
XA9848339
CONTAMINANT TRANSPORT IN AQUIFERS:
IMPROVING THE DETERMINATION OF MODEL PARAMETERS

C.V.S. SABINO, R.M. MOREIRA, Z.L. LULA, Y. CHAUSSON
Nuclear Technology Development Center,
National Nuclear Energy Commission

W.F. MAGALHAES
Department of Chemistry,
Federal University of Minas Gerais

M.N. VIANNA
Department of Nuclear Engineering,
Federal University of Minas Gerais

Belo Horizonte, Brazil

Abstract - Parameters conditioning the migration behavior of cesium and mercury are
measured with their tracers Cs and Hg in the laboratory, using both batch and column
experiments. Batch tests were used to define the sorption isotherm characteristics. Also
investigated were the influences of some test parameters, in particular those due to the volume
of water to mass of soil ratio (Vim). A provisional relationship between V/m and the
distribution coefficient, Kd , has been advanced, and a procedure to estimate Kd 's valid for
environmental values of the ratio V/m has been suggested. Column tests provided the
parameters for a transport model. A major problem to be dealt with in such tests is the
collimation of the radioactivity probe. Besides mechanically optimizing the collimator, a
deconvolution procedure has been suggested and tested, with statistical criteria, to filter off
both noise and spurious tracer signals. Correction procedures for the integrating effect
introduced by sampling at the exit of columns have also been developed. These techniques
may be helpful in increasing the accuracy required in the measurement of parameters
conditioning contaminant migration in soils, thus allowing more reliable predictions based
on mathematical model applications.

1. INTRODUCTION

Migration behaviors of fission products and of actinides in the geosphere and
specifically in aquifers are a major concern in the design and safety assessment of nuclear
waste repositories. This study deals with only one main fission product: 137Cs. It has been
prompted by the construction of the first larger scale radwaste repository in Brazil, designed to
receive part of the source and contaminated debris generated by an accident with a therapeutic
irradiation unit, which occurred in 1987 in the town of Goiania, about a hundred kilometers
west of the capital Brasilia. Tests were also carried using Hg as tracer. The reason for this is
the great interest in environmental contamination by mercury, which is intensively used in
gold extraction activities spread over a large extent of the country.

Having reached the soil contaminants such as these can be transported to and through
the aquifer layer by the mechanisms of advection, dispersion, transfers between liquid and
solid phases, besides chemical reactions. Tracer techniques are commonly used to study these
mechanisms, especially the first three. Migration experiments are frequently run in the
laboratory by means of batch and column tests. Although exact field conditions are hardly
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reproducible in such measurements the main features of the transport processes can be
retained, once due care and interpretative judgment are employed.

A lot of effort has been expanded both in the development and refinement of
experimental methods, and a vast amount of data has been generated which have been
effectively used for engineering purposes. The literature is fertile in this field; references 1, 3,
4, and 5 being some few representative samples.

Applying these techniques to the two problems at hand, some shortcomings were
found to influence the results obtained. These are related in part with physical factors, such as
the relative amount of solid and liquid used in the test or the isotherm chosen to represent
between phases. But experimental features have a great share, and much depends on the way
sampling and counting are performed.

It was then decided to investigate both experimental and data treatment procedures
susceptible of improving this methodology. An often disregarded feature in the literature is the
quantification of the degree of improvement reached through a refinement either in
experiment or in data processing. Therefore it has been endeavored to support whenever
possible any claims on betterment in results with statistical tests.

Data on the migration of cesium and other fission products in Brazilian soils will be
mainly of use in the design and safety assessment of radwaste repository facilities. Mercury
migration data is expected to help, among other things, in preparing regulatory impact
statements and in planning remedial actions in contaminated areas.

2. MATERIAL AND METHODS

In batch tests the soil and liquid phases are shaken in a closed vessel and thus brought
in intimate and accelerated contact, and once equilibrium is attained they are separately
analyzed for the contaminant distribution. These tests are thus restricted to the investigation of
the sorption step. In column experiments the contaminate liquid percolates a soil layer and
hence they are able to more fully account for all the associated migration mechanisms,
including those of a hydrodynamic nature. Radioactive tracers considerably ease the task of
contaminant transport observation and measurement.

2.1. Methodological shortcomings

The partition of the solute between the liquid and solid phases at equilibrium is
expressed by the Kd coefficient. It is directly calculated from batch tests results. However
considerable care is required when applying experimental data. Partition is influenced by the
solvent composition, the solute concentration and the sorbent to solvent ratio. This means that
Kd is not a constant, its experimental values being strictly valid only for the conditions
obtained in the measurement procedure.

Conditions in batch tests deviate a lot from those existing in nature, much more so than
in column tests. Notwithstanding, batch tests are by far simpler and faster, and even though
hampered by diverse shortcomings they afford a practical means to speedily obtain data
urgently demanded in the initial stages of repository design, if not for other reasons at least for
screening decisions, the possibility for later refinements always remaining open.
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One of the largest deviations of batch test conditions from the environment has to do
with the volume of solvent to mass of solids ratio (V/m). In the conditions of groundwater
flow this ratio is quite low; it cannot be reproduced in batch tests otherwise one would deal
with a pasty mixture and the mixing procedure would not work.

Coefficient Kd can be indirectly obtained in column tests by backcalculating it from
the retardation factor, i.e. the ratio between the contaminant and liquid phase transit times,
using Equation (2) in Section 2.3. The retardation factor ^ of the sorbed contaminant can be
determined both by comparison of the tracer and solvent velocities (these being obtained from
the flowrate, accounting for the porosity of the bed) or by measuring their residence times in
the column. The latter method can be accomplished by tagging both the dissolved contaminant
and the liquid phase with distinguishable tracers. Tritiated water is the natural choice for
aqueous solvent. But the displacement of tritium inside the column cannot be detected by an
external radiation probe (the simpler and accurate "thru-the-wall" sampling mode) and thus
has to be materially sampled and counted in a liquid scintillator (the tricky "mixing cup"
sampling mode). This introduces a distortion since the sampling procedure will span over
some time interval, however short, required to secure an activity consistent with a reliable
measurement.

The major experimental difficulty which has been met with in the column runs was
related with the collimation of the radioactive tracer signal. Fine collimation is mandatory for
accurate resolution of spatial tracer distribution inside the column. An alternative often used is
to extrude the solid from the column (freezing being used to secure its integrity), slicing it,
and counting the differential layers. Besides the difficulty of getting desirably thin slices, the
major drawback has to do with the definitive interruption of the test; i.e.: this technique
amounts to a single scan in the whole run.

Our choice has been a mobile probe sliding along the external wall of the column,
driven by a fine tuned motor and continuous screw assembly. The challenge posited to this
scanning mode is to assure a collimation good enough to suppress signals from planes other
than the one just in front of the collimator slit. This has been tried by narrowing down the slit
as much as feasible on a cost-to-benefit basis. Even thus this did not eliminate signals coming
from neighboring layers.

2.2. Soil samples and tracers

Soil samples collected at the repository site in Goiania and at the premises of our
Institute in Belo Horizonte had their physical properties, such as bulk and mass density, and
porosity duly measured. Their mineralogical constitution and chemical composition were
asserted by x-ray diffractometry and x-ray fluorescence, respectively. All test samples were
previously dried and sieved to minus 100 mesh.

Cesium was traced by 137Cs, obtained from aliquots of an original 0.8 mCi carrier-free
I37CsCl solution. Mercury was traced by 203Hg, obtained at the TR1GA MARK1 reactor in our
Institute, by irradiation of HgCl2 (P.A.) dissolved in distilled water and aqua regia. After 4 h
of irradiation at a neutron flux of 1 x 101 n.cm"2.s"' a specific activity of 70 KBq/g (1.9 |aCi/g)
Hg + has been obtained.
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2.3. Batch and column tests methodology

The pH in the batch tests was kept at 5.5 and the solution volume was 60 ml; V/m
being varied by the amount of sediment added. Aliquots of 3 KBq (80 nCi) were used; they
were added to soil samples placed in plastic vials, varying from 0,01 lg to 5 g in weight, and
the liquid volume completed with demineralized water. The samples were shaken for 30 min
at 25°C and filtered in a special setup, from which the filter holder could be disassembled and
transferred to the counting system, warranting a constant geometry. Both soil and supernatant
were counted. The liquid was placed inside standard polyethylene vials; 137Cs was counted in
a Nal(Tl) well detector, and 2O3Hg in a Ge-Li detector. Their pulses were fed to a multichannel
analyzer interfaced with a PC, one of whose tasks was to analyze the gamma spectrum using
the Maestro II - ORTEC software. Counting geometry is not the same for liquid and solid
samples, which requires a correlation procedure.

Column runs with cesium are unbearably time consuming, unless very short layers of
solids are used, due to the intensively sorptive characteristics of the Cs+ ion. Despite this
drawback it has been decided to use a larger column to better explore the radiotracer transit
features, besides minimizing distortions introduced by the sample collection procedures.
Homogeneity in packing and in flow distribution over the cross-section is critical for the
reliability of the results. The design and packing methodologies developed at the GSF-
Neuherberg, and reported by Klotz [1] have been adopted. Several packing procedures were
tested: adding soil together with water, packing under shaking, adding water first and
displacing it with the soil, etc. The one which proved to be the best consisted in packing the
soil in successive narrow layers 5 cm thick in the column previously filled with water.

The Plexiglas column was 1 m long and 5.4 cm in internal diameter. A Plexiglas
diffuser at the column entrance homogeneously distributes the feed flow. Water was fed at a
constant rate from a Mariotte vessel placed 4 m above the column. Tracer was introduced via
a septum near the flow control valve just before the column entrance. The instantaneously
injected activities were 370 Bq (10 jxCi) I37Cs and 480 Bq (13 uCi) 3H.

A 3" x 3" Nal(Tl) detector was placed inside a lead shielding 3 cm thick, which could
be driven alongside the external wall by a motor coupled to reduction bevel gears. Scanning
could thus be performed either continuously or at preset positions. Counts were integrated for
400 s, and duplicate records taken at 5 cm intervals. A scheme of the column setup is shown
in Figure 1.

The distribution coefficient and retardation factor were calculated from their defining
equations:

KD = - TT (!)
m Ct

R =
 Vfl"id

 = ! + R±IlL ( 2 )
V Tl

contaminant I

in the batch and column tests, respectively. In Equation (1), Cs and C] are the sorbate
concentrations in the solid and liquid phases, at equilibrium. In Equation (2), v stands for the
velocity, pb for the bulk density of the soil and rj for its porosity.
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Figure 1 - Scheme of the column experimental setup

3. STUDIES WITH BATCH TESTS

3.1. Improving parameter fitting to sorption isotherms

Isotherms describe sorption behavior by relating the concentration of the sorbate at the
solid phase to the concentration present at the liquid phase: S =f(C). Sorption is quantified by
the distribution (or partition) coefficient:

Kd = S/C (3)

where S is the sorbate to sorbent mass ratio (g/g) and C the solute concentration (g/cm3) in the
liquid phase. Thus Equation (3) can be regarded as the linear adsorption isotherm S = KdC,
which in turn reflects the asymptotic behavior of the Langmuir isotherm :

S =
1 -bC

(4)
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for low concentration values. In Equation (4) Sm is the sorption capacity and b is a constant.
This model has a theoretical foundation, but assumes homogeneity of the adsorption sites. In
this sense the Freundlich isotherm :

S = KC" (5)

may be more realistic, since it can be derived by assuming an exponential distribution of the
heat of adsorption at different sites. K and n in Equation (5) are constants. However this
enthalpy is applicable only if S«Sm, so that saturation effects are avoided. Sposito's
derivation of the adsorption isotherm, stemming from the earlier work of Sips, accounted for a
limited sorption capacity, thus broadening the applicability of the Freundlich isotherm [2].
The Sips-Sposito (S-S) isotherm can be written in the form:

S S = KC" (6)
5 +S

In order to evalute the sorption capacity Sm at the equilibrium conditions of the test the
Dubinin-Radushkevitch (D-R) isotherm, derived on basis of the potential theory of adsorption,
can be employed:

S = S m e x p - k RT\Jl + —
{ C

(7)

where R is the gas constant, T is the absolute temperature and k is the isotherm constant. The
D-R isotherm has the advantage over the previous isotherms, of not assuming a
monomolecular adsorption layer. Although derived from different basic assumptions, Sm can
be determined from the D-R isotherm whenever there are empirical evidences as to the
appropriateness of the different isotherms to a particular system, leaving only two parameters
to be fitted in the S-S isotherm. Thus, the accuracy of K and n, obtained from a least-squares
fit to Equation (6), can be improved.

The fit of the data obtained in this work is shown in Figure 2. The parameters
determined with the D-R isotherm are Sm = (0.635 ± 0.008) uCi/g and k = (0.044. ± 0.008).
Using these values, the parameters involved in the S-S isotherm, Equation (6), were
calculated, the results being Ks = (0.920 ± 0.005) and n = (0.42 ±0.07).

The time dependency of cesium adsorption was also tested. Starting with 10"' M
carrier-free Cs solutions, soil-water contact tests from up to ca. 6 days revealed that in the
first 60 seconds liquid phase activity plunged from 80 nCi to 4 pCi. The data in Figure

3 how the subsequent evolution; the absorption of the solute is immediate. It may be inferred
that sorption kinetics will not play any significant role in the migration of cesium in the
prototype. After being adsorbed cesium sticks quite firmly to the soil: as Figure 4 shows, at
the above cesium concentration only when the soil mass is too small has desorption been
observed.
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Figure 2 - Fit of 137Cs adsorption in Goiania soil (a) Dubinin-Radushkevitch
isotherm; (b) Sips-Sposito isotherm.
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Figure 4 - Cs desorption behavior
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3.2. Accounting for the influence of the mass volume to mass ratio on

137,
As mentioned, a relationship was observed between Kd and V/m in both Cs and

203Hg sorption in batch tests. Such tests have to be carried at a much higher V/m ratio than that
usually met in groundwater flow (in the case of the Goiania soil V/m < 0.0028 dm3g),
otherwise the pasty material would be impossible either to stir or filter. It was thus found
desirable to carefully investigate the phenomenon.

A vast amount of literature has been dedicated to this behavior. It has been
summarized, among many others, in references [3] and [4]. In general there is a great deal of
controversy on the subject of the influence of solids concentration on Kd. Some authors have
tried to define a general trend between V/m and Kd but even this could not be firmly
established [5].A sample of the results we have obtained with the soils previously mentioned
is shown in Figures 5 and 6.
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It can be seen that opposite trends have been obtained with the Goiania and Belo
Horizonte soils. As for the later, a single regression does not succeeded in fitting the whole
range of encompassed V/m values. At the lower limit of experimental V/m's there is a clear
tendency to stabilization of Kd with increasing soil masses. In all tests with ' Cs it has been
observed that this tendency was fully established at 0.01 dm /g, whereas with 03Hg it was
reached earlier at 0.03 dm /g. Thus, a regression including only data within this lower range
could be extrapolated to the very small V/m ratios characteristic of underground water flow,
with a better chance of obtaining more meaningful estimates of Kd.

3.3. The isotherms and the mass to volume to mass ratio

Some consideration was given to the how and the why of the interference of V/m on
the sorption parameter. From the material balance applied to the batch test:

mS + VC = MS0 + VC0 (8)

250



where So and Co are the initial solute concentration in the solid and liquid phases, respectively,
using the definition: Kd = S/C, and since So £ 0 and Co» C, one gets :

VfCn } VfC,
Kd = - 7 7 - I s - 7 7 (9)

m\C J m\C)

If the ratio CJC were constant for each experiment (starting from the same Co) , this
simplified derivation would point to a linear relationship between Kd and V/m. But actual data
show otherwise. The explanation is that changes in the V/m ratio influence the final solute
concentration C, i.e.: C =f(V/m).

Now, this functionality can be obtained from any adequate isotherm. For instance, from the
Freundlich isotherm and from Equation (9):

, = C = - ^ (10)
C m {C ) [mj [K ) K }

and inserting this back in the expression for Kd:
n-\

(V

Kd = C0" K"\-\ (11)

where 0 < N < 1. Thus, a plot of logfKJ vs. V/m should yield a straight line. This test has
been carried with independent data from the experiments in which V/m was varied and Co kept
constant and from those with constant V/m and variable Co. Fitting both sets to Equation (11),
the following has been obtained :

{V\
Kd = 14001 —I (r2 = 0.9990) Kd = 0.74 Q0 8 9 (r2 = 0.9918)) (12)

and the corresponding values of N were (0.57 ± 0.02) and (0.53 ± 0.03), respectively. The
excellent agreement between these two completely independent set of experimental results
supports the theoretical development above and qualifies the Freundlich isotherm as a
trustworthy model for the representation of adsorption processes.

3.4. Sorption behavior of individual soil components

The peculiar sorption characteristics of each individual mineral component will
combine in a manner dependent on its quantity, but also on other possibly interacting factors,
to yield the final sorption behavior of a given soil. Even though it would be rather difficult to
predict the composite behavior from those of the various components, an effort is being
undertaken to correlate their contributions. At the present time the sorptive behavior of the
main components has been investigated.

X-ray diffractometry analysis has identified ten main components in the Goiania soil:
kaolinite, gibbsite, goethite, haematite, ilmenite, magnetite, muscovite, quartz, rutile, and
zircon. Pure samples of these minerals have so far been subjected to batch tests. Figure 7
shows the results obtained with kaolinite and quartz. With the sole exception of quartz, all the
other mineral components exhibited the same trend in Kd as kaolinite .
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4. STUDIES WITH COLUMN TESTS

4.1. Transport model

As described in Section 2.3 the column diameter is large enough and the flow
uniformly distributed over its cross-section; it was then assumed that the 1-D advection-
dispersion model would be adequate:

dC
at

= D — V
dc
dx

(13)

in which D and v are actually the reduced axial dispersion coefficient Dx / Rj and fluid
velocity vx / Rf. Following an instantaneous impulse injection of a quantity M of tracer over

the cross section area S, i.e.: C(x,6) = [M/T]S) S(X) , and accounting for a linear increase in
the background count rate, count distribution along the column is shaped by the solution:

G = A + Bx +
M

exp
(x-vtY

4Dt
(14)

The main aim of model fitting is the determination of the dispersion coefficient Dx and
the contaminant velocity v = vx/ Rf. Thus the factor Rf can be determined either from a fit to
this (or any other realistic) model or independently, by running traced water through the
column and comparing the transit times of 137Cs and, say, 3H. In this last case, a lesser number
of parameters is left to fit in Equation (14) which, again, increases the reliability of the values
thus determined. Besides, this double tracer method allows the independent backcalculation of
Kd using Equation (2).

4.2. Tracing the water flow

Tritiated water is the ideal tracer for the water flow, since it does not undergo
adsorption in surfaces within the soil pores. But then, a direct record of its elution with a
probe at the exit (thru-the wall mode) is not possible since tritium is a low energy beta emitter.
Therefore, it must be sampled (mixing cup mode) for counting.
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Now, each discrete sampling spans over a finite time period which cannot be made
smaller than a threshold value related to the sensitivity of liquid scintillators. Physically, each
discrete sampling performs an integration in the time axis whose effect must be taken into
account when fitting the data to the tracer transport model.

There is an alternative way in which this can be easily implemented. Instead of
differentiating the H response thus measured it is easier, and more reliable, to numerically
integrate the residence time distribution model over the time interval corresponding to each
discrete sampling. Assuming the 1-D advection-dispersion model, and indicating the sampling
time span by At, then Equation (14) gives at the exit of a column of length L:

CLl = A + BL +
M

exp
U-VTY

4DT
dr (15)

The above integration can numerically be implemented by gaussian quadrature. Then a
new variable is defined:

2t-{t,+t2)
(16)

where t, = t - At/2 and 12 = t + At/2. Thence the integration is accomplished by the numerical
approximation:

- / ~\ JL. f Z. (t- - t , ) + t-, +t,~)

' (17)
i . o

where z,, the roots of a Legendre polynomial, and the weight factors w{ associated with them
are shown in Table I for the fifteen point formula used in this work.

Table I - Values of the roots and weight factors used in the numerical integration
z,

0, 00000 00000 00000
±0,20119 40939 97435
±0,39415 13470 77563
±0,57097 21726 08539
±0,72441 77313 60172
±0,84820 65834 10427
± 0, 93727 33924 00706
±0,98799 25180 20485

w,
0,20257 82419 25561
0,19843 14853 27111
0, 19616 10001 15562
0, 16626 92058 16994
0, 13957 06779 26154
0,10715 92204 67172
0,07036 60474 88108
0,03075 32419 96117

The parameter values thus determined are shown in Table II, whereas Table III presents
the matrix of their correlation coefficients.

Parameter
M*
D
V

A
B

Table II - Parameter values
Value determined by fit

( 8,3 ± 0,3 ) 10' counts*s
( 0,86 ± 0,08) cm2 s"1

(0,18 ±0,01 )cms' '
(2600 ±400) counts
( 1,0 ±0.2) counts s"1

(M*=M/Sr}yj4nD)
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Table III - Parameter correlation coefficient matrix

D
V

A
B

M*
0,594
-0,032
0,677
0,598

D

-0,122
0,673
0,552

V

0,046
0,128

A

0,975

Table III confirms a low correlation between the intervening parameters, except for
those of the baseline {A and B). This independence strengthens the confidence both in the
determined values and in the physical assumptions implied in the model. This claim is further
strengthened by the indication of an excellent correspondence between data and mode, as
evinced by both the slope and the linear correlation coefficient R2 of the line in Figure 8.

4.3. Optimizing collimation

In the first column setup tested (Setup I) the slit was 0.5 cm long and 0.3 cm wide. A
lilCs point source of 3 x 103 Bq (80 nCi) activity was placed at the external wall of the
column, midway its length, and the collimated probe was slid along its vertical course; the
measured distribution displayed a rather poor resolution. Collimation was thereafter improved
by gradually thickening the shield up to 6 cm, and narrowing the slit down to 0.005 cm wide
by 2 cm long (Setup II). The improvement is shown in Figure 9. It can be seen that even after
the shielding reached the thickness of a lead brick and the slit was as thin as a credit card, the
ensuing peak was still somewhat smeared.
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Cost-benefit considerations dissuaded further mechanical betterment. Nonetheless a
statistical measure of the enhancement was needed, inasmuch as filtering techniques were to
be used later on. This has been done as follows: the point source response should fit a
gaussian superimposed upon a straight baseline, much in the same way as Equation (14):

= A + Bx +
M'

exp
(*-pf (18)

where p is the position of the source and the standard deviation 5 can be conveniently related
to the full width of the peak at half maximum (FWHM) by: s = (FWHM) 12^2 In 2 . This can
be used as a figure of merit for collimation efficiency. As throughout this paper, fitting the
experimental count distribution c(x) to the model C(x) is accomplished by minimization of the
chi-square weighted by the inverse of the variance of the data:

(19)

The count rate being assumed Poisson distributed, to each count is attributed: a, =

The results obtained with the optimization effort are shown in Tables IV and V. The
global correlation for a given parameter is defined as the correlation between it and the linear
combination of those others parameters with which it is more closely correlated.

Table IV - Results from shielding optimization
Parameter Setup I Setup II
A (counts)

B (counts/cm)
M' (counts.cm)

s (cm)
p(cm)

(2400 ±300)
(32 ±8)

(2,06 ± 0,01) x 106

(8,9 ±0,4)
(45,8 ± 0,5)

(2700 ± 300)
(18 ±6)

(1,89 ± 0,03) x 106

(4,9 ± 0,3)
(45,2 ±0,8)
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Table V - Global correlation for Setup II

A
B

M'
s
P

0.933
0.920
0.699
0.583
0.518

Shielding optimization has accomplished a twofold reduction of the FWHM. The
parameter exhibiting least correlation is the source position. This has been confirmed by
placing the source at diverse positions. Hence the response to collimation can be considered
homogeneous along the column length.

One other source of quantified information about the gain in collimation efficiency is
the variation coefficient:

CV = (20)

the evolution of whose distributions is shown in Figures 10 and 11.
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Figure 11 - Variation coefficients for Setup II

Those positions exhibiting larger variations are situated near the column extremities.
Hence they are least influential upon parameter determination via curve fitting, since they
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correspond to the smaller count-rates. Given that count-rates follow the Poisson distribution,
the error s attributed at each position is:

showing that those positions with the lowest count-rates are more erratic, and consequently
less weighted in the chi-square minimization scheme. The statistic ts follows the "Student" t-
distribution; all calculations having been performed at the 5% significance level. The rather
low values of CV seem to qualify the models in Equations (14) and (18) for parameter
determination and contaminant transport simulation.

4.4 The point source method for signal deconvolution

The strongly collimated signal in Setup II is still somewhat corrupted, even after
exhaustive physical optimization. Hence, there is the need of somehow conceiving a
mathematical filter to take charge of this residual deficiency. A method has been devised to
abate both noise and imperfect resolution. Assuming linearity, the corrupted response c(x) is
the superposition of the actual response c(x) and the effect of imperfect collimation, besides
noise effects. That is the same to say that c(x) results from the convolution of the desired c(x)
with a suitable filter h(x):

Now, h(x) is just the response of the physically collimated probe to a point source
placed at position £,, as determined in Section 4.3. Then the problem of defining the actual

tracer distribution c(x,t) from the known functions c(jc,f)and h(x) in Equation (22) becomes
one of deconvolution. The above expression amounts to a weighting scheme hL (i=l,2,....N):

c, = %KJCJ (23)
j=i-m

where 2m+1 = N. What was missing at this point was only an efficient procedure to perform
the iterative calculations required for arriving at c.

Savitzky and Golay have tackled this problem in the context of data smoothing and
differentiation [6]. They assumed as smoothing function a 2/M+1 point filter in the form of a

polynomial fi = ^bki
k of degree n < 2m+\ . This requires repetitively fitting the function /

*=0

to 2m+\ consecutive points. Then application of the least-squares criterion:

d
dbk

= 0 (24)

leads to w+1 simultaneous equations in the unknown coefficients bk . The author's approach
evaluates / a t / = 0 and hence only expressions for b0 are required at each i. This method
speeds up convolution in the time domain for evenly spaced points. Later improvements
turned it into a widely used procedure for piecewise smoothing in noise filtering operations,
with minimum signal distortion. Gorry has cast / in the form of an orthogonal polynomial
(Gram polynomial), enabling the convolution technique to be extended to cover all points in
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the spectrum with any desired filter length [7]. Prior smoothing of the raw data has been
accomplished also using this method.

In this way c could also be wrought out of Equation (22), since formally either c or h
can be assumed as the filter function. The model parameters were determined by a compound
convolution plus nonlinear least-squares search, which converges by successive trials to the
minimization of the reduced chi-square,
calculations [8].

/d.f. The MINUIT code has been employed in these

The resulting distribution and its compliance with the proposed advection-dispersion
tracer transport model is shown in Figure 12. As consistently done in this study, a statistical
test has been applied to quantify the magnitude of the improvement. The quality of the fit as
measured by the reduced chi-square, i.e.: x normalized by the number of degrees of freedom
(d.f.) decreased from %2 = 35 for the raw data to %2 = 1.4 for the filtered/deconvoluted set.
Although not evident from a visual inspection of Figure 12, this amounts to an impressive 25-
fold amelioration, quite short of reaching the mark of % = 1 which corresponds to a perfect fit.
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Figure 12 - Model fit to raw and filtered data

4.5 Results from column tests

The Cs transport experiment in the column filled with the Goiania soil has been
carried for 206 days following tracer injection. Scans have been performed at 3 cm intervals,
with a duration of 400 s. The obtained results and the quality of the fit to the model proposed
are shown in Figures 13 and 14. Again, and confirming expectations a good fit was obtained.
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5. CONCLUSIONS

Contaminant migration prediction is commonly based on transport parameters found in
the literature often lacking a description of the conditions under which they were measured
and how the measurement was performed. This may lead to significant errors. Test protocols
should be made available. Besides that, it has been here shown that a great deal of
improvement can be obtained by refining the equipment, and by relating the results to the
theoretical fundamentals.

Measurement of Kd in a single batch test will probably fail to indicate the value to be
found in nature since it is influenced by a set of physico-chemical variables, some of which
are hardly reproducible in the laboratory. Hopefully, a better approximation will be attained
by extrapolation of the results of batch tests with different values of V/m at the lower limit of
the range allowed by the experimental technique.

Sampling at the exit of the column introduces distortions that can be easily corrected
by a mathematical integration of the elution model. This procedure has effectively worked
with the simple 1-D dispersion-advection model. It also allows determination of velocity and
dispersion parameters based upon independent tests, thus decreasing errors stemming from
correlation between a larger number of parameters simultaneously fitted to the model.
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Probe collimation has a strong influence on tracer measurements in columns, although
there is a practical limit to its mechanical improvement. Beyond this limit, noise can be
filtered off with a suitable point filter without loss of information and a deconvolution
technique can recover the actual tracer distribution from the filtered signal using a point
source distribution. This procedure further enhances collimation.

The data thus far obtained for cesium and mercury transport parameters will allow
more reliable safety assessment and impact evaluations. Work is planned to go on in this field,
emphasizing the potential and limitations of simple expedite methods such as batch tests, i.e.:
on the nature and the effect of the conditions influencing its accuracy..
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