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Abstract: In September 1987 an accident occurred with a cesium chloride (CsCl) teletherapy source taken from a cancer
therapy institute in Goidnia, Brazil. Misuse of the abandoned source caused widespread contamination of radioactive ma-
terial (about 50 TBq of *'Cs) in the town of Goiania. Decontamination of affected areas did lead to about 3,500 m’ of
solid radioactive wastes, which were disposed in two near-surface repositories built in concrete in 1995. This paper doc-
uments a safety assessment of one of the low-level radioactive waste deposits containing "*’Cs over a time period of 600
years. Using HYDRUS-1D, we first obtained estimates of water infiltrating through the soil cover on top of the reposito-
ry into and through the waste and its concrete liners and the underlying vadose zone towards groundwater. Calculations
accounted for local precipitation and evapotranspiration rates, including root water uptake by the grass cover, as well as
for the effects of concrete degradation on the hydraulic properties of the concrete liners. We next simulated long-term
water fluxes and "*’Cs transport from the repository towards groundwater. Simulations accounted for the effects of *’Cs
sorption and radioactive decay on radionuclide transport from the waste to groundwater, thus permitting an evaluation of
potential consequences to the environment and long-term exposure to the public. Consistent with previous assessments,
our calculations indicate that very little if any radioactive material will reach the water table during the lifespan of the re-

pository, also when accounting for preferential flow through the waste.
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INTRODUCTION

In September 1987 a major accident occurred with an old
Cesium teletherapy source taken from an abandoned cancer
therapy institute (Instituto Goiano de Radioterapia) in the Bra-
zilian town of Goiania. Misuse of the source caused widespread
contamination of radioactive material (about 1375 Ci of "*’Cs,
or 5 x 10" Bq), leading to four deaths and about 250 people
showing significant levels of internal or external contamination
(Heilbron et al., 2002; IAEA, 1988; Paschoa et al., 1993; Rob-
erts, 1987). Subsequent cleanup of *'Cs contaminated areas
generated about 3,500 m’ of solid radioactive waste totaling
some 6,000 tons of material. The waste was disposed in two
near-surface low-level radioactive waste repositories built in
reinforced concrete. Previously, two safety assessments were
carried out, in 1995 and 2002, to evaluate the performance of
the repositories over a 400-year time period (Heilbron et al.,
2002). The studies were mandated by the Brazilian Nuclear
Regulatory Agency (CNEN) as part of their regular assessments
of the long-term effects of the Goidnia waste repositories on the
environment and human health.

Numerical models have long been recognized to be im-
portant tools for radioactive waste repository design, operation
and environmental regulation (e.g., Pontedeiro et al., 2010;
Robinson et al., 2012; Tsang (Ed.), 1987). They are important
to understand the long-term subsurface fate and transport of
contaminants leached from solid waste disposal sites as a func-
tion of climatologic conditions, local hydrogeologic conditions,
and repository design. Performance assessments are especially
important to evaluate the future safety of installations contain-
ing radioactive materials with long-lived radionuclides. This

may need to include evaluations of how gradual processes of
degradation of engineered and natural barriers of the reposito-
ries after their closure would affect the environment (Jacques et
al., 2013, 2014; Pabalan et al., 2009). Other events or processes
could also compromise the integrity of a repository, such as
intrusion by humans and animals (Naveira-Cotta et al., 2013;
Yu et al., 2007).

The current study was carried out to provide a mandatory
five-year reassessment of the possible future impacts of the
Goiania radioactive waste repositories on the environment and
biosphere, as requested by the Brazilian Nuclear Regulatory
Agency. While many models potentially could be used for such
an analysis (e.g., as inventoried by Mallants et al., 2011), we
used in our study the HYDRUS-1D software of Simiinek et al.
(2016). Below we first give a brief description of the Goiénia
waste disposal site, including a synopsis of previous assess-
ments, then discuss HYDRUS-1D as used to evaluate 'Cs
transport from the waste site to the underlying vadose zone and
groundwater, and provide results of the calculations.

THE GOIANIA RADIOACTIVE WASTE REPOSITORY

To facilitate the safe disposal of radioactive waste generated
during decontamination in Goidnia, two near-surface reposito-
ries were constructed. The first one was a near-surface reposito-
ry for disposal of very low-activity wastes (40% in volume,
with specific *’Cs activities less than 87 Bg/g), while the sec-
ond repository (also a near-surface type) was constructed for
higher-activity wastes (60% in volume, with specific activities
above 87 Bq/g). This second repository, being the focus of this
study, was built in concrete, having dimensions of 19.6 m
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Fig. 1. View of the Goiénia near-surface repositories. The repository in the front contains relatively low-activity '*’Cs waste (specific activ-
ities less than 87 Bq/g), and the repository in the back higher-activity waste (specific activities above 87 Bq/g).
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Fig. 2. Schematic internal cross-section (a) and areal view (b) of the Goidnia near-surface higher-activity radioactive waste repository

(Heilbron et al., 2002).

length, 60 m width and 6.20 m height, and with 20-cm thick
concrete walls along all sides of the facility, including the top
and bottom. A 50-cm thick uniform soil cover was placed on
top of the repository and vegetated with grass. Figure 1 gives an
above-ground view of the two constructed repositories.

Waste inside the second repository considered here consisted
mostly of compacted soil contaminated with "’Cs, covering a
height of about 4.38 m. A schematic of the design of the facility
is shown in Figure 2. The concrete deposit contained inside
various types of containers filled with waste having diverse
activity levels. Void spaces between the containers were filled
and compacted with natural material, composed of sand and
clay. While macroscopically quite heterogeneous, for the pur-
pose of this study we considered the resulting waste material to
be distributed in a homogeneous manner, with the hydraulic
characteristics of the waste being the same as those of the com-
pacted soil. The repository is located at 16° 45" 32" S, 49° 26’ 16"
W, about 770 m above sea level. Depth to groundwater below the

lower concrete liner during the year fluctuated between 4 and 5
m, with 4.5 m being a good average value.

PREVIOUS ASSESSMENTS

In 1995 the first environmental safety assessment of the
Goiania radioactive waste disposal site was conducted by the
Brazilian Nuclear Energy Commission (CNEN) using a screen-
ing model (Heilbron et al., 1995, 1996). The assessment con-
sidered one of the main scenarios of the possible impact of the
repository to be the water pathway, mostly involving the inges-
tion of water or vegetable and animal products contaminated by
irrigation water from a nearby contaminated well. Also consid-
ered was an agricultural pathway in which an inadvertent in-
truder mixes contaminated soil with native garden soil, as well
as a scenario where the intruder during digging encounters an
intact engineered barrier that is not further penetrated. Another
conservative scenario considered rapid natural degradation of
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the repository cap until complete failure after only 30 years, at
which time the contaminant is allowed to move freely to the
water table and then to migrate laterally by groundwater to a
well only 2 m downgradient. This last scenario, which allowed
water from the well to be used in a vegetable garden, resulted in
a transit time for *’Cs through the 4 to 5 m thick unsaturated
zone of at least 423 years, and concentrations that produced
potential doses that remained always below the lower limit of
0.25 mSv allowed by CNEN. Since the calculated maximum
concentrations in groundwater below the repository always
remained below the allowed concentrations at any time, the
groundwater pathway was not considered important.

A reassessment of the Goiania repository was carried out in
2002 using a hybrid numerical-analytical approach based on the
standard advection-dispersion equation assuming steady-state
downward flow through the repository, with the contaminant
subject to equilibrium sorption and radioactive decay, and with
a certain fraction of the waste being stable and not subject to
leaching (Heilbron et al., 2002). The 2002 reassessment con-
firmed the 1995 results in that the '*’Cs water pathways related
to a possible residential scenario near the site were found to be
negligible, mostly again because of the long residence time in
the unsaturated zone below the repository, which hence served
as a natural barrier. The maximum "’Cs concentration at any
time below the repository was again found to be below the
maximum value of 25,000 Bg/m’ (about 6.8 x10~ Ci/m’),
which would result in a dose for an individual of 0.25 mSv/y.
The 2002 reassessment also found that of the three intrusion
scenarios considered in 1995, the potentially most hazardous
case would be the agriculture scenario. But since this would
occur only after the assumed complete degradation of the con-
crete (300 to 500 years), the results would still not be important
since after 280 years the doses would be lower than the allowed
limit of 1 m Sv/y due to natural decay of *'Cs. If one were to
neglect this possibility (i.e., degradation of concrete during a
period of time less than 300 years), the most important scenario
would be the post-drilling scenario after an institutional control
period of 50 years. The calculations were consistent with a 7-
year environment monitoring plan (EMP) of the site, which
showed that it was very unlikely to find in the future dangerous
concentrations of "*’Cs in the aquifer for population living near
the site. All concentrations were found to be below the detec-
tion limit of 200 Bg/m’ (about 5.4x10°° Ci/m?).

In this paper we provide another reassessment, as mandated
by CNEN, in which HYDRUS-1D is used to follow "'Cs
transport from the repository through the unsaturated zone to
underlying groundwater. An important part of the current study
is an assessment of the possible effects of degradation of the
concrete cap on transient infiltration into and through the repos-
itory. Modeling of fluid flow through the entire repository
assembly was done in two steps. The first step focused on fluid
flow through the cover over a period of 600 years, rather than
only 400 years as in the first two assessments, as well as partial
degradation of the upper concrete liner covering the waste. In a
second step, water flow and "*’Cs transport through the waste,
the lower concrete liner and the vadose zone was followed
using the infiltration rates obtained from the first step. We also
briefly considered the effects of possible preferential flow
through the waste.

SIMULATION METHODOLOGY
Simulations using HYDRUS-1D assumed applicability of

the Richards equation for flow in variably-saturated media as
follows:

d0(h) 0 h
e {K(h)[ = 1)} S(h) (1)
where @ is the volumetric water content, 4 is the pressure head,
K is the unsaturated hydraulic conductivity, S(%) is a water sink
term (in our study associated with root water uptake), z is the
vertical coordinate (positive downwards), and ¢ is time. The soil
hydraulic functions 6(#) and K(#) in Eq. (1) were described
using the original constitutive relationships of van Genuchten
(1980):

_6(h)-6, o ~
Se(h)—w—(lﬂah ) (m=1-1/n) @)
K(h) =K S [1-(1-8," )" 3

where S, is effective saturation, 8, and 6, are the residual and
saturated water contents, respectively, K is the saturated hy-
draulic conductivity, and a and n are quasi-empirical shape
parameters.

The root water uptake term S(#) in Eq. (1) was described
with the equation (Feddes et al., 1978)

S(h)=e,,(WB(2)T, 4

in which a,,(%) is the water stress response function (0 < a < 1),
p(z) represents the normalized root density distribution in the
profile, and 7, is the potential transpiration rate. For a,(h) we
used the piecewise linear reduction function by Feddes et al.
(1978) using the default parameter values of grass as embedded
within HYDRUS-1D.

Transport of the Cs radionuclide was modeled at first using
the equilibrium advection-dispersion equation accounting for
decay in both the liquid and solid phases:

NORC)_ 9 y3C, 24C _
ot 0z 0z 0z

URC ®)
where C is the solution concentration, R is the solute retardation
factor, D is the solute dispersion coefficient, ¢ is the volumetric
fluid flux, and y is the radionuclide decay rate coefficient. The
retardation factor R for linear equilibrium sorption is given by

R=1+% (6)

in which p is the dry soil bulk density and K, the distribution
coefficient of *’Cs between the liquid and solid phases. For the
dispersion coefficient D we used the standard equation

D=Dy+A

4
6" (7

in which D, is the diffusion coefficient of *’Cs in water, 7 is the
tortuosity factor described here as a function of the water con-
tent using the equation of Millington and Quirk (1961), and 1
the dispersivity.

Tables 1 and 2 summarize the main soil physical and chemi-
cal parameters, respectively, used in the simulations. For the
soil cover we used soil hydraulic parameters from a typical
Cerrado soil in the Goiania area of Brazil (Batalha et al., 2010)
containing 53% of sand, 10% of silt and 37% clay. The initial
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Table 1. Soil physical properties of the repository system used in the simulations.

Layer Depth 3@ -3 3‘9‘v 3 ail " &, -1
(m) (cm’cm™) (cm’cm ™) (cm ™) -) (cm day ')
Top soil 0-0.50 0.067 0.386 0.0267 1.31 13.2
Upper concrete liner 0.50-0.70 0.000 0.204 0.00142 1.52 0.000864*
Waste layer 0.70-5.08 0.070 0.365 0.0281 1.18 5.99
Lower concrete liner 5.08-5.28 0.000 0.306 0.00142 1.52 0.0864
Vadose zone 5.28-10.28 0.078 0.409 0.0232 1.29 7.47
*Initial value before degradation

Table 2. Soil chemical properties of the repository system used in the simulations.

Layer Depth belqw upper 2Do L /;b B A Igd | Fo, s
concrete liner (m) (cm” day ) (em g) (cm) (ecm g) (day ™)

Waste layer 0-4.38 1.0 1.72 25.0 463 6.33x107
Lower concrete liner 4.38-4.58 1.0 1.60 25.0 10.0 6.33x10°
Vadose zone 4.58-9.58 1.0 1.30 25.0 430 6.33x10°

hydraulic parameters for the upper reinforced concrete liner

were taken from literature values, mostly those by Schneider et 8

al. (2012). We assumed that degradation of the concrete oc- 7

curred slowly but steadily, starting after 10 years of operation

of the repository. The main effect of concrete degradation, in = 6

terms of the long-term flow rates through the repository system E ‘

and underlying vadose zone, is the change in the saturated E S

hydraulic conductivity, K;, of the liner. We assumed that after m 4

10 years of operation, K; would increase slowly but continuous-

ly in a logarithm manner from the initial value of 3

107" m/s (0.000864 cm/day, or 0.315 cm/year) after 10 years to

10" m/s after 225 years and 10°* m/s after 400 years, to approx- 2+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

imately the same value as for the waste. 0 500 1000 1500 2000 2500 3000 3500 4000
The contaminated waste layer in the repository was taken to Time [days]

be 4.38 m thick, situated over a 20-cm thick concrete liner and
a 5-m thick vadose zone to the average water table. Hydraulic
properties of the waste layer were measured (Pereira, 1996),
including the bulk density (average value of 1.70 g/cm’) and a
value of 463 cm®/g for the K, of that layer. The relatively high
bulk density of the waste reflected compaction of the *’Cs
contaminated soils. The concrete liner below the waste was
assumed to have the same unsaturated hydraulic properties as
the degraded upper concrete liner, except for a slightly higher
porosity and higher conductivity. Our reasoning here was that
the flow rate into and through the repository was controlled
mostly only by the very low fluid flow rate through the upper
liner into the waste, with the conductivity of the lower liner not
having not much of an effect anymore so that a constant value
could be uses (equal to K| of the upper liner after degradation).
We further used a partitioning coefficient (K;,) of 10 cm®/g for
the concrete (Aguiar, 2006). Hydraulic properties and K, of the
vadose zone were measured (Pereira, 1996), with a bulk density
of 1.30 g/cm’ and a mean value of 430 cm’/g for the distribu-
tion coefficient, K.

Potential evapotranspiration (£),) rates needed for the simula-
tions were obtained with the equation of Hargreaves (1975)
using 10 years of temperature and precipitation data from a
local weather station. Results are shown in Figure 3. The E,
data were repeated several times as needed for longer-term
calculations.

WATER FLOW SIMULATIONS

Modeling of the repository was done in two steps (Fig. 4).
First flow rates through the tops soil cover and upper concrete

Fig. 3. Calculated potential evapotranspiration (£,) rates during a
ten-year time period at Goidnia.

liner into the repository were studied, assuming some degrada-
tion of the concrete liner, during a time period of 600 years.
Fluxes through the upper liner into the repository obtained in
this manner were used next to estimate "°’Cs transport rates
from the waste vertically down towards the water table.

A major challenge was to accurately estimate downward in-
filtration rates into the waste through the 70-cm cap of the
repository, i.e., 50 cm topsoil covered by grass and the upper
concrete liner that presumably undergoes decay. Degradation of
the concrete would have mostly an effect on the saturated hy-
draulic conductivity (K;), with the effects on porosity (or 6)
and the other hydraulic parameters (notably 6,, a and n) being
far less important in terms of affecting fluid flow rates through
the repository. Figure 5 shows how the K value of the upper
concrete liner affected infiltration rates into the waste. Infiltra-
tion rates up to about 15 cm/year were determined nearly exclu-
sively by the permeability of the liner, while at higher K values
the local atmospheric conditions and moisture dynamics in the
top soil determined the infiltration rate. The final asymptotic
value for the flow rate was about 65 cm/year when the conduc-
tivity of the upper liner approached the value of the waste after
400 years (not further shown in Fig. 5).

The calculations for Fig. 5 were carried out using a seepage
face as the lower boundary of the cap, thus assuming limited
direct capillary contact between the waste and the upper liner.
The seepage face boundary at the bottom of the concrete liner
was set at zero pressure head, which hence allowed water
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Fig. 4. Assumed profiles for simulations of flow through the soil cover and upper concrete liner (left plot), and of flow and Cs transport
through the waste and underlying vadose zone (right plot), including the adopted finite element discretizations (please note that the left and

right plot have different spatial scales).
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Fig. 5. Effect of the saturated hydraulic conductivity (K,) of the
upper concrete liner on the rate of infiltration into the waste.

to slowly move (drip) from the liner into the waste (or allowing
water to evaporate from the liner). Using boundary pressure
head values of —10 or —60 cm for the seepage face did not have
much effect on the infiltration rates, as did not any changes in
the values of 6,, 6, a and n, generally leading to only a few
percentages higher (notably with higher 6, values) or lower
(with higher o values) flow rates. The results in Figure 4 were
obtained with a root distribution that declined linearly from the
soil surface to zero at the soil-liner interface at a depth of 50.
Changing the root distribution to only the upper 30 cm also did
not materially affect the comparison between K and net infil-
tration, except for very small increases in the extremely low
rates (those less than about 1 cm/year in Fig. 5).

Once the results in Fig. 5 were established, we calculated the
flow regime through the waste, the lower concrete liner and the
underlying vadose zone. Figure 6 shows the simulated pressure
head and water content distributions during the assumed 600-
year life span of the repository. As initial condition for the
pressure head we used the steady-state profile calculated with
an upper boundary flux approximately equal to the saturated

hydraulic conductivity (K,) of the upper liner before degrada-
tion, consistent with Fig. 4. Figure 6 shows that, as the upper
liner slowly degraded, more moisture would enter the reposito-
ry and increase the water contents and fluid flow rates.

CESIUM TRANSPORT SIMULATIONS

Estimated infiltration rates into the repository were used
next for the "*’Cs transport calculations. Figure 7 shows calcu-
lated "*'Cs concentrations of fluid leaving the waste and the
lower concrete liner into the underlying vadose zone. Notice
that the concentrations are already very much lower than those
in the waste layer, mostly because of the very low fluid flow
rates and the relatively high K, value (463 cm’/g) for *’Cs in
the waste. Figure 8 further shows the Cesium distributions at
three locations below the lower concrete liner, i.e., at locations
N1 (12 em), N2 (23 cm) and N3 (34 cm) below the liner. No-
tice that concentrations considerable decreased in time because
of slow movement and radioactive decay. '*’Cs concentrations
eventually approach zero because of the decay.

For completeness we also present, in Fig. 9 on a semi-log
scale, the entire *'Cs concentration profiles in the waste and
underlying vadose zone. Notice again the slowly moving con-
centration front due to the high K, value of the soil below the
repository (Table 2), with the retardation factor being about
1530, as well as rapidly decreasing concentrations due to radio-
active decay. Radionuclides hence remained restricted nearly
entirely to the upper 50 cm of the vadose zone. These results
suggest that very little if any radioactive material will reach the
water table during the life span of the repository.

All of the calculations thus far assumed applicability of the
standard Richards equation for flow in variably-saturated me-
dia, the equilibrium advection-dispersion equation for Cesium
transport, and the presence of slowly degrading concrete liners.

These relatively ideal conditions may not necessarily be met
in practice. For this reason we also considered two scenarios
that would alter the above standard approach: More rapidly
degrading concrete liners, and preferential flow through the
waste layer and underlying vadose zone.
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tions after 500 and 600 years on the right were essentially identical.
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Fig. 7. Calculated "*"Cs concentrations just below the lower con-
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Fig. 8. Calculated *’Cs concentrations in the vadose zone 12, 23
and 34 cm below the lower concrete liner of the Goiania repository.

For the first scenario we assumed that the concrete liners
completely failed after installation, possible due to the devel-
opment of cracks and/or dissolution or other alterations of the
upper liner due to repeated wetting and drying cycles and
perhaps the effect of plant roots. We used for these calculations
a net infiltration rate of 65 cm/year (0.187 cm/day), which we
obtained for the case when the saturated hydraulic conductivity
(K,) of the upper liner would not limit the long-term downward
infiltration rate as derived from the atmospheric boundary con-
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Fig. 9. Calculated "*’Cs concentration within the waste, the lower
concrete liner and underlying vadose zone. Distributions are given
every 100 years from right (¢ = 0, representing the initial condition)
to left (= 600 years).
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Fig. 10. Calculated "*’Cs concentration at three locations in the
vadose zone below the lower concrete liner. Distributions are given
every 100 years from right (¢ = 0, representing the initial condition)
to left (¢ = 600 years).

ditions (Fig. 3). Figure 10 shows the resulting *’Cs distribution
in the profile below the upper concrete liner. The calculations
indicate that the concentration front now moves slightly deeper
into the vadose zone, but still not to depths and at concentra-
tions that should be a concern.
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parameters listed in Table 3 for Case A (left plot) and Case B (right plot). Distributions are given every 100 years from right (¢ = 0, repre-

senting the initial condition) to left (z= 600 years).

Table 3. Dual-porosity model parameter values used for the simulation in Figure 10.

Depth below upper Case A Case B
Layer concrete liner (m) O f % O ! %
() () (vear ) () () (vear )
Waste layer 0-4.38 0.20 0.20 0.01 0.20 0.20 0.1
Lower concrete liner 4.38-4.58 0.20 0.50 0.1 0.20 0.20 1.0
Vadose zone 4.58-9.58 0.20 0.50 0.1 0.20 0.20 1.0

For the second scenario we superimposed on the first scenar-
io the effects of possible preferential flow in both the waste
layer and vadose zone. This since the waste layer was very
heterogeneous by containing separate drums with the "’Cs
contaminated material, which likely caused infiltrating water to
bypass much of the radioactive waste. Preferential transport
was simulated using a mobile-immobile type dual-porosity
model of the form (van Genuchten and Wagenet, 1989)

JBORC, _

ot
9 aC oqc ®
~le D m__'"__ —c. )= BORuC
ax[ ' D, azj - a,(c, —c,,)— BORUC,
a(l—g)t@RCm =a.(c, —c,)—(1- BORUC,, 9)
in which

K

ﬂzﬁ,ﬁfpb d (10)

0+p,K,

where the subscripts m and im refer to the mobile and immobile
regions of the soil (or concrete) such that 8, + 6,, = 0, f'is the
fraction of "*’Cs sorption sites located in the mobile region, and
oy 1s a first-order mass transfer coefficient governing the rate of
solute exchange between the mobile and immobile liquid regions.

Figure 11 gives two plots based on dual-porosity simulations
using the parameters listed in Table 3. For 6, we selected a
reasonably large (and hence conservative) value that always
remained below the minimum water contents in the three lay-
ers. The value of f'similarly is a fairly conservative value sug-

gesting that 80% of the sorption sites are not in direct contact
with the moving fluid. This again appears very reasonable for
the heterogeneous waste material where water likely will by-
pass the containers filled with contaminated material. Finally,
two values for the mass transfer coefficient a, were used to
cover relatively fast and slow solute exchange between the
mobile and immobile liquid domains (Cases A and B in Fig.
11), based in part by an inventory by Maraqa (2001) of previ-
ously published values. The lower value of a, for the waste
layer (as compared to the vadose zone) was again motivated by
the likely imperfect contact between the waste and presumed
preferential fluid paths through the repository.

The results in Fig. 11 indicate that preferential flow in cer-
tain situations will lead to faster movement of the concentration
front through the vadose one, and hence earlier breakthrough at
the water table. However, the concentrations, as obtained espe-
cially for Case B in Fig. 11, are extremely low and well below
the detection limit for *’Cs. Also, interestingly, is the effect of
preferential flow in the waste layer as predicated by the selected
values of f and a,, leading to considerable bypassing of the
waste. Preferential flow in that layer causes less rapid transport
of *’Cs out of the contaminated waste, and hence less pollution
of underlying layers. These results are consistent with an earlier
study (Pontedeiro et al., 2010) showing that preferential flow
through a mining waste disposal site will lead to less rapid
pollution of the subsurface by considerably lowering the con-
centrations leaving the disposal site. This is in contrast to situa-
tions where contaminated water originates at the soil surface,
for example through some industrial accident or as part of
agricultural practices such as the surface application of pesti-
cides, in which case preferential flow will lead to more rapid
downward transport and contamination of the vadose zone and
underlying groundwater (e.g., Jarvis et al. 2016; Mallants et al.,
2011).
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CONCLUSIONS

Decontamination of areas affected by the Goidnia radiation
accident produced about 3,500 m’® of solid radioactive wastes,
which were disposed of in two near-surface low-level reposito-
ries built in concrete in 1995. In this paper we presented an
analysis over a time period of 600 years of the repository con-
taining the higher "*'Cs levels. Using HYDRUS-1D, we first
obtained estimates of water infiltrating through the soil cover
on top of the repository into and through the waste and its con-
crete liners and the underlying vadose zone towards groundwa-
ter. For the calculations we used atmospheric boundary condi-
tions accounting for local precipitation and evapotranspiration
rates, including root water uptake by the grass cover. Special
concern was possible degradation of the concreate liners on top
and below the waste material. We used HYDRUS-1D next to
simulate long-term water fluxes and *'Cs transport from the
repository towards groundwater, thus providing an assessment
of potential consequences to the environment and long-term
exposure to the public. Results indicate that very little if any
radioactive material will reach the water table during the
lifespan of the repository.

Complete failure of the concrete liners from the very begin-
ning also would not lead to any significant '*’Cs movement to
groundwater below the repository. We note that recent tests (in
2017) revealed no noticeable degradation of the concrete liners,
thus indicating that the adopted approach with concrete degra-
dation was a very conservative scenario that may well have
overestimated actual flow rates through the repository. Addi-
tional simulations assuming preferential flow caused faster
transport to the groundwater table, but at concentrations far
below the detection limit. In all, the current study confirms
previous assessments by the Brazilian Nuclear Energy Com-
mission (Heibron et al., 1996, 2002) that it is very unlikely to
find in the future any unsafe concentrations of “'Cs in the
aquifer for populations living near the site.
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