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Abstract 

In this study we provide an analysis of the subsurface transport of radionuclides released from 

phosphogypsum (PG) when used as a fertilizer or amendment in agriculture. PG (dihydrated 

calcium sulfate), a residue of the phosphate fertilizer industry, can contain relatively high 

amounts of impurities from the host rock, including heavy metals and radionuclides such as 
238

U and especially 
226

Ra. It is important to assess the environmental risks caused by the long-

term use of PG in agricultural operations. The natural uranium and thorium decay chains in 

the phosphate host rock are in equilibrium. During the phosphate production process, 

however, this equilibrium is disrupted and radionuclides migrate to both the fertilizer 

(especially 
238

U and 
234

U) and phosphogypsum (
226

Ra and 
210

Pb).  Our study focused on the 

transport of 
226

Ra when PG is applied annually to a typical soil profile in the Brazilian 

Cerrado. Expected water flow and solute transport processes were estimated first using the 

HYDRUS-1D software package assuming linear equilibrium transport, followed by similar 

simulations using the HP1 multicomponent transport module of HYDRUS-1D. Analyses with 

HP1 considered a range of geochemical and physical parameters affecting 
226

Ra transport in 

the vadose zone. We investigated especially the effects of varying calcium concentrations on 
226

Ra transport, showing that this variable is relatively important when making predictions. 

Several aspects related to the modeling approach, such as the use of daily versus monthly 

weather data and the influence of assuming different transport regimes in the vadose zone 

(e.g., transient versus long-term steady-state flow) are discussed also. 
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1- INTRODUCTION 

Human activities impact the environment in many ways.  In attempts to minimize the 

generation of waste, much research is currently being carried out to find new applications for 

certain classes of waste.  One product often considered a waste is phosphogypsum (PG), a 

residue of the phosphate fertilizer industry. PG in many areas is currently being stockpiled in 

large quantities.  For each ton of phosphoric acid used to produce fertilizers, about 4.8 ton of 

phosphogypsum is being created.  At the same time, agricultural operations in many areas, 

including the Brazilian Cerrado region, could benefit from the use of phosphogypsum as a 

fertilizer or soil amendment. For example, soils in the Cerrado typically are highly weathered, 

contain an abundance of kaolinite and iron and aluminum oxides, and are often acidic and 

generally low in organic matter as well as in such nutrients as P, Ca and Mg that are contained 

in PG. Hence, crop production would be improved by regularly using PG in the Cerrado.  

Unfortunately, phosphate rock used for the production of phosphate fertilizers often contain 

also naturally several impurities such as heavy metals, fluoride and radionuclides from the 

uranium (
238

U) and thorium (
232

Th) decay chains. During phosphate production U and Th tend 

to concentrate in the fertilizers (approximately 86% of 
238

U and 70% of 
230

Th), while radium 

tend to concentrate in phosphogypsum (80% of 
226

Ra and its daughter products) [1]. Detailed 

long-term analyses are needed of the environmental factors that influence the retention and 

transport of these radionuclides in the subsurface. In this paper we study the transport of 
226

Ra 

present in PG when applied once a year for 27 years to an agricultural soil in the Cerrado, 

after which its transport in the soil is followed for another 170 years. The HYDRUS-1D flow 

and transport simulator [2] was used for this purpose to predict the long-term transport 

through the vadose zone to underlying groundwater assuming linear equilibrium transport. 

Recent studies [3] suggest that radionuclide transport is affected by a range of interactive 

geochemical processes. Hence several simulations were also performed using the HP1 

multicomponent module of HYDRUS-1D. This module was obtained by coupling HYDRUS-

1D with the PHREEQC biochemical code [4]. In this study we were especially concerned 

with the possible effect of varying calcium concentrations on 
226

Ra transport.   

 

2- MATERIALS AND METHODS 

The behavior and transport of 
226

Ra in the subsurface was assessed assuming a finite 

homogeneous soil profile (2 m) subject to transient precipitation and evaporation conditions. 

Phosphogypsum was assumed to be applied one time annually to the soil surface in the form 

of a short pulse with known composition. The soil was assumed to be a rigid porous medium, 

physical and chemically uniform, with no preferential flow and no water and solute uptake by 

plant roots. Variably-saturated flow was described using the standard Richards equation [2,3]: 

 
( )

( ) 1
h h

K h
t z z

     
   

       

      (1) 

where z is distance (positive upward), t  is time, h is the pressure head, θ is the volumetric 

water content, and K(h) is the unsaturated hydraulic conductivity. Radionuclide transport was 

simulated initially using the standard linear equilibrium advection-dispersion equation: 

( )RC C
D qC C

t z z


 

   
   

     

      (2) 

where C is the solution concentration, D is the dispersion coefficient, q is the volumetric fluid 

flux, μ is the radionuclide decay coefficient, and R is the retardation factor given by 



4th International Conference on Engineering for Waste and Biomass Valorization September 10-13, 2012 – Porto, Portugal 

 1 dK
R




            (3) 

in which b is the soil bulk density and Kd the distribution coefficient for linear sorption.  

Multicomponent geochemical transport involving phosphogypsum was represented by a 

system of Nm reaction equations for the primary (or master) species, in canonical form given 

by Eq.( 4a), and correspondent mass action equations (Eq. 4b) assuming equilibrium: 
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where Nm the number of master aqueous species, Ns the number of secondary aqueous species, 

Aj and Ai are the chemical equations for the master and secondary species, respectively, ji are 

stoichiometric coefficients of the reaction, Ki is the equilibrium constant of a reaction, i is the 

activity coefficient of the aqueous complex, and j is the activity coefficient for the j
th

 master 

species in solution. Transport of each species is represented in this manner by a set of Nm 

multicomponent reactive transport equations of the form [3]: 
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where R0,j is the reaction term representing the sources/sinks for each aqueous component, Cj 

is the total concentration of master species j, and ci is the concentration of secondary species i.   

For 
226

Ra sorption we assumed a relatively simple equilibrium approach that lumps all of the 

sorption processes onto the solid phase into a single linear isotherm in which the distribution 

coefficient is a nonlinear function of the calcium concentration: 

 
0

p

d d CaK K C           (6) 

in which Kd is the reference distribution coefficient for 
226

Ra when the calcium activity is 1, 

CCa is the calcium activity in soil solution, and p is an empirical parameter whose value was 

fixed at 0.4 as deduced from values presented in EPA Report [5].  

Flow boundary conditions at the soil surface were defined by meteorological data (rainfall 

and temperature) obtained from a weather station in the western part of Minas Gerais state in 

Brazil (latitude -17.2511, longitude -46.886) for the period 1982-2005.  These values were 

repeated many times for the long-term (200 y) simulations. Daily potential evapotranspiration 

rates were calculated using the Hargreaves approach. Simulations of the cumulative flux 

leaving the bottom of the 2-m soil profile over a 27 year period assuming transient water flow 

were used to define the recharge rate (0.152 cm/d) used for the long-term simulations 

assuming steady flow. Data of the rainwater composition were taken from Maier et al. [6] and 

adapted for use in HP1: pH 6.3; 5.59x10
-5

mol/L of Ca and 6.05x10
-5

mol/L of Mg. Physical 

and chemical parameters of the soil used in our study are those of a typical latosol from 

Brazil’s Cerrado. Most of the data were taken from Oliveira [7]. Table 1 lists pertinent 

chemical parameters. The soil bulk density was taken to be 1.50 g/cm
3
.  

 
Chemical Data 

pH 5.3 Ca
2+

 0.500  mmol/L 

P 0.0810  mmol/L Mg
2+

 0.100  mmol/L 

K
+
 0.4100  mmol/L Al

3+
 0.333  mmol/L 

 

Table 1. Selected soil chemical parameters of the latosol used in this study 
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Values for the soil hydraulic parameters were estimated from available soil textural data using 

pedotransfer functions, which correlate the hydraulic properties with soil texture. The 

granulometric composition of the soil was 16% sand, 63% fine sand, 5% silt and 16% clay. 

For the pedotransfer functions we used the Rosetta neural network functions of Schaap et al. 

[8] as implemented in HYDRUS-1D. For solute transport we used a diffusion coefficient in 

free water (Dd) of 1.0 cm
2
/d, while dispersivity (DL) of 20 cm was used for the simulations 

involving transient water flow and 30 cm for the steady-state flow regime. 

Measurements of 
226

Ra present in the phosphogypsum were carried out at the Poços de Caldas 

Laboratory of the Brazilian Nuclear Energy Commission (CNEN).  Results indicated an 

activity of 252±26 Bq per kg of PG. For the calculations we assumed an annual PG 

application of 1000 kg/ha, applied once a year in the wet season (November). Calculations 

produced the following values: 73.45mmol/L of CaSO4 and 3.04x10
-13

mol/L of 
226

Ra when 

applied in 1 cm of rainwater for the transient simulations; and 483.22 mmol/L of CaSO4 and 

20x10
-10

 mmol/L of 
226

Ra when considering the constant flow regime with an averaged flux 

of 0.152 cm/day.  Finally, as initial condition we assumed an unsaturated soil profile having a 

pressure head of -100 cm, and a distribution coefficient (Kd) of 2000 cm
3
/g. The latter value 

was calculated based on data provided by ISAM as described elsewhere [9]. 

 

3- RESULTS AND DISCUSSION 

Calculated fluxes (evaporation minus precipitation) across the soil surface during the first 

nine years of simulation are shown in Figure 1.  The plot clearly indicates two main seasons 

(dry and wet) during the year. The simulations revealed no run-off during the transient 

simulations using daily weather data.  
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Figure 1: Calculated net fluxes across the soil surface during the first 9 years of the 

simulations (negative fluxes are downwards into the soil profile). 

 

Figures 2 shows calculated cumulative drainage fluxes from the soil profile assuming 

transient flow using daily precipitation and evaporation data (left) and monthly averaged 

precipitation and evaporation data (right). Slopes of the two plots indicate an average recharge 

rate of 0.152 cm/day when using daily weather data, and a nearly 50% lower value of 0.079 

cm/d when monthly values are used. This result is important in that it shows that time-

averaging weather data (especially precipitation) can lead to significantly lower estimates of 

the recharge rate.  
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Figure 2: Calculated cumulative drainage from the soil profile during 27 years using daily weather data (left)\ 

and monthly averaged weather data (right). 

 

Figure 3 compares 
226

Ra transport assuming transient (Fig. 3a) and steady-state (Fig. 3b) 

water flow conditions. Calculations for transient flow were obtained using observed daily 

weather data, while the results for steady-state flow assumed a constant long-time average 

recharge rate of 0.152 cm/d as deduced from the transient simulations (Fig. 2, left). The two 

approaches agree very well. Since the transient regime produced a slightly more dispersed 

contaminant front, we used a higher dispersivity (DL=30 cm) for the steady flux scenario. 

These results indicate that long-term simulations can be performed equally well assuming 

steady-state water flow rather than transient flow.  

Figure 4 presents calculated 
226

Ra distributions in the soil profile after 27, 100 and 200 years. 

Notice the very slow transport rate, with the radionuclide not even reaching a depth of 1 m 

after 200 years.  The very slow transport is also evident from Figure 5, which shows the 

amount of 
226

Ra passing a depth of 40 cm depth. After 27 years of PG application, only 

2.35x10
-16 

mmol/cm
2
 of 

226
Ra had passed this depth.  Cumulative amounts that leached 

beyond 40 cm depth after 100 and 200 years were 3.58x10
-13 

and 1.85x10
-12 

mmol/cm
2
. 

The influence of the calcium concentration on 
226

Ra transport after 9, 18 and 27 years of PG 

application is shown in Figure 6. Results are for a constant distribution coefficient, Kd (left) 

and for a Kd that varies as a function of Ca
2+ 

activity (right).  Clearly, Ca
2+

 stemming from the 

PG application has a major effect on both the transport rate of 
226

Ra and its solution 

concentration.  However, this trend is only present initially.  Once the PG is no longer applied 

(after 27 years), calculated 
226

Ra curves as shown in Figure 6a,b slowly converge to the point 

that after 100 or 200 years they become very similar. 
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Figure 3a: Calculated 
226

Ra  

distributions after T0= 0, T1=9, T2=18 

and T3=27 years (transient regime). 

Figure 3b: Calculated 
226

Ra  

distributions after T0= 0, T1=9, T2=18 

and T3=27 years (steady flow). 

Figure 4: Calculated 
226

Ra  

distributions after T0= 0, T1=27, 

 T2=100 and T3=200 years. 
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Figure 5: Total 

226
Ra passing a depth 

 of 40 cm after 27, 100 and 200 years 

Figure 6a: 
226

Ra concentrations after 

T1= 9, T2=18 and T3=27 years  

(no influence of Ca
+
 activity 

Figure 6b: 
226

Ra concentrations after 

T1= 9, T2=18 and T3=27 years 

(with influence of Ca
+
 activity) 

 

4- CONCLUSIONS 

Our results indicate that for the assumed long-term transport scenario (200 years and having 

relatively low 
226

Ra activities), steady-state flow conditions can be assumed without 

significantly affecting the predictions.  Most of the 
226

Ra remained in the upper 40 cm of the 

soil profile. The effect of PG derived calcium was important by decreasing the effective 

distribution coefficient of 
226

Ra, and hence increasing the transport rate. All of the simulations 

in this study assumed equilibrium flow and transport. Not considered here are preferential 

flow and other non-ideal transport processes (such as colloid-facilitated transport) which 

could lead to much higher transport rates.  Still, we believe that modeling efforts such as those 

in this study using HYDRUS-1D and HP1 are essential for detailed environmental assessment 

of the long-term use of phosphogypsum or other naturally occurring radioactive materials 

(NORMs). They are especially needed for scenarios that cannot be easily monitored over 

relatively long time periods. 
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