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Abstract 

The abandoned sulfide ore mines located at Folldal, in central Norway, have been closed 

since 1993.  However, centuries of mining activities have resulted in waste rock and tailings 

exposed to the natural environment. All the three ingredients are present to generate acid mine 

drainage (AMD), pyrite, water and oxygen. This has severely impacted the quality of the 

natural waters and the associated ecosystems at Folldal. The tailings are spread over a large 

area, and capping is therefore being considered by the Norwegian Directorate of Mining, as a 

way of reducing the oxidation of sulfide minerals and infiltration of AMD into the 

groundwater and associated streams and rivers.  

To test how successful a potential capping would be at Folldal two column experiments have 

been set up to test two different capillary barrier caps covering reactive tailings. In addition to 

the two columns with capped reactive material, two reference columns were set up to see how 

the acid generating tailings and the pre-oxidized material (that made up one of the caps) 

developed on their own.  

Previous studies have shown how successful the two capping options were at reducing 

oxygen diffusion into the tailings. It was clear that the physical properties of the two different 

caps resulted in different physical properties, even as the effect on the AMD formation was 

yet to be investigated. The grain size difference between the coarse and fine material of the 

pre-oxidized cap option was more ideal and succeeded to a greater extent in creating the 

desired capillary effect.  

The aim of this Master Project was to analyze and interpret the experimental results obtained, 

with a special focus on the interpretation of the geochemical composition and changes in the 

collected leachates. Leachates were collected and chemically analyzed over time to 

characterize their physico-chemical composition and changes. The geochemical modeling 

software PHREEQC was used to interpret the chemical data collected and gain insight into 

the expected future development of the leachate composition in the area surrounding the 

mines.  

This thesis works chemical investigations show that the distinct chemistry of the two caps 

results in different physio-chemical responses. The cap made up of fine-sand had more 

alkaline minerals to begin with, but the leachate development of the two columns was very 

similar when it came to their effectiveness in reducing the concentration of heavy metals.  
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Both the reference columns were acid generating and thus the total content of acid generating 

tailings in the column with the pre-oxidized cap was greater. Thus, when it is taken into 

account that the pre-oxidized material would be acid generating in itself it seems clear that 

using the pre-oxidized material in a cover in order to reduce the heavy metal leaching and 

acid generating potential of the more concentrated reactive tailings is a good purpose to put 

them to. 

The physical measurements, the dissolved oxygen, pore water pressure and water saturation 

measurements suggested that the pre-oxidized capping was better suited than the sand capping 

because of the more suited physical properties.   
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1 Introduction 

Metals are part of our everyday life in so many ways that it doesn’t seem possible for us to 

ever do without. Mining of sulfide ores has been the main source of these essential metals 

since before roman times. The adverse effects the extraction of sulfides has on the terrestrial 

and aquatic environment surrounding abandoned mines are severe. Acid mine drainage 

(AMD) is formed as sulfides are exposed to air and water, this produces sulfuric acid and the 

resulting leaching of heavy metals together with the low pH in runoff is so toxic that only 

highly specialized species can survive the resulting extreme environmental conditions.  

During this modern age the closing down of mines is done with more care as it is of public 

concern, and all over the world different techniques are being put in place to reduce the 

generation of AMD. The issue is that many of these techniques require planning before or 

during mining. Some mining locations have alkaline minerals available at locations nearby, or 

the option of underwater deposition. 

A viable option of remediation is source control. Source control can however be difficult if 

the source of the AMD is spread out over a large area. A way that has been successfully 

implemented in Canada is a new cost-effective technique where a sandwich of materials is 

placed as a cap over exposed tailings. The purpose of this form of capping is to limit the 

oxygen diffusion to the tailings. This will then slow down the reducing-oxidizing reactions 

taking place and thereby limit the formation of AMD, and the infiltration of AMD into 

groundwater and associated streams and rivers. 

Capping of the abandoned mine located in Folldal, in central Norway (Figure 1) is being 

considered by the Norwegian Directorate of Mining. The last mine in the area around Folldal 

has been closed since 1993, but more than 200 years of mining activities have released 

chemicals into the natural system.  

Column experiments have been conducted since 2016 to test the efficiency of two proposed 

capping materials. From these columns’ leachates have been regularly collected and the 

objective of this thesis has been to chemically analyze and characterize the physico-chemical 

composition of these leachates in order to predict the potential success of such a cap at 

Folldal. 
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Background 

The mining in central Folldal started up in 1748 and brought great economic growth to the 

people of Folldal. Nevertheless, extraction of more than 4 million tons of sulfide ore over the 

course of more than 200 years had lasting consequences even after the mining in this area was 

shut down. This severely impacted the quality of the natural waters and the associated 

ecosystems. The last mine in central Folldal was closed down in 1963 (Søndre Geitryggen) but 

the poor environmental conditions and Folla’s obvious lack of fish downstream of Folldal 

endures. The discarded sulfide tailings, the remains from this era, are spread over a large area 

and is resulting in oxidation of sulfide minerals and a subsequent generation of acid mine 

drainage (AMD).  

Most options are preferable to leaving tailings exposed on the surface the way they were at 

Folldal, but the surrounding steep terrain makes underwater deposition difficult, and several 

of the techniques used for chemical precipitation are both expensive and the resulting waste 

material also needs to be handled responsibly. A large part of the tailings at Folldal was 

removed during the late 90s without much payoff in the form of heightened pH or decreased 

metal concentration in the effluent to the river Folla or improved environmental status in 

general. Consequently, capping of the area has been proposed.  

Figure 1. Locations where the reactive tailings and the pre-oxidized tailings for the column experiment were collected 

(modified from Kartverket (2019) & Folldal Kommune (2019)). 
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Objectives 

The aim of this master’s thesis project is to: 

• Study the effect of capping and the difference in the leachate chemistry of two different 

capping options. 

• Build an inverse model in order to help identify the mineral phase-changes going on 

within the two columns. 

• Analyze how the leachate composition changes over time based on material chemistry. 

• Look at the physical and chemical factors and determine the main elements necessary 

to construct a successful cap at Folldal. 

• Find practical-applicability of the different cover-materials, cost and problems 

surrounding execution. 
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2 Theoretical framework 

This chapter gives a brief introduction to the theoretical functions of water transport and the 

physical and chemical processes involved in acid mine drainage (AMD), including the general 

configuration of capillary barrier covers. 

2.1 Water flow in porous media 

The flow of water through a porous medium in the unsaturated and saturated zone is a very 

complex motion of small water packages. These packages move along indirect pathways with 

varying velocity. The flow can however be simplified by looking at bulk flow and the averaged 

velocity of the packages moving through a relatively small volume. This is what Darcy’s law 

(Equation 2 and Equation 6) can be used for when flow is laminar. Laminar flow is assumed in 

this thesis. However, water will in a natural environment with relatively steep terrain move 

rapidly in the form of surface runoff. If the water velocity is greater; like on the surface, if pore 

space is large and or there are fractures, the flow is usually not laminar but turbulent (Renolds 

number, Re < ~1). This happens when the water input rate is greater than the surface saturated 

hydraulic conductivity (normal during storms) (Dingman, 2015). 
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Hydraulic conductivity 

The material characteristics together with the fluid characteristics are what make up the relation 

called the hydraulic conductivity, 𝐾ℎ (saturated hydraulic conductivity). For water moving 

through a porous soil the hydraulic conductivity will be dependent on the soil properties more 

than the fluid properties (assuming relatively normalized pressure conditions and water being 

liquid rather than frozen). Specifically, soil properties like: Porosity, interconnectivity of pores, 

grain shape and size distribution. In the unsaturated soil the hydraulic conductivity will also be 

dependent on water saturation, 𝐾ℎ(𝜃) (Dingman, 2015).  

The saturated hydraulic conductivity, 𝐾ℎ is typically expressed like shown in Equation 1.  

𝐾ℎ = 𝐶 ∗  𝑑2  ∗  
𝜌 ∗ 𝑔

𝜇
= 𝐶 ∗  𝑑2  ∗  

𝑔

𝑣
= 𝑘1 ∗  

𝛿𝑔

𝜇
 Equation 1 

 

In this case C is the proportionality parameter, dependent on the medium properties like grain 

shape, sorting and packing. The medium dependent part of the equation is also called the; 

intrinsic permeability →  𝑘1 = 𝐶 ∗  𝑑2. 

d = average grain diameter (m). 

g = gravitational acceleration (9.81 m/s²). 

𝜌 = fluid mass density (g/m³). 

𝜇 = dynamic viscosity (Pa*s). 

v = kinematic viscosity(m²/s) (≡
𝜇

𝜌⁄ ). 

2.1.1 Saturated zone  

The pressure in the saturated zone is higher than atmospheric pressure because of the weight of 

overlying water (Dingman, 2015).  

Darcy’s law describes the saturated flow through a porous media as given in Equation 2.  

𝑞𝑥 ≡
𝑄𝑥

𝐴𝑥
⁄ =  −𝐾ℎ ∗

𝑑ℎ

𝑑𝑥
 Equation 2 

 

𝐴𝑥 = area of porous media at right angles to x [𝑚2]. 

𝑄𝑥 = volume rate of flow [𝑚3𝑠−1]. 



6 

 

𝑑ℎ

𝑑𝑥
 = gradient of total hydraulic head, h, of the water in x direction. 

𝐾ℎ = saturated hydraulic conductivity in x direction [𝑚𝑠−1]. 

Flow moves from higher to lower h values, so Kh can therefore be given as negative values as 

well. The hydraulic head is the mechanical energy per unit weight of fluid, the units for 

energy, E and force, F, cancel each other out and hydraulic head is therefore given as height 

[m] (Equation 3).  

ℎ = 𝑧 + 𝜓 = 𝑧 +
𝑝

𝛾
 Equation 3 

 

At a specific point the hydraulic head, h, is given by the sum of gravitational head, z[𝑚], 

given as the elevation above a distinct horizontal datum and the pressure head, 𝜓[𝑚]. Pressure 

head, 𝜓, is the pressure 𝑝[𝑁𝑚−2]of the fluid, divided by the weight density, 𝛾[𝑁𝑚−3] 

(Dingman, 2015). This also applies for the unsaturated zone, see chapter 2.1.2. 

By combining Darcy’s law with the expression for hydraulic head Darcy’s law can be written 

as given in Equation 4. 

𝑞𝑥 =  −𝐾ℎ ∗
𝑑ℎ

𝑑𝑥
ℎ = −𝐾ℎ ∗

𝑑𝑧

𝑑𝑥
+

𝑑𝜓

𝑑𝑥
= −𝐾ℎ ∗ [

𝑑𝑧

𝑑𝑥
+

𝑑(
𝑝

𝛾⁄ )

𝑑𝑥
] Equation 4 

 

The specific discharge, 𝑞𝑥 [𝑚𝑠−1]is often called the Darcy velocity, however the actual average 

velocity, 𝑣𝑥, of a porous media is given by dividing the discharge by the porosity, n, see 

Equation 5. The same method is used to calculate velocity in the unsaturated zone.  

𝑣𝑥 =
𝑄𝑥

𝑛 ∗ 𝐴𝑥
 =  

𝑞𝑥 

𝑛
 Equation 5 
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2.1.2 Unsaturated zone 

The unsaturated zone, also called the vadose zone is made up of air, water and solids, and is 

often defined as the entire zone of negative pressure below the soil surface above the water 

table. Water in the form of rain, snow/ice melting and surface runoff will enter this zone through 

infiltration, and at the soil surface water will exit this zone through evaporation.  

Gravity (g) will always act downwards, but pressure forces in the soil will due to surface 

tension, also influence the pressure in the unsaturated zone. There will also be spatial variations 

caused by differences in water content. Over all the pressure in the unsaturated zone is less than 

atmospheric, and this decreases linearly with desaturation (as seen in Equation 6). In the 

unsaturated zone the pore water pressure will be controlled by suction in the pore voids. Suction 

is lower than atmospheric pressure, and therefore, by convention it is defined as a negative 

pressure in soil science and hydrogeology. At low to moderate water saturation a typical 

unsaturated soil will have very low hydraulic conductivity. (Dingman, 2015). 

Darcy’s law for unsaturated flow:  

𝑞𝑥 = −𝐾ℎ(𝜃) ∗
𝜓𝜃

𝑑𝑥
 Equation 6 

 

Where 𝑞𝑥 is the specific discharge, the volume of water moving through an area of a porous 

medium at right angles to the x-axis. 

Both pressure head and hydraulic conductivity increase algebraically with increasing saturation. 

The water content and the unsaturated hydraulic conductivity, 𝐾ℎ(𝜃) depend on the negative 

pressure head, also called matric suction, matric potential, or capillary potential, 𝜓 (Richards, 

1931). There are several mathematical approximations to this relationship; the one most 

commonly used being the van Genuchten model (Dingman, 2015, Richards, 1931, van 

Genuchten et al., 1991). More on this under Water retention Covers, chapter 2.1.6. 
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2.1.3 Contaminant transport 

Contaminant transport will occur as chemicals follow the water masses in the form of leachates 

running from the mine tailing’s unsaturated zone. They will then either move directly from the 

unsaturated zone, into the saturated zone and from there move into streams and rivers nearby. 

Or the leachates flow directly from the tailings into surface streams, and then into the river 

further down.  

Advection 

Chemicals are moved or transported by advection. Advection is when moving water carries the 

dissolved solids, as described by Equation 7 (Fitts, 2013, Zhu & Anderson, 2002). 

𝐹𝑎𝑥 = 𝑞𝑥𝐶 Equation 7 

Fax is the advective flux of solute mass [𝑚3 s−1 m−2] in the x direction (mass/time/area normal 

to the x-direction). 

qx is the specific discharge in the x direction [𝑚3 s−1 m−2]. 

C is the solute concentration [ kg m−3]. 

The average solute movement will be the same as the average linear velocity 𝑣𝑥, described 

further under chapter 2.1.1. However, the apparent rate of solute advection will differ from 𝑣𝑥 

when the solute reacts with the solid matrix it is moving through (Fitts, 2013). 

Diffusion 

Diffusion is the process by which a dissolved or suspended constituent is transferred from one 

place in a fluid/gas to another. This is due to concentration differences in different parts of the 

fluid (Dingman, 2015). Fick’s 1st law describes the one-dimensional diffusion process (for the 

oxygen diffusion through the capillary cover; read more under chapter 2.1.4 and 0): 

𝐹(𝑧, 𝑡) =  −𝐷𝑒

𝜕𝐶(𝑧, 𝑡)

𝜕𝑧
 Equation 8 

F is the diffusive flux [𝑚𝑜𝑙 𝑚−2 𝑠−1]. 

𝐷𝑒 is the effective diffusion coefficient [𝑚2 𝑠−1]. 

C is the gas or fluid concentration  [𝑚𝑜𝑙 𝑚−3]. 

z is the depth or distance [m] and t is the time [s]. 
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Dispersion 

Water moving in porous media will be forced to move around sediment grains, this will result 

in a spreading of concentration and this spreading concentration front is called dispersion. There 

are two types of dispersion: One due to flowlines having different travel times because of 

movement around grains, and one where there is a stepover onto neighboring flowlines due to 

diffusion (Appelo & Postma, 2005). 

Fick’s 2nd law describes the rate of change in concentration within a volume. 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷𝑒

𝜕𝐶

𝜕𝑧
) Equation 9 

Fick’s 2nd law does not usually take reactive materials into account, but Equation 9 can be 

modified to include a reaction rate coefficient [𝑠−1], 𝐾𝑟 (Mbonimpa et al., 2002). 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷𝑒

𝜕𝐶

𝜕𝑧
) − 𝐾𝑟𝑐 Equation 10 

ARD equation 

The ARD (Advection, Reaction and Dispersion) equation is a way to quantify the spreading of 

concentration fronts using a combination of the reactive transport and diffusion equations. This 

is done by considering the non-homogeneity of flow because of the different travel times due 

to dispersion. One will be able to combine this knowledge with the mass balance of a solution 

passing through a volume  (Appelo & Postma, 2005). 

𝜕𝐶

𝜕𝑡
= −𝑣

𝜕𝐶

𝜕𝑥
 − 

𝜕𝑞

𝜕𝑡
 +  𝐷𝐿

𝜕2𝐶

𝜕𝑥2
 Equation 11 

 

In Equation 11 𝐷𝐿 is the longitudinal dispersion coefficient, and the three different parts on the 

right side of the equation represent; Advection, Reaction and Dispersion, hence the name ARD 

equation (Appelo & Postma, 2005).  

−𝑣
𝜕𝐶

𝜕𝑥
 is the advective transport. 

𝜕𝑞

𝜕𝑡
 and is the change in concentration in the solid phase due to reactions. 

𝐷𝐿
𝜕2𝐶

𝜕𝑥2
 represents dispersive transport. 
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Per usual t is time [s], x is distance [m] and v is pore water flow velocity [m sˉ¹]. 

C is concentration in water [mol kgwˉ¹]. 

q is concentration in the solid phase [mol kgwˉ¹ in the pores]. 

𝐷𝐿 is the hydrodynamic dispersion coefficient [m² sˉ¹], and 𝐷𝐿  =  𝐷𝑒 + 𝛼𝐿 ∗ 𝑣. 

𝐷𝑒 the effective diffusion coefficient. 

𝛼𝐿  as the dispersivity [m]. 

It is customary to assume that v and 𝐷𝐿 are the same for all solute species. This is done so that 

C can represent the total dissolved concentration of an element, comprising all redox species 

(Appelo & Postma, 2005, Parkhurst & Appelo, 1999). 

  

Figure 2. Illustration of terms in the ARD equation (PHREEQC manual 2). 
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2.1.4 Oxygen transport 

In fine grained porous media like the soils used as cover materials in this thesis, the gas transport 

will mainly occur through molecular diffusion (Aachib et al., 2004).  

Fick’s 1st law (Equation 8) describes the one-dimensional diffusion under steady state 

condition. Fick’s 2nd law (Equation 12) describes the concentration distribution in space and 

time under transient conditions, where 𝑂2 is neither consumed or produced: 

𝜃𝑒𝑞

𝜕𝐶

𝜕𝑡
=  −𝐷𝑒

𝜕2𝐶

𝜕𝑧2
 Equation 12 

Where 𝜃𝑒𝑞 is the equivalent diffusion porosity [𝑚3 𝑚−3]. 

A parallel medium formulation for the simultaneous transport in liquid and gas phase would be 

as given by Equation 13 (Aubertin et al., 1999, 2000a):  

𝜃𝑒𝑞 =  𝜃𝑎 + 𝐻𝜃𝑤 or   
𝜃𝑒𝑞

𝜃𝑎
=  1 +

𝐻𝑆𝑟

1−𝑆𝑟
 Equation 13 

Where  𝜃𝑤(= 𝑛𝑆𝑟) refers to the volumetric water content. 

𝜃𝑎(= 𝑛 − 𝜃𝑤) is the volumetric air content [𝑚3 𝑚−3]. 

𝑆𝑟 refers to the degree of saturation. 

H is the dimensionless form of Henry’s equilibrium constant. H will vary with pressure and 

temperature. Henry’s constant for oxygen is defined by the ratio between the concentration 

of 𝑂2 dissolved in water vs. in air phase which depend on temperature and pressure, hence 

does H too. A typical value of H for oxygen at 20 ºC is about 0.03. 

Oxygen diffusion (𝐷𝑒 effective diffusion) can occur both in the gaseous and the aqueous 

phases within the soil. However, the diffusion in water is about 10 000 times lower 

(Mbonimpa et al., 2002). The movement of oxygen through the air-filled voids is therefore 

the main concern as the movement through water is only relevant at high water flow. 

The semi-empirical equation proposed by Aachib et al. (2004) can be used to estimate 𝐷𝑒 

from the material properties (Demers et al., 2009).  
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2.1.5 Capillary barrier 

A capillary barrier cover uses the unique abilities of water moving through a porous media to 

retain water in its pores, thereby limiting the flow of oxygen moving through the barrier (Figure 

4). As a result, the redox reactions like those involved in generating AMD will be restricted. 

Figure 4 illustrate how water is held in fine vs. coarse-grained soils. In coarse grained soils 

gravitational water will drain through, as this water is not held strongly enough to keep gravity 

from pulling it down. Gravitational water will be present when the water content is above field 

capacity, like below the water table in the saturated zone, see Figure 3. Field capacity is the 

point at which water gravity-drainage becomes negligible. Below field capacity capillary water 

is held by cohesive forces, these forces will hold the water strongly enough to counteract the 

pull of gravity. The capillary water is typically available to plants and will be found in 

unsaturated soils that are below the field capacity and above the wilting point. Below the wilting 

point water will be held through adhesion, see Figure 3. Adhesion is the strongest way water 

can be held, the water is here adsorbed onto the soil particles, and is so tightly held it will not 

be available to plants. 

The amount of capillary water the soil will be able to hold depend on the grain size (see Figure 

6), sorting and the curvature of the soil grains. High grain curvature means that the curvature 

of the meniscus created by the surface tension increase, and thereby the capillary potential of a 

soil increase. Resulting in higher particular water content. Smaller grains typically have greater 

curvature. The numerical estimation of this relationship is described by the modified Kovács 

model, Equation 37 (Aubertin et al., 2003, Aubertin et al., 1998, Nicholson et al., 1989).  

Figure 3. Illustrating how water is held at different saturation/suction, with arrows illustrating wilting point and field 

capacity. 
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Capillary barriers can have various configurations depending on the situation for which they 

are to be utilized. The common denominator being that they utilize the effect of a fine-grained 

layer overlying a coarser grained layer and the effect that arises from this arrangement, see 

Figure 5 left. When liquid is separated from a gas by an interface, a pressure difference exists 

across the interface. An hydraulic impedance is caused by the capillary forces of the upper 

layer. This is because of the capillary pressure related to the interfacial tension and curvature 

of the surfaces of the pore-spaces (Brooks et al., 1964), see Figure 4 right. A capillary meniscus 

is formed above the interface between the two layers and the capillary forces of the finer grained 

layer allows the upper layer to act as a buffer of water, see Figure 5 right. 

Figure 4. Left: Figure illustrating the difference in how coarse- and fine-grained soils distribute water. The fine-grained soil 

has more water distributed in the unsaturated zone as an effect of capillary forces caused by the smaller spaces between 

grains and the higher angle of the smaller grain’s curvature. Right: Zoomed in version of fine-grained part of the 

illustration. Showing how pore air pressure and pore water pressure interact in fine grained soil where water retention is 

controlled by both adhesive and capillary forces. 

Figure 5. Left: Capillary barrier with only a fine-grained moisture retaining layer overlying a coarse-grained capillary 

break layer. Right: Illustration showing the capillary forces (red arrows), meniscus and capillary barrier around interface 

between coarse- and fine-grained material in capillary barrier cover. The upper fine-grained material being highly saturated 

with water (blue). 
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As the upper fine-grained layer is filled with water, the water saturation in the layers above it 

will increase until the water content and suction in the layers above reach a level sufficient to 

counter act the capillary forces and break the capillary barrier (Mancarella & Simeone, 2012).  

In dry conditions the negative water pressure, called matric suction (or tension), will be high, 

and fine-grained porous materials will have a much larger hydraulic conductivity than coarse 

grained porous materials (Figure 6). The definition of suction is the pore air pressure (positive) 

minus the pore water pressure (negative) see Figure 4. With increasing water content in the 

fine-grained material (here after called the moisture retaining layer, MRL) the matric suction 

will decrease, and the fine-grained material’s hydraulic conductivity will gradually increase. 

The underlying coarse-grained material (the capillary break layer), will on the other hand 

continue to have low hydraulic conductivity until the suction corresponding to the water entry 

value (WEV) of the coarse-grained material is exceeded (Figure 6). At the WEV suction is 

equal to the suction at residual water content 𝜓𝑟, and until this is the case, and the suction in 

MRL is negligible, there will be no noticeable water flow from the MRL to the underlying 

coarse layer (Williams et al., 2011). 

When the suction is lower than the Air Entry 

value (𝜓𝑎 – AEV, the suction at which air first 

enter the water saturated media), the material 

will hold water and remain close to water 

saturated, see Figure 6 for visualization. This is 

because the capillary forces even in the largest 

pores will be large enough to resist the effect of 

the potential energy (gravity). The matric 

suction will increase (in absolute value) with 

elevation above AEV (𝜓𝑎), and the water 

content will decrease as the small pores are 

gradually drained until they reach the residual 

water content 𝜃𝑟 (Aachib & Chapuis, 1994, 

Kovács, 1981), see Figure 4 left.  

Hence, the AEV (𝜓𝑎) is an important parameter for capillary barriers as it indicates the height 

above the water table that correspond to the near fully saturated porous media. Experimentally 

Figure 6. Typical moisture characteristic curves. 

Modified from Aachib & Chapuis (1994). 
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it has been found that the AEV value is about 10 – 50 cm for sands, 100-300 cm for most silts 

and more than 5-10 m for clays (Aachib & Chapuis, 1994). 

2.1.6 Water retention cover 

When the water table is relatively low a monolayer cover is especially prone to desaturation 

(Pabst et al., 2017). Therefore, multilayered models are said to be more successful. However, 

the covers design would need to be tailored to the mine site’s specific conditions as the covers 

success will depend on the different material’s hydrogeological properties like: Porosity, 

thickness, water retention curves and the amount of precipitation (Aubertin et al., 2016). 

The cover construction presented in Figure 7 is the traditional configuration of a multi-layer 

capillary barrier cover (Aubertin et al., 1999a, Aubertin et al., 1999b). This configuration has 5 

layers, from top to bottom. The upper most layer is made for plant life to be able to re-discover 

what was likely a barren landscape, and the protection layer below the soil cover is there to 

protect the capillary barrier part of the cover from roots destroying it.  

The coarser layers will help drain the cover, and 

when they are drained and their volumetric water 

content has reached 𝜃𝑟 their comparatively low 

hydraulic conductivities will retain the moisture in 

the MRL (Aachib & Chapuis, 1994). An important 

characteristic of the MRL is the amount of fine 

material. A MRL should preferably have a grainsize 

of medium to fine silt and a large AEV (Nicholson 

et al., 1989). 

At the same matric suction the fine grained material 

in the MRL will have retained more moisture than 

the upper and lower coarse sand layers. Thus, the 

effectiveness of these types of covers can be 

investigated by observing the relationship between 

the suction and the volumetric water content within 

the different materials of the cover.  
Figure 7. Typical configuration of multilayer 

cover with capillary barrier effect, modified 

from Aubertin et al. (1999a). 
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There are a few parameters that will follow one another that can be used to determine the ideal 

thickness of the different layers (Aachib & Chapuis, 1994). For a capillary layer to remain close 

to fully saturated it is stated by Nicholson et al. (1989) that the thickness, L, of the capillary 

layer should follow this formula:  

𝐿 = |(𝜓𝑎)|𝑓𝑖𝑛𝑒 − |(𝜓𝑟)|𝑐𝑜𝑎𝑟𝑠𝑒 Equation 14 

Where (𝜓𝑟)𝑐𝑜𝑎𝑟𝑠𝑒 is the equivalent suction pressure of the residual water content for the lower 

coarse material, and the (𝜓𝑎)𝑓𝑖𝑛𝑒 is the AEV of the MRL Figure 7. 

At the point of 𝜓𝑟 the drying and wetting path will be identical. At lower suctions however, 

sorption and desorption will when comparing the matric suction and volumetric water content 

take different paths. So that at the same relatively low matric suction the saturation will be 

lower during the wetting part of the cycle than the drying part of the cycle (effect called 

hysteresis) (Dingman, 2015). 

Pre-oxidized tailing as MRL 

Traditionally fine-grained material was brought in to build the capillary barrier’s MRL. 

Acquiring material of exactly the right grainsize is important and can pose difficulty and be 

quite expensive. Milling wastes are however often readily available at older abandoned mine 

sites, and these do in some cases have the correct grainsize as they have already been crushed 

as part of the ore dressing. 

The idea of using small amounts of oxygen consuming sulfides as part of the cover material 

was introduced in the early 90s (Aachib & Chapuis, 1994, Mbonimpa et al., 2002). This has 

been proven beneficial as it limits the oxygen flux to the reactive tailings (Mbonimpa et al., 

2002), this has been tested with good results by Aubertin et al. (1999a) and Aubertin et al. 

(1998). Small amounts om oxygen consuming components can be a good thing, because when 

the MRL consume oxygen, the oxygen will not penetrate to the more reactive tailings as the 

MRL is drained (Aachib & Chapuis, 1994, Aubertin et al., 1999a, Aubertin et al., 1999b, 

Mbonimpa et al., 2002). However, when operating with this type of configuration the diffusion 

and oxygen consumption should be considered. This can be estimated through the modified 

Fick’s 2nd law, Equation 10 (Mbonimpa et al., 2002).   



17 

 

2.2 Chemical processes 

Chemical processes occur both in the unsaturated zone, in the leachates and in the saturated 

zone. The purpose of this chapter is to explain the main processes involved in the generation of 

acid mine drainage, and how the different chemical speciation can be done. The chemical 

reactions that occur can change the density of the solution, which again can change the field of 

flow. Precipitation and dissolution reactions can decrease and increase the porosity and 

permeability of the material it moves through, and this can then change the flow velocity (Zhu 

& Anderson, 2002).  

2.2.1 Formation of acid mine drainage 

Acid mine drainage (AMD) or Acid rock drainage (ARD) is often present at sites where sulfide 

minerals have been mined. AMD occur when the acid production exceeds the buffering capacity 

of the host rock. AMD can vary considerably with wall rock composition, sulfide content and 

environmental setting (Bigham & Nordstrom, 2000).  

Some general characteristics of AMD include (NGI, 2015c): 

- Low pH, below 4, and in some cases the pH is even negative (Nordstrom, 2011) . 

- High redox potential - oxidizing conditions, Eh of about 800 mV. 

- High electrical conductivity, due to great amount of dissolved solids. 

- Elevated concentrations of metals, like Fe, Cu, Zn, As, Cd and Pb, with concentrations 

above 100 mg/l. 

- Concentrations of Ca, Mg, Al and 𝑆𝑂4 above 10 000 mg/l. 
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Oxidation of sulfides 

The three major components that have to be 

present for AMD formation are pyrite, water and 

oxygen (Nordstrom & Southam, 1997). The 

sulfide mineral pyrite (𝐹𝑒𝑆2), is the most 

common sulfide mineral and thus the greatest 

contributor to AMD. Pyrite is also the one best 

studied and is therefore often used to describe the 

reactions that cause the low pH, that then affect 

the precipitation and sorption of heavy metals 

(Appelo & Postma, 2005, Favas et al., 2016, 

Plumlee et al., 1999, Stumm & Morgan, 1996).  

The overall process of pyrite oxidation resulting in sulfuric acid and lowered pH is commonly 

written as Equation 15. 

𝐹𝑒𝑆2 +  15
4⁄ 𝑂2 + 7

2⁄ 𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 2𝐻2𝑆𝑂4 Equation 15 

Figure 9 summarizes the sequence of reactions that make up the oxidation of pyrite. From this 

figure it can be seen how the process can occur directly with oxygen as the oxidizing agent, or 

indirectly using ferric iron as the oxidizing agent. The production of sulfuric acid (𝐻2𝑆𝑂4) is 

thus about 2 mol sulfuric acid per mol pyrite, as can be seen from Equation 15. The oxidation 

of sulfide to sulfate makes the ferrous iron soluble, and 𝐹𝑒2+ is then oxidized to ferric iron, 

𝐹𝑒3+ (Favas et al., 2016).  

Figure 9. The reaction pattern of pyrite oxidation. The numbers [1], [1a], [2],[3] & [4] mark the different steps of the 

reaction, and are used in the text (Stumm & Morgan, 1996). 

Figure 8. Illustration of water and air moving through 

the pore spaces of sulfide tailings. 
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The process starts off with 𝐹𝑒𝑆2 (solid) reacting with 𝑂2, either directly [1], or through 

dissolution and then oxidation [1a]. Equation 16 illustrates this:  

𝐹𝑒𝑆2(𝑠𝑜𝑙𝑖𝑑) +  7
2⁄ 𝑂2(𝑔𝑎𝑠) + 𝐻2𝑂(𝑙𝑖𝑞𝑢𝑖𝑑)  → 𝐹𝑒2+ + 2𝑆𝑂4

2− + 2𝐻+ Equation 16 

 

The rates of both processes [1] and [1a] (Figure 9) are low. Reaction [3] however is fast and 

the net release of this reaction is 𝐻+ which lowers the waters pH. The reaction [2] shows how 

Fe2+is oxidized by O2 to Fe3+, Equation 17: 

𝐹𝑒2+ +  1
4⁄ 𝑂2 + 𝐻+  → 𝐹𝑒3+ + 1

2⁄ 𝐻2𝑂 Equation 17 

 

𝐹𝑒2+ oxidation is slow at low pH (pH < 4), and fast at higher pH. However, it is only at low 

pH that 𝐹𝑒3+ will remain in solution. At higher pH it will precipitate to 𝐹𝑒(𝑂𝐻)3 [4], as seen 

by Equation 18: 

𝐹𝑒3+ + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻+ Equation 18 

 

In inorganic systems the rate of 𝐹𝑒2+ oxidation is therefore limited as the pH decreases 

(Appelo & Postma, 2005). However, pyrite can also oxidize when oxygen is absent, but the 

general rate of pyrite oxidation will be determined by the access to oxygen (Nordstrom & 

Southam, 1997). The oxidation will then occur indirectly rather than directly using 𝐹𝑒3+as the 

oxidation. These two processes will occur at the same time, but at different rates depending 

on the pH (Favas et al., 2016). 

Another oxidant for pyrite is nitrate, increased nitrate access will often follow leachates from 

farming (Appelo & Postma, 2005). In cases where nitrate is the oxidant of pyrite the general 

reaction will look like this: 

𝐹𝑒𝑆2(𝑠𝑜𝑙𝑖𝑑) +  2𝑁𝑂3
− + 2𝐻2𝑂(𝑙𝑖𝑞𝑢𝑖𝑑)  → 𝐹𝑒(𝑂𝐻)3 + 1.5𝑁2 + 2𝑆𝑂4

2− + 𝐻+ Equation 19 

Pyrite oxidation may occur through biological processes as well, see chapter 2.2.2. Inorganic 

oxidation and biological oxidation also occur together, with one of the two processes 

dominating depending principally on the pH and Eh of the medium and by limiting factors like 

bacterial growth (Favas et al., 2016). 
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From Figure 9 and the other equations above it is clear that the oxidation of sulfide minerals 

will result in the release of acid. The release of metals along with a severe lowering of pH will 

lead to metals being spread far and wide through all connected waterways; surface runoff, soil 

water, groundwater, creeks and rivers (Favas et al., 2016).  

2.2.2 Microbiological processes 

As an AMD situation is an extreme situation with a very distinct environment the 

microorganisms that live in this environment need to be highly specialized. Typically, 

acidophile organisms are the ones that thrive in AMD environments. Microbiological processes 

are important with regards to AMD as it facilitates the oxidation of sulfides. Especially at lower 

pH values, bacterial catalysis is required for the oxidation of ferrous to ferric acid to proceed 

(Plumlee et al., 1999). 

Biological oxidation can occur in two different ways, it can occur directly with bacteria 

oxidizing the sulfide surfaces enzymatically, or indirectly with bacteria catalyzing the oxidation 

of ferrous iron to ferric iron, consequently intermediating the inorganic mechanism (Favas et 

al., 2016). Acidophilic, Fe-oxidizing bacteria have been found to increase the oxidation rate of 

pyrite by 105 (Bigham & Nordstrom, 2000). The bacteria are most active at pH values between 

1.5 and 3.5. When the pH is above 4 the oxidation of sulfides will mostly occur in inorganic 

ways, and the reaction will therefore be much slower (Nicholson et al., 1989). 

The main reason why microorganisms catalyze chemical reactions is for themselves to multiply. 

This is called biomass synthesis and is a basic growth event that demands that the cells extract 

energy and building materials from their surrounding environment. The ingredients these 

acidophilic bacteria need is; a reduced form of iron or sulfur, 𝑂2, 𝐶𝑂2 and some small parts N 

and P (Bigham & Nordstrom, 2000). They use these elements to build new biomass, and the 

electrons to reduce elements to the proper reduction state. The resulting energy is used to fuel 

the reduction and the building of new biomass (Favas et al., 2016). 
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Even small populations of acidophilic bacteria are able to oxidize great amounts of ferrous iron. 

Bacteria need to oxidize large amounts to sustain metabolic processes as the reaction does not 

produce much energy. It has been estimated that to assimilate 1 mol of carbon the bacteria must 

consume 90.1 mol of ferrous iron (Bigham & Nordstrom, 2000). Microbial diversity is 

supposed to enhance the relative oxidation of sulfides (Bigham & Nordstrom, 2000). The most 

common species involved in the microbial oxidation of pyrite are; Thiobacillus ferrooxidans, 

Leptospirillum ferrooxidans, and Acidithiobacillus ferrooxidans (Favas et al., 2016).  

 

   

Figure 10. Illustrating how acid rock drainage takes place while mineral ore 

is still inside wall rock. Through fractures; water, oxygen and bacteria find 

their way to the sulfide minerals. 

Figure 11. Illustrating how iron oxides present in the streams and rivers 

running off from the mine site sorb heavy metals and other particles. 
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2.2.3 Thermodynamics 

Solubility is the ability a solute has to dissolve in a given solvent, both the solute or the solvent 

can be a gas, solution or a solid. How soluble or insoluble a solute is depend on the properties 

of both the solute and the solvent, as well as the physical and chemical circumstances. This 

chapter will describe the process of phase change from a thermodynamic standpoint.  

The behavior of metals that enter the system through AMD are dependent on the anions present 

on site. Depending on what types of anions that are present the metals can precipitate out as 

insoluble compounds rather than form soluble salts. The insoluble precipitates will reduce 

spreading, while the soluble salts can travel with the water and affect larger areas (Favas et al., 

2016). 

Precipitation and dissolution of solid phases like minerals and salts is determined by the law of 

mass action. 𝐾𝑠𝑝 is the equilibrium constant or the thermodynamic solubility product, see 

Equation 20. 

𝐾𝑠𝑝 =  
{𝐴}𝑎{𝐵}𝑏

{𝐴𝑎𝐵𝑏}
=  {𝐴}𝑎

𝑒𝑞
{𝐵}𝑏

𝑒𝑞
 Equation 20 

Based on Equation 20 the pure solid phase is: {𝐴𝑎𝐵𝑏} = 1. 

This is the way thermodynamics determine the solubility product. The curly brackets indicate 

the activity of a pure phase, and the exponential is the charge of the element. When the solution 

is in equilibrium the product equals to 1. In general, the mass-action equations can be written 

as: 

For which 𝐾𝑖 is the temperature dependent equilibrium constant, 𝑐𝑚,𝑖 (can be positive or 

negative) is the stochiometric coefficient of the species m in the species I and 𝑀𝑎𝑞is the total 

number of aqueous species. 

  

𝐾𝑖 = 𝑎𝑖 ∏ 𝑎𝑚
−𝐶𝑚,𝑖

𝑀𝑎𝑞

𝑚

 Equation 21 
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The total moles of an aqueous species i can be calculated from the expression: 

𝑛𝑖 = 𝑚𝑖𝑊𝑎𝑞 = 𝐾𝑖𝑊𝑎𝑞

∏ 𝑎𝑚
−𝐶𝑚,𝑖𝑀𝑎𝑞

𝑚

𝛾𝑖
 Equation 22 

A solution is not always in equilibrium though and the Ion Activity Product (IAP) is a way to 

measure this. IAP is estimated in the same way as the 𝐾𝑠𝑝, but in Equation 23 the IAP will be 

actual measured values and not estimations of the equilibrium.  

𝐼𝐴𝑃 = {𝐴}𝑎
𝑎𝑐𝑡𝑢𝑎𝑙

{𝐵}𝑏
𝑎𝑐𝑡𝑢𝑎𝑙

 Equation 23 

The saturation index (SI) of a solution is the ratio between the IAP and the 𝐾𝑠𝑝 (Appelo & 

Postma, 2005). 

𝑆𝐼 = 𝑙𝑜𝑔10(𝐼𝐴𝑃 𝐾𝑠𝑝⁄ ) Equation 24 

𝐼𝐴𝑃 = 𝐾𝑠𝑝,  𝑆𝐼 = 0 → Saturated or solution is in equilibrium. 

𝐼𝐴𝑃 < 𝐾𝑠𝑝,  𝑆𝐼 < 0 → Undersaturated. 

𝐼𝐴𝑃 > 𝐾𝑠𝑝,  𝑆𝐼 > 0 → Supersaturated. 

2.2.4 Stoichiometry 

The stoichiometric solubility product (𝐾𝑠𝑝
∗ ) is defined the same way as the thermodynamic SI, 

only the square brackets in Equation 25 indicate concentrations not activities. Therefor it may 

vary significantly from the thermodynamic solubility product, especially when highly soluble 

salts are involved. 

𝐾𝑠𝑝
∗ = [𝐴𝑎][𝐵𝑏] = 1 Equation 25 

The solubility of a mineral or a salt refers to the maximum amount of that salt that can be 

dissolved in a volume of water at equilibrium. By rearranging Equation 25 one can find the 

molar solubility (S): 

𝑆 =  
[𝐴]

𝑎
 =  

[𝐵]

𝑏
 =  √

𝐾𝑠𝑝
∗

𝑎𝑎𝑏𝑏

𝑎+𝑏

 Equation 26 
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2.2.5 Redox potential 

The redox potential is significant to the effective mobility of heavy metals. The pe and Eh are 

ways of measuring the redox state of a system (Appelo & Postma, 2005). 

The reducing-oxidation (redox) reaction is characterized by the transferring of an electron 

between two ions:  

𝑅𝑒𝑑 =  𝑂𝑥 +  𝑒− Equation 27 

𝑅𝑒𝑑 = Reduces species. 

𝑂𝑥 = Oxidized species. 

𝑒− = Electron. 

The equilibrium constant (K) then represent the product of activities at equilibrium, see 

Equation 28. 

𝐾 =  
[𝑂𝑥] ∙ [𝑒−]

[𝑅𝑒𝑑]
 Equation 28 

The electron activity is often expressed as pe and is defined as 𝑝𝑒 =  −log [𝑒−] from Equation 

29. 

−𝑙𝑜𝑔[𝑒−] = 𝑙𝑜𝑔[𝑂𝑥] − 𝑙𝑜𝑔 𝐾 − 𝑙𝑜𝑔 [𝑅𝑒𝑑] Equation 29 

pe can also be expressed in volt relative to the standard hydrogen electrode (SHE), Equation 

30: 

𝐸ℎ =  
2.303𝑅𝑇

𝐹
𝑝𝑒 Equation 30 

F is the Faraday constant, 𝐹 = 96.42 𝑘𝐽 𝑣𝑜𝑙𝑡−1𝑒𝑞−1.  

R is the gas constant and temperature is given in Kelvin. 

Consequently, a high pe means low activity and low concentration of electrons in a system. A 

low concentration of electrons is an indication that the system is oxidized. A high concentration 

of electrons, low pe, means that the system is reduced (Appelo & Postma, 2005).  
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The stability field of natural waters at different ranges of pe and pH can be seen in Figure 12. 

The pe-pH diagram can also illustrate the stability of solid phases, se Figure 13.  

Figure 12. Stability field for different types of natural waters at different pe-pH ranges. Modified from Garrels & Christ 

(1965) and Appelo & Postma (2005). 

Figure 13. pe-pH diagram illustrating the stability of solid phases for a Fe-S-K-O-H system at 25°C where pe = 

Eh(mV)/59.2. The lines illustrate the limits of the different phases’ fields of stability. Figure modified from Bigham et al. 

(1996). 
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2.2.6 Sorption 

Sorption is the collective term for several different chemical and physical processes that occur 

in soils and solids resulting in ions and other dissolved species being contained on or within the 

solid (Domenico & Schwartz, 1998). Adsorption, or surface complexation, of metals occur as 

metal ions are retained on the surface of soil particles by physical attractive forces, chemical 

binding and ion exchange. Ion-exchange occur on clay surfaces or humic substances with 

constant surface charges. Ions can also be absorbed, this means that they are incorporated into 

the solid matrix (Adriano, 2001, Appelo & Postma, 2005). 

Sorption is dependent on the metal and the soil type, and the soil/rock surfaces charge will result 

in different ions sorbing. The metal contaminants considered in this thesis are positively 

charged and will therefore be attracted to negatively charged surfaces. The more surfaces, the 

more metals will be sorbed. Typically clays have fixed surface charge, while oxides/hydrous 

oxide minerals, non-crystalline inorganic-and-organic-soils have variable surface charges. The 

variable surface charge will change with pH (Yong, 2001). This will affect what type of metals 

are bound, for example, lead is almost exclusively bound to Mn-oxides at low pH and Fe-oxides 

at high pH (>7) (Zhu and M. Anderson, 2002). 

For metal the chief adsorbents in the soil will be; humus, colloidal minerals like Fe/Mn oxides, 

alumino-silicate clays, zeolites and soluble Ca salts when present. The availability of these 

types of adsorbents in the soil along with parameters like pH, redox potential, temperature and 

reaction time will control the amount of metals in solution. A broad generalization is that the 

adsorption of metals is on humus at low pH (<6) and on Fe-oxides at high pH (>6). 

Humus is a collective word used to describe the organic product of plant and animal decay. The 

most efficient organic fractions when it comes to binding metals is the active organic matter, 

humic and fluvic acids. Humus is effective at binding metals and the metals have numerous 

sites to which it can bind.  The nature of humus can be particulate, colloidal and molecular, and 

it is present mainly in the top 20 cm of mineral soil and have varying concentration depending 

on what type of soil. The presence of humus in water can both be a positive or a negative with 

regards to metals, considering the metals will spread with the humus. Thus, the mobility of the 

metals can decrease or reduce depending on the solubility of the humus vs. the metal (Alloway, 

2013).  
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Organic materials are very efficient at sorbing and including 𝐶𝑢2+ in complexation processes. 

Copper is special in the sense that it forms the most stable complexes with humic and fluvic 

acids, more so than Pb, Fe or Zn. However, these organic ligands will play a great part in the 

leaching of waste sites rich in copper (Alloway, 2013). Sorption processes are most effective at 

high pH. For example the bioavailability of copper is drastically reduced at pH above 7 while 

it is readily available at pH below 6, and especially so at pH below 5. An increased pH would 

hydrolyze 𝐴𝑙3+ that occupy sorption sites that can then receive 𝐶𝑢2+instead (Adriano, 2001). 

It should also be considered that it is not just the metals that adhere to solid surfaces. Significant 

amount of acid can exist on surfaces and exchangeable sites when they are in contact with acidic 

water. The acid can then be continuously released which can contribute to long term AMD (Zhu 

& Anderson, 2002). 

2.2.7 Effects of Acid mine drainage 

The effects of AMD are visible as barren land surfaces and reduced life both on land and in 

surrounding waters. The cause of this is the drainage waters acidity and the metals that follow 

the acidic drainage water. 

The toxicity of the dissolved metals in AMD depend on the concentration, the bioavailability 

and the organisms living in the environment that is exposed to AMD. Low pH will mobilize 

metals and will typically make them more bioavailable (Favas et al., 2016). In soils the acidity 

may also result in the loss of essential nutrients in addition to the direct effect of the low pH. 

Crop yield is known to be harmed by acidic soil and plant life will wither as a result of root 

damage making it harder for trees and other plants to take up nutrients needed for them to 

survive (Küpper et al., 2009). 

When it comes to aquatic life, most fish eggs cannot hatch at pH below 5. In low pH water fish 

growth may be inhibited and their gills function affected. Even if the fish is not harmed directly 

by low pH water, their sources of food may not be able to survive if the pH is lowered. These 

factors make it harder for fish to compete for food (EPA, 2019). It should be mentioned that 

while some species suffer due to the effects of AMD, other species adapt and can become 

invasive (Favas et al., 2016). Typically, organisms of lower trophic orders have a greater 

capacity to adapt to changes in pH (Li et al., 2018). 
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Bioavailability and toxicity 

Toxicity develops if the concentration exceeds what an organism is able to handle, and if the 

concentration is further increased the concentration will be lethal (Adriano, 2001). The mobility 

of metals as well as the amount of free ions is of interest as the ion activity often is considered 

the best indication of bioavailability and toxicity (Gensemer & Playle, 1999). For example, 

concentrations of Zn, Cd and Cu are typically low in reduced environments and high in 

oxidizing environments, while the opposite holds true for iron and arsenic (Adriano, 2001). 

Some metals like; zinc and copper bioaccumulate, resulting in concentrations building up 

through the food chain, thereby posing greater danger to animals at higher trophic levels 

(Stefania et al., 2017). 

Some metals are only harmful in certain molecular complexes or states, and there are several 

ways to reduce bioavailability. An increased pH would lead to the formation of metal 

hydroxides which are in general less toxic to aquatic organisms (Løvdal, 2015, NGI, 2015a, b). 

Al and Fe complexes present in the AMD will be able to adsorb much of the heavy metals 

present in the AMD and thus reduce bioavailability and the toxicity experienced by the fish 

(Adriano, 2001, Zhu & Anderson, 2002). 

Copper 

Copper is a necessary element to all life forms. However, at high concentrations toxic effects 

will develop. Excessive uptake of copper by land plant will cause root damage and exert damage 

to the plant itself. However, the toxic effects of copper are most pronounced in aquatic systems. 

Copper will interfere with the lipid metabolism in the gills of fish, and it bioaccumulates in the 

brain and liver as well as being potentially carcinogenic (Brotheridge et al., 1998).  

Figure 14. Norwegian rainbow trout is a good indicator species for the quality of the aquatic environment 

(hooked.no, 2012). 
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It is mainly the free form of the potentially toxic metals in water that is bioavailable. Fresh 

water fish will show severely negative effects if exposed to oxidized copper (𝐶𝑢 2+), (𝐶𝑢 2+) 

and (𝐶𝑢𝑂𝐻+) being the toxic forms of copper. Experiments have been conducted that show 

that adding humic acids resulted in survival of Atlantic salmon and rainbow trout (Figure 14) 

at higher concentrations of copper (Adriano, 2001). 

Below pH 6 copper is highly available, but solubility is considerably reduced when pH is above 

7. Organic matter, and hydrous-manganese-and iron-oxides are the main components that 

control the sorption of copper (Adriano, 2001). 

Aluminum 

Aluminum is relatively insoluble at pH between 6 and 8 but becomes soluble both under 

alkaline and acidic condition. The solubility of aluminum also increases at low temperatures 

and with the presence of complexing ligands. Aluminum is toxic to plant life and most form of 

living organisms, depending on concentration and complexation.  

The presence of dissolved aluminum will induce great change in an environment as aluminum 

readily interact with essential nutrients like phosphorous and silicon as well as forming 

complexes with organic carbon. However, formation of dissolved aluminosilicates has shown 

to reduce bioavailability and as a result the toxicity of aluminum to fish.  

The toxicity of aluminum towards fish is mainly due to gill damage, leading the fish to suffocate 

due to reduced oxygen uptake. For the normal growth and survival of trout (in neutral to alkaline 

water) a concentration limit for aluminum of 100 µg/l has been proposed, see Figure 14 

(Gensemer & Playle, 1999). 

Zinc 

Zinc is an essential element to most organisms (like copper) and is needed in certain amount 

for the organisms to function. The toxicity of zinc is dependent on the hardness of the water 

because zinc is often taken up through the same receptors as calcium, thus increased alkalinity 

will reduce the toxicity of zinc to aquatic organisms. At low to neutral pH zinc is mainly present 

as free elemental zinc (𝑍𝑛+) which also happens to be the most toxic form. At higher pH 

however, zinc will form zinc hydroxides. If suitable organic complexes are present zinc will 

form organic complexes, which in turn lower the bioavailability of zinc for most aquatic 

organisms (Stefania et al., 2017). 
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Zinc mostly affects fish by inhibiting growth and causing acute toxicity as a result of inhibition 

of ion transport functions in the gills. Lethal zinc concentrations can be reached due to 

bioaccumulation in the brain and other tissues (Brotheridge et al., 1998, Stefania et al., 2017). 

Iron 

Iron rarely occurs in high enough concentrations to be lethal to fish or amphibians, but it can 

inhibit growth and slow down development. Although not lethal to organisms in itself; iron has 

been found to increase turbidity, reduce primary production and reduce interstitial space in 

benthic zones, which smothers invertebrates, periphyton and eggs (Cadmus et al., 2018).  

AMD is often associated with extensive iron precipitates, visible to the naked eye as yellow-

reddish waters, in North America sometimes referred to as “yellow boy”. These precipitates 

cause harm to the environment as they add to the river sediment load, they play a great part in 

the bonding and transportation of toxic chemicals and destroy natural wetland life (Bigham & 

Nordstrom, 2000). pH buffering through the dissolution of carbonates, basic ions and 

hydroxides facilitate the precipitation of metal ions by hydrolysis (Favas et al., 2016) and these 

iron precipitates clog and damage gills, thereby causing respiratory problems in fish (Cadmus 

et al., 2018). Iron precipitate coatings in the water stream has also shown to inhibit fertilization 

of eggs of many fish species, altering their reproductive cycle. This together with limited access 

to food is usually what leads to destruction of sensitive fish species like trout or salmon, see 

Figure 14 (Favas et al., 2016). 
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Norwegian classification system 

Norwegian classification guideline values for water quality uses five different categories: Very 

good, good, moderate, bad and very bad environmental condition. Table 1 shows limit values 

for the different classes for some of the main elements that can be found in mining affected 

water (Direktoratsguppen Vanndirektivet, 2018).  

The water framework directive (EU, 2000) requires a plan of action when ecological or 

chemical status is not satisfactory (Figure 15).  

Table 1. Norwegian classification system for freshwater. Used to color the samples from the onsite wells and surface 

water at Folldal in Figure 50 (Direktoratsguppen Vanndirektivet, 2018). 

Element Class I Class II Class III Class IV Class V Unit 

Cd <0.45 0.45 0.6 0.9 1.5 μg/l 

As 0.15 0.5 8.5 85 >85 μg/l 

Cr 0.1 3.4 >3.4 μg/l 

Cu 0.3 7.8 15.6 >15.6 μg/l 

Hg 0.001 0.047 0.07 0.14 >0.14 μg/l 

Ni 0.5 4 34 67 >67 μg/l 

P 5 8 17 30 >30 μg/l 

Pb 0.02 1.2 14 57 >57 μg/l 

Zn 1.5 11 60 >60 μg/l 

Figure 15. Image from the Norwegian environmental classification guide showing the environmental classification, 

goal setting and when measures needs to be taken to reach the set goals (modified from: Direktoratsguppen 

Vanndirektivet (2018). 
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3 Study site 

The mining city of Folldal is located in Hedmark County in central Norway, 724 meter above 

sea level (Iversen & Knudsen, 2002). The mineralogy of the geologic material present at the 

mine site, together with the atmospheric conditions and surface water interaction alter the 

makeup of the groundwater. Minerals will dissolve and make up part of the water as dissolved 

constituents (Lichtner et al., 1996). The following chapter will present the AMD situation at 

Folldal, first from a historical perspective, giving information about the original geological 

formations that make up the mineral deposits, also giving a brief introduction of today’s 

environmental situation and climate. 

Conceptual model 

The illustration below (Figure 16) show the situation at Folldal. This illustrates how the water 

and air, together with the exposed tailings spread out over the area of central Folldal is 

producing AMD, that is then running into the river Folla.  

Figure 16. Conceptual model of the acid mine drainage situation in central Folldal (Original map: Google Earth). 
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3.1 Mining history 

From the discovery of the Folldal ore body in 1745 until 1993 there has been mining activities 

in and around the Folldal area. The mining in central Folldal closed down in 1968/69, and the 

operation was moved to Hjerkinn in the Tverrfjell mine (Figure 17), until March of 1993, when 

this mine was closed as well.  

Today it is the mine tailings by the main mine at the center of Folldal that is of biggest 

environmental concern. These deposits are today the main source of acid drainage water loaded 

with heavy metals (Iversen & Knudsen, 2002), see map Figure 17.  

Figure 17. Approximate ap over the different mining activities in the Folldal area. Gammel gruva right above Folldal is the 

focus area of this thesis work, the mines “northern and southern Geiteryggen mines” are here called Nordre-/Søndre-gruve. 

Mining activities at Alvdal (Louvise hytte) and Hjerkinn (Tverrfjell) are also marked in on this map (Drawn based on: 

Folldal Verk, 1988). 
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All the water samples collected in the Folldal area during the mapping done in 2014 by NGI 

were severely contaminated (Class 5) except for the reference water sample (Class 1-2) (see 

classification Table 1, and plan of action Figure 15 from classification guide). The source of 

the contaminants was the mining actions in the area as the runoff from the natural bedrock 

cannot explain the high levels of heavy metals (Direktoratsguppen Vanndirektivet, 2018, NGI, 

2014). 

Figure 18. Map showing acid generating potential of tailings at Folldal based on digging and visual 

observation (white stripes indicating few samples). Drainage paths are marked as dotted black lines. The blue 

coloring indicate the different deposits N = Gammeldeponi, S=Hoveddeponiet, A= Slamdeponi og C= 

Industriområdet (NGI, 2015b). 

Reference point 
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Mining waste material 

The waste material at Folldal is heterogeneous in nature and there is great geochemical variation 

in the composition of the mine tailings, both in the horizontal and vertical direction (NGI, 2014), 

see Figure 18 for assumed acid generating potential. The waste rock and tailings were generated 

during the refining of the raw ore material extracted from the mine. This process generates large 

volumes of waste rock that were then dumped as waste piles.  

The extracted mineral ore was initially crushed while down in the mine, to a size less than 22 

mm, before it was raised to the surface. Then the ores were milled down to even smaller sizes 

until about 80% of the grains had a grainsize smaller than 0.074 mm. Then selective flotation 

was done. These fine-grained tailings along with a mixture of different tailings; smelter slag, 

washery goods, fine materials in sludge pool and waste rock piles were left on the surface after 

the mining process was finished (Bjerkgård & Bjørlykke, 1996, Folldal Verk, 1988, Streitlien, 

1980). A lot of the tailings are therefore very finely grained with a large relative surface area 

per mass of waste material. It is this waste material that today is exposed to precipitation and 

air, resulting in generation of contaminated runoff (Iversen, 2001, Iversen et al., 1999, Iversen 

& Knudsen, 2002, NGI, 2014). 

3.2 Geological setting 

The mineral ores that were extracted at Folldal were formed around 490-470 million years ago 

as part of the great Greenstone belt connected to the upper cover series of the Caledonian 

Mountain chain. The Caledonian mountain chain was formed when what used to be the old 

Iapetus Ocean was pushed from deep ocean bottom onto land. This ancient mountain chain 

eroded down over millions of years from a height of the Himalayas into the Norwegian 

mountain chain we know today (Ramberg et al., 2008).  

Typically, sulfide ores originate from old volcanogenic ocean bottom, as sea water is abundant 

in sulfate ions (SO₄²⁻). Then, as sea water percolates through the ocean bottom it is heated 

while in contact with minerals and the sulfate present in the water reduce to sulfide. At 

thousands of meters depth, the pressure is so high that even at 400°C water cannot boil and 

form gas. Thus, the warm water will get the ability to flush metals like copper, iron, zinc etc. 

When the warm water carrying these positively charged metal ions pours out of cracks the 

metals will bind to the negatively charged S-ions and form pyrite (𝐹𝑒𝑆2), chalcopyrite (𝐶𝑢𝐹𝑒𝑆2) 
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and sphalerite ((𝑍𝑛, 𝐹𝑒)𝑆) (Ramberg et al., 2008), forming a volcanogenic massive sulfide 

(VMS) deposit. Deposition of metals (Me) follow the general formula, Equation 31 (Bjerkgård 

& Bjørlykke, 1996):  

𝑀𝑒𝐶𝑙2 + 𝐻𝑠𝑆 ⇔  𝑀𝑒𝑆 + 2𝐻+ +  2𝐶𝑙− Equation 31 

The Folldal/Hjerkinn mineral ores are made up of five strata-bound massive sulfide deposits. 

These deposits are positioned at three different stratigraphic levels as part of the volcanogenic 

Fundsjø group. Four of the five deposits have been developed (Grimsdalen/Grimsdals gruve 

was not developed due to low grade ore), and between 1748-1970 they produced 4.45 million 

tons of ore (Bjerkgård & Bjørlykke, 1996). At Folldal, pyrite (𝐹𝑒𝑆2) is the dominating sulfide 

mineral, but chalcopyrite (𝐶𝑢𝐹𝑒𝑆2), sphalerite ((𝑍𝑛, 𝐹𝑒)𝑆) and elemental sulfur (𝑆0) are also 

known to be present at the mine site, and these can all contribute to formation of AMD (NGI, 

2014). 

The mineral ores host rock is made up of metamorphosed volcanic rock (Metabasalts, 

metarhyodacites) and volcaniclastic rocks, and categorize as a Cu-Zn class VMS deposit. The 

alteration types present in the Fundsjø group are chloritization and/or sericitization (Bjerkgård 

& Bjørlykke, 1996). The area is quite heterogeneous when it comes to the mineral ores, and 

each of the different mine shafts had a different minerology and different concentration of 

metals (map of the different mines - Figure 17) (Bjerkgård & Bjørlykke, 1996, Geis, 1961). The 

discrepancy of the geology is likely due to different fluid temperatures and pH during the fluid 

transport of metals and sulfide deposition, which to a large degree controlled the extent and 

intensity of wall-rock alteration. Chalcopyrite and pyrrhotite occurred with chlorite-quartz 

alterations whereas sphalerite and pyrite with quartz-sericite alteration. Pentlandite also occurs 

in small grains and ‘flames’. The areas with the highest content of Zn and Pb are the ones that 

have only limited alteration 

The metal concentrations of the different ores will be reflected by the minerals present in the 

bedrock. The basalt-hosted Hovedgruva contained quite pure pyrite with an average copper 

content of 2 %, where the main ore source at Folldal, Nordre Geiteryggen mine, had an average 

copper content of about 1 %, and very little pyrrhotite. Søndre Geiteryggen mine located 2 km 

south of the Nordre Geiteryggen mine contained less than 1 % copper, and the ores in Grev 

Moltke mine contained about 1 % copper. It seemed that the copper content increased in the 

direction of the Hovedgruva, and from east to west, at the same time as the pyrrhotite content 
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decreased (Geis, 1961). The Hovedgruva is also 

closer to the Folldal trondhjemite intrusion, even 

if this deposit is similar in composition to the 

Nygruva and Nordre Geiteryggen (Bjerkgård & 

Bjørlykke, 1996). 

The deposits higher up in the stratigraphic record 

have a higher calcite content than the ones 

further down (Hovedgruva is the lowest and has 

the lowest calcite content). This might be caused 

by a difference in the proportions of mixing 

between hydrothermal and pristine sea water 

near the ocean bottom (Bjerkgård & Bjørlykke, 

1996).  

Around the Folla riverbed the bedrock is mostly made up of metaryholitt, and up-steam from 

Folldal the minerology of the catchment-area is rich in quartzite, metasandstone, phyllite, 

garnetiferous quartz-mica schist with or with some kyanite and staurolite. Calcite-chlorite-mica 

schist, garbenschist as well as some touches of alkaline rocks like calcite marble (Bjerkgård et 

al., 2002).  

The sediments overlying the bedrock around the river-bed of the River Folla is made up of 

glacifluvial sediments deposited during the last ice age. Ice-dammed rivers, moraine deposits 

and river sediments formed by floodplains make up the sediment deposits in the area (Sollid & 

Carlson, 1979). Further east between Folldal and Grimsbu (today downstream with regards to 

the river Folla), sands and gravels that were deposited at the bottom of a large ice-dammed lake 

make up Grimsmoen. Grimsmoen is the largest sediment deposition on inland Norway, and this 

area is today a protected national park and is a great documentation of the time laps of the last 

deglaciation.  

3.3 Environmental Monitoring 

NIVA started the monitoring of the river by Folldal in 1966 as a precaution put into place before 

the opening of the then new Hjerkinn mining project (opened 1968/69). Yearly control studies 

of the biological and physico-chemical situations of the Folla river were also performed 

Figure 19. Photo of precipitated metals visible in stream 

by Folla in Folldal county (Østlendingen, 2012). 
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between the year 1970 and 1998. These studies underbuilt the individual statements that the 

river downstream from central Folldal was almost void of fish. The biological impacts the 

mining had on the river seemed to worsen over the years until the mining at Tverrfjell was shut 

down in 1993 (Iversen et al., 1999, Iversen & Knudsen, 2002, Løvdal, 2015).  

Remediation has been initiated and between 1992 and 1994 a total of 70 000 m³ of material was 

moved from the mining site at Folldal. This included all the material from the old 

sludge(slam)deposit located between the highway and the Folla river (downstream from 

Gorrbekken) and other mining waste material located in central Folldal. This material was 

moved to a deposit inside Tverrfjellet mine at Hjerkinn (Iversen & Knudsen, 2002). 

Nevertheless, in the following period (1994-2000) the monitoring results showed that there was 

nearly no change in the poor environmental condition (Iversen et al., 1999, Iversen & Knudsen, 

2002), and it seemed unlikely that there would be any improvement without further remediation 

Figure 20. The river Folla with red marking illustrating high concentrations of heavy metals, especially copper 

concentrations at levels above 10µg/l downstream from Folldal marked in red (Iversen & Knudsen, 2002). 
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efforts. During the period 2005 to 2007, Direktoratet for mineral forvalting (DMF) set up a 

drainage system with ditches designed to reduce the amount of water entering the main mine 

and collect contaminated water from different sources. Between 2006 and 2009 wetlands were 

built to attempt to remediate the contaminated water. The construction was however not 

successful at handling the great amount of contaminated water generated at Folldal, and this 

method did therefore not have the desired efficiency. In 2014 possibilities for covering the 

tailings at Folldal were explored (Løvdal, 2015, NGI, 2014, 2015b).  

The environmental condition in the Folla river upstream at the point where the mine drainage 

runs into the river is good, but then the environmental conditions downstream at 

Folshaugsmoen is characterized as bad (Figure 20).  

The goal of a 50-90 % reduction in copper from the situation in 1985 (see Figure 21) was 

initially the main goal. In 2003 the Norwegian Environmental Directorate (Miljødirektoratet) 

set a new goal: The copper concentration in the Folla river downstream from the mining area, 

Folgshaugmoen (Figure 20, location marked as Fo7), should be reduced to about 10-15 μg/l 

(Miljødirektoratet, 2003). The metal precipitates in water can be seen by the naked eye as a 

reddish-brown color downstream from the Folldal central mining sites, Figure 19. 

Different remediation methods have been evaluated and a recommendation has been given on 

what measures should be attempted to reach the goal set by the Norwegian Environmental 

Directorate (NGI, 2014). Based on site investigations and several previous site investigations 

conducted at Folldal, two remediation options for the situation at Folldal were recommended: 

Figure 21. Copper runoff from central Folldal in ton per year (Data collected by NIVA & COWI, 2017). 
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1) Neutralizing and thereby precipitate out the metals from the mine runoff, 2) covering the 

tailings (Iversen et al., 1999, Løvdal, 2015, NGI, 2014, 2015b).  

3.4 Current situation 

Today the mine, the hoveddeponi (S) and the gammeldeponiet (N) are considered to be the 

main sources of copper pollution to the river Folla, see Figure 18 (NGI, 2015b). Per 2015 there 

seemed to be little change in the AMD situation and the influx of metal contaminants, but a 

slight increase in pH in the river Folla has been observed. However, the copper levels in the 

river are still very high, measured to >30 μg/l (Løvdal, 2015), see Figure 20. 

The Folla river has enough buffering capacity to neutralize the acid drainage water running in 

a small creek from the mining area (Figure 18). So even though the pH of the drainage water 

from the mine tailings is very acidic, with a  pH ranging around pH 2.6 (Løvdal, 2015), the pH 

levels in the river are above 7 throughout the year. Nevertheless, the heavy metal concentration 

is high all year, especially in the early spring before the river carries enough water to dilute the 

drainage water from the mining area. Drier periods will give episodes with severely heightened 

concentrations of heavy metals. These dry episodes vary in length from a few hours to a couple 

of days. The water sampling of the environmental monitoring has been infrequent which makes 

it difficult to detect this variation (Iversen & Knudsen, 2002, Løvdal, 2015).  

There are still no fish present in Folla downstream from Folshaugmoen (Fo7, Figure 20), but a 

gradual increase in bottom fauna has been observed. As mentioned in several reports by NGI 

the bioavailability of metals is what causes the absence of fish in the river Folla (Løvdal, 2015, 

NGI, 2015a, b). However, the alkalinity of the river water should be able to drastically reduce 

the bioavailability of the copper present (Løvdal, 2015). 

The pH in the river Folla is ranging from 6.8 to 7.4 without a trend in its distribution along the 

river section or evolution during the sampling events. The pH in the AMD stream is very acidic, 

around 2.7 in June and October; and 3.85 in April 2015. This increase in pH when the AMD 

hits the river is likely due to dilution of the acid drainage water and the snowmelt water. At the 

Folshaugmoen measuring station (Fo7, Figure 20) a sample taken in 2014 measured 73 µg/l 

copper. This sample had a pH of 7.4, but even at high pH values, copper concentrations that 

high are still expected to be toxic (NGI, 2015b). 
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Figure 23. Map of the acid generating capacity of the different tailing with neon pink markings around the different areas 

shown in Figure 22 (original satellite photo by Google Maps combined with information from Figure 18). 

[ -30 ; 0 ] kg CaCO₃ eq/t 

[ -60 ; -30 ] kg CaCO₃ eq/t 

[ -300 ; -60 ] kg CaCO₃ eq/t 

< -300 ] kg CaCO₃ eq/t 

Figure 22. Illustration of the water balance at Folldal and what runoff is gathering where. Areas are the same as marked on 

the map in Figure 18, and the specific numbers are given in Table 2 (Modified from: NGI, 2015b). 
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It has been estimated that areas A and C only contribute about 5 % of the total estimated 

pollution of the groundwater. These areas are also considered to have little significance for the 

water quality of the Folla river. See Figure 18 for map of the mentioned areas, and Figure 22 

together with Table 2 for the water balance of the mentioned areas. These numbers were 

estimated based on assumed precipitation 130 mm/yr (min), 330 mm/yr (max) and 200 mm/yr 

(mid). Water discharge from Stoll 1 (St1) and Stoll 2 (St2) was measured over time. The 

groundwater depth around the mine is about 1.57 meter. 

All in all the ecological condition at Folldal is known to be bad and there will be special 

considerations put in place as this is an unusual situation. Because of this there are unique values 

set by the DMF deciding what chemical values are acceptable at Folldal. Nevertheless, this 

chemical classification system is a good indication of what critical chemical values are usually 

seen as acceptable for freshwater rivers like Folla, and if one compares the measured values 

from the mine water at Folldal to the new classifications for freshwater from the guideline by 

Direktoratsguppen Vanndirektivet (2018) (see Figure 15), it is clear that measures need to be 

taken (EU, 2000). Especially the episodes of very high concentrations should be avoided (NGI, 

2015b). 

The current situation at Folldal is further complicated by the fact that the mines at Folldal have 

been classified as a technical/industrial cultural heritage. The Norwegian Directorate for 

Cultural Heritage has specifically said that if there is to be implemented pollution mitigating 

measures these should be only technical purification measures (“renseteknisk tiltaksløsning”) 

that do not interfere with the cultural monuments in the area (Miljødirektoratet, 2003, NGI, 

2015b, Riksantikvaren, 2019).   

Table 2. Contribution of the different sources to Cu load (ton per year) in runoff from the areas illustrated on map 

in Figure 18 and in the water balance illustration, Figure 22 (NGI, 2015b). 



43 

 

Climate 

Folldal is located in the rain shadow 

of the surrounding tall mountains of 

Dovre. As a result Folldal is one of 

the driest areas in Norway. The 

average annual precipitation is 

below 400 mm, per the “normal 

years” in the period between 1960 

and 1990.  

The metrological year 2017-2018 

was however unusually wet, and the 

year 2016-2017 also had a yearly 

precipitation above 400 mm (Figure 

24). Especially during the fall there 

were periods with above average 

precipitation and days of more 

extreme precipitation were more 

frequent.  

The annual precipitation of 2017-

2018 was 574 mm, and the average 

monthly precipitation approximated 

to about 48 mm. The summer was 

also warmer than usual, see grey 

line on Figure 24 (Meteorologisk 

institutt, 2019).    
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4 Method and material 

This chapter gives a presentation of the methods used in this thesis, and the chemical 

characterization of the material samples gathered at Folldal for the purpose of setting up the 

column experiments described in this thesis.  

Field sampling 

The column experiments were assembled using materials gathered at Folldal, February of 2016. 

Tailings for the experiment were collected at two different sites (marked on Figure 1). The 

material called pre-oxidized tailings was sampled close to the entrance of the main mine at 

Folldal, and the material called reactive tailings was gathered by the old mine (coordinates in 

Table 3) (Tvedten, 2016). The sulfur content together with the information gained by the NGI 

mapping was used to determine to what degree the tailings had been oxidized (NGI, 2014). 

  

During the sampling a handheld p-XRF device was used to characterize the material. The sulfur 

content of the pre-oxidized tailings was between 0.5 % and 1.5 % (6 p-XRF measurements were 

done on this site), while the sulfur content of the reactive tailings was between 1.3% and 12.5% 

(based on 14 p-XRF measurements). A gravel pit nearby was chosen, and from there coarse 

and fine sand for the cover material was sampled.  

Homogenization of the material was done using a riffle splitter. The samples were brought back 

to NGI in Oslo beforehand, as the samples were collected during winter and needed to be 

defrosted before further handling.  

Table 3. Coordinates or locations where the different types of tailings and capping material was sampled. The amount of 

and the sulfur content was also included for the tailing samples. Coordinate system ED50, UTM-zone 32. 

Material 

Non-reactive 

tailings Reactive tailings Coarse sand Fine sand 

X-coordinate 551738 552028 
Approximately 5 kilometers 

south-east of Folldal mine. Y-coordinate 6890160 6890489 

Location Main mine Old mine 
Folldal Maskin AS (gravel 

pit) 

Depth 0-1 meter 0-1 meter Random 

Amount 63 kilos 140 kilos - 

p-XRF measured 

sulfur content 
0.5-1.5% 1.3-12.5% - 
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Geotechnical characterization 

Grainsize and specific gravity was found by NGI. 1 kg of the sampled material of each of the 

material types was sent to the NGI lab for grainsize analysis and to find the specific gravity. 

The NS 8005 standard was used for the grainsize distribution. The specific gravity was 

calculated using the NS-EN ISO 17892-3_2015 standard, calculated with the standard 

gravitational acceleration of g = 9.807m/s². The particle distribution was found using sieving, 

see Appendix E.4 for the result and plotted grainsizes. 

4.1 Pressure plate test  

A pressure plate test and a Tempe cell test was done at NGI in 2016 (Tvedten, 2016). This was 

done to determine the water retention characteristics of the four different materials. Using the 

direct measurements from these tests and combining them with Equation 34 and Equation 40 

the water retention curves can be extrapolated. 

The pressure plate apparatus used was the 1500F1 15 bar Pressure plate extractor. 15 bar was 

the maximum pressure applied for the ceramic plates. The gas used to apply pressure during 

this test was air. The samples were placed on filter-paper, connected to plastic rings of known 

weight, compacted and placed on saturated ceramic plates. These ceramic plates were 

connected to outlet ports with atmospheric pressure. The prepared samples were placed in the 

cells and water was added on top of the ceramic plates to saturate the samples. 

The samples were saturated for 48 hours before the first pressure step was applied. Then the 

samples were left under this pressure for 48 hours, before one sample of each material was 

taken out. The sample that was taken out was dried in an oven at 105°C and then weighed (to 

determine the gravimetric water content, w). This process was repeated with increasing 

pressures. Twelve pressure steps were used for the fine sand, pre-oxidized tailings and reactive 

tailings, and six pressure steps were applied for the coarse sand. The pressures steps were 

duplicated to get enough measured values. The pressure steps for the reactive tailings were 

different than for the fine sand and pre-oxidized tailings, and the test of the reactive tailings was 

only done once (Tvedten, 2016). 

  



46 

 

4.2 Water retention curves 

Water retention curves are used to estimate how the water saturation changes with increasing 

suction, as shown in Figure 6. The water retention curves for all four materials gathered from 

Folldal was measured by the pressure plate test and predicted using the Modified-Kovács 

formula, Equation 37 (Aubertin et al., 1998). This is done as it can be problematic to directly 

calculate 𝐾ℎ(𝜃). Therefore it is customary to start out by estimating the Water Retention Curve 

(WRC) using the measured 𝜃 and 𝜓 values (Aubertin et al., 2003).  

The relationship between saturation and hydraulic conductivity (usually plotted on a 

logarithmic scale) is plotted like in Figure 25 for different soils and is called the soil’s moisture-

conductivity curve, or the water retention curve (Dingman, 2015).  

The Richard’s equation (Equation 32)  is a combination of Darcy’s law and the mass 

conservation law (assuming constant fluid density) and is often used to estimate the unsaturated 

hydraulic conductivity, 𝐾ℎ(𝜃) (Aubertin et al., 2003, Dingman, 2015, Richards, 1931). 

𝜕

𝜕𝑥
[𝐾ℎ(𝜃) ∙ (

𝜕𝜓(𝜃)

𝜕𝑥
)] +

𝜕

𝜕𝑦
[𝐾ℎ(𝜃) ∙ (

𝜕𝜓(𝜃)

𝜕𝑦
)] +

𝜕

𝜕𝑧
[𝐾ℎ(𝜃) ∙ (

𝜕𝜓(𝜃)

𝜕𝑧
) + 1] =

𝜕𝜃

𝜕𝑡
 Equation 32 

Figure 25. This figure show how the matric suction typically follow the saturation according to different models for different soils water 

retention curve, including the van Genuchten model used in this thesis. The wilting point is the point at which plants are not able to take 

up water and the field capacity is the point at which drainage becomes negligible (Shellito, 2019). 
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Or like in Equation 33 simplified for vertical downward flow to estimate infiltration and 

redistribution in the unsaturated zone (Dingman, 2015). 

𝜕𝐾ℎ(𝜃)

𝜕𝑧′
+ 

𝜕

𝜕𝑧′
[𝐾ℎ(𝜃) ∙ (

𝜕𝜓(𝜃)

𝜕𝑧′
)] =

𝜕𝜃

𝜕𝑡
 Equation 33 

As seen by this equation the relationship depends on both the water content (𝜃) and the suction 

head (𝜓) (Aubertin et al., 2003).  

There are several mathematical approximations to this relationship – called pedo transfer 

functions. The one most commonly used being the van Genuchten model. This equation show 

how the suction (𝜓) and unsaturated hydraulic conductivity (𝐾ℎ(𝜃)) are related, while also 

including parameters that describe the nature of the soil (Dingman, 2015) 

𝐾ℎ(𝜃) = 𝜃𝑣𝐺
∗ 1 2⁄

 ∗ {1 − [1 − 𝜃𝑣𝐺
∗ 𝑛 (𝑛−1)⁄

]
(𝑛−1) 𝑛⁄

}
2

∗  𝐾ℎ Equation 34 

Or from the pressure point of view: 

|𝜓(𝜃𝑣𝐺
∗ )| =

1

𝛼
 ∗ [𝜃𝑣𝐺

∗ (𝑛−1) 𝑛⁄
− 1]

1 𝑛⁄
 , 𝜃𝑣𝐺

∗ < 1; 

|𝜓(𝜃𝑣𝐺
∗ )| = 0, 𝜃𝑣𝐺

∗ = 1. 

 

Equation 35 

𝐾ℎ= saturated hydraulic conductivity [𝑚 𝑠−1]. 

n = the van Genuchten exponent, dependent on pore-size distribution [-]. 

𝛼= the van Genuchten pressure head parameter [𝑚−1]. 

𝜃𝑣𝐺
∗  = the van Genuchten saturation parameter calculated [-]: 

θvG
∗ ≡

θ −  θr

ϕvG  − θr
 

 

Equation 36 

𝜙𝑣𝐺= the van Genuchten porosity parameter [-] 

𝜃𝑤 = the volumetric water content [-] 

𝜃𝑟= the residual water content [-] 

𝜃𝑣𝐺
∗  and 𝛼 are parameters used to make the curve fit as well as possible with the measured 

values. They do not represent the actual effective saturation, 𝜃∗, and actual inverse of the air-

entry level (𝜓𝑎𝑒)−1 even though they are approximately the same. ϕvG is called the van 

Genuchten porosity parameter [-] and is typically a bit lower than the actual porosity, as it is 
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typical for soil not to become completely saturated because of trapped air bubbles inside the 

soil (Dingman, 2015). Like with all the different mathematical approximations used to estimate 

this relationship the van Genuchten model also has limitations. It does not model the part of the 

moisture-characteristic curve where 𝜃𝑣𝐺
∗  = 1, because at that point suction (𝜓) equals 0 

(Dingman, 2015).  

The modified Kovács model MK was used to predict the water retention curve. This equation 

was first proposed by Kovács (1981) and modified by Aubertin et al. (1998). The modification 

from the original Kovács model is to simplify the statistical equation used to estimate the 

material’s pore-size distribution. This model uses the average capillary rise which takes into 

account the surface tension of water and the contact angle between the water and the solid 

surfaces in the pore spaces thereby incorporation both the adhesive and cohesive forces 

involved when water is retained in the soil. 

𝑆𝑟 =
𝜃

𝑛
= 𝑆𝑐 + 𝑆𝑎

∗(1 − 𝑆𝑐) Equation 37 

This gives a truncated version of the adhesion saturation, to make sure the adhesion component 

does not exceed unity at low suction (0 ≤ 𝑆𝑎
∗ ≤ 1): 

𝑆𝑎
∗ = 1 −  〈1 − 𝑆𝑎〉 Equation 38 

Where the Macauley brackets represent (〈𝑦〉 = 0.5(𝑦 + |𝑦|)); 𝑓𝑜𝑟 𝑆𝑎 ≥ 1, 𝑎𝑛𝑑 𝑓𝑜𝑟 𝑆𝑎 <

1,  𝑆𝑎
∗ =  𝑆𝑎. The saturation components for adhesive (𝑆𝑎) and capillary (𝑆𝑐) saturation are 

further described by Aubertin et al. (1998) and Kovács (1981).  

The measured hydraulic conductivity and the porosity measured from the pressure plate tests 

were put into the formula along with fixed values for the adhesion coefficient, 𝑎𝑐 (0.01), suction 

at complete dryness, 𝜓0 (1*107) and the normalization parameter, 𝜓𝑛 (1 cm) per the 

recommendations by Aubertin et al. (2003). The RETC code by van Genuchten et al. (1991) 

was used to fit the van Genutchen function (van Genuchten et al., 1991) with the values gained 

through the pressure plate test (Table 13). From this the residual water content θr, the saturated 

water content θs, and the van Genuchten equation parameters α and n were estimated (Aubertin 

et al., 2003). The AEV, 𝜓𝑎 was found graphically with the tangent method (Fredlund and Xing, 

1994) for both the predicted and measured water retention curves, see Table 13. 
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The resulting water retention curves for the different materials and the predicted curves found 

through the MK model were compared to the measured curves found through the pressure plate 

test (Aachib & Chapuis, 1994, Aubertin et al., 1999a, Aubertin et al., 1999b, Aubertin et al., 

2003, Demers et al., 2011). 

4.3 Hydraulic conductivity 

The saturated hydraulic conductivity, 𝐾ℎ (Equation 1), can be estimated in various ways but in 

this thesis 𝐾ℎ was estimated based on the Kozeny-Carman (KC) formula and the modified 

Kozeny-Carman formula (MKC) (Tvedten, 2016), Equation 39. The MKC formula estimates 

the 𝐾ℎ based on the material properties (Carman, 1956, Hazen, 1892, Kozeny, 1953, Mbonimpa 

et al., 2002). 

𝐾ℎ =  𝐶𝐺

𝛾𝑤𝑒3+𝑥

𝜇𝑤1 + 𝑒
𝐶𝑈

1 3⁄
𝐷10

2  Equation 39 

 

𝐷10, the 10% of passing, and 𝐶𝑈, the coefficient of uniformity are listed in Table 35. The other 

parameters set to; 𝐶𝐺= 0.1, 𝛾𝑤= 10 kN/𝑚3and 𝜇𝑤 =  103Pa.s. 

Then the saturated hydraulic conductivity can be used to estimate the relative (unsaturated) 

hydraulic conductivity 𝐾ℎ(𝜃) using the water retention curve method by Brooks et al. (1964), 

(Maqsoud et al., 2019, Tvedten, 2016), Equation 40. 

𝐾ℎ(𝜃𝑒) =  𝐾ℎ ∗ 𝜃𝑒
𝜆 [1 − (1 − 𝜃𝑒

1 𝑚𝑣⁄ )
𝑚𝑣

]
2

 Equation 40 

Where 𝑚𝑣 is the fitting parameter estimated. 

𝜃𝑒 is the effective volumetric water content. 

The parameters of Equation 40 can be found by the following geotechnical relationships 

(Maqsoud et al., 2019): 

𝜆 = 4.0 ∗ 10−1 ∗ 𝐷10
−10.84 ℎ𝑐𝑜⁄

. 

ℎ𝑐𝑜 =  
0.75 ∗ 𝑐𝑜𝑠𝛽𝑑

𝑒𝐷10 ∗ 1.17 ∗ 𝑙𝑜𝑔 (𝐶𝑈
𝐷10

2  

𝛽𝑑 corresponds to the contact angle taken as zero (for drying conditions). 
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4.4 Column experiments 

Two large column experiments (here after called columns 1 & 2), and two small column 

experiments (here after called columns 3 & 4) were set up in 2016 with the material gathered 

at Folldal (Tvedten, 2016). These columns are presently still standing at the NGI lab in Oslo. 

Figure 27 pictures column 1 & 2, and Figure 

28 column 3 & 4. The configuration of the 

large and short columns are illustrated in 

Figure 29 and Figure 30 respectively. 

These columns were built based on methods 

developed by the Polytechnique Montréal, 

the engineering school of the Université de 

Montréal, Quebec, Canada (Aachib & 

Chapuis, 1994, Aubertin et al., 1999a, 

Aubertin et al., 1999b, Pabst et al., 2014) 

The large columns measure 200 cm tall, and 

were made from four, 50 cm long PVC pipes 

with a 15 cm diameter. The small columns 

measure 50 cm and were made from one 

PVC pipe each (Tvedten, 2016). 

Proposed cover configuration 

Covers with capillary barrier effects (CCBE) 

have been implemented at several mining 

sites in Quebec, Canada like Les Terrains 

Aurifères (Bussière, 2004, Bussière et al., 

2007, Bussière et al., 2001) or Lorraine 

(Bussière et al., 2015, Dagenais et al., 2005), 

with successful results. These sites have 

similar climatic conditions as Folldal, 

Norway. The method considered in this 

thesis is the three-layered cover 

configuration illustrated in Figure 26.  

Figure 26. Conceptual model of the three-layer 

configuration proposed installed at Folldal. 



51 

 

In this configuration the fine-grained moisture retaining layer (MRL), is sandwiched between 

two coarser layers. This is a modified configuration of successful cover setups by; Aachib & 

Chapuis (1994), Aubertin et al. (1999a), Dagenais et al. (2005), Demers et al. (2008), 

Mbonimpa et al. (2002), Pabst et al. (2014). 

The superficial layer of soil is mainly there to allow the mine site to blend into the natural 

environment. Care must be taken so that as a root system form with time it does not harm the 

underlying layers. 

Below this there will be a drainage layer that will be a coarse sand layer responsible for 

controlling the inflow of water. This layer will also to some extent work as a capillary break 

layer, preventing water loss through evaporation.  

The MRL and the capillary break layer below act together to prevent oxygen from moving 

through to the tailings. Their contrasting grain sizes will make the fine-grained layer desaturate 

more slowly due to the effects described in chapters 0 and 2.1.6, and the high water-content in 

the MRL will prevent oxygen from diffusing through to the reactive tailings. The MRL will be 

able to stay saturated for long periods of time after rainfall. If this configuration is installed 

properly a saturation above 85% should be attainable. This would be able to reduce the oxygen 

flux by approximately 99% (Aubertin et al., 2016).  
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4.4.1  Column installation 

Each PVC pipe was installed with two flanges that were used to connect the sections using 

bolts. Between each section, an O-ring was installed to seal the columns tightly. At the bottom 

of each of the columns a ceramic plate with a 1 bar or 0.987 atm AEV (Air Entry Value) was 

installed. Each of these were previous to installment saturated with de-aired water to eliminate 

any air bubbles inside the plates to ensure water-saturation. Above the ceramic plates a 150 mm 

glass microfiber filter (by GE Healthcare Life Sciences) was installed to limit clogging of the 

flexible U-tube connected to the column with a connector (Swagelok) (Tvedten, 2016).  

The ceramic plate would ideally let only water through, no air, thus preventing further oxidation 

of the leachates before analysis of the samples could be conducted. The suction created by 

lowering of the u-tube should not be high enough to exceed the AEV of the ceramic plate. 

However, the plate or the tube did not seem to be entirely air-tight, more on this is mentioned 

under sources of error, chapter 6.5 (Tvedten, 2016). 

The columns were filled from bottom to top with wet material and PVC pipes with sensors were 

successively installed upwards on top of/in the material filled PVC pipes. The materials were 

mixed with water before they were added to the columns in order to approximate 100% water 

saturation after compaction. This was done both to limit oxidation during set up and to make 

the material compact more easily (Tvedten, 2016). 

Wet material was poured into the columns in layers of about 10-17 cm and compacted using a 

piston. Each layer consisted of 4-6 kg of material. The weight attached to the piston was 

increased in four weight steps, waiting about 15 minutes between the first 3 steps and 50-60 

minutes during the last step. First a 4 kg weight was applied, then a 8 kg, then a 16 kg and 

finally a 32 kg weight. A technical clock attached to the piston measured the compaction 

(displacement) during the gradual increase of weight. The different times of compaction was 

chosen in order to get uniform compaction. For the coarser layer it took longer for the 

compaction rate to reach zero (Tvedten, 2016). 

Columns 1 and 2 were set up with a total of 17 and 15 layers respectively, while columns 3 and 

4 were set up with 3 layers of material each.  
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Table 4. Approximate dimensions and material content of the large and small column experiments. 

  Column 1 & 2 Column 3 & 4 

PVC pipes 4 x 50 cm 1 x 50 cm 

Total height 200 cm 50 cm 

Material 185 cm 30 cm 

Internal diameter 15 cm 15 cm 

Figure 27. Showing the columns 1 & 2. Column 1 with the pre-

oxidized capping and column 2 with the fine sand capping 

(Tvedten, 2016). 

Figure 28. Showing columns 3 & 4. Column 3 with the 

reactive tailings and column 4 with pre-oxidized 

tailings. In front of the two small columns is the 

sensor reader, the EM50 logger and to the left the 

white sensor battery packs. 
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For each layer of material added, the weight of the material and the height of the material inside 

the column, pre and post compaction was measured. For each layer 3 samples were taken in 

order to measure initial gravimetric water content, w. From the measurements taken during set 

up of the columns the bulk density, porosity, degree of saturation, void ratio and volumetric 

water content was calculated, excerpt of data is listed in Table 32 & Table 33, sensor location 

listed in Table 5 (Tvedten, 2016). 

The calculations were made during the setup by measuring the weight and volume of the 

material added, and using the volume compressed and the volumetric water content of the 

samples added to first find dry weight and then porosity and so forth. 

Material in Column 1 & 2 

Column 1 & 2 were first filled with 1 meter of reactive tailings. Then the cover was filled on 

top of this. For both covers 20 cm of coarse sand was poured into the column above and below 

the MRL. For column 1 the MRL was made up of pre-oxidized material, while for column 2 

the MRL was made up of fine sand (chemical composition listed in Table 8). 

Material in Column 3 & 4 

The reference columns (column 3 and 4) were each filled with 30 cm of material. Column 3 

was filled with reactive tailings and column 4 with pre-oxidized tailings (chemical composition 

listed in Table 8). 

Instrumentation 

Eight ports were drilled in the large columns to install sensors at different levels in the different 

materials of the columns, an additional set of sensors were also installed from above. For 

columns 3 and 4 both sensors were installed from above. Sensors for detecting oxygen levels 

(for columns 1 & 2 only), pore water pressure and water saturation were placed as illustrated in 

Figure 29 (columns 1 and 2) and Figure 30 (columns 3 and 4). The water saturation sensors and 

pore water pressure sensors locations are listed in Figure 38. The drilled holes were tightened 

around the cords using a connector with vacuum grease (Molykote) inside. Glue was then 

applied around the outside edge of the connector, all in order to prevent oxygen from entering 

the columns (Tvedten, 2016). 
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Figure 29. Illustration of the set-up of sensors, the material dimensions and 

material of the columns 1 & 2 (t. is short for tailings). 

Column 1 & 2 

Column 3 & 4 

Figure 30. Illustration of the set-up of sensors, the material 

dimensions and material of the columns 3 & 4 (t. is short 

for tailings). 
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Oxygen sensor 

The oxygen concentration measurements in the columns were measured manually using an 

optical oxygen dipping probe DP-PSt3 (Precision Sensing GmbH, 2013) (Tvedten, 2016). Two 

oxygen sensors were installed in each of the columns 1 and 2 at locations illustrated on Figure 

29 (columns 1 and 2). During the period between 31st of May and 7th of October 2016 oxygen 

measurements were taken 1 to 5 times a week, and then from the 7th of October 2016 to the 30th 

of May 2017 oxygen was measured on average once every 2 weeks. Then there was not taken 

any measurements until the beginning of this thesis work during the fall of 2018. 

The POF (Polymer Optical Fiber) probes measure both the partial pressure of gaseous oxygen 

and the amount of dissolved oxygen with a detection limit of 15 ppb and 0-100% oxygen. The 

fiber optic oxygen transmitter Fibox 4, was used to log and store the data (Precision Sensing 

GmbH, 2013). The oxygen sensors were calibrated using a two-point calibration done 

according to the instructional manual of both the transmitter and the sensors (Tvedten, 2016).  

Water saturation sensor 

The water saturation was measured using the 5TM sensors by Decagon Devices (now Meter 

Group). These sensors measure saturation and temperature in the tailings and cover materials. 

The saturation is measured using the soils dielectric constant using capacitance domain 

technology. The accuracy of these measurements is typically ± 0.03 m3/m3 in mineral soils that 

have a solution electrical conductivity of <10 dS/m, and ± 0.02 m3/m3 in any porous medium 

as medium specific calibration was used (Meter Environment & Decagon Devices, 2019) 

To log and store the data from both the pore water pressure sensors and the water saturation 

sensors an Em50-series data logger was used (Meter Environment & Decagon Devices, 2017). 

The sensors were most likely calibrated using a general porosity and the data therefore showed 

unlikely values (values significantly higher than 1). The sensor data was therefore calibrated 

mathematically afterwards using the highest values for degree of saturation from the setting up 

of the columns. To see the linear calibration curves used in this calculation see appendix F.2. 
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Pore water pressure sensor 

Pore water pressure was measured using the MPS-2 sensor by Deacon Devices. These sensors 

have an accuracy of ± 25% and can detect values between 10 and -100,000. The pore water 

pressure sensor locations can be seen on the Figure 29 (columns 1 and 2) and Figure 30 

(columns 3 and 4). The Em50-series data loggers was used to log these data and the 

measurements were taken automatically every 1 minutes to begin with, and then every 4 hours 

(Meter Environment & Decagon Devices, 2017). 

Sensor location - Column 1 

Sensor Layer Approximate location (cm) Porosity (-) 

Top coarse sand 2 10 0.37 

Top pre-oxidized tailings 5 31 0.32 

Bottom pre-oxidized tailings 6 44 0.33 

Bottom coarse sand 9 70 0.38 

Reactive tailings 10 98 0.45 

Sensor location - Column 2 

Sensor Layer Approximate location (cm) Porosity (-) 

Top coarse sand 2 9 0.43 

Top fine sand 3 36 0.47 

Bottom fine sand 5 48 0.41 

Bottom coarse sand 8 73 0.35 

Reactive tailings 9 100 0.46 

Sensor location - Column 3 & 4 

Sensor Layer Approximate location (cm) Porosity (-) 

Reactive tailings/ Pre-oxidized tailings 1 20 0.45 

 

There were some problems with some of the pore water pressure sensors, this can be seen as 

the measured sensor values moving down despite no more water being added after day 500, 

Figure 36. No further action was taken to correct this.  

The automatically generated sensor data from the Em50 loggers was lost due to the logger’s 

memory capacity being exceeded during the summer holiday of 2017. There is therefore some 

data missing from pore water pressure and water saturation data sets (see Table 6) 

Table 5. Height from top of material where the pore water pressure sensors and the water saturation sensors were installed. 

Each layer refers to the layer of material. Full column configuration and layering of the columns are listed in Table 

32(column 1) and Table 33 (column 2). See picture of column Figure 27 (column 1 & 2) & Figure 28 (column 3 & 4) and 

illustration Figure 29 (column 1 & 2) Figure 30 (column 3 & 4). 
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Temperature and relative humidity monitoring 

The room temperature and the relative humidity in the room where the columns were standing 

was measured for the first 150 days of the experiment, see appendix F.1 (Figure 75). 

Wetting and drying tests 

Each wetting/drying cycle was approximately 30 days long (depending on weekends and 

holidays). For each cycle 1.5 liters of distilled water was added to the top of each of the four 

columns. 1.5 liters correspond to about 85 mm and adds up to almost 3 months of precipitation 

at Folldal (Meteorologisk institutt, 2019). This also happens to be about the same amount of 

water as used by Demers et al. (2008). The wetting/drying cycle was repeated fourteen times 

for column 1 and 2, and thirteen times for columns 3 and 4. The different number of cycles was 

due to the large and small column experiments being initiated at different times. Sensors for 

column 1 & 2 have been active since the 26th of May 2016 and for column 3 & 4 since the 15th 

of June 2016. 

The ideal cycle length would be 30 days and the sampling would ideally have been done at the 

same point in time in between each water filling. This was however not done during the entire 

period of sampling. Thus, some samples were collected at the mid-point of a cycle, the samples 

taken during cycle 2, 4 and 8 for columns 1 & 2, and cycle 7 for column 3 & 4. While the rest 

of the leachate samples were collected at the very end of a cycle right before, water was filled 

into the columns to begin a new cycle.  

The initial samples for all four columns were taken the first day the u-tube was connected after 

assembling, as this leachate would either way have been inside the column during the setting 

up of the columns. No water was filled this day as the columns were already fully saturated, see 

Figure 31. See Table 7 for the day water was filled and the day sample was taken for each of 

the four columns.   

Table 6. Shows how many days at what time period data is missing from the pore water pressure and water saturation 

datasets. Column 1 & 2 have missing data at the same time and so does column 3 & 4. 

 Col 1 & 2 Col 3 & 4 

Number of days missing 50 days 54 days 50 days 

From day / To day 407 / 457 17 / 71 387/437 

From date 07/07/2017 02/07/2016 07/07/2017 

To date 26/08/2017 25/08/2016 26/08/2017 
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Leachate collection 

The u-tube was installed at the bottom of the columns below the ceramic plate for all four 

columns, see Figure 29 & Figure 30. For columns 1 & 2 the u-tube was first filled with water 

and then lowered 1.5 meters below the column to create the needed suction to simulate the 1.57 

meter high groundwater table at Folldal (NGI, 2014). The leachate collecting system was placed 

at the U-tube entrance point 1.5 meters below these columns. The collection system below the 

small columns was only about 50 cm below the columns, but the same installation method was 

likely used. Connected to each of the columns was one large sealed glass container that 

collected the leachates as they gradually flowed through the columns during the wetting/drying 

cycle. From each of the glass containers leachates were sampled once during each cycle and 

sent to the lab for element analysis. The pH, electrical conductivity and temperature of the 

collected leachate samples was measured using the KS Multiline 2F0001 (WTW) shortly after 

sampling (Tvedten, 2016).  

Table 7. Table showing on what day, during what cycle the different samples were collected for the four columns. For 

columns 1 & 2 day 0 was the 28th of May 2016 while for columns 3 & 4 day 0 was the 17th of June 2016. The day of water 

filling mark the start of a new cycle, as well as the end of the previous cycle. The day the chemical samples were taken is the 

sampling day, the hyphen means that no sample was collected during that cycle for that column. The sample names are listed 

under “Samples”, with the sample name from the 1st column first comma the sample name of the 2nd column. 

Column 1 & 2 Column 3 & 4 

Cycle Samples 
Water 

filled 

Sampling 

day 
Cycle Samples 

Water 

filled 
Sampling day 

1 1, 13 - 0 1 25, 34 - 0 

2 2, 14 25 35 2 26, 35 25 33 

3 - 53 - 3 - 54 - 

4 3, 15 83 99 4 27, 36 87 126 

5 4, 16 116 146 5 - 126 - 

6 5, 17 146 185 6 - 165 - 

7 - 185 - 7 28, 37 220 231 

8 6, 18 240 251 8 29, 38 249 284 

9 7, 19 269 304 9 - 284 - 

10 8, 20 304 328 10 30, 39 308 341 

11 9, 21 328 361 11 31, 40 341 370 

12 10, 22 361 390 12 32, 41 370 434 

13 11, 23 390 454 13 33, 42 434 475 

14 12, 24 454 495 14 - 475 - 

15 - 495 -     
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Figure 31. Illustration of the cycles and sampling of column 1 with the pre-oxidized capping. The cycles, pattern of sampling and missing samples was identical for column 2, but the sample 

numbers (marked on the colored sample flasks) was different for each column. The illustration also shows how the water present in the column during installation was the water that leached 

though during the 1st cycle, this applies for the small columns too. However, different cycles are missing for the small columns, because the small columns were set up later, see Table 7. Each 

hourglass illustrates the passing of time (𝜕𝑡) between each wetting/drying cycle. 𝜕𝑡 was approximately 30 days. Only one sample was collected during each cycle. 
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4.5 Chemical Speciation 

4.5.1 Chemical material characterization 

Initial material speciation – p-XRF 

Prior to installing the material within 

the columns, a p-XRF was brought 

into field to identify the elemental 

characteristics of the samples 

collected at the mine site. The sample 

material was first put in to 16 separate 

10’liter plastic buckets. Each bucket 

was weighed, labeled and measured 

thrice Table 3. 3 of the 16 buckets had 

a lower sulfur content than the rest and 

were discarded. 

 

The p-XRF device used was the NITON XL3t (ThermoFisher Inc., 2007) and uses the 

characteristic fluorescent X-ray emission of different elements to determine what elements the 

soil samples contained. The portable device does this by sending out X-ray emission that will 

excite an electron from one of the atoms inner orbital shells. The atom will regain stability by 

dropping an electron from one of the higher energy shells. This emits a fluorescent X-ray with 

energy specific to the difference between the two quantum states of the excited electron. This 

energy is then measured by the device’s pre-amp detector and then sent on to a digital signal 

processor. This is what form the basis for the XRF analysis (Schatzlein, 2015).  

Chemical material characterization 

The chemical characterization of the material collected in February of 2016 is presented in the 

following chapter. A homogenized sample of 0.2 kg from each of the four materials was sent 

to the accredited ALS laboratory for analysis (Tvedten, 2016). These four samples were 

analyzed for; As, Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, P, Pb, Sr, V, Zn, Li, 𝐶𝑂3, 𝑆𝑂4, 

S, Al and TIC (Total Inorganic Carbon), see Table 8. The two tailing samples were also 

analyzed for Ca. 

Figure 32. Picture from 2016 fieldwork at Folldal, taken during the 

sampling at the old mine (Tvedten, 2016). 
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These samples gave that the amount of iron was three times as high for the reactive tailings as 

for the pre-oxidized tailings. The reactive tailings containing as much as 147 000 mg/kg, and 

the pre-oxidized tailings containing 39 800 mg/kg. The amount of copper in the reactive tailings 

was many times higher than that of the pre-oxidized material, the reactive tailings containing 

3340 mg/kg and the pre-oxidized tailings containing 119 mg/kg. 73.6 mg/kg lead was present 

in the reactive tailings, while in the pre-oxidized tailings the measured lead content was only 5 

mg/kg.  

 

The reactive tailings had as expected the highest amount of metals overall, with the second 

highest levels present in the pre-oxidized tailings. There were however some exceptions to this 

rule. There was a higher amount of nickel and of manganese in the pre-oxidized tailings than 

in the reactive tailings. The manganese content in the sands was also higher than that of the 

reactive tailings (26.4 mg/kg). 

Table 8. Initial chemical material characterization for the solid materials gathered in field. The material was homogenized 

before analysis (Tvedten, 2016). DM stands for Dry Material. 

Elements  Units 

Pre-oxidized 

tailings 

Reactive 

tailings Fine sand  Coarse sand 

DM % 85.2 85.5 93.7 98.9 

Fe (Iron)  mg/kg DM 39800 147000 4740 1860 

S (Sulfur)  mg/kg DM 3710 51400 <30 <30 

Sulfate (SO4) mg/kg DM 12900 42400 <1000 <1000 

Cu (Copper)  mg/kg DM 119 3340 8.08 2.24 

As (Arsenic)  mg/kg DM 2.79 82.9 0.79 <0.50 

Ba (Barium)  mg/kg DM 62.3 30 72 68.4 

Be (Beryllium)  mg/kg DM 0.04 <0.010 0.035 0.085 

Cd (Cadmium)  mg/kg DM <0.10 <0.10 <0.10 <0.10 

Co (Cobalt)  mg/kg DM 7.19 47.6 2.96 0.98 

Cr (Chromium)  mg/kg DM 31.3 6.51 9.28 405 

Hg (Mercury)  mg/kg DM <0.20 <0.20 <0.20 <0.20 

Mn (Manganese)  mg/kg DM 126 26.4 95.5 62.2 

Mo (Molybdenum)  mg/kg DM 0.7 38 <0.40 <0.40 

Ni (Nickel)  mg/kg DM 15.6 <5.0 6.1 <5.0 

P (Phosphorous)  mg/kg DM 468 80.2 258 192 

Pb (Lead)  mg/kg DM 5 73.6 1.7 2.2 

Sr (Strontium)  mg/kg DM 7.28 5.47 9.08 6.76 

V (Vanadium)  mg/kg DM 41.6 24.8 8.15 2.74 

Zn (Zinc)  % DM 47.9 49.2 7.3 3.9 

Li (Lithium)  % DM 5.8 <1.0 2 2.5 

TIC  mg/kg DM 0.012 0.023 <0.01 <0.01 

Carbonate (CO3) mg/kg DM 0.06 0.115 <0.05 <0.05 

Al (Aluminum)  mg/kg DM 8880 2070 2280 1150 

Ca (calcium)  mg/kg DM 1710 401 - - 
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The amount of carbonate in the sands was minimal, less than the detection limit of 0.5 % of the 

total dry material, and very minor for both reactive and pre-oxidized tailings with only 0.1 %. 

The amount of phosphorous was the highest for the pre-oxidized tailings with 468 mg/kg, the 

second highest for the fine sand 259 mg/kg and the lowest for the reactive tailings 80.2 mg/kg. 

The amount of calcium in the pre-oxidized tailings was much greater than the content in the 

reactive tailings. 

The chemical material analysis showed that nearly all the sulfur present in the pre-oxidized 

material was in the form of sulfate (𝑆𝑂4). This is found by dividing the mol weight of sulfur by 

the mol weight of sulfate and comparing the sulfate data block by the sulfur data block. 

During the fall/winter of 2018 an attempt was made to analyze the precipitates that had formed 

on top of the four columns. This did not however yield valuable insight, as the crust formed on 

top of the tailings was made up of precipitates that would only form in warmer climates (e.g. 

Spain). Meaning that the temperatures in the room the experiments were set up in very much 

influenced the forming of this crust and the results would therefore not be applicable in field at 

Folldal. Because of this the results of the XRD were not analyzed further. The XRF analysis 

attempt resulted in a LOI of 62 % of both the samples from column 3. Furthermore, it was not 

possible to produce fusion beads using the normal methods, and the XRD was therefore given 

up as the results would even if successful represent such a small fraction of each of the samples. 

Some of the methods used are included in Appendix H. 

Total material element content 

The total amount of each element in each of the columns was assessed based on the chemical 

material analysis presented in Table 8 multiplied by the dry weigh of each layer based on 

material type.  

The total amount of each element was calculated based on the weight of dry material presented 

in Appendix E and E.2 for columns 1(Table 32) and 2(Table 33). For columns 3 and 4 the 

information from the column set up was not available, and the total dry weight was therefore 

estimated based on the height of the material (appendix E.3, Table 34) in these two columns 

and the averaged dry material per weight for columns 1 & 2. This was then multiplied by the 

materials present in columns 3 & 4. The calculated results are presented in Table 9. 
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As seen from Table 9, the total metal content of column 2 was less than that of column 1. 

Column 2 contained less of elements such as; Cu, Fe, S and Al, and contained more carbonates/ 

inorganic carbon than column 1. 

Column 3 with the reactive tailings had many times more copper, iron, sulfur and sulfate than 

that of column 4. The pre-oxidized tailings did however contain more aluminum, and 

significantly more zinc. Cadmium values were low for both pre-oxidized and reactive tailing 

samples, though column 4 did contain more cadmium than column 3. 

  

Table 9. Shows the total content of each element estimated from the total dry weight of material combined with the 

chemical material characterization (Table 8). The Ca estimates for column 1 & 2 are likely too low due to there being no 

Ca data available for the fine or coarse sand layers. The dry weight of columns 3 & 4 was estimated based on the height 

of material and the averaged material porosity estimated from column 1 & 2, and this data is therefore less reliable. 

Units Elements Column 1 Column 2 Column 3 Column 4 

kg DM          45.72           50.19             8.01           10.85  

mg Fe (Iron)     4 555 913     3 980 985     1 176 811        432 005  

mg S (Sulfur)     1 450 367     1 365 442        411 483          40 270  

mg Sulfate (SO4)    1 338 396     1 149 414        339 434        140 022  

mg Cu (Copper)          92 631          88 803          26 738           1 292  

mg As (Arsenic)           2 302           2 216              664             30.3  

mg Ba (Barium)           2 452           2 456              240              676  

mg Be (Beryllium)             1.81             1.69             0.08             0.43  

mg Cd (Cadmium)             5.23             5.02             0.80             1.09  

mg Co (Cobalt)           1 404           1 310              381             78.0  

mg Cr (Chromium)           5 380           5 079             52.1              340  

mg Hg (Mercury)             10.5             10.0             1.60             2.17  

mg Mn (Manganese)           3 125           2 564              211           1 368  

mg Mo (Molybdenum)           1 050           1 018              304             7.60  

mg Ni (Nickel)              402              264             40.0              169  

mg P (Phosphorous)          10 660           7 448              642           5 080  

mg Pb (Lead)           2 098           2 000              589             54.3  

mg Sr (Strontium)              326              332             43.8             79.0  

mg V (Vanadium)           1 260              787              199              452  

mg Zn (Zinc)           2 022           1 439              394              520  

mg Li (Lithium)              134             79.8             8.01             63.0  

mg TIC           9 041          63 432           1 841           1 303  

mg Carbonate (CO3)         45 207        317 160           9 206           6 513  

mg Al (Aluminum)        187 741          95 483          16 571          96 387  

mg Ca (calcium)          33 600          10 647           3 210          18 561  
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4.5.2 Leachate characterization 

Leachates were collected from the first cycle, to cycle fourteen for columns 1 & 2 and until 

cycle thirteen for columns 3 & 4, with some exceptions, full sample list and cycle configuration 

is listed in Table 7. 

For most of the chemical analysis the first cycle was not emphasized. The water flushed during 

the first cycle was in contact with the materials from the samples were collected until they were 

installed in the columns (from February, until May 2016). It was assumed that the first cycle 

was something like a first flus, and it was therefore assumed that the first sample for each 

column was not a good representation of a natural wetting/draining cycle. Furthermore, the 

concentration of the first cycle was so much higher than for the consecutive cycles that it would 

not plot presentably. 

ICP-MS & ICP-OES 

The chemical composition of each leachate sample was determined using ICP-MS and ICP-

OES. ICP-MS (Inductively Coupled Plasma Mass-Spectrometry) was used to determine the 

amount of Na, Mg, Al, S, Ca, Mn, Fe, Cu and Zn, while the amount of K in each leachate 

sample was determined by ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectrophotometer). 

Each of the elements are determined by the signature emission specter given when 

electromagnetic emission is released from excited atoms/ions. The way this is done using ICP-

MS is by a solution being pumped into a plasma and atomized to make the solution into a fine 

aerosol test-substance. High temperatures make the solution atomize and ionize. A small part 

of the atoms/ions get excited and photon rays are emitted as the atom/ion go from an excited 

state back to its regular state. The amount of each component is determined by the ray’s 

intensity (Adriano, 2001). The difference between the ICP-MS and the ICP-OES is that the 

ICP-OES uses the optical emission specter while the ICP-MS uses the mass spectrometer of the 

atoms. Meaning that the ICP-OES measure the excited atoms and ions at specific wavelength 

characteristics of the elements that is measured for, while the ICP-MS, measure the atom’s mass 

through mass spectrometry (MS). The level of detection (LD) for ICP-MS can be down to parts 

per trillion (ppt), while the lower limit for ICP-OES is parts per billion (ppb) (Agilent 

Technologies, 2019). 
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The ICP-MS and ICP-OES analysis of the leachate 

sample set 238-2017 was done by Valentina 

Zivanovic at the NMBU isotope lab (English: 

Norwegian University of Life Sciences) (Zivanovic, 

2019). Results of this analysis is plotted under chapter 

5.3. 

The samples were conserved before testing using 10 

% high purity 𝐻𝑁𝑂3. The machines used were the 

Agilent 8800 triple quad ICP-MS and the Agilent 

5110 ICP-OES. Both these machines uses electronic 

and magnetic field switches with high frequency and use argon gas to form plasma under 

extreme temperatures of up to 10 000°C (Agilent Technologies, 2019, Zivanovic, 2019). The 

LD was not given for all elements with the original output file from the NMBU lab and it was 

not possible to recover this information. The real values and an approximation of likely values 

for LD are listed in Table 10. The estimated values are simply the lowest values measured from 

all chemical samples analyzed. 

Mass balance calculations 

The total amount of each species leaching out of each column during each cycle was estimated, 

result presented in Figure 44. The total amount of each element that leached out of the columns 

was determined by multiplying the concentration of each leachate sample (one per each cycle) 

with the amount of water that had been in the column during that cycle. That means the 

concentration was multiplied by 1.5 liters of water for all cycles except the first. For the first 

cycle the total volume of water was approximated based on the volume of material filled into 

the column and the volumetric water content of all the layers of material present in each of the 

columns (Figure 31). 

This means the total content of each element leached is an approximation, as the concentration 

at the time of sampling would not necessarily be representable for the entire leaching cycle. 

The total amount of each element leached was calculated and is shown in appendix C.4.a (Table 

22). The total amount of each element present in each column (Table 9) was then compared to 

how much of that element had leached out (Table 22). This resulted in the total amount of each 

leachate that remained after each cycle, given in Table 23. 

Table 10. Levels of detection (LD) for the 

different elements the leachates were analyzed 

for using ICP-MS. The numbers in parenthesis 

are assumed values for LD - These are the half of 

the lowest measured values. Half of all these 

values were used as input for PHREEQC for 

values below LD. 

Element LD in mmol/l 

Na (0.010) 

Al 0.00093 

S (1.5) 

Fe 0.008 

Cu (0.00099) 
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The total content of the elements of interest for this thesis (Cu, Fe and S) were plotted to 

compare their development over the monitored period, and to be able to compare the four 

columns (Figure 69). The leached chemicals were then consecutively subtracted from the total 

(Figure 70). 

To make the comparison of the four columns easier, the amount of each element leached 

compared to the initial amount was calculated in % of the initial amount present in each of the 

columns (Table 9), the result of this estimation can be seen in Figure 46. 

4.6 PHREEQC input data and modeling 

The computer program PHREEQC is written in C++ and can be used to do several different 

aqueous geochemical calculations. This geochemical modeling tool developed by Parkhurst & 

Appelo (1999) was used to simulate the different physiochemical reactions and processes 

going on within the column experiments. This program bases calculations on the equilibrium 

chemistry of aqueous solutions that interact with gases, minerals, solid solutions, exchangers 

and sorption surfaces. The geochemical modeling calculations use chemical definitions from 

existing thermodynamic databases and creates a mass balance calculation made independently 

of mineral stoichiometric saturation indices.  

The input file contains the needed variables using simple phrases, defining solutions. 

PHREEQC uses the thermodynamic mass balance equations to equilibrate these solutions, 

Equation 21. The calculations preformed in PHREEQC are done mainly through the balancing 

of different elements using solubility product (Log-K) values present in the databases available 

through PHREEQC. From these values a mass balancing is made and saturation indices found 

for the minerals present in the database chosen for the modeling. The user can also define new 

chemical definitions not listed in the existing databases. The chemical compositions of the 

solutions mentioned in this thesis were modeled in PHREEQC based on the solubility products 

of different salts and minerals defined according to the laws of thermodynamics. Some of these 

laws are described in the theory chapter 2.2.  

PHREEQC calculates the distribution of aqueous species and saturation indices for phases 

using the chemical composition for a solution as input. For each solution corresponding to each 

of the sampled column leachates speciation calculations were performed. Each input solution 

can be used for transport modeling, batch-reactions, or inverse-modeling calculations which is 
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what was done for this thesis. PHREEQC also makes it possible to adjust element 

concentrations to achieve charge balance or equilibrium with a pure phase (Parkhurst & Appelo, 

1999, 2013). This is important when the laboratory analyses of the studied aqueous solutions 

have large charge imbalances which was the case with some of the column leachates. 

The desired calculations such as basic aqueous speciation and saturation indices' calculations 

can then be extracted to an output file by entering keywords in the input file defining what 

information is to be output to the output file. These data outputs are presented in chapter 5.4.1 

as figures and tables. 

The geochemical processes involved within the columns are mineral dissolution and 

precipitation, cation exchange, surface complexation on oxyhydroxides, aqueous speciation and 

complexation, such as redox reactions. To better understand what type of geochemical 

processes were dominant within the column experiments an inverse model was used. 

4.6.1 Aqueous solutions 

The aqueous solutions chemical concentrations were input into PHREEQC as mmol/l, 

converted from the original data set from the leachate analysis which was originally given as 

mg/l . This was then converted internally by PHREEQC to units of molality, equivalents, moles, 

element valence states and mass of water. The limitations of the original chemical leachate data 

set gave a slight electrical imbalance for all samples (listed in appendix G.1). This imbalance 

might be due to the unanalyzed chemical constituents or analytical errors (Parkhurst & Appelo, 

1999, 2013). In the next paragraphs, the procedure conducted to overcome this charge 

imbalance is explained. 

Redox potential was not measured directly. Therefore, attempts were made to get an estimation 

of this using the dissolved oxygen data. Balancing of the aqueous solutions with the dissolved 

oxygen measurements resulted in very high values for pe for column 1 and 2, ranging between 

19 and 20 (dissolved oxygen was not measured for column 3 and 4). High pe measurements is 

typical for AMD water, but the resulting electrical imbalance increased significantly for almost 

all samples. The pe was therefore set to 9 instead of PHREEQC default pe value of 4 as AMD 

water generally has a higher pe than typical natural waters, see Figure 12. The water that was 

poured into the columns from the top was distilled water simulating rainwater which also 
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usually plot quite high on the pe scale. Thus, the pe might have been set even higher but this 

value was chosen because all solutions converged numerically when pe was set to 9. 

For the missing pH values pH was averaged between the two values of the closest measured 

samples, Table 20. The pH seemed to vary gradually from cycle to cycle. The LD (Level of 

detection) was not given for all species with the original dataset, see Table 10. For the samples 

where the value of a given chemical element was "below LD" half the LD was entered in the 

PHREEQC input file under the sample solution spread. For the elements where the LD was not 

given, half of the lowest measured value for all samples was used instead. 

The solutions were first defined from the samples collected from all four columns. Leachates 

were collected from the first cycle to the fourteenth cycle for columns 1 & 2 and until cycle 

thirteen for columns 3 & 4. For column 1 & 2 twelve samples were collected and analyzed, 

while for column 3 & 4 nine samples were collected and analyzed. The original leachate 

chemistry is given in appendix C.2 (Table 21), and the unedited and balanced solution spread 

are given in appendix G.1 (Table 39) and G.2 (Table 41). From this data along with sensor data 

for pH and temperature, PHREEQC was able to estimate an electrical balance as well as a 

aqueous species distribution and mineral saturation indices. 

Sensors were installed in the same room as the columns to measure temperature and humidity. 

The temperature measured during the first 150 days of the period of the chemical sampling 

ranged from 20 to 25°C (see appendix F.1, Figure 75). For simplicity’s sake the temperature 

was set to 22°C for all samples. 
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4.6.2 Inverse geochemical modeling 

Inverse modeling was used to identify the geochemical reactions that caused the change in 

water chemistry along the waters flow path during the column experiments. With an inverse 

model physical, chemical and mineralogical phases and processes involved when an initial 

solution transforms into a secondary solution can be deduced (Parkhurst & Appelo, 1999, 

2013).   

The inverse geochemical model in PHREEQC is made using the initial pore water solution and 

adding minerals through the dissolution process of primary minerals, and the 

adsorption/desorption processes, before subtracting the secondary minerals that precipitate out 

from the solution in order to produce the final pore water solution, see Figure 33 (Appelo & 

Postma, 2005). 

The minimal information needed to run a geochemical inverse model is the chemical 

composition of an initial and final aqueous solution. PHREEQC also requires the identification 

of mineral phases (or gas phases and cation exchangers) that are allowed to precipitate and/or 

Figure 33. Conceptual model of how the inverse modeling in PHREEQC was executed. 𝜕𝑡 represent the time interval 

between selected leachate samples. 
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dissolve. PHREEQC can then describe the difference between these two solutions through a 

number of processes depending on what keywords are entered. 

When making an inverse model it is essential not to overcomplicate the input data, therefore Al 

was removed from the solution as Al does not interact much with the chemical elements of 

interest – Cu, Fe and S. The solutions were then balanced using Mg, as this element was not 

involved in any of the minerals chosen for the inverse model. To see how the balancing of Mg 

influenced the electrical charge balance see Appendix G.2. The balancing was done by typing 

“charge” in the initial solution input file. The input file for the inverse model needs to be static, 

meaning that the balancing and other dynamic data need to be entered numerically so it does 

not change depending on other variables entered in to the input file. Therefore, the resulting 

output data block for the balanced values for Mg was used as the new input data for the inverse 

models. The final input file the solution spread uses to make the inverse models is given in 

appendix G.3. 

Using different databases resulted in different electrical balances as each database contain 

different species and can have significantly different equilibrium constraints for overlapping 

species.  The databases phreeqc.dat and llnl.dat were tried, and the resulting charge balances 

when using the two different databases was small. The (absolute) average electrical charge 

balance error for all leachate chemical samples was 5 % for both databases. There was a 

marginally higher average imbalance for the llnl.dat database, and a marginally higher median 

imbalance for the phreeqc.dat database. The database llnl.dat was chosen as the electrical 

imbalance for most of the samples (the median) was lower using this database than when using 

the phreeqc.dat database. Both phreeqc.dat and llnl.dat contain thermodynamic data for aqueous 

species, gasses, and mineral phases, along with exchange species and reaction rates, but llnl.dat 

also include additional mineral phases and redox reactions that are frequently found in AMD 

situations.  
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Initial and final aqueous solutions 

To make an inverse model one must define two samples, one initial and one final solution. It 

was attempted to make an inverse model for column 1, column 2 and column 3. Two different 

solutions were chosen for each column, the initial sample collected at an earlier point in time 

than the final solution. 

The inverse models were created for samples not including the first sample, which contained 

the water that had been present during the installation. The initial and final samples were also 

not collected in cycles directly following one another, as there needed to be enough change in 

the water chemistry for it to be possible for PHREEQC to generate models with visible 

results. The final solutions chosen for the inverse models are listed in Table 11.  

 To get the models to run the uncertainty for the data set, excepting the elements of most interest 

for this model (Cu, Fe and S), needed to be as high as 0.5 (50 %) for the first inverse model set 

up. Therefore, the uncertainty for the chemicals Cu, Fe and S were restricted as much as 

possible (< 1%). The uncertainty was defined as the same for both the initial and the final 

solution. The uncertainty for Cl was set to 2 %. To see the resulting inverse model’s final 

uncertainties, see Table 11. 

Column 
Number of 

models 

Initial and final 

solutions 
Species Uncertainty (%) 

Column 1 - 

Pre-oxidized capping 
2 

Sample 2 

Day 35 

(Cycle 2) 

Fe 0.9% 

Cu 0.001% 

Sample 4  

Day 146 

(Cycle 5) 

S 0.7% 

Cl 2% 

Column 2 - 

Fine sand capping 
3 

Sample 18 

Day 251 

(Cycle 8) 

Zn 0.1% 

Fe 0.1% 

Cu 0.1% 

Sample 23 

Day 454 

(Cycle 13) 

S 0.1% 

Cl 2% 

Column 3 - 

Reactive tailings 
3 

Sample 28 

Day 231 

(Cycle 7) 

Fe 0.1% 

Cu 0.1% 

Sample 31 

Day 370 

(Cycle 11) 

S 0.1% 

Cl 2% 

Table 11. List of specified uncertainties for the different models generated for samples from the three different columns 

modeled, column 1, 2 and 3. The number of models per column generated is given, so is the initial and final samples that 

were used for the models, the day on which these samples were collected and what cycle that was during. 
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For column 1 two possible inverse models were generated while three inverse models were 

generated for columns 2 and 3. The ideal is to have only one option, but this was not possible 

for these data sets. The reason why it was not possible to reduce the numbers of models might 

be because of inaccuracies in the data entered. Inaccuracies might have been caused by data 

that was unavailable and therefore not included, like pe or chemical species that the solutions 

were not analyzed for. Another cause of the inaccuracies could be the simplifications made to 

the dataset input into PHREEQC. Due to these inaccuracies the uncertainty needed to be set 

higher and this resulted in several model options. One model was chosen for each column and 

from these models it was possible to deduce certain things, see results in chapter 5.4.2. 

Primary and secondary mineral phases 

The selection of primary minerals was done by combining theoretical knowledge, geological 

site knowledge, elements of special interest, and a wish for simplicity to decrease the 

complexity of the model. The llnl.dat database contains many minerals and a final decision 

was made looking at the saturation indices. These saturation indices were obtained from the 

aqueous speciation of the leachate samples corresponding to the initial solutions of the inverse 

geochemical model, which had been previously performed in PHREEQC. 

The chemical elements of special interest are Cu, Fe and S. Cu because this is the main metal 

of environmental concern at Folldal and thus one of the main elements to reduce. Fe because 

it is known to be abundant at Folldal and it is present in one of the main sulfide minerals 

containing Cu (i.e., chalcopyrite). Sulfur is also of interest as the deposits at Folldal are VMS 

and the sulfur content is therefore closely linked to the total amount of metals. 

For each of the chemical elements a primary and secondary mineral phase were selected for 

the mass balance constraint required in the geochemical inverse model, for full list see Table 

12. Pyrite (𝐹𝑒𝑆2) was an obvious choice for a primary mineral, as it is the most abundant iron 

sulfide mineral at Folldal and it is therefore the greatest contributor to AMD. Chalcopyrite 

was by far the most common copper mineral (34% copper), the chemical formula for this 

primary mineral is CuFe𝑆2. Sphalerite ((Zn, 𝐹𝑒)S) was chosen as a primary mineral phase for 

zinc as this was known to be present at Folldal (Torgersen, 2016). Sphalerite is also one of the 

two principle ores for zinc (Adriano, 2001). Pyrolusite (𝑀𝑛O2) was used as the secondary 

mineral phases for manganese as this is one of the components present in the leachate samples 

used for the inverse model, and it is an important redox sensitive species in AMD contexts. 
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As secondary mineral phases gypsum was chosen for sulfur, and cuprite (Cu2O) and zinc-

hydroxide (휀-Zn(𝑂𝐻)2), were chosen for copper and zinc. Goethite (α-𝐹𝑒𝑂(𝑂𝐻)) and jarosite 

(𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6) were chosen as secondary minerals for iron. Jarosite is also an important 

secondary phase for sulfur. Ferrihydrite was originally looked at as a secondary phase for iron, 

but the saturation indices of the solution output (excerpt of which is presented in Table 40) 

showed that goethite and hematite were more abundant. The full list of minerals and oxidation 

states of all elements are listed in Appendix B. The exchangeable cations assumed to be present 

in clays were sodium, calcium, magnesium and potassium.  

The initial aim of the geochemical inverse models was to constrain dissolution and precipitation 

for the primary and secondary mineral phases, respectively (listed in Figure 11). Thereby 

restricting the degrees of freedom based on knowledge of how AMD generally takes place. 

However, according to the species distribution done by PHREEQC on the initial samples, 

jarosite was present both as an initial and final mineral phase. Since jarosite is a very ephemeral 

mineral, that can rapidly dissolve, and its saturation index in some leachate samples was 

negative (undersaturation), this mineral was allowed to either precipitate or dissolve in the 

inverse models. 

 

Mineral Chemical composition Geochemical constrain 

Pyrite 𝐹𝑒S2 Dissolution 

Chalcopyrite 𝐶𝑢𝐹𝑒S2 Dissolution 

Sphalerite (𝑍𝑛, 𝐹𝑒)S Dissolution 

Jarosite 𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6 Precipitation or Dissolution 

Goethite α - 𝐹𝑒𝑂(𝑂𝐻) Precipitation 

Cuprite Cu2O Precipitation 

Zinc-oxide 휀 - Zn(𝑂𝐻)2 Precipitation 

Gypsum 𝐶𝑎(𝑆𝑂4) ∙ 2(𝐻2𝑂) Precipitation 

Pyrolusite 𝑀𝑛𝑂2 Precipitation 

 

 

Table 12. The primary and secondary mineral phases included in the inverse geochemical models 
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5 Results 

The sensor measurements and chemical results gathered over the course of almost 2 years are 

presented in this chapter in the form of plots and tables. This thesis work is an expansion on the 

initial work done on the physical properties during the mounting of the columns by Tvedten 

(2016). The software PHREEQC was used to gain further insight into the chemical data, and 

the results from PRHEEQC along with mass balance calculations are presented in this chapter. 

5.1 Water flow 

The movement of water through the column was investigated with sensors measuring water 

saturation, pore water pressure and oxygen concentration throughout the columns, as well as 

the different materials capacity to retain water based on the water retention curves. 

5.1.1 Water retention curves 

The water retention curves for the four different materials were measured and predicted based 

on the result from the grain size analysis (Table 35) and the pressure plate test (Table 13).  

The measured water retention curve (fitted van Genuchten curve) differed from the predicted 

water retention curve (calculated using the MK model) for the fine and coarse sand, see Table 

13 (compared plots in appendix F.4). The measured and predicted values for the pre-oxidized 

and reactive tailings fitted quite well, and the AEV or the two sets of curves were therefore 

quite similar (Tvedten, 2016). 

From the measured water retention curves it seemed as if the fine sand had a marginally higher 

AEV (air entry value) than the pre-oxidized tailings, while the predicted water retention curves 

gave that the coarse sand and fine sand had lower AEV than the pre-oxidized tailings. The 

results from the predicted water retention curve was backed up by the measured water content 

and suction from the column test sensors.  

The fine and coarse sands not being entirely saturated during the first measurements (saturation 

of 0.9 measured) of the pressure plate test might have resulted in the unlikely values. Some of 

the measured values for the reactive tailings pressure plate test seemed questionable. This was 

likely caused by clogging of the outlet port of the ceramic plate by iron precipitates. The 
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combination of the predicted WRC and the saturation sensor data from the column test gave the 

impression that the measured pressure test values might have been unreliable, therefore the 

AEV of the pre-oxidized tailings were assumed higher than that of the fine sand, as per the 

predicted curve, see Table 13. 

 

  

Table 13 Values of the van Genuchten equation parameters for the water retention curves measured with the pressure plate 

tests (Tvedten, 2016). 

  n=𝜃𝑠 
AEV - 

predicted 

AEV - 

measured 
αvG nvG mvG 𝜃𝑟 

Material  (-) (cm) (cm) 𝑚− (-) (-) (-) 

Reactive tailings 0.46 35 55 1.06 1.46 0.31 
0.0

2 

Pre-oxidized 

tailings 
0.38 140 160 0.21 1.31 0.24 

0.0

2 

Coarse sand  0.48 5.3 58 0.75 1.84 0.46 0 

Fine sand  0.48 50 210 0.18 1.42 0.3 
0.0

2 

 

Figure 34. The best fit van Genuchten from the measured WRC for pre-oxidized tailings, reactive tailings, fine sand and 

coarse sand. Given as degree of saturation 𝑆𝑟(-) vs. suction given in cm plotted on a logarithmic x-axis (Tvedten, 2016). 
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5.1.2 Water saturation    

Water saturation was monitored from the 20th of May 2016 until 14th of September 2018, this 

is plotted in Figure 35. See Table 6 for missing days during this period. As mentioned, 1.5 liters 

of water was added to the top of each of the columns at the beginning of each cycle, see Figure 

31. This was done fourteen times for column 1 and 2, and thirteen times for columns 3 and 4, 

dates of water filling listed in Table 7. The cycles are marked as dotted lines/arrows marking 

when water was filled into each of the columns.  The data is given as degree of saturation S𝑟 (-

), with time given in days from start of experiment. Day 1 being the same as for the other figures 

the 26th of May 2016 for the large columns and the 17th of June 2016 for the short columns, see 

Figure 35. The sensor measurements for the short columns are included in F.2 along with the 

measurements for the entire period for the large columns as Figure 35 only show values until 

day 600. The entire monitored period is included for the plots for column 1 & 2 in Figure 76, 

and column 3 & 4 in Figure 77, appendix F.2. The degree of saturation was calculated from the 

porosities of the layers containing the sensors. 

The response in the saturation was markedly different for the different layers of the capped 

columns. The degree of saturation in the top coarse layers responded quickly and draining 

rapidly, while the degree of saturation remained more stable in the MRLs. The response in the 

bottom coarse layer was also less than in the coarse layers and the saturation peaked later (by a 

couple of days) than in the top coarse material to the filling of water.  

The saturation varying between 0.98 and 0.91 in the top MRL and between 0.96 and 0.85 in the 

bottom part of the MRL for column 1. For column 2 the saturation was between 0.88 and 0.56 

in the top MRL and between 0.88 and 0.66 in the bottom part of the MRL. 

The saturation was at the lowest at the end of each drying period for the entire column. The 

saturation in the coarse sand layers reduced quickly. For the bottom coarse layer the saturation 

did not exceed 0.3 for column 1 and 0.4 for column 2 (Table 14).  
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When comparing the saturation in the reactive tailings and pre-oxidized tailings for the capped 

columns with the saturation of the same materials in the uncapped columns (columns 3 & 4) it 

was clear that the reactive tailings (column 3) had the highest saturation throughout each cycle 

(max = 1, min = 0.94 and average of 1), see appendix F.2, Figure 39. The pre-oxidized tailings 

(column 4) drained slower than the coarse sand layers of the capped columns but reached lower 

saturations during the end of each cycle than the pre-oxidized tailings that made up the caps 

(column 1), with a minimum saturation of 0.4. 

The days included in the maximum, minimum and average calculations were from start of cycle 

2 (day 25) until 30 days after the last water filling, day 525. This was assumed to be a more 

representative excerpt as the columns were installed while still full of water and the filling of 

water was not continued beyond day 495 (Table 7). These values were plotted, as well as 

calculated for column 3 & 4, included in appendix F.2, Figure 77 and Table 37. 

 

Table 14. The maximum, minimum and averaged values for the water saturation, 𝑆𝑟(-), given in degree of saturation 

measured in the different layers of column 1 and 2 between day 25 and day 525. 

Material 
Top coarse 

layer 
Top MRL Bottom MRL 

Bottom coarse 

layer 

Reactive 

tailings 

S𝑟 (-) Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 

Max 1.00 1.00 0.98 0.88 0.96 0.88 0.29 0.38 0.70 0.66 

Min 0.17 0.09 0.91 0.56 0.85 0.66 0.14 0.17 0.35 0.39 

Average 0.55 0.15 0.94 0.73 0.90 0.82 0.21 0.26 0.46 0.47 
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Figure 35. Water saturation (𝑆𝑟) for column 1 (above) & column 2 (below). Height of sensor is given as z from top of material. Data is missing between 07.07.2017 and 26.08.2017 (50 

days). Day 0 was the 28th of May 2016. The arrows (dotted lines) mark the filling of water, and thereby the start/end of each cycle. 
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5.1.3 Pore water pressure 

The pore water pressure like the saturation fluctuated with the wetting of the columns. The 

measured sensor values were plotted for the large columns until day 600, Figure 36. Plots of 

the entire monitored period and the measurement for the short columns are included in appendix 

F.3. The pore water pressure is given in meter, negative meaning that the water pressure is 

measured in the unsaturated zone, further descried in chapter 2.1.2 and 2.1.5. The pore water 

pressure data is plotted like the saturation data, including each of the cycles marked as dotted 

lines/arrows. 

The response to the filling of water can be seen as an abrupt fluctuation from low, to high values 

with each water filling. From the longer drying periods it was clear that the suction dropped 

rapidly during the latter part of each cycle. See the marked drop right before the sixth filling of 

water for all four columns. 

The calculations of maximum, minimum and average values (Table 15) were done on the 

measurements made from start of cycle 2 (day 25) until 30 days after the last water filling, day 

525 (Table 7). These values were also calculated for column 3 & 4, included in appendix F.3 

(Table 38). 

Material 
Top coarse 

layer 
Top MRL Bottom MRL 

Bottom coarse 

layer 

Reactive 

tailings 

 (m) Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 Col 1 Col 2 

Max -9 -9 -9 -9 -11 -9 -11 -9 -9 -10 

Min -74 -69 -60 -13 -62 -12 -65 -13 -49 -20 

Average -16 -21 -14 -10 -18 -10 -20 -10 -19 -12 

Table 15. The maximum, minimum and averaged values for the pore water pressure, measured in the different layers of 

column 1 and 2 between day 25 and day 525 (given in meter). 
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Figure 36. Pore water pressure for column 1 (above) & column 2 (below). Height of sensor is given as z from top of material. Data is missing between 07.07.2017 and 26.08.2017 (50 days). 

Day 0 was the 28th of May 2016. 



82 

 

5.1.4 Hydraulic conductivity 

The hydraulic conductivity, 𝐾ℎ  (m/s) was measured at one of the labs at the Polytechnique de 

Montreal in Canada (Table 16). The hydraulic conductivity was also predicted using the 

Kozeny-Carman (KC) and the modified Kozeny-Carman (KCM) (Table 16). The results of the 

KC and the KCM showed similar results for a void ratio of 0.5, but for values above 0.5 the 

KCM showed higher values for hydraulic conductivity than KC. The different estimations of 

𝐾ℎ  (m/s) are plotted as a function of pore void ratio, e(-), see Figure 37. 

The coarse sand had the highest hydraulic conductivity with 2.5x10-4 m/s and the fine sand had 

a hydraulic conductivity of 4.2x10-5 m/s. The reactive tailings had the lowest hydraulic 

conductivity with 3x10-7 m/s and then the pre-oxidized tailings had the second lowest with 

3x10-6 m/s.  

The contrast between the measured hydraulic conductivity of the MRL (pre-oxidized tailings 

or fine sand) and the capillary break layer (coarse sand) was bigger for the pre-oxidized material 

than for the fine sand. The difference in hydraulic conductivity between the MRL and the coarse 

sand was 1 order of magnitude for the fine sand and 2 orders of magnitude for the pre-oxidized 

tailings.  

Figure 37. The hydraulic conductivity (𝐾ℎ) as a function of pore void ratio, e (-). The Kozeny-Carman (KC) shown with solid 

lines, and the modified Kozeny-Carman (KCM) shown as dashed lines. The different colors represent different materials; 

reactive tailings (green), pre-oxidized tailings (yellow), fine sand (red) and coarse sand (blue)(Tvedten, 2016). 
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5.2 Oxygen diffusion 

There were two oxygen sensors installed at different levels in each of the large capped columns. 

These sensors measured how the oxygen concentrations varied throughout each of the cycles 

and downwards through the columns. One sensor was installed inside the MRL in each column 

and one inside the reactive tailings. These sensors were manually operated and registered to 

what degree the oxygen concentration reduced downwards through the columns and how 

successful the caps were at reducing oxygen diffusion to the reactive tailings.  

The lowest oxygen concentrations were measured at the beginning of each cycle while the 

highest oxygen concentrations were measured at the end of each cycle, see Figure 38. The 

seventh and somewhat the sixth cycle were longer than the previous ones. Therefore, the 

measured oxygen levels at the end of each of these cycles were higher. 

The reduction of oxygen was more efficient for column 1 with the pre-oxidized capping. The 

averaged values showing 1.213 in the MRL of column 1, and 2.879 in the MRL of column 2. 

In the reactive tailings for column 1 the average value was 0.100 mg/l, and in the reactive 

tailings of column 2 the oxygen concentration was 0.114 mg/l. 

The max value measured in the MRL of column 1 was measured on day 25 (2.95 mg/l). There 

were higher values at the beginning of the experiment for Column 1. The maximum value in 

the reactive tailings of column 1 was 0.199 mg/l, measured during day 241. For column 2 the 

max value measured in the MRL was 4.589, measured on day 241, and the max measured value 

in the reactive tailings was 0.681. 

 

Table 16. The predicted saturated hydraulic conductivity as well as the conductivity measured at a laboratory at 

Polytechnique de Montreal in Canada. 

Material KC (m/s) KCM (m/s) Measured 

Reactive tailings 3x10-7 1x10-7 3x10-7 

Pre-oxidized tailings 7x10-8 8x10-8 3x10-6 

Coarse sand 2x10-4 3x10-4 2.5x10-4 

Fine sand 4x10-6 9x10-6 4.2x10-5 
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The maximum, minimum and average values were calculated based on measurements made 

from start of cycle 2 (day 25) until day 495 the day of the last water filling (Table 7). 

Measurements that had failed, meaning the output file had no value, were removed along with 

one measurement on day 180 where two of the sensors were likely switched (miss labeled when 

downloaded).  

The oxygen diffusion of the two-capped columns was best monitored during the first 9 cycles. 

The taking of measurements during the 132-495-day interval the oxygen measurements were 

not taken at a consistent time before or after the filling of water into the columns. This makes 

the data from this period less representative than it might have been, had a strict routine been 

followed. However, the results show that the oxygen levels seem to be within the same range 

as when the experiment was monitored more closely. It was assumed that the trend seen during 

the first 6-7 cycles continued throughout the following cycles as well, considering that some of 

the cycles were longer than others. There also seems to be an inaccuracy as to when the water 

was filled between cycle 6 and 7. Judging from the oxygen data the water was filled a few days 

earlier than what was noted down. 

 

Table 17. The average, minimum and maximum oxygen concentrations in the two large columns. The day of the min and 

max measurements in the MRL and reactive tailings are listed next to the number (given in mg/l). Full original dataset is 

listed in Appendix F.5. 

(mg/l) MRL Reactive tailings 

Material Col 1 Col 2 Col 1 Col 2 

Max 2.95 - day 25 4.589 - day 241 0.199 – day 455 0.681 - day 455 

Min 0.004 – day 118 1.02 – day 116 0.001 – day 241 0.008 - day 241 

Average 1.213 2.879 0.100 0.114 



85 

 

Figure 38. Measured oxygen concentration for column 1 & 2, the layer of the sensors are named in the label. The dashed lines mark the start/end of each cycle (the point in time when water was filled 

into the columns). 
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5.3 Leachate chemistry 

This chapter presents the chemical development of the leachates from the column experiments 

and the on-site leachate monitoring at Folldal done by NGI (2014). Based on the column’s 

leachate composition and the columns material chemistry a mass balance was calculated. 

Furthermore, the chemical correlation between dissolved species based on the development of 

the leachates over time was numerically weighed and the ratio between the amount of iron and 

sulfur plotted. 

5.3.1 Time series of leachate chemistry 

From twelve of the fourteen wetting/drying cycles (water was filled 14 times) for column 1 and 

2, leachate samples were collected. Thirteen wetting/drying cycles were performed on columns 

3 and 4 and from nine of these cycles samples were collected. The Cu, Fe, S, K, Ca, Mn, Na, 

Mg, Al and Zn concentrations of these samples were plotted in mg/l according to what day the 

samples were collected, see the time series presented in Figure 39 to Figure 42. 

Copper, iron and sulfur is plotted in Figure 39, potassium, calcium and manganese in Figure 

40, sodium, magnesium and aluminum in Figure 41 and zinc in Figure 42. For a table view of 

the plotted values see appendix C.3, and to see the plotted chemistry in mmol/l see appendix 

C.3 (Figure 65 to Figure 68). 

The general trend from these times series was that copper and zinc peaked in concentration 

first, and Na, K and Ca last. Fe and S peaked around the 4th cycle, Mg peaked during the 5th 

cycle and Al and Mn during the 6th cycle. The last measured K value for column 2 is not visible 

on the plot, but measured 95 mg/l. An extremely high value compared to the other values for 

this element. 

The copper values of the two capped columns were the highest for column 2 during the 1st 

cycle, but after the 1st cycle column 1 had the highest values. The copper values decreased 

gradually for both capped columns (see Figure 39), peaking at 1400 mg/l and 1700 mg/l 

respectively for column 1 and 2. The copper values decreased to values below detection level 

by cycle 10 for column 2. Colum 1 showed the same drastic decrease with a minimum value of 

0.063 mg/l for the last cycle, and by cycle 10 for column 1 levels were down to 15 mg/l.  
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For the reactive tailings in column 3 copper concentrations remained high throughout the entire 

monitored period, peaking during cycle 1 at 559 mg/l and then ranging between 150 and 240 

mg/l for the remaining cycles. The copper concentrations from the leachate samples from 

column 4 (pre-oxidized tailings) were low in comparison to the other columns, with a maximum 

measured value of 87 mg/l during the 1st cycle, 84 mg/l measured at the end of the 4th cycle, 

before the concentrations decreased gradually to 6.5 mg/l during the last cycle. 

The sulfur and iron concentrations followed each other very closely and showed similar up and 

downwards trends for column 1 and 2. However, both iron and sulfur values were the highest 

for column 1 between cycle 2 and 6. The sulfur concentrations of the leachates from the two 

capped columns were similar from cycle 9 and until cycle 14, while the iron measurements 

inversed and showed higher values for column 2  than for column 1 from cycle 9 until cycle 14.  

While column 1, 2 and 3 showed the same development for iron and sulfur, the iron and sulfur 

values for column 4 did not follow each other as closely. The sulfur values fluctuating more 

than the iron values and remaining significantly higher during the first few cycles. The cycle 2 

sample for column 4 is not considered here, as there were some difficulties with this sample 

(likely due to a dilution error done at the lab).  

The leachate chemistry of Columns 1 and 2 is very similar when it comes to the upwards and 

downwards fluctuations for most chemicals. There were however a few exceptions, one of these 

exceptions being that the Ca concentration for Column 1 quite drastically increased, while the 

Ca concentration for Column 2 decreased (see Figure 40). Another exception was the increase 

in manganese for both columns 1 and 2. This peak does however occur later for column 1 than 

column 2, and the manganese values for column 1 were higher than those of column 2.  

From Figure 41 it can be observed that sodium measurements were higher for column 2 than 

column 1, but the leachate samples have the same low to high development for this element. 

The magnesium and aluminum measurements for both capped columns gradually decreased. 

The values were higher for column 1 than column 2, and the same slight latency in the peaking 

values can be observed for both elements when comparing the two columns.  

Zinc measurements had a drastic decrease after the 1st measured values for both capped 

columns, but column 1 has slightly higher values than column 2 for the latter samples.  
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Figure 39. The concentration of a) Copper, b) Iron and c) Sulfur in the leachates from each of the four columns, measured in 

mg/l as a function of the day on which the leachate sample was collected. The arrows mark the water dosing cycles for 

columns 1 & 2. 

a) 

b) 

c) 
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Figure 40. The concentration of a) Potassium, b) Calcium and c) Manganese in the leachates from each of the four columns, 

measured in mg/l as a function of the day on which the leachate sample was collected. The arrows mark the water dosing 

cycles for columns 1 & 2. 

a) 

b) 

c) 
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Figure 41. The concentration of a) Sodium, b) Magnesium and c) Aluminum in the leachates from each of the four columns, 

measured in mg/l as a function of the day on which the leachate sample was collected. The arrows mark the water dosing 

cycles for columns 1 & 2. 

a) 

b) 

c) 



91 

 

pH time series 

The pH measured in leachate samples from all the four columns were low and never measured 

above pH = 3.03, see Figure 43 for the pH of all four columns. The pH for both the capped 

columns (columns 1 & 2) increased progressively until cycle 8 when the pH for columns 1 & 2 

were measured to 2.83 and 2.91 (respectively) before decreasing slightly. For the last 3-4 

samples from the capped columns the pH remained quite similar, a possible indication of a 

stabilization. 

In the first eight samples the pH was lower for column 1 than column 2, then during the last 

few samples the opposite is true, though the difference was very slight. Column 3 had a very 

low pH throughout, ranging from pH = 1.78 to 2.12. For column 4 the pH started out higher 

than the other samples at 3.03, before decreasing, the last sample had a pH of 2.7.  

Figure 42. The concentration of Zinc in the leachates from each of the four columns, measured in mg/l as a function of the 

day on which the leachate sample was collected. The arrows mark the water dosing cycles for columns 1 & 2. 

Figure 43. pH measurements for leachate samples for all four columns. The arrows mark the water dosing cycles for 

columns 1 & 2. 
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5.3.2 Mass balance of leached Cu, Fe and S 

The leachate chemistry analyzed was used to assess how much of the different elements had 

leached during each cycle for column 1, 2, 3 and 4. Of fourteen the wetting/drying cycles 

preformed for column 1 and 2, twelve samples were collected. For column 3 and 4 thirteen 

wetting/drying cycles were performed and nine samples collected, see cycle configuration and 

days of chemical sampling in Table 7. Hence, the empty spaces in Figure 44 and Figure 45 do 

not represent low concentrations but missing measurements. The concentrations or water filling 

was not compensated for in the result part of this thesis as that would have led to further 

interpretation and manipulation of data (this was done for the estimations in the discussion 

chapter, see Figure 55). 

Copper, iron and sulfur was plotted. Copper as it is the contaminant of most concern at Folldal, 

and iron and sulfur because these are very representative elements with regards to AMD. The 

total amount of these elements was plotted in mg to see how much of each element each column 

let leach through, see Figure 44. The percentage leached of the total amount of each element 

present in each column initially was also plotted to see how effective the capping was compared 

to the uncapped column, see Figure 45. 

From the plots in Figure 39 , Figure 40, Figure 41 and Figure 42 an approximation of how much 

of each element the leachates from each column contained during a specific cycle is seen. When 

trying to compare the total amount of each element that has leached from the 200 cm tall 

columns (1 & 2) with the 50 cm tall columns (3 & 4) this is however of limited use as the 

amount of material in each column differed considerably. Therefore, this was compensated for 

by plotting each of the leached elements compared to the initial amount of that element present 

in each of the columns. 

The values for the first cycle was subtracted from the initial amount and not included in the 

plots presented in Figure 44, Figure 45 and Figure 46. The first cycle is however included in 

plots in appendix C.4.e. 

  



93 

 

Amount of Cu, Fe and S leached 

The total amount of each element flushed out of each column during each cycle was calculated 

based on the concentration and the mass of water poured into the column during each cycle. 

Thereby generalizing that the concentration measured from each sample was representative of 

an entire cycle, see Figure 44.  

From the graphs in Figure 44 it was clear that the total amount leaching out for the large 

columns was much higher than that leaching out from the small columns, notice that the scale 

on the axis of the large and small columns are different. 

Column 1 and 2 had overall similar amounts of copper, iron and sulfur leaching out of the 

columns and they had a similar reduced flux during the seven last cycles.  

The amount of flushing from column 3 seemed to increase between cycle 7 to 12, with a slight 

reduction during the last cycle. The general observation being that there is no reducing trend 

for column 3 unlike that of column 1 and 2. From column 4 much less copper, iron and sulfur 

leached than from the other three columns, and there seemed to be a slight gradual reduction 

trend in the flux of leachate. 
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Figure 44. Amount of Cu, Fe and S leached out of the columns for each cycle in mg. Concentration multiplied by the total amount of water added in each cycle (1.5 L for all 

cycles except cycle 1 which is not included in these plots). 



95 

 

Relative leached amount of Cu, Fe and S  

The amount of each element leached compared to the total amount present in each column 

initially is plotted in %, see Figure 45. This was done to ease the comparison of the small and 

large columns. The initial amount for all the plots in Figure 45 is the total amount left in the 

column after subtracting the first cycle.  

Column 3 had the highest relative amount of copper, iron and sulfur leached compared to the 

capped columns (column 1 & 2). Column 4 had the lowest amount of total leaching, but the 

highest amount of relative leaching given that this column had significantly smaller amounts 

of copper, iron and sulfur when comparing to the other three columns.  

Table 18. Cumulative amount [%] of Cu, Fe and S calculated per the 12 cycles when samples were taken. 

Total % leached  

 Cu Fe S 

 Col 1           3      1.31     4.14  

 Col 2           3      1.30      3.48  

 Col 3           5      2.84      8.26  

 Col 4         15      0.13    16.22  

 

The main trend to be observed from the plots in Figure 45 is that the flux of all three elements 

gradually decreased for both the capped columns. This differs from the leaching of the 

uncapped reactive tailings where this gradual decrease cannot be observed. When comparing 

the two capped columns the differences were small, but the amount of copper, iron and sulfur 

was a little higher for column 1 (with the pre-oxidized capping). Column 4 showed a decrease 

in flux of species as time went by. This change seemed to be more abrupt than that of the 

capped columns. Notice how the scale for sulfur is different than that of the other two 

elements, and column 4 had different scales for all three elements. 

The mass balance calculations were executed for the other elements as well these are presented 

in appendix C.4.b, Table 23. From Table 23 it is worth noticing that the amount of zinc flushed 

from both the capped columns contained more zinc than was originally assumed present in the 

column. From this it can be assumed that the 0.2 kg of material sampled from each material 

were misleading when it came to the zinc content in the rest of the column. Otherwise, the 

leachate sample from the first cycle could have been overrepresented with regards to zinc. 

Meaning that the zinc concentration measured for the leachate sample did not match the 

concentrations in the rest of the water that eventually drained from the column.
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Figure 45. The % of total amount of each of the elements Cu, Fe, and S leached out of the columns compared to the initial amount present in each of the columns. The gaps 

mark missing samples. Cycle 1 was not included here (see appendix Figure 69). 
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Remaining mass of Cu, Fe and S in the solid phase  

The plots in Figure 46 represent how much copper, iron and sulfur was left in each column after 

the water filled into the column from each cycle (that was sampled) had washed through. Cycle 

1 was not included here and 100% was calculated from what was left in the column after cycle 

1. The cycles that were not sampled were excluded completely and the water filled during these 

cycles were not included in the calculations shown in Figure 46. 

For all columns the relative leached amount of copper and sulfur was greater than that of iron.  

The difference between the capped and uncapped column was that there was no indication of 

stabilization for the uncapped columns, unlike for the capped columns where a flattening out 

can be seen for the latter part of the monitored period. The relative leaching of copper and sulfur 

was the greatest for column 3, with little indication of stabilization. Column 4 had minimal 

leaching of iron in %, while column 3 proportionally had the most.  
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Figure 46. The accumulated reduction of each of the columns in % of total amount of each element initially present in each column. The total element concentration in each of 

the columns was calculated as shown in appendix; Table 24 . One of the samples gathered for column 4 was diluted incorrectly (cycle 2, paler color). Cycle 1 was not included 

here (see appendix; Figure 71).  
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5.3.3 AMD monitoring at Folldal 

Water samples from surface water and the observation wells installed in Central Folldal give 

an illustration of the chemical composition of the waters at Folldal. In this chapter results 

presented in a report by NGI (2014) mapping the area around the mine site in central Folldal 

are plotted, and the observations described. 

The samples taken on site at Folldal showed that both the samples taken near the industrial area 

C and the sludge pond area A were polluted with the same type of elements (for full data see 

appendix C.5) (see water balance illustration Figure 22). To see concentration of the samples 

from the different areas, see Figure 48, Figure 49 and Figure 50, sample locations (with areas) 

are marked on map Figure 47. The concentrations reduced northward, towards the main deposit. 

The metal concentrations were high. The pH varied between 4 and 6 and the conductivity was 

around 1 mS/cm. 

V3 and V4 were surface water samples, and all the other of the samples taken from shallow 

wells. Samples of the “superficial” groundwater affected by the tailings showed poorer 

environmental condition than those affected by the mine itself, an illustration of this being the 

samples from well V21 and B13. Well 21 was affected by the tailings (well depth was about 

1.5 meters below the terrain surface but above the bedrock surface) while well B13 was affected 

by the mine (Figure 48). Based on the chemical assessment by NGI in 2014 that the water in 

the well V21 did not correlated with the water further up at Folldal (NGI, 2014). 
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Figure 47. The water sample locations (purple) spaced out over central Folldal. Approximation of sectioned areas are 

marked in red. Modified from NGI (2014). 
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Figure 48. Showing the concentrations of Cu, Fe and S for the samples collected by NGI of 

the surface and groundwater at Folldal (NGI, 2014). 
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Figure 49. Showing the concentrations of SO4, Ca and HCO3 for the samples collected by 

NGI of the surface and groundwater at Folldal (NGI, 2014). 
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Figure 50. Showing the concentrations of Al, Zn and the pH for the samples collected by 

NGI of the surface and groundwater at Folldal (NGI, 2014). 
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5.3.4 Correlation between dissolved species 

The samples were characterized with regards to different chemical species and the time series 

show how the different species peaked at different times. Some of the species did seem to have 

a similar trend. To make a numerical assessment of these relationships the Pearson correlation 

between all elements and the pH in each separate sample was done. This was done for each 

column separately comparing samples concentrations of different elements for each time step. 

The highest numbers for this comparison (correlation >75%) is what make up the numbers 

presented in appendix C.4.g, Table 25 (column 1 & 2) and Table 26 (column 3 & 4). 

From the correlations estimated for column 1 and 2 it could be observed that iron and sulfur, 

and calcium and magnesium had the strongest positive correlation. Magnesium and aluminum 

also fluctuated similarly, and so did calcium and aluminum. 

The correlations between the capped and uncapped columns showed a clear difference in that 

the small columns had a high correlation for all species for column 3 (of above 82%) and all 

species excepting potassium and calcium for column 4 (above 96%). Meaning that for the small 

columns the leaching fluctuations of almost all elements coincided. 

5.3.5 Fe-S ratio 

The iron (Fe)-sulfur (S) ratio can be used as a general indication of whether the heavy metals 

present in the leachates were initially bound as sulfides, silicates or other types of metals. The 

lines in Figure 51 illustrate the Fe:S proportions of the sulfide minerals; pyrite (1:2, 𝐹𝑒𝑆2) and 

pyrrhotite (1:1, 𝐹𝑒(1−𝑥)𝑆) where (x = 0 to 0.2)), jarosite (3:2, 𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6) and the 2:1 

ratio is also indicated as a dotted line. 

If the proportions of Fe:S show values greater than 2:1 (the dotted line) it could be an indication 

that Fe along with other heavy metals are bound in silicates and has reduced acid generation 

potential. If the ratio is about 1:1 it can be an indication that Fe is bound in sulfides. If Fe:S is 

less than 1:2 it can be an indication that S is bound in other minerals than sulfides (NGI, 2015a, 

c). 

From the plots in Figure 51 the proportions of the Fe/S relationship gave an indication of what 

type of minerals and thus what type of oxidizing/reducing environment the water filled into the 

columns was going through before coming out the other end. The leachate results for the four 
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columns plotted differently, however the first three columns plotted in the range showing that 

Fe and S was mostly present in sulfides. From these plots it was clear that column 1 with the 

pre-oxidized capping had species other than sulfides leaching out between day 99 and 251, 

before letting more reduced species like sulfides leach through. Column 2 with the fine sand 

capping let through species that plotted around pyrite, jarosite and pyrrhotite throughout the 

entire monitored period. The reactive tailings in column 3 had a similar trend to column 2 

plotting between pyrite and pyrrhotite throughout the entire period. Column 4 with the pre-

oxidized tailings on the other hand plotted in the lower most section of the area reserved to Fe-

S that was bound in silicates. 

Figure 51. The Fe-S ratio for all four columns, column 1 with the pre-oxidized capping, column 2 with sand capping, column 

3 with reactive tailings and columns 4 with pre-oxidized tailings. The Fe-S ratio indicate what type of mineral was the most 

dominant in the leachates. The labels for each point represent the day the leachate sample was collected. Notice that the 

scale for column 4 is different due to the concentrations for this column being much lower. The proportions of the axis 

remain proportional.  



106 

 

The pre-oxidized tailings plotting in this area might also be due to Fe being one of the first 

elements to leach out, see chapter 5.3.1. The sulfur content in the pre-oxidized tailings was 

higher than there was iron to form sulfides, and the sulfur could therefore also be bound in 

sulfates as organic sulfur in the organic carbon part (NGI, 2015a, c). However, the material 

element characterization (4.5.1) did not include carbon measurements. 

5.4 PHREEQC modeling results 

5.4.1 Saturation Indices 

As mentioned the calculations within PHREEQC are done through the balancing of different 

elements and the physical environment (pH, redox potential, ionic strength and temperature) 

together with the solubility products of different minerals present in the PHREEQC databases. 

With these values PHREEQC will calculate to what degree different mineral phases are close 

to the thermodynamic equilibrium in each leachate sample through information called 

Saturation indices, SI, Equation 24. 

The saturation indices are presented in Figure 50 and the characteristics of the different samples 

of the four columns can be seen from these scatter plots. Notice that the horizontal scale is much 

larger for the negative numbers, due to the undersaturations being much more marked than the 

oversaturations. The full dataset including SI-indexes for ferrihydrite and sodium-jarosite are 

included in the appendix, Table 40. 

The negative values of the different minerals mean that the solution is undersaturated with those 

minerals. Hence if these minerals are available, they will readily dissolve into the solution. The 

positive values mean that the solution is oversaturated with this phase and ready to precipitate 

out more of that mineral. 

The sulfide species pyrite, chalcopyrite and sphalerite were undersaturated for all four columns, 

and the SI development over time of the samples from columns 1, 2 and 3 indicated that the 

solutions were getting more desaturated. The capped columns were oversaturated for some of 

the oxidized species; goethite and jarosite (and gypsum, column 1), and had less of 

undersaturation for ferrihydrite. 
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The saturation indices of the leachate samples from both capped columns showed similar 

change over time. They were similar both in absolute saturation and in the up and down changes 

in mineral phases over time. The were some smaller differences, these included that the latter 

samples from column 1 (pre-oxidized capping) were oversaturated with gypsum, while column 

2 (fine sand capping) showed a slight undersaturation for gypsum. Column 2 also had a slightly 

greater oversaturation for jarosite than column 1 during cycle 8 (sample 6 for column 1 and 

sample 18 for column 2). 

The column containing the pre-oxidized tailings (column 3) was oversaturated for goethite and 

gypsum in the first sample. The uncapped column containing only reactive tailings (column 4) 

was undersaturated for all species in all samples excepting hematite. Also, there appeared to be 

especially little development over time for this column as all samples had a relatively similar 

mineral composition. 



108 

 

  

Figure 52. Scatterplot of saturation indices for all cycles and columns, column 1 a), column 2 b), column 3 c) and column 4 d). Sample numbers are written in parenthesis. 

Notice uneven scale, negative numbers are plotted on a much greater scale than the positive saturation indices, for values, day of sampling and % error see Table 40. For 

column 2 the gypsum dots are hidden behind the red dots marking jarosite. 

a) b) 

c) d) 
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5.4.2 Inverse geochemical modeling 

As mentioned under the methods (chapter 4.6.2) two inverse models were generated for column 

1 (Pre-oxidized capping) and three inverse models for columns 2 (Fine sand capping) and 3 

(Reactive tailings). Generally, the goal is to have only one option per column, but this was not 

possible with the uncertainties of these data sets. Nevertheless, the models for each of the 

columns were quite similar, and one model from each of the columns modeled was chosen 

based on which had the most interaction with species containing the chemical elements of 

interest. The models that were not used are presented in appendix G.4.b.  

The inverse geochemical models made in PHREEQC need to have input uncertainties to be 

able to estimate the reactions happening between the initial and final solution. The uncertainties 

can be set as fractions under the keyword “-uncertainty”, which was done for the models listed 

in this chapter. The uncertainties are given in percentage in Table 11. An example being that 

the default uncertainty for pH is given as 0.05 pH units (this was left unchanged) translates to 

an uncertainty of 5% for all solutions (Parkhurst & Appelo, 1999). 

The uncertainties can also be specified for different elements and valences, thereby overriding 

the set uncertainties for the rest of the solution. This was done as PHREEQC was not able to 

generate any inverse models with overall uncertainties set below 50% for column 1. For column 

2 the overall uncertainty was set to 1 % and for column 3 the overall uncertainty was set to 

7.1%. The uncertainties of the chemical elements of interest (and Cl) was therefore specified 

under the keyword “-balances”. These were then set as low as possible in order to reduce the 

number of possible models. 

PHREEQC will give the phase mole transfer from the perspective of the solution, but in the 

results presented in this thesis this relationship is inversed. Meaning that positive values 

represent a solution in which minerals are precipitating out and negative values signify that the 

solution will typically dissolve these minerals into solution, more similar to how it is presented 

for the saturation indices.  

The phase mole transfer of the inverse models are given in weight % per kilogram water as this 

is how PHREEQC calculates the transfer. In this calculation the water density was not 

compensated for and the results are given in kgw rather than liters like the other calculations. 

Usually this would be negligible but when comparing the leachates samples of these column 
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experiments most of these samples are unusually dense. This will therefore be reflected in the 

results from PHREEQC as the density output from PHREEQC shows that several of the 

solutions have a density of about 1.04 kg/dm³ and is therefore not directly proportional to liter. 

Column 1 – model 1 

The first inverse geochemical model for column 1 is showing that there is dissolution of jarosite 

and sphalerite. The solution is precipitating goethite and 휀- Zn(𝑂𝐻)2. Through exchange Mg 

is being added while K is lost. 

Column 2 – model 1  

The first model option for column 2 show that chalcopyrite and jarosite are dissolving into the 

solution and gypsum, goethite, cuprite and pyrolusite are precipitating out. Na and Ca is added 

through exchange, whereas Mg and K is lost through exchange.  

Column 3 – model 3 

The third model for column 3 gave that jarosite, pyrite and chalcopyrite were dissolving, and 

goethite precipitated out from the solution. Through exchange K was lost while Mg was added 

to the solution.  

The trend from the inverse models was that the solutions that were included for all 3 columns 

model’s seem to be dissolving jarosite. The other minerals that were dissolving differed with 

each of the different options, but all the models were dissolving one form of sulfide. Sphalerite, 

chalcopyrite, pyrite, or a combination of two of these mineral phases were involved in all 

models. The secondary minerals precipitating out varied according to what minerals were 

dissolved between goethite, 휀- Zn(𝑂𝐻)2 and cuprite. 

The factors that differed between the three models were that the model for column 2 was 

precipitating out gypsum as well as the same phases as column 1, and column 1 showed a 

precipitation of 휀- Zn(𝑂𝐻)2 that column 2 did not show. For column 3 only goethite was 

precipitating, and both pyrite and chalcopyrite were dissolving. 
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Figure 53. The phase mole transfer between primary and secondary minerals phases given by the inverse models generated by PHREEQC. Presented as mmol per kilogram water. Models were made for 

column 1 capped with pre-oxidized tailings a) and column 2 capped with the fine sand b) and column 3 with uncapped reactive tailings c). The mineral precipitation out from the solution is given as 

positive numbers and dissolution as negative numbers. 

Phase Mole Transfer (mol of mineral per kg of final pore water) 

a) b) c) 
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6 Discussion 

The purpose of this chapter is to discuss the results with reference to the initial objectives. The 

realistic execution of the capping is discussed mainly from an environmental point of view with 

some consideration of the cultural and economic aspects. What happens at Folldal without 

remediation and will capping be able to reduce AMD based on the column results? Is there a 

difference in the practical, visual and long-term effects based on which capping material is 

used?  

Figure 54 gives an overview of the issue at hand with a synthesis of the different components 

that make up the AMD situation at Folldal.  

The leachate chemistry did not include all elements, As, Pb and Cd were not measured in the 

leachate. Neither the material chemistry or the leachate chemistry included Si data. Silicates are 

however known to be present on site at Folldal and as it is the main component of most sands 

it is therefore very likely a major component of the sand layers used in the cappings. The lack 

of data is the reason why Si, or silicate minerals were not included in the models or in the 

leachate chemistry calculations. 

  

Figure 54. How the chemicals are thought to move from a mineral to a part of the river water through weathering, redox-

reactions and dissolution with formation of  new secondary mineral phases (modified from; Domènech (2001)). 
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6.1 The effect of capping on leachate chemistry 

The success of capping depends on the capillary barrier’s success at retaining water and thereby 

limiting the oxygen diffusion. Measurable numbers of success can be gained from the water 

saturation and the pore water pressure; above, in, and below the MRL (moisture retaining layer). 

The success of the capillary barrier at limiting the oxygen access can also be seen from the 

oxygen measurements. The effect this had on the chemistry was seen through comparing the 

chemistry of the reference columns with that of the capped columns, especially looking at 

leachate composition in the different columns and their development over time. 

Important measurable water quality parameters relevant around sulfide ore mines are; pH, 

amount of heavy metals (such as Cu, Zn, Cd), the amount of Fe, dissolved Al, amount of Ca, 

the alkalinity, and the amount of sulfate, as well as physical parameters such as electrical 

conductivity and water turbidity (Løvdal, 2015, NGI, 2015b). How a capping can be expected 

to improve these factors are some of the elements that will be discussed in the following chapter. 

6.1.1 Acid generation 

The acidity of the runoff from the tailings is essential as the acidity is toxic in and of itself, and 

it will exacerbate the mobilization of the metals present in the tailings. Because of the persistent 

acidity of the leachates as time went by the acidity can also be perceived as a measurement of 

the acid production by the oxidation of tailings.  

One unanticipated finding was that all four columns were acid generating. The column 

containing the pre-oxidized tailings (also described as non-acid generating) had the highest 

average pH, but it was however not true that these were non-acid generating. The pH of the 

leachate samples for this column did have a pH of around 3 throughout, indicative of a 

noticeable lowering of pH. This was likely due to the presence of more reactive sulfide 

components than initially expected. The pH was however noticeably higher than that of the 

uncapped reactive tailings, which had the lowest overall pH. Hence the tailings were pre-

oxidized to some extent. It did also appear as if the reactive components present in the pre-

oxidized tailings were reducing over time. Unlike the reactive tailings where there was little 

change with time, Figure 45. 
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In materials without carbonates the dissolution of silicates is the most important pH buffer, but 

then again sulfuric acid is a strong acid and the amount of sulfide present in the tailings was 

high compared to the amount of inorganic carbon present in the same tailings. Resulting in the 

silicates not having nearly enough buffering capacity to counteract production of sulfuric acid 

of the tailings present in the columns, ensuing the lowering in pH. The column with the fine 

sand capping (column 2) likely had a higher initial content of alkaline minerals than the pre-

oxidized tailings, considering that the pre-oxidized tailings were acid generating on their own. 

This might have caused a slight buffering effect during the first eight cycles compared to the 

column with the pre-oxidized capping (column 1). 

The pH of both the capped columns followed the same general trend (Figure 37) and the pH 

did increase from the first to the final leachate samples. This may be construed as an indication 

that both caps did what they were set up to do and reduced the oxygen flux to the reactive 

tailings enough to give a measurable reduction in oxidation of sulfides, thereby lowering the 

production of sulfuric acid.  

It can also be construed as an indication that the physical properties of the two different caps 

resulted in different physical properties. The fact that the pH development of column 1 and 2 

was similar even if the acidity of the minerals present in column 1 was greater than that of 

column 2, indicates that the grainsize difference of the capping’s layering was more significant 

than the chemical composition of the layering when it came to the effectiveness of the capping. 

This was clear when comparing the pH of the capped tailings with the pH of the reactive tailings 

where the pH remained low throughout the entire cycle. This is significant considering that the 

amount of reactive material in the two larger capped columns was several times greater.  

6.1.2 Differences in leachates chemistry 

For the capped columns and the column containing the reactive tailings the iron and sulfur 

leachate concentration followed each other. While the iron and sulfur values for column 

containing only pre-oxidized tailings only did not. For this column the sulfur content fluctuated 

more than the iron concentrations and remaining significantly higher during the first few cycles. 

See correlations between chemicals in chapter 5.3.5. From this and from the Fe:S ratio less than 

1:2 it seems likely that S was bound as other minerals than sulfides in the pre-oxidized tailings. 
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When it came to the absolute amounts of dissolved species the column with the pre-oxidized 

capping had a higher amount of dissolved solids in general. However, this was more visible for 

elements such as Ca and Mg and less so in the metal leaching over time. From the material 

characteristics and the installation data it was clear that the column with only reactive tailings 

had many times more copper, iron, sulfur and sulfide when looking at the relative amounts of 

these elements per the total amount of material (Table 9). It was also clear that the column with 

the sand capping had a slightly lower metal concentration than that with the pre-oxidized tailing 

capping. The sand capping contained less of elements such as; Cu, Fe, S and Al and more 

silicates (confirmed by the 2018 XRD & XRF, Appendix H). It was therefore natural that the 

leachates of the two capped columns reflected the proportional amount for most of these 

elements when looking at relative concentrations (Cu, Fe and S), see Figure 45. 

The column that contained only pre-oxidized tailings (column 4) contained more aluminum 

than the reactive tailings in the reference columns. The on-site chemical investigations have 

shown high Al and Zn values, similar to what was seen in the leaching of the early cycles of 

the column experiment. This could be due to local variations in the tailing’s composition as the 

different bonds of the VMS did have different compositions. The reactive and pre-oxidized 

tailing samples were gathered from slightly different places (see Figure 1) at Folldal and the 

exposed tailings at Folldal were thrown together in a random manner. 

6.1.3 Changes in leachate composition over time 

The change in leachate composition over time is what set the capped and uncapped columns 

leachates apart. The leaching of the different chemicals reduces over time for the capped 

columns. This is clear from the plots in Figure 65, Figure 66, Figure 67 and Figure 68. Copper, 

iron and sulfur were as mentioned chosen as the chemical elements of interest, due to copper 

being the main contaminant of the river Folla and iron and sulfur being closely tied to the overall 

generation of AMD (Torgersen, 2016). Therefore, these three elements were used to quantify 

and visualize the chemical development of the leachates.  

Zinc was measured, but it seemed to simply flush out of the columns, not giving much room 

for discussing the interaction of zinc in relation to the capping. Zinc was present both in the 

pre-oxidized and reactive tailings, so this flushing seemed to be irregular given that the pre-

oxidized tailings truly was as oxidized as first assumed. Zinc was clearly present at the start of 

the experiment even if the reduction seems to be very rapid when looking at Figure 65. From 
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the estimated mass-balance it appeared that more than the total amount zinc present in the 

capped columns was leached during the first cycle. The cause for this was as mention either 

due to the first cycle’s leachate sample being unrepresentative for the entire cycle, or because 

of the material sample analyzed for each of the materials not being representative for the 

material present in the columns. As described in the study site description of Folldal the amount 

of zinc in the VMS-deposits at Folldal did have a spatial heterogeneous distribution. Hence, 

either theory could be valid, and this could be assessed by disassembling the columns and 

analyzing the composition of the material present in the columns. Cadmium was not assessed 

with regards to the leachate development as the cadmium content in the leachates was not measured.  

6.1.4 Cumulative amount leached 

The cumulative amount of Cu, Fe and S was estimated based on the measured leachate 

chemistry values (Table 21) and the material characterization calculations (Table 9). For the 

cycles missing leachate chemistry samples averaged values for the preceding and subsequent 

samples were used as an approximation of the leaching for that cycle. Table 7 show what 

samples were missing and Table 20 show the pH measurements. It should also be noted that 

there were less cycles with actual measured concentrations included for the uncapped than the 

capped columns, and the accuracy of these approximations will therefore be impacted 

accordingly. 

The chemical results from the uncapped column containing reactive tailing gives an idea of 

how long the AMD-situation might continue if nothing is done. Given that after 14 cycles – 

after approximately 42 months’ worth of precipitation had run through the column, at unusually 

high temperatures, less than 5% of the iron and copper is estimated leached from the small 

sample used in this experiment (see Figure 45). The pH fluctuated around 2 and there were no 

signs that the AMD situation would slow down. The on-site testing done at Folldal also 

concludes that all the tailing material tested at Folldal is acid generating. Hence, the total 

amount of tailings exposed on the surface at Folldal has the potential of generating AMD for a 

long time to come.  

The total volume of leached metals shows that the capping with pre-oxidized material 

contained more metals than the sand capping. However, if left on their own the pre-oxidized 

tailings would generate acid, but the pre-oxidized tailings make for a great capping as they 

have the ideal grain size for a MRL. Therefore, this cover option is still effective at retaining 
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water and therefore make for a good 

capping candidate. For both capped 

columns there is a clear decreasing and 

stabilizing trend when looking at the 

chemical results. The un-capped 

reactive tailings did not show this 

trend, thus the cause of this effect 

seems to be the successful effect of 

both capping options.  

The leaching of copper, iron and sulfur 

is clearly reducing (Figure 46) and the 

covers seem to be successful at reducing 

the amount of Mn and Al as well, Figure 

41. 

The cumulative leaching of Cu, Fe and 

S is plotted in Figure 55. From these 

plots the capped columns show a clear 

stabilization trend for the accumulated 

leached mass of all 3 elements. The 

uncapped column on the other hand will 

leach much faster and does not show the 

same sign of stabilization. According to 

these plots the fine sand capping 

preforms slightly better than the pre-

oxidized capping for all three 

chemicals. However, the fact remains 

that the pre-oxidized tailings would be 

acid generating on their own (Figure 

43). From Figure 39 or Figure 45 the 

leaching of the pre-oxidized tailings can 

be seen, and from this it can be assumed 

that the pre-oxidized tailings would 

Figure 55. Showing the accumulated reduction of Cu, Fe and S for 

the capped and the un-capped reactive tailings. The cycles that did 

not have measurements are here shown with averaged values from 

the chemical leachate sample before and after. The actual measured 

values which these plots are based on are the same as plotted in 

Figure 46. 
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leach enough copper and possibly S and Fe that using them as part of a capping is beneficial 

when looking at the total leaching for the entire area. The same type of plots were created for 

the elements; Mn, Al and Zn, these are given in appendix C.4.f, Figure 72. 

The pre-oxidized columns did for some chemicals have similar concentrations to the reactive 

tailings. This applies for Zn, Al and Cd. The amount of cadmium in the river Folla is a problem 

but the leachate chemistry was not tested for Cd, thus the effectiveness of the covers with 

regards this element was not analyzed. Cd is typically less dependent on pH and may act the 

same way as Zn. The Zn development for all four columns gave that there was a decrease in 

leaching as time went on, however it seemed that this might be because there was simply no 

more Zn present in the columns. Nevertheless, the column capped with fine sand decreases the 

most for Zn, but the initial amount of Zn present in the column capped with pre-oxidized tailings 

was quite a lot higher than that of the sand capped column, and this likely influenced this 

development as the column with only pre-oxidized tailings reacted in a similar manner. For Al 

and Mn the leaching was decreased for the capped columns, but this decrease was slightly 

delayed compared to the reduction in Cu and Fe. 

From this it can be deduced that the two different cover-materials are both good options and 

would according to the column experiments results give enough of a reduction of heavy metal 

leaching at Folldal to be a considerable contributor to a new and better environmental condition. 
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6.2 Geochemical modelling of mineral phases controlling 

leaching 

The inverse model was used to help identify the mineral phase-changes going on within the 

columns. The PHREEQC calculations, the Fe-S ratio, pe-pH diagrams and the chemistry 

comparison of the reference columns gave a clearer understanding of why the elements changed 

with regards to mineral composition.  

The time periods of the inverse models initial and final samples did not overlap. This was 

attempted but was the inverse models did not converge for overlapping samples. This was 

probably due to ions that were not measured for, or because of other inaccuracies in the leachate 

samples. The modeled samples were nevertheless assumed to be representative for the 

environment within each of the columns from which they were gathered. The environment 

within each column did probably change from one point in time to another, but the change did 

seem to be gradual. Consequently, the assumption that the initial and final samples gathered 

with 111 (pre-oxidized capping), 203 (sand capping), and 139(reactive tailings) days between 

the initial and final samples would give an estimation of relative change going on within each 

column did seem plausible. The largest time span of 203 days being for samples for the latter 

cycles for column 2. The later samples (cycle 9-14) for the large column did have a lesser 

change and therefor it made sense to use a larger time period in between the initial and final 

sample to get a more noticeable change between the samples.  

From the aqueous speciation and SI calculation PHREEQC (Table 40) it could be observed that 

the solutions were clearly undersaturated for the three sulfides most likely to cause the AMD; 

pyrite, chalcopyrite and sphalerite. These are therefore able to dissolve freely for all three 

columns for which an inverse model was created. The under-saturation of these three minerals 

seemed similar for all four columns, with regards to what minerals were under-or-over-

saturated. However, it should be mentioned that the SI is logarithmic. The dissolution of 

sulfides is a very slow process, which is why it makes sense for these species to be 

undersaturated to such a high degree. 

The saturation indices generated by PHREEQC showed how the capped columns had a 

successive increase in the under-saturation of the sulfides. The under-saturation of the leachates 

from the uncapped reactive tailings column were more stable. Meaning that the leachate running 

through the column containing only pre-oxidized tailings was ready to dissolve sulfides to a 
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greater degree than the water running through the capped columns. This was true throughout 

the entire monitored period and was likely due to more pyrite being available in the reactive 

tailings present in the other columns (column 1, 2 and 3).  

 

Figure 57. Primary and secondary mineral phases. Showing jarosite which is a highly soluble secondary mineral phase 

which can precipitate and dissolve very easily in AMD contexts. This can be seen in the SI plot, Figure 52. This illustration 

does not include gypsum (𝐶𝑎(𝑆𝑂4) ∙ 2(𝐻2𝑂) ) which is a product of all the sulfide species, or pyrolusite (𝑀𝑛𝑂2). 

Figure 56. Reaction pattern of pyrite oxidation leading to AMD and resulting in secondary 

mineral species. Modification of Figure 9. 
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Jarosite was allowed to both dissolve and precipitate based on the results from the SI. Jarosite 

forms easily in AMD environments with low pH, where there is access to oxygen and 

potassium, see Figure 56 and Figure 58. Contrary to sulfides like pyrite, chalcopyrite and 

sphalerite, jarosite has very high solubility. Due to this jarosite was expected to be 

oversaturated, but jarosite was in fact undersaturated for the most part. The SI of jarosite was 

around equilibrium, most samples were slightly undersaturated while some samples were 

slightly oversaturated. From the results of the geochemical modeling it seemed likely that 

jarosite formed from the components of the dissolution of sulfides and goethite, see illustration 

of this Figure 57. It was however likely that most formed from the jarosite as the SI of goethite 

was positive for the most part, meaning that this component would precipitation out.  

Jarosite being in equilibrium or slightly undersaturated for the capped columns means that the 

long-term mobility of the elements and the AMD production would continue, though possibly 

to a lesser extent. Jarosite is known to incorporate other metals like Cu, Zn, Pb, Hg, Ag and Ra 

through substitution of K or Fe, and anions like chromate (𝐶𝑟𝑂4
2−), arsenate (𝐴𝑠𝑂4

3−) and 

selenate (𝑆𝑒𝑂4
2−) by substitution of 𝑆𝑂4. This would lead to a temporary immobilization of the 

incorporated elements, but a change in the local redox environment could then easily lead to a 

re-mobilization through dissolution or desorption (DeGraff, 2007). Goethite and hematite, both 

iron oxides, represented some of the few saturated mineral phases given by PHREEQC. 

Goethite’s pe-pH stabilization field can be seen from Figure 58. Both goethite and jarosite are 

typically present as parts of AMD at old iron mines like those present at Folldal. 

pe-pH plots give an indication of stability 

fields. These do however vary significantly 

with crystallinity, particle size and solution 

composition. Also, metastable phases like 

schwertmannite and ferrihydrite usually form 

more readily than stable phases (Bigham et 

al., 1996). For this present study this was not 

the case, which was assumed to be because 

of the acidity of the water, see Figure 58. 

From this pe-pH diagram it was clear from 

the production of jarosite, goethite and the 

dissolution of pyrite where the environment 

Figure 58. pe-pH diagram illustrating the stability of solid 

phases in Fe-S-K-O-H-system, modified version of Figure 13. 

The white circle mark where the system in the columns are at 

with regards to pe/pH. 
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of the leachate samples analyzed would likely plot with regards to the pe and pH, see the white 

circle in Figure 58. 

The pe used to make the PHREEQC models (pe=9) were close to the values at the intersection 

between jarosite and goethite (where both phases will form). It was attempted to enter a higher 

pe value for the PHREEQC input based on the values gained through balancing the solution 

with the oxygen measurements given by the oxygen sensors. However as previously mentioned, 

this resulted in higher electron imbalances and higher percentage error. This was likely due to 

the solution not being in balance with oxygen. Also, at AMD-sites aqueous complexes bound 

with 𝐻+ and 𝑂𝐻− are important in making the solution acidic (Figure 56). Some ions will occur 

as neutral species and complexed ions in the solution (Zhu & Anderson, 2002). These factors 

might have impacted the electrical imbalance with a higher pe from the excess of oxygen. 

Sulfides were given as the primary phases of the inverse models, and jarosite was left free to 

both precipitate and dissolve, see illustration Figure 57. The column with reactive tailings 

without a capping showed a development where the jarosite, pyrite and chalcopyrite were 

dissolving, while goethite was precipitating. Both the capped columns dissolved jarosite, but 

the sand capped column also dissolved chalcopyrite. The columns with the pre-oxidized 

capping on the other hand was dissolving sphalerite. This could be an argument in favor of 

using the pre-oxidized tailings, as a capping given that chalcopyrite will free copper while 

sphalerite will free zinc. Neither of these prospects are desirable, but then again copper is the 

most prominent danger to the environment at Folldal, due to the proportional amount of copper 

by far surpassing that of zinc. 

The succession of jarosite and goethite saturation for column 1 and 2 is also very similar except 

from a slight oversaturation of goethite for the column with the fine sand capping’s last sample. 

In a study by Bigham et al. (1996) on acid sulfate waters it was stated that goethite was the 

overall most stable secondary specie, and that it occurred over the entire pH range while jarosite 

was the major secondary mineral formed in the pH range between 1.5 and 2.5. It also stated that 

ferrihydrite was the main specie formed when pH was above 5.5 and that both ferrihydrite and 

schwertmannite formed in the intermediate pH range. 

The saturation indices (SI) given by PHREEQC on the samples from the capped columns and 

the column with the pre-oxidized tailings gave that pyrite as a mineral phase was progressively 

becoming further unsaturated in the later samples (capped columns first showed SI of about -
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73, later SI about -87). The samples with the reactive tailings did not have this development 

and stabilized at highly unsaturated values (SI fluctuated between -75 to - 80). The continual 

access and dissolution of pyrite in the reactive tailings is likely the cause of this development.  

The strong influence of pyrite dissolution is also indicated by the Fe-S plots, and the values 

presented through the correlation calculations from the chemical time series (chapter 5.3.4) 

draw a strong parallel here. These also indicated that the uncapped reactive tailings leachates 

were more dominated by pyrite dissolution. Figure 51 show how the Fe-S proportions plot for 

the two capped columns (column 1 & 2), the uncapped column containing reactive tailings 

(column 3), and the column containing pre-oxidized tailings (column 4). The difference 

between the reactive tailings and the pre-oxidized tailings was clear. The Fe-S proportionality 

of the pre-oxidized tailings clearly illustrated that the iron is bound to other species than 

sulfides, while the reactive tailings plot clearly between pyrrhotite and pyrite, reactive sulfides. 

The two capped columns show differences here, while the sand-capping plot similarly to the 

uncapped column though slightly higher up, the pre-oxidized capping have a Fe-S 

proportionality that varies between the different samples. While the earlier samples of the pre-

oxidized capped column plotting similarly to the sand-capped tailings, some of the samples plot 

further down towards the area indicating that the iron is bound to other species. This is also 

corroborated by the SI values (Figure 53). This could be an indication of the higher success of 

column 1 as the minerals released are not sulfides, or this could simply be an indication of what 

type of minerals the pre-oxidized tailings are made up of as the plots show results more similar 

to those of the uncapped pre-oxidized tailings. 

6.3 Physical and chemical factors critical for field 

application 

The access between the three components (sulfide, water and oxygen) that make up AMD can 

be restricted, and thereby the reaction is prevented from happening (see Figure 8). The 

limitation of water access is very hard in an area like Folldal with a wide spread source of 

contamination, steep topography and varied climate. For a capping to be successful at Folldal 

as much of the reactive tailings as possible should be covered. The capping material used should 

have the correct physical attributes needed to make a successful capping and based on the 

materials used the thickness of the layering should be assured, see Equation 14. Furthermore, 
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the soil cover placed on top of the capping then needs to be regularly monitored to make sure 

that roots do not damage the covers after installation. 

Keeping the moisture retaining layer saturated 

As confirmed by the column experiments in this thesis the MRL needs to have a high air-entry 

value (AEV), and the contrast between the MRL and the coarse underlying (capillary break) 

layer needs to have a large enough contrast in hydraulic conductivity for the capillary cover to 

be effectively retaining water. 

From the predicted water retention curves, it was clear that the pre-oxidized capping had a better 

chance of retaining more water as a material having a high AEV is indicative of a high capability 

to retain water. For a successful capillary break the contrast in the AEV of the MRL and the 

capillary break need to be large. Between the pre-oxidized tailings and the coarse sand there 

were two orders of magnitude in difference while between the fine and coarse sand there was 

only one order of magnitude in difference.  

The AEV of the pre-oxidized sand being higher than the suction is likely why this layer had a 

superior water retention. The AEV of the fine sand was lower than the measured suction, which 

made this capping material more prone to desaturation. Matric suction will increase with 

distance from the water table and with increased evaporation. Both these factors result in the 

upper most layers being more prone to high suction values than the deeper layers. From the 

differences in suction measured downwards in the columns it seems that the capping were 

efficient at preventing evaporation in the deeper layers. The response in saturation for the 

column with the fine sand vs. the pre-oxidized tailings were so markedly different that there is 

no doubt that the fine sand’s coarser grainsize and therefore reduced contrast between the 

capillary break layer (bottom coarse sand) impacted the desaturation response of this capping. 

Hence, the desaturation of the fine sand as MRL was both more rapid and reached lower levels 

than when the pre-oxidized tailings was used as the MRL. The pre-oxidized tailings remaining 

above 85% water saturated throughout the entire monitored period, while the sand capping had 

an average saturation of 82%, showing lower values of several occasions. 
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Oxygen concentration 

The measured oxygen concentrations varied with the saturation as the theory suggest and this 

is clear when comparing Figure 38 (oxygen concentration column 1 & 2) and Figure 35 

(saturation column 1 & 2). The theory behind this connection was described under chapter 2.1.4, 

the relationship specifically explained by Equation 13. The oxygen was not measured in the 

small capped column, but it was assumed that this followed the pore water pressure and 

saturation as with the capped columns. 

The correlation between the longer drying periods and the increased amounts of dissolved 

oxygen measured by the probes installed in the columns supports what previous studies by 

Aachib & Chapuis (1994), Aubertin et al. (1999a), (Aubertin et al., 1999b), Demers et al. 

(2011), Aubertin et al. (2003) and Aubertin et al. (2016) have shown. The grain size difference 

between the moisture retaining layer and the capillary break layer need to be at least two orders 

of magnitude stay above 85% water saturated, thereby limiting the oxygen flux by 99%. This 

was the case for the pre-oxidized capping, but not for the fine sand capping. 

The superior properties of the pre-oxidized tailings lead to a higher water retention capacity, 

and because of the overall higher water saturation. This resulted in the average oxygen level, 

as well as the maximum and minimum measured values being significantly lower for the 

column with the pre-oxidized capping. This would support the conclusion that the reduction of 

oxygen was more efficient for column 1 with the pre-oxidized capping. This was probably 

mostly due to the more suited physical properties of the pre-oxidized tailings in the form of 

grainsize and resulting hydraulic conductivity and AEV. However, oxygen consuming 

chemical reactions going on within the pre-oxidized tailing could also have contributed to the 

reduced oxygen concentration. 

The reduction in oxygen let through the pre-oxidized capping layer (column 1) seems to have 

enough of a positive effect on the resulting pH, to rival that of column 2. This occurred even 

though column 1 contained more acid generating material and more metals in total. Therefore, 

despite the metal concentrations of the leachates from the column with the pre-oxidized capping 

material being marginally higher, the fact that the pre-oxidized tailings would be acid-

generating in and of them self if left on their own is a compelling argument in favor of using 

the pre-oxidized tailings as a cap at Folldal.  
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6.4 What could be achieved at Folldal 

Considering that the water quality is largely controlled by the infiltration of surface water (NGI, 

2014) the installment of a surface cover seems to be a good solution as this would to a large 

extent be able to control this. The way the capping’s would be able to reduce the oxygen content 

of the water running through the tailings would help this situation considerably. The flushing 

of “relatively” large amounts of water during the column tests wetting supports this theory. The 

oxygen limiting capacity of the covers is by far the most efficient right after the columns has 

recently been filled with water and the water saturation is the greatest.  

Due to the tailings covered slope of central Folldal facing the sun the snowmelt during the 

spring/summer occurs earlier here than at other locations along the Folla catchment area. The 

flushing out of higher concentrations of heavy metals therefore occurs before the river has 

enough water to naturally dilute and neutralize the leachates. This acidic and heavy metal 

concentrated water flushing out into Folldal is likely a great contributor to there being nearly 

no fish present in Folla. They are killed off during these spring flushing incidents. 

The frozen ground would rather than work against the capillary barrier, function as a physical 

impermeable barrier preventing the water from coming into contact with the tailings. Seasonally 

frozen soils are generally impermeable, and the water does not run through the cover to reach 

the tailings until the ground has de-frosted (DeWalle & Rango, 2008). The melted water will 

runoff mostly as surface flow, thereby uninfluenced by the tailings as they would not have been 

in contact due to the tailings being covered. 

The fact that the mines at Folldal have been deemed a cultural heritage by the Norwegian 

Directorate for Cultural Heritage should from an environmental stand point not be prioritized 

above the natural hazard the tailings make up. The mine shafts themselves, were as NGI 

classified them, a minor threat from an environmental stand point and may continue to be part 

of the museum tours that are given at Folldal today. The buildings may also continue to be open 

to the public, and thereby pay homage to Norwegian mining history. Pictures of the surrounding 

mine tailings and their disastrous consequences on the natural environment should suffice as a 

reminder to future generations of what not to do in the future. 
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6.4.1 Prognoses for capping retention efficiency 

An initial objective of this project 

was to identify the efficiency of 

the cappings. To accomplish this 

the trend of the leachate 

development was plotted both 

with a logarithmic (Figure 55) 

and an exponential change over 

time, excerpt shown in Table 19. 

Cu for the column with the fine 

sand capping was not possible to 

plot exponentially. The fourteen 

cycles plotted from the column 

experiments each correspond to 

the precipitation accumulated in 3 

months, for average precipitation 

rate at Folldal. The following 

calculations were done given that 

over a period of 3 months the 

leaching would be approximately 

equal to the mass of an element 

leached.  

 These trend lines were in no way 

a perfect match, but they did give 

an indication of a plausible 

development over time for the 

capped vs. uncapped scenario. 

The R2 values for the exponential 

curves between 0.79 and 0.92 for 

the capped columns, and around 

0.2 for the uncapped tailings. The 

Figure 59. The plotted logarithmic trend for the leaching of Cu, Fe and S 

based on the % leaching of the columns 1 (pre-oxidized tailings), 2 (fine sand 

capping) and 3 (un-capped reactive tailings) presented in Figure 45.The 

crosses, squares and triangles mark actual measured values.  
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logarithmic trendline had an R2 value of between 0.72 and 0.92 for the capped columns and 

between 0.3 and 0.41 for the uncapped reactive tailings.  

The years are marked according to the proportional precipitation – given that each of the 

samples for each of the cycles represented about 3 months’ worth of leaching, the other 

prerequisites for these estimations are the same as for the plots in Figure 55.  

These trends give % leaching of copper, iron and sulfur from all the column experiments. The 

column representing the reactive tailings was clearly greater than the others and there was little 

sign of the flux abating. The trend lines show that the reactive tailings would have leached out 

Table 19. Showing the accumulated amount of Cu, Fe and S leached after 1, 2, 5, 10 & 20 years for all the columns 

according to the; exponential-and-logarithmic trend lines of the plots shown in Figure 55. Column 1 filled with pre-

oxidized capping, column 2 with the fine sand capping and column 3 with the un-capped reactive tailings. It was not 

possible to plot the trend of the Cu development for column 2 exponentially. 

Exponential trend 

line 

Column 1 Column 2 Column 3 

Pre-ox. capping Fine sand capping Uncapped reactive t. 

% leached Cu Fe S Cu Fe S Cu Fe S 

After 1 year 2.2 0.7 2.1 2.7 0.6 1.8 1.3 0.7 2.3 

After 2 years 3.8 1.3 4.0 3.8 1.0 3.1 3.6 2.1 6.3 

After 5 years 3.9 1.8 5.8 3.8 1.9 5.0 11 7.1 20 

After 10 years 3.9 2.0 6.2 3.8 2.5 5.7 28 22 55 

After 20 years 3.9 2.0 6.2 3.8 2.6 5.7 82 95 >100 

Logarithmic trend 

line 

Column 1 Column 2 Column 3 

Pre-ox. capping Fine sand capping Uncapped reactive t. 

% leached Cu Fe S Cu Fe S Cu Fe S 

After 1 year 2.2 0.7 2.1 2.7 0.6 1.8 1.3 0.7 2.3 

After 2 years 3.8 1.3 4.0 3.8 1.0 3.1 3.6 2.1 6.3 

After 5 years 3.9 1.9 6.0 3.8 2.0 5.0 11 6.8 20 

After 10 years 3.9 1.9 6.2 3.8 2.7 5.3 24 16 45 

After 20 years 3.9 1.9 6.2 3.8 2.8 5.3 52 36 97 

Figure 60. Showing plotted view of Table 19 over the course of 100 years. The accumulated % leaching of Cu, Fe and S.  
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46-60% of the total amount of sulfur, 17-25% of the total amount of the iron and 25-30% if the 

copper present in the columns. While the capped tailings would have leached 6.2% of the sulfur, 

2 % of the iron and 3.9% of the total copper after 20 years. 

The retention efficiency (E) of the columns was estimated based on the concentrations at a 

given time (𝜏) evaluated according where 𝐶𝑈𝐶
𝜏  represent the relative amount of a specific 

element (%) leached from the reactive tailings at time 𝜏, and 𝐶𝐶
𝜏 represent for the concentration 

the same at the same time 𝜏, in the same position, with one of the proposed cappings (Grandia 

et al., 2009). 

𝐸𝜏 = 100 × (1 −
𝐶𝐶

𝜏

𝐶𝑈𝐶
𝜏  ) Equation 41 

From this equation 𝐶𝑈𝐶
𝜏 = 0 means that no leachate is leacing from the columns at time 𝜏, and 

the resulting retention efficiency is 100%. 𝐶𝐶
𝜏 = 𝐶𝑈𝐶

𝜏  means that there is no retention, and the 

corresponding efficiency is 0%. If the 𝐶𝐶
𝜏 > 𝐶𝑈𝐶

𝜏  it means that the proposed capped tailing is 

leaching more than the uncapped tailings. With regards to pH the negative means that the values 

for the capped tailings are higher than the un-capped. Meaning that the capped columns are 

producing less acid when the effect is negative. 

The efficiency of the two proposed cappings was estimated and is plotted in Figure 61 and 

presented in Table 29. There was in fact some negative efficiency for some of the components 

for parts of the monitored period. The average efficiency was however positive for all 

components except for zinc for the pre-oxidized capping.  

The increase in leaching caused by the pre-oxidized capping can be explained by the higher 

concentration of zinc in the pre-oxidized tailings compared to the reactive tailings. This was 

likely due to the varying composition of the VMS at Folldal. Zinc was mined at Folldal, in 

addition to copper and iron, and would ideally have been included as one of the chemical 

elements of interest. However, due to the chemical data for Zn gained from the columns 

experiments in this thesis being less conclusive due to the discrepancy in the Zn content in the 

reactive tailings vs. the pre-oxidized tailings this was not done. The capping did have a positive 

effect the on the leaching of manganese and aluminum as well, this can be seen from appendix 

D, Figure 73.
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Figure 61. The calculated effect (𝐸𝜏) of the two different capping options pre-oxidized tailings capping and fine sand capping in %. Each cycle was 

compared to the corresponding cycle for the uncapped reactive tailings. All scales are equal, though the first values for Zn did not fit on this scale, for 

numerical values see Table 29. 
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Column vs. Real world 

Previous studies have shown how successful cappings can be at reducing oxygen diffusion into 

tailings. To test the cappings proposed for Folldal the column experiments were set up. The 

validity of the results of the column experiments can be disputed, as the column experiments 

leachate samples showed extreme concentrations (for full data see appendix C.3). Nevertheless, 

the exacerbation of the columns results was intentional, and the on-site samples did appear to 

show a milder equivalent of what the column experiments showed. For example, the samples 

taken near the industrial area (area C) and the sludge pond (area A), presented in chapter 5.3.3, 

show similar characteristics in proportional copper, iron and sulfate (𝑆𝑂4) concentration and 

similar low pH. Hence, it can be speculated that similar reactions are taking place inside the 

columns as on site at Folldal. The results gathered from the column experiments will not be 

able to give the same results as in nature, given that there is a regulated framework in place for 

the experiments, with constant wetting cycles as well as warm and close to constant temperature 

conditions. Nevertheless, the column experiments discussed in this thesis will give an idea of 

how the capping materials would act. 

The real varying climatic conditions at Folldal are very different from the controlled temperate 

conditions where the laboratory experiment is set up. This could to a large extent influence the 

results; higher temperatures will in general give room for higher reactivity. The chemical 

reactions in the column experiments may been accelerated due to the increase in temperature, 

and different mineral phases did precipitate at least on the surface of the columns as discovered 

though the brief XRD-analysis. The minerals that were discovered by looking at the results 

were typically minerals present at “temperate climatic”-conditions, not the ones that would be 

present in weather conditions similar to those at Folldal.  

The oxygen access within the columns did seem to be limited from above by the MRL, however 

there was some flux from the bottom of the columns due to leakage through the desaturated u-

tube or a weakness in the ceramic plate installed at the bottom, see sources of error (chapter 

6.5). In a real-life situation, there would be no oxygen flux from below which might have led 

to other mineral phases forming rather than iron-oxides. Nevertheless, leaching was reduced, 

and less oxygen entering the tailings from below could contribute to further reduction compared 

to what was observed from the column experiments. 
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The water added for each of the “1 month”-long wetting/drying cycles was the equivalent of 3 

months of precipitation, and while more water will produce more AMD, it might also be 

discussed that it contributed to an unnaturally high efficiency of the capping materials. The 

increased amount of water contributing to less oxygen penetrating through to the reactive 

tailings. During very wet periods the excess water will first pile up on top of the capillary barrier 

(Figure 4, left). Eventually the MRL will get so saturated that the water exits the cover as 

gravimetric water, however this draining of water would likely be slowed down and the oxygen 

content in the water limited. The water in the upper layers will also run-off above, see Figure 

62c. As a result, the total amount of AMD would still be effectively reduced. The greatest worry 

of a capillary barrier type cover would be that the MRL became desaturated. Oxygen diffusion 

would then occur freely, however the de-saturation of the MRL would also mean that there was 

less water, and as a result there would also be less leaching, see Figure 62a. 

  

Figure 62. Left to right illustrating oxygen diffusion to tailings with desaturated MRL, to a fully functioning capillary barrier 

during/after rainfall, to a MRL that is fully saturated with gravimetric water let though, and surface and sub-surface water 

flow.  

a) b) c) 
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At Folldal it does rain more frequently than once a month, so contrary to how this worked for 

the column experiments, where the water corresponding to three months of rains was added at 

the beginning of each wetting cycle, more regular watering of the covers will occur in a natural 

climatic environment like at Folldal, see Figure 62b. This will make for a more consistently 

saturated cover, and less extreme periods of desaturation. Consequently, the covers would 

remain more saturated throughout the natural wetting/drying cycles, as the draining of the MRL 

occurs most rapidly once the MRL is starting to get de-saturated. This would then lead to the 

capping reducing the oxygen diffusion to the tailings more effectively. It could to some extent 

be argued that the wetting pattern of the column experiment is a good estimation of the extreme 

rainfalls that occurred during the fall of the last few years. Right after a more extreme wetting 

period the flow pattern would be more like that of Figure 62 c). 

The decreased temperature would lead to less evaporation, however this seemed somewhat less 

significant as from the pressure measurements of the column experiments it seemed that both 

cappings were effective at limiting the evaporation at the higher temperatures of the 

experiments and should thus be able to do the same at lower temperatures. 

As mentioned the transportation and subsequent longer residence time of the columns tailings 

is likely what caused the “initial flush” of higher concentration seen in the time series for most 

of the chemicals, see Figure 69.5.3.1 While the gentler slope seen in the later samples for all 

four columns was assumed to be more representative with regards to the future development of 

the leachates. From this it can also be assumed that this would be likely to happen at the Folldal 

site if there were to be movement and possible crushing of previously intact waste rock material 

while installing the capping. Therefore, it must be assumed that a long-term chemical 

observation is needed to determine how the leachate concentration develop after the installation 

of a potential cover. 

Also, the Folla river is as mentioned able to effectively neutralize the acidity of the drainage 

water running into the river from Folldal. In a more diluted situation like at Folldal the pH is 

much higher and therefore the circle marking where the local system would in pe-pH plot 

(Figure 58) probably be further to the right. Hence, species like goethite and ferrihydrite are 

more likely to form rather than jarosite. Consequently, from a biological standpoint less jarosite 

able to mobilize metals could be deemed favorable, but as mentioned in chapter 2.2.7 iron-

precipitates in general can also be a natural hazard. 
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6.4.2 Source control - remediation 

There is a consensus that the best cure for AMD is prevention, because once an AMD situation 

first has arisen putting the brakes on the situation can be challenging. This is because an AMD-

situation will be self-accelerating, see Figure 56. Consequently, the best and most sustainable 

form of remediation would be to turn the switch off on the initial source of the AMD. This type 

of in-situ remediation is called source control. For source control to be opted for the source of 

the AMD-situation need to be established before the chemical reactions and microbiological 

activity which cause sulfide oxidation can be prevented or minimized. 

The fact that the oxidized and non-oxidized tailings spread out on the surface at Folldal are 

extensive is apparent, and so is the polluting of the river Folla. From the site investigation done 

at Folldal it is apparent that the main source of today’s AMD situation is the tailings spread out 

on the surface at Folldal. Removing these tailings has already been attempted at great cost and 

with limited success (Iversen & Knudsen, 2002). The shallow wells installed at Folldal give a 

clear indication that the water quality will be largely controlled by the surface infiltration of 

water. Because of all the wells being shallow they monitor the water rapidly infiltrating the 

subsurface flow and how these were influenced by the tailings (NGI, 2014). Hence the source 

of the contamination at Folldal is large amounts of tailings spread over a large area that has 

been lying untouched for decades.  

The fact remain that the neutralizing capacity of the river Folla is great. The flux of 

contaminants to the river is however still extreme enough to still present a considerable 

problem. For these reasons a capping of the area has been proposed, and to test the proposed 

capping the column experiment was set up. The capping would exclude the oxygen part of the 

redox reaction, thereby limiting the chain reaction that produce AMD.  

How to make a successful capping at Folldal 

The acid generating tailings at Folldal will continue to pollute the river Folla making it a hostile 

environment for aquatic life for generations to come if no action is taken. The sooner the 

situation gets taken care of the less damage it will do. The tailings in central Folldal have already 

been lying exposed since the last mine was closed down in 1968.  

A capillary barrier cap is as explained a viable option both because of the effectiveness at 

remedying a poor environmental situation and because of the low cost of installation and the 
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low maintenance requirements. The ingredients of the cap are readily available and the need 

for minimal maintenance means that the cost is much lower than that of other options.  

The fact remains that the pre-oxidized tailings showed a greater reduction in oxygen flowing 

through with the water. The second column’s sand capping did not keep the same level of 

saturation, and the oxygen diffusion throughout each of the cycles was therefore higher. The 

ingredients of the pre-oxidized capping will be both cheaper and more readily available.  

When it comes to the esthetic appeal of the area, a cover would turn a previously barren 

landscape into an area that can be enjoyed by both plant and wild life on land, and most of the 

buildings could still stand as monuments of a closed industrial chapter in Norwegian history. 

The museum buildings being torn down seems to be a big issue for the Directorate for Cultural 

Heritage. The direct interpretation of the directorates’ mandate stating that no source control 

can be applied in the area, only technical cleansing of leachates (NGI, 2015b). The 

implementation of technical purification measures meaning taking care of the leaching 

downstream. This would result in slag material that would need to be deposed of in a 

responsible manner. Hence, this is neither a good or sustainable solution to the situation at 

Folldal. And all in all, it is the difference of looking for a very local, short-term solution vs. a 

long-term universal solution of a problem that clearly need a solution. 

The preservation of some if not all historical buildings, is likely possible when installing a 

capping over the exposed tailings on the surface. Currently around 70 buildings are standing as 

a monument over this industrial chapter of Norwegian history. Folldal Mining Foundation 

(Stiftelsen Folldal Gruver) see it as a problem that nature is taking over areas that humans have 

made uninhabitable. Their goal is to preserve the distinctive features of the virtually vegetation-

Figure 63. To the left (F8, area C) tailings partially covered by vegetation and on the right (F4, area A) exposed tailings 

without visible vegetation, see map Figure 47 (NGI, 2014). 
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free landscape created by today’s polluted situation, seeing the tailings, slag pits and tippers as 

part of the esthetic (see Figure 63). This foundation wants to preserve the characteristic barren 

landscape as it was when the mine closed down, rather than let nature run it’s coarse and “take 

over” (Johnsrud, 2018).  

The Folldal Mining Foundation received more than 4 million NOK as part of the program for 

conservation of technical industrial cultural heritages at the beginning of 2018. This grant will 

be used to maintain the old buildings, but also to clear away the growing vegetation (Løkken, 

2018). However, while the removal of vegetation would prevent plant uptake and resulting 

bioavailability, this also inhibit evapotranspiration, and as a result more water will freely run 

through the tailings and contribute to the AMD.  

The Environmental Directorate and the Norwegian Directorate of Mining have a different view 

on this and have set values for reduction in copper concentration that are to be met. A 

compromise where the environmental and cultural heritage interests could be reconciled should 

be attempted.  

Figure 64. View from the old deposit area at Folldal, looking south from further up the slope at Folldal (picture taken at 

sample location F9, area N) (NGI, 2014). 
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The old red mine shaft tower (Figure 64) and the other buildings in central Folldal would still 

stands as monuments ready to tell the story of decades of sulfide mining done in blissful 

ignorance of future repercussions. Pictures are also able to convey how the area used to look. 

The fact remain that future generations will appreciate a responsible world more than a world 

concerned with preserving for the sake of preservation. Toxic metals and acids are not needed 

in addition to be able to tell Folldal’s history and the documentation of the history of these 

building and a preserved natural environment are better representations of a present Folldal and 

a Norwegian heritage to be proud of. 

Imagine the red mine shaft tower and the colony of red buildings surrounded by greenery. 

Flowers, bees and other animals roaming where only a few years ago barren tailings lay strewn 

about. An idyllic picture that might seem far-fetched to some, but the reclamation of the nature 

is merciless, and nature will make this happen in the end even if we don’t intercede – Only it 

will happen 1000s of years down the line, and in the meantime the area will be influenced by 

the pollution placed there by us, humans. 
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6.5 Sources of error 

With all works of science there will be inaccuracies. However, the following inaccuracies are 

for the most part consistent for all four columns. As a result, it should not prevent a valid 

comparison between the columns described during this thesis work, but it can affect the 

accuracy of the results. The sources of errors, as described in this chapter, are noted down in 

detail, so as to be able to learn from previous mistakes and to know what results to emphasize. 

The electrical imbalance 

The inverse modeling done during this thesis work was done based on a data set that had limited 

chemistry and this resulted in a slight electrical imbalance for all samples. The electrical 

imbalance was greater for the samples from the 3rd column containing the reactive tailings than 

for the other three columns. This might be due to aqueous complexes that bind with H+ and 

OH- being important at AMD-sties. Some of the ions will occur as neutral species and 

complexed ions in the solution, so a combination of these factors might explain the slight 

electrical imbalance (Zhu & Anderson, 2002).  

Porosity calculations 

Porosity, void ratio, bulk density, volumetric water content and saturation was calculated during 

the setting up of the columns in 2016. However, there was no method for calculation of these 

values. Looking at the original data set it was clear that these calculations were made from the 

volumetric water content measured prior to installation and the volume compression achieved 

by weighing the material down using the piston.  However, the water remaining on top of the 

material was not removed or measured during the installation. Therefore, the volumetric water 

content did not represent the new water content of the material and the calculations were 

consequently not entirely accurate. Furthermore Tvedten (2016) states that the pressure plate 

test showed unlikely values for porosity because of iron precipitates building up in the pipes 

during the testing. Therefore, the porosity used in this thesis was the one measured during the 

installation of the columns. 

Sensor calibration issues 

The logging of water saturation was likely set up using standard values for porosity or with a 

porosity measured inaccurately. The logger’s output file stated that the saturation was above 

100% saturation, this was therefore calibrated for. For the recalibration of the sensors a simple 
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assumption was made on how the initial calibration was mistaken. The sensors originally 

showed 102% saturation for some sensors and around 35 % saturation for other sensors installed 

at different levels in the same columns.  

A new calibration was therefore made with the thought that the initial saturation for all sensors 

should be 100% to start with because all four columns were installed with water filled sediments 

and had gone through compacting without any water being removed. All the succeeding 

measurements were then adjusted according to this assumption. The resulting slope between 

the measured and adjusted sensors measurements can be seen in appendix F.2. 

The output file for the water saturation also stated that the data logged was volumetric water, 

not water saturation. Though that was how the data was named in Tvedten (2016). The same 

applied for the pore water pressure data. As in the original output file, the data was named as 

water potential, but the data was then used directly as pore water pressure in meter. Either way, 

as this is not declared in Tvedten (2016) it was just assumed that the reasoning behind these 

choices were solid. 

Suction 

The U-tube installed at the bottom of the columns 3 & 4 did not simulate a groundwater table 

and had no suction and rather free oxygen flow so that the material and the leachates are 

probably influenced by this.  

The U-tube mounted at the bottom of the large columns 1 & 2 did simulate a water table similar 

to that at Folldal. It should however be mentioned that tube was only about ¾ saturated during 

the chemical sampling period – After this period there was no assurance as to the degree of 

saturation, as this tube gradually emptied during the wetting/drying periods. When the tube 

started to empty, leachate water from the sealed glass container installed to collect the leachates 

was used to refill the tube when the water level was low.  

It is nevertheless reassuring that the oxygen concentration does not show great variance after 

this time. Though this will influence the reliability of the results as the simulation of a 

groundwater table is of great importance as this will be present as part of the real conditions at 

Folldal. Furthermore, this might lead us to think the performance of the column capping better 

than what was measured for these experiments. Had the simulated groundwater table been 
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completely successful the oxygen levels in the reactive tailings would in all likely hood have 

been lower.  

Chemical leachate sampling 

The chemical leachate sampling was not done consistently at the same time during each cycle. 

Therefore, it is possible that the leachates that formed during different parts of each cycle were 

slightly different, and that this is reflected in the results. Also, the chemical sampling was in the 

beginning done at different times for the two columns pairs (1 & 2 and 3 & 4). This would make 

the comparison of the two column sets less reliable.   
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7 Conclusion 

Both capping materials led to a reduction in AMD. Increased pH, lower concentration in metals 

such as copper and iron were observed, as well as a considerable reduction in leached sulfur. 

The dissolution of the sulfides; pyrite, chalcopyrite and sphalerite seemed to be the main species 

related to the AMD at Folldal. Based on the physico-chemical estimations performed by 

PHREEQC on the leachate samples from the column experiments the main secondary mineral 

phases generated by the column experiments were jarosite, goethite, hematite, cuprite, 

pyrolusite and gypsum.  

From stability diagrams and field observations at Folldal it is assumed that the main mineral 

phase for ferric iron at Folldal would be goethite and ferrihydrite as the pH of the diluted AMD 

water on site had higher pH than that of the column experiments. 

When comparing the two capping materials the capping made from pre-oxidized tailings had a 

more ideal grain size when combining it with the coarse sand used as the capillary break layer. 

The contrast in hydrologic conductivity and the AEV of the two different MRL makes the pre-

oxidized capping the better choice.  

The % of the total amount of Cu, Fe and S leached is very similar for the two capping options, 

with slightly less leaching from the column with the fine sand capping. Yet, the total amount of 

metals and sulfur present in the column with capping made up with pre-oxidized tailings is 

higher. However, from the reference column containing pre-oxidized tailings it was clear that 

the pre-oxidized tailings were acid generating on their own, but they still make for a good 

capping material due to superior physical properties. 

Neither of the capping options resulted in a great increase in pH, but the increase that was 

observed when comparing the capped columns leachates to the even lower pH of the uncapped 

reactive tailings leachates could still be considered significant as pH is logarithmic. The 

increase in pH is essential to reduce the mobility of metals, and based on the extrapolation of 

the chemical development of the column experiments both capping options would be able to 

prevent the long-term snowballing effect that is AMD.  
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According to these basic estimations the capping showed promise of being highly-efficient on 

a grand scale over the next 20 years. Capping also require less maintenance than most other 

remediation methods, thus this method have good prospects both from an environmental and a 

financial point of view. 
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8 Further work 

Further work would include the execution of a capping at Folldal, but prior to installing the 

capping there are several problems that could arise that need to be thoroughly researched. One 

of these problems is that the installation of the capping may disturb the exposed tailings, which 

could lead to a temporary increase in AMD. However, this would stabilize with time, but the 

installation should be planned out in detail prior to installation to avoid unnecessary disturbance 

of tailings.  

In the case of the pre-oxidized tailings being chosen as the best method of remediation at 

Folldal. It would need to be decided where the pre-oxidized tailings should be excavated from. 

An agreement with the local and central government would need to be made with regards to 

how much of the area is to be covered. Then how much material is required for the capping 

needs to be calculated. The slope stability of the capping need to be assured, as well as how the 

capping would influence the surface runoff and the groundwater flow patterns of the area.  

The effect of more extreme weather in the future should also be assessed and possibly also how 

more extreme dry and wet periods would influence the capping. This could be tested through 

additional small column experiments.  

The modeling investigations done during this thesis were successful to some degree, but a 

kinetics and transport modeling, and even a simple batch modeling could give more in-site into 

the chemistry of the tailings at Folldal. This could also be attempted with regards to estimating 

the effect of warmer and colder weather on the leaching. 

Other possibly dangerous elements should also be monitored on site at Folldal and how these 

would be affected by a possible capping should be evaluated. The Folldal deposits are typically 

classified as a Cu-Zn type VMS, but there is heterogeneity within the ore-deposits at Folldal. 

The base elements that are most evident were iron, copper, zinc and lead but trace elements 

such as Co, As, Bi, Ag, Au, Sb and Se has also been noted (Bjerkgård & Bjørlykke, 1996). 

Toxic metals that have not yet been investigated should be monitored. 

Furthermore, simply disassembling the columns to see what the material contains of the 

different elements now compared to when the columns were set up would be a good way to 

quantify the results of the chemical analysis done so far. 
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 Symbology 

The units of this thesis are given in standard SI units (unless specified otherwise). 

Weight in gram, g. Length in meter, m. Time in seconds, s.  

Force in newton, N. N = mass * acceleration or N = 1 kg ∗ 𝑚
𝑠2⁄  

Pressure in pascal, Pa. Pa = N/m² 

An explanation of the different symbols used to define the hydrogeology in this thesis. 

Gravimetric water content, w, is the mass of water per mass of dry soil. 

Volumetric water content, 𝜃𝑤, is the volume of water compared to the dry soil; 

𝜃𝑤 ≡
𝑉𝑤

𝑉𝑠
 

𝑉𝑤 = Volume water  

𝑉𝑠 = Volume soil 

Water saturation, S𝑟 [-]:  

S𝑟 ≡
𝑉𝑤

𝑉𝑣
  

Water saturation, S𝑟 is often given as degrees of saturation or in %. Notice that water saturation 

is not to be confused with the saturation index, SI, defined in chapter 2.2.3 and 2.2.4. 

𝑉𝑣 = Volume voids,    𝑉𝑣 =  𝑛 =  𝑉𝑎 + 𝑉𝑤 

n = porosity 

𝑉𝑎 = air filled volume  

Porosity, n (not to be confused with the van Genuchten exponent, Equation 33):  

𝑛 =  
𝑉𝑣

𝑉
 

Void ratio, e:     𝑒 =
𝑛

1−𝑛
 

Effective porosity, 𝜃∗, refers to the porosity where the water that is immobile/ held tightly by 

surface tension and electrochemical forces is removed: 

𝜃∗ ≡  
𝜃 − 𝜃𝑟

𝑛 − 𝜃𝑟
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𝜃𝑟 is the permanent residual water content, typically 𝜃𝑟= 0.05 (Dingman, 2015). 

𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 =  𝑛 ∗  𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑉) 

Bulk density (dry), 𝜌𝑏𝑢𝑙𝑘:   𝜌𝑏𝑢𝑙𝑘 =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑐𝑚3)
 

Concentration in water, C: 

C =  
𝑚𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟
=  

𝑚𝑔

𝑙
  or  C =  

𝑚𝑜𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑚𝑎𝑠𝑠 𝑤𝑎𝑡𝑒𝑟
=  

𝑚𝑜𝑙

𝑘𝑔𝑤
 

Water potential, Ψ:  

Ψ =  𝜓 + 𝜓𝑠 + 𝜓𝑔 + 𝜓𝑝 

Energy per unit area it takes to make water/solution move. Ranges from 0 to negative values, 0 

representing pure water at atmospheric pressure. Water potential is a form of measuring the is 

usually given in kPa, kilo pascal. With more solute Ψ becomes more negative due to the solute 

molecules attracting the water molecules and restricting their freedom to move. Water will 

move from solution of high to low water potential, meaning from wet to dry soil. 

Matric suction, 𝜓 – also called negative pressure head, matric potential, or capillary potential. 

This pressure is negative in unsaturated zone relative to atmospheric pressure and represent the 

force on the water excreted by the soil matrix. This depends on grain size, curvature and pore 

size as mentioned in chapter 2.1.5. Matric suction is the dominant pressure component in the 

unsaturated zone. 

Solute potential or osmotic potential, 𝜓𝑠 . The intermolecular forces working within a solution, 

the solutions ion concentration will increase this. This variable is typically ignored if solution 

is dilute. 

Gravitational potential, 𝜓𝑔. Relative pressure to compared to a reference point, usually the soil 

surface. 

Pressure potential, 𝜓𝑝. Calculated as the fluid pressure divided by the weight density 𝜓𝑝 =
𝑝

𝛾
. 
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 Minerals and elemental charges 

 

 

  

Mineral  Elemental charge of all components 

Pyrite 
 Fe2+𝑆2

− 

Chalcopyrite  Cu+Fe3+𝑆2
2− 

Sphalerite 
 (Zn2+, Fe2+)S2− 

Jarosite  𝐾+(𝐹𝑒3+)3(𝑆𝑂4
2−)2(OH−)6 

Goethite  α - Fe3+𝑂2−(𝑂𝐻−) 

Cuprite  Cu2
+𝑂2− 

Zinc-oxide  ε - (Zn2+)(𝑂𝐻−)2 

Gypsum  𝐶𝑎2+𝑆𝑂4
2− ∙ 2(𝐻2𝑂) 

Pyrolusite  𝑀𝑛4+𝑂2
2− 
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 Leachate characterization 

C.1 Physical laboratory measurements 

Day Sample name pH Temp (pH) EC (mS) Temp (EC)

0 1 1.67 21.4 22 21.6

35 2 1.61 20.08 27 20.06

99 3 1.74 20.9 22.1 20.9

146 4 2.13 22.4 19.98 22.6

185 5 2.29 20 19.94 20

251 6 2.83 12.3

304 7 2.62 10.94

328 8 2.68 10.56

361 9 2.37 9.2

390 10 2.57 9.55

454 11 2.47 9.86

495 12 2.54 10.45

0 13 1.66 21.5 22.8 21.5

35 14 1.68 20.09 23.5 20.06

99 15 1.89 20.8 13.27 20.3

146 16 2.27 22.4 14.94 21.7

185 17 2.58 19.5 12.8 19.4

251 18 2.91 9.37

304 19 2.58 9.96

328 20 2.66 11.2

361 21 2.44 10.12

390 22 2.54 10.77

454 23 2.4 11.08

495 24 2.45 14.25

0 25

33 26 1.9 22 10.65 22

79 2.09 21 7.5 20.9

126 27 2.06 21.4 8.87 21.1

220 2.02 8.42

231 28 2.01 9.85

284 29 2.12 10.47

308 2.04 9.8

341 30 1.78 11.66

370 31 1.91 11.98

434 32 1.97 12.25

475 33 2.02 10.48

0 34 3.03

33 35 3.03 22 0.54 22

79 2.42 21 6.38 20.9

126 36 2.06 21.4 7.06 21.2

152 2.225

220 2.39 6.15

231 37 2.46 5.05

249

284 38 2.52 4.81

308 2.53 4.23

341 39 2.41 3.89

370 40 2.56 3.67

434 41 2.7 3.38

475 42 2.69 3.13

C
o

lu
m

n
 4

Measurements done at NGI
C

o
lu

m
n

 1
C

o
lu

m
n

 2
C

o
lu

m
n

 3

Table 20. List of all the physical measurements done on the different samples from the four columns. pH, electrical 

conductivity (EC) and two different temperature measurements (Temp EC and Temp pH). (missing cycles not marked, see 

Table 7). 
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C.2 Original leachate data - ICP-MS and ICP-OES 

27/10/2017 ICP-MS ICP-MS ICP-MS ICP-MS ICP-OES ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS

Na Mg Al S K Ca Mn Fe Cu Zn

Date Day NR. Sample name mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l

28/05/2016 0 7 1 20 230 320 8200 2.4 360 6.1 9100 1400 710

02/07/2016 35 8 2 9.3 400 470 11000 2.6 270 9.3 13000 510 51

04/09/2016 99 9 3 9.7 560 730 14000 2.6 340 13 16000 540 9.4

21/10/2016 146 10 4 12 580 800 12000 2.9 380 22 14000 460 9.2

29/11/2016 185 11 5 13 530 1000 9500 1.7 410 72 10000 360 14

03/02/2017 251 12 6 30 360 490 5000 2.3 410 61 5500 94 20

28/03/2017 304 13 7 41 370 250 3900 2.3 500 31 3800 27 32

21/04/2017 328 14 8 42 370 170 3700 5.5 540 23 4100 15 36

24/05/2017 361 15 9 39 300 120 3300 2.0 530 17 3600 8.0 28

22/06/2017 390 16 10 43 250 91 3400 2.6 530 15 4000 2.2 21

25/08/2017 454 17 11 40 220 82 3700 1.8 600 13 4400 0.40 19

05/10/2017 495 18 12 40 190 78 4000 2.0 550 9.3 5200 0.063 14

28/05/2016 0 19 13 11 260 330 9300 2.6 190 5.8 10000 1700 830

02/07/2016 35 20 14 3.7 340 430 9600 2.8 250 9.3 11000 500 83

04/09/2016 99 21 15 4.0 440 690 9900 2.2 310 29 11000 400 7.5

21/10/2016 146 22 16 8.5 340 670 6900 2.0 250 46 7700 270 6.0

29/11/2016 185 23 17 14 280 590 5500 1.8 250 47 6100 180 5.1

03/02/2017 251 24 18 38 110 84 3000 2.9 120 12 4100 12 2.5

28/03/2017 304 25 19 55 82 8.1 3200 2.4 98 2.9 4900 0.24 3.0

21/04/2017 328 26 20 65 77 2.3 3400 2.8 87 2.4 5300 <LD 2.8

24/05/2017 361 27 21 55 67 0.89 2800 1.8 71 1.9 4300 <LD 2.4

22/06/2017 390 28 22 59 67 0.34 3200 2.1 74 1.9 5000 <LD 2.1

25/08/2017 454 29 23 66 64 0.14 3500 3.6 71 1.9 5100 <LD 1.9

05/10/2017 495 30 24 89 59 <0.025 4300 95 68 1.8 6800 <LD 1.1

17/06/2016 0 31 25 9.7 330 410 12000 4.1 260 8.0 12000 550 13

20/07/2016 33 32 26 <LD 110 130 4200 1.7 120 2.9 4100 160 3.9

21/10/2016 126 33 27 <LD 100 120 3800 2.3 61 2.4 3900 150 2.8

03/02/2017 231 34 28 <LD 150 190 5500 2.5 76 3.4 6300 210 2.9

28/03/2017 284 35 29 <LD 160 190 5700 2.3 58 3.5 6600 220 2.7

24/05/2017 341 36 30 <LD 180 220 6100 2.0 67 3.8 6900 220 2.7

22/06/2017 370 37 31 <LD 190 230 6300 2.0 80 3.9 7000 230 2.7

25/08/2017 434 38 32 <LD 190 240 6400 2.1 86 4.0 7000 240 2.7

05/10/2017 475 39 33 <LD 160 180 5100 2.2 71 3.2 5600 190 2.2

17/06/2016 0 40 34 0.46 360 320 2200 1.3 530 12 520 87 55

20/07/2016 33 41 35 <LD 6.3 5.7 48 1.3 15 0.14 0.45 1.4 1.0

21/10/2016 126 42 36 <LD 370 340 2100 0.85 520 12 390 84 46

03/02/2017 231 43 37 <LD 150 170 1200 1.7 520 5.1 160 39 17

28/03/2017 284 44 38 2.1 110 130 1000 1.2 520 3.8 120 28 10

24/05/2017 341 45 39 1.5 64 73 760 1.7 500 2.2 65 13 3.5

22/06/2017 370 46 40 1.8 51 58 680 1.0 490 1.8 49 10 2.5

25/08/2017 434 47 41 1.8 41 47 610 1.4 460 1.5 37 7.8 1.8

05/10/2017 475 48 42 3.8 44 39 560 2.1 430 1.7 26 6.5 2.0

NMBU - Valentina Zivanovic
C

o
lu

m
n

 2
C

o
lu

m
n

 3
C

o
lu

m
n

 4
Sample set: 238-2017

C
o

lu
m

n
 1

Table 21. List of all chemical leachate samples analyzed for the four columns. ICP-MS and ICP-OES results from the NMBU lab. Dates and day from start of experiment is also 

listed along with original sample names “NR.” as well as the yellow “Sample name” that were used for the rest of this thesis work. Missing cycles are not marked here, see Table 

7). 
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C.3 All elements plotted in mmol/l 
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Figure 65. Chemical leachate analysis of Zn in mmol/l for all four columns. The cycles markings (dotted arrows) only apply 

for columns 1 & 2. 
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Figure 66. Chemical leachate analysis of Cu, Fe and S in mmol/l for all four columns. The cycles markings (dotted arrows) 

only apply for columns 1 & 2.  
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Figure 67. Chemical leachate analysis of Na, Mg and Al in mmol/l for all four columns. The cycles markings (dotted arrows) 

only apply for columns 1 & 2. 
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Figure 68. Chemical leachate analysis of K, Ca and Mn in mmol/l for all four columns. The cycles markings (dotted arrows) 

only apply for columns 1 & 2. 
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C.4 Mass balance calculations and additional plots 

C.4.a Total leachate element content flushed 

Table 22. Table showing the total concentration of leachates flushed out of the columns (Total volume of water * concentration of 

leachate sample). 

Sample 

D
a

y
 

C
y

cle 

mg mg mg mg mg mg mg mg mg mg 

Cu Fe S K Ca Mn Na Mg Al Zn 

C
o
lu

m
n

 1
 

1 0 1 45472 295569 266337 78 
1169

3 
198 650 

747

0 
10394 23061 

2 35 2 340 8667 7333 2 180 6.2 14 267 313 34 

- - 3 - - - - - - - - - - 

3 99 4 360 10667 9333 2 227 8.7 15 373 487 6.27 

4 146 5 307 9333 8000 2 253 15 18 387 533 6.13 

5 185 6 240 6667 6333 1 273 48 20 353 667 9.33 

- - 7 - - - - - - - - - - 

6 251 8 62.7 3667 3333 2 273 41 45 240 327 13.3 

7 304 9 18 2533 2600 2 333 21 62 247 167 21.3 

8 328 10 10 2733 2467 4 360 15 63 247 113 24 

9 361 11 5.33 2400 2200 1 353 11 59 200 80 18.67 

10 390 12 1.47 2667 2267 2 353 10 65 167 61 14 

11 454 13 0.27 2933 2467 1 400 8.7 60 147 55 12.67 

12 495 14 0.04 3467 2667 1 367 6.2 60 127 52 9.333 

C
o

lu
m

n
 2

 

13 0 1 55727 327806 304859 85 6228 190 361 
852

3 
10818 27208 

14 35 2 333 7333 6400 2 167 6.2 2.5 227 287 55.33 

- - 3 - - - - - - - - - - 

15 99 4 267 7333 6600 1 207 19 2.7 293 460 5 

16 146 5 180 5133 4600 1 167 31 5.7 227 447 4 

17 185 6 120 4067 3667 1 167 31 9.3 187 393 3.4 

- - 7 - - - - - - - - - - 

18 251 8 8 2733 2000 2 80 8 25 73 56 1.67 

19 304 9 0.16 3267 2133 2 65 1.9 37 55 5.4 2 

20 328 10 <LD 3533 2267 2 58 1.6 43 51 1.5 1.87 

21 361 11 <LD 2867 1867 1 47 1.3 37 45 0.6 1.6 

22 390 12 <LD 3333 2133 1 49 1.3 39 45 0.2 1.4 

23 454 13 <LD 3400 2333 2 47 1.3 44 43 0.1 1.27 

24 495 14 <LD 4533 2867 63 45 1.2 59 39 0 0.73 

C
o
lu

m
n

 

3
 25 0 1 2916 63617 63617 22 1378 42 51 

174

9 
2174 68.92 

26 33 2 107 2733 2800 1 80 1.9 <LD 73 87 2.6 
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- - 3 - - - - - - - - - - 

27 126 4 100 2600 2533 2 41 1.6 <LD 67 80 1.87 

- - 5 - - - - - - - - - - 

- - 6 - - - - - - - - - - 

28 231 7 140 4200 3667 2 51 2.3 <LD 100 127 1.93 

29 284 8 147 4400 3800 2 39 2.3 <LD 107 127 1.8 

- - 9 - - - - - - - - - - 

30 341 10 147 4600 4067 1 45 2.5 <LD 120 147 1.8 

31 370 11 153 4667 4200 1 53 2.6 <LD 127 153 1.8 

32 434 12 160 4667 4267 1 57 2.7 <LD 127 160 1.8 

33 475 13 127 3733 3400 1 47 2.1 <LD 107 120 1.47 

- - 14 - - - - - - - - - - 

C
o
lu

m
n

 4
 

34 0 1 461 2757 11663 7 2810 64 2.4 
190

9 
1696 292 

35 33 2 0.93 0.3 32 1 10 0.1 <LD 4.2 3.8 0.67 

- - 3 - - - - - - - - - - 

36 126 4 56 260 1400 1 347 8 <LD 247 227 30.67 

- - 5 - - - - - - - - - - 

- - 6 - - - - - - - - - - 

37 231 7 26 107 800 1 347 3.4 <LD 100 113 11.33 

38 284 8 18.7 80 667 1 347 2.5 1.4 73 87 6.67 

- - 9 - - - - - - - - - - 

39 341 10 8.67 43.3 507 1 333 1.5 1 43 49 2.33 

40 370 11 6.67 32.7 453 1 327 1.2 1.2 34 39 1.67 

41 434 12 5.2 24.7 407 1 307 1 1.2 27 31 1.2 

42 475 13 4.33 17.3 373 1 287 1.1 2.5 29 26 1.33 

- - 14 - - - - - - - - - - 
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C.4.b Total amount of each element left after each cycle 

Col. /Cycle Day Cu Fe S Ca Mn Al Zn 

T
o

ta
l 

le
ft

 i
n

 C
o

lu
m

n
 1

 

Initial 92631 4555913 1450367 33600 3125 187741 2022 

Cycle 1  0 47158 4260343 1184030 21907 2927 177348 -21039 

Cycle 2 35 46818 4251677 1176696 21727 2921 177035 -21073 

Cycle 3 - - - - - - - - 

Cycle 4 99 46458 4241010 1167363 21501 2912 176548 -21079 

Cycle 5 146 46152 4231677 1159363 21247 2898 176015 -21085 

Cycle 6 185 45912 4225010 1153030 20974 2850 175348 -21095 

Cycle 7 - - - - - - - - 

Cycle 8 251 45849 4221343 1149696 20701 2809 175021 -21108 

Cycle 9 304 45831 4218810 1147096 20367 2788 174855 -21129 

Cycle 10 328 45821 4216077 1144630 20007 2773 174741 -21153 

Cycle 11 361 45816 4213677 1142430 19654 2762 174661 -21172 

Cycle 12 390 45814 4211010 1140163 19301 2752 174601 -21186 

Cycle 13 454 45814 4208077 1137696 18901 2743 174546 -21199 

Cycle 14 495 45814 4204610 1135030 18534 2737 174494 -21208 

T
o

ta
l 

le
ft

 i
n

 

C
o
lu

m
n

 2
 Initial 88803 3980985 1365442 10647 2564 95483 1439 

Cycle 1  0 33076 3653179 1060583 4419 2374 84665 -25769 

Cycle 2 35 32743 3645846 1054183 4252 2368 84379 -25825 

Cycle 3 - - - - - - - - 

Cycle 4 99 32476 3638512 1047583 4045 2349 83919 -25830 

Table 23. Showing the total amount of each element left after each cycle for all four columns. Calculated by; (Weight of 

DM * concentration of element per type of DM) - (Total volume of water * concentration of leachate sample). Red 

numbers mark when concentrations at or below detection level is subtracted from the total amount.  
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Cycle 5 146 32296 3633379 1042983 3879 2318 83472 -25834 

Cycle 6 185 32176 3629312 1039316 3712 2287 83079 -25837 

Cycle 7 - - - - - - - - 

Cycle 8 251 32168 3626579 1037316 3632 2279 83023 -25839 

Cycle 9 304 32168 3623312 1035183 3567 2277 83017 -25841 

Cycle 10 328 32168 3619779 1032916 3509 2275 83016 -25842 

Cycle 11 361 32168 3616912 1031049 3461 2274 83015 -25844 

Cycle 12 390 32168 3613579 1028916 3412 2273 83015 -25845 

Cycle 13 454 32168 3610179 1026583 3365 2271 83015 -25847 

Cycle 14 495 32168 3605646 1023716 3319 2270 83015 -25847 

T
o

ta
l 

le
ft

 i
n

 C
o

lu
m

n
 3

 

Initial 26738 1176811 411483 3210 211 16571 394 

Cycle 1  0 23823 1113193 347866 1832 169 14398 325 

Cycle 2 33 23716 1110460 345066 1752 167 14311 322 

Cycle 3 - - - - - - - - 

Cycle 4 126 23616 1107860 342533 1711 165 14231 320 

Cycle 5 - - - - - - - - 

Cycle 6 - - - - - - - - 

Cycle 7 231 23476 1103660 338866 1661 163 14104 319 

Cycle 8 284 23329 1099260 335066 1622 161 13978 317 

Cycle 9 - - - - - - - - 

Cycle 10 341 23183 1094660 331000 1577 158 13831 315 

Cycle 11 370 23029 1089993 326800 1524 156 13678 313 

Cycle 12 434 22869 1085327 322533 1467 153 13518 311 

Cycle 13 475 22743 1081593 319133 1419 151 13398 310 

Cycle 14 - - - - - - - - 

T
o

ta
l 

le
ft

 i
n

 C
o

lu
m

n
 4

 

Initial 1292 432005 40270 18561 1368 96387 520 

Cycle 1  0 830 429248 28607 15751 1304 94691 228 

Cycle 2 33 830 429248 28575 15741 1304 94687 228 

Cycle 3 - - - - - - - - 

Cycle 4 126 774 428988 27175 15395 1296 94460 197 

Cycle 5 - - - - - - - - 

Cycle 6 - - - - - - - - 

Cycle 7 231 748 428881 26375 15048 1293 94347 186 

Cycle 8 284 729 428801 25708 14701 1290 94260 179 

Cycle 9 - - - - - - - - 

Cycle 10 341 720 428758 25201 14368 1289 94211 177 

Cycle 11 370 714 428725 24748 14041 1287 94173 175 

Cycle 12 434 708 428701 24341 13735 1286 94141 174 

Cycle 13 475 704 428683 23968 13448 1285 94115 172 

Cycle 14 - - - - - - - - 
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C.4.c Total 

amount of 

Cu, Fe & S 

flushed 

from each 

column 

  

Figure 69. The amount of Cu, Fe and S leached during cycle 1 to 14 for columns 1, 2, 3 & 4. The scale is the same for the large columns, and for the small 

columns. The empty spaces represent missing data. 
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C.4.d Total 

amount of Cu, 

Fe & S left in 

each column 

Figure 70. The total amount of each of the elements, Cu, Fe and S left at the end of each wetting/draining cycle. Calculated from the numbers in Table 9 and Table 

22. Notice the different scales, the scales are the same for the large columns, and for the small columns respectivly. The gaps mark missing chemical samples. 
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Table 24. Showing how the calculations for % of total amount flushed was calculated using the chemical data of the material 

(multiplied by total dry weight) and the leachates (multiplied by total volume of water of each cycle). The sample from cycle 2 

(red) from column 4 was diluted incorrectly and the sample therefore showed unnaturally low concentrations. 

Col. /Cycle Fe (Iron) % of tot. S (Sulfur) % of tot. Cu % of tot.

Initial - Column 1 4,555,913       100                    1,450,367       100              92,631        100              

Cycle 1 295,569          6.49                   266,337          18.36           45,472        49.09           

Cycle 2 8,667              0.19                   7,333              0.51             340             0.37             

Cycle 3

Cycle 4 10,667            0.23                   9,333              0.64             360             0.39             

Cycle 5 9,333              0.20                   8,000              0.55             307             0.33             

Cycle 6 6,667              0.15                   6,333              0.44             240             0.26             

Cycle 7

Cycle 8 3,667              0.08                   3,333              0.23             63               0.07             

Cycle 9 2,533              0.06                   2,600              0.18             18               0.02             

Cycle 10 2,733              0.06                   2,467              0.17             10               0.01             

Cycle 11 2,400              0.05                   2,200              0.15             5                 0.01             

Cycle 12 2,667              0.06                   2,267              0.16             1                 0.00             

Cycle 13 2,933              0.06                   2,467              0.17             0                 0.00             

Cycle 14 3,467              0.08                   2,667              0.18             0                 0.00             

Initial - Column 2 3,980,985       100                    1,365,442       100              88,803        100              

Cycle 1 327,806          8.23                   304,859          22.33           55,727        62.75           

Cycle 2 7,333              0.18                   6,400              0.47             333             0.38             

Cycle 3

Cycle 4 7,333              0.18                   6,600              0.48             267             0.30             

Cycle 5 5,133              0.13                   4,600              0.34             180             0.20             

Cycle 6 4,067              0.10                   3,667              0.27             120             0.14             

Cycle 7

Cycle 8 2,733              0.07                   2,000              0.15             8                 0.01             

Cycle 9 3,267              0.08                   2,133              0.16             0                 0.00             

Cycle 10 3,533              0.09                   2,267              0.17             <LD -               

Cycle 11 2,867              0.07                   1,867              0.14             <LD -               

Cycle 12 3,333              0.08                   2,133              0.16             <LD -               

Cycle 13 3,400              0.09                   2,333              0.17             <LD -               

Cycle 14 4,533              0.11                   2,867              0.21             <LD -               

Initial - Column 3 1,176,811       100                    411,483          100              26,738        100              

Cycle 1 63,617            5.41                   63,617            15.46           2,916          10.90           

Cycle 2 2,733              0.23                   2,800              0.68             107             0.40             

Cycle 3 - - - - - -

Cycle 4 2,600              0.22                   2,533              0.62             100             0.37             

Cycle 5 - - - - - -

Cycle 6 - - - - - -

Cycle 7 4,200              0.36                   3,667              0.89             140             0.52             

Cycle 8 4,400              0.37                   3,800              0.92             147             0.55             

Cycle 9 - - - - - -

Cycle 10 4,600              0.39                   4,067              0.99             147             0.55             

Cycle 11 4,667              0.40                   4,200              1.02             153             0.57             

Cycle 12 4,667              0.40                   4,267              1.04             160             0.60             

Cycle 13 3,733              0.32                   3,400              0.83             127             0.47             

Cycle 14 -                  -                    -                  -               -              -               

Initial - Column 4 432,005          100                    40,270            100              1,292          100              

Cycle 1 2,757              0.64                   11,663            28.96           461             35.71           

Cycle 2 0                     0.00                   32                   0.08             1                 0.07             

Cycle 3 - - - - - -

Cycle 4 260                 0.06                   1,400              3.48             56               4.34             

Cycle 5 - - - - - -

Cycle 6 - - - - - -

Cycle 7 107                 0.02                   800                 1.99             26               2.01             

Cycle 8 80                   0.02                   667                 1.66             19               1.45             

Cycle 9 - - - - - -

Cycle 10 43                   0.01                   507                 1.26             9                 0.67             

Cycle 11 33                   0.01                   453                 1.13             7                 0.52             

Cycle 12 25                   0.01                   407                 1.01             5                 0.40             

Cycle 13 17                   0.00                   373                 0.93             4                 0.34             

Cycle 14 -                  -                    -                  -               -              -               

T
o

ta
l 

fl
u

sh
e
d

 -
 C

o
lu

m
n

 2
T

o
ta

l 
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C.4.e Relative 

amount of Cu, 

Fe and S left 

  

Figure 71. The total amount of each of the elements Cu, Fe and S at the end of each wetting/draining cycle. Calculated from the numbers in Table 24. 
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C.4.f Cumulative Al [%] 

leached for Al, Mn, Zn 

and Ca

Figure 72. The cumulative % leached for the chemicals Ca, Mn, Al and Zn for the column capped with pre-oxidized tailings (column 1), the 

columns capped with fine sand (column 2) the uncapped reactive tailings (column 3), and the columns with only pre-oxidized tailings (column 

4). 
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C.4.g Correlation calculation between dissolved species 

  

Correlation Col 1 [mmol/l] 

Element

s 

Positiv

e 

Element

s 

Negativ

e 

Fe/S 0.996 S/Na -0.963 

Ca/Na 0.913 Fe/Na -0.951 

Al/Mg 0.887 Al/Na -0.857 

Zn/Cu 0.843 S/Ca -0.857 

S/Al 0.821 Fe/Ca -0.846 

Fe/Al 0.781 Mg/Na -0.720 

S/Mg 0.769 Ca/Al -0.705 

Fe/Mg 0.736 Cu/Ca -0.702 

pH/Na 0.787 pH/Cu -0.806 

pH/Ca 0.765 pH/Fe -0.798 

  pH/S -0.790 

 

Correlation Col 2 [mmol/l] 

Elements Positive Elements Negative 

Ca/Mg 0.989 Ca/Na -0.928 

Fe/S 0.982 Mg/Na -0.921 

Ca/Al 0.977 Al/Na -0.890 

Al/Mg 0.965 S/Na -0.811 

Ca/Mg 0.965 pH/Fe -0.921 

S/Mg 0.905 pH/S -0.904 

Mn/Al 0.869 pH/Cu -0.769 

Ca/S 0.856   

Fe/Mg 0.841   

S/Al 0.795   

Fe/Ca 0.779   

Mn/Ca 0.778   

Cu/S 0.729   

Mn/Mg 0.717   

Fe/Al 0.708   

  

Table 25. The correlation between the different chemicals in the leachates of column 1 & 2, listed from highest to lowest.  
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Table 26. The highest correlation between each of the different elements listed from highest to 

lowest for column 3 &4. 

Correlation Col 3 [mmol/l] 

Elements Positive  

Mg/Al 1.00 

S/Mn 1.00 

Mn/Cu 1.00 

Al/Fe 0.99 

Na/Zn 0.99 

Al/S 0.99 

S/Cu 0.99 

Mg/S 0.99 

Mg/Fe 0.99 

S/Fe 0.99 

Ca/Zn 0.98 

Al/Mn 0.98 

Mg/Mn 0.98 

Mn/Fe 0.97 

Na/Cu 0.97 

Al/Cu 0.97 

Mg/Cu 0.96 

Fe/Cu 0.96 

Na/Ca 0.96 

Na/Mn 0.95 

Na/K 0.94 

Cu/Zn 0.94 

Mn/Zn 0.93 

Na/S 0.93 

K/Cu 0.92 

K/Zn 0.91 

Ca/Cu 0.91 

Ca/Mn 0.91 

S/Zn 0.90 

K/Mn 0.89 

S/K 0.88 

Na/Mg 0.88 

Na/Al 0.87 

S/Ca 0.87 

Na/Fe 0.86 

K/Fe 0.84 

Al/Zn 0.84 

Mg/Zn 0.83 

K/Ca 0.83 

Al/K 0.83 

Mg/K 0.83 

Fe/Zn 0.82 

 

Correlation Col 4 [mmol/l] 

Elements Positive    

Mn/Mg 1.00   

Cu/Mn 1.00   

Cu/Mg 1.00   

Cu/Al 1.00   

Zn/Fe 0.99   

Mn/Al 0.99   

Al/Mg 0.99   

Zn/Cu 0.99   

Zn/Mn 0.99   

Zn/Mg 0.99   

S/Al 0.99   

Mn/S 0.98   

Cu/Fe 0.98   

Fe/Mn 0.98   

Cu/S 0.98   

S/Mg 0.98   

Fe/Mg 0.98   

Zn/Al 0.97   

Fe/Al 0.97   

Fe/S 0.97   

Zn/S 0.96   
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C.5 Leachate monitoring at Folldal 

Enhet

Ca 5.69 12 5.6 299 144 201 347 262 198 158 174 346 258 mg/l

Fe 0.0544 0.0317 6.37 2740 491 789 3590 0.438 133 236 50.3 780 138 mg/l

K 0.852 5.51 1.7 2 2.14 1.94 2 5.02 7.42 7.15 3.22 18.9 14 mg/l

Mg 0.808 1.9 3.08 593 134 220 614 54 84.5 81.6 20.5 192 117 mg/l

Na 0.842 2.88 2.36 6.92 3.98 4.36 2.2 7.84 5.86 7.58 3.97 13.7 5.6 mg/l

Al 20.5 110 185 438000 127000 190000 520000 33.3 18200 12500 228 80.3 57900 μg/l

As 0.05 2.95 0.0613 33.8 5.8 13.6 66.4 0.3 1 1 0.3 5 1 μg/l

Ba 5.45 106 32.7 5 14.9 8.42 5 0.497 9 15.7 48.6 14.8 10.1 μg/l

Cd 0.002 0.0233 0.0416 358 91.9 121 342 52 29.5 0.616 0.0427 0.45 76 μg/l

Co 0.0288 0.133 2.16 3520 989 1400 6420 160 340 594 5.2 286 541 μg/l

Cr 0.265 0.108 0.738 1040 291 415 1710 0.0882 2.87 1.64 0.531 1 7.56 μg/l

Cu 0.875 2.67 11.7 196000 48300 73300 246000 194 2740 2 27.9 29.4 25700 μg/l

Hg 0.002 0.002 0.002 0.0113 0.00459 0.00615 0.0419 0.002 0.002 0.002 0.002 0.002 0.002 μg/l

Mn 0.88 87.2 180 14600 5270 7340 20000 2870 6890 7920 1720 17100 8230 μg/l

Mo 0.05 6.14 0.646 30 3 5 30 0.3 0 1 0.537 5 1 μg/l

Ni 1.14 1.77 82.6 1290 466 622 1930 114 321 762 9.66 138 382 μg/l

P 2.36 14.5 28.4 3140 651 1270 14600 5 20 20 36.4 100 20 μg/l

Pb 0.0147 0.126 0.242 5 8.43 3.79 5 0.631 0.704 0.2 0.22 1 85.3 μg/l

Si 2.88 3.37 2.75 56.2 26.6 35.6 68.8 15.9 21.3 15.8 3.95 5.01 28.7 mg/l

Sr 11.3 30.9 29.9 397 176 253 418 253 209 120 126 412 331 μg/l

Zn 0.412 0.363 40.9 128000 29800 42200 106000 14700 18100 66200 18000 60800 24700 μg/l

V 0.112 6.57 0.701 313 15.7 37.3 154 0.0425 0.613 3.47 0.723 0.5 0.222 μg/l

DOC 4.46 5.19 3.11 12.5 4.22 7.07 5.4 2.69 2.2 5.16 4.4 6.22 2.65 mg/l

(S2-) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 mg/l

(SO4) 1.74 13.1 8.99 8860 2140 3040 11300 818 1040 1090 715 2800 1460 mg/l

(HCO3) 61.6 48.8 27.8 0 0 0 0 50.9 0 2.95 64.1 0 0 mg/l

(Cl-) 1 1 1.77 2.08 4.33 3.59 1.8 6.2 5.14 8.02 1.96 12.2 5.81 mg/l

(NO3) 0.27 0.27 0.27 13.3 13.3 13.3 13.3 0.27 0.27 1.33 0.27 3.32 1.33 mg/l

Farge Mørk rød farge Mørk rød farge 5.9

Område

Gorbekken(ov

erflatevann)

Slambasseng 

(overflatevann) Lite deponi

pH 6.6 6.9 7.3 2.7 2.6 2.6 5.8 4.5 4.9 6.9 5.9 4.24

Redox mV 560 693 674 694 417 465 284 240 461

BR13 V3 A3 A4

Slam-basseng

Område B brønner

V4 V22 CB4 CB2 C2 C3B2 B3Bakgrunn

Table 27. Chemical results from shallow wells installed at Folldal to monitor the AMD-situation (NGI, 2014). 
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Sample Reference B2 B3 BR13 V3* V4* V22 CB4 CB2 C2 C3 A3 A4 Unit 

Ca 5.69 12 5.6 299 144 201 347 262 198 158 174 346 258 mg/l 

Fe 0.0544 0.0317 6.37 2740 491 789 3590 0.438 133 236 50.3 780 138 mg/l 

K 0.852 5.51 1.7 2 2.14 1.94 2 5.02 7.42 7.15 3.22 18.9 14 mg/l 

Mg 0.808 1.9 3.08 593 134 220 614 54 84.5 81.6 20.5 192 117 mg/l 

Na 0.842 2.88 2.36 6.92 3.98 4.36 2.2 7.84 5.86 7.58 3.97 13.7 5.6 mg/l 

DOC 4.46 5.19 3.11 12.5 4.22 7.07 5.4 2.69 2.2 5.16 4.4 6.22 57900 mg/l 

(S2-) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 1 mg/l 

(SO4) 1.74 13.1 8.99 8860 2140 3040 11300 818 1040 1090 715 2800 10.1 mg/l 

(HCO3) 61.6 48.8 27.8 0 0 0 0 50.9 0 2.95 64.1 0 76 mg/l 

(Cl-) 1 1 1.77 2.08 4.33 3.59 1.8 6.2 5.14 8.02 1.96 12.2 541 mg/l 

(NO3) 0.27 0.27 0.27 13.3 13.3 13.3 13.3 0.27 0.27 1.33 0.27 3.32 7.56 mg/l 

Si 2.88 3.37 2.75 56.2 26.6 35.6 68.8 15.9 21.3 15.8 3.95 5.01 25700 mg/l 

Al 0.0205 0.11 0.185 438 127 190 520 0.0333 18.2 12.5 0.228 0.0803 0.002 mg/l 

Cd 0.002 0.0233 0.0416 358 91.9 121 342 52 29.5 0.616 0.0427 0.45 382 μg/l 

As 0.05 2.95 0.0613 33.8 5.8 13.6 66.4 0.3 1 1 0.3 5 8230 μg/l 

Cr 0.265 0.108 0.738 1040 291 415 1710 0.0882 2.87 1.64 0.531 1 85.3 μg/l 

Cu 0.875 2.67 11.7 196000 48300 73300 246000 194 2740 2 27.9 29.4 28.7 μg/l 

Hg 0.002 0.002 0.002 0.0113 0.00459 0.00615 0.0419 0.002 0.002 0.002 0.002 0.002 331 μg/l 

Ni 1.14 1.77 82.6 1290 466 622 1930 114 321 762 9.66 138 2.65 μg/l 

P 2.36 14.5 28.4 3140 651 1270 14600 5 20 20 36.4 100 0.05 μg/l 

Pb 0.0147 0.126 0.242 5 8.43 3.79 5 0.631 0.704 0.2 0.22 1 1460 μg/l 

Zn 0.412 0.363 40.9 128000 29800 42200 106000 14700 18100 66200 18000 60800 5.81 μg/l 

Ba 5.45 106 32.7 5 14.9 8.42 5 0.497 9 15.7 48.6 14.8 1 μg/l 

Co 0.0288 0.133 2.16 3520 989 1400 6420 160 340 594 5.2 286 20 μg/l 

Mn 0.88 87.2 180 14600 5270 7340 20000 2870 6890 7920 1720 17100 24700 μg/l 

Mo 0.05 6.14 0.646 30 3 5 30 0.3 0 1 0.537 5 0.222 μg/l 

Sr 11.3 30.9 29.9 397 176 253 418 253 209 120 126 412 0 μg/l 

V 0.112 6.57 0.701 313 15.7 37.3 154 0.0425 0.613 3.47 0.723 0.5 1.33 μg/l 

Redox 560 - - 693 674 694 - 417 465 284 240 - 461 mV 

O2 - 4 2.2 - - - - - - - - 1.4 1.8 mg/l 

Cond. - 0.04 0.3 - - - - 1.1 2.5 1.4 1.3 4.8 2.8 mS/cm 

pH 6.6 6.9 7.3 2.7 2.6 2.6 - 5.85 5.55 5.05 6.4 5.9 4.22 - 

  

Table 28. The colors of the chemical samples; Cd, As, Cr, Cu, Hg, Ni, P, Pb and Zn represent the classes in Table 1, but while the most 

samples have colors after what class  they characterize within between I and VI, the samples with Cd are either within or without the 

required classification depending on the hardness of that sample water. The hardness has been classified according to the standards 

given in the same guide as for the classification system (𝐶𝑎𝐶𝑂3 calculated from 𝐻𝐶𝑂3) and the samples are colored blue or red 

according to weather they meet the required values or not. The pH was the averaged value of the pH measured at the UiO and NGI 

lab. The Cond. is the electrical conductivity of the sample (NGI, 2014). 
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  Retention effect of proposed cappings 

Table 29. Result of calculation of relative effect of capping in %. Comparing the relative leaching of the elements Fe, Cu, 

S, Ca, Mn, Al and Zn of the un-capped reactive tailings with both the capped materials. 

Relative capping retention effect in % 

Column 1 compared to Column 3 Fe Cu S Ca Mn Al Zn pH 

Pre-ox. capping 
Day Col 

1 

Day Col 

3 
% % % % % % % - 

Cycle 2 35 33 17 -61 23 81 81 71 -110 15 

Cycle 3 - - 5 -72 8 73 76 61 -46 15 

Cycle 4 99 126 -7 -83 -8 56 69 51 45 16 

Cycle 5 146 - 22 -38 19 55 55 55 47 -4 

Cycle 6 185 - 53 3 44 56 -31 52 21 -13 

Cycle 7 - 231 68 45 62 59 -10 69 5 -27 

Cycle 8 251 284 78 78 75 48 2 80 -20 -33 

Cycle 9 304 - 85 94 81 42 52 90 -92 -34 

Cycle 10 328 - 85 97 83 42 66 94 -117 -51 

Cycle 11 361 341 87 98 85 53 76 96 -70 -24 

Cycle 12 390 370 85 100 85 57 80 97 -28 -30 

Cycle 13 454 434 80 100 80 43 78 97 -42 -22 

Cycle 14 495 475 68 100 71 35 79 95 -36 -23 

Average effect in % = 56 35 54 54 52 78 -34 -17 

Column 2 compared to Column 3 Fe Cu S Ca Mn Al Zn pH 

Fine sand 

capping 

Day Col 

1 

Day Col 

3 
% % % % % % % - 

Cycle 2 35 33 18 -125 25 14 77 44 -381 12 

Cycle 3 - - 16 -110 20 -27 49 24 -215 10 

Cycle 4 99 126 14 -94 15 -111 15 3 37 8 

Cycle 5 146 - 50 -16 48 -62 -18 21 50 -11 

Cycle 6 185 - 66 31 64 -53 -8 40 58 -27 

Cycle 7 - 231 75 67 75 -8 39 70 69 -37 

Cycle 8 251 284 81 96 83 8 76 93 78 -37 

Cycle 9 304 - 78 100 83 31 95 99 74 -32 

Cycle 10 328 - 77 100 82 43 96 100 76 -49 

Cycle 11 361 341 82 100 86 62 97 100 80 -28 

Cycle 12 390 370 79 100 85 64 97 100 82 -29 

Cycle 13 454 434 73 100 79 59 96 100 80 -19 

Cycle 14 495 475 52 100 66 51 95 100 85 -18 

Average effect in % = 59 34 62 5 62 69 13 -20 
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 Physical material characteristics 

 

 

Physical material Calculations for all columns  

The column set up for columns 1 and 2 was quite thoroughly documented and full data-set 

calculations used for the plots of the water volume of the first drainage cycle is listed in Table 

32 and Table 33. 

 

Figure 73. The two capping options retention effect on Mn and Al. Calculated based on the % leached of the initial for each 

element for the uncapped vs. the capped tailings. 
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Bucket Material
Layer 

thickness (cm)

Wet material 

added (g)

Wet material 

added (kg)
w(-) e(-) n(-) θw(-) Sr(-)

Volume of water 

(L)

Water in 

layer(L)

Volume filled 

(L)

Dry 

Material g 
1 Reactive tailings 11.5 4311 4.311 0.47 1.09 0.52 0.51 0.97 1.061 2.03 2930

2 Reactive tailings 14.3 5214 5.214 0.42 1.07 0.52 0.43 0.82 1.307 2.53 3679

3 Reactive tailings 11.7 4021 4.021 0.36 1.11 0.53 0.52 0.98 1.090 2.07 2949

4 Reactive tailings 12.3 4374 4.374 0.36 1.03 0.51 0.53 1.05 1.096 2.16 3222

5 Reactive tailings 13.1 4584 4.584 0.34 1.03 0.51 0.50 0.99 1.169 2.31 3430

6 Reactive tailings 13.1 4682 4.682 0.33 0.98 0.50 0.50 1.01 1.147 2.31 3522

7 Reactive tailings 9.8 3826 3.826 0.32 0.81 0.45 0.54 1.21 0.774 1.73 2890

8 Reactive tailings 15.6 6220 6.220 0.34 0.80 0.44 0.58 1.30 1.221 2.76 4631

9 Coarse sand 12.4 4501 4.501 0.24 0.62 0.38 0.39 1.03 0.837 2.19 3638

10 Coarse sand 7.1 2796 2.796 0.22 0.47 0.32 0.40 1.26 0.402 1.25 2291

11 Pre-oxidized 7.8 2773 2.773 0.28 0.78 0.44 0.44 1.01 0.606 1.38 2160

12 Pre-oxidized 11.2 5153 5.153 0.29 0.38 0.28 0.58 2.10 0.548 1.98 4001

13 Pre-oxidized 12.9 4619 4.619 0.29 0.78 0.44 0.46 1.04 1.001 2.28 3574

14 Pre-oxidized 7.0 2894 2.894 0.28 0.53 0.35 0.51 1.47 0.427 1.24 2264

15 Pre-oxidized 3.9 1594 1.594 0.27 0.53 0.35 0.49 1.40 0.239 0.69 1259

16 Coarse sand 10.7 3668 3.668 0.14 0.58 0.37 0.24 0.65 0.694 1.89 3214

17 Coarse sand 9.5 3026 3.026 0.13 0.68 0.41 0.22 0.53 0.681 1.68 2678

Bucket Material
Layer 

thickness (cm)

Wet material 

added (g)

Wet material 

added (kg)
w(-) e(-) n(-) θw(-) Sr(-)

Volume of 

water(L)

Water in 

layer(L)

Volume filled 

(L)

Dry 

Material g 
1 Reactive tailings 11.8 4545 4.545 0.36 0.89 0.47 0.58 1.23 0.979 2.09 3335

2 Reactive tailings 13.3 4671 4.671 0.34 1.04 0.51 0.51 1.00 1.198 2.35 3475

3 Reactive tailings 12.9 4247 4.247 0.34 1.18 0.54 0.48 0.88 1.232 2.28 3159

4 Reactive tailings 13.7 5050 5.050 0.38 1.00 0.50 0.57 1.15 1.208 2.42 3658

5 Reactive tailings 16.5 5647 5.647 0.33 1.08 0.52 0.48 0.93 1.511 2.92 4236

6 Reactive tailings 17.3 5966 5.966 0.34 1.07 0.52 0.50 0.96 1.583 3.06 4448

7 Reactive tailings 14.9 5522 5.522 0.30 0.87 0.47 0.49 1.04 1.227 2.63 4240

8 Coarse sand 12.8 4905 4.905 0.23 0.52 0.34 0.40 1.18 0.775 2.26 3993

9 Coarse sand 9.4 3518 3.518 0.20 0.52 0.34 0.39 1.14 0.565 1.66 2943

10 Fine sand 7.5 2797 2.797 0.38 0.76 0.43 0.59 1.35 0.574 1.33 2019

11 Fine sand 8.0 3074 3.074 0.38 0.71 0.41 0.60 1.45 0.585 1.41 2227

12 Fine sand 12.1 4875 4.875 0.39 0.64 0.39 0.64 1.64 0.832 2.14 3509

13 Fine sand 16.4 5485 5.485 0.36 0.93 0.48 0.50 1.03 1.393 2.90 4043

14 Coarse sand 10.2 2970 2.970 0.11 0.81 0.45 0.16 0.37 0.807 1.80 2673

15 Coarse sand 8.7 2505 2.505 0.12 0.85 0.46 0.17 0.38 0.705 1.54 2236

Bucket Material
Layer 

thickness (cm)

Wet material 

added (g)

Wet material 

added (kg)
w(-) e(-) n(-) θw(-) Sr(-)

Volume filled 

(L)

Dry 

Material g 
1 Reactive tailings

2 Reactive tailings
3 Reactive tailings

Bucket Material
Layer 

thickness (cm)

Wet material 

added (g)

Wet material 

added (kg)
w(-) e(-) n(-) θw(-) Sr(-)

Volume filled 

(L)

Dry 

Material g 
1 Pre-oxidized 

2 Pre-oxidized 
3 Pre-oxidized 

Column K1

Column K2

Column K3

Column K4

Total col 

filled(L): 
32.48 5233214.30Total initial water content(L):

5019432.78
Total col 

filled(L): 
15.18Total initial water content(L):

8006

1085411.97 1.959 5.30

5.30

Volume of water(L)

30 11974 0.28 0.60 0.37 0.50 1.41

Volume of water(L)

30 10854 0.36 1.00 0.50 0.51 1.04 2.64610.85

8.94

1.34

3.38

1.51

8.87

2.82

1.38

1.24

Table 30. The original data for each bucket added to the columns 1 and 2 (Layer thickness, Wet/Dry material added, gravimetric water content (w), Void ratio (e), porosity (n), Volumetric water 

content (𝜃𝑤), Saturation (𝑆𝑟) and Dry material). The red numbers indicate where there were missing values that then were calculated from the averaged values from the buckets above and below.  
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The documentation for the setting up of column 1 and 2 was quite thorough, but the column setup for columns 3 and 4 was either not 

documented the same way due to the simple configuration of these columns, or simply not stored in the same place as for columns 1 and 2. 

Therefor the assumption that the average composition for each material; Pre-oxidized tailings and Reactive tailings, for all the buckets added to 

columns 1 and 2 would be a good approximation for column 3 and 4 was made. Table 31 show these calculated values. 

 

Table 31. Show the values used to calculate the material in the columns 3 and 4. These values are found from the averaged values from each material type in 

the buckets from columns 1 and 2.  
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E.1  Characteristics of Column 1 

  

Table 32. Table showing the material characteristics of Column 1 with the calculated amount of water in the different layers. “ Bucket” is the layer numbering used by Tvedten (2016).  The 

red numbers indicate where there were missing values that then were calculated from the averaged values from the buckets above and below. 

Column 1 

Layer Bucket Material  

Layer thickness 

(cm) 

Wet material 

added (g) 

w 

(-) 

e 

(-) 

n 

(-) 

𝛉𝒘 

(-) 

𝐒𝒓 
(-) 

Volume of 

water (L) 

Water in 

layer (L) 

Volume 

filled (L) 

1 17 Reactive tailings 11.5 4311 0.47 1.09 0.52 0.51 0.97 1.061 

8.87 

2.03 

2 16 Reactive tailings 14.3 5214 0.42 1.07 0.52 0.43 0.82 1.307 2.53 

3 15 Reactive tailings 11.7 4021 0.36 1.11 0.53 0.52 0.98 1.090 2.07 

4 14 Reactive tailings 12.3 4374 0.36 1.03 0.51 0.53 1.05 1.096 2.16 

5 13 Reactive tailings 13.1 4584 0.34 1.03 0.51 0.50 0.99 1.169 2.31 

6 12 Reactive tailings 13.1 4682 0.33 0.98 0.50 0.50 1.01 1.147 2.31 

7 11 Reactive tailings 9.8 3826 0.32 0.81 0.45 0.54 1.21 0.774 1.73 

8 10 Reactive tailings 15.6 6220 0.34 0.80 0.44 0.58 1.30 1.221 2.76 

9 9 Coarse sand 12.4 4501 0.24 0.62 0.38 0.39 1.03 0.837 
1.24 

2.19 

10 8 Coarse sand 7.1 2796 0.22 0.47 0.32 0.40 1.26 0.402 1.25 

11 7 

Pre-oxidized 

tailings 7.8 2773 0.28 0.78 0.44 0.44 1.01 0.606 

2.82 

1.38 

12 6 

Pre-oxidized 

tailings 11.2 5153 0.29 0.38 0.28 0.58 2.10 0.548 1.98 

13 5 

Pre-oxidized 

tailings 12.9 4619 0.29 0.78 0.44 0.46 1.04 1.001 2.28 

14 4 

Pre-oxidized 

tailings 7.0 2894 0.28 0.53 0.35 0.51 1.47 0.427 1.24 

15 3 

Pre-oxidized 

tailings 3.9 1594 0.27 0.53 0.35 0.49 1.40 0.239 0.69 

16 2 Coarse sand 10.7 3668 0.14 0.58 0.37 0.24 0.65 0.694 
1.38 

1.89 

17 1 Coarse sand 9.5 3026 0.13 0.68 0.41 0.22 0.53 0.681 1.68 

  Total initial water content(L): 14.30 Total col filled(L): 32.48 
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E.2 Characteristics of Column 2 

 

 

Table 33. Table showing the material characteristics of Column 2 with the calculated amount of water in the different layers. “ Bucket” is the layer numbering used by Tvedten (2016). 

Column 2 

Layer 

Bucke

t Material 

Layer 

thickness 

(cm) 

Wet material 

added 

(g) 

w 

(-) 

e 

(-) 

n 

(-) 

𝛉𝒘 

(-) 

𝐒𝒓 
(-) 

Volume of 

water 

(L) 

Water in 

layer 

(L) 

Volume 

filled 

(L) 

1 15 Reactive tailings 11.8 4545 0.36 0.89 0.47 0.58 1.23 0.979 

8.94 

2.09 

2 14 Reactive tailings 13.3 4671 0.34 1.04 0.51 0.51 1.00 1.198 2.35 

3 13 Reactive tailings 12.9 4247 0.34 1.18 0.54 0.48 0.88 1.232 2.28 

4 12 Reactive tailings 13.7 5050 0.38 1.00 0.50 0.57 1.15 1.208 2.42 

5 11 Reactive tailings 16.5 5647 0.33 1.08 0.52 0.48 0.93 1.511 2.92 

6 10 Reactive tailings 17.3 5966 0.34 1.07 0.52 0.50 0.96 1.583 3.06 

7 9 Reactive tailings 14.9 5522 0.30 0.87 0.47 0.49 1.04 1.227 2.63 

8 8 Coarse sand 12.8 4905 0.23 0.52 0.34 0.40 1.18 0.775 
1.34 

2.26 

9 7 Coarse sand 9.4 3518 0.20 0.52 0.34 0.39 1.14 0.565 1.66 

10 6 Fine sand 7.5 2797 0.38 0.76 0.43 0.59 1.35 0.574 

3.38 

1.33 

11 5 Fine sand 8.0 3074 0.38 0.71 0.41 0.60 1.45 0.585 1.41 

12 4 Fine sand 12.1 4875 0.39 0.64 0.39 0.64 1.64 0.832 2.14 

13 3 Fine sand 16.4 5485 0.36 0.93 0.48 0.50 1.03 1.393 2.90 

14 2 Coarse sand 10.2 2970 0.11 0.81 0.45 0.16 0.37 0.807 
1.51 

1.80 

15 1 Coarse sand 8.7 2505 0.12 0.85 0.46 0.17 0.38 0.705 1.54 

  Total initial water content(L): 15.18 Total col filled(L): 32.78 
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E.3 Characteristics of Column 3 & 4 

From the data from the setting up of column 1 and 2 the same data blocks were estimated 

for columns 3 and 4. This was done using averaged values from all the buckets of the same 

material installed in columns 1 and 2. The data for columns 3 and 4 are therefore just 

estimates and not actual measured values.  

Table 34. Table showing the material characteristics of Column 3 & 4 calculated using the averaged data from 

columns 1 & 2.  Depth from top of material also gives the total thickness of column material. With the 

calculated amount of water in each of the columns. The red numbers indicate where there were missing values 

that then were calculated from the averaged values from the buckets above and below. 

Column K3 

B
u

ck
et Material 

L
a

y
er th

ick
n

ess (cm
) 

W
et m

a
teria

l a
d

d
ed

 (g
) w (-) e (-) n (-) 

𝛉𝒘  

(-) 𝐒𝒓 (-) 

V
o

lu
m

e o
f w

a
ter(L

) 

V
o

lu
m

e filled
 (L

) 

1 

Reactive tailings 30 10854 0.36 1.00 0.50 0.51 1.04 2.646 5.30 2 

3 

Column K4 

B
u

ck
et Material 

L
a
y
er th

ick
n

ess (cm
) 

W
et m

a
teria

l a
d

d
ed

 (g
) w (-) e (-) n (-) 

𝛉𝒘  

(-) 𝐒𝒓 (-) 

V
o
lu

m
e o

f w
a
ter(L

) 

V
o
lu

m
e filled

 (L
) 

1 

Pre-oxidized tailings 30 11973 0.28 0.60 0.37 0.50 1.41 1.959 5.30 2 

3 
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E.4 Grain size distribution 

The grain size distribution was done by NGI in relation to the previous master thesis by Mari 

Tvedten (2016) and the results are listed in Table 35 and plotted in Figure 74.  

 

Where 𝐷10 [L] represent the diameter consistent with 10% passing on the cumulative grain-size 

distribution curve Figure 74. 𝐶𝑈 [–] is the coefficient of uniformity and 𝐶𝑈 = D60/D10. The 

grain sized distribution of the materials making up column 1, 2, 3 & 4 is given in Figure 74. 

  

Table 35. The grain size distributions; diameter of 10% passing (𝐷10), diameter of 60% passing (𝐷60) uniformity 

coefficient (𝐶𝑈) and specific gravity (𝐺𝑆) for the four different materials that make up the layers of the four columns. 

Material 𝐷10 𝐷60 𝐶𝑈 Gs 

Reactive tailings 0.002 0.35 177 3.02 

Pre-oxidized tailings 0.002 0.18 88 2.80 

Coarse sand 0.17 1.01 6 2.69 

Fine sand 0.02 0.12 6 2.69 

Figure 74. Graphing of the grainsize distributions of the four different materials that make up the layers of the four column 

experiments (Tvedten, 2016). 
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 Sensor results 

The results for oxygen and water saturation was measured constantly by sensors placed at 

regular intervals for all four columns. The sensors were set up to measure at regular intervals 

each day, from every few minutes to once every 4 hours and the data was then downloaded on 

to an Em50-series data logger and possessed through excel. 

For easier comparison, all graphs are labeled with number of days since start of experiment. 

The first day was chosen to for columns 1 & 2 to be 27th of May and the 17th of June for columns 

3 & 4 as this was the day of the first chemical sampling, see Table 7. Also, most of data sets 

had data for this day forward, including water saturation, pore water pressure and oxygen 

measurements. Material was filled in the columns on the 20th, but the tubes were not connected 

until the 25th of May for the large columns and on the 15th of June for the small columns.  

 

Table 36. Wetting/drying cycles with date and day for columns 1 & 2, and 3 & 4 as these were set up separately. The 

columns were set up while fully saturated with water, thus the last day of the cycle is what is shown below, when each 

drying period was over and an additional 1.5 liters of water was added to each column. At first the adding of water and 

measurements was not synchronized for the two pairs of columns (1 & 2, 3 & 4), but this was eventually rectified. 

Cycle 
Column 1 & 2 Column 3 & 4 

Date End day Date End day 

1 22.06.2016 25 12.07.2016 25 

2 20.07.2016 53 10.08.2016 54 

3 19.08.2016 83 12.09.2016 87 

4 21.09.2016 116 21.10.2016 126 

5 21.10.2016 146 29.11.2016 165 

6 29.11.2016 185 23.01.2017 220 

7 23.01.2017 240 21.02.2017 249 

8 21.02.2017 269 28.03.2017 284 

9 28.03.2017 304 21.04.2017 308 

10 21.04.2017 328 24.05.2017 341 

11 24.05.2017 361 22.06.2017 370 

12 22.06.2017 390 25.08.2017 434 

13 25.08.2017 454 05.10.2017 475 

14 05.10.2017 495   
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F.1 Temperature and relative humidity 

Data from the sensors installed next to the columns. Temperature and relative humidity were 

measured during the first 150 days of the experiment, these measurements were assumed to be 

representative for the rest of the time the experiment was active due to indoor temperatures and 

huminites fluctuations in laboratories usually do not vary significantly. 

 

F.2 Water saturation data 

A summary of the water saturation data-set, including every 14th value of the data set – 

thereby giving one value a day for the entire data series used for this master thesis. 

 

  

Figure 75. Temperature and relative humidity measured next to the column experiments installed at the lab at NGI (Tvedten, 

2016). 
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Figure 76. Water saturation for Column 1 (above) & Column 2 (below). Height of sensor is given as z from top of material. Data is missing between 07.07.2017 and 26.08.2017 (50 days). Day 0 was the 28th of 

May 2016. 
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For column 3 and 4, the max, min and averages for the measured water saturation was calculated, see Table 37. Sensor data was missing from 

the middle of the first cycle until the middle of the third cycle. Therefore, the measurements included in these calculations were from the beginning 

of cycle 4, day 87, until day 505, 30 days after the last day when water was filled on day 475.  

 

 

Table 37. Max, min and averaged values calculated for the saturation of column 3 & 4. 

𝑺𝒓 Reactive tailings Pre-oxidized tailings 

Material Column 3 Column 4 

Max 1.00 0.87 

Min 0.94 0.40 

Average 1.00 0.68 

Figure 77. Water saturation for Column 3 & 4. Height of sensor is given as z from top of material. Data is missing between, 02.07.2016 and 25.08.2016 (54 days), and between 07.07.2017 and 

26.08.2017 (50 days). Day 0 was the 17th of June 2016. 
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Calibration curves for saturation 

Figure 78. The calibration curves used to correct the water saturation data from column 1 (left) & 2(right). These were 

used to correct all the data collected for the entire period the sensors were up between May 2016 until September 2018. 

The y=number*x gave the formula used to calculate the final values given in the water saturation plots. 

Column 1, pre-oxidized capping: Column 2, fine sand capping: 
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F.3 Pore water pressure data 

A summary of the water saturation data-set, including every 14th value of the data set – thereby 

giving one value a day for the entire data series used for this master thesis. 

Data for pore water pressure was automatically registered from 26.05.2016. This thesis is 

based on data sets from this time until 14th of September 2018. The sensors were not shut off 

at this time, but data after this point was not considered necessary, as water had not been 

filled into the columns since 15.10.2017. The resolution of this data-set varied between 1 

minute and one measurement every 4 hours.  

 

Column 3, reactive tailings: Column 4, pre-oxidized tailings: 

Figure 79. The calibration curves used to correct the water saturation data from column 3 (left) & 4(right). These were 

used to correct all the data collected for the entire period the sensors were up between June 2016 until September 2018. 

The y=number*x gave the formula used to calculate the final values given in the water saturation plots. 
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Figure 80. Pore water pressure for Column 1 (above) & Column 2 (below). Height of sensor is given as z from top of material. Data is missing between 07.07.2017 and 26.08.2017 (50 days). Day 0 was the 

28th of May 2016. 
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  Table 38. Max, min and averaged values calculated for the pore water pressure of column 3 & 4. 

m Reactive tailings Pre-oxidized tailings 

Material Column 3 Column 4 

Max -6.600 -10.400 

Min -47.493 -863.229 

Average -16.200 -69.443 

Figure 81. Pore water pressure for Column 3 & 4. Height of sensor is given as z from top of material. Data is missing between 02.07.2016 and 25.08.2016 (54 days), and between 07.07.2017 and 26.08.2017 (50 

days). Day 0 was the 17th of June 2016. 



189 

 

F.4 Water retention curves 

  

Figure 82. Measured and predicted water retention curve for reactive tailings as degree of saturation Sr (-) with suction given in cm. The measured values from the pressure plate test are plotted as 

blue dots. The dashed red line represent the van Genuchten best fit line while the blue line represent the predicted curve (Tvedten, 2016). 
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F.5 Oxygen data 

 

Continuing 

Day

Pre-

oxidised Day

Reactive 

tailings Day Fine sand Day

Reactive 

tailings

3.7 0.016 3.7 0.016 3.7 0.008 3.7 0.021

3.7 0.017 3.7 0.016 3.7 1.690 5.4 4.532

5.4 0.032 5.4 0.031 5.4 7.125 5.7 4.228

5.7 0.036 5.7 0.035 5.7 6.911 5.7 4.223

6.6 6.609 6.6 4.777 6.6 6.326 6.6 3.591

6.7 6.611 6.7 4.711 6.7 6.191 6.7 3.411

9.6 3.835 9.6 1.366 9.6 3.669 9.6 0.351

11.5 2.882 11.5 0.167 11.5 3.496 11.5 2.919

12.7 2.689 12.7 0.093 12.7 3.305 11.5 0.262

13.6 2.806 13.6 0.084 13.6 3.384 12.7 0.203

16.6 2.376 16.6 0.063 16.6 3.441 13.6 0.194

18.6 2.317 18.6 0.052 18.6 3.605 16.6 0.146

20.6 2.331 20.6 0.049 20.6 3.739 18.6 0.142

25.8 2.950 25.8 0.069 25.8 4.580 20.6 0.141

25.8 2.688 25.8 0.088 25.8 1.553 25.8 0.211

26.4 0.020 26.4 0.010 25.8 1.553 25.8 0.276

26.6 0.010 26.6 0.010 26.4 2.125 26.4 0.011

30.7 0.049 30.7 0.013 26.6 2.106 26.6 0.011

32.8 0.186 32.8 0.010 30.7 2.300 30.7 0.036

35.6 0.870 35.6 0.014 32.8 2.579 32.8 0.041

40.7 1.522 40.7 0.035 35.5 2.619 35.5 0.050

46.8 1.842 46.8 0.038 40.7 2.951 40.7 0.068

53.7 1.867 53.7 0.039 46.8 3.458 46.8 0.099

53.7 2.095 53.7 0.062 53.6 3.803 53.7 0.147

54.7 0.020 54.7 0.020 53.7 1.061 53.7 0.183

55.7 0.023 55.7 0.024 54.7 2.196 54.7 0.023

61.4 0.106 61.4 0.017 55.7 2.362 55.7 0.033

65.7 0.873 65.7 0.015 61.4 2.479 61.4 0.043

74.6 1.563 74.6 0.036 61.4 2.480 65.7 0.054

74.6 1.561 74.6 0.036 65.7 2.701 74.6 0.114

83.6 1.834 83.6 0.035 74.6 3.244 83.6 0.155

83.8 1.899 83.8 0.070 74.6 3.242 83.8 0.086

84.6 0.015 84.6 0.014 83.6 3.722 84.6 0.021

84.7 0.014 84.7 0.015 83.8 1.052 84.7 0.021

89.7 0.011 89.7 0.014 84.6 2.648 89.8 0.033

97.6 1.231 97.6 0.022 84.7 2.601 97.6 0.066

104.7 1.677 104.7 0.035 89.7 2.224 104.7 0.102

107.4 1.761 107.4 0.044 97.6 2.814 107.4 0.164

111.5 1.841 111.5 0.041 104.7 3.260 111.5 0.148

116.5 1.908 116.5 0.050 107.4 3.727 116.5 0.211

116.6 1.788 116.6 0.089 111.5 3.708 116.6 0.085

118.4 0.004 118.4 0.006 116.5 4.015 118.4 0.015

118.5 0.004 118.5 0.005 116.6 1.020 118.5 0.015

121.5 0.005 121.5 0.007 118.4 2.593 121.5 0.027

123.6 0.005 123.6 0.007 118.5 2.270 123.6 0.029

132.6 1.432 132.6 0.045 121.5 2.261 132.5 0.069

144.6 1.802 144.6 0.066 123.6 2.204 132.6 0.068

146.6 1.833 146.6 0.068 132.6 2.941 144.6 0.152

146.7 1.965 146.7 0.116 144.6 3.662 146.6 0.174

157.7 1.046 157.7 0.010 146.6 3.785 146.7 0.184

180.4 2.011 180.4 0.100 146.7 1.063 157.7 0.047

180.6 1.609 180.6 0.159 157.7 2.581 180.4 0.223

180.8 0.447 180.8 2.366 180.4 4.149 180.6 0.362

207.7 1.880 180.8 0.012 180.6 1.790 180.8 0.022

230.7 2.066 180.8 0.011 180.8 2.319 207.7 0.137

240.7 2.136 207.7 0.073 207.7 3.651 230.7 0.447

241.7 0.013 230.7 0.158 230.7 4.437 240.7 0.567

241.7 0.011 240.7 0.169 240.7 4.589 241.7 0.008

250.8 0.306 241.7 0.001 241.7 2.729 241.7 0.008

269.7 1.948 241.7 0.001 241.7 2.717 250.8 0.040

275.7 0.004 269.7 0.151 250.8 2.621 269.7 0.237

284.8 1.488 275.7 0.005 269.7 3.904 275.7 0.030

304.7 1.959 284.8 0.092 275.7 2.439 284.8 0.075

328.4 1.724 304.7 0.156 284.8 2.944 304.7 0.292

361.7 1.926 328.4 0.124 304.7 4.125 328.4 0.111

363.8 1.904 361.7 0.163 328.4 3.228 361.7 0.187

363.8 2.234 363.8 0.143 361.7 3.670 363.8 0.112

378.1 1.420 363.8 0.148 363.8 3.183 363.8 0.117

454.7 2.115 378.1 0.087 363.8 3.309 378.1 0.058

495.4 1.976 454.7 0.199 378.1 2.580 454.7 0.681

495.4 2.930 495.4 0.187 454.7 4.439 495.4 0.195

495.7 0.457 495.4 0.210 495.4 3.488 495.4 0.268

495.7 0.018 495.7 0.023 495.4 4.146 495.7 0.012

839.5 2.692 495.7 0.009 495.7 2.438 495.7 0.019

839.5 0.728 495.7 2.923 839.5 4.407

839.5 6.191

Column 2Column 1 Day

Pre-

oxidised Day

Reactive 

tailings Day Fine sand Day

Reactive 

tailings

107.4 1.761 107.4 0.044 97.6 2.814 107.4 0.164

111.5 1.841 111.5 0.041 104.7 3.260 111.5 0.148

116.5 1.908 116.5 0.050 107.4 3.727 116.5 0.211

116.6 1.788 116.6 0.089 111.5 3.708 116.6 0.085

118.4 0.004 118.4 0.006 116.5 4.015 118.4 0.015

118.5 0.004 118.5 0.005 116.6 1.020 118.5 0.015

121.5 0.005 121.5 0.007 118.4 2.593 121.5 0.027

123.6 0.005 123.6 0.007 118.5 2.270 123.6 0.029

132.6 1.432 132.6 0.045 121.5 2.261 132.5 0.069

144.6 1.802 144.6 0.066 123.6 2.204 132.6 0.068

146.6 1.833 146.6 0.068 132.6 2.941 144.6 0.152

146.7 1.965 146.7 0.116 144.6 3.662 146.6 0.174

157.7 1.046 157.7 0.010 146.6 3.785 146.7 0.184

180.4 2.011 180.4 0.100 146.7 1.063 157.7 0.047

180.6 1.609 180.6 0.159 157.7 2.581 180.4 0.223

180.8 0.447 180.8 2.366 180.4 4.149 180.6 0.362

207.7 1.880 180.8 0.012 180.6 1.790 180.8 0.022

230.7 2.066 180.8 0.011 180.8 2.319 207.7 0.137

240.7 2.136 207.7 0.073 207.7 3.651 230.7 0.447

241.7 0.013 230.7 0.158 230.7 4.437 240.7 0.567

241.7 0.011 240.7 0.169 240.7 4.589 241.7 0.008

250.8 0.306 241.7 0.001 241.7 2.729 241.7 0.008

269.7 1.948 241.7 0.001 241.7 2.717 250.8 0.040

275.7 0.004 269.7 0.151 250.8 2.621 269.7 0.237

284.8 1.488 275.7 0.005 269.7 3.904 275.7 0.030

304.7 1.959 284.8 0.092 275.7 2.439 284.8 0.075

328.4 1.724 304.7 0.156 284.8 2.944 304.7 0.292

361.7 1.926 328.4 0.124 304.7 4.125 328.4 0.111

363.8 1.904 361.7 0.163 328.4 3.228 361.7 0.187

363.8 2.234 363.8 0.143 361.7 3.670 363.8 0.112

378.1 1.420 363.8 0.148 363.8 3.183 363.8 0.117

454.7 2.115 378.1 0.087 363.8 3.309 378.1 0.058

495.4 1.976 454.7 0.199 378.1 2.580 454.7 0.681

495.4 2.930 495.4 0.187 454.7 4.439 495.4 0.195

495.7 0.457 495.4 0.210 495.4 3.488 495.4 0.268

495.7 0.018 495.7 0.023 495.4 4.146 495.7 0.012

839.5 2.692 495.7 0.009 495.7 2.438 495.7 0.019

839.5 0.728 495.7 2.923 839.5 4.407

839.5 6.191

Column 1 Column 2
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 PHREEQC geochemical modeling 

All chemical specie inputs in this chapter are given as mmol/liter. 

G.1 Solution spread - unedited 

 

 

  

Table 39.Original Input Solution spread for mass balance calculations in PHREEQC. The charge column gives the electrical 

charge balance (eq) and % error is calculated by PHREEQC as 100*(Cat-|An|)/(Cat+|An|). 

pH pe temp Na Mg S K Ca Mn Fe Cu Zn Al % error charge

1 1.67 9 22 0.870 9.463 255.723 0.061 8.982 0.111 162.695 22.031 10.858 11.860 5.83 3.10E-02

2 1.61 9 22 0.405 16.458 343.042 0.066 6.737 0.169 232.421 8.026 0.780 17.419 -0.67 -4.53E-03

3 1.74 9 22 0.422 23.041 436.600 0.066 8.483 0.237 286.057 8.498 0.144 27.055 -7.00 -5.58E-02

4 2.13 9 22 0.522 23.863 374.228 0.074 9.482 0.400 250.299 7.239 0.141 29.649 -6.40 -4.36E-02

5 2.29 9 22 0.565 21.806 296.264 0.043 10.230 1.311 178.785 5.665 0.214 37.062 -4.49 -2.43E-02

6 2.83 9 22 1.305 14.812 155.928 0.059 10.230 1.110 98.332 1.479 0.306 18.160 0.48 1.51E-03

7 2.62 9 22 1.783 15.223 121.624 0.059 12.476 0.564 67.938 0.425 0.489 9.265 -4.76 -1.20E-02

8 2.68 9 22 1.827 15.223 115.387 0.141 13.474 0.419 73.302 0.236 0.551 6.300 1.19 2.98E-03

9 2.37 9 22 1.696 12.343 102.913 0.051 13.224 0.309 64.363 0.126 0.428 4.447 1.47 3.37E-03

10 2.57 9 22 1.870 10.286 106.031 0.066 13.224 0.273 71.514 0.035 0.321 3.373 -0.23 -5.46E-04

11 2.47 9 22 1.740 9.052 115.387 0.046 14.971 0.237 78.666 0.006 0.291 3.039 -1.12 -2.86E-03

12 2.54 9 22 1.740 7.817 124.743 0.051 13.723 0.169 92.968 0.001 0.214 2.891 0.03 8.87E-05

13 1.66 9 22 0.478 10.697 290.027 0.066 4.741 0.106 178.785 26.752 12.693 12.230 1.51 8.79E-03

14 1.68 9 22 0.161 13.989 299.383 0.072 6.238 0.169 196.664 7.868 1.269 15.937 -2.75 -1.61E-02

15 1.89 9 22 0.174 18.103 308.738 0.056 7.735 0.528 196.664 6.295 0.115 25.573 -5.03 -2.92E-02

16 2.27 9 22 0.370 13.989 215.181 0.051 6.238 0.837 137.665 4.249 0.092 24.831 -2.34 -9.75E-03

17 2.58 9 22 0.609 11.520 171.521 0.046 6.238 0.856 109.059 2.833 0.078 21.866 -1.98 -6.71E-03

18 2.91 9 22 1.653 4.526 93.557 0.074 2.994 0.218 73.302 0.189 0.038 3.113 -4.79 -9.96E-03

19 2.58 9 22 2.392 3.374 99.794 0.061 2.445 0.053 87.605 0.004 0.046 0.300 -0.54 -1.24E-03

20 2.66 9 22 2.827 3.168 106.031 0.072 2.171 0.044 94.756 0.000 0.043 0.085 -0.72 -1.76E-03

21 2.44 9 22 2.392 2.757 87.320 0.046 1.772 0.035 76.878 0.000 0.037 0.033 0.60 1.23E-03

22 2.54 9 22 2.566 2.757 99.794 0.054 1.846 0.035 89.393 0.000 0.032 0.013 -0.04 -9.21E-05

23 2.40 9 22 2.871 2.633 109.150 0.092 1.772 0.035 91.181 0.000 0.029 0.005 -4.76 -1.17E-02

24 2.45 9 22 3.871 2.427 134.098 2.430 1.697 0.033 121.574 0.000 0.017 0.001 0.50 1.54E-03

25 1.90 9 22 0.422 13.577 374.228 0.105 6.487 0.146 214.542 8.655 0.199 15.195 -23.85 -1.59E-01

26 1.90 9 22 0.010 4.526 130.980 0.043 2.994 0.053 73.302 2.518 0.060 4.818 -15.31 -4.08E-02

27 2.06 9 22 0.010 4.114 118.506 0.059 1.522 0.044 69.726 2.360 0.043 4.447 -16.86 -4.08E-02

28 2.01 9 22 0.010 6.172 171.521 0.064 1.896 0.062 112.635 3.305 0.044 7.042 -11.49 -3.95E-02

29 2.12 9 22 0.010 6.583 177.758 0.059 1.447 0.064 117.998 3.462 0.041 7.042 -13.63 -4.80E-02

30 1.78 9 22 0.010 7.406 190.233 0.051 1.672 0.069 123.362 3.462 0.041 8.154 -6.91 -2.66E-02

31 1.91 9 22 0.010 7.817 196.470 0.051 1.996 0.071 125.150 3.619 0.041 8.524 -11.73 -4.55E-02

32 1.97 9 22 0.010 7.817 199.588 0.054 2.146 0.073 125.150 3.777 0.041 8.895 -14.16 -5.50E-02

33 2.02 9 22 0.010 6.583 159.047 0.056 1.772 0.058 100.120 2.990 0.034 6.671 -13.30 -4.23E-02

34 3.03 9 22 0.020 14.812 68.608 0.033 13.224 0.218 9.297 1.369 0.841 11.860 -14.86 -1.98E-02

35 3.03 9 22 0.010 0.259 1.497 0.033 0.374 0.003 0.008 0.022 0.015 0.211 2.44 1.30E-04

36 2.06 9 22 0.010 15.223 65.490 0.022 12.975 0.218 6.973 1.322 0.703 12.601 1.14 1.59E-03

37 2.46 9 22 0.010 6.172 37.423 0.043 12.975 0.093 2.861 0.614 0.260 6.300 -3.28 -2.81E-03

38 2.52 9 22 0.091 4.526 31.186 0.031 12.975 0.069 2.145 0.441 0.153 4.818 -1.65 -1.23E-03

39 2.41 9 22 0.065 2.633 23.701 0.043 12.476 0.040 1.162 0.205 0.054 2.706 1.76 1.09E-03

40 2.56 9 22 0.078 2.098 21.206 0.026 12.226 0.033 0.876 0.157 0.038 2.150 -0.06 -3.13E-05

41 2.70 9 22 0.078 1.687 19.023 0.036 11.478 0.027 0.662 0.123 0.028 1.742 -2.30 -1.16E-03

42 2.69 9 22 0.165 1.810 17.464 0.054 10.729 0.031 0.465 0.102 0.031 1.445 -1.04 -4.93E-04
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Saturation indices – unbalanced dataset w/aluminum  

Table 40. The saturation indices for the original unedited data set including input for aluminum. The SI are presented the way they 

were originally given by PHREEQC - negative values means the solution is undersaturated.  

D
ay
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1 0 1.67 9 -73.60 -77.73 -44.50 -0.06 -5.82 -8.26 -1.29 -4.36 -22.15 -12.40 -10.98 -1.61 5.83 0.031

2 35 1.61 9 -72.36 -76.98 -45.12 -0.14 -5.67 -8.47 -1.36 -4.43 -22.26 -13.50 -12.30 -1.75 -0.67 -0.005

3 99 1.74 9 -74.20 -78.86 -46.85 0.00 -4.60 -7.38 -0.94 -4.00 -21.65 -13.31 -12.83 -0.89 -7.00 -0.056

4 146 2.13 9 -80.52 -85.24 -49.99 0.05 -2.38 -5.11 0.19 -2.88 -19.86 -12.65 -12.05 1.35 -6.40 -0.044

5 185 2.29 9 -83.33 -88.11 -51.12 0.05 -2.08 -4.56 0.56 -2.50 -18.65 -12.45 -11.50 2.10 -4.49 -0.024

6 251 2.83 9 -92.43 -97.70 -55.33 0.00 0.53 -1.72 2.01 -1.05 -16.47 -12.35 -10.17 5.00 0.48 0.002

7 304 2.62 9 -89.27 -95.05 -53.46 0.09 -1.18 -3.30 1.25 -1.81 -17.57 -13.80 -10.36 3.47 -4.76 -0.012

8 328 2.68 9 -90.23 -96.26 -53.90 0.11 -0.35 -2.84 1.47 -1.59 -17.45 -14.17 -10.18 3.92 1.19 0.003

9 361 2.37 9 -85.38 -91.65 -51.54 0.08 -2.82 -4.91 0.50 -2.56 -18.80 -15.29 -10.88 1.99 1.47 0.003

10 390 2.57 9 -88.49 -95.35 -53.25 0.10 -1.36 -3.52 1.14 -1.92 -18.07 -16.04 -10.62 3.25 -0.23 -0.001

11 454 2.47 9 -86.82 -94.43 -52.49 0.16 -2.00 -4.03 0.86 -2.20 -18.55 -17.75 -10.88 2.71 -1.12 -0.003

12 495 2.54 9 -87.84 -96.27 -53.17 0.13 -1.33 -3.40 1.13 -1.93 -18.43 -19.24 -10.89 3.24 0.03 0.000

13 0 1.66 9 -73.33 -77.41 -44.33 -0.31 -5.71 -8.44 -1.30 -4.37 -22.24 -12.31 -10.96 -1.63 1.51 0.009

14 35 1.68 9 -73.58 -78.20 -45.48 -0.18 -5.42 -8.66 -1.21 -4.28 -21.97 -13.35 -11.93 -1.45 -2.75 -0.016

15 99 1.89 9 -76.89 -81.62 -48.19 -0.07 -4.26 -7.36 -0.60 -3.66 -20.65 -13.16 -12.57 -0.22 -5.03 -0.029

16 146 2.27 9 -83.23 -88.09 -51.35 -0.19 -2.47 -5.20 0.44 -2.63 -18.88 -12.64 -11.86 1.85 -2.34 -0.010

17 185 2.58 9 -88.36 -93.36 -53.92 -0.20 -0.94 -3.42 1.29 -1.77 -17.60 -12.31 -11.28 3.57 -1.98 -0.007

18 251 2.91 9 -93.92 -100.03 -56.89 -0.54 0.78 -1.48 2.18 -0.88 -16.80 -13.87 -10.86 5.33 -4.79 -0.010

19 304 2.58 9 -88.56 -96.38 -54.18 -0.63 -1.07 -3.08 1.26 -1.80 -18.74 -17.94 -11.45 3.49 -0.54 -0.001

20 328 2.66 9 -89.78 -98 -54.84 -0.68 -0.42 -2.43 1.52 -1.54 -18.52 -20 -11.33 4.02 -0.72 -0.002

21 361 2.44 9 -86.44 -95 -53.17 -0.79 -2.20 -4.09 0.81 -2.26 -19.46 -20 -11.80 2.59 0.60 0.001

22 390 2.54 9 -87.92 -97 -54.01 -0.76 -1.34 -3.27 1.15 -1.91 -19.09 -20 -11.68 3.27 -0.04 0.000

23 454 2.4 9 -85.62 -94 -52.92 -0.76 -1.92 -4.02 0.72 -2.34 -19.66 -20 -12.02 2.41 -4.76 -0.012

24 495 2.45 9 -86.25 -95 -53.55 -0.77 0.15 -3.24 0.97 -2.10 -19.52 -20 -12.19 2.91 0.50 0.002

25 0 1.9 9 -76.83 -81.50 -47.98 -0.09 -3.79 -6.77 -0.60 -3.66 -21.25 -13.02 -12.39 -0.22 -23.85 -0.159

26 33 1.9 9 -77.70 -82.71 -48.60 -0.53 -5.52 -10 -0.88 -3.94 -21.49 -13.70 -12.72 -0.79 -15.31 -0.041

27 126 2.06 9 -80.28 -85.32 -50.02 -0.82 -4.48 -9 -0.42 -3.48 -20.93 -13.43 -12.54 0.14 -16.86 -0.041

28 231 2.01 9 -79.18 -84.13 -49.59 -0.71 -4.16 -9 -0.41 -3.47 -21.03 -13.35 -12.67 0.15 -11.49 -0.040

29 284 2.12 9 -80.88 -85.83 -50.49 -0.81 -3.47 -8 -0.08 -3.14 -20.59 -13.12 -12.50 0.82 -13.63 -0.048

30 341 1.78 9 -75.49 -80.41 -47.79 -0.78 -5.55 -10 -1.06 -4.12 -21.90 -13.75 -13.16 -1.14 -6.91 -0.027

31 370 1.91 9 -77.51 -82.43 -48.82 -0.68 -4.73 -9 -0.68 -3.74 -21.39 -13.50 -12.92 -0.39 -11.73 -0.045

32 434 1.97 9 -78.44 -83.35 -49.29 -0.64 -4.34 -9 -0.51 -3.57 -21.15 -13.36 -12.81 -0.05 -14.16 -0.055

33 475 2.02 9 -79.41 -84.39 -49.79 -0.74 -4.30 -9 -0.42 -3.49 -21.01 -13.39 -12.76 0.13 -13.30 -0.042

34 0 3.03 9 -96.87 -102.04 -56.54 0.07 -1.49 -5.32 1.71 -1.35 -16.24 -11.76 -9.20 4.40 -14.86 -0.020

35 33 3.03 9 -101.64 -108.08 -58.86 -2.10 -11.30 -15 -0.87 -3.93 -17.64 -14.29 -10.44 -0.78 2.44 0.000

36 126 2.06 9 -81.64 -86.78 -48.91 0.00 -7.95 -12 -1.28 -4.34 -20.07 -13.63 -11.18 -1.59 1.14 0.002

37 231 2.46 9 -88.52 -93.93 -52.56 -0.02 -6.36 -11 -0.41 -3.47 -18.78 -13.37 -10.75 0.15 -3.28 -0.003

38 284 2.52 9 -89.66 -95.20 -53.29 -0.03 -6.53 -9.67 -0.33 -3.39 -18.65 -13.49 -10.83 0.31 -1.65 -0.001

39 341 2.41 9 -88.28 -94.10 -52.90 -0.09 -7.86 -11.30 -0.89 -3.95 -19.28 -14.29 -11.47 -0.81 1.76 0.001

40 370 2.56 9 -90.81 -96.74 -54.24 -0.10 -7.55 -10.68 -0.55 -3.61 -18.76 -14.20 -11.30 -0.13 -0.06 0.000

41 434 2.7 9 -93.19 -99.21 -55.51 -0.13 -6.92 -10.19 -0.24 -3.30 -18.27 -14.11 -11.15 0.49 -2.30 -0.001

42 475 2.69 9 -93.22 -99.31 -55.39 -0.17 -7.27 -10.40 -0.41 -3.47 -18.24 -14.27 -11.12 0.15 -1.04 0.000
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G.2 Solution spread – balanced with Mg 

Table 41. Input Solution spread for Inverse Geochemical model in PHREEQC. Al is not included in the solution spread 

and solution are balanced for Mg. The absolute correction for Mg (mmol/l) is shown in under the “Mg corr” column and 

the charge column gives the electrical charge balance (eq) and the %  error is calculated by PHREEQC as 100*(Cat-

|An|)/(Cat+|An|). 

pH pe temp Na Mg S K Ca Mn Fe Cu Zn Mg corr % error charge

1 1.67 9 22 0.903 10.604 265.380 0.064 9.322 0.115 168.840 22.863 11.268 1.141 8.24E-12 4.35E-14

2 1.61 9 22 0.425 45.873 360.040 0.070 7.071 0.178 243.940 8.423 0.819 29.415 4.67E-10 3.16E-12

3 1.74 9 22 0.449 96.022 464.170 0.071 9.019 0.252 304.120 9.034 0.153 72.981 2.07E-12 1.68E-14

4 2.13 9 22 0.550 93.804 394.500 0.078 9.995 0.422 263.860 7.631 0.148 69.941 5.60E-10 3.89E-12

5 2.29 9 22 0.589 92.358 308.560 0.045 10.655 1.365 186.200 5.900 0.223 70.552 -1.28E-14 -7.14E-17

6 2.83 9 22 1.334 42.095 159.350 0.060 10.454 1.135 100.490 1.512 0.313 27.283 2.77E-09 8.90E-12

7 2.62 9 22 1.813 35.588 123.660 0.060 12.685 0.574 69.077 0.432 0.498 20.365 6.95E-15 1.80E-17

8 2.68 9 22 1.857 23.509 117.290 0.143 13.696 0.426 74.510 0.240 0.560 8.286 6.25E-14 1.58E-16

9 2.37 9 22 1.721 17.481 104.420 0.052 13.418 0.314 65.304 0.128 0.434 5.138 1.58E-13 3.64E-16

10 2.57 9 22 1.899 15.815 107.650 0.068 13.426 0.277 72.606 0.035 0.326 5.529 7.39E-13 1.76E-15

11 2.47 9 22 1.769 15.249 117.310 0.047 15.220 0.241 79.975 0.006 0.295 6.197 1.01E-13 2.61E-16

12 2.54 9 22 1.772 12.293 127.030 0.052 13.975 0.172 94.671 0.001 0.218 4.476 1.36E-13 3.78E-16

13 1.66 9 22 0.499 24.647 302.380 0.069 4.943 0.110 186.400 27.892 13.234 13.950 9.56E-15 5.57E-17

14 1.68 9 22 0.168 47.212 312.160 0.075 6.504 0.177 205.060 8.204 1.324 33.223 3.19E-09 1.90E-11

15 1.89 9 22 0.182 73.248 322.220 0.059 8.073 0.551 205.250 6.570 0.120 55.145 3.09E-09 1.83E-11

16 2.27 9 22 0.381 57.266 221.670 0.053 6.426 0.863 141.820 4.377 0.095 43.277 1.07E-12 4.55E-15

17 2.58 9 22 0.624 48.540 175.620 0.047 6.387 0.876 111.670 2.900 0.080 37.020 4.00E-09 1.39E-11

18 2.91 9 22 1.675 14.323 94.826 0.075 3.035 0.221 74.296 0.191 0.039 9.797 2.11E-08 4.48E-11

19 2.58 9 22 2.428 4.506 101.290 0.062 2.482 0.054 88.914 0.004 0.047 1.132 -1.22E-11 -2.82E-14

20 2.66 9 22 2.873 4.238 107.720 0.073 2.205 0.044 96.269 0.001 0.044 1.070 -4.82E-12 -1.17E-14

21 2.44 9 22 2.424 2.214 88.459 0.047 1.795 0.035 77.881 0.001 0.037 -0.543 3.90E-14 8.02E-17

22 2.54 9 22 2.605 2.864 101.290 0.055 1.874 0.035 90.734 0.001 0.033 0.107 -1.13E-09 -2.61E-12

23 2.40 9 22 2.917 8.661 110.900 0.094 1.800 0.035 92.643 0.001 0.030 6.028 1.62E-07 4.03E-10

24 2.45 9 22 3.950 1.694 136.830 2.479 1.731 0.033 124.050 0.001 0.017 -0.734 -3.38E-14 -1.03E-16

25 1.90 9 22 0.444 121.640 393.560 0.110 6.822 0.153 225.620 9.102 0.209 108.063 3.89E-10 2.66E-12

26 1.90 9 22 0.010 33.548 133.260 0.044 3.046 0.054 74.576 2.562 0.061 29.022 1.08E-10 2.99E-13

27 2.06 9 22 0.010 32.251 120.380 0.060 1.546 0.044 70.831 2.398 0.043 28.137 6.24E-11 1.58E-13

28 2.01 9 22 0.010 37.672 175.600 0.065 1.941 0.063 115.310 3.383 0.045 31.500 4.58E-08 1.62E-10

29 2.12 9 22 0.010 42.381 182.150 0.060 1.483 0.065 120.910 3.548 0.042 35.798 2.32E-08 8.43E-11

30 1.78 9 22 0.010 34.054 195.240 0.053 1.716 0.071 126.610 3.553 0.042 26.648 2.60E-13 1.03E-15

31 1.91 9 22 0.010 44.942 201.790 0.053 2.050 0.073 128.540 3.718 0.042 37.125 4.28E-07 1.71E-09

32 1.97 9 22 0.010 50.459 205.060 0.055 2.205 0.075 128.580 3.880 0.042 42.642 3.76E-08 1.51E-10

33 2.02 9 22 0.010 38.989 162.510 0.057 1.810 0.060 102.300 3.055 0.034 32.406 4.17E-08 1.38E-10

34 3.03 9 22 0.020 42.790 69.173 0.034 13.333 0.220 9.373 1.380 0.848 27.978 6.31E-11 9.13E-14

35 3.03 9 22 0.010 0.510 1.497 0.033 0.374 0.003 0.008 0.022 0.015 0.251 1.81E-09 9.67E-14

36 2.06 9 22 0.010 33.116 66.000 0.022 13.076 0.220 7.027 1.332 0.709 17.893 1.96E-12 2.82E-15

37 2.46 9 22 0.010 17.027 37.592 0.044 13.033 0.093 2.874 0.617 0.261 10.855 1.18E-12 1.06E-15

38 2.52 9 22 0.092 12.355 31.304 0.031 13.024 0.069 2.154 0.442 0.154 7.829 3.73E-13 2.90E-16

39 2.41 9 22 0.065 6.100 23.771 0.044 12.512 0.040 1.166 0.205 0.054 3.466 2.11E-12 1.33E-15

40 2.56 9 22 0.079 5.322 21.263 0.026 12.259 0.033 0.878 0.158 0.038 3.223 5.57E-14 3.18E-17

41 2.70 9 22 0.078 4.880 19.069 0.036 11.505 0.027 0.663 0.123 0.028 3.193 1.42E-07 7.40E-11

42 2.69 9 22 0.166 4.221 17.502 0.054 10.753 0.031 0.466 0.103 0.031 2.411 1.60E-13 7.75E-17
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G.3 Inverse model input 

Phases input 

#DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.3.12-12704\database\llnl.dat 

PHASES 

# The keyword datablock PHASES is used to add mineral phases and the thermodynamic 

parameters that control the mineral solubility. 

# Used for minerals were not already in the database used when running PHREEQC. 

# Some of these phases are already present in the llnl.dat database as that is where the 

values were found. These were entered so that the same values were used even when 

experimenting with using the phreeqc.dat database so the values were the same for the 

chosen minerals of interest with regards to the inverse model. 

########## Database - llnl.dat is used ############### 

 

Cuprite 

        Cu2O +2.0000 H+  =  + 1.0000 H2O + 2.0000 Cu+ 

        log_k           -1.9031 

 -delta_H 28.355 kJ/mol # Calculated enthalpy of reaction Cuprite 

# Enthalpy of formation: -40.83 kcal/mol 

        -analytic -8.6240e+001 -1.1445e-002 1.7851e+003 3.3041e+001 2.7880e+001 

#       -Range:  0-300 

 

Chalcopyrite 

#Defined values from the llnl.dat database 

        CuFeS2 +2.0000 H+  =  + 1.0000 Cu++ + 1.0000 Fe++ + 2.0000 HS- 

        log_k           -32.5638 

 -delta_H 127.206 kJ/mol # Calculated enthalpy of reaction

 Chalcopyrite 

# Enthalpy of formation: -44.453 kcal/mol 

        -analytic -3.1575e+002 -9.8947e-002 8.3400e+002 1.2522e+002 1.3106e+001 

#       -Range:  0-300 

 

Ferrihydrite 

#Defined values by Appelo & Postma 2ed. 2005, p432 

 Fe(OH)3(s) + 3.0000 H+ = +1.000 Fe+++ + 3.0000 H2O 

 log_k   3.7 

 

Jarosite 

#Defined values from the llnl.dat database 

        KFe3(SO4)2(OH)6 +6.0000 H+  =  + 1.0000 K+ + 2.0000 SO4-2 + 3.0000 Fe+3 + 6.0000 

H2O 

        log_k           -9.3706 

 -delta_H -191.343 kJ/mol # Calculated enthalpy of reaction Jarosite 

# Enthalpy of formation: -894.79 kcal/mol 

        -analytic -1.0813e+002 -5.0381e-002 9.6893e+003 3.2832e+001 1.6457e+002 

#       -Range:  0-200 

 

Jarosite-Na 

#Defined values from the llnl.dat database 

        NaFe3(SO4)2(OH)6 +6.0000 H+  =  + 1.0000 Na+ + 2.0000 SO4-2 + 3.0000 Fe+3 + 

6.0000 H2O 

        log_k           -5.4482 

 -delta_H 0        # Not possible to calculate enthalpy of reaction

 Jarosite-Na 

# Enthalpy of formation: 0 kcal/mol 

 

Zn(OH)2(e)#--> In llnl.dat it looks as if a very similar phase is named 

Zn(OH)2(epsilon)also called Wulfingite 

#Defined values from the phreeqc.dat database 

 Zn(OH)2 + 2 H+ = Zn+2 + 2 H2O 

 -log_k  11.5 

END 
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Solution Spread (input 1/5) 

# Continuation from the previous page.  

SOLUTION_SPREAD 1 

-units mmol/liter 

Number pH pe temp Na Mg S K Ca Mn Fe Cu Zn 

1 1.67 9 22 0.869943454 10.604000000 255.722572195 0.061384214 8.982484156 0.111034257 162.694652531

 22.031284424 10.857929347 

2 1.61 9 22 0.404523706 45.873000000 343.042474896 0.066499565 6.736863117 0.169281736 232.420932187

 8.025682183 0.779935770 

3 1.74 9 22 0.421922575 96.022000000 436.599513503 0.066499565 8.483457258 0.236630383 286.056531922

 8.497781135 0.143752867 

4 2.13 9 22 0.521966072 93.804000000 374.228154431 0.074172592 9.481511053 0.400451418 250.299465432

 7.238850596 0.140694296 

5 2.29 9 22 0.565463245 92.358000000 296.263955592 0.043480485 10.230051400 1.310568277 178.785332451

 5.665187423 0.214100015 

6 2.83 9 22 1.304915181 42.095000000 155.928397680 0.058826538 10.230051400 1.110342568 98.331932848

 1.479243383 0.305857165 

7 2.62 9 22 1.783384080 35.588000000 121.624150190 0.058826538 12.475672439 0.564272453 67.938426332

 0.424889057 0.489371464 

8 2.68 9 22 1.826881253 23.509000000 115.387014283 0.140672157 13.473726234 0.418653755 73.301986305

 0.236049476 0.550542896 

9 2.37 9 22 1.696389735 17.481000000 102.912742469 0.051153512 13.224212785 0.309439732 64.362719682

 0.125893054 0.428200031 

10 2.57 9 22 1.870378425 15.815000000 106.031310422 0.066499565 13.224212785 0.273035058 71.514132981

 0.034620590 0.321150023 

11 2.47 9 22 1.739886907 15.249000000 115.387014283 0.046038161 14.970806926 0.236630383 78.665546279

 0.006294653 0.290564306 

12 2.54 9 22 1.739886907 12.293000000 124.742718144 0.051153512 13.723239683 0.169281736 92.968372875

 0.000991408 0.214100015 

13 1.66 9 22 0.478468900 24.647000000 290.026819684 0.066499565 4.740755527 0.105573556 178.785332451

 26.752273943 12.693072335 

14 1.68 9 22 0.160939539 47.212000000 299.382523545 0.071614916 6.237836219 0.169281736 196.663865696

 7.868315866 1.269307234 

15 1.89 9 22 0.173988691 73.248000000 308.738227406 0.056268863 7.734916912 0.527867778 196.663865696

 6.294652693 0.114696437 

16 2.27 9 22 0.369725968 57.266000000 215.181188798 0.051153512 6.237836219 0.837307510 137.664705988

 4.248890567 0.091757149 

17 2.58 9 22 0.608960418 48.540000000 171.521237448 0.046038161 6.237836219 0.855509847 109.059052795

 2.832593712 0.077993577 

18 2.91 9 22 1.652892562 14.323000000 93.557038608 0.074172592 2.994161385 0.218428046 73.301986305

 0.188839581 0.038232146 

19 2.58 9 22 2.392344498 4.505800000 99.794174515 0.061384214 2.445231798 0.052786778 87.604812901

 0.003776792 0.045878575 

20 2.66 9 22 2.827316224 4.238500000 106.031310422 0.071614916 2.170767004 0.043685609 94.756226199

 0.000495704 0.042820003 

21 2.44 9 22 2.392344498 2.214100000 87.319902701 0.046038161 1.771545486 0.034584441 76.877692954

 0.000495704 0.036702860 

22 2.54 9 22 2.566333188 2.864500000 99.794174515 0.053711187 1.846399521 0.034584441 89.392666226

 0.000495704 0.032115002 

23 2.4 9 22 2.870813397 8.661700000 109.149878376 0.092076321 1.771545486 0.034584441 91.180519550

 0.000495704 0.029056431 
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Solution Spread (input 2/5) 

Number pH pe temp Na Mg Al S K Ca Mn Fe Cu Zn 

24 2.45 9 22 3.871248369 1.694200000 134.098422005 2.429791805 1.696691452 0.032764207 121.574026067

 0.000495704 0.016822144 

25 1.9 9 22 0.421922575 121.640000000 374.228154431 0.104864699 6.487349668 0.145618697 214.542398942

 8.655147452 0.198807157 

26 1.9 9 22 0.010004350 33.553000000 130.979854051 0.043480485 2.994161385 0.052786778 73.301986305

 2.517861077 0.059642147 

27 2.06 9 22 0.010004350 32.256000000 118.505582237 0.058826538 1.522032038 0.043685609 69.726279656

 2.360494760 0.042820003 

28 2.01 9 22 0.010004350 37.678000000 171.521237448 0.063941890 1.896302211 0.061887946 112.634759444

 3.304692664 0.044349289 

29 2.12 9 22 0.010004350 42.386000000 177.758373355 0.058826538 1.447178003 0.063708180 117.998319418

 3.462058981 0.041290717 

30 1.78 9 22 0.010004350 34.060000000 190.232645169 0.051153512 1.671740107 0.069168881 123.361879391

 3.462058981 0.041290717 

31 1.91 9 22 0.010004350 44.947000000 196.469781077 0.051153512 1.996107590 0.070989115 125.149732716

 3.619425298 0.041290717 

32 1.97 9 22 0.010004350 50.465000000 199.588349030 0.053711187 2.145815659 0.072809349 125.149732716

 3.776791616 0.041290717 

33 2.02 9 22 0.010004350 38.994000000 159.046965633 0.056268863 1.771545486 0.058247479 100.119786173

 2.989960029 0.033644288 

34 3.03 9 22 0.020008699 42.790000000 68.608494979 0.033249783 13.224212785 0.218428046 9.296837287

 1.369086961 0.841107203 

35 3.03 9 22 0.010004350 0.514760000 1.496912618 0.033249783 0.374270173 0.002548327 0.008045340

 0.022031284 0.015292858 

36 2.06 9 22 0.010004350 33.121000000 65.489927026 0.021740242 12.974699336 0.218428046 6.972627966

 1.321877065 0.703471479 

37 2.46 9 22 0.010004350 17.032000000 37.422815443 0.043480485 12.974699336 0.092831920 2.860565319

 0.613728638 0.259978590 

38 2.52 9 22 0.091344063 12.355000000 31.185679536 0.030692107 12.974699336 0.069168881 2.145423989

 0.440625688 0.152928582 

39 2.41 9 22 0.065245759 6.099600000 23.701116447 0.043480485 12.475672439 0.040045142 1.162104661

 0.204576213 0.053525004 

40 2.56 9 22 0.078294911 5.321700000 21.206262084 0.025576756 12.226158990 0.032764207 0.876048129

 0.157366317 0.038232146 

41 2.7 9 22 0.078294911 4.879600000 19.023264517 0.035807458 11.477618644 0.027303506 0.661505730

 0.122745728 0.027527145 

42 2.69 9 22 0.165289256 4.221100000 17.463980540 0.053711187 10.729078297 0.030943973 0.464841864

 0.102288106 0.030585716 

SELECTED_OUTPUT 

-file solution_spread_output.cvs 

-distance false 

-time false 

-step false 

-pH true 

-pe true 

-percent_error true 

-totals Na Mg S K Ca Mn Fe Cu Zn 

-Saturation_indices Pyrite Chalcopyrite Sphalerite Gypsum Jarosite Jarosite-Na Goethite Ferrihydrite

 Pyrolusite Cuprite Zn(OH)2(e) Hematite 

END 
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Solution Spread (output 1/2) 

  

        soln           pH           pe      pct_err           Na           Mg           Al            S            K           Ca           Mn           Fe           Cu           Zn

1 1.67 9 5.82607 9.031E-04 9.824E-03 1.231E-02 2.655E-01 6.372E-05 9.325E-03 1.153E-04 1.689E-01 2.287E-02 1.127E-02

2 1.61 9 -0.673972 4.248E-04 1.728E-02 1.829E-02 3.602E-01 6.983E-05 7.074E-03 1.778E-04 2.441E-01 8.427E-03 8.190E-04

3 1.74 9 -6.99905 4.489E-04 2.452E-02 2.879E-02 4.645E-01 7.075E-05 9.026E-03 2.518E-04 3.044E-01 9.041E-03 1.530E-04

4 2.13 9 -6.39842 5.507E-04 2.518E-02 3.128E-02 3.948E-01 7.826E-05 1.000E-02 4.225E-04 2.641E-01 7.638E-03 1.484E-04

5 2.29 9 -4.49411 5.895E-04 2.274E-02 3.864E-02 3.089E-01 4.533E-05 1.067E-02 1.366E-03 1.864E-01 5.906E-03 2.232E-04

6 2.83 9 0.476851 1.334E-03 1.514E-02 1.857E-02 1.594E-01 6.015E-05 1.046E-02 1.135E-03 1.005E-01 1.512E-03 3.127E-04

7 2.62 9 -4.758 1.814E-03 1.548E-02 9.423E-03 1.237E-01 5.983E-05 1.269E-02 5.739E-04 6.909E-02 4.321E-04 4.977E-04

8 2.68 9 1.18942 1.857E-03 1.548E-02 6.405E-03 1.173E-01 1.430E-04 1.370E-02 4.256E-04 7.452E-02 2.400E-04 5.597E-04

9 2.37 9 1.46545 1.721E-03 1.253E-02 4.513E-03 1.044E-01 5.191E-05 1.342E-02 3.140E-04 6.531E-02 1.278E-04 4.345E-04

10 2.57 9 -0.231273 1.899E-03 1.044E-02 3.424E-03 1.077E-01 6.752E-05 1.343E-02 2.772E-04 7.261E-02 3.515E-05 3.261E-04

11 2.47 9 -1.11864 1.769E-03 9.203E-03 3.090E-03 1.173E-01 4.681E-05 1.522E-02 2.406E-04 7.998E-02 6.400E-06 2.954E-04

12 2.54 9 0.032086 1.772E-03 7.961E-03 2.944E-03 1.270E-01 5.209E-05 1.398E-02 1.724E-04 9.468E-02 1.010E-06 2.180E-04

13 1.66 9 1.51312 4.990E-04 1.116E-02 1.276E-02 3.025E-01 6.936E-05 4.944E-03 1.101E-04 1.865E-01 2.790E-02 1.324E-02

14 1.68 9 -2.7529 1.679E-04 1.459E-02 1.662E-02 3.123E-01 7.471E-05 6.507E-03 1.766E-04 2.052E-01 8.208E-03 1.324E-03

15 1.89 9 -5.03485 1.817E-04 1.891E-02 2.671E-02 3.225E-01 5.877E-05 8.079E-03 5.513E-04 2.054E-01 6.574E-03 1.198E-04

16 2.27 9 -2.34258 3.811E-04 1.442E-02 2.560E-02 2.218E-01 5.273E-05 6.430E-03 8.632E-04 1.419E-01 4.380E-03 9.459E-05

17 2.58 9 -1.98351 6.239E-04 1.180E-02 2.240E-02 1.757E-01 4.717E-05 6.391E-03 8.765E-04 1.117E-01 2.902E-03 7.991E-05

18 2.91 9 -4.78977 1.675E-03 4.588E-03 3.156E-03 9.483E-02 7.519E-05 3.035E-03 2.214E-04 7.430E-02 1.914E-04 3.875E-05

19 2.58 9 -0.537144 2.428E-03 3.424E-03 3.047E-04 1.013E-01 6.230E-05 2.482E-03 5.358E-05 8.892E-02 3.833E-06 4.657E-05

20 2.66 9 -0.722331 2.873E-03 3.219E-03 8.660E-05 1.077E-01 7.276E-05 2.205E-03 4.438E-05 9.627E-02 0.000E+00 4.350E-05

21 2.44 9 0.595809 2.424E-03 2.793E-03 3.342E-05 8.846E-02 4.664E-05 1.795E-03 3.504E-05 7.788E-02 0.000E+00 3.718E-05

22 2.54 9 -0.0402527 2.605E-03 2.798E-03 1.279E-05 1.013E-01 5.452E-05 1.874E-03 3.510E-05 9.073E-02 0.000E+00 3.260E-05

23 2.4 9 -4.75623 2.917E-03 2.675E-03 5.272E-06 1.109E-01 9.355E-05 1.800E-03 3.514E-05 9.264E-02 0.000E+00 2.952E-05

24 2.45 9 0.504654 3.950E-03 2.477E-03 9.490E-07 1.368E-01 2.479E-03 1.731E-03 3.343E-05 1.241E-01 0.000E+00 1.717E-05

25 1.9 9 -23.8525 4.439E-04 1.429E-02 1.599E-02 3.937E-01 1.103E-04 6.825E-03 1.532E-04 2.257E-01 9.106E-03 2.092E-04

26 1.9 9 -15.3156 0.000E+00 4.605E-03 4.902E-03 1.333E-01 4.424E-05 3.047E-03 5.371E-05 7.459E-02 2.562E-03 6.069E-05

27 2.06 9 -16.8684 0.000E+00 4.180E-03 4.519E-03 1.204E-01 5.977E-05 1.546E-03 4.438E-05 7.084E-02 2.398E-03 4.350E-05

28 2.01 9 -11.4902 0.000E+00 6.320E-03 7.211E-03 1.756E-01 6.548E-05 1.942E-03 6.337E-05 1.153E-01 3.384E-03 4.541E-05

29 2.12 9 -13.6358 0.000E+00 6.747E-03 7.217E-03 1.822E-01 6.029E-05 1.483E-03 6.530E-05 1.209E-01 3.548E-03 4.232E-05

30 1.78 9 -6.91074 0.000E+00 7.603E-03 8.370E-03 1.953E-01 5.251E-05 1.716E-03 7.101E-05 1.266E-01 3.554E-03 4.239E-05

31 1.91 9 -11.7376 0.000E+00 8.031E-03 8.757E-03 2.018E-01 5.255E-05 2.051E-03 7.293E-05 1.286E-01 3.718E-03 4.242E-05

32 1.97 9 -14.1665 0.000E+00 8.034E-03 9.141E-03 2.051E-01 5.520E-05 2.205E-03 7.483E-05 1.286E-01 3.881E-03 4.243E-05

33 2.02 9 -13.2986 0.000E+00 6.728E-03 6.818E-03 1.625E-01 5.750E-05 1.810E-03 5.953E-05 1.023E-01 3.056E-03 3.438E-05

34 3.03 9 -14.8644 2.018E-05 1.494E-02 1.196E-02 6.920E-02 3.353E-05 1.334E-02 2.203E-04 9.376E-03 1.381E-03 8.483E-04

35 3.03 9 2.2581 0.000E+00 2.593E-04 2.113E-04 1.497E-03 3.326E-05 3.743E-04 2.549E-06 8.047E-06 2.204E-05 1.530E-05

36 2.06 9 1.13186 0.000E+00 1.535E-02 1.270E-02 6.602E-02 2.192E-05 1.308E-02 2.202E-04 7.029E-03 1.333E-03 7.092E-04

37 2.46 9 -3.29325 0.000E+00 6.201E-03 6.330E-03 3.760E-02 4.368E-05 1.304E-02 9.327E-05 2.874E-03 6.166E-04 2.612E-04

38 2.52 9 -1.64779 9.170E-05 4.544E-03 4.837E-03 3.131E-02 3.081E-05 1.303E-02 6.944E-05 2.154E-03 4.424E-04 1.535E-04

39 2.41 9 1.75533 6.544E-05 2.641E-03 2.714E-03 2.377E-02 4.361E-05 1.251E-02 4.017E-05 1.166E-03 2.052E-04 5.369E-05

40 2.56 9 -0.0559397 7.851E-05 2.104E-03 2.155E-03 2.126E-02 2.565E-05 1.226E-02 3.285E-05 8.784E-04 1.578E-04 3.834E-05

41 2.7 9 -2.29508 7.849E-05 1.691E-03 1.746E-03 1.907E-02 3.590E-05 1.151E-02 2.737E-05 6.631E-04 1.230E-04 2.759E-05

42 2.69 9 -1.04033 1.657E-04 1.814E-03 1.449E-03 1.750E-02 5.383E-05 1.075E-02 3.101E-05 4.659E-04 1.025E-04 3.065E-05

Table 42. The original leachate chemistry, one sample per cycle for each of the columns (missing cycles not marked, see Table 7). The percentage errors/ electrical balance offset 

is colored with the intensity reflecting the greatness of the error (blue = negative & red = positive). Solution numbers (soln) 1-12 = Column 1 & 13 to 24 = Column 2. 
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Solution Spread (output 2/2)

         sim        state         soln           pH           pe      pct_err           Na           Mg           Al            S            K           Ca           Mn           Fe           Cu           Zn

1       i_soln 25 1.9 9 -23.8525 4.439E-04 1.429E-02 1.599E-02 3.937E-01 1.103E-04 6.825E-03 1.532E-04 2.257E-01 9.106E-03 2.092E-04

1       i_soln 26 1.9 9 -15.3156 0.000E+00 4.605E-03 4.902E-03 1.333E-01 4.424E-05 3.047E-03 5.371E-05 7.459E-02 2.562E-03 6.069E-05

1       i_soln 27 2.06 9 -16.8684 0.000E+00 4.180E-03 4.519E-03 1.204E-01 5.977E-05 1.546E-03 4.438E-05 7.084E-02 2.398E-03 4.350E-05

1       i_soln 28 2.01 9 -11.4902 0.000E+00 6.320E-03 7.211E-03 1.756E-01 6.548E-05 1.942E-03 6.337E-05 1.153E-01 3.384E-03 4.541E-05

1       i_soln 29 2.12 9 -13.6358 0.000E+00 6.747E-03 7.217E-03 1.822E-01 6.029E-05 1.483E-03 6.530E-05 1.209E-01 3.548E-03 4.232E-05

1       i_soln 30 1.78 9 -6.91074 0.000E+00 7.603E-03 8.370E-03 1.953E-01 5.251E-05 1.716E-03 7.101E-05 1.266E-01 3.554E-03 4.239E-05

1       i_soln 31 1.91 9 -11.7376 0.000E+00 8.031E-03 8.757E-03 2.018E-01 5.255E-05 2.051E-03 7.293E-05 1.286E-01 3.718E-03 4.242E-05

1       i_soln 32 1.97 9 -14.1665 0.000E+00 8.034E-03 9.141E-03 2.051E-01 5.520E-05 2.205E-03 7.483E-05 1.286E-01 3.881E-03 4.243E-05

1       i_soln 33 2.02 9 -13.2986 0.000E+00 6.728E-03 6.818E-03 1.625E-01 5.750E-05 1.810E-03 5.953E-05 1.023E-01 3.056E-03 3.438E-05

1       i_soln 34 3.03 9 -14.8644 2.018E-05 1.494E-02 1.196E-02 6.920E-02 3.353E-05 1.334E-02 2.203E-04 9.376E-03 1.381E-03 8.483E-04

1       i_soln 35 3.03 9 2.2581 0.000E+00 2.593E-04 2.113E-04 1.497E-03 3.326E-05 3.743E-04 2.549E-06 8.047E-06 2.204E-05 1.530E-05

1       i_soln 36 2.06 9 1.13186 0.000E+00 1.535E-02 1.270E-02 6.602E-02 2.192E-05 1.308E-02 2.202E-04 7.029E-03 1.333E-03 7.092E-04

1       i_soln 37 2.46 9 -3.29325 0.000E+00 6.201E-03 6.330E-03 3.760E-02 4.368E-05 1.304E-02 9.327E-05 2.874E-03 6.166E-04 2.612E-04

1       i_soln 38 2.52 9 -1.64779 9.170E-05 4.544E-03 4.837E-03 3.131E-02 3.081E-05 1.303E-02 6.944E-05 2.154E-03 4.424E-04 1.535E-04

1       i_soln 39 2.41 9 1.75533 6.544E-05 2.641E-03 2.714E-03 2.377E-02 4.361E-05 1.251E-02 4.017E-05 1.166E-03 2.052E-04 5.369E-05

1       i_soln 40 2.56 9 -0.0559397 7.851E-05 2.104E-03 2.155E-03 2.126E-02 2.565E-05 1.226E-02 3.285E-05 8.784E-04 1.578E-04 3.834E-05

1       i_soln 41 2.7 9 -2.29508 7.849E-05 1.691E-03 1.746E-03 1.907E-02 3.590E-05 1.151E-02 2.737E-05 6.631E-04 1.230E-04 2.759E-05

1       i_soln 42 2.69 9 -1.04033 1.657E-04 1.814E-03 1.449E-03 1.750E-02 5.383E-05 1.075E-02 3.101E-05 4.659E-04 1.025E-04 3.065E-05

Table 43. Continuance of the original leachate chemistry, one per cycle for each of the columns (missing cycles not marked, see Table 7). The percentage errors/ electrical 

balance offset is colored with the intensity reflecting the greatness of the error. Solution numbers (soln) 25-33 = Column 3 & 34 to 42 = Column 4.  
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Inverse model (input 3/5) 

  

SELECTED_OUTPUT 1 

-file amv_out.cvs 

-distance false 

-time false 

-step false 

-pH true 

-pe true 

-percent_error true 

-totals Na Mg S K Ca Mn Fe Cu Zn 

-Saturation_indices Pyrite Chalcopyrite Sphalerite Gypsum

 Jarosite Jarosite-Na Goethite Ferrihydrite Pyrolusite Cuprite

 Zn(OH)2(e) 

 

INVERSE_MODELING 1 

-solutions        2 4# 2 4 # Initial solution, final solution 

-uncertainty    0.5 0.5 

-phases 

 

##### Primary minerals likely to dissolve 

Pyrite  dis 

Chalcopyrite dis 

Sphalerite dis 

 

 

##### Secondary minerals 

Gypsum prec #S 

Jarosite #prec #Fe3+ 

Goethite prec #Fe3+ 

#Ferrihydrite prec #Fe3+ 

Pyrolusite prec #Mn2+ 

Cuprite prec #Cu2+ 

#Zn(OH)2(epsilon) prec #Zn2+ 

Zn(OH)2(e) prec #Zn2+ 

#Kaolinite - don't need this as Al is not included in the solution. 

 

## Exchangeable cations in clays/zeolites 

 NaX 

 CaX2 

 MgX2 

 KX 

-balances 

 Fe 0.009 0.009 

 Cu 0.00001 0.00001 

 S 0.007 0.007 

 Cl 0.02 0.02 

# Na 0.02 0.02 

 

-minimal 

-range 

-mineral_water true 
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Inverse model (input 4/5) 

  

 

INVERSE_MODELING 2 

-solutions        18 23# 14 & 15 # 18 & 23/24 # Initial solution, final 

solution 

-uncertainty    0.01 0.01 

-phases 

 

##### Primary minerals likely to dissolve 

Pyrite  dis 

Chalcopyrite dis 

Sphalerite dis 

 

##### Secondary minerals 

Gypsum prec #S 

Jarosite #prec #Fe3+ 

Goethite prec #Fe3+ 

#Ferrihydrite prec #Fe3+ 

Pyrolusite prec #Mn2+ 

Cuprite prec #Cu2+ 

#Zn(OH)2(epsilon) prec #Zn2+ 

Zn(OH)2(e) #prec #Zn2+ 

#Kaolinite - don't need this as Al is not included in the solution. 

 

## Exchangeable cations in clays/zeolites 

 NaX 

 CaX2 

 MgX2 

 KX 

# MnX2 

-balances 

 Zn 0.001 0.001 

 Fe 0.001 0.001 

 Cu 0.001 0.001 

 S 0.001 0.001 

 Cl 0.02 0.02 

# Na 0.02 0.02 

 

-minimal 

-range 

-mineral_water true 
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Inverse model (input 5/5) 

  

INVERSE_MODELING 3 

-solutions        28 31# 14 & 15 # 18 & 23/24 # Initial solution, final 

solution 

-uncertainty    0.071 0.071 

-phases 

 

##### Primary minerals likely to dissolve 

Pyrite  dis 

Chalcopyrite dis 

Sphalerite dis 

 

 

##### Secondary minerals 

Gypsum prec #S 

Jarosite #prec #Fe3+ 

Goethite prec #Fe3+ 

#Ferrihydrite prec #Fe3+ 

Pyrolusite prec #Mn2+ 

Cuprite prec #Cu2+ 

#Zn(OH)2(epsilon) prec #Zn2+ 

Zn(OH)2(e) #prec #Zn2+ 

#Kaolinite - don't need this as Al is not included in the solution. 

 

## Exchangeable cations in clays/zeolites 

 NaX 

 CaX2 

 MgX2 

 KX 

# MnX2 

 

-balances 

 Fe 0.0001 0.0001 

 Cu 0.0001 0.0001 

 S 0.0001 0.0001 

 Cl 0.02 0.02 

# Na 0.02 0.02 

 

-minimal 

-range 

-mineral_water true 

 

 

SELECTED_OUTPUT 2 

-inverse_modeling true 

 

END 

END 
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G.4  Inverse modeling output 

Table 44. The saturation indices based on the datasets put into the inverse model, the data is balanced for Mg and Al 

measurements were excluded. 
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1 0 1.67 9 -73.55 -77.70 -44.48 -0.04 -5.80 -8.24 -1.31 -4.37 -22.17 -12.44 -11.00 -1.64 8E-12

2 35 1.61 9 -72.34 -76.97 -45.12 -0.14 -5.67 -8.47 -1.37 -4.43 -22.27 -13.52 -12.30 -1.76 5E-10

3 99 1.74 9 -74.21 -78.86 -46.86 0.00 -4.61 -7.39 -0.93 -4.00 -21.65 -13.30 -12.82 -0.88 2E-12

4 146 2.13 9 -80.52 -85.24 -49.99 0.05 -2.38 -5.12 0.18 -2.88 -19.86 -12.65 -12.05 1.35 6E-10

5 185 2.29 9 -83.30 -88.09 -51.11 0.06 -2.09 -4.56 0.55 -2.51 -18.67 -12.48 -11.51 2.08 -1E-14

6 251 2.83 9 -92.38 -97.67 -55.32 0.02 0.54 -1.71 2.00 -1.07 -16.49 -12.39 -10.19 4.97 3E-09

7 304 2.62 9 -89.27 -95.06 -53.46 0.08 -1.19 -3.31 1.25 -1.82 -17.58 -13.80 -10.36 3.47 7E-15

8 328 2.68 9 -90.20 -96.24 -53.89 0.11 -0.35 -2.84 1.46 -1.60 -17.46 -14.19 -10.19 3.90 6E-14

9 361 2.37 9 -85.35 -91.64 -51.53 0.09 -2.81 -4.90 0.50 -2.56 -18.81 -15.30 -10.89 1.97 2E-13

10 390 2.57 9 -88.48 -95.34 -53.25 0.10 -1.36 -3.52 1.13 -1.93 -18.08 -16.05 -10.63 3.24 7E-13

11 454 2.47 9 -86.82 -94.43 -52.49 0.16 -2.00 -4.03 0.86 -2.20 -18.55 -17.75 -10.88 2.70 1E-13

12 495 2.54 9 -87.83 -96.26 -53.17 0.13 -1.33 -3.39 1.13 -1.93 -18.43 -19.25 -10.89 3.24 1E-13

13 0 1.66 9 -73.30 -77.39 -44.32 -0.30 -5.70 -8.44 -1.31 -4.38 -22.25 -12.33 -10.97 -1.65 1E-14

14 35 1.68 9 -73.57 -78.19 -45.48 -0.18 -5.43 -8.67 -1.22 -4.28 -21.97 -13.36 -11.93 -1.45 3E-09

15 99 1.89 9 -76.88 -81.62 -48.19 -0.07 -4.26 -7.36 -0.60 -3.67 -20.65 -13.17 -12.58 -0.22 3E-09

16 146 2.27 9 -83.20 -88.07 -51.35 -0.18 -2.47 -5.20 0.42 -2.64 -18.89 -12.67 -11.87 1.83 1E-12

17 185 2.58 9 -88.32 -93.34 -53.91 -0.19 -0.94 -3.41 1.28 -1.78 -17.61 -12.34 -11.29 3.54 4E-09

18 251 2.91 9 -93.94 -100.05 -56.90 -0.55 0.77 -1.49 2.18 -0.88 -16.79 -13.86 -10.85 5.34 2E-08

19 304 2.58 9 -88.57 -96.38 -54.18 -0.64 -1.07 -3.08 1.26 -1.80 -18.74 -17.94 -11.45 3.49 -1E-11

20 328 2.66 9 -89.79 -98 -54.84 -0.68 -0.42 -2.43 1.52 -1.54 -18.52 -20 -11.33 4.02 -5E-12

21 361 2.44 9 -86.43 -95 -53.17 -0.79 -2.20 -4.09 0.80 -2.26 -19.46 -20 -11.80 2.58 4E-14

22 390 2.54 9 -87.92 -97 -54.01 -0.76 -1.34 -3.27 1.15 -1.91 -19.09 -20 -11.68 3.27 -1E-09

23 454 2.4 9 -85.65 -94 -52.93 -0.77 -1.93 -4.04 0.73 -2.33 -19.66 -20 -12.01 2.43 2E-07

24 495 2.45 9 -86.25 -95 -53.55 -0.77 0.16 -3.24 0.96 -2.10 -19.52 -20 -12.19 2.90 -3E-14

25 0 1.9 9 -76.94 -81.57 -48.01 -0.13 -3.82 -6.80 -0.56 -3.62 -21.20 -12.93 -12.34 -0.13 4E-10

26 33 1.9 9 -77.77 -82.77 -48.63 -0.56 -5.57 -10 -0.87 -3.93 -21.47 -13.66 -12.70 -0.76 1E-10

27 126 2.06 9 -80.36 -85.38 -50.05 -0.85 -4.53 -9 -0.40 -3.46 -20.90 -13.39 -12.52 0.17 6E-11

28 231 2.01 9 -79.23 -84.16 -49.61 -0.73 -4.19 -9 -0.40 -3.46 -21.02 -13.32 -12.66 0.17 5E-08

29 284 2.12 9 -80.95 -85.87 -50.51 -0.84 -3.50 -8 -0.06 -3.12 -20.57 -13.08 -12.48 0.86 2E-08

30 341 1.78 9 -75.52 -80.43 -47.80 -0.79 -5.56 -10 -1.06 -4.12 -21.89 -13.74 -13.16 -1.13 3E-13

31 370 1.91 9 -77.56 -82.46 -48.83 -0.70 -4.76 -9 -0.67 -3.73 -21.37 -13.47 -12.91 -0.36 4E-07

32 434 1.97 9 -78.50 -83.40 -49.31 -0.66 -4.37 -9 -0.50 -3.56 -21.13 -13.32 -12.79 -0.01 4E-08

33 475 2.02 9 -79.47 -84.43 -49.82 -0.76 -4.33 -9 -0.41 -3.47 -20.99 -13.36 -12.75 0.16 4E-08

34 0 3.03 9 -96.89 -102.07 -56.55 0.06 -1.53 -5.36 1.71 -1.35 -16.24 -11.76 -9.20 4.40 6E-11

35 33 3.03 9 -101.61 -108.05 -58.85 -2.08 -11.27 -15 -0.88 -3.93 -17.64 -14.29 -10.44 -0.78 2E-09

36 126 2.06 9 -81.58 -86.74 -48.89 0.02 -7.93 -12 -1.30 -4.36 -20.10 -13.67 -11.19 -1.63 2E-12

37 231 2.46 9 -88.50 -93.92 -52.55 -0.01 -6.36 -11 -0.42 -3.48 -18.79 -13.40 -10.76 0.14 1E-12

38 284 2.52 9 -89.64 -95.18 -53.28 -0.02 -6.52 -9.66 -0.34 -3.40 -18.66 -13.51 -10.84 0.29 4E-13

39 341 2.41 9 -88.24 -94.07 -52.88 -0.07 -7.84 -11.28 -0.90 -3.96 -19.29 -14.31 -11.48 -0.82 2E-12

40 370 2.56 9 -90.79 -96.72 -54.24 -0.09 -7.54 -10.67 -0.56 -3.62 -18.76 -14.21 -11.31 -0.14 6E-14

41 434 2.7 9 -93.19 -99.21 -55.51 -0.13 -6.92 -10.19 -0.25 -3.31 -18.27 -14.12 -11.16 0.48 1E-07

42 475 2.69 9 -93.21 -99.30 -55.39 -0.17 -7.27 -10.39 -0.42 -3.48 -18.24 -14.27 -11.12 0.14 2E-13
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Results for all inverse models 

Inverse model

Initial/Final solution

Errors/ Minerals Model 1 Model 2 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Sum_resid 1.37E+01 1.37E+01 2.75E+00 2.75E+00 2.75E+00 4.13E+00 5.05E+00 5.07E+00

Sum_Delta/U 1.37E+01 1.37E+01 2.75E+00 2.75E+00 2.75E+00 4.13E+00 5.05E+00 5.07E+00

MaxFracErr 5.00E-01 5.00E-01 1.00E-02 1.00E-02 1.00E-02 7.10E-02 7.10E-02 7.10E-02

Initial solution: 9.99E-01 9.99E-01 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

min 9.99E-01 9.99E-01 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

max 9.99E-01 9.99E-01 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

Final Solution: 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

min 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

max 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

Pyrite 0.00E+00 0.00E+00 0.00E+00 1.21E-03 0.00E+00 0.00E+00 0.00E+00 5.05E-04

Pyrite_min 0.00E+00 0.00E+00 0.00E+00 1.20E-03 0.00E+00 0.00E+00 0.00E+00 5.03E-04

Pyrite_max 0.00E+00 0.00E+00 0.00E+00 1.22E-03 0.00E+00 0.00E+00 0.00E+00 5.08E-04

Chalcopyrite 0.00E+00 1.57E-03 1.13E-03 0.00E+00 0.00E+00 3.36E-04 8.10E-04 3.36E-04

Chalcopyrite_min 0.00E+00 1.55E-03 1.13E-03 0.00E+00 0.00E+00 3.35E-04 8.08E-04 3.35E-04

Chalcopyrite_max 0.00E+00 1.57E-03 1.15E-03 0.00E+00 0.00E+00 3.37E-04 8.11E-04 3.37E-04

Sphalerite 3.13E-03 0.00E+00 0.00E+00 0.00E+00 2.27E-03 9.47E-04 0.00E+00 0.00E+00

Sphalerite_min 3.10E-03 0.00E+00 0.00E+00 0.00E+00 2.25E-03 9.43E-04 0.00E+00 0.00E+00

Sphalerite_max 3.14E-03 0.00E+00 0.00E+00 0.00E+00 2.29E-03 9.52E-04 0.00E+00 0.00E+00

Gypsum 0.00E+00 0.00E+00 -1.29E-02 -1.28E-02 -1.29E-02 0.00E+00 0.00E+00 0.00E+00

Gypsum_min 0.00E+00 0.00E+00 -1.32E-02 -1.31E-02 -1.32E-02 0.00E+00 0.00E+00 0.00E+00

Gypsum_max 0.00E+00 0.00E+00 -1.26E-02 -1.26E-02 -1.26E-02 0.00E+00 0.00E+00 0.00E+00

Jarosite 1.40E-02 1.40E-02 1.34E-02 1.33E-02 1.34E-02 1.23E-02 1.23E-02 1.23E-02

Jarosite_min 1.39E-02 1.39E-02 1.32E-02 1.31E-02 1.32E-02 1.23E-02 1.23E-02 1.23E-02

Jarosite_max 1.40E-02 1.40E-02 1.35E-02 1.34E-02 1.35E-02 1.24E-02 1.24E-02 1.23E-02

Goethite -1.75E-02 -1.91E-02 -2.29E-02 -2.27E-02 -2.18E-02 -2.41E-02 -2.45E-02 -2.45E-02

Goethite_min -1.77E-02 -1.93E-02 -2.32E-02 -2.29E-02 -2.20E-02 -2.41E-02 -2.46E-02 -2.46E-02

Goethite_max -1.74E-02 -1.89E-02 -2.26E-02 -2.24E-02 -2.15E-02 -2.40E-02 -2.45E-02 -2.44E-02

Pyrolusite 0.00E+00 0.00E+00 -1.86E-04 -1.86E-04 -1.86E-04 0.00E+00 0.00E+00 0.00E+00

Pyrolusite_min 0.00E+00 0.00E+00 -1.89E-04 -1.89E-04 -1.89E-04 0.00E+00 0.00E+00 0.00E+00

Pyrolusite_max 0.00E+00 0.00E+00 -1.84E-04 -1.84E-04 -1.84E-04 0.00E+00 0.00E+00 0.00E+00

Cuprite -3.63E-04 -1.15E-03 -6.63E-04 -9.57E-05 -9.57E-05 0.00E+00 -2.37E-04 0.00E+00

Cuprite_min -3.96E-04 -1.18E-03 -6.69E-04 -9.58E-05 -9.58E-05 0.00E+00 -2.38E-04 0.00E+00

Cuprite_max -3.34E-04 -1.11E-03 -6.58E-04 -9.56E-05 -9.56E-05 0.00E+00 -2.36E-04 0.00E+00

Zn(OH)2(e) -3.32E-03 -1.86E-04 -9.23E-06 -9.23E-06 -2.28E-03 -9.50E-04 0.00E+00 0.00E+00

Zn(OH)2(e)_min -3.47E-03 -3.40E-04 -9.30E-06 -9.30E-06 -2.30E-03 -9.61E-04 0.00E+00 0.00E+00

Zn(OH)2(e)_max -3.29E-03 -1.86E-04 -9.17E-06 -9.17E-06 -2.26E-03 -9.39E-04 0.00E+00 0.00E+00

Inverse model

Initial/Final solution

Exchange Cation Model 1 Model 2 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

NaX 0.00E+00 0.00E+00 1.24E-03 1.24E-03 1.24E-03 0.00E+00 0.00E+00 0.00E+00

NaX_min 0.00E+00 0.00E+00 1.20E-03 1.20E-03 1.20E-03 0.00E+00 0.00E+00 0.00E+00

NaX_max 0.00E+00 0.00E+00 1.29E-03 1.29E-03 1.29E-03 0.00E+00 0.00E+00 0.00E+00

CaX2 0.00E+00 0.00E+00 1.16E-02 1.16E-02 1.16E-02 0.00E+00 0.00E+00 0.00E+00

CaX2_min 0.00E+00 0.00E+00 1.14E-02 1.14E-02 1.14E-02 0.00E+00 0.00E+00 0.00E+00

CaX2_max 0.00E+00 0.00E+00 1.20E-02 1.19E-02 1.20E-02 0.00E+00 0.00E+00 0.00E+00

MgX2 6.98E-03 6.98E-03 -5.57E-03 -5.57E-03 -5.57E-03 6.18E-03 6.18E-03 6.16E-03

MgX2_min 6.95E-03 6.95E-03 -5.84E-03 -5.84E-03 -5.85E-03 6.16E-03 6.16E-03 6.15E-03

MgX2_max 7.04E-03 7.04E-03 -5.49E-03 -5.49E-03 -5.49E-03 6.19E-03 6.19E-03 6.18E-03

KX -1.40E-02 -1.40E-02 -1.33E-02 -1.32E-02 -1.33E-02 -1.24E-02 -1.24E-02 -1.23E-02

KX_min -1.41E-02 -1.41E-02 -1.35E-02 -1.34E-02 -1.35E-02 -1.24E-02 -1.24E-02 -1.24E-02

KX_max -1.39E-02 -1.39E-02 -1.32E-02 -1.31E-02 -1.32E-02 -1.23E-02 -1.23E-02 -1.23E-02

Sample 28 / Sample 31Sample 18 / Sample 23Sample 2 / Sample 4

Column 3Column 2Column 1

Sample 2 / Sample 4 Sample 18 / Sample 23 Sample 28 / Sample 31

Column 2 Column 3Column 1

Table 45. The results from the inverse geochemical modeling of column 1, 2 and 3. The initial and final solution numbers used 

for the modeling of each of the three columns are listed above the datasets. The exchanged species are listed at the bottom of 

the table. The red color mark the most positive and the blue the most negative more transfers (from solution point of view). 
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G.4.a Used inverse models – output file 

Column 1 – model 1 

Column 2 – model 1  

  

Phase mole transfers:                 Minimum        Maximum 

     Sphalerite      3.211e-03      3.205e-03      3.211e-03   ZnS 

       Jarosite      1.426e-02      1.423e-02      1.426e-02   KFe3(SO4)2(OH)6 

       Goethite     -1.785e-02     -1.785e-02     -1.776e-02   FeOOH 

        Cuprite     -3.902e-04     -3.903e-04     -3.901e-04   Cu2O 

     Zn(OH)2(e)     -3.397e-03     -3.440e-03     -3.391e-03   Zn(OH)2 

           MgX2      7.128e-03      7.108e-03      7.161e-03   MgX2 

             KX     -1.426e-02     -1.432e-02     -1.422e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -7.804e-04 

          Fe(3)      2.491e-02 

          S(-2)      3.211e-03 

 

Sum of residuals (epsilons in documentation):         1.302e+01 

Sum of delta/uncertainty limit:                       1.302e+01 

Maximum fractional error in element concentration:    5.000e-01 

Figure 83. Output from PHREEQC – giving information on what is going on inside column 1. The changes that has 

occurred between samples 2 and 4.  Model option 1 of 2.  

Phase mole transfers:                 Minimum        Maximum 

   Chalcopyrite      1.134e-03      1.125e-03      1.147e-03   CuFeS2 

         Gypsum     -1.286e-02     -1.319e-02     -1.263e-02   CaSO4:2H2O 

       Jarosite      1.336e-02      1.323e-02      1.349e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.290e-02     -2.317e-02     -2.262e-02   FeOOH 

     Pyrolusite     -1.863e-04     -1.889e-04     -1.837e-04   MnO2 

        Cuprite     -6.626e-04     -6.689e-04     -6.579e-04   Cu2O 

     Zn(OH)2(e)     -9.234e-06     -9.303e-06     -9.165e-06   Zn(OH)2 

            NaX      1.242e-03      1.196e-03      1.287e-03   NaX 

           CaX2      1.162e-02      1.145e-02      1.197e-02   CaX2 

           MgX2     -5.574e-03     -5.845e-03     -5.486e-03   MgX2 

             KX     -1.334e-02     -1.348e-02     -1.321e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -1.325e-03 

          Fe(3)      1.720e-02 

          Mn(6)     -9.315e-05 

          S(-2)      2.269e-03 

 

Sum of residuals (epsilons in documentation):         2.759e+00 

Sum of delta/uncertainty limit:                       2.759e+00 

Maximum fractional error in element concentration:    1.000e-02 

Figure 84. Output from PHREEQC – giving information on what is going on inside column 2. The changes that has 

occurred between samples 18 and 23. Model option 1 of 3. 
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Column 3 – model 3 

 

G.4.b Unused inverse models – output file and description 

Column 1 – model 2 

The second model option for column 1 shows the solution gaining Chalcocite rather than 

Sphalerite which was the case for the first model. The transfer of Jarosite is on the other hand 

identical, and the loss of other mineral phases and the loss and gain through exchange is very 

similar as well. The reduction of Zn(OH)2(e) being and order of magnitude less being the 

largest difference.  

  

Phase mole transfers:                 Minimum        Maximum 

   Chalcopyrite      1.606e-03      1.603e-03      1.606e-03   CuFeS2 

       Jarosite      1.426e-02      1.424e-02      1.426e-02   KFe3(SO4)2(OH)6 

       Goethite     -1.947e-02     -1.947e-02     -1.938e-02   FeOOH 

        Cuprite     -1.193e-03     -1.193e-03     -1.191e-03   Cu2O 

     Zn(OH)2(e)     -1.865e-04     -2.291e-04     -1.865e-04   Zn(OH)2 

           MgX2      7.132e-03      7.111e-03      7.165e-03   MgX2 

             KX     -1.426e-02     -1.433e-02     -1.422e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -2.386e-03 

          Fe(3)      2.331e-02 

          S(-2)      3.212e-03 

 

Sum of residuals (epsilons in documentation):         1.302e+01 

Sum of delta/uncertainty limit:                       1.303e+01 

Maximum fractional error in element concentration:    5.000e-01 

Figure 86. Output from PHREEQC – giving information on what is going on inside column 1. The changes that has 

occurred between samples 2 and 4. Model option 2 of 2. 

Phase mole transfers:                 Minimum        Maximum 

         Pyrite      5.052e-04      5.028e-04      5.077e-04   FeS2 

   Chalcopyrite      3.361e-04      3.354e-04      3.369e-04   CuFeS2 

       Jarosite      1.231e-02      1.229e-02      1.233e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.447e-02     -2.456e-02     -2.439e-02   FeOOH 

           MgX2      6.161e-03      6.147e-03      6.176e-03   MgX2 

             KX     -1.232e-02     -1.235e-02     -1.229e-02   KX 

 

Redox mole transfers:     

          Fe(3)      1.245e-02 

          S(-2)      1.556e-03 

 

Sum of residuals (epsilons in documentation):         5.122e+00 

Sum of delta/uncertainty limit:                       5.123e+00 

Maximum fractional error in element concentration:    7.100e-02 

Figure 85. Output from PHREEQC – giving information on what is going on inside column 3. The changes that has 

occurred between samples 28 and 31. Model option 3 of 3. 
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Column 2 – model 2 

In model 2 for column 2 Pyrite and Jarosite is added to the solution while Goethite, Gypsum, 

Cuprite and Zn(OH)2(e) precipitates out from the solution. Through exchange Na and Ca is 

added, and K and Mg lost from the solution.  

Column 2 – model 3 

The changes that happened between samples 18 and 23 for column 2 were that Jarosite and 

Sphalerite dissolved while Goethite, Pyrolusite, Zn(OH)2(e) and Cuprite precipitated out of 

Phase mole transfers:                 Minimum        Maximum 

     Sphalerite      2.268e-03      2.250e-03      2.293e-03   ZnS 

         Gypsum     -1.286e-02     -1.319e-02     -1.263e-02   CaSO4:2H2O 

       Jarosite      1.336e-02      1.323e-02      1.349e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.176e-02     -2.203e-02     -2.150e-02   FeOOH 

     Pyrolusite     -1.863e-04     -1.889e-04     -1.837e-04   MnO2 

        Cuprite     -9.548e-05     -9.557e-05     -9.538e-05   Cu2O 

     Zn(OH)2(e)     -2.277e-03     -2.302e-03     -2.259e-03   Zn(OH)2 

            NaX      1.241e-03      1.196e-03      1.287e-03   NaX 

           CaX2      1.162e-02      1.145e-02      1.197e-02   CaX2 

           MgX2     -5.574e-03     -5.845e-03     -5.486e-03   MgX2 

             KX     -1.334e-02     -1.348e-02     -1.321e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -1.910e-04 

          Fe(3)      1.833e-02 

          Mn(6)     -9.316e-05 

          S(-2)      2.268e-03 

 

Sum of residuals (epsilons in documentation):         2.759e+00 

Sum of delta/uncertainty limit:                       2.759e+00 

Maximum fractional error in element concentration:    1.000e-02 

Figure 88. Output from PHREEQC – giving information on what is going on inside column 2. The changes that has 

occurred between samples 18 and 23. Model option 3 of 3. 

Phase mole transfers:                 Minimum        Maximum 

         Pyrite      1.210e-03      1.200e-03      1.223e-03   FeS2 

         Gypsum     -1.281e-02     -1.314e-02     -1.258e-02   CaSO4:2H2O 

       Jarosite      1.326e-02      1.313e-02      1.339e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.267e-02     -2.295e-02     -2.240e-02   FeOOH 

     Pyrolusite     -1.863e-04     -1.889e-04     -1.837e-04   MnO2 

        Cuprite     -9.547e-05     -9.557e-05     -9.538e-05   Cu2O 

     Zn(OH)2(e)     -9.234e-06     -9.303e-06     -9.166e-06   Zn(OH)2 

            NaX      1.242e-03      1.196e-03      1.287e-03   NaX 

           CaX2      1.157e-02      1.140e-02      1.192e-02   CaX2 

           MgX2     -5.574e-03     -5.845e-03     -5.486e-03   MgX2 

             KX     -1.324e-02     -1.338e-02     -1.311e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -1.909e-04 

          Fe(3)      1.712e-02 

          Mn(6)     -9.315e-05 

          S(-2)      2.117e-03 

 

Sum of residuals (epsilons in documentation):         2.759e+00 

Sum of delta/uncertainty limit:                       2.759e+00 

Maximum fractional error in element concentration:    1.000e-02 

Figure 87. Output from PHREEQC – giving information on what is going on inside column 2. The changes that has 

occurred between samples 18 and 23. Model option 2 of 3. 
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the solution. Na and Ca was added through exchange while K and Mg was lost from the 

solution.  

Column 3 – model 1 

The first model for column 3 showed that the solution gained Jarosite, Sphalerite and 

Chalcopyrite. Goethite and Zn(OH)2(e) precipitated out. Through exchange Mg was added to 

the solution and K was lost.  

Column 3 – model 2 

The second model for column 3 an example where Jarosite was gained to the solution together 

with Chalcopyrite. Goethite and Cuprite precipitated out and was lost from the solution. Mg 

was added through the solution through exchange and K was lost from the solution. 

Phase mole transfers:                 Minimum        Maximum 

   Chalcopyrite      8.098e-04      8.082e-04      8.114e-04   CuFeS2 

       Jarosite      1.234e-02      1.232e-02      1.236e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.454e-02     -2.462e-02     -2.445e-02   FeOOH 

        Cuprite     -2.368e-04     -2.380e-04     -2.357e-04   Cu2O 

           MgX2      6.177e-03      6.163e-03      6.191e-03   MgX2 

             KX     -1.235e-02     -1.238e-02     -1.233e-02   KX 

 

Redox mole transfers:     

          Cu(1)     -4.737e-04 

          Fe(3)      1.248e-02 

          S(-2)      1.620e-03 

 

Sum of residuals (epsilons in documentation):         5.107e+00 

Sum of delta/uncertainty limit:                       5.108e+00 

Maximum fractional error in element concentration:    7.100e-02 

Figure 90. Output from PHREEQC – giving information on what is going on inside column 3. The changes that has 

occurred between samples 28 and 31. Model option 2 of 3. 

Phase mole transfers:                 Minimum        Maximum 

   Chalcopyrite      3.361e-04      3.354e-04      3.368e-04   CuFeS2 

     Sphalerite      9.472e-04      9.427e-04      9.518e-04   ZnS 

       Jarosite      1.234e-02      1.232e-02      1.236e-02   KFe3(SO4)2(OH)6 

       Goethite     -2.406e-02     -2.415e-02     -2.398e-02   FeOOH 

     Zn(OH)2(e)     -9.502e-04     -9.610e-04     -9.394e-04   Zn(OH)2 

           MgX2      6.176e-03      6.162e-03      6.191e-03   MgX2 

             KX     -1.235e-02     -1.238e-02     -1.232e-02   KX 

 

Redox mole transfers:     

          Fe(3)      1.296e-02 

          S(-2)      1.619e-03 

 

Sum of residuals (epsilons in documentation):         4.187e+00 

Sum of delta/uncertainty limit:                       4.187e+00 

Maximum fractional error in element concentration:    7.100e-02 

Figure 89. Output from PHREEQC – giving information on what is going on inside column 3. The changes that has 

occurred between samples 28 and 31.  Model option 1 of 3. 
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 XRD and XRF from 2018 

At the beginning of this thesis work (September 2018) the columns had not been wetted since 

the 5th of October 2017. Thus, when the columns were first examined again on the 13th of 

September 2018 it was clear that especially the surface of column 3 had been impacted by this 

long drying period. On the surface there was a dried crust (K3A1) and precipitated yellow 

minerals(K3B). Expansion appeared to have made the dried crust lift and crystal growth was 

apparent. The surface of column 4 on the other hand showed a uniform powdery yellow surface. 

3 small samples were collected at the NGI lab on the 14th of September from columns 3 and 4. 

It was decided that more sample material was needed, and more was collected on the 1st of 

October. 

The first conclusions drawn from the first attempt at analyzing these results was that the XRD 

and XRF analysis of these samples would not gain valuable insight for this thesis work. 

Therefor a full analysis of the attached results was not completed. The loss on ignition was so 

high that the element analysis (XRF) would only give results for about 40 % of the precipitates 

from column 3 and 70% from column 4. This was for the beads that was completed, as it was 

not possible to make beads of the material K3A1 as it was so rich in reactive material it would 

not slip from the platinum crucibles.  

The initial mineral analysis done in DIFFRAC.EVA gave information that made it clear that 

the warm (22-25ºC) temperatures in the room where the column experiments were set up led to 

formation of precipitates that would not form naturally at Folldal (eg. Magnesiocopiapite 

Coquimbite, Copiapite, Figure 94 & Figure 95). Therefore, more time was not dedicated to 

analyzing the XRD or XRF data. The sand samples taken contained predominantly quartz, 

Figure 92 & Figure 93. Further analysis was not done on this material as the complete XRF 

analysis from the ASL lab done in 2016 was assumed extensive enough for the rest of the 

elements, Table 18. 

H.1 Method 

Sample preparation 

Five samples were collected; one from column 1 (K1), 2(K2) and 4(K4), and two from 

column 3(K3A1 and K3B) from the crust that had lifted and from the precipitates that had 
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grown on the surface. Personal protective equipment was used when handling the samples, 

both for personal safety and to protect the samples from contamination. 

Swing-mill 

The samples were crushed in an agate (SiO₂) swing mill in the basement of the Geo building. 

The mill was “rinsed” with quarts to clean it in-between the assumed “sulfur-rich” (K3A/B 

and K4) and sand (K1 and K2) samples, and then cleaned with ethanol. There may therefore 

be some SiO₂ contamination. The agate mill was first set to a low setting as to spare the 

samples unnecessary strain. When samples from column 1, 2 and the crust from column 3 

turned out to be hard to crush, the intensity of the swing mill was turned up from 15 to 18. 

The samples were first left for 15 minutes, and when none of them turned out to be finished, 

the samples were milled for an extra 5 minutes. This was repeated until finished, meaning that 

the samples’ grainsize looked to be smaller than 0.5 mm. 

Micronizing mill 

When all five samples were finished in the swing mill, 3 grams of material from each sample 

was measured out. Quarts was used to clean the cylinder beforehand, and between the sand 

and the sulfur looking samples. The container and elements were then cleaned, first with 

normal water, then with filtered water, and then with ethanol. One by one the samples were 

crushed in the cylinder with the agate elements. 10 ml of ethanol was added to the container 

before the mill was run for 10 minutes. The samples were then dried over the weekend below 

a piece of paper at room temperature.  

Preparation of bulk analysis (XRD) 

Glass trays for bulk analysis XRD was prepared by hand from the micronized material. The 

material was put into the glass trays using gloves and were compressed and stroked using a 

rectangular glass plate. The ideal being that the stroking of the glass plate over the glass trays 

would lift the upper most layer of mineral fibers so that the XRD would hit the striped 

surface, resulting in a good quality specter. 

Loss on ignition 

Loss on ignition (LOI) is a test used in inorganic analytical chemistry, chiefly when analyzing 

minerals. The sample material is heated/ignited at a specified temperature, allowing volatile 

substances to escape, and then the loss of mass is measured. This process is ideally repeated 

until the mass remains constant. 
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First the remaining sample material was weighed, all the sample was used as the samples K3 

and K4 in particularly were expected to lose mass when put under heat, due to yellow color 

and the egg smell characteristic of sulfur rich samples. Each sample was put into a separate 

ceramic container, and then the containers were put into an oven over night at 110°C to 

remove any water.  

Then the samples were put into a desiccator to keep them from becoming moist again, before 

the samples were put into the oven again at 1000°C. Different elements were lost during the 

different steps of heating. These elements would be lost during the fusing of the fusion bead 

used for the XRF analysis, as the temperature is so high. These elements would either way not 

be measured by the XRF spectrometer as they are very light weight. They could however be 

indicated through the XRD as no heat is used for this method. 

Fusion beads 

To make the fusion beads the powdered sample was mixed with a flux to produce fused glass 

beads. The flux used was called Fluxana HD elektronik FX-X65-2 and contain 

Lithiumteraborate 66.5% Lithiummetaborate 33.5%. This formula was used as it works best 

for unknown sediments. A ratio of 6 gram flux to 0.6 sample was measured separately before 

mixing them into a platinum crucible. Platinum is non-reactive which is why this is used. 

Eagon 2 from PANalytical was then used to create the fused glass beads for XRF analysis. 

Platinum coated pliers were used to place the molds and the crucibles into position. An 

ammonium iodide tablet was added for each bead produced so that the fused bead would not 

stick to the molds. When the approximately 15-minute-long cycle was finished the crucible 

and mold was carefully removed using the plyers, and the mold turned upside down to free 

the finished fusion bead from the mold.  

For the sample K3B two attempts were made to make a fusion bead, but these resulted in the 

fusion bead sticking to the mold and no XRF results could therefore be found from this 

sample. This is thought to have been due to a combination of the high iron content left in the 

sample after heating, and the limited amount of material left after so much material was lost.  

H.2 Results 

The results gained from the XRD is plotted in Figure 91 and the raw XRD results are shown in 

Figure 92, Figure 93, Figure 94, Figure 95 & Figure 96. 
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 XRF analysis 

Raw XRD data 

Figure 92. XRD diffractogram of sample K1 taken from the top of column 1 with the pre-oxidized capping. Sample taken from the upper coarse sand layer. Quarts peak is very prominent. 

Figure 91. The samples where the fusion beds could be analyzed. SiO2 was the most abundant, then (ferric)iron-oxide. Aluminium oxide was also prominent in K3B and K4. 
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Figure 94 XRD diffractogram of sample K3A1 from the top of column 3 filled with reactive tailings. 

Figure 93. XRD diffractogram of sample K2 taken from the top of column 2 with the fine sand capping. Sample taken from the upper coarse sand layer. Quarts peak is very prominent. 
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Figure 96. XRD diffractogram of sample K4 from the top of column 4 filled with pre-oxidized tailings. 

Figure 95. XRD diffractogram of sample K3B from the top of column 3 filled with reactive tailings. 


