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Abstract 

Kristina Åhlgren (2020): Environmental impact of alum shale mining in 
Kvarntorp, Närke, Sweden. Örebro Studies in Chemistry 27.  

Due to scarcity of imported liquid fuel during World War II, alum shale 
was mined for oil production in the Kvarntorp area 1942-1966. The shale 
contains both organic matter (kerogen) and elevated concentrations of 
trace elements such as molybdenum, nickel, uranium and vanadium. To-
day there are several pit lakes in the area and a 100-meter-high waste de-
posit, Kvarntorpshögen, consisting mostly of crushed and burned shale 
but also some unburned crushed shale and lime waste.  

The aim of this study was to get a better understanding of the environ-
mental impact of alum shale mining with focus on trace metal release. 
During the production era, the surroundings were highly affected by both 
sulphur rich flue gas emissions and bad water quality in downstream wa-
ters. The former mining activities show impact also today, with higher 
concentrations in downstream water than upstream the area. Analyses 
and leaching tests of solid samples have shown pyrite weathering in shale 
and unburned shale waste with release of for example nickel and uranium. 

Analyses of groundwater in eleven wells around the deposit show on-
going leaching of both shale waste generating a circumneutral leachate 
and unprocessed shale leading to acidic leachates.  

All pit lakes in contact with alum shale waste or the shale horizon show 
elevated sulphate concentrations indicating pyrite weathering, although 
only one is still acidic today. Also Norrtorpssjön was acidic until a pH 
rise due to adjacent dumping of alkaline waste. The pH increase was fol-
lowed by a decrease in aluminium, cobalt, magnesium and nickel.  

Surface water analysis show that the waste deposit is estimated to con-
tribute with less than a fifth of the mass transport whereas the western pit 
lakes contribute with the largest part.  

Keywords: alum shale, black shale, oil shale, Kvarntorp, uranium, surface 
water, groundwater, open pits 

Kristina Åhlgren, School of Science and Technology, Örebro University, 
SE-701 82 Örebro, Sweden, kristina.ahlgren@oru.se  





   
 

Sammanfattning 
 
Det rådde brist på bränsle under andra världskriget och därför utvanns 
olja ur alunskiffer i Kvarntorp, 1942-1966. Denna skiffer innehåller både 
organiskt material (kerogen) och höga koncentrationer av spårelement 
som molybden, nickel, uran och vanadin. Idag finns ett flertal vattenfyllda 
dagbrott i området och ett 100 meter högt avfallsberg, Kvarntorpshögen, 
som mest består av krossad och bränd skiffer (rödfyr) men också krossad 
obränd skiffer (stybb) och kalkstensavfall.  

Syftet med den här undersökningen var att få bättre kunskap om skiffer-
brytningens påverkan på miljön med fokus på spårelementens spridning. 
Medan oljeproduktionen pågick påverkades omgivningen i hög grad av 
både svaveldioxidrika rökgaser och dålig vattenkvalitet nedströms. Även 
idag har de tidigare aktiviteterna påverkan på koncentrationerna i vattnet 
nedströms jämfört med uppströms området.  

Analyser och laktester av material från området visar på pyritvittring i 
skiffer och stybb med utlakning av exempelvis nickel och uran. Grundvat-
tenanalyser runt Kvarntorpshögen tyder på pågående lakning av både röd-
fyr som ger ett lakvatten med ganska neutralt pH-värde, och stybb som ger 
surt lakvatten.  

Alla dagbrottssjöar som är i kontakt med alunskifferavfall eller skiffer-
horisonten har förhöjda halter av sulfat, vilket tyder på pyritvittring, även 
om bara en av sjöarna har lågt pH idag. Även Norrtorpssjön var sur tills 
dumpning av alkaliskt avfall i ett angränsande dagbrott medförde en pH-
höjning. Denna neutralisation följdes av minskade koncentrationer av alu-
minium, kobolt, magnesium och nickel i sjöns vatten.  

Med hjälp av ytvattenanalyser och flödesmätningar har uppskattningar 
om masstransporter gjorts som pekar på att Kvarntorpshögen bidrar med 
mindre än en femtedel av metalltransporten och att de västra dagbrottssjö-
arna står för den största andelen. 
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Introduction 
Scarcity of imported fuel during World War II caused a demand for domes-
tic oil production in Sweden. At that time oil was already produced at 
Kinne-Kleva, Västergötland, but for large scale production, Kvarntorp in 
Närke was chosen.  

From having been a rural area with meadows and agricultural activities, 
Kvarntorp soon became a place where engineers and scientists had access to 
state-of-the-art research possibilities concerning shale oil production. Also 
abroad, attention was brought to Kvarntorp: “The influence of Swedish en-
gineering on world shale oil technology has been as great, perhaps, as any 
country since World War II” (Cornell 1959). The industry offered employ-
ment for both those living nearby and workers from other parts of the coun-
try. A residential area was built under the auspices of the company. In 1956 
there were 1 485 employees and a community with residences, a school and 
a people’s house had formed. 

Buchardt et al. (1997) have asked the question whether the alum shale has 
a future in science or not (“Har Alun Skiferen en videnskablig fremtid?”). As 
an answer, they point at several types of studies where alum shale can con-
tribute to interesting results: primitive algae’s geochemistry, the thermal his-
tory of the Caledonian Foreland Basin and relations between different trace 
elements are just a few of them. They also believe that the alum shale is 
interesting with regards to environmental studies linked to geochemistry. 
For the Kvarntorp area, in Närke, this is truly the case. The use of alum 
shale for shale oil production has clearly marked the area in many ways. An 
example is the geochemical signatures in the pit lakes and water courses 
where water downstream Kvarntorp differs from water upstream. The aim 
of this study is to investigate the multifaceted area, and especially how it is 
shaped by the accessible alum shale and the activities connected with the oil 
production, in order to assess the environmental impact. With a steaming 
hundred-meter-high waste deposit, and an art exhibition on the top, the 
area is both fascinating and somewhat frightening. Industrial and recrea-
tional activities coexist in Kvarntorp and its surroundings. At several places 
worldwide, black shales are currently in focus for possible mining or frack-
ing, while economic interests do not always agree with environmental con-
cerns.  
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Alum shale – a black oil shale 
Shales are sedimentary rocks mostly made up by fine grains of clay but also 
minerals like quartz and calcite. Black shales include a variety of dark-col-
oured sedimentary rocks often rich in organic matter (Vine and Tourtelot 
1969). Also oil shales are rich in organic matter and, if distilled, oil can be 
extracted (Dyni 2006). Sometimes the definitions black shales and oil shales 
are used synonymously, but are in other cases distinguished from each 
other. According to Shpirt et al. (2007) oil shales contain at least 20% or-
ganic matter whereas black shales contain 8-20% organic matter. Oil shales 
are in general depleted in Ag, Au, Cu, Hg, Mo, Re, Th, V and maybe also 
As, U and W compared to black shales. 

The denomination Alum shale is applied for an entire lithostratigraphic unit 
of black shale formed during Cambrian and Ordovician found in Scandinavia 
and Estonia. The reason for the name is that Alum, KAl(SO4)2·12H2O, has been 
produced from this shale (Andersson et al. 1985). 

On average the alum shale in Kvarntorp contains 20% organic matter 
(kerogen). It is enriched in elements such as Ni, Mo, U, V and rare earth 
elements (REE) (Andersson et al. 1985; Armands 1972). Sometimes it is 
referred to as an oil shale (i.e. Dyni 2006), while others use the term black 
shale or alum shale (i.e. Allard et al. 2014), and according to Hessland and 
Armands (1978) alum shales can be subsumed to black shales. They find 
the term useful for distinction from other types of shale, even though it 
might not be used worldwide. Alum shale is distinguished by containing 
substances from which oil and gas can be extracted, high uranium content, 
some metals such as V, Mo, Ni, high sulphur content and other elements 
such as calcium, nitrogen and phosphorous. Other types of black shales 
might have high concentrations of some of these components, but not nec-
essarily all (Hessland and Armands 1978). Buchardt et al. (1997) say that 
the alum shales are distinguished from other black shales by having a vast 
geographical extension, being formed during stable, oxygen poor deposition 
environments over a long time period, a detailed biostratigraphy making 
correlation possible between different localities, high content of organic 
matter and high content of uranium.  

It is the well-preserved organic material and a significant content of pyrite 
that suggest water conditions low in oxygen during deposition and there 
might have been shorter anoxic periods. During diagenesis of the marine 
sediments, pore water might have been anoxic during long periods even 
though the sea itself was not anoxic (Buchardt et al. 1997). A modern ana-
logue could be the Black Sea (c.f. Holmkvist et al. 2011; Konovalov et al. 
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2007) or the Cariaco basin off Venezuela (c.f. Calvert et al. 2015; Yarincik 
et al. 2000). Even though black shales formed in several continents during 
the same epochs as the alum shale, the alum shales are considered to be a 
specific Scandinavian phenomenon with possible restricted circulation in 
the sea due to the uplifted western margin of Baltica and an uplift of Poland 
(Nielsen and Schovsbo 2015). The sedimentation rate is estimated to have 
been about 1-2 mm/1 000 years (Andersson et al. 1985).  

Elements enriched in alum shale 
Vanadium is one of the elements that are enriched in the alum shale com-
pared to other sedimentary rocks. Slow sedimentation rate favours vana-
dium accumulation. In anoxic waters, particles can adsorb the vanadyl ion, 
V(IV), which is formed by reduction of V(V). For further reduction, to 
V(III), a stronger reductant such as H2S is needed (Breit and Wanty 1991; 
Wanty and Goldhaber 1992). 

There is a correlation between molybdenum and organic matter in black 
shales. For molybdenum, Helz et al. (1996) have proposed that MoO4

2- con-
verts to thiomolybdates (MoOnS4-n

2-) in the sulphidic zone. Thiomolybdate 
can then be scavenged by organic material or Fe-bearing fluvial or aeolian 
detritus in for example coastal basins. Helz et al. (2011) later proposed that 
rather than a chemical bonding between molybdenum and organic material 
they suggest that organic matter indirectly influences the removal of molyb-
denum from water by for example fuelling sulphate reduction. They also 
present an alternative explanation of the correlation between molybdenum 
and organic matter in black shales. In the case of iron fertilisation both 
FeMo0.6S2.8 (enhancing molydenum removal) and the downward flux of or-
ganic matter will be favoured.  

Armands (1972) has identified four types of uranium occurrence in alum 
shale: in authigenic k-feldspar, in detrital zircon and titanite, together with 
sulphur and pyrite or organically bound to carbon. According to Lecomte 
et al. (2017) uranium accumulated in organic matter and biogenic marine 
phosphate nodules. It has been suggested that uranium was more enriched 
in alum shale deposited on the inner shelf than farther offshore due to more 
bottom water circulation shorewards which resulted in higher uranium sup-
ply (given equal oxygen concentrations). High levels of uranium in kolm are 
believed to be the result of resuspension of sediments during anoxic condi-
tions with diffusive exchange between suspended particles and the water 
column (Schovsbo 2002). 
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Nickel is often associated to sulphides but can also be associated with or-
ganic matter, phosphates, feldspars or clays in black shales (Perkins and 
Mason 2015 and references therein). Tribovillard et al. (2006) suggest that 
nickel indicates relatively high presence of organic matter in the deposited 
sediments, but according to Leventhal (1991) only high concentrations of 
uranium and molybdenum correlate to organic matter content in the Alum 
Shale Formation in Sweden and not nickel. They further suggest that the 
slow sedimentation rate could have enhanced metal enrichment due to lack 
of clastic dilution.  

Apart from deposition conditions also post-depositional situations such 
as tectonic setting can have impact on the rocks. It is for example possible 
to extract oil from alum shales at Kinnekulle whereas the rest of these shales 
in Västergötland lost the oil due to heating when the diabase formed (Hess-
land and Armands, 1978). 

Exploitation and environmental issues 

Oil shales 
Oil shale in Jordan containing molybdenum concentrations up to 12 mg/kg 
is believed to have caused elevated molybdenum concentrations in ground-
water (Al Kuisi et al. 2015). In Scotland oil shale mining from the 1860s to 
the 1960s still has detrimental impact on the Almond River catchment with 
ongoing pyrite weathering (Haunch et al. 2013). In Brazil elevated concen-
trations of elements such as arsenic, cadmium and cobalt have been found 
in lichens and emissions from an oil shale and ceramic plant are believed to 
be the reason (Ferreira et al. 2012). In the Songliao basin, China, experi-
ments have shown that both in-situ mining processes and residual oil shale 
ash contribute with organic pollution of groundwater (Hu et al. 2019). 

Of the two organic-rich rocks in Estonia, only the kukersite which con-
tains between 15 and 55% kerogen has been used for fuel and it is still today 
used as an energy resource (Aaloe et al. 2007). This oil shale has been quar-
ried since 1916 in north-eastern Estonia which has affected the landscape 
both regarding relief and environment. Flora has changed and there has 
been a decline of forests and farmlands. Polluted water has reached rivers, 
lakes and the Gulf of Finland. At some places the groundwater level has 
been lowered (Toomik and Liblik, 1998). According to Mõtlep et al. (2010) 
oil “shale ash wastes are considered as the biggest pollution sources in Es-
tonia and thus determining the composition and properties of oil shale ash 
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sediment are important to assess its environmental implications and also its 
possible reusability.” 

The oil shale semi-coke landfill in Kohtla-Järve, Estonia, started in 1938, 
is the largest in the world and is still in use. A comparison of fresh semi-
coke in Kohtla-Järve with older semi-coke in Kiviõli, has shown that the 
content of Fe, K, Ag, Ba, Cl, Cu and Pb in leachates from aged semi-coke 
can decrease by more than 100 times in 40 years old waste compared to 
fresh semi-coke (Vallner et al., 2015). 

According to Jefimova et al. (2014) a “spent shale deposit is a source of 
PAHs that could infiltrate into the surrounding environment for a long pe-
riod of time”. Waste leachate samples from a deposit in Kohtla-Järve were 
examined from both a closed part of the deposit (aged sample) and from an 
active part (fresh waste). It was concluded that low molecular weight PAHs 
leached to a higher extent from aged than from fresh spent shale deposits. 

Black shales 
There are several examples worldwide of black shales attracting interest for 
either their potential of gas exploitation or trace metal extraction. In Egypt 
the Abu-Tartur black shale is analysed for potential biogas production (El-
Habaak et al. 2020), studies for improving the recovery of copper from 
Kupferschiefer-type ores in Germany are effectuated (Kamradt et al. 2018) 
and in China several studies are focusing on vanadium extraction from 
black shales (Zheng et al. 2019). In the USA the environmental effects of 
hydraulic fracturing (fracking) are investigated (Brittingham et al. 2014; 
Sang et al. 2014; Slonecker et al. 2015) as well as attenuation possibilities 
(Cai et al. 2018).  

Even without human interference black shales can have environmental 
impact as in the case of lake acidification at Talvivaara, Finland, 9 000 years 
ago (Loukola-Ruskeeniemi et al. 1998). Anthropogenic activities may en-
hance environmental impacts from these shales and according to Parviainen 
and Loukola-Ruskeeniemi (2019) mining should be carried out under reg-
ulated monitoring.  

Alum shales 
Alum shale has generated waste at several places in Europe. According to 
Nielsen and Schovsbo (2006) a tongue of alum shale from lower Ordovician 
extends into Estonia and western Russia. This shale is more often referred 
to as Dictyonema shale or graptolite argillite (Hints et al. 2014) and was 
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removed as overburden during phosphorite mining in 1964-1991. Oxida-
tion of pyrite in the dumps is expected to last for several hundreds of years 
(Puura 1998). From 1949 to 1952 the shale was mined at Sillamäe for ura-
nium production, but due to its lower organic content than the above men-
tioned kukersite, it has not been used for fuel (Aaloe et al. 2007). Since the 
shale is rich in for example molybdenum, uranium and vanadium it is con-
sidered as a future resource (Vind 2018), but according to Hade and Soesoo 
2014 the economic values remain theoretical due to a lack of environmen-
tally-friendly and economical techniques.  

In the Oslo region, Norway, alum shale waste is a concern in road con-
struction projects (Børresen 2017; Erstad 2017; Waersted et al. 2020) but 
it is also a concern for constructions of buildings since it can swell to about 
2-3 times the volume in contact with moist air (NGI 2015). Furthermore, it
is a source of radon and sulphuric acid making the knowledge about volume
and extension very important for infrastructure projects (Bazin et al. 2018).

In Sweden alum shale has been ex-
ploited in for example Andrarum in 
Skåne, where extraction of alum salt was 
in operation from 1637-1912 (Stoltz 
1932). In Latorp, Närke, alum was pro-
duced from 1773-1878 (Stoltz 1934) and 
in Degerhamn, Öland, there are about 
2 700 000 m3 of burnt shale, from alum 
production (Yu et al. 2014). Oil was pro-
duced already in 1924 in Kinne-Kleva, 
Västergötland. In 1934-1939 some 
48 650 tonnes of alum shale was used for 
oil production (Bergh 1942). Kvarntorp 
in Närke was then chosen for new pro-
duction due to easy access and high 
enough oil content when the Second 
World War made it difficult to import oil 
(Westergård 1941). The company Sven-
ska skifferolje AB (SSAB) was formed in 
1941 and production soon started 
(Schwartz 1945). After the Second World 
War, imported fuel was far less expensive than oil produced in Kvarntorp and 
the production ceased in 1966 and a total of about 50 million tonnes of shale 
had been mined (Andersson et al. 1985).  

Figure 1: Map adapted from An-
dersson et al. 1985 showing alum 
shale in Sweden. 
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Alum shale has also been used in the production of breeze blocks (an air 
expanded autoclaved light weight concrete) to use in buildings, but this 
ceased in the mid-1970s when it was realised that the material emitted ra-
don (Gustafsson 2007). 

Primarily in Ranstad, Västergötland, but also in Kvarntorp, uranium has 
been extracted from alum shale (Andersson et al. 1985). In Ranstad the 
mine was closed in 1969, but uranium is still expected to leach from the 
deposit for decades (Kalinowski et al. 2006). There were plans of a Swedish 
acquirement of nuclear weapons and self-sufficiency of uranium was a goal. 
These plans were abandoned when Sweden signed the Non-proliferation 
Treaty in 1968 (Jonter 2010). Nevertheless, still today the alum shale is 
considered as a potential uranium resource (Lecomte et al. 2017).  

Alum shale is examined as a possible source for shale gas in e.g. Denmark 
(Schovsbo et al. 2014) with studies on how to limit metals and radionuclides 
in flowback water from fracking liquids (Lerat et al. 2018). The potential 
for gas extraction from the shale in Kvarntorp is low, though (Erlström 
2014). In the 1980s Andersson et al. (1982) finished an article by saying 
that even though the overlying soils are rich and provide fertile farming land 
“the geochemistry of these Swedish shales is so remarkable that it seems 
unlikely that they will remain unexploited by future generations”. And ac-
cording to Dyni (2003) the “uranium resources of the alum shale of Sweden, 
although low grade, are enormous”. 

Shale waste 
In Kvarntorp there are three types of shale waste. Crushed but not further 
processed shale is called fines. During oil production crushed shale was 
sieved to discard the finest fractions (<5-7 mm) which otherwise would have 
caused sintering in the ovens. Fines can be found for example along the 
eastern shore of the pit lake Söderhavet, in the former pit Östersättersbrottet 
and on the waste deposit Kvarntorpshögen. It has also been sold and used 
on sport tracks. Crushed but not totally combusted shale is called semi-coke 
(koks in Swedish). Crushed and totally combusted alum shale, shale ash, 
has a characteristic red colour and is called rödfyr in Swedish. 
Kvarntorpshögen, the waste deposit in Kvarntorp, consists of about 23 mil-
lion tonnes shale ash, 2 million tonnes semi-coke and 3 million tonnes fines. 



20 KRISTINA ÅHLGREN Environmental impact of alum shale mining in Kvarntorp 

Shale ash (rödfyr) 
Since alum shale has been exploited and burned at several places in Sweden, 
Kvarntorpshögen is not the only shale waste deposit, although it is the larg-
est. Also in Kinne-Kleva (Västergötland) the heaps of rödfyr are from oil 
production. There are heaps of rödfyr from the alum production in An-
drarum (Skåne), Degerhamn (Öland) and Latorp (Närke), whereas e.g. the 
heaps of rödfyr at Uddagården, Tomten and Rörsberga (Västergötland) and 
Knivinge (Östergötland) are from lime burning processes. Rödfyr has been 
used for tennis courts, running tracks, as filling material and for roads. 

Acid rock drainage (ARD) and acid mine drainage (AMD) 
Sulphides such as pyrite (FeS2), arsenopyrite (FeAsS), chalcopyrite (CuFeS2) 
and pyrrhotite (Fe1-xS) exposed to oxygen and water can lead to release of 
metal ions and hydrogen ions with a pH drop as a consequence. Also mi-
croorganisms play a role in the oxidation of sulphide minerals. Further-
more, microorganisms can catalyse production of ferric iron from ferrous 
iron, and ferric iron in turn can oxidise sulphides such as pyrite during an-
oxic conditions (Heidel and Tichomirowa 2011). Oxidation of sulphides 
can occur naturally by weathering and exposure of sulphide containing 
rocks and is called acid rock drainage (ARD). Mining can result in exposure 
of large amounts of sulphide rich material which also cause acidic leachates 
and is then called acid mine drainage (AMD) which is the same process as 
ARD but due to human mining activity (Simate and Ndlovu 2014). In the 
surroundings of the Herrerías mine in the Iberian Pyrite Belt both ARD and 
AMD have been identified, with the ARD causing much lower concentra-
tions and not as low pH as the AMD in that case (Grande et al. 2005). Acid 
mine drainage and resulting toxicity of leachates has been known at least 
since the Greeks and the Romans and the most acidic waters found outside 
laboratories and industry are the result of AMD where pH even can be neg-
ative (Nordstrom et al. 2000; Nordstrom 2011).  

One of the most common sulphide minerals is pyrite and its oxidation 
can follow several pathways. A simplified oxidation process can be de-
scribed as follows (e.g. Skousen et al. 2017): 

4 FeS2(s) +15 O2 +14 H2O → 4 Fe(OH)3(s) + 8 SO4
2− +16 H+ 

As the process above is a simplification, there are several factors controlling 
the pathways such as availability of oxygen (there are steps where oxygen 
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is not involved), pH and presence of bacteria such as “Thiobacillus ferrox-
idans” which can accelerate the reactions (Simate and Ndlovu 2014).  

Pyrite in alum shale can lead to ARD or AMD (c.f. Puura et al. 1999; 
Lavergren 2008; Pabst et al. 2017). Since there is not much alum shale nat-
urally exposed in Kvarntorp, ARD would not be very important, but shale 
horizons at several places around pit lakes are exposed and there is waste 
material in the form of crushed shale which could induce AMD.  

Elemental redistribution processes 
Not all elements released during the weathering processes are mobilised since 
there are various determining factors. During pyrite weathering, oversaturation 
in the water phase might lead to precipitation of secondary minerals, such as 
gypsum, CaSO4·2H2O (Chi Fru et al. 2016) or jarosite, KFe3(SO4)2(OH)6 (John-
ston et al. 2012). Precipitation of goethite, FeO(OH), is also common in black 
shale weathering regimes (Marynowski et al. 2017). During precipitation of 
secondary minerals, as for instance jarosite, trace elements can coprecipitate 
and/or sorb to surfaces. Sorption of trace elements to oxyhydroxides is gov-
erned by pH. This immobilisation mechanism removes trace elements from the 
water phase.  

Redox processes are important for the dissolution or immobilisation of 
elements such as arsenic, iron and manganese which are more soluble during 
anoxic conditions and uranium which is more soluble during oxic condi-
tions. Ferric or manganese oxides exposed to reducing conditions can dis-
solve through reductive dissolution. This means that trace metals that have 
been immobilised by coprecipitation or sorption, can be mobilised again 
through reductive dissolution. Adsorbed trace elements can furthermore be 
released through desorption that is governed by pH. 

Kvarntorp – location and geological description 
The Kvarntorp area is situated in Kumla municipality about 200 km west 
of Stockholm. Kvarntorpshögen, the 100-meter-high alum shale waste de-
posit, offers visitors a view of the surrounding landscape. It is possible to 
either walk up the hill (the stairs offer a good opportunity for exercise) or, 
during the summer season, take the car and park near the top. Visitors can 
study the permanent art exhibition with various types of sculptures and cre-
ations on the hill or take a rest in the café. At some places, signs are warning 
for hot areas and a clear smell of sulphur can be noticed. Nevertheless, dur-
ing winter, some of the slopes are used for downhill skiing. 
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Before the oil production time, Kvarntorp was a farm located adjacent to 
the stream Frommestabäcken, where a mill had been located. The mill was 
already gone when the area was bought by the oil company, but it still lives 
on in the place name, since the Swedish word for mill is kvarn (Kumla kom-
mun and Länsstyrelsen i Örebro län 1979). Throughout this work the site 
will mostly be referred to as Kvarntorp, although the oil production activi-
ties stretched over a much vaster area than just the former Kvarntorp farm. 
Adjacent farms such as Södra Mossby, Norra Mossby, Ulfstorp and 
Norrtorp were also a part of the oil industry affected site. See Figure 2 for 
a historical map of the area.  

There are two water courses in the area – Frommestabäcken to the west 
and Frogestabäcken to the east. Söderhavet, Nordsjön, Norrtorpssjön, Sur-
pölen and Mellansjön are pit lakes. North of the waste deposit a serpentine 
pond system was constructed in the end of the 1940s to reduce pollution to 
the downstream recipient (Figure 2c). 

Due to faulting, sedimentary rocks are preserved in the area. The crystal-
line basement is followed by Mickwitzia sandstone, Lingulid sandstone, 
phosphorite sandstone, mudstone (green shale), alum shale and limestone 
covered by till (Bengtsson 1971). The thickness of the Alum shale formation 
varies from 15 m in the eastern part of the area to about 19 m in the western 
part (Andersson et al. 1982). Since the layers are dipping about 0.5-1% 
towards the south, the sedimentary cover is thinner towards the north. 
Therefore, where alum shale was mined there was no limestone atop (Hess-
land and Armands 1978). For the alum shale, the upper layer has higher 
uranium concentrations (245 mg/kg) than the layer below which instead has 
higher oil content (Andersson et al. 1985). See Figure 3 for a map of the 
mined area and the stratigraphy of the sedimentary layers. Characteristic 
for the alum shale are the layers with stinkstones (bituminous bearing lime-
stones with round or elliptical form, anthraconite). Also specific for alum 
shale is the presence of kolm rich layers. Kolm consists of organic rich car-
bonaceous nodules, in the form of flat lenses enriched in uranium, normally 
3 000 mg/kg (up to 4 000-5 000 mg/kg) (Hessland and Armands 1978). 
Yang et al. (2019) have found that uranium is not evenly distributed in 
kolm, but instead concentrated on the surface on minerals or occurring in 
diagenetic agglomerates. 
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Figure 2a: Map of Kvarntorp and its surroundings from 1864-67 
(Häradsekonomiska kartan för Kumla, J112-65-6, Map from Lantmäteriet's his-
torical map archive). b: Location of the waste deposit and pit lakes c: 1. Kvarn-
torpshögen 2. Söderhavet 3. Nordsjön 4. Norrtorpssjön 5. Surpölen 6. Mellansjön 
7. Frommestabäcken 8. Frogestabäcken 9. Serpentine system. The arrows indicate
water flow direction.



24 KRISTINA ÅHLGREN Environmental impact of alum shale mining in Kvarntorp 

It is a multi-faceted area. There have also been other activities, apart from 
mining, such as production of ammonia, chelate compounds and fertilizers. 
A plant for treatment of hazardous waste (Fortum, Former SAKAB) is also 
located in the area. Some open pits have been used as landfill deposits for 
e.g. municipal waste (Östersättersbrottet). The pit lake Söderhavet has been
part of a study of PFASs and organoflourine transfer from water to land via
emergent aquatic insects (Koch 2020).

Aim 
The overall aim of this study is to get a better understanding of impact from 
alum shale mining with main focus on trace metal release and transport. To 
assess this impact, Kvarntorp, where alum shale mining ceased in 1966, can 
contribute with important understanding of a by mining severely affected 
area. Black shale might be exploited again and several objectives merit at-
tention in order to elucidate the past, ongoing and long-term impact: 

- Procedures during the production time, extent of the mining areas
(Paper I).

- Characteristics and behaviour of alum shale, shale waste and ongo-
ing weathering processes in the alum shale waste deposit,
Kvarntorpshögen (Paper II and Paper III).

Figure 3a: Map showing the mined area and the extension of the sedimentary lay-
ers. b: Stratigraphy of the sedimentary layers (not to scale).  
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- Weathering and neutralisation processes in pit lakes (Paper IV, Pa-
per V).

- Catchment areas, trace element release and quantification of mass
transport from the lakes and the deposit respectively (Paper V).

Methods 

Archive studies 
To get a better understanding of the former activities in the area, as well as 
to gain knowledge about former environmental conditions, archive material 
from the production time was studied (Paper I). Management reports, tech-
nical reports, booklets, theses, business journals and environmental investi-
gations are stored at ArkivCentrum, Örebro. There are also photos availa-
ble in Kumla kommuns bildarkiv.  

Map data from Lantmäteriet (Swedish Land Survey) was used as a basis 
for construction of maps and area calculations with the software QGIS 
Desktop 2.14.13. 

Surface and groundwater sampling 
All water samples have been sampled in sterile 50 mL polypropylene test 
tubes (Sarstedt®) for metal analysis and in 250 mL clean HDPE bottles for 
measurements of electrical conductivity, pH, alkalinity, chloride and sul-
phate. Surface waters (around the waste deposit, at the outlets of the pit 
lakes, upstream and downstream the area) have been sampled monthly from 
November 2015 to September 2017, and from September 2017 through 
2019 every second month (Paper V). For some localities water flow was 
estimated. From groundwater wells installed around the waste deposit in 
1997, 2003 and 2004 water has been sampled with HDPE bailer samplers 
six times annually from December 2015 to October 2017 and three times 
annually from October 2017 through 2019. The wells were emptied the day 
prior to sampling (Paper III). Water from depth profiles in the pit lakes 
Norrtorpssjön, Surpölen (summer 2017), Söderhavet and Nordsjön (sum-
mer 2018) has also been sampled and analysed. Water samples were ana-
lysed regarding electrical conductivity (Radiometer CDC836T-6, with tem-
perature compensation), pH (Metrohm 6.0257.000 with temperature com-
pensation) and alkalinity (titration with HCl to pH 5.4) in the lab within 
12 hours after sampling. After acidification with 1% nitric acid as final con-
centration, the element concentrations were analysed with ICP-MS (Agilent 
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7500cx) by Viktor Sjöberg at Örebro University. For surface water, unfil-
tered samples were analysed and for groundwater 0.20 µm polypropylene 
filters were used. Chloride and sulphate were analysed with capillary elec-
trophoresis using sodium chromate as buffer (50 mM) containing TTAB (5 
mM) and a silica capillary (from 2015 to 2017) or by ion chromatography, 
SS-EN ISO 10304-1:2009 (from 2018 and onwards).  

In addition to water sampled in this project, data from Kvarntorps vat-
ten, a monitoring programme run by Kumla municipality since 1993 have 
also been studied (Kumla kommun 1993-2019). 

Figure 4a: Localities for surface water sampling Y1-Y25 marked 1-25 (locality 18 
is situated slightly to the northwest of the map and does not receive water from the 
Kvarntorp area), b: close up map for surface water sampling near the waste de-
posit, c: localities for groundwater sampling (G1-G11). 
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Flow estimates 
Insight in water flow in the area is crucial both regarding the actual condi-
tions and estimates about future conditions. Precipitation is one of the most 
important factors for water runoff in a catchment area and it is also a pa-
rameter that is regularly measured both globally and regionally. Accurate 
precipitation inputs are thus needed for water balance calculations (Fekete 
et al. 2003) and spatial variability can affect runoff modelling (Zhang and 
Han 2017). SMHI (Swedish Meteorological and Hydrological Institute) 
measures precipitation in Örebro about 20 km south of Kvarntorp, but 
there is no meteorological station in Kvarntorp. The company Fortum, lo-
cated in Norrtorp in the Kvarntorp area, measures precipitation on a weekly 
basis (Kumla kommun 1993-2019). Tamm’s formula E = 221.5+29.0 T 
where E is total evaporation (mm) and T the annual average temperature 
(°C) (Tamm 1959) can be used together with precipitation data to get an 
estimate of water runoff from an area. It is a simplification where consider-
ation of parameters such as elevation and aerial percentage occupied by 
lakes are not considered. Nevertheless, the equation is considered to give a 
good approximation for Swedish terrain (except mountain areas). 

Water flow in the streams are important for the understanding of mass 
transport and future water runoff from the waste deposit for the under-
standing of future leaching. During sampling, water flow at six localities, 
Y1, Y2, Y9, Y14, Y11 and Y15 was estimated using a mechanical current 
meter with propeller, Eijkelkamp 2030R. For annual mass transport esti-
mates in 2016, calculations are made using these water flow estimates and 
concentrations from the sampling occasions (method 1). There is also a 
monitoring programme run by Kumla municipality with sampling six times 
per year at 5-6 localities (corresponding to localities Y1, Y7, Y9, Y11, Y12 
and Y13). For some of these localities water flow is measured continuously 
and reported on an annual basis (Kumla kommun, 1993-2019). For annual 
mass transport estimates in 2016-2019, water flow calculations based on 
the results from Kumla municipality were extrapolated to other localities 
based on the size of catchment area for each locality. This is a generalisation 
that assumes the same soil parameters for all sites, even though there are 
probably deviations. The estimated annual water flow was then used in 
combination with average annual concentrations to get annual mass 
transport approximations (method 2). For 2016, results from the two meth-
ods are compared.   
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Sediment sampling and water depth profiles 
In July 2017 the eastern pit lakes (Paper IV), and in June 2018 the western 
pit lakes were sampled in a campaign. Sediments were sampled and water 
was retrieved from different depths in the water column with a water sam-
pler (see map in Figure 5). The water was analysed for the same parameters 
and in the same manner as surface water. Sediments were taken with an 
Ekman dredge and sent to MS Analytical, Vancouver, for analysis of total 
element concentrations. Samples were fused with borate flux in a muffle 
furnace before the resulting beads were dissolved in dilute mineral acid. In-
ductively coupled plasma - optical emission spectrometry was then used for 
the analysis of major elements (Al, Ca, Fe, K, Mg, Mn, Na and P). Samples 
were also digested in aqua regia or in a 4-acid mixture and analysed with 
respect to trace elements (As, Cd, Co, Cu, Mo, Ni, Pb, U, V and REEs) by 
ICP-MS. For quantification of total sulphur and carbon a Leco carbon and 
sulphur analyzer was used.  

Figure 5 Localities for sedi-
ment sampling and water 
depth profiles in Norrtorpssjön 
and Surpölen 2017 and 
Nordsjön and Söderhavet 
2018. Locality A, C, D and E 
were also sampled regarding 
water depth profiles in 2019. 



KRISTINA ÅHLGREN Environmental impact of alum shale mining in Kvarntorp 29 

In 2019 sediment cores from the serpentine system were sampled by driving 
plastic tubes into the sediments with a hammer (Figure 6). The cores were 
divided into 2-5 sections and sent to MS Analytical, Vancouver, for analysis.    

Figure 6a: Sampling points (1-7) for sediments in the Serpentine system. b: Photo 
taken at sampling point 1. c: Samples were taken from the ice during winter by 
digging a hole into the ice and then driving a plastic pipe into the sediment with a 
hammer. 
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Solid samples 
Samples of shale, fines and shale ash have been collected from various places 
in the Kvarntorp area (Figure 7, Table 1). Drill cores from exploration in 
the Kvarntorp area during the 1940s kept by the Swedish Geological Survey 
were also sampled. Solid samples were sent to MS Analytical in Vancouver 
for analysis as described above.  

Figure 7: Locations for solid samples analysed for total concentrations. Red 
squares represent drill cores, green triangles samples used in a leaching test with 
manipulated pH and redox conditions (leaching test 1), whereas some of the sam-
ples represented by yellow circles were used in a leaching test used in Paper V 
(leaching test 2). 
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Table 1: Solid samples collected in the Kvarntorp area. Letters or numbers refer to 
locations shown in Figure 7. Type of sample material is indicated in the table. 

A Shale ash 12 Limestone 26 Probably fines 40 “Hardpan” 

B Shale ash 13 Limestone 27 Probably fines 41 Shale ash 

S Fines 14 Green shale (mud) 28 Mixed concrete waste 42 Shale ash 

15 Green shale (mud) 29 Mixed alkaline waste 43 Shale ash 

1 Shale ash 16 Green shale 30 Stinkstone 44 Fines 

2 Limestone 17 Stinkstone 31 Stinkstone 46 Shale ash 

3 Limestone 18 Shale 32 Shale 47 Shale waste 

5 Shale ash 19 Shale residues 33 Limestone 48 Shale ash 

6 Shale 20 Shale residues 34 Limestone 49 Shale ash 

7 Shale 21 Yellow material, shale horizon 35 Fines 50 Shale ash 

8 Shale matrl. 22 Black matrl. shale horizon 36 Fines 51 Shale ash 

9 Shale 23 Shale 37 Fines 52 Alk. waste 

10 Stinkstone 24 Black material, shale horizon  38 Fines 53 Shale 

11 Shale 25 Stinkstone 39 Fines 

Leaching tests 
Leaching test 1: Fines (S) and two types of shale ash (A and B) were leached 
in batch titration experiments with manipulated pH and redox conditions 
(Paper II). This method was elaborated to find a leaching test that could 
estimate realistic leachate concentrations during different scenarios. The 
material was sieved (<2 mm) and in each of 45 test tubes 5 g (d.w.) of fines 
was added, in another two sets of 45 test tubes 5 g of shale ash A and shale 
ash B was added, respectively. To some of the test tubes HCl was added to 
lower the pH, in other test tubes NaOH was added to increase pH. Other 
test tubes were treated with hydroxyl ammonium chloride to obtain reduc-
ing conditions or hydrogen peroxide to oxidize the material (for amounts, 
see Paper II). Deionized water was added resulting in a liquid to solid ratio 
of 10. Two of the test tubes for each type of material were not manipulated 
regarding pH or redox and only got deionized water added. All samples 
were shaken intermittently. After 1, 7 and 28 days electrical conductivity, 
pH, redox potential (Thermo Scientific REDOX/ORP 9678BNWP) and el-
ement concentrations were measured. For element analysis 100 µL was pi-
petted from the samples after centrifugation and diluted 100 times before 
analysis with ICP-MS by Viktor Sjöberg at Örebro University.  
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Leaching test 2: In order to determine trace element/sulphate ratios in 
leachates from shale waste, solid samples were leached in deionized water. 
From shale, fines and shale ash samples (two samples respectively) 200 g 
dw was put in a bottle with 400 mL deionized water added (L/S 2) in a first 
step (Paper V). The bottles were shaken intermittently for 24 hours before 
the water was removed and analysed for electrical conductivity, pH, alka-
linity, element concentration and anions as described for groundwater. As 
a second step 1 600 mL of deionized water was added (L/S 8) for another 
period of 24 hours after which the water was analysed as in the first step.  

Solid samples around the pit lakes have also been collected to determine 
the pH conditions. Of each sample 5 g were put in a test tube and 25 mL of 
deionized water was added (L/S 5). The tubes were then shaken for 30 
minutes and then left for 2 hours before electrical conductivity and pH were 
measured. 

The materials used in the leaching tests 1 and 2 were analysed for total 
concentrations by MS Analytical, Vancouver (as described for sediments).  

Results and discussion 

Oil production 
Shale was mined in open pits, crushed, sieved and heated during anoxic 
conditions (pyrolysis or dry distillation). Originally, three different types of 
ovens were used for the heating of the shale. In the so called IM ovens (con-
structed by AB Industrimetoder) and the Hultman-Gustafsson oven (devel-
oped by the engineers Hultman and Gustafsson based on a modified type 
of a Scottish oven) crushed shale with fractions above 30 mm were used and 
for the Bergh-Kvarntorp ovens (a type of oven developed by Sven V Bergh 
and then further developed in Kvarntorp) the crushed shale needed to be 5-
30 mm (Schwartz 1945).  

Since different kinds of ovens were used, there were differences in the 
resulting shale waste (e.g. material size, combustion processes). The Hult-
man-Gustafsson and IM-ovens needed gas for heating and resulted in semi-
combusted shale waste (semi-coke) while after the initial years of produc-
tion, the Bergh-Kvarntorp ovens could use the produced semi-coke for in-
ternal energy needs and left a totally combusted shale ash (rödfyr). Semi-
coke is therefore probably more common in the early parts of the deposits. 
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Since fractions smaller than 5 mm, fines, would have led to sintering in the 
ovens and lower oil yield, they were discarded during the sieving process. 
Fines constituted about 20% of the processed shale and was referred to as 
a problem (“Stybbproblemet”) since there was no successful method for 
making use of the energy in the fines. Yearly some 500 000 tonnes of fines 
were discarded (Skifferskriften, Brandberg 1956). In 1958 some 500 tonnes 
of fines were transported to Autun in France for combustion attempts in an 
oven constructed for fines (Skifferskriften, Hellström 1958). See Figure 8 
for a photo from the production time. 

A first field scale test of oil re-
covery in situ was carried out 
in Kvarntorp in 1941. In 1942 
a larger test field was con-
structed in adjacent Norrtorp. 
The method was developed by 
the engineer Fredrik Ljung-
ström and is based on heating 
the ground by electrodes in-
serted in boreholes. At the site 
for the Ljungström field a man-
sion (Figure 9) was situated 
which was demolished in 1946 
to make room for oil produc-
tion. Holes were drilled into 
the alum shale layer for inser-
tion of electrical heaters. From 
the produced gas, oil was con-
densed. Large amounts of sul-

phur compounds were released from cracks in the bedrock, leading to severe 
air pollution. All the drilling at the Ljungström site has left the ground more 
permeable than it would have been if undisturbed. Water is believed to be 
drained towards Norrtorpssjön. The effects of the Ljungström field on the 
environment are not fully assessed. Armstrong et al. (2019) proposed that 
increased surface area of fractured black shales could lead to increased 
leaching as in AMD sites. Groundwater in alum shale adjacent to the Ljung-
ström field has shown elevated concentrations of arsenic, nickel and ura-
nium (Svensson et al. 2005).  

Sulphur rich flue gas emissions also caused problems in the surroundings 
despite the use of 100-meter-high chimneys. About 150 tonnes of sulphur 

Figure 8: Burning of waste oil in Kvarntorp 
(with the waste deposit in the background) 
during the production time (photographer un-
known, Kumla municipality digital photo ar-
chive). 
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were emitted on a daily basis in the end of the 1950s, resulting in a decrease 
of lichens and affecting leaves of for example maple and birch (Skye 1958). 
Outside the industrial area damages were due to concentrated dust clouds 
that occasionally moved along the ground (Johansson 1954). Indemnities 
were paid by the company to compensate for e.g. reduced forest growth, 
corrosion damage to buildings or decreased fruit harvest (Skifferskriften, 
Tydén 1956). Despite oil-separating basins and removal of sulphur, oil and 
phenols by letting the process water filter through the waste deposit before 
being released into the stream, downstream water showed poor quality with 
iron and aluminium precipitates (ArkivCentrum, Groth and Åkerlind 
1955).  

Throughout the production time major focus seems to have been produc-
tion techniques and economy, rather than environmental issues. Even 
though challenges and problems were presented with expressions such as 
“About Kvarntorps’s difficulties and problems”, a quite optimistic attitude 
can be discerned in the business journal “Skifferskriften” with headings 
such as “A good year” (Skifferskriften, Hedbäck 1957) or “A huge step 
forward” (Skifferskriften, Hedbäck 1958). The guiding principle for 1964 
was “produce more” (Skifferskriften, Pilo 1963) which also reflects that a 
turning point was reached where the future of the oil production had be-
come insecure and questioned (from an economical point of view). Accord-
ing to the national perspective at the end of the era, environmental concern 
was focused on eutrophication and the building of waste treatment plants. 
In Kvarntorp, environmental issues concerned damages caused by flue gas 
emissions (Skifferskriften, Tydén 1956) or how to restore mined areas with 
focus on the landscape rather than questions about pollutants (Skifferskriften, 
Lönn 1957). The production was not economically viable, and in 1961 a gov-
ernmental investigation concluded that SSAB’s activities were to cease (SOU 
1961). A gradual settlement was chosen to keep profitable parts of the pro-
duction and let a viable industrial business grow in the area. An immediate 
settlement would have caused problems also for the workforce. In 1965 the 
business was sold to Yxhult stenhuggeri AB, a company that carried on with 
the oil production another year until the production ceased in 1966. 
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Uranium extraction 
AB Atomenergi was formed in 1947 and focus was on extraction of ura-
nium from alum shale. Since kolm contains higher uranium concentrations 
than the other parts of the alum shale formation, the first tests were focused 
on kolm (SOU 1956:58). In Kvarntorp the kolm lenses are quite thin (3-5 
cm) but elongated (>1 m) except for the upper part where the lenses are 
thicker (up to 10 cm) and shorter (ArkivCentrum, Eklund, 1946). It was 
estimated that the kolm layers in Kvarntorp contained some 100 tonnes of 
uranium (ArkivCentrum, Ljunggren 1949). For large scale extraction it was 
more convenient with shale instead of kolm due to the quantities needed. In 
1953 a full-scale extraction plant was started in Kvarntorp where uranium 
was leached from crushed shale with sulphuric acid (SOU 1956:58). A total 
of 62 tonnes of uranium was produced in Kvarntorp during 1953-1961 of 
which a smaller amount came from imported raw materials (ArkivCentrum, 
Johansson and Orrenius 1976). 

Elevated concentrations of uranium (5 300 µg/L) have been found in the 
groundwater at the site receiving shale residues, sulphuric acid residues and 
liquids with uranium decay products from the uranium extraction processes 
(Ekholm et al. 2005).    

Figure 9: Norrtorp castle, a mansion at Norrtorp photographed by Samuel Lind-
skog, 1905 (Örebro läns museum). The photo to the right shows the area when the 
Ljungström field was under development (photographer unknown, Kumla munici-
pality digital photo archive). 
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Kvarntorpshögen (the waste deposit) 
Shale waste was used for backfilling of the open pits but was also placed in 
a deposit which over the years grew to a height of 100 meter (Figure 10). 
There is no alum shale at the site chosen for the deposit – the Kvarntorp 
meadows, where the uppermost layer in the bedrock consists of green shale 
beneath a marshy area, where landowners previously had grown turnips 
and a St. Bernard was buried (Ekegren 1997). Fines containing pyrite can 
lead to oxidation and acid mine drainage. Pyrite oxidation could lead to 
temperatures up to 100°C. As some of the material still contains organic 
matter also kerogen oxidation can take place which can generate tempera-
tures above 500°C (Bäckström 2010). In 1984 efforts were started to put 
the fires out. Large amounts of water were pumped up on the deposit and 
pushed through perforated pipes into the fires. The fires were then covered 
with Absol® (a lime containing decontaminant) and crushed limestone 
(Eriksson and Wikström 1985). Measurements in 2004 showed tempera-
tures around 500-700°C at depths of 10-15 meters for some central parts 
of the deposit (Holm et al. 2005).   

In November 1982, an agreement was struck between SSAB and Kumla 
municipality. With an economical compensation of 10 MSEK, the munici-
pality took over the responsibility of the entire area, including the waste 
deposit (ArkivCentrum, Uddgren 1982).  

There has been an ongoing debate about the future of the deposit. Kumla 
municipality opposes to further exploitation in the area, but there are still 
stakeholders interested in mining for elements in the not yet exploited parts 
or even from the waste deposit. Whether or not to cover the deposit has also 
been debated. A crucial question has been the cooling rate and the leaching 
situation when the deposit has cooled.  
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Figure 10a: Aerial view of Kvarntorpshögen, probably from the middle of the 
1970s. Photographer Pål-Nils Nilsson (Riksantikvarieämbetet). b: Photo probably 
from the middle of the 1970s (pit lake Nordsjön in the foreground), photographer 
Pål-Nils Nilsson (Riksantikvarieämbetet). c: Firefighting efforts, Kvarntorpshögen, 
April 2019. d: Kvarntorpshögen with pit lake Nordsjön in the foreground, August 
2020. 
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Shale and shale waste characteristics 
The total concentrations in the shale and the waste show a great span as 
can be seen in Table 2. There is less sulphur in shale ash than in unburned 

Figure 11: The photos show some of the localities for sampling of solid material a) 
Locality 40 where layers of fines are overlying material that has hardened as a 
hardpan, b) shale ash at locality 50, c) shale at locality 6-7 and d) shale horizon at 
locality 21. See map in Figure 7 for location of the sites. 
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shale due to release of sulphur dioxide during pyrolysis. Drill cores of alum 
shale would represent unweathered material whereas shale samples are 
taken from the exposed shale horizon with ongoing pyrite oxidation which 
can explain the lower sulphur content compared to the drill cores. The 
higher iron content in shale ash is a result of a higher relative iron percent-
age after loss of sulphur and carbon during pyrolysis. Photos from some of 
the sampling localities can be seen in Figure 11. 

Total concentrations for the samples used in the batch titration test 
(leaching test 1) where pH and redox were manipulated (Paper II) are pre-
sented in Table 3. Both fines and ashes displayed increased leaching of 
nickel, uranium and vanadium at low pH, whereas molybdenum showed 
increased leaching at higher pH. For samples leached only in deionized wa-
ter, leaching was not very important for shale ashes whereas fines, due to 
the pyrite content, had an important leaching of nickel and uranium. Even 
with added acid the ashes did not reach the same levels of uranium release 
as the fines, nor in concentration in leachate nor in percentage leached. Va-
nadium was found in higher concentrations in leachates from ashes than 
from fines. It was noted that both pH and redox potential affected the leach-
ing. Nevertheless, for the samples and treatments in this test, a maximum 
of 6% of the vanadium was leached.  

Arsenic was not released to any greater extent from samples leached only 
with deionized water. During manipulated pH conditions (elevated pH for 
ash A and both high and low pH for ash B) leaching was much more im-
portant (Figure 12). Shale ash A also showed increased leaching during re-
ducing conditions. The different mobilisation of arsenic between the two 
ashes may reflect differences in the properties of the solids. For example, 
shale ash A contains 19.2 weight percent of gypsum and ash B only 1.4 
weigh percent. Gypsum can be a host for arsenic (Rios-Valenciana et al. 
2020), but for these ashes it is the ash with lowest arsenic concentration 
that has the highest gypsum content and arsenic is more typically associated 
with iron oxides (Smedley and Kinniburgh 2002). Leaching of arsenic from 
shale ash (rödfyr) is considered as a concern and has been reported from 
waste deposits at other sites as well (e.g. at Kinne-Kleva, Andrén 2016). 
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Table 3: Total concentrations of S, Mo, Ni U and Vi in materials used in leaching 
test 1. 

Sample S, mg/kg As, mg/kg Mo, mg/kg Ni, mg/kg U, mg/kg V, mg/kg 

Fines (S) 79 000 80 130 180 240 420 

Shale ash (A) 32 000 113 210 51 200 660 

Shale ash (B) 5 400 155 160 42 160 750 

Figure 12: Diagrams showing concentrations of U, V and As in leachates from 
fines and shale ash (L/S 10). Triangles represent subsamples manipulated with re-
spect to pH, squares are subsamples treated with hydroxyl ammonium chloride, 
circles hydrogen peroxide and stars represent no addition except for deionized wa-
ter. Red symbols represent day 1, yellow symbols day 7 and blue symbols day 28. 
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Groundwater 
The geochemical signatures in the eleven studied groundwater wells are very 
varied (paper III). Two of the wells (G2 and G7) are drilled into the sand-
stone aquifer and are not believed to be in contact with shale waste, alt-
hough G2 displays higher levels of sulphate, lithium and strontium than G7. 
For the shallow wells, the heterogeneity of the waste is reflected in the range 
of concentrations found in the different groundwaters. Median pH for these 
nine groundwaters (i.e. deep groundwater excluded) span from 3.97 (with 
3.7 as the lowest result for the most acidic water) to 9.13 (with 12 as the 
maximum result) and sulphate shows a median range from 200 mg/L to 
3 820 mg/L which demonstrates the diverse water chemistry in the different 
wells. Table 4 displays data from June 2017. One of the wells, G9, is con-
sidered to represent local reference background concentrations as it is in till 
and is not in contact with shale waste. It is possible though, that the till 
contains some amount of natural sulphides from the bedrock. This could 
explain elevated sulphate concentrations in G9 (median 200 mg/L) com-
pared to national background (1.4-45mg/L) (SGU 2013). Also G10 is situ-
ated in till but appears to receive water affected by alum shale waste. Even 
though all wells have a water composition well distinguished from the oth-
ers, some groups can be discerned. G1 and G3, located in the north-eastern 
part, have the highest sulphate concentrations. Low pH indicates pyrite 
weathering and hence leachates from not totally combusted shale (semi-
coke) or fines. It is suggested that the waste contains higher amounts of 
semi-coke in the area where G1 and G3 are located since this is the oldest 
part of the deposit (Figure 1c Paper III) with waste dumped before semi-
coke was used for energy. It is also G1 and G3 that have the highest ground-
water temperatures indicating that this area is reached by warm leachates 
(Figure 13). In 2004, G1 and G3 had pH below 4 (Holm et al. 2005), but 
since then pH has risen to a median slightly above 6 and molybdate is the 
dominating ion (Mo(VI)). The increase in pH has also led to increased con-
centrations of molybdenum for G3, while G1 still has lower concentrations 
than several of the other wells due to adsorption of molybdate during acidic 
conditions (c.f. Sun and Selim 2020). Concentrations of molybdenum in 
natural groundwater and surface water are usually well below 10 µg/L 
(Smedley and Kinniburgh 2017) which is surpassed in some of the ground-
waters in Kvarntorp due to the alum shale influence. In Degerhamn, Öland, 
other trace elements in alum shale, such as nickel and zinc, have been found 
in higher concentrations during conditions with low pH than during neutral 
conditions (Falk et al. 2006) and this is also the case for Kvarntorp.  
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Yang et al. (2014) have studied the mobility of vanadium in soil and mine 
tailings in Panzhihua, China and found that a major part of the vanadium 
is immobile, but that drought and rewetting can lead to an increase which 
was possibly due to weathering of host phases, mineralisation of organically 
bound vanadium, reductive dissolution of iron- or manganese hydroxides 
or release of adsorbed vanadium via competitive adsorption due to salt con-
centration during drought. Leaching tests of sediments have shown that im-
portant release of vanadium is only expected during strongly acidic condi-
tions (Cappuyns and Swennen 2014), while studies of groundwater have 
shown highest concentrations in oxic and alkaline groundwater (Wright 
and Belitz 2010; Wright et al. 2014). Leaching tests with material from 
Kvarntorp have shown that both low and high pH can favour leaching, as 
well as reducing and oxidising conditions, although no sample displayed 
more than 6% leached vanadium in the batch tests (Paper II). In Kvarntorp, 
vanadium in groundwater does not display particularly high concentrations 
either, which is consistent with studies from Degerhamn, Öland, which also 
showed low leachability of vanadium (Lavergren 2008). 

Arsenic is effectively adsorbed to schwertmannite (Acero et al. 2006) and 
higher arsenic concentrations in G3 than in G1 could be explained by pre-
cipitation of schwertmannite in G1 favoured by the lower pH. This is also 
supported by the fact that G3 had lower concentrations of arsenic in 2004 
when pH was lower, suggesting precipitation of schwertmannite and immo-
bilisation of arsenic also in G3 at that time. 

Circumneutral G4, G5, G8 and G11 are probably reached by leachates 
from shale ash and are not believed to be in contact with pyrite rich mate-
rial. The same is suggested for alkaline G6 in addition to possible contact 
with calcium hydroxide which could explain its elevated pH.  

No general trend for the groundwater can be discerned, but there might 
be some tendencies for individual wells. Increased electrical conductivity 
and Mg/Ca ratios propose increased weathering for G3 and G4, while there 
could be a decrease in weathering for G10 (Figure 14).   

Elevated cadmium concentrations in rocks are generally associated with 
black shales and leaching can contaminate the water environment (Liu et al. 
2017). Median cadmium concentration in shale ash in Kvarntorp is 
0.75 mg/kg, for fines 0.59 mg/kg, weathered shale 0.20 mg/kg and unweath-
ered drill cores 0.68 mg/kg (Table 4), whereas in Degerhamn median cad-
mium concentrations reach 3 mg/kg and shale waste 1.4 mg/kg (Lavergren 
2008) while median concentrations globally for black shales has been re-
ported to be 5 mg/kg (Ketris and Yudovich 2009). Also in groundwater 
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cadmium displays higher concentrations in Degerhamn with a maximum of 
31 µg/L and median 12 µg/L for acidic groundwater (Lavergren 2008) com-
pared to Kvarntorp with a maximum of 15 µg/L and median of 6 µg/L for 
the most acidic well.  

Locally high concentrations of some trace elements are found in the 
groundwater (As up to 172 µg/L, Mo 633 µg/L, Ni 1 900 µg/L and U 1 760 
µg/L). Shale ash leachates can be circumneutral or slightly acidic as shown 
in the leaching tests. Most of the wells display circumneutral conditions 
which indicate leaching from non-acidic ash or buffering capacity due to 
presence of carbonates. The majority of the waste consists of shale ash and 
this has left signatures in the water in the form of arsenic, molybdenum, 
uranium and to some extent vanadium, while there is an important leaching 
of nickel and uranium from fines or semi-coke. Leaching from the waste 
deposit contributes with elemental mass transport to the downstream sur-
face water. Since no general time trends could be discerned from data from 
2004 and 2015-2019, continued weathering and metal release is expected. 
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Figure 13: Spatial distribution of Mo, Ni and SO4
2- concentrations in groundwa-

ters based on data from sampling in October 2018 (except deep groundwater) 
around the waste deposit. Temperature was measured at 1 m depth in November 
2017. No temperature data is available for G4 and G11. 

Figure 14: Diagrams showing electrical conductivity, SO4
2-, Mo and Ni concentra-

tions in groundwater wells G3 and G10 2004-2019 (data for 2004 from Holm et 
al. 2005). 



KRISTINA ÅHLGREN Environmental impact of alum shale mining in Kvarntorp 
 

47 
  

Underground sandstone mining 
Underground mining of sandstone in Kvarntorp started in 1967 and ended 
in 2001. The lingulid sandstone was used for production of mexisten (a 
brick made of burned lime and sand) and airconcrete (Gustafsson 2007). 
The area where the mine is located is estimated to 600 000 m2 and the roof 
of the mine is about 31-34 metres below the ground surface (Svensson et al. 
2005). In 1976 it was estimated that 25 L/s were pumped from the mine 
(Svensson 1976) and in 1993 12.4 L/s (Jones et al. 1996). In 2004 ground-
water inflow was estimated to be 10-100 L/min. Water quality in the mine 
showed sulphate concentrations from 230 to 1 100 mg/L, iron 180-49 000 
µg/L, nickel <0.1-26 µg/L and uranium 4.1-93 µg/L. Decreased inflow can 
be due to sealing of the walls by sedimentation or mineralisation (Svensson 
et al. 2005). Today parts of the mine are used as a storage facility and other 
parts serve as a testing facility for mining vehicles and equipment. Pumping 
creates a cone of depression and affects water flow in the adjacent ground. 
Mine water is being discharged at two points above ground; one discharge 
point leading into Söderhavet (southern discharge point) and one point into 
a small pond that is draining into Nordsjön (northern discharge point). Be-
fore reaching Nordsjön the water is drained through Ytong waste (Ekholm 
et al. 2005). Hence both Söderhavet and Nordsjön receive water pumped 
from the sandstone mine. See Figure 15 for the extent of the sandstone mine 
and the discharge points. Analyses of discharged water in November 2019 
showed iron concentrations of 89 mg/L at the northern discharge point (sul-
phate 1 600 mg/L, uranium 160 µg/L) and for the southern discharge point 
the concentrations in released water was 6 mg/L iron, 730 mg/L sulphate 
and 38 µg/L uranium. Since water released at the northern discharge point 
is drained through alkaline waste, redistribution and precipitations of ele-
ments could be expected before the water reaches Nordsjön. From the 
southern discharge point the water goes via a ditch to Söderhavet, where 
iron precipitations are indicated by the orange colour. Water discharge from 
the sandstone mine is expected to, at least to some degree, contribute to the 
mass transport of some elements via the western lake system. 
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Serpentine system 
The Serpentine system north of the deposit consists of an artificial lake and 
serpentine ponds. In 1999 industrial cooling water that until then had 
passed through the Serpentine system was redirected and in 2004-2005 the 
system was restored with 4 000 tonnes of polluted sediments removed. The 
artificial lake is situated north of Kvarntorpshögen and works as a large 
sedimentation pond. At the inlet, a smaller part is demarcated to concen-
trate the sedimentation and make it possible for future disposal of sedi-
mented pollutants (Figure 16). From the lake the water reaches the Serpen-
tine ponds with naturally established plants such as phragmites spp. and 
typha. Before being released into the water course Frommestabäcken, the 
water passes a peat filter (SWECO VIAK 2005). Studies have shown that 
peat is an efficient material for removal of elements such as Cd, Cu, Ni, Pb 

Figure 15: Map showing the pit lakes and the sites were water pumped from the 
underground sandstone mine is released. 
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and Zn but less so for As and Cr at neutral to basic pH (Kalmykova et al. 
2009).  
A concentration increase for elements such as strontium (from an average 
of 132 µg/L to an average of 384 µg/L) and lithium (from 224 µg/L to 
609 µg/L) after 1999 would plausibly be due to the redirection of the cool-
ing water which previously had passed through the system and caused dilu-
tion. The restoration of the system, however, does not seem to have led to 
any decrease in concentrations in the outlet water (Paper I). There are esti-
mates from the 1970s indicating an annual release of 1 100 kg nickel and 
180 kg uranium from the Serpentine system (Kumla kommun and 
Länsstyrelsen i Örebro län) whereas estimates for 2016-2019 indicates 14-
39 kg Ni and 1-4 kg U annually (Paper V).  

Analyses of sediments in 2004 before the restoration showed that nickel, 
arsenic and cadmium together with iron were represented in high concen-
trations (Bäckström 2004) while concentrations were lower in 2019 (Table 
5). Decreased concentrations in sediments in combination with decreased 
annual elemental release from the Serpentine system indicate a lower input 
of trace elements into the system now than in the 1970s. 

Figure 16: Photo showing the Serpentine lake which is a part of the Serpentine sys-
tem. The closest part of the lake is demarcated to concentrate the sedimentation 
early in the system. 
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Pit lakes 
Large parts of the mined area were backfilled with mine waste (both crushed 
and burned shale but also some crushed but not further processed shale) or 
later with e.g. municipal waste. Not backfilled areas remain as pit lakes 
(Figure 17a). To the west there are two major pit lakes: Söderhavet (surface 
area 293 000 m2, average depth 10.5 m) and Nordsjön (surface area 
411 000 m2, average depth 8 m) together containing about 7 Mm3 (Salo-
monsson 1979). Lake Mellansjön (7 900 m2) is situated somewhat in the 
center of the area and is drained towards Söderhavet. The water turnover is 
estimated to be 1-2 years for Söderhavet and Nordsjön. To the east 
Norrtorpssjön (167 000 m2, depth 5-10 m, 30 m at the deepest part) and 
Surpölen (sometimes denoted as “Pölen”, 31 000 m2, depth 5-15 m) are 
drained into Frogestabäcken with an estimated turnover of about 20 years. 
Two minor lakes, Alaborg south and north (together 22 000 m2) are drained 
to the northeast and this waster reaches Frogestabäcken further north. To-
day only Surpölen is acidic but reports from the 1970s (Salomonsson 1979) 
indicate that also the other lakes were acidic at that time. An agreement was 
struck with the company Yxhult AB to fill a ditch leading to Nordsjön with 
lime waste to neutralize incoming and polluted water (Eriksson and Wik-
ström 1985). It is not known at exactly which time Söderhavet and 
Nordsjön became neutralized, but for Norrtorpssjön this was captured by 
the monitoring programme carried out by Kumla municipality and dis-
cussed by Allard et al. (2014). Until 1996 Norrtorpssjön had a stable pH 
below 4, but after that there was a gradual pH increase, most probably due 
to leachates from a connected pit (filled tunnel under the road), Östersät-
tersbrottet, where also alkaline waste was deposited (Stenberg et al. 2002). 
With the pH increase, elements such as Al, Co, Mg, Ni and Zn decreased 
significantly. Solid samples from the shores of Norrtorpssjön and Surpölen 
leached in deionized water indicate potential for acidic leachates with pH 
as shown in Figure 17b. 
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Poor water quality in pit lakes due to AMD is common around the world. 
Several studies deal with either the understanding of natural processes lead-
ing to attenuation, such as microbial activity (van der Graaf et al. 2020), 
bioremediation such as use of municipal sewage and green waste 
(McCullough and Lund 2011), passive systems such as wetlands (Skousen 
et al. 2017) or surface fertilization (Fisher and Lawrence 2006). Limestone 
can be used for neutralisation of acid rock drainage, but a problem can be 
precipitation of dissolved metals on the material, inhibiting further liming 
effect. A solution to this can be anoxic limestone drains (ALD) where 
trenches are filled with crushed limestone and the acidic water pass through 
during anoxic conditions (Genty et al. 2012; Watzlaf et al. 2000). 
Norrtorpssjön could be considered as an analogue of an ALD, although not 
planned. 

Alkalinity in Norrtorpssjön increased, reached a plateau, and then seemed 
to decrease from 2013 to 2017 (paper IV). Data from the last years do, 
however, not support the idea of a decreasing trend (Figure 18), since the 
levels increased again. The reason for the changing alkalinity levels is not 
known. The waste deposit at Östersättersbrottet was closed in 2008, and 
covered in 2013 (Anders Larsson, Kumla municipality, personal communi-
cation) and maybe changed water ways through the deposit in Östersätters-
brottet could affect the leachates reaching Norrtorpssjön. Climate variabil-
ity could also be a factor influencing flow pathways. Molybdenum also 

Figure 17a: Map showing the pit lake system b: pH in solid samples around the 
eastern pit lakes. 
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showed a decrease after a period at a plateau with higher concentrations, 
but has slightly increased again partly following the alkalinity trend. Ura-
nium, which decreased in connection to the pH increase, and then slightly 
increased again probably due to forming of soluble carbonate complexes at 
a pH above 6, seems to be at a stable level for the moment, whereas chloride 
concentrations have continued to increase. 

Elevated chloride concentrations in wastewater from unconventional oil 
and gas production from shale are known from the Marcellus Shale in the 
USA (Warner et al 2013; Bowen et al 2014) but in the case of Kvarntorp 
the shale is not the plausible reason for elevated and increasing concentra-
tions in Norrtorpssjön. There are several anthropogenic sources for chloride 
such as deicing salts, leaching from landfills, treatment of drinking and 
wastewater (Mullaney et al. 2009). Several salts can also be used for soil 
dust control (Alzubaidi 1999) of which NaCl would add both sodium and 
chloride to the environment, whereas MgCl2 and CaCl2 would add chloride 
but not sodium. The elevated concentrations of chloride in Norrtorpssjön 
have been considered to originate from the landfill in the deposit. It might 
be harder though, to clarify the increasing chloride trend even if change in 
water balance and preferential flow pathways could be possible affecting 
parameters. Initially this increase was not followed by any increase in so-
dium concentrations (Figure 19 shows chloride and sodium concentrations 
in meq/L), while the increase during the last years concerns both sodium 
and chloride. Apart from the landfill, a possible contributor of chloride 
could also be the waste treatment facility located west of the pit lake. Sur-
face water from this area is not believed to reach the pit lake since it is 
directed towards Söderhavet. Groundwater though, would reach 
Norrtorpssjön. It is not straightforward to assess whether the cover of the 
Östersätter waste deposit has affected the leachates reaching Norrtorpssjön 
or not. Precipitation would not directly penetrate the deposit as was possi-
ble before the covering, but the lime waste is below the groundwater level 
and is hence still reached by flowing water with the direction towards 
Norrtorpssjön. 
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Figure 18: Data from Kvarntorps vatten 1993-2019 + data from four sampling oc-
casions in 2020 provided by Kumla municipality. 

Figure 19: Chloride and 
sodium time trends in 
Norrtorpssjön 1993-
2020, meq/L. 
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Also Söderhavet has elevated concentrations of chloride which possibly 
could be due to water from the hazardous treatment plant or landfill around 
Mellansjön which is dewatered through Söderhavet, whereas concentra-
tions of chloride are lower in Nordsjön than in Söderhavet due to dilution. 
Water pumped from the sandstone mine (110-130 mg/L) can also be a pos-
sible contributor of chloride to these pit lakes. In Söderhavet and Nordsjön 
the highest concentrations of chloride are found at the surface due to poor 
mixing, whereas in Norrtorpssjön the highest concentrations are found 
deeper down which could strengthen the idea of chloride rich leachates 
reaching the lake from the landfill deposit through the tunnel under the road 
or via groundwater (Figure 20).  

Norrtorpssjön has shown stratification in previous studies (Svensson et 
al. 2005; Karlsson et al. 2012) and did so in 2017 as well. Also Nordsjön 
and Söderhavet show poor mixing and stratification. Surpölen has previ-
ously shown unstratified conditions (Karlsson et al. 2012), but analyses of 
samples from 2017 indicate possible stratification with a thermocline. Sev-
eral elements have their highest concentrations towards the depth such as 
arsenic, molybdenum, uranium and vanadium, which is an indication of 
reductive dissolution of iron and manganese oxyhydroxides (see Figure 20 
for a uranium depth profile). It has previously been suggested that oxyan-
ions such as molybdenum are associated to the manganese redox cycling 
(Bauer et al. 2017) and there is quite good correspondence between manga-
nese and molybdenum depth profiles in the pit lakes (Figure 5, Paper V). 
For pH there seems to be a convergence towards 6.5 at depths exceeding 10 
m. At the surface photosynthesis might affect pH by uptake of protons and 
further down decay of organic matter may lower the pH. 

 

Figure 20: Depth profiles for pH, chloride and uranium in Söderhavet, Nordsjön, 
Norrtorpssjön and Surpölen. 
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The bottom material in the lakes contains shale residues. Sediment/shale 
ratios indicate accumulation of manganese and iron at the bottom which 
would also suggest coprecipitated trace elements. This is also indicated by 
concentrations of Co, Cu, Ni and Zn for some of the sediment samples, but 
no conclusive general conclusion for the trace element accumulation in the 
pit lakes can be drawn. 

Surface water and mass transport 
A comparison between surface water upstream and downstream the 
Kvarntorp area shows that downstream water is affected by trace elements 
characteristic for alum shale such as molybdenum, nickel and uranium (Pa-
per V). Figures 21-23 show sulphate (sulphur for solid samples), nickel and 
uranium for groundwater around the deposit, surface water and solid sam-
ples. Weathering shale horizons at the pit lakes and fines at the southern 
rim of the waste deposit have the highest sulphur concentrations for solid 
material and can contribute with sulphate to the water regimes. Highest 
concentrations in water are found in groundwater but also in surface water 
in connection to the waste deposit such as a stagnant pool of water (Y6) 
and the outlet of the Serpentine system (Y7). Nickel also shows highest con-
centrations in the same type of solid material as sulphur. Highest concen-
trations in water are found in groundwater and surface water in connection 
to the waste deposit. Uranium displays highest concentrations in waste at 
the deposit (above all in the section with fines, but also in shale ash), 
whereas the outlet of the Serpentine system has a lower uranium concentra-
tion than at the outlets of the pit lakes.  
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Figure 21: Median concentrations of sulphate (mg/L) in ground and sur-
face waters, and concentrations of sulphur (%) in solid samples. 

Figure 22: Median concentrations of nickel (μg/L) in ground and sur-
face waters, and concentrations of nickel (mg/kg) in solid samples. 
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Even though downstream water at locality Y16 is diluted its median con-
centration of 10.5 µg/L nickel still is elevated compared to regional back-
ground levels of 2.2 µg/L, whereas arsenic (median 0.59 µg/L at Y16) and 
vanadium (median 0.44 at µg/L at Y16) do not surpass the regional back-
ground concentration reported by Herbert et al. (2009). A Piper diagram 
(Figure 24) with both groundwater and surface water indicates that some 
waters are affected by sulphate rich AMD such as the outlet of Norrtorps-
sjön (locality 12). Locality 2 and 11 are situated upstream From-
mestabäcken and Frogestabäcken, respectively, and indicate calcium bicar-
bonate waters. Also the groundwater G9, which as mentioned above, is be-
lieved to represent local background levels is closer to these upstream waters 
than the other groundwaters. Water from locality Y3, outlet Söderhavet, 
plots near the water from G7 which is water from a well installed in the 
sandstone aquifer. Water is pumped from the underground sandstone mine 
at two places of which one is a ditch leading to Söderhavet and the other is 
a pond which is believed to be dewatered towards Nordsjön.  

Figure 23: Median concentrations of uranium (μg/L) in ground and sur-
face waters, and concentrations of uranium (mg/kg) in solid samples. 
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An average annual precipitation of 570 mm is received in the area (Kumla 
kommun 2017). Flow measurements (Y4 and Y7) and flow estimates (Y9) 
are carried out by Kumla municipality and shown in Table 6. For locality 
Y9 and some of the localities where water flow is not measured in the mon-
itoring programme, water flow has been estimated during sampling. These 
estimates correspond quite well with the estimates made by Kumla munici-
pality in some cases (4.3 Mm3 for Y9 in 2016 compared to 4.33) but differs 
more for other cases (4 Mm3 compared to 5.16 Mm3 in 2018). There are 
also differences between the two methods used in this study which results 
in different estimates for mass transport as can be seen in Figure 25. There 
are thus some differences between the methods and there are also differences 
between the years. A span for the estimated mass transport where differ-
ences between the years and differences between the two methods are in-
cluded is shown in Paper V.  

 

Figure 24: Piper diagram showing groundwaters (coloured dots, sampling 2015-
2018) and surface waters sampled May 9th 2019 (numbers).  
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Table 6: Precipitation, temperature and water flow 2015-2019. 

Precipita-

tion*, mm 

Tempera-

ture**, °C  

Nordsjön 

outlet*, 

Mm3 (Y4) 

Serpentine 

system*, 

Mm3 (Y7) 

Cooling 

water*, 

Mm3 

Down-

stream* 

Mm3 (Y9) 

2015 672 8.1 5.983 0.271 1.249 7.5 

2016 414 7.8 2.888 0.185 1.258 4.331 

2017 651 7.7 2.510 0.169 1.252 3.93 

2018 469 8.2 3.694 0.214 1.255 5.163 

2019 727 8.2 2.503 0.398 1.198 4.099 

* Data from Kumla kommun 2015-2019 ** Average annual temperature, Örebro Airport 95130 (SMHI)

When both the western and the eastern systems are considered about 26% 
of the sulphate is estimated to originate from Söderhavet (thus including 
Mellansjön, water from the sandstone mine and water from Fortum waste 
treatment plant), 24% from Nordsjön, 17% from the Serpentine system 
(including the waste deposit) and 33% from Norrtorpssjön. Also for mo-
lybdenum, nickel and uranium the major contributor is Söderhavet, alt-
hough the Serpentine system contributes with almost the same quantity of 
nickel as Söderhavet (Table 7). In total, estimates give that, the western part 
of the of the area contributes with about 60 kg (± 20) nickel and about 38 
kg (± 8) uranium to downstream water and the eastern part about 6 kg (± 
1.5) of nickel and 8 kg (± 1) of uranium per year in addition to the transport 
from upstream the area. 

Figure 25: Estimated mass transport of sulphate, nickel and uranium in 2016 cal-
culated with method 2 (results from method 1 in parentheses).  
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Table 7: Origin of the released sulphate, chloride, Mo, Ni and U. There is practi-
cally no addition of chloride in Nordsjön. 

 Söderhavet % Nordsjön % Serpentine system % Norrtorpssjön % 

SO4
2- 26 24 17 33 

Cl- >75  <5 >20 

Mo 53 37 6 4 

Ni 37 15 35 13 

U 49 30 5 15 

 
An important question is the contribution from the waste deposit and future 
leaching when it has cooled down. Today some of the precipitation is ex-
pected to leave the area due to elevated evaporation caused by the high tem-
peratures in the deposit. Using Tamm’s formula and assuming an annual 
precipitation of 570 mm and an average temperature of 8°C would corre-
spond to a runoff of 0.06 Mm3/year if the whole area for the deposit is used 
in the calculation. Calculations with a cooler temperature (not expected due 
to climate change, but used for the illustration of a maximum runoff sce-
nario) and the precipitation set to 800 mm, an annual runoff of 0.236 
Mm3/year would be the estimate. Since not all the precipitation is evapo-
rated today, the future runoff increase would be less than 0.236 Mm3/year, 
which corresponds to less than a 2-6% increase of total downstream flow 
compared to current flow. If instead estimates from Holm et al. (2005) are 
used, an addition of 0.14 Mm3 is expected from the deposit when it has 
cooled, corresponding to 1.9-3.6% more water in the downstream recipi-
ent. However, with a cool deposit it is not only the volume of water that 
will change. Concentrations may also be altered if previous hot and dry 
areas are reached by water, resulting in first flush effects. This means that 
not only water runoff can increase, but also a concentration increase is pos-
sible, which can lead to greater mass transport.  

An attempt to estimate the current mass transport from the waste deposit 
with average concentrations in groundwater at the northern rim of the de-
posit and a groundwater recharge of 1 L/s as estimated by Holm et al. 
(2004) gives an annual release of 86.5 tonnes of sulphate, 0.9 tonnes of 
chloride, 3.6 kg molybdenum, 8 kg nickel and 7.6 kg uranium. These 
amounts are presumed to pass the Serpentine system which is supposed to 
have a retaining function which can explain why the estimated release of 
uranium from the deposit is higher than the estimated amount leaving the 
Serpentine system. For nickel, though, the estimated release from the Ser-
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pentine system is greater than the estimated release from the deposit, sug-
gesting that the deposit is not the only contributor of nickel to the Serpen-
tine system and downstream water. Also the Serpentine system has a slightly 
lower pH than the other localities which can favor a less effective retention 
than for other elements (c.f. Falk et al. 2006). If all the estimated release 
from the waste deposit would go directly to the downstream water (without 
considering the Serpentine system) this would correspond to less than 17% 
of the uranium and an even smaller percentage for sulphate and nickel. 
These are just estimates, but they can give an idea about quantities and re-
lationship between different parameters and point sources. It is thus sug-
gested that less than 20% of the mass transport originates from the waste 
deposit and for several elements the percentage is well below. This implies 
that the deposit is an important contributor of trace elements, but it also 
implies that other sources are more important, such as the pit lakes them-
selves and water drained to the pit lakes.  

Also in Degerhamn, where the Baltic Sea is the recipient, burnt shale de-
posits are important contributors of trace elements. It is calculated that for 
most of the elements more than 80% originates from the deposits of burnt 
shale while the bedrock itself is also a source (Lavergren et al. 2009). For 
Kvarntorp, where the waste deposit is estimated to contribute with less than 
20% of the released elements to downstream recipients, it is hard to differ-
entiate between release from shale waste disposed of elsewhere than on the 
deposit, and exposed shale horizons, since shale waste has been used for 
backfill and can be found spread over the entire area, including around 
some of the lakes where also shale horizons are present. This means that 
shale waste contributes with trace element release also in other parts of the 
area than the waste deposit itself. There might be some natural weathering, 
but without mining activities the shale would not have been exposed to any 
greater extent in the area, which makes human impact and AMD the great-
est contributor of released trace elements from Kvarntorp.  

Far from all released trace elements from weathered material leaves the 
area. If the release of trace elements is considered to be related to oxidation 
of sulphides, which is often the case in sulphidic mine waste (c.f. Kim et al. 
2017), comparisons between trace element/sulphate ratios from solid mate-
rial (shale, fines and shale ash) and ratios in surface water can give an indi-
cation of the difference between primary release and mass flow in surface 
water. Since pH is generally somewhat above neutral, immobilization of 
cations through sorption is expected. Immobilisation is supported by the 
calculated expected releases of trace elements from leachate tests, compared 
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to the estimated mass transports, giving average immobilisation rates of 
96% for nickel and 99% for zinc. The immobilisation rate of 99% for ar-
senic suggests coprecipitation with iron minerals while presence of negative 
uranyl complexes could be the reason for a lower mobilisation rate for ura-
nium of 91%.  

An annual release of about 1 000 tonnes of sulphate from the western 
system and some 500 tonnes from the eastern system totalling in 1 500 
tonnes, agrees well with the magnitude of sulphate release from the Cana-
dian Sheritt-Gordon mine which is estimated to release 750 tonnes (Moncur 
et al. 2014). An annual release of 1 500 tonnes of sulphate in Kvarntorp 
would implicate that there is sufficient pyrite containing material (fines and 
weathering shale horizons) in the area for ongoing sulphate release for more 
than 1 000 years. This is if the weathering rate is constant, which might of 
course not necessarily be the case, but the number gives an idea about the 
magnitude.  

Quality guidelines 
Alum shale waste affected groundwater surpass in many cases by far the 

by Swedish Food Agency recommended guideline concentrations for ele-
ments such as arsenic (10 µg/L) and uranium (15 µg/L) (Svensson et al. 
2009) and also the WHO guidelines for drinking water, e.g. nickel 70 µg/L 
(World Health Organization 2017). Groundwater around the deposit is not 
used as drinking water and is not believed to be in contact with the sand-
stone aquifer. Several of the groundwaters in Kvarntorp also exceed Swe-
dish background concentrations in groundwater from areas that are consid-
ered to be relatively unaffected (Table 8). The highest median concentration 
of nickel in Kvarntorp, for example, surpass the 95th percentile for back-
ground concentrations more than 300 times. Compared to Degerhamn 
(groundwater wells in alum shale bedrock and wells in burned alum shale, 
Table 9) the concentrations are in the same order of magnitude, except for 
iron that has higher concentrations in Kvarntorp. Compared to other types 
of marine oil shales such as the Kukersite shale in Estonia where the major 
concern is organic compounds, metal release is much more important from 
Kvarntorp alum shale. Groundwater at the Kukruse waste deposit shows 
molybdenum concentrations of 2.5-28 µg/L which is lower than in 
Kvarntorp, while arsenic, cadmium and uranium were not even reported for 
groundwater (Tamberg and Hansen 2015). This reflects a difference in 
waste property between black (oil) shales and oil shales not particularly en-
riched in trace metals. 
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Water quality guidelines for the protection of aquatic life set up by the Ca-
nadian Council of Ministers of the Environment (CCME) can be compared 
to surface water concentrations in Kvarntorp in Table 9. Arsenic concen-
trations in Kvarntorp do not surpass these guidelines but there are surface 
waters that exceed the guidelines for uranium and those who largely surpass 
regarding iron.  

Table 8: Swedish national background concentrations in unaffected groundwater 
(95th percentile for median concentrations), Kvarntorp groundwater median span 
and Degerhamn groundwater median span. 

backgrounda Kvarntorpb Degerhamnc 

As, µg/L 0.92 0.05-87 0.02-10 
Cd, µg/L 0.089 0.01-6 0.006-31 
Fe, µg/L 1 085 47-326 000 0.4-16 000 
Ni, µg/L 4 2.9-1 220 <0.05-2 400 
SO4

2-, mg/L 45 200-3 800 no data given 
a SGU 2013 b shallow groundwater, median span cdata from Lavergren 2008 

Table 9: Water quality guidelines for arsenic, iron, molybdenum and uranium set 
by the Canadian Council of Ministers of the Environment as well as concentra-
tions in Kvarntorp. 

CCMEa Kvarntorpb 

As, µg/L 5 0.3-2.6 
Cd, µg/L 0.09-1 0.04-1.1 
Fe, µg/L 300 70-12 850
Mo, µg/L 73 0.4-74
U, µg/L 15-33 0.2-42

aprotection of aquatic life bsurface water, median span 

Conclusions and future perspectives 
Alum shale mining has affected the Kvarntorp area in many ways. The land-
scape is reshaped and trace elements in the streams show signatures of alum 
shale weathering. This study has shown that mining of black shales, such as 
alum shale, can lead to long-term impact on the environment. Due to the 
heterogeneity of the waste and the many features involved, such as the waste 
deposit Kvarntorpshögen, pit lakes, fractured bedrock at the Ljungström 
site and pumping of the sandstone mine, the outcome is quite multifaceted 
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which is reflected for example in the diversity of the groundwater chemistry 
around the waste deposit.  

Due to the pyrite content, alum shale and unburned alum shale waste is 
an important source of acidity and trace element release of for example 
nickel and uranium. Shale ash, rödfyr, can be a source of arsenic release 
during certain circumstances for example in contact with low or high pH. 
Also molybdenum and uranium and to some extent vanadium are leached 
from shale ash even though the leaching of vanadium is limited.  

Deposited alkaline waste has worked as an anoxic limestone drain (ALD) 
which has neutralized a former acidic pit lake, Norrtorpssjön. This led to a 
changed chemistry regime in the lake with decreased concentrations of for 
example aluminium, nickel and uranium. For how long the buffering capac-
ities will last is not known, and changes in alkalinity during the last years 
are not fully understood.  

A decrease in downstream mass transport of nickel and uranium from 
the waste deposit to the western stream seems to have occurred since the 
1970s but no general trend for groundwater concentrations in 2004-2019 
could be discerned.  

Important sources for the metal transport in the area are the waste de-
posit and the pit lakes. Estimates of their respective contributions give that 
the deposit is the cause of less than 20% of the mass transport for most of 
the elements. Of the pit lakes, Söderhavet contributes with the largest part 
of molybdenum (53%) and uranium (49%) whereas Norrtorpssjön is the 
greatest contributor of sulphate (33%). In total about 1 500 tonnes of sul-
phate, 65 kg of nickel and 45 kg of uranium is added to downstream water 
from the mined area every year. Mining of black shale can lead to a long-
lasting impact on the chemical signature in the environment with pyrite 
weathering and metal release. 

 
Several objectives that have not been the focus in this thesis merit further 
and deepened attention such as 

- assessment of the impact from the Ljungström field and pumping 
of the sandstone mine 

- further characterization, comparison and environmental assess-
ment of rödfyr in Sweden. 
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