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Abstract 

 

Numerous studies on lake Vansjø, located in south-east in Norway, have identified 

eutrophication as one of the major causes for not achieving good water quality status in the 

western part of the lake. This has been shown to be the result of high nutrient concentrations in 

soils, sediments and water. Main causes for the high nutrient levels in water seem to be large flux 

of phosphorus leached from over-fertilized agricultural soils and release from sediments. 

Investigations have shown that the major P fraction in the streams and entering the lake is 

particulate-P. 

 

This study, particle transport of phosphorus in streams draining catchments with different land 

uses, has been carried out as part of the larger Eutropia project (RCN funded project number 

190028) to evaluate phosphorus pools both in suspended and stream sediment samples thereby 

obtaining a better understanding of the catchment processes governing the mobilization, 

transport and variation in levels of particulate-P. Therefore, how P is bound to the particles i.e. 

the pools and forms of P in the suspended particles and sediments were assessed.  

 

Stream sediment samples were collected from nine inlet streams to lake Vansjø and analyzed for 

pH, loss on ignition, particle size distribution, and total major cations, Si and P using Inductively 

Coupled Plasma-Optical Emission Spectroscopy and X-ray Fluorescence. Furthermore, P-

fractionation, total Phosphorus (Tot-P), total organic P, and inorganic P fractions, was conducted 

using the method Møberg and Pedersen and sequential extraction.   In addition, the mineral 

contents of the stream sediments were identified by X-ray diffraction analysis. Scanning electron 

microscope analysis was done on selected samples in both stream and suspended sediments to 

verify presence of apatite, and see similarities between the sediments’ surface topography and 

micro elemental analysis. Water samples collected from the same streams were also analyzed for 

pH, total suspended particle matter (SPM) including organic, inorganic phosphorus and others 

parameters that are not included here. 

It is found that the main fraction of phosphorus in stream sediments is present in inorganic forms 

(soluble in 6 M H2SO4), which comprised a spatial mean of about 79 % of the total. More than 

50 % of it is considered to be non-available apatite P associated with calcium (Ca-P). The 

average rank order of the different P-fractionations for these nine streams was Ca-P > Fe-P> Al-

P > NH4Cl-P > occluded P.  



xiv 
 

The P levels found in the sediments are in general high (average 3.2 g kg
-1

 of dry weight), 

although there is large spatial variability. Sperrebotn and Dalen streams sediments contained the 

highest and lowest total phosphorus contents, 5.6 and 2.2 g kg
-1

, respectively. This high P 

content in the sediments can be detrimental to the water quality even though most of it not 

readily available Ca-P. The highest tot-P values were found in streams that have combined effect 

of land uses (both agriculture and forest areas) while tot-P contents obtained in the sediments of 

streams draining mainly agricultural and mainly forestlands were not so high. The content of 

InO-P and SPM-InO in water from the streams were high during periods of high flow. 

Particulate bound phosphorus can undergo transformations by (reductive) dissolution, 

desorption, organic mineralization or bacterial decomposition resulting in bioavailable forms. 

Transport of these particles to the lake may therefore potentially have significant effect in 

deteriorating quality of the lake water. 
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1. Introduction  

 

There is an ever-increasing demand for good quality of our freshwater resources due to its many 

uses, such as water for domestic consumption, irrigation in agriculture, industry, inland fisheries 

and recreation. These activities are closely linked to the countries’ economic development, and 

mental and physical health of the population. However our global aquatic ecosystems are under 

great pressures due to human activities. Globally, 1.1 billion people lack access to clean drinking 

water and 2.6 billion people live without adequate sanitation (WHO and UNICEF, 2004). World 

leaders, who recognized this threatening situation met in New York in September 2000 and 

adopted the Millennium Declaration and set time-bound Millennium Development Goals 

(MDGs) (WHO, 2011). MDG number 7c was declared to halve, by 2015, the proportion of 

people without sustainable access to safe drinking water and basic sanitation (UN, 2011). 

Regardless of the large geographical differences, progress to improve access to clean drinking 

water has been strong. Globally, coverage increased from 77 % in 1990 to 87 % in 2008. If this 

trend continues, the MDG on drinking water target of 89 per cent coverage will be met and likely 

surpassed by 2015 (UN, 2011). 

However, our resources of safe and sound fresh water have been declining while the demand for 

clean water is increasing due to population and consumption increase (Dokulil and Teubner, 

2011). This escalating demand for a limited resource was also the reason for representatives of 

25 European countries, including Norway, to take revision on water legislations and confirmed 

water pollution as one of their main prioritized environmental issues. A water legislation, known 

as the Water Framework Directive (WFD), was introduced in December 2000 to bring a healthy 

water environment to the European river basin catchments by the year 2015 (European 

Commission, 2010). Norway has taken part in the implementation of WFD since 2001 and 

transposed the WFD into the Norwegian water regulation in 2007 (WFDN, 2011). 
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1.1 Cultural Eutrophication  

 

Cultural eutrophication, especially in agricultural areas, has deteriorated the quality of water 

bodies in most parts of the world. Research studies on ‘Survey of the State of the World's Lakes’ 

(Dokulil and Teubner, 2011)  pointed out eutrophication as one of the world’s most prevalent 

water quality problems. The report states that eutrophication had a negative effect on water 

quality in 28 % of the lakes in Africa, 41 % in South America, 48 % in North America, 53 % in 

Europe and 54 % of Asian lakes.  

Phosphorus (P) fertilizers in agriculture are required in order to meet the worlds demand for food 

and for a profitable crop production (Sharpley et al., 2003). The P produced for agricultural 

fertilizers account for more than 90 % of the world’s P demand (Cordell et al., 2009; Cordell et 

al., 2011; Smil, 2000). The global exploitation of apatite mineral (Ca5 (PO4)3(F, Cl, OH)) for the 

production of phosphorus has been increasing (Cordell et al., 2009; Cordell et al., 2011) in order 

to meet the growing request for P. While phosphorus demand is projected to continue to rise, the 

global reserves of apatite are limited. More energy demanding and expensive means of 

phosphorus production are therefore assumed to become emerging challenges (Cordell et al., 

2011).  

Over use of P-fertilizer has allowed soil P to become in excess of crop needs, resulting in 

increased P-runoff to aqueous environments. For example; the global flux of phosphorus carried 

by rivers, transported to the sea is estimated to be 2.0 billion kg P yr
-1

, with approximately 90 % 

of this being deposited with sediment particles (Schlesinger, 1997). Access P runoff from 

agricultural lands have made agriculture to be the main non-point P source and the main reason 

for eutrophication of lakes in many parts of the world (Dokulil and Teubner, 2011; Gentry et al., 

2007; Sharpley et al., 2003). 

1.2 The Morsa watershed and Lake Vansjø 

 

There have been significant changes in land-use in southeast Norway since the 1950s. Until 1980 

the amount of land used for grain producing agricultural purpose increased by 30 to 80 %, with a 

comparable reduction in grassland area (Lundekvam et al., 2003). Following the change in land 

use an increasing negative effects were observed on water quality (Lundekvam et al., 2003). 

Eutrophication problems in lake Vansjø have therefore been registered since the 1950s. 

Only about 10 % of the Morsa watershed is situated above the marine limit at 214 m a.s.l. These 

parts, which are mainly found in the north of the watershed, have thin moraine soil layers on top 
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of hard bedrock (in lake Mjier). The rest of the catchment is located below the marine limit with 

more fertile soils due to nutrient rich marine deposits with P-containing apatite (Skarbøvik et al. 

2011). Eutrophication problems are commonly encountered in low lying areas like Vansjø 

catchment. 

The estimated soil losses by erosion were more than doubled during the 1970s in south eastern 

Norway (Lundekvam et al., 2003). Research was started around 1980s on mapping of P fluxes 

from diffuse agricultural sources and P transfer from point sources like industrial effluents, 

sewages and manure storage facilities. In the 1990s the loading of nutrients from point sources 

were significantly reduced leaving agriculture to be the main P source to affect the water quality 

in many lakes. Scattered dwellings and manure storage facilities in western Vansjø are only 

contributing 4 % of the Tot-P losses (Aquarius, 2010), hence leaving diffuse P transfer from 

agricultural areas as the main P source. Since 1990s, several mitigation measures have been 

implemented within the agricultural sector, such as reduced tillage and reduced P fertilizer 

application, vegetated buffer zones and constructed wetlands (Lundekvam et al., 2003; 

Skarbøvik and Bechmann, 2010).  

Aiming at taking responsibility to implement measures that lead to real and enduring 

improvement of water quality the local and regional authorities and farmers throughout the 

Vansjø-Hobøl catchment joined forces in 1999 and established the MORSA Project (Thuen and 

Buer, 2003). Several economic incentives (e.g., subsidies and direct payment) through the 

“Mitigation Project for Western Vansjø” (Løkke, 2007) were introduced to stimulate the farmers 

to implement measures to reduce P transfer to the lake. In order to reduce the loading of P from 

agriculture, the farmers around Western Vansjø were requested to commit to an accord with the 

Ministry of Agriculture and Food where they would, over a period of 3 years, be part of the 

mitigation project. Accordingly, in 2008, 73 % farmers around Western Vansjø had signed the 

contracts, and have thus officially joined the program. Through the agreement the farmers 

receive economic compensation for reduced income caused by the abatement actions. 

As a result of this focus, data for 75 % of the agricultural lands in western Vansjø showed that 

farmers reduced P fertilizing by about 47 % in 2007 compared to 2004 (Øgaard and Bechmann, 

2010). Despite these considerable reductions in known sources of P the lake remains as one of 

the most eutrophicated lakes in south-eastern Norway. Formation of harmful algal blooms in 

western Vansjø during the summers of 2005-2007 led to an advised against bathing. The cause 

for the algae blooms was mainly high concentration of P loading (Aquarius, 2010) and the peak 

in P came after the previous flood in 2000.  
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The western parts of Vansjø (i.e. Lake Vanemfjorden and Grepperødfjorden) have especially 

poor water quality due to high local P loading from their sub-catchments, which resulted in 

blooming of blue green algae (Skarbøvik and Bechmann, 2010; Øgaard, 2009). Diffuse sources 

of P are today considered as the major threat to water quality in western Vansjø. It has been 

found that losses of bio-available P are especially high from fields with potato and vegetable 

crop, representing 25 % of the agricultural lands in the western Vansjø catchment (Aquarius, 

2010).  

The main mitigation measures to reduce the flux of P to this part of the lake have been aimed at 

minimizing transport of P by reducing soil erosion and decreased application of P-fertilizer (Ulen 

et al., 2007). According to model works, reduction (up to 89 %) in erosion and thereby particle 

transport of P from sloped agricultural sites has been achieved by discouraging the practice of 

autumn ploughing (Ulén et al., 2010) and by the construction of 60 nutrient retention ponds since 

last decade (Skarbøvik and Bechmann, 2010).  Reduced autumn tillage practices from 2000 to 

2006 has led to a 25 % reduction in soil loss from western Vansjø (Blankenberg et al., 2008b). 

Furthermore, several small-scale wastewater treatment plants have been installed during the last 

years to reduce pollution from scattered sewage drains around Vansjø.  

The water chemistry, with focus on the nutrient levels in the lakes and its tributary streams, is 

being monitored by BioForsk and NIVA (Skarbøvik and Bechmann, 2010). The anthropogenic 

input of total P into lake Vansjø from the entire Morsa catchment is estimated to be about ¾ of 

the total P loading (Solheim et al., 2001). Although agriculture accounts for only 15 % of the 

land-use in the catchment, it is the foremost anthropogenic P source. The P loadings from 

agricultural areas in western Vansjø are reported to constitute about 90 % of the anthropogenic 

Tot-P loading to the lake (Skarbøvik and Bechmann, 2010). Therefore, the main focus for further 

reduction in phosphorus loads remain on agricultural practice. 

 

Lake Vansjø was selected by the Norwegian Ministry of Environment as pilot case for the 

practical implementation of the WFD. The Vansjø-Hobøl or Morsa catchment is therefore the 

most studied catchment in the region (Skarbøvik and Bechmann, 2010). EUTROPIA
1
 is an 

interdisciplinary research project (2009-2013), with participants from UiO-Chemistry/-Biology/-

Geology, NIVA, NINA, Bioforsk, UMB-IØR and NIBR, studying the environmental and 

societal mechanisms governing the eutrophication problems at Vansjø. The project is organized 

into 5 work packages (WPs). This thesis was conducted as an integrated part of the first two 

work packages. These include development of sampling and laboratory methods for P (WP1) 
                                                           
1
 For a detailed description of the project  see  

http://www.mn.uio.no/kjemi/english/research/projects/eutropia/ 
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and catchment processes and the influence of land-use, soil texture type and erosion risks on 

particle transport of P (WP2). The project is financed by the Research Council of Norway (RCN, 

number 190028).   

 

The main focus of this thesis has been on the role of particle transport of P. The particulate 

bound-P was assessed through quantitative and qualitative studies of suspended solids and 

sediments from nine monitored tributary streams draining mainly into the western part of Lake 

Vansjø. The aim has been to better understand the hydro-geochemical processes that govern the 

mobilization, transport and fate of particle bound P. The studied streams drain sub-catchments 

that differ in factors influencing the soils susceptibility for erosion, such as land-uses, soil type 

and catchment size. Determination of phosphorous forms in suspended solids and stream 

sediments is required in order to provide information regarding the main source of P and impact 

once it reaches the lake. Pools of P in the suspended material and in stream sediments were 

therefore studied along with the materials physical and chemical characteristics. 

1.3 Objectives of the study 

 

Particle bound phosphorous constitutes by far the main fraction of total phosphorous that enters 

Vansjø (Aquarius, 2010). However, basic knowledge about particle composition, how 

phosphorous is bound to the particles, and processes involved in this transport is still lacking. 

The abatement measures alleviating the eutrophication problem are often based on total P 

assessments, despite that only a minor fraction of the P is considered to be bioavailable at 

optimal growth conditions. The particle bound P is not bio-available, but some of it may 

potentially become so.  

The objectives of this study have therefore been to: 

 Assess the main sources of particle bound P in suspended and stream sediments 

 Obtain a better understanding of the catchment processes governing the temporal and spatial 

variations in levels and fluxes of different forms of particle bound P. 

 Identify high risk stream sites in terms of total and different P-pools content in stream 

sediments and correlate with land use activities 

 Assess the fate and impact of particle bound P in the lake  
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2 Theory 

2.1 Eutrophication of fresh water bodies 

2.1.1 Eutrophication 

 

About two centuries ago, agricultural chemists demonstrated a strong positive relationship 

between soil nutrient inputs and terrestrial and marine plants growth (Smith et al., 1999). The 

nutrient enrichment, or eutrophication, of our freshwater resources have increased owing to 

anthropogenic activities, leading to highly undesirable changes in the aquatic ecosystem 

structure and function (Smith et al., 1999). The states of eutrophication (oligotrophic, 

mesotrophic, eutrophic and hypereutrophic) were coined for the first time in 1907 to describe the 

states of plants as their appearance changed with the level of nutrients. Today, these ecological 

states of lakes are described according to the advanced classification system by WFD (CISWG, 

2002; Direktoratsgruppa, 2009). 

Cultural eutrophication is defined as the increase in the primary production of a lake due to an 

increase in levels of nutrients. It is driven by increased inputs of nutrients, mainly phosphorus 

and/or nitrogen compounds, leading to undesirable environmental effects on aquatic life and 

water quality (Dokulil and Teubner, 2011; Smith et al., 1999; Spivakov et al., 1999; USEPA, 

1996). Phosphorus is usually the main primary limiting factor determining the eutrophication in 

most low lying freshwater lakes (Smith et al., 1999). This may be depicted by the following 

photosynthesis-respiration equation, shown in equation (1). Accordingly, most aquatic 

eutrophication control works focuses mainly on the control of P loading. 

 10 C 2   1    
     P  

2- 
 122 2   1  

   C10  2 3  110N1 P  13  2                                    

 

Here the forward and backward reaction represents photosynthesis and respiration, respectively. 

The ratio C/N/P, 106:16:1 is the equilibrium reaction called Redfield ratio (Redfield, 1934). The 

Redfield ratio is not universally constant, but changes in response to the algal nutrient status, 

nitrogen and phosphorus concentration (Paytan and McLaughlin, 2007). Excessive input of 

phosphate and nitrates to lake water favours the forward biomass production reaction. When this 

biomass decomposes, a corresponding amount of oxygen will be removed from the water 

column and may lead to anoxic conditions in the hypolimnion (SanClements et al., 2009; Singh 

et al., 2005; Smith et al., 1999; USEPA, 1996). This is further discussed in chapter 2.1.3. 
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2.1.2 States of Eutrophication 

 

Eutrophication of lakes were previously categorized into oligotrophic, mesotrophic, eutrophic 

and hypertrophic states based on only total P, chlorophyll a and the Secchi depth (OECD, 2008).  

A problem in using such classification, example tot-P as a criterion for eutrophication can come 

with different ecological status from place to place. Lakes can also be naturally eutrophic by the 

natural aging of lakes or streams brought on by nutrient enrichment (Mack, 2010). Many lakes in 

areas with marine deposits have a natural high influx of nutrients. Western Vansjø is likely such 

a natural eutrophic lake. Another problem with the old classification system is that it does not 

address whether the trophic state is a problem or not. To fill these gaps, WFD has come with a 

new classification system, which emphasizes on the natural ecological conditions of freshwater 

bodies. This ecological status is defined by the biological elements (like algae biomass and other 

aquatic flora), hydro morphological conditions (such as depth, size, region and nature of the bed) 

and physico-chemical quality parameters (like transparency, thermal conditions, alkalinity, 

nutrient conditions, sediment and humus contents) (CISWG, 2002). Norway and the European 

Commission have jointly developed CIS (common implementation strategy), guidance for 

supporting the implementation of the WFD. 

 

The Norwegian Directorate group for implementation of the WFD prepared classification 

guidance in 2009 based on the natural hydro morphological and biological conditions of lakes 

(Direktoratsgruppa, 2009). Once the hydro morphological condition of the lake is classified, then 

other parameters, such as total P, Secchi depth, Tot-P and tot-N can be used to determine the 

ecological status which is described by the extent of high, good, moderate, poor and bad 

(Direktoratsgruppa, 2009) (table 1) .  

 

Table 1.  Ecological status of lakes like lake Vansjø based on Tot-P, Chlorophyll a, Tot-N 

and Secchi depth (Direktoratsgruppa, 2009)  

Status  Tot-P(µgL
-1

) Chlorophyll a (µg∙L
-1

) Tot-N(µgL
-1

) Secchi depth (m) 

High <7 <3.5 <300 <5 

Good 7<13 <7 <450 <3 

Moderate 13<19 <10.5 <550 <2 

Poor < 35 <20 <900 <1 

Bad < 65 <40 <1500 <0.5 

N.B. The target at Vansjø by total P is 50 (µgL
-1

), which is in between poor and bad. 
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2.1.3 The degradation of lakes 

 

The mobilization of phosphorus to aqueous environments has quadrupled (Villalba et al., 2008) 

while the annual inputs of reactive nitrogen to the earth’s soils and fresh water bodies have more 

than doubled after industrial revolution as a consequence of the enhanced human activities 

(Galloway et al., 2008; Smith et al., 1999; Villalba et al., 2008). The increased fluxes of 

phosphorus and nitrogen to water bodies have profound effects on the quality of fresh water 

systems and has led to a degradation of lakes globally (Dokulil and Teubner, 2011; Nyenje et al., 

2010; Smith, 2003). 

Eutrophication causes increased growth of undesirable algae and aquatic weeds. The growth of 

algae and weeds reduces the water clarity and light penetration. Decomposition of the biomass 

causes a depletion of oxygen and change in pH (Salameh and Harahsheh, 2011; Sharpley et al., 

1994) below the photic zone. This limits use of the water resource use for fisheries, recreation, 

industry, and as raw water for waterworks. Anthropogenic induced eutrophication is usually the 

main cause for poor water quality in large parts of the world (Dokulil and Teubner, 2011). Re-

oligotrophication with promising improvement of the water quality have been achieved in many 

countries (Dokulil and Teubner, 2011). Example of this are lake Mørsa in Norway (Løvik and 

Kjellberg, 2003) and  Lago Magiorre in Italy (Bernardi et al., 1990). Recovery of some eutrophic 

lakes may be achievable after the reduction of external P inputs (Carpenter, 2005). However the 

internal recycling of phosphorus from streams and lake sediments, after years of nutrient 

accumulation, may cause lakes to remain eutrophic, as restoration is a long time process 

(Carpenter, 2005). P in sediments exists in several different forms; it is found as component of 

some primary minerals, occluded within the amorphous hydrous oxides of Fe and Al, adsorbed 

on mineral surfaces like calcite and quartz and linked with organic component of the sediment 

(VanLoon and Duffy, 2005). Furthermore, in some cases slow flux of phosphorus from over-

fertilized soils may be sufficient for lakes in agricultural areas to remain eutrophic.  

 

2.1.4 The role of particle transport of Phosphorus 

 

Eroded sediment particles play a major role in the transport of P to aqueous environments. The P 

load which can be associated with the suspended sediments in rivers and streams with the 

transport of sediment can be high (Stone and English, 1993). An increase in erosion and P 

transport mainly as particulate P has been observed with increasing runoff (Shigaki et al., 2007). 
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This increased transport of P associated with particles induced by high runoff is attributed to 

transport factors of particles. Transport factors are the mechanisms causing the movement of 

particles within the catchment. Some areas may be defined as high risk areas of P transfer, for 

example, areas with high erosion risk, areas close to a surface water recipient, or areas which 

receive large amounts of P in fertilizer or manure (Bechmann, 2005). Runoff is the main driver 

of transfer processes for nutrients and soil particles to water. Eroded sediments tend to have 

higher content of small particles and contain a higher amount of tot-P than the soil from which it 

originates (Øygarden, 2000). The soils susceptibility to erosion is a vital factor for the transfer of 

particulate P in overland flow. Among the different important governing factors of spatial 

variation in P transport to the lake are the phosphorus dynamics in soil, erosion risk, soil organic 

matter content and the amount of Fe and Al, oxides etc. (Singh et al., 2005).  

The anthropogenic input of total phosphorus into Lake Vansjø from the entire catchment is 

estimated to account for 75 % of the total loading. Agriculture is the prime source of the 

anthropogenic inputs, constituting more than ¾
th

 of anthropogenic sources (Solheim et al., 2001). 

Even though there are several different drivers that govern the flux of P to the lake, it is the 

effect of land-use, which is believed to be the most important factor. The transport P in surface 

runoff from forests and non cultivated soils carries little sediment and the total P is, therefore 

generally dominated by dissolved P, released from the soil and plant material (Sharpley et al., 

2003). The particle transport of P is mainly governed by erosion which is dictated by the soil 

texture and therefore the particle size distribution of the soil (Zhang et al., 2011). The small size 

soil particles (Clay and silt) have larger surface areas with high holding capacity of nutrients like 

P. The eroded sediments contain more fine particles (clay and silt) and higher P content 

compared to the original surface soil, suggesting that the clay fraction are preferentially eroded 

and that P is mainly adsorbed onto or contained within this particle fraction (Zhang et al., 2011). 

The mechanisms of particle transport of P (reactions and pathways) are further detailed in 

sections 2.1.6 and 2.1.7. 

 

2.1.5 Status of water quality in agricultural dominated catchments in Norway  

 

Phosphorus accumulation in agricultural soils can cause imbalance in nutrient availability and 

pollution of aquatic ecosystems (Brady and Weil, 2010; Kizewski, 2010; Singh et al., 2005). In 

Norway and other north western European countries like Sweden, United Kingdom (UK) and 

Ireland, there has been a continuing eutrophication of fresh waters  due to increased flux of 
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phosphorus (Ulen et al., 2007), which is usually the limiting factor for primary production of 

biomass. The phosphorus loading come from both point and non-point sources. However, It has 

been identified that agricultural intensification and overuse of fertilizers are the main causes of 

phosphorus loading to water bodies and thereby for the degradation of many European aquatic 

ecosystems (European Commission, 2006).  

Among the four studied countries mentioned above, the total P losses are highest in Norway and 

UK (Ulen et al., 2007). EU countries and Norway have developed mitigation practices for 

reducing P transport to surface waters by adopting the European WFD. Following the 

introduction of measures, the P losses through agricultural streams have been somewhat reduced 

in Norway. However, the reduction has not been adequate (Ulen et al., 2007).  

 

In Scandinavian countries, the reduction of primary tillage in the autumn and the maintenance of 

a perennial crop cover constituting a vegetation buffer zone along the streams have been used to 

reduce soil erosion (Ulén et al., 2010). In Norway, ploughing of fields in spring instead of the 

autumn has shown reduction in particle transport by up to 89 % on highly erodible soils on 

sloping fields. Direct drilling
2
 in spring compared to autumn ploughing is assumed to reduce 

erosion from clay soils by about 79 % (Ulén et al., 2010). As a result of the many abatement 

efforts conducted in western Vansjø, decreasing trends in total phosphorus, total nitrogen and 

suspended sediments have been achieved since 1990 (Skarbøvik and Bechmann, 2010; 

Skarbøvik et al., 2011).  

 

However, total P losses from agricultural areas are relatively high. Especially P losses from 

fields with vegetable crops are high (Aquarius, 2010) due to the need for higher P levels in the 

soil and fall ploughing. High losses of particulate-bound phosphorus have been found from 

cultivated areas, especially from clay rich soils in areas with high erosion risk, such as ploughed 

fields or steep slopes (Ulén et al., 2010). The agricultural soils in the south western parts of 

Vansjø have highest phosphorus levels (Thuen and Buer, 2003) and hence represent a main 

cause for eutrophication problems in western Vansjø (Løkke, 2007).  

 

 

 

                                                           
2
 The term direct drilling involves all crop establishment operations being performed on a single occasion. A direct 

drill either drills the seeds directly into undisturbed soil or, as is usually the practice, some kind of cultivating 
equipment is used in front of the drill in order to shallow-cultivate before drilling. 
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2.1.6 Nutrient composition in soil and living organism 

 

Plants require 16 essential elements. Carbon, hydrogen and oxygen are derived from the 

atmosphere and soil water. The remaining 13 essential elements (nitrogen, calcium, phosphorus, 

magnesium, potassium, sulphur and iron, zinc, manganese, copper, boron, molybdenum, and 

chlorine) are supplied either through soil mineral dissolution and soil organic matter 

mineralization or by organic or inorganic fertilizers (Uchida, 2000).  

P is one of the major plant nutrients and accounts for about 0.2 % of the plants dry weight 

(Schachtman et al., 1998).  Phosphate groups are present in deoxyribonucleic acids (DNA), in 

which information about inheritance resides, and adenosine triphosphate (ATP), the energy 

containing molecule of living organisms. Plants can accumulate about 4 g P kg
−1  

in their seeds 

while mammals contain around 25 g P kg
−1

 dry weight (Tiessen, 2008). Plant roots and algae 

assimilate phosphorus in its ionic forms (orthophosphates), and to a lesser extent in the form of 

organic compounds. Organic P forms include the relatively labile phospholipids and fulvic acids 

and the more recalcitrant humic material or acids. 

 

2.1.7 Application of phosphorus fertilizers  

 

The application of P fertilizers to agricultural soils has been recognized as necessary to increase 

production in modern agriculture (Schachtman et al., 1998). Phosphates rocks, mainly apatite,  

are the origin of nearly all the commercial fertilizers (Holtan et al., 1988). Mining and 

production of apatite-P in Europe began in the 1800s. The chemical formula commonly given to 

apatite is Ca10(PO4)6 X2, where X = OH, F, Cl or Br. According to their abundances, 

Ca10(PO4)6(OH) 2, Ca10(PO4)6 F2 and Ca10(PO4)6 Cl2 are the three major apatite minerals groups, 

of which about 95 % of phosphorus is found as fluorapatite (Holtan et al., 1988). Phosphate rock 

minerals are non-renewable natural resources. Approximately 90 % of the mined apatite minerals 

are used for the production of fertilizers (Djodjic, 2001).  

In intensive agricultural areas of Europe and North America, considerable amounts of inorganic 

phosphorus fertilizers have been applied during the last few decades. The cause for the generous 

application of mineral P fertilizers stems not only from availability of cheap inorganic P 

fertilizers but also due to the need to dispose of manure and sewage (Cordell et al., 2009). This 

has led to that the soils in these areas have accumulate high levels of total and available 

phosphorus (Brady and Weil, 2002) and the agricultural soils in Europe and North America areas 

are said to have surpassed critical P levels and thus reduced applications are recommended 
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(Cordell et al., 2009). In developing countries, the agricultural demand for P is increasing while 

the global P reserves are diminishing. The global peak in phosphorus production is estimated to 

be around 2035 (Cordell et al., 2011; Jasinski, 2011) where more energy and money will be 

needed to exploit  P from alternative sources.  

2.1.8 Phosphorus sorption in soils and sediment particles 

 

Total P concentrations in soils usually ranges from 0.05 to 3 g kg
-1

 (Brady and Weil, 2010). The 

P content in the top 0-20 cm of the Ap layer of fertilized agricultural areas in Norway was 

reported to be 2-3 g kg
-1

 (Bechmann, 2005). The distribution of organic and inorganic P depends 

primarily on soil properties, with 50 to 70 % in the inorganic form in mineral soils and 60 to 90 

% of total phosphorus as organic phosphorus in organic soils i.e. soils with more than 20 to 30 % 

organic matter content (Pierzynski et al., 2005). Generally 50-80 % of total-P in Norwegian 

agricultural soils is in the form of inorganic phosphorus (Krogstad, 1991). The total organic P 

content in most arable soils and sediments is small and almost half of this fraction has a complex 

chemical nature (Krogstad, 1991). Small organic phosphate compounds that are commonly 

found in soils are Inositol phosphate, phospholipids, and nucleic acids.  

Inorganic P retention on oxides and hydroxide layers of soils is controlled by sorption/desorption 

and precipitation/dissolution reactions (Reddy and Delaune, 2008). Oxides and hydroxides of 

Fe
3+

 and Al
3+

, on which phosphate ions are adsorbed, are usually dominant in most surface soils 

with concentrations that greatly exceed phosphate contents. The precipitation reactions between 

aluminium and iron shown in equation 2 and 3 are used to remove phosphorus from municipal 

water and treatments plants (Brady and Weil, 2002). In nature this is likely occurring more in the 

form of co-precipitation of PO4 along with amorphous Al (OH) 3 and Fe (OH) 3. In the sediments 

AlPO4 and FePO4 are formed through aging or occlusion. This way, the insoluble Al and Fe 

phosphates precipitated out of solution.  

 

Al2 (SO4)3 .14H2O (s) + 2PO4
3-

       2AlPO4 (s) + 3SO4
2-

 +14H2O                       (Equation 2) 

FeCl3 (s) + PO4
3-

       FePO4 (s) + 3Cl
-                      

                                                   (Equation 3) 

 

The electrostatic force of attraction between phosphate ions and positively charged sites of Al 

and Fe oxides/hydroxides results in anion exchange reaction (Reddy and Delaune, 2008). A 

major point here is that sorption is very dependent on surface area of the particles, which is 

dictated by the particle size. Sand has low sorption capacity, while silt and clay has large. 
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Phosphorus adsorption capacity for soils with large clay and silt content is larger than sandy soils 

due to larger surface areas.  

Clay minerals have relatively permanent negative surface charges but surface of the most 

common metal oxides such as iron and aluminium in soils and sediments have variable charges 

(VanLoon and Duffy, 2005). The charge on surface of these oxides (whether protonated or 

deprotonated) are reversible and depends on the minerals point of zero charge (pzc) and the soil 

pH. Soil mineral surfaces will have positive charge at solution pH values less than the pzc and 

thus be a surface on which anions like phosphates may adsorb.  On the other hand, the mineral 

surfaces will have negative charge at solution pH values greater than the pzc and thus be a 

surface on which cations may adsorb. The pzc is when surface positive and negative charges are 

equal or when there is no difference between the cation and anion exchange capacity (VanLoon 

and Duffy, 2005). Usually the soil pH is higher than the pzc for iron and aluminium oxides 

giving them a net negative charge (Appelo and Postma, 2007) (Table 2).   

Table 2. The point of zero charges, pHPZC  for clays and common soil  oxides and 

hydroxides (Appelo and Postma, 2007) 

Colloid  pHZPC  Surface charge, example at pH = 7 

Kaolinite 4.6 _ 

Smectite 2.5 _ 

Gibbsite (Al(OH)3) 5.0 _ 

 Corundum, (Al2O3) 9.1 + 

AlOOH 8.2 + 

Geotitt (FeOOH) 7.8 + 

Hematite -(Fe2O3) 8.5 + 

Calcite 9.5 + 

Feldspar 2.2 _ 

Quarts 2.9 _ 

Hydroxyapatite, Ca5OH(PO4)3 7.6 + 

Birnessite,  -MnO2 2.2 _ 

Rutile,TiO2 5.8 _ 

 

Organically bound P exists mainly in the soils characterized by high soil organic matter content 

(Reddy and Delaune, 2008). The proportion and nature of organic P in soils depends on soil type, 

type of organic loadings from external sources, deposition of dead plant cells and detrital tissues 
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from the plant cover. Humus is not conceived to retain much phosphorus by itself in soils since it 

is normally negatively charged. However, substantial amounts of phosphates can be sorbed in 

association with complexed positive ions such as Fe
3 + 

, Al
3 + 

and Ca
2 +  

(Holtan et al., 1988) on 

the surface of the organic coating on mineral particles.   On the other hand, organic chelating 

agents may replace phosphate bound to Ca, Fe or Al and thus increase its mobility. Thus, organic 

anions like oxalate ion (RCOO
-
) produced by soil microorganisms can also increase the mobility 

of phosphate ion by anion exchange competing for sorption on mineral sites and thereby reduce 

the sorption of P (Reddy and Delaune, 2008) . At pH > 5 (Figure 2), phosphates bound with Al 

and Fe minerals for example can be replaced by OH
-
, thereby releasing phosphates. 

2.1.9 Phosphorus sources and transfer pathways 

 

 

Figure 1. Phosphorus pathways, modified from Gregory, 2009 
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Conceptually, the hydrological transport of P can be divided into different sources and flow 

paths (Figure 1). The most important flow paths are:  i) overland flow, ii) subsurface lateral and 

vertical flow including matrix and macropore flow and iii) groundwater flow, generally being 

less important (Bechmann, 2005). 

 

Suspended particles are responsible for the transport of particle bound P from agricultural areas 

to streams and lakes (Sims and Sharpley, 2007). The particulate forms includes both P sorbed to 

soil particles and included in organic compounds (Djodjic, 2001). The total loss of P from soils 

to surface waters is mainly a function of factors influencing erosion; such as topography soil 

texture, hydrology and management practices, and the type and size of P pools (Randall et al., 

1998; Sharpley and McDowell, 2001; Sharpley et al., 1994). Surface runoff from grass lands, 

forest areas and erosion resistant soils carries small amount of particles and thus the dissolved 

form of phosphorus is usually the dominant constituent of the total P loading (Bechmann et al., 

2005a). Even though P associated with particles is by far the dominating fraction in lake Vansjø, 

little is known about what is governing the spatial and temporal variation in P pools in the 

suspended material. The snow melt season in early spring is usually the main period of P 

transport due to water saturated or frozen soils forcing the water to run over the soil surface. This 

result in erosion, especially in tilled soils (Øygarden, 2000). Low hydrological conductivity due 

to soil frost may vary from year to year depending on whether the frost came before or after the 

snow. Due to frequent and heavy rainstorms in the fall the soils again usually become water 

saturated. Therefore, these two seasons are important period of P transfer to waters bodies. 

P transport through subsurface drainage tiles may also be significant (Opland, 2011(. Field scale 

studies carried out on tile drained soils in Norway showed that subsurface drainage contributed 

from 12 to 60 % of the total P transfer (Bechmann, 2000; Lundekvam, 1997; Øygarden, 2000). 

Preferential flow through soil via small-scale heterogeneities such as cracks, earth worm pores, 

decayed root channels and other types of macro- and coarse micro pores may be important in the 

transport of P from the Ap layer down to tile drains (Coppola et al., 2009) that are typically 

buried at about 1 m depth . 

Sediments in streams and lakes store and release P between different environmental 

compartments and play as such a central role both as a sink and source in aquatic phosphorus 

cycling (Fytianos and Kotzakioti, 2005). Sediment particles in lakes are considered a potential 

important internal source of nutrients since they may through reductive processes release 

nutrients to the water bodies (EPA, 1992). Although large spatial variation, a study conducted in 

New Zealand  by (McColl, 1975) showed  that on average about 25 % of the phosphorus 
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assimilated by algae in lakes is leached out of the lake sediments.  A similar study in Vansjø 

(Andersen et al., 2006) showed no net contribution of phosphate from the sediments.  

Mobile orthophosphate ions can be adsorbed onto surfaces of oxides and hydroxides of 

positively charged Fe, Al and Ca. In addition to this, Fe and Al may also form bridge between 

organic anions and PO4 (Hinsinger, 2001) and accumulate in stream sediments or eventually be 

moved to lakes during episode events. The concentration, mobility and bioavailability of P in 

soil and sediments are controlled by adsorption-desorption and precipitation-dissolution 

reactions. Dissociation and distribution of orthophosphoric species are also dependent on the 

aluminium- and calcium ion concentrations. At pH below 5.5 strong mineral acidity (e.g. 

sulphuric acid from acid rain) will dissolve and mobilize labile aluminium species. Natural 

waters with pH above 7 are typically buffered by calcium carbonate weathering providing 

substantial levels of calcium ions in the water. Phosphorus is most mobile at pH from around 6.5 

to about 9 due to low solubility of Al
3+

, Fe
3+

 and Ca
2+

 phosphates minerals both at low and high 

pH (VanLoon and Duffy, 2005). The pH also influences the sorption capacity of soils and 

sediments by protonation or de-protonation of pH dependent sorption sites on especially the 

oxide mineral surfaces. These labile phosphate ions are also adsorbed on the surface of oxides 

and hydroxides of iron and aluminium at low pH values and Ca at high pH. Furthermore, Al
3+

 

and Fe
3+

 form bridges between negative charged organic coating on mineral surfaces and the 

phosphate ion. The main factors that determine the adsorption-desorption and precipitation-

dissolution equilibrium reactions are pH, redox, concentration of phosphate competing anions for 

ligand exchange reactions (like exchange with OH
-
,organic anions) and the concentration of the 

metal ions Fe, Al and Ca that could precipitated out with phosphate ions (Hinsinger, 2001; 

Holtan et al., 1988). The most identified and abundant organic phosphate compounds in soils, the 

phosphate esters (Inositol phosphates), nucleic acids and phospholipids, are believed to have 

been synthesized by microorganisms (Brady and Weil, 2002). These organically bound 

phosphates can be mineralized-immobilized as shown in (section 2.19, Figure 1). 
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Figure 2.  pH regions of greatest solubility for phosphate (VanLoon and Duffy, 2005) 

 

 

2.1.10 Soil erosion and particulate bound phosphorus in stream sediments 

 

Soil erosion is a natural process, but the rate of erosion is greatly accelerated by poor human 

agricultural practices resulting in increased runoff of P containing particles. This is further 

resulting in an economic loss to farmers, through a loss of fertile soil and reduction in soil 

productivity. For the sake of identification, particles can be classified as deposited sediments and 

suspended solids in streams. Stream sediments results from erosion of soils, transported by 

flowing water and deposited in the streams while the suspended solids corresponds to the 

component of the sediment that is found in suspension in water (Guy, 1970). The risk of erosion 

and the speed of flowing water are therefore important factors governing the amount of 

sediments in streams. In most cases, soluble phosphorus occurs at low concentrations in the soil 

solution whilst a large proportion of it, about 90 % of the total P transported, is associated with 

soil particles (Reddy and Delaune, 2008). Erosion is therefore an important pathway for P loss 

from agricultural lands (Bechmann et al., 2003). Also the main fraction of total P in the 

agricultural influenced streams of western Vansjø catchment was associated with particles 

(Bechmann, 2007).  
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The form of particulate bound P includes phosphorus associated mainly with oxides and 

hydroxides of Fe, Al and Ca at different pH conditions and high molecular weight organic matter 

particles (Hartikainen, 1979; Jalali, 2010; Murphy and Riley, 1962).  

The catchments under study have practically everywhere a forest stream rich in DNOM carrying 

Al and Fe running down through agricultural areas where the stream receives a high 

phosphorous and particle loading. The DNOM will then sorb to the particles and Al and Fe 

bound to the NOM will bind the PO4. It is also assumed that labile aluminium has previously 

played a significant role in precipitating phosphate. Heavy loading of acid rain during the 1970 

to 1990 led to large leaching of labile aluminium from these acid forest soils. Upon passing 

through agricultural land with high soil pH the leached Al
3+

 in the streams precipitated out as 

Al(OH)3 co-precipitating PO4, which later aged into insoluble berlinite (AlPO4) in the sediments.   

This is being studied by other colleagues in the Eutropia project. 

 

2.1.11 Phosphorus status in agricultural soils of the Vansjø-Hobøl catchment 

 

Agricultural areas in the western Vansjø are the main contributors to the flux of P causing 

eutrophication of lake Vansjø (Kværnø and Engebretsen, 2010). It is found that this P loading is 

mainly in the form of P bound to suspended particulate matter. This P loading to the streams and 

lakes by eroded particulate matter is to a large extent governed by erosion rise and the 

phosphorus status in the soils, which is therefore reviewed here. The P-AL content is the 

standard measure in many European countries including Norway for assessing the P amounts in 

soils that is available for crops during the growing season (Otabbong et al., 2009). In Norway, P-

AL has been used for estimating the content of plant available P in the soil since 1960 (Krogstad 

et al., 2008). The national P-AL classes and recommendations by which the agricultural 

application of fertilizers is determined are given in Table 3. 
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Table 3. Plough layer (AP) P-AL levels and P-fertilizer application recommendations, both 

national and regional, Kværnø and Engebresten (2010). 

P-AL class P-AL 

(mg/100g) 

           Recommendations 

National  Vansjø-Hobøl administration  

Low  0-4 25-125 % increase Fertilization until P-balance 

Medium  5-7 Fertilization until P-balance Fertilization until P-balance 

Medium to high  8-10 14-43 % reduction 50 % reduction 

High  11-14 57-100 % reduction No fertilization 

Very high  15-20 No fertilization No fertilization 

Extremely high  >20 No fertilization No fertilization 

 

The percentage of agricultural land distribution by P-AL class in the catchments drained by the 

studied streams (Table 4) indicated a large spatial variation in P-AL classes between the streams, 

with on average more than 50 % of the agricultural land belonging to the high or very high P-AL 

class.  

 

Table 4. P-AL percentage distribution of the agricultural areas in the catchments drained 

by the studied streams (Norwegian Forest and Landscape Institute, 2011) 

Site % contribution by P-AL class 

Low Medium Medium to high High Very high Extremely high 

Vas 0 0 17 41 42 0 

Støa1 0 0 0 11 89 0 

Støa2 0 0 16 70 14 0 

Hug 0 1 3 17 34 45 

Hobøl  93 7 0 0 0 0 

Spe 1 63 27 7 2 0 

Aug 2 26 37 20 14 1 

Gut 2 16 10 19 27 26 

Mean 12 14 14 23 28 9 
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According to the report by Kværnø and Engebretsen, 2010 on soils samples from 1990 to 2008, 

the P-AL levels in agricultural lands around western Vansjø (Støabekken 1 & 2, 

Vaskebergetbekken) are found to be very high to extremely high in about 30 % of the areas and 

medium to high in 49 %. This is in agreement to, but slightly lower than, the data in Table 4. The 

very high and high % contribution by P-AL classes in Støa1 and 2 are due to high content of Fe. 

 

2.1.12 Dissolved phosphorus forms in soil-water  

 

In nature P is predominantly found in the oxidation state +5 and does not significantly change its 

valence (Reddy and Delaune, 2008). Nearly all the inorganic form of phosphorus in soils and 

sediments are therefore found in the form of orthophosphates. Even though the orthophosphate 

ion, PO4
3-

, itself does not actively participate in redox reactions the redox conditions affect the 

binding capacity of iron to phosphorus in sediments. 

The orthophosphate ions can be formed by the protolyzation of the first, second or all three  

hydrogen ions of phosphoric acid (H3PO4) to form H2PO4
-
, HPO4

2-
 and PO4

3-
, respectively, at 

different soil pH conditions (VanLoon and Duffy, 2005)(Table 5). 

 

Table 5.  Acid dissociation constants for phosphorus acid 

Forms of the acid  Dissociation constants  

H3PO4      =  H2PO4
- 
+ H

+ 
                             

 
pKa1= 2.15                   (Equation 5)      

H2PO4
-       

=  HPO4
2- 

+ H
+
 pKa2 = 7.20

           
           (Equation 6)     

 
 

HPO4
2-

     = PO4
3-

 +   H
+                

                        pKa3 = 12.38                (Equation 7)    
 
 

Where Ka is the acid dissociation constant and 1, 2 and 3 denotes dissociations of the first, 

second and third hydrogen ions, respectively. 

 

H2PO4
-
 is the dominant orthophosphate in most natural waters with a pH less than 7.2, while 

HPO4
2-

 and PO4
3-

 are dominant at pH > 7.2 (see Figure 2). In near neutral waters the H2PO4
-
and 

HPO4
2-

 are the most common species available for plants uptake (Brady and Weil, 2002; Holtan 

et al., 1988).  
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3. Materials and Methods 

3.1 Description of study area 

 

Vansjø-Hobøl or Morsa Catchment (Figure 3) is located in the south-eastern part of Norway. It 

covers about 690 km
2
 of which 15 % is agricultural land and 78 % is forest, while the rest 

accounts for water bodies, bogs, transportation and open areas (Skarbøvik and Bechmann, 2010). 

The mean annual air temperature is 5.6
o
C and the annual precipitation is about 829 mm, as 

measured at Rygge meteorological station (1961 – 1990). 

 

Vansjø is the largest lake and Hobølelva is the largest river. This catchment has been extentially 

studied for more than 30 years through several research projects like EuroHarp (NIVA, 2002-

2007), SeaLink (NIVA, 2008-2010), Eutropia (UIO, 2009-2013),  Refresh project (UCL, 2010-

2013) and WAPABAT (NIBR, 2010-2013), and others. 

 

The Vansjø catchment was selected as a case study site for two reasons: 

1. It is selected as a pilot site for the practical implementation of the WFD to bring all rivers 

and lakes to a good natural status by the year 2015 and  

2. Despite considerable investments in abatement actions the phosphorous levels in the lake 

has not decreased correspondingly leading to a continuing eutrophication problem with 

blooming of algae during summer times 2005/06 causing problems for different stakeholders 

in the area.  
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Figure 3. The Morsa Catchment and western Vansjø (red area) taken from Aquarius 

(2010). 

 

The altitude of the catchment varies between 0 and 346 m a.s.l. The areas at the northern part are 

at higher elevation than the south (Skarbøvik and Bechmann, 2010) (Figure 3). Over 90 % of the 

catchment area is below the marine limit (Skarbøvik et al., 2011) . 
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The bedrock of the northern forested part of the catchment is  predominantly gneiss with 

relatively thin bottom moraine layers (about 10 % of the catchment area) (Skarbøvik et al., 

2011). Further downstream the soil becomes richer in clay and silt minerals.  This area was 

submerged under the sea during the end of the Pleistocene period about 12 000 years ago. When 

the great inland glacier melted the land rich in marine clay deposits rose from the sea. As the 

shoreline passed through the landscape it washed the ridges free of sediments and deposited the 

sand along the slopes. In the bays and coves, that are today's valley floor, the marine sediments 

were preserved or accumulated leaving large deposits of marine clays.  A huge end moraine 

(Raet) is damming the lake from the south making the lake drain to the west. 

3.1.1 Lake Vansjø 

 

Vansjø is the drinking water source for people in Moss city (Skarbøvik and Bechmann, 2010). 

The lake is one of the richest lakes in Norway in terms of fish diversity and home for a large 

number of bird species (Skarbøvik and Bechmann, 2010; Skarbøvik et al., 2008). Besides the 

geochemical and hydrological studies of this lake, the socio-economic and political processes 

related to the activities in the catchment area are also objectives included in the Eutropia project.  

The surface of Lake Vansjø is situated 25 m above sea level and covers an area of 36 km
2
. 

The Lake has received considerable attention due to eutrophication problems causing frequent 

blooms of cyanobacteria, which in turn had lead to closing of many beaches. The toxic algal 

blooms are mainly due to excess phosphorus loading despite considerable abatement measures to 

reduce inputs of nutrients (Bechmann et al., 2005b; Saloranta, 2006).  

Lake Vansjø is divided into two main basins; the larger eastern Vansjø (Storefjorden) and 

smaller western Vansjø (Vanemfjorden). Vanemfjorden is a relatively shallow lake and the part 

that is most affected by eutrophication causing frequent blooms of cyanobacteria.  

The agricultural draining stream sites in western Vansjø constitute larger phosphorus loading to 

the lake making it more eutrophic (Skarbøvik and Bechmann, 2010). Western Vansjø contains 

many tributary streams. The streams included in this study were therefore selected as they are the 

most monitored sites which represent ‘’hot-spots’’ for P flux to the lake while one stream,  obøl 

which is the main tributary stream to eastern Vansjø and  with high particle loading was included 

in this study for comparison purposes. The selected streams are draining from different 

catchments with different land uses, erosion risks, slopes, soil texture groups, and different 

deposit types. Some of these streams are draining from agricultural dominated, forest dominated 
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and others have mixed land types (forest and agriculture). Dalen which is located at the north 

west of western Vansjø is the only stream draining from 100 % forested catchment. Eight of the 

selected streams in western Vansjø are first order while Hobøl is second order stream. A stream 

with no tributaries (headwater stream) is considered a first-order stream while a segment 

downstream of the combination of two first-order streams is a second-order stream (Blankenberg 

et al., 2008a). 

 

3.1.2 Land use distribution in the catchment  

 

The lower reaches of the catchment has experienced human activities for the past 4 000 years 

(Skarbøvik and Bechmann, 2010).  Since around year 1400, when logging began to be a trade, 

the numbers of inhabitants have been growing and land-use change from forest to agriculture has 

increased. People started living of farming and forestry as their main sources of income in many 

parts of the catchment (Skarbøvik and Bechmann, 2010). Today on average about 15 % of the 

catchment land-use is agriculture (Section 3.1). The land-use map (Figures 4 and 5) and data 

(Table 7) were extracted from an Arc GIS (version 9.3.1) digital map layer comprising the Morsa 

catchment and boundaries for the nine stream basins (Norwegian Forest and Landscape Institute, 

2011). 
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Figure 4. Land use distribution of Vansjø-Hobøl catchment with the sampling sites of the 

studied streams indicated by black dots (Norwegian Forest and Landscape 

Institute, 2011, revised by Alexander Engebresten) 

 

The black points in Figure 5 indicate the stream sites where the sediment and water samples 

were collected. A larger scale map of these studied streams and sampling sites are shown in 

(Figure 5).  
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Figure 5. Land use distribution of western Vansjø sub-catchment with the sampling sites of 

the studied streams indicated by black dots (Norwegian Forest and Landscape 

Institute, 2011), revised by Alexander Engebresten 
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Table 6. Names and catchment size of the nine sampling streams (Norwegian Forest and 

Landscape Institute, 2011).  

 

 

Land use is a known important factor for the spatial variation in P forms in the sediments. The 

effect of this and other underlying governing factors were assessed. Here it was necessary to sort 

the effect of land use out and was sorted according to decreasing agricultural land-use. This 

order of the streams is given throughout this paper. 

Table 7.  The land-use distribution of the nine streams (Norwegian Forest and Landscape 

Institute, 2011),  

Sample sites  Land use type (%) 

Agriculture    Forest  Others 

Vaskebergetbekken 91.4 4.0 4.6 

Støabekken 1 85.0 1.0 14.0 

Støabekken 2 71.0 2.7 26.3 

Huggenesbekken 59.0 29.0 12.0 

Hobølelva 19.0 71.0 10.0 

Sperrebotnbekken 16.5 73.0 10.5 

Augerødbekken  13.7 81.3 5.0 

Guthusbekken 11.2 81.1 7.7 

 Sampling streams Abbreviation Land area (Km
2
) 

Vaskebergetbekken Vas 0.2 

Støabekken 1 Støa1 0.2 

Støabekken 2 Støa2 0.2 

Huggenesbekken Hug 1.4 

Hobølelva Hobøl 336 

 

Sperrebotnbekken Spe 2.9 

Augerødbekken  Aug 7.0 

Guthusbekken Gut 3.8 

Dalen Dalen  0.6 

Total (km
2
)  352 



42 
 

Dalen  0.0 100.0 0.0 

 

Figure 6. Percentage of land-use distribution in the catchments of the studied streams 

sorted in terms of percentage of   agriculture, forest and others (Norwegian Forest 

and Landscape Institute, 2011). 

 

As seen in Table 7 and Figure 6, the sampling sites can actually be categorized into three groups 

of streams. These are streams dominated by agriculture (sites Vas – Hug), streams dominated by 

forest but have a significant agriculture (<20 %) (Sites Hobøl – Gut) and Dalen which is 100 % 

Forest dominated site.  

 

3.1.3 Soil types in the catchment 

 

Texture is an important soil characteristic that is of great significance in determining the erosion 

risk and potential leaching of nutrients. The type and nature of the soils in the catchment are 

closely linked to the quaternary geological history of the deposits (Table 8). The soil deposits 

form the basis for plant and animal and thus for agriculture (Norwegian forest and landscape 

institute, 2011). In the northern Vansjø forested areas, above the marine limit at 224 m a.s.l., the 

soils are predominantly coarse bottom moraine. In the lower southern areas the soils are 

dominated by marine deposits and are as such rich in clay. The soils used for agriculture have up 
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to 80 % clay (Skarbøvik and Bechmann, 2010). The soil texture type in the tillage layer 

determines the eroding tolerance. Clay soils and fine silt particles are more easily washed away 

with water. In order to reduce erosion and the release of P from agriculture, the farmers around 

Western Vansjø have been requested to commit to an agreement with the Ministry of Agriculture 

and Food. Farmers in this accord, over a period of three years shall be part of a mitigation 

project, from which effects are to be documented by the Norwegian Institute for Agricultural and 

Environmental Research (Bioforsk). The farmers receive compensation for among other things, 

reducing phosphorus fertilization. The contract also includes no ploughing of the soil during the 

fall to protect soil from erosion and thereby avoid nutrient runoff, except for years when potatoes 

have been grown (Løkke, 2007). Texture of the plough layers in western Vansjø is given in 

Table 10. 

Table 8. The different quaternary deposit types of the nine sites (Norwegian Forest and 

Landscapes Institute, 2011) 

Sample sites Quaternary deposit types (%) 

 BM T HC   SBD Bogs MBDCC Others 

Vas 7.1  0 92.9   0   0  0 

Støa1 5.5  0 80.2   0 14.3  0 

Støa2 0  0 11.7   0 76.6 11.7 

Hug 13.4 4.2 32.6   0 49.8 0 

Hobøl 37.3 15.6 40.6 2.5   2.0 1.96 

Spe 54.9 9.8 32.5 2.8    0 0 

Aug 56.9 11.3 25.8 3.9    0 2.1 

Gut  58.8 4.8 23.8 10.2    0 2.4 

Dalen 50.1 22.4 12.9 14.6     0  0 

Where BM, THC, SBD and MBDCC denotes Bare Mountains, Thin Humic Cover, Sea and 

Beach Deposits and Marine Beach Deposits Continuous Cover, respectively. 

N.B: marine deposits = SBD+ MBDCC 

Comparing Table 7 and 8 it is clear that forested lands, such as Dalen, Guthus, Augerød and 

Sperrebotn, are dominated by bare mountain with some humic cover, while agricultural 

dominated sites, such as Vaskebergbekken, Støabekken 1 and Støabekken 2, have typically sea 

fjord and beach deposit types (Table 8). This is inherently as the marine deposits are more 
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fertile and therefore more suitable for agricultural purposes. The distribution of soil texture 

classes in the plough layer of agricultural soils in the watershed of western Vansjø are given in 

Table 9.  

 

Table 9. The extent of different texture groups found in the plough layers of agricultural 

soils   in western Vansjø (Norwegian Forest and Landscape Institute, 2011) 

Code  Texture class Aggregated class   % 

1 Between sand and coarse sand Sand  3.6 

2 Fine sand  Sand  24.2 

3 Between silty sand, silty coarse sand, silty fine sand, 

gravel rich silty medium sand and silty coarse sand 

Silty sand 2.2 

4 Silty fine sand  Silty sand  31.7 

5 Silt and sandy silt  Silty sand 35.7 

6 Silty light clay Light clay 2.6 

 

The predominant texture classes of the plough layers of western Vansjø range from fine 

sand to silt and sandy silt (Table 9). Furthermore, the watersheds with most agriculture 

have more fine sand, while those with more forest have more silt and sandy silt rendering 

the more agricultural catchments more susceptible for erosion. 

 

Table 10. Texture groups and erosion risks of the plough soil layers in catchments of 

the studied streams (Norwegian Forest and Landscape Institute, 2011) 

Sites Texture code (%) Erosion risk (%) 

1    2   3     4    5  6                      1      2   3 4 

Vas  0 53.3 13.2 33.5 0 0                    50 50 0 0 

Støa1 0 88.9 0 11.1 0 0                  90.2 9.8 0 0 

Støa2 0 100 0 0 0 0                  96.9 3.1 0 0 

Hug 8.1 77.7 0 3.9 8 2.3                   71 28.5 0.5 0 

Hobøl 1.5 5.6 6.3 38.8 46.8 0.9                  11.5 62.5 19.3   7 

Spe 0 0 7.7 74.3 18 0                  33.7 65.8 0.5 0 

Aug  0 1.3 0.5 40.5 57.7 0                  35 58.7 2.2 0 
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Gut 0 3.0 6.4 23 52.4 15.2                 73.2 26.8 0 0 

 

 

Figure 7. Erosion risk distribution in western Vansjø (Norwegian Forest and Landscape 

Institute, 2011, revised by Alexander Engebresten) 

The soil erosion risk is classified into four classes 1 to 4, representing low, medium, high 

and very high erosion risks, respectively (Norwegian Forest and Landscape Institute, 2011). 

The erosion risk of the tillage soil layer in the catchments of the studied streams are 

dominantly low to medium, however 26 % of the Ap-layer in agricultural soils in the Hobøl 

catchment are characterized as having high to very high erosion risks (Table 10). 
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3.2 Sampling 

3.2.1 Sediment sampling  

 

Nine stream sampling sites included in the Eutropia project were selected and incorporated in 

this study. These sites are all tributary streams to the western Vansjø but one that is Hobøl drains 

to eastern Vansjø (see section 3.1.1).  

Surface sediment samples were collected from the nine streams in November 2010 using 

sediment grab samplers (Figure 8). Samples were then put into cleaned polyethylene plastic 

containers with lid and taken to the laboratory of the Department of Chemistry at the UiO.  

 

Figure 8. Sediment sampling device 

 

About half of each wet sediment samples was placed on a cardboard plate, covered with another 

cardboard plate and dried at room temperature for about 12 days. After drying, the samples were 

mixed and ground gently in an agate mortar to homogenize them and get representative sub 

samples. Aggregates were reduced by grinding, while care was taken not to mill the hard 

particles (Tan, 1996). The crushed and homogenized samples were sieved through a 2mm 

aperture sieve and less than 2mm sediment particles were collected and put in labelled paper 

bags until analysis. The other half of the samples were stored. 
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3.2.2 Water sampling  

 

Water samples were collected from the streams where the sediment samples were collected. 

Samples were collected during the sediments sampling and at different times. Approximately 

once in two weeks time, and also during episodes of high precipitation by members of Eutropia 

project. Samples were collected in 500 mL and sometimes in 2000 mL and 5000 mL (depending 

upon need) pre cleaned plastic bottles, and transported to the Department of Chemistry, UiO, 

where they were registered and stored.  

 

3.2.3 Sample storage  

 

The collected stream sediments and water samples were stored in cold room at 4 
o
C until 

analysis.  

3.3 Stream sediment Analysis  

 

Sediment samples were analysed for pH, dry matter content,  organic matter content, particle size 

distribution  (percentage of sand, silt and clay fractions), and P-pools: total-P, inorganic-P, 

organic P, easily soluble P, aluminium (Al) bound P, iron (Fe) bound P, and calcium (Ca) bound 

P, and the occluded forms of P. Also analysis of topography of some crystal structures using 

scanning electron microscope (SEM), composite mineral contents using X-ray diffraction (XRD) 

and direct total major elemental analysis using X-ray fluorescence (XRF) as well as major 

elemental analysis using ICP-OES after microwave oven HF digestion were carried out. The 

basic principle of the method used in sample preparation and analysis are described in each 

section. 

3.3.1 pH  

 

pH of the sediments was determined both in water (v:v, 1:5)  and in 1M KCl (v:v, 1:5) of 

sediment: 1M KCl solution extract according to ISO 10390 (1998). The advantage of using 1M 

KCl is that seasonal variation due to fluctuations in ionic strength could be reduced. The pH was 

measured using Orion Research Expandable Ion Analyzer EA920 with a Ross electrode pH 

meter. Two replicates per sample were measured. 
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3.3.2 Dry matter and water content  

 

Dry matter content (wdm) of the sediment samples was determined following the method 

described in ISO11465 (1993).  Using an analytical balance (Sartorius LC3201D, accuracy ± 0.1 

mg), about 10 g of sample was weighed accurately, dried to a constant weight in an oven at 105 

± 5
o
C overnight, so it could be assumed that there was no water left after heating. After cooling 

in a desiccator the weight of the samples were again measured. The mass difference before and 

after drying was used to calculate the weight percent of dry matter of each sample. The factor 

wdm was used in all analysis where needed. 

 

3.3.3 Loss on ignition  

 

The organic matter content of each sediment samples was determined gravimetrically as the 

weight loss on ignition (LOI) following the procedure by Krogstad (1992). This was conducted 

by burning the sample at 550 ± 25°C. LOI was calculated using equation (8).  

 

                    (8) 

 

Where m1 = mass of empty crucible,  

m2 = mass of air dried sample,  

m3 = weight of sample with crucible after 4 hrs heating at 550
o
C  

WH2O (%) = water content (see section 3.3.2) 

 

3.3.4 Particle size distribution  

 

Particle size distribution (PSD) was determined according to ISO11277 (1998-1) using a 

combination of dry sieving and laser diffraction particle size analysis at the Department of 

Geosciences, UiO. The air dried samples were pre-treated with 30 % (v/v) H2O2 to remove 

organic matter to reduce their aggregation of soil particles. After freeze drying and crushing, less 

than 500 µm fraction was collected and dispersed with 5 % calgon in an ultrasonic bath and put 

in the laser diffractometer. The size distribution was classified in to clay (<2 µm), silt (2-20 µm) 

and sand (>20µm) (VanLoon and Duffy, 2005). 

Information of particle size distribution (PSD) of soil particles is a precondition for 

understanding the source of the material, how it is transported and deposited. The particle size 

LOI (%) = 100 – 100 ( 
       

  
) – wH2O         
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has also strong influence on the physical and chemical properties and thereby the environmental 

impact of soils and sediments. This is mainly as a result of the large increase in surface area of 

the finer particles. Knowing the proportion of different particle size components is also useful in 

grouping and classifying soil and sediment types thereby estimating the water holding capacity, 

reactivity and erosion tolerance of soils (VanLoon and Duffy, 2005).  

Laser diffraction (LD) instruments, Beckman-Coulter LS12320 laser diffraction particle size 

analyzer (LDPSA) are automated and capable of analyzing particles within a wide range of sizes 

from clay to sands (Pye and Blott, 2004). More recently, LDPSD has become the best choice for 

PSD analysis for many reasons; The need for a very small and non-destructive dry or wet sample 

analysis, short analysis time, dynamic measuring range (0.02 to 2000 µm) and high 

reproducibility (Eshel et al., 2004). LDPSD measurements use a source of light that generates a 

monochromatic beam. The light in contact with the sample passing through different optical 

components create a scattered, parallelized beam which illuminates the particles in the scattering 

volume. The different sized particles passing through a laser beam scatter light differently, larger 

size particles scatter at small angles, where as small particles scatter at larger angles. The LD 

technique works using the assumption that all particles have spherical particle morphology. 

Computer software, which converts the information from the scattering pattern to a set of volume 

values based on the size distribution. Using this technique information on particle size 

distribution is obtained on volume versus diameter diagrams and the soil texture (percentage of 

sand, silt and clay) is calculated accordingly. 

 

3.3.5 Determination of main phosphorus pools in sediments 

 

All bottles, volumetric flasks, glass pipettes and other apparatuses used during extraction and 

analysis of the samples were cleaned by soaking first in 5 % (v/v) of concentrated HNO3 (65%, 

m/v) and rinsed with type-II and type-I (appendix-A) water prior to use. Bottles and volumetric 

flasks were also cleaned with 2M HCl and 4M NaOH over night. Cuvets and bottles used for P-

analysis in contact with the molybdate reagent were cleaned according to the Norwegian 

Standard NS4724 and rinsed with type-II water twice and type-I water once again. 

i. Total Phosphorus 

 

Total phosphorus (Tot-P) was determined after digestion by the method of (Møberg and 

Petersen, 1982). Tot-P was determined in 1 g of sediment sample that was ignited at 550 
o
C for 1 

hr. After the combustion of organic material 5 mL of 6 M H2SO4 was placed into the ashes and 
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heated in water bath at 70 
o
C for 10 min. The point with this method is that the strong acid 

solution will dissolve the inorganic fraction while heating at high temperature decomposes the 

organic matter to CO2 and H2O gases, leaving its content of PO4
3-   

in the ashes. The resulting 

solutions were filtered using Whatman filter paper to remove suspended particles. The 

phosphorus content in all sediment extracts was determined spectrophotometrically by to the 

molybdenum blue method described in section. 3.3.7 

ii. Inorganic Phosphorus 

 

The inorganic phosphorus (InO-P) was determined in the same manner as for tot-P (section 3.3.5 

i) but without ignition pre-treatment.  

iii. Organic Phosphorus 

 

The organic phosphorus pool in the sediments was computed by difference between tot-P and 

InO-P according to (equation 9). 

 

                                                                                              (Equation 9) 

 

3.3.6 Fractionation of inorganic phosphorus pools in sediments 

 

Stream sediment samples were analysed for different pools of inorganic P using the sequential 

extraction procedures developed by (Chang and Jackson, 1957) and modified by (Hartikainen, 

1979). The fractionation procedures are based on the differential solubilities of the various 

inorganic P pools using various extracting agents. Five types of inorganic P pools are 

fractionated.  

i. Easily soluble phosphorus  

Ammonium chloride (NH4Cl) is used first to remove soluble and loosely bound phosphorus. 

This fraction is considered as the most bioavailable form for plants. 

ii. Phosphorus bound to Aluminum 

Phosphorus bound to aluminum (Al-P) is separated from Fe-P with NH4F. Al forms strong bond 

with fluorides and phosphates are released. The pH of NH4F was adjusted to 8.5 to avoid release 

of phosphates bound to iron. 

Org-Ptot =Tot-P – InO-P 
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iii. Phosphorus bound to Iron 

 P bound to iron and oxides of iron are extracted with OH
-
 by ligand substitution reaction (10).        

FePO4 + 3OH
-
 = PO4

3-
 + Fe (OH) 3                                                        (Equation 10) 

iv. Phosphorus bound to calcium  

The calcium bound phosphorus (Ca-P) is extracted with sulfuric acid by that Ca
2+

 is strongly 

bound as gypsum, according to equation 11. 

Ca3 (PO4)2 +H2SO4 = H3PO4 +CaSO4                                                               (Equation  11) 

v. Occluded-P  

Occluded-P (Ocl-P) or reductant-soluble P is the P retained within the matrices of poorly 

crystalline mineral particles. Phosphate bound to Al that is enveloped by oxides and hydroxides 

of Fe
3+

 for instance can be dissolved with a solution of KCl, ascorbic acid and Na2-EDTA. 

Ascorbic acid is used in the reduction of iron Fe
3+

 to Fe
2+ 

and the breakage of the earlier bond. 

Once the oxide or hydroxide bond with Fe
3+

 is broken, EDTA competes with phosphates for the 

sorption sites releasing P. The extraction procedures and the chemical reagents used in the 

sequential extraction are of pools of InO-P (shown schematically in Figure 9) are given in 

Appendix-C (Tables C-1 and C-2). 
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Figure 9. Modified Chang & Jackson fractionation of inorganic phosphorus pools in 

sediments (Pierzynski, 2000) 
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3.3.7 Phosphorous determination by molybdenum blue method 

 

The molybdate blue method (MBM) used here was developed by Murphy and Riley (1962) and 

modified by the Norwegian standard NS4724 (Krogstad, 1992). When a solution of H2SO4, 

ammonium heptamolybdate and potassium antimony tartrate is mixed with solutions containing 

phosphate, antimony molybdophosphate complex is formed. This phosphate complex is reduced 

to phosphomolybdenum blue colored complex in the presence of a reducing agent (Ascorbic 

acid) and Potassium antimony tartrate (catalyst). The formation of colour is proportional to the 

concentration of orthophosphate ions present in the complex (Figure 10). The absorbance of this 

colour was determined spectrophotometrically at ƛ 880 nm by UV-VIS Spectrophotometer by 

(UV-1201, SHIMADZU).  

The slow colour formation has been described as a main source of analytical error which could 

lead to serious underestimation of true P concentrations for readings carried out before complete 

colour development (Murphy and Riley, 1962).  

 

Figure 10.  Photo of standard solutions with blue phosphate molybdate complex 

 

As a quality control for the accuracy of the molybdenum blue method used for phosphorus 

determination of sediment samples and as a check up for the calibration curve, phosphorus 

standard solution of known concentration was run along with the samples analysis run. The 

deviation from the certified value was calculated.  
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3.3.8 Inductively coupled plasma optical emission spectroscopy sample preparation 

and analysis 

 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an emission 

spectroscopy which uses argon plasma to produce excited atoms and ions that emit 

electromagnetic radiation at particular characteristic wavelengths (Giancoli Barreto et al., 2004). 

A peristaltic pump delivers a liquid sample into a nebulizer where it gets introduced directly into 

the plasma flame. Due to the high temperature of the plasma, the molecules of the sample break 

down into their respective atoms. In this study major cations (Na, Mg, Al, K, Ca, Ti, Mn, Fe, Si) 

and P in digested sediment samples were analysed by ICP-OES (Varian Vista AX CCD 

simultaneous axial view ICP-OES product of Varian Ltd, Australia) using ISO 22036 (2008) as a 

guide line (See appendix D for all procedures and instrumental details). 

 

In this ICP-OES analysis, the decomposition of sediments was conducted on microwave assisted 

acid-digestion according to the EPA Method 3052 (1996) with some modifications. The 

digestion of the sediment samples was carried out in closed Teflon vessels in a temperature-

pressure controlled advanced microwave oven system (ETHOS 1600, Milestone, USA). The 

decomposition of certified reference material (CRM), JSd-1 Stream sediment (2010), produced 

by the Geological survey of Japan (GSJ), was also digested using the same procedure.  

The vessels were placed in the microwave oven for digestion using the program given in of 

Appendix D (Table D-1). The digestion using EPA method 3052 was not complete. For this 

reason, the method was modified by increasing the digestion temperature from 180 to 200
o
C and 

decreasing the sample amount from 0.5 to 0.25 g. Temperature of the vessels was initially 

increased linearly from about 25 to 200
o
C over 5 minutes, and kept at 200

o
C for 15 minute. All 

the decomposed samples appeared as clear solutions, which indicate that the digestion was 

complete. Shorter decomposition time, less sample contamination, no or less loss of analyte 

samples are advantages of microwave oven acid digestion when used in appropriate mixture of 

acids and temperature programs (Sandroni et al., 2003; Siaka et al., 1998). However, one 

disadvantage of the microwave oven digestion with HF is associated with the analysis of silica 

content. Silicon forms volatile fluorides which can be evaporated and lost.  HF is also extremely 

dangerous; which damage glass containers and instruments including the torch and nebulizer 

parts of the ICP-OES.  
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3.3.9 X-ray fluorescence sample preparation and analysis  

 

X-ray fluorescence (XRF) is also a quantitative analytical technique used for the rapid 

simultaneous determination of many major and minor elements in soil, rock and sediment 

samples in solid forms even for very limited sample amounts. XRF is a non destructive  

technique widely used for the quantitative analysis of solid materials based on the energy or 

wavelength dispersive systems (Rafał, 2009). High-energy X-rays are irradiated to the sample 

which ejects the inner shell electrons and an electron from a higher shell drops into the lower 

empty shell to fill the gap left behind. During this process, energy of the characteristic X-rays are 

emitted. The emitted X-rays from the sample are collected with either energy or wavelength 

dispersive detector systems. The elements present in the sample are identified by their 

characteristic wavelengths (qualitative) of the emitted X-rays while the concentrations of the 

elements are determined by the intensity of those X-rays (quantitative). This method is 

appropriate for analysis of major elements including silicon in solid samples. 

Preparation of samples to a crystal sample pellets was conducted according to the sample 

preparation manual for XRF (Sample preparation of geological material for XRF, TW/MN/BLB, 

2007). This was carried out in a Perl’x3, fully automated fusion instrument (Figure 11B) 

programmed to the right melting temperature, time, agitation and cooling. Sample preparation 

was finished by casting the melt in a Pt/Au form and crystal pellets were analyzed as described.  

The analysis of the prepared crystal sample pellets (Figure 11C) was performed at the 

Department of Geosciences according to the US-EPA method 6200 (2007) on an XRF (PW2400 

Philips, The Netherlands) with SupraQ software. The instrument was drift corrected with multi 

element standards and tested by sediment CRM, JSd-1 (2010). The difference between the 

certified and analyzed readings was calculated and error deviations were determined (Table 11, 

Apenendex F-6). This certified reference material (CRM) was also included in the digestion of 

the sediments by microwave oven acid digestion. XRF method is appropriate for silicon analysis 

in solid samples. 
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Figure 11. Picture A is ground sediment sample containing flux, B is Perl’x3 instrument on  

process and C is prepared crystal sample ready for XRF analysis 

   

3.3.10 X-ray diffraction sample preparation and analysis 

 

X-ray diffraction (XRD)  is another analytical technique used in the solid state analysis for the 

determination or identification minerals contents in solid crystalline samples (Weiner, 2010). 

The XRD pattern of pure crystalline minerals is, thus, like a fingerprint of the substance based on 

their d-spacing. The powder diffraction method is thus ideally suited for characterization and 

identification of crystalline phases but not for amorphous and non-crystalline solids. It is helpful 

if the mineral is present in a relatively high concentration or gives strong XRD peaks (Harris and 

White, 2007). For mixed materials, XRD’s detection limit is approximately 2% of sample (J S 

Tan, 2006). However, apatite phosphorus content in sediments should be more than 2-5 % in 

order to be easily identified by X-ray diffraction (Sims and Sharpley, 2005). 

Collimated X-rays are generated from a source and applied onto the crystal sample. The sample 

is scanned rotating from 3 to 70
o
. As the sample rotates, the arrangement of atoms in the crystal 

gives rise to diffraction of characteristic x-rays. The intensity of the x-ray versus angle 

diffraction is drawn and the interplanar spacing (d-spacing) is found from Bragg’s (Equation 12)  

        nλ=2dsinθ                                                                                                           (Equation 12) 
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Where n= is order of diffraction, λ is the wavelength of the characteristic x-ray and θ is the angle 

of the incidence x-ray. The identification and quantification of unknown minerals was then done 

using the Rietveld method by BGMN mineral quantification program. 

Less than 1mm sediment samples pulverized in a McCrone micronizer, using ethanol as a 

wetting agent.  About 1g of each finely crushed sample was placed in a sample holder and the 

powder was smeared slightly to make sure a flat and smooth surface.  

The analysis of composite mineral contents of each sample was conducted at the Department of 

Chemistry according to the standard operating procedures for the XRD instrument (Siemens 

D5000 X-Ray diffractometer, 2007). The crystal sample was hit by incident x-rays which result 

in x-ray diffractions from each atomic planes, characteristic of each element in the mineral 

lattice. Intensity of the diffracted x-rays versus angle of diffraction is recorded. The XRD data 

was put into the BGMN software for mineral identification and quantification. 

 

3.3.11 Scanning Electron Microscopy  

 

The Scanning Electron Microscope (SEM) is primarily designed for imaging of solid samples by 

scanning it with a high energy beam of electrons (Potts, 1992). Excitation of the sample occurs 

by bombarding it with a focused electron beam (Potts, 1992). The X-ray emission spectrum that 

is generated in the sample during the bombardment is used for qualitative analysis of the 

bombarded point. SEM has the ability to focus the electron beam down to a diameter of 0.1 μm 

of sediment samples. Selected stream and dried suspended sediments left on the filter paper were 

analyzed at the Department of Geosciences, UiO using SEM (JEOL, JSM-6460LV) with an 

Energy Dispersive X-ray Spectrometer (EDS) system (Oxford Instruments, INCA software 

program). The INCA software is used to acquire and process Energy Dispersive X-ray (EDX) 

spectra analysis which provides information on elemental composition of minerals. This was 

mainly done to check the sediments’ topography and verify presence of apatite minerals. 
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3.4 Some physico-chemical characteristics of water samples  

 

Water samples were analysed for different chemical and physical parameters like pH, alkalinity, 

conductivity, suspended particles, major cations and anions, different P-pools and others. In this 

thesis, determination of Suspended particles and organic and inorganic P contents on some 

particles and runoff for the year 2010 for some streams are included while the bulk of water 

analysis and different P pools in water is conducted by (Opland 2011,Mohr 2010 and Parekh 

2012,).  

3.4.1 Runoff   

 

The Runoff data from Huggenes, Støabekken 1 and 2 is based on runoff data from a JOVA 

catchment (Heiabekken) nearby on the Raet. The Heiabekken catchment is thought to be very 

similar to Huggenes, Støabekken 1 and 2 in soil types, crops and slopes where as runoff from 

Sperrebotn, Augerød is based on runoff from Guthus stream. There is also incomplete runoff 

data for Hobøl. The runoff of here is up scaled and is based on runoff measurements from Hobøl 

Høgfoss. That means there are many assumptions made in using these data. The runoff for 

Huggenes, Støabekken 1 and 2 and Sperrebotn, Augerød are based on JOVA catchment 

(Heiabekken) and Guthus respectively, daily runoff values are also given based on one sample. 

This means that all the differences among the streams catchments are assumed to be similar. 

 

3.4.2 Filtration of water samples  

 

Suspended solid particles in water samples were determined by filtering exactly 500 mL or 1000 

mL of a stirred sample using vacuum filtration. A burned and pre weighed 0.7 μm glass fibre 

filter paper (Whatman, grade GF/F circles, Ø 47 mm) was used for the filtration. Glass fibre 

filter paper was employed instead of combustible membrane filters in order to determine the 

organic content of the suspended particles by LOI as described in 3.4.4.  

 

3.4.3 Suspended particulate matter  

 

The amounts of suspended particles matter (SPM) found on the filter paper after filtration were 

determined gravimetrically by weight increase after the filter was dried at 105
o
C for 1 hour. The 

concentration of SPM was determined by dividing the amount found on the filters by volume of 



59 
 

the filtered water. Determination of organic and inorganic particulate matter was done by 

filtering 500 mL of water samples whereas 1L of water sample was filtered for the determination 

of total and InO-P in the suspended particles. The measurement of SPM expressed as mg L
-1

 was 

carried out in accordance with ISO 11923 (1997). There also exists data on the concentration of 

suspended particles for the same streams from the Morsa monitoring program. These are referred 

to as Bioforsk data and the analysis was done at Eurofins AS according to NS-EN 872 (2005).  

3.4.4 Organic and inorganic suspended particulate matter  

 

Concentration of the organic suspended particulate matter (SPM-Org) was obtained as Loss on 

Ignition (LOI) on the filter papers from section 3.4.3. This was determined gravimetrically by 

difference between weight of the dried papers after filtration and weight of the filters heated to 

450 
o
C for 4 hours and divided by the filtered volume. The heating temperature was reduced 

from  550 
o
C (Krogstad, 1992) to 450 

o
C because of the burning intolerance of the filter paper. 

The difference in weight between the dried papers after filtration and the combusted particle 

containing filters is the inorganic particulate matter (SPM-InO). 

3.4.5 Main P pools in the suspended sediments 

 

The concentration of total particulate phosphorus was determination using two different 

methods. 

i.  By digesting the suspended particles captured on the sample filters according to the 

procedures outlined in section 3.3.5. The determination of phosphorus content on the digested 

sample of suspended particles was conducted as described in section 3.3.7. In this method, 

there should be more suspended particles and filtration of large of volume of water is 

required. 

ii.  By determining the difference between the total P content in unfiltered and filtered sample. 

This procedure was performed by (Parekh, 2012) at the Norwegian Institute for water 

research (NIVA). Prior to analysis, raw and filtered samples were conserved to 0.04 M 

H2SO4. The determination of phosphorus on raw and filtered water samples was done using 

CNP-auto analyzer (SKALAR San
++

 Automated wet Chemistry Analyzer) (Mohr, 2010) 

following the following the Norwegian standard NS4725.  
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3.5 Statistical software and data analysis 

 

3.5.1 Geographical information system 

 

All maps and land use data, deposited types, soil texture types of the plow layers, erosion risks 

and  P-AL values of the plow layers were extracted and produced by Geographical Information 

system (GIS) using  ArcGIS software (version 9.3.1). 

 

3.5.2 Chemometrics 

 

Here, there are multiple factors (physiochemical parameters) that govern the levels and forms of 

P in suspended particulate matter and in the stream sediments. It is therefore necessary to have a 

multivariate approach when assessing the factors governing the variation found in the nature.  

The Minitab statistical programme (version 16) was used to perform Pearson correlation 

analysis, Hierarchical cluster analyses (HCA) and Principal Component Analyses (PCA) on the 

different P-pools and sediment parameters.  

 

3.5.2.1 Hierarchical cluster analysis  

 

The Hierartical Cluster Analysis (HCA) is a data classification technique and often used in the 

classification of variables in nested categories by sequential pairing of variables or clusters 

(Bridges, 1966). The purpose of cluster analyses is grouping of variables into the clusters 

according to empirical similarities in variation (co-variation and correlation). The results are 

visualized using dendrograms, a two dimensional chart with horizontal axis showing clustered 

variables and the vertical axis expressing similarities between the clusters.  
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3.5.2.2 Principal component analysis (PCA) 

 

A Principal Component Analysis (PCA) is a way of identifying patterns in large data sets, and 

expressing the pattern in such a way as to draw attention to similarities and differences between 

samples (scores) and variables (loadings) (Jolliffe, 2005). PCA can also be explained as a 

dimension-reducing technique used to reduce the number of variables while still retaining the 

main information in the original datasets. The variability in the data sets can be described by the 

different principal components (PC1, PC2…). 

 

3.6 Quality control (QC) 

 

All pipettes used in the analysis were calibrated gravimetrically by comparing liquid volume to 

weight. The pipettes had to be within the acceptable limits of precision and accuracy for both the 

smallest and the largest volume of the automatic pipette. For gravimetric analysis, the analytical 

balance had also to be calibrated and checked. Blank filter paper was included during each 

weighing procedures.   

 

The % recovery of the concentration of the CRM, which is considered as a measure of the 

accuracy of the method, was calculated by equation (13). 

 

Recovery (%) = (
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4. Results and Discussion  

 

4.1 Physico-chemical characteristics of stream sediments  

 

Physiochemical characteristics of stream sediment samples; PSD, pH, and LOI are given in 

Table 11. Content of major cations, Silicon and the different P pools are presented in Figures 16-

20 and their discussions are also given under each section. 

Table 11. Sediment properties 

Physico-chemical characteristics of sediment samples collected in the nine streams. PSD denote 

Particle Size Distribution, LOI denote Loss on Ignition – a proxy for organic matter content in 

the dried sample.     

 

Sites                  PSD Texture class      pH LOI (%) 

Clay (%) Silt 

(%) 

Sand 

(%) 

 H2O KCl 

Vas 2.1 19 78.9 Silty sand 6.3 5.5 2.3 

Støa1 7.8 16.6 75.6 Silty sand 6.5 6.0 5.5 

Støa2 2.9 22.1 75 Silty sand 6.6 5.7 2.3 

Hug 4.1 35.5 60.4 Silty sand 6.0 5.5 10.0 

Hobøl 6.6 42.8 50.6 Silty sand 6.2 5.4 2.9 

Spe 4.8 57.8 37.4 Sandy silt 5.9 5.6 8.1 

Aug 9.2 32.7 58.1 Silty sand 5.2 4.3 4.6 

Gut 9.6 60.9 29.5 Sandy silt 6.1 4.9 6.6 

Dalen 9.4 60.9 29.7 Sandy silt 5.5 4.2 3.8 

 

The temporal and spatial variation in amount and distribution of P pools in sediments and 

suspended particles can be governed by multiple factors. The main factors that need to be 

considered such as runoff, land-use with some physio-chemical parameters of the sediments are 
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discussed. Land use in this case is the main parameter, a proxy for soils with high P content due 

to fertilizing and natural conditions and effect of other factors are discussed here. 

 

4.1.1 Land use 

 

The characteristics of the catchments of the studied streams are given in Table 7 and 8. The 

relative amount of agricultural land is correlated to the coverage of marine deposits (r=0.798), 

while the amount of forest is strongly correlated to the amount of bare mountain (rock outcrop; 

r=0.952), organic soils (r=0.791) and humic cover (r=0.856). Other land use is strongly 

correlated to end moraine and beach deposits (r=0.925 and 0.866, respectively). Several 

interesting empirical correlations were deduced from the mineralogy data. The amount of 

feldspar mineral Albite and silicate (SiO2), found in granite and gneiss, was correlated with 

quarts (r=0.817 and r=0.869, respectively). The clay minerals Illite, kaolinite and muscovite 

were all correlated with each other (e.g. muscovite vs. illite: r=0.834; muscovite versus kaolinite: 

r=0.786).  Similarly there is a strong correlation between the amount of Ti and the mineral 

Anatase (r=0.916), as Anatase is composed of TiO2. The effect of land use on the other 

parameters is discussed in the following sections. 

 

 

4.1.2 Particle size distribution 

 

Despite that agricultural soils at western Vansjø are generally richer in finer particles than forest 

soils (Skarbøvik and Bechmann, 2010), the sediments in the streams draining mainly agricultural 

land are dominated by silty sand, while the sediments found in the streams draining forest 

dominant areas (Dalen, Guthus and Sperrebotn) are sandy silt (Table 11). A strong positive 

correlation was found between the fraction of sand in the stream sediments and the extent of 

agricultural land-use in the catchment drained by the stream. Likewise, there is a strong negative 

correlation between the extent of forest and the sand fraction in the sediments (r=-0.906). The 

opposite correlations are found for silt and clay. This is due to several factors. The main 

governing factor for coarser material in streams draining agricultural catchments is likely the fact 

that erosion is larger in agricultural lands allowing for heavier material like sand to be flushed 

out into the streams, diluting the finer sized particles in the sediments. There is less erosion of 

forest soils allowing for mainly silt and clay (light particles) to be eroded. Sediments draining 

predominantly forest soils are thereby richer in finer particles than sediments in streams draining 
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agricultural catchments. Furthermore, in spring there is heavy snowmelt sometimes in 

combination with frozen (sub) soils. During periods of snow thawing in an already frozen soil, 

the water will mainly flow on the sub soil surface (John and Jean, 2006). This may lead to 

enhanced erosion of topsoil, especially if the field is ploughed in the autumn, which is the rainy 

season where there is high runoff. Moreover, the agricultural soils have low infiltration capacity 

due to finer texture and lower storage capacity due to less organic soil. Forest soils have high 

water holding capacity due to the large vegetation cover causing a large water loss through 

evapotranspiration. Furthermore, winter snowmelt (increased temperature) is often accompanied 

by precipitation, which can cause a rapid input of water. During then, the clay particles settled in 

the sediments of the stream can thereby easily be re-suspended and washed the whole way to the 

lake while the sand and silt fractions remain in the stream sediments. The local hydrology at the 

sampling site is also a critical point; the reason for the presence of a more clay in Dalen might be 

linked to that the sampling site may be situated in a relatively calm stretch of the stream, 

allowing for a local settling of finer particles.  

 

Figure 12. Particle size distribution in the sediments in the streams arranged according to 

decreasing agricultural lands use in the catchment. Unless otherwise stated this sequence 

of the samples will be in this order throughout the thesis. 
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As seen in (Figure 12), the amount of clay in the Støabekken 1 is relatively high compared to the 

other agricultural dominated draining catchments. This is a stream that is entirely made up of 

runoff from drainage pipes. These drainage pipes are buried in marine clays that are eroded out 

from the pipes. There is an increasing pattern in the silt content on going from the agricultural to 

the more forest dominated sites except Augerød, which has less silt and more sand than what 

would be expected relative to its land-use. The reason can be that, this site has high silty sand 

content and slightly higher erosion risk (class 3).This sub catchment has also larger surface area 

and runoff than others where there is possibility of washing away the fine particles to a further 

distance beyond the streams. Erosion of mineral particles from forest soils is however, generally 

low due to high infiltration capacity of the soils and due to presence of perennial plants with 

extensive rooting system. The erosion risk of agricultural soils depends on the land slope, slope 

length, amount of soil organic material, soil texture  (John and Jean, 2006). Land management 

such as plowing season (like fall and spring), interval and type of ploughing are also important 

factors. Nevertheless, most of the catchment soils are covered with forest and the agricultural 

areas in western Vansjø are mainly found to have low to medium erosion risks (Table 10) 

(Norwegian Forest and Landscape Institute, 2011).  

 

4.1.3 pH 

 

pH of the sediments was determined both in water and in KCl solutions and results are given in 

Figure 13. The pH of sediments is influenced by the relative amount of acid and base cations on 

the cation exchanger. Iron and Aluminum are the common acid forming cations in solution 

(lowers pH). The pH measured in water/soil suspension varied from 5.2 to 6.6 and is as usual 

higher than pH in KCl solution, which varied from 4.2 to 6.0 (Table 12). This is because in the 

salt suspension there are additional hydronium ions displaced by the salt that were originally 

associated with weak organic acid functional groups and hydroxides on acid cations like Al
3+

 

and Fe
3+

on the colloid surfaces (Brady and Weil, 2002). Furthermore, the potassium of the salt 

solution ion exchange with acid cations (Al
3+

 and Fe
3+

) which undergo hydrolysis producing H
+
 

(increasing acidity)(Brady and Weil, 2002). However, in this case, because Fe
3+

 hydrolysis 

below pH 3 (Brady and Weil, 2002), which is way below pH of the sediments, the contribution 

of the additional acidity is confined to Al 
3+

 ions. The pH values of sediments found in streams 

draining forested areas (Dalen, Augerød and Guthus streams) are relatively low. The pH was 
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strongly positively correlated to the agriculture land use and negatively correlated to the amount 

of forest (r=0.724 and -0.787, respectively). This could be attributed to the lower stream water 

pH governed by a high content of organic acids in the forest streams. The most important factor 

for the low pH in forest catchments is that the soils are much more acid (Mohr, 2010). This is 

mainly due to that the thin cover of soils in the forests are of more igneous and carbonate poor 

material and more organic rich. The pH in the streams draining agricultural soils is high due to 

marine soils naturally rich in apatite in addition to the artificial liming by farmers.  

 

Figure 13. pH of the sediment samples measured in water and in KCl solutions 

 

From Figure 13, it can be concluded that there is no clear correlation between land-use and pH. 

This is seen by that there is no clear difference in pHH2O among the three different groups of 

streams (those agricultural dominated, mixed land use and forest dominated sites).  

Phosphates bind with Al
3+

 and Fe
3+

 at low pH (below 5.5) and with Ca
2+

 at high pH (above 7.5). 

The pH range found in the sediments is therefore optimal for the mobility of orthophosphate 

ions.  
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4.1.4 Organic matter content 

 

The organic matter content of the sediments, measured as percentage of loss on ignition (LOI), 

ranges from 2.3% to 10.0 % (Table 12, Figure 14). It was expected that sediments in streams 

draining forest would have a high LOI than sediments in streams draining agriculture.  This is 

assumed because agricultural dominated soils have less organic matter content. 

 

Figure 14. The organic matter content of the sediments measured as loss on ignition (%) 

 

The streams draining agricultural land have less dissolved organic carbon (DOC) because 

dissolved natural organic matter (DNOM) is not mobile in soils with high base saturation. There 

is nevertheless no clear relationship between the land-use and organic content of the sediments 

(Figure 14). There is a large variation in LOI among the streams draining predominantly 

agricultural land. This may be due to variation in agricultural management including use of 

manure etc. More stable relatively high values for LOI are found for the streams draining 

predominantly forested land.  The organic matter content in the sediments is strongly positively 

correlated to the organic bound P (r=0.818). It is also positively correlated to the tot-P and to the 

easily soluble P (r=0.612 and 0.588 respectively).  
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4.1.5 Major cations in sediments 

 

The total content of major cations in the sediments was determined to assess the mineralogy of 

the sediments. The soils in the catchments originate from the glacial erosion of the precambrian 

bedrock under the last ice age. The determination of the major mineral cations (Al, Ca, Fe, Na, 

K, Si, Ti, P and Mn) was done both on ICP-OES and XRF. The results are given in Figure 15 in 

their oxide forms to compare with the results from x-ray fluorescence and the XRF results are 

also used for sake of XRD mineral calculations (detailed results are found in Appendix F).The 

concentration of major cations measured by the two methods agree each other, concentration of 

silicon determined by ICP-OES was low due to its volatility nature with fluorides during 

digestion. On the contrary, the determination of phosphorus by XRF comes with larger 

deviation. Therefore, results shown in Figure 15 are combined from the two methods. 

Silicon, aluminium and iron are dominant contents of the sediments. The silica content accounts 

for an average of about 66 w/w %, while aluminium, iron and calcium account 12. 5 and 1.7 w/w 

% respectively. The high silica content reflect that the sediments material come from the erosion 

of gneiss (Dietrich, 1960). This is further supported by that the silica content is strongly 

correlated to the quartz content (r= 0.869).   

 

 

Figure 15. Contribution of major cations in their oxide forms, all cations and P2O5 are analyzed by 

ICP while SiO2 is by XRF  
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The concentration of iron is highest in the sediment from Støabekken 2 and is consistent with the 

highest Fe-P and brown to red colour seen in the stream (Figure 21). Despite a low Ca content in 

the total extraction, the Ca-P was found as the dominant P-pool. The aluminium and sodium 

content is strongly correlated to the Al containing clay content of minerals muscovite, kaolinite 

and illite. The amounts of Na2O and SiO2 in the sediments are correlated. This is likely due to 

that all  are derived from the weathering of the igneous rocks like granite and gneiss.  

 

4.2 Sediment phosphorus pools 

 

4.2.1 Total phosphorus 

The total phosphorus was determined using the two different analytical methods as described in 

section 3.3.5 and 3.3.8 ; i.e. The sum of total inorganic and total organic P, which is determined 

using the method after Møberg and Petersen (1982); and the total phosphorus, determined by 

ICP-OES method where samples were digested in presence of hydrofluoric and nitric acid. The 

total P data from these two methods are denoted Tot-P (MBM) and Tot-P (ICP), respectively.   

The total P data obtained by using the two different methods are presented in Figure 16; the 

total-P obtained by ICP was higher than that of the MBM. The reason for this is that the tot-P 

(ICP) contains in addition a residual P fraction that was not released by MBM. Opland, 2011, 

studying the P-AL in agricultural soil in western Vansjø, also reported slightly higher ICP-OES 

analyzed P results than the MBM. Nevertheless, Tot-P (ICP) was strongly correlated to tot-P 

(MBM) (r=0.902) and the sum of inorganic P-fractions (0.740).  
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Figure 16. Total phosphorus contents of sediments in the nine streams determined by the 

molybdenum blue method (MBM) and by ICP-OES. 

 

The tot-P (ICP) concentration in the stream sediment sites varied on average from 1. 5 to 5. 6 g P 

kg
-1

 with the lowest value for the Dalen stream and highest for Sperrebotn (Figure 16). This is 

very much higher than what is found in the sediments of the lake which was 0.4 to 1.3 gkg
-1

. 

This suggests that the sediments in Vansjø may have lost some of its P through internal loading.  

Opland (2011) found a tot- P (MBM) of 0.7  to 0.8 g P kg
-1

 in Hugeness agricultural fields down 

to about 1 m depth that is  relevant to the C horizon where the drainage pipes are located. This is 

lower than the tot-P content in the Hugeness stream sediments found in this study. Mohr (2010) 

found a tot-P (MBM) of 0.4 to 0.7 g P kg
-1

 in  the C-horizon in the valley bottom of  Dalen soil 

which is also lower than the P content in the stream sediment. Moreover, the tot-P levels found 

in the stream sediments in this study were higher than results reported for other agricultural soils 

in Norway as reported by (Singh et al., 2005). This implies that there may be a scavenging of 

free phosphate in the stream water becoming adsorbed to the suspended particles before settling 

into the sediments. Especially during episodes, orthophosphates can be leached out of the 

agricultural soils and adsorbed directly on the stream sediments or to suspended particles that are 

later sedimented in the stream. This adsorption is partly dependent on the availability of oxides 

and hydroxides of Al and  Fe  in the suspended particles (Morris, 2011; Singh et al., 2005), 
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though no direct correlation was found between the content of P and the amount of Al and Fe in 

the sediments. 

There is a poor but positive correlation between the LOI and total P (r=0.612 and 0.593 for 

MBM and ICP method, respectively). Organic matter adsorbs aluminum and iron, which may 

adsorb PO4 via bridging.  

Total phosphorus contents was also expected to be positively correlated with clay matter and silt 

content due to the higher surface area and higher holding capacity for nutrients compared to 

sandy soils. This is not seen in the sediment data, instead poor negative correlations were found 

between the fraction of clay sized particles and the different tot-P parameters (e.g. tot-P (ICP) r=-

0.549).  The reason for this can be that there are other multiple factors governing the tot-P levels; 

on the one side there is land-use and PSD of the sediments on the other. The only sediment 

characteristic that had strong correlated to tot-P (ICP) data was found to be calcite (r=0.741). 

This is likely linked to its co-variation with apatite (Trueman et al., 2003) .  

The spatial variation in P content between the streams can be best ascribed by a set of differences 

in characteristics of the streams catchments and the sediment itself; i.e. Difference in land use as 

well as agricultural practices (application of fertilizers), and erosion risks, and physico-chemical 

properties of the soils (texture, composition, P content). With low values for the 90 % 

agricultural and 100 % Forest influenced stream sediments, and high values for those in the 

middle is due to a combined effect of land-use (Figure 16) and particle size (Figure 12). The tot-

P values obtained are not so high in the sediments of streams draining mainly agricultural lands 

due to a high content of sand that has a very low sorption capacity. Also the tot-P found in 

sediments in streams draining forest is not high because there is not so much P there to be 

leached out. The highest values are found in streams, which have combined effect of land use 

where there is both high P and silt. This may also due to the combined effect of particles, DNOM 

and Al and Fe binding PO4 in combined catchments. The spatial differences in different factors 

will be further discussed using multivariate statistics.  

The tot-P (MBM) in most samples almost looks similar to the total P measured using ICP after 

complete digestion. The exception is especially for Støabekken 1, Vaskeberget and Dalen 

(Figure 16) where there apparently is a large amount of phosphorous in the sediments analyzed 

by ICP.  
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4.2.2 Total organic and inorganic phosphorus pools  

 

Data on total phosphorus in the sediments alone does not provide information regarding how this 

phosphorous has been mobilized from the soil and transported to the sampling site, and what fate 

and impact it may have when it reaches the recipient lake. In order to assess these processes and 

their governing factors it is necessary to determine the pools of P that are bound to the different 

constituents of the sediments. The pools of total organic and total inorganic P in the sediments 

are shown in Figure 17. Total inorganic bound P (InO-P) is higher than the organic P (Org.-P) in 

all the sediments (varied on average from 64 to 89 % of the total phosphorus) (Appendix F for % 

contribution of each fraction).  

The organic phosphorus constitute a relatively large fraction of the total P found in the sediments 

in Dalen, Huggenes and Sperrebotn streams (27, 32 and 36 % of the total respectively) 

(Appendix F). At Dalen this may be due to the overall lower levels of phosphorous and that this 

stream is a forested draining catchment with soil types that contain very high concentration of 

DNOM or dissolved organic carbon in the stream (Mohr, 2010). High content of organic P and 

LOI in the sediments of stream draining agricultural lands like Huggenes and Sperrebotn may be 

caused by application of manure or by erosion of soil rich in organic matter from the upper AP 

layer. The reason for the high content in Sperrebotn might also be due to a small sewage 

pumping station immediately upstream from the sampling point. During periods of high runoff 

this pumping station might be leaking sewage with particles of organic P due to overflow. 

Though this mere speculation that needs to be studied further. The fields at Huggenes and 

Sperrebotn may also receive manure. 

There is no empirical relationship between the size of the InO-P pool in the stream sediment and 

the amount of agricultural land in the catchment of the individual streams (r=0.078). This lack of 

empirical correlation is likely mainly due to the large variation in management practices of the 

agricultural land. This may also be due to that the sediments in streams draining agricultural land 

are “diluted” by large amount of eroded sand material as the agricultural land is more susceptible 

for soil erosion. The sand has poorer ability to adsorb P, both in the soil and by scavenging PO4
3-

 

in the stream, leading to lower tot-P in the sediment. This is discussed further in section 4.4. The 

large pool of InO-P in Støabekken 2 is likely related to the high iron content.  
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Figure 17. Relative contribution of Organic and Inorganic phosphorus fractions 

determined by MBM.  

 

It is seen in (Figure 17) that there is an increase in the Org. P with increasing amount of forest 

dominated areas in the catchment drained by the streams. This is likely due to increased coating 

of the particles by DNOM.  

 

4.3 Pools of inorganic phosphorus  

 

It is evident from the results above that determining only the organic and inorganic pools of P in 

the sediments is not sufficient to determine the transport mechanism for the P to the stream. 

Sequential fractionation of phosphorus pools into NH4Cl-P, Al-P, Fe-P, Ca-P and Ocl- P for the 

stream sediments was therefore conducted. The percentage contribution of each pool of InO-P in 

the sediments is presented in Figure 18 and the temporal variations of each of the inorganic P 

pools are discussed below, following the order of the fractionation steps.  The overall mean 

contribution of the different inorganic phosphorus pools are; Ca-P (57 %) > Fe-P (22 %) > Al-P 

(10 %) > easily soluble-P (9 %) > Occluded-P (3 %). 

 

The total sum of the individual inorganic P pools from the sequential analysis (NH4Cl-P, Al-P, 

Fe-P, Ca-P and Ocl-P) adds up to be smaller than the inorganic P fraction measured separately 

by the molybdenum blue method (MBM) (Table F-3, Appendix-F,). Nevertheless, there is a 
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strong positive correlation showed between the total sum of Inorganic P pools and Inorganic 

phosphorus (r=0.944). The total InO-P is positively correlated to the Ca-P, Fe-P and Al-P 

(r=0.889, 0.744 and 0.734 respectively) while it lacks correlation with the easy soluble and 

occluded fractions (see the Pearson correlation analysis, Table I-1, Appendix-I). 

 

 

Figure 18. Percentage contribution of each of the five InO-P pools measured by the MBM 

 

The inorganic P pools are not found to be directly empirically explained by the different 

contribution of land use classes in the catchment drained by the streams. The strongest 

correlation is found between the amount of agricultural land and the content of Ocl-P (r=0.619).  

Particle size classes show also generally poor explanatory values in a correlation analysis in 

regards to the different P-pools. The exception is for the clay content which appeared to be 

negatively related (r=-0.710) to Al-P. This might be due to precipitation of amorphous aluminum 

hydroxide/oxide co-precipitating orthophosphate, though caution should be made to this 

interpretation due to the general low content of clay material in the sediments. Silt was negative 

correlated to the amount of occluded-P (r=-0.758). This is likely due to that the most of the 

occluded-P is found in the sand fraction and not in the silt fraction. The content of organic 

material is not correlated to any of the inorganic P pools. The strongest correlation is found with 

easily soluble P (r=0.588).  
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4.3.1 Easily available pool of phosphorus  

 

The salt NH4Cl does not have a strong releasing effect on P from the soil. When using a salt 

solution it is mainly to simulate effect of fertilization on the salt content in the soil water. The 

phosphorus extracted by ammonium chloride therefore represents the weakest adsorbed P in soil 

and is considered as the pool of P that is reactive and immediate bio-available for plants (Ribeiro 

et al., 2008). The soluble reactive fraction in sediments could therefore directly affect the content 

of phosphorus in water and thereby promote algae blooms (Zhu et al., 2006). This P-pool 

constituted between 2 to 22 % of the total inorganic P (Appendix –F, Table F-2).  

 

Easy available P was not found to be strongly correlated to any of the variables assessed in this 

study. The amount of easily available P found in all the stream sediments are generally low (see 

Table F-2, Appendix F) compared to the P-AL values in the soil AP layers (Table 3). However, 

Huggenes stream sediment has soluble P almost equivalent to the medium P-AL class (4.9 g P 

100 g
-1

). The concentration of labile P in Huggenes is about ten times higher than that of Guthus 

which can be attributed to a high runoff in Guthus (Figure 19). The reason for the high soluble P 

in Huggenes stream can be the level of P-AL in the soils. 79 % of P-AL class in Huggenes is 

very high and extremely high. In all the agricultural soils, there are drainage pipes installed at 

about 1m depth to decrease the ground water level, making it possible for farmers to work the 

soil earlier in the spring. All the agricultural fields have clay soils rich in P at the depth of the 

drainage pipes (Opland, 2011), leaching to the streams.  

 

  

Figure 19. The soluble fraction of inorganic phosphorus determined by extraction with 

NH4Cl solution 
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P rich clay and silt particles from freshly added P fertilizers on the AP layer can also move 

through soil macrospores in the sandy soils and reach the stream through the drainage pipes and 

thereby contribute significant amounts of bio-available P. In Augerød and Dalen, where forest 

dominates, the high dissolved organic matter content can play a significant role in increasing 

soluble phosphorus competing for sorption sites. Dissolved organic matter with Al, Fe and PO4 

could lead to the formation of ternary P-Fe-OM and P-Al-OM complexes. This layer of organic 

matter binds Fe or Al which may again bind phosphorous to the surfaces. Dalen stream sediment 

has the lowest tot- P concentration (Table F-1, Appendix F). However, the amount of easily 

soluble P is relatively high (22 %) (Figures 18 and 19). This can be attributed to a coating of 

small organic carbon and high silt content on the sediments, due to high concentration of DOC 

(average 30 mg C L
-1

) in the water (Mohr, 2010).   

 

4.3.2 Aluminium and iron bound phosphorus pools  

 

The amount of phosphorus bound to oxides and hydroxides of Fe and Al are given in Figure 20.  

 

Figure 20. Aluminium and iron bound phosphorus pools 

 

The Al-P concentration for the stream sediments varied from 0.06 g P kg
-1 

in Støabekken1 to 

0.68 g P kg
-1

 in Sperrebotn. The relative contribution of Al-P to the total pool of P in the 

sediments is high in Sperrebotn, Støabekken 2, Huggenes and Vaskeberget (12.8, 11.6, 9.5 and 
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12.7 %, respectively). The Al-P was negatively correlated to the clay particle size fraction (r=-

0.710) of the sediments.  

The contribution of Fe-P is higher than Al-P in all streams except in Dalen. The Fe-P 

concentrations varied considerably among the stream sediments, ranging from 0.1 g P kg
-1 

in 

Dalen to 1.2 g P kg
-1 

in Støabekken 2. The absolute and relative amount of Fe-P is generally 

higher in the sediments of streams draining agricultural soil than in streams draining forest sites. 

It is especially high in Støabekken 1 and Støabekken 2 (35.5 and 35.9 % respectively). The soils 

data  at Huggenes by (Opland, 2011), shows high Fe concentration. The local farmers at 

Støabekken also confirmed and stated that they have to fertilize more due to high iron content in 

the soil which binds all the P. The specific reason for the high iron content in the sediments of 

these streams could therefore be high natural iron content in the soils in their catchment. The 

XRD analysis on the mineral contents and ICP cation results in sediments also showed presence 

of high iron content in Støabekken 1 and 2. Iron is a redox sensitive element. Environmental 

changes like changes in reducing conditions affect the dominating form and the mobility of iron. 

During high water tables, such as during spring snowmelt and fall rainstorms, decomposition of 

organic matter in stagnant water can lead to reducing conditions in the soils. Reducing conditions 

may lead to that oxides of iron on which phosphates are adsorbed or bound, and iron bridging 

between an organic coating and phosphate, are mobilized as Fe
2+

 along with the bound 

phosphates from the soils. This may especially be the case during flooding, such as in year 2000, 

causing substantial flux of PO4 to the lake. The oxic conditions in the stream cause Fe
2+

 to be re-

oxidized and precipitate co-precipitating phosphates (the case in Støabekken stream) (Figure 21). 

This sediment may be flushed into the lake sediments where it may again be reduced allowing 

for a remobilization and internal loading of PO4. The variations in Fe-P is strongly correlated to 

the amount of Fe2O3 (r=0.853) found in the sediments. The presence of high levels of iron in the 

soils on the Ra may thereby be a governing factor for the strong negative effect of the flood in 

the year 2000 on the eutrophication situation in western Vansjø. The levels of tot-P in the lake 

water are still decreasing, now 11 years after the flood.     
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Figure 21. Picture of Støa 2 stream showing the red colored stream sediments due to 

precipitation of iron oxides, photo by Rolf David Vogt. 

 

4.3.3 Calcium bound phosphorus pool (Ca-P) 

 

Phosphorus bound to Ca constituted the highest contribution to the total P (55% on average) 

(Figure 18) and was consistently the largest inorganic phosphorus pool in the stream sediments. 

During the preceding extraction of Al-P using ammonium fluoride, the fluoride ion can form the 

very insoluble CaF2 on which some phosphorus can be retained. Some of this phosphate is 

released by the extraction of Ca-P with sulphuric acid causing a possible overestimation of the 

content of Ca-P (Aydin et al., 2009; Gunduz et al., 2011; Hartikainen, 1979; Wang et al., 2006). 

Despite this uncertainty it is clear that most of the phosphate found in the sediments is bound to 

calcium. This could partly be due to high amount of apatite and apatite like minerals found 

naturally in these marine sediments. This may especially be the case from the apatite rich marine 

clay soils, as found in Huggenes (Opland, 2011). Such deep deposits of clay are found in valley 

bottom and lowland areas throughout the catchment of western Vansjø. Drainage pipes in 

practically all the agricultural land is situated in this clay layer. It is therefore likely that clay 

material containing apatite around these pipes may be eroded and flushed through the pipes into 
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the streams. This is further substantiated by that the water draining these tiles is typically rather 

turbid (Opland, 2011). XRD analysis results of the sediments did not show any apatite content 

because the P content in the sediments was below the analytical limit of detection. Normally 

apatite content in sediments should be more than 2-5 % in order to be easily identified by X-ray 

diffraction (Sims and Sharpley, 2005). However, the presence of apatite minerals in the stream 

sediments was identified using Scanning Electron Microscope (SEM) (Figure 22). The large pool 

of Ca–P may control the release of phosphorus from the sediments because it is a relatively 

stable, inert and non-bioavailable phosphorus pool (Jiang et al., 2011). Leaching of calcium from 

liming with calcium carbonates on the agricultural fields might also contribute to this pool. 

However, the calcite content in all the stream sediments was rather low.  

Calcium bound P was not found to be significantly correlated to any other of the measured 

variables, with the exception of total-P parameters as the Ca-P constitute a major part of the 

total-P. 
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Figure 22. Crystal Image and spectral peak of apatite mineral obtained from Scanning 

Electron microscope analysis for Huggenes stream sediment sample (image generated by 

Berit Løken Berg at the Department of Geosciences, UIO).  
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4.3.4 Occluded Phosphorus pool  

 

This was the smallest inorganic phosphorus pool, amounting on average to 0.1 g P kg
-1

, 

equivalent to only 2.7 % of the total sum of P fractions. The occluded-P in Støabekken-1, 

Augerød and Vas streams sediments are relatively high. A significant negative correlation was 

only found with the particle size fraction of silt (r= -0.758). Likely this is more related to that the 

silt fraction is negatively correlated to the sand fraction and that the occluded fraction is 

therefore likely positively correlated to the sand fraction. It is conceptually reasonable that the 

occluded P is found in the crystal sand fraction. 

 

 

4.4 Multivariate statistics 

 

Deducing direct empirical relationships between the various P pools and catchment 

characteristics and sediment composition may provide some clues to what is governing the 

mobilization and transport of phosphorous in the environment. The problem is that there are 

usually multiple confounding factors governing these processes. The spatial variation in P-pools 

is therefore more likely explained by a number of interacting explanatory variables. The use of 

multivariate statistics is therefore needed in order to assess these data. 

   

4.4.1 Cluster analysis  

 

The results of a hierarchy cluster analysis (HCA) of the sediment chemical and physical 

characteristics and explanatory stream catchment parameters are shown in Figure 24. Parameters 

are grouped based on their similarity/dissimilarities in co-variations. Parameters in the same 

cluster reflect high similarities (correlations), while different clusters have less co-variation. This 

is a weak analysis due to the low number of samples (9) relative to the large number of variables 

(37). The purpose was only to assess if it is possible to identify clusters of similar explanatory 

variables. It is seen from Figure 23 that all the parameters tend to correlate to varying degree, 

with some parameters that are more closely clustered. Pruning the dendrogram give us four main 

clusters that may be characterized by parameters for land-use (forest, agriculture and other land 

use) and the LOI of the sediments. The dendrogram shows that the forests cluster (marked in 

green in Figure 24) is characterized by a high land cover of rock outcrop, thin humic soils and 

organic soil (peats and bogs). The sediments in streams draining predominantly forest land have 
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typically relatively high content of clays (illite, muscovite and kaolinite) and silt. Their elemental 

composition is dominated by Al, K, and Mg. On the other side of the dendrogram we find a 

small cluster with LOI, shown in red (Figure 24).  This is a cluster of parameters with generally 

low absolute values and poor correlations to other parameters. Closely related to this cluster we 

find the agricultural cluster (marked in blue in Figure 25). Agricultural catchments are in the 

study area associated with a dominance of sandy, marine, sea and beach deposits, consisting of 

mainly quarts, albite and orthoclase minerals, with high pH. The elemental composition is 

characterized by Si, Na and Ca. Closely correlated to this agricultural cluster we find a cluster 

covering other land use, comprising end moraine (i.e. the Ra) and beach deposits. The elemental 

composition is characterized by high Fe and Mn content and chlorite mineral.  

The main conclusion from this analysis is therefore that the land-use, in terms of forest, 

agriculture or other, along with LOI can be used as key proxies for most of the other relevant 

explanatory variables.  

 

Figure 23. Dendrogram showing the results from the cluster analysis of explanatory 

variables 

The results of a hierarchy cluster analysis (HCA) of the P-pools in sediments along with all 

sediment chemical and physical characteristics and explanatory stream catchment parameters are 

shown in Figure 24. This is a very weak analysis due to the low number of samples (9) relative 
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to the very large number of variables (47). The purpose of the analysis was merely to assess if 

the same four clusters can still be identified and if so, how the P-pools are distributed among 

these clusters. It can be seen from Figure 24 that the same four clusters are found, characterized 

by their influence of land-use (forest, agriculture and other land use) in the catchment drained by 

the stream and the LOI of the sediment. Practically all P pools are found in the LOI cluster, with 

the important exceptions of Fe-P, Easy soluble P and Occluded P. The Fe-P is instead found in 

the Other land use cluster, which is weakly correlated to the parameters in the LOI cluster, and 

Easily soluble P, which is not clustered with any other parameters. The Occluded-P is found 

close to the cluster with Agricultural soils.  What unfortunately must be deduced from this 

analysis is that the four key parameters and clusters describing the main types of sediment and 

catchment characteristics appear not to be suited to explain the spatial variation in the majority of 

the P-pools. Instead they seem to all be correlated mainly to each other and somewhat to the 

LOI.    

 

Figure 24. Dendrogram for P-pools with all explanatory variables 
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4.4.2 Principal component analysis (PCA) 

 

A PCA was conducted in order to unravel the inter-parameter relationship between explanatory 

and response parameters and thereby the underlying factors influencing the distribution of P-

pools.  

4.4.3 PCA of the explanatory variables  

 

An initial PCA analysis of only the explanatory variables was conducted to assess how the 

clusters identified in the cluster analysis (Figures 23 and 24) are distributed along the main 

principal components. The variation between the Forest and Agriculture clusters govern the first 

principal component (PC1), explaining 43.4 % of the variation (Table 12) (Figure 25 A). The 

third cluster with other land use cover have strong loading along the second principal component 

(PC2). LOI had low loading along the PC1 and PC2. Instead we find that the parameters 

belonging to this cluster have strong loading along the PC3, explaining only 11.1 % of the 

variation in the data (Figure 25 B). The loading of sand, silt and clay is somewhat atypical with 

sand clustering together with agricultural land, while silt and clay are clustered with forest. This 

can possibly be due to erosion is larger in agricultural land allowing for sand to be washed out 

into the stream. 

Table 12. Eigen analysis of the Correlation Matrix for explanatory variables 

Eigenvalue 15.627   7.235   3.987   3.511   2.097   1.653   1.076   0.814   0.000 

Proportion 0.434   0.201   0.111   0.098   0.058   0.046   0.030   0.023   0.000 

Cumulative 0.434   0.635   0.746   0.843   0.902   0.947   0.977   1.000   1.000 
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Figure 25. Parameter loading plot of the main principal components determined in a PCA 

analysis of all the explanatory variables. The top graph (A) shows PC1 vs. PC2, the lower 

graph (B) shows PC1 vs. PC3. The colours of the points refer to the different clusters 

colours determined in the cluster analysis above.  
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4.4.4 PCA of the P-pools with all the explanatory variables  

 

A PCA analysis (Figure 26) was conducted on all the data to illustrate the co-variations among 

the different P-pools with the explanatory clusters.  

 

Table 13. Eigen analysis of the Correlation Matrix for P-pools and explanatory variables 

Eigenvalue  16.163   11.251   7.285    4.269    2.876    2.122    1.751    1.284    0.000 

Proportion   0.344    0.239     0.155    0.091    0.061    0.045    0.037    0.027    0.000 

Cumulative   0.344    0.583    0.738    0.829    0.890    0.935    0.973    1.000    1.000 

 

We recognize the same pattern as found in the PCA of only the explanatory variables. The 1
st
 

Principal Component (PC1), explaining 34 % of the variation in the dataset, have strong opposite 

loading of agricultural and forest land-uses. It represents therefore mainly the variation governed 

by that the contributions of these land-uses differ between the various sub-catchments. Including 

the P-pools in the analysis shifts the PC2 to mainly be explained by the LOI and levels of P-

pools.  

 

Figure 26. Principal component analysis of the P-pools with the explanatory variables 
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The 2
nd

 principal component, explaining an additional 24 % of the variation, has strong loading 

of Total P, InO-P, total fractions-P, Calcium bound P, Fe-P, Al-P and both Organic and 

Inorganic bound P. Less strong loading is found for Easily soluble P. this suggests that this pool 

does not follow the total P. Occluded P had a weak opposite loading. The explanatory variables 

with strong loading along PC2, explaining much of the variation in P pools, suggests that this 

component is governed by the sediment composition, with organic matter content (LOI), calcite 

and chlorite having strong negative loading and the granite primary minerals Albite, Orthoclase 

and quartz having strong positive loading. The high levels of most of the P pools except for Org.-

P and Ca-P are found in organic rich sediments of streams draining agricultural land. The 

exceptions are for easily soluble P and occluded P, which have weak loadings along PC2. 

Significant loadings of these P-pools were found in PC5 and PC4, respectively, though the 

explanatory value of these components is very poor (6 and 9 %, respectively).  

 

4.5 Physico-chemical characteristics of suspended sediments 

 

The amount and characteristics of the suspended particles is governed by several factors such as 

the land use, soil texture, and runoff (flow). The effect of runoff as a main factor is discussed 

here to see behind the effect of other governing factors. Analysis of surface topography of 

suspended sediments in samples with high suspended sediment loading was done using SEM and 

results for some representative sediment samples are presented in Figures 31-34.  

 

 

4.5.1 Runoff water in the streams 

 

Increased surface runoff causing increased soil erosion can increase the flux of nutrients 

adsorbed to the soil particles. Increased in winter temperature causes increased snow melting 

which could further increase in runoff and further lead to more soil erosion. Runoff in the 

streams of western Vansjø and Hobøl were high in March and April (which are mostly the snow 

melting season) and also high in August to November, the rainy autumn (fall) season. As shown 

in Figure 27, periods of high runoff (HR) are categorized into the snow melt season and autumn 

season. Samples collected out of these seasons are considered as low runoff (LR). 
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Some of the physical and chemical characteristics of the suspended sediments (tot-SPM and its 

fractions (Org and InO-SPM), are shown in Figures 28 and 29, and the main P pools (tot-P, Org-

P and Org-P) on some samples are presented Figure 34. The images by scanning electron 

microscopy and microanalysis results for some representative sediment samples are also 

presented in Figures 31 - 33.  

 

  

Figure 27. Daily runoff of the streams in (m
3
Sce

-1
) except for Hobøl which is in (mm

3
Sce

-1
) 

(Bioforsk-data). The runoff in the two seasons is high and grouped as high flow; samples 

taken out of these days are categorized as low flow samples.  

 

4.5.2 Suspended particulate matter  

 

The concentration of the SPM show large temporal variation mainly governed by fluctuations in 

the amount of runoff. This amount is also a function of soil- and land use type and topography, 

governing the erosion risk in the streams watershed. Average concentrations of the suspended 

sediments are expressed in mg L
-1

. The types of the suspended sediments (Org and InO) 

fractions at high and low runoff are shown in Figures 28 and 29.  
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Figure 28. Concentration of suspended particles in the streams water (mgL
-1

) in periods of 

high and low runoff (Bioforsk data for 2010). 

 

There is no clear trend seen in the amount of SPM with land use both at high and low flows. 

There is however a slight decrease in the SPM seen on going from Vas (the most agricultural 

dominated site) to Støa1. There was no data for støa2 and was not included here. As discussed 

above (section 4.1), erosion in the forested land is much smaller than in agricultural. Hobølelva, 

Augerød and Guthus are forest dominated sites. The concentration of SPM at Hobølelva is by far 

greatest in periods of high flow due to its extremely high water flux and completely different 

size. The SPM in Augerød and Guthus are relatively higher than the other streams. This is also 

relatively attributed to the high runoff. Dalen stream, draining from 100 % forested land has the 

lowest SPM both at high and low flow. Regardless of high erosion risk in catchments draining 

from agricultural dominated streams, the concentration of SPM is low. This can be conceived 

that erosion is high in agricultural areas means it can move the sediment particles further beyond 

to the lake. The tot-SPM is strongly correlated to runoff (r=0.953) but weakly correlated to both 

fractions of SPM and land use indicating that runoff is major determinant factor for the transport 

of particles (see Appendix-L) for Pearson correlation analysis on the different parameters). 
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4.5.3 Organic and inorganic suspended particles  

 

The concentration of Org and InO-SPM was measured at UiO and samples were assigned as high 

and low flow based on their corresponding runoff data. The loading of suspended particulate 

matter (organic and inorganic) show large temporal variation with changes in flow velocity 

(runoff). The fractions of Org-SPM and InO-SPM during periods of high and low runoff are 

presented in Figures 29 and 30. 

At high flow, the SPM is mainly composed of inorganic constituents in almost all streams except 

for Huggenes which has nearly equal fractions of Org and InO- SPM (Figure 29). In the forest 

draining catchment streams the Org-SPM fraction increases gradually with increase in forested 

lands. At high flow, the amount of DNOM leached from agricultural soils is low due to that the 

DNOM Is efficiently precipitated in soils with high base saturation making less organic matter 

on the streams while in the forest dominated stream catchments, there can be high DNOM 

leached and can be moved further to the lake leaving less organic matter in the streams but this is 

mainly depends on the amount of runoff. 

 

Figure 29. Fractions of SPM on high flow (HF) samples 
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During periods of low flow, the SPM shifts to be more dominated by organic constituents in 

streams draining mainly agricultural lands (Figures 30). 

 

Figure 30. Fractions of SPM on low flow (LF) samples, measured at UiO 

 

It can be concluded that, during hydrological episodes with high runoff intensity the amount of 

inorganic suspended particulate matter generally becomes highly elevated due to that increased 

flow velocity increases the waters ability to carry the particles in suspension. However, during 

periods of low runoff the suspended organic matter content remain in the water while the 

inorganic part settled out. The organic fraction may therefore be dominant during periods of low 

flow (Golladay and Taylor, 1995). 

 

4.5.4 Sediments surface topography and composition 

 

The topography and elemental composition of stream and suspended sediments from some 

streams water was analyzed by SEM and some of the results are depicted in Figures 31 to 32 

while images on other sediments are given in (Appendix-K).  

In Figure 31, the image to the left (surface topography of Huggenes stream sediment) showed a 

crystalline structure while the image at the right (surface topography of suspended sediment) 

shows amorphous structure. However, the elemental composition of these two specific particles 
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appears rather similar.  This might indicate that the clay particles suspended in the stream water 

can be leached from the stream sediments.The Fibers seen at the top left and bottom right in 

Figure 31, the image to the right end are from the filter papers. 

 

Figure 31.  SEM images on topography of Huggenes sediments, stream sediment (Left) and 

suspended sediment (right) 

 

 

Figure 32. The Micro elemental composition (Intensity or count versus energy diagram for 

Huggenes sediments shown in Figure 34, the figure to the left is stream sediment and to the 

right is the suspended sediments. 
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4.5.5 Comparison of micro elemental analysis between suspended sediments 

 

SEM analysis has dual advantage in that it can be used for the quantification of elements 

composition and imaging the sediments surface topography. The following two images on the 

suspended sediments with their elemental composition were generated on SEM (Figure 33). 

 

Figure 33. SEM images on suspended sediments from Støa1 stream (left) and Guthus 

stream (right).  

 

As seen from the images (Figure 33), the suspended sediment collected from Støa 1 stream water 

slightly looks like crystalline while the suspended sediment from Guthus has amorphous 

structure. This can be accounted to the land use type where the streams are draining from.Støa1 

is agriculture dominated site while Guthus is forest dominated with high content organic matter. 

The micro elemental analysis results are given in (Figure K-1 in Appendix-K). The iron content 

on these sediments showed larger content in Støa 1 which fits again with the high iron containing 

mineral content in the stream sediments 
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4.6  Main P-pools of the suspended particles 

 

As mentioned above for the stream sediments, the greatest fraction of tot-P is found bound to 

particles. Study on the suspended particles can therefore help in identifying the factors governing 

the spatial and temporal variations in the P bound to particles. There is no adequate data on the 

suspended particles. For this reason, the main P pools that are tot-P and its fractions (Org-P and 

InO-P) on stream samples were analyzed. The point was to see the dominate P fraction and the 

factors governing its variation. Average concentrations of tot-P, Org-P and InO-P on two high 

flow suspended sediment samples, generated at UiO are presented in Figures 34. 

 

Figure 34. Organic and inorganic P adding up to Tot-P concentration in the suspended 

particles found in samples selected during high flow determined by digesting the SPM 

obtained by filtration  

 

Tot-P concentrations in the suspended particulate matter from streams Vaskeberget, Støa1, 

Guthus and Hobøl are high, while the phosphorus content in the SPM from Dalen was below 

limit of detection. The concentration of P in the suspended material is governed by several 

factors. The amount of P bound to the eroded soil particle may be altered by adsorption or 

desorption of phosphate depending on the concentration of phosphate in solution.  

The tot-P content is positively correlated to the amount of tot-SPM (r= 0.542) and both InO-SPM 

and Org-SPM respectively (r= 0.533, 0.477) (Apenendex-K). Regardless of the high suspended 

particulate matter in Hobølelva, the P concentration was not as high as in Vaskeberget and 

Støabekken 1. The P concentrations in the SPM of Vas and Støa1 streams are higher than the 
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other streams. These streams are draining from the most agricultural dominated areas where 

there might be eroded P rich particles suspended on the water. The InO-P is generally dominant 

(57 % on average for all the streams). However, in Guthus stream water the Org-P is highest (74 

%). This can attributed to the high fraction of forest land use in the watershed and high runoff.  

 

4.7 Multivariate analysis on parameters of the suspended sediment 

4.7.1 Hierarchal cluster analysis 

 

The results of a hierarchy cluster analysis (HCA) of tot., Org. and InO-P in the SPM with the 

amount of Tot. Org. and InO-SPM, runoff and land use are shown in Figure 35. Parameters are 

grouped based on their similarity/dissimilarities in co-variations. Parameters in the same cluster 

reflect high similarities (correlations), while different clusters have less co-variation. 

The dendrogram gave us two main clusters that may be characterized by parameters for runoff in 

the suspended sediments. The dendrogram showed the tot-SPM is mainly characterized by 

runoff. 

 

Figure 35. Dendrogram for phosphorus pools with all explanatory variables 
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The suspended particles in streams draining predominantly agricultural lands have typically 

relatively high InO-P and InO-SPM is loaded under the same cluster. The Org-SPM is strongly 

loaded with InO-P in this group which is atypical with the agricultural lands. On the other side of 

the dendrogram showed Tot-SPM, Tot-P, Org-P and Runoff clustered with forest lands. The 

SPM in streams draining forest dominating lands have relatively high SPM and high Org-P.  

4.7.2 Principal component analysis  

 

A PCA analysis (Figure 36) was conducted on the same parameters used in the HCA (Figure 35) 

to illustrate the co-variations among the organic and inorganic P-pools with the explanatory 

clusters.  

The 1
st
 Principal Component (PC1) explained 38 % of the variability in the dataset where as the 

2
nd

 principal component (PC2) explained an additional 33.1 % of the variability (Table 14). The 

3td and 4
th

 components also contribute respectively 14.4 and 13.5 % to the variability of the data 

sets. Thus PC1 and PC2 account together for 71.1 % of the variations. Because these two 

principal components explain a larger part of the variations of the SPM and main P-pools, 

discussion of the PCA results is mainly based on these two PC components. 

Table 14. Eigen analysis of the Correlation Matrix 

 

Eigenvalue 

Proportion 

Cumulative 

 

 

3.4187 

0.380 

0.380 

 

 

2.9757 

0.331 

0.710 

 

1.2925 

0.144 

0.854 

 

 

1.2179 

0.135 

0.989 

 

 

0.0616 

0.007 

0.996 

 

 

0.0336 

0.004 

1.000 
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Figure 36. Principal component loadings for P-pools, SPM and its fractions, land uses and 

runoff 

 

The dataset on PC1 have weak opposite loading of agricultural and forest land-uses. It represents 

therefore the variation is not mainly governed by the contributions of these land-uses.  Org-SPM, 

InO-P and InO-SPM (clustered together in Figure 35), have weak but positive loadings along 

with agricultural land use. These data sets have strong loading on Tot-P along PC1. Org-SPM is 

loaded with InO-P along PC1 can possibly be due to that P adsorbed on surface of suspended 

organic particles can be released and changed to the inorganic form bound with the particles. 

The data sets on PC2 have strong loadings of runoff. It represents therefore the variation in 

suspended particles and the P content in the streams is governed by differences runoff.   
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4.8  Fate and impact of particle bound P loading into the lake 

 

Runoff plays an important role in the transport of particulate P to water bodies. Eroded soil 

particles, transported by streams, eventually reach and deposited and/or suspended in the lake. 

The lake sediments can play great role in the P metabolism in the lake (Pettersson, 1998). The 

impact of these sediments depends on their tendencies to retain or to release P. Particulate P can 

be released from the sediments in many ways; by desorption, dissolution of precipitates, ligand 

exchange mechanisms and enzymatic hydrolysis of organic ester bonds (Boström et al., 1988; 

Pettersson, 1998). The P retention in a lake depends on the sediment characteristics of particle 

bound P carrier streams, which again depend on land use, size, depth, runoff and others. When 

sediments eroded from agricultural dominated sites (rich in P due to fertilization) is mixed up 

with water of low in P, desorption can be enhanced (Pettersson, K., 1998). On the contrary, when 

eroded particles from forested areas (poor of adsorbed P) is mixed with water of high P content, 

the particles act as P scavengers and adsorb P (Boström et al., 1988). The P in the stream 

sediments if found higher than the lake sediments. This can be an indication of net loss of P in 

the lake which can be due to internal loading which can dictate the eutrophication states of the 

lake and time lag for recovery even after reduction of external P loadings. Moreover, the P in 

streams draining forest catchments seems to contain relatively high available P, which might be 

easily bioavailable by algae to increase primary production of the lake (photosynthesis). During 

periods of high primary production, the pH of the water column increases. Increased pH in the 

water in contact with the sediment decreases the P-binding capacity of iron and aluminum 

compounds, primarily due to ligand exchange reactions in which OH
-
 replace orthophosphate 

(Boström et al., 1988). During periods of respiration, microbial activity increases using up of 

oxygen, which might eventually cause oxygen deficiency for aquatic lives in the lake.  
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5 Conclusions  

 

Despite that agricultural soil at western Vansjø are generally richer in finer particles than forest 

soils, the result showed that the sediments in the streams draining mainly agricultural land are 

dominated by silty sand, while the sediments found in the streams draining forest dominant areas 

are sandy silt. There is a strong positive correlation between the fraction of sand in the stream 

sediments and the extent of agricultural land-use in the catchment drained by the stream. 

Likewise, there is a strong negative correlation between the extent of forest and the sand fraction 

in the sediments (r=-0.906). This is likely due to that erosion is larger in agricultural lands 

allowing for more sand to be washed out into the streams, diluting the finer sized particles in the 

sediments. There is less erosion of forest soils allowing for mainly silt and clay (light particles) 

to be eroded. This may also be partly governed by differences in organic content of the SPM.  

 The pHKCl of the stream sediments was positively correlated to the agriculture land use and 

negatively correlated to the amount of forest (r=0.724 and -0.787, respectively). This could be 

attributed to the lower stream water pH governed by a high content of organic acids in the forest 

streams. The streams draining agricultural dominated sediments also have less organic matter 

content because dissolved natural organic matter is not mobile in soils with high base saturation. 

The concentration of iron is highest in the sediment from Støabekken 2 and is consistent with the 

color at the streambed, Fe containing mineral in stream sediments and high iron content in the 

suspended particles. In addition the Fe-P was also highest in this stream. The high iron content in 

the soil may be of great significance as it is important in binding phosphates. During the fall and 

spring, and flooding when the soils are water logged, the mineralization of organic matter may 

cause reducing conditions that reduces Fe
3+

 to Fe
2+

. This causes it to loose its binding ability for 

PO4. 

 

Dalen and Sperrebotn are the two streams that contained lowest and highest P contents in the 

sediments, respectively. The tot-P values obtained were not so high in the sediments of streams 

draining mainly agricultural lands due to a high content of sand that has a very low sorption 

capacity. Also the tot-P found in sediments in streams draining forest dominated areas was not 

high because there is not so much P in the forests to be leached out. The highest values are found 

in streams which have combined effect of land use (agriculture and forest) where there is both 

high P and silt. Total inorganic bound P was higher than the organic- P in all the sediments 

(varied on average from 64 to 89 % of the total phosphorus). 
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The overall mean contribution of the different inorganic phosphorus pools are; Ca-P (57 %) > 

Fe-P (22 %) > >Al-P (10 %) > easily soluble-P (9 %) > Occluded-P (3 %). 

The easily soluble P in sediments is considered to be the pool that is directly affecting the 

content of phosphorus in water and thereby promote algae blooms. 

P-Ca constituted the highest contribution to the total P (57 % on average) and was consistently 

the largest inorganic phosphorus pool in the stream sediments. This could be caused by high 

amount of apatite and apatite like minerals found naturally in these sediments and soils. Images 

generated using SEM showed the presence of apatite minerals on the stream sediments. 

The analysis of suspended sediments showed that streams draining mainly agricultural 

catchments have high concentrations of inorganic particles while the organic suspended particles 

are rich in streams draining forest catchments. Phosphorus contents on the suspended sediments 

were also found to be mainly inorganic phosphorus.  
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Appendices 

Appendix-A  

Table A-1. Types of water 

The following table describes the types of ion-exchanged water used in the preparation of 

reagents and standards according to the Millipore purification specifications 

 

Parameter/criteria   Type I water (ultra pure 

) 

Type II water 

(pure) 

Resistivity MΩ .cm  at  25 °C 

 

        > 18.0     > 1.0 

TOC(ppb) < 10 < 50 

Sodium (ppb) < 1 < 5 

Chloride (ppb) < 1 < 5 

Silica (ppb) < 3 < 3 

Bacteria (CFu/ml) < 10 < 100 
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Appendix B 

 

  

Figure B-1. Møberg and Petersen Method- Sample digestion method for determination of 

Tot-P, Inorganic-P and Organic-P 
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Appendex-C: Preparation of samples, standards and P determination by MBM 

 

C-1.  Procedure for sequential fractionation of Inorganic p-pools  

 

For this sequential extraction purpose, 1.0 g of sediment was placed in 85 mL of Oak Ridge 

Polycarbonate Centrifuge tubes and extracted sequentially as shown schematically in Figure 4. 

Nalgene and Edmund Buhler KS-15 Shaking machine was used for shaking at a speed of 275 

rpm in the fractionation. Extracted samples were centrifuged in Jouan B4i (Thermo Fisher 

scientific Inc) centrifuge at 2400 rpm and filtered through 47µm Whatman F/A filter paper. The 

reagents used in the fractionation with their preparation are given below in Table 6. The 

determination of phosphorus in each extract was done by the molybdenum blue method as 

described in section 3.3.7. 

The reagents used in the fractionation with their preparation are given in Table C-1.  Samples 

with levels of phosphorus above the linear range (0 to 750 µg L
-1

) were diluted 10 to 20 times 

until their concentration fell within the working range.  

 

Table C-1. Reagents used in the molybdate blue method and their preparation 

Reagent(s)  Prepation  

Ascorbic acid (reducing agent) 5 g of L-ascorbic acid dissolved in 100 mL of water 

Sulphuric acid  120 mL of concentrated H2SO4 (95-97 %) was added to 170 mL 

water in 500mL flask with stirring 

Potassium antimony tartrate  

(catalyst) 

0.35 g K (SbO) C4H4O6 ½H2O)  was dissolved in 100 mL water 

and filled to the mark 

Ammonium molybdate  13.00 g ammoniumheptamolybdate tetra hydrate (NH4)6Mo7O24 

4H2O) into 100 mL flask, dissolved in water and filled to the mark 

Molybdate reagent The ammonium molybdate solution was added to the sulfuric acid 

solution, on stirring the tartrate reagent  and finally water to the 

mark 
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C-2. Preparation of phosphate calibration standards for MBM 

 

In the analyses of phosphorus in the molybdenum blue method, there was a need for the 

preparation of a standard calibration curve which establishes a relationship between absorbance 

and the concentration of the desired P. For this purpose, a series of different P concentration 

standard solutions were prepared according to Norwegian standard NS4724. The following 

dilution equation was used during the preparation of reagents and for all diluting solutions when 

the concentration level of samples felt beyond the working range of the calibration curve and the 

instrument. 

                                                           C1 V1=C2 V2                                                     (Equation 1) 

Where C is concentration and V is volume, 1 and 2 signify for initial and final respectively. 

C-3.  Phosphate determination by MBM 

 

The P content in the extracts and known solutions was then quantified spectrophotometrically at 

880 nm wavelength after formation blue color. Samples were prepared in duplicate and the 

reagents were added in the same manner as for the standards. A linear calibration curve, 

absorption versus concentration of the standard solutions, was obtained (Figure 42). Unknown 

concentrations were then calculated from the curve. 

 

Figure C1. Calibration standard curve for phosphorus Reagents and equipments 

 

The concentration is calculated from the equation of the calibration line by; 

X=(Y-0.0009)/0.0002;  

Where x is the concentration and y is absorbance. 
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Appendix- D: ICP-OES analysis 

D-1. Microwave oven digestion of sediment samples: - EPA METHOD 3052  

 

ETHOS 1600, Advanced Microwave Labstation, Milistone, Microwave Laboratory systems, USA was 

used for the complete decomposition of sediment samples in presence of Nitric acid 65% (m/v), GR 

for analysis, Merck KgaA, Germany and HF (40%, m/v), Sigma Aldrich, Switzerland). EPA 

METHOD-3052(Figure 43) was modified in this operation by decreasing the sample amount from 0.5 

g to 0.25 g and rising the digestion temperature from 175 ± 5 to 200
o
C.  

Table D-1. Microwave oven digestion program 

Step Temperature 

(
o
C) 

Power (Watt) Holding time 

(min)  

 Process 

1 30 to 200 1000 5 Ramp  

2 200 1000 15 Digestion time 

3 - - 5 Ventilation time 

0.25 g of finely ground and homogenized sediment of each sample (< 2 mm) was accurately 

weighed in the decomposition TFM Teflon vessels. To each of the vessels 9.0 mL concentrated 

HNO3 (65 % w/v) and 3 mL concentrated HF (40 % w/v) were added under special HF fume 

hood. 
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Figure D- 1. US-EPA Method 3052 

After digestion, the Teflon vessels were cooled down in an ice bath for about one hour and the 

digested samples were quantitatively transferred to 100 mL polypropylene volumetric flasks and 

diluted to the mark with water.  
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D-2.   Preparation of calibration standards for ICP-OES 

 

Calibration standard solutions were prepared from an analytical grade 1000 ± 5 mg/L multi-

element standard stock solution (Merck, Darmstadt, Germany) by diluting the appropriate 

amount in type-I water. Phosphorus and Silicon standard solutions were prepared separately 

from single-element standard solutions of each 1000 ± 2 mg /L of phosphates and silicon 

tetrachloride respectively. The standard solutions and samples were prepared to contain 1.8 % 

(v/v) HNO3 matrix. 

Multi-element standard solution UN 2031, 1000 mg/L stock solution which contain: Ag, Al, B, 

Ca, Cd, Co, Cr, Cu, Ga, In, K, Li, Mg, Mn, Na, Pb, Ni, Sr, Tl and Zn, phosphorus and silicon 

standards of  1000 ± 2mg/L PO4
3-

-P and SiCl4-Si respectively were used for the preparation  

which was carried out in the following ways. 

i. 100 mg/L standard working solution of the multi element and 100mg/L of P and Si were 

prepared by taking 10 mL of the above 1000 mg/L standard solutions and diluted to 100 mL 

flaks with water. Silicon and P were prepared in common flask but in separate flask from the 

multi element standard. 

ii. 0.5, 1.0, 2.5, 5 and 10 mg/L were prepared in 1 % HNO3 (m/v) by taking 0.125 0.25, 0.5, 1.25 

and 2.5 and 5mg/L in respective volumetric flaks.  

iii. The instrument is calibrated by the standard solutions and samples were analyzed 

accordingly.  

D-3. Instrumental conditions and procedures used during analysis by ICP-OES 

 

Varian Vista AX CCD simultaneous axial view ICP-OES product of Varian Ltd, Australia with the 

instrumental conditions in table C3-1 was used. The following default operating conditions of the 

spectrometer were used for the analysis of the selected elements. This was operated by Christian 

Wilhelm Mohr and Dejene Kifle at the department of chemistry, UIO 
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Table D-2. ICP-OES operating conditions 

Instrument Parameter Value 

RF power  1.20 kW  

Plasma gas flow rate 15 L min
-1

  

Auxiliary gas flow rate  1.5 L min
-1

  

Nebulizer Argon flow  0.75 L min
-1

  

Replicate reading time  1.00 s  

Instrument stabilization delay 15 s 

Sample uptake delay  30 s  

Sample flow rate  1.5 ml min
-1

  

Rinsing time  30sec  

Replicates  10 

 

D-4. Wave length selection 

 

  The selection was done using ISO 22036(2008) as guideline. Two alternative wavelengths were 

first selected for each element. This was done based on the intensity and potential spectral 

interferences of the element at that wavelength. The computer Expert software provides with 

alternative recommended wavelengths for each element and those lines with high intensity and 

with low spectral interferences were selected. Finally one wave length was chosen based on the 

limit of detection. The wavelength which results emission at lower LOD was the precise one. 

 

Table D-3. The selected wave length and Limits of detection (LOD) of elements 

Element       Wave length (nm)                    LOD(mg/L) 

Al 394.401 0.06 

Ca  396.847 0.17 

Fe  259.940 0.02 

K  766.491 0.01 

Mg 279.553 0.05 

Na  588.995 0.00 

P 213.618 0.13 

Si  251.611 2.68 

Mn  257.610 0.003 
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D-5. Limit of detection (LOD) in ICP-OES and statistical formulas 

 

The limit of detection (LOD) is the lowest possible concentration of an element in a blank that is 

determined to be statistically different from a blank. LOD of each element in table B2 is found by three 

times the standard deviation of concentrations of the method blank. 

                                                               LOD= 3*SD
3
 blank                                                             (D1) 

Where SD blank is standard deviation of the blank sample (mg/L), n=sample size 

The average (X Average), Standard deviation (SD), and relative SD (%RSD) in this paper are calculated 

by the following equations. 

X Average =∑Xi/n 

SD=√ [∑Xi-X average)
 2

/ (n-1)] 

RSD (%) = (SD/ X Average)*100 

 

 

                                                           
3
 Miller, J.N., Miller,Jane C. 2005. Statistics and chemometrics for analytical chemistry (Dorchester,Dorset, Pearson 

Education Limited ), ibid. 
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D-6.  Calibration curves for ICP-OES  

 

 

Figure D-2. Calibration Curves for major cations, silicon and Phosphorus determination at the selected wavelength 
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D-7. Emission spectra of some lines (ICP-OES) 

 

 

Figure D-3.. Some of the emission spectra of the elements at the selected lines 
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Appendix- E:  X-ray instruments  

E-1. Sample preparation procedure: - X-ray fluorescence (XRF) 

 

Finely crushed sediment samples were transferred to labeled crucibles and dried in an oven at 

110
o
C for overnight. After drying, samples were cooled in a desiccator and the mass of each 

sample was weighed. Samples were ignited at 1000
o
C for 1hour, weighed again and LOI was 

calculated. The next step in the preparation of sample was formation of glass beads. 

Determination of major elements (Na, Mg, Al, Si, P, K, Ca, Ti, Fe and Mn) in glass beads was 

carried out by taking an exact weight of 0.4500g of sample mixed with 4.5000g of spectroflux 

(Li-tetraborate), The mixture was melted at 1100 
o
C in platinum with 5% gold crucible.  

E-2. Sample preparation for X-ray diffraction (XRD)  

 

Sediments samples were milled by synchronizing miller (Figure E-1) 

 

Figure E-1.  Synchronizing miller with its agate grinding pellets and the prepared sample 
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E3. Particle size distribution (PSD) 

 

PSD analysis was done on the < 2mm size sediments. The initial weight of each sample and %  

By weight of the less than (< 500 µm) are given in Table E-1 

Table E-1. Weight of samples initially taken 

 

Size distribution on < 500µm size sediments was analyzed by (LS particle size Analyzer, 

Beckman Coulter LS 13320, USA) while the rest was done by dry sieving. 

The calculation of size distribution was done from table 9.  

Sample                               

Weight 

                                     % (< 500 

µm) 

                              Total  < 500µm  

Aug 29.7 13.4 44.9 

Dalen 33.8 26.8 79.1 

Gut 28.6 20.6 72.0 

Hobøl 33.9 31.8 93.7 

Hug 30.6 26.5 86.6 

Spe 21.2 16.5 78.0 

støa1 34.5 30.1 83.7 

Støa2 33.1 32.3 97.5 

Vas 34.2 27.3 79.9 
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Figure E 1. Volume versus particle diameter diagram for Hobøl sediment sample 
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Table E-1. Particle size distribution of the less than 500 µm sediment samples by diameter and volume % 

Diameter in µm  Aug Dalen Gut Hobøl Hug Spe Støa1 Støa2 Vas 

Volume Volume Volume Volume Volume Volume Volume Volume Volume 

%  <     % %  

<  

%     %  < %  %  < %   %  

< 

 %   %  

< 

 % %  

< 

%  %  

< 

 %  %  <  % 

2 20.2 16.4 9.4 8.7 13.4 12.6 7.1 5.6 4.7 3.4 6.1 5.0 8.9 4.3 2.9 2.0 3.3 2.2 

4 36.6 21.1 18.0 15.2 26.0 22.7 12.6 9.1 8.1 5.1 11.1 9.4 13.3 4.8 4.9 2.6 5.4 2.8 

8 57.7 16.4 33.3 19.7 48.7 27.4 21.7 11.0 13.2 7.0 20.5 15.8 18.0 3.1 7.6 3.4 8.2 3.3 

16 74.1 7.4 52.9 11.5 76.0 12.3 32.7 6.4 20.3 5.4 36.4 12.6 21.2 1.7 11.0 2.6 11.5 2.5 

20 81.6 4.0 64.4 7.6 88.4 5.5 39.1 4.3 25.7 4.6 49.0 10.0 22.8 1.2 13.5 2.4 14.0 2.4 

30 85.6 7.5 72.1 16.8 93.8 4.1 43.5 9.3 30.3 15.4 59.0 21.2 24.1 4.0 15.9 9.6 16.4 10.0 

60 93.1 0.8 88.8 2.3 97.9 0.2 52.8 1.6 45.7 3.8 80.2 2.6 28.0 1.0 25.6 2.2 26.4 2.4 

70 93.9 1.9 91.2 4.3 98.1 0.6 54.4 4.8 49.5 11.7 82.8 5.6 29.0 3.6 27.7 6.2 28.8 7.0 

90 95.8 1.8 95.5 2.0 98.7 0.6 59.2 7.7 61.2 17.2 88.3 5.0 32.6 8.2 34.0 13.1 35.8 11.0 

100 97.6 1.9 97.4 1.4 99.3 0.6 66.9 16.8 78.4 18.1 93.3 5.0 40.8 20.8 47.1 34.6 46.8 19.6 

200 99.6 0.4 98.8 0.7 99.9 0.1 83.6 7.2 96.5 3.1 98.3 1.4 61.6 10.1 81.7 13.0 66.4 9.5 

250 100.0 0.0 99.6 0.4 100.0 0.0 90.8 6.9 99.7 0.3 99.6 0.4 71.7 16.4 94.8 5.2 75.9 13.5 

400 100.0 0.0 100.0 0.0 100.0 0.0 97.7 1.9 100.0 0.0 100.0 0.0 88.1 6.7 100.0 0.0 89.4 5.2 

500 100.0 0.0 100.0 0.0 100.0 0.0 99.6 0.4 100.0 0.0 100.0 0.0 94.8 5.2 100.0 0.0 94.6 5.4 
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Appendix-F: Results  

F-1. Stream sediment phosphorus pools 

 

Table F-1. Concentrations of total, Organic and inorganic phosphorus pools in gkg
-1

 of 

sediments in the nine streams determined by the MBM. Tot-P, inorganic P (InO-P) and the 

different inorganic P fractions were measured separately. 

 

Sample Soluble-

P 

Al-

P 

Fe-

P 

Ca-

P 

Ocl-P  Tot 

frac.P 

Tot-P InO-P Org-P 

Vas 0.10 0.31 0.43 1.18 0.08 2.09 2.42 2.11 0.30 

Støa1 0.13 0.06 0.73 0.91 0.11 1.94 2.35 2.07 0.28 

Støa2 0.13 0.45 1.24 1.69 0.05 3.55 3.80 3.45 0.35 

Hug 0.49 0.39 0.50 1.66 0.07 3.10 4.15 2.82 1.33 

Hobøl 0.10 0.21 0.39 1.31 0.04 2.05 2.72 2.27 0.45 

Spe 0.25 0.68 0.77 1.65 0.04 3.39 5.32 3.42 1.90 

Aug 0.33 0.11 0.65 1.38 0.10 2.57 3.03 2.39 0.64 

Gut 0.05 0.15 0.36 1.77 0.04 2.37 3.68 2.84 0.84 

Dalen 0.30 0.11 0.06 0.86 0.04 1.35 1.49 1.09 0.40 

 

Table F-2. Percentage contribution of each Organic and inorganic phosphorus pools 

calculated from Table F-1 

Sample Soluble-

P 

    Al-P Fe-P Ca-P Occluded-

P 

Inorganic-

P 

Organic-P 

Vas 4.8 14.7 20.4 56.3 3.8 87.5 12.5 

Støa1 6.6 3.1 37.8 46.7 5.8 88.1 11.9 

Støa2 3.5 12.6 34.9 47.7 1.3 90.7 9.3 

Hug 15.7 12.7 16.0 53.5 2.1 67.9 32.1 

Hobøl 4.9 10.3 18.9 63.9 2.0 83.3 16.7 

Spe 7.5 20.1 22.6 48.8 1.0 64.3 35.7 

Aug 12.9 4.2 25.3 53.9 3.8 79.0 21.0 

Gut 2.1 6.2 15.2 74.9 1.5 77.3 22.7 

Dalen 22.3 7.8 4.1 63.2 2.6 72.9 27.1 
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Table F-3. Total phosphorus (g kg
-1

) determined by MBM and ICP-OES methods. The 

sample digestion and preparation are also different. 

Sample  Tot-P by spectrophotometrically 

(MBM) 

   Tot-P  by (ICP-

OES) 

Vas 2.42 3.48 

Støa1 2.35 3.97 

Støa2 3.80 3.88 

Hug 4.15 4.15 

Hobøl 2.72 3.33 

Spe 5.32 5.57 

Aug 3.03 3.39 

Gut 3.68 4.12 

Dalen 1.49 2.17 

 

Reference phosphorus 500 and 750 µg/L P-PO4 concentrations and phosphorus (P2O5) 

containing multi element standard reference stream sediment material JSd-1 were included 

respectively in the MBM and ICP-OES methods.  

F-2.  Major cations, phosphorus and silicon of stream sediments 

 

Table F-4. Concentration of oxides of major cations including silicon phosphorus in (g kg
-1

) 

Sample site SiO2 Al2O3 Fe2O

3 

Mn

O 

MgO CaO Na2

O 

K2O TiO

2 

P2O5 

Vas 737.0 111.9 29.5 0.4 7.4 17.5 26.9 25.2 3.4 2.62 

Støa-1 685.6 95.4 69 0.5 5.2 15.9 22.9 22.4 3.6 2.99 

Støa-2 681.8 94.1 91.5 0.7 7.3 18.1 24.4 23.5 4.2 2.91 

Hug 608.4 110.9 44.6 0.6 10.1 19.3 19.3 22.9 4.7 3.06 

Hobøl 702.1 114.9 35.4 0.6 11.5 17.7 23.6 26 5.6 2.47 
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Spe 665.2 121.2 39.6 0.5 14.2 20.8 23 24.7 5.4 4.19 

Aug 568.2 168.4 65 0.6 23.5 12 17.6 40.5 7.8 2.54 

Gut 603.5 146.2 48.7 0.7 18.7 14.5 20.1 32 7.5 3.06 

Dalen 678.7 106.1 26.5 0.5 8.3 16.6 25.3 24.6 5.5 1.64 

 

Table F-5. XRF and ICP-OES results for major elements (g kg
-1

) 

 Sample 

site 

SiO2 Al2O3 Fe2O3  MnO   MgO CaO Na2O K2O TiO2 P2O5 

Vas 737.4 111.9 29.5 0.4 7.4  

17.5 

26.9 25.2 3.4 3.5 

Støa-1 686.6 95.4 69.0 0.5 5.2 15.9 22.9 22.4 3.6 4.0 

Støa-2 682.1 94.1 91.5 0.7 7.3 18.1 24.4 23.5 4.2 3.9 

Hug 608.4 110.9 44.6 0.6 10.1 19.3 19.3 22.9 4.7 4.1 

Hobk 702.1 114.9 35.4 0.6 11.5 17.7 23.6 26 5.6 3.3 

Spe 665.2 121.2 39.6 0.5 14.2 20.8 23 24.7 5.4 5.6 

Aug 568.2 168.4 65.0 0.6 23.5 12 17.6 40.5 7.8 3.4 

Gut 603.5 146.2 48.7 0.7 18.7 14.5 20.1 32 7.5 4.1 

Dalen 678.7 106.1 26.5 0.5 8.3 16.6 25.3 24.6 5.5 2.2 

Si was determined by XRF while the rest are by ICP-OES 

Table F-6. XRF analysis of stream sediments certified reference materials (CRM) 

Sample 

  

%  

 SiO2    Al2O3 Fe2O3   MnO MgO   CaO  Na2O  K2O  TiO2  P2O5 LOI 
4
 

JSd-1
5
 66.5 14.7 5.1 0.1 1.9 3.1 2.7 2.2 0.7 0.1  

2.3 

JSd-1(R1) 68.3 15.1 4.9 0.1 1.7 3 2.8 2.2 0.6 0.2  

2.3 

JSd-1(R2) 68.6 15.3 4.9 0.1 1.8 3.0 2.8 2.2 0.6 0.2  

2.3 

JSd-1(R3) 68.4 15.3 4.9 0.1 1.7 3.0 2.8 2.2 0.6 0.2  

2.3 

                                                           
4
 LOI  is the % of  loss on ignition at 1000oC 

 
5 Certified values of the Certified Reference Material (JSd-1) 
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Mean 67.95 15.1 5.0 0.1 1.8 3.0 2.8 2.2 0.6 0.2  

2.3 

SD 0.15 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

 

RSD (%) 0.22 0.8 0.4 0.0 0.7 0.2 0.8 0.3 0.0 3.7  

   

% recovery
6
 102.2 102.7 97.3 100.0 95.4 98.5 102.0 99.4 98.9 129.2  

R =replicate 

Table F-7. Percentage distribution of mineral on the stream sediments (X-ray diffraction 

analysis results) 

Mineral name  Sample sites 

Vas Støa1 Støa2 Hug Hobøl Spe Aug GutT Dalen 

Calcite 0 0 0 0 0 0.2 0 0 0 

Illite 1.4 2.3 0.7 3.4 2.1 3.6 7.2 3.0 2.3 

Quartz 52.5 50.8 52.6 45.5 49.2 42.3 23.2 33.9 49.8 

Dolomite 0.34 0.5 0.3 0.1 0.5 0.6 0.6 0.4 0.7 

Albite 26.0 23.3 21.5 18.4 22.0 21.7 16.3 19.3 24.0 

Kaolinite 0.4 0.3 0 0 0.7 0.8 1.0 0.6 0.3 

Muscovite 6.0 3.5 2.5 4.1 12.7 10.0 32.5 20.2 8.0 

Chlorite 3.7 4.5 13.1 8.6 0.2 4.0 9.4 8.7 0.2 

Pyrite 0.3 0.3 0 0.6 0.5 0.5 0 0.4 0.1 

Anatase 0 0 0.1 0.1 0.3 0.3 0.8 0.5 0.5 

Orthoclase 7.0 9.2 6.9 8.9 8.8 7.9 4.5 6.5 10.4 

 

Appendix-G: Land use and erosion risk 

 

Table G-1. Land use distribution of the nine sites (%) 

                                                           
 

Land use Aug Hobøl Gut Hug Spe Støa1 Støa2 Vas Dalen 

% 

Agriculture 13.7 19.0 11.2 58.6 16.4 86.0 7.8 91.4 0.0 

Forest  79.5 69.9 74.9 28.1 69.9 0.0 2.7 4.0 76.6 

Forest  and Bogs 81.3 70.7 81.1 28.9 73.0 0.0 0.0 0.0 100.0 

Bogs (no forest 2.1 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
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APPENDEX-H:  Quaternary deposit types 

 

Table H-1. Percentage distribution of the quaternary deposit types of the streams 

sediments 

Deposit type Vas Støa1 Støa2 Hug Hobøl SPE Aug Gut Dalen 

Bare mountain 7.1 5.5  0 13.4 37.3 54.9 56.9 58.8 50.1 

Organic soil (bogs and peat)  0  0  0  0 2.5 2.8 3.9 10.2 14.6 

Sea and fjord deposits, continuous 

cover 

 0  0  0 17.2 22.2 18.8 12.1 6.3   

Sea, fjord and beach deposits, discon. 92.9 80.2 11.7 15.4 18.4 13.7 13.7 17.5 12.9 

Thin humic cover over mountain  0  0  0 4.3 15.6 9.8 11.3 4.8 22.4 

Deposits under water, unspecified  0  0  0  0 0.1  0  0  0     0 

Filling material (anthropogenic origin)  0  0  0  0 0.1  0  0  0     0 

Glacial stream deposits  0  0  0  0 0.0  0  0  0     0 

Landslide material, continuous cover  0  0  0  0 0.0  0  0  0     0 

Marine beach deposits, contin. cover  0 14.3 76.6 49.8 2.0  0  0  0     0 

Moraine deposits, continuous cover  0  0  0  0 0.0  0  0  0     0 

Moraine deposits, uncontinous cover  0  0  0  0 0.8  0  0  0     0 

Stream and river deposits  0  0  0  0 0.1  0  0  0     0 

Margin moraine, lateral moraine  0  0 11.7  0  0  0  0  0     0 

 

 

 

Open areas 1.5 2.7 1.6 7.1 2.1 12.2 36.8 4.5 0.0 

Pasture 0.6 0.8 0.0  1.4 0.0 0.0 0.0 0.0 

Transport 0.5 0.8 0.2 1.2 1.2 0.2 2.7 0.2 0.0 

Urban areas 0.2 2.6 0.0 0.0 5.8 0.0 0.0 0.0 0.0 

 Water  0.0 2.5 5.8 0.0 0.0 0.0 0.0 0.0 0.0 
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H-1.  Maps of quaternary deposits and samplings points  in the streams(black dots) 
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H-2. Erosion risk maps 
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Appendix- I:  Pearson Correlation analysis 

 

Table I-1. Pearson correlation analysis among parameters of the stream sediments 

  Easily soluble-P Al-P Fe-P Ca-P Ocl-P Tot fra-

P 

Tot-P 

MBM 

InO-P Org-P LOI Clay Silt Sand 

Al-P 0.178                         

  0.647                         

Fe-P -0.132 0.477                       

  0.735 0.194                       

Ca-P 0.052 0.596 0.428                     

  0.894 0.091 0.251                     

Ocl.-P 0.107 -0.412 0.191 -0.413                   

  0.785 0.271 0.623 0.269                   

Tot frac.-P 0.214 0.796 0.773 0.827 -0.161                 

  0.579 0.01 0.015 0.006 0.678                 

Tot-P MBM 0.195 0.814 0.516 0.858 -0.302 0.893               

  0.615 0.008 0.155 0.003 0.429 0.001               

InO-P -0.056 0.734 0.744 0.889 -0.217 0.944 0.917             

  0.887 0.024 0.021 0.001 0.575 0 0.001             

Org-P 0.478 0.705 0.074 0.59 -0.336 0.589 0.846 0.563           

  0.193 0.034 0.85 0.095 0.377 0.095 0.004 0.115           

LOI 0.588 0.312 -0.074 0.414 -0.023 0.363 0.612 0.337 0.818         

  0.096 0.414 0.85 0.268 0.953 0.337 0.08 0.375 0.007         

Clay 0.004 -0.71 -0.477 -0.285 0.005 -0.549 -0.364 -0.466 -0.131 0.093       

  0.992 0.032 0.194 0.458 0.989 0.126 0.336 0.206 0.737 0.812       

Silt 0.13 0.093 -0.529 0.212 -0.758 -0.12 0.204 -0.057 0.498 0.347 0.509     

  0.739 0.811 0.143 0.584 0.018 0.758 0.598 0.884 0.172 0.36 0.162     

Sand -0.119 0.022 0.558 -0.151 0.693 0.194 -0.132 0.123 -0.436 -0.331 -0.615 -0.992   

  0.76 0.956 0.119 0.699 0.038 0.617 0.736 0.753 0.241 0.384 0.078 0   

pH -0.298 0.458 0.566 0.172 0.187 0.416 0.371 0.495 0.107 0.115 -0.657 -0.531 0.585 
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  0.435 0.215 0.112 0.658 0.629 0.265 0.326 0.175 0.784 0.769 0.054 0.141 0.098 

Tot-P ICP -0.012 0.719 0.528 0.644 -0.062 0.74 0.902 0.83 0.76 0.593 -0.353 0.043 0.015 

  0.975 0.029 0.144 0.061 0.873 0.023 0.001 0.006 0.018 0.093 0.352 0.913 0.97 

Agric -0.169 0.069 0.376 -0.176 0.619 0.099 -0.099 0.078 -0.309 -0.116 -0.642 -0.867 0.89 

  0.664 0.861 0.319 0.65 0.075 0.8 0.8 0.842 0.419 0.766 0.062 0.002 0.001 

Forest 0.207 -0.173 -0.573 0.031 -0.514 -0.275 -0.019 -0.251 0.297 0.153 0.696 0.876 -0.906 

  0.593 0.657 0.107 0.937 0.157 0.475 0.962 0.514 0.438 0.694 0.037 0.002 0.001 

Other land 

use 

-0.214 0.399 0.872 0.43 -0.083 0.666 0.368 0.648 -0.102 -0.185 -0.491 -0.438 0.476 

  0.58 0.287 0.002 0.248 0.832 0.05 0.33 0.059 0.793 0.635 0.18 0.238 0.196 

Bare 

mountain 

0.115 -0.115 -0.458 0.139 -0.412 -0.169 0.128 -0.098 0.395 0.228 0.691 0.838 -0.87 

  0.768 0.769 0.215 0.721 0.271 0.663 0.743 0.802 0.293 0.555 0.039 0.005 0.002 

Organic 0.016 -0.399 -0.66 -0.207 -0.5 -0.527 -0.345 -0.498 -0.05 -0.027 0.724 0.79 -0.831 

  0.967 0.287 0.053 0.593 0.171 0.145 0.363 0.172 0.899 0.946 0.027 0.011 0.005 

Marine 

cont. 

0.351 0.368 -0.076 0.433 -0.259 0.331 0.536 0.347 0.646 0.475 -0.01 0.351 -0.321 

  0.354 0.329 0.846 0.245 0.5 0.385 0.137 0.36 0.06 0.197 0.981 0.354 0.399 

Marine -0.397 -0.236 -0.034 -0.523 0.644 -0.38 -0.411 -0.312 -0.434 -0.271 -0.289 -0.638 0.627 

  0.29 0.541 0.931 0.148 0.061 0.313 0.272 0.414 0.243 0.481 0.451 0.064 0.071 

Humic 

cover 

0.295 -0.211 -0.609 -0.322 -0.453 -0.449 -0.301 -0.519 0.07 -0.073 0.547 0.687 -0.712 

  0.441 0.586 0.082 0.398 0.221 0.226 0.431 0.152 0.859 0.853 0.127 0.041 0.032 

Other -0.282 -0.114 -0.203 -0.075 -0.262 -0.226 -0.162 -0.115 -0.181 -0.307 0.043 0.086 -0.087 

  0.462 0.771 0.6 0.847 0.497 0.559 0.678 0.768 0.641 0.422 0.912 0.826 0.823 

Beach 0.189 0.355 0.666 0.401 -0.032 0.628 0.302 0.497 -0.038 0.035 -0.529 -0.433 0.476 

  0.625 0.348 0.05 0.285 0.934 0.07 0.43 0.173 0.922 0.928 0.143 0.245 0.195 

Moraine -0.217 0.322 0.755 0.341 -0.198 0.544 0.192 0.484 -0.249 -0.404 -0.436 -0.348 0.385 

  0.576 0.398 0.019 0.37 0.61 0.13 0.621 0.187 0.518 0.281 0.24 0.359 0.306 

Calcite 0.117 0.748 0.222 0.298 -0.323 0.461 0.689 0.471 0.797 0.415 -0.19 0.4 -0.337 

  0.764 0.021 0.566 0.435 0.397 0.212 0.04 0.201 0.01 0.267 0.624 0.286 0.376 

Illite 0.514 -0.187 -0.103 0.125 0.322 0.074 0.171 0.008 0.343 0.381 0.493 0.193 -0.25 

  0.157 0.63 0.792 0.748 0.397 0.85 0.66 0.984 0.366 0.312 0.177 0.618 0.516 
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Quartz -0.247 0.203 0.064 -0.356 -0.133 -0.136 -0.254 -0.166 -0.305 -0.315 -0.554 -0.313 0.369 

  0.522 0.601 0.87 0.347 0.734 0.727 0.509 0.67 0.425 0.409 0.122 0.412 0.328 

Dolomite 0.035 -0.331 -0.254 -0.538 0.023 -0.454 -0.361 -0.484 -0.102 -0.252 0.628 0.341 -0.406 

  0.929 0.384 0.509 0.135 0.953 0.219 0.34 0.187 0.794 0.513 0.07 0.369 0.278 

Albite -0.458 0.042 -0.177 -0.58 -0.072 -0.435 -0.441 -0.402 -0.377 -0.484 -0.346 -0.171 0.208 

  0.215 0.915 0.649 0.102 0.854 0.241 0.234 0.284 0.317 0.186 0.361 0.659 0.591 

Kaolinite -0.127 -0.039 -0.163 0.082 -0.035 -0.073 0.16 0.044 0.273 -0.004 0.406 0.376 -0.405 

  0.745 0.92 0.675 0.834 0.928 0.852 0.68 0.91 0.478 0.991 0.278 0.319 0.28 

Muscovite 0.055 -0.354 -0.186 0.182 0.092 -0.083 0.019 -0.022 0.068 0.01 0.606 0.304 -0.369 

  0.888 0.351 0.632 0.639 0.815 0.832 0.962 0.955 0.863 0.979 0.084 0.427 0.329 

Chlorite 0.094 0.199 0.685 0.669 0.149 0.708 0.472 0.669 0.085 0.151 -0.207 -0.318 0.323 

  0.811 0.608 0.042 0.049 0.702 0.033 0.199 0.049 0.829 0.698 0.593 0.405 0.396 

Pyrite 0.018 0.28 -0.322 0.245 -0.231 0.041 0.373 0.179 0.534 0.592 -0.136 0.294 -0.25 

  0.963 0.466 0.399 0.525 0.549 0.916 0.322 0.646 0.139 0.093 0.728 0.443 0.517 

Anatase 0.254 -0.343 -0.353 0.049 -0.201 -0.192 -0.091 -0.215 0.1 0.028 0.741 0.597 -0.657 

  0.51 0.367 0.351 0.9 0.605 0.621 0.817 0.578 0.798 0.943 0.022 0.09 0.054 

Orthoclase 0.145 -0.029 -0.394 -0.487 -0.241 -0.398 -0.291 -0.446 -0.007 0.145 0.022 0.209 -0.196 

  0.71 0.942 0.295 0.184 0.531 0.288 0.447 0.229 0.985 0.709 0.956 0.589 0.614 

SiO2 -0.505 0.153 -0.002 -0.464 -0.089 -0.279 -0.342 -0.241 -0.386 -0.565 -0.5 -0.296 0.345 

  0.166 0.694 0.996 0.209 0.82 0.466 0.368 0.533 0.305 0.113 0.171 0.44 0.363 

Al2O3 0.128 -0.227 -0.199 0.317 0.075 0.024 0.163 0.083 0.227 0.175 0.502 0.332 -0.379 

  0.742 0.557 0.607 0.405 0.849 0.951 0.674 0.831 0.557 0.652 0.169 0.383 0.315 

Fe2O3 -0.136 0.005 0.853 0.283 0.325 0.51 0.213 0.494 -0.218 -0.13 -0.078 -0.52 0.489 

  0.727 0.99 0.003 0.46 0.393 0.161 0.582 0.176 0.572 0.739 0.842 0.152 0.181 

MnO -0.071 -0.027 0.336 0.666 -0.342 0.432 0.342 0.503 0.038 0.099 0.22 0.18 -0.197 

  0.855 0.945 0.377 0.05 0.368 0.246 0.367 0.168 0.923 0.801 0.569 0.643 0.611 

MgO 0.154 -0.1 -0.095 0.447 -0.061 0.168 0.313 0.227 0.345 0.241 0.493 0.421 -0.459 

  0.692 0.798 0.808 0.227 0.876 0.666 0.412 0.557 0.363 0.532 0.177 0.259 0.214 

CaO 0.143 0.81 0.181 0.222 -0.434 0.424 0.481 0.367 0.505 0.273 -0.689 0.08 0.03 

  0.714 0.008 0.641 0.565 0.243 0.255 0.19 0.331 0.166 0.477 0.04 0.838 0.94 

Na2O -0.465 0.162 -0.061 -0.452 -0.229 -0.297 -0.371 -0.287 -0.384 -0.601 -0.44 -0.15 0.203 

  0.207 0.677 0.876 0.222 0.554 0.438 0.326 0.453 0.308 0.087 0.236 0.701 0.601 

K2O 0.053 -0.372 -0.098 0.188 0.186 -0.042 -0.017 -0.006 -0.027 -0.06 0.53 0.164 -0.229 
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  0.892 0.324 0.801 0.629 0.632 0.914 0.966 0.988 0.946 0.878 0.143 0.674 0.553 

TiO2 0.121 -0.266 -0.265 0.341 -0.249 -0.021 0.144 0.05 0.232 0.188 0.704 0.614 -0.667 

  0.756 0.489 0.491 0.37 0.518 0.958 0.711 0.899 0.548 0.628 0.034 0.079 0.05 

P2O5 -0.019 0.72 0.537 0.628 -0.055 0.736 0.895 0.824 0.753 0.58 -0.353 0.037 0.02 

 

Table I-1 (Continued) 

       pH Tot-P  

ICP 

Agric Forest  Other land use BM Organ

ic 

  Marine cont. Marine Humic 

cover 

     Other        Beach     Moraine 

Tot-P ICP 0.595                         

  0.091                         

Agric 0.724 0.136                       

  0.027 0.726                       

Forest -0.787 -0.202 -0.964                     

  0.012 0.602 0                     

Other land use 0.56 0.296 0.341 -0.579                   

  0.117 0.439 0.369 0.102                   

Bare mountain -0.71 0.008 -0.91 0.953 -0.58                 

  0.032 0.983 0.001 0 0.102                 

Organic -0.788 -0.47 -0.747 0.791 -0.503 0.703               

  0.012 0.202 0.021 0.011 0.168 0.035               

Marine cont. 0.038 0.408 -0.408 0.403 -0.172 0.403 -0.182             

  0.922 0.275 0.275 0.283 0.658 0.283 0.639             

Marine 0.449 -0.049 0.798 -0.649 -0.153 -0.557 -0.405 -0.489           

  0.226 0.901 0.01 0.059 0.694 0.119 0.279 0.182           

Humic cover -0.706 -0.474 -0.814 0.856 -0.531 0.688 0.696 0.331 -0.538         

  0.033 0.197 0.008 0.003 0.141 0.04 0.037 0.384 0.135         

Other 0.099 -0.187 -0.222 0.206 -0.048 0.087 -0.094 0.558 -0.145 0.384       

  0.799 0.63 0.567 0.595 0.902 0.824 0.809 0.118 0.71 0.307       

Beach 0.428 0.134 0.39 -0.583 0.866 -0.663 -0.456 -0.153 -0.215 -0.475 -0.185     

  0.251 0.731 0.3 0.099 0.003 0.052 0.218 0.695 0.579 0.197 0.633     

Moraine 0.278 0.04 0.202 -0.437 0.925 -0.478 -0.271 -0.347 -0.223 -0.361 -0.125 0.812   

  0.468 0.919 0.603 0.24 0 0.193 0.48 0.36 0.563 0.339 0.749 0.008   

Calcite 0.219 0.741 -0.249 0.225 -0.032 0.354 -0.069 0.419 -0.2 0.108 -0.125 -0.212 -0.125 

  0.572 0.022 0.519 0.561 0.935 0.35 0.86 0.261 0.606 0.783 0.749 0.584 0.749 

Illite -0.545 0.084 -0.444 0.509 -0.438 0.613 0.127 0.422 -0.327 0.285 -0.152 -0.368 -0.444 

  0.129 0.83 0.231 0.162 0.238 0.079 0.745 0.258 0.39 0.458 0.695 0.33 0.231 

Quartz 0.578 -0.138 0.535 -0.558 0.332 -0.704 -0.255 -0.327 0.406 -0.177 0.181 0.349 0.308 

  0.103 0.723 0.138 0.118 0.382 0.034 0.508 0.391 0.279 0.649 0.642 0.358 0.42 

Dolomite -0.556 -0.315 -0.577 0.624 -0.438 0.607 0.489 0.035 -0.169 0.719 0.133 -0.613 -0.307 

  0.12 0.41 0.104 0.072 0.238 0.083 0.181 0.929 0.663 0.029 0.733 0.079 0.422 

Albite 0.327 -0.219 0.409 -0.339 -0.055 -0.403 -0.005 -0.485 0.624 -0.046 0.074 -0.161 0.018 
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  0.39 0.572 0.274 0.372 0.888 0.282 0.99 0.186 0.072 0.906 0.85 0.679 0.964 

Kaolinite -0.361 0.194 -0.558 0.619 -0.477 0.76 0.173 0.511 -0.179 0.4 0.303 -0.738 -0.473 

  0.34 0.617 0.119 0.076 0.194 0.018 0.655 0.16 0.644 0.286 0.428 0.023 0.198 

Muscovite -0.673 -0.088 -0.597 0.635 -0.415 0.744 0.327 0.301 -0.344 0.331 0.064 -0.505 -0.329 

  0.047 0.821 0.09 0.066 0.267 0.022 0.39 0.431 0.364 0.384 0.87 0.166 0.388 

Chlorite 0.113 0.317 0.184 -0.342 0.645 -0.234 -0.317 -0.153 -0.246 -0.601 -0.478 0.674 0.622 

  0.773 0.406 0.635 0.367 0.061 0.544 0.405 0.695 0.524 0.087 0.193 0.047 0.074 

Pyrite 0.422 0.473 0.043 0.04 -0.273 0.064 -0.156 0.597 0.066 -0.047 0.365 -0.213 -0.529 

  0.258 0.198 0.913 0.918 0.478 0.87 0.689 0.089 0.867 0.905 0.334 0.582 0.143 

Anatase -0.907 -0.301 -0.856 0.87 -0.449 0.866 0.686 0.206 -0.61 0.675 -0.015 -0.444 -0.261 

  0.001 0.432 0.003 0.002 0.225 0.003 0.041 0.594 0.081 0.046 0.97 0.231 0.497 

Orthoclase 0.199 -0.211 0.047 -0.003 -0.133 -0.197 0.205 -0.027 0.07 0.332 0.215 0.019 -0.195 

  0.607 0.586 0.905 0.994 0.733 0.612 0.597 0.944 0.858 0.383 0.579 0.961 0.615 

SiO2 0.48 -0.148 0.456 -0.432 0.131 -0.508 -0.225 -0.312 0.564 -0.095 0.299 -0.024 0.158 

  0.191 0.703 0.217 0.245 0.737 0.162 0.561 0.414 0.113 0.807 0.435 0.95 0.684 

Al2O3 -0.622 0.05 -0.537 0.593 -0.449 0.732 0.283 0.337 -0.32 0.221 -0.06 -0.485 -0.384 

  0.074 0.898 0.136 0.092 0.225 0.025 0.46 0.376 0.402 0.568 0.877 0.186 0.308 

Fe2O3 0.294 0.203 0.271 -0.463 0.806 -0.385 -0.407 -0.279 -0.093 -0.534 -0.257 0.66 0.731 

  0.443 0.6 0.48 0.209 0.009 0.307 0.277 0.467 0.813 0.139 0.505 0.053 0.025 

MnO -0.099 0.095 -0.354 0.157 0.528 0.145 0.098 0.178 -0.672 -0.075 0.125 0.49 0.5 

  0.799 0.807 0.35 0.686 0.144 0.71 0.802 0.647 0.048 0.847 0.749 0.181 0.17 

MgO -0.581 0.158 -0.638 0.645 -0.325 0.778 0.283 0.44 -0.492 0.26 -0.019 -0.389 -0.281 

  0.101 0.685 0.064 0.061 0.394 0.014 0.46 0.236 0.179 0.5 0.962 0.301 0.464 

CaO 0.599 0.469 0.214 -0.266 0.286 -0.328 -0.333 0.288 -0.042 -0.089 0.11 0.332 0.168 

  0.088 0.203 0.581 0.489 0.456 0.389 0.382 0.452 0.915 0.82 0.777 0.383 0.666 

Na2O 0.288 -0.241 0.324 -0.311 0.105 -0.402 -0.007 -0.456 0.456 0 0.129 -0.023 0.229 

  0.452 0.532 0.395 0.416 0.788 0.284 0.985 0.218 0.218 0.999 0.741 0.954 0.554 

K2O -0.665 -0.132 -0.479 0.509 -0.33 0.625 0.264 0.162 -0.276 0.206 -0.056 -0.398 -0.216 

  0.05 0.736 0.192 0.162 0.386 0.072 0.492 0.678 0.472 0.595 0.887 0.289 0.576 

TiO2 -0.726 -0.052 -0.822 0.812 -0.353 0.869 0.557 0.371 -0.638 0.474 0.072 -0.395 -0.266 

  0.027 0.895 0.007 0.008 0.352 0.002 0.119 0.325 0.065 0.198 0.853 0.292 0.49 

P2O5 0.595 0.999 0.141 -0.207 0.298 0.006 -0.468 0.388 -0.037 -0.475 -0.203 0.128 0.046 

  0.091 0 0.717 0.593 0.436 0.987 0.204 0.302 0.925 0.196 0.601 0.742 0.906 
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Table I-1 (Continued) 

  Calcite    Illite Quartz Dolomite Albite Kaolinite Muscovite Chl
ori
te 

Pyrite Anatase Orthoclase SiO2 Al2O3 Fe2O3 MnO MgO Ca
O 

Na2O   K2O TiO
2 

Illite 0.135                                       
  0.729                                       
Quartz -0.080 -0.909                                     
  0.838 0.001                                     
Dolomite 0.231 0.431 -0.303                                   
  0.550 0.246 0.429                                   
Albite 0.043 -0.762 0.817 0.033                                 
  0.913 0.017 0.007 0.934                                 
Kaolinite 0.422 0.644 -0.668 0.609 -0.301                               
  0.258 0.061 0.049 0.082 0.431                               
Muscovite -0.040 0.834 -0.933 0.457 -0.664 0.786                             
  0.919 0.005 0.000 0.216 0.051 0.012                             
Chlorite -0.154 0.175 -0.351 -0.491 -0.594 -0.250 0.153                           
  0.693 0.653 0.354 0.179 0.091 0.516 0.694                           
Pyrite 0.313 -0.138 0.154 -0.374 0.050 0.074 -0.230 -0.367                         
  0.412 0.722 0.692 0.322 0.898 0.851 0.552 0.332                         
Anatase 0.000 0.732 -0.796 0.633 -0.569 0.610 0.854 0.009 -0.344                       
  1.000 0.025 0.010 0.067 0.110 0.081 0.003 0.981 0.365                       
Orthoclase 0.029 -0.519 0.697 0.047 0.534 -0.463 -0.691 -0.642 0.393 -0.366                     
  0.941 0.152 0.037 0.904 0.139 0.209 0.039 0.062 0.295 0.333                     
SiO2 0.043 -0.803 0.869 -0.041 0.944 -0.271 -0.684 -0.535 0.086 -0.661 0.473                   
  0.912 0.009 0.002 0.916 0.000 0.481 0.042 0.137 0.826 0.053 0.198                   
Al2O3 0.037 0.847 -0.962 0.295 -0.697 0.748 0.968 0.224 -0.106 0.793 -0.728 -0.741                 
  0.924 0.004 0.000 0.440 0.037 0.020 0.000 0.562 0.786 0.011 0.026 0.022                 
Fe2O3 -0.183 0.023 -0.113 -0.167 -0.364 -0.244 0.007 0.786 -0.526 -0.116 -0.419 -0.251 -0.060               
  0.638 0.953 0.772 0.668 0.336 0.526 0.987 0.012 0.146 0.766 0.261 0.514 0.878               
MnO -0.250 0.095  -0.272 -0.670 -0.069 0.287 0.658 -0.113 0.290 -0.333 -0.557 0.260 0.563             
  0.516 0.807 0.350 0.480 0.048 0.859 0.454 0.054 0.773 0.449 0.382 0.119 0.500 0.114             
MgO 0.150 0.837 -0.967 0.297 -0.775 0.756 0.948 0.282 -0.079 0.813 -0.705 -0.787 0.974 0.015 0.393           
  0.700 0.005 0.000 0.437 0.014 0.018 0.000 0.462 0.840 0.008 0.034 0.012 0.000 0.969 0.295           
CaO 0.557 -0.541 0.647 -0.369 0.404 -0.338 -0.744 -0.206 0.517 -0.618 0.529 0.493 -0.652 -0.248 -0.235 -0.553         
  0.119 0.132 0.060 0.329 0.281 0.374 0.022 0.595 0.154 0.076 0.143 0.177 0.057 0.520 0.542 0.122         
Na2O 0.054 -0.809 0.831 0.017 0.960 -0.313 -0.655 -0.492 -0.069 -0.522 0.455 0.953 -0.704 -0.281 -0.532 -0.747 0.45

6 
      

  0.890 0.008 0.006 0.966 0.000 0.412 0.056 0.179 0.861 0.150 0.218 0.000 0.034 0.465 0.141 0.021 0.21
7 

      

K2O -0.139 0.812 -0.923 0.377 -0.664 0.685 0.978 0.289 -0.365 0.811 -0.786 -0.689 0.953 0.118 0.300 0.915 -0.803 -0.643     
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  0.721 0.008 0.000 0.317 0.051 0.042 0.000 0.451 0.334 0.008 0.012 0.040 0.000 0.763 0.433 0.001 0.009 0.062     
TiO2 0.024 0.726 -0.888 0.392 -0.727 0.660 0.904 0.162 -0.100 0.916 -0.487 -0.772 0.886 -0.042 0.507 0.930 -0.592 -0.690 0.845   
  0.951 0.027 0.001 0.297 0.026 0.053 0.001 0.676 0.799 0.001 0.183 0.015 0.001 0.914 0.164 0.000 0.09

3 
0.040 0.004   

P2O5 0.752 0.081 -0.132 -0.297 -0.202 0.196 -0.093 0.313 0.454 -0.302 -0.211 -0.136 0.043 0.210 0.078 0.150 0.46
8 

-0.225 -0.134 -0.061 

  0.019 0.837 0.735 0.437 0.602 0.614 0.812 0.412 0.220 0.430 0.585 0.727 0.912 0.588 0.841 0.701 0.20
4 

0.560 0.730 0.875 



 
 

Appendix –J. Speciation of P in stream water using MINIQL 

 

Figure J-1. P speciation in Dalen and Huggenes streams water samples 

 

 

 

 



 
 

Appendix-K Micro elemental analysis of suspended sediments by SEM 

 

 

Figure K 1. The elemental composition of the suspended sediments. The figure at the left is for the suspended sediment from Støa1 and the 

figure to the right is from Guthus. 

 

 



 
 

 

Figure K2. The SEM image for Sediment from Sperrebotn stream and the minerals identified at the selected points (spectrums). Spectrums 1,3 and 4 are Amphiboles (Hornblende), 

Spectrum 2 is Hematite and spectrum 6 is Chlorite 

 



 
 

 

Figure K3. The SEM image for Sediment from Huggenes stream and the minerals identified at the selected points (spectrums). Spectrum 1.  K-feldspar, spectrums 2 and 5 are 

amphibioles, 6. Chlorite,  4. Biotite and 3. Muscovite  



 
 

Appendix-L 

 

Table L-1.  Pearson correlation analysis Physico- chemical properties of the suspended 

particles 

 Tot-SPM InO-SPM Org-SPM Tot-P InO-P Org-P Runoff Agri (%) 

 

InO-SPM 

0.290   

0.528 

 

       

 

Org-SPM 

 

0.069 

 0.883 

0.826 

 0.022 

      

Tot-P 0.542 

0.209 

0.533 

0.218 

0.477 

0.279 

 

     

InO-P -0.002 

 0.996        

 

0.866  

0.012              

0.982  

0.000             

0.448 

0.314 

    

Org-P -0.074 

 0.875 

0.157 

0.737 

0.195 

0.675 

0.714 

0.072 

0.186 

0.690 

 

   

Runoff 0.953 

0.001 

0.165 

0.724 

-0.043 

 0.928 

0.563 

0.188 

-0.091 

 0.846 

-0.041 

 0.930 

 

 

 

 

Agri (%) -0.398 

 0.377 

-0.109 

 0.817 

0.418 

0.351 

-0.043 

 0.928 

0.385 

0.393 

-0.021 

 0.964 

-0.297 

 0.518 

 

 

Forest (%) 0.399 

0.376 

0.211 

0.649 

-0.297 

 0.517 

0.119 

0.800 

-0-273 

 0.554 

0.076 

0.871 

0.292 

0.525 

-0.962 

 0.001 

 

 


