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Physico-chemical exchanges and transfer

of pollution in aquifers

J.ROCHON & D.THIERY

Bureau de Recherches Géologiques ef Miniéres, Oridans, France

1 INTRODUO%ION 0
This paper is divided into itwo parts. The
first cne is a mathematical analysis of gif-
ferent laws for physic and chemical exchan-
ges occuring during a natural flow in an
aquifexr, The second part shows, with field
experiments at Bonnaud {(Jura), how it is
possible to determine the parameters of an
exchange law in order to forecast the long
term evolution of the concentration of a
solute which has reached the aguifer,.

2 INTRODUCTION TO THE FIRST PART

This part will deal with the study of the
concentrations in the water of an aguifer
after an injection of tracer. The hypothe-
sis relative to the aguifer are :

-~ homogenecus and isotropic aquifer,

- uwniform and permanent f£low.

The evolution of the concentration will
result of three phenomenous

- advection : it is displacement of the
tracer with the flow,

-~ dispersion,

~ physic and chemical exchanges between
phase;

It is assumed that there are no exchanges
with the lower and upper boundaries of the
aquifer. The general equation is

dep X w2 aom )8
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with the relation
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C = concentration in the liquid phase (wa-
ter}

S = concentration in the sclid phase {(agui-
fer)

D = dispersicn coefficient

kinematic porosity

u = effective velocity
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H
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t = time
¥ = distance

Many exchanges iaws may be studied : an
exchange law may be reversible or not, its
eguilibrium eqration (or "isotherm") may
ke linear or not {e.g. Langmulir scheme),
see J. Rochon 1978.

We choose to study some of these laws
which seem to be the most useful.

2.1. Linear exchanges with linear exchange
kinetic

ple Y TR 1-*19“
3&‘D3§2 Ix" W <t -5)
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which may be writen with dimensionless va-
riables
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Three dimensionless numbers appears

Pe-'-%l% it is the Peclet number

N =-j§4it iz the number.of Echanges du-
ring the advection along the dis-
tance L

Cq?-!-%':'aeit is the Exchange Capacity of
the aquifer

This system of two dimensionless differxen-
tial equations has been solved by finite
differences with B.R.G.M. numerical code
M.0.D.E.L. (J. Ausseur, B. Kanehiro, J.P.
Sauty, 1979) and made it possible to design
dimensionless type curves describing the
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evolutien of concentrations follewing a slug
injection of tracer, The calculations have
hecn performed for a Peclet number egual to
10, a number of exchange ranging from 0.1 to
10 and a Retention Capacity from 0.1 to 5.
Graphs | and 2 shows the type curves for

Ca =1 and Cca = 2,

2.2, Exchanges according to Langmuir iso-
therm

The equilibrium equation is

5, = Ral
1+C/q
with
C. = half saturation concentration in the
liquid phase (water)
3 = equilibrium concentraticn in the solid

phase {aquifer)
The exchange kinetic is of second order :

T}i = g@ (4iEC:‘ éh%?éé)

The Etransformation of the variable is the
samé as in the previous chapter. The dimen-

sionless equa%fon may be written :
RN :,-ﬂ Ve (Ga=54= .5, /5.)

LT

o~ Ne (Cq %= %% /%)
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influence of the Mumber of exchange Ca = 2

with a fourth dimensionless number
G _ Cl-L.n
a= iy

if Sa is egual to infinity which means noc
saturation effect, the systein of eguations
iz similar to the system describing the 1li-
near exchanges,

As the sclution depends on four dimension-
less numbers, it is not possible to draw a
set of type curves.

We choose to draw type curves for instan-
taneous exchanges corresponding to N egual
to infinity.

If the Peclet number is determined, only
two dimensicnless nunber are left : Ca and
Sa. Type curves have been drawn to study the
influence of each of these numbers. See
graphs 3 and 4.

it is the Saturation Constant.

2.3. Ionian exchanges

The hypothesis are the following :

~ the sum of the c¢ations in the liqguid phase
is T,

~ the sum of the cations in the solid phase
is Qo,

- the anions are ncot adsorbed by the solid
phase,

~ the total guantity of injected cations is
m.
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The relation between phases is the follo-
wing :
4Qc

% T+
when the eguilibrium is reached or at any
time, if the exchange kinetic is instanta-
neaus. k is the constant of the mass action
law.

The sum of all the 'cations in solution was
equal to To. At the time of injection, it is
increased at the injection point and then is
describad by the law of dispersfon without
exchanges

Iy T o IT
e DD:N.‘ &T;

The reason is that the anions are not
adsorbed which is an hypothesis, so the sum
of the anicons in solution is not involved
in exchenges. The electrical neutrality
tells that the sum T of the cation too will
not be invelved in exchanges (see J. Rochon,
1979) .

Assuming that the exchange kinetic is ins-
tantaneous, it is possible to derive the
following equilibrium relation which holds
at any time

g = h.C
1;4LC/21
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with the following transformations

Taw T/T
b= 4Q, /T
¢j= T /(h-1)

The equilibrium relation has the same ex-
pression than Langmuir one, when T_ is equal
to unity, i.e. for low concentrations of
injection.

The dimensionless system of differential
equations is

__& 4 :Zg :DC Coa, (T DTR
TR 9 TN “on

_A‘l'DaT ITa
Jt, B Ox '):c

when Co << To, T, = 1 and is constant, and
these equations are similar to Langmuir sche-
me. However the second eguation which has no
exchanges term shows that the variation of T
is much faster than the wvariation of C. aAfter
a time equal to about twice the advection
time the evolution of concentrations is iden-
tical to Langmuir scheme.



3 INTRODUCTION TO THE SECOND PART

All the tracer experiments in unifcocrm flow
which are analysed in this part took place
in 1974 at Bonnaud, near Lons—le-Saunier
(JTura ~ France). The experiments were desi-
gned together by twe teams : the Bureau de
Recherches Géologiques et Miniéres (BRGM)
and the Section 4'aApplication des Radio-
&léments du Commissariat & l'Energie Atomi-
que (SAR-CEA). The aim of the research was
to study extensively with field experiments
the undergrcound migration of various
matters soluble in water. All the results
are described in B, Gaillard, J. Guizerix,
J. Margat, J. Molinari, P. Peaudecerf, 1976,

3.1 Descripticen of the experiment field

The aguifer has the following chavacteris-
tics

- the water table is of limited thickness

(3 t¢ 4 m) which helps for the measurements,
- the aguifer is confined which implies no
influences of the fluctuation of the water
table and no exchanges with the non satura-
ted zone,

~ the aquifer is not thick and is well de-
fined,

— the naturel variations of level are small,
- the hydraulic conductivity is high which
helps the advection of the injected tracers
(transmissivity : 10 3 m?/s)

Gray-gresn
and reddish
plastic clay

| Clayed silt

., {Fine sand
-5 Jand gravels

'BMecmy

Graph 5. Lengitudinal ond transversaol geological
cross-sections of aquifer

In order to get a uniform gradient and in-
crease the velocities to keep the experiment
duration reasonable, a uniform flow has

been imposed and contrclled by a set of in-
jection wells (M) and pumping wells (N) with
constant rates (see graph 6).
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3.2 The field experiment to be analysed ,

Among all the experiments three cf them have
been selected and are analysed in the follo-
wing lines. Fach injection tecok place in
well C and measurements were in well D, 13
meters further. The main characteristics of
these experiments are gathered in table 1.

Table 1. Main chavacteristics of the field
experiments at Bonnaud

injected matter I-Na RhOdiﬁlne Uranine
Y
Mass injected (g} 20 4 40

Date of injection 23/10/74 18/10/74 25/10/74

Uniform flow

{03 m3/s 3.39 2.42 2.36
Incidents 36 hours
gtop
Maximum concentra-
tion measured 295 17 105
ug/l
Estimation of redi-
dual concentration 40 4 6

(from previous ex-
periments ug/1)

3.3 Method of interpretation

The three experiments have been analysed se-
parately by ajustment of the parameter with
a mathematical model. The number of parameter
is 4 D, u, K , k_ and also the cross-—
section area o% thg part of the aguifer in
which the migration takes place.



Other experiments with "perfect" tracers
like tritium for which there are no exchan-
ges have been performed on the same experi-
ment. Field. The analysis of these experi-
ments (P. Peaudecerf, J.P. Sauty, 1978) made
it possible to determine the parameters des-
cribing advection and diffusion :

~ affettive velocity u = 3.8 10 5 m/a (3,3
m/day) ,

~ {(kinematic porosity n = 33 %), )

- diffusion coefficient D = 2,5 10 > n?/s
(2.2 m%*/day).

These parameters lead to a dispersivity
o =D/u =0.66 m and a Peclet nurber 1
Pe = ulL/D = 19.8 (L = distance = 13 m).

This high value of Peclet number shows
that the adswection term is much larger than
the diffusion one.

. The experviments with the other matters
[I-Na, Rhodamine WI, Uranine) have been ana-
lysed with these same values for D, u and n,
The analysis have been done only: by<ajusting
the parameters of exchanges between phases.

3.3.1, Choice of the model of exchange

Various injections have been realised on the
same location with the same tracers but with
different injected mass (ratio. of 10). HNone
of these test show any mass effect ; in
other words, for a given tracer, and after

a given duration the concentration is pro—
portionnal to the injected mass of tracer.
Moreover, as the capacity of cationic ex-
change Q, of the aquifer and the chemical
nature of the water To are not known, it has
not been possible to try any interpretation
with lonian exchange scheme or Langmuir
scheme. The model which has been chosen is
then the reversible and linear exchandges.

It must be noted that, as the duration of
the measurements is sometimes short and as
some incidents occur during the experximents,
it should have been illusory to use a more
ceompliicated medel with more parameters.

3.3.2. Determinaticn of the parameter

For each experiment two parameters have been
determined :
- the kinetic constant k_(corresponding to
the half exchange time % = n2/k 3,
- the equilibrium constant . ¢

The corresponding dimensionless parameters
are :
- number of eéchanges : Ne = L.kc/u
~ retention capacity : Ca = kg (1-n)/n

The interpretation scheme is one dimensio-
nal so the transverse difusion is neglected
The flow is assumed to take place in a prism
of aguifer of section A (thickness h and
width 1) in which the concentration is uni-
form. The thickness of the aguifer ranges
between 2.9 m at injection point to 2.5 m ..
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at measurement point. The width 1 is not
Knewn. It is possible to compute it by the
ratio of the injected mass to the initial
injected concentration which is a paramster
of the model,

The parameters obtained after calibration
are gathered in table 2.

Table 2. Parameters cf exchange

I-Na thJdanlneUranine
WT

kinetic constant

- - . 8.0 .5
ke (1076 s71) 3.0 ’
half exchange )
time td (days) 2.7 1.0 1.1
equilibrium

constant ke 0.22 1.12 1.49

numher of exchan-
ges Ne

Retention capa-
city Ca
eguivalent width
of prism 1 (m)

1.03 2.74 2.57

0.45 2.27 3.03

6.7 8.4 6.7

The comparison of the measured and compu-
ted concentration appear on graph 7 to 9.
These graphs show that the calibration is
reasonable, keeping in mind the incidents
which occur during the experiments and also
the fact that the concentration: measurements
seems sonetimes affected by erratic varia-
tions.

3.4, Interpretation of the exchange parame-
ters

The experiment with Sodium Iodide (I-Na)
shows little exchange because the Retention
Capacity is small (Ca = 0,45) and the kine-
tic of exchange is slow (Ne = 1.0).

The experiments with Rhodamine and Uramine
give results which are guite similar {see graph
graph 8 and 9) with much more exchanges :
the Retention capacity ranges from 2 to 3,
the Number of Exchanges is equal to about
2.5, The computed width of the equivalent
prism of aguifer is egual to 7 or B meters
for the 3 experiments. This width does not
describe the lateral extension of the plume
of tracer bub rather the width of agquifer
influenced by the pumping at the measurement
point D.

4 CONCLUSTION

The use of models makes it possible to pre-
dict the migration of a polluticén in the
water of an aquifer, taking into account the
physic and chemical interactions of the agui-
fer. To determine the exchange parameters it
is necessary to de the following :

- perform a first experiment on the field
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with a "good" tracer (i.e. with no or little
exchanges} in order to determine the parame-
ters describing advection and dispersion,
perform a seccnd test -preferably a field
experiment- with a solute similar to the
product to study bkut which is not a pollu-
tant. When such an experiment may not be
performed (for economical reasons oY because
there is no solute with properties similar
to the polluant to study) a dynamic test
may e realised in laboratory with a sample
of the ground and with the pollutant. From
this second experiment, the exchange para-
meters will be deducted. However a labora-
tory test will only give a rough estimation
of the parameters by not taking into account
the heterogeneity of the real field.

HOTATIONS
3 P

C = Concentration in the liquid phase

Ca = Retention Capacity

Ce = Equilibrium Concentration

Cp = Dimensionless Concentration in the
liguid phase

Cd = Half-saturation Concentration (kg/m3)

I = Dispersion Coefficient

k = Equilibrium Constant

kc = Kinetic of exchange constan£

ke = Equilibrium Constant

L = pistance between injection point and
measurement point

m = Tnjected mass of solute or quantity of
injected cations

n = Kinematic porosity of the aquifex

Ne = Number of exchanges

P, = Peclet Number = ul/D

Qo = Sum of the caticns in the sclid phase

§ = Concentration in the sclid phase

Sa = Saturation Constant

SR = Dimensionless Concentraticn in the
solid phase

o = Sum of the caticns initially in the
liguid phase

T = sum of the cations in the scolid phase

t = Time

tR = Dimensionless time

u = Effective velocity or poral velocity

x = Distance (m)

A T Dirensionless Distance
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