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                                                                                                                                                               ABSTRACT 

Mining and its related activities generate large volumes of mine wastes such as tailings that can have negative 

environmental implications. One of such mine wastes of potential environmental concern is the historical 

Yxsjöberg Cu-W-F skarn tailings in Sweden, which encompasses a complex mineralogy including sulphides, 

carbonates, silicates, oxides / wolframite and halides. Some of these minerals contain high contents of potentially-

toxic elements such as Be, Bi, Cu, F, Zn and W; hence posing a significant threat to surrounding soils, aquatic 

ecosystems and drinking water quality due to their weathering. Potential remediation strategies for this site require 

a detailed understanding of the mobilization and transportation of contaminants in and from the tailings to the 

surrounding environments. Therefore in this present work, chemical and isotopic (18O, 13C, 34S, 87Sr/86Sr) 

composition of minerals, tailings and water-soluble (WS) fractions of the tailings were used to gain comprehensive 

insights into geochemical processes including mineral weathering and precipitation, trace elemental sources and 

sulphide oxidation reaction pathways within the tailings. Furthermore, chemical composition and water mixing 

analyses, aimed at quantifying the elemental contributions of the tailings and tailings groundwater to the 

downstream surface waters were carried out using 18O, 2H and 87Sr/86Sr isotope data of ground and surface waters 

collected during 6 different sampling campaigns from May to October 2018. Subsequently, the consistency of the 

mixing analyses was evaluated via a simple model. Biogeochemical processes regulating the stable carbon isotope 

signatures of dissolved inorganic carbon; DIC (δ13CDIC) of the ground and surface waters were also investigated. 

Three distinct geochemical zonation namely; oxidised (OZ), transition (TZ) and unoxidised zones (UZ) based on 

pH, elemental contents and colour, were observed in the tailings as a result of their long term storage and exposure 

to oxidising conditions. The OZ was characterised by a low pH (3.6 - 4.5), depletion of S as well as Be, Co, Cu 

and Zn in both the bulk tailings and WS fractions, particularly in the upper OZ (UOZ). On the other hand, the WS 

fractions of the lower OZ (LOZ), which included the oxidation front, recorded elevated concentrations of these 

trace metals and SO4
2-. Mineralogical observations and elemental contents of the tailings as well as the 34S and 18O 

signatures of SO4
2- (18OSO4 and 34SSO4) of the WS fractions in the OZ, TZ and upper UZ (UUZ) pointed to the 

historical and extensive weathering / oxidation of danalite and pyrrhotite by Fe3+ (i.e. at pH ≤ 3) in the UOZ, 

particular during their early stages after deposition when the sulphide surfaces were fresh. Very radiogenic 87Sr/86Sr 

ratios coupled with elevated concentrations of silicate-associated elements such as Al, Fe, K and Mg in the WS 

fractions of the OZ indicated the weathering of biotite, K-feldspar and muscovite. Weathering of Ca-bearing 

minerals as well as the dissolution of secondary minerals (e.g. gypsum) in the LOZ resulted in high Ca/K ratios. 

In the TZ and UUZ, the WS fraction 87Sr/86Sr and 34SSO4 values as well as consistent peaks of Ca, Be, Mn, SO4
2- 

and Zn suggested the dissolution of gypsum with a similar isotopic composition as danalite. Danalite was 

weathered in the OZ and hence Be was assumed to have been mobilised from this zone and trapped secondarily in 

gypsum in the UUZ. The 18OSO4 and 34SSO4 signatures of the WS fractions in the middle UZ suggested their 

mobilisation from the current oxidation front and represented mixed signals from the incomplete oxidation of 

pyrite, pyrrhotite and chalcopyrite via atmospheric oxygen (O2), resulting in the potential formation of intermediate 

sulphur species such as elemental S. Negative 18OSO4 and 34SSO4 signatures of the lower UZ were attributed to their 

probable release from processes such as carbon-bonded sulphur mineralisation and hydrogen sulphide (H2S) 

oxidation in the forests surrounding the mine site.  Recorded negative δ13C signatures of some carbonates (average 

= -2.7 ‰) in the tailings compared to that of primary calcite (δ13C= +0.1 ‰) signaled the precipitation of secondary 

carbonates. The δ13C values of these secondary carbonates were ascribed to a mixture of C sources from 
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atmospheric CO2, degraded organic matter and primary calcite dissolution in the tailings. The water mixing 

analyses indicated that the elemental contributions of the tailings groundwater to the downstream surface waters 

were small (1 -17 %), resulting in low dissolved concentrations of various elements in the latter relative to that of 

the former and thus a low negative environmental impact. The results of the mixing analyses and the model 

suggested that the low elemental concentrations of the surface waters were due to various potential retention 

mechanisms such as precipitation, sorption and reductive processes within the tailings and at the outlet of the 

tailings. The δ13CDIC values of the groundwater samples were attributed to mixed C signals from the primary calcite 

and potential secondary carbonate dissolution in the tailings as well as degradation of the vegetation and sewage 

sludge on the tailings, the peat underneath the tailings and the surrounding forests. The δ13CDIC signatures of the 

downstream surface waters seemed to be dependent on the climatic seasons and groundwater contributions. 

However, limitations with respect to unavailable data on DIC concentrations as well as a myriad of potential 

biogeochemical processes that could influence the DIC pool and δ13CDIC values of the surface waters made it 

difficult to pinpoint the major regulating process (es) of the δ13CDIC signatures. Nonetheless, the results of this 

study shows that the use of the 18O, 34S, 87Sr/86Sr and to a lesser extent 13C isotopes, coupled with the chemical and 

mineralogical data offer better insights into discriminating between various elemental sources and related 

geochemical processes, especially in mineralogical-complex setting such as skarn tailings. Furthermore, the results 

of the mixing analysis and the model data emphasises the importance of a thorough understanding of the 

hydrogeochemical processes along groundwater flow paths, as these processes can modulate the amount of 

dissolved elements reaching the surface waters. 
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1.0 Introduction 

Long decades of mining and related activities, coupled with the increasing demand for precious and base metals 

such as gold (Au) and copper (Cu), respectively, have and still continue to generate immense quantities of mine 

wastes which are considered to be the largest constituents of industrial wastes worldwide (Lottermoser, 2018). 

Mining wastes largely consist of waste rocks, mill tailings and smelting wastes, and are typically deposited in 

impoundments or piles. Historical mining wastes, for example, are generally of environmental concern due to 

deficient extraction technologies and/or unregulated disposal techniques arising either from lapses or non-existing 

environmental policies at the time of their generation (Hudson-Edwards et al., 2011; Hodges, 1995). These wastes 

are often sulphide-bearing, which may lead to negative environmental impacts due to the oxidative weathering of 

the sulphide minerals, resulting in a complex web of biological, chemical and thermal processes that produce 

sulphate (SO4
2-) and variable pH drainage or leachates, commonly known as acid mine drainage; AMD or neutral 

mine drainage; NMD (Nordstrom and Alpers, 1999; Pettit et al., 1999). The occurrence of either an AMD or NMD 

condition mostly depends on the content of neutralisation minerals such as carbonates and silicates, of which their 

weathering/dissolution is dependent on the prevailing pH (Blowes and Jambor, 1990). Irrespective of whether an 

AMD or NMD condition, these drainages usually contain toxic and potentially hazardous metals and  (hydro) 

oxyanion-forming elements which can be transported and released into soils, groundwater and nearby surface 

waters bodies, thereby affecting aquatic ecosystems and drinking water quality (e.g. Rimstidt and Vaughan, 2003; 

Nordstrom, 2009). For example, elevated concentrations of Fe, Al, Cu, Ni, Zn and Mn may be recorded in AMD 

(Johnson et al., 2000; Moncur et al., 2005). For NMD, which is the less studied among these two kinds of drainages, 

it may also exhibit elevated concentrations of Ni, Zn, Mn, As, Mo, Sb and W (e.g. Lindsay et al., 2009; Majzlan 

et al., 2011; Petta et al., 2014). In many instances, these processes may continue to release metal-(loids) to the 

surrounding environment for several decades or more (Blowes et al., 1992), leading to environmental 

considerations gaining prominence in recent years in the assessment of the economic feasibility of mine projects 

(Azcue, 2012).  

In light of these aforementioned potential negative environmental effects of mine drainage, a thorough 

understanding of the geochemical processes that occur in mine waste environments is critical for management 

decisions such as remediation. However, mining wastes, especially waste rocks and tailings, generally exhibit a 

diverse composition in terms of mineralogy and geochemical processes. For example, ascribing solute loads in 

mine wastes or surrounding recipients such as ground and surface waters to a specific mineral dissolution or 

geochemical process is difficult and may lead to erroneous conclusions. This is due to the possibility of multiple 

potential sources, as well as complications from processes such as biological cycling, mineral precipitation, 

dilution, atmospheric inputs and exchange processes (Clow et al., 1997; Bullen et al., 1996). There is therefore the 

need for the application of complimentary and efficient interpretative tools to enhance the understanding of 

complex biogeochemical processes that occur in mine waste environments.  

This thesis focuses on the abandoned copper-tungsten-fluorite (Cu-W-F) mine tailings deposits at Yxsjöberg in 

South-Central Sweden, related to the mining of a limestone skarn ore-body during 3 different periods of mining 

from 1887 to 1989 (Höglund et al., 2004; Magnusson, 1940; Ohlsson, 1979). These tailings comprise a diverse 

mineralogy including silicates (e.g. biotite, plagioclase, garnet, helvine group of minerals: [(Fe, Mn, Zn)4 

Be3(SiO4)3S]), oxides / wolframite (e.g. scheelite: CaWO4), halide (as fluorite) and sulphides (pyrrhotite, pyrite, 

chalcopyrite and sphalerite) (Hällström et al., 2018). Chemical analyses of some of these minerals have shown that 
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they contain relatively high contents of potentially-toxic elements such as Be, Bi, Cu, F, Zn (Hällström et al., 2018) 

and W, consistent with what has been observed in other skarn deposits elsewhere (e.g. Kwak, 2012). The tailings 

deposits are not surrounded by a dam and at the mercy of the atmosphere. This has resulted in the oxidation of the 

sulphide minerals and subsequent weathering of other minerals in the upper part of tailings (Hällström et al., 2018), 

potentially producing Be, Bi, F, Fe, Cu, Zn and W-rich waters. The study area is characterised by several surface 

waterbodies including rivers and streams, which are considered as the most important parameters among all the 

impacted natural receptors in mining environments, due to their active participation in the generation of mine 

drainage. Therefore, probable interaction of contaminated tailings effluents with the pristine streams and rivers 

within the vicinity of the tailings may provide an efficient medium for the dispersion of these potentially toxic 

elements (Mendoza et al., 2016) to other recipients in the area.  

1.1 Aims and scope of the study 

The overall aim of this thesis was to integrate isotopes and chemical data of minerals, tailings and water 

(groundwater, surface water, rainwater and water-soluble fractions of tailings) with mineralogy, to develop a 

geochemical framework for tracing how contaminants from mineralogically-complex mine wastes such as those 

from skarn ore deposits, are mobilized and transported to the surrounding ecosystems. The simultaneous 

integration of results from hydrogeochemical and mineralogical studies in tailings impoundments has been 

suggested to provide more robust conclusions than if these studies were carried out separately (Blowes and Jambor, 

1990). This research, however, takes it a step further by complimenting the hydrogeochemical and mineralogical 

data with stable and radiogenic isotopes. This study forms part of a larger project called Min-North, which focused 

on the development, evaluation and optimization of measures to reduce the impact on the environment from mining 

activities in northern regions of Europe, specifically, Finland, Norway and Sweden. Majority of environmental 

studies with respect to mining activities have largely focused on sulphide-rich wastes and subsequent AMD 

generation. However, rarely are those from skarn deposits, which are generally rich in acid - neutralizing minerals 

such as carbonates and silicates with their resulting NMD conditions, given much consideration or reported in the 

literature. The outcomes of this study are expected to contribute to the understanding of contaminant dissemination 

in mine waste environments, which are central to the development of effective long-term management of 

remediation strategies. The isotopes used in this study included the stable isotopes of carbon (13C/12C), oxygen 

(18O/16O), hydrogen (2H/H), sulphur (34S/32S) and the radiogenic isotopes of strontium (87Sr/86Sr).  

The specific objectives of this thesis were: 

 To trace mineral weathering processes and elemental sources in the tailings via strontium isotope 

(87Sr/86Sr) ratios (Paper I). 

 To identify sulphate sources and elucidate possible historical sulphide oxidation reaction pathways which 

have resulted in a low pH in the oxidised zone of the tailings using stable isotopes of sulphur and oxygen 

in SO4
2- (18OSO4 and 34SSO4) (Paper II).  

 To identify and quantify potential mixing processes between tailings effluents (i.e. groundwater) and 

downstream surface water bodies using oxygen (δ18O), hydrogen (δ2H) and 87Sr/86Sr isotope ratios. 

Subsequently, the consistency of the mixing proportions was evaluated using a simple mathematical 

model. Possible biogeochemical processes causing variations between the model and measured data have 

also been discussed (Paper III).  
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 To understand the potential biogeochemical processes regulating the stable carbon isotopes (δ13C) 

signatures of dissolved inorganic carbon; DIC (δ13CDIC) of ground and surface waters within and 

downstream of the tailings, respectively. Furthermore, the probable precipitation of secondary carbonates 

within the tailings as suggested by earlier mineralogical study was also verified with δ13C (Paper IV). 

 

1.2 Outline of the thesis 

This thesis is primarily based on studies reported in four appended papers (Papers I - IV) and is partitioned into 

two parts. The first part consists of chapters 1 to 5. The first chapter is intended to provide a brief introduction 

about mining wastes as well as the justification and objectives of the study. Background information regarding the 

different isotopic systems used in this study are provided in chapter 2. The study site and methodology are 

summarised in chapter 3 whereas the summary of the main findings in relation to the objectives of this study are 

discussed in chapter 4. Discussions on the implications of the main findings of the study are presented in chapter 

5. The second part of the thesis consists of the appended papers. 

 

2.0 Background of the isotopes (C, H, O, S, Sr) used in this study. 

2.1 Carbon (δ13C and δ13CDIC) 

In natural waters, the dissolved inorganic carbon (DIC) pool mainly comprises aqueous carbon dioxide (CO2 (aq)), 

carbonic acid (H2CO3), bicarbonate (HCO3
-) and carbonate (CO3

2-), with the dominant DIC specie mostly 

dependent on the pH of the water (Stumm and Morgan, 1996). In general, the DIC concentrations and δ13CDIC 

signatures of ground and surface waters are controlled by several factors including the source of carbon, lithology 

(e.g. presence or absence of carbonates), hydrology (e.g. discharge), climatic controls (e.g. temperature), 

biogeochemical processes (e.g. oxidation of organic matter), (geochemical) processes that cause partitioning 

between 13C and 12C and the extent to which these processes affect the DIC concentrations (Atekwana et al., 2016; 

Brunet et al., 2005; Clark and Fritz, 1997). Marine carbonates (which are reference standard for δ13C 

measurements) typically have δ13C values around +0 ‰ (Nitzsche et al., 2002; Schidlowski et al., 1983) whereas 

that of vegetation depends on the type of plants, whether C3 or C4. These plants vary in their δ13C signatures due 

to differences in their photosynthetic pathways. C3 plants, which include wheats, rice and peanuts have δ13C values 

in the range of -30 to -24 ‰. C4 plants, on the other hand, have δ13C values ranging from -19 to -9 ‰ (Mariotti, 

1991) and include hot region grasses and crops such as maize and sugar cane (White, 2016; Cerling and Quade, 

1993). The δ13C of atmospheric CO2 is currently approximately -8 ‰ (Cerling et al., 1991).  

Carbonate dissolution will tend to increase the overall DIC concentration and δ13CDIC values of the aqueous phase 

(e.g. Webb and Sasowsky, 2004; Fonyuy and Atekwana, 2008). Oxidation of organic matter and respiration by 

phytoplankton in surface waters can also increase its DIC pool of the water through the addition of isotopically-

light CO2. However, this may cause a shift in the δ13CDIC of the water towards lower values (Brunet et al., 2005). 

In contrast, photosynthesis may lead to a reduction in the DIC concentration but an increase in the δ13CDIC. 

Exchange between DIC of surface water and atmospheric CO2 depends on the CO2 partial pressure (pCO2). A 

higher pCO2 in the surface water relative to that of the atmosphere will lead to degassing of CO2 to the atmosphere 

and a decrease in the DIC concentrations of the surface water. This process will subsequently lead to an increased 
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δ13CDIC of the surface water due to the preferential loss of isotopically - light CO2 (Worrall and Lancaster, 2005; 

Finlay, 2003). 

2.2 Oxygen and hydrogen (18O and 2H) 

The isotopes of water (18O and 2H) as “conservative” tracers in low temperature environments have received 

considerable applications across a broad spectrum of studies spanning geological, hydrological and climatological 

fields. For example, they have been used to a large degree of success in hydrological studies for tracing different 

water sources (e.g. Horst et al., 2007;), mixing/water-rock interactions (e.g. Batlle-Aguilar et al., 2017; Mendoza 

et al., 2016; Guo et al., 2010), fate and transport of contaminants (e.g. Khaska et al., 2015) and groundwater 

recharge processes (Kendal and McDonnell, 2012). These applications stem from the fact that the 18O and 2H 

isotopes are constituents of the water molecules themselves and are relatively abundant in nature (Clark and Fritz, 

1997). The relative mass difference, for example, between 2H and 1H is large (approximately 100%) and may 

promote fractionation during physical and chemical processes such as evaporation, exchange, condensation and 

oxidation (Allen and Voormeij, 2002; Clark and Fritz, 1997).  

2.3 Strontium (87Sr/ 86Sr) 

Strontium (Sr) and calcium (Ca) are geochemically similar in terms of their ionic radius (Sr = 1.13 Å and Ca = 

0.99 Å) and ionic charge (+2) (Marcus and Kertes, 1968) and can therefore substitute for each other in different 

mineral lattices, including carbonates (e.g. calcite and dolomite), wolframite / oxides (e.g. scheelite: CaWO4) and 

some silicates (e.g. plagioclase, pyroxene). This allows the use of Sr as a proxy for Ca in many studies (e.g. Pett-

Ridge et al., 2009; Tipper et al., 2006). Rubidium (Rb) is geochemically similar to potassium (K) and substitutes 

for K in K-bearing mineral lattices. 87Rb undergoes radioactive β-decay to produce stable 87Sr, resulting in K-

bearing minerals such as biotite, K-feldspar, muscovite and illite, exhibiting high 87Sr/86Sr signatures (Faure, 1986; 

Clow et al., 1997; Capo et al., 1998) in nature. During low temperature geochemical reactions such as mineral 

precipitation and evaporation, the 87Sr/86Sr ratios are considered to have the advantage of not being fractionated 

(Shand et al., 2009; Míková, 2012).  

2.4 Oxygen and sulphur in sulphate (δ18OSO4 and δ34SSO4 ) 

The stable isotopes of sulphur and oxygen in SO4
2- (δ18OSO4 and δ34SSO4) have been applied as tracers for several 

environmental studies including the identification of SO4
2-

 sources and quantification of their relative contributions 

(e.g. Krouse and Mayer, 1999; Haubrich and Tichomirowa, 2002), discriminate between background sources and 

mining-related SO4
2- in hydrologic systems (e.g. Gammons et al., 2013). The application of these dual isotopes is 

based on the fact that SO4
2- derived from different sources typically have distinct δ18OSO4 and δ34SSO4 values, hence 

leaving behind unique signatures. Generally, the oxidation of sulphide minerals such as pyrite (FeS2) is mainly 

controlled by either dissolved molecular oxygen (O2; equation 1) or ferric iron (Fe3+; equation 2) (Singer and 

Stumm, 1970). 

FeS2 + 3.5O2 + H2O → Fe2+ + 2SO4
2- + 2H+                        (1) 

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2- + 16H+                        (2) 
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The above equations indicate that the oxygen in SO4
2- may emanate from either atmospheric-derived oxygen and 

meteoric water or solely meteoric water. Furthermore, these two oxidants exhibit large contrasts in their oxygen 

isotope signatures, with a value of +23.5 ‰ reported for δ18OO2 whereas meteoric water (δ18OH2O) have values < 0 

‰ (e.g. Heidel and Tichomirowa, 2011; Toran and Harris, 1989; Taylor et al., 1984a). The large variations in the 

δ18OSO4 signatures between these two oxidants allow for the tracing of possible oxidation reaction pathways of 

sulphides. Thus, the δ18OSO4 composition indicates the chemical environment of sulphide oxidation (Taylor and 

Wheeler, 1994; Taylor et al., 1984a). On the other hand, the sulphur isotope composition of SO4
2- (δ34SSO4) from 

sulphide oxidation is considered to generally undergo negligible or minimal isotopic fractionation especially under 

acidic (pH ≤ 3) conditions (Kroopnick and Craig, 1972; Taylor et al., 1984b). Therefore, the δ34SSO4 signatures 

may indicate SO4
2- origin and formation processes (Hoefs, 2009).  

3.0 Study site description and methods 

3.1 Location, climate and geology 

The study site is a historical Cu-W-F skarn mine tailings deposits at Yxsjöberg in south-central Sweden. These 

tailings are waste products of mining Cu, W and F from the Yxsjöberg skarn ore deposit (Magnusson, 1940; 

Ohlsson, 1979) during three different mining periods. Two main tailings deposits are located at Yxsjöberg, namely, 

Smaltjärnen and Morkulltjärnen repositories (Figure 1). This study primarily focuses on the tailings in the 

Smaltjärnen repository, which is the oldest amongst the two repositories. It is estimated at approximately 2.8 

million tons and originated during mining from 1887-1963. The Smaltjärnen repository is not surrounded by a 

dam and directly exposed to oxidizing conditions, resulting in sulphide oxidation (Hällström et al., 2018). During 

the mining period, the metallurgical processes used for the extraction of W from scheelite were roasting after 

gravity separation. However, for the recovery of Cu and F from chalcopyrite and fluorite, respectively, flotation 

cells were added to the processing plant (in 1956) in order to improve the recovery. The flotation additives that 

were used included xanthates, pinol, quebracho, sodium silicate and pine (tall) oil (Rothelius, 1957). The tailings 

were deposited on an area consisting of bogs and swamps. Furthermore, in an attempt to reduce dust from the 

tailings, a thin layer of sewage sludge was used in 1994 to help establish a vegetation cover (Rothelius, 1957). 

Currently, the tailings surface is covered by trees and grasses as well as surrounded by forests. The Morkulltjärnen 

repository, on the other hand, was deposited during mining from 1969 to 1989. In contrast to Smaltjärnen, the 

Morkulltjärnen repository is confined by a dam and water-saturated, hence limiting sulphide oxidation (Höglund 

et al., 2004). Annual average precipitation and temperature values of 730 mm and 11°C, respectively, have been 

reported for the Yxsjöberg area (SMHI, 2019).  

The Yxsjöberg Cu-W-F skarn deposit is located within the Bergslagen geological province of the Svecofennian 

domain, which forms a major part of the Baltic shield. The Svecofennian domain comprises several magmatic arcs 

and metamorphosed and migmatized sedimentary basins filled with greywackes (Larson and Berglund, 1992; 

Johansson, 1988). The Yxsjöberg Cu-W-F skarn deposit has an estimated age of 1800 (i.e. 1789 ±2) Ma (Romer 

and Öhlander, 1994) and comprises three distinct mineralizations namely; Kvarnåsen, Nävergruvan and 

Finngruvan, which occur on the same limestone horizon (Magnusson, 1940; Ohlsson, 1979). The skarn formed 

through selective replacement of calcitic limestone, which is interbedded in acid metavolcanites, with unaltered 

calcitic limestone containing minor amounts of quartz and feldspar. In addition, the skarn deposit is spatially 
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associated with mafic dikes that are wholly amphibolised (Ohlsson, 1979). The Yxsjöberg Cu-W-F deposit is a 

scheelite-bearing skarn with abundance of fluorite, chalcopyrite and pyrrhotite whereas magnetite and plagioclase 

are also common. Minerals including calcite, pyroxene, amphibole, garnet, biotite, wolframite, sphalerite, helvine, 

apatite, pyrite, chlorite, zircon, hematite, marcasite, covellite, ilmenite and uraninite have been reported to occur 

as accessories (Lindroth, 1922; Ohlsson, 1979). The skarn is partitioned into three main categories namely; (i) 

biotite-rich (ii) pyroxene and/or garnet-dominated and (iii) amphibole-dominated skarns (Ohlsson, 1979). 

 

Figure 1: Location of the Yxsjöberg Cu-W-F skarn tailings showing the sampling points used for this study. Map 

modified after Hällström et al. (2019).     

3.2 Sampling 
 
3.2.1 Tailings and ore minerals (Papers I & II) 

A summary of the sampling procedures (field work) for this study is shown in figure 2. During the autumn of 

2016, four drill cores were collected in plexiglas tubes by percussion drilling using a geoprobe at various locations 

(A1, A2, A3 and A4) in the Smaltjärnen tailings repository (Figure 1). Groundwater pipes were subsequently 

installed in A1 and A3. These drill cores generally exhibited similarities in terms of mineralogy, chemical 

composition and pH across profiles (Hällström et al., 2018). One drill core (A1) was therefore chosen to further 

focus on isotopes, chemical composition and mineralogy. The chosen drill core which extended to a depth of 6 m 
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from the tailings surface, was divided into eighteen (18) subsamples of 8 - 120 cm intervals and kept in properly 

sealed polyethylene bags prior to analysis. The pH of the tailings was measured as a paste pH using 1:1 solid to 

liquid ratio (Noble et al., 2016) with a VWR multi parameter instrument (MU 6100H). Briefly, 10 g of dried 

tailings sample and 10 mL of milliQ water were mixed and stood for about 5 seconds after mixing before pH 

measurement. Furthermore, the tailings were relatively dry which made it difficult to directly extract pore water. 

Hence, batch leaching tests were performed on the tailings using liquid (MilliQ water) to solid (L/S) ratio of 10:1 

(mL/g). The samples were homogenized in controlled plastic bottles according to the (modified) Swedish 

Standards Institute’s compliance test for granular wastes and sludges (SS-EN 12457-2:2003). Sample suspensions 

were agitated for 24 hours on a rotary shaker. The leachates were then decanted and filtered through a 0.22 µm 

Millipore cellulose nitrate membrane filter after allowing the suspended solids to settle for about 15 minutes. The 

leachates were then divided into three subsamples for further analysis of isotopes, chemical composition and 

physicochemical parameters. Leachates from the batch leaching tests are referred to as water-soluble fractions in 

this study and are considered as a reflection of both existing pore-waters and easily-soluble secondary minerals in 

the tailings. In addition, a 2-step sequential extraction following the method of Dold (2003) was carried out on 

selected subsamples or depths of the drill cores at A1, primarily targeting the exchangeable fractions. The 

exchangeable fractions were subsequently analysed for their 87Sr/86Sr compositions. 

Ore minerals were also extracted from diamond drill cores (Figure 2) belonging to the three orebodies (Kvarnåsen, 

Nävergruvan and Finngruvan) from which the tailings originated. These diamond drill cores were obtained from 

the mineral resources information office of the Swedish Geological Survey (SGU) located at Malå, Sweden and 

the Department of Geological sciences, Swedish Museum of Natural History, Stockholm. Minerals including 

pyrrhotite, K-feldspar, garnet, plagioclase, amphibole, pyroxene, calcite, scheelite, fluorite and helvine (mainly 

danalite) were extracted from the drill cores through crushing and hand picking under a binocular microscope. The 

purity of the extracted minerals was optically checked and estimated to be 97% or better. The tailings and extracted 

minerals were homogenised by grinding with an agate mortar to obtain powdered fractions prior to chemical and 

isotopic analyses. 

3.2.2 Groundwater, surface water and rainwater (Papers III & IV) 

Six sampling campaigns were executed between May and October 2018, during which 2 groundwater wells (A1 

and A3), 6 surface waters (C7, C9, C11, C13, C14 and Reference) and rainwater (RS1 and RS2) (Figures 1 and 2) 

were sampled. The depth of A1 was 6 m whereas that of A3 was 2.84 m. Sampling points C7 and C11 were located 

downstream of the Smaltjärnen repository whereas C13 was sourced downstream of the Morkulltjärnen repository. 

Sampling point C14, was located downstream of both the Smaltjärnen and Morkulltjärnen repositories. The 

Smaltjärnen lake, from which C7 was indirectly sourced, was in direct contact with tailings in the Smaltjärnen 

repository. Sampling site C9 served as a tributary to C7. A reference point (Ref) located outside the vicinities of 

the two repositories, was considered as pristine and hence represented background surface water chemistry in the 

area.  

Before sampling for groundwater, purging was done for at least 10 minutes to remove stagnant water in order to 

ensure that representative samples were taken. Groundwater was pumped using a portable Masterflex peristaltic 

pump connected to a 9 mm silicon tube. As a quality control measure, different silicon tubes were used for different 

wells to prevent cross contamination. In order to avoid the likelihood of oxygenation of the groundwater samples 
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during pumping, the silicon tubes were directly attached to a Merck Millipore vacuum Sterifil® Aseptic System 

and holder. Surface water sampling was carried out through online pumping using Geotech polycarbonate and 

acrylic filter holders. Both ground and surface water samples were filtered through preconditioned 0.22 µm 

Millipore cellulose acetate filters of different diameters. The diameters were 42 and 142 mm for filters for ground 

and surface waters, respectively. The water samples were collected in controlled polyethylene bottles. Ground and 

surface water samples for 13CDIC measurements were injected (aliquots of 1 - 6 mL, depending on the carbonate 

content) into 12 ml sealed glass vials (from Labco Limited), which have been flushed with helium gas (75 mL 

min-1) for 5 min. To each vial, 100 mL of 85.5 % H3PO4 was added to act as a preservative and to transform all 

the inorganic carbonate to CO2 (g). The samples were stored cold (+4 ºC) and dark before analysis. This method 

has proven to be very efficient in preserving the samples while avoiding air contamination (e.g. Atekwana and 

Krishnamurthy, 1998).  

Two rain stations; RS1 and RS2, were also set-up on the Smaltjärnen repository to collect monthly rainwater (RS1) 

samples spanning the period of July to October, 2018. Rainwater sampled in October (RS2) represented the 

cumulative sample for the period of July to October. Physicochemical parameters including electrical conductivity 

(EC), pH and temperature were measured at each ground and surface water sampling point using a VWR multi 

parameter instrument (Model: MU 6100 H). Ground, surface and rainwater samples were selected for 

hydrochemical (major and trace elements), dissolved organic carbon (DOC) and isotopic (18O, 2H, 13CDIC and 
87Sr/86Sr) analyses. All the waters for hydrochemical and isotopic analyses were filtered except those for 18O and 
2H. The filters from the surface water sampling filtration process were also carefully stored and sent to the 

laboratory for chemical analyses of the particulate contents.  

3.3 Analysis 

3.3.1 Chemistry  

Major and trace elements analyses of the bulk tailings (Papers I & II) were carried out at ALS Vancouver, Canada, 

using inductively-coupled plasma atomic emission spectroscopy (ICP-AES) for Al, Ca, Co, Cu, Fe, K, Na, Mg, 

Mn and Zn,  inductively-coupled plasma mass spectroscopy (ICP-MS) for Be, Rb, Sr, Tl, W and LECO induction 

furnace melt for C and S. Chemical analyses of ore minerals and water-soluble fractions (Papers I & II), 

groundwater, surface water and rainwater (Papers III & IV) and filters (Papers III) for the major and trace 

elements were carried using ElementXR inductively coupled plasma-sector field mass spectrometry (ICP-SFMS) 

at a SWEDAC-accredited laboratory; ALS Scandinavia AB, Luleå - Sweden. Sulphate was analysed using ion 

chromatography (IC). Prior to analyses, the filters from the surface water sampling were subjected to lithium borate 

/ aqua regia / hydrofluoric acid / hydrochloric acid digestions. Concentrations of DOC (Paper IV) were determined 

by high-temperature catalytic combustion with a Shimadzu TOC-VCPH at the Stable Isotope Laboratory (SIL), 

Department of Environmental Sciences, Stockholm University, Sweden. Inorganic carbon was removed by adding 

2 M hydrochloric acid (HCl) to a pH of 2 and sparging the samples before analyses. The precision of the DOC 

analyses was better than 0.8% (coefficient of variation, CV) and the total uncertainty interval based on laboratory 

inter-comparisons was ±5 %.  
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3.3.2 Isotopes 

The determination of the stable isotope compositions of the bulk tailings, ore minerals (except calcite), water-

soluble fractions (Papers I & II), calcite, groundwater, surface water and rainwater samples (Papers III & IV) 

were carried out at the Stable Isotope Laboratory (SIL), Department of Environmental Sciences, Stockholm 

University, Sweden. The 87Sr/86Sr ratios determinations were on the other hand, carried out by ALS Scandinavia 

AB, Luleå, Sweden. The stable carbon isotopic (δ13C) compositions of the bulk tailings, calcite, ground and surface 

water samples (Paper IV) were determined using a GasBench II coupled to a Finnigan MAT 253 mass 

spectrometer. From repeated measurements of standards, the reproducibility was better than ±0.1 ‰. The stable 

isotope composition of carbon was reported in the delta (δ) notation in per mil (‰) relative to the international 

standard, Vienna Pee Dee Belemnite (VPDB). 

The stable 18O and 2H isotopes composition of groundwater, surface water and rainwater samples (Paper III) were 

determined using a Liquid Water Isotope Analyser (L2140-i) from Picarro through the cavity ring down (CRD) 

Spectroscopy technique. The results were normalised between Vienna Standard Light Antarctic Precipitation 

(VSLAP) and Vienna Standard Mean Ocean Water (VSMOW). The stable 18O and 2H isotopes were reported in 

the delta (δ) notation as per mil (‰) deviation relative to the Vienna Standard Mean Ocean Water (VSMOW). 

From the measurements, the reproducibility was calculated to be better than ±0.6 ‰ for δ2H and ±0.1 ‰ for δ18O.  

For δ34SSO4 and δ18OSO4 measurements (Paper II), 30 % hydrochloric acid (HCl) was added to the water-soluble 

fractions to lower the pH, with the aim of getting rid of the inorganic carbonate which could precipitate as BaCO3 

during the sample preparation. This was followed by boiling for a minute and then transferred onto a water bath 

of approximately 90°C. Thereafter, 5 ml of 0.25 M BaCl was added to precipitate S as BaSO4. The precipitated 

BaSO4(s) were allowed to cool overnight. After cooling, the samples were filtered and rinsed, and the precipitated 

BaSO4(s) were collected on polycarbonate filters through filtering. The filters were subsequently oven-dried at 

60°C. The BaSO4(s) were scrapped off the dried filters for analysis. The determination of the δ34S composition of 

the precipitated BaSO4(s) from the water-soluble fractions as well as the ore-minerals (pyrrhotite and danalite) 

were done after conversion to SO2 in the presence of V2O5 and SiO2 (Yanagisawa and Sakai, 1983) with a Carlo 

Erba NC2500 elemental analyser connected through a Conflo open split interface to a Finnigan MAT Delta+ 

isotope ratio mass spectrometer (IRMS). The reproducibility of the sulphur isotope analysis was better than ±0.2 

%. The stable isotope composition of sulphur was reported in the usual delta (δ) notation in per mil (‰) relative 

to the international standard, Vienna Canyon Diablo Troilite (V-CDT). The sulphur isotope measurements were 

calibrated with the following standards: CDT (BaSO4, +0 ‰), MSS-3 (BaSO4, +3.35 ‰), SSS-2 (BaSO4, +22.8 

‰), SSS-3 (BaSO4, +3.8 ‰) and NBS 127 (BaSO4, +20.3 ‰). Sulphate oxygen isotope composition of BaSO4 

was determined through a high temperature pyrolysis unit coupled to a Finnigan MAT Delta V advantage IRMS. 

The 18OSO4 analyses were performed in duplicates for each sample. The oxygen isotope measurements were 

calibrated with international reference materials NBS 127 (δ18O = +8.59 ‰), IAEA–S0-5 (δ18O = +12.13 ‰) and 

IAEA–S0-6 (δ18O = -11.35 ‰). The analytical precision was better than ±0.3 ‰ for δ18O. All stable isotope results 

were expressed as:  

δ (‰) = [(Rsample / Rstandard)-1] *1000                                                                                                                       (3) 
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where R is the ratio of the heavy to light isotopes (R= 13C/12C, 18O/16O, 2H/H and 34S/32S for C, O, H and S, 

respectively).  

Tailings and ore minerals samples for 87Sr/86Sr ratio analysis were prepared by combination of aqua regia + 

hydrofluoric acid digestion and alkali fusion in sealed Teflon vessels. Ion exchange separation using Sr Spec resin 

was carried out on both liquid (water-soluble fractions, groundwater, surface water and rainwater) and digested 

solid samples (tailings and minerals) prior to analysis. The Sr isotope ratios were determined using a (Nu Plasma 

Instruments, UK) multicollector inductively-coupled plasma mass spectrometry (ICP-MS) in static mode using 

internal standardization and external calibration with bracketing isotope standard reference materials (SRMs). 

Analyses of SRM-987 yielded a mean 87Sr/86Sr ratio of 0.710269 ± 0.000031 (2σ, n=45) during the period of this 

study. The reported literature value for the SRM was 0.710245 (Papers I & III). 

3.4 Mineralogical techniques 

Mineralogical characterisation of the Smaltjärnen tailings (Papers I & II) was carried out using an optical 

microscope (in transmitted and reflected light), X-ray diffraction (XRD), Raman spectroscopy and Quantitative 

Evaluation of Minerals by Scanning electron microscopy (QEMSCAN) as shown in figure 2. 

 

Figure 2: Summary of the various field and laboratory methods used in this study. 
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4.0 Summary of findings 

4.1 Mineralogical and geochemical characterisation of the Smaltjärnen tailings. 

Pyrrhotite (~2.4 wt %), chalcopyrite; ~0.2 wt % (Figure 3a), pyrite; ~0.1 wt % (Figure 3b) and sphalerite (traces) 

were the primary sulphide minerals identified in the Smaltjärnen tailings whereas calcite (Figure 3d) happened to 

be the main carbonate mineral, representing ~5.7 wt %. Silicates were the most abundant minerals, accounting for 

about ~87 wt % and these included biotite; ~ 4 wt % (Figure 3e), plagioclase; ~15 wt % (Figure 3f), muscovite 

(Figure 3f), pyroxene (30 wt %), amphibole (13 wt %), garnet; ~3 wt % (Figure 3g), danalite; ~0.3 wt % 

(Fe4Be3(SiO4)3S; Figure 3h) and K- feldspar (~3 wt %). Other minerals including scheelite (~0.1 wt %) and fluorite 

(~3.6 wt %) were also identified in the tailings (Hällström et al., 2018). Further details on the mineralogical 

distribution in the different zones or depths of the tailings are provided in Paper I. Exposure of the tailings to 

oxidizing conditions for approximately 6 decades since the last deposition has resulted in 3 distinct vertical 

geochemical zonation, namely: (i) oxidised (OZ), (ii) transition (TZ) and (iii) unoxidised zones (UZ), based on 

pH, elemental concentrations and colour (Figure 4; Paper I). 

Oxidised zone (0 - 48 cm depths): This zone was characterised by a brownish-red colour, low pH (3.6 - 4.5) and 

depletion of S, Co, Cu and Zn in the bulk tailings and the water-soluble fractions, especially in the upper oxidised 

zone; UOZ (0 - 30 cm depths). Similarly, generally lower contents of the silicate-bound elements including Al, 

Be, Ca, Mg, Na and Sr were also recorded in the UOZ for both the bulk tailings and water-soluble fractions (Figure 

4). The depletion of the elemental contents of the bulk tailings in the UOZ was based on their comparison to that 

of the UZ, which recorded relatively higher contents because they are / were unaltered by oxidative / weathering 

processes. The lower OZ (40 - 48 cm depth), which herein included the current oxidation front (48 cm depth), 

recorded the lowest pH (3.6 - 3.7) and the highest release of water-soluble elements (Figure 4). This was ascribed 

to the combined effect of active sulphide oxidation, weathering of aluminosilicates minerals and calcite  depletion 

(i.e. cannot completely neutralize the acidity), as well as the potential dissolution of secondary minerals such as 

gypsum and hydrous ferric oxides (HFO) identified in this zone (Paper I). The W concentrations of the water-

soluble fractions in this zone were below detection limit due to their potential adsorption onto the HFO. The 

depletion of calcite in the OZ has resulted in very low inorganic C contents, with values ranging between 0.02 and 

0.11 wt % (Paper IV). The organic C contents of this zone were very low, ranging between 0.01 and 0.03 wt % 

(Figure 4). The maximum value of 0.03 wt % was recorded in the uppermost part of the tailings and was attributed 

to the vegetation (plants and grasses) on the tailings and sewage sludge used to establish the vegetation cover on 

the tailings.  

Transition zone (49 - 63 cm depths): This zone laid underneath the OZ with a brownish-grey colour and pH range 

of 5.3 to 6.3. The sulphide and silicate minerals in this zone virtually showed no signs of oxidation/weathering, 

resulting in little or no depletion of Co, Cu, S and Zn in the bulk tailings relative to the OZ. However, calcite was 

weathered (Figure 3d) in this zone. Aluminium and Fe released at the oxidation front has precipitated as Al and 

Fe(III)-(oxy)hydroxides) (Paper I) due to increased pH from calcite dissolution, resulting in the enrichment of Al 

and to a lesser extent, Fe in bulk tailings of this zone. Copper enrichment was also observed in bulk tailings of this 

zone and was associated with secondary Cu sulphides (Paper I). Similar to that of the OZ, the organic C contents 
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of the TZ were also very low, with a consistent value of 0.01 wt % (Figure 4). In contrast to the OZ, the inorganic 

C contents of this zone were higher (0.14 - 0.27 wt %) due to the presence of calcite (Paper IV). 

Unoxidised zone (100 - 600 cm depths): The UZ had a dark-grey colour with a relatively high pH (6.2 - 7.9) 

compared to the overlying OZ and TZ. All the sulphide minerals including chalcopyrite (Figure 3a), pyrite (Figure 

3b) and pyrrhotite were not affected by oxidation, with calcite also intact in this zone, resulting in highest S and 

sulphide associated elements, as well as high inorganic C contents of the tailings. Relatively high organic C content 

at the bottom (Figure 4) reflected the underlying peat on which the tailings were deposited. The UZ was partitioned 

into upper unoxidised zone (UUZ; 100-157 cm depths), middle unoxidised zone (MUZ; 177-360 cm depths) and 

lower unoxidised zone (LUZ; 480-600 cm depths) for ease of discussions.  

 

Figure 3: Back scattered electron (BSE) images showing unweathered (a) chalcopyrite and (b) pyrite (verified 

with EDS) in the UZ of the tailings. Photomicrographs of the tailings showing (c) weathered chalcopyrite in the 

lower OZ in plain transmitted light, (d) weathered calcite in transmitted light with crossed polarisers in the TZ, (e) 

weathered biotite in the upper OZ in plain transmitted light, (f) replacement of plagioclase by fine-grained 

muscovite (sericite) in the upper OZ in transmitted light with crossed polarisers, (g) garnet in the lower OZ with 

oxidation rims, (h) weathered danalite in the upper OZ in plain transmitted light, (i) Raman spectra of danalite in 

(h).   
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Figure 4: pH and elements content distribution in the tailings ( ) and water-soluble fractions ( ) of 
a drill core (A1) from the Smaltjärnen deposit at Yxsjöberg.  
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Figure 4 continued. 

4.2 Hydrogeochemical and isotopic characterisation of groundwater and surface water samples 

Daily measurements of surface water discharge in the study area from April to October 2018 (Figure 5a), indicated 

an average value of 0.247 m3/s, with the peak discharge of 2.840 m3/s recorded during the major snowmelt and 

spring flood in April (SMHI, 2019). It is important to note that the highest discharge to the surface waters in April 

was missed as the sampling campaign begun in May. Nevertheless, reasonably high peaks were also recorded in 

May as shown in figure 5a. The depth to the groundwater level (DGL) in A1 and A3 ranged from 4.7 - 5.3 m and 

0.7 - 1.3 m below ground level, respectively (Figure 5b). Detailed information regarding the physicochemical, 

hydrochemical and isotopic compositions of ground, surface and rainwater samples during the entire sampling 

period are presented in Papers III and IV. The spatial and temporal variations of the pH, electrical conductivity 

(EC) and dissolved element concentrations are shown in figure 5c-j. The groundwater recorded higher EC (2430 

- 2690 µS/cm; mean = 2585 µS/cm) and pH (6.2 - 6.9; mean = 6.4) values relative to the surface waters. The pH 

values recorded in A3 were generally invariable, returning a consistent value of 6.2 from June - October (Figure 

5c). The surface waters, on the other hand, had EC and pH values ranging between 18 - 555 µS/cm and 5.0 - 7.6, 

respectively. Generally, sampling sites downstream of the tailings particularly, C7 (closest to the mine site) and 
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C11 recorded the lowest pH, with an average value of 5.8. In contrast to their low pH values, C7 and C11 recorded 

the highest EC among all the surface waters.  

Similar to the trend of the EC and pH, the highest concentrations of dissolved elements were recorded in the 

groundwater wells; A1 and A3, with significant differences in concentrations between the former and latter for 

elements such as Al, Be, Sr, W and SO4
2- (Paper III). Generally, the highest dissolved element concentrations 

were recorded in A3. Relatively higher concentrations of Fe (37 - 59 mg/l) and SO4
2- (455 - 639 mg/l) in the 

groundwater compared to the reference (Ref) water pointed to the combined effects of pyrite, pyrrhotite and 

chalcopyrite oxidation as well as danalite weathering. However, the molar ratios of Fe and S were lower than that 

expected for the oxidation / weathering of the sulphides and danalite. The lower release of Fe relative to S probably 

reflected the precipitation of Fe (i.e. HFO) whereas the excess S over Fe was likely due to gypsum dissolution in 

the tailings (Hällström et al., 2020). Higher Ca and SO4
2- concentrations were attributable to sulphide oxidation, 

calcite weathering and gypsum dissolution in the tailings as reported in Papers I and II. The concentrations of 

dissolved Al (0.05 - 37 mg/l), Be (1- 4671 µg/l), K (27 - 32 mg/l), Na (12 - 16 mg/l) and Sr (168 - 242 µg/l) in the 

groundwater samples (Paper III) reflected the weathering of the silicate minerals such as plagioclase, biotite, 

danalite, garnet and K-feldspar (Paper II). The W concentrations ranged from 0.5 - 24 µg/l and were mainly 

attributed to scheelite weathering (Hällström et al., 2019). The high pH in the groundwater were due to the 

dissolution of calcite (figure 3d), which was relatively abundant (~5.7 %) in the tailings.  

The surface waters recorded lower dissolved element concentrations relative to the groundwater and exhibited 

seasonal and spatial variations (Figure 5e-j). The lowest dissolved element concentrations were recorded in May 

and increased from June to September and subsequently declining marginally in October. Among all the surface 

water samples, those downstream of the Smaltjärnen repository (C7, C11 and C14) recorded the highest dissolved 

element concentrations, and the lowest values in the reference (Ref) water. Additionally, C7 and C11 recorded 

simultaneously lower pH and dissolved element concentrations relative to the groundwater from June - October. 

A plot of pH versus the ratios of the dissolved / particulate Fe phases (Figure 6) aimed at deciphering possible 

geochemical controls on the pH and dissolved element concentrations in the surface waters downstream of the 

tailings identified 3 distinct groups of waters, namely: Groups I, II and III. Group I consisted of C7 and C11 

samples collected during the month of May. The high dissolved / particulate Fe ratios of these samples reflected 

the effect of both the large contributions of the snowmelt and low contributions from the tailings, whereas the low 

pH (5.0 - 6.0) resulted from the organic acids due to wash out of the mires and forests (Paper III). Group II 

consisted mainly of C7 and C11 samples from June - September, with low pH (5.2 - 5.9) and dissolved / particulate 

Fe ratios. These observed trends in the summer months pointed to the likely precipitation of Fe as HFO (e.g. 

Fe(OH)3) (Nordstrom, 1982) as a result of the change in redox (from reducing to oxidizing) conditions. Thus, the 

mixing of the Fe2+-rich groundwater with the oxygenated surface waters may have resulted in oxidation, hydrolysis 

and formation of HFO, leading to the subsequent release of its latent acidity. These HFO are well known to be 

good scavengers of various metal-(loids) (e.g. Hudson-Edwards and Wright, 2011; Alakangas and Öhlander, 2006) 

as well as alkali and alkali-earth elements (e.g. Fortin et al., 1993; Scholkovitz and Copland, 1982). Although the 

HFO could promote the adsorption and /or co-precipitation with these metals as well as alkali and alkali-earth 

elements, the low pH recorded in these surface waters did not favour their enhanced sorption, except for W. This 

explains the very low particulate contents for all the elements (except Fe and W) (Figure 7) recorded in the surface 



Stable and radiogenic isotopes as tracers for geochemical processes in mineralogically-complex mine waste environments: Insights from 13C, 
2H, 18O, 34S and 87Sr/86Sr. 

16 
 

waters during this time (Paper III). The majority of Fe and W were associated with the particulate phases at C7 

and C11 (Paper III). The high particulate Fe contents (0.2 - 3.0 mg/l) were interpreted to be the effect of the 

formation of HFO whereas W was preferentially adsorbed onto or co-precipitated with the HFO at the relatively 

low pH (5.2 - 5.9) (e.g. Davantès and Lefèvre, 2015; Dzombak and Morel,1990; Gustafsson, 2003) recorded at 

these sampling points. 

 

Figure 5: (a) Time series of surface water discharge in the study area from April-November, 2018 (b) depth to 

the groundwater level (DGL) in A1 and A3 from May to October (c-d) temporal and spatial variations of pH and 

EC downstream (e-j) temporal and spatial variations of dissolved element concentrations downstream. 

Geochemical equilibrium modelling of water samples from C7 and C11 using PHREEQC (Parkhurst and Appelo, 

2013) and MINTEQ database (Allisson et al., 1991) indicated super saturation with respect to goethite (Paper III). 
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The molar ratio of the Ca : SO4
2- at C7 and C11 was similar to that of gypsum (Hällström et al., 2019), consistent 

with dissolution of gypsum in the tailings (Papers I & II), and confirmed by geochemical modelling which 

indicated under saturation with respect to gypsum (Paper III). Group III had low dissolved/particulate Fe ratios 

and high pH (6.3 - 6.4) and consisted of all C14 samples as well as C7 and C11 samples for the month of October. 

The low dissolved/particulate Fe ratios for C14 were due to dilution from C13 and autumn rainfall as well as the 

influence of the high particulate contents from C7 and C11. On the other hand, the high pH was from the carbonate 

buffer from C13 (Paper III).  

 
Figure 6: pH versus the ratio of dissolved / particulate Fe at C7, C11 and C14.  
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Fig 7: Dissolved (diss) and particulate (part) concentrations for various elements at C7 for the entire sampling 

campaign. 
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Table 1: Average δ34S, δ13C and 87Sr/86Sr compositions of the ore minerals from the Yxsjöberg Cu-W-F skarn 
deposit. 

 Mineral         δ34S [‰] δ13C [‰]                     87Sr/86Sr 
Pyrrhotite (n=3)*.    K +1.4 (+0.5 to +2.2)   

Pyrrhotite (n=7)*.    F +1.3 (+0.8 to +1.8)   

Pyrrhotite (n=2)*.    N +0.9 (+0.6 to +1.4)   

Pyrrhotite (n=2). +1.8 (+1.7 to +1.9)   

Pyrite (n=1)*.          N +0.9   

Chalcopyrite (n=1)*. K +0.8   

Chalcopyrite (n=1)*. N +0.7   

Chalcopyrite (n=1)*. F +1.3   

Danalite (n=2). K +2.2 (+2.0 to +2.3)  1.201080 (0.869779 - 1.366685) 

Calcite (n=1)  +0.1 0.716260 

Amphibole (n=2)   0.812390 (0.768240 - 0.903750) 

Garnet (n=2)   0.81070 (0.760640 - 0.860760) 

K-feldspar (n=1)   2.398420 

Plagioclase (n=2)   0.711430 (0.708470 - 0.714380) 

Pyroxene (n=2)   0.721860 (0.716720 - 0.727090) 

Scheelite (n=2)   0.708436 (0.708363 - 0.708508) 

n= number of samples. K=Kvarnåsen; F= Finngruvan and N= Nävergruvan represent the orebodies from which 
the tailings originated. Italic numbers in bracket refers to the range of values. * Kjell Billström (unpublished data). 
 

4.3 Mineral weathering and solute sources in the tailings 

Very high 87Sr/86Sr ratios were recorded in both the bulk tailings (0.847866 - 1.266403) and the water-soluble 

fractions (2.44490 - 5.875520) of the low-pH OZ (Figure 8). However, the 87Sr/86Sr signatures of the bulk tailings 

are not included in the discussions as they are considered to represent the weighted average of all the minerals 

present (Bain and Bacon, 1994) and therefore of little relevance in understanding the weathering processes (Shand 

et al., 2009). The high 87Sr/86Sr signatures of the water-soluble fractions of the OZ indicated the weathering of the 

radiogenic minerals in the tailings including biotite (Figure 3e), muscovite (Figure 3f) and K-feldspar (Paper I). 

An outlier value of 5.875520 recorded at the 20 cm depth was attributed to the weathering of muscovite, as such 

very high signature has been reported in the literature (Blum and Erel, 1997; Clauer, 1980) (Paper I). According 

to solubility kinetics experiments on the relative reactivity of the acid-neutralising capacity of minerals at pH ~ 5, 

biotite has a higher reactivity compared to K-feldspar and muscovite (Jambor and Blowes, 1998). Hence, based 

on the works of Jambor and Blowes (1998), the order of dissolution of these minerals in the tailings were 

hypothesised to be biotite > K-feldspar = muscovite. Additionally, since these radiogenic minerals are Rb-K-rich 

and Ca-Sr-poor, the high Rb/Sr and low Ca/K ratios (Figure 9) recorded in the water-soluble fractions especially 

in the UOZ further supported the argument of the weathering of these radiogenic minerals (i.e. biotite, K-feldspar 

and muscovite). 

The LOZ (40 - 48 cm), which includes the oxidation front, however, recorded increased Ca/K and decreased Rb/Sr 

ratios despite the high 87Sr/86Sr ratios. These trends were attributed to the weathering of Ca-bearing minerals 

including amphibole, pyroxene, plagioclase (Figure 3f), garnet (Figures 3g), fluorite and scheelite (Paper I). The 



Stable and radiogenic isotopes as tracers for geochemical processes in mineralogically-complex mine waste environments: Insights from 13C, 
2H, 18O, 34S and 87Sr/86Sr. 

20 
 

weathering of these minerals may have been enhanced by the low pH (e.g. Brantley et al., 1998; Wong et al., 2003) 

in this zone, releasing variable concentrations of Ca, Fe, Mg and Mn into the water-soluble fractions (Figure 4). 

Tungsten; W, which is the main constituent element of scheelite (~60 wt %) was generally below the detection 

limit (0.005 ppb) in the water-soluble fractions (Figure 4). This was probably due to the fact that W as an oxyanion 

may have been adsorbed onto or co-precipitated with the HFO in the acidic (Johanneson et al., 2013) OZ, which 

is supported by the concurrent enrichment of Fe and W in the bulk tailings in this zone (Figure 4). Probable 

dissolution of gypsum identified in this zone (Hällström et al., 2018) also partly explained the increased Ca/K 

ratios relative to the UOZ (Paper I). The low pH recorded in this zone may have also led to partial decrease in the 

cation exchange capacity of the identified clay minerals in this zone, leading to potentially marginal release of 

cations from its exchangeable sites (e.g. McKenzie et al., 2004; Rayment and Higgisson, 1992), further 

contributing to the increased Ca/K ratios (Paper I). Relatively high peaks of Be, Mn and Zn recorded in the water-

soluble fractions at the oxidation front signaled the probable weathering of danalite or from the dissolution of 

gypsum in this zone. 

 

 
Figure 8: 87Sr/86Sr ratios distribution in (a) bulk tailings and (b) water-soluble fractions from the Smaltjärnen 
impoundment. 

 

Fig 9: (a) Ca/K and (b) Rb/Sr ratios of the water-soluble fractions. Symbols used are the same as that of figure 8. 
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Mineralogical observation and registered pH (5.3 - 6.3) in the TZ suggested the weathering of calcite (Figure 3d). 

However, the 87Sr/86Sr ratios (1.37404 -1.68844) did not reconcile with that of calcite (0.716260) but interestingly 

closely reflected that of danalite (1.366685, Table 1). Hence, the 87Sr/86Sr signatures in this zone were assumed to 

represent a probable mixture of calcite and danalite weathering.  

The recorded 87Sr/86Sr values (1.371120 - 1.488250) of the water-soluble fractions in the UUZ, particularly 

between 120 and 157 cm depths were also similar to that of danalite. Coupled with these isotopic signatures were 

consistent peaks of Ca, Be, Mn, SO4
2- and Zn (Figure 4) as well as very high Ca/K ratios (Figure 9a) in the water-

soluble fractions. A strong correlation (R2 = 0.99) comparable to that of gypsum (R2 = ~ 1) was observed between 

Ca and SO4
2- (Paper II), which was coherent with the dissolution of the gypsum identified in this zone (Paper I). 

The precipitation of gypsum may have resulted in the incorporation of elements including Be, Mn and Zn (Lindsay 

et al., 2015) as well the 87Sr/86Sr value of its source solute. Subsequent dissolution of the gypsum in this zone may 

have released the 87Sr/86Sr signature of its source solute, together with Ca2+, SO4
2-, Be, Mn and Zn. Furthermore, 

considering the fact that the 87Sr/86Sr ratio is not affected by dilution, the recorded 87Sr/86Sr ratios suggested the 

gypsum precipitated from a leachate with a similar isotopic composition to danalite (Paper I). Results of δ34SSO4 

of the water-soluble fractions (See section 4.4) also confirmed the influence of danalite weathering on the isotopic 

composition of the gypsum in this zone (Paper II). Danalite weathering has occurred in the OZ but not in the 

UUZ, hence the water-soluble fractions in this zone together with their isotopic and dissolved elemental 

constituents were interpreted to have been mobilized from a previous (i.e. UOZ) (Paper II) or current oxidation 

front (LOZ) where sulphide oxidation and mineral weathering occur. 

Elevated concentrations of W were recorded in the MUZ and LUZ (Figure 4) even though there was no evidence 

of scheelite weathering in these zones. The W was assumed to have been mobilized from the OZ, becoming soluble 

with the increased pH (7.2 - 7.9) due to the fact that it is an oxyanion (Paper I) or through potential exchange of 

CO3
2-  released at the oxidation front due to generation of acid by sulphide oxidation with WO4

2- at the surfaces of 

scheelite in the MUZ and LUZ (Hällström et al., 2019). Nonetheless, the recorded 87Sr/86Sr ratios in these zones 

were more radiogenic (1.036970 - 2.163400) and higher than that of scheelite (0.708363 - 0.708508), suggesting 

additional contributing sources. These radiogenic signatures were partly attributed to few biotite grains that 

exhibited signs of weathering in these zones, which could be artifact of the different depositional periods or 

processes. The loss of Sr from biotite has been reported to be rapid compared to other minerals (Clow et al., 1997) 

and therefore does not behave similarly to stoichiometric components such as Fe, Na and K (Bullen et al., 1996). 

The groundwater table was encountered in the LUZ and could also possibly contribute radiogenic signatures. 

However, these signatures were generally higher than that recorded in the groundwater samples (0.889574 - 

1.0783015) (Paper III), probably due to the biotite signatures overshadowing that of the groundwater. 

4.4. Sulphate sources and sulphide oxidation reaction pathways in the tailings. 

Figure 10 shows the δ34SSO4 vs δ18OSO4 variations of the water-soluble fractions and the S-bearing minerals of the 

Yxsjöberg Cu-W-F skarn ore deposit. Three distinct SO4
2- sources, namely: A, B and C, were identified, with the 

OZ, TZ and UUZ consituting zone A whereas zones B and C were made up of the MUZ and LUZ, respectively. 

The δ34SSO4 values of the water-soluble fractions in zone A fell close to the range of the δ34S values of pyrrhotite 

and danalite, pointing to either pyrrhotite oxidation or danalite weathering or both, as the likely parental source (s) 
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(Paper I). This is in line with the fact that the weathering of danalite and pyrrhotite are considered to occur almost 

simultaneously at the same rate (Hällström et al., 2020; Burt, 1980). In the UOZ, danalite (Figure 3h) and pyrrhotite 

were weathered, with the latter observed to have undergone extensive degree of oxidation with pseudomorph-

replacement by HFO (Hällström et al., 2018). In the same UOZ, S showed a sharp depletion (Figure 4). 

 

Figure 10: δ34SSO4 versus δ18OSO4 signatures of the water-soluble fractions showing three groups of SO4
2- sources; 

A, B and C. The vertical bands indicate the range of δ34S values for pyrrhotite, pyrite, chalcopyrite and danalite 
from ore minerals from the Yxsjöberg Cu-W-F skarn deposit. cpy= chalcopyrite; po=pyrrhotite; py=pyrite. 

The calculated S isotope fractionation values between pyrrhotite and the resulting water-soluble SO4
2- in zone A 

ranged between +0.9 and +1.2 ‰, and were within the accepted range of values reported for isotopic fractionation 

between sulphide minerals and related dissolved SO4
2- under acidic (pH ≤ 3) conditions (e.g. Taylor et al., 1984b; 

Seal and Wandless, 1997). The recorded δ18OSO4 signatures in this zone also ranged from relatively higher values 

(-3.0 to +0.1 ‰) in the UOZ towards lower values (-5.2 to -3.4 ‰) in the lower LOZ, TZ and UUZ (Figure 10). 

Integrative data of the sharp S depletion in the UOZ, low S isotopic fractionation between SO4
2- and pyrrhotite, as 

well as the low δ18OSO4 signatures recorded in the LOZ, TZ and UUZ was interpreted to have originated from a 

historical process involving the complete oxidation of pyrrhotite aided by Fe3+ (pH ≤ 3) especially in the UOZ 

(Paper II). This occurred in the early stages after deposition when the tailings was fresh and higher oxidation rate 

occurred due to the fresh sulphide surfaces as well as the short distance travelled by oxygen to reach the unoxidised 

sulphides. Implicitly, since the oxidation of sulphides by Fe3+ occurs mainly at pH ≤ 3 (e.g. Taylor et al., 1984a), 

it presupposes that a previously low pH (≤ 3) condition existed in the UOZ of the tailings as against the prevailing 

relatively elevated pH of 3.9 - 4.5. Moreso, the 87Sr/86Sr ratios and chemical composition of the water-soluble 

fractions, especially the UUZ indicated the dissolution of gypsum which precipitated from a leachate with a similar 

isotopic composition of danalite (Paper I). The prevailing increased pH (3.9 - 4.5) of the UOZ was coupled with 

a corresponding increase in δ18OSO4 (-3.0 to +0.1 ‰) signatures. The relatively high δ18OSO4 signatures were 

partially explained by the influence of O2 as oxidant due to decreased oxidation rate with time, thereby limiting 
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the release of iron (Fe) in the aqueous phase. The increased pH was largely due the partial dissolution of the HFO 

and weathering of the silicate minerals, further limiting the availability of Fe3+ in the aqueous phase (Paper II).  

Sulphate in zone B (i.e the MUZ), reflected a mixed signal from the oxidation of pyrite, pyrrhotite and chalcopyrite, 

on the basis of their location within the δ34SSO4 - δ18OSO4 plot (Figure 10), and were considered to have been 

mobilised from the current oxidation front (Paper II). The computed S isotope fractionation values between the 

water-soluble SO4
2- and these sulphide minerals ranged between -3.0 to -1.6  ‰, which were in syn with the 

reported range of values for the the abiotic oxidation of these minerals (e.g. Heidel and Tichomirowa, 2011; 

Thurston et al., 2010; Mazumdar et al., 2008; Balci et al., 2007). Such negative fractionation values were 

considered to be the result of likely S isotope exchange between intermediate S species (e.g. elemental sulphur; S° 

and polysulphides) arising from the incomplete/partial oxidation of these sulphide minerals (e.g. Thurston et al., 

2010; Gunsinger et al., 2006; Balci et al., 2007; McGuire et al., 2001) and the resulting SO4
2- (Kaplan and 

Rittenberg, 1964). This suggestion was reconcilable with the the mineralogical observations at the current 

oxidation front where the afforementioned minerals were at their early stages of oxidation (Hällström et al., 2018), 

thus suggesting the mobilization of the SO4
2- from the oxidation front (i.e. LOZ) to its current location. 

Furthermore, S accumulation was observed at the oxidation front (Figure 4) and this was interpreted as the probable 

cummulative effect of gypsum formation in this zone, secondary pyrite identified at this zone from the oxidation 

of monoclinic pyrrhotite (Hällström et al., 2018) and /or the the likely presence of other intermediate S species 

such as S° from the partial oxidation of these sulphides (e.g. Thurston et al., 2010; Ahonen and Tuovvinen, 1994). 

Expectedly, the recorded δ18OSO4 values in this zone (-1.8 to -1.0 ‰) were comparable to that of upper OZ, due to 

the decline of the oxidation rate with time as a result of the increased travel distance for oxygen to reach an 

unoxidised sulphide core. 

The last group of SO4
2- sources (i.e. Zone C) coincided with the groundwater table and exhibited unique 

characteristics compared to zones A and B, in the sense that they recorded consistent negative δ34SSO4 (-1.8 to -2.6 

‰) and δ18OSO4 (-7.6 to -4.4 ‰) signatures (Paper II), with their δ34S values lower than that of the ore minerals 

(Figure 10). These observed signatures pointed to SO4
2- source (s) with lighter δ34S and δ18O signatures. The 

groundwater samples recorded relatively high DOC concentrations (3 - 19 mg C/l) which was mainly attributed to 

the degradation (oxidation) of the peat beneath the tailings, organic matter from the surrounding forests, 

degradation of the vegetation and sewage sludge cover on the tailings surface (Paper IV). Indeed, the δ34S and 

δ18O signatures were typical for the range of values for SO4
2- derived from oxidation of reduced S species (Krouse 

and  Mayer,  2000). The  process  of  organic  matter oxidation  (or  mineralisation)  involves  the  conversion 

of organic S (carbon-bonded sulphur; CS) to inorganic form, i.e. SO4
2-, resulting in the latter becoming enriched 

in both the lighter oxygen (16O) and sulphur (32S) isotopes (e.g. Novak et al., 2001; Mayer et al., 1995; Mandernack 

et al., 2000). Possible occurrence of CS-mineralisation in the surrounding forests was assumed as a contributing 

source of these negative δ34S and δ18O signatures in this zone via groundwater recharge (Papers II). These δ34S 

and δ18O signatures were also considered to possibly emanate from hydrogen sulphide (H2S) oxidation from the 

surrounding forests. Reducing conditions especially during the snow cover, coupled with the high organic substrate 

in the forests could promote the occurrence of bacterial sulphate reduction, BSR (Massmann et al., 2003; Mörth 

et al., 2008), resulting in the enrichment of 32S and 18O in its product; H2S. The lowering of the water table during 

the relatively dry and warm conditions of the summer and autumn may subsequently lead to the oxidation of the 
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H2S (e.g. Mörth et al., 2008), releasing SO4
2- with light 32S and 18O signatures (Paper II). These suggestions are 

only circumstantial and may require further investigation to authenticate these assertions. 

4.5 Mixing between groundwater and surface waters 

In Paper III, results from groundwater, surface water and rainwater analyses of 87Sr/86Sr, 18O and 2H are presented. 

A plot of 87Sr/86Sr vs Sr concentrations (Figure 11) and 18O vs 2H (Figure 12) indicated a binary mixing pattern, 

with C7, C11 and C14 plotting between 2 end-members, A and B.  End-member A was represented by groundwater 

in A3, which recorded quite higher 87Sr/86Sr signatures compared to A1. Interestingly, A1 showed little or no 

evidence of interaction with A3 as well as C7, C11 and C14 (Figure 11). End-member B was collectively 

represented by surface waters not affected by effluents from the Smaltjärnen repository, namely; C9, C13 and Ref 

(Figure 11). High 87Sr/86Sr ratios and Sr concentrations ranging from 1.050450 to 1.078709 and 162 to 192 µg/l, 

respectively, were recorded in A3, indicating a mixed Sr- source signal from the weathering of both radiogenic 

and non-radiogenic minerals in the tailings (Paper III). In contrast to the radiogenic signatures of end-member A, 

end-member B exhibited low 87Sr/86Sr ratios (0.720614 - 0.783015) and Sr concentrations (2.61 - 15.50 µg/L), and 

formed a tight cluster with the weighted average for rainfall samples. This close association indicated rainfall as 

the main source of these surface waters.  

 

Figure 11: 87Sr/86Sr versus Sr concentrations for all water samples with C7, C11 and C14 indicating mixing 

between groundwater (A3) and other surface waters (C9, C13 and Ref) as well as rainwater. 

The δ18O and δ2H signatures of all the groundwater samples collected during the sampling campaign indicated a 

meteoric origin, most likely from the snowmelt, hence no sign of evaporation. The surface waters from June to 

October including the mixing points and rainwater, exhibited considerable enrichment in their δ18O and δ2H 

signatures relative to the groundwater (Figure 12), indicating evaporation. These waters subsequently plotted on 

or close to an evaporation line with a slope of 5.26, consistent with the global reported range of values from 1-5 

(e.g. Gonfiantini, 1986; Ghomshei and Allen, 2000). Apart from evaporation, the enrichment in the δ18O signatures 
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of the samples from the mixing points may have also been likely influenced by O-exchange between water and 

HFO’s (Spangenberg et al., 2007) as a result of the hydrolysis and precipitation of Fe3+ (Paper III).

 

Figure 12: δ18O versus δ2H for all ground, surface and rainwater samples. Local Meteoric Water line (LMWL) 
after Kortelainen et al. (2002). 

Due to downstream variations in the end-members depending on the mixing point, the mixing proportions were 

sequentially calculated (Paper III). At the mixing point C7, A3 and rainfall were chosen as end-members A and 

B, respectively. Rainfall was chosen as an end-member because it was assumed to be a complimentary water 

source (even during the snowmelt) for all the surface waters including the Smaltjärnen lake. Due to unavailable 

δ18O, δ2H and 87Sr/86Sr data for rainfall in May, the 87Sr/86Sr value of the reference sample (Ref) for May was used 

as the end-member, which coincidentally was the same as the average rainwater value for the entire sampling 

campaign. At C11, the end-members were C7 and C9 whereas at C14, C11 and C13 were chosen as the respective 

end-members. The details of the proportions of the different end-members to their respective mixtures are 

presented in Paper III.  The mixing analysis indicated that the mine site (i.e. the tailings) contribution to C7 ranged 

from 1 - 17 %, with May and August recording the minimum and maximum values, respectively. The subsequent 

contribution of C7 to C11 ranged from 49 - 91% whiles the C11 also contributed between 16 - 56 % to C14 

4.5.1 Evaluating the consistency of the isotopic mixing analyses. 

An appraisal of the isotopic mixing analyses was carried out using a basic mathematical model presented in Paper 

III. The model, simply referred to as the model data (MD), was based on the assumption that the sum of the 

calculated fractional contributions of each end-member multiplied by their respective elemental concentrations 

(equation 4) should be comparable to the dissolved element concentration or measured raw data (RD) of the mixing 

point. 
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MD= [(elemental concentration * isotopic fraction) a + (elemental concentration * isotopic fraction) b]              (4)                                                                                  

Where a and b refer to end members A and B, respectively.  

Figure 13 shows the comparison between the results of the MD and RD for the different elements at the mixing 

points. A strong agreement was observed between the MD and RD at C11 and C14 for all elements (except for 

Fe) during the entire sampling months, suggesting the accuracy of the isotopic mixing calculations at these 

sampling points.  

 

Figure 13: Comparison of the model data (MD) and raw data (RD) for various elements at C7, C11 and C14 from 
May - October.  
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At C7, however, the MD and RD were not in sync, with the former recording higher values compared to the latter 

for all elements (excluding Sr and Mg) from June - October. The only exception, however, was in May, when they 

showed a good fit with each other. Coincidentally, C7 and C11 also showed a good agreement with each other in 

May with respect to their MD and RD, when their lowest values were recorded. The similarities in the MD and 

RD values for C7 and C11 in May were because they had a common source in the form of the snowmelt. This 

observation supported the results of the mixing analyses which indicated a very small (~1%) groundwater 

contribution to C7 in May. The increasing variation between the MD and RD values for all elements at C7 between 

June and October were hypothesised to be the effects of various attenuation mechanisms (discussed under Section 

4.5.2) modulating the flux of dissolved elements from the groundwater to the surface water (i. e. C7) or at the 

shore of the tailings. 

4.5.2 Biogeochemical processes controlling the variations between the MD and RD for various elements at C7 
between June and October.  

The potential bio-geochemical factor (s) influencing the variations between the MD and RD for various elements 

at C7 between June and October have been discussed in Paper III.  

4.5.2.1 Precipitation Al and Fe  

The sum of the dissolved (i.e. the RD) and particulate phases for Fe were comparatively equal to that of the MD 

(±0.2; except for October), indicating that the particulate phases were largely represented by the HFO and thus, 

the resulting differences between the MD and RD were due to these Fe precipitates. For Al, the particulate phases 

were too low (Figure 7) to account for the difference between the MD and RD. The variations were interpreted to 

be likely precipitation of Al as Al(III)hydroxides; (Al(OH)3, in the groundwater and/ or underneath the tailings 

due to increased pH, prior to reaching C7. However, the decline in pH at C7 could also promote its partial 

dissolution. 

4.5.2.2 Adsorption of Ca, K, Na and SO4
2- reduction 

Dissolved Ca, K, Na and SO4
2- in the surface waters could be attenuated by several processes such as adsorption 

onto HFO surfaces (e.g. Fortin et al., 1993, Scholkovitz and Copland, 1982), gypsum precipitation, SO4
2- reduction 

(e.g. Massmann et al., 2003) and scavenging by organics. Very low particulate contents of Ca, K and Na were 

recorded (Figure 7), indicating their minimal adsorption onto the HFO. Moreover, the sum of the particulate and 

dissolved (RD) phases with respect to Ca, K and Na were less than that of their respective MD, indicating that the 

particulate phases of these cations were not explicitly accountable for the significant differences between their MD 

and RD. Although geochemical modelling of the surface water samples at C7 indicated under saturation with 

respect to gypsum (Paper III), white crystals or precipitates observed at the outlet (or shore) of the tailings were 

considered to probably represent secondary gypsum (Hällström et al., 2020). Although these white precipitates 

were not sampled and hence not verified mineralogically and chemically, its potential occurrence as gypsum could 

also possibly contribute to the variations between MD and RD for both Ca and SO4
2-. Furthermore, reducing 

conditions in the bogs and swamps underneath the tailings coupled with the high DOC (Paper IV) could provide 

a favourable condition for the possible occurrence of bacterial sulphate reduction; BSR, a process that can further 

contribute to the variations between the MD and RD for SO4
2-. The high pH in the saturated zone of the tailings 

could lead to the peat underneath exhibiting negative surface charge due to the deprotonation of its surface 
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functional groups (Sparks, 2005). Furthermore, the low hydraulic conductivity of the peat may also lead to a long 

groundwater transport time through it as well as the tailings, therefore enhancing the likely adsorption of Ca, K, 

and Na by the peat during their long transport time to the receiving surface waters.  

4.5.2.3. Be and W adsorption 

Beryllium is classified as huminophilic element due to its strong absorption by peat, especially at pH of 6 - 7 

(Eskenazy, 1970), similar to what pertains in the saturated zone of the tailings. Even though the peat beneath the 

tailings was not analysed for its Be content, the difference between the MD and RD for Be could be partly attributed 

to its adsorption by the peat (beneath the tailings) before reaching the Smaltjärnen lake or C7 (Paper III). In 

addition, probable adsorption onto or co-precipitation with the Al(OH)3 (Åström et al., 2018) in the saturated zone 

of the tailings could also account for the variations between the MD and RD for Be. Furthermore, Hällström et al. 

(2020) also suggested the potential scavenging of Be by the suspected precipitated gypsum at the shore of the 

tailings, possibly also contributing to the difference in Be between the MD and RD. Even though other adsorbents 

could also potentially attenuate Be either in the groundwater or surface waters, they were either not considered as 

likely occurrences or had insignificant impact in this study. For example, Be could be adsorbed onto HFO at the 

pH range of 5.2 - 6.4 recorded at C7 (e.g. Boschi and Willengbring, 2016), precipitate as insoluble Be-hydroxide; 

Be(OH)2, in the ground or surface waters (Navratil et al, 2002) or form complexes with organic ligands and F in 

surface waters (e.g. Alderighi et al., 2000). However, the particulate contents for Be (Figure 7) were very low to 

sufficiently account for the large variations between the MD and RD. Furthermore, the pH range of both the ground 

and surface waters (5.2 - 6.9) did not favour the precipitation of Be(OH)2 as this reaction usually occurs at pH ≥ 

7. Complexation of Be with F and organic matter at the recorded pH at C7 was expected to lead to Be remaining 

in solution and enhance its mobility (e.g. Hällström et al., 2020; Alderighi et al., 2000). Even though the majority 

of W was in the particulate phase (Figure 7), due to its adsorption onto or coprecipitation with the HFO in the 

surface water, it could not entirely account for the considerable difference between the MD and RD. The pH of 

the saturated zone of the tailings suggested the possible occurrence of W as monomeric tungstate oxyanion, WO4
2- 

(e.g. Gustafsson, 2003, Sun and Bostick, 2015), which can be can be adsorbed onto pyrite surfaces (Cui and 

Johannesson, 2017). A 7-step sequential extraction (Dold 2003) of subsamples located deeper in the tailings by 

Hällström et al (2019) showed a considerable association of W with the primary sulphides. Despite the low pyrite 

content of the tailings (~0.1 wt %) and the fact W (from the sequential extraction) was not attributed to a specific 

sulphide, the potential role of pyrite as an absorbent of W, albeit low, could not be entirely discounted. 

Alternatively, the high density of W also suggested the possibility of sedimentation to the bottom of the 

Smaltjärnen lake before reaching C7 (Paper III).  

4.6 Secondary carbonates formation and biogeochemical controls on δ13CDIC signatures of tailings 
groundwater and surface waters downstream of the tailings. 

4.6.1 Precipitation of secondary carbonates in the tailings 

Occasional calcite grains with orthogonal morphologies were identified in the tailings in a recent study by 

Hällström et al. (2018) and were hypothesised to represent the formation of secondary calcite. However, this 

suggestion by the authors was not conclusive mainly due to the complexities associated with the formation of these 

secondary carbonates, especially in complex mineralogical setting such as skarn tailings. Secondary carbonate 
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formation in mine wastes have recently received considerable attention due to their potential to sequester 

significant amount of CO2 (e.g. Wilson et al., 2011), a major driver of climate change. Therefore, it was imperative 

to verify the potential precipitation of these secondary carbonates within the tailings. 

The OZ recorded bulk δ13C signatures (δ13Cbulk = -26 to -19 ‰) (Figure 14a) in the tailings which were far less 

than that of calcite (δ13C= +0.1‰) found in the mineralisation of which the tailings originated (Paper IV) but 

similar to that reported for C3 terrestrial plants; -30 to -24 ‰ (Vogel, 1993; Cerling and Quade, 1993). These 

signatures were attributed to the established vegetation (plants and grasses) on the tailings and the sewage sludge 

previous applied on tailings (Paper IV). Furthermore, these δ13C signatures coupled with the recorded low pH (3.6 

– 4.5) and inorganic C contents (Figure 4) in this zone of the tailings (Paper I) confirmed the depletion of calcite 

as suggested by Hällström et al. (2018). The δ13Cbulk signatures and pH of the TZ and UZ (except samples from 

the bottom of the tailings) varied from -8.9 to -3.8 ‰ and 5.3 to 7.9, respectively (Figure 14a), which were higher 

than that of the overlying OZ (Paper IV). The recorded range of pH pointed to calcite dissolution (Figure 3d) and 

neutralization (Blowes et al., 1994). In addition, the δ13C values of some carbonates (δ13Ccarb) in these zones ranged 

between -4.6 and +0.7 ‰ (Figure 14b), with an average value of -2.7 ‰ and were lower than that of the primary 

calcite (Paper IV). These δ13Ccarb signatures were within the reported range of values (δ13C = -10.3 to +1.1 ‰) for 

secondary soil carbonates within Europe and the Mediterranean areas (Lee et al., 2003; Cerling, 1984). This 

signaled the precipitation of secondary carbonates in the tailings (Paper IV), consistent with the suggestion of 

Hällström et al. (2018). The lower δ13Ccarb signatures were hypothesised to reflect mixed-source C signals 

involving isotopically light CO2 from the atmosphere (~8 ‰), degradation of vegetation and sewage sludge in the 

upper most part of the tailings and isotopically heavy HCO3
- mobilised downwards in the tailings from the 

dissolution of calcite in the OZ and TZ. This resulted in a possible increased DIC pool and a lowering of the 

δ13CDIC signatures, with the subsequent precipitated secondary carbonates from the DIC pool portraying such 

negative δ13C values (e.g. Oehlert and Swart, 2013; Salmons et al., 1978) (Paper IV). 

 

 
Figure 14: (a) pH vs 13C values of the bulk tailings (b) pH vs 13C values of the carbonate fraction of the tailings. 

 

4.6.2 Potential biogeochemical controls on δ13CDIC signatures of the tailings groundwater and downstream 
surface waters. 

The recorded pH (6.2 - 6.9) of the groundwater samples reflected calcite dissolution (e.g. Blowes et al., 1994) in 

the tailings (Paper III) with the dominant DIC specie being HCO3
- (Stumm and Morgan, 1996) (Paper IV). The 

dissolution of calcite and to a lesser extent, the secondary carbonates in the tailings was expected to result in 

hypothetical groundwater δ13CDIC values ranging between -4.6 and +0.7 ‰. In contrast, the groundwater samples 
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recorded far less δ13CDIC values, which varied between -12.6 to -4.4 ‰ (Figure 15c). In addition to these low 

δ13CDIC signatures, the average groundwater DOC concentration (9.7 mg C/l; n = 8) was comparable to that of the 

reference water (10.8 mg C/l; n = 6), pointing to the addition of a C source with a lighter (δ12C) signature, 

particularly organic matter (Paper IV). These potential organic C and high DOC sources included the peat 

underneath the tailings as shown by the elevated organic C contents at the bottom of the tailings (Figure 4), 

contributions from the surrounding forests during groundwater recharge and the degradation of the vegetation 

(plants and grasses) and sewage sludge in the upper part of the tailings. All these aforementioned sources were 

assumed to have accumulatively contributed to the lowering of the δ13CDIC values of the groundwater (e.g. Lin and 

Ehleringer, 1997, Mayo et al., 1992). Therefore, the δ13CDIC signatures of the groundwater samples were considered 

to reflect a mixture of primary calcite and secondary carbonate dissolution in the tailings as well as degradation of 

organic matter in the uppermost section of the tailings, underneath the tailings and from the surrounding forests 

(Paper IV).   

The mixed surface waters downstream of the tailings generally showed seasonal variations with respect to their 

δ13CDIC values and DOC concentrations (Figures 15a & b). The DOC of these downstream surface waters, which 

exhibited similar average concentration (9.5 mg C/l) as that of the groundwater (9.7 mg C/l) (Paper IV), showed 

a direct correlation with discharge (Figure 5a). The highest values for both parameters were recorded in May with 

a subsequent decline from May to September and then an increase in October, particularly for DOC. However, the 

δ13CDIC of these surface waters were lower relative to the groundwater samples (Figure 15c) (Paper IV). In figure 

6, the mixed surface waters were categorised into 3 main groups, namely; Groups I, II and III, based on their pH 

and dissolved/particulate Fe ratios (Paper III). Similarly, these surface waters were also grouped into 3 (Groups 

I, II and III) with respect to their pH and δ13CDIC values (Figure 15c).  

 

Figure 15: Temporal variations of (a) δ13CDIC and (b) DOC of surface waters downstream (c) DOC versus δ13CDIC 

of the ground and downstream surface waters (d) estimated groundwater (mine site) monthly contribution to C7. 

The symbols are the same as in Figure 12. Note: A1 was excluded from figures 15c due to limited data. 
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Coincidentally, the constituents of these groups were consistent for both figures 6 and 15c: Group I consisted of 

C7 and C11 samples for May, Group II involved C7 and C11 samples from June - September and Group III 

comprised of C14 samples as well as C7 and C11 samples for October (Paper IV). In figure 6, the low pH and 

high dissolved/particulate Fe ratios of Group I were attributed to organic acids from the wash out of the mires and 

forests during the snowmelt and the low groundwater contribution (~1%, Figure 15d) or high discharge from the 

snowmelt to these surface waters (particularly C7), respectively (Paper III). The high DOC concentrations of this 

group of samples therefore reflected the erosion of the forest soil organic matter (Brunet et al., 2005) during the 

snow melt and spring flood (Paper IV). Coupled with these high DOC concentrations was a lower δ13CDIC signature 

(δ13CDIC = -16 ‰) relative to the groundwater samples (Figure 15c), which was attributed to the input of 

isotopically light CO2 from the degradation of the DOC (Paper IV). 

The coupled low pH and dissolved/particulate Fe ratios of Group II (Figure 6) were ascribed to the hydrolysis of 

Fe3+ and subsequent formation of HFO (Nordstrom, 1982), resulting from the mixing of the Fe2+ - rich groundwater 

with the oxygenated surface waters (Paper III). Isotopic mixing analyses indicated that the groundwater 

contribution to Group II samples, particularly C7, ranged from 8 to 17% (Paper III) as shown in Figure 15d, and 

recorded an average DOC concentration of 8 mg C/l (Paper IV). The resultant low pH from the mixing of the 

ground and surface waters was expected to ultimately dehydrate HCO3
- (which was considered as the main DIC 

specie of the groundwater based on its pH) to produce CO2 (g),  which could be lost to the atmosphere (Ali and 

Atekwana, 2011). Diffusive loss of this CO2 (g) was hypothesised to result in an increase of the δ13CDIC signatures 

of these group of samples relative to that of the groundwater samples. Furthermore, potential photosynthetic 

activities in these surface waters during the warm temperatures of the summer period was expected to also lead to 

increased δ13CDIC signatures. However, this was not the case as the recorded δ13CDIC values of Group II samples 

were far lower (δ13CDIC = -25 to -9 ‰) than that of the groundwater, represented as Group IV in figure 15c, 

indicating the introduction of isotopically light C sources (Paper IV). Several in-stream biogeochemical processes 

were hypothesised to account for these low δ13CDIC signatures. For example, aquatic respiration and degradation 

of the DOC in these surface waters could contribute to an increased DIC pool but lower the δ13CDIC values as a 

result of the introduction of isotopically light CO2 (Cawley et al., 2012). Furthermore, the probability of 

photooxidation occurrence was high due to the low pH and DOC of these surface waters, which could further 

lower the δ13CDIC with an attendant increase in the overall DIC pool (Gennings et al., 2001) (Paper IV). 

Group III recorded higher average pH (6.4), DOC (11 mg C/l) and δ13CDIC (-13 ‰) values compared to that of 

Group II (Figure 15c). The contribution of groundwater to C7 (Paper III) during this time was estimated to be 12 

% (Figure 15d). Interestingly, the δ13CDIC signatures of this group of samples, especially those of C7 and C11, bore 

a close resemblance with that of the groundwater samples (figure 15c). This trend was assumed to most likely 

reflect the coupled effect of photosynthetic activities within these surface waters and diffusive loss of CO2 (g) from 

the surface waters arising from their potentially high partial pressure relative to the atmosphere (Paper IV) or 

HCO3
- dehydration.  
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5.0 Discussions  

5.1 Significance and lessons learned from the mixing analyses and the simple model 

Despite the tailings being of environmental concern due to the likely mobilization and transport of potentially toxic 

elements from the tailings to the downstream surface water bodies, the mixing analysis suggested a low impact on 

the recipient surface waters due to the various potential attenuation mechanisms (Paper III) explained under 

Section 4.5.2. Furthermore, despite the general consensus from several studies (e.g. Guo et al., 2010; Mendoza et 

al., 2016; Négrel et al., 2004, Clow et al., 1997) regarding the efficiency and accuracy of the 18O, 2H and 87Sr/86Sr 

isotope ratios in quantifying mixing proportions, the results of this study based on the variations between the MD 

and RD at C7, suggest that the outcome of mixing analyses involving groundwater must be treated with caution. 

For example, mineral dissolution and isotopic exchange are considered as likely processes that can result in the 

modification of the 87Sr/86Sr ratios in water, depending on the isotopic composition of the reacting phases (Shand 

et al., 2009). This suggests that 87Sr/86Sr signatures in water may be a function of the weathering rate of the mineral 

(s) and the efficiency of exchange of the reacting phases (Åberg et al., 1989). Presumably, especially in the case 

of this study, there could be a change in the 87Sr/86Sr ratios during the groundwater transport to the recipient surface 

waters, depending on the 87Sr/86Sr composition of the peat beneath the tailings and the extent of the isotopic 

exchange. In the same light, bacterial sulphate reduction and exchange processes can also alter the δ18O signatures 

(Gat, 1996). These aforementioned processes may result in either an underestimation or overestimation in the 

mixing analysis, potentially adding up to the variations between the MD and RD. In summary, the results of the 

model suggest that the application of the results of isotopic (18O, 2H and 87Sr/86Sr) mixing analysis involving 

groundwater in low temperature environments must be coupled with detailed knowledge of the potential 

hydrogeochemical processes along its flow paths. The very good fit between the MD and RD for C11 and C14 for 

the entire sampling campaign also suggests that mixing analyses using the 18O, 2H and 87Sr/86Sr isotope are most 

suitable for characterising open systems such as surface waters. 

5.2 Potential causes of variations of the dissolved ion concentrations and 87Sr/ 86Sr ratios between A1 and A3. 

Despite the similarities in mineralogy and geochemical processes among the drill cores from the Smaltjärnen 

tailings, including A1 and A3 (Hällström et al., 2018), their respective groundwater samples exhibited variations 

with respect to some of their dissolved element concentrations (Figure 3) and 87Sr/86Sr ratios (Figure 11), with A1 

recording the lowest values. These could be the artifact of the presence of secondary minerals such as gypsum and 

clays identified in the LOZ of the tailings in A1 (Paper I). The fine-texture nature and large surface area of clay 

minerals makes them largely impermeable (Howard, 1992), which can lead to the potential formation of perched 

aquifers (Vepraskas and Lindbo, 2012). The occurrence of perched aquifers may result in the so-called blocking 

effect (Frank-Jones, 1964), creating potentially isolated contaminant plumes in the tailings due to both restricted 

vertical and lateral flow of water. Furthermore, clay minerals exhibit high cation exchange capacities (Appelo and 

Postma, 1993) and can promote the adsorption of some ionic constituents of water including Ca2+, Cd2+, Cr3+, Cu2+, 

Mg2+, Na+ and Zn2+ (e.g. Rytwo et al., 2013; Zhu, et al., 2008; Cruz-Guzmán et al., 2006) and radiogenic 87Sr 

(Bullen et al., 1996; Blum and Erel, 1997). These aforementioned attributes may summarily lead to limited flow 

of water and its chemical constituents from the vadose zone in A1 to its underlying groundwater or laterally to A3. 

In fact, the 87Sr/86Sr mixing plot (Figure 11) suggested little or no evidence of interaction between these wells. 

Interestingly, the 87Sr/86Sr ratio of the exchangeable fractions from sequential extraction of the tailings in the LOZ 
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at A1 (87Sr/86Sr = 0.997723) was similar to that of the groundwater samples at A3 (87Sr/86Sr =1.050450 - 1.078709). 

This recorded signature of the exchangeable fraction could be due to partial scavenging of the radiogenic 87Sr by 

the clay minerals, resulting in lower 87Sr/86Sr ratios of groundwater in A1 relative to A3. Thus, the clay minerals 

may be serving as both a hydraulic and ionic barrier at A1 and its immediate environments. In addition, the higher 

dissolved element concentrations in A3 relative to A1 may be due to variations in their depth to the water table 

(DWT). The DWT in A1 was very deep in contrast to that of the shallower depth of A3. The shallow depth of A3 

may have enhanced the re-mobilization of some elements formerly retained in the vadose zone, leading to its 

relatively high dissolved element concentrations. However, further investigation is required to ascertain the 

validity of the above arguments. 

5.3. Limitations of the isotopic mixing analysis  

Detailed information regarding the limitations of the isotopic mixing analysis are presented in Paper III. An 

interesting observation worth mentioning is the fact that some of the mixing analyses using the 18O and 2H isotopes 

were not possible, as they returned values which were in some instances, either less than 0 or exceeding 100 %. 

Although analytical errors could not be entirely ruled out for these limitations, the generally good reproducibility 

of the 18O and 2H measurements (better than ±0.6 ‰ for δ2H and ±0.1 ‰ for δ18O) suggested a high confidence 

level in the data. Hence, analytical errors were considered negligible. Because of the challenges associated with 

the use of the 18O and 2H isotopes in the mixing calculations, results obtained using the 87Sr/86Sr ratios were used 

for the model calculations, as they were assumed more reliable relative to the former (i.e. 18O and 2H). However, 

the over reliance on the mixing results using the 87Sr/86Sr ratios had the potential of introducing further variable 

degrees of uncertainties into the model data, taking into account the potential modification of the 87Sr/86Sr ratios 

by certain geochemical processes. 

6.0 Overall Conclusions 

 The very high 87Sr/86Sr and low Ca/K ratios of the water-soluble fractions in the UOZ of the tailings 

coupled with mineralogy indicate the historical weathering of biotite, K-feldspar and muscovite.  

 On the other hand, the increase in the Ca/K ratios despite the radiogenic signatures in the LOZ (including 

the oxidation front) reflect the weathering of Ca-bearing minerals such as plagioclase, scheelite and 

garnet, gypsum dissolution and to a lesser extent, cations released from exchangeable sites of clay 

minerals. 

 Prominent and consistent peaks of Ca, Be, Mn, SO4
2- and Zn as well as the 87Sr/86Sr signatures in the UUZ 

indicate the dissolution of gypsum that precipitated from a leachate with a similar isotopic composition 

as danalite. 

 The δ34SSO4 and δ18OSO4 signatures indicate that the water-soluble SO4
2- in the OZ, TZ and UUZ originate 

from historical oxidation/weathering of pyrrhotite and danalite in the UOZ by Fe3+ (pH ≤ 3), particularly 

at the early stages after the tailings deposition. For the MUZ, the water-soluble SO4
2- is hypothesised to 

be a mixture regulated by the incomplete oxidation of pyrite, pyrrhotite and chalcopyrite by O2 at the 

current oxidation front whereas that of the LUZ is assumed to represent mixed signals from carbon-

bonded sulphur mineralisation and H2S oxidation from the surrounding forests. 
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 Elevated concentrations of dissolved elements such as Be, Ca, Fe, S (as SO4
2-), Sr and W coupled with 

the high pH (6.2 - 6.9) in the groundwater relative to the reference sample are due to their release from 

the oxidation of the sulphides, weathering of silicates (including danalite), carbonate dissolution as well 

as gypsum dissolution in the tailings. 

 The isotopic water mixing analyses indicate a small groundwater contribution (1 - 17%) from the mine 

site to the downstream surface waters, specifically at the first exit point (i.e. C7), resulting in low 

dissolved concentrations of various elements in the surface waters relative to the groundwater and 

signaling a low environmental impact.  

  These low dissolved elemental concentrations of the surface waters relative to that of the groundwater 

are assumed to be due to effects of various attenuation mechanisms such as precipitation of Al(OH)3  and 

HFO within the tailings and its outlet, respectively, adsorption onto or co-precipitation with the Al(OH)3 

and HFO.  

 The negative δ13C signatures of some carbonates in the deeper tailings compared to that of the primary 

calcite suggests that they are secondarily formed in the tailings. The lower δ13C signatures of these 

secondary carbonates represent a mixture of C sources from atmospheric CO2, degraded organic matter 

and primary calcite dissolution in the tailings.  

 The δ13CDIC signatures of the downstream surface waters, specifically C7 and C11 show seasonal effects 

and depend on the groundwater contributions. However, identification of the dominant biogeochemical 

control (s) of the δ13CDIC is limited by the lack of data on DIC concentrations. 

7.0 Further research 

The assertion or hypothesis that the clay minerals may be creating isolated contaminant plumes in the tailings 

particularly at A1 or its immediate vicinity can be verified by establishing a 3D internal structure of the tailings 

using different geophysical methods. The existence of plausible contaminant plumes is expected to be 

characterised by zones of enhanced electrical conductivities (EC’s). Therefore, the 3D internal structure of the 

tailings will help to delineate localised zones with high water content and EC, as well as possible flow directions. 

Non-destructive, non-invasive and cost-effective geophysical methods such as the ground penetrating radar (GPR), 

self-potential (SP), induced polarization (IP) and high resolution electromagnetics, are highly recommended, as 

they have shown to be successful in delineating hydrogeological boundaries, map the evolution of water contents 

in the unsaturated zone and highly conductive zones in mine wastes to varying levels of resolution (e.g. Poisson 

et al., 2009; Daniels et al., 2005, Campbell and Fitterman, 2000).  

Furthermore, although the Smaltjärnen lake was hypothesised to have minimal impact in the attenuation of 

dissolved elements to the downstream surface waters (Paper III), this argument may not be conclusive, 

considering its strategic location and close proximity to the tailings. The possibility of the lake acting as a 

clarification pond, thus serving as a potential sink for some of the elements released from the tailings cannot be 

entirely dismissed. It is therefore important to collect sediment samples from the lake for chemical and isotopic 

analysis. This will give detailed insight into its potential role as a sink for some elements and further improve the 

understanding of the differences between the MD and RD at C7. In addition, the potential limitations associated 

with the use of 18O, 2H and 87Sr/86Sr isotope ratios in quantifying mixing proportions suggests the use of large and 

variable tracer sets in future mixing studies in similar or different environments. The application of multiple and 
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diverse tracers with different geochemical behaviour have been shown to offer better insight and robust approach 

to quantifying water mixing (e.g. Moeck et al., 2017; Popp et al., 2019). 
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A B S T R A C T

Interpretation of geochemical data based primarily on elemental concentrations often lead to ambiguous results
due to multiple potential sources including mineral weathering, atmospheric input, biological cycling, mineral
precipitation and exchange processes. The 87Sr/86Sr ratio is however not fractionated by these processes. In this
study, Sr isotope (87Sr/86Sr) ratios have been coupled with chemical data of Sr and Rb-bearing minerals, tailings
and leachates (water-soluble) to gain insight into the geochemical processes occurring within the Yxsjöberg Cu-
W mine tailings, Sweden. The tailings have been exposed to oxidizing conditions resulting in three geochemical
zones namely (i) oxidized, (ii) transition and (iii) unoxidized zones. Leachates from the oxidized zone are acidic
(pH=3.6–4.5) and contain elevated concentrations of metals (e.g. Fe, Cu and Zn) and SO4. The low pH has also
led to subsequent weathering of most silicates, releasing Al, Ca, Mg and Na into solution. The 87Sr/86Sr ratio in
the tailings ranges from 0.84787 to 1.26640 in the oxidized zone, 0.92660–1.06788 in the transition zone, whilst
the unoxidized zone has values between 0.76452 and 1.05169. For the leachates, the 87Sr/86Sr ratio ranges from
2.44479 to 5.87552 in the oxidized zone, 1.37404–1.68844 in the transition zone and 1.03697–2.16340 in the
unoxidized zone. Mixing (between mineral weathering and atmospheric sources) was identified as the major
process regulating the Sr composition of the tailings and leachates. The highly radiogenic signatures of the
leachates in the oxidized zone suggests weathering of biotite, K-feldspar and muscovite. Despite the very
radiogenic signatures in the oxidized zone, increments in Ca/K ratios, Be, Ce, Tl, Al, Fe and SO4 concentrations in
the water-soluble phase were recorded in its lower parts which suggests the dissolution of amphibole, pyroxene,
plagioclase, fluorite, gypsum, Al and Fe –(oxy) hydroxides as well as cation exchange by clay minerals. Presence
of clay minerals has led to the partial retainment of radiogenic 87Sr/86Sr resulting in increased 87Sr/86Sr in the
solid tailings material at these depths. The 87Sr/86Sr ratios of the water-soluble phase in the transition zone is
similar to that of helvine and could indicate its dissolution. In the upper part of the oxidized zone, the 87Sr/86Sr
ratios and trends of Be, Ca, SO4, Tl and Zn in the water-soluble phase suggest the dissolution of gypsum which
precipitated from a leachate with the isotopic signature of helvine. In the lower part of the unoxidized zone,
elevated concentrations of W were recorded suggesting scheelite weathering. But the 87Sr/86Sr ratios are higher
than that expected from dissolution of scheelite and indicates additional processes. Possible sources include
biotite weathering and groundwater. This study reveals that when interpreting geochemical processes in mine
waste environments, 87Sr/86Sr should be considered in addition to chemical constituents, as this isotopic tracer
offers better insights into discriminating between different solute sources.

1. Introduction

The Strontium (87Sr/86Sr) isotope ratio is an important and pow-
erful investigative tool which has been extensively and successfully
utilized in petrogenesis (e.g. Nakai et al., 1993; Subίas et al., 2015;

Kozlik et al., 2016), mineral weathering and acidity in soils (e.g.
Graustein and Armstrong, 1983; Bullen et al., 1996; Shand et al., 2007;
Stewart et al., 2001), discriminating between atmospherically-derived
Sr and those of mineral weathering inputs (e.g. Åberg et al., 1989; Jacks
et al., 1989; Miller et al., 1993) as well as differentiating between
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carbonate and silicate weathering sources (e.g. Jacobson et al., 2002;
Chamberlain et al., 2005; Tipper et al., 2006; Jin et al., 2011).

Strontium (Sr) is geochemically similar to calcium (Ca) in terms of
ionic radius (Sr = 1.13 Å and Ca = 0.99 Å) and ionic charge (+2)
(Marcus and Kertes, 1968) and therefore can substitute for Ca in mi-
neral lattices such as in some silicates (e.g. plagioclase, pyroxene),
carbonates (e.g. calcite and dolomite) and tungstates (scheelite:
CaWO4). This allows the use of Sr as a proxy for Ca in many studies.
Rubidium (Rb) on the other hand, is geochemically similar to potassium
(K) and substitutes for K in K-bearing mineral lattices. 87Rb undergoes
radioactive decay to produce radiogenic 87Sr. Therefore, K-bearing
minerals (e.g. biotite, K-feldspar, muscovite and illite) are high in
87Sr/86Sr ratios (Faure, 1986; Clow et al., 1997; Capo et al., 1998).

During biological processes and/or low temperature geochemical
reactions such as precipitation and mineral dissolution, 87Sr/86Sr ratios
are not fractionated (Capo et al., 1998; Míková, 2012). In various
ecosystem media, the 87Sr/86Sr ratio mostly reflects a mixed source
signal of atmospheric and mineral weathering processes (Graustein and
Armstrong, 1983; Gosz et al., 1983; Åberg et al., 1989; Bain and Bacon,
1994) and exchange between different reservoirs (Shand et al., 2009;
Åberg et al., 1989).

Despite the large available literature on the application of Sr iso-
topes in several studies, it has however received little attention on its
utilization in mine wastes, which are well known to exhibit multiple
minerals and undergo series of geochemical processes including mi-
neral weathering and acid neutralization (Morin et al., 1988; Blowes
and Ptacek, 1994; Jurjovec et al., 2002). Understanding geochemical
processes in mine waste environments are critical for management
decisions such as remediation. Tailings are mineralogical-complex
systems and attributing solute loads to a specific mineral dissolution is
difficult because there can be multiple potential sources (Clow et al.,
1997; Bullen et al., 1996) in addition to complications from other
processes such as biological cycling, mineral precipitation, atmospheric
inputs and exchange processes. Considering that the 87Sr/86Sr ratio is
not fractionated by the aforementioned processes, it could be used as a
source tracer of geochemical processes occurring within mine wastes.

This study focuses on the Yxsjöberg Cu-W mine tailings deposit in
South-Central Sweden related to the mining of a limestone skarn ore-
body comprising a diverse mineralogy including sulphides, silicates,

carbonates, oxides (magnetite), halides (fluorite) and tungstate
(scheelite). The tailings deposit could be described as an “open system”
as it is neither surrounded by a dam nor covered, hence exposed to the
atmosphere. This implies that it receives direct precipitation with its
attendant Sr isotope signature (e.g. Åberg et al., 1989; Miller et al.,
1993; Bain and Bacon, 1994; Pett-Ridge et al., 2009a).

In addition, acidity generated from sulphide and oxide minerals
oxidation/weathering (e.g. Molson et al., 2005) as well as rain (Wright
et al., 1976; Rodhe and Granat, 1984; Menz and Seip, 2004) can be
subsequently buffered/neutralized by the dissolution of carbonates,
silicates and (oxy)hydroxides (e.g. Blowes and Ptacek, 1994; Blowes
et al., 2003; Jambor et al., 2007; Lapakko et al, 2012) in the tailings.
Since the silicates and carbonates are either Rb or Sr-rich bearing mi-
nerals, their dissolution would result in preferential release of variable
87Sr/86Sr ratios to pore-water and groundwater as the individual mi-
nerals exhibit different dissolution kinetics at different pH conditions.
For example, Blum et al. (1993) have shown that decomposition of Rb-
rich silicate minerals such as biotite could result in 87Sr enrichment in
pore-water and corresponding depletion in the residual weathered
material. However, the opposite could be the case for the unradiogenic
(Ca-rich) plagioclase (Capo et al., 1998). Considering the interplay of
possible sources of Sr and variations in 87Sr/86Sr ratios among different
minerals, the tailings deposit offers a unique opportunity to use Sr
isotopes for environmental forensics, Sr cycling and its relation to
geochemical processes.

In this study, Sr isotope (87Sr/86Sr) ratios and concentration as well
as chemical data of Sr and Rb-bearing minerals, tailings and tailings
leachate (water-soluble) have been used to gain insight into the geo-
chemical processes occurring within the Yxsjöberg Cu-W mine tailings.
Since many tailings undergo similar geochemical processes, the results
from this study could have broad applicability in several tailings
worldwide. This study is one of first attempts of using Sr isotopes as a
tracer for understanding geochemical processes within mine wastes.

2. Materials and methods

2.1. Study site

The Yxsjöberg mine tailings deposit is located in the Ljusnarsberg

Fig. 1. Map showing the location of the Yxsjöberg tailings deposit and sampling point for isotopic and mineralogic work.
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Municipality in Västmanland, South Central Sweden. The tailings de-
posits are products of three different periods of mining the commodities
copper (Cu), tungsten (W) and fluorite (F) (Höglund et al., 2004)
spanning a period of seventy-six (76) years (1887–1963). During the
period of mining, 2.8 million tons of waste material (tailings) were
generated and discharged into the Smaltjärnen repository (Fig. 1). The
tailings originate from the Yxsjöberg Cu-W skarn deposit (Magnusson,
1940; Ohlsson, 1979) within the Bergslagen geological province
(Romer and Öhlander, 1994) which forms part of the Svecofennian
domain. U-Pb dating of the skarn yields an age of 1789 ± 2Ma (Romer
and Öhlander, 1994). The deposit comprises three different ore bodies
namely; Kvarnåsen, Nävergruvan and Finngruvan, and occurs within the
same folded limestone horizon. Ohlsson (1979) suggests that the skarn
formed through the selective replacement of calcitic limestone inter-
bedded in acid metavolcanites with minor amounts of quartz and
feldspar contained in the calcitic limestone. Minerals including fluorite,
chalcopyrite, pyrrhotite, plagioclase, scheelite and magnetite occur in
the skarn in high contents. Calcite, pyroxene, amphibole, garnet, bio-
tite, molybdenite, wolframite, sphalerite, Bi-sulphides, helvine, apatite,
titanite, pyrite, chlorite, epidote, zircon, hematite, native gold, marca-
site, covellite, ilmenite and uraninite occur as accessory minerals
(Lindroth, 1922; Ohlsson, 1979). The skarn is categorized into three (3)
main subdivisions namely: (i) pyroxene and/or garnet-dominated skarn,
(ii) amphibole-dominated skarn and (iii) biotite-rich skarn (Ohlsson,
1979). For detailed information about the geological setting of the
Yxsjöberg Cu-W skarn deposit, see works by Lindroth (1922), Ohlsson
(1979), Öhlander and Billström (1989) and Romer and Öhlander
(1994). Meteorological data from the nearest weather station in Örebro,
110 km from Yxsjöberg shows an annual average precipitation and
temperature values of 730mm and 11 °C, respectively (SMHI, 2016).

2.2. Sampling

Several drill cores were collected by percussion drilling at different
locations (A1-A4) of the tailings (Fig. 1) using a geoprobe in September
2016. The drilled cores generally displayed similar characteristics in
terms of mineralogy, elemental concentrations and peaks across profiles
(Hällström et al., 2018). One drill core (A1) was chosen for this study
focusing on Sr isotopes and chemical composition. The chosen drill core
(which was collected in plexiglas tube) extends to a depth of 6m from
the tailings surface and was divided into eighteen (18) subsamples of
8–120 cm. The samples were kept in properly sealed polyethylene bags
prior to analysis.

Minerals were extracted from diamond drill cores belonging to the
three orebodies from which the tailings originated (Kvarnåsen,
Nävergruvan and Finngruvan), obtained from the Swedish Geological
Survey (SGU) located at Malå and the Department of Geological sci-
ences, Swedish Museum of Natural History, Stockholm. Minerals ex-
tracted include K-feldspar, garnet, plagioclase, amphibole, pyroxene,
calcite, scheelite, fluorite and helvine (Be-mineral). Minerals were se-
parated from the drill cores through crushing and hand picking under a
binocular microscope. The purity of the extracted minerals was opti-
cally checked and estimated to be 97% or better.

Paste pH was measured in the tailings on a 1:1 solid to liquid ratio.
Briefly, 10 g of dried tailings sample and 10mL of milliQ water were
mixed and stood for about 5 s after mixing before pH measurement. The
tailings were relatively dry which made it difficult to directly extract
pore water. Hence, batch tests were performed on the tailings using a
1:10 solid to liquid (MilliQ water) ratio. The samples were homo-
genized in controlled (acid-washed) plastic bottles according (mod-
ified) to the Swedish Standards Institute's compliance test for granular
wastes and sludges (SS-EN 12457-2:2003). Sample suspensions were
agitated for 24 h on a rotary shaker. The leachates were then decanted
and filtered through a 0.22 μm Millipore cellulose nitrate membrane
filter after allowing the suspended solids to settle for about 15min. The
leachates were divided into four subsamples for further analysis of

anions, isotopes, element compositions and physicochemical para-
meters. The leachates for elemental analysis were acidified with
HNO3

− to prevent metal precipitation whilst the others were un-
acidified for analysis of anions, Sr isotope, pH and electrical con-
ductivity (EC). pH and EC measurements were carried out by using a
VWR multi parameter instrument (Model: MU 6100 H). Romero et al.
(2007) suggested that leachates from the described process can re-
produce the approximate tailings pore solution. In this study, we refer
to the leachate as water-soluble phase. Groundwater table measurement
was carried out using a water level indicator. However, groundwater
could not be sampled because it formed a thick slurry and difficult to
pump out.

2.3. Analysis

Solid materials (tailings and minerals) were homogenized by
grinding with an agate mortar to obtain fine fractions. This was fol-
lowed by a combination of aqua regia + hydrofluoric acid digestion
and alkali fusion for all solid materials in sealed Teflon vessels. Ion
exchange for separation of Sr from Rb in leachates from batch leaching
tests and solution from digested solid materials was carried by column
chromatography (Rodushkin et al., 2007) prior to analysis. The chro-
matographic columns were filled with 2mL of commercially available
Sr-selective Sr Spec< SUP>TM</SUP> resin (Eichrom, USA) ac-
cording to the recommended procedures of the supplier. The column
was washed with 15mL 8M HNO3 to elute matrix elements and Rb. Sr
was stripped with 5mL of 0.07M HNO3 and subsequently diluted with
0.14M HNO3 to obtain Sr concentrations for isotope ratio measure-
ments (Rodushkin et al. (2007). Sr isotope composition was analyzed on
a multicollector inductively-coupled plasma mass spectrometry (MC-
ICP-MS) in static mode using internal standardization and external
calibration with bracketing isotope SRMs. The MC-ICP-MS used was
NEPTUNE PLUS from ThermoScientific. Measured 87Sr/86Sr ratios were
relieved of isobaric interferences from Kr and remaining Rb by math-
ematical corrections based on intensities monitored at mass-to-charge
ratios of 83 and 85 as well as on tabulated isotopic abundances for these
elements (Rodushkin et al., 2007; de Laeter et al., 2003). Correction for
instrumental mass bias was accomplished using an exponential model
and a factor determined from measured and tabulated (0.11940) (de
Laeter et al., 2003) 86Sr/88Sr ratios. Analyses of standard reference
materials (SRM) NBS- 987 yielded a mean 87Sr/86Sr ratio of
0.710266 ± 0.000028 (2σ, n= 23) during the period of this study.
The literature value for the SRM was 0.710245.

Elemental concentrations in minerals and water-soluble phases were
determined by an ElementXR inductively coupled plasma-sector field
mass spectrometry (ICP-SFMS) from ThermoScientific. Engström et al.
(2004) provide a detailed description of this analytical procedure.
Strontium isotope analysis in minerals, tailings and water-soluble
phases as well as elemental concentrations in minerals and water-so-
luble phases was carried out by ALS Scandinavia AB, Luleå, Sweden.
Major and trace elements analysis in tailings were carried out at ALS
Vancouver, Canada using inductively-coupled plasma atomic emission
spectroscopy; ICP-AES (Al, Bi, Ca, Co, Cu, Fe, K, Na, Mg, Mn, Ni, Pb, Si,
Zn), ICP-MS (Ba, Be, Ce, Cr, Rb Sr, Sn, Tl, W) and LECO induction
furnace melt (C, S). Mineralogical studies of the tailings were carried
out using optical microscope (in transmitted and reflected light), X-ray
diffraction (XRD), Raman spectroscopy and Quantitative Evaluation of
Minerals by Scanning electron microscopy (QEMSCAN).

3. Results

3.1. Tailings characterization

The tailings have been exposed to oxidizing conditions for ap-
proximately 30 years after disposal and has led to three main geo-
chemical zones namely: (i) oxidized, (ii) transition and (iii) unoxidized
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Fig. 2. Chemical composition of tailings ( ) and water-soluble phase ( ) from Smaltjärnen impoundment at Yxsjöberg mine site.

M. Salifu et al. Applied Geochemistry 99 (2018) 42–54

45



zones; based on pH, elemental concentrations and colour (Fig. 2). The
different samples allocated to the different zones are shown in Table 3.
The oxidized zone extends to a depth of about 48 cm from the tailings
surface and it is characterized by a brownish-red colour and low paste
pH (3.6–4.5). Carbonates (calcite) are completely depleted in this zone
according to mineralogical examinations. A transition zone of a
minimum of 16 cm underlies the oxidized zone with a pH range of
5.3–6.3 and brownish-grey colour. Underlying the transition zones is a
dark-grey unoxidized zone with a paste pH between 6.3 and 7.9.

3.2. Chemical composition of tailings, ore minerals and water-soluble
phases

The average chemical compositions of the tailings are presented in
Table 1 and elemental distribution within the tailings profiles are
shown in Fig. 2. The oxidized zone showed a depletion in sulphur (S)
and its associated elements including cobalt (Co), copper (Cu), nickel
(Ni) and zinc (Zn) compared to the transition and unoxidized zones.
The average contents of S decreases from 0.9 wt% in the unoxidized
zone to 0.5 wt% in the oxidized zone. Co, Cu, Ni and Zn also displayed
similar trends of decreasing concentrations from the unoxidized zone to
the oxidized zone; Co decreases from 21 to 14mg/kg, Cu from 809 to
570mg/kg, Ni from 10 to 6mg/kg and Zn from 304 to 266mg/kg. The
highest concentration of Cu (1340mg/kg) was recorded in the transi-
tion zone. Silicate-bound elements such as Ca, Mg, and Na recorded
lower concentrations in the oxidized zone relative to the underlying
transition and unoxidized zones. However, silica (Si), aluminium (Al),
iron (Fe), manganese (Mn) and K showed marginal increments in
concentrations in the oxidized zone. Low fluoride (F) concentration of
1.5 wt% was recorded in the oxidized zone whereas the transition and
unoxidized zones recorded increased concentrations of 2.3 and 2.2 wt%
respectively. Rb had average concentrations of 155 and 109mg/kg in
the oxidized and unoxidized zones respectively. Sr also showed a
stepwise increment in concentrations from the oxidized (26mg/kg)

through the transition (29mg/kg) to the unoxidized zones (36mg/kg).
Tin (Sn) was recorded in high concentrations in the tailings, with
marginal decrease across the various zones. Concentrations of Sn in the
oxidized, transition and unoxidized zones are 658, 565 and 540mg/kg
respectively. Average W concentrations was high in the oxidized zone
(1281mg/kg) compared to values of 574 and 729mg/kg in the tran-
sition and unoxidized zones respectively.

Table 2 presents the average chemical composition of the extracted
ore minerals. These average chemical compositions represent mea-
surements carried out on different mineral grains (except for calcite and
K-feldspar which had only one mineral grain each) separated from
diamond drill cores explained under section 2.2. Amongst the minerals
analyzed, scheelite, amphibole and helvine recorded the highest con-
centrations of Ce, averaging 54, 19 and 13 ppm respectively. In addi-
tion, helvine had both the highest and lowest concentrations of Rb
(26 ppm) and Sr (1 ppm). Amphibole and helvine had the highest Fe
concentrations of 20 and 39wt % respectively. Helvine recorded the
highest Zn concentrations (4.2 wt %). Scheelite had W concentration of
60 wt % whilst all the other minerals had concentrations below 0.02 wt
%. All minerals except for amphibole and helvine had thallium (Tl)
concentrations below the detection limit.

The chemical composition of the water-soluble phase is summarized
in Table 3 and their distribution along profiles is given in Fig. 2. The
oxidized zone has elevated concentrations of all elements except for Ca,
Sr and W which have high concentrations in the underlying transition
and unoxidized zones. Ca concentrations ranged from 6 to 441mg/L in
the oxidized zone, 62–127mg/L in the transition zone and 27–615mg/
L in the unoxidized zone. For Sr, the concentrations ranged from 1.5 to
39 μg/L, 10–18 μg/L and 5–64 μg/L in the oxidized, transition and un-
oxidized zones, respectively. W ranged from as low as values below
detection limit (b.d.) in the oxidized zone to 54 μg/L in the unoxidized
zone. Rb concentrations ranged from 33 to 645 μg/L, with the highest
values recorded in the oxidized zone. Copper, Fe and Zn also had re-
latively high concentrations in the oxidized zone but sharply declined

Fig. 2. (continued)
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in the transition and unoxidized zones. Cu, Fe and Zn concentrations
ranged from 97 to 1633, 129–18678 and 21–489 μg/L in the oxidized
zone, 3–22, b.d - 2 and 0.1–7 μg/L in the transition zone and 1–9, b.d -
72 and 0.1–20 μg/L in the unoxidized zone respectively. The oxidized
zone recorded the highest concentrations of Ce (264 μg/L) and Tl (4 μg/
L).

3.3. 87Sr/86Sr ratios in ore minerals, tailings and water-soluble phase.

87Sr/86Sr ratio of minerals are presented in Table 4 and Fig. 3. The
87Sr/86Sr ratio ranges from as low as 0.708576 in scheelite to a more
radiogenic value of 2.398424 in K-feldspar. 87Sr/86Sr ratios in the ex-
tracted minerals from the drill cores are (in order of increasing values):
scheelite∼ fluorite≤ plagioclase < calcite < pyroxene < garnet <
amphibole < helvine < K-feldspar.

Distribution of 87Sr/86Sr ratios in the tailings is presented in Table 5
and Fig. 4a. The 87Sr/86Sr ratios ranged from 0.764519 (bottom of
tailings) in the unoxidized zone to 1.266403 in the oxidized zone.
87Sr/86Sr versus Sr concentration (Fig. 5) in the bulk tailings samples

depicts a hyperbola mixing between two components; one highly
radiogenic and the other less radiogenic. The likely sources of the less
radiogenic component based on measured 87Sr/86Sr and Sr concentra-
tions of the extracted minerals and their abundance could include cal-
cite, plagioclase and pyroxenes. On the other hand, the radiogenic
component inferred to exist could be attributed to K-feldspar, helvine
and amphibole. Biotite and muscovite were not detected in the in-
vestigated diamond drill core sections in the ore, but as they are present
in the tailings and known to be high in 87Sr/86Sr, they could also
contribute to radiogenic signatures.

The water-soluble phase samples displayed a wide range in
87Sr/86Sr ratio. The 87Sr/86Sr ratios ranged from 1.03697 in the un-
oxidized zone to a highly radiogenic value of 5.87552 in the oxidized
zone (Table 3 and Fig. 4b).

3.4. Mineralogy of the tailings

The results gained from the mineralogical studies have been com-
piled in Table 6. The most prominent minerals identified include

Fig. 2. (continued)
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amphibole (actinolite, hastingsite), pyroxene (hedenbergite, diopside),
biotite, fluorite, plagioclase (albite, anorthite) and K-feldspar (micro-
cline, orthoclase). Garnet, calcite, helvine (danalite), epidote, apatite,
scheelite, hematite, magnetite, allanite, covellite, oxyhydroxides, mus-
covite and gypsum were also observed. Local alteration of biotite to
chlorite was also observed. Clay minerals were also observed at 40 and
48 cm depths whereas calcite is completely absent in the oxidized zone.

4. Discussions

4.1. Geochemical processes

Sulphide oxidation processes in the oxidized zone of the tailings has

led to the production of low pH leachates (water-soluble) and total
consumption of calcite. The acidic leachates contain elevated con-
centrations of dissolved metals (e.g. Cu, Ni, Zn, Co) and SO4

2− (Fig. 2).
There is a general positive correlation between low pH and metal
concentrations; with the highest concentrations coinciding with the
lowest pH. In addition, the low pH registered in the oxidized zone has
resulted in moderate weathering of the identified primary aluminosi-
licates, releasing appreciable amounts of Al, Ca, K, Mg and Na into
solution. This is consistent with lower contents of silicate-bound ele-
ments such as Ca, Mg and Na in the solid tailings material. White et al.
(1998) suggest that moderate weathering of aluminosilicates is a
characteristic feature of weathering in temperate zone soils. An increase
of pH in the transition and unoxidized zones has resulted in depletion of
metal concentrations in the water-soluble phase and corresponding
enrichments in the solid tailings material concentrations.

4.2. Sr isotopes (87Sr/86Sr) ratio as an indicator of weathering processes
and secondary mineral precipitation/dissolution.

In various ecosystems, the Sr sources mainly represent a mixture of
atmospheric input and mineral weathering (Graustein and Armstrong,
1983; Gosz et al., 1983; Åberg et al., 1989; Graustein, 1989). A plot of
87Sr/86Sr versus Sr (Fig. 6) was used to assess whether the water-soluble
data could be explained by a simple two-component mixing or if also
other processes are involved. The plot defines two data sets: one plot-
ting on or close to the mixing line and the other offsets the mixing line.
Two data points (40 and 48 cm depths) plotting off the mixing line
could indicate the influence of isotopic exchange by clay minerals at
these depths on the 87Sr/86Sr ratios (Shand et al., 2009).

4.2.1. Oxidized zone
The 87Sr/86Sr ratios of the water-soluble phase in the oxidized zone

reflect the signature of a very radiogenic source(s) (Fig. 4). Although Sr
sources have been widely accepted to represent a mixture of atmo-
spheric inputs and mineral weathering, the very low 87Sr/86Sr ratio
(∼0.715) of the former (Fig. 6) suggests the recorded 87Sr/86Sr ratios
could be mainly ascribed to weathering of a very radiogenic mineral (s).
These high 87Sr/86Sr ratios and low acidic conditions (pH=3.6–4.5)
could indicate weathering of biotite and K-feldspar, which are the main
radiogenic minerals present and weathered in the oxidized zone of the
tailings. Weathering rate of Fe-containing silicates such as biotite could
be accelerated by dissolved oxygen under acidic pH conditions through
surface-catalyzed redox processes (White and Yee, 1985). Several stu-
dies (e.g. Rebertus et al., 1986; Wilson, 1970; Gilkes and
Suddhiprakarn, 1979) have shown that during initial stages of biotite
weathering, it can transform to hydrobiotite, then to vermiculite and

Table 1
Average chemical composition of oxidized, transition and unoxidized zones of
the tailings at Yxsjöberg, South-Central Sweden.

Element Oxidized zone
(n=5)

Transition zone
(n=2)

Unoxidized zone
(n=11)

wt %
SiO2 46 47 45
Al2O3 7 8 7
CaO 14 15 17
Fe2O3 23 20 20
K2O 1.6 1.7 1.2
MgO 1.4 1.5 1.7
MnO 1.5 1.4 1.4
Na2O 1.4 1.5 1.5
F 1.5 2.3 2.2
S 0.5 0.7 0.9
LOI 1.9 2.2 3.6
mg/kg
As 0.8 0.7 0.6
Ba 87 89 84
Bi >250 >250 >250
Be 278 356 293
Ce 28 98 44
Co 14 19 21
Cu 570 1340 809
Cr 24 20 39
Ni 6 6 10
Pb 6.3 6 6.5
Rb 155 155 109
Sn 658 565 540
Sr 26 29 36
Tl 0.9 1.0 0.7
W 1281 574 729
Zn 266 303 304

n= number of samples.

Table 2
Average chemical composition of minerals. Units are in ppm unless otherwise indicated.

Element Amphibole (n= 4) Pyroxene (n= 2) Garnet (n=2) Helvine (n= 2) Plagioclase (n=2) Calcite (n=1) Scheelite (n= 2) Fluorite (n=2)

Al (wt %) 5 0.4 8 0.26 12. 0.03 0.02 0.01
Ca (wt %) 8 19 2 1 5 51 19 49
Fe (wt %) 20 22 7.5 39 0.06 0.4 0.01 0.08
K (wt %) 1.01 0.02 0.30 0.05 0.07 < 0.01 < 0.01 0.01
Mg (wt %) 2 0.64 0.08 0.07 < 0.01 0.48 < 0.01 < 0.01
Mn (wt %) 0.92 2 5 8 0.01 0.13 < 0.1 < 0.1
Sn (wt %) 0.15 0.02 0.08 < 0.01 < 0.01 b.d. < 0.01 < 0.01
W(wt %) 0.02 0.01 0.01 0.04 0.01 < 0.01 60 0.01
Be 0.02 0.04 0.01 4 0.03 < 0.01 < 0.01 0.03
Ce 19 4 11 13 2 3 54 6
Cu 22 45 b.d. 2397 8 b.d. b.d. 3
Rb 19 5 16 26 8 0.13 3 0.12
Sr 7 3 2 1 73 55 126 7
Tl 0.3 b.d. b.d. 0.3 b.d. b.d. b.d. b.d.
Zn 0.04 0.06 <0.01 4.2 < 0.01 < 0.01 < 0.01 < 0.01

b.d.= below detection limit. K-feldspar was not analyzed because there was not enough sample.
Elemental concentrations of some minerals are very high that presenting them in ppm level is difficult to read. Hence have been converted to wt%.
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ultimately to kaolinite. During this process, some Fe2+ in the octahe-
dral site is oxidized to Fe3+, followed by loss of interlayer cation K+

and other cations including Rb+ and Sr2+. The release of the interlayer
cations maybe coupled with exchange for cations in solution (Rebertus

et al., 1986; Acker and Bricker, 1992; Clow et al., 1997). Thus, the
leaching of the radiogenic 87Sr from the interlayer sites of biotite would
lead to an increase of 87Sr/86Sr in the aqueous phase and a potential
decrease in the residual biotite (Ismail, 1969; Cleaves et al., 1970).

K-feldspar is likely to also release radiogenic 87Sr into solution since
it is weathered in the tailings. This is because Sr is not well accom-
modated in the K-feldspar structure and is therefore preferentially re-
leased upon dissolution during early weathering (Bullen et al., 1996;
Berner and Holdren, 1977, 1979; Lasaga and Blum, 1986; Gautier et al.,
1994). These are likely processes occurring within the oxidized zone of
the tailings, as evidenced by the very radiogenic 87Sr/86Sr signatures
released into the water-soluble phase (Fig. 4). Although there is a
corresponding decrease in 87Sr/86Sr of the solid tailings phase, the
measured bulk solid ratio represents a weighted average of all the mi-
nerals present (Bain and Bacon, 1994). Shand et al. (2009) state that
this whole rock 87Sr/86Sr ratio is of little relevance in understanding the
weathering processes. Furthermore, since biotite and K-feldspar are Rb

Table 3
Chemical and 87Sr/86Sr composition of the water-soluble phases. All units for chemistry are in μg/L except for Ca and K which are in mg/L. Ca/K is a molar ratio.

Sample Depth [cm] pH Al Be Ca Ce Cu Fe K Mg Mn Rb SO42- Sr Tl W Zn Ca/K 87Sr/86Sr (± 2σ)b Remarks

MS 1_BT 10 4.5 1565 15 6 0.3 144 129 5 291 261 33 16 1.6 0.1 0.007 21 1.2 3.21311 ± 0.00037
MS 2_BT 20 4.4 1830 25 9 0.7 96.6 283 8 591 631 94 29 1.5 0.3 b.d 28 1.1 5.87552 ± 0.00059
MS 3_BT 30 3.9 3075 44 16 1 656 2118 9 1093 1367 179 60 2.3 1 b.d 44 1.7 2.97758 ± 0.00028 OZ
MS 4_BT 40 3.7 9471 193 214 41 1633 18678 13 2753 3326 434 593 15 3 0.007 194 16 3.15216 ± 0.00037
MS 5_BT 48 3.6 18594 455 441 264 1447 4245 25 2828 2398 645 1106 39 4 0.012 489 18 2.44479 ± 0.00042

MS 6_BT 49 5.3 494 87 127 7 22 2 5 475 496 121 257 18 1 0.2 7 25 1.37404 ± 0.00034
MS 7_BT 63 6.3 324 5 62 0.3 3 b.d 4 230 144 82 84 10 0.1 3 0.1 16 1.68844 ± 0.00037 TZ

MS 8_BT 100 7.3 189 8 211 0.1 2 b.d 7 485 236 135 469 23 0.2 13 2 30 1.61450 ± 0.00032
MS 9_BT 120 6.7 14 11 615 0.1 7 b.d 12 634 771 255 1369 54 0.4 2 20 51 1.48825 ± 0.00032
MS 10_BT 150 6.8 12 7 590 0.12 9 72 11 768 577 221 1322 56 0.4 6 10 54 1.39691 ± 0.00024
MS 11_BT 157 6.9 2 0.1 525 0.03 3 b.d 11 1247 579 199 1205 48 0.4 1.3 1 48 1.37118 ± 0.00031
MS 12_BT 177 7.2 46 0.4 65 0.02 3 b.d 7 870 77 91 150 11 0.1 48 1 9 1.55971 ± 0.00035 UZ
MS 13_BT 240 7.4 82 1 56 0.01 2 1 7 553 71 100 130 7 0.1 43 0.1 8 2.16340 ± 0.00059
MS 14_BT 309 7.6 118 0.4 41 0.01 2 2 7 495 58 75 92 6 0.1 54 1 6 2.00104 ± 0.00046
MS 15_BT 360 7.9 107 0.4 27 0.03 2. 9 6 447 30 54 60 5 0.1 33 1 5 1.89063 ± 0.00034
MS 16_BT 480 7.7 176 0.4 38 0.02 1 3 5 505 29 59 90 6 0.1 42 1 8 1.71599 ± 0.00031
MS 17_BT 500 7.6 166 0.1 86 0.04 2 b.d 8 1244 32 102 201 16 0.2 26 1 11 1.63410 ± 0.00036
MS 18_BTa 600 7.3 42 1 251 0.13 3 3 10 4910 2414 147 576 64 0.3 1.2 7 25 1.03697 ± 0.00050

a Bottom of tailings consisting of a mixture of tailings and till. b.d.= below detection limit (0.5 μg/L for Fe and 0.005 μg/L for W). OZ= oxidized zone; TZ:
transition zone; UZ=unoxidized zone.

b Standard deviations (SD) from independent consequintive measurements.

Table 4
Average 87Sr/86Sr composition of ore minerals from the Yxsjöberg
Cu-W skarn mine.

Mineral name 87Sr/86Sr (± 2σ)a

Amphibole (n= 4) 0.812393 ± 0.000048
Pyroxene ((n= 2) 0.721863 ± 0.000043
Garnet (n= 2) 0.810703 ± 0.000020
Helvine (n= 2) 1.201087 ± 0.000062
Plagioclase (n= 2) 0.711426 ± 0.000043
K-feldspar (n=1) 2.398424 ± 0.000021
Calcite (n= 1) 0.716258 ± 0.000081
Fluorite (n= 2) 0.708572 ± 0.000056
Scheelite (n= 2) 0.708576 ± 0.000050

n=number of different mineral grains analyzed.
a Standard deviations from independent consequintive measure-

ments.

Fig. 3. Sr isotope ratios in minerals extracted from drill cores from the ore.
n= number of minerals analyzed. Abbreviations: Am=amphibole;
Px= pyroxene; Grt= garnet; Hel= helvine; Pl= plagioclase; Kfs= K-feld-
spar; Cal= calcite; Fl= fluorite; Sch= scheelite.

Table 5
87Sr/86Sr composition of the solid tailings material.

Sample Depth (cm) pH 87Sr/86Sr (± 2σ)1 Remarks
MS_TL_1 10 4.5 0.847866 ± 0.000050
MS_TL_ 2 20 4.4 1.039981 ± 0.000044
MS_TL_3 30 3.9 1.022534 ± 0.000043 OX
MS_TL_4 40 3.7 1.209507 ± 0.000056
MS_TL_5 48 3.6 1.266403 ± 0.000060

MS_TL_6 49 5.3 1.067879 ± 0.000041
MS_TL_7 63 6.3 0.926600 ± 0.000051 TZ

MS_TL_8 100 7.3 0.847043 ± 0.000050
MS_TL_9 120 6.7 0.976202 ± 0.000020
MS_TL_10 150 6.8 1.051692 ± 0.000040
MS_TL_11 157 6.9 0.903770 ± 0.000060
MS_TL_12 177 7.2 0.892488 ± 0.000047 UZ
MS_TL_13 240 7.4 0.865928 ± 0.000051
MS_TL_14 309 7.6 0.853166 ± 0.000040
MS_TL_15 360 7.9 0.832926 ± 0.000040
MS_TL_16 480 7.7 0.862578 ± 0.000045
MS_TL_17 500 7.6 0.888672 ± 0.000050
MS_TL_18 600 7.3 0.764519 ± 0.000042

OX=oxidized zone; TZ=Transition zone; UZ=unoxidized zone. 1Standard
deviation from independent consequintive measurements.
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and K-rich but Sr and Ca-poor, weathering of these minerals is expected
to produce high Rb/Sr and low Ca/K ratios into solution. In Table 3 and
Fig. 7, the Ca/K ratios of the water-soluble phase in the upper 30 cm of
the oxidized zone shows very low values compared to all other depths,
ranging from 1.1 to 1.7. This is consistent with the expected trend and
gives credence to the fact that the 87Sr/86Sr ratios of the water-soluble
phase is regulated by biotite/K-feldspar weathering. This low Ca/K
ratio may also indicate that Ca from the dissolution of Ca-bearing-mi-
nerals including calcite have moved downward in the profile.

However, at 20 cm depth, the 87Sr/86Sr ratio depicts the signature of
a highly radiogenic mineral. Detailed mineralogical studies identified
radiogenic minerals such as biotite, K-feldspar and muscovite at this
depth. If biotite/K-feldspar weathering were the sources of this highly
radiogenic 87Sr/86Sr ratios, then the measured Ca/K and 87Sr/86Sr ra-
tios should be similar to that of 10 and 30 cm depths. Although the Ca/
K ratio corresponds with that of 10 and 30 cm depths, the 87Sr/86Sr
ratio is almost twice that expected from biotite/K-feldspar dissolution.
Alternatively, muscovite, which is considered to possess one of the
highest 87Sr/86Sr ratio of any mineral (Blum and Erel, 1997) could be
the source of this highly radiogenic 87Sr/86Sr. For example, very high
87Sr/86Sr ratio ranging from 6.96 to 11.78 have been recorded in some
weathered muscovites from the Congo (Clauer, 1980).

In the lower parts (40–48 cm depths) of the oxidized zone, the
87Sr/86Sr ratios in the water soluble phase suggests weathering of
radiogenic minerals including biotite and K-feldspar but the high Ca/K
ratios (Table 3 and Fig. 6) are in contrast to what is expected from only
these minerals. This indicates that other sources are contributing to the
excess Ca concentrations. Possible sources could include the dissolution
of gypsum with an accumulated Ca concentration from leachate that
has been transported downwards from the upper profiles, weathering of
other Ca-bearing minerals such as amphibole, pyroxene, calcic-plagio-
clase, garnet, fluorite or through exchangeable sites of clay minerals
identified at these depths.

K-feldspar and biotite weathering can lead to the formation of clay
minerals such as illite, kaolinite and vermiculite (Acker and Bricker,
1992). In low temperature environments such as mine tailings, clay and
other secondary minerals (e.g. gypsum) are common occurrences in the
low pH oxidation zone (Dold, 2003; Johnson and DePaolo, 1997). Due
to the cation exchange capacity (CEC) of clay minerals (Appelo and
Postma, 1993), they are able to retain some of the radiogenic 87Sr from
their parent material (Bullen et al., 1996; Blum and Erel, 1997). This
may explain the high 87Sr/86Sr ratios recorded in the solid tailings
phase at these depths (Fig. 4a). In addition, cations such as Ca2+,
Mg2+, Na+ and K+ could be scavenged by the clay minerals (Rayment
and Higgisson, 1992) from downward movement of water. However,
under acidic conditions as exhibited in this lower part of the oxidized
zone, their CEC decrease leading to the release of Ca2+, Mg2+, Na+ and
K+ into solution and taking up H+ (McKenzie et al., 2004). This could

Fig. 4. 87Sr/86Sr ratios distribution in (a) tailings and (b) water-soluble phase from Smaltjärnen impoundment at Yxsjöberg mine site. Note the differences in scale.

Fig. 5. 87Sr/86Sr vs. Sr concentrations of the tailings. The black curve represents
a potential mixing relationship.
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partly account for the increased Ca/K ratios at these depths (Table 3).
Gypsum precipitation is expected to incorporate the isotopic sig-

nature together with other elements of the solute from which it formed.
However, gypsum is an unstable phase in many environments and
subsequent dissolution would release the isotopic composition of its
source solute, together with Ca2+ and sulfate (SO4

2−). Furthermore,
gypsum dissolution has been reported to be accompanied by small
amounts of Tl (Lindsay et al., 2011). In this study, Tl displays a similar
trend as Ca and SO4

2− (Fig. 2), in agreement with the findings of stu-
dies elsewhere. Gypsum dissolution could also partly explain the in-
creased Ca/K ratios.

Dissolution of amphibole, pyroxene, calcic-plagioclase, fluorite and
scheelite are enhanced under acidic conditions, contributing Ca, Mg, Fe
and F− into solution (Schott et al., 1981; Franke and Teschner-

Steinhardt, 1994; Brantley et al., 1998; Wong et al., 2003) as shown in
Fig. 2. Although scheelite is weathered at this low pH, W which is the
prominent constituent was barely detected in solution (Fig. 2). This is
because W is an oxyanion and could be sorbed to oxy-hydroxides at low
pH (Johannesson et al., 2013) in the oxidized zone. Amphibole and
helvine contained Ce in moderate concentrations and are the only di-
rectly analyzed minerals in this study showing traces of Tl. The highest
concentration of dissolved Ce and Tl were recorded at these depths
which gives indication of the possible weathering of amphibole and
helvine. However, the amphibole and helvine account for only 5% of
the Ce concentration in the water-soluble phase (unpublished data). La-
Ce-Nd carbonates have been reported to occur as inclusions in fluorite
(Öhlander et al., unpublished data) and may account for the remaining
Ce in addition to that from allanite and apatite identified in the tailings.
In addition, relatively high Be concentrations further supports the ar-
gument of possible helvine dissolution in the lower part of the oxidized
zone. Akin to gypsum, precipitation of Al and Fe (oxy)hydroxides could
also incorporate Sr isotopic signature of its source leachate. Subsequent
dissolution as pH decrease (pH < 5) would result in the release of its
isotopic signature coupled with Al3+, Fe3+ and other metals into so-
lution.

4.2.2. Transition and unoxidized zones
There is a major shift from the very radiogenic 87Sr/86Sr ratios re-

corded in the water-soluble phase in oxidized zone to less radiogenic
ones in the transition and unoxidized zones (Fig. 4).

Calcite dissolution has been shown to produce pore-water with pH
values ranging between 6.5 and 7.0, and releasing Ca into solution in
the process (e.g. Johnson et al., 2000). Mineralogical characterization
(Fig. 8) shows calcite weathering in the transition zone and this

Table 6
Mineralogy of some selected profiles in the tailings using microscopy, XRD, Raman spectroscopy and QEMSCAN.

Depth (cm) Am Px Bt Kfs Pl Grt Fl Cal Sch Hel Gp Ms Hem/Mag Oxy Cm Remarks

10 xx x xx xx x x x x x
20 xx x xx xx x x x xx x x
30 xx x xx xx x x x x x OX
40 xx x xx xx x x xx x x xx x xx
48 x x xx xx x x x x x x x x xx
49 xx xx xxx xx xx xx xx xx x x x x

63 xx xx xxx xxx xx xx xx xx x x x xx x xxx TZ

100 xx xx xxx xxx xx xx xx xxx x xx x x xx
150 xx xx xxx xx xxx xx xx xxx x xx x x xx UZ
500 xx xx xx xxx xxx xx xx xxx x x x

xxx= abundant, xx= present and x=detected. Abbreviations: OX=oxidized zone; TZ= transition zone; UZ=unoxidized zone; Am=amphibole; Px= pyroxene;
Bt= biotite; Grt= garnet.
Kfs=K-feldspar; Pl= plagioclase; Fl= fluorite; Cal= calcite; Sch= scheelite; Hel= helvine; Gp= gypsum; Ms=muscovite; Hem=hematite; Gt= goethite;
Mag=magnetite; Cm=clay minerals; Oxy= oxyhydroxides.

Fig. 6. 87Sr/86Sr vs. Sr concentrations of the water-soluble phase. The red curve
represents a mixing relationship similar to the one in Fig. 5. Rainfall data is an
average value from Åberg et al. (1989). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 7. Ca/K ratios (molar units) in the water-soluble phase of the Yxsjöberg
mine tailings.
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explains the increased pH (5.3–6.3) in this zone. If calcite should be the
only and major dissolving mineral in this zone, then the expected hy-
pothetical 87Sr/86Sr ratios in the water-soluble phase should be around
0.716258 (based on measured 87Sr/86Sr of calcite) since calcite dis-
solves stoichiometrically (White et al., 1998; Clow et al., 1997). The
contrary is however seen, as the 87Sr/86Sr ratio is far higher than ex-
pected if calcite was the only contributor to Sr. This indicates that there
might be an additional contribution from other source (s). The 87Sr/86Sr
ratio of the water-soluble phase in the transition zone is similar to the
measured ratio in one of the helvine minerals (87Sr/86Sr= 1.36664)
and suggests the influence of helvine. Helvine weathering is supported
by the small signatures of Be, Ce and Tl in solution (Fig. 2 and Table 3).
In addition, an increase in pH (5.3–6.3) as a result of calcite dissolution
has favoured the precipitation of amorphous metal hydroxides (Fig. 8)
(Blowes et al., 2003; Moncur et al., 2005). The precipitation of Al and
Fe (oxy)hydroxides could explain the depletion of Al and Fe con-
centrations in solution (Fig. 2). This zone also shows enrichment of Cu
in the solid tailings phase. Several studies (e.g. Dold and Fontboté,
2001; Alakangas and Öhlander, 2006; Lindsay et al., 2011) have shown
that the formation of these secondary minerals can serve as important
sinks for Cu. However, selective leaching of the tailings (unpublished
results) indicates Cu to be preferentially associated with secondary Cu
sulphides in this zone.

In the upper part of the unoxidized zone especially between 120 and
157 cm depths, the measured 87Sr/86Sr ratios (1.37118–1.48825) in the
water-soluble phase are close to that of one of the helvine minerals
(1.36664). In addition, consistent peaks of Be, Zn and Tl were observed

at the same depths and point to helvine dissolution. However, the
measured pH (6.7–7.3) at these depths may not favour the dissolution
of helvine. Analogous to the observations in the lower part of the oxi-
dized zone, Ca and SO4

2− also display similar and prominent peaks at
the same depths as Be, Zn and Tl (Fig. 2). This could be an indication of
gypsum dissolution. Gypsum accumulation below the oxidation zone
has been reported in the Green Creek tailings in Canada (Lindsay et al.,
2011) and also in this study (Table 6). Considering that 87Sr/86Sr ratios
are not affected by dilution, the observed 87Sr/86Sr ratios suggest that
the leachate from which the gypsum precipitated had an isotopic
composition of helvine. In addition, Be, Zn and Tl from helvine may
have been transported downwards and co-precipitated with gypsum.
High Ca concentrations from gypsum dissolution may also explain the
distinctive high Ca/K ratios at these depths (Table 3). The observed
increased in 87Sr/86Sr ratios in solid tailings especially at 150 cm depths
suggests it is being retained in oxyhydroxides. Similar observation has
been reported by Bullen et al. (1996) in soil chronosequence on gran-
itoid alluvium in California, USA.

Below 157 cm depth, higher 87Sr/86Sr ratios are recorded in the
water-soluble phase compared to the upper part of the unoxidized zone.
Furthermore, elevated concentrations of W were measured signifying
possible weathering of scheelite but mineralogical studies do not show
any evidence of scheelite weathering at these depths. The W may have
been transported from the oxidized and transition zones to the un-
oxidized zone, becoming highly soluble with increased pH due to the
fact that it is an oxyanion. Ironically, the measured 87Sr/86Sr ratios are
far higher (1.0370–2.1634) than that expected of scheelite (0.708576).

Fig. 8. Photomicrographs of the Yxsjöberg tailings showing (A) at 20 cm depth (MS 2_BT) chloritized biotite (Bt) in plain transmitted light (B) typical replacement of
plagioclase (Pl) by fine-grained muscovite (Ms; sericite) in transmitted light with crossed polarizers (C) at 49 cm depth (MS 6_BT) Fe-oxyhydroxide (Fe-oxy) in
transmitted light with crossed polarizers in the transition zone and (D) at 63 cm depth (MS 7_BT) weathered calcite (Cal) in transmitted light with crossed polarizers
in the transition zone.
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This suggests contribution from other source(s). Two possible scenarios
or processes may explain the radiogenic values encountered at these
depths. (i) the high 87Sr/86Sr ratios ranging from 1.8906 to 2.1634
(especially between 240 and 360 cm depths) in the water-soluble phase
could indicate signature of biotite. Few biotite minerals showed signs of
weathering in this zone and this was not expected considering the pH
conditions. This may likely be a function of the depositional processes.
Sr losses from biotite have been reported to be rapid compared to that
from plagioclase (Clow et al., 1997). Hence, they may not behave si-
milarly to stoichiometric components such as Na and K in chemical
behaviour (Bullen et al., 1996). Therefore, the radiogenic 87Sr/86Sr
could partly be attributed to biotite. (ii) groundwater could be the other
alternate source of the radiogenic Sr encountered. Studies by Wortberg
et al. (2017), Land et al. (2000) and Peltola et al. (2008) in northern
and southern Sweden have shown that groundwater could be a source
of radiogenic Sr to soil water. Although the groundwater table was
encountered at 500 cm below ground surface as at the time of drilling
(Autumn, 2016), this is expected to rise during the snow melt in the
Spring season. Recent (Spring 2018) groundwater level measurement
indicates a rise of groundwater level by 30 cm since the last measure-
ment. Assuming a conservative groundwater rise of 30 cm during the
spring floods, it could introduce variable radiogenic Sr signatures as
they mix with pore water up to approximately 470 cm depths. This
interpretation may not be conclusive at this stage of the investigation
and requires additional 87Sr/86Sr analysis of groundwater.

5. Conclusions

87Sr/86Sr ratios and chemical data have been used as complimentary
tools to unravel geochemical processes in abandoned Cu-W skarn tail-
ings in Yxsjöberg, South-Central Sweden. The tailings have undergone
sulphide oxidation and silicate weathering especially in the upper
48 cm of the tailings for about 30 years. The sulphide oxidation has
produced low pH (3.6–4.5) leachates with elevated concentrations of
metals such as Fe, Cu, Zn and SO4

2−. Radiogenic 87Sr/86Sr ratios in the
water-soluble phase of the low-pH oxidized zone indicates the weath-
ering of biotite, K-feldspar and muscovite. However, an increase in Ca/
K ratios in the lower part of the oxidized zone suggests the weathering
of Ca-bearing minerals including amphibole, fluorite, garnet, plagio-
clase, pyroxene and likely cation exchange processes by clay minerals.
A good correlation between Ca and SO4

2− also indicates gypsum dis-
solution. In the transition zone which directly underlies the oxidized
zone, an increase of pH (5.3–6.3) due to calcite dissolution has led to
precipitation of oxyhydroxides and decreased metal concentrations in
the water-soluble phase. The 87Sr/86Sr ratios in the water soluble phase
in this zone however points to the dissolution of helvine. Below the
transition zone lies the unoxidized zone with a pH range of 6.3 and 7.9
and depletion of metals in solution. Peaks of Be, Ca, SO4

2−, Tl and Zn
observed in the water-soluble phase of the upper part of unoxidized
zone suggests helvine and gypsum dissolution. The 87Sr/86Sr ratios are
similar to that of helvine but helvine dissolution may not favoured
under the measured pH conditions. Two scenarios are suggested:
Firstly, gypsum precipitated from a percolating leachate with an iso-
topic (87Sr/86Sr) signature of helvine. Secondly, gypsum co-precipitated
with Be, Tl and Zn. 87Sr/86Sr ratios and W concentrations in the lower
part of the unoxidized zone suggests the influence of scheelite and
biotite/K-feldspar as well as the possible influence of groundwater.
Results of this study highlights the importance of Sr isotopes in dis-
criminating between solutes sources and geochemical processes. It also
provides basis for the consideration of 87Sr/86Sr ratios in geochemical
studies in mine wastes environments.
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A B S T R A C T   

Improved remediation strategies or predictive modelling of acid mine drainage (AMD) sites, require detailed 
understanding of the sulphide oxidation reaction pathways, as well as pollutant-source characterisation. In this 
study, ore minerals, solids and water-soluble fractions of an oxidising Cu–W–F skarn tailings in Yxsj€oberg, Sweden, 
were chemically and isotopically (δ34S and δ18O) characterised to reveal sulphate (SO4

2� ) sources, sulphide 
oxidation reaction pathways and historical environmental conditions in the tailings. δ34S was additionally used to 
trace the weathering of danalite [(Fe,Mn,Zn)4Be3(SiO4)3S], a rare and unstable sulphur-bearing silicate mineral 
containing high concentrations of beryllium (Be) and zinc (Zn). Eighteen subsamples from a drill core of the 
tailings were subjected to batch leaching tests to obtain water-soluble fractions, which reflected both existing pore- 
waters and easily-soluble secondary minerals. The tailings were categorised into three geochemical zones: (i) 
oxidised zone (OZ), (ii) transition zone (TZ) and (iii) unoxidised zone (UZ), based on prevailing pH, elemental 
concentrations and colour. The upper OZ (UOZ) showed a sharp depletion of sulphur (S) and relatively higher 
δ18OSO4 values (� 3.0 to þ0.1‰) whereas the underlying lower OZ (LOZ) showed S accumulation and lower 
δ18OSO4 values (� 4.6 to � 4.2‰). The higher δ18OSO4 suggested the role of atmospheric oxygen, O2 (as oxidant), 
contribution of evaporated rainwaters and/or evaporation in the upper zones of the tailings. The lower δ18OSO4 
values were indicative of ferric iron (Fe3þ) as oxidant and the possible incorporation of 16O into SO4

2� during its 
formation, most probably from snow melt or depleted rainwater. The δ34SSO4 values in the OZ (þ2.3 to þ2.4‰) 
suggested SO4

2� from pyrrhotite oxidation in the UOZ which has been subsequently mobilised to the LOZ. Low δ34S 
fractionation (þ0.2 to þ1.9‰) between SO4

2� in the OZ and pyrrhotite, as well as the low δ18OSO4 values in the LOZ 
suggested the complete oxidation of pyrrhotite by Fe3þ, signalling that previously, a low pH (<3) prevailed in the 
tailings. Mineralogical observations confirmed that pyrrhotite was completely oxidised in the UOZ, with the 
formation of hydrous ferric oxides (HFOs) coatings. The observed current high δ18OSO4 and pH (3.9–4.5) values in 
the UOZ were attributed to decreased oxidation rate and silicate buffering, limiting the availability of aqueous Fe3þ

and subsequent formation of HFOs. The δ34SSO4 signatures of the water-soluble SO4
2� in the TZ and UUZ suggested 

the dissolution of gypsum which precipitated from a leachate from the weathering of danalite in the UOZ. In the 
middle UZ, the δ34SSO4 (� 0.8 to þ0.6‰) and δ18OSO4 (� 1.8 to � 1.0‰) signatures corresponded to SO4

2� from a 
mixture of pyrite, pyrrhotite and chalcopyrite oxidation by O2 at the LOZ (i.e. oxidation front). Negative δ34S 
fractionation values (� 3.0 to � 1.6‰) between these minerals and the water-soluble SO4

2� were attributed to the 
potential formation of intermediate S species, due to the partial oxidation of the sulphides. Consequently, the S 
accumulation in the LOZ could be due to the likely formation of the intermediate S species and secondary pyrite 
identified in this zone. The lower UZ coincided with the groundwater table and registered consistent negative 
δ34SSO4 (� 2.6 to � 1.8‰) and δ18OSO4 (� 7.6 to � 4.4‰) values. These signatures were hypothesised to be 
controlled by SO4

2� from the mineralisation of organic S in peat underneath the tailings and/or H2S oxidation, with 
possible contribution from sulphide oxidation in the tailings. This study highlights the usefulness of δ34S and δ18O 
as tracers of geochemical processes and environmental conditions that have existed in the tailings.  

* Corresponding author. 
E-mail address: musah.salifu@ltu.se (M. Salifu).  

Contents lists available at ScienceDirect 

Applied Geochemistry 

journal homepage: http://www.elsevier.com/locate/apgeochem 

https://doi.org/10.1016/j.apgeochem.2019.104426 
Received 28 March 2019; Received in revised form 19 September 2019; Accepted 23 September 2019   



Applied Geochemistry 110 (2019) 104426

2

1. Introduction 

Historical mining activities have generated large amounts of mine 
wastes such as tailings which constitute the largest industrial wastes 
worldwide (Lottermoser, 2007). These wastes are often 
sulphide-bearing, which may result in negative environmental impacts 
due to the oxidative weathering of the sulphide minerals, resulting in 
the production of sulphate (SO4

2� ) and low pH leachates commonly 
known as acid mine drainage (AMD) (e.g. Nordstrom and Alpers, 
1999). These AMD are usually metal-rich and can contain toxic and 
potentially hazardous metals such as arsenic (As), cadmium (Cd), 
copper (Cu) and lead (Pb) which could be transported and released 
into soils, groundwater and nearby surface water bodies, thereby 
affecting aquatic ecosystems and drinking water quality (e.g. Rimstidt 
and Vaughan, 2003; Nordstrom, 2009). The oxidation of sulphide 
minerals, particularly pyrite and pyrrhotite is regulated primarily by 
two oxidants; molecular oxygen (O2) and ferric iron (Fe3þ). For 
example, the oxidation of pyrrhotite by O2 and Fe3þ is summarised in 
equations (1) and (2) (e.g. Nicholson and Scharer, 1994; Janzen et al., 
2000), respectively. 

Feð1� XÞSðsÞ þ ð2 �
1
2

XÞO2 þ XH2O ð1¼XÞFe2þ þ SO2�
4 þ 2XHþ (1)   

Fe(1-x)S(s) þ (8 - 2x)Fe3þ þ 4H2O (9-3x)Fe2þ þ SO4
2� þ8Hþ (2) 

where x ranges between 0 and 0.125. 
According to equations (1) and (2), oxygen in SO4

2� may either 
originate from atmospheric-derived oxygen and meteoric water or 
solely meteoric water (e.g. Heidel and Tichomirowa, 2011; Toran and 
Harris, 1989; Taylor et al., 1984a). There is a large contrast in the 
oxygen (O) isotope values of these two sources (δ18OO2 ¼ þ23.5‰ and 
δ18OH2O < 0‰ for atmospheric-derived oxygen and meteoric water, 
respectively) which offers the opportunity to elucidate possible 
oxidation reaction pathways of sulphides based on measured δ18OSO4 
values (Taylor et al., 1984a). In addition, the sulphur (S) isotope 
composition of SO4

2� (δ34SSO4) from sulphide oxidation is considered to 
generally undergo negligible or minimal isotopic fractionation espe-
cially under acidic conditions (Kroopnick and Craig, 1972; Taylor 
et al., 1984b). Therefore, measuring the S isotope (δ34SSO4) could be 
used as a tracer of the SO4

2� source(s) and related geochemical 
processes. 

In this study, S (δ34S) and O (δ18O) isotopes of abundant ore min-
erals from the study area and water-soluble fractions of tailings have 
been used with the aim to identify SO4

2� sources, elucidate possible 
sulphide oxidation reaction pathways and track historical environ-
mental conditions during the oxidation reactions in an abandoned 
Cu–W–F skarn tailings deposit in Yxsj€oberg, Sweden. Unique to this 
study is the presence of danalite [(Fe, Mn, Zn)4Be3(SiO4)3S], which is a 
rare, sulphur–bearing silicate mineral belonging to the helvite group 
(Burt, 1988) and known to be easily weathered due to the presence of 
divalent S, which can be easily oxidised (Hormann, 1969). Approxi-
mately 40% of the beryllium (Be) and zinc (Zn) in the tailings are 
hosted in danalite, with the rest residing in amphibole, pyroxene, 
plagioclase and sphalerite (H€allstr€om et al., 2018). High concentrations 
of Be and Zn have been shown to be toxic and can cause diseases such 
as lung cancer (Schubauer-Berigan et al., 2011). Hence, danalite 
weathering in the tailings could have a negative impact in the envi-
ronment, potentially polluting water resources. However, a recent 
study by H€allstr€om et al. (2018) from the same tailings could not 
observe danalite weathering by optical microscopy and SEM-EDS. In 
view of this, S isotope has been employed in this study aiming to also 
trace danalite weathering, with subsequent resulting-sulphate forma-
tion. Knowledge of these processes in the tailings are central to 
developing appropriate remediation strategies of AMD at legacy sites 
such as that of Yxsj€oberg. 

2. Materials and methods 

2.1. Yxsj€oberg Cu–W–F skarn mine tailings 

The study site is located at Yxsj€oberg in south-central Sweden within 
the Bergslagen geological province in the Ljusnarsberg Municipality 
(Ohlsson, 1979; Romer and €Ohlander, 1994). At Yxsj€oberg, two different 
tailings deposits, namely: Smaltj€arnen and Morkulltj€arnen repositories, 
are present. These large piles of tailings were generated during mining of 
copper (Cu), tungsten (W) and fluorine (F) from the Yxsj€oberg Cu–W–F 
skarn deposit (Magnusson, 1940; Ohlsson, 1979; H€oglund et al., 2004). 
The skarn deposit comprises three different ore bodies namely; Kvar-
nåsen, N€avergruvan and Finngruvan, which have been interpreted to have 
formed through selective replacement of calcitic limestone interbedded 
in acid metavolcanites, with minor amounts of quartz and feldspar 
contained in the calcitic limestone (Ohlsson, 1979). Fluorite, chalco-
pyrite, pyrrhotite, scheelite, magnetite and plagioclase are the dominant 
minerals in the skarn whereas calcite, pyroxene, amphibole, garnet, 
biotite, wolframite, sphalerite, helvine, pyrite, chlorite, zircon, hema-
tite, marcasite, covellite, ilmenite and uraninite occur as accessory 
minerals (Lindroth, 1922; Ohlsson, 1979). The Smaltj€arnen repository 
(Fig. 1), which is the subject of this study, originated from the mining of 
Cu, F and W between 1887 and 1963. It is the oldest among the two 
repositories and estimated to contain 2.8 million tons of tailings 
(H€oglund et al., 2004). The Smaltj€arnen repository has been described as 
an open system because it is not surrounded by a dam and is directly 
exposed to oxidising conditions (Salifu et al., 2018). This has led to 
sulphide oxidation and subsequent weathering of other minerals 
including silicates, oxides and fluorite (H€allstr€om et al., 2018). Annual 
average precipitation and temperature values of 730 mm and 11 �C, 
respectively, have been reported for the Yxsj€oberg area (SMHI, 2016). 

The Smaltj€arnen tailings have previously been categorised by their 
chemical compositions, pH and colour, into three geochemical zones, 
namely: oxidised zone (OZ), transition zone (TZ) and unoxidised zone 
(UZ) (Salifu et al., 2018). The OZ was observed to extend to a depth of 
48 cm from the tailings surface and was characterised by low pH 
(3.6–4.5), depletion of S and associated elements such as cobalt (Co), 
copper (Cu), nickel (Ni) and Zn. Below the OZ laid a 16 cm thick TZ 
(49–63 cm depths) with an increased pH (5.3–6.3) and less depletion of 
Co, Cu, Ni, S and Zn relative to the OZ. The UZ (100–600 cm depths) 
displayed a high pH (6.2–7.9) compared to the OZ and TZ, with no 
depletion of S and its related elements (Salifu et al., 2018). For purposes 
of convenience of discussions in this study, the UZ has been further 
divided into three parts, namely: upper unoxidised zone (UUZ; 
100–157 cm depths), middle unoxidised zone (MUZ; 177–360 cm 
depths) and lower unoxidised zone (LUZ; 480–600 cm depths), based on 
δ34SSO4 and δ18OSO4 values. 

Mineralogical characterisation of the tailings was carried out using 
an optical microscope (in transmitted and reflected light), X-ray 
diffraction (XRD), Raman spectroscopy and Quantitative Evaluation of 
Minerals by Scanning electron microscopy (QEMSCAN). The primary 
sulphide minerals identified in the tailings included pyrrhotite (~2.4 wt 
%), chalcopyrite (~0.2 wt%), pyrite (~0.1 wt%) and traces of sphalerite 
(H€allstr€om et al., 2018). Calcite was the main carbonate mineral in the 
tailings (~5.7 wt%). Silicates were the most abundant minerals, ac-
counting for about ~87 wt% and these included but not limited to 
biotite, plagioclase, pyroxene, amphibole, garnet, helvine (predomi-
nantly danalite), K- feldspar and muscovite. In the OZ, most of the sili-
cates such as biotite, garnet, plagioclase, pyroxene and K-feldspar were 
weathered, whereas calcite was completely depleted. Secondary min-
erals identified in the tailings included gypsum, Fe (III)-oxyhydroxides 
and clay minerals. Further details on the mineralogical composition and 
distribution in the different zones or depths of the tailings are provided 
in H€allstr€om et al. (2018) and Salifu et al. (2018), respectively. 
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2.2. Sampling and tests 

Four drill cores were collected at different locations in the tailings 
(A1, A2, A3, A4) using percussion drilling in the Smaltj€arnen repository 
(Fig. 1). These drill cores exhibited similarities in terms of mineralogy, 
chemical composition and pH across profiles (H€allstr€om et al., 2018). 
One drill core (i.e. A4) that has been recently analysed for Sr (87Sr/86Sr) 
isotopes, chemical composition and mineralogy by Salifu et al. (2018) 
was chosen for analyses of S and O isotopes. The depth of this drill core 
was 6 m below ground surface and was split into 18 subsamples of 
8–120 cm intervals. 

Pyrrhotite and danalite were hand-picked under the binocular from 
the Finngruvan and Kvarnåsen orebodies from which the tailings orig-
inated. The purity of these minerals was checked optically and estimated 
to be 97% or better. pH was measured as a paste pH using 1:1 solid to 
liquid ratio (Noble et al., 2016) with a VWR multi parameter instrument 
(MU 6100H). Batch leaching tests of the tailings samples were per-
formed with a liquid to solid (L/S) ratio of 10:1 (mL/g) in accordance 
with the procedure outlined in the Swedish Standard SS-EN 12457-2 
(Svensk Standard, 2003). Detailed information about the applied 
batch tests and paste pH measurements can be found in Salifu et al. 
(2018). Leachates from the batch leaching tests were divided into three 
subsamples for isotopes (S and O) and chemical analyses as well as pH 
measurements. Leachates from the batch leaching tests are referred to as 
water-soluble fractions in this study and are considered as a reflection of 
both existing pore-waters and easily-soluble secondary minerals in the 
tailings. Solid materials (tailings and ore minerals) were homogenised 
by grinding with an agate mortar to obtain powdered fractions prior to 
chemical and isotopic analyses. 

2.3. Analyses 

Determination of S and O isotopes composition of ore minerals and 
water-soluble fractions were carried out at the Stable Isotope Laboratory 
(SIL), Department of Geological Sciences, Stockholm University, Swe-
den. The analytical procedure for S isotopes composition of the water- 
soluble fractions involved the addition of 30% hydrochloric acid (HCl) 
to lower the pH, with the aim of getting rid of the inorganic carbonate 
which could precipitate as BaCO3. This was followed by boiling for a 
minute and then transferred onto a water bath of approximately 90 �C. 
Thereafter, 5 ml of 0.25 M BaCl was added to precipitate S as BaSO4 and 
was allowed to cool overnight. The S isotope analyses of pyrrhotite and 
danalite as well as BaSO4 were performed after conversion to SO2 in the 
presence of V2O5 and SiO2 (Yanagisawa and Sakai, 1983) with a Carlo 
Erba NC2500 elemental analyzer connected to a Finnigan MAT Delta þ

isotope ratio mass spectrometer (IRMS). The reproducibility of the S 
isotope analysis was better than �0.2%. The stable isotope composition 
of S was reported in the usual delta (δ) notation in per mil (‰) relative to 
the international standard, Vienna Canyon Diablo Troilite (V-CDT). The 
S isotopes measurements were calibrated with the following standards; 
CDT (BaSO4, þ0‰), MSS-3 (BaSO4, þ3.35‰), SSS-2 (BaSO4, þ22.8‰), 
SSS-3 (BaSO4, þ3.8‰) and NBS 127 (BaSO4, þ20.3‰). Sulphate oxygen 
isotope composition of BaSO4 was determined through a high temper-
ature pyrolysis unit coupled to a Finnigan MAT Delta V advantage IRMS. 
The 18OSO4 analyses were performed in duplicates for each sample. The 
O isotope measurements were calibrated with international reference 
materials NBS 127 (δ18O ¼ þ8.59‰), IAEA–S0-5 (δ18O ¼ þ12.13‰) 
and IAEA–S0-6 (δ18O ¼ � 11.35‰). The analytical precision was better 
than �0.3‰ for δ18O. 

All stable isotope results were expressed as:  

δ (‰) ¼ [(Rsample / Rstandard)-1] *1000                                                 (5) 

where R is the ratio of the heavy to light isotopes (R ¼ 34S/32S and 
18O/16O for S and O respectively). Unfortunately, the S contents of the 
tailings were too low to permit the determination of δ34S. 

Determination of Be, Ca, Cu, Fe, Mn and Zn contents in the water- 
soluble fractions were carried out by ALS Scandinavia AB, Luleå using 
ElementXR inductively coupled plasma-sector field mass spectrometry 
(ICP-SFMS) from ThermoScientific. Sulphate was analysed using ion 
chromatography. Ca, Cu, Fe, Mn, and Zn concentrations in the solid- 
phase tailings were measured using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) after 4 acid digestions for Zn 
and Cu. Beryllium was measured using lithium borate fusion inductively 
coupled mass spectrometry (ICP-MS). Determination of the total S was 
done using LECO induction furnace melt. Elemental analyses in the 
tailings were carried out at ALS Vancouver, Canada. 

3. Results 

3.1. Chemical compositions of the tailings and water-soluble phase 

Table 1 presents the summary of the chemical composition of the 
solid tailings. Total S contents in the OZ, TZ and UZ ranged from 0.07 to 
1.31 wt%, 0.60–0.70 wt% and 0.64–1.28 wt% respectively. The OZ 
recorded the highest contents of Fe, varying from 21 to 26 wt%. On the 
other hand, the TZ registered Fe contents between 19 and 21 wt%, 
whereas the UZ had values in the range of 15–22 wt%. The increased Fe 
contents in the OZ may be related to the formation of Fe(III)- 
oxyhydroxides. In contrast to the increased Fe contents in the OZ, Ca 

Fig. 1. Map showing the location of the Yxsj€oberg Cu–W–F skarn mine tailings deposit and sampling point for chemistry, S and O isotopes.  
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in the OZ recorded lower values (12–15 wt%) relative to that of the TZ 
(15–16 wt%) and UZ (12–19 wt%). The observed decrease in Ca con-
tents in the OZ could be mainly attributed to the depletion of calcite. 
Beryllium, Cu and Zn also showed marginal decreases in contents from 
the OZ to the UZ zone except for Cu, which recorded its highest contents 
(1255–1425 ppm) in the TZ. 

The chemical composition of the water-soluble fractions is presented 
in Table 2. The highest concentrations of all elements were recorded in 
the OZ except for Ca and SO4

2� which had their peak values in the UZ. Ca 
registered concentrations between 6 and 441 mg/L in the OZ whilst 
concentrations in the range of 62–127 mg/L and 27–615 mg/L were 
recorded in the TZ and UZ, respectively. For SO4

2� , concentrations 
ranged between 16 and 1106 μg/L in the OZ, 84–257 μg/L in the TZ and 
60–1369 μg/L in the UZ. Beryllium also had concentrations ranging 
between 15 and 455 μg/L in the OZ, 5–7 μg/L in the TZ and 0.1–11 μg/L 
in the UZ. There were large contrasts between the Cu, Fe, and Zn con-
centrations in the OZ and the underlying TZ and UZ. For example, 
whereas the Cu, Fe and Zn concentrations in the OZ ranged from 144 to 
1633 μg/L, 129–18678 μg/L and 21–489 μg/L respectively, low con-
centrations varying from 1 to 22 μg/L (for Cu), below detection limit (b. 

d)-72 μg/L (for Fe) and 0.1–20 μg/L (for Zn) were recorded for both the 
TZ and UZ combined. Even though Mn also recorded higher concen-
trations (261–3326 μg/L) particularly in the OZ, there was less variation 
between these measured concentrations and those emanating from the 
TZ (144–496 μg/L) and UZ (29–771 μg/L). 

3.2. Isotopic composition of ore-minerals (δ34S) 

The average δ34S values of ore minerals are presented in Table 3. 
Danalite recorded an average δ34S value of þ2.2‰, with range of values 
between þ2.0 and þ 2.3‰. Pyrite had the δ34S value of þ0.9‰ whereas 
chalcopyrite returned values between þ0.7 and þ 1.3‰. The δ34S of 
pyrrhotite overlapped all other sulphide minerals, ranging between 
þ0.5 and þ 2.2‰, with the highest value recorded in the one from 
Kvarnåsen. 

3.3. Isotopic composition of water-soluble fraction (δ34SSO4 and δ18OSO4) 

The distribution of δ34SSO4 and δ18OSO4 values of the water-soluble 
fractions are shown in Table 2 and Fig. 2. The measured δ34SSO4 

Table 1 
Major and trace elements composition of the tailings.  

Sample Depth (cm) pH S Fe Ca Mn Be Cu Zn Remarks 

(%) (%) (%) (%) (ppm) (ppm) (ppm) 

MS 1_BT 10 4.5 0.07 23.2 13.9 1.6 271 346 258 OZ 
MS 2_BT 20 4.4 0.1 20.9 12.3 1.4 292 456 267 
MS 3_BT 30 3.9 0.2 23.4 13.6 1.5 261 399 251 
MS 4_BT 40 3.7 1.31 26.3 15 1.6 255 734 264 
MS 5_BT 48 3.6 0.97 21.6 14.9 1.4 312 913 289 

MS 6_BT 49 5.3 0.6 20.5 14.6 1.4 360 1255 296 TZ 
MS 7_BT 63 6.3 0.7 19.4 15.7 1.3 351 1425 310 

MS 8_BT 100 6.8 0.85 21.7 18.8 1.6 332 1010 368 UUZ 
MS 9_BT 120 6.2 1.04 22 18.3 1.6 363 983 397 
MS 10_BT 150 6.4 1.24 22.4 18.3 1.4 402 874 361 
MS 11_BT 157 6.3 0.83 20 16.4 1.3 276 674 268 

MS 12_BT 177 7.2 0.69 17.7 16.9 1.2 262 856 274 MUZ 
MS 13_BT 240 7.4 0.71 20.1 16.9 1.5 294 837 317 
MS 14_BT 309 7.6 0.78 19.7 18.1 1.5 286 723 293 
MS 15_BT 360 7.9 0.64 17 17.6 1.3 256 716 273 

MS 16_BT 480 7.7 1.28 20.6 18.2 1.4 280 908 294 LUZ 
MS 17_BT 500 7.6 0.84 19.5 18.1 1.3 278 684 287 
MS 18_BT 500 7.3 0.79 14.7 12.1 0.9 194 636 215 

OX ¼ oxidised zone; TZ ¼ transition zone; UUZ ¼ upper unoxidised zone; MUZ ¼middle unoxidised zone; LUZ ¼ lower unoxidised zone. 

Table 2 
Chemical and isotopic composition of the water-soluble fractions of the tailings.  

Sample Depth pH Be Ca Cu Fe Mn Zn SO4
2- δ18OSO4 δ34SSO4 Remarks 

(cm) (μg/L) (mg/L) (μg/L) (μg/L) (μg/L) (μg/L) (μg/L) (‰) (‰) 
MS 1_BT 10 4.5 15 6 144 129 261 21 16 � 1.7 þ2.4 OX 
MS 2_BT 20 4.4 25 9 97 283 631 28 29 þ0.1 þ2.4 
MS 3_BT 30 3.9 44 16 656 2118 1367 44 60 � 3.0 þ2.3 
MS 4_BT 40 3.7 193 214 1633 18678 3326 194 593 � 4.2 þ2.4 
MS 5_BT 48 3.6 455 441 1447 4245 2398 489 1106 � 4.6 þ2.3 
MS 6_BT 49 5.3 87 127 22 2 496 7 257 � 4.0 þ2.6 TZ 
MS 7_BT 63 6.3 5 62 3 b.d 144 0.1 84 � 4.7 þ3.0 
MS 8_BT 100 6.8 8 211 2 b.d 236 2 469 � 5.2 þ3.1 UUZ 
MS 9_BT 120 6.2 11 615 7 b.d 771 20 1369 � 4.7 þ2.8 
MS 10_BT 150 6.4 7 590 9 72 577 10 1322 � 4.9 þ2.5 
MS 11_BT 157 6.3 0.1 525 3 b.d 579 1 1205 � 3.4 þ1.7 
MS 12_BT 177 7.2 0.4 65 3 b.d 77 1 150 � 1.0 � 0.8 MUZ 
MS 13_BT 240 7.4 1 56 2 1 71 0.1 130 � 1.8 þ0.6 
MS 14_BT 309 7.6 0.4 41 2 2 58 1 92 � 1.6 þ0.1 
MS 15_BT 360 7.9 0.4 27 2 9 30 1 60 � 1.1 þ0.2 
MS 16_BT 480 7.7 0.4 38 1 3 29 1 90 � 4.4 � 2.6 LUZ 
MS 17_BT 500 7.6 0.1 86 2 b.d 32 1 201 � 7.6 � 1.8 
MS 18__BT 600 7.3 1 251 3 3 2414 7 576 � 4.5 � 1.8 

OZ ¼ oxidised zone; TZ ¼ transition zone; UUZ ¼ upper unoxidised zone; MUZ ¼middle unoxidised zone; LUZ ¼ lower unoxidised zone. 
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values in the OZ formed a narrow range, varying from þ2.3 to þ2.4‰. In 
the TZ, the δ34SSO4 values ranged from þ2.6 to þ3.0‰, whereas the UZ 
had values between � 2.6 and þ 3.1‰. The δ18OSO4 values in the OZ, TZ 
and UZ ranged from � 4.6 to þ0.1‰, � 4.7 to � 4.0‰ and � 7.6 to � 1.0‰ 
respectively. 

4. Discussions 

4.1. Sulphate sources, sulphide oxidation reaction mechanisms and 
danalite weathering 

The δ34SSO4 values of the water-soluble fractions show a systematic 
decrease with depth (Fig. 2), with the highest values recorded in the 
UUZ. The δ18OSO4 values also show an overall decrease in isotopic 
composition with depth except for an increase in the MUZ (Fig. 2). In 
order to constrain the SO4

2� sources and processes regulating the 
observed S and O isotope signatures of the water-soluble fractions, a 
dual isotopic plot of S and O in the water-soluble phases and ore- 
minerals was constructed, resulting in 3 distinct geochemical zones of 
the tailings, namely: A, B and C (Fig. 3). Zone A consists of the OZ, TZ 
and UUZ whereas Zones B and C are made up of the MUZ and LUZ, 
respectively. 

4.1.1. Zone A 

4.1.1.1. Oxidised zone. The δ34SSO4 values of the water-soluble frac-
tions in the OZ (MS1-MS5) show virtually no variation (þ2.3 to þ2.4‰), 
whereas the δ18OSO4 values exhibit large variations (� 4.6 to þ0.1‰). 
The observed δ34SSO4 signatures coincide with the depletion of S, 
particularly in the upper oxidised zone, UOZ (10–30 cm depths). The 
oxidation front, i.e. the lower oxidised zone, LOZ (40–48 cm depths), 

however, shows an enrichment of S compared to the whole profile 
(Fig. 6). These water-soluble samples plot close to the range of the δ34S 
values of pyrrhotite and danalite (Fig. 3). Pyrrhotite was observed under 
optical microscopy to be weathered in the OZ and QEMSCAN data 
indicated the presence of danalite in all profiles of the tailings. Subse-
quently, danalite was confirmed with optical microscopy and Raman 
spectroscopy (Fig. 4a and b), showing characteristic Raman bands at 
165, 233, 288 and 887 cm� 1, in agreement with the RRUFF database. 
Danalite observed in the upper 10 cm (MS 1) of the tailings revealed 
porous oxidation rims, indicative of weathering processes (Fig. 4a). 
Based on the location of the water-soluble samples in Fig. 3 and the 
mineralogical observations, it is suggested that SO4

2� in the OZ emanates 
from either pyrrhotite oxidation or danalite weathering or both. 

The S isotope fractionation between pyrrhotite and the resulting 
water-soluble SO4

2� (ΔSO4-Fe (1-X) S) for the OZ ranges from þ0.2 to 
þ1.9‰, consistent with the accepted range of values reported for iso-
topic fractionation between sulphide minerals and related dissolved 
SO4

2� under acidic conditions (e.g. Taylor et al., 1984b; Seal and 
Wandless, 1997). At low pH (<3), the oxidation of sulphide to SO4

2�

results in small or insignificant S isotope fractionation (Taylor et al., 
1984a). Additionally, at pH � 3, Fe3þ is considered as the major oxidant 
of sulphides and results in the rapid weathering of the sulphides (e.g. 
Taylor et al., 1984a; Singer and Stumm, 1968), leading to complete 
oxidation of S on the sulphide surface to SO4

2� (Nakai and Jensen, 1964). 
In the UOZ of the tailings, H€allstr€om et al. (2018) observed that pyr-
rhotite has undergone extensive degree of oxidation (i.e. complete 
oxidation), which has subsequently been pseudomorph-replaced, with 
the formation of hydrous ferric oxides (HFO). It is also the same zone 
showing depletion of S. Therefore, the complete oxidation of pyrrhotite 

Table 3 
Average isotopic composition of ore minerals from the Yxsj€oberg 
Cu–W–F mine.  

Mineral name δ34S 

Pyrrhotite (n ¼ 3.). K þ1.4 ( þ 0.5 to þ 2.2)a 

Pyrrhotite (n ¼ 7). F þ1.3 ( þ 0.8 to þ 1.8)a 

Pyrrhotite (n ¼ 2) N þ0.9 ( þ 0.6 to þ 1.4)a 

Pyrrhotite (n ¼ 2). F þ1.8 ( þ 1.7 to 1.9) 
Pyrite (n ¼ 1). N þ0.9a 

Chalcopyrite (n ¼ 1). K þ0.8a 

Chalcopyrite (n ¼ 1). N þ0.7a 

Chalcopyrite (n ¼ 1) F þ1.3a 

Danalite (n ¼ 2). K þ2.2 ( þ 2.0 to þ 2.3) 

n ¼ number of samples. K¼Kvarnåsen; F¼Finngruvan and 
N¼N€avergruvan refer to the orebodies from which the minerals and 
tailings originated. Italic numbers in bracket refers to range of values. 

a Kjell Billstr€om (unpublished data). 

Fig. 2. Depth profiles of δ34SSO4 and δ13OSO4 of the water-soluble fractions of the tailings. The dashed line with inverted triangle represents the groundwater table.  

Fig. 3. A plot of δ34S versus δ18O values in the water-soluble fractions showing 
three groups A, B and C with depth locations. The vertical bands indicate the 
range of δ34S values for pyrrhotite, pyrite, chalcopyrite and danalite from ore 
minerals from the Yxsj€oberg Cu–W–F skarn deposit. cpy ¼ chalcopyrite; 
po ¼ pyrrhotite; py ¼ pyrite; Gw ¼ groundwater. 
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and S depletion in the UOZ coupled with the low S isotopic fractionation 
between the pyrrhotite and SO4

2� , suggest pyrrhotite as the main source 
of SO4

2� in the OZ. 
The δ18OSO4 values of the water-soluble fractions show a shift from 

relatively higher values (� 3.0 to þ0.1‰) in the UOZ towards lower 
values (� 4.6 to � 4.2‰) in the LOZ (Fig. 2). The δ18OSO4 signature from 
sulphide oxidation is a product of several factors including the oxidation 
reaction pathways, the isotopic composition of meteoric water and the 
presence or absence of O2 (Balci et al., 2007). The increased δ18OSO4 
values in the UOZ suggest the possible influence of atmospheric oxygen 
(O2) as oxidant. Alternatively, evaporation in the upper zones of the 
tailings and contribution of evaporated rainwaters can also influence the 
increased δ18OSO4 values. Since the upper zones of the tailings are 
directly exposed to the atmosphere, evaporation (during the summer 
months) is likely to occur in these zones, resulting in the preferential loss 
of the lighter oxygen (16O) isotope. This can partially explain the 
observed increase in the δ18OSO4 values. Furthermore, available δ18O 
and δ2H data from recent rainwater samples in the study area suggest 
evaporation of these rainwaters (from July to September) prior to 
infiltration (Salifu et al., in preparation). Hence, evaporated rainwaters 
can also explain the increased δ18OSO4 signatures. On the other hand, the 
lower values recorded in the LOZ suggest the role of Fe3þ as the major 
oxidant. The lower δ18OSO4 can also be an indication of the incorpora-
tion of isotopically-light oxygen (16O) into SO4

2� (Heidel and Ticho-
mirowa, 2011) during its formation, most probably from snow melt or 
influx of depleted rainwater (~δ18O ¼ � 8.6‰) (Salifu et al., in prepa-
ration). Consequently, the low δ18OSO4 values recorded in the LOZ 
indicate the mobilisation of the SO4

2� from the UOZ during oxidation of 
pyrrhotite by Fe3þ. 

4.1.1.2. Transition and upper unoxidised zones: danalite weathering. 
Water-soluble samples in the TZ and UUZ show a trend towards higher 

δ34SSO4 and decreasing δ18OSO4 values (except sample MS 11). The 
δ34SSO4 values in the TZ and UUZ are the highest recorded in the entire 
tailings profile, and exhibit more positive values compared to the range 
of the δ34S of both pyrrhotite and danalite (Fig. 3). In addition, water- 
soluble samples especially, in the UUZ, show consistent peaks of Be, 
Mn and Zn (Fig. 6), an indication of the possible weathering of danalite. 
However, the mineralogically-complex nature of the tailings implies 
that there can be other competing sources of Be, Mn and Zn such as 
amphibole, sphalerite and plagioclase (H€allstr€om et al., 2018). If 
danalite is weathered in this zone, then the tailings should be depleted in 
Be, Mn and Zn contents whereas the water-soluble fractions would 
portray release and possible mobilisation of these elements. Interest-
ingly, both the tailings and water-soluble fractions exhibit consistent 
peaks of Be, Mn and Zn (Fig. 6). Indeed, mineralogical studies do not 
indicate the weathering of danalite in this zone. Calcium and S also 
exhibit similar trends as Be, Mn and Zn in both the tailings and 
water-soluble fractions in this zone (Fig. 6). A plot of Ca2þ vs. SO4

2�

(Fig. 5) for the water-soluble samples in the UUZ shows a linear trend 
(R2 ¼ 0.9) comparable to that of gypsum dissolution (R2 ¼~1). Gypsum 
was identified in the UUZ and assumed to be formed secondarily from 
the weathering of sulphides and calcite and/or silicate minerals. The 
observed linear trend between Ca2þ and SO4

2� is indicative of the 
dissolution of gypsum in the UUZ. This is supported by the results of a 
recent study by Salifu et al. (2018), which suggested that the Sr isotope 
(87Sr/86Sr) composition of the water-soluble fractions in the UUZ 
probably reflects the dissolution of gypsum which most likely precipi-
tated from a leachate with the isotopic composition of danalite. Since 
there has not been any weathering of danalite in the UUZ, then the 
water-soluble SO4

2� may have been mobilised from the UOZ, where the 
observed danalite showed signs of weathering (Fig. 4a), coupled with 
the marginal decrease in Be and Zn contents of the tailings (Fig. 6). 
Furthermore, the high δ34SSO4 values of the water-soluble fractions in 

Fig. 4. Photomicrograph of the Yxsj€oberg tailings showing (A) weathering of danalite at 10 cm depths (MS 1_BT) in plain transmitted light (B) Raman spectra of 
danalite for sample MS1_BT (C) weathered chalcopyrite at 40 cm depth (MS 4_BT) and (D) weathered biotite at in plain transmitted light at 30 cm depth (MS 3_BT). 
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the TZ and UUZ relative to the δ34S of danalite indicate that gypsum 
precipitation resulted in the preferential incorporation and/or enrich-
ment of the heavier S (34S) isotope. This probably occurred during the 
early stages of danalite weathering and subsequently released these 
signatures during its dissolution. 

4.1.2. Zone B 
Sulphate in zone B is located within the MUZ and interpreted to 

represent a mixture from the oxidation of pyrite (FeS2), pyrrhotite and 
chalcopyrite (CuFeS2), based on the measured δ34S values of both the 
water-soluble fractions and ore minerals (Fig. 3). The weathering of 
these minerals in this zone is expected to result in the depletion of Cu, Fe 
and S in the tailings and their release in the water-soluble fractions. This 
is however not the case, as these elements do not show any evidence of 
depletion nor release in the tailings and water-soluble fractions, 
respectively. This is further supported by mineralogical observations 
which indicate that pyrite, pyrrhotite and chalcopyrite are not weath-
ered in this zone. Calculated S isotope fractionation values between the 
water-soluble SO4

2� and the sulphides (ΔSO4- (CuFeS2 þFeS2þFe(1-X)S) in this 
zone ranges from � 1.6 to � 3.0‰. These fractionation values are similar 
to the experimental fractionation values reported by Heidel and Ticho-
mirowa (2011): ΔSO4- FeS2 ¼ � 0.8‰; Thurston et al. (2010): ΔSO4- 

CuFeS2 ¼ � 3.8‰; Mazumdar et al. (2008): ΔSO4-FeS2 ¼ � 0.9‰; and Balci 
et al. (2007): ΔSO4-FeS2 ¼ � 0.7‰; for abiotic oxidation of chalcopyrite 
and pyrite. These negative S isotope fractionation values suggest the 
incomplete/partial oxidation of the sulphide minerals, which can 
potentially result in the formation of intermediate sulphur species such 
as elemental sulphur (S�) and polysulphides (e.g. Thurston et al., 2010; 
Balci et al., 2007; McGuire et al., 2001). For example, partial oxidation 
of pyrrhotite has been reported to result in the formation of S� and 
marcasite (FeS2) (Gunsinger et al., 2006; Nicholson and Scharer, 1994). 
These reported negative fractionation values most often occur through S 
isotope exchange between the intermediate S species and the resulting 
SO4

2� (Kaplan and Rittenberg, 1964). At the current oxidation front of 
the tailings, mineralogical observations indicate that pyrite, pyrrhotite 
and chalcopyrite (Fig. 4c) are at early stages of weathering. Addition-
ally, chalcopyrite and pyrite were also observed to be extensively 
weathered in the UOZ, with the solution most likely mobilised down-
wards. This then suggests that the negative S isotope fractionation 
values recorded in the MUZ may be attributed to the partial/incomplete 
oxidation of these minerals at the current oxidation front or later stage 

oxidation (of chalcopyrite and pyrite) in the UOZ, probably during a 
slow (oxidation) process regulated mainly by O2. These intermediate S 
species (e.g. S�) can accumulate on the sulphide minerals surface (e.g. 
Harmer et al., 2006). Secondary pyrite was also observed at the oxida-
tion front of the tailings from the oxidation of monoclinic pyrrhotite by 
H€allstr€om et al. (2018). If the observed negative isotope fractionation 
values are attributed to the formation of intermediate S species, then 
these (i.e. intermediate S species) coupled with the formation of sec-
ondary pyrite, may partially explain the accumulation of S at the 
oxidation front. Furthermore, the formation of the intermediate S spe-
cies limits the proportion of sulphide transformed to SO4

2� (Blowes et al., 
2014) and slows oxidation rates (Moncur et al., 2009). The possible 
formation of these intermediate S species could also partly explain the 
decreased SO4

2� concentrations in the MUZ (Fig. 6). Additionally, the 
δ18OSO4 values of the water-soluble fractions in the MUZ show a trend 
similar to that of the UOZ, with values pointing towards higher values 
(� 1.8 to � 1.0‰) relative to the LOZ, TZ and UUZ (Fig. 2). The shift 
towards higher δ18OSO4 signatures indicate that the oxidative process 
is/was mainly controlled by O2. The role of O2 as the major oxidant 
further supports the assertion of an ongoing slow rate of oxidation of 
pyrite, pyrrhotite and chalcopyrite at the current oxidation front, lead-
ing to incomplete oxidation. These observations are also consistent with 
the currently observed pH at the oxidation front (pH ¼ 3.6–4.5), which 
supports the oxidation by O2. 

4.1.3. Zone C 
Water-soluble fraction samples belonging to zone C are located in the 

deepest parts of the tailings (480–600 cm), where the groundwater table 
is encountered (Fig. 2). These samples show quite a unique trend 
amongst the 3 suggested zones of SO4

2� sources in the tailings in terms of 
both their δ34SSO4 and δ18OSO4 values. It is the only zone with consistent 
negative δ34SSO4 and δ18OSO4 signatures, with values ranging from � 1.8 
to � 2.6‰ and � 7.6 to � 4.4‰, respectively. Samples belonging to zone 
C also show lower (or more negative) δ34S values than both the ore 
minerals and samples from zones A and B (Fig. 3). These negative 
δ34SSO4 and δ18OSO4 values suggest the influence of a source (s) with 
lighter δ34S and δ18O signatures. 

The mean dissolved organic carbon (DOC) concentration in the 
groundwater is 19 mg C/L (data not shown). Additionally, the δ13C 
value of organic C in the LUZ of the tailings average � 28‰, whereas that 
of calcite belonging to the orebodies from which the tailings originated 

Fig. 5. A plot of Ca2þ vs. SO4
2� (in meq/L) for the water-soluble fractions in the UUZ, showing a linear trend (R2 

¼ 0.9) similar to that of gypsum dissolution 
(R2 ¼~1). This indicates the possible dissolution of gypsum. 
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Fig. 6. Chemical composition of the tailings ( ) and water-soluble fractions ( ) from the drill core used for this study. Plots from Salifu et al. (2018).  
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is þ0.1‰ (data not shown). Furthermore, the average isotopic compo-
sition of dissolved inorganic carbon (δ13CDIC) in the groundwater is 
� 13‰, a value lower than that of the δ13C of calcite and is interpreted to 
represent a mixture C from calcite dissolution and an organic source (s). 
Thus, the high DOC concentrations and negative δ13CDIC signatures in 
the groundwater indicate the contribution of an organic C source (s). 
These sources could include but are not limited to: (i) bogs and swamps 
underneath the tailings (ii) sewage sludge, as well as (iii) flotation ad-
ditives used in the metallurgical processes. 

Available information indicates that the tailings were discharged 
onto an area consisting of bogs and swamps (Rothelius, 1957). Consid-
ering the fact that bogs are basically an accumulation of peat (Keddy, 
2010), they can contribute to the high DOC and lower δ13CDIC signatures 
in the groundwater. Furthermore, in an attempt to reduce dust from the 
tailings, a thin layer of sewage sludge (a source of organic carbon) was 
used in 1994 to help establish a vegetation cover. Similarly, the degra-
dation of the sewage sludge can also contribute to the high DOC and 
δ13CDIC signatures in the groundwater. During the mining period, the 
metallurgical processes used for the extraction of W from scheelite was 
roasting after gravity separation. However, for the recovery of Cu and F 
from chalcopyrite and fluorite, respectively, flotation cells were added 
to the processing plant (in 1956) in order to improve the recovery. The 
flotation additives that were used included xanthates, pinol, quebracho, 
sodium silicate and tall oil (Rothelius, 1957). The degradation of these 
additives can also serve as additional sources of DOC and possibly, the 
observed δ13CDIC signatures in the groundwater. 

Interestingly, the organic C contents of the tailings are very low 
(0.01–0.03 wt%), with the exception of the upper (MS 1) and lowermost 
(MS 18) samples which recorded elevated contents of 0.13 and 2.52 wt 
%, respectively (data not shown). The elevated contents in the upper 
samples may be related to the applied sewage sludge and/or established 
vegetation on the tailings surface whereas that of the lowermost samples 
indicate the effect of the bogs and swamps on which the tailings were 
deposited. The very low organic C contents recorded in the tailings 
suggest that the flotation additives do not persist in the tailings anymore. 
Furthermore, if the sewage sludge and flotation additives were to 
contribute to the observed S and O isotope signatures in the LUZ, then at 
least, similar δ34SSO4 and δ18OSO4 signatures should also be registered in 
zones A and B. The contrast is however observed, suggesting that the 
sewage sludge and flotation additives cannot explain the recorded 
δ34SSO4 and δ18OSO4 signatures as well as DOC in the LUZ. 

On the other hand, mineralisation of the peat (as organic matter) 
underlying the tailings may explain such negative values. The process of 
organic matter mineralisation involves the conversion of organic 
sulphur (carbon-bonded sulphur; CS) to inorganic form, i.e. SO4

2� . Sul-
phates originating from the process of CS-mineralisation are mostly 
enriched in both the lighter oxygen (16O) and sulphur (32S) isotopes (e.g. 
Nov�ak et al., 2001; Mayer et al., 1995; Mandernack et al., 2000). Thus, 
CS-mineralisation may be a likely process in this zone, releasing SO4

2�

with such negative signatures. Unfortunately, data regarding the δ34SSO4 
and δ18OSO4 signatures of the groundwater is not available at present to 
confirm this argument. 

Alternatively, oxidation of hydrogen sulphide (H2S) can also release 
SO4

2� that patterns the observed δ34SSO4 and δ18OSO4 signatures. 
Considering the fact that the tailings were deposited on an area con-
sisting of bogs and swamps, reducing conditions are likely to occur 
during the course of the year (especially during the snow cover) and this 
can result in bacterial sulphate reduction, BSR (e.g. Massmann et al., 
2003; M€orth et al., 2008). The high DOC indicate that there is an 
available organic C source for BSR to potentially take place. The possible 
occurrence of BSR will lead to the enrichment of 32S and 16O in the 
resulting sulphide product (i.e. H2S) (e.g. Nov�ak et al., 2004). Subse-
quent oxidation of the H2S, especially during the lowering of the water 
table in the dry and warm conditions in autumn (e.g. M€orth et al., 2008) 
may lead to the release of these isotopically light (32S and 16O) SO4

2� . 
In light of the limited available data, it is difficult to pinpoint which 

of the two processes largely control the observed δ34SSO4 and δ18OSO4 
values. Hence, further studies will be required to conclusively determine 
the major biogeochemical process regulating the recorded δ34SSO4 and 
δ18OSO4 signatures in this zone. Although these aforementioned pro-
cesses can lead to increased SO4

2� concentrations (e.g. Durka et al., 
1999), the mean value of 515 mg/L in the groundwater (data not 
shown), may be too high to be contributed by these sources alone. As a 
consequence, the high SO4

2� concentrations are most likely contributions 
from sulphide oxidation in the tailings. Furthermore, despite the fact 
that these processes generally result in more negative δ34SSO4 and 
δ18OSO4 signatures, the assumed additional SO4

2� from sulphide oxida-
tion with positive δ34SSO4 values may have shifted the δ34SSO4 towards 
relatively higher values. 

4.2. Historical environmental conditions in the tailings 

The low S isotopic fractionation between SO4
2� in the OZ and pyr-

rhotite, as well as the low δ18OSO4 signatures recorded in the LOZ can be 
interpreted to have originated from a process involving the complete 
oxidation of pyrrhotite by Fe3þ under a previously established low pH 
(�3) conditions in the UOZ of the tailings. Furthermore, the sharp 
depletion of S in the UOZ of the tailings also represents a faster oxidation 
rate in the early stages when the tailings were fresh and pH was very low 
(pH � 3). Even though the S isotope fractionation and δ18OSO4 values 
suggest that pH below 3 was previously established during the early 
stages of oxidation in the UOZ of the tailings, the prevailing δ18OSO4 and 
pH conditions are higher, with range of values from � 3.0 to þ0.1‰ and 
3.9 to 4.5, respectively (Table 2). Under section 4.1, it was suggested 
that the increased δ18OSO4 values could be the result of evaporation from 
the upper zones of the tailings, contribution of evaporated rainwaters 
and/or the influence of O2 as oxidant. The role of O2 as oxidant may 
have led to decreased oxidation rate which limits the release of iron (Fe) 
in the aqueous phase. Subsequent weathering and buffering by silicate 
minerals such as biotite (Fig. 4d) and plagioclase (Salifu et al., 2018) 
may have led to increased pH and thereby limiting the availability of 
Fe3þ in the aqueous phase. This subsequently led to the formation of the 
HFOs, with corresponding enrichment of Fe in the solid phase, especially 
in UOZ (Fig. 6). 

5. Conclusions 

Variations in the δ34SSO4 and δ18OSO4 signatures of the water-soluble 
SO4

2� in the 3 different zones of the tailings reflect the varied 
geochemical processes and environmental conditions that have existed 
or are ongoing in the tailings.  

� The δ34SSO4 and low S isotope fractionation values in the OZ as well 
as the low δ18OSO4 signatures in the LOZ indicate the release of SO4

2�

from the complete oxidation of pyrrhotite by Fe3þ in the UOZ of the 
tailings, which has been mobilised to the underlying LOZ.  
� The sharp depletion of S in the UOZ coupled with the low S isotope 

fractionation and δ18OSO4 values recorded in the OZ indicate a faster 
oxidation rate occurred earlier in the tailings history when pH < 3.  
� The role of O2 as the current oxidant in the UOZ has led to decreased 

oxidation rate and therefore limiting the release of Fe in the water- 
soluble fractions. Acid buffering by silicate minerals has led to 
increased pH which has subsequently resulted in the limited avail-
ability of aqueous Fe3þ and the formation of hydrous ferric oxides.  
� δ34SSO4 signatures, chemical and mineralogical data indicate that the 

source of SO4
2� in the TZ and UUZ is the dissolution of gypsum, which 

precipitated from a leachate from the weathering of danalite in the 
UOZ.  
� The δ34SSO4 values of the MUZ suggest a mixture of SO4

2� from the 
weathering of pyrite, pyrrhotite and chalcopyrite in the LOZ. The 
negative S isotope fractionation values between these sulphides and 
SO4

2� in this zone indicate the likely formation of intermediate S 
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species, due to the incomplete oxidation of the sulphide minerals. 
High δ18OSO4 values in the MUZ suggest the oxidation of these sul-
phides by O2.  
� The coupled depleted δ34SSO4 and δ18OSO4 signatures of the water- 

soluble SO4
2� in the LUZ are most likely due to mineralisation of 

organic S in the peat beneath the tailings and oxidation of H2S, 
resulting from the potential occurrence of bacterial sulphate reduc-
tion in the bogs and swamps. 
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A B S T R A C T

This study was aimed at identifying and quantifying mixing proportions in surface waters downstream of his-
torical Cu-W-F skarn mine tailings at Yxsjöberg, Sweden, using 18O, 2H, and 87Sr/86Sr isotopes. In addition, a
simple mathematical model was developed to evaluate the consistency of the mixing calculations.
Hydrochemical and isotopic data from 2 groundwater wells, 6 surface water and 2 rainwater sampling sites,
spanning 6 sampling campaigns between May and October were used. Three mixed surface waters downstream
of the tailings were identified, namely: C7, C11 and C14. C7 was directly influenced by groundwater from the
tailings whereas C11 was also subsequently influenced by C7. C14 on the other hand, had contributions from
C11. Sequential mixing calculations indicated that the contribution of the groundwater to C7 ranges from 1 to
17%. The subsequent contribution of C7 to C11 varied from 49 to 91% whereas C14 had contributions of C11
ranging between 16 and 56%. A strong agreement between the model data (MD) and measured raw data (RD) for
C11 and C14 indicated the accuracy of the mixing calculations. Variations between the MD and RD at C7,
however, was mainly due to sorption and reductive processes underneath the tailings, which tend to attenuate
the amount of dissolved ions reaching the surface waters, resulting in a low ionic contribution of the tailings
groundwater to the surface water. The low ionic contribution of the groundwater to C7 suggested that although
the tailings impoundment is of environmental concern, its impact on the downstream surface waters is small.
The results of this study suggest that mixing calculations in surface waters involving a closed system such as
groundwater (as an end-member) must be treated with caution. It is recommended that the interpretation of
such mixing results must be coupled with detailed knowledge of the potential hydrogeochemical processes along
its flow paths.

1. Introduction

Sweden, with a long and rich history of mining, is ranked among the
foremost European countries regarding the production and export of
iron-ore, base and noble metals such as gold, silver, zinc, copper, and
lead (Government Office of Sweden, 2006). This enviable position has
however come at a negative cost to the environment in terms of the
generation of large quantities of mine wastes and potential attendant
ecological destructions. One of such mine wastes sites is the abandoned
copper‑tungsten-fluorite (Cu-W-F) skarn tailings located at Yxsjöberg in
south-central Sweden. These tailings were generated during 3 different
periods of mining Cu, F and W from 1887 to1989 (Höglund et al., 2004;
Magnusson, 1940; Ohlsson, 1979). Old mining wastes such as those at
Yxsjöberg are generally considered to be potentially toxic and of en-
vironmental concern due to inefficient extraction methods, unregulated

disposal techniques arising either from lapses or non-existing environ-
mental policies at the time of their generation (Hudson-Edwards et al.,
2011; Hodges, 1995). The Yxsjöberg Cu-W-F skarn tailings have a
complex mineralogy, consisting of silicates (including helvine group of
minerals: [(Fe, Mn, Zn)4 Be3(SiO4)3S]), oxides (e.g. scheelite: CaWO4),
halide (as fluorite) and sulphides (Hällström et al., 2018). Chemical
analyses of these minerals have shown that they contain relatively high
contents of potentially-toxic elements such as Be, Bi, Cu, F, Zn and W
(Hällström et al., 2018).

Exposure of sulphide minerals to oxygen and water may result in the
production of effluents of low quality (low pH) referred to as acid mine
drainage (AMD) (Nordstrom and Alpers, 1999). The low pH could
further promote the weathering of other minerals, with subsequent
leaching and transport of potentially-toxic elements into surrounding
ground and surface waters as well as soils, posing environmental threats
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(Nordstrom, 2009; Saria et al., 2006). Recent studies by Salifu et al.
(2018b) and Hällström et al. (2018) reported of the oxidation of sul-
phide minerals and weathering of other minerals including silicates in
the tailings, potentially producing Be, Fe, Cu, Tl, Zn and W-rich waters.
In mining environments, water is considered the most important
parameter among all the impacted natural receptors due to its active
participation in the generation of AMD. In addition, interaction of
contaminated mine effluents with pristine water in streams and rivers
provide an efficient mechanism for the dispersion of potentially-toxic
elements (Mendoza et al., 2016).

Field observations indicate that the Yxsjöberg Cu-W-F tailings may
not be hydrologically isolated from the surface waters downstream.
Therefore, there is the possibility for elemental contamination of
downstream surface waters, which could vary both spatially and tem-
porarily. Previous ground and surface water sampling campaigns in the
tailings and downstream, respectively (e.g. Höglund et al., 2004;
Hällström et al., 2019), reported of W and other elemental con-
tamination in some of the surface waters. These authors hypothesised
that the groundwater from the tailings could be the source of these
contaminants to the surface waters. The study area is well “watered”
with a lot of rivers and streams, which can mix with possible mining
effluents from the tailings as they flow downstream. This potential
mixing process can however affect the dissolved ion concentrations
through either dilution and/or precipitation reactions, masking the real
contributions of the tailings effluents to the chemical loads down-
stream. In spite of these possibilities, little attempt has been made to
address issues related to quantification of the contribution of tailings
effluents to the chemical loads of potentially affected rivers and streams
downstream.

Mixing calculations using elemental concentrations have been em-
ployed in several hydrological and environmental studies to identify
and quantify sources of solute (e.g. Crandall et al., 1999; Hendry et al.,
1991) but these usually produce erroneous results. This is because they
are limited in their ability to resolve the complexities associated with
mixing processes such as dilution and precipitation reactions. Indeed,
the non-conservative behaviour of some these elemental tracers have
been reported (e.g. Barthold et al., 2011) as a major source of un-
certainties in (end-member) mixing calculations. Another limitation of
using elemental tracers for end-member mixing analysis is the choice of
appropriate tracers and number of tracers to use. End-member identi-
fication and contributions in mixing analysis using elemental tracers
may vary depending on the tracer set size and composition. Small tracer
sets may result in a limited number of identified end-members and vice
versa for large tracer sets. More tracer sets do not, however, auto-
matically guarantee the identification of more end-members, but de-
pends on the right selection of tracers (e.g. Popp et al., 2019; Delsman
et al., 2013; Barthold et al., 2011). A classic example of the complexities
associated with the use of elemental tracer sets size and composition in
mixing analysis is provided by Barthold et al. (2011). In their work, the
authors showed that end-member contributions using tracers sets that
contained SO4

2− resulted in contributions that were largely under-
estimated (< 0%) at most times. On the other hand, tracer sets con-
taining uranium (U) produced contributions that fell within the re-
commended range of 0–100%. These results highlights some of the
limitations in the application elemental tracers for mixing analysis.

In light of these above aforementioned limitations, there has been a
shift towards the adaptation of alternative and efficient interpretative
tools such as the stable isotopes of oxygen (18O), hydrogen (2H),
radiogenic isotopes of strontium (87Sr/86Sr) and helium (4He). The
isotopes of water (18O and 2H), 87Sr/86Sr and 4He as conservative tra-
cers in low temperature environments have received considerable ap-
plications across a broad spectrum of environmental studies, such as
tracing water sources (e.g. Horst et al., 2007; Bullen et al., 1996),
mixing/water-rock interactions (e.g. Batlle-Aguilar et al., 2017;
Mendoza et al., 2016; Guo et al., 2010; Négrel et al., 1997, 2004),
sources of salinity (e.g. Shand et al., 2009; Kim et al., 2003), fate and

transport of contaminants (e.g. Khaska et al., 2015). These applications
stem from the fact that the 18O and 2H isotopes are constituents of the
water molecules themselves whereas the 87Sr/86Sr isotope ratios are not
fractionated during low temperature geochemical reactions such as
mineral precipitation (Capo et al., 1998). Helium (specifically 4He), a
noble gas on the other hand, is inert in nature, making it an ideal tracer
for understanding groundwater dynamics such as recharge processes,
flow velocities and mixing processes (e.g. Batlle-Aguilar et al., 2017).

Despite the array of advantages and environmental applications of
18O, 2H and 87Sr/86Sr isotopes, they have received limited attention in
mine waste environments (e.g. Salifu et al., 2018a, 2018b; Heidel et al.,
2007; Spangenberg et al., 2007; Allen and Voormeij, 2002). To develop
an effective long-term management of effluents from the Yxsjöberg Cu-
W-F skarn tailings requires detailed understanding of the chemical
constituents in ground and surface waters downstream, as well as the
potential relationship between these two. Hence, the objectives of this
study are to (i) identify and quantify potential mixing processes be-
tween groundwater and downstream surface water bodies using 18O, 2H
and 87Sr/86Sr isotopes (ii) develop a simple mathematical model for
evaluating the consistency of the isotopic mixing calculations.

2. Materials and methods

2.1. Study area

The study site is the historical Yxsjöberg Cu-W-F skarn mine tailings
deposit in Sweden. These tailings are by-products of mining Cu, W and
F from the Yxsjöberg skarn ore deposit (Magnusson, 1940; Ohlsson,
1979; Romer and Öhlander, 1994) during three different mining re-
gimes. The skarn deposit is located within the Bergslagen geological
province of the Svecofennian domain, which forms a major part of the
Baltic shield. The Svecofennian domain comprises several magmatic
arcs and metamorphosed and migmatized sedimentary basin filled with
greywackes (Johansson, 1988; Larson and Berglund, 1992). The Yxs-
jöberg Cu-W-F skarn deposit, with an estimated age of 1800 Ma (Romer
and Öhlander, 1994), comprises three distinct mineralizations namely;
Kvarnåsen, Nävergruvan and Finngruvan, which occur on the same
limestone horizon (Magnusson, 1940; Ohlsson, 1979). The skarn
formed through selective replacement of calcitic limestone which is
interbedded in acid metavolcanites, with unaltered calcitic limestone
containing minor amounts of quartz and feldspar. In addition, the skarn
deposit is spatially associated with mafic dikes that are wholly am-
phibolised (Ohlsson, 1979). The Yxsjöberg Cu-W-F deposit is a schee-
lite-bearing skarn with high contents of minerals including fluorite,
chalcopyrite and pyrrhotite whereas magnetite and plagioclase are also
common. Calcite, pyroxene, amphibole, garnet, biotite, wolframite,
sphalerite, helvine, apatite, pyrite, chlorite, zircon, hematite, marcasite,
covellite, ilmenite and uraninite occur as accessory minerals (Lindroth,
1922; Ohlsson, 1979). The skarn is partitioned into three main cate-
gories namely; (i) biotite-rich skarn, (ii) pyroxene and/or garnet-
dominated skarn and (iii) amphibole-dominated skarn (Ohlsson, 1979).

Two main tailings deposits are located at Yxsjöberg, namely,
Smaltjärnen and Morkulltjärnen repositories (Fig. 1). Tailings in the
Smaltjärnen repository, which are the oldest among the two and esti-
mated at approximately 2.8 million tons, originated from the mining of
Cu, F and W from 1887 to 1963. The Smaltjärnen repository has been
classified as an open system because it is not surrounded by a dam and
directly exposed to oxidizing conditions (Salifu et al., 2018b). This has
led to sulphide oxidation and subsequent weathering of other minerals
including silicates, oxides and fluorite. Detailed mineralogical and
chemical composition of the Smaltjärnen tailings have been described
by Hällström et al. (2018). The Morkulltjärnen repository, on the other
hand, was deposited during mining from 1969 to 1989. In contrast to
Smaltjärnen, the Morkulltjärnen repository is confined by a dam and
water-saturated, hence limiting sulphide oxidation (Höglund et al.,
2004). Annual average precipitation and temperature values of 730 mm
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Fig. 1. Location of the Yxsjöberg Cu-W-F skarn tailings and the sampling points used for this study. Map modified after Hällström et al. (2019).
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Fig. 2. Time series data of surface water discharge in the study area from May–October 2018.
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and 11 °C, respectively, have been reported for the Yxsjöberg area
(SMHI, 2016). Available data regarding daily measurements of surface
water discharge in the study area (Fig. 2) during the duration of the
sampling campaign (May–October 2018), indicate an average value of
0.247 m3/s, with the maximum discharge of 2.840 m3/s recorded
during the snow melt in May (SMHI, 2019).

2.2. Sampling

Six sampling campaigns were executed between May and October
2018, during which 2 groundwater wells (A1 and A3) located in the
Smaltjärnen repository and 6 surface waters (C7, C9, C11, C13, C14 and
Reference) were sampled (Fig. 1). The depth of A1 and A3 were 6.0 and
2.84 m, respectively. Geochemical, mineralogical and isotopic char-
acterisation of tailings from A1 and A3 have been described by Salifu
et al. (2018b, 2019) and Hällström et al. (2018).

Sampling points C7 and C11 were located downstream of
Smaltjärnen whereas C13 was sourced downstream of Morkulltjärnen.
Sampling point C14, was located downstream of both the Smaltjärnen
and Morkulltjärnen repositories. The Smaltjärnen lake, from which C7
was indirectly sourced, was in direct contact with tailings in the
Smaltjärnen repository. Sampling site C9 was not in contact with the
Smaltjärnen repository but served as a tributary to C7. A reference
point (hereafter known as Ref), located outside the vicinities of the two
repositories was considered as pristine and hence represented back-
ground surface water chemistry in the area.

Before sampling for groundwater, purging was done for at least
10 min to flush stagnant water in order to ensure that representative
samples were taken. Groundwater was pumped using a potable
Masterflex peristaltic pump connected to a 9 mm silicon tube. As a
quality control measure, different silicon tubes were used for different
wells to prevent contamination. In order to avoid the likelihood of
oxygenation of the groundwater samples during pumping, the silicon
tubes were directly attached to a Merck Millipore vacuum Sterifil®
Aseptic System and holder. Surface water sampling was carried out
through online pumping using Geothech polycarbonate and acrylic
filter holders. Both ground and surface water samples were filtered
through preconditioned 0.22 μm Millipore cellulose acetate filters but
of different diameters. The diameters were 42 and 142 mm for filters for
ground and surface waters, respectively. The water samples were col-
lected in controlled polyethylene bottles. At each sampling point,
physicochemical parameters including electrical conductivity (EC), pH
and temperature were measured using a VWR multi parameter instru-
ment (Model: MU 6100H). Two rain stations were also set-up on the
Smaltjärnen repository to collect monthly rainwater samples spanning
the period of July to October 2018. Rainwater sampled in October re-
presented the cumulative stable isotope (18O and 2H) of samples for the
entire sampling seasons (July–October). Ground, surface and rainwater
samples were selected for hydrochemical (major and trace elements)
and isotopic (18O, 2H and 87Sr/86Sr) analyses. All the waters for hy-
drochemical and 87Sr/86Sr isotopes analyses were filtered except for
those of 18O and 2H. The filters from the surface water sampling fil-
tration process were also carefully stored and sent to the laboratory for
chemical analyses of the particulate contents.

2.3. Analyses

Chemical analyses of all water samples and filters were carried out
at a SWEDAC-accredited laboratory; ALS Scandinavia AB, Sweden,
using inductively coupled plasma-sector field mass spectrometry (ICP-
SFMS) from ThermoScientific. Sulphate (SO4

2−) was analysed using ion
chromatography. Prior to analysis, the filters were subjected to lithium
borate / aqua regia / hydrofluoric acid / hydrochloric acid digestions.
The accuracy of the results from the chemical analyses of the water
samples was confirmed by employing the Charge Balance Error; CBE
(Freeze and Cherry, 1979). This was used to measure the internal

consistency of a sample. The computed CBE values for majority of the
samples were within the recommended±5%. The few samples which
recorded CBE values outside the recommended range were nevertheless
within± 10%. As a result of this, data for all samples were used in the
inferences and interpretations. The 18O and 2H isotopes analyses of the
water samples were carried out at the Stable Isotope Laboratory (SIL),
Department of Geological Sciences, Stockholm University, Sweden. The
stable isotopes composition of water was determined using a Liquid
Water Isotope Analyser (L2140-i) from Picarro through the Cavity Ring
Down (CRD) Spectroscopy technique. The results were normalised be-
tween Vienna Standard Light Antarctic Precipitation (VSLAP) and
Vienna Standard Mean Ocean Water (VSMOW). The stable 18O and 2H
isotopes were reported in the delta (δ) notation as per mil (‰) devia-
tion relative to the Vienna Standard Mean Ocean Water (VSMOW).
From the measurements, the reproducibility was calculated to be better
than 0.6‰ for δ2H and 0.1‰ for δ18O. The 18O and 2H isotope results
are expressed as:

=(‰) [(R /R ) 1] 1000sample standard (1)

where R is the ratio of the heavy to light isotope (R= 18O/16O and 2H/
H for O and H, respectively).

Sr (87Sr/86Sr) isotopes composition of the water samples was ana-
lysed on a (NEPTUNE PLUS from ThermoScientific) multicollector in-
ductively coupled plasma mass spectrometry (MC-ICP-MS) in static
mode using internal standardisation and external calibration with
bracketing isotope SRMs. The 87Sr/86Sr analyses were also done at ALS
Scandinavia AB, Sweden. Further and detailed information about the Sr
isotope analysis is provided in Salifu et al. (2018b).

3. Results

3.1. Hydrochemical parameters

Table 1 presents detailed information on the physicochemical, hy-
drochemical and isotopic compositions of ground, surface and rain
water samples. The graphical illustrations of the physicochemical
parameters (EC and pH) of ground and surface water samples are shown
in the form of box plots (Fig. 3). Variability in the EC and pH values is
indicated by the position of the median bar and the relative lengths of
the whiskers on both sides of the box of each of the parameters.
Groundwater samples have pH values between 6.2 and 6.9, with an
average of 6.4. Apart from May samples, there is no change in monthly
pH values, especially at A3, with a consistent value of 6.2. For surface
water samples, the pH ranges from weakly acidic to slightly alkaline
(pH = 5.0–7.6). Generally, sampling sites C7 and C11 have the lowest
average pH, with a value of 5.8. The EC shows wide variation between
groundwater and surface waters, with the latter recording lower EC
values compared to that of the former. The EC ranges from as low as
18 μS/cm at C9 during the spring flood in May to a high of 2690 μS/cm
at A3 in October. In contrast to the observed pH values, C7 and C11
have the highest EC among all the surface waters. The depth to water
table (DWT) in A1 and A3 are shown in Table 1, with the shallowest
depth of 4.7 and 0.7 m below ground level recorded in the month of
May for A1 and A3, respectively.

Generally, the hydrochemical parameters show seasonal and spatial
variations across sample sites. The highest concentrations of dissolved
ions are recorded in groundwater samples (A1 and A3) whereas the
lowest values are associated with surface waters, particularly the re-
ference sample. The dissolved concentrations of Fe, K and Na show
insignificant variations between A1 and A3 for the entire sampling
period whereas Al, Be, Ca, Sr, W and SO4

2− exhibit significant differ-
ences among these two sample sites. Iron, K and Na concentrations
range between 37 and 59 mg/L, 27–32 mg/L and 12–16 mg/L, re-
spectively. On the other hand, Al, Be, Ca, Sr, SO4

2− and W con-
centrations range from 0.05–37 mg/L, 1–4671 μg/L, 498–642 mg/L,
168–242 μg/L, 455–639 mg/L and 0.5–24 μg/L, respectively. The
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Table 1
Physicochemical, hydrochemical and isotopic data of ground, surface and rainwater samples. Units for all elements are in mg/L except for Be, Sr and W (in μg/L).
Italic numbers in bracket refer to the particulate contents. Physicochemical and hydrochemical data (except Be and Sr) for A3, C7, C11, C13, C14 and Ref are from
Hällström et al. (2019).

Sampling site EC
(μS/
cm)

pH Al Ca Fe K Mg Na Sr Be W SO4
2− 18O 2H 87Sr/86Sr DWT (m)

May
A1 4.7
A3 2500 6.5 29.83 635 36.62 29.03 31.33 15.45 168 4367 2.94 639 −11.03 −78.30 1.078709 0.7
C7 100 5.7 0.22

(0.02)
12.42
(0.10)

0.77
(0.32)

0.80
(0.12)

0.93
(0.01)

2.05
(0.07)

8.00
(0.21)

8.7
(0.30)

0.17
(0.26)

11.76
(0.32)

−11.08 −80.10 0.828333

C9 18 5.2 0.22 1.39 0.81 0.30 0.35 1.18 3.61 0.09 0.14 0.55 – – 0.747152
C11 73 5.6 0.24

(0.02)
8.95
(0.07)

1.15
(0.22)

0.67
(0.07)

0.75
(0.01)

1.82
(0.05)

6.70
(0.17)

6.30
(0.18)

0.23
(0.17)

8.09
(0.21)

– – 0.815302

C13 27 6.1 0.11 2.52 0.32 0.33 0.37 1.75 6.60 0.04 0.38 0.91 −10.87 −78.30 0.735517
Ref 18 5.0 0.22 1.50 0.65 0.20 0.39 1.25 5.62 0.04 0.02 0.48 – – 0.730529

June
A1 2660 6.4 0.06 607 59.38 31.72 46.19 15.72 242 3.28 0.49 547 −10.94 −76.90 0.891391 4.8
A3 2670 6.2 34 642 57.35 28.90 27.45 14.58 187 4512 20.60 590 −10.90 −78.10 1.069226 1.1
C7 256 5.8 0.23

(0.07)
43.30
(0.36)

2.13
(2.63)

1.52
(0.25)

2.36
(0.02)

2.84
(0.11)

23.80
(0.42)

35.10
(2.39)

0.14
(0.66)

40.20
(0.66)

−8.87 −68.40 0.843702

C9 33 5.6 0.21 3.11 0.99 0.40 0.73 1.67 8.12 0.10 0.20 1.09 −10.23 −71.10 0.745191
C11 163 5.7 0.21

(0.06)
21.61
(0.21)

0.90
(1.41)

0.89
(0.18)

1.54
(0.02)

2.19
(0.09)

15.90
(0.33)

15
(1.14)

0.14
(0.38)

18.54
(0.45)

−9.56 −69.60 0.824977

C13 27 6.5 0.08 2.86 0.52 0.30 0.38 1.57 8.04 0.03 0.85 0.83 −9.43 −71.30 0.720614
C14 66 6.6 0.09

(0.04)
7.83
(0.11)

0.57
(0.65)

0.48
(0.11)

0.74
(0.01)

1.75
(0.08)

11.30
(0.25)

3.10
(0.34)

0.57
(0.53)

5.46
(0.34)

−9.31 −70.30 0.756888

Ref 37 6.4 0.05 3.95 0.35 0.32 0.68 1.51 12.30 0.01 0.08 0.53 −7.95 −62.30 0.726584

July
A1 2430 6.4 0.05 545 55.39 31.26 44.02 15.80 235 1.04 0.70 542 −11.01 −77.20 0.889574 4.8
A3 2590 6.2 36.87 594 56.10 31.29 30.45 15.80 192 4610 21.70 606 −10.86 −77.60 1.050450 1.2
C7 306 5.2 0.23

(0.08)
41.72
(0.31)

2.81
(2.94)

1.97
(0.06)

2.72
(0.02)

3.14
(0.04)

24.70
(0.40)

35
(2.37)

0.10
(0.75)

43.53
(0.38)

−8.17 −65.00 0.870771

C9 41 6.4 0.15 4.37 1.20 0.50 1.01 2.14 10.40 0.12 0.28 0.46 −10.37 −73.90 0.749482
C11 259 5.8 0.25

(0.05)
35.95
(0.28)

0.96
(1.50)

2.03
(0.07)

2.50
(0.02)

3.08
(0.06)

24.20
(0.38)

27
(1.64)

0.10
(0.23)

35.86
(0.33)

−8.44 −66.40 0.853650

C13 29 7.6 0.08 2.87 0.59 0.52 0.41 1.86 8.50 0.07 1.04 0.81 −8.89 −68.90 0.728151
C14 63 6.4 0.07

(0.02)
7.26
(0.08)

0.60
(0.32)

0.62
(0.02)

0.76
(0.01)

2.06
(0.03)

11.50
(0.18)

2.10
(0.23)

0.81
(0.60)

5.03
(0.12)

−8.64 −67.70 0.756575

Ref 38 6.6 0.07 4.29 0.63 0.49 0.75 1.76 13.30 0.08 0.02 0.56 −7.54 −60.06 0.727970
RS – – 0.01 14.08 0.01 0.32 0.56 2.65 8.40 0.50 0.15 15.40 −7.63 −60.45 0.744672

Aug
A1 5.2
A3 2640 6.2 32.29 621 52.03 28.11 26.15 13.74 185 4671 21.34 577 −10.87 −77.70 1.054590 1.3
C7 460 5.5 0.27

(0.03)
65.63
(0.33)

3.12
(2.83)

2.83
(0.10)

3.93
(0.02)

3.44
(0.05)

35
(0.38)

52
(1.21)

0.62
(0.25)

66.50
(0.50)

−7.17 −59.70 0.886308

C9 45 6.5 0.11 4.55 0.79 0.47 1.00 2.08 9.50 0.07 0.82 0.83 −9.84 −70.40 0.748078
C11 402 5.8 0.35

(0.02)
55.77
(0.28)

0.69
(1.77)

2.55
(0.12)

3.44
(0.02)

3.27
(0.05)

33
(0.38)

42
(0.85)

0.60
(0.13)

55.37
(0.46)

−7.45 −60.90 0.869389

C13 29 6.7 0.05 12.85 0.37 0.77 1.18 2.06 15.50 3.00 0.98 0.75 −8.04 −64.70 0.783015
Ref 40 6.3 0.06 4.08 0.86 0.15 0.67 1.40 12.1 0.03 0.52 0.62 −7.06 −57.20 0.728289
RS – – 0.01 13.8 0.01 0.40 0.60 2.8 8.20 0.48 0.20 14.11 −6.40 −41.90 0.733440

Sept
A1 5.3
A3 1.3
C7 555 5.9 0.26

(0.07)
94.41
(0.0.64)

2.46
(4.65)

3.66
(0.52)

5.92
(0.04)

4.86
(0.16)

45
(0.90)

72
(1.60)

0.02
(1.04)

91.21
(1.14)

−7.70 −60.90 0.899082

C11 400 6.0 0.28
(0.03)

74.66
(0.06)

1.59
(0.45)

2.82
(0.04)

5.06
(0.01)

4.33
(0.04)

37
(0.18)

58
(0.01)

0.03
(0.60)

74.54
(0.13)

−8.04 −61.50 0.887884

C13 30 6.6 0.06 3.20 0.62 0.38 0.48 1.99 9 0.08 1.02 0.98 −8.16 −64.50 0.735014
Ref 35 6.5 0.10 4.09 0.74 0.28 0.77 1.67 11 0.03 0.01 0.77 −7.44 −59.10 0.728781
RS – – 0.01 4.39 0.01 0.25 0.45 3.40 4.20 0.02 0.02 0.57 −6.48 −64.6 0.717536

Oct
A1 2500 6.9 0.10 498 48.60 30.04 38.14 13.62 224 5.2 0.52 455 −10.99 −77.30 0.891377 5.4
A3 2690 6.2 28.59 576 49.93 26.96 23.85 11.82 184 4406 24.47 535 −11.08 −78.70 1.062433 1.3
C7 396 6.4 0.16

(0.05)
52.61
(0.25)

1.213
(1.41)

2.31
(0.11)

3.01
(0.01)

3.26
(0.05)

31
(0.25)

33
(2.87)

0.07
(0.07)

49.03
(0.33)

−8.53 −63.60 0.883408

C9 36 6.0 0.17 3.29 1.23 0.39 0.79 1.64 8.30 0.18 0.24 1.18 −9.32 −64.80 0.749095
C11 220 6.4 0.17

(0.09)
42.49
(0.45)

1.51
(2.37)

1.77
(0.10)

2.61
(0.03)

2.93
(0.10)

26
(0.46)

26
(5.57)

0.12
(0.12)

39.79
(0.64)

−8.67 −63.40 0.868923

C13 29 6.6 0.07 2.87 1.11 0.28 0.39 1.54 8 0.10 1.74 0.78 −8.23 −64.50 0.738275
C14 99 6.3 0.10

(0.02)
11.37
(0.10)

0.89
(0.50)

0.45
(0.07)

0.94
(0.01)

1.82
(0.06)

12.10
(0.20)

6.00
(0.55)

1.07
(0.32)

8.87
(0.27)

−8.70 −66.40 0.790796

(continued on next page)
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relatively higher Fe and SO4
2− concentrations in groundwater reflects

sulphide (pyrite, pyrrhotite, chalcopyrite, sphalerite) oxidation and to a
lesser extent, the weathering of danalite [(Fe4Be3(SiO4)3S]. High con-
centrations of dissolved Al, Be, K, Mg, Na and Sr in the groundwater
samples can be explained by the weathering of silicate minerals in-
cluding plagioclase, biotite, danalite, and K-feldspar whereas W origi-
nates from scheelite weathering (Hällström et al., 2019). The high pH in
the groundwater despite the influence of sulphide oxidation is due to
the relatively high carbonate (calcite) content (~6%) of the tailings.

For the surface waters, the highest dissolved ion concentrations are
recorded in samples downstream of the Smaltjärnen repository, vis-à-
vis C7, C11 and to a lesser extent, C14. Even though C13 is downstream
of the Morkulltjärnen repository, it records lower concentrations (ex-
cept W) relative to that of C7, C11 and C14, and has similar con-
centrations as C9 and Ref. This may be related to the fact that the
Morkulltjärnen repository is water-saturated and hence limiting sul-
phide oxidation. In general, the dissolved ions concentrations increase
from May to September and then declines in October. Similar to the
observed trend in the groundwater samples, dissolved Ca and SO4

2−

concentrations are the highest among all the chemical constituents in
the surface waters, coupled with a very strong and positive correlation
among them. Dissolved Ca concentrations varies from 1.4 to 94 mg/L,
with the highest value recorded at C7. For SO4

2−, the concentrations
range from as low as 0.5 mg/L at the Reference site to 91 mg/L at C7.
Indeed, a recent study by Hällström et al. (2019) indicates that the
molar ratio of Ca:SO4

2− in surface waters downstream of the Smalt-
järnen repository is similar to that of gypsum. Dissolved Sr concentra-
tions range from 4 to 45 μg/L, with C9 and C7 recording the minimum
and maximum values, respectively. The dissolved Fe concentrations are

low, with values ranging between 0.3 and 3 mg/L. Beryllium and W
also have very low concentrations with values ranging between 0.02
and 72 μg/L and 0.01–1.72 μg/L. With the exception of Fe and W, the
particulate contents of the surface waters for all the elements are very
low compared to their respective dissolved phases (Table 1, Fig. 9). The
particulate Fe contents range from 0.2–3.0 mg/L and are almost at par
(~1:1) with that of their dissolved phases. For W, the particulate phases
are generally higher than that of their dissolved phases, with values
ranging between 0.1 and 0.9 μg/L.

3.2. Isotopes: 18O, 2H and 87Sr/86Sr

Groundwater samples exhibit radiogenic 87Sr/86Sr signatures re-
lative to surface and rainwater samples. The 87Sr/86Sr ratios of the
groundwater show limited variation within the individual wells (A1
and A3) during the course of the sampling campaign. However, these
two wells have significant variance among them, reflecting the possi-
bility of different geochemical processes or sources. A3 has 87Sr/86Sr
values that range between 1.050450 and 1.078709, with an average of
1.063082 whereas values in the range of 0.889574 and 0.891391
(average of 0.890781) are recorded in A1. For the surface waters, the
87Sr/86Sr ratios return values between 0.720614 and 0.899082. Among
all the surface waters, C7 and C11 have the highest 87Sr/86Sr signatures.
Rainwater samples have 87Sr/86Sr values in the range of 0.717536 and
0.744672, with an average value of 0.732315. Interestingly, rainwater,
C9, C13 and Ref have very similar 87Sr/86Sr signatures.

The groundwater samples show insignificant seasonal variations in
their 18O and 2H isotope signatures. The 18O and 2H values range from
−11.08 to −10.86‰ and − 78.70 to −76.90‰, respectively. The

Table 1 (continued)

Sampling site EC
(μS/
cm)

pH Al Ca Fe K Mg Na Sr Be W SO4
2− 18O 2H 87Sr/86Sr DWT (m)

Ref 38 6.5 0.15 4.17 1.24 0.33 0.69 1.47 10.17 0.16 0.07 0.84 −8.30 −63.70 0.730332
RS – – 0.01 4.40 0.01 0.30 0.50 3.40 4.20 0.02 0.02 0.60 −7.98 −53.30 0.732315

RS = Rain water samples.
Depth of A1 = 6 m and that of A3 is 2.84 m. DWT = depth of water table (below ground level).

Fig. 3. Box plots representing the statistical summaries of pH and EC in ground and surface waters.
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month of October has the lowest 18O and 2H values whereas the
summer months of June and July have the highest values. In compar-
ison to the groundwater samples, the surface water samples show
considerable variation in their isotopic signatures with time. There is an
increase in the isotopic signatures from May to August with a sub-
sequent decline from September to October. The 18O composition
ranges from −11.08 to −7.06‰. On the other hand, the 2H signatures
range between −80.10 and − 57.20‰. The lowest 18O and 2H values
are recorded at C7 and the highest values at the reference site (Ref).
Rainwater samples also have isotopic signatures ranging from −7.98 to
−6.40‰ and − 64.60 to −41.90‰ for 18O and 2H, respectively. The
18O and 2H signatures recorded for October (18O = −53.30‰ and
2H = −7.98‰) represent the weighted average of all rainwater cov-
ering the duration of July to October.

4. Discussions

4.1. 87Sr/86Sr, 18O and 2H isotopes as evidence of mixing

4.1.1. 87Sr/86Sr isotopes
Variations in the dissolved Sr concentrations and 87Sr/86Sr ratios in

the groundwater and surface waters provide an opportunity to use it as
a tracer of mixing processes and potential geochemical controls on the
solute chemistry. This is possible because processes such as dilution and
mineral precipitation are considered not to fractionate the 87Sr/86Sr
ratio, but the resultant differences in isotopic signatures reflects mixing
of different sources of Sr with varied isotopic compositions (Faure,
1986). A plot of 87Sr/86Sr vs Sr concentrations (Fig. 4) shows a hy-
perbolic binary mixing (Faure, 1986) pattern with C7, C11 and C14
plotting between 2 end-members, A and B. End-member A is considered
to represent groundwater samples, specifically A3, indicating that the
groundwater from the Smaltjärnen repository actually recharges the
Smaltjärnen lake and subsequently influencing C7, C11 and C14. End-
member A has high 87Sr/86Sr and Sr concentrations. Generally,
87Sr/86Sr ratios in groundwater are considered to reflect the Sr-bearing
components in the host rock (or tailings in the case of this study) due to
chemical interaction between the groundwater and host rocks (Faure,
1986; Kim et al., 2003). The high 87Sr/86Sr ratios in the groundwater
indicate the weathering of radiogenic minerals such as biotite, musco-
vite and K-feldspar in the tailings. However, these observed signatures

are very low compared to analysed 87Sr/86Sr values (2.4448–5.8755) of
these minerals reported by Salifu et al. (2018a, 2018b). Furthermore,
radiogenic minerals are poor in Sr but rich in K. Hence, the observed
high 87Sr/86Sr and Sr concentrations cannot be attributed to these mi-
nerals alone. Ca-bearing minerals in the tailings such as calcite, plagi-
oclase and scheelite can also account for the high Sr concentrations but
their 87Sr/86Sr ratios (calcite = 0.71626, plagioclase = 0.71143,
scheelite = 0.70858) are also low compared to what is observed in the
groundwater samples. Therefore, the recorded 87Sr/86Sr ratios and Sr
concentrations of the groundwater reflect a mixture of Sr from the
weathering of both radiogenic and unradiogenic minerals in the tail-
ings. On the other hand, end–member B refers to surface waters not
affected by effluents from the Smaltjärnen repository (C9, C13, Ref) as
well as the weighted average for rainfall samples and has a contrasting
trend relative to that of end-member A, having low 87Sr/86Sr and Sr
concentrations. The close association of rainfall with relatively pristine
sampling sites indicates rainfall as the main source of these surface
waters.

Since C7, C11 and C14 lie on the mixing curve between the po-
tential end-members A and B, it allows for the calculation of the pro-
portions of each end-member to these mixed waters. However, the
choice of specific end-members is not straightforward because end-
members A and B are general and vary downstream, depending on the
mixing point. Hence, the mixing calculations are done in a sequential
order. For C7, A3 and rainfall are chosen as end-members A and B,
respectively. The choice of rainfall as an end-member at C7 is due to the
fact that it is considered as another source of water (except during the
snow melt in May) for all the surface waters including the Smaltjärnen
lake. In Sweden, snow melt is the major source of water to surface
waterbodies in May. In light of this, the 87Sr/86Sr value of the reference
sample (Ref) for May is used as the end-member (in May), which co-
incidentally is the same as the average rainwater value. At C11, the end-
members are C7 and C9 whereas at C14, C11 and C13 are chosen as the
end-members. The choice of end-members for C11 and C14 are based
on their hydrological locations, as depicted in Fig. 1. The fractional
contribution of each end-member to the two-component mixture is
estimated using a Sr mixing model (Graustein and Armstrong, 1983;
Faure, 1986):

Fig. 4. A plot of 87Sr/86Sr versus Sr concentrations for all water samples with C7, C11 and C14 indicating mixing between groundwater (A3) and other surface waters
(C9, C13 and Ref) as well as rainwater.
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= + +
[ Sr/ Sr] [Sr]

X{[ Sr/ Sr] [Sr] [1 X] {[ Sr/ Sr] [Sr] }
m

a a b b

87 86
m

87 86 87 86 (2)

where m refers to the mixture, with a and b representing end-members
A and B, respectively. X and (1-X) represent the fraction of Sr derived
from end-members A and B, respectively. Srm, Sra and Srb refers to the Sr
concentrations of m, a and b, respectively.

The proportions of the different end-members to the mixtures are
presented in Table 2. At C7, the contribution of groundwater (A3)
ranges from as low as 1% in May to a maximum of 14% in August. For
the mixture at C11, the contribution of C7 varies between 50 and 91%.
The proportion of C11 to the mixture at C14 ranges from 16 to 38%,
with June recording the highest contribution.

4.1.2. 18O and 2H isotopes
The 18O and 2H isotopes for ground and surface waters collected

from the study area are plotted in Fig. 5, together with the Global
Meteoric Water Line (GMWL) by Craig (1961). Considering that fact the
GMWL (δ2H = 8δ18O + 10) represents a best-fit regression line for all

global water samples, it may not reflect the local conditions at Yxsjö-
berg. This therefore requires the establishment of a Local Meteoric
Water Line (LMWL) for this study. To the best of the authors' knowl-
edge, there is no established LMWL for the Yxsjöberg area and its im-
mediate environs. In view of this, a LMWL (eq. 3) developed from the
average of 5-years cumulative precipitation data from Espoo in Finland
(Kortelainen, 2002) is used as the reference.

= +H 7.56 O 4.712 18 (3)

The LMWL from Espoo is chosen as the reference for the Yxsjöberg
area because they have similar latitude and altitude. In addition, they
have less variation in continental and seasonal effects. The 18O and 2H
values of rainfall in October, representing the weighted average of all
samples from July–October also plots on the Espoo LMWL in the 18O
e2H diagram, indicating the choice of the LMWL is representative of
the Yxsjöberg area.

All groundwater samples for the entire sampling campaign as well
as surface waters sampled in May (C7 and C13) form a tight cluster and
plot to the lowest end of the GMWL and LMWL. These samples are
interpreted to be of meteoric origin, most likely from the snow melt and
have not been exposed to evaporation. On the other hand, surface water
samples including the mixing points (C7, C11 and C14) from June to
October, are shifted away from the GMWL and LMWL, plotting on or
close to an evaporation line (δ2H = 5.26δ18O -20.80). The slope of 5.26
for the evaporation line is consistent with the global reported values,
ranging from 1 to 5 (e.g. Gonfiantini, 1986; Ghomshei and Allen, 2000).
Surface waters plotting at the intercept of the LMWL and the eva-
poration line (δ 18O = −11.10‰), represent their original isotopic
signatures prior to undergoing evaporation. Hence, the observed shift in
isotopic signatures of the surface waters, specifically C7, C11 and C14,
from the LMWL can be partially explained by the fractionation-inducing
process of evaporation. Rainwater samples also show considerable en-
richment in their 18O and 2H signatures as the surface waters. During
the summer of 2018, Sweden recorded one of its highest temperatures
in recent years (SMHI, 2018) and this may have influenced the rainfall
isotopic values. Evaporation during rainfall can lead to the shift from
the LMWL (Friedman et al., 1962). By inference, enrichment in the 18O
and 2H of the surface waters can be partially explained by the influence
of evaporated rainwaters.

Table 2
Sequential mixing proportions using 18O, 2H and 87Sr/86Sr isotopes. Units are in
percentage (%).

Isotope Month Contribution of
A3 to C7

Contribution of
C7 to C11

Contribution of
C11 to C14

87Sr/86Sr May 1.2 70 n.c
June 8 50 38
July 9 91 16
Aug 14 90 n.c
Sept n.c n.c n.c
Oct 12 76 22

18O and 2H May n.c n.c n.c
June 8 (34) 49 b.d
July 11 88 56
Aug 17 90 n.c
Sept n.c n.c n.c
Oct 11 (18) 82 b.d

b.d = beyond the resolution of the isotope; n.c = not calculated due to of lack
of data. Numbers in brackets refer to mixing proportions calculated using dif-
ferent end-members (see section 4.1.1.3. for details).

Fig. 5. A plot of 18O versus 2H for all ground, surface and rain water samples. Local Meteoric Water line (LMWL) is from Kortelainen et al. (2002).
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Aside evaporation, isotopic exchange can also influence the ob-
served enrichment in the 18O signatures, especially at C7 and C11 from
June to October relative the groundwater samples. During hydrolysis
and subsequent precipitation of Fe as Fe(III)-(oxy) hydroxides (see
section 4.2.1), the resulting product (i.e. Fe-oxyhydroxides) becomes
enriched in the heavier 18O (Spangenberg et al., 2007). Plausible O-
exchange between water and the Fe-oxyhydroxides may contribute to
the resulting shift in the 18O signatures towards higher values relative
to their original isotopic composition. Even though oxygen isotope-
exchange can influence the 18O signatures, it is most likely to be
overprinted by evaporation.

Similar to Fig. 4, the 18O - 2H plot also suggests that C7, C11 and
C14 are mixtures of groundwater and other surface waters. Using the
same end-members for C7, C11 and C14 as was done for the Sr calcu-
lations, the mixing proportions are calculated using the equation (Pang,
2006):

= +X (1 X)am b (4)

where δm, δa and δb represent the 18O or 2H isotope ratios for the
mixtures and end members A and B, respectively. X and (1-X) represent
the fraction of 18O or 2H derived from end members A and B, respec-
tively.

Based on eq. 4, the proportions of groundwater (A3) to C7 ranges
from 11 to 17%. The subsequent contribution of C7 to C11 varies be-
tween 49 and 90%. At C14, the only calculated contribution of C11 to
the mixture is 56% (Table 2). Generally, there is a good agreement
between the mixing proportions using the different isotopic systems.
The few exemptions especially for C7 in June and October, maybe
linked to the choice of inaccurate rainwater 18O values as an end-
member. The rainwater value used for the mixing calculations in June
was that of July (18O = −7.83‰) and may not reflect the true con-
ditions. Using a lower rainfall value of −8.6‰ for June, results in a
contribution of 8%. Similarly, the 18O value used as rainwater end-
member in October was −7.98‰. However, this value represents the
average of all rainwater samples from July–October. Choosing a slightly
lower value (−8.20‰) also results in an approximate contribution of
11%, which is consistent with the calculated values using 87Sr/86Sr and
Sr concentrations.

4.2. Evaluating the consistency of the isotopic mixing calculations

To evaluate the consistency of the isotopic mixing calculations, a
simple mathematical model (hereafter known as model data, MD) is
proposed. The MD is based on the simple premise that the sum of the
fractional contributions (calculated using the isotopic data) of each end-
member multiplied by their respective concentrations (Eq. 8) should be
comparable to the dissolved ion concentration or measured raw data
(hereafter also known as raw data, RD) of the mixing point.

= +MD [(concentration isotopic fraction) (concentration isotopic fraction) ]a b

(8)

Where a and b refer to end members A and B, respectively.
The results of the MD and RD for the different elements at the

mixing points are shown in Fig. 6. The MD and RD show a strong
agreement with each other for all elements (except for Fe) at C11 and
C14 during the entire sampling months (Fig. 6). The ratio of the MD to
the RD (MD/RD) for all elements at C11 and C14 ranges between 0.7
and 1.4 (Fig. 7), with an average ratio of 1. The average ratio of 1
further indicates the close association between the MD and RD for these
mixing points. The consistency between the MD and RD at C11 and C14
suggests that the isotopic mixing calculations for these points are ac-
curate. Mixing point C7 on the other hand, displays a different trend,
with the MD higher than the RD for all elements from June–October,
but show a good fit in May with that of C11, when their lowest values
are recorded (Fig. 6). The similarities in the MD and RD values for C7
and C11 in May is consistent with the fact that they have a common

source, which is the snow melt. Indeed, the mixing calculations indicate
that the contribution of groundwater (A3) to C7 in May is very small
(~1%), suggesting that the major source of water during this time is the
snow melt. The large contribution of the snow melt leads to dilution
and explains the recorded low values for both the RD and MD in May
relative to the other months (June–October) for all the mixing points.
An increase in the contribution of A3 to C7 from 8 to 17% between June
and October results in a corresponding stepwise increment in the values
of both the MD and RD for all elements, albeit increased variation be-
tween the MD and RD (average MD/RD ratio of ~7). These high ratios
indicate considerable differences between the MD and RD. Strontium
and Mg, are however, exceptions to this trend as they exhibit insig-
nificant variations between their MD and RD (Fig. 6). The potential
geochemical factor (s) influencing the variations between the MD and
RD for various elements at C7 between June and October are discussed
in the following section.

4.2.1. Al and Fe
Aluminium and Fe exhibit similar trends with respect to their MD,

recording considerable differences between their MD and RD (Fig. 6).
These observed patterns are coupled with a reduction in pH, with an
average value of 5.8 relative to that of A3 (~pH = 6.4). This is related
to the change in redox (from reducing to oxidizing) conditions, which
leads to the possible precipitation of Fe as an Fe(III)-(oxy)hydroxide
(Nordstrom, 1982) and subsequent release of acidity (latent acidity).
Fig. 8 shows a plot of the ratios of the dissolved/particulate phases for
Fe versus pH with the aim of understanding the geochemical controls
on the observed trends in pH and variations between the MD and RD at
C7 for the different sampling months. Mixing points C11 and C14 have
also been included for purposes of comparison. Generally, 3 distinct
groups (I, II and III) of waters, are observed.

Group I consists of C7 and C11 samples for the month of May,
having the highest dissolved/particulate ratios and a low pH
(pH = 5.0–6.0). The high dissolved/particulate ratios are indicative of
the very low and large contributions of the groundwater and snow melt,
respectively, whereas the low pH is related to organic acids due to wash
out of mires and forest during the snow melt. Group II samples consist
mainly of C7 and C11 samples from June to September, simultaneously
possessing low pH (5.2–5.9) and dissolved/particulate Fe ratios. When
Fe2+-rich mine impacted groundwater reaches the surface and mixes
with oxygenated water, it may undergo oxidation and hydrolysis, re-
sulting in the formation of Fe(III)-(oxy)hydroxides and acidification due
to changing redox conditions. The processes of hydrolysis and pre-
cipitation have been reported to be major producers of acidity
(Nordstrom, 1982) and adsorbent for several metals and metalloids
(e.g. Hudson-Edwards and Wright, 2011; Alakangas and Öhlander,
2006). Therefore, the low RD relative to the MD for Fe C7 and C11,
coupled with the reduction in pH may be partially related to the pre-
cipitation of Fe (III)-(oxy)hydroxides. It is important to note that the
particulate Fe phases (and probably all elements) at C11 are likely ar-
tefacts from C7 as it flows downstream. Similarly, Al exhibits limited
solubility at pH between 5.4 and 7.5 and will precipitate to form
amorphous Al(OH)3 or to microcrystalline gibbsite (Bigham and
Nordstrom, 2000).

No mineralogical characterisation was carried out on the particulate
phases but geochemical equilibrium modelling of surface water samples
from C7 using PHREEQC (Parkhurst and Appelo, 2013) and MINTEQ
database (Allison et al., 1991) indicates super saturation with respect to
goethite but under saturated with respect to potential Al phases, in-
cluding amorphous Al(OH)3 or gibbsite. This can be attributed to the
fact that Al will potentially precipitate either in the groundwater or
underneath the tailings due to the relatively high pH. Group III consists
mainly of C14 samples and October samples for C7 and C11, possessing
high pH and low dissolved/particulate ratios of Fe. The high pH at C14
originates from the carbonate buffer from C13 whereas the low dis-
solved/particulate Fe ratios reflects dilution (from the C13 and autumn
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Fig. 6. Comparison of the model data (MD) and raw data (RD) for the different elements at C7, C11 and C14 from May–October. The MD and RD for C11 and C14
show a good fit whereas those of C7 display differences.
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rainfall) and influence of particulate phases from C7 and C11.
To determine whether the difference between the MD and RD for Al

and Fe at C7 between June and October can be explained by the par-
ticulate phases, the sum of the RD (dissolved phase) and particulate
phase are compared to the MD. The sum of the two phases for Al (data
not shown) does not match up to the MD. On the other hand, the sum of
the RD and particulate phase for Fe is approximately equal to the MD
(except for October), with an average difference of± 0.2. In view of
this, it is reasonable to assume that the particulate phases are mainly
represented by the Fe (III)-oxyhydroxides and thus, the resulting dif-
ference between the MD and RD is mostly due to these Fe precipitates.
Although it is also possible for some of these elements to settle as
particles to the bottom of the Smaltjärnen lake by gravitation prior to
reaching C7, this may act only on the particulate or adsorbed phase of
the elements (Imboden and Schwarzenbach, 1985). Therefore, the
average difference of± 0.2 between the MD and the sum of the dis-
solved and particulate Fe phases implies that the amount of particles
potentially settling to the bottom of the Smaltjärnen lake maybe small.

4.2.2. Ca, K, Na and SO4
2−

Calcium, K, Na and SO4
2− also show variations between their MD

and RD, and this trend is more pronounced with respect to Ca and
SO4

2− (Fig. 6). Similarities in the patterns of the MD and RD for Ca and
SO4

2−, points to a possible precipitation of gypsum but geochemical
modelling of the water samples indicates under saturation with respect
to gypsum. This is supported by the findings of Hällström et al. (2019)
which suggests that the molar ratio of these surface waters are con-
sistent with that of gypsum dissolution. Alternatively, the variations
between the MD and RD for Ca, K and Na may be due to fact that they

can be scavenged by Fe (III)-oxyhydroxides. Several studies (e.g. Ingri
and Widerlund, 1994; Fortin et al., 1993; Scholkovitz and Copland,
1982) have shown that alkali and alkali-earth elements including Ca, K,
Mg and Na exhibit affinity for Fe-oxyhydroxides surfaces. For example,
electron microprobe analyses of the suspended particles in the Kalix
River detected the presence of elements such as Ca, Na, K, Al, Mg and S
in the Fe-rich phase (Ingri, unpublished data). These elements may be
directly adsorbed on the Fe-oxyhydroxides surfaces or their uptake are
enhanced by the coating of the Fe-oxyhydroxides surfaces by organic
matter (Scholkovitz and Copland, 1982). The precipitation of Fe-oxy-
hydroxides and the high dissolved organic carbon (DOC) content at C7
(~12.3 mg C/L) suggests the possible uptake of these elements by either
of the aforementioned mechanisms. That notwithstanding, the parti-
culate Ca, K, Na and S contents at C7 are very low (Table 1; Fig. 9) and
less than 4% of their respective dissolved phases (i.e. the RD). These
results are in agreement with the conclusions of Scholkovitz and
Copland (1982) and Kinniburgh et al. (1976), who suggested that at
pH<6, the adsorption of these cations onto Fe-oxide particles is less
than 5% of their respective dissolved phases, and may have less effect
on the dissolved ion concentrations. Furthermore, the sum of the par-
ticulate and dissolved phases of these elements (data not shown) are
less than that of the MD. Hence, the particulate phases cannot explicitly
account for the significant differences between the MD and RD, as is the
case for Fe. The Smaltjärnen tailings, with a pH range of 7.3–7.7 in its
saturated zone, are deposited on peat (Rothelius, 1957). Peat has a low
saturated hydraulic conductivity (10−3 - 10−2 cm/s) (Bear, 1972),
which implies that the transport time of groundwater through the peat
(as well as the tailings) to the Smaltjärnen lake may take a long time. In
addition, the increased pH results in the surface charge of the peat
becoming more negative as surface functional groups (on the peat)
deprotonate (Sparks, 2005). It is therefore hypothesised that these ca-
tions (Ca, K, and Na) may have been mainly scavenged through cation
exchange by the peat during their transport to the Smaltjärnen lake.
Furthermore, results from a recent study based on sulphur (δ34SSO4) and
(δ18OSO4) isotopes by Salifu et al. (2019) suggested the occurrence of
bacterial sulphate reduction (BSR) in the bogs and swamps underneath
the tailings, where reducing conditions are likely to occur during the
course of the year. The occurrence of BSR results in the reduction of the
SO4

2− concentrations and this may explain the variations between the
MD and RD for SO4

2− at C7.

4.2.3. Be and W
Beryllium also exhibits a similar pattern as Al and Fe (Fig. 6), with

considerable differences between the MD and RD. The average MD/RD
ratio for Be is 13 (data not shown), indicating that a large proportion of
Be is lost prior to reaching C7. The mobility and solubility of Be, par-
ticularly in surface water, is quite complicated due to the fact that it can
form complexes, for example, with organic ligands and F, adsorbed

Fig. 7. (a) A plot of the MD/RD ratios for all elements at C7, C11 and C14 (b) magnified plot for the range of values for the MD/RD ratios for C11 and C14 in (a). The
dashed line represents the range (0.7–1.4) of the MD/RD for C11 and C14 whereas the solid line indicates a 1:1 relationship between the MD and RD. Note: The
location of C7 together with C11 and C14 samples in May is due to the snow melt as the common source of water.

Fig. 8. A plot of pH versus the ratio of dissolved / particulate Fe at C7, C11 and
C14.
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onto Fe-oxyhydroxides or precipitate as Be-hydroxide (Be(OH)2) (e.g.
Boschi and Willenbing, 2016; Navrátil et al., 2002). Similarities in the
pattern of the MD of Be and Fe suggests the possible adsorption of Be
onto Fe-oxyhydroxides, which has been reported to be enhanced at pH
between 4 and 6 (Boschi and Willenbing, 2016). However, the Be
content in the particulate phase is very small (Table 1; Fig. 9) to ac-
count for the relatively large differences between the MD and RD.
Beryllium precipitation as Be(OH)2 may not also be a likely process at
C7 because this reaction usually occurs at pH ≥ 7, which is in contrast
to the current recorded pH range of 5.2–6.4. Preliminary results from a
companion study (Hällström et al., in preparation) involving Be mobi-
lity in the surface waters, vis-à-vis C7 and C11, indicate that the pos-
sible complexation of Be with F and organic matter remains in solution
and enhances it mobility. That notwithstanding, further and detailed
research will be needed to conclude on this. Beryllium has been clas-
sified as a huminophilic element due to its strong absorption by peat,
especially at pH of 6–7 (Eskenazy, 1970). Therefore, it is most likely
that majority of the Be may have been absorbed by the peat beneath the
tailings, prior to reaching the Smaltjärnen lake or C7.

Tungsten also portrays a trend with the MD higher than that of the
RD and a higher average MD/RD ratio of 21 (data not shown). In
contrast to that of Be, majority of the W is in the particulate phase due
to the fact that W is an oxyanion and may be preferentially adsorbed
onto and/or co-precipitated with Fe-oxyhydroxides at the relatively low
pH (e.g. Davantès et al., 2015; Dzombak and Morel, 1990; Gustafsson,
2003) recorded at C7. Similar findings have been reported by Hällström
et al. (2019) in the same surface waters in the study area. In comparison
to Fe, the sum of the dissolved and particulate W phases is less than the
MD. At circumneutral to alkaline pH (6.5–7.5) waters consistent with
that of the saturated zone of the tailings, W occurs as monomeric
tungstate oxyanion, WO4

2− (e.g. Gustafsson, 2003; Sun and Bostick,
2015). A recent study by Cui and Johannesson (2017) has shown that
WO4

2− can be adsorbed onto pyrite, potentially forming inner-sphere
complexes (Goldberg et al., 1993). Pyrite constitutes approximately
0.1 wt% of the tailings (Hällström et al., 2018) and is hypothesised that
some of the W (in the form of WO4

2−) is potentially adsorbed by the
pyrite during its transport to the Smaltjärnen lake or C7. In addition, W
is a heavy element (with a density of 19.25 g/cm3) and can therefore
also easily settle to the bottom of the lake prior to reaching C7.

4.2.4. Environmental applications and significance
The strong agreement between the MD and RD for C11 and C14 for

the entire sampling months suggests that the isotopic mixing calcula-
tions, are most appropriate for open systems such as surface waters. On
the other hand, even though 18O, 2H and 87Sr/86Sr are considered to be
efficient in quantifying mixing proportions, the variations between the
MD and RD at C7 suggest that results of mixing calculations involving a
closed system such as groundwater (as an end member) must be treated
with caution. For instance, processes such as mineral dissolution and
isotopic exchange are considered to modify the 87Sr/86Sr ratios in water
depending on the isotopic composition of the reacting phases (Shand
et al., 2009). Thus, the Sr isotopic ratio in water may be a function of
the weathering rate of the mineral and the efficiency of exchange
(Åberg et al., 1989). This implies that depending on the 87Sr/86Sr
composition of the peat (most likely a lower value than that of the
groundwater) beneath the tailings and the extent of the isotopic ex-
change during the groundwater transport to the Smaltjärnen lake, the
87Sr/86Sr ratios may change. Similarly, bacterial sulphate reduction can
also alter the 18O signatures. These processes can therefore result in the
mixing proportions being underestimated or overestimated (in the case
of this study), subsequently influencing the variations between the MD
and RD at C7. Based on the results of the MD, RD and aforementioned
geochemical processes, it is recommended that the application of iso-
topic mixing calculations involving closed systems such as ground-
water, especially in low temperature environments must be coupled
with detailed knowledge of the potential hydrogeochemical processes

along its flow paths.

4.2.5. Limitations of the mixing analysis and the simple model
As previously discussed under section 4.1.1.3, the 18O rainwater

value used for the mixing calculations at C7 in June (no data available)
was that of July (18O = −7.83‰), resulting in a groundwater con-
tribution of 34% to C7, which might not reflect the real conditions for
June. Therefore, based on the mixing proportions calculated using the
87Sr/86Sr and Sr concentrations, a lower 18O rainfall value of −8.60‰
was used, resulting in a contribution of only 8% (Table 2), which is
approximately equal to the obtained proportions using the 87Sr/86Sr
isotopes. In the same light, the 18O value used as rainwater end-member
in October was −7.98‰, which resulted in a contribution of 19%.
However, this value (−7.98‰) was actually a representation of the
average of all rainwater samples from July to October. Choosing a
slightly lower value (−8.20‰) also resulted in a reduction of the
contribution to 11%. Thus, the 18O rainwater values were varied by
0.77‰ (for June) and 0.22‰ (for October), representing approxi-
mately 9 and 3% change in isotopic value, respectively, which coin-
cidentally fall within the limits of the calculated uncertainty
of± 0.80‰ (data not shown, n = 4) in the 18O rainwater data. These
variations resulted in a reduction of the groundwater mixing propor-
tions (by 26 and 7‰ for June and October, respectively) at C7. In ad-
dition, some of the mixing calculations were beyond the resolution of
the 18O and 2H isotopes, producing values that were either less than 0
or exceeding 100%. In view of these aforementioned limitations, the
values from the estimated mixing proportions using the 87Sr/86Sr ratios
were considered the most reliable and further used in the MD calcula-
tions. This suggests that only one tracer was “apparently” used for the
mixing estimates, which has the potential of increasing the un-
certainties in the mixing analyses.

In order to reduce these limitations and/or potential uncertainties
associated with the mixing analyses and subsequently on the MD, the
number of tracers (multi-tracer approach) can be increased, even
though is beyond the scope of this study. For example, several studies
(e.g. Moeck et al., 2017; Popp et al., 2019) have shown that the use of
multiple, diverse tracers with different geochemical behaviour offers
more insight and robust approach to quantifying water mixing. A tracer
such as 4He may be a useful addition in the case of this study due to its
inert nature and considerable success in estimating water mixing (e.g.
Popp et al., 2019). For the MD, the primary limiting factor is the
identification of the right number of end-members and their respective
contributions to the resulting mixture. These limitations can also be
reduced by increasing the number of tracers.

5. Conclusions

• The contribution of the groundwater in the Smaltjärnen tailings to
the solute load at C7 is relatively small, ranging from 1 to 17%.
These contributions generally increase from May to August and then
decline in October.
• The good agreement between the MD and RD with respect to C11
and C14 attests to the accuracy of the mixing calculations.
• Differences between the MD and RD at C7 suggest a low ionic
contribution of the groundwater to the solute loads downstream due
to removal processes during transport to the surface water (C7).
These processes include adsorption of dissolved ions onto pyrite (in
the case of W), adsorption by peat (for Be, Ca, K, Na) and bacterial
sulphate reduction (for SO4

2−) underneath the tailings as well as
precipitation of Fe (III)-oxyhydroxides either at the Smaltjärnen lake
or at C7, resulting from the change in redox conditions.
• The low ionic contribution suggests that despite the potential ne-
gative environmental concerns associated with the tailings im-
poundment, its impact on the downstream surface waters is low.
• In addition, elements such as W may partially settle to the bottom of
the Smaltjärnen Lake as particles due to their high density, albeit in
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small amounts. Hence, the lake may be serving as a form of clar-
ification pond.
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Abstract 

A regular feature of ground and surface waters affected by drainage from mine wastes is their acidity and elevated 

concentrations of dissolved metals, with their attendant negative effects on drinking water quality and aquatic life. 

One parameter that aids in buffering these waters against acidity and sustains aquatic life is the dissolved inorganic 

carbon (DIC). In this study, the δ13C composition of primary calcite and DIC (δ13CDIC) of groundwater and surface 

waters within and downstream, respectively, of an abandoned Cu-W-F skarn tailings were used to trace the 

biogeochemical processes controlling their respective δ13CDIC signatures. In addition, the δ13C signatures of the 

inorganic (carbonate) fractions of the tailings were used to verify the formation of secondary carbonates within 

the tailings. Lower average δ13C values of some of the carbonate fractions (δ13Ccarb = -2.7 ‰) relative to that of the 

primary calcite (δ13C= +0.1 ‰) from the orebodies from which the tailings originated pointed to the precipitation 

of secondary carbonates. These lower δ13Ccarb signatures were assumed to represent mixed-source C signals 

involving isotopically light CO2 from the atmosphere, degradation of organic matter in the upper part of the tailings 

and HCO3
- from calcite dissolution. The groundwater δ13CDIC values (-12.6 to -4.4 ‰) were far lower than the 

hypothetical range of values (-4.6 to +0.7 ‰) for primary calcite and secondary carbonate dissolution. These 

signatures were attributed to carbonate (calcite and secondary carbonate) dissolution and degradation of dissolved 

organic carbon (DOC) from various organic sources such as peat underneath the tailings and the surrounding 

forests. Downstream surface water samples collected in May had low δ13CDIC values (-16 ‰) and high DOC (14 

mg C/l) compared to the groundwater samples.. These signatures represented the oxidation of the DOC from the 

wash out of the mires and forests during the snowmelt and spring flood. The DOC and δ13CDIC values of the surface 

waters from June to September ranged from 6 - 15 mg C/l and -25 to -8.6 ‰, respectively. These signatures were 

interpreted to reflect mixed C sources, including carbonate dehydration by acidity from Fe3+ hydrolysis due to the 

mixing of groundwater with the oxygenated surface waters and the subsequent diffusive loss of CO2(g), aquatic 

photosynthesis, photooxidation, DOC degradation as well as microbial respiration. Although the δ13CDIC signatures 

of the downstream surface waters seemed to be seasonally - controlled and influenced by variable groundwater 

contributions, the lack of data with respect to DIC concentrations coupled with multiple potential biogeochemical 

processes that could influence the DIC pool and δ13CDIC values of the surface waters made it difficult to identify 

the major regulating process (es) of the δ13CDIC signatures. 

Keywords: dissolved inorganic carbon; secondary carbonates; skarn tailings; ground and surface waters; 

carbonate dissolution; stable carbon isotopes. 

1.0 Introduction  

The complex biological, chemical and thermal processes of sulphide mineral oxidation mainly due to their 

exposure to water and oxygen and the subsequent dissolution of acid neutralizing minerals in mine wastes results 

in the production of sulphate (SO4
2-), dissolved metal-(loids) and variable pH drainage, commonly referred to as 



2 
 

acid mine drainage (AMD) or neutral mine drainage (NMD) [1]. These drainages usually contain toxic and 

potentially hazardous metal-(loids) such as Co, Cu, Ni, Zn, As, Mo, Sb, Tl and W [2, 3]. At historical or abandoned 

mining sites, for example, where there is usually no legally binding responsible person (s), these drainages with 

their attendant chemical constituents are released to the surrounding soils, groundwater and downstream surface 

water bodies [4], causing significant ecological and health risks.  

Dissolved inorganic carbon (DIC), which consists of carbon dioxide (CO2 (aq)), carbonic acid (H2CO3), bicarbonate 

(HCO3
-) and carbonate (CO3

2-), plays very critical biogeochemical role in such mine-impacted surface waters due 

to its capacity to buffer the pH in these waters. In addition, it provides ecological importance by sustaining organic 

productivity such as photosynthesis [5] in such waters. The redistribution of the various DIC species is pH-

dependent [6]. Several biogeochemical processes including mineral (e.g. carbonate and silicate) weathering, 

organic matter (DOC) oxidation, microbial respiration and photosynthesis, exchange between DIC of surface water 

and atmospheric CO2 have been reported among others, as the major processes that impact significantly on the 

DIC pool in ground and surface waters [7-9]. However, the stable carbon isotope composition of DIC (δ13CDIC) is 

non-conservative and hence the pH-dependent transformation of the various DIC species causes shifts in the DIC 

pool and the δ13CDIC. 

This study focus on the historical copper-tungsten-fluorite (Cu-W-F) mine tailings deposit at Yxsjöberg in South-

Central Sweden, which is related to the mining of a limestone skarn ore-body during 3 different periods of mining 

from 1887 to 1989 [10-12]. The tailings have a heterogeneous and complex mineralogy including silicates (e.g. 

helvine group of minerals: [(Fe, Mn, Zn)4 Be3(SiO4)3S]), oxides (e.g. scheelite: CaWO4), halide (as fluorite) and 

sulphides (mainly pyrrhotite, chalcopyrite, pyrite and sphalerite). The sulphide and silicate minerals in the upper 

section of the tailings are weathered whereas calcite has been consumed in this section by the acidity from the 

sulphide oxidation [13]. The tailings were discharged onto an area consisting of bogs (mainly peat) and swamps 

[14]. Moreso, a thin layer of sewage sludge was applied on the surface of the tailings in 1994 with the primary aim 

of establishing a vegetation cover to suppress dust. Currently, the tailings are covered by vegetation (trees and 

grasses) and surrounded by vast forests. Recent studies by [15] indicated that the surface waters downstream of 

the tailings represent a mix of groundwater from the tailings and surrounding surface waters, resulting in the mixed 

surface waters exhibiting low pH and dissolved ion concentrations relative to that of the groundwater. This was 

partly attributed to Fe2+ oxidation to Fe3+, hydrolysis and formation of Fe(III)-oxyhydroxides [16] at the outlet of 

the tailings impoundments due to change in redox (from reduced to oxidised) conditions. In such surface waters, 

loss of CO2 (g) as a result of the dehydration of HCO3
- and CO3

2- by the  acidity from the hydrolysis of Fe3+ [16,17] 

will cause changes in the DIC concentration and δ13CDIC values [18]. Additionally, the vegetation and organics 

(peat) on and beneath the tailings, respectively, as well as the surrounding forests may produce DOC that may be 

oxidised to CO2 (aq), ultimately contributing to the DIC pool of the ground and surface waters, with their attendant 

δ13CDIC signatures. Other potential in-stream processes may also serve as either input or output sources of DIC and 

subsequently cause shifts in the δ13CDIC. Therefore, identifying the potential sources and cycling of DIC is critical 

for the understanding of water quality and aquatic biogeochemistry, especially in the downstream mixed surface 

waters.  

Furthermore, a study by [13] observed occasional calcite grains with orthogonal morphologies in the tailings, 

which could represent the formation of secondary calcite but were not conclusive due to the complexities 
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associated with the formation of secondary carbonates, especially in complex mineralogical setting such as skarn 

tailings. Formation of secondary carbonates are considered very important in CO2 sequestration [19]. Therefore, 

the objectives of this study are (i) to verify the potential formation of secondary carbonates within the tailings (ii) 

to elucidate spatial and temporal biogeochemical processes controlling δ13CDIC signatures from the groundwater 

in the tailings to the downstream mixed surface waters. 

2.0 Materials and Methods 

2.1 Study Area  

The site for this study is the abandoned Yxsjöberg Cu-W-F skarn mine tailings deposit in south-central Sweden, 

which were generated from the mining of Cu, W and F from the Yxsjöberg skarn ore deposit during 3 different 

mining periods [11, 12]. Three different mineralisations have been reported to constitute the skarn deposit and 

these include Kvarnåsen, Nävergruvan and Finngruvan [11, 12]. Uranium-lead (U-Pb) isotope dating by [20] 

estimated the age of the skarn deposit to be approximately 1800 Ma. Further and detailed information regarding 

the geological setting of the skarn tailings are provided in [12, 20 - 22]. The abandoned Cu-W-F skarn tailings at 

Yxsjöberg are of two categories and these include the Smaltjärnen and Morkulltjärnen repositories (Figure 1), of 

which the former is the oldest with an estimated 2.8 million tons of tailings.  

 

Figure 1: A modified map (after Hällström et al., 2019) of the study area showing the sampling points used for 

this study.  

The tailings of the Smaltjärnen repository arose from the mining of Cu, F and W between 1887 and 1963 [10]. 

Primary sulphide minerals including pyrrhotite (~2.4 wt %), chalcopyrite (~0.2 wt %), pyrite (~ 0.1 wt %) and 
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sphalerite (traces) were observed in the tailings. The major primary carbonate mineral identified in the tailings was 

calcite, which accounted for approximately ~5.7 wt %. The most abundant minerals were the silicates (~87 wt %) 

and included biotite, plagioclase, pyroxene, garnet, amphibole, K-feldspar, muscovite and helvine group of 

minerals, predominantly danalite (Fe4Be3(SiO4)3S). Oxide (scheelite and magnetite) and halide (fluorite) minerals 

were also identified in the tailings [13]. The Smaltjärnen repository is classified as an open system because it is 

not surrounded by a dam and directly exposed to oxidizing conditions [21]. Exposure of the tailings to oxidizing 

conditions for approximately 6 decades has led to the establishment of 3 geochemical zonation, namely: (i) 

oxidised (OZ), (ii) transition (TZ) and (iii) unoxidised zones (UZ), according to their pH, elemental concentrations 

and colour [21]. The OZ was characterised by a brownish-red colour, low pH (3.6 - 4.5) and depletion of elements 

such as Al, Be, Ca, Co, Cu, Mg, Na, S, Sr and Zn in the bulk tailings due to the combined effects of the oxidation 

of the sulphide minerals, silicate weathering and the depletion of calcite in this zone. Gypsum and clay minerals 

were also identified, especially in the lower part of the OZ [21]. The TZ which was directly located beneath the 

OZ, had a brownish-grey colour and pH range of 5.3 to 6.3. The sulphide and silicate minerals in this zone showed 

no signs of oxidation/weathering, resulting in little or no depletion of Al, Be, Co, Cu, S and Zn relative to the OZ 

[21]. However, calcite was weathered in this zone, resulting in the recorded elevated pH relative to the OZ. This 

zone also showed enrichment of Al and to a lesser extent, Fe in the bulk tailings due to precipitation of Al and Fe 

(III)-(oxy)-hydroxides, resulting from the increased pH [21]. Underneath the TZ was the UZ, with a dark-grey 

colour and a relatively high pH (6.2 - 7.9) compared to the overlying OZ and TZ. All the sulphide minerals 

including pyrite, pyrrhotite, and chalcopyrite were not affected by oxidation and hence intact in this zone, resulting 

in no depletion of S and its related elements in the solid phase. The Morkulltjärnen repository, on the other hand, 

was deposited during mining from 1969 to 1989. The Morkulltjärnen repository is the younger of the two 

abandoned tailings and is confined by a dam and water-saturated. This has resulted in limiting sulphide oxidation 

[10]. Annual average precipitation and temperature values for the Yxsjöberg area are 730 mm and 11°C, 

respectively [23]. 

2.2 Sampling 

2.2.1 Tailings and ore mineral (calcite) 

Four drill cores were collected at different locations (A1, A2, A3 and A4) in the Smaltjärnen tailings repository 

(Figure 1) in plexiglas tubes by percussion drilling using a geoprobe in September 2016. Groundwater pipes were 

then installed in A1 and A3, with depths of 6.0 and 2.84 m, respectively. In general, the drill cores exhibited 

similarities in terms of their mineralogy, chemical composition and pH across profiles [13]. In light of this, one 

drill core (A1) was chosen to further focus on stable C isotopes (δ13C), chemical composition and mineralogy. The 

chosen drill core was divided into 18 subsamples of 8-120 cm intervals and kept in properly sealed polyethylene 

bags, prior to analyses. The pH of the tailings was measured as a paste pH using 1:1 solid to liquid ratio [24] with 

a VWR multi parameter instrument (MU 6100H). Calcite was extracted from a diamond drill core belonging to 

one of the three orebodies from which the tailings originated, through crushing and hand picking under a binocular 

microscope. The diamond drill core was obtained from the mineral resources information office of the Swedish 

Geological Survey (SGU) located at Malå, Sweden.  The purity of the extracted calcite was optically checked and 

estimated to be at minimum, 97 %. The tailings and extracted calcite were homogenised by grinding with an agate 

mortar to obtain powdered fractions prior to chemical and isotopic (δ13C) analyses. 
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2.2.2 Groundwater and surface water 

Between the period of May and October 2018, 6 sampling campaigns were carried out during which the 2 

groundwater wells (i.e. A1 and A3) located in the Smaltjärnen repository and 6 surface waters (C7, C9, C11, C13, 

C14 and Reference) were sampled (Figure 1). Two of the surface water sampling points, namely, C7 and C11, 

were located downstream of the Smaltjärnen repository whereas C13 was located downstream of the 

Morkulltjärnen repository. Sampling point C14, was located downstream of both the Smaltjärnen and 

Morkulltjärnen repositories. Sampling site C9 served as a tributary to C7 whereas the reference point (Ref) was 

considered pristine by virtue of its low dissolved ion concentrations and therefore represented the background 

surface water chemistry in the area. Prior to each groundwater sampling, a minimum of 10 minutes purging was 

executed to flush stagnant water to ensure that representative samples were taken. Further and detailed information 

regarding the ground and surface water sampling procedures are reported by [15]. Ground and surface water 

samples for 13CDIC measurements were injected (aliquots of 1–6 mL) into 12 ml sealed glass vials (from Labco 

Limited), which have been flushed with helium gas (75 mL min-1) for 5 minutes. To each vial, 100 mL of 85.5 % 

H3PO4 was added to act as a preservative and to transform all the inorganic carbonate to CO2 (g). The samples 

were stored cold (+4 ºC) and dark before analysis. Ground and surface samples were then selected for 

hydrochemical (major and trace elements), dissolved organic carbon (DOC) and 13CDIC analyses.  

2.3 Analyses  

Determination of total S and C as well as the organic C contents of the tailings were executed by ALS Vancouver, 

Canada. Total S and C were analysed using LECO induction furnace melt whereas organic C was analysed by 

combustion with dilute hydrochloric acid (HCl). Inorganic C was calculated as the difference between total C and 

organic C. Chemical (Al, Be, Fe, Ca, Mg, Na, W) analyses of ground and surface water samples were carried out 

at ALS Scandinavia AB, Luleå-Sweden, using inductively coupled plasma-sector field mass spectrometry (ICP-

SFMS). Sulphate (SO4
2-) was analysed using ion chromatography. Determination of the δ13C of calcite, bulk 

tailings, organic C and carbonate fractions of the tailings as well as the δ13CDIC and DOC concentrations of ground 

and surface waters were carried out at the Stable Isotope Laboratory (SIL), Department of Environmental Sciences, 

Stockholm University, Sweden. Concentrations of DOC were determined by high-temperature catalytic 

combustion with a Shimadzu TOC-VCPH. Inorganic C was removed by adding 2 M hydrochloric acid (HCl) to a 

pH of 2 and sparging the samples before analyses. The precision of the DOC analysis was better than 0.8 % 

(coefficient of variation, CV) and the total uncertainty interval based on laboratory inter-comparisons was ±5 %. 

Analyses of the δ13C of calcite, bulk tailings, organic C and carbonate fractions of the tailings as well as the δ13CDIC 

of ground and surface waters were carried out using a GasBench II coupled to a Finnigan MAT 253 mass 

spectrometer. From repeated measurements of standards, the reproducibility was better than ±0.1 ‰. The stable C 

isotope (13C) composition was expressed in the delta (δ) notation as per mil (‰) vs Vienna Pee Dee Belemnite (V-

PDB) according to equation 1: 

δ13C (‰) = [(Rsample / Rstandard)-1] *1000                                                                                                                   (1) 

where R is the ratio of the heavy (13C) to light (12C) isotope. 
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3.0 Results 

3.1 Chemical and stable carbon isotope (δ13C) composition of the tailings  

The chemical and stable carbon isotope (δ13C) composition of the bulk tailings, organic and inorganic C fractions 

of the tailings and their depth distribution are shown in Table 1 and figure 2, respectively. The total S content of 

the OZ ranges from 0.07 to 1.31 wt % whereas values ranging between 0.60 and 0.70 wt % are reported for the 

TZ. The high S values of 0.97 and 1.31 wt % recorded in the lower part of the OZ (Table 1) despite sulphide 

oxidation is most likely due to its (i.e. S) capture by gypsum formed in this section as reported by [21]. The UZ 

also has a total S content in the range of 0.64 to 1.28 wt %. The total C content of the tailings in the OZ, TZ and 

UZ ranges from 0.03 to 0.14 wt %, 0.15 to 0.28 wt % and 0.21 to 1.64 wt %, respectively. Very low organic C 

contents are recorded in the tailings except for relatively elevated value of 0.69 wt % at the bottom of the tailings, 

which reflects the influence of the underlying peat on which the tailings are deposited. The uppermost part of the 

tailings also recorded slightly elevated C contents (0.03 wt %), albeit low compared to the lowermost sample. For 

inorganic C, the OZ exhibit very low contents, with 0.11 wt % as the highest concentration. The TZ and UZ, 

however, show elevated concentrations ranging from 0.14 to 0.27 wt % and 0.20 to 0.95 wt %, respectively. The 

bulk (total) δ13C values of the tailings range from –26 to -19 ‰ in the OZ, -9 to -5 ‰ in the TZ and -25 to -3 ‰ 

in the UZ. The δ13C of the organic carbon (δ13Corg) contents of the tailings varies between -31 and -25 ‰ whereas 

that of the carbonates (δ13Ccarb) ranges from -5 to +1 ‰. In the OZ, the δ13Ccarb could not be measured due the very 

low carbonate contents. 
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Figure 2: Vertical distribution of the chemical and isotopic (δ13C) composition of the tailings. 

3.2 Hydrochemical and δ13CDIC composition of ground and surface waters 

The hydrochemical and isotopic (δ13CDIC) dataset from the ground and surface water sampling campaigns are 

presented in Table 2, whereas their spatial and temporal distribution are shown in figure 3. The pH of the 

groundwater samples range from 6.2 to 6.9 whereas the EC varies between 2430 and 2670 µS/cm. The surface 

waters on the other hand, have pH and EC values ranging from 5.0 to 7.6 and 18 - 555 µS/cm, respectively. The 

groundwater samples have higher concentrations of dissolved ions relative to that of the surface waters: Al (0.05 

- 37 mg/l), Be (1- 4671 µg/l), Fe (37 - 59 mg/l), Ca (498 - 642 mg/l), Mg (24 - 46 mg/l), Na (12 - 16 mg/l), W (0.5 

- 24 µg/l) and SO4
2- (455 - 639 mg/l). The relatively higher dissolved concentrations of Al, Be, Fe, Ca, Mg, Na and 

SO4
2- are attributable to the oxidation of sulphides, weathering of calcite and silicate minerals as well as gypsum 

dissolution [15], whereas W reflects scheelite weathering [25]. The respective dissolved concentrations of Al, Be, 

Fe, Ca, Mg, Na, W and SO4
2- in the surface waters range from 1.4 - 94 mg/l, 0.02 - 72 µg/l, 0.3 - 3 mg/l, 1.4 - 94 

mg/l, 0.4 - 6 mg/l, 1.2 - 4.3 mg/l, 0.01 - 1.72 µg/l and 0.5 - 91 mg/l. Among the surface waters, the reference 

sample has the lowest dissolved ion concentrations as shown in Table 2 and figure 3, whereas those downstream 

of the Smaltjärnen repository, vis-à-vis C7, C11 and C14 have the highest concentrations.  

The groundwater samples exhibit similar average DOC concentrations (10 mg C/l; n = 8) as that of the reference 

sample (11 mg C/l; n = 6). The mixed surface waters downstream of the tailings have DOC concentrations ranging 

between 6 -15 mg C/l (average = 10 mg C/l), with C11 recording the highest concentrations. The high DOC 
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concentrations of C11 reflect the contributions of C9, which has DOC concentrations ranging between 13 and 21 

mg C/l (average = 17 mg C/l; n = 5) and the highest among all the surface waters (Table 2). The δ13CDIC of ground 

and surface waters range from -12.64 to -4.43 ‰ and -24.86 to -7.21 ‰, respectively. Measured data for daily 

surface water discharge in the study area (Figure 3) from April to November 2018, ranges from a peak value of 

2.84 m3/s in April as a result of the snow melt to a minimum value of 0.02 m3/s in August [23]. Although the 

sampling campaign begun in May, relatively high discharge values, ranging between 0.08 and 1.25 m3/s were also 

recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10
 

 Ta
bl

e 
2:

 P
hy

si
co

ch
em

ic
al

, h
yd

ro
ch

em
ic

al
 a

nd
 is

ot
op

ic
 d

at
a 

of
 g

ro
un

d 
an

d 
su

rf
ac

e 
w

at
er

 sa
m

pl
es

. A
ll 

da
ta

 e
xc

ep
t D

O
C

 a
nd

 δ
13

C
D

IC
 a

re
 fr

om
 S

al
ifu

 e
t a

l (
20

20
) 

an
d 

H
äl

ls
trö

m
 e

t a
l. 

(2
01

9)
.  

 S
am

pl
in

g 
si

te
 

EC
 

(µ
S/

cm
) 

pH
  

A
l 

(m
g/

l) 
C

a 
 

(m
g/

l) 
Fe

 
(m

g/
l) 

M
g 

(m
g/

l) 
N

a 
 

(m
g/

l) 
B

e 
 

(µ
g/

l) 
W

  
(µ

g/
l) 

SO
42-

 
(m

g/
l) 

D
O

C
 (m

g 
C

/l)
 

δ13
C

D
IC

 
(‰

) 
M

ay
 

 
 

 
 

 
 

 
 

 
 

 
 

A
3 

25
00

 
6.

5 
29

.8
3 

63
5 

36
.6

2 
31

.3
3 

15
.4

5 
43

67
 

2.
94

 
63

9 
7.

4 
-4

.4
3 

C
7 

10
0 

5.
7 

0.
22

 
12

.4
2 

 
0.

77
  

0.
93

 
2.

05
  

8.
7 

 
0.

17
  

11
.7

6 
 

14
.2

 
-1

6.
09

 
C

9 
18

 
5.

2 
0.

22
 

1.
39

 
0.

81
 

0.
35

 
1.

18
 

0.
09

 
0.

14
 

0.
55

 
18

.4
 

 
C

11
 

73
 

5.
6 

0.
24

  
8.

95
 

1.
15

  
0.

75
  

1.
82

  
6.

30
  

0.
23

  
8.

09
  

 
 

C
13

 
27

 
6.

1 
0.

11
 

2.
52

 
0.

32
 

0.
37

 
1.

75
 

0.
04

 
0.

38
 

0.
91

 
13

.2
 

 
R

ef
 

18
 

5.
0 

0.
22

 
1.

50
 

0.
65

 
0.

39
 

1.
25

 
0.

04
 

0.
02

 
0.

48
 

15
.4

 
-2

0.
23

 

 
 

 
 

 
 

 
 

 
 

 
 

 
Ju

ne
 

 
 

 
 

 
 

 
 

 
 

 
 

A
1 

26
60

 
6.

4 
0.

06
 

60
7 

59
.3

8 
46

.1
9 

15
.7

2 
3.

28
 

0.
49

 
54

7 
18

.9
 

-1
2.

64
 

A
3 

26
70

 
6.

2 
34

 
64

2 
57

.3
5 

27
.4

5 
14

.5
8 

45
12

 
20

.6
0 

59
0 

10
.6

 
-7

.9
2 

C
7 

25
6 

5.
8 

0.
23

 
43

.3
0 

 
2.

13
  

2.
36

 
2.

84
  

35
.1

0 
0.

14
  

40
.2

0 
 

10
.4

 
-1

5.
94

 
C

9 
33

 
5.

6 
0.

21
 

3.
11

 
0.

99
 

0.
73

 
1.

67
 

0.
10

 
0.

20
 

1.
09

 
21

.1
 

-2
2.

15
 

C
11

 
16

3 
5.

7 
0.

21
 

21
.6

1 
0.

90
  

1.
54

   
2.

19
  

15
 

0.
14

  
18

.5
4 

 
14

.5
 

-1
6.

1 
C

13
 

27
 

6.
5 

0.
08

 
2.

86
 

0.
52

 
0.

38
 

1.
57

 
0.

03
 

0.
85

 
0.

83
 

12
 

-1
7.

52
 

C
14

 
66

 
6.

6 
0.

09
 

7.
83

 
0.

57
 

0.
74

  
1.

75
  

3.
10

  
0.

57
  

5.
46

  
12

.1
 

-1
9.

17
 

R
ef

 
37

 
6.

4 
0.

05
 

3.
95

 
0.

35
 

0.
68

 
1.

51
 

0.
01

 
0.

08
 

0.
53

 
10

.2
 

-1
4.

03
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Ju

ly
  

 
 

 
 

 
 

 
 

 
 

 
 

A
1 

24
30

 
6.

4 
0.

05
 

54
5 

55
.3

9 
44

.0
2 

15
.8

0 
1.

04
 

0.
70

 
54

2 
13

 
 

A
3 

25
90

 
6.

2 
36

.8
7 

59
4 

56
.1

0 
30

.4
5 

15
.8

0 
46

10
 

21
.7

0 
60

6 
3.

6 
-4

.9
6 

C
7 

30
6 

5.
2 

0.
23

 
41

.7
2 

 
2.

81
  

2.
72

  
3.

14
  

35
 

0.
10

  
43

.5
3 

7.
8 

-1
5.

36
 

C
9 

41
 

6.
4 

0.
15

 
4.

37
 

1.
20

 
1.

01
 

2.
14

 
0.

12
 

0.
28

 
0.

46
 

16
.2

 
-1

4.
28

 
C

11
 

25
9 

5.
8 

0.
25

 
35

.9
5 

 
0.

96
  

2.
50

  
3.

08
  

27
 

0.
10

  
35

.8
6 

 
8.

5 
-1

3.
4 

C
13

 
29

 
7.

6 
0.

08
 

2.
87

 
0.

59
 

0.
41

 
1.

86
 

0.
07

 
1.

04
 

0.
81

 
10

.5
 

-1
0.

76
 

C
14

 
63

 
6.

4 
0.

07
 

7.
26

  
0.

60
 

0.
76

  
2.

06
  

2.
10

  
0.

81
  

5.
03

  
9.

3 
-1

2.
78

 
R

ef
 

38
 

6.
6 

0.
07

 
4.

29
 

0.
63

 
0.

75
 

1.
76

 
0.

08
 

0.
02

 
0.

56
 

9.
3 

-1
4.

04
 

 
 

 
 

 
 

 
 

 
 

 
 

 



11
 

 

A
ug

 
 

 
 

 
 

 
 

 
 

 
 

 
A

3 
26

40
 

6.
2 

32
.2

9 
62

1 
52

.0
3 

26
.1

5 
13

.7
4 

46
71

 
21

.3
4 

57
7 

3.
3 

 
C

7 
46

0 
5.

5 
0.

27
 

65
.6

3 
 

3.
12

  
3.

93
  

3.
44

  
52

 
0.

62
 

66
.5

0 
 

5.
9 

-2
2.

95
 

C
9 

45
 

6.
5 

0.
11

 
4.

55
 

0.
79

 
1.

00
 

2.
08

 
0.

07
 

0.
82

 
0.

83
 

13
.3

 
-1

5.
91

 
C

11
 

40
2 

5.
8 

0.
35

  
55

.7
7 

0.
69

  
3.

44
  

3.
27

  
42

 
0.

60
  

55
.3

7 
 

5.
5 

-2
4.

86
 

C
13

 
29

 
6.

7 
0.

05
 

12
.8

5 
0.

37
 

1.
18

 
2.

06
 

3.
00

 
0.

98
 

0.
75

 
10

.1
 

-1
6.

18
 

R
ef

 
40

 
6.

3 
0.

06
 

4.
08

 
0.

86
 

0.
67

 
1.

40
 

0.
03

 
0.

52
 

0.
62

 
8.

9 
-1

9.
98

 

 
 

 
 

 
 

 
 

 
 

 
 

 
Se

pt
 

 
 

 
 

 
 

 
 

 
 

 
 

C
7 

55
5 

5.
9 

0.
26

 
94

.4
1 

 
2.

46
  

5.
92

  
4.

86
 

72
 

0.
02

  
91

.2
1 

 
5.

6 
-9

.1
5 

C
11

 
40

0 
6.

0 
0.

28
  

74
.6

6 
1.

59
  

5.
06

  
4.

33
  

58
 

0.
03

  
74

.5
4 

 
6.

9 
-1

7.
37

 
C

13
 

30
 

6.
6 

0.
06

 
3.

20
 

0.
62

 
0.

48
 

1.
99

 
0.

08
 

1.
02

 
0.

98
 

9.
5 

-1
0.

54
 

R
ef

 
35

 
6.

5 
0.

10
 

4.
09

 
0.

74
 

0.
77

 
1.

67
 

0.
03

 
0.

01
 

0.
77

 
9.

1 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
O

ct
 

 
 

 
 

 
 

 
 

 
 

 
 

A
1 

25
00

 
6.

9 
0.

10
 

49
8 

48
.6

0 
38

.1
4 

13
.6

2 
5.

2 
0.

52
 

45
5 

16
.4

 
 

A
3 

26
90

 
6.

2 
28

.5
9 

57
6 

49
.9

3 
23

.8
5 

11
.8

2 
44

06
 

24
.4

7 
53

5 
4.

4 
 

C
7 

39
6 

6.
4 

0.
16

 
52

.6
1 

 
1.

21
3 

 
3.

01
  

3.
26

  
33

 
0.

07
 

49
.0

3 
11

.4
 

-9
.0

9 
C

9 
36

 
6.

0 
0.

17
 

3.
29

 
1.

23
 

0.
79

 
1.

64
 

0.
18

 
0.

24
 

1.
18

 
17

.6
 

 
C

11
 

22
0 

6.
4 

0.
17

 
42

.4
9 

 
1.

51
  

2.
61

  
2.

93
 

26
 

0.
12

  
39

.7
9 

 
12

.2
 

-7
.2

1 
C

13
 

29
 

6.
6 

0.
07

 
2.

87
 

1.
11

 
0.

39
 

1.
54

 
0.

10
 

1.
74

 
0.

78
 

9.
4 

 
C

14
 

99
 

6.
3 

0.
10

 
11

.3
7 

 
0.

89
  

0.
94

  
1.

82
  

6.
00

  
1.

07
  

8.
87

  
9.

4 
-2

2.
09

 
R

ef
 

38
 

6.
5 

0.
15

 
4.

17
 

1.
24

 
0.

69
 

1.
47

 
0.

16
 

0.
07

 
0.

84
 

11
.7

 
  

     



12 
 

 

Figure 3: (a) Time series data of surface water discharge in the study area from April-November, 2018 (b-d) 

temporal variations of pH, DOC and δ13CDIC for A1, A3, C7, C11, C14 and  Ref from May to October, (e-j) 

temporal and spatial variations of dissolved ion concentrations for A1, A3, C7, C11, C14 and  Ref. 

 4.0 Discussions 

4.1 Carbon isotope (δ13C) systematics and secondary carbonate formation in the tailings 

The δ13C values of the bulk tailings in the OZ (δ13Cbulk = -26 to -19 ‰) are far lower than that of the primary calcite 

(δ13C = +0.1‰) found in the mineralisation of which the tailings originated, indicating the depletion of calcite in 

this zone, which is consistent with the mineralogical observations by [13] and the inorganic C contents in figure 

2. The δ13C values of the bulk tailings in this zone are typically within the range of δ13C of C3 terrestrial plants (-

30 to -24 ‰) [26, 27]. These signatures may represent a mixture of C sources from the degradation of organic 

matter from vegetation (plants and grasses) on the tailings and sewage sludge used to establish the vegetation cover 
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on the tailings. In the TZ and UZ (excluding samples from the bottom of the tailings), the bulk δ13C signatures of 

the tailings show a shift towards higher values (δ13C= -8.9 to -3.8 ‰) compared to the OZ. The higher δ13C values 

correspond to an increase in pH (5.3 - 7.9), which is characteristic of calcite neutralization [28]. Ironically, the 

δ13C of carbonates (δ13Ccarb) in these zones averages -2.7 ‰ (range = -4.6 and +0.7 ‰), which is slightly lower 

than that of the δ13C of the primary calcite. Since isotopic fractionation between 12C and 13C during calcite 

dissolution is negligible [29], these lower δ13Ccarb values relative to that of the primary calcite signals the addition 

of a C source (s) with a lighter isotopic (δ13C) signature(s), most likely organic matter and/or atmospheric CO2, 
which has a present δ13C value of ~ -8 ‰ [30]. In fact, the lower δ13Ccarb values are consistent with the range of 

reported values for secondary soil carbonates (δ13C = -10.3 to +1.1 ‰) especially within Europe and the 

Mediterranean areas [31, 32], indicating their authigenic origin. This therefore indicate the formation of secondary 

carbonates as suggested by [13]. The lower δ13Ccarb values may represent a mixture of isotopically light CO2 (aq)  

from the atmosphere and oxidation of organic matter (vegetation and sewage sludge) in the upper most part of the 

tailings as well as isotopically heavy HCO3
- mobilised downwards in the tailings from the dissolution of calcite in 

the OZ and TZ. This results in potentially higher DIC concentrations but lowers the δ13CDIC values. Subsequent 

precipitation of these secondary carbonates from this mixture results in such negative δ13C values [33, 34]. An 

interesting observation is the formation of secondary carbonates even in the UZ as suggested by the δ13Ccarb values 

(Table 1). This signals the extent to which the DOC produced in the uppermost part of the tailings has been 

mobilised in the tailings.  

4.2 Biogeochemical processes controlling δ13CDIC signatures of the groundwater and downstream surface waters. 

The pH of the groundwater samples (pH = 6.2 - 6.9) are consistent with the dissolution of calcite [28] and suggests 

HCO3
- as the main DIC specie [6]. Hypothetically, the dissolution of the primary calcite and the secondary 

carbonate in the tailings are expected to result in groundwater δ13CDIC signatures ranging between -4.6 and +0.7 

‰. However, very low groundwater δ13CDIC values ranging from -12.6 to -4.4 ‰ are recorded. Coupled with these 

low δ13CDIC signatures are relatively high DOC (3 -19 mg C/l) concentrations, signaling the influence of a C source 

with a lighter (δ12C) signature. Since the tailings are deposited onto bogs and swamps [14], the lower δ13CDIC 

signatures and high DOC concentrations suggest an organic source, which is supported by the elevated organic C 

content (0.69 wt %) at the bottom of the tailings (Figure 2). Furthermore, the study area is surrounded by vast 

forests, which can also contribute to the high DOC that lowers the δ13CDIC signatures during groundwater recharge. 

Furthermore, the degradation of the plant and grass debris as well as sewage sludge in the upper part of the tailings 

may also contribute to the high DOC and lower δ13CDIC values of the groundwater [35, 36]. The recorded 

groundwater δ13CDIC values are therefore assumed to represent a mixture of carbonate (calcite and secondary 

carbonate) dissolution in the tailings and degradation of organic matter in the uppermost section of the tailings, 

underneath the tailings and/or from the surrounding forests.   

Surface waters downstream of the Smaltjärnen tailings (C7, C11 and C14) have similar average DOC 

concentrations (9.7 mg C/l) as that of the groundwater samples (9.6 mg C/l) but lower δ13CDIC signatures (-25 to -

7 ‰) relative to that of the groundwater samples (Figure 3). Sampling point C7 was indirectly sourced from the 

Smaltjärnen lake and receives contributions from groundwater whereas C11 consists of a mixture of C7 and C9 

[15] as depicted in figure 1. In addition, the DOC and discharge display a direct correlation with each other (Figure 

3), with the highest values reported in May and then decline from June to September for both parameters. The 
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strong agreement between discharge and DOC suggests a high degree of allochthonous origin due to the erosion 

of the surrounding forests soil organic matter [9] during the snowmelt and spring flood.  

The mixed surface waters including C14 have previously been categorised into 3 main groups (Figure 4a) namely; 

Groups I, II and III [15] based on pH and dissolved /particulate Fe ratios. Group I is made up of C7 and C11 

samples collected during the month of May, having high dissolved /particulate Fe ratios and low pH (5.0 - 6.0). 

This group of samples have the highest DOC and discharge values (Figure 3) in addition to relatively low δ13CDIC; 

-16 ‰ (Figure 4b). The high DOC and discharge coupled with the low pH reflects the large contribution of drainage 

(~99 %) from the wash out of the mires and forests (with significant soil organic matter) during the snow melt and 

spring flood [15]. The low δ13CDIC, on the other hand, suggests the introduction of isotopically light (δ12C) CO2 

from the degradation of the DOC, which may contribute to an increased DIC pool [9]. 

 

Figure 4: (a) pH versus dissolved/ particulate Fe ratios of mixed surface waters; C7, C11 and C14 (from Salifu et 

al., 2020) (b) pH versus δ13CDIC of ground water and mixed surface waters (c) DOC versus δ13CDIC of the mixed 

surface waters (d) estimated groundwater monthly contribution to C7. 

Group II samples, consisting mainly of C7 and C11 samples from June - September, have low pH (5.2 - 5.9) and 

dissolved/particulate Fe ratios. The particulate Fe contents and pH at C11 are considered as merely artefacts or 

remnants from C7 as it flows downstream [15].  During this period, the contribution of groundwater to C7 ranges 

between 8 and 17 % (Figure 4d) [15]. These observed trends in the pH and dissolved/particulate Fe ratios are 

attributed to the hydrolysis of Fe3+ and subsequent formation of Fe (III)-oxyhydroxides [16], resulting from the 

coupled effect of the mixing of the Fe2+ - rich groundwater with the oxygenated surface water in the Smaltjärnen 

lake (Figure 1) or merely the exposure of the groundwater to atmospheric oxygen. The formation of the Fe (III)-

oxyhydroxides is reported to partially account for the low dissolved concentrations of elements such as Be, Fe, 

and W in these waters (Figure 3) relative to the groundwater samples [15]. 

Since HCO3
- is assumed as the main DIC specie in the groundwater (based on its prevailing pH), the resulting low 

pH in the Group II samples will dehydrate the HCO3
- to ultimately produce CO2 (g),  which may be lost to the 

atmosphere [37] as shown in equations 2 and 3. 
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HCO3
- + H+ ↔ H2CO3                                                                                                                                             (2)  

H2CO3 ↔ H2O + CO2 (aq) ↔ CO2 (g)                                                                                                                                                                                         (3) 

Although this study is limited by the unavailability of data regarding DIC concentrations, the loss of CO2 (g) is 

expected to result in the decrease of the DIC pool and an enrichment of the δ13CDIC of the surface waters compared 

to that of the groundwater. Furthermore, the high temperatures recorded especially during these months can 

enhance photosynthetic activities in these surface waters, which may lead to a reduction in the net DIC 

concentrations but an enriched δ13CDIC [38, 39]. 

Despite the potential occurrence of these aforementioned processes and their overall contribution to the enrichment 

of the δ13CDIC, very low δ13CDIC signatures (δ13CDIC = -25 to -9 ‰) are recorded for this group of samples. These 

low δ13CDIC signatures indicate inputs from isotopically light (δ12C) C source (s). This suggest that potentially 

multiple biogeochemical processes may be occuring simultaneously within these surface waters as indicated by 

the undefined pattern between DOC and δ13CDIC (Figure 4c). For example, oxidation of the DOC and aquatic 

respiration in these surface waters will result in an increased DIC pool through the addition of isotopically light 
12CO2. However, this may cause a shift in the δ13CDIC of the surface waters towards lower values [40]. In addition, 

the high DOC and low pH of these surface waters may enhance photooxidation [41], leading to an increase in the 

DIC concentrations but lower δ13CDIC values. These are all likely processes that can contribute to such lower 

δ13CDIC signatures recorded in Group II samples.   

All C14 samples as well as C7 and C11 samples for the month of October constitute Group III, having low 

dissolved/particulate Fe ratios and high pH (6.3 - 6.4). This group of samples also have high DOC concentrations 

relative to that of Group II (Figure 3) as well as reduced groundwater contribution to C7 (12%). The low 

dissolved/particulate Fe ratios for C14 are due to dilution from C13, autumn rainfall and the influence of the high 

particulate contents from C7 and C11, whereas the high pH is from the carbonate buffer from C13 [15]. Of 

particular interest in this group is the increased pH (6.4) and δ13CDIC (-9 to -7 ‰) values of C7 and C11, which 

show close association with that of the groundwater samples (Group IV) (Figure 4b). This shift in δ13CDIC 

signatures towards higher values are hypothesised to represent a period of photosynthetic activity in the surface 

waters and/ or potential CO2 (g) loss from these surface waters due to their high partial pressure (PCO2) relative to 

the atmosphere. 

5.0 Conclusions 

• Lower δ13C values of some carbonates in the deeper tailings relative to that of the primary calcite indicate 

the precipitation of secondary carbonates. The δ13C signatures of these secondary carbonates reflect a 

mixture of three C sources involving atmospheric CO2 (δ13C = -8 ‰), degraded organic matter (δ13C = -

26 ‰) and primary calcite (+0.1 ‰) dissolution in the tailings. 

• Recorded δ13CDIC signatures of the groundwater represent a mixture of C signals from calcite and 

secondary carbonate dissolution in the tailings as well as the degradation of organic matter (vegetation 

and sewage sludge) in the uppermost section of the tailings, peat underneath the tailings and the 

surrounding forests.   
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• The lower δ13CDIC values of the mixed surface waters (i.e. C7 and C11) downstream of the Smaltjärnen 

repository in May are regulated by the degradation DOC from the mires and forests during the high 

discharge from the snow melt. 

• The myriad of potential in-stream biogeochemical processes on the δ13CDIC signatures of downstream 

surface waters from June to September and lack of DIC concentrations makes it difficult to decipher the 

major process regulating the δ13CDIC signatures. 
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