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Abstract 
 
Simulation of Leachate Generation from a Waste Rock Dump in Kiruna using 
HYDRUS-1D 
Aryani Atmosudirdjo 
 
The percolation of water through waste rock dumps at mine sites can lead to the production of a 
leachate with high concentrations of dissolved metals, sulfate and nitrogen compounds. It is important 
to understand how water flows in waste rock dumps in order to predict the environmental impact of 
this leachate on recipients. The dynamics of percolation and leachate discharge are controlled by 
climatological conditions at the site, where relatively large flows in northern Sweden correspond to 
snowmelt during late Spring. Rock dumps are often tens of meters in height, resulting in an 
unsaturated water flow system through heterogeneous material. Hence, the simulation of leachate 
generation requires an accurate representation of the subsurface materials as well as the flow 
processes, where water flow in waste rock dumps is dominated by matrix flow with macropore flow 
being of secondary importance. Matrix flow is rather slow and may thus potentially yield relatively 
high concentrations of contaminants in the leachate, in response to precipitation and snow melt.  

This study uses Hydrus-1D to predict leachate generation from a small-scale waste rock dump in 
Kiruna in terms of discharge magnitude and timing. The 3-dimensional geometry of the waste rock 
dump is approximated by summing simulations from 1225 one-dimensional columns of different 
length, with a surface area of 1 m2 each. There are four output parameters that are compared between 
the model results and measured data: snow accumulation, water content, temperature, and discharge. 
There are some discrepancies between the model results and field measurements, most likely due to 
uncertainties in the input parameters (especially waste rock properties), limitations in the Hydrus-1D 
model (i.e. freeze-thaw dynamics), and assumptions that are used in constructing the conceptual 
model. For better agreement between model results and measured data, a new modelling approach is 
recommended, potentially using a different program than Hydrus-1D. 
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Populärvetenskaplig sammanfattning 
 
Simulering av lakvattenbildning från gråbergsdeponier i Kiruna med HYDRUS-1D  
Aryani Atmosudirdjo  
 
Vid gruvdrift behöver man ofta ta bort mängder av sten för att komma till malmen. Den oönskade 
stenen läggs i så kallade gråbergsdeponier som ofta kan bli flera meter höga och innehåller block i 
blandade storlekar. Gråbergsdeponier innehåller ofta hög andel ammonium och nitrat som är rester 
från sprängmedlet som används i malmbrytning. Dessa ämnen lakas sedan från gråbergsdeponier vid 
regn och snösmältning.  

Vattenflödet genom gråbergsdeponier kan delas upp på två kategorier. Det första är makropor-
flödet, som förekommer i större håligheter där vattnet kan snabbt rinna igenom. Den andra typen av 
vattenflöde kallas matrisflöde som rinner genom mycket mindre porer och är således långsammare än 
makroporflödet. Det långsammare matrisflödet lakar större mängder ämnen från gråberg och det är 
därför mycket viktigt att förstå matrisflödet på grund av dess potentiella negativa påverkan på omgiv-
ningen. 

Denna studie använde ett modelleringsprogram Hydrus-1D för att förutsäga magnituden och dyna-
miken hos lakvattenbildning från en småskalig gråbergsdeponi i Kiruna. Modellresultat för snömängd, 
vattenhalt, temperatur och vattenflöde jämfördes med mätdata från fältundersökningar och SMHI. 
Jämförelsen visade en relativt dålig överenstämmelse mellan mätdata och modellresultat, vilket kan 
förklaras till stor del på grund av att 1) grova tidssteg användes i simuleringen, så att inomdygns-
variationer försummades, och 2) stora osäkerheter i uppskattade modellparametrar. För att erhålla 
bättre modellresultat behöver den konceptuella modellen uppdateras. 
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1. Introduction 
In mining, waste rock is a material that is produced during the excavation of the mine in order to get 

access to the ore body. The waste rock is usually deposited in large dumps close to the mine, where 

the material is exposed to the local climate. Water and snowmelt percolate through the rock dumps, 

producing a leachate that is typically discharged to a surface water recipient. If the mine contains 

sulfide ores, the weathering of residual quantities of sulfides in the waste rock can result in a leachate 

that is acidic with elevated concentrations of heavy metals (cf. acid mine drainage), while leachate 

associated with waste rock from non-sulfidic iron ore mines usually has a neutral pH. Regardless of 

the type of mine, waste rock leachate often contains elevated concentrations of compounds that may 

have negative impacts on the environment. The prediction of the quality and quantity of waste rock 

leachate is therefore of interest to both mining companies and environmental authorities.  

The general environmental issue with waste rock dumps is the introduction of sediment, acidity, 

and other contaminants into surrounding surface and groundwater from water running through wastes 

(Lottermoster, 2012). An additional issue is the release of nitrogen compounds. During the excavation 

process, many mining sites use an ammonium nitrate-based explosive; the residue of this explosive 

often causes the waste rock dump to contain both ammonium (NH4
+) and nitrate (NO3

-) that adsorb to 

the waste rock surfaces (Herbert and Nordström, 2017). This ammonium and nitrate could eventually 

leach from the waste rock and discharge to surface water or reach the groundwater. In northern 

Sweden especially, an ammonia (NH3) release is the main interest because it has potentially toxic 

effects on the aquatic ecosystem. The other concern is an excessive release of nutrients resulting in 

eutrophication (Herbert and Nordström, 2017). 

 Waste rock dumps vary in size. The height of waste rock dumps can reach somewhere between 

(but not limited to) 2 – 40 m with a width of between (but not limited to) 6 – 10 m (Pearce et al., 

2016). In order to predict the generation of leachate from waste rock dumps, rock properties of the 

waste rock dumps such as porosity, permeability, and grain size distribution must be understood. 

Porosity and permeability are estimated using the soil’s grain size distribution. The material in waste 

rock dumps has a highly-variable grain-size. The material can range in size from cobbles and boulders 

to silt (Neuner et al., 2013) and the diameter ranges from 0.01 mm to 1 m (Blackmore et al., 2014). 

Since waste rock dumps are often tens of meters in height above the ground surface, this is an 

unsaturated water flow system. 

Apart from rock properties and rock dump size, climate is also of significant importance for the 

resulting water flow. For instance, climate influences the amount of moisture in the air and the melting 

time of snow. These factors highly affect the water content of the wasterock, which in turns affects the 

unsaturated permeability (Neuner et al., 2013). Climate is also a contributing factor to determine the 

presence of vegetation. For example, an arid cold climate would have a minimum to no vegetation due 

to harsh climate (Lottermoster, 2012) and water flow would thus not be affected by a root zone.  
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The site of interest of this study is LKAB’s Kiruna mine where a small-scale waste rock dump was 

constructed in 2014 (Herbert and Nordström, 2017) as shown in figure 1. Kiruna is Sweden’s 

northernmost city, located 145 km north of the Arctic Circle. The area has a subarctic climate with 

short, cool summers and long, cold winters. This geographical location and climate provides an 

interesting site for the study of the water balance dynamics in an unsaturated rock dump. 

 

 
Figure 1. Location of Kiruna and the waste rock dumps (aerial photo from Hitta.se).  

 

The main aim of this study was to predict the magnitude and timing of leachate generation from a 

small-scale waste rock dump in Kiruna using the Hydrus-1D model. The results will show whether 

HYDRUS 1-D can accurately simulate leachate generation from a waste rock dump and, in future 

applications, be used to simulate contaminant release to the environment. The model results are then 

compared to measured water flow, temperature, water content, and snow depth. Model deviations 

from measured values are explained in terms of parameter uncertainty and errors in the conceptual 

model.  
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1.1. Delimitations 
Though environmental issues are one of the reasons why it is important to understand the flow 

dynamics in waste rock dumps, this study will not discuss the chemical reactions or leaching of 

compounds within the waste rock dump and will only investigate the physical process of water flow. 

 

1.2. Report Structure 
This report consists of 7 chapters. The first chapter explains the background, aim, delimitations, and 

brief report structure of the report. The second chapter explains the basic theory of this study. It 

describes unsaturated flow, preferential flow, and the hydrological processes that affect the waste rock 

dump such as the water balance, heat transport, and surface energy balance. The third section presents 

the field site description and the result of previous field observations, including the method to obtain 

rating curve and calculating the discharge. 

The fourth chapter presents the methods that are being used in this study. It explains the Hydrus-1D 

program, the conceptual model, and the parameters that will be used as input in the Hydrus-1D model. 

The fifthchapter discusses results that are obtained from the model result and compare them to the 

field data measurements. The sixth chapter discusses the results and any differences found between the 

simulations and the field data, and then analyzes why these differences appear. This chapter also tries 

to analyze the source of uncertainties and errors in the model. The last chapter presents the 

conclusions of the study and what improvements are recommended for future studies. 
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2. Theory 
Waste rock dumps are generally unsaturated in terms of water content, but water-saturated conditions 

may occur locally. The parameters that describe unsaturated and saturated flow are generally the same, 

although there are significant differences in the parameter values. The unsaturated zone is 

characterized by several parameters such as elevation above the water table, unsaturated water content 

(θ), a negative pressure head (h), and hydraulic conductivity (K). In the unsaturated zone, hydraulic 

conductivity and moisture content are both a function of pressure head (h). In contrast, the saturated 

zone is characterized by several parameters such as depth below the water table, a positive pressure 

head (h), and a saturated hydraulic conductivity (K) and water content that are constant in time (Freeze 

and Cherry, 1979).  

This section discusses the characteristics of water flow in waste rock dumps and the associated 

water balance, as well as the effect of heat transport and the surface energy balance on hydrological 

processes.  

 

2.1. Unsaturated Flow 
Gravity and friction are the driving forces for fluid movement in saturated flow, while in unsaturated 

flow the driving forces are friction, gravity, and suction force (Freeze and Cherry, 1979; Todd and 

Mays, 2005). In the unsaturated zone, voids are only partially filled with water and under this 

condition, there are two main processes of fluid flow. The first process is by water adsorption on 

surfaces and the second is through suction force due to pore size (Todd and Mays, 2005). 

For unsaturated flow, Richards equation is the governing equation for unsteady unsaturated flow in 

a porous medium. Equation 1 shows Richards’s equation for one-dimensional flow in a porous 

medium: 

 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝐾𝐾 �
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+ cos𝛼𝛼�� − 𝑆𝑆 
(1) 

 

Where 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 is the change of volumetric water content per unit time, ℎ is water pressure head, z 

direction of the flow with z increasing in the upward direction, K is the unsaturated hydraulic 

conductivity, α is the angle between the flow direction and the vertical axis (cos α = 1 under vertical 

flow conditions) (Šimůnek et al., 2013) and S is the sink term, which is mainly root water uptake but 

also any other source or sink (Šimůnek and van Genuchten, 2008). The Richards’ equation can be 

numerically solved with spatial discretization approaches, which are the finite difference and finite 

element methods (Egidi et al., 2018).  
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2.2. Preferential Flow 
Water naturally flows in the direction that allows it to move faster, i.e. along the path of least 

resistance. These paths are determined by a large pore diameter or high water content within the soil 

(Nimmo, 2005). Large pore diameter will give less friction to the fluids and makes it flow freely, 

while a high water content usually corresponds to a higher hydraulic conductivity (cf. K in equation 

1). The combination of pore water pressure and elevation drives water flow from one region to 

another. This phenomenon by which water flows along certain flow paths of least resistance is called 

preferential flow.  

In soils where relatively large pores exist, preferential flow can occur in macropores. Some 

examples of macropores are fractures, wormholes and root holes. Thus, macropores are usually found 

in geological materials with significant heterogeneity, such as surface soils and fractured rock. 

Macropores have a larger pore diameter size compared to smaller pores and will conduct preferential 

flow when the soil is in extreme wetness. In case of extreme wetness, the water pressure exceeds the 

water-entry pressure value. Water-entry pressure is the minimum pressure required to force water 

through the largest opening of a dry hydrophobic membrane. Therefore in case of extreme wetness, 

water will penetrate through the hydrophobic membrane and the water flows through macropores 

(Jarvis, 2007).  

The flow that passes through smaller pores is called matrix flow. Flow in macropores is fast and 

often hard to be predicted with bulk medium properties and Richards equation (Nimmo, 2005). Matrix 

flow, on the other hand, is the general condition when there is no preferential flow happening. This 

condition applies when macropores are empty or there is no extreme wetness in the soil. With no 

extreme wetness, the water pressure is still under the water-entry pressure limit value and the water 

only flows in the soil matrix. Matrix flow can be predicted from bulk medium properties and Richards 

equation (Nimmo, 2005).   

 

2.3. Waste Rock Dump Hydrological Processes 
Waste rock dumps are often built with techniques such as end-dumping, push-dumping, and free 

dumping or a combination of these. These different techniques influence the water flow within the 

waste rock dump (Pearce et al., 2016; Herbert and Nordström, 2017). A study by Pearce et al. (2016) 

showed that a waste rock dump that used the end-dumping technique had three main groupings of 

particle size: a fine grain in the upper zone, coarse on the bottom and evenly distributed along the 

slope. A push-dumping technique has less segregation between the fine and coarse grain of the 

sediment. The free dumping technique has even less segregation between the grain sizes only when the 

height of waste rock dump is less than 2 m. Waste rock dumps are often tens of meters in height, 

resulting in an unsaturated water flow system and heterogeneous conditions in the waste rock dumps 
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(Pearce et al., 2016). This section will explains about the hydrological processes in waste rock dumps 

such as water flow, water balance, heat transport and surface energy balance.  

 

2.3.1. Water flow in waste rock dumps 
Three recent studies by Neuner et al. (2013), Blackmore et al. (2014), and Blackmore et al. (2018) 

show that flow in waste rock dumps is dominated by matrix flow. In a study by Neuner et al. (2013), 

field data measurements showed that waste rock drainage held a high concentration of contaminants in 

response to an artificial rainfall event. High contaminant concentrations are expected in the occurrence 

of matrix flow because water has a longer contact time with the soil while macropore flow has a 

shorter contact time with the soil. The study by Neuner et al. (2013) expressed that the main difficulty 

to determine the water flow through a waste rock dump is due to the difficulties in quantifying the 

hydraulic properties of a soil with a highly-variable grain-size and the effect of this variability on 

preferential flow.  

Blackmore et al. (2014) showed that macropore flow was a minor flow component, based on a Br- 

tracer mass study. Macropore flow was estimated to occur during only 0.1% of the time during the 

experiment and most of the tracer mass flowed through the porous matrix (Blackmore et al., 2014). 

Further study by Blackmore et al. (2018) shows that under natural rainfall events, slower flow in 

matrix material dominates compared to flow in the macropore channels. The study was conducted by 

comparing external and internal tracers, with different treatment to different grain-size type of waste 

rock dumps. Internal tracers are tracers that already occur inside the waste rock dump and are being 

observed in the effluent under the natural rainfall events. An artificial heavy rain is used to introduce 

the external tracers into waste rock dumps. The study further shows that the water flow in waste rock 

dumps is dominated by matrix flow regardless of grain size.  

 

2.3.2. Water balance of a waste rock dump 
To understand flow within a soil volume, it is important to keep track of the amount of water entering 

and leaving that soil volume. Vertical downward flow can be classified as recharge, both natural and 

artificial recharge. Vertical upward flow can be classified as evaporation and transpiration (Todd and 

Mays, 2005). Both of these flows are important to the water balance of the area. 

 Water balance equations are used in all areas of hydrology and are commonly used in catchment 

studies. Since the size and area of waste rock dumps can reach the same size as a small catchment 

area, the water balance equation of the two places is similar. A water balance equation for a waste rock 

dump can be written as shown in equation 2. P is the precipitation (or snowmelt) over the waste rock 

dump, R is the surface runoff, Q is the net outgoing flow that leaves the waste rock dump and E is 

evaporation from the waste rock dump. ΔS/Δt represents the average change of water content in the 
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waste rock dumps per unit time (Hendriks, 2010). Since waste rock dumps do not have a lot of 

vegetation, uptake in vegetation would not be a significant source of water loss. 

 

 𝑃𝑃 = 𝑅𝑅 + 𝑄𝑄 + 𝐸𝐸 +
Δ𝑆𝑆
Δ𝜕𝜕

 (2) 

 

2.3.3. Heat transport 
The study of heat transport is important because it describes the distribution of heat or temperature 

variation in a given region over time. In this study, the region where the waste rock dump is located is 

in northern Sweden. This region in particular has a large variation in annual temperature with much of 

the year being under 0°C (SMHI, 2018). With these large variations, the heat transport between snow 

pack, soil, and atmosphere yield large heat transfer. 

Conduction, convection and radiation are the three ways that heat can be transported within a 

porous medium (Domenico and Schwartz, 1998). Conduction is a transfer of heat by movement of 

electrons within the body of fluid. It is described by a linear law between heat flux and temperature 

gradient. Convection can take place through advection, diffusion or both. The heat is transferred due to 

bulk movement of molecules within fluids. Radiation is the heat that is emitted due to a body’s 

temperature (Domenico and Schwartz, 1998).  

An example of a one-dimensional heat transport equation is shown in equation 3. It neglects the 

effect of water vapor and is described in convection-dispersion form.  

 

 
𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝜆𝜆(𝜕𝜕)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�

 
(3) 

   

Where 

Cp = specific heat of moist air [ML-1T-2K-1] 

T = air temperature [K] 

λ(θ) = coefficient of the apparent thermal conductivity of the soil  

 

The left side of the equation shows the change in volumetric heat capacity per unit time. The first term 

on the right side of the equation represents heat flow through conduction, the second term is heat 

transport by flowing water (Šimůnek et al., 2013). 

 

2.3.4.  Surface energy balance 
The surface energy balance study is important for waste rock studies due to the location of the site. 

The waste rock dump in the study is covered by snow for much of the year and the surface energy 

balance is essential for the understanding snowmelt dynamics (USDA, 2004). The calculation of 



8 
 

surface energy balance will later be used as one of the inputs in the model to represent the snowmelt 

dynamics.  

The energy balance theory is derived from the first law of thermodynamics, which states that 

energy cannot be created or destroyed but only modified in form. There are four processes involve in 

energy exchange between the Earth’s surface and the atmosphere namely absorption and emission, 

thermal conduction, turbulent heat transfer, and evaporation or condensation. Absorption and emission 

involve the interaction of electromagnetic radiation with the Earth’s surface and thermal conduction is 

the transfer of heat throughout the soil by conduction. The turbulent transfer is the transfer of heat 

toward and away from the surface within the atmosphere. Evaporation involves water storage in the 

soil and condensation involves atmospheric water vapor onto the surface. The energy balance of an 

infinitely thin surface layer depth can be written as (Hendriks, 2010) 

 

 𝑅𝑅𝑛𝑛 = 𝐺𝐺 + 𝐻𝐻 + 𝜆𝜆𝐸𝐸𝑎𝑎    (4) 

   

Where 𝑅𝑅𝑛𝑛 is the net surface irradiance and it represents the gain of energy by the surface from 

radiation. It has a positive value when there is a gain in energy. 𝐺𝐺 is the ground heat flux which 

represents the loss of energy by heat conduction. It is a positive number when it is directed away from 

the surface into the ground. 𝐻𝐻 is the sensible heat flux and it represents the loss of energy from the 

surface by heat transfer to the atmosphere. It is positive when directed away from the surface into the 

atmosphere. 𝜆𝜆𝐸𝐸𝑎𝑎  is the latent heat flux. It represents a loss of energy from the surface due to 

evaporation. In case of evaporation at the Earth’s surface, it has a positive value while in case of 

condensation at the Earth’s surface it has a negative value (Hendriks, 2010). 
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3. Field site description and previous field results 
The waste rock dump site is located at the LKAB Kiruna mine site. There are two small waste rock 

dumps, the south and north waste rock dumps (Herbert and Nordström, 2017). This study will only use 

the south waste rock dump’s data, the rock dump that is further down the picture on figure 1. The 

average annual temperature in Kiruna is 0°C and average annual precipitation is 522 mm/year (from 

1961-1990) (SMHI, 2018). The mean evapotranspiration for 2015-2017 was 364 mm (SMHI, 2018). 

Due to its location, Kiruna has a period where the sun does not set between 28 May to 16 July and a 

period when the sun does not rise from 11 December to 31 December. The period when snow starts to 

melt is considered to be when the average daily temperature is higher than 0° C. During the months of 

February and April 2015, the snow depth varied between 8-100 cm and the total water volume in the 

snowpack was estimated to approximately 90 m3 (Smith, 2015). 

The waste rock dump was built by a combination of end-dumping, push-dumping, and free 

dumping techniques. The final waste rock dump is 8 m in height with deposition alternating between 

of 0-30 mm and 0-200 mm grain size waste rock (Herbert and Nordström, 2017). During construction, 

time-domain reflectometry (TDR) probes were installed in different places within the rock dump to 

collect temperature and water content data. There were 10 TDR probes installed within the waste rock 

dumps in different depths, but some have malfunctioned. In this study, we will only be using the 

temperature and water content data from TDR22, TDR13, and TDR9 which represent 1 m depth, 3 m 

depth, and 5 m depth, respectively. Figure 2 shows the location and condition of the probes. Most of 

the field data measurements will be used as a comparison with the model result to see whether the 

model could simulate the actual conditions.  

 
Figure 2. Location and condition of probes in waste rock dump (source: Herbert and Nordström, Unpublished 
data).  
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3.1.  Leachate collection and discharge 
The basal area of the waste rock dump is 35 m x 35 m with high raised banks surrounding it. The bank 

has a height of 2 m and a width of 5 m. The ground under the waste rock dump is graded so that the 

elevation decreased by around 0.5 m in the direction of the drainage outlet. The bottom of the waste 

rock dump is covered with 1.5 mm thick impermeable HDPE geomembrane and perforated pipes were 

installed in two sides of the waste rock dump. These perforated pipes were used to enhance drainage 

along the corner of the waste rock dump. The drained water is then led to the corner of the waste rock 

dump where the water flows to a 90° V-notch weir that is placed outside the dump.  

The drainage weir was constructed in a 2 m tall, 1m diameter measurement well. A pressure 

transducer (Campbell Scientific) was installed in the upstream side of the weir. This location produced 

readings from a location below the bottom of V-notch in the weir. An offset was needed to be 

subtracted from the water level data so that a water depth of 0 cm corresponded to a discharge of 0 

L/s. A rating curve, as seen in figure 3 below, for the weir was established by manually measuring 

discharge on many different occasions in May, June and August 2016.  

 

 
Figure 3. Rating curve for the weir. 

 

The discharge was measured on 19 occasions but 6 of the measurement data were omitted from the 

rating curve due to the quality of the data. The data were either clearly outliers or produced negative 

water levels after correction by the offset. A pressure transducer collected water level data every 30 

minutes while the manual discharge was often measured when water levels were either decreasing or 

increasing. This difference could cause some uncertainty as to the exact water level for a specific 

discharge measurement and caused the outliers and negative value data. Negative values were caused 

by evaporation and possible leakage which lead to water losses so that the water level in the 
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measurement well dropped below the level of the V-notch. The time series for calculated discharge 

indicates that water flow from the southern waste rock dump had greater total leachate production 

during 2016 relative to 2015 as seen in hydrograph shown in figure 4 (top). Figure 4 (bottom) shows 

the cumulative discharge in 2015 and 2016. The total cumulative discharge is 400 m3 and 500 m3 for 

2015 and 2016, respectively.  

 

 
Figure 4. Calculated water discharge during 2015 and 2016 (above) and cumulative leachate generation (below) 
(source: Herbert and Nordström, Unpublished data). 
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4. Methods 
This section will further explain the methods used in this study. It will explain the Hydrus-1D, 

conceptual model used in this study, the parameters used for the model, model input and the boundary 

conditions. 

 

4.1. Description of Hydrus-1D 
This study is using the program Hydrus-1D (Šimůnek and van Genutchen, 2005) to run its model. 

Hydrus-1D was developed to simulate a 1D unsaturated water flow, heat movement, and the transport 

of solutes with first-order decay reactions (Šimůnek et al., 2013). The program calls to numerically 

solve Richards equation, an equation that represents water movement in unsaturated soil, for 

unsaturated water flow and advection-dispersion type equations for heat and solute transport using 

finite element schemes (Šimůnek et al., 2013). 

There are several main processes that can be chosen in Hydrus-1D which will differ based on the 

model’s need and aim. Even though mainly aimed for unsaturated flow, Hydrus-1D can be used in 

unsaturated, partially saturated, or even in the fully saturated porous area. The program involves a sink 

term to consider water uptake by plant roots in the flow equation. It also takes into account dual-

porosity, dual-permeability in flow equation. Water flow could also be assigned with head and flux 

boundaries. These boundaries could be controlled by both atmospheric conditions as well as free 

drainage condition. Heat transport considers both conductive and convective means of transport by 

flowing water, water vapor, and heat energy transport. Solute transport takes into account both 

advective-dispersive transports in the liquid phase and gaseous phase’s diffusion. The model could 

also further simulate CO2 production and even major ion solute movement (Šimůnek et al., 2013). 

 

4.2. Conceptual Model 
This study considers unsaturated water flow, vapor flow, snow hydrology, and heat transport. It will 

also apply the single porosity for soil hydraulic model. Hydrus-1D model was used to simulate the 

various processes in the rock dump during the period 26 October 2014 to 31 October 2016, which 

corresponds to the two-year period for which leachate discharge data is available (Herbert and 

Nordström, 2017). In addition, each simulation was preceded with a 300 day “pre-run” to establish 

initial conditions in the waste rock corresponding to a freely drained water content. It was crucial to 

have this extra pre-run simulation because it stabilizes the model. Hydrus-1D requires some input data 

to run the model such as precipitation, air temperature, and relative humidity, to name a few. These 

inputs are used to run the model in all soil columns and will be discussed in the following section. 
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One of the aims of this study is to model water flow in the waste rock dump and simulate temperature 

and water content at different depths. However, to translate and simplify a 3D real-life system to a 1D 

system, the rock dump was simulated by assuming that the 3D rock dump volume could be 

approximated with a finite number of 1D soil columns with a surface area of 1 m2 each. To do this, the 

surface of the waste rock dump was converted into a much simpler geometrical shape.  

 

As seen in figure 2, the waste rock dump has a pyramidal shape with a constant change in slope. To 

simplify the shape, the dump is converted to a terraced shape with the highest peak at 8 m and lower 

levels at 6 m, 4 m, and 2 m height. Figure 5 shows the simplified representation of the waste rock 

dump in cross-section.  

 

 
Figure 5. Waste rock dump design in cross-section. 

 

The model domain hence consists of 8 m, 6 m, 4 m, and 2 m soil columns, representing different 

terrace levels. All the soil columns contain 101 cells and have observation nodes defined at every 1 m 

depth, where information for temperature and water content will be reported. Table 1 below shows the 

cell specification of different depths 

 
Table 1. Cell specification 

 
 

The model consists of one specific soil column for each terrace level (i.e. 2 m, 4 m, 6 m, 8 m). The 

total area of waste rock dump is 35 m x 35 m. However, each depth will need to be assigned on how 

much it contributes to the total area. Figure 6 shows the waste rock dump design from the top. Each 

square represents the 1 m x 1 m area and each color represents different height. From the design, 2 m 

has the biggest area with 496 m2 followed by 4 m and 6 m with 368 m2 and 240 m2 respectively and 

lastly 8 m with 121 m2. In terms of maximum water volume, the 4 m soil column could hold up the 
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biggest volume with 1472 m3, followed by 6 m with 1440 m3, then 2 m with 992 m3 and lastly 8 m 

with 968 m3. This assumes a porosity of 0.43 (Šimůnek et al., 2013).  

 
Figure 6. The discretization of waste rock dump into four different terrace level.  

 

After running the model and getting values for water discharge, temperature, and water content, the 

basal discharges from all the columns were summed to obtain a total discharge from the simulated 

rock dump. The model produces an output result called ‘bottom flux’ and has unit of cm/day. By 

multiplying the surface area with ‘bottom flux’ will yield the total discharge from that soil column.  

 

4.3. Waste rock parameters and 1-D model 
In order to run and obtain a result as realistic as possible, there are several parameters that need to be 

specified in the model. These parameters are related to soil properties, hydraulic properties, and 

thermal properties. All of these properties are important because they affect how well the model 

represents real-life conditions. 

 

4.3.1. Soil properties 
It is essential to choose the type of soil that most closely represents the waste rock dump soil because 

it will affect both hydraulic properties and thermal properties. Based on the previous study by Herbert 
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and Nordström (unpublished data) the grain-size distribution of the soil particles is 99% within the 

range of 0.5 mm to 30 mm as shown in figure 7. Sand has a grain-size ranging from 50 μm to 2 mm in 

diameter (Hendriks, 2010). Based on the grain size distribution this waste rock soil would be 

categorized as gravel but with 25% of the sample falling within the sand grain-size.  

The ability of soil to hold water is known as water retention capacity. Water retention varies by soil 

texture. Fine sandy loam, silt loam, and silty clay loam have the highest water retention capacity. 

Sand, loamy sand, and sandy loam are coarse soils and have the lower water retention capacities (Plant 

and Soil Science eLibrary, 2018). Since the soil particles in the waste rock dump ranged from 0.5 mm 

to 30 mm, the most common soil type in the waste rock with capillary properties is sand, and thus the 

waste rock properties in this study are based on those of sand. 

 
Figure 7. Grain size distribution of waste rock dump in studied area (Herbert and Nordström, unpublished data). 

 

4.3.2.  Hydraulic properties 
With the type of soil determined, hydraulic properties such as soil water content, hydraulic 

conductivity, and tortuosity for the corresponding type of soil can also be decided. This study chose to 

use the hydraulic properties of sand in the Hydrus-1D database even though the choice to manually 

change the hydraulic properties also exists. This decision was made due to lack of field data 

measurement values of hydraulic properties in the studied waste rock dump and the fact that the model 

run much more stable with the values provided by Hydrus-1D database.  
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Van Genuchten equation is used in Hydrus-1D to determine water content (equation 5) and 

hydraulic conductivity (equation 6) as shown below 

 

 
𝜕𝜕(ℎ) = � 𝜕𝜕𝑟𝑟 +

𝜕𝜕𝑠𝑠 − 𝜕𝜕𝑟𝑟
[1 + |𝛼𝛼ℎ|𝑛𝑛]𝑚𝑚      ℎ < 0

𝜕𝜕𝑠𝑠                                     ℎ ≥ 0
 

 

   (5) 

 
𝐾𝐾(ℎ) =  𝐾𝐾𝑠𝑠𝑆𝑆𝑒𝑒𝑙𝑙 �1 − �1 − 𝑆𝑆𝑒𝑒

1/𝑚𝑚�
𝑚𝑚
�
2
 

 

   (6) 

Where   

 𝑚𝑚 = 1 −
1
𝑛𝑛

,𝑛𝑛 > 1 

 

   (7) 

 𝑆𝑆𝑒𝑒 = 𝜃𝜃−𝜃𝜃𝑟𝑟
𝜃𝜃𝑠𝑠−𝜃𝜃𝑟𝑟

, 

 

   (8) 

 

where θ(h) = water content as a function of pressure head,  K(h) = hydraulic conductivity as a function 

of pressure head, Se = effective saturation, θ = water content, h = pressure head, θr = residual soil water 

content, θs= saturated soil water content, α =inverse of the air-entry value, n = pore-size distribution 

index. l = pore-connectivity parameter, Ks= saturated hydraulic conductivity, and I = tortuosity 

parameter in the conductivity function. 

 

Table 2 shows the hydraulic properties of sand from the HYDRUS 1-D database (Šimůnek et al., 

2008) and figure 8 shows the water retention curve of the soil. Ideally, a water retention curve would 

be determined for the material in the rock dump, and would yield van Genuchten parameters that are 

different from a well-sorted sand. However, this was not possible and the study was forced to rely on 

values from the HYDRUS 1-D database.  

 
Table 2.Hydraulic properties of sand.  

θr Θs α (1/cm) n Ks (cm/day) I 

0.045 0.43 0.145 2.68 712.8 0.5 
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Figure 8. Water retention curve for sand obtained from the Hydrus-1d database. 

 

4.3.3. Thermal properties 
To model the heat transport within the soil, the thermal properties of the selected soil is needed. 

Through these properties, the model could calculate the thermal conductivity (𝜆𝜆0) of the soil. To 

calculate thermal conductivity, this study chose to use the Chung and Horton (1987) equation that is 

also the equation recommended by Hydrus-1D. The Chung and Horton equation is shown in equation 

9 below while table 3 shows the parameters for sand that are used in the equation. 

 

 𝜆𝜆0(𝜕𝜕) = 𝑏𝑏1 + 𝑏𝑏2𝜕𝜕 + 𝑏𝑏3𝜕𝜕0.5 (9) 

 

Where 𝜆𝜆0(𝜕𝜕) = thermal conductivity as a function of water content, b1, b2 and b3 is b1 in the 

expression for thermal conductivity function.  

 
Table 3. Heat transport parameters, where Solid = volume fraction of solid phase, Org. M. = volume fraction of 

organic matter, Disp. = longitudinal thermal dispersivity [L], b1, b2 , b3 =  coefficients in the expression for 

thermal conductivity function [W/L/K] or [ML/T3/K].  

Solid Org.M.  Disp b1 b2 b3 

0.57 0 5 1.4705x1016 -1.5518x1017 3.1662x1017 

 

4.4. Model input and boundary conditions 
The important driving variables are meteorological data such as temperature, precipitation, and 

incoming short-wave and long-wave radiation fluxes. The radiative fluxes are used to calculate net 

irradiation, which is used for calculating potential evaporation. The meteorological input data used in 

this project are obtained from Swedish Meteorological and Hydrological Institute (SMHI) website. 
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4.4.1. Data sources 

As it has been mentioned before, Hydrus-1D requires some meteorological data as the input. Not all 

the input data are taken from the same observation station due to data availability. Table 4 below 

shows the input data and its source stations. Kiruna airport station is the nearest station to the waste 

rock dump site while Gällivare station is the furthest one. This big distance between the source of 

input data and the actual site being modeled might serve as one source of error or uncertainty in the 

model. Figure 9 shows temperature (ºC), precipitation (cm/day), relative humidity (-), and wind speed 

(km/day) during the modeling period. 

 
Table 4. Input data and originated station. Station data from SMHI (2018). 

 
* not model input but used for model comparison 

 

 
Figure 9. Temperature (ºC) from Kiruna Airport, precipitation (cm/day) from Gällivare, relative humidity (-) 
from Kiruna Airport, and wind speed (km/day) from Kiruna Airport (top to bottom). Data sources shown in 
Table 4.  
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4.4.2. Calculation of net radiation and albedo 

Potential evaporation in the Hydrus-1D model can be calculated from potential radiation, solar 

radiation, or net radiation. These different kinds of inputs are all used to calculate evaporation using 

Penman-Monteith equation. This study chose to separately calculate net radiation Rn, which is used to 

calculate evaporation. Net radiation is calculated using this equation 10 as follows (Saito et al., 2006): 

 

 𝑅𝑅𝑛𝑛 = 𝑆𝑆 ↓ (1 − 𝛼𝛼) + 𝜀𝜀𝜀𝜀 ↓ −𝜀𝜀𝜀𝜀𝜕𝜕𝑠𝑠4, (10) 

 

where Rn = Net radiation (Wm2), S = Global radiation (Wm2), α = surface albedo, L = incoming 

longwave radiation from atmosphere (Wm2), ε = emission coefficient, around 0.90-0.99 for surfaces in 

the nature, σ = Stefan-Boltzmann constant 5.67x10-8 (Wm2K-4), and TS = surface temperature in 

Kelvin (K), K = °C + 273.15. 

 

For this calculation all inputs of global radiation (W/m2), incoming longwave radiation (W/m2), and 

surface temperature (K) are obtained through data from SMHI. This leaves us with two other uncertain 

parameters, emission coefficient and surface albedo. Emission coefficient is calculated through 

equation 11 below (Saito et al., 2006) 

 

 𝜀𝜀 = min (0.90 + 0.18𝜕𝜕𝑡𝑡𝑡𝑡𝑝𝑝; 1.0) (11) 

 

θtop is the water content at the top layer and it is assumed for this calculation that the soil surface is 

water saturated (i.e. θs= 0.32). Through this calculation, emissivity is found to be roughly 0.98.  

Surface albedo will change throughout the year due to the presence of snow and wet soil surfaces. 

Albedo ranges from 0-1 with 0 represents a very dark surface that would absorb all solar radiation 

while 1 represents a very bright surface that would reflect all solar radiation. To determine the surface 

albedo, this study made some logical parameters as shown in table 5. 

 
Table 5. Logical parameters to determine albedo (Hendriks, 2010) 

 
 

This study assigns the wet, darker sand and the dry, lighter sand albedo values of 0.05 and 0.3, 

respectively. A fresh snow is brighter than old snow that is often covered with some dirt, and these 

have been assigned albedo values of 0.9 and 0.75, respectively. The assignment of the different albedo 
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values is done for every simulation day, and is based on the air temperature and presence of 

precipitation (see Table 5). An exception to this is during snowmelt, when albedo drastically changes 

from 0.9 to 0.35 (wet soil). During this period, the albedo was simulated by assigning a more gradual 

change of albedo. Figure 10 below shows the net radiation that was calculated with equation 6. 

 
Figure 10. Net radiation. 

 

4.4.3. Boundary conditions 
The model will use an atmospheric boundary condition with surface run-off and free drainage for an 

upper boundary and lower boundary condition, respectively. Water flow can occur vertically, 

horizontally, or in an inclined direction (Šimůnek et al., 2013). The free drainage boundary condition 

assumes that the water flows vertically due to force of gravity pulling on the water. The moment 

where the water stops draining shows that the water is held in the soil by a force greater than of gravity 

(Plant and Soil Science eLibrary, 2018). Even though there is actually a horizontal drain at the bottom 

of the waste rock dump, this drain is relatively distant from most of soil profiles that are simulated. 

Also, the simulations are more concerned about percolation near the upper surface of the waste rock 

dump, and not at the base of the soil columns; hence, free drainage conditions seems appropriate.   

For heat transport, a temperature boundary condition and zero gradient boundary condition are used 

for the upper and lower boundaries, respectively. Snow melt rate is assigned a value of 0.1 

(cm/days/°C) and this rate is chosen based on the study by USACE (1998). In Hydrus-1D if the air 

temperature is less than -2°C then all precipitation is counted as snow and it will continue to pile up as 

snow water equivalent. If the temperature is above 2°C then all precipitation is counted as rain. 

Meanwhile in between -2°C and 2°C, there is a linear transition from snow to rain.  If the air 

temperature is above 0°C then the existing snow layer will proportionally melt (Šimůnek et al., 2013). 



21 
 

These processes are rather a simple and basic approach to the real-life condition. However, it is a 

good exercise to see whether the overly simplified model could realistically represent the processes 

observed in the field. 

 

4.4.4.  Calculation of evapotranspiration 
A direct measurement of evapotranspiration has always been complex due to difficulties in operation. 

There are many ways of measuring evapotranspiration such as irrigated lysimeter, atmometer, and US 

Class A pan. But these direct measurement are highly impractical (Karlsson and Pomade, 2006). 

Therefore it is generally approached by a numerical calculation based on the equation developed by 

Howard L. Penman (1909-1984) in 1948 and John L. Monteith in 1973 (Hendriks, 2010). This 

equation is now famously known as the Penman-Monteith equation. Hydrus 1-D uses the Penman-

Monteith combination equation to calculate evapotranspiration as shown in equation 12 below.  

 
𝐸𝐸𝜕𝜕0 = 𝐸𝐸𝜕𝜕𝑟𝑟𝑎𝑎𝑟𝑟 + 𝐸𝐸𝜕𝜕𝑎𝑎𝑒𝑒𝑟𝑟𝑡𝑡 =

1
𝜆𝜆 �

∆(𝑅𝑅𝑛𝑛 − 𝐺𝐺)
∆+ 𝛾𝛾(1 + 𝑟𝑟𝑐𝑐

𝑟𝑟𝑎𝑎
)

+
𝜌𝜌𝑐𝑐𝑝𝑝(𝑒𝑒𝑎𝑎 − 𝑒𝑒𝑟𝑟)/𝑟𝑟𝑎𝑎
∆ + 𝛾𝛾(1 + 𝑟𝑟𝑐𝑐

𝑟𝑟𝑎𝑎
)
� 

(12) 

With:  

 ∆=
4098𝑒𝑒𝑎𝑎

(𝜕𝜕 + 237.3)2
 (13) 

 𝛾𝛾 = 𝑐𝑐𝑝𝑝𝑃𝑃
𝜀𝜀𝜀𝜀

10−3 = 0.00163 𝑃𝑃
𝜀𝜀
, (14) 

 

where ET0=the evapotranspiration rate [mm d-1], ETrad= the radiation term [mm d-1], ETaero= the 

aerodynamic term [mm d-1], λ= the latent heat of vaporization [MJ kg-1], Rn= net radiation at surface 

[MJ m-2d-1], G = the soil heat flux [MJ m-2d-1] ρ= the atmospheric density [kg m-3], cp= the specific 

heat of moist air [i.e., 1.013 kJ kg-1°C-1], ea= the saturation vapor pressure at temperature T [kPa] 

ed=the actual vapor pressure [kPa], rc= the crop canopy resistance [s m-1], ra= the aerodynamic 

resistance [s m-1], Δ= slope of the vapor pressure curve [kPa°C-1], γ= psychrometric constant [kPa°C-1] 

T = the average air temperature [°C],P = the atmospheric pressure [kPa],  ε= the ratio of the molecular 

weights of water vapor and dry air (i.e., 0.622), and λ= the latent heat [MJ kg-1].  
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5 Results 

The main interests of this study are the simulation of snow depth on the dump, the change in water 

content and temperature at different depths, and the simulation of water discharge from the waste rock. 

These four different parameters are going to be compared between the model result value with either 

field measurements or weather station measurements. The temperature and water content profile data 

are shown for the 8 m column model result only. Discharge, temperature, and water content data are 

all obtained through field measurements (manual measurements and TDR probes) while snow depth is 

obtained through the weather station in Esrange.  

 

5.1.  Snow depth 
The model result of Hydrus-1D expressed the data in snow water equivalents (SWE). Therefore a 

conversion from SWE (cm) to snow depth (m) is needed if the model results are to be compared with 

the measurements at Esrange. Snow water equivalent is the amount of water contained in a snowpack. 

It theoretically is a depth of water if snow pack were melted. To convert SWE to snow depth, snow 

density information at various times is needed. However, due to limitation of information of actual 

snow density information in the area, this study assumes that the average of snow density for all depth 

and time is 0.35 (USACE, 1998). 

Figure 11 shows the modeled snow depth and snow depth from the weather station in Esrange. Due 

to no snow density information, the comparison of magnitude is not possible and the observation data 

will only be used to compare the timing of events. The graph shows that the timing of accumulation is 

the same between model result and Esrange for both 2015 and 2016. However, the snow accumulates 

more in Esrange compared to the model results. As shown in the graph, snow accumulates more 

rapidly at the field site compared with the simulation. In 2016, Esrange data also shows that it 

accumulates faster and has the slight melt period in February-March. The model fails to capture this 

slight melting period in both year. The other big difference between Esrange data and the model result 

is the time for the start of the melting period. In 2015, melting in the model starts 56 days after melting 

starts at the Esrange site; once melting starts, the melting rates are similar for the model results and 

field data. 2016 is better for the model to capture the timing of melting, which starts 22 days after 

melting starts at Esrange, and it also shows a similar melting rate compared with the field data. 
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Figure 11. Modeled snow water equivalent and measured snow depth from Esrange weather station. 

 

Figure 12 below shows the snow depth of the waste rock dump in February and April 2015 when 

the snow depth was measured manually in a snow survey (Smith, 2015). In the snow survey, snow 

depth was measured along a transect in February and April going from bottom to top of the rock 

dump. The greatest snow accumulation was measured close to the bottom of the waste rock dump.  

 

 
Figure 12. Snow depth in studied waste rock dump (Smith, 2015) measured along transects up the rock dump. 
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Overall, the average snow depth on the studied waste rock dump in February 2015 is 57 cm and in 

April 2015 is 58 cm, as shown in green lines in figure 13. The snow depth average in Esrange in 

February and April 2015 is 65 cm and 60 cm, respectively.  

 

 
 
Figure 13. Snow depth in the studied waste rock dump (green lines) (Smith, 2015), Esrange observation station 
(blue) and model result (red). 
 

5.2.  Water content 
Modeled water content and field measurements are compared in figure 14. Water content within the 

soil will increase during melting time because all snow and frozen water particles within the soil will 

melt and start flowing. There are some data missing in the field measurement, represented by the blue 

line, but it can still produce a comprehensive graph. Field measurement shows that the closer the 

measurement site is to the soil surface, the quicker the TDR probe responds to snowmelt and rainfall 

events, resulting in a higher water content in the soil. The model results and field data also show that 

increases in water content, due to e.g. rainfall events, are propagated downward in the dump, so that a 

water content peak at 1 m is later identified at the 3 m and 5 m depth.  
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Figure 14. Modeled water content (orange) and field data measurement (blue) at 1 m depth (top), 3 m depth 
(middle), and 5 m depth (bottom). Arrows show when the temperature gets above 0°C. 
 

The water content value increases strongly when the average temperature first increases above 0°C 

after snowmelt, as shown with the arrows above in figure 14, and it melts all the snow and ice in the 

soil. The graph shows that the average time of snow melt is around late April to early June depending 

on the depth of the soil and the climate during that particular time. To compare between field 

measurement and model result, field measurements generally show a bigger magnitude change in 

water content. The occurrence of snowmelt, and hence the increase in water content in the spring, is 

different between model result and field measurement with field measurement always occurring before 

model result. There is also an increased lag between modeled and measured data with an increase in 

depth. 

Figure 15 below shows simulated vertical water content profiles at different times of the year. 

Profiles are shown for each simulated column length in order to illustrate differences in simulation 

results. Two dates in each profile represent the winter time, 2 dates represent spring time (recharge 

time) and 1 date represents late fall/early winter. The two winter dates are represented with blue and 

yellow line and it can be seen that the water content is very low, under 0.1, for all depths. The one date 

represents late fall/early winter is represented by green line and even though the value is always small, 

around 0.1, it also always larger than the two winter lines. The two peaks shown with red and purple 

lines are due to the downward percolation of water from the spring thaw. The 2 m and 8 m profiles 

lack peaks in water content around 150 – 250 cm depth, while these are present in the 4 m and 6 m 

profiles. The 4 m profile has higher peak water contents of 0.37 - 0.40 while the 6 m profile was 

somewhat lower peak values of 0.15 - 0.27.  
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Figure 15. Modeled water content at 2 m (A), 4 m (B), 6 m (C) and 8 m (D) depths at different times.  

 

5.3. Temperature 
Figure 16 shows the air temperature at the Kiruna airport (input parameter) and the simulated 

temperature at 1 m, 3 m, and 5 m depths. Figure 17 shows the comparison between Kiruna airport and 

the field data measurement. There is a difference in the daily air temperature value. Temperature at the 

Kiruna airport mostly shows that it has a higher temperature even though it is only located 9 km away 

from the field site. This difference in the reading is likely caused by difference in sensor installment. 

Kiruna airport is an official SMHI station and the sensor is put properly based on the meteorological 

standards. While the sensor that is put on site, despite of its best effort, might have not installed 

properly and met with the standards. 
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Figure 16. Temperature from Kiruna airport station (SMHI, 2018) and simulated in waste rock.  

 
Figure 17. Temperature from field data measurement (blue) and Kiruna airport station (red) (SMHI, 2018) and 

its difference (yellow). 

 

Figure 18 shows the comparison between the modeled temperature and field data measurement at 

1m, 3m, and 5m depth. At 1m depth, the field data measurement shows a smoother graph compare to 

the model result. The model result also shows that it is much colder compared to the field data 

measurement. This could be caused by the instability in the model and the result of 1 m is still much 

affected by the atmospheric temperature that is extremely varied on a day to day basis. However, they 

both roughly have the same amplitude and period. The modeled and field measurement for 3m and 5m 

depth is better with only a very small differences between them. 
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Figure 18. Modeled temperature and field data measurement at 1m depth (top), 3m depth (middle), and 5m 
depth (bottom). 

 

Similar with figure 15 above, figure 19 shows modeled vertical temperature profiles at different 

times. The different lines represent different time of the year, which are winter, spring, late fall/early 

winter. The temperature graph shows a much broader difference on the surface and more similar 

temperature as it reaches the bottom due to much larger variation in temperature at the surface than 

deep down. The two winter dates represented with blue and yellow line and at the surface, the 

temperature reaches -22°C and -12°C respectively. However, as it goes further deeper, the temperature 

becomes significantly warmer at around 50 cm depth and then steadily become warmer until it reaches 

7°C for blue line and 5°C for yellow line. The green line that represents late fall/early has surface 

temperature of -2.5°C and bottom temperature of 3°C. The red and purple line represents the spring 

days and has surface temperature of 3°C and 0°C. Both lines also gradually become warmer until they 

reach 50 cm but then instead of steadily growing warmer, it becomes colder and reach the bottom 

temperature of roughly 0-1°C. Generally there are no significant difference between 2 m, 4 m, 6 m, 

and 8 m profiles. 
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Figure 19. Modeled temperature at 2 m (A), 4 m (B), 6 m (C) and 8 m (D) depth during different times. 

 

5.4. Discharge  
Figure 20 shows the modeled discharge from the base of the 8 m, 6 m, 4 m, and 2 m columns. There 

are 4 prominent peaks for the length of model run. First peak, that is also the smallest peak, occurs in 

between June-July 2015 and has value of 0.25x10-3 m3/s. The second peak has higher value than the 

first peak occurs in between July-Augustus 2015 and has value of 0.6x10-3 m3/s. The last two peaks 

have the highest value with the first one 3.2x10-3 m3/s and second one is just under 1.15x10-3 m3/s. 

 
Figure 20. Modeled flow discharge (m3/s) for different column depths 2 m (blue), 4 m (red), 6 m (yellow) and 8 

m (purple) 
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The modeled and the field measured discharge are both shown in figure 21. The field measured 

data only goes from 26 May to 20 November 2015 and 9 May to 25 October 2016. The gap of the data 

is during winter months when all water particles are most likely frozen. However there is some 

considerable difference between modeled result and the field measurement, such as the magnitude of 

the peaks and the periods of the peaks. In 2015, modeled and field measurement has approximately the 

same magnitude of peaks. But modeled flow discharge only has two peaks and field measurement has 

at least 5 peaks. In 2016, modeled discharge has 2 major peaks while field measurement data has 

approximately 7 peaks. The modeled discharge and field measurement peaks occur at different times. 

The fluctuating field discharge measurements are supported by the snow depth data from Esrange, 

where snow depth exhibits frequent decreases measured snow depth. The model does not seem to 

capture the variability in snow melting that is observed in the Esrange measurements.  

Figure 22 shows the cumulative water volume of both modeled and field data presented in m3. The 

modeled cumulative water volume has the sum of 1800 m3 while the field measurement has the 

cumulative water volume of 900 m3. Since the flow discharge model results show a much higher 

value, a higher cumulative water volume is rather expected. 

 
Figure 21. Modeled discharge red) and measured field discharge (blue). 
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Figure 22. Modeled cumulative flow discharge (red) and field measure cumulative flow discharge (blue).  

 

Figure 23 shows the model results for discharge from May to December 2015. This period was chosen 

because the highest flows occur from May to September. As can be seen in the result during the 

melting time period of May to early August, the discharge result shows that 2 m discharge reaches the 

bottom first and then followed by the 4 m, 6 m, and 8 m. This confirms the expectation that a water 

pulse from snowmelt first reaches a depth of 2m, then sequential to 4m, 6m and 8m. The high 

precipitation event on 15th September also confirms the expected trend with a peak in discharge at the 

2m depth first,  followed by 4 m, 6 m, and 8 m. 

 
Figure 23. Modeled flow discharge (m3) against precipitation (mm/day)  
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6. Discussion 

The aim of this study is to quantify the water flow through the rock dump and subsequent leachate 

production under conditions of variable temperature, snow depth and water content. Significant 

differences between the numerical model results and measured values requires an analysis of the 

source of uncertainties and errors within the model.  

This chapter discusses snow accumulation, followed by a discussion of the water content and 

temperature profiles within the soil columns. Leachate generation is discussed as a function of the 

other parameters. Lastly, this chapter reviews the possible sources of uncertainty in the model that 

might have affected the model predictions. 

 

6.1. Snow accumulation 
As mentioned before, snow accumulation was not directly compared between the model and Esrange 

observation station due to inadequate snow density data. This study only compares the starting time of 

accumulation and the rate of snowmelt. The model shows that the starting time of accumulation is the 

same with Esrange station for both 2015 and 2016. The melting time however is late by 56 days and 

22 days for 2015 and 2016, respectively. The model fails to capture the small thawing and freezing 

events in the middle of the snow accumulation period. Once it melts however, the model could capture 

the melting rate of Esrange station as shown in the similarity of the slope. 

There are number of reasons to why the model does not work so well in capturing the snow 

accumulation. The primary reason is most likely the time resolution of the simulations. In this study, 

average daily parameter values (e.g. temperature, relative humidity) are used with 1-day time steps. 

During most of the year, this is not a concern. However, during the period of snowmelt, daily 

temperatures will fluctuate above and below 0oC such that snowmelt and freezing occurs during the 

same day. This could lead to the effect where the average daily temperature was <0oC, but melting and 

percolation occurred during the day nonetheless. This would result in significant differences between 

measured snow depths and water flow in the deposit relative to the simulations.  

 

6.2. Water content and temperature profiles 
At the beginning of the simulations, the soil column is assumed to be rather dry. Therefore with the 

fall of the first precipitation, the percolation rate will be rather low since the sand was in a low water 

content. The water content variations in the model and observed with the TDR measurements were not 

greatly different. The comparison shows that water content differs around 0.1 - 0.2 and the TDR 

probes generally indicate that the spring thaw occurs earlier than indicated by the model. This result is 

consistent with the snow melt timing in the model result and was explained in the previous section. 

The vertical water content profiles from model show that all the profiles have higher water content 

for the times after snow melt and are otherwise low. The vertical water content also shows that there 
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were very high peaks both in the 4 m and 6 m profiles around 150 – 250 cm depth, but that these peaks 

were absent in the 2m and 8m profiles. While the absence of the peaks in the 2m profile may be due to 

boundary condition interference, the absence of the peaks in the 8m profile may be due to cell 

discretization. Cells are shorter in the 6m profile compared with the 8m profile (i.e. 0.06 m and 0.08 m 

thick in the 6m and 8m profiles, respectively), which may have led to a loss of accuracy in the 8m 

profile.  

The temperature model shows a generally better result when compared with the TDR 

measurements. For the TDR probes at 3 m and 5 m depth, the model was able to generate a similar 

amplitude and periodicity. However, the simulation of temperature changes at 1m depth deviates 

significantly from the TDR measurement. The TDR measurement indicates that soil temperature does 

not decrease much below 0oC, while the model results indicate temperature well below 0oC. It seems 

that either the thermal conductivity of the soil is too high in the model, such that temperatures at 1m 

depth are significantly affected by surface temperatures, or that the model does not correctly consider 

the latent heat of freezing. Both cases, or a combination of the two, would result in lower simulated 

temperatures.  

 

6.3. Leachate generation 
There are only two prominent peaks each year where the discharge from the waste rock dumps seems 

to be very high. The timing of this high discharge coincides with the timing of snow melt, in July 2015 

and June 2016. Also, this peak in leachate generation coincides with high values in water content. For 

the simulations, the highest total discharge is derived from the 4 m and 6 m soil column, since much of 

the rock dump volume is composed of the 4 m and 6 m columns.  

The simulation produces approximately twice as much leachate over a two years period compared 

with the measured discharge values (see Figure 22). Due to this very large discrepancy, it is very hard 

to see whether the model can be used for accurately predicting leachate generation. There are a 

number of plausible explanations for this, including errors in the discharge rating curve (Figure 3) and 

uncertainties in the hydraulic properties of the waste rock. The waste rock material is simulated as a 

sand, with relatively weak water retention properties, while a more heterogenous material with a 

greater amount of fine-grained material would retain more water, thus reducing leachate discharge 

over the first two years.  

  

6.4. Source of Uncertainties 
The results have shown that there are some major discrepancies between the measured and modeled 

results. Snow accumulation model shows that the model is unable to predictt the starting time of the 

melting period as well as the smaller freezing-and-thawing events. As discussed previously, this is 
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probably due to the 1-day time step used in the simulations. Model calibration to snow accumulation 

data would be difficult if snow density data is not available.  

     The water content simulations show a roughly 25% difference between model results and field data 

measurements. This is a rather large difference, and some of the variability may lie in the installation 

procedures used for the TDR probes where conditions were not reproducible from one probe location 

to another. All these discrepancies between measured and modeled data are likely the result of 

uncertainties in the simulated processes. This section will try to list and analyze those problem and 

uncertainties. 

 

6.4.1. Conceptual model 
The major uncertainty in the conceptual model lies in the large number of 1D columns that are 

summed together. Boundary conditions also affect the result of the model greatly. For water flow 

boundary condition, the model used atmospheric boundary condition with surface run-off as upper 

boundary condition and free drainage as the lower boundary condition. Upper boundary is affected by 

the potential evaporation and infiltration under current atmospheric condition and pressure head at the 

soil surface. Free drainage as the lower boundary means that the total head gradient is equal to one but 

pressure head gradient is zero. This may not represent what happens in the field but this approach is 

considered as a simplification of the field case. 

The upper boundary condition for heat transport is temperature boundary conditions which is 

affected by the temperature input in the model and the lower boundary condition is a zero gradient. 

The snow melting rate used in this model is an approximation but it seems it works well because it 

gives similar melting rate between measured and modeled result. Previous studies by Blackmore et al. 

(2014 , 2018) also use Hydrus-1D in modeling unsaturated water flow in waste rock dump. The study 

is located in Antamina, Peru and it shows that Hydrus-1D is able to produce an adequate model result. 

However the studies were using advection-dispersion equation (ADE) and mobile-immobile (MIM) 

type of model and it uses different boundary conditions as well. The studies use flux condition and 

seepage-face as upper and lower water flow boundary conditions, respectively. The studies by 

Blackmore et al. (2014, 2018) do not include thawing and freezing processes, which provides a 

simpler scenario than simulated in this study. 

 

6.4.2. Thawing and freezing process in Hydrus-1D 
This study demonstrates that the selection of the modeling time step is of critical importance when 

simulating processes such as freezing and thawing that vary during a 24 hours period. In retrospect, a 

shorter time step should have been employed in order to better capture the dynamics of snowmelt 

during the spring. However, the use of hourly timesteps would have placed a greater demand on the 

availability of observational data (e.g. temperature, global radiation) and would also have increased 

the simulation time.  
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6.4.3. Calculation of net radiation and evaporation 
Within this study, the net radiation is calculated manually with data that is obtained from various 

weather stations. During the net radiation calculation there are many assumptions made in the process 

such as assuming the albedo value for different surfaces and condition as well as adjustment that was 

made later on during the calculation to smoothen out the net radiation result. Emissivity was also 

obtained through an assumption that the soil was water saturated during the drainage time. The use of 

Penman-Monteith equation is a highly simplified formula to calculate evaporation. 

Though there are plenty of assumptions to be made, the Penman-Monteith equation is one of the 

most practical ways to calculate evaporation (Hendriks, 2010). Net radiation is also calculated based 

on careful consideration of all parameters involved and although it cannot fully represent the real life, 

all the assumptions were reasonable. 

 

6.4.4. Soil properties 
Soil properties such as the hydraulic and thermal properties used in this study are chosen from Hydrus-

1D database. Each waste rock dump is unique and the properties are different from one another. While 

it would have been ideal to determine the water retention properties of the waste rock material used in 

this study, this was not possible. Hence, the database values for sand were used, but this introduced 

large uncertainties when comparing with field-based water content values. However, in spite of the 

results, it is assumed that matrix flow dominates within the waste rock dump (Blackmore et al., 2018).  

 

6.4.5. Data availability 
The input data is not taken from the same location as where the modeled area is. Gällivare is 77 km 

away and it is the weather station with precipitation data. What precipitates in Gällivare may not 

precipitates at all in Kiruna. Esrange, the second farthest place, is located 41 km from the waste rock 

dump area. Thus the modeled snow depth might be more accurate if it is compared to snow depth in 

Gällivare since the precipitation data comes from Gällivare as well. However this scenario is not 

possible due to the lack of availability of both precipitation data in Esrange and snow depth data in 

Gällivare.  
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7. Conclusion 
The aim of this study was to predict the magnitude and timing of leachate generation from a small-

scale waste rock dump in Kiruna using the Hydrus-1D model. The results showed that there were 

significant discrepancies between the modeled and measured data, although there were general 

similarities between the model and the field data. There is no indication that preferential flow is a 

significant flow process in the waste rock; the assumption of matrix flow appears to be valid.  

The differences and errors between the model and field measurement are likely caused by model 

construction (i.e. time step selection and cell size) and the availability of model parameters (e.g. 

hydrological and meteorological parameters, and hydraulic and thermal properties). Simulation results 

with Hydrus-1D also suggest that heat transfer in the subsurface, resulting in sub-zero temperatures, 

may produce inaccurate temperature profiles. This should be investigated further.  

In the end, modeling programs are made to simplify a complex problem into a simpler system in 

order to answer important questions about the system. However, this study’s result shows that the 

modelling approach used here is not recommended to be used in places with arctic climate due to 

difficulties in modelling the thawing and freezing process. To model leachate generation in Kiruna, a 

different modelling approach that is adapted to freezing and thawing process is preferable.  
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