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ABSTRACT 
Diffusion into the pore space of the host rock is a major phenomenon influencing the retardation of 
radionuclides, released from nuclear waste, in deep geological disposal. 

Methods for characterizing the nature of rock porosity in conjunction with diffusion experiments, are amongst 
the primary tools used in repository-site selection investigations. At this time no experimental method, alone, 
is capable of giving an unambiguous picture of the narrow-aperture pore space in crystalline rock. Conven
tional methods of measuring pore-size distribution have to be developed further to be applicable to bulk rock 
sarnpIes.The phenomena determining the migration of species in very narrow pores, are not understood, 
clearly. 

Methods giving information on overall properties must be complemented by those having high spatial 
resolution; then the lateral distribution of porosity within the matrix and its association with particular mineral 
phases or features, such as microfissures, fissure fillings, weathered or altered mineral phases etc, and the 
identification of diffusion pathways in inhomogeneous rock matrices can be determined. Nonsorbing, 
nonelectrolytic tracers should be used when one wants to determine rock-typical properties of the internal 
porosity without interference of interactions with surfaces. 

Preliminary information on a new method fulfilling these criteria is given. Impregnating rock samples with 
methylmethacrylate labeled with carbon-14 which, after impregnation, was polymerized by gamma radi
ation, gave specimens that made preparation of sections suitable for quantification by autoradiographic 
methods easy. Diffusion experiments can be conducted so that labeled MMA diffuses out of rock specimens 
into inactive free, MMA. Additional infonnation may be gained by leaching PMMA fractions of lower 
molecular weight from the matrix. In that case the molecular weight distibution of PMMA should be 
characterized. 

In applications of the method, the distribution of porosity in samples of basalt, various granitic rocks and 
other matrices could be visualized, absolute levels of porosity were determined, and their association with 
typical rock features in the sample identified. 
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1 INTRODUCTION 

Since theoretical studies on geological disposal of radio

active waste in fractured rock have indicated the impor

tance of diffusion into the rock matrix, rock porosity 

is of primary interest today. A treatment of the basic 

concepts of matrix diffusion can be found in earlier 

works (1) and (2). 

Diffusion through a porous solid depends on the following: 

molecular diffusion in the liquid phase, sorption phenome

na, surface transport, possibly, and the available po

rosity and geowetry of pore spaces. A particular rock 

posesses a characteristic porosity. The total porosity 

of a rock equals the sum of: the connecting or effective 

porosity that participates in transport through the rock, 

the pocket or dead-end porosity and the residual porosity 

that is not interconnected to the other types of pore 

space. Characterizing porosity requires a suitable tracer, 

which is not influenced by sorption- or exchange phenome

na. In the constrained geometry (characterized by con-

strictivity 6 and tortuosity T ) of porous crystalline 

rock, the diffusion coefficient Df of free, low molecular 

weight species in the liquid phase is reduced to 

Dp = Df <VT2 • T n e pore volume is only a small fraction of 

the total volume of rock, leading to the effective or 

intrinsic diffusion coefficient De = Dt^/T
2.cD. These 

equations contain the geometrical (characterizing aspects 

of pore structure) and physical parameters that determine 

diffusion in rocks. The effects of retardation and filling 

phenomena of dead-end pores are described by the capacity 

factor a = c + Kd p (ratio of moles per unit volume of 

water-saturated solid to moles per unit volume of liquid) 

(3). The resulting apparent diffusion coefficient is 

D. = De/a. When no sorption occurs: a = i . 
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A variety of experimental procedures aro used to study 

diffusion. Some methods, e.g., through-d:'.ffusion under 

stationary conditions, are tedious and give only an 

overall picture of the properties of the specimen studied. 

Other methods also have drawbacks; when non-sorbing tra

cers, for example, are used in rock samples, it is diffi

cult to measure the concentration profile within the 

rock. Gamma scanning has its own limitations (spatial 

resolution, emission properties of tracers). Rocks cannot 

be sliced easily into thin sections like clay materials 

without washing away the tracer. 

Sorbing tracers show only the spatial distribution of 

the sorbing sites in the matrix; non-sorbing tracers 

show the spatial distribution and accessibility of po

rosity. Bulk diffusivities do not give sufficient informa

tion about the nature of rock when it is as follows: non-

homogeneous in mineralogical composition, coarse-grained, 

contains microfissures or shows zonal alteration, weathe

ring rims or fissure-filling secondary minerals. 

In methods previously described, decoration of the fissu

res or larger pores by dyes or fluorescent agents (4), and 

optical microscopy or impregnation with furfurylalcohol 

that is polymerized and then converted to carbon at high 

temperatures (750°C), is utilized. The method is applica

ble only to transparent material (5). Autoradiograghy has 

been tested but not published (4). Impregnation with 

Wood's metal (mp. 110°C) constitutes an additional method 

(cited in (6)). However, Wood's metal does not intrude 

into very narrow pores, and the expansion of the metal 

upon solidification may cause damage to the pore structu

re. The same can be assumed to happen when heating furfu

rylalcohol -impregnated samples to 750°C. 

In this work a new method, which should aid in studying 

the nature of porosity and the infiltration and diffusion 

of non-sorbing species in rock, is presented. The basic 
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idea of the method is as follows: an organic liquid of 

low viscosity should be used; its molecule should be 

small and not very polar. One should be able to solidify 

the substance within the rock specimen to quench the 

actual state of an experiment at any stage; consequently, 

it would be possible to prepare samples for autoradio

graphy by diamond sawing. To facilitate measurement of the 

spatial distribution within the rock matrix, the substance 

should be labeled by an appropriate radioactive tracer 

(alpha- or low-energy beta-emitter). Methylmethacrylate 

labeled with carbon-14, was chosen to test the feasibility 

of the method. The results are compared with information 

on the porosity of rock, gained by other methods. 

2 EXPERIMENTAL 

2.1 Samples 

Basalt (Btthl, Kassel, FRG), a very fine-grained, eruptive 

rock, homogeneous in structure and composition, was used 

throughout the development of the PMMA-impregnation method 

and for comparison with results obtained by other methods. 

In addition a wide variety of samples with different 

porosities as well as some to show possible applications 

were selected for our study. 

Typical rocks from locations, where site investigations 

for a nuclear vaste repository are conducted in Finland, 

were chosen as well: for example, rapakivi gran'. ;e from 

Loviisa, tonalite, porphyritic granite and granodiorite 

from Olkiluoto. These rocks usually have very low poro

sities. Because these rocks are often coarse-grained and 

not very homogeneous, variations in the results occur 

when small specimens are studied. Another sample of very 

low porosity, containing mainly olivine, cross-cut by 

numerous serpentine veins came from the ultrabasic Lovas-

järvi intrusion in southeastern Finland. A strongly alte-
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red granite was alsc included, because it was more porous 

than fresh granite (intrusive granite, strongly overprin

ted by autometamorphosis, drill core from a 92-m depth, 

western Erzgebirge, GDR). Additional samples comprised 

basalt with a weathering rind, aluminum oxide sinter and 

concrete. The quality of the concrete was similar to 

that used for solidifying radioactive waste (cement : 

sand : water : additives = 1 : 1.8 : 0.54 : 0.3) (Imatran 

Voima, Helsinki). The A1203 (delivered by Valmet OY, 

Turku) had a very narrow pore-size distribution with a 

maximum at about 1.3 /urn and a porosity of 0.24 cm3/g. 

Further applications were demonstrated on samples of 

bituminous limestone (14) and basalt samples containing 

oxidation products of inclusions of native iron (sample 

no. 175926, supplied by Finn Ulff-Möller, The Geological 

Survey of Greenland, Kopenhagen). 

2.2 Methods used for the determination of porosity 

(gravimetric method, mercury porosimetry, gas adsorp

tion, diffusion) 

The water saturation method is the most basic one used 

in porosity determinations. Procedures are not standardi

zed. In this work a modified procedure by Neretnieks (7) 

has been used. The samples were dried under vacuum (one-

stage oil pump), for 2 to 7 days, at about 80 to 90° C. 

The liquid was infiltrated under ambient pressure or 

under vacuum for about one week or longer. Liquid adhering 

to the surface was removed by wiping with a piece of 

cloth, and liquid within large surface pores (damage 

caused by drilling or sawing), was evaporated in an air 

stream for about ten seconds. Homogeneous, dark rocks, 

like basalt, allow the determination of the moment when 

the surface is dry, by visual inspection. The weight 

loss is followed immediately, with a balance. Basalt 

specimens of various thicknesses, were used to test the 
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efficiency of drying and infiltration. Various organic 

liquids with different volatilities were tested too. 

Standard methods of mercury porosimetry (instrument used: 

Micromeritics pore sizer 9310) were employed to characte

rize pore volume in the upper range (0.02 to 200 pun). An 

interfacial contact angle of 130 degrees was used for 

the calculations. 

For characterizing smaller pores, gas-adsorption methods 

(BET analysis) were used (instruments: Carlo Erba Sorpto-

matic 1800 for nitrogen adsorption and a laboratory gas 

handling system önd a microbalance CAHN 2000 for experi

ments with butane and water vapors). Samples of basalt 

were dried as before. As a basis for calculating the 

pore size distribution of the rock standard, nonporous 

silica TK 800, with a known specific surface area, was 

used to calculate thicknesses of adsorbed layers at diffe

rent pressures. 

Commercial mercury porosimeters and gas-adsorption appara

tuses give the best results when measuring finely divided 

solids of high surface area. Optimal results are not 

obtained from samples of massive, low porosity rock. 

Problems may arise from: the sample size, temperature 

differences between the wall of the sample chamber and 

the sample, and slow kinetics of sorption. 

Through-diffusion experiments were conducted vising basalt 

disks of about 30 mm diameter and about 5 and 10 mm thick

ness; these disks were forming a diaphragma between a 

tracer solution of 36C1 ions (in 0.001 M NaCl solution) 

and a reservoir containing inactive 0.001 M NaCl. The 

increase of activity in the? second reservoir was followed 

for about 100 days. From the time-lag of the breakthrough 

curves (intercept t with the time axis), the apparent 

diffusion coefficient D8 is calculated: 

D. = D,/a =l2/6t 
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1 * thickness of the sample 

D = effective diffusion coefficient 

a * rock capacity factor = «tot«i
 + KaP 

when no sorption occurs, a = etotal 

From the slope Cj.D./l, the effective diffusion coeffi

cient is calculated (ct - inlet concentration of tracer). 

From the relation D. /D. - eD, the effective porosity 

that determines through-diffusion is calculated (8). 

2.3 14C-PMMA impregnation method 

For practical reasons the monomer should be 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. It should polymerize by a 

radical chain mechanism to be suitable for polymerization 

by gamma radiation. The polymer has to be sufficiently 

rigid, mechanically, to enable preparation of samples by 

diamond sawing. The choice fell on methylmethacrylate 

(MMA), which has suitable properties: mol.weight 100.1, 

Bp. 101°C, density (20°C) 0.942 g/cm3, viscosity (20°C) 

0.60 cS, and relatively low toxicity. The polarity of 

the ester is considerably lower than that: of water. The 

solubility of water in MMA is only 1.6 % b.w. and that 

of MMA in water, only 1.2 %. MMA is prone to spontaneous 

polymerization. To prevent this MMA stabilized with 

100 ppm hydroquinone was used in the experiments. When MMA 

is polymerized its volume decreases by about 20 % (densi

ty of PMMA is about 1.18 g/cm3 ). The MMA-system is very 

simple because no comonomer is needed to obtain a polymer 

with acceptable properties. PMMA depolymerizes mainly to 

the monomer. 

The specific activity of commercially available methyl-

(2-14 C)methacrylate monomer (Amersham,UK) was 50 nd/mmo-

le, 18.5 MBq/g. In the experiments the tracer was diluted 
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by inactive MMA to, typically, between 92,500 and 925,000 

Bq/ml. 

The rock samples were dried under vacuum at about 80 to 

90° C, for about one week and then immersed into radio

active MMA under atmospheric pressure for at least one 

week or more, depending on sample dimensions. The samples 

were then rinsed three times with inactive MMA and irra

diated under MMA with 60 Co gamma radiation Before irra

diation as much oxygen as possible was removed by bubbling 

nitrogen gas through the monomer. Doses were between 15 

and 100 kGy (1.5 to 10 Mrad) and dose rates between 0.15 

and 1.0 kGy/h, thus irradiation, typically, took some 

days. 

Because of the duration of the experiments the inhibitor 

could not be removed from the MMA. Often a variable amount 

of gases evolved during the irradiation. It seemed to 

depend in some way upon the dose rate. The reason for 

this may be due to a degradation or a degassing effect. 

Further investigations, e.g., with an apparatus which 

allows impregnation under vacuum conditions, are planned 

as well as irradiation under pressure. 

The radiation-initiated polymerization of MMA proceeds 

by a similar free radical mechanism as conventional poly

merization with chemical agents, leading to high-molecular 

weight products having almost identical properties. The 

average molecular weight was expected to lie between 

about 200,000 and 400,000 (9). It decreases as the applied 

dose rate increases. Induction periods of variable lengths 

are caused by reactions of free radicals with the inhibi

tor and with residual oxygen in the monomer. Therefore, 

under conditions described here, products from different 

runs but with the same applied dose may be different in 

the degree of polymerization. Radiation degradation of 

PMMA leads, mainly, to lower molecular weight units, 

including the monomer. It occurs at rather low doses 
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(about 10 kGy). Doses of 30 to 50 kGy lead to colour 

changes; the evolution of radlolysls gases requires doses 

of more than 750 kGy (9). Tests on samples heated to 

180° C after irradiation showed that higher dose rates 

led to increased amounts of gases (the dose was the same 

in this case). 

Samples for assessing -the PMMA-impregnation of rock by 

autoradiography and liquid scintillation counting (LSC) 

were prepared by diamond sawing. Before any measurements 

could be done, however, the samples had to be heated to 

about 80 to 100°C for about 3-20 hours, to remove thermo-

luminescence caused by the effects of gamma radiation. 

In the LSC measurements (Wallac Ultrobeta 1200 counter), 

thin disks (1 to 2 cm2, 0.6 mm thickness) were fixed so 

that they were hanging in the middle of LSC vials, filled 

with 15 ml of Lumagel scintillator. After addition of 5 

ml CH2 Cl2, the rate of dissolution of PMMA out of the 

matrix was followed. Beta spectrometry measurements were 

done in a Wallac Quantulus 1220 instrument. 

2.4 Molecular weight distribution of PMMA 

Samples of basalt, altered granite, concrete and aluminum 

oxide sinter, impregnated with PMMA (dose 50 kGy), were 

crushed, and the particle-size fraction below 0.3 mm was 

extracted with CH2C12 under reflux, for about 24 hours. 

The ext.-3cts were centrifuged, and the solvent was partly 

evaporated to a volume of about 5 ml. The yield of extrac

tion was estimated by measuring an aliquot by LSC. Another 

aliquot was injected into a gel permation chromatographic 

column (GPC). Samples polymerized outside the matrix but 

otherwise under the same conditions and PMMA polymerized 

with 50 and 100 kGy were studied too. 

The GPC parameters were as follows: solvent: THF 

(1 ml/min), detectors: UV (230 nm) and differential re-
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fractometer, column: PSS-gel 5 /z, 106 A, 105 A, 103 A, 

30 cm each, injection volume: 20 /xl. Evaluation was done 

so that: (1) above the baseline, only the polymer fraction 

was covered, (2) the whole mass range above 100 D was 

taken into account. In the lower range, however, solvent 

is eluted also, so that the calculated oligomer fractions 

give only the order of magnitude. In method (2) the diffe

rential refractometer signal is used because it is less 

sensitive to influences of the solvent. The graphs were 

normalized so that differences in the amounts of substance 

injected werp compensated. The molecular weights were 

calculated using a well-characterized PMMA-calibration 

curve. 

The number average molecular weight (Mn ) is the mean 

molecular weight of the molecules in a sample of polymer. 

The diffusion coefficient, measured by counting radioac

tive molecules transported, is a function of Mn . Other 

parameters, too, are given in the figures : M„ is the 

weight average molecular weight (instead of the number 

of molecules in a given molecular weight range, the weight 

of polymer in that range is given). The viscosity is 

related to M„ in a certain way. The ratio of M„ to Mn is 

the dispersity (D), which is a measure of the width of the 

distribution. Mp is the molecular weight at peak maximum. 

2.5 Autoradiography 

A series of tests were undertaken with irradiated samples 

of rock without PMMA to assess the possible interference 

by thermolumuniscence and its association with particular 

mineral phases. Mainly an X-ray film was used (Kodak X-

omat MA, thickness of emulsion 20 yum, AgBr 1.6 - 1.7 

mg/cm2, grain size more than 0.4 /urn), in some cases a 
more sensitive film provided by ORWO (Berlin, GDR) was 

applied (0RW0-TF 14). The necessary exposure times were 

between seven days and one month. Pure PMMA disks with 
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known specific activities were used as calibration sour

ces. PKMA made of 3700 Bq/ml monomer gave a surface acti

vity of about 4.5 Bq/cm2 (measured by LSC) or 4 x 106 

beta particles/cm2 for a ten days exposure. The calibrati

on with pure PMMA does not take into account a small 

error caused by a slight shift in the energy spectrum; 

this shift occurs when the beta particles pass through the 

silicate matrix of the samples, and a slight decrease in 

the film response occurs. 

One can gain valuable information even by visual inspecti

on of the autoradiographs and comparison with microphoto-

graphs of polished sections of the respective rock sample 

where the mineral phases have been identified. 

The quantification of the information focusses on the 

levels of optical density (as a measure of porosity) of 

particular zones and features and on their surface areas. 

Autoradiographs were scanned, step by step with a laser 

densitometer (LKB 2202 Ultro Scan), which gives exact 

values of the optical density. The absorbance range of 

the instrument is very large (4.0); it exceeds the range 

of any photographic emulsion. Spatial resolution, however, 

is limited by the size of the laser beam (0.72 x 0.05 

mm). The method is slow and not very flexible with respect 

to the size of the autoradiograph, when magnification is 

necessary. 

Digital image analyzing is based on an image provided by 

a high resolution video camera (512 x 512 picture ele

ments, pixels). The instrument used was a Cambridge In

struments Quantimet 520, equipped with Panasonic WV-

BL 200 solid state CCD camera. If the range between the 

highest output voltage of the camera and the voltage of 

the background noise is taken as a physical measure of 

the capability of the system to measure optical density, 

a value of 2.4 is obtained. The number of grey levels 

in this range depends on the computer system (here 256 
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levels). The system is fast, capable of handling different 

sizes of autoradiographs using macrooptics or microscopes 

and provides numerous possibilities for quantifying and 

visualizing results (enhancement of certain grey levels, 

calculation of surface areas, display of grey level dis

tributions as histograms). 

The logarithm of the intensity ratio of light transmitted 

through the exposed film without activity (IB0 ) and 

through the exposed film on a sample with activity 

<IBO * ««».pie ) gives the optical density (A = absorbance): 

" = "BC»B«mple ~ "BO = ^-°9 ( ̂ BO /*BG*»ample ) • 

Calibration is done by plotting the optical density measu

red against the known specific activity of pure, labeled 

PMMA. Because of saturation effects in the emulsion of 

the film, the range below about 1.0 was used, mainly. 

2.6 Beta absorption correction 

The mean energy loss of relatively low-energy beta par -

tides in matter per centimetre path-length, in effect, 

depends solely on the density of the matter that is being 

penetrated, because Z/A is nearly constant. A very slight 

dependence on Z occurs only through the excitation energy 

of the atomic electrons (10). Thus, for rock material 

that is composed mainly of light elements, the latter 

effect is neglected in approximate estimations. For prac

tical purposes, the mass absorption coefficients p./p, 
for simple beta emitters with a maximum energy Emax , can 

be derived (10) from the empirical equation: 

n/p - 17.0- EB„ -»-«s (cmVg). 

Thus, for carbon-14 /x/p is 250 cm2/g, for PMMA follows 
ix * 295/cm, and for a silicate with a density of 2.6, 
p. - 650/cm or expressed in half thicknesses 23.5 and 10.7 
pxa, resp.. The range of carbon-14 beta particles can be 
calculated after Flammersfeld: 

R* = 0 . 1 W 1 + 22.4.E„.X
 2 '- 1 
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to 0.027 g/cm2 (10). From IT (g/cm2 ) = R (cm) x p (g/cm3 ) 
ranges R of 229 /xm for PMMA and 104 /zm for silicate (den

sity 2.6), can be calculated. 

With respect to the range of the beta particles the rock 

samples used were infinitely thick. For thick samples 

the self-absorption correction factor, f » l-e-Â /̂ d 

becomes 1/jj.d (18). Thus, a rough v:orrection factor f̂ r 

beta absorption is obtained by the ratio of the absorption 

coefficients or ranges in the standard (PMMA) and in the 

mineral phase; this ratio is practically that of the 

densities. 

When samples of low-porosity homogeneous rock or coarse

grained specimens with identified mineral phases are 

being considered (porosity, less than a few per cent), a 

beta-absorption correction of this kind may be applied. 

Carbon-14 is then considered as diluted by the mineral 

phase. Errors caused by variations in the mineral composi

tion are small in iron-poor rocks. The error is small, 

as well, when microfissures are in the nm-range (dimen

sions of pores and fissures small in contrast to the 

range of the beta particles). Where highly porous zones 

with unknown density or fissures in the fm- or mm-range 

are present, no correction is applied. 

Exact ranges reported by Mysen et al. (11) for carbon-14 

beta particles in various silicates were two orders of 

magnitude lower than the values recalculated by Tingle 

(12) from the electron stopping power of the materials. 

Tingle gives a maximum range of 0.0363 g/cm2 for albite 

and diopside and 0.0359 g/cm2 for calcite. Variations 

among different mineral phases are, therefore, considered 

to be small compared with the uncertainties in quantifying 

film response. 



18 

2.7 Diffusion experiments 

The toluene in the Lumagel scintillator liquid did not 

dissolve observable amounts of PMMA from the rock samples 

within periods of a few hours. Addition of CH2C12 led to 

the immediate dissolution of PMMA fractions. The increase 

of activity in the LSC vial was followed under static 

conditions without stirring (20°C). For comparison pure 

PMMA was treated in the same way. A rough calibration 

was conducted by dissolving known amounts of labeled 

PMMA. Counting efficiencies were, typically, around 50 

%. The presence of inactive rock disks did not influence 

the counting efficiency or background to any significant 

degree. 

The purpose of these experiments was to study possible 

influences of surface effects (spreading of PMMA on the 

rock surface by sawing) and the leaching of low molecular 

weight fractions or residual monomer out of the matrix. 

Preliminary tests were made to study diffusion of MMA 

monomer in the rock matrix. Dry rock samples were infil

trated with inactive MMA for at least three weeks and 

then immerged into labelled MMA for six months. Basalt was 

used in the diffusion experiments because its matrix is 

homogeneous and rather porous. Before irradiation the 

samples had to be immerged into inactive MMA because the 

activity of pure labeled PMMA led to oversaturation of 

the films. The diffusional profile at the margin of the 

sample is disturbed by that procedure, therefore, in 

further tests, after impregnation with labelled MMA, the 

samples were Immerged into the inactive solvent, which 

was changed regularly. This procedure is more convenient, 

and the maximum activity of the diffusional profile can 

be determined more accurately because it is in the middle 

of the sample. 
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To apply the method the self-diffusion coefficient in 

the free liquid phase has to be known. A value of 2.0 x 

10"9 m2/s is calculated from the equation (15): 

D = 100 k T . ,[57* 
V 2 7T ^JV M 

with k = Boltzmann constant 

T = abs. temperature 

r) = viscosity 

NL = Avogadros number 

VM « mole volume. 

The result is in the order of magnitude of what is to be 

expected for liquids consisting of small molecules. 

After freezing the diffusional profile by polymerization 

of the MMA sections through the center of the cylindrical 

rock, cores were studied by autoradiography. The other 

surfaces were not covered by impermeable material In 

these runs, a fact which sets limits to the depth of 

profiles that can be be studied. In some cases the tracer 

concentration was too low for autoradiography, and disks 

for measurement by LSC were prepared. The method gives 

only approximate results when the profiles are short. 

Out-diffusion or leaching of a tracer from a solid sample, 

across a single interface, into a solution leads to a 

concentration profile in the sample that can be analyzed 

and to a flux J, across that interface, into the liquid 

phase. The concentration of the tracer in the liquid can 

be neglected either because only a small percentage of 

the activity in the sample (concentration c0) was leached 

(leaching of PMMA) or because the liquid phase was changed 

often. When no sorption occurs, the quantity q of activity 

released from the rock is: 

q(t) - A0 j J(0,t) dt - 2 i A Co-WDt/Tr' 
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with £ = porosity, A = surface area, t = time. For con

stant D the release is a linear function of -ift. If the 

activity released is normalized with respect to surface 

area, porosity and concentration in the rock (or the 

surface activity measured as a measure of e and c0 ), 

the slope of the relative, cumulative leached fraction 

against njt gives information on the diffusional proper

ties of the rock. When the porosity is known the geometric 

factor Ö/T2 of the rock matrix can be derived. 

3 RESULTS AND DISKUSSION 

3.1 Porosity characterization 

3.1.1 Gravimetric methods 

Five millimeter-thick basalt specimens reached a saturati

on point of approximately 70% within about 4 hours, but 

the complete process required some days. At 80°C under 

vacuum, it took 3 days to remove the water till a residue 

of 1%. Porosities obtained with saturation under vacuum 

and under ambient pressure were equal, within limits of 

about 10%. Tests with organic liquids (m-thylisobutylke-

tone (MIBK) and methylmethacrylate (MMA)), which have both 

lower contact angles on silicate surfaces and, therefore, 

penetrate more easily into the pores, and which have 

varying evaporation rates from the surface of the speci

mens, gave about the same porosities (Table 1). Although 

the basalt seemed to be very homogeneous, porosities 

still varied somewhat. Sample thicknesses of up to 10 mm 

did not influence the results, but 30-mm samples were not 

saturated even after one week in water. Additional po

rosity, caused by sawing the specimens (surface damage 

(16)) could not be detected by tests with samples of 

varying surface to volume ratios. Surface damage might 

cause errors in diffusion measurements. 



Table 1: Porosity of basalt, results measured with different methods 

Sample, thickness method Porosity (% by volume) 
range average 

5 
10 
5 
5 
5 

10 
1 
5 

4 • 

mm 
mm 
mm 
nun 
mm 
mm 
mm. 
nun. 

- 5 

+ PMMA 
weathering 
rind 

mm 
crushed 

4 -
4 -

5 -

- 5 
- 5 

- 10 

30 

mm 
mm 

mm 

mm 

infiltration, water, vacuum, 8 d 
" , " 5 d 

" , " atm. pressure, 4 d 
" , MIBK, vacuum, 7 d 
" , MMA, atm. pressure, 4 d 

, MIBK, vacuum, 7 d 
" , water, atm. pressure, 4 d 

, water, " " , 4 d 

mercury porosimetry 

gas adsorption, BET, water vapor 
M " , " , butane vapor 

diffusion, stationary conditions, CI" 

14C-PMMA infiltration, LSC 

2.20 -

2.13 -
2.09 -

2.30 -
0.20 -

0.35 -

0.58 -

2.70 

2.53 
2.55 

2.38 
0.35 

0.47 

0.79 

2.45 
2.38 
2.33 
2.32 
2.10 
2.34 
0.28 
2.50 

0.41 
0.83 

2.16 
1.27 

0.69 
(transport porosity) 

• * . . 2.20 

to 
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A linear relationship, between the amount of liquid phase 

evaporated from the matrix and the square root of time, 

indicates that the process is diffusion-controlled. From 

the very beginning even 30 seconds after the specimen 

was taken from the liquid and blown dry in an air stream 

a linear curve was noted (Fig.l). The linear part extended 

up to 24 hours for basalt and water. The slope of the 

curve depends on the following: the amount of liquid 

absorbed (porosity), the volatility of the liquid, the 

surface area of the sample, the pore structure of the 

reck and on ambient conditions. The ambient conditions 

were not controlled; therefore, further interpretation 

has not been attempted. Fresh and weathered basalt (wea

thering rind) gave nearly the same slope. In addition 

the porosities were practically the same. 

0 10 -ft(mW 

Fig. 1: Release of water from the matrix of basalt (rela
tive cumulative percentage of the total amount 
of water absorbed). 
(.): thickness of specimen, 5 mm, outer scales, 
(x): thickness of specimen, 30 mm, inner scales. 
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Beyond 24 hours, the. rate of evaporation deviated from 

that observed earlier. Probably this rate is not diffu

sion-controlled alone; for in very narrow (nio-)pores, 

intermolecular forces between a liquid and the walls 

lead to a decrease in vapor pressure. 

Surface damage by sawing could not be detected by means 

of evaporation tests. Holes left by fragments broken off 

the structure were so large that the liquid evaporated 

from these as fast as from the fräe surface. 

Basalt, impregnated with PMMA had only a porosity of 0.2 

to 0.35% (by volume); these values probably represent 

the free space caused by the shrinkage of PMMA during 

polymerization. The results indicate that the polymeri

zation within the rock matrix worked. 

The bulk porosities of the other materials used in this 

work were as follows (by volume): rapakivi granite, 0.24-

0.30 %; altered granite, 1.2 %; porphyritic granite, 

0.36%; granodiorite, 0.19%; tonalite, 0.30%; olivine, 

0.18%; diorite, 0.2 - 0.3%; concrete, 6.1%. 

As the size of the aperture decreases in solids containing 

very narrow pores, the water infiltration process takes 

place more slowely. Although capillary pressures reach 

very high values (about 1500 bar at a 2-nm diameter), 

the pore dimensions have a greater effect upon the flow 

speed. In 2-nm capillary-shaped pores, the flow speed 

of the infiltrating water is about 2 cm in 28 hours. 

Because, in reality pores are constricted, longer infil

tration times are needed. Measured rates for wetting con

crete (with values between 1-4 cm/d) are reported (17), 

but no detailed data of low porosity rock are available. 
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3.1.2 Mercury porosimetry 

The results of measurements by mercury porosimetry wer°. 

lower than expected from the results of water saturation. 

The porosity measured in the 50- to 200-Aun range may be 

caused partly by the roughness of the surface. The effect 

was especially marked when crushed rock was studied 

(Fig.2). The total porosity of a sample prepared by dia

mond sawing was only 0.47%. A steep increase below 0.02 

jm, which is not caused by the instrument, indicates 

porosity below the measuring range of the instrument or 

porosity of a larger aperture, which is accessible only 

through constrictions narrower than 0.02 ûn (ink bottle 

pores). Measurement with another instrument yielded a 

0.28% porosity (all pores below 0.02 /xm, average 0.01 

,um). Reducing the pressure (about 2000 bar) did not lead 

to the extrusion of mercury, indicating ink bottle pores. 

Fig. 2: Approximate differential and cumulative pore-size 
distribution of basalt measured by mercury po
rosimetry. 
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Mercury porosimetry was developed originally to determine 

porosity in the macroporo» range, where gas-adsorption 

methods are not applicable. When the range is extended 

by raising the pressure or when the pore volume is very 

small (below about 0.1 to 1.0 m2/g) the obtained results 

become increasingly uncertain. If the complete curve of 

pore volume against pore radius is to be obtained, both 

methods should be used in conjunction. In materials with 

an interconnected network of pores, pore blocking effects 

complicate mercury porosimetry and lead to considerable 

errors. 

3.1.3 Gas-adsorption methods 

Preliminary measurements of basalt using nitrogen did 

not yield reproducible isotherms because the internal 

surface area was low; Kinetic effects also made it diffi

cult to achieve equilibrium pressures, which required 

extensive periods of time. Qualitatively, there seems to 

be porosity in the range below 4 ran. BET surface areas 

of 3.5 to 9.0 m2/g (crushed sample) and 2.4 to 3.1 m2/g 

(sawed sample) were obtained. The outer surface area of 

the sample prepared by sawing can be neglected in relati

on to the internal ones. If a porosity of 2.4% by volume 

(measured by saturation with liquids) is assumed to have 

the form of plane fissures with 10-nm apertures, the 

internal surface area in the basalt would be about 1.7 

m2/g, which gives the same order of magnitude. 

Adsorption of water and butane vapors on basalt yielded 

the following results: 

Adsorption 

of 

water 

butane 

porosity 

(%) 

2.2 

1.3 

mean 

size 

(nm) 

7 

10 

pore all pores 

below 

(nm) 

25 

100 

internal 

surface 

area 

(m2/g) 
5.6 

2.5 
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Thus, porosity can be found, mainly, within the range of 

mesopores (2- to 50-nm width (6)). The pore size distribu

tions are given in Fig.3 and 4. They should be taken 

with caution because of uncertainties in measurement and 

interpretation. 

The other rock samples have not been measured here. The 

cement paste in concrete is known to have a high percen

tage of pores with diameters below about 2 nm. These small 

apertures might influence polymerization in such matrices; 

therefore, the polymers were studied with respect to 

their molecular weight distributions. 

The butane adsorption isotherm somehow resembles a convex, 

type III isotherm or with hysteresis, type V but with a 

somewhat increased uptake at low relative pressures. The 

facilitation of adsorption of further molecules once a 

molecule has been adsorbed, however, is not as pronounced 

as in typical type III isotherms. Type III isotherms ^re 

characteristic of systems where gas-solid interactions 

are weak. It is possible, however, that an isotherm may 

be converted from type II to type III if another adsorbate 

is pre-adsorbed on the surface of the solid. Though butane 

is non-polar its polarizibility is relatively high; conse

quently, its overall energy of interaction with an ionic 

solid would be relatively high, producing a type II isot

herm (6). The conversion of the isotherms measured on 

basalt wight be due to: incomplete removal of water from 

the basalt as a result of the mild degassing conditions 

used and the constrictivity and tortuosity of the poros

ity. 
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d i s t r ibut ion of basal t measured by adsorption 
of water vapor ( l e f t s c a l e : 100% = 7 . 7 2 cm3/kg, 
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Fig. 4: Approximate cumulative and differential pore size 
distribution of basalt measured by adsorption 
of butane vapor (left scale: 100% =4.46 cm3/kg, 
right scale: 100% = 8.35 cm3 ). 
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The adsorption isotherm of water is especially sensitive 

to the degree of polarity of the adsorbent surface (hydro

gen bonding). An enhanced adsorbent-adsorbate interaction 

changes the isotherm from being convex to the pressure 

axis to being concave.The same effect can be caused by 

micropores (replacement of monolayer-multilayer formation 

by micropore filling) (6). The behaviour of water vapor 

reflects the nature of silicate surfaces (degree of hydro-

xylation). Dehydroxylated silica surfaces, however, are 

not to be expected in natural rock samples or in samples 

treated in the manner described in this work. 

The desorption isotherm measured with water vapor resem

bles a type II isotherm (with hysteresis, type IV), indi

cating strong gas-solid interaction, but there is no 

sharp knee. Thus, interpretation of the isotherm is com

plicated. A further problem which limits discussions on 

the form of the isotherms based on the few tests conducted 

here, are possible influences of kinetic effects of flow 

through very small constrictions or micropores in solid 

bulk material. The very low reproducibility of the hyste

resis loops (the practical difficulty obtaining equili

brium pressure/weight readings) gives indications of 

such phenomena. Evaporation of a condensate from mesopores 

may be influenced by pore-blocking effects, because pores 

of different size and shape are not independent from 

each other (6). In these cases pore size distributions 

derived from the desorption branch of the isotherm give 

a misleading picture of the pore structure. When testing 

related sets of solids, these curves can give useful 

indications of significant relative differences between 

these pore systems, despite the difficulties of interpre

tation in terms of absolute pore size distribution. 

The measurements carried out in this study provide no 

information on micropores. It is not known if they are 
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completely empty after only mild degassing treatment (to 

avoid artificial cracks) and in compact rock samples. 

The rate of transport of the adsorbate within the samples, 

is not known either. 

Application of the BET method has been focussed mainly 

on finely divided solids, where an independent evaluation 

of the results can be done e.g. by measuring particle 

size distributions. This method is not feasible for bulk 

rock material containing complex, constricted internal 

porosity. Furthermore low porosity rock cannot be tested 

routinely because most commercial instruments usually 

cannot measure specific surface areas below about 1 m2/g 

with sufficient precision. 

Relatively small surface areas could, in principle, be 

determined by using krypton or xenon as adsorbates but 

some complications are involved in the interpretation of 

the isotherms (6). 

In very fine pores with widths of the order of a few 

molecular diameters, the Kelvin equation expressing capil

lary condensation quantitatively, is no longer strictly 

valid. A quantitative assessment of the situation in 

very fine capillaries is not yet possible (6). Extension 

of the Kelvin method to include adsorbates with different 

physical properties, molecular shape and size and the 

use of pre-adsorption techniques, is desirable. Use of 

molecules of different polarity and polarizability could 

give information on properties of internal surfaces (pola

rity, chemical properties) and on microporosity. The 

processes occurring in micropores are not yet very well 

understood (6). 

The complete removal of sorbed material from the narrowest 

pores would require much more rigorous conditions (higher 

temperatuies, high vacuum). Changes in the original pore 

structure by heating should be assessed, however. Hyste-
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resis effects should be studied more, to be able to dis

tinguish between effects of capillary condensation and 

activated entry. The shapes of pores may be derived from 

the forms of the hysteresis loops. 

A reliable picture of a complex pore system, such as in 

rock, can only be achieved by using different complementa

ry methods of characterization . Gas adsorption alone 

does not always allow an unambiguous interpretation when 

various effects are superimposed. 

3.1.4 Through-diffusion 

The methods described above gave information about the 

total open (effective and dead-end) porosity in the samp

les; this knowledge is relevant to filling (in-diffusion) 

under instationary conditions. Through-diffusion experi

ments gave information on the porosity that is actually 

participating in transport processes under stationary 

conditions. For basalt the following apparent and effec

tive diffusion coefficients were measured using chlorine 

ions and rock disks of two different thicknesses: 

D. - 3.8 ... 7.7 x 10-12 m2/s and 

D. - 1.1 ... 5.4 x 10-14 m2/s. 

From these values the transport porosity, which is only 

a small fraction of the total porosity, was derived as 

£D =0.58 ... 0.79% (average 0.69%). 

The thicker samples gave the highest coefficients because 

stationary conditions were not completely f unfilled. 

Through-diffusion experiments are more tedious than other 

methods; they give information on bulk properties of a 

matrix. An advantage of this method is a high -flexibility 

with respect to the choice of the tracer (e.g., non-sor-

bing tracers). On the other hand overall properties may 

be misleading or erroneous when a rock contains highly 
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porous minerals, alteration zones, fissure fillings or 

microfissures. 

3.2 14C-PMMA Impregnation Method 

MMA was infiltrated successfully and polymerized in the 

matrix of low porosity rock samples. In some cases, how

ever, the saturation of the matrix was not quantitative. 

This problem can be minimized by avoiding non-volatile 

drilling- or sawing lubricants that block the porosity, 

careful drying, degassing the MMA and infiltration under 

vacuum. Sometimes gases developing during irradiation 

led to partial expulsion of MMA out of the matrix. This 

process seemed to be the main cause of scatter in the 

results. Some dependence on the dose rate was observed. 

In low porosity rock one cannot clearly see the impregna

tion with PMMA by optical microscopy. Basalt with PMMA 

has a slightly darker appearance, and there seems to be 

less surface damage on sawed surfaces (missing grains). 

The sawed surfaces were found unsuitable for examination 

by scanning electron microscopy. 

Spectral analyses of the radioactivity of thin plates of 

rapakivi granite and basalt impregnated with PMMA (activi

ty of the monomer 92,500 Bq/ml) showed that the major 

part of the beta activity in both cases stems from car-

bon-14 (Fig.5). In the spectrum of rapakivi granite, 

natural radionuclides cause a slightly higher background 

at higher energies. In both cases the surface activities 

of the tracer were below 0.5 counts per second. 

Heating the samples before exposure to photographic emul

sions decreased interferences by thermoluminescence to 

acceptable levels (no interference at exposure times of 

three weeks). The ratio of counts in LSC in the preset 
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window for the beta particles of the tracer to those in 

the range below was generally between 5 and 10. The stron

gest thermoluminescence, as measured by autoradiography 

was exhibited by porphyritic granite, followed by tonali-

te, rapakivi granite and diorite. The effect seems to be 

most intense in certain major rock-forming minerals inclu

ding potassium feldspar, but no generalizations can be 

made based on a few tests. Basalt was nearly free from 

thermoluminescence. 

o.soo cm/ch 

Fig. 5: Beta spectrum of basalt disk, impregnated with 
14 C-PMMA ( thermoluminescence suppressed elect
ronically, alpha contribution not excluded, 
three measurements, vertical scale: 0.5 cpm/ 
channel, horizontal scale: channels, tracer 
concentration: 92,500 Bq/ml monomer). 

Since the specific activity of the tracer in the rock 

was so low, LSC had to be used often, instead of autora

diography, when testing the impregnation method. An acti

vity of about 925,000 Bq/ml in the monomer led to accep

table exposure times. Errors in determining the absolute 

surface activity by LSC, from which the porosity was 

calculated (Table 2) were introduced by: the measuring 

geometry, surface roughness of the sawed samples, possible 

quenching by leached, low molecular fractions of the 



Table 2: Rock porosities derived from measurement (LSC) of surface activity, volume fraction 
of matrix derived from amount of PMMA leached by CH2 Cl2, and fraction of PMMA leached 
from the matrix (t = 30 h). 

Sample derived porosity (%) 
from surface activity 

porphyritic granite 
rapakivi granite 
altered granite 
basalt 
concrete 
Al2 03-sinter 

0.31 
0.64 
1.7 
1.8 
12 
14 

ume fraction 
t = 10 

0.016 
0.012 
0.036 
0.083 
0.11 
1.6 

h 
leached (%) 
t * 30 h 

0.021 
0.016 
0.055 

0.19 
3.0 

PMMA-fraction leached (%) 
t = 30 h 

6.8 
2.5 
3.3 
4.6 (10 h) 
1.6 

21 
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PMMA, and by changes of the energy distribution of the 

beta particles in the matrices. 

3.2.1 Autoradiography of 1 * C-PMMA-impregnated rock matri

ces 

In Fig.6 laser densitometer scans across autoradiographs 

of calibration sources are given. The optical density of 

the spots is very homogeneous. The major limiting factor 

is the high background of the film. An evaluation by the 

image analyzer is displayed as histograms of grey level 

distributions (Fig.7). The left peak gives the narrow 

distribution within the calibration spot. In the upper 

graph, the density level caused by the calibration source 

is close to the background level. In the lowermost graph, 

the saturation level of the film is reached. The halo 

around the spots is caused mainly by backscattered ra

diation (use of lead weights). 

o.ots 

Me 

Fig. 6: Laserdensitometerscan across autoradiograph of 
14 C-PMMA calibration series (14 C-activity in 
the monomer: 92,500, 9,250, 3,700, 925 Bq/ml, 
exposure time 5 d). 



Fig. 7: 

Histograms of grey level 
distributions of cali
bration samples measured 
by image analyzer (u C-
activity in the monomer: 
3,700, 18,500, 92,500 
Bq/ml, exposure time, 
7 d, left peak: grey 
level of calibration 
source, right peak: 
background level of 
film, measuring frame: 
17 x 17 mm). 
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The image analyzer allows enhancement of areas, exceeding 

a certain density level (resembling a certain porosity 

level), by pseudocolourization. An analysis of the grey 

level histogram allows an estimation of the surface areas 

(=volume fractions) of zones with a certain porosity. 

Pseudocoloured pictures, showing estimated porosity levels 

in basalt of more than about 13, 4.6, and 2.3%, can be 

seen in Fig.8. These estimations are very rough because 

a correction had to be applied to compensate for an incom

plete saturation with PMMA. Note that porosities are 

calculated under the assumption of equal density throug

hout the matrix because no microprobe analyses of the 

specimens has been done. Errors are small when minerals 

with high iron contents or very porous phases are absent. 

In basalt, small areas of high porosity are evenly distri

buted within the matrix; they are interconnected by zones 

of low porosity. On a centimetre scale the porosity of 

basalt is very homogeneous. No observable fissures are 

present, indicating the absence of the actions of tectonic 

stress. After crystallization the basalt has always been 

close to the earths surface. 

In a densitometer scan across such an autoradiograph 

(Fig.9) these features are displayed. The two-dimensional 

plot (Fig.10) shows the limited lateral resolution of 

the system. The sample is from the margin of a basalt 

column. It has a weathering rind of 4 to 7 mm thickness. 

In the outer parts of the rind porosity is nearly the 

same as in fresh basalt. A zone with a porosity level 

below the detection limit under the conditions used, can 

be found at the interface. 
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Fig. 8: 

Pseudocoloured grey 
level image of autora-
diograph of basalt imp
regnated with labeled 
PMMA (porosity levels 
displayed: above about 
2.3, 4.6, 13%, ^C-acti-
vity in the monomer: 
370,000 Bq/ml, exposure 
time: 30 d, frame: 19 x 
19 mm). 
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Fig. 9: Laserdensitometerscan across autoradiograph of basalt 
impregnated with labeled PMMA (14 C-activity in the 
monomer: 925,000 Bq/ml, exposure time: 5 d). 

Fig. 10: Densitoaeterplot of basalt with weathering rind impreg
nated with labeled PMMA (same sample as in Fig. 9, 
highest porosity: black, lowest: wight, sample size 
25 x 20 mm). 
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3.2.2 Molecular weight distribution of PMMA 

The molecular weight distribution of the PMMA obtained 

in the experiments depends on the radiation dose applied. 

A dose of 100 kGy is above the optimum needed for polyme

rization, as indicated by increased radiation degradation. 

The optimum dose under the conditions of the tests (inhi

bitor and some oxygen present) was about 30 to 50 kGy. 

At lower doses (about 15 kGy), sometimes viscous products 

were obtained. Irradiation of the polymer leads, for the 

most part, to main-chain degradation, which results in a 

decrease in molecular weight (6). 

The molecular weight distributions of the PMMA polymer 

fraction polymerized in the bulk, can be seen in Fig.11. 

A curve of a commercial PMMA has been measured for compa

rison. It had a significantly lower molecular weight 

than the PMMA made by irradiation with an optimum dose. 

The forms of the distributions are very siuiilar. Higher 

doses led to broader distributions. The average molecular 

weights (Mn) vary with the experimental conditions. They 

were typically between 100,000 and 200,000. The results 

obtained by different detection methods were very similar 

in the polymer range. The PMMA polymerized in various 

matrices had practically the same molecular weight distri

bution as the PMMA polymerized in the bulk (Fig.12). The 

curve, obtained from the PMMA from the basalt matrix, 

shows fluctuations caused by 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. 
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Fig. 11: Molecular weight distribution of polymer fraction o 
PMMA polymerized in the bulk (A: same conditions a 
in Fig.12, B: commercial PMMA). 
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Fig. 12: Molecular weight distribution of polymer fraction of 
PMMA polymerized in various matrices ( granite, concre-
te. A1,0, . basalt). 
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When the whole range above 100 D is considered, uncertain

ty in the results and problems in the interpretation 

increase. The distribution does not say anything about 

the origin of the low molecular weight fractions. Interfe

rence from the solvent that is eluted too, is strong at 

the lower end. It was somewhat helpful to use a detector 

that measures the refractive index (RI) because it is less 

sensitive to the solvent. The fractions of molecules 

below 2000 D including the solvent are smaller than: 

39% (basalt), 

10% (granite), 

5% (concrete), and 

4% (aluminum oxide) (Fig.13). 

The products extracted from the latter have the closest 

similarity to bulk PMMA. If these fractions are products 

of the polymerization of MMA, this implies that the pore 

size of the matrix might have an influence. In the inter

pretation one has to consider, however, possible frac

tionating effects of the extraction from the crushed 

material. Diffusion-controlled leaching from a matrix of 

low diffusivity favours low molecular weight species. 

Under the conditions applied, probably only a minor frac

tion of the PMMA is exposed on surfaces formed by crush

ing. Also dissolution of PMMA from /zm-size pores or fissu

res may affect the distributions. Leaching was almost 

total from aluminum oxide sinter but not from the other 

matrices (granite, 20%; concrete, 6%; basalt, only 2% 

leached). 

Species, diffusing out of the rock matrices when a solvent 

is added, do not have the same molecular weight distribu

tions; consequently, diffusion coefficients also cover a 

wide range. Therefore only qualitative conclusions can 

be drawn on the nature of the porosity of the matrix, 

if the diffusing species are not analyzed. 

The size of the most abundant chain (Mp ) can be estimated 

by calculation of the unperturbed dimensions in solvents: 
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r0 = 0.0625 M
1/2 (nm) 

(ref. J Bradrup, EH Immergut (eds.). Polymer Handbook, 

2nd ed., Wiley,N.Y.). The diameters obtained in that way 

for PMMA from the matrices studied and the respective 

bulk material, are between 66 and 78 run. Maximum values 

reach about 200 nm. A rigid particle of 80 nm diameter 

has a diffusion coefficient of about 6 x 10~12 m2/s (ref. 

Handbook of Chemistry and Physics, CRC, Cleveland, 1971). 

Shapes of polymer molecules vary considerably; the chains 

are very flexible and move between larger and narrower 

pores. Therefore, it is probable that pores with apertures 

smaller than the above calculated dimensions, are filled 

also by the polymer that polymerized in the larger pores 

and migrated a short distance into the narrower pores. 

3.2.3 Diffusion of 14C-PW1A in the rock matrix 

During the measuring times used in LSC, dissolution of 

PMMA in the matrices of rock samples in the toluene-con

taining cocktail was negligible. Addition of CH2Cl2 led 

to an increase in the count rate with time. Comparison 

with the dissolution rate of pure, labeled PMMA, under 

the same static conditions in the counting vial, showed 

that the release of PMMA from rock samples was not a 

surface effect. The dependence of the cumulative leached 

fraction on the square root of time indicates a slower 

diffusion-controlled release mechanism (Fig.14). 

It is not to be expected that a high-molecular weight 

polymer diffuses out of the rock to any extent that could 

explain the leach rates observed. It is more probable 

that there is leaching out of larger pores or fissures, 

as well as leaching of low-molecular weight fractions 

from the matrix. The volume contraction of the PMMA during 

polymerization (about 20%) creates pathways for the in-
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trusion of solvent. Samples that had been in the toluene-

based cocktail for some hours before the addition of the 

solvent showed drastically decreased leachability because 

of the swelling of the PMMA, blocking these pathways. 

When the cumulated activity leached with time is norma

lized with respect to the initial activity and surface 

area of the sample, the sijpe (Fig.14,15) gives informa

tion on the diffusivity of the rock matrix. Sources of 

error arose from uncertainties in the measurement of the 

initial activity due to: the rapid dissolution of PMMA 

in the beginning and the decreasing contribution of the 

surface activity as the leaching proceeds. An additional 

uncertainty is introduced by variations in the molecular 

weight distribution of the diffusing species. The concen

tration increase in the measuring vial (20 ml) was neglec

ted because leaching times were short and the rock disks 

were small and of low porosity (0.6 x 10 x 10 mm, porosity 

around one per cent). Assuming the apparent diffusivities 

determined with CI" for basalt to be valid for the MMA 

oligomers, all activity should be leached after about 24 

hours. The concentration c0 in the matrix would not be 

constant during the experiments (the 50% concentration 

front would migrate 0.35 to 0.55 mm in 12 hours). The 

fullfilled square root t dependence over more than 40 

hours indicates that the species involved have greater 

molecular sizes and/or the involved pore space is smaller 

(space caused by volume contraction of PMMA). 

Comparison of a few typical results (Table 2) shows that 

in 30-hours leaching of thin rock plates (0.6 mm) only a 

small percentage of the activity is released. The cumula

tive leached fraction (Fig.14,15) reaches a maximum value 

in some cases. Extraction of crushed material (fraction 

smaller than 0.3 mm) gave higher leached fractions, but 

the values were of the same order of magnitude as descri

bed above. Quantitative interpretation of the out-diffusi

on data is difficult because the diffusivity depends 
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Fig. 14: Relative increase of activity in solution with time, 
during leaching of PMMA out of the matrices of: olivine 
(1), tonalite (2), porphyritic granite (3), rapakivi 
granite (4) and diorite (5) (relative activity norma
lized per cm2 ). 

i/t(min) 

Pig. 15: Relative increase of activity in solution with time, 
during leaching of PMMA out of the matrices of: gneiss 

o"Se sinti; ̂ f ^ 9 ^ 1 ^ (2)' b a S a l t <3>' a1™*™* 
normLi^pe^cm^T ^ ^ ( 5 ) (rel*tlVe a C t i v i t* 
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on the molecular weights of the migrating species, which 

are not known in detail. Since essential features of 

colloidal systems apply very well to polymers, fractions 

of suitable molecular weight might serve as model substan

ces for colloids in investigations of migration phenomena. 

Diffusion out of the aluminum-oxide sinter seems fast as 

the pore apertures are large. Olivine has a very low 

bulk porosity. The only porosity detectable by autoradio

graphy is in open microfissures related to serpentine 

veinlets. This may explain the rapid release of activity 

and the saturation effect (probably complete leaching 

out of a fissure). Weathered and altered samples (gneiss 

granite and altered granite) seem to release the tracer 

more easily than fresh rocks (Fig. 14,15). 

3.2.4 Diffusion of 14C-MMA in the rock matrix 

Estimations of the movement (x) of the half-concentration 

front of the monomer in basalt using apparent diffusion 

coefficients measured with CI" (x = 0.95 -n/ Da • t' (1)), 

gives 1.7 to 2.5 mm in 10 days and 7.3 to 10 mm in 180 

days. If these values are valid, available rock specimens 

(cylindrical shape, diameter, 30 mm, contact with liquid 

phase on all sides) would not allow tests much longer 

than one month, if complete profiles within the sample 

should be obtained. In-diffusion of labeled MMA into 

basalt, saturated with inactive MMA for 6 months, resulted 

in an even level of activity throughout the sample. In 

further experiments, using out-diffusion of labeled MMA 

for 22 days, a short diffusion profile, which did not 

allow exact calculations, was obtained. In some cases 

erroneous results were caused by microfissures that were 

not visible. They probably originated in the sampling 

method of basalt from large columnary blocks. 
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Further diffusion experiments, using larger specimens or 

covering all but one surface, are necessary to establish 

the application of this method in investigations on the 

diffusivity of rock matrices. The potential lies in the 

possibility of identifying and quantifying diffusional 

pathways in inhomogeneous rocks. In addition, one can 

study diffusion in features like alteration rims or frac

ture fillings with small dimensions and complex shapes. 

Very narrow pores lead to considerably decreased diffusion 

coefficients in the pore fluid. When the size ratio of 

solute to pore is 1 : 10, the mobility of the solute 

within the pore is almost 40 per cent less than its mobi

lity in free solution. The mobility is ten times lower 

when the ratio is 1 : 2.5. There is no detailed explanati

on for this strong interaction (19). The pore size distri

butions in basalt obtained by gas adsorption (mean pore 

diameter, 7-10 nm), although preliminary, suggest that 

in basalt pore diffusion is hindered by the dimensions 

of the pores. 

3.2.5 Procedure 

Based on the present level of experience, the following 

procedure for the characterization of the distribution 

of porosity in rock samples using labeled PMMA is sugges

ted: 

(1) Rock samples (e.g. drill cores of 30-to 50-mm diame

ter) are washed in an ultrasonic bath with ethanol for a 

few minutes, to remove fine particles from the surface. 

During sawing or drilling no non-volatile lubricating 

fluids should be used. 

(2) Drying at ambient pressure and 105°C for some hours, 

then under vacuum (rotary pump) at th3 same or somewhat 

higher temperature for about one week. 

(3)Impregnation of the samples with labeled MMA first 



51 

under vacuum, then under ambient pressure for about 1 to 

3 weeks, depending on the size of the specimens. 

(4) Washing three times with inactive MMA; the sample 

surface is not allowed to dry. 

(5) Removal of oxygen from the liquid phase and the head 

space by a stream of nitrogen gas. 

(6) Polymerization by gamma radiation, e.g., of cobalt-60 

using dose rates of less than 0.5 kGy/h and a total dose 

of about 50 kGy. 

(7) Heating the polymerized sample to about 100 to 120°C 

for some hours, to remove low-temperature thermolumines-

cence. 

(8) Sawing of plane disks (low speed diamond saw) and 

exposure of x-ray film to these specimens, together with 

calibration samples of labeled pure PMMA. 

(9) Measurement of the optical densities of the developed 

film using a densitometer or an image analyzer. 

3.3 Applications 

3.3.1 Characterization of the porosity of crystalline rock 

samples from site selection investigations for a deep-

sited nuclear waste repository 

The determination of bulk porosities or diffusivities 

does not give all the information necessary for characte

rizing the nature of porosity in inhomogeneous rock. 

Investigation of drill core samples of rapakivi granite 

and porphyritic granite showed considerable spatial va

riation in the porosity. The results of densitometric 

measurements with an image analyzer are displayed as 

photograghs of processed images from the screen of the 

system. The quality of the graphs can be improved by 

using a videoprinter. Areas above a particular value of 

optical density (which by calibration can be easily con

verted to porosity) are enhanced by red pseudocolouration. 
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Figure 16 shows processed images of autoradiographs of 

rapakivi granite impregnated with labeled PMMA. Porosity 

limits selected were 0.3, 0.6, 1.6%, the maximum value 

found was about 3%. Note that these porosities are only 

rough estimates based on the assumption of equal density 

throughout the matrix (error caused by absorption of the 

beta rays). Area fractions measured, were: 27, 7.5 and 

0.8% of the total surface area, using the same porosity 

levels. The results agree fairly well with a bulk porosity 

of 0.24-0.30%, as measured by saturation with water. By 

comparing the respective map of the mineralogical composi

tion of the section, it became clear that porosity is 

associated, mainly, with some typical features and mineral 

phases. These are microfissures which occur, almost exclu

sively, in potassium feldspar crystals. The fissures are 

directed indicating possible influences of tectonic 

stress. The quartz is free of fissures, and its porosity 

is below the limit of detection in this sample. Most of 

the biotite is more or less porous. On microphotographs 

of the polished surfaces of the sample (Fig.17), microfis

sures and porous zones cannot be identified otherwise. In 

the autoradiograph of the whole specimen (Fig. 17) porosity 

along grain boundaries can be identified. 

The lateral distribution of the porosity in the sample 

of porphyritic granite at levels above 0.2, 0.5 and 1.0% 

is shown in Fig.18 (photograph: Fig.19). Respective area 

fractions measured, were: 48, 12 and 2.8% of the total 

surface area. The results are comparable with an overall 

porosity of 0.36%, as determined by saturation with water. 

Accessible porosity and pathways of diffusion can be 

described by the method and related to particular mineral 

phases. The porphyritic granite is transected by a network 

of fissures, which are not restricted to potassium feld

spar as in the rapakivi granite, but occur also in quartz 

and along grain boundaries. Biotite has, with the excep-



Fig. 16: 

P s e u d o c o l o u r e d grey 
l eve l image of au tora-
diograph of rapakivi 
g r a n i t e impregna ted 
with labeled PMMA (po
r o s i t y l eve l s displayed: 
above about 0 . 3 , 0 .6 , 
1.6%, area f rac t ions 
about 27, 7 .5 , 0.8% 
r e s p . , J * C - a c t i v i t y in 
the monomer: 925,000 
Bq/ml, exposure t ime: 
14 d, 0RW0-TF 14 film, 
frame: 19 x 19 mm). 
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potassium feldspar 

biotite 

quartz 

plagioclase 

Fig. 17: Photograph of rapakivi granite specimen from Fig. 16 
(approximate measuring field indicated by frame on 
the left side) and autoradiograph of impregnated speci
men. 
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F i g . 18 : 

P s e u d o c o l o u r e d g r e y 
l e v e l image of a u t o r a -
d i o g r a p h of p o r p h y r i t i c 
g r a n i t e i m p r e g n a t e d 
w i t h l a b e l e d PMMA ( p o 
r o s i t y l e v e l s d i s p l a y e d : 
above abou t 0 . 2 , 0 . 5 , 
1.0%, a r e a f r a c t i o n s 
about 48 , 12, 2 . 8 % r e s p . , 
l 4 C - a c t i v i t y i n t h e 
monomer: 925,000 Bq/ml, 
exposu re t i m e : 14 d, 
ORWO-TF 14 f i lm , frame: 
19 x 19 mm). 
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Fig. 19: Photograph of porphyritic granite specimen from Fig. 
18 and autoradiograph of impregnated specimen. 
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tion of some spots, rather low porosity. In the autora-

diograph (Fig. 19) areas of slightly enhanced bulk porosity 

in potassium feldspar can be distinguished. 

As another example, a photogragh of a polished section 

of altered granite (Erzgebirge, GDR) and autoradiographs 

processed by the image analyzer are shown in Fig.20,21. 

Porosity is found, mainly, in biotite, altered plagioclase 

and in some fissure fillings transecting, mainly, quartz 

and potassium feldspar. The dominant feature in this 

type of rock seems to be porosity of large spatial exten

sion bound to certain mineral phases; porosity in the 

form of fissures and cracks is less conspicuous. The 

porosity levels selected in the pictures are about 1.5 

and 4.5% (area fractions measured were about 25 and 2% 

resp.). A level greater than 0.6% already covers about 

half of the total area (bulk porosity found by water 

saturation, 1.2%). 

Integrating the surface areas of certain levels of mea

sured porosity should yield the overall porosity, which 

can be compared with the value obtained by water satura

tion. At the present state, however, absolute determina

tions are not yet sufficiently reproducible due to va

riations in the degree of saturation of the matrix with 

the polymer. 

Valuable information on the properties of the host rock 

of a repository for nuclear waste, with respect to the 

migration of radionuclides, can be gained when information 

obtained by impregnation with labeled PMMA, is considered 

in interpreting studies on the migration of radionuclides 

dissolved in groundwater within the rock. The availability 

of sorption sites (accessibility of highly sorbing mineral 

phases) to groundwater, transporting radionuclides, on 

the one hand, and the accessibility of minerals, which 

influence redox conditions in groundwater as a measure 
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Fig. 20: Pseudocoloured grey level image of autoradiograph of 
altered granite impregnated with labeled PMMA (porosity 
levels displayed: above about 1.5 and 4.5 %, area frac
tions about 25 and 2% resp., 14C-activity in the mono
mer: 370,000 Bq/ml, exposure time: 14 d, ORWO-TF 14 
film, frames: 17 x 17 and 19 x 19 mm) and autoradiog
raph and photograph of the specimen (approximate measu
ring field indicated by frame). 
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quartz 

potassium feldspar 

biotite 

plagioclase 

potassium feldspar 

Fig. 21: Autoradiograph and photograph of altered granite speci
men from Fig. 20. 
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of the redox capacity of the rock, on the other hand, 

are aspects of major importance with lots of open ques

tions. 

3.3.2 Miscellaneous applications 

Zones of alteration, weathering or deposition of secondary 

minerals in rocks are particularly suitable materials 

for application of the 14 C-PMMA impregnation method. 

Fig. 10 shows the densitometer plot of a sample from the 

margin of a basalt column (Buhl, Kassel, FRG) with a 

weathering rind. Porosity in the outer rim of that rind 

is about the same as in fresh basalt; but a lower porosity 

is noted between the outer zone and the boundary of fresh 

material. To interpret this finding, additional informati

on from diffusion experiments (diffusion profiles) would 

be necessary. 

Another application is displayed in Fig.22. Inclusions 

of metallic iron and FeS are weathered in a basaltic 

matrix, which itself shows signs of alteration under 

natural conditions over very long periods of time (sample 

no. 175926, Hammersdal, Disko, Greenland, provided by F. 

Ulff-Möller, The Geological Survey of Greenland, Copenha

gen). If the corrosion products of iron remain in place, 

they would require mora space than the original metallic 

phase. The products are not pure oxides but contain, 

also, silicate phases of unknown density. Thereby, some 

uncertainty is introduced in estimating porosities, by the 

beta absorption correction. Assuming densities between 

2.0 (clay phases) and 4.3 (goethite), small areas show po

rosity levels greater than 20 to 43%. The average in the 

corrosion products is above 8 to 16%, and when parts of 

the basalt alteration products are included, porosities 

of 3 to 6% are obtained (Fig.22). 
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Fig. 22: Photograph and pseudocoloured grey level image of 
autoradiograph of basalt containing inclusions of 
weathered, native iron (Disko, Greenland) impregnated 
with labeled PMMA (porosity levels displayed: about 8-
16 and 20-43%, x*C-activity in the monomer: 92,500 
Bq/ml, exposure time: 13 d, mirrored image, not exactly 
the same scale as in the photograph). 
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Although these porosities seem high, conclusions cannot 

be drawn about the migration rates of corroding agents 

or corrosion products in these phases. In contrast to an 

oolithic limestone (porosity about 20%), which under the 

same experimental conditions (in inactive MMA) was leached 

completely (sample thickness was 4 mm), the tracer was 

not leached from the corrosion- and alteration products 

on the basalt surface. Mostly amorphous phases were found 

by X-ray diffraction, therefore, low diffusivity is im

plied. Diffusion profiles of MMA would give the informati

on necessary to assess the rate of these processes in 

the inclusions in the silicate matrix. 

Another application is shown in Fig.23. Porosity levels 

in concrete used for solidification of nuclear waste are 

visualized (porosity levels were not calculated because 

the matrix was not saturated with PMMA due to the develop

ment of gases during the irradiation). As expected, the 

porosity is mainly in the cement phase, which itself is 

not homogeneous, however. Inclusions of air, partly filled 

with PMMA, are numerous. The porosities of the mineral 

phases were close to the limit of detection under the 

conditions used. Cement has very high porosities, but 

posesses a complex pore structure, ranging from capillary 

pores (10-10,000 nm) tc gel pores (below 0.5-10 nm) (20). 

No determination was made on how much of the pore water 

was removed from the cement gel before impregnation with 

PMMA. 

3.4 Conclusions 

The potential of the 14C-PMMA impregnation method in 

studies on the porosity of rock has been demonstrated. 

It lies in : (1) the determination of the lateral distri

bution of the porosity within the matrix ar.d its asso

ciation with particular mineral phases or features like 
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Fig. 23: 
Pseudocoloured grey level 
image of autoradiograph 
of concrete impregnated 
with labeled PMMA ( two 
porosity levels disp
layed, J4C-activity in 
the monomer: 92,500 
Bq/ml, exposure time: 30 
d, frame: 19 x 19 mm) 
and photogragh of the 
specimen. 
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microfissures or fissure fillings, (2) the quantitative 

determination of porosity in certain zones of small size 

and/or complex shape and the quantification of the frac

tion of these features in the whole matrix, (3) the cha

racterization of the nature of porosity in rocks as de

scribed by rock-typical geometrical properties (tortuo

sity, constrictivity), largely without the influence of 

chemical sorption or exchange phenomena (use of nonelec-

trolytes minimizes electrostatic interactions with sur

faces), by measuring diffusivities, and (4) the identifi

cation of diffusion paths (alteration rinds, microfis

sures, fissure fillings etc.). (1) and (2) only require 

infiltration with the organic tracer, (3) and (4) are 

realized by diffusion of the tracer preferably in the 

mononer form. 

The method itself as well as complementary methods (e.g., 

gas adsorption methods) still have to be improved, how

ever. Phenomena occurring in very narrow (nra-) pores, 

related to gas-adsorption, migration of liquids, gases 

and ions, or polymerization are not yet well understood. 

The accessibility of pores and the determination and 

description of the molecular mobility in narrow pores, 

are problems, known already from research on zeolites, 

which have very narrow pore openings. High-resolution 

equilibrium gas-adsorption measurements, using various 

gases and vapors on defined samples having negligible 

outer surface areas, could shed some light on these pheno

mena in crystalline rock. 

Practical possibilities of improvements of the PMMA-im-

pregnation method are related to the processes of drying, 

infiltration, radiation polymerization, and the specific 

activity of the tracer. Higher specific activity might 

be obtained by use of labeled compounds, which are parti

cipating in the polymerization, but which are mixed with 

MMA shortly before infiltration into the rock samples, 

thus avoiding problems of storing active MMA over longer 
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periods of time (polymerization). Beta absorption correc

tion can be improved, when microanalysis of mineral phases 

is carried out. Autoradiography can be refined, as well, 

by: using high sensitivity films, minimizing the back

ground by exposure at low temperatures, using beta track 

counting, when the optical density is low). Diffusion 

experiments on solids with well-defined pore structures 

would be useful, as well as those carried out over a 

wide range of pore sizes. 

Porosity values alone are not sufficient to assess the 

properties of rock in estimations related to the migration 

of radionuclides in groundwater in fractured rock. Data 

on the lateral distribution of diffusive properties and 

its relation to certain mineral phases are essential. 

Diffusivity in minerals with very constricted structures 

may be reduced by orders of magnitude. 
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