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Abstract The large-scale stress patterns observed in intraplate areas are often considered to result
from far-field boundary forces that drive plate tectonics. However, no present-day deformation has been
detected in the French Paris Basin, yet significant deviatoric stresses are measured in limestone formations
observed above soft argillite layers encountered in this region. Further, the pore pressure measured in the
argillite is larger than that measured in the surrounding permeable zones. These observations suggest a
presently active source of stress in this sedimentary system. We propose that this stress field is not related
to tectonics but only to gravity acting on the series of viscoelastic orthotropic geomaterials that fill up
the basin. This viscoelastic response is linked to pressure solution effects activated by pore pressure
transients related to climatic variations. These pressure transients develop in the fracture system that affects
some of the geomaterials and imply a time-dependant deformation field, with time constants related to
those of climatic variations. This model outlines the influence of time-dependent material properties on the
present-day stress and pore pressure fields that prevail at various depths. It may be considered as a possible
loading mechanism for the analysis of intraplate seismicity.

1. Introduction

Extensive stress measurements have been conducted in the upper sedimentary formations of the eastern
Paris Basin (France), for the Underground Research Laboratory on nuclear waste storage, near the small village
of Bure, Meuse (Cornet & Roeckel, 2012; Wileveau et al., 2007). Their depth range extends from the base of the
Dogger limestones (about 750 m below ground level) up to the top of the Oxfordian limestones (about 350 m
below ground). Results outline a significant difference between the maximum and the minimum principal
stress magnitudes in both the Dogger and the Oxfordian limestone formations. But the difference between
the magnitudes of the two horizontal principal stress components measured in the Callovo-Oxfordian argillite
layer, in between the two limestone layers, is much smaller (Figure 1). In addition, Delay et al. (2007) have
described an overpressure in the argillite that exhibits a parabolic vertical profile, which remains yet unex-
plained. Classical sources of overpressure in sedimentary basins are compaction, fluid migration, diagenesis,
tectonic stress, or more simply topography (e.g., de Marsily, 1986; Neuzil, 1995; Schmalholz et al., 2014).
These various effects together with osmotic effects have been investigated (Gonçalves, Violette, Guillocheau
et al., 2004; Gonçalves, Violette & Wendling, 2004). They were shown not to be able to explain the complete
measured profile.

The Oxfordian limestones exhibit a very small dip and outcrops some tens of kilometers east of the site
where stress measurements have been conducted. Further, the Paris Basin is known to be free of significant
present-day active tectonics, as evidenced by the absence of microseismic activity (Cara et al., 2015) and by
the absence of detectable horizontal strain rate according to repeated GPS measurements (Nocquet, 2012).
Hence, a question arises concerning the origin of both the deviatoric stresses in the various sedimentary layers
and the parabolic pore pressure profile in the argillite.

Various attempts have been made at modeling this stress field. Assuming an elastic response of the rock mass,
Gunzburger and Cornet (2007) have discussed the effect of erosion and that of a far-field uniform horizontal
velocity on the local stress field. They conclude that such a combination of loading mechanisms should result
in equal vertical gradients for both horizontal principal stress components within a given sedimentary layer,
a conclusion not supported by measurements. In addition, Gunzburger and Cornet (2007) do not address the
pore pressure parabolic vertical profile in the argillite.
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Figure 1. Vertical stress profiles measured at Bure, in the eastern Paris sedimentary basin (Gunzburger & Cornet, 2007).

Gunzburger and Magnenet (2014) have also undertaken an investigation of the elastic material properties
that are required for producing the vertical stress profiles reported by Wileveau et al. (2007). They assume
linear vertical variations for both horizontal principal stress components applied to the vertical boundaries
of their model. The principal stress directions are supposedly related to the Alpine “push” that occurred late
Miocene, from 8 to 6 Ma ago. We refer to this elastic model as the “G-M elastic model.” Despite an apparent
good fit between observations and model predictions, the G-M elastic model suffers some limitations and
inconsistencies with observations that are enumerated hereafter.

1. The G-M elastic model assumes an elastic behavior for the argillite, a feature not consistent with results from
experimental investigations. Indeed, laboratory measurements have suggested that the argillite cannot
sustain a static differential stress over more than a thousand years so that stress conditions that prevailed
at the end of the Alpine phase cannot coincide with those observed today.

2. Also, shear wave splitting observations (Lefeuvre et al., 1992) imply some anisotropy for the elastic param-
eters of some of the layers above the Callovo-Oxfordian argillite.

3. Finally, the hypothesis of an elastic response of the whole system to a late Miocene straining cannot explain
the overpressure profile measured presently in the pore fluids of the Callovo-Oxfordian argillite, as dis-
cussed by Gonçalves, Violette, and Wendling (2004). Indeed, by now, pore pressure variations linked to
tectonic loading should have completely dissipated.

Recently, Calais et al. (2016) have noted that the seismicity observed in stable continental regions (earth-
quakes) is not consistent with loading rates applied at plate boundaries. They consider that these earthquakes
are better explained by a release of elastic energy associated with local transient perturbations.

In the present paper we argue that the development of pressure solution in fractures constitutes a presently
active loading source for the sedimentary formations of the Paris Basin. In the final discussion, we observe
that such a fluid-solid chemical interaction may be part of the new paradigm proposed by Calais et al. (2016)
for explaining intraplate seismicity.
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Figure 2. Schematic representation of pressure-solution effects in fractures. As time passes, the tip of asperities gets
dissolved and the apparent “thickness” of the fracture decreases.

2. Pressure Solution as a Loading Mechanism

In their attempt at modeling the vertical stress profiles observed at Bure, Gunzburger and Cornet (2007)
noticed that best fitting elastic parameters identified for the limestones were much lower than values com-
puted from elastic waves propagation data derived from sonic logs. They were led to conclude on the
existence of a long-term softening process affecting the limestone behavior, which they proposed to link
to pressure solution effects. In this paper, we follow this conclusion and propose a simple phenomeno-
logical hydromechanical model characterized by two main features linked to pressure solution effects:
(i) a time-dependent orthotropic mechanical behavior associated with pressure solution in fractures and
(ii) a coupling term in the fluid mass balance equation involving volumetric strain. We show that such a
one-dimensional vertical viscoelastic model supplemented by some calculations in the horizontal directions
is consistent with both the observed stress and pore pressure vertical profiles.

Before pursuing, let us recall that pressure solution is a solid-fluid interaction process that takes place in
fluid-saturated materials in the immediate vicinity of zones of high stress concentration where ions migrate
from the solid phase to the liquid phase. Hence, pressure solution modifies both the grain size and the poros-
ity of rocks. This mechanism of stress enhanced dissolution has been quite extensively investigated for the
last 30 years (Gratier & Guiguet, 1986; Gundersen et al., 2002; Schneider et al., 1996). In particular, it is gen-
erally accepted that pressure solution occurs only when stress magnitudes are above a certain threshold
value that depends on temperature among other parameters. This physicochemical, nanoscale, mechanism,
which depends strongly on environmental conditions, may be modeled by a solid-type, viscoelastic behavior
with viscosities that range from 1019 Pa s to 1025 Pa s (Gratier, 1993; Holl & Anastasio, 1995; Laubsher, 1975;
Talbot, 1999).

As pointed out by Yasuhara and Elsworth (2004), a natural fracture is a privileged site for the development of
pressure solution. Indeed, fracture surfaces exhibit asperities at all scales, which leads to a large distribution
of zones with various stress concentrations. This generates microdisplacements in the direction normal to the
fracture plane (see Figure 2). Hence, for a large volume of rock, the cumulated effect of pressure solution in
the fracture network is associated with a volume decrease, the geometry of which depends on the fracture
network morphology. At Bure, where the detailed stress measurements have been conducted, it is well estab-
lished that there is virtually no fracture in the argillite layer but that numerous fractures are present in the
surrounding limestone layers (André et al., 2006). Interestingly, a statistical analysis of the orientations of all
fractures observed in the limestones that underlay and overlay the argillite formation has outlined the exis-
tence of a very clear preferential fracture orientation (N 150∘E), that is, a direction parallel to the maximum
horizontal principal stress direction (Figure 3). Lefeuvre et al. (1992) have discussed results from vertical seis-
mic profiles in some deep (1,860 m) boreholes located some hundred kilometers west from the location where
stress measurements have been conducted. They identify some shear wave splitting, which is characteristic
of wave propagation in anisotropic materials. Such an anisotropic behavior is detected for both limestone
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Figure 3. Results from statistical analysis of fractures orientations in the Dogger and Oxfordian limestones. See Cornet
and Roeckel (2012, and the references therein).

formations underlying and overlying the Callovo-Oxfordian argillite. The fastest shear wave direction occurs
in a direction parallel to that of the maximum horizontal principal stress direction. So these observations sup-
port the hypothesis that these limestones exhibit an orthotropic behavior controlled by the fracture pattern
and by the sedimentary structure. These anisotropic properties may be linked to the Alpine push of the past.

In addition to these various issues, the relevancy of considering an orthotropic behavior for geological layers
at the Bure laboratory is supported by the fact that it does reproduce the observed stress profiles. To illustrate
this idea, let us consider an elastic orthotropic geomaterial so that two of its axes of symmetry are horizon-
tal. We call h and H these two horizontal directions. Let v be the vertical direction so that H, h, and v define
an orthonormal frame of reference, (eH, eh, and ev). We assume hereafter that these directions are also those
of the principal stress directions existing in the body under consideration, with 𝜎H and 𝜎h, respectively, the
maximum and minimum horizontal principal stress components. A material with orthotropic elastic proper-
ties implies nine independent constants of elasticity, which we call EHH, Ehh, Evv , 𝜈Hv , 𝜈Hh, 𝜈hv , Ghv , GhH, and GHv

by analogy with the significance of the Young’s modulus E, the Poisson’s ratio 𝜈, and the shear modulus G of
isotropic materials. Linear elasticity implies that strain 𝝐 is proportional to stress 𝝈 (both being here written as
six components vectors), so that 𝝐 = S ⋅𝝈, where S is the compliance tensor (rewritten hereafter as a matrix):

S =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
EHH

− 𝜈Hh

EHH
− 𝜈Hv

EHH
0 0 0

− 𝜈Hh

EHH

1
Ehh

− 𝜈hv

Ehh
0 0 0

− 𝜈Hv

EHH
− 𝜈hv

Ehh

1
Evv

0 0 0

0 0 0 1
2Ghv

0 0

0 0 0 0 1
2GHv

0

0 0 0 0 0 1
2GHh

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (1)

Observe that for orthotropic materials, 𝜈Hv ≠ 𝜈vH, and that (𝜈Hv∕EHH) = (𝜈vH∕Evv), with similar relationships
for the other directions. Let us consider a semi-infinite space filled up with such a material and loaded under
gravity only. For these loading conditions there is no displacement in any horizontal direction (oedometric
loading conditions). In that case, the horizontal principal stress components are linear functions of depth z:

𝜎H = KH𝛾z, 𝜎h = Kh𝛾z (2)

with 𝛾 the specific weight and

KH =
𝜈Hh𝜈hv + 𝜈Hv

1 − 𝜈2
Hh∕𝜒Hh

, Kh =
𝜈hv + 𝜈Hh𝜈Hv∕𝜒Hh

1 − 𝜈2
Hh∕𝜒Hh

, (3)

where 𝜒Hh = EHH∕Ehh. It may be verified that for an isotropic material we obtain the classical result

KH = Kh = 𝜈

1 − 𝜈
. (4)

With such an anisotropic model, it is possible to generate with gravity loading only a regional stress field
with vertical and horizontal principal stress directions and different values for the minimum and the max-
imum horizontal principal stress magnitudes. In this example, the Kh and KH parameters depend directly
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on the geomaterials elastic parameters. Thus, the existence of different values for the horizontal principal
stress magnitudes does not necessarily imply a tectonic activity. It may result simply from the anisotropy of
the elastic properties for some of the geomaterials of concern.

At this stage, we have outlined that pressure solution in fractures is an active loading mechanism that may
be a good candidate to explain observed stress profiles. We argue now that pressure solution occurs at a rate
slow enough that no measurable strain may be detected but yet with pore volume variations large enough for
generating a significant part of the overpressure observed in argillite. To validate this hypothesis, we propose
a hydromechanical viscoelastic model that reproduces the measured horizontal stress as well as the observed
pore pressure profiles.

In order to introduce a mathematical description of pressure solutions effects, we modify first the fluid mass
balance by introducing an additional term that accounts for the volumetric strain due to dissolution of some
solid into the fluid and its precipitation somewhere else. Second, we introduce time dependent elastic prop-
erties for the various geological materials. The entire set of governing equations, as well as the numerical
method used for their solution, are presented in the next section.

3. A Coupled Poroelastic Model
3.1. Governing Equations
The governing equations are those of linear poroelasticity as developed by Coussy (2004). We assume that
limestones and argillite in the vicinity of the Bure laboratory can be idealized as homogeneous, fully saturated,
poroelastic materials. We consider only small perturbations and assume local equilibrium conditions, while
the only specific force is gravity. In our notation system, tensorial quantities are boldfaced, and any quantity
associated with the saturating fluid is subscripted by “f .”

If we admit that pressure solution involves dissolution and precipitation processes, the mass variation of an
elementary representative volume of porous medium dΩ can be split into three contributions: the mass vari-
ation of solid grains dMs −dM0

s = msdΩ, the mass variation of pure fluid dMpure
f

−dMpure,0
f

= mpure
f

dΩ, and the
mass variation of solid in solute form dMsol − dM0

sol = msoldΩ, where all quantities m• (kg m−3) denote mass
variations per unit of volume of porous medium. According to Coussy (2004), the mass balance inside dΩ can
be written as

𝜕ms

𝜕t
= −𝛽s→sol + 𝛽sol→s, (5)

𝜕msol

𝜕t
+ ∇.Msol = 𝛽s→sol − 𝛽sol→s, (6)

𝜕mpure
f

𝜕t
+ ∇.Mpure

f
= 0, (7)

in which MX (kg m−2 s−1) denotes the vectorial flow of X , that is, the mass of X entering dΩ via its boundary
𝜕(dΩ) per unit of time. The source terms 𝛽s→sol and 𝛽sol→s reveal the variation of solid and solute mass due
to dissolution and precipitation, respectively. If we introduce the mass content mf = mpure

f
+ msol of “real”

fluid—that is, the pure fluid plus the solute it transports—as well as its associated vectorial flow Mf = Msol +
Mpure

f
, then adding equations (6) and (7) leads to

𝜕mf

𝜕t
+ ∇.Mf = 𝛽s→sol − 𝛽sol→s = 𝛽. (8)

In this first approach, we assume that the vectorial fluid flow Mf satisfies Darcy law with a constant, uniform
fluid density 𝜌f (kg m−3):

Mf =
𝜌f K int

𝜇f

(
−𝛁pf + 𝜌f g

)
, (9)

where 𝜇f (Pa s) is the fluid dynamic viscosity, K int (m2) is the intrinsic permeability, and pf is the fluid pressure.
For a saturated medium, mf is given by

mf = 𝜌f𝜙(1 + 𝜖v) − 𝜌f𝜙0, (10)
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where 𝜖v is the volumetric strain, 𝜙 is the Eulerian porosity, and 𝜙0 is its initial value. The porosity variation is
described by the equation

d𝜙 = (b − 𝜙)
(

d𝜖v +
dpf

Ks

)
(11)

in which b (1) and Ks (N m−2) correspond, respectively, to the Biot coefficient and to the bulk modulus of
solid grains.

The mechanical equilibrium can be written as

𝛁.𝝈 + rg = 0, (12)

where 𝝈 (N m−2) is the total stress tensor, r (kg m−3) is the homogenized density and g (N kg−1) is the gravity.
The density is split into two terms:

r = r0 + mf (13)

in which r0 (kg m−3) is the initial homogenized density. All material properties—except the mechanical
properties discussed later—are considered to be constant and homogeneous in each geological unit.

A common practice, when investigating the hydromechanical behavior of a porous medium, is to split the
total stress into an effective stress 𝝈′ (N m−2) and a hydraulic stress 𝝈f (N m−2), so that 𝝈 = 𝝈

′ +𝝈f . We add an
additional term 𝝈

inst (N m−2) for introducing the evolution with time of the elastic properties (see below and
section 3.2). The stress decomposition becomes

𝝈 = 𝝈
′ + 𝝈f + 𝝈

inst = 𝝈
′ − b𝜋f + 𝝈

inst. (14)

In this last equation 𝜋f = pf − p0
f

is the relative fluid pressure, that is, the actual fluid pressure compared to its
initial value. The mechanical behavior of the equivalent solid continuum is assumed to be elastic and linear,
but with properties varying with time:

𝜕t𝝈
′ = C(t) ∶ 𝜕t𝝐 (15)

(without explicit notations, the elastic stiffness C(t) is assumed to correspond to drained conditions). From
(14) and (15), the total stress may be written finally as

𝝈(t) =
[
∫

t

0
C(𝜏) ∶ 𝜕𝜏𝝐 d𝜏

]
− b𝜋f + 𝝈

inst. (16)

3.2. Application to the Bure Site
The strain 𝝐 and the stress 𝝈 are described by their respective matrices. We return now to the orthonormal
frame of reference (eH, eh, and ev) aligned with the principal stress directions and we assume oedometric
boundary conditions:

𝝐 =
⎛⎜⎜⎝

0 0 0
0 0 0
0 0 𝜖v

⎞⎟⎟⎠(eH ,eh ,ev )

. (17)

The space variables associated with (eH, eh, and ev) are denoted x, y, and z, respectively. We focus now on
the three geological layers encountered at the Bure underground laboratory and in which stress measure-
ments have been carried out: (1) Oxfordian limestone for z ∈ [−445; 0] m (445 m in thickness); (2) argillite
for z ∈ [−556; −445] m (111 m in thickness); and (3) Dogger limestone for z ∈ [−783; −556] m (227 m in
thickness), and we assume that these layers are the site of pressure solution effects that depend on the local
material properties. Mathematically, we recall that these effects are integrated in our model by two contribu-
tions: (1) a source term in the mass balance (𝛽) due to dissolution/precipitation and generating a volumetric
strain even at the drained state (𝜋f = 0) and (2) a “slow” transition between isotropic elastic properties Ciso

toward drained orthotropic properties Cort.

This evolution reveals the preferential effect of pressure solution in the direction orthogonal to that of the
fractures (direction of 𝜎h). More precisely, we postulate the following time dependence:

C(t) = C
iso + t

𝜏ps

(
C

ort − C
iso
)
, t ∈ [0; 𝜏ps], (18)
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where parameter 𝜏ps (s) is a time constant associated with pressure solution effects on the materials
orthotropy. Note that C(0) = Ciso and that C(𝜏ps) = Cort and that a linear transition between Ciso and Cort

is considered in the time interval [0; 𝜏ps]. If we focus on orthotropic materials, the whole stress field is gov-
erned by the sole components CHv , Chv , and Cvv of the stiffness tensor C. In that case, a more convenient
parameterization can be introduced by defining 𝛼H and 𝛼h as follows:

𝛼H =
Cort

Hv − Ciso
Hv

Ciso
Hv

and 𝛼h =
Cort

hv − Ciso
hv

Ciso
hv

. (19)

Indeed, equation (18) leads to

CHv(t) = Ciso
Hv

(
1 + 𝛼H

t
𝜏ps

)
, (20)

Chv(t) = Ciso
hv

(
1 + 𝛼h

t
𝜏ps

)
, (21)

and the two coefficients𝛼H and𝛼h may be interpreted as two “orthotropization rates.” In addition, it is assumed
that Cvv(t) remains constant in order to limit the number of adjustable parameters:

Cvv(t) = Ciso
vv , ∀t ∈ [0; 𝜏ps]. (22)

The isotropic components are merely calculated by inverting the compliance matrix, and this leads to the
following well-known expressions:

Ciso
Hv = Ciso

hv = 𝜈 isoEiso

(1 + 𝜈 iso)(1 − 2𝜈 iso)
, (23)

Ciso
vv = (1 − 𝜈 iso)Eiso

(1 + 𝜈 iso)(1 − 2𝜈 iso)
. (24)

with Eiso and 𝜈 iso the isotropic drained Young modulus and isotropic drained Poisson ratio, respectively. Since
oedometric conditions are considered, equation (16) may be rewritten:

𝜎H(t, z) =
[
∫

t

0
CHv(𝜏) ∶ 𝜕𝜏𝜖v(𝜏, z)d𝜏

]
− b𝜋f (t, z) + 𝜎 inst

H (t, z), (25)

𝜎h(t, z) =
[
∫

t

0
Chv(𝜏) ∶ 𝜕𝜏𝜖v(𝜏, z) d𝜏

]
− b𝜋f (t, z) + 𝜎 inst

h (t, z). (26)

If we introduce the two coefficients,

K inst
H (t) =

CHv(t)
Cvv(t)

, K inst
h (t) =

Chv(t)
Cvv(t)

, (27)

and if we assume that the instantaneous stress response due to the time-dependency of elastic properties is
given by

𝜎 inst
H (t, z) = K inst

H (t)𝜎v(t, z), (28)

𝜎 inst
h (t, z) = K inst

h (t)𝜎v(t, z), (29)

the horizontal total stress finally may be rewritten:

𝜎H(t, z) =
[
∫

t

0
CHv(𝜏) ∶ 𝜕𝜏𝜖v(𝜏, z)d𝜏

]
− b𝜋f (t, z) + K inst

H (t)𝜎v(t, z), (30)

𝜎h(t, z) =
[
∫

t

0
Chv(𝜏) ∶ 𝜕𝜏𝜖v(𝜏, z)d𝜏

]
− b𝜋f (t, z) + K inst

h (t)𝜎v(t, z). (31)

At this stage, we notice that these horizontal stress components are compatible with the mechanical
equilibrium (12) since (i) they do not depend on the horizontal space variables x and y and (ii) gravity
is vertical.

Let us outline that the various coefficients, which characterize the model, are to be computed so as to fit
best the present-day observed stress field, which is—in addition to the pore pressure profile—the only
constraining set of data for this problem.
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Figure 4. Mesh, boundary conditions, and finite elements used for the proposed one-dimensional hydromechanical
viscoelastic model. The finite element pictured as an example joins node Ni to node Nj , each node having 2 degrees of
freedom.

3.3. The Initial State
The initial state of stress (t = 0) is assumed to be such that 𝜎h = 𝜎H in all geological layers and consistent
with equation (18). This stress field coincides with the well-known solution for a semi-infinite body loaded by
gravity only under oedometric conditions:

𝝈(t = 0, z) = 𝝈
inst(t = 0, z) =

⎛⎜⎜⎝
K isor0gz 0 0

0 K isor0gz 0
0 0 r0gz

⎞⎟⎟⎠ (32)

with

K iso = 𝜈 iso

1 − 𝜈 iso
. (33)

Note that this stress field is compatible with equations (30) and (31) at t = 0 (for which we have 𝜖v = 0 and
𝜋f = 0). In addition, we assume that the initial pressure is hydrostatic:

p0
f (t = 0, z) = patm − 𝜌f gz, z < 0, (34)

patm = 105 Pa is the atmospheric pressure.

3.4. Numerical Aspects
The validation of the previous equations is made by comparing experimental data to outputs of a
one-dimensional finite elements model supplemented by some postprocessing calculations. Concerning
experimental data, vertical profiles of horizontal over vertical stress components ratios are considered, as well
as a vertical profile of the fluid overpressure. The modeled counterparts of the latter are obtained as follows.
At first, the vertical stress 𝜎v(t, z), the volume strain 𝜖v(t, z), and the fluid overpressure 𝜋f (t, z) are calculated
by a one-dimensional finite element model in the vertical space direction. For that purpose, one-dimensional
finite elements have been implemented in the French finite element software Code_Aster (EDF-R&D, 2016).
These elements are two nodes segments, each node having 2 degrees of freedom (the vertical displacement
𝜉z and the fluid pressure pf ). The vectorial nonlinear equation giving the nodal increments of generalized dis-
placements (𝜉z, pf ) between t and t + Δt is obtained from an Euler-implicit scheme and is solved by using
the Newton-Raphson algorithm. During the simulation, the water overpressure vanishes at the top and at the
bottom of the mesh (𝜋f = 0). For the mechanical boundary conditions, the upper node (z = 0) lays on a sur-
face which is stress free, while the bottom node supports no vertical displacement (see Figure 4). All finite
elements are 10 m in height.

Once the finite element model is completed, the horizontal stress components 𝜎H(t, z) and 𝜎h(t, z) can be
calculated using equations (30) and (31). Finally, the value of the ratios between, respectively, the maximum
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sea level

Bure mean altitude

1D mesh

Figure 5. Link between h (head) and h[masl] (head in meters above sea level) for a given point M(z).

Figure 6. Summary of the numerical procedure, called “direct model,” used to calculate KH(𝜏ps, z), Kh(𝜏ps, z) and
h[masl](𝜏ps, z).
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Table 1
Parameters Taken as Inputs of the Model

Name Description

Eiso isotropic drained Young modulus

𝜈iso isotropic drained Poisson’s ratio

𝛼H anisotropy in the x direction (see equations (20) and (21)

𝛼h anisotropy in the y direction

r0 initial homogenized density

𝜙0 initial porosity

b Biot’s coefficient

𝛽 pressure solution rate

K int intrinsic permeability

𝜌f fluid density

𝜇f fluid dynamic viscosity

𝜏ps time constant for pressure solution effects

and the minimum horizontal principal stress components and the verti-
cal stress component at t=𝜏ps is calculated:

KH(𝜏ps, z) =
𝜎H(𝜏ps, z)
𝜎v(𝜏ps, z)

, Kh(𝜏ps, z) =
𝜎h(𝜏ps, z)
𝜎v(𝜏ps, z)

. (35)

For the fluid head profile, the overpressure 𝜋f (𝜏ps, z) is converted into
masl (meters above sea level) in order to be compared with data of Delay
et al. (2007). The conversion is made via the equation:

h[masl] = h − hhydro + a =
𝜋f

𝜌f g
+ a (36)

in which a = 305 m is the mean altitude of Bure, h the fluid head, and
hhydro its hydrostatic counterpart. Figure 5 pictures the different origins
used to calculate h[masl]. Let us note that, in our model, the medium has
been considered as being saturated up to z = 0. This is justified by the
fact that the mean groundwater depth at Bure is negligible as compared
to the minimum depth for which experimental data are available.

For the sake of clarity, the entire procedure called “direct model” is summarized in Figure 6. In order to avoid
boundary effects at the bottom side, the thickness of Dogger corresponds to the real value increased by
1,000 m. Consequently, the mesh of the Dogger limestone is 1,227 m thick but only a thickness of 227 m is
considered for the postprocessing, that is, for the computation of stress and pressure profiles.

3.5. Model Parameters and Back Analysis
The parameters taken as inputs for the model are listed in Table 1. They are used for evaluating the following
secondary parameters necessary for solving the governing equations numerically:

1. K0: bulk modulus of the drained porous media given by:

K0 = Eiso

3 (1 − 2 𝜈 iso)
. (37)

Figure 7. Comparison between model and experimental data (horizontal to vertical stress ratios Kh and KH). The
background gray zones indicate the geological layers. Dashed lines correspond to results obtained by varying 𝛼H and 𝛼h
by ±5%.
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Figure 8. Comparison between model and experimental data of Delay et al. (2007) (overpressure 𝜋f converted in masl).
The background gray zones indicate the geological layers.

This coefficient is assumed to remain constant during the numerical simulation, even though the elastic
isotropic properties evolve toward anisotropic properties.

2. Ks: bulk modulus of solid grains:

Ks =
K0

1 − b
. (38)

Hereafter, the different geological layers are identified by the superscript: “oxf,” “arg,” and “dog.”

The back analysis has been carried out with the Levenberg-Marquardt algorithm (least squares optimization)
that has been implemented in the PEST software (Doherty, 2005). Among all input parameters, the following
have been estimated: (1) 𝛼oxf

H , 𝛼arg
H , and 𝛼

dog
H (and their equivalent for the h direction): orthotropization rates

Table 2
Values of Parameters

Rheological parameters Oxfordian Argilite Dogger Fluid Other

Eiso (GPa) 1.0 1.0 1.0 — —

𝜈iso 0.30 0.40 0.30 — —

𝛼H 2.45 0.98 1.50 — —

𝛼h 0.83 0.47 0.46 — —

r0 (kg m−3) 2,450 2,450 2,450 — —

𝜙0 0.10 0.01 0.10 — —

b 0.90 0.90 0.90 — —

𝛽 (g m−3 a−1) 49.3 0.111 0.807 — —

K int (m2) 10−15 10−20 10−15 — —

𝜌f (kg m−3) — — — 1,000 —

𝜇f (Pa s) — — — 10−3 —

𝜏ps (a) — — — — 3,487

Note. The italicized values have been obtained by back analysis.
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in both horizontal directions, for the three geological layers under consideration; (2) 𝛽oxf, 𝛽arg, 𝛽dog: pressure
solution rates; and (3) 𝜏ps : pressure solution characteristic time, taken as the total duration of the simulation.

Results of the best fit are given in Figures 7 and 8. They outline a good agreement between numerical model
and experimental data. Values for the various parameters associated with this best fit are listed in Table 2. In
order to investigate the influence of small variations in 𝛼H and 𝛼h values on the solution, we have considered
±5% variations for these parameters. Results are illustrated by the dashed lines on Figure 7. They indicate that
uncertainties on the stress measurements are too large to provide a strong constraint on the best solution.

In Figure 8 we note that the model yields results for the pore pressure that are smaller than observed data in
the 400–450 m depth range. This is because, in the absence of direct measurements, we have assumed that
permeability and elastic coefficients are both only related to the geological definition of the various layers.
This small discrepancy could easily be corrected numerically by assuming that the permeability in the lower
part of the Oxfordian limestone is much lower than that in its upper part of this layer because of some soft clay
particles in the pore space. Only direct in situ permeability measurements would help resolve more forcefully
this issue.

4. Discussion and Perspectives
4.1. What time Constant for Pressure-Solution Effects?
As pointed out earlier, the 𝜏ps parameter is a time constant characteristic of pressure solution effects. Yasuhara
and Elsworth (2004) showed that the rate of fracture closure linked to pressure solution effects is strongly
temperature dependent. It is associated to both dissolution rates and precipitation rates, which are strongly
material dependent. In the present investigation, no attention has been given to the physical factors that
control its value. Despite the fact that 𝜏ps has been estimated by the least squares method, its value is not
physically significant in our model. It strongly depends on the values of 𝛽 and of permeability.

When the fluid is at rest, as pressure solution develops, the ion concentration in the fluid close to the frac-
ture asperities reaches progressively some equilibrium. Hence, the correlated volumetric deformation rate
decreases with time till it vanishes completely. The model proposed here above is only phenomenological,
and we made no attempt at modeling the nanoscale phenomena associated with pressure solution. We only
conclude that, in a closed system, 𝜏ps is finite so that the period during which pressure solution occurs after a
tectonic phase remains finite.

4.2. Dependence of the Present-Day Stress Field on Climatic Variations
When some fluid motion occurs, pressure solution may become a continuing process since the ions content in
the liquid never gets at equilibrium with the stressed solid asperities. Interestingly, detailed modeling of the
long-term hydrodynamic response induced by past climatic forcing has been conducted by Jost et al. (2007)
for the ground water system encountered in the Paris Basin sedimentary formations. Particular attention has
been given to the locality of the Underground Research Laboratory at Bure, where the stress determination
has been conducted. They found that because of the development of permafrost during glaciation periods,
water infiltration was stopped over large area and this resulted in decline in water pressure at certain depths.
Jost et al.’s (2007) simulations outline spatial pressure variations with time characteristics that are those of the
past climatic variations, that is, variations that scale in tens to hundreds of thousand years. They imply transient
local pressure gradients with similar time characteristics. These changing local pressure gradients generate
some local fluid motions that affect the ions densities in the water close to zones of stress concentrations and
therefore affect pressure solution effects. According to Jost et al.’s (2007) work, climatic variations are clearly
felt down to the argillite and therefore within the overlying Oxfordian limestones. Hence, in this limestone
layers, development of pressure solution effects depend on climatic variations and therefore so does the stress
field in this formation, and so does that in the various overlying limestones.

4.3. Origin of the Overpressure Observed in the Callovo-Oxfordian Argillite
In our model, the effect of pressure solution is twofold: first, it affects the large-scale elastic characteristics of
geomaterials and second, it generates perturbations in the pore pressure of saturated geomaterials. The dis-
sipation of such pore pressure perturbations depends in turn on the volumetric strain rate associated with
pressure solution effects (parameter 𝛽 in equation (8) and on the permeability of the geomaterials of concern.
For the data inversion conducted with our model, the overpressure observed in the argillite requires that the
coefficient 𝛽 for the argillite be about 500 times smaller than that associated with the overlying limestone.
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Figure 9. Map of northwestern Europe seismicity, slightly adapted from Grünthal and Wahlström (2003) in order to
point out the Paris sedimentary basin.

This is quite consistent with the observation that only very few preexisting vertical fractures have been
observed in the argillite (André et al., 2006). However, no direct analysis of pressure solution has been con-
ducted so that we cannot conclude, at this stage, that indeed, the overpressure observed in the argillite is only
linked to pressure solution effects within these very few preexisting vertical fractures.

In fact, another possible model would take into account the spatial variability of the density of vertical frac-
tures in all the geomaterials. This would require a true 3-D model that might account for the fact that the
fracture density follows more or less a periodic distribution in the horizontal directions. With such a model,
periodic lateral variations in elastic parameters would be introduced. This would result in interactions between
the various layers depending on the boundary conditions imposed at the various layers interfaces. This feature
has not been explored here in order to keep the model as simple as possible. However, it should be mentioned
that local rotations of the principal stress directions have been observed close to the interface between the
Oxfordian limestone and the underlying Callovo-Oxfordian argillite. This clearly demonstrates the existence
of local slippage between these two layers and therefore the existence of lateral variations in the mechani-
cal characteristics of the Oxfordian limestone. These horizontal variations generate some nonuniform shear
stress at the horizontal interface between the Oxfordian limestone and the argillite layer. An important ques-
tion that remains to be answered is to evaluate the pore pressure effect, in the argillite, associated with the
transfer of horizontal strain between the Oxfordian limestone and the argillite.

4.4. Stress Profiles and the Long-Term Rheology of Geomaterials
The one-dimensional model, which has been presented, implies that the vertical variations of the stress field in
the Paris sedimentary basin do not depend on the present-day stresses at greater depths. Indeed, it has been
argued that it depends on gravity effects on geomaterials, the long-term rheological characteristics of which
are time dependent and become progressively orthotropic. In this model, the maximum horizontal principal
stress component may become larger than the vertical component, depending on the elastic coefficients.

But other mechanisms have been proposed for explaining the common observation that, in many area where
crystalline rocks are encountered, the average of both principal horizontal stress components at zero depth
is not null and may reach values as high as 40.5 MPa (Engelder & Sbar, 1984). Interestingly, for many of these
sites, it was also observed that the strike of microcracks observed in these rocks was parallel to the maximum
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horizontal principal stress direction. This resulted in anisotropic dynamic elastic rock properties, as outlined
by P wave velocity measurements conducted in the field.

Hence, we may conclude that the orthotropic hypothesis is valid for a large variety of geomaterials and should
be taken into account when analyzing regional stress fields. Clearly, these long-term elastic coefficients differ
significantly from the dynamic ones and conducting stress measurements in various directions would help
identifying the complete “long-term” compliance matrix.

4.5. Deep Fluid Motion and Microseismicity
The map of Europe seismicity (Grünthal & Wahlström, 2003) shows that some continuous seismic activity is
observed in the crystalline and metamorphic massifs that surround the Paris Basin, when none is observed in
the Paris Basin basement (Figure 9). But some of these massifs are at similar distances from plate boundaries as
is the Paris Basin. A similar observation may be made for the northern German sedimentary basin. This raises
difficulty to link observed seismicity to plate boundary conditions as outlined by Calais et al. (2016).

We note that in the Paris Basin, the Callovo-Oxfordian argillite prevents any downward fluid flow between
ground surface and the basement rock, when no such impervious barrier exists in the surrounding massifs
where some microseismicity is observed. Similarly, in the north German sedimentary basin, the Zechstein salt
layer prevents any surface perturbation of fluid flow from reaching the formations below the evaporitic layers.
It may be proposed that chemical interactions associated with deep fluid motions in crystalline and metamor-
phic massifs affect their anisotropic viscoelastic characteristics. This results in time variations of the relative
principal stress magnitudes associated with gravity loading only and may lead to episodic local instabilities.
Hence, microseismicity would simply be generated by the effect of gravity alone on an anisotropic material,
the anisotropic characteristics of which are linked to deep fluid motions. We propose that such a mecha-
nism may be considered as part of the new paradigm introduced by Calais et al. (2016) for their analysis of
intraplate seismicity.

5. Conclusions

Jost et al. (2007) have shown that, at Bure, climatic variations generate fluid motions within the Oxfordian
limestone that overlay the Callovo-Oxfordian argillite. These in turn induce temporal variations in the pressure
solution that develops within the natural fracture system that affects this limestone. Consequently, the lime-
stone gets progressively orthotropic so that, through the effect of gravity only, differential horizontal stresses
are generated.

But pressure solution generates also a decrease in volumetric strain that generates an overpressure. For mate-
rials with very low permeability, like the Callovo-Oxfordian argillite, this generates overpressure transients.
Another possible mechanism at the origin of the observed argillite overpressure, which has not been explored
here, is the shear coupling that may develop between the various layers because of this change in material
properties with time.

This analysis has shown that because of pressure solution and climatic variations, the mechanical character-
istics of some sedimentary materials vary with time and become anisotropic. These continuously changing
material properties induce both regional stress variations and pore pressure transients in the most impervious
layers, with time constants that scale in thousands to ten thousands of years.

More generally, we conclude that the stress field in sedimentary formations encountered in intraplate
domains may not represent the deeper stress field encountered in the basement rock. In domains where
tectonics implies deformation rates slower than those which control the viscoelastic behavior of the sedimen-
tary layers, stress measurements or observation of present-day deformations in sediments cannot be directly
transposed to greater depths.

Finally, we infer from the location of microseismic activity in northwestern Europe that such a fluid-solid
chemical interaction may play an important role in intraplate stress fields.
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