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a b s t r a c t

In clay-rich sedimentary rocks, the pore network is considered to play a key role in controlling transport
properties. The pore size distribution (PSD) of clay-rich rocks, the geometrical features of the pore
network, and the clay content are parameters governing the diffusion process through clay formations. In
the last few years, research has contributed to improving understanding of some clay-rich rock pore
networks by using microscopic imaging techniques (FIB-nt, BIB, X-ray tomography, etc.). These tech-
niques image the mesostructure scale organization of clay materials, but the studies have highlighted
several limitations for full pore distribution characterization in terms of geometry and connectivity. Here
we demonstrate that we can characterize a clay material's pore network supported by FIB-nt and TEM
techniques reliably, to provide useful input data for assessing a future modeling task. The material
studied was a compacted clay material mainly composed of illite, a non-swelling mineral. Illite was
chosen in order to represent an analog system mimicking the clay matrix of natural clay-rocks. With this
compacted clay plug we were able to work on homogeneous systems with controlled porosity, facili-
tating comparison between different methods. All the techniques used in this work, whether bulk or
microscopic, show that all results converge to a similar and full PSD. This project's main improvement
was to demonstrate how to improve the usual resolution limitations and data handling of FIB-nt tech-
niques in order to recognize a fully connected pore network.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the field of radioactive waste repository, clay-rich rock for-
mations are envisaged as barrier materials due to their favorable
properties (low permeability, high radionuclide retention capacity,
low diffusion coefficients for solute species, swelling properties,
etc.) [1,2]. The transport properties of clay-rocks are controlled by
their complex pore network and reactive and negatively-charged
clay mineral surfaces. In clay-rich rocks, pore size distributions
(PSD) typically range between nanometer and micrometer with
dominant pore size diameters around tens of nanometers; these
correspond to mesopores [3e5]. The co-occurrence of nanometer-
sized pores and clay mineral charged surfaces induces specific
macroscopic solute transport behaviors such as anion exclusion (i.e.
anion mobility lower than for water molecules) and enhanced
.

Inc. This is an open access article u
cation diffusion (i.e. cation mobility higher than for water mole-
cules) [6e9]. Though both these phenomena have been relatively
well observed at the macroscopic scale using diffusion experiments
on anionic and cationic tracers with associated bulk macroscopic
modeling approaches, an integrated modeling approach from the
pore scale to the pore network scale is still required to build up a
robust bottom-up strategy to support performance assessment for
a radioactive waste repository. One of the main reasons for this gap
is the lack of robust small-scale representations of the pore
network and the associated mineral distribution for clay-rich rock
materials. On the other hand, 2D and 3D imaging techniques (TEM:
Transmission Electron Microscopy, Focused Ion Beam - Scanning
Electron Microscopy nanotomography (FIB/SEM nt), X-Ray tomogra-
phy, electron probe-based X-ray maps, autoradiograph porosity
mapping, etc.) have recently demonstrated the possibility of
extracting quantitative key parameters about clay-rich material
organization [10e21]. These studies have however emphasized that
a single imaging method is not able to fully encompass pore net-
works having PSD ranging between nanometers and micrometers
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mainly due to the dual limitations of the spatial resolutionwith the
associated field of view (FOV) specific to each method. Uncommon
previous research has attempted to combine several techniques (X-
ray tomography, FIB-nt and TEM) to encompass the full PSD from
largest to smallest pores of a clay material [16]. The PSD obtained at
each scale with the different techniques do not successfully match
in the overlapping scale ranges, clearly indicating that the PSD
obtained are not cross-validated. For shale, the anisotropic distri-
bution of the minerals and pores is so scattered that it is quite
difficult to compare each technique as the porosity information
obtained by FIB-SEM could strongly varied among the heteroge-
neous facies of that shale [22]. Technical limitations (spatial reso-
lution/FOV pair regardless of the Representative Volume Element
(RVE) of each method used) are usually stated to explain these
differences, neglecting that strong bias could be involved by vary-
ing sample preparation, the choice of acquisition parameters and
the image analysis approach used. In the data handling, the pore
network recognized and its volume are strongly impacted by the
segmentation approach used when basic thresholding approaches
are used [23,24]. The actual distribution of pores and minerals in
natural shales is the result of overlapped and successive processes
of mineral growth and dissolution as well as localized compaction
steps throughout the geological history of the rock. Therefore, rock
organization is strongly heterogeneous at each scale and obtaining
perfect matches for the results of different methods applied on
various sampled volumes is not straightforward. This is indeed
currently a scientific bottleneck to properly implementing a multi-
scale strategy to directly model solute diffusion on real pore net-
works of clay-rocks and better understand their specific diffusion
properties.

In this study, we propose integrated methodology to charac-
terize mineral and pore spatial distributions of clay-rich materials
from nanometers to micrometers. This work focuses on compacted
mesoporous illite samples (a simpler model system than natural
clay-rock) in the hopes of extending our findings to natural clay-
rich rock formations. Illite was chosen because it is the main con-
stituent of the clay-rock porous matrix as swelling clay contents are
very low [25] and other minerals such as carbonates and quartz are
non-porous in clay-rocks [19]. Compacted illite samples mimic the
mesoporous clay matrix constituting clay-rocks well. This analog
system has been studied previously for several purposes such as
hydraulics, diffusion, radionuclide sorption and mechanical prop-
erties [7,26,27]. Our approach is mainly based on imaging the nano-
microscale organization (mm-nm) of compacted illite materials
using TEM and FIB/SEM-nt imaging techniques and analyzing the
resulting set of images to extract quantitative information on pore
space, mineral spatial distributions, and morphology. The meth-
odology we propose aims to improve several key steps including
the sample preparation, image acquisition, image analysis and the
final quantification of the PSD, by cross-validating the results from
bulk techniques. Such a comparison is possible through the use of
samples more homogeneous than natural clay-rock. Finally, the
work validated a method of image analysis based on FIB and TEM
data on more homogeneous and non-swelling clay materials
whereby we could compare bulk and image-based PSD applied on
various sample volumes. This method of FIB-nt data acquisition and
image analysis can therefore be applied with confidence to more
heterogeneous clay materials according to the probed volume.

2. Material and methods

2.1. Illite du Puy (IDP)

Illite mineral is a non-swelling claymade of 1 nm thick alumino-
silicate 2:1 layers [28]. For the sake of this study, IDP was used as a
reference illite phase [27]. IDP is extracted from Eocene lacustrine
continental sediments in the Le Puy en Velay basin (Massif Central,
France). This sedimentary formation is mainly composed by illite
clay minerals (80e100%). In association with illite, kaolinite is
identified as a clay mineral phase with proportions ranging from
0 to 20% of the clay fraction [29]. Because of its sedimentary nature,
the clay-rich Puy en Velay formation also contains non-clay min-
erals such as carbonate, K-feldspar and quartz, present in varying
amounts (between 0 and 40%). Consequently, a purification pro-
cedure is required to extract the illite reference material from the
raw geological formation. This is to remove the non-clay compo-
nents of the rock and increase the amount of illite at the expense of
kaolinite. Baeyens and Bradbury [30] have recommended a stan-
dardized procedure for the purification in numerous studies. After
this treatment, the amount of illite is ~88e93%, with a variable
amount of kaolinite. In our study, the raw material was purified
according to this procedure. After treatment, powder X-ray
diffraction revealed that the amount of illite was ~85e90%, and that
K-feldpar was present. Complementary oriented X-ray diffraction
analyses have also highlighted that the purified IDP material con-
tains an illite/smectite mixed layer fraction (~20e30% of the clay
fraction) with a low smectite layer content in the mixed layer
structure (I/S in a proportion of 80/20). Finally, the purifiedmaterial
was composed of illite layers (90e94%) and negligible smectite
layer (4e6%) and K-feldspar (less than 5%) contents while in natural
clay-rock like Callovo-Oxfordian clay-rock (Bure, ANDRA URL), the
clay fraction is composed of more than 50% illite and approximately
20% smectite layers mixed with various amount of chlorite and
kaolinite [31].
2.2. Sample preparation

The dry, crushed, purified illite powder was first sieved at
100 mm and then compacted, using a hydraulic press at dry bulk
density of 1.7 g/cm3 corresponding to a bulk porosity of 39% when
considering the solid density of 2.78 g/cm3 measured by helium
pycnometry. This compaction density was selected in order to
mimic the specific porosity of clay-rock clay matrix [20]. The
sample size was fixed at 35 mm in diameter and 10 mm thick.

Smaller samples dedicated to bulk measurements were then
frozen in slush nitrogen freeze-dried before storing then under
vacuum for their analysis [17]. Note here that the low content in
swelling-clay minerals with smaller particle sizes limits the po-
tential drying/shrinkage damages.

The samples were then placed in cells to ensure mechanical
confinement and constrain the sample volume upon rehydration or
impregnation processes. For electron beam-based imaging
methods applied under vacuum, resin impregnation is conven-
tionally setup for sample preparation. In this work, the methyl-
methacrylate (MMA) resin impregnation method was
implemented in order to preserve the texture in a water-like
saturation state without losing the clay confinement or modifying
the pore space geometry during sample manipulation (sectioning,
polishing, and image acquisition). The works of [3] and [17] have
proved the efficiency of MMA pure monomer-based resin for fully
impregnating clayey materials (low viscosity, dipole moment
similar to water, small size molecules). Details about this technique
can be found in Refs. [3,11,12,17,18,21,32]. MMA impregnation lasted
2 months so that the pore space was fully saturated. After this
period, MMA was polymerized through the addition of a thermal
initiator by heating at 60 �C. After this step, the impregnated IDP
samples could be handled without damaging their microstructure.
These samples were used to prepare subsamples of polished thick
sections for multi-technique image acquisition.
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2.3. Pore space characterization by bulk techniques

In addition to imaging techniques, pore space characterizations
were performed on bulk freeze-dried IDP bulk samples based on
classical nitrogen adsorption/desorption isotherms at 77 K coupled
with the BJH method and the mercury intrusion porosimetry (MIP)
technique. It is well known that the PSD stem from these methods
are based on the interpretations of the raw data in particular the
assumptions about pore morphology [33,34] but they remain
extensively used to characterize the mesopore distribution down to
2 nm.

On the same samples, nitrogen adsorption/desorption iso-
therms were measured using a Micromeritics ASAP 2020 volu-
metric setup and MIP measurements using a Micromeritics
Autopore IV 9500. Data obtained from the nitrogen adsorption
isotherms was interpreted on the basis of the Kelvin equation
linking the partial pressure of gas to the pore radius, assuming
pores as cylinders [35]:

log
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where s is the surface tension, VN the molar volume of liquid ni-
trogen, R the gas constant and T the absolute temperature in K.
Taking into account the thickness (tlayer) in nm of the multilayer
liquid nitrogen adsorbed on the pore walls at a relative pressure
interval provided by the Hasley's equation, this leads to the
following expression of the pore diameter dp [36]:
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The PSD was finally estimated using the BJH formalism
described by Barrett, Joyner and Hallenda [35], integrating the pore
diameter on the adsorption branch for each relative pressure in-
terval. Using this model, PSD were calculated for pore diameters
ranging between 2 and 100 nm.

MIP tests were interpreted using both analytical and numerical
approaches. The analytical approach is based on the Washburn
equation [37] linking the applied pressure of mercury to the pore
radius of pores filled by mercury at each step (intrusion or
extrusion):

r ¼ 2gcosa
P

where r is the entrance pore radius, g the surface tension of the
mercury, and a and P are the contact angles of the Hg/air interface
on solid and the pressure difference across the interface, respec-
tively. The Washburn equation is valid for pores having a circular
cross section, which is themost commonly used pore shape. Amore
general expression for pores of other shapes such as elliptical or slit
can used by introducing a shape factor into the Washburn equation
[38]:

dp ¼ f
gcosa
P

where dp is the pore diameter and f the shape factor. The shape
factor varies from 2 for slit (parallel walls) pores to 4 for cylindrical
pores having a circular cross section [39]. This interpretation is
classically considered to be limited since mercury progressively
invades the pore network from the external surface of the sample
to its core.

In order to improve the interpretation MIP tests, a numerical
program called XDQ [40,41] was used. The XDQ program is based on
a multi-scale percolation system for which isotropic constitutive
pore networks' structure with cubic lattice and bond percolation
has been adopted. Mercury percolation simulations based on a
multi-scale pore network model were performed to test several
scenarios providing the best pore network (and the resulting PSD)
that meant we could reproduce both the mercury intrusion and
extrusion curves.

2.4. Pore space characterization by imaging methods

2.4.1. Transmission electron microscopy
TEM observations were performed on ultrathin sections. Slices

of MMA impregnated IDP, ranging from 50 to 100 nm thick, were
cut parallel to the axis of compaction using a Leica UC7ultracut
ultramicrotome equipped with a diamond knife. TEM 8-bit gray-
scale images (4008 � 2672 pixels) were then acquired on a Philips
CM20 microscope, operated at 200 kV, with a point resolution of
0.14 nm. Low magnification bright-field images were recorded to
visualize the millimeter to micrometer scale organization of the
compacted IDP samples. Selected representative areas were also
acquired at higher magnification to depict the nanometer scale
organization (clay particle morphology, pore/clay interface, illite
clay internal structure). Illustration of the successive down-scaling
bright-field images of compacted illite are displayed on Fig. 1. In
TEM images of such pure illite samples, grayscale intensity depends
mainly on the local electron density, which is related to local
porosity values (dark pixels correspond to pure solid, bright pixels
to pore and intermediate grayscale to a mixture of pores and solid).

2.4.2. Focus ion beam nanotomography
FIB-nt was done with a dual-beam SEM instrument. The prin-

ciple of the FIB-SEM-nt approach is detailed in Ref. [42] and basi-
cally corresponds to successive milling of a thin sample layer by a
gallium beam followed by SEM imaging. Images were acquired on a
Zeiss NVision 40 equipped with a GEMINI® e-beam FESEM column
technology with two in-lens detector systems for ultra-high reso-
lution imaging. The SEMwas operated at a low acceleration voltage
of 1.7 keV and a dwell time/pixel of 0.2 ms. Ion gun milling current
was at 300 pA. The GEMINI® column design includes an integrated
in-lens secondary electron (SE) detector and a second in-column
detector enabling simultaneous detection of backscattered elec-
trons (BSE) with an EsB grid to select the range of detected BSEs
according to the landing energy. The ULTRA FESEM with the dual
in-column detectors enables simultaneous ultra-high resolution
imaging with secondary and backscattered electrons at lower
accelerating voltage in comparison to a classical BSE detector. Low
voltage BSE imaging with the EsB detector allows the acquisition of
images with a better signal to noise ratio than the SE ones and with
both better lateral resolution and an escape depth smaller than
5 nm (Fig. 2). The energy filtering of the EsB detector makes it
possible to select only BSE with low loss energy emitted on an area
of the sample surface close to the electron probe size, i.e. smaller
than 5 nm. For this purpose, millimetric impregnated subsample
specimens were prepared with a diamond saw (thickness of the
saw blade ¼ 100 mm) for the FIB-nt acquisition. The cross-sections
were cut perpendicular the compaction axis. A cube size of 1 cm3

was prepared to assess it. The cross-section surface was polished
for 2 h with fine-grained (1/4 mm) diamond powder. Two stacks of
180 SEM 8 bit encoded images with dimension 2048 � 1536 pixels
were recorded. The pixel size in the 2D images is 5 � 5 nm2. Be-
tween the images, a layer of 5 nm thickness was milled away. Thus,



Fig. 1. TEM images of compacted IDP. Down-scaling illustrations (from 1 to 6) of compacted IDP organization.

Fig. 2. EsB (A) and secondary (B) electron images obtained simultaneously with the dual in-column detector of the ULTRA FESEM GEMINI® column.
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one voxel in the 3D data set represents volume of 5 � 5 � 5 nm3.
The FIB/SEM volume presented is a cropped subvolume (size
1404 � 1404 � 180 pixels) of the total block of materials analyzed,
which is focused on a region of interest after the stack is aligned.
Contrary to TEM images, dark pixels correspond to voids and in-
termediate grayscale to solid (Fig. 2).
2.4.3. Image analysis

� Textural characterization from TEM images

TEM grayscale images can provide quantitative information
about the microstructure of compacted IDP. In the literature,
different mathematical tools are proposed to analyze the texture of
grayscale images [43]. For our purposes, specific features of the
texture were targeted: anisotropy, spatial correlation, and size of a
representative pattern.

Spatial distribution properties were first analyzed using a clas-
sical semi-variogram function. Semi-variogram characterizes in a
given direction the local relation between two pixels separated by a
distance h. The semi-variogram g(h) is computed from the
following equation:

gðhÞ ¼ 1
2N

XN
x¼1

ðZx � ZxþhÞ2

where Zx and Zx þ h are the grayscale values of the pixels x and
x þ h separated by distance h and N is the number of analyzed
pixels to calculate g(h). For a non-periodic texture, semi-variogram
g(h) evolves to an asymptotic maximum indicating the loss of
correlation between pixels separated by distance h. The distance to
reach the asymptote is related to the size of objects composing the
image. Moreover when the semi-variograms are computed for
several directions, the anisotropy properties of these objects can be
analyzed.

� Preprocessing step for the FIB/SEM raw data

Raw FIB/SEM data requires pre-processing treatments to
remove artifacts and analyze them in terms of a 3D volume [13].



Fig. 4. Pore size distributions which were determined with N2 adsorption and MIP
analyses. MIP pore size distribution was calculated with the xdq program (vignette).
MIP incremental distribution is presented to illustrate the different class of pore
analyzed where the modal distribution centered on mmetric size is an artifact of
sample preparation.
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The following set of operations was considered and applied using
the public-domain software ImageJ (http://rsb.info.nih.gov/ij/) and
associated open-source plugins:

i. Due to the specific geometry of the FIB/SEM column (tilting
angle between the imaged surface and the electron beam) a
non-uniform illumination induces a shadowing effect, cor-
rected with a rolling ball algorithm [44].

ii. Aligning the stack of images to reconstruct a continuous 3D
volume. [Prill, Schladitz, Jeulin, Faessel and Wieser [45]]
mentioned that since the segmentation method relies on the
analysis of the intensity profile of one pixel in the z-direction
(perpendicular to the milling direction), a very precise
alignment is necessary to ensure the precise overlap of the
images in the stack even to sub-pixel precision. The stack
alignment was performed using the affine stack Alignment
algorithm provided by the StackReg plugin implemented in
ImageJ [46].

iii. Removing the ‘curtaining’ artifact (vertical stripes) from
gallium beam scattering and out-of-plane imaging which is
common on the SE images (Fig. 2). These stripes were
eliminated by computing the Fast Fourier transform (FFT).
Such directional artefacts were then removed by applying a
filter [47] on the 2D power spectrum. The inverse FFT is
computed to obtain the filtered image.

iv. Image quality was also enhanced by applying (i) a contrast
and brightness adjustment spreading the grayscale histo-
gram and (ii) a Gaussian 3D filter (standard deviation of 2
pixels) to reduce noise.

The different preprocessing steps are illustrated in Fig. 3.
Fig. 3. Preprocessing method to improve the signal to noise ratio of the BSE images. Image (1
and contrast corrected image and (4) Noise reducing with Gaussian Blur filter. Grayscale
histogram frequency displayed the evolution of the pixel distribution from the initial imag
3. Results

3.1. Pore size distribution from bulk measurements

The PSD and the associated probed pore volume were deter-
mined by N2 adsorption and MIP measurement. The cumulative
PSD after normalization to the total bulk porosity of 39% for each
method were used to determine the probed part of the pore
) is the acquired FIB/SEM image; (2) image with substracted background; (3) Brightness
profiles are plotted to illustrate the correction of the shadowing effect. The grayscale
e (thick black line) to the preprocessed one (thin black line).

http://rsb.info.nih.gov/ij/
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network. Fig. 4 reveals that more than 90% of the theoretical pore
volume was analyzed by N2 adsorption with pore size diameter
ranging from 2 to 100 nm. The raw pore volume investigated by
MIP was higher than the theoretical total pore volume. The incre-
mental mercury intrusion curve displays a two mode shape with
one mode centered on 5 nm (70% of the MIP pore volume) and
another centered on 1e2 mm (30% of the MIP pore volume). The
largest pores are unusual and can be attributed to a damaged
external sample surface linked to a preparation artifact upon sub-
sampling. By removing the pore volume related to this artefact, the
cumulative PSD of the undamaged compacted illite can be recal-
culated upon intrusion and extrusion (Fig. 4). The resulting pore
volume probed at the maximum intrusion pressure represents 80%
of the theoretical porosity value; this is in a better agreement with
limit of resolution of MIP.

The cumulative MIP PSD of the connected pore was modeled by
simulating the intrusion and extrusion curves using XDQ software
[40,41]. The best match between the simulated and experimental
curves was reached when assuming a shape factor corresponding
to slit-shaped pores, so perfect simulation of the extrusion curve
was not possible. This is because the idealized slit or cylindrical
shape of pores and also the isotropic pore network model imple-
mented in xdq do not match the actual complex pore morphology
in clay materials. The adjustment made with the shape factor re-
veals that the PSD calculated with the N2 adsorption and the MIP
are sensitive to the local pore network morphology and is probably
less ideal than limiting to slits or tubes (Fig. 4) as well as the
involved physics considered in N2 adsorption and MIP is different.
The lonely difference is the total pore volume detected with each
technique. The smallest pores detected by MIP are approximately
7 nm whereas the pore sizes detected by BJH are closed to 3 nm
smaller with the BJH approach.

3.2. Pore network characterization by imaging techniques

3.2.1. RVE estimation and 2D texture analysis based on grayscale
TEM images

TEM images were obtained at different FOV (17, 8, 4 mm) with a
corresponding pixel size of 4, 2, 1 nm, respectively. For the lower
magnification, pores and solid cannot be properly discriminated
and thresholded (Fig. 5A, B and C). However, semi-variograms were
computed on the grayscale images for 4 directions (0�, 45�, 90� and
135�) on the three TEM images acquired with increasing magnifi-
cation. For the same direction, the computed semi-variograms are
relatively similar, highlighting a similar microstructure probed,
whatever the image FOV. The asymptote is reached around 150 nm
indicating that the IDP microstructure is composed by objects,
pores or particles having a mean size around 150 nm (Fig. 5E). For
the same image (FOV 17 mm), semi-variograms computed in the
four directions reveal anisotropic behavior in the microstructure
with asymptotes reached at 70 nm at 45e90� and 200 nm at 0�. To
go further in the interpretations of the semi-variograms, we have
performed an analytical adjustment using an exponential law
which is the most suitable here (by comparison to Gaussian or
spherical models) [48]:

gðhÞ ¼ C �
�
1� exp

�
�3h

a

��

with C the asymptotic value and a, the correlation length. Adjusting
the a parameter provides a robust estimator of the variation of the
semi-variograms in several directions allowing assessment of the
texture anisotropy. To a greater extent, modeled semi-variograms
like this could be used to feed up-scaling and microstructure
modeling [49]. As an example, in the direction of 0� a correlation
length of about 110 nm is obtained for these three TEM images
(Fig. 5F). The evolution of awith the analyzed directions is given for
the three magnifications in a rose diagram (Fig. 5D). Anisotropic
behavior is clearly shown for these three images with a ratio
around 2 between the highest and the lowest correlation lengths.
Note here that maximum and minimum correlation lengths cannot
be directly compared due to slight tilting among these three images
when the microscope magnification increases. For the three images
the lowest correlation length is orthogonal to the highest and
corresponds to the compaction axis (Fig. 5A). This behavior in-
dicates preferential orientation of clay particles and the associated
pore space during the compaction procedure.

The representative volume element (RVE) (or Representative
Surface Element for 2D applications) is defined by Drugan and
Willis [50] as ‘the smallest material volume element of the composite
for which the usual spatially constant macroscopic representation is a
sufficiently accurate model to represent mean constitutive response’.
In order to estimate the RVE, we propose a method inspired from
the work of Galli, Cugnoni and Botsis [51] based on the spatial
variability of grayscale mean values computed for various window
sizes. For a given radius of window r, the standard deviation is
calculated as follows:

s2ðrÞ ¼ 1
N

XN
x¼1

�
ZðrÞx � ZðrÞ�2

with Zx (r) the grayscale mean of a window of size r centered on the
pixel x and ZðrÞ the mean grayscale of all the windows of size r
(which is roughly equivalent to themean grayscale of the image). In
order to optimize the computation of the grayscale mean values of
windows having different sizes, we have successively applied on
the image a ‘local mean filter’ (spherical filter) of different sizes. The
local mean filter transforms the grayscale of each pixel into the
mean grayscale of a surrounding area (a disc of radius r) defined by
the filter. The standard deviation is then computed from each
filtered image. For the three analyzed TEM images, the standard
deviation s2(r) according to the evolution of the window size im-
ages is relatively similar and in agreement with results obtained
from semi-variograms (Fig. 5G). Standard deviations reach a min-
imum asymptotic close to a radius of 500e600 nm; this corre-
sponds to a surface area of 1 mm2. The correlation lengths
determined from semi-variograms are smaller by one order of
magnitude (110 nm) than the characteristic lengths to reach the
Representative Surface Element (diameter of 1e1.2 mm). These two
scale lengths are in good agreement with the respective notions of
the size of the objects and of their representative spatial
arrangement.
3.2.2. 2D segmentation of the pore space distribution on TEM
images

The partitioning of pores from a TEM image was carried out for
an intermediate level of magnification corresponding to a field of
view 3� 2.4 mm regardless of the previously determined RVE.
However partitioning pores in TEM images is not straightforward
since TEM does not provide 2D sections but integrates information
averaged through the thickness of the ultrathin section. Conse-
quently, pixels in the TEM image mainly correspond to a pore and
solid mixture distributed along the thickness of the section. Local
changes in pore/solid ratio cause grayscale variation. In a first
approximation, as most of the pores are smaller than the thickness
of the ultrathin section (~100 nm), TEM images can be seen as a
spatial distribution map of local porosity instead of pores. Taking
into account these limitations, image segmentation was performed
with the objective of identifying three phases: pores, solid (or



Fig. 5. TEM images at different magnification corrseponding to field of view of 17 mm (A), 8 mm (B) and 4 mm (C). The orientation grid indicates the rotation of images as a function of
magnification and regardless of the compaction axis (white arrows). Orientation (D), variograms (E, F) and covariance (G) calculated on the TEM images.
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minerals) and a mixture of pore and solid phases (Fig. 6). These
three phases were partitioned using a watershed algorithm [52]
provided by the software Aphelion™. In comparison with global
threshold value methods, watershed segmentation takes into ac-
count local information to enhance the robustness of the
Fig. 6. TEM micrograph of compacted IDP and associated segmented image with a field of vi
solids, respectively. (For interpretation of the references to color in this figure legend, the r
segmentation. First a gradient image is computed to obtain an
image with low grayscales (low gradient) in homogeneous regions
belonging to pores, solids or mixtures in depth and strong gray-
scales/gradients at the boundaries of these objects. The principles
of the watershed method are as follows, in gradient grayscale
ew of 2 mm). Blue represents pores and light and dark gray are pore/solid mixtures and
eader is referred to the web version of this article.)
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image, where each grayscale is considered as an altitude as in a
topographic map, and the watershed algorithm allows the image to
be partitioned into homogenous regions (e.g. catchment basins).
These regions can be then merged from previously identified
markers belonging to the pores, the solid or the pore/solid mixture.
The result of this segmentation is illustrated on Fig. 6. This seg-
mentation clearly reveals the preferential orientation of pores with
size ranging from 1 nm to 100 nm and from 1 to 800 nm (data not
shown) related to the compaction axis, parallel and perpendicular,
respectively. For this image, which is representative of an inter-
mediate magnification, the segmentation gives 20% of pores, 41.7%
of solid and 38.3% of pore/solid mixture. Taking into account these
proportions and assuming a specific porosity of 100% for pores, 0%
for solid and 50% for the pore/solid mixture (which could corre-
spond to an average pore/solid mixture), a total porosity of 39% is
obtained; this is in a good agreement with the expected bulk
porosity of the compacted IDP. This argument tends to validate our
segmentation procedure, allowing the detection of pores at a
nanometer local scale.

3.2.3. 3D quantitative spatial distribution of the porosity
Using image stacks obtained either in SE or EsB mode with FIB-

nT we visualize the pore space (pure black to low grayscale) from
the surrounding and brightest clay matrix. Comparing the two
types of imaging mode was illustrated in Fig. 7. Recent studies
Fig. 7. SEM images of the compacted IDP with the same x,y coordinates. A and B images ar
proposed in this work to improve the segmentation of the smallest pores. The red outlines
and thresholding. The final result of the method proposed in this work is C2. (For interpret
version of this article.)
[15,16] related to the microstructure of clay materials, based on
image analysis, were proposed by mainly considering SE images to
threshold the pore network. This choice was supported by a better
contrast between pores and surrounding materials and a better
signal to noise ratio than with the BSE images. On the other hand,
using an energy selective BSE detector (EsB) improves the signal to
noise ratio of the images, the contrast and the lateral/in depth
resolution to a greater extent. Note that stripe artefacts are negli-
gible with EsB in comparison to SE as the emission volume of quasi-
elastic BSE is drastically reduced, to be small enough to limit the
impact of topography. In order to demonstrate the use of the EsB-
based BSE images rather than the SE images, a classically used
thresholding method based on the Otsu approach [53] was applied
on both type of images (Fig. 7). The accuracy of the pore recognition
was verified by superimposing the outline of the pores (in red,
Fig. 7) onto the images. It is obvious that more pores have been
detectedwith the EsB-based approach. The SE images only detected
the largest and isolated pores having a high grayscale contrast with
the background. However, though EsB images improve the detec-
tion of pores, the smallest ones cannot be segmented by using such
simple automatic routines. In this work, an image analysis proce-
dure based on a method proposed in Ref. [54] on tomographic
images was developed to extract the smallest pores having size
close to the voxel size (5 nm). These pores are composed of pixels
having an intermediate grayscale between pure black (void) and a
e SE and EsB images thresholded by the Otsu method. C images represent the method
represent the borders of the pores recognized according the type of images (SE or EsB)
ation of the references to color in this figure legend, the reader is referred to the web
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background gray value as the emission volume of EsB electrons
(lower than 5 nm based on Monte Carlo simulations) corresponds
to a mixture of pores filled with resin and the neighboring illite
crystals. To separate these pores from the surrounding clay matrix,
the maximum gradient magnitude, which is equivalent to the point
of inflection of the smooth intensity profile across the interface
(due to the insufficient resolution), was enhanced by optimizing
the edge of transition between pores and clay grains. The sharp
transition of the grayscale profile across the solid/pore interface is
restored from the actual smooth profile by using a local weighted
filter. This sharpening filter does not transform the edge position of
the object but improves sharpness by increasing the acutance [54],
although resolution remains the same (Fig. 7). Pores were then
segmented using a watershed algorithm [55]. The watershed sep-
arations (markers belonging to the pores and solid) were selected
by identifying the slope change of the gray level histogram on its
first derivative [18,19] (data not shown). This segmentation pro-
cedure was successfully applied to the EsB image stack (Fig. 7).
Fig. 8 displays a 3D visualization of the volume obtained from EsB
FIB-nt (A). The pore space segmented using our image analysis
procedure was superimposed to the EsB volume (in yellow, B) and
illustrated alone on Fig. 8C. Secondly, Otsu thresholding (blue
pores) was applied on the same EsB volume to illustrate the dif-
ference in mesopore network segmented according to the two
methods (Fig. 8D). A region of interest (ROI) was also selected to
demonstrate this difference (Figs. 8D and 9A and B). Otsu thresh-
olding only depicts the largest and isolated pores (blue) while our
proposed method is able in addition to detect a larger number of
smaller pores. Fig. 9 focalizes on a ROI with just a few large pores to
illustrate the importance in detecting smaller pores. The additional
smallest pores in yellow (Fig. 9C) correspond to throats in between
Fig. 8. 3D visualization of the BSE FIB-nt stack images (A). (B) Segmentation of the porosi
Superimposition of the porosity segmented with Otsu thresholding (blue). (D) A region o
approaches in Fig. 9. (For interpretation of the references to color in this figure legend, the
the largest blue mesopores (Fig. 9D). Their detection substantially
changes the connectivity and geometry of the mesopore network
recognized.

From the pore network extracted using this image analysis
procedure, a porosity of 28% was determined on a FOV of
5 � 5 � 1 mm, which is representative when considering the RVE
estimated from TEM images. This corresponds to 70% of the total
bulk porosity of the sample, as illustrated by the maximumvalue of
the cumulative PSD after normalization to the total bulk porosity
(Fig. 10). In comparison, the pore network obtained using the Otsu
thresholding applied on the same volume represents only 30% of
the total porosity (Fig. 10). But the main difference between these
methods is the connectivity of the pore network. With the classic
Otsu method, only isolated pores are segmented with a positive
Euler characteristic (c ¼ 4242), as was already mentioned in pre-
vious studies [15], while when detecting the connected pores by
using a geodesic dilation from the external border of the image, the
mesopore network recognized by the method proposed in this
work is connected at 90%with a highly negative Euler characteristic
(c ¼ �53,071).

3.2.4. Pore size distribution
A large number of methods exist for determining PSD from

cross-sectional 2D images. In this study, the classical intercept
length (L) distribution method (or chord-length distribution)
[56e59] was used to assess PSD on 2D thresholded TEM images.
The intercepts are defined by the intersection of lines with the
pore-solid interface. Here thresholded pore/solid mixtures have
beenmergedwith solids as the pixels detected as mixtures through
the thickness TEM lamellae do not permit a robust estimation of
pore size. Both clay particle orientation and pore size distributions
ty (yellow). (C) Pore volume segmented from the method developed in this work. (D)
f interest (ROI) is placed on the volume to illustrate the difference between the two
reader is referred to the web version of this article.)



Fig. 9. Region of interest (ROI) illustrating the pores segmented from Otsu thresholding (B, light blue) and the method developed in this work (A, yellow). The ROI superimposed in
(A) illustrates that the yellow pores mainly represent the throats (C and D). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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are known as transverse isotropic with clay particles mainly ori-
ented perpendicular to the compaction axis and pores elongated in
the same plane [60]. The smallest aperture of the pores is thus
probed in a direction parallel to the compaction axis. The intercept
length distribution was calculated along the Y-axis of the image
almost parallel to the compaction axis in order to analyze the
thinnest section of the mesopores. The intercept length (L) distri-
bution was then converted into a volume (V) weighted PSD using
the relationship given by Krohn (1988). Beyond the fact that this
method is relatively basic, the implementation of a more complex
method was not considered as 2D TEM projections are biased by
Fig. 10. Pore size distribution (PSD) of the compacted IDP calculated with the different
methods (bulk and imaging). The PSD calculated from the 3D FIB-nt volume is given
according the two methods discussed (this work and Otsu thresholding).
mixture effects along the electron beam axis. PSD based on inter-
cept length distributions are given in Fig. 10.

PSD were also determined from the 3D spatial distribution of
pores extracted from the EsB FIB-nt stack and the previously
described segmentation procedure. Contrary to the discrete PSD
calculated from the 2D TEM images with mixture pixels, a more
robust continuous 3D PSD can be calculated from the 3D FIB-nt
pore network [61] avoiding thus a 2D slice by slice integration.
PSD were retrieved by determining the aperture diameter map
[62], where the local aperture diameter is defined in any voxel. PSD
were determined on both pore networks segmented by the classic
Otsu method and the method proposed in this work. Such a local
aperture corresponds to the maximal ball diameter centered on
each voxel distant from the neighboring pore walls that is also
involved when creating a curved interface between liquid N2 or Hg
and air in slit- or tube-shaped pores. Therefore, when deriving from
the Laplace's law, Kelvin and Washburn equations in order to
calculate PSD from N2 adsorption or MIP data, we expect similar
results. For both methods, PSD are similar down to a diameter of
30 nm: below that they diverge. The PSD deduced from the Otsu
thresholding exhibits asymptotic behavior corresponding to a
diameter limit of 30 nm where pores cannot be fully identified. On
the other hand, PSD deduced from the method presented in this
work is continuous until the resolution limits (i.e.5 nm). The PSD
obtained from FIB-nt images, TEM images and those acquired using
bulk measurement (N2 adsorption and MIP interpreted by the XDQ
program) are also the same range of pore size, even if some dif-
ferences are still remaining, highlighting the overall reliability of
the proposed methodology (Fig. 10). The main difference is due to
limitations in the pore diameters that can be detected. Pore di-
ameters below the voxel size (<5 nm) could not be segmented
whereas mesopores down to 2 nm are accounted for in the BJH/N2
approach.

Based on the method proposed in this work, the PSD displays a
continuous distribution between the largest and the smallest pore



Table 1
Macroscopic and morphologic description of the segmented-pore network of
compacted IDP.

Pore volume The present work

Porosity (e) 0.28
Specific surface (m2/m3) 3.5$107

Cells mean aperture diameter 78
Throat mean aperture diameter 9
Half axis length of the equivalent ellipsoid (nm)
a 14
b 5
c 35
Mean Interception length (nm)
X 6.1
Y 5.3
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ranging from 5 to ~100 nm in which ~90% of the segmented pore
network is connected. Such continuous PSD reflects the wedge-
shaped morphology of mesopores. Still the unprobed mesopores
in the 2e5 nm range probably fully connect the mesopores
together. The main difference with a classic Otsu thresholding
described in many recent studies [15,16], that only gives access to a
small part of the mesopores (30%), is that detecting the mesopores
down to 5 nm drastically impacts the geometry of the network and
its connectivity through throat detection. This is in good agreement
with the PSD obtained upon Hg intrusion, which provides an esti-
mation of throat apertures that are mainly below 10 nm. High
resolution 2D TEM images do not show the smallest pores as the
projection through the TEM lamellae also limits the resolution.
Z 6.9
3.2.5. 3D geometrical characterization
In addition to the classical pore volume and PSD determination,

3D geometrical characterizations of FIB-nt 3D pore networks were
performed to better evaluate the anisotropy of the compacted illite
material. The calculations were done on a specific ROI (Fig. 11)
cropped from pore networks segmented by (1) the Otsu thresh-
olding and (2) the method proposed in this work. The public-
domain software iMorph (http://imorph.fr/) was used to perform
a set of 3D morphometric and orientation analyzes. Firstly, a 3D
visualization of the individual components constituting the pore
network (one color represents one connected pore volume) con-
firms that the pore volume extracted using the segmentation
method proposed in this work constitutes a continuum network,
where 90% of the pore volume is connected, by contrast with the
one extracted by the Otsu thresholding, which is made by several
isolated pores (only 50% of the pore volume is connected).

The overall anisotropy of the pore space segmented by the
proposed approach was evaluated using the mean intercept length
(MIL) method [63]. The general principle of intercept lengths has
been previously described in x3. The MIL calculated for the three
Fig. 11. 3D visualization of a ROI of 400 � 240 � 180 voxels. (A) individual pore components
others. (B) Pore components segmented from this work. (C) Local shape classification from
representation of the pore space. (For interpretation of the references to color in this figur
main directions X, Y, Z is given in Table 1. The mean lengths toward
the Z and X direction, which correspond to the axis in a plane
perpendicular to the compaction direction, are higher than for the
compaction axis (Y direction).

After separating each pore from its neighbor by detecting the
throat, particle shape analysis was applied to each point of the
connected pore space (Fig. 11c) by calculating the local inertia
matrix for a voxel cloud centered on a point, from which three
orthogonal vectors defining an ellipsoid (a, b, c) are calculated [64].
The local shape centered on a point was obtained by a front
propagating technique which can lead to geodesic distance
computation. The means of principal vectors calculated from each
pore are longer in the X and Z directions than in the Y direction
(Table 1). The 3D visualization of the local shape index of the pores
(Fig. 11c) with the a/b elongation ratio [64] indicates also that the
pore volume is mainly composed of pores with flattened shapes
(i.e. wedge shaped) and throats in between. The mean aperture
diameter of throats and pores (i.e. cells) is given in Table 1.
segmented from Otsu thresholding. Each color represents a pore not connected to the
the computed half-axis length. The color palette indicates the a/b values. (D) Skeleton
e legend, the reader is referred to the web version of this article.)

http://imorph.fr/
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Finally, the tortuosity of the pore volume was calculated based
on the pore network skeleton. Distance Ordered Homotopic Thin-
ning combined with a fast marchine method [65] were used to
obtain the 3D skeleton and thus the graph of the pore structure
(Fig. 11d). Tortuosity values are also deduced from geodesics cal-
culations [66]. The results show that tortuosity depends on direc-
tion, where in the X, Z direction tortuosity is close to 1 while in the
Y direction (parallel to the axis of compaction) the tortuosity is at
1.2, which is in good agreement with the three-dimensional model
proposed by Matyka and Koza [67], according to the considered
porosity. These results confirm that the pore volume organization is
slightly anisotropic with a preferential orientation of the flat clay
particles perpendicular to the axis of compaction.

4. Discussion

The PSD and geometrical features of the pore network consti-
tute key parameters governing the migration of fluid and solvate
chemical elements through the clay formations. Though the solute
transport is well characterized at the macroscopic scale thanks to
diffusion experiments [6e9], modeling approaches at the pore and
pore network scales based on actual geometry are scarce for clay-
rocks. These are still required to build up a robust bottom-up
strategy supporting the understanding of the diffusion-driven
processes in clay-rocks at the scale of a radioactive waste re-
pository. From actual pore spaces provided by imaging techniques
(FIB-nt) [10,13e16] we can image the nanometric scale organiza-
tion of clay materials but without detecting the smaller throats
connecting the network. These data are currently suitable for
modeling gas transfer since that is mainly related to the largest
pore distribution, but do not allow modeling of solute or water
diffusion processes requiring the complete spatial distribution of
pores including the smallest as the throats.

In this work, we demonstrate that reliable recognition of the
pore network including throat detection of clay materials based on
FIB-nt and TEM techniques is feasible only by improving data
acquisition and segmentation. Such optimization deeply affects the
geometric and morphological parameters extracted (e.g. tortuosity,
connectivity, PSD) and is needed to address robust modeling tasks
in the future.

The studied material was a compacted clay material (rd ¼ 1.7)
mainly composed of illite (>90%).With this compacted clay plugwe
were able to work on a homogeneous system with controlled
porosity with a negligible clay interlayer contribution. This facili-
tated the comparison between bulk and imaging techniques. Illite
was also chosen to represent an analog system mimicking clay-
rocks. All the techniques used in this work, whether bulk or
microscopic, show that results converge to a similar and full PSD.
The main improvement of this work was to demonstrate how the
resolution limitations of FIB-nt techniques could be by-passed. By
this improvement, we were able to detect more than 70% of the
porosity, by contrast with recent works [15,16] demonstrating that
only less than 20% could be detected. To detect more than 20% of
the pore volume, an image analysis procedure was proposed. This
procedure was mainly based on a sharpening effect that was
applied to segment pores having different sizes, even those close to
the voxel size. This upstream work has improved the detection of
pores and allowed the segmentation of an interconnected pore
network. In addition to FIB-nt imaging, 2D TEM analysis gives
complementary data allowing the reliability of the results provided
by FIB-nt to be cross-checked and to go further in the character-
ization of the nanoscale by imaging the clay particle morphology
and structure. This study also pinpoints the limitations of 2D TEM
imaging for representing the spatial distribution of pores at nano-
scales in comparison to FIB-nt, which constitutes a key technique
for addressing these topics. Direct analysis of the grayscale TEM
images can nevertheless give quantitative information about
geometrical features of the organization (anisotropy, RVE, etc.).

Applying geometrical characterizations of the pore spatial dis-
tributions extracted from FIB-nt and TEM imaging has demon-
strated the preferential orientation of pores perpendicular to the
compaction for the compacted illite material. The effect of the
preferred pore orientation was also quantified towards the tortu-
osity of the pore pathways and leads to an anisotropy feature. This
anisotropy of the pore network is expected to induce anisotropic
transfer behavior in the clay matrix of clay-rock even if a part of the
anisotropy is due to the preferential orientation of non-clay grains
[20].

A comparison between the PSD extracted from FIB data and
those determined from bulk measurements, mainly N2 adsorption
and MIP, reveals that they are in the same range in terms of pore
size even if some differences exist in particular with the MIP PSD.
Such discrepancies between the PSD determined based on from N2
adsorption and MIP have already been discussed for mesoporous
silica, revealing that the PSD calculated from gas condensation
techniques either mercury intrusion are similar and valid only for a
given geometry of the pores [68]. The overall overestimation or
underestimation of the pore size using MIP can be attributed to the
effect of surface roughness or defects [69] on the mercury contact
angle, which is larger for a rough surface than for a plane surface
while the surface defect does not affect the mesopore size by ni-
trogen adsorption. The pore size and shape are assuredly important
in the determination of the pore size distribution and the good
agreement between the different technics.

5. Conclusion

The originality of this work lies in combining several imaging
techniques (FIB-nt and TEM), image analysis methods, and bulk
measurements to quantify the pore space geometry of a compacted
illite clay material. The consistency of the data provided for each
approach was analyzed based on specific work dedicated to the
characterization of pore size distribution (PSD). The main result of
this work is a 3D pore distribution extracted from FIB-nt data and a
dedicated image analysis procedure encompassing the full PSD of a
compacted illite material. The morphological and geometrical
analysis calculated from TEM and FIB-nt images also shows the
anisotropy structure of the compacted IDP sample.

Our othermain achievement was that we tackled the limitations
in FIB-nt resolution described by many authors using an optimized
procedure combining image acquisition and image segmentation
methods based on morphological techniques. From the proposed
approach we identified more than 70% of the total porosity of the
sample. Moreover, beyond this, we saw that most of the pores are
connected in 3D. The purified and homogeneous illite sample used
is fully adapted for cross-comparison of the different PSD provided
by different techniques. The good agreement between all the PSD
demonstrates the robust image acquisition and treatments used in
this work. As a result, exactly the same image acquisition and an-
alyses approach by FIB-nt could be now applied with confidence to
any other more complex heterogeneous clay materials to obtain
relevant pore network characterization for the probed volume.

The next step is to perform direct numerical simulation in the
actual 3D pore network extracted as part of this study to identify
several transfer properties (diffusion coefficients, diffusion anisot-
ropy, and diffusion tortuosity). The goal will be to understand the
impact of the spatial distribution of the pores and microstructure
on the diffusion parameter to better understand how a solute mi-
grates through a clay-rich formation and to propose realistic
transfer modeling from the pore network to the pore scale.
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