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Abstract 

The Kvarntorp area, some 200 km SW of Stockholm, Sweden, is a former mining site for alum 
shale. Kvarntorpshögen is a refuse dump from the hydrocarbon extraction during 1940-1965. The 
area is also dotted by abandoned quarries, which most are water filled today. The area is divided 
into two watersheds; the central and the eastern. Frommestabäcken is the main watercourse flowing 
out of the central watershed while Frogestabäcken is the corresponding watercourse in the eastern 
watershed. These two watercourses have been sampled annually since 1994 by consulting 
companies for the municipality of Kumla. The sampling sites at Ulftorpsbäcken (main inlet to the 
central watershed) and at the outlet from Serpentindammssystemet (the water treatment system in 
the central watershed) was added to the sampling program in 1997 and 1996 respectively. Other 
consulting companies have sampled the groundwater around Kvarntorpshögen (in 2004) and the 
water in the lake Norrtorpssjön (in 2004), which is an old water filled quarry. The lake 
Norrtorpssjön has also been sampled as part of a project performed by Örebro University. This 
thesis is a compilation and evaluation of all this data but the main part will be given focused on 
seasonal variations.  

Samples have been analysed with regard to the metals Na, K, Ca, Mg, Fe, Al, Li, B, As, Cu, Ni, 
Zn, Co, Cr, Cd, Pb, Mo, Sr and U. Other analysed parameters were tot-N, tot-P, bicarbonate 
(alkalinity), sulphate, chloride and the parameters pH, electrical conductivity and COD(Mn). 
Samples of bottom fauna have also been collected in Frommestabäcken. 

Concentration of most metals increased in the surface water while passing the Kvarntorp area. 
High metal concentrations were found for example in some of the groundwater samples. Such high 
concentrations were not observed in the samples from Frommestabäcken or Frogestabäcken, 
indicating for example dilution of metals or immobilisation through precipitation or adsorption. 
Seasonal effects on the dissolution and precipitation/adsorption of compounds were observed at all 
annually sampled watercourses. One of these effects was the spring- and autumn circulation of the 
lake Norrtorpssjön. The lake forms a thermocline during summer which causes higher 
concentrations of metals beneath the thermocline. During circulation these concentrations mixes 
throughout the depth profile which affects the amount of elements that is transported from the lake 
via Frogestabäcken. During winter the highest concentrations of metals are expected near the 
surface of the lake since the surface is colder than the rest of the water mass.  
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1 Introduction 

1.1 Kvarntorp – Its history and present 
Some 200 km W of Stockholm in Sweden is the Kvarntorp industrial area where some various 
industries are active at present. During the time period of 1940-1965 the area was dominated by the 
shale industry (SWECO, 2005a). The alum shale was pyrolysed for the production of fuel 
(SWECO, 2005a; Dyni, 2006). The refuse from the pyrolysis process was dumped in the NW area 
of Kvarntorp and formed the Kvarntorp refuse dump (swe. Kvarntorpshögen). Kvarntorpshögen has 
a bottom area of 450 000 m2, is 700 m in diameter and is 100 m high compared to the surrounding 
landscape (SWECO, 2005a). Kvarntorpshögen is estimated to contain 28 million tonnes of material 
and has a volume of 40 million m3 (SWECO, 2005a). It is still hot due to on-going chemical 
reactions within the deposit, such as the oxidation of organic material. In the centre of the deposit, 
temperatures can reach up to 500-700 °C (SWECO, 2005a) which prevents leaching of its contents. 
The deposit contains a mixture of completely processed shale (red processed shale; swe. Rödfyr), 
partially processed shale (black processed shale; swe. Aska) and crushed, non-processed shale 
(weathered fines; swe. Stybb) with a particle size less than 1 cm in diameter. 

The area is also dotted by abandoned shale quarries and most of these are at present date water 
filled. These water volumes are in contact with the unprocessed shale and are thus affected by its 
composition and chemistry. 

 

1.2 Kvarntorp – Its geology and geochemistry 

1.2.1 The bedrock and quarries 

The bedrock in Kvarntorp consists mainly of sedimentary rocks from the Cambro-Ordovician 
period (SWECO, 2005a). The deepest layer consists of sandstone which is covered by shale clay, 
alum shale, limestone and till (SWECO, 2005a; Kemakta, 2005). The layers slope toward the south 
by approximately 1 m/100 m (SWECO, 2005a).  

Alum shale, or sulphidic black shale, contains a high degree of valuable, and in many cases 
toxic, elements such as Cu, As, Mo, Ni, U and REE (rare earth elements) (Bolonin and Gradovsky, 
2012; d’Hugues et al., 2008; d’Hugues and Spolaore, 2008; Grawunder et al.,2009). As the name 
sulphidic black shale indicates it is also rich in sulphides and organic matter (Blatt et al., 2006). 
Combination of sulphides and heavy metals may result in an environmental risk similar to that of 
sulphidic mine waste when the shale is exposed to oxidising conditions (Lavergren et al., 2009b; 
Yu et al., 2012). Atmospheric oxygen or oxygenated groundwater induces the formation of 
sulphuric acid from sulphide minerals (Nesse, 2009; Lavergren et al., 2009b; Sohlenius and Öborn, 
2004). Decrease in pH contributes to the mobility of cations, such as many metals (Drever, 1997; 
Sartz, 2010).  

Due to the alum shales high contents of iron (Lavergren et al., 2009b; Karlsson, 2011; Karlsson, 
2013, SWECO, 2005a) its most abundant sulphide mineral is assumed to be pyrite, FeS2. Presence 
of pyrite in alum shale from Kvarntorp has been confirmed by XRD analysis (Karlsson, 2013). 
Oxidation of pyrite involves both aerobic and anaerobic reactions. The reactions 1 and 2 show the 
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aerobic reactions (Maia et al., 2012; Jönsson et al., 2006; Puura, 1998; Puura and Neretnieks, 2000; 
Stumm and Morgan, 1996): 

 
FeS2(s) + 3.5 O2 + H2O → Fe2+ + 2 SO4

2- + 2 H+ (1) 
 
Fe2+ + 0.25 O2(aq) + H+ → Fe3+ + 0.5 H2O (2) 
 
The anaerobic reaction is shown by reaction 3 (Maia et al., 2012; Puura, 1998; Puura and 
Neretnieks, 2000): 
 
FeS2(s) + 14 Fe3+ + 8 H2O → 15 Fe2+ + 2 SO4

2- + 16 H+ (3) 
 
A further pH decrease may be achieved by the hydrolysis of dissolved iron which is shown by 
reactions 4 and 5 (Cotton et al., 1995): 

 
[Fe(H2O)6]3+ → [Fe(H2O)5(OH)]2+ + H+    K = 10-3.05 (4) 
 
[Fe(H2O)5(OH)]2+ → [Fe(H2O)4(OH)2]+ + H+    K = 10-3.26 (5) 
 
Geochemistry of the alum shale indicates generation of acidic leachate; however this acidity will be 
neutralised by the abundance of limestone in the area (Anderberg and Johansson, 1981; SWECO, 
2005a). Limestone’s dissolution equilibrium is approximately pH 8.5 (Mõtlep et al., 2010). The 
presence of limestone will neutralise acidic leachate from the shale according to reaction 6, 
resulting in the formation of gypsum, CaSO4: 
 
CaCO3(s) + H2SO4 → CaSO4(s) + CO2(g) + H2O (6) 
 

1.2.2 Kvarntorpshögen 
As mentioned under heading 1.1; Kvarntorpshögen consists of both processed and non-processed 
material. Non-processed material has a similar geochemistry to that of the alum shale described by 
reactions 1-5; i.e. its leachate will be acidic. Processed shale will generate neutral or slightly 
alkaline leachates due to the presence of oxides which formed during the pyrolysis. An example is 
the formation of burnt lime from calcite according to reaction 7: 
 
CaCO3(s) + heat → CaO(s) + CO2(g)    (7) 
 
Burnt lime increases pH when slaked with water: 
 
CaO(s) + H2O → Ca(OH)2(s)   (8) 
 
Ca(OH)2(s) → Ca2+ + 2OH-   (9) 
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The proportions between the materials in Kvarntorpshögen are uncertain. Water samples taken 
annually in watercourses in the vicinity of Kvarntorpshögen indicate that its leachate has around 
neutral pH (Kumla Municipality, 1994-2012). This in turn indicates that the amount of processed 
material at present is capable of neutralizing any acidic leachate from non-processed material.  
 

1.3 Water courses in Kvarntorp 
Water is a transport media of dissolved and particulate elements in nature. Therefore is it important 
to study the watercourses of a contaminated area in attempt to predict the environmental impact of 
the area. Repeated, annual monitoring of the water chemistry is also a way to predict changes. 

The two watersheds will be described under heading 1.3.1 and 1.3.2. 
 

 
Figure 1 A map over the Kvarntorp area and its main water courses (Kumla Municipality, 2000-
2012). The marked points are the sampling sites; KR1=Frommestabäcken, KR2=Ulftorpsbäcken, 
KR3=Frogestabäcken, KR4=the Serpentine Dams outlet and 3210=sampling site for bottom fauna. 
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1.3.1 The central watershed 
Ulftorpsbäcken is the inlet of water entering the major part of the Kvarntorp area (Kumla 
Municipality, 2012). Its water passes mainly through forest- and farmland and is considered to be a 
reference for the water in Frommestabäcken (Kumla Municipality, 2012). 

As water enters the Kvarntorp area through Ulftorpsbäcken it potentially mixes with storm- and 
groundwater from the Kvarntorp industrial area and storm water from the company SAKAB 
(SWECO, 2005a). It also passes through the two lakes (former quarries) Söderhavet and Nordsjön 
(Kumla Municipality, 2012). This watershed also includes water from Kvarntorpshögen and is 
finally discharged into Frommestabäcken (Kumla Municipality, 2012).  

Kvarntorpshögen is surrounded by two ditches; the Western- and the Eastern ditch. The Western 
ditch is connected to the lake Nordsjön by a culvert. The Eastern ditch receives leachate from 
Kvarntorpshögen and storm water from the Kvarntorp industrial area. A water treatment system 
called Serpentindammssystemet is located at the Eastern ditch. Serpentindammssystemet consists 
of following four steps: 

 
• Addition of lime – A construction in the Eastern ditch allows for the addition of lime 

(SWECO, 2005b). This grants the possibility (it has up to this date never been used) to 
increase pH of the passing water in case it would turn acidic. Low pH increases the 
dissolution of metals (cations) due to the increased interaction rate of hydronium ions and 
particle surfaces (Drever, 1997). By increasing pH the adsorption of cations to particles will 
once again increase (Drever, 1997). The addition of lime will also increase the 
concentrations of hydroxide- and carbonate ions in the water and might therefore induce the 
precipitation of solid phases.  

• Sedimentation – The Eastern ditch discharges into the lake Serpentinsjön. This results in a 
decreased flow velocity which allows settling of particles. The lake is divided into two parts 
with a separate sedimentation dam at the outlet from the Eastern ditch which allows for easy 
sediment dredging if necessary (SWECO, 2005b). 

• Phytoremediation – After the lake Serpentinsjön follows the Serpentine Dams which is a 
serpentine shaped water channel with a high degree of plant life (i.e. a wetland). The plants 
growing in the Serpentine Dams are mainly reeds, Phragmites australis. Phytoremediation 
is based on the plants filtration, uptake and immobilisation of toxic compounds.  

• Adsorption – The final treatment step is a peat filter. Peat is a natural organic substance 
formed by the degradation of mainly Bryophyta sphagnidae (Raven et al., 2005) and is 
often used for adsorption of metals (Sartz, 2010; Zhou and Haynes, 2010; Shin et al., 2007; 
Aoyama and Tsuda, 2001). Its active groups should be cell components such as 
polysaccharides and proteins but also various humic substances (Zhou and Haynes, 2010). 

 
After the water is discharged from Serpentindammssystemet it joins with water from the Western 
ditch, enters Frommestabäcken and flows northward. Since 1999; cooling water from the company 
Akzo Nobel Functional Chemicals AB (former Akzo Nobel Rexolin AB) is discharged into 
Frommestabäcken without passing through Serpentindammssystemet (Kumla Municipality, 2001-
2012), which has decreased the water flow through Serpentindammssystemet.  
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1.3.2 The eastern watershed 
The eastern watershed is smaller than the central watershed and is mainly made up of the 
Östersätter quarry and the lake (former quarry) Norrtorpssjön (Kumla Municipality, 2012). Water 
from Norrtorpssjön discharges into Frogestabäcken to the east (Fig. 1). Frogestabäcken passes 
through a deciduous forest with brown soil. There are areas with blue gray clay close to 
Frogestbäcken. This clay is believed to be highly eroded alum shale. 

As reported by the annual reports concerning the water chemistry in the area; alkaline refuse 
from a concrete industry was deposited upstream from the lake Norrtorpssjön in the end of the 
1990s (Kumla Municipality, 2000-2012).  

 

1.4 This study’s purpose 
This study is a compilation of water chemistry data from the Kvarntorp area. Main sources of 
information is the water data presented in the annual reports for the years 1994-2012 (Kumla 
Municipality, 1994-2012), groundwater data from SWECO (2005a), water data from the lake 
Norrtorpssjön from Kemakta (2005) and water and leaching data from different projects performed 
at Örebro University (Fahlqvist, 2010; Allard et al., 2013; Karlsson, 2011; Karlsson, 2013). The 
primary focus of this report will be given the seasonal variations of the water chemistry in regard to 
biotic- and abiotic parameters.  
 

2 Materials and methods 

2.1 Annual reports of the water chemistry in the Kvarntorp area 
The annual reports (Kumla Municipality, 1994-2012) present water chemistry data from four points 
in the Kvarntorp area which have been sampled 2-6 times per year. The points are; Ulftorpsbäcken 
(KR2, fig. 1), the outlet from the lake Norrtorpssjön (KR3), outlet from Serpentindammssystemet 
(KR4) and Frommestabäcken (KR1) after the inflow of the Western ditch. Bottom fauna has also 
been sampled (Kumla Municipality, 1994-2011). The bottom fauna sampling point (Point 3210) is 
downstream from the KR1 point in Frommestabäcken, just before the confluence with 
Frogestabäcken. 

All samples from these annual reports have been analysed by accredited laboratories according 
to Swedish- or international standards, see heading 2.2 for a list of the analytical information that 
the reports present. 
 

2.2 Analytical methods reported in the annual reports (Kumla Municipality 1994-2012) 

2.2.1 1993-1994 Svelab Miljölaboratorier 
Analyses performed by Svelab Miljölaboratorier in Örebro, accreditation number 1010: 
pH, SS 028122-2 
Electrical Conductivity, SS 028123-1 
Chemical Oxygen Demand:Mn, SS 028118-1 
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Total Nitrogen, SS 028131-1 
Alkalinity, SS 028139-1 
Total Phosphorous, SS 028127-1 
Chloride and Sulphate, Ion Chromatography, Metrohm AB 184-1 
 
Analyses performed by SGAB in Luleå, accreditation number 1087: 
Metals, ICP-MS 
 

2.2.2 1996-1997 ELK AB 
Analyses performed by AnalyCen Nordic AB in Gothenburg: 
pH, Electrical Conductivity, Chemical Oxygen Demand:Mn, Total Nitrogen, Alkalinity and Total 
Phosphorous according to SIS-methods. 
 
Analyses performed by SGAB in Luleå: 
Metals, ICP-AES and ICP-MS 
Chloride and Sulphate according to SIS-methods 
 

2.2.3 1998-1999 KM Lab 
Analyses performed by KM Lab in Linköping: 
pH, SS 028122-3 
Electrical Conductivity, SS 028123-1 
Chemical Oxygen Demand:Mn, SS028118-1 
Total Nitrogen, Traccs 800 St 8902 
Alkalinity, SS 028139-1 
Total Phosphorous, Traccs 800 
Chloride, SS 028136-1 
Sulphate, EPA 300.0 
Na, K, Ca and Mg, Standard Method 3120 A-B 
Iron, SS 028184-1 
As, Pb, B, Cd, Co, Cr, Li, Mo, Ni, Sr, V, Zn and U, EPA 200.8 mod 
Aluminium, non-filtered, Standard Method 3120 A-B 
Aluminium, filtered, Standard Method 3120 A-B filtered 0.45 µm 
 

2.2.4 2000-2003 ALcontrol Laboratories 
Analyses performed by ALcontrol Laboratories in Linköping, accreditation number 1006: 
pH, SS 028122-3 
Electrical Conductivity, SS 028123-1 
Chemical Oxygen Demand:Mn, SS028118-1 
Total Nitrogen, Traccs 800 St 8902 
Alkalinity, SS 028139-1 
Total Phosphorous, Traccs 800 
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Chloride, SS 028136-1 
Sulphate, EPA 300.0 
Na, K, Ca and Mg, Standard Method 3120 A-B 
Iron, SS 028184-1 
As, Pb, B, Cd, Co, Cr, Li, Mo, Ni, Sr, V, Zn and U, EPA 200.8 mod 
Aluminium, non-filtered, Standard Method 3120 A-B 
Aluminium, filtered, Standard Method 3120 A-B filtered 0.45 µm 
 
Sampling and analyses performed by Medins Sjö- och Åbiologi: 
Bottom fauna was sampled by kick sampling according to method SS-EN 27828.  
 

2.2.5 2004-2005 ALcontrol Laboratories 
Analyses performed by ALcontrol Laboratories in Linköping, accreditation number 1006: 
pH, SS 028122-2 
Electrical Conductivity, SS-EN 27888-1-1 
Chemical Oxygen Demand:Mn, SS 028118-1 
Total Nitrogen, SS13395,mod/SS028131,mod 
Alkalinity, SS 028139-1 
Total Phosphorous, SS15681,mod/SS028127,mod 
Chloride, SS 028136-1 
Sulphate, SS-EN ISO10304-1 
Na, K, Ca and Mg, SS-EN ISO11885-1 
As, Pb, B, Fe, Cd, Co, Cr, Li, Mo, Ni, Sr, V, Zn and U, EPA 200.8 mod 
Aluminium, non-filtered, SS-EN ISO11885-1 
Aluminium, filtered 0.45 µm, EPA 200.8 mod 
 
Sampling and analyses performed by Medins Sjö- och Åbiologi: 
Bottom fauna was sampled by kick sampling according to method SS-EN 27828 
 

2.2.6 2006-2007 Pelagia Miljökonsult AB 
Chemical analyses performed by Lantmännen AnalyCen AB in Linköping 
 
Sampling and evaluation of bottom fauna performed by Medins biologi AB 
 

2.2.7 2008-2011 Pelagia Miljökonsult AB 
Chemical analyses performed by Eurofins Environment Sweden AB in Lidköping 
 
Sampling and evaluation of bottom fauna 2008-2009 was performed by Medins biologi AB 
Sampling and evaluation of bottom fauna 2010-2011 was performed by Swedens Agricultural 
University (Sveriges lantbruksuniversitet, SLU) 
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2.2.8 2012 Wickberg & Jameson Miljökonsult AB 
Chemical analyses performed by Eurofins Environment Sweden AB in Lidköping 
 

2.3 Data from other consulting companies and studies at Örebro University 
Groundwater beneath Kvarntorpshögen was sampled by SWECO in 2004 and water of lake 
Norrtorpssjön was sampled by Kemakta in 2004. The lake Norrtorpssjön was also sampled by 
Örebro University in 2011. Serpentindammssystemet was sampled in 2010 by Fahlqvist (2010). 
The Western ditch was sampled during this study by the author. 
 

2.4 Analytical instruments used for the University projects 
 
pH, Electrode from Metrohm, 6.0228.000, Pt 1000/B/2/3 M KCl 
Redox, Electrode from Thermo scientific, Orion 9678BNWP 
Metals, acidification (conc. HNO3 sub boil distilled) and addition of internal standard (Rhodium) 
followed by analysis with ICP-MS, Agilent 7500 cx positioned in a clean room 
 

3 Results and discussion 

3.1 Average annual precipitation during 2000-2012 
Average annual precipitation for the period 2000-2012 in the Kvarntorp area is presented in table 1. 
The mean value of precipitation for 2000-2006 is 670 mm and the mean value of 2006-2012 is 770. 
This indicates that the precipitation has increased during recent years. More precipitation will lead 
to higher flow rates and this might induce dilution of leached elements. 
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Table 1 Average annual precipitation. 
Data from Swedens Metrological and 
Hydrological Institute (SMHI, 2013) 

 Precipitation 
(mm) 

2000 800 
2001 500 
2002 700 
2003 700 
2004 700 
2005 500 
2006 800 
2007 700 
2008 800 
2009 700 
2010 800 
2011 700 
2012 900 

 
 

3.2 The central watershed 
Changes in concentrations over time will only be mentioned sparingly under headings 3.1 and 3.2. 
Time trends are affected by many different parameters such as water bearing, temperature, 
precipitation and biology. Some of these parameters have not been available during this project 
period and therefore can time trends not be thoroughly predicted.  

Precipitation and adsorption will be assumed to be the dominating mechanisms for release of 
elements under headings 3.1 and 3.2. This might be an error since the impact of water balance has 
not been fully predicted due to lack of information.  
 

3.2.1 Ulftorpsbäcken 
Observed changes in water temperature in Ulftorpsbäcken during the years are expected (fig. 2), 
due to the larger solar angle and higher number of light hours during the summer period of the year. 
The increase in temperature and sunlight will favour photosynthesis and the growth of plants and 
periphytic algae. The photosynthesis can be described by reaction 10 (Raven et al., 2005; Brönmark 
and Hansson, 2010): 
 
6 CO2 + 6 H2O + Light → C6H12O6 + 6 O2 (10) 
 
Since the photosynthesis consumes carbon dioxide it will induce an increase in pH during the 
summer (Brönmark and Hansson, 2010). Increase in pH also results in a higher alkalinity (fig. 2). 
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Phosphorous and N are important nutrients for plant life. The concentrations of dissolved P and 
N are therefore expected to decrease due to the uptake of plants and periphytic algae during 
growing season. A small decrease of N during summer season can be observed in fig. 2 while the 
concentration of P increases during summer season. Higher concentration of P in the water is 
believed to be caused by the release of P from the sediments, i.e. internal eutrophication, as a result 
of the increase in pH. As pH increases so does the activity of hydroxide ions which replaces the 
anionic phosphate ions adsorbed to sediment particles (Brönmark and Hansson, 2010).  

The chemical oxygen demand (COD) of the water indicates the amount of dissolved organic 
compounds which require oxygen for their degradation (Kumla Municipality, 1994-2012). As 
expected; the COD in Ulftorpsbäcken increases during growing season and decreases during 
autumn and winter (fig. 2). 

A slight increase in pH and concentrations of total P and N is observed during the period 1997-
2012. These increases are believed to be caused by the repeated fertilization of the farmlands which 
surrounds Ulftorpsbäcken. The increase in nutrients over the years does not seem to have affected 
the concentrations of bicarbonate or COD in Ulftorpsbäcken. 
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Figure 2 Mean and median temperatures, pH, bicarbonate, Tot-P, Tot-N and COD(Mn) for 
February, April, June, August, October and December in Ulftorpsbäcken during the years 1997-
2012. February n=9, April n=9, June n=9, August n=9, October n=11 and December n=10. 
 
Seasonal changes in electrical conductivity, chloride, sulphate, Ca, Mg, Na and K follow a 
somewhat similar pattern (fig. 3). Some of the mean values for Mg and K differ from their medians 
indicating spreading in the dataset.  

The data indicate that any eventual increase of these concentrations as a result of snowmelt 
(Hammarstrom et al., 2005) does not occur. The effect of snowmelt on the release of elements is 
however rapid and often require samplings every hour to see any increases or decreases (Karlsson, 
2014, pers-comm).  

An increase in electrical conductivity and in the concentrations of chloride, sulphate, Ca and Na 
are observed during summer and autumn (fig. 3). This is believed to be caused by alternating dry 
and humid periods (Nordstrom, 2008). Dry spells causes a drawdown of the water table which 
increases the oxidation rate and bacterial activity (Byrne et al., 2012) which enables extraction of 
elements during coming rainfall.  

The dominant cation and anion in Ulftorpsbäcken are calcium and bicarbonate (Kumla 
Municipality, 1994-2012). This is most likely a result of limestone sediments. 
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Figure 3 Mean and median electrical conductivity, concentrations of chloride, sulphate, calcium, 
magnesium, sodium and potassium for February, April, June, August, October and December in 
Ulftorpsbäcken during the years 1997-2012. February n=9, April n=9, June n=9, August n=9, 
October n=11 and December n=10 
 
The distribution of dissolved iron and aluminium species is affected by the pH increase from 7.6 to 
8.0. The redox potential is also important for the speciation of Fe (Brönmark and Hansson, 2010; 
Drever, 1997; Stumm and Morgan, 1996), but redox is not measured in the annual monitoring 
programs. The higher pH, caused by photosynthesis, during June-October induces iron and 
aluminium to occur as Fe(OH)4

-, Fe(OH)3 and Al(OH)4
- to a higher degree than in February, April 

and December (PHREEQC output). The proportion of Fe(II) is assumed to be lower during June-
October than in February, April and December (PHREEQC output) due to expected oxidative 
conditions during summer season and by reducing conditions during winter. Plants produce oxygen 
through photosynthesis (Brönmark and Hansson, 2010; Drever, 1997; Raven et al., 2005). This 
oxidising agent will increase redox and induce the oxidation of Fe(II) to Fe(III) (Drever, 1997). 
Aluminium occurs both in colloidal- and in dissolved state (dissolved=particle diameter <0.45 µm). 
The seasonal distribution of aluminium is difficult to interpret. A higher pH, as in the time period 
of June-October (fig. 2), could to some degree induce the precipitation of a solid Al(OH)3 phase, 
reaction 11 (Drever, 1997), and thus lower the concentration of aluminium in the water phase (fig. 
4). It is also possible that the pH is high enough to induce the formation of the negatively charged 
ion Al(OH)4

- (Brönmark and Hansson, 2010; Cotton et al., 1995), which will not be adsorbed to 
surfaces in higher pH conditions. 

 
Al3+ + 3 H2O → Al(OH)3(s) + 3 H+ (11) 
 
According to PHREEQC (USGS, version 2.18) modelling of Ulftorpsbäcken both Boehmite, 
AlOOH, and Gibbsite, Al(OH)3, are oversaturated.  

Hydroxy- and oxyhydroxy phases with iron or aluminium are known to have high scavenging 
capabilities for other elements, either due to adsorption by the formation of surface complexes or 
through occlusion (Drever, 1997; Arranz González et al., 2011; Maia et al., 2012; España et al., 
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2005). The solid phases adsorption capabilities for cations are however low in acidic conditions due 
to the net positive charge of their surfaces (Drever, 1997; Stumm and Morgan, 1996; Maia et al., 
2012). Most iron hydroxides and oxyhydroxides have a theoretical pHpzc around 8 (Stumm and 
Morgan, 1996; Stumm, 1992; Maia et al., 2012). But some cations, such as Pb, Cu, Zn and Cd, are 
able to adsorb to these solid phases at pH >6 (Drever, 1997).  

Aluminium concentrations have not changed during 1997-2012, indicating that the increased pH 
might be balanced by the increased rainfall (tab. 1). Leaching of iron increases over time which 
could be a result of increasing pH and the formation of Fe(OH)4

-. The dissolution of Fe into 
Fe(OH)4

- starts to occur around pH 7.5. 
 

  

 

 

Figure 4 Mean and median iron and aluminium concentrations for February, April, June, August, 
October and December in Ulftorpsbäcken during the years 1997-2012. February n=9, April n=9, 
June n=9, August n=9, October n=11 and December n=10. 
 
The elements B, As, Mo, Ni, Sr and U show a seasonal redistribution (fig. 5) similar to that of Ca, 
Na and Fe (fig. 3 and 4), i.e. the concentrations were low during February-April and higher during 
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June-August. Increase in pH and bicarbonate during June-October (fig. 2) seems to affect the 
release of B, As, Ni and U (fig. 5) since the proportions of H2BO4

-, HAsO4
2-, NiHCO3

+ and 
UO2(CO3)3

4-  increase during June-August (PHREEQC output). Release of these elements from the 
sediment during summer period may also be induced by bacterial activity (Byrne et al., 2012), 
repeated rainfall, plant root wedging (Marshak, 2008), root exudates and occurrence of humic 
substances (Du Laing et al., 2009). 

Arsenic concentration in Ulftorpsbäcken increases slightly during 1997-2012. Parameters that 
could affect the weathering rate of As are pH and Eh. The increased pH will cause As to be less 
likely adsorbed to particle surfaces due to its anionic speciation in water. 
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Figure 5 Mean and median boron-, arsenic-, molybdenum-, nickel-, strontium- and uranium 
concentrations for February, April, June, August, October and December in Ulftorpsbäcken during 
the years 1997-2012. February n=9, April n=9, June n=9, August n=9, October n=11 and 
December n=10. 
 
The elements Cu, Pb, Cd, Co, Cr, V and Zn in Ulftorpsbäcken do not follow any seasonal variation. 
 
Tables 2 and 3 show the assessments for the concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As in 
Ulftorpsbäcken. The majority of observed concentrations of these elements were assessed to be low 
or very low. Note that water balance has not been included in any such concentration assessments 
throughout this report. 
 
Table 2 Concentration assessments for the seasonal means and medians of Cu, Zn, Cd, Pb, Cr, Ni 
and As in Ulftorpsbäcken. Assessments are based on the criteria from the Swedish Environmental 
Protective Agency (see appendix A). 
 Months Assessment Concentration 

range 
Months Assessment Concentration 

range 
Cu Jun-Dec low  0.5-3 µg/l Feb-Apr moderate  3-9 µg/l 
Zn Feb-Dec very low  < 5 µg/l    
Cd Feb-Dec low  0.01-0.1 µg/l    
Pb Feb-Dec very low-

low 
< 1 µg/l    

Cr Feb-Dec low  0.3-5 µg/l    
Ni Feb-Dec low   < 15 µg/l    
As Feb-Dec low < 5 µg/l    
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Table 3 Concentration assessment for the concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As during 
1997-2012 in Ulftorpsbäcken. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Assessment Concentration 

range 
Number of 
exceptions 

Assessment of 
exceptions 

Concentration 
range 

Cu low-moderate < 9 µg/l 3/58 high  9-45 µg/l 
Zn very low-low < 5 µg/l 6 (1)/58 low 

(moderate) 
5-20 µg/l (20-
60 µg/l) 

Cd very low-low < 0.1 µg/l 4/58 moderate  0.1-0.3 µg/l 
Pb very low-low < 1 µg/l 3/58 moderate  1-3 µg/l 
Cr very low-low < 5 µg/l 2/58 moderate 5-15 µg/l 
Ni low   < 15 µg/l    
As low < 5 µg/l    
 
Summary of Ulftorpsbäcken: it is a stream with neutral or periodically slightly alkaline pH and 
with high concentrations of bicarbonate, i.e. its alkalinity is high. The stream is likely affected by 
surrounding farmland due to its moderate to very high concentrations of P and N. None of the other 
elements occur in any high concentration so the water in Ulftorpsbäcken should be a good reference 
for the water that passes through the Kvarntorp area.  
 

3.2.2 The groundwater surrounding Kvarntorpshögen 
The groundwater underneath Kvarntorpshögen might have some influence on the surface water. It 
will also give an indication on the local effect of the refuse dump since a portion of the 
groundwater is originally surface water that has percolated into the sediments. 

Concentration assessments will be mentioned under this heading. These assessments are based 
on the criteria’s presented in appendix A. 

There is a lot of variation in water chemistry between the different groundwater wells. The wells 
0401, 0402, 0403 and 0301 are situated on the SE, E and NE slopes of Kvarntorpshögen (fig. 6). 
Their groundwaters had acidic pH and moderately severe to very severe concentrations of As, Mo, 
Cd, Co, Ni and U (tab. 5 and 7, SWECO, 2005a). These are common elements in Kvarntorp shale 
(Karlsson, 2011; Karlsson, 2013; SWECO, 2005a) and their occurrence in high concentration in 
these groundwaters indicates that the waters of these wells were highly affected by unprocessed 
shale. The visible surface of the refuse dump in the vicinity of these wells consists of red processed 
shale. It is however possible that unprocessed shale can be found underneath the processed 
material. 

The two other wells (0407 and 0409) which contained waters with acidic pH are situated on the 
SW slope of the refuse dump (fig. 6). Their groundwaters had severe or very severe concentrations 
of Co, Ni and U and the groundwater in well 0409 also had moderately severe concentrations of Cd 
(tab. 6, SWECO, 2005a) and severe concentrations of Tl, 3.6 µg/l (SWECO, 2005a). These waters 
also showed indication of being affected by unprocessed material due to their elemental contents 
and low pH. The visible surface of the SW slope consists of weathered fines, which is a fine 
fraction of weathered, unprocessed shale and could be the reason for the conditions of the 
groundwater in wells 0407 and 0409.  
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The three wells 0404, 0405 and 0406 on the NW slope of the refuse dump contained waters with 
severe or very severe concentrations of Mo (tab. 5, SWECO, 2005a). Well 0406 also contained 
moderately severe concentrations of As. Waters in the two wells 0405 and 0406 had very high U 
concentrations of 1.49 mg/l and 1.76 mg/l respectively (tab. 5, SWECO, 2005a). Arsenic, Mo and 
U are readily extracted from red processed shale under alkaline conditions (Karlsson, 2011; 
Karlsson, 2013; SWECO, 2005a). The pH values of water in the wells 0405 and 0406 are missing; 
the pH of water in well 0404 was alkaline (10.0 and 12.2, tab. 5). The visible surface of the NW 
slope consists of red processed shale and could therefore explain the presence of As, Mo and U in 
the groundwater but the red processed shale does not generate such alkaline conditions (pH 10.0-
12.2). Red processed shale has been observed to generate pH between 6 and 8 (Karlsson, 2011; 
Karlsson, 2013; SWECO, 2005a). The high pH could either be a result of historical deposition of 
burnt lime or the formation of lime from on-going limestone roasting inside of Kvarntorpshögen 
according to reaction 7: 

 
CaCO3(s) + heat → CaO(s) + CO2(g)    (7) 
 
Wells 0408, 0410, 0302 and 0306 had a near neutral pH in the interval 6-8 (tab. 6 and 7). Well 
0408 and 0410 are situated on the SW side of the refuse dump close to the wells 0407 and 0409 
respectively (fig. 6). Well 0408 contained severe concentration of Mo while well 0410 contained 
severe or very severe concentrations of Co and Ni (tab. 6, SWECO, 2005a). These two wells are 
further away from the refuse dump than wells 0407 and 0409, which could explain their higher pH. 
Wells 0302 and 0306 are situated on the northern slope of Kvarntorpshögen and contained 
moderately severe to very severe concentrations of Ni, Mo and U (tab. 7, SWECO, 2005a). The 
near neutral pH and the presence of high concentrations of primary Mo and U in the waters of wells 
0302 and 0306 indicate an influence of red processed shale.  

Wells 0411 and 0412 are deeper than the rest. All other wells are between 3-11 m deep while the 
wells 0411 and 0412 are 31 m deep and thus reach into the sandstone bedrock (SWECO, 2005a). 
The water in these two wells contained only low concentrations of hazardous elements (tab. 6, 
SWECO, 2005a). 

It is difficult to draw any conclusion on how the refuse dump will affect the passing surface 
water due to the variation of groundwater chemistry in the wells. The groundwaters show mainly 
three different possible water conditions. 1. – Acidic water with high concentrations of Cd, Co, Ni 
and U. 2. – Water with near neutral pH and high concentrations of Mo and U. 3. – Alkaline water 
with high concentrations of Mo and U. The surface water which passes by, and through, the waste 
dump toward the confluence of the Western ditch, Eastern ditch, Serpentindammssystemet and 
Frommestabäcken will most likely be a mixture of these three types of waters. 
 



 22 

 
Figure 6 Map showing the groundwater wells surrounding Kvarntorpshögen and their respectively 
water levels (MAMSL) in blue (SWECO, 2005a). 
 
Table 4 Colour markings for the criteria from the Swedish Environmental Protective Agency used 
for assessment of groundwater condition in regard to As, Cd, Cr, Cu, Ni and Pb (SWECO, 2005a). 
Canadian criteria for surface water in regard to Co, Mo, U, V and Zn (SWECO, 2005a). The 
Canadian criteria will be used for the assessment of groundwater since no other criteria are 
currently available. The concentration criteria’s are presented in appendix A, 
Concentration assessment (Sweden) Canada 
Less 
severe 

Moderately 
severe 

Severe Very 
severe 

Severe 
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Table 5 Groundwater chemistry in the groundwater wells Rb0401, Rb0402, Rb0403, Rb0404, 
Rb0405 and Rb0406. Sampling was performed by SWECO during 2004. All data presented in this 
table is reported in SWECO (2005a). The colour markings show the concentration assessment 
according to tab. 4. 
 Groundwater 

Rb0401 Rb0402 Rb0403 Rb0404 Rb0405 Rb0406 
040916 041018 040916 041018 040916 041018 040916 041018 041118 041118 

Ca mg/l 528 522 484 435 554 519 609 698 568 511 
Fe mg/l 681 628 439 328 3.6 24 0.077 0.004 0.032 0.007 
K mg/l 4.7 4.8 243 237 57 67 219 213 92 105 
Mg mg/l 34 30 411 409 47 76 0.09 0.09 95 192 
Na mg/l 25 23 93 93 30 36 66 66 95 192 
Al µg/l 5670 17600 17500 19800 823 2920 9.7 2 3.0 14 
As µg/l 123 5 77 2 11 15 2.7 2.1 21 113 
Cd µg/l 0.05 0.3 8.1 4.0 0.6 2.1 0.4 0.2 0.1 0.3 
Co µg/l 133 110 238 244 32 55 0.13 0.05 1.7 0.78 
Cr µg/l 1.7 3.2 0.5 1.0 0.5 0.5 0.5 0.5 0.5 0.5 
Cu µg/l 1 5.0 1 6.5 8.0 13 1.0 1.0 1.0 1.0 
Mo µg/l 0.5 3 24 1 0.5 8.2 229 142 196 935 
Ni µg/l 534 613 1270 1190 219 235 8.2 8.1 11 7.0 
Pb µg/l 0.5 1 0.39 1.5 0.2 0.2 0.2 0.3 0.2 0.2 
Sr µg/l 238 213 299 288 210 232 1740 1890 1520 1480 
U µg/l 127 142 98 129 17 16 0.09 0.5 1490 1760 
V µg/l 9.1 11 1.9 1.5 0.11 1.8 0.62 0.77 5.3 12 
Zn µg/l 56 90 2270 2170 209 355 1 1 4.3 2.3 
pH 
 

4.4 4.6 4.5 3.2  3.6 10.0 12.2   

Cond. 
µS/cm 

3360 3150 5460 5510 2620 2650 4490 6690   

P-tot mg/l 0.1 0.02 0.1 0.01 6.5 0.2 0.2 0.01   
HCO3mg/l 1 1 1 1 1 1 1000 1800   
N-tot mg/l 2.8 2.4 8.4 7.7 3.8 2 7.5 7   
COD mg/l 200 120 70 52 57 8.2 14 16   
SO4 mg/l  2470  4260  1720  656   
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Table 6 Groundwater chemistry in the groundwater wells Rb0407, Rb0408, Rb0409, Rb0410, 
Rb0411 and Rb0412. Sampling was performed by SWECO during 2004. All data presented in this 
table is reported in SWECO (2005a). The colour markings show the concentration assessment 
according to tab. 4. 
 Groundwater 

Rb0407 Rb0408 Rb0409 Rb0410 Rb0411 Rb0412 
040916 041018 040916 041018 040916 041018 040916 041018 041218 041218 

Ca mg/l 525 495 117 145 523 484 706 650 40 89 
Fe mg/l 1040 1130 0.231 <0.004 637 620 179 259 0.05 0.03 
K mg/l 81 84 1.6 1.6 112 116 35 35 8.9 11 
Mg mg/l 104 107 2.8 3.3 283 290 428 389 0.52 0.09 
Na mg/l 18 19 7.4 7.2 41 43 25 25 18 133 
Al µg/l 1620 1520 2 2 3460 349 2 26 138 170 
As µg/l 1 5 1 2 17 7.1 1 2 4 4 
Cd µg/l 0.2 0.3 0.1 0.1 14 0.3 0.1 0.1 0.1 0.1 
Co µg/l 58 49 3.3 2.5 63 92 330 325 0.05 0.05 
Cr µg/l 0.5 3.0 0.5 0.5 0.58 3 0.5 1 0.5 0.5 
Cu µg/l 1.0 5.0 1.0 1.0 93 5 1 2 1.2 1 
Mo µg/l 1.9 3 16 13 0.54 6.1 0.5 1 2.0 7.5 
Ni µg/l 258 173 18 7.5 463 271 2980 2420 0.5 0.5 
Pb µg/l 0.2 1.0 0.2 0.2 1.9 1 0.2 0.4 0.2 0.2 
Sr µg/l 1320 1290 118 131 1270 1290 1160 1150 1070 2250 
U µg/l 28 23 4.4 5.4 251 31 0.31 1.6 0.01 0.01 
V µg/l 0.07 0.3 0.05 0.05 3.6 0.3 0.05 0.1 2.0 1.8 
Zn µg/l 255 148 1 1 1270 363 8.6 14 1 1 
pH 
 

3.0 4.1 7.3 7.5  4.6 6.4 6.5 10 11 

Cond. 
µS/cm 

4700 4550 703 707  4040 4510 4440 3380 1020 

P-tot mg/l 0.1 0.01 2 0.03  2.8 0.3 0.01 0.8 0.3 
HCO3mg/l 1 1 230 220  1 390 540 210 170 
N-tot mg/l 7.3 7 0.33 0.06  33 4.7 4.6 0.53 0.88 
COD mg/l 170 140 110 1.1  2300 110 45 32 5.9 
SO4 mg/l  3780  196  6040  3020 23 308 
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Table 7 Groundwater chemistry in the groundwater wells Rb0301, Rb0302, Rb0306. Sampling was 
performed by SWECO during 2004. All data presented in this table is reported in SWECO (2005a). 
The colour markings show the concentration assessment according to tab. 4. 
 Groundwater 

Rb0301 Rb0302 Rb0306 
040916 041018 040916 041018 040916 041018 

Ca mg/l 503 483 313 261 262 262 
Fe mg/l 502 508 0.19 0.03 1.0 0.14 
K mg/l 252 249 73 72 46 46 
Mg mg/l 446 451 35 31 47 49 
Na mg/l 99 99 45 45 31 33 
Al µg/l 12800 12000 3.1 2.3 5.4 29 
As µg/l 45 77 1.1 1 1 8 
Cd µg/l 1.5 0.9 <0.05 <0.05 0.1 0.1 
Co µg/l 85 187 0.33 0.17 0.51 1.0 
Cr µg/l 0.5 1 0.52 0.58 0.5 0.5 
Cu µg/l 1 2 1 1 1 1.7 
Mo µg/l 9.3 13 53 49 24 37 
Ni µg/l 1000 873 2.0 1.0 48 47 
Pb µg/l 0.2 0.4 0.2 0.2 0.2 0.2 
Sr µg/l 319 312 709 654 242 252 
U µg/l 112 126 21 11 6.7 10 
V µg/l 3.8 4.1 0.1 0.2 8.8 8.3 
Zn µg/l 2480 2350 6.4 4.4 1.6 7.8 
pH 
 

3.8 3.8 6.5 6.5 6.5 6.6 

Cond. 
µS/cm 

5670 5500 1950 1760 1645 1650 

P-tot mg/l 0.2 0.02 0.5 0.1 0.4 0.1 
HCO3mg/l 1 1 680 710 66 82 
N-tot mg/l 11 10 25 23 2.7 2.2 
COD mg/l 80 80 63 14 100 9.2 
SO4 mg/l  4450  476  869 

 

3.2.3 The Western ditch 

Water from the lake Nordsjön passes through a culvert underneath the road and railroad. The 
culvert emerges into the Western ditch in a forested area NW of Kvarntorpshögen. The result of 
samplings in 1999 (Kumla Municipality, 1999) and 2013 of water at the outlet from Nordsjön and 
from the Western ditch are presented in tables 9 and 8 respectively.  

The electrical conductivity of the water was slightly higher in the Western ditch than at the 
outlet of Nordjön (tab. 8 and 9). Many metal concentrations were also higher in the Western ditch 
compared to Nordsjön (tab. 8 and 9). Change in water chemistry could be influenced by changes in 
ground composition or the distance to Kvarntorpshögen. The first half of the Western ditch is 
surrounded by deciduous forest and brown soil while the second half passes through a 
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anthropogenic ditch of coarse gravel (most likely of igneous origin). In September 2013 a patch of 
the Western ditch, some 300 meters downstream from the inlet, was found to be covered with a 
film of what is believed to be iron oxidising bacteria (no analytical identification was performed). 
The water at this site had an electrical conductivity of 2.76 mS/cm and pH 5.99. The water 
contained higher concentrations of Ca, Fe, K, Mg, Na, Al, As, Co, Ni, Sr and Zn than that of water 
from the sampling sites up- and downstream (tab. 8). These higher concentrations are believed 
originate from some point source in the NW part of Kvarntorpshögen.  

 
Table 8 Water chemistry in the lake Nordsjön and the Western ditch, sampled 130926. 
 Outlet of the lake 

Nordsjön 
Inlet of the 

Western ditch 
Along the 

Western ditch 
(approx. 300 m 

from inlet) 

Along the 
Western ditch 

(approx. 900 m 
from inlet) 

pH 7.49 7.45 5.99 7.44 
Cond. mS/cm 0.699 0.769 2.76 0.879 

Ca mg/l 145 172 548 184 
Fe mg/l 0.063 0.084 77.2 0.190 
K mg/l 18.3 21.4 178 29.5 

Mg mg/l 11.6 14.4 204 25.6 
Na mg/l 27.9 28.6 50.0 31.4 

Al µg/l (not 
filtered) 

6.61 6.22 1050 7.32 

As µg/l 0.416 0.547 1.06 0.344 
Cd µg/l 0.027 0.034 0.055 0.038 
Co µg/l 0.758 0.964 67.1 1.12 
Cr µg/l 0.430 0.451 0.319 0.695 
Cu µg/l 2.42 1.49 1.03 1.30 
Mo µg/l 10.4 10.0 1.15 11.0 
Ni µg/l 14.8 14.8 410 14.9 
Pb µg/l 0.352 0.321 0.150 0.314 
Sr µg/l 272 301 522 326 
U µg/l 19.5 20.9 22.9 22.7 
V µg/l 0.049 0.153 0.129 0.156 
Zn µg/l 5.44 9.88 778 2.15 
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Table 9 Water chemistry data at the outlet of  the lake Nordsjön and in the Western ditch year 
1999. Data from Kumla Municipality (1999). 

 
The lake Nordsjön 
(Mean value, n=6) 

The Western ditch 
(Mean value, n=6) 

pH 7.83 7.73 
Conductivity mS/m 81.9 96.2 

Fe mg/l 0.716 1.04 
Al µg/l (not filtered) 64.2 96.2 

As µg/l 0.533 0.617 
Cd µg/l 0.087 0.123 
Co µg/l 1.50 2.73 
Cr µg/l 1.60 1.58 
Cu µg/l 1.88 2.22 
Mo µg/l 11.0 14.2 
Ni µg/l 14.3 20.3 
Pb µg/l 0.250 0.225 
Sr µg/l 265 278 
U µg/l 21.2 18.7 
V µg/l 0.50 0.50 
Zn µg/l 5.67 9.50 

 

3.2.4 The Eastern ditch 

The Eastern ditch was sampled repeatedly every second month during 1996-1998 (Kumla 
Municipality, 1996-1998). Analysed parameters do not seem to follow any seasonal changes (fig. 7 
and 8). Since the Eastern ditch receives some of its water from the Kvarntorp industrial area the 
water chemistry is likely partially affected by anthropogenic activity.  
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Figure 7 pH, electrical conductivity and concentrations of Fe, B, Sr and U in the Eastern ditch 
during the years 1996-1998. 
 

  



 29 

  
Figure 8 Concentrations of Al (filtered and not filtered), Cu, Ni, Zn, As, Pb, Mo, Cd, Co and Cr in 
the Eastern ditch during the years 1996-1998. 
 

3.2.5 The confluence of the Western ditch, Eastern ditch and Frommestabäcken 
It is approximately 10 m between the outlet from Serpentindammssystemet and the sampling point 
in Frommestabäcken and therefore both sampling points will be discussed together.  

The change in water temperature at the confluence is similar to that in Ulftorpsbäcken (fig. 9 and 
10 compared to fig. 2) as a result of more sunlight and thus increased rate of photosynthesis during 
summer season. The median pH increases from 7.4 to 7.7 during April-August (fig. 10), most likely 
due to photosynthesis (Brönmark and Hansson, 2010). The vegetation near the outlet from 
Serpentindammssystemet consists mainly of reeds, which also grow inside the Serpentine Dams 
(see heading 1.3; SWECO, 2005b). The vegetation at the sampling site in Frommestabäcken also 
includes some deciduous trees, mostly beeches. The absence of any decrease in pH in October at 
the outlet from the Serpentine Dams (fig. 9) is believed to be caused by a slow degradation rate of 
reeds compared to the degradation of leaves that causes the decrease in pH in Frommestabäcken in 
October (fig. 10). The water flow rate is also expected to be higher in Frommestabäcken than at the 
outlet due to the water inflow of the Western ditch. The relatively high pH values observed in 
December (fig. 9 and 10) are believed to be, at least partially, a result of decreasing COD during the 
year (fig. 10). 

Water at the Serpentine Dams outlet has a slightly lower pH (mean value of 2012 = 6.7) than the 
water in Frommestabäcken (mean value of 2012 = 7.9). This indicates that the water from the 
Eastern ditch also has a lower pH than Frommestabäcken and that pH increase over the distance 
between the sampling points. This is likely caused by limestone embedded in the sediments, bio 
production and -degradation and by the inflow of water from the Western ditch. 

The seasonal concentrations of bicarbonate, i.e. the alkalinity, in Frommestabäcken do not 
correspond to the streams pH (fig. 10). The concentrations of P and N also decrease during April-
October (fig. 10). The decreases of these three compounds are believed to be a combination of 
precipitation as solid phases and by uptake by the reeds growing in the water course. The COD is 
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highest in the beginning of the year (fig. 10). This is probably a result of accumulated organic 
matter in the watercourse during the winter.  
 

  
Figure 9 Mean and median temperatures and pH for February, April, June, August, October and 
December in the outlet from the Serpentine Dams during the years 1996-2012. February n=17, 
April n=17, June n=17, August n=17, October n=17 and December n=17. 
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Figure 10 Mean and median temperatures, pH, bicarbonate, tot-P, tot-N and COD(Mn) for 
February, April, June, August, October and December in Frommestabäcken during the years 1994-
2012. February n=17, April n=17, June n=18, August n=18, October n=19 and December n=17. 
 
The electrical conductivity and the concentrations of sulphate, Ca, Mg, Na and K at the watercourse 
confluence increase mainly during June-October (fig. 11-12). This is again most likely caused by 
alternating dry- and humid periods during these seasons (Nordstom, 2010).  

The major cation and anion in Frommestabäcken are calcium and sulphate (Kumla Municipality, 
1994-2012). Calcium and sulphate are also the dominant cation and anion found in liquid-solid 
extractions of different shale materials from Kvarntorp (Karlsson, 2011; Karlsson, 2013). Sulphate 
is a weathering product according to reaction 3 (Maia et al., 2012; Puura, 1998; Puura and 
Neretnieks, 2000): 
 
FeS2(s) + 14 Fe3+ + 8 H2O → 15 Fe2+ + 2 SO4

2- + 16 H+ (3) 
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The high concentrations of sulphate in Frommestabäcken indicate that the water is affected by the 
shale and the material in Kvarntorpshögen. The concentrations of sulphate could also be a result of 
atmospheric deposition. 

The electrical conductivity at the outlet from the Serpentine Dams increased around year 2000 
(fig. 13). An explanation for this could be that the cooling water from the company Akzo Nobel 
Functional Chemicals AB in the industrial area was redirected in year 1999. Instead of passing 
through Serpentindammssystemet it flows through a ditch called Djupa diket, this caused the flow 
rate in Serpentindammssystemet to decrease and thus reduce potential dilution (Eriksson, 2014, 
pers-comm). A similar increase was only observed for Ni, Li, B and Sr (note that base ions were 
not analysed at the Serpentine Dams outlet). The higher electrical conductivity at the outlet does 
not seem to affect the electrical conductivity at the sampling point in Frommestabäcken.  
 

 
Figure 11 Mean and median electrical conductivity for February, April, June, August, October and 
December in the outlet from the Serpentine Dams during the years 1996-2012. February n=17, 
April n=17, June n=17, August n=17, October n=17 and December n=17. 
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Figure 12 Mean and median electrical conductivity and concentrations of chloride, sulphate, 
calcium, magnesium, sodium and potassium for February, April, June, August, October and 
December in Frommestabäcken during the years 1994-2012. February n=17, April n=17, June 
n=18, August n=18, October n=19 and December n=17. 
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Figure 13 Electrical conductivity in the Serpentine Dams outlet during the years 1996-2012. 
 
Mean and median concentrations of Al decrease during June-October (fig. 14-15). The decrease is 
most likely induced by the increased pH during this period (fig. 9-10), i.e. Al precipitates as 
hydroxides or oxyhydroxides (Drever, 1997). Iron only shows a slight decrease during the period 
April-June (fig. 15) in Frommestabäcken while iron at the outlet from the Serpentine Dams show 
no obvious decrease during the summer period (fig. 14). The dissolution of Fe could be caused by 
reduction of Fe(III) to Fe(II). As mentioned under heading 1.3.1; the Serpentine Dams consists of 
wetlands, i.e. much vegetation. These plant beds should lead to the accumulation of organic matter. 
Decomposition of this organic matter may decrease redox and induce reducing conditions which 
will lead to denitrification (Brönmark and Hansson, 2010; Kalff, 2002) and iron reduction. 
Measurement of pH and redox in the Serpentine Dams was performed by Fahlqvist (2010) in 
December 2010. The pH was 6.0 and 6.3 at two different sampling sites while Eh was 286 and 194 
mV. The sampling site with pH 6.3 and Eh 194 mV is downstream compared to the sampling site 
with pH 6.0 and Eh 286 mV. If pH 6.3 and Eh 194 mV are compared to a pe-pH diagram for the 
system Fe-O-H2O-S-CO2 with Fe(OH)3 as assumed solid phase (from Drever, 1997), it indicates 
that Fe could occur as Fe2+. Another reason for the relatively high dissolution of Fe during the 
summer period at the water course confluence could be photoreduction. The absence of shading 
plants at the water course confluence means that the water is highly exposed to sunlight. Ferric iron 
is reduced by UV light into ferrous iron (Gammons et al., 2005; Sullivan and Drever, 2001) 
according to reaction 12 (Gammons et al., 2005): 

 
Fe(OH)2+ + uv → Fe2+ +OH· (12) 
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Figure 14 Mean and median iron and aluminium concentrations for February, April, June, August, 
October and December in the outlet from the Serpentine Dams during the years 1996-2012. 
February n=17, April n=17, June n=17, August n=17, October n=17 and December n=17. 
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Figure 15 Mean and median iron and aluminium concentrations for February, April, June, August, 
October and December in Frommestabäcken during the years 1994-2012. February n=17, April 
n=17, June n=18, August n=18, October n=19 and December n=17. 
 
Concentrations of Cu, Cd, Co, Ni and Zn at the Serpentine Dams outlet decrease during summer or 
the latter half of the year (fig. 16). The concentrations of Cu, Pb, Cd, Co, and Zn deceases in 
Frommestabäcken during summer or the latter half of the year (fig. 17). These decreases are most 
probably induced by the increase in pH (fig. 9-10) and decreases in Fe and Al concentrations 
(fig.14-15). The increase in pH might induce the precipitation of hydroxides or carbonates of these 
elements but it is more likely that they are scavenged by the precipitation of Fe- and Al 
hydroxides/-oxyhydroxides (Drever, 1997; Arranz González et al., 2011; Maia et al., 2012; España 
et al., 2005; Du Laing et al., 2009). Concentrations of Pb in the Serpentine Dams outlet do not 
follow any apparent seasonal change (fig.16).  

An increase in Ni concentrations at the Serpentine Dams outlet occurs around year 2000, same 
year as the electrical conductivity increased (compare fig. 18 and 13). 
 

  



 37 

  

  

 

 

Figure 16 Mean and median copper-, lead-, cadmium-, cobalt-, chromium-, nickel- and zinc 
concentrations for February, April, June, August, October and December in the outlet from the 
Serpentine Dams during the years 1996-2012. February n=17, April n=17, June n=17, August 
n=17, October n=17 and December n=17. 
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Figure 17 Mean and median copper-, lead-, cadmium-, cobalt-, chromium-, nickel- and zinc 
concentrations for February, April, June, August, October and December in Frommestabäcken 
during the years 1994-2012. February n=17, April n=17, June n=18, August n=18, October n=19 
and December n=17. 
 

 
Figure 18 Ni concentrations at the Serpentine Dams outlet during 1996-2012. 
 
Seasonal trends for Sr and U in Frommestabäcken (fig. 19) are similar to the seasonal trends for 
sulphate, Ca and K (fig. 12). Strontium is similar to Ca in its ability to form solid phase with 
sulphate (Cotton et al., 1995). The dissolution/precipitation of Sr is therefore expected to 
correspond to the dissolution/precipitation of sulphate.  

Zippeite is a uranyl mineral found in U-mill tailings and at a former U-mine site (Schindler et 
al., 2013; Stefaniak et al., 2009). The general formula for zippeite is 
Ax[(UO2

2+)6(SO4)3(OH)10](H2O)y (A = K+, Na+, NH4
+, Ca2+, Ni2+, Fe2+, Mn2+, Mg2+ and Zn2+) 

(Schindler et al., 2013). If some of the uranium in Kvarntorp occur as zippeite this could explain 
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the similar dissolution patterns between U, sulphate, Ca and K in Frommestabäcken. Zippeite was 
however not detected in the short XRD analysis of shale material performed by Karlsson (2013). 

Seasonal means and medians for Li, As, B and Mo (fig. 19) in Frommestabäcken do not show 
any clear distribution pattern. The pH in Frommestabäcken does not seem to be high enough to 
increase the dissolution of the anion-forming elements As, Mo and B. None of the elements Li, As, 
B, Mo, Sr and U show any seasonal trends at the Serpentine Dams outlet. 

The concentrations of Li, B and Sr in the Serpentine Dams outlet increased in year 2000 (fig. 20-
22), which corresponds to similar increase in electrical conductivity (fig. 13) and Ni concentration 
(fig. 18). Inflowing water from the Western ditch dilutes the concentrations of Li and B from the 
Serpentine Dams outlet to the lower concentrations observed in Frommestabäcken. The 
concentrations of Sr and U are higher in Frommestabäcken than in the Serpentine Dams outlet 
indicating that these elements are also carried by the Western ditch.  
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Figure 19 Mean and median concentrations of lithium, arsenic, boron, molybdenum, strontium and 
uranium for February, April, June, August, October and December in Frommestabäcken during the 
years 1994-2012. February n=17, April n=17, June n=18, August n=18, October n=19 and 
December n=17. 
 

 
Figure 20 Li concentrations at the Serpentine Dams outlet during the years 1996-2012. 
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Figure 21 B concentrations at the Serpentine Dams outlet during the years 1996-2012. 
 

 
Figure 22 Sr concentrations in Frommestabäcken during the years 1994-2012 and in the 
Serpentine Dams outlet during 1996-2012. 
 
The concentration assessments also indicate that a decrease in metal concentrations has occurred 
from the outlet of the Serpentine Dams to Frommestabäcken (tab. 10-13). Observed concentrations 
of Cu, Zn, Cd, Pb, Cr, Ni and As in Frommestabäcken are in majority assessed as low (tab. 11 and 
13). 
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Table 10 Concentration assessments for the seasonal means and medians of Cu, Zn, Cd, Pb, Cr, Ni 
and As at the Serpentine Dams outlet. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Months Assessment Concentration 

range 
Months Assessment Concentration 

range 
Cu Feb-Dec low-

moderate 
0.5-9 µg/l    

Zn Jun-Oct moderate 20-60 µg/l Feb-Apr, 
Dec 

high 60-300 µg/l 

Cd Aug-Oct moderate 0.1-0.3 µg/l Feb-Jun, 
Dec 

high 0.3-1.5 µg/l 

Pb Feb-Apr, 
Aug-Dec 

very low-low < 1 µg/l Jun moderate 1-3 µg/l 

Cr Feb-Dec very low-low < 5 µg/l    
Ni Feb-Dec high  45-225 µg/l    
As Feb-Dec very low-low  < 5 µg/l    
 
Table 11 Concentration assessments for the seasonal means and medians of Cu, Zn, Cd, Pb, Cr, Ni 
and As in Frommestabäcken. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Months Assessment Concentration 

range 
Months Assessment Concentration 

range 
Cu Feb-Dec Low-

moderate 
0.5-9 µg/l    

Zn Feb-Dec low  5-20 µg/l    
Cd Oct low 0.01-0.1 µg/l Feb-Aug, 

Dec 
moderate 0.1-0.3 µg/l 

Pb Feb-Dec very low-low < 1 µg/l    
Cr Feb-Dec very low-low < 5 µg/l    
Ni Feb-Dec moderate  15-45 µg/l    
As Feb-Dec low  0.4-5 µg/l    
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Table 12 Concentration assessment for the concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As during 
1996-2012 at the Serpentine Dams outlet. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Assessment Concentration 

range 
Number of 
exceptions 

Assessment of 
exceptions 

Concentration 
range 

Cu low-moderate 0.5-9 µg/l 6/101 high  9-45 µg/l 
Zn low-high < 300 µg/l 1/101 very high > 300 µg/l 
Cd low-moderate 0.01-0.3 µg/l 48/101 high  0.3-1.5 µg/l 
Pb very low-low < 1 µg/l 7 (3)/101 moderate-

(high) 
1-3 µg/l (3-15 
µg/l) 

Cr very low-low < 5 µg/l 1/101 moderate  5-15 µg/l 
Ni high  45-225 µg/l 10/101 moderate 15-45 µg/l 
As very low-low < 5 µg/l    
 
Table 13 Concentration assessment for the concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As during 
1994-2012 in Frommestabäcken. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Assessment Concentration 

range 
Number of 
exceptions 

Assessment of 
exceptions 

Concentration 
range 

Cu low-moderate 0.5-9 µg/l 3/108 high  9-45 µg/l 
Zn very low-low < 20 µg/l 16 (5)/108 moderate 

(high) 
20-60 µg/l 
(60-300 µg/l) 

Cd low-moderate 0.01-0.3 µg/l 10/108 high  0.3-1.5 µg/l 
Pb very low-low < 1 µg/l 4/108 moderate 1-3 µg/l 
Cr very low-low < 5 µg/l 2/108 moderate  5-15 µg/l 
Ni low-moderate 0.7-45 µg/l 2/108 high 45-225 µg/l 
As very low-low < 5 µg/l    
 

3.2.6 Comparison of the water chemistry in Ulftorpsbäcken and Frommestabäcken 
Most element concentrations in the surface water have apparently increased during its stay in the 
Kvarntorp area. This is shown by the higher concentrations of most elements in Frommestabäcken 
compared to Ulftorpsbäcken. The concentrations of P, As and filtrated Al were however higher in 
Ulftorpsbäcken compared to Frommestabäcken. The COD was also higher in Ulftorpsbäcken.  

The higher P concentrations in Ulftorpsbäcken are most likely a result of the larger farmland 
areas surrounding the sampling point in Ulftorpsbäcken. Higher COD in Ulftorpsbäcken is most 
likely contributed by the forested area upstream from the sampling point. Arsenic and Al may occur 
in a more accessible form, or higher amount, in the sediments at Ulftorpsbäcken than in Kvarntorp.  
 

3.2.7 Bottom fauna in Frommestabäcken 
Samples of bottom fauna were collected downstream Frommestabäcken before the confluence with 
Frogestabäcken in the vicinity of Ekeby (Kumla Municipality, 1996-2012). The bottom fauna has 
during these years been dominated by the amphipod Gammarus pulex (Kumla Municipality, 1996-
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2011). Gammarus pulex is very sensitive to low pH, its presence in Frommestabäcken therefore 
verify that the pH is neutral (Kumla Municipality, 1996-2011). The population of Gammarus pulex 
decreased during the years 2001-2003 which is assumed to be a result of increased predation of fish 
(Kumla Municipality, 2001-2003). 

The population of stoneflies is low and in most years no individual has been observed during 
1997-2011 (Kumla Municipality, 1996-2011). During 2010-2011 large populations of the riffle 
beetles Elmis aenea and Limnius volckmari were observed (Kumla Municipality, 2010-2011). 
Absence of stoneflies and the presence of riffle beetles indicate that Frommestabäcken is rich in 
nutrients (Kumla Municipality, 1996-2011). Riffle beetles also indicate that the watercourse is 
aerobic (Kumla Municipality, 2010-2011). 

The population of mayflies has also been small with only some sporadic sightings during 1996-
2011 (Kumla Municipality, 1996-2011). Mayflies are sensitive to contaminants and their absence is 
believed to be caused by the occurrence of some unidentified contaminant in Frommestabäcken 
(Kumla Municipality, 1996-2011).  

The number of observed individuals per square meter (fig. 23) alternates between normal and 
high but the number of observed species is low (Kumla Municipality, 1996-2011). This results in a 
low Shannon diversity index (fig. 23). The Shannon diversity index (H) is calculated according to 
equation 1 (Brönmark and Hansson, 2010): 

 
H = -Σ pi ln pi  pi = proportions of the species (i) (1) 

 
Even though the diversity is low, the average score per taxon index (ASPT index) has increased 
during recent years (fig. 23) resulting in a good ecological status for 2007-2011 (Kumla 
Municipality, 2007-2011). The ASPT index is determined by which families of species that are 
observed. The families have different indicator scores depending on how rare and sensitive they are 
(Berglund, 2012). The ASPT index is calculated by the sum of indicator scores divided by the 
number of observed families.  

The low diversity could be influenced by the large population of amphipods which competes for 
space and thus contributes to a so called “crowding effect” (Kumla Municipality, 2009). The 
presence of a contaminant is however also suspected to contribute to the low diversity (Kumla 
Municipality, 2009). 
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Figure 23 Number of observed species, number of individuals per m2, Shannon index and ASPT 
index for the bottom fauna samples from Ekeby, Frommestabäcken. 
 

3.3 The eastern watershed 

3.3.1 The lake Norrtorpssjön 
The lake Norrtorpssjön circulates twice during a year, which is normal for lakes in temperate 
regions. The lake is stratified during winter with a colder water mass at the surface and a warmer, 
around 4 °C, water mass beneath the thermocline. As the ice melts in spring the temperature 
difference will disappear; the temperature and the water density will be the same throughout the 
lake and this will cause the lake to circulate. During summer the lake will stratify again due to an 
increased temperature near the surface. During this season it is the deepest water mass that is colder 
and thus have a higher water density, this will lead to the accumulation of metals and thus a 
decrease in pH beneath the thermocline. As the temperature near the lake’s surface decrease by the 
coming of autumn the thermocline will disappear and the lake will once again circulate. 
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The water chemistry sampled and analysed within another project at Örebro University (fig. 24) 
in September 2011 indicate the influence of a thermocline on pH and some elements, i.e. pH 
decreases with depth and elemental concentrations increase. Results presented by Kemakta (2005) 
in fig. 25 and 26 also indicate the influence of a thermocline on metal distribution in the lake. The 
sampling dates for the data from Kemakta (2005) are unknown, the results shown in fig. 26 indicate 
that the sampling date during the autumn was before the lake started to circulate due to the higher 
metal concentrations observed at lower depth. 

The concentrations of Ni and U in 2011 (fig. 24) are classified as high. High concentrations of 
Ni, Zn, Pb, Cu, Co and U were observed (fig. 25 and 26) in 2004.  
 

  

  
Figure 24 pH and concentrations of Fe, Cr, As, Cd, Pb, Ni and U in the lake Norrtorpssjön 
September 2011. 1 meter n=9, 3 meter n=11, 5 meter n=9, 7 meter n=2, 8 meter n=6, 9 meter n=1, 
10 meter n=2, 11 meter n=3, 12 meter n=1, 14 meter n=1, 15 meter n=1. Data provided by 
research group MTM-BG at Örebro University 
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Figure 25 Concentrations of elements in the lake Norrtorpssjön during summer 2004, Kemakta 
(2005). 
 

 
Figure 26 Concentrations of elements in the lake Norrtorpssjön during autumn 2004, Kemakta 
(2005). 
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3.3.2 The outlet from the lake Norrtorpssjön to Frogestabäcken 
The water chemistry of the lake Norrtorpssjön changed due to the increase in pH caused by the 
alkaline refuse spill that was dumped upstream. This change in pH (from approximately 3.5 to 8.0) 
is also observed at the lakes outlet into Frogestabäcken (Allard et al., 2013). Due to this increase in 
pH only the seasonal means and medians for the years 2000-2012 are presented here (sampling at 
the outlet has been performed since 1994).  

Temperature in Frogestabäcken (fig. 27) shows an expected behaviour and probably contributes 
to the higher pH in June and August (fig. 27) due to photosynthesis. Decreases in pH observed in 
April and October are most likely a result of spring- and autumn circulation in the lake. Circulation 
should contribute to a homogenised metal concentration throughout the lake. Since the metal 
concentration in a summer stratified lake is most often lower above the thermocline the circulation 
will cause an increase of metals in the lakes upper layer and thus decrease pH. The concentration of 
bicarbonate increases just like pH from year 2000. The decrease in pH during circulation will also 
induce a decrease in bicarbonate (fig. 27). 

Concentration of P seems to follow a seasonal trend similar to pH (fig. 27). This indicates that P 
occurs as phosphate which mobility increases with higher pH. The concentrations of nitrogen, 
which should be a mixture of mainly NH4

+ and NO3
-, do not seem to be influenced by the lake 

circulation (fig. 27). It seems to be a big uptake of nitrogen by organisms in June. The highest 
amounts of COD were observed in August which indicates that the concentrations of organic matter 
in the lake and water course are highest during late summer.  

The increase in pH, starting around the year 1997-1998, could induce the observed decrease in N 
concentrations and the increase in COD. Decrease in N indicates that the majority of N occurs as 
NH4

+ which would adsorb to negatively charges particle surfaces at higher pH. Some humic 
substances precipitate at low pH. The increase in pH could therefore increase the mobility of these 
humic substances resulting in a higher COD.  
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Figure 27 Mean and median temperatures, pH, bicarbonate, tot-P, tot-N and COD(Mn) for 
February, April, June, August, October and December in Frogestabäcken during the years 2000-
2012. February n=2, April n=12, June n=3, August n=3, October n=13 and December n=3. 
 
Electrical conductivity in Frogestabäcken seems to be only slightly, if at all, affected by the 
circulation of lake Norrtorpssjön (fig. 28). The concentration of chloride decreases for unknown 
reason during circulation (fig. 28).  The concentration of sulphate on the contrary increases during 
circulation (fig. 28), one exception being the mean value for April which is very low; indicating 
spreading in the dataset. Calcium shows a quite similar seasonal trend as sulphate (fig. 28) which 
indicates that these two ions originates from the same source; most likely CaSO4. Sulphate and Ca 
are the dominant anion and cation respectively in Frogestabäcken (Kumla Municipality, 1994-
2012). 

Seasonal means and medians for Mg and K (fig. 28) indicate the lake circulation does not impact 
these two elements. Sodium concentrations seem to decrease as a result of circulation. The cause 
for this is unknown. 
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Figure 28 Mean and median electrical conductivity and concentrations of chloride, sulphate, 
calcium, magnesium, sodium and potassium for February, April, June, August, October and 
December in Frogestabäcken during the years 2000-2012. February n=2, April n=12, June n=3, 
August n=3, October n=13 and December n=3. 
 
Concentrations of Fe and filtered Al in Frogestabäcken do not seem to be affected by the lakes 
circulation (fig. 29). The concentration of Fe is highest at the sampling time in December. This is 
probably due to a possible decrease in Eh caused by the snow cover and the decomposing of 
organic matter during autumn and winter season.  

The concentrations of Fe and Al decreased dramatically as a result of the neutralisation of the 
lake Norrtorpssjön around year 1997-1998 (Mean value for Fe 1994 and 2012 was 4.3 mg/l and 
0.26 mg/l respectively. Mean value for dissolved Al 1996 and 2012 was 1300 µg/l and 4.8 µg/l 
respectively). The increase in pH most likely caused the precipitation of Fe and Al mainly as 
hydroxides or oxyhydroxides. 
 

  
Figure 29 Mean and median iron and aluminium concentrations for February, April, June, August, 
October and December in Frogestabäcken during the years 2000-2012. February n=2, April n=12, 
June n=3, August n=3, October n=13 and December n=3. 
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Concentrations of Li, Cd, Co, Cr, Ni, V and Zn seem to increase due to the circulations of the lake 
(fig. 30). This seasonal pattern can in most cases only be ascertained by the mean values, indicating 
that the concentrations of Li, Cd, Co, Cr, Ni, V and Zn does not increase every year due to lake 
circulation.  

Concentrations of Cd, Co, Cr, Ni, V and Zn decreases during 1994-2012, most likely due to the 
increase in pH but also due to increased amount of rainfall (tab. 1).  
 

  

  



 54 

  

 

 

Figure 30 Mean and median concentrations of lithium, cadmium, cobalt, chromium, nuckel, 
vanadium and zinc for February, April, June, August, October and December in Frogestabäcken 
during the years 2000-2012. February n=2, April n=12, June n=3, August n=3, October n=13 and 
December n=3. 
 
Concentrations of B and U decrease during both spring- and autumn circulation of Norrtorpssjön, 
but the concentrations of Mo and Sr only decrease during the spring circulation (fig. 31). The 
reason for the decreases of B and Mo is that these occur as oxyanions and will therefore adsorb to 
positively charges particle surfaces induced by the decrease in pH. Modelling in PHREEQC 
indicates that U mainly occurs as anionic uranyl carbonates which mobility should decrease at pH 
7.3-7.6 compared to pH 7.8-8.0. The reason why Sr decreases during spring circulation is unknown.  

Concentrations of B and Sr show a slight increase during 1994-2012 indicating an increased 
dissolution rate of these elements, maybe due to the increase in pH. Concentration of Mo, most 
likely as molybdate, has increased probably due to the increase in pH. The concentration of U 
decreased when the pH became neutral (5.0-7.5) around the years 1998-2002 (fig. 32). After the 
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year 2002 uranium probably started forming anionic complexes with carbonate and therefore 
increased its dissolution at pH 7.5-8.0.  
 

  

  
Figure 31 Mean and median concentrations of boron, molybdenum, strontium and uranium for 
February, April, June, August, October and December in Frogestabäcken during the years 2000-
2012. February n=2, April n=12, June n=3, August n=3, October n=13 and December n=3. 
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Figure 32 U concentration in Frogestabäcken during the years 1994-2012. 
 
Seasonal means and medians for the concentrations of Cu, As and Pb in Frogestabäcken indicate no 
predictable seasonal trends. The concentrations of As, Cu and Pb have decreased slightly during 
1994-2012 probably due to the increase in pH and increased rainfall. 
 
Observed concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As in Frogestabäcken were mostly assessed 
as low (tab. 14-15). 
 
Table 14 Concentration assessments for the seasonal means and medians of Cu, Zn, Cd, Pb, Cr, Ni 
and As in Frogestabäcken. Assessments are based on the criteria from the Swedish Environmental 
Protective Agency (see appendix A). 
 Months Assessment Concentration 

range 
Months Assessment 

of exceptions 
Concentration 
range 

Cu Feb-Dec low  0.5-3 µg/l    
Zn Feb-Dec very low-low < 20 µg/l    
Cd Feb, Jun-

Dec 
low 0.01-0.1 µg/l Apr moderate 0.1-0.3 µg/l 

Pb Feb-Dec very low-low  < 1 µg/l    
Cr Feb, Jun-

Dec 
very low < 0.3 µg/l Apr low 0.3-5 µg/l 

Ni Feb, Jun-
Aug, Dec 

low 0.7-15 µg/l Apr, Oct moderate 15-45 µg/l 

As Feb-Dec low  0.4-5 µg/l    
 
  



 57 

Table 15 Concentration assessment for the concentrations of Cu, Zn, Cd, Pb, Cr, Ni and As during 
1994-2012 in Frogestabäcken. Assessments are based on the criteria from the Swedish 
Environmental Protective Agency (see appendix A). 
 Assessment Concentration 

range 
Number of 
exceptions 

Assessment of 
exceptions 

Concentration 
range 

Cu low 0.5-3 µg/l 2/50 moderate 3-9 µg/l 
Zn very low-low < 20 µg/l    
Cd moderate-high 0.1-1.5 µg/l    
Pb very low-low  < 1 µg/l 2/50 moderate 1-3 µg/l 
Cr very low-low < 5 µg/l    
Ni low-moderate 0.7-45 µg/l    
As low  0.4-5 µg/l    
 
Spring- and autumn circulation of the lake Norrtorpssjön affects the chemistry in Frogestabäcken 
and thus the transport of elements in the area. Data also indicate that the increase in the lakes pH 
has not suppressed weathering, but altered it due to the increased release of chloride, B, Mo and Sr 
(Allard et al., 2013). Release of U has also been altered due to the increase in pH (fig. 32). 
 

4 Conclusions 
Water leaving the central watershed (Frommestabäcken) in Kvarntorp had higher concentrations of 
most elements compared to the water entering the area (Ulftorpsbäcken), indicating an influence of 
the area on the water. The metal concentrations have been observed to be high at some points 
within the Kvarntorp area, such as in some of the groundwater wells surrounding Kvarntorpshögen 
(2004) and at one sampling point in the Western ditch (2013). This indicates point sources of metal 
rich leachates. The metal concentrations of the water leaving the central watershed is however 
relatively low. This is most likely a combination of mainly dilution and immobilisation through 
precipitation and adsorption. The degree of dilution, and thus elemental transport, has not been 
quantitatively estimated in this thesis. Bottom fauna in Frommestabäcken is an indication of 
environmental impact of the water from the Kvarntorp area. The bottom fauna indicate some degree 
of disturbance, most likely caused by contaminants, but the overall results indicate a highly 
populated river bottom with an increasingly good ecological status the recent years. 

Net release of metals from the lake Norrtorpssjön in the eastern watershed has decreased since 
the neutralisation of the lake. The spring- and autumn circulation of the lake affect the transport of 
elements through Frogestabäcken. None of the concentrations observed in Frogestabäcken during 
2000-2012 were alarmingly high.  
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4.1 Future Projects 

The ultimate aim of studies in Kvarntorp is to do a thorough risk assessment and to find appropriate 
remediation solutions. To be able to do this assessment more investigations are needed. Here 
follows a list of proposed projects: 
 

• Study the transport of elements. The most important parameter for determining the transport 
is the flow speed of the water. Even if the concentrations leaving the Kvarntorp area are 
relatively low the amount of elements leaving the area might be large.  

• Map the groundwater movements within and under Kvarntorpshögen to determine where 
mixing of groundwater and surface water might occur.  

• Serpentindammssystemet; determine its efficiency, which element gets immobilised at 
which treatment step, and if any seasonal trends occur within the system.  

• The groundwater wells surrounding Kvarntorpshögen should also be sampled again to see if 
any changes have occurred since 2004.  

• Investigate the possible ongoing formation of burnt lime within Kvarntorpshögen which 
could explain the observations of alkaline pH in its vicinity. 

• Map the distribution of eventual “hot spots” and determine their causes. 
• A thorough assessment of risks, exposure and environmental impact at present and in the 

future. 
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Appendix A-Criteria for water quality 

Table 1. Condition assessment criteria for metals from Naturvårdsverket (1999) for surface water 
Classification Cu µg/l Zn µg/l Cd µg/l Pb µg/l Cr µg/l Ni µg/l As µg/l 
Very low ≤ 0.5 ≤ 5 ≤ 0.01 ≤ 0.2 ≤ 0.3 ≤ 0.7 ≤ 0.4 
Low 0.5-3 5-20 0.01-0.1 0.2-1 0.3-5 0.7-15 0.4-5 
Moderate 3-9 20-60 0.1-0.3 1-3 5-15 15-45 5-15 
High 9-45 60-300 0.3-1.5 3-15 15-75 45-225 15-75 
Very high > 45 > 300 > 1.5 > 15 > 75 > 225 > 75 
 
Table 2. Table 12 Criteria from the Swedish Environmental Protective Agency used for assessment 
of groundwater condition in regard to As, Cd, Cr, Cu, Ni and Pb (SWECO, 2005a). Canadian 
criteria for surface water in regard to Co, Mo, U, V and Zn (SWECO, 2005a). The Canadian 
criteria will be used for the assessment of groundwater since no other criteria are currently 
available. 
 Condition assessment (Sweden) Canada 
 Less 

serious 
Moderately 
serious 

Serious Very 
serious 

MAC/ 
IMAC 

Aquatic 
life 

Agr 
irrigation 

Agr 
livestock 

As µg/l <50 50-150 150-500 >500     
Cd µg/l <5 5-15 15-50 >50     
Co µg/l       50 1000 
Cr µg/l <50 50-150 150-500 >500     
Cu µg/l <2000 2000-6000 6000-

20000 
>20000     

Mo µg/l      73 10-50 500 
Ni µg/l <50 50-150 150-500 >500     
Pb µg/l <10 10-30 30-100 >100     
U µg/l     20  10 200 
V µg/l       100 100 
Zn µg/l      30 1000-

5000 
50000 

 
Table 3. Condition assessment criteria for P and N from Naturvårdsverket (1999) for lakes 
Classification Tot-P µg/l Tot-N µg/l 
Low ≤ 12.5 ≤ 300 
Moderate 12.5-25 300-625 
High 25-50 625-1250 
Very high 50-100 1250-5000 
Extremely high > 100 > 5000 
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