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Abstract.





Sammendrag

, .

,

, metaller, .
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,
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følsomme elementer

.
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:

.

.

, ESEM

XRF XRD og MS.



, jern, , kobber, sink, arsen, , kadmium,

tinn, , kadmium, tinn, ,

.

av i område

, og ) på grunn av .

Uran hadde høyere utlekkings prosenter under anoksiske betingelse ( 22 %)

for den biotilgjengelige Fraksjon enn under oksisk betingelse ( 16 %) . Pared t

test på Biotilgjengelig Fraksjon for myrprøver viser statistisk signifikante

forskjeller for de konsentrasjoner av uran i fraksjonen .Derimot, det ble

ekstraheres 45% av den totale konsentrasjon av uran i prøven mobilisert

under oksisk betingelse, mens en 28% ble mobilisert under anoksiske

betingelse. Disse resultatene fører til at uran kan finnes i mer stabile former

under anoksiske betingelser enn i oksiske. Dette støtter hovedhypotesen av

dette oppgaven . Derimot , siden den prosentvise ekstraksjon av frem motsatt

oppførsel som for den totale prosentvise ekstraksjon, denne observasjon bør

vurderes ved risikovurdering studier.

Prinsipal komponent analyse i sekvensiell ekstraksjon data demonstrerte

foreningen blant de studerte metaller , spesielt for de som er følsomme ved

redokspotensial og pH endringer . Sammenhenger mellom uran , jern og arsen

ble observert i myrprøver . Kalsium , magnesium og mangan frem forskjellige

mønstre av utlekkings for metaller. Disse observasjonene ble bekreftet ved

utlekkingsforsøk og elektronmikroskopi. Forvitring prosesser var godt

kjennetegnet av de observasjoner som ble gjort før og etter behandling som

viser signifikante endringer på tynnslip prøven.
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1. Introduction

(Project from NORWAT in cooperation with NMBU, 2012)



2. Theory

2.1 Metals and radionuclides in the environment.



 (Grosell, 2012)



Figure 53 Thorium Decay Series. (Tosaka, 2008)



Figure 54 Uranium Decay Series. (Tosaka, 2008)



2.2 NORM and Technologically enhanced NORM

(Project from NORWAT in cooperation with NMBU, 2012)





2.3 Geology of Gran, Hadeland

Figure 55 Geology of Gran municipality. The map shows the distribution of alum

shale, granite rhyolite, monzonite latite, syenite tachyte, sediment, mafic intrusive

and gnesis. (Smethurst, 2008)



Figure 56 Drift geology of Gran shows highly permeable deposits in yellow and

moderate permeability in orange. (Smethurst, 2008)



Figure 57 Distribution of uranium according to its concentration in ppm (parts per million)

over the Gran area. (Smethurst, 2008)

2.4 Wetlands: Deposition areas for extracted rock masses





Figure 58 Classification of some of the Primary and Secondary ores of Uranium

found in nature. (Agency for Toxic Substances and Desease Registry, 2013)



2.5 Speciation



Figure 59 Classification of physicochemical forms by size in aquatic systems. (Salbu,

2013)





Figure 60 Speciation of dissolved uranium and a function of pH for [U]TOT = 5 M, I =

0.1 M, and PCO2 = 10 3.5 atm. Calculations were made without considering the

precipitation of any solid phases. (Giammar, 2001)





Figure 61 Difference between the uranium extracted by bicarbonate at varying

concentrations under oxic and anaerobic conditions. This difference is attributed to

the oxidation of U(IV) in the soil under oxic conditions. (Ping, 2005).

 (Tourtelot, 1979)



3. Materials and Methods



3.1 Quality analysis

(Salbu, 2012)

%Error = (Observed Concentration Expected

Concentration)/Expected Concentration x100



LD = 3 x Standard Deviation (based on blanks concentration)

LQ = 10 x Standard Deviation (based on blanks concentration)

3.2 Sampling and sample preparation

3.2.1 Sampling area

Figure 62 Sampling area. Gran municipality border with Jaren, blue marks illustrate

sampling locations for the project. Locations marked with red squares represent

the sampling areas for Alum Shale and Black Shale (top) and Peat Moss (bottom)

(Skipperud, 2013).



Figure 63 Engineering Geological Profile of projected tunnel area. Marked areas

highlight BH 5 (black shale), BH 4 (alum shale) and BH 6 (alum shale). Colors

indicate different materials: Grey: loose material, blue: calcareous shales of

blackish to grey color, pink: black shales, green: calcareous shales of dark to gray

color, orange: alum shale. (Statens Vegvesen , 2013)



Experiment one and Experiment two.

3.2.2 Sample selection and preparation

3.2.2.1 Experiment one



Table 22 Experimental Parameters for Experiment one: Sequential Extractions.

Material
(approximately

2 g)

Conditions Samples+
Blank

Parallels Steps



3.2.2.2 Experiment two

Figure 64 Thin section sample. Alum shale glued on PMMA plate measurements 4.2

x 2.3 cm.



3.2.3 Sample characterization

3.2.3.1 X Ray Florescence Spectrometry (XRF)



Table 23 Material, name and number of measurements performed to select samples

with the XRF instrument.

Material Name No. of measurements

3.2.3.2 X Ray Diffraction (XRD)



3.3 Experiment one: Sequential extractions

3.3.1 Sequential extraction method



Table 24. Experiment 1. Sequential Extraction Model used under Oxic and Anoxic

conditions (Skipperud, 2004) (Salbu, 2000).

Model Anoxic conditions Oxic conditions

3.3.2 Inductively Coupled Plasma Mass Spectrometry ICP MS



3.3.3 Microwave Digestion: Ultraclave

3.4 Experiment 2: Thin section characterization and leaching
experiment for weathering process analysis



3.4.1 Digital Autoradiography

3.4.2 Environmental Scanning Electron Microscope EDX ESEM



Figure 65 Sample used for the identification of Depleted Uranium in Kosovo soil.

Observed in Back scattered Electron Image BEI mode. Identification directly in SEM.

(Lind, 2006).

3.4.3 Micro X ray Diffraction ( XRD) and Micro X ray Fluorescence
Spectroscopy ( XRF)

(Lind, 2006)



3.4.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA ICP
MS)



3.5 Statistical Methods

3.5.1 Principal Component Analysis PCA



3.5.2 Paired t test

Ho: μ differences= μ1 μ2

H1: μ differences μ1 μ2

Where 1 and 2 represent condition 1 and condition 2.



3.5.3 One way Analysis of Variance (ANOVA)

Ho: μ1= μ2=μ3

H1: μ1 μ2 μ3

Where 1,2,3 represent different samples.

post hoc

 (Muth, 2006)

4. Result and Discussion



4.1 Quality Analysis: Precision and accuracy

Table 25 Quality analysis for precision. Coefficient of Variation of the total

concentration values for 13 of the studied elements for each material.

Sample Value V Cr Mn Co Ni Cu Zn

Alum
Shale

Mean mg/kg

Standard
Deviation
mg/kg

Coefficient of
Variation%

Black
Shale

Mean mg/kg

Standard
Deviation
mg/kg

Coefficient of
Variation%

Peat
Moss

Mean mg/kg

Standard
Deviation
mg/kg

Coefficient of
Variation%



Table 4. (Continued). Quality analysis for precision. Coefficient of Variation of the total
concentration values for 13 of the studied elements for each material.

Sample Value As Mo Cd Sn Pb U

Alum Shale
Average mg/kg

Standard
Deviation mg/kg

Coefficient of
Variation%

Black Shale
Average mg/kg

Standard
Deviation mg/kg

Coefficient of
Variation%

Peat Moss
Average mg/kg

Standard
Deviation mg/kg

Coefficient of
Variation%



Table 26 Quality analysis for accuracy. Observed and Expected values for elements

in Reference Materials. The Eoor is calculated as the difference between the

observed value and the expected value divided by the expected value.

Elements V Cr Mn Co Ni Cu Zn

Reference
Material mg/kg

mg/
kg

mg/
kg mg/kg

mg/
kg

mg/
kg mg/kg

NCS DC
73324

NCS DC
73325



Table 5 (Countinued) Quality analysis for accuracy. Observed and Expected values for

elements in Reference Materials. The Eoor is calculated as the difference between the

observed value and the expected value divided by the expected value.

Elements As Mo Cd Sn Pb U

Reference
Material mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

NCS DC
73324

NCS DC
73325

Table 27 Quality analysis. Limit of Detection and Limit of Quantification for the ICP

MS analysis of the elemental concentration for total concentration analysis.

Element V Cr Mn Co Ni Cu Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Limit of
detection,

LD

Limit of
quantificati
on, LQ



Table 6 (Continued) Quality analysis. Limit of Detection and Limit of Quantification

for the ICP MS analysis of the elemental concentration for total concentration

analysis.

Element As Mo Cd Sn Pb U

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Limit of
detection, LD

Limit of
quantification,

LQ

4.2 Sample selection

4.2.1 X Ray Fluorescence



Figure 66 Sample selection. Boxplot based on XRF data for uranium, the analyzed

samples are BH 5 Prove 1, BH 5 Prove 2 for black shales and BH 6 Prove 1, BH 6

Prove 2 and BH 6 Prove 4 for alum shale. The boxplot shows mean, median, Q1,

interquartile range, Q3 and whiskers for each sample.
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Table 28 Sample selection. Redox potential values for each material studied, oxic

and anoxic conditions.

Material Condition Redox Potential
mV

Date

Alum Shale

Black Shale

Peat Moss

4.3 Sample Characterization



Table 29. Sample characterization. Values for pH, moisture content, organic matter

and total organic carbon for the studied materials are presented.

Material pH Eh at site Moisture
Content%

Organic Matter
OM%

Total Organic
Carbon TOC%

4.3.1 Total Concentration Analysis

Table 30 Total Concentration analysis for each element in mg/kg for Alum Shale,

Black Shale and Peat Moss. Error is calculated as 2 times the standard deviation

value for the samples and Average corresponds to the average value of three

parallels.

Sample Value V Cr Mn Co Ni Cu Zn

Alum
Shale

Average

Error

Black
Shale

Average

Error

Peat
Moss

Average

Error



Table 9 (Continued) Total Concentration analysis for each element in mg/kg for

Alum Shale, Black Shale and Peat Moss. Error is calculated as 2 times the standard

deviation value for the samples and Average corresponds to the average value of

three parallels

Sample Value As Mo Cd Sn Pb U

Alum Shale

Average

Error

Black Shale

Average

Error

Peat Moss

Average

Error

(Håvard, 2009)

 (Tourtelot, 1979)



4.3.2 X Ray Diffraction

Table 31 X ray diffraction results. Minerals identified by the XRD in the studied

materials. Sulfides less than 1 2% of the total may not be detected.

Material Identified Minerals



4.4 Experiment one: Sequential Extractions

4.4.1 Alum Shale samples



Figure 67 Sequential Extraction. Percentages of extraction for Major Elements in

Alum Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 68 Sequential Extraction. Percentages of extraction for Minor Elements in

Alum Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 69 Sequential Extraction. Percentages of extraction for Trace Elements in

Alum Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 70 Sequential Extraction. Percentages of extraction for Radionuclides in

Alum Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



4.4.2 Black Shale samples

Figure 71 Sequential Extraction. Percentages of extraction for Major Elements in

Black Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 72 Sequential Extraction. Percentages of extraction for Minor Elements in

Black Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 73 Sequential Extraction. Percentages of extraction for Trace Elements in

Black Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



Figure 74 Sequential Extraction. Percentages of extraction for Radionuclides in

Black Shale samples. Oxic and Anoxic conditions. Error bars calculated as 2 times

the standard deviation of the three parallels.



4.4.3 Peat Moss samples

Figure 75 Sequential Extraction. Percentages of extraction for Major Elements in

Peat Moss samples. Oxic and Anoxic conditions. Error bars calculated as 2 times the

standard deviation of the three parallels.



Figure 76 Sequential Extraction. Percentages of extraction for Minor Elements in

Peat Moss samples. Oxic and Anoxic conditions. Error bars calculated as 2 times the

standard deviation of the three parallels. Vanadium was not analyzed under oxic

conditions for Peat Moss.



Figure 77 Sequential Extraction. Percentages of extraction for Trace Elements in

Peat Moss samples. Oxic and Anoxic conditions. Error bars calculated as 2 times the

standard deviation of the three parallels. Chromium and tin were not analyzed

under oxic conditions.



Figure 78 Sequential Extraction. Percentages of extraction for Radionuclides in Peat

Moss samples. Oxic and Anoxic conditions. Error bars calculated as 2 times the

standard deviation of the three parallels.



Table 32. Extraction percentages of elements under oxic and anoxic conditions compared to

total concentration of extraction. Missing values are shown in yellow for V, Cr and Sn for the

oxic date set in Peat Moss.

Material V Cr Mn Co Ni

Alum
Shale

Black
Shale

Peat Moss

Table 11. (Continued) Extraction percentages of elements under oxic and anoxic conditions

compared to total concentration of extraction. Missing values are shown in yellow for V, Cr

and Sn for the oxic date set in Peat Moss.

Material Cu Zn As Mo Cd

Alum Shale

Black
Shale

Peat Moss



Table 11. (Continued) Extraction percentages of elements under oxic and anoxic conditions

compared to total concentration of extraction. Missing values are shown in yellow for V, Cr

and Sn for the oxic date set in Peat Moss.

Material Sn Pb U

Alum
Shale

Black
Shale

Peat Moss

4.4.4 Statistical Analysis: Principal Component Analysis, Paired t test and
ANOVA

Table 33 Principal components with the variation proportion and the cumulative

values of the variation they explain of the complete data set.

Principal
Component Proportion% Cumulative%



Table 34 Principal components 1 and 2 values for the variables for the complete

data set.

Variable PC1 PC2





Figure 79 PCA analysis for the complete data set. Score Plots by material, by

condition and by step of the sequential extraction process and its correspondent

Loading Plot are shown.



Table 35 Principal components with the variation proportion and the cumulative

values of the variation they explain for Alum Shale.

Principal
Component Proportion% Cumulative%



Table 36. Principal components 1 and 2 values for the variables for Alum Shale.

Variable PC1 PC2



Figure 80 PCA analysis for Alum Shale. Score plot by step of the sequential

extraction process and loading plot are shown.

Table 37 Principal components with the variation proportion and the cumulative

values of the variation they explain for Black Shale.

Principal
Component Proportion Cumulative



Table 38 Principal components 1 and 2 values for the variables for Alum Shale.

Variable PC1 PC2



Figure 81 PCA analysis for Black Shale. Score plot by step of the sequential

extraction process and loading plot are show.



Table 39 Principal components with the variation proportion and the cumulative

values of the variation they explain for Peat Moss.

Principal
Component Proportion% Cumulative%

Table 40 Principal components 1 and 2 values for the variables for Alum Shale.

Variable PC1 PC2



Figure 82 PCA analysis for Peat Moss. Score plot by step of the sequential extraction

process and loading plot are show.



Figure 83 PCA analysis for Bioavailable Fraction of all materials. Score plot by

material and corresponding loading plot are shown. Score Plot shows differences in

each material under different conditions.





Figure 84 Boxplot of PC1 for the Bioavailable Fraction. Boxplot shows the

differences between Alum Shale, Black, Shale and Peat Moss under oxic and anoxic

conditions. Boxplot shows mean, median, Q1, interquartile range, Q3 and

connecting mean line.

Material
Condition

Peat MossBlack ShaleAlum Shale
OxicAnoxicOxicAnoxicOxicAnoxic

4

3
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1.
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By Material



Table 41 Summarized results for paired t test.

Material Hypothesis Result



Table 42. Summarized results for Tukey test.

Comparison Hypothesis Result

4.5 Experiment two: Leaching experiments on thin section for
weathering process analysis



4.5.1 Sample characterization: Before treatment

4.5.1.1 Digital Autoradiography

Figure 85 Radiograph for thin section sample showing two areas of interest: Area 1 and Area

2.

4.5.1.2 Environmental Electron Microscopy EDX ESEM



Figure 86 Electron Microscope Image using BEI mode of Area 2, magnification 105 X. (left).

Electron Microscope Image using SEI mode of Area 2 (right). Magnification 105 X. Profiles for

LA ICP MS are visible.



Figure 87 Electron microscope general scan mapping image of Area 2, using BEI mode.

Figure 88 Electron microscope sum spectrum of Area 2, corresponding to Figure 35.



Figure 89 Electron microscope image of area 2 using BEI mode. The figure shows the position

of the point spectra performed on the zone.

Figure 90 Spectrum corresponding to Spectrum 9 position in Figure 37. This spectrum shows

the presence of uranium, thorium and zirconium in the sample.



Figure 91 Electron microscope image of area 2, using BEI mode. The image shows the

position of different point spectra performed on the sample.

Figure 92 Spectrum corresponding to Spectrum 9 position in Figure 55. This spectrum shows

the presence of uranium in the sample.



4.5.1.3 Micro X ray Diffraction and Micro X ray Fluorescence

Figure 93 Micro XRD. Diffractogram of the thin section sample. The graph shows no mineral

phases detected but rather an amorphous background.



Figure 94 Micro X ray Flouresence analysis. The image shows the presence of K K edge , Ca K
edge. Ti K edge and V K edge in the thin section sample.



4.5.1.4 Laser Ablation Inductive Coupled Plasma Mass Spectrometry LA ICP
MS

Figure 95. Electron Microscope ESEM image showing the location of the analyzed sites with

LA ICP MS, image taken in BEI mode. The circles represent the craters and the horizontal

marks, the lines. From Left to right: Crater 1 corresponding to Depth Profile 1, Crater 2

corresponding to Depth Profile 2 and Crater 3 corresponding to Depth Profile 3 and top to

bottom, Line 1 corresponding to Surface Profile 1, Line 2 corresponding to Surface Profile 2

and Line 3 corresponding to Surface Profile 3.



Figure 96. LA ICP MS Depth Profile 1. General profile for all elements is displayed. The y axis,

referes to a logarithmic transformation of the normalized counts of these values.
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Figure 97. LA ICP MS Surface Profile 1. General profile for all elements is displayed. The y

axis, Normalized Counts* refers to a logarithmic transformation of these values.
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4.5.2 Leaching Solutions Analysis



Figure 98 Leaching Experiment. Time Series for Major Elements Al, S, Mn and Fe and Minor

Elements V, Ni, Cu and Zn against leaching time in hours

Figure 99 Leaching Experiment. Leaching percentage for Major Elements Al, S, Mn and Fe and

Minor Elements V, Ni, Cu and Zn against leaching time in hours.
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Figure 100 Leaching Experiment. Time Series for Trace Elements Pb, Sn, Cd, Mo, As, Co and Cr

and Radionuclides Th and U concentrations in leaching solution. Leaching time in hours.

μg
/L

Leaching Time

Time Series foTrace Elements and Radionuclides



Figure 101 Leaching Experiment. Leaching percentage for Trace Elements Pb, Sn, Cd, Mo, As,

Co and Cr and Radionuclides U and Th against leaching time in hours.

4.5.3 Sample characterization: After treatment with EDX ESEM

%

Le
ac
hi
ng

ti
m
e

Leaching Experiment Trace Elements and Radionuclides



Figure 102 Elemental mapping and sum spectra for site of interest in Area 2. Image shows

the elemental mapping for Al, Si, S, K, Fe, Ca. The bottom left image BEI mode image from the

same area as the elemental map. Intensity on bright areas reflect on the intensity of energy

given by the element in question.



Figure 103 After treatment characterization. Electron Image after 10 days of leaching time

BEI mode, magnification 85x (left) and Electron Image after 22 days of leaching time BEI

mode, magnification 85x (right). Weathering signs are visible as black “cracks” on the

material.



Figure 104 Electron Image after 10 days of leaching time BEI mode, magnification 1200x

(right) and Electron Image after 22 days of leaching time BEI mode, magnification 800x.

Weathering signs are visible as black “cracks” on the material.



5 Conclusions
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Appedix A – XRD Analyses





Appendix B – Principal Component Analyses
Principal Component Analysis for Bioavailable Fractions.

PCA analysis for Bioavailable Fractions, all materials.

Table 43 Proportion of description of PC1, PC2 and PC3

Principal
Component Proportion Cumulative

PCA analysis for Bioavailable Fraction in Alum Shale.

Table 44 Proportion of description of PC1, PC2 and PC3

Principal
Component Proportion Cumulative



Score Plot and Loading Plot for Bioavailable Fraction Alum Shale

Figure 105 Score Plot for Bioavailable Fraction Alum Shale

Figure 106. Loading Plot for Bioavailable Fraction Alum Shale
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PCA analysis for Bioavailable Fraction in Black Shale

Table 45 Proportion of description of PC1, PC2 and PC3

Principal
Component Proportion Cumulative

Score Plot and Loading Plot for Bioavailable Fraction Black Shale

Figure 107 Score Plot for Bioavailable Fraction Black Shale.
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Figure 108and Loading Plot for Bioavailable Fraction Black Shale.

PCA analysis for Bioavailable Fraction in Peat Moss

Table 46 Proportion of description of PC1, PC2 and PC3

Principal
Component Proportion Cumulative
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Score Plot and Loading Plot for Bioavailable Fraction Peat Moss

Figure 109. Score Plot Bioavailable Fraction Peat Moss

Figure 110 Loading Plot for Bioavailable Fraction Peat Moss
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Appendix C

Johnson transformation for data normalization done in PC1

Figure 111. Johnson transformation done in PC1 from the bioavailable fractions in order to
perform inferential statistics.
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Appendix D
General Mapping and Sum Spectra for Sample Characterization of
Thin Section

Figure 112. Electron microscope general scanmapping image of Area 1 using BEI mode.

Figure 113. Sum spectrum of scanmapping for Area 1. Corresponding to Figure 45.



Figure 114. Electron microscope image of area 2, using BEI mode. Spectrum 13 corresponds

to one spectra taken from the violet area (wizard selection of area based on a specific grey

scale).

Figure 115. Spectrum corresponding to Spectrum 13 position in Figure 53. This spectrum

shows the presence of uranium in the sample.
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