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Background 

 

For clay based materials, the investigation of both mineral skeleton and pore space organization as 

well as water distribution remains a key and challenging task. Such information is however required in 

order to fully understand and model their macroscopic hydro-mechanical or transport properties.  

In particular, as far as swelling clay minerals are involved, even pure clay materials are well known to 

represent spatially heterogeneous, anisotropic and deformable media from the nanometre (i.e., the 

crystal/interlayer scale) to the centimetre scale (i.e., the sample size involved in macroscopic experi-

ments) (Figure 1). Probing their organization over such extremely large scale range requires the com-

bination of different techniques providing quantitative results that can be used to feed global balances 

of water and pore distributions. Bulk physical measurements (e.g., gaz adsorption, mercury intrusion, 

scattering or diffraction approaches) have been used for decades for analyzing clay systems at the dry 

state or for hydrated states under free macroscopic swelling conditions of samples (i.e., the sample 

could swell and shrink; Figure 2). These approaches need to be associated to reveal the complexity of 

the pore space network. Indeed, all probes exhibit contrasted accessibilities (as well as for different 

solute species) and provide data on the basis of simple geometrical models either about pore or 

neck/throat size for a given size range. The main interest of imaging techniques is their ability to re-

veal the spatial heterogeneities of organization as well as the real morphology of pores. Still, they are 

poorly documented in literature as preparation procedures and extraction of quantitative data are not 

straightforward for clay materials.  

Clay organization is highly reactive and is, for example, a function of the resin/water removal tech-

nique used during embedding process, the content/composition of pore water or the pressure applied. 

Imaging techniques based on electron beam generally requires vacuum conditions around the sample 

and imply its impregnation by a resin. It is then generally difficult to assess the hydration state corre-

sponding to the organization observed. Coupling different techniques is thus only possible when simi-

lar environmental conditions and preparations are used. In case of methods able to deal with wet at-

mospheres and nanometre resolution, sub-sampling millimetre or micrometre size hydrated samples 

without inducing shearing or fractures is also not still proven. Optimization of impregnation procedure 

for water saturated clay samples still plays a pivotal role for applying the most advanced imaging 

techniques at the nanometre scale. 
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Figure 1. Multiscale heterogeneous organization of pure swelling clay media and a possible cou-

pling of techniques used in the Hydrasa laboratory to analyze it. 

 

In addition, natural clay rocks in sedimentary basins or engineered barriers in deep repositories could 

not swell or shrink by changing their macroscopic volume. Such case corresponds to constrained 

swelling conditions that implies a distribution of pore and water highly contrasting with dry state and 

hydrated state in free swelling conditions (Figure 2). Moreover, swelling rate could potentially be lim-

ited down to the crystal scale. As probing in-situ the organization of hydrated and compacted clay 

materials into an oedometer set-up is challenging, it is really poorly documented in literature. Note 

that opening an oedometer setup and analyzing a sample is not a constrained swelling condition: im-

mediate swelling and change of pore space occurs (e.g., it is a phenomenon classically studied in geo-

technics through the swelling index). 

 

 
Figure 2. Evolution of mineral skeleton, pore and water distributions, accessibility to different 

probes as a function of hydration and constraints imposed on macroscopic swelling. 

 

Natural clayey rocks in sedimentary basins display additional spatial variations of mineral and poros-

ity distributions with contrasted spatial frequencies or gradual evolutions due to sedimentation cycles, 

temporal evolutions of climate, variations of sources, diagenesis, etc. At the scale of a laboratory sam-

ple (i.e., the decimetre scale), geological history still imposes a heterogeneous spatial distribution of 

mineral and pore space downscaling to the crystal scale (e.g., sedimentary laminae, bioturbations, 

diagenetic mineral growing and dissolution). Localizing samples with a millimetre size or less against 
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the heterogeneities encountered at larger scale is thus important before analyzing it with a nanometre 

resolution. The best is to follow a continuous downscaling approach all along the characterization of 

the organization, keeping the sample in a similar state between each technique. 

Here we propose a method to fully impregnate up to decimetre sample in constrained volume condi-

tions and with a resin fixing the clay as in its hydrated state (not like fully saturated in some cases). 

Such preparation allows a downscaling characterization of the pore space heterogeneities when using 

laboratory and synchrotron X-Ray µtomography (µCT) by facilitating sub-sampling. In order to reveal 

the interest/limitations of this 3D non destructive imaging technique, a few comparisons will be done 

with other 2D techniques for the same samples. Finally, as X-Ray beams are well adapted to wet sam-

ples, we report a characterization of the pore space/ water distribution upon hydration for pure swell-

ing clay media at different scales.  

 

An impregnation technique fixing clay hydrated and the resulting downscaling approach for 

characterizing pore space heterogeneities  

 

Impregnation protocols for clayey rocks have been largely studied in the 60‘s and 70‘s, mainly paying 

attention to the choice of adequate organic solvents or freeze-drying approaches for removing water 

without artefact. Here a freeze drying approach has been compared to oven drying. But some points as 

crucial are less documented. 

A consolidated clayey rock sample generally swells and sometimes is totally disaggregated when put-

ting it into a water vial. If the resin chosen for an impregnation protocol is able to mimics the same 

phenomenon, it has the potential to fix the organization of hydrated clay. It is rarely the case and it is 

then important to understand what is the equivalent hydration state obtained. But such basics behav-

iour imposes that any impregnation process for a latter study of organization in constrained swelling 

conditions needs to be applied through the use of confining cells. Strong swelling pressures generated 

by such resins or water are not balanced by a simple resin surrounding of samples or organics capsules. 

Thus we developed specific impregnation cells to avoid biased results. Systematically, a post-control 

of impregnation/confining efficiency is done as well as demonstrating that no macroscopic change of 

sample volume occurs.  

As sub-sampling wet clay samples without artefact is difficult, the best is to impregnate a centimetre 

scale sample before sawing it. The choice of the resin is thus constrained by its ability to saturate the 

pore space through good dynamical properties and long impregnation times. Fixing the hydrated state 

is the other objective. These points are not fully demonstrated when using the commercial resin al-

ready tested in literature. Studying their interaction with clay is not simple as they content several or-

ganic components with contrasted properties. Here we select a pure monomer, the Methyl MethAcry-

late (MMA), able to imply both crystalline swelling and strong macroscopic swelling pressures. We 

then characterize the resin/clay interaction and the efficiency/limits of both the resin and confining 

systems by coupling different imaging techniques with XRD, FTIR and TGA. The organization ob-

tained mimics hydrated clays just below water saturation (i.e., a relative humidity of 98%) as osmotic 

swelling at crystal scale is not reproduced. This is the case for Na saturated smectites but a better re-

production of the water saturated state is expected with other interlayer cations. The full impregnation 

of confined decimetre samples is also successfully proven (Figure 4). But we demonstrate that lot of 

attention should be paid to the choice of confining systems (Figure 3), the initial sample saw-

ing/storing (Figure 4) and the impregnation time that reaches several months. 

Starting from decimetre scale and fully impregnated samples, sawing or coring well localized sub-

samples without creating artefacts is facilitated even at millimetre scale or less. A downscaling ap-

proach could be then applied by selecting the techniques in function of the resolution and field of view 

needed.  
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Figure 3. Centimetre scale compacted MX80 bentonite samples impregnated by MMA in con-

strained volume conditions (dry bulk density of 1.6g/cm
3
). a) Autoradiograph showing a local 

porosity increase (darker) in the border of the sample due to decompaction by swelling through 

the confining sinters. b) Autoradiograph of a homogeneous and well constrained sample when 

using low pore size sinters. c-d) SEM BSE image of the organization at low scale in the decom-

pacted border and well preserved core previously recognized on the autoradiograph (M: macro-

pores ; A: mesoporous aggregates). e) Synchrotron X-ray µCT volume of the same sample sub-

sampled using coring (ESRF, BM05 beamline, resolution 1.4µm). 

 

For clay rocks, the poor contrast achieved by µCT on decimetre or centimetre scale samples only al-

lows the detection of heavy minerals and the largest fracture networks leading from dehydra-

tion/mechanical stress. The comparison of laboratory µCT and 2D autoradiograph porosity mapping 

clearly demonstrates that this latter technique is more adapted to reveal spatial heterogeneities of pore 

space from the decimetre scale down to a few tens of microns. 2D autoradiograph porosity mapping is 

based on a full impregnation with a 
14

C or 
3
H labelled resin coupled with image processing. Sensibility, 

spatial resolution and contrast are better and a quantitative mapping is achieved by including all pores 

whatever their sizes, even interlayer spaces (Figure 4; Gaboreau et al. (2011), Prêt et al. (2004), Sar-

dini et al. (2009)). The use of laboratory µCT is thus better adapted to (i) the control of clay samples 

before experiments such as transport experiences or (ii) to the 3D localization of sub-sampling into 

water saturated samples for latter techniques forbidding the use of a resin (Schlegel et al. (2010)).  

At millimetre scale down to the micron or sub-micron scale, the comparison we did between 3D syn-

chrotron µCT and 2D Back-Scattered Electron/SEM imaging also reveals a worse contrast even if it is 

improved for small samples (Figure 3). It is especially challenging to distinguish quartz grains from 

the surrounding clay matrix. Image analysis is then facilitated by using 2D BSE images in order to 

provide quantitative data with a similar resolution. Mineral/porosity mapping by processing 

SEM/EPMA chemical maps provides the best discrimination between all rock forming minerals (Prêt 

(2010a)). The local estimation of the nanometre pore amounts including interlayers and with a resolu-

tion of a few micrometres is also obtained (Prêt, 2010b). It is a unique way for measuring the porosity 

associated to each mineral for such finely divided materials and maps the heterogeneities of the spatial 

distribution. For artefact-free sub-sampling of natural clay samples of a few millimetres, resin impreg-

nation is recommended. But the main interest of using synchrotron µCT then remains for revealing the 

3D morphology of a macropore network or a clay matrix. Segmentation of these poorly contrasted 

features is really challenging and needs specially developed algorithms to preserve their connectivity 

and contents. Such time consuming approaches is justified when the data then support 3D numerical 

modelling of macroscopic solute diffusion experiments for example (Robinet et al., submitted). 
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Figure 4. Decimetre scale compacted MX80 bentonite sample impregnated by 

14
C-labelled MMA 

in constrained volume conditions (SKB-LOT experiment) Note that storing before impregnation 

induces irreversible shrinkage artefacts. Up: Autoradiograph on a polished thick parallel to the 

impregnation direction: yellow lines indicate the position of the porosity profiles. Down: Mean 

porosity profile along the vertical yellow line on the autoradiograph indicating a damaged zone 

on a thickness of 2.5mm due to sawing. 

 

Influence of hydration on multi-scale pore space and water distribution of swelling clay 

 

To our knowledge, constraints on data acquisition or treatment actually does not allow the quantitative 

study of water saturated and compacted samples in constrained volume conditions, i.e., in the main 

organization state of engineered barriers involved in nuclear waste repositories. For example, prepara-

tion needed for electron microscopy is never performed in constrained swelling conditions and fixing 

water saturated state is still not fully proven for water removal approaches and resins used. X-ray or 

neutron diffraction/small angle scattering models are also limited for non-oriented wet samples and 

design of suitable setup for in-situ analysis of sample representative of engineered barriers is a real 

experimental constraint for X-ray or electron beams. Only a few works exploiting confining setups for 

in-situ analysis and neutron beams provides qualitative approaches (Devineau et al.(2006)) or promis-

ing methods for data treatment of SAXS data which are under progress. 

 

Hydration of model samples in free swelling conditions using laboratory µCT 

A preliminary, technically possible but still challenging task is to couple different methods quantita-

tively for studying the impact of hydration on organization at different scales of partially saturated 

samples in free swelling conditions. In addition of the cross-validation of the methods used, con-

straints on organization and processes involved just below water-saturation conditions could be pro-

vided. 

An alternative way for studying the impact of hydration at different organization scales is to use the 

same technique, here laboratory X-ray tomography, on different controlled macroscopic samples (up 

to 1 cm) which mimic either only one swelling crystal (here a mono-crystal of Santa Olalla vermicu-

lite) or one oriented clay powder grain (here a mono-aggregate of purified MX-80 smectite). For the 

latter sample, the additional contribution of mesopores between the particles will both impact the 

swelling properties and water distribution. Both samples have been Na saturated. By developing spe-

cific measurement cells for controlling the relative humidity around the samples, the non-destructive 

visualization of their 3D morphology in hydrated conditions was achieved with a resolution of 10µm 
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(Figure 5; Prêt et al. (in prep)). Their sample thickness evolutions at different relative humidities have 

been quantified using image analysis to derive macroscopic swelling rate in adsorption/desorption 

conditions. Such swelling rates are then compared with the total amounts of adsorbed water provided 

by water adsorption/desorption gravimetry.  

 

 
Figure 5. 3D visualization of the MX80 aggregate swelling by X-ray microtomography. 

 

 

Figure 6. a) Comparison of the MX80 aggregate swelling rate at crystalline (XRD) and macro-

scopic (µtomography) scales with water content (water gravimetry). b) Comparison of crystal 

swelling rates measured using the apparent 00l reflection positions in the pattern and the real 

ones provided by a modelling approach. c) Quantitative balance of air and water distribution for 

the MX80 aggregate as a function of pore types with hydration. d) SANS 2D pattern highlighting 

the anisotropy of the mesopore network. 

 

Furthermore, experimental XRD patterns recorded as a function of RH were compared to calculated 

profiles using a trial-and-error procedure for both samples. The obtained structural models allow de-
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scribing the hydration behaviour of the swelling interlayers, and more especially their content and 

thickness as a function of RH. The interlayer water content determined from XRD profile modelling 

discriminates the relative contributions of H2O molecules from mono- and bi-hydrated interlayers 

(crystalline water; Ferrage et al. (2010, 2011). Crystal swelling rate/ interlayer water content relation-

ships could then be derived from XRD data and compared to X-ray tomography results and water ad-

sorption isotherms. 

For the Santa Olalla monocrystal characterized only by crystal swelling and interlayer water adsorp-

tion, the quantitative cross validation of the three methods is demonstrated. Unexpected linear rela-

tionships between crystalline water content and swelling are also provided and are fully superimposed 

for adsorption and desorption mechanisms (not shown). 

For the macro-aggregate of purified MX80, the same linear relationship is provided at the crystal scale 

by XRD but macroscopic swelling rate/total adsorbed water amount coupling strongly differs (Figure 

6a). Two linear trends similar for adsorption and desorption are observed and correspond to additional 

swelling/adsorption processes linked to osmotic effect leading to a strong swelling/adsorption rate at 

relative humidity higher than 80%. In addition, a dramatic bias of measured crystal swelling rate has 

been detected when comparing results of accurate pattern modelling and rough estimation through 

XRD 001 peak position as commonly done for estimating interlayer water content in compacted clays 

(Figure 6b). These quantitative data were also used for feeding a balance of distribution of each type 

of pores (i.e., interlayer spaces, mesopores) and their respective water/air contents upon hydration. 

First, a mesopore collapsing is detected even if the total porosity increases with the macroscopic swell-

ing (Figure 6c). It is explained by a swelling rate which is systematically larger at the crystal scale 

than at the macroscopic scale. Secondly, unsuspected remaining air is detected even through the os-

motic regime.  

Finally, complementary small angle neutron scattering (SANS) and neutron diffraction data have been 

recorded on D16 beamline of ILL Grenoble as a function of RH for both type of sample. SANS results 

confirm that mesopore content decreases upon hydration and mesopores are strongly anisotropic and 

oriented according to the sedimentation plane (Figure 6d). 

  

Hydration of compacted bentonite in constrained swelling conditions using synchrotron µCT 

The investigation of compacted powders of MX-80 bentonite mimicking real engineered barriers in-

troduces larger inter-aggregate macropores in comparison to model samples described above. Such 

pores can be imaged through the use of high resolution (700nm) and better contrasted synchrotron X-

ray µCT when using small samples (diameter of 1.4mm). Samples have to be compacted directly into 

specially developed environmental cells permitting their in-situ observation (i.e., enough transmission 

rate for low X-ray energies) but resisting to the strong swelling pressure generated. This has been suc-

cessfully done for dry bulk density of 1.4 on the TOMCAT beamline of the Swiss Light Source.  

In agreement with the previous results, a strong macro-aggregates swelling is detected when relative 

humidity reaches 91%, leading to a partial closure of the macropores networks without reaching a total 

collapsing even at 98% (Figure 7). But small swelling rates detected below the relative humidity of 

80% are not observed here. Crystal swelling upon hydration thus strongly impacts the inter-particle 

mesopores before closing the macropores which are better preserved. Quantifying the macropore con-

tent evolution by image analysis is more challenging as contrast with the neighbouring clay aggregates 

is weak. Only specially developed algorithm based on mathematical morphology tools permits the 

segmentation and macropore content estimation. At the relative humidity of 98%, this amount is well 

in agreement with the content obtained on BSE image of compacted bentonite impregnated with 

MMA in constrained conditions. The organization fixed by this resin is thus close to that encountered 

for highly hydrated Na saturated clays just below water saturation. 
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Figure 7. Macropore evolution upon hydration of compacted MX80 bentonite in constrained 

swelling conditions by synchrotron X-ray tomography. 
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