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Abstract. Artificial tracer tests are widely used by consulting engineers for demonstrating water circulation, proving the
existence of leakage, or estimating groundwater velocity. However, the interpretation of such tests is often very basic, with
the result that decision makers and professionals commonly face unreliable results through hasty and empirical interpretation.
There is thus an increasing need for a reliable interpretation tool, compatible with the latest operating systems and available in
several languages. BRGM, the French Geological Survey, has developed a project together with hydrogeologists from various
other organizations to build software assembling several analytical solutions in order to comply with various field contexts. This
computer program, called TRAC, is very light and simple, allowing the user to add his own analytical solution if the formula is
not yet included. It aims at collaborative improvement by sharing the tool and the solutions. TRAC can be used for interpreting
data recovered from a tracer test as well as for simulating the transport of a tracer in the saturated zone (for the time being).
Calibration of a site operation is based on considering the hydrodynamic and hydrodispersive features of groundwater flow as
well as the amount, nature and injection mode of the artificial tracer. The software is available in French, English and Spanish,

and the latest version can be downloaded from the web site http://trac.brgm.fr.

1. INTRODUCTION

Contaminant migration in aquifers threatens groundwater
quality and the exploitability of water-supply wells. Tracer
tests are often used for assessing the vulnerability of
groundwater bodies, as well as the velocity of contaminant
flow and its pathways. Tracer test interpretation also
provides hydrodispersive parameters that are used as input
for flow and transport models.

In France, tracer tests are widely used for defining
protection zones around water-supply wells; their interpre-
tation generally relies on abacus [1,2], or uses the simple
CATTI [3] program running under MS-DOS.

The increasing demand for such expertise and the
growing interest in health and environmental problems
requires new and improved methods.

Since the end of the 19™ Century, many experiments
and studies have been carried out to understand and
simulate transport, adsorption, desorption, degradation
and reaction of solutes in variably saturated underground
media. Analytical or numerical models were developed
for determining the solute concentration versus time and
distance from the original contamination point. However,
the few dedicated tools for tracer-test interpretation are not
evolving. Interpretation of a tracer test consists in deducing
parameters from the evolution of concentration over time,
at an observation point located at a certain distance
from the injection point. These parameters, generally
designed as hydrodispersive parameters, include transit

* e-mail: a.gutierrez@brgnm.fr

time, kinematic porosity, dispersion, retardation factor,
first-order degradation coefficient, etc., which are used for
a simple characterization of the behaviour of a perfectly
water-miscible solute in movement towards or within
groundwater bodies. Tracer-test analysis requires drawing
a concentration versus time graph, called the breakthrough
curve. Its interpretation can follow two different ways:

- From an initial asumption of flow and transport para-
meters, the computation of a theoretical breakthrough
curve aims at getting a good fit with the observed one.
This is the direct problem;

- Hydrodispersive parameters are directly computed
from the observed concentrations. This is the inverse
problem.

The computation codes for interpreting a breakthrough
curve discussed here use an analytical solution derived
from the general convection-dispersion equation to
evaluate solute transport in porous media. This equation
can be written as follows: considering C(x,t) as the
volumetric mass concentration of the contaminant and
qw the flux velocity vector, if no adsorption reactions
occur between the contaminant and the surrounding porous
medium, then the transport is determined by convection
and diffusion. The mass conservation law implies that

Fle ) = ¢% £V -(DVC(x, 1))

—qw - VC(x,t) (1)
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Table 1. Comparison of several codes used in tracer test interpretation.

Problem . . . .
Resolution Dimension Input signal Physical phenomena
= B z g g £§ %
o - 2 E o E @ g < =~ =1 £ o 5
= S| £ 5| 2 £ & =
= = ~ | 2 g
= a a
CATTI [3] X | X | X | X | X ]| X X | X | XP|XP| X | X
CXTFIT [5] X X X X X X X X X X
TRACI95 [6] | X X X X X X
QTRACER2 [7] X
EHTD [8] X
TRAC® X | X | X| X | X|X|X|X]|X]| X X? | X

(1) CATTI considers a constant delay with the Dirac injection type.
(2) Production corresponds here to an initial concentration in the aquifer (initial noise).

(3) TRAC version 1.3.8 presented in this paper.

where, f(x,t) is the external contamination-source rate of
injection, ¢ is the kinematic porosity, and D stands for
the diffusion tensor. The second and third terms of the
equation correspond to Fick’s first law, which assumes
that the contaminant flux is proportional to the local
concentration gradient. The second term is known as
the diffusive flux and the third one the convective (or
advective) flux.

Considering adsorption, the mass balance equation
becomes

_ a(¢>C(x,t)a;L pS(x, 1)) £V (DVC(x, 1)

—quw - VC(x, 1) 2)

fx,0)

where p corresponds to the bulk density of soil and S is the
adsorbed mass concentration. S is linked to concentration
through a linear adsorption isotherm of the form

S(x, 1) =ksC(x, 1) 3)

where kg is an empirical distribution coefficient.
Taking equation (3) into account, equation (2) can be
written as:

) = Rw £ V- (DVC(x, 1))

—qu - VC(x,1) 4)
where R is the retardation factor (dimensionless):
R = ¢ + pky. (5)

Several tools derived from this general equation are
compared hereafter. They usually share the following
hypothesis:

- The porous medium is homogeneous,

- Flow is uniform or radial,

- Tracer injection may be instantaneous injection (Dirac)
or continuous (constant concentration step). Some of
the tools consider successive injection steps of various
concentrations (multi-step) or exponential decay.

Tools that allow considering degradation or sorp-
tion/desorption phenomena of a tracer in a porous medium
are less numerous. CATTI [3] proposes a solution to ac-
count for the scale dependency of longitudinal dispersivity
typically encountered in applied field problems [4].

Table 1 summarizes the main characteristics of
software used for tracer-test interpretation. Most run under
DOS mode and are incompatible with the latest operating
systems. The TRAC software, presented in this paper, has
been added to the table below.

2. SOFTWARE DESCRIPTION

TRAC is software developed with the objective of filling
the lack of computer tools for interpreting tracer tests.
Its aim is to remain both simple, in order to correspond
to basic engineering needs, and advanced with an option
that enables an evolved mode where solutions that
are more complex are available. It operates based on
analytical solutions that can be selected depending on the
configuration of the tracer test. Up to now, the following
scenarios are available:

- 1D, 2D, radial converging/diverging flow;

- Instantaneous (Dirac), continuous or step-injection;

- Possibility of taking into account a delay factor and a
degradation constant (exponential form);

- Space (i.e. time) variable dispersivity in 1D to consider
the scale effect;

- Variable direction of flow in order to respect the
uncertainty of groundwater flow direction;

- Possibility to do a multi-step injection for all solutions
with continuous injection (use of the superposition
principle).

Tracer-testing methods continue to evolve and new
interpretation methods are being developed. TRAC gives
experienced users the possibility to introduce their own
analytical solution. TRAC can thus be continuously
updated and enhanced by contributions of the user
community.

03002-p.2
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Figure 1. Screenshot of the TRAC graphic window.

TRAC’s start-up offers two modes: “simulate and
design” or “interpret” field-tracer tests or soil-column
experiments.

The “simulation” mode, used for preparing a tracer
test, helps estimating the optimal mass or concentration to
be injected and the sampling frequency at the restitution
point.

The “interpretation” mode consists in determining the
hydrodispersive parameters of the medium by calibration.
This is done by selecting one of the available analytical
solutions and, from a set of parameters fixed by the user
and a range of possible values, the software search for an
optimized best fit (Fig. 1). Every parameter can be set up
for optimization or not. TRAC lets the user define whether
he wants to optimize a specific parameter or not, and in
which range he accepts this parameter to vary.

Once the interpretation is done, the printing options
allow a synthetic representation of the tracer-test
interpretation, including a summary of the parameters or
a plot of the cumulative restitution curve.

3. ANALYTICAL SOLUTIONS

The present list of analytical solutions (TRAC v1.4.4)
amounts to 14 in the advanced mode, but only 12 have been
validated up to now. The other ones are in the validation
process, which consists in comparing the results of a
set of parameters with several other tools against TRAC.
Other tools can be Excel® or Fortran® programs of the
analytical solution, and mathematical modelling using the
MARTHE finite-volume code [17]. The list of symbols and
notations used in the following formulas is given below
(Table 2).

Table 2. Symbols and notations used in the formulas.

ar (m)[L] = Transversal dispersivity.
Co (kg/ m®) [M/L3] = Injection concentration of tracer.
C (kg/m3) [M/L3] = Concentration of tracer at point
(x,y,z) and time (t).
D; (m?/s)[L2/T] = Longitudinal dispersion (DL = aL*u).
Dr (m?/s)[L2/T] = Transversal dispersion (DT = « T*u).
e (m) [L] = Aquifer thickness.
M, (kg) [M] = Mass of injected tracer.
w  (—)[—] = Effective porosity (0 < o < 1).
Pe (—)[—] = Péclet number (Pe = x/a).
P (s)[T] = Time period for approaching
the asymptotic value ofarL.
Pr  (s)[T] = Time period for approaching
the asymptotic value of «T.
qg  (m3/s)[L3/T] = Injection rate of tracer.
qm (kg/s)[M/T] = Massic injection rate of tracer.
Q, (m3/s)[L3/T] = Pumping rate.
r (m) [L] = Radial distance injection — restitution.
R, (—)[—] = Delay factor.
0 (°) [—] = Angle between the direction of flow
and the x-axis.
t (s)[T] = Time.
ty1y2 (8)[T] = Half-life (t1/2 = In(2)/A).
u (m/s) [L/T] = Pore velocity.
v (m/s) [L/T] = Darcy’s velocity (v = u*w).
x  (m)[L] = Distance between measurement
and injection points regarding the x-axis.
y (m) [L] = Distance between measurement
and injection points regarding the y-axis.

My Clx.t)
D %4
u
- s ——l I e
x=0 X

Figure 2. Brief mass injection in an infinite medium.

3.1. Uniform 1D flow

Brief injection

Brief mass injection in an infinite medium (1)

This solution corresponds to a brief and punctual injection
of mass M| per cross-sectional unit of aquifer transverse
to the flow (A = e * 1), of thickness e and unit width
(Fig. 2). The tracer mass is injected at time ¢t = (O at point
x = 0. The tracer moves in terms of the pore velocity in
the medium.

If the decay constant A is defined, the concentration
of the transported element is subjected to an exponential
decrease of type Co.e~*" during transport. This solution is
modified from [9, 10].

M, [ (x — ut)?
pl-——

Clx,t)= ————ex
( ) Aw~/4mr Dyt 4Dt

] exp(—At). (6)
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Figure 3. Brief mass injection in a semi-infinite medium.

Brief mass injection in a semi-infinite medium (2)

This solution corresponds to a brief injection of mass M
per cross-sectional unit of aquifer transverse to the flow
(A = e=x 1), of thickness e and unit width (Fig. 3). The
tracer mass is injected at time ¢ = 0 at point x = (. The
tracer moves in terms of the pore velocity in the medium.
If the decay constant A is not defined, the transported
element is not subjected to degradation. Otherwise, the
degradation is analogue to solution (1). This solution is

modified from [19].
< (x — ut)z)
exp| —————
4Dt

o (ux) ((X +u ))} (=)
2D, P Dy erfe 4Dy, APLTAL:
(7

C(x, t)MO{ 2

/\/4JTDL

Continuous injection

Continuous injection of a constant concentration in an
infinite medium (3)

This solution corresponds to continuous injection of a
constant concentration at x = 0, at time # = 0 in an infinite
medium (Fig. 4).

If the decay constant A is not defined the transported
element is not subjected to degradation. Otherwise, the
degradation is analogue to solution (1).

If the concentration remains constant during injection,
the injected mass over the time interval At is M =
Cy.w.u.A.At. The scheme is similar as in solution (1),
except that injection is constant. This solution is modified
from [16].

con = (28 - (3]
Lt

X + ut
xerfc <m>:| eXp (—)Lt) (8)
_ _Gm
Co = Awu

Continuous injection of a constant concentration in a semi-
infinite medium (4)

This solution corresponds to continuous injection of a
constant concentration in a semi-infinite medium (Fig. 5).

medium
G Cix.t)
D ad
u I
- — e
x=0 X

Figure 4. Injection of a constant concentration in an infinite
medium.

Cp Cix.t)
I
u
— —lp I g
x=0 X

Figure 5. Injection of a constant concentration in a semi-infinite
medium.

Cs Cix.t)
W @
u 1
— e
x*=0 x

Figure 6. Continuous injection of a constant concentration in a
semi-infinite medium.

If the decay constant A is not defined, the transported
element is not subjected to degradation. Otherwise, the
degradation is analogue to solution (1). This solution is
modified from [16,20].

Co (x —ut) ux
e ”‘[ef (m)“"p(m)

X )] exp(—At). ©))

xerfc <m

Continuous injection of a constant concentration in
a semi-infinite medium with exponential decay in the
aquifer (5)

This solution corresponds to continuous injection of a
constant concentration in a semi-infinite medium (Fig. 6).
The concentration of the transported element exponentially
decreases in groundwater following the relation Cy =
Coe ™, and the source concentration (injection point)
is not subjected to degradation and remains constant.
This formulation may be used for simulating, as an
example, a bacterial degradation occurring only in the
groundwater and not in the injection well. This solution

03002-p.4
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Figure 7. Continuous injection of a constant concentration in a
semi-infinite medium.

is ([11]):
c( t)—CO[ {(u—f’)x] r <x—l"t>
x,t) = > exp 72DL erfc 7«/@
(u + I'x x +I't
+ exp [ZDL ] erfc <—4DL1‘>} (10)
'=uy\/1+ 4)L?L.
u

The decay term of the element during transport becomes
null if the decay constant L. = 0,so ' = u.

Continuous injection of a constant concentration in a
semi-infinite medium with exponential decay of the source
term (6)

This solution corresponds to continuous injection of
a constant concentration in a semi-infinite medium,
with or without degradation of the transported element
(Fig. 7). In this case, exponential degradation of the
element occurs both in the groundwater and in the
source, as opposed to the previous solution where decay
occurs solely in groundwater. This solution is modified
from [12,13].

xX—ut X+ ut
= o ) oo () ()
" [1 N u(x —|—ut)} N 2ut > [_ (x — ut

)2
D, Neaom ex 4Dyt ] ]exp(—kt).
(11)

3.2. Uniform 2D flow

Brief injection

Brief injection of a mass in a semi-infinite medium (7)

This solution corresponds to a brief injection of mass M
per aquifer thickness unit, with or without degradation of
the transported element (exponential decay) (Fig. 8). The
injection occurs at point (x, y) = (0, 0), the concentration
is computed at point (x, y). The flow direction is assumed
parallel to the x-axis; if it is not the case the next
solution may be more accurate, as it allows specifying

i) Cixy.t)

(x.y)=(0,0)
ty

Figure 8. Brief injection of mass in a 2D infinite medium.

/ .
p Cixy.t)

M:.-.78

) i t: x
(x.y)=(0.0)

Figure 9. Brief injection of mass in a 2D infinite medium, with a
specified direction of the flow.

an angle for the flow direction. This solution is modified
from [14]:

c( " M, (x — ut)? y?
X,y,1) = ———F——exp |— —
Y dmewts/ Dy Dr P 4Dyt A4Drt
X exp(—At). (12)

Brief injection of mass in an infinite medium with flow
direction (8)

This solution is a modified version of the previous
one, corresponding to a brief injection of mass My per
aquifer thickness unit, including the direction of flow
0 diverging from the x-axis (Fig. 9). This solution is
modified from [14]:

c( 5 M, . (X' — ut)? y? '|
X, y, = ———F—=¢eXp|— -
Y ewrdDiDr P 4Dy 4Dri)
X exp(—At)

h x' =xcosf + ysinf (13)
wit
y =xsinf + ycosb.

Brief injection of mass in a semi-infinite medium with
variable dispersivity (9)

This solution corresponds to a brief injection of mass
M, per aquifer thickness unit, subjected to a constant
flux directed parallel to the x-axis (injection axis —
restitution point). This analytical solution incorporates the
observed growth of dispersivity values with flow time or
flow distance. The scale effect is considered by using
time-dependent dispersivity values. This solution with
varying dispersivity values requires two additional input
parameters (P, and Pr).

03002-p.5
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Figure 10. Constant injection of mass flux in a 2D infinite
medium.

The longitudinal and transversal dispersivity increase
with distance of transport and inflect to become asymptotic
to a maximum value. P, and Pr are the two fitting
parameters representing the time needed to reach the
asymptotic value of the longitudinal and transversal
dispersivity (az and or).

The scheme of this solution is analogue to that of
Figure 8. This solution is ([15]):

C(x,y,t)= Mo exp{—(x —ut)’ — Y }
T 2mewor (H)or(t) 207(t) 202(t)
X exp(—At) (14)
with

) Py t
) Pr t

Continuous injection

Continuous injection of mass flux in an infinite medium
(10)

This solution corresponds to a continuous injection of
concentration at a defined injection rate (mass flux: ¢,, =
q.C0O, mass per unit of time and per unit of aquifer
thickness) in an infinite medium (Fig. 10). This solution

is ([3]).

C
Cx,y, )= R
drewuaar
"1 (x — ut)? y?
- — — —At)dt- (15
X/O texp( 4orput 4aTut> eXp(=A1) (1>

Continuous injection of mass flux in an infinite medium
with variable dispersion (11)

This solution is a modified version of the previous one that
includes dispersivity values increasing over flow time. This
solution is ([3]):

C
(P
X/”%zﬁm'bﬁm%m“mm
J oL (OL(0)
(16)

Figure 11. Brief injection in a radial convergent flow.

with

2() = 2aput |1+ —= L —1

o (t) =2upu [ ; <exp < L>) ]
) Pr t

o7(t) = 2arut {1 + - (exp (—T)> — 1} .

The integral upside can be computed numerically, but the
results may be inaccurate for high P, and Py values (over
10 days).

3.3. Radial converging flow

Brief injection

Brief injection of mass in a radial convergent flow induced
by a continuous pumping well (12)

This solution corresponds to a tracer test in a radial
convergent flow induced by a continuous pumping well
(QOp) (Fig. 11). Though until now no exact analytical
solution exists, an approximate solution is given by ([18]):

Myr (r — ut)2 (=)
————————exp | ————— ) exp(—A1).
20,2 Jmarn P\ 4apir )P

(17)
The tracer is injected in a lateral observation well located
at a distance r from the pumping well. This solution is:
The Péclet number is the relation between the
advective and diffusive transfer:

C(x, 1) =

r
Pe=—.
ar

Note that the approximate solution should be used for
Péclet numbers larger than three, i.e. for cases where the
distance from the injection point to the pumping well is at
least three times as large as the longitudinal dispersivity
(r > 3ayp).

To address this problem, a new and more accurate
semi-analytical solution is being developed and will be
added to the next release of TRAC. This solution will
allow simulating a tracer in converging (pumping well)
or diverging (injection well) radial flow even for smaller
Péclet numbers.

4. VALIDATION AND EXAMPLE

TRAC has been compared to other ways of computation,
either using a spreadsheet program such as EXCEL or

03002-p.6
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Figure 12. Comparison between TRAC, EXCEL and a numerical
model, MARTHE on a 1D simulation (Eq. (7)).

a specific development of the analytical solution using
FORTRAN language. The objective of these comparisons
was to ensure a proper implementation of the formulas
in the code. No differences at all were noticed. This
validates the tool, but does not validate the formula, which
is however supposed to be valid within the limits of its
application field, as most of the formulas were already
tested in the referenced publications from where they
come.

In order to validate the formulas as well, numerical
simulations were conducted using a finite volume
numerical model, MARTHE [21]. The studied domain
is discretised in meshes. Grid extension and boundary
conditions depends on the type of problem. The validation
procedure and results are published in a specific
report [22]. We present below (Fig. 12) a breakthrough
curve obtained from the simulation of a brief injection
(Dirac) of 1 gram of uranine in a semi-infinite medium
such as a saturated column which would have the following
characteristics:

Section (area) = 1 sq.m

- porosity = 10%;

- permeability = 10 — 5m/s;

- hydraulic gradient = 1 m/m

- longitudinal dispersivity = 0.1 m;

- distance injection-restitution = 0.5 m.

The model is run in transient mode using a 6 second
timestep and a total duration of 10 hours.

The results of this simulation perfectly match the
results of analytical solution (2), equation (7) whether it
is written within TRAC or with EXCEL.

Another example is given with Figure 13. In this real
tracer test performed in an alluvial aquifer, the tracer
(uranine) was injected in a piezometer located at 13.9 m
from a pumping well. The pumping discharge at 39.5 m3/h
induces a radial flux to the well. Aquifer thickness is
6.25m. The tracer was injected in the saturated zone
and homogenized along the whole length of the borehole
screen before being flushed. The breakthrough curve is
interpreted with formula (12) equation (18) for radial
converging flow. The results of the tracer experiment are
iteratively fitted using the optimization procedure to give
the following values:

Longitudinal dispersivity = 0.64 m;
Porosity = 0.20.

* Observed concentration (ug/L)

——Simulated concentration (pg/L)

Concentration (pg/L)

i W TN} TN HENY FL (3]

Time (minutes)

Figure 13. Observed and computed breakthrough curve using
Eq. (18) (Radial converging flow).

We verify that the Péclet number (13.9/.64 = 21.7) is
greater than 3.
Other examples are given in the user manual [23].

5. CONCLUSIONS

The advection-dispersion solute-transport equation quanti-
tatively describes the transport of solutes in groundwater.
Analytical solutions that are exact mathematical solutions
for this partial differential equation were derived for
different combinations (aquifer geometry, boundary, solute
source, initial conditions).

TRAC is a simple tool that operates based on validated
analytical solutions for simulating solute transport in
one-, two- and radial-dimensional systems with uniform
flow. The solutions were compiled from those published
in the literature and used in some software. TRAC is
user-friendly and its GUI is intuitive. Freely available and
downloadable, TRAC may benefit from the use by all
interested hydrogeologists, who can continuously improve
it by introducing their own analytical solutions.

For more information and access, please see our web
site: http://trac.brgm.fr
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