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Abstract:  

 
This study aims at identifying and quantifyingthe contribution of each mechanism that may 
contribute to the excess hydraulic heads measured in the Toarcian/Domerianclayrockat 
Tournemire. Such excess heads are very close to those measured by Andrain the Callovo-
Oxfordianargillite at the  Bure URLand considered as a possible host rock for a HL-ILLL 
repository. A special focus is made on transport processes such as advection chemo-
osmosis and thermo-osmosis, respectively responsible for a fluid flow under gradients of 
pressure, concentration and temperature. The quantification of their relative contribution has 
requiredto acquiretheir force gradients and their related parameters. A 1D modeling 
approach based on the application of continuity equation at steady state is proposed.A 
satisfactory reproduction of the measuredexcess-hydraulic head isachieved by coupling 
chemo-thermo-osmotic flows to advection. Those simulations also allowed comparing the 
characteristic times for diffusion to advection including non-diagonal osmotic flows.Results 
suggest thatdiffusion still remains the dominant transport phenomenon for solutes and 
therefore for RN at the formation scale. However, the introduction of thermo-osmotic flow in 
the calculations leadsto an increase of the specific discharge and to reverse the water 
movementswhich become directed upward. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

1BACKGROUND 
 
Excess-head pressures are frequently observed in aquitards such as shales and argillites 
compared to the theoretical hydrostatic profile deduced from hydraulic heads measured in 
their surrounding non-argillaceous aquifers. This is the case for the Callovo-Oxfordian 
argillite studied by Andra as a potential host rock for the repository of High Level and 
Intermediate Level Long-Lived radioactive wastes. This formation is known to develop an 
excess-head of about 50m in equivalent water level measured at the centre of the 150m-
thick Callovo-Oxfordian(COx) formation and located at a mean depth of about 475m/bslin the 
vicinity of their deep Underground Research Laboratory (URL), located in theEast of 
France[1]. An excess-head of about 30m was also identified in the centre of the 250m-thick 
Toarcian/Domerian over-consolidated clayrockat the IRSN’s URL in Tournemire (Figure 1), 
located in the South of France[2],[3]. Data reported in this figure are not affected by the 
tunnel or drifts influence[2] which tend to deplete the pore pressure and are therefore 
representative of the far-field water-pressure conditions. 
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Figure 1: Hydraulic head profile at the Tournemire URL across the 
Toarcian/Domerianclayrock representative of far-field conditions with respect to the tunnel. 

Several researchers [4], [5] agreed that excess-headsmay result from oneormore of the 
followingmechanisms related to: i) mechanical stresses such as compaction disequilibriumof 
the argillaceous formation or skeletondeformationof the sedimentunder tectonic stress, ii) 
diagenetic stresses during mineralogical transformation or neoformation, iii) changes in 
hydrodynamic boundary conditions, iv) hydromechanical processes including the visco-
plastic behaviour of clays, and v) transport processes includingnon-diagonal one such as 
osmotic processes. 
 
Andra firstproposed that thechemo-osmotic phenomenonalone wasable toexplain the 
excesshead [1] at their Bure site but decided to conduct a new study next to the assessment 
by IRSNthat the contribution of other processeswas likely[6]. The goal of this study 
wastoassess the relative contribution of osmotic processes to the measured overpressures. 
It also aimed at verifying whether thecouplingof transport 
processesinvolvinggradientsofhydraulic and chemicalpotentials on the water flux alone 
couldaccount forsuch an excess head. The conclusions based on in situ and lab experiments 
and also on a numerical approach of transport processes at steady state wereunambiguous. 
The chemicalosmotic effect estimated in the Callovo-oxfordien coupled to advection 
couldonly explain 10m out of the 20-50m of the measured excess heads[7]. 



 
 

 

During this study, the lab tests performed on remolded COx samples for determining their 
osmotic efficiency also showed the role of temperature on the pressure signal suggesting the 
participation of another transport process: Thermo-osmosis. This process was poorly 
characterized so that no satisfactoryexpression to calculate its contribution was available nor 
thermo-osmotic experiments performed on naturalshales, so far. 
 
As there was no satisfactory model to explain the excess-head at the Bure site, IRSN 
decided to conduct its own research programme at the Tournemire URL with the goal of 
identifying and quantifying the contributionof each cause to the measured excess-head.The 
purpose of thisstudy wasto determine whether or not the osmotic phenomena may be 
considered as responsible forsuchpressure profile at the Tournemire site. 
 
First, a special attention is paid in section 2 to the definitions of individual flows in compacted 
clay rocks. This includes the darcy’s flow and osmotic flows, i.e. the coupled fluid fluxes 
induced by chemical concentration, temperature and electrical gradients, in natural 
compacted clayrocks. Section 3deal with the modelling of the hydraulic head profile across 
the Tournemireclayrock, which includes the determination of force gradients and of coupled 
flow parameters profiles through the clayrock. The modelling of individual and coupled fluid 
flowsat steady state and comparison to the measured one, and to finish the contribution of 
coupled advective flows to the solute transport is assessed. At last the role of other possible 
processes such as transient hydromechanical to the excess head are also discussed.  
 
Results presented inthis paper were mostly obtained in the PhD of J.Tremosa[3] who 
performed its thesis work at IRSNbetween 2008 and 2010. 

2COUPLED FLUID FLOWS IN CLAYROCKS 

2.1 Theory 
 
Coupled-flows in clayrocks originate from the electrochemical interactionsoccuring at the 
pore scale between the charged surface of clay minerals andthe water and electrolytes. Due 
to isomorphic substitutions of cationsby others having a lower valence, in tetrahedral and 
octahedral layers, clayminerals present a surface charge, negative at natural pH, which 
inducesa non-uniform distribution of cations, anions and water molecules. Thesolutes 
distribution in the pore space results from the combination of theattraction by the charged 
surface and their diffusion towards the porecenter, where solute concentration is lower [8]. 
The ion distribution and the electrical potential can be described using double layer ortriple 
layer electrical models [8]. 
 
The Onsager's matrix (Table 1) summarizes the flows which candevelop under the different 
potential gradients[9],[10]. This includes fluxes related to theirnatural gradient, the diagonal 
flows, as well as the fluxesoccurring under the other potential gradients, i.e. the non-diagonal 
fluxes. 
 
Table 1 also shows that the surrounded transport processes accounting for water flow are 
limited to Darcy flow and osmotic processes.  



 
 

 

 
Table 1: Onsager matrix with coupled-flows terminology 

Coupling coefficients relating a flux to a driving force can be characterize through the 
principles of the irreversiblethermodynamics, based on the notion of entropy, and assumesa 
linear relation between the flows Jiand the gradients Xi, as follows [11]: 

   ∑      
 

   
 

Eq. 1 

 
where the subscripts i and j correspond to the various kinds of flows 
andgradients,respectively and Lij are the phenomenological coefficients.The coefficients of 
the coupled flow matrix can then be obtained duringexperiments, i.e. measuring the flow 
associated to a force gradient. 
 
When chemical osmosis, thermo-osmosis and electro-osmosis are considered together with 
the Darcy’s flow, the fluid flow equation is extended and writes: 
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        Eq. 2 

 

where q is the pore fluid specific discharge (m s-1),the dynamic viscosity (Pa s),    the fluid 

density (kg m3), g is the acceleration due to gravity (m s-2),k, kOandkT denote the 
Intrinsicpermeability(m2), the chemo-Osmoticpermeability (m2) and the Thermo-

osmoticpermeability (m2s-1K-1)respectively and  is the electro-osmosis coefficient(m2s-1V-1). 

           represent the gradients of the pressure (Pa), osmotic pressure (Pa), 
temperature (°K), and current (A).The last three terms inEq. 2 can be considered as the non-
diagonal transport phenomena and represent the osmotic contribution to the fluid flow.  

2.2 Darcy flow 
 
The contribution of the Darcy flow to the pore specific discharge may be deduced from Eq. 2: 
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   Eq. 3 

 
For a porous medium with a plane, parallel pore geometry, intrinsic permeability  can be 
obtained using a Poiseuilletypelaw: 

        Eq. 4 

 
 



 
 

 

where  , the formationfactoraccountingforthe tortuosity ofthe porousmedia, is defined 
as      with   the porosity and   the cementation factor [13] which is rock dependent 
and must be defined for each case study. And b is the half-pore size (m) defined as: 
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    Eq. 5 

 
withthe total porosity,s is the grain density(g m

-3
) and Asis the specific surface area(m2 g-1).It 

is worth noting that anion exclusion expression is applicable for both symmetric and 
nonsymmetricsolutions [10]. 
 
The fluid density    (kg m

-3
) can be calculated from the Unesco equationof state which 

depends on salinity, temperature and pressure [14]. The dynamic viscosity of water (  in 

Pas) can be determined using the relation given in reference [15] as a function of 
temperature: 
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Eq. 6 

 

where  
(     )

   
with T, the temperature, expressed in °C.  

 

2.3 Osmotic flows 

2.3.1 Chemical-osmosis 

 
Chemical osmosis is the fluid flow across a material exhibiting a membrane behaviour 
induced by a difference of chemical potential. A membrane isa material whichlimits 
thetransport ofionic speciesbut notthe movement ofneutral speciessuch as water.Differences 
in concentration between two reservoirs induce a difference in osmotic pressure such as: 

   
  

  
     

   Eq. 7 

 
where   is the osmotic pressure (Pa), R is the gas constant (8.32 x 10-3 m3PaK-1mol-1), T is 

the temperature (K),   is the molar volume of water (L mol-1) and    is the water activity  
which depends on the aqueous concentration in the solution.  
 

The osmotic efficiency coefficient of a clayrock writes  andrangesbetween 0 for non-
membrane behavior and 1 for perfectmembrane behavior, where solute flux is totally 
inhibited.The pore fluid specific discharge (m s-1) of the chemical-osmosis flow deduced from 
Eq. 2  thus writes: 
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Eq. 8 

 

Thecoefficient can be determined experimentally (see [3] and references therein). The 
osmoticefficiency can also be computed in a predictive senseusing theoretical models that 
consider the electrical interactionsbetween the solution and the charged surface togetherwith 
the petrophysical properties of the porous media[13], [16], [17], [18]. Predictive models allow 
to have osmotic efficiency coefficients for a wide range of salinity and pore size conditions 
and more easily than from experiments. Experiments are however essential for model 
calibration and to demonstrate that the studied clayrock develops a membrane 
behaviour.The chemo-osmotic efficiencyis obtained from the Navier-Stokes equation 
integrating the chemical force [11]:  
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Eq. 9 

where  ̅  ( ) is the anion concentration at a distance x from the clay surface,Cf  is the anion 

concentration in the equilibrium solution, and 2bthe pore size (m) defined for a plane, parallel 
pore geometry. However, overpressures predicted by this combined model (Eq. 8+Eq. 9) are 
systematically higher than the observed one[19]. This was attributed by [20]to two natural 
causes: the effect of the complex composition of naturalwaters, including both monovalent 
and divalent cations, on the osmotic efficiency and theresulting abnormal pressures, and the 
presence of steady state rather than transient-statesalinity distributions.  
 
For this purpose, an electrical triple-layer model (TLM) accounting formulti-ionic solutions 
was developed and used to calculate the osmotic efficiency at differentproportions of 
monovalent and divalent cations (see Appendix A in [20]).The evolution of the chemo-
osmotic efficiency coefficient calculated with the TLM as a function ofthe calcium index 
(CaI)is reported in Figure 2. 
 

 
Figure 2: Evolution of chemo-osmotic efficiency coefficient calculated with the TLM as a 

function of the calcium index (CaI), 2xCa2+/(Na++Ca2+), and b xCf[20]. 

 

Figure 2 illustrates that  decreases when the salinity(Cf) and/or the pore size (b) increase, 
and also when thecounterions are Ca2+ versus Na+. At large pore size andfor high bulk 
concentration, the electrical double layer collapsesresulting in weak anionic exclusion. 

2.3.2 Thermo-osmosis 

 
Thermo-osmosis is a fluid flow driven by a temperature gradient.The macroscopic 
transportcoefficient for the thermo-osmotic permeability kT was proposed from 

amicroscopicanalysisas    
   

 
[21]yielding to the following fluid specific discharge 

equation: 
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   Eq. 10 

 
 



 
 

 

where q is theporefluidspecificdischarge(ms-1), T is thetemperature(K)and    is the 
macroscopic volume-averagedexcessspecificenthalpydueto fluid–solid interactions(J m-3). 

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.A 
fully predictive theoretical expressions for    was developed bydirectly formalizing the 

enthalpy change    due to hydrogen bonding modifications at the macro-scale[22]. 

2.3.3 Electro-osmosis 

 
Electro-osmosis describes the flow of fluid due to an electrical potential gradient. However, in 
natural systems, themacroscopic current density is considered nil [11]and allows writing the 
electrical potential gradient as a function of the othergradients and coupling coefficients. This 
leads to an implicit integration of electro-osmosis in the flow coupling coefficients related to 
the pressure, chemical potential and temperature gradients [11] and which therefore turn as 
apparent coefficients. 

3MODELLING THE CLAYROCKPOREWATER HEADS  

3.1 Modelling concept 
 
The aim of these calculations is to establish the effect of the osmotic flowson the head profile 
in the clayrock (Figure 1). The individual and coupled effectsof chemical osmosis and 
thermo-osmosis were studied assuming that electro-osmosis flow is negligible.Calculations 
were made in 1D, along the z-axis, in the Toarcian/Domerian layers usingthe pressure, 
temperature conditions determined for the Carixian and Aalenianaquifers asboundary 
conditions and the concentration profile determined for the clayrock. These calculations 
allowed obtaining a pressure profileacross the argillaceous formation and, after 
transformation as a hydraulichead, comparing it to the hydraulic head monitored in the 
formation and reported in Figure 1.In the present calculations, a pressure build-up was 
calculated for a given profile of concentration and temperature, considering that at a given 
time, themodeled system is in pseudo-equilibrium, so that the variations of pressurewith time 
can be assumed nil. This simplification can be made becauseof the very low hydraulic 
diffusivity and diffusion coefficient of the Tournemireclayrock[20]. The election of steady-state 
conditions for the calculationspresents the interest to avoid performing a reconstruction of the 
basin evolutionincluding the flows and transfers in the clayrock, requiredfor transient-state 
calculations. An assessment of such hypothesis is discussed in section 3.4.4.  
 
The pressure field in the formationis finally calculated by solving the pressure - diffusion 
equation including osmoticcoupled flows at steady-state: 

 

  
(  

 

 
(        )     

 

 
   

 

 

  

 
  )    

Eq. 11 

 
with, from left to right in the left-hand-side term, the contributionsof the Darcy's flow, the 
chemical osmosis flow and thethermo-osmosis flow. 

3.2 Gradients 
 
Figure 3 presents the hydraulic head, concentration and temperature conditions used for the 
calculations. It includes: i) the heads measured in aquifers surrounding the clayrock[2], ii) the 
concentration profile of the clayrockporewater expressed in molal unit and calculated by 
geochemical modeling [23], iii) the temperature profile established at the Tournemire URL 
and obtained by direct measurement of temperature across the clayrock[24]. The occurrence 
of a 5Mavolcanic dyke at a distance of about 2km from the Tournemire URL likely explains 
the surprisingly high gradient, almost twice the normal geothermal gradient. 
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Figure 3: Hydraulic head boundary conditions with temperature and salinity profiles used for 
calculating the head profile in Tournemireclayrock. 

3.3 Coupled flow parameters 
 
Additional parameters are needed in the calculations (Eq.11): the dynamic viscosity of water 

( ), the fluid density(  ), the intrinsic permeability ( ), the chemo-osmotic efficiency, the 

thermo-osmotic permeability (  ). Their variations across the formation are thus required. 
 
The dynamic viscosity of water (  in Pa s) was calculated from Eq. 6across the formation and 
displays values ranging between 8.95 x 10-4 Pa s and 1.27 x 10-4 Pa s, for the highest and 
the lowest temperature, respectively. The fluid density was determined from the Unesco 
equation of state [14] and provided computed fluid density in between 998.5 and 1002.3 kg 
m-3, with the highest values linked to the most saline porewaters in the centre of the clayrock 
formation.The intrinsic permeability profile was calculated from Eq. 4using 

petrophysicalresultsobtained across the whole clayrock[25]. The cementation factor  was 
fitted to a value of 2.3for natural clayrockpermeabilities and diffusion coefficients[3]. The 
calculated values range between 10-21 and 10-20 m2 (Figure 4) and are of the same order of 
magnitude as values deduced from pulse tests performed in equipped boreholes [3]. 
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Figure 4: Profiles of measured and computed intrinsic permeability ( ), chemical osmosis 
efficiency () and thermo-osmotic permeability (  ) compared to the measured values. 

The predictedchemical osmosis efficiency profile across the clayrock(Figure 4) was obtained 
either by the Bolt expression (Eq. 9after [11])in agreement with rock properties and solution 
composition or through the triple-layer electricalmodel (TLM)describing the interactions 
between the charged solid surfaceof a clayrock and theporewater and taking into accountthe 
interactions of adjacent diffuse layers and both monovalent and divalentcounter-ions[20]. 
This profile is compared to values obtained on a clayrocksample. The experiments consisted 
in inducing a fluid flow through thesample upon a salinity gradient [3]. Efficiency values 
rangingbetween 0.014 and 0.31 as a function of the salinity were obtained duringthese 
experiments and are in the range of the predicted osmotic efficiencies. 
 



 
 

 

As for the chemical osmotic efficiency, the thermo-osmotic permeabilityof the 
Tournemireclayrock was obtained by both predictive calculationsand experimental 
measurements. Predictions of the thermo-osmotic permeability were obtained by a model 
calculating the excess specific enthalpy in the pore spaceresponsible of the occurrence of 
thermo-osmosis by molecular interaction considerations[3], [22].Model input are a set of 
petrophysical parameters (porosity,specific surface area and cation exchange capacity) and 
the salinity of thebulk porewater. Taking into consideration the variations of these 

parametersacross the Toarcian/Domerian argillaceous formation, a profile of   is proposed 
(Fig. 4).The thermo-osmotic permeability of the Tournemireclayrock was also 
measuredduring in situ experiments, in an equipped borehole by inducing a temperature 
gradient between test section of the borehole and the clayrock[24]. A temperature gradient 
was induced. The inversion of the pressureevolution in the chamber allowed identifying a 

range of thermo-osmotic permeabilities with   values ranging between 6 10-12 and 2 10-10 m2 
s-1 K-1 (Figure 4).In this figure, the measured thermo-osmotic permeabilitiesare one order of 
magnitude greater than the predicted one, likely underestimated. 

3.4 Contribution of flows to head profile 
 
The contribution of each individual transport phenomena to the fluid pressure is evaluated by 
solving the pressure - diffusion equation at steady-state (Eq.11). Results are reported in 
Figure 5. 
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Figure 5: Contribution of the chemical-osmosis(a) and thermo-osmosis(b), and fully-coupled 
flows (c) to the head profile compared to a pure hydraulic flow. 

3.4.1 Darcy flow 

 
For a pure hydraulic flow eq.11 becomes: 

 

  
(  

 

 
(        ))    

   Eq. 12 

And   , the deviation between the measured and calculated head, is estimated from: 

  
|              |

      
      

   Eq. 13 

 
Eq.12gives alinear hydraulic head profile when the hydraulic parameters are taken constant 

across the clayrock (  = 10-21m2,   = 10-3 Pa s,   = 103 kg m-3), thus providing access to the 

hydrostatic head profile. The computed head profile displays spatial variations with a 
deviation of 24 %compared to the measured heads when hydraulic parameters areallowed to 
vary (Figure 4). The effect of the intrinsic permeability is the most significanton the head 
profile, although the variations of the fluid viscosity arealso non-negligible. The specific 
discharge  is -1.3 10-14 m s-1, the negative value indicating a water movement directed 
downward. 



 
 

 

3.4.2 Chemical osmosis 

 
The head profile across the formation induced by chemicalosmosis is calculatedfrom (Eq. 11) 
which is restricted to Darcy's flow andchemical osmosis so that the solved equation 
becomes: 
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   Eq. 14 

 
Addition of chemical osmosis to the Darcy's flow leads to increase of 8 m the excess-heads 
at the centre of the clayrock(Figure 5a) compared to those obtained with Darcy's flow alone. 
The calculated hydraulic head profile is close to the measuredone, so that a deviation of 16 
% is found between the model and the measured data, thus chemical osmosis does not 
induce significant changes on the head profile which is likely due to the weak porewater 
concentration profile across the Toarcian/Domerian clayrock. The specific discharge is of-
1.4 10-14 m s-1 with a water movement still directed downward. 
 

3.4.3 Thermo-osmosis 

 
Considering only thermo-osmosis and Darcy's flows,  Eq. 11becomes: 
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   Eq. 15 

 
The introduction of thermo-osmosis, together with the Darcy's flow, leadsto a hydraulic head 
lower than the one calculated with a purely hydraulicflow (Figure 5b). The resulting head 
profile is between 10 and 15 m less for the upper Toarcian and up to 35 m less in the lower 
Toarcian. In the deepest part of the formation, the head is even slightly lower than the 
hydrostatichead. It results in a higher deviation (84 %). The specific discharge is of 3.3 10-14 
m s-1and its positive value indicates an upward water movement attributed to the thermo-
osmotic flow. 

3.4.4 All coupled flows 

 
Coupling all flows by applying Eq. 11provides a maximum excess head of 25 m at the 
clayrock centre and an excess-head almost nil below (Figure 5c). A deviation of 59 % to the 
measured hydraulic head profile is found.The influence of the thermo-osmosis on the trend of 
the calculated hydraulichead with coupled flows is obvious.When both chemo- and thermo-
osmosis and Darcy's flow are considered, aspecific discharge of 3.2 10-14m s-1is computed, 
close to the one calculated forthermo-osmosis and Darcy's flow, and indicates an upward 
water movement. 
 
Steady-state conditions were postulated in Eq. 11because ofuncertainties on the conditions 
that constrain the calculations of evolutionof the flows and transfers at geological time-
scales. Nevertheless, because ofthe transient conditions of the concentration profile, two 
simple calculationsat transient-state were performed. One of these calculations 
considerschemical osmosis and Darcy's flow and the second one gathers chemicalosmosis, 
thermo-osmosis and Darcy's flow. The diffusion scenario for the Tournemire argillaceous 
formation [25],[26] was reproduced in these calculations and a Fick's diffusion was involved 
from a seawater salinityto a salinity profile close of the present-day profile using a diffusion 
coefficientin the range of those measured at Tournemire.  
 
At final transient-state, thehydraulic head profiles and specific discharges are very close 
tothose calculated assuming a quasi-steady-state. This observation allowsasserting that the 
hypothesis of a pseudo-equilibrium of fluid flow for agiven concentration profile is valid.  
The steady-state conditions can then beassumed with confidence and the calculations 
results are very likely realistic. 



 
 

 

 

3.5 Contribution of coupled flows to mass transport of RN 
 
The modification of the fluid movement caused byosmotic processes was shownto turn 
upward when thermo-osmosis is introducedin the calculations.The real interest of the fluid 
flow direction lies in its potentialimpact on advection mass transport. For this purpose, the 
Peclet number wascalculated for estimating the advection vs. diffusion contribution to the 

mass transport. The Peclet number,  , can be establishedas the ratio of the characteristic 

times for diffusion    
  

  
toadvection    

 

 
, where  is the thickness(m) of the porous 

medium crossed by the solute,    
  

       
   and   stand forthe pore and effective 

diffusion coefficients, respectively (m2 s-1) and        is the anions accessible porosity.  is 

thepore fluid velocity (m s-1) related to the specific discharge q by the relation      , 
where    is the kinematic porosity or porosity accessible to flow. The Peclet number thus 
writes:          . 

 
The Peclet numbers for the Tournemire argillaceous formation were determinedfor Cl-, as 
36Cl is one of the most mobile radionuclide, at the center of the 250 m thick formation(L = 125 
m), using an effective diffusion coefficient for Cl-of 4 10-12 m2 s-1[25] and the specific 
discharges reported previously.  
 
The kinematic porosity value ranges between the total porosity and theaccessible 
porositywhich are 8.8 % and 6.6 % for Cl-, respectively [25]. Calculationuses the total 
porosity as kinematic porosity. The resulting Peclet number is 0.28for 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 all coupledflows. These calculatedPeclet numbers slightly lower than 1 
suggest that diffusion is dominantbut the advective flow is not negligible for mass transport at 
the formationscale. Advection has also to be taken into consideration for mass 
transportespecially if thermo-osmosis is considered, because of the underestimationof the 
modeled thermo-osmotic permeability compared to the measuredvalues. This is in 
contradiction with the general assumption that solute transportin a compacted clayrock is 
mainly controlled by diffusion. 
 

3.6 Contribution of hydromechanical processes to head profile 

3.6.1 Viscoplastic behaviour of clays 

 
The visco-plastic behavior of clayrocksresults in a delayed deformation.Here, our interest to 
the visco-plastic behaviour of clays is limitedto the time dependent volumetric deformation 
(one rock deformation mechanism) and can lead to a persistence of overpressures during 
large geologicaltime scales. The macroscopic volumetric creep of the rock, or 
compactioncreep, can result from granular mechanisms like pressure dissolution, in 
carbonatesand sandstones, or sliding and rotation of grains and platelets leadingto an 
aggregate deformation, in clays. 
 
A calculation of the excess pressure caused by the visco-plastic behavior of the 
Tournemireclayrockwas made to assess the possible contributionof creep to the present 
measured pressure profile. This calculation was madefor a 1D geometry, along the z axis 
and the equation to be solved is: 

 
  

  
   

  

  
   

 

  ( )
 

   Eq. 16 

 

Where  is the hydraulic conductivity (m s-1),    is the specific storativity (m-1),  the total 
stress (Pa), and   ( )is the volumetric viscosity coefficient of the porous medium (Pa s). 
 



 
 

 

A relation describing the viscosity coefficient evolution with time was obtained from an 
inversion of the volumetric deformation measured on the Toarcian clay [27]and writes: 

  ( )        
        Eq. 17 

 

This time dependent relationship gives a   ( )value of        Pa s after 1 Maof creep. 
 
The main uncertainty in the calculation input lies in fixing time since thepresent total stress 
conditions are established. A calculation was performed assuming that the present-day total 
stress of          has not changed since 34 Ma which corresponds to the end of the 
Pyrenean orogeny, the last noticeable tectonic event [28]. Two other times were tested as 
they likely have modified the total stress: 5 Ma ago, at the end of the valley incision, and at 2 
Ma, the start of the glacial period.   
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Figure 6: Calculated contribution of creep on the hydraulic head profile in 
Tournemireclayrock. 

Calculations were made for constant K = 10-14m s-1, Ss =10-6m-1,   = 4 MPa and the time-

dependent variable   ( )from eq. 17. The results shownin Figure 6 indicate a very limited 
influence ofthis phenomenon on the pressure profile.The excess head, related to 
thehydrostatic head, is of few meters and tends to decrease with time withoutcompletely 
vanishing. Indeed, after 2 Ma of viscous behavior an excesshead around 3.7 m is calculated 
while after 5 Ma the excess head is around1.6 m and around 1.3 m after 34 Ma. 

3.6.2 Other possible processes 

 
Other possible causes for an excess-head are erosion unloading, lateral tectonic 
compression and compaction disequilibrium. All these processes are unlikely due i) to the 
exceptional over-consolidated nature of the clayrock acquired a very long time ago since the 
Cretaceous times when more than 1000 meters of sediments were eroded, ii) the long delay 
since the last tectonic event (about 34 Ma).  
 

4 CONCLUSIONS 
 
In very impervious clayrocks, like the Callovo-Oxfordian(COx) studied by Andra as a 
potential host rock for the disposal of HL-ILLL radioactive wastes, pore pressure,and their 
related hydraulic heads, frequently show excess-heads with respect to the theoretical 
hydrostatic head profile driven by the surrounding aquifers. The origin of such excess head 
was still a subject of controversy since it may result from many processes including transport 
and hydromechanicalprocesses. An overpressure of 30m is being measured in the 
Toarcian/Domerianclayrock at Tournemire URLwhereas it is of about 50m for the COxcentre 
at the Bure URL. 
 



 
 

 

This paper aimed at identifying and quantifying the contribution of each cause to the excess-
head measured at Tournemire and their possible contribution to the transport of 
radionuclides.A special focus was made on transport processes and especially on advection, 
the diagonal transport process, and on chemo-osmosis and thermo-osmosis, the non-
diagonal one, respectively responsible for a fluid flow under gradients of pressure, 
concentration and temperature.  
 
Osmotic processes are expected to develop due to the small pore size and the electrostatic 
interactions related to the charged surface of clay minerals. The quantification of their relative 
contribution has required the acquisition of their force gradients and of their related 
parameters hereinafter referred permeabilities. The force gradients for P,T,C were obtained 
by direct measurements (P,T) at Tournemire and indirectly by geochemical modeling (C). 
Darcy permeability was deduced from petrophysical measurements. Chemo-osmotic and 
themo-osmotic permeabilities were obtained from on-site and lab experiments and by 
theoretical models with petrophysical parameters and medium conditions (porewater 
composition and temperature) as input parameters.  
 
A 1D modeling approach based on the application of continuity equation at steady state was 
proposed to assess the individual or coupled contribution of flow transport processes. A 
satisfactory reproduction of the measuredexcess-hydraulic head was achieved by coupling 
chemical osmosis,thermo-osmosis and advection which alone are able to generate, in the 
present-day conditions, an excess-headin Tournemireclayrock.  
 
The contribution of hydromechanical processes (e.g., the visco-plastic behaviour of clays, 
erosion unloading, lateral tectonic compression and compaction disequilibrium) was also 
assessedbut their contribution to the measured excess-head looks very unlikely. To 
conclude, onlythe transport processes, related to the intrinsic permeability variation 
acrossthe formation coupled to non-diagonal osmotic processes can explain the pressure 
field in theToarcian/Domerian formation at the Tournemire URL. Those calculations also 
allowed a comparison of the characteristic times for diffusion and advection. Results suggest 
that diffusion still remains the dominant transport phenomenon for solutes and therefore for 
RN at the formation scale, so far, but the contribution of advection cannot be neglected as 
the Peclet number is 0.7, not that far from 1. This indicates that the coupled fluid flows also 
have to be taken into account for mass transport. This isespecially true if thermo-osmosis is 
considered because of the underestimationof the modeled thermo-osmotic permeability 
compared to the measuredvalues and also because its introduction in the calculations 
leadsto an increase of the specific discharge and to inverse the water movementswhich 
become directed upward. 
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