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Abstract. During the recovery stage, following a nuclear accident, application of agricultural countermeasures 
will be relevant to the minimization of the radiation induced detriment due to ingestion of locally produced 

contaminated foodstuff, as long as the magnitude of the averted dose is sufficient to justify their implementation. 
Nuclear emergency planning in Argentina currently holds food ban as the accepted countermeasure, at least until 
other measures are taken. Though it may ensure no residual collective dose, food ban may also imply very high 
costs, compared to other alternatives, specially due to the need of dispossing off perishable food such as milk. 
Therefore, an exhaustive evaluation of all the alternatives, considering both quantitative and qualitative factors is 
still needed to identify optimal countermeasure strategies, bearing in mind also that decissions made during the 
early phase of an emergency will affect the fate of the measures to be taken later. As a first step in this direction, 
a basic quantitative decission-aiding technique, the cost-benefit analysis, is carried out for comparison of  
countermeasures related to Cesium contaminated cow-milk which are considered feasible for implementation in 

Argentina. Countermeasures total costs are estimated from various local sources, while their effectiveness are 
adopted from international bibliography. At this stage, a simple theorical example considering milk 
contamination in the surroundings of the Embalse Nuclear Power Plant is used for a generic analysis, since 

actual collective doses and costs can only be calculated for a specific modelled scenario. 
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1. Introduction 
 
The Embalse Nuclear Power Plant (CNE), is a CANDU type reactor set in the city of Embalse Rio 
Tercero, 115 Km ONO of Villa María city. Villa María is the capital city of General San Martín 
department (Pop. 120000), geographical centre of the Villa María milk basin. This basin comprises 
also (among others) the Río Tercero Arriba department to the west, which neighbours the city of 
Embalse (Fig. 1). 
 
Figure 1: Setting of Embalse Nuclear Power Plant in the Argentinean province of Cordoba 
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Villa María basin represents 50% of the (cow) milk production of the Argentina province of Córdoba, 
which in turn contributes with approximately 34% to the 9000 million litres produced annually in the 
country [1]. Although CNE is not strictly placed within the basin, its closeness to such a big milk 
production area raises concerns about the risk of milk contamination in case of a nuclear accident. 
Experience has confirmed how relevant the contribution of ingestion of 137Cs contaminated milk can 
be to the total dose during the mid and long term periods after a nuclear accident, and how important 
agronomic countermeasures are in significantly reducing such contribution, specially if applied as 
early as possible [2]. The level of food contamination will ultimately depend on site specific variables, 
some of which can be quantified beforehand (e.g. transference factors) and some of which can be 
quantified exclusively after the accident (e.g. soil deposition). Based on this, several countries have 
developed complex modelling programs for emergency preparedness, capable of estimating, as early 
as possible, radionuclide deposition over an area after an accidental release, deposited radionuclide 
transfer through different pathways to man for dose calculation, and capable also of helping determine 
the most adequate countermeasure strategy for reducing such doses [3, 4]. 
In Argentina, norms dictated by the Nuclear Regulatory Authority (ARN) mention only food ban as 
the protective action to be taken [5] at a generically optimized intervention level (IL) of 1000 Bq/L 
[6]. Milk ban implies its withdrawal from commercialization markets and its replacement with 
alternate supplies. While this assures minimal risk to consumers, being milk a perishable product, it 
will go waste if no other complementary action (e.g. cheese manufacturing) is taken. If no replacement 
food is available, milk ban may not be justified at that IL. Moreover, this action could result very cost-    
ineffective [7], particularly in an area where high volumes may be involved. If other protective actions 
(agronomic countermeasures) were applicable and able to lower 137Cs concentration in milk below IL, 
then a comparison should be made in order to select the optimal intervention strategy, more likely for 
the long term after the accident.   
Despite some discussions on the topic, no agronomic countermeasure directed to limit the transfer of 
radionuclide in the food chain has been thoroughly studied for milk contamination with 137Cs after a 
nuclear accident in Argentina, as part of emergency preparedness plans. Neither is any specific model 
available yet, however simple, which can provide preliminary estimations of food contamination, as an 
aid in the selection of appropriate agronomic countermeasure strategies, when an accident has already 
occurred and pressure on decision makers is high.  
The objectives of this work were: a) to perform an empirical calculation of milk activity concentration 
and consequent projected collective dose, for a hypothetical 137Cs release from CNE, and b) to 
introduce a discussion on the applicability of some agronomic countermeasures within this scenario, 
while performing a preliminary selection of an optimal countermeasure strategy by means of a simple 
cost-benefit analysis. 
  

2. Materials and Methods 

  
2.1 Villa Maria Basin Scenario 
 
The area of concern in this work is the Villa María milk basin (VMb), in particular the portion 
comprised by the departments of General San Martin (GSM) and Rio Tercero Arriba (RTA) (see 
fig.1).  
As required for this work, farmland area statistics were available for GSM only [8], while production 
statistics were available averaged for the whole of VMb [9]: Of the approximately 500000 ha total 
department area, about 37% is covered by dairy establishments, which have an average area under 
fodder of 70% of total farmland (approximately 52% alfalfa (Medicago sativa L.) based permanent 
pastures and 18% annual fodder crops like oats and maize for silage). Maize silage and hay made of 
pasture spring/summer surpluses and, occasionally, of summer fodder crops, are used for 
compensating the decrease in pasture productivity during the colder months. Winter fodder crops are 
directly consumed by the dairy cows. For the sake of simplicity, since depending on the date of 
occurrence of a hypothetical accident any of the fodder alternatives may be contaminated, total fodder 
area will be considered for the remaining of this work as consisting only of alfalfa pastures. 
Approximately 57% of total farmland area is destined to support dairy cows (e.g. milkers and dry 
cows). Considering an average ratio of 1.09 dairy cows / ha, there are approximately 114940 of them 



3 

in the department, 78% of which are milkers, with a daily average yield of 15.6 L/d. Consumption of 
fodder in the basin was estimated at 12,3 kg (dry weight)/d. 
Following an example from a case study of agronomic countermeasure analysis for a hypothetical 
nuclear accident in northern England, available from the STRATEGY project [7], a 25 km2 site was 
selected as the 137Cs deposition area following a hypothetical accidental release from CNE. Unlike the 
example, lack of detailed information on a scale lower than that of General San Martin department, 
required the site to be an imaginary one, with productive statistics resembling those of the 
departments`, as shown in Table 1. This site will be used for quantification of collective doses and 
countermeasure costs. 
 
Table 1: Productive statistics for the 25 km2 site affected by 137Cs deposition (values being a scaled 
down reproduction of those of averaged for General San Martin department). 

Total affected area 2500 ha  (25 km2) 

Total affected fodder area 647 ha 

Dairy cows 574 

Milkers 448 

Milk yield 15,6 L/d 

Fodder consumption rate 12,3 kg (dry weight)/d 

 
 

2.2 Activity Concentration in Milk and Collective Dose Calculations 

  

To perform a cost-benefit analysis for countermeasure comparison, the expected activity concentration  
in milk, as well as the projected, averted and residual collective doses need to be calculated. The 
equations used for these calculations were derived from [7, 10]: 

 

Am (t)  =  DEP × Tag × FR ×  TF × e –ln 2 × t / T eff, ecol                                                                                      (1) 
 
where 
 
Am (t)   = Activity concentration in milk (Bq/L) at time t. 
DEP     = Initial deposition (Bq/m2). 
Tag        = Aggregated transfer factor from soil to plant (m2/kg).  
FR        = Feeding rate of animal (kg/t). 
TF        = Transfer factor from feed to animal.  
T eff, ecol = Efective ecological halftime for, in this case, 137Cs.  
t            = Time since deposition. 
 
Activity concentration in milk was calculated monthly, due to seasonal variations in pasture 
production and consumption, while doses were calculated for a whole year: 
 

PDcoll  =  ∑ (Am × Ya) × No × DCFing                                                                                                         (2) 
 
where 
 
PDcoll    = Projected collective dose (milk ingestion) in absence of countermeasures (person Sv). 
Am        = Monthly average activity concentration of 137Cs in milk (Bq/L). 
Ya         = Monthly animal yield of milk (L/m). 
No         = Number of animals considered. 
DCFing  = 

137Cs dose conversion factor for ingestion (Sv/Bq).  
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ADcoll  =  PDcoll × ECM                                                                                                                              (3) 
 
where 
 
ADcoll  = Averted collective dose due to countermeasure application (person Sv). 
PDcoll   = Projected collective dose (milk ingestion) in absence of countermeasures (person Sv). 
ECM     = Countermeasure effectiveness (dimensionless).  
 
RDcoll  =  PDcoll  –  ADcoll                                                                                                                        (4) 
 
Where 
 
RDcoll  =  Residual collective dose (person Sv). 
PDcoll  =  Projected collective dose (person Sv). 
ADcoll  =  Averted collective dose (person Sv). 

 

2.3 Cost-benefit Analysis 

 
For this work, a simple cost-benefit analysis was used for countermeasure comparison, as described by 
the ICRP [11]. It involves calculation of a total cost, represented by the sum of the monetary cost of 
implementing the countermeasure plus the cost of detriment, obtained from transforming the residual 
collective dose into monetary value. The cost of a collective dose unit (person Sv) in Argentina is U$S 
10000 [5].  
Countermeasure application costs were derived from information provided by different service and 
supply providers, except for the use of the Cs-binder ammonium hexacyanoferrate (ACFC), which is 
not produced in the country and is rarely imported, so its cost was approximated from bibliography 
[12]. May 27, 2008 exchange rates were used (U$S 1 = Argentine $ 3,15 =  € 0,63). Implementation of 
countermeasures and their costs were discussed also with some farmers. The costs of managing wastes 
that may be produced by the individual countermeasures were not included in the cost-benefit 
analysis, nor were incremental doses to those implementing them taken into account. 
 
3. Results and Discussion  

 

3.1 Radiocaesium Deposition Simulation and Transfer to Milk Calculation 
 

An accidental emission of 1,38 × 1015 Bq 137Cs from CNE was simulated using ARN SEDA and LLNL 
Hotspot codes. Parameters used were a 3 hour release after a 2 hour delay time, at an altitude of 10m 

and a 6,6 × 104 cal/s heat flux.. Wind speed was 4 m/s, blowing from the west, and  class D stability.  
The simulation showed an area covering slightly over 25 km2 and with a ground deposition of 
approximately 390000 Bq137Cs/m2 (similar to that studied at the STRATEGY example), situated some 
30 km to the east of CNE, near RTA´s western limits and 85 km short of Villa María city. The 
geographical centre of VMb received a simulated deposition of approximately 75000 Bq137Cs/m2, 
within a 455 km2 area receiving 50000-100000 Bq137Cs/m2.  
Equation (1) was used to calculate the monthly concentration activity of 137Cs in milk produced at the 
site receiving 390000 Bq/m2. Since this work is concerned only with radiocaesium transfer to milk, the 
first two months after the hypothetical accident were not considered, being iodine isotopes the relevant 
radionuclides during that period. On the other hand, direct deposition on plant surfaces has been found 
not to be of concern after approximately that lapse of time [13], so it was not included in the 
calculation. The accident was simulated to occur in September, so that calculations would begin with 
the season of highest pasture productivity, when pasture feeding rate was assumed to be 12 Kg dry 
weight/day, followed by 5 kg/day in autumn, 2 kg/day in winter and 10 kg day in spring. Results are 
presented in Table 2. 
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Table 2: Calculated 137Cs concentration activity in milk after a simulated 390 KBq/m2 soil deposition. 

Month 
137
Cs concentration activity (Bq/L) 

December 295,7 
January 279,1 
February 267,5 
March 103,6 
April 97,8 
May 92,3 
June 34,8 
July 32,9 
August 31,1 
September 146,6 
October 138,3 
November 130,6 
 
The VMb scenario did not produce 137Cs contaminated milk above the IL of 1000 Bq/L in any of the 
twelve months (following the first two month period) after the simulated event. Activity concentration 
values were up to one order of magnitude lower than those presented in the STRATEGY Project 
example. This difference was mainly attributed to the aggregated transfer factor from soil to plant. 
Differences of several orders of magnitude have been found for Cs transfer to plants depending on soil 
type. A generic  classification based on soil texture (peat, sand, loam, clay, in decreasing order of 
availability to plants) is oftently used to reflect such variability. The main process controlling root 
uptake of Cs is the interaction between the soil matrix and the soil solution containing that Cs, which 
depends on the cation exchange capacity of soils. Higher clay content correlates positively with the 
cation exchange capacity and with competing cations like potassium [13]. Productive soils in GSM 
and RTA can be classified mainly as Haplustols, with a clay loam texture and pH slightly above 7 
[14]. Main transfer factors references [15, 16] provided values for perennial pastures/fodder, but were 
discarded for this work as they refered to equilibrium conditions, which are reached after some years 
of interaction between the soil matrix and the Cs in the soil solution, decreasing plant uptake. Two 
other references were considered more appropriate [13, 17], as they refered to transfer factors for use 
following accidental emissions. Both provided values three orders of magnitude higher than those at 
equilibrium for a clay/loam/high nutrient status type of soil like Haplustols, although they were 

calculated only for cereals and for natural grasses. The higher Tag value of 8 × 10-3 m2/kg was used, 
derived from curves for natural grasses in a Chernozem soil after the Chernobyl accident [13]. Only 
one published 137Cs transfer factor was found for an argentine soil [18], but not enough information 
was available, appart from the use of a clay loam type of soil, to use it unhesitatingly. Anyway, it 
provided slightly over half the value finally used in this work. Accordingly, Effective ecological 
halftime value of 1 year was derived from the same reference [13]. Cs transference factor from feed to 

milk (value 7.9 × 10-3 d/L) was taken from IAEA/IUR [15] and dose conversion factor for 137Cs 

ingestion (1,3 × 10-8 Sv/Bq), was taken from ICRP [19].   
Even though one of the highest Tag values available in the literature for a type of soil similar to that of 
VMb was used, based on ARN norms, no protective action would be justified for this scenario. 
Collective Projected Dose, as calculated by equation (2), was 5,8 person Sv for the twelve months 
period. The simulated event would be of even less consequence nearer to the main productive area (as 
far as internal doses due to 137Cs ingestion through contaminated milk goes) for the first year. 
 

3.2 Cost-benefit Analysis and Countermeasure Discussion    

 
A detailed description of currently feasible agronomic countermeasures for radionuclide 
contamination of food, including their effectiveness and some costs, elaborated by the STRATEGY 
Project, is available also at the IAEA web page [20]. Some of these countermeasures have been 
extensively implemented in a real scenario following Chernobyl accident [13]. Based on those 
references, and taking into consideration local productive characteristics, six countermeasures 
(including milk ban) were considered eligible to perform a quantitative comparison by means of a 
simple cost-benefit analysis, for the simulated VMb scenario. It needs to be remarked that, as 
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suggested by ICRP, final decision on protective action application will depend on less quantifiable 
factors such as, among several others, public anxiety due to either implementation or lack of 
implementation of actions [21]. Thus, it may well happen that, depending on the magnitude of the 
event and on costs, it is preferable to apply a countermeasure which will lower radionuclide activity 
concentration in milk below already acceptable levels, if by so doing local and/or foreign consumer 
assurance is gained.  
The analysed countermeasures are presented in Table 3, together with their application costs and 
effectiveness. 
 
Table 3: Relevant countermeasure characteristics and results of  the cost-benefit analysis. 

Total 

collective dose 

(person Sv) 

Countermeasure Cost (U$S) Effectiveness 
Residual 

collective dose 

Total cost 

(U$S)  

5,8 Normal ploughing 150311 0.50 (0.88)a 0,7 157561 

5,8 Clays in feed 7598 0.50 2,9 36598 

5,8 AFCF in feed 83804 0.80 1,2 95404 

5,8 AFCF boli 32752 0.70 1,7 50152 

5,8 Clean feeding 16174 0.95 0,3 19074 

5,8 Milk ban 663237 1.00 0,0 663237 
a Higher effectiveness due to clean feeding implementation for 10 months prior to full production of 
new pasture, was used.  
 
The analysis was performed following equations (3) and (4), out of a total collective dose of 5.8 
person Sv. The total cost, shown in Table 3, represents a figure of merit, in the way that the 
countermeasure with its lowest value will be the best choice, provided it guarantees 137Cs activity level 
in milk below optimized IL. 
As can be seen on figure 2, clean feeding is, as far as this work goes, the best choice (lowest anual 
total cost) for a protective action to be applied when facing the VMb scenario. 
 
Figure 2: Cost-benefit plot for the six countermeasures discussed in the work. 
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Argentina only for self use, hay rolls (preferably of alfalfa or oats) will be the only alternative. 
Concentrate (maize grain) was also included in clean feeding costs, although it is normally purchased 
by the farmer. Approximately 70 g of a mineral/vitamin supplement should be added to the ration, 
especially when fresh pasture cannot be provided. Clean feeding resulted in a notoriously cheap option 
compared to the other countermeasures (except for use of clays in the feed), and its implementation 
does not imply significative extra activity for the farmers, other than a new schedule for ration 
distribution and preventing cattle consuming of contaminated pastures. It also assures the second 
highest averted dose, rendering the lowest total cost. The main setback for its application would be the 
lack of available substitutes, specially if large areas are afected. Also costs would increase with 
increasing demand on those substitutes. 
The second choice is distribution of clays (bentonites were considered) with the ration. It is a very 
simple option, which only requires purchase and transportation of large amounts of clay minerals, 
since applications of up to 1g/kg body weight per day are recommended. Normally, after grazing on 
pastures, dairy cows are fed the concentrate (and supplementary fodder like silage or hay, in winter) at 
least twice a day when milked. It would be better to icorporate clay into pelleted ration, however, 
balanced rations are not normally provided on average establishments. It is also the cheapest option of 
all (clay minerals are locally extracted), but has the lowest effectiveness. In our simulation, residual 
dose was not a problem, but in an improbable worst case scenario with 137Cs activity in milk found to 
be, for example, thrice the IL, this countermeasure would not be an option, however simple and cheap. 
Use of AFCF in intraruminal boli and mixed with the feed were the third and fourth choice, 
respectively. They are much efective, though not as cheap as clay mixing. AFCF boli were considered 
the most cost-effective countermeasure in the STRATEGY Project example. However, they need to be 
imported, with high uncertainties regarding what their actual price will be if really needed. Boli are not 
even a commercial product, and fabrication techniques should be learnt here first. 
Within this work, Normal ploughing refers to the combine actions of  ploughing at a depth of 20 cm, 
soil refining, sowing of new pasture and fertilizing (nitrogen + Phosphorus). Argentinean soils are 
generally well provided of potassium, so it is normally not included. Ploughs are available in almost 
any farm, and farmers are well used to their utilization. Deeper ploughing is not favoured by producers 
who do not want the topsoil mixed with deeper (less quality) soil. This countermeasure represents a 
particular case of protective action, since it also helps reducing external doses from contaminated 
ground (not accounted for in the cost-benefit analysis). Also, it is the only countermeasure among the 
other selected within this work which does not need to be implemented every year, so that it would 
show a lower total cost in a cost-benefit analysis performed for a 5 year period. It should be noted, 
however, that ploughing and reseeding implies a 10 month grazing exclusion period until full 
production of alfalfa is regained, during which clean feeding has to be implemented, thus increasing 
this countermeasure effectiveness from an original 0.50 to 0.88 for the first year of application only.  
The only cost considered in this work for milk ban (and disposing of the milk) was the value paid to 
the farmer for each produced litre. It resulted in the most expensive, by far, of the studied 
countermeasures. Although its 100% effectiveness was of no special significance in a low milk 
contamination situation like the one simulated in this work, its very high cost indicate that being clean 
feeding or Cs-binders use feasible, milk ban would still not be a choice action when IL is exceeded.  
 

4. Conclusions 
 
In case of a ground deposition of 390000 Bq/m2 within the milk production areas to the west of the 
Embalse nuclear power plant, following an accidental release of 137Cs, concentration activity in milk 
would not exceed intervention levels of 1000 Bq137Cs/L, after a short term period of approximately 
two months. This would be due to the apparently low transference of Cs from the type of soil most 
common in the area to the plants conforming the pastures in which local milk production is based. Site 
specific aggregated transfer factors from soil to plant should be obtained, either through semi-
mechanistic models, or through experiments using local soil, for more accuracy. In case 
countermeasure implementation was required, clean feeding of dairy cattle to prevent milk 
contamination appears to be the first choice, due to its low monetary costs, high averted dose and easy 
implementation. Banning and disposal of contaminated milk was found to be highly expensive.       
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