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Preface 

The goal of this thesis work is to investigate the influence of soil water, shallow and deep 

groundwater input on the strontium (Sr) isotope geochemistry of the suspended (1 kDa – 70 µm) 

and truly dissolved phase (< 1 kDa) of iron-rich boreal rivers during spring flood with a special 

focus on the role of suspended iron (Fe). For this purpose samples of the Råne and Kalix River 

were taken in 2014 before and during spring flood. These samples were filtrated using a 1 kDa 

cross-flow ultrafiltration system and both phases were analyzed for major and trace elements. 

Selected samples were analyzed for their 87Sr isotopic signature to investigate the origin of the 

source waters.  

This Master thesis is the final work, worth 30 ECTS of the two-year Master Program: Exploration 

and Environmental Geosciences at Luleå University of Technology, Sweden. This thesis work 

included sampling of the river water, ultrafiltration, element and Sr isotope analysis, data 

processing, result interpretation and discussion, and a small literature study. 

 

Delimitations 

The sampling period was limited from March to June, since the spring flood in May is the major 

event influencing the river geochemistry, such that changes occurring between base flow 

conditions and peak discharge during spring flood could be observed. Moreover only two rivers, 

the Kalix River and the Råne River were sampled, due to the time intense ultrafiltration 

technique that has to be performed right after sampling. This enabled the comparison between 

two rivers. For the same reason only one filtration step was chosen, filtering the samples 1 kDa, 

separating the truly dissolved and suspended phase. This enabled the comparison of the two 

phases. 

 

Gap of knowledge 

It has recently been observed that the truly dissolved and particulate phase of boreal rivers 

show different 87Sr/86Sr ratios (Ilina et al., 2013). The reason for this is still a point of discussion 

(Andersson et al., 2006; Ilina et al., 2013; Pokrovsky, Schott, and Dupré, 2006). Moreover it has 

only been observed in a few Russian rivers and streams, sampled in July.  

This study aims at investigating the reason for the difference in 87Sr isotope signature between 

the truly dissolved and suspended phase, taking into consideration the influence of the land 

cover as well as the water source: precipitation, soil water, shallow and deep groundwater, 

varying in different catchments and the time of the year (spring flood).  

 

Questions to be answered 

 Does the 87Sr isotopic signature in boreal rivers of northern Sweden vary between the 

truly dissolved and the suspended phase?  
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 Does the 87Sr isotopic signature in boreal rivers of northern Sweden vary between 

different catchments?  

 How is the 87Sr isotope signature influenced by spring flood? 

 What are the reasons for the difference in 87Sr isotopic signature  

 between the catchments,  

 at different times of the year 

 between different phases 

 Might an Fe-rich suspended phase have an influence on the 87Sr isotope signature of 

river water? 

 

Hypothesis 

The non-detrital suspended phase in the Kalix River has been shown to be composed largely of 

Fe, which has been observed to influence the Sr concentrations (Ingri and Widerlund, 1994). Fe 

particles and colloids are mostly formed at anoxic-oxidized interfaces such as between anoxic 

groundwater and oxidized surface water. The Sr adsorbed on such particles and colloids may, 

hence, be partially groundwater-derived. Due to longer residence times groundwater does 

usually have a more radiogenic 87Sr/86Sr ratio. Therefore the 87Sr/86Sr ratio of the non-detrital 

suspended phase might be an indicator for groundwater input. This causes the more radiogenic 
87Sr isotope signature with increasing particle size. The more radiogenic 87Sr isotope signatures 

observed in the river water during spring flood, can only be caused by a slightly increased input 

of deep groundwater, as Sr does not fractionate chemically or biologically and deep 

groundwater is the only known source in the catchments with a more radiogenic 87Sr isotope 

signature than river water at spring flood. 

 

 

 
Katharina Wortberg 

Luleå, May 2015 
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Abstract 

The goal of this thesis work is to investigate the influence of soil water and groundwater input 

on the strontium (Sr) isotope geochemistry of the suspended (1 kDa – 70 µm) and truly dissolved 

phase (< 1 kDa) of Fe-rich boreal rivers during spring flood with a special focus on the role of 

suspended Fe. During spring flood a change towards a more radiogenic 87Sr isotope signature 

was observed in the truly dissolved and the suspended phase of the Kalix as well as the Råne 

River. This is interpreted to be due to stronger soil water and minor groundwater input in both 

rivers during spring flood, since with the soil water a partially groundwater-derived 87Sr enriched 

Fe-rich suspended phase is released. The Kalix Rivers 87Sr isotopic signature was more radiogenic 

than that of the Råne River over the entire sampling period, which is suggested to be due to a 

larger soil water and groundwater component in the Kalix compared to the Råne River. During 

base flow and up until peak spring flood discharge, the suspended phase in the Kalix and Råne 

River is significantly more radiogenic than the truly dissolved phase. Since the difference in the 
87Sr isotopic signature between the truly dissolved and suspended phase was shown to correlate 

well with Fe concentrations in the suspended phase, adsorption of groundwater-derived more 

radiogenic Sr on the Fe-rich suspended phase is suggested to be the cause of the difference in 
87Sr isotopic signature between the truly dissolved and suspended phase. In summary a model is 

suggested: groundwater-derived Fe is precipitated with dissolved organic carbon (DOC) at the 

anoxic-oxidized interfaces within soils, where with the groundwater more radiogenic 87Sr is 

supplied and coprecipitated. A more radiogenic 87Sr and Fe-OC-rich suspended phase is formed 

in the soils and released during spring flood.  

Keywords: Sr isotopes, ultrafiltration, spring flood, unregulated rivers, truly dissolved Fe, 

suspended Fe, DOC, soil water, groundwater 

Department of Civil, Environmental and Natural Resources Engineering, Luleå University of 

Technology (LTU), SE-97187 Luleå, Sweden 
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Sammanfattning 

Den här studien undersöker inverkan av mark- och grundvatten inflöde på 87Sr isotopsignaturen 

av den verkligt upplösta (< 1 kDa) och suspenderad fasen (1 kDa – 70 µm) av Kalix- och 

Råneälven under vårflod med en speciell fokus på betydelse av suspenderad järn. För detta 

ändamål togs prover av Kalix- och Råneälven från mars till juni. Under vårfloden kunde en 

förändring mot en mer radiogen 87Sr isotopsignatur observeras i den suspenderad och verkligt 

upplösta fasen av Kalix- och Råneälven. Detta tolkas vara på grund av ett starkare inflöde av 

markvatten och lite grundvatten i de båda älvarna under vårflod, eftersom en grundvatten-

härrörande 87Sr anrikat suspenderad fas är utsläppt med mark vatten. Kalixälvens 87Sr 

isotopsignatur var mer radiogen än Råneälven över hela provtagningstiden, vilket kan tolkas vara 

på grund av starkare mark- och grundvattenflöde i Kalixälven än i Råneälven. Under 

grundutloppsflödet fram till höjden av vårflodsutflödet är den suspenderad fasen i Kalix- och 

Råneälven signifikant mer radiogen än den verkligt upplösta fasen. Eftersom skillnaden i 87Sr 

isotopsignaturen mellan den suspenderad och verkligt upplösta fasen visade sig överensstämma 

väl med järn concentrationerna i den suspenderad fasen, adsorption av grundvatten härledde 

mer radiogen 87Sr på en järn-rik suspenderad fas föreslås ligga till grund för olikheten i 87Sr 

isotopsignaturerna mellan den partikelformiga och verkligt upplösta fasen. Järn-rik suspenderad 

fasen bildas i marken från grundvatten-härledde järn och ytan-härledde DOC. Mer radiogen 

grundvatten-härledde 87Sr är samutfälld. Den här mer radiogen 87Sr och järn-DOC-rik 

suspenderad fasen är utsläppt under vårfloden. 

Nyckelord: Sr isotoper, ultrafiltration, vårflod , oreglerade älvar, järn verkligt upplösta järn, 

suspenderad järn, DOC, markvatten, grundvatten 

Institutionen för Samhällsbyggnad och Naturresurser, Luleå Tekniska Universitet (LTU), SE-97187 

Luleå, Sverige 
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Introduction 

Aim 

The goal of this thesis work is to investigate the influence of soil water, shallow and deep 

groundwater input on the strontium (Sr) isotope geochemistry of the suspended (1 kDa – 70 µm) 

and truly dissolved phase (< 1 kDa) of iron-rich boreal rivers during spring flood with a special 

focus on the role of suspended iron (Fe). For this purpose samples of the Råne and Kalix River 

were taken in 2014 before and during spring flood. These samples were filtrated using a 1 kDa 

cross-flow ultrafiltration system and both phases were analyzed for major and trace elements. 

Selected samples were analyzed for their 87Sr isotopic signature to investigate the origin of the 

source waters.  

Strontium 

The alkaline earth metal Sr is the 38th element of the periodic table. There are four stable Sr 

isotopes with their respective abundances, 88Sr (82.5 %), 87Sr (7.04 %), 86Sr (9.87 %) and 84Sr (0.56 

%). Only 87Sr is radiogenic. This study focuses on the isotope system of 87Sr/86Sr. This isotope 

system is used as a major tool in geochemistry, for rock age determination and surface 

geochemical studies.  

 

Faure and Mensing give an excellent introduction to this dating method (Faure and Mensing, 

2009). The decay of 87Rb to 87Sr was first used to date materials in 1938 (Hahn and Walling, 

1938) and implemented in 1943 by Hahn et al. (Hahn et al., 1943); over time this method has 

become more applicable, as the technology around mass spectrometry evolved. 

Since 87Rb decays to 87Sr, the Sr isotopic composition of materials containing Rb varies over time 

and depends on the initial 87Sr/86Sr and Rb/Sr ratio. Since the decay rate of  87Rb to 87Sr and the 

relative abundances of the different isotopes of Rb and Sr are known today, the age of a material 

can be determined if the 87Sr/86Sr ratio and the Rb/Sr ratio have been measured.  

The alkali metal Rb+ belongs to the same group of the periodic table as potassium (K+). They are 

similar in size (1.48 Å and 1.33 Å respectively) and have the same ionic charge. Following 

Goldschmidt’s rules those characteristics allow Rb to substitute for K in minerals, instead of 

forming minerals of its own. All minerals containing K (micas, K-feldspars, certain clay minerals 

and some evaporites) are therefore usually enriched in Rb as well. Rubidium has two isotopes 

(87Rb: 28% and 85Rb: 72%) (Faure and Mensing, 2009). The Rb concentration in different rock 

𝑅37
87 𝑏 →38

87 𝑆𝑟 + 𝛽− +  𝜈 + 𝑄 

The source of 87Sr is the decay of rubidium (Rb). 87Rb decays to stable 87Sr with a half-life of 

4.9 · 1010 years by the following formula: 

𝛽− = beta particle  

 𝜈 = antineutrino 

 𝑄 = decay energy.  
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types varies from < 1 ppm in ultramafic rocks and carbonates to > 170 ppm in low-calcium 

granitic rocks. 

Strontium is an alkaline earth metal, like Ca2+ and they have a similar radius (1.13 Å and 0.99 Å 

respectively). Moreover both have a charge of 2+. The element is found in many minerals 

(plagioclase, apatite, and calcium carbonates) substituting for calcium (Ca), following 

Goldschmidt’s rules, due to their similar chemical characteristics.

 

Figure 1. 
87

Sr/
86

Sr ratios of Sr in the different earth compartments, adapted from Scholle and Ulmer-Scholle (2003). 
The Sr is released from weathering of continental crust and then moves in the two compartments of limestone 
cycling and hydrothermal circulation, linked by seawater. 

As for Rb, the Sr concentrations of rocks vary. Ultramafic rocks only contain very low 

concentrations of Sr (< 10 ppm), basaltic rocks already contain around 465 ppm and carbonate 

rocks 2000 ppm and more. Rubidium rich rocks generally have low Sr concentrations and the 

other way around, letting the Rb/Sr ratio span a wide range from 0.06 in basaltic rocks to 1.7 in 

highly differentiated Ca-poor granitic rocks (Faure and Mensing, 2009). During the crystallization 

of magma, following Bowen’s reaction series, plagioclase tends to capture Sr, while K stays in the 

melted phase. Hence, the Rb/Sr ratio of the melted phase increases with increasing 

differentiation of the rock.  

The 87Sr isotopic signature of a rock is determined by its mineralogical composition and the 

minerals partition coefficients for Rb and Sr as well as the age of the rock. Partition coefficients 

determine which mineral and element will be crystallized. In basaltic to basaltic andesite liquids 

Rb is mainly incorporated into phlogopite (magnesium mica) indicated by a partition coefficient 

of 3.06 (Rollinson, 1993) and other mica minerals, while Sr is mainly incorporated into 

plagioclase with a partition coefficient of 1.83 (Rollinson, 1993) and other feldspar minerals.  

The weathering susceptibility of different kinds of minerals will cause different Sr isotopic 

signatures, as Rb and Sr are not incorporated to all minerals with the same ratio. This was 
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observed by Dasch (Dasch, 1969), who also found that progressive chemical weathering causes 

an increase in the Rb/Sr ratio, due to loss of Sr. Bottino and Fullagar even defined the average 

Rb/Sr ratio to be 70 % higher in weathered compared to fresh rocks (Bottino and Fullagar, 1968).  

Up to now it has been argued that there is 

no chemical or biological fractionation of 

Sr isotopes (Graustein and Armstrong, 

1983). Today differences in the 87Sr/86Sr 

ratio can be determined accurately up to 

the sixth decimal place. The general 

increase in accuracy of measuring isotope 

ratios, has led to the discovery of 

increasingly smaller fractionations. In the 

light of the recently observed heavy 

isotope fractionation of elements like 

uranium and thallium (Schauble, 2007), it 

is still assumed in this study, that there is 

no 87Sr isotope fractionation. 

According to Eh-pH diagrams (Takeno, 

2005; Figure 2) Sr is present as Sr2+ at a pH 

below 13.  Rubidium is present as Rb+ 

across the full pH range. In the presence of 

high Ca concentrations Sr may be 

coprecipitated with CaCO3 (Lorenz, 1981). 

Besides the input from weathering, 

atmospheric deposition of marine aerosols 

(Capo et al., 1997) can influence the 87Sr/86Sr ratio of surface waters, depending on the distance 

and wind direction from the oceans.  

The origin of stream water 

Land et al. (2000) give a short introduction to the different kinds of water runoff: There are 

different mechanisms for water runoff in the natural system, the end members are overland- 

and subsurface flow (Pearce et al., 1986). Overland flow occurs only, when the infiltration 

capacity of the ground is exceeded (Horton, 1933). In humid areas, like Sweden the infiltration 

capacity of the ground is typically quite high and overland flow should hence, not be of 

importance (Rodhe, 1981). During spring flood however, the pores of the soil may be blocked by 

ice and overland flow may occur (Stein et al., 1994). Another type of runoff is saturation 

overland flow, which consists of rainfall that cannot be taken up by the saturated soil and of 

groundwater being released from the saturated soils (Rodhe, 1981). Subsurface flow can occur 

as rapid throughflow through macropores (Norrström and Jacks, 1996) or by displacement of old 

water (Pearce et al., 1986). During spring flood the river water is composed of new water coming 

from precipitation and old water coming from groundwater and soil water.  

Figure 2. Eh-pH diagrams of the system Sr-O-H (2).  Sr = 
10−10, 298.15K, 105 Pa from Takeno (2005). Under natural 
conditions at the Earth’s surface Sr is present as a divalent 
ion. 



15 
 

 

The different phases in river water 

Rivers transport different kinds of particles in their sediment load. This sediment load is 

composed of: 

 grains of resistant primary minerals (e.g. quartz, K-Feldspar, muscovite, zircon, garnet)  

 secondary minerals ( e.g. iron (Fe)-, aluminum (Al)- and manganese (Mn)-oxyhydroxides, 

clay minerals) 

 particulate organic matter (POM).  

The mineral surfaces can be covered by organic compounds, which cause a negative charge at 

neutral pH. Moreover organic ligands can bind ions. All these processes can cause cations such 

as Sr2+ to be removed from solution. 

The spring flood 

The spring flood is the major event in the river systems annual cycle, as the snow melts and 

the increased discharge in the river “flushes” the landscape. In the Kalix River the spring 

flood usually shows two distinct peaks in discharge, the first occurs in the end of May, 

resulting from snow melt in the lowlands and the second in the end of June, as the snow 

melts in the mountains. In the Råne River only the first peak occurs due to its source in the 

lake Råne Träsk, in the lowlands. 

The catchments soils, sediments and wetlands are drained during the spring flood as almost 

half of the discharge occurs during this time and particles as well as colloids are resuspended 

and washed out of the soil (Ingri and Widerlund, 1994). A major part of the organic carbon 

(OC) as well as the ions are therefore, transported during this period. 

Even though the spring flood is caused by the snow melt, which would be characterized as 

surface water, 70 % of the increase in discharge of the Kalix River is caused by soil water and 

groundwater input 

Particles are defined as the fraction suspended in the flowing water, but settling to the 

ground in standing water. Since two filter sizes: 0.45 µm and 0.22 µm are commonly used in 

geochemical studies, particles are generally defined larger than 0.45 µm or 0.22 µm. 

Colloids are the fraction that behaves as a particle, since they are large enough to adsorb 

and transport ions, but simultaneously are small enough to stay suspended, even in 

completely still waters. Since ultrafiltration has become a widely used tool in geochemistry, 

the colloidal phase is defined to cover the size fraction from 1 kDa to 0.45 µm or 0.22 µm. 

The suspended phase includes all phases that do not qualify as truly dissolved, hence, the 

particulate and the colloidal phase. 

The truly dissolved phase is the phase that is present as the truly dissolved ion or complexed 

by small organic ligands in natural waters and defined to be smaller than 1 kDa. 

(see also Figure 3) 
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Several elements are known to be 

adsorbed on the surfaces of 

particles and colloids. The ions are 

adsorbed from the truly dissolved 

phase, which is ultimately 

weathering derived. As a result the 

surfaces of particles and colloids 

may show isotopic compositions, of 

some elements (Ca, barium (Ba), 

magnesium (Mg)) including Sr close 

to those of the truly dissolved 

phase (< 1 kDa). The Sr in solution 

often originates from minerals that 

weather easily. In contrast to 

Bottino and Fullagar (1968) and 

Dasch (1969), who observed a “loss 

of Sr”, Blum et al. (1993) found Rb 

to be weathered more easily.  In the 

case of granite weathering, biotite 

is most susceptible to weathering. 

Biotite has a high Rb/Sr ratio and 

hence, a more radiogenic 87Sr/86Sr 

ratio (Blum et al., 1993). Since colloids 

have a larger surface area relative to 

their volume than particles, the adsorbed phase has a stronger influence on the 87Sr/86Sr ratio of 

colloids. Therefore the 87Sr/86Sr ratio of colloids tends to be more radiogenic than that of detrital 

particles. The Sr isotopic composition of detrital particles (> 1 µm) is still dominated by the 
87Sr/86Sr ratio of the source and hence, these tend to have a less radiogenic 87Sr/86Sr ratio.  

Fe and DOC 

Fe is a major element when it comes to the composition of the planet. However, under oxidized 

conditions, Fe is precipitated immediately, leading to very low concentrations of Fe in oxidized 

surface waters. Simultaneously Fe is an essential element for most organisms (Christenson and 

Schijf, 2011). Many archaea, bacteria, fungi and plants have therefore adapted a strategy to bind 

Fe with organic ligands to keep it bioavailable (Christenson and Schijf, 2011). Most Fe is still 

precipitated as an Fe-oxyhydroxide suspended phase, sometimes in association with OC.  

The importance of the Fe suspended phase for the mobility of trace elements has been 

recognized early on. Goldberg (1954) found that scavenging and removal of dissolved elements 

by particle surfaces is an important process in freshwaters because of the relatively high 

concentrations and particle fluxes. Similarly Stumm (1992) concluded that the geochemical fate 

of most trace metals is controlled by the reaction of solutes with solid surfaces in natural waters. 

Jenne (1968) emphasized the important role of Fe- and Mn-oxyhydroxides as such surfaces. 

Additional studies of deposited (Tessier at al., 1985) and suspended (Gibbs, 1977; Sholkovitz and 

Copeland, 1982; Sigg, 1985; Stauffer and Armstrong, 1986; Sigg et al., 1987; Ingri et al., 1993) 

Figure 3. Illustration of the three different phases: truly dissolved 
(dissolved), colloidal and particulate (gravitoidal) according to size, 
adapted from Gustafsson and Gschwend (1997). 
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phase have determined Fe-oxyhydroxides as important scavengers of several trace elements in 

fresh water.  This is of major importance in the Kalix and Råne River, where the suspended phase 

is largely composed of Fe (Ingri et al., 2006). Ultrafiltration data Ingri et al. (2000) show that 

more than 98 % of the dissolved phase of Fe is present as high molecular weight (HMW) colloids 

and concentrations are low (6.45 nmol/L) in the truly dissolved phase.   

Dissolved organic carbon has the ability to form water-soluble complexes with trace metals in 

fresh waters. Such complexes may influence the mobility and hence, the transport of the metals. 

During low flow conditions wetlands are the main source of DOC, while during high flow 

conditions (e.g. spring flood) the major fraction of the DOC is released from forested areas 

(Creed et al., 2003, Laudon et al., 2011), where riparian zones play a crucial role. High adsorbed 

organic carbon (C) concentrations have been observed on Fe-oxyhydroxide surfaces, suggesting 

that humic substances are coprecipitated during formation of freshwater Fe-oxyhydroxides 

(Tipping 1981). Ingri and Widerlund (1994) suggested that Fe-Mn-oxyhydroxides are made even 

more potent scavengers by metal complexation via carboxylic, phenolic, and other functional 

groups of organic matter (OM), rather than via oxide surface hydroxyl groups. This increases the 

number of elements that can be taken up and transported by these phases. 

In the Kalix River and other boreal rivers two important Fe-rich phases have been observed. 

According to Andersson et al. (2006) during the spring flood in May nano-colloids (5 nm) of Fe 

and OC dominate the Fe-rich phase of the Kalix River. While during base flow larger (15 nm) Fe-

rich colloids with minor amounts of OC are present. 

Pokrovsky et al. (2006) also suggested the presence of two separate colloid pools, one being 

organic rich and one Fe-rich, since the major part of the OC is concentrated in the fraction: < 

1kDa to 10 kDa and Fe concentrations decrease during the filtration steps from 5 µm to 1 kDa.  

More recently Raiswell and Canfield (2012) have suggested a model for different forms in which 

Fe-OM nanoparticle aggregates can occur in the suspended phase. According to their model 

there is a range of Fe-rich aggregates that can form, with two end member types. The first one 

being mostly Fe-oxyhydroxides coated with OM and the second one being a coprecipitate of Fe-

oxyhydroxides and OM. While the first one contains only Fe3+, the second end member may also 

contain reduced Fe2+. The authors (Raiswell and Canfield, 2012) also suggested that such Fe-

aggregates form within sediments, where Fe2+ rich pore waters come into contact with overlying 

oxidized waters.  

The δ56Fe isotopic signature in the suspended phase is negative during spring flood and positive 

during the rest of the year (Ingri et al., 2006), which suggests that there are at least two different 

sources for the Fe-rich suspended phase, which are present in the river water at different times 

of the year.  
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Figure 4. Schematic picture, showing the riparian zone, where DOC-rich soil (sediment), oxic surface water and Fe-
rich groundwater share an interface. 

The two sources have been speculated upon to be wetlands and riparian zones (Figure 4). During 

base flow an Fe-oxyhydroxide suspended phase formed in wetlands represent the dominant 

source to the river water, but during spring flood the Fe-rich suspended phase from the 

wetlands is trapped in close vicinity due to oxygenation of the waters by mixing with melt water. 

Then riparian zones are suggested to supply an Fe-OC-rich suspended phase. Fe-OC-collloids are 

formed in the riparian zones of the woodlands, at the interface of the depositional B-horizon of 

the soil profile and the riverbed. Such colloids may then be removed from the soil, as the spring 

flood “flushes” the riverbed.  

When taking the model suggested by Raiswell and Canfield (2012) into consideration, it may be 

hypothesized that the 87Sr isotopes signature is an indicator for the different end members of 

the Fe-rich suspended phase. The first end member contains only Fe3+, coated with OM. Both Fe 

aggregates may present attractive sorption sites for reduced Fe2+ and potentially other elements 

with a charge of 2+, like Sr2+.  The first Fe3+-rich end member may form in the wetlands, since all 

the Fe comes from the groundwater. It is immediately oxidized at the redox interface and then 

gets covered by OM (personal communication with Prof. Johan Ingri). While the second end 

member may be suggested to form in an OM-rich environment. DOC concentrations have been 

observed to be high in soils. The second end member of Fe-OM-coprecipitates may hence, form 

in soils, as suggested by Land et al. (2000). Both Fe aggregates may incorporate groundwater-

derived Fe2+ and also minor amounts of radiogenic 87Sr. The wetlands contribute a large fraction 

of the Fe-rich suspended phase during base flow, while during peak discharge the riparian zones 

in soils contribute a large fraction of the Fe-rich suspended phase. Wetlands are more surface 

water influenced, while riparian zones may also be influenced by a slightly larger fraction of 

deep groundwater, which has more radiogenic 87Sr isotope signatures. The OM-covered Fe-

oxyhydroxides from the wetlands, released during base flow may hence be suggested to be less 

radiogenic in 87Sr isotope signature than the Fe-OM-coprecipitates formed in riparian zones, 

released during spring flood. 
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Figure 5. Fe aggregate model adapted from Raiswell and Canfield (2012), showing the two model end members. The 
first end member (left) has a core composed of Fe-oxyhydroxides and is coated in OM. The other end member 
(right) is a coprecipitate of Fe-oxyhydroxide and OM. 

 

These two different suspended phases might have different sorption capacities for Sr, since it 

has been shown that Ca is attracted to the Fe-rich suspended phase and the precipitation of the 

Fe-rich phase is influenced by DOC as well as Ca concentrations (Tipping and Higgins, 1982; 

Gibbs, 1983; Pizarro et al., 1994, Gunnars et al., 2001) and Sr generally behaves similarly to Ca. 

Additionally Fe from the pore water of the riverbed may be oxidized upon release and 

contribute to the suspended phase.  

Moreover Fe may be present as easily resuspended Fe-oxyhydroxide particles in riverbeds. 

These are resuspended and transported in the early phases of spring flood before peak 

discharge.  

Pokrovsky et al. (2006) further found that trace elements seem to coprecipitate with the 

oxyhydroxides formed at redox interfaces during precipitation of Fe3+ from anoxic groundwater 

enriched in Fe2+ and trace elements. These colloids are then stabilized with DOM that prevents 

aggregation and sedimentation and allows them to be transported. In association with the two 

colloid pools Pokrovsky et al. (2006) defined three groups of elements, of which Sr was found to 

belong to species that are not affected by ultrafiltration and present as truly dissolved organic 

species (Ca, Mg, Li, Na, K, Sr, Ba, Rb, Cs, Si, B, As, Sb, Mo) or weak organic complexes (Ca, Mg, Sr, 

Ba).  

Ingri and Widerlund already observed in 1994 that suspended non-detrital Fe scavenges more 

than 95 % (by weight) of suspended non-detrital concentrations of Ca, Mg and Sr during all 

seasons (Ingri and Widerlund, 1994). Moreover they observed that the pore water profiles of Ca, 

Mg and Sr are similar to those of dissolved Fe and concluded that these earth-alkaline elements 

are desorbed from an Fe-rich carrier phase. When the authors compared the distribution 

coefficients for the earth alkaline elements with those obtained from model Fe-oxyhydroxides, 

they observed these to be two orders of magnitude higher in the natural system (Ingri and 

Widerlund, 1994).They interpreted this difference to be due to the presence of other functional 

groups and that the alkaline earths are more firmly bound to a natural phase.  
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In summary research in the recent years has shown that:  

 There are at least two forms in which the Fe suspended phase can occur: as OM-

covered Fe-oxyhydroxides and as Fe-OC coprecipitates. 

 There are at least two sources for the Fe suspended phase: 

 Wetlands have been suggested to supply the OM-covered Fe-oxyhydroxides 

 Riparian zones have been suggested to supply the Fe-OC coprecipitates 

 The Fe-rich suspended phase dominates the mobility of the earth alkaline elements 

including Sr and may adopt the 87Sr isotope signature of the source water. 
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Geography 

The Bothnian Bay is the northern 

area of the Gulf of Bothnia, which is 

the northern part of the Baltic Sea. 

Swedish rivers contribute 53 % of 

the freshwater draining to the 

Bothnian Bay (Vattenmyndigheten 

Bottenviken, 2010). Another 47 % of 

the freshwater comes mainly from 

Finland and Norway 

(Vattenmyndigheten Bottenviken, 

2010). The major environments in 

Swedish catchments are forests, 

alpine tundra, and glaciers and 

wetlands. These make up two typical 

landscapes: the alpine tundra 

further inland and the lowlands 

characterized by till and wetlands. 

The sediments in the Bothnian Bay 

are mostly Quaternary deposits and 

sulfide soils deposited during the 

Holocene (Ingri et al., 2000). 

The type of river is defined by its 

catchment. Rivers are therefore 

classified as alpine, forest or coastal 

rivers. Alpine rivers are sourced in the mountains, while forest rivers originate in the forested 

lowlands. Due to the retreating glaciers since the last ice age, northern Sweden experiences an 

isostatic rise of 9 mm every year. Rivers that drain sediments exposed due to this rise are called 

coastal rivers.  

The rivers Kalix and Råne represent two of 36 main catchments flowing into the Bothnian Bay, 

which lies between 63.5° and 66° N (Figure 6) (Vattenmyndigheten Bottenviken, 2010). It is ice-

covered up to six months every year. The catchment is about 260,700 km2 large and includes 

many large rivers such as the Kalix River and Råne River (Ingri et al., 2000). Even though the Råne 

River is much smaller both rivers display a similar geochemistry (unpublished data, collected in 

the course of this study). One major difference is the source area, while the Kalix River comes 

from the Caledonian mountains; the Råne River is sourced in the lake Råne Träsk. Both rivers are 

unregulated and the Kalix River is considered the most pristine large River in Europe. The 

precipitation in the lowlands of the catchments is in the range of 400 to 700 mm/yr, while in the 

mountains it is higher with 1000 to 1500 mm/yr (SMHI, Vattenwebb, 2015). 

Figure 6. Map over the area of the Kalix and Råne catchments, 
situated in northern Sweden. 
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Figure 7. Typical discharge pattern of the Kalix River (blue) and Råne River (green) in m
3
/s from 1990 to 1992 (SMHI, 

Vattenwebb, 2015). A clear peak in discharge can be observed each year in May. 

Kalix River 

The catchment of the Kalix River is situated in northern Sweden. The largest part of the 

catchment is situated north of the Arctic Circle; still the area is not influenced by permafrost. The 

river originates on the slopes of the Kebnekaise Mountain (2106 m) area and flows through the 

Swedish lowlands into the Bothnian Bay. Mica schist, quartzite and amphibolite are the 

characteristic rock types in the Caledonian Mountains (400 - 1000 Ma) (SGU, Kartvisare, 2015). 

This lithological region contributes 5 % to the total drainage area (Ingri et al., 2000). In the 

Precambrian basement, above the inflow of the Kaitum River, acid, intermediate, and basic 

volcanic rocks alternate. Below this tributary granites predominate (Gaal and Gorbatschev, 

1987). The river catchment covers an area of 18 130 km2 and is ice-covered for up to six months 

every year. The total drainage area is 23 846 km2 , characterized by woodland (54.5 %) with 

coniferous spruce and pine as well as birch trees, 15.5 % is covered by wetland, lakes cover 5.5 

%, thin soil and naked rock contribute 10.5 %, and farmland and populated land cover less than 1 

% (SMHI, Vattenwebb, 2015). The category “Rest” contributes a further 13 % and lumps 

together: natural grassland and heathland, beaches and areas with little vegetation (Personal 

communication with Marie Bergstrand, SMHI;  

Appendix II).  The area is part of the Natura 2000 initiative, which is an EU wide network of 

nature protection areas. This central part of the EU nature and biodiversity policy was 

established under the 1992 Habitats Directive and is aiming to assure the long-term survival of 

Europe's most valuable and threatened species and habitats. (Naturvårdsverket, 2003) In 

addition the river is protected against regulation for hydropower generation.  The average daily 

discharge is 295 m3/s (Figure 7). During spring flood the discharge is up to ten times higher than 
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during base flow. The drainage area contains mostly Quaternary deposits of till with developed 

podzol profiles (Fromm, 1965). As can be observed from Figure 8, the ground is mostly 

composed of till (50 %), peat (25 %), thin soil and naked rock (14.5 %) and minor amounts of 

lakes (5.5 %) and glaciofluvial material (3.5 %). The till shows spodozol soil profiles classified as 

haplocryod (Soil Survey Staff, 1995). It is unsorted and contains mostly granitic material. In the 

B-horizon hydro-goethite has been observed (Land et al., 2000). 

One potentially anthropogenic influence on the river geochemistry are closed and active mines 

in the area, adding metals, nutrients and mostly nitrogen (N) to the water. (Vattenmyndigheten 

Bottenviken, 2010). 

 

Figure 8. Pie plot showing the relative distribution of the different soil types in the Kalix catchment (SMHI, 
Vattenwebb, 2015). 

The Kalix River is influenced by the spring flood during May, caused by the snow melt in the 

forested lowlands and another spring flood in June, as the snow in the mountains melts, letting 

discharge peak during these months (see Figure 7). Depending on how fast temperatures rise, 

these peaks in discharge may occur so close to one another, they cannot be separated. During 

September to November increased precipitation causes another peak.  

Like in the graph, showing the discharge (Figure 7), data from the Kalix River was always plotted 

in blue and data from Råne River was always plotted in green. If time series were plotted, the 

earlier dates were assigned lighter colors, while the later dates were assigned darker colors. 

Råne River 

The 1927 km long Råne River belongs to the water district Bottenviken, Norrbotten, Sweden 

(Vattenmyndigheten Bottenviken, 2010). It emerges just south of the city of Gällivare and enters 

the Bothnian Bay north of Luleå. It is smaller than the Kalix River and its catchment covers about 

4207 km2 (SMHI, Vattenwebb, 2015), with 71 % covered by woodland, 25 % wetland, 3.7 % lakes, 

and less than 1 % covered by farmland and population (SMHI, Vattenwebb, 2015). As can be 

observed from Figure 9, the ground is mostly composed of till (50 %), peat (39 %) and minor 

areas by lakes (3.5 %), glaciofluvial material (3.5 %) and thin soils and naked rock (2.5 %). The 

Peat

Coarse ground

Till

Thin soils and naked rock

Lakes

Glaciofluvial material



24 
 

average daily discharge is 43.4 m3/s (Figure 7). A major hydrological event occurs in May, during 

the spring flood the discharge increases up to ten fold relative to the base flow. The catchment is 

hardly influenced by anthropogenic activities at all, only area of contaminated land adjacent to 

Vuollerim (an urban area in Jokkmokks municipality) has been identified by the water ministry of 

 

Figure 9. Pie plot showing the relative distribution of the different soil types in the Råne catchment (SMHI, 
Vattenwebb, 2015). 

Norrbotten in the catchment area (Vattenmyndigheten Bottenviken, 2008). In addition there are 

some areas of risk for environmental contamination in the coastal regions of the river. 

(Vattenmyndigheten Bottenviken, 2008).The Råne River originates in the forested lowlands, 

therefore its discharge experiences only one spring flood related peak in the end of May (see 

Figure 7).   
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In summary:  

The Kalix and the Råne River are boreal Rivers situated on 1.8 Ga old granitic basement-

derived till in northern Sweden. The Råne River is smaller than the Kalix River. Both 

catchments contain large areas covered with wetlands and woodland. The Kalix River does 

also receive water from the Caledonian mountains and therefore experiences a third peak 

in discharge in June. The Råne River receives more water from the wetlands. 



25 
 

Background 

Strontium in the investigated catchments 

 

Figure 10. The different sources of Sr to the River. 

Once the Sr is released from the granitic bedrock, it is transported in small streams and rivers 

through the catchment to the Bothnian Bay. With the different water sources, varying 

concentrations and 87Sr isotope signatures are contributed to the river water.  The water is 

sourced from and passes several different landscapes such as wetlands, forests, riparian zones 

and lakes, which represent environments of different conditions. These environments are 

characterized by differences in pH, Eh and flow velocity. Such differences may cause changes in 

the water chemistry and hence, the dissolution and precipitation of particles, most importantly 

Fe-rich particles and colloids that may sorb and release Sr.  

 

The geochemistry and mineralogy of the base rock of the Kalix and Råne catchment are very 

similar. There is only one major difference in geology. Five % of the total catchment area of the 

Kalix River is situated in the Caledonian mountains. The other 95 % of the Kalix catchment and 

the Råne catchment are situated in the Swedish lowlands. 

In summary the Sr concentrations and the 87Sr isotope signature of river water is influenced 

by:  

 the geochemistry and mineralogy of the base rock  

 the relative amounts of precipitation, throughfall, marine aerosol input, soil 

water, shallow and deep groundwater 

 the surface biogeochemical conditions in the catchment 

 the precipitation and dissolution of a suspended phase 
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The Precambrian basement of the Swedish lowlands is approximately 1.8 Ga old (SGU, 

Kartvisare, 2015). Above the inflow of the Kaitum River, acid, intermediate, and basic volcanic 

rocks alternate. Below this tributary granites predominate (Gaal and Gorbatschev, 1987). 

According to Lundqvist (1986) the till formed from these granites was deposited 8700 years ago.  

Mica schist, quartzite and amphibolite are the characteristic rock types in the Caledonian 

Mountains (SGU, Kartvisare, 2015). These are generally quite young (400 to 1000 Ma), with 

some exceptions, e.g. the area around Vistasjokk, close to Kiruna. Here Proterozoic rocks, 1.6 to 

2.5 Ga in age are present (SGU, Kartvisare, 2015). There are two age determinations, performed 

with U-Pb dating on samples located approximately 5 km south-east of the tributary. Romer et 

al. (1994) dated a syenite to be 1.8 Ga and Skiöld and Page (1998) dated a greenstone to be 2.7 

Ga old.  

Even though the Caledonian mountains are generally younger (400 to 1000 Ma), in some areas 

very old rocks (2.7 Ga) are exposed. Tributaries from the mountains may hence; supply waters 

with more or less radiogenic 87Sr isotope signatures than the granitic basement rock (1.8 Ga) in 

the Swedish lowlands.  

The investigated catchment is mainly covered by till, such that Sr in wetlands and woodlands of 

the lowlands may be assumed to be derived from that till. Till is a glaciation-derived sediment 

composed of mixed material from very fine particles such as clays up to boulders. The till in the 

area is derived from the granitic basement (1.8 Ga). Strontium is released from the till. 

According to Olsson and Melkerud (2000), soil weatherable primary minerals are biotite (2%), 

hornblende (4.1 %), plagioclase (3.6 %), alkali-feldspar (18.4 %), and muscovite (0.8 %), among 

which biotite is most weathered. 

The relative amounts of precipitation, throughfall, marine aerosol input, soil water, shallow 

and deep groundwater vary on a seasonal basis. Each source has characteristic Sr 

concentrations and 87Sr isotope signature. The Sr concentration and the 87Sr isotopic ratio of the 

river water are defined by the relative amount of water from each source.  

Besides weathering of rocks, contributing Sr to river water by dissolution there is also a feedback 

cycle from the oceans in the form of marine aerosols. These two sources create different 87Sr 

isotope signatures. Therefore the bedrock and climatic factors influence the Sr concentrations 

and 87Sr isotope signatures in rivers (Palmer and Osmond, 1992). Several parameters influence 

the weathering derived Sr isotope composition in surface waters: The 87Sr/86Sr ratio and the Sr 

concentrations of each rock type, as well as the area of exposed surface and the rocks 

susceptibility to chemical weathering. The weathered ions are transported with the waters 

draining the sediment and soil. 

Groundwater and soil water is usually enriched in the radiogenic isotope (87Sr), since the water 

has a longer residence time to interact with the surrounding rock (Land et al. 2000). Here 

specific weathering plays a significant role. In the weathering sequence of granite, biotite is 

weathered first. Biotite has high K concentrations and Rb substitutes for K. Therefore, the 

mineral has a high Rb/Sr ratio and correspondingly a more radiogenic 87Sr/86Sr isotope signature. 

Weathering of biotite will therefore cause the soil and groundwater also to have a more 

radiogenic 87Sr isotope signature.  
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Marine aerosols on the other hand display a relatively constant and less radiogenic 87Sr isotope 

signature, as the 87Sr isotope signature of the oceans is considered to be relatively constant. 

 

Granitic rocks usually show 87Sr/86Sr ratios of 0.73 while the ratio of atmospheric input will be 

close to that of the oceans of 0.71 (Capo et al. 1997). A more radiogenic 87Sr/86Sr ratio is hence, 

an indicator for weathering influenced waters, while a less radiogenic 87Sr/86Sr ratio may point 

towards a stronger influence of marine aerosol input. 

The Sr concentration and the 87Sr/86Sr ratio of a river is therefore, determined by the mixing 

proportions and the Sr concentrations as well as the 87Sr isotope signatures of the different 

sources to the river.  

 

Land et al. (2000) studied a small catchment within the bigger Kalix catchment, sampling 

precipitation, soil water, ground water and stream water. They analyzed the major and trace 

element concentrations as well as the 87Sr/86Sr isotopic ratio. The sediments are represented by 

podzolized Quaternary tills of granitic composition and are underlain by 1.8 Ga old granites. 

Hence, the geology is the same as in the lower part of the Kalix and Råne watershed. The only 

difference being that the studied catchment is drained by first order streams.The authors (Land 

et al. 2000) used the Ba/Sr and Ca/Sr ratios to create a model of the relative importance of the 

different water sources contributing to the stream. A model with mixing equations used in an 

iterative mode to separate soil water, shallow groundwater and deep groundwater was 

developed. Precipitation was not considered. According to their results (Land et al., 2000) deep 

groundwater constitutes between 5 and 20 % of subsurface stream water input. This fraction is 

highest during base flow, while during the snow melt period the soil water dominates the input. 

Its contribution to the stream waters varies between 10 % during base flow and 100 % during 

snow melt. Shallow groundwater contributes up to 80 % of the subsurface input during base 

flow, when it dominates the input. This fraction is much less important during snow melt. The 

investigated element ratios were suggested as effective tracers for the different subsurface 

water flow paths in catchments (Land et al., 2000).  

As one part of their study Land et al. (2000) showed that the Sr concentrations in the water of 

each soil horizon increase with depth from the soil water of the E-Horizon (0.05 m) to deep 

groundwater (20- 25 m), with one exception. Soil water in the C-Horizon (1 m) was shown to 

have lower Sr concentrations than soil water from the E-Horizon. Since the E-Horizon is right 

below the OM-rich A-Horizon, it is suggested that Sr is bound in this horizon with the OM and 

therefore enriched compared to the C-Horizon. 

Sr concentrations in shallow groundwater (4.2-5.2 m) were still double the concentrations 

observed in the soil water from the E-Horizon and the Sr concentrations in deep groundwater 

were shown to be more than 5 times as high as in the soil water from the E-Horizon. 

The Sr concentrations may hence, already be an indicator for the soil horizon the water was 

sourced from. High Sr concentrations in the river water indicate a deep source, while low Sr 

concentrations in the river water indicate a shallow source.  
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The Sr concentration in precipitation in the area can be assumed to be around 0.57 nmol/L and 

the 87Sr/86Sr ratio of precipitation can be assumed to be 0.713, while that of throughfall should 

be slightly higher around 0.719 (Land et al. 2000). Land et al. (2000) also found that the major 

part of the groundwater recharge occurs during spring flood. 

The 87Sr isotope signature of each soil horizon was also determined. The 87Sr isotope signature 

was observed to be more radiogenic with increasing depth with one exception similarly to the Sr 

concentrations: soil water from the E-horizon (0.726) was determined to be slightly more 

radiogenic than soil water from the C-horizon (0.725). This was attributed to the fact that the E-

Horizon lies right below the OM-rich A-Horizon and the Sr is bound and retained by the OM. 

Shallow groundwater was determined to be more radiogenic again (0.726) and deep 

groundwater showed an extremely high 87Sr/86Sr isotope ratio (0.765). River water however, 

showed an 87Sr isotope signature of 0.738, which is higher than that of all sampled soil horizons, 

except deep groundwater. There must hence, be a deep groundwater source to the Sr found in 

river water.  

Moreover they were able to show that there are no significant differences in the Sr 

concentration and 87Sr/86Sr ratio of the dissolved phase in each soil horizon depending on the 

hydrological flow conditions (base flow and spring flood). The change in Sr concentrations and 
87Sr isotope signature in the river water during spring flood does hence, not represent a change 

of the Sr concentrations and the 87Sr isotope signature in the soil horizons, but must represent a 

change in the amount of water and hence, the amount of Sr each soil horizon contributes.  

The different sources contribute Sr in different phases. While precipitation and throughfall 

contributes mostly truly dissolved Sr, soil water, shallow and deep groundwater also contribute 

a substantial fraction of the Sr in the suspended phase.  

The mean transit time for groundwater in the Råne River water shed was determined to be 3-4 

years, based on H3 monitoring (Eriksson, 1974). Due to the similar characteristics of the Råne 

and Kalix catchment, this value may also be assumed to be valid for the Kalix River (Land et al. 

2000).  

The surface biogeochemical conditions in the catchment depend on the different landscape 

types. The most important landscapes in both catchments are wetlands, woodlands, riparian 

zones and lakes. 

Wetlands have a low pH and are anoxic throughout the entire year, due to the slow decay of 

OM. Only during spring flood the surface gets oxidized, due to mixing with oxidized melt water. 

Humic and fulvic acids are released from the decay of OM which causes the water from this 

source to show high DOC concentrations. Models and supporting data indicate that the 

hydrological flow occurs mostly in the uppermost peat layers (Schiff et al. 1998). The water flow 

in wetlands should therefore occur mostly on the surface and the influence of groundwater 

input might be rather small. Wetlands might in some cases not even be connected to the 

ground, as the plant debris can be several meters thick. The organic soils of wetlands play a 

crucial role for DOC and Fe cycling in running waters, especially during base flow conditions. 

Hence, during winter a large fraction of the water and the Fe suspended phase comes from 

wetlands. There is a positive association of base flow Fe with wetlands and DOC, suggesting that 
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wetlands influence DOC concentrations and export in streams and rivers (Creed at al. 2003 and 

Mulholland 2003).  

In lakes the water slows down and particles and colloids may aggregate and settle. Therefore, 

certain elements bound in this suspended phase may be removed from the waters. In the anoxic 

layer on the ground of lakes higher concentrations of dissolved alkaline earth elements (Mg, Ca 

and Ba) are observed than in oxygenated epilimnia (summarized by Sholkovitz, 1985). In the 

lakes of the Kalix River catchment such enrichments including Sr have also been observed. The 

enrichment of Ca, Mg, Ba and Sr in hypolimnetic waters was suggested (Sholkovitz, 1985) to be 

partially due to the dissolution of an Fe-rich particulate phase. Assuming, that lakes are mixed 

during spring and the bottom becomes oxidized, the dissolved Fe might precipitate and 

incorporate the present Ca, Mg and Sr. The spring flood could then potentially transport these 

particles downstream.  

Riparian zones are the interface of the sediment, groundwater and surface water streams. The 

anoxic, high pH ground waters are known to transport ions into the rivers, where they are 

precipitated or taken up biologically (Jones and Mulholland, 2000). However, the lower parts of 

the riparian zones are suggested to be “flushed” during the spring flood, such that previously 

formed Fe-rich particles and colloids will be mobilized. The DOC concentrations are especially 

high during spring flood, which has been associated with hydromorphic organic soils in the 

riparian zone that supply the DOC in forested drainage areas (Bishop et al. 2004). It has hence, 

been suggested that during spring flood the smaller Fe-OC-colloids are released from riparian 

zones.  

The precipitation and dissolution of a suspended phase can change the Sr concentrations and 
87Sr isotope signature of river water. Particles, colloids and the truly dissolved phase may 

additionally be characterized by different 87Sr isotopic signatures if they originate from different 

sources. The formation and presence of an Fe-(OC-)rich suspended phase may therefore, 

influence the Sr concentrations and 87Sr isotope signature in these environments. Waters from 

different source areas may be characterized by different 87Sr isotopic signatures. Due to 

precipitation reactions, (e.g. such as in riparian zones) the 87Sr isotope signature of some water 

sources may be caught and retained in the suspended phase. Hence, it might be possible to 

trace the water sources of the river by the 87Sr isotopic signature of the different phases.   

Incentive 

A difference in the 87Sr/86Sr isotopic ratio between the different phases: truly dissolved, colloidal 

and particulate of water from boreal river catchments has been observed (Ilina et al. 2013).  

From a filtration experiment, performed with a water sample from the Kalix River, taken during 

the peak discharge of spring flood 1995 (10th June 1995), the data presented in Figure 11 could 

be obtained (unpublished data). Just like Ilina et al. (2013) showed, the 87Sr/86Sr signature 

becomes less radiogenic with each filtration step: The smaller the phase, the less radiogenic its 
87Sr/86Sr signature. This graph shows the opposite of what would be expected from specific 

weathering. 
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The Kalix River is especially well suited for this study, since Ingri and Widerlund (1994) have 

studied the geochemistry of the Kalix River in detail: The Kalix River is characterized by a small 

sediment load. The dissolved phase has therefore a major influence on the total transport of 

most elements. Less than 2 % of the alkali and alkaline earth elements are transported in the 

particulate phase (> 0.45 µm). Only during maximum discharge in May up to 20 % may be 

transported in the particulate phase. The suspended load in the Kalix River is highest during 

spring flood (Ingri and Widerlund, 1994).  

One special characteristic of the Kalix River as already observed by Pónter et al. (1990, 1992) are 

the extremely high Fe concentrations in the range of 15 000 nmol/L. This is a major advantage 

for studying element uptake by Fe-rich phases and the reason for why the Kalix and Råne River 

were chosen for this study. The Råne River has even higher Fe concentrations in the range of 25 

000 nmol/L. The Fe is almost entirely present in the suspended phase.  

During spring flood the amount of detrital particles (total Al concentration) contributes 6.8 % to 

the ashed suspended load, while during late winter only 1.5% of the ashed suspended load is of 

detrital origin. The concentration of detrital particles is high during peak discharge and declines 

during low discharge in winter (Ingri and Widerlund, 1994).  

 

Figure 11.The 
87

Sr/
86

Sr ratio in the different filtrates of Kalix river water sampled on 10
th

 June 1995 at Kamlunge is 
decreasing with decreasing filter size. 

Moreover back in 1990 the research group around Prof. Johan Ingri had decided to monitor the 

Sr concentrations and the 87Sr/86Sr signature of the unfiltered waters of the Kalix River for over a 

year (unpublished data). As can be seen from Figure 12, they observed an annual cycle in the Sr 

concentrations and the 87Sr/86Sr signature that anti-correlate with one another. In the back the 

Kalix River discharge is plotted in light blue for orientation. From January to March the 87Sr/86Sr 
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signature stays constant at 0.7297, then as the snow melt starts and the discharge increases, the 

Sr isotopic ratio becomes more radiogenic. After spring flood, when the discharge decreases, the 
87Sr/86Sr ratio becomes less radiogenic again. Similarly during autumn, when the discharge is 

increased due to heavy rainfall, the 87Sr/86Sr ratio becomes more radiogenic again. More 

radiogenic 87Sr isotope signatures correlate with low Sr concentrations and with high discharge, 

while less radiogenic 87Sr isotope signatures correlate with high Sr concentrations and lower 

discharge. This was taken as a first indication that the Sr in the Kalix River is supplied from 

different sources with different Sr concentrations and 87Sr/86Sr ratios at different times of the 

year. Sources of more radiogenic 87Sr are simultaneously low in Sr concentrations and the other 

way around. Together with the previous observation of decreasing 87Sr isotope signatures with 

decreasing filter size and the assumption that different sources supply varying amounts of water 

at different times of the year, one might draw the conclusion that the varying 87Sr isotope 

signatures throughout the year might be caused by varying amounts of Sr being supplied by the 

truly dissolved and suspended phase. 

As discussed previously the 87Sr/86Sr ratio of river water is influenced strongly by the weathering 

of bed rock (Faure and Mensing, 2009). Ground- and soil water have longer residence times 

allowing the Sr ratio of the waters to assimilate. The river water of the Kalix River is dominated 

by different sources, such as soil water and shallow groundwater during spring flood and base 

flow respectively (Land et al., 2000).  

To be able to compare the 87Sr/86Sr ratio of the water of the Kalix River with a different river, the 

Råne River was sampled as well. The Råne Rivers catchment has a larger surface covered with 

wetlands, where the water flow occurs mostly at the surface. This rivers 87Sr/86Sr ratio was 

hence, measured for comparison with a river most likely less strongly influenced by deep 

groundwater.  

Land et al. (2000) used in the model presented in the chapter “Strontium in the environment” 

the 87Sr isotope signature to try to confirm their model of the sources of stream water at 

different times of the year. The deeper the source of the water, the more radiogenic the 87Sr 

isotope signature.  However, they observed an opposing trend of what they had expected. Land 

et al. (2000) observed a more radiogenic 87Sr isotope signature during spring flood, when 

according to their model the water is mostly soil water (0.05 – 1 m) than during base flow, when 

the water is mostly shallow groundwater (4.2 – 5.2 m) and some small amount of deep 

groundwater (20 – 25 m). Land et al. (2000) were however, not able to fit the model based on 

Ba/Sr and Ca/Sr ratios with 87Sr signatures. This could only be explained by a larger deep 

groundwater input during spring flood. This was to be investigated further in this study, by 

analyzing the different phases (truly dissolved and suspended) and also looking at another 

catchment, where the deep groundwater input is smaller. 
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Figure 12.  
87

Sr/
86

Sr ratio, Sr concentrations [nmol/L] and discharge [m
3
/s] (SMHI, Vattenwebb, 2015) of the Kalix 

River (Kamlunge, unfiltered) from November 1990 to September 1992. A correlation of 
87

Sr/
87

Sr ratio with the 
discharge can be observed. The 

87
Sr isotope signature can be observed to anti-correlate with Sr concentrations. 

Hypothesis 

The non-detrital suspended phase in the Kalix River has been shown to be composed largely of 

Fe (Ingri and Widerlund, 1994). This Fe-rich suspended phase has been observed to influence the 

Sr concentrations (Ingri and Widerlund, 1994). Fe particles and colloids are mostly formed at 

oxidized-anoxic interfaces between such as between anoxic groundwater and oxidized surface 

water. The Sr adsorbed on such particles and colloids may, hence, be partially deep 

groundwater-derived. Due to longer residence times deep groundwater does usually have a 

more radiogenic 87Sr/86Sr ratio (Faure and Mensing, 2009). Therefore the 87Sr/86Sr ratio of the 

non-detrital suspended phase might be an indicator for deep groundwater input. The misfit of 

Ba/Sr and Ca/Sr ratios with 87Sr signatures observed by Land et al. (2000) is suggested to be 

explained by deep groundwater influencing the Fe-rich suspended phase formed in soils. 

Moreover the more radiogenic 87Sr isotope signatures with increasing particles size in river water 

observed by Ilina et al. (2013) are suggested to be caused by this effect. The 87Sr is 

coprecipitated with Fe at the anoxic-oxidized interface in soils, from where it is released 

predominantly during spring flood. This causes the apparent discrepancy of more radiogenic 87Sr 

rich waters being released during spring flood and the more radiogenic 87Sr isotope signature 

with increasing particle size. 

0

200

400

600

800

1000

1200

1400

0,725000

0,726000

0,727000

0,728000

0,729000

0,730000

0,731000

0,732000

29-Nov-90 9-Mar-91 17-Jun-91 25-Sep-91 3-Jan-92 12-Apr-92 21-Jul-92

D
is

ch
ar

ge
 [

m
3 /

s]
 

8
7 S

r/
8

6 S
r 

Date 

Discharge 87Sr/86Sr Sr  [nmol/L]

Spring flood 

1991 
Spring flood 

1992 



33 
 

 

 

 

 

 

 

 

 

 

  

In summary: 

 The 87Sr isotope signature correlates with the size fraction 

 The 87Sr isotope signature and the Sr concentrations vary over the annual cycle and 

anti-correlate 

 The 87Sr isotope signature correlates with the discharge, it is most radiogenic at 

peak discharge during spring flood 

→ It is suggested that  

 depending on the discharge (time of the year) different sources contribute 

varying amounts of the Sr (e.g. shallow groundwater vs. soil water) 

 that each source is characterized by different 87Sr isotope signatures and Sr 

concentrations (e.g. more radiogenic deep groundwater) 

 that different sources contribute the Sr in different size fractions (e.g. 

groundwater mostly in the suspended phase due to precipitation reactions) 
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Theory and Methods 

Part of the data discussed in this study is based on previous unpublished measurements (1990-

1992), obtained in similar ways as the new data. The exact procedures are therefore described 

only where different from the new data.  

Moreover data from 1995 was used and the reader is referred to Porcelli et al. (1997) for the 

methods used to obtain these data. 

Sampling  

All sampling material was acid cleaned and 

consisted of polyethylene (PE) or Teflon. The 

surface water (top 0.5 m) samples from Kalix 

and Råne River were taken from a bridge 

using a sample water pre-rinsed bucket (see 

sampling locations on Figure 13 and Figure 

14). The samples were transferred into acid 

cleaned and with sample water pre-rinsed 

PE containers. Sample K12 was taken from 

the side of the river, close to the bridge. The 

Rivers were always sampled on the same 

day except for samples K3 and R3. The 

samples were stored at 4°C and ultrafiltered 

within 24 hours.   

On each sampling occasion several physical 

and chemical parameters were determined 

in situ using a multiparameter probe 

(Minisonde 5, OTT). These include: water 

temperature, specific conductivity, pH and 

oxygen saturation (Luminescent Dissolved 

Oxygen, LDO). The LDO measurement was 

calibrated using a barometer at the site. A 

hand unit was connected to the probe, 

which was submerged in the river water. 

When the values had stabilized (after five 

minutes), the values are noted down. On 

some sampling occasions the probe could not be used, since it had to be sent in for 

maintenance. On these sampling occasions the water temperature, pH and conductivity were 

measured using a HI991301 (Hanna Instruments) and the LDO was measured with a DO200 

(VWR).  

Figure 13. Sampling points of the Kalix River in Kamlunge 
(65°59’41.80’’ N, 22°50’50.82’’ E) and the Råne River in 
Orrbyn (65°56’17.82’’ N, 22°08’22.82’’ E)in distant view 
(Google Earth). 



35 
 

 

Figure 14. Close up on sampling points of Kalix River in Kamlunge (65°59’41.80’’ N, 22°50’50.82’’ E) and the Råne 
River in Orrbyn (65°56’17.82’’ N, 22°08’22.82’’ E) (Google Earth). 

Filtration 

Cross-flow ultrafiltration 

All samples were subjected to cross-flow ultrafiltration.  

The prefiltered sample is pumped into the retentate container. From the retentate container the 

sample is pumped through the 1 kDa cellulose filter (Millipore, PLAC/SCALE – TFF cartridge) from 

below. The permeate (< 1 kDa) flows through the sides of the filter and is pumped into the 

permeate container. The retentate (> 1 kDa) that cannot leave the filter through the 1 kDa pores 

on the sides is pumped back into the retentate container along the top of the filter. The sample 

repeats this cycle for sufficient separation of the truly dissolved and particulate phase. (See 

Figure 15) 

After long time storage the pumping system was set up and first cleaned without the filter. All 

parts of the system: tubes and containers were cleaned thoroughly with HCl (3.7 %) or HNO3 

before use. Before the filter was built in the system was flushed with  1.5 liters of weak acid 

(3.7% HCl) for 20 min., followed by Milli-Q Water (MQ) until the effluent at the permeate outlet 

had the same pH as fresh MQ (5.5). Blank 1 of the tubing and containers was taken.  

Once the filter was installed, the entire system was cleaned. The new filter was flushed with 

large amounts of MQ water (> 10 L out of permeate tube) before the normal cleaning 

procedure. The filter was cleaned between each sample according to the following procedure.  

The retentate container was filled with 3 L MQ. The first 0.5 L coming through the retentate tube 

were discarded. The residual MQ was left to circulate in the filtration system for  20 min. Then 

all MQ was removed from the system. Subsequently the retentate container was filled with 3 L 
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of MQ and 5 - 6 tablets of NaOH (0.01 M solution). The first 0.5 L coming through the retentate 

tube were discarded and the residual NaOH solution pumped in a circuit for 20 min. before 

removal. The system was flushed with MQ until the pH reached the initial pH of the MQ (5.5). 

The first 0.5 L were flushed out through the retentate tube, before it was connected to the 

retentate container  

 

Figure 15. Schematic picture of the cross-flow ultrafiltration. 

again. Next the filter was cleaned thoroughly with a solution of 3 L MQ and 2 mL HCl (37 % 

suprapure, ALS), which was filled into the retentate container. The first 0.5 L out of the 

permeate tube were discarded. The residual 2.5 L were pumped to circulate in the system for 20 

min. The residual acid was removed by flushing the system like previously with MQ until the pH 

reached that of the MQ (5.5). Then blank 2 was taken. 

All tubing was acid washed and stored in MQ after usage. The filter was stored at 4°C and filled 

with NaOH (0.01 M) over longer time periods (several weeks to months), while for short time 

spans (days) filled with MQ. The whole system was always cleaned right after filtration 

The samples were pre-filtered within two hours after sampling.  20 L of the sample were filtered 

through a plankton net of 70 μm pore size, to remove microorganisms as well as larger particles. 

The plankton net filter was rinsed and stored in a clean plastic bag for later use on the same 

sample source (Kalix or Råne River). 

Before the ultrafiltration was started, the filter and the system were pre-rinsed with the sample 

water. This is done by pumping 0.5 L out of the retentate tube. Afterwards, all sample water was 

removed from the system and discarded. Then the ultrafiltration was started.  

The pressure during pumping was kept just under 2 bar (1.5 to 2.2 bar). The pressure was further 

adjusted by varying the flow rate between 105 and 120 rpm. The retentate flow rate to 

permeate flow rate was always kept larger than 15. It was determined, by recording the time for 

a certain amount of sample (retentate and permeate) to collect. 

The retentate to permeate flow ratio was kept larger than 15 to ensure all colloids smaller than 

the filter size (1 kDa) had had the chance to pass the filter. The concentration factor was kept  > 

10. 
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Open tubes and containers were always covered with parafilm. 

The samples and blanks were filled into acid cleaned PE bottles (125 ml ALS), acidified (1 % 

HNO3, suprapure) labeled with the datum, location, name and treatment and stored at 4° C. Last 

the system was emptied of all fluid, for storage.  

The volume of retentate and permeate were determined by volumetric measurements after 

filtration.  

DOC analysis 

An aliquot of each unfiltered sample was filtered through an 0.7 µm glass fiber filter with a 

diameter of 25 mm (Whatman GF/F), for analysis of the DOC content of the river water. The 

filters were pre-treated by heating and the filter holder as well as the syringe acid cleaned 

(HNO3). The water was pushed through the filter until it clogged up and the amount that had 

passed the filter noted down. The filter was then stored in aluminum foil at -18 °C. 

Major and Trace elements 

The absolute major and trace element concentrations were determined by Inductively Coupled 

Plasma Sector Field Mass Spectrophotometry (ICP-SFMS) (ELEMENT XR, Thermo Scientific, 

Bremen, Germany) using Indium (In) for internal standardization (2 µg L-1 to all measurement 

solutions) and by external calibration. The details of the analytical procedure and instrument 

parameters and measurement conditions can be found elsewhere (Rodushkin and Ruth, 1997 

and Rodushkin et al., 2005). 

Data correction 

Absolute element concentrations were determined doubly by ICP-SFMS. The mean of the two 

values was calculated. From that value the concentration of blank 2 (taken after cleaning 

procedure) was subtracted to make up for potential contamination from the system. 

Then the element concentrations in the suspended phase were calculated by subtracting the 

concentrations in the permeate from the concentrations in the retentate. 

The obtained values were then divided by the concentration factor, computed from recorded 

amounts of retentate and permeate obtained during filtration to obtain the original 

concentrations in the sample. 

Data quality 

The element concentrations of each sample were determined doubly. The relative variation 

from the mean was calculated and only values that varied less than 5 % from the mean were 

used. The following elements used in this study: Ba, Ca, K, Mg, Na, S, Si and Sr varied less than 5 

%. Unfortunately a few samples had values for Fe and Al varying by more than 5 %. The 

concentrations in the permeates of the Kalix River during base flow (K3) and maximum flow 

(K10) are very low and vary by 15 %, but were still considered in this study.     

Method blanks were taken to estimate the contamination during ultrafiltration, one before 

(blank 1) and one after (blank 2) cleaning of the system. Since the ultrafiltration equipment was 
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cleaned in between each filtration, blank 2 was subtracted from the results to account for 

contamination from the system.  

Strontium isotopes 

A number of selected samples: permeates, retentates and one unfiltered sample of the Kalix and 

Råne River were analyzed for their 87Sr isotope signature at the Isotope laboratory of the 

Naturhistoriska Riksmuseet (NRM) in Stockholm, Sweden. Here the Sr was separated and the 

analyzed by TIMS (Thermal Ionization Mass Spectrometry) by the procedure described below. All 

isotope work was performed on a clean bench. 

 

Figure 16. Sample evaporation under a clean bench at the isotope laboratory of the Naturhistoriska Riksmuseet. 

A multi-element analysis was performed by ICP-SFMS at the commercial lab ALS in Luleå. The Sr 

concentrations obtained were used to calculate the amount of sample needed to evaporate to 

obtain 500 ng of Sr. The concentrations in sample R10_perm were very low and it was decided 

to use only 300 ng. Depending on the Sr concentrations, 1.0 to 92 ml of sample material was 

evaporated in Savillex Teflon beakers at 120 °C (Figure 16). The residual was then reacted with 

HNO3 (Seastar, Sydney, Canada) to oxidize the organic matter. In some cases (RA12_ret, 

KA12_ret, KA12_perm, K3_perm, K3_ret, R3_perm, R3_ret, K10_ret, R10_ret, K10_OF), this was 

not sufficient and the sample was dissolved in 500 µl HNO3 (Seastar, Sydney, Canada) and 30 µl 

H2O2 and boiled at 140°C over night. To exclude possible contamination one of the two blanks 

was also treated with H2O2. With the exception of these minor amounts of H2O2 all acids used 

during the Sr separation were of extremely high purity (Seastar, Sydney, Canada). 

The samples were then evaporated to dryness and dissolved in 1 ml 6 M HCl (Seastar, Sydney, 

Canada). To make sure the sample dissolves properly, it was exposed to an ultrasound bath for 5 

minutes. Next the Sr separation was performed using column chemistry (Figure 17).  

Due to the generally small sample amount small columns were prepared from differently sized 

pipette tips. A filter was inserted to keep the ion exchange resin, but let the liquids run through.  

60 mg of the pre-washed Sr resin (Sr-B100-S, Triskem International, 50 – 100 µm) were filled into 

the column (Bio-Spin Disposable chromatography Columns, Bio-Rad Laboratories, Hercules CA, 

USA), which was then filled up to the 500 ml mark with the pre-washed Fe resin (TR-B200-S, 

Triskem International, 50 – 100 µm). The two resins were flushed with 5 ml MQ water and mixed 

with a pipette. Then the resin was cleaned with  2 ml 6M HCl (Seastar, Sydney, Canada) and 2 ml 

FC31 (a mixture of 0.3 M HF and 0.01 M HCl). This was repeated once more. 
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Figure 17. Sr separation by column chemistry on a clean bench. 

First elements like Fe and Mn were removed from the sample by the following procedure. The 

columns were conditioned with 2 ml 6 M HCl (Seastar, Sydney, Canada). Three quarters of the 

sample, previously dissolved in the same acid were added. Then the last quarter of sample was 

added and the eluate collected in another acid washed Savillex beaker. The original sample vial 

was washed with 0.25 ml 6 M HCl (Seastar, Sydney, Canada) and fluid added to the column with 

the pipette tip of that respective sample. Another 2 ml of 6 M HCl (Seastar, Sydney, Canada) 

were added to the column and collected in the sample vial. Next 2 ml FC31 were added to the 

column to wash away the Fe from the column.  

To now collect Sr and Ba from the column the following steps were performed: To the now Fe 

free sample, 2.5 ml concentrated HNO3 (Seastar, Sydney, Canada) were added. The columns 

were the conditioned with CN38 (1:1 6 M HCl, HNO3). The sample solution was then poured 

through the column in steps of 1 ml, 2 ml and 2 ml. Again the sample vial and the pipette tip 

were washed with 0.5 ml CN38 and the fluid then added to the column, to make sure all sample 

was removed from the vial and pipette tip. The vials were then MQ washed. The columns were 

washed with 0.2 ml warm (120 °C) 0.05 M HNO3 (Seastar, Sydney, Canada). Next the sample was 

washed out with 2ml warm (120 °C) 0.05 M HNO3 and collected in the cleaned Savillex beakers. 

To remove the Ba from the Sample, leading to a pure Sr sample the following steps were 

performed: The columns were washed with 2 ml FC31 and then conditioned with 2 ml 2 M HNO3 

(Seastar, Sydney, Canada). To the eluate from the first ion-exchange, 1ml 6 M HNO3 (Seastar, 

Sydney, Canada) were added and the mixture added to the columns in steps of 1 ml and 2 ml. As 

previously 0.2 ml 2 M HNO3 (Seastar, Sydney, Canada) were added using the sample vial and the 

pipiette tip. Then the columns were washed with 0.3 ml 2 M HNO3 (Seastar, Sydney, Canada). 

Next the Ba was washed out with 2 ml 8 M HNO3 (Seastar, Sydney, Canada). The eluation of Sr 

was then prepared by adding 0.4 ml 2 M HNO3 (Seastar, Sydney, Canada). Then the eluate of 2 

ml 0.05 M warm (120 °C) HNO3 (Seastar, Sydney, Canada) was collected in the previously MQ 

washed Savillex vials. The blank was spiked with 500 µl Sr standard consisting of 84Sr (Lunatic 

Asylum Caltech Pasadena, USA).  Last the Sr fraction was evaporated to dryness at 140°C. 

The actual Sr isotope analysis was performed by TIMS. For this purpose the Sr was dissolved in 

one drop of concentrated HNO3 (Seastar, Sydney, Canada). A rhenium (Re) filament was bent to 

be a little lower in the middle with a pipette tip while  1 A was flowing through it, such that a bit 
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of the plastic would melt and create a limited space for the sample. 1 ml of sample was then 

mixed with 1 ml of tantalum activator (Birck, 1986.) and applied to the cavity, where it was left 

to dry. At 1.6 A the layer darkened and at 2.1 A the Rb was smoked off. Last the current was set 

to 3A to glow (Figure 18).  

 

Figure 18. Preparation and application of Sr to Rhenium filaments. 

The samples were then analyzed on a Thermo Scientific TRITON TIMS using a load (500 ng) of 

purified sample mixed with tantalum activator on a single rhenium filament. Two hundred 8 sec. 

integrations were recorded in multi-collector static mode, applying rotating gain compensation.  

Data correction 

Measured 87Sr intensities were corrected for Rb interference using 87Rb/85Rb = 0.38600 and 

ratios were reduced using the exponential fractionation law and 88Sr/86Sr = 8.375209 

The data was obtained on two separate measurement occasions. The measurement of the 

NBS987 standard had changed from 0.710217 to 0.710249 between the measurements and a 

true value was chosen to be: 0.710245. This had to be corrected for, by adding 0.000028 units to 

all values obtained during the first measurement and subtract 0.000004 units from all values 

obtained during the second measurement.  

The Sr isotope signature of the retentate was assumed to be a mixture of the truly dissolved 

phase and the suspended phase. Hence, with the mixing formula:  

 (   )   (   )   (    )   (    ) +  (    )   (    ) 

where:  

 (   )   (    ) +  (    ) 

and C stands for concentration, R for ratio, ret for retentate, perm for permeate and susp for 

suspended, the Sr isotopic signature of the truly dissolved phase and the suspended phase could 

be calculated.  

Data quality 

The method blank for the Sr isotope determination yielded a Sr concentration of 38 ppt. This is 

an acceptable value considering that > 500 ng were analyzed.   
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During the first measurement the external precision for 
87

Sr/
86

Sr as judged from running NBS987 

standard was determined to be 22 ppm (n=12) ,while repeated measurements of prepared CIT 

#39 (modern sea water) gave a mean 
87

Sr/
86

Sr ratio of  0.709139 . The long term reproducibility 

was determined to be ± 0.0000082 or 12 ppm (n=21), which is taken to be the best estimate of 

the external precision.  

During the second measurement the recorded total procedural blank was 29 pg. Like during the 

first measurement, measured 87Sr intensities were corrected for Rb interference using 87Rb/85Rb 

= 0.38600 and ratios were reduced using the exponential fractionation law and 88Sr/86Sr = 

8.375209. The external precision for 
87

Sr/
86

Sr as judged from running NBS987 standard was 19 

ppm (n=15) , while repeated measurements of prepared CIT #39 sea water gave a reproducibility 

of  ±0.0000082 or 12 ppm (n=21) which is taken to be the best estimate of the external 

precision.  

Normalization and ratios 

Al normalization 

Normalizing element concentrations to interprete the non-detrital suspended phase has been 

suggested by Ingri and Widerlund (1994): The suspended matter in freshwaters is a mixture 

composed of allochthonous (detrital) particles, organic matter and other authigenic particles, 

such as Fe-Mn oxyhydroxides. Weathering and erosion produce detrital particles by mechanical 

breakdown of rock. According to Sigg (1987) the surfaces of detrital particles are compared with 

other authigenic particles relatively small and not very specific for adsorption of metals. Detrital 

particles are hence, assumed to represent a rather inert fraction and variations in the amount of 

detrital particles obscure the element correlations in the suspended phase (Ingri and Widerlund 

1994). The authors suggest normalization with Al to detect the uptake of elements by authigenic 

particles. Al is a major element in most rock forming minerals and organisms take up only small 

quantities. Suspended Al is therefore usually an indicator of the concentration of detrital 

particles in natural waters (Price and Calvert, 1973; Sholkovitz and Copland, 1982; Ingri et al., 

1991, 1993). The solubility of Al depends on the pH and the formation of Al-oxyhydroxides. It is 

therefore necessary to investigate each system for scavenging of Al by Fe-Mn-oxyhydroxides and 

the formation of Al-organic suspended complexes (Ingri and Widerlund, 1994). The same 

authors already performed an evaluation of this system and observed a good correlation 

between Al and Ti in the suspended phase, suggesting that both elements reflect the amount of 

detrital particles. Ingri and Widerlund (1994) therefore suggested using the element/Al ratio to 

determine the non-detrital fraction of an element divided by the amount of detrital particles in 

each sample plus a constant. The normalization of the non-detrital fraction by the quantity of 

detrital particles in each sample is necessary, especially for elements with a large fraction of the 

total concentration in the detrital phase, such that correlations between elements in the non-

detrital phase can be detected. 

Strontium normalized Calcium and Barium 

The Ca/Sr ratio increases with increasing groundwater input, the ratio is hence, an indicator for 

groundwater input (Land et al., 2000). The Ba/Sr ratio increases with increasing soil water input. 

The ratio is, hence, an indicator for soil water input (Land et al., 2000). As mentioned previously, 

Sr substitutes mostly for Ca and Ba for K (Reference). Land et al. (2000) suggested that “the K-
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minerals in granitoids are more resistant to weathering than the Ca-minerals”. They concluded 

from this that the release of Ba to the soil water should occur at intensive weathering 

conditions, while the release of Sr should already occur at less intense weathering conditions. 

Since weathering intensity decreases with soil depth, the authors (Land et al., 2000) suggested 

that the dissolved Ba/Sr ratio should also decrease with depth. Calcium and therefore Sr in 

granitic rocks is mostly found in plagioclase and amphibole, even though Sr is incorporated at 

much higher concentrations into plagioclase than into amphibole (Stueber et al., 1978).As 

plagioclase is easily weathered away, Land et al. (2000) suggested the dissolved Ca/Sr ratio to 

increase with decreasing weathering intensity and increasing soil depth. 

Since it is known that the particulate phase of the Kalix River is strongly influenced by adsorption 

of dissolved species, the Ca/Sr and Ba/Sr ratio of the suspended phase is used in this study as an 

indicator for the influence of deep groundwater and soil water on the suspended phase. 
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Results 

Physical and chemical parameters 

Kalix River 

The water temperature increased first slowly from 0 °C in February and March 2014 to 1° C and 

then faster in May 2014 to 15 °C in June 2014. The pH varied from 6.75 to 6.25. The conductivity 

varied from 50 µS during base flow to 0 µS during the first peak in discharge in April and 30 µS 

during spring flood. The discharge increased relatively steadily from February to June 2014. 

Råne River 

The water temperature increased first slowly from 0 °C in February and March 2014 to 1° C and 

then faster in May 2014 to 15 °C in June 2014. The pH varied from 5.75 to 6.55. The conductivity 

Increased from 30 µS during base flow to 120 µS during the first peak in discharge in April and 

dropped then sharply. The discharge increased steadily from February to June. 

Discharge 

 

 

Figure 19. Discharge [m
3
/s] pattern of the Kalix (blue) and Råne River (green) during spring flood 2014 (SMHI, 

Vatenwebb, 2015). Due to high temperatures in April three peaks in discharge occurred. The second peak is caused 
by the snow melt in the low lands and considered the real spring flood, the third peak by the snow melt in the 
mountains, present only in the discharge pattern of the Kalix River. 

When comparing the daily discharge patterns of the Kalix and Råne River (Figure 19), the 

generally similar pattern of the spring flood in northern Sweden can be observed. However, 

since the Kalix is a much larger river, the daily discharge is 4 times higher over the entire year. 

There are three peaks in discharge. The first occurred already in April due to abnormally high 
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temperatures. Then temperatures decreased, causing a stop in the melting of the snow and a 

decrease in discharge. The second peak in discharge occurred in late May as the temperatures 

increased again, causing the melting of the residual snow and the true spring flood. Moreover 

the Kalix experienced an additional third peak in discharge in June, when the snow melt from the 

mountains caused an increase in discharge. 

A similar discharge pattern could be observed for the same time period for the Råne River, with 

one exception. The third peak in discharge is only very minute, since in the catchment of the 

Råne River there are no mountainous areas. Hence, there is no spring flood from the mountains. 

Dissolved organic carbon 

Like in previous years the DOC content increased and peaked at the same time as the discharge 

in both Kalix and Råne River, which is also the time when riparian zones start to supply water. 

The second peak in discharge in late May was also accompanied by the peak in DOC content 

(Figure 20) in both rivers. Moreover it can be observed that the DOC content in the Kalix River 

varies much more between winter (base flow), when DOC concentrations are low and spring 

flood (peak discharge), when DOC concentrations are high. In the Råne River DOC 

concentrations are relatively high even during base flow conditions and the concentrations 

increase only slightly towards peak discharge. In comparison in the Kalix River DOC 

concentrations are only half of those in the Råne River during base flow and increase up to the 

same concentration as in the Råne River during peak discharge. 

 

Figure 20.DOC concentrations [nmol/L] of Kalix and Råne River during spring flood. For comparison the discharge is 
plotted in the back. The DOC is released with the increase in discharge. 
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The elemental composition of the suspended phase 

 

 

Figure 21. Composition in %mol of the suspended phase of the Kalix River during base flow (light blue) and spring 
flood (dark blue). 

Figure 21 and Figure 22 show the chemical composition in %mol of the suspended phase in the 

Kalix and Råne River respectively. In light colors the chemical composition at base flow 

conditions in March and in dark colors the chemical composition at peak discharge during spring 

flood is plotted. Calcium, Fe and S make up the largest part of the suspended phase. Magnesium 

and Na also contribute a significant fraction and Al, K, Si and Sr contribute a minor part. 

The chemical composition of the suspended phase in the Kalix River changes from base flow to 

peak discharge. Aluminum, Ca, K, Mg, Na and Sr increase their percentage of the total 

composition, while Fe, S and Si decrease their percentage of the total composition. The relative 

amount of Fe decreases from 29 %mol to 18 %mol.  

The chemical composition of the suspended phase of the Råne River varies in a similar way. Al, K 

Mg, Na and Sr increase their percentage of the total chemical composition, while Fe, Ca, S and Si 

decrease their percentage of the total chemical composition. The only element behaving 

differently is Ca, which is suggested to be due to a more strongly deep groundwater influenced 

suspended phase in the Kalix River. Moreover Fe makes up a larger fraction of the suspended 

phase of 50 %mol during base flow and only 30 %mol during peak discharge. Together with the 

high DOC concentrations observed in the Råne River during base flow this might be an indicator 
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for the connection of a more radiogenic 87Sr isotope signature with high Fe and DOC 

concentrations in the suspended phase and explain the large difference in 87Sr isotope signature 

between the 87Sr isotope signature of the truly dissolved and suspended phase in the Råne River 

during base flow. 

 

Figure 22. Composition in %mol of the suspended phase of the Råne River during base flow (light green) and spring 
flood (dark green). 
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In summary: 

 There is a larger influence of deep groundwater on 87Sr isotope signature during 

spring flood 

 In the Kalix River the mountain source is reflected in the more radiogenic 87Sr 

isotope signature   

 In the Kalix River the truly dissolved and suspended phase are more strongly deep 

groundwater influenced due to a smaller area covered with wetlands than in the 

Råne catchment 

 There is a larger influence of groundwater on suspended phase during spring flood  

 The Sr concentrations depend on Fe concentrations in the non-detrital suspended 

phase 

 The difference in 87Sr isotope signature between truly dissolved and suspended 

phase depends on Fe concentrations in the suspended phase 

 The large difference in 87Sr isotope signature between the truly dissolved and 

suspended phase in the Råne River during base flow might be explained by the high 

Fe and high DOC concentrations, indicating the occurrence of a more radiogenic 87Sr 

isotope signature in a Fe-OC-rich suspended phase 
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Strontium 

The Sr concentrations in the truly dissolved phase of both, the Kalix and the Råne River decrease 

during spring flood (Figure 23). The Kalix River displays slightly higher Sr concentrations than the 

Råne River in the truly dissolved phase. The Sr concentrations in the suspended phase of both 

rivers stay rather constant over the entire period, even though the discharge increases. The total 

amount of Sr exported by the river in the suspended phase is hence, more important during high 

discharge, as the concentrations are constant. 

 

Figure 23. The Sr concentrations [nmol/L] in the truly dissolved and suspended phase of the Kalix and Råne River 
during spring flood decrease with increasing discharge [m

3
/s]. 

As can be observed from the data of Land et al. (2000) plotted into the diagram as black dotted 

lines, shallow groundwater and soil water contribute the major part of non-precipitation water 

to the Kalix and Råne River. Deep groundwater contains much higher Sr concentrations (595 

nmol/L), which are not observed in the Kalix and Råne River at any time of the year. Hence, deep 

groundwater contributes only a small part of the river water. The decrease in Sr concentrations 

in the truly dissolved phase from the level defined to be characteristic for shallow groundwater 

during base flow to the concentrations defined to be characteristic for soil water during spring 

flood is a first indicator for the change in the source of the river water during increased 

discharge. 
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Strontium Isotopes 

 

 

Figure 24.The 
87

Sr isotopic composition of the truly dissolved and suspended phase of Kalix and Råne River becomes 
more radiogenic during spring flood. The error bars are too small to be seen by the unaided eye. 

The 87Sr/86Sr ratio of both the Kalix and Råne River are more radiogenic in the truly dissolved and 

the suspended phase at peak discharge than during base flow (Figure 24).  

In addition the 87Sr isotope signatures of soil water, shallow and deep groundwater from Land et 

al. (2000) are plotted into the diagram as black dotted lines. What can be observed is that the 
87Sr isotope signatures of soil water and shallow groundwater are both less radiogenic than even 

the lest radiogenic 87Sr isotope signatures observed in both Kalix and Råne River during base 

flow, thus indicating that there must be a certain percentage of deep groundwater inflow at all 

times. If, as suggested by Land et al. (2000), the main water source changes from shallow 

groundwater to soil water during spring flood, the amount of deep groundwater input has to 

stay at least constant or increase towards spring flood, as the 87Sr isotope signature of both 

rivers becomes more radiogenic during spring flood. 

Moreover can be observed that the Kalix River shows a more radiogenic 87Sr/86Sr ratio than the 

Råne River in both the truly dissolved and the suspended phase during spring flood (Figure 24).  

The difference in 87Sr ratio between the different times of the year as well as the difference 

between the two rivers is much bigger, than the difference between the truly dissolved and the 

suspended phase.  

In both rivers the difference in 87Sr/86Sr ratio between the truly dissolved and suspended phase 

can be observed before and during spring flood (Figure 24).  
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The error bars are too small to be seen by the unaided eye. The difference between the truly 

dissolved and suspended phase is significant to 2σ (Figure 25 and Figure 26) except for the last 

sample, taken right after spring flood in the Kalix catchment.  

 

 

Figure 25. Difference in 
87

Sr/
86

Sr ratio between the particulate and the truly dissolved phase and the respective 
error (sum of 2σ of the particulate and truly dissolved phase) during spring flood in the Kalix River. The observed 
difference is significant for the first three dates, as the difference is much bigger than the error. 
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Figure 26. Difference in 
87

Sr/
86

Sr ratio between the suspended and the truly dissolved phase and the respective 
error (sum of 2σ of the particulate and truly dissolved phase) during spring flood in the Råne River. The observed 
difference is significant for all three samples. 

Figure 27 illustrates the 87Sr/86Sr ratio of the different source regions and soil horizons present in 

the Råne and Kalix catchment. Generally the 87Sr/86Sr ratio of all source regions is quite similar. 

The tributaries from the mountains are more radiogenic, which can be attributed to the 

different geology, described earlier. All samples are more radiogenic in 87Sr/86Sr ratio than the 

average global river water (Gaillardet, 1999), which is due to the 1.8 Ga old granitic basement 

the catchments are situated in. 
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Figure 27. 
87

Sr/
86

Sr ratio of the tributaries to the Kalix River, sampled in 1990 to 1993. 
1)

 Data from Gaillardet et al. 
(1999). 

2)
 Data from Land et al. (2000). The mountains contribute more radiogenic Sr. The entire catchment shows 

more radiogenic 
87

Sr/
86

Sr ratios than average global river water. 

 

Figure 28. 
87

Sr isotope signature vs. 1/Sr [(nmol/L)
-1

]. In brown the data from Land et al. (2000) defines the end 
points of the mixing line (dotted, brown), between soil water and shallow groundwater with deep groundwater. 
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In Figure 28 the data for the non-precipitation water sources obtained from Land et al. (2000) 

were plotted to create a mixing line. The end point of the mixing line (average deep 

groundwater) plots at an inversed Sr concentration of 0.00168 [(nmol/L)-1] and a 87Sr/86Sr 

isotope ratio of 0.76053. In the same diagram the 87Sr isotope signatures and the inverse of the 

Sr concentrations of the truly dissolved and suspended phases of the Kalix and Råne River from 

the different sampling occasions (from base flow to peak discharge) were plotted. During base 

flow the truly dissolved phase of the Kalix and the Råne River fall relatively close to the mixing 

line. As the discharge increases the Sr concentrations are more and more diluted, and the 

samples during spring flood at peak discharge plot quite far away from the mixing line at lower 

Sr concentrations, which can be attributed to sample dilution by soil water and in the case of the 

Råne River precipitation input due to the snow melt, as concentrations are even lower than in 

soil water. The suspended phase of the Råne and Kalix River plot relatively far off the mixing line 

at all times and stay uninfluenced by the changes in the water source and dilution by the melt 

water. Hence, as the concentrations in the truly dissolved phase get diluted, the concentrations 

in the suspended phase become relatively more important and the 87Sr isotope signature of the 

river water becomes more strongly influenced by the suspended phase.  

Iron 

 

Figure 29. The Fe concentrations [nmol/L] of the truly dissolved and suspended phase in the Råne and Kalix River 
during spring flood decrease with increasing discharge [m

3
/s]. 

The Fe concentrations in the suspended phase (Figure 29) increase up to the first peak in 

discharge and then decrease.  
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As can be observed from Figure 29, the Fe concentrations in the truly dissolved phase are very 

low and vary only very little, irrespective of the increasing Fe concentrations in the suspended 

phase during early spring flood.  

 

  

In summary: 

 Spring flood - The discharge increases strongly from March until May 

 DOC concentrations increase strongly from March to May 

 The increase is stronger for the Kalix River, as initial DOC concentrations are 

lower than in the Råne River 

 Strontium concentrations in the truly dissolved phase decrease, suggesting the 

water source to change from shallow groundwater to soil water 

 Strontium concentrations in the suspended phase stay relatively constant, there is  

relatively more Sr transported in the suspended phase and the influence of the 87Sr 

isotope signature of the suspended phase on the 87Sr isotope signature of the total 

river water becomes stronger 

 The 87Sr isotope signature of the truly dissolved and suspended phase of the Kalix 

and Råne River becomes more radiogenic at peak discharge 

 The groundwater component must be equal or larger during spring flood 

 The 87Sr isotope signature of the Kalix River is more radiogenic than that of the 

Råne River at all times 

 The 87Sr isotope signature of the suspended phase is more radiogenic than that of 

the truly dissolved phase before and during spring flood 

 Tributaries from the mountains supply more radiogenic 87Sr  

 Iron concentrations in the suspended phase increase in the beginning of spring flood 

and decrease during peak discharge 

 Iron concentrations in the truly dissolved phase stay uninfluenced 
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Interpretation 

The 87Sr/86Sr ratio of both the Kalix and Råne River become more radiogenic in the truly 

dissolved and the suspended phase at peak discharge than during base flow (Figure 24). 

Groundwater is usually more radiogenic than surface water, this more radiogenic 87Sr/86Sr ratio 

may hence, be an indicator for the fraction of deep groundwater in the river. Even though the 

spring flood is triggered by the melting snow (surface water), approximately 70 % of the increase 

in discharge during spring flood is caused by older deep groundwater, which is “pushed out” 

from the ground as the water masses “flush” the river basin (personal communication with Prof. 

Johan Ingri). 

Moreover was observed that the Kalix River shows a more radiogenic 87Sr/86Sr ratio than the 

Råne River in both the truly dissolved and the suspended phase during spring flood. This may be 

attributed to two factors. First the Kalix River is more strongly influenced by deep groundwater 

than the Råne River, which may be explained by the fact that the catchment of the Råne River 

hosts more wetlands, in which the water flows mostly on the surface. Second the Kalix River is 

fed by tributaries from the mountains, which were shown to have a more radiogenic 87Sr/86Sr 

ratio than the wetlands and woodlands.   

The Fe concentrations in the suspended phase (Figure 29) were observed to increase up to the 

first peak in discharge and then decrease. This increase in the early stages of the spring flood 

may be caused by the resuspension of the Fe-oxyhydroxide suspended phase that has settled to 

the riverbed during base flow. Since during base flow most Fe is sourced in the wetlands, this 

resuspended phase may also be derived from the wetlands.  

The Ba/Sr ratio – an indicator for soil water input 

 

0

200

400

600

800

1000

1200

1400

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

27-Mar-14 24-Apr-14 22-May-14 19-Jun-14

D
is

ch
ar

ge
 [

m
3
/s

] 

B
a/

Sr
 

Date 

Kalix River

Råne River

suspended Kalix River

truly dissolved Kalix River

suspended Råne River

truly dissolved Råne River

Land et al. (2000): average
Ba/Sr in soil water

Land et al. (2000): Ba/Sr in
stream water

soil water  

stream water 



56 
 

Figure 30. Increasing Ba/Sr ratio of the truly dissolved and suspended phase of the Kalix and Råne River with 
increasing discharge [m

3
/s]. 

Land et al. (2000) defined the Ba/Sr ratio of stream water to be 0.3, which is the same as the 

truly dissolved phase of both the Råne and Kalix River. The suspended phase of the Kalix River is 

in the range of 0.6 and that of the Råne River is 0.5, indicating the input of soil water (Figure 30), 

which tends to have a higher Ba/Sr ratio. This suggests that the suspended phase is more 

strongly soil water influenced.  

Since the Ba/Sr ratio is over all higher in the Kalix River than in the Råne River, the soil water 

component may be larger in the Kalix River to both the truly dissolved and suspended phase. 

The increasing Ba/Sr ratio up to peak discharge shows the increasing fraction soil water in the 

water of both rivers with increasing discharge, as presented in the model by Land et al. (2000). 

After peak discharge, when surface waters start to come down as the ground water has been 

flushed out of the ground and replaced by surface water from the snow melt the Ba/Sr ratio 

decreases again. 

The Ca/Sr ratio – an indicator for deep groundwater input  

 

 

Figure 31. Ca/Sr ratio in the truly dissolved and suspended phase of the Kalix and Råne River during spring flood. 

According to Land et al. (2000) river water has a Ca/Sr ratio of 180. The Kalix River water reaches 

a ratio of up to 280 during spring flood (Figure 31), which indicates deep groundwater input, 

since only deep groundwater is known in the area to have a higher Ca/Sr ratio than river water 

of 330. The highest ratio can be observed during peak discharge, when the deep groundwater 
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component is strongest.  The fact that the truly dissolved and suspended phase of each river are 

so close in the Ca/Sr ratio suggests that they are derived from the same sources in the system. 

The Ca/Sr ratio in the Råne River fluctuates around 180, the same Ca/Sr ratio as Land et al. 

(2000) found to be characteristic in stream water.  

Correlating aluminum normalized strontium and iron 

Figure 32 shows the Sr/Al ratio plotted against the Fe/Al ratio of the suspended phase of the 

Kalix River from base flow up to peak discharge. Samples taken after spring flood were not 

included. The sample points fall on a timeline decreasing in the Sr/Al as well as the Fe/Al ratio 

during spring flood. This shows that there is a correlation between Fe and Sr in the non-detrital 

suspended phase. Two sampling dates (29th of April and 21st of May) are very similar in both 

ratios and hence, plot on one spot. The same pattern as in the Kalix River was observed in the 

Råne River (Figure 33) and the ratios fall in the same range. 

 

Figure 32. Decreasing Fe/Al ratio vs Sr/Al ratio in the suspended phase of the Kalix River during spring flood. 
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Figure 33. Decreasing Fe/Al ratio vs Sr/Al ratio in the suspended phase of the Råne River during spring flood. 

Correlating iron and 87Sr/86Sr difference (suspended - truly dissolved) 

In the Kalix River a decreasing difference of the 87Sr/86Sr ratio of the truly dissolved and 

suspended phase can be observed to correlate well (R2 = 0.97) with decreasing Fe 

concentrations in the suspended phase (Figure 34).  This shows that the difference in the 
87Sr/86Sr ratio between the truly dissolved and suspended phase is dependent on the behavior of 

an Fe-rich phase at base flow conditions as well as during spring flood. 
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Figure 34. Decreasing difference in the 
87

Sr/
86

Sr ratio between the truly dissolved and suspended phase with 
decreasing Fe concentrations [nmol/L] in the Kalix River during spring flood.  

However, in the Råne River, this correlation could not be observed, suggesting that the Fe-rich 

suspended phase is not the only factor but there is another factor involved in creating the 

biggest difference between the truly dissolved and suspended phase in the 87Sr/86Sr ratio, 

observed in the Råne River during base flow, potentially being the presence of DOC. 
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Discussion 

The differences between the truly dissolved and suspended phase 

Pokrovsky et al. (2006) suggested that Sr is not affected by ultrafiltration and present as weak 

organic complexes. This may be true for the absolute Sr concentrations, as the concentrations in 

the suspended phase are very minor compared to the concentrations in the truly dissolved 

phase, an observation that could be confirmed in this study. The 87Sr/86Sr ratio, however, is not 

uninfluenced by ultrafiltration. 

 

Ilina et al. (2013) suggested that the more radiogenic 87Sr/86Sr ratio of the suspended phase is 

related to an atmospheric input of marine aerosols in the truly dissolved phase, which have a 

less radiogenic 87Sr/86Sr ratio. However, Andersson et al. (1990) were able to show on a profile 

from the Atlantic to the Baltic Sea, crossing Norway and Sweden that the further away one 

sample is from the Atlantic, the more radiogenic its 87Sr/86Sr ratio. During the spring flood a less 

radiogenic 87Sr signature in the truly dissolved phase would be expected to occur, as the waters 

come from increasing altitude and correspondingly closer to the Atlantic. The opposite was 

observed in this study, there must hence, be another explanation for the difference between the 

truly dissolved and the suspended phase. 

The difference between the truly dissolved and suspended phase can be observed just before 

and during spring flood, but not after spring flood. To observe this difference it is hence, 

important to sample at the right time of the year, preferentially during spring flood. 

As explained in the introduction, the 87Sr isotope signature of the river water is usually more 

radiogenic than that of the base rock (Blum et al., 1993). That has also been observed in this 

study. However, Blum et al. (1993) also suggested the truly dissolved phase to be more 

radiogenic than the suspended phase and the colloidal phase to be more radiogenic than the 

particulate phase. This was however, not observed in this study, which is attributed to the 

different sources of Sr in the truly dissolved and the suspended phase.  

 

The correlation between Sr/Al and Fe/Al (Figure 32 and Figure 33) was already observed by 

Andersson et al. (1994). They suggested that the Sr is removed from solution when there is 

precipitation of Fe-Mn oxides. This precipitation is supposed to diminish the difference in 

isotopic composition between the truly dissolved and suspended phase. Precipitation is 

however, not a process known to be associated with spring flood. During this period particles are 

resuspended from the river bed and soil and ground water released. As shown by Ingri and 

Widerlund (1994) during base flow only 1.5 % of the ashed suspended load is of detrital origin, 

while during spring flood 6.8 % of the ashed suspended load is of detrital origin. The precipitated 

fraction, hence, decreases slightly from base flow to spring flood. 

Therefore we suggest that there is a different cause for this difference between the phases. The 

difference in 87Sr/86Sr ratio between the truly dissolved and suspended phase of the Kalix River 

has been shown to depend on the Fe-rich suspended phase (Figure 34), since the difference in 

the 87Sr/86Sr ratio between the truly dissolved and suspended phase correlates well with the Fe 

concentrations in the suspended phase with an R2 value of 0.97.This small but significant (2σ) 

difference between the 87Sr/86Sr ratio of the suspended and the truly dissolved phase of the Kalix 
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and Råne River is attributed to the sorption of more radiogenic partially groundwater-derived Sr 

to an Fe-oxyhydroxide suspended phase. This is due to specific weathering of the more 

radiogenic 87Sr rich biotite and the enrichment of the more radiogenic 87Sr in the dissolved 

phase, which becomes precipitated with the Fe-oxyhydroxides. The Sr may be released from the 

wetlands as groundwater reaches the surface and Fe2+ becomes oxidized, resulting in a more 

radiogenic and Fe-rich suspended phase, sourced from the deep groundwater and a less 

radiogenic and Fe-poor truly dissolved phase sourced from surface water during base flow.  

An indicator for this is the influence of soil water, which is stronger on the suspended phase of 

both rivers, as can be observed from the Ba/Sr ratio in the suspended phase of both rivers. As 

the discharge increases towards spring flood this difference becomes smaller in both Rivers. The 

Råne River displays a much larger difference during base flow (first sample) than the Kalix. That 

is attributed to the larger area covered by wetlands in the Råne catchment compared to the 

Kalix catchment and the correspondingly higher DOC concentrations already during base flow 

(Figure 20). It is therefore suggested that it is not only an Fe-rich suspended phase, but 

potentially an Fe-OC-rich suspended phase, that the Sr is best sorbed on. 

We suggest that different 87Sr/86Sr ratio in the truly dissolved and suspended phase could be 

maintained, since there seems to be very little exchange between the suspended and dissolved 

phase of Fe. A maximum baseline for the truly dissolved Fe concentrations in rivers was 

observed, since the Fe concentrations in the truly dissolved phase are very low and vary only 

very little, irrespective of the increasing Fe concentrations in the suspended phase during spring 

flood (Figure 29). Once that baseline is reached there seems to be very little exchange between 

the suspended and dissolved phase. Similar observations were already made by Pokrovsky and 

Schott (2002). 

Changes associated to the spring flood 

When comparing the Sr concentrations observed in the Kalix and Råne River with those 

observed by Land et al. (2000) in soil water, shallow and deep groundwater, the decrease of the 

Sr concentrations in the truly dissolved phase in the Kalix and Råne River indicates a change in 

the source of the river water from shallow groundwater to soil water. Moreover there must be a 

certain influence of deep ground water on the Sr concentrations. 

The influence of deep groundwater on the Fe-rich suspended phase of both rivers increases 

during spring flood, as observed from Mg normalized Fe data. Even though the spring flood is 

caused by the snow melt, which would be defined as surface water, the largest fraction of the 

non-surface water contributing to the increase in discharge during spring flood is caused by soil 

water input (Land et al., 2000) that gets pressed out of the ground. The fraction of soil water was 

confirmed to increase with increasing discharge in both rivers and decreases with decreasing 

discharge as shown for the Kalix River. This can be observed from an increasing Ba/Sr ratio in the 

truly dissolved and suspended phase of both rivers during spring flood. This explains the 

increasingly radiogenic 87Sr/86Sr ratios during spring flood, as a more strongly deep groundwater 

influenced Fe-rich suspended phase is released with the soil water. This Fe-rich suspended phase 

is suggested to show more radiogenic 87Sr/86Sr ratios, since it precipitates at the interface of 

anoxic Fe2+-rich groundwater with oxidized surface water in DOC-rich soils.  
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Land et al. (2000) observed the 87Sr isotope signature to be more radiogenic with increasing 

depth, with the exception of soil water from the E-Horizon (0.726) being more radiogenic than 

that of the C-horizon (0.725) and shallow groundwater (0.726). River water however, showed an 
87Sr isotope signature of 0.738, which was higher than that of all sampled soil horizons, except 

deep groundwater. There must hence, be a deep groundwater (0.765) source to the Sr found in 

river water. Similarly the 87Sr/86Sr ratio determined in this study increased towards peak 

discharge (0.73) and was higher than the 87Sr isotope signature of soil and stream water 

determined by Land et al. (2000) in both the truly dissolved and suspended phase. Moreover the 

very high Ca/Sr ratio in the truly dissolved and suspended phase of the Kalix River indicates that 

both phases are influenced by deep groundwater at peak discharge.      

Unfortunately the soil water samples were collected after spring flood. Another possibility is 

hence, that the 87Sr isotope signature of the soil water before spring flood is even more 

radiogenic than after spring flood, which would enable soil water to be the pure source of the 

truly dissolved and suspended phase during spring flood. This is unlikely since the variations in 

the 87Sr isotope signature in the other horizons were very minute between May and September. 

The differences between the Kalix and Råne River 

The Kalix River is more strongly influenced by deep groundwater than the Råne River during 

base flow as well as during spring flood, as indicated by the Ca/Sr, since the Ca/Sr ratio is higher 

in both the truly dissolved and suspended phase of the Kalix River compared to the Råne River. 

The Kalix River is additionally more strongly influenced by soil water, since the Ba/Sr ratio is 

higher in both the truly dissolved and suspended phase of the Kalix River compared to the Råne 

River. This is attributed to the larger surface area of the Råne catchment covered by wetlands, 

where the water flow occurs at the surface. It has been suggested that wetlands receive very 

little water from the underlying sediment, due to the several meter thick layer of organic debris 

that decomposes very slowly under anoxic conditions. 

The Kalix River is fed by tributaries from the mountains, which were shown to have a more 

radiogenic 87Sr/86Sr ratio than the wetlands and woodlands.  The 87Sr isotopic signature of the 

Kalix River (originating in the mountains) has also been shown to have a generally more 

radiogenic signature than the Råne River (originating in the woodlands). This however, was 

surprising at first, since the bedrock in the lowlands is mostly 1.8 Ga old granitic rocks, while the 

Caledonian mountains are represented by a mixture of different rock types (amphibolites, 

garnet mica schists, metagreywackes, sandstones and quartzites), 400 - 600 Ma. old and it is 

known that older rocks display higher 87Sr concentrations as more 87Rb has decayed to 87Sr. 

However, there are some areas in the Caledonian mountains, like close to Vistasjokk, where very 

old paleoproterozoic rocks up to 2.6 Ga in age occur. Moreover rocks in the Caledonian 

mountains might have a higher initial Rb/Sr ratio and hence, also a higher 87Sr/86Sr ratio, even 

though they are younger. 

The more radiogenic 87Sr/86Sr ratio of the rivers during snow melt period cannot only be caused 

by the different lithology in the Caledonian mountains, since the increase in the 87Sr/86Sr ratio is 

also observed in the Råne River, which does not receive any water from the Caledonian 

mountains. 
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During base flow the difference in 87Sr isotopic signature between the truly dissolved and 

suspended phase is rather large in the Råne River but not in the Kalix River. Moreover Fe 

concentrations are higher in the suspended phase of the Råne River than in the Kalix River. At 

the same time DOC concentrations are higher as well. The source for the more radiogenic Fe-rich 

suspended phase must hence, be more dominant in the Råne River during base flow. In addition 

the 87Sr isotopic signature is overall less radiogenic in the Råne than in the Kalix River, it is hence, 

more strongly influenced by surface water.  It is known that the Råne catchment has a larger 

percentage of the catchment covered with wetlands and water transport in wetlands occurs 

mostly on the surface (Schiff et al., 1998). Last but not least the wetlands are known to be of 

bigger importance with respect to Fe supply during base flow, while during spring flood the Fe 

gets oxidized in the close surroundings and doesn’t leave the wetland, such that the Fe colloid 

contribution from riparian zones becomes significant during that period. One may hence, 

assume that the source for the elevated Fe as well as the more radiogenic Sr rich particles lies in 

the wetlands during base flow, and in the riparian zones during spring flood, as suggested by 

high DOC concentrations during spring flood. 

The role of the Fe-rich suspended phase 

The Sr concentration in the non-detrital phase in the Kalix River has been shown to depend on a 

Fe-rich suspended phase, since the Sr/Al and the Fe/Al ratio in the suspended phase of the Kalix 

River decrease during spring flood and correlate. This was already observed by Ingri and 

Widerlund (1994), who found that the suspended phase of the Kalix River is enriched in the alkali 

and alkaline earth elements compared with local till during summer and winter, which may be 

explained by suspended organic matter and scavenging of Fe-Mn-rich phases. Approximately 50 

% of the total suspended Sr load is present in the non-detrital form during winter, while during 

maximum spring flood this value decreases to less than 10 %. A strong linear correlation of the 

non-detrital Sr concentrations with the Fe/Al ratio was observed, which could be confirmed in 

this study (Figure 32 and Figure 33). Ingri and Widerlund (1994) further observed that suspended 

non-detrital Fe scavenges more than 95 % (by weight) of suspended non-detrital concentrations 

of Ca, Mg and Sr during all seasons. The seasonal variations of these elements are hence, almost 

identical to those of non-detrital Fe, suggesting that the excess concentrations observed for 

these elements might be explained by an uptake by non-detrital Fe. The authors also calculated 

the intercept of the regression line of Ca, Mg and Sr with the Fe/Al ratio found in till. The values 

for spring flood, deposited river sediment and local till fit quite well with the result. The 

suspended concentrations may hence, be explained by two phases: detrital particles and uptake 

on non-detrital Fe (Ingri and Widerlund, 1994). The same calculations with ultrafiltration data 

including colloidal matter came to a Sr/Al ratio more than an order of magnitude higher than 

0.45µm membrane filtered. Hence, the colloidal phase must vary strongly from the particulate 

phase and has a strong influence on the ratio. That may be the case, as concentrations in the 

colloidal phase are much higher (particulate and colloidal: 3.8ppb) than in the particulate phase 

(0.46 ppb).  

Furthermore Ingri and Widerlund (1994) proposed a binding part between the Fe oxide and the 

alkaline earth elements. They suggested that either OC or P might be this binding part for the 

alkaline earth elements and Fe oxides, which are both positively charged and hence, need a 

negative ion or molecule for charge balance.  
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Moreover the difference in the 87Sr/86Sr ratio between the truly dissolved and suspended phase 

is dependent on the behavior of the Fe-rich suspended phase. A decreasing difference of the 
87Sr/86Sr ratio of the truly dissolved and suspended phase was observed to correlate well (R2 = 

0.97) with decreasing Fe concentrations in the suspended phase (Figure 34).  

The 87Sr isotope signature of the suspended phase depends on the type of Fe suspended phase 

formed. The type of Fe suspended phase formed depends on the environment where it is 

formed. Therefore the 87Sr isotope signature of the Fe-rich suspended phase depends of the 

environment where it is formed.   

When taking the model suggested by Raiswell and Canfield (2012) into consideration, it may be 

hypothesized that the 87Sr isotopes signature is an indicator for the different end members of 

the Fe-rich suspended phase and hence simultaneously for the source area of the Fe-rich 

suspended phase. The first Fe3+-rich end member may form in the wetlands while the second 

end member may be suggested to form in an OM-rich environment, such as the riparian zones of 

soils, where groundwater-derived Fe2+ and radiogenic 87Sr may be incorporated. The wetlands 

contribute a large fraction of the Fe-rich suspended phase during base flow, while during peak 

discharge the riparian zones in soils contribute a large fraction of the Fe-rich suspended phase. 

The OM-covered Fe oxyhydroxides formed in surface water influenced wetlands, should be less 

radiogenic than Fe-OM coprecipitates formed in riparian zones, causing the 87Sr isotope 

signature to be more radiogenic during spring flood.  

Another indicator that this model (Raiswell and Canfield, 2012) can be applied to the system is 

found when comparing the 87Sr isotope signatures with the DOC concentrations of the two 

rivers. In the Kalix River the DOC concentrations are very low during base flow and increase 

sharply during the first peak in discharge. Similarly a very strong increase in the 87Sr isotope 

signature is observed from base flow to peak discharge. In the Råne River the DOC 

concentrations are already relatively high during base flow and increase to the same level as in 

the Kalix River during spring flood. Similarly the 87Sr isotope signature increases less strongly in 

the Råne than in the Kalix River. It may hence, be assumed that the presence of DOC is crucial 

for more radiogenic 87Sr isotope signatures in the suspended phase. 
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In summary:  

 The 87Sr isotope signature of boreal rivers is influenced by ultrafiltration. The 

suspended phase has a more radiogenic 87Sr isotope signature, likely due to specific 

weathering. 

 The reason suggested by Ilina et al. (2013), that marine aerosol input is the reason 

for the difference in 87Sr isotope signature between the truly dissolved and 

suspended phase could not be confirmed, since it is not observed after spring flood 

in the investigated catchments and has been found to be related to an Fe-(OC)-rich 

suspended phase. 

 The influence of deep groundwater on the truly dissolved and even more the 

suspended phase is stronger during spring flood. 

 It is suggested that there is a suspended OM-covered Fe-oxyhydroxide phase 

formed in the surface water dominated wetlands with less radiogenic 87Sr isotope 

signatures released during base flow and an Fe-OM coprecipitated suspended 

phase formed in the slightly more deep groundwater influenced riparian zones with 

more radiogenic 87Sr isotope signatures and released during spring flood. 
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Conclusion 

Experimental data from 1995 and monitoring data from 1990 to 1992 gave the incentive for this 

project. We were able to confirm this data.  

We were able to show that the 87Sr isotope signature of boreal rivers is influenced by 

ultrafiltration. The suspended phase has a more radiogenic 87Sr isotope signature the truly 

dissolved phase before and during spring flood. This has been attributed to the presence of a Fe-

OC-rich suspended phase. The Fe-OC-rich suspended phase is suggested to be partially formed 

at the oxidized-anoxic interface between groundwater and surface water. Groundwater is 

known to have more radiogenic 87Sr isotope signatures than surface water due to specific 

weathering. In contrast to Ilina et al. (2013) we suggest the reason for the more radiogenic 87Sr 

isotope signatures of the suspended compared to the truly dissolved phase to be the formation 

of an Fe-OC-rich suspended phase at anoxic-oxidized groundwater-surface water interfaces.  

We have also been able to confirm a change towards more radiogenic 87Sr isotope signatures at 

peak discharge during spring flood. This has been attributed to a change in the main source of 

the river water. During spring flood the main water source to changes from shallow groundwater 

to soil water and minor amounts of deep groundwater as indicated by lower Sr concentrations in 

the truly dissolved phase and more radiogenic 87Sr isotope signatures. The change from shallow 

groundwater to soil water as a major source of the river is suggested to go along with a change 

from wetlands to riparian zones supplying the larger fraction of the suspended phase. It is 

proposed that wetlands supply the OM-covered Fe-oxyhydroxides, while riparian zones supply 

the OM-Fe-oxyhydroxide coprecipitates presented by Raiswell and Canfield (2012).  

Since the 87Sr isotope signature of the truly dissolved and the suspended phase of the Kalix as 

well as the Råne River is more radiogenic than that of the soil water, there must be some minor 

deep groundwater input during spring flood. This seems plausible, as it has been suggested 

previously that the melt water acts like a piston pressing out the water from the ground and 

Land et al. (2000) found that the major part of the groundwater recharge occurs during spring 

flood.  

The 87Sr isotope signature of the soil water from the E-horizon is slightly more radiogenic than of 

the shallow groundwater. Unfortunately the soil water samples, analyzed by Land et al. (2000) 

were collected after spring flood. Another possibility is hence, that the 87Sr isotope signature of 

the soil water before spring flood is even more radiogenic than after spring flood. 

The Fe-OC-rich suspended is suggested to adopt the 87Sr isotope signature of the water it is 

derived from. It may be possible to trace deep groundwater input with 87Sr isotope signatures of 

the non-detrital suspended phase. In addition it may be possible to trace the source of the non-

detrital suspended phase with 87Sr isotope signatures, whether it is soil water, shallow or deep 

groundwater. 

A change from shallow groundwater to soil water as the main water source, as suggested by 

Land et al. (2000) has been confirmed. In contrast to what Land et al. (2000) suggested we found 

that the deep groundwater input is stronger during spring flood than during base flow. 
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The Kalix Rivers 87Sr isotopic signature was determined to be more radiogenic than that of the 

Råne River over the entire sampling period. The 87Sr/86Sr ratio of a river depends strongly on the 

lithology. The tributaries from the Caledonian mountains were shown to have more radiogenic 
87Sr isotope signatures. The water input from the Caledonian mountains was interpreted to be 

one cause of the generally more radiogenic 87Sr isotope signatures. The other cause was 

determined to be larger deep groundwater input, as confirmed by the Ca/Sr and The Ba/Sr ratio, 

all indicating a larger deep groundwater component in the Kalix River. It is suggested that the 

larger Fe-rich deep groundwater input into the Kalix River is significant for the difference in 87Sr 

isotope signature between the truly dissolved and suspended phase, as the correlation between 

the Fe concentrations and the difference in 87Sr isotope signature could only be observed for the 

Kalix River, where deep groundwater plays a more significant role.  
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Outlook 

In the future, it may be interesting to also analyze the prepared samples of 0.22 µm filtered 

retentate, representing the colloidal phase 0.22 µm to 1 kDa, to be able to differentiate the 

colloidal from the particulate phase. 

Another idea for the future would be to perform laboratory experiments, mimicking Fe-

oxyhydroxide precipitation from deep groundwater on the anoxic-oxidized interface in the 

presence and absence of organic ligands, to investigate the sorption of Sr.  

As mentioned previously all soil water samples were taken after spring flood. The release of the 

soil water during spring flood may have altered the composition and the Sr concentrations and 

the 87Sr isotope signature before spring flood may not be the same as after spring flood. It is 

therefore suggested to sample soil water before spring flood. Moreover it would be very 

interesting to also separate the truly dissolved, colloidal and particulate phases to determine if 

there are differences in the 87Sr isotope signature of the phases.   

Bullen et al. (1997) also observed the more radiogenic 87Sr/86Sr ratio during snow melt in the 

Sierra Nevada. This region is characterized by a fundamentally different climate and a more 

radiogenic 87Sr isotope signature during snow melt might not only be found in humid boreal 

catchments.           
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Appendix 

Appendix I 

Cd with raw data of major and trace element data as well as strontium isotope data. 
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Appendix II 

Email correspondence with SMHI Vattenwebb:  

„Kära Dammar och Herrar,  

jag skriva ett examensarbete om Kalixälven. Jag tänkte använder områdesinformation för 

Kalixälven, som jag har laddat ner från vattenwebb. En kategori av markanvändning är övrig 

mark. Det är faktiskt ganska mycket (13.15%). Vad är det?  Det skulle vara jättebra, om ni skulle 

kunna hjälpa mig! 

Hälsningar 

Katharina Wortberg 

------------------------------------------------------------------------------------------------------------

----- 

Hej! 

Övrig mark består av bl a naturlig gräsmark och hedmark, stränder, sanddyner, sandslätter och 

områden med sparsam vegetation. Data kommer från en databas som heter ”Corine Land 

Cover”. Du kan läsa mer om indata för markanvändning nedan. Du kan också hitta mer 

information om vattenwebben under ”referensguide till vattenwebb”: 

http://www.smhi.se/professionella-tjanster/professionella-tjanster/miljo-och-

klimat/vattenmiljo/referensguide-till-smhi-vattenwebb-1.22742 

Hälsningar 

Marie Bergstrand 

----------------------------------------------------------------- 

Hydrolog 

Sveriges Meteorologiska och Hydrologiska Institut 

Samhälle and Säkerhet, Information och statistik 

601 76 NORRKÖPING 

www.smhi.se 

Besöksadress: Folkborgsvägen 17 

E-post: marie.bergstrand@smhi.se 

Tel: 011-495 8408 Fax: 011-495 8001 
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Appendix III 

Corrected major and trace element concentrations as found in the figures. 

 

 

Su
sp

e
n

d
e

d
 p

h
ase

Sam
p

le
 ID

Sam
p

le
 d

ate
Sam

p
le

 lo
catio

n
Size

 fractio
n

A
l

B
a

C
a

Fe
K

N
a

M
g

S
Si

Sr
8

7Sr/
8

6Sr
8

7Sr/
8

6Sr e
rro

r (2σ
)

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

K
alix R

ive
r

K
3_A

B
S14_R

e
t

27-M
ar-14

K
alix R

ive
r

1 kD
a - 70 µ

m
601,03

11,76
17127,93

15149,96
732,05

3189,80
4928,88

11799,96
1855,04

28,83
0,73

0,000005

K
6_A

B
S14_R

e
t

29-A
p

r-14
K

alix R
ive

r
1 kD

a - 70 µ
m

1658,28
21,10

26905,34
19616,66

1727,38
5610,80

9132,94
14444,33

2163,86
52,69

0,73
0,000006

K
9_A

B
S14_R

e
t

21-M
ay-14

K
alix R

ive
r

1 kD
a - 70 µ

m
1379,45

19,02
25000,21

16400,60
1555,69

5070,59
8700,50

11419,23
1224,41

44,01
n

o
t an

alyse
d

n
o

t an
alyse

d

K
10_A

B
S14_R

e
t

28-M
ay-14

K
alix R

ive
r

1 kD
a - 70 µ

m
1298,37

19,32
25325,47

11406,64
1539,93

4762,71
7522,57

11995,83
915,61

42,08
0,73

0,000005

K
12_A

B
S14_R

e
t

29-Ju
n

-14
K

alix R
ive

r
1 kD

a - 70 µ
m

441,61
16,57

32574,27
6550,13

2405,02
9661,40

11112,93
26150,02

2123,16
56,18

0,73
0,000004

R
ån

e
 R

ive
r

R
3_A

B
S14_R

e
t

27-M
ar-14

R
ån

e
 R

ive
r

1 kD
a - 70 µ

m
1094,63

14,54
18615,70

26142,33
1057,69

3965,38
6535,38

7742,15
2140,38

45,20
0,728369

0,000006

R
6_A

B
S14_R

e
t

29-A
p

r-14
R

ån
e

 R
ive

r
1 kD

a - 70 µ
m

1870,46
20,37

23551,84
29250,57

1244,92
5589,34

8628,08
8246,14

1989,62
55,77

0,727980
0,000005

R
7_A

B
S14_R

e
t

7-M
ay-14

R
ån

e
 R

ive
r

1 kD
a - 70 µ

m
1713,89

19,23
20440,32

27626,40
1344,90

5460,86
7094,33

6248,80
1658,41

53,82
n

o
t an

alyse
d

n
o

t an
alyse

d

R
10_A

B
S14_R

e
t

28-M
ay-14

R
ån

e
 R

ive
r

1 kD
a - 70 µ

m
1402,16

19,41
18353,99

17273,45
1320,95

5747,54
7481,27

4294,13
1024,68

46,83
0,728907

0,000005

Tru
ly d

isso
lve

d
 p

h
ase

Sam
p

le
 ID

Sam
p

le
 d

ate
Sam

p
le

 lo
catio

n
Size

 fractio
n

A
l

B
a

C
a

Fe
K

N
a

M
g

S
Si

Sr
8

7Sr/
8

6Sr
8

7Sr/
8

6Sr e
rro

r (2σ
)

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

[n
m

o
l/L]

K
alix R

ive
r

K
3_A

B
S14_P

e
rm

27-M
ar-14

K
alix R

ive
r

< 1 kD
a

14,12
50,40

128047,81
2,69

17242,44
80183,50

50141,12
54498,53

127199,09
232,66

0,729519
0,000005

K
6_A

B
S14_P

e
rm

29-A
p

r-14
K

alix R
ive

r
< 1 kD

a
8,45

28,00
61427,72

38,50
13367,59

54063,18
26401,15

23577,93
108648,59

118,53
0,729485

0,000005

K
9_A

B
S14_P

e
rm

21-M
ay-14

K
alix R

ive
r

< 1 kD
a

0,00
19,01

44099,01
9,85

9889,18
42797,30

18213,54
17870,95

89439,39
79,90

n
o

t an
alyse

d
n

o
t an

alyse
d

K
10_A

B
S14_P

e
rm

28-M
ay-14

K
alix R

ive
r

< 1 kD
a

0,00
21,27

43936,82
23,28

10515,80
39556,73

17534,66
19554,98

75232,77
72,20

0,731288
0,000006

K
12_A

B
S14_P

e
rm

29-Ju
n

-14
K

alix R
ive

r
< 1 kD

a
17,33

20,50
52495,13

70,88
8418,52

35119,97
21155,32

10058,94
57429,99

90,00
0,730009

0,000007

R
ån

e
 R

ive
r

R
3_A

B
S14_P

e
rm

27-M
ar-14

R
ån

e
 R

ive
r

< 1 kD
a

52,35
30,30

60778,98
33,13

11666,75
87730,33

30248,10
15329,32

160490,29
160,76

0,727747
0,000005

R
6_A

B
S14_P

e
rm

29-A
p

r-14
R

ån
e

 R
ive

r
< 1 kD

a
10,60

25,31
52482,66

23,28
12063,18

64306,87
24426,25

13645,29
148046,14

133,94
0,727881

0,000005

R
7_A

B
S14_P

e
rm

7-M
ay-14

R
ån

e
 R

ive
r

< 1 kD
a

8,71
21,81

35852,59
17,91

10451,86
48147,51

18110,68
8733,55

128356,27
93,54

n
o

t an
alyse

d
n

o
t an

alyse
d

R
10_A

B
S14_P

e
rm

28-M
ay-14

R
ån

e
 R

ive
r

< 1 kD
a

0,00
8,82

13371,43
5,37

4761,08
22810,15

6981,28
2064,49

83190,61
35,85

0,728850
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Appendix IV 

Strontium isotope data of ultrafiltration experiment from 1995. 

Sample location 
Size 
fraction 87Sr/86Sr 

error 
(2σ) 

Kalix River < 0.45 µm 0,73199 0,000028 

Kalix River > 10 kDa 0,731625 0,000028 

Kalix River < 10 kDa 0,730864 0,000028 
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Appendix V 

Strontium concentration and isotope data of unfiltered samples 1990 to1992. 

Sampling 
location Date Sr  

87
Sr/

86
Sr 

87Sr/86Sr error (2σ) 

    [nmol/L]   

Kalix River 
29-Nov-
90 236,25 0,729662 0,000011 

Kalix River 
27-Dec-
90 271,63 0,729145 0,000011 

Kalix River 
13-Feb-
91 301,30 0,729662 0,000012 

Kalix River 17-Apr-91 317,28 0,729489 0,000020 

Kalix River 30-Apr-91 244,24 0,729941 0,000012 

Kalix River 8-May-91 176,90 0,730430 0,000029 

Kalix River 
22-May-
91 126,68 0,731593 0,000025 

Kalix River 
25-May-
91 124,40 0,731450 0,000014 

Kalix River 
27-May-
91 122,12 0,731606 0,000010 

Kalix River 3-Jun-91 135,81 0,731664 0,000009 

Kalix River 11-Jun-91 141,52 0,731620 0,000010 

Kalix River 14-Jun-91 152,93 0,731612 0,000013 

Kalix River 17-Jun-91 151,79 0,731549 0,000015 

Kalix River 4-Jul-91 163,20 0,729915 0,000020 

Kalix River 15-Jul-91 181,47 0,729114 0,000008 

Kalix River 22-Jul-91 173,48 0,729091 0,000010 

Kalix River 8-Aug-91 203,15 0,727941 0,000009 

Kalix River 9-Sep-91 228,26 0,727325 0,000013 

Kalix River 29-Oct-91 159,78 0,730163 0,000020 

Kalix River 
27-Nov-
91 182,61 0,730435 0,000010 

Kalix River 
19-Dec-
91 194,02 0,730520 0,000009 

Kalix River 
20-Feb-
92 273,91 0,729369 0,000013 

Kalix River 9-Apr-92 308,15 0,729640 0,000013 

Kalix River 30-Apr-92 285,32 0,729678 0,000009 

Kalix River 
14-May-
92 114,13 0,730606 0,000049 

Kalix River 
20-May-
92 102,72 0,730922 0,000016 

Kalix River 18-Jun-92 148,37 0,731298 0,000012 

Kalix River 20-Jul-92 239,67 0,725983 0,000008 

Kalix River 7-Sep-92 148,37 0,729665 0,000014 

Kalix River 
27-Sep-
92 171,19 0,730289 0,000016 
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Appendix VI 

Strontium isotope data of the tributaries from difference landscapes.  

Sampling location avg. 87Sr/86Sr 87Sr/86Sr error (2σ) 

Mires 0,725364 0,000022 

Woodland 0,727216 0,000014 

Mountain 0,735852 0,000010 

Outlet Lake Torneträsk 0,723889 0,000018 

Bifurcation  0,728791 0,000009 
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Appendix VII 

Chemical and physical parameters of sampling dates from spring flood 2014.  

Kalix Field data 
     

ID Sampling date 
Water 
temperature 

pH Conductivity Discharge DOC  

    [°C]   *μS+ [m³/s] [mg/L] 

K1 26-Feb-14 0,02 6,54 49 93,4   

K2 13-Mar-14 0,08 6,49 49,8 99,4 3,35 

K3 26-Mar-14 0,06 6,56 52,4 88,1 3,85 

K4 9-Apr-14 0,5 6,65 0.02 (mS) 81,4 3,88 

K5 23-Apr-14 0,7 6,49 0.09 (mS) 213 4,30 

K6 29-Apr-14 0,9 6,6 0* 521 7,86 

K7 7-May-14 1,4 6,19 0* 460 8,18 

K8 14-May-14 2,99 6,94 32,1 492 7,44 

K9 21-May-14 7,27 6,8 28 836 7,26 

K10 28-May-14 9,13 6,75 26,7 1230 7,16 

K11 12-Jun-14 15,52 7,01 28 879 4,34 

K12 29-Jun-14 13,76 7,25 31,2 369   

Ultrafiltration occasions in bold. 

 

*Under detection limit 
 

       Råne Field data 
    

 
ID Sampling date 

Water 
temperature 

pH Conductivity Discharge DOC  

    [°C]   *μS+ [m³/s] [mg/L] 

R1 26-Feb-14 0,03 6,31 29,1 16,7   

R2 13-Mar-14 0,08 6,31 30,1 17,8   

R3 26-Mar-14 0,04 5,75 32 18,4 6,18 

R4 9-Apr-14 0,1 6,08 70 16,9 5,47 

R5 23-Apr-14 2,2 6,42 120 38,5 6,61 

R6 29-Apr-14 2,3 6,3 0.00 (mS)* 102 7,1 

R7 7-May-14 2,7 6,16 0.00 (mS)* 146 8,15 

R8 14-May-14 3,62 6,55 19,7 160 8,07 

R9 21-May-14 6,3 6,41 15,7 230 8,555 

R10 28-May-14 10,15 6,22 13,5 179 7,781 

R11 12-Jun-14 15,55 6,3 12,6 45,9   

Ultrafiltration occasions in bold. 

 

*Under detection limit 

  

 


