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expériences d’osmose chimique et d’avoir trouvé de la place pour héberger
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À l’IRSN, sur le projet Tournemire, je tiens en particulier à remercier Justo
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Abstract

In the framework of the studies dealing on ability to store radioactive wastes
in argillaceous formations, signification of interstitial pressures is an impor-
tant point to understand water and solutes transport. In very low perme-
ability argillaceous formations, like those studied in the Callovo-Oxfordian of
the Paris basin by ANDRA, pore pressure is frequently higher than the theo-
retical hydrostatic pressure or than the pressure in the surrounding aquifers.
Such an overpressure is also measured in the Toarcian/Domerian argilla-
ceous formation (k = 10−21 m2), studied by the IRSN in the underground
research laboratory of Tournemire (Aveyron, France). The hydraulic head
profile has been specified in this manuscript and found to present a 30 ± 10
m excess-head. This excess-head can be due to compaction disequilibrium
of the argillaceous formation, diagenetic evolution of the rock, tectonic com-
pression, changes in hydrodynamic boundary conditions or osmotic processes.
Amongst these potential causes, chemical osmosis and thermo-osmosis, a
fluid flow under a chemical concentration and a temperature gradient, re-
spectively, are expected to develop owing to the small pore size and the
electrostatic interactions related to the charged surface of clay minerals.

The goal of the work presented here was to study and quantify the con-
tribution of each cause to the measured excess-head. Chemo-osmotic and
thermo-osmotic permeabilities were obtained by experiments and using the-
oretical models. Theoretical models are based on the reproduction of the
interactions occurring between the charged surface of clay minerals and pore
solution and their upscaling at the representative elementary volume macro-
scopic scale. Chemical osmosis phenomenon is related to anionic exclusion
and the determination of the chemo-osmotic efficiency requires the resolu-
tion of an electrical interactions model. A triple-layer-model which considers
diffuse layers overlapping was improved during this thesis to be able to take
into account the effect of multi-ionic solutions, i.e. nearest than the nat-
ural waters composition, and, thus, to constrain better the chemo-osmotic
efficiency ε. Thermo-osmosis process is poorly characterized so that no sat-
isfactory macroscopic expression to calculate the thermo-osmotic permeabil-
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ity kT was available nor thermo-osmotic experiments performed on natural
shales, so far. This process is interpreted as being related to changes prop-
erties of water sorbed at clay minerals surface compared with bulk water.
A thermo-osmotic permeability predictive model is proposed here, based on
the modifications of the hydrogen bounds associated with water molecules
located at the vicinity of the solid surface. Input parameters of this model
only consist in petrophysical parameters and medium conditions (porewa-
ter concentration and temperature). Chemical osmosis and thermo-osmosis
experiments were performed on Tournemire argillite samples and in a test
interval equipped borehole at the Tournemire URL. These experiments have
consisted in inducing a concentration or temperature gradient across a sam-
ple for the laboratory experiments and between the borehole test interval
and the formation for the in situ experiments. Osmotic flows were identified
by the interpretation of the pressure evolution in the test interval using a
hydro-thermo-chemo-mechanical model based on the mass balance equations
and the coupled-flow equations. Inversion of the measured pressure signals
allowed identifying a chemo-osmotic efficiency ε ranging between 0.014 and
0.31 and a thermo-osmotic permeability kT ranging between 6 × 10−12 and
2 × 10−10 m2 K−1 s−1 for the Tournemire clay-rock.

In parallel to the characterization of the osmotic processes in the argilla-
ceous formation of Tournemire, porewater composition and temperature pro-
files were established. Temperature profile was obtained by direct measure-
ment in different boreholes. Porewater composition profile was calculated
by a geochemical model developed to reproduce the thermodynamic equilib-
rium reactions with mineral phases and cation exchange between the clay-
rock and the pore solution. Added to the requirement of the temperature
and concentration profiles across the Tournemire argillaceous formation as
force gradients to reproduce the osmotic flows through the formation, the
porewater composition is also needed as it is an essential input parameter to
predict the chemo-osmotic efficiency coefficient.

At last, the characterization of the osmotic processes and the different
force gradient profiles allowed estimating the contribution of the osmotic
and hydraulic processes to the measured excess-hydraulic head profile mea-
sured in the argillaceous formation of Tournemire. Considerations on the
hydro-mechanical behaviour of the argillaceous formation allowed rule out
the other possible causes of excess-head and lead to the conclusion that only
the hydraulic processes, related to the intrinsic permeability variation across
the formation, and osmotic processes can explain the pressure field in the
Toarcian/Domerian formation. The results particularly highlight the im-
portance of the spatial variations of the hydraulic and osmotic permeability
coefficients in the generation of an excess-hydraulic head.



Résumé

Dans le cadre des études portant sur la faisabilité d’un stockage de déchets
radioactifs dans des formations argileuses, la signification des pressions inter-
stitielles est une question importante pour comprendre les transports d’eau et
de solutés. Dans les formations argileuses de très faible perméabilité, comme
celle étudiée par l’ANDRA dans le Callovo-Oxfordien du bassin de Paris, la
pression interstitielle est fréquemment supérieure à la pression hydrostatique
théorique ou à la pression dans les aquifères encaissants. Une telle surpression
est aussi enregistrée au sein de la formation argileuse du Toarcien/Domérien
(k = 10−21 m2), étudiée par l’IRSN au laboratoire souterrain de recherche de
Tournemire (Aveyron). Le profil de charge hydraulique, qui présente un excès
de charge de 30 +/- 10 m, est précisé dans ce manuscrit. Cette surpression
peut-être due à des déséquilibres de compaction de la formation argileuse,
à l’histoire diagénétique de la roche, à des compressions tectoniques, à des
changements de conditions hydrodynamiques aux limites de la formation ou
à des phénomènes d’osmose. Parmi ces causes potentielles, l’osmose chim-
ique et l’osmose thermique, respectivement, un flux d’eau sous un gradient
de concentration et sous un gradient de température, sont susceptibles de se
développer dans les milieux argileux par le fait de la faible taille des pores
et des interactions électrostatiques liées aux charges de surface des minéraux
argileux.

Le travail effectué a consisté à étudier et quantifier l’importance de chacun
des processus responsables des surpressions à Tournemire. Les paramètres
de couplage associés aux deux processus osmotiques, l’osmose chimique et
la thermo-osmose, ont été acquis expérimentalement et à l’aide de modèles
théoriques. Les modèles théoriques se fondent sur la reproduction des in-
teractions qui ont lieu entre la surface chargée des minéraux argileux et la
solution porale et leur mise l’échelle macroscopique du volume élémentaire
représentatif. Le phénomène d’osmose chimique est lié à l’exclusion anionique
et nécessite la résolution d’un modèle électrique d’interactions. Un modèle
triple couche considérant le recouvrement des couches diffuses a été amélioré
durant cette thèse pour prendre en compte l’effet des solutions multi-ioniques,
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i.e. plus proche de la composition des eaux naturelles, et de mieux contrain-
dre l’efficacité chemo-osmotique ε. La thermo-osmose est moins bien car-
actérisée de telle sorte qu’il n’existait pas d’expression macroscopique satis-
faisante pour calculer la perméabilité thermo-osmotique kT , ni d’expériences
de thermo-osmose sur matériaux naturels. Ce processus est interprété comme
étant causé par un changement des propriétés de l’eau liée à la surface des
minéraux argileux par rapport à celles de l’eau libre. Nous proposons ici un
modèle prédictif de la perméabilité thermo-osmotique basé sur la modifica-
tion des liaisons hydrogène autour des molécules d’eau proche de la surface du
solide et ayant pour seules données d’entrée des paramètres pétrophysiques et
les conditions du milieu (concentration de l’eau porale de température). Les
expériences d’osmose chimique et thermique ont été réalisées sur échantillons
d’argilite de Tournemire et dans un forage équipé d’une chambre de test à la
Station Expérimentale de Tournemire. Ces expériences ont consisté à induire
un gradient de concentration ou de température à travers un échantillon pour
les expériences en laboratoire et entre la chambre de mesure d’un forage et
la formation pour les expériences sur site. Les flux osmotiques associés sont
évalués grâce à l’interprétation de l’évolution des pressions dans les inter-
valles de mesure avec un modèle hydro-thermo-chemo-mécanique fondé sur
les lois de conservation de la masse combinées avec les équations de flux
couplés. L’inversion des signaux de pression mesurés permettent d’obtenir
l’efficacité d’osmose chimique (ε entre 0.014 et 0.31) ainsi que la perméabilité
thermo-osmotique (kT entre 6 × 10−12 et 2 × 10−10 m2 K−1 s−1) de l’argilite
de Tournemire.

En parallèle à la caractérisation des processus osmotiques dans la for-
mation argileuse de Tournemire, les profils de composition de l’eau porale
et de température ont été établis. Le profil de température a été obtenu
par mesure directe dans plusieurs forages. Le profil de composition de l’eau
porale a nécessité le développement d’un modèle géochimique visant à repro-
duire les réactions d’équilibre thermodynamique avec les phases minérales et
par échanges cationiques entre la roche argileuse et la solution porale. Ajouté
au fait que le profil de concentration chimique est la force motrice de l’osmose
chimique dans la formation, la composition de l’eau porale est une donnée
nécessaire pour calculer le coefficient d’efficacité chemo-osmotique.

Enfin, la caractérisation des processus osmotiques et des différents pro-
fils de force motrice nous a permis d’estimer la contribution des phénomènes
osmotiques et hydrauliques au profil d’excès de charge hydraulique observé
dans la formation de Tournemire. Des considérations sur le comportement
hydromécanique de la formation argileuse ont permis d’écarter les autres
causes possibles d’excès de charge et ont conduit à la conclusion que seuls
les processus hydraulique, lié à la variation de la permabilité intrinsèque au
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sein de la formation, et osmotiques expliquent le champ de pression dans la
formation. Nos résultats pointent particulièrement l’importance de la varia-
tion au sein de la formation des coefficients de perméabilité hydraulique et
osmotique dans la génération d’un excès de charge.
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The safety of deep geological nuclear wastes repositories needs the
identification and the quantification of all the phenomena expected to
contribute to mass transport in the geological medium. Indeed, this later
can be considered as a barrier as in the French concept of a repository. The
occurrence of overpressures in the low permeability argillaceous formations
of sedimentary basins is frequently noted, i.e. fluid pressures higher than
the theoretical hydrostatic pressure or than the linear pressure evolution of
the surrounding aquifers.
The study of these overpressures can provide large informations on the
hydrodynamic phenomena occurring in the shale layer [115]. Amongst the
causes of overpressures, it can be distinguished those linked to a pore volume
reduction, occurring mainly in the early basin evolution, those linked to an
increase of the water volume and those linked to fluid flow processes (changes
of hydraulic boundary conditions, osmotic flows or density driven flow). The
determination of the processes inducing an overpressure is an important
task for constraining the convective contribution to mass transport.

This doctoral thesis was launched by the French Institute for Radiological
protection and Nuclear Safety (IRSN), in collaboration with the Université
Pierre et Marie Curie - Paris 6 and AMPHOS XXI, within the framework of
the evaluation of the ANDRA industrial project of geological repository in
the Callovo-Oxfordian argillaceous formation in the East of the Paris basin.
In the ”Dossier Argile 2005” [4], a milestone established by ANDRA and
presenting the repository host abilities of the Callovo-Oxfordian argillite,
the 50 to 60 m excess-head observed in the formation was entirely attributed
to chemical osmosis. It was in contradiction with Gonçalvès et al. [60] work
and the IRSN safety notice [73], which argued that chemical osmosis is
not as well efficient as hypothesized by ANDRA and that further processes
could also be responsible of the observed overpressure.
Due to the scarcity of the knowledge on chemical osmosis behaviour in
natural shales and in particular for the Callovo-Oxfordian argillite, further
studies were needed to state on the interpretation of the pressure field in the
Callovo-Oxfordian formation.
Osmotic efficiency for the Callovo-Oxfordian formation was established by
Rousseau-Gueutin [135] and a contribution by chemical osmosis of 10 to 20
m on the 50 to 60 m of excess-head was calculated. Other processes are
consequently required to explain the excess-head in the Callovo-Oxfordian
formation. For this purpose, two additional processes were proposed such
as thermo-osmosis and the role of pergelisol in the changes of hydraulic
boundary conditions [74].
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The purpose of the present thesis is to demonstrate the ability to
interpret the measured excess-head, with a special emphasis to osmotic
processes, in an argillaceous formation with properties clos enough to those
of the Callovo-Oxfordian. The Toarcian/Domerian Tournemire formation,
studied by the IRSN for research purposes was considered for this purpose.

A full characterization of the excess-head and hydrodynamic phenomena
is presented in this study. It includes field data compilation, characterization
of the hydrogeochemical system of Tournemire, in situ and off site laboratory
osmotic flow experiments, theoretical developments for the characterization
of the osmotic processes and modelling at the formation scale for assessing
the influence of the different flow processes on the pressure field.
This manuscript is organized in four parts to deal with the origin of the
excess-head in the Tournemire argillaceous formation.

The first part consists in the state of the art and presents some elements
about abnormal pressures in sedimentary basins, the concepts of hydro-
geology in argillaceous formations with a special emphasis to the osmotic
processes and the geological and hydrogeological settings of the Tournemire
Toarcian/Domerian argillaceous formation.

In the second part, entitled contribution to the hydrogeochemical
characterization of the argillaceous formation of Tournemire, the profiles
of hydraulic head, temperature and porewater chemical composition were
established. Hydraulic head and temperature profiles are obtained through
a collection and selection of data obtained in equipped boreholes. The
porewater composition profile is needed for osmotic coefficients prediction
and osmotic flow interpretation but can not be directly obtained by sampling
due to the very low rock permeability and water content. It thus required
the use of a clay-rock - solution geochemical interactions model able to
calculate the porewater composition from relevant properties of the rock
and the solution.

The third part aims at characterizing the chemical osmosis and thermo-
osmosis coefficients in the Tournemire argillaceous formation. For both
osmotic processes, the coefficients are established through theoretical models,
accounting for the electrical interactions between the charged surface of clay
minerals and the water and solutes in the pore space, and by experiments.
The experiments have permitted assessing the clay-rock ability for driving
an osmotic flow and determining a range of osmotic coefficients for given
conditions, i.e salinity, temperature and porosity. Experiments results can
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be compared to the predictions. Whereas the theoretical models provide
coefficients as a function of the medium conditions and, consequently, a
profile of the osmotic coefficients can be obtained across the formation as a
function of the medium properties.
The predictive model for chemo-osmotic efficiency consists in the im-
provement of a triple-layer-model considering the interaction of the diffuse
layers [59, 89] to consider multi-ionic solutions, i.e. in conditions nearest
than the natural conditions found in clay-rocks. Two predictive models
for thermo-osmosis in argillaceous media, so far poorly predicted, were
established from a theory at molecular and pore scale [39]. These models
correspond to the first general estimate of the thermo-osmotic permeability.
They allow leading a discussion on the influence of this osmotic process on
fluid flow in argillaceous formations.
The experimental determination of chemo- and thermo-osmotic coefficients
were performed on samples in off site laboratory and in equipped boreholes,
respectively.

The fourth and last part of this disertation concerns the interpretation of
the pressure fields in argillaceous formations and includes the interpretation
of the pressure profile in the Toarcian/Domerian argillaceous formation of
Tournemire. The first chapter of this part consists in a discussion on the
natural attenuation of chemo-osmotically induced abnormal pressures con-
sidering the effect of the natural waters composition on the osmotic efficiency.
It is a contribution to the discussion on the ability of shales to generate over-
pressures by chemical osmosis, initiated by the Neuzil [116] observation that
an osmotic flow can develop at the formation scale.
The last chapter deals with the interpretation of the hydraulic head profile
measured in the Tournemire formation. In the calculations of the resulting
hydraulic head, the impact of the osmotic processes was mainly considered.
However, the influence of alternative processes were also discussed and intro-
duced in the calculations. The calculated hydraulic head profiles were next
compared to the excess-head previously determined, allowing to conclude on
the origin of the excess-head in the Tournemire argillaceous formation and
to discuss the influence of the osmotic processes on the fluid flow across the
formation.
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Chapter 1

State of the art

1.1 Abnormal pressures in sedimentary

basins

1.1.1 Abnormal pressures: overview and definition

Abnormal fluid pressures, especially overpressures, are frequently found in
sedimentary basins and can reach some tens of MPa [33, 72, 88]. Indeed,
around 180 worldwide located sedimentary basins were listed to present
overpressures [70]. These overpressures can be observed in different kind of
rocks (mainly carbonates, detrital rocks and evaporites) but most often in
argillaceous layers or in relation with these layers [146]. The overpressures
were historically studied in petroleum geology in areas affected by high
fluid pressures prior their drilling. An unrecognized overpressure region
suddenly found during drilling can lead to a kick effect in the borehole
and to potentially dangerous and very costly blowouts and important
economic losses [11, 106]. Overpressures are also studied in basin modelling
to constrain the hydrocarbons expulsion from the source rock [33], shales
typically.
In the context of radioactive waste storage in argillaceous formations,
abnormal pressures were also found. These overpressures are moderate,
lower than 1 MPa, most likely because the studied argillaceous formations
are shallower than the ones studied for petroleum issues and are located
in inactive sedimentary basins. The interest of studying overpressures in
argillaceous formations mainly rests on the fact that the analysis of the
causes of overpressures and the physical constrain of their magnitude allows
understanding the mechanisms of fluid flow in clay-rocks [69].

31
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A fluid (water, oil or gas) pressure is defined as abnormal if it differs from
the theoretical hydrostatic pressure, calculated from the ground surface to
the formation of interest considering a continuous groundwater column which
writes:

Ph = ρf g z (1.1)

where Ph is the hydrostatic pressure (Pa), ρf is the fluid density (kg m−3),
g is the acceleration due to gravity (m s−2) and z is the depth (m). A
fluid pressure lower than the hydrostatic pressure is then described as a
subpressure and a fluid pressure higher than the hydrostatic one as an
overpressure.
The example of the pressure evolution with depth (Fig. 1.1) in the Gulf
Coast region of United States, i.e. a young and active basin with high
sedimentation rate, provides an illustration of the occurrence of overpres-
sures compared to the hydrostatic pressure and the lithostatic pressure.
It is worth noting that the formation with normal fluid pressure and the
geopressured zone can only coexist because of an impermeable caprock at
the top of the overpressured region.
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Figure 1.1: Average subsurface pressures evolution in the Gulf Coast region
showing a geopressured zone (after [33, 72])

The definition previously presented corresponds to that used in petroleum
geology, however this simple definition presents limitations as it includes
situations where an overpressure can be explained by the topography, e.g.
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in the case of an artesian aquifer [69]. Another definition, more appropriate
to fluid flow perturbations and hydrodynamic phenomena [115], is proposed
by Horseman et al. [69]. The overpressures term is restricted to the
overpressures that can not been explained by the assumptions of a standard
hydrogeological model. These standard assumptions [69] corresponds to
a groundwater flow associated with negative hydraulic gradients arising
from elevation differences between the recharge, at the surface, and the
discharge area. It requires that the single phase flow can be described by
the Darcy’s law. It is also assumed that boundary conditions are constant
with time and that a steady-state flow occurs at isothermal conditions. The
last assumption is that the physical properties of the system, including
the geometry, are time-independent and that solid and fluid volumes are
conserved.
It appears that some standard conditions are particularly questionable in a
low permeability shale and that such formations are especially subjected to
present abnormal pressures. It mainly concerns the steady-state conditions
requiring that boundary conditions are constant during enough time so that
flow equilibrates in the shale, the validity of the Darcy’s law to describe fluid
flow or the constant physical properties since a hydromechanical behaviour
is expected when mechanical stresses (e.g., loading, tectonic compression)
act on the rock.

Most of the abnormal pressures consist in a hydrodynamic phenomenon
which tends to recover equilibrium conditions after a perturbation in the hy-
draulic conditions of the system [115]. The abnormal pressure consequently
tends to vanish with time, as a function of the hydraulic diffusivity of the low
permeability rock or of the cap-rock. Abnormal pressure at equilibrium con-
ditions can also be found and linked to fluid density or temperature contrasts
or to dependence of flow parameters on system properties.

1.1.2 Causes of abnormal pressures

Three mechanisms causing abnormal fluid pressures can be identified [33],
resulting from of changes in: i) rock pore volume; ii) the volume of intersti-
tial fluids; and iii) fluid pressure and movement of fluids.
In the following paragraphs, the most common causes of generation of over-
pressures are presented.
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Compaction disequilibrium

During basin burial, the sediments are subjected to a compaction because
of the lithostatic pressure, i.e. the overlying sediments weight. This com-
paction tends to reduce the porosity (e.g., see Athy’s relationship [8]) and, as
a consequence, to expel the pore fluids. However, with a rapid compaction,
e.g. with a high sedimentation rate and a low rock permeability, fluids keep
trapped in the porosity and fluid pressure increases [24, 33, 69, 95].
Compaction disequilibrium is one of the most frequent cause of overpres-
sures which can exceed tens of MPa. The example of abnormal pressures by
compaction disequilibrium often cited is the case of the Gulf Coast region in
United States [42] (Fig. 1.1).

Tectonic compression

A lateral tectonic compression can lead to the development of overpressures
in shales by a pore volume reduction consecutively to compressive forces.
This phenomenon also induces a squeezing of shale porewater which tends to
induce overpressures in the core of anticlinal folds in the sealed underlying
layers [33].
Tectonically induced overpressures are frequently found in orogenic belts. As
an example, abnormally high formation pressures were encountered in the
foothills of the Himalaya Mountains, associated with folding, on the Potwar
Plateau [3] or in the Khaur Fields [78], in western Pakistan.

Visco-plastic behaviour of clays

The visco-plastic behaviour of argillaceous rocks consists in a time-dependent
deformation at constant load. It can lead to a reduction of porosity and
to the persistence of overpressures during large geological time scales [139].
In limestones and sandstones, this process results from pressure dissolution
mechanism and can be quantified using stylolitic textures. In clay-rocks,
macroscopic creep is the consequence of an aggregate deformation by sliding
and rotation of grains [45].

Aquathermal effect

Overpressures induced by an aquathermal effect are linked to the 300 times
higher thermal expansion of water during temperature changes compared
with the rock thermal expansion [69, 92, 93, 94]. When sediment is heated,
i.e. during burial or due to a geothermal gradient change, the porewater vol-
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ume increases and, in a low permeability formation or because of a caprock,
this water can not migrate, leading to the development of an overpressure.

Diagenetic effects

Mineralogical changes and dissolution - precipitation processes during dia-
genesis can be envisaged as a cause of overpressures [33, 146]. Illitization,
i.e. the transformation of smectite clay to illite, occurs during burial at a
temperature between 80 and 120 � and releases an amount of water equal
to one half of its volume [128]. In a low permeability formation, this water
release can lead to overpressure generation.
The dissolution precipitation processes occurring during diagenesis can lead
to a reduction of the pore volume, i.e. a clogging, and, consequently, to an
increase of the fluid pressure.
These diagenetic effects on abnormal pressure are most likely a secondary
cause [146], associated to the causes acting during burial, mainly compaction
disequilibrium.

Organic matter maturation

During burial, with temperature and pressure increase, organic matter mat-
urates to generate hydrocarbons by cracking. This reaction causes modifica-
tions in the formation pressures of the source rock by a coupled increase of
porosity and of the fluids volume [33, 69]. An upward migration of hydro-
carbon gases from lower to upper horizons can also result in overpressuring
of upper horizons.
As an example, various basins in the Rocky Mountains region present over-
pressures identified to be generated by hydrocarbon generation in an organic-
rich source rock, caused at present day and in the last few million years [142].

Density contrasts

The pore fluid heterogeneity in a sedimentary basin can lead to the devel-
opment of abnormal pressure, without fluid movement [115]. The density
contrasts can result from salinity differences or, to a greater degree, from dif-
ferences in secondary fluid phases (oil and natural gases) contents between
different rock regions.
Overpressures linked to density contrasts are reported for sand unit upwarded
along a salt dome and containing water, oil and gas in the Louisiana Gulf
Coast [42]. The phases repartition in the formation depends on their densities
and leads to an overpressure generation in the upper part of the formation.
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Osmotic processes

Among osmotic processes, chemical osmosis is the osmotic process most stud-
ied for its relation with formation pressures [97, 110, 116, 136]. Chemical
osmosis, a fluid flow driven by a chemical potential gradient can be consid-
ered as a plausible cause of abnormal fluid pressures in clay-rich and highly
compacted formations in presence of a chemical concentration gradient. This
process was able to explain moderate overpressures or part of overpressures
in Cretaceous sediments intercalations of sands and illitic clays in Dunbarton
basin of South California [46, 97] and in the Callovo-Oxfordian clay-rock of
the Paris basin [136].
The osmotic flow describing fluid flow under a temperature gradient, i.e.
thermo-osmosis, can also be envisaged as a cause of abnormal pressures, as
suggested by Rousseau-Gueutin [135].
The effect of chemical osmosis and thermo-osmosis on the fluid pressure can
be linked to changes in the concentration or temperature gradient and in
the osmotic flow coefficient. Details on the occurrence of these processes are
addressed in the following section.

1.2 Hydrogeology of argillaceous formations

Hydrogeology of argillaceous formations is a recent section of the hy-
drogeological science, classically dedicated to the understanding and
characterization of water, solutes and heat flows in aquifers. Shales are
defined as aquicludes, which correspond to layers presenting a very low
permeability and enable to give rise to any appreciable leakage, at least on
small time scale [38].
Generally, the fluid flow in a sedimentary basin is parallel to the bedding
plane in aquifers (horizontal) and normal to the bedding in low permeability
formations (vertical flow). This vertical flow across the low permeability
layer is called drainance and allows, associated with diffusion, chemical
exchange between two aquifers separated by the low permeability formation.
With the exception of the works of Bredehoeft and Neuzil
[26, 25, 111, 112, 113, 114], the interest for the understanding of the
hydrodynamic behaviour of argillaceous formations was mainly motivated
by the studies on the confinement ability of clay-rocks for radioactive wastes
storage.

The aim of the studies on confinement ability of clay-rocks is to assess
that a contaminant stored in a clay-rock will not migrate out of this host-rock
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during a determined time duration, so that the concentration of contaminant
is at acceptable values out of host-rock. It thus requires the evaluation of
mass transport through the clay-rock, considering diffusion and convection
processes.
In the convection process, dissolved solutes are carried through the porous
medium by the fluid displacement. The other way to transport solutes in
a porous medium is diffusion. The expression combining the mass balance
equation describing convection and the second Fick’s law writes [38]:

div(De∇C − qC) = ω
∂C

∂t
(1.2)

where C is the solute concentration (mol L−1), q the specific discharge (m
s−1) calculated using the Darcy’s law, De is the effective diffusion coefficient
(m2 s−1) and ωc is the kinematic porosity.

In shales, because of the low permeability, diffusion is considered as the
dominant mass transport process [32, 123] and convection is often neglected.
However, a re-evaluation of the Darcy’s law in clay-rocks is rarely considered,
which can lead to an underestimation of the fluid movement. Indeed, the
contribution of osmotic processes on the fluid flow has to be considered for
a reliable description of the water movement in such rocks as demonstrated
by theoretical developments on osmotic flows and experimental evidences
[22, 27, 32, 50, 51, 58, 68, 79, 103, 110, 116, 136, 137]. These osmotic processes
consist in fluid flows induced by driving forces different than the hydraulic
one and therefore must be added to the Darcy’s flow.
Let’s now have a description of the hydrodynamic behaviour of argillaceous
rocks, first, using a classical hydrogeological approach and, then, introducing
coupled flows.

1.2.1 Hydraulic behaviour of clay-rocks

In a classic way, the fluid flow in porous media is described by the Darcy’s
law:

q = −k
η

(∇P + ρfg∇z) (1.3)

where q the specific discharge (m s−1), k is the intrinsic permeability (m2),
η is the fluid dynamic viscosity (Pa s), P is the fluid pressure (Pa), ρf is the
fluid density (kg m−3), g is the acceleration due to gravity (m s−2) and ∇z
is (0,0,1) vector if the vertical axis z is directed upward.
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The intrinsic permeability is the critical parameter to describe fluid flow
in a porous medium. Natural shales found in sedimentary basins are highly
compacted and present low permeability, making difficult their determina-
tion. Measurements methods of the intrinsic permeability were established
to detect the low filtration velocities of such media. For in-situ measure-
ments, the inversion of the pressure evolution after a pulse-test or a slug-test
in a hydraulically isolated measurement chamber is the more reliable method
for obtaining the hydraulic parameters. Analytical and numerical methods
[26, 56, 111] are used to analyze the transient-state evolution to the formation
steady-state. It is worth noting that the pore-pressure steady-state must be
reached before performing the pulse-test for a correct analysis of the pressure
recovery as a function of the imposed pressure gradient.
Intrinsic permeability as a function of porosity is reported in Fig. 1.2 for dif-
ferent compacted natural clay-rocks. A log-linear correlation between poros-
ity and intrinsic permeability is often observed [69, 99, 114] and a mathe-
matical relationship can be established. The Kozeny-Carman relation allows
calculating the intrinsic permeability as a function of petrophysical parame-
ters of the porous medium, i.e. the tortuosity and the specific surface area.
Its expression for clay-rocks, using plane parallel pore geometry assumption
writes [85, 122]:

k =
b2

3F
(1.4)

where b is the half pore-size (m) and F is the dimensionless formation factor,
given by the Archie’s law F = ω−m [7] where ω id the total porosity and m
is the cementation factor. The cementation factor value varies between 1.3
and 5.4 as a function of the rock [69]. For shales, its value is expected to be
around 2 for deeply buried compacted sediments according to Ullman and
Aller [149] and between 2.5 and 3.5 for smectite rich materials according to
Revil et al. [129]. Here a cementation factor of 2.3 is obtained by fitting the
permeability data as a function of porosity as represented in Fig. 1.2. This
value is confirmed by the fit of the diffusion coefficient as a function of the
porosity (Fig. 1.4).

Pressure evolution through time is calculated using the continuity equa-
tion, which describes a mass balance at the Representative Elementary Vol-
ume (REV):

∇(ρf q) +
∂(ρfω)

∂t
= 0 (1.5)

In sedimentary basins argillaceous formations, the fluid is generally confined
and the variations of fluid pressure induce a deformation of the solid skele-
ton as well as fluid density changes. A hydromechanical coupling and state
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Figure 1.2: Data of intrinsic permeability and porosity for different shales:
Toarcian Tournemire clay-rock [20]; oceanic mudstones collected at depths
between 2 and 5 km in wells from North Sea, Gulf of Mexico and Caspian
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equations for fluid and solid are introduced to express the second term of
Eq.(1.5) as pressure.
This development is generally made in the framework of the poroelasticity
theory by e.g. de Marsily [38], leading to the equation:

∇(ρf q) = −Ss
g

∂P

∂t
(1.6)

where Ss is the specific storage coefficient (m−1), which considers the porous
medium deformation and the compressibility of the fluid and solid grains. It
writes:

Ss = ρf g ω
(
βl − βs +

α

ω

)
(1.7)

where, βl, βs and α are the compressibilities (Pa−1) of the fluid, the solid
grains and the porous medium, respectively.
The specific storage coefficient can be calculated as a function of porosity,
considering the expression of the porous medium compressibility in its full
expression and the fact that the Biot coefficient, equal to 1 in standard case,
becomes lower than 1 for clay-rocks and varies with porosity [36]. These
considerations modify Eq.(1.7) and lead to [58]:

Ss = ρf g ω
(
βl − βs +

γB
ω

) 3(1− 2ν)

EY
(1.8)

where, γB is the dimensionless Biot coefficient, related to the porosity by
the expression γB = 1 − (1 − ω)3.8 [55, 86], ν is the dimensionless Poisson
coefficient and EY is the Young modulus (Pa) which can be expressed as a
function of the porosity by the relation EY = E0

Y (1 − ω)n [108]. E0
Y and

n were determined [55] equal to 10 GPa and 8, respectively, from available
measurements of Young modulus for compacted clay-rocks [14, 54, 108].

Other sources of pressure variation through time can be introduced in the
right hand side of the continuity, or pressure-diffusion, equation (1.5). These
sources may concern variations of the total stress in the porous medium,
variations of temperature or other term source like an input or a withdrawal
of fluid.

1.2.2 Coupled-flows in clay-rocks

Many experiments evidence that the Darcy’s flow is not enough to describe
fluid movement in clay-rich media and that fluid flow can also be induced
by gradients other than the hydraulic one [76, 69, 103]. In soil science
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and petroleum engineering these experiments mainly consisted in chemical
osmosis experiments performed at laboratory, on purified or remoulded
material (e.g., [27, 80, 81, 83, 82, 91, 103, 155]). The demonstration of the
occurrence of chemical osmotic flow at the formation scale in clay-rocks is
recent [116] and proved the need of reevaluating the Darcy’s law to describe
fluid flow in such rocks.

The origin of the coupled-flows lies on the electrochemical interactions
occurring at the pore scale between the charged surface of clay minerals and
the water and electrolytes. Because of isomorphic substitutions of cations
by other having a lower valence, in tetrahedral and octahedral layers, clay
minerals present a surface charge, negative at natural pH, which induces
a non-uniform distribution of cations, anions and water molecules. The
solutes distribution in the pore space results from the combination of the
attraction by the charged surface and their diffusion towards the pore
center, where solute concentration is lower [103]. The ion distribution,
as well as the electrical potential, can be described using double layer or
triple layer electrical models [103, 151]. These models allow considering a
compact layer at the surface vicinity presenting high solute concentration
strongly adsorbed to the surface and, farest from the surface, a diffuse layer
presenting a progressive decrease of the solute concentration.
Owing to these non-homogeneities in ion distribution, restrictions on
ion movement caused by electrostatic attraction and repulsion and, be-
cause of the temperature dependence of these interactions, flows driven
by potential gradients non-usually associated to these flows may be observed.

The Onsager’s matrix (Table 1.1) summarizes the flows which can
develop under the different potential gradients. The fluxes related to their
natural gradient, the diagonal flows are reported in, as well as the flows
occurring under the other potential gradients, i.e. the non-conjugated flows.

Two approaches can be considered for the characterization of the
coupling coefficients relating a flux to a driving force: the phenomenological
approach and the mechanistic one.

The phenomenological approach is based on the principles of the irre-
versible thermodynamics, based on the notion of entropy, [76] and assumes
a linear relation between the flows Ji and the gradients Xi, as follows [69]:

Ji = −
n∑
j=1

Lij Xj n = 1, 2, 3 . . . n (1.9)
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Flux
Gradients

Hydraulic
head

Electrical
Chemical
concentration

Temperature

Fluid Darcy
Electro-
osmosis

Chemical os-
mosis

Thermo-
osmosis

Current Electrofiltration Ohm
Membrane
potential

Thermo-
electricity

Ion Ultrafiltration Electrophoresis Fick Soret effect

Heat
Thermal filtra-
tion

Peltier effect Dufour effect Fourier

Table 1.1: Onsager’s matrix with coupled-flows terminology [38, 103, 120,
121]

where the subscripts i and j correspond to the various kinds of flows and
gradients, respectively and Lij are the phenomenological coefficients. The
Onsager reciprocal relations [120, 121] assume that the coefficients are related
so that Lij = Lji.
This approach leads to the following matrix which describes both flows to
the driving forces by their relating coupling coefficients [22, 131]:




q
Je
Ji
H


 =




L11 L12 L13 L14

L21 L22 L23 L24

L31 L32 L33 L34

L41 L42 L43 L44


 ·




∇P
∇ϕ
∇µs
∇T/T0


 (1.10)

where q, Je, Ji and H are the fluxes of fluid, current, ions and heat,
respectively, and ∇P , ∇ϕ, ∇µs and ∇T/T0 are, respectively, the gradients
of pressure, electrical potential, solute chemical potential and temperature.
Note that the chemical potential gradient if often expressed as an osmotic
pressure gradient ∇Π.
The coefficients of the coupled flow matrix can then be obtained during
experiments, i.e. measuring the flow associated to a force gradient.

The mechanistic approach lies on the resolution of the flow equations
at the pore scale [22, 76], i.e. Navier-Stockes’s equation for fluid flow and
Nernst-Planck’s equation for the solutes movement, including the different
forcing acting in the porous medium. These microscopic equations are
then homogenized for obtaining the coupling coefficients at the adequate
macroscopic scale for hydrogeological application, i.e. at the Representative
Elementary Volume (REV).
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The mechanistic method provides analytical expressions for the coupling
coefficients and use average petrophysical, electrochemical or magnetic
properties of the porous medium. Such a method was developed by, e.g.
Coelho et al. [34], Gupta et al. [63, 64] Moyne and Murad [107] or Revil et
al. [130, 131].

A special attention is paid, in the manuscript, to the osmotic processes,
i.e. the fluid flows induced by chemical concentration, temperature and elec-
trical gradients, in natural compacted clay-rocks. When chemical osmosis,
thermo-osmosis and electro-osmosis are considered together with the Darcy’s
flow, the fluid flow equation (Eq.1.3) is extended and writes:

q = −k
η

(∇P + ρfg∇z) + ε
k

η
∇Π− kT∇T + β∇ϕ (1.11)

where ε is the chemo-osmotic efficieny (dimensionless), kT is the thermo-
osmotic permeability (m2 s−1 K−1) and β is electro-osmotic conductivity
(m2 s−1 V−1). The osmotic flows are detailed hereafter.

Chemical osmosis

Chemical osmosis is the fluid flow across a material exhibiting a membrane
behaviour, induced by a difference of chemical potential. A membrane is a
material which restring ionic species transport but not the movement of neu-
tral species like water. A ideal membrane impedes totally the ionic transport,
while in a non-ideal membrane (e.g. clays or biological membranes) only a
partial restriction of the ionic transport is observed. Negative surface charges
of clay minerals induce a partial exclusion of anions in the clay porosity, i.e.
anionic exclusion. It consequently results in a partial restriction of ionic
transport between two reservoirs separated by such a material. Indeed, for
electroneutrality requirements in the two reservoirs, cations and anions must
be transported together and restrictions in the non-ideal membrane have an
influence on both ions.
Differences in concentration between two reservoirs also induce a difference in
osmotic pressure [81] which leads to a fluid movement across the membrane
and is interpreted as an osmotic flow. The osmotic pressure of a fluid writes:

Π = − RT

Ωwater

ln aw (1.12)

where Π is the osmotic pressure (Pa), R is the gas constant (8.32 × 10−3 m3

Pa K−1 mol−1), T is the temperature (K), Ωwater is the molar volume of water
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(L mol−1) and aw is the water activity in solution. The osmotic pressure can
also be approximated by the Van’t Hoff relationship, which hold for solutions
with concentrations lower than 1 mol L−1 [46]:

Π = νRTCf (1.13)

where ν is the number of dissociated ions in solutions and Cf is the solute
concentration (mol L−1).
The ability of a membrane to generate a fluid flow under a concentration
gradient is described by the chemo-osmotic efficiency, or reflection coefficient.
Most generally, the chemo-osmotic efficiency varies between 0 and 1 and its
value equals 0 when the material does not present a membrane behaviour.
Osmotic efficiency value is 1 for an ideal membrane, which totally impedes
the solute transport. It is worth noting that the chemo-osmotic efficiency is
strongly dependent on concentration and pore-size. The higher osmotic ef-
ficiency values are observed in very compacted materials filled by fresh water.

Experiments for chemical osmosis characterization in argillaceous mate-
rials were performed at the sample scale and the formation scale. Materials
studied during laboratory experiments are remoulded or synthetic clays and
bentonites [12, 47, 81, 82, 83, 91, 96, 119] or non-remoulded natural clay-
rocks [32, 68, 136, 155]. These experiments were generally performed on
centimeter-size samples. Most chemical osmosis experiments were carried
on sampled, but some experiments were made in-situ, in equipped boreholes
[51, 116, 118, 137].
A very large range of osmotic efficiency was measured during these experi-
ments on argillaceous materials, from 0.002 [12] to 0.98 [81]. A dependence of
the osmotic efficiency on the experimental conditions (clay, compaction state,
concentration and composition of the test solution) is noted. A good agree-
ment between the osmotic efficiency and the product of the half pore-size and
the squared root of the concentration is observed through the Bresler [27]’s
curve (Fig. 1.3). This curve corresponds to a fit of various osmotic efficiency
measurements on bentonites, kaolinite, illite and loam. The Bresler’s curve
is often used for osmotic efficiency prediction in argillaceous rocks. A synthe-
sis of the osmotic efficiencies measured on natural clay-rocks is available in
Fig. 4.2. These available measurements were made on Oligocene Boom clay
[51], Cretaceous Pierre shale [1, 50, 116], Cretaceous Bearpaw formation [32],
Jurassic Opalinus clay [68], Paris basin Callovo-Oxfordian (COx) formation
[136, 137] and different non localized shales [1].
Studies of chemical osmosis on natural clays were dedicated to the interpre-
tation of abnormal hydraulic pressures in shale layers of sedimentary basins
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or to the safety assessment of shales as natural barriers of radioactive waste
repositories.

Figure 1.3: Bresler [27]’s curve relating the osmotic efficiency coefficient of
argillaceous materials to the half pore-size (Å) and the solution concentration.
Experimental data come from [82, 83, 91].

.

Thermo-osmosis

Thermo-osmosis is a fluid flow driven by a temperature gradient. Several
warnings were addressed [31, 141] on the possible effect of thermo-osmosis
on modifying the overall fluid fluid in argillaceous rocks and, in particular, in
exothermic nuclear wastes repository conditions. However, this osmotic pro-
cess is poorly characterized as very few experiments on argillaceous materials
are available in the literature [43, 65, 133, 144, 145, 156] and no one, so far,
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on natural and undisturbed clay-rock. A reliable model for characterizing
the thermo-osmotic permeability of an argillaceous material also misses.
The few experiments on argillaceous materials give a thermo-osmotic ranging
between 10−14 and 10−10 m2 K−1 s−1.

Electro-osmosis

Electro-osmosis describes the flow of fluid due to an electrical potential gra-
dient [34, 64, 132]. When an electrical field is applied to an electrolyte, the
cations migrate to the cathode and the anions to the anode. During their
movements, water molecules are dragged by the ions because of a viscous
process [61]. Cations are the dominant charged species in the porosity of a
clay material and a flux of water is observed towards the cathode.
Electro-osmosis has practical applications in clay de-watering for civil engi-
neering purposes or for soils remediation. However, in natural systems, the
macroscopic current density Je is considered null [22, 131]. This hypothe-
sis allows writing the electrical potential gradient as a function of the other
gradients and coupling coefficients:

Je = L21∇P + L22∇ϕ+ L23∇µs + L24∇T/T0 = 0 (1.14)

∇ϕ = −L21

L22

∇P − L23

L22

∇µs − L24

L22

∇T/T0 (1.15)

The introduction of this electrical potential gradient expression in the other
flow expressions (Eq.1.10) leads to an implicit integration of electro-osmosis
in the flow coefficients related to the pressure, chemical potential and
temperature gradients [22, 131].

1.2.3 Fick’s diffusion in clay-rocks

Diffusion is recognized as the main process controlling mass transport in
clay-rocks and its expression is given in Eq.(1.2). It consists in the diffusion
of chemical species in the water filled space of a porous medium along the
network of pore channels. The irregularity of this network with endless pores
and solute unaccessible pores makes this diffusion slower than that occurring
in the absence of the rock framework. The porosity, the constrictivity and
the tortuosity of the porous medium relate the effective diffusion coefficient
of a solute in a porous medium to its diffusion in free water. This relationship
can be written [69, 141]:

De = ω
χ

τ 2
D0, (1.16)
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or

De =
D0

F
, (1.17)

where, χ and τ are the dimensionless constrictivity and tortuosity of the
porous medium, respectively, D0 is the molecular diffusion coefficient of the
considered solute in water (m2 s−1) and F is the formation factor.
The effective diffusion coefficient value for different argillaceous formations
is represented in Fig. 1.4 as a function of the porosity. An approximative
value of the effective diffusion coefficient can be provided by calculating De

using Eq.(1.17) and the cementation factor m of 2.3 obtained by fitting the
intrinsic permeability values in Fig. 1.2.
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Figure 1.4: Data of effective diffusion coefficient and porosity for different
shales: Toarcian Tournemire clay-rock [15]; Paris basin Callovo-Oxfordian
argillite [40]; clay-rocks from Clay Club Catalogue [19] including Mont Terri
Opalinus clay, Zurcher weinland clay, Boom clay and Spanish reference clay.
De evolution calculated with the Eq.(1.17) is also represented, using m =
2.3.

.
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1.3 Geological and hydrogeological settings

of the Toarcian/Domerian argillaceous

formation at Tournemire

1.3.1 Geological context

The Toarcian/Domerian argillaceous formation is studied in the IRSN
underground research laboratory (URL) at Tournemire (Aveyron, France).
The URL facility (Fig. 1.5) consists in a century-old tunnel giving a direct
access to a clay-rock of upper Toarcian age. More recent galleries were
excavated from the tunnel and hundreds of boreholes drilled from the tunnel
and the galleries.

At Tournemire [30], the highly-compacted Toarcian/Domerian argilla-
ceous formation is 250 m thick and is sub-horizontal with a bedding around
4 °[30]. 4 sublevels can be distinguished in (Fig. 1.5).
The Domerian is 40 m thick and composed of shales and marls with lateral
facies variations.
The lower Toarcian is 25 m thick and composed of organic matter (around
10 %) rich marls. This level is also called ”schistes cartons” and considered
as the source rock for hydrocarbons expelled in the past.
The intermediate Toarcian is composed of 20 m thick shales and marls with
little carbonates intercalations and carbonated nodules.
The upper Toarcian represents the thickest level of the argillaceous formation
and is composed by shales with some carbonated nodules. In its upper part,
intercalation of carbonates-rich layers are also observed.

The Mesozoic formations sandwiched between the argillaceous formation
and the red permian sandstones are, from the older to the younger: the
200 m thick Hettangian formation, composed of dolomitic limestones and
dolostones; the Sinemurian, made with limestones and dolostones and is
70 m thick; and the 45 m thick Carixian limestones which presents an
enrichment in clays in its upper part.
There are about 250 m of limestones and dolostones between the top of the
Toarcian and the plateau groundlevel. The transition between the Toarcian
and the Aalenian is progressive: the lower part is composed by clay-rich
nodulous limestones and the limestones being more massive at the top of
the Aalenian. Aalenian layer is 60 m thick at Tournemire. Next, the 140 m
thick Bajocian formation is observed and composed of massive limestones
and dolostones. The Bathonian is a massive and thick formation, composed
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of limestones at its basis and dolostones in its upper part. This formation is
eroded and forms the groundsurface of the Causse plateau.
The argillaceous is therefore sandwiched between two karstified limestones
formations: the Carixian and the Aalenian. The 250 m of sediments
above the argillaceous formation ensure the formation to be still compacted
(vertical stress of about 4 MPa at the tunnel level in the upper Toarcian [30]).

Figure 1.5: Geological cross section at the Tournemire URL [30].
.

The Tournemire stratigraphic series forms part of the Permo-Mesozoic
Grands Causses basin and is related to the Tethys, a paleo-ocean axed on the
East-West direction which widest extension occurs during Mesozoic. Strati-
graphic record indicates an evolution from a continental depositional environ-
ment during the Permian towards a marine environment during the Jurassic
[30].
The geological map (Fig. 1.6) shows the extension of the North-South Grands
Causses basin and its delimitation by the hercynian crystalline and metamor-
phic regions.
Basin filling starts with transgressive epicontinental episodes during the Tri-
assic and Sinemurian epochs. Sediments corresponds to a shallow sea and
lagunar depositional environments [134]. During Carixian the sea became
deeper and an argillaceous sedimentation is recorded during Domerian and
Toarcian. A calcareous sedimentation is then observed from the Aalenian
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to the Portlandian [134], at the end of the Jurassic with the regression of
the Tethys sea. Basin evolution during the Jurassic is related to a tectonic
in extension [30]. The Grands Causses basin evolved next under continental
conditions from the lower Cretaceous [29, 30, 140]. An erosion of 1300 ± 400
m during the lower Cretaceous was deduced by thermal history reconstruc-
tion [127] and explain well the overconsolidation of the clayey formation. A
first karstification episode of the calcareous formations is assumed to have
occurred at this age [140].
A North-South compression is observed since the upper Cretaceous with
the first stages of the pyrenean orogenesis. The major pyrenean compression
took place during the Eocene with a N30°E compression. During this tectonic
event, hercynian and syn-sedimentary mesozoic structures are reactivated in
inverse movements and North-South thrust faults [30]. At the Tournemire
URL, it concerns the regional Cernon fault, crossed in the northern part
of the tunnel, and different families of calcified fractures in the clay-rock
formations. This event led to the massif exhumation and karstification of
limestones and dolostones.
The pyrenean compression was followed by a regional extension tectonic dur-
ing the Oligo-Miocene resulting in the elevation of the Massif Central and the
Cévennes regions compared to the Grands Causses, without faults activation
in the Causses.
The most important karstification episode occurred during the Neogene and
the valley incision occurred mainly during early and middle Miocene [2, 140].

1.3.2 Hydrogeological context

The aquiclude formations of the Toarcian and Domerian are surrounded by
two karstic aquifers (Fig. 1.5).
The lower aquifer includes the Hettangian and Carixian formations. It is a
regional aquifer which recharge occurs 2 km at the South of Tournemire.
Because of the North-East slight bedding of the series, water movement is
directed from the South-West to the North-East. This aquifer presents an
artesian behaviour at the Tournemire URL location under the argillaceous
series [30].
The upper aquifer is a local one, which is recharged by the local precip-
itations on the Causse plateau. The Aalenian, Bathonian and Bajocian
formations compose this aquifer.
Note that the upper aquifer is connected to the lower aquifer by the
transmissive Cernon regional fault [30], as well as the role of tectonic
discontinuities in the water movement in these karstic aquifers.
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Figure 1.6: Geological map of the Grands Causses basin.
.

The Domerian and Toarcian compacted argillaceous formations exhibit
very low hydraulic conductivities, diffusion coefficients and water contents.
The Tournemire shale presents an intrinsic permeability ranging in between
10−22 and 10−20 m2. Indeed, the measured range spreads on 6 orders of
magnitude [20, 21, 123], between 10−22 and 10−16 m2, but these variations
are mainly related on the difficulties in performing fluid flow measurements
in such impervious materials. Measured permeability being very sensitive
to the sample damages during drilling and to the experimental method
and conditions, e.g. duration of the test, transient or steady-state initial
pressure conditions, confined or unconfined sample, preservation of the
sample. Values considered as representative of the unperturbed rock were
obtained on samples from CD and ID180 boreholes [20, 21], maintained
under mechanical confinement. Intrinsic permeabilities ranging between 1
× 10−21 and 9.3 × 10−21 m2 were measured during pulse-tests, by inversion
of the pressure recovering in a measurement chamber after inducing a
pressure increase or decrease [26, 56, 111]. An in situ measurement in
unperturbed conditions [17] with an adequate borehole device using a
long-term permanent probe indicated an intrinsic permeability ranging
between 6 × 10−22 and 2 × 10−21 m2.
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The effective diffusion coefficients of the Tournemire clay-rock were
measured for natural (deuterium, helium, chloride, bromide) and artificial
(tritium, iodide) tracers [15, 105, 124, 138, 153]. Water effective diffusion
coefficient ranges in between 4 × 10−12 and 1.3 10−11 m2 s−1 [138, 105, 15].
For anions diffusion (chloride or bromide), the effective diffusion coefficient
ranges in between 6 × 10−13 and 9 × 10−12 m2 s−1 [15]. For iodide the
effective diffusion coefficient ranges between 2 and 7 × 10−12 m2 s−1 [153].
It is worth noting that an anisotropy related to the rock orientation is
observed on the diffusion coefficient value, the water diffusion coefficient
being three times higher when determined parallel to the bedding compared
with a measurement normal to the bedding [21, 105].

The porosity describes the open, fluid-filled voids in a rock. In a
compacted clay-rock, where non-negligible proportions of volume of water
and solutes content are adsorbed at the solid surface, some part of the total
void space is not available to solute or water transfer [69, 125].
For flow and transport considerations, the total physical porosity, the
kinematic porosity and the anions accessible porosity are of special interest.
The total porosity corresponds to the ratio of the pore volume to the total
volume and, for Tournemire, ranges in between 6 and 12 % for the upper
and intermediate Toarcian and the Domerian layers and in between 3 and 5
% for the lower Toarcian.
The anions accessible porosity corresponds to the volume available for the
anions transport, i.e. the pore volume out of the solid surface induced
electrical field influence and a part of the diffuse layer [126]. This porosity
is lower than the total porosity and, for chloride and bromide, ranges in
between 3 and 9 % [15].
The kinematic porosity corresponds to the pore space volume available
for fluid displacement, excluding the water adsorbed at the solid surface
[38]. Kinematic porosity value is between the total porosity and the anions
accessible porosity values.

The profiles of natural tracers (chloride, water isotopes, helium) were
established across the Tournemire argillaceous formation [15, 124, 138].
They provide useful information on the transport processes at the formation
scale. The profiles (Fig. 1.7) indicate a dilution of the solutes in the
argillaceous porewater and the porewater itself by the fresher water from
the surrounding aquifers.
Using the assumption of a transport occurring entirely by diffusion and
considering sea water as the initial porewater, the water isotopes profile
(Fig. 1.7.b) is obtained after 15 My [138] and the chloride profile (Fig.
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1.7.a) after 80 My of diffusion [15]. Such a difference can be explained by a
possible equilibration of the water isotopes with another fluid than sea water
during the geological history and by a second episode of water diffusion from
this intermediate state.
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Figure 1.7: Profiles of natural tracers across the Tournemire argillaceous
formation: a) Chloride [15, 124]; b) Deuterium [15, 138].

.

The Tournemire formation is affected by a tectonic subvertical fractures
network organized in relay (Fig. 1.8). These fractures are sealed and water
can only be found in the geodic cavities in the echelon faults zone. The
equivalent hydraulic conductivity in these fractures can reach 10−10 m s−1,
i.e. 4 orders of magnitude higher than the rock matrix conductivity, and the
water sampled in these geodic cavities present an apparent 14C age of about
20000 ± 5000 yr [13]. However, the natural tracers profiles (Fig. 1.7) present
a regular evolution and do not seem to indicate an actual effect of fractures
on the transport at the formation scale [15, 123, 138]. A possible moderate
effect of fractures on ionic transport in the lower and intermediate Toarcian
is suspected by the dispersion of tracers content in these levels (Fig. 1.7).
The effect on the transfers in the argillaceous formation is not precisely
constrained but appears limited, most likely due to the non-connection of
the different fractures. Indeed, Neuzil [114] stated that most argillaceous
formations present scale independent permeability, unless if affected by
connected discontinuities.



Figure 1.8: Schematic view of the sub-vertical fracture network organized in
relay [13].

.
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Chapter 2

Hydraulic head and
temperature profiles

2.1 Introduction

The aim of this chapter is to establish the profiles of hydraulic head and tem-
perature across the Tournemire clayrock. The hydraulic head (or pressure)
profile previously established [20, 21] needed an actualization since the condi-
tions for non-perturbed pressure measurements in Tournemire clayrock were
better constrained [17] and since the long term hydromechanical influence
of the tunnel was better understood [98]. The pressure profile actualization
was also motivated by the fact that the only one long-term and non-affected
by experimental artefact pressure measurement out of the tunnel influence
(in ID180 borehole) presented a hydraulic head value higher than the corre-
sponding hydrostatic head for the same elevation. The profile establishment
is then emphasized to the investigation of the occurrence of an overpressure
in the Tournemire shale. It required the drilling of two boreholes crossing
the whole argillaceous formation (PH4 and PH5 boreholes) and their equip-
ment by a completion allowing pressure and temperature measurements and
a data selection of pressure measurements representative of the formation
conditions. The data selection is a crucial task because pressure measure-
ments representative of the formation are difficult to obtain. Indeed, pressure
measurements are easily perturbed and the pressure equilibrium achievement
can last years because of the low rock hydraulic conductivity.
The temperature profile is established in the second part of the chapter. Its
main interest here is that temperature is the force gradient of thermo-osmosis
coupled-flow and this profile will be useful for determining the thermo-
osmotic contribution on flow and pressure regimes in the Tournemire clay

57
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formation. It is worth noting that it is the first temperature profile estab-
lished at Tournemire so far.

2.2 Hydraulic head profile

The previous hydraulic head profile across the Tournemire argillaceous for-
mation [20, 21, 123] did not indicate the presence of abnormal pressures
in the formation. However some of these pressure measurements were af-
fected by the effect of the Tournemire URL access tunnel [21, 98]. Indeed,
the 125 years old tunnel has induced a depression explained by a coupled
effect of a hydromechanical effect and a suction subsequent to its natural
ventilation. Both phenomena are assumed to have considerably lower the
pore pressure. The extension of this pore pressure perturbation (named the
excavation hydraulically disturbed zone) was observed on about 40 meters
around the tunnel [98]. Other pore pressure measurements were most likely
not representative of the in situ conditions as measurements were made at
transient state [17, 20, 21]. Because of the very low hydraulic conductiv-
ity of the formation, the steady state is only reached after a very long time
after the perturbation induced by the drilling. Only one measurement was
assumed in equilibrium, in borehole ID180 where the pressure acquisition
lasted 7 months and the pressure reached an equilibrium value [18, 20, 21].
The aim of this section is to establish a profile of the hydraulic head across
the Tournemire clayrock, out of the tunnel influence and representative of
the in situ pore pressure. For this aim, a review of pressure measurements
on various equipped borehole was performed. At last the possibility of an
overpressure in the Toarcian/Domerian clayrock is investigated by combining
these measurements on a profile.

2.2.1 Review of the pore pressure measurements

ID180 borehole

The ID180 borehole was drilled, in 1994, vertically and downward from the
tunnel of the Tournemire URL (at the metric point 675.7 from the South
entrance of the tunnel). It is 160.52 m deep and crosses part of the upper
Toarcian, the whole intermediate Toarcian and reaches the lower Toarcian
[18]. It was drilled for investigations on fluid transfer and mass transport in
the formation. In situ measurements for fluid transfer characterization was
made in two steps by the ANTEA company by using a multi-packer device
classically used in oil exploration. In a first step, six shut-in chambers were
isolated and the hydraulic conductivity was obtained at different levels in
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the formation by interpretation of the pulse-tests. However, the pressures
monitored before and after these tests were not stabilized and not represen-
tative of the formation pressure because of the low hydraulic conductivity of
the rock and the short duration time of the stabilization phase (from 1 to 2
days) [18].
In the second step of the experiments on the ID180 borehole, a 78 m height
chamber was isolated at the bottom of the borehole and a long term moni-
toring of pressure measurement was performed from the 07/09/1996 to the
26/03/1997. The pressure evolution (Fig. 2.1) indicated a rapid equilibrium
reached two months after the completion installation. After the packer de-
flating in November 1996 during some hours for works in the URL, it was
re-inflated and the pressure stabilized in the interval at the same pressure
(hydraulic head of 533.4 m NGF) even more rapidly, in one month. Despite
lasting one or two months, this pressure stabilization was considered as rapid
for the Tournemire clay-rock (see for comparison the pressure evolution in
PH4 borehole on Fig. 2.2 which last years). This result suggests a water
inflow by a natural fracture with a much higher transmissivity than the rock
matrix, like the zone of calcite-filled microfractures observed at 383 +/- 1m
NGF in the intermediate Toarcian or more likely in the fault zone identified
at 370 +/-1 m NGF in the lower Toarcian [18]. Consequently the elevation
range corresponding to this measured head can be limited by geological evi-
dences to a part of the interval (369.5 to 412.8 m NGF, versus 356.4 to 438.5
m NGF for the whole measurement chamber).
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Figure 2.1: Absolute pressure evolution in ID180 borehole [21, 18].
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PH4 and PH5 boreholes

The aims of the PH4 and PH5 boreholes were the characterization of the
transport and flow processes in the Tournemire formation at the formation
scale. It mainly included the obtention of profiles of the natural tracers and
their transport parameters including the accessible porosity and effective
diffusion coefficient, the hydraulic head out of the tunnel influence, the
petrophysical parameters and the mineralogy. Both boreholes were vertically
air-drilled from the tunnel at metric point 840. PH4 borehole was drilled
downward to a depth of 250 m, during the Autumn of 2006. It crosses part
of the upper Toarcian, the intermediate and lower Toarcian, the Domerian
and reaches the Carixian aquifer. PH5 borehole was drilled in October 2008
upward on 50.1 m in the upper Toarcian and the Aalenian aquifer.
The PH4 borehole was equipped by the HydroInvest company with a
Westbay completion individualizing 6 shut-in chambers for the pressure and
temperature measurement [71]. These chambers are 0.6 m length, except
the chamber in the Carixian aquifer (4.8 m length, with the pressure sensor
located in the interval at 297.6 m NGF) and a 59.1 m length chamber in
the upper Toarcian (sensor at 432.9 m NGF). The pressure evolution in the
6 PH4 chambers since the completion installation, in February of 2007, is
shown in Fig. 2.2. The pressures evolve slightly to an equilibrium value
which seems most likely reached for only 3 probes after 3 years of evolution:
the two probes located in the Domerian plus that situated in aquifer layers.
It is worth noting that the 3 chambers located in the upper Toarcian (sensors
at 432.9, 434.4 and 478.9 m NGF) present low pressure values attributed to
an air trapping during drilling. The Westbay completion does not present
hydraulic lines allowing a resaturation of the perturbed chambers. One
only can act on the measurement chambers by inflating or deflating of
the completion packers and this operation was not enough for pressure
correction. Thus, equilibrium pressure values at only three elevations were
obtained from the PH4 borehole, in the lower Toarcian, in the Domerian
and in the Carixian aquifer.
The PH5 borehole was equipped by the SolExperts company by a multi-
packer system completion allowing the pressure measurement in a 0.35 m
length chamber in the upper part of the upper Toarcian and in a 14.9 m
length chamber in the Aalenian aquifer [101]. The pressure evolution since
the completion installation in November 2008 is presented in Fig. 2.3. The
chamber in the upper Toarcian is installed at only 16 m from the tunnel
and the measured pressure is under the tunnel influence. The pressure
measurement in the Aalenian gives the hydraulic head in the upper aquifer.
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ID270 borehole

The ID270 is a horizontal borehole drilled from the tunnel at the metric
point 675.5. It was first drilled on 40 m in 1994 and extended to 110 m in
2007 for the monitoring of the hydromechanical response of the formation
to a drift excavation (the 2008 West gallery). After its extension, ID270 was
equipped with a multi-packer system completion by the SolExperts company
which isolated 5 pressure measurement chambers located at 102.75, 105.05,
105.65, 106.25 and 109.80 m from the borehole head [41]. The aim was
thus to monitor the pressure evolution in the formation before, during and
after the excavation, in a non-perturbed zone far from the tunnel influence
and in a borehole parallel to the gallery. The pressure evolution since the
completion installation up to the beginning of the hydromechanical response
to the gallery excavation is represented in Fig. 2.4. For reaching rapidly the
pressure equilibrium in the measurement chambers, several water injections
were successively performed. A pressure stabilization of about two weeks
was likely achieved (indicated by a rectangle on Fig. 2.4) just before the
pressure rise subsequent to the passage of the excavation front (see the
excavation progress on the right axis of Fig. 2.4). The values of pressure
stabilization were evidenced since they were first obtained in the pressure
decrease following a water injection and the same pressures were reached
again after the next water injection.
In spite of the hydromechanical response monitored in the measurement
chambers few times after the observed pressure stabilization, these values
can be considered as representative of the formation pressures. These
measurements then give access to a pressure value at the tunnel elevation
but out of its hydraulically disturbed zone.

2.2.2 Hydraulic head profile establishment

The pressure measurements selected in the previous section are now used
to establish an hydraulic head profile across the Tournemire clayrock.
The data selection allowed identifying measurements representative of the
formation pressures, i.e. achieving a pressure equilibrium at long term, and
out of the tunnel influence and of disturbances induced by its excavation
and ventilation. These measurements come from a limited number of
boreholes (ID180, ID270 and PH4) and are represented in Fig. 2.5 as
elevation as a function of the hydraulic head. Because of the bedding of the
Toarcian/Domerian formation (about 4), a correction of the measurement
chambers elevation to a same hypothetic borehole was applied for obtaining
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borehole head is given in the legend.

a profile at equivalent stratigraphic level. The comparison between the
boreholes is made on the PH4-PH5 vertical axis, as a very complete rock
characterization was made on these boreholes. The hydraulic head in the
Aalenian, the upper aquifer, was monitored in PH5 and CA boreholes and
the hydraulic head in the lower aquifer of the Carixian was measured in the
PH4 and DC boreholes.
The resulting hydraulic head profile and data are reported in Fig. 2.5 and
Table 2.1, respectively. The hydraulic head profile indicates an excess-head
of about 30±10 meters with respect to the hydrostatic head profile. This
slight excess-head seems to establish between 20 and 40 m, as a function of
the uncertainty on the elevation of the water inflow in ID180 borehole.
It is worth noting that the measured excess-head in the Tournemire
argillaceous formation (corresponding to 0.3 ± 0.1 MPa) is of the same
order of magnitude as the 50 to 60 m MPa excess-head measured in the
Callovo-Oxfordian clayrock of the Paris Basin. However, the hydraulic
head in the argillaceous formation is lower than the hydraulic head of
the surrounding aquifers. A detailed interpretation of the pressure profile
monitored in the Tournemire formation will be assessed in Chapter 7.
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Figure 2.5: Hydraulic head profile across the Tournemire argillaceous forma-
tion. Data were selected so that the measurements are representative of in
situ conditions and not affected by the tunnel influence.
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Borehole Chambers elevation Elevation on PH4 z-axis Hydraulic head
PH4 339.9 - 340.5 339.9 - 340.5 504.36

372.5 - 373.1 372.5 - 373.1 496.57
ID180 412.82 - 369.5 401.3 - 358.0 533.37
ID270 515.5 504.0 581.65

515.6 504.1 580.56
515.7 504.2 584.46
515.7 504.2 582.24
515.8 504.3 573.36

Table 2.1: Hydraulic head and elevation of the selected measurement cham-
bers for the hydraulic head profile establishment. Elevations and hydraulic
heads are in m NGF.
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2.3 Temperature profile

In this section, the temperature profile across the Toarcian and Domerian
layers is established from measurements on different boreholes equipped with
a temperature sensor in their borehole completion. Many equipped boreholes
at Tournemire URL leave a temperature sensor but most of these boreholes
are not deep enough so that the temperature show seasonal variations with
temperature changes in the tunnel and the galleries. The extension of the
temperature seasonal variations in the formation has not been studied but it
seems these variations are noticed in measurement chambers up to 10 meters
in the rock from the URL drifts. For the temperature profile establishment,
measurements out of this influence are selected, so that the measurements
present a constant value through time. After the completion installation in
the borehole and its saturation with water, a thermal equilibrium between
the formation and the measurement chamber is reached after only some
hours.
The temperature profile is mainly based on measurements performed in the
different intervals of PH4 and PH5 boreholes (see section 2.2.1) and it is
completed and validated by measurements on PH1 and PH3 boreholes. The
temperature evolution in the different intervals of PH4 and PH5 boreholes
is presented in Fig. 2.6. We can see that the monitored temperature is
constant for each sensor and that the temperature decreases for increasing
elevations.
The PH1 and PH3 boreholes are vertical descendant boreholes drilled from
the tunnel at metric points 745.45 and 725.70, respectively, from the South
entrance of the tunnel. The PH1 borehole was equipped in October 2000
by the ANTEA company and a temperature sensor was installed in the
shut-in chamber at 478.1 m NGF. The temperature was monitored during
several month and a constant value of 15.1� was reported [5]. The PH3
borehole was also equipped by the ANTEA company, in January 2003. The
temperature measurements in a shut-in chamber at 501.8 m NGF indicated
a constant value of 13.2� [6].

These temperature data are reported as a function of their measurement
elevations in Fig. 2.7 in order to establish a profile. The temperature presents
a linear and continuous evolution across the formation. It varies in between
24.2� at the Carixian/Domerian boundary to 11.5� in the upper Toarcian,
over the tunnel. It results in a relatively elevated temperature gradient of
5.2� per 100 m across the formation. This high geothermal gradient is most
likely to be linked to the context of the Massif Central volcanic area, such
as the volcanic intrusion of a dyke located in the close-by Roquefort village
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Figure 2.6: Temperature evolution in PH4 and PH5 boreholes with the ele-
vation of the intervals pressure sensor given in the legend.

and dated 5 Ma [84]. High geothermal gradients are also reported in the
edge of the Massif Central (4.1�/100 m in Randels (Aveyron, at the North
of Millau); 3.8�/100 m in St Saturnin de Lenne (Aveyron, at the North of
Séverac) [152]), in the Permian basin of Lodève (Hérault; 4.6�/100 m [152])
and in the Cevennes (5.2�/100 m in Durfort (Gard) [48]).
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2.4 Conclusion

The hydraulic head profile allowed the identification of a 20 to 40 m excess
head in the argillaceous formation, respectively to the hydrostatic head be-
tween the two surrounding aquifers. This is an important observation as this
results tends to confirm that abnormal pressures are frequent in argillaceous
formations in sedimentary basins. The higher difficulty being their detection,
especially when the overpressure is moderated.
The interpretation of the origin of this measured excess-head at Tournemire
will be carried in Chapter 7, after the characterization of the coupled-flow
processes in the Tournemire clayrock.
A temperature profile across the formation was also obtained. It indicates a
relatively high geothermal gradient of 5.2�/100 m. The temperature profile
will be useful for the assessment of the thermo-osmosis influence at Tourne-
mire. This study will be conducted in Chapter 7.





Chapter 3

Chemical composition profile

The chemical composition profile across the Tournemire argillaceous forma-
tion is required for the interpretation of the characterization of the influence
of the chemical osmosis in the formation.
It is need as the driving force of chemical osmosis in the shale. With a
maximal salinity is the shale layer and minimum salinity in the surrounding
aquifers, an overpressure can be observed, because of a converging osmotic
flow towards the argillaceous formation.
Porewater composition is more especially required for the calculation of
the theoretical chemical osmotic efficiency, as the model developed in
section 4.2 is able to account for both monovalent and divalent counterions.
This consideration allows calculating the osmotic efficiency for natural
conditions, i.e. with complex composition solutions. The availability of the
chemical composition profile across the Tournemire argillite is then needed
to calculate the chemo-osmotic efficiency profile (see section 4.2.5).
The obtention of a reliable porewater composition presents also a more
general interest for the different studies performed with Tournemire clay-rock
which require a reference porewater composition.

Owing to the difficulties to sample porewater without inducing pertur-
bations on the water composition linked to the very low permeability and
water content, a undirect method for obtaining the porewater composition
is required. This method consists in reproducing the adequate interaction
reactions occurring between the solid and the solution and within the water
itself, using geochemical modelling.
The geochemical system was then characterized by a set of characteristics
of the Tournemire argillite (e.g., exchangeable cations, mineralogy and
petrology, porosity) and its porewater (e.g., mobile anions, CO2 partial
pressure).
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The interaction model was then established, considering mainly the different
cation exchange properties of the clay minerals contributing the the cation
exchange. The model results were compared with two other models: the
BRGM model [53] which considers cation exchange only on one site; and a
previous model only based on mineral equilibrium [13]. Models comparison
and validation is made using water composition sampled in fractures [13],
corrected here from its perturbations linked to the drilling.
The geochemical model was then applied across the argillaceous formation
accounting for the changes in rock and water properties to obtain a water
composition profile.

This Chapter is presented as a paper, submitted to Applied Geochemistry.
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Abstract

For the safety evaluation of hazardous waste repositories in clay-rocks, a thor-

ough assessment of porewater chemistry and water-rock interactions is required.

However, this objective is a challenging task due to the low hydraulic conduc-

tivity and water content of such rocks, which subsequently renders porewater

sampling difficult (without inducing perturbations). For this reason, an indirect

approach was developed here to determine porewater composition of clay-rocks,

by a geochemical model of water-rock interaction using some properties of the

rock and the contacting solution. The goal of this paper is to obtain the pore-

water composition of the Toarcian/Domerian argillaceous formation at Tourne-

mire (South of France), for which a reliable model is still lacking. The follow-

ing work presents a comprehensive characterization of the geochemical system

of the Tournemire clay-rock, including mineralogy, petrology, mobile anions,

cation exchange properties, accessible porosity and CO2 partial pressure. Per-

turbation corrections from fracture water sampling were also computed. These

water were found in sealed fractures (Beaucaire et al., 2008) and their radio-
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carbon apparent age is estimated at 20000 years. Their age together with their

equilibrium situation allow considering these fracture waters as representative

of the formation porewater. The model developed to calculate the Tournemire

porewater composition is essentially based on cation exchange by a multi-site

approach, but equilibrium with some mineral phases (calcite, quartz and pyrite)

is also considered. Different exchange sites of different affinities towards cations

are used, which proportions are given by the mineralogy. Exchange on illite is

performed with Bradbury and Baeyens (2000) three-sites model, while one site

is considered for smectite phases (Tournassat et al., 2009). Multi-site model

results are compared with corrected fracture water data and two other mod-

els: a model only based on mineral equilibrium (Beaucaire et al., 2008) and a

model using cation exchange on one global site (Gaucher et al., 2009). The best

results were obtained with the models that take into account cation exchange

and particularly with the multi-site model. The interest of considering a model

with exchange sites of different affinities is especially obvious for a satisfactory

representation of the K+ content in solution. A dependence of K+ content to

the amount of high affinity sites was observed, leading to an improvement of

its simulation when uncertainty on mineralogical data is considered. Once val-

idated, the multi-site model was applied at different levels of the Tournemire

argillaceous formation to obtain a profile of the porewater composition.

Keywords: porewater modelling, multi-site cation exchange, Tournemire

argillite, Toarcian

1. Introduction

Understanding porewater chemistry and water-rock interactions in overcon-

solidated clay formations is an important task in studies dealing with safety eval-

uation of hazardous waste repositories in clay-rocks (Altmann, 2008). Chemical

conditions in the porewater and buffer abilities of the rock will control the con-

centrations of contaminants within a repository, in case of engineered barrier

failure. Furthermore, a reference porewater composition and its variation with

74



depth are required in a series of studies performed at the IRSN’s underground

test facility built in a Toarcian/Domerian argillite at Tournemire (South eastern

France), dedicated to the safety assessment of nuclear repositories in clay-rocks.

The Tournemire experimental station is solely used for scientific and technical

research, namely studies involving confinement properties of clay-rocks, includ-

ing the analysis of the transport and flow phenomena and the study of natural

tracers, and on the interactions between the repository components and the

natural medium. Thus, it is necessary to reach a good knowledge on porewater

composition, its variations across the clay-rock formation and the water-rock in-

teraction processes. A consequent research is ongoing on the characterization of

porewater geochemistry in the different clay-rocks studied in the framework of

radioactive waste storage (Beaucaire et al., 2008, 2000; Bradbury and Baeyens,

1998; Gaucher et al., 2006, 2009; Pearson et al., 2003) and in bentonite en-

gineered barrier systems envisaged in geological repositories (ENRESA, 2008;

Wersin, 2003). The main difficulty arises from the argillite low water content and

permeability preventing any direct water sampling despite the development of

experimental methods for such rocks (Gaucher et al., 2009; Pearson et al., 2003;

Sacchi et al., 2000), i.e. leaching, squeezing or centrifugation, but unsuitable at

Tournemire. However, a direct acquisition of the Tournemire clay-rock water

was obtained in-situ from water-bearing fractures. The residence time of waters

collected in these boreholes was estimated by radiocarbon dating in between

17000 and 30400 years (Beaucaire et al., 2008). Concerning the non-fractured

medium and compared to other compacted clay rocks studied for repository pur-

poses — Callovo-Oxfordian at Bure (Delay et al., 2006) and Aalenian at Mont

Terri (Fernandez-Garcia et al., 2007) —, the Tournemire URL gives access to

one of the most impervious clay-rock studied so far with extremely low perme-

abilities (10−14 – 10−15 m.s−1) and porosities (9 – 10%) (Boisson et al., 2001).

These properties exclude therefore any porewater production at the human scale

in the non-fractured medium as diffusion is dominating advection. Thus, an in-

direct method for porewater composition determination is required. Properties

of the rock and some properties of the porewater can be determined and, by
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combination with a geochemical model of water-rock interactions, a good es-

timation of the porewater composition can be reached. The model consists

in reproducing the processes occurring between the argillite and its porewater,

mainly mineral dissolution/precipitation reactions and surface reactions such as

cation exchange and protonation/deprotonation, until the system reaches equi-

librium.

This paper aims to propose a specific-site model for the acquisition of the pore-

water composition in the Toarcian/Domerian clay-rock at Tournemire. Two

water–rock interaction models were initially proposed by Beaucaire et al. (2008),

nevertheless, these models still have to be improved in order to represent frac-

ture water in a satisfactory way. Indeed, an organic matter biodegradation by

sulphate-reducing bacteria activity affecting the evolution of water composition

with time and linked to drilling perturbation was identified in the fracture wa-

ters but not taken into consideration in the initial model.

In the present work, we first present the data obtained for implementing the

proposed geochemical system, including corrections applied to fracture-waters

composition. Next, a model for porewater composition calculation, based on

mobile anions, mineralogy and cation exchange modelling on various surface

sites, is proposed and evaluated. This evaluation is highlighted by comparing

the multi-site model with the reference fracture waters composition and with

other models: the previous models proposed for the Tournemire argillite (Beau-

caire et al., 2008) and the BRGM model proposed for the Callovian-Oxfordian

porewater (Gaucher et al., 2009) and adapted here for Tournemire argillite .

Finally, a water composition profile is obtained, applying the model presented

in this paper.

2. Description of Tournemire clay-rock geochemical system

2.1. Geological settings

The formation of interest, the Tournemire clay-rock, is a subhorizontal Dome-

rian and Toarcian argillaceous sequence, which forms part of the Grands Causses
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basin. This basin is related to the Tethys opening and presents sediments from

the Permian to the upper Jurassic. At Tournemire, Jurassic geological series

consist in 300 m thick limestones and dolostones layers from Hettangian, Sine-

murian and Carixian. They are overlaid by 250 m thick compacted shales and

marl formation deposited in a deep marine environment during the Domerian

and Toarcian and followed by limestones and dolostones from Aalenian, Bajo-

cian and Bathonian which form the the present day Causses plateau (Fig. 1).

Several faults affect the massif in consequence to the two main tectonic events:

an extension during the Jurassic and a compression at the Neogene during the

Pyrenean orogenesis, which also leads to massif exhumation (Boisson et al.,

2001; Cabrera et al., 2001).

Domerian and Toarcian shales and marls are of very low hydraulic conductiv-

ity, ranging in between 10−14 and 10−15 m.s−1, in Boisson et al. (2001) after

laboratory pulse tests performed on 40 cm long test piece core samples and in

Bertrand et al. (2002) after in situ pulse tests performed in 1 m height-long term

monitoring probe. These aquitard formations are surrounded by two limestones

aquifers: in the Carixian and in the Aalenian formations. Karstification of these

formations started at the Neogene and river-valleys incision at the beginning of

the Miocene (Ambert and Ambert, 1995).

Temperature profile at the Tournemire URL was obtained by long-term tem-

perature measurements from various boreholes equipped with packers. The

temperature profile obtained across the Domerian and Toarcian levels is linear

and gives a geothermal gradient of 0.052 �.m−1 (Tremosa, 2010). This high

geothermal gradient is most likely linked to the vicinity of the Massif Central

volcanic area.

The IRSN underground research laboratory at Tournemire consists in a century-

old tunnel crossing the upper Toarcian formation, recent galleries excavated

from the tunnel and different sets of boreholes. The data described below comes

from samples collected in two vertical boreholes drilled from the tunnel down-

wards to the Carixian (PH4) and upwards to the Aalenian formations (PH5)

(Fig. 1). The goal of these boreholes was to establish a set of parameters of
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interest across the argillaceous sequence to and from the surrounding aquifers.

Figure 1: Geological cross-section of the Tournemire URL.

2.2. Mineralogical and petrological characterization

Clay-rock mineralogy and petrology are essential to buildup a sound con-

ceptual model of the water–rock interaction processes. The identification of the

different minerals present in the rock along with their cristalline state give infor-

mation on the minerals in equilibrium within the formation. For this purpose, a

mineralogy profile (Fig. 2) across the Tournemire argillaceous sequence was es-

tablished from samples collected in PH4 and PH5 boreholes. The mineralogical

analysis were performed by Etudes Recherches Matériaux ERM and consisted in

X-ray diffraction analysis, major elements chemical analysis and measurements

of the cation exchange capacity and the carbonates content. These analysis

allow a semi-quantitative estimation of the mineral contents. The mineralogical

analysis show that the formation presents a relatively homogeneous mineralog-

ical composition, except for the lower Toarcian level. Tournemire clay-rock is

rich in 2:1 minerals, illite and illite/smectite mixed-layers rich in illite (with 50 to

90% of illite) and some detrital micas. The 2:1 minerals content is about 50% of

the whole rock in the upper Toarcian, 30% in the lower Toarcian and 60% in the

78



Domerian. Other clay minerals present are kaolinite (10%) and chlorite (5%).

The clay-rock also contains non negligible amounts of quartz and carbonates

(about 15% each), mainly calcite but also dolomite and siderite. Furthermore,

and even if strontianite has not been directly observed in Tournemire clay-rock,

200 to 500 ppm of Sr were measured in calcite minerals at Tournemire (Math-

ieu et al., 2000). This measurement indicates a Sr-carbonate phase is most

likely present at low amount in the rock. The carbonates content in lower Toar-

cian is higher (30%). Some other minerals with lower contents are also found:

pyrite, feldspars, apatite and rutile. It is worth noting the absence of sulphate

minerals in the Tournemire clay-rock. Consequently, sulphate concentration in

porewaters is not controlled by sulphate minerals saturation. Petrological ob-

servations indicate the occurrence of authigenic calcite and illite in rock joints

as well as pyrite and some glauconite crystals. These authigenic minerals do not

show dissolution signal and clearly indicate the porewater is at thermodynamic

equilibrium with these minerals. Equilibrium with unaltered pyrite allows the

assessment of the redox conditions, as it occurs in similar formations (Gaucher

et al., 2006; Pearson et al., 2003). Organic matter content in the argillite is

about 1% in the upper Toarcian and Domerian and up to 10% in the lower

Toarcian (Cabrera et al., 2001).

The clay sequence is surrounded by two carbonate formations: the Aalenian is

a marly limestone and the Carixian is a sandy limestone.

2.3. Determination of exchangeable cations occupancy and cation exchange se-

lectivity coefficients

Exchangeable cations give a very valuable information on the porewater

cation population in clay-rocks for which there is no possibility to extract water

without inducing experimental artefacts. The sorbed cations at the clay miner-

als surface can be considered as a ”fingerprint” of the solution (Bradbury and

Baeyens, 1998) and, once the population repartition of the sorbed cations (i.e.

the fractional occupancy) and the surface to porewater exchange ability of the

cations (i.e. the selectivity coefficients) are known, one can calculate the cations
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Figure 2: Mineralogical composition profile of the Tournemire clay-rock

concentrations in the porewater.

Cations occupancy was determined under anoxic conditions using the <100 µm

fraction with CsCl extracting solutions, at different rock/solution ratio (0.25:1,

0.5:1 and 1:1). A short contact time (1h) between the rock and the extrac-

tant was selected for limiting perturbations due to dissolution of carbonates

minerals. Rock crushing and sieving and extraction of exchangeable cations

was performed under anoxic conditions (in a glove-box under a N2 atmosphere,

with a O2 content <50 ppmv) for avoiding pyrite dissolution. After centrifuga-

tion — during 10 min at 10000 rotations per min — of the rock–extractant mud,

the supernatant was analyzed by ionic chromatography in IRSN’s facilities at

Fontenay-aux-Roses. Possible dissolution and accuracy of exchangeable cation

data were assessed by comparing extracts obtained at different rock/solution

ratio (Dohrmann, 2006) and led to a data selection. A profile of exchangeable

cations is thus obtained (Table 1) and indicates the exchanger composition is
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dominated by Ca and the cation exchange capacity ranges between 0.08 and

0.12 mmolc.kg−1.

Cation exchange selectivity coefficients for the illite/smectite mixed layer frac-

tion of the Tournemire clay-rock were also determined, at BRGM’s facilities.

The method proposed by Gaucher et al. (2009) was followed and applied to

the <2 µm fraction of an upper Toarcian sample (elevation 431.0 m NGF).

Sample was several times equilibrated with a synthetic water close to the as-

sumed Tournemire porewater composition, then centrifugated. Cation exchange

selectivity were calculated in the Gaines and Thomas (1953) convention from

supernatant composition and cations extracted from clay slurry by Cobalthex-

amine (Tournassat et al., 2009). Results are shown in Table 2 for an exchange

reaction corresponding to:

iNaX +Mei+ = MeXi + iNa+, (1)

where Me is a cation species, i is its valence and KNa/Me is the selectivity coef-

ficient. These exchange selectivity coefficients are higher than those commonly

found for such clay-rocks (Gaucher et al., 2009; Pearson et al., 2003).

Elevation

(m NGF)
CaX2 MgX2 NaX KX SrX2 sum

509.0 3.82±0.05 1.85±0.04 1.68±0.07 1.19±0.05 0.10±0.01 8.64±0.22

461.5 3.46±0.04 1.81±0.03 1.83±0.03 1.14±0.06 0.12±0.02 8.36±0.18

399.3 5.04±0.07 2.48±0.07 2.98±0.12 1.66±0.07 0.17±0.003 12.33±0.33

370.4 3.97±0.12 1.89±0.06 1.82±0.09 1.44±0.09 0.20±0.02 9.32±0.38

329.1 4.60±0.19 2.02±0.06 0.88±0.06 1.31±0.04 0.10±0.02 8.91±0.37

Table 1: Cation occupancy (in mmolc.100 g−1) profile across the Tournemire clayrock.

2.4. Determination of chloride and sulphate contents

Studies on Tournemire anion population, and especially on conservative

species, were mainly performed for diffusion study purposes (Bensenouci, 2010;
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log K KNa/K KNa/Ca KNa/Mg KNa/Sr

Measured from exchange experiment (<2 µm) 1.35 1.32 1.23 1.23

Illite/smectite model 1.18 0.67 0.72 0.60

In situ experimental determination 1.81 0.88 0.64 0.96

Table 2: One site cation exchange selectivity (log K) (i) measured on an upper Toarcian sample

fraction, (ii) predicted by generic models (Tournassat et al., 2009, 2007) and (iii) determined

from fracture waters composition and in situ cation occupancy (average value).

Patriarche et al., 2004; Savoye et al., 2006). These data are used here to charac-

terize the ionic strength of solutions. Several methods for chloride and sulphate

contents determination have been performed, developed and assessed (Sacchi

et al., 2000; Savoye et al., 2006; Witterbroodt et al., 2007). It results that an-

ion content is less affected by experiment artefacts and more representative of

the pore water when obtained by diffusion methods than by lixiviation (Savoye

et al., 2006; Witterbroodt et al., 2007).

Figure 3 synthesizes profiles of chloride and sulphate obtained by Patriarche

et al. (2004) on different boreholes and Bensenouci (2010) on boreholes PH4

and PH5. Patriarche et al. (2004) obtained a chloride profile by immersion of

argillite samples in distilled water and by following the chloride concentration

in the water until equilibrium. Bensenouci (2010) applied the radial diffusion

method developed by Van der Kamp et al. (1996) and adapted to compacted

clay-rocks by Savoye et al. (2006). The radial diffusion method presents the

advantage to directly determine the tracer-accessible porosity on the transient

pattern of the tracer restitution curve and also the value of the effective diffusion

coefficient in the steady-state phase of the pattern. The same cells were used to

determine both stable isotope, chloride and sulphate contents in the same exper-

iment (Savoye et al., 2006). This experiment consists in equilibrating a synthetic

water, the composition of which tends to buffer carbonates dissolution, with an

argillite core wherein a borehole is drilled lengthwise at one end and at the cen-

ter of the core diameter. This borehole is filled with the synthetic water and

equilibration occurs through this borehole surface. Water composition is fre-
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quently analyzed until equilibrium. Moreover, sulphate content determination

that samples were prepared and maintained under anoxic conditions to avoid

any perturbation by pyrite oxidation: samples were conditioned in epoxy resin

in less than one hour after the drilling and next prepared in anoxic glove-box

(atmospheric O2 concentration <50 ppmv) where diffusion cells were maintained

under a N2 atmosphere.

Chloride and sulphate content repartition across the formation (Fig3) shows a

bell-shape curve with higher contents at the center of the formation and a pro-

gressive content decrease towards the Aalenian and Carixian aquifers, indicating

a diffusion process from the argillite to the aquifers (Bensenouci, 2010). Cl−

and SO2−
4 contents from fracture waters (Beaucaire et al., 2008) (corrected in

section 2.7) are also represented in Fig.3 and present a similar trend for both

anion species.

2.5. Measurements of CO2 partial pressure

CO2 and alcanes partial pressures measurements were performed by BRGM

on samples from the upper and lower Toarcian following the method developed

by Gaucher et al. (2010, 2009). Just after sampling, during the PH4 borehole,

samples were conditioned in hermetic cells under a He or an Ar atmosphere

after several cycles of vacuum/rare gas flushing to remove the atmospheric gas.

The cells were then sealed on to allow degassing of the core till stabilization of

the gas composition. Mesaurements were performed by gas ionic chromatogra-

phy enabling the determination of CO2 and alcanes partial pressure. Isotopic

measurements on gases were also performed following the protocol detailed in

Girard et al. (2005). The absence of N2 in the cell atmosphere after degassing

indicated the lack of atmospheric contamination. N2 is a better indicator of at-

mospheric contamination than O2 as O2 tends to react with the clay-rock and is

not easily analyzable at trace content in an Ar environment. In cells affected by

an atmospheric contamination, PCO2 was observed to rise with PN2 because of

an oxidation of alcanes. Non contaminated CO2 partial pressure measurements

give a PCO2 value of 3.6 mbar (log PCO2=-2.4) the upper Toarcian and a PCO2
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Figure 3: Chloride and sulphates contents profile in Tournemire formation (Beaucaire et al.,

2008; Bensenouci, 2010; Patriarche et al., 2004)
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value of 6.4 mbar (log PCO2=-2.2) for the lower Toarcian. These values are in

the range of PCO2 measured in similar clay-rock formations, thus indicating

that the PCO2 is closely related to the mineralogical sequence (Gaucher et al.,

2010; Girard et al., 2005). Alcanes partial pressures are particularly high, es-

pecially in the lower Toarcian with rich organic matter content (about 10%wt).

The gas composition indicates a thermogenic origin of the alcanes, and not a

biogenic one (Gaucher et al., 2010). Experiments also suggest that high alcanes

contents could control the total reductive capacity of the clay-rock, as they are

very sensitive to oxidant conditions. Isotopic measurements of δ13C (-6.6 �)

and δ18O (34 �) on outgassed CO2 indicate that CO2 is in equilibrium with

the carbonate minerals contained in the clayrock (Gaucher et al., 2010; Girard

et al., 2005).

2.6. Petrophysical parameters of the Tournemire clay-rock

The porosity and the grain density are necessary to define the rock/water

ratio and principally to convert the exchangeable cations content by rock mass

into a porewater volume. These parameters may be considered as homogeneous

at each level of the clay sequence, hence a mean value was chosen for each level

(Tab. 3).

The total or physical porosity and the gravimetric water content were deter-

mined by measurements of water content and volume on samples from PH4

and PH5 boreholes, following the procedure described in Matray et al. (2007).

These measurements were performed at the Tournemire test facility just after

removing the core from the boreholes. The total porosity ranges between 8 and

9% in the formation, expect for the lower Toarcian level which presents a total

porosity of 3.5%. The gravimetric water content is more homogeneous across

the argillaceous formation and ranges between 2.6 and 3.8%.

Anion accessible porosity seems conceptually the best estimate of the pore space

to be considered in a geochemical model (Pearson et al., 2003), as anions are ex-

cluded from a part of the porosity because of electrical repulsions in the vicinity

of the negatively charged clay minerals surface. The anion accessible porosity
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corresponds to the pore space not affected by anion exclusion and corresponds

to the free water as described in electrical surface models and to some of the

water in the diffuse layer (Appelo et al., 2010; Horseman et al., 1996). Anion

accessible porosity was determined in radial diffusion experiments, as described

in section 2.4. Anion accessible porosity ranges between 1 and 3%, depending

on the clay-rock layer (Bensenouci, 2010).

Grain density was obtained by helium pycnometry measurements performed by

Etudes Recherche Matériaux and by IRSN. Grain density appears very homo-

geneous across the argillaceous formation, except for the lower Toarcian which

exhibits a lower density. This lower measured density in the lower Toarcian is

likely due to its high content in sedimentary organic matter.

Formation level
Anion acces-

sible porosity

Gravimetric

water content
Total porosity

Grain density

(g.cm−3)

Upp. Toarcian 0.020 0.038 0.091 2.720

Int. Toarcian 0.025 0.034 0.088 2.724

Low. Toarcian 0.020 0.026 0.035 2.398

Domerian 0.013 0.030 0.080 2.738

Table 3: Average petrophysical parameters for the different levels of the Tournemire clay-rock.

2.7. Fracture water data

The Tournemire clay-rock is affected by a fracture network organized in re-

lay systems (Beaucaire et al., 2008) and most of which are filled by calcite.

However, a water inflow was observed in some geodic fractures crossed by air-

drilled boreholes. A packer system was installed in these boreholes, in order to

sample fracture water inflows. Four fracture waters — from boreholes M2, TN2

and TF5 in the upper Toarcian and TN3 in the lower Toarcian — were reg-

ularly sampled and identified to be representative of the formation porewater.

Different reasons suggest these waters are representative of the formation pore-

water. The first reason is provided by the consequent contact time between the

86



fracture waters and the clay-rock. Indeed, these waters present residence times

estimated in between 17000 and 30400 years by radiocarbon dating (Beaucaire

et al., 2008). Furthermore, the composition of these fracture waters agrees with

the expected equilibrium of the carbonate system for this rock. Fracture waters

given in Table 1 from Beaucaire et al. (2008) with available pH and alkalinity

measurements were used to calculate the saturation index of these waters rela-

tively to calcite and dolomite and the CO2 partial pressure (Fig.4). For these

calculations sit.dat thermodynamic database was used and the dolomite phase

used in these calculations corresponds to a medium order dolomite. The calcu-

lations indicate the fracture waters are close to calcite and dolomite equilibrium.

In most cases the waters are slightly oversaturated with calcite and dolomite,

suggesting the measured pH value is higher than in situ pH because of CO2 out-

gassing during sampling. The calcite and dolomite saturation indices of these

waters tend to increase with time span since drilling. Calculated CO2 partial

pressure (Fig. 4) are in the range of the measured PCO2 for the Tournemire

argillite (section 2.5). As a consequence, sampled waters are considered to be

representative of the in situ porewater chemical composition provided that pH

values are readjusted to calcite equilibrium.

As yet noted by Beaucaire et al. (2008), an organic matter biodegradation

by Sulphate-Reducing-Bacteria (SRB) was identified between the different sam-

plings. It is evidenced by a sulphate decrease and related bicarbonate increase

in solution (eq.2, where organic matter is represented as CH2O) and by isotope

evidences (increase in δ34S and δ18O in the residual sulphate).

CH2O + 0.5 SO2−
4 → HCO−3 + 0.5HS− + 0.5H+ (2)

SRB were identified in the Tournemire fracture water (Daumas, 2005) and in

the rock porosity (Urios et al., 2010). Due to the very low pore size of some

nm of the intact rock, the bacteria were inactive before the drilling. Drilling is

assumed (i) to reactivated bacteria by either inducing a mechanical unloading

around the borehole which lead to microcracks opening in the rock and intro-

ducing nutrients (De Cannière et al., 2011; Stroes-Gascoyne et al., 2011); or (ii)
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fracture waters since drilling.
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introduced active allochtonous bacteria responsible for the observed bacterial

activity (Stroes-Gascoyne et al., 2011).

Our interest in organic matter biodegradation is limited to the initial reactants

and final products evolution in the system, as expressed in eq.2. The effects of

microbial physiology and population dynamics can be described by an overall

kinetic law. The system evolution will also depend on system parameters, com-

monly reactants concentrations and temperature, however organic matter and

sulphates contents are unlikely to induce reaction limitations. The biodegra-

dation rate constant (k, in mol.L−1.s−1) can be obtained performing a mass

balance through time on sulphate content:

k =
dCH2O

dt
=

2× dSO2−
4

dt
(3)

Calculated organic matter biodegradation rate constants for the different frac-

ture waters are -8×10−12 mol.L−1.s−1 for M2 water, -1.2×10−10 for TN2 water

and -2.2×10−10 for TN3 water and seemingly to decrease with the aqueous sul-

phate concentration.

These biodegradation rates are introduced in a simple batch model to reproduce

the evolution of the water composition considering organic matter biodegrada-

tion via a 0-order kinetic law and equilibrium with calcite, dolomite and quartz.

For the sake of simplicity, a closed system is elected in this model which, in

particular, does not consider transport between the borehole and the surround-

ing rock porewater (Arcos et al., 2004; Tournassat et al., 2011). Indeed, the

biodegradation rate constants previously established are overall rate constant

describing sulphate evolution in the system.

These calculations were performed with PHREEQC v2.17 (Parhurst and Ap-

pelo, 1999) calculation code, using sit.dat thermodynamic database (Duro et al.,

2007). Good fittings are obtained with this model for both sulphates, bicarbon-

ates and pH evolutions in waters from boreholes TN3 and M2 (Fig.5). These

results confirm the effect of organic matter degradation via SRB activity in the

fracture waters. However, bicarbonates and pH evolutions in TN2 water are not

reproduced and simulated bicarbonates contents are larger than those observed,
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indicating a sink of carbonates possibly attributed to a CO2(g) outgassing. TF5

water presents low sulphate content and no effect of SRB activity can be iden-

tified, but PCO2(g) evolution shows a gradual outgassing with time.

Perturbation of the sampled fracture waters with time since coring indicate that

only the firsts sampled fracture water compositions are likely to present a good

estimate of the porewater of the Tournemire clay-rock formation, provided their

pH is readjusted to calcite equilibrium (see above). The reference waters which

will be used in the next sections for comparison with rock–water equilibrium

models results are summarized in Table 4.
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Borehole pH Alk SO4 Cl Ca Mg Na K Si Sr

TF5 8.15 6.46 0.01 5.45 0.25 0.22 10.87 0.12 0.13 0.005

M2 7.89 5.21 6.76 3.55 1.11 0.90 18.60 0.22 0.12 0.025

TN2 7.67 8.91 10.30 4.80 1.65 1.38 26.74 0.32 0.11 0.046

TN3 7.53 10.87 18.22 3.73 3.67 2.55 37.30 0.64 0.18 0.126

Table 4: Composition of the reference waters from boreholes TF5, M2 and TN2 in the upper

Toarcian and TN3 in the lower Toarcian. Contents are in mmol.L−1.

3. Geochemical modelling of Tournemire clay-rock porewater

3.1. Model establishment

The purpose of this section is to establish a realistic rock–porewater interac-

tion model for the Tournemire clay-rock porewater characterization. This model

is based on the exchange intrinsic properties of the rock, directly dependent on

the nature and amount of the constituting clay minerals.

Two previous models were proposed by Beaucaire et al. (2008) for the prediction

of Tournemire porewater composition, but they present limitations for repro-

ducing the monovalent cations contents, especially K+. A good description of

the potassium behaviour in the argillite–porewater system under study is par-

ticularly interesting to reach because potassium acts as a competitor to caesium,

one of the radionuclide which can be released by a radioactive waste disposal.

The first model is an application of Beaucaire et al. (2000) model, developed for

the Boom Clay. It assumes a control of the chemical composition by dissolu-

tion and precipitation reactions with mineral phases (calcite, dolomite, quartz,

kaolinite, microcline, albite and chlorite). The model validity is questionable

because it considers high temperature and pressure detrital phases — feldspars

— as chemical buffer in a low enthalpy system while these phases are not in

equilibrium with the porewater. Indeed, as discussed by Gaucher et al. (2009),

the measured K/Na ratio in fracture waters is 1.2×10−2 while a K/Na ratio of

2×10−3 is expected if K and Na contents in porewater are controlled by the

solubility of microcline and albite phases. Furthermore, this model has resulted

91



in underestimations of K, Ca and Mg contents and overestimations of Na con-

tent and alkalinity, in comparison to fracture waters (Fig.6). The second model

proposed by Beaucaire et al. (2008) considers cation exchange reactions with a

one-site model to constrain Na and K contents. Cation exchange is known to

control and buffer cation contents in clay-rocks porewater (Gaucher et al., 2009;

Pearson et al., 2011) and predictions, including carbonates, were generally bet-

ter. However, this one-site exchange model use selectivity coefficients obtained

with the Gaines and Thomas (1953) relationship for Na/Ca and Na/Mg ex-

change (Waber and Mazurek, 1998) and with a four-sites exchange model for

K exchange (Jacquier et al., 2004). Such election of model parameters was

certainly made for obtaining a satisfactory reproduction of fracture water com-

positions but using parameters obtained with one kind of model with a model

of different nature seems conceptually inadequate. The resulting K content is

slightly overestimated (Beaucaire et al., 2008), even using a selectivity coefficient

for K-exchange (log KNa/K=1.5) which seems high for such a rock. One-site

macroscopic selectivity coefficient (log KNa/K), expressed following Gaines and

Thomas (1953) convention, are of 1.2 to 1.35 for Tournemire clay-rock (cf. sec-

tion 2.3), 0.8 for Mont-Terri Opalinus clay (Pearson et al., 2003), 0.8 to 1 for

Paris basin Callovo-Oxfordian clay-rock (Tournassat et al., 2009) and slightly

higher than 1 for illite pure phases (Tournassat et al., 2007). Using a lower

selectivity coefficient for K-exchange will increase the over-estimation of K con-

tent in solution. A fitting of KNa/K can lead to the adequate concentration in

solution but the model consequently loses its prediction ability (Pearson et al.,

2011). This disparity between data and model results suggests a conceptual

limit of K control by a one-site exchange model.

In the approach developed in this study, the contribution of the different clay

minerals to cation exchange and the differences of cation behaviours with respect

to these minerals are distinguished. Among the Tournemire clay-rock constitut-

ing minerals, illite and illite/smectite interstratified are the main phases implied

in cation exchanges. Moreover, illite and smectite are considered respectively

to cations exchange, assuming that illite/smectite mixed-layers are a mixture
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of illite and smectite phases (Tournassat et al., 2009). Kaolinite implication

in cation exchange is neglected as its contribution is limited in comparison to

smectite or illite.

Cation exchange involving illite can be accurately represented with the multi-site

model developed by Bradbury and Baeyens (2000). This macroscopic and non-

electrical model considers the contribution of the different exchange site types

on the illite surface as a function of the site amount and their affinities with

the different cations. Introduction of sites of different affinities allows consider-

ing steric effects on bigger cations to reach lateral sites and lead to an efficient

reproduction of monovalent cations interacting with illite. Such an approach

has been mainly used to represent caesium uptake on illite, e.g. Baeyens and

Bradbury (2004); Bradbury and Baeyens (2000); Grandia et al. (2011); Poinssot

et al. (1999), but can also be used to consider the affinity and capacity influ-

ence of the different surface sites on cation behaviour in the system (Tournassat

et al., 2007). The Bradbury and Baeyens (2000) model assumes three classes of

surface sites for cation exchange on illite: i) the “planar sites” (Xp) associated

to the fixed negative charge associated to isomorphic substitution in tetrahedral

and octahedral layers. This kind of site represents 80% of the illite exchange

capacity and presents a low affinity towards cations; ii) the “type-II sites” (Xii);

and, iii) the “frayed edge sites”, denote as FES (Xfes). Xii and Xfes classes of

sites are high affinity low capacity sites and, because of steric effects, only imply

monovalent cations. These exchange sites respectively represent 20% and 0.25%

of the illite exchange capacity. Cation exchange reactions and their associated

selectivity coefficients are summarized in Table 5.

Cation exchange reactions on the smectite phase are implemented in the model

considering one low affinity high capacity surface site. Selectivity coefficients

for exchange reactions in smectite surface site are determined using Tournassat

et al. (2009) one-site model, allows the determining of selectivity coefficients for

smectite as a function of the fractional equivalent occupancy, i.e. the exchanger

composition. Model coefficients were calibrated against a large set of data and

a successful reproduction of experimental selectivity coefficients was obtained
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with the model. Exchange reactions and range of calculated smectite selectiv-

ity coefficients for the different measured exchangeable cation compositions are

reported in Table 5.

In order to determine the amount of each sort of exchange sites, the proportion

of charges associated with illite and smectite is first calculated from the rock

content (in %) in illite and illite/smectite mixed-layers rich in illite. It is as-

sumed that there is 70% of illite in the I/S mixed-layers and that the charge of

smectite and illite are 0.75 and 0.2 mmolc.kg−1, respectively. The total amount

of measured exchange sites, with the corresponding porosity and grain density,

is converted in charges per mass of porewater. The amount of each sort of

exchange site is then obtained by combination of the proportion of charges as-

sociated to illite and smectite, the proportion of each exchange site in illite as

given in Bradbury and Baeyens (2000) model and by the sum of exchange sites.

Exchanger composition is next calculated with the fractional occupancy.

Cations (Na, K, Ca, Mg and Sr) contents in porewater are thus controlled

by cation exchange with the multi-site model previously presented and sys-

tem description is completed considering calcite equilibrium, a Si control by

quartz equilibrium and electroneutrality achievement on Na content. Concern-

ing anions contents, Cl and SO4 are considered as conservative, as they are not

affected by precipitation/dissolution reactions due to the lack of chloride and

sulphate bearing minerals and the low concentrations of these aqueous species,

while C(IV) species are controlled by the CO2 partial pressure which is fixed

in the calculations. The pH is mainly controlled by calcite equilibrium and the

CO2 partial pressure fixed value. Formation reductive conditions are introduced

in the model through the S(6)/S(-2) redox couple by forcing equilibrium with

pyrite. Note that mineral phases considered in the model are all observed in

the rock and petrologic observations indicate they are in equilibrium at in situ

conditions. To summarize, the multi-site model proposed here introduces cation

exchange according to the reactions presented in Table 5, thermodynamic equi-

librium with calcite, quartz and pyrite mineral phases and fixed values of Cl

and SO4 contents and CO2 partial pressure. Before performing the calculations
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with this interaction model and in order to introduce an initial cation content in

the range of the expected values, equilibrium between the solution and calcite,

dolomite, illite, quartz, strontianite and kaolinite mineral phases is imposed. In

these initial calculations, solution electroneutrality is achieved on Na concen-

tration.

All calculations were performed with PHREEQC v2.17 (Parhurst and Appelo,

1999) geochemical calculation code, using sit.dat thermodynamic database, cor-

responding to the ANDRA ThermoChimie v7.b database (Duro et al., 2007).

Exchange reactions log K References

Illite planar site Xp

NaXp+K+ = KXp+Na+ 1.1 Bradbury and Baeyens (2000)

2NaXp+ Ca2+ = CaXp2 + 2Na+ 1.04 Baeyens and Bradbury (2004)

2NaXp+Mg2+ = MgXp2 + 2Na+ 1.04 Baeyens and Bradbury (2004)

2NaXp+ Sr2+ = SrXp2 + 2Na+ 1.44 Missana et al. (2008)

Illite type II site Xii

NaXii+K+ = KXii+Na+ 2.1 Bradbury and Baeyens (2000)

Illite frayed-edge-site Xfes

NaXfes+K+ = KXfes+Na+ 2.4 Bradbury and Baeyens (2000)

Smectite site Z

NaZ +K+ = KZ +Na+ 0.82 - 0.88 Tournassat et al. (2009)

2NaZ + Ca2+ = CaZ2 + 2Na+ 0.53 - 0.7 Tournassat et al. (2009)

2NaZ +Mg2+ = MgZ2 + 2Na+ 0.47 - 0.62 Tournassat et al. (2009)

2NaZ + Sr2+ = SrZ2 + 2Na+ 0.14 - 0.19 Tournassat et al. (2009)

Table 5: Exchange reactions for the different site classes for illite and smectite considered

in the model and their associated selectivity coefficients in the Gaines and Thomas (1953)

convention.
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3.2. Calculations methodology

3.2.1. Comparison with experimental data and other models

The purpose of this section is to apply the multi-site model established in

the previous section (3.1) to the Tournemire clay-rock and to compare the ob-

tained results with the reference fracture water data (Table 4), considered as

the best estimate of the Tournemire porewater composition. The BRGM model

(Gaucher et al., 2009) is also applied to the Tournemire clay-rock and the results

of the previous model based on mineral equilibrium (Beaucaire et al., 2008) are

shown for comparison.

Models are applied with the clay-rock properties at the level of the URL access

tunnel (Fig. 1), where 3 of the 4 fracture waters were sampled. Input param-

eters concern the mineralogy (with 70% of illite in the I/S mixed-layers), the

cation exchange properties, the CO2 partial pressure, the petrophysical param-

eters and the temperature (15 �). In order to compare our results with those of

the Beaucaire et al. (2008) model, we have adopted the same convention for the

representation of the content evolution as a function of the mobile anions sum

([Cl−]+2× [SO2−
4 ]). The model parameters, fractional occupancy in particular,

are not adjusted to salinity increase despite the frequently observed dependence

of the exchanger composition to the salinity (Gaucher et al., 2006). Parameters

variation with depth will be considered subsequently, for composition profile

calculation.

Beaucaire et al. (2008) models for Tournemire clay-rock porewater were pre-

sented in section 3.1. Only results from model based on mineral equilibrium are

represented in Fig.6. Indeed, the selectivity coefficients selection in their cation

exchange model is based on expert judgement to fit the data. Consequently, the

model loses its predictive ability and its comparison with the other models has

little interest.

The BRGM model (Gaucher et al., 2009) considers equilibrium with the miner-

als identified as in equilibrium in the system conditions (quartz, calcite, siderite,

pyrite, chlorite and illite) and cation exchange (Ca, Mg, Sr, and K related to
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Na) on one global site for the clay-rock. The BRGM model considers that the

CO2 partial pressure value results from the mineral equilibrium. In order to

apply the BRGM model to the Tournemire clay-rock, equilibrium with miner-

als like in Gaucher et al. (2009) reference model is considered, except for ce-

lestite (quartz, calcite, pyrite, illite-Mg and daphnite-14Å). The thermodynamic

database used for these calculations is the version of the Thermoddem database

(http://thermoddem.brgm.fr/index.asp) given in Gaucher et al. (2009) annex.

PHREEQC v2.17 (Parhurst and Appelo, 1999) code was also used for the cal-

culations with BRGM model. For cation exchange, the selectivity coefficients

measured in the exchange experiment performed on the Tournemire clay-rock

(cf. section 2.3) are considered. A-priori selectivity coefficients for one global

exchange site can also be predicted for the clay-rock, considered as a mixture

of illite and smectite minerals, using Tournassat et al. (2007) model to calcu-

late illite selectivity constants and Tournassat et al. (2009) model for smectite

constants. These predicted selectivity coefficients are used in the sensitivity

analysis section.

3.2.2. Sensitivity analysis methodology

The sensitivity of the multi-site model is assessed to constrain and under-

stand the model results. The sensitivity is mainly devoted to the analysis of

the influence of the model parameters involved in the cation exchange and the

effect of their uncertainties.

One of the uncertainties of the multi-site model concerns the proportion of sites

shared by illite and smectite for cation exchange. In particular, a 70% of illite in

I/S mixed-layers was considered previously, but mineralogical analysis indicate

an illite proportion in I/S ranging between 50 and 90%. These two extreme val-

ues can be checked and will have an influence on the proportion of high affinity

sites involved in cation exchange reactions.

Because exchangeable cations extraction experiments could present an uncer-

tainty because of dissolution of clay-rock constituting minerals, a sensitivity

analysis is performed on the exchange site composition. Variations of the K and
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Na fractional occupancies (Ei) of ±0.05 respectively to the base case are tested

and their effects on porewater composition are evaluated. Changes in ENa and

EK in these calculations are balanced by ECa, so that
∑
Ei = 1.

The effects of changes in porosity are also evaluated, by using in the calcula-

tions the value of the gravimetric water content and of the total porosity and by

comparing with the standard case calculations which used the anion accessible

porosity. The porosity is used to convert the amount of exchange site in pore-

water mass (cf. section 3.1) and will consequently determine the concentration

of exchange sites per volume of porewater.

Another parameter included in the sensitivity analysis on the multi-site model is

the temperature. In this case, the model is applied to the whole formation where

temperature varies from 24.2 to 10.7� from the base to the top of the Tourne-

mire argillaceous formation. For the base case calculations the temperature was

determined at 15�, however in the present calculation case the temperature is

25�.

The final part of this sensitivity analysis concerns the BRGM model results as

a function of the cation exchange selectivity coefficients for the rock global site.

Values measured on the Tournemire argillite and predicted from models and the

rock content in illite and smectite are considered (Table 2).

3.2.3. Establishing the porewater composition profile

To establish the porewater composition profile across the Tournemire clay-

rock, the multi-site model is used considering as input data the variations in

mineralogy, exchangeable cations, mobile anions content, porosity, grain density

and temperature. The measured CO2 partial pressure for lower Toarcian was

used only for the lower Toarcian level. For all other levels we used the CO2 par-

tial pressure measured in the upper Toarcian as their proportions in carbonates

minerals and organic matter are similar.
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3.3. Results

3.3.1. Comparing model results with experimental data

Results obtained for the Tournemire clay-rock using the multi-site model,

the BRGM model and the previous models are plotted versus the reference

fracture waters in Fig.6. First of all, we can see that models based on cation

exchange present a similar evolution trend for cations and carbonates content

and for pH. Multi-site and BRGM models present a good agreement with the

fracture waters. Their results are much better than the model only based on

mineral equilibrium. In addition a slightly better agreement between model and

data is obtained with the multi-site model developed here than with the BRGM

model.

Potassium content evolution reproduction is improved by considering various

sites associated to illite, including high affinity sites for monovalent cations.

Special attention to the high affinity sites influence is paid in next section for a

discussion on their importance.

The pH value also presents a dependence to the ionic strength, in both fracture

waters and models results. Finally, concerning CO2 partial content, a good

agreement between BRGM model and measurements is observed. A PCO2

value of 10−2.6 atm is obtained with the BRGM model, to compare with the

10−2.4 atm PCO2 value measured for the Tournemire clay-rock and directly

introduced in the multi-site model proposed in this study.

3.3.2. Sensitivity analysis results

The first parameter tested is this sensitivity analysis was the illite propor-

tion in I/S mixed-layers (50%, 90% and 70% in the base case). Fig. 7 shows K

content as a function of the mobile anions content for the different cases of illite

proportion. It illustrates the importance of high affinity sites associated to illite

for K control in the system. These calculations suggest that the proportion of

illite in the Tournemire I/S mixed-layers could be higher than the selected 70%

in the reference calculations. Our calculations indicate that a different propor-

tion of illite and smectite associated sites has a very limited influence on other
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porewater components.

Calculations to assess the results sensitivity to the exchanger composition were

also performed. Potassium, sodium and calcium contents as a function of the

mobile anions content for the ranges of fractional occupancies are represented

in Fig.8. The results show that variations in the K fractional occupancy induce

important changes in K content in solution and, in particular, fracture waters

are better represented with a low EK . However, EK effect on the other com-

ponents of the system, in particular for Na content, is limited. Concerning the

influence of the sodium fractional occupancy, it is important for Na and Ca

contents in the porewater and more restricted for K content. Changes in the

concentration in Ca are related to the balance on ECa of variations of ENa and

EK and consequently induce changes of the carbonate content in solution and

the pH. The fractional occupancy appears to be the most sensitive parameter of

the model, however the tested ranges of variation are relatively large and such

variations are not observed across the argillaceous formation of Tournemire. It

illustrates the importance to assess the non-perturbation of the exchangeable

cations data to avoid non-negligible errors on the calculated water composition.

The good representation of the experimental data with the base case conditions

suggests exchangeable cations measurements are not perturbed by dissolution

of Ca and Mg bearing minerals and that the measurements are representative

of the in situ exchanger composition.

Very little and non significative differences are observed with porosity varia-

tions. The model is probably non-sensitive to rock/water ratio.

Regarding the sensitivity to the temperature, only carbonate content is affected

by this change (Fig.7), and the pH in a limited extent.

The sensitivity of the BRGM model to the cation exchange selectivity was also

investigated. The obtained porewater composition are represented in Fig. 9.

Calculated Na content is higher than in the fracture waters when the measured

selectivity coefficients are used and lower when the predicted coefficients are

used. The opposite is observed for the Ca content calculations. Potassium

content are overestimated in the two different calculation cases. Relatively im-
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portant differences are found between results of the calculation cases due to

large differences between measured and predicted exchange selectivity coeffi-

cients. Results obtained with the BRGM model are then in the range of the

fracture water compositions but the accuracy of data reproduction seems rela-

tively linked to the values of the selectivity coefficients. The adequate porewater

composition can be obtained using a model with one global exchange site by

considering selectivity coefficients calculated from the reference waters and the

exchanger composition. Calculated selectivity coefficients are reported in Table

2. These values are in the range of the predicted ones for Na/Ca and Na/Mg

exchanges. However, for Na/K exchange a much more higher value is found

in comparison to the measured and predicted ones. The Tournemire porewa-

ter composition can then be accurately calculated (Fig. 9), once the exchange

selectivity coefficients fits with in-situ experimental data.
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3.3.3. Obtention of the porewater composition profile

The porewater compositions calculated at different elevations across the

Tournemire argillaceous formation (Table 6) allow establishing a profile (Fig.10).

The composition profile follows the mobile anions and shows a bell-shape pro-

file with a maximal concentration at the middle of the formation (salinity of

5.6 g.L−1) and a gradual solute decrease towards the surrounding aquifers. pH

varies between 7.35 and 7.9 across the formation, a typical range of values for a

clay-rock porewater. The lowest pH values are observed in the Lower Toarcian,

where the CO2 partial pressure is higher.

Fracture waters were projected parallel to the stratification onto a PH4-PH5 ver-

tical axis on Fig.10. This elevation corrections were made because of the slight

inclination of the Toarcian/Domerian layer and assuming formation homogene-

ity in the bedding plane in order to compare the fracture water compositions

with the model results. A good agreement is found between the calculated and

the fracture water compositions for the same elevation. This agreement consol-

idates the profile obtained across the argillaceous formation with the multi-site

model.
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4. Discussion

The results obtained with the new model proposed for calculating the Tourne-

mire porewater composition and based on multi-site cation exchange were com-

pared with experimental data of the Tournemire clay-rock porewater, with a

model previously developed for Tournemire clay-rock based only on mineral

equilibrium (Beaucaire et al., 2008) and with an application of the BRGM model

(Gaucher et al., 2009) to the Tournemire geochemical system. The best rep-

resentations of the fracture waters composition are obtained with the model

including a control of the cation concentration by cation exchange. Data repre-

sentation is even improved when cation exchange model considers a refinement

in the illite surface properties, including sites of different affinities on illite sur-

face. Potassium control was discussed as the obtained K content was too low

when controlled by a mineral phase (Beaucaire et al., 2008) and too high when

controlled by cation exchange (Pearson et al., 2003), despite the studies of K/Na

ratio in porewaters (Gaucher et al., 2009; Pearson et al., 2003) clearly indicate

a control by cation exchange.

The uncertainty of one site cation exchange selectivity coefficients and their

sensitivity towards the resulting porewater composition is most likely the main

limit of this modelling approach. A complex dependence to system parameters

is observed and Tournassat et al. (2009, 2007) proposed models to calculate

selectivity coefficient value considering its dependence to fractional occupancy.

The illite and smectite resulting selectivity coefficients were averaged and in-

troduced as one global site in the BRGM model (Gaucher et al., 2009). One

approach to achieve the representation of the cation contents, and particularly

K content, is adjusting the exchange selectivity coefficient. It was done for the

Tournemire argillite and a high value is obtained for Na/K exchange. In that

case the model lost a large part of its prediction ability. From this analysis

it can be inferred that there is no conceptual limit of K control by a one-site

exchange model, as the model matches almost perfectly the data. However, the

problem in this case is linked to the difficulty to define precisely the selectivity
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coefficient for K on the exchanger either by generic predictive modelling or by

independent experiment on clay fraction. The same holds true for Ca, Mg and

Sr but in a lesser extent. It is surprising to see that even selectivity coefficient

measured on the clay fraction (< 2µm) in chemical conditions similar to in

situ conditions is not able to give very precise value. The <2µm fraction does

not account for the whole exchange capacity of the rock, but less than 30% of

the sum of exchangeable cations of the rock. This could explain for instance

the slight difference observed for Ca, Mg and Sr selectivity coefficient. For K,

the difference is important. The laboratory measured selectivity coefficient is

in line with values reported for Callovian-Oxfordian and Mont-Terri fine clay

fraction (Pearson et al., 2011; Tournassat et al., 2009) but the in-situ value (log

KNa/K=1.8) is much higher than those usually reported. The cause for this

discrepancy is unknown: it could be linked to a difference between K affinity for

the surface in dispersed suspension (laboratory case) and in compacted system

(in situ). It has been shown that the affinity of montmorillonite for Cs increase

at high compaction level (Van Loon and Glaus, 2008). However, no difference

could be observed between crushed and intact Mont-Terri clay-rock material

(Van Loon et al., 2009). Similarly, it would be very surprising that the differ-

ence in affinity for K between laboratory experiment and in situ determination

is related to a difference of clay compaction. A second possible artefact could

be due to the extractant used for cation exchange determination. While labo-

ratory selectivity coefficients were obtained from Cobalthexamine extraction, in

situ cation exchanger composition was obtained by CsCl extraction. It is pos-

sible that CsCl extraction had resulted in more efficient K removal from high

energy sorption sites or that K from collapsed illite layers have been exchanged

by Cs whereas it was not by CoHex.

A different modelling approach, by considering a multi-site modelling of

cation exchange, was tested here. With regards to the successful data repre-

sentation, it suggests the effectiveness of this approach for clay-rock porewater

modelling. However it can not explain by itself the difference of global selec-
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tivity coefficients obtained in situ and on Tournemire clay fraction. Additional

experimental work would be needed (in particular systematic comparison of Co-

Hex with CsCl extraction methods) to unravel this problem.

Sensitivity analysis performed on the multi-site model showed the robustness

of the model. Interestingly, the analysis indicates not only a sensitivity to the

exchanger composition but also to the proportion of illite in the illite/smectite

mixed-layers. The proportion of illite in the I/S mixed-layers presents a range

of uncertainty which affect the proportion of high affinity sites of illite. This

effect is only noticeable on the potassium concentration and results suggest that

illite proportion is perhaps higher than the average proportion indicated by the

mineralogical data. The second sensitive parameter, the exchange composi-

tion, logically induces changes in the porewater composition. This sensitivity

highlights the importance of using exchange cations data not affected by pertur-

bation during their measurements. The porosity, which determines the density

of exchange sites in contact with a porewater volume, has a very slight influence

on the porewater composition. A limited influence was also distinguished by

Wersin (2003), whereas Bradbury and Baeyens (1998) identified porosity as a

sensitive parameter of their model.

The interest of the multi-site model developed in this paper is to consider cation

exchange on the basis of the intrinsic properties of the clay-rock, i.e. on the ex-

change properties of the rock-constituting minerals, with the exchange sites

proportion on illite surface and the selectivity coefficients for the mineral pure

phases used in the model coming from the literature (Table 5). Exchange prop-

erties of the rock are then obtained by an average of the exchange properties of

the mineral phases and the mineralogical composition. Thus, an experimental

determination of the different exchange sites properties for the rock is not nec-

essary. The interest is particularly noticeable when one wants to calculate the

water composition across the formation and, then, will need a characterization

of the geochemical system for the different levels of the formation. However

the approach of the multi-site model introduces a dependance to the proportion

of illite in the I/S mixed-layer, which can not be determined precisely. This
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dependance is only significant for the K concentration, as seen in the sensitivity

analysis.

Further requirements for applying the multi-site model are similar to the needs

for other models for porewater composition calculation in argillaceous rocks.

Sampling of water representative of the in situ conditions is made difficult by

the physical constrains linked to the low permeability and high rock/porewater

ratio. Appropriated methods must then be applied to obtain each data of the re-

quired data set. Non-perturbed porewater composition is also needed for model

results comparison and model validation.

5. Conclusions

This paper aimed at presenting a new model to calculate the porewater

composition of the Tournemire clay-rock. This model is based, among other

processes, on cation exchange considering the different affinities of the exchange

sites of illite and smectite rock-constituting minerals. For model application to

the Tournemire clay-rock, a full data set characterizing its geochemical system

was obtained. An evaluation of drilling and sampling perturbations of water

from low transmissivity fractures was also performed as well as a selection of

reference waters. This selection ensures comparison of the model results is made

with a water composition representative of the porewater at in situ conditions.

A good representation of the reference fracture waters was obtained with the

multi-site model and with the BRGM model (Gaucher et al., 2009). However,

the best representation was observed with the multi-site model. These results

highlight the interest of considering the differences of illite exchange sites affinity

(Bradbury and Baeyens, 2000). The multi-site model was next applied across

the formation in agreement with the geochemical properties changes and a com-

position profile is obtained.

We can thus propose a porewater composition which can be directly used as

a reference composition in studies dealing on interaction of engineered barrier

system components with the Tournemire clay-rock. The composition profile
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calculated across the Tournemire argillaceous formation will be useful in studies

on transport and reactive-transport, in particular for studies on osmotic effects

which required a reliable knowledge of porewater composition and its changes

across the formation.

It is also worth noting that, with few modifications, the radionuclides reten-

tion capacity can be added to the model and the model can be used to study

the effect of the release of radionuclides from a nuclear repository. Finally, an

interesting perspective could be to test the model developed for Tournemire

formation on other argillaceous formations.
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B., Tournassat, C., Altmann, S., Vinsot, A., Buschaert, S., Matray, J.M.,

Leupin, O.X., De Craen, M., 2010. CO2 partial pressure in clayrocks: A

general model, in: Water–Rock Interaction 13, Guanajuato (Mexico).

Gaucher, E.C., Tournassat, C., Pearson, F.J., Blanc, P., Crouzet, C., Lerouge,

C., Altmann, S., 2009. A robust model for pore-water chemistry of clayrock.

Geochimica et Cosmochimica Acta 73, 6470–6487.

115



Girard, J.P., Fléhoc, C., Gaucher, E., 2005. Stable isotope composition of

CO2 outgassed from cores of argillites: a simple method to constrain δ18O of

porewater and δ13C of dissolved carbon in mudrocks. Applied Geochemistry

20, 713–725.

Grandia, F., Sena, C., Arcos, D., Molinero, J., Duro, L., Bruno, J., 2011.

Quantitative assessment of radionuclide retention in the Quaternary sedi-

ments/granite interface of the Fennoscandian shield (Sweden). Applied Geo-

chemistry 26, 679–687.

Horseman, S.T., Higgo, J.J.W., Alexander, J., Harrington, J.F., 1996. Wa-

ter, Gas and Solute Movement Trough Argillaceous Media. Nuclear Energie

Agency (NEA).

Jacquier, P., Ly, J., Beaucaire, C., 2004. The ion-exchange properties of the

Tournemire argillite. I.Study of the H, Na, K, Cs, Ca and Mg behaviour.

Applied Clay Science 26, 163–170.

Van der Kamp, G., Van Stempvoort, D.R., Wassenaar, L.I., 1996. The radial dif-

fusion method-1. Using intact cores to determine isotopic composition, chem-

istry and effective porosities for groundwater in aquitards. Water Resources

Research 35, 1815–1822.

Mathieu, R., Pagel, M., Clauer, N., De Windt, L., Cabrera, J., Boisson, J.Y.,

2000. Paleocirculations in shales: a mineralogical and geochemical study of

calcite veins from the Tournemire tunnel site (Aveyron, France). European

Journal of Mineralogy 12, 377–390.

Matray, J.M., Savoye, S., Cabrera, J., 2007. Desaturation and structure rela-

tionships around drifts excavated in the well-compacted Tournemire’s argillite

(Aveyron, France). Engineering Geology 9, 1–16.
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Chapter 4

Chemical osmosis

4.1 Introduction

Chemical osmosis is a type of fluid flow already observed in natural shales
with properties similar to those of the Tournemire argillite properties. Owing
to its small pore-size, its clay minerals content and its moderate porewater
salinity, a chemo-osmotic flow is expected to develop in the Tournemire clay-
rock when submitted to a salinity gradient. The ability of a material to
conduct a chemical osmotic flow is described through the chemo-osmotic ef-
ficiency, i.e. the coupling coefficient linking the chemical potential gradient
to the fluid flow. On top of depending on the studied rock, the osmotic
coefficient also depend on the medium conditions, mainly the solution com-
position.
Two complementary ways were proceeded for determining the chemical os-
motic efficiency of the Tournemire clay-rock : by numerical reproduction of
the anionic exclusion in the shale porosity, i.e. the mechanism responsible of
chemical osmosis; and by experiments.
The first method, presented in section 4.2, consists in calculating the inter-
actions between the charged solid surface and solutes in porewater using a
triple-layer electrical model taking into account the interacting diffuse lay-
ers and solutions with complex compositions, i.e. with mono- and divalent
counter-ions. This approach especially allows considering the effects of Ca2+

ions on the osmotic efficiency and to establish a profile of the chemo-osmotic
efficiency across the Tournemire argillaceous formation.
Chemo-osmotic parameters were also determined by off-site experiments con-
ducted on Tournemire argillite samples (section 4.3). The chemo-osmotic ef-
ficiency was estimated during measurements of an osmotic fluid flow induced
by a chemical concentration gradient through a clay-rock sample.
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Experiments allow determining if a chemo-osmotic flow can develop in the
studied shale and also measuring an osmotic efficiency for specific conditions
of pore-size and solution composition. Predicted chemo-osmotic efficiencies
present the advantage to account for the petrophysical parameters and solu-
tion composition variations across the formation. Thus, we can dispose of a
chemical osmosis efficiency profile, useful for, next, calculating the resulting
osmotic flow in the overall Tournemire argillaceous formation.

4.2 Predictive calculations of the chemo-

osmotic efficiency coefficient

4.2.1 Introduction

The physical explanation of the specific behaviour of clays systems mainly
lies in surface processes, related to large specific area, small size of parti-
cles and pores and complex interactions between the clay surface, the water
molecules and the solutes. In particular, understanding transport processes
in natural argillaceous media requires considering the interactions between
clay minerals and the pore solution [69, 103]. Isomorphic substitutions in
the tetrahedral (Si4+ by Al3+) and the octahedral (Al3+ by a divalent cation)
layers and protonation/deprotonation reactions of surface groups induce an
electrical charge at the clay mineral surface. This surface charge is generally
negative [143], and leads to the development of an electric field. The ions
distribution in the pore space consequently results from two opposite effects:
the counterions attraction by the surface charge and their diffusion from the
ion accumulation zone at the surface vicinity towards the pore center [103].
Models are developed to estimate the incidence of these surface processes on
transport processes, by the calculations of the coefficients relating a flux to
a driving force. They are complementary to experiments in the characteri-
zation of coupled-flow in a charged porous media. Two kinds of models can
be used for obtaining the coupling coefficients: phenomenological models,
based on the thermodynamic of irreversible processes [22, 76]; and mechani-
cal models, which homogenize coupled-flow equation at the pore scale to the
REV (Representative Elementary Volume) scale [64, 107, 130].
The goals of this chapter are to investigate the influence of a complex solu-
tion with both monovalent and divalent counterions on osmotic efficiency and
to calculate theoretical values of the osmotic efficiency for the Tournemire
argillaceous formation. To reach this goal, an electrical triple-layer-model
(TLM) including interaction between diffuse layers was improved to consider
multi-ionic solutes and non-symmetric solutions.
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4.2.2 Expression of the coefficient of chemical osmosis

Chemical osmosis occurs in clay-rocks because of anion exclusion and disequi-
librium of the internal pressure of the solution by salinity changes [46, 69, 81].
Anion exclusion of clays lies on ionic transport restrictions by size and/or by
electrical effects (and salinity, consequently). Anion exclusion will be particu-
larly efficient when a clayrock is highly compacted and the adjacent electrical
diffuse layers overlap. Thus, pore size and salinity will control the membrane
behaviour of the clay and its osmotic efficiency coefficient. A simple relation
for the osmotic efficiency, ε, can then be proposed, related to the proportion
of the concentration of anions in the porosity, C−, and in bulk water, Cf
[22, 27, 83]:

ε = 1− < C− >

Cf
(4.1)

where < C− > is the mean concentration of anions in the porosity. The
osmotic efficiency coefficient is calculated in the triple-layer-model developed
in next section according to the expression developed by Bolt et al. [22]
(see also Rousseau-Gueutin [135]). This expression is obtained from the
resolution of the Navier-Stokes’s equation integrating the chemical force [22],
for a porous medium with a parallel plane geometry:

ε =

∫ b
0

(1− C−(x)
Cf

)(2bx− x2)dx

2b3

3

(4.2)

where C−(x) is the anion concentration at a distance x from the clay surface
and 2b is the pore size. Note that Eq.(4.1) is a simplification of Eq.(4.2) if
C− is set to its average and constant value. It is worth noting that anion
exclusion expression is applicable for both symmetric and non-symmetric
solutions [22].

Pore size, 2b, appears to be a crucial parameter for the chemical osmotic
efficiency determination (Eq. 4.2) and, then, in the TLM calculations. It
is determined using a mass balance [58, 110, 116]. For clay-rocks, the mass
balance is established for a plane-parallel geometry:

b =
ω

ρsAs(1− ω)
(4.3)

where b is the half-pore size (m), ω is the total porosity, ρs is the grain density
(g m−3) and As is the specific surface area (m2 g−1).
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4.2.3 A triple-layer-model with interacting diffuse lay-
ers including multi-ionic counterions distribution

The electrical model developed here to describe the ions distribution in
the porosity of a clay-rock is an improvement of the Avena and De Pauli
[10] double-layer-model (DLM) and Leroy and Revil [89] triple-layer-model
(TLM), modified by Gonçalvès et al. [59]. The DLM is based on the Gouy-
Chapman theory, where the counterions are distributed in the vicinity of the
charge surface as a diffuse layer, according to a Boltzmann distribution. The
TLM is based on the Stern-Grahame theory, which introduced a compacted
layer of bound counterions between the surface and the diffuse layer, the
Stern layer. Treatment of ions as particles of finite size in Stern-Grahame
theory, rather than point charges in the Gouy-Chapman theory, allows
considering high ion concentration near the surface [69]. TLM modification
by Gonçalvès et al. [59] consists in considering the interaction of adjacent
diffuse layers, by a truncation of these layers, because of the weak pore size
in such rocks. It appears particularly important to consider the interaction
of diffuse layers in complexation models for osmotic efficiency determination
as osmosis results from diffuse layers overlapping. Gonçalvès et al. [59]
truncated TLM considers a symmetric solution (e.g., NaCl), but natural
waters present more complex compositions with various cations and anions
of different valences. Such solutions can now be considered by following
Leroy et al. [90] approach which allows exchange of diverse cations on
surface sites. Let’s detail the resulting model.

A schematic view of solid surface–solution interactions in case of diffuse
layers overlap is depicted in Fig. 4.1. It allows identifing two compact layers,
limited by the Inner and the Outer Helmoltz Plane (IHP and OHP), corre-
sponding to the Stern layer and are constituted by ions strongly sorbed at
the mineral surface. Diffuse layer starts at the OHP and is limited by the
interaction with the diffuse layer of another clay mineral particle. The diffuse
layers overlapping is essential to explain processes such as chemical osmosis
[27] or disjoining pressure [39].
Model considers the surface sites linked to the permanent negative charge
due to isomorphic substitutions and the variable charge hydroxyl surface
sites of protonation/deprotonation. Permanent exchange surface sites are
represented here as X sites and each site carries one negative charge X−.
The exchange half-reactions with their respective reaction constant involv-
ing Na+, Ca2+ and H+ are:

XNa = X− +Na+, KNa (4.4)
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X2Ca = 2X− + Ca2+, KCa (4.5)

XH = X− +H+, KH (4.6)

The surface site density Γ0
i (in sites.m−2) for each species i is expressed

from the reaction constant expressions, using the Gaines and Thomas [49]
convention:

Γ0
XH =

Γ0
X−aH+

KH

(4.7)

Γ0
XNa =

Γ0
X−aNa+

KNa

(4.8)

Γ0
X2Ca

=
(Γ0

X−)2 aCa2+

KCa

(4.9)

where ai is the activity of species i. The Γ0
X− expression is obtained using

the total surface site density of the X sites, Γ0
3, by the Newton method:

Γ0
3 = Γ0

X− + Γ0
XH + Γ0

XNa + Γ0
X2Ca

(4.10)

Γ0
1 and Γ0

2 correspond to the total surface site density of aluminol and silanol
hydroxyl sites, obtained from the following complexation reactions:

AlOH
1/2+
2 = AlOH1/2− +H+, K1 (4.11)

SiOH
1/2+
2 = SiOH1/2− +H+, K2 (4.12)

The surface charge density of the clay minerals Q0 (C m−2) is obtained, using
the surface site density, by the following equation:

Q0 = −e[1
2

(Γ0

AlOH
1/2+
2

− Γ0
AlOH1/2− + Γ0

SiOH
1/2+
2

− Γ0
SiOH1/2−)− Γ0

3] (4.13)

The charge density in the Stern layer Qβ can be expressed as:

Qβ = e(Γ0
XNa + 2Γ0

X2Ca
+ Γ0

XH) (4.14)

Potentials in the IHP and the OHP drop linearly and are related to the
charge densities by the relationships:

ϕ0 − ϕβ = Q0/C1 (4.15)

ϕβ − ϕd = QS/C2 (4.16)

where ϕ0, ϕβ and ϕd are, respectively, the electrical potentials (V) at the
surface, at the β plane and the d plane (see Fig. 4.1 for variables). C1 and
C2 are the capacities (F m−2) between the surface and the IHP and between
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the IHP and the OHP, respectively.
In the diffuse layer, the electrical potential and the ions concentration are
obtained by the Poisson-Boltzmann equation. The charge density in the
diffuse layer QS is written as follows, for a solution with N species i and a
distance from the mineral surface xd to b, i.e. from the OHP to the truncation
plane:

QS =

∫ b

xd

N∑
i=1

Cf
i γ

f
i

γi
e zi exp

(
− zieϕ

kBT

)
dx (4.17)

where e is the elementary charge (1.6 × 10−19 C), kB is the Boltzmann con-
stant (1.38 × 10−23 J K−1), T is the temperature (K), zi is the valence of the
ion i and Cf

i is the concentration of species i in the equilibrium solution (ions
m−3, related to mol L−1 by the Avogadro number). This concentration Cf

i is
the concentration in the porous media out of the electrostatic field influence
and corresponds to the concentration obtained by a classical geochemical
model; e.g., Gaucher et al. [53]. γfi and γi are the activity coefficients, calcu-
lated with the Davies [37]’s equation, in the equilibrium solution and in the
diffuse layer, respectively. Davies [37]’s equation can be used for solutions
with salinity lower than 0.7 M [87], i.e. up to seawater salinity.
The last equation of the TLM is a global electroneutrality equation:

Q0 +Qβ +QS = 0 (4.18)

Once the TLM equations are established, a selection of parameters has
to be performed, by estimation and calibration versus experimental data.
This selection is made for natural clay-rocks, for which smectite and illite
minerals mainly control the surface processes. Contribution of other minerals
to surface processes is neglected.
The first parameters are the surface site densities Γ0

1, Γ0
2 and Γ0

3. The surface
site density of aluminol sites, Γ0

1, is here set to 0, as these sites are encountered
in kaolinite but are absent in 2:1 clay minerals. The surface site density with
permanent charge Γ0

3 is obtained from the CEC (molc kg−1 and the specific
surface area, As (m2 g−1) [10]:

Γ0
3 =

CEC · F
As · e (4.19)

where, F is the Faraday number.
Hydroxyl groups represent between 5 and 20% of the surface groups on smec-
tite [10, 23, 147] and, thus, the Γ0

2 value is set between 5 and 20% of Γ0
3 value.
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Figure 4.1: Schematic representation of solution - mineral surface inter-
action and associated electrochemical variables (electrical potentials ϕi and
surface charges Qi) in the TLM with interacting diffuse layers [58].
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Exchange and protonation/deprotonation reactions constants are also in-
troduced in the calculations, using available values from the literature
[9, 52, 59, 89].
Last parameters need in the TLM are the capacities C1 and C2, which are cal-
ibrated in the range of expected values. Capacities are physically constrained
by the inner and outer Stern layers thickness, by the relationships:

xβ =
ε0ε

1
D

C1

, xd − xβ =
ε0ε

2
D

C2

(4.20)

where, xβ and xd − xβ are the thickness of the inner and outer Stern layers,
respectively (see Fig. 4.1), ε0 is the vacuum permittivity (8.85×10−12

F m−1) and ε1D and ε2D are, respectively, the dielectric constants for the
inner and outer Stern layers. Stern layer thickness is about 1 nm and
x1
d about 0.35 nm [67, 103]. Dielectric constants present some variations

in the literature: ε1D is found equal to 6 by Hiemstra and Van Riemsdijk
[67], ranges between 6 and 30, according to Elimenech et al. [44], or
between 10 and 15 [57]. ε2D is found to range between 50 and 78 [57]
or between 6 and 78 [67]. Taking into consideration the uncertainty on
the dielectric constants and the limitations imposed by the Stern layer
thickness [67], capacities C1 and C2 are calibrated against experimental data.

The TLM for multi-ionic solutions with interacting diffuse layers allows
calculating the osmotic efficiency using Eq.(4.2. TLM predictions are cal-
ibrated against osmotic efficiency data of various natural clay-rocks in a
NaCl-clay system (Fig. 4.2). Resulting parameters are listed in Table 4.1.
As observed by Gonçalvès et al. [59], the most sensitive parameters are KNa

and C2. It is also worth noting that the model does not converge for high
salinity and calculations are thus limited to a range of concentratios, which,
nevertheless, covers most of the natural waters.

4.2.4 Effect of mixed Na+/Ca2+ solutions on the os-
motic efficiency

Theoretical and experimental studies of chemical osmosis in pure clays and
argillaceous rocks found in the literature (e.g., Bresler [27]; Neuzil and
Provost [110]) are made for a pure NaCl-clay or CaCl2-clay system, but
not for complex solutions with both monovalent and divalent solutes, like
in natural waters. Osmotic efficiency ought to be strongly dependent on
this variable composition. The osmotic efficiency coefficient is observed
to be lower with Ca2+ than with Na+ [27], but the evolution trend of the
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Parameters Natural clay-rocks values
Γ0

1 (sites nm−2) 0
Γ0

2 (sites nm−2) 0.52
Γ0

3 (sites nm−2) 2.58
K1 —
K2 1.3 × 10−6

KH 1 × 10−2

KNa 1.3 × 10−1

KCa 5 × 10−3

C1 (F m−2) 1
C2 (F m−2) 0.2

Table 4.1: TLM parameters for natural clay-rocks.

osmotic efficiency coefficient of a clay-rock from a Na+ end-member solution
to a Ca2+ end-member solution is unknown. Indeed, no experimental
data describing the osmotic efficiency for mixed Na+ / Ca2+ solutions are
available in the literature.

In order to investigate the evolution of the coefficient of chemical osmotic
efficiency for various mixed Na+ / Ca2+ solutions, calculations of the os-
motic efficiency are performed for different solution compositions with the
TLM developed in the previous section. Changes in solution composition
are introduced according to a molal ratio 2×Ca2+ / (Na+ + 2×Ca2+) which
varies between 0, for a pure Na+ solution, to 1, for a pure Ca2+ solution.
Figure 4.3 shows osmotic efficiency values as a function of the ratio 2×Ca2+

/ (Na+ + 2×Ca2+) and of the product b × C of the half pore size, b (in
nm), and the concentration in chloride in the bulk solution, C (in mol L−1).
This graph illustrates the osmotic efficiency drop when salinity and pore
size increase and when counterions are Ca2+ and not Na+. It corresponds
to the commonly reported osmotic efficiency evolution. At large pore size
anionic exclusion is weak and at high bulk concentration, the electrical dou-
ble layer collapses yielding again a weak anion exclusion. According to our
calculations, clay-rock osmotic efficiency strongly decreases for mixed Na+

/ Ca2+ solutions even at low content in Ca2+ in comparison to purely Na+

solutions. Furthermore, elevate osmotic efficiency, i.e. ε close to 1, can not
be reached for high Ca2+ contents in solution. These observations suggest
that introduction of Ca2+, even at low amounts, in a Na-clay system will
induce a dramatic decrease of osmotic efficiency and a weakening of the clay
membrane behaviour. It also implies that an osmotic efficiency experimen-
tally determined with NaCl solutions will probably overestimate the osmotic
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efficiency involved in fluxes in natural conditions.
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Figure 4.3: Evolution of chemo-osmotic efficiency coefficient calculated with
the TLM as a function of 2×Ca2+/(Na+ + 2×Ca2+) and b× C.

4.2.5 Predictive calculations of chemo-osmotic effi-
ciency for the Tournemire clayrock

The TLM is now applied to the Tournemire argillaceous rock for obtaining
an osmotic efficiency profile. For these predictive calculations, the profiles
in the z-axis direction of porewater composition and pore size are necessary.

The porewater composition profile was obtained in Chapter 3 by
geochemical modelling of the clayrock–porewater interactions. It included
cation exchange considering the different proportions and affinities of the
exchange sites of the rock-constituting minerals and equilibrium with some
mineral phases and with the measured in situ CO2(g) partial pressure.
The identification of the porewater composition profile also required a
full characterization of the Tournemire clayrock geochemical system. The
porewater composition obtained with such a geochemical model corresponds
to the equilibrium solution composition used in an electrical model, i.e. the
water not affected by the electrical field influence of the charged surface of
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clay minerals.
In the calculations of the osmotic efficiency of Tournemire clayrock, for the
sake of simplicity and to avoid introducing even more uncertainties in the
TLM, the equilibrium solution is assumed to be only composed of Cl−, Na+

and Ca2+ solutes. All monovalent cations being considered as Na+ and
divalent cations as Ca2+. Solution electroneutrality is achieved on Cl−. The
resulting input composition is reported in Table 4.3, as well as the 2×Ca2+

/ (Na+ + 2×Ca2+) ratio.

The pore size is calculated using Eq.(4.3), from the porosity, the grain
density and the specific surface area. These parameters were determined
on samples from PH4 and PH5 boreholes, at the Tournemire URL during
the boreholes drilling for the porosity, at IRSN and Etudes Recherches
Matériaux (ERM) facilities in Fontenay-aux-Roses and Poitiers, respectively,
for the grain density and at ERM facilities for the specific surface area.
The total porosity is defined as the ratio of the pore volume to apparent
volume and is determined by the method reported in Matray et al. [98]
based on measurements of water content and volume. The grain density
is obtained by helium pycnometry, which consists in measuring the He gas
volume displaced by a dried mass of clayrock. The specific surface area is
determined by the Brunauer, Emmett and Teller (BET) method from the
linear part of the nitrogen adsorption isotherm. It consists in measuring
the adsorbed volume of nitrogen as a function of the gas relative pressure
in a pressure range of 0.05 to 0.25 at liquid nitrogen temperature (77K),
corresponding to the domain in which one monolayer of nitrogen molecule
is adsorbed [28].
These parameters values — an average from various samples for the porosity
and the grain density — for different levels in the Toarcian and the Domerian
are reported in Table 4.2. The resulting pore size is also reported. It is
homogeneous across the formation, except for the lower Toarcian that
exhibits higher values.

The porewater composition and the pore size are thus introduced as in-
put parameters in the TLM previously developed to account for multi-ionic
counterions and interacting diffuse layers and calibrated versus osmotic effi-
ciency of natural argillaceous rocks (see section 4.2.3 and Table 4.1).
A profile of osmotic efficiency is calculated and reported in Table 4.3. The cal-
culated osmotic efficiency presents variations across the Tournemire argilla-
ceous formation with lower values (less than 0.1) in the lower Toarcian and
higher values (around 0.5) in the more elevated part of the upper Toarcian.
The effect of the concentration on the osmotic efficiency seems to be the most
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important since the osmotic efficiency profile globally follows the concentra-
tion profile. Indeed, ε exhibits higher values for the lower concentrations and
lower values for the higher concentrations. However the effect of the pore
size also act as the lower osmotic efficiency is obtained for the lower Toarcian
which shows the higher pore size. Finally, the effect of the third recognized
parameter of influence on the osmotic efficiency, i.e. the ratio of the con-
tent of divalent to monovalent cations, is also observed. The ratio 2×Ca2+ /
(Na+ + 2×Ca2+) increases with depth from 0.1 to 0.4 thus explaining why
the osmotic efficiency is higher in the upper Toarcian than in the Domerian
despite the similar porewater concentrations and pore sizes.

Formation unit Elevation ωtot ρs As b
upper Toarcian 551.3 0.111 2.732 28 1.64
upper Toarcian 534.4 0.111 2.721 25 1.84
upper Toarcian 512.2 0.111 2.723 24 1.91
upper Toarcian 463.1 0.096 2.709 23 1.71
upper Toarcian 411.5 0.084 2.735 22 1.52
intermediate Toarcian 387.5 0.100 2.734 25 1.63
lower Toarcian 372.9 0.047 2.424 5 4.06
lower Toarcian 359.1 0.027 2.385 5 2.32
Domerian 331.2 0.082 2.740 22 1.48
Domerian 316.7 0.077 2.733 23 1.34
Domerian 302.9 0.085 2.737 26 1.30

Table 4.2: Calculation of the half-pore size b (nm) from petrophysical pa-
rameters. ωtot is the total porosity, ρs is the grain density (g cm−3) and As
is the specific surface area (m2 g−1). Elevation is in m NGF.
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4.2.6 Conclusion

This chapter aimed at predicting the osmotic efficiency of the Toarcian /
Domerian argillaceous formation of Tournemire considering the natural fac-
tors of influence on the osmotic efficiency. An electrical triple-layer-model
(TLM) [59, 89] describing interactions between the charged surface of clay
minerals and a solution with electrolytes was improved to account for multi-
ionic solutions and study the effects of monovalent and divalent cations on
the osmotic efficiency of natural clay-rocks.
Upon calibration, the model was tested as a function of the proportion of
divalent and monovalent cations in the solution, the salinity and the pore
size. The influence of the salinity and the pore size, the two well estab-
lished influent parameters on the osmotic efficiency, was recognized in our
results. Furthermore, a decrease of the osmotic efficiency was predicted with
the introduction of Ca2+ in a Na+–clay system. This decrease is observed
even at low proportions of divalent cations. This loss of efficiency of clay
membranes with divalent cations appears particularly important for calcula-
tions of osmotic flows in natural clayrocks since porewaters are constituted
of both monovalent and divalent cations in shales. This effect and its impli-
cation on abnormal pressures is studied in chapter 6. It is also worth that
experimental constraints on the electrical interactions in clays with mixed
monovalent/divalent solutions and their macroscopic effects would be cru-
cial, since only theoretical models are available in the literature, so far.
Finally, the TLM was applied to the Tournemire argillaceous formation and
a profile of osmotic efficiency was obtained from the composition profile pre-
dicted in chapter 3 and petrophysical parameters. The osmotic efficiency
profile results from the variations in concentration, composition and pore-
size observed in the formation. This profile will be useful for the abnormal
pressures interpretation in the Tournemire clayrock, issue of the chapter 7.

4.3 Experiments of chemical osmosis on

Tournemire clay-rock

4.3.1 Introduction

Chemical osmosis is the best characterized osmotic process though exper-
iments were mainly performed on artificial argillaceous materials, such as
pure clays, bentonite or remoulded soils or rocks. Until recently, only one
chemo-osmosis experiment was made on natural shales [155]. However, since
chemical osmosis ability to generate a significant fluid flow at the formation
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scale was demonstrated [116], some experiments were performed on different
mudstones [32, 51, 68, 116, 136, 137].

The aim of the experiments presented in this section is characterizing the
chemical osmosis process in the Tournemire clay-rock by an experimental
determination of the chemo-osmotic efficiency.
Several attempts were performed, at the laboratory on samples in flow-
through and radial geometries and in situ in equipped boreholes, but alone
the successful experiments conducted on the flow-through cells are reported
here.
First attempts of off-site laboratory experiments were performed on air-cored
samples having a radial geometry. A measurement chamber was drilled
lengthwise in a cylindrical sample and the sample confinement was ensured
by epoxy resin in one configuration and by a vertical load in a second
configuration. Confinement was apparently not enough and micro-cracks
were observed to open in the argillite sample, at the chamber drilling
or delayed in time, leading to capillarity conditions in the measurement
chamber. The in situ experiments were performed at the Tournemire URL
in two 7 m deep equipped boreholes but these boreholes were installed
in a zone where pressures were affected by the hydromechanical response
consecutive to gallery excavation. This pressure evolution was higher than
the pressure variation linked to the chemical osmosis response induced by
the salinity gradient between the borehole and the formation porewater.
In both experiments, a statement on the chemical osmotic ability of the
Tournemire clay-rock was impeded and another experimental configuration
was required.

The chemical osmosis experiments presented here were performed in col-
laboration with Pr. Skoczylas of the Ecole Centrale de Lille. These exper-
iments were carried out in flow-through geometry, i.e. by inducing a flow
across a Toarcian clay-rock sample from Tournemire installed between two
isolated reservoirs. The sample and the reservoirs were installed in an uni-
axial confining cell ensuring the mechanical integrity of the sample.
Different salinity gradients were tested for assessing the sensitivity of the
osmotic response to salinity.

4.3.2 Sample characteristics

Tournemire clay-rock sample used in these experiments come from the PH4
borehole, a 250 m length borehole air-drilled during Autumn 2006. It was
drilled vertically and directed downward from the Tournemire URL tunnel
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(PM 840). It provided samples of 65 mm of diameter, drilled normal to the
bedding. This borehole was dedicated to the acquisition of the flow and
diffusion characteristics across the formation. It particularly enabled the
identification of profiles of the petrophysical parameters (porosity, density,
specific surface area, cation exchange capacity), the mineralogy, the natural
tracers (water isotopes, helium, chloride [15]), the porewater composition
and the fluid pressure. Rock properties are thus well constrained along this
profile, which is interesting for a critical discussion of the measured chemical
osmotic properties.

The selected sample is 20 cm length and was obtained at 47.1 m depth
in PH4 borehole, corresponding to a NGF elevation of 471.9 m and to the
center of the upper Toarcian formation. Mineralogy obtained on a sample at
55.35 m depth in PH4 borehole indicates a composition dominated by clay
phases (30 % of illite/smectite mixed-layers rich in illite, 16 % of illite and
micas, 17 % of kaolinite and 3 % of chlorite). The rock is also composed by
13 % of quartz, 13 % of calcite and dolomite, 3 % of feldspars, 2 % of pyrite
and 2 % of accessory minerals (see Chapter 3). An organic matter content
of about 1 % is also found in the upper Toarcian layer [30].
The total porosity was determined by measurement of water content and
volume with the method presented in Matray et al. [98] on the PH4 47.3
m depth sample and presents a value of 9.1 ± 0.06 %. Accessible porosity
to water isotopes and chloride was determined by the radial diffusion
method on the 50.6 m depth PH4 sample [15]. The values obtained were,
respectively, 10.77 and 4.04 % and the corresponding effective diffusion
coefficients are 7.8 × 10−12 and 1.2 × 10−12 m2 s−1. A grain density of 2.7054
g cm−3 was determined by helium pycnometry on 48.6 m depth PH4 sample.
A specific surface area of 23 ± 2 m2 g−1 was obtained by the BET method
on 55.35 m depth PH4 sample. Bulk rock cation exchange capacity (CEC)
was calculated on the 55.35 m depth PH4 sample to 5.52 mmolc 100 g−1 us-
ing the <100 µm fraction CEC and the clay phases content (see section 5.2.2).

Just after the drilling, the sample used in these experiments was con-
ditioned in a triaxial cell, with the in situ lithostatic pressure applied as
vertical load. At the end of January 2010, the sample was withdrawn from
the triaxial cell and sliced in the bedding plane in 1 ± 0.1 cm disks with a
diamond wire saw. Saw tracks on both surfaces were then polished.
The absence of fissuration in the clay-rock sample was noted before using it
for the experiment.
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4.3.3 Experimental device

The experimental device for chemical osmosis experiments (Fig. 4.4) was
designed to be able to generate a salinity gradient between two reservoirs
separated by a clay-rock sample, but not a pressure gradient. The sample
is installed horizontally inside a Viton jaket in an uniaxial confining cell
which avoids micro-cracks opening in the rock and filtration between the
two reservoirs except through the clay-rock porosity. The reservoirs are in
contact with the sample through a porous steel disk allowing a mechanical
constrain of the sample, avoiding swelling in particular, as well as fluid flow
through the whole sample surface (3.32 × 10−3 m2). Reservoirs volumes
were chosen to be large enough so that water composition in the reservoirs is
not modified by solutes diffusion through the sample during the experiment
duration. The reservoirs present a volume of 0.15 L, to which the volume
of the tubes (diameter of 2.4 mm) are to be added. Reservoirs can be
connected through a capillary tube (diameter of 0.5 mm) allowing a pressure
equilibrium with a weak volume movement between the reservoirs.
Note that the experimental device, i.e. the confining cell, the reservoirs,
the tubes, the valves and the porous disks, are made with stainless steel
(Z2 CN17-12 steel for the reservoirs and tubes) in order to avoid corrosion
and, then, perturbations on the sample and the water salinity during the
experiments.

Monitoring of the water movements was chosen to be done by the pres-
sure change in the two reservoirs. Indeed, because of the small water volumes
displaced during such chemical osmosis experiments, a direct measurement
of the water volume changes, e.g. in a capillary tube, was not appropriate.
Both reservoirs were equipped by a high precision (2.5 mbars) Kobold SEN
3231 pressure sensor allowing measurements in the range 0 - 25 bars.
The experiments were performed in isothermal conditions as the device was
installed in a thermostatic test chamber where temperature and relative hu-
midity were constant, at 30 � and 50 % RH, respectively. It allows avoiding
pressure measurement perturbations due to its variations with temperature
changes [136].
During the experiment, pressure modification had to be done in the reservoirs
for the reservoir calibration, permeability measurements on the sample and
water change in the reservoir for inducing a salinity gradient. Operations
were made using a Gilson Inc. 307 piston pump allowing a flow rate from 10
µL min−1 to 10 mL min−1.
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4.3.4 Experimental protocol

The purpose of this study is to estimate the chemical osmotic efficiency of
the Tournemire argillite accounting for the effect of salinity. The experiment
consists in substituting the water of one reservoir by a more concentrated
solution which consequently leads to the development of a salinity gradient.
If a chemical osmotic flow develops through the clay-rock, pressures are
expected to increase in the reservoir with higher salinity and to decrease in
the reservoir filled with the fresher water resulting from a fluid flow towards
the more salty reservoir.
In a preliminary stage, the clay-rock disk shaped sample was installed in
the confining cell, separating the two reservoirs, as shown in Fig. 4.4. A
confinement was applied through the confining fluid to a value P3 of 80 MPa.
This high confinement value allowed ensuring that no flow can filtrate at the
jaket - clay-rock interface. The confining pressure was observed to be stable
during the different tests and confinement was readjusted before inducing
a new concentration gradient. The reservoirs and tubes were then filled
with water and the absence of fluid losses in the circuit was ensured. The
reference water was that of the Tournemire Aalenian aquifer and presents a
concentration of 0.015 mol L−1 and is equilibrated with carbonates phases.
This water composition, in mol L−1, is: [Na] = 7.6 × 10−4, [Ca]=3.05 ×
10−3, [Mg] = 1.87 × 10−3, [K] = 3.7 × 10−5, [Sr] = 4 × 10−6, [Cl] = 1.05 ×
10−3, [HCO3] = 5.3 × 10−3, [SO4] = 2.5 × 10−3 and [NO3] = 7.5 × 10−4.
During sample preparation, a desaturation of the clay-rock was possible and
the sample had to be resaturated before performing the chemical osmotic
experiments. Sample saturation was made by advection, applying a pressure
gradient between the two reservoirs. During resaturation piston pump
flow rate decreases, corresponding to a water volume retained in the rock
porosity. Saturation was reached when the pump flow rate stabilized after
approximately one month.
Different concentration gradients were applied between the two reservoirs
to induce a chemical osmotic flow. Both experiments were performed in the
same way. First, valve V3 (see Fig. 4.4) is closed and the upper reservoir is
disconnected at the level of the valve V3 to be drained off, outside of the
test chamber. The reservoir is next rinsed and filled with the new solution
to test. The upper reservoir is then reconnected to the confinement cell at
the valve V3 location, ensuring the reservoir and tubes volume are totally
filled with water. The reservoir and its filling solution were next kept some
hours to equilibrate with the test chamber temperature, to avoid a thermal
perturbation on the measured pressures or a thermo-osmotic flow. After
thermal equilibration, valve V3 was reopened and, using the piston pump
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connected to valve V2, pressure in the upper reservoir (P1) was imposed to
a similar value than that of the pressure in the lower reservoir (P2). Valve
V2 was closed and pressures in both reservoirs wers equilibrated to a same
value (around 10 MPa) by opening some seconds the valve V4, allowing the
reservoirs to be linked through the capillary tube. The system is next free to
evolve and an osmotic flow to develop through the clay-rock sample, driven
by the salinity gradient between the reservoirs. System evolution is followed
by the pressure measurement in both reservoirs.
Various salinity gradients were successively applied on the same clay-rock
sample and without replacing the water in the lower reservoir but only the
water in the upper reservoir. Three concentrated solutions were prepared
for the upper reservoir by adding NaCl salt to the reference water, used in
the saturation phase and which always fills the lower reservoir. The first
solution was made with 1.15 g of NaCl added to 500 mg of reference water
water (0.072 mol L−1), the second water with 3.25 g of NaCl in 500 mg of
reference water (0.144 mol L−1) and the third one with 7.5 g of NaCl in 500
mg of reference water (0.272 mol L−1).
Chronologically, two tests with a solution at 0.072 mol L−1 were performed,
followed by one test with a solution at 0.144 mol L−1 and, finally, one test
with a solution at 0.272 mol L−1. Note that between the two tests using a
solution with a salinity 0.072 mol L−1, solution was not replaced but only
the reservoirs pressures were re-equilibrated. This set of chemical concen-
tration gradients applied to this Toarcian clay-rock sample with solutions
mainly composed of Na+ as counterion was performed from mid April 2010
to the end of September 2010 and the tests lasted after 10 days to one month.

At the end of chemical osmosis experiments, a permeability measurement
was performed on the clay-rock sample by two approaches. A pressure gra-
dient is imposed between the two reservoirs and the inversion of pressure
evolution allows obtaining the intrinsic permeability value. In addition to
the pressure gradient, the piston pump is connected on valve V2 to the up-
per reservoir with a low set point value of 20 × 105 Pa. Then, the pump
injected water when pressure in the upper reservoir became lower than the
set point value, allowing a direct measurement of the flow rate.
The reservoirs compressibility was also determined by following the pressure
difference induced by a water volume injected in the reservoir. Experimental
device configuration allows the compressibility determination for the whole
device (lower and upper reservoirs and the pump connection tube), for the
upper reservoir and for the pump connection pump. Reservoir compress-
ibility of each reservoir was deduced from these measurements. Reservoir
compressibility is a crucial parameter for the interpretation of the pressure
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evolution in the reservoir as fluid flow in the rock, during the chemo-osmotic
experiments [117].

4.3.5 Numerical model

The pressure evolution in the reservoirs during the chemical osmotic exper-
iments was interpreted through a numerical model using finite differences
in a 1D vertical geometry (Fig. 4.5), with a 1 mm grid spacing. Flow in
the horizontal plane of the clay-rock sample were neglected because of the
Viton jaket constraining the sample (see Fig. 4.4) and impeding fluid flow
and mass transport at the lateral boundaries of the sample.

Model consists in reproducing the fluid flow and the Fick’s diffusion in
the clay-rock sample and its consequences on the pressures in the reservoirs.
For fluid flow and mass transport, both equations for the porous medium
and the measurement reservoirs have to be considered.

For the porous medium, the continuity equation describes the fluid pres-
sure evolution [38]:

∂

∂z
(ρf q) = −Ss

g

∂p

∂t
(4.21)

where q is the specific discharge (m s−1), ρf is the fluid density (kg m−3),
Ss is the specific storage coefficient (m−1), g is the acceleration due to the
gravity (m s−2), p is the pressure in the porous medium (Pa), t is the time
(s) and z is the vertical axis directed upward.
Accounting for the Darcy’s flow and the chemical osmosis, the specific dis-
charge writes:

q = −k
η

(∇p+ ρf g∇z) + ε
k

η
∇Π (4.22)

where k is the intrinsic permeability (m2), η is the fluid viscosity (Pa s), ε is
the chemo-osmotic efficiency and Π is the osmotic pressure (Pa).
The osmotic pressure gradient is related to the chemical concentration gra-
dient by the Van’t Hoff relation, valid for concentrations lower than 1 mol
L−1:

∇Π = ν RT ∇c (4.23)

where ν is the number of dissociated ions of the salt, i.e. 2 for NaCl, R is
the gas constant (8.314 × 103 m3 Pa K−1 mol−1), T is the temperature (K)
and c is the concentration in the porous media (mol L−1).
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The pressure behaviour in the reservoirs is described by the mass balance
equation [26]:

∂P

∂t
=
qr Sr
βrVr

(4.24)

where P is the pressure in the reservoir (Pa), qr is the specific discharge across
the clay-rock sample - reservoir interface (m s−1) counted positive when di-
rected towards the reservoir, Sr is the surface of this interface (m2), βr is the
reservoir compressibility (Pa−1) and Vr is the reservoir volume (m3). The
reservoirs compressibility and volume were not experimentally determined
individually but the product of both was obtained during the reservoir cali-
bration, where a pressure variation dP is followed as a function of a volume
variation dVr and writes [111]:

βr Vr =
dVr
dP

(4.25)

The mass transport in the porous medium is described by the Fick’s law:

∇(De∇c) = ω
∂c

∂t
(4.26)

where De is the effective diffusion coefficient (m2 s−1), c is the concentration
in the porous medium (mol L−1) and ω is the porosity.
For the reservoir, the mass balance equation describing concentration evolu-
tion writes [137]:

Sr J
d
r = Vr

∂C

∂t
(4.27)

where C is the concentration in the reservoir and Jdr is the diffusive flux
across the surface of the clay-rock sample - reservoir interface (mol m−2 s−1),
determined using the Fick’s law (counted positive when directed towards the
reservoir):

Jdr = −De∇c (4.28)

The boundary conditions at the clay-rock sample - reservoir interface (Γr)
state that the pressure and concentration at the upper and lower boundaries
of the porous medium equal the pressure and concentration in the upper and
the lower reservoir, respectively. They write:

p|Z(z) εΓr(t) = P (t), (4.29)

and
c|Z(z) εΓr(t) = C(t). (4.30)
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Figure 4.5: Scheme of the 1D modelled domain for the interpretation of the
chemical osmosis experiments on clay-rock disk shape sample.

4.3.6 Results and interpretation

Reservoirs compressibility determination

First results presented in this section are the reservoirs compressibility de-
termination. These values are needed for the interpretation of the intrinsic
permeability and chemical osmosis coefficient.
Product of both reservoir compressibility and volume was determined by
measurement of the pressure change as a function of a water volume vari-
ation (Eq. 4.25). These compressibility measurements were made on the
whole device β Vdevice, i.e. upper and lower reservoirs and the pump con-
nection tube, (Fig. 4.6.a); on the upper reservoir and the pump connection
tube β Vmeas. upp. (Fig. 4.6.b); and on the pump connection tube β Vpump
(Fig. 4.6.c). For the modelling of the hydraulic and osmotic tests, the com-
pressibility of the upper, βr Vr (upp. res), and lower βr Vr (low. res) reservoirs are
required. They can be determined as follows:

βr Vr (upp. res) = β Vmeas. upp. − β Vpump (4.31)

βr Vr (low. res) = β Vdevice − β Vmeas. upp. (4.32)

Average values and ranges of measured compressibilities are given in Table
4.4. Compressibility of the whole device is higher at low pressures. In Table
4.4, it is given for the pressure range 5 to 20 × 105 Pa, while chemical
osmosis experiments were made at pressures between 6 and 12 × 105 Pa.
Compressibility of the upper reservoir βr Vr (upp. res) presents an average value
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of 9.33 × 10−14 m3 Pa−1 in a range between 9.26 × 10−14 and 9.39 × 10−14

m3 Pa−1. The average compressibility of the lower reservoir βr Vr (low. res) is
1.09 × 10−13 m3 Pa−1, with values ranging between 9.73 × 10−14 and 1.30
× 10−13 m3 Pa−1. Product of the compressibility and volume of the lower
reservoir is most likely slightly higher than the upper reservoir one because
of a higher volume.

average value lower value higher value
β Vdevice 2.24 × 10−13 2.13 × 10−13 2.44 × 10−13

β Vmeas. upp. 1.15 × 10−13 1.14 × 10−13 1.15 × 10−13

β Vpump 2.16 × 10−14 2.14 × 10−14 2.18 × 10−14

Table 4.4: Average value and range of value for β V determined during the
compressibility measurements on different part of the sample. Data are ex-
pressed in m3 Pa−1.

Intrinsic permeability measurements

Results of the clay-rock sample permeability measurements are now pre-
sented. Two approaches were carried out for intrinsic permeability determi-
nation: a direct measurement of the flow rate injected by the piston pump
when pressure in the upper reservoir reaches a low set point value; and a
permeability determination by the inversion of the pressure evolution in the
reservoirs during a period when no water is injected by the pump.
Permeability test lasted 5 days and 0.145 mL of water were injected during
this time span (Fig. 4.7) by the pump programmed at set point value of 20
bars. After a little less than 3 days, 0.108 mL were injected. The intrinsic
permeability was estimated using the Darcy’s law:

Q = Sr
k

η

∆P

L
(4.33)

where Q is the flow rate given by the measured injected volume during the
test duration, ∆P is the pressure gradient assumed constant at the pump set
point pressure value and L is the sample thickness. An intrinsic permeability
of 5.1 × 10−22 m2 is obtained by this method for the entire test duration.
Permeability for the first 3 days is found to be 6.5 × 10−22 m2. This direct
method only provides an estimation of the intrinsic permeability because of
the uncertainties on the time when pump set point value was reached and
fluid injected and because of the hypothesis of a constant pressure gradient.
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Figure 4.6: Reservoir compressibility determination by measurements of the
pressure increase induced by an injected water volume. a) whole device; b)
upper reservoir ; and c) pump connection tube.
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A finest estimation of the sample intrinsic permeability can be achieved
by the inversion of the pressure evolution monitored in the upper and
lower reservoirs. Pressure transient evolution can be reproduced using
the model previously presented (section 4.3.5). The pressure gradient
initially measured between the reservoirs is considered as initial calculations
conditions and no concentration differences are introduced. The pressure
inversion can be made for a constant water volume in the system, i.e. for
a period of time during which no water is injected by the pump. Two
pressure evolution periods can then be reproduced (Fig. 4.7): from day
0 to day 0.3 and from day 2.9 to day 4.3. Experimental and modelled
pressure evolution, for the intrinsic permeability achieving the best data
reproduction, are represented in Fig. 4.8 for the first test period and in Fig.
4.9 for the second test period. Intrinsic permeabilities of 8 × 10−22 m2 and 7
× 10−22 m2 from day 0 to day 0.3 and from day 2.9 to day 4.3, respectively,
were obtained using an a priori specific storage coefficient Ss value of 10−6

m−1. These values are in the same range of the intrinsic permeabilities
determined by direct measurement of the flow rate. Intrinsic permeabilities
determined on this sample are in the range of the values previously for the
Tournemire clay-rock (see section 1.3.2), in the lower part of the values range.
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Figure 4.7: Water volume injected during the permeability test in the upper
reservoir by the piston pump programmed at a set point value of 20 × 105

Pa.
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Chemo-osmotic efficiency measurements

Once determined the compressibility of the reservoirs and the intrinsic per-
meability of the upper Toarcian sample, the results of the chemo-osmotic
experiments are now detailed. The experiments have consisted in replacing
the solution filling the upper reservoir by more salted solutions. After equi-
librating the pressures in the two reservoirs, pressures are free to evolve and
flow interpretation lies on this evolution.
After performing the water replacement, the pressure difference between the
upper and the lower reservoirs showed an increase until reaching a plateau
(Fig. 4.10). This increase of the pressure difference corresponds to an osmotic
flow occurring across the clay-rock from the reservoir with fresher water to-
wards the more salted reservoir. The pressure difference presented a small
extent, i.e. some tens of kPa, so that a data dispersion was observed and the
pressure evolution in only one reservoir did not clearly indicate the osmotic
flow occurrence. Consequently, pressure evolutions are represented here as
the pressure difference between the two reservoirs. Moreover, this represen-
tation allows a filtering of pressure perturbations linked to environmental
conditions (temperature or atmospheric pressure) and the device (e.g., little
changes in the confinement pressure).
The osmotic flow identified by the increase of pressure difference can be re-
produced for each test. The calculation code developed in section 4.3.5 is
used for this goal, assuming the imposed concentration difference and the
same pressure value as initial conditions in the reservoirs. Other parameters
used in these calculations are summarized in Table 4.5. A range of chemical
osmotic efficiency bordering the data is obtained in each chemical osmosis
test by fitting of the pressure evolution. Model results are presented together
with the measurements of the pressure difference evolution in Fig. 4.10. For
the first chemical osmotic experiment, reservoirs contained solutions at 0.015
mol L−1 and 0.072 mol L−1, i.e. 4.7 times higher in the upper reservoir than
in the lower one. Two water replacements were made at this salinity pro-
viding osmotic efficiencies ranging between 0.20 and 0.31 for the first test
and between 0.175 and 0.19 for the second test. A more accurate determi-
nation of the osmotic efficiency can be made in this second test thanks to
a lower data dispersion. During the second concentration gradient applied
through the sample, reservoirs were filled with solutions at 0.015 mol L−1

and 0.144 mol L−1, i.e. 9.4 times higher in the upper reservoir than in the
lower one. Lower chemo-osmotic efficiencies ranging between 0.027 and 0.043
were obtained in this case. Solution concentration were 0.015 mol L−1 in the
lower reservoir and 0.272 mol L−1 in the upper reservoir during the fourth
chemical osmotic test, corresponding to a concentration 18.1 times higher
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in the upper than in the lower reservoir. Chemical osmotic efficiencies were
found to range between 0.014 and 0.018 in this last test. The reproduction of
the pressure difference evolution is unperfect, in particular for the test with
a solution salinity of 0.144 mol L−1 in the upper reservoir, suggesting that
pressure difference stabilization is longer to reach than modelled.
Note that during the tests, the concentration in the two reservoirs did not
vary significantly. Considering an effective diffusion coefficient of 1.2 × 10−12

m2 s−1 for Cl−, during the first test, concentration increases of 0.003 % in the
less concentrated reservoir and decreases of 0.02 % in the more concentrated
reservoir, + 0.01 % and - 0.03% during the second test, + 0.13 % and - 0.05
% during the third test and + 0.08 % and - 0.04 % during the fourth test.

k 8 × 10−22 m2

Ss 10−6 m−1

ρf 103 kg m−3

η 10−3 Pa s
ω 0.091
De 1.2 × 10−12 m2 s−1

βr Vr (upp. res) 9.3 × 10−14 m3 Pa−1

βr Vr (low. res) 1.1 × 10−13 m3 Pa−1

Table 4.5: Parameters used in the model for chemo-osmotic experiments
results inversion.

4.3.7 Discussion and conclusions

Chemical osmosis experiments were performed by inducing a concentration
gradient, using NaCl in salted solutions, across a clay-rock sample from the
upper Toarcian level, installed in an isotropic confinement cell. These ex-
periments allow observing the development of a chemo-osmotic flow in the
Tournemire argillite and, thus, to confirm that the Toarcian clay-rock ex-
hibits a membrane behaviour. The chemo-osmotic efficiency ε of the rock
was determined by a phenomenological approach, i.e. so that its value can
represent the fluid flow related with a concentration gradient. A range of
osmotic efficiency was obtained, between 0.014 and 0.31. Variations are
associated to concentration changes, lower ε values being obtained for the
higher salinities.
These experimental results can be compared with the osmotic efficiency data
measured on other natural shales and already presented (Fig. 4.2) and with
the triple-layer-model results (see section 4.2.3). The Toarcian sample half-
pore size is calculated at 1.61 nm from the petrophysical properties of the
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sample (section 4.3.2) and using Eq.(4.3). Comparison is made in Fig. 4.11
and it is observed that Toarcian clay-rock presents the lower b × C values
while its osmotic efficiency coefficients are in the range of the ε measured on
other natural shales. Tournemire measured ε seem lower than the other ε
and than the model prediction for a same b× C value. It is most likely due
to its very low pore size which tends to minimize the effect of the salinity on
the osmotic efficiency value in the selected representation.
A new set of chemical osmosis experiments is planned on the Tournemire
clay-rock, but using Ca2+. Indeed, it appears interesting to experimentally
observe on a natural compacted shale the effect on the osmotic efficiency of
divalent counterions and not monovalent ions as commonly used.
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Figure 4.11: Comparison of the osmotic efficiencies experimentally obtained
on the Tournemire argillaceous formation with other data determined on
shales (see Fig. 4.2) and with the TLM results (see section 4.2.3). Grey
areas for Toarcian clay-rock correspond to the ε and b× C ranges.
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4.4 Conclusions

This chapter presented the work performed during this PhD thesis dealing
with the characterization of the chemical osmotic process in the Tournemire
clay-rock. An electrical model for the prediction of the osmotic efficiency
was improved to represent the interactions between the charged solid surface
and the solution in conditions close to those occurring in natural shales. Low
pore size in such compacted rocks was considered through the overlapping of
the diffuse layers [59] and the possibility of multi-ionic composition of the so-
lution was now introduced in the model. It results in a noteworthy decrease
of the chemo-osmotic efficiency in presence of divalent cations, compared
with a clay - water system with only monovalent cations. Calculations and
discussions on the consequences of this effect on the abnormal pressures in
shales are addressed in Chapter 6. This predictive model was applied to the
Toarcian/Domerian formation to obtain a profile of the chemo-osmotic effi-
ciency across the formation. Predicted osmotic efficiency coefficients present
variations across the profile between 0.025 and 0.513 as a function of the
pore size, the salinity and the proportion of monovalent and divalent cations
in the solution. The knowledge of the variations of the osmotic efficiency is
required to interpret the pressure profile at Tournemire (see Chapter 7).
The second part of this work on chemical osmosis has consisted in performing
experiments on the Toarcian clay-rock of Tournemire to characterize the os-
motic properties of this shale. Experiments were made on an upper Toarcian
sample, maintained in an isotropic confinement cell and surrounded by two
reservoirs. Concentration differences were applied between the two reservoirs
and the pressure evolution successive to these replacements was followed.
Experimental results showed that a chemo-osmotic flow can develop in the
sample and thus that Tournemire clay-rock presents a membrane behaviour.
A range of osmotic efficiency was measured between 0.014 and 0.31, in the
range of the chemo-osmotic efficiencies previously observed on natural shales.
A comparison between predicted and experimentally determined osmotic effi-
ciencies for the Tournemire argillite can be made and indicates an agreement
between the ranges of osmotic efficiency. However, differences between both
are also observed most likely because of model simplifications (e.g., on the
Bresler’s expression, the hypothesis of plane parallel clay platelets, the con-
sideration of only one anion) and experimental artefacts.



Chapter 5

Thermo-osmosis

5.1 Introduction

Thermo-osmosis, a flow of water driven by a temperature gradient, is a
poorly understood process in argillaceous media. Indeed, this process has
been neglected, so far, despite several warnings on its possible importance
in transport in clay-rocks [31, 141]. While substantial research was made
on the two other osmotic processes, i.e. chemo- and electro-osmosis,
thermo-osmosis remains largely disregarded.

This chapter presents the different contributions to thermo-osmosis char-
acterization performed during this thesis. Two predictive models were devel-
oped for estimating the thermo-osmotic permeability in argillaceous media
(section 5.2). The second model, which presents a better predictive ability,
was then applied to the Tournemire argillaceous formation in order to obtain
a profile of the thermo-osmotic permeability.
The second part of this chapter (see section 5.3) is dedicated to in situ exper-
imental determination of the thermo-osmotic permeability of the Tournemire
clay-rock.

5.2 Models for the prediction of thermo-

osmotic phenomena in clays

5.2.1 Thermo-osmosis predictive models

Theoretical estimation of the thermo-osmotic permeability was made in two
steps by the development of two models and are presented in two papers.
The first one is published in Journal of Colloid and Interface Science and
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the second one has been submitted to Earth and Planetary Science Letters.
The aim of both models was the obtention of a macroscopic model for the
thermo-osmotic permeability. Upscaling of a microscopic expression for the
thermo-osmotic flow at the pore scale [39] gives a macroscopic expression for
the thermo-osmotic permeability. The obtained expression indicates that
the thermo-osmotic permeability is proportional to the intrinsic permeability
and proportional to the excess of specific enthalpy of the fluid in the pores
compared with the bulk fluid.

The first paper estimates this excess of specific enthalpy through the ex-
cess Gibbs energy of the fluid. The excess Gibbs energy of the fluid is itself
obtained using the disjoining pressure. The model requires, in particular, the
determination of the structural component of the disjoining pressure, since
thermo-osmotic process is attributed by Derjaguin et al. [39] to structural
changes of the water. Due to the uncertainties on this structural component,
a fully satisfying quantitative prediction cannot be achieved.
The discussions of one anonymous reviewer of this paper highlighted the in-
terest of understanding the real physical causes of such structural disruption
of water molecules at the charged clay surface vicinity. Following this dis-
cussion, a second model exploring partly the molecular scale was developed.
The excess of specific enthalpy was related to: i) the disruption of the hydro-
gen bounds around ions and ii) the antagonistic , i.e. the presence of water
molecules more strongly hydrogen bonded at the clay surface.
This second attempt to estimate the thermo-osmotic permeability of argilla-
ceous media, with molecular considerations, led to a fully predictive model
requiring only petrophysical parameters of the porous medium, concentration
and temperature conditions as input parameters. Interestingly this second
model suggests a lower dependence to temperature than the pioneering the-
ory proposed by Derjaguin et al. [39] and used in our first model. Derjaguin
et al.’s conjecture was that thermo-osmosis vanishes with increasing temper-
ature and disappears at temperature higher than 70 �.
In the second paper, submitted to Earth and Planetary Science Letters, a
discussion of the impact of thermo-osmosis on the fluid flow and pressure
field in argillaceous formations is addressed, especially for the formations
studied for nuclear wastes repository purposes. In particular, a reevaluation
of the interpretation of the excess-head measured in the Callovo-Oxfordian
formation of the Paris basin was proposed.
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1. Introduction flow which is defined as a fluid flow under thermal gradients was
The electrical properties of clay minerals yield severe alterations
of the transport equation in consolidated clays. In such media, the
occurrence of the so-called coupled fluxes is well known [1–5].
The conjugated driving forces appearing in the classical transport
laws (e.g. the pressure gradient for fluid flow) are not sufficient to
describe the fluxes. Other forces termed non-conjugated such as
the concentration, electrical potential or temperature gradients
have to be considered [1,2]. Therefore, the coupled fluxes corre-
spond to fluid, solute, heat fluxes or current density which share
the same driving forces. The resolution of these fluxes coupled with
balance equations allows the identification of the distribution of the
variables and thus their gradients. Consequently, these fluxes should
be calculated simultaneously whence the notion of coupling. Here,
we will focus on the fluid and heat fluxes. For fluid flow, the non-con-
jugated terms, i.e. those which are not proportional to the pressure
are referred to as osmotic flows. In coupled flow theories, the fluid
velocity is linearly proportional to the driving forces. The coefficient
of proportionality are the so-called coupling coefficients. For clay
materials, a large amount of studies aimed at characterizing the
chemical or electro-osmotic coefficients (see e.g. [5–18]). Whether
theoretical or experimental, these studies have been often carried
out under isothermal conditions. Consequently, theoretical expres-
sion for the chemical osmotic coefficient [2,5,7] or for the electro-os-
motic coefficient [2,5,12] are available. To our knowledge, the same
cannot be said for the thermo-osmotic coefficient. Thermo-osmotic
Elsevier Inc.

06, UMR-7619 SISYPHE, 4 Pl.

lvès).
measured by Derjaguin and Sidorenkov (reference in [19]) for por-
ous glasses. On the basis of such experiments, Derjaguin and
co-workers built the only available theory on thermo-osmosis.
Interestingly, the experimental conditions of the experiment by
Derjaguin and Sidorenkov but not the existence of such process were
largely questioned by Hutchison et al. [20] who argued that the vol-
ume flux measured by these authors was mostly due to the thermal
expansion of the fluid. Careful experiments have been subsequently
conducted to identify a rigorous thermo-osmotic behavior in differ-
ent materials. Some of these studies were carried out on compacted
clays such as the work by Dirksen [21], Srivastava and Avasthi
[22,23] or more recently by Rosanne et al. [18]. But it must be
pointed out that this process has not been as widely studied as the
chemical osmosis in clays for instance. Therefore, and despite the
presence of high temperature gradients across natural shale layers
in sedimentary basins due to the low thermal conductivity of clays,
this process has attracted weak attention. Although a theoretical ba-
sis for the prediction of the thermo-osmostic coefficients has been
provided by Derjaguin et al. [19], a clear and convenient expression
for this parameter is missing. In the present paper, we investigate
the conditions to obtain such an expression.
2. Theory on thermo-osmosis

2.1. Water-interface interaction

As will be seen in the following section, Derjaguin et al. [19] in-
voked the major alteration of the structure of the water adjacent to

http://dx.doi.org/10.1016/j.jcis.2009.09.056
mailto:julio.goncalves@upmc.fr
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis
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a solid surface to explain the mechano-caloric and related thermo-
osmotic process. For this reason, we start with a brief description
of such interaction.

Isomorphic substitutions in the clay minerals lattice such as the
substitution of Si4+ by Al3+ in tetrahedral-Si sheets or that of Al3+ by
Fe2+ and/or Mg2+ octahedral-Al sheets yields a net permanent neg-
ative charge of the basal surfaces at natural pH values. For minerals
such as kaolinite or illite, hydroxyl groups at the edges contributes
by hydroxylation reactions to the overall charge of the mineral. In
smectite type clays, these edge surfaces are negligible (see e.g.
[24]). The negative charge is balanced by an accumulation of ions
close to the surface, and an electrical double layer develops
[3,25]. The distribution of the counterions can be accurately de-
scribed by the Stern–Grahamme model. In this model, it is as-
sumed that a substantial part of the negative surface charge is
balanced by ions adsorbed on the surface (hydrated or not) form-
ing the well-known Stern layer [26]. This adsorption to the clay
minerals surface involves the formation of two types of complexes,
i.e. inner and outer sphere complexes (Fig. 1). Inner sphere com-
plexes correspond to ions directly bound to the surface and thus
partially or fully dehydrated while outer sphere complexes are hy-
drated ions electrostatically bound to the surface. The remaining
unbalanced surface charge is balanced by the ions in the diffuse
layer. Therefore, in the Stern–Grahamme view of surface interac-
tions, two layers are considered, the Stern layer involving one or
two planes (inner and outer Helmholtz planes in Fig. 1) containing
the ions closely packed to the surface, and the so-called Gouy–
Chapman or diffuse layer made of more dispersed ions weakly at-
tracted by the surface [25]. The consequence of these electro-
chemical interactions is the presence of an electric field normal
to the clay mineral surfaces. If the adjacent diffuse layers overlap,
the whole interplatelet space is subjected to an electric field. This
contributes to a major alteration of the structure of the fluid at
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Fig. 1. Schematic view of solution–mineral interactions. OHP and IHP stand for
Outer Helmholtz Plane and Inner Helmholtz Plane respectively. TP stands for
Truncation Plane.
the solid surface. This alteration is schematically depicted in
Fig. 1, where oriented water dipoles at the surface and in the
hydration spheres of ions are shown. This change in water struc-
ture (hydrogen-bond network) takes two forms: (i) an ordering
of water molecules associated with the solvation of the counteri-
ons and (ii) a preferential orientation of the water dipoles close
to the surface. The layer of specifically structured water associated
with interface interaction could extend to several nanometers from
the surface [19,27].

2.2. From Derjaguin’s theory to macroscopic coupling coefficients

The only fully comprehensive theoretical model that was devel-
oped for the thermo-osmotic flow was due to Derjaguin et al. [19].
The authors use non-equilibrium thermodynamics concepts and
considered the reciprocal process, i.e. the mechano-caloric process
to identify a theoretical expression for the thermo-osmotic cou-
pling coefficient at the pore scale. The interaction between a solid
surface and the electrolyte at the contact with this surface yields a
substantial alteration of the water structure in terms of hydrogen-
bond network. This causes an alteration of the specific enthalpy of
the solution in the pore space of a clay for instance. Let H (J m�3)
denote the specific enthalpy of the bulk solution (the solution in
a reservoir in thermodynamic equilibrium with the clay), the spe-
cific enthalpy of the water film in the pores is then H þ DH, where
DH is the mean ‘‘excess” specific enthalpy due to surface interac-
tions. An isothermal fluid flow across the porous media would thus
produce an ‘‘excess” heat flow and a related temperature gradient.
This is the well-known mechano-caloric effect. Non-equilibrium
thermodynamics requires that the reciprocal processes, i.e. a fluid
flow due to a temperature gradient must exist. Let’s consider a vol-
ume of clay-rock characterized by a membrane behavior separat-
ing two reservoirs so that pressure or temperature differences Dp
(Pa) or DT (K) can be applied between the reservoirs. For a single
pore representative of the porous media and idealized as a parallel
plate slit (see Fig. 2) subjected only to pressure or temperature dif-
ferences, the non-equilibrium thermodynamics approach yields
[1,19]

jV ¼ l11Dpþ l12
DT
T
; ð1Þ

jQ � jV h ¼ l21Dpþ l22
DT
T
; ð2Þ

where jQ is the total heat flux (J s�1), jV ðm3 s�1Þ is the volumetric
flow rate and h (J m�3) is the microscopic specific enthalpy of the
bulk (qf Cf T; qf is the fluid density in kg m�3, Cf the specific heat
of the fluid in J kg�1 K�1). The coefficient l11 and l22 refer to the well
known direct flows. The coefficients l12 and l21 are the thermo-os-
motic and mechano-caloric coefficients respectively. For a single
plate-parallel pore, Derjaguin et al. [19] identify indirectly the ther-
mo-osmotic coefficient using the Onsager reciprocity principle
l12 ¼ l21 and establishing the theoretical expression of the mechan-
o-caloric coefficient. For a single pore, the authors write the net heat
flux transferred from one side to the opposite side during an iso-
thermal fluid flow. Taking into account the effect of the pore walls
on the specific heat of the film of fluid between the solid surfaces,
the authors obtained

ðjQ � jV hÞDT¼0 ¼ L
Z b

�b
DhðzÞvðzÞdz; ð3Þ

where vðzÞ is the local fluid velocity (m s�1) and z (m) is a local
coordinate associated with each pore. For a practical use at the
scale of interest, i.e. the macroscopic scale, an upscaling method
must be used to obtain some expressions for the coupling coeffi-
cients such as



L
2b

Macroscopic volume (REV)

Single pore

X Y

Z

x y

z

p or T

Fig. 2. Sketch of the geometrical framework for the development of a macroscopic
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¼
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� � rp
rT
T

" #
: ð4Þ

where U is the specific discharge (m s�1), Q is the total heat flux
(J m�2 s�1). It is reminded here that the macroscopic Darcy’s veloc-
ity corresponds in fact to the fluid flow (m3 s�1) per unit porous sur-
face (m2, solid plus pores). It is thus more rigorously a specific
discharge. The same convention is used for the other fluxes like
e.g. the heat flux Q (see below). To move to a macroscopic volume
of porous media we shall use the notion of Representative Elemen-
tary Volume (REV). The REV is the volume over which the mean
properties such as the porosity or the hydraulic conductivity can
be defined. According to Marsily [28], this volume should be suffi-
ciently large to contain a great number of pores and to ensure a
mean global estimate of a given property. However, it must be suf-
ficiently small so that a description of the variability of the param-
eters over a domain of interest is possible. According to this author,
the REV can be trivially assimilated to a sample used to measure
some physical properties. Consider here a macroscopic volume of
clay-rock (REV) submitted to a pressure difference alone. At the
macroscopic scale, the mean real velocity u (m s�1) of the fluid in
the pores of the REV is given by [28]

u ¼ U
x
; ð5Þ

where x is the dimensionless porosity assumed constant. This
mean velocity u which is also termed the mean pore velocity can
also be identified by returning to the definition of this velocity,
i.e. a volume average of the mean fluid velocity in each individual
pore of the REV. The mean velocity in an individual pore which pore
size is 2b (see Fig. 2) is

hvi ¼ 1
2b

Z b

�b
vðzÞdz: ð6Þ

The volume averaging over all the pores contained in a volume
Vp (m3) of porous medium yields

u ¼ 1
Vp

Z
Vp

hvidV : ð7Þ
Introducing Eq. (7) into Eq. (5) and considering Darcy’s law
yields

U ¼ � k
gf
rp ¼ x

Vp

Z
Vp

hvidV ; ð8Þ

where k is the intrinsic hydraulic conductivity (m2) and gf is the dy-
namic viscosity of the fluid (Pa s). Let’s now consider the heat flux
across a macroscopic sample subjected to a pressure gradient.
According to Derjaguin et al. [19], under this condition the heat flux
for a single pore is given by Eq. (3). Dividing this equation by the
surface of one pore of width L (see Fig. 2) yields the following
expression for the heat flux per unit surface of pore perpendicular
to the advective flow direction

jQ � jV h
2bL

¼ 1
2b

Z b

�b
DhðzÞvðzÞdz: ð9Þ

The macroscopic heat transport in porous media should be ex-
pressed in joule per unit surface of the porous medium and per
unit time [28]. If S denotes the macroscopic surface of the porous
medium perpendicular to the flux, then the total surface corre-
sponding to the pores can be approximated by xS [28]. Writing
the volume average of the heat flux over the REV yields

JQ � jV H ¼ 1
Vp

Z
Vp

xS
1

2b

Z b

�b
DhðzÞvðzÞdz

 !
dV : ð10Þ

Dividing the left hand side of Eq. (10) by the porous surface S,
noting that by definition U ¼ JV=S and Q ¼ JQ=S and introducing
the simplifying assumption of a macroscopic constant mean value
of the excess enthalpy DH(�Dh) as suggested by Derjaguin et al.
[19] yields

Q � UH ¼ xDH
Vp

Z
Vp

1
2b

Z b

�b
vðzÞdz

 !
dV : ð11Þ

Using Eqs. (6) and (8), we obtain

Q � UH ¼ � kDH
gf
rp: ð12Þ

Finally, the Onsager reciprocity principle yields

L12 ¼ L21 ¼ �
kDH
gf

: ð13Þ

The other coefficient are the well known Darcy’s law coefficient
L11 ¼ �k=gf and according to de Groot and Mazur [1] or Revil and
Leroy [5] L22 ¼ Tk, where k is the thermal conductivity of the por-
ous medium (W m�1 K�1). The final form of the macroscopic equa-
tions are

U ¼ � k
gf
rp� k

gf

DH
T
rT; ð14Þ

Q � UH ¼ � kDH
gf
rp� krT: ð15Þ

Note that gravity effects neglected so far could be readily intro-
duced in Eq. (14) yielding

U ¼ � k
gf
ðrpþ qf grzÞ � k

gf

DH
T
rT; ð16Þ

where qf (kg m�3) is the density of the fluid and g (m s�2) is the
acceleration due to gravity. If no cross-coefficient is considered in
Eq. (15), i.e. L12 ¼ L21 ¼ 0, this heat flow equation takes the classical
form used to solve transport problems in porous media except for
the so-called dispersion term which is not accounted for here.
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Interestingly, the thermo-osmotic term in Eq. (14) is very similar to
the expression obtained for the chemical osmosis in isothermal
conditions, i.e.

U ¼ � k
gf
rpþ ec

k
gf
rp; ð17Þ

where p and ec are the osmotic pressure (Pa) and the dimensionless
osmotic efficiency (see e.g. [2,5,7]). By analogy with Eq. (17), we can
define a coefficient eT so that

eT ¼
L12

L11
¼ DH

T
; ð18Þ

thus defining a thermo-osmotic conductivity kT (m2 K�1 s�1) such
as

kT ¼ eT
k
gf
: ð19Þ

According to Eq. (14), a positive value of DH results in a thermo-
osmotic flux oriented from the warm to the cold side of a sample.
This is the flow direction which was mostly identified for compact
clay samples. The opposite flow direction (from cold to warm) is
however possible, although rare, as noted by Dirksen [21]. The
author reported an inversion of the fluid flow direction for high
values of the porosity in illite samples. According to Eq. (19), a di-
rect relation between the thermo-osmotic conductivity and the
hydraulic conductivity is expected. This possible relation was stud-
ied here using a data set which is presented in Table 1. A nearly lin-
ear log-log relation is illustrated for k P 1� 10�19 m2 in Fig. 3a
which shows the available data of kT for clay materials listed in Ta-
ble 1. However, the values of kT obtained by Zheng and Samper
Table 1
Porosity values in italic were calculated using the hydraulic conductivity (see text).
The specific surfaces used in Eq. (20) to calculate the half-pore size b are: for
bentonite AS = 750a,b, 725c m2 g�1, for kaolinite AS ¼ 30a,d m2 g�1, for Orly silt (mostly
kaolinite) AS ¼ 30 m2 g�1 and for Callovo-oxfordian formation AS ¼ 36 m2 [6]. The
pore size for Toarcian formation is from Ref. [30].

Material x ð—Þ b (nm) k (m2) kT (m2 s�1 K�1)

Bentonitea 0.92 5.9 1:77� 10�18 3:05� 10�13

Bentonitea 0.92 5.9 8:80� 10�19 1:60� 10�13

Bentonitea 0.92 5.9 1:87� 10�18 3:20� 10�13

Bentoniteb 0.96 13.20 1:13� 10�16 1:30� 10�10

Bentonitec 0.42 0.37 3:50� 10�21 3:62� 10�12

Kaolinitea 0.56 16.50 1:22� 10�17 9:70� 10�14

Kaolinitea 0.51 13.45 6:10� 10�18 6:70� 10�14

Kaolinitea 0.45 10.40 2:00� 10�18 6:60� 10�14

Kaolinitea 0.42 9.32 1:30� 10�18 3:90� 10�14

Kaolinitea 0.29 5.11 1:74� 10�19 1:17� 10�14

Kaolinitea 0.56 16.51 1:20� 10�17 1:60� 10�13

Kaolinitea 0.56 16.51 1:25� 10�17 1:64� 10�13

Kaolinited 0.30 8.25 3:20� 10�17 2:50� 10�10

Callovo-oxfordian
formatione

0.3 5.50 5:00� 10�18 1:00� 10�12

Callovo-oxfordian
formatione

0.3 5.50 5:00� 10�18 1:00� 10�13

Orly siltf 0.37 11.50 5:00� 10�17 1:50� 10�11

Orly siltf 0.37 11.50 5:00� 10�17 2:36� 10�11

Orly siltf 0.37 11.50 5:00� 10�17 2:20� 10�11

Toarcian formationg 0.07 1.25 1:00� 10�21 6:20� 10�12

Toarcian formationg 0.07 1.25 1:00� 10�21 2:00� 10�10

a Ref. [21].
b Ref. [23].
c Ref. [29].
d Ref. [22].
e Ref. [18].
f Ref. [57].
g Ref. [30].

0.1 1 10 100
Half interplatelet distance b (nm)

1.0x103

1.0x104

1.0x105

Fig. 3. (a) Experimental values of the thermo-osmotic permeability kT ¼ k
gf

DH
T

plotted as a function of the hydraulic conductivity k. Data are #1 kaolinite [21], #2
bentonite [21], #3 remolded natural Callovo-oxfordian shale, France [18], #4 Orly
silt (kaolinite) [57], #5 and #6 kaolinite and bentonite respectively [22,23], #7
bentonite [29] and #8 Toarcian clay formation at Tournemire, France (b) ratio kT=k
as a function of the mean half pore size (see text for its determination).
[29] for bentonite and by Trémosa et al. [30] in a companion paper
for Toarcien argilites at Tournemire, France, suggest that it would
be hazardous to suppose a direct Log-linear proportionality be-
tween these two parameters. A more reliable relation is shown in
Fig. 3b which strongly suggests that this proportionality coeffi-
cient, i.e. DH=Tgf and thus the excess enthalpy DH is highly depen-
dent on the pore size 2b. Whenever the porosity was known, the
mean pore size was estimated using the simple mass balance equa-
tion valid for a parallel plate conceptual model for the pores and
which writes [9]

x ¼ ð1�xÞASqSb; ð20Þ

where AS is the specific surface (m2 g�1), qS is the density of the so-
lid (kg m�3) and b (m) stands here for the mean half pore size over
the REV. The values of the specific surfaces used to identify the pore
size are listed in the legend of Table 1. When the porosity x was un-
known, approximate values were obtained using the relationship
between porosity and hydraulic conductivity for pure clays estab-
lished experimentally by Mesri and Olson [31]. Fig. 3b shows an in-
crease of the parameter eT when the pore size decreases. This figure
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could be used to obtain a first estimate of the thermo-osmotic cou-
pling coefficient as a function of the pore size within almost one or-
der of magnitude (gray zone in the figure). It must be noted here
that a theoretical expression for the thermo-osmotic coefficient
was obtained by Revil and Leroy [5] without considering the micro-
scopic theoretical framework proposed by Derjaguin et al. [19].
These authors obtained a ratio kT=k ¼ qf Cf =Tg. This suggests an al-
most constant value of this ratio if the specific heat of water Cf is
taken to be equal to its bulk value while up to eight orders of mag-
nitude variations are measured (Fig. 3b). It could be argued that
interfacial interactions modifies the specific heat but no clear view
of how this alteration could be modeled is proposed by the authors.
The dispersion of the values illustrated by the gray area in Fig. 3b
could be due to temperature effects. Indeed, in addition to the pore
size, the temperature could influence the thermo-osmotic conduc-
tivity. So far, only the study by Dirksen [21] allowed an exploratory
and almost qualitative discussion on this influence. The author
made a sensitivity analysis on the mean temperature during ther-
mo-osmotic experiments on a sodium bentonite. Almost constant
ratios kT=k were measured for this material at increasing tempera-
ture suggesting that DH varies as Tgf , i.e. weakly. This is in total
contradiction with the idea of a thermo-osmotic effect related to
a special water structure since this later vanishes at high tempera-
ture (see Section 4.1). Therefore, a dramatic decrease of the thermo-
osmotic coefficient should be expected at increasing temperatures.
The new experimental work presented in the companion paper [30]
supports this view. Variations as high as one order of magnitude of
the thermo-osmotic conductivity were found for a temperature var-
iation of 9 �C. To summarize, the present simple analysis based on
the available data suggests a strong dependence of the excess spe-
cific enthalpy DH on the pore size. It is interesting to note here that
significant thermo-osmotic coefficients were measured for weak
interparticle distances (low pore size) for which an interaction of
adjacent modified structure water is plausible. This is consistent
with the interpretation of Derjaguin and co-workers. The tempera-
ture effect could also be very important. This point is discussed in
Section 4.1. Therefore, the pore geometry and the temperature
would be, a priori, the main descriptive variables for the thermo-os-
motic conductivity. The mean excess enthalpy associated with the
solid–pore fluid interaction is a crucial quantity to characterize
the thermo-osmotic process. Its identification is thus a prerequisite
in order to obtain a quantitative model of the thermo-osmotic
coefficient.
3. Towards a quantitative model for thermo-osmotic flow

According to e.g. Lyklema [32], the excess Gibbs energy of the
film of fluid (in joule per unit surface of the solid) subjected to
interfacial interactions is given by

Dg ¼ �
Z B

1
pDðB0ÞdB0; ð21Þ

where pD is the disjoining pressure and B ¼ 2b is the interparticle
distance. The desired estimate of the excess specific enthalpy can
be obtained using the Gibbs–Helmholtz relation. The notion of dis-
joining pressure was introduced by Langmuir [33] and Derjaguin
and Kussakov [34] (cited in [19]) at the end of the 1930s. This pres-
sure corresponds to the difference between the pressure in a water
film between two interfaces (e.g. solid surfaces) and the hydrostatic
pressure of the fluid in the reservoir in contact and equilibrium with
the interfaces. This pressure difference which exists only when
interfacial zones (e.g. the diffuse layer) overlap is caused by the
presence of surface forces, e.g. of electrostatic or molecular origin.
The following theoretical expression of the electrostatic component
of the disjoining pressure pe

D is obtained by Derjaguin et al. [19]
pe
D ¼ �

Z ub

0
qdu; ð22Þ

where ub is the electrical potential at the midplane (V) and q is the
volumetric charge density (C m�3). For a symmetric and monova-
lent salt, one finds the classical result

pe
D ¼ 2kBTcf cosh

eub

kBT

� �
� 1

� �
; ð23Þ

where kB is the Boltzmann’s constant ð1:38� 10�23 J K�1Þ, cf (ions
m�3) is the equilibrium solution concentration and e is the elemen-
tary charge ð1:6� 10�19 CÞ. Besides the electrostatic component of
the disjoining pressure, additional components were identified. A
positive component corresponds to a repulsive force, and con-
versely a negative (traction) component corresponds to an attrac-
tive force between surfaces. The second component of the
disjoining pressure introduced by Derjaguin et al. [19] is an attrac-
tive Van der Waals term corresponding to weak attraction between
the molecules of the adjacent surfaces. This short range (less than
1 nm) term can be accounted for by using the relationship

pvdw
D ¼ � A

6pð2bÞ3
; ð24Þ

where A is the Hamaker constant dependent on the mineralogic
nature of the surface. For mica and water films a value of
2:2� 10�20 J was reported [19]. The electrostatic and molecular
components are used in the DLVO (Derjaguin–Landau–Verview–
Overbek) theory of the stability of colloidal suspensions. The DLVO
theory cannot explain certain experimental data as claimed by e.g.
McBride [35] and previously recognized by one of the authors of
this theory [19]. For instance, higher surface forces than those pre-
dicted by the DLVO theory were measured at small interparticle dis-
tance (few nanometers). Consequently, an additional repulsive term
to the DLVO disjoining pressure was proposed, the ‘‘structural” or
‘‘hydration” component. This component is often identified as the
difference between experimental results for the disjoining pressure
and the values predicted by the DLVO theory. In fact, the real origin
of this component is still debated. However, two main explanations
emerged: (i) the hydration of ions at the solid surface and (ii) a spe-
cific structure of the water at the interface. Certain authors invoked
the counterions dehydration at the solid surface whence the notion
of hydration forces [36]. Indeed, when the surfaces are brought to
close vicinity, the ions located at the solid surfaces must dehydrate
partially which is energetically unfavorable yielding an additional
repulsive force. This view points to a length scale for this repulsive
force in the order of a hydrated ionic diameter while larger length
scales were obtained (up to 4 nm, [37]). According to Derjaguin
et al. [19], this non-DLVO additional repulsive force is related to
the presence of a layer of water molecules characterized by a mod-
ified structure, i.e. an alteration of their hydrogen-bond network in
comparison to the equilibrium solution. Although this view was
challenged by Israelachvili and Wennerstrom [27] who advocated
the influence of the solid surface to explain the non-DLVO forces
(e.g. protruding surface groups shifting the electrostatic repulsion
outwards), the structural forces were continuously considered
highly plausible. The existence of the specific structure water at
water–mineral interfaces has long been reported in the literature
through the observation of the alteration of the density or the vis-
cosity of the water bound by clay surfaces (see e.g. [38,4]) and con-
firmed by molecular dynamics modeling [39,40]. When the
interparticle distance is small, the two adjacent layers of structur-
ally specific water overlap and, an additional repulsive term comes
into play. This term was referred to as the structural component of
the disjoining pressure ps

D by Derjaguin et al. [19]. In accordance
with Rabinovich and Derjaguin[37] or Derjaguin et al. [19], this
ambiguous hydration component should be the combination of
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several terms including ions hydration (short range) and hydrogen-
bond network rearrangement (larger range) and should be termed
the structural component. In their pioneering work, Marcelja and
Radic [41] proposed a theoretical framework, although not predic-
tive, to interpret the structural forces. From this initial study, some
attempts using molecular dynamics concepts or electrostatic mean
field calculations were made to understand the structural force (see
e.g. [42–45]). But, to our knowledge, a fully predictive and conve-
nient model is still awaited to emerge. Nevertheless, despite the
uncertainties concerning their origin, a special attention was paid
to the structural component here since the thermo-osmotic process
was attributed by Derjaguin et al. [19] to structural changes of the
water. This component can be accounted for using an exponential
relation which writes [19,41]

ps
D ¼ j exp �2b

k

� �
ð25Þ

where j and k are coefficients which have to be determined exper-
imentally. Parameter k represents a decay length of the structural
forces. An alternative bi-exponential decay was also proposed by
Pashley [46] based on experimentations on mica sheets. The bi-
exponential expression could be interpreted as a consequence of a
double origin for the surface forces, i.e. a short range term related
to ions hydration and a long range force associated with a special
structure of the water. The more general bi-exponential expression
is considered in the following. Once identified, a linear additivity of
the different components of the disjoining pressure is assumed by
the authors yielding

pD ¼ pe
D þ pvdw

D þ ps
D: ð26Þ

The disjoining pressure, which is a microscopic concept, is
highly dependent on the interparticle distance. It also depends
on other variables such as the temperature and the concentration
of the equilibrium solution (see below).

Although its decomposition into different terms is still debated,
the existence of the disjoining pressure was confirmed by numer-
ous experimental studies, some of which were reviewed by Derja-
guin et al. [19]. A classical experiment consists in placing a sample,
for instance an oriented gel of clay minerals aligned in the horizon-
tal direction, in contact with a reservoir and maintained in
mechanical equilibrium by a piston exerting a vertical stress. This
vertical stress which is necessary to maintain the volume of the
sample and thus the mean distance between clay particles corre-
sponds to the disjoining pressure. This experimental definition ap-
plies also to the well-known swelling pressure for the clay-rich
materials. Such experiments, which provide direct values of the
disjoining pressure, were made by e.g. Viani [47] or Callaghan
and Ottwill [48]. Israelachvili [49,50] developed a surface force
apparatus (SFA) which allows the measurement, at the microscopic
scale, of the force F (N) between particles placed on the surface of
two cross-oriented cylinders of radius R (m) and immersed in elec-
trolytes. Numerous experiments were carried out by Pashley, Quirk
and co-authors notably on mica using such apparatus (see e.g.
[36,51]). SFA experiments provide values of the ratio F/R as a func-
tion of the surface spacing. More recently, an atomic force micro-
scope (AFM) was used to measure the interaction force F
between microscopic spherical probes of radius R in electrolytic
solutions [52]. While the first apparatus provides direct estimates
of the disjoining pressure, the two other ones (SFA and AFM) re-
quire some algebraic treatment in order to obtain an equivalent
disjoining pressure for a plane-parallel geometry. In the case of
F/R data obtained using a SFA, the following approximation by Der-
jaguin et al. [19, p. 49]

F
R
¼ 2p

Z 1

B
pDðBÞdB; ð27Þ
can be used. Noting that the relation between the disjoining pres-
sure and the interparticle distance B corresponds to a power law
or an exponential decay, the derivative of Eq. (27) relative to B is de-
fined and yields

pDðBÞ ¼ �
1

2p
d F

R

� �
dB

: ð28Þ

Similarly, the ratio F/R obtained with the AFM can be inter-
preted in terms of disjoining pressure using the approximation
by [19, p. 49] for two interacting spheres. This yields

pDðBÞ ¼ �
1
p

d F
R

� �
dB

: ð29Þ

For the scale of interest, i.e. the REV, a mean value of the excess
Gibbs energy DG can be obtained using an average value of the dis-
joining pressure over the REV in Eq. (21). The average value is in
fact the swelling pressure PD. In a simplified averaging approach,
the value of the microscopic pD for the mean pore size h2bi charac-
terizing the REV calculated using Eq. (20) can be considered an
estimate of PD, i.e. PD ¼ pDðh2biÞ. In the following, we shall dis-
pense with the mean sign ‘hi’ but note that b now and in Eq. (20)
stands for the mean pore size over the REV. Noting that a unit vol-
ume of porous media corresponds to a total solid surface of
ð1�xÞqSAS and to a fluid volume of x and making use of the
Gibbs–Helmholtz relation yield the following expression for the
macroscopic excess specific enthalpy DH ðJ m�3Þ

DH ¼ ð1�xÞqSAS

x
DG� T

@ðDGÞ
@T

� �
: ð30Þ

Using Eqs. (20) and (30) becomes

DH ¼ 1
b

DG� T
@ðDGÞ
@T

� �
: ð31Þ

If the different components of the disjoining pressure are
known, the same decomposition applied to pD can be used for
the excess specific enthalpy. Indeed, introducing Eq. (26), where
mean values for the different components of the disjoining pres-
sure are considered into Eq. (30) gives the following expression
for the macroscopic excess specific enthalpy of the pore fluid

DH ¼ DHe þ DHvdw þ DHs; ð32Þ

where each term DHi represents the excess enthalpy associated
with the electrostatic, molecular and structural interactions corre-
sponding to ‘i = e, vdw or s’ respectively and writes

DHi ¼ �1
b

Z B

1
Pi

DðB
0Þ � T

@Pi
DðB

0Þ
@T

dB0
" #

: ð33Þ

In the following section, the analysis of the relative importance
of each component is made for smectite which has been widely
studied and the approach is applied, after some simplifications,
to kaolinite.

4. Application to clay systems

4.1. Assessing the structural component and its dependence to
temperature

Thermo-osmotic coefficient were measured mostly in smectite
and kaolinite pure materials. We thus focus our study on these
clays. Eqs. (32) and (33) are based on the assumption that each
component of the disjoining pressure can be individually identi-
fied. In fact, the different experimental approaches described in
Section 3 allow the determination of the total surface force or dis-
joining pressure. The most challenging issue is to identify the
structural component and its temperature dependence. Due to
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Fig. 4. Measured disjoining pressure and DLVO calculation for a smectite at
10�4 mol L�1. Data from [48].

172 J. Gonçalvès, J. Trémosa / Journal of Colloid and Interface Science 342 (2010) 166–174
the absence of a fully satisfactory and predictive theory for struc-
tural forces, this component is conveniently obtained by subtract-
ing the disjoining pressure calculated using the DLVO theory to the
measured one. For this purpose, electrical models can be used to
calculate the electrostatic component (see e.g. [53]) and the molec-
ular component can be determined using Eq. (24), where the Ha-
maker constant is identified from measurements or models (see
e.g. [54]). The main criticism concerning this decomposition ap-
proach stems from the combined uncertainties of both the mea-
surements and the models. Whatever the material, the
developments in Section 3 require to identify the temperature
dependence of the different components of the disjoining pressure.
According to Derjaguin et al. [19, Chapter 7], the electrostatic and
molecular components are weakly dependent on temperature
while the structural component shows a strong dependence. In-
deed, the authors reported some experimental evidences pointing
to a dramatic effect of the temperature on the boundary layer with
modified water structure. At a temperature of about 70 �C, the spe-
cific structure of water is destroyed restoring the normal proper-
ties of water (notably viscosity, permittivity). The structural
repulsive component ps

D stems (at least partly) from the existence
of this layer, a collapse of this component at a temperature of 70 �C
can thus be expected. The theoretical calculations for undifferenti-
ated materials by Boinovich and Emelyanenko [43] support the
idea of a rapid decline of the structural forces with increasing tem-
peratures. The temperature dependence of ps

D for clay minerals is
not clearly established. For the sake of simplicity and in order to
obtain first estimates of the thermo-osmotic coupling coefficient
for such materials, a linear decrease of the structural component
with the temperature was assumed in the following, i.e.

T @Ps
D

@T � �T Ps
DðT¼298KÞ

dT , with dT ¼ 45 K. The dependence to tempera-
ture of the two other components are more readily obtained (see
below). This approach also necessitates a large data set for the dis-
joining pressure in order to capture its dependence on the salinity
of the bulk solution and the pore size (and thus the mean interplat-
elet spacing). For some clays such as kaolinite, to our knowledge,
these large data set is missing. Despite the critical points raised
above, this decomposition is possible for the most studied clay
material, i.e. montmorillonite. A simplified approach is also pro-
posed to interpret the thermo-osmotic behavior identified for kao-
linite materials in Section 4.3.
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Fig. 5. Structural component of the disjoining pressure inferred from the difference
between the DLVO theory and the data of Callaghan and Ottwill [48] for smectite.
Bi-exponential curves ps

D ¼ j1 expð�B=k1Þ þ j2 expð�B=k2Þ are considered. At
10�1 mol L�1; j1 ¼ 107 Pa and k1 ¼ 1 nm and j2 ¼ 0 (no long range behavior). At
10�4 mol L�1; j1 ¼ 4� 107 Pa; k1 ¼ 1:1 nm; j2 ¼ 105 Pa and k2 ¼ 6:70 nm.
4.2. Smectite clays

The disjoining pressure data of Callaghan and Ottwill [48] were
used here. The authors measured by the mechanical approach the
total disjoining pressure for a Na–montmorillonite at different con-
centrations of the equilibrium (bulk) solution (10�1; 10�2; 10�3

and 10�4 mol L�1) and at T = 298 K. The data can be used to exam-
ine the relative importance of the different excess specific enthalpy
terms in Eq. (32). Once the excess specific enthalpy is character-
ized, the value of the thermo-osmotic coefficient kT can be calcu-
lated. The excess specific enthalpy related to structural forces
requires the identification of an expression for the structural com-
ponent of the disjoining pressure. Fig. 4 shows the disjoining pres-
sure measured by Callaghan and Ottwill [48] for a bulk solution at
10�4 mol L�1 and the theoretical DLVO curve. A Hamaker constant
of 2:2� 10�20 ðJÞ consistent with that used by Garcìa-Garcìa et al.
[54] for bentonite was used in the calculations. The electrical mod-
el required to calculate the electrostatic term (Eq. (23)) is the triple
layer model developed by Leroy and Revil [55] and subsequently
modified by Gonçalvès et al. [53,56] to account for double layer
overlap. This model was already used to calculated the electro-
static component of the disjoining pressure for Na–montmorillon-
ite [53]. The structural component was obtained by subtracting the
DLVO disjoining pressure to the measurements. Fig. 5 shows the
results obtained for the different concentrations of the bulk solu-
tion. At high concentrations, the structural term is described by a
single exponential decay while a bi-exponential decay better de-
scribes this term for dilute solutions. Indeed, at dilute solution
(here 10�4 mol L�1), the long range behavior of structural forces
is enhanced. Conversely, high concentrations for the bulk solution
would promote short range structural forces. This could be related
to the collapse of the electrical double layer at elevated concentra-
tions yielding a layer of counterions closer to the mineral surface.
The parameters for the two limiting curves describing the behavior
at 10�1 and 10�4 mol L�1 are given in the legend of Fig. 5. Interest-
ingly, the same longer range behavior at dilute bulk solutions was
obtained by Rabinovich and Derjaguin [37] for quartz flat surfaces.

The different components of the disjoining pressure were used
to calculate the excess specific enthalpy terms involved in Eq. (32).
According to Derjaguin et al. [19], the Van der Waals component is
almost insensitive to temperature. This was verified in a recent
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study on bentonites by García-García et al. [54]. Therefore, intro-
ducing the expression for Pvdw

D into Eq. (33) and neglecting the sec-
ond term leads to a trivial expression for the molecular excess
enthalpy term DHvdw. This expression yields negligible contribu-
tions to the total excess specific enthalpy. Consequently, it is not
considered hereafter. The electrostatic term for the excess specific
enthalpy was calculated using the electrical model mentioned
above. The temperature dependence for the electrostatic compo-
nent of the disjoining pressure was identified using a perturbation
method. These calculations yielded negative values of DHe which
are depicted in Fig. 6. The same result was obtained by Derjaguin
et al. [19, Chapter 11] for a single plane-parallel slit. Consequently,
if electrostatic interactions are considered alone, a positive ther-
mo-osmotic coupling coefficient would be predicted when mostly
negative value were measured for clay materials. Positive values of
the structural excess specific enthalpy were obtained using the
structural component of the disjoining pressure determined above
and the simple temperature relation presented in Section 4.1 (see
Fig. 6). Fig. 6 also shows the few available data for bentonite in di-
lute solutions but unknown equilibrium solution concentration.
The calculations suggest that whatever the concentration of the
bulk solution, the structural excess specific enthalpy generally out-
weighs the electrostatic one. However, due to the uncertainty on
the disjoining pressure decomposition, a prominent electrostatic
component at large pore size explaining some (although rare) po-
sitive value of the thermo-osmotic coefficient reported by Dirksen
[21] is possible. Therefore, the significant and negative values of
the thermo-osmotic coupling coefficients obtained for smectitic
clays can only be explained by a generally prominent structural
term DHs. These results support the interpretation of Derjaguin
et al. [19] that the thermo-osmotic process is related to the pres-
ence of specific structure water in interfacial zones. The results
points to a fundamental role of temperature in explaining at least
qualitatively the relation between thermo-osmotic coefficients and
pore size.
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Fig. 6. Excess specific enthalpy components and total values for smectite. The
values from the data (same symbols than in Fig. 3) are computed using
kT=kTgf ¼ DH.
4.3. Kaolinite

Some valuable thermo-osmotic coefficient data for kaolinite
were obtained by Dirksen [21]. Despite the small amount of dis-
joining pressure data for kaolinite, an attempt is made here to ap-
ply the approach described in Section 3. In a simplified manner,
since the analysis carried out in the previous section suggests the
dominance of the structural specific excess enthalpy DHs, this later
was considered alone. The only reliable surface force data for kao-
linite is from Li et al. [52]. The authors used AFM measurements to
identify the total surface force between two spherical probes cov-
ered with kaolinite in a KCl solution at 10�3 mol L�1. A measured
value of�35 mV for the zeta potential was used as a boundary con-
dition to solve numerically the Poisson–Boltzmann equation and to
Fig. 7. Structural component of the disjoining pressure inferred from the difference
between the DLVO theory and the data of Li et al. [52] for kaolinite. The figure also
show the curves postulated by similarity with the results obtained in Section 4.2 for
smectite. Bi-exponential curves ps

D ¼ j1 expð�B=k1Þ þ j2 expð�B=k2Þ are consid-
ered. At 10�1 mol L�1; j1 ¼ 2:95� 105 Pa; k1 ¼ 1:30 nm and j2 ¼ 0 (no long range
behavior). At 10�4 mol L�1; j1 ¼ 1:2� 106 Pa; k1 ¼ 1:30 nm; j2 ¼ 3� 103 Pa and
k2 ¼ 8:30 nm.
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Fig. 8. Calculated ratio kT=k ¼ DH=gf T using the expression of the structural
component of the disjoining pressure of Fig. 7at cf ¼ 10�4 mol L�1 alone to estimate
DH and measurements of Dirksen [21] for kaolinite.
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calculate the electrostatic component of the DLVO surface force. In
addition, the molecular surface force was calculated using Eq. (25)
with a Hamaker constant of 2� 10�20 ðJÞ. A substantial structural
force was inferred from the comparison between DLVO calcula-
tions and measurements. The data of Li et al. [52] together with
Eq. (29) was used to determine the structural component of the
disjoining pressure at 10�3 mol L�1. The result is shown in Fig. 7.
Fig. 8 also shows the dependence of the structural component ps

D

on the concentration assumed here by similarity with the results
obtained for smectite in this study or for quartz by Rabinovich
and Derjaguin [37]. These curves are used to calculate the struc-
tural excess specific enthalpy. The results are shown in Fig. 8 to-
gether with the values of the ratio kT=k measured by Dirksen
[21]. This figure shows that the measured values of the ratio kT=k
are found to be close to the calculated curve for dilute solutions.
Although the equilibrium solution concentration for the experi-
ments carried out by Dirksen [21] is unknown, such dilute solu-
tions were used by the author during the thermo-osmotic
experiments suggesting an appreciable consistency within one or-
der of magnitude between the data and the model.

5. Concluding statements

The pioneering theoretical work on thermo-osmosis of Derja-
guin et al. [19, and references herein] for a single plane-parallel
pore was extended at the macroscopic scale using a simple volume
averaging approach. This original theory seems to capture at least
qualitatively the behavior of the thermo-osmotic coefficient kT

which shows a rapid decrease with increasing pore size. The model
requires the identification of the mean excess specific enthalpy
associated with interfacial interactions. This latter was calculated
using the relation between the disjoining pressure and the excess
Gibbs energy of the interfacial fluid and applying the Gibbs–Helm-
holtz relationship. In accordance with Derjaguin’s view, a promi-
nent role of the structural part of the excess specific enthalpy
DHs associated with the presence of a specific water structure at
the mineral–water interface was identified. In this context, the
temperature is an important variable since the layer of specific
water structure is destroyed at temperatures above 70 �C. The
model is based on a decomposition of the disjoining pressure yield-
ing some expressions of the structural component ps

D. A simple but
plausible temperature dependence for the structural component of
the disjoining pressure was considered. The enhanced long range
of structural forces at low bulk concentration obtained for smectite
and assumed for kaolinite yielded a better agreement with the
thermo-osmotic data. Despite the simplifications and uncertainties
on the disjoining pressure decomposition, encouraging results
were obtained. Additional surface force measurements (notably
for kaolinite) and most expectedly a fully predictive model for
the structural surface forces are desirable in order to improve the
model. Provided that a better description of the structural compo-
nent of the disjoining pressure of pure clays is available, an inter-
esting prospect would be to extend this analysis to natural media.
In the absence of such developments and in a pragmatic view, the
empirical results shown in Fig. 3b can be used to obtain first esti-
mates of the thermo-osmotic conductivity for natural formations.
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Abstract

Three osmotic processes have been identified in clay-rich media. Electro-

and chemo-osmosis -flows of water caused by salinity and electrical potential

gradients - have so far attracted almost exclusive attention. But, despite the

recurring concern about the importance of thermo-osmosis - a flow of water

driven by a temperature gradient - in argillaceous media, it remains largely

neglected. Here we propose a new formalism for estimating the thermo-

osmotic permeability based on a theoretical analysis at the molecular and

pore scale, then upscaled. We show that the thermo-osmotic permeability,

poorly predicted so far, can be estimated only from surface-charge density,

temperature, pore size and salinity. The prominent role of thermo-osmosis

in compacted shale layers with a temperature gradient is then exemplified.

This first general estimate of the thermo-osmotic permeability can be used to

improve our understanding of the influence on fluid flow and pressure fields

of the natural geothermal gradient in sedimentary basins, which is required
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e.g. for safety assessments of nuclear-waste repositories in shale layers.

Keywords: Transport processes, Thermo-osmosis, clay materials, Nuclear

safety

1. Introduction

Electro- and chemo-osmosis have been described and quantified since

the 19th century (Mitchell, 1993; Neuzil, 2000). The physical principles of

thermo-osmosis, at the molecular and pore scales, were established more than

70 years ago by Derjaguin and coworkers (Derjaguin and Sidorenkov, 1941;

Churaev, 2000) as the so-called mechano-calloric effect, but its importance in

argillaceous media has only recently been emphasized (Carnahan, 1986; Soler,

2001); the link was missing between the physical and chemical properties of

the medium and the magnitude of the thermo-osmotic permeability for prac-

tical applications. When a quasi-isothermal pressure gradient is prescribed

through a porous membrane, the fluid flow causes a temperature gradient

build-up (see Fig. 1). This heat flux is attributed to a specific enthalpy of

the fluid film in the pores which differs by a quantity 4h (J m−3) at the pore

scale from that of the bulk fluid (Derjaguin and Sidorenkov, 1941; Churaev,

2000). This difference is associated with an alteration of the hydrogen bond

(HB) network of the water molecules and thus of the intermolecular bond

energy due to fluid-solid interactions. If the hydrogen bonding is weakened

by these interactions, i.e. the HB concentration decreases, heat absorption

occurs when the fluid enters into the pore space (Churaev, 2000). Conversely,

heat is released at the outlet generating the temperature gradient depicted

in Fig. 1. The counterpart of the mechano-caloric effect outlined above,
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i.e. thermo-osmosis, derives from Onsager’s reciprocity principle. This ther-

modynamic principle requires that the reciprocal process exists, i.e., a fluid

flow caused by a temperature gradient. Such a thermo-osmotic process has

been observed in clay-rich materials (see e.g., Gonçalvès and Tremosa, 2010;

Tremosa et al., 2010). The alteration of the HB network in the pore space

of clay-rocks is due to two main antagonistic mechanisms. First, the nega-

tive surface charge of clay minerals at natural pH is balanced by counterions

(cations, Mitchell, 1993; Sposito et al., 1999) and forms together with the

mineral surface the electrical double-layer. But, solvated ions cause some dis-

ruption of HB especially in the first hydration shells (Guàrdia et al., 2005).

For instance, the calculated average number of hydrogen bonds per water

molecule in the first hydration shell of Na+ is 2.27 while it is 3.5 for bulk

water (Guàrdia et al., 2005). In addition, molecular dynamics simulations

(Wang et al., 2004; Guàrdia et al., 2005; Marry et al., 2008) have shown

that the first two or three mono-layers of water molecules at the clay surface

are more strongly hydrogen bonded than the bulk water. This results in an

average number of hydrogen bonds per water molecule of between 3.5 and 4

(Wang et al., 2004; Marry et al., 2008). Beyond this thickness, the water is

ordered like bulk water except in the hydration shells of ions.

However, although the molecular concepts supporting this thermo-osmotic

flow are part of fundamental physics, a macroscopic law for practical thermo-

osmosis calculations in geological media is needed. We used a simple volume-

averaging approach which yields (Gonçalvès and Tremosa, 2010) :

q = −k
η

(∇p+ ρg∇z)− k4H
ηT
∇T, (1)

where q is the pore fluid specific discharge (m s−1), k is the classical Darcy
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permeability (m2), η is the dynamic viscosity (Pa s), p is the pressure (Pa), ρ

is the fluid density (kg m−3) g is the acceleration due to gravity (m s−2), ∇z
is (0,0,1) if the z axis is vertical upwards, T is the temperature (K) and 4H
is the macroscopic volume-averaged excess specific enthalpy due to fluid-solid

interactions (J m−3). According to Eq. (1), the thermo-osmotic permeability

is kT = k4H/T (Pa m2 K−1). In most observed cases, 4H >0, and fluid

flow occurs from the warm to the cold side of a clay sample. A theoretical

expression for kT/k had been developed (Tasaka and Nagasawa, 1978) by

introducing several molecular parameters, which must however be calibrated

on thermo-osmotic experiments, thus weakening its a priori predictability. A

macroscopic expression was also developed by Revil and Leroy (2004) but

some of its limitations were discussed by Gonçalvès and Tremosa (2010).

Therefore, fully predictive theoretical expressions for kT are lacking so far.

Here, we developed such an expression by directly formalizing the enthalpy

change 4H due to hydrogen bonding modifications at the macro-scale.

2. Mathematical model

The theoretical model is described here for a 1:1 salt like NaCl. Following

the thermodynamic interpretation by Derjaguin and Sidorenkov (1941), the

required 4H value can be heuristically obtained with:

4H = (Cb
HB − CHB)4HHB (2)

where Cb
HB and CHB are the HB concentrations in the bulk (mol m−3) and

the pore fluid and 4HHB (J mol−1 of HB) is the energy to break one mole

of HB. Estimated values of 4HHB between 6 and 23 kJ mol−1 are reported
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(Hakem et al., 2007). Let Cw and NHB be the water concentration (mol

m−3) and the mean number of hydrogen bonds per water molecule, respec-

tively. Taking into account the 1/2 bind order (Hakem et al., 2007) of a HB,

the HB concentration CHB is Cw1/2NHB. Consequently, the hydrogen-bond

concentrations are calculated with :

CHB =N+
wC+1/2N+

HB +N−wC−1/2N−HB

+ (Cw −N+
wC+ −N−wC−)(

b− bs
b

N b
HB +

bs
b
N s
HB)1/2

(3)

and,

Cb
HB =N+

w cb1/2N
+
HB +N−w cb1/2N

−
HB

+ (Cw −N+
w cb +−N−w cb)N b

HB1/2
(4)

where Cw, C+ and C− are the water, cation and anion concentrations (mol

m−3) in the pore space, N+
w and N−w are the number of water molecules in the

first hydration shell of the cation and the anion, N+
HB and N−HB are the mean

number of HB per water molecule in the first hydration shells, b and bs are

the mean half pore-size and the half thickness of highly ordered water (m),

N b
HB and N s

HB are the mean number of HB per water molecule of bulk and

highly ordered water. The sum of the two first terms on the right-hand side

of Eq. (3) is the number of HB per unit volume of pore fluid affected by ionic

disruption while the third term is the complementary part for water molecules

outside the influence of ions. For the latter, b−bs
b
N b
HB + bs

b
N s
HB represents the

mean number of HB per water molecule accounting for the highly ordered

water at the solid surface. Cw is calculated with the conservation equation
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(see e.g., Revil and Leroy, 2004; Gonçalvès and Rousseau-Gueutin, 2008):

νwCw + ν+C+ + ν−C− = 1 (5)

where νw, ν+ and, ν− are the molar volumes of the water, cation and anion,

respectively. In the bulk water, Eq. (3) with C+ = C− = cb is used to

calculate Cw. In the pore space, C+ and C− are identified using the Donnan

equilibrium equation. The Donnan equilibrium model (Mitchell, 1993) allows

the identification of the average concentrations of counterions and co-ions in

the porosity of the charged porous medium, which are

C+ =

√
Q2
V

4N2
ae

2
+ c2

b +
QV

2Nae
, C− =

√
Q2
V

4N2
ae

2
+ c2

b −
QV

2Nae
, (6)

where cb is the concentration of the cation and the anion in the bulk solution,

e is the elementary charge (1.6 10−19 C), Na is Avogadro’s constant (6.02

1023 mol−1) and QV is the excess charge per unit pore volume (C m−3) to be

compensated by counterions. Note that in Eq. (6), concentrations are in mol

m−3. QV is obtained by dividing the excess charge (C) in a unit volume of

porous medium (1-ω)ρsCEC×96.3 by the associated water volume ω yielding

QV =
(1− ω)ρsCEC × 96.3

ω
, (7)

where ω is the porosity, ρs is the density of the solid (kg m−3) and CEC is

the cation exchange capacity (meq g−1). For the practical use of this model,

the half-pore size b has to be calculated. the half-pore size b can be calculated

by equating Asb (m3 per kg of solid) with As (m2 g−1 the specific surface

area (SSA) to the water content per kg of solid ω/(1 − ω)ρs considering

a plane-parallel conceptual geometry for the porous medium (Neuzil, 2000)
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yielding:

b =
ω

(1− ω)ρsAs
. (8)

Note that introducing Eq.(8) into Eq. (7) yieldsQV = CEC×96.3/Asb = σ/b

where σ = CEC × 96.3/As (C m−2) is the solid surface-charge density. Eq.

(4) was obtained by setting C+ = C− = cb and bs=0 in Eq. (3) leading to the

expression for Cb
HB to be used in Eq. (2). Equations (2) to (8) form a model

whose main inputs are a few petrophysical parameters and molecular proper-

ties of solutions. The main advantage of this model is the use of petrophysical

parameters currently measured in clay-rocks together with molecular param-

eters that are well constrained notably through molecular dynamics simula-

tions. For the molecular parameters, values from the literature (Guàrdia et

al., 2005; Hakem et al., 2007; Marry et al., 2008; Gonçalvès and Rousseau-

Gueutin, 2008) were used: N+
w =N−w =6, N+

HB=2.27, N−HB=2.65, N b
HB=3.5,

ν+, ν− and νw, are 23.80, 17.40 and 18.00 10−6 m3 mol−1 except for N s
HB and

4HHB where average values of 3.75 and 14.5 kJ mol−1 were used. A mean

value of 1 nm for bs was used (Mitchell, 1993). A similar state of hydration

of ions in the pore space and in the bulk solution was postulated. This is

supported by recent molecular dynamics simulations for clay-solution sys-

tems (Marry and Turq, 2003). Besides the 1/T coefficient appearing in the

theoretical expression of kT , a weak temperature effect can be expected. For

instance, the quantities most sensitive to the temperature, i.e. the number

of hydrogen bonds in the bulk and the 4HHB, are weakly variable with tem-

perature. Indeed, the mean number of HB per water molecule varies by less

than 15% between 273 K and 373 K (Suresh and Naik, 2000). In addition,

4HHB can be identified for instance by dividing the enthalpy of vaporization
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by 1/2NHB. But this enthalpy varies from 45 to 40 kJ mol−1 between 273

and 373 K. This is in complete contradiction with the unsupported asser-

tion by Derjaguin (see Tremosa et al., 2010, and references therein) that the

thermo-osmotic process should disappear at about 343 K.

3. Results and discussion

3.1. Model vs data

We assembled the best quality data on thermo-osmosis available in the

literature for clay-rocks, including some exhaustive petrophysical descriptions

i.e. porosity ω, permeability k, SSA As , CEC, density of the solid ρs and

variables such as the concentration of the bulk solution cb (mole L−1) and

the temperature T . These data (64) are listed in Table 1. Some studies

provide directly kT/k values (Dirksen, 1969; Rosanne et al., 2006; Zheng

and Samper, 2008; Tremosa et al., 2010) while others present 4p/4T |q=0

measured at steady state in horizontal thermo-osmotic flow experiments (see

Fig. 1; Habib and Soeiro, 1957; Taylor and Cary, 1960; Cary, 1966; Gray,

1966). 4p and 4T are the pressure and temperature differences across a

clay-rich sample. If the higher values of p and T are on the same side of the

sample, this ratio is positive. Most often in clay materials, 4p/4T |q=0 <

0 i.e. water flows from the warm to the cold side and pressure rises on the

latter. Recalling the fluid-flow equation:

q = −k
η

(∇p+ ρg∇z)− kT
η
∇T, (9)

one can see that4p/4T |q=0 = −kT/k.

For shale C1 (Al-Bazali, 2005), kT/k was inferred from chemo- and thermo-

osmotic fluxes at constant temperature and concentration differences across
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a sample. At equilibrium, q = −k/η∇p + kε/η∇π − kT/η∇T = 0 yield-

ing kT/k = (ε4π − 4p)/4T where ε, 4p, 4π and 4T are the measured

chemical osmotic efficiency, the measured pressure difference across the shale

sample at equilibrium and the imposed osmotic pressure and temperature dif-

ferences, respectively. The thermo-osmotic permeability kT is identified only

if k has been estimated independently. Pore size which is a crucial parameter

for predictive models of transport coefficients in clay-rich porous media (see

e.g., Mitchell, 1993; Neuzil, 2000) was calculated for each clay-rock in Table

1. Only pores efficient for conducting fluid flow i.e., those in contact with the

external surfaces of clay aggregates, have to be considered for hydrodynamic

calculations. This excludes the interlayer space i.e., the pores between basic

clay layers (interlayer distance as low as 1 nm or less) where fluid is almost

immobile (Mitchell, 1993). Consequently, only petrophysical properties re-

lated to external surfaces are used hereafter. From this standpoint, a porosity

measurement by mercury porosimetry which does not explore pores below 3

nm of interparticle distance satisfies the above-mentioned constraint. In ad-

dition, external and total (including interlayer space) SSA can be estimated

by BET and EGME measurements. Once external SSA is estimated for each

material, the use of ”external” porosity ω and SSA in Eq. (8) provides an

estimate of the required representative pore size 2b, thus in contact with ex-

ternal surfaces. Besides the pore size, the surface charge density σ (C m−2)

which can be obtained by σ = CEC(meq g−1)/As(m
2 g−1)×96.3(C meq−1)

is the other key parameter to calculate the thermo-osmotic permeability. For

consistency reasons, external σ should be estimated in clay-rocks by dividing

an ”external” CEC by the external (BET) SSA. This calculation is straight-
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forward when the clay fraction is composed of illite and kaolinite due to the

absence of interlayer space and/or weakly exchangeable interlayer cations.

Therefore, the measured CEC and external SSA can be used directly to

compute σ. The situation is rather different if smectite is present in the clay-

rock since the interlayer surfaces of this mineral contribute significantly to the

measured CEC. Consequently, some corrections which basically consist in

subtracting the contribution of the interlayer surfaces, must be introduced to

compute the required ”external” CEC reported in Table 1. Such corrections

as well as the data set analysis are presented in Appendix A.

A rapid statistical analysis of these data shows that kT/k is strongly cor-

related to the solid surface-charge density σ - the excess of negative charge

per surface area of solid - confirming an electrochemical control of thermo-

osmosis (Carr and Sollner, 1962). In addition, the theoretical dependence

of kT/k to the total ionic content C+ + C− = (Q2
V /4Na

2e2 + c2
b)

1/2 of the

porous medium predicted by the model was verified with the available data

(see Fig. 2). Values of kT/k = 4H/T calculated with our model as functions

of σ, the salinity cb (mol L−1) and bT where 2b is the estimated mean repre-

sentative pore-size (nm) and T is the temperature (K) are shown in Fig. 3.

Use of variable bT allows an exhaustive representation without substantial

accuracy loss since the predicted influence of temperature is low (see section

2). With highly plausible values for the parameters described in the previous

section, a fairly good agreement (order of magnitude and sign) with the data

is found. This is a noteworthy improvement since, so far, an empirical range

of 10−13-10−17 Pa m2 K−1 for kT has been used in natural media (Soler, 2001).

For positive kT , i.e. at small pore-sizes and potentially significant thermo-

180



osmotic permeabilities, the data are reproduced within about one order of

magnitude. Less agreement is found for negative kT (when flow occurs from

the cold to the warm side) but this concerns large-pore materials with weak

thermo-osmotic properties. Higher uncertainty on pore-size calculations may

be the reason. Fig. 3 also shows the prominent role of σ the surface charge

density. Indeed, when σ is large, kT/k is almost independent of cb. Our

model provides a simple theoretical justification of an empirically observed

(Carr and Sollner, 1962) dependence of the thermo-osmotic permeability on

the surface-charge, the bulk fluid concentration, the type of counterion (here

through the solvation number and its HB disruption properties), the pore

size and the temperature.

3.2. Thermo-osmosis in sedimentary basins

We applied our model to an illitic shale in a sedimentary basin containing

a cb=10−1 mol L−1 NaCl solution. Considering that fluid flow is mostly ver-

tical across shale layers (Marsily, 1986), we computed the thermo-osmotic

to hydraulic flow ratio qT/qp = kT
η
∂T
∂z
/k
η
∂p
∂z

as a function of depth. Plau-

sible pressure and temperature gradients, constant across the shale layer,

were prescribed, (∂p
∂z

= −ρg − 103 Pa m−1, e.g. 10 m of hydraulic head

loss across a 100 m thick shale layer and ∂T
∂z

= −GT with GT ≈0.033 K

m−1 the usual natural geothermal gradient). In this case the Darcy and the

thermo-osmotic flows are both directed vertically upward. kT/k = 4H/T
at depth z∗ was calculated with our model for σ=0.29 C m−2 which cor-

responds to a specific surface area As of 50 m2 g−1 and a cation exchange

capacity CEC of 0.15 meq g−1 (Mitchell, 1993). The mean half pore-size

b at depth z∗ was computed using As, the solid-grain density ρs=2600 kg
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m−3 and the shale porosity ω (see section 2, Eq. (8)). ω at depth z∗ result-

ing from the basin history (compaction, erosion) including a possible erosion

thickness z∗e explaining overconsolidation (lower porosity than expected at a

given depth) was calculated with an exponentially decreasing porosity-depth

function (Sclater and Christie, 1980): ω = ω0exp(−c(z∗ − z∗e)); z∗ (m) is the

depth, ω0 = ω(z∗ = z∗e = 0) is the initial (uncompacted) porosity and z∗e is

an erosion thickness. For shales, the coefficient c equals 5.1 10−4 m−1 and

ω0=0.63 (Sclater and Christie, 1980). The temperature was calculated with

T (z∗) = T0 + GT z
∗ and T0=285 K as average surface temperature. Fig. 4

shows that for standard shale and conditions, the thermo-osmotic flow can

be up to 10 times larger than the classical Darcy flow due to the pressure gra-

dient. Furthermore, thermo-osmotic flow can be enhanced if the low thermal

conductivity of clays is taken into account, leading to a higher than 0.033 K

m−1 geothermal gradient. This situation could be even more pronounced if

heat-emitting nuclear wastes were stored in deep shale layers creating higher

temperature gradients though limited to the duration of the heat-emitting

phase of the waste storage.

3.3. Implications for nuclear safety calculations

Thermo-osmosis might contribute to convective transport of unsorbed

radionuclides in the context of nuclear waste confinement in argillaceous me-

dia. In general, to insure nuclear safety, the waste packages are designed

in order to delay the radionuclide release beyond the maximum heat period

and no radionuclides are expected to reach the boundaries of a confining

shale unit in less than 100 ky (Marsily et al., 1977). Considering that the

major heat-emitting phase will last only about 10 ky, and therefore that
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its effect will not last long enough to have any great effect, even if during

this phase the thermo-osmotic velocity can be much higher than in natural

conditions, we calculated the migration distance after 100 ky of thermo-

osmotic convection only, as driven by the natural geothermal gradient. This

distance which must not exceed the half-thickness of the shale layer (usu-

ally 50 m) is thus a minimum in the context of a heat-emitting nuclear

waste repository. The thermo-osmotic travel distance 4z after 4t=100 ka

is 4z = qT/ω × 4t = kTGT4t/ηω, where −GT = ∂T/∂z is the natural

geothermal gradient. kT/k were calculated for different couples (b, σ) and

two representative values of external SSA As using our model for cb=10−1

mol L−1 and T=298K. The requested kT value is then obtained from k which

is calculated using a plane-parallel Poiseuille type law k = b2/3F , where F

is the formation factor accounting for the tortuosity of porous media. F was

calculated using (Mitchell, 1993; Revil and Leroy, 2004) F = ω−m where

m is the cementation factor and 1< m <3, taken here as 2. The porosity

is calculated from b, As and ρs=2600 kg m−3 (see Eq. 8, section 2). For

natural shale (of Underground Research Laboratories, URL), corrected ex-

ternal σ were calculated following the methodology described in Appendix

A, since an interlayer contribution to CEC associated with the presence of

smectite layers (mostly mixed illite/smectite, I/S) can be expected. Indeed,

average values of 22% and 9% by weight of I/S for the Callovo-Oxfordian

shale and the Opalinus Clay with 35-55% and 30% of smectite in I/S are

respectively reported (Gaucher et al., 2004; Boisson, 2005; Tournassat et al.,

2009). This yields weight fractions of smectite f smw of 7.7-12% and 2.7% for

the Callovo-Oxfordian shale and the Opalinus Clay. For the Boom clay, the
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approximate expression (Eq. (A.1)) calculated from total and external SSA

(44 and 200 m2 g−1, Boisson, 2005) gives f smw =19.5 %. Using these f smw

values, average CEC and external SSA for the Callovo-Oxfordian shale, the

Opalinus Clay and the Boom clay (0.175, 0.11, 0.24 meq g−1 and, 30, 30,

44 m2 g−1) yields the external σ values 0.25-0.36, 0.28 and 0.18 C m−2, re-

spectively. For the Toarcian shale, the smectite fraction is negligible and no

correction was made. The values of σ and b are taken from Table 1. For the

Wakkanai formation, the 16% and 10% weight fractions (Tachi et al., 2009)

of smectite and illite, respectively, are consistent with the measured CEC

of 0.2 C m−2. This mineralogical composition yields an estimated external

(BET) SSA of 23 m2 g−1 (using Eq. (A.2))which is used to compute σ (0.30

C m−2) and b (9.8 nm with a porosity of 0.37, Tachi et al. (2009)). Computed

distances and the position of various underground storage levels in argilla-

ceous formations are plotted in Fig. 5. For some storage levels, migration

distances of 10 m are obtained. Since average parameters and simplified con-

ditions are used, this study demonstrates the necessity for more exhaustive

nuclear safety calculations accounting for all transport processes including

thermo-osmosis. Moreover, such calculations could benefit from additional

thermo-osmosis experiments in shales.

3.4. Influence of thermo-osmosis on pressure fields

In natural environments, osmotic flows modify both velocity and pressure

fields (Neuzil, 2000; Rousseau-Gueutin et al., 2009). Transient (chemical)

osmotic flows have been considered plausible causes of anomalous pressures

in shales (Neuzil, 2000) i.e., non-hydrostatic pressure distributions. Thermo-

osmosis could be another reason for such anomalies. Considering that fluid
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flow in shales is mostly vertical and introducing the excess pressure p∗ so

that ∂p∗
∂z

= ∂p
∂z

+ρg ( ∂p∗
∂z

= 0 for hydrostatic variations of p), the steady-state

flow regime writes:
∂

∂z

(
k

η

∂p∗

∂z
+
kT
η

∂T

∂z

)
= 0 (10)

Assuming p∗=0 at the top and bottom of a shale layer in contact with aquifers

on both sides, non-hydrostatic pressures can be obtained if kT and/or ∂T
∂z

de-

pend on z. To illustrate this, we solved Eq. (10) for the Callovo-Oxfordian

formation in north-eastern France, currently considered for a potential nu-

clear waste repository. The steady-state calculations require that the tem-

perature profile be known. No continuous temperature profile is available

at the Bure URL where the excess pressures were measured. But a con-

tinuous temperature profile was recently obtained in the transposition zone

(less than 10 km away from the URL, Andra, pers. communication), i.e.

an area with the same transport and mineralogical characteristics for the

Callovo-Oxfordian formation as at the URL. These new data depicted in

Fig. 6a show a change in the slope of the temperature-depth evolution which

is consistent with weaker clay content in the upper third of the shale layer

than in the rest of the layer. Due to the weaker thermal conductivity of

clay minerals, this results in a higher thermal gradient at the bottom of the

layer. Moreover, the above-mentioned clay content variation is accompanied

by mineralogical transitions which affect the petrophysical characteristics of

the shale (Gaucher et al., 2004). Therefore, the mean values of ω, CEC,

external SSA As, fraction of I/S and smectite fraction in I/S are 0.125, 0.1

meq g−1, 16 m2 g−1, 15% and, 55% in the upper third of the shale (Gaucher

et al., 2004). The corresponding values for the lower part are 0.14, 0.175
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meq g−1, 34 m2 g−1, 26% and, 35%. Using these data and correcting for the

smectite interlayer (see section 2 and Appendix A) yields σ of 0.20 and 0.29

C m−2 in the upper and lower part of the shale, respectively. Note that the

uncorrected value of σ is about 0.5 C m−2. Similarly, introducing the porosity

and the external SSA values in Eq. (8) yields corresponding b values of 3.5

and 1.9 nm. These values for b and σ together with the mean concentrations

of 5×10−2 and 10−1 mol L−1 yield kT/k of 6.4×104 and 2.7×105 Pa K−1 for

the upper and lower part of the clay formation. The excess-pressure values

were calculated for a constant k and compared to those calculated with the

measured hydraulic head values (Delay et al., 2007). The pressure in the

Dogger reservoir was taken as the reference to calculate excess pressures.

Fig. 6b shows that excess-pressures of up to 3.6×105 Pa occurring at about

two-thirds of the thickness of the shale layer could be explained by steady-

state thermo-osmosis. Temperature-gradient and thermo-osmotic permeabil-

ity variations contribute half of this value each. By superposing the steady-

state thermo-osmotic effect and the previously calculated chemo-osmosis one

(Rousseau-Gueutin et al., 2009), a value of excess pressure of 4.8×105 Pa is

obtained. This value is close to the maximum observed (Gonçalvès et al.,

2004) steady-state excess-pressure of 5.3×105 Pa, not fully explained so far.

4. Conclusions

Based on the physical molecular theory for thermo-osmosis, we developed

a mathematical expression for the thermo-osmotic permeability. With this

new theoretical expression, the thermo-osmotic permeability of argillaceous

media can be estimated from their standard physical and chemical properties,
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providing both the sign and the order of magnitude of this permeability; this

new expression substantially improves the estimation of this permeability,

which varies over four orders of magnitude. This new theoretical framework

allows the development of a similar model for more complex solutions than

the 1:1 electrolyte studied here, using e.g. an electrical model to calculate

the mean concentrations in the porosity. Moreover, this approach can be

extended to other fields exploring the transport properties of membranes (e.g.

mineral, biological, industrial). We demonstrate that thermo-osmosis may

prevail over the classical Darcy flow driven by pressure gradients, in clay-rich

formations under natural or artificial thermal gradients. Furthermore, this

flow can greatly contribute to convective transport of dissolved species. It

is thus fundamental to take into account thermo-osmosis to understand and

explain the pressure distribution and flow in shale layers, but even more when

predicting transport phenomena in such media, particularly for nuclear-waste

storage projects.
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Figure 1: Schematic view of clay surface-pore fluid interactions. The negative surface

charge of clay minerals is balanced by counterions. In blue and green, the cations and the

anions with their first solvation shell; in red and grey, water molecules. Water molecules

outside the first solvation shells are not represented. CbHB and CHB are the hydrogen

bond (HB) concentrations in the bulk solution and in the pore fluid, b and bs the half

interparticle distance and half-thickness of highly structured water. 4p and 4T are the

pressure and temperature gradients. The situation considered is when a pressure gradient

4p is instantaneously imposed. If the HB concentration in the pore space is lower than in

the bulk fluid due to solid-fluid interactions, heat absorption (breaking of HB) occurs when

fluid enters the pore. Conversely heat is released at the outlet. This causes the temperature

gradient4T . This is the so-called mechano-caloric effect. A thermo-osmotic flow can then

balance the Darcy flow and an equilibrium is attained (q = −kη∇p− kT
η ∇T )=0
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Figure 2: Relation between measured kT /k and C+ + C− = (Q2
V /4Na

2e2 + c2b)
1/2. The

same labels (’a’ to ’i’ ) as in Table 1 are used for the reference. Note that QV can be

directly calculated from the petrophysical parameters since QV = (1−ω)ρsCEC×96.3/ω

where the CEC is the value corrected for the contribution of smectite (see section 2 and

Appendix A). The dark line is the best fit to the data while the grey area contains 85%
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Figure 3: Available kT /k data (ratio of osmotic permeability to classical permeability)

and results of the model as functions of bT (half-pore thickness times temperature). cb

(concentration) and σ (surface charge) are in mol L−1 NaCl and C m−2 (see text for the

molecular parameters). Triangle: natural clay-rich materials; diamonds: kaolinite; circles:

illite; squares: smectite. Open, solid grey and solid dark symbols for low, intermediate and

high intrinsic surface-charge density materials, respectively. The grey area corresponds to

the most natural conditions and contains a large part of the data. In the inset, comparison

between measured and computed kT /k. Grey symbols refer to data for which neither the

sign nor the order of magnitude are reproduced (15%). The poor agreement for the few

high surface-charge data may be explained by a combination of model simplifications and

in-situ experimental interpretation uncertainties (Tremosa et al., 2010).
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m−1. The positions, according to the mean values of σ and b of the shales (see section 3.3

for evaluation details) of various potential storage levels (or underground research labo-

ratories) are also depicted: Boom Clay at Mole (Belgium), Opalinus Clay at Mont Terri

(Switzerland), Callovo-Oxfordian formation at Bure (France), Toarcian shale at Tourne-

mire (France), Wakkanai mudstone at Horonobe (Japan). The shale thicknesses are 100

m, 140 m, 130 m, 200 m and 500 m, respectively.
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Figure 6: a) Continuous steady-state temperature profile measured in a borehole less than

10 km from the French URL at Bure, in the Callovo-Oxfordian and petrophysical param-

eters (see section 3.4). z is the vertical axis with its origin z=0 at the lower boundary of

the shale and e is the thickness of the layer. These recent data strongly suggest a change

in slope of the temperature profiles at z/e=0.6 which is consistent with a higher clay

content (lower thermal conductivity) below this depth (see section 3.4) and b) computed

steady-state thermo-osmotic excess-pressure profile in the Callovo-Oxfordian shale. The

reference p∗=0 was taken at the top of the underlying aquifer (Dogger limestone). Previ-

ous calculations of steady-state chemo-osmotic excess-pressures (Rousseau-Gueutin et al.,

2009) are added to the thermo-osmotic ones. Grey diamonds represent the steady-state

excess-pressures measured in the Callovo-Oxfordian at the URL. These data are indica-

tive since no temperature profile is available at the URL. However, assuming homogeneity

of the formation transport properties and mineralogy between the two locations, 10 km

apart, a similar temperature profile is expected at the URL.
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Appendix A. Data set analysis

For clay-rocks containing smectite, some corrections were introduced to

compute the required ”external” CEC. Considering the proportion (by

weight) of smectite f smw in the clay-rock and the interlayer CEC of pure

smectite (80% of the charge i.e. 0.8 meq g−1, Jury and Horton, 2004), the

correction consists in subtracting f smw ×0.80 from the measured CEC. In the

absence of any precise mineralogical data providing f smw , the latter can be

approximated by

f smw ≈ (Atots − Aexts )/Asms , (A.1)

where Atots , Aexts and Asms =800 m2 g−1 are the total, external SSA of the

clay-rock and internal SSA of the pure smectite. Indeed, (Atots −Aexts ) is the

amount of internal surfaces per gram of the whole rock and, dividing by Asms

yields the required quantity (gram of smectite per gram of rock). When the

required petrophysical parameters (thus relative to external surfaces) were

missing, typical values from the literature (Mitchell, 1993; Revil and Leroy,

2004) for pure clays (illite, smectite, kaolinite) together with the mineralog-

ical composition were considered. Indeed, if S is a surface property (e.g.

SSA, CEC), and f smw , f illw ,fkw and Ssm, Sill, Sk are the weight fractions and

the S values of pure smectite, illite and kaolinite, respectively, the bulk rock

property is:

S = f smw × Ssm + f illw × Sill + fkw × Sk. (A.2)

This was done for pure clay samples (kaolinite, bentonite) but also for nat-

ural materials. Hence, the external SSA for the clay materials in (Gray,

1966) were calculated using the given mineralogical composition. In addi-

tion, for those materials containing smectite (bentonite, Callovo-Oxfordian
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shale, Orly and Millville silts, and C1 shale), the above mentioned correction

to obtain the external CEC was made. For bentonite (except that of Zheng

and Samper, 2008), besides the 100 m2 g−1 of mean external SSA estimate,

it was considered that 20% of the surface charge was located on the external

surface (Jury and Horton, 2004) corresponding to a mean value of 0.2 meq g−1

used to compute σ. For the Callovo-Oxfordian shale, the external CEC was

computed using the measured CEC and a 12% weight fraction of smectite

(see section 4.3). For the Orly silt, As and CEC were calculated using the

mineralogical composition. A clay weight fraction of 15% was obtained using

a clear relation (Audric, 1973) between some geotechnical characteristics of

Orly silts (provided by Habib and Soeiro, 1957) and the clay content. In ad-

dition, we used a clay fraction composition (Cabane, 2005) of 50% smectite,

35% Illite and 15% kaolinite. For the Millville silt, external As and CEC

were calculated from the mineralogical composition inferred from the total

SSA. The 16% clay fraction (Or and Ghezzehei, 2002) of the Millville silt

is composed of smectite and kaolinite. Using the reported total SSA of 73

m2 g−1(Or and Ghezzehei, 2002), a total SSA of 800 and 30 m2 g−1 for pure

smectite and kaolinite in Eq. (A.2), respectively with f smw + fkw=0.16, yields

8.8% and 7.2% for the weight fractions of smectite and kaolinite, respectively.

The required value of the external SSA not provided for shale C1 was esti-

mated from the measured CEC (0.21 meq g−1) of the shale and mineralogical

considerations. Assuming that besides the reported kaolinite content (29%),

the clay fraction (76% by weight) is also composed of illite and smectite,

CEC = f smw × CECsm + f illw × CECill + fkw × CECk where f smw , f illw ,fkw

and CECsm, CEC ill, CECk are the weight fractions and the CEC of pure
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smectite, illite and kaolinite, respectively. Noting that f smw + f illw + fkw=0.76,

fkw=0.296 and, CECsm, CEC ill, CECk are in the range 0.8 to 1.2, 0.1 to 0.4

and 0.03 to 0.05 meq g−1, respectively (Mitchell, 1993), multiple simulations

using randomly selected values of the above CEC values allows estimating

f smw and f illw . Once estimated, the external SSA As of the shale was calculated

using Eq.(A.2) and, Asms =100, Aills =75, Aks=30 m2 g−1 the mean values of

the external SSA of pure smectite, illite and kaolinite, respectively (Mitchell,

1993). A value of 43 m2 g−1 consistent with other natural shale was found.

Although this introduces some undesirable uncertainty, the use of the same

parameters for the data treatment and model calculations insures consistency

of comparisons. For instance, the mean half pore-size b involves the same pa-

rameter values as the model. Once external SSA and CEC were identified

for all the materials, σ values were calculated. Most data were characterized

by low to moderate surface charge, between 0.11 and 0.40 C m−2 while values

of σ between 0.1 and 0.75 C m−2 were reported for clays (Jury and Horton,

2004). Together with the pore size, the most sensitive parameter for kT/k

is the surface-charge density σ. This supports the idea of a HB disruption

caused by the counterions since their distribution is controlled by σ. The

net intrinsic negative charge of clay minerals is -σ which is balanced by an

atmosphere of counterions close to the surface.

Acknowledgments This study was supported by Institut de Radiopro-
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5.2.2 Predictive calculations of the thermo-osmotic co-
efficient for the Tournemire clay-rock

For the prediction of the thermo-osmotic coefficient for the Tournemire
clay-rock, the second model developed and presented in the previous section,
based on the consideration of enthalpy changes by hydrogen bounding
modifications, is know applied. As seen in the model presentation, kT/k,
where kT is the thermo-osmotic permeability (m2 s−1 K−1) and k the
intrinsic permeability (m2), can be predicted by our model from a few
petrophysical and chemical parameters: the cation exchange capacity CEC,
the surface specific area As, the half-pore size b and the concentrations of
anions and cations in the bulk solution.

The obtention of these parameters was already detailed in the section
4.2.5 for the specific surface area and the pore size and in the chapter 3 for
the CEC and the solutes concentrations in porewater. Nevertheless, a cor-
rection on the CEC determined in chapter 3 for the fraction <100 µm by the
proportion of clay minerals content is applied to obtain the bulk rock CEC.
A simplification is also made on the bulk solution composition, which is con-
sidered in the present calculations as only composed by Na+ and Cl− solutes.

The predictive model for thermo-osmotic coefficients is then applied at
different levels in the argillaceous formation for the establishment of a profile.
The input parameters are reported in Table 5.1, with the results of the model.
Note that the model gives the macroscopic volume-averaged excess specific
enthalpy due to fluid-solid interactions ∆H and that kT/k is calculated by
the relation kT/k = ∆H/T with the temperature given by the temperature
profile obtained in section 2.3.
The resulting kT/k profile shows variations of a little less than one order
of magnitude across the formation. The higher values are computed for the
lower Toarcian, because of the high surface-charge density, σ = CEC (mmolc
g−1) /As (m2 g−1) × 96.3 (C mmolc g−1), obtained with the corresponding
parameters for this level. σ for the lower Toarcian (around 0.75) is in the
high range of σ values reported for clays, between 0.1 and 0.75 C m−2 [75].
Its effect on kT/k is related to the strong positive relationship between σ
and kT/k, previously noted. Lowest kT/k values are calculated for the upper
Toarcian, which presents a σ of about 0.2 C m−2.
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5.3 Thermo-osmotic experiments on Tourne-

mire clay-rock

This section presents the thermo-osmotic experiments performed at the
Tournemire URL, in an equipped borehole. It consisted in the first thermo-
osmotic experiments carried out on natural and thus non-remoulded shales.
During these experiments a temperature gradient was imposed between
the test interval of the borehole and the clay-rock by changes of the water
filling the test interval with a warmer one, at constant pressure and salinity.
The pressure evolution consecutive to the water changes was monitored
and its interpretation was made using a numerical code including the
thermo-hydromechanical behaviour of porewater and the porous medium
and coupled flow of fluid, i.e. Darcy’s flow and thermo-osmosis, and heat.
These experiments have allowed identifying the occurrence of a thermo-
osmotic flow in the Tournemire argillite when submitted to a temperature
gradient and a range of thermo-osmotic permeability was determined by
inversion of the measured pressure evolution.

A paper on these experiments and their interpretation was published in
Journal of Colloid and Interface Science and is inserted below.

ERRATUM: Please note that a mistake was made on the left y-axis of
Figures 2, 3 and 5. The unity of the pressure evolution is “105 Pa” and no
“hPa” as indicated in the paper.
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1. Introduction

In the framework of studies on clay-rocks confinement abilities,
a special attention has been paid on coupled-flux processes, i.e. a
flow driven by a non-conjugated force. Among non-Darcian flows
in low permeability argillaceous formations, chemical osmosis is
the best characterized phenomenon. But other coupled-flux pro-
cesses, like thermo-osmosis [1–4], can also affect water flow in
these media. Thermo-osmosis consists in a flow of water driven
by a temperature gradient and, in clay-rocks, it usually occurs from
the warmer towards the colder zone. It is a process related to the
small pore size of consolidated clay-rocks and to surface forces
associated with the surface charge of clay minerals [5]. Clay miner-
als are characterized by a negative surface charge under natural pH
values. Because of isomorphic substitutions in tetrahedral and
octahedral layers, clay minerals present surface charge, which in-
duces a non-uniform distribution of anions and cations in the pore
space and an electric field, e.g. described by diffuse double-layer or
triple-layer models. These surface forces could affect water mole-
cules enough to change their structure and properties from the
bulk liquid phase [5,6]. According to Derjaguin et al. [5] (and refer-
ences inside), thermo-osmosis develops because specific enthalpy
ll rights reserved.

is 06, UMR-7619 SISYPHE, 4

sa).
of liquid water differs by DH in the boundary layer from its bulk va-
lue. Experimental observations show that an isothermal flow of li-
quid layers in the clay-rock porosity caused by a pressure gradient
produces an excess heat flux, i.e. isothermal heat transfer, leading
to a temperature gradient in the flow direction. This process is
know as the mechanocaloric effect. By the reciprocal principle of
Onsager [7,8], the reverse effect, i.e. the flow of a liquid due to a
temperature gradient, must also exist.

Derjaguin et al. [5] proposed that thermo-osmosis results from
the alteration of water properties close to the solid surface. The
importance of these effects depends on: (i) the surface hydrophilic-
ity, (ii) the temperature, as the special structure of boundary layers
is destroyed by increasing temperatures, and (iii) the pore size,
thermo-osmosis conductivity being larger in narrow pores. The
authors [5] provide basis for estimating thermo-osmotic conduc-
tivity for a single plane-parallel pore but a convenient expression
at macroscale is missing. To overcome this difficulty the theory is
formalized and upscaled in a companion paper [9].

Studying coupled-flux processes in clay-rocks could be particu-
lary relevant for safety evaluation of high-level nuclear waste
(HLNW) geological repositories. First, because clay-rocks are con-
sidered in some countries as possible host-rocks for a HLNW geo-
logical repository and a bentonite engineered barrier is sometimes
proposed in the repository design. Second, because temperature
gradient is the driving force of thermo-osmosis and, in a HLNW

http://dx.doi.org/10.1016/j.jcis.2009.09.055
mailto:joachim.tremosa@irsn.fr
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis
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geological repository, three kinds of temperature gradients could
be considered: (i) at the basin scale, due to the regional geothermal
gradient, which is in the range 0.02–0.03 K m�1 in a sedimentary
basin [3]. Note that the geothermal gradient is higher in shale lay-
ers as a consequence of the low thermal conductivity of clay min-
erals; (ii) at the repository scale, due to the heat generated by
decay of radioactive matters in waste canisters. According to the
french national agency for radioactive wastes management (AN-
DRA) [10], temperature is expected to reach a maximum (about
70 �C) few years after the repository closure and the temperature
gradient in the bentonite buffer and the host-rock could be of some
K m�1 in the near-field of wastes. After 100 years, calculations indi-
cate that the temperature gradient should be smaller than 1 K m�1

and 0.1 K m�1 at the contact with radioactive wastes and a few me-
ters from the repository drifts, respectively; and (iii) also at the
repository scale, due to the gallery excavation.

Thermo-osmosis phenomenon is poorly constrained since few
thermo-osmosis experiments on saturated clay-rocks are reported
in the literature [11–16]. These experiments have been performed
on remoulded materials, using powdered clay-rock or industrial
bentonite. To our knowledge, no in situ nor laboratory experiments
on natural clay-rocks of thermo-osmosis have been done, so far. In
spite of being unperfect to quantify thermo-osmosis process in a
natural clay-rock, these experiments give a range of expected ther-
mo-osmosis permeabilities. They are summarized in Table 1.

In this paper, a set of thermo-osmotic tests is presented and
interpreted. For this purpose, a model based on coupled-flow equa-
tions and mass conservation laws was developed. In a first section,
the model is described and a priori exploratory simulations of ther-
mo-osmotic experiments are presented. Then, the in situ thermo-
osmotic experiments in a packer equipped borehole installed in
the Liassic argillite studied at IRSN URL at Tournemire (southeast-
ern France) are detailed and interpreted using the numerical
model.
2. A priori simulations of in situ thermo-osmotic experiments

In low-permeability geological media, simultaneous flows of
different types are observed even when only one gradient (e.g.
pressure) is present. Conversely, each flux may be the result of sev-
eral driving forces. Quantification of the different flows as a func-
tion of the acting driving forces has to be done by solving
Table 1
Summary of the previous thermo-osmotic experiments performed on saturated argillaceo

Reference Material Experimental
conditions

Habib and Soeiro [11] Saturated silt from
Orly (France)

A temperature gradient o
a silt sample for various
and 40 �C)

Dirksen [12] Saturated Na-kaolinite
and Wyoming
Na-bentonite

Experiments were condu
differences (from +2 to +
(15, 25, and 35 �C) and c
in water contents of 80%
ranging from 48.9% to 1

Srivastava and Jain [14]
and Srivastava and
Avasthi [15]

Saturated and compacted
bentonite and kaolinite

Thermo-osmotic flow m
performed at 38.4 �C for
differences (from +1.2 to
temperature (31.9, 38.4,
temperature difference o

Rosanne et al. [13] Callovo-Oxfordian argillite of the
Paris basin crushed to powder
and
recompacted to a porosity of 30%

Thermo-osmotic permea
thermo-diffusion experim
solute concentrations in
differences
of about �15 to +15 �C

Zheng and Samper [16] Ca–Mg bentonite from Serrata de
Níjar (southeastern Spain)

FEBEX mock-up test [17]
simultaneous heating an
simultaneously the flows, whence the notion of coupled flows.
Two different ways may be considered to obtain the set of equa-
tions linking flows to driving forces: the first approach is based
on the principles of irreversible thermodynamics leading to the
so-called phenomenological equations (see e.g. [18–20]); and the
second approach refers to the continuum equations at the local
scale (mechanical models) (e.g. [9,21]). Phenomenological models
establish a linear proportionality between flows and driving forces,
via coupling coefficients measured or assumed using the Onsager
reciprocal relations [7,8]. Mechanical models consist in upscaling
local continuum equations to obtain coupling equations at the Rep-
resentative Elementary Volume (REV) scale (e.g. a core sample).
These equations are expressed as functions of petrophysical and
electrochemical parameters of the rock.

The numerical model given hereafter is derived from a previous
model developed for the interpretation of a chemo-osmotic re-
sponse subsequent to a chemical pulse [22,23]. Couplings associ-
ated with temperature were implemented in this model. The
numerical model was developed for the geometry of a shut-in
chamber in a borehole within a geological formation (Fig. 1). Con-
sequently, a set of equations for the chamber and another one for
the porous medium were considered. The model is based on a 2D
horizontal finite-differences scheme expressed in cartesian coordi-
nates (x,y). Equations are solved on a square-nested grid centered
onto the chamber. The mesh is refined around the chamber to ob-
tain a better accuracy at this location. The model geometry allows
to adapt the shut-in chamber orientation, i.e. in a vertical or in an
horizontal borehole, keeping the fluid flow along the bedding (see
Section 4). This geometry has been chosen assuming that the fluid
flow occurs along the bedding, sub-horizontal in a sedimentary ba-
sin. This assumption is based on the anisotropy of permeability in
clay-rocks, where the stratification induces a much higher horizon-
tal, parallel to the bedding, permeability than in the vertical direc-
tion [24]. The same assumption was made for the heat flow
considering an anisotropy of the thermal conductivity [25].
2.1. Mathematical formulation

2.1.1. Porous medium formalism
In the porous medium, the continuity equation is combined

with a generalized Darcy’s law to obtain the pressure diffusion
equation. In the continuity equation
us materials.

Thermo-osmotic
permeability

f +0.5 to +3 �C m�1 is applied to
mean temperatures (30, 35,

1:50� 10�11–2:36� 10�11 m2 K�1 s�1

cted for several temperature
30 �C), average temperature
ompaction pressure (resulting
for the Na-bentonite and

5.1% for the Na-kaolinite

9:7� 10�14–1:64� 10�13 m2 K�1 s�1 for Na-
kaolinite

and 1:60� 10�13–3:25� 10�13m2 K�1 s�1 for
Na-bentonite

easurements were
several temperature
+29.1 �C) and at various

43.8, and 51.3 �C) with a
f +2.7 �C

1:5� 10�10 m2 K�1 s�1 for the bentonite and

2:5� 10�10 m2 K�1 s�1 for the kaolinite

bility was determined during a
ent carried at 25 �C for various

water and temperature

10�13 to 10�12 m2 K�1 s�1

, consisting in a long term
d hydration experiment

3:62� 10�12 m2 K�1 s�1
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Fig. 1. Geometry of the modeled domain in a vertical borehole. In this figure, qðzÞ
and qTðzÞ stand for the vertical components of the fluid and heat fluxes.
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the left hand side corresponds to the mass flux in the porous med-
ium and the right hand side represents the mechanical changes in
the porous medium [24], qf is the fluid density (kg m�3), q is the
specific discharge (m s�1), Ss is the specific storage coefficient asso-
ciated with the hydro-mechanical coupling (m�1), g is the accelera-
tion due to gravity (m s�2), p is the pore pressure in the porous
medium (Pa), t is the time (s), vT is the coefficient of thermal volu-
metric expansion of the fluid (K�1), x is the connected porosity, T is
the temperature in the porous medium (K), k is the intrinsic perme-
ability (m2), g is the dynamic viscosity of the water (Pa s). The first
term in the right hand side of Eq. (1) takes in account the deforma-
tion of the porous medium with varying pore pressure while the
second term accounts for the ‘‘volume production” due to the ther-
mal expansion of water. This term was obtained using a simplifica-
tion of a more general thermo-poroelastic analysis for highly
compacted materials [23]. Indeed, Rousseau-Gueutin et al. [23]
showed that in a highly compacted medium, the thermal expansion
of the solid and of the porous medium compensate and only the
thermal expansion of water is to be considered, whence the simpli-
fied expression of the mass balance Eq. (1). The same approximation
was made by Luo and Vasseur [26]. The fluid flow is described by

q ¼ � k
g
rp� kTrT; ð2Þ

for which flow is driven by pressure and temperature gradients. In
Eq. (2), kT is the coefficient of thermo-osmotic permeability
(m2 K�1 s�1) and, the gravity term ð�qg k
grz with z the vertical axis

directed upward) is neglected since horizontal flow is assumed.
Combining Eqs. (1) and (2), leads to the pressure diffusion equa-

tion [24]

r � qf �
k
g
rp� kTrT

� �� �
¼ � Ss

g
@p
@t
þ vTqfx

@T
@t
: ð3Þ

Neglecting the advective contribution due to the very low per-
meability of the medium, the heat equation in a porous medium is
given by the expression [24]

r � ðkrTÞ ¼ q0C 0
@T
@t
; ð4Þ

where q0C0 is the mass per unit volume and the specific heat of the
porous medium (solid and fluid) and k is the thermal conductivity
of the water-saturated porous shale. The term q0C0 corresponds to

q0C 0 ¼ xqf Cf þ ð1�xÞqsCs; ð5Þ

where Cf ; Cs and qf ;qs are the specific mass heat (J kg�1 K�1) and
the density (kg m�3) of the fluid and the solid, respectively. The
thermal conductivity k (W m�1 K�1) is estimated by a geometric
mean, which is found to give good estimates of the equivalent ther-
mal conductivity [27]

k ¼ kx
f k1�x

s ; ð6Þ

where ks and kf are the thermal conductivities of the solid and fluid,
respectively. Note that a thermal equilibrium between the solid and
the fluid is assumed. For the porous medium, Eq. (3) in a variational
form (see below) and (4) are solved numerically using a finite-dif-
ference scheme and boundary conditions which are detailed in Sec-
tion 2.2.

2.1.2. Shut-in chamber formulation
The expression of a pressure variation in the shut-in chamber

given by Bredehoeft and Papadopoulos [28] is modified to account
for the internal ‘‘volume production” of fluid caused by its thermal
expansion. The expression now writes

@P
@t
¼ qcSc

bcVc
þ vT

bc

@T
@t
: ð7Þ

Eq. (7) comes from the mechanical, dVc ¼ qcScdt, and the ther-
mal, dVc ¼ V cvTdT , contributions to the internal ‘‘volume produc-
tion” and by combination with Eq. (8) [23,29]

dVc

V c
¼ bcdP; ð8Þ

where P is the pressure in the chamber (Pa), qc is the filtration rate
(given by Eq. (2)) across the cylindrical chamber’s wall (m s�1), Sc is
the wall surface of the chamber (m2), Vc is the volume of the cham-
ber including the tubing (m3), bc is the compressibility of the cham-
ber and tubing (Pa�1), T is the temperature in the chamber (K), dVc

is the volume of water injected in or withdrawn from the chamber
(m3) and dP is the pressure difference induced by the dVc. According
to Neuzil [29], the compressibility of the chamber must be used in-
stead of the water compressibility to take into account the com-
pressibility of the whole chamber device (including the tubing
and the packers). The parameter bc was determined before the tem-
perature pulse, during hydraulic pulses, with Eq. (8).

The heat-transfer equation in the chamber is obtained by writ-
ing the heat transfer balance across the wall of the chamber

ScHc ¼ ðqwCwV c þ qstCstV stÞ
@T
@t
; ð9Þ

where Hc ¼ �krTjXðx;yÞ2C is the heat flux across the wall of the
chamber (C) calculated in the porous medium at the interface with
the chamber and qwCwVc and qstCstV st correspond to the heat



Table 2
Hydraulic, petrophysical and thermal parameters for standard case calculation.

Hydraulic parameters
kT 10�11 m2 s�1 K�1

k 10�21 m2

Ss 10�6 m�1

bc 510�8 Pa�1

Petrophysical parameters
x 0.1
qs 2:7 g cm�3

Thermal parameters
ks 1:8 W m�1 K�1

Cs 700 J kg�1 K�1
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stored by the water in the chamber and in the stainless steel bore-
hole completion, respectively. Heat dissipation along the comple-
tion can be neglected because, in spite of its thermal conductivity
higher than the porous medium one (about 20 times), the available
area for heat dissipation is much lower than the chamber wall area
(about 50 times), as the borehole completion consists in a rod of few
mm thick.

Eq. (7) in a variational form and (9) are solved numerically using
a finite-difference scheme for the flow terms.

2.1.3. Changes of water properties with temperature
The changes of water properties with temperature were taken

into account, as these changes can affect the water flow in the
clay-rock. These changes are considered in both the porous med-
ium and the shut-in chamber. The first effect, i.e. the thermal
expansion of water, was already introduced in Eqs. (1) and (7).
The following expression was used, graphically determined from
the data in [24] for T 6 40 �C.

vT ¼ 7� 10�6T þ 3� 10�5; ð10Þ

where T, the temperature, and vT, the coefficient of thermal expan-
sion, are expressed in K and K�1, respectively. Eq. (10) is valid for
free and pure water while the thermal properties of adsorbed water
on mineral phases in the clay-rock could slightly differ [3]. Never-
theless, Rousseau-Gueutin et al. [23] obtained accurate simulations
of thermal effects during chemical osmotic experiments using bulk
properties for the mobile pore water in shales. The thermal proper-
ties for free water were thus used in the following. Changes of water
density with pressure are already accounted for (in the specific stor-
age coefficient) but, introducing temperature changes in the system
requires to consider density changes with temperature, according
to the relation

qf ðTÞ ¼ qf0 expð�vTðT � T0ÞÞ; ð11Þ

where qfðTÞ is the water density (kg m�3) for temperature T (K) and
qf0 is the water density for the reference temperature T0. Changes in
water density are expected to induce a vertical flux, since they mod-
ify the gravity term in the continuity flow equation. However, for
the maximum applied temperature change ðDT ¼ 10 �CÞ, water den-
sity changes only by 1.5‰. Using a simulation in the (x,z) plane, it
was verified that the contribution of the gravity term due to tem-
perature variation is weak under the experimental conditions.
Thereby the density variation is not able to alter significantly the
flow anisotropy in the clay-rocks, thus the modeling assumption
of considering only the flow along the bedding remains valid. Water
viscosity also depends on temperature. In the range 0–300 �C, Mer-
cer et al. [30] proposed the following formulation

1
g
¼ ð5:38þ 3:8A� 0:26A3Þ � 103; ð12Þ

where

A ¼ ðT � 150Þ
100

; ð13Þ

with T, the temperature, expressed in �C. Expressions (10)–(12)
were taken into account in the model.

2.2. Theoretical analysis of a temperature pulse

2.2.1. Behavior of the water–clay-rock system during a temperature
pulse

In the following, theoretical simulations of a temperature pulse
in a shut-in chamber in order to study the behavior of the water–
clay-rock system are proposed. Let’s consider a vertical borehole
(Fig. 1), normal to the bedding, with no vertical fluxes as upper
and lower boundary conditions. At the chamber’s wall the continu-
ity of the pressure and the temperature, i.e.

P ¼ pjðx;yÞ2C; T ¼ Tjðx;yÞ2C; ð14Þ

where C is the location (x,y) of the wall surface, holds. At a distance
L from the chamber location, the following external boundary con-
ditions are considered

p ¼ pfor; ð15Þ
T ¼ T for; ð16Þ

where pfor and T for are the pressure and the temperature of the for-
mation, assumed constants. The distance L is chosen to ensure con-
stant boundary conditions as the pressure perturbation induced by
the hydraulic or temperature pulse does not reach this limit during
the experiment duration. The extent of the perturbation can be ob-
tained via the determination of the characteristic time and the dis-
tance L chosen larger than the perturbation extent. With, the
characteristic time s ¼ L2=Dh and the diffusivity coefficient
Dh ¼ qgk=gSs. Using parameters from Table 2, a characteristic time
s of 108 s is obtained, i.e. an hydraulic perturbation will reach 1 m in
about 3 years. A modelled domain size of 8 m � 8 m has been
considered.

In natural media, the initial pore pressure distribution is often
poorly constrained. In order to overcome this difficulty, a conve-
nient variational formulation which is independent from the initial
state P0(x,y) was used. This formulation is made possible by the
linearity of the mathematical operators involved in the pressure
diffusion equation and holds true for a steady or a transient state
[24]. The variational formulation, dP ¼ P � P0 and dp ¼ p� p0 –
where P0 and p0 are the initial pressure (dependent on the location)
and P and p the pressure after temperature variation – allows ana-
lyzing the propagation of the perturbation, independently of the
initial pressure. Flow Eqs. (1) and (7) become

r � qw � k
g
rðdpÞ � kTrT

� �� �
¼ � Ss

g
@ðdpÞ
@t
þ vTqwx

@T
@t

ð17Þ

@ðdPÞ
@t
¼ qcSc

bcVc
þ vT

bc

@T
@t

ð18Þ

At the chamber wall location, P0 ¼ p0 and P ¼ p, so dP ¼ dp.
Hydraulic, petrophysical and thermal parameters of the clay-

rock and the chamber used in this theoretical temperature pulse
are presented in Table 2. Clay-rock parameters are average values
for the Tournemire argillite (see Section 3.1), located in southeast-
ern France.

A temperature pulse consists in applying at a time t an excess
temperature in the chamber, without changing the pressure. In this
case, a temperature 5 �C warmer in the chamber than in the porous
medium was applied. Water–clay-rock system evolution subse-
quent to the temperature pulse after 5 and 100 days is depicted
in Fig. 2. Temperature evolution and pressure evolution, with ther-



Fig. 2. Pressure and temperature evolution in the chamber after a temperature pulse during 100 and 5 days.

Table 3
Parameters used in the sensitivity analysis.

Parameters Low value Standard value High value

kTðm2 s�1 K�1Þ 10�12 10�11 10�10

kðm2Þ 10�22 10�21 10�20

Ssðm�1Þ 10�7 10�6 10�5

bcðPa�1Þ 10�8 5� 10�8 10�7
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mal expansion and changes of water properties and with thermo-
osmosis added, are shown together in this figure. It allows to high-
light the thermo-osmotic and the thermal expansion respective
contributions. Three stages can be identified in the pressure evolu-
tion: (i) immediately after the temperature pulse, the pressure de-
creases as a consequence of the temperature dissipation in the
system. This decrease is due to a diverging water flow from the
chamber towards the argillite (thermo-osmosis) and to a subse-
quent reduction of the water volume in the chamber because of
the temperature decrease. During this stage thermo-osmosis phe-
nomenon, driven by the temperature difference between the
chamber and the clay-rock, represents the major contribution to
pressure decrease; (ii) when the temperature gradient vanishes,
thermo-osmotic flux stops and the pressure reaches a minimum;
and (iii) during the last stage, a Darcian flux develops due to the
pressure gradient established between the formation and the
chamber and its neighboring area. This flux is directed in the oppo-
site direction of the thermo-osmotic flux and pressure raises in the
chamber. It tends to recover the initial pressure, before the temper-
ature perturbation.
2.2.2. Sensitivity analysis on the different parameters
A sensitivity analysis on the different parameters of the model

was performed in order to have a critical view on the osmotic re-
sponse and to evaluate the ability of the model to estimate ther-
mo-osmotic coefficients from a temperature pulse experiment in
a clay-rock. Four parameters were considered: the thermo-osmotic
permeability, the intrinsic permeability, the specific storage coeffi-
cient and the compressibility of the chamber. Standard parameters
values as well as the maximum and the minimum values used in
the sensitivity analysis are listed in Table 3.
Sensitivity analysis results are shown in Fig. 3, where the pres-
sure evolution is reported for the different cases. The thermo-
osmotic permeability coefficient ðkTÞ (Fig. 3a) has a direct influence
on the pressure decrease since an higher coefficient causes a more
important thermo-osmotic flow towards the formation. The differ-
ences in pressure minimum as a function of the kT value are en-
ough to constrain the corresponding kT with this experiment
design and this model, provided that the chamber compressibility
and thermal expansion are well constrained. The intrinsic perme-
ability (k) (Fig. 3b) and the specific storage coefficient ðSsÞ
(Fig. 3c) influence the minimum pressure reached because higher
Darcian flux is more efficient to counterbalance the thermo-osmo-
tic one. Those parameters also condition the pressure rise once the
thermal gradient is null. Since k and Ss are inverse in the hydraulic
diffusivity, they have an opposite influence on the flow and the
pressure. By the shape of the pressure rise and by hydraulic tests
prior to the temperature pulses, k and Ss can be well constrained
during the pressure interpretation. The compressibility of the
chamber ðbcÞ determines the ‘‘volume production” caused by a
pressure variation in the chamber (Eq. (7)). The model shows a
strong sensitivity to the chamber compressibility bc (Fig. 3d), to
such an extent that, depending on its value, pressure signal can



Fig. 3. Sensitivity analysis on the pressure evolution after a temperature pulse. Sensitivity on: (a) the coefficient of thermo-osmotic permeability; (b) the intrinsic
permeability; (c) the specific storage coefficient; and (d) the compressibility of the chamber.
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be only explained with thermal expansion. This parameter needs a
precise characterization by multiplying measurements to reduce
the uncertainty due to bc.
3. Experimental design

3.1. Characteristics of the Tournemire Liassic argillite

Thermo-osmosis experiments were performed at IRSN URL lo-
cated at Tournemire (southeastern France). This URL consists in a
century-old tunnel crossing the Liassic argillite and more recent
galleries excavated from the tunnel. The Liassic argillite of Tourne-
mire forms part of the Grands Causses Mesozoic basin. It is 250 m
thick at the URL location and is surrounded by two limestone for-
mations. The Tournemire argillite is composed by clay minerals
(about 50%wt, mainly illite and illite-smectite mixed layers rich
in illite and also kaolinite and mica), carbonates (mainly calcite),
quartz and secondary minerals [31,32]. The shale presents a very
low natural water content, around 3–4%wt, a porosity in the range
6–9% and a mean pore size of 2.5 nm [31]. In the non-perturbed or
non-fractured zone, the Tournemire argillite has an intrinsic per-
meability of 10�22–10�21 m2 and a specific storage coefficient be-
tween 10�6 and 10�5 m�1. Permeability measurements parallel
and normal to the bedding suggest an anisotropy [31,33,34]. Triti-
ated water diffusion in Tournemire argillite also indicates an
anisotropy: a 1/3 ratio is observed between the HTO effective dif-
fusion normal to the bedding and the one parallel to the bedding
[35]. The Tournemire argillite presents clay-rock typical thermal
characteristic values: a thermal conductivity of 1.6–1.8 W m�1

K�1 and a specific heat of about 700 J kg�1 K�1 [32].
3.2. Borehole and equipment characteristics

Experiments were carried out in a 5 m depth horizontal air-
drilled borehole with a diameter of 65 mm, located in the 1996
East gallery of the Tournemire URL. This borehole was equipped
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with a multi-packer device, made with steel, to individualize 5
chambers of 0.1 m length. Pressure in each chamber is measured
in its corresponding hydraulic line by a Keller 33� type pressure
transducer (0–10 hPa range, 0.25% accuracy). Chamber 2 was used
in the experiments because it presented the best pressure equilib-
rium and no perturbation was induced in the other chambers to
avoid by-pass between chambers. Chamber 2 is located at 4 m
from the borehole head. It has a volume V c (including tubing) of
2.25 � 10�4 m3 and the surface of the external cylindrical wall of
the chamber Sc is 2.14 � 10�2 m2.
3.3. Experimental protocol

Just after the drilling, equipment was installed in the borehole
and chambers were saturated. A set of vacuum–CO2(g) flushes
was made in the chambers to avoid air trapping. Next, chambers
were saturated with a water of similar composition than the for-
mation water and the pressure in the chambers tend to equilibrate
with the formation pressure. Once pressure was stabilized, hydrau-
lic pulses were performed in each chamber. However, permeability
and storage coefficient obtained from these pulses seemed overes-
timated. This is probably due to the short time between equipment
installation and the pulses (1 month) which did not allow to per-
form the pulses in steady state conditions and due to desaturation
in the three closest chambers from the gallery wall.

The temperature pulse has consisted in changing the water fill-
ing the chamber by a warmer water. This change was performed
via the circulation circuit presented in Fig. 4. Before the circulation,
the test interval was isolated, with valves B and C closed, and the
pressure in the interval was recorded by sensor P1. It was first
needed to prepare the water change. The test water used in the
experiment was a water with the same composition as the water
in the chamber. The test water was put in the flow-through sealed
reservoir installed in the thermostatic bath and the water was
heated till the required temperature. Once the desired temperature
was reached and stabilized, a circulation in the external circuit has
been induced using the peristaltic pump, valves B and C staying
closed, to saturate the circuit and to equilibrate it at the test water
temperature. Temperature in the circuit was measured with sen-
sors P,T3 and T4. However sensor P,T3 temperature was not repre-
sentative of that of the circuit since the sensor was installed at the
end of an hydraulic line. The sensor T4 is considered to be indicator
of the test water temperature. During the experiments, tempera-
ture differences between water formation, measured by T7 sensor
at the feet of the borehole completion ðT for ¼ 11:8 �CÞ, and test
Fig. 4. Schematic sketch of the equipped b
water were: +2.5, +5.1 and +9 �C. In this circulation preparation
phase, pressure sensors P2 and P,T3 were also calibrated and the
pressure in the circuit was adjusted to the pressure in the interval
(P1) via the manometer P6 to avoid a pressure disturbance during
the water change.

Then the water change was performed, opening valves B and C
to the test interval. It induced a pressure record during the circula-
tion into the interval with sensors P2 and P,T3 and no longer with
P1. Water change lasted about 10 min at a constant flow rate of
100 mL min�1, allowing to change about four times the water in
the interval. At the end of the water change and in order to control
temperature behavior, valves A and E of the flow-through sealed
reservoir were closed. Thus, water circulated in a closed circuit,
without water or temperature supply, between the test interval
and the external sensors. Note that the external hydraulic lines
were thermally insulated. Once the temperature in the circuit
recovered the formation temperature, valves B and C were closed
and the circulation ceased to isolate the test interval and let the
pressure evolve (again recorded with pressure sensor P1).

Several temperature pulses via water changes were performed
during winter and spring 2008 at the Tournemire URL in the same
chamber, with DT of +5.1, +9 and +2.5 �C, successively. Various
hydraulic pulses were performed to obtained the compressibility
of the chamber, applying Eq. (9). Obtained bc parameter values
are 2.59 � 10�8 Pa�1, measured after borehole device installation,
7.15 � 10�8 Pa�1, measured after the test at +9 �C and before the
test at +2.5 �C and 4.47 � 10�8 Pa�1, measured after the test at
+2.5 �C, giving an average bc of 4.73 � 10�8 Pa�1.
4. Experimental results and interpretation

After the temperature pulses, pressure decreases rapidly and
reaches a minimum then it increases slowly. The evolution of mea-
sured pressures after temperature pulses of +2.5, +5.1 and +9 �C are
shown in Fig. 5. The shape of the pressure evolutions are consistent
with the theoretical evolution simulated in Section 2.2. Pressure
decrease corresponds to the effect of temperature dissipation from
the chamber to the argillite and, when the temperature gradient
vanishes, pressure reaches a minimum (second term in the right
hand side of Eq. (2) is null). The pressure response must be inter-
preted in order to identify the relative contributions of thermal
expansion and thermo-osmosis to the pressure decrease. This
interpretation involves numerical simulations of the temperature
pulses using the model presented in Section 2 in its variational
form. Firstly, the model geometry needs to be adapted to the
orehole and the water change device.



Fig. 5. Measured and modelled pressure evolution after a temperature pulse of: (a)
+2.5 �C; (b) +5.1 �C; and (c) +9 �C. Two model cases are considered: only with
thermal expansion and changes of water properties with temperature; and with
thermo-osmosis added.
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experiment geometry: experiments were performed in a horizon-
tal borehole drilled in the direction of the bedding, equipped with
a packers system. Because fluxes occur mainly in the bedding
direction, a modeled domain in the plane of the borehole (Fig. 6)
and not normal to the borehole (see previous theoretical calcula-
tions and Fig. 1) is required. In this configuration, the chamber is
represented by a rectangular zone in the center of the grid
(Fig. 6). Mesh refinement around the chamber by a square-nested
grid is maintained to obtain a better accuracy. As fluxes occur
across the wall chamber and not at the chamber–packer boundary,
a no-flow condition is imposed between the chamber and the lat-
eral cells corresponding to the packers (lateral meshes on the right
and on the left in Fig. 6). The chamber properties as given in Sec-
tion 3.2, and the properties of the Tournemire argillite (see Sec-
tion 3.1) are introduced in the simulations.

In a first calculation step, the temperature pulses at +2.5, +5.1
and +9 �C were simulated by considering only thermal expansion
of water and changes of water properties with temperature but
no thermo-osmosis. The resulting pressure evolutions for the dif-
ferent temperature pulses are represented in Fig. 5. In the three
cases the thermal expansion and the changes of water properties
with temperature do not completely explain the pressure evolu-
tion recorded in the experiments. It is also readily noted that the
pressure decrease is more important when higher temperature dif-
ference is imposed. Nevertheless, the calculated pressure decrease
is not sufficient to reproduce the measured pressure evolution.
This suggests that another process, namely thermo-osmosis, has
to be accounted for in our calculations. When thermo-osmosis,
thermal expansion and changes of water properties with tempera-
ture are introduced in the model, simulations better reproduce the
temperature pulses. The coefficient of thermo-osmotic permeabil-
ity kT is determined by inversion, i.e. by fitting graphically the cal-
culated evolution for a kT to the measured pressure evolution. Best
fits of the model to the measured pressure are shown in Fig. 5 for
the different temperature pulses. As seen in the analysis of a theo-
retical temperature pulse (Section 2.2), the model presents a signif-
icant sensitivity on the chamber compressibility bc. In the
calculations presented here, the average chamber compressibility
is used but modeling of the temperature pulses are also performed
for the range of bc experimentally determined. Thus, for each tem-
perature pulse, a range of thermo-osmotic permeabilities are ob-
tained. The results are shown in Table 4. These values vary
within one order of magnitude for a temperature pulse.

The results suggests a decrease of the thermo-osmotic perme-
ability when the temperature pulse DT increases. This observation
is in agreement with the theory of Derjaguin et al. [5] which states
that thermo-osmosis is less efficient at high temperature. This
might be due to a destruction of the liquid boundary layer at the
charged surface of clay minerals when temperature increases.

In the theoretical analysis of a temperature pulse (Section 2.2),
it was shown that the pressure rise subsequent to temperature
perturbation dissipation is dependent on the hydraulic parameters
k and Ss. In the inversion of the experimental temperature pulses,
an intrinsic permeability k of 10�21 m2 and a specific storage coef-
ficient Ss of 10�6 m�1 are needed. These values are typical values of
the Tournemire argillite (see Section 3.1) and, despite the difficul-
ties for obtaining k and Ss during the preliminary pulse (Section
3.3), these parameters are constrained by the pressure recovery
shape.

Although almost satisfying simulations of the temperature
pulses were obtained, some little discrepancies between simula-
tions and measurements have to be recognized. Some aspects not
taken into account in the model could explained these differences.
Negligible vertical fluxes were assumed due to permeability
anisotropy in layered clay-rocks. Although presumably weak, ver-
tical fluxes could participate to the pressure evolution in the cham-
ber. The observed deviations between the model and the
measurements could also be the result of a thermal perturbation
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Fig. 6. Geometry of the modelled domain in an horizontal borehole. In this figure, qðzÞ and qTðzÞ stand for the vertical components of the fluid and heat fluxes.

Table 4
Coefficients of thermo-osmotic permeability kT obtained for each temperature pulse
for the measured range of chamber compressibility bc.

bc ðPa�1Þ 2:59� 10�8 4:73� 10�8 7:15� 10�8

kT ðm2 s�1 K�1Þ +2.5 �C 6� 10�11 1:3� 10�10 2� 10�10

+5.1 �C 5� 10�11 1:1� 10�10 1:8� 10�10

+9 �C 6� 10�12 3� 10�11 6� 10�11
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during the temperature dissipation stage. Two perturbations of
this kind can be envisaged: the hypothesis of no heat dissipation
along the borehole completion is perhaps partially not verified
and the completion could contribute in heat dissipation from the
chamber; and, the water circulation between the chamber and
the external circuit, maintained after the water change in order
to record temperature evolution, could has perturbed the temper-
ature dissipation, in spite of the circuit thermal insulation.
5. Discussion and conclusions

In this paper, a set of thermo-osmosis experiments performed
in the Tournemire Liassic argillite were presented. To our knowl-
edge it is the first in situ thermo-osmosis experiments performed
on a non-remoulded clay-rock. It provides first estimates for ther-
mo-osmotic permeability in a natural material. The range of ther-
mo-osmotic permeabilities obtained in this study is in the high
range of thermo-osmotic permeabilities previously determined
on argillaceous materials (Table 1). This could be explained by
the low pore size of the Toarcian clay-rock (2.5 nm) and by the
low formation temperature (around 12 �C) at the IRSN URL. Indeed,
according to the developments presented in the companion paper
[9], thermo-osmotic permeability increases as pore size or temper-
ature decreases. During the experiments, a decrease of the thermo-
osmotic permeability at increasing imposed temperature differ-
ence was observed. The pulses interpretation with the model is
satisfactory, however little differences between the measured
and modeled evolutions remain. The sensitivity analysis indicated
that the thermo-osmotic permeability can be properly constrained
with the model. The shape of the pressure response allows an
acceptable inversion of the hydraulic parameters of the argillite.
The highest source of uncertainty on the thermo-osmotic coeffi-
cient is the chamber compressibility, which has to be accurately
determined.

Although, the thermo-osmotic model developed in the compan-
ion paper [9] was applied exclusively to pure materials (Na-smec-
tite and kaolinite), a semi-quantitative comparison with values
obtained here for a natural material can be made. Indeed, the val-
ues of kT=k for smectite and kaolinite calculated by the model could
represent, respectively, the higher and lower bounds for a natural
clay-rock. For the Tournemire argillite pore size, the model [9]
yields kT=k values of 1.25 � 108 and 1.90 � 107 s�1 K�1 for smectite
and kaolinite, respectively, while experimental values at Tourne-
mire range from 6 � 109 to 2 � 1011 s�1 K�1, depending on exper-
iment temperature and uncertainties on chamber compressibility.
Part of these two orders of magnitude difference might be due to
temperature effects. Indeed, the model calculations [9] are based
on a temperature of 298 K, while the mean temperature at Tourne-
mire for the experiments was 285 K. Since kT decreases with
increasing temperature, these effects could explain almost one or-
der of magnitude difference between the experiments and the
range given by the model. The combined uncertainties on both
the model and the experiments could explain partly or totally
the remaining difference. The experimental thermo-osmosis
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permeability can also be compared with the expression proposed
by Revil and Leroy [21] kT ¼ kqf Cf =g. Using the hydraulic conduc-
tivity of the Tournemire argillite yields a kT of
4:2� 10�12 m2 s�1K�1, in the order of magnitude of the experimen-
tally determined kT. However, as seen in the companion paper [9],
it seems that the model of Revil and Leroy [21] does not reproduce
the various orders of magnitude variations of the kT=k ratio with
the poresize shown by the available data.

These first results on thermo-osmosis on natural clay-rocks
have to be confirm by laboratory experiments upon which experi-
mental conditions are better constrained. It also seems interesting
to perform a new set of in situ experiments, but in a vertical bore-
hole to better constrain the uncertainty due to a possible non-
anisotropy of the fluxes.

The goal of this study on thermo-osmosis, by theoretical [9] and
experimental approaches, was to assess the importance of this pro-
cess for water flow calculations in a clay-rock. The results suggest
that thermo-osmosis can significantly affect the water flow and
could partly explain overpressures in such impervious rocks. In-
deed, the non-linearity of kT (temperature dependence) can cause
overpressures, i.e. pressure above the hydrostatic equilibrium even
at steady state. Such feature was discussed for the chemical osmo-
sis by Rousseau-Gueutin et al. [23]. In future work, it seems that
this process should be considered in fluid flow calculations in
clay-rocks, especially when, like in the HLNW geological repository
case, a significant temperature gradient is expected to develop.
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217 5.4. Conclusion

5.4 Conclusion

In this chapter, dealing with the characterization of thermo-osmosis in
argillaceous media and particularly in the Tournemire argillite, two predic-
tive models were presented as well as a set of in situ experiments.
Thermo-osmosis was suspected to have a non negligible role in the fluid
flow and pressure fields in the Callovo-Oxfordian formation [135]. How-
ever this process was poorly understood and a large uncertainty on the
thermo-osmotic permeability [141] prevented any conclusive statement on
the process relevancy.

Through the observations on the thermo-osmotic permeability depen-
dency on petrophysical parameters (pore size, surface charge density) and
medium conditions (salinity, temperature), the establishment of predictive
models and some thermo-osmotic experiments on the Tournemire Toarcian
clay-rock in natural conditions, our contribution leads to an improvement of
the knowledge on thermo-osmosis.
However, as seen in the paper in preparation Gonçalvès et al., Fig. 1, the
measured thermo-osmotic permeability for the Tournemire argillite presents
an important deviation compared with the predictive model. A better agree-
ment is found between model and data for other thermo-osmotic experiments
on non natural argillaceous materials. This discrepancy could be due to ex-
perimental artefacts, to errors introduced in the experiments interpretation
or to limitations in the predictive model. Indeed, predictive calculations were
done for Na+ ions as counterions but the solutions used in the experiments
also contained Ca2+ and Ca is expected to induce a higher disruption in
the hydrogen bonding and, consequently, higher excess specific enthalpy and
thermo-osmotic permeability. We can not presently state on this difference
between data and model results but it illustrates the need for further studies
on thermo-osmosis, both experimental and theoretical.





Part V

Interpretation of the pressure
fields in argillaceous formations
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Chapter 6

Influence of chemical osmosis
on the pressure fields

In this Chapter, some causes of attenuation of the chemo-osmotically in-
duced overpressures are discussed. It aims at contributing to the discussion
on the ability of shales to generate significant abnormal pressures. Indeed,
a recent recompilation and analysis of available chemo-osmotic experiments
performed on compacted shales [110] suggests that large overpressures can
be presumably found in argillaceous layers of sedimentary basins. However,
such overpressures are not observed and osmotically induced overpressures
are even rare in subsurface. In our study we show that the consideration
of divalent counterions or mixed monovalent and divalent ions, like in
natural waters, instead of monovalent counterions, as commonly used in
experiments, tends to drastically decrease the osmotic efficiency value, as
already seen in section 4.2. This decrease in the osmotic efficiency induces an
important weakening of the generated overpressures in the shale formations.
In the second part of the chapter, the ability of argillaceous layers to generate
abnormal pressures in equilibrated basins, i.e. with linear concentration
profiles, is studied. The spatial variations of the chemical osmotic efficiency
as a function of the concentration or porosity changes have a crucial role in
this abnormal pressures generation.
The constraints on abnormal pressures presented in this discussion are
illustrated in the next chapter on the interpretation of the pressure field in
the Tournemire formation, where osmotic efficiency profile account for the
effects on monovalent and divalent counterions and a special attention is
paid on the variations of the flow coefficients across the formation.

This chapter is presented as a paper submitted to Water Resources Re-
search.
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Abstract. Chemical osmosis is considered a plausible cause of abnormal3

pressures in shale formations of sedimentary basins. A set of experimental4

data on chemical osmosis was recently obtained for different shales, mainly5

in the framework of studies on radioactive waste repositories in deep argilla-6

ceous formations. These data were analyzed by Neuzil and Provost [2009]7

who predicted large osmotically induced overpressures when required con-8

ditions are available. However, such large overpressures have not been found9

in sedimentary basins and the reasons for this disparity between predictions10

and observations need to be clarified. Here, two natural causes for lower than11

expected osmotic pressure are investigated: i) the effect of the complex com-12

position of natural waters, including both monovalent and divalent cations,13

on the osmotic efficiency and the resulting abnormal pressures; and ii) the14

presence of steady-state rather than transient-state salinity distributions. For15

this purpose, a triple-layer electrical model accounting for multi-ionic solu-16

tions is developed and used to calculate the osmotic efficiency at different17

proportions of monovalent and divalent cations. The calculated decrease of18

the osmotic efficiency when Ca2+ is introduced in a Na+ - clay system yields19

a noticeable decrease in the ability of the shale to generate overpressures.20

In the second part of the paper, a discussion addresses the generation of ab-21

normal pressures at steady-state conditions found in sedimentary basins, i.e.22

with a linear distribution of the concentration across the formation. The per-23

sistence of moderate overpressures is predicted due to the non-linearity as-24

sociated with the dependence of the chemo-osmotic efficiency on the concen-25
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tration and the porosity. Finally, a case-study of the moderate excess-hydraulic26

head measured in the Toarcian/Domerian argillaceous formation of Tourne-27

mire (SE of France) is investigated. Our analysis indicates an osmotic ori-28

gin for the excess-head and illustrates the influence of the porewater com-29

position.30
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1. Introduction

Abnormal fluid pressures, which can be defined as a variation of fluid pressure from the31

hydrostatic pressure, are frequently encountered in subsurface environments, in a wide32

range of depths and geological settings [Chilingar et al., 2002]. One of the motivation33

for studying abnormal pressures is provided by the hydrodynamic information on the34

fluid flows occurring in the studied formation we can obtain from the interpretation of35

the abnormal pressures origin [Neuzil , 1995]. Osmosis, or fluid flow driven by a chemical36

potential gradient, is considered a plausible cause of abnormal or non-hydrostatic fluid37

pressures in sedimentary basins when favorable conditions are encountered [Marine and38

Fritz , 1981; Neuzil , 2000; Gonçalvès et al., 2004; Rousseau-Gueutin et al., 2009; Neuzil39

and Provost , 2009]. However, the debate concerning this osmotic origin of abnormal pres-40

sure continues and the concept is controversial, since few examples are reported and the41

nature of the process is not well established [Neuzil and Provost , 2009].42

Overpressures in many basins are not caused by osmosis but rather by a forcing, such43

as when a portion of the mechanical stress is transferred to fluids [Neuzil , 1995, 2003;44

Chilingar et al., 2002]. Therefore, a careful characterization of the geological environ-45

ment and its related flow and transport processes, coupled to an hydromechanical study46

is needed to assess the osmotic origin of observed overpressures. However abnormal fluid47

pressures due to a physical forcing tend to dissipate quickly in a geological sense and48

these overpressures are most common in young basins [Lee and Deming , 2002; Gonçalvès49

et al., 2004]. Osmotic origin of abnormal pressures can be envisaged in specific geological50

environments: in clay-rich and highly compacted formations where a chemical concentra-51
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tion gradient exists and when overpressures persist in old basins [Marine and Fritz , 1981;52

Neuzil and Provost , 2009]. A situation presenting a maximum concentration at the center53

of the formation, with transient-state conditions for solute transport and water flow, is54

most often required for inducing an excess pressure [Neuzil and Provost , 2009].55

56

Osmosis is related to the anionic exclusion caused by the negative electrical charges57

at the clay mineral surface. It confers to the clay-rock a membrane behaviour, partially58

impeding the solutes crossing the membrane but not the water molecules. The osmotic59

efficiency of a clay-rock is expressed through the osmotic efficiency coefficient, ε, which60

ranges between 0 for a non-membrane material behaviour and 1 for a perfect membrane,61

where solute flux is totally impeded. This coefficient can be determined by experiments,62

performed in-situ in boreholes [Neuzil , 2000; Garavito et al., 2007; Rousseau-Gueutin et al.,63

2010] or on samples in the laboratory [Cey et al., 2001; Horseman et al., 2007; Rousseau-64

Gueutin et al., 2009; Tremosa, 2010]. The osmotic efficiency can also be computed in a65

predictive sense using theoretical models which consider the electrical interactions between66

the solution and the charged surface together with the petrophysical properties of the67

porous media [Bresler , 1973; Fritz , 1986; Revil and Leroy , 2004; Gonçalvès et al., 2007].68

Chemo-osmotic fluid flow is considered in a generalized Darcy’s law as follows:69

q = −k
η

(∇P + ρfg∇z) + ε(b, C)
k

η
∇Π, (1)70

where q is the specific discharge (m s−1), k is the intrinsic permeability (m2), η is the71

dynamic viscosity of water (Pa s), P is the pore pressure (Pa), ρf is the fluid density (kg72

m−3), g is the acceleration due to the gravity (m s−2), ∇z is (0,0,1) if z axis is directed73

upwards, ε(b, C) is the osmotic efficiency dependent on the half-pore size, b (m), and on74
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the concentration C (mol L−1), and Π is the osmotic pressure (Pa).75

76

Until recently, few measurements of osmotic efficiency coefficients on natural argilla-77

ceous formation were available [Young and Low , 1965], leading to a general skepticism on78

overpressures generation by osmosis. Some experiments have, however, been performed79

this last decade [Neuzil , 2000; Cey et al., 2001; Al-Bazali , 2005; Garavito et al., 2007;80

Horseman et al., 2007; Rousseau-Gueutin et al., 2009, 2010], leading to a better charac-81

terization of chemo-osmotic properties of argillaceous rocks. In particular, these studies82

clearly show that a chemo-osmotic flow exists in such rocks.83

In their analysis of these experiments, Neuzil and Provost [2009] predicted overpressures84

of few bars up to tens of MPa, depending on the petrophysical properties of the clay-rock85

and on the concentration difference across the clay-rock. However, such large overpres-86

sures attributed to chemical osmosis have not been observed in sedimentary basins. For87

example, a 1 MPa overpressure that appears to be caused by chemical osmosis has been88

documented in the Dunbarton basin [Marine and Fritz , 1981] and an osmosis contribution89

of 0.1 to 0.15 MPa to the total overpressure ranging between 0.5 and 0.6 MPa has been90

calculated for the Callovo-Oxfordian of the Paris basin [Rousseau-Gueutin et al., 2009].91

Different explanations of this disparity were analyzed by Neuzil and Provost [2009]: i)92

shales are less osmotically efficient than suggested and the Bresler [1973] predictive model,93

commonly used, is perhaps conceptually flawed, though it was fitted mostly on experi-94

mental data. However, Neuzil and Provost [2009] argued that this is likely not the real95

cause of disparity since large pressures were generated by osmosis in laboratory test; ii)96

argillaceous formations are ineffective membranes at large scale and the osmotic efficien-97

D R A F T November 16, 2011, 4:17pm D R A F T



TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES X - 229

cies measured at small scale on samples and in boreholes can not been upscaled at the98

formation scale. In particular, this statement is supported by the fact that osmotic effi-99

ciency is expected to vanish when a connected fractures network is present in the clay-rock100

[Swarbrick and Osborne, 1998; Chilingar et al., 2002]. However, similar hydraulic perme-101

abilities are found at both small and large scale, indicating an absence of short-circuiting102

[Neuzil , 1994]; iii) the conditions for the generation of overpressures by osmosis are rare;103

and iv) osmotic overpressures are not systematically studied when an abnormal pressure104

is encountered in a basin.105

106

Other natural causes for lower than expected osmotic overpressures, not accounted for in107

the works by Neuzil and Provost [2009], are examined in this paper. In the first part, the108

effect of a more complex porewater composition than the simple NaCl solution typically109

considered, i.e. including both monovalent and divalent solutes, is analyzed. In the second110

part, the basin salinity distribution is examined at quasi-equilibrium (steady-state fluxes)111

and no more at transient-state, which is commonly invoked. The resulting pressure fields112

are identified. Finally, the results of an investigation of the origin of the moderate excess-113

hydraulic head measured in a Toarcian/Domerian argillaceous formation, studied at the114

Tournemire IRSN underground research laboratory (SE of France). Chemical osmosis is115

addressed as a cause and the influence of porewater composition on the osmotic process116

in the formation is analyzed.117

2. Effect of mixed Ca/Na solutions on the osmotic efficiency and abnormal

pressures
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Theoretical and experimental studies of chemical osmosis in pure clays and argillaceous118

rocks typically have been conducted using pure NaCl or CaCl2 solutions (see compilations119

by Bresler [1973] and Neuzil and Provost [2009]), rather than more complex solutions120

containing both monovalent and divalent solutes. The osmotic efficiency coefficient is121

significantly lower with Ca2+ than with Na+ solutions [Bresler , 1973]. In particular,122

Shackelford and Lee [2003] measured a destruction of the membrane potential of a Na-123

bentonite induced by the replacement of the Na+ interlayer cations by Ca2+. However,124

the osmotic efficiency coefficient of clay-rocks with a mix of Na+ and Ca2+ solutions is125

unknown. Because natural waters present complex compositions, the osmotic efficiency126

is expected to be affected according to such compositions. Such effects on abnormal fluid127

pressure are evaluated in the following discourse.128

2.1. Model for osmotic efficiency calculations with mixed Ca/Na solutions

Chemical osmosis occurs in clay-rocks because of anion exclusion, which results from129

ionic transport restrictions due to size and/or electrical effects (and salinity, consequently).130

Anion exclusion and, thus, osmotic efficiency is particularly efficient when clay is highly131

compacted and the electrical diffuse layers overlap [Bolt , 1979]. Calculations of the osmotic132

efficiency will consequently depend on the mean content of anions in the clay pores,133

< C− >, and on the anion content in the bulk water, Cf . A simplified relationship134

expressing these factors is [Kemper and Rollins , 1966; Bresler , 1973; Bolt , 1979]:135

ε = 1− < C− >

Cf
. (2)136

A more complex expression, obtained by the resolution of the Navier-Stockes equation137

integrating the chemical force is presented in Appendix A (Eq. A16). This expression138
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requires knowledge of the ion distribution in the pores related to the clay surface and its139

dependence on the pore size, which can be calculated using an electrical triple-layer-model140

(TLM). In Appendix A, a TLM which accounts for multi-ionic solutions and interacting141

adjacent diffuse layers (compacted clay-rocks with low pore size) is developed.142

The TLM is calibrated against osmotic experimental data from experiments on natural143

clay-rocks [Neuzil , 2000; Cey et al., 2001; Al-Bazali , 2005; Garavito et al., 2006, 2007;144

Horseman et al., 2007; Rousseau-Gueutin et al., 2009, 2010]. Comparison of predicted145

osmotic efficiencies using the TLM with measured osmotic efficiencies for NaCl – clay146

systems is shown in Fig. 1, as a function of the product of the half pore size and the147

concentration in chloride in the bulk solution b × Cf , where b (in nm) is the half pore148

size and Cf (in mol L−1) is the chloride concentration in the bulk solution. This repre-149

sentation was elected because it illustrates the combined effect of the pore size and the150

salinity, which modify the electrical potentials and lead to transport restrictions. Similar151

representation was used by previous authors (e.g., Bresler [1973]; Gonçalvès et al. [2007]).152

A fairly good agreement is observed between the TLM results and the data for natural153

clay-rocks. Reported osmotic efficiency measurements show a dispersion for the lowest154

measured osmotic efficiencies, i.e., for ε lower than 0.08. Moreover, some data present an155

important uncertainty regarding their b×Cf value, because of the range of concentration156

imposed to the sample during the experiment. Thus, the TLM can provide a relatively157

good estimation of osmotic efficiency in porewater – clay-rock systems presenting low158

b×Cf values but the estimation is less accurate for systems with high b×Cf values. The159

main uncertainty on the use of the TLM stems from the absence of osmotic experiments160

performed on natural clay-rocks with Ca2+ pure solution or Na+/Ca2+ mixed solutions161
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to validate the osmotic efficiencies calculated for solutions different than Na+ solutions.162

Most of natural waters concentrations and compositions can be considered in the TLM163

accounting for diffuse layers truncation and multi-ionic solutions. For high salinity, dif-164

fuse layers in the pores collapse and membrane behavior of the clay-rock almost vanishes165

[Mitchell and Soga, 2005]. Positive electrical potentials are, therefore, calculated by the166

TLM in this situation at the limit of validity of the model since it can only consider167

negatively charged surfaces.168

169

The pore size, 2b, is a critical parameter for TLM calculations and the chemical osmotic170

efficiency determinations. The half pore size, b (m), is determined, for clay-rocks, by a171

mass balance equation based on a plane-parallel geometry assumption, as follows [Neuzil ,172

2000; Neuzil and Provost , 2009; Gonçalvès et al., 2010]:173

b =
ω

ρsAs(1− ω)
, (3)174

where ω is the porosity, ρs is the grain density (g m−3) and As is the specific surface area175

(m2 g−1).176

2.2. Effect of mixed Ca/Na solutions on the osmotic efficiency

In order to determine the chemical osmotic efficiency for mixed Na+/Ca2+ solutions,177

calculations are performed for varying solution composition with the TLM presented178

in Appendix A. Changes in solution composition are introduced according to a ratio179

2×Ca2+/(Na+ + 2×Ca2+), expressed in molal units, which varies between 0 for a pure180

Na solution, to 1 for a pure Ca solution. This ratio is denoted hereafter as the Calcium181

Index. It presents the advantage to express the relative contents in Na+ and Ca2+ in182
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a simple way, ranging between 0 and 1 independently of the solution salinity. Figure 2183

shows the osmotic efficiency as a function of the Calcium Index and of b × Cf . Figure 2184

illustrates that the osmotic efficiency drops when the salinity or the pore size increases and185

when the counterions are Ca2+ versus Na+. At large pore size and at high bulk concen-186

tration, the electrical double layer collapses yielding a weak anionic exclusion. According187

to our calculations, clay-rock osmotic efficiency strongly decreases for mixed Na+/Ca2+
188

solutions even at low proportions in Ca2+ in comparison to purely Na+ solutions. Indeed,189

the osmotic efficiency calculated for a Calcium Index of 0.1 (which corresponds to a Na190

to Ca ratio of 18:1, in molar units) is approximately the half than the efficiency for a191

Calcium Index of 0. Furthermore, large osmotic efficiency values, i.e. ε close to 1, can not192

be reached for Calcium Indices higher than 0.25, corresponding to a Na to Ca ratio of 6:1.193

For a pure CaCl2 solution the higher calculated osmotic efficiency are slightly lower than194

0.5 when very low pore sizes and low-salinity waters are considered. These observations195

suggest that introduction of Ca2+, even at low amounts, in a Na-clay system will induce a196

dramatic decrease of osmotic efficiency and a weakening of the clay membrane behaviour.197

Consequently, an osmotic efficiency determined experimentally using NaCl solutions will198

probably overestimate the osmotic efficiency under natural conditions.199

2.3. Implications of mixed Ca/Na solutions for overpressures

Generation of abnormal pressures in a sedimentary basin by osmosis can only occur200

in low permeability or hydraulically isolated layers [Chilingar et al., 2002]. Furthermore,201

in presence of permeable connections, such as fracture networks, abnormal pressure gen-202

eration will be impossible, because of the weakness of osmotic flow with respect to the203

hydraulic flow. The situation encountered in sedimentary basins illustrated in Fig. 3 is204
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particularly favorable to generate overpressures by osmosis. It consists in an argillaceous205

layer surrounded by two aquifer layers, with the porosity initially filled by a connate206

seawater entrapped during sedimentation. During basin evolution and especially during207

aquifer outcropping, saline porewater in the aquifers is flushed by freshwater, but not208

the clay-rock porewater because of the conductive flow inefficiency. A salinity gradient209

between the argillaceous formation and the aquifers is thus established and tends to equi-210

librate with time by diffusion, e.g. Pearson et al. [2003]; Patriarche et al. [2004]; Neuzil211

and Provost [2009]; Mazurek et al. [2011]. If the argillaceous formation exhibits membrane212

properties, the salinity gradient causes an osmotic flow directed towards the formation213

with higher salinity, i.e. towards the center of the clay-rock upward from the lower aquifer214

and downward from the upper aquifer. This osmotic flow generates a pressure buildup in215

the clay-rock to a quasi-equilibrium, corresponding to q '0 in Eq.(1).216

Let’s consider a horizontal argillaceous formation surrounded by two aquifer layers, with217

only vertical fluid flow in the shale layer and a salinity gradient in the argillaceous for-218

mation. According to the scenario previously presented (Fig. 3), Cmax and Cmin are the219

concentrations (mol L−1) at the center of the shale layer and at the aquifer-shale bound-220

aries, respectively. The resulting abnormal pressure is calculated in a similar way as221

Neuzil and Provost [2009], accounting for osmotic efficiency dependence to concentration.222

Assuming a constant pore size, an expression of the abnormal pressure, P0 (Pa), is ob-223

tained, dependent on the concentration difference through ε(C) but not on the formation224

thickness [Neuzil and Provost , 2009]:225

P0 =
∫ Cmin

Cmax
ε(C)

dΠ

dC
dC. (4)226
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P0 corresponds to the non-hydrostatic pressure such that P0=0 for hydrostatic pressures227

and is positive for overpressures and negative for abnormal low pressures. Osmotic pres-228

sure is expressed according to the Van’t Hoff relation, Π = νRTC, which holds for229

solutions with concentration lower than 1 mol L−1 [Fritz , 1986], where ν is the number230

of ionic species, R is the Universal Gas Constant (8.314 m3 Pa K−1 mol−1) and T is the231

absolute temperature (K).232

233

In order to evaluate the influence of natural solutions with both monovalent and divalent234

cations on osmotically generated abnormal pressures, P0 is calculated for solutions with235

various proportions of Ca2+ and Na+ , as a function of the concentration gradient and the236

half-pore size. The TLM accounting for multi-ionic solutions, described in Appendix A,237

is used for the calculations of the osmotic efficiency as a function of the salinity, solution238

composition and pore size. Results for a concentration ratio Cmax/Cmin of 10 and a239

Calcium Index (2×Ca2+/(Na+ + 2×Ca2+) ratio) of 0, 0.1, 0.2, 0.5 and 1 are depicted in240

Fig. 4. The half pore size range of 1 to 10 nm used in Fig. 4 corresponds to a porosity241

ranging between 0.1 and 0.5, using Eq.(3) and average values of the specific surface area242

and grain density for compacted clay-rocks of 40 m2 g−1 and 2700 kg m−3 respectively243

[Boisson, 2005].244

In the case of a pure NaCl solution (Fig. 4.a), moderate overpressures are generated245

by osmosis, ranging between some tens of kPa to 1 MPa, as a function of the pore size246

and the salinity difference. The highest overpressure is obtained for a half-pore size close247

to 1 nm and, conversely, P0 values lower than 0.1 MPa are obtained for a half-pore248

size higher than 5 nm. Introducing a dependence on the concentration to the osmotic249
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efficiency allows observing opposite effects on the abnormal fluid pressures. With a salinity250

increase, the osmotic flow and its related overpressure tends to increase because of the251

concentration difference increase but, inversely, ε decreases with the salinity increase and252

tends to lower the osmotic flow. This explains why, for a same pore size, the overpressure253

first increases with an increasing concentration difference then, the calculated overpressure254

slightly decreases when higher concentrations are considered.255

Comparison of the calculated overpressures for various Calcium Indices (Fig. 4) indicates a256

strong decrease of P0 with increasing Ca2+ concentration compared to Na+. This decrease257

is observed even for solutions with a low Calcium Index (0.1) and P0 decreases further as258

the Ca2+ proportion increases. The highest P0 of 1 MPa occurs for a Calcium Index of 0259

and P0 decreases to 0.8 MPa for a Calcium Index of 0.1 , to 0.4 MPa for an index of 0.2, to260

0.1 MPa for an index of 0.5 and only to 0.015 MPa for a Calcium Index of 1. These results261

suggest that osmotic phenomena will be nearly unable to generate significant overpressures262

with pure Ca2+ solutions. For mixed Ca/Na solutions, overpressures are expected to be263

more moderate than for pure Na+ solutions.264

2.4. Discussion

The interactions between the charged surface of the clay and the porewater were repre-265

sented using a TLM accounting for diffuse layers overlapping and multi-ionic solutions. It266

revealed a decrease of the osmotic efficiency with increasing Ca2+ in solution compared to267

Na+ solutions, even with low proportions of Ca2+. Since the Calcium Index in porewater268

of natural shales is around 0.1 and 0.2 [Pearson et al., 2003; Vinsot et al., 2008], the269

ability of natural buildup of large overpressures by osmosis appears consequently reduced270

by the osmotic efficiency degradation with the porewater composition. This reduction271
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of the osmotic efficiency may explain the scarcity of observed overpressures linked to os-272

mosis. However, uncertainties in the predictive model make it difficult to state if it is273

the only cause of apparent discrepancy. The fact remains that the effect of mixed mono-274

valent/divalent solutions appears important for the interpretation of abnormal pressures275

generated by osmosis in a clay-rock.276

3. Abnormal fluid pressures generation at steady-state

Abnormal fluid pressures generated by osmosis have been so far associated exclusively to277

transient salinity distributions, where the abnormal pressures will evolve with the salinity278

profile across the argillaceous formation, e.g. by solutes diffusion towards the surrounding279

aquifers (Fig. 3). However, due to the osmotic efficiency dependence on the concentration280

and the pore size, i.e. the non-linearity of the osmotic efficiency, any variations, including281

linear variations, in the argillaceous formation of the concentration or the porosity will282

change the osmotic efficiency value. These changes in ε can lead to abnormal pressures,283

even when the salinity gradient is at steady-state and the basin at equilibrium. The284

abnormal pressure profile merely fulfils constant fluid flow by balancing the osmotic and285

hydraulic components of the fluid flow.286

As an illustration, abnormal fluid pressure is calculated by solving the continuity equation287

at steady-state, considering that fluid flow is entirely vertical across a shale:288

∂

∂z

(
ρf
k

η

(
∂P

∂z
+ ρfg

)
− ρfε(b, C)

k

η

∂Π

∂z

)
= 0. (5)289

. The resolution of this equation requires determining relevant hydraulic parameters.290

Intrinsic permeability is obtained using a Poiseuille law for a plane parallel pore geometry291
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[Walsh and Brace, 1984]:292

k =
b2

3ω−m
, (6)293

with b the half-pore size (m), ω the porosity and m the cementation factor, estimated at294

2.3 for natural shales [Tremosa, 2010]. Fluid density ρf and dynamic viscosity η are con-295

sidered constant across the formation at values of 1000 kg m−3 and 10−3 Pa s, respectively.296

297

Two scenarios for abnormal pressure calculations at steady state were tested using298

plausible salinity and pore-size variations across a 100-m-thick argillaceous formation,299

considering a linear hydrostatic pressure gradient. The first case (Fig. 5) considers a300

formation with a linear concentration profile (between 10−1 and 10−3 mol L−1 of pure301

NaCl solution) with higher concentrations in the deeper part, as salinity generally in-302

creases with depth in sedimentary basins [de Marsily , 1986], and a constant porosity303

of 0.2. Salinity profiles are generally transient in argillaceous sequences in sedimentary304

basins [Mazurek et al., 2011], but linear salinity profile with steady-state diffusion process305

are also sometimes observed, like in the Boom Clay at Essen in Belgium [Mazurek et al.,306

2011]. Considering a linear salinity profile allows identifying the individual effect of the307

salinity variations on the osmotic flow and associated pressures. Pore size is calculated308

using Eq.(3), a constant specific surface area of 40 m2 g−1 and a grain density of 2700 kg309

m−3, average values for compacted clay-rocks [Boisson, 2005], yielding a 2.3 nm half-pore310

size. The osmotic efficiency is calculated as a function of the concentration and pore size311

using the TLM presented in Appendix A for pure NaCl solutions.312

According to the concentration variation across the formation, osmotic efficiency is higher313

at the upper part of the formation. It induces differences in osmotic flow in the forma-314
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tion leading to a limited pressure buildup of 0.04 MPa (Fig. 5). The resulting overall315

flow in the argillaceous formation, calculated using Eq.(1), is directed downward and is316

dominated by osmotic flow in comparison to purely hydraulic flow.317

In the second case (Fig. 6), in addition to the previous linear concentration profile a linear318

porosity variation (between 0.15 and 0.2), with a lower value in the deeper part because of319

a higher compaction, was considered. This porosity variation corresponds to the maximal320

vertical porosity variations for a 100-m-thick shale layer predicted by porosity – depth321

functions [Magara, 1980]. Porosity range corresponds to a half-pore size ranging from322

1.6 to 2.3 nm. The resulting osmotic efficiency variations across the formation is more323

complex because ε increases with decreasing concentration, but it also decreases when the324

pore size increases. These changes lead to a pressure buildup higher than in the previous325

case with concentration variations only. Therefore, an overpressure of about 0.075 MPa326

is obtained, at steady-state. This overpressure is slightly lower than the overpressure327

predicted at transient state (Fig. 4) for similar pore size and concentration gradient. The328

overall flow is, like in the previous case, directed downward. The influence of the intrinsic329

permeability variations related to porosity changes across the formation was also evalu-330

ated by calculating the pressure build-up considering a constant permeability instead of331

a variable one. In such conditions, a more limited overpressure of about 0.025 MPa is332

obtained (Fig. 6), illustrating the influence of both osmotic efficiency and intrinsic per-333

meability in the osmotic flow term in Eq.(1).334

335

Though limited, osmosis can generate overpressure at steady-state, i.e. in basins at336

equilibrium, contrarily to the commonly accepted idea that osmotic overpressure can only337
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develop at transient-state because of the osmotic efficiency non-linearity. With only vari-338

ations of concentration, a weak overpressure is calculated. This overpressure is almost339

undetectable in an argillaceous layer, because of the pressure measurement difficulties in340

such rocks. With both concentration and pore-size variations, a more noticeable overpres-341

sure is obtained though slightly lower than the overpressures obtained at transient-state.342

Fairly important differences in the calculated overpressures are observed when limited343

variations of concentration and flow coefficients (k and ε), through porosity, are consid-344

ered across the shale layer. Identifying these variations in concentration and porosity and345

considering the non-linearity of the osmotic efficiency (and other flow coefficients) are thus346

crucial for overpressures understanding.347

4. Influence of chemical osmosis on the excess-hydraulic head measured in the

Toarcian/Domerian argillaceous formation of Tournemire (France)

An illustration of the effect of porewater composition on osmotically partly-induced348

pressure-profile can be made by considering the pressure field measured in the Toar-349

cian/Domerian argillaceous formation of Tournemire (SE of France), studied at the IRSN350

underground research laboratory (URL). For this purpose we extended the notion of351

excess-pressure expressed in terms of excess-head. Indeed, an excess-head in the argilla-352

ceous sequence is considered herein as a hydraulic head which derives from the linear head353

profile given by the heads measured in two aquifers surrounding the sequence when purely354

hydraulic flow at steady-state with constant permeability is considered.355

The Toarcian/Domerian argillaceous formation of Tournemire is part of the Mesozoic356

Grands Causses basin and presents a thickness of 250 m of shales and marls at the URL357

location. The shale is surrounded by two karstic limestones aquifers of Carixian and358
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Aaleanian ages. Since sedimentation ceased in the basin at the end of the Jurassic, the359

basin evolved under subaerial conditions leading to the erosion of 800 to 1600 m of mate-360

rial during the Cretaceous [Peyaud et al., 2005] and karst development in limestones layers361

[Ambert and Ambert , 1995; Simon-Coinçon and Schmitt , 1999]. Major uplifts occurred362

during the Pyrenean orogenesis in the Eocene and canyon incision mainly occurred during363

Miocene.364

The identification of the hydraulic head profile across the formation (Fig. 8) was made365

by a careful selection of pressure measurements in equipped boreholes [Tremosa, 2010].366

These measurements were selected outside of the depressed zone induced by the URL367

[Matray et al., 2007] and such as they are constant during a sufficiently long time period368

to be representative of the formation fluid pressure. A moderate excess-hydraulic head369

of about 30 m is observed (between 20 and 40 m depending on the boreholes; Fig. 8),370

compared to the linear profile bounded by the aquifers heads characterizing purely hy-371

draulic flow at steady-state conditions using a constant permeability. This excess-head is372

moderate so that the head in the shale layer does not exceed the head in the overlying373

aquifer and thus cannot be strictly considered as an overpressure. However, because of374

its non-linear shape, crucial hydrodynamic information can be obtained by the study of375

the non-linear profile.376

Causes of excess-head linked to the basin history, such as compaction disequilibrium,377

tectonic compression, visco-plastic behaviour of clays or changes in hydraulic boundary378

conditions for explaining the Tournemire excess-head can be discarded. Indeed, because379

of the basin evolution and valley incision age and because of the massif actual exhumation,380

these processes are not relevant for the actual pressure profile interpretation [Tremosa,381
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2010]. Conversely, chemical osmosis was suspected to be a plausible cause of excess-head382

because the clay-rich content and low porosity of the Toarcian/Domerian shale confers a383

membrane behaviour to the formation and because of the observed concentration profile384

in the formation with a higher salinity in its center (Fig. 7).385

In the Toarcian/Domerian argillaceous formation of Tournemire, the intrinsic permeabil-386

ity measurements considered as representative of the undisturbed rock [Boisson et al.,387

2001; Bertrand et al., 2002] range between 10−21 and 10−20 m2. In such an impervious388

rock, it is difficult to measure the permeability with an accuracy lower to the order of389

magnitude [Neuzil , 1994]. However, permeability variations are suggested by the easy-390

measurable porosity profile. Porosity mean value is 9 % and ranges between 2.7 % in the391

lower Toarcian and 11.1 % in the upper part of the upper Toarcian. Porosity, measured392

and calculated permeability variations across the formation are depicted in Fig. 7. In-393

trinsic permeability is calculated using Eq.(6), where the poresize was estimated using394

Eq.(3). The porosity was determined by measurements of water content and volume [Ma-395

tray et al., 2007], the grain density by helium pycnometry and the specific surface area by396

the BET method. Parameter profiles are listed in Table 1.397

The membrane behaviour of the Toarcian/Domerian clay-rock of Tournemire has been398

demonstrated by a set of laboratory experiments on samples using NaCl solutions399

[Tremosa, 2010]. Chemo-osmotic efficiencies were measured to range between 0.014 and400

0.31 for salinity gradients ranging between 5 and 18, using the formation salinity as ref-401

erence salinity in these experiments. However, measurements at only one elevation were402

carried out which impedes establishing the osmotic efficiency profile from these measure-403

ments. The osmotic efficiency profile was then calculated using the TLM presented in404
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Appendix A, using pore size and porewater composition as input parameters. The pore-405

water composition profile was calculated by a thermodynamic geochemical model which406

aims at reproducing the rock – porewater interactions [Tremosa et al., submitted]. This407

geochemical model requires the measured Cl and SO4 mobile anion profiles, which give408

the porewater salinity, and calculates the cations content as a function of the interactions409

with the rock (mineral saturation and cation exchange). For the sake of simplicity, mono-410

valent cations are here considered as Na+ ions, divalent cations as Ca2+ and anions as411

Cl− (Fig. 7). The TLM developed in this study can account for multi-ionic solution and412

the osmotic efficiency is thus calculated as a function of the solution composition (Table413

1).414

The hydraulic head profile in the Toarcian/Domerian argillaceous formation is calculated415

in 1D, along the z-axis, at steady-state (Eq. 5) considering purely Darcy’s flow and416

chemical osmosis. Hence, the excess-head build-up is calculated for a given concentration417

profile, considering the system is in pseudo-equilibrium at each time (q ' 0). Steady-state418

hypothesis avoid reconstructing the flow and transport history in the basin. This assump-419

tion is supported by the very low filtration and mass transport flux rates in the formation.420

The measured heads in the surrounding Carixian and Aalenian aquifers are introduced as421

boundary conditions and the present-day composition profile as chemical forcing (Fig. 7).422

The purely hydraulic flow with a constant permeability leading to a linear hydraulic head423

profile is taken as the reference state. Then two calculations were performed: i) purely424

hydraulic flow with variable hydraulic permeability; and ii) hydraulic and osmotic flows425

with chemo-osmotic efficiency and permeability vertical variations. The calculated head426

obtained considering purely hydraulic flow with permeability variations is shown in Fig.427
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8 and presents an important deviation compared with the reference linear head profile ob-428

tained using a constant permeability. Indeed, the calculated hydraulic head profile where429

permeability variations are considered can almost reproduce the measured excess-head.430

The deviation from the measured excess-head σ can be quantified as follows:431

σ =
|∆hdata −∆hmodel|

∆hdata
× 100, (7)432

where ∆hdata and ∆hmodel are, respectively, the measured and the calculated excess-heads433

compared with the linear head profile. Deviation σ is 24 % for the head obtained consid-434

ering purely hydraulic flow and variable permeability.435

The calculations of the hydraulic head profiles considering hydraulic flow and chemical436

osmosis together are made using the osmotic efficiency profile calculated from porewater437

composition but also using an osmotic efficiency profile calculated for a NaCl solution at438

the same salinity (Table 1). It allows evaluating the influence of porewater composition439

on the osmotic excess-head. The two calculated hydraulic head profiles are depicted in440

Fig. 8, together with the measured hydraulic heads.441

Hydraulic head calculations considering chemical osmosis with ε computed using the nat-442

ural composition allows improving the simulation of the observed excess-head profile.443

Indeed, a fairly good agreement is observed between the calculated and measured heads,444

with a deviation σ of 16 %. The influence of the porewater composition on the calculated445

head profile is illustrated in Fig. 8. Indeed, the osmotically induced hydraulic heads446

calculated for a NaCl solution are 10 to 15 m higher than the one calculated considering447

the natural porewater composition and present a deviation σ of 29 % compared with the448

measured heads. The measured excess-head is better reproduced when the natural com-449

position of fluid is considered in the calculations though both calculated head profiles are450
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in the range of the measured one. A limited numerical uncertainty on the calculated head451

profile is found. Uncertainty on the hydraulic head was evaluated from the experimental452

uncertainty of the petrophysical parameters (Table 1) used to calculate the intrinsic per-453

meability and the chemo-osmotic efficiency. A maximum numerical uncertainty of ± 1454

m on the heads is calculated where the highest changes in mineralogy and petrology are455

observed in the formation, i.e in the lower Toarcian.456

These calculations suggest that the measured excess-head profile in the Toar-457

cian/Domerian argillaceous formation of Tournemire can be explained by chemical osmosis458

and vertical variations of the permeability. However, this analysis of the excess-head is459

partial because thermo-osmosis, a fluid flow driven by a temperature gradient, was also460

observed and quantified in the Tournemire argillite [Tremosa et al., 2010] and is expected461

to have an influence on fluid flows and the hydraulic head profile in the formation.462

Regarding the fluid flow and mass transport, modifications induced by chemical osmosis463

are relatively limited compared with the case considering only hydraulic flow with variable464

permeability. Fluid flow remains directed downward in both cases. The Peclet Number,465

which is the ratio of the characteristic time for diffusion to the characteristic time for con-466

vection, is 0.28 when only the hydraulic flow is considered and 0.30 when chemo-osmotic467

and hydraulic flows are considered together. Then, mass transport remains mainly gov-468

erned by diffusion.469

5. Conclusion

The effect of natural water compositions compared to simple NaCl solutions, commonly470

used in experiments and in calculations, on the osmotic efficiency and on the abnormal471

pressures in natural clay-rocks was evaluated. This evaluation was based on an electrical472
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triple-layer-model (TLM) developed to calculate the chemo-osmotic efficiency of com-473

pacted clay-rocks characterized by complex pore-fluid compositions. Compared to the474

osmotic overpressures predicted considering purely NaCl solutions, lower overpressures475

are predicted when Ca2+/Na+ mixed solutions are considered. Considering porewater476

solutions with both monovalent and divalent cations tends to decrease the extent of the477

diffuse layer in the pore space. Consequently, the osmotic efficiency of the shale also478

decreases and tends to lower abnormal pressures. For a Na to Ca ratio of 18:1, the os-479

motic efficiency is predicted to be half compared as the one for a pure Na solution and480

the resulting overpressure is also divided by 2. However, the TLM was only calibrated481

on osmotic efficiencies obtained during experiments using NaCl as test solution. Indeed,482

no chemo-osmotic experiments have been performed on natural shales considering differ-483

ent test water compositions for a same salinity, so far. Thereby, the predicted osmotic484

efficiency of a shale for natural water compositions remains to be validated by experi-485

ments. Since natural waters are generally composed of species of various valences, lower486

osmotic efficiencies than those measured in most experiments using NaCl solutions can be487

expected in shale layers. Considering the natural water compositions is then a probable488

cause to explain the disparity between the osmotic overpressures predicted by Neuzil and489

Provost [2009] and the observed ones in basins.490

Excess fluid pressures were calculated in sedimentary basins at steady-state conditions491

for salinity. These conditions are not usually considered as suitable conditions for the492

occurrence of such overpressures. Indeed, osmotic overpressures are exclusively studied as493

a transient-state situation depending on the concentration difference between the center494

of the argillaceous layer with a high salinity and the surrounding aquifers. In spite of495
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being moderated (less than 0.1 MPa), overpressures can be generated considering a linear496

concentration profile because of the chemo-osmotic efficiency coefficient dependence to497

the concentration, composition and pore size. However, such moderated osmotic over-498

pressures can sorely be measured in shales.499

The case study of the Toarcian/Domerian argillaceous formation of Tournemire showing500

moderate excess-hydraulic head of about 30 m was considered in support of the theoretical501

calculations and discussions previously carried out. The measured excess-head was cor-502

rectly reproduced when hydraulic and chemo-osmotic flows are considered together with503

the vertical variations of the hydraulic permeability and the chemo-osmotic efficiency cal-504

culated with our model. Our results suggest that the variations of the permeability and505

chemical osmosis explain the excess-head profile measured at Tournemire. A noticeable506

difference of 10 to 15 m was observed between the calculated hydraulic heads for the natu-507

ral porewater composition and for NaCl solution at the same salinity. A better agreement508

was thus obtained using the natural porewater composition to estimate the osmotic effi-509

ciency.510

Although several explanations for the lower than predicted overpressures generated by511

osmosis are proposed in this paper, overpressures remains rarely detected or investigated512

[Neuzil and Provost , 2009]. Their detection is again more complicated since different513

causes can be invoked to explain abnormal pressures [Rousseau-Gueutin et al., 2009].514

Appendix A: Triple-layer-model TLM establishment for mixed Ca/Na

solutions

The electrical triple-layer-model (TLM) developed herein to describe the interactions515

between the charged solid surface of a clay-rock and the pore solution is an improvement516
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of the Avena and De Pauli [1998] double-layer-model (DLM) and Leroy and Revil [2004]517

TLM. This model was modified by Gonçalvès et al. [2007] to account for diffuse layers518

overlapping. Multi-component solutions were introduced herein to this latter version fol-519

lowing the approach by Leroy et al. [2007]. The advantage of the TLM compared to the520

DLM is the treatment of ions as particles of finite size, so high ionic concentrations near521

the surface can be considered [Horseman et al., 1996]. Introducing the interaction of dif-522

fuse layers, by a truncation of these layers, is related to the small pore size in such rocks.523

As stated, osmosis phenomena results from this truncation. Multi-component solutions524

with monovalent and divalent cations are introduced in the model allowing exchange of525

various cations on surface sites.526

Geometrically, the TLM considers two compacted layers constituted by ions sorbed at527

the mineral surface, i.e. the Stern layer. These layers are limited by the Inner Helmotz528

Plane (IHP) and Outer Helmotz Plane (OHP). This last plane forms the limit of the529

Stern layer and the diffuse layer, i.e. the third layer considered in the TLM, starts at530

the OHP. The diffuse layer extends towards the pore center and is limited by the inter-531

action with the diffuse layer of another clay mineral particle. A schematic description is532

depicted in Figure 9. TLM considers the surface sites linked to the permanent negative533

charge due to isomorphic substitutions and the variable charge hydroxyl surface sites of534

protonation/deprotonation. Permanent exchange surface sites are represented here as X535

sites and each site carries one negative charge X−. The exchange half-reactions for Na+,536

Ca2+ and H+ with their respective reaction constants correspond to:537

XNa = X− +Na+, KNa, (A1)538

539

X2Ca = 2X− + Ca2+, KCa, (A2)540
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541

XH = X− +H+, KH . (A3)542

The surface site density Γ0
i (in sites m−2) for each species i is expressed from the reaction543

constant expressions, in the Gaines and Thomas [1953] convention :544

Γ0
XH =

Γ0
X−aH+

KH

, (A4)545

546

Γ0
XNa =

Γ0
X−aNa+

KNa

, (A5)547

548

Γ0
X2Ca

=
(Γ0

X−)2 aCa2+

KCa

, (A6)549

where ai is the activity of species i. The Γ0
X− expression is obtained using the total surface550

site density of the X sites, Γ0
3, by the Newton method:551

Γ0
3 = Γ0

X− + Γ0
XH + Γ0

XNa + Γ0
X2Ca

. (A7)552

Γ0
1 and Γ0

2 correspond to the total surface site density of aluminol and silanol hydroxyl553

sites, obtained from the following complexation reactions:554

AlOH
1/2+
2 = AlOH1/2− +H+, K1, (A8)555

556

SiOH
1/2+
2 = SiOH1/2− +H+, K2, (A9)557

The surface charge density of the clay minerals Q0 (C m−2) is obtained, using the surface558

site density, by the following equation:559

Q0 = −e[1
2

(Γ0

AlOH
1/2+
2

− Γ0
AlOH1/2− + Γ0

SiOH
1/2+
2

− Γ0
SiOH1/2−)− Γ0

3], (A10)560

where e is the elementary charge (1.6 × 10−19 C). The charge density in the Stern layer561

Qβ can be expressed as:562

Qβ = e(Γ0
XNa + 2Γ0

X2Ca
+ Γ0

XH). (A11)563
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Potentials in the IHP and the OHP drop linearly and are related to the charge densities564

by the relationships:565

ϕ0 − ϕβ = Q0/C1, (A12)566

567

ϕβ − ϕd = QS/C2, (A13)568

where ϕ0, ϕβ and ϕd are, respectively, the electrical potentials (V) at the surface, at the569

β plane (IHP) and the d plane (OHP). C1 and C2 are the capacities (F m−2) between the570

surface and the IHP and between the IHP and the OHP, respectively.571

In the diffuse layer, the electrical potential and the ionic concentrations are obtained by572

the Poisson-Boltzmann equation. The charge density in the diffuse layer QS is written as573

follows, for a solution with N species i and a distance from the mineral surface xd to b,574

i.e. from the OHP to the truncation plane:575

QS =
∫ b

xd

N∑

i=1

Cf
i γ

f
i

γi
e zi exp

(
− zieϕ

kBT

)
dx, (A14)576

where kB is the Boltzmann constant (1.38 × 10−23 J K−1), T is the temperature (K),577

zi is the valence of the ion i and Cf
i is the concentration of species i in the equilibrium578

solution (mol L−1). This concentration Cf
i is the concentration in the porous media out579

of the electrostatic field influence denoted as the equilibrium solution and corresponds to580

the concentration obtained by a classical geochemical model. γfi and γi are the activity581

coefficients, calculated with the Davies [1962] equation, in the equilibrium solution and in582

the diffuse layer, respectively. The Davies [1962] equation can be used for solutions with583

salinity lower than 0.7 M [Langmuir , 1997], i.e. up to seawater salinity.584

The last equation of the TLM is its global electroneutrality constraint:585

Q0 +Qβ +QS = 0. (A15)586

D R A F T November 16, 2011, 4:17pm D R A F T



TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES X - 251

The chemo-osmotic efficiency coefficient is obtained from the resolution of the Navier-587

Stokes equation integrating the chemical force [Bolt , 1979], for a porous medium with a588

plane parallel geometry:589

ε =

∫ b
0 (1− C−(x)

Cf
)(2bx− x2)dx

2b3

3

, (A16)590

where C−(x) is the anion concentration at a distance x from the clay surface, Cf is the591

anion concentration in the equilibrium solution and 2b is the pore size. It is worth noting592

that anion exclusion expression is applicable for both symmetric and non-symmetric so-593

lutions [Bolt , 1979].594

595

The predictions of the TLM for multi-ionic solutions with interacting diffuse layers596

were calibrated against osmotic efficiency data of various natural clay-rocks in a NaCl-597

clay system [Neuzil , 2000; Cey et al., 2001; Al-Bazali , 2005; Garavito et al., 2006, 2007;598

Horseman et al., 2007; Rousseau-Gueutin et al., 2009, 2010]. Resulting parameters are599

Γ0
1=0 sites nm−2, Γ0

2=0.52 sites nm−2, Γ0
3=2.58 sites nm−2 (obtained with the CEC and600

the specific surface area), K1 undetermined, K2=1.3×10−6, KH=1×10−2, KNa=1.3×10−1,601

KCa=5×10−3 [Avena and De Pauli , 1998; Leroy and Revil , 2004; Gaucher et al., 2006;602

Gonçalvès et al., 2007], C1=1 F m−2 and C2=0.2 F m−2. As observed by Gonçalvès et al.603

[2007], the more sensitive parameters are KNa and C2.604
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Figure 1. Model and data from several argillaceous formations of chemo-osmotic efficiency

coefficient as a function of b × Cf for a NaCl-clay system. Data references: Oligocene Boom

clay [Garavito et al., 2007], Cretaceous Pierre shale [Neuzil , 2000; Al-Bazali , 2005; Garavito

et al., 2006], Cretaceous Bearpaw formation [Cey et al., 2001; Hendry and Wassenaar , 1999],

Jurassic Opalinus clay [Boisson, 2005; Horseman et al., 2007], Paris basin Callovo-Oxfordian

(COx) formation [Rousseau-Gueutin et al., 2009, 2010] and shales from Al-Bazali [Al-Bazali ,

2005; Neuzil and Provost , 2009].

Figure 2. Evolution of chemo-osmotic efficiency coefficient calculated with the TLM as a

function of the Calcium Index 2×Ca2+/(Na+ + 2×Ca2+) and b× Cf .

Figure 3. Scheme of the abnormal pressure generation by osmosis due to a salinity gradient

between the shale layer and the surrounding aquifers.

Figure 4. Overpressures (P0 in MPa) generated by chemical osmosis as a function of the

concentration difference, Cmax − Cmin, with Cmax/Cmin=10 and the pore size, b, for different

Calcium Index a) 0, b) 0.1, c) 0.2, d) 0.5 and e) 1. Numbers on curves are P0.

Figure 5. Pressure profile across a 100-m-thick argillaceous formation obtained at steady-state

by chemical osmosis caused by variations of the osmotic efficiency with the concentration and

for a constant porosity.

Figure 6. Pressure profile across a 100-m-thick argillaceous formation obtained at steady-state

by osmosis caused by variations of the osmotic efficiency variations with the concentration and

the porosity.

Figure 7. Profiles of intrinsic permeability, porosity, porewater composition and osmotic

efficiency in the Toarcian/Domerian argillaceous formation of Tournemire. Triangles are the

measured intrinsic permeabilities Boisson et al. [2001]; Bertrand et al. [2002].
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Figure 8. Measured and calculated hydraulic head profiles in the Toarcian/Domerian argilla-

ceous formation of Tournemire.

Figure 9. Schematic representation of solution - mineral surface interaction and associ-

ated electrochemical variables (electrical potentials ϕi and surface charges Qi) in the TLM with

interacting diffuse layers Gonçalvès et al. [2010].

D R A F T November 16, 2011, 4:17pm D R A F T



TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES X - 261

T
a
b
le

1
.

P
ar

am
et

er
s

u
se

d
in

th
e

ca
lc

u
la

ti
on

s
fo

r
th

e
ar

gi
ll
ac

eo
u
s

fo
rm

at
io

n
of

T
ou

rn
em

ir
e.

ω
to
t

is
th

e
to

ta
l

p
or

os
it

y,
ρ
s

is
th

e
gr

ai
n

d
en

si
ty

(g
cm
−3

),
A
s

is
th

e
sp

ec
ifi

c
su

rf
ac

e
ar

ea
(m

2
g−

1
),

b
is

th
e

h
al

f-
p

or
e

si
ze

(n
m

),
ε n
a
tu
r
a
l

is
th

e
os

m
ot

ic
effi

ci
en

cy
ca

lc
u
la

te
d

fo
r

th
e

n
at

u
ra

l
p

or
ew

at
er

co
m

p
os

it
io

n
an

d
ε N

a
C
l

is
th

e
os

m
ot

ic
effi

ci
en

cy
ca

lc
u
la

te
d

fo
r

a
N

aC
l

so
lu

ti
on

.
E

le
va

ti
on

is
in

m

N
G

F
.

F
or

m
at

io
n

u
n
it

E
le

va
ti

on
ω
to
t

ρ
s

A
s

b
ε n
a
tu
r
a
l

ε N
a
C
l

u
p
p

er
T

oa
rc

ia
n

55
1.

3
0.

11
1
±

0.
00

06
2.

73
2
±

0.
00

05
28
±

2
1.

64
±

0.
12

0.
51

3
[0

.4
93

—
0.

53
7]

0.
84

6
[0

.8
31

—
0.

86
3]

u
p
p

er
T

oa
rc

ia
n

53
4.

4
0.

11
1
±

0.
00

06
2.

72
1
±

0.
00

05
25
±

2
1.

84
±

0.
15

0.
42

5
[0

.4
00

—
0.

45
2]

0.
79

4
[0

.7
71

—
0.

81
7]

u
p
p

er
T

oa
rc

ia
n

51
2.

2
0.

11
1
±

0.
00

05
2.

72
3
±

0.
00

04
24
±

2
1.

91
±

0.
16

0.
32

3
[0

.2
99

—
0.

35
1]

0.
73

3
[0

.7
04

—
0.

76
2]

u
p
p

er
T

oa
rc

ia
n

46
3.

1
0.

09
6
±

0.
00

06
2.

70
9
±

0.
00

05
23
±

2
1.

71
±

0.
14

0.
20

4
[0

.1
83

—
0.

22
9]

0.
64

6
[0

.6
08

—
0.

68
7]

u
p
p

er
T

oa
rc

ia
n

41
1.

5
0.

08
4
±

0.
00

06
2.

73
5
±

0.
00

04
22
±

2
1.

52
±

0.
13

0.
10

4
[0

.0
89

—
0.

12
2]

0.
57

2
[0

.5
22

—
0.

62
6]

in
t.

T
oa

rc
ia

n
38

7.
5

0.
10

0
±

0.
00

06
2.

73
4
±

0.
00

07
25
±

2
1.

63
±

0.
17

0.
12

9
[0

.1
09

—
0.

15
8]

0.
56

0
[0

.5
03

—
0.

62
6]

lo
w

er
T

oa
rc

ia
n

37
2.

9
0.

04
7
±

0.
00

06
2.

42
4
±

0.
00

28
5
±

0
4.

06
±

0.
07

0.
02

5
[0

.0
24

—
0.

02
5]

0.
16

9
[0

.1
65

—
0.

17
5]

lo
w

er
T

oa
rc

ia
n

35
9.

1
0.

02
7
±

0.
00

07
2.

38
5
±

0.
00

10
5
±

0
2.

32
±

0.
06

0.
08

5
[0

.0
81

—
0.

08
9]

0.
43

5
[0

.4
23

—
0.

44
8]

D
om

er
ia

n
33

1.
2

0.
08

2
±

0.
00

06
2.

74
0
±

0.
00

07
22
±

2
1.

48
±

0.
05

0.
12

7
[0

.1
20

—
0.

13
4]

0.
74

6
[0

.7
29

—
0.

76
1]

D
om

er
ia

n
31

6.
7

0.
07

7
±

0.
00

06
2.

73
3
±

0.
00

06
23
±

2
1.

34
±

0.
13

0.
20

6
[0

.1
85

—
0.

23
6]

0.
82

7
[0

.7
96

—
0.

86
5]

D
om

er
ia

n
30

2.
9

0.
08

5
±

0.
00

06
2.

73
7
±

0.
00

05
26
±

2
1.

30
±

0.
13

0.
31

7
[0

.2
90

—
0.

34
8]

0.
87

6
[0

.8
51

—
0.

90
3]

D R A F T November 16, 2011, 4:17pm D R A F T



X - 262 TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES

O
s
m

o
ti
c
 e

ff
ic

ie
n
c
y

ε

b×C (nm.mol.L )f

-1
0 1 2 3 4

0

0.1

0.2

0.3

0.4

0.5

Boom clay

Pierre shale

Bearpaw formation

Opalinus clay

Paris basin COx formation

Shales from Al-Bazali

Triple-layer-model

Figure 1

Figure 1. Model and data from several argillaceous for-
mations of chemo-osmotic efficiency coefficient in func-
tion of b × C for a NaCl-clay system. Data references:
Oligocene Boom clay [Garavito et al., 2007], Creta-
ceous Pierre shale [Al-Bazali , 2005; Garavito et al., 2006;
Neuzil , 2000], Cretaceous Bearpaw formation [Cey et al.,
2001; Hendry and Wassenaar , 1999], Jurassic Opalinus
clay [Boisson, 2005; Horseman et al., 2007], Paris basin
Callovo-Oxfordian (COx) formation [Rousseau-Gueutin
et al., 2009, 2010] and shales from Al-Bazali [Al-Bazali ,
2005; Neuzil and Provost , 2009].
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Figure 3. Scheme of the abnormal pressure generation
by osmosis due to a salinity gradient between the shale
layer and the surrounding aquifers.
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mosis caused by variations of the osmotic efficiency with
the concentration and for a constant porosity.



TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES X - 267

E
le

v
a

ti
o

n
 z

 (
m

)E
le

v
a

ti
o

n
 z

 (
m

)
E

le
v
a

ti
o

n
 z

 (
m

)

Overpressure (MPa)

Concentration (mol.L )
-1

Porosity

Osmotic efficiency

Flow
direction

Figure 6

0 0.02 0.04 0.06 0.08 0.1 0.12
0

100
0 0.1 0.2 0.3

Conc.

Porosity

0 0.2 0.4 0.6 0.8 1
0

100

0 0.025 0.05 0.075 0.1
0

100

Overpressure with
variable k

Overpressure with
constant k

Figure 6. Pressure profile across a 100-m-thick argilla-
ceous formation obtained at steady-state by osmosis
caused by variations of the osmotic efficiency variations
with the concentration and the porosity.



X - 268 TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES

0 0.2 0.4 0.6 0.8 1

Osmotic efficiency

300

350

400

450

500

550

ε Na/Ca

ε Na

0 0.02 0.04 0.06 0.08 0.1

Content in porewater (mol L-1)

300

350

400

450

500

550

Cf Cl

Cf Na

Cf Ca

Figure 7

1E-022 1E-021 1E-020 1E-019

Intrinsic permeability (m2)

300

350

400

450

500

550
E

le
v
a
ti
o
n

(m
N

G
F

)

permeability

porosity

0 0.05 0.1 0.15 0.2 0.25

Porosity

Upper Toarcian

Int. Toarcian

Lower Toarcian

Domerian

Figure 7. Profiles of intrinsic permeability, poros-
ity, porewater composition and osmotic efficiency in the
Toarcian/Domerian argillaceous formation of Tourne-
mire. Triangles are the measured intrinsic permeabilities
[Boisson et al., 2001; Bertrand et al., 2002].



TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES X - 269

Figure 8

440 480 520 560 600
Hydraulic head (m NGF)

300

350

400

450

500

550

E
le

v
a
ti
o
n

(m
N

G
F

)

purely hydraulic head

head calculated with
natural composition

head calculated with
purely Na solution

measured head

lin
ea

r
he

ad
Figure 8. Measured and calculated hydraulic head pro-
files in the Toarcian/Domerian argillaceous formation of
Tournemire.



X - 270 TREMOSA ET AL.: NATURALLY LIMITED OSMOTIC PRESSURES

- -

- -

- -

- -

- -

- -

- -

- -

- -

+ +

+ +

+ +

+

+

+

+ +

+ +

+ +

+

xb xd b
C

la
y

p
a
rt

ic
le

 s
u
rf

a
c
e

C
la

y
 p

a
rt

ic
le

 s
u
rf

a
c
e

Diffuse layerStern

Layer

T
ru

n
c
a
ti

o
n
 P

la
n
e

+ Cation

Water

IHP IHP

OHP OHP

j
0

jb

jb

jd

0

Q0
Qb QS

Figure A1

Figure 9. Schematic representation of solution - min-
eral surface interaction and associated electrochemical
variables (electrical potentials ϕi and surface charges Qi)
in the TLM with interacting diffuse layers [Gonçalvès
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Chapter 7

Interpretation of the pressures
profile in the Tournemire
argillaceous formation

7.1 Introduction

The interpretation of the hydraulic head profile in the Tournemire clay-rock
is addressed in this last chapter.
The hydraulic head profile was established in the Chapter 2 by a collection of
pressure measurements representative of the formation fluid pressure and a
slight excess-head, compared with the hydrostatic head profile, was observed.
The aim is now to identify the processes which contribute to the establish-
ment of the actual pressure profile and, thus, to characterize the effective
flow processes acting at the formation scale.
The previous chapters mainly dealt with the characterization of the osmotic
processes (chemo- and thermo-osmosis) because of their suspected relevance
for the fluid flow in the Tournemire clay-rock. Indeed, the occurrence of such
processes was identified for this clay-rock by experiments. Osmotic processes
were also studied because of their ability in generating abnormal pressures
under conditions close to the ones found at Tournemire, i.e. a low perme-
ability clay-rich formation in an old sedimentary basin affected by vertical
salinity variations.
A special attention is thus paid to the osmotic processes in the interpreta-
tion of the hydraulic head profile. Other causes of abnormal pressures are
also examined for the Tournemire argillaceous formation. It mainly includes
hydromechanical processes, studying more particularly the visco-plastic be-
haviour of the clay-rock, and changes in the hydraulic boundary conditions.

271
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7.2 Osmotic processes

7.2.1 Calculations hypothesis

Conceptual model and boundary conditions

The aim of these calculations is to establish the effect of the osmotic flows
on the pressure field in the formation. The individual and conjugated effects
of chemical osmosis and thermo-osmosis were, in particular, studied.
Calculations are made in 1D, along the z-axis, in the Domerian and Toarcian
layers from the Carixian/Domerian to the Toarcian/Aalenian boundaries us-
ing the pressure, chemical and temperature conditions of the aquifers as
boundary conditions. These calculations enable obtaining a pressure profile
across the argillaceous formation and, after transformation as a hydraulic
head, comparing it with the hydraulic head monitored in the formation (see
section 2.2).
In the present calculations, a pressure build-up is calculated for a given pro-
file of concentration and temperature, considering that at a given time, the
modeled system is in pseudo-equilibrium, so that the variations of pressure
with time can be assumed null. This simplification can be made because
of the very low hydraulic diffusivity and diffusion coefficient of the Tourne-
mire clay-rock. The election of steady-state conditions for the calculations
presents the interest to avoid performing a reconstruction of the basin evolu-
tion including the flows and transfers in the argillaceous formation, required
for transient-state calculations. Then, the pressure field in the formation
is calculated by solving the pressure - diffusion equation including osmotic
coupled flows at steady-state:

∂

∂z

(
ρf
k

η
(∇P + ρfg∇z)− ρfε(b, C)

k

η
∇Π +

k

η

∆H

T
∇T
)

= 0 (7.1)

with, from the left to the right in the right-hand-side term, the contributions
of the Darcy’s flow with the gravity term, the chemical osmosis flow and the
thermo-osmosis flow.
A simple calculation at transient-state, considering diffusion from an initial
porewater presenting sea water salinity [15, 123] but without calibrating
the transfer time, was also made to assess that the fluid flows calculated at
stead-state are realistic.

The Figure 7.1 presents the hydraulic head, concentration and temper-
ature conditions used for the calculations. It corresponds to the hydraulic
heads measured in the surrounding aquifers and to the concentration and
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temperature profiles obtained across the Tournemire clay-rock (see section
3 and 2.3, respectively).
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Figure 7.1: Hydraulic boundary conditions and temperature and salinity
profiles for abnormal pressures calculations linked to osmotic processes.

It appears in Eq.(7.1) that additional parameters than the gradients are
needed in the calculations: the osmotic coupling coefficients (ε and kT ), the
intrinsic permeability (k), the dynamic viscosity of water (η) and the fluid
density (ρf ). Their variations across the formation are thus required.

Chemical osmosis efficiency

The chemical osmotic efficiency of the Tournemire clay-rock was determined
by two ways: by calculations with a predictive model and by measurements
on clay-rock samples. However, the measurements are only available at a
single depth in the formation. The modelled osmotic efficiencies were thus
used in the following calculations to obtain a complete profile accounting for
its spatial variations.
The theoretical chemical osmosis efficiency was determined in section 4.2.5
using Bolt et al. [22]’s expression and through the resolution of an elec-
trical model describing the interactions between the charged solid surface
of a clay-rock and the porewater. This electrical model takes into account
the interactions of adjacent diffuse layers and both monovalent and divalent
counter-ions. A profile of chemical osmosis efficiency was then established
(see Table 4.3) in agreement with rock properties and solution composition
variations across the formation. This is depicted in Fig. 7.2.
The experimental chemical osmosis efficiency was determined on one sample
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of the Tournemire clay-rock. It consisted in inducing a fluid flow through the
sample upon a salinity gradient (see section 4.3). Efficiency values ranging
between 0.014 and 0.31 as a function of the salinity were obtained during
these experiments, in the range of the predicted osmotic efficiencies.

Thermo-osmotic coefficient

In a similar way as the chemical osmotic efficiency, the thermo-osmotic per-
meability of the Tournemire clay-rock was obtained by both predictive cal-
culations and experimental measurements, but only the modelled kT allows
considering its variations across the formation.
The predictions of the thermo-osmotic permeability were obtained (section
5.2.2) by a model calculating the excess specific enthalpy in the pore space
responsible of the occurrence of thermo-osmosis by molecular interaction con-
siderations. Model input are a set of petrophysical parameters (porosity,
specific surface area and cation exchange capacity) and the salinity of the
bulk porewater. Taking into consideration the variations of these parameters
across the Toarcian/Domerian argillaceous formation, a profile of kT/k was
monitored (see Table 5.1 and Fig. 7.2).
The thermo-osmotic permeability of the Tournemire clay-rock was also mea-
sured during in situ experiments (see section 5.3 and [148]), in equipped
boreholes. A temperature gradient was induced between the measurement
chamber of the borehole and the clay-rock. The inversion of the pressure
evolution in the chamber allowed to identify a range of thermo-osmotic per-
meabilities. kT ranges between 6 × 10−12 and 2 × 10−10 m2 s−1 K−1 (Fig.
7.2).
Like for chemical osmosis calculations, pressure field calculations with
thermo-osmosis were performed using the profile of theoretical coefficients.
However, to interpret the effects of thermo-osmosis, it is worth noting that
the comparison between the model and the data (see section 5 and Fig. 7.2)
indicates that the model tends to underestimate the thermo-osmotic perme-
ability.

Intrinsic permeability

The intrinsic permeability profiles available for the Tournemire formation
[20, 21, 123] show k variations on 6 orders of magnitude, between 10−22 and
10−16 m2. These variations are for a large extent related to differences in
measurement methods and conditions (e.g., duration of the test, transient or
equilibrated initial pressures, preservation conditions of the samples, under
confinement or not) and in the absence or presence of fractures in the rock.
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Figure 7.2: Profiles in the Tournemire argillaceous formation of the computed
intrinsic permeability (k, in m2), chemical osmosis efficieny (ε) and thermo-
osmotic permeability (kT , in m2 s−1 K−1). The measured ε, kT and k are
also reported at the elevation where they were determined.
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Nevertheless, permeability measurements performed during pulse-tests, an
adequate method for hydraulic parameters determination in very low per-
meability media, on confined samples were collected. These measurements
suggest intrinsic permeability values between 10−21 and 10−20 m2, though the
possible variations of k with depth are overcome by measurements artefact.
In situ measurements in unperturbed conditions with a suitable experimental
borehole device in PH1 borehole [17] indicates a lower intrinsic permeability,
between 6 × 10−22 and 2 × 10−21 m2.
Because of these uncertainties, the intrinsic permeability is computed across
the formation as a function of petrophysical parameters from the Kozeny-
Carman equation. Based on plane-parallel geometry hypothesis, it writes:

k =
b2

3F
(7.2)

where, b is the half-pore size (m) and F is the formation factor. The formation
factor is determined by the relationship F = ω−m, where ω is the porosity and
m the cementation factor. In Chapter 1, m was fitted on natural clay-rocks
permeabilities and diffusion coefficients giving a value of 2.3. The application
of the Kozeny-Carman relation (7.2) to the argillaceous layers of Tournemire
gives an intrinsic permeability ranging between 10−21 and 10−20 m2 (see Fig.
7.2), as a function of the petrophysical parameters variations. The higher
values (around 8 × 10−21 m2) are obtained in the upper Toarcian and the
lower values (around 2 × 10−21 m2) in the Domerian. It corresponds to the
range of permeabilities determined for this rock.
The following calculations are then made with the permeability determined
using the Kozeny-Carman relation.

Fluid viscosity

The dynamic viscosity of water η (in Pa s) is determined using the relation
by Mercer et al. [102], as a function of temperature:

1

η
= (5.38 + 3.8A− 0.26A3)× 103 (7.3)

where A = (T − 150)/100, with T the temperature expressed in �. The
temperature variations across the formation induce η variations between 8.95
× 10−4 Pa s, for the higher temperature, and 1.27 × 10−3 Pa s.

Fluid density

The fluid density ρf (in kg m−3) is determined by the UNESCO equation
of state 1980 [150]. This equation of state for water density considers the
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influence of salinity, temperature and pressure on the computed fluid density.
Its application to the Tournemire formation induces slight variations of fluid
density between 998.5 and 1002.3 kg m−3, with the higher values correspond-
ing to the most salted porewater. Owing to this little density variation, the
fluid can be estimated as incompressible and the pressures across the forma-
tion can be transformed as hydraulic heads.

7.2.2 Influence of the variations of the hydraulic pa-
rameters on the hydraulic head profile

Before introducing the osmotic processes in the calculations of the pressure
field across the Tournemire clay-rock, this calculation is made considering
Darcy’s flow alone (Fig. 7.3). The equation to be solved is then:

∂

∂z

(
ρf
k

η
(∇P + ρfg∇z)

)
= 0 (7.4)

The aim is to establish the effect of the variations of the intrinsic perme-
ability and the fluid viscosity and density on the calculated pressure profile.
Different calculations were performed: with constant hydraulic parameters
(k=10−21 m2, η=10−3 Pa s and ρf=103 kg m−3); with variable parameters,
in agreement with the expressions previously established; with only fluid
viscosity constant; and with only the fluid density constant.

First of all, a linear hydraulic head profile is logically obtained for constant
hydraulic parameters (Fig. 7.3). Amongst the calculations performed with
spatially varying parameters, the results of the case using variable intrinsic
permeability, dynamic viscosity of water and fluid density are reported in Fig.
7.3. The obtained hydraulic head profile is in the range of the measured one
and a deviation of 35 % is observed between the modelled excess head profile
and the measured head profile, estimated from the head measurements (Fig.
2.5), where the excess-head ∆h is defined as ∆h = h − hhydrostatic, with h
and hhydrostatic are, respectively, the hydraulic head and the hydrostatic one.
This deviation σ is calculated as follows:

σ =
|∆hdata −∆hmodel|

∆hdata
× 100 (7.5)

where ∆hdata and ∆hmodel are, respectively, the measured and the calculated
excess-heads compared with the hydrostatic head.
The effect of spatial variations of the intrinsic permeability is the more no-
ticeable on the head profile, although the variations of the fluid viscosity are
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also non-negligible as the calculation with only the fluid viscosity constant
presents a deviation of 24 % compared with the calculated head using all
the parameters variable, which corresponds to a deviation of 24 % compared
with the measured head (Eq. 7.5). A deviation of only 2 % is observed with
only the fluid density as constant parameter, compared with the calculated
head using all the parameters variable.
Using a purely hydraulic flow (Eq. 7.4), the water movement is directed
downward and a specific discharge of -1.3 × 10−14 m s−1 is calculated, the
negative specific discharge corresponding to a downward water movement.
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Figure 7.3: Hydraulic head profile calculated with a purely Darcy’s flow in
the Tournemire clay-rock.

7.2.3 Influence of chemical osmosis on the hydraulic
head profile

In this section, the pressures profile across the formation induced by chemical
osmosis is calculated. Consequently, Eq.(7.1) is restricted to Darcy’s flow and
chemical osmosis so that the solved equation becomes:

∂

∂z

(
ρf
k

η
(∇P + ρfg∇z)− ρfε(b, C)

k

η
∇Π

)
= 0 (7.6)



279 7.2. Osmotic processes

The calculation conditions were presented in the previous section and
the resulting pressure fields were calculated with the computed osmotic
efficiency profile (Fig. 7.4) using space variable intrinsic permeability, water
viscosity and fluid density.
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Figure 7.4: Hydraulic head profile induced by chemical osmosis in the Tourne-
mire clay-rock. For comparison, the hydraulic head profile obtained with
purely hydraulic flow (section 7.2.2) is also represented.

The addition of chemical osmosis to the Darcy’s flow leads to 8 m higher
excess-heads (Fig. 7.4) than those obtained only with Darcy’s flow, at the
formation center. The calculated hydraulic head profile is close to the mea-
sured one, so that a deviation of 16 % is found between the model and the
data.
Chemical osmosis does not seem to induce consequent modifications on the
water movement in the Tournemire clay-rock, which is still directed down-
ward and the specific discharge is of the same order as when only Darcy’s
flow is considered i.e., -1.4 × 10−14 m s−1.
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7.2.4 Influence of thermo-osmosis on the hydraulic
head profile

In a similar way than in the previous section, the individual contribution of
the thermo-osmotic flow to the fluid pressure is evaluated. Considering only
thermo-osmosis and Darcy’s flow, Eq.(7.1) becomes:

∂

∂z

(
ρf
k

η
(∇P + ρfg∇z) +

k

η

∆H

T
∇T
)

= 0 (7.7)

The pressures profile is calculated using the computed ∆H/T dependent
on the rock properties and the medium conditions (Fig. 7.5) using space
variable hydraulic parameters.
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Figure 7.5: Hydraulic head profile induced by thermo-osmosis in the Tourne-
mire clay-rock. For comparison, the hydraulic head profile obtained with
purely hydraulic flow (section 7.2.2) is also represented.

The introduction of thermo-osmosis, together with the Darcy’s flow, leads
to a hydraulic head lower than the one calculated with a purely hydraulic
flow (Fig. 7.5). The resulting head profile is between 10 and 15 m lower in
the upper Toarcian and up to 35 m lower in the lower Toarcian. In the deeper
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part of the formation, the head is even slightly lower than the hydrostatic
head. It results in a higher deviation (84 %) of the modelled hydraulic
head profile to the measured head than the ones calculated from the profiles
obtained with the Darcy’s flow alone or including chemical osmosis.
The water movement in the formation is modified by the thermo-osmotic
flow and becomes directed upward, presenting a specific discharge of 3.3 ×
10−14 m s−1.

7.2.5 Influence of coupled osmotic flows on the hy-
draulic head profile

The individual contributions of chemical osmosis and thermo-osmosis on fluid
pressures in the Tournemire argillaceous formation were evaluated in the sec-
tions 7.2.3 and 7.2.4, respectively. Their fully coupled effects are now calcu-
lated, using Eq.(7.1).
Calculations are made using the profiles of chemical osmotic efficiency and
thermo-osmotic permeability and using the spatially variable hydraulic pa-
rameters, as described in section 7.2.1.

Considering in the calculations the combination of Darcy’s flow, chemical
osmosis and thermo-osmosis an excess-head, compared with the hydrostatic
head, is observed (Fig. 7.6) in the upper and in the intermediate Toarcian
but the excess-head vanishes in the deeper part of the formation where the
calculated hydraulic head profile lies on the hydrostatic one. In the upper
part of the argillaceous formation, the calculated excess-head is lower than
the measured one, with a maximal excess of 25 m for the intermediate Toar-
cian. A deviation of 59 % to the measured hydraulic head profile is found.
The influence of the thermo-osmosis on the trend of the calculated hydraulic
head with coupled flows is particularly obvious.
When both chemo- and thermo-osmosis and Darcy’s flow are considered, a
specific discharge of 3.2 × 10−14 is computed, close to the one calculated for
thermo-osmosis and Darcy’s flow, indicating an upward water movement.

7.2.6 Conclusions on osmotic processes

The calculations performed in the previous sections highlight the contribu-
tion of osmotic processes on the pressure field and the water movement,
though its uncertainties on parameters introduce some complexity in the
interpretation.

First of all, it is worth noting that spatially variable parameters have
to be used in these calculations. This approach is entirely justified by
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Figure 7.6: Profile of the hydraulic head induced by the coupling of the
chemical osmotic, the thermo-osmotic and the Darcy’s flows in the Tourne-
mire clay-rock. For comparison, the hydraulic head profiles obtained with
purely hydraulic flow (section 7.2.2), with chemical osmosis and the Darcy’s
flow (section 7.2.3) and with thermo-osmosis and the Darcy’s flow (section
7.2.4) are also represented.
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the variations across the Tournemire formation of the medium conditions
such as salinity, porewater composition, temperature or petrophysical
parameters. This holds also for the flow coefficients and the state parame-
ters. Mathematical relations were established to consider this dependence
and were calibrated versus experimental data. These relations were thus
applied as a function of the medium properties, allowing the flow coefficients
and the state parameters of water to account for the observed spatial changes.

Quasi-steady-state calculations conditions were postulated because of
uncertainties on the conditions that constrain the calculations of evolution
of the flows and transfers at geological time-scales. Nevertheless, because of
the transient conditions of the concentration profile, two simple calculations
at transient-state were performed. One of these calculations considers
chemical osmosis and Darcy’s flow and the second one gathers chemical
osmosis, thermo-osmosis and Darcy’s flow. The diffusion scenario for the
Tournemire argillaceous formation [15, 123, 138] was reproduced in these
calculations and a Fick’s diffusion was involved from a sea water salinity
to a salinity profile close of the actual profile using a diffusion coefficient
in the range of those measured at Tournemire. At final transient-state, the
obtained hydraulic head profiles and specific discharges were very close to
the ones calculated assuming a quasi-steady-state. This observation allows
asserting that the hypothesis of a pseudo-equilibrium of fluid flow for a
given concentration profile is valid. The steady-state conditions can then be
assumed with confidence and the calculations results are most likely realistic.

In the previous sections, the modification of the fluid movement caused by
osmotic processes were shown. In particular, when thermo-osmosis is intro-
duced in the calculations, the flow regime is modified and the flow direction,
while it is downwards for Darcy’s flow and chemo-osmosis alone, turns up-
ward. However, the real interest of the fluid flow direction lies in its potential
impact on advection mass transport. For this purpose, the Peclet number is
calculated for estimating the convective contribution to the mass transport
in comparison to the diffusion contribution. The Peclet number can be es-
tablished as the ratio of the characteristic time for diffusion τ = L2/Dp to
the characteristics time for convection τ = L/u, where L is the thickness
(m) of the porous medium crossed by the solute, Dp = De/ωanions with Dp

and De the pore diffusion coefficient and the effective diffusion coefficient,
respectively (m2 s−1) and ωanions is the anions accessible porosity. u is the
pore fluid velocity (m s−1) related to the specific discharge q by the relation
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u = q/ωc, where ωc is the cinematic porosity. The Peclet number thus writes:

Pe =

L2

Dp
L
u

=
Lu

Dp

=
L q

Dp ωc
(7.8)

The Peclet numbers for the Tournemire argillaceous formation are deter-
mined for a Br− or Cl− ion located at the center of the 250 m thick formation
(L = 125 m), using an effective diffusion coefficient for Br− and Cl− of 4
× 10−12 m2 s−1 [15] and the specific discharges reported in the previous
sections. The kinematic porosity value is between the total porosity and the
accessible porosity, which present average porosities of 8.8 % for the total
porosity and 6.6 % for the Cl− and Br− accessible porosity [15]. Calculation
is here made using the total porosity. The resulting Peclet number is 0.28
for the purely hydraulic flow, 0.30 for chemical osmotic and Darcy’s flows,
0.71 for the thermo-osmotic and Darcy’s flows and 0.69 for the case where
chemo- and thermo-osmosis and Darcy’s flows are at work. These calculated
Peclet numbers slightly lower than 1 suggests that diffusion is dominant
but the convective flow is not negligible for mass transport at the formation
scale. Convection also has to be taken into consideration for mass transport
especially if thermo-osmosis is considered, because of the underestimation
of the modelled thermo-osmotic permeability compared to the measured
values. This is in contradiction with the assumption of a mass transport
mainly controlled by diffusion, as proposed in the scenario describing the
transport at the formation scale and in the interpretation of the natural
tracers profile, where convection is neglected.

With regard to the excess hydraulic head, compared with the hydrostatic
head, measured across the argillaceous formation of Tournemire, the
calculations show that the pressure profile is largely explained by a purely
hydraulic flow. Indeed, the intrinsic permeability variations with depth, and
also the fluid viscosity changes with the temperature, are able to explain up
to two-thirds of the measured excess-head.
However, the best representation of the measured hydraulic head profile is
achieved by considering the chemical osmosis and the Darcy’s flow. The
pressure field resulting from the chemical osmotic process is related to the
non-equilibrated salinity profile in the formation and the dependency of
osmotic coefficient on the porewater composition and the pore size. In
this case, around 85 % of the measured excess-head is reproduced and
a maximum excess-head of 35 m compared with the hydrostatic head
is obtained at the center of the formation. Thermo-osmosis tends to
lower the calculated hydraulic head decreasing the quality of the model.
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Indeed, only half of the observed excess-head is predicted when chemo- and
thermo-osmosis and Darcy’s flow are considered. It is worth noting that,
though calculated excess-head profile represents half of the measured one,
the difference is weak (∼ 10 m). This is also associated with moderate
measured excess-head compared with the hydrostatic head. However, both
chemo- and thermo-osmosis processes were identified in the Tournemire
clay-rock. The hydraulic head profile calculated with both osmotic processes
and Darcy’s flows gives a plausible view of the contribution of hydraulic and
osmotic processes to the abnormal fluid pressures.

This profile depends on the accuracy of the predictions of the flow
coefficients and variable profiles. Some uncertainties and misestimates
of these parameters and variable could explain part of the discrepancy
between calculated and measured excess-heads. The prediction of the flow
coefficients was made with models, using petrophysical parameters and
medium conditions as input parameters and both can present uncertainties.
In particular, the effect of thermo-osmosis on the hydraulic head are only
linked to the variations of the thermo-osmotic permeability across the
formation, because of the linear temperature profile. Consequently, the
prediction of the thermo-osmotic permeability and its variations with depth
have an important influence on the calculated pressure field. As an example
of the pressure calculations sensitivity to the predicted thermo-osmotic
permeability, when the predicted kT is divided by 2 (according to the model
agreement versus experimental data, which states that data are reproduced
within a factor 2; see section 5.2.1), the deviation between the measured
head and the calculated one using both identified flows becomes 35 %, to
compare with the deviation of 59 % obtained with the original calculated
kT . Furthermore, the main variation of kT along the vertical profile occurs
in the lower Toarcian horizon. This level is characterized by a high solid
surface charge density, most likely because of the high content in organic
matter, and by a small porosity, because of the high carbonates content.
Such a high surface charge density and low porosity lead to a high kT .
Other sources of uncertainty on the resulting hydraulic head profile can also
be pointed out. Based on the fact that the permeability is scale independent
in most of the argillaceous formation [114], an extrapolation at the formation
scale of the flow coefficients determined at the local scale was performed in
the pressures field calculations. This approach remains probably to validate
as it only stands if there are no connected fractures in the formation.
For the intrinsic permeability, this approach de facto excludes a possible
contribution of the flow and transport by fractures. Indeed, its influence is
still discussed at Tournemire and its constrain could undoubtedly improve
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the understanding of the transport issue in the formation.
The last uncertainty to point out concerns the hydraulic head profile
estimated from the different head measurements across the formation.
Indeed, measured head can present a deviation of ± 10 m compared with
the average excess-head profile (see Chapter 2).

To summarize the contribution of the osmotic processes on the hydraulic
head profile, the combination of chemo- and thermo-osmosis and Darcy’s
flow explains about half of the excess hydraulic head measured across the
formation, using computed flow coefficients. It was also noted that in fact, a
large part of the calculated hydraulic head is explained by a purely hydraulic
flow. Despite apparently explaining only a part of the measured excess-head
in the Tournemire argillaceous formation, the combination of the uncertain-
ties linked to the model and the data allows to conclude that a large part
of the measured excess-head is likely caused by osmotic and Darcy’s flows.
Furthermore, the difference, expressed as meters of hydraulic head and not
as a deviation (Eq. 7.5), is moderate and clearly indicates that the osmotic
and hydraulic processes control a large part of the fluid pressures field in the
formation.

7.3 Hydromechanical processes

7.3.1 Effect of the variation of total stress

Until now, the used pressure-diffusion equation implicitly assumed that the
total stress σ (in Pa) is constant, so that dσ = 0.
If the total stress varies with time, the continuity equation writes [69, 139, 60]:

∂

∂z

(
ρf
k

η
(∇P + ρfg∇z)

)
=
Ss
g

∂P

∂t
− ρfα∂σ

∂t
, (7.9)

where, α is the compressibility coefficient of the porous medium (kg−1

s2). Changes in the total stress is a source term of pressure through the
hydromechanical coupling [24, 115]. Deformation or fracturing of the
geological medium, like sediment compaction, erosional decompaction or
tectonic deformation, can give rise to variations of the total stress and thus
pore pressure [60, 72, 109, 115].

Among the causes of overpressures generation by variations of the
total stress, the most frequently invoked process is linked to a compaction
disequilibrium [69, 72]. Sediments compaction, by deposition of the upper
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sediments, induces an increase of the vertical effective stress. When the
pore fluid can not be expelled, the pore pressure increases and can lead
to elevated overpressures, mainly controlled by the sedimentation rate.
However, at the end of the geological forcings, when sedimentation ceases,
such overpressures tend to dissipate rapidly according to the hydraulic
diffusivity [60]. As an example, an excess pressure of 10 MPa relatively
to the hydrostatic pressure in the Tournemire clay-rock is calculated to
dissipate in 100 ka, using values of 10−21 m2 and 10−6 m−1 for k and Ss,
respectively. Since the sedimentation in the Grands Causses basin stopped
at the early Cretaceous [127], the effect of disequilibrium compaction is not
relevant for the actual pressure profile interpretation.

Opposite to disequilibrium compaction, erosional unloading can generate
abnormally low pressures linked to a decompaction of the porous solid
[72]. This phenomena is observed when the fluid flowing towards the rock
porosity does not compensate the porosity increase. However, this process
mainly affects soft-clays and is only able to generate moderate subpressures.
Consequently, since the Tournemire detrital clay-rock is well compacted
with a cemented matrix and that about 1300 m of sediments were eroded
before the Pyrenean tectonic event [127], massif exhumation occurred at the
Eocene and valley incision at the Miocene, this process can be discarded as
a potential cause for the resulting pressure profile.

Lateral tectonic compression [16, 72, 100] can strongly increase the differ-
ence between the largest and lowest principal stresses. It results in a change
in total stress and a compaction of the porous medium, leading to an increase
of the fluid pressure. The last tectonic activity evidenced by faulting and by
calcite twinning at Tournemire is the Eocene compression during the pyre-
nean orogeny [30, 35]. Since this event, a regional extension occured during
the Oligo-Miocene but without evidences in the Grands Causses basin [30].
The recent paleo-seismicity is poorly constrained, although some evidences
of local deformations were found in karstic fillings [30]. An evolution with
time, including recent tectonic activity, of the total stress is not available
and then, the effect of tectonic compression on the present pressure pro-
file can not be evaluated. However, it is worth noting that such an effect
is possible because of the geodynamic context of the Grand Causses basin,
located between the two tectonically active zones of the Pyrénées and the
Cévennes. Nevertheless, the relevance of this hypothesis is probably limited
because of the Tournemire massif geomorphology, which is not favorable to
a tectonic compression propagation. Indeed, massif exhumation and valley
incision tend to individualize the massif which most likely partially impede
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the compression propagation.
Further studies on the total stress evolution with time are needed to con-
clude on the relevance of tectonic compression as a cause of the present-day
pressure profile in the Tournemire argillaceous formation.

7.3.2 Effect of the visco-plastic behaviour of clays

The visco-plastic behaviour of argillaceous rocks consists in a delayed defor-
mation. Here, our interest to the visco-plastic behaviour of clays is limited
to the time dependent volumetric deformation which prolongs the rock com-
paction and can lead to a persistence of overpressures during large geological
time scales. The macroscopic volumetric creep of the rock, or compaction
creep, can result from granular mechanisms like pressure dissolution, in car-
bonates and sandstones, or sliding and rotation of grains and platelets leading
to an aggregate deformation, in clays [45].
The deformation rate ε̇ for the viscous deformation writes [139]:

˙εvol =
1

V

dV

dt
= − σ

ηs
(7.10)

where ˙εvol is the volumetric deformation rate (s−1), V the porous medium
volume, dV the variation of porous medium volume, σ the total stress (Pa)
and ηs is a volumetric viscosity coefficient of the porous medium (Pa s).
Accounting for the viscous effect in a simple hydromechanical coupling (e.g.,
[38]), the expression of the porosity variations with time writes:

dω

dt
= (1− ω)(α− αs)∂P

∂t
− (1− ω)

σ

ηs
(7.11)

where α and αs are the compressibility coefficients (kg−1 s2) of the porous
medium and the solids, respectively.
The introduction of the viscous behaviour yields a pressure source term in
the pressure-diffusion equation:
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)
=
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g

∂P

∂t
− ρfα∂σ

∂t
− ρf σ

ηs
(7.12)

Consequently, if the creep source term is characterized, one can calculate
its effect on the fluid pressure and flow. The main difficulty in this
characterization lies in estimating the viscosity coefficient ηs. Indeed, this
coefficient depends on the temporal and spatial scale at which the process
is considered [62]. As an example, for the Callovo-Oxfordian formation of
the Paris basin ηs values between 1016 and 1017 Pa s are obtained during
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laboratory creep tests on samples lasting from some hours to some weeks.
At the basin scale in the Bure URL area, the deformation measured by GPS
suggests a ηs value around 1022 Pa s [62]. Similarly, the viscosity coefficients
used in models of compaction in sedimentary basin taking volumetric creep
into consideration at the geological scale are higher than the measured at
sample scale viscosity coefficients and range between 1019 and 1022 Pa s
[104, 139].
These results show an increase of ηs when larger duration time or larger area
are considered. Added to the fact that the granular mechanisms responsible
of the visco-plastic behaviour of the rock lose their efficiency with time,
these observations suggest that the viscosity coefficient ηs is most likely time
dependent.

The rock viscosity of the Tournemire clay-rock can be estimated from a
creep experiment performed on a sample submitted to an uniaxial compres-
sion [45]. The volumetric deformation and the mean stress evolution during
the creep experiment are reported in Fig. 7.7, considering that σ = σ1+σ2+σ3

3

with σ2 and σ3 equals to zero because of the uniaxial stress. Note that the
convention used in this study [45] considers that, in compression conditions
the volumetric deformation εvol is positive but dV is negative, so that:

εvol = −dV
V
, (7.13)

and

˙εvol =
1

V

dV

dt
=
σ

ηs
, (7.14)

at the contrary to Eq.(7.10), used in the continuity equation (Eq. 7.12).
Assuming that the viscosity coefficient ηs is time dependent, the general
trend of the εvol evolution curve as a function of time Fig. 7.7 and the εvol
evolution during the first step of constant stress suggest that the function
describing ηs is of the form ηs(t) = atb, where a and b are constants. Thus,
the integration of Eq.(7.14) gives:

εvol(t) =

∫ t

0

σ

ηs(t)
dt, (7.15)

and noting that: ∫
1

ηs
dt =

∫
dt

atb
=

1

a(1− b)t
1−b, (7.16)

for t ∈ [ti, ti+1], where i corresponds to a step of constant stress applied during
the creep experiment and i + 1 to the following step of constant stress, we
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have:

εi+1
vol (t) = εi+1

vol (ti) +

∫ t

ti

(σi+1 − σi) 1

ηs(t− ti)dt, (7.17)

where σi+1−σi is constant. For the first step of stress applied to the sample,
i = 0 and for t ∈ [0, t1] the volumetric deformation writes:

ε1
vol(t) = ε0

vol(0) +

∫ t

0

σ1

ηs(t)
dt. (7.18)

Eq.(7.17) and Eq.(7.18) indicate that viscous deformation starts when the
stress state is changed. Consequently, the beginning of creep at the formation
scale corresponds to the last geological event leading to the actual stress
conditions.
An inversion of the volumetric deformation measured by Fabre and Pellet
[45] is performed (Fig. 7.7) and allows to identify the a and b constants (Eq.
7.16). A relation describing the viscosity coefficient evolution with time is
thus obtained and writes:

ηs(t) = 3.51011t0.9. (7.19)

This time dependent relationship gives a ηs value of 1016 Pa s for t = 1 day
and a value of 6 × 1023 Pa s after 1 My of creep.

A calculation of the excess pressure caused by the visco-plastic behaviour
of the Tournemire clay-rock can be made to evaluate the possible contribution
of creep to the present measured pressure profile. This calculation is made
for a 1D geometry, along the z axis, on the basis of Eq.(7.12) since the
actual stress conditions is reached. The total stress is assumed constant
since this last event, so that ∂σ/∂t = 0. Including this simplification, the
solved equation is:

K
∂P

∂z
= Ss

∂P

∂t
− ρf σ

ηs(t)
(7.20)

where K is the hydraulic conductivity (m s−1).
The main uncertainty in the calculation input lies in fixing when the
present total stress conditions are established. On the basis of the geological
evidences [30] the calculation is made considering different starting times.
The last noticeable tectonic activity dated from the end of the Eocene during
which the basin was affected by the pyrenean orogenesis and a calculation
is made with a constant total stress since 34 Ma. Major erosion and valley
incision of the Grands Causses basin occurred during the Neogene and two
starting times for creep are tested: 5 Ma ago, at the end of the Miocene and
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the Messinian, and 2 Ma ago, corresponding to the end of the Pliocene and
the Neogene.
The effect of creep is represented as hydraulic head together with the
hydrostatic head and the heads measured across the Tournemire argillaceous
formation (Fig. 7.8). These results show a very limited influence of
this phenomena on the pressure profile. The excess head, related to the
hydrostatic head, is of few meters and tends to decrease with time without
completely vanishing. Indeed, after 2 Ma of viscous behaviour an excess
head around 3.7 m is calculated while after 5 Ma the excess head is around
1.6 m and around 1.3 m after 34 Ma.
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Figure 7.8: Calculated contribution of creep on the hydraulic head profile in
the Tournemire clay-rock. Calculations made with K = 10−14 m s−1, Ss =
10−6, σ = 4 MPa [30] and ηs(t) = 3.5 1011t0.9.

As a conclusion on the visco-plastic behaviour of the Tournemire clay-
rock, we conclude that this hydromechanical process presents a very small
influence on the fluid pressures in the formation. The main difficulty in this
evaluation was the determination of the viscosity coefficient ηs, dependent
on the considered temporal and spatial scales. However, an attempt to con-
strain the behaviour of ηs on geological time scales was made from laboratory
creep experiments [45]. The excess pressures calculated with this ηs seems
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very limited and creep can be reasonably discarded as a relevant process for
explaining the excess head profile at Tournemire. This conclusion is similar
than that of Kazmierczak et al. [77] about the influence of clay viscoplasticity
on the excess-head measured in the Paris basin Callovo-Oxfordian formation,
which state that the measured overpressures in the formation can not been
explained by such a process.

7.4 Overview of alternative processes

Two alternative processes can be added to the review of the processes
potentially able to cause overpressures and explain the weak excess-head
measured in the Tournemire formation, namely the diagenetic effects and
the effects of changes in the hydraulic boundary conditions.

Some reactions occurring during the clay-rock late diagenesis, i.e. illitiza-
tion and organic matter maturation, expel water molecules as a consequence
of the mineral or organic matter molecules reorganization. It leads to a fluid
pressure increase in the pore space and can result to formation overpressures.
However, such effects on the actual pressure profile at Tournemire can be
discarded as the exhumation of the massif occurred at the latest during
the pyrenean orogenesis at the Eocene [30], stopping diagenesis because
temperature is needed for these reactions [33] and dissipating the potential
excess-head linked to diagenesis processes.

Changes in the hydraulic boundary conditions can generate apparent
overpressures in a low permeability formation because of the delay in the
recovering of the pore pressure equilibrium. Valley incision can lead to this
situation in which a fluid excess pressure is found in an argillaceous forma-
tion during the transient-state until pressures recover the regional hydraulic
equilibrium.
Gonçalvès et al. [60] show that this process could be relevant if the hydraulic
boundary conditions would have recently changed since the pressures equili-
brate in the low permeability formation (the Callovo-Oxfordian clay-rock of
the Paris basin, in their study) in some tens of thousand years. In the Tourne-
mire geological history, the main hydraulic boundary changes are the karsti-
fication and the valley incision. The present-day karstification started at the
Eocene and its major episode occurred during the Neogene [2, 15, 30], whereas
the valley incision likely occurred during the early or middle Miocene. Both
events are too old for still being recorded in the present pressure profile in
the Tournemire clay-rock.
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A recent origin of changes in the hydraulic boundary conditions could come
from the establishment of a permafrost during the last glaciation event, for
a sufficient duration time so that pressures in the clay-rock equilibrated with
this regional hydrodynamic modification, and its melting in the following
greenhouse period [74]. However, such a paleo-permafrost was not observed
in the Tournemire area.

7.5 Conclusion

An attempt to explain the hydraulic head profile measured in the Tourne-
mire clay-rock was addressed in this chapter by a review of the processes
able to cause abnormal fluid pressures in an argillaceous formation and by
a calculation of the resulting hydraulic head profile for the relevant processes.

Based on the description of the occurrence of phenomena prone to
cause abnormal pressures and on geological evidences at Tournemire and
in the Grands Causses basin, some phenomena were discarded as potential
causes of the present hydraulic head. It concerns compaction disequilibrium,
erosional unloading, tectonic compression, diagenetic processes and changes
in the hydraulic boundary conditions. Note that the effect of a variation of
the tectonic compression was not addressed since the evolution of the total
stress during the last million years is unknown. A definitive statement on
this process remains for future work.

The visco-plastic behaviour of the Tournemire clay-rock was estimated
to be a possible cause of abnormal pressures in the formation and its effect
was studied. Its study required an estimate of the time-dependent viscosity
coefficient at the geological scale. It was established from laboratory creep
experiments [45]. This evaluation showed that the visco-plastic behaviour
of clay could only generate very weak excess-head and has a negligible
influence on the hydraulic head profile.

The only processes able to explain the measured hydraulic head profile is
a combination of “normal” hydrodynamics and osmotic processes. Consid-
ering together chemical osmosis, thermo-osmosis and Darcy’s flow allows to
reproduce about half of the measured excess-head in the Tournemire forma-
tion, using a-priori parameters.
The study on the influence of the osmotic effects also pointed out that vari-
ations in the intrinsic permeability are responsible for a large part of the
calculated excess-head. It was also observed that some discrepancy could
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be attributed to an insufficient accuracy of the theoretical expression of the
thermo-osmotic permeability.
However, both hydraulic and osmotic permeability coefficients determination
and measured hydraulic head profile are subjected to uncertainties. Further-
more, the difference between model and data is limited, when expressed as
meters of hydraulic head.
It leads to the conclusion that, despite an unperfect agreement between mea-
sured and calculated hydraulic heads, the combination of both osmotic and
hydraulic processes is a plausible explanation of the the observed excess-head.
According to our evaluation of the alternative causes of overpressures, the
osmotic and hydraulic processes are most likely the only reasonable causes
of excess-head in the Tournemire argillaceous formation.
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The aim of this thesis was the interpretation of the excess of hydraulic
head measured in the Toarcian/Domerian argillaceous formation of Tourne-
mire, with a particular focus on the osmotic processes. Understanding the
origin of the excess-head raises the question of the relevant characterization
of the flow processes and hydrodynamic phenomena in the formation, which
can contribute to the mass transport, together with the Fick’s diffusion.

A part of this work dealt with the improvement of the hydraulic head
profile, by collecting the non perturbed pressure measurements across the
formation. Indeed, in a low permeability and low water content rock such
as the Tournemire argillaceous formation, the obtention in an equipped
borehole of a pressure measurement equilibrated with the formation pressure
can last from months to years. Moreover a depression is observed around
the excavated tunnel and galleries and the required pressure profile aimed at
representing the natural formation conditions and not the perturbed one. A
hydraulic head profile was then established and a moderate excess-head of
30 ± 10 m compared with the relative hydrostatic head given by the heads
in the surrounding aquifers is observed. Even moderate, a hydraulic head
slightly different from the hydrostatic head can provide informations on the
flow processes in the Toarcian and Domerian layers at Tournemire.

Another contribution of this thesis to the characterization of hydro-
geochemical system of Tournemire was the establishment of the porewater
composition profile. Owing to the very low permeability and water content
in the rock, a direct sampling of porewater is impeded and an indirect
method is required. This method is the geochemical modelling which, by
considering the reactions occurring between the rock and the solution and
a selection of rock and solution parameters characterizing the geochemical
system, allows calculating the porewater composition. A model including
various sites of cation exchange related to the mineral phases content was
developed and, considered together with another model [53], an acceptable
estimation of the porewater composition was achieved. Once validated cor-
rected fracture waters assumed in equilibrium with the formation porewater,
the developed model was then applied across the formation to obtain a
profile of the porewater composition in the argillaceous layers at Tournemire.

The temperature profile was also established and leads to a linear profile
presenting a relatively high geothermal gradient of 5.2 �100 m−1.

The larger part of this thesis was dedicated to the characterization of
the chemical osmosis and thermo-osmosis processes. A dual approach was
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chosen for each osmotic process, developing and using theoretical models
and carrying in situ and laboratory experiments.
The calculation of the chemical osmotic efficiency lies on the anionic
exclusion processes occurring in the rock porosity related with the charged
surface of clay minerals. It requires the resolution of an electrical model and
here a triple-layer model accounting for overlap of diffuse layers [59, 89] was
improved to account for solutions composed by both monovalent and divalent
ions, like in natural waters. Considering divalent counterions or a mix of
monovalent and divalent counterions instead of only monovalent ions leads
to a substantial decrease of the osmotic efficiency. From this observation
a discussion is addressed on the resulting effect on abnormal pressures in
argillaceous layers in sedimentary basins. We show that overpressures lower
than expected, using the osmotic efficiencies determined during experiments
with only Na+ as counterion, can be reached in argillaceous formations.
Chemical osmosis was also characterized by experiments on the Tournemire
clay-rock. Several attempts of experiments in boreholes and on samples
were carried out but only the chemical osmosis experiments performed on
disk shape samples in a confining device were successful. During these
experiments, a chemo-osmotic flow is induced by a concentration gradient
applied across the sample. Pressure evolution in the reservoirs is measured
and their inversion allow estimating a chemical osmotic efficiency ranging
between 0.014 and 0.31 for this sample, at different salinities. A new set
of experiments is planned using solutions with Ca2+ and no more Na+

like in the previous experiments to study the osmotic behaviour of the
natural clay-rock when submitted to divalent counterions. Indeed, the effect
of divalent cations on the osmotic properties of natural shales is poorly
documented and further experimental data are needed.

The thermo-osmotic process in clay-rock required a better character-
ization as well theoretically as experimentally. Indeed, neither predictive
models nor experiments on natural shales were available, so far. Attempts to
characterize thermo-osmosis by theoretical models and in situ experiments
were performed during this thesis. A macroscopic expression, at the
representative elementary volume, relating the thermo-osmotic permeability
to the intrinsic permeability and the excess specific enthalpy was obtained
and two models were developed for determining the excess specific enthalpy
of the pore fluid. The first one proposed an expression of the excess specific
enthalpy related to the excess Gibbs energy of the fluid but its determination
required the structural component of the disjoining pressure, a poorly con-
strained parameter. Due to these uncertainties, a semi-quantitative model
for the thermo-osmotic permeability was proposed. The second model went
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down to the molecular scale and related the excess specific enthalpy to the
concentrations of hydrogen bounds around the water molecules sorbed at the
solid surface and in the first shells of ions compared with their concentration
in bulk water. We were able to achieve a fully predictive model which
only requires petrophysical parameters and concentration and temperature
conditions as input parameters.
Thermo-osmotic process was observed and quantified in the Tournemire
clay-rock during in situ experiments in an equipped borehole. The tem-
perature gradient induced between the test interval of the borehole and
the formation led to a pressure decrease related to a thermo-hydraulic
behaviour and to a thermo-osmotic flow. A thermo-osmotic permeability for
the Tournemire argillite ranging between 6 × 10−12 and 2 × 10−10 m2 K−1

s−1 was deduced from these experiments.
A difference of at least half an order of magnitude was observed but
not clearly identified between the measurements and the model. Further
characterization of this process are undoubtedly required, in particular by
experiments on natural clay-rocks.

The last part of the thesis was dedicated to the interpretation of the
pressure profile measured in the Toarcian/Domerian argillaceous formation.
The profiles of hydraulic head, chemical composition and temperature were
required, as well as the profiles of hydraulic and osmotic flow permeabilities.
The flow coefficients profiles were obtained using the predictive models
previously developed which require the petrophysical parameters, chemical
composition and temperature variations across the formation as input
parameters.
For the interpretation of the measured excess-head, the hydraulic and
osmotic processes were considered, as well as alternative processes due to
a hydromechanical behaviour of the clay-rock or changes in the hydraulic
boundary conditions. Nevertheless, only the hydraulic and osmotic pro-
cesses are able to generate, in the present-day conditions, an excess-head
in the Tournemire formation. A satisfactory reproduction of the measured
excess-hydraulic head was achieved considering together chemical osmosis,
thermo-osmosis and the purely Darcy’s flow. It is worth noting that a large
part of the excess-head can be explained only by variations of the intrinsic
permeability across the formation, calculated with a Kozeny-Carman
relationship and mainly due to the observed decrease of porosity with depth
in the Tournemire argillaceous formation.
The important dependency of the calculated pressure profile to the intrin-
sic permeability, chemo-osmotic efficiency and thermo-osmotic efficiency
emphasizes the interest of better constrains by experimental determination
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of the flow coefficients variations across the formation. However, in such
impervious rocks, it appears difficult to estimate the flow coefficients with an
accuracy better than the order of magnitude. The interest of the predictive
models based on petrophysical parameters is clear, however further data
from the Tournemire clay-rock are required for a better constrain of the
calculated coefficients accuracy.
During the hydraulic head profile calculations using the hydraulic and
osmotic flows, it was observed that the introduction of thermo-osmosis leads
to an increase of the specific discharge and an inversion of the water move-
ments which became directed upward. This specific discharge was calculated
to increase up to values so that advection is perhaps non-negligible in solute
transport (Peclet number around 0.7).

At least, it seems important to state that the origin of the pressure
profile across the Tournemire is now understood and the most plausible
mechanisms, hydraulic and osmotic processes, are identified. However, owing
to the accumulated uncertainties during the successive steps to calculate the
resulting hydraulic head, some improvement can be expected.

The work performed during this thesis highlights some improvements
required for a better constrain of the fluid flow and pressure fields in argilla-
ceous formation and in particular in the Toarcian/Domerian formation of
Tournemire. The understanding of the osmotic flows in shales can be clearly
improved by performing osmotic experiments, essentially focused on two
points.
For chemical osmosis, it appears interesting to perform a set of experiments
on a clay-rock at a same salinity but using solutions presenting different
compositions. The multi-ionic TLM developed during this thesis pointed out
a decrease of the shale osmotic efficiency using solutions with divalent cations
or mixed solutions and no monovalent cations as usually considered. These
results also showed that this could have noticeable effects on the osmotically
induced abnormal pressures in argillaceous formations. However, there is
a lack of experimental data for assessing and calibrating these predictions.
Indeed, almost all chemical osmosis experiments performed on natural shales
were made using NaCl solutions.
Concerning thermo-osmosis, first experiments of such a kind of flow on
natural clay-rock were carried out during this thesis. Further experiments
on Tournemire clay-rock and on other argillaceous formations are required
for a better constrain of this osmotic process. In particular, the discrepancy
between thermo-osmotic permeability predictions and measurements is to
clarify. Off-site laboratory thermo-osmotic experiments using a device simi-
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lar to the device used for the chemo-osmotic experiments but modified to be
able to induce a temperature gradient across the sample seem an interesting
development for a better constrain of the experimental uncertainties.
Hydrogeological and hydraulic settings of the Tournemire argillaceous
formation can also be improved by completing the profile of different
parameters. The hydraulic head profile could be improved obtaining
further long term and non-perturbed pressure measurements, particularly
in the middle part of the Toarcian/Domerian formation. Pressure profile
calculations highlighted the importance of the permeability variations across
the formation on the resulting pressure profile. However, few reliable per-
meability measurements are available and performing a set of permeability
measurements by pulse-test on confined samples, preserved in the same
conditions (e.g., in triaxial cells) could be interesting for constraining the
permeability profile. Completing chemical efficiency and thermo-osmotic
permeability profiles appears also as an interesting development.

Some results presented in this manuscript can directly be used for the
safety evaluation of the installation of nuclear wastes repository in deep
argillaceous formations. This is particularly the case of the predictive model
for estimating the thermo-osmotic permeability of clay-rocks. Thermo-
osmotic process was apparently not considered in the fluid flow calculations
around a repository, so far [4]. However, because of modifications of the
temperature gradient in the vicinity of the repository by the heat emitted by
decay of radioactive matters in waste canisters, such an osmotic process could
have an impact on the fluid flow. This impact can be evaluated integrating
the results of the thermo-osmotic predictive model in a safety model. In a
general manner, it appears interesting to investigate the influence of the os-
motic flows on water movement and on the evolution of the excess-hydraulic
head with the evolution of the hydraulic, chemical and thermal transient
states induced by a radioactive wastes repository installed in an argillaceous
formation.
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[4] ANDRA. Dossier 2005. Référentiel du Site Meuse / Haute Marne -
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écoulements dans un massif argileux. Laboratoire souterrain de Tourne-
mire. Rapport DPRE/SERG n 98/06, IPSN, 1998.



307 Bibliography

[19] Boisson, J.-Y. Clay club catalogue of characteristics of argillaceous
rocks. Nuclear Energy Agency Report 4436, OECD, 2005.

[20] Boisson, J. Y., Bertrand, L., Heitz, J. F., and Moreau
Le Golvan, Y. In-situ and laboratory investigations of fluid flow
through an argillaceous formation at different scales of space and time,
Tournemire tunnel, southern France. Hydrogeology Journal 9 (2001),
108–123.

[21] Boisson, J. Y., Cabrera, J., Bertrand, L., and Heitz, J. F.
Mesures de très faibles perméabilités in-situ et en laboratoire sur les
argilites de Tournemire (Aveyron). Méthodologies comparées et effets
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de Marsily, G., and Violette, S. Hydraulic and chemical pulse-
tests in a shut-in chamber imbedded in an argillaceous formation:
numerical and experimental approaches. Water Resources Research
(2010), doi:10.1029/2008WR007371, in press.

[138] Savoye, S., Michelot, J. L., Bensenouci, F., Matray, J. M.,
and Cabrera, J. Insight given by stable isotope profiles in pore-water
for understanding transfers through Toarcian/Domerian argillaceous
rocks over large space and time scales. Physics and Chemistry of the
Earth 33 (2008), S67–S74.

[139] Schneider, F., Potdevin, J. L., Wolf, S., and Faille, I. Me-
chanical and chemical compaction model for sedimentary basin simu-
lators. Tectonophysics 263 (1996), 307–317.
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Nationale Supérieure des Mines de Paris, 1999.

[141] Soler, J. M. The effect of coupled transport phenomena in the Opal-
inus Clay and implications for radionuclide transport. Journal of Con-
taminant Hydrology 53 (2001), 63–84.

[142] Spencer, C. W. Studies in abnormal pressure. Elsevier, 1994, ch. Ab-
normal formation pressure caused by hydrocarbon generation, pp. 343–
375.

[143] Sposito, G. The surface chemistry of soils. Oxford University Press,
1984.



319 Bibliography

[144] Srivastava, R., and Avasthi, P. Non-equilibrium thermodynamics
of thermo-osmosis of water though kaolinite. Journal of Hydrology 24
(1975), 111–120.

[145] Srivastava, R., and Jain, A. Thermo-osmosis of water through
bentonite. Indian Journal of Chemistry 12 (1974), 1276–1279.

[146] Swarbrick, R., and Osborne, M. Mechanisms that Generate Ab-
normal Pressures : an Overview. AAPG Memoir 70. 1998.

[147] Tournassat, C., Ferrage, E., Poinsignon, C., and Charlet,
L. The titration of clay minerals. part ii. structural-based model and
implications for clay reactivity. Journal of Colloid and Interface Sci-
ences 273 (2004), 234–246.
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Abstract 
 
In the framework of the studies dealing on ability to store radioactive wastesin argillaceous 
formations, signification of interstitial pressures is an importantpoint to understand water and 
solutes transport. In very low permeabilityargillaceous formations, like those studied in the Callovo-
Oxfordian ofthe Paris basin by ANDRA, pore pressure is frequently higher than the 
theoreticalhydrostatic pressure or than the pressure in the surrounding aquifers. 
Such an overpressure is also measured in the Toarcian/Domerian argillaceousformation (k = 10-21m2), 
studied by the IRSN in the undergroundresearch laboratory of Tournemire (Aveyron, France). The 
hydraulic headprofile has been specified in this manuscript and found to present a 30 ±10m excess-
head. This excess-head can be due to compaction disequilibriumof the argillaceous formation, 
diagenetic evolution of the rock, tectonic compression,changes in hydrodynamic boundary 
conditions or osmotic processes. 
Amongst these potential causes, chemical osmosis and thermo-osmosis, a fluid flow under a 
chemical concentration and a temperature gradient, respectively,are expected to develop owing to 
the small pore size and theelectrostatic interactions related to the charged surface of clay 
minerals. 
The goal of the work presented here was to study and quantify the contributionof each cause to the 
measured excess-head. Chemo-osmotic andthermo-osmotic permeabilities were obtained by 
experiments and using theoreticalmodels. Theoretical models are based on the reproduction of 
theinteractions occurring between the charged surface of clay minerals and poresolution and their 
upscaling at the representative elementary volume macroscopicscale. Chemical osmosis 
phenomenon is related to anionic exclusionand the determination of the chemo-osmotic efficiency 
requires the resolutionof an electrical interactions model. A triple-layer-model which 
considersdiffuse layers overlapping was improved during this thesis to be able to takeinto account 
the effect of multi-ionic solutions, i.e. nearest than the naturalwaters composition, and, thus, to 
constrain better the chemo-osmoticefficiency ". Thermo-osmosis process is poorly characterized so 
that no satisfactorymacroscopic expression to calculate the thermo-osmotic permeabililtykTwas 
available nor thermo-osmotic experiments performed on naturalshales, so far. This process is 
interpreted as being related to changes propertiesof water sorbed at clay minerals surface 
compared with bulk water.A thermo-osmotic permeability predictive model is proposed here, based 
on the modifications of the hydrogen bounds associated with water moleculeslocated at the vicinity 
of the solid surface. Input parameters of this modelonly consist in petrophysical parameters and 
medium conditions (porewaterconcentration and temperature). Chemical osmosis and thermo-
osmosisexperiments were performed on Tournemire argillite samples and in a testinterval equipped 
borehole at the Tournemire URL. These experiments haveconsisted in inducing a concentration or 
temperature gradient across a samplefor the laboratory experiments and between the borehole test 
intervaland the formation for the in situ experiments. Osmotic flows were identifiedby the 
interpretation of the pressure evolution in the test interval using ahydro-thermo-chemo-mechanical 
model based on the mass balance equationsand the coupled-flow equations. Inversion of the 
measured pressure signalsallowed identifying a chemo-osmotic efficiency " ranging between 0.014 
and0.31 and a thermo-osmotic permeability kTranging between 6 x 10-12and 2 x 10-10m2K-1s-1for the 
Tournemire clay-rock.In parallel to the characterization of the osmotic processes in the 
argillaceousformation of Tournemire, porewater composition and temperature profiles were 
established. Temperature profile was obtained by direct measurementin different boreholes. 
Porewater composition profile was calculatedby a geochemical model developed to reproduce the 
thermodynamic equilibriumreactions with mineral phases and cation exchange between the 
clayrockand the pore solution. Added to the requirement of the temperature and concentration 
profiles across the Tournemire argillaceous formation asforce gradients to reproduce the osmotic 
flows through the formation, theporewater composition is also needed as it is an essential input 
parameter topredict the chemo-osmotic efficiency coefficient. 
At last, the characterization of the osmotic processes and the different force gradient profiles 
allowed estimating the contribution of the osmoticand hydraulic processes to the measured excess-
hydraulic head profile measuredin the argillaceous formation of Tournemire. Considerations on 
thehydro-mechanical behaviour of the argillaceous formation allowed rule outthe other possible 
causes of excess-head and lead to the conclusion that onlythe hydraulic processes, related to the 
intrinsic permeability variation acrossthe formation, and osmotic processes can explain the pressure 
field in theToarcian/Domerian formation. The results particularly highlight the importanceof the 
spatial variations of the hydraulic and osmotic permeability coefficients in the generation of an 
excess-hydraulic head. 
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