drilling or sawing) was evaporated in

an air stream for about 10 to 20 seconds. Besides water, various organic liquids with different

volatilities were tested including methylmethacrylate (Hellmuth & Siitari-Kauppi 1990).

The effect of drying temperature on the porosity values was studied for unaltered tonalite, mica

gneiss, unaltered porphyritic granodiorite, basalt and muscovite granite by modifying the above-

mentioned water gravimetric methods by varying the drying temperatures from 50 to 150°C . The

effect of infiltration time on the porosity was studied using infiltration times of 3, 5 or 11 days.

Figures 2.5 and 2.6 present some of the results by way of example. The tests were normally

performed to evaluate the required drying temperatures and infiltration times for methylmetha-

crylate infiltrations. As the size of the pore aperture decreases, the water infiltration occurs more

slowly, as seen for basalt and mica gneiss samples (Figure 2.6). Although capillary pressures

reach very high values (about 1500 bar at 2-nm diameter), the pore dimensions have the greater

effect upon the water infiltration speed. In 2-nm capillary-shaped pores, the flow speed of the
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infiltrating water is about 2 cm in 28 hours. Measured rates for the wetting of concrete with

tritium values between 1 and 4 cm/d, are reported in Eichholz et al. (1989). Slow infiltration of

water indicates a significant portion of micropores in the rock matrices.

Figure 2.5  Water saturation method. Porosities of unaltered tonalite, mica gneiss, porphyritic
granodiorite, basalt and muscovite granite using drying temperatures of 50°C, 100°C and 150°C. (left to
right: mica gneiss, tonalite, basalt and porphyritic granodiorite)

Figure 2.6  Water saturation method. Porosities of unaltered tonalite, mica gneiss, porphyritic
granodiorite, basalt and muscovite granite using infiltration times of 3, 5 and 11 days. (left to right: mica
gneiss, tonalite, basalt and porhyritic granodiorite)
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2.4.2 Mercury intrusion porosimetry

The mercury intrusion porosimetry method for characterising physical rock properties i.e. the

connected porosity and pore aperture distributions as well as the specific surface areas, is a

conventional method often used for artificial samples. In this work a series of rock samples

including unaltered, altered and weathered rock samples were characterised by mercury intrusion

porosimetry. This is generally regarded as the best method available for the routine determination

of pore sizes in the macropore and upper mesopore range. Since the contact angle of mercury

with solids is 141.3°, an excess pressure is required to force liquid mercury into the pores of the

solid.  The technique consists essentially in measuring the extent of mercury penetration into an

evacuated solid as a function of the applied hydrostatic pressure. Atomic mercury has a size

of about 2 nm and, according to Gregg & Sing (1982) the lower limit of mercury porosimetry in

practice is 3.5 nm. Compact samples of dense rock may not give realistic information on the pore

system due, among other things, to limitations of the theoretical pore models used in the

interpretations of the results, which normally assume that all the pores are cylindrical. The

relationships between the radius (r) of the pores being intruded and the intrusion pressure (PHg) is

given by the Washburn (1921) equation

r
PHg

θγ cos2= (2.7)

θ is the contact angle of mercury with solids, being 141.3°. As this is more than 90°, an excess of

pressure is required to force the liquid mercury into the pores of the solid (see Figure 2.7). The

coefficient γ is called the surface tension, having a dimension of energy/area (Jm-2).

Figure 2.7  Mercury penetrating a pore. ro = r
cosθ. (adapted from Gregg & Sing 1982)
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The mercury porosimetry measurements within this work were done in the Federal Institute for

Materials Research and Testing (BAM) in Berlin, Germany. The conventional pore aperture

distributions were determined as well as the total porosities of centimetric-scale rock samples. A

new method relying on X-ray-microcomputer tomography before and after mercury intrusion

porosimetry has been developed (Hellmuth et al. 1995 ; Klobes et al. 1997a, 1997b). The

combination of the two methods can give 3D data on mineral specific porosity distributions with

additional pore size information. In this context the results are briefly compared with the porosity

distribution data provided by the PMMA method for granites from the Palmottu Natural

Analogue site (Siitari-Kauppi et al. 1999).

Mercury porosimetry was performed with a macropore unit MU 120 and a porosimeter 4000,

Carlo Erba, Milano (dilatometer volume 15 ml, capillary radius 1.5 mm). Porosity, pore volume

distribution and specific surface area were determined. With a maximum pressure of 4000 bar the

range of meso- and macropores was covered. First the sample was evacuated and the macropores

>7.5 µm were determined, and then the dilatometer was inserted into the high pressure unit.

According to the Washburn (1921) equation, the equivalent radius of the smallest pores was

1.8 nm based on a cylindrical pore model. In the calculations for the surface tension of mercury a

value of 480 dyn/cm was used. The studied rock samples were prepared by sawing or by sawing

and polishing to reveal any artefact formation after sample preparation for the pore aperture

distribution. Couchot et al. (1997) and Dubois et al. (1998) have applied the modified Washburn

model for the access diameters for mercury, taking into account the granite fissural network,

which more often is composed of cracks than of cylindrical pores. The spatial porous network

could be described by two distributions, one for the interconnected constrictions (throats) and one

for the openings (voids), as presented in Zgrablich (1991). This model was used in the work of

Guillot et al. (2001), in which the mercury porosimetry results were compared with the PMMA

porosimetry results.

For the unaltered, densest rocks the smallest pore volumes were not detectable by mercury

intrusion porosimetry unless a volume correction was applied taking into account the

compressibility function of mercury, which depends on pressure, temperature, speed of analysis

and the amount of mercury in the dilatometer. If the porosities are low, the correction increases
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the porosity values especially in the range <7.5 µm as shown in Table I. Furthermore the

correction may lead to changes in the pore size distribution.

Table I Influence of volume correction on results of low- and high- porosity rock sample (values without
volume correction in parentheses). Samples prepared by standard diamond sawing. (Hellmuth et al. 1995)

Sample Porosity (%)

        < 7.5 µm                  >7.5 µm                              total

Rapakivi granite, fresh

(Y24 173 m)

0.18

(0.03)

0.36

(0.36)

0.55

(0.40)

Tonalite, fresh

(SY1 169 m)

0.17

(0.09)

0.41

(0.41)

0.57

(0.49)

Tonalite, strongly altered

(SY7 176 m)

5.46

(5.24)

0.75

(0.75)

6.20

(5.98)

The total porosities found by the mercury porosimetry method seemed to be quite high before the

correction was applied, compared with those found by saturation with water. In particular, the

large portion of pores that appeared in the range between 7.5 µm and about 50 µm radius was

dubious because it seemed to be independent of the rock type. Coarsely crushed samples, in

comparison with intact specimens, showed significantly higher pore volumes in the pore size

range above 7.5 µm. Most probably the larger pores were artefacts of the sample preparation with

diamond sawing. In pore aperture histograms (Figure 2.8), significant changes, in particular a

broadening in the low pore size range, occurred. The discrepancy for the pore fraction greater

than 7.5 µm illustrates the problems with the macro pore measurements. The total porosity values

of mercury intrusion and PMMA method are discussed in section 3.11.2.
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Figure 2.8  Influence of sample preparation and calculated volume correction on obtained pore size
distributions of dense mica gneiss. Solid line: left scale, bars: right scale. (Hellmuth et al. 1995)
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2.4.3 Fluorescein impregnation

The conductive porosity of rocks can be determined with a conventional impregnation method,

using epoxy resin dyed with fluorescein emitting colour substance. The resin contains three

components: an organic molecule having a molecular weight of 500-700 g/mol, a hardener and a

colour substance. In this work the fluorescein impregnation was performed according to the

methodology proposed by Montoto et al. (1992, 1995). The 1x1x2 cm3 rock samples were dried 2

days at 105°C before resin impregnation, which was performed under vacuum and under a

hydrostatic pressure of up to 10 MPa. The resin polymerises in the matrix after a few hours. Thin

sections 150 µm and 20 µm thick, cut from the centre of the impregnated rock discs, are used for

microscopical examinations; polarised light microscopy, fluorescence microscopy, confocal laser

microscopy and scanning electron microscopy. The fissure information obtained with confocal

laser microscopy provides 3D images.

The fluorescein impregnations were conducted at the University of Oviedo, Spain. The resin

impregnated samples were unaltered and altered muscovite granite (Hämeenlinna, boulder

sample), porphyritic granite (Kivetty area, central Finland), rapakivi granite (Loviisa,

Hästholmen) and tonalite (Sievi, Syyry). In view of the large molecular size of the impregnating

substance, it is assumed that the resin penetrates mainly fissures and grain boundaries having

apertures of micrometer size. The resin also penetrates altered mineral phases, but the resolution

of the fluorescein microscope is too low to distinguish the pores of these mineral phases. The

resin was not found in the dense unaltered rock samples. The fissures and cracks in altered rocks

were accessible to the resin, and intra- and transgranular fissures of feldspars and quartz grains

were clearly revealed.

2.4.4 Electron microscopy

Scanning electron microscopy (SEM) allows direct observation of the pore space. Microscopic

examination of pores provides information about total porosity, not only about the flow and

diffusion porosity but also about the residual pores. Microscopic techniques used to determine the

volumetric content of mineral grains do not provide a sufficiently accurate estimate of the

volumetric pore content. However, microscopy can provide useful supplementary information on

the shape and size of pores. SEM is usually used in conjunction with other techniques for
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example with mercury porosimety or fluorescein impregnation techniques (Geraud et al. 1992,

Montoto et al. 1999) and in conjunction with many PMMA applications described in chapter 5.

The procedure for statistical calculation of all pores and cracks with SEM demands the use of

several magnifications. Porosities of feldspars in various rock types have been presented by

Walker et al. (1995), where pore apertures of 200 nm and porosities of 0.4% were the lowest

values detected by SEM. Sammartino (1999) has determined the pore structures of unaltered and

altered Charroux-Civray tonalite samples using SEM, obtaining pore apertures of 0.5-0.6 µm for

unaltered rock and 2-4 µm for altered rock. A fixed magnification of 4000 was used, giving a

resolution of 0.1 µm.

Scanning electron microscopy and energy dispersive X-ray analysis (SEM/EDS) were performed

in this work both to study the pore apertures of porous regions in greater detail and to detect the

corresponding minerals, but no statistical calculations were applied. The regions for SEM/EDS

measurements were selected from autoradiographs obtained with the polymethylmethacrylate

method. The porous regions of rocks comprise pores and fissures with a wide range of apertures.

Electron microscopic analysis of polished rock sections (polished with 0.25 µm diamond paste)

was carried out with using a Zeiss DSM 962 electron microscope and the Link ISIS program with

a UTW Si(Li) detector operated in the backscattered electron image (BSE) mode. The samples

were carbon coated. The contrast of the open pore space was enhanced by impregnation with

MMA. When samples are polished the artefacts do not arise so easily and the low aperture pores are

perhaps not filled with rock dust. Pore openings smaller than 0.2 µm were usually not observable

when BSE images were analysed. A few BSE images were processed in an image analyser using

Global Lab Image Analysis (Data Translation) software to calculate the porosities of altered mineral

phases according to the grey levels of the BSE images.

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS)  were always

in the investigations of the excavation damage zones with the PMMA method (Siitari-Kauppi

1995, 1997a, 1997b, 2001; Autio et al. 1998a, 1998b). The pore apertures and minerals in porous

regions were investigated in greater detail in the PMMA impregnated rock surfaces. The

principal minerals were identified by EDS. The samples were carbon coated. Magnifications of
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up to 1000-fold were used to reveal apertures down to a size of 500 nm. The contrast between the

pore space and solid rock is enhanced by the MMA impregnant.

2.4.5 Conclusions

The bulk porosity values of centimetric-scale rocks are provided by water impregnation method.

The total conductive porosity is measured and the probe molecule is a natural by occurring

constituent of rocks. However, the heterogeneities of centimetric-scale rock cores are not

revealed. Information on the pore aperture distribution is achieved by mercury intrusion

porosimetry. The size of the mercury molecule sets a limit of 2 nm on the pore aperture and the

complex modelling of the data to obtain the total porosities of the heterogeneous rocks is a

dubious procedure. The sample dimensions used for mercury intrusion porosimetry are somewhat

smaller than those for water impregnation method and the possibility of erroneous results due to

sawing artefacts is increased.

Fluorescein impregnation technique reveals exactly the apertures and sizes of fissures, but the

information is gained after tedious microscopic examinations and the micro- and macropores are

not reached by the fluorescein-dyed resins. Today, electron microscopy can reveal nanometric

scale pores. In addition, not only flow and diffusion porosity but also residual porosity can be

examined. The sample dimensions are small relative to the samples used for water gravimetry

and PMMA measurements, and the sample preparation may cause artefact-type fissures. The

determination of the conductivity and the macroscale heterogeneities of centimetric-scale rocks is

difficult and tedious to achieve by electron microscopy.
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3 14C-Polymethylmethacrylate (PMMA) method

To obtain data on the conductivity and the structures of rock matrices in the centimetric scale, a

new technique based on autoradiography was developed. The PMMA technique measures the

interconnected porosity of centimetric-scale rocks, and gives images of the two-dimensional

porosity distributions. Combined with a mineralogical-petrographic characterisation of the rocks,

it provides the porosity distributions and the porosity profiles of rocks adjacent to potential water

conducting fractures.

The PMMA method involves impregnation of the rock sample with 14C- or 3H-labelled MMA in

vacuum, polymerization by irradiation, autoradiography with nuclear emulsion, optical

densitometry and porosity calculation routines using digital image processing techniques. The

low molecular weight and low viscosity carrier monomer MMA, which can be fixed after

impregnation by polymerisation, provides direct information about the accessable pore space in

rock. Applied to low porous rocks, autoradiography provides the spatial distribution of the

porosity, in contrast to water gravimetry, which gives only bulk porosity values.

Total porosity is calculated using 2D autoradiographs of sawn rock surfaces. This value can be

compared with values obtained by physical porosity measurements. The preconditions for

applying this method and calculating local porosity are (i) known local bulk density; (ii) presence

of only two phases (solid minerals and PMMA) and (iii) all pores in the measured area below the

limit of lateral resolution of autoradiography, which is about 20 µm for 14C-PMMA impregnated

rocks and 10 µm for 3H-PMMA ones.

The spatial porosity patterns that are obtained can be applied for the development of modelling

approaches to describe porosity heterogeneity and matrix diffusion, the analysis of texture and

anisotropy characteristics, and the validation of migration experiments in laboratory scale or in

situ. The PMMA method is usually combined with other rock matrix characterisation methods

such as water impregnation and mercury intrusion porosimetry methods. Figure 3.1 presents the

PMMA procedure showing the experimental part A and the analytical tools B. The method

development described later follows the order of the schematic illustration.
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A

rock sample
drilling, sawing

variation of sample sizes:
∅20-100 mm, length 1-30 cm

drying under primary vacuum
variation in temperature: 50°C-110°C

impregnation
3H- or 14C-labelled methylmethacrylate

polymerisation
irradiation with 60Co source,

samples in water saturated with MMA
 maximum  dose  50 kGy

pre-releasing of luminescence
heating 120°C, 3 hours

sample preparation
diamond sawing,  polishing

autoradiography
exposure on films / β emitting nuclides

variation in time: 1-20 d

digitising autoradiographs
flatbed scanner or CCD camera

B
porosity calculation:

total and local porosities as porosity histograms
porosity profiles

superimposition options:
relation with mineralogy

network of connective porosity:
relation to transport

dynamic experiments:
diffusion profiles

Figure 3.1 Procedure of PMMA method. A experimental part, B digital image analysis tools.
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3.1 Properties of methylmethacrylate tracer

The molecule for the PMMA work was selected according to the following criteria: it has to be a

liquid of low viscosity at ambient temperature, with a boiling point that is not too low, and it

should polymerise by a radical chain mechanism to be suitable for polymerisation by gamma

radiation; the polymer has to be sufficiently rigid mechanically to enable preparation of samples

by diamond sawing. The choice fell on MMA; CH2=C(CH3)CO2CH3, which is a monomer with a

very weak dynamic viscosity: it is 0.00584 Pas (Daniels and Alberty 1967) at 20°C, while the

viscosity of water is 0.00895 Pas at 25°C (Leonard 1978). The MMA molecule is a small organic

molecule (molecular weight 100.1 g/mol). The boiling point of MMA is 101°C and its density is

0.942 kg/m3. Figure 3.2 shows the model of the MMA molecule.

Eini Puhakka, VTT Chemical Technology

Figure 3.2 AM1 optimised structure of
methylmethacrylate with van der Waals surfaces

The MMA molecule is partly hydrophobic, but it also has a hydrophilic site due to the carbonyl

group, leading to the limited miscibility with water: 1.6% MMA in water and 1.15% water in

MMA (Handbook of Chemistry and Physics 1985). More comparisons can be made between

water and the MMA molecule: the molecular dipole moment is 1.7 D for MMA and 1.9 D for

water.
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The MMA molecule is asymmetric and presents, indeed, a thickness of approximately 0.4 nm for

a lengthening of approximately 1 nm, while the diameter of the water molecule is 0.193 nm

(Relyea 1979). The MMA molecule has been measured as 0.38 nm-thick monomolecular layers

inside montmorillonite clay mineral sheets (Blumstein 1965). The high permanent dipole moment

of the carbonyl group might to lead interactions between MMA and the negatively charged

silicate surfaces. Methylmethacrylate liquid can be described as a dipolar aprotic liquid without

hydrogen bond donors. Cohesion in this kind of organic liquid is weak due to dispersion and

induced forces and the lack of hydrogen bonds. The MMA molecule is prone to spontaneous

polymerisation. To prevent this, the commercially available inactive MMA as well as the 3H- and
14C-labelled MMA liquids are stabilised with 100 ppm hydroquinone.

The contact angle of the MMA molecule on silicate surfaces is low; thus impregnation of bulk

rock specimens is rapid by capillary forces and depends on the existing pore aperture distribution.

MMA has non-electrolytic properties and only low polarity, the polarity of the ester being

considerably lower than that of water, and it behaves in the rock matrix like a non sorbing tracer.

3.1.1 14C-labelled methylmethacrylate

The first tracer we worked with was commercially available methyl-[2-14C] methacrylate

(Amersham, UK) having specific activity of 18.5 MBq/g. Later the labelled monomer was

obtained from the Russian Scientific Centre “Applied Chemistry”; it had specific activity of 74-

185 MBq/g and a total activity of 1850 MBq. Its radiochemical purity was >95%. In the

experiments the dilution of the tracer usually ranged between 1.85 MBq/ml and 0.925 MBq/ml.

The low β energy of the 14C nuclide, maximum 155 keV, is convenient for autoradiographic

measurements. The range of the 155 keV beta rays in rock matrix of 2.6 kg/m3 density is over

100 µm (Evans, 1955). The range of β particles has to be taken account of in the quantitative

porosity measurements of the autoradiographic films and it constrains strongly the resolution of

the method. The consequences of the range are discussed later on in section 3.8.3. The half-life of
14C is 5360 years, thus the rocks are available for studies by autoradiography a long time after

impregnation.
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3.1.2 3H-labelled methylmethacrylate

3H-labelled MMA was employed in experiments to obtain better resolution, with the extremely

low β energy of the tritium nuclide (the maximum β energy is 18 keV). The total activity of

methyl-[2,3-3H] methacrylate was 185 000 MBq, the specific activity being 2109 MBq/g and the

radiochemical purity >95%. 100 ppm hydroquinone was used for stabilization. The labelled

compounds were synthesized by V.I. Mishin at the Russian Scientific Centre “Applied

Chemistry”, in St. Petersburg and delivered by Techsnabexport Moscow. The half-life of 3H is

12.3 years and the samples can be studied for long periods of time after impregnation. The range

of the 18 keV beta rays in rock matrix of 2.7 g/cm3 density is 2.5 µm (Evans, 1955). The spatial

resolution of the autradiographs obtained with 3H-PMMA is better than that obtained with 14C-

PMMA due to the lower energy, but the higher specific activity of 3H needed to provide an

autoradiographic image restricts the use of tritium-labelled methylmethacrylate. This is not a

problem for highly porous clay material, but it may be for granitic rock.  Another drawback is

that evendiluted 3H-labelled methylmethacrylate autopolymerises easily and restricts the length

of time during which 3H-labelled MMA can be used.

3.2 Drying of rock matrices

The rock samples are dried before MMA impregnation to remove any water, which could hamper

the penetration of the impregnating agent into the rock pore space. The water in the pore space of

granitic rocks means the water in the void volume, not the interstitial water in mineral crystals,

which is specific to certain phases: e.g. clays and zeolites. In this work it is assumed that the

“free” water in open voids is removed by drying.

The rock samples were dried under vacuum at temperatures from 50°C to 120°C, for a few days

to a maximum of two weeks. The rock samples were dried in large aluminium chambers, in

which the impregnation was also performed. The weight loss of the rock samples was not

monitored during drying. The standard method for determining the porosity of rocks, as

suggested by ISRM (1979) calls for a drying temperature of 105°C. The normal drying

temperature during the first years of the development of the PMMA method was 120°C. Minor
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artefacts may be created in certain matrices, but usually no artefacts are observed within the

accuracy of the measurements. Figure 3.3 shows the vacuum chambers used for drying and

impregnation of the rock samples.

Figure 3.3 Vacuum aluminium chambers for
drying rock samples. Impregnation with 14C-
MMA was done in the same chambers. (Siitari-
Kauppi 1995)

If drying is not complete the infiltration of MMA may be hindered by the hydrophobic character

of the MMA molecule. Some rocks contain a large fraction of nm-size pores and the drying

conditions may then be too mild to remove the monolayers of water. Such layers cover the

surface of pores, and difficulties arise particularly with rock containing large amounts of high

surface area minerals (rocks rich in phyllosilicates as well as argillites). The samples used in the

excavation damage zone investigations were dried at 80°C to avoid possible artefacts, and still

lower temperatures were used for granites characterised by high quartz and plagioclase contents.

Little is known about the immediate changes of existing porosity with temperature. Theoretically,

an increase, no change, or a decrease of porosity with temperature expansion of the matrix is

possible, as stated in Landolt-Börnstein (1982), but porosity variations could be expected to be

small. According to Geraud et al. (1992, 1994), the drying temperature may slightly affect to the

rock porosity at temperatures as low as 50°C. The temperature was found stongly to affect quartz

and fresh plagioclase grains, increasing the formation of microfissures. Preparation of water free

rock surfaces requires ultra-high vacuum conditions and high temperatures; about 400-450°C.

Rocks may contain a significant amount of micropores with apertures below 2.5 nm, in which the

behaviour of adsorbates is not yet completely understood. In these pores the actual vapour

pressures are far below those in large pores or over free liquids. The conditions of sample
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pretreament reported in the literature dealing with porosity determination and BET measurements

vary widely. Most frequently, temperatures are about 100-110°C. Perami et al. (1971) found wide

variation in the thermal expansion of granite minerals. The increase in porosity was determined to

be 0.1% when the drying temperature was increased from 90°C to 125°C. Between 125°C and

165°C the increase in porosity was 1.4%. The crack formation in quartz grains began even below

100°C.

Brief study was made of the influence of the heating temperature on the measured porosity values

and, as stated above the influence was dependent on the rock type (see section 2.2.1). The

influence of the temperature was found to be insignificant in the range 50-150°C in matrices

having a hydraulically conducting pore network and in altered rocks. Such as mica gneiss and

basalt having a high portion of porosity in mesopore range the effect of drying temperature on the

connected porosity was significant. The differences between the MMA- and water saturation

results disappeared or were clearly dimished, when high drying temperatures were used. This

supports the hypothesis that monolayers of water in micro- and mesopores, which cannot be

removed at lower temperatures  prevent the infiltration of MMA, but not of water. As a

demonstration of the effect drying temperature on porosity, samples of unaltered rocks; rapakivi

granite and porphyritic granodiorite, were dried at 450°C and 120°C for 24 hours and the porosity

was measured with the water gravimetric method. Drying at 450°C indicates three times as high

porosity as does drying at 120°C indicating a high portion of residual water inside the mineral

grains. The results are presented in Table II.

Table II Porosities of rapakivigranite and porphyritic granodiorite measured after drying at 120°C and
450 °C. Measurement by water gravimetry (uncertainty 2%).

sample drying temperature

(°C)

water saturation

(%)

rapakivigranite, unaltered 120

450

0.3

0.8

porhyritic granodiorite,unaltered 120

450

0.2

0.7
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The earlier studied clay samples from France and shales from Switzerland, were affected by the

drying and strong fracture formation was observed (see section 5.4.1). The solvent–exchange

method can be applied for argillite samples when impregnating with 14C-methylmethacrylate, but

it is likely to cause significant amounts of artefacts. The solvent exchange method has been

widely applied by Push (1998) for crushed and pressed bentonite matrices to strengthen the

structures for preparation of thin slices, which are studied by microscopic methods.

3.3 Impregnation of rock samples

The saturation of the dry rock samples with MMA was performed using a wide variation of

impregnation times and according to the initial porosity data from water saturation

measurements. The impregnation time depends on the sample size, the mean porosity, the

connectivity and the constrictivity of the pore space. The size of the samples varied from 20 to

100 mm in diameter (usual drill core size) and 10 to 600 mm in length. Normally the

impregnation is started under vacuum; first the chamber is filled with MMA gas and after that

with the MMA liquid. After some hours or days, the vacuum may be lost and the impregnation is

then continued under ambient air. The MMA first intrudes into macropores (> 50 µm) due to

capillary forces and finally slowly into micropores (< 2 µm). In the author’s experience, the

complete intrusion of MMA into granitic rocks may take weeks. Infiltration times can vary

considerably; with core samples 40 mm in diameter, between 1-2 days and 3 weeks were

necessary, depending on the hydraulic conductivity and the microstructure of the rock. Figure 3.4

presents an example of a thoroughly impregnated granite sample from Palmottu Natural

Analogue site, Finland. Various alteration features can be seen in this eastern granite sample. The

autoradiograph shows high porosities in strongly altered biotite regions of over 3% and in

potassium feldspar and plagioclase grains exhibiting intra- and transgranular fissures. Grain

boundary pores are found around quartz grains. The total porosity of the matrix is 0.5%.



28

Figure 3.4  Photograph of Palmottu granite sample and corresponding autoradiograph Sample width is
45 mm. Total porosity of the sample is 0.5% measured with autoradiographic method. Altered mineral
grains are highly porous 3-5%. (Siitari-Kauppi et al. 1999)

One example of incomplete saturation of MMA was an intermediate volcanite sample from Sievi,

Syyry, Finland. The rock contains plagioclase, quartz, hornblende and biotite. As illustrated in

Figure 3.5, the fine-grained and relatively unaltered matrix between fissures was dense and not

amenable to impregnation with MMA even with impregnation time of 4 weeks. Laumontite-filled

fissures had porosities of 0.5-0.8%. A possible explanation for the observed incomplete saturation

with MMA when kinetic effects can be excluded might be the large fraction of nm-porosity in

these rock types. Under the mild drying conditions applied, the internal surfaces in the samples

are still covered with at least monolayer of water. Clay minerals might be present, which block

the connected pore network for MMA. For example, illite formation indicates pore compaction

due to precipitation, which releases crystal-bound water and leads to rearrangement of the shale

matrix and denser packing (Jamtveit & Yardley 1997).
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Figure 3.5  Photograph of  intermediate volcanite rock sample from Sievi, Syyry and corresponding
autoradiograph. Sample width is sample 15 cm. (Siitari-Kauppi et al. 1997c).

In some cases of strongly altered rocks where clay minerals existed, as for example pronounced

in strongly altered tonalite samples from Sievi, chemical interactions may have occurred between

mineral phases and MMA. This was observed in dynamic experiments, where 14C-MMA was

outleached from the impregnated rock samples. After several months outleaching time,

significant levels of tracer were still left in altered mineral phases. The effect should be taken

account in dynamic PMMA experiments.
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3.4. Polymerisation of MMA in the rock matrices

Methylmethacrylate can be polymerised with use of radiation, heat or chemical initiation. The

polymethylmethacrylate is formed by free radical vinyl polymerisation of the monomer (Chapiro

1962). Figure 3.6 shows the model of PMMA molecule containing 24 monomer units.

Eini Puhakka, VTT Chemical Technology

Figure 3.6 Isotactic polymethylmethacrylate conformer with 24 monomer units.

Methylmethacrylate impregnated in rock sampleswas polymerised with use of radiation, since the

radiation source was available. The dose rate of 60Co radiation source varied from 0.2 to 1.5

kGy/h during the years of the method development. The total dose provided varied between 50 to

80 kGy for each sample. PMMA acquires a faint yellow colour upon irradiation which is

noticeable after doses of the order of 30-40 kGy, and it turns to deep reddish brown on further

irradiation. According to Spinks & Woods (1990), after extended irradiation the polymer

becomes brittle and may develop a network of fine cracks due to the formation of gaseous

products within the solid. A dose of 100 kGy is above the optimum needed for polymerisation, as

indicated by increased radiation degradation. The optimum dose under the conditions of the tests
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was about 30 to 50 kGy. At lower doses (about 15 kGy), viscous products were sometimes

obtained.

With the long irradiation times, between 1 to 3 days, required to provide the necessary dose,

some of the active MMA diffused out of the rock sample before the polymerisation took place

and the borders of the rock samples were found to be inactive. Several approaches were taken to

avoid this problem. In the initial stage of the method development, the samples were irradiated

under inactive MMA liquid and the liquid was deoxygenated before irradiation to remove oxygen

to inhibit the polymerisation. Later, samples without large open cavities were irradiated by

submerging them in inactive MMA-saturated water. In other cases, where structures of rock

matrices in the immediate vicinity of the rock surface were of interest, water saturated with active

MMA was applied as external solution to the polymerised rock samples. These last two

procedures prevent the outdiffusion of tracer during irradiation polymerization. The

methylmethacrylate shrinks during polymerisation by a volume of about 10%. Volume

contraction is most pronounced when the reaction rate is at maximum, and thus compensates for

any movement of MMA into the matrix due to the temperature rise in temperature accompanying

polymerisation. Volume contraction led to voids in the centre of large pores, while PMMA was

adhered firmly to the walls.

Owing to gel-effect caused by a viscosity increase, the heat of polymerisation is not released

continuously and a sharp rise in temperature occurs. Without cooling, bulk MMA outside the

sample easily reaches its boiling point. The temperature rise inside a rock was tested and it

increased to 52°C in 7-8 h in a run without cooling and the temperature remained at that level for

45 minutes. Actually when permanent cooling was applied there was no temperature peak

observed. Later, when the samples were polymerised under MMA-saturated water, this was

found sufficient to keep the rise in temperature under control.

During irradiation of methylacetate, gases like H2, CH4, CO, CO2 and C3H8, may be formed

(Spinks & Woods 1990). Formation of gases during the radiolysis of methylacetate suggests that

they originate from radiolysis of the methyl ester side chain, which is present also in MMA

molecule. Minimization of the dead volume, irradiation in water and efficient cooling during

irradiation did not completely prevent the development of gases. Thermal polymerization would

eliminate the formation of radiolysis gases but was not feasible without removal of the inhibitor.
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Voids caused by volume contraction in the MMA surrounding the samples were often

distinguished by visual inspection as gas bubbles. Expansion and subsequent shrinkage would be

expected lead to dilution of the tracer at the margins of the rock specimen. Such features usually

were not observed. In other cases rims could also be due to outdiffusion of tracer.

Experiments to study the molecular weight after polymerization were performed by crushing the

MMA impregnated basalt, altered granite, concrete and aluminium oxide sinter, and extracting

the size fraction below 0.3 mm with CH2Cl2, under reflux, for about 24 hours (measurements

performed by Polymer Standards Service GmbH, Mainz, Germany). The extracts were

centrifuged, and the solvent was evaporated to a volume of about 5 ml. The yield of the

extraction was estimated by measuring an aliquot by liquid scintillation counting. A second

aliquot was injected into a gel permation chromatographic column (GPC). Pure PMMA

references were polymerised as references with 50 and 100 kGy.

Figure 3.7 shows the molecular weight distributions of the different PMMA polymers. The curve

A represents a commercial pure PMMA, while the other curves were produced with 100, 70 and

50 kGy doses from bulk liquids. The average molecular weights (Mn) vary with the experimental

conditions, and the molecular weight distribution of the PMMA obtained in the experiments

depends on the radiation dose applied. The commercial PMMA was of lower molecular weight

than the PMMA made by irradiation using 50 kGy dose. The forms of the distribution were

similar, however. Higher doses led to broader distributions indicating degradation. The average

molecular weights were typically between 100 000 and 200 000 g/mol.
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Figure 3.7 Molecular weight distribution of the
polymer fraction of PMMA polymerised in bulk. A
= commercial  PMMA, B = 100 kGy dose used for
PMMA production, C = 70 kGy dose and D = 50
kGy dose. (Hellmuth&Siitari-Kauppi 1990)

The PMMA polymerised in various rock matrices under irradiation was of the same molecular

weight distribution as the PMMA polymerised in bulk, as shown in Fig. 3.8. The curve, obtained

from the PMMA in the basalt matrix shows fluctuations due to the background noise of the

detector because of the low amount of polymer extracted. There is obviously no visible

correlation between the molecular weight distribution of PMMA and the pore size of the matrix.

Figure 3.8  Molecular weight distribution of
polymer fraction of PMMA polymerised in various
matrices using 70 kGy dose. A = basalt, B =
Al2O3, C = granite and D = concrete. (Hellmuth
& Siitari-Kauppi 1990)

MMA, styrene, acrylonitrite and other thermoplastic monomer impregnations have been applied

to bentonite and clay material and polymerisation to prepare composites that exhibit a high
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degree of strength and durability (Steinberg 1973). Clays without expanding minerals can be

prepared according to the method of Pusch (1999), so that their microstructures are preserved by

embedding them into MMA. The MMA impregnated into bentonite was easily polymerised with

chemical initiator and heating from 50 to 60°C. Blumstein (1965a,b) has studied monomolecular

layers of MMA absorbed on the surface of sodium montmorillonite clay. The saturation of the

clay with monomer was followed by desorption of the excess monomer, and the polymerization

of the monolayers was initiated with γ-ray irradiation or by free radical catalysts. The dose

required to polymerise monolayers of MMA in the clay was higher than the doses required to

polymerise the bulk MMA.

3.5 Luminescence of rock forming minerals

Irradiation of rock samples with 60Co causes strong thermoluminescence of K-feldspars,

plagioclase and quartz, which are the major rock-forming minerals in crystalline rocks. Wide

variation is characteristic of the luminescence intensity of feldspars, which exhibit the most

pronounced luminescence intensity of the main minerals in granitic rocks (McKeever 1985). The

emission of light is caused by the release of electrons that have been trapped in lattice

imperfections within the crystal structure at metastable high energy levels. Ionising radiation

appears to be very effective in placing electrons in high energy traps. The released electrons are

transferred to normal lattice positions and their excess energy is emitted as photons with energies

in the visible range.

The luminescense intensity of feldspars and quartz minerals can be studied with an

autoradiographic technique. Alteration is known to decrease the luminescense intensity.

Potassium feldspars have the strongest luminescense intensity and trace element contents in the

feldspar either increase or decrease the intensity. The developed technique is described in

publications of Pinnioja et al. (1999) and Siitari-Kauppi et al. (1998). The kinetics of

luminescence, i.e. quenching in different minerals, can also be studied by an autoradiographic

technique applied with digital image analysis as presented in Oila et al. (2001).
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The luminescence exposes autoradiographic film. When analysing the film blackening caused by

beta radiation from 14C or 3H isotopes and the luminescence effect has to be avoided. The

luminescence is released from the MMA impregnated samples by heating them to 120°C for 3

hours before sawing. Heating of the rocks can induce cracks and pores as artefacts, but it does not

affect the PMMA-marked connective porosity because the MMA has intruded into and been

fixed in the pores before heating. In the case of 14C-PMMA samples, Mylar foil 5 µm thick,

covered with 40 nm of aluminium, was placed between the autoradiographic film and the rock

sample to shield the film from residual emissions. When exposing 3H-MMA impregnated rock

samples, the Mylar foil is not applied due to the low energy of 3H; 18 KeV = Emax.

a

b

Figure 3.9  a) Luminescence autoradiograph of muscovite granite rock surface after 700 kGy irradiation
dose, 0.5 h delay and 15 minutes exposure time. Strong luminescence intensity is seen in feldspar grains.
Length of sample is 6 cm. b) 14C-PMMA autoradiograph of muscovite granite rock surface after heating of
the sample for 3 hours at 120°C.The porosity distribution of the rock isrevealed.

Figure 3.9a presents an example of luminescence characteristics: a luminescence autoradiograph

of the 14C-PMMA impregnated rock surface after irradiation with a 60Co source. The total dose

was 700 kGy and after half an hour the rock surface was exposed on a film for 15 minutes.
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Feldspars showed high luminescence intensity, which was lower in the vicinity of the rock

surface, however, due to the higher iron content there in the feldspar grains. After release of the

luminescence, the 14C-PMMA autoradiograph of the same rock surface (Figure 3.9b) was

recorded. Porosities were higher in the vicinity of the boulder surface, but otherwise a well-

developed network of grain boundary pores was evident.

3.6 Autoradiography

3.6.1 General background

Radiographic methods are based on the detection of ionising radiation with nuclear emulsions.

When the studied object is itself the source of radiation and it emits electrons into the emulsion,

the procedure is called autoradiography. In biochemistry and medical science, autoradiography is

widely used for measuring quantitatively low energy beta emitters and low gammas, as presented

by Boyd (1955) and Rogers (1967). Whole-body autoradiography for measuring substance

transports in animals (Shirley et al. 1974) and quantitative autoradiography is well-known

technique in the biomedical field (Yonekura et al. 1983). Natural radioactivities have been

investigated in rock samples using α autoradiography. In addition most elements have isotopes

that spontaneously decay by emission of an electron or a positron, and the beta track mapping

techniques for these nuclides have been in use for years (Suttle & Libby 1955; Mysen & Seitz

1975). New detection tools, which are sensitive and straightforward for the analysis of β emitting

isotopes on sample surfaces,  have been developed by Charon et al. (1988, 1992). These beta or

micro imagers are used in biomedical and medical research, but the resolution is below that of

autoradiographic films; howeve, the linearity is much better than by autoradiographic technique.

The autoradiographic techniques can be divided into: micro- and macroautoradiographies. In

microautoradiography the resolution of the films is good enough for microscopical analysis ;

even resolutions of 0.5 µm can be achieved (Takahashi 1995). The radiation sources applied in

the PMMA method are 14C or 3H β emitting nuclides, giving resolutions of 20 µm and 10 µm,

respectively, with the normal film material. Autoradiographs are analysed with CCD cameras or

table scanners. The method is called macroautoradiography. The beta particles are registered in
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nuclear emulsions (autoradiographic film), that contain silver halogenide crystals. The silver

atoms in the crystal are reduced by the radiation and appear as black dots after they have been

developed by a method similar to photographic processing. The densities of the beta tracks are

proportional to the concentrations of the decaying isotope in the material.

3.6.2 Figure formation

A nuclear emulsion is a suspension of crystals of silver halogenides in gelatine. A crystal

receiving energy shows up as a visible black grain. When a small amount of energy is given to a

crystal, electrons moving in the conductivity band are trapped in the pre-existing sensitivity peaks

(silver sulphide, crystal imperfections), and metallic silver aggregates are created making up a

hidden image, that is made visible as black dots in the development process (Boyd 1955; Masse

1976). Silver halogenide crystals are of octahedronal shape with smoothed-out angles or of the

shape of irregular plates. The size of crystals varies over a wide range, from 0.01 to several µm.

Chemical change in a silver halogenide crystal under bombarded with to beta particles can be

expressed by reactions:

 Br- + hν             Br + e-

 Ag+ + e-              Ag

Br + Br                Br2

Flitsian (1997) has calculated that, for particles of 14C having 155 keV maximal beta energy and

for the autoradiographic films Kodak X Omat MA and Kodak Biomax MR used in this work, the

minimal number of silver atoms in the sensitive centre of the AgBr grain is 10-20. The

calculations for particles of 3H having 18 keV maximal beta energy and for autoradiographic film

Hyperfilm 3H, Amersham, the number of silver atoms is 25. Experimental evidence presented by

Fleisher et al. (1975), where a photoemulsion was irradiated with 10-500 keV electrons, showed

that the minimum diameter of a silver halogenide microcrystal securing the registration of an

electron with the average energy of 10 keV is 0.05 µm, and if the average energy varies from 50

to 500 keV it is 0.1 µm. This is the critical size for a crystal possessing the threshold sensitivity to

β radiation, which in principle also limits the resolution of the autoradiography method.

As discussed in the following two sections several factors have an influence on the sensitivity and

resolution of the autoradiographic film. The source parameters are the energy of the emitting

radioactive isotope and density and the thickness of the source. The film parameters are the
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thickness of the emulsion layer, the grain size of the silver halogenide crystals, and the absorption

coefficient of beta particles in emulsion and the influence of the interlayer between the film and

source.

3.6.3 Sensitivity of autoradiography

The sensitivity of the autoradiographic film is defined as the measured change in the response

divided by the corresponding change in the stimulus. The detection system comprises the nuclear

emulsion, which is applied asdiscussed in the previous section, and the measurement of the

blackening of the autoradiographic film done by digitising the intensities (grey levels) of the film.

Since the responses 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, here the

blackening of the film, 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 dependent. The measurement of the grey levels of the

autoradiographs is discussed in section 3.7 below.

The sensitivity of the autoradiographic film is expressed as a function of exposure time, the

activity of the radiation source per square area and the blackening of the film. The latter is

usually expressed in terms of optical densities (see section 3.8.1). A 14C-PMMA surface activity

of 4.5 Bq/cm2 gives 0.5 D applying a ten-day exposure time. Figure 3.10a shows the effect of

exposure time on the optical densities of the 14C-PMMA calibration sources, which are dilutions

of the employed tracer. An example of an autoradiograph of a calibration sources exposed for

five days is included (Figure 3.10b). The nonlinear response of the autoradiographic method at

high concentrations can be seen, and the saturation of the autoradiographic film at optical

densities of about 1.8 is detected. For a one day exposure, linearity is maintained through the

activity range (until 68 Bq/ml). For longer exposure times, curves are composed of two slopes,

which underscores the nonlinear response of the nuclear emulsion at high concentrations.
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a

b

Figure 3.10  a) Optical densities of 14C-PMMA calibration sources exposed for 1, 2, 5 and 15 days on
Kodak Biomax MR autoradiographic film. Scanning with a Ricoh FS2 flatbed scanner using 300 dpi
resolution. b) An autoradiograph of the calibration sources exposed for 5 days.

3.6.4 Resolution of the autoradiographs

A theoretical study of the resolution was made by employing a model of the autoradiographic

system comprising an isolated radioactive thin source (A), a thick photoemulsion layer (C) and an

interlayer space (B) (Figure 3.11).
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A

B Figure 3.11 Model of the radiographic system. A =
Isolated point source (spherical 14C source of 10 µm
diameter). B = interlayer space of thickness  b. C =
emulsion layer of thickness d. Spatial resolution in the
autoradiograph is l. (Siitari-Kauppi et al. 1998)

Impregnated rock section 

Emulsion
a) b) c)

2 s s < s
Figure 3.12 Definition of separation power s and
apparent spatial resolution. a) Beginning of the
overlapping of image sources. b) Shortest distance
between two separated sources at which their
radiographic images can still be distinguished  c)
Undistinguished sources.

The quality of an autoradiographic film can be estimated on the basis of the spatial apparent

resolution and the separation power. The spatial apparent resolution, l, has been defined by

Charon (1988) as a full width at half maximum, i.e. FWHM, of the measured optical density

across the particular feature on the autoradiograph. The radiographic image of a point source is

not actually a point but made up of developed crystals located at different distances from the

source. The separation power defined as the shortest distance between two activated point

sources at which their autoradiographes can be distinguished. The definitionof the separation

power is illustrated in Figure 3.12.

The above properties are linked with the two steps in the detection: namely, autoradiography and

image digitising. After the image digitising, spatial resolution and separation power are

controlled by the pixel size, which is normally defined in dots per inch, dpi. The pixel size is

larger than the maximum resolution of the film. The pixel resolution is discussed in section 3.7.

The next paragraphs examine the spatial resolution of autoradiographic films. To obtain high

resolution, the low energy beta emitters 3H and 14C, which have energies of 18 keV and 155 keV,

respectively, were applied. The energy of the beta radiation defines the depth to which the beta
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particles penetrate in the nuclear emulsion layer. The evaluations below of the resolution of

different autoradiographic films are based on point sources and homogeneous and finite sources.

Calculation of the spatial resolution takes into account the interlayer effects and the influence of

the film parameters.

The influence of the emulsion layer thickness on the resolution is expressed in Figure 3.13. A 14C

spherical (∅ 10 µm) source was applied and the resolutions for films Kodak Biomax MR, Kodak

X Omat MA and Hyperfilm β max, Amersham, having emulsion thicknesses of 50 µm, 20 µm

and 8 µm, respectively, were calculated. The calculated FWHM were 13, 17 and 20 µm. With a
3H source of 10 µm diameter and Hyperfilm 3H film, which has an 8 µm thick emulsion layer, the

resolution was 10 µm.

Figure 3.13 Influence of emulsion thickness on
resolution of autoradiograph produced with 14C
10 µm spherical source onto films 1) Kodak
Biomax MR, 50 µm, 2) Kodak X Omat MA, 20
µm, and 3) Hyperfilm β max, Amersham, 8 µm.
(Siitari-Kauppi et al. 1998)

With an increase in the silver halogenide crystal size from 0.4 µm to 0.8 µm the resolution

decreased from 10 µm to 12 µm when a spherical 14C source 10 µm in diameter was applied to

the Hyperfilm βmax. The calculations are performed for the Hyperfilm-βmax using point source

of the 14C isotope. The effect on the resolution of the distance between the sample and the

autoradiographic film and the sample roughness are illustrated in Figure 3.14. The range of beta

particles trhough air is high compared to the range through a rock matrix, and the interlayer

between the sample surface and the emulsion surface has a strong impact on the resolution. The

surface roughness also effectivelydecreases the spatial resolution of autoradigraphy.
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D
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Figure 3.14  Illustration of the effects of system geometry and surface roughness on autoradiography
resolution: a) the interlayer between the autoradiographic film and the rock source is zero, narrow peak;
b) the interlayer is tens of µm, decreased resolution, and c) surface roughness, dispersion of the peak and
decreased resolution. (Sammartino et al. 2001)

Figure 3.15 presents the spatial resolution as a function of the interlayer space for the Hyperfilm

βmax with as the 14C isotope point source. The resolution was found to drop sharply from 15 to

120 µm when the distance between the sample and emulsion was increased from 10 µm to 100

µm. Other calculations (not depicted) were done for a homogeneous source 10 µm in diameter

and Kodak Biomax MR, which has a 50 µm emulsion layer. Here the decrease in resolution with

spacings 0, 3 and 10 µm was dramatic, from 20 to 145 µm. The results emphasize the importance

of the sample surface preparation and exposure geometry.

Figure 3.15 Effect on resolution of autoradio-
graphic image depending on nuclear emulsion
and distance between ionising source and on.
Hyperfilm βmax and 14C point source and
distances 1 = 10 µm, 2 = 30 µm, 3 = 50 µm, 4 =
100 µm. (Siitari-Kauppi et al. 1998)
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As a conclusion, the measured resolutions for different radionuclides with different

autoradiographic films are shown in Table III. The measurements were done for thin sources and

the film and interlayer parameters were obtained. Increasing the emulsion thickness from 8 to 50

µm resulted in decreasing resolution from 13 to 20 µm for 14C (10 µm spherical source). The

resolution of 3H is 10 µm.

Table III  Effect of system geometry and emulsion parameters on autoradiographic image resolution
(measured for thin sources). (Siitari-Kauppi et al. 1998)

radionuclide emulsion type emulsion thickness

µm

interface layer

µm

resolution

µm
3H Hyperfilm-3H 8 0 10
14C Kodak Biomax MR 50 0

3

10

20

85

145
14C Kodak X-OMAT 20 17
14C Hyperfilm βmax 8 13

The above calculations of the resolution of emulsion films assumed thin radiation sources, where

the range of 3H and 14C beta particles occurring in infinite thick rock is avoided. The real spatial

resolution of the films is strongly dependent on the range of beta particles in an infinite thick rock

source (see section 3.8.3).

Experimental measurements for determining the spatial resolution of autoradiographs are now

discussed.  From scans of tiny fissures in potassium feldspar in rapakivi granite, the resolution of

autoradiographic films Hyperfilm-3H and Hyperfilm βmax was estimated to be 30 µm for 3H and

50 µm for 14C measured as FWHM. The apertures of the fissures were determined with a

scanning electron microscope to be about 1 µm. The optical density measurements of

autoradiographs were performed with a stereomicroscope and CCD camera optics. With the

autoradiographic film Kodak Biomax MR, the resolution of the features on autoradiographs

varied between 100 µm and 300 µm when the fissure apertures varied between 5 µm and 7 µm.

The resolution ranged from 100 µm to 150 µm for the 3H-PMMA sample and from 200 µm to
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300 µm for the 14C-PMMA sample. An example of the scannings is depicted in Figure 3.16,

showing resolution of a 3 µm aperture fissure in an autoradiograph recorded from a 3H-PMMA

impregnated rapakivi granite sample. The large spatial resolution of the detected microfissures

indicate that there may be very narrow porous zones adjacent to the microfissures increasing the

spatial resolution.
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Figure 3.16  a) A fissure on an autoradiograph of a 3H-PMMA impregnated rapakivi granite sample. b)
scan over the marked feature with 600 dpi scanner resolution. FWMH 106 µm.

The smallest features detected on the autoradiograph recorded for a 3H-PMMA impregnated mica

gneiss sample were 10 µm. The grain boundaries of the feldspar grains show up as blackening on

the autoradiograph  and the apertures of the grain boundaries are below 500 nm. Figure 3.17

shows the photograph and corresponding autoradiograph produced from the mica gneiss sample.

Figure 3.17  Photograph and corresponding autoradiograph of the 3H-PMMA impregnated mica gneiss
sample. Autoradiograph (Hyperfilm 3H, Amersham, 4 days exposure) scanned with 1200 dpi resolution.
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The smallest features detected in 14C-PMMA autoradiographs of  fresh tonalite samples were 20

µm as in the case of mica gneiss, and the features represent the grain boundaries of feldspars. The

autoradiographs obtained with 3H-PMMA (Hyperfilm-3H) are slightly sharper than those

obtained with 14C-PMMA (Kodak Biomax MR).

3.6.5 Experimental

The rock samples containing 14C-PMMA or 3H-PMMA in the rock matrix were sawn and the

rock surfaces were polished for autoradiographic measurement. Figure 3.18 shows an example of

the sawing procedure (Siitari-Kauppi & Autio 1997). The sawing procedure was applied to

samples used in investigating the excavation disturbed zones in the full-scale deposition holes at

the Research Tunnel at Olkiluoto, Finland (Autio 1996). The shaded sawn surfaces in the

partition diagrams were exposed on autoradiographic film.

Figure 3.18  Partition diagram for gneissic tonalite sample used in the excavation damage zone
investigations. The sample diameter is 10 cm. (Siitari-Kauppi & Autio 1997).
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The samples were sawn with a diamond blade saw, but as the quality of the surfaces was not

acceptable for autoradiography, the surfaces were polished with Corundum aluminium oxide

powders before the exposure on autoradiographic film. The 3H-PMMA samples were further

polished with diamond pastes. The surface roughness has an effect on the interlayer between the

radioactive source and the emulsion of the film, usually increasing the interlayer and causing a

decrease in the resolution.

An autoradiographic system may be conceived as a set of three components: a thick emulsion

layer, an interlayer and a thick rock sample impregnated with a radioactive source (see section

3.6.3). In this work the thickness of the emulsion layer varied from 8 µm to 50 µm, the interlayer

was assumed to vary due to surface roughness from a few to tens of µm, and the thickness of the

rock samples was usually centimetres. The autoradiographic system for the PMMA work is

depicted in Figure 3.19. In the case of the 14C-PMMA impregnated rocks, a Mylar foil 5 µm thick

covered with 40 nm aluminium is placed between the autoradiographic film and the rock sample

to avoid blackening of the film by luminescence.

A

B

C

D

Figure 3.19  Autoradiographic system for 14C-PMMA rock samples. A = rock sample, B = calibration
sources embedded in a plastic disk (see Figure 3.10), C = Mylar foil coated with aluminium and D =
autoradiographic film.

Table IV lists the characteristics of the autoradiographic films applied in the PMMA work. The

Kodak X Omat MA is a widely used X ray film characterised by emulsion layers on both sides of

the film. Kodak Biomax MR and Hyperfilm βmax, Amersham, are sensitive to 14C having 155

keV energy. Hyperfilm 3H, Amersham is sensitive for 3H of 18 keV energy.
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Table IV  Characteristics of autoradiographic films applied in the PMMA method.

film emulsion  thickness
(µm)

 silver
halogenide
 crystal size

(µm)

 AgBr density
(mg/cm2)

Kodak X Omat MA 20 >0.4 1.6-1.7

Kodak Biomax MR 50 - 1.8

Hyperfilm βmax,

Amersham

8 1.6±0.45 1.8

Hyperfilm 3H,

Amersham

8 1.6±0.45 1.8

The image formation on the autoradiographic film is dependent on the specific activity of the

tracer, the energy of the tracer employed and the exposure time. The lower the beta energy the

better the resolution, but the greater the specific activity needed for the image formation.

Increasing the exposure time allows an autoradiograph to be recorded even at low activities, but

difficulties arise related to the decreased resolution and saturation of the film in highly active

areas. The necessary exposure times varied between 1 and 20 days with 14C-PMMA rock samples

and from a few hours to 5 days with 3H-PMMA samples.

3.7 Digital imaging systems

The first step in analysing the concentration of 14C-PMMA inside the rock matrix is to record an

autoradiography. The amount of  MMA in the rock sample is detected on the emulsion film. The

information on the film is quantified by analyising and measuring the different the levels of

optical densities on the film. At the early stage of the development of the PMMA method

(Hellmuth&Siitari-Kauppi 1990) the autoradiographs were scanned step by step with a laser

densitometer (LKB 2202 Ultro Scan), which gives exact values of optical densities. The

absorbance range of the instrument is  four decades and it exceeds the range of any photographic

emulsion. The resolution of the images was poor, however, because the spatial resolution of the

densitometer is limited by the size of the laser beam (72 x 50 µm2). The method was slow and not
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flexible with respect to the size of the autoradiographs, but the quantification of the

autoradiograph was sensitive and accurate.

Digitizing of autoradiographs, the method of analysis later employed, is done with a CCD camera

with macro optics and a light box as a light source or else a with flatbed scanner. The 256 x 256

grey-level images (8 bit system) that are obtained can be analysed further using any available

software for image analysis. A Quantimet 520 image analyser (Leica Cambridge Instruments)

was equipped with a Panasonic WV-BL 200 black & white CCD high resolution video camera

(512x512 pixels) with zoom optics, making the system capable of measuring optical densities of

autoradiographs between 1.5 cm2 and 25 cm2 in size with a suitable light box. A frame grabber

was included in the Quantimet image analysing system and the software for PMMA calculations

was specially developed for this image analysing tool. If the range between the highest output

voltage of the camera and the voltage of the background noise is taken as a physical parameter of

the capability of the system to measure the optical density, the linearity range is two decades.

(Hellmuth et al. 1992, 1993)

The digitising of autoradiographs was also done with a Hamamatsu black & white CCD camera

(476x654 pixels) with zoom optics and a light box. The used hardware was Data Translation’s

DT3852 frame grabber. The autoradiographs were digitised using flatbed scanners having a

transparency option (Siitari-Kauppi et al. 1995b). Table V lists the pixel sizes of the scanned

image resolutions.

Table V  Pixel size as a function of numerical image resolution expressed in dpi.

Image resolution

(dpi)

Pixel size

(µm)

300 85.0

600 42.5

1200 21.2

2400 10.6
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Attention has to be paid to the linearity of the flatbed scanners when quantitative measurements

are carried out on autoradiographs. Figure 3.20 shows the linearity test for the Ricoh FS2

scanner. The nominal optical density values were obtained with standard Lee-filter films having

D values of 0.3 and 0.6. In addition, the Schott 1.0 D grey scale filter having a measured D value

of 0.96 was tested. The linearity has a marked effect on the optical densities to which the grey

levels are converted. The digitised autoradiographs can be transferred as bit map files to any

image analysing software. The quantitative porosity calculation and superimpositioning programs

were found in the Matlab Image Analysing Toolbox (Comsol).

y = 0.9656x

R2 = 0.997

0

0.5

1

1.5

2

0 0.5 1 1.5 2

nominal D

m
ea

su
re

d 
D

Figure 3.20 Ricoh FS2 scanner linearity test, measured D values versus nominal D values.

The software used in the PMMA work was developed for the special image analysing system

Quantimet 520, but many modern systems can be programmed to manage the same tasks. The

Quantimet system offers some options already available, such as shading correction (correction

of heterogeneities of the light source), pixel scaling (for measurement of lengths and areas), grey

level image memory, detection (transformation into binary image), determination into grey level

distributions and image editing (free selection of measurement area). These options can also be

programmed. The necessary hardware can be put together by suplementing a personal computer

with a video digitiser board (frame grabber) and an additional video monitor.
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3.8 Calculation of porosity

Quantification of porosity is based on the assumption that optical densities on autoradiographs

are proportional to the content of the decaying isotope in the material. The optical densities of the

autoradiographs are first calculated. Basically all intensities or grey levels (256 levels for 8 bit

systems) in the subdomains (pixels) are converted into corresponding optical densities, which in

turn are converted into activities with calibration curves measured for each exposure. Finally, the

activities are converted into porosities.

3.8.1 Intensities to optical densities

Since the responses of the image (the film) 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 from

the blackening of the film (grey levels) are defined according to Lambert & Beer’s law (Vogel

1985) and are derived from the intensities as:
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D (3.1)

where D is the optical density (-), I0 is the intensity of the background (grey levels 0-255) and I is

the intensities of the sample subdomains (grey levels 0-255).

3.8.2 Conversion of optical densities to activities

A conversion function is needed to relate the optical densities to the corresponding activities.

PMMA standards (tracer diluted with inactive MMA) with concentrations between 462 and 370

000 Bq/ml (in the case of  14C-PMMA) are used to establish the calibration function. The best

quantitative results are provided with use of the linear region of the calibration curve (Yonekura

et al. 1983, Shirley et al. 1974). This is usually provided with optimum exposure time. The linear

response of the autoradiography occurs in a narrower range than the linearity of gaseous detectors

and beta imagers (Tribollet et al. 1991, Charon et al. 1992). At low intensities of the film, the

relationship between the optical density and the concentration of the radioactive source becomes

nonlinear owing to the possibility that each single silver halide crystal is hit by more than one

particle (Perry 1964).
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The quantitative expression of  activities was done according to Treutler et al. (1987,1988), but

with the extra term proposed by Keller&Waser (1982). This modification improved the accuracy

of the fitting. The construction of the calibration curves, which enables the quantitative

measurement of the autoradiographs obtained by the PMMA method, is done 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

principal form

( ) ceaD
kA +−= −1 (3.2)

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

( ) CkADA +−=−ln (3.3)

where the parameters A= 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 then k and C are calculated) and the activity in the rock sample is calculated from the

measured optical density. Solving A from the above equation gives 

k

DDD
A

−
−−

= 0max )ln(
(3.4)

The intensity of each measured subdomain on the autoradiograph is directly converted to activity

according to equation (3.4). In the case of low optical density autoradiographs a good

approximation is achieved because all calibration points lie in the linear range; for higher optical

densities points in the saturation range must also be determined and the approximation is less

exact. Figure 3.21 illustrates the two fits of the calibration points. In the case of heterogeneous

rock samples impregnated with labelled PMMA, there will often be high local optical densities

lying outside the linear part of the calibration curve and a reasonable compromise will have to be

found by choosing an exposure times suitable for the specific sample.
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Figure 3.21  Approximation of the calibration function optimized for autoradiographs of low (linear
range, left) and high (nonlinear, saturation range,  right) optical density. (Hellmuth et al. 1993)

3.8.3 Beta absorption correction

Beta particles are absorbed by the matter they penetrate. The intensity of the beta radiation

decreases with the penetration depth, due mainly to the loss of energy trough ionisation in the

matter (Evans 1955). The absorption of beta particles is exponentially proportional to the

absorber thickness and its density. A beta correction factor is applied to achieve a correlation

between the rock matrix and the calibration sources, which is of different density than the rock.

The mass absorption coefficient µ/ρ (cm2/g) of a material is defined as íts capability to absorb

beta particles and so decrease the range of the beta particles passing through. The mean energy

loss of low energy beta particles in matter per centimetre path-length depends solely on the

density of the material that is being penetrated, because the relation between mass number (Z)

and atomic number (A) of the material is nearly linear. It is found experimentally that the mass

absorption coefficient  is nearly independent of the atomic weight of the absorber, increasing only

slightly with Z (Siegbahn 1965). Thus, for rock material that is composed mainly of light

elements, the latter effect is neglected in approximate estimations. For practical purposes, the

mass absorption coefficient µ/ρ for simple beta emitters with a maximum energy Emax can be

derived from the empirical equation (Katz & Penfold 1952):

µ/ρ = 17.0 Emax
-1.43 (3.5)
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which is validated for energy interval 0.15 to 3.5 MeV. µ/ρ and is 250 cm2/g for 14C and thus it

follows that for PMMA with density 1.18 g/cm3 the value of µ is 295 1/cm, while for silicate with

density 2.6 g/cm3 the value is 650 1/cm. The approximate range, R (µm), of beta particles can be

calculated as

ρ
1

14.22111.0 2
max xER �

�
��

�
� −+= (3.6)

where ρ is rock bulk density g/cm3. The range  for 14C in PMMA is 229 µm, while in silicate it is

104 µm. Exact mass absorption coefficients reported by Mysen et al. (1974), for 14C beta

particles in various silicates were two orders of magnitude lower than the values recalculated by

Tingle (1987) from the electron stopping power of materials (R’ g/cm2). Tingle gives maximum

mass absorption coefficients of 0.0363 g/cm2 for albite and 0.0359 g/cm2 for calcite. Following

Tingle, the ranges of beta particles in silicates are about 110 to 150 µm.

The relative number of beta particles passing through the absorber layer can be approximated in

terms of Beer’s law:

( )x
I

I x µ
β

β −= exp
0

(3.7)

where µ is the absorption coefficient (µm-1), Iβx is the intensity of beta particles when passing

through absorber layer x and Iβ0 is the intensity of beta particles in the absence of an absorber.

The absorption coefficient decreases with increasing energy of the source and increasing range of

beta particles in emulsion. Figure 3.22 shows the ranges of 14C in dense and common minerals

and in PMMA. The beta radiation intensity decreases virtually to zero after a depth of 50 µm

from the surface of common minerals. According to this calculation, the range of beta particles

varies between 50 µm for dense minerals to 200 µm for PMMA organic matter. These

calculations are done for beta particle maximum energy and assuming monochromatic radiation,

which is not the actual case, so the real ranges are lower than indicated by these theoretical

calculations.
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Figure 3.22  Effect of absorption of beta radiation in three media of different density: square= PMMA
(1.18 g/cm3), triangle=average granite (2.75 g/cm3), circle=dense minerals (for example pyrite, 5.02
g/cm3). Normalised intensity versus penetration depth for 14C. (Sammartino et al. 2001)

Relative to the range of the beta particles, the rock samples used here are infinitely thick.

Following Treutler (1987), a rough beta correction factor for beta absorption in thick samples is

obtained as the ratio of the absorption coefficients or ranges in the standard PMMA and the

studied rock matrix. The ratio is practically that of the densities and the beta correction factor is

β:

0ρ
ρ

β sample= (3.8)

where ρsample (g/cm3) is the sample density and ρ0 (g/cm3) is the density of PMMA polymer,

which is 1.18 g/cm3. The sample consisting of mineral grains and pores that are filled with

PMMA polymer. The volume of the pores filled with PMMA is considerable in highly porous

rocks, increasing the range of beta particles in the autoradiographed rock surfaces. The sample

density ρsample is calculated as

( ) 01 ερρερ +−= dsample (3.9)

where ε is the bulk porosity, ρ0 is the density of PMMA and ρd is the apparent density of the

porous rock matrix. The sample density, ρsample, is lower than the apparent density of the rock, ρd.
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3.8.4 Conversion of activities to porosities

In the preceding sections have described how the blackening of the film is converted to activities

pixel by pixel and how the beta correction factor is defined. The quantitative measurement of the

porosity is based on the assumption that the rock matrix dilutes the 14C-PMMA. The pore size

distribution strongly determines the validity of the dilution assumption. If the pore sizes are well

below the resolution of the autoradiography, the major fraction of the emitted beta radiation is

attenuated by the rock and the porosity calculation is applicable. The local porosity ε of the

impregnated rock matrix is obtained from the abundance of the tracer:
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where A is the specific activity of an individual pixel (Bq/ml), A0 is the initial specific activity

(Bq/ml) of the tracer used to impregnate the matrix and β is the beta-absorption correction factor.

Combining Eq. (3.8) with Eqs. (3.9) and (3.10), the porosity and activity relationship can be

solved as
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The porosity represented by an individual pixel n of the autoradiograph is calculated according to

Eqs. (3.4) and (3.11). The porosity histogram gives the relative frequencies of regions of each

individual porosity. The total porosity is obtained from the porosity distribution by taking a

weighted average:
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where Arean is the area of pixel n and εn is the local porosity corresponding to pixel n.

In summary, from the blackening of the film caused by the radiation emitted from the plane

surface of the rock section, we can calculate the amount of tracer in the sample and thus the local

volumetric porosity. If the pore sizes are well below the resolution of the autoradiography, as in
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the studied rock matrices, the major fraction of the emitted beta radiation is attenuated by the

silicate and the porosity calculation can be applied. The tracer is considered to be virtually diluted

by the silicate. The error is also small when microfissures are in the nm range (dimensions of

pores and fissures are small relative to the range of the beta particle absorption). The assumption

of dilution by the silica is well applied to argillites where apertures are in the nanometric range.

Where zones with fissures and cracks in the µm or mm range are present in rocks, the dilution

assumption is not relevant. These fissures and cracks must be excluded from the quantitative

porosity measurement and treated separately. Variations in densities of different mineral phases

are considered to be small compared with the uncertainties in quantifying film response and

taking the weighted average of the porosity distribution. The experimentally measured  mineral

densities after Landolt-Bornstein (1982) are given in Table VI.

Table VI  Mineral densities after Landolt-Bornstein (1982).

silicates phyllosilicates carbonates sulphidegroup

quartz orthocl anorth. albite illite musco biotite calcite dolomite pyrite

min 2.65 2.55 2.70 2.60 2.6 2.77 2.69 2.70 2.80 5.02

aver. 2.67 2.69 2.73 2.63 2.75 2.82 2.92 2.76 2.89 5.02

max 2.70 2.63 2.76 2.69 2.9 2.88 3.16 2.82 2.99 5.02

aver.

on group

2.68 2.83 2.82 5.02

In measuring the total porosities of the rocks the average density of rock (about 2.6-2.7 g/cm3)

applied in the calculation scheme of the autoradiographs should be replaced by the true mineral

density if the minerals can be superimposed on the porosity distribution data. This is

recommended in the following two cases: 1) the mineral density is considerably lower than the

average rock density, leading to overestimated porosity values and 2) the mineral density is

considerably higher than the average rock density, leading to underestimated porosity values. As

can be seen in Table VI the densities of biotite and pyrite, are substantially higher higher than the

average density of rock, and the real values should be taken into account in the porosity

calculations. The porosity of biotite in granitic rocks may be underestimated by a factor of 0.2

and that of pyrite by a factor of 1.8. The mineral specific porosities can be applied after

determining the main minerals from the rock surfaces using staining procedures (Sardini 1996,
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Sammartino 1998). Digital image analysis techniques based on stained rock surfaces and PMMA

autoradiographs are described in the work of Sardini et al. (2001a) and in section 6.1.

Figures 3.23 and 3.24 present two examples of PMMA porosity distributions of granitic rocks.

The autoradiographs and the measured porosity histograms show porosity distributions for

unaltered and altered rapakivi granite. The unaltered rapakivi shows fairly even porosity

distribution, while the altered rock matrix shows highly porous mineral spread in the matrix.

These highly porous mineral areas correspond to chlorite and epidote, and are heterogeneously

distributed.
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Figure 3.23  a) An autoradiograph of 14C-MMA impregnated unaltered rapakivi granite and b) histogram
of the porosity distribution. Highest observed porosities 4%; total porosity of 0.22. (sample diameter
42 mm).
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Figure 3.24  a) An autoradiograph of 14C-MMA impregnated altered rapakivi granite and b) histogram of
the porosity distribution (c). Highest observed porosities 14%; total porosity of 0.91% (sample diameter
42 mm).

3.8.5 Porosity profiles

The properties of the rock matrix adjacent to water-conducting fractures determine the retardation

of radionuclides migrating with groundwater. The often narrow alteration and weathering rims

adjacent to water conducting fractures are difficult to characterise by conventional methods and

easily characterised by PMMA method. The MMA impregnated rock samples are sawn

perpendicular to the fracture surfaces or to the excavation disturbed surfaces to provide a profile.

In the porosity profile option of the PMMA image calculation procedure the intensities of

autoradiographs are measured using 1 to 5 mm wide steps across the area of varying porosity;

rectangular areas may vary from 10 to 100 mm in height and circular areas by up to 100 mm in

diameter. The porosities are expressed versus the distance from the fracture surface or the

excavation disturbed surface. Figure 3.25 gives an example of a measurement of a reaction zone

created by a hydrothermal event in granite from Siblingen, Switzerland. The fracture on the left

is, where the fluid was flowing.
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a b

   c 40 mm

Figure 3.25  Porosity profile (bottom) in a hydrothermal reaction zone in crystalline rock (Siblingen,
Switzerland) measured by impregnation with 14C-PMMA. Photoimage (top, left) of the rock sample and
corresponding autoradiograph (top, right). An arrow shows the part of the autoradiograph that was
measured for the porosity profile. Width of the core is 47 mm. (Hellmuth et al. 1992)

3.8.6 Image editing options

The characterisation of heterogeneities of rock porosities can be optimized with use of image

editing options. Single mineral grains, altered phases or fissure fillings, for example, can be

selected manually by drawing regions of interest directly on the image on the display screen, by

thresholding or by applying morphological image handling techniques.

Figure 3.27 shows two different porosity distributions determined from the autoradiograph of the

granitic rock sample presented in Figure 3.26. Figure 3.27a presents the porosity distribution of

the groundmass of the granitic rock. The calcedonite-filled fissure, which transsects the rock

matrix, can be measured separately having porosity pattern shown in Figure 3.27b. In the case of

filled fissure, a lower density of 2.2 g/cm3, which is typical for amorphous silica, for beta
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absorption correction, was used. The histograms show the significant local variation of porosity

in the measured areas.

a b

Figure 3.26  a) Photograph of rock surface and b) corresponding autoradiograph of a granitic rock
sample (SKI 26 m, Helsinki). Sample diameter 32 mm. (Hellmuth et al. 1992)

                                 a                                                           b

Figure 3.27  Histograms drawn on the basis of the autoradiograph of the granitic rock presented in
Fig.26.  a) Histogram of porosity distribution in the ground mass of the rock; total porosity of 0.45%.  b)
Histogram of porosity distribution in the fissure filling; total porosity of 4.3% (b). (Hellmuth et al. 1992)
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Two types of digital image analysing software were applied in the work. The first was developed

for image analysing system Quantimet 520�, Leica Cambridge Ltd, UK, while the other used the

Matlab Image Analysing Toolbox (Mathworks Inc.) as a base. It is convenient, if certain options

are already available in the system, such as shading correction (correction of nonhomogeneities

of the light source), pixel scaling (for measurement of lengths and areas), grey level image

memory, detection (transformation into binary image), determination of grey level distributions

and image editing (free selection of measurement area). Autoradiographs obtained by the PMMA

method are often characterised by a narrow variation of grey levels. Enhancement of the visibility

of the fine-structure of the porosity network is then necessary. Application of the image scanning

techniques and commercially available image editing software improved the quality of the

images considerably for interpretation purposes.

The interpretation of the autoradiographs was made by superimposition options programmed

with help ofthe Matlab image processing toolbox. The toolbox allows a scaling and orientation

correction and the transfer of regions of interest manually defined, by selecting points along

boundaries or by setting a grey level threshold. The Sp menu was implemented by Sakari

Lukkarinen, Medivisio Oy, Helsinki. The intensities of the autoradiograph are superimposed on

the photograph of the rock surface. Information from scanning electron microscopy

measurements (backscattered electron images), microprobe mapping, fission track images, α

tracks from polycarbonate films or images from fluorescent resin impregnations can be correlated

with the corresponding rock surfaces.

Figure 3.28 gives an example of superimposition: the most porous regions  (≥ 2%) were selected

from the autoradiograph and superimposed on the corresponding rock image. The potassium

feldspar grains have porosities under the limit, while altered minerals showed over 2% porosities.

The result has implications for the assessment of the redox buffer and sorption capabilities of the

rock matrix. Another observation was that fissure fillings here, clearly visible as dark features in

the rock section, had low values of porosity.
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a b c

Figure 3.28  Photoimage of rock section of altered rapakivi granite (a), corresponding autoradiograph
(b) and superimposed image (c) ; red regions correspond to porosities ≥ 2%. Width of sample is 34 mm.

3.9 Uncertainty of the PMMA method

This section examines the uncertainties of the PMMA method. First the uncertainty involved in

measuring the optical densities from autoradiographs is discussed, and then the error caused by

the calibration and the exposure time of autoradiographs. As a means of assessing the accuracy of

the method PMMA porosity values are compared with water gravimetry and mercury intrusion

porosimetry values. Finally, mathematical error calculations describe the uncertainty of the

porosity calculation.

3.9.1 Uncertainty of measuring optical densities of autoradiographs

Optical densities are accurately measured with the laser densitometer. However, recent

comparisons of results obtained with spectrophotometer, CCD camera and flatbed scanner

equipped with transparency option revealed slight variation. The optical densities of

commercially available films (Lee OD:0.3,0.6 and Schott 1.00) measured with different

equipment are presented in Table VII; up to 6% variations from the nominal optical density are

observed. Since the response of the image source and the amplifier of the digital image analyser

are linear, the digitised grey levels of the autoradiographs can be treated as intensities, which can

be converted to optical densities according to Lambert & Beer’s law. The CCD camera and
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flatbed scanner systems operate with sufficient stability, uniformity, linearity and intensity

response to allow their use in quantitative analysis.

Table VII  Optical densities of commercially available films measured with spectrophotometer, CCD
camera (Hamamatsu) and flatbed scanner (Ricoh FS2).

optical density 0.3 0.6 1.0

spectrofotometer 0.32 0.58 1.0

CCD camera 0.31 0.59 0.99

flatbed scanner 0.28 0.58 0.96

The optical densities of autoradiographs have been measured with CCD camera by Yonekura et

al (1983). Furthermore, calibration procedures developed by Baldock & Poole (1998) are

available to measure the optical densities of the transparent films. The importance of the

correction of the heterogeneities of the light box when measuring autoradiographs 230x180 mm

in size with a CCD camera is emphasised. Automatic shading correction reduced the statistical

error of the results from 0.07 to 0.01% (expressed as rock porosity values). The instability (i.e.

unsteadiness) of the CCD camera was similar magnitude : a variance of 0.1%. The

reproducibility of the optical density measurements was within 0.01% (expressed as rock

porosity) for both CCD camera and flatbed scanner.

3.9.2 Uncertainties due to calibration and exposure time

The error due to the fit of the calibration curve is calculated for each point of the calibration

sources in every measurement. Table VIII shows the list of measured grey levels, optical

densities, errors and relative errors for each calibration point. Here the fitting parameters here are

calculated for an autoradiographic film Kodak Biomax MR using ten days exposure time. The

relative errors of the activities varied from 0.5 to 20%. Before calculation of the porosity of a

sample from its autoradiograph a check need to be made that the intensity range (grey levels) of

the calibration sources is not exceeded on the autoradiograph of the sample.
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Table VIII  Measurement of calibration sources with ten days exposure on Kodak Biomax MR (Panasonic
CCD camera + Quantimet image analysis software). Fitting parameters: D0=5.921x10-3, k=1.446x103

and Dmax=1.957, RMSE=9.5866 and RMSE%=5.90474x10-2

 activity Ai

(Bq/ml)

grey level Ii D est.  activity

(Bq/ml)

error rel.error

0.34 209 0.032 0.37 0.03 9.28

0.68 194 0.051 0.55 -0.13 -18.86

1.35 186 0.130 1.34 -0.01 -0.55

3.38 155 0.325 3.46 0.08 2.35

6.76 99 0.580 6.65 -0.11 -1.59

13.5 19 1.041 14.32 0.81 5.98

33.78 5 1.621 33.28 -0.50 -1.48

67.57 3 1.843 54.14 -13.43 -19.87

background 209

If the intensities on the autoradiographic film are low, i.e. close to saturation of the film, the error

is high. The same is true where there are a large portion of high intensities on the autradiograph.

In the first case a new exposure is required, and, in practice, the optimal exposure time for each

rock specimen has to be found empirically as in any quantitative autoradiographic experiment.

The best fit for the calibration sources is chosen for high and low porous mineral areas separately.

For a low optical density autoradiograph the best approximation is achieved when only

calibration points in the linear range are used, while higher optical densities are optimally

measured by including points in the saturation range. Figure 3.29 shows the relative error

associated with the choice of the calibration points. First low activities are taken into account,

leading to high relative errors in high activities. Secondly, low and high activities are fitted,

which decrease the relative error in the high activity range. In the third case only the highly active

calibration sources are fitted, resulting in small relative error in the highly active range, but the

relative error increases dramatically in the low activity range.
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Figure 3.29  Example showing the change of the relative error in the measured activities according to the
different fits of the calibration curve. Llow activities are taken into account (• 4 points); low and high
activities are fitted (�  8 points); only the highly active calibration sources are included in the fit. (� =6
points). (Hellmuth et al. 1994)

The variation in the PMMA porosity values due to exposure time was tested by exposing a range

of labelled samples representing low and high porous rocks for 10, 20 and 30 days. Table IX lists

the results. The results for low porosity rocks are independent of the exposure time, although, by

visual inspection, the autoradiographs after longer exposure time seem to have a higher contrast.

The autoradiographs of high-porosity rocks are shifted into the saturation range and lower results

are obtained at longer exposure times.
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Table IX  Influence of exposure time on porosity values (%) obtained by the 14C-PMMA
method. (Hellmuth et al. 1994)

exposure timesample

10 d 20 d 30 d

fresh rock types

tonalite (Olkiluoto)

granodiorite (Lavia)

rapakivi (Hästholmen)

0.16

0.12

0.17

0.13

0.10

0.16

0.16

0.11

0.16

altered rock types

tonalite (Sievi)

rapakivi (Hästholmen 50m)

rapakivi (Hästholmen 54m)

1.38

1.44

0.89

1.20

1.34

0.76

1.03

1.20

0.62

3.9.3 Mathematical error calculation

The mathematical error calculation is performed for a 14C-PMMA impregnated clay sample after

the method of Sammartino et al. (2001). The porosity, ε1, is calculated using the following

equation:
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where ρd is the apparent density of rock, ρ0 is the density of PMMA and A0 is the tracer activity.

These are the physical parameters. The fitting parameters, k, D0, Dmax, from the calibration

sources are dependent on the optical density. ε1 is the associated pixel porosity. The total relative
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The total relative error calculated as follows:
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The mathematical expressions (3.14), (3.15) and (3.16) allow detailed investigation of the

variation of the porosity and its uncertainty versus the grey level range of the autoradiograph of

the studied sample. The parameters and their uncertainties are presented in Table X. The

calculation of the error is based on the range of intensities obtained on the autoradiograph of an

argillite sample from East of Paris basin at Bure (see section 6.4.1). The calculated error is

considered to be the maximal error (sum of all possible errors), taking into account the physical,

calibration and optical density parameters.

Table X  Parameters and their absolute uncertainties for an argillite sample from East of Paris basin at
Bure. (Sammartno et al. 2001)

value error

physical parameters

grain density                   ρρρρr    (g/cm3)

PMMA  tracer density    ρρρρ0    (g/cm3)

tracer activity                  A0    (Bq/ml)

2.752

1.18

67.57

0.012

0.01

1.35

calibration or fitting parameters

minimum optical density     D0

maximum optical density     Dmax

parameter                              k

5.95x10-3

0.982

6.24x10-4

8.25x 10-5

0.109

9.95x10-5

measured parameters

grey level value of background                            I0

grey level values obtained on autoradiograph      I

235

110 to 230

2

1
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The relative uncertainty increases exponentially as porosity decreases, as shown in Figure 3.30a

and reaches 100% for porosity values less than 3%. As the highest errors are due to the lowest

concentrations of 14C-PMMA in the matrix, i.e. the highest intensities on the autoradiographic

film, the result might be improved with use of longer exposure time. The strong effect of

background on the accuracy of the low porosity values is evident. The error calculated in this way

is the maximum error for one pixel. Figure 3.30b shows the influence of the physical, the

calibration and the optical density parameters on the total relative uncertainty. The accuracy of

the porosity defined pixel by pixel is mainly determined by the calibration and the optical density

determination. The physical parameters are much less important. The errors in the calibration

parameters and the optical density measurement are greatest in the low and high porosity

domains.
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Figure 3.30  Porosity and total relative uncertainty versus grey level range of an autoradiograph.
Distribution of relative uncertainty in terms of the nature of each parameter. An 14C-MMA impregnated
argillite sample. (Sammartino et al. 2001)
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3.10 Measurements with test material

This section describes 14C-PMMA measurements carried out on test materials. The accuracy of

the quantitative porosity determination was evaluated through measurements on standards of

known porosity and the resolution was evaluated by measurements on an aperture of known

dimensions artificially created between two glass plates.

3.10.1 Porous silica substrates

Geltech’s porous silica substrates were used as standard material to test the accuracy of the

method for measurement of porosity calculation. The silica material is characterised by fully

interconnected and uniform porosity. It is mechanically strong, hard and hydrophilic. The

standards can be impregnated with polymers, dyes or any other material of small enough particle

size to reside in the pores. The porosity of the standard material with pore size of 5 nm was

measured by gravimetric method, using water and MMA impregnants. The obtained value of

54% for both indicates that the two impregnants behavein the same way when penetrating the

standard silica substrate.

14C-PMMA autoradiographic measurements were performed for porous silica substrates of pore

apertures of 2.5 nm and 5 nm. The 14C methylmethacrylate was diluted to 2.5 µCi/ml. The

PMMA porosity calculations were performed on autoradiographs exposed for 1 to 3 days by

applying the real density of the PMMA impregnated sample. The densities of the standard

samples were determined by He gas pycnometry. Figure 3.31 shows an autoradiograph of the
14C-PMMA impregnated silica substrate with pore aperture of 5 nm and the determined porosity

distribution. The groundmass of the silica samples shows a homogeneous porosity pattern, but

there are a few PMMA filled fissures transsecting the samples. The glass samples are prone to

formation of microfissures during drying. Several microfissures were visible in the polymerised

sample were but not on the autoradiograph, indicating a later origin than the impregnation.

Because of the fragile character of the standard material, microfissures are formed when the

samples are sawn for autoradiography, particularly when the contraction of MMA under

polymerisation causes tension in the silica skeleton.
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Figure 3.31  a) Autoradiograph of Geltech’s silica substrate with 5 nm pore aperture b) Porosity
distribution of sample. Diameter of sample 10 mm.

Table XI shows the PMMA porosity values in comparison with the water gravimetric results.

Agreement is good between the PMMA and water gravimetric porosities for Geltech’s silica

substrates of 2.5 nm pore apertures. MMA intrudes thoroughly into this standard material.

However, the PMMA porosity of the silica standard of 5 nm pore apertures is 15% higher than

the water porosity value. Despite the homogeneity of the intensity patterns of the autoradio-

graphs, the porosity distribution is wide, from 35 to 57% for the 2.5 nm silica sample and from

50 to 70% for the 5 nm silica sample, but in both cases the histograms follow almost Gaussian

shape. This test proved that MMA intrudes pores with apertures of 2.5 nm and 5 nm. When the

assumption of the dilution of the methylmethacrylate with the silica matrix is applied, the

quantitative porosity measurement with the autoradiographic technique functions.

Table XI  Porosities of Geltech’s silica standard samples measured by water gravimetry and PMMA
method, the densities measured by He gas pycnometer and the sample densities of the PMMA impregnated
silica substrate.

Geltech’s

silica substrate

water

gravimetry

porosity (%)

PMMA

porosity (%)

density by He gas

pycnometry (g/cm3)

density of PMMA

impregnated sample

(g/cm3)***

-2.5 nm- 43±2* 44±1** 2.17 1.73

-5 nm- 51±4* 59±2** 2.19 1.67

*average of three measured samples
**average of three measured autoradiographs of one impregnated sample
***average of three measured autoradiographs of one impregnated sample
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3.10.2 Artificial fissures

The apparent resolution of the PMMA system was studied with artificial fissures in glass, created

by cluing together two glass plates. 14C-labelled MMA was impregnated into interlayer of the

glass plates and the MMA was polymerised. The glass plates were then sawed with a diamond

saw and the sawn surfaces were exposed on autoradiographic film. The aperture between the

glass plates varied from 35 to 60 µm, determined by scanning electron microscopy. As depicted

in Figure 3.32, the margins of the fissure are rough and the width of the aperture along the fissure

varies widely.

Figure 3.32 Backscattered electron image of artificial
fissure between two glass plates showing fissure
aperture at width over 50 µm.

The spatial resolution of the autoradiographic system was discussed in section 3.6.4, where it was

shown to be difficult to calculate it exactly. Here, the spatial resolution of the artificial fissure

was measured after digitising of autoradiographs obtained with two different exposure times.

After film digitising, the spatial resolution is controlled by the pixel size (defined in dots per inch,

dpi) because the normally used pixel size is bigger than the resolution of the film. The FWHM

values of the artificial fissures were determined with Ricoh table scanner and 600 dpi resolution,

which corresponds to (42.5x42.5) µm2 pixel size.

Figure 3.33 shows a sequence of three magnifications of the scanned autoradiograph of the 11.5

cm long artificial fissure (a, b, c). The sequence of several magnifications illustrates effectively

the variations in the aperture of the fissure. The variation is mainly due to the rough sawing of the

glass material with a diamond saw. The individual pixels are illustrated showing that the highest

optical densities are from 4 to 6 pixels in width, which is equivalent to 172 to 258 µm.
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a b c

Figure 3.33 a) Scanned image of
autoradiograph from an artificial
fissure. Length of 13 cm. b) and c) are
magnifications showing rough lines of
the margings. Exposure time on
Kodak Biomax MR film 3 days.

The apparent resolution determinations were done at several places on the autoradiograph of the

fissure. Calculations were done with the Matlab program Mankeli, which determines the optical

density versus distance from the digitised autoradiographs. The scanned area was 2 to 3 cm in

height and two aperture ranges (≈35 and ≈55 µm) were compared. Table XII lists the apparent

resolutions for two exposure times. At three days exposure FWHM value of the ≈35 µm aperture

fissure was 25% lower than that of the ≈55 µm aperture fissure. Longer exposure time also

broadened the track on the autoradiograph by about 25%.

Table XII  FWHM values for autoradiographs of artificial fissures between two glass plates.
Measurements done from two apertures, ≈ 35 and ≈55 µm, using two exposuretimes of autoradiographs.
(Standard deviation of 4 measurements)

width of fissure (µm) FWHM (µm)

3 days exposure

FWHM (µm)

10 days exposure

≈ 35 200±30 250±40

≈ 55 250±60 310±50
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3.11 PMMA method compared to other methods

The accuracy of a measurement is defined as the difference between the measured result and the

real porosity value. The real porosity value is not known exactly. In the following sections the

accuracy of the PMMA method is estimated by comparing the PMMA values with the porosity

values measured by water gravimetry and mercury intrusion porosimetry.

3.11.1Comparison of PMMA porosity and water porosity

The properties of the MMA molecule in comparison with water were presented in section 3.1. As

stated there, the MMA molecule is considered to behave in rock as a neutral particle, without

strong surface interaction, and it can be roughly compared with water. The presence of residual

water and the surface state of the rock pore space are influenced by the pretreatment (drying and

decassing) that the samples undergo before impregnation. Intrusion of MMA, which is a

hydrophobic fluid, is hindered if even thin water layers remain absorbed on the rock pore

surfaces after drying. The initial expectation was that the above mentioned differences could

cause some discrepancy in the porosity values obtained by the PMMA method and water

gravimetry.

Table XIII lists the porosity values obtained by water gravimetry and PMMA porosimetry. The

samples consisted of igneous rocks and one basalt. Various degrees of alteration are represented;

unaltered, moderately altered and strongly altered. The samples of the excavation damage zone

studies, which were from the full-scale experimental deposition holes of the TVO Research

Tunnel at Olkiluoto, Finland (Autio et al. 1996, 1998a,b,c) represent unaltered rocks. The

disturbed samples represent rocks that were adjacent to the borehole surface, while the

undisturbed samples were taken a few centimeters below the surface (Autio et al. 1999).

Correlations between porosities are plotted in Figure 3.34. PMMA porosity values were lower

than the porosity values from water gravimetry. The discrepancy increases with alteration.

Relative to water gravimetry the PMMA method underestimates the porosity values by 10 to

40%. For porosities less than 1% the correlation is fairly good.
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Table XIII Porosity values obtained by water gravimetric and PMMA methods. Rock samples are
classified as unaltered, moderately altered, strongly altered and not classified. There is also a group of
samples “disturbed/undisturbed”, while were part of the excavation damage zone studies.

sample water
gravimetry

PMMA
porosimetry

reference

Basalt not classified 2.2 2.0 Hellmuth & Siitari-Kauppi
1990

muscovite granite
unaltered
moderately altered

0.6
0.9

0.5
1.0

Lindberg et al. 1992
Marcos et al. 2001

porphyritic granodiorite (Kivetty)
unaltered
moderately altered
strongly altered

0.3
0.7
1.5

0.3
0.6
1.0

Lindberg et al. 1992,
Siitari-Kauppi et al. 1994

tonalite (Sievi)
unaltered
fairly altered
strongly altered I
strongly altered II

0.3
1
3
8

0.2
0.6
2
5

Hellmuth et al. 1992,
Siitari-Kauppi et al. 1997,

Hölttä et al.1997
mica gneiss (Sievi) not classified 0.2 0.1 Siitari-Kauppi et al. 1997
rapakivi granite (Hästholmen)
unaltered
moderately altered
strongly altered

0.2
1.1
2.6

0.1
1

2.1
Hellmuth et al.1992,

Siitari-Kauppi et al. 1994
diorite (Äspö, Sweden) not
classified

0.55 0.4 Johansson et al. 1998

fine grained granite
(Äspö, Sweden) not classified 0.25 0.2 Johansson et al. 1998
Palmottu granite
unaltered, western
moderately altered, eastern

0.4
0.4

0.3
0.4

Siitari-Kauppi et al. 1999,
Rasilainen et al. (1996)

Palmottu mica gneiss
unaltered 0.2 0.1 Siitari-Kauppi et al. 1999
gneissic tonalite (Olkiluoto)
disturbed
undisturbed

0.65
0.46

0.52
0.36 Autio et al. 1998c

homoeneous tonalite (Olkiluoto)
disturbed
undisturbed

0.49
0.32

0.35
0.19 Autio et al. 1998c

pegmatite granite (Olkiluoto)
disturbed
undisturbed

0.47
0.33

0.50
0.45 Autio et al. 1998c
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There are three probable reasons for the lower porosity values measured by the PMMA method.

First, the MMA molecule, in contrast to water, may not intrude into the smallest pores of the rock

matrix, thus decreasing the porosity values. The finding that the PMMA porosity values are in

disagreement with the water porosity values in unaltered rocks, suggests incomplete intrusion of

MMA into the narrow pore spaces. Secondly, the sensitivity of the PMMA method is directly

dependent on the signal detection: initially the blackening of the autoradiograph, which is

dependent on the 14C or 3H activity in the rock, and then the image digitising and on the linearity

requirement of the digitising equipment. Thus, if the threshold energy for the autoradiography is

not exceeded, some concentration of MMA in the rock may go undetected, resulting in the

recording lower porosity values by the PMMA method than by water gravimetry. Thirdly, if the

nonlinear region of the calibration curve is used in the PMMA method, the uncertainty for high

porosity values increases lowering the total porosities.

Water gravimetric saturation tests are applied to understand better the matrix properties of rocks

and thereby to minimise errors in measurement and interpretation. Water impregnation as a

function of time offers much information about the saturation time required for MMA

impregnations. A slow penetration of water into the rock matrix indicates small pore apertures

and/or high tortuosity and constrictivity in the matrix. The most valuable results obtainable by the

PMMA method are spatial porosity distributions: local porosities and flow patterns and absolute

bulk porosities are better determined by conventional methods.
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Figure 3.34  Porosity values from water gravimetry compared with PMMA result. a) for all studied rock
samples  and b) for the low porosity  rocks represents to unaltered rocks
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3.11.2 Comparison of PMMA method and mercury porosimetry

PMMA porosimetry and water gravimetry involve an impregnation by capillarity under primary

vacuum. Penetration of the pore space by capillarity is controlled by fluid properties and the

physical properties of the pore space. Except for sterical volume, the properties of MMA relevant

for impregnation (e.g. viscosity, contact angle, dipole moment) are similar to those of water.

Unlike these two methods, mercury porosimetry is based on the forced injection of mercury

under high pressure. According to the Washburn equation and a cylindrical pore model, the

equivalent radius of the smalles pores was 1.8 nm. MMA intrudues about the same size pores as

mercury, but it must be remembered that the autoradiographic method requires a local treshold

activity for blackening to appear on the autoradiograhic film.

The largest sources of error in mercury porosimetry are (Mikhail et al. 1983; Dullien 1992): the

contact angle for mercury (which depends on the pressure, outgassing conditions, surface

roughness and hysteresis between advancing and retreating meniscus), the compressibility of

mercury, insufficient outgassing of small pores, hysteresis (caused by changes in the contact

angle, wetting effects, adhesion, mercury phase breakage, heterogeneities), kinetic effects, the

models of interpretation and the lack of reference material for dense crystalline rocks. In

particular, mercury porosimetry which is easy to use, is often applied as black box. This means

that it produces pore size distributions for materials it has not been properly tested for (Van

Brakel et al. 1981).

Studies of Hellmuth et al. (1995) on the preparation of rock samples for mercury porosimetry

have shown that a great portion of the porosity is a sawing artefact. Sawing increases the porosity

values measured by mercury intrusion method as discussed in section 2.4.2. Table XIV presents

the porosity values obtained by mercury intrusion and the PMMA method. The mercury intrusion

results were corrected by applying a volume correction that takes into account the compressibility

function of mercury which depends on pressure, temperature, speed of analysis and the amount of

mercury in dilatometer (Klobes et al 1997; Hellmuth et al. 1995). The correction caused

significant changes in the pore radius range >7.5 µm when porosities were low, increasing the

total porosity value.
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Table XIV  Comparison of porosities (%) obtained by mercury porosimetry and PMMA method. Pores
< 7.5 µm are included (total value in brackets). Rock samples are classified as unaltered, moderately
altered and strongly altered and not classified. Sample preparation by standard diamond sawing.

sample mercury porosimetry PMMA

porosimetry

reference

Basalt not classified 0.61 (0.97) 2.0 Hellmuth et al. 1995

muscovite granite

unaltered

moderately altered

0.52 (0.93)

0.66 (1.17)

0.5

1.0

Hellmuth et al. 1995

porphyritic granodiorite (Kivetty)

unaltered

strongly altered

0.18 (0.55)

0.73 (0.69)

0.3

1.0

Hellmuth et al. 1995

tonalite (Sievi)

unaltered

fairly altered

strongly altered I

strongly altered II

0.17 (0.57)

0.24 (0.43)

0.6 (1.0)

5.46 (6.2)

0.2

0.6

2

5

Hellmuth et al. 1995

mica gneiss (Sievi)

not classified 0.2 (0.46) 0.1 Hellmuth et al. 1995

rapakivi granite (Hästholmen)

unaltered

strongly altered

0.18 (0.55)

2.66 (3.02)

0.1

2.1

Hellmuth et al. 1995

La Bresse granite

unaltered

altered

0.35

1.2

0.4

1.1 Guillot et al. 2000

The porosities obtained by mercury intrusion and PMMA method were in fair agreement when

only the pore size fraction < 7.5 µm was included (Figure 3.35), but when the pore size fraction >

7.5 µm was included as well, the mercury intrusion values were significantly higher. The total

porosities obtained by mercury intrusion were slightly lower for unaltered and altered porphyritic

granite and altered tonalites compared to PMMA values. The PMMA porosity data for basalt,

which contains a high portion of micro- and macroscale pore sizes (see section 4.3.1), was

significantly higher than the porosity value obtained by mercury intrusion. The difference here

may be the difficulty with which mercury intrudes into micropores. The valuable information

provided by mercury porosimetry is the pore size distribution. However, the pore size
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distributions obtained by mercury porosimetry were unreliable at porosity levels below 0.5%,

which covered most of the unaltered rocks. They were more reliable for the higher porosity levels

of altered materials. Polishing of the sample surfaces and application of corrections led to

significant changes in the pore aperture histograms: the dominating pore size range of 10-100 µm

radius disappeared and the histogram bars in the macropore range centered around 100-1000 nm

became fewer, while a new or wider peak mostly below 10 nm appeared.
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Figure 3.35 Comparison of PMMA porosity data and Hg porosimetry results.

The combination of mercury porosimetry and microcomputer x-ray tomography (CT technique)

gives 2D and 3D data on mineral specific porosity distributions with additional pore size and

mineral specific surface area information. This method was developed by Klobes et al. (1997a)

and the applications have been described by Klobes et al. (1997b) and Hellmuth et al. (1999). A

few CT tomography results for the granite samples from Palmottu Natural Analogue site have

been presented by Siitari-Kauppi et al. (1999). As an example, the CT tomaography result and the

PMMA autoradiographic result for an altered granite sample (R388/ 33m) are presented in

Figures 3.36 and 3.37, respectively. The CT images of single planes after intrusion of mercury

reveal an extended network of pathways covering the whole area of the plane in the largest

aperture range >450 nm. When smaller apertures are included the connectivity is qualitatively

large in the 2D pattern. On the PMMA autoradiograph (Figure 3.37b) well-developed fissure

network is observed, too.
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The porosity patterns revealed by CT tomography bear a clear resemblance to the porosity

patterns revealed by PMMA autoradiography. A slight difference might be on the PMMA

autoradiograph where the altered plagioclase grains are not found to be highly porous, but from

the CT tomography images these features are not found. The finding indicates that MMA intrudes

more easily into the micropore range of altered mineral phases than mercury even with high

pressures.

a b       

Figure 3.36  Tomographic images of plane in mercury intruded granite sample (R388/33 m) at a) 3.3 and
b) 156 MPa mercury intrusion pressure. These pressures correspond to transport path apertures > 450
nm and > 10 nm, respectively. Sample width is 25 mm. (Siitari-Kauppi et al. 1999)

a b

Figure 3.37  a) Photograph of granite sample (R388/33 m). b) Corresponding autoradiograph showing
connected pore network and porous mineral phases of sample. Sample width is 45 mm. (Siitari-Kauppi et
al. 1999)
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4 Diffusivity of rock matrices

In performance assessment, the distribution coefficient, Kd, the effective diffusion coefficient, De,

and the connective porosity, ε, are the parameters determining the retardation capability of the

rock matrix. Values of the effective diffusion coefficients parameters and porosities are

determined in the laboratory using different tracers and centimetric-scale rock cores. One of the

aim of the diffusion studies was to evaluate the influence of the heterogeneities of the studied

centimetric-scale rock matrices on the diffusion properties. Several techniques were used to

measure the diffusivities of rocks at laboratory scale. The diffusion laws and their dependencies

and the experimental settings used in this work and finally the diffusivity results are discussed in

the following.

4.1 Theoretical background

Diffusion can be defined as a process whereby material – ions, charged and uncharged complexes

and molecules dissolved in the fluid phase and of suspended particles or colloids – is transported

from one part of a system to another by means of molecular movement, i.e. purely by thermal

movement of the molecules in an aqueous solution, without advection. Because the molecular

movements are microscopic in scale concentration differences in solutions balance out slowly.

The associated mass flux is described with diffusion equations, which are defined in the

following text. (Li&Gregory 1974, Olin 1994, Valkiainen 1992, Frick 1996).

Self-diffusion is understood to mean the movement of a principal component in a specific

solution or material exchange between two reservoirs of equal ionic strenght and ionic

composition. The molecular movement of water particles is understood to mean the self-

diffusion; Dw = 2.13x10-9 m2/s, of free water, which is determined experimentally by deuterium

tracing (Wang 1951). Table XV lists some experimentally measured tracer diffusion coefficients

for some common ions in water at different temperatures (Cole 1983).
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Table XV  Tracer diffusion coefficients, Dw
I, of some ions at infinite dilution in water. (Cole 1983)

cation  x10-10m2/s

0°C            18°C               25°C

anion x10-10m2/s

0°C                18°C             25°C

H+ 56.1            81.7               93.1 OH- 25.6                44.9              52.7

Na+ 6.27            11.3               13.3 F-                        12.1              14.6

K+ 9.86            16.7               19.6 Cl- 10.1                 17.1              20.3

Cs+ 10.61           17.7              20.7 I- 10.3                 17.2              20.0

Ca2+ 3.73              6.73             7.93 SO4
2- 5.00                 8.90               10.7

Ba2+ 4.04              7.13             8.48 NO3
- 9.78                 16.1               19.0

Fe2+ 3.41              5.82             7.19 CO3
2- 4.39                 7.80               9.55

UO2
+                                           4.26

Fe3+                      5.28              6.07

Th4+                      1.56

According to the CRC HANDBOOK (Weast, 1983), diffusion coefficients for organic molecules

such as glucose, sugar and amino acids, in strongly diluted solutions and at temperatures of 25 °C

are typically about Di = 0.5-1.0x10-9m2/s. The diffusion coefficient of the marker substance

uranine, which is frequently used in tracer experiments and, depending on pH, dissociates weakly

to completely in aqueous solution, can be estimated on the basis of the molecule size (ca. 376

g/mol) to be DU ≈ 0.5x10-9 m2/s.

In considering the diffusion of species through a fractured, water-bearing rock, the properties of

the pore space in which the ion diffusion occurs are of greatest significance. The key parameters

in this respect are 1) the porosity, which is simply the volume fraction of the rock that is available

for transport, 2) the diffusion coefficient, 3) the diffusion depth available in the surrounding rock

and 4) the ion-specific sorption, which is dependent on water chemistry and mineralogy.

Molecular mobility in the pore space of a mineral matrix, i.e. pore diffusivity, is influenced by

the following factors:

- dimensions, form and geometry of pores

- physico-chemical properties of the solid phase

- ionic strength of the aqueous phase
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- viscosity of the aqueous phase

- size, charge (ion potential) and hydration energy of the dissolved particles

The pores determine the available cross section for transport. Tortuosity of the migration routes

e.g. pores and fissures, increases the transport paths, while constrictivity causes hindrance. In

addition interactions between solid phases, water molecules and the dissolved particles have the

effect of reducing the molecular mobility in the aquatic phase. The smaller the pore apertures, the

greater the importance of these electrostatic forces that cause increased internal friction. The

cation exchange capacity of rocks is always larger than their anion exchange capacity, because

mineral surfaces have a primarily negative charge due to the crystallographic structure of the

silicate lattice. These negative charges lead to reversible sorption of cations; at the same negative

charges are repelled, which results in a certain constrictivity of the available pore space, a

phenomena known as anion exclusion. (Valkiainen 1993; Frick 1996)

Diffusion coefficients determined in experiments making use anions tend, therefore to be smaller

than the diffusion coefficient for tritiated water (HTO). According to Ohlsson & Neretnieks

(1997), in groundwater of low ionic strength the effective diffusion coefficient for anions is lower

by a factor of about 10. At high ionic strengths the surface charge of the pore walls is suppressed

and the anion exclusion is not relevant. In my work the anion exclusion of 36Cl was used for

evaluation of pore aperture sizes; namely high anion exclusion was taken to indicate a high

volume of micro and meso aperture pores in the studied rock matrix.

Diffusion laws

The diffusion laws consider diffusion in an idealised manner assuming ideal conditions without

interaction other than linear sorption between the aqueous and solid phases. The solid phase is

assumed to be homogeneous. If, during a diffusion process, the flux F of a diffusive species

becomes constant, then the gradient of concentration also becomes constant. Subsequently the

diffusion process is controlled by the effective diffusion coefficient, De (m
2/s). In the stationary

state, one-dimensional diffusion, the mass flux F of the dissolved substance is described by

Fick’s first law (Fick, 1855), which states that a species diffuses in the direction of decreasing

concentration:
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where C is a concentration and x a distance. Fick’s second law gives the rate of change of

concentration at a point in a one-dimensional system. It is used to describe the concentration

profile for the one-dimensional case, as follows:
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where Da is the apparent diffusion coefficient (m2/s). Analytical solutions of the differential

equation for different geometries and initial and boundary conditions are given in Crank (1975).

Dp is the pore diffusivity and describes the mobility of the tracer in porewater under the influence

of the different physical interactions between aqueous and solid phase. The relationship between

pore diffusivity and the geometry factor was defined in chapter 2. De is the effective diffusivity,

which describes the mobility of the tracer in the water-filled porous solid and is linked with

porosity εd (diffusion porosity) as follows:

Fwdwdpe GDGDDD === εε (4.3)

where

GG dF ε= (4.4)

which defines the relationship between diffusion porosity εd, the geometry factor G and the

formation factor GF. Different terms are used in connection with diffusion in a rock matrix

(Neretnieks 1980; Bradbury&Green 1985; Skagius&Neretnieks 1986; Johansson 2000). For

example, the intrinsic diffusion coefficient Di, used by Bradbury & Green, is equivalent to the

effective diffusion coefficient. Diffusion coefficients in this work are defined on the assumption

that no sorption occurs between the pore walls and the diffusing species (methylmethacrylate

molecule, tritiated water, chloride anion, helium gas molecule). The diffusion porosity εd is

applied as defined in chapter 2 and no distinction is made between dead-end porosity and

transport porosity (εp.is equal to εd).

The apparent diffusivity is defined:

1111 −−−− === αε edepa DRDRDD (4.5)
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where α is the rock capacity factor and R is the retention or retardation factor. Both proportional

amounts and dimensionless.

For a non-sorbed species, Dp, and Da are equal and α is equal to εd. If the tracer is not retarded by

the pore surfaces of the rock matrix, the following relation is valid:

1−= dea DD ε (4.6)

which gives the diffusion porosity, when apparent and effective diffusivities are known.

The apparent diffusion coefficient, Da, is measured from the transient state of the diffusion

process and normally sorption of molecules or atoms is included to the diffusion process. A

schematic explanation of the transition from transient to stationary conditions of tracer

concentration in a porous media with diffusive transport is shown in Figure 4.2. In the transient

state the constant flux has not been reached and  the application of Fick’s second law is required.

If soption is included, it basically has the effect of lenghtening the transient phase during

diffusive transport. The effective diffusion coefficient , De, is representative of the stationary

state, when the flux becomes constant as depicted in Figure 4.1 in the most right side of the

figure.

Figure 4.1  Material diffusion  through a porous rock matrix: stationary phase follows the transient
states. The concentration of the tracer is kept constant on the input side, CT, and  the tracer concentration
on the output side is small, C0 (adapted from Frick 1996).
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Empirical relationships

Archie’s law:

In interpreting electrical conductivity measurements in relatively dense crystalline rocks and

metamorphic sediments Parkhomenko (1967) found a statistical correlation between the

resistivity R and the porosity ε. This empirical relationship is known as Archie’s law :

n
dwt RR −= ε (4.7)

where Rt is the bulk resistivity of a rock, Rw is the resistivity of the water as it actually exists in

the pore space and ε is the porosity, assumed to be totally water-filled. The exponent n is an

empirically derived parameter characteristic of the texture of the rock. For the formation factor Gf

provided from diffusion studies and the porosity εd , Archie’s law is usually expressed as follows:

58.171.0 dfG ε= (4.8)

Because the geometry factor G and the formation factor are defined by Gf = Gεd, the geometry

factor G can also be derived as:

58.071.0 dG ε= (4.9)

In the present work this relationship was used to compare the diffusion coefficients measured in

different ways. While the relationship is found to be applicable for the average properties of

many of the crystalline rocks, but a discrepancy is seen for altered rocks (see results section). The

geometry factor G generally decreases with decreasing porosity.

4.2 Experimental methods

4.2.1 Outleaching of MMA

The diffusion behaviour of MMA was studied by following the outleaching rate of 14C-MMA

from saturated rock samples. Also the transient leaching profiles were determined for a porous

rock, as schematically shown in Figure 4.2, with analysis of the concentration profile in the rock

sample (see section 4.4.2). The outleaching rate was followed determining the cumulative activity

rate in the aqueous phase. The apparent diffusion coefficients were determined and the effective

diffusion coefficients were calculated from the simple relationship Da = De/εd, which is valid
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when no sorption occurs (Siitari-Kauppi et al. 1994; Hellmuth et al. 1994; Siitari-Kauppi et al.

1997).

a b

Figure 4.2   a) Schematic presentation of leaching test. b) Trend of the concentration profiles is shown for
short (solid line) and comparatively long (dashed line) times. C0 is the initial concentration in the aqueous
phase sample and CT the original tracer concentration in the rock sample.

Methylmethacrylate monomer was used as one of the nonsorbing tracers in diffusion

experiments. The self-diffusion coefficient of the free liquid MMA has to be known in order to

calculate the geometric factors from the experiments. A value of 2.0x10-9 m2/s is calculated from

the following equation (Bird et al. 1960):
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= (4.10)

where k = Boltzman constant=1.380658x10-23JK-1

Ta = absolute temperature °K

ηmma = 0.19x10-13Pa s (= 0.584x10-3 P)

NA = Avogadro number=6.0221419X1023

VM = mole volume of MMA

In preparation for outleaching experiment of 14C-labelled MMA, the rock samples were dried

under vacuum at 110-120°C for one week. The impregnation with 14C-MMA was conducted first

under primary vacuum and then under athmosperic pressure for a total of 14-17 days. After

impregnation, the samples were immersed in a large excess of inactive MMA and the apparent

diffusion coefficient of the rock was determined by measuring the amount of outleaching tracer.

After completion of the leach test, MMA was polymerised within the rock sample by gamma
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irradiation, and autoradiographs were prepared to check weather the tracer had leached out

completely. Figure 4.3 shows the outleaching curves i.e. cumulative 14C-MMA fraction versus

square root of time, for several granitic rocks.

Figure 4.3  Normalized cumulative activity fraction of 14C-MMA leached from unaltered muscovite
granite (¤ ), unaltered (Ki7/21m)(¡ ) and altered (Ki7/122m)(l ) porphyritic granodiorite and unaltered
(Y24/173m) (∇) and altered (Y24/54m) (�) rapakivi granite as a function of square root of time. (Siitari-
Kauppi et al. 1994)

The amount of leached activity is related to the initial activity in the sample and to the area

exposed to the leachant (Hespe 1971). The incremental leach rate during the period of the

experiment is presented as follows:

1

0

−= n
n

n t
S

V

A

A
R

(4.11)

where Rn is the incremental leach rate ms-1

An is outleached activity during the test period n, Bq

A0 is the initial sample activity, which is calculated from sample volume

and the measured porosity εd, Bq

V is the sample volume, m3

S is the sample surface area, m2

tn is the test period
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If we consider that leaching is based on diffusion, the cumulative activity fraction released can be

calculated by the solution of diffusion equation for the semi-infinite case having zero surface

concentration:

t
D

S

V

A

tA a

π
2

)(

0

= (4.12)

It must be noted that the initial activity A0 is linked to the porosity of the rock by:

00 VCA ε= (4.13)

where ε is the porosity , %

C0 is the tracer concentration, Bqm-3

The apparent diffusion coefficient is calculated from the slope of the linear part of a plot of

A(t)V/A0S versus t  (Hespe, 1971). The slope is 2
π

aD
. Matzusuru et al. (1977) has studied

leaching rates of 137Cs from specimens of Portland cement. The leaching rates are slow compared to

the ones of MMA due to high sorption capasity of cesium, but the shapes of leaching curves are

comparable; composed of two linear portions, which indicate that leaching process consists of two

distinct stages. This behaviour was found to be linked to the heterogeneity of pore structure of the

rock matrix in the case of MMA (see section 4.3.3).

4.2.2 Concentration profile method of PMMA autoradiographs

Besides the measurement of outleached tracer, apparent diffusion coefficient can also be obtained

obtained by freezing the transient state, by polymerisation, after a suitable time and preparing

autoradiographs. The samples were dried and impregnated as for the outleaching tests above. The

outleaching times before polymerisation varied from 1 to 20 days. The autoradiographs showed a

decrease of the 14C-MMA concentration inside the rock sample. Concentration profiles were

measured by image analysis technique (Siitari-Kauppi et al. 1994 and Hellmuth et al. 1994)

which is faster than following the outleaching rate of 14C-MMA over time by determinations in

aqueous solutions.

Figure 4.4 shows the autoradiographs of weakly altered (Ki7 25m) and altered porphyritic

granodiorite (Ki7 122m) and the corresponding concentration profiles after 8 days outleaching.
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The 5 cm diameter core samples were sawn in the middle of the sample along to the core axis.

The autoradiograph ws measured in the middle of the cross-section to avoid the corner effect in

the outdiffusion process. The different porosity patterns of the weakly altered and altered

porphyritic granodiorite samples are clearly evident in the autoradiographs; in weakly altered

sample porosity is mainly intra- and trangranular fissures while in the altered sample also the

mineral grains are highly porous. The apparent diffusivity decreases in the altered sample.

The outdiffusion of tracer was evaluated by digitising the autoradiographs as sectors and the

optical densities were calculated as in the porosity measurement calculations (section 3.8.4). The

scanning was done from  rectangular or circular autoradiographs. (Treutler et al. (1990) have

evaluated water diffusion profiles on the basis of quantitative autoradiography. As here, they used

the DENSITRON ¤ image analysis system.) The apparent diffusion coefficients, Da, were

evaluated from to numerically calculated curves (Figure 4.5) as described in the following.

The diffusion in a cylinder geometry is described by:
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where Da is the apparent diffusion coefficient (m2/s, t is time (s), C is the tracer concentration

(Bq/m3) and r is the distance from the cylinder axis (m). With use of the coordinate

transformations:

;
2
0

0 R

tD
F a=  and 

0R

r
x =

where R0 is the cylinder radius. The distances are normalised with respect to the cylinder radius.

The diffusion equation is transformed to
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The curves C(x,F0) are determined numerically with the following initial and boundary

conditions: initial condition: for x<1 and F0 =0 ; C=C0 (initial concentration in the sample) at t=0

boundary condition: for x=1 ; ∂C/∂x=0 and C=0.
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a b

c

Figure 4.5  a) Autoradiographs of weakly altered (Ki7 25m, left) and altered (Ki7 122m, right)
porphyritic granodiorite samples after 8 days outdiffusion of tracer 14C-MMA. Width of sample 5 cm. b)
Measured normalized concentration profiles versus normalised depths and the calculated curves for the
estimation of apparent diffusion coefficient (Da(Ki7/25m)=4.5x10-11 m2/s (ο ) and Da(Ki7/122m)=2x10-11 m2/s
(l )). The calculated curves have  values 0.001<F0<0.25. (Siitari-Kauppi et al. 1994)

These conditions fitted the outdiffusion arrangement. By correlating the measured outleaching

profile with the normalised curves, the best fitting value of F0 can be found and the apparent

diffusion coefficient is calculated as
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with the outdiffusion time in the experiment optimised, the resulting profile is located within the

limits 0.001<F0<0.1. The system allows determinations of apparent diffusion coefficients for rock

core samples and outdiffusion profiles of a few mm width. The outdiffuson profile can be

obtained after a few days.

4.2.3 Through-diffusion in water phase

The rate of transport through a rock sample can be investigated by through-diffusion experiments. In

these experiments the rock samples were saturated with synthetic granitic groundwater, Allard water

(Allard 1979), which represents groundwater of low salinity with ionic strength of 0.0085). The

mass transport is followed by continuous sampling as the solute moves from a solution with a high

concentration towards one with a lower concentration. A brief description of the measurement of the

apparent and effective diffusivities by conventional through-diffusion method in the water phase is

provided below.

The layout of  thediffusion cell and an idealised breakthrough curve are shown on the left and right

sides of Figure 4.5. This conventional laboratory method for measuring the diffusive properties of

rocks is widely used, together with sutable analytical solutions methods for interpretation. The

diffusion cell measures the diffusive mass flux, through a rock with a thickness of up to a few cm,

from one reservoir with increased tracer concentration to another with a negligible, very much lower

concentration. After a transient phase, a constant mass flux is set up, which is proportional to the

effective diffusion coefficient, De, at transient state. Under ideal conditions, the effective diffusion

coefficient can be calculated directly from the asymptotic slope in Figure 4.6b and the sample

thickness d (Bradbury et al. 1982, 1985,1986; Skagius et al. 1986a):

0

.

AC

Qd
DD ae == ε (4.18)

where Q is diffusion flux (Bq/s), A is the contact area of rock with the inlet solution (m2) and C0 is

the initial tracer concentration in the inlet reservoir.
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The apparent diffusion coefficient, Da, can be evaluated from the intersection of the time axis and

the asymptote of the breakthrough curve:

T

d
Da 6

2

= (4.19)

a b

Figure 4.5  a) Layout of a diffusion cell showing the cylinder symmetry used in the experiments. b)
Breakthrough curve for diffusing species (adapted from Frick 1996). In the diffusion cell, A is the
injection container, C the rock cylinder, and B the measurement container; the arrow shows the direction
of the diffusing species.

In this work most of the diffusion samples were cylindrical rock core samples with a cavity of 10

mm diameter in the middle of the core as a starting reservoir for tracers. Diffusion of the radioactive

tracers tritium (as HTO) and chloride ( as 36Cl in anionic form) was achieved by applying the

through-diffusion method. The rock samples were saturated  with artificial Allard groundwater

before spiking. The same rock samples were used as in the gas diffusion experiments and the multi-

spiked tracer solutions were kept in contact with the inside cavity of the samples for four to ten

months under ambient air. The volume of the spiking solution in the inner cavity of  was 10 ml. The

samples were immersed in water to avoid a hydraulic gradient toward the outer surface. The total

volume of the external solution was 100 ml. The through-diffusion of the tracers was monitored by

sampling the external water. The outlet concentration is negligible compared to the inlet concentrati-

on and diffusion coefficients can be calculated from the variation in concentration, of the radioactive

tracer with time in the upper reservoir.
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4.2.4 Through-diffusion in gas phase

Helium gas permeability and diffusivity measurements were performed for the above-descibed

unaltered and altered granitic rocks and for the rock samples from the Palmottu Natural Analogue

site. Effective diffusion coefficients were measured for the granitic rock samples described in

Siitari-Kauppi et al. (1994, 1997) and Hellmuth et al. (1995) and comparison was made with

diffusion coefficients provided by other methods (see section 4.3.3). In addition, the

permeabilities were measured  for a series of fresh and altered rocks, and the results are presented

in Hellmuth et al. (1995) and Siitari-Kauppi et al. (1999).  Helium gas techniques offer diverse

possibilities for rapid studies of migration in fractured and porous media. Measurements can be

made in a much shorter time scale in the gas phase. The method was developed in the

Department of Physics at the University of  Jyväskylä, Finland, where all the measurements

presented here were also done. The method has been thoroughly described in many reports and

publications during the 1990s (Väätäinen et al. 1993 ; Hartikainen et al. 1996a, 1996b and 1997).

4.3 Results and discussion of the diffusivity experiments

The rocks studied in this work included tonalite and mica gneiss from Sievi, Syyry, rapakivi

granite from Hästholmen, Loviisa and porphyritic granodiorite from Kivetty (Siitari-Kauppi et al.

1994, 1997, Hellmuth et al. 1992, Lindberg et al. 1992). Different alteration stages of each rock

type were investigated. In addition, structures, permeabilities and diffusivities were studied for a

few mica gneiss and western and eastern granite samples from the Palmottu Natural Analogue

site (Siitari-Kauppi et al. 1999). Basalt and microclinic granite (Rasilainen et al. 1996, Marcos et

al. 2001) were also included, basalt being the example rock in the next section.

4.3.1 Measurements of Basalt

Basalt (Buhl, Kassel, Germany), a fine-grained, eruptive rock, homogeneous in centimetric scale

in structure and composition, was used throughout the development of the PMMA method and

for comparison of porosities obtained by different methods. It was chosen as a reference for these

investigations in a view of its homogeneity, high porosity and large portion of small pore

apertures, i.e. micro- and mesoaperture range. Gravimetric tests with water and two organic
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liquids – methylisobutylketone (MIBK) and methylmethacrylate (MMA) – gave slightly different

porosity values. A decreasing trend H20>MIBK>MMA was observed.

Scanning electron microscopic (SEM) examination  revealed intra- and intergranular micro-

fissures in plagioclase and hornblende corresponding to 2-6% local porosity. The pore apertures

varied between 0.3 and 0.7 µm. Saturation of the basalt matrix with water was a slow process

indicating narrow pore apertures and a poorly connected pore network. The water saturation was

studied by the drying process. For a basalt sample having a diameter of 30 mm and a height of 20

mm, complete saturation required about 11 days of drying at 150°C temperature (Figure 4.6).
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Figure 4.6  Water porosity values for basalt obtained with variation in saturation time and drying
temparature.

Since the size of the pore aperture is small, the water infiltration process takes place slowly.

Although capillary pressures reach very high values (about 1500 bar at a diameter of 2 nm), the

pore dimensions have a significant effect on the flow speed. Thus, in 2-nm capillary-shaped

pores, the flow speed of the infiltrating water is about 2 cm in 28 hours in theoretical calculation

(Hellmuth & Siitari-Kauppi 1990). In reality the pores are constricted and longer infiltration

times are needed.

The infiltration times for 14C-MMA impregnations of basalt samples 3 cm in diameter and 2 to 3

cm in height were about two weeks. This was the time required to saturate the whole rock matrix.

Small areas of high porosity, corresponding to porosities from 5 to 16%, are evenly distributed

within the matrix as shown in Figure 4.7; these are interconnected by zones of low porosity.
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About 10% of the total area in the porosity distribution represents these porous minerals.

Observable fissures are few. After crystallisation the basalt has always been close to the Earth’s

surface. The total porosity value for basalt obtained by 14C-PMMA method varied from 1.9 to

2.4%, which is in a good agreement with the porosity values measured by water impregnation

technique.
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Figure 4.7  a) A scanned picture of a 60 µm thick thin slice of 14C-PMMA impregnated  basalt sample, b)
corresponding autoradiograph (4 days exposure on Kodak Biomax MR) and c) porosity distribution by
PMMA method. Total porosity 2.4 %.
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Table XVI lists the porosity values measured with various methods. The results of mercury

porosimetry (0.6-1.8 %) were lower than expected from the water saturation method, while water

saturation porosities were in good agreement with the PMMA autoradiography porosities.

Mercury porosimetry was originally developed to determine porosity in the macropore range,

where gas-adsorption methods are not applicaple. In materials with an interconnected network of

pores, unfortunately, pore blocking effects (ink bottle pores) complicate the method and lead to

considerable errors. The porosity measured in the 50 to 200 µm range was partly attributable to

the roughness of the surface, as shown from the pore aperture distributions in Figure 4.8.

Additional porosity due to by sawing was detected here by sawing the first sample with a

diamond saw  (left pore aperture distribution) and polishing the rough surfaces of the second

sample with with aluminium oxide pastes (right pore aperture distribution). Dramatic decrease in

the dominating portion of pore apertures below mesopore scale was found indicating a large

surface damage effect for basalt.

Table XVI  Pore space characterisation of basalt by various methods. Samples prepared by standard
diamond sawing. (Hellmuth&Siitari-Kauppi 1990, Hellmuth et al. 1995)

porosity (%) specific surface area

(m2/g)

nitrogen 1.4 2.3

butane vapour 1.3

adsorption of

water vapour 2.2

mercury porosimetry 0.6-1.8 1.3

water saturation 2.1-2.3

MMA-saturation 1.8-2.3

helium diffusion 2.5

chloride diffusion 0.7

connected

porosity

14C-PMMA autoradiography 1.9-2.1

For tritiated water in basalt the effective diffusion coefficient was 4x10-13 m2/s and the apparent

diffusion coefficient 2x10-11m2/s, both values measured both in the breakthrough diffusion

experiment (see Figure 4.9). A diffusion porosity of 2% was determined. Chloride was not

measured in the same experiment due to its low penetration through the diffusion slab of 2 cm in

width. However, the effective and apparent diffusion coefficients for chloride measured in earlier
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work were 3.2x10-14 m2/s and 5.7x10-12 m2/s, respectively, giving diffusion porosity of 0.7% for

chloride (Hellmuth & Siitari-Kauppi, 1990). The result points to strong anion exclusion,

indicating low pore apertures, and corroborating the large portion of micro- and mesopores found

in the mercury injection.

a

b

Figure 4.8  Mercury porosimetry: influence of sample preparation on the obtained pore size distributions
of basalt. Porosity distributions of sawn rock sample (a) andsawn and polished rock sample (b). Total
porosity of 1.05% for sawn rock sample (<7.5 µm / 0.65% and >7.5 µm / 0.39%) and total porosity of
1.71% for polished rock sample (<7.5 µm / 1.71%).
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Figure 4.9  Measured breakthrough curves of tritiated water (××××) and chloride (¤ ) in basalt sample.
Tracers are diffusing out of a hollow bore core with inner  diameter of 10 mm and outer diadiameter of 30
mm.

He gas method gave the effective diffusion coefficient of 2.7x10-9 m2/s, which was converted by

a factor of 1/35000 to correspond with the water phase diffusivity: De = 7.7x10-14 m2/s. The

modelled curve was obtained by assuming a porosity of 2.5%. The effective diffusion coefficient 

evaluated for water in basalt by He gas method is clearly lower than the same coefficient (4x10-13

m2/s) measured by through-diffusion method in water phase. This can be explained by the large

portion of low pore apertures in the basalt matrix. It was stated by Clifford and Hillel (1986)  that

when the mean free path of diffusing gas molecules exceeds the size of the micro- and mesopores

through which they pass, gaseous transport is no longer dominated by intermolecular collisions

but by collisions with the pore walls, a process known as Knudsen diffusion. For example, for air

at room temperature and pressure, the mean free path is over 60 nm (Cussler, 1984). This means

that when pore sizes of a rock matrix fall below a value comparable to the mean path of diffusing

helium gas molecules, the efficiency of transport is greatly reduced.

The unique possibility of quenching dynamic processes such as infiltration into an unsaturated

matrix or diffusion within a saturated matrix by polymerisation of the tracer is an essential

advantage of the 14C-PMMA method. Figure 4.10 shows the progression of a well dewfined

infiltration front of MMA in fine-grained basalt matrix that is largely free of cracks and fissures.
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Figure 4.10  Infiltration front of 14C-MMA in basalt. Infiltration time 5.5 days; Sample width 15 mm (20
days exposure on Kodak X Omat MA Röntgen film).

4.3.2 Characterisation of rock matrices

The rock samples used in the diffusion studies represent crystalline rock from locations where

site investigations for nuclear waste repositories were conducted in Finland. The  rocks include

rapakivi granite (Hästholmen, Loviisa, SE-Finland, core Y24), tonalite and mica gneiss

(Olkiluoto, Rauma, SW-Finland and Sievi, Syyry, NW-Finland, cores Sy1 and Sy7) and

porphyritic granite (Konginkangas, Kivetty, central Finland, core Ki7). In addition, microcline

granite (also called muscovite granite, Hämeenlinna, W-Finland, boulder, outcrop) and western

and eastern granites and mica gneiss from Palmottu Natural Analogue site were studied. Rapakivi

granite and porphyritic granite represent coarse-grained, tonalite and microcline granite medium-

grained and mica gneiss fine-grained rocks. Three examples of PMMA porosity patterns for an

alteration series of porphyritic granodiorite samples are presented below. The photographs of the

impregnated rock samples and the corresponding autoradiographs (Figs. 4.11-4.13) are presented

at a size of about 2 cm x 3 cm to show the porosity patterns in the scale of the diffusion

experiments. The origin and the total porosity of the rock are noted in parenthesis. Different

shades of grey on the autoradiographs represent different porosities, the darker the shade, the

higher the porosity.

The porosity pattern of the unaltered porphyritic granodiorite in Figure 4.11. It shows a

predominance of fissure-type pathways. There are many open intra- and transgranular

microfissures in potassium feldspar phenocrysts, which are surrounded by slightly porous

granophyre (fine-grained quartz and plagioclase intergrowth). Some biotite and hornblende grains
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exhibit marked porosity. As seen in Figure 4.12 alteration leads to a significant porosity increase

in the rock, mainly along the pathways identified in the unaltered sample. Fracturing is evident.

When alteration proceeds still further (Figure 4.13) the most porous phases are chloritsed biotites,

but both plagioclase and potassium feldspar grains are characterised by evenly distributed high

porosity and distinct deformation cracks.

a b

Figure 4.1  a) Photograph of unaltered porphyritic granodiorite and b) corresponding autoradiograph.
(Kivetty, KR7; 0.3%)

a b

Figure 4.12  a) Photograph of weakly altered porphyritic granodiorite and b) corresponding
autoradiograph. (Kivetty, KR ; 0.6%)
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a b

Figure 4.13  a) Photograph of strongly altered porphyritic granodiorite and b) corresponding
autoradiograph (b). (Kivetty, KR ; 1.5%)

optical microscopy, fluorescence microscopy of resin impregnated samples and scanning electron

microscopy (SEM) were used for pore detection in the rocks (Siitari-Kauppi et al. 1994, 1997;

Fernandez-Merayo et al. 1996; Hellmuth et al. 1995). By SEM No large open pores in these

samples could be observed by direct observation. Although even macroscopically visible crack-

like features were common, microscopic investigation revealed them to be mostly filled with

secondary products. The contrast of the open pore space was enhanced by impregnation with

PMMA, but pore openings smaller than 0.1 µm were usually not observed. Grain boundaries and

microfissures with apertures between 0.1 and 0.5 µm, such as typically occur mainly in altered

rocks were commonly detected. Owing to the limited of the that could be observed and the

uncertainty in regard to the fraction of undetectable smaller pores, bulk- or phase-specific

porosities from SEM images can only provide order of magnitude estimates. Grain boundaries

and microfissures were observed in highly altered phases giving local porosities mostly between

2 and 9%, which roughly corresponds to the PMMA results. The larger pores and voids detected

by SEM were generally also found by fluorescent resin impregnation.

The fluorescent resin impregnated some porous, altered phases, but these features were not easily

detected through the microscope. In most unaltered, dense rocks, however, pores were not

observed either by SEM nor by fluorescent resin impregnation, although according to the

mercury intrusion results macropores in the µm range should be present. The pore spaces

detected by the PMMA method and fluorescent resin impregnation, in very dense unaltered rocks

in particular but also in various types of altered rock, differed somewhat in their microstructures
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– mainly in their apertures, and accessibility. The valuable information gained by mercury

porosimetry is the pore size distribution (Appendix 1) for studied unaltered and altered rock

samples. The general trend upon alteration is a shift of the pore sizes towards the mesopore

range. Table XVII lists the average concentrations of the main minerals.

Table XVII  Main mineral components of unaltered rocks used in diffusion studies. (Siitari-Kauppi et al.
1994, 1997; Hellmuth et al. 1995)

Mineral (vol.%) Porphyritic

granodiorite

(Kivetty)

Rapakivi granite

(Hästholmen)

Tonalite

(Sievi)

Mica gneiss

(Sievi)

quartz 25-30 30 20 25-30

K-feldspar 25-30 50 - -

plagioclase 25 12 55 20

biotite 10 12 15-20 30

muscovite - - - 25

hornblende - 3 - -

4.3.3 Comparison of MMA and other diffusivity measurements

In this section first the apparent diffusion coefficients for the alteration scheme of porphyritic

granodiorite is discussed as a mean of the heterogeneities of the matrix. Then the meaning of

probe molecule for diffusion coefficients is discussed.

Figure 4.14 shows an example of the 14C-MMA outleaching curves for the unaltered, fairly and

strongly altered porphyritic granodiorite samples presented in Figs. 4.11 - 4.13. The apparent

diffusion coefficients are 6.8, 7.2 and 1.8x10-11m2/s, respectively. The best fit is achieved for the

unaltered porphyritic granodiorite, where transport mainly occurs in the fissures and one slope in

the curve appears. When the rock is strongly altered, the experimental outleaching curve appears

to have a second slope, representing another diffusivity due to the increased amount of mesopores

in the matrix (Appendix 1). Increase in the altered porous phases in the matrix can be seen in the

PMMA autoradiographs (Figs.4.11 and 4.13).
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It was concluded that the existence of two phases with different diffusion properties is significant

in many rocks. From the above-presented porosity patterns it is clear that the assumption of

homogeneous porosity required for Fickian diffusion is not valid for the transport processes

occurring in a heterogeneous matrix. In the heterogeneous matrices the calculated diffusion

coefficient may not take into account the micro- and mesopore range, where the retardation

capacity can be assumed to be high due to the large specific surface area. The results agree with

those of Johansson et al. (1998, 2000a,b), who stated that diffusion experiments cannot

satisfactorily be described with homogeneous models and one set of De and ε values. The

nonuniform distributions of porosity and sorptive minerals in rock samples are reflected in large

differences in the effective diffusion coefficient between the slow and fast pathways. The model

concept by Johansson et al. (2000a and b) describes diffusion in a variety of different channels

with different porosities, measured with the PMMA method. The heterogeneous diffusion models

tested within this work are discussed in sections 6.2.1 and 6.2.2.
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Figure 4.14  14C-MMA outleaching curves for a) the unaltered, b) the weakly and c) strongly altered
porphyritic granodiorite (described in Figs.4.11-4.13. Apparent diffusion coefficients; 6.8, 7.2 and 1.8x10-

11 m2/s, respectively, evaluated from first slopes.
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Measured diffusivities for eastern granite from Palmottu and microclinic granite (Hämeenlinna,

boulder sample) were amongst the highest values within a large number of results for Finnish

granitic bedrock. In matrices where the pathways for diffusive transport are highly conductive

and the apertures of the transport pores are of micrometre size. MMA, HTO and He gas diffusion

methods gave comparable results for these matrices and the anion exclusion (for 36Cl probe

molecule) was slight or not detected. Alteration increased the porosity, but the apparent diffusivities

decreased where the portion of low pore apertures was dominant in the matrix.

The values of effective diffusivities measured  with the He gas method were lower than the ones

measured with HTO and MMA in some rock matrices. As can be seen in Table XVIII, the

greatest differences in the methodswas for matrices such as mica gneiss, unaltered tonalite and

altered tonalites, where there was a high portion of micro- and mesopore apertures. The reason

might be low  pore apertures in these matrices, which decreases the diffusivity through a process

known as Knudsen diffusion (Cussler 1984).

Table XVIII Effective diffusivities for tonalite and mica gneiss rock samples measured with ifferent
methods (Dex1013 m2/s) 1.Outleaching method using 14C-MMA as tracer, 2.Through diffusion method
using HTO as tracer, 3. Through-diffusion method using 36Cl as tracer, 4.Gas diffusion method using He
as tracer (diffusivity converted to water phase) not measured, n.d. diffusivity under the detection limit

sample 1. 2. 3. 4. reference

tonalite (Sievi, SY1)

unaltered

weakly altered

altered

0.9

0.8

5.9

0.3

0.9

9.0

0.1

0.4

6.0

n.d

0.8

4.9

Siitari-Kauppi et al. 1997

mica gneiss (Sievi, SY1) unaltered

0.4 0.5 n.d. n.d Siitari-Kauppi et al. 1997

tonalite (Olkiluoto)

unaltered - 0.5 0.05 0.02 Siitari-Kauppi et al. 1998

Valkiainen at al. 1995

mica gneiss (Olkiluoto)

unaltered

weathered
-

-

0.15

73

0.07

45

0.03

26

Siitari-Kauppi et al. 1998

Valkiainen at al. 1995
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4.3.4 Porosity compared to transport properties

This section discusses about the realationship between the effective diffusion coeffecient and the

porosity. In addition, the correlation between the permeability and the effective diffusion

coefficient are presented.

An analysis of the geometry factor in terms of porosity, constrictivity and tortuosity can only

succeed, if these can be independently determined. The task is particularly difficult for micro-

and mesoporous media as there are no representative photomicrographs of samples available.

Geometry factor were calculated here using the equation G = De/Dwεp, where Dw = 2x10-9 m2/s for

free tracer diffusion. It has been empirically found that the geometry factor varies more than in the

inverse proportion to the porosity ε (Archie’s Law) as shown in Figure 4.16. The relationship

between the effective diffusivity and the connective porosity obeyed Archie’s Law within

unaltered matrices and highly conductive microclinic granite. In altered rocks there may be large

deviations from Archie’s Law. Data from altered porphyritic granodiorite, rapakivi granite and

tonalite showed wide variation due to the various types of alteration, in particular in rocks with

brittle deformation and formation of sheet silicates.

The unaltered matrices which, had low total porosities also showed low effective diffusivities.

The measured diffusivities in altered rocks did not show any simple, systematic tendency in

relation to rock alteration, but the measured diffusivities normally increased due to alteration.

Evidently, besides the increase in porosity also microstructural changes have a significant

influence on the diffusivity, and also the heterogeneous nature of the centimetric- scale rocks

increases with the degree of alteration. From the results of this work, it is clear that the geometry

factor cannot be averaged over a heterogeneous rock matrix.
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Figure 4.16  Logarithmic expression of geometry factors versus log of effective porosities and Archie’s
law G=0.71εp

0.58 . Effective diffusities were measured by the 14C-MMA concentration profile method, by
the 14C-MMA outleaching method and by the gas  diffusion method.¤  unaltered and n  altered muscovite
granite, ¡  unaltered and l  altered porphyritic granodiorite and ∇ unaltered and �altered rapakivi
granite rock samples. (Siitari-Kauppi et al. 1994)

Transport phenomena such as convective and diffusive flow in porous media are intimately

connected, and in an extremely complicated manner linked to the microstructure of the pore

network. Numerous attempts have been made to correlate mainly permeability with porosity. It

was not the goal of this research to derive transport coefficients on the basis of pore structure

data, but merely to understand the microstructural changes caused by alteration and their

consequences for the behaviour of a rock mass in a repository and the retardation of

radionuclides. We can conclude that there is no direct correlation between porosity and the

effective diffusion coefficient (Figure 4.17) The effective diffusion coefficient and hydraulic

permeability are, on the other hand, strongly correlated (Figure 4.18). Hydraulic conductivities of

microclinic granite, strongly altered porphyritic granite and tonalite and Palmottu eastern granite

tend to be high. Overall, in samples having a connected network of grain boundary porosity

accessible to direct observation, high conductivities were found. The conductivity of unaltered,

dense rock is very low, but also a few altered tonalites showed low permeabilities.  Macropores

and the connectivity of the pore network determine the transport.
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Figure 4.18  Relation between effective diffusion coefficient De and permeability coefficient K measured
in the gas phase for crystalline rocks. +:ignored in polyfit (gneiss); squares: extrapolated K values;
�=Palmottu samples (Hellmuth et al. 1995; Siitari-Kauppi et al. 1999)

The information provided by the PMMA method on the spatial porosity distribution is a valuable

assistance for empirical estimations of the transport properties The data reported from diffusion

experiments are all bulk data, telling nothing about the mineral-specific properties that need to be

known when the interaction between components dissolved in groundwater and rock is of

importance. Diffusivity does not depend on the pore diameter as long as this is large compared

with the mean free path of a particle in the pore, but the permeability varies with the square of the

cross-sectional surface according to d’ Arcy’s Law. Alteration increases constrictivity and

tortuosity by creating new, fine-grained, less ordered phases in grain boundary networks that

originated in crystallisation of the primary rock components.
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5 Applications of the PMMA method

5.1 Uranium mapping and  PMMA porosity

A large amount of information on natural radionuclide behaviour and migration in crystalline

rocks been recently become avalable through several international natural analogue projects

(Alexander et al. 1988, Miller et al. 1994, Montoto et al. 1992, Blomqvist et al. 2000, Suksi

2001). Natural analogue sites are natural uranium deposits, which are studied with the aim of

improving the scientific basis for assessment of the long-term performance of nuclear waste

repositories. Here, natural tracer migration has taken place through a connected system of pores

or microfractures in the rock and this long-term diffusion leaves tracks at the site when sorption

or precipitation has occurred in the accessable pore surfaces and space. An indication of the

spatial radionuclide distribution in the rock can be obtained from α-particle autoradiography

(Cartwright 1978, Durrani&Bull 1987) or by fission track mapping (Kleeman&Lovering 1967)

combined with image analysis techniques. In this work the connected pore system for samples

from Palmottu Natural Analogue site and for boulder samples from Hämeenlinna where diffusion

of uranium has taken place was determined by comparing the spatial porosity distribution from

PMMA autoradiographs with the spatial distribution of uranium provided by α-particle

autoradiography or fission track mapping.

Results of the PMMA method, especially the quantitative analysis of porosity, have to be

interpreted with great care when samples contain high natural activity. Although natural

radioactive elements in the rock cause blackening of the autoradiographic film, the activities are

normally so low that they do not cause error. Furthermore, use of 3H-labelled MMA allows the

exposure times to be kept short enough that darkening caused by natural tracers does not occur.

However, the ability of minerals containing natural radioactivities to expose the film shows up on

the autoradiograph as very dark spots with halos. Figure 5.1 presents an autoradiograph of

Palmottu granite showing dark spots with halos due to primary uranium minerals. As can be seen

the distribution of uranium in primary minerals is not systematically related to the grain boundary

network in the matrix, which seems to be fairly connected.
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a b

Figure 5.1  Photograph of Palmottu granite sample (R388 446m) and corresponding autoradiograph.
Sample diameter is 61 mm. (Siitari-Kauppi et al. 1999)

Figure 5.2 shows a photograph of the Palmottu eastern granite sample (R302 119 m) and the

corresponding autoradiograph. There a connected network of intra- and transgranular cracks and

grain boundaries allows straightforward migration of radioactive nuclides along an accessable

pore system. The feldspars contribute most to the total open porosity, in particular, when altered

to limonitised and strongly hematitised grains. Some Fe-oxyhydroxides is present with the

hematite. Biotite is also strongly altered to chlorite and contribute significantly to the total

porosity, being well-connected to the main pathways.

A PMMA impregnated rock sample representing the eastern flow path granite at the Palmottu

Natural Analogue site (Blomqvist et al. 2000) was studied by α-particle autoradiography. The

detection of α-particles from uranium in centimetric-scale rock samples is based on the analysis

of the tracks formed in organic polymer, CR-39. The uranium tracks were compared with the

migration pathways and porosity distribution revealed with the 14C-PMMA method. To analyze

mineral specific uranium occurrences and porosities, staining methods (Sammartino et al. 1999,

Sardini et al. 1999) were applied to produce a mineral map of the rock sample.
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Figure 5.2  Photograph of Palmottu eastern granite sample (R302/119 m) and corresponding
autoradiograph (4 days  exposure time and 14 days infiltration time for 3H-labelled MMA impregnation).
Sample diameter is 31 mm. Altered feldspar grains are highly porous and in biotites lamellar structure is
visible on the autoradiograph (see magnification). (Siitari-Kauppi et al. 1999)

Figure 5.3 presents the analysed three images, i.e. the stained rock surface, the PMMA

autoradiograph and the α tracks on the CR-39 film. The total porosity pattern of the sample

primarily follows the intra- and transgranular cracks in K-feldspar and the grain boundary pores

around quartz grains. The fissures and cracks form a network of migration routes which are

highly conductive. The high natural uranium content was found to be congruent with the porous

mineral phases – altered plagioclase and biotite grains – and the intra- and intergranular fissures

detected with the 14C-PMMA method. The microfractures transsecting potassium feldspar and

quartz grains were filled with calcite together with secondary uranium.
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a b c

Figure 5.3  a) Mineral map of granite sample, light grey=K-feldspar, white=plagioclase; dark
grey=quartz and black biotite. b) Autoradiograph of the rock surface after 14C-PMMA impregnation. c)
α-tracks on CR-39 polycarbonate film. Sample width 4.6 cm. (Kemppainen et al. 2001)

The rock types at Palmottu would seems to provide excellent prerequisites, (i.e. well-connected,

conductive pore network and large internal surface areas in porous phases, which are connected

to the main network and Fe rich phases) for intensive groundwater-rock interaction leading to the

buffering of oxidising meteoric water and release or retardation of uranium. The conductive

transport pathways are easily revealed with the PMMA.

A second application of the PMMA method with natural uranium studies was the physical rock

matrix characterisation of a granitic boulder found on the top of a morainic hill near Hämeenlinna

in southern Finland in a region of elevated radioactivity. A discussion of the applicability of

classical matrix diffusion model against the integrated body of data obtained by different

methodologies has been presented by Marcos et al. (2001). Time scales and factors and

mechanisms governing the migration were studied by characterising the relevant properties of the

rock and the uranium distribution along the profile in relation to structural, physical and chemical

parameters. The matrix diffusion model was tested against observations made on the weathered

and fresh part of a boulder block. The spatial distribution of uranium was analysed by the fission

track technique and with scanning electron microscopy, while the porosity pattern at the same

location was provided by 14C-PMMA method (see Figure 5.4)

Mineralogically the boulder is a muscovite granite, a variant of microline granite containing

primary muscovite. The pore size distribution, as determined by Hg intrusion porosimetry,

extends widely in the micropore range, from 15 to 4000 nm. Permeability, and hydraulic
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conductivity, are amongst the highest measured for Finnish crystalline rock in this work.

Structural characteristics derived from transport measurements, showed in relation to the

porosity, behaviour nearly as predicted by the Archies empirical law (see section 4.3.4). High

interconnected porosity (total porosity of > 1% and total porosity up to about 5.5% in altered

minerals) characterises the weathered zone, whereas the maximum porosity values in the fresh

zone of the rock are about 0.4 – 0.6%.

Figure 5.4 shows the photographs of the thin slice of the drill core used for fission track mapping

and the 14C-PMMA doped rock sample and the corresponding autoradiographs. The porous

phases in the weathered zone seen  in the PMMA autoradiograph are in good agreement with the

uranium occurrence appearing in the fission track map. Secondary uranium is associated with

biotite, chlorite, epidote (around the mineral), and it occurs within altered plagioclase and K-

feldspar grains. Primary uranium occurs within zircon, apatite, and monazite, which are common

accessory minerals in the granites and evenly distributed along the whole drill core.

As was observed by SEM/EDS most of the secondary uranium occurs as uranophane, distributed

along the intergranular fissures at the boundaries between quartz and feldspar and quartz and

plagioclase, especially at 15 to 20 mm depth.  The occurrence of uranophane and the maximum U

concentration in the rock, correspond to a depth interval between 15 and 20 mm from the upper

surface (Marcos et al. 2001). In that work selective leaching experiments showed that about 20%

of the U is loosely bound, probably corresponding to U bound within altered plagioclase and K-

feldspar grains, as shown by the fission track method. Most of the U, however, was leached in

ammonium acetate extraction indicating the existence of easily soluble secondary uranium

phases. The position of uranophane at the depth where it occurs is partly related to the differences

in the physical properties (i.e. the porosity change) of the weathered and fresh rock.
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Figure 5.4  a) Photograph of  thin slice of granitic boulder used for fission track mapping, b)
corresponding autoradiograph, c) photograph of 14C-PMMA impregnated rock sample and d)
corresponding autoradiograph. Sample width is 30 mm.

In summary, the PMMA method combined with  α-autoradiography or fission track and image

analysis technique is a powerful tool for revealing the transport routes of naturally occurring

radionuclides. High uranium content is found to be congruent with the porous mineral phases. A

highly conductive porous network is required for uranium migration in the rock.

5.2 Porosity profiles adjacent to potential water conducting

fractures

Different views exist regarding the volume of rock that would be available for matrix diffusion,

i.e. the extent of connected porosity. The connective porosity of the rock matrix is assumed to be

continuous and infinite in the KBS-3 and in Finnish performance assessment (Vieno & Nordman,

1999). Most models used today describe the solute transport in fractured rock by applying the

infinite diffusion depth concept, the assumption that the entire volume of rock is available for

matrix diffusion. In Finnish calculations, 10 cm depth is assumed to represent the infinite
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diffusion depth. Although convincing evidence is available for the existence of unlimited

permeable pore spaces, this assumption is not always made. For example, the transport models

used  in Swiss performance assessment (Kristalline) assume a limited depth of penetration from

the fracture surfaces into the surrounding rock, only as far as a microfractured damage zone.

These diffusion accessible spaces correspond to zones of enhanced porosity (Nagra NIB, 1992).

In terms of the long-duration release of hazardous nuclides, the thickness of the diffusion-

accessable pore space may be much more critical than the actual diffusion coefficient.

The depth or range of diffusion from water-conducting fractures into the surrounding rock also

strongly determines the retardation ability of the rock matrix. The necessary information needed

to define reliable model concepts is provided by a mineralogical-petrographic characterisation of

the water-filled pore space and the spatial porosity distribution along a water-conducting fracture.

The PMMA method is a good tool for analysing and spatial porosity distributions giving valuable

information on the diffusion accessible depths. Four examples of the application of the PMMA

method are given below.

Two examples of increased porosities, one on the outcrop and the other in the vicinity of water

conducting fractures come from the Palmottu Natural Analogue Site. The first is found at the

outcrop of the eastern granite a post-glacial weathering profile with selective porosity increase in

heavily and moderately altered feldspars (Figure 5.5). The increase in the porosity is very

noticeable in phases where intergrowth of plagioclase-potassium feldspar grains is found and

potassium feldspar is in part altered to clay minerals. Near the surface the number of cracks is

increased in quartz grains, too. In bleached feldspar grains, iron has been outleached and

potassium feldspar is altered to clay minerals. These findings apply to a distance of 5-7 mm from

the surface, and the zone seems to be clearly altered. The porosity increase is strong up to a depth

of 12 mm from the surface. In this deeper zone the large potassium feldspar grains are

hematitised exhibiting some intragranular fissures. The porosity is decreased to depths of 15-28

mm from the surface, and a few intragranular fissures are found in feldspar and quartz grains.

Figure 5.5 shows the porosity profile calculated by the PMMA method.
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Figure 5.5  Photograph of Palmottu granite (R389/0 m) and corresponding autoradiograph. Sample
width is 42 mm. (Siitari-Kauppi et al. 1999)
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Figure 5.6  Porosity profile of the weathering zone of the Palmottu granite shown in Fig. 5.5. Strong
porosity increase is observed to a depth of 10 mm from the surface, slight increase to a depth of 28 mm
from the surface and finally after a depth of 30 mm, the porosity of unweathered rock is 0.4%. (Siitari-
Kauppi et al. 1999)

The second example from Palmottu is a porosity distribution of  alteration rim in mica. A few

open and closed fissures were found to be accompanied by narrow alteration rims in this rock

type. Figure 5.7 shows that example. As can be seen feldspars, which are normally clear in

unaltered gneiss, are white-yellow and have a cloudy appearance adjacent to the fissure. Beyond

the porous rim, nonporous unaltered mica gneiss is found. The increased porosity extends to a
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depth of 4 mm. The zone of increased porosity, being 1-2%, is coextensive with the zone of

altered feldspar.

Figure 5.7  Photograph of sample 388/86 m and corresponding autoradiograph. Sample width is 45 mm.
Porosity of 1-2% was measured in the altered porous zone adjacent to the fissure surface. (Siitari-Kauppi
et al. 1999)

Two further examples of porosity profiles, here tonalite and mica gneiss/volcanite from Sievi

were studied by the PMMA method. As at Palmottu the samples were taken from drill cores

located near potential water-conducting, open fractures.

Figure 5.8 shows the porosity pattern of a rock sample consisting of tonalite and mica gneiss. As

can be seen contact between the two rock types is sharp and tight. Three distinct fissures with

alteration zones cut both the tonalite and mica gneiss. The fissures, which are several mm wide

are filled with zeolites. The porosities of the unaltered rock are about 0.1%, while in the increased

porosity zone they are 0.5% and in the fissure filling 3%. Grain boundary porosity is dominant in

the tonalite, while the porosity distribution is more even in the mica gneiss owing to the

intragranular porosity present within mafic mineral grains.The increased porosity is observed at

distances up to 3-6 mm from the fissure filling in mica gneiss and at distances of 1-3 mm from

the fissure filling in tonalite.
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Figure 5.8  Photograph of rock sample containing tonalite and mica gneiss and corresponding
autoradiograph Sample length is 19.5 cm. (Siitari-Kauppi et al. 1997c, Lindberg & Siitari-Kauppi 1997)

Figure 5.9 shows another type of porosity distribution adjacent to a potential water conducting

fracture. This example is a fine-grained mica gneiss/volcanite, somewhat mylonitic. Numerous

tight, filled fissures cut the rock. The plagioclase alteration in the rock matrix is intense. The

visible alteration zone extends for several millimetres from the fissures, consistent with the

measured zone of increased porosity.

The above four examples show that a wide variety of porous structures and distances of increased

porosity zones may exist adjacent to potential water-conducting fractures and water bearing

fissures. While an increase in porosity means new paths for the diffusion of radionuclides, at the

same time there is a great increase in the internal surface area, which significantly enhances the

sorption possibilities relative to the intact rock matrix. The PMMA method was found to be a

good tool for investigating the porosity patterns along water-conducting fractures in

centimetricm-scales.
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Figure 5.9  Photograph of fine-grained mica gneiss/volcanite and corresponding autoradiograph. Sample
length 12.1 cm (Siitari-Kauppi et al. 1997c)

5.3 Zones disturbed by excavation

Underground openings in rock excavated by different boring techniques are surrounded by zones

with altered properties. The excavation damage zone may act as a conduit for the transport of

solutions and radionuclides in a nuclear waste repository and the diffusion depth may be

enhanced (Autio et al. 1998a). The disturbed zone is caused by the fracturing of the rock during

rock-tool interaction and stress release. The fracturing increases the porosity of the zone and

serves as a possible transport pathway depending on the abundance, connectivity and aperture of

the fractures.
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As part of an evaluation of the quality of the full-scale experimental deposition holes in the TVO

Research Tunnel at Olkiluoto in Eurajoki, Finland, were carried out on studies of the geometry

and surface roughness of the holes and excavation disturbance in the zone adjacent to the surface

of the holes (Autio, 1996). The holes were bored with a novel dry blind boring technique (Autio

& Kirkkomäki, 1996). The porosity and microfracturing in the disturbed zone of were

investigated with the PMMA method. Scanning electron microscopy (SEM) and energy

dispersive X-ray analysis (EDZ) were used to investigate in greater detail the pore apertures and

minerals in porous regions (Siitari-Kauppi 1995a, 1997a; Autio et al. 1998a, 1998b).

A short review of the findings is presented here. Figure 5.10 shows three examples of porosity

distributions provided with the PMMA autoradiographs, each representing a different rock type.

These are gneissic tonalite, granite pegmatite and homogeneous tonalite. In addition, Figure 5.11

presents the porosity profiles. A distinct zone of disturbance is found adjacent to the surface of

the full-scale experimental deposition holes bored with the novel boring techique. The disturbed

zone of the gneissic tonalite is further divided into three separate sub-zones with gradual

transition between the zones: a crushed zone extending a few mm in depth, a fractured zone at

depths of 6-10 mm and a microfractured zone at depths of 15-35 mm. An increase in the porosity

of the granite pegmatite samples is observed to a depth of 12 mm from the disturbed surface, but

the disturbed zone is not as pronounced as in the gneissic and homogeneous tonalite samples. The

first 3 to 5 mm from the surface wall are fractured, and the porosities are twice as high as in the

undisturbed zone. In the homogeneous tonalite the crushed zone lies at a depth of 1-2 mm and

beyond that there is a microfractured zone extending to a depth of 10 mm.  The machine and tool

factors are also observed to have an effect on the properties of the disturbed zone. The experience

obtained allows to conclusion that the PMMA method is feasible for the study of excavation

disturbance.



122

a b c

Figure 5.10  Autoradiographs of  a) gneissic tonalite, b) granite pegmatite and c) homogeneous tonalite
from Olkiluoto showing porosity distributions adjacent to deposition hole surface after boring. The
sample width is 45 mm.
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Figure 5.11  Graph showing additional porosity caused by rotary crushing with respect to distance from
the wall surfaceof a full-scale experimental deposition hole.  Normalised porosity profiles are
implemented on the basis of porosities of undisturbed rocks: 0.12%, 0.24% and 0.11% for gneissic
tonalite (thin line), granite pegmatite (bold line) and homogeneous tonalite (stretched line), respectively.

Another study was focused on the microfracturing and spatial distribution of porosity in the

damaged zone, caused by blasting, near the half-barrels of the blast holes on the tunnel walls. The

fracturing and alteration of rock properties are most pronounced in the vicinity of the blast holes.

Figure 5.12 shows a photograph and the corresponding autoradiograph of gneissic tonalite sample

near a blast hole. The autoradiograph of the sample shows a highly porous zone to a distance of
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5-10 mm from the blasthole surface. A great number of radial fractures can be seen with lengths

varying from a few millimetres to several centimetres. A few fractures seem to penetrate through

the entire sample (about 6 cm) suggesting that the sample length was too short to determine the

maximum extent of these distinct fractures. Several short fractures parallel to the surface of the

half-barrel can be seen at a distance of 3 to 6 mm from the surface of the half-barrel.

Figure 5.12  Photograph  and corresponding autoradiograph  of gneissic tonalite near the blast hole.
Width of sample is 10 cm. (Siitari-Kauppi & Autio 1997b, 2001)

The porosity profiles were measured from the autoradiographs in 1 mm wide sections starting

from the surface of the half-barrel. The wide-aperture radial fractures were excluded from the

profile measurements of rock samples. Figure 5.13 presents the normalised porosity (the actual

porosity divided by the porosity of intact rock) caused by blasting as a function of the distance

from the surface of the half-barrel. The width of the damaged zone as described by the increased

porosity, ranged from 10 to about 30 mm from the half-barrel surface depending on the blasting

force. The porosities of the damaged zone were higher by a factor of three to six relative to the

porosities of the undisturbed rock matrix.
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Figure 5.13  Graph showing the additional porosity caused by the blasting as a function of distance from
the half-barrel surface. (Siitari-Kauppi&Autio 2001)

The PMMA method proved to be a practical and efficient tool for studying the extent and

intensity of the damaged rock zone, which depends on factors such as mechanical properties of

the rock mass (mainly strength), state of stress and excavation technique. The method effectively

fills the gap between macroscopic and microscopic methods of investigation. In addition, it

provides quantitative information about nanometre-range porosity, which is beyond the scope of

most standard methods of microscopic investigation.

5.4 Sedimentary rocks

Within the development of the PMMA method for investigating the structures of granitic rock

matrices, the applicability was tested for clay material as well. The clay ia a Callovo-Oxfordian

argillite from the Eastern Paris basin, an area being investigated by the French National Agency

for Nuclear Waste Management (ANDRA) as a possible nuclear waste repository. The PMMA

studies on argillite, which are reported in Sammartino et al. (2001a and 2001b), are summarised

below.

The greatest challenge in the application of the PMMA method to clay material is to dry the

centimetric-scale clay samples without creating artefacts. Drying increases the porosity mainly

through the formation of addintional fissures and cracks. The clay sample was impregnated with
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MMA by the solvent exchange technique to avoid artefacts in the clay matrix due to drying. The

activity of the 14C-MMA tracer was one tenth of that normally used with low porous media. The

total porosities of clay materials whose porosities are high compared with those of unaltered

granitic rocks, are calculated with use of the real densities of PMMA impregnated clays. The

results for argillite are expressed in terms of total average porosity, porosity histograms and

spatial porosity distributions through the autoradiograph.

The argillite sample is composed of clay minerals (illite/smectite interstratified mixed layers),

carbonates (mainly calcite) and quartz (Table XIX). Less than 5% of accessory minerals–

feldspars and pyrite– are present (Bouchet & Rassineux, 1997). The mineral proportions are

calculated for a system reduced to three components (carbonates-quartz -phyllosilicates).

Table XIX  Proportion of major mineral species in argilllite. (I/S R=1: ordered illite/smectite
interstratified mixed layers, K: kaolinite and Ch: chlorite). Bernard’s calcimetry (ERM, 1999) and XDR
data (Bouchet et al. 2000).

Results of XRD

Relative proportionsSample

reference

Mean

depth

Carbonates

content by

Bernard’s

calcimetry

Composition of

clay minerals

Smectites

content in I/S Carbonates Quartz Phyllosilicates

HTM

01147
440 m 53 ± 5 % I/S R=1, K, Ch 35 ± 5 % 62 ± 5 % 24 ± 5 % 14 ± 5 %

The 14C-PMMA autoradiograph reveals the presence of clearly defined dark zones in the

autoradiograph (Figure 5.14a). As darkness is due to higher activity, which means that they are

more porous than the other matrix. The grey levels in the autoradiograph are converted into a

”porosity level” map (Figure 5.14b). Each grey level of the porosity image represents a porosity

interval of 0.25%. This image is then simplified by the thresholding to 4 porosity ranges (Figure

5.14c) and filtered to eliminate the process artefacts. The resulting map (Figure 5.14d) shows

that, in spite of its macroscopic homogeneous aspect, the argillite is a complex material in which

the porosity may vary at millimetric scale.
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a b

c d

Figure 5.14  Argillite spatial distribution of porosity (sample HTM 0114). a) Autoradiograph image (256
grey levels). b) Porosity map in 230 grey levels. c) Thresholded image in four porosity ranges. d)
Simplified porosity map after filtering. Red: high porosity areas ; green: medium porosity areas ; blue:
weak porosity areas. (Sammartino et al. 2001)

SEM investigations revealed that the porosity heterogeneities are strongly linked to the

mineralogical composition of the argillite sample; for the highly porous areas are clay-rich zones

and slightly lower porosities are associated with the carbonate rich zones. The mineral map and

the porosity map can be superimposed for effective study of the mineralogical details. The clay

fossil fillings, where porosities are even higher in the clay rich zones, show up as red areas in the

porosity map. Other clay rich areas are shown in green green,  and carbonate rich areas are shown

in the blue (Figure 5.14d).
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PMMA porosity is calculated according to a Gaussian fitting of the porosity histogram (Figure

5.15). The histogram is fitted as a sum of three Gaussian curves. During the operation, areas of

each Gaussian and the position of the smallest peak (fossil fillings) are fixed according to values

deduced from the previous thresholding (Figure 5.14d). This mathematical model allows sharp

determination of the mean porosity of each zone. A good agreement was found between the 14C-

PMMA porosity values and the porosity values obtained by the classical method of Hg

porosimetry: the porosity values were (15.4±0.6) % for the 14C-PMMA method and (13.9±0.3) %

for the Hg porosimetry method. The PMMA method is one the porosity characterisation methods

that provides a porosity mapping drawn from physical information onto a centimetric

measurement mask and the only method that includes details of nanometric dimensions.
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Figure 5.15  Porosity histogram of argillite sample. Decomposition into three Gaussian areas.
(Sammartino et al. 2001)
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6 Recent improvements in the PMMA method

6.1 Mineral specific porosity

A staining technique to reveal the main minerals of rock surfaces was combined with PMMA

autoradiograph images to allow comparison of the spatial porosity distribution to the

mineralogical information. This new approach is described in Sardini et al. (2001a). The rock

samples investigated were unaltered and altered tonalite (Sievi) and porphyritic granodiorite

(Kivetty). A map of the rock forming primary mineral was obtained from the rock sections by a

selective staining technique for silicate minerals (Sardini 1996, Sardini et al. 1999, Sammartino

1998). Superimposition of autoradiographs on the map allowed study of the relationship between

mineral species and local rock porosity. The image analysing techniques enabled mean porosity

and porosity histograms to be proposed for all the major rock-forming minerals.

The classical coloration techniques relying on chemical treatment – hydrofluoric acid leaching

and coloration agents – are able to discriminate the main primary minerals in crystalline. In this

study a coloration was applied without complication, to a PMMA impregnated rock surface.

Coloration techniques are very suitable for unaltered and weakly altered or strained rocks and

easy to apply to coarse to medium grained rocks. The image analysis tools used by Sardini et

al.comprised 1) image superimposition, 2) colour thresholding and 3) porosity histogram

calculations based on the mineral map. The program Kataja has been developed for computation

of porosity histograms from the PMMA autoradiographs superimposed on mineral maps when

three parameters are known: namely the activity of the tracer, the fitting parameters from

calibration function and the mean density values for each mineral phase.

As an example Figure 6.1 shows a photograph of the altered porphyritic granodiorite, the

corresponding stained rock surface and the corresponding autoradiograph. Table XX lists the

average values of the total and the mineral specific porosities. The mineral porosities of altered

tonalite and porphyritic granodiorite samples has increased relative to the unaltered mineral

porosities; for tonalite the increase is more pronounced. The mean porosity of the unaltered

samples was about 0.2%, whereas the mean porosity of the altered tonalite was about 5% and that

of altered porphyritic granodiorite about 1%.
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a b c

Figure 6.1  a) Photograph of altered porphyritic granodiorite rock surface, b) corresponding stained
surface and c) corresponding autoradiograph. Potassium feldspar phenocrysts appear yellow, plagioclase
remains white, dark minerals are blue and quartz remains as it is, black or opaque.

Table XX..Mean porosity of unaltered and ultered tonalite and porphyritic granodiorite samples detailed
by mineral species. Mineralogy: o = orthoclase (=potassium feldspar), p = plagioclase, b = biotite, a =
amphibole, c = chlorite, s = smectite, i = illite, an = analcime and l = laumontite. (*): and corresponding
alteration products. (Sardini et al. 2001b)

sample feldspars* quartz dark minerals* average porosity

porphyritic granodiorite

unaltered

altered

0.15%o

0.15%p

0.56%o

0.70%p

0.16%

1.06%

0.21%

3.4%c,s,b,a

0.16%

1.14%

 tonalite

unaltered

altered

0.20%

2.1%p,an,l

0.20%

-

0.20%b,a

9.4%c,i,a

0.20%

5.09%

Figure 6.2 presents the porosity distributions of unaltered and altered porphyritic granodiorite

samples. The distributions are adjusted to log-normal distributions or sum of log-normal

distributions using an automated decomposition procedure. The shift of the log-normal curves

towards high porosity values from unaltered to altered samples emphasises the trend observed in

the mean values. The magnitude of the shift depends on the mineral species reflecting of

differences in the alteration stage. In some cases, a pluri-modal nature was observed for the

porosity distribution. It has been shown that quantitative analysis of the porosity distribution with

mineral-specific method is a valuable tool for interpreting changes in the bulk porosity during

alteration.
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Figure 6.2  Porosity distribution of primary phases of unaltered and altered porphyritic granodiorite.
Each log-normal peak (in green) is the result of the automated decomposition of the initial distribution
(represented in black or grey). Elementary peaks are indexed with A (altered facies) and F (fresh facies),
and are numbered. The mean porosity of each peak is indicated under the index. (Sardini et al. 2001b)

6.2 Modelling diffusion by PMMA autoradiographs

Until now, basically two approaches have been used to describe porosity in modelling flow or

transport through porous media in safety analysis of the final disposal of nuclear waste. The most

widely applied approach assumes homogeneous porosity, with total neglect of any spatial

variations in the structure of the porous media. The second approach attempt to account for

heterogeneity of the media, but it does so by stochastically modelling spatial variations in the

structure. Neither of these two approaches in any way takes into account the real structure of the

media.

Two attempts to model diffusion on the basis of the 2D structural information of PMMA

autoradiographs (Simbierowicz et al. 1997 and Sardini et al. 2001) are briefly reviewed below.
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The PMMA method yields a huge amount of two-dimensional spatial porosity information,

which needs to be processed in some way in order to describe three-dimensional rocks for

modelling purposes.

6.2.1 Multigrid based interpretation of autoradiographs

An autoradiograph of microclinic granite (see section 5.1) was scanned to obtain a 2D porosity

map of the section in bitmap form. The method of Gáspár and co-workers (see references in

Simbierowicz & Olin 1997) was used to construct a quadtree grid on the basis of the intensity

data. In this method, a square ‘root cell’ is chosen to contain a typical area of the bitmap and then

all the bitmap pixels within the root cell are scanned to find the maximum and minimum intensity

values. If the difference between the maximal and minimal intensities exceeds some prescribed

limit, the root cell is divided into four congruent child cells. Each of the child cells is then

scanned and those still exceeding the prescribed limit are subdivided. This recursive subdivision

process continues until all grid cells contain sufficiently uniform intensity values, or until the

prescribed maximal number of successive divisions in a cell is reached. The overall number of

grid cells is often substantially smaller than in an equidistant grid of the same resolution (Figure

6.3). After generation of the grid structure, bitmap intensities are converted to porosity values

with the aid of a conversion table based on the quantitative porosity calculation of the PMMA

method.
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a b

Figure 6.3  a) Example of spatial porosities obtained by the PMMA method, darker areas indicate higher
local porosity and b) the corresponding ten level quadtree generated from the porosity bitmap
(Simbierowicz & Olin 1997).

To study diffusion phenomena numerically in heterogeneous and homogeneous systems, two

otherwise comparable bitmaps were generated for the two systems. The heterogeneous bitmap

had conductive (permeable) and non-conductive (impermeable) cells, while the homogeneous

one had the weighted average of the two permeabilities. Theoretical (i.e. numerical) leaching

experiments were performed for each model. A clear difference was found between the model

calculations using the homogeneous and heterogeneous (scanned bitmap) grids. Also

qualitatively better agreement was found between results obtained with the heterogeneous bitmap

and the resultsof simulated experimental leachings. If such results prove valid in future, it can be

concluded that the heterogeneous structure of porous media has a major impact on the matrix

diffusion. While numerically sound and convenient, the full potential of the multigrid approach

could not be tested on real samples (see details in Simbierowicz & Olin, 1997), because the

theoretical was loaded with assumptions. The approach now needs to be verified through

comparison with analytical solutions.
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6.2.2 Interpretation of outdiffusion experiments on crystalline rocks using
random walk modeling

A Palmottu granite sample was selected for testing of a new modelling approach for MMA

outdiffusion experiments based on random walk modelling. Laboratory outdiffusion experiments

on rock samples provide an estimate of the bulk diffusion coefficient. The assumption of a

homogeneous medium should lead to cumulative concentration curves that evolve linearly with

the square root of time. However, for composite materials such as igneous rocks, the

homogeneous model is not always appropriate for an accurate interpretation of the experiments,

as discussed in section 4.3.2 and by Matsuzuru at al. (1977) and Johansson et al. (1997, 1998).  In

the approach now described the PMMA autoradiographs were used as discrete grids on which

numerical simulations of outdiffusion experiments were performed. The calculations were

performed using two Lagrangian approaches: 1. a classical Random Walk method (RW, Sun

1996; Ackerer and Mosé 2000), which moves particles by leaps in space and 2. a Time Domain

Diffusion method (TDD), which calculates directly the diffusion times of particles between two

nodes of a grid.

Figure 6.4a shows the PMMA autoradiograph of a slice of the Palmottu granite sample. The

porosity distribution includes cracks of micrometric-scale aperture at open grain boundaries and

along the cleavage planes of K-feldspar phenocrysts. Biotites and altered feldspars appears as

porous patches corresponding to an area fraction of 5 – 12% of the rock matrix and having an

internal porosity ranging between 2 and 17%. The patches are well connected to the microcrack

network. The average porosity of the whole rock matrix is 0.5%. Figure 6.4b presents the

outdiffusion curve for the same granite sample, two quasi-linear slopes can be distinguished and a

rough interpretation should provide two apparent diffusion coefficients.
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Figure 6.4  a) 14C-MMA autoradiograph of a slice of cylindrical Palmottu granite sample. Sample
dimensions are 45 mm in diameter and 47 mm in height.  b) Experimental leaching curve of the sample.
The apparent diffusion coefficients calculated by Hespe method (1977) are Dapp1 = 1.3×10-10 m2s-1 (first
slope) and Dapp2 = 4.7×10-12 m2.s-1 (second slope).

The data presented above were provided by the PMMA method and a simple outleaching test.

The behaviour of the MMA outleacing from the Palmottu granite is interpreted below by a

simulation on the PMMA autotradiograph that takes into account the internal heterogeneous

porosity of the sample.

The autoradiographs allowed extraction of the spatial distribution of the connected porosity

within the rock matrix. A local apparent diffusion coefficient was assigned to each pixel on the

basis of the porosity value or the geometry of the pores (microcracks or diffuse apertures of

altered minerals) or both. Simulations of a 2D diffusion process were performed over the image

using two Lagrangian methods. The basic premise of both is that the mass transfer can be

modelled by leaps of particles in space. The Time Domain Diffusion method (TDD) is much

more rapid than the classical RW method because the particle is systematically moved at each

calculation step from one pixel to one of its neighbours. This is not the case with the RW method,

where, within a given time-step, a particle may experience numerous leaps into a pixel, with a

weak diffusion coefficient.
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In the autoradiographs, a pixel represents an elementary volume, characterised by a porosity and

an apparent diffusion coefficient. At the scale of a pixel, this last parameter is undetermined,

because the geometry factor G (including the tortuosity and the constrictivity) cannot be

experimentally determined. In this study, it is assumed that G is set to 1. Sorption phenomena are

also ignored, and the retardation factor R is set to 1. Thus the heterogeneity of the rock as regards

diffusion is limited to porosity variations between each pixel of the calculation grid. The apparent

diffusion coefficient in a pixel is then equal to the free MMA diffusion coefficient (DMMA = 10-9

m2.s-1). The simulations of outdiffusion were computed by projecting a chosen autoradiograph

image onto a virtual recipient. Each grey level of the autoradiograph is related to a local porosity

value. The grey level of the free liquid domain surrounding the rock sample is assigned to a

specific value, proportional to a porosity value of 100 %.

In a first step, the solutions provided by the simulators were compared with an analytical solution

given by Crank (1975) for homogeneous 1D medium. Both numerical methods provided the

same outleaching curves as the analytical ones. Then, the two algorithms were applied to 1-D and

2-D heterogeneous media. Identical results were obtained and it was verified that the stationary

regime leads to uniform concentrations inside and outside the medium, their values being a

function of the total porosity of the medium, as expected.

Figure 6.5 shows an example of outdiffusion simulations performed on a fictitious model. Two

slopes are clearly visible in the simulated curve. Trough monitoring of the particle concentration

with respect to time, it was verified that the first slope is mainly related to particles from crystals

connected to the facets of the medium, whereas the second slope is related to particles from

internal crystals connected to the facets by the microcrack network. A bulk diffusion coefficient

can be calculated from this slope because it corresponds to a diffusion affecting the whole

sample. However, relating the value to something specific to diffusion, either in the porous zones

or in microcracks, is difficult because the connectivity with the facets deeply influences the shape

of the curves.
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Figure 6.5  Simulated outdiffusion curves from a fictitious model of porosity Apparent diffusion
coefficients calculated from the slopes of the curve are D1 = 8×10-10 m2s-1 (first slope) and D2 = 1.7×10-

11 m2.s-1(second slope). (Sardini et al. 2001, submitted)

Outdiffusion was also simulated on a 2D autoradiograph, that had been simplified into seven grey

levels by successive thresholding operations (Figure 6.6a). Figure 6.6b shows the corresponding

outleaching curve by the TDD method. In contrast to the experimental curve (Figure 6.4b) the

simulated curve is continuously convex and does not exhibit two slopes. However, the general

shape is preserved. The slight differences may stem from several factors: the input porosity

distribution, the size of the Representative Elementary Volume, the 2D nature of the simulation

and more likely, the heterogeneity of the local apparent diffusion coefficient.

It has been (section 4.3.3) shown that the shape of the outdiffusion curves depends on the spatial

distribution of the porosity. The multiple nested slopes of some experimental curves stem from

heterogeneous diffusion, as a consequence of matrix sub-areas with varying connectivity. A

better understanding of the leaching processes in heterogeneous porous media can be attained by

numerical simulations of diffusion. Initial results show that outdiffusion in granite matrices is a

complex process in which connectivity between the various types of porosity strongly conditions

the concentration curves. In modelling diffusion of PMMA autoradiographs, the challenge is to

put particles into their initial locations in the matrix and simulate their transport in the real open

space.
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Figure 6.6  a) A simplified PMMA autoradiograph and b) corresponding outleaching curve simulated by
the TDD method. (Sardini et al. 2001, submitted)
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7 Conclusions

Understanding of the transport and retardation properties of the host rock for a deep geological

nuclear waste repository requires the use of a variety of complementary methods. In natural rock

matrices transport is influenced by physical pore properties such as pore size distribution,

connectivity, tortuosity, constrictivity and petrological and chemical nature and charge of the

surfaces. Quantitative autoradiography using 3H- and 14C-labelled PMMA, supplemented with

thin section and SEM analysis, has here been shown to provide valuable information, which

increases our understanding of the heterogeneous nature of crystalline rock matrices. The PMMA

method provides a new way to characterise of the centimetric-scale pore network in poorly

permeable granitic rocks. In addition to the static, the method allows the investigation of dynamic

processes, such as the movement of infiltration and diffusion fronts. The results of an initial

application of the PMMA method to reveal the structures of rocks of sedimentary basins are

convincing.

The findings reported in this work show that the model of a rock matrix as a regular network of

grain boundaries and fissures is far from the reality and further refinement of the model is

needed. The PMMA method provides spatial and mineral-specific information on porosity; not

only qualitative but also quantitative information is obtained. The PMMA porosity results give

information useful to an understanding of the mechanical properties of rocks and their behaviour

under stress loading, as well as on the transport of fluids and the retardation of dissolved

components in rocks and allows the characterisation of alteration/weathering effects.

Underground excavation inevitably disturbs (loosens) the rock in the vicinity of tunnels and

caverns. The geometry of the resulting excavation-disturbed zone will depend on a number of

factors, including the excavation method, rock mechanical properties and the prevailing stress

field. The 14C-PMMA method proved to be a practical and efficient tool for studying the extent

and intensity of the damage to rocks caused by different boring techniques. It effectively filled

the gap between macroscopic and microscopic methods of investigation and provided

quantitative information about nanometre-range porosity, which is beyond the scope of most

standard methods of microscopic investigation.
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As it has been emphasized throughout this work, the morphology of a porous system, the

connectivity of its pores and/or fractures, the pore size and aperture distributions, the pore and

fissure densities in various regions of the system are all important parameters that have deep

influence on the transport behavior of the rock as well as on the retardation capacity due to a

strong impact on the available specific surface area. To take such effects into account, one has to

resort network models of pore and fracture systems. The PMMA method provides a tool for

studying the heterogeneous structure of crystalline rock and data that can be applied in diffusion

models. Even though the heterogeneous porosity distribution may have little or no effect on

repository-scale migration models, it is of importance in making a correct interpretation of

laboratory results, since laboratory data are used as input data for performance assessment. The

ranges of diffusion accessible pore space near potential water conducting fractures and water-

bearing fissures down deep in the rock are valuable information, when modeling the transport of

radioelements with flowing water. They has a strong effect on the capability of the rock to retard

radionuclides by matrix diffusion from flowing water. The porosity profile measurement from the

autoradiographs prepared by the PMMA method provide the physical information of the ranges

of the diffusion accessible fronts. They can be less than 1 mm or tens of cm in width.

The mineralogical nature of the rock controls the sorption properties of the matrix and by

coupling the PMMA data with knowledge of the minerals of the rock will be possible in future to

combine the sorption behavior and with the physical transport characteristics and so better

understand radionuclide migration processes. The PMMA method further provides a tool for

constructing 3D models of rock structures in centimetric scale. This is one of the challenges for

the future. It needs to be added that a step still remains to the real world. Rock structures deep

down in the rock are different from cores taken to the laboratory; the PMMA will thus need to be

developed for the characterisation of rock matrix structures in-situ.
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List of symbols

symbol term Units
A activity of 14C-PMMA or 3H-PMMA Bq/ml
A0 activity of  14C-MMA or 3H-PMMA tracer Bq/ml
α rock capacity factor -
βr beta correction factor -
C concentration Mol/L
γ surface tension Jm-2

ρ bulk or natural density of rock matrix gcm-3

ρd dry or apparent density gcm-3

ρs grain density or density of solids gcm-3

ρo density of PMMA = 1.18 gcm-3

ρa density of PMMA impregnated rock gcm-3

ρsat water saturated density gcm-3

Da apparent diffusion coefficient m2s-1

De effective diffusion coefficient m2s-1

Dp pore diffusivity m2s-1

Dw
i diffusion coefficient of tracer in free water m2s-1

Dmma Diffusivity of MMA in MMA m2s-1

d penetration depth, thickness of sample cm
δ constrictivity -
Emax maximum energy of beta particles keV
εf flow porosity -
εd=εp diffusion porosity, connected porosity -
εr residual porosity -
εhp porosity of highly porous matrix (PMMA method) -
εt total porosity -
F mass flux of tracer Mols-1

FWMH full width of half maximum
Gf formation factor -
G geometric factor -
Iβ0 intensity of beta particles -
Iβx intensity of beta particles passing through absorber x -
I value of grey level oon autoradiograph (0-255) -
I0 value of grey level of background on autoradiograph (0-255) -
k Boltzman constant = 1.380658x10-23 JK-1

Kd mass distribution coefficient in equilibrium m3kg-1

l/L aspect ratio -
l resolution of autoradiograph µm
MMA methylmethacrylate -
Mn average molecular weight G/mol
N number of decays per 1 cm2 -

ηmma viscosity of MMA 0.584x10-3 P
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NL Avogadros number = 6.0221419X1023 -
OD optical density -
PHg Intrusion pressure in mercury porosimetry atm
PMMA polymethylmethacrylate -
R retardation factor -
Rt bulk resistivity of a rock
Rw resistivity of the water
θ contact angle between mercury and solid °
T temperature °C
Ta absolute temperature °K
t time s
τ tortuosity -
VM mole volume of MMA
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Glossary of terms

advection hydrodynamic movement of water as a result of pressure or
density gradients; associated mixing processes are termed
dispersion processes

analogue studies studies of the mobility of naturally occurring radionuclides
or trace elements in natural geological systems and time
frames

anion exclusion exclusion of anions at negatively charged mineral surfaces
apparent diffusion coefficient describes the transient phase in diffusive material transport

connective or conductive porosity pores or microfissures
connected to each other forming a continuous network for
radionuclide transport

constrictivity narrowing the connected pores for transport pathways, part
of the geometry factor

crack long narrow cavities i.e. voids
diffusion in free water molecular movement of particles, molecules or ions in an

unrestricted medium with infinite dilution
diffusion laws 1. Fick’s law: differential equation describing stationary

mass flux under temporally stable concentration gradients
2. Fick’s law: differential equation describing transient mass
flux under temporally variable concentration gradients

diffusion porosity i.e. connective porosity, meaning migration routes where
radionuclides move by matrix diffusion

dispersion measure for mixing during hydrodynamic (advective) water
transport

effective diffusion coefficient diffusion coefficient, describing stationary diffusion in a
porous solid phase

flow porosity pores through which the dominant mode of fluid transport is
by fluid low

geometry factor links the diffusivity in the aquatic phase of the pore space
with that in free water G=Dp/Dw ; it is dimensionless and
always <1
it is a measure of the reduction in mobility/diffusion of
dissolved particles in the aquatic phase of the pore space due
to pore form and physical interactions at the solid phase
it is an empirical parameter

intragranular pores pores or microfissures extending into mineral grains
intergranular pores grain boundary pores; pores or microfissures located

between mineral grains
micropore pore of diameter of  < 2nm
mesopore pore of diameter of 2-50 nm
macropore pore of diameter of >50 nm
narrow pore space term describing the physical conditions in the case of narrow

pore apertures, where a significant proportion of the aquatic
phase is bound to mineral surfaces by electrostatic forces;
important in the case of clayified or fine micaceous matrices
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penetration depth of diffusion either the range of diffusive material transport reached
within a certain time, depending on porosity, geometry and
sorption, or the thickness of a rock zone along water-bearing
fractures which, on the basis of petrographic or geochemical
criteria, appears to be significantly more porous than the
undisturbed wallrock

pore equidimensional cavity or high aspect ratio cavity
pore diffusivity measure of mobility in the aquatic phase of the pore space

under the influence of pore form and physical interactions
with the solid phase

residual porosity represents pores that are not connected to diffusion or flow
pores

total porosity total open volume of  matrices containing flow porosity,
diffusion porosity and residual porosity

tortuosity lengthening of the diffusion pathway due to winding pores,
part of the geometry factor

transgranular pores pores or microfissures transsecting mineral grains
transmissivity a dimensionless value that measures the fraction of the

emissions of light, radiation etc. that is transmitted through a
material

void space or interstice between minerals, equals to crack
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APPENDIX 1

Mercury porosimetry results
The effect of alteration on the pore size distribution in the unaltered and altered matrices of
rapakivi granite (Hästholmen, Y24), porphyritic granodiorite (Kivetty, Ki7) and tonalite (Sievi,
Sy7). Solid line : left scale, bars : right scale.


