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Abstract: Generally sites with radioactive contamination asdso
simultaneously polluted with many other differewniits, especially heavy
metals. Besides the radioactivity, these wastesatsyhold different amounts
of chemicals, toxic pollutants and precipitatese Tadionuclides released into
the environment can give rise to human exposurthéyransport through the
atmosphere, aquatic systems or through soil sulpadments. The exposure
may result from direct inhalation of contaminated ar ingestion of
contaminated water, or from a less direct pathwthe ingestion of
contaminated food products. Contamination of thephic chain by
radionuclides released into the environment will b&omponent of human
exposure to ionizing radiations by transferring tadionuclides into animal
products that are components of the human diets Thin occur by first
ingestion of contaminated pasture by animals aed thy ingestion of animal
products contaminated. The relevant incorporatibrihe radionuclides into
cow’s milk is usually due to the ingestion of cantaated pasture. This transfer
process is often called thmasture-cow-milkexposure route. A compartment
dynamic model is presented to describe mathemigtited radium behaviour in
the pasture-cow-milkexposure route and predict the activity conceiatnain
each compartment. The dynamic model is defined bgystem of linear
differential equations with constant coefficientased in a mass balance
concept. For each compartment a transient masadeakquation defines the
relations between the inner transformations andnjmet and output fluxes. The
concentration within each compartment is then tabed to doses values
based on a simplified exposure pathway and a gieetkcritical group.
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2 RADIONUCLIDES TRANSFER IN FOOD CHAIN
1. Introduction

The environmental effects originated by uranium imgnactivities result
mainly from the large volume of residues producedtlie ore processing.
Besides the radioactivity these wastes may alsd kiifferent amounts of
chemicals, toxic pollutants and precipitates oagga by pH or Eh alterations.
The radionuclides released from these wastes c@nrigie to human exposure
by transport through the atmosphere, aquatic systemthrough soil sub-
compartments. The exposure may result from dirdwlation of contaminated
air or ingestion of contaminated water, or fromeasl direct pathway - the
ingestion of contaminated food products. Neverwlthis pathway can be
quite significant as a result of biological coneation in the foodstuff.

The exposure resulting from airborne particulatestaining**°Th, **Ra,
and**Pb as well as uranium, is primary by the inhalatiérparticles and or
through the food chain. The predominant targetctffe dose from these
radionuclides is to the bones. Non-radioactive teetand other chemical
reagents may also induce chronic or acute hedllatef The harmful effects of
radionuclides do not come from their chemistry wittissue, but from the
radiation associated with radioactive decay whidneases the risk of cancer.

Radionuclides deposition can be a significant pathw human exposure
by first ingestion of contaminated pasture by aténaad then by the ingestion
of animal products contaminated (dairy or meatanB® in general tend to
accumulate radionuclides in a scale dependent amy fectors and within
animals and humans, certain tissues tend to acatens¢lected radionuclides.
The relevant incorporation of the radionuclideshie milk is usually due to the
ingestion of contaminated pasture. This transfercgss is often called the
pasture-cow-millexposure route. We developed a compartment dynamite|
to describe mathematically the radionuclide behavio the pasture-cow-milk
exposure route and predict the activity concemtmatin each compartment
following an initial radionuclide deposition.

2. Methods and Results

2.1. DESCRIPTION OF THE MODEL

The dynamic model consists of a system of lineffieidintial equations
with constant coefficients describing the mass rxda in  different
compartments taking in account the fluxes in andaduhe compartment and
the radionuclides decay. For each compartment,aasignt mass balance
equation defines the relations between the inr@rsformations and the input
and output fluxes. The fluxes between the compartsnare estimated with a
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transfer rate proportional to the amount of theaalclide in the compartment.
The model also considers possible transformatiatitsmthe compartment.

The first model considered for the propagation ugiothe food chain is
relatively simple and classic and considers adalngtate a contaminated
pasture that is consumed by a cow that producestairt quantity of milk. The
transfer coefficients for soil and pasture compartte are expressed as
function of soil characteristics and ecologicalgmaeters. A more sophisticated
model is also described taking into account theagbiof radium within the cow
by including the sub-compartments involved: thetrgastestinal system (GIT),
the plasma and the bones. The transfer coefficilmtthe sub-compartments
within the cow are combined with biological halids which is the time taken
for the radionuclide activity concentration in tiss or milk be reduced by one
half of its initial value.

The processes involved in the radionuclide transfecow milk resulting
from consumption of contaminated pasture are: i¥tyra deposition; ii)
deposition on the sail; iii) retention of radionidels by pasture over a certain
period of time; iv) root uptake; v) consumptionaaintaminated pasture by the
cow and vi) the secretion of radionuclides into thék. A scheme of the
conceptual model is given in Figure 1.
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Figure 1 Conceptual scheme of the model for the pasturetodlwexposure route.

For the compartment 1 the input fluxes results fritia fraction of the
radionuclides deposition (d, BqZa™®) that is not intercepted by pasture (1-F)
and goes directly to the soil, the radionuclidestivering from pasture surface
(ko1 dV), after the material has been deposited onto #stupe surface it will
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begin to weather off the surface, and the trarfsten pasture to soil ¢, d%),
considering that root uptake is a reversible preaisscribed with first order
kinetic equations for the root uptake balance @ealal, 2003; IAEA, 2002).
The outputs fluxes results from losses in the catngnt 1 due to radioactive
decay and environmental processes related to naclide migration in soil
(kyy, db), resuspension of radioactive particles from smild subsequent
deposition onto pasture surface,(ki*) and root uptake (k d*). The transient
mass balance equation for compartment 1 is defigetie following equation:

day
dt

For the compartment 2 the inputs fluxes resultanfrthe fraction of
radionuclides deposition intercepted by pasturésar(F), the resuspension of
radioactive particles from soil and subsequent dgiéipo onto pasture surface
(kio, %) and the translocation from pasture roots to tterior of the grass or
to any other edible partssgkd?). The output fluxes results from the losses in
this compartment due to radioactive decay,, (id'), the radionuclides
weathering from pasture surface;(K™") and by the ingestion of contaminated
pasture (k, d%). The transient mass balance equation for compat is
defined by the following equation:

dA,
dt

The input flux in compartment 3 results from th@ioauclides transfer
from soil to pasture by root uptake;{kd"). The outputs fluxes in this
compartment results from the losses by radioactiegay (ks d'), the
translocation from pasture roots to the interiortted grass or to other edible
parts (k, d') and the transfer from pasture roots to sajl, ("), considering
that root uptake is a reversible process. In thapkar approach root uptake
transfer (ks) is estimated with the soil to grass transferdgcTF (Bg-kd,
fresh mass/Bq-Kkg dry mass), pasture roots biomasg,(kg-mz), the soil mass
in soil compartment, M(kg-m?), and the equilibrium root uptake transfes;, k
(dh) (Tealeet al, 2003). The transient mass balance equation fopactment 3
is defined by the following equation:

dAg _
d

= d{l- F)[Ag —ky1Ag —k1aA1 —KioAp + koA +kapAg (1)

= dFA, +K1oA1 ~KoA o ~Ka1Ao —KagAo +kaAg (2)

ki1 ~KagAs ~KapAz —kaiAg (3)
and ks is defined by

M
kyz = TFE-L (kg (4)
MS
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For the compartment 4, the input flux results frdne cow intake of
contaminated pasture 5k d') and the outputs results from the losses in this
compartment due to radioactive decay,,(ki') and the secretion into cow’s
milk (ks d%). The transient mass balance equation for compattrd is
defined by the following equation:

% =koaAp —KysAq —KgsA4 ()

Finally, for the compartment 5, the input flux riksurom radionuclides
secretion into cow’s milk (&, d*) and the output is the loss due to radioactive
decay (ks, d'). The transient mass balance equation for compeattrd is
defined by the following equation:

dAs _
dt

In the previous equations, d represents the tafpbsition (Bq-m-d?), As
the soil compartment area 2()nAp the pasture compartment areg)(nf is the
interception factor (dimensionless) defined as frection of the activity
deposited on the ground (soil and pasture) whicitercepted by vegetation
during the time of deposition; lare the losses from compartment t)(@nd 4
are the kinetic transfer from compartment i to campent j (). The
equations system can be represented in the folipwiatrix form and solved
numerically in appropriate software.

I(45'6‘4 - I(55'6‘5 (6)

[dA; ] [-kiz—kiz—kio +kop +kag 0 0 J[A{] [difi-F)AG]
dt

Az || +kgp ~kaa—ka1—kagq +kaz 0 0 Az | |dIFIA
dt

% = +k13 0 —k33—k32—k31 0 0 []Ag +10

dA,

at | |0 +kog 0 —kgg—kgs O Agq| |O

dAs

L dt | _0 0 0 +k45 —k55_ 7A57 70 |

Figure 2 Matrix form of the balance equations from the agptual model (simple).

In the complete model, the radium distribution witthe cow is modelled
by including 3 more sub-compartments: the gastesiiital system (GIT), the
plasma and the bones. The scheme for the concemindél describing the
radionuclide transfer within the cow adapted frorhe tInternational
Commission on Radiological Protection (ICRP) biekio models (Leggettt
al, 2003) is represented in Figure 3.
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Figure 3 Conceptual model for radium kinetics in the coAEA, 2004; Leggetet al, 2003).

Within animals and humans certain tissues tendcturaulate selected
radionuclides. From what is known about radiummée and distribution in
the organism after oral exposure, radium is quickstributed to body tissues
followed by a rapid decrease of its content in tldblater appears in the urine

and feces. Retention in tissues decreases withfotlmving maximal uptake,
not long after the intake to blood. Bones become fhincipal radium

repository in the body and this is due to its cleamnsimilarity with calcium.

Two compartments are considered for bones: a hanfigce compartment (5) in
which radium is retained for short periods and aebeolume compartment (6)
in which radium is retained for long periods (Letygd al, 2003). The system
of linear equations for this conceptual model iaoted as previous by defining
a transient mass balance equation for each comgartihe resulting matrix

with constant coefficients is represented below.
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Figure 4: Matrix form of the balance equations fritra conceptual model (complete).
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2.2. EXAMPLE OF MODEL SIMULATION

The first model considered for the radionuclidespaigation through the
food chain is relatively simple and classic. It siolers as initial state a
contaminated pasture that is consumed by a cow pghaduces a certain
quantity of milk. In this simpler model the processnvolved in radionuclides
transfer to pasture are deposition, resuspensidir@ot uptake. Deposition is
the only contamination source and there is no pagtrgation considering that
rainfall water is enough for pasture growing.

A simulation was done for a constant radionucliut of 1 Bg-rif-d* in a
hypothetical case study. The necessary paramet¥es adopted from different
sources: some parameters were adopted from meamienmeferring to a
particular contaminated site (Falcébal, 2005) and others were adopted from
published data on radionuclide behaviour in animalgh as distribution or
retention in different organs and tissues and syEs# excretion routes (IAEA,
2004). The unknown parameters were estimated fraitadle data.

The rate at which the radionuclides on pastureasarfare weathered off
onto the soil has been estimated using a weathbaltidife. A default value of
14 days has been adopted which is consistent wéhaiure values and the
value for the kinetic constant representing trasisfer process £B is 0,495 d
(Tealeet al, 2003).

The radionuclide migration down the column soil and of reach of the
roots can be modeled using a loss from the soilpastment based on a soil
migration half-life. The default value adopted frditerature is 2,5 x 10days
(Hoffman et al, 1984) and the value for the kinetic constant, kvhich
represents the radium decay losses and the logse® ds migration in sail, is
2,82 x 10° d™.

Available data on root uptake is in the form ofransfer factor defined as
the ratio of activity concentration in the ediblarpof the plant (Bg-kY fresh
mass) to that in the soil (Bg-kgdry mass), once equilibrium has been reached.
This transfer pathway was included in the concépnadel although it is not
relevant when the contamination is due to depasifiam model this process, a
pair of transfer rates between the soil and thésroompartments was used. The
transfer factor implies equilibrium conditions whishould be reached quickly
to legitimate its use (Tealet al, 2003). To achieve this, the equilibrium rate
was set to one day and the resulting value fpisk0,693 &. The soil to plant
transfer factor for radium in pasturgglsuggested in literature is 0,08 (IAEA,
1994).

The initial conditions were defined for the twosticompartments (soil and
pasture). For the other compartments the initisividg was considered to be
inexistent. Pasture and soil compartments haveemai 1 000 reach and the
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grass biomass is 1 kganThe same value was considered for the grass roots
biomass. Pasture consumption is 50 kgadd the daily milk production is 12
kg.

For the exploration of the model several radiomedi were defined as
relevant but, for the present, only radium was m@red in the calculations,
due to the availability of data. The endpoints radium concentrations in soil,
pasture, cow (whole body) and milk, in the simpievdel. The results of the
model calculations for radium activity can be siethe figures below:
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Figure 5: Time variation of?*Ra activity in each compartment, Bq.
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Figure & Time variation of?Ra activity in each compartment (amplified), Bq.

To transcribe the results to doses values it isesgry to estimate the
concentration in each compartment. This can be dyneomputing the ratio



RADIONUCLIDES TRANSFER IN FOOD CHAIN 9

between the resulting activity and the volume @& thspective compartment.
The results of the model calculations for concdiainain each compartment
with units of Bg-kg are represented in the figures below.
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Figure 7 Time variation of?Ra concentration, Bg/kg.
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Figure 8: Time variation of?®Ra concentration (amplified), Bg/kg.

Considering the radionuclide transfer within thevctor modelling the
distribution, retention and elimination in each g@ariment, the endpoints are
GIT, plasma, bone and milk. For the explorationtlis model the same
conditions from the previous exploration were cdaestd. Root uptake was
negligee for model simplicity and considering thetfthis transfer pathway is
not relevant when the pasture contamination is gmyndue to depaosition.
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Radium transfer rates for excretion)(, git-blood (included in i), urinary
excretion A;), milk excretion (included in44), blood-bone surface (included in
kss), bone surface-blood (include irsk bone surface-bone (included iggk
and bone-blood (included ingx were selected from specialized literature
(IAEA, 2004; Leggetet al, 1987; 2003).

The results of the model calculations for radiurivity and concentration
are represented in the next figures:
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Figure @ Time variation of?°Ra activity in each compartment within the cow, Bg.
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Figure 10 Time variation of?Ra activity in each compartment within the cow (afiea), Bq.
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Figure 11: Time variation of?®Ra concentration within the cow, Ba/kg.
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Figure 12: Time variation df%Ra concentration within the cow (amplified), Ba/kg.

Radium concentration of pasture grass decreasbgimi¢ after deposition.
The concentration in soil also decreases with tattleough, initially it has a
slight increasing probably due to the activity rerab from pasture by the
environmental processes and transferred to soi. reldium concentration in
soil is quite lower than concentration in pastutgch can be explained by the
fact that grass leaves intercept almost the deposand beside that, solil
surface is covered with the pasture limiting thea$ition onto the soil. Roots
concentration is very low which confirms that thahway is negligible in case
pasture contamination is due to deposition.

Radium concentration in cow (whole organism) reacits maximum
quickly and then it decreases with time. Radiomadipresent in cow’s diet are
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probably absorbed from the gastrointestinal tra¢tibod. Radium is eliminated
from the body, mainly from the feces with smallemcaints being excreted in
the urine (Leggetet al, 2003). Some organs and tissues, notably bones, ha
the capacity to concentrate radium from blood dtitbagh some of the radium
is excreted through the feces and urine over a tong, a portion will remain
in the bones throughout the organism’s lifetimeRICconsiders that radium
removal from bone volume to blood occurs very sfodiring organism life
having a biological half-time of about 1200 day®dbettet al, 1987). Less
notably but also important, radium can be concéedran mammary glands and
be present in the milk of lactating animals. Fas leason, the radium transfer
from cow diet to milk has received particular atiem.

3. Conclusions and discussion

A compartment model has been developed to prediet activity
concentration irpasture-cow-milkexposure route. A more complete model is
also described for radium distribution, retentiowl &limination within the cow
by including the sub-compartments affected by thmeeesses: GIT, plasma
and bones.

The important routes of contamination have beemtified as bases for
determining the modeling approach and pasture énteks considered to be a
major source of radium excreted in milk (Kirchmagtral, 1972).

There are some research topics that should be ss#dfén order to obtain a
more realistic quantification of radium transpartfdod chain than is currently
possible, in the absence of site-specific data.

The parameters independent of the radionuclide sarea environmental
and ecological characteristics which vary from gdesite and also with the
spatial scale considered. These parameters ra@teshetation, soil and fauna
characteristics, can be directly obtained from giteestigations or estimated
with simple models.

The parameters dependent of the radionuclide dagedewith processes
responsible for differences in radionuclides duttion in the compartments,
their retention and elimination from the system. dlof these parameters
present a substantial data gaps. Some of thesecgajs be filled with data
obtained from on-going site investigation. Howewee should be aware that
these experimental data will always and only regmesa limited set of
environmental conditions. For example, plant uptafkeadium has been proven
to occur on a number of radium contaminated siteeagh the extent to which
it occurs is variable. For a plant to take up radia soluble or exchangeable
form of this radionuclide must be present (Bakerl, 2005). Without these
conditions any direct contamination of the pastsuweface will dominate the
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activity concentration in the pasture. Processe$ si$ root uptake and direct
soil contamination will only be important when tees no direct deposition
onto pasture surface (Teateal, Watsonet al, 1983).

The transfer model to animals requires furthelingstvhich could be done
by performing measurements of radionuclide conegintis in animals and in
their feed. Literature documenting thropic transtérradium from feed to
animal products is not much and although there ram@erous publications
presenting radium content of milk and meat proddoten market basket
surveys (Watsorrt al, 1983) most of literature does not contain theeasary
information of radium concentration in the animatieet from which the
products were obtained.

Concentrations in the specific organs could bemredgd from empirical
measures ratios between concentrations in orgahsahe whole body or with
the help of more detailed kinetic models (Awéliaal, 2006). The quantities that
can be monitored during organism life include wHodely radium content,
blood concentration, urinary and fecal excretiote r@nd milk secretion. Until
now direct observatiom vivo of radium retention in bone compartment has not
been possible and what has been learned aboutsitbban inferred from
postmortenobservations and with modeling studies (BEIR, 1988
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