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Abstract 

 
Contamination of aquifers underlying mining areas is one of many environmental problems that can be 
evaluated using numerical models in order to delineate possible measures minimizing contamination of 
groundwater and neighboring river systems. Interpreting the geochemistry of the system and achieving a 
good understanding of the processes involved is necessary to mitigate environmental damage. Extensive 
internal risk prediction models often fail to predict where catastrophes will arise. In this study, the 
potential risk of metal contamination around mining sites is evaluated, and the sensitivity of reactive 
transport of metals to different leachate fluxes is estimated. The numerical model PHREEQC was used to 
simulate the transport of three metals (Cd, Ni and Mn) from zinc leaching plant tailings in Zanjan, Iran, 
with variable leachate fluxes during 30 days. The simulations showed that different rainfall rates induce 
different metal speciations. Decreasing water contents lowered the soil solution pH and produced new 
cation exchange conditions. The simulation results were generally in good agreement with experimental 
data. Incompatibility of modeled and experimental data for some scenarios may be attributed to the 
assumption of linear cation retardation in PHREEQC. Of the three metals considered, modeled Ni 
concentrations differed the most from experimental results of the different scenarios. We conclude that 
variations in water fluxes can significantly influence metal mobility and availability, and hence that 
specific risk assessments for past and present hydrological regimes are needed for mining disposal sites. 
 
 

1. Introduction 
 
Soil and groundwater contamination by heavy metals released from mining activities is a 
worldwide environmental problem. Heavy metals and other contaminants may be released from 
mining sites, especially from waste dumps or tailing ponds. Uncontrolled releases of these 
pollutants will contaminate soil and groundwater, which in turn poses serious threats to both the 
environment and human health because of toxicity and non-degradability of the metals. 
 
The migration of contaminants from a waste disposal site usually involves one or more of the 
following processes: (1) advective, dispersive, and diffusive mass transport through the tailings, 
(2) chemical reactions within the soil solution, (3) interaction between the soil solution and the 
soil solids, such as adsorption, ion exchange, and precipitation, and (4) biodegradation. 
 
Heavy metals in tailings exist in different forms, such as exchangeable or adsorbed, with the 
specific form having an important effect on their mobility and bioavailability. Heavy metals in 
available forms (i.e., exchangeable or adsorbed to the surface of clays, organic matter, or oxides 
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with weak bonding strength) are easily moved and dispersed in an ecosystem. On the other hand, 
metals bound with organic ligands or held within a crystal lattice are not easily separated and 
moved (Fletcher et al., 1981). Therefore, areas near the mines should be continuously monitored 
using observation wells to control and prevent groundwater pollution. Such monitoring is quite 
expensive and time consuming. Due to these economic reasons and the complexity of 
geochemical processes affecting metal reactive transport, various mathematical simulation 
models have been developed for assessing groundwater vulnerability to contamination and water 
resources management. These models have been found to be promising tools to unravel the 
complex interactions between soil physical and biogeochemical processes for all types of 
problems, including the impact of natural processes and anthropogenic activities on soil 
evolution (Jacques et al., 2008). 
 
Seuntjens et al. (2002) studied how physical and chemical properties affected field-scale Cd 
transport in a heterogeneous soil profile. Using Monte Carlo simulations, they demonstrated that 
variations in field-scale Cd fluxes were dominated by variations in the deposition rate and the 
parameters of the Freundlich sorption isotherm. Using geochemical analyses and investigations 
of samples from mine tailings and water resources adjacent to the Piscinas River in Sardinia, 
Italy, Concas et al. (2005) concluded that a decrease in the pH will increase metal dissolution and 
transport from mine tailings. Tipping et al. (2006) used the CHUM-AM model to investigate the 
behavior of atmospherically-deposited metals (Ni, Cu, Zn, Cd and Pb) in Cumbria, UK, and 
concluded that the main processes controlling cationic metals are competitive partitioning to soil 
organic matter, chemical interactions in solution, and chemical weathering. Michel et al. (2007) 
applied mathematical and empirical models to investigate nickel and cadmium transport in silty 
and sandy soils in north Germany and concluded that lower pH level increases metal transport in 
acidic soils.  
 
In another study, Van der Grift and Griffioen (2008) investigated Cd and Zn leaching from a 
polluted soil using saturated and unsaturated zone flow and reactive transport models. They 
concluded that metal contamination depended on the surface water loadings, the geohydrologic 
and geologic structure of the site, soil type and the dominant land use. Hanna et al. (2007) used 
PHREEQC to study the transport of zinc and lead in soils and concluded that the model can 
predict metal transport in acidic conditions, and that decreasing pH increases metal transport. 
Gordon et al. (2009) used geochemical modeling of Ni and Cd transport and found that 
decreasing pH levels will cause an increase in Ni and Cd mobility in silt and sandy soils.  
Horvath et al. (2009) in another study employed column leaching tests to investigate metal 
transport from mine tailings to water resources and showed that the adopted method was suitable 
for metal transport analyses. 
 
The Zanjan zinc leaching plant, located 12 km from Zanjan, Iran, processes ore from the 
affiliated Anguran mine into zinc sheet metal. Tailings or “cake” of this operation are enriched in 
nickel (Ni) and cadmium (Cd). The objective of our study was to determine how different 
rainfall rates affected nickel (Ni), cadmium (Cd), and manganese (Mn) transport from these 
tailings, using the PHREEQC geochemical model. 
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2. Materials and Methods 
 
2.1. Simulations 
 
This section defines some of the governing equations for the physical and biogeochemical 
processes used in the reactive transport code. PHREEQC2 (Parkhurst and Appelo, 1999) was 
used to simulate different scenarios with different flow rates for a period of 30 days.  PHREEQC 
is a geochemical model that can be used for water and soil environments. The code has the 
capability to model several one-dimensional transport processes, including diffusion, advection, 
advection and dispersion, and advection and dispersion with diffusion into stagnant zones. All of 
these processes can be combined with equilibrium and kinetic chemical reactions. The software 
uses the Advection-Reaction-Dispersion (ARD) equation to simulate transport as follows 
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where C, t, v, x, q, and DL are concentration in water (mol/kgw), time (s), pore water flow 
velocity (m/s), distance (m), concentration in the solid phase (expressed as mol/kgw in the pores) 
and the hydrodynamic dispersion coefficient (m2/s), respectively. The first term on the right side 
of (1) represents advective transport, the second term dispersive transport, and the third term the 
change in concentration in the solid phase due to reactions. 
 
The relationship between the hydrodynamic dispersion coefficient, the effective diffusion 
coefficient (De) and the dispersivity (λL) is as follows: 
 
 L e LD D vλ= +  (2) 
 
The usual assumption is that v and DL are equal for all solute species, so that C can be the total 
dissolved concentration of an element, including all redox species. The transport part of equation 
(1) is solved with an explicit finite difference scheme that is forward in time, central in space for 
dispersion, and upwind for advective transport (Parkhurst and Appelo, 1999). The chemical 
interaction term for each element is calculated separately from the transport part for each time 
step and is the sum of all equilibrium and non-equilibrium reaction rates. The numerical 
approach follows the basic components of the ARD equation in a split-operator scheme 
(Yanenko, 1971). 
 
The process of metals cation exchange can be modeled effectively with the software for one-
dimensional transport. However, it is not possible to directly enter the initial flow rate into the 
software. Hence, the leached solution from the tailing columns corresponds to the flow rate and 
needs to be described in the software for each transport procedure. This approach substantially 
prolongs the run times.  
 
2.2. Simulation Efficiency 
 
The modeling efficiency (EF), a measure of correspondence between measured and modeled 
results, is calculated using the equation (Loague and Green, 1990): 
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where xi, yi, xn, and n are measured values, modeled predictions, the arithmetic mean of 
measured values, and the number of measured and modeled values, respectively. When modeled 
predictions perfectly match the measured ones, EF is equal to 1. A negative value indicates that 
the modeled predictions describe the data less well than the mean of the observations. 
 
2.3. Ni-Cd Cake Compounds 
 
The deposited waste material was studied using the X-ray fluorescence test (XRF). Its physical 
properties were reported by Hashem Zadeh (2003) and Sedaghat (2007). Elemental analysis 
indicated that the waste material contains high concentrations of metals: 40.4% Zn, 11.2% Cd, 
3.3% Ni, 1.4% Cu, and 0.8% Pb. Table 1 shows the types and quantities of elements in a 100 g 
Ni-Cd cake sample. A 1 kg sample was sieved by Sedaghat (2007) using 18, 35, 60, 80, 100, 
120, 140, 170, 200, 230, and 270 mesh sieves.  
 
 

Table 1. Quantities of elements in 100 g Ni-Cd Cake. 
 

Compounds Percentage Elements Percentage 
Na2O 10.94 Cd 11.1 
MgO 0.57 Ni 3.34 
Al2O3 0.19 Cu 1.40 
SiO2 0.36 Zn 40.4 
SO3 8.40 Pb 0.80 
CaO 0.31 LOI 22.1 
MnO 0.17   

 
 
Sedaghat (2007) worked experimentally on the same site and conducted 30-day leaching tests on 
1,441 g of the Ni-Cd cake in each of the three 6-cm internal diameter columns.  The columns 
were 50 cm long, with the tailings in each column occupying 40 cm. The effluent of each column 
was analyzed after 1, 3, 7, 13, 20, and 30 days. Parameters and their different levels used in the 
simulation scenarios are summarized in Table 2. The experimental data of Sedaghat (2007), and 
the same parameters and boundary conditions, were used also in this study. 
 
 

Table 2. Simulation parameters. 
 

Compounds Level 1 Level 2 Level 3 
Flow (cc/min) 0.5 1 2 

Time (day) 1 13 30 
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2.4. Using the PHREEQC Model 
 
Input into the PHREEQC code is identified using special Keywords. Using the SOLUTION 
keyword one can define types and concentrations of elements and their composition in the 
columns. The exchange reactions and one-dimensional transport parameters can be simulated 
using the EXCHANGE and TRANSPORT keywords, respectively. Equilibrium and exchange 
constants for chemical species of the tailing columns were taken from the MINTEQ database 
(Allison et al., 1990). 
 
 

3. Results and Discussion 
 
As mentioned earlier, understanding and modeling multicomponent reactive transport at the field 
scale is necessary for the design of remediation strategies in groundwater pollution problems and 
for risk assessment evaluations. While numerical and analytical methods are generally available 
to address multicomponent reactive transport problems at the local scale, it is not clear whether 
these methods can be extended to the field scale. The simulation results of this study will be 
evaluated and compared against the experimental results. 
 
Three flow rates (low, moderate, and high) were selected to simulate natural processes. While a 
flow rate of 0.5 cc/min (cc stands for cubic centimeters), which produces laminar flow , was the 
lowest rate that could be reliably established in the laboratory, the 2 cc/min rate was the highest 
flow rate since ponding occurred at higher flow rates (Sedaghat, 2007). Also, the Meteorological 
Organization of the Islamic republic of Iran reported a maximum daily rainfall rate of 55 
mm/day for Zanjan. The number of time steps was defined for each flow rate in PHREEQC.  
 
Cadmium leaching concentrations were found to decrease with increasing flow rates. Cadmium 
concentrations declined with time during the 30-day period. Leaching concentrations were 
decreasing dramatically during the first 7 days and then only gradually as illustrated in Figure 1. 
 

 
 

Figure 1. Simulated and measured leaching cadmium concentrations for various flow rates. 
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Figure 2 compares the modeled and measured nickel concentrations. Leached nickel 
concentrations also decreased with increasing flow rates. Similarly as for cadmium, the nickel 
concentrations dropped quickly during the first 7 days and then more gradually at later times. 
 

 
 

Figure 2. Simulated and measured leaching nickel concentrations for various flow rates. 
 

The removal of manganese from tailing columns is presented in Figure 3. The behavior of 
manganese for various flow rates was similar to that of the other heavy metals. Higher inflow in 
general produced lower manganese leaching concentrations. The leached Mn concentrations 
decreased over time for all flow rate scenarios. Simulation efficiencies for the various flow rate 
scenarios are presented in Table 3. 
 
 

 
 

Figure 3. Simulated and measured leaching manganese concentrations for various flow rates. 
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Table 3. Simulation efficiencies for the different flow rate scenarios. 
 

Flow rate (cc/min) 0.5 1 2 
Cadmium 0.22 0.61 0.21 

Nickel 0.2 0.3 0.62 
Manganese 0.74 0.44 0.7 

 
 
Michel et al. (2007) investigated the removal of Ni and Cd from acidic sandy and silty soils 
using empirical and mathematical modeling. The simulation efficiency in their study was 
between 0.35 and 0.85 for different scenarios, while the effects of chemical and other parameters 
were not considered.  In a study of the effect of increasing pore water flow on zinc and lead 
transport using PHREEQC, Hanna et al. (2007) observed poor correspondence between 
predicted and measured results. They concluded that the differences were due to the inability of 
the software to consider the strong metal-binding capacity of the soil. 
 
In our study we found good agreement between model predictions and experimental results for 
most scenarios. However, the ratio of the leached volume of water to the pore volume of the 
tailing columns was high for all scenarios, which may explain observed differences between 
simulated results and experimental data. Several reasons may have contributed to the poor 
correspondence between measured and simulated concentrations of some of the scenarios. One is 
the assumption of linear cation retardation in PHREEQC. Retardation reflects the activity of a 
cation species in an exchange reaction, which in PHREEQC is defined as 
 

 1 CECR
C

+
=  (4) 

 
where R is the retardation, CEC is the cation exchange capacity expressed in mol/kg water) and 
C is the species concentration (mol/kg water). In some scenarios, for example at lower pH, 
chemical reactions could compensate for the effects of linear retardation and improve the 
correspondence between modeled and measured data.  
 
The differences between simulated and experimental results can be explained in part also by 
simplification of the problem to a one-dimensional domain, and ignoring possible heterogeneities 
in the porous medium. Large scale transport in spatially heterogeneous field systems is usually 
different from transport observed in homogeneous media, and more often of a non‐Fickian 
nature. Realistic hydro-geological applications must directly or indirectly account for this 
heterogeneity. Under certain conditions, the asymptotic large scale transport of conservative 
species can be described by the advection‐dispersion equation (ADE) with upscaled transport 
parameters (Dagan, 1989; Gelhar, 1993). The asymptotic limit is typically given by time, after 
which the species distribution is spread out over a volume whose dimensions are much larger 
than the largest heterogeneity scale. At pre-asymptotic times, however, which are relevant for 
most hydrogeological problems, data (e.g., Adams and Gelhar, 1992) often display what is 
known as anomalous (non‐Fickian) or nonergodic (Kitanidis, 1998) behavior. This implies that 
concentrations then are not easily simulated using an ADE, even when allowing for upscaled 
parameters (Carrera, 1993). Different nonlocal methods have been developed to describe the 
effective transport of conservative species at intermediate distances, such as continuous time 
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random walks (CTRW) (Berkowitz and Scher, 1998; Berkowitz et al., 2006), fractional 
advection‐dispersion equations (fADE) (Benson et al., 2000), multi-rate mass transfer (MRMT) 
formulations (Haggerty and Gorelick, 1995; Silva et al., 2009), and memory functions (Carrera 
et al., 1998). Regardless of using nonlocal methods, the same problem as considered in this study 
could be solved using other similar software, such as the HYDRUS family of programs or the 
coupled reactive transport code HP1. 
 
 

4. Conclusions 
 
The transport of heavy metals was evaluated in our study using PHREEQC for various flow rate 
scenarios. The modeled results matched experimental data collected on laboratory columns fairly 
well, which suggests that geochemical modeling may be an alternative and economic method to 
investigate metal transport from mine tailings for various environmental situations. In all cases, 
lower flow rates produced higher concentrations of metals leached from the Zanjan tailings. Of 
the three metals considered, the modeled Ni concentrations were least similar to collected data 
for different leaching scenarios. 
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