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Abstract
The C-14 polymethyl methacrylate (C-14-PMMA) impregnation technique is used to analyse
the spatial distribution of porosity. As such, this work focuses on two interlinked aims: to
further develop the C-14-PMMA impregnation technique, particularly the polymerisation and
autoradiography steps; and to further develop its application extending it from granitic
materials to fine-grained structures such as clays as well.
To achieve these aims, method development focused on making the C-14-PMMA
impregnation technique more flexible and suitable to a wide variety of conditions while
maintaining its robustness. As such, we investigated the use of thermally degrading initiators
and other impregnants. Thus, we examined the use of thermally degrading initiators as a way
of completing the entire sample handling procedure in a laboratory without necessitating
transportation to irradiation facilities, which are currently rare. Furthermore, we studied the
use of a water-soluble comonomer, 2-hydroxyethyl methacrylate (HEMA), to allow for the
possibility of impregnating water-saturated matrices in future.
The second aim focused on the application-related development for the C-14-PMMA
impregnation technique and tailoring the methodology to suit the different applications.
Towards this end, we compared our results with those obtained via previously used
methodologies and other measurement techniques. As such, the C-14-PMMA impregnation
technique can be linked to multiple other techniques, providing comprehensive information
on the materials studied. In this study, we examined the mineral porosities of rock at the
centimetre scale using C-14-PMMA autoradiography (AG) and at the micrometre scale using
scanning electron microscopy (SEM) imaging with the aim of studying the effect of the mineral
structure on the spatial distribution of porosity. We also studied the fixation of a contrast
agent that does not require pressurised intrusion used to image the connected porosity of
crystalline rock through SEM and X-ray tomography. In this case, impregnation with methyl
methacrylate (MMA) served to fix the contrast agent in place.
Our results from the method development studies show that polymerisation can be reliably
accomplished within crystalline rock using thermally degrading initiators with no notable
drawbacks. We also found that clay rock could be impregnated and the impregnant could be
polymerised with the same initiators as well. The two-monomer mixtures (100% C-14-labelled
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methyl methacrylate (C-14-MMA) and a mixture of 75% HEMA and 25% C-14-MMA) yielded
fairly similar results and were consistent with reference values. The application development
studies show that valuable information may be gained by combining the spatial distribution
of the porosity with spatial information on the minerology. The contrast agent for SEM and Xray tomography was successfully fixed in place by impregnation and polymerisation, and the
contrast improved through both imaging techniques.
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1. Introduction
Bedrock is composed of porous stone, consisting of numerous grains of various minerals
featuring pores both within and outside these grains. These pores represent the empty space
within the rock. In most cases, water can intrude into this empty space. The path the water
travels is often a tortuous labyrinth because the pores are unevenly distributed spatially,
including some paths which are dead ends. Similarly, some pores are wide while others are
narrow. This pore network traverses grains of different sizes and of differing chemical
compositions. Compounds dissolved in water can also interact with the rock. Because of these
features, the porosity considerably influences a given material’s mechanical strength and
water conductivity along with other parameters. This holds true not just for rocks, but also for
building materials and soils for instance. In turn, this influences the usefulness of a given
material, whether that material is used to build a house or to host a spent nuclear fuel
repository. Because porosity influences many important aspects of a material, it is not always
sufficient to simply know the total porosity. As such, we must also identify the pore structure
and its spatial distribution.
This calls for structural characterisation of a given material. Structural characterisation often
represents the sum of work across several techniques, where one technique provides results
regarding one parameter and another yields results related to another. Together, a picture of
the entire material emerges. As such, the C-14 polymethyl methacrylate (C-14-PMMA)
impregnation technique was developed to deliver quantitative information on the spatial
distribution of the porosity on a hand-specimen scale. Different materials and varied
conditions, however, call for adjustments to measurement techniques in order to deliver
optimal results. Technology related to porosity measurements also continues to undergo
development, whereby keeping abreast of such developments remains important. Hence, the
driving force behind this work focused on developing the C-14-PMMA impregnation
technique, making use of the latest technological developments. Furthermore, this work
focuses on method development allowing completion of the entire procedure in a laboratory
setting without necessitating the use of irradiation facilities to complete tracer fixation. In
addition, our efforts also focused on widening the synergy obtainable by using complementary
characterisation techniques. This broadens the scope of possible applications.

11

In this work, I first present the background concerning porosity, its measurement and
significance, followed by an overview of the experimental details, plans and the
characterisation techniques used throughout this work. Next, I present the results along with
a discussion of their implications. Finally, I provide the conclusions from this work and the
future outlook related to these findings.
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2. Background
2.1. The porosity of geological materials
Porosity is the void space within a given sample, the exact form and nature of which depends
on the specific material. Porosity represents an important property of geological materials.
Furthermore, porosity controls the fluid flow and transport through geological formations,
and acts as an interface between circulating solutions and the reactive mineral phases (Norton
& Knapp, 1977). In addition, porosity controls fluid storage in aquifers, oil and gas fields as
well as geothermal systems. Porosity also acts as a link between the properties of individual
minerals and the bulk properties of the rock (Anovitz & Cole, 2015). While porosity may
comprise only 1% or less of the material, it can profoundly affect the properties of the rock
(Sprunt & Brace, 1974).
Total porosity can be divided into connected and unconnected porosities. As such, connected
porosity is composed of those pores accessible to fluids or gases. By contrast, unconnected
pores are not in contact with other pores. That is, they can contain stagnant fluids or gases.
Pores can also be divided along different criteria. In terms of geometry, porosity falls into
pores that are fairly round and into fissures that are long and narrow. Transgranular fissures
transect several mineral grains. Yet, intergranular pores and fissures are found around mineral
grains, which are also called grain boundary pores. In addition, intragranular pores and fissures
are located inside mineral grains. When the grain is composed of distinct lamellae, this
porosity can be called interlamellar porosity (Kuva et al., 2015). Such pores can be connected
to transgranular or intergranular pores or be isolated (Siitari-Kauppi, 2002).
The aperture of porosity covers several magnitudes of scale from nanometres to hundreds of
centimetres. International Union of Pure and Applied Chemistry (IUPAC) terminology divides
pores based on aperture into macropores (>50 nm), mesopores (2–50 nm) and micropores
(<2 nm). No single method adequately covers all scales; therefore, different techniques must
be used for different scales (Anovitz & Cole, 2015). In crystalline rock, porosity can be divided
into micropores, where diffusion represents the main transportation phenomenon, and into
fractures, where the main transportation phenomenon is flow (Mazurier et al., 2016).
In crystalline rock, the porosity is the sum of cracks, joints, fissures, grain boundaries and pores
(Norton & Knapp, 1977). In sedimentary rock, the porosity is the space between particles, the
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interlayers in swelling clays, cracks and the stacking faults in the structure (Velde & Meunier,
2008). In a given geological material, primary porosity typically originates from the
crystallisation of the melt (Petford & McCaffrey, 2003) or the sedimentation process (Anovitz
& Cole, 2015). Porosity resulting from the crystallisation of the melt develops as the result of
physical and chemical processes. For instance, cooling magma can contain large amounts of
volatile species that escape, leaving behind empty cavities, cavities which are often
interconnected. As such, extrusive rock cools relatively quickly, leaving little time for
crystallisation. Therefore, extrusive rock typically features a small grain size and sometimes
fails to crystallise at all. In the formation of extrusive rock, planar contacts between lava flows
result in continuous porous zones, while discontinuous columnar joints develop as the magma
cools layer by layer. During the formation of intrusive rock, the cooling of magma is slower,
whereby coarse grains develop and porosity results from fracturing during this process. The
porosity distribution in rocks is composed of roughly equally sized grains (equigranular),
differing from those displaying a porphyritic grain size distribution characterised by earlyformed large grains surrounded by a more fine-grained matrix. In this kind of porphyritic rock,
porosity concentrates around the smallest and largest grain sizes, while in more equigranular
rocks, the porosity is more evenly distributed (Petford & McCaffrey, 2003). Furthermore, the
temperature gradient between the intruding magma and the surrounding host rock affects
the development of cooling joints. As such, the steeper the thermal gradient, the more
intensive the joint formation. The composition of the magma influences the temperature of
the magma, whereby mafic magmas are hotter than felsic magmas. The initial composition of
the magma also plays a role in the formation of secondary porosity since rocks borne of mafic
magma crystallise into minerals more susceptible to secondary porosity formation than those
borne of felsic magma.
Sedimentary rocks are formed by the sedimentation of the weathering products of igneous
rock, metamorphic rock and other sedimentary rocks. The nature of these sedimentary
components affects the evolution of porosity from the initial sedimentation through to
diagenesis and other possible processes. Depending on the main components of the sediment,
the resulting rock can be, for example, carbonate rock, sandstone or mudstone. In
sedimentary rocks, the shape, sorting and packing of the grains exert a major effect on the
porosity and pore structure. In sandstones, much of the initial porosity can be intergranular
14

porosity (Kyser, 2000; Zinszner & Pellerin, 2007), while in carbonate rock, the primary porosity
is more heterogeneous (Kyler, 2000; Mazzullo, 2004). In addition, the primary intergranular
porosity in sedimentary rocks is a function of sorting (Lucia, 2007). Yet, poorly sorted
sandstone features a lower porosity than well-sorted sandstone; but, poorly sorted carbonate
rock can be more porous than well-sorted carbonate rock. The primary porosity in carbonate
rocks is also influenced by the particles deposited. These particles can feature porosity within
them. In addition, fenestral pores form from gas bubbles and sediment shrinkage. In reefs,
shelter and growth-framework pores result from the reef build-up (Mazzullo, 2004). In
addition, the porosity typically increases with a smaller grain size, although theoretically this
is not necessary. However, packing and sorting are often imperfect and can become even
more imperfect with processes leading to smaller-sized grains.
As such, this porosity can then be modified by numerous mechanisms, such as deformation,
metamorphism, hydrothermal alteration, diagenesis and weathering. The porosity produced
by these secondary processes is known as secondary porosity (Anovitz & Cole, 2015).
Secondary porosity develops via the formation of cracks, fractures and fissures produced
where local stress exceeds the local strength. This local stress can be augmented by twin
lamellae interactions, kink bands, deformation lamellae and stress concentrations at the grain
boundary contacts and around intracrystalline cavities. Thus, local strength may be weaker
near cleavage planes, along grain boundaries and along the internal surface produced by the
water–rock interaction. Fractures can then result from the coalescence of several microcracks
(Kranz, 1983).
Diagenesis is the process following the sedimentation of weathering products and is strongly
influenced by the composition of the sediment (Kyler, 2000). Cementation of small particulate
matter into the intergranular space of the sediment decreases the porosity, as does an
increasing compaction during burial. Furthermore, packing grains into a denser arrangement
caused by compaction reduces the porosity. In turn, compaction further results in grain
rotation, deformation and eventually breakage, thereby reducing the porosity (Kyler, 2000).
Compaction, however, also creates fractures, thus increasing porosity (Laubach & Ward,
2006). In addition, compaction produces a pressure solution with a high dissolved silica
concentration in pore water and these resulting microenvironments consisting of highly
dissolved silica become cementation sites. Other sources of silica cement may result from the
15

silica released from the feldspar breakdown and silica released during clay mineral diagenesis.
If thorough cementation occurs early during the burial process, this may provide a rigid
framework preventing further compaction. Clay minerals in the matrix of sandstone or
carbonate stone become deformed and compressed during compaction, causing the plugging
of the pore throats. A similar decrease in porosity is observed for clay-rich mudstone. With an
increasing strain resulting from compaction, the porosity decreases and the pore throats
narrow (Dewhurst et al., 1998), while simultaneously creating pore elongation (Day-Stirrat et
al., 2012). Furthermore, clay carried into this matrix from an outside source can carry differing
effects depending on the clay mineral assemblage composition. For instance, kaolinite fillings
fill pores, but tend to lower the permeability only moderately, while illite fillings decrease both
the porosity and permeability dramatically (Kyler, 2000). Clay minerals can also coat the
framework minerals, potentially hindering quartz cement nucleation and thus preserving
porosity (Lai et al., 2017). Diagenesis of carbonate rock can increase or decrease porosity. As
such, the diagenetic process that increases the porosity of carbonate rocks stems from the
dissolution of carbonate minerals. This dissolution can act selectively on certain minerals or
be nonselective resulting in different types of pore systems. Yet, the pores resulting from the
dissolution of carbonate minerals can be subsequently filled by cementation, again decreasing
the porosity. Both dissolution and cementation are influenced by the composition of the
interacting fluid (Mazzullo, 2004).
In turn, the deformation behaviour of rock can be either brittle or ductile depending on the
pressure and temperature conditions (Byerlee, 1968; Gowd & Rummel, 1980). In the case of
brittle deformation, grains break resulting in intragranular and transgranular porosity. In
ductile deformation, the pore space can collapse and minerals readjust becoming more
densely packed. This behaviour is typical of, for example, sandstone at a high pressure (Gowd
& Rummel, 1980). In addition, ductile deformation leads to folded structures (Bucher &
Grapes, 2011). Thus, the presence of the initial porosity can affect the details of the transition
from brittle to ductile deformation (Hirth & Tullis, 1989), and highly porous rocks can form
deformation bands characterised by an enhanced cohesion and a reduced permeability
(Fossen et al., 2007).
In a similar vein, metamorphism develops when the pressure and temperature of the rock
increases causing the rock matter to reorganise. Therefore, metamorphism is often associated
16

with other processes such as deformation, and the presence of high-temperature fluids affect
the metamorphic process. In addition, retrograde metamorphism results from the effect of a
decreasing temperature and pressure. Both crystalline and sedimentary rock can experience
metamorphism, and a metamorphic rock can re-experience metamorphism (Lehtinen et al.,
1998). Some minerals are considered distinctly metamorphic in the sense that they form at an
elevated temperature and are not found in diagenetically transformed sediments. Hightemperature metamorphism can include the partial melting of a rock mass, producing
migmatite rocks composed of metamorphic and igneous rock (Bucher & Grapes, 2011). These
structures are typically highly banded and the porosity often displays a strong preferential
direction. In addition, different kinds of metamorphism exist. For instance, regional
metamorphism is associated with large-scale deformation in tectonic events. On a smaller
scale, dynamic metamorphism is associated with fault zones. This kind of metamorphism
typically occurs under a high pressure and a low temperature, and, therefore, only involves
mechanical forces that cause the cracking and granulation of the rock matrix (Bucher &
Grapes, 2011). This typically produces fine-grained structures (Bradbury et al. 2015) that can
fill fractures caused by high pressure (Holland et al., 2006). Contact metamorphism, by
contrast, results from a temperature increase caused by the intrusion of magma into cooler
country rock. In brittle domains, the magma intrudes into preexisting fractures or fractures
generated by the intrusion itself. In more ductile domains, the magma pushes aside the host
rock developing a measure of schistosity (Kornprobst, 2002). In both cases, the resulting
metamorphic rock is typically fine-grained (Bucher & Grapes, 2011). Finally, hydrothermal
metamorphism results from the interaction of rock with a high-temperature fluid. This
metamorphism is a type of hydrothermal alteration. Shock metamorphism is associated with
meteorite impacts or violent volcanic eruptions.
Hydrothermal alteration refers to rock being in contact with high temperature aqueous
solutions via the pore network. As such, hydrothermal alteration is often associated with
diagenesis in sedimentary rocks and metamorphism in crystalline rocks. The alteration
minerals resulting from hydrothermal alteration are often found along and adjacent to
fractures. Furthermore, the assemblage of these alteration minerals can be uniform along the
length of the fracture, but abruptly change tangentially to the fracture (Norton & Knapp,
1977). When several such fractures are closely spaced, overlapping alteration zones can form.
17

In turn, porosity can also be generated by the dissolution of the host rock (Jamtveit & Hammer,
2012; Emmanuel et al., 2015). Often, this dissolution is coupled to precipitation and together
they form a replacement reaction (Jamtveit & Hammer, 2012; Putnis, 2015). In addition, some
minerals are more prone to porosity formation than others. For instance, the Na-rich phase of
alkali feldspar appears to be more prone to pore formation (Dultz, et al., 2006). Furthermore,
a hydrothermal alteration can also result in the formation of secondary minerals such as
sulphides, clay minerals and calcite. These and other minerals can be deposited in existing
pore systems with varying consequences. As such, the deposition’s effect could clog the pores
caused by other metamorphic processes (Bucher & Grapes, 2011) or, in more limited cases,
affect the permeability and porosity to some degree (Stack, 2015; Emmanuel et al., 2015). The
hydrothermal alteration of plagioclase, for example, can lead to sericitisation (Que & Allen,
1996) or saussuritisation (Morad et al., 2009). Among these, clay minerals are fine-grained
and, therefore, have an abundance of intergranular porosity. Overall, the trend in
hydrothermal alteration tends towards the replacement of tectosilicates (quartz group,
feldspars, plagioclases, etc.) with sheet silicates (clay minerals, mica, chlorites and
serpentines).
By contrast, weathering results from the rock’s exposure to the elements. For instance, rock
in equilibrium within the lithosphere adapts to the new conditions prevalent on the Earth’s
surface. The primary varieties of weathering consist of chemical, mechanical and biological
weathering (Uusinoka, 1983). For weathering to occur, the rock lies directly or connects to the
external surface, while the pores are the medium through which internal weathering may also
occur (Dultz, et al., 2006; Jamtveit & Hammer, 2012). Furthermore, weathering results in a
high porosity and secondary minerals. Similar to a hydrothermal alteration associated with
other processes, some minerals are more prone to weathering (Formoso, 2006). These
secondary porosity processes can also clog pores with fillings (Jamtveit & Hammer, 2012),
while the crystallisation of fillings generates volumetric stress causing cracking (Jamtveit et al.,
2011). In crystalline rock in general, weathering appears to increase the apertures of
microcracks leading to more macrocracks. In addition, intragranular porosity was found to
increase in biotite and plagioclase minerals (Mazurier et al., 2016).
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2.2. Observing porosity
Porosity measurement techniques often work via direct observation using radiation or
through indirect observation through a liquid or gas interaction (Anovitz & Cole, 2015). Yet,
different techniques work best at different scales and highlight different aspects of porosity.
Furthermore, various techniques have different porosity and permeability ranges for optimal
performance, while the types of artefacts differ as well (Hellmuth et al., 1995). Laboratory
measurements can yield a bulk porosity reflecting the whole of the studied mass or yield
spatially resolved information in two or three dimensions. Bulk measurements are most useful
for homogeneous materials, but provide an incomplete set of information on samples with a
heterogeneous distribution of porosity. In the spatially resolved measurements of porosity,
challenges relate to the representativeness of the sample studied versus the bulk material. In
addition, spatially resolved porosity measurements must take into account the resolution
limits of the specific technique. For instance, if the resolution is too low to resolve the porous
features, the pores might not be observed at all or the result will simply yield the bulk porosity
of the given area. Typically, a higher resolution requires working with smaller samples,
rendering the question of sample preparation and artefacts caused by prehandling even more
important. As a result, it is prudent to subject the studied material to several different porosity
measurement techniques.
The spatial distribution of porosity can be observed directly via microscopic techniques.
Microscopic techniques provide information on both connected and unconnected porosity
that can be distinguished from the studied sample surface. For example, optical light
microscopy is traditionally applied to evaluate the pore system. To improve the contrast
between pores, fractures and sound material, colourant or fluorescein-doped resins is allowed
to intrude into the pore system. Minerals can also be stained to facilitate mineral assessment
(Anovitz & Cole, 2015). Porosity on a micro-scale can be observed directly via scanning
electron microscopy (SEM) (Sprunt & Brace, 1974; Anovitz & Cole, 2015). Direct observation
of the porosity allows for characterisation of both connected and unconnected porosity. The
determination of pores is typically achieved by segmenting and thresholding the microscopic
images. This can be accomplished in three dimensions (3D) using the focused ion beam
(FIB)/SEM method, where the sample surface is milled with fast ion bombardment and images
are taken between the different milling steps. This FIB/SEM method can be used to produce
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3D images of the material; with proper image handling, 3D porosity measurements become
possible (Keller et al., 2011; 2013). The sample size here is only cubic micrometres and,
therefore, more than one area is often measured to achieve representative results (Keller et
al., 2013; Davy et al., 2017). Because of the small scales, however, electron microscopy is not
well-suited for porosity measurements of centimetre-scale samples. In such cases, it is better
to complement imaging with another porosity measurement technique.
Nuclear magnetic resonance (NMR) measurements, by contrast, provide core-scale porosity
information. As such, NMR measures the response of hydrogen protons inside an external
magnetic field. The response of hydrogen protons stems from the water or oil saturated in the
rock. NMR relaxometry has been used to study the pore distribution of water-saturated
compacted clay. It is based on measuring the relaxation times of 1H nuclei of water molecules.
The relaxation time depends on the local chemical environment and, in this case, whether the
water lies in the interlayer pore space of the clay or in the non-interlayer pores (Ohkubo et al.,
2016). When saturated samples are measured, the amplitude of the T 2 transverse relaxation
is directly proportional to the porosity, while the decay rate is related to the pore size, fluid
type and its viscosity in the pore space (Anovitz & Cole, 2015). Nuclei other than 1H can also
be used. In addition, xenon NMR measurements with a flow of

129Xe

through the reservoir

rock measure effective porosity, permeability and tortuosity (Wang et al., 2005).
By contrast, positron emission tomography and neutron radiography have been used to
characterise porosity in crystalline rock. This technique is based on following the annihilation
radiation caused by the beta-plus emitter in the sample matrix (Degueldre et al., 1996).
X-ray microtomography is a noninvasive technique that measures porosity based on various
X-ray attenuation factors of different phases which, in practise, correspond to density,
allowing us to distinguish between minerals with different densities. A two-dimensional (2D)
image of the sample is taken at each small increment of a rotational angle; from these 2D
images, a 3D image of the sample structure can be constructed (Noiriel, 2015). For long
samples, more than one set of 2D images may be required. Via image segmentation, the voxels
are classified into pores and solids. Once this segmentation is completed, the data can be used
to calculate the porosity and to study the pore geometry and the pore-space distribution. The
resolution is defined by the voxel size, which typically depends on the sample size.
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In addition, gas expansion and gas adsorption techniques are used to provide bulk porosity
values. Gas expansion porosimetry works by allowing gas stored in a reference cell to
isothermally expand into a sample cell. For instance, He gas is commonly used in gas expansion
methods because its small size allows it to rapidly penetrate small pores, it is inert, is
considered an ideal gas and has a high diffusivity enabling rapid intrusion into low permeability
rock. In comparison, gas adsorption is used to characterise the pore surface area and volume.
As such, N2 gas is commonly used for gas adsorption studies. The pore aperture affects the
adsorption isotherm patterns and, therefore, can be used to measure the type of dominant
porosity aperture in the sample material (Anovitz & Cole, 2015). Yet, in samples with a low
porosity and low connectivity, the results are less clear (Hellmuth et al., 1995).
Saturation methods using a wetting fluid provide bulk porosity weighting of the studied
sample before and after saturation. Here, water represents the typical liquid used in
saturation experiments, whereby this method is sometimes called water gravimetry
(International Society for Rock Mechanics, 1979). Other liquids, such as toluene and
dichloromethane, have also been used as well as synthetic groundwater with a composition
similar to that found at the sampling site. Through-diffusion of a tracer-containing water
solution can be used to investigate the effective porosity available to specific ions or
compounds (van Loon et al., 2007; Glaus et al., 2010; Sevee, 2010). Furthermore, water
titration of presaturated samples can be used to measure the connectedness of the pore
system (Dultz et al., 2006). Saturation methods, however, remain challenging to apply to
samples with small nm-sized pores or samples with a very low permeability (Anovitz & Cole,
2015). Fluids intruded into geomaterials can also be introduced via pressure. For example,
mercury porosimetry, a well-established technique for measuring porosities, is based on
intruding mercury into the porous space via a pressurised process. As such, mercury
porosimetry provides information on the pore size distribution, the total porosity, the skeletal
and apparent density and the specific surface area. Pores between 500 μm and 3.5 nm can be
investigated and the pores must be connected (Giesche, 2006). As a method, however,
mercury porosimetry is very sensitive to artefacts resulting from the sample preparation and
measurement conditions (Hellmuth et al., 1995). Many porosity measurement techniques
depend on or can be improved by impregnating the pore space either temporarily or
permanently.
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2.3. Impregnation
The pore space of a given material can be impregnated for various reasons. For instance, if the
impregnant has a labelling property to it, it can be used to image the pore space. The sample
treatment methodology depends on the sample material, but typically it should empty the
pore space as much as possible since the portion not removed will be viewed as part of the
mineral volume (Lucia, 2007). As a result, impregnation is normally carried out on dried
samples. In this case, the pore space is free of both water and air which can inhibit or retard
the full impregnation of the sample. In some cases, such as in situ experiments, this is difficult
to achieve. Some materials also change their structure through drying. Thus, it might be
necessary to perform a gradual solvent exchange or use a water-soluble impregnant (Rodgers,
2004).
The impregnant can contain a tracer compound that enhances the contrast compared to the
rest of the matrix (Soeder, 1990; Baraka-Lokmane, 2002) or it can serve as a contrast agent
itself (Klobes, et al., 1997a; Darot & Reuschle, 1999; Dultz et al., 2006). Yet another use is to
harden a brittle or soft sample for other analyses. An impregnant can also be used to fix
another type of marker compound in place (Degueldre et al., 1996). In geomaterials,
impregnation is often carried out in a vacuum if possible without disturbing the pore structure.
Thus, the aim typically focuses on highlighting or imaging the pore structure or yielding a
better mechanical strength for the sample. Impregnation is also used in the conservation and
consolidation of archaeological materials, such as limestone (De Witte et al., 1977; Bugani et
al., 2007), wood and other organics (Rodgers, 2004) as well as for terracotta ceramics
(Rodgers, 2004; Langhals & Oginski, 2008). In conservation efforts, the reversibility and the
inertness of the filling consolidation material remain key parameters. Polyethylene glycol
(PEG) is the most commonly used reversible consolidant (Rodgers, 2004), although other
polymers such as different acrylates (Langhals & Oginski, 2008; Bugani et al., 2007) and
fluoroelastomers and alkylalkoxysilane oligomers have also been used (Bugani et al., 2007). In
certain media, such as water-logged wood, PEG’s use has proven problematic. Therefore,
studies have focused on alternative consolidant materials such as natural polymers (Walsh, et
al., 2014; 2017).
The intrusion of organic monomers into porous materials can be used to influence the
properties of the resulting composite material. In this case, the porous material is commonly
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called a ‘substrate’, which accepts the impregnant into its structure. Impregnating monomers
into a substrate to form composites or to influence the properties of the resulting polymer
have been widely studied (Gao, 2004; Priya Dasan, 2015). These composites are composed of
the polymer chains placed between the clay layers and the clay layers themselves. They can
be prepared either by intruding or mixing a ready-made polymer into the clay interlayer space
or by polymerising a monomer intruded into the interlayer space of the clay material.
Furthermore, the composites can be made either by intercalation or exfoliation. Intercalated
structures preserve the original layered structure of the clay, while exfoliation involves
individual clay layers being separated from each other and then randomly dispersed in the
polymer matrix (Zeng & Lee, 2001; Priya Dasan, 2015). A common trait in these composites is
that the clay substrate is modified to increase the compatibility with the hydrophobic
monomer, such as methyl methacrylate (MMA) (Zeng & Lee, 2001; Wang et al., 2002; Liu et
al., 2003; Zhang et al., 2003; Tsai et al., 2010).
Depending upon the specific case, it might be desirable to have the impregnant in such a state
that it can be removed later if necessary (Rodgers, 2004). In some cases, hysteresis during
intrusion and extrusion exists, and this can be used to gain new information (Giesche, 2006).
In other cases, however, maintaining the impregnant within the sample is desirable, whereby
its removal is not planned. In addition, different methods of fixing the impregnant in place
exist. In the case of Wood’s metal, simply cooling the sample saturated with Wood’s metal
causes the molten metal to solidify. In the case of monomer impregnants, free-radical
polymerisation can be used. Geomaterials have been studied via impregnation using mercury
as a part of a mercury porosimetry measurement. The mercury trapped in the pores was
located using X-ray micro-computed tomography (Klobes, et al., 1997a; Klobes, et al., 1997b).
Wood’s metal is another impregnant that has been used to fill the pore space for enhanced
contrast in the study of cements (Willis et al., 1998; Abell et al., 1999), coal (Pyrak-Nolte et al.,
1995; Pyrak-Nolte et al., 1997; Dultz et al., 2006), clay rock (Desbois et al., 2016) and feldspar
grains (Dultz et al., 2006). Furthermore, a combination of mercury and Wood’s metal
impregnation has been used to characterise different aspects of cement porosity (Kaufmann,
2009) and mudstone porosity (Hildenbrand & Urai, 2003; Klaver et al., 2015). The pore space
can also be visualised with the aid of resins containing fluorescein (Soeder, 1990). Beyond
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mercury and Wood’s metal, the pore space can also be highlighted with the aid of radioactive
tracers, while the pore space can be visualised using autoradiography (AG).

2.4. Autoradiography (AG)
Autoradiography (AG) is based on measuring the radiation coming from within a sample. Some
of the first radioactivity measurements were completed using AG. For instance, the first
application dating to 1867, occurred when Niepce de St. Victor recorded the blackening of
silver chloride and iodide emulsions using uranium nitrate and tartrate (Rogers, 1967). In
addition, Becquerel determined the radioactivity of uranium through photography in 1896
(Rogers, 1967). Thus, AG initially served as a way of imaging the radioactivity naturally present
in a sample material, soon evolving to include radioactive tracers deliberately placed in the
samples.
The primary modes of interaction using radiation depend on whether the radiation is charged
or uncharged. An alfa particle has a positive charge and a characteristic energy (Knoll, 2010),
attracting orbital electrons and repulsing other atomic nuclei near it. Alfa particles lose energy
quickly along a typically straight path. Due to the quick energy loss, the trace left by the alfa
particle is strong but highly localised (Rogers, 1967). In contrast, beta particles are electrons
with a nuclear origin and, unlike alfa particles, have a continuum of energies since the energy
is shared between the beta particle and the antineutrino particle produced by the beta-minus
decay (Knoll, 2010). By virtue of its negative charge, the beta particle repulses other electrons
and, therefore, may knock electrons out of their orbits. Furthermore, the beta particles will
lose energy in this interaction and change course. A beta particle can also lose energy by
passing close to an atomic nucleus, resulting in a Bremsstrahlung interaction. These varied
interactions cause the beta radiation to produce much longer and more complicated tracks in
AG (Rogers, 1967). Due to the varying energy distributions, the range also varies. Electrons
produced by the internal conversion mechanism behave similarly to beta particles, although
their initial energy is well-defined instead of falling along a continuum. Positrons produced by
beta-plus radiation lose energy in the buffetings by orbital electrons, although the tail end of
a positron track differs as it annihilates in a collision with an orbital electron.
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Uncharged radiation, such as neutrons, X-rays and gamma rays, is more challenging to image
using AG since it requires direct collision with electrons or nuclei. These collisions are fairly
unlikely, translating into the long range without interactions. Gamma rays produce infrequent
secondary electrons, which may produce tracks similar to beta particles. Yet, AG is sufficiently
sensitive for these types of radiation and produces blackening in experiments (Forberg, et al.,
1964).
Many parameters affect the resolution of AG (L’Annuziata, 2003; Sardini, et al., 2006, SiitariKauppi et al., 1998). Resolution is defined as the distance that must separate the two objects
before they can be distinguished from each other. In terms of the source of the activity, the
primary factors affecting the resolution consist of the isotope choice, the distance between
the source and film and the sample thickness. The lower the maximum energy of the isotopes,
the shorter the distance the emitted particle travels. As the emitted particle travels a certain
distance, a part of the emission originates from within the sample and not simply from the
surface. This broadens the specific feature on AG. Therefore, the best resolution can be
achieved using radionuclides with the lowest maximum energies. If the distance between the
source and the film increases, the resolution decreases quickly (Siitari-Kauppi, et al., 1998). In
essence, this means that the AG samples should be well-polished so that the distance the
emitted particles travel is consistent across the sample surface. If a good polish is not
achieved, the resulting AG will be blurry (Siitari-Kauppi, et al., 1998). Furthermore, an
increasing sample thickness tends to decrease the resolution. Yet, a sample thinner than the
effective range of the emitter will suffer from a loss of quantitativity.
Quantitative AG measurements have been completed on a microscopic scale by counting
under a microscope the developed grains or the tracks produced by the emitted particles
(Rogers, 1967). On the macroscopic scale, calculations of the optical densities are more
practical, developing into an approach widely used since the advent of computerised
densitometry (Palacios et al., 1981). In order to make these kinds of quantitative
measurements, calibration standards must be integrated into each exposure. As such, a
standard series of known activities can be used to plot the function of the optical density of
the imaging film and the activity (L’Annunziata, 2003; Solon, 2015). These standards are often
plastic containing the studied nuclide (Treutler & Freyer, 1984; Geary, et al., 1985), although
they can also consist of the sample material such as tissue impregnated with a known quantity
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of activity (Unnerstall, et al., 1982). Both types of standards can yield similar results with the
same isotope (Davenport & Hall, 1988), but calibrating the sample containing one nuclide with
the standard of another nuclide can be difficult for some isotopes, including using a

14C

standard for 3H samples (Geary et al., 1985) and using a 14C standard for 32P (Miller, 1991).
Yet, other combinations may work quite well, such as using a 14C standard for
Zahniser, 1987; Baskin & Wimpy, 1989) or a

14C

standard for

35S

125I

(Miller &

(Miller, 1991).

The mechanism producing autoradiographic images depends on the method used. Traditional
film AG is based on reducing silver atoms within a silver-halide grain of the film emulsion,
yielding a latent image (Rogers, 1967; L’Annunziata, 2003). Different films are optimised for
different isotopes. For example, single-coated films, containing one emulsion layer (e.g.,
Kodak BioMax MR), are optimised for direct-exposure techniques with low-energy
radioisotopes (e.g., 14C, 35S and 33P) (Siitari-Kauppi, 2002). The latent image is revealed by the
development of the film, yielding a reduction of all silver atoms in the silver-halide crystal into
metallic silver, forming a visible black dot. A single hit by a particle is sufficient to convert the
silver-halide grain into a developable state, such that local blackening of the film is directly
proportional to the local activity (L’Annunziata, 2003). The developed film is then scanned
with a flatbed scanner or another digitation mode for further analysis. Film AG has a rather
good sensitivity and good resolution, particularly for low-energy radionuclides. It also provides
flexibility in terms of the exposure time given that latent image fading is typically quite slow.
The exposure, however, can also be rather too long. In addition, film AG has a rather limited
linear dynamic range. Thus, some more highly active areas might be oversaturated, while
areas of lesser activity lie along the linear region of the optical densities. Therefore, a balance
must be struck between the resolution and quantitativity. This is typically found only by trial
and error.
Storage phosphor screen imaging, a more recent method of producing autoradiographic
images, relies on the interaction of particles with a photostimulable phosphor screen that
contains BaFBr:Eu2+ crystals. The energy of the radiation converts Eu2+ to Eu3+, liberating
electrons to the conduction band of the phosphor crystals. These electrons are then trapped
in bromine vacancies in the structure. These vacancies serve a similar purpose to the latent
image silver halides of film AG. Exposure to stimulating laser light of 633 nm releases the
trapped electrons from the bromine vacancies back to the conduction band of the crystals and
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converts Eu3+ back to Eu2+. This process releases 390-nm photons, which are collected in a
photomultiplier tube (L’Annunziata, 2003). Phosphor screen–based AG has a higher sensitivity
and a larger linear dynamic range than film AG (L’Annunziata 2003; Kämäräinen et al., 2006;
Sardini et al., 2015), allowing imaging of low- and high-activity areas using the same exposure
with a higher certainty. In addition, phosphor screen AG represents a sensitive method,
typically producing images through shorter exposures than film AG. Furthermore, phosphor
screen–imaging plates are reusable following erasure through bright-light exposure requiring
no development chemicals, rendering this a slightly simpler setup than film AG. Yet, while the
imaging plates are reusable, artefacts tend to accumulate over time. While the linear dynamic
range is larger when using phosphor screen AG than through film AG, it remains limited and
the exposure time must be chosen carefully. As such, imaging plates are also affected by the
signal fade, which limits the maximal exposure time considerably. This may be important in
low-activity samples.
Another method which performs AG through the direct measurement of radioactivity, called
electronic AG, is based on multiple gas proportional counters in parallel (Donnard, et al.,
2009a). Here, particles emitted from a sample pass through the protective window, enter the
nearest microchannel and ionise the gas mixture. The resulting electrons are accelerated and
collected. This system provides direct nuclear count data without necessitating a procedure
for scanning films or imaging plates. Measurements based on electronic AG tend to be fast
with a large linear dynamic range. In addition, the resolution depends on the detector design
(L’Annunziata, 2003) and improvements to the detector design result in a resolution close to
the limit imposed by the radiation range (Donnard et al., 2009b). While many applications of
electronic AG use beta radiation, it is also suitable for alfa measurements (Sardini, et al., 2016).
The isotope used depends on the application. If the resolution is the only criteria, then the
lowest energy isotope remains the best choice. Other criteria for the beta source might
include an isotope that diffuses into certain areas of the sample matrix. The beta source can
also be attached to a suitable compound. In this case, the affinities of the isotope are less
important, while the properties of the compound become more important.
Many applications of AG lie in the field of biological sciences. The isotopes typically used in
this field include 3H, 14C, 35S and 125I. Isotopes such as 11C, 18F, 22Na and 90Y may also be used
(Solon et al., 2010). The internal conversion and Auger electron-emitting nuclides such as 55Fe,
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85Sr, 109Cd

and 125I have been used in various studies (Forberg, et al., 1964). In studies of drug

distribution, two larger trends revolve around quantitative whole-body AG (QWBA) and
cellular level microautoradiography (Solon, 2015). In QWBA, the compound studied is
administered to a test animal, which is then euthanised. The carcass is quickly frozen,
dehydrated and cryosectioned into 20- to 50-μm-thick slices. These slices are then mounted
onto phosphor imaging plates. QWBA provides tissue-specific activity distributions with
minimal disruption. In addition, QWBA represents a major step forward from the previous
methodology of liquid scintillation counting from tissue homogenates. By contrast,
microautoradiography proceeds with the compound studied being administered to the
animal, which is then euthanised, followed by the sampling of tissue and organs. These
samples are frozen, cryosectioned and placed on microscope slides pre-coated with a nuclear
emulsion sensitive to the radiation emitted by the compound studied. This procedure uses
traditional X-ray films developed in a darkroom (Solon, 2015).
AG has been used in the evaluation of tritium contamination in buildings scheduled for
dismantling (Fichet et al., 2012). Another example of the use of AG in contaminant studies lies
in the study of the uptake of 14C by root vegetables (Ogiyama, et al., 2009). Here, comparison
AG was also completed using 22Na.
In geological studies, applications have often related to naturally occurring radionuclides
(Rufer & Preusser, 2009; Sardini et al., 2016; Hellmuth et al., 2017) and the study of water–
rock interactions, such as sorption. The use of AG in the study of sorption of 233U and 241Am
from the Nevada Test Site in to different natural materials (alluvium, argillite, granite and tuff)
found onsite was evaluated (Thompson & Wolfsberg, 1979). A radiolabelled tracer can be
intruded into the sample material and will diffuse and sorb into minerals that have an affinity
to this tracer. Such interactions occur via porous pathways within the rock. The sorption
caesium on tonalite and mica gneiss was studied by examining the distribution of 134Cs on thin
slices via AG (Siitari-Kauppi et al., 1999). While sorption itself can be studied with AG, a typical
use for AG focuses on obtaining information on the porous pathways that facilitate sorption
and transport processes (Siitari-Kauppi, 2002). One field where this is specifically studied is
the final deposition of spent nuclear fuel.
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2.5. The final disposal of spent nuclear fuel
Spent nuclear fuel is a complex material. While primarily composed of uranium oxide, it also
consists of transuranium elements and fission products of varying half-lives. In the event of
canister failure, the instantaneous release fraction of spent nuclear fuel will consist of volatile
elements such as Xe, Kr, I, Cs and Cl. A long-term release fraction, by contrast, primarily
consists of uranium and transuranium elements (Ewing, 2015).
Plans are in place to deposit spent nuclear fuel from Finnish power plants in a deep geological
repository in Olkiluoto, Western Finland (Posiva, 2012). Sweden (SKB, 2010a) and France
(Andra, 2005) have also selected sites for their deep geological repositories. Different rock
types characterise the selection of the potential disposal sites ranging from clay (Grambow,
2016), crystalline rock (Posiva, 2012; Hedin & Olsson, 2016; Laberov et al., 2016), salt rock
(von Berlepsch & Haverkamp, 2016) and tuff (Swift & Bonano, 2016). Similar plans at various
stages are also underway in countries such as Belgium (ONDRAF/NIRAS, 2011), Switzerland
(SFOE, 2008), the United Kingdom (DECC, 2014) and Japan (NUMO, 2013). In Finland and
Sweden, deposition is planned based on the Kärnbränslesäkerhet (KBS-3) concept (Posiva,
2010; SKB, 2010a; SKB, 2010b). According to this concept, multiple barriers prevent the entry
of radionuclides into the biosphere. First, these barriers consist of the fuel rods and bundles
themselves. The spent nuclear fuel is inserted into cast-iron inserts surrounded by copper
canisters. The copper canisters are inserted into placements in tunnels, where they are
surrounded by a bentonite buffer. The tunnels are backfilled and 400 metres of bedrock act
as the final barrier against entry into the biosphere (SKB, 2010b; Posiva 2014a; Poteri, et al.,
2014). The tunnels are closed after being backfilled. Most radionuclides in spent nuclear fuel
are embedded in a ceramic matrix (UO2) resistant to dissolution under the expected repository
conditions. The canister ensures the prolonged containment of the spent nuclear fuel based
on the mechanical strength of the cast-iron insert and the corrosion resistance of the copper
overpack. The bentonite buffer separates the canisters from the host rock and contributes to
maintaining conditions favourable to the integrity of the canister. The tunnel backfill limits
and retards the release of radionuclides in the event of canister failure and contributes to the
mechanical stability of the rock adjacent to the deposition tunnels. In the case of failure of the
engineered barrier systems, the bedrock continues to retard and limit the transport of
radionuclides. In addition, the host rock isolates the repository from the surface environment
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and limits the possibility of intrusion. The placement of the deposition holes is set such that
they do not cross-sect with any deformation zones (Poteri, et al., 2014). The closure of the
tunnels prevents underground openings from compromising the long-term isolation of the
repository from the surface environment. Closure also limits and retards the inflow of water
and the release of radionuclides from the repository (Posiva, 2014a). Figure 1 illustrates the
KBS-3 concept.

Figure 1. Illustration of the KBS-3 concept. Image adapted from Posiva Oy.

Safety case analysis (Poteri, et al., 2014) for the final deposition depends on many parameters
related to the performance of the engineered barrier systems in the near-field and the
properties of the geological formation in the far-field. Both short-term (Gaucher & Blanc,
2006) and long-term experiments (Gaboreau et al., 2011; Mäder et al., 2017) have examined
the interface between man-made barriers and the host rock. The characteristics of the local
geology affect the long-term storage of spent nuclear fuel and the mobility of the released
radionuclides (Bradbury & Green, 1986). Furthermore, the porosity and its spatial distribution
influence the retention of radionuclides in the pore space of the bedrock by acting as an
interface between the radionuclides dissolved in the groundwater and the rock minerals. It is
expected that the mineral composition and the pore structure will affect the diffusion of the
radionuclides via various retention mechanisms such as diffusion into the matrix porosity
(Voutilainen, et al., 2013; Sammaljärvi, et al., 2014; Sammaljärvi, et al., 2017; Voutilainen, et
al., 2017a, Voutilainen, et al., 2017b).
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Several long-term in situ experiments exist, such as the Long-Term Sorption Diffusion
Experiment (LTDE-SD) in Sweden (Widestrand et al., 2007 & 2010), the Water-Phase Diffusion
Experiment (WPDE) and the Through Diffusion Experiment (TDE) in Finland (Voutilainen et al.,
2014), the Diffusion in situ Experiment (DI Experiment) at the Mont Terri Site in Switzerland
(Palut et al., 2003) and the Long-Term Diffusion Experiment (LTD) at the Grimsel Test Site also
in Switzerland (Soler et al., 2015), which studied the sorption and transport properties of
different host rock systems. The sorption properties of important nuclides have also been
studied in laboratory experiments (Byegård et al., 1998; García-Gutíerrez et al., 2006; C.A.J.
Appelo et al., 2010; Muuri et al., 2016a; 2016b). The matrix diffusion in Kuru Grey granite has
been studied using tracer experiments supported by rock matrix characterisation (Hölttä et
al., 2007). In addition, granite from Palmottu has also been studied to ascertain the presence
of precipitated uranium in the pore system (Kemppainen et al., 2001). Furthermore, the
sorption of radionuclides into fractured granite with illite fillings was studied using
groundwater solutions spiked with 137Cs, 147Pm, 241Am and 90Sr (Kamineni, et al., 1986).
Due to the varied effect that porosity plays on the safety of the final deposition, it is necessary
to know more than just the bulk porosity. With knowledge of the spatial distribution of the
porosity and connectivity, more realistic safety case calculations can be made. As such, the C14-PMMA impregnation technique provides information on the spatial distribution of
porosity.
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3. The C-14-PMMA impregnation technique
C-14-PMMA AG is based on measuring the radiation resulting from the C-14-labelled tracer
compound within the rock (Hellmuth, et al., 1993; Hellmuth, et al., 1994). The sample is first
dried and then impregnated with a tracer solution of C-14-labelled methyl methacrylate (C14-MMA). This tracer intrudes into the sample’s connected porosity. Once the tracer has
intruded into all accessible pore spaces, the tracer is fixed in place by polymerising it. When
the tracer has been polymerised, the sample can be sawed, polished and placed on an
autoradiographic film for film AG or on an imaging plate for digital AG. Figure 2 illustrates this
procedure.
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Figure 2. Procedural flow of the C-14-PMMA impregnation technique. Details of each step and
the choices made during those steps detailed on the right.

The specific activity of the tracer is chosen based on the studied range of the porosity in mind
(Hellmuth et al., 1993). For unaltered crystalline rocks with a low porosity of about 1% or less
(Skagius & Neretnieks, 1985; Siitari-Kauppi, 2002), high activities such as 280 kBq/ml
(Voutilainen, et al., 2008) or even 925 kBq/ml (Hellmuth, et al., 1994) should be used. For
highly porous stones with a porosity of more than 1%, such as altered crystalline rocks (Norton
& Knapp, 1977; Siitari-Kauppi, 2002; Kuva et al., 2012) or sedimentary rocks (Lucia, 2007;
Zinszner & Pellerin, 2007), low specific activities such as 74 kBq/ml (Sammaljärvi, et al., 2016)
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can be sufficient. If the tracer was polymerised using gamma irradiation, the
thermoluminescence caused by the irradiation must be taken into account during the
measurement procedure (Hellmuth, et al., 1993).

3.1. Experimental methods in the C-14-PMMA impregnation technique
3.1.1. Impregnants
Several aspects must be considered when choosing the impregnant. It needs to be nonreactive with mineral phases, polymerisable through common free-radical polymerisation
methods within the sample (Hellmuth & Siitari-Kauppi, 1990) and the resulting polymer must
be mechanically rigid and stable against radiolysis. The viscosity and the contact angle should
be sufficiently similar to water, such that it can mimic the intrusion of water into geomaterials
and perform rapid and complete impregnation (Hellmuth et al., 1993; Hellmuth et al., 1994).
The tracer should not boil at low temperatures and should be non-toxic to facilitate safe
handling. Methyl methacrylate (MMA) (shown in Figure 3) possesses these characteristics. As
such, MMA represents the most common impregnant used in the C-14-PMMA impregnation
technique and polymerises into polymer polymethyl methacrylate (PMMA), giving the
technique its name. While MMA is more organophilic than hydrophilic, it is still sufficiently
polar that it can enter into the small aperture interlamellar space of clays, into which more
aliphatic monomers such as styrene and isoprene cannot enter (Blumstein, 1965). Styrene has
been tested for use in this impregnation technique, but its low rate of radical formation results
in unfeasibly long polymerisation times (Hellmuth et al., 1993).

Figure 3. Chemical structure of methyl methacrylate (MMA)
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In the C-14-MMA compound used in these experiments, the carbonyl carbon is labelled as C14. The label, therefore, lies within the side group of the resulting polymer. C-14 is a lowenergy beta emitter with a maximum energy of 156 keV and a half-life of 5360 years. The lowbeta energy results in a short range and in optimal conditions, allowing for distances of 20 μm
to be resolved using the AG method. The long half-life of the isotope allows for stockage
maintenance for fairly long periods of time since the activity decays slowly and the specific
activity can be low enough that there is only a small risk of autopolymerisation.
However, for specific purposes, other impregnants can be used. 3H-labelled MMA (H-3-MMA)
has been used in some applications to provide a better autoradiographic resolution owing to
its short range due to its low beta energy of 18 keV. The short range of 3H means that a
resolution of 10 μm can be achieved, which is notably better than the resolution of 20 μm
obtained using 14C (Siitari-Kauppi et al., 1998; Hellmuth et al., 1999; Gaboreau et al., 2011;
Robinet et al., 2015). One drawback from using H-3-MMA, however, results from its lower
beta energy (18 keV), whereby higher specific activities must be used. Another drawback
results from the short half-life, meaning solutions cannot be stored for as long as C-14-MMA
solutions. The higher specific activity also increases the chance of autopolymerisation. Other
uses for other impregnants lie in, for example, making the impregnant solution more watersoluble. Fluorescent dyes can also be mixed with the monomer to enhance the contrast in
possible microscopic imaging and to label specific solutions for easy identification (Lähdemäki,
et al., 2007; Hellmuth et al., 2011).

3.1.2. Polymerisation
The polymerisation of MMA is most commonly achieved via the free-radical polymerisation
mechanism, although anionic polymerisation of MMA is also possible (Odian, 2004). MMA is
a versatile monomer whose free-radical polymerisation can be initiated using several different
techniques, such as the use of thermal initiators (Odian, 2004), redox initiators (Kotlík et al.,
1980), irradiation with ionising radiation (Siitari-Kauppi, 2002), photoinitiation (Günzler et al.,
2009) and ultrasonication (Gu et al., 2001). Free-radical polymerisation, in general, is initiated
by reactive species R·, where the notation · denotes a radical species, produced from initiator
compound I (Odian, 2004):
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 ܫ՜ ܴ ή

{1}

The reactive species produced then reacts with monomer M by adding itself via the opening
of the π bond to form new reactive centre M1·. This process is then repeated several times:

ܴ ή  ܯ՜  ܯଵ ή

{2a}

ܯଵ ή  ܯ՜  ܯଶ ή

{2b}

ܯଶ ή  ܯ՜  ܯଷ ή

{2c}

In general, this propagation reaction can be presented as

ܯ ή  ܯ՜  ܯାଵ ή

{3}

The propagating polymer chain stops growing at some point and terminates. This can happen
via combination, as

ܯ ή ܯ ή՜  ܯା

{4a}

or via disproportionation, as

ܯ ή ܯ ή՜  ܯ  ܯ

{4b}

In general, the termination reaction can be expressed as

ܯ ή ܯ ή՜ ݀݁ܽ݀ݎ݁݉ݕ݈

{5}

In addition to the reaction series of initiation, propagation and termination, other reactions
might occur. The most important of these other reactions consists of the chain transfer and
the inhibition/retardation reactions. In the chain transfer, the radical centre is transferred
from a growing chain to another atom species, such as a monomer, initiator, solvent
compound or another polymer chain. This reaction can be presented as

ܯ ή ܺ ܣ՜  ܯ െ ܺ   ܣή

{6}

where XA is the chain transfer agent and X is the transferred species. The radical produced in
this reaction can then reinitiate the polymerisation. As the chain transfer leads to the
premature termination of a growing chain, the observed molar masses are lower than what
might be deduced from the extent of normal termination reactions {4a} and {4b}. The effect
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on the polymerisation rate depends on how reactive produced radical A· is compared to the
original propagating radical.
Aside from the chain transfer reactions, reactions with retarders or inhibitors might also occur.
The distinction is determined by the strength of the effect. Their reaction can be generalised
as

ܯ ή ܼ ՜ ܯ  ܼ ήand/or ܯ ܼ ή

{7}

where Z is the inhibitor or retarder. Here, Z acts either by adding itself into the propagating
chain or chain transfer to produce new radical Z· and a dead polymer chain. Regardless, the
resulting radical species is usually considerably less reactive than the original propagating
radical. Inhibitor compounds are typically added to commercial monomers to prevent
autopolymerisation during storage and shipment. Another common inhibitor is atmospheric
oxygen, which reacts with radicals to form rather unreactive peroxy compounds (Barnes,
1945).
A dead polymer no longer partakes in propagation reactions and, therefore, stops growing.
The dead polymer is the normal end state in free radical polymerisation, although with living
free radical polymerisation techniques, a system with little to no termination can be achieved.
Depending on the technique, this can be achieved by including a reversible deactivation
reaction such as that in nitroxide-mediated radical polymerisation (Grubbs, 2011) and atom
transfer radical polymerisation (Matyjaszewski, 2012) or through a reversible chain transfer
reaction as in the radical addition/fragmentation transfer (Moad et al., 2013).
Polymerisation within impregnated rock samples requires that initiation extends throughout
the sample. This can be achieved by using a penetrating initiator or mixing the initiator into
the feed monomer. The polymer product must be durable enough that it does not escape
from the pores during subsequent sample handling involving sawing and polishing. This
requirement requires the polymer to possess a high enough molecular mass and a high
conversion rate must be achieved. A high conversion rate also improves the radiation safety
of the experimental setup, since less of the radiolabelled tracer remains in a volatile form.
Polymerisation must also be accomplished in a bulk polymerisation setup, because solvents
or emulsions could facilitate leaching from the sample matrix and present a radioactive
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hazard. In addition, the polymerisation setup precludes the use of traditional polymer
purification methods, rendering a pure product with a high conversion necessary.
The polymerisation mixture should be kept as simple as possible to minimise any potential
sources of interference and reactions with sample matrix and other potential components in
the impregnation mixture. Monomers bought from suppliers usually contain a small amount
of an inhibitor compound, such as 4-methoxyphenol, to lengthen their shelf life. Because
impregnations can last from several days to several months, it is prudent to leave the inhibitor
in the mixture to reduce the chances of premature polymerisation and overpowering the
inhibiting effect with a suitable amount of the initiator compound during the polymerisation
phase. Other components in the impregnation mixture can include fluorescent dyes for double
labelling. In addition, other components might have previously intruded into the sample
matrix and the polymer fixes this component in place.
High conversion rates in bulk polymerisation carry the risk of overheating the mixture,
because the mixture becomes increasingly viscous. This leads to bubble formation in polymer
and sample breakage in extreme cases. When the gel effect sets in, the reaction rate increases
quickly as the termination rate slows down (Odian, 2004). This results in a notable
temperature increase. The amount of temperature increase may vary given reaction
conditions and the initiation method (De Witte et al., 1977; Odian, 2004). Therefore, the
reaction conditions must be set such that the reaction temperature does not increase beyond
the boiling point of the monomer even when the gel effect sets in to avoid excessive bubbling.
A lower radical concentration and, therefore, slower reaction rate can mitigate the gel effect.
Yet, the reaction should proceed within a reasonable timeframe.
If the initiator is mixed into the impregnation mixture, it must be stable over a timeframe of
possibly several weeks since the impregnant needs to intrude into the entire pore space of
the sample before fixation by polymerisation. Most thermal initiators satisfy this requirement,
but exclude the more reactive redox initiators that facilitate initiation at moderate
temperatures (Odian, 2004). If, however, the sample is highly permeable and the redox system
less reactive, adequate intrusion can be achieved for purposes such as conservation (Kotlík et
al., 1980). The initiator compound must also be used in a suitable amount to overpower the
inhibitor in the stock monomer mixture and carry out polymerisation to a good yield.
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If irradiation is used as the initiation method, then a sufficient penetrative power is required
to reach the monomer across all confines of the sample matrix. This requirement excludes
non-ionising radiation and ionising radiation other than X-rays and gamma rays (Woods &
Pikaev, 1994).
Due to these requirements, using ionising radiation has served as the preferred initiation
method within the C-14-PMMA impregnation technique, although these requirements may
be fulfilled using thermally decomposing initiators.
Ionising radiation can be used to initiate polymerisation (Odian, 2004). As such, electrons,
neutrons, alfa particles, gamma rays and X-rays can be used. The exact reaction mechanism
differs for each radiation type, but they all result in the formation of radical species. The
formation of radicals commonly proceeds with the excitation caused by the radiation with the
subsequent ejection of an electron:

 ܣ  ݊݅ݐܽ݅݀ܽݎ՜ ܣା ή  ݁ ି

{8}

This kind of radical cation can dissociate to yield radical and cation species:

ܣା ή՜  ܤή  ܥା

{9}

The ejected electron may again associate with the cationic species:

ܥା  ݁ି ՜  ܥή

{10}

In addition, radicals can be produced through the following reaction sequence:

 ܣ ݁ ି ՜ ିܣ

{11a}

 ିܣ՜  ܤή ି ܥ

{11b}

 ି ܥ՜  ܥή ݁ ି

{11c}

This radiolysis can result in cation, anion or free radical species, and all can initiate
polymerisation. The monomer and reaction conditions dictate which of these species is the
most prevalent. Radical species tend to predominate at higher temperatures, where ionic
species are unstable. Aside from these reactions, radiolysis reactions leading to gas formation
can occur (Siitari-Kauppi, 2002). Other common reactions consist of crosslinking, chain scission
and peroxide formation in the presence of oxygen, which can lead to post-irradiation reactions
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(Gould, 1967). Irradiation can also be used to graft monomers into already existing synthetic
polymer chains (Gould, 1967) as well as biopolymers (Casimiro, et al., 2005).
Electron beam (EB) technology is commonly used for irradiation polymerisation since its
penetration depth reaches much higher than that of ultraviolet (UV) and visible light (Odian,
2004). EBs, however, strongly attenuate in heavy materials, making these unsuitable for
polymerisation deep within samples such as in rocks. In such cases, deeper-penetrating
gamma radiation is more suitable. If, however, the polymer is just a film that needs to be
cured, EB can be used to great effect (Langhals & Oginski, 2008). Due to the attenuation,
gamma irradiation is required in the polymerisation of monomers impregnated within heavy
samples. Gamma irradiation has also been successfully used in polymerisation within clay
structures (Blumstein, 1965).
Gamma irradiation with a Co-60 source represents the basic method used in this technique
(Hellmuth et al., 1994; Siitari-Kauppi, 2002; Sammaljärvi et al., 2012). The dose required for
polymerisation is usually 50 to 80 kGy (Siitari-Kauppi, 2002), although for clay stone samples
100 kGy is necessary (Blumstein, 1965). At lower doses, the product often remained viscous
(Siitari-Kauppi, 2002). This approach, however, requires an irradiation facility, which might not
be readily available. In addition, this necessitates transporting the sample to an irradiation
facility. The irradiation source also weakens over time due to the radioactive decay and
replacing stock is expensive and not always simple. Furthermore, irradiation causes
luminescence in quartz and feldspar minerals, which necessitates heat treatment before AG.
Thus, this study investigated the application of thermally decomposing initiators—the
mainstay of free radical polymerisation in general—for use within the C-14-PMMA
impregnation technique.
Table 1 summarises the different aspects of the polymerisation of an impregnant in the pore
system. During impregnation itself, the mixture must intrude well into the sample and not
polymerise prematurely. The polymerisation reaction should proceed to a high conversion and
be well-controlled to maintain a uniform distribution achieved during impregnation and to
easily achieve a workable polymer–sample composite. The polymer produced should be rigid
and, to withstand subsequent sample handling, present uniformly throughout the pore
network in order to yield comparable results. All of this must be accomplished in a safe
manner since the monomer itself is a volatile irritant with a radioactive label.
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Table 1. Qualities of the desired polymer and ways of obtaining them
Desired quality
Rigidity
Uniformity throughout the
sample
Radiation safety
Good temperature control

Mixture stability

Wettability

Attribute behind the quality
High molar mass, chain
entanglement
Initiation present throughout
the sample
High conversion, low beta
energy
Suitable radical
concentration throughout
the reaction
Lack of autopolymerisation,
non-reactivity

Low contact angle and
viscosity

Solution
Free radical polymerisation,
bulk polymerisation
Gamma radiation, thermal
initiation
Long reaction time, drying in
fume cupboard
Suitable initiator
concentration
Residual inhibitors not
removed, storage in cool
temperature, solutions kept
suitably dilute, no
protonating groups or good
leaving groups
Molecule with dipole
moment near that of water

3.2. C-14-PMMA autoradiography and porosity calculation
C-14-PMMA AG images the spatial distribution of the C-14-labelled PMMA within the pore
network of the sample along two dimensions. Film AG represents the most common method
(Hellmuth & Siitari-Kauppi, 1990; Hellmuth et al., 1993; Hellmuth et al., 1994; Sammartino et
al., 2002; 2003; Siitari-Kauppi 2002; Prêt et al., 2004; Kelokaski et al., 2006; Sardini et al., 2006;
Leskinen et al., 2007; Siitari-Kauppi et al., 2007; Voutilainen et al., 2008; Voutilainen et al.,
2012; Robinet et al., 2015). In film AG, the beta radiation from the tracer interacts with the
silver halide in the film, producing a latent image. This latent image is then developed. The
blackening of the film is proportional to the local activity. When the film is digitised, for
example, using a table-top scanner, areas of different amounts of blackening are transformed
into corresponding intensity values. Local optical densities are calculated from these intensity
values and optical densities are converted to activities using a standard series. The local
porosity can then be calculated using the activities known from the initial activity of the C-14MMA tracer.
The intensities are converted into corresponding optical densities using the Beer–Lambert Law
(Hellmuth et al., 1993; Hellmuth et al., 1994; Sardini et al., 2006). The Beer–Lambert Law
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states that absorbance of a material is directly proportional to its thickness and the
concentration of the absorbing species (Vogel, 1985) as shown in equation {12}:
ூ

ܱܦ ൌ െ݈ ݃ቀ ቁ,
ூ
బ

{12}

where ODi is the local optical density, I is the intensity and I0 is the background intensity.
Equation {12} is valid for integers in the range 1 to 256 for 8-bit images, with a value of 1
representing a perfectly blackened pixel and a value of 256 representing a completely nonblackened pixel, whereby the equation will produce optical density values between 0 and
about 2.41.
Thus, the intensity is converted to optical densities by taking into account the background
intensity. Optical densities can be converted into activities with the help of a calibration series
composed of known activities. The relationship between the optical density of the film and
the activity can be expressed using equation {13} as follows:
ଵ

ை ିைబ



ைೌೣ

ܣ ൌ െ  ݈݊ כቀͳ െ

ቁǡ

{13}

where Ai is local activity [Bq], k is fitting coefficient [Bq-1], ODi is the local optical density, D0 is
the minimum optical density, ODmax is the optical density at the film saturation and OD0, ODmax
and k are calculated for each exposure using a series of C-14-PMMA standards.
Equation {13} is an experimentally derived equation, which is valid when the value of ODi is
between OD0 and ODmax. Local activity value Ai can only be equal to or below Ao, which
represents the activity of the pure tracer.
Using these two equations, the local activity can be solved and placed into equation of
porosity {14}. The beta correction must be taken into account in the porosity calculation due
to the range of C-14 beta emissions in materials of different densities. Thus, the beta
correction is proportional to the sample’s grain density and the PMMA density (Hellmuth et
al., 1993; Hellmuth et al., 1994; Sammartino et al., 2003; Kelokaski et al., 2006). Here, a grain
density of 2.7 g/cm3 for rock material and a PMMA density of 1.2 g/cm3 are used:
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బ

,

{14}

where ϕi is the local porosity [%], ρm is the material grain density [g/cm3], ρresin represents
the PMMA resin density [g/cm3], Ai is local activity [Bq] and A0 is tracer activity [Bq].
The equation {14} produces values between 0 and 1. A value of 0 corresponds to zero porosity,
while 1 corresponds to open-hole full pure PMMA. The calculation as shown in equation {14}
is completed for all pixels in the selected area of the image and results are provided as
histograms or profiles.
A proprietary program based on the Matlab Image Analysing Toolbox was used to calculate
the calibration parameters and quantitative porosity values. Figure 4 shows a typical
calibration curve AG standard. In addition, porosity maps can be created by matching the
porosity values calculated from grey-scale AGs to colours for better contrast. This approach
can yield a clearer image on the local differences in porosity, although grey-scale AGs
sometimes show discrete features more clearly.
In storage phosphor screen–based AG, the imaging process is different. The beta radiation
interacts with the europium-bromine-phosphor complex in the imaging plate, causing the
complex to transition to a higher excitation state. This excitation can then be relaxed using
laser light. This relaxation produces a blue light of a specific wavelength and is then collected
by a scanner specifically designed for such a purpose, for example, Fuji FLA-5100. The amount
of blue light produced from any given location depends on the local activity. The scanner
collects the light pulses from the sample and leads them to the amplification tube and, from
there, to an analogue–digital converter, which then inputs the digitised values into a
computer. This produces a 16-bit digital image.
For phosphor screen AG, the optical densities are calculated according to equation {15}
(Sardini, et al., 2015) as follows:
ᇲ

ܱ ܦൌ ܱܦᇱ ܣ כ ,

{15}

where OD is the optical density, ܱܦᇱ is the optical density for A = 1 Bq/ml, A is the local activity
and k’ is the fitting coefficient.
This equation can be converted to equation of local activity {16}
భ

ܣൌ
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{16}

The local activity values given by this equation can then be inputted into equation {14}.
Porosities are then calculated from the optical densities or by converting directly from the
grey values to activities using a standard series.
In terms of quantitative AG, a 16-bit image using phosphor screen AG has the advantage of a
wider linear range. This translates into smaller uncertainties since the error tends to increase
towards very low and very high grey values for film AG.

Figure 4. Typical calibration curves for digital autoradiography (left) and film autoradiography
(right)

Compared to other porosity measurement methods, some differences may arise in the results.
For instance, compared to water gravimetry, slightly lower porosities are often obtained
particularly in rocks with porosities of less than 1%. This may result due to an incomplete
intrusion, a threshold energy for AG not exceeding those in areas of low activity and the use
of the non-linear region of the calibration curve (Siitari-Kauppi, 2002). Among these problems,
incomplete intrusion can be mitigated by lengthening the impregnation times and ensuring
the complete removal of residual water in the sample matrix. Not exceeding the threshold
energy can be mitigated by a longer exposure time. The use of a non-linear range on the
calibration curve is less problematic when the storage phosphor screen imaging plates are
used, since they have a wider linear range than X-ray films. Compared to mercury porosimetry,
the best agreement lies in a porosity range greater than 1% (Siitari-Kauppi, 2002). Overall,
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given the different strengths and weaknesses of various measurement techniques, using
several methods in any given experiment proves useful.

3.3. C-14-PMMA impregnation technique applications
Many applications of the C-14-PMMA impregnation technique primarily focus on crystalline
rock, although sedimentary rocks have also been studied. In addition, man-made materials
such as cements have been studied using the C-14-PMMA impregnation technique. More
recently, studies have focused on the interface between natural and man-made materials.
During initial investigations, the spatial distribution of porosity was studied in Lavia
granodiorite and Olkiluoto tonalite (Hellmuth et al., 1993), subsequently examining rapakivi
granite, muscovite granite, sedimentary iron ore (Hellmuth et al., 1994) and weathered
marble (Hellmuth et al., 1999). The C-14-PMMA impregnation technique has also been
adapted to studying geological barriers in spent nuclear fuel deposition (Siitari-Kauppi, 2002;
Kuva et al., 2012). Soon after its initial development, the C-14-PMMA impregnation technique
was combined with other characterisation techniques to obtain supporting or complementary
information. C-14-PMMA AG and He-gas pycnometry have been applied to investigate
changes in the porosity, permeability and diffusivity of an excavation-disturbed zone at the
Olkiluoto repository site (Autio, et al., 1998). A somewhat similar study was undertaken to
characterise granite from a quarry in France. In that study, porosity changes were examined
using C-14-PMMA AG combined with mineral surface staining and electron microscopy
(Robert, et al., 2003). The pore-space geometry of Grimsel granodiorite has been examined
through complementary analyses using polarisation microscopy and mercury porosimetry
(Kelokaski et al., 2006). Furthermore, a combination of X-ray tomography, confocal laser
spectroscopy and C-14-PMMA AG was used to study different granites (Lähdemäki, et al.,
2007). Mineral staining to obtain mineral-porosity correlation with supporting parameters
analysed via water gravimetry, electron microscopy and He-gas pycnometry have been
completed (Sardini et al., 2006). Grimsel, El Berrocal and Los Ratones granite mineral-specific
porosities have been investigated in conjunction with field emission SEM (FESEM)/EDS
(Leskinen et al., 2007). Sievi granite structural and mineralogical heterogeneities were
investigated through C-14-PMMA AG, X-ray microtomography and FESEM-EDS analyses.
These results were then used to construct a 3D model of the sample (Voutilainen, et al., 2009).
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X-ray tomography analysis together with C-14-PMMA AG were also performed on altered
tonalite (Voutilainen, et al., 2012). Likewise, C-14-PMMA AG and X-ray tomography were used
to study the weathering processes of Bishop Creek granite (Mazurier, et al., 2016).
Sedimentary clay rocks have also been studied. The spatial distribution of calcareous shale
and the problem of handling highly porous areas were investigated (Sammartino, et al., 2002).
In addition, the spatial distribution of the porosity and mineral in clay rock from the Callovo–
Oxfordian formation were studied to understand the possible implications for the diffusion of
ionic species and the rock sorption capability (Sammartino, et al., 2003). The same formation
has also been subject to a porosity upscaling study, wherein H-3-PMMA AG was combined
with electron microscopy (Robinet, et al., 2015). Similarly, the porosity distribution in a clay
gouge from the St. Julien Basin was studied using C-14-PMMA AG and FESEM imaging (Prêt,
et al., 2004). Likewise, sandstone from the Athabasca Basin was examined using C-14-PMMA
AG and electron microscopy (Sardini, et al., 2009). Finally, clay samples from the Boda, Boom
and Opalinus formations were compared using C-14-PMMA AG and electron microscopy
supported through analyses based on X-ray diffractometry and mercury porosimetry (Parneix,
et al., 2012).
Furthermore, man-made materials have also been studied through C-14-PMMA AG. Modelling
of the induced chemo-mechanical stress of cement mortar affected by CO2 was studied
through the application of C-14-PMMA AG (Jeong, et al., 2013). Shrinkage and porosity
changes caused by CO2 carbonation were modelled using the micro-dilatation theory and the
calculated results were verified experimentally using C-14-PMMA AG (Jeong, et al., 2015). In
addition, porosity changes in the interface between Portland cement paste and argillite
claystone were studied using C-14-PMMA AG, with additional analyses based on electron
microscopy, X-ray diffractometry, thermogravimetric analysis and X-ray microtomography
(Lalan, et al., 2016). The porosity changes over a 15-year period in a cement–argillite
interaction have also been studied using C-14-PMMA AG (Gaboreau et al., 2011). A similar
approach has been undertaken to study the porosity changes in a five-year interaction
experiment of Opalinus clay and cement (Mäder et al., 2017).
Overall, the two most common techniques coupled with C-14-PMMA AG consist of X-ray
microtomography and SEM imaging. This is the case because X-ray microtomography allows
for the complementary measurement of porosity. Furthermore, it is possible to obtain 3D
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information on various mineral phases of a sample, and SEM imaging and the associated EDS
measurements provide a direct examining of the local sample morphology and mineralogy.

3.4. Development needs addressed in this work
Based on a review of the literature and empirical evidence, we identified several development
needs for the C-14-PMMA impregnation technique. These needs concern the initiation of the
polymerisation reaction, intrusion of the impregnant into moisture-sensitive materials and
support for other characterisation techniques.

3.4.1. Initiation system development
Thermal initiators produce radicals by decomposing above certain compound-specific
temperatures (Odian, 2004). Such an initiator must dissociate at a fast enough rate to achieve
polymerisation in a reasonable time, but not too quickly. A pure thermal initiation is possible
for some monomers, but is typically too slow to deliver reasonable conversion rates within a
reasonable timeframe. The radical production proceeds via general reaction {17}:
ο

 ܫ՜ ܴ ή

{17}

where Δ symbolises heat.
This dissociation reaction typically produces two similar radical species, but can also produce
two different radical species or even a radical and a non-radical species (Odian, 2004). Thermal
initiators such as benzoyl peroxide (BPO) and azobisisobutyronitrile (AIBN) can be used to
initiate radical polymerisation. The radical production reactions for BPO and AIBN are
illustrated in {18} and {19}:

47

{18}

[19}
Compared to the reaction schema for irradiation-initiated polymerisation reactions {8–11c},
the radical production reaction scheme of thermally initiated polymerisation as shown in
general reaction {17} and in detail in reactions {18–19} are slightly simpler. The monomer
radiolysis reactions and other radiation-induced reactions are also absent, although other side
reactions can of course occur depending on the reaction system. A crucial similarity, however,
exists since the time-initiator concentration equation of thermally initiated polymerisation
appears analogous to the time-dose rate equation of irradiation polymerisation. Therefore,
comparable polymers can be produced following suitable adjustment to the initiator
concentration and reaction temperature (Beall & Witt, 1972).
This type of polymerisation can be easily performed in a laboratory setting. Furthermore,
these reactions produce reactive radical species within reasonable timeframes allowing
polymerisation to a high conversion within a few hours to a few days depending on the
reaction setup. In addition, such reactions are also adequately stable at room temperature,
although cooled solution storage diminishes the chance of premature polymerisation or
autopolymerisation.
The initiator concentration and the heating programme can be tailored, within certain limits,
to suit the specific needs of a given reaction system. The lower limit for the initiator
concentration lies where the radical production can overcome the residual inhibitor in the
monomer solution to reliably produce a high conversion rate polymerisation. While the
inhibitor can be removed from the mixture, the removal may increase the chance of
premature polymerisation. The C-14 label itself is a beta emitter, which can also act as an
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initiator. Therefore, it is better to simply add an excess of the initiator that can overcome the
inhibition. Alternatively, it is best to keep it as low as possible, while maintaining near-total
conversion rates. A higher initiator concentration increases the risk of overheating and
premature polymerisation during impregnation. Thus, a balance must be found between the
reliability of the polymerisation and the risk of any adverse effects.
The initiation system development must also take into account that an initiator must be able
to intrude into the same space as the impregnant monomer itself. It appears that only polar
molecules can penetrate the interlayer space in clays (Blumstein, 1965). Polar initiator
compounds are, however, available. For instance, BPO exhibits polar oxygen–carbon bonds
and AIBN exhibits polar carbon–nitrogen bonds. Fully aliphatic initiators, however, would be
unable to enter such small pore spaces. In addition, clay/polymer composites have also been
successfully prepared with thermal initiators such as BPO and AIBN in both unmodified
(Blumstein, 1965) and modified clays (Wang et al., 2002; Liu, et al., 2003; Zeng & Lee, 2001).
Furthermore, the initiator should be non-reactive towards the geomaterials. BPO was found
to decompose in the presence of iron (II) (Hasegawa & Nishimura, 1960). Yet, the iron (II)
concentration used in Hasegawa and Nishimura’s experiments were quite high and
precautions were taken against inhibition processes. In the case of the C-14-PMMA
impregnation of geomaterials, the expected concentration of free iron (II) should be
significantly lower and the residual inhibitor typically remains in the monomer mixture.
Therefore, premature redox reactions of primarily thermal initiators such as BPO are not likely
a major problem, except perhaps in the case of stones containing large amounts of wüstite or
magnetite or in the presence of iron (II)-rich pore waters. In such cases, other thermal
initiators could be used.

3.4.2. Water-soluble monomers for moisture-sensitive applications
HEMA, as shown in Figure 5, is a water-soluble monomer (Montheard et al., 1992), with a
hydroxyl functional group in its pendant group. It can be mixed with MMA, whereby the
resultant mixture is then sufficiently water soluble to penetrate into water-filled spaces.
Despite its higher viscosity, HEMA appears capable of entering into the interlayer space of
clays where it can undergo polymerisation using thermal initiators (Koç et al., 2013) and
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photoinitiators (Fecchio et al., 2016). Its suitability for impregnation of highly porous materials
such as bricks, gypsum and sedimentary rocks has also been investigated (Hellmuth et al.,
2011). The hydrophilicity can be useful in an in situ experiment wherein complete drying of
the sample material is laborious and difficult to achieve. A polymer made entirely of HEMA is
quite soft and the monomer itself is more viscous than water or MMA (Hellmuth et al., 2011).
Yet, when mixed with MMA in a sufficient ratio, the impregnation can be rapid, while still
maintaining the hydrophilic character and the resulting copolymer will be sufficiently rigid for
C-14-PMMA AG. The activity of the copolymer is still contained in the C-14-MMA and dilution
by the comonomer must be taken into account in the calculations. Because HEMA has a higher
viscosity than MMA, longer impregnation times may be necessary.
HEMA-based copolymers have been previously used to form a consolidating film on terracotta
artefacts (Langhals & Oginski, 2008), noting that the copolymer can be used for wet materials
as well.

Figure 5. Chemical structure of 2-hydroxyethyl methacrylate (HEMA)

3.4.3. Support for other imaging techniques
The limits of possible achievements through the combination of the C-14-PMMA impregnation
technique with others continues to be stretched. C-14-PMMA impregnation technique
development has broadened the possible range of applications, and technological
developments, including storage phosphor screen AG, allow for better measurements and we
seek to continue this wholesome development. In geomaterials studies, we also seek to
improve upon previous achievements by applying different measurement techniques in
tandem. Pore aperture measurement can be challenging if measured purely from
autoradiographs due to the resolution limits of the beta radiation range, although progress
has been made on the aperture estimation using AG in combination with simulation (Sardini
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et al., 2014). SEM imaging is, however, well-suited towards this task (Sprunt & Brace, 1974).
The pore apertures obtained via SEM can then be combined with spatial information to link
them to specific areas in autoradiographs. Through EDS measurements, it is also possible to
measure the composition of the possible pore fillings. The composition of fracture fillings has
been measured in granitic rock (Sahlstedt et al., 2014). Yet, this has not been carried out on a
micro-pore scale at Olkiluoto.
In addition, we identified as a development point the possibility of using contrast agents for
improved imaging in the two imaging techniques most commonly combined with the C-14PMMA impregnation technique—that is, X-ray tomography and SEM–EDS. C-14-PMMA does
not bring any notable additional contrast to X-ray tomography or SEM compared to the
mineral phases due to the low average Z-number of the compound. Fluorescent dyes have
been dissolved in MMA to improve the contrast in optical microscopy (Lähdemäki et al., 2007;
Hellmuth et al., 2011). Furthermore, the complexation of metal ions such as Co(II), Cu(II), Pb,
Eu(III) and U complexed using thenoyltrifluoroacetone has been examined (Hellmuth et al.,
2011). These complexes are quite soluble in MMA, and the Cu and U complexes were
identified in rock pores using SEM, although the signal strength was an issue and a long
measurement time was necessary. While contrast agents such as Wood’s metal have also
been used in the characterisation of geomaterials using SEM, intrusion appears to be a
pressure-driven process. Yet, this pressure can create artefacts (Klaver et al., 2015).
Furthermore, in some cases, the spatial distribution porosity information resulting from C-14PMMA AG is not necessary or cannot be properly exploited. Handling samples containing
radioactive materials might also be cumbersome or unwelcome.
Therefore, we aimed to test a contrast agent to mix with the tracer to improve the contrast in
both SEM and X-ray tomography, which does not require artefact-creating pressurisation and
could be fixed in place via the C-14-PMMA impregnation technique. Based on the literature
review, it appeared that filling the pore space with an artificial precipitate tends to hinder flow
and permeability rather than completely blocking it (Chagneau et al., 2015; Noiriel et al.,
2016), suggesting that such a two-part impregnation can be accomplished.
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4. Experimental
4.1. Materials
The materials used in these experiments primarily consisted of geomaterials, with man-made
brick as a test material. We used brick in article I as the test material. Brick, a ceramic material
with several favourable properties regarding its use as a test material, possesses a high
porosity and conductivity and was pre-treated at high temperatures.
Grimsel granodiorite, used in articles I and IV, consisted of samples collected from the Grimsel
Test Site (Switzerland). Its mineral composition includes K-feldspar, plagioclase, quartz, biotite
and small amounts of muscovite, apatite, sphene, epidote, zircon, chlorite, calcite and ore
minerals (Kelokaski et al., 2006). As a well-studied material (Möri et al., 2003) with a fairly
conductive pore system, Grimsel granodiorite allows for impregnation times on a reasonable
time scale.
Olkiluoto pegmatitic granite and veined gneiss were used in article III. Pegmatitic granite exists
as veins and irregular bodies in the bedrock of Olkiluoto area, and is primarily composed of
quartz, plagioclase, K-feldspar, muscovite and other accessory minerals.
Olkiluoto veined gneiss is one of the main rock types in the Olkiluoto bedrock. This rock type
was studied in articles III and IV, and is composed primarily of biote, quartz, K-feldspar,
plagioclase, cordierite, sillimanite, muscovite and small amounts of other minerals. Due to the
strong heterogeneity in the leucosome veins of this rock type, one sample can have a markedly
different composition compared with another (Ikonen et al., 2015).
Opalinus clay samples, originating from the Mont Terri site (Switzerland), were used in article
II. The Opalinus clay formation is a 80- to 120-m-thick subhorizontal formation in northern
Switzerland, consisting of well-consolidated, grey-to-black micaceous marine shale with
calcareous horizons. There are also beds and lenses of sandstones and siltstones.
Mineralogically, Opalinus clay primarily consists of phyllosilicates framework silicates,
carbonates and quartz. Several facies of differing compositions have been identified in the
formation. Shaly facies typically contain 20% quartz, 7% calcite and 65% clay minerals. Sandy
facies typically contain 30% quartz, 15% carbonates and 40% clay minerals. Carbonate-rich
sandy facies typically contain 30% quartz, 40% calcite and 20% clay minerals (Pearson et al.,
2003). The samples studied in article II came from this facies.
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4.2. Reagents
Reagent-grade methyl methacrylate was used in all of the experiments. Both inactive and C14-labelled varieties were used. The inactive MMA (Merck) was of a synthetic grade and had
a purity in excess of 99%. The C-14-MMA solutions were dilutions of the labelled monomer
from the Pharmaron UK ltd (Cardiff, United Kingdom).
Reagent-grade HEMA (Aldrich) was used in article II, with a purity of 97% and stabilised using
200 ppm of hydroquinone. All HEMA used in the experiments were inactive and, therefore, all
of the activity measured comes from the C-14-labelled comonomer MMA.
Benzoyl peroxide (BPO) (Merck) was used in all of the experiments, with a purity of 75%, the
remainder of which consisted of water. It was used without further purification.
Kodak BioMax MR films were used for AG in articles I through III. This type of film is optimised
for the detection of isotopes such as 14C. The films were developed in a darkroom under a red
light, using Kodak processing chemicals for the AG film developer from Sigma-Aldrich (PT7042)
for development and Kodak GBX fixer (Cat 190 1875) for fixation. These films were then
scanned using a Canon 9900F table-top scanner.
Fuji BAS TR2025 imaging plates were used in article III to provide supporting AG
measurements, scanned using a Fuji FLA5100 scanner.

4.3. Experimental plan
The polymerisation methods for thermally initiated polymerisation were developed. For
different monomer mixtures, different heating methods might be necessary. We tested the
developed methods in typical sample matrices and the obtained data were combined with
other techniques.
Articles I and II focused on method development. In article I, different initiator concentrations
and heating programmes were tested for the thermally initiated polymerisation of MMA.
These tests were followed by analyses on different sample matrices to determine if any
interference arose from the sample matrix. The tested matrices consisted of brick and Grimsel
granodiorite. Brick was selected because it was an easily available material that has a high
permeability and porosity. This translates into short intrusion times and a porosity that can be
53

readily quantified using a variety of techniques. Grimsel granodiorite was chosen because it
was a good representative of the rock type commonly investigated using this technique.
The conversion rates under the different reaction conditions were measured by following the
ratio of the monomer double-bond signal to the signals originating from the polymer
backbone using 1H-NMR. The molar masses of the polymers produced under these different
reaction conditions were measured using gel permeation chromatography (GPC). Both of
these measurements were calculated using crushed samples of brick and Grimsel granodiorite
or pure polymer in the case of vial polymerisations.
Preliminary analyses of the bulk porosities of brick and Grimsel granodiorite were carried out
using water gravimetry. The porosities of the impregnated samples were subsequently
measured using thermogravimetric analysis and C-14-PMMA AG. We compared the porosity
results over the different measurement techniques to each other and to values found in the
literature.
Figure 6 illustrates the optimisation process of the thermal polymerisation of MMA in different
matrices.

Figure 6. Development process for the thermally initiated polymerisation of MMA in brick and
Grimsel granodiorite from article I
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Suitable sample matrices were then impregnated with an HEMA/MMA solution and
polymerised, and then compared to sample matrices impregnated with just MMA as the sole
monomer. The use of the hydrophilic monomer HEMA was tested in Opalinus clay. Opalinus
clay is a good representative of mostly non-expanding clay. Another goal of this work focused
on ascertaining how potential coring damage could be seen in the autoradiographs (article II).
FESEM imaging was performed on the thermally polymerised samples to ascertain what
changes are associated with coring damage. The semiquantitative mineral composition of the
Opalinus clay was determined using X-ray diffraction.
Mixtures of HEMA and MMA were also tested on clay samples (article II). As such, we tested
different initiator concentrations, monomer feed ratios and heating programmes. The testing
regimen was broadly similar to the optimisation process for the thermally initiated
polymerisation of pure MMA. Figure 7 illustrates this process.
Porosities were measured for three types of samples: Opalinus clay impregnated with 100%
C-14-MMA and polymerised with gamma irradiation; Opalinus clay impregnated with C-14MMA and polymerised with the aid of a thermal initiator; and Opalinus clay impregnated with
a mixture of 75% HEMA and 25% C-14-MMA and polymerised with a thermal initiator. The
porosity values were obtained using C-14-PMMA AG, thermogravimetry and a comparison to
values found in the literature.

Figure 7. Development process for the thermally initiated polymerisation of two different
methacrylate mixtures in clay rock from article II
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Articles III and IV focused on application development. More specifically, article III focused on
combining pore aperture and pore filling data from SEM and spatial porosity data from C-14PMMA AG. The rock types studied using this approach consisted of pegmatitic granite and
veined gneiss from Olkiluoto used in in situ diffusion experiments at the Olkiluoto repository
site (Voutilainen et al., 2014). The bulk porosities and overall mineral compositions were
previously investigated (Ikonen et al., 2015). These rock samples were impregnated with C14-MMA and polymerised using the methods developed in this work. The polymerised
samples were then sawed and polished and the same sample surfaces were used for both C14-PMMA AG and SEM analyses. Figure 8 illustrates this process.

Figure 8. Characterisation process of the mineral porosity of pegmatitic granite and Olkiluoto
veined gneiss in article III

Article IV focused on the development of the contrast agent for imaging the connected
porosity via X-ray tomography and SEM. Caesium chloride (CsCl) was chosen as the contrast
agent and was intruded into Olkiluoto veined gneiss and Grimsel granodiorite sample
matrices. We tested different immersion times to ensure full intrusion of the contrast agent.
The samples were imaged with X-ray tomography before contrast agent fixation. This was
followed by impregnation with MMA and polymerisation into PMMA. Thus, this contrast agent
addition involves two distinct steps and the pores already have fillings when the MMA
intrudes into them. The contrast agent–laden samples were then imaged again using X-ray
tomography and additionally using SEM. Figure 9 illustrates this process.
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Figure 9. Development process for imaging connected porosity in crystalline rock using the
contrast agent–aided X-ray tomography and electron microscopy from article IV
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5. Supporting characterisation techniques
5.1. Porosity characterisation
5.1.1. Water gravimetry
Water gravimetry is based on measuring the amount of water soaked by the sample or,
conversely, drying a saturated sample to a constant weight (Melnyk & Skeet 1986). Using this
method (International Society for Rock Mechanics, 1979), the samples are first dried to a
stable weight. The sample is then immersed in water and the weight is measured at set
intervals. Once the weight no longer changes after several measurements, all of the connected
porosity has been filled with water. This saturated weight is then compared to the dry weight
of the samples. The ratio represents the connected porosity of the sample as measured by
water gravimetry. Water gravimetry measurements should always be completed in exactly
the same manner, preferably by the same person, since minute changes in the measurement
method can alter the results. Despite this, there is still a notable amount of uncertainty in the
final result. Water gravimetry also only provides the connected bulk porosity yielding little
information about the pore structure. Some conclusions regarding the overall pore structure
can be deduced from the saturation curve. For instance, the shape of the saturation curve can
provide the ratio between quickly filled highly connected porosity and more slowly filled
porosity.
Water gravimetry was used in article I. Here, the samples were first dried to a constant weight
in an oven at 105°C for at least 24 h. This was followed by saturation and weighing the samples
until no increase in the wet mass was noted. Thereafter, the samples were dried to a constant
mass. The samples were primarily 15-mm-thick rock cores with diameters of 38 to 45 mm.

5.1.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) measures the change in mass resulting from a temperature
change (Coats & Redfern, 1963). In porosity measurements, the tracer pyrolysed and released
from the pores is measured. In addition, TGA has been used to ascertain the amount of PMMA
external to the sample clay matrix as well as the amount within the clay matrix lamellae
(Blumstein, 1965). TGA measures the connected bulk pore space wherein the tracer intruded
(Möri, et al., 2003). Thus, the sample matrix ideally remains stable over the temperature
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programme. If it does not, the matrix decomposition should also be measured. For instance,
cement (Scrivener, et al., 2004) and clays (Mielenz et al., 1953) represent porous materials
whose compositions affect the TGA curve.
In articles I and II, we used TGA. As such, TGA samples were prepared by crushing rock samples
in a mill, collecting 40 to 90 mg of sample powder for a single analysis.

5.2. Imaging techniques
5.2.1. Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS)
Scanning electron microscopy (SEM) relies on bombarding a sample with electrons, which are
then deflected from the sample surface and from a short distance underneath or which detach
secondary electrons (SE) from the sample structure (Friel, 2003). Secondary electrons provide
information on the sample material morphology. Backscattered electrons (BSEs), by contrast,
yield more information about the phases of differing sample densities. This can be used to
separate different minerals in geomaterials (Lloyd, 1987). Electron microscopy can be
combined with energy dispersive X-ray analysis (EDS) to ascertain quantitative elemental
compositions. When an electron of sufficient energy strikes the atom, it can eject one of its
own electrons from the inner shells. This causes another electron from the outer shells to
replace the ejected electron, a process accompanied by the release of characteristic X-rays. In
an energy dispersive spectrometer, the X-ray energies are absorbed by the detecting material
producing pulses in the detector proportional to their energy (Friel, 2003). When studying
geomaterials, EDS can be used for elemental mapping (Anovitz & Cole, 2015).
In articles II, III and IV, we relied on SEM imaging in SE and BSE mode and EDS, using a Hitachi
S-4800 model with an Oxford Instruments Inca X-Sight X-ray diffractometer. Some analyses
were also performed using a Jeol JSM-7100F Schottky with an Oxford Instruments EDS system.

5.2.2. X-ray tomography
X-ray tomography measures the differences in X-ray attenuation within a sample (Voutilainen,
2012; Kuva, 2016). Generally, this corresponds to the different densities of various phases in
a specific material. In geologic materials, for example, different minerals have different
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densities. The various areas with different attenuation coefficients appear as different shades
of grey. The X-ray tomograph scans the sample producing a 2D image. The sample is then
rotated in small increments with a scan taken at each step. Completing a scan over the entire
depth of a sample can produce a reconstructed 3D-voxel map of the sample. Typically, the
analysis of tomographic images requires considerable image analysis. This image analysis
improves the quality and detectability of the details and allows for segmentation. The quality
of the tomographic images can be improved both within the measurements by adjusting
instrument settings and in the image reconstruction by adjusting the image handling
parameters. Segmentation is used to differentiate the component phases of samples.
Micrometre-scale tomography represents the most common scale for X-ray tomography in
geomaterials, although nanometre-scale tomography is also possible. The choice of scale
depends on the scale of the features examined.
We used X-ray tomography in article IV, performed using a SkyScan 1172 table-top scanner.
Imaging was completed at a 6.1-μm voxel size using a source voltage of 100 kV and a source
current of 80 uA. The images were reconstructed using the SkyScan NRecon software.

5.3. Polymer characterisation techniques
5.3.1. Nuclear magnetic resonance spectrometry (NMR)
Nuclear magnetic resonance (NMR) spectroscopy measures the effects of the local chemical
environment on the magnetic properties of nuclei (William & Fleming, 1995). When placed in
a magnetic field, the NMR active nuclei absorb at a frequency characteristic of the isotope.
The local chemical environment causes slight changes to this frequency. Both this frequency
and the fundamental resonance frequency are directly proportional to the magnetic field
strength. Thus, the frequency shift can be converted into a field-independent dimensionless
value called a chemical shift. The chemical shift is typically reported relative to a reference
frequency. Because all nuclei emit unique signals depending on their chemical environment,
information regarding the molecular structure can be obtained (Williams & Fleming, 1995).
The size of the peaks is also proportional to their number in the molecule and in the overall
sample. Therefore, the peak integrals can be used to measure the conversion (Odian, 2004).

60

We used NMR in article I and in the preliminary analyses performed in article II to determine
the conversions of the tested polymerisation reactions. NMR samples were prepared using
solid-phase extraction of the sample powder with a suitable solvent, typically CDCl3. The
amount of sample powder required depended on the porosity of the sample.

5.3.2. Gel permeation chromatography (GPC)
In gel permeation chromatography (GPC), the solution is run through a column filled with
porous gel particles (Odian, 2004). The separation of the solutes relies on size of the
hydrodynamic volume of the solutes. Smaller solutes experience an increased retention in
these porous particles since they can enter them. Therefore, the solutes exit the column in
decreasing order of hydrodynamic volume. This hydrodynamic volume is proportional to the
molar mass of the solute and, with a standard set of a suitably similar chemical nature, the
molar weight and the molar mass distribution can be measured.
We used GPC in article I to ascertain the molar masses of the polymers produced under
reaction conditions. As noted in Table 1, rigid and well-entangled polymers are necessary, and
this is achieved via high molar mass polymers. We also used GPC to attempt measurement of
HEMA-based polymers in article II, but these could not be dissolved in any available GPC
solvents. GPC samples of impregnated rock samples were prepared via solid-phase extraction
of the sample powder using tetrahydrofuran. The required amount of sample powder
depends on the porosity of the sample. Therefore, brick samples required only about 20 mg
and crystalline rock samples required about 600 mg of sample powder.
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6. Results and discussion
6.1. Thermally initiated polymerisation of MMA in brick and Grimsel granodiorite
(article I)
The initial method development aimed to produce similar end results with thermally initiated
polymerisation as those previously obtained via irradiation polymerisation. Towards this end,
we tested different initiator concentrations, temperatures and reaction time conditions. The
optimum conditions consisted of 0.5% (w/w) BPO and a 16-h heating programme at 55° C.
These conditions were tested in brick and Grimsel granodiorite matrices, finding that no
harmful interference occurred from the sample matrices.
Granitic rock is a typically fractured, low porous rock with grains ranging from a micrometre
to centimetre scale. Because the pores of granitic rock are mostly of a micrometre scale, we
expected that adding an initiator compound to the mixture would do little to hinder the
intrusion of the tracer mixture. Herein, we compared results from thermally and radiationinitiated polymerisation. Supporting data were obtained for porosity via water gravimetry and
thermogravimetry. We analysed the conversions and molar masses of the resulting polymers
using 1H-NMR and GPC, respectively. Conversions primarily reached in excess of 90%. At this
level of conversion, the plasticising effect of a residual monomer is low enough that the
polymer remains quite solid. It does, however, present some radioactive hazard, which can be
counteracted by allowing the residual monomer to evaporate in a fume cupboard. The molar
masses as determined using GPC were high enough to result in rigid polymers. The porosity
results obtained were in good agreement across various methods. Table 2 provides a summary
of these results.
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Table 2. Average results for the thermally initiated polymerisations of MMA in different
matrices. All reactions carried out at 55° C for 16 h. Results from article I.
Sample type
Vial

Brick

Grimsel granodiorite

Conversion (%)

96.0

98.4

92.5

Mn (g/mol)

530 514

671 600

910 450

Mw (g/mol)

729 295

897 750

1 081 500

Mw/Mn

1.37

1.33

1.22

31.7±0.2

1.0±0.4

31.4±3.1

0.9±0.1

32.0±0.1

0.8±0.1

Porosity by TGA (%)
Porosity by
autoradiography (%)

—

Porosity by water
gravimetry (%)

We performed AG on samples impregnated and polymerised according to the developed
procedures. Figure 10 provides examples of these autoradiographs. Here we can see that
impregnation appears to have been complete and no polymer was leached during sample
handling.

Figure 10. Surface scan (top left) and corresponding film autoradiograph (top right) of brick.
Surface scan (bottom left) and the corresponding autoradiograph (bottom right) of Grimsel
granodiorite. Sample is 3 cm in both cases. Figure adapted from article I.
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Overall, thermally initiated polymerisation produced results similar to those obtained via
irradiation-initiated polymerisation (Kelokaski et al., 2006; Sardini et al., 2006; Leskinen et al.,
2007). Based on the success here, the next step aimed to test similar procedures on finegrained clay rock. Therein, we could evaluate copolymerisation with water-soluble monomers
such as HEMA, since the drying necessary for proper intrusion of MMA into all of the
connected space can create artefacts (Hellmuth et al., 2011).

6.2. Thermally initiated polymerisation of methacrylates in clay rock (article II)
Clay grains are typically found on the micrometre to nanometre scale. The pore apertures fall
mostly within the nanometre range. Thus, any compound used in the tracer mixture should
intrude effortlessly into the smallest pores. Fine-grained sedimentary rock was previously
investigated using C-14-PMMA AG (Sammartino et al., 2001; 2002; Parneix et al., 2012;
Robinet et al., 2015). These previous experiments relied on gamma irradiation to initiate the
polymerisation reaction. However, MMA polymerisation has been performed through the
thermal initiation in the interlayers of clay minerals (Blumstein, 1965); we, therefore,
investigated the feasibility of using thermal initiation within the context of C-14-PMMA AG
analysis of clay rocks. Due to the special properties of clay rock, we examined several issues
related to application development for clay rock. Clay rock can change significantly following
water saturation. Thus, initial studies focused on ascertaining the possibility of using watersoluble monomers. In this way, the sample would not necessarily require full drying. Here, we
compared results from irradiation-initiated and thermally initiated polymerisation.
Furthermore, clay rock tends to be softer than crystalline rock, making it more susceptible to
coring damage. We, therefore, also investigated coring damage, since it is a highly possible
artefact from sample preparation. Supporting porosity information was obtained via TGA and
the literature (Pearson et al., 2003) on the sample material. Due to the heterogeneity of the
sample material and the small scale of the mineral grains, we performed X-ray diffraction and
SEM-EDS analyses.
As such, we produced an optimised polymerisation method to test the polymerisation of poly
(HEMA-co-MMA) and different monomer ratios. We found that a mixture of 75% HEMA and
25% C-14-MMA with 0.5 wt% BPO yielded the best mechanical properties. The temperature
programme developed was a gradient programme with an increase to 75°C over 20 h,
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followed by a gradual cool down to 60° C during the subsequent 30 h. The temperature
programme lasted 60 h in total. Opalinus clay samples were impregnated with this mixture of
HEMA and C-14-MMA, the previously (article I) optimised mixture using only C-14-MMA and
C-14-MMA polymerised using gamma irradiation. The Opalinus clay samples were successfully
polymerised using all of these methods, producing autoradiographs on their basis. Figure 11
provides an example of the resulting C-14-PMMA autoradiographs. The impregnation appears
thorough and we obtained reasonable values for the porosity results. We see, here, that a
darker-coloured rim is visible in the surface scan and the sample autoradiograph.

Figure 11. Surface scan (left), corresponding autoradiograph (centre) and porosity histogram
(right) of clay rock sample impregnated with a mixture of 75% HEMA and 25% C-14-MMA.
Figure from article II.

We also used SEM-EDS analyses to investigate the nature of this darker rim, the results of
which appear in Figure 12. We see here that the morphology of calcium-containing minerals—
in this sample, mostly calcite—changes near the sample edge. Along the edge, these calciumcontaining minerals apparently fractured, since their average grain size is smaller. This same
conclusion was reached through an analysis of both thermally polymerised samples that
underwent the same sample preparation treatment. The width of the disturbed zone was
different, however. The likely reason for this is the order on which the samples were drilled,
since this along with the drilling time will affect the temperature of the drill. Because only two
samples were drilled, we did not obtain sufficient material for statistical analysis. However,
we aimed to determine the presence and the nature of a drilling artefact, which was
successful.
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Figure 12. SEM BSE image (top) and corresponding SEM-EDS elemental map (bottom) from the
clay rock sample impregnated with a mixture of 75% HEMA and 25% C-14-MMA. Figure from
article II. Legend: red = calcium, blue = silicon, green = aluminium, blue + green = aluminium
and silicon. XRD and SEM-EDS spot analyses were used to determine that calcium-bearing
minerals were calcite, silicon-bearing minerals tended to be quartz and aluminium- and siliconrich zones were filled with clay minerals.

Table 3 summarises the results from the tests conducted. We see here that the different
monomer mixtures and initiation method combinations produce fairly similar porosity values.
We did not, however, obtain precisely similar values, since the sample material represents
heterogeneous rock. The results here are, however, in line with previous results for this rock
type. In the reference sample, the disturbed zone was identified as consisting of more highly
porous bands that happen to occur along the sample edges. This demonstrates that AG is
required to visually distinguish a disturbed zone, since a profile trend can represent something
else as well.
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Table 3. Film autoradiography porosity results from samples impregnated with different
monomer mixtures. The irradiation-initiated sample served as the reference sample. Data
adapted from article II.
Monomer mixtures

Initiation type
Mean total porosity
Mean disturbed zone
porosity
Mean undisturbed zone
porosity

75% HEMA, 25%

100% MMA

100% MMA

Irradiation

Thermal

Thermal

7.6

7.9

7.6

14.0

11.8

11.9

7.2

6.8

6.3

0.4% / 5.3%

1.1% / 16.2%

1.3% / 20.6%

MMA

Difference between total
and undisturbed porosity
(absolute % / relative %)
Overall, these results show that similar porosity results could be obtained via thermal
initiation and irradiation initiation on clay rock. A mixture composed of 75% HEMA and 25%
C-14-MMA yielded similar results to those obtained using 100% MMA. In addition, these
results approached previously obtained findings relying on the same technique for another
set of Opalinus clay samples (Parneix et al., 2012). The mean porosity values fell along the
lower limit of the spectrum of the porosity values obtained for Opalinus clay (Pearson et al.,
2003). However, the samples studied here originated from carbonate-rich sandy facies, and
previous work found that in Opalinus clay and Callovo-Oxfordian clay the porosity is inversely
correlated with the carbonate and quartz concentrations (Houben et al., 2014; Robinet et al.,
2015). Furthermore, the results here appear promising given the potential for in situ or
saturated sample studies. We also found that drilling artefacts occur and can be easily
distinguished through a visual inspection of the autoradiograph. Similarly, such artefacts result
from the break-up of calcium-bearing grains (mostly calcite) in the disturbed zone.

6.3. Multiscale study of mineral porosity (article III)
In article III, we investigated the links between porosity and mineralogy on different scales.
This work fell under the project investigating the retention properties of the Olkiluoto bedrock
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or the REtention PROperties (REPRO) project (Voutilainen et al., 2014; Ikonen et al., 2015).
Two long-term experiments are ongoing at the ONKALO repository site at Olkiluoto, both of
which aim to increase our understanding of the retention properties of radionuclides
(Voutilainen et al., 2014). Similar long-term experiments to understand the diffusion of
radionuclides in bedrock have been undertaken at the Grimsel Test Site in Switzerland (Soler
et al., 2015) and the Äspö Hard Rock Laboratory in Sweden (Widestrand et al., 2010). These
experiments were supported by detailed rock matrix characterisation, while shorter scale
experiments have also benefited from detailed information on the spatial distribution of
porosity and mineralogy (Widestrand et al., 2007; Muuri et al., 2017). While in general the
quality of the Olkiluoto bedrock is good and weak weathering is restricted to a few waterconducting fractures (Toropainen, 2012), in the geological history of Olkiluoto different
alteration processes have taken place (Smellie et al., 2014) and these processes can result in
local changes in the porosity. Altered crystalline rock tends to be more porous than unaltered
rock. Furthermore, alteration can lead to the formation of clay minerals (Smellie et al., 2014),
and the presence of clay minerals can change the retention properties of the rock matrix.
Radioactive isotopes relevant to the final deposition of spent nuclear fuel, that are found as
cations, appear to experience retention in clay minerals (Fuller et al., 2015; Mukai et al., 2016),
while anions experience a variable amount of anion exclusion (Smith et al., 2004; Van Loon et
al., 2007; Glaus et al., 2010).
The amount of these minerals is rather low in crystalline rock, making their characterisation
challenging using bulk methods such as X-ray powder diffraction (XRD), since the sample
matrix also contains many other minerals with strong diffraction patterns. These factors and
many others contribute to the difficulty of reliably measuring the amount of clay minerals,
especially if they are found in low abundance (Jozanikohan et al., 2016). XRD measurements
tend to be semiquantitative in nature with a typical margin of error reaching ±3% (Hillier,
2000), a rather substantial margin when the relevant minerals are found primarily in low
abundance in crystalline rock. In addition, bulk measurements do not yield any information
on the spatial distribution of the minerals. SEM imaging combined with EDS, however, can
provide localised information on elemental compositions, which in turn can be used to deduce
mineral compositions. Thus, we decided to examine samples from the REPRO project in
further detail. Initially, we examined the bulk porosities obtained via water gravimetry, argon
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pycnometry and C-14-PMMA AG, as well as the mineralogical information provided by
polarisation microscopy (Ikonen et al., 2015). From there, we created C-14-PMMA film
autoradiographs and analysed the same surfaces using SEM-EDS. In this way, local porosities
could be combined with local mineralogical information.
Based on the obtained film AG and SEM-EDS results, we conclusively found that areas of high
porosity corresponded with areas of high alteration. While the rock is on average only slightly
altered, areas of high alteration locally exist. In addition, SEM-EDS analyses illustrated in
further detail the nature of the pore fillings found through polarisation microscopy (Ikonen et
al., 2015).
In pegmatitic granite, we found that the pore network dominated by the grain boundary and
intergranular porosity. This pore network exhibits a low tortuosity and is well-interconnected.
Figure 13 provides an example of the spatial distribution of the porosity in pegmatitic granite.

Figure 13. Surface scan (left), corresponding autoradiograph (centre) and corresponding
porosity map (right) of Olkiluoto pegmatitic granite. The scale of the sample is 4 cm by 2.8 cm.
Notation of areas a through d correspond to notation of areas a through d in Figure 14 (below)
and are provided in more detail therein. Figure adapted from article III.

In pegmatitic granite, most pores were unfilled, although a notable number of the pores in
plagioclase were filled with secondary muscovite. Some primary muscovite grains had also
altered locally to illite and further to kaolinite. The measured pore apertures, either filled or
unfilled, varied from 0.5 μm to 30 μm. Overall, we found that larger apertures associated with
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the alteration processes, although some intergranular pores likely resulting from a brittle
deformation were also quite wide. Figure 14 provides examples of the SEM imaging of
pegmatitic granite.

Figure 14. SEM-BSE imaging of Olkiluoto pegmatitic granite. Notations of areas a through d
correspond to those used in Figure 13 (above). a) SEM-BSE image of quartz, K-feldspar,
plagioclase and muscovite grains. b) Detailed view of a K-feldspar grain with a muscovitic
alteration in perthite strings (albite). c) Muscovite/illite-filled intergranular fissure in K-feldspar
with perthite intergrowths. d) Highly altered fine-grained phase between primary muscovite
and plagioclase. Legend: APA = apatite, ILL = illite, MU = muscovite, MU-ILL = muscovite-illite
mixture, PFS = K-feldspar, PL = plagioclase, Q = quartz. Figure adapted from article III.

In veined gneiss, the pore network is rather different from that of pegmatitic granite, being
tortuous and more constricted. In Figure 15, we see few straight and wide pores and fissures
on this scale, which are the mainstay of the pore network visible in Figure 13. Here,
intragranular porosity forms the larger portion of the porosity. An example of the spatial
distribution of porosity is presented in Figure 15.
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Figure 15. Surface scan (left), corresponding autoradiograph (centre) and the corresponding
porosity map (right) of an Olkiluoto veined gneiss sample. The scale of the samples are 4 cm
by 2.8 cm. Notations of the areas a through d correspond to those that appear in Figure 16
(below) are provided in more detail therein. Figure adapted from article III.

In veined gneiss, more filled pores were present. Cordierite represented the most altered
mineral, altering to pinite to varying degrees. Pinite was typically found in vein-like formations
that widened and interlinked increasingly alongside increasing pinitisation. Biotite appeared
as primary biotite and as part of border (or b-pinite) composed of biotite and muscovite. In
the interlamellar pores of primary biotite, kaolinite represented the most common filling. By
contrast, b-pinite is composed of irregularly alternating layers of biotite and muscovite. The
pore apertures for most grain boundary and intragranular pores reached 1 to 3 μm. In altered
minerals, we found a wider range of apertures of 1 to 35 μm. Here, the alteration processes
were connected to a wider range of apertures. Figure 16 provides examples of the SEM
imaging results for veined gneiss.
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Figure 16. SEM-BSE imaging of an Olkiluoto veined gneiss sample. Notations of the areas a
through d correspond to notations a through d used in Figure 15 (above). a) SEM-BSE image
of biotite lamella with a thin (20 μm) muscovite flake with some illite present along the mineral
border, probably as the alteration product. b) Biotite lamella with a 13-μm intragranular
calcite filling. c) Biotite flakes surrounded by border-type pinite composed of muscovite and
biotite, with a large cordierite grain on the left side partly altered to pinite beginning from the
intragranular fissures. d) Close-up of the centre-left area from Figure 16 c) Highlight of both ftype pinite veins and b-type pinite grains. Legend: BT = biotite; CLS = calcite; CRD = cordierite;
ILL = illite, MU = muscovite; b-PI = border-type pinite, f-PI = fissure-type pinite, PL = plagioclase,
Q = quartz, SPH = sphalerite. Figure adapted from article III.

Table 4 summarises the pore characteristics of pegmatitic granite and veined gneiss obtained
through SEM analysis. From this data, we find that grain boundary pores have a wider
distribution in pegmatitic granite. Furthermore, intragranular pores have a wide distribution
in both rock types, although in veined gneiss they tend to be more tortuous. Pegmatitic granite
has a notable amount of transgranular fissures that cut through more than one mineral. Yet,
this kind of porosity resulting from brittle fracturing is less evident in veined gneiss. Fillings
were found in the pores of both rock types, but appear more commonly in veined gneiss. In
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pegmatitic granite, fillings appeared in some of the plagioclase minerals. One common feature
was that, in perthitised K-feldspar grains, the perthite strings had altered, becoming finegrained muscovite. The primary muscovite grains of the pegmatitic granite were also partially
altered to illite and, at times, further to kaolinite.
In veined gneiss, the pore fillings were primarily found in biotite and cordierite grains. Some
instances of the intragranular pores of fractured quartz filling with kaolinite or other clay
minerals also occurred. The interlamellar pores of biotite were nearly universally filled. In
biotite, fillings consisted of kaolinite. Cordierite represented the most altered mineral of
veined gneiss. In fact, cordierite almost always was present with at least some level of
alteration and, in many cases, a high degree of alteration. Cordierite had altered to pinite, a
heterogeneous assemblage of minerals that can take several forms and compositions. The two
most common types consisted of border or b-pinite composed of biotite and muscovite, and
fissure or f-pinite composed of an assemblage of clay minerals.
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Table 4. Summary of pore characteristics for pegmatitic granite and veined gneiss by SEM.
Data adapted from article III.

Mineral
K-feldspar
K-feldspar
K-feldspar
K-feldspar
K-feldspar / plagioclase
K-feldspar / plagioclase
Primary muscovite
Quartz / K-feldspar
Quartz / primary
muscovite

Mineral

Pegmatitic granite
Pore size
Pore type
(μm)
Unconnected
2.0–6.0
Transgranular
2.0–20.0
Intragranular
1.0–5.0
Intragranular
0.5–1.5
Intragranular
<1.0–5.0
Intragranular
10.0–30.0
Intragranular
1.0–10.0
Grain
1.0–2.0
boundary
Grain
3.0–12.0
boundary
Veined gneiss
Pore size
Pore type
(μm)

Filling
No
No
Muscovite–illite
No
No
Muscovite
Illite
No
No

Filling

Biotite

Interlamellar

1.0–35.0

Biotite

Interlamellar
Grain
boundary
Grain
boundary
Grain
boundary
Intragranular
Intragranular
Grain
boundary
Unconnected
Grain
boundary
Intragranular
Intragranular
Unconnected
Grain
boundary

13.0

Kaolinite or muscoviteillite
Calcite

0.5–1.5

No

0.5–1.5

No

0.5–5.0

No

1.0–37.0
0.5–2.0

F-pinite
No

2.0

No

1.0

No

1.0–1.5

Kaolinite

2.0
1.0–20.0
1.0

No
Kaolinite or kaolinite–illite
No

1.0

Kaolinite

Biotite / quartz
Biotite / K-feldspar
Cordierite
Cordierite
K-feldspar
K-feldspar / quartz
Plagioclase
Plagioclase / quartz
Quartz
Quartz
Quartz
Quartz / sillimanite

From these results, we may draw the following conclusions regarding the effect of different
rock types on the diffusion of radionuclides. It is quite possible that the pegmatitic veins within
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the larger veined gneiss formations act as areas of faster transport due to the larger average
pore apertures and diminished tortuosity. We found a clear effect of the pore structure in
chloride diffusion experiments in veined gneiss and pegmatitic granite. Two-component
modelling yielded the best fit to the experimental results (Sammaljärvi et al., 2017). In
pegmatitic granite, the diffusion coefficients were notably different from each other,
reflecting the diffusion in the large aperture–connected pores opposed to the slower diffusion
in the smaller aperture and filled pores (Sammaljärvi et al., 2017). While veined gneiss can
have a similar bulk porosity, its pores tend to be more tortuous with narrower grain boundary
pores, decreasing the diffusion rates of elements. These grain boundary pores provide the
shortest routes through the rock. Veined gneiss, however, possesses an abundance of small
intragranular porosity. This porosity is either small in size or in effective aperture, since the
bulk of the larger pores are filled. In this manner, the intragranular porosity can act as a kind
of sink for any tracer passing through and doing so decreases the diffusivity.
Turning our attention to the tracer tests from the REPRO niche, it is possible that anion
exclusion will affect the charged tracers. Anion exclusion phenomenon has been found to exist
in clay mineral phases at varying strengths (Glaus et al., 2010). In veined gneiss, we found
pinite and kaolinite in notable amounts. Pinite consists of minerals such as illite and smectite,
which carry a strong anion exclusion potential. The laboratory scale through-diffusion tests of
different tracers already demonstrated that chloride is affected by anion exclusion in veined
gneiss, while such an effect was not observed in pegmatitic granite (Voutilainen et al., 2017a;
2017b). Thus, cationic tracers may experience enhanced retention in veined gneiss, while
anionic tracers will diffuse faster through the rock matrix in the in situ experiments taking
place at the REPRO site.

6.4. Contrast agent for X-ray tomography and scanning electron microscopy (article
IV)
Article IV focused on the fixation of caesium chloride as a contrast agent for X-ray tomography
and SEM image analysis. Many contrast agents such as mercury and Wood’s metal are
intruded into a sample via a pressure-driven process, which can create artefacts (Klaver et al.,
2015). Here, we aimed to intrude a contrast agent via passive diffusion. Thus, we chose CsCl
since it can be intruded in a saturated water solution; due to the high atomic number of
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caesium, it can form a dense phase clearly visible with the techniques used. In these tests, we
used samples taken from sites used in two in situ transport experiments: LTD from the Grimsel
Test Site (Soler et al., 2015) and WPDE (Voutilainen et al., 2014) from ONKALO as a part of the
REPRO project. Both of these locations host experiments that have used caesium as a tracer
in the concentration resembling repository conditions. Results from the LTD experiment
indicated that mineral heterogeneity is important for the retention of caesium. Therefore,
information already exists regarding how caesium may behave in these types of rock,
rendering them ideal test samples.
Therefore, we intruded a solution saturated with excess CsCl into the pores of Grimsel
granodiorite and Olkiluoto veined gneiss samples. We then tested different immersion times
to insure full intrusion. Because CsCl is water soluble, the fixation agent needs to be sparingly
water soluble to prevent mobilisation of the contrast agent. MMA fulfils this condition. Thus,
CsCl was then fixed in place by impregnating the samples with inactive MMA and subsequent
thermally initiated polymerisation. Here, we used the polymerisation method developed
during article I.
We found that CsCl was well-fixed in place and no notable amount was leached away during
subsequent sample handling, despite the water solubility of CsCl. Immersion time in the CsCl
solution produced no effect on the results, leading us to conclude that full immersion was
already completed in the shortest timescale used. X-ray tomography was supported by the
SEM–EDS analysis, whereby we noted a contrast improvement using both techniques. Figure
17 illustrates the contrast enhancement as seen using SEM imaging.
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Figure 17. SEM–BSE imaging of Olkiluoto veined gneiss. Top left: Filled fissure in quartz (Q)
grain. Top right: Pinitised (PI) cordierite (CRD). Bottom left: Unaltered biotite (BT) with
kaolinite–filled (KLN) interlamellar pores, showing saw damage on the sample surface. Bottom
right: Partially pinitised cordierite. Biotite and muscovite (MU) flakes are also present on the
right-hand side of the image. Figure adapted from article IV.

We also compared SEM-EDS imaging and X-ray tomography, which is summarised in Figure
18. Here, we clearly see the CsCl phase in the elemental maps produced using SEM-EDS and
in the X-ray tomography image.
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Figure 18. SEM–BSE image (far left), SEM-EDS Cs elemental map (middle left), SEM-EDS Cl
elemental map (middle right) and X-ray tomographic image (right) of an Olkiluoto veined
gneiss sample. Figure adapted from article IV.

The CsCl phases highlight the open pore space in both techniques. In pinitised cordierite, we
found a higher abundance of Cs than Cl. Because pinite is composed of clay minerals such as
illite and smectite, whereby anion exclusion possibly explains the disparity. Cs sorption into
clay minerals may also have played a part as well, despite a saturation concentration that is
not ideal for sorption. Some pore space was not highlighted, possibly resulting from a sample
preparation artefact. This conclusion is supported by the fact that many of the unfilled pores
appeared in brittle quartz minerals, which are prone to fracturing. Compaction artefacts,
however, were not noted in the results, contrary to findings from pressure-intruded contrast
agents (Klaver et al., 2015; Desbois et al., 2016), because the process used here did not require
high pressures.
In future, however, research should attempt to improve our understanding of the kinetics and
distribution mechanics of the contrast agent. In another study where the pores of illite were
clogged with celestite, the precipitation conditions were strictly controlled (Chagneau et al.,
2015). It is possible that better control over the precipitation process will further improve the
contrast agent distribution.
In any case, this work demonstrates that the concept of filling pores with a contrast agent in
principle works. We may conclude that these methods could be (1) used in an experiment with
a shorter immersion time to obtain information on the intrusion speed. Furthermore, these
methods could be (2) further developed by applying AG to provide complementary imaging of
the spatial activity with a radioactive contrast agent and (3) applied to provide the spatial
distribution of the elements used in in situ diffusion experiments such as LTD and TDE. In
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addition, these methods may be (4) applied to construct a 3D map of the contrast agent
distribution using tomography. This was accomplished previously using contrast agents such
as Wood’s metal (Pyrak-Nolte et al., 1995).
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7. Conclusions and outlook
Our results expand the methodology and the scope of applications of the C-14-PMMA
impregnation technique, while maintaining its robustness. Thermally initiated polymerisation
produced similar porosity results to those previously obtained via irradiation-initiated
polymerisation. This extends the potential use of the technique in normal laboratory
conditions without needing exotic facilities such as a Co-60 source, and reducing experiment
times, since the irradiation facility might not be available for the dose rate needed for
polymerisation within a reasonable time frame. Thermally initiated polymerisation, by
contrast, can be accomplished in a normal laboratory setting and overnight. Furthermore, we
can reasonably assume that broadly similar reaction conditions are suitable for use with other
thermally degrading radical initiators. Overall, we noted no differences in the autoradiographs
produced via the tracer polymerised using different methods. This held true for all of materials
studied including brick, Grimsel granodiorite, Opalinus clay, Olkiluoto veined gneiss and
Olkiluoto pegmatitic granite.
The possibility of carrying out in situ experiments within repositories, where complete drying
of the sample material is difficult, relies on using water-soluble monomers as impregnants.
We tested these monomers and their mixtures, and found results comparable to those
obtained via a simpler mixture of one impregnant and a radical initiator. Therefore, working
with partially or fully water-saturated rock samples should also be further investigated. Clay
rock represents a good example of a material with a different structure depending on the
saturation state. Soil represents another such material. The properties of these materials
strongly depend on their saturation state. Thus, being able to fix them into plastic and studying
their properties at different saturation states would prove useful.
Furthermore, in article III, we combined the spatial distribution of porosity on hand specimen–
scale samples provided through C-14-PMMA AG and the local mineral composition on a
micrometre scale provided through SEM imaging. Combining this information illustrated the
relationship between macroscopic rock porosity and the microscopic structure. In this study,
we selected the areas of interest, although a more wide-scale mineralogical mapping could be
carried out in future. In addition, in article II, we combined centimetre-scale AG with SEM
imaging of the same area with suitable magnification, a combination that should become
routine in future. The measurements of the pore apertures helped explain some of the results
80

already obtained from matrix diffusion experiments. The clay mineral findings in the pore
structure of the Olkiluoto bedrock may have implications for the modelling of matrix diffusion
in bedrock, since the cations often experience strong retention in clay minerals, while anions
are excluded from the pore spaces of certain clay minerals. In particular, long-term
experiments at Olkiluoto will benefit from an improved understanding of the rock matrix.
The CsCl fixation study detailed in article IV demonstrated that other tracers could be fixed via
impregnation using MMA. We found that, while a contrast agent compound filling the pores
was already present, complete infiltration by MMA could be achieved. PMMA was, therefore,
capable of holding all of the tracer in place. This study should be repeated with other tracer
compounds, particularly those relevant to the final deposition of spent nuclear fuel. In
addition, repeating the study with isotopes such as

134Cs

to simultaneously obtain an

autoradiographic image of the Cs distribution may also prove interesting.
While this study focused primarily on natural materials, the methods developed could easily
be applied to porosity analyses of man-made materials, such as cement and concrete. The
interfaces between man-made and natural materials also represent another area for future
investigations.
The future development of C-14-PMMA AG does not just involve new materials, but also
applies to taking advantage of technological developments related to it and other techniques.
One promising avenue lies in combining it with stimulated emission depletion microscopy
(STED)–based analysis to produce nanoscopy, thus complementing the porosity distribution
information. This could be particularly useful for altered areas of crystalline and clay rock,
which have very small pore apertures. Another important development lies in filmless AG
provided by parallel gas chamber detector systems, such as Le Beaver, wherein the local
activity is directly measured from the sample. Thus, the development process is simplified by
the omission of films or imaging plates which must be exposed and developed. This approach
could lead to fewer uncertainty factors in the measurement of porosity.
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