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SEAWATER INTRUSION PROBLEM IN A FREE AQUIFER:
DERIVATION OF A SHARP-DIFFUSE INTERFACES MODEL AND
EXISTENCE RESULT

C. CHOQUET*!, M. M. DIEDHIOU*¥, AND C. ROSIER$ T

Abstract. We derive a new model for seawater intrusion phenomenons in free aquifers. It
combines the efficiency of the sharp interface approach with the physical realism of the diffuse
interface one. The three-dimensional problem is reduced to a two-dimensional model involving a
strongly coupled system of pdes of parabolic type describing the evolution of the depths of the two
free surfaces.

Key words. Seawater intrusion; free boundaries; nonlinear parabolic partial differential equa-
tion; system of strongly coupled partial differential equations; initial and boundary value problem.

AMS subject classifications. 35R35, 35K20, 76505, 76T05, 76E19

1. Introduction. Groundwater is a major source of water supply. In coastal
zones there exist hydraulic exchanges between fresh groundwater and seawater. They
are slow in “natural conditions” and thus are often forgotten and replaced by a quasi-
equilibrium between two fluid layers (Ghyben—Herzberg approximation). The picture
fails in case of more drastic conditions due to meteorological events or to human
interventions. Intensive extraction of freshwater leads for instance to local water
table depression causing problems of saltwater intrusion in the aquifer. We thus need
efficient and accurate models to simulate the displacement of saltwater front in coastal
aquifer for the optimal exploitation of fresh groundwater.

We refer to the textbooks [6]—[8] for general informations about seawater intrusion
problems. Beyond the above mentioned Ghyben—Herzberg static model, the existing
models for seawater intrusion may be classified in three categories:

Hidden diffuse interfaces: This is the physically correct approach. Fresh and salt
water are two miscible fluids. Due to density contrast they tend to separate into two
layers with a transition zone characterized by the variations of the salt concentration.
Moreover the aquifer has to be considered as a partially saturated porous medium.
There is another transition zone between the completely saturated part and the dry
part of the reservoir, the definition of the area of desaturation being difficult. Two
“diffusive interfaces” are thus hidden in this kind of model. The approach is very
heavy from theoretical and numerical points of view ([10], see also [4] when further
assuming a saturated medium; see [1] for numerical recipes).

Hidden sharp interfaces: A first simplification consists in assuming that fresh and
salt water are two immiscible fluids (see [10] in unsaturated media). Points where
the salty phase disappears may be viewed as a sharp interface. Nevertheless the
explicit tracking of the interfaces remains unworkable to implement without further
assumptions.

Sharp or abrupt interfaces: This approach is also based on the hypothesis that the
two fluids are immiscible. Moreover the domains occupied by each fluid are assumed
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to be separated by a smooth interface called sharp interface, no mass transfert occurs
between the fresh and the salt area and capillary pressure’s type effects are neglected.
This approximation is often reasonable (see e.g. [6] and below).

Of course, this type of model does not describe the behavior of the real transition
zone but gives informations concerning the movement of the saltwater front. The
other price to pay for this simplified approach is the mathematical handling of free
interfaces.

In the present work we essentially have chosen to adopt the (numerical) simplicity
of a sharp interface approach. We compensate the mathematical difficulty of the
analysis of the free interfaces by an upscaling procedure which allows to model the
three-dimensional problem by a pdes system set in a two-dimensional domain. The
originality and novelty is to mix this abrupt interface approach with a phase field
approach, thus reinjecting in a new way the realism of diffuse interfaces models. We
exploit here the specificity of the dynamics of the fluids in an aquifer for using such
a model which was originally developed for phase transition phenomenons in binary
fluids. We thus combine the advantage of respecting the physics of the problem and
that of the computational efficiency. The two key assumptions are summarized as
follows:

e There is no explicit mass transfer between freshwater and saltwater, thus sep-
arated by an abrupt interface. The free interfaces are treated by an upscaling
procedure, with an obvious dimensional gain since the 3D reality is processed
by a 2D model. Both the simplicity and the efficiency of the model lie in the
fact that the mass exchanges are in fact “hidden” in the diffuse interface.

e We suppose the existence of a diffuse interface between fresh and salt water.
This diffuse interface is modeled using a phase field approach, here an Allen—
Cahn type model in fluid-fluid context.

The same process is applied to model the transition between the saturated and un-
saturated zones.

From a theoretical point of view, the addition of the two diffusive areas has the
following advantages : If they are both present, the system has a parabolic structure,
it is thus no longer necessary to introduce viscous terms in a preliminary fixed point
step for avoiding degeneracy as is in the demonstration of [17]. But the main point
is we can demonstrate a more efficient and logical maximum principle from the point
of view of physics, which is not possible in the case of sharp interface approximation
(see for instance [14], [22]).

In the first part of the article, we model the evolution of the depth h of the interface
between freshwater and saltwater and of the depth h; of the interface between the
saturated and unsaturated zone. The derivation of the model is based on the coupling
of Darcy’s law and mass conservation principle written for freshwater and saltwater.
We detail the assumptions allowing the vertical upscaling. A phase-field model is
superimposed to mix the sharp and diffuse approaches. The resulting model consists
in a system of strongly and nonlinearly coupled pdes of parabolic type. We state
an existence result of variational solutions for this model completed by initial and
boundary conditions in the second part of the paper. We apply a Schauder fixed
point strategy to a regularized problem penalized by the velocity of the salt front.
Then we establish uniform estimates allowing us to turn back to the original problem.

2. Derivation of the model. The basis of the modeling is the mass conserva-
tion law for each ‘species’ (fresh and salt water) coupled with the classical Darcy law
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for porous media. Fluids and soil are considered to be weakly compressible.
For the three-dimensional description, we denote by (z,2), * = (z1,72) € R?, z € R,
the usual coordinates.

2.1. Conservation laws. We begin with the conservation of momentum. In
view of the (large) dimensions of an aquifer (related to the characteristic size of the
porous structure of the underground), we consider a continuous description of the
porous medium. The effective velocity ¢ of the flow is thus related to the pressure P
through the so-called Darcy law

k
q= —;(VP‘FPQVZ),

where p and p are respectively the density and the viscosity of the fluid, & is the
permeability of the soil and g the gravitational acceleration constant. Introducing the
hydraulic head ® defined by

P
2.1 (I)Zi‘i’th'rev
21) Pog !

we write the previous equation as follows:

kpog

k
(2:2) q=—-KV®— ;(p —po)gVz, K= .

In this relation, the matrix K is the hydraulic conductivity which expresses the ability
of the underground to conduct the fluid. We have denoted by pg the reference density
of the fluid. In (2.1), Z = z — hy¢y is the elevation above a fixed datum level under
the aquifer, hpey < 0.

Next, the conservation of mass during displacement is given by the following
equation

(2.3) 0i(¢p) +V - (pq) = pQ,

where ¢ is the porosity of the medium and @ denotes a generic source term (for
production and replenishment).

2.2. State equation for the fluid compressibility. We consider that the fluid
are compressible by assuming that pressure P is related to the density p as follows:
d
(2.4) 9 _ apdP.
P

The real number ap > 0 is the fluid compressibility coefficient. Further assuming
ap = 0 we would recover the incompressible case.

2.3. State equation for the soil compressibility. We now introduce in the
model the effects of the rock compressibility. This means ruling the dependence of
the porosity with respect to the depth. A simple model is the Athy’s one which reads

¢(2) = poe ™=, (¢, M) € RY.

Notice that no dependence of the porosity with the variation of the pressure is in-
cluded in such a formula. A much more physical approach thus consists in deriving
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a differential equation for the porosity. First we denote by o the total stress in the
porous media and by o, the stress related to the skeleton. We have

o=9¢P+(1-¢)os

where term ¢ P accounts for the pressure effects. From Terzaghi’s theory, the effective
stress o, is defined by

oe=(1—¢)(os — P).
Assuming that the total stress does not change, we infer from o, + P = o that
doe = —dP.

Let us now consider the variations of a given volume V' of porous medium due to soil
compressibility. If the grains of the porous rock are incompressible, the deformation
is mainly produced by the rearrangement of the assembly of grains and the volume of
the solid part Vs = (1 — ¢)V remains unchanged (cf [10]). We thus have

av, B do
do. ~  doe

awv

do.

1dv 1 dé

0% Vo, ~(1—g)ap

(2.5) V+(1-9)

Assuming small volume variations and low elastic behavior for the soil justifies the
definition of the soil compressibility fp € R by

1dv
Pr = v do.’
Equation (2.5) then reads
1 d¢
(2.6) Bp = 1—gdp

2.4. Hypothesis. Let us now list the assumptions on the fluid and medium
characteristics but also on the flow which are meaningful in the context of seawater
intrusion in an aquifer.

2.4.1. Hypothesis on the fluid and on the medium. Compressibility.
First, we assume that the fluids (namely here fresh and salt water) and the soil are
weakly compressible. It means that the densities of the fluids and the porosity of the
medium weakly depend on the pressure variations, that is (in (2.4) and (2.6))

(2.7) apK1l, fBpxl.

Let us exploit the first assumption. In natural conditions and especially in an
aquifer, one observes small fluid mobility (defined by the ratio k/u). First consequence
of the low compressibility of the fluid combined with the low mobility of fluid appears
in the momentum equation. We perform a Taylor expansion with regard to P of the
density p in the gravity term of the Darcy equation. Neglecting the terms weighted
by apk/u < 1in (2.2), we get:

(2.8) (= —KVD, K= M0l
1
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water table

sea fresh water

salt water

Fig. 1: Transition zone with variable salt concentration

Second consequence is Vp - ¢ < 1 which leads to the following simplification in the
mass conservation equation (2.3):

pOp + pOip + pV - q = pQ.

Neglecting in this way the variation of density in the direction of flow is sometimes
considered as an extra assumption called Bear’s hypothesis (¢f [1]). Here it follows
from (2.7) and separating these assumptions seems questionable. Including (2.4) and
(2.6), that is Oyp = papOP and 0rp = (1 — ¢)Bpd: P in the latter equation, we get

p((1—9)Bp + ¢ap)dP + pV - q = pQ.

Using the hydraulic head defined in (2.1) and the Darcy law (2.8) combined to p > 0,
we finally write

(2.9) S0P — V- (KVP)=Q where § = pog((l —9)Bp + gbozp).

The fluid storage coefficient & characterizes the workable water volume. It accounts
for the rock and fluid compressibility. In general, this coefficient is extremely small,
once again due to (2.7).

REMARK 1. Model (2.9) is different from that of Muskat where density variations
in the flow direction Vp - q are not neglected: pS0:® — V - (pKV®) = pQ.

At this point, introducing specific index for the fresh (f) and salt (s) waters in
(2.9) and using (2.8), we have derived the following model:

(2.10) Sf0e®p +V-qr =Qp, qr = KV,
Sp = prg((1 = ¢)Bp + ¢ap), Kf = kgps/us,
(211) Ssatq)s + V- qs = Q57 qs = _stq)57

Ss = psg((l - ¢)/8P + ¢&P), Ks = kgps/.us

REMARK 2. Notice that due to the difference of reference quantities py # ps, the
model is density driven.

2.4.2. Hypothesis on the flow. The following two assumptions are introduced
for upscaling the 3D problem to a 2D model in the next subsection.

Sharp interfaces. The slow dynamics of the displacement in the aquifer let the
fluids tend to the picture described in Figure 1. Of course, freshwater and saltwater
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are miscible. Therefore they are separated by a transition zone characterized by the
variations of the salt concentration. Nevertheless the thickness of the transition zone is
small compared to dimensions of the aquifer. We then assume that an abrupt interface
separates two distinct domains, one for the saltwater and one for the freshwater. A
sharp interface is also assumed separating the saturated and the dry parts of the
aquifer, thus neglecting the thickness of the partially saturated zone. This latter free
interface may be viewed as a moving water table. This approximation is justified
because the thickness of the capillarity fringe is much smaller than the distance to the
ground surface. We will alleviate these assumptions by re-including somehow mass
transferts around interfaces in subsection 2.6 below.

Dupuit approximation (hydrostatic approach) Dupuit assumption consists in
considering that the hydraulic head is constant along each vertical direction (vertical
equipotentials). It is legitimate since one actually observes quasi-horizontal displace-
ments when the thickness of the aquifer is small compared to its width and its length
and when the flow is far from sinks and wells. This approximation is exact in the case
of an homogeneous, isotropic and confined aquifer with constant thickness.

2.5. Upscaling procedure. We now use the approximations introduced in 2.4.2
to vertically integrate equations (2.10)—(2.11), thus reducing the 3D problem to a 2D
problem.

2.5.1. Vertical integration. The aquifer is represented by a three-dimensional
domain Q x (hg, hmas), Q@ C R2, function hy (respect. hpae) describing its lower
(respect. upper) topography. For the sake of simplicity, we assume that the upper
surface of the aquifer is at constant depth, h,,., € R, and moreover that h,,q, = 0.

We denote by hy (respectively h) the depth of the free interface separating the
freshwater layer and the dry part of the aquifer (respectively the saltwater layer).
Since we do not consider very deep geologic formations, we assume that the pressure
is constant and equal to the atmospheric pressure P, in the upper dry part of the
aquifer, that is between z = h; and z = 0. We impose pressure equilibrium at the
boundary of each area, more precisely:

(2.12) { Ifhi < himaz =02 Ppacpy, = Pa/prg +hi — hyes.

Ifhy = hinaz =0 Ppacny. = Pa/Prg — hoey-

It follows that the right quantity for the hydraulic head ®¢ to be meaningful in the
whole aquifer is hy = inf(0, h1). The upper head equilibrium condition (2.12) reads
<I>f‘zzh; = Py/psg+ hi{ — hyep. Similar elements on the depth of the salt interface h
lead to introduce h™ = inf(0, h).

Now we perform the vertical integration. We begin with the freshwater zone
between depths h~ and h; . We obtain

hy hy
/ (Sf@tq)erv-q]f)dZ:/ Qpdz, By=hi —h".
h—

We denote by Q ¢ the source term representing distributed surface supply of fresh
water into the free aquifer:

1 [

O0;=— |  0Qd-.
T
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Applying Leibnitz rule to the first term in the left-hand side yields:
hi 9 hi _
. Sfé?t(Idez = Sf& /}r <I>fdz + Sf@f‘zzhfath_ - Sf‘bflzzhfathl .

We denote by P + the vertically averaged hydraulic head

) 1 h;q)d
o [

Because of Dupuit approximation, ®f(z1,x2,2) =~ ®¢(r1,22), z = (@1,22) € £,
z € (h=,h7), we have

hy -
/ S;0:®rdz = Sg B0y Py.
e
We also have

/ Voqpdz =V"(Bdy) + dppmps - V(2 = hy) = @pa=pn- - V(z = h7),
.

where V' = (0z,,0,), 45 = (4f,:,9r2,) and the averaged Darcy velocity ¢} =

Bif f:j g} dz is given by

~/ 1 /h;< Avit 1 M A ! X7 &
i = —— KV@)dz:—— (KV(I))dz:—KV@,
f By /- f ! By f ! f !
K=t ;K’d
= — .
! By Jp,- !

The averaged mass conservation law for the freshwater thus finally reads
SyBsoyby = V' - (Bff(}vli)f) T fle=hy V(z—=hy)
(2.13) +qppen- - V(2 = h7) + BfQy.

Similar computations in the saltwater layer give

8By @5 = V' - (BsKLV'®y) + qygjoepy - V(2 — ha)
(214) —4s|z=h— " V(Z - hi) + BSQ57

where B; = h™ — hy is the thickness of the saltwater zone. In these equations, term
Bikz{, i = f,s, may be viewed as the dynamic transmissivity of each layer. At this
point, we have obtained an undetermined system of two pdes (2.13)—(2.14) with four
unknowns, &;, i = f, s, hy and h™.

2.6. Fluxes and continuity equations across the interfaces. Our aim is
now to include in the model the continuity and transfert properties across interfaces.
As a consequence, we express the four flux terms appearing in (2.13)—(2.14) and we
reduce the number of unknowns.
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2.6.1. Fluxes across the interfaces. The present subsection is fundamental.
Indeed our approach began like a sharp interface approach but it re-includes now exis-
tence of miscible zones, taking the form of two diffuse interfaces: one of characteristic
thickness §; between the dry and saturated zones and the other one of characteristic
thickness J; between fresh and salt water. As mentioned in the introduction, this
coupled sharp-diffuse interface approach is the new point relative to the existing lit-
erature that makes our work completely original. Furthermore the dynamics of these
diffuse interfaces is ruled by phase field models.

Phase field models were first introduced for the description of phase transitions
and solidification processes [9]. They are now largely used for modeling binary fluids
transitions. Closer to our context, such models are employed to describe imbibition
in porous media [12] (comparable to the upper interface in our setting). In phase
separation problems the model typically contains a double-well potential in which
the local minima correspond to the homogeneous stable states. Here we rather use
a triple-well potential for respecting the primal sharp interface approach and for in-
cluding the effect of this macroscopic front in the local phase field model. The energy
functional also contains nonlocal terms involving the gradient (and possibly higher-
order derivatives) of the phase field. In the present work we choose a simple model,
namely a tristable Allen-Cahn type model.

e Flux across the fresh-saltwater interface

We introduce an order parameter Fj, (the phase field) that “labels” the two “phases”
(salt and fresh water) and the sharp interface:

0 in freshwater
b, = ¢s/2 on sharp interface
Cs in saltwater

where c¢; is e.g. the mean concentration of salt in the salty area. The sharp interface
at time ¢ corresponds to set {(:cl,xg,z) s.t. Fy(zy1,20,2,t) = cs/Q}. Function F},
satisfies an equation of Allen-Cahn type with three points of stability

Fh(Fh — 03/2)(Fh — CS)
on

O Fp +v-VEF, — 6, A'F), + =0,

where we denote by ¥ the velocity of the interface. Note that we have already neglected
here the vertical diffusion with regard to the convective term. The characteristic size
of the corresponding diffuse interface is d;, > 0 (see e.g. [3] for rigorous results). Since
the stability set {F}, = ¢s/2} corresponds to the sharp interface of depth h~, we have

Fp(z1,22,2,t) = ¢s/2 & z—h™(21,22,t) = 0.

Differentiating (twice) Fy(z1,z2,h™ (x1,22,t),t) = ¢s/2 and including the result in
the projection of the Allen-Cahn equation for Fj, = ¢5/2, we get

Fp(=0h™ +7-V(z—h™) + 0pA'h) +6,V'h™ - V'O.Fy + 6,|V'h™ 202, F), = 0.

The two last terms of the lefthand side of the latter relation may be neglected. Indeed
they combine three low order quantities. First, of course, the diffusion parameter ¢y
which is the characteristic size of the diffuse interface is small. Next point comes
from the dynamics of the Allen—Cahn equation. A formal asymptotic analysis shows
that the reaction term is dominant at small times, so that in the rescaled time scale
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t' =t/67 the dynamics essentially lie in the ode 9y F), = Fy(Fy, — ¢5/2)(Fy, — ¢5) and
the values of F}, tend to the stable values thus creating steep transition layers. Then
the propagation is associated with much slower time scale, convective and diffusive
terms coming to balance with the reaction term near the stable surfaces, but the
regular steep structure of the diffuse interface ensures small V’9,F}, and order one
02,F),. Furthermore Dupuit’s work [13] is based on the observation that in such a
groundwater flow the slope of the interfacial surface is very small, that is [V'hA™| < 1.
For the same reason, function F} heuristically behaves like a step function in the
vertical direction and 9, F} # 0. The latter equation thus gives:

(2.15) —Oh™ +T-V(z—h7) + AR =0.

We then turn back to the traditional sharp interface characterization. There is
no mass transfer across the interface between fresh and salt water, i.e. the normal
component of the effective velocity is continue at the interface z = h™:

(2.16) (%T:’“ ~7) 7= (qs'zgh’ ~7)-i=0.

where 77 denotes the normal unit vector to the interface, i = |V (2 —h™)| "}V (2 —h7).
Combining (2.15) and (2.16), we obtain :

Afjz=h- V(2 =Dh7) = qgo=p- - V(2 = h7) = ¢(:h™ — 6, A'h7)
(2.17) = ¢(Xo(=h)0h — 6,V - (Xo(—h)V'h))

where we set

0 if h<0
XO(h)_{l if h>0

Relation (2.17) is a regularized Stefan type boundary condition.

REMARK 3. For emphasizing once again the consistency with our primal sharp
interface approach, we recall that rigorous asymptotic results let recover the sharp
interface evolution equation. More precisely, if 0, — 0, Allen—Cahn model tends to
the classical Stefan problem, that is the classical modeling of the interface evolution
given by a level-set equation gp(h™)-V(z—h™) = ¢0:h~ (see [18]). If the Allen-Cahn
equation is written as

FE(Fe — ¢y )2)(F€ — )

O F 4+ vU-VF*—~AF® +
65h

=0,

v being a parameter related to the elasticity of the interface and to dy, when letting
e — 0 for any given vy, we get (see [2] and the references therein)

O F +7-VEF —yAF = 0.

e Flux across the unsaturated-saturated interface

We perform the same reasoning for the upper capillary fringe. Likewise, defining
the phase function F; by

—1 in unsaturated zone
FF=<0 at sharp interface ,
1 in saturated zone
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the sharp interface is characterized by Fy(x1,22,2,t) =0 < 2z — hi (z1,22,t) = 0.
The leading order terms of the projection on z = h] of a tristable Allen-Cahn equation
for a diffuse interface of characteristic size d; give

(2.18) —Oh] +7-V(z—h7)+6 AR =0.

We combine the latter equation with the relation ruling continuity of the normal
component of the velocity

Aflz=hy q) _
——) —7)-n=0,
(5
and we obtain
Ufops V(2= hy) = ¢(0chy — 61A'hy)
(2.19) = qﬁ(.)(o(—hl)f)thl -6V - (XO(—hl)V’hl)).
e Impermeable layer at z = ho
If the lower layer is impermeable, there is no flux across the boundary z = ho:

(2.20) qs(h2) - V(2 = h2) = 0.

2.6.2. Continuity equations. Continuity relations now imposed on the inter-
faces will allow to properly reduce the number of unknowns in equations (2.13)-(2.14).

Dupuit approximation reads <i>f o~ <I>f|Z:h1_, that is
p— pa
Prg

Bearing in mind the boundary condition (2.12) at the upper free interface and ap-
proximation (I)f|z:h,; ~ &y ._p-, we have

(2.21) D +hi = hyey.

P, _ Pr—p-
a + hl _ href — f\zi

P9 Py

Besides, the pressure is continuous at the interface between salt and fresh water.

Since Pg,—p- = psg(Psjz=p- — h™ 4 hpey) and Ogp- = ®,, it follows that

+h" - hrsf <~ Pf\z:h* =P, +pfg(h; - h’_)

- P s
(2.22) (1+a)®, =% +hy +ah” — (1+a)hney, a=22-1
Py P
Here parameter « characterizes the densities contrast.
Equations (2.21)-(2.22) allow us to avoid ®; and ®, in the final system.

2.6.3. Presence of other water ressources. Up to now, we have considered
that the aquifer is surrounded by a dry zone. We suggest other settings in the present
subsection.

e Presence of a river in a part Q, x {hnaz}, 4
Q. C Q, of the upper boundary: Assume "

existence of a deflection in the upper bound 1 et
of the aquifer containing a river. The river is
in hydrodynamic equilibrium with the atmo- ‘
sphere, that is, if P, is the pressure in the river: o

Pr(xlax%z) = Pa +,0fg(0 - Z)a (x17$2) S Qra hmax g z S 0.
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Hydraulic head of the river ®, is thus also constant with regard to z, just like ®;. The

usual boundary condition at the interface between the aquifer and the river consists
in prescribing the continuity of the hydraulic head. It reads
P, r|z=hmaaz P a

+ hmaz - href =
Prg Prg

P fi{we, 2=hmas} = Pri{zeq,, s=hmas} = = hreg-

Bearing in mind the general definition of ® in the aquifer (see (2.21)), we can interpret
the latter relation: when the free water interface touches the river, the model includes
the river depth in the freshwater zone and h; jumps from hy,., to 0. In this case,
the flux term is Afla=h7 =hmas V(z — hy) = 0. The same type of boundary condition

max

holds true along the outflow face for freshwater along the bottom of the sea (with of
course a term containing the density ratio ps/ps instead of 1/py, see [8] section 9.7).
But in this case, Dupuit assumption fails.

e Presence of a weakly impermeable zone
(aquitard): Flux between the aquitard and
the water contained in the aquifer consist in o
a leakage term ¢r. The generic model for
recharge and discharge is q, = (Pext — D)/ i suier
where @ (respect. ®.,¢) is the head on the
aquifer’s (respect.  aquitard’s) side of the |
semi-pervious ‘membrane’, resistance ¢, = ’/q_"a_‘\ i
O(by,/km) depending on the thickness b, and
on the permeability k,, (k,, < k) of the membrane (see e.g. [21]). This formulation
allows to treat charge and discharge, depending on the ratio between ® and ®.,;. The
boundary condition on the semi-permeable interface is (—kV®) - i = qr,, where 7 is
the outward unit vector normal to the aquifer’s boundary.

Here we can include a fresh leakage term ¢z s from the top of the aquifer to the
fresh water when the aquifer is fully saturated (that is Ay = 0) and a salty leakage
term qrs from the bottom to the saltwater:

(2.23) Ufjomns V(z—=hy)=qry when hy =0, gsz=p, - V(2 — h2) = —qrs.

[reaky zones]

This condition will be inserted below. More precisely, in view of (2.21), term qr¢
reads

_ kg (@) (Peat,p() P, _
azg (2l h) = (1= xo(=ho)xolhi —h )bmf(I)( P19 by (@) = sy 7h1)

= — _ - _ = k'mf(l') Pext,f(iv) 2) — P,

= (1= xo(=h1)xo(hy —h7) bmf(x)( 2L s () pfg)‘

Indeed we specify that only fresh exchanges are allowed, thus the term xo(hy —h ™),
and that the semi-permeable zone is at depth hy,q, = 0, thus the term (1 — xo(—h1))
(we consider here a phreatic aquifer: there is no leakage at the upper boundary unless
the aquifer is fully saturated). We impose kp,y = 0 outside the aquitard’s area. The
same type of arguments and (2.22) leads to

qu('ra h17 h)

=Xo(h™ = h2) fone(2) (M + hy — bys(x) — & " oh )

Psg pfg(l—i-oz)il—i-ozil—&-a
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2.7. Conclusion: seawater intrusion model. We begin by some assump-
tions, essentially introduced for the sake of simplicity of the equations. The medium
is supposed to be isotropic and the viscosity the same for the salt and fresh water.
Using definition (2.2) for the permeabilities K § and K, it follows from p = s that

(2.24) K, =(1+4a)K}.
The two-dimensional model (2.13)—(2.14) now reads:
SyBsoybs — V' (BfKpV'®f) + gy - V(2 = h)

(2.25) ~qfja=n- V(2 —h7) = B;Qy,
SB0y®s — (L+ )V’ - (BK[V'®,) — qyjacpy - V(2 — ha)
(226) +qs|z=h* : V(Z - h’_) = BSQS'

We can neglect the term S, B0, ® because of the two following arguments. First the
saltwater is confined since the bottom of the aquifer is assumed essentially imperme-
able:

0P, < 1.

Besides S; < 1 because of the weak compressibility of the fluid and of the rock (see
(2.7)), hence

S = psg((1 = 9)Bp + ¢ap) < 1.

We now choose to base the model on the salt mass conservation and on the total
mass conservation. We thus write (2.26) using SsB;0;®; ~ 0, and the sum of (2.25)
and (2.26):

7(1 + a)vl : (Bsf(}v/(i)S) + Qs|z=h— " V(Z - hi) — Gs|z=hs V(Z - h2) = Bs@sv
SyBoi s = V' - (ByKiV'®s) = (1 + )V (B,Kj V) + g,y - V(2= h1)
—ds|z=hy * V(Z - h?) = Bf@f + Bs@.s"

Once again for the sake of simplicity, we assume §, = §; := ¢ (the diffuse interfaces
widths are of the same order). We also reverse the vertical axis thus changing h; into
—hq, h into —h, hy into —hg, z into —z. Bearing in mind that now B, = hy — h¥,
By = ht — b and using (2.17), (2.19), (2.20) and (2.21)-(2.22), we write the latter
system as:

¢Xo(h)Oth — V' - (aK}(ha — hT)V'R) = V' - (36X (h)V'h)
—V' - (KXo () (hy = h)V'h1) = qrs(, ha, h) = =Qs(ha — hY),
(My) Xo(ha) (Sp(hT = hT) + ) 9hy — V' - (K3 Xo(hy) (Rt — hi) + (ho — BT))
V'hi) = V' (60K} Xo(h1)V'hy) = V' - (Kjaha — W)X (h)V'h)
7QLf($7 hla h) - QLs(xv hlv h) = 7Q~f(h+ - hf) - Qs(hZ - h+)
)

If we also use assumption (2.7) to neglect the storage coefficient Sy in the salty layer,
the latter model reduces to:
¢Xo(h)0th — V' - (aK}(ha — hT)V'h) = V' - (36X (h)V'h)
—V' - (K} Xo(h)(hy — W)V hn) = qrs(@, ha, h) = =Qs(hy — hY),
(M) $Xo(h1)0ch1 — ~V/ (K5 X (hy) (T = hf) + (ha —h™)) V')
-V (5¢K}X0(h1)V'h1) -V (Kja(hg — h*)Xo(h)V’h)

—qrf(z, b1, h) — qrs(z, hi, h) = —Qp (W — hf) — Qs(ha — hT).
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In (M;) and (My), leakage terms qry and qr, are defined by
(2.27)

kg () ( Pext,f() Py
qrL {E,h,h: 1_X0h Xoh_h ’ +bm x) 9
(o, ) = (1= xo 12) (() pl)b?f)(”)( o o o)
ms\L ext,s \L a
hi,h) = ho —h —— g —bys(g) — ——————
qrs(z, hi, h) = xo(he )bms(w)( e 2~ brs(a) gl a)
hi N ah*)
l+a 14+a/

Both systems give a 2D description for tracking a saltwater front in a free aquifer,
the third dimension remaining in the model thanks to the unknowns h and h; which
are the free interfaces depths.

REMARK 4.
We remark that if hy = 0 in a subdomain Qo with non null measure, the second
equation of the above system (without the source terms Q¢, Qs, qry and qrs) gives

Vv (R}Oé(hg - h*)V’h)mO =0, that is for any ¢ € V:

/ afe(Kf(hy — KT V'h-n — / aK(hy = hT)V'h-V'p =0,
a0 Qo

s [ v (aXo(hl)f(}(hg - h+)Vh)<p —0,
Qo

where V' is a well adapled space of test functions. Then substituting all the terms of
the form V'- (K} a(ha—h*)V'h) by V'-(aXy(h1) K (ha—h*)V'h) does not change the
physical meaning of the problem. We will use this point in the mathematical analysis
below.

3. Mathematical setting and main results. We consider an open bounded
domain © of R? describing the projection of the aquifer on the horizontal plane. The
boundary of 2, assumed C?, is denoted by I'. The time interval of interest is (0,7T),
T being any nonnegative real number, and we set Qp = (0,7) x Q.

3.1. Some auxiliary results. For the sake of brevity we shall write H*(Q) =
Wh2(Q) and
V =H}Q), V' =HQ), H=L*Q).

The embeddings V € H = H' C V' are dense and compact. For any T > 0, let
W(0,T) denote the space

W(0,7T) :={w e L*(0,T;V), dw € L*(0,T;V")}
endowed with the Hilbertian norm |lw||w o,y = (Hw||2L2(07T;V) + |\8tw|\%2(07T;V,))1/2
The following embeddings are continuous ([16] prop. 2.1 and thm 3.1, chapter 1)

W(0,T) c C([0,T]; [V, V'] 1) = C([0,T]; H)

1
2
while the embedding

(3.1) W(0,T) C L*(0,T; H)

is compact (Aubin’s Lemma, see [20]). The following result by F. Mignot (see [15]) is
used in the sequel.
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LEMMA 1. Let f : R — R be a continuous and nondecreasing function such that
limsup) 4 o0 [F(A)/A] < +00. Let w € L*(0,T; H) be such that duw € L*(0,T; V")
and f(w) € L*(0,T;V). Then

(Opw, f(w)yyr v = %/Q (/0‘“('7?/) f(r) dr) dy in D'(0,T).

Hence for all0 <t; <ty <T

[ o spvva= [ ([ U peyar)

w(t1,y)

3.2. Main results. We focus on the model with neglected storativity (Ms).
For the complete model (M) we refer to [11]. We aim giving an existence result of
physically admissible weak solutions for this model completed by initial and boundary
conditions.

First we re-write the model (Ms) with some notational simplifications. The
‘primes’ are suppressed in the differentiation operators in R2. Source terms are de-
noted without ‘tildes’. Permeability K } is now denoted by K. We set a = 1. We
assume that depth ho is constant, ko > 0. We define some functions T and Tt by

Ts(u) = hg —u, Tf(u)=u, forue (0,hsy).

These functions are extended continuously and constantly outside (0, hs). We then
consider the following set of equations in Qp:
@Oth —V - (KTS(h)XO(hl)Vh) -V- (5¢Vh) -V (KTS(h)XO(hl)Vhl)
(32) —¢qrs(@, hi, h) = —QsTs(h),
¢dth1 — V - (K (T (h — hy) + Xo(h1)Ts(h))Vhy) — V - (66K Vhy)
—V - (KTy(h)Xo(h1)Vh)
(3.3) —¢qry(z,hi,h) — ¢qrs(w, hi, h) = —QT(h — hy) — QsTs(h).

Notice that we do not use h*t = sup(0, h) and hi" = sup(0, h1) in functions T, and T

because a maximum principle will ensure that these supremums are useless. Likewise,
we have canceled the terms Xp(h) (resp. Xp(h1)) in front of 9;h and Vh (resp. d:hq).
We have also used Remark 4. System (3.3) is completed by the following boundary
and initial conditions:

(34) h:h[)7 hl :hl,D inI' x (O,T),
(3.5) h(0,z) = ho(z), h1(0,2) = h1o(z) in Q,
with the compatibility conditions

ho(z) = hp(0,2), hio(z) =h1p(0,z), ze€Tl.

Let us now detail the mathematical assumptions. We begin with the character-
istics of the porous structure. We assume the existence of two positive real numbers
K_ and K, such that the hydraulic conductivity tensor is a bounded elliptic and
uniformly positive definite tensor:

0<K [P < > Kij(@)&g <Kilg?<oo z€Q, EER? £#0.
i,j=1,2
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We assume that porosity is constant in the aquifer. Indeed, in the field envisaged here,
the effects due to variations in ¢ are negligible compared with those due to density
contrasts. From a mathematical point of view, these assumptions do not change the
complexity of the analysis but rather avoid cumbersome computations.

Source terms @y and @), are given functions of L2(0,T; H). Leakage term qry
and qrs are defined by (2.27). We simplify notations by setting

(3.6) qrf(x, hi,h) = (1 = xo(h1))xo(h — h1)Qrs (),
’ qrs(@, by, h) = xo(he — h)Qrs(x) (Res(x) + h1/2 + h/2),

where Qrf, Qrs and QrsRps are functions of L2(0,T; H) such that
(3.7) QLf >0, Qrs >0, Rps >0 ae. in Q X (O,T).

Assumption Qry > 0 a.e. in Qp means that the leakage through the aquitard is
upwards (indeed leakage occurs from low to high piezometric head, see [8]). We also
assume

(3.8)  —(max(Qy,0) +max(Qs,0))he + Qrs + QrsRrs > 0 a.e. in Q x (0,7).

This assumption which could appears rather technical is actually introduced because
the aquifer’s depth is at most hy. All the source terms thus have to compensate
somehow. Assumption (3.8) is the mathematical companion of the common-sense
principle ‘a filled box can no more be filled in’. Notice for instance that pumping
of freshwater corresponds to assumption Q5 < 0 a.e. in © x (0,7"). Functions hp
and hy p belong to the space L(0,T; HY(Q)) N H(0,T; (H'(£2))’) while functions hg
and hy o are in H'(2). Finally, we assume that the boundary and initial data satisfy
physically realistic conditions on the hierarchy of interfaces depths:

0 < hl,D < hD < h,g a.e. in I' x (O,T), 0 < h170 < h() < h2 a.e. in Q.

We state and prove the following existence result.

THEOREM 1. Assume a low spatial heterogeneity for the hydraulic conductivity
tensor:

K_<K,;<2K_.

Then for any T > 0, problem (3.3)—(3.5) admits a weak solution (h,hi) satisfying
(h—hp,h1i—h1,p) € W(0,T)xW(0,T). Futhermore the following mazimum principle
holds true:

0 <hi(t,x) <h(t,z) < hs fora.e x€Q and for anyt € (0,T).

Next section is devoted to the proof of Theorem 1. Let us sketch our strategy.
First step consists in using a Schauder fixed point theorem for proving an existence
result for an auxiliary regularized and truncated problem. More precisely we regularize
the step function X with a parameter ¢ > 0 and we introduce a weight based on the
velocity of the salt front in the equation of the upper free interface. Subsequent
difficulty is that the mapping used for the fixed point approach has to be continuous
in the strong topology of L2(0,T; H'(£2)). We then prove that we have sufficient
control on the velocity of the salt front to ignore the latter weight. We show that the
regularized solution satisfies the maximum principles announced in Theorem 1. We
finally show sufficient uniform estimates to let the regularization € tend to zero.
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4. Proof. Without lost of generality, we can simplify the equations by taking
null leakage terms qry = qrs = 0 for the existence proof. The leakage terms will
be re-inserted when stating the maximum principle results. Let € > 0 and pick a
constant M > 0 that we will precise later. For any = € R* | we set

Ly(z) = min (1, %)

Such a truncation Lj; was originally introduced in [19]. It allows to use the following
point in the estimates hereafter. For any (g,g1) € (L>=(0,T; H*(Q)))?, setting

d(g,91) = —Ts(9)La ([|Vg1l|22) Vi,

we have

ld(g, 91)l| < 0,7;m) = S(%PT) 1Ts(9)Lar ([[Vgill22) Vil < Mho.
te(0,

We also define a regularized step function for Ay by

0 if hy <0 IR if hy <0
XO(hl)*{ 1 if h1>0 ) Xo(hl)*{ hl/(h%+€)1/2 if h1>0.

Then 0 < &X§ <1 and X§ — &p as € — 0. Introducing the regularization X of Xy,
we replace system (3.3) by the following one:

POhe — V - (6¢Vh) — V - (KTy(h) X5 (h{)Vhe)
—V - (KT (h) X5 (hS) Lar (|IVAS | 22) VIT) = —QsTs(he),
GOhS — V- (6¢VhS) — V - (K(Tf(he —hE) + Ts(hf)Xg(hi))Vhi)
—V - (KTs(h) X5 (h)Vh) = Qs Ty (he — hi) — Qs T (h).

The proof is outlined as follows : In the first step, using Schauder theorem, we prove
that for every T' > 0 and every € > 0, the above regularized system completed by the
initial and boundary conditions

h®=hp, hi =h1,pin T x(0,T), h0,z) = ho(x), hj(0,2) = h1o(z) a.e. in Q,

has a solution (h¢, h{) such that (h*—hp,h{—hi,p) € W(0,T)x W(0,T). We observe
that the sequence (h¢ — hp, h$ — hy p) is uniformly bounded in (L2(0,7;V))? and we
show the maximum principle 0 < h§(¢,z) < he(t,x) < hg a.e. in Qp for every € > 0.
Finally we prove that any (weak) limit (h, hy) in (L2(0,T; HY(Q)) N H(0,T;V"))? of
the sequence (h¢, h§) is a solution of the original problem.

4.1. Step 1: Existence for the regularized system. We now omit € for the
sake of simplicity in the notations. Then the weak formulation of the latter problem
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reads: for any w € V,

T
/ SO, Wy vdt + | 66Vh-Vwdedt + | KTy(h)XS(h1)Vh - Vo dedt
0 Qp Qr

(4.1) + KT, (h)XS(hl)LM(HV]’L1HL2)V}Z1 -Vw dzdt + QsTs (h)w dxdt =0,
Qr Qrp

T
/ (ﬁ(athl, ’w>Vr7vdt + 5¢Vh1 -Vw dxdt
0 Qr

+/ K((Xoe(hl)TS (h) +T¢(h - hl))Vhl + T (h)Xé(hﬂVh) - Vw dadt
Qr
(4.2) +/Q (Qfo(h —h1)+ QSTf(h))w dxdt = 0.

For the fixed point strategy, we define the application F by

F:L2(0,T; HY(Q)) x L*(0,T; H (Q)) — L?(0,T; H*(Q)) x L?(0,T; H(Q))
(Evﬁl) — f(h7ﬁl) = (]:1(77’7 El) = h7f2(ﬁaﬁl) = hl)v

where (h, hy) is the solution of the following variational problem:

T
/qﬁ(@th,w)\/«y—l— §¢Vh-Vw+ | KTy(h)X$(h)Vh-Vw
0

Qr Qrp
(4.3) + /QT KTy(h) L ([[Vha||r2) X§ (h1)Vhy - Vw + o QsT,(h)w = 0,
/OT P(Och1, wyvr v + . 6¢Vhi - Vw
+ /QT K (Ty(h)X5(h1) + T§(h — hy))Vhy - Vw
(4.4) + o KTs(h)X§(h1)Vh - Vw + /QT (QsTy(h — h1) + QsTs(h))w =0,

for any w € V. Indeed we know from classical parabolic theory (see e.g. [16]) that
the linear variational system (4.3)—(4.4) admits an unique solution. The end of the
present subsection is devoted to the proof of a fixed point property for application F.

Contin_uity of Fi :
Let (h",h}) be a sequence of functions of L2(0,T; H*(Q)) x L2(0,T; H*(Q)) and
(h,h1) be a function of L2(0,T; H*(Q)) x L2(0,T; H'()) such that

(hn, ) — (b, hy) in L2(0,T; HY(Q)) x L*(0,T; H*(Q2)).

We set h, = Fi(h",h?) and h = Fi(h,h1). We aim showing that h, — h in
L2(0,T; HL ().

For all n € N, h,, satisfies (4.3). Choosing w = h,, — hp in the n-dependent
counterpart of (4.3) yields:

T
/ &(0t(hy, — hp), (hy, — hp))vr vdt + / (6(;6 + KTS(E”)Xg(E’f))th - Vhy, dxdt
0 Qr
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=— | KTy(h")La(||VRY||22) XS (RY)VRY -V (hy, — hp) dodt
Qr

+/ (6¢ + KT, (h™) X5 (hY))Vhy, - Vhp dedt — Q. Ts(h™)(hn, — hp) dxdt
Qr Qr

(4.5) /OT SOk, (o — hp))vr vt

Function h,, — hp belongs to L%(0,T;V) N H(0,T; V') and then to C(0,T; L3()).
Thus, thanks moreover to Lemma 1, we write

[ 60010 o), (et = Sl T) ~ ol Sl ol
Besides
(664 KT, R) Vb - Fh dad > 66119 o,
Then applying Cauchy-Schwarz and Young inequalities, we get for any €; > 0

)/Q (66 + KTo(h") XS (7)) Vhy, - VhD‘

IN

(00 + K1 ho)|[Vhall 20,73V hbl| L2 0,7500)
(0¢ + K ho)?
261

IN

€1
?HthHiz(O,T;H) + HVhD\@z(o,T;H)v
)_ KT (B™)Lag (|| VR | 172) XE (R VAT - Vhy,

< VTR ||dR™, ) < 0.1 [V Rl L2 0,7, 0)
K2 M°T

< MK+h2\/T||th||L2(07T;H) < 2,

h3 + 2 HthHLQ(O T;H)-"
Since it depends on hp, the next term is simply estimated by
| /Q KTy (") Lag (VA1) X5 ()Y RS - Vhop dadt
T
< VTR (™ )| 0.7 1Bl 20,5y < MK ¢hoVT||hpl| L2 0.7
Finally we have

T
‘ - / ¢<athDa (hn - hD)>V',th
0
¢ é¢ ¢
< 276|IathDH%?(O,T;(Hl(Q))') + 7||hn||%2(o,T;Hl) + §||hD||i2(O,T;H)7

and

QUL (") — hp) dvdt] < “sz‘f’h? @~ ho |32 0.2

‘ Qr
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Using all the latter estimates in (4.5), we get after simplifications

[ o
§th('7T)*hDH%1+(?*El)HthH%Q(o,T;H)
¢ Qsll7 | KEMPT (0¢ + K hy)?
< o~ hpjecollly + (T + =5 )W + ol oy

+2 0:hp|[7- ey + 2 THh — hpl[3 dt
25 L. @)y Ty f o e H
(4.6) Lo THh 3, dt + MK hoV/T||h b2
- y ), [l +hoVT||hpl| L2010y + Slhollz20,7:m)-

We choose 1 such that d¢/2 — 1 > ¢ > 0 for some ¢y > 0. Relation (4.6)
with Gronwall lemma enables to conclude that there exists real numbers Ay, =
Api (6,0, K, ho,hp,ha,Qs, M, T) and By = By (6,0, K, ho, hp, he, Qs, M, T) depend-
ing only on the data of the problem such that

(4.7) [1AnllLo0.1;m) < Am, [1hnll 220,751y < B

Hence sequence (hy,),, is uniformly bounded in L?(0,T; H*(Q))NL>(0,T; H). Notice
that the estimate in L°°(0,T; H) is justified by the fact that we could make the same
computations replacing T by any 7 < T in the time integration. In the sequel, we set

OM = IIlaX(A]\/[7 B]\,{).

We now prove that (9;(h, — hp))n is bounded in L%(0,T;V"). We have

T
10¢(hn — hp)||L2(0,7v7) = sup / (0¢(hy — hp), w)v',v‘
0

HU’HLZ(QT;V)Sl

T 1 B B
= sup / —(Othp,wyv: v — E/ (6¢ + KTo(h™)X§(hY))Vhy, - Vw
0 Qr

HU’HLZ(QJT;V)Sl

= | KT g (VR 122) X5 ()R Vo | QU ("
QT ST

Since
| [ (@0t KT Vb Fu| < (5004 K o) Il Lo o 200
T
and since h,, is uniformly bounded in L?(0,T; H(€)), we write
(4.8) ‘ /Q (66 + KT.(h™)XE(RD)) Vhy, - Vo dmdt‘ < (66 + K yhs)Cor|w]| 120 120
T
Furthermore we have
(49) | / (™) Las (VR |[22) X5 () VAL - Vo dadt| < MbovTul 20,70
T
and

(4.10) Q. Ts(h™)w dz:dt‘ < 1Qullrhal[w]] L2021

’QT
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Summing up (4.8)—(4.10), we conclude that
(4.11) [10¢hnl|L20,73v) < D,

1
Dy = g(||3thD||2L2(o,T;(H1(Q))/) +0¢Crs + ha(KCar + MVT + ||Qs||H))-

We have proved that (k) is uniformly bounded in the space L*(0,T; H'(Q)) N
H(0,T;V'). Using Aubin’s lemma, we extract a subsequence, not relabeled for
convenience, (hy,),, converging strongly in L?(Qr) and weakly in L2(0,7; H'(£2)) N
H(0,T;V") to some limit denoted by £. Using in particular the strong convergence in
LZ(QT) and thus the convergence a.e. in Qp, we check that £ is a solution of equation
(4.3). The solution of (4.3) being unique, we have £ = h

It remains to prove that (h,), actually tends to h strongly in L2(0,T; H'(f2)).
Subtracting the weak formulation (4.3) to its n-dependent counterpart for the test
function w = h,, — h, we get

T
/0 A0 (hyy — h), by, — B)yr v + /Q (66 + KT, (h™) X5 (hY))V (hy — h) - V(hy, — h)

T

- [ B @) - TR E)) Y, )it [ K (1)
Qr Qr
LM(HVhlﬂLz)XO(h")th (|Vh1HL2)X0 hl)Vhl) V(hn —h)

(4.12) +/Q QS(TS(E")—T(h))(h —h) =0.

Using assumption (A", h}) — (h, k1) in L?(0,T; H'(Q)) x L*(0,T; H(Q)) and the
above results of convergence for h,,, the limit as n — oo in (4.12) reduces to

n—00

lim (/ (60 + KTo(R™)X§(h1))V (hy — h) - V(hyy — h) d;rdt) -0
Qr
Due to the positiveness of K, we infer from the latter relation that

K_Ty(R™) X (R [V (hy — )2 dxdt) <0.

n—00

lim (/ S|tV (hyy — )2 dudt +

Qr Qr
Hence Vh,, — Vh strongly in L2(0,T; H). Continuity of F; for the strong topology
of L2(0,T; H()) is proved.

Continuity of Fj:

Likewise, we prove the continuity of F» by setting hy, = Fo(h™,h}) and hy =
Fa(h,hy) and showing that hy, — hy in L2(0,T; H*(2)). The key estimates are
obtained using the same type of arguments than in the proof of the continuity of F;.
We thus do not detail the computations. Let us only emphasize that we can now use
the estimate (4.7) previously derived for A", thus the dependence with regard to Cpy
in the following estimates:

(4.13) [Pt )| Loe (i) < Enr = Eng (0,6, K, h1,0,h1.p, ha, Qs, Qp, M, Cay, T),
(414) th,n||L2(O,T;H1) < FM = F]W(¢7 67 K7 h1,07h1,D7 h?aQSva7M7 C]WvT)'
We set

CLAJ = max(EM, FM)
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One also computes that
(415) ||8th1,n||L2(0’T;V,) < Dl,M»

Dy = (5¢+ (2K+CM + K Cyar +2(|Qg i + HQSHH))hg).

=

Conclusion

F is continuous in (L2(0,T; H'(2)))? because its two components F; and Fy are.
Furthermore, let A € R% be the real number defined by

A =max(Cy, Dar, Cia, D1ymr)s

and W be the nonempty (strongly) closed convex bounded set in (L2(0,T; H(£2)))?2
defined by

W = {(gagl) S (L2(07T7 HI(Q)) OH1(07T;VI))2; (g(o)agl(o)) = (h07h1,0)>
(90> 91y0) = (hp, ha,p), |1(g, 90)l| 220,751 (@)nE 0,75v7))2 < A}-

We have shown that F(W) C W. It follows from Schauder theorem [23, cor. 9.7]
that there exists (h, h1) € W such that F(h, hi) = (h, hy). This fixed point for F is
a weak solution of problem (4.1)-(4.2).

4.2. Step 2: Elimination of the auxiliary function L,; . We now claim
that there exist a real number B > 0, not depending on € neither on M, such that
any weak solution (h,hq) € W of problem (4.1)—(4.2) satisfies

(416) HVhHLZ(O,T;H) < B and |‘Vhl||L2(O,T;H) < B.

Taking w = h — hp (resp. w =hy —hy,p) in (4.1) (resp. (4.2)) leads to

T
/ Qﬁ(ath,hfh[))v/?v + 5¢Vh-V(h7hD)+ KTS(h)Xg(hl)Vh-V(hth)
0 Qr Qr

(4.17)= — /Q KT (1) X5 (ha) Lag (|[Vhal[22) Vha -V (h — hp) — | QuTu(h)(h — hp)

Qr

and

T
/ @{(Oth1,h1 — h1.p)vr.v +/ d¢Vhy - V(hi — h1,p) +/ K (Ty(h) X5 (ha)
0 Q

T Q7

+Tf(h — hl))Vhl -V(hy — hl,D) = — KTS(h)Xg(hl)Vh -V(h1 — hl,D)
Qr

(418) — /Q (QTy(h = hy) + QuTy(R)) (hr — h.p).

Summing up relations (4.17) and (4.18), and using the decomposition

KVh-Vh+KLy(||Vhi||z2)Vhy - VA + KVhy - Vhy + KVh - Vhy
= KV(h+h)-V(h+h)+K(1 = Ly (||[Vi]|22)) Vhi - Vi
—K (1= Ly (|[Vh[2))Vhy - V(B + hy),
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we write

T
/0 S((Or(h = hp)sh = hphyry + (ks — ha.p)s by — by phvry)

4 [ 50(Vhe Tht i)+ [ KAV () V(0 )
Qr

Qp

[ K= LarI9balla) 205 () + Ty (b = k) ) Ty - T
Qp
:/Q K (1= Ly ([[Vhal|2)) Ts(h) XS (h1) Vhy - (h+hl)+/Q (6¢ + KTy(h)

XS(hl))Vh -Vhp + / (5¢ + KTg(h)XOE(hl) + KTf(h — hl))Vhl -Vhi,p
Qr

+ KTS(h)LM(HVhlHLz)X(f(hl)Vhl -Vhp + KTS(h)XOE(hl)Vh~VhLD
Qr Qr

- /Q (QsTs(h)(h — hp) + (QsTs(h — hn) + QsTs(h)) (hy — h1.p))

T
(4.19) —/ ¢((0hp,h — hp)v: v + (O¢h1,p, b1 — h1.p)vrv ZJ
0

We now estimate all the integral terms ‘J;’ in the latter relations. We set u = h—hp
and v = hy — hy p. First, we note that

|J1|—¢/ 2T, 2) —ud(x ))dw+¢/ Tx)fvg(x))dx
_ 2 2
IJzI—/QT 66|V h| d:zdt+/QT 56|V hi|? dadt,

> [ KT (I h) P dade,
Qr

|J4|2/ K (1= Lar ([ hal 12)) Tu ()X () + Ty (h — 1)) [V [ dad
Qr

Next, applying the Cauchy-Schwarz and Young inequalities, we obtain the following
set of estimates for any 1 > 0 :

< [ 0= Larl19ma 1) T (X5 (o) (7 VP K (90 )P,

1) e1 K
g < [ 20 np+ [T [9hP
Qr

Qr

+ / (66 + £ T (W) X5 (1)) VR 2,
Qr €1

1 a K K
< [ LmP [ SR TP+ [ ST b
Qr Qr Qr

K 1
[ (o ) kol 4 = [ T (0) Vi o,
Qr 2 €1

Qr

a K K
< [ BRI + [ TR L1 1) 5 () T
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and

a1 K K
< [ SRR+ [ L mIhLoP,
Qr Qr €1

\Jm\s/ Ts<h>|qu\+/ Ty(h - h1)|va|d;rdt+/ T,(h)| Qs o]

QT T
< r
1
| 11| < */ 5¢ |V (h—hp)l? + 1/, 0p|V(h1 — hl,D)|2 + ?HathDH%Q(O,T;V’)
5¢ 2 2
||3th1 plZzrvy < |Vh| +|Vhi[?) |Vh *+|Vhipl?)

¢
+ S(HaﬁhDHLz(O,T;V’) + HathLDHLZ(O,T;V’))'

Summing up all these estimates, we obtain

o [T+ / (T.2) /(5¢—alst(h)Xg(hl))(WhP+|Vh1|2)

K+

+ T2(<K_ (1= LarlUTmI) A5 )T + (K~ — 07— 1)) |7

42 [ (KL ) Lar (V) 9+ )P <6 [ P46 [ o+,
Qr Qr Qr

where C = C(uo,v0, hp, h1,p, h2, Qs, Q). We now aim applying the Gronwall lemma
in the latter relation. We thus choose 1 > 0 such as terms over the curly bracket are
respectively positive and nonnegative, namely:

K T (h) X5 (hi)er < 69,
1—Ly(x)=1—min(l,M/z)>0and K} <2K_.
The first condition is fulfilled if we choose for instance €1 such that €1 < ¢/ (K hs).
The second one follows the assumption on permeability in Theorem 1.
Now we apply the Gronwall lemma and we deduce that there exists a real number
B, that does not depend on € nor on M, such that
1B]| Lo (0,7;mynL2 0,11 () < B and  ||ha|[re 0, 1;m)nr2(0, 101 (0)) < B-

In particular, ||Vhi||z2(0,r;zy < B and this estimate does not depend on the
choice of the real number M that defines function Lj;. Hence if we choose M = B,
any weak solution of the system

$Oth — N - (6¢Vh) — V - (KT,(h) X5 (h1)Vh)
—V - (KT (h) X5 (h1)Lp(|[Vhil|12)Vh1) = —QsTs(h),
Oy —V - (6¢Vhy) — V - (K (Ty(h — h1) + Ts(h) X5 (h1)) Vi)
—V - (KT (h)X§(h1)Vh) = =QfTy(h — hy) — QsTs(h)
in Qp, with the initial and boundary conditions
h=hp and hy = hy,p on T, h(0,x) = hg and hy(0,z) = hy o(z) a.e. in Q,
satisfies L (|[Vhi|[r2) = 1. Then the term Lg(||[Vh1||z2) =1 may be dropped.
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4.3. Step 3: Maximum Principles . We are going to prove that for almost
every x € Q and for all t € (0,T),
0 < hi(t,x) < h(t,z) < ho.
e First show that h(t,z) < hy a.e. x € Q and V¢ € (0,7). We set
B = (h—ha) " = sup(0, h — hy) € L*(0,T; V).

It satisfies Vi, = X{n>noy VR and hp(t, ) # 0 iff h(t, 2) > hg, where x denotes the
characteristic function. Let 7 € (0,T). Taking w(t,z) = hm(t, 2)X(0,-)(t) in (4.1)
yields:

T T T
/ ¢<ath,hmx(0,f)>v/,v+/ /5¢Vh-th+/ /KTS(h)Xg(hl)Vh-th
0 0 Q 0 Q
+/ /KTS(h)LM(\|Vh1||L2)X5(h1)Vh1~th+/ /QSTS(h)hmz(h
0 Q 0 Q

that is
/¢<ath,hm>v.v+ / / 56X 1oy | VR + / / KT (h)X5 ()X oy | VA
0 0 Q 0 Q
+/ /KTs(h)LM(||Vh1|\Lz)X5(h1)Vh1~th(m,t)
0 Q

(4.20) + /0 [ QL)1) =0

In order to evaluate the first term in the lefthand side of (4.20), we apply Lemma 1
with function f defined by f(A) = X — ha, A € R. We write

O (mtrn) —n00) de =2 [ 02 (r.0) o,

Q

/ DO, byt =

Q
since iy, (0,-) = (ho(-) — h2(~)) = 0. Since Ts(h)X{n>hs} = 0 by definition of T;, the
three last terms in the lefthand side of (4.20) are null. Hence (4.20) becomes:

?/hil(r,x)dwgf/ /5¢x{h>h2}\Vh|2d$dt§O.
2 Jo o Ja

Then h,, = 0 a.e. in Q7. Including the leakage term ¢ defined by (3.6) does not
impact the result because of the factor xo(ha — h) in its definition.

e Now we claim that hy(t,z) < h(t,z) a.e. x € Q and Vt € (0,7).
We now set

h = (hy —h)" € L*(0,T; V).

Let 7 € (0,7). We recall that h,,(0,-) = 0 a.e. in Q thanks to the maximum
principle satisfied by the initial data ho and hq 9. Moreover, V(h; — h) - Vh,, =
X{h1—h>01|V(h1 —h)[?. Thus, taking w(t,z) = hm(x,t)X (0, (t) in (4.2) — (4.1) gives:

¢/h2 T, T) / /5¢X{h1 nsop|V(R1 — R)|* + / / (X5 (h1)Ts(h)dt

+Tf(hfh1))Vh1'thf/ /KTS(h)Xg(hl)LM(||Vh1|\L2)Vh1-th
0 Q

(4.21) -‘r/o /QQfo(h — h1)hpy =0.
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Since Ty(h — h1)X{h,—n>0} = 0 by definition of T and since we now have M = B
such that L (||Vh1||z2) = 1, we infer from (4.21) that

?/ R (1,2) dx = —/ /5¢x{h1_h>0}|V(h1 — h)|? dzdt < 0.
2 Ja 0 Ja

Thus hy(7,-) < h(r,-) a.e. in Q and for any 7 € (0,7). Presence of the leakage
terms defined in (3.6) does not change the picture. Indeed term ¢ disappears in
the computation (4.2) — (4.1) and grshp, = 0 because of the term xo(h — h1) in the
definition of qrs.

e Finally we show 0 < hy(t,z) a.e. x € Q and Vt € (0,7).
We now set

hen = (= )" € L2(0,T; V).

Let 7 € (0,T). For this part of the proof, we re-include the leakage terms ¢ ¢ and qrs
in the model because they appear in the assertion (3.8) which is used here. Taking
w(t,x) = —hm(2,t)X(0,7)(t) in (4.2) leads to :

%/ﬂhfn(rx / /5¢X{h1<0}whl| */ / h) &G (ha)

+Tf(h—h1))Vh1~th—/ /KTS(h)Xg(hl)Vh.th
0 Q

) = [ [ (@Tyh - )+ Q0 ~ dns — aue) i =0

We note that if Vh,, # 0 then X§(h1) = 0 because h; < 0. We have moreover
/ / X§(h1) + Tr(h— h1))Vhy - Vhy, dzdt

2/ /K,Tf(h—h1)X{h1<0}|Vh1|2d;rdt,
0o Ja

and, due to assumptions (3.7) and (3.8),

*/O /ﬂ (QfTs(h — h1) + QsTs(h) — qrs — qrs) b dzdt > 0.

Equation (4.22) thus gives :

¢/ hZ (1, 2)dt dx </ / (66 + K_Ty(h — h1))X{h, <0} | VI |* dadt < 0.
0 Q

We conclude that hy,(7,-) = 0, that is hi(7,-) > 0, a.e. in Q for any 7 € (0,7).

4.4. Step 4: Existence for the initial system. In the latter subsections, we
have proved the existence of a weak solution (h¢, h§) € (L>(0,T; H)NL?(0,T; H*(52))) 2
of the regularized problem
(4.23) ¢Oh® —V - (6¢Vh) — V - (KTs(h) X5 (h))V (RS + hY)) = —QTs(h%),

@OhS — V - (6¢Vh§) (K(Tf (h® = h3) + Ts(h)XS (hl))Vhi)
(4.24) -V (K T (h) X5 (hS )Vhe) = —QT¢(h® — h]) — QsTs(h%),
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with the initial and boundary conditions
he=hp, h{ =h1pinT x (0,7), h(0,z)= ho, h{(0,2) = hyo(z) a.e. in Q.
Furthermore this solution satisfies the following maximum principle :
vt € (0,T), ae.x €, 0<hi(t,z) <h(t,z) < ho,
and the following uniform estimates (with respect to €) :

(UE){ Hh€H|L2(O,T;H1(Q)) <C, ||hiHL2(O,T;H1(Q)) <C,
HathEHLQ(O,T;V') S C, ||athﬂ|L2(0,T;V/) S C.

We now proceed to the last step in the proof of Theorem 1, namely we let € — 0.
We infer from the above estimates that (h¢ — hp). and (h§ — h1,p). are uniformly
bounded in W(0,7). We deduce thanks to the compactness result of Aubin that
(h¢ — hp)e and (h§ — hy p). are sequentially compact in L%(0,T; H). Up to the
extraction of a subsequence, not relabeled for convenience, we claim that there exists
functions h and h; such that (b — hp,hy — hy p) € W(0,T)? and

he — h in L2(0,T; H) and a.e. in Q x (0,T),
he —h weakly in L2(0,T; H*(Q)),

O¢he — Oih  weakly in L2(0,T; V"),

h§ — in L2(0,T; H) and a.e. in Q x (0,7T),
S — Iy weakly in L2(0,T; H'(R)),

O¢h§ — 8;hy weakly in L2(0,7T;V").

Letting € — 0 in the weak formulation of (4.23)—(4.24) and using Lebesgue Theorem
(thanks to the uniform estimates (UE)), we get at once (3.2)—(3.3). The boundary
and initial condition (3.4)—(3.5) holds true since the map ¢ € W(0,T) — i(0) € H
is continuous. Furthermore (h, hy) satisfies a maximum principle which is consistent
with physical reality:

0 < hy(z,t) < h(z,t) < hg, Vt€ (0,T), ae. z € Q.

The proof of Theorem 1 is complete.
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