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Clay rock porosity analysis with C-14-PMMA autoradiography was the focus of this work. Methodology for im-
pregnating clay rock with C-14 labelled methacrylate, and fixing it via free radical polymerisation initiated
with thermal initiator was developed towards this end. The effect of drilling was of particular interest because
of their effect on the porosity and therefore they were studied in detail. Two different methacrylates were tested
in this work. C-14 labelling enables measuring porosity through the autoradiography of samples impregnated
with methyl methacrylate (MMA). The supporting analysis was done with thermogravimetric analysis (TGA),
Scanning Electron Microscopy supplemented by energy dispersive X-ray spectrometry (SEM/EDAX) and X-ray
diffraction (XRD).
Procedures for impregnating clay rock and fixing C-14-labelledmethacrylates in the samplewere developed and
optimised successfully. The two clay rock discs studied had mean porosities of (7.9 ± 0.8) % and (7.6± 0.8) % as
measured by autoradiography. Autoradiography also shows that a disturbed zone can be seen as a region of high
porosity in the drilled clay rock cores. In this case, the porosity of the disturbed zone ismore or less double of the
bulk porosity. TGAmeasurements gave bulk porosity values that varied between 4.1–15.0%. The TGA valueswere
uncertain due difficulties associated with the sample matrix degrading at the same time as the methacrylate in-
side the sample. They could still be used to estimate the general range of the porosity. Pure MMA gave bulk po-
rosity of (12.9± 7.5) %whilemixture composed of 75% Hydroxyethyl methacrylate (HEMA) and 25%MMA gave
a bulk porosity of (4.1 ± 6.0) %. SEM/EDAX results showed that calcite grains were more fractured than quartz
grains in the disturbed zones. Quartz grains weremostly unaffected. This supports the conclusion that the poros-
ity increase in the disturbed zone is intergranular and result of the break-up of calcite grains.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Clay rock porosity is an important parameter for many applications,
such as oil drilling (Lucia, 2007) and deposition of spent nuclear fuel
(Andra, 2005). In deep geological repository (DGR), porosity is consid-
ered as an important parameter. Retention of radionuclides into the
rock pore space and in the rock minerals is considered an important
retarding factor in the safety case analysis of radioactive waste for crys-
talline rock formations (Neretnieks, 1980; Posiva, 2012) as well sedi-
mentary rock (Andra, 2005; SFOE, 2008; ONDRAF/NIRAS, 2011).
Migration of radionuclides is a major relevant phenomenon within
this context that is influenced by the porosity and the different param-
eters defining the pore structure, such as pore size distribution, connec-
tivity, tortuosity, constrictivity and the petrographical and chemical
nature of the pore surfaces. In France, Switzerland and Belgium clay
aljärvi).
rock are currently considered as the potential host formation for a fu-
ture DGR for high-level and intermediate-level long-lived radioactive
waste (Thury and Bossart, 1999, Andra, 2005; SFOE, 2008;
ONDRAF/NIRAS, 2011).

Clay rock is a fine-grained naturalmaterial. Clay rocks are composed
of residual weathering products, hydrothermally altered products and
sedimentary products which are members of minerals known as clay
minerals (Velde and Meunier, 2008). The clay minerals are hydrous al-
uminium silicates, with possibility of iron andmagnesium substitutions
for the aluminium. In some clay minerals there are also alkaline and al-
kaline earth elements as essential constituents (Murray, 2007; Tseng,
2012). The particle size of clay is generally accepted to be below 2 μm
(Sparks, 2003; Velde and Meunier, 2008). Clay minerals have a layered
structure composed of alternating tetrahedral and octahedral sheets
(Sparks, 2003; Velde and Meunier, 2008), which alternate in differing
ratios. Another important parameter in the clay composition is the
amount and type of the exchangeable ions in the structure such as
Ca2+, Mg2+ or Na+ (Velde and Meunier, 2008). These cations are
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loosely bound and are often hydrated in natural conditions. The amount
of hydration can change from dehydrated to several hydration layers.
This is characteristic of swellingminerals such as smectites and vermic-
ulites. Illites and micas on the other hand have strongly bound inter-
layers cations such as K+ and NH4

+. These cations are not hydrated in
the clay structure. Illites are non-swelling minerals. Clay rock often
have some amount of non-clay minerals as well, for example quartz
and carbonates.

Clays are porous materials. Porosity values are based on the ratio of
pore volume to total volume, and are usually expressed in volume per-
cent. Pores are the spaces between clay particles, the interlayers in
swelling clays, cracks and stacking faults in the structure (Velde and
Meunier, 2008). Boom clay for example has porosity in the range of
30–40% (Shaw, 2010), while Boda clay from Hungary has porosity
around 3% (Parneix et al., 2012; Lázár and Máthé, 2012). Opalinus clay
from Switzerland has porosity in the range of 5–25% (Pearson et al.,
2003). These clay rocks have different compositions and histories.
Boda clay is much older than the two others and has therefore had
more time for consolidation, which tends to decrease porosity. In clays
the porosity is mostly influenced by the grain size and the smaller the
grain size the larger is surface between the grains. Another effect of
the small particle size is that the average pore size is very small, mostly
in the nanometre range. Due to the small size of the pores, any method
of clay pore space characterisation needs to work in nanometre scale.

Methyl methacrylate (MMA) can be intruded into nanometre scale
pores due to its small molecular size (Blumstein, 1965a, 1965b) and
therefore it is a suitable candidate for clay porosity analysis. A technique
for impregnating and imaging rock samples with C-14-labelled MMA
has been developed originally to characterise the pore space of crystal-
line rocks. This C-14-PMMA impregnation technique is based on im-
pregnating C-14-labelled MMA into the pores of the sample
(Hellmuth and Siitari-Kauppi, 1990, Hellmuth et al., 1993; Hellmuth et
al., 1994). TheMMA is usually fixed into the sample by irradiation poly-
merisation. After the C-14-MMA is polymerised, the sample can be cut
and the activity contained within the sample measured by autoradiog-
raphy. C-14-PMMA autoradiography can give detailed information on
the pore structure and distribution. It is an established technique on in-
vestigating pore structure and porosity in crystalline rocks
(Siitari-Kauppi, 1998, Kelokaski et al., 2006; Leskinen et al., 2007).

Fine-grained sedimentary rocks i.e. clay rocks have also been studied
with the C-14-PMMA autoradiography technique (Sammartino et al.,
2001, 2002). In the recent work (Robinet et al., 2015) a Callovo-Oxford-
ian clay rock was impregnated with H-3 labelled methyl methacrylate
to improve the resolution of the autoradiography. The porosity of the
Opalinus Clay, the Boda clay and the Boom clay have been studied
using C-14-PMMA technique (Parneix et al., 2012). In these studies
gamma irradiation was used to perform polymerisation. While gamma
irradiation has its advantages, it also requires proper irradiation facili-
ties and often long irradiation times. Therefore research has been car-
ried out in order to polymerise samples without use of irradiation by
replacing irradiation with a suitable thermal initiator. Recently a study
towards this end has been undertaken for crystalline rocks and brick
(Sammaljärvi et al., 2012).

In the deep geological repository of radioactivewaste, the changes in
porosity of the host rock caused by the excavation and drilling have to
be taken into consideration in the safety case assessment. Zones of dis-
turbed rock adjacent to deposition holes have been previously investi-
gated with C-14-PMMA technique for granitic rock (Autio et al., 1998).
The excavation disturbances in Opalinus clay have been investigated
thoroughly on large scale with other techniques (Bossart et al., 2002,
2004) and its impact on the repository performance assessed
(Blümling et al., 2007; Amann et al., 2015).

A natural host rock is saturated with water to at least some degree
(Boisson, 2005). When porosity is high and filled with water in natural
state, the removal of water can change the structure of the material.
Thus it is important to find a methacrylate which intrudes into the
clay without drying. MMA is a hydrophobic monomer and there are
concerns that any residual water that cannot be driedwill hinder the in-
trusion. Drying itself is also a process that can produce artefacts, such as
micro fractures or change the structure of the material (Hellmuth et al.,
2011). These artefacts might cause the material to appear more porous
than it might actually be in in-situ conditions. Three main goals were
identified for the presentwork. The first goal is to investigate and devel-
op a facile free radical polymerisation by thermal initiator for clay rock
impregnations. The second goal is to see how a well disturbed zone by
drilling could be characterised and identified to distinguish them from
naturally occurring features. In this endeavour the possibility of calcu-
lating porosity profiles from C-14-PMMA autoradiography images can
be used.

The third goalwas to investigate the possibility of using a hydrophil-
ic monomer, 75% 2-hydroxy ethyl methacrylate (HEMA), within the C-
14-PMMA technique. The advantage in using HEMA is that as a hydro-
philic compound, it intrudes into water-filled space and therefore is
not hindered significantly by presence of water. Supporting analysis in
addition to C-14-PMMA technique, was done with thermogravimetric
analysis (TGA), Scanning Electron Microscopy supplemented by energy
dispersive X-ray spectroscopy (SEM/EDAX) and X-ray diffraction
(XRD).Samples from the Opalinus clay formation were chosen for this
work because it is a well-studied clay material (Mazurek et al., 1996;
Thury and Bossart, 1999; Bossart et al., 2002, 2004; Mazurek, 2002;
Pearson et al., 2003).

2. Materials and methods

2.1. Materials

The samples that are used in this thermal polymerisation develop-
ment work come from the Opalinus clay formation that is located in
Northern Switzerland where it occurs as 80–120 m thick subhorizontal
formation (Mazurek et al., 1996). This area is also home to Mont Terri
Rock Laboratory, which is built into this Mesozoic shale formation. It
consists of well-consolidated, grey to black micaceous marine shales
with calcareous horizons. There are also beds and lenses of sandstones
and siltstones. The mineralogy of the Opalinus clay consists mainly of
phyllosilicates framework silicates, carbonates and quartz (Thury and
Bossart, 1999). Several facies of differing compositions have been iden-
tified in the formation. Shaly facies contain typically 20% quartz, 7% cal-
cite and 65% clay minerals. Sandy facies that contain 30% quartz, 15%
calcite and 40% clay minerals are also found. In addition carbonate-
rich sandy facies typically contain 30% quartz, 40% calcite and 20% clay
minerals.

The sample core BWS-H3-S1 was drilled inMont Terri Underground
Rock Laboratory. The samples come from the niche BWS-H, which is lo-
cated in the sandy facies of the Opalinus clay (Houben, 2013, Houben et
al., 2014). The drilling procedure was chosen to avoid any excavation
damages into the cores. Thus a first cut normal to the core axis (and nor-
mal to bedding) was made on the rock core, using Ultradril as coolant.
Hose clamps were mounted around the core adjacent to the new sur-
faces. A wide variety of investigations were performed on drill cores
from the site.

A surplus segment of BWS-H3-S1 sample core representing matrix
without brittle deformation (diameter 14 cm) was provided by Rock
and Water Interaction Institute (RWI), University of Bern for C-14-
PMMA method development. Two slices, BWS-H3-S1-I and BWS-H3-
S1-II were used in the experiments. The slice BWS-H3-S1-I was impreg-
nated with C-14-MMA as it was received and is referred to in C-14-
PMMA autoradiography results as “BWS-H3-S1-I-PMMA-REF”. Three
small rock cores, BWS-H3-S1-II-MMA, BWS-H3-S1-II-HEMA and BWS-
H3-S1-II-Blank were drilled out of the slice BWS-H3-S1-II. They were
drilled using Shibuya TS-092 drillingmachine and Levanto 4.0 cmdiam-
eter diamonddrillwithout cooling. Thisway itwaspresumed that easily
distinguishable drilling damage could be observed. The drilled rock



Fig. 1. Sample sawing procedure. Film AG surfaces were polished with silicon carbide. TGA and XRD samples were grinded using a mill.
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cores were of the diameter of 4 cm and a height of 2.5 cm. The sawing
procedure is illustrated in Fig. 1.

BWS-H3-S1-I-PMMA-REF was similar to BWS-H3-S1-II and it was
impregnated in vacuum straight after drying at 55 °C for 18 days. This
procedure was based on literature (Sardini et al., 2009) and empiri-
cal work done earlier. BWS-H3-S1-I-PMMA-REF was polymerised
using irradiation as has been done in previous studies (Robinet et
al., 2015). The semiquantitative composition of the BWS-H3-S1-II
sample material was determined from XRD analysis of the blank
sample (non-impregnated part of the core BWS-H3-S1-II). Three dif-
ferent non-impregnated blank samples were taken from different
parts of the blank sample to account for the heterogeneity and
these values are shown in Table 1.
2.2. Methods

C-14-PMMA autoradiography was used to study porosity distribu-
tions and the pore structure of the samples. TGA was used to give
supporting information of bulk porosities. X-ray diffractometry was
used to gain information on the mineralogical composition of the clay.
Furthermore electron microscopy analyses were performed to study
theminerals and the pore geometry inmore detail. The characterisation
procedure is illustrated in Fig. 2.

2.2.1. C-14 PMMA autoradiography
C-14 PMMA autoradiography is based on measuring the radiation

coming from radioactive element within the sample. In this case, it is



Table 1
Semiquantitative composition of BWS-H3-S1-II measured by XRD analyses. “+” indicates
that themineralwas identified in the oriented sample but not in the random sample. “Not
identified/quantified” includes both the minerals that were identified but not quantified
and also the proportion that could not be identified.

Mineral Blank 1 Blank 2 Blank 3

Calcite 60 50 45
Quartz 20 30 30
Mica 5 + 5
Ankerite b5 0 5
Apatite 5 5 b5
Chlorite 5 0 +
Kaolinite 0 5 b5
Plagioclase 0 b5 0
K Feldspar 0 5 b5
Not identified/quantified 5 5 15
Sum 100 100 100
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the beta radiation coming from the C-14. 156 keV maximal beta energy
of this emitter is suitable for film autoradiography, giving high resolu-
tion images. The sample is put against a photographic film and the radi-
ation causes the film to darken (Upham and Englert, 2003).

The photographic film has AgBr grains that undergo reduction reac-
tionwhen exposed to beta radiation.More beta energy thefilm receives,
more it darkens. The film darkness is proportional to the grey value
Fig. 2. Sample preparation and porosity and p
intensity on the scanned film. When the film is scanned, the first input
received is the intensity value of each pixel. The intensity is usually
expressed in grey levels (256 levels for 8 bit systems). These intensities
are converted into corresponding optical densities using Lambert's Law
(Hellmuth et al., 1993, 1994; Sardini et al., 2006) as shown in Eq. (1).

ODi ¼ − log
I
I0

� �
ð1Þ

where

ODi Local optical density
I Intensity
I0 Background intensity

Intensity is therefore converted to optical densities by taking into ac-
count the background intensity. Optical densities can be converted into
activities with the help of a calibration series of known activity. The re-
lationship between optical density of the film and the activity can be
expressed as shown in Eq. (2):

Ai ¼ −
1
k
� ln 1−

ODi−OD0

ODmax

� �
ð2Þ
ore structure characterisation procedure.

Image of Fig. 2


Fig. 3. Example of calibration curve calculated using C-14 PMMA standards.
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where

Ai Local activity [Bq]
k fitting coefficient [Bq−1]
ODi Local optical density
OD0 Minimum optical density
ODmax Optical density at film saturation
OD0 ODmax and k are calculated for each exposure using a series of C-14
standards.

Using these two equations, the local activity can be solved and
placed into the equation of porosity, as shown in Eq. (3). The beta cor-
rection has to be taken into account in porosity calculation due to the
different range of C-14 beta emissions inmaterials of different densities.
Thus the beta correction is proportional to the sample's grain density
and the resin density (Hellmuth et al., 1993, 1994; Sammartino et al.,
2001; Kelokaski et al., 2006). The grain density of 2.7 g/cm3 (Pearson
et al., 2003) for rock material and PMMA density of 1.2 g/cm3 are used.

ϕi ¼
ρm
ρresin

1−
Ai

A0
� ρm

ρresin
−1

� � � Ai

A0
ð3Þ

ϕi Local porosity
ρm Material grain density [g/cm3]
ρresin Resin grain density [g/cm3]
Ai Local activity [Bq]
A0 Resin activity [Bq]
Table 2
XRD results. + indicates that the minerals was identified in oriented sample but not in the ra
results from BWS-H3-S1-II-PMMA and “HEMA” columns contain results from BWS-H3-S1-II-
but not from the random sample. “Not identified/quantified” includes both the minerals that w

Mineral Blank 1 Blank 2 Blank 3 PMMA dist

Calcite 60 50 45 55
Quartz 20 30 30 20
Mica 5 + 5 5
Ankerite b5 0 5 0
Apatite 5 5 b5 5
Chlorite 5 0 + 0
Kaolinite 0 5 b5 b5
Plagioclase 0 b5 0 b5
K Feldspar 0 5 b5 b5
Not identified/quantified 5 5 15 15
Sum 100 100 100 100
The calculation as shown in Eq. (3) is made for all pixels in selected
area of the image and results are given in histograms or profiles.

The quantitative porosity calculation and superimpositioning tools
were found in the Matlab Image Analysing Toolbox. Calibration curve
calculations were done on this software. Typical calibration curve auto-
radiography standard is shown in Fig. 3.

The uncertainties in C-14-PMMA autoradiography arise from errors
in physical parameters, calibration parameters and optical densitymea-
surements. Mathematical treatment of the error has been presented in
(Sammartino et al., 2002). Error increases further the measured activi-
ties are from the linear range of the calibration curve (Hellmuth et al.,
1994). In this work the relative error was found to be mostly within
10% except for very high and low activity values. Low activity values
are more difficult to distinguish from the background and high activity
values suffer from saturation. While high exposure times usually in-
crease visual contrast, the larger amount of the autoradiograph shifts
to the saturation range, which gives lower porosity values (Hellmuth
et al., 1994; Siitari-Kauppi, 2002,).

Methyl methacrylate (MMA, Merck, N99% purity, stabilised with
100 ppm hydroquinone) was used as an impregnant. The C-14
radiolabelled MMA was from Quotient Bioresearch (Radiochemicals
Limited; Cardiff, United Kingdom) with activity of 74,000–185,000 Bq/
mg with radiochemical purity in excess of 90%. This stock solution was
diluted to make the used solutions.

2-hydroxy ethyl methacrylate (HEMA, Aldrich, 97% purity, stabilised
with 200 ppmmonomethyl ether hydroquinone) was used as the other
impregnant. HEMAwas inactive and therefore all the activity measured
in the HEMAmixture impregnated autoradiographs comes from the C-
14 in MMA.

Benzoyl peroxide (BPO) (Merck, 75%, remainder water) was used as
a thermal initiator. BPO was used without further purification.

The sample BWS-H3-S1-I-PMMA-REF was impregnated with C-14-
MMA (A= 37,000 Bq/ml) under vacuum after the drying step and left
to impregnate for 36 days because the Opalinus clay has low permeabil-
ity (Pearson et al., 2003). This sample was polymerised using Co-60
gamma radiation source for 28 days. The dose rate was 0.14 kGy/h
and the total dose was 70 kGy.

The samples for polymerisation using thermal initiator were made
by drilling cylinder shaped pieces from BWS-H3-S1-II. The samples
were then dried in an oven at 105 °C overnight to remove anymoisture
absorbed during the sample handling (Hellmuth et al., 1994). Then they
were cooled and stored in desiccator before starting the porosity analy-
sis by monomer impregnation and polymerisation.

Twomonomer mixtures were used for impregnation of the samples
drilled from BWS-H3-S1-II. The first mixture consisted of C-14-MMA
(A=74,000 Bq/ml)with 0.5wt% of benzoyl peroxide (BPO) as initiator.
The impregnation process was continued for 30 days before polymeri-
sation was started. The polymerisation of MMA impregnated sample
ndom sample. “Blank” results come from BWS-H3-S1-II-Blank. “PMMA” columns refer to
P(HEMA-MMA). “+” indicates that the mineral was identified from the oriented sample
ere identified but not quantified and also the proportion that could not be identified.

urbed PMMA undisturbed HEMA disturbed HEMA undisturbed

60 40 50
25 35 25
+ + +
b5 5 b5
5 5 5
0 0 0
b5 5 5
0 b5 b5
b5 b5 5
10 10 10
100 100 100

Image of Fig. 3


Table 3
TGA Bulk porosity values for BWS-H3-S1-II samples. % weight loss refers to the mass of the sample that was lost during the TGA heating program. % weight loss with blank subtracted-
column has the mass loss of the given sample with blank correction. The values in % bulk porosity are calculated using Eqs. (4) and (5).

Sample % weight loss % weight loss with blank subtracted % bulk porosity

Blank clay BWS-H3-S1-II 23.06 ± 1.09 0 –
BWS-H3-S1-II-PMMA disturbed 30.20 ± 0.02 7.14 ± 1.09 15.0 ± 8.2
BWS-H3-S1-II-PMMA undisturbed 29.12 ± 0.05 6.06 ± 1.09 12.9 ± 7.5
BWS-H3-S1-II-P(MMA-HEMA) disturbed 26.38 ± 0.35 3.32 ± 1.14 7.3 ± 6.5
BWS-H3-S1-II-P(MMA-HEMA) undisturbed 24.88 ± 0.36 1.82 ± 1.15 4.1 ± 6.0
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was done at 55 °C for 16 h as done previously in (Sammaljärvi et al.,
2012). The second monomer mixture consisted of 75% HEMA and 25%
C-14-MMA (A = 74,000 Bq/ml) with 0.5 wt% of BPO as initiator. This
mixture has been confirmed to have the best mechanical properties
by initial tests. The impregnation process was continued for 30 days be-
fore polymerisation was started. The best polymerisation conditions for
polymerising the mixture of HEMA and MMA was determined experi-
mentally based on literature (Hellmuth et al., 2011) to be a gradient
temperature program with rise to 75 degrees Celsius in 20 h, followed
by gradual cool down to 60 degrees Celsius during the following 30 h.
This temperature program lasts for 60 h in total.

After irradiation polymerisation the sample BWS-H3-S1-I-PMMA-
REF was sawn into two horizontally to expose surface for autoradiogra-
phy. After the thermally initiated polymerisation the samples from the
disc BWS-H3-S1-II were sawn horizontally to produce two pieces with
diameter 4 cm and height of 1.25 cm. Of these two pieces, one piece
was used for autoradiography and its sawed surface was polished
using silicon carbide powder to produce smooth surface. The other
sawed piece was used for XRD and TGA analyses.

All sawn and polished rock surfaces were placed onto autoradio-
graphic film (Kodak BiomaxMR®). The autoradiographs were digitised
using a scanner (Canon 9900F) with transparency option in 24-bit RGB
mode (resolution 600–1000 dpi) and converted into 8-bit greyscale pic-
tures for image analysis.

2.2.2. Thermogravimetric analysis
Thermogravimetry samples were prepared by crushing in a Mixer

Mill Type 2MM. The amount of the powder used for the analysis was
40–90 mg. Porosity measurements by TGA were done by taking the
samples separately from edge regions and the middle regions to mea-
sure possible effect of the pore disturbance caused by drilling. Due to
the simultaneous decomposition of the sample matrix, blank samples
with no impregnants were run before the impregnated samples.

The matrix porosity was measured from the amount of PMMA im-
pregnated rock samples by burning the PMMA out of the matrix and
weighting the mass loss. TGA was used to measure the samples' poros-
ities by heating the samples over a temperature range wherein PMMA
polymerised inside the samples degrades. This is observed as a decrease
of mass that is proportional to the amount of PMMA in the sample and
therefore, the porosity. Porosities can be calculated using Eq. (4) from
(Möri et al., 2003)

Φ ¼ Vresin

Vbulk
� 100 ¼

Wresin

ρresin
Wresin

ρresin
þ 1−Wresinð Þ

ρskeletal

� 100 %½ � ð4Þ

where

Φ Bulk porosity-% [%].
Vresin Total intrusion volume of PMMA [dm3]
Vbulk Bulk volume of the sample [dm3]
Wresin Weight fraction of resin per 1 kg of sample
ρresin Density of resin at 20 °C = 1.18 for 100% PMMA, 1.16 for

P(HEMA-MMA) [kg/dm3]
ρskeletal Approximate skeletal (i.e. grain) density of Opalinus clay= 2.7

[kg/dm3]
The error for this bulk porosity can be obtained from Eq. (5)

ΔΦ ¼
2−Wresin

ρresin � ρskeletal

� �
� ΔWresin

Wresin
ρresin

þ 1−Wresinð Þ
ρskeletal

� �2 � 100 %½ � ð5Þ

where

ΔΦ Bulk porosity error [%]
ΔWresin Error of the weight fraction of resin per 1 kg of sample

Thermogravimetric analysis (TGA) was used to obtain bulk porosi-
ties by measuring the mass loss associated with the decomposition of
the polymer. TGA gives a bulk porosity value that can be compared to
the porosity values obtained from autoradiography (Sammaljärvi et
al., 2012). As claymaterials usually have some components that degrade
at elevated temperatures, calibrations with non-impregnated blank
samples must accompany the actual measurements.

2.2.3. XRD measurements
Semi quantitative XRDmeasurements were made at Geological Sur-

vey of Finland to support the porosity analysis with mineralogical
information.

Bruker D8 Discover A25 diffractometer was used for the X-ray dif-
fraction measurements. Angles from 2 degrees to 70 degrees were
scanned in 0.02 degree intervals. The generator was set to 40 kV/
40 mA with measuring time of 0.1 s. The minerals were identified
with EVA interpretation program using ICDD's mineral database PDF-
4/Minerals 2013. Semiquantitative values obtained for the mineral con-
centrations are based on the factors in the EVAprogram. The accuracy of
the mineral concentrations is about ±5%. X-ray diffraction measure-
ments were made on powders prepared from the Opalinus-clay
samples.

2.2.4. SEM/EDAX measurements
The elemental distribution of the samples was studied with field

emission Scanning Electron Microscopy (FE-SEM) and with energy-dis-
persive X-ray spectroscopic analysis (EDAX). The scanning electron mi-
croscope used in this study was Hitachi S-4800 model with Oxford
Instruments Inca X-sight X-ray diffractometer. The voltage usedwas ei-
ther 20 kVor 10 kVwithprobe current of 10 μA.Weworkedmostlywith
magnifications of 250–400.

In addition, the BWS-H3-S1-II-P(HEMA-MMA) sample was studied
with the Jeol JSM-7100F Schottky FE-SEM equipment at the Finnish
Geosciences Research Laboratory. The FE-SEM was equipped with an
Oxford Instruments EDS systemof a X-mas 80mm2 silicon drift detector
(SDD) and the elemental distribution of the samplewas analysed in two
dimensions with the Oxford Instruments AZtec software in
backscattered electron mode.

3. Results and discussion

3.1. XRD results

Semi quantitative X-ray diffraction was performed on non-impreg-
nated blank samples and the edge and centre regions of both samples



Fig. 4. a. SEM image of the undisturbed zone of BWS-H3-S1-II-PMMA. b. Corresponding SEM image with mineral maps of the undisturbed zone of BWS-H3-S1-II-PMMA. c. SEM image of
the disturbed zone of BWS-H3-S1-II-PMMA. d. Corresponding SEM image with mineral maps of the disturbed zone of BWS-H3-S1-II-PMMA. Colour code: Red= Calcium, Blue= Silicon,
Green = Aluminium, Light blue = Silicon + Aluminium.

Fig. 5. a. SEM image of the undisturbed zone of BWS-H3-S1-II-P(HEMA-MMA). b. Corresponding SEM imagewithmineralmaps of the undisturbed zone of BWS-H3-S1-II-P(HEMA-MMA).
c. SEM image of the disturbed zone of BWS-H3-S1-II-P(HEMA-MMA). d. Corresponding SEM image with mineral maps of the disturbed zone of BWS-H3-S1-II-P(HEMA-MMA). Colour
code: Red = Calcium, Blue = Silicon, Green = Aluminium, Light blue = Aluminium + Silicon.
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Image of Fig. 4
Image of Fig. 5


Fig. 6. Large scale BSE image of BWS-H3-S1-II-P(HEMA-MMA) (above) and corresponding SEM image with elemental mapping (below). Colour code: Red = Calcium, Blue = Silicon,
Green = Aluminium, Light blue = Aluminium+ Silicon. Centre of the sample on the left side and the edge zone on the right side of the image. Scale of the sampled area is 1.0 cm ∗ 0.1 cm.
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BWS-H3-S1-II-PMMA and BWS-H3-S1-II-P(HEMA-MMA). Randomly
oriented samples and oriented sampleswere prepared for both non-im-
pregnated blank and impregnated samples. Two sub-sampleswere pre-
pared from the oriented samples to ascertain the presence of swelling
minerals. Onewas treated with ethylene glycol and the other was heat-
ed for one hour at 550 °C. The XRD results are shown in Table 2.

The results shown in Table 4 show that there aremore differences
between different parts of the sample material than between the
samples treated with different impregnations procedures. The high
amount of carbonates and quartz is close to the composition of the
carbonate-rich sandy facies of Opalinus clay as found in literature
(Thury and Bossart, 1999). This corresponds well with the sample lo-
cation as the niche BWS-H, which is located in the sandy facies
(Houben, 2013). The differing amount of carbonates such as calcite
and ankerite are important for assessing the TGA data. Since carbon-
ates tend to degrade in high temperatures, the amount of carbonates
affects the mass loss experienced during the TGA heating program.
The varying amount of carbonates causes systematic uncertainty in
the bulk porosity values obtained from TGA. No significant amounts
of swelling clay minerals were present in these samples according
to the semi quantitative XRD, which is consistent with the fact that
samples did not swell at any point.
Fig. 7. Photo (left), the corresponding autoradiograph (centre) and porosity h
3.2. Thermogravimetric analysis results

Bulk porosities of the samples from disc BWS-H3-S1-II were mea-
sured by thermogravimetric analysis. The carbonate minerals in the
clay matrix itself also tend to degrade during the heating program.
This tendencywas taken into account by runningfirst a non-impregnat-
ed blank sample with only clay matrix without any resin. Our sample
material was found to contain large amount of carbonate minerals cal-
cite and ankerite, and the mass loss likely comes from these carbonates.
Themass loss from this blank samplewasused to subtract thematrix ef-
fect from the sampleswith resin inside them. Thismass loss of the blank
sample can also be used to estimate the total carbonate content of the
sample as 53%. This value is close to the values of carbonate-rich
sandy facies (Thury and Bossart, 1999). The weight losses given in
Table 3 are the average values of the three runs and their calculated
standard deviation is used as the error for the weight loss. The blank
sample degradation is then subtracted for these values. Subtraction
was done so that area of the TGA curvewhere impregnated samples de-
grade was considered. In the Table 3 we can see that the error of the
blank sample contributes mostly to the error of the weight loss with
subtraction done. Eq. (4) is then used to calculate the bulk porosities
of the samples. Eq. (5) was used to calculate the porosity error.
istogram (right) of BWS-H3-S1-II-PMMA. The sample diameter is 4 cm.

Image of Fig. 6
Image of Fig. 7


Fig. 8. Autoradiogram with porosity profile calculation area and its divisions highlighted in yellow (left). Area of pure resin highlighted in red and removed from calculations. Porosity
profile of the BWS-H3-S1-II-PMMA (right).
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These bulk porosity values with C-14-PMMA and C-14-(MMA-
HEMA) show that the samples which are taken from the disturbed
zone have higher porosity while at the centre, the porosity is lower.

The error margins are quite high for both the C-14-PMMA and C-14-
P(MMA-HEMA) impregnated sample. Due to the heterogeneous nature
of the material, porosity values obtained from TGA have to be treated
with caution and are more suitable for estimating the general area of
the porosity.
3.3. SEM/EDAX results

Themineral structure of the sample BWS-H3-S1-II-PMMAwas stud-
ied with SEM/EDAX. The differences between undisturbed and dis-
turbed sample material were studied. Based on the XRD results, it was
expected that the samplematerialwould bemostly composed of calcite,
quartz and clay minerals in different types of grains. Results from the
undisturbed part of the sample indicate that the sample is composed
of quartz and clay mineral grains embedded in calcite matrix. A repre-
sentative image of the undisturbed area is shown in Fig. 4a–b. Here it
can be seen that quartz grains are in 50–100 μm range. Clay minerals
Fig. 9. Porosity distributions of the BWS-H3-S1-II-PMMA throughout the porosity profile.
Sample diameter is 4 cm.
are present as small patches or long irregular veins. Clay minerals are
found in the cracks of the calcite matrix.

In the disturbed part of the sample thematerial is more fragmented.
Calcite is organised as a set of grains of comparable size amongst quartz
grains and clay areas. Fig. 4c–d shows SEM image and corresponding
mineral mapping typical of the disturbed zone. Here quartz grains are
also in 50–100 μm and clay minerals are found in vein-like formations.
Calcite is more fractured than in the undisturbed part of the sample.
The calcite grains are still larger than most quartz grains; most of
them in 100–300 μm range. Due to calcite being broken into smaller
grains, there is more intergranular space.

The elemental mapping of sample BWS-H3-S1-II-P(HEMA-MMA)
showed that in the centre of the sample quartz, calcite and clayminerals
were each in their own phases. The calcite grains seem to be larger than
quartz grains but they have more jagged edges. Clay minerals are pres-
ent as small platelets in between quartz and carbonate grains. SEM im-
aging of undisturbed centre area is shown in Fig. 5a–b. Here calcite is
found inwide size range of about 50–300 μm.Quartz is found as smaller
grains in the size range of about 20–100 μm. Clayminerals are observed
as small platelets in the fissures between the quartz and calcite grains.

SEM image and corresponding elemental analysis from the dis-
turbed edge zone is shown in Fig. 5c–d. From this figure it can be seen
that calcite grains are smaller and their size is comparable to the quartz
grains. The quartz grains are unaffected. Clay minerals are found in
cracks and fractures between the quartz and calcite grains. Overall the
material seems to be less compact near the edge. Large scale SEM imag-
ing was done for HEMA-impregnated sample to highlight the change in
morphology of the sample from undisturbed centre to the disturbed
edge zone as shown in Fig. 6. This figure clearly shows that grain size be-
comes smaller and more fractured towards the edge of the sample. The
elemental mapping that was done confirms that it is calcium bearing
minerals such as calcite that are more fractured towards the edge of
the sample. Silicon bearing grains, such as quartz, seem to roughly re-
tain their integrity. This is probably the result of quartz being harder
than calcite (Anthony et al., 2005).

3.4. C-14-PMMA autoradiography results

The autoradiography results of sample BWS-H3-S1-II-PMMA are
shown in Fig. 7. The photo on the left side of Fig. 7 shows that there is
a clearly visible darker zone in the edges of the sample. This zone is
clearly of darker shade also in autoradiograph on the right side of Fig.
4 and therefore has presumably higher porosity. The orientation of the

Image of Fig. 8
Image of Fig. 9


Fig. 10. Photo (left), the corresponding autoradiograph (centre) and porosity histogram (right) of BWS-H3-S1-II-P(HEMA-MMA). Sample diameter is 4 cm.

79J. Sammaljärvi et al. / Engineering Geology 210 (2016) 70–83
different mineral phases in this centrimetric scale sample, which is vis-
ible in the centre of the sample is less evident on the edges.

Total porosity for this sample was calculated and the porosity distri-
bution for the C-14-PMMA impregnated sample is also shown in Fig. 7.
It can be seen from this histogram that the mean porosity is 7.9%. The
histogram extends from about 2.8% to 19.2%. The histogram of the po-
rosity distribution is fairly Gaussian in shape. There is however asym-
metry on the histogram. The tail which covers the high porosity
values is congruent with the disturbed zone.

Due to this heterogeneity, it is necessary characterise the porosity in
different parts of the sample. A porosity profile was made to ascertain
the possible changes the drilling has made to the porosity. The areas
of the profile aremarked in the Fig. 8. This profile in Fig. 8 shows that po-
rosity stays fairly even in the central parts of the sample before rising
rapidly towards the edges of the sample. The mean porosity increases
from slightly below 7% near the centre to nearly 12% at the edge.
There is slight, irregular decreasing trend in the profile from centre to
about 12.5 mm, which results from the sample heterogeneity.

The porosity distributions from different parts of the porosity profile
were superimposed into Fig. 9. The superimposition of the porosity dis-
tributions in Fig. 9 shows that shape of the distribution remains fairly
Gaussian throughout the sample, even near edges. The high porosity
tail however lengthens and widens closer you go to the edge. Overall,
Fig. 11. Autoradiogram of BWS-H3-S1-II-P(HEMA-MMA) with the calculation areas highlight
Sample diameter is 4 cm. Porosity profile of the sample on the right.
the distributions remain almost the same until about 5.5 mm from the
edge and thereafter the distribution shifts increasingly towards higher
porosity.

In conclusion it can be said that these results show the sample to
have heterogeneous distribution of porosity with clearly visible distur-
bance effects from the drilling. The disturbed area has higher porosity
and the pore distribution in the disturbed zone has longer tail towards
high porosities. The porosity distribution as a whole also shifts towards
higher porosities towards the edge. Otherwise the shape of the porosity
distribution remains the same.

The autoradiography results of the sample BWS-H3-S1-II-P(HEMA-
MMA) is shown with its autoradiograph in Fig. 10. This C-14-P(MMA-
HEMA) impregnated sample had a smaller disturbed zone of higher po-
rosity. The high porosity zonewas still visible nonetheless andmeasure-
ments could be made from it. Orientation of the different mineral
phases is clearly visible in this sample. This orientation of the mineral
phases appears to be broken in the disturbed zone.

The porosity histogram of the C-14-P(MMA-HEMA) impregnated
clay sample is also shown in Fig. 7. The distribution shown in Fig. 10 is
mostly Gaussian in shape and slightly asymmetric, with a tail on the
high porosity side of the distribution. The mean porosity value of this
distribution is 7.6% with the range of 2.4–15.9%. The mean value of
this distribution is close to the value obtained for BWS-H3-S1-II-
ed in yellow (left). Area of pure resin highlighted in red and removed from calculations.

Image of Fig. 10
Image of Fig. 11


Fig. 12. Porosity histograms throughout the porosity profile of BWS-H3-S1-II-P(HEMA-
MMA).
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PMMA. The range of the distribution seems to be slightly narrower for
than with C-14-PMMA-impregnated sample. This is a result of the
narrower disturbed zone. These results indicate that both impregnant
mixtures produce comparable results. Therefore HEMA-based mixtures
seem to be compatible with clay rock.

Porosity profile was also compiled for the sample C-14-P(MMA-
HEMA). This profile is shown in Fig. 11. The profile in Fig. 11 shows
that the porosity has a slight increasing trend with mean values near
6.5% before an abrupt rise to about 12% in the last 2 mm of the sample.
In the last 2 mm the porosity nearly doubles.

The porosity distributions throughout the porosity profile were
studied to see if there were any changes in the distributions. The poros-
ity distributionswere overlaid into a single figure and they are shown in
Fig. 12, which shows that there is no discernible difference in the poros-
ity distributions until the last 2 mm of the sample. Therein the differ-
ence is even more clearly visible than in the MMA-impregnated
sample. The distribution remains Gaussian even in this disturbed zone,
but the distribution as a whole has shifted towards higher porosity
area and it has a longer and wider tail in the high porosity area. The po-
rosity distribution in the edge of the sample is also sowide, that it could
hide two partially overlapping distributions.

The autoradiography results of the sample BWS-H3-S1-I-PMMA-REF
polymerised using gamma radiation are shown in Fig. 13. It can be seen
fromFig. 13 that the impregnationwas successful. This sample had been
drilled with sufficient cooling and therefore, no clear border effect can
be seen on the autoradiograph. Bedding is very prominent on the sam-
ple which is exemplified by the light stripe on the upper part of the
Fig. 13. Sample BWS-H3-S1-I-PMMA-REF. Photograph on the left and c
sample. Besides the light stripe, there are lighter areas near the centre
of the sample and darker areas in the bottom and the top of the sample,
representing different mineral phases (Fig. 13).

The porosity histogram of the irradiated sample is also shown in Fig.
13. The mean total porosity of this reference sample was determined to
be 7.6%with range of 1.5–20%. The porosity histogram is fairly Gaussian
in shape with slight tail on the high porosity side. This sample seems to
be quite evenly porous.

Porosity profile of the irradiated reference sample is shown in Fig.
14. The porosity profile shows that the sample is very heterogeneous
in this scale. There seems to be larger porosity in the edge but it doesn't
stand out so well as in other samples due to the sample heterogeneity.
The rise in the porosity in the last 0.4 cm of the sample resembles the
profile pattern of pore disturbance zone in the other samples. However
on the autoradiogram there doesn't appear to be such a clear cut zone.
There are however darker areas that correspond to areas of high poros-
ity near the bottom and top of the sample which could account for this
rise in porosity. This effect has less effect on the overall porosity howev-
er because the sample diameter is larger than in other samples.

The porosity histograms for all the points of the profile are
superimposed in the Fig. 15. This figure shows that the porosity distri-
bution shifts also in the irradiated sample towards the edge of the sam-
ple. The porosity distribution for the last 2 mm is clearly wider. This is
however consistent with the areas of higher porosity tending towards
the edge of the sample. This porosity profiling together with the autora-
diograph shows thatwhile high porosity near the edge can be indicative
of a disturbed zone, the presence of disturbance needs to be confirmed
by autoradiographic image as well to see if is result of material hetero-
geneity The histograms in Fig. 15 and the autoradiograph in Fig. 13 sup-
port to the conclusion that the outermost histogram is a result of
material heterogeneity instead of drilling disturbance.

The C-14-PMMA autoradiography results were compared and have
been collected into Table 4. The results show that mean total porosities
are fairly close to each other, as are the mean disturbed porosities and
mean undisturbed porosities. The difference in porosity values between
total porosity and undisturbed porosity is slightly over 1% of porosity
percentage. When the porosity percentages are about 6–7% however,
this means relative change of 16–20%. This result means that if core dis-
turbance is not taken into account, the porosity values can be notably
higher thanwhat it actually is in the bulk of the sample. In the reference
sample the absolute difference between mean total porosity and mean
porosity excluding border areas is 0.4% porosity percentage. This value
is already quite low and it is possible that this could be attributed toma-
terial heterogeneity, since no clear disturbed zone can be seen on the
autoradiograph.

The Opalinus clay formation has facies of different compositions and
they have been studied with a variety of techniques, resulting in mea-
sured porosity values between 5 and 25% (Pearson et al., 2003). The po-
rosity values for sandy facieswere usually on the lower end of the range.
orresponding autoradiograph on the right. Sample diameter 14 cm.

Image of Fig. 12
Image of Fig. 13


Fig. 14. Porosity profile calculation area (Pure resin excluded from calculation andmarked in red)withmeasuring areas highlighted in yellow. Porosity profile of BWS-H3-S1-I-PMMA-REF
on the right. Sample diameter 14 cm. Width of profile data point area is 2 mm.

Fig. 15. Porosity histograms throughout the porosity profile of BWS-H3-S1-I-PMMA-REF.
Sample diameter is 14 cm.
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(Parneix et al., 2012) reported that porosity as measured with Hg
porosimetry is 10.2% and porosity as measured with autoradiography
is 7.1%. In autoradiography they identified three distinct porous zones
of which the main zone had porosity of 6.5%. Our results are in close
agreement with the values reported by (Parneix et al., 2012).

4. Conclusion

Samples of Opalinus clay were successfully impregnated both with
resins composed of 100% C-14-MMA and a mixture of 75% HEMA &
25% C-14-MMA. Both of these samples were successfully polymerised
using thermal initiator BPO.

Mean porosity obtained by autoradiography was found to be in the
range of 6–8%. The porosity values were in good agreement between
the thermally polymerised samples and the irradiation polymerised ref-
erence sample. Themean porosity value is on the lower end of the spec-
trum of results as shown in literature (Pearson et al., 2003). It is
however close to values obtained previously via PMMA autoradiogra-
phy (Parneix et al., 2012). Parneix et al. also concluded that high con-
centration of calcites and quartz lower the porosity value, which
seems to be the case in this work as well based on semiquantitative
XRD. Recent works (Houben et al., 2014, Robinet et al., 2015) have
also found porosity and carbonate and quartz concentration to be
anticorrelated while the claymineral-rich areas were found correspond
to areas of high porosity. It can therefore be concluded that the results of
this work are in agreement with the earlier results.

Autoradiographic analysis of the different regions of the samples
showed that it is possible to distinguish a disturbed zone with image
and porosity analysis. The effect that the drilling had made on the sam-
ple was clearly distinguishable. The widths of these disturbed zones
were 5.5 mm and 2 mm. The difference between the widths is likely
due the drilling times and the operating conditions. Therefore, we can
expect that artefacts of this type can come in variety of widths. The po-
rosity in the disturbed area was about twice the value in the undis-
turbed area. The absolute difference between total porosity and
undisturbed porosity was around 1% porosity percentage. This means
that the bulk porosity is not entirely representative of the sample. In
other words, it is necessary to measure porosity from different areas
to get the whole picture on porosity, if there are spatial differences in
the porosity. It was noted from the results of the irradiated sample
that the porosity increase in the porosity profile doesn't in itself confirm
the presence of disturbed zone, as sample heterogeneity can cause sim-
ilar pattern in the profile. Therefore, analysis of the autoradiographic
image is needed to see whether there is disturbance or merely hetero-
geneity. The increasing porosity pattern was also more attenuated in
the reference sample and had smaller overall effect due to larger size
of the irradiated sample. Another conclusion that can be drawn from
here is that disturbance has less effect on the total porosity when sam-
ple size is bigger. The autoradiographic results between the samples im-
pregnated with different resins seem to indicate that HEMA-based
mixture fills the pores as well as pure MMA-based resin, based on the
limited number of measurements. Overall HEMA-based resin seems to
be a viable candidate for further experiments that resemblemore close-
ly in situ-conditions. The porosity results seemed to be consistent with
reference sample that was polymerised using gamma irradiation.

Supporting bulk porosity values were obtained by TGA. The porosity
values obtained from TGA from C-14-PMMA and C-14-P(MMA-HEMA)
impregnated samples seem to roughly correspond to upper and lower
limits of the porosity range. The fact that HEMA-base mixture gave
lower porosity was unexpected. The exact cause behind this is not
known, and it will be investigated in future. However this phenomenon
shows that the porosity range can also be estimated from the bulk po-
rosities given by TGA analysis of the samples impregnated with the
two different resins. There are large error margins in the bulk porosity

Image of Fig. 14
Image of Fig. 15


Table 4
Porosities of the samples. Differences between mean porosities and the different areas of the sample.

Sample name
Mean total
porosity

Mean disturbed zone
porosity

Mean undisturbed zone
porosity

Difference between total and undisturbed zone porosity (absolute
%/relative %)

BWS H3-S1-II PMMA (7.9 ± 0.8) % (11.8 ± 1.2) % 6.8% 1.1%/16.2%
BWS H3-S1-II
P(MMA-HEMA)

(7.6 ± 0.8) % (11.9 ± 1.2) % 6.3% 1.3%/20.6%

BWS H3-S1-I-PMMA-REF (7.6 ± 0.8) % (14 ± 1.4) % 7.2% 0.4%/5.3%
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values obtained with TGA associated with the matrix degradation and
heterogeneity. When small mass changes are measured, even slight de-
viations can be significant. Thismatrix degradation could also be used to
estimate the carbonate content of the sample at 53%. This value is close-
ly in line with the XRD results.

When the samples polymerised using thermal initiation were
looked under electron microscope, the differences between the dis-
turbed and undisturbed zones could be clearly seen with SEM/EDAX.
In both of the samples studied, calcium-bearingminerals,mainly calcite,
were found to be the dominant phase with quartz as the second most
dominant phase. The space between these two phases wasmostly filled
with clay minerals. These results match well with the XRD results. The
differences between the undisturbed zone and the disturbed zone
could be seenquite clearlywith about 300-foldmagnification. In the un-
disturbed zone the calcite was present as large separate grains or as the
matrix where the quartz grains were embedded. In the disturbed zone
calcite grainswas present as less dominant phasewith grain sizesmost-
ly equal to quartz grains. Clay minerals were observed in fissures and
cracks between the calcite and quartz grains and their grain sizewasun-
affected by the drilling process. SEM results indicate that the drilling has
broken the calcite grains near the edge of the sample and the resulting
increase in the intergranular space. This explains well the increase of
porosity in the disturbed zone. The reasonwhy calcite grainswere nota-
bly broken down and quartz grains were unaffected is presumably the
difference in hardness as quartz is harder than calcite and more resis-
tant to breaking.

Overall, themeasurements were successful. It was shown that C-14-
PMMA impregnation technique works with clay materials even when
thermal initiation is used instead of irradiation. The drilling effects can
be distinguished via C-14-PMMA autoradiography porosity analysis.
Based on these results, further experiments can be carried out with
other clay type materials and conditions resembling in situ-conditions.
Possibility of using digital autoradiography technique will be tested to
see if the accuracy of porosity measurements can be improved further.
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