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ABSTRACT 

 

 River sediment, transfer metals, nutrients and pollutants from various sources and 

tributaries within a catchment, and deposit sediment whenever the flow rate of water is low. 

Multi-element fingerprinting technique could provide detailed information regarding the element 

concentrations in the sediment deposits and riparian soil. 

 During summer 2011 riparian soil and sediment samples were collected from the Red, 

Sheyenne, James, Missouri and Little Missouri Rivers in North Dakota to evaluate the suitability 

of multi-element fingerprinting method to assess the element variations.  

 During summer 2012, sediment deposits from the Red, Sheyenne and Turtle Rivers were 

collected to study the tributary contributions (Sheyenne and Turtle) to the elements with the 

emphasis on selenium and cadmium in the Red River. At the Little Missouri five tributaries were 

sampled to study the tributary contributions to the uranium concentrations. This study showed 

statistically significant variations in element concentrations between and within these rivers 

  



 

iv 

 

 

ACKNOWLEDGMENT 

 

I would like to thank my advisors Drs. Donna Jacob and Marinus Otte for their great 

amount of support and contribution both to my educational and my personal life. Working with 

Wet Ecosystem Research Group under your provision was such an incredible experience. Thanks 

to my committee members Drs. Larry Cihacek and Edward Shawn Dekeyser for their advice and 

for proofreading my dissertation. I would like to thank Mike Ell and North Dakota Department 

of Health. 

This project was supported by EPA-DoH project FAR 0017348. Thanks to Drs. Craig 

Stockwell and Wendy Reed, the Environmental Conservation Sciences Program and the 

Department of Biological Sciences for their support.  

 I am very thankful to my colleagues and friends in Wet Ecosystem Research Group who 

assisted me with various aspects of my project: Post Doc: La Toya Kissoon. Graduate Students: 

Alex Yellick, Dimuthu Wijeyaratne, Alex Stalboerger, Carrie Werkmeister-Karki, Khurram 

Sheikh. I truly enjoyed every minute of lab work and field work, gatherings, meetings, and have 

learnt a lot from all of you. Undergraduate Students: Aude Monthean, John Schmidt, Emily 

Fischbach, Hannah Passolt, Candace Craft, Alex Hoehle, Ryan Sullivan, Nicholas Peterson, 

Yiqing Xu, Bryan Marquardt. Thanks to Larry Swenson in the Soil Testing Laboratory for letting 

me use his laboratory for loss-on-ignition analysis. 

Thanks to my family members and specially my mother, for her unconditional love and 

support and encouragement that is always with me even though we are thousands of miles away. 

Thanks to my husband Arash, for believing in me and for being such an amazing friend and 

partner and for his endless support during all these years. 

 



 

v 

 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................. iii 

ACKNOWLEDGMENT .............................................................................................................. iv 

LIST OF TABLES ....................................................................................................................... ix 

LIST OF FIGURES ...................................................................................................................... xi 

CHAPTER 1. GENERAL INTRODUCTION .............................................................................. 1 

1.1. Abstract ........................................................................................................................ 1 

1.2. Multi-element analysis and sediment fingerprinting ................................................... 3 

1.3. Riparian wetlands: functions and primary productivity............................................... 3 

1.4. Importance of sediment deposition .............................................................................. 4 

1.5. Studies on element accumulation in river sediments and riparian wetlands ............... 5 

1.6. Sediment source tracing ............................................................................................... 7 

1.7. Aims, hypothesis and objectives of the project ........................................................... 7 

1.8. Thesis outline ............................................................................................................. 12 

1.8.1. Chapter 2- Multi–element concentrations in riparian wetlands of North 

Dakota ........................................................................................................ 12 

1.8.2. Chapter 3- Sediment source tracing at the Red River using multi-element 

fingerprinting approach .............................................................................. 12 

1.8.3. Chapter 4- Sediment source tracing at the Little Missouri River, using      

the multi- element fingerprinting approach ................................................ 13 

CHAPTER 2. MULTI-ELEMENT CONCENTRATIONS IN RIPARIAN WETLANDS OF 

NORTH DAKOTA ..................................................................................................................... 14 

2.1. Abstract ...................................................................................................................... 14 

2.2. Introduction ................................................................................................................ 14 

2.3. Materials and methods ............................................................................................... 17 

2.3.1. Study area.................................................................................................... 17 

2.3.2. Sample collection ........................................................................................ 18 

2.3.3. Sampling preparation .................................................................................. 20 

2.3.4. Loss-on-ignition .......................................................................................... 21 



 

vi 

 

2.3.5. Particle size analysis ................................................................................... 21 

2.3.6. Soil pH ........................................................................................................ 21 

2.3.7. Multi-element analysis ................................................................................ 22 

2.3.8. Data analysis ............................................................................................... 22 

2.4. Results ........................................................................................................................ 23 

2.4.1. Variations in LOI, particle size (f<63 µm), and pH at each of the rivers ... 23 

2.4.2. Analysis for multiple elements and development of fingerprints ............... 24 

2.4.3. Element variation at each of the rivers ....................................................... 25 

2.5. Discussion .................................................................................................................. 35 

2.5.1. Particle size, organic matter and pH variations between and within the 

rivers ........................................................................................................... 35 

2.5.2. Differences between the rivers based on the multi-element variations  

within the rivers, ND .................................................................................. 36 

2.6. Conclusion ................................................................................................................. 38 

CHAPTER 3. SEDIMENT SOURCE TRACING AT THE RED RIVER USING THE  

MULTI-ELEMENT FINGERPRINTING APPROACH ............................................................ 39 

3.1. Abstract ...................................................................................................................... 39 

3.2. Introduction ................................................................................................................ 40 

3.3. Materials and methods ............................................................................................... 41 

3.3.1. Study area.................................................................................................... 41 

3.3.2. Sample collection ........................................................................................ 42 

3.3.3. Sample preparation, Loss-on-ignition, particle size analysis, and soil pH . 44 

3.3.4. Data analysis ............................................................................................... 44 

3.4. Results ........................................................................................................................ 48 

3.4.1. Particle size (f<63 µm), pH, and LOI at the Red River .............................. 48 

3.4.2. Analysis for multiple elements and development of fingerprints for the   

Red River .................................................................................................... 49 

3.4.3. Analysis for multiple elements at the Sheyenne tributary .......................... 49 

3.4.4. Percentage sediment contribution from the Sheyenne tributary ................. 54 



 

vii 

 

3.4.5. Analysis for multiple elements at the Turtle tributary ................................ 55 

3.4.6. Percentage sediment contribution from the Turtle tributary ....................... 57 

3.4.7. Percentage contribution of cadmium and selenium from Turtle and 

Sheyenne Rivers ......................................................................................... 58 

3.5. Discussion .................................................................................................................. 60 

3.5.1. Sediment contributions from tributaries to the Red River .......................... 61 

3.5.2. Tributary contributions to the Se and Cd concentrations at the Red River 63 

3.6. Conclusion ................................................................................................................. 64 

CHAPTER 4. SEDIMENT SOURCE TRACING AT THE LITTLE MISSOURI RIVER, 

USING THE MULTI-ELEMENT FINGERPRINTING APPROACH ...................................... 66 

4.1. Abstract ...................................................................................................................... 66 

4.2. Introduction ................................................................................................................ 66 

4.3. Materials and methods ............................................................................................... 68 

4.3.1. Study area.................................................................................................... 68 

4.3.2. Sample collection ........................................................................................ 68 

4.3.3. Particle size, Loss-on-ignition, pH analysis, sample preparation and  

multi-element analysis. ............................................................................... 71 

4.3.4. Data analysis ............................................................................................... 71 

4.4. Results ........................................................................................................................ 71 

4.4.1. Particle size (f<63 µm), pH and LOI at the Little Missouri River .............. 71 

4.4.2. Variations in multiple-elements and uranium along the Little Missouri 

River ........................................................................................................... 72 

4.4.3. Mean Percentage sediment contribution from tributaries ........................... 75 

4.4.4. Percentage contribution of tributaries to the uranium concentrations at  

the Little Missouri River ............................................................................ 76 

4.5. Discussion .................................................................................................................. 78 

4.5.1. Percentage uranium contribution from tributaries to the Little Missouri 

River ........................................................................................................... 80 

4.6. Conclusion ................................................................................................................. 83 

 



 

viii 

 

CHAPTER 5. GENERAL DISCUSSION AND FINAL CONCLUSIONS ............................... 84 

5.1. Differences between the rivers, based on multi-element variation within the rivers. 84 

5.2. Similarities between the rivers with regards to the biogeochemistry of riparian 

sediment ..................................................................................................................... 86 

5.3. Tributary contributions and source-sink relationships ............................................... 88 

5.4. Recommendations and implications .......................................................................... 93 

5.5. Future studies ............................................................................................................. 93 

5.5.1. Multi-element concentrations in riparian wetlands (water, soil, plant) ...... 94 

5.5.2. Multi-element concentrations in riparian wetlands (the effect of    

hydrologic pulsing) ..................................................................................... 94 

REFERENCES ............................................................................................................................ 96 

APPENDIX ............................................................................................................................... 110 

 

 

  



 

ix 

 

LIST OF TABLES 

Table  Page 

1.1. Evidence of the element accumulation by riparian sediment and plants ................................. 6 

1.2. Studies on wetlands and rivers with the application of sediment source tracing ..................... 9 

2.1. Coordinates of the sampling sites along the Red, Sheyenne, James, Missouri and Little 

Missouri Rivers. The sampling sites along each river were named A, B, C, and D. Site A  

is always furthest upstream and site D is furthest downstream. ............................................ 20 

2.2. Range, Mean and p-value for LOI, percentage particle size (f<63 µm (%)) and pH within  

the Red, Sheyenne, James, Missouri and Little Missouri rivers (n=20) and between all of  

the rivers in North Dakota (n=100). ...................................................................................... 23 

2.3. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the  

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Red River (n=5 at  

each site). Elements that significantly (p< 0.05) vary between the sites are in bold. ............ 26 

2.4. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the  

sites (A (furthest upstream), B, C, D (furthest downstream) of the Sheyenne River (n=5  

at each site). Elements that significantly (p< 0.05) vary between the sites are in bold. ........ 28 

2.5. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment in the  

sites (A (furthest upstream), B, C, D (furthest downstream)) of the James River (n=5 at  

each site). Elements that significantly (p<0.05) vary between the sites are in bold. ............. 30 

2.6. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the  

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Missouri River (n=5  

at each site). Elements that significantly (p<0.05) vary between the sites are in bold. ..........32 

2.7. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the  

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Little Missouri River 

(n=5 at each site). Elements that significantly (p<0.05) vary between the sites are in bold. 33 

3.1. Coordinates of the sampling sites along the Red River, ND (A (furthest upstream), B, C,  

D, E, F, G (furthest downstream)). ........................................................................................ 43 

3.2. Mean concentration (µmol g-1) ± standard deviation of elements at the sampling sites ((A 

(furthest upstream), B, C, D, E, F, G (furthest downstream)) (n=5) along the Red River. ... 51 

3.3. Mean element concentration (µmol g-1) ± standard deviation of elements at the   Sheyenne 

River and upstream and downstream of the confluence of the Red River and Sheyenne 

River. For each row data presented by different superscripts are significantly different  

from each other (ANOVA, p<0.05; Tukey’s pairwise comparisons, p<0.01). Elements  

that show significant variations between the sites are in bold. .............................................. 53 

 



 

x 

 

3.4. Mean element concentration (µmol g-1 ) ± standard deviation at the Turtle River and 

upstream and downstream of the confluence of the Red River and Turtle River. Elements 

that show significant variation between the sites are in bold (ANOVA, p<0.05). For each 

row different letters are significantly different from each other Tukey’s pairwise 

comparisons, p <0.01). .......................................................................................................... 56 

4.1. Coordinates of the depositional sites (A (furthest upstream) B, C, D, E, F, G (furthest 

downstream) along the Little Missouri River in North Dakota. ............................................ 71 

4.2. Element concentrations ± standard deviation at the sampling sites (A (furthest upstream), B, 

C, D, E, F, G (furthest downstream)) along the Little Missouri River. Element with 

significant variations between the sites are in bold. Values are in µmolg-1 unless  

otherwise stated. .................................................................................................................... 73 

4.3. Mean sediment contribution from upstream and tributary, mean concentration of uranium  

in the tributary and upstream sediments of the Little Missouri River, and calculated 

percentage contribution of uranium from tributaries. Tributaries are shown as A(furthest 

upstream) B, C, D, E, F(furthest downstream). ..................................................................... 78 

4.4. Lignite present in states of South Dakota, North Dakota and Montana with the  

percentage uranium content. .................................................................................................. 83 

5.1. Results of two years of study on riparian sites and river sediments, showing the multi- 

element variation (p<0.05) in riparian sediments along Red, Sheyenne, James, Missouri, 

Little Missouri Rivers (2011) and in depositional sediments along Red and Little  

Missouri Rivers in (2012) (n=20 at each river). .................................................................... 85 

5.2. Elements with highest mean concentrations (µmol g-1) (n=20 at each river) in the riparian 

sediments along the Red, Sheyenne and James rivers. .......................................................... 86 

5.3. Elements with highest mean concentrations (µmol g-1) (n=20 at each river) in the riparian 

sites along the Little Missouri and Missouri rivers. .............................................................. 87 

5.4. Cd and Se concentrations in the sediment (µmol g-1) of the Turtle and Sheyenne Rivers 

(measured in this study) and at the Turtle and Souris (measured by Wijeyaratne  

et al 2011). ............................................................................................................................. 90 

 

  



 

xi 

 

LIST OF FIGURES 

Figure  Page 

2.1. Map showing the general location of the rivers in North Dakota, USA. Sampling sites  

along the Red, Sheyenne, James, Missouri, and Little Missouri rivers  are shown as A 

(furthest upstream), B, C, D (furthest downstream) (n=4 at each river). .............................. 19 

2.2. Mean particle size (f<63 µm) at the Red, James, Sheyenne, Missouri and Little Missouri 

rivers (n=20 at each river)...................................................................................................... 24 

2.3. Relationships between Ca and Mg in riparian floodplain soils of the Red, Sheyenne,  

James, Missouri and Little Missouri rivers (n=100) in North Dakota. .................................. 25 

2.4. Multi-element fingerprints of sediment from the Red River site A (south). Elements are 

ordered from high to low mean concentrations (n=20). ........................................................ 26 

2.5. Mean concentration of Fe in the sediments at the sampling sites (n=5 at each site) of    the 

Red River. The concentrations significantly increase (p<0.05) from Upstream (site A) to 

Downstream (Site D). ............................................................................................................ 28 

2.6. Mean concentration ± standard deviation (n=20 at each river) of Pb, U and Cd at the Red, 

Sheyenne, James, Missouri and Little Missouri rivers in North Dakota. .............................. 38 

3.1. Map showing the general location of the Red, James, Missouri and Little Missouri Rivers, 

tributaries (Sheyenne and Turtle) and the sampling sites (A (furthest upstream), B, C, D,  

E, F, G (furthest downstream) along the Red River in North Dakota. .................................. 42 

3.2. Sampling plan for the Red River. Tributaries were sampled at three locations and 

downstream of the confluence and inside tributary and from the first 100 m distance (five 

replicates at each location). .................................................................................................... 45 

3.3. Mean and standard deviation of (a) particle size (f<63µm %) and (b) LOI (OM %) at the 

Red River sites (A (furthest upstream), B, C, D, E, F, G (furthest downstream)) (n=5). 

Different letters above the bars indicate significant  

differences between the sites (p<0.01). ................................................................................. 50 

3.4. Percentage sediment contribution from the Sheyenne River to the Red River, the elements 

are ordered from low to high based on their percentage contribution. Red Lines show the 

percentage contributions between 0-100 percent. ................................................................. 55 

3.5. Percentage sediment contribution to the elements from Turtle tributary to the Red River,  

the elements are ordered from low to high based on their percentage contribution. Red  

Lines show the percentage contributions between 0-100 %. ................................................. 58 

3.6. Mean element concentration (µmol g-1) ± standard deviation of (a) Cd and (b) Se at the 

depositional sites (A (furthest upstream), B, C, D, E, F, G (furthest downstream)),  

Sheyenne and Turtle tributaries and downstream locations on the Red River (n=55) .......... 59 

 



 

xii 

 

 

 

4.1. Map showing the uranium deposits in western North Dakota (shapes with white out lines 

that have been put into blue frames for more visibility) and location of sampling sites (A 

(furthest upstream) B, C, D, E, F, G (furthest downstream)) along the Little Missouri  

River. Various colors on the base map show the different surface geologic units. Map  

after Murphy (2007). ............................................................................................................. 70 

4.2. Variation in mean percentage particle size (f<63 µm) at the sampling sites (n =5) (A 

(furthest upstream) B, C, D, E, F, G (furthest downstream)) along the Little Missouri. ....... 72 

4.3. Example showing the percentage contribution of elements from the tributary sediments  

of site A to the Little Missouri River. Percentage contributions are ordered from low  

to high. ................................................................................................................................... 75 

4.4. Percentage contribution of sediments± % 95 confidence interval from the tributaries  

(A (furthest upstream), C, D, E, F (furthest downstream)) to the Little Missouri River. ...... 76 

4.5. Uranium concentrations (nmol g-1) upstream and downstream of the confluence of 

tributaries (A (furthest upstream), C, D, E, F (furthest downstream)) with the Little  

Missouri River (n=5). Different letters above the bars shows the significant variations at 

each tributary and the upstream and downstream locations (this does not include the  

comparisons between the tributaries) (p<0.01). .................................................................... 77 

5.1. Conceptual diagram of the factors (land use/soils, geology) that influence the 

biogeochemistry (element and particle size variation) of the riparian sediments in North 

Dakota (Red, Sheyenne, James, Missouri and Little Missouri Rivers). ................................ 89 

5.2. Major source-sink relationships: (a) tributaries might/ might (shown as question mark) not 

act as sources for the river sediments (left and right arrows outside of the edge of the river  

in downstream are the symbol for other unidentified sources) and (b) tributaries act as one  

of the sources for the river sediments. ................................................................................... 92 

  



   

 

1 

 

CHAPTER 1. GENERAL INTRODUCTION 

1.1. Abstract 

 Riparian wetlands are unique and important ecosystems that trap sediment, improve 

water quality, and provide habitat for many species of plants and animals. Riparian wetlands act 

as sources, sinks, or filters for sediments. Sediments in moving waters transfer nutrients, metals, 

and contaminants from different locations within the catchment and deposit whenever the flow 

rate of water is slow. Interactions between plants and sediment and element uptake by riparian 

plants are controlled by factors such as element composition and concentrations, particle size, 

and organic matter content of the sediments. 

Geology and land use significantly varies in North Dakota, with bedrock in the west 

consisting of clay, sand stone, and uranium-bearing lignite, and in the east silty clay remaining 

from Lake Agassiz. These two regions consist of two very different catchment areas for rivers 

and riparian wetlands. Geochemistry is also impacted by geology and land use, and element 

patterns reflect these changes and impact the riparian wetlands flora and fauna (Moyle 1945; 

Newton et al. 1987; Nilsson and Håkanson 1992; Fraterrigo and Downing 2008). One of the first 

steps to monitor the riparian ecosystems in North Dakota is to study the element concentrations 

in riparian sediment, since 1) elements could be exchanged and transported along the rivers 

through sediment-water reactions (Jaynes and Carpenter 1986; Weis and Weis 2004; Nurminen 

and Horppila 2009), and they 2) represent a variety of sources and activities related to each 

region. 

Currently techniques such as the three-tiered approach tested for Prairie Potholes in North 

Dakota (Hargiss 2009) and the methods used in the National Wetland Condition Assessment 
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(NWCA) are approved and being applied for wetland condition assessment. These methods have 

demonstrated that significant links and correlations exist between element composition of 

wetlands, plant communities and wetland conditions. For example, Hargiss (2009) investigated 

the condition of wetlands based on an Index of Plant Community Integrity (IPCI). IPCI is the 

method for quantitative assessment of wetland quality and categorizing them into five groups 

(Very good, Good, Fair, Poor, and Very poor) in the Prairie Pothole Region.  

Following by these studies, Otte et al. (2010) sampled 20 in wetlands in the PPR, and these 

wetlands were previously sampled and studied for the Index of Plant Community Integrity (IPCI) 

(Hargiss 2009). Also the number of wetlands sampled was relatively small, Otte et al. (2010) 

discovered that wetlands in very good condition usually had significantly higher concentrations 

of uranium and lower concentrations of arsenic (Yellick 2013).          

Study of the element composition of riparian sediments in North Dakota with the multi-

element fingerprinting method (concentrations of different elements and metals in 

soil/sediment/plant samples even at very small amounts are measured with the multi-element 

analysis) will provide important results and knowledge: 1) for monitoring riparian wetland 

characteristics and 2) about the variation in properties that could be due to different land use and 

geology. Sediment fingerprinting also 3) could give us valuable information regarding possible 

tributaries and sources within a catchment that contribute to the concentrations of particulate 

elements or pollutants, 4) support the design and implementation of sediment control strategies 

in a relatively fast and cost effective way and 5) help us in development of a technique for 

condition assessment of riparian wetlands in North Dakota. 
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1.2. Multi-element analysis and sediment fingerprinting 

Researchers have carried out studies on sediment chemistry of rivers (Wall and Wilding 

1976; Peart and Walling 1986). In particular to the studies on riparian wetlands and rivers multi-

element analysis has been used to study the element accumulation in wetland plants and riparian 

sediments (Bonanno and Giudice 2010; Wijeyaratne 2011; Wang et al. 2009). Sediment 

fingerprinting could give us valuable information regarding possible sources within a catchment 

that contribute to contaminants or elements with exceeding levels, and also support the design 

and implementation of sediment control strategies. 

1.3. Riparian wetlands: functions and primary productivity 

Riparian wetlands are wetlands adjacent to rivers and streams, and they usually occur as 

an ecotone between aquatic and non-aquatic ecosystems with distinct soil characteristics and 

vegetation communities (Mitsch et al. 2009). Riparian wetlands are some of the most diverse and 

dynamic parts of the landscape (Swanson et al. 1988). The abundance of water and fertile soils 

are characteristics that make riparian ecosystems different from other ecosystems (Brinson et al. 

1981).  

Periodic flooding usually results in a higher productivity in number of ways, including: 

1. Provides enough water for the vegetation, and results in productivity in riparian 

ecosystems. 

2. Supplies nutrients and results in changes in soil chemistry of riparian wetlands. These 

changes include sulfate reduction, nitrification, and iron plaque formation. 

3. The flooding and flushing also results in transformation and translocation of many 

contaminants like methane, litter and roots in riparian wetlands, (Mitsch et al. 2009). 
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Stream riparian zones have a potential to regulate energy and material fluxes between dry 

land and aquatic ecosystems (Gregory et al.1991; Naiman and Decamps 1997). Riparian 

wetlands play many important roles, including stream stabilization (Osborne and Kovacic 1993), 

temperature regulation of streams (Gray and Eddington 1969), retention and filtration of 

nutrients (Vought et al. 1994), provision of different habitats (Sparks 1995), and adjustment of 

ecosystem (Wiens et al. 1985). Mostly the proof for effectiveness of riparian wetlands in 

improving water quality and removing chemicals been based on the sediment and chemical 

concentrations in the sediment (Kitchens et al. 1975; Knight et al. 1987; Phillips 1989; Hupp et 

al. 1993; Mitsch et al. 2009). Both natural and constructed wetlands are used for treatment of 

wastewater and rehabilitation of mine wastes (McCabe and Otte 2000). The role of riparian 

zones in the removal of nitrates from subsurface flows contaminated by agriculture and other 

human activities has received particular attention (Gilliam 1994; Hill 1996; Casey and Klaine 

2001). Many studies have shown high reduction in NO3 concentrations along groundwater flow 

paths beneath riparian wetlands (Lowrance et al. 1984; Peterjohn and Correll 1984; Haycock and 

Burt 1993; Hill 1996). 

1.4.  Importance of sediment deposition 

Most rivers have three main zones: 1) erosion, 2) storage and transport, 3) sediment 

deposition. In the deposition zone, sediment deposition is greater than erosion. The sediment 

deposition zone usually begins to support plant communities. After being stabilized a riparian 

wetland could be formed in the sediment deposition zone, and riparian vegetation constantly 

interacts with the elements and nutrients present in the sediment (Mitsch et al. 2009). Riparian 

plants acquire most of their nutrients from the sediment and the water column (Barko and Smart 
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1980; Barko et al. 1991; Clarke and Wharton 2001). Wetland ecosystems are important sediment 

traps. Riparian wetlands are known to be sinks for sediment, metals, and nutrients (Gorham et al. 

1984).  

The importance of suspended sediment in the transport of contaminants and nutrients, 

such as phosphorus, metals, and pesticides, through aquatic systems is known (Shear and Watson 

1977; UNESCO 1983; Allan 1986; Collins et al. 1996; Warren et al. 2003; Dirszowsky 2004). 

As a result of the persistence and low solubility of almost all the contaminants in water they are 

adsorbed on clay particles and finally accumulate in sediments (Kang et al. 2000; Wiberg and 

Harris 2002). Sediment deposition in riparian wetlands concentrates many nutrient, pollutants 

and toxic metals through sorption mechanisms (Hart 1982; Bastian and Benforado 1987; Clausen 

and Johnson 1990). Riparian and River sediment usually consists of various aluminum and irons 

oxides and hydroxides which might increase the ability of sediments to carry and release variety 

of chemicals (Skopp and Daniel 1987). Therefore sediments other than being the carriers and 

accepters of contaminants when deposited could act as another contamination sources (Lee et al. 

2003; Simpson et al. 2004; Atkinson et al. 2007).  

1.5. Studies on element accumulation in river sediments and riparian wetlands 

A number of studies on the accumulation of different elements and mostly metals in 

deposited or suspended sediment of natural riparian wetlands, and water of the rivers and lakes 

were carried out (Table 1.1).  

 They found and supported the fact that riparian wetlands have a large capacity to retain 

heavy metals and other contaminants from upland and river water. These studies also 
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demonstrated that in order to understand and address different conditions in riparian ecosystems, 

one of the first steps is to assess the element composition in the sediment or water. 

Table 1.1. Evidence of the element accumulation by riparian sediment and plants. 

 
 

Author Elements Sample/Location

Rybicka et al. 2005
As, Cd, Cr, Cu, Hg, Fe, Mn, 

Ni Pb, Zn

Suspended particulate matter and sediments/Odra 

river 

Diagomanolin et al. 

2004
Cr, Cu, Ni Water/Karoon River (Iran)

Overesch 2007 As, Cd. Cr, Ni, Pb, Zn Sediment and plant/ Central Elbe River (Germany)

Galicki et al. 2008  As, P, Pb
open water during remobilization events/ Sky Lake 

Mississippi River (USA)

Liu et al. 2008 Cr, Cu, Ni, P, Zn Riparian sediment/Moshui lake (China) 

Reczynski et al. 2010
As, Ca, Cd, Cr, Fe, K, Mg, 

Mn, Na, Pb, Zn 
Dobczyce Reservoir (South Poland) 

Wang et al. 2011
Ce, Dy, Er, Gd, Ho, La, Lu 

Nd, Pr, Sm, Tb,Tm, Yb, Y
Riparian sediment/Xianghai (China)

Zhang et al. 2012 Cd, Cr, Cu, Ni, Pb, Zn Soil, water and plants/Pearl River (South China)

Summary of Studies on element accumulation in riparian sediments/plant, and  river waters/suspended 

sediment
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1.6. Sediment source tracing 

Sediments act as both carriers and potential sources of pollutants in rivers and streams 

(Förstner and Müller 1974). The suspended sediment transported by a stream or a river 

represents a mixture of sediment derived from different locations and sources that contribute to 

the concentrations in the catchment. Different sources such as a small area of a catchment with a 

particular rock type or land use could be the main source for a particular element or the 

suspended sediment. Or in some catchments, sheet and rill erosion or gully erosion are the main 

sources for the suspended sediment (Collins and Walling 2002).  

Source tracing and fingerprinting techniques (ICP-MS and ICP-OES) have now been 

used in many studies (Table 1.2) to provide accurate and reliable information on suspended 

sediment sources. Their application is becoming more and more accepted as a cost effective and 

unique method for providing information on catchment suspended sediment sources. Many 

different physical and chemical properties have been successfully used to discriminate potential 

sediment sources in drainage basins, including mineralogy (Klages and Hsieh1975; Johnson and 

Kelley 1984), sediment chemistry (Wall and Wilding 1976; Peart and Walling, 1986), mineral 

magnetism (Oldfield et al. 1979) and environmental radionuclides (Walling and Woodward 

1992; He and Owen and Otton 1995).  

The approach has been applied in both small and large river basins (Russell et al. 2001) 

and for understanding the contribution of possible sources, such as tributaries.  

1.7. Aims, hypothesis and objectives of the project 

Field studies and laboratory experiments were designed to assess each of our hypotheses 

and the specific objectives of this project were to: 
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a. To assess the biogeochemical behavior of elements in sediments of the selected areas 

of the Red, Sheyenne, James, Missouri and Little Missouri rivers. 

b. To assess the spatial variation in element concentrations and link them to the geology 

and land use patterns. 

c. To study and investigate the contributions of the tributaries to the element 

concentrations. 

d. The suitability of multi-element fingerprinting method to study the riparian wetlands 

and their condition. 

In this study it was hypothesized that: 

1. Element composition of the river sediments would reflect the geology and land use of 

the study area. 

2. Fingerprints would be significantly different between the rivers, especially major rivers 

such as Red and Little Missouri.  

3. Fingerprints would differ and might show interesting patterns, at each river between 

upstream to downstream. 

4. Tributaries passing through different areas, contribute to the concentrations of certain 

elements in the rivers. 

5. The element concentrations depend on the properties of the sediments, such as particle 

size and organic matter content. 

6. The fingerprints of the tributaries, upstream and downstream areas of the tributary- 

river confluence would be different from each other. 
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Table 1.2. Studies on wetlands and rivers with the application of sediment source tracing. 

Authors Technique Description of the study 

 Bai et al. 

2010 
ICP-OES 

Concentrations of elements in samples collected from three 

different sampling sites in China (uncultivated wetland, cultivated 

wetland and cultivated wetland after abandonment) were measured. 

It was concluded that some metal concentrations were impacted by 

land use changes in the area and some metals will be released after 

reclamation while for cultivated wetlands metal concentrations will 

increase and wetland becomes a sink after abandonment. 

Botes and 

Staden  

2007 

ICP-OES 

Trace metal content in river sediments and water samples was 

measured using ICP-OES analysis for the Olifants River and the 

Crocodile River (Gauteng Province). Results showed that some 

trace elements present in sediments had high concentrations. 

Results for both rivers demonstrated that a significant number of 

elements were present in water samples in different concentrations. 

Collins et 

al. 1996 
ICP-MS 

Suitability of multi-element fingerprinting to address the possible 

sources for the suspended sediments in the Exe and Severn rivers in 

UK was assessed. Different sections of the catchment were sampled 

as a possible source; A mixing model has then been successfully 

used to calculate the relative contributions from the various sub-

basin type spatial sources, using the composite signatures 

identified. 
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Table 1.2. Studies on wetlands and rivers with the application of sediment source tracing 

(Continued). 

Authors Technique Description of the study 

Collins 

et al. 

1997 

ICP-MS 

In the Dart and Plynlimon catchments, UK, sediment source types 

were evaluated using the mean contributions and variations in the 

relative contributions of surface erosion. Many sources were 

identified for different land use categories and channel erosion. This 

study also demonstrated that sediment source tracing techniques 

could be applied for identifying sources within the catchment. 

Dirszowsk

y 2004 
ICP-MS 

Bed material was examined in the upper Fraser River drainage basin 

to address the sources of sediments in the river. It was concluded 

that conservative mixing estimates based on composite fingerprints 

show that the Moose River sub-basin contributes disproportionately 

to the <63 µm and coarser grained bed material load of the upper 

Fraser River near Moose Lake, also glaciers were important in 

generating fine and stream sediments that explain the bedrock 

distribution. 

N'guessan 

et al. 2009 
ICP-MS 

Major and trace elements in the Gascogne region (France) were 

collected from three main river basins. Eight elements that might be 

harmful (As, Cd, Co, Cr, Cu, Ni, Pb and Zn), four reference 

elements for normalization (Al, Cs, Fe and Sc) and four major 

elements (CA, Mg, Mn and P) were considered to study the 

influence of agricultural activities on the element concentrations.  
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Table 1.2. Studies on wetlands and rivers with the application of sediment source tracing 

(Continued). 

 Authors Technique  Description of the study 

Stutter 

et al. 

2009 

ICP-MS 

The goal of this study was to assess the accuracy and convenience of 

sediment fingerprinting as a method to identify the possible sources 

in the catchment. Samples were collected from stream suspended 

particulate matter, bed sediments and soils in a small agricultural 

catchment in Scotland and major elements (Al, Ca, Fe, K, Mg, Mn, 

Na, P, Si, Ti) and trace elements (Ba, Be, Ce, Co, Cr, Mo, Nd, Pb, 

Sr, Th, V, Y, Zn). Results demonstrated that fingerprinting could be 

applied as a tool to investigate the sources for sediment in the 

catchment. It also showed that elements such as P influence the 

water quality when bed sediments are interacting with lower flowing 

waters. 

Wijeyar

atne. 

2011 

ICP-MS 

In this study sediments from the turtle and Souris rivers (North 

Dakota) were collected from the river and its tributaries to 

investigate the sources of the sediments within the catchment. 

Results demonstrated that there was a significant variation in 

element concentration at Turtle River and sediment fingerprinting 

could be successfully used to identify the possible sources of 

sediments in these rivers 
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1.8. Thesis outline 

The first chapter consists of a general introduction (Chapter 1) to review the literature 

relevant to the study. The three chapters following the introduction include the methods and 

results of my field and lab work. The final chapter is a general discussion (Chapter 5) and 

conclusions with regards to the findings in this research. 

1.8.1. Chapter 2- Multi–element concentrations in riparian wetlands of North Dakota 

The lab and field work studies were conducted to investigate the use of concentrations of 

multiple elements in riparian soil/sediments to develop multi-element fingerprints for monitoring 

the element compositions in rivers and riparian wetlands in North Dakota. Four sampling sites 

each were selected along the Red, James, Sheyenne, Missouri and Little Missouri rivers and  the 

samples collected from riparian sediment were analyzed for multi-element concentrations to 

study the variations in the multi-element fingerprints between the rivers and within each river, 

pH, LOI and particle size (f<63µm). 

1.8.2. Chapter 3- Sediment source tracing at the Red River using multi-element 

fingerprinting approach 

In this chapter the aim was to identify the possible sources and tributaries that contribute 

the most to the cadmium and selenium concentrations at the Red River using the sediment 

fingerprinting method and a sediment source tracing technique which was based on the linear 

mixing assumption. Five sites and two tributaries along the Red River were sampled and the 

samples collected from sediment deposits were analyzed for multi-element concentrations to 

study the element variations along the Red River and pH, LOI and particle size (f<63µm). 
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Percentage contributions from tributaries to the element concentrations at the Rivers were 

calculated using a linear mixing model. 

1.8.3. Chapter 4- Sediment source tracing at the Little Missouri River, using the multi- 

element fingerprinting approach 

 

In this chapter the aim was to identify the possible sources and tributaries that contribute 

the most to the uranium concentrations at the Little Missouri River. Little Missouri River and its 

tributaries are known to intercept uranium-rich lignite (Murphy, 2007; Denson and Gill 1955; 

Denson et al. 1954). Five tributaries and  two sites along the Little Missouri River and the 

samples collected from sediment deposits were analyzed for multi-element concentrations, pH, 

LOI and particle size (f<63µm). Percentage contributions from tributaries to the element 

concentrations at the Rivers were calculated using a linear mixing model.  
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CHAPTER 2.  MULTI-ELEMENT CONCENTRATIONS IN RIPARIAN WETLANDS 

OF NORTH DAKOTA 

2.1. Abstract 

 
As they flow through the landscape, rivers in North Dakota, U.S.A., encounter a diverse 

geology and landscape. River sediments represent different sources within the catchment, and 

make up the substrate for riparian wetlands. In this study, sediment deposits from the Red, 

James, Sheyenne, Missouri, and Little Missouri rivers were sampled in order to investigate the 

element concentrations and their distribution in sediments that interact with riparian vegetation 

using the multi-element fingerprinting method. Four locations were sampled along each of the 

rivers, and sediment was analyzed for multiple elements using Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS). This study showed there was significant variation in element 

concentrations in the sediments between and within these rivers. Organic matter and pH did not 

correlate significantly with element concentrations. Particle size, on the other hand, played an 

important role in element distribution for the Red, James, and Sheyenne rivers. The Red River 

had the highest and the Little Missouri had the lowest proportion of particles smaller than 63 µm. 

This study showed the multi-element fingerprinting method could be applied to study element 

distributions and concentrations. 

2.2. Introduction 

Riparian wetlands are wetlands adjacent to rivers and streams, and they usually occur as 

an ecotone between aquatic and dry land ecosystems with distinct soil characteristics and 

vegetation communities (Mitsch et al. 2009) and are some of the most diverse and dynamic parts 
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of the landscape (Swanson et al. 1988). Variation, richness, and abundance of species tend to be 

greater in riparian wetlands than in adjacent ecosystems (Odum 1979). Riparian wetlands act as 

important sinks for metals from river water or from the greater watershed by the process of 

element uptake by plants, deposition, and sedimentation (Gorham et al. 1984; Du Laing et al. 

2009; Niu et al. 2009). Mitsch (1995) presented that a riparian wetland’s ability to accumulate 

metals depends on many factors including water, sediment, and plants via chemical, physical, 

and biological processes A number of studies have shown accumulation of metals in natural 

riparian wetlands (Johns 1995; Diagomanolin et al. 2004; Helios et al. 2005; Overesch et al. 

2007; Galicki et al. 2008; Liu et al. 2008; Reczynski 2010; Bai et al. 2011; Wang et al. 2011; 

Zhang et al. 2012). Although they are such diverse, productive and important environments only 

a little is known about riparian sediments and questions exist regarding the impacts of 

urbanization, mining, and other human-related activities on riparian wetland conditions, element 

compositions in riparian sediment, and their adaptations to different geology and landscape.  

 Sediments are an important source of information regarding the geology of the region 

and the magnitude of human-associated environmental contaminants. Urban riparian sediments 

are influenced mostly by human and urban related activities varying from metal contamination to 

agricultural amendments producing runoff waters loaded with fertilizers. In rivers, metals and 

many elements are predominantly transported while sorbed to sediments (Elder 1987). 

Moreover, once deposited in overbank systems, sediments provide long-term storage for metals 

in the environment (Spencer and MacLeod 2002) and usually physical and chemical 

characteristics of the sediment reflect the source. Few studies focus on riparian and river 

sediments in order to assess the concentrations of metals or nutrients (Johns 1995; Diagomanolin 

et al. 2004; Overesch 2007; Galicki et al. 2008; Wang et al. 2011).   



   

 

16 

 

North Dakota has diverse riparian wetland habitats, from the flat land of the Red River 

valley in the East to the steep gradients and narrow channels of the Little Missouri in the West. 

Riparian wetlands in North Dakota are found in a variety of landscapes and geologic conditions, 

but only a few studies address their characteristics and differences. In order to understand these 

systems, one of the first steps is to assess the element composition at each river. Multi-element 

fingerprinting is a technique that identifies the specific patterns of chemical element distribution 

and provides a sediment profile specific to each site and river. Other researchers have carried out 

studies on sediment chemistry of rivers (Wall and Wilding 1976; Peart and Walling 1986). 

Sediment profiles could be used for sediment source tracing and further studies on control and 

management strategies within a catchment. This information could also lead to valuable results 

for assessing and monitoring riparian wetland condition.  

This study was carried out to evaluate the concentrations and distribution of multi-

elements in riparian wetlands of the Red, Sheyenne, James, Missouri, and Little Missouri rivers 

in large scale for the first time in North Dakota, USA, to use and to evaluate the suitability of the 

multi-element fingerprinting method for monitoring riparian wetlands. It was hypothesized that 

1) element fingerprints would significantly vary between the rivers due to the variation in 

geology in North Dakota, and 2) at each river element fingerprints would reflect the land use in 

the area. For example, the Red and Sheyenne rivers flow through agricultural lands and runoff 

waters entering these rivers were expected to show high concentrations of nutrients and elements 

found in fertilizers, such as cadmium. At the Little Missouri and Missouri rivers mining activities 

such as coal mining are dominant and the concentrations of metals such as uranium and lead 

were expected to be higher compared to the other rivers.  
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2.3. Materials and methods 

2.3.1. Study area 

The Red River, a relatively flat lake plain of the former Lake Agassiz (formed from melt 

waters of an ice sheet), flows through many agricultural and urban areas in the United States and 

Canada. The Red is about 885 km long and flows northward. The river spreads into the deltaic 

wetland named Netley Marsh after passing through Lake Winnipeg in Canada. When Lake 

Agassiz drained 9,500 years ago, the Red River was formed with the parent material from 

lacustrine soils precipitated at the bottom of the former Lake Agassiz (Anderson et al., 1984). 

The Sheyenne River is 951 km long, and is one of the major tributaries of the Red River 

in eastern North Dakota. The River starts its journey north of McClusky, North Dakota and 

generally flows to the east, near McVille it turns south, and after passing through Griggs and 

Barnes counties the river turns northeastward again. Sheyenne River picks up the clay and silty-

clay soil of the Red River Valley after Lisbon, and passes through the Sheyenne National 

Grassland (USGS 2012). 

 The James River is 1,143 km long and is one of the tributaries of the Missouri River in 

North Dakota, draining from the states of South Dakota and North Dakota. The river begins in 

northwestern North Dakota and flows to northeastern South Dakota and enters the Missouri 

River (USGS 2013). 

 The Missouri River is a major waterway of the central United States and the longest river 

in North America. The Rocky Mountains of western Montana are where the river begins and 

from there the Missouri River flows east and south for 4, 090 km and passes through states of 

Montana, North and South Dakota, Nebraska and Missouri before joining the Mississippi River. 

http://en.wikipedia.org/wiki/Griggs_County,_North_Dakota
http://en.wikipedia.org/wiki/Barnes_County,_North_Dakota
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The Little Missouri River is 901 km long and is a tributary of the Missouri River in the 

Northern Great Plains in western North Dakota. The Little Missouri starts in western Crook 

County, Wyoming, and flows northeastward through the southeastern corner of Montana and the 

northwestern corner of South Dakota. From the Badlands in South Dakota, the Little Missouri 

flows north into North Dakota. In North Dakota the river passes through both units of Theodore 

Roosevelt National Park, and in north unit flows east to Lake Sakakawea, and finally enters the 

Missouri River in the town of Killdeer. The Little Missouri flows through many different 

sedimentary deposits from the Paleocene, including sandstone and lignite coal (Murphy 2007). 

2.3.2. Sample collection 

 
Using topographic maps and satellite images of North Dakota, four depositional sites 

with vegetation were selected at each river (Figure 2.1). Further investigation was done on site to 

verify each site represents a natural riparian wetland. Indicators of wetlands, including hydric 

soil and hydrophyte vegetation were noted and the coordinates were recorded. The site was 

selected for even distribution within North Dakota so that along each river it was possible to 

study the changes in sediment element composition. At each river, the four sampling sites were 

designated A, B, C, and D, with the site A always the most upstream and site D always the most 

downstream (Table 2.1). 

Sediment samples were collected (June through September 2011) so that they 1) 

represented the soil interacting with the riparian vegetation, and 2) were close enough to the river 

to represent the sediments carried by the water. Samples of the top soil (maximum depth 15 cm) 

among the riparian vegetation were collected along a transect perpendicular to the river. The first 
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sample was collected 5 m from the water’s edge, and then the other four samples were collected 

at additional 2 m intervals.  

The five samples, considered replicates along this transect, represent sediments deposited 

recently and wetland soils sample were collected by inverting a plastic zip-lock bag to grab the 

sample that was dug using a spade, then folding it back over the sample to prevent any 

contamination. The sealed bags were stored in a cooler with ice until they were brought to the 

laboratory. 

 
Figure 2.1. Map showing the general location of the rivers in North Dakota, USA. Sampling 

sites along the Red, Sheyenne, James, Missouri, and Little Missouri rivers  are shown as A 

(furthest upstream), B, C, D (furthest downstream) (n=4 at each river). 

At the Red and Sheyenne rivers all of the sampling sites were flooded, however the edge 

of the river, at normal river height, and the riparian zone by the river was identified and then 

samples were collected under the water at these flooded sites. 
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2.3.3. Sampling preparation  

To preclude contamination during sample collection and transport, the clump of soil was 

cut and the interior was saved. At the flooded sites also the same procedure was applied and the 

soil under the water was taken out using a spade and the interior was saved. Samples were dried 

at 60 °C until they reached a constant weight, then homogenized with a mortar and pestle, first 

passed through a 2 mm mesh and afterwards sieved through a 63 µm sieve. 

Table 2.1. Coordinates of the sampling sites along the Red, Sheyenne, James, Missouri and 

Little Missouri Rivers. The sampling sites along each river were named A, B, C, and D. Site A is 

always furthest upstream and site D is furthest downstream. 

  

River Site Coordinates

A (47°21'6.18"N, 96° 50'31.98"W)

Red B (47°16'1.03"N, 96° 50'7.40"W)

C (48°35'15.99"N, 97° 8'28.46"W)

D (48°47'17.69"N, 97° 9'19.03"W)

A (47°49'39.85"N, 99°12'53.77"W)

Sheyenne B (46°57'49.66"N, 98°2'28.45"W)

C (46°56'55.10"N, 96°54'34.35"W)

D (46°24'3.19"N, 97°29'56.38"W)

A (47°43'55.60"N, 99°17'55.86"W)

James B (46°36'5.84"N,  98°33'34.77"W)

C (46°19'15.52"N ,98°15'54.83"W)

D (46° 3'46.54"N, 98° 8'45.05"W)

A (47°14'54.91"N, 101°13'23.84"W)

Missouri B (47° 9'11.02"N, 100°57'25.24"W)

C (47°17'28.34"N, 101° 3'12.18"W)

D (46°43'26.41"N, 100°46'49.13"W)

A (46°18'13.52"N, 103°54'48.27"W )

Little Missouri B (46°54'53.56"N, 103°31'53.20"W)

C (47° 9'25.77"N, 103°33'40.80"W)

D (47°31'4.75"N, 103°37'1.02"W)
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2.3.4. Loss-on-ignition 

 
 Loss-on-ignition (LOI) was used to measure organic matter content of the sediments. 

After the crushed samples were passed through the 2 mm mesh, a subsample of approximately 

15 g was dried at 105 °C in ceramic crucibles for two hours. The dry weight (Wd) of these 

samples was recorded, and then the samples were combusted to ash at 360 °C for another two 

hours in a Sybron Thermolyne muffle furnace (Sparks 1995). The weight of the remaining ash 

(Wa) was also recorded. The percentage of LOI, or percentage organic matter content, was 

calculated as [(Wd-Wa)/Wd]*100].  

2.3.5. Particle size analysis 

 The ash remaining after measurement of LOI was used for determination of the fraction 

of particles smaller than 63 µm (f<63 µm), because this fraction is an important indicator for 

trace element-sediment chemistry in river sediments (Horowitz and Elrick 1987). The ash was 

used in order to avoid overestimation due to presence of organic matter. The initial dry weight of 

the ash was recorded (Wi) and then the samples were wet sieved through a 63 µm sieve using the 

tap water. The material remaining on the sieve was collected onto a pre-weighed Whatman  No.1 

filter paper, then oven dried at 60 °C and the dry weight was recorded  (Wr). The percentage of 

particles smaller than 63 µm was calculated as [(Wi-Wr)/Wi]*100].   

2.3.6. Soil pH 

After samples were passed through a 2 mm mesh, pH was measured using a VWR 

Symphony SP90M5 Handheld Multimeter. Approximately 5 g of soil sample was used to 

determine the soil pH in a 1:2 soil: water ratio (Gavlak et al. 2003). The pH meter was calibrated 

at the beginning of the measurements and after every 25 samples to reduce errors. 
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2.3.7. Multi-element analysis 

The samples (-63 µm sieved) were sent to Activation Laboratories Ltd., Ontario, Canada, 

to be analyzed for multiple elements using the group UT-2 Analytical Package. At Activation 

labs a 500 mg sample was digested at 90 °C in aqua regia in a microprocessor-controlled 

digestion block for two hours. The solution was then diluted and analyzed by Inductively 

Coupled Plasma Mass Spectrometer (ICP-MS) with very low detection limits.  Detection limits 

as reported by Activation Laboratories Ltd in µmol/g: Ag 0.00002, Al 3.70, As 0.001, Au 

0.000003, B 0.09, Ba 0.0007, Be.0 01, Bi 0.0004, Ca 2.45, Cd 0.0004, Ce 0.0006, Co 0.001, Cr 

0.009, Cs 0.2, Cu 0.001, Dy 0.0006, Er 0.0006, Eu 0.0007, Fe 1.79, Ga 0.0003, Gd 0.0006, Ge 

0.001, Hf 0.0006, Ho 0.0006, In 0.0002, K 2.55, La 0.0036, Li 0.014, Lu 0.0006, Mg 4.11, Mn 

0.018, Mo 0.0001, Na 0.43, Nb 0.0011, Nd 0.14, Ni 0.0017, P 0.32,  Pb 0.0009, Pr 0.0007, Rb 

0.001, Re 0.005, S 0.30, Sb 0.0001, Sc 0.002, Se 0.001, Sm 0.0006, Sn 0.0001, Sr 0.0057, Ta 

0.0005, Tb 0.0006, Te 0.003, Th 0.0004, Ti 2.08, Tl 0.00009, Tm 0.0006, U 0.0004, V 0.019, W 

0.005, Y 0.0001, Yb 0.0005, Zn 0.0015, Zr 0.0011. 

2.3.8. Data analysis 

 The sediment element concentrations for Au, Ge, Hf, Ta, Te, and W were below 

detection limits for all rivers, therefore those elements will not be discussed further. Minitab® 16 

statistical software was used for data analysis. All data were log-transformed prior to analysis in 

order to obtain homogeneity of variance. Pearson’s correlation analysis was performed to test the 

relationships between element concentrations, LOI, and pH. A one-way ANOVA (p-value<0.05)  

(General Linear Model) was used for comparison between the rivers and also and a one-way 

ANOVA for each river separately was used for comparison of sites along each river.. Pearson’s 
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correlations were considered statistically significant if r ≥ 0.707. These correlations explain 50% 

or more variation (McClave and Sincich 2006).   

2.4. Results 

2.4.1. Variations in LOI, particle size (f<63 µm), and pH at each of the rivers  

Results for LOI, particle size, and pH are given in Table 2.2. LOI and pH did not show 

significant variation within or between the rivers. Particle size (f<63 µm) varied significantly 

within each river except for the Little Missouri River.  

Except for the James River, the average proportion of small particles (f<63 µm) showed 

an increasing trend from west to east in North Dakota in the order 

Red<James<Sheyenne<Missouri <Little Missouri (Figure 2.2). LOI, pH and elements did not 

show significant correlations for any sites or rivers. 

Table 2.2. Range, Mean and p-value for LOI, percentage particle size (f<63 µm (%)) and pH 

within the Red, Sheyenne, James, Missouri and Little Missouri rivers (n=20) and between all of 

the rivers in North Dakota (n=100). 

 
 

range mean p- value range mean p- value range mean p  value

 Red 0.7- 9.2 3.3 0.63 38.1-99.4 73.6 0 6.6-8.2 7.6 0.81

Sheyenne 0-10.4 3.1 0.25 27.7- 100 64.5 0 6.6-7.9 7.4 0.12

James 1.0- 8.2 2.8 0.2 34.1-75 70 0 7.0-8.1 7.5 0.26

Missouri 0.1-10.1 3.1 0.8 21.5- 100 55.3 0 7.0-8.2 7.6 0.06

Little 

Missouri
3.1-5.6 2.3 0.16 21.6-100 51.5 0.33 6.6-8.4 7.4 0.13

All rivers 0-10.4 2.9 0.59 21.5-100 63 0.01 6.6-8.4 7.5 0.09

River
LOI

(% OM)

Particle size

f <63 µm (%)
pH
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2.4.2. Analysis for multiple elements and development of fingerprints 

Based on the results from the ANOVA analysis on the element concentrations rivers, Al, 

B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Ga, Ho, K, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, 

P, Pr, Rb, Re, S, Sm, Sn, Sr, Th, Ti, U, V, Y, Yb, and Zn showed statistically significant 

variation between the rivers (p<0.05). 

 Among the elements which showed significant variation between the rivers, elements B, 

Bi, Ca, Cd, Cr, Ga, K, Li, Mn, Sn, V and Zn showed highest mean (n=20 at each river) 

concentrations at the Red, Sheyenne and James Rivers in eastern North Dakota, and elements Ba, 

Ce, Cs, Eu, La, Mo, Sm and Th showed highest concentrations at the Little Missouri and 

Missouri Rivers in western North Dakota.  

 
Figure 2.2. Mean particle size (f<63 µm) at the Red, James, Sheyenne, Missouri and Little 

Missouri rivers (n=20 at each river).  

Many elements showed significant correlations with each other (e.g. Al and Li, Be and 

Ba, Cr and Al, Fe and Al, Ca and Mg…) over all of the rivers) (r≥0.707). As an example Ca and 

Mg (n=100) are shown in Figure 2.3.  
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A higher range of concentrations for both elements was recorded at the Red and James in 

eastern North Dakota while there was a lower range for both at the Missouri and Little Missouri 

rivers. 

 
Figure 2.3. Relationships between Ca and Mg in riparian floodplain soils of the Red, Sheyenne, 

James, Missouri and Little Missouri rivers (n=100) in North Dakota. 

2.4.3. Element variation at each of the rivers 

  Red River 

An example of a fingerprint prepared for Red River site A is given in Figure 2.4. Similar 

fingerprints were prepared for all of the other sites at the Red River. The mean concentrations of 

elements ± standard deviation at the four sampling sites along the Red River are given in Table 

2.3. For elements Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mn, Ni, P, Pb, Rb, S, Sc, 

Se, Sn, Ti, V, Zn and Zr concentrations significantly varied (p <0.05) between the four sampling 

sites. 
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 Of these elements, Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Ni, Pb, Rb, Sc, Se, 

Zn, and Zr showed an increasing pattern as the river flows from upstream (site A, south) to 

downstream (site D, north) in Pembina where the Red River enters Canada.  

 
Figure 2.4 Multi-element fingerprints of sediment from the Red River site A (south). Elements 

are ordered from high to low mean concentrations (n=20).  

Table 2.3. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the 

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Red River (n=5 at each site). 

Elements that significantly (p< 0.05) vary between the sites are in bold.  

 

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

C
a

M
g

A
l

F
e K P

M
n S

N
a T
i B L
i

V
B

a
Z

n
S

r
C

r
N

i
R

b
C

u
C

e
C

o
L

a Y
N

d S
c

Z
r

B
e

A
s

G
a

P
b

P
r

E
u

T
h

G
d

D
y

C
s

S
e

E
r u

S
n

Y
b

C
d

m
o

H
o

T
b

N
b T
i

A
g

T
m B

i
L

u
S

b In S
m R
e

Element

Ag 0.0007 ± 0.0005 0.0009 ± 0.0004 0.0011 ± 0.0003 0.0010 ± 0.0007

Al 465 ± 35 552 ± 95 688 ± 70 815 ± 138
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B 4.31 ± 0.7 4.74 ± 0.9 4.59 ± 0.4 4.98 ± 0.6
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Be 0.064 ± 0.00 0.073 ± 0.01 0.093 ± 0.01 0.102 ± 0.01
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Table 2.3. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the    
sites (A (furthest upstream), B, C, D (furthest downstream)) of the Red River (n=5 at each site) 
(continued). 

 

 Figure 2.5 shows an example of the increasing concentration of elements along the Red 

River. Concentrations of Fe significantly vary (p<0.05) along the four sampling sites at the Red 

River, and upstream (site A) has the lowest concentration and downstream (site D) has the 

highest concentrations. 

Element

Fe 306 ± 18 346 ± 55 380 ± 35 421 ± 59

Ga 0.052 ± 0.003 0.063 ± 0.010 0.079 ± 0.009 0.092 ± 0.01

Gd 0.024 ± 0.003 0.023 ± 0.004 0.023 ± 0.003 0.025 ± 0.004

Ho 0.003 ± 0.0003 0.003 ± 0.0005 0.003 ± 0.0000 0.003 ± 0.0005

In 0.174 ± 0.000 0.209 ± 0.048 0.261 ± 0.000 0.314 ± 0.048

K 54.7 ± 7 65.0 ± 13 84.9 ± 12 98.7 ± 17

La 0.165 ± 0.03 0.157 ± 0.02 0.151 ± 0.01 0.158 ± 0.02

Li 1.90 ± 0.10 2.24 ± 0.23 2.84 ± 0.20 3.13 ± 0.38

Lu 0.001 ± 0 0.001 ± 0.0003 0.001 ± 0.0003 0.001 ± 0.0003

Mg 890 ± 155 932 ± 167 839 ± 116 938 ± 96

Mn 11.62 ± 2 15.26 ± 4 14.14 ± 1 19.55 ± 2

Mo 0.002 ± 0.002 0.002 ± 0.002 0.002 ± 0.002 0.004 ± 0.004

Na 12.8 ± 4 13.7 ± 4 12.9 ± 2 13.9 ± 3

Nb 0.005 ± 0.001 0.004 ± 0.002 0.005 ± 0.003 0.003 ± 0.001

Nd 0.145 ± 0.02 0.138 ± 0.02 0.134 ± 0.01 0.140 ± 0.02

Ni 0.357 ± 0.03 0.382 ± 0.06 0.472 ± 0.03 0.554 ± 0.07

P 24.9 ± 1.142 25.4 ± 1.748 23.6 ± 0.604 23.6 ± 0.604

Pb 0.050 ± 0.005 0.053 ± 0.006 0.079 ± 0.01 0.070 ± 0.006

Pr 0.041 ± 0.007 0.039 ± 0.006 0.038 ± 0.003 0.039 ± 0.004

Rb 0.220 ± 0.02 0.271 ± 0.05 0.343 ± 0.05 0.387 ± 0.06

Re 0.008 ± 0.003 0.015 ± 4.49E-03 0.010 ± 0.004 0.018 ± 0.005

S 20.6 ± 4 21.6 ± 4 13.1 ± 1 14.7 ± 4

Sb 0.001 ± 0.0005 0.001 ± 0.0006 0.001 ± 0.0004 0.001 ± 0.0004

Sc 0.073 ± 0.01 0.088 ± 0.02 0.099 ± 0.01 0.117 ± 0.02

Se 0.006 ± 0.002 0.008 ± 0.001 0.009 ± 0.002 0.009 ± 0.002

Sm 0.260 ± 0.03 0.250 ± 0.04 0.250 ± 0.02 0.260 ± 0.03

Sn 0.006 ± 0.0003 0.007 ± 0.002 0.009 ± 0.001 0.008 ± 0.001

Sr 0.772 ± 0.08 0.834 ± 0.15 0.791 ± 0.05 0.784 ± 0.10

Tb 0.0030 ± 0.001 0.0030 ± 0.001 0.0030 ± 0.0003 0.0031 ± 0.0004

Th 0.026 ± 0.005 0.024 ± 0.003 0.021 ± 0.003 0.026 ± 0.003

Ti 7.10 ± 1.1 7.10 ± 1.1 6.27 ± 0 6.27 ± 0

Tl 0.0009 ± 0.0001 0.0010 ± 0.0002 0.0013 ± 0.0003 0.002 ± 0.0003

Tm 0.0011 ± 0.0003 0.0011 ± 0.0003 0.0012 ± 0 0.001 ± 0

U 0.007 ± 0.001 0.007 ± 0.001 0.008 ± 0.001 0.008 ± 0.001

V 1.01 ± 0.1 1.18 ± 0.2 1.39 ± 0.1 1.65 ± 0.2

Y 0.145 ± 0.01 0.150 ± 0.02 0.151 ± 0.01 0.154 ± 0.01

Yb 0.005 ± 0.001 0.006 ± 0.001 0.006 ± 0.001 0.006 ± 0.001

Zn 0.934 ± 0.05 1.11 ± 0.14 1.36 ± 0.16 1.34 ± 0.15

Zr 0.073 ± 0.02 0.077 ± 0.02 0.091 ± 0.03 0.106 ± 0.03

Site A Site B Site C Site D
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Figure 2.5. Mean concentration of Fe in the sediments at the sampling sites (n=5 at each site) of    

the Red River. The concentrations significantly increase (p<0.05) from Upstream (site A) to 

Downstream (Site D). 

 Sheyenne River 

The mean concentrations of elements ± standard deviation at the four sampling sites 

along the Sheyenne River are given in Table 2.4. The mean concentrations of  As, Ca, Cd, Co, 

Er, Eu, Gd, Ho, La, Li, Mg, Mn, Na, Nb, Nd, Ni, P, Pr, S, Sb, Sm, Th, Ti, U, V, Y showed 

statistically significant variation between the four sampling sites of the Sheyenne River (p 

<0.05). 

Table 2.4. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the 

sites (A (furthest upstream), B, C, D (furthest downstream) of the Sheyenne River (n=5 at each 

site). Elements that significantly (p< 0.05) vary between the sites are in bold.  
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Ag 0.0005 ± 0.00003 0.001 ± 0.0001 0.001 ± 0.0004 0.001 ± 0.0003

Al 582 ± 76 582 ± 64 566 ± 50 503 ± 80

As 0.050 ± 0.005 0.068 ± 0.015 0.088 ± 0.013 0.107 ± 0.018

B 5.64 ± 0.4 5.35 ± 0.4 4.66 ± 0.7 4.98 ± 1.0
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Table 2.4. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the   
sites (A (furthest upstream), B, C, D (furthest downstream) of the Sheyenne River (n=5 at each 
site) (continued). 

 

Element

Ba 1.146 ± 0.6 1.758 ± 0.1 1.438 ± 0.2 1.435 ± 0.2

Be 0.080 ± 0.01 0.071 ± 0.01 0.080 ± 0.00 0.073 ± 0.01

Bi 0.001 ± 0.010 0.001 ± 0.0001 0.001 ± 0.0001 0.001 ± 0.0001

Ca 685 ± 68 974 ± 46 1046 ± 159 1209 ± 189

Cd 0.003 ± 0.0005 0.002 ± 0.0004 0.004 ± 0.0005 0.004 ± 0.0006

Ce 0.253 ± 0.04 0.345 ± 0.02 0.298 ± 0.03 0.359 ± 0.05

Co 0.138 ± 0.02 0.195 ± 0.03 0.175 ± 0.02 0.201 ± 0.03

Cr 0.49 ± 0.03 0.48 ± 0.04 0.53 ± 0.04 0.50 ± 0.1

Cs 0.007 ± 0.001 0.009 ± 0.001 0.009 ± 0.002 0.009 ± 0.002

Cu 0.240 ± 0.02 0.245 ± 0.03 0.259 ± 0.03 0.251 ± 0.04

Dy 0.015 ± 0.002 0.019 ± 0.001 0.017 ± 0.002 0.018 ± 0.002

Er 0.007 ± 0.0007 0.009 ± 0.0003 0.008 ± 0.0009 0.009 ± 0.0012

Eu 0.022 ± 0.003 0.029 ± 0.002 0.025 ± 0.002 0.030 ± 0.004

Fe 347 ± 41 321 ± 29 330 ± 34 321 ± 51

Ga 0.063 ± 0.005 0.058 ± 0.008 0.063 ± 0.006 0.054 ± 0.008

Gd 0.021 ± 0.003 0.028 ± 0.001 0.024 ± 0.003 0.028 ± 0.004

Ho 0.003 ± 0.0003 0.004 ± 0.0000 0.003 ± 0.0003 0.003 ± 0.0003

In 0.226 ± 0.048 0.226 ± 0.048 0.226 ± 0.048 0.209 ± 0.048

K 78.8 ± 12 82.4 ± 6 73.7 ± 12 72.1 ± 15

La 0.129 ± 0.02 0.172 ± 0.01 0.151 ± 0.02 0.184 ± 0.03

Li 2.44 ± 0.12 2.02 ± 0.17 2.26 ± 0.17 1.80 ± 0.29

Lu 0.001 ± 0.0003 0.001 ± 0 0.001 ± 0.0003 0.001 ± 0.0003

Mg 475 ± 46 523 ± 8 634 ± 75 651 ± 72

Mn 12.8 ± 3 72.3 ± 13 34.0 ± 7 46.6 ± 7

Mo 0.002 ± 0.002 0.000 ± 0.000 0.001 ± 0.001 0.002 ± 0.001

Na 36.5 ± 6 30.9 ± 5 19.3 ± 3 13.8 ± 3

Nb 0.009 ± 0.001 0.004 ± 0.001 0.003 ± 0.001 0.003 ± 0.001

Nd 0.117 ± 0.01 0.155 ± 0.01 0.134 ± 0.01 0.162 ± 0.02

Ni 0.336 ± 0.04 0.583 ± 0.08 0.532 ± 0.07 0.647 ± 0.11

P 26.8 ± 0.995 33.5 ± 1.104 27.8 ± 0.823 29.5 ± 0.587

Pb 0.056 ± 0.007 0.060 ± 0.009 0.054 ± 0.004 0.056 ± 0.006

Pr 0.033 ± 0.004 0.044 ± 0.003 0.038 ± 0.004 0.046 ± 0.007

Rb 0.300 ± 0.05 0.274 ± 0.02 0.276 ± 0.04 0.246 ± 0.05

Re 0.014 ± 0.005 0.011 ± 0.004 0.012 ± 0.004 0.008 ± 0.003

S 94.8 ± 75 42.4 ± 12 21.9 ± 1 14.4 ± 2

Sb 0.001 ± 0.0003 0.001 ± 0.0003 0.001 ± 0.0005 0.001 ± 0.0006

Sc 0.076 ± 0.01 0.074 ± 0.01 0.083 ± 0.01 0.074 ± 0.02

Se 0.0098 ± 0.001 0.0095 ± 0.002 0.010 ± 0.003 0.0095 ± 0.002

Sm 0.221 ± 0.03 0.290 ± 0.02 0.253 ± 0.02 0.297 ± 0.04

Sn 0.005 ± 0.0004 0.005 ± 0.001 0.006 ± 0.001 0.005 ± 0.001

Sr 0.968 ± 0.09 1.184 ± 0.06 1.027 ± 0.13 1.149 ± 0.18

Tb 0.003 ± 0.000 0.004 ± 0.000 0.003 ± 0.001 0.004 ± 0.001

Th 0.015 ± 0.002 0.023 ± 0.002 0.023 ± 0.002 0.027 ± 0.004

Ti 6.27 ± 0 7.10 ± 1.1 6.27 ± 0 6.27 ± 0

Tl 0.0010 ± 0.07 0.0010 ± 0.0002 0.0011 ± 0.0001 0.0012 ± 0.0002

Site A Site B Site C Site  D



   

 

30 

 

Table 2.4. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the   
sites (A (furthest upstream), B, C, D (furthest downstream) of the Sheyenne River (n=5 at each 
site) (continued). 

 

 James River 

The mean concentrations of elements ± standard deviation at the four sampling sites 

along the James River are given in Table 2.5. The concentration of  Ba, Be, Ca, Cd, Cu, Ga, Li, 

Mg, Mn, Mo, Ni, P, Pb, Re, S, Sn, Th, Ti, U, Zn showed statistically significant variation 

between the four sampling sites of the James River (p <0.05).   

Table 2.5. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment in the 

sites (A (furthest upstream), B, C, D (furthest downstream)) of the James River (n=5 at each 

site). Elements that significantly (p<0.05) vary between the sites are in bold. 

 

Element

Tm 0.0009 ± 0.0003 0.0012 ± 0.0000 0.0012 ± 0.0000 0.0012 ± 0.0000

U 0.006 ± 0.000 0.007 ± 0.001 0.007 ± 0.001 0.008 ± 0.001

V 0.96 ± 0.1 1.22 ± 0.1 1.26 ± 0.1 1.26 ± 0.2

Y 0.141 ± 0.01 0.176 ± 0.01 0.156 ± 0.01 0.171 ± 0.02

Yb 0.006 ± 0.001 0.007 ± 0.000 0.006 ± 0.001 0.006 ± 0.001

Zn 1.26 ± 0.11 1.27 ± 0.16 1.22 ± 0.12 1.20 ± 0.18

Zr 0.079 ± 0.03 0.084 0.01 0.070 ± 0.02 0.064 ± 0.02

Site A Site B Site C Site  D

Element 

Ag 0.001 ± 0.0005 0.001 ± 0.0003 0.001 ± 0.0004 0.0004 ± 0.0002

Al 573 ± 108 500 ± 35 563 ± 109 470 ± 50

As 0.077 ± 0.03 0.051 ± 0.01 0.051 ± 0.01 0.074 ± 0.02

B 4.37 ± 0.6 4.77 ± 0.4 4.75 ± 0.5 4.22 ± 0.6

Ba 1.506 ± 0.2 0.940 ± 0.4 1.185 ± 0.4 1.656 ± 0.2

Be 0.071 ± 0.01 0.078 ± 0.01 0.091 ± 0.01 0.068 ± 0.01

Bi 0.001 ± 0.009 0.001 ± 0.007 0.001 ± 0.016 0.001 ± 0.007

Ca 1539 ± 289 712 ± 45 790 ± 100 1220 ± 387

Cd 0.003 ± 0.0003 0.002 ± 0.0002 0.003 ± 0.0004 0.002 ± 0.0003

Ce 0.288 ± 0.03 0.254 ± 0.02 0.257 ± 0.04 0.279 ± 0.03

Co 0.146 ± 0.02 0.120 ± 0.01 0.137 ± 0.02 0.146 ± 0.01

Cr 0.55 ± 0.1 0.47 ± 0.0 0.51 ± 0.1 0.45 ± 0.0

Cs 0.008 ± 0.002 0.007 ± 0.002 0.008 ± 0.003 0.006 ± 0.002

Cu 0.262 ± 0.04 0.194 ± 0.02 0.222 ± 0.03 0.207 ± 0.02

Dy 0.015 ± 0.001 0.014 ± 0.001 0.015 ± 0.002 0.015 ± 0.001

Er 0.007 ± 0.0007 0.006 ± 0.0003 0.007 ± 0.0010 0.007 ± 0.0003

Eu 0.024 ± 0.002 0.022 ± 0.001 0.023 ± 0.003 0.023 ± 0.002

Fe 357 ± 51 317 ± 27 354 ± 63 335 ± 43

Ga 0.060 ± 0.01 0.057 ± 0.01 0.062 ± 0.01 0.049 ± 0.01

Gd 0.022 ± 0.003 0.020 ± 0.002 0.021 ± 0.004 0.021 ± 0.002

Ho 0.003 ± 0.0003 0.002 ± 0.0000 0.003 ± 0.0003 0.003 ± 0.0003

Site A Site B Site C Site D
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Table 2.5. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment in the                   

sites (A (furthest upstream), B, C, D (furthest downstream)) of the James River (n=5 at each site) 

(continued). 

 
 

  Missouri River 

The mean concentrations of elements ± standard deviation at the four sampling sites 

along the Missouri River are given in Table 2.6. The concentration of Al, As, Ba, Be, Bi, Ca, Co, 

Cr, Cu, Fe, Ga, K, Li, Lu, Mg, Na, Nb, Ni, Pb, Rb, Sc, Se, V, Zn showed statistically significant 

Element 

In 0.209 ± 0.048 0.174 ± 0.000 0.203 ± 0.048 0.174 ± 0.000

K 71.1 ± 16 69.1 ± 7 79.3 ± 19 64.0 ± 11

La 0.146 ± 0.02 0.129 ± 0.01 0.131 ± 0.02 0.144 ± 0.02

Li 2.51 ± 0.33 1.82 ± 0.19 2.30 ± 0.22 1.88 ± 0.13

Lu 0.001 ± 0 0.001 ± 0 0.001 ± 0.0003 0.001 ± 0

Mg 869 ± 112 435 ± 32 507 ± 55 919 ± 209

Mn 10.3 ± 1.7 40.1 ± 6.2 26.4 ± 4.9 21.1 ± 8.4

Mo 0.002 ± 0.002 0.001 ± 0.001 0.001 ± 0.001 0.004 ± 0.001

Na 18.0 ± 3 21.2 ± 2 19.7 ± 4 15.7 ± 4

Nb 0.005 ± 0.003 0.006 ± 0.001 0.007 ± 0.001 0.006 ± 0.004

Nd 0.128 ± 0.01 0.115 ± 0.01 0.119 ± 0.02 0.125 ± 0.01

Ni 0.444 ± 0.07 0.315 ± 0.03 0.377 ± 0.06 0.416 ± 0.03

P 19.5 ± 1 27.1 ± 2 28.5 ± 2 23.4 ± 1

Pb 0.049 ± 0.004 0.060 ± 0.002 0.052 ± 0.006 0.049 ± 0.002

Pr 0.036 ± 0.004 0.033 ± 0.002 0.033 ± 0.005 0.035 ± 0.004

Rb 0.252 ± 0.05 0.241 ± 0.02 0.284 ± 0.06 0.212 ± 0.03

Re 0.006 ± 2.40E-03 0.013 ± 2.00E-03 0.017 ± 0.004 0.005 ± 0

S 18.3 ± 10 100.3 ± 13 64.1 ± 17 22.6 ± 13

Sb 0.001 ± 0.0005 0.001 ± 0.0004 0.001 ± 0.0002 0.001 ± 0.0006

Sc 0.086 ± 0.02 0.062 ± 0.00 0.076 ± 0.02 0.074 ± 0.01

Se 0.006 ± 0.002 0.008 ± 0.001 0.009 ± 0.002 0.007 ± 0.002

Sm 0.235 ± 0.02 0.217 ± 0.01 0.224 ± 0.03 0.228 ± 0.02

Sn 0.005 ± 0.001 0.007 ± 0.001 0.005 ± 0.001 0.004 ± 0.0004

Sr 0.972 ± 0.08 0.824 ± 0.05 0.899 ± 0.1 0.823 ± 0.1

Tb 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

Th 0.023 ± 0.002 0.015 ± 0.001 0.016 ± 0.002 0.021 ± 0.002

Ti 9.19 ± 1.1 6.27 ± 0.0 7.10 ± 1.1 7.94 ± 0.9

Tl 0.0013 ± 0.0002 0.0008 ± 0.0001 0.0011 ± 0.0003 0.0011 ± 0.0438

Tm 0.001 ± 0.0003 0.001 ± 0.0003 0.001 ± 0.0003 0.001 ± 0.0003

U 0.006 ± 0.000 0.005 ± 0.000 0.005 ± 0.001 0.006 ± 0.000

V 1.14 ± 0.2 1.13 ± 0.1 1.12 ± 0.2 0.96 ± 0.1

Y 0.135 ± 0.01 0.126 ± 0.00 0.137 ± 0.01 0.136 ± 0.01

Yb 0.0052 ± 0.001 0.0050 ± 0.000 0.0052 ± 0.001 0.0052 ± 0.001

Zn 0.878 ± 0.07 1.18 ± 0.09 1.23 ± 0.16 1.02 ± 0.08

Zr 0.070 ± 0.02 0.068 ± 0.01 0.065 ± 0.03 0.063 ± 0.02

Site DSite A Site B Site C
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variation between the four sampling sites of the Missouri River (p <0.05). Particle size showed 

statistically significant variation along the Missouri River. 

Table 2.6. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the 

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Missouri River (n=5 at each 

site). Elements that significantly (p<0.05) vary between the sites are in bold. 

 

Element

Ag 0.0004 ± 0.00004 0.0008 ± 0.00007 0.0005 ± 0.00001 0.0006 ± 0.00003

Al 405 ± 81 400 ± 65 484 ± 53 672 ± 132

As 0.08 ± 0.02 0.08 ± 0.01 0.10 ± 0.01 0.13 ± 0.02

B 4.1 ± 0.79 3.2 ± 0.45 3.3 ± 0.43 4.1 ± 0.67

Ba 3.0 ± 0.69 3.0 ± 0.60 3.1 ± 0.27 2.3 ± 0.31

Be 0.07 ± 0.0099 0.06 ± 0.0050 0.07 ± 0.0127 0.09 ± 0.0149

Bi 0.0005 ± 0.0001 0.0005 ± 0.0001 0.0007 ± 0.0001 0.0009 ± 0.0002

Ca 731 ± 147 635 ± 95 655 ± 80 427 ± 51

Cd 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0003 0.002 ± 0.0005

Ce 0.29 ± 0.04 0.33 ± 0.04 0.31 ± 0.03 0.36 ± 0.05

Co 0.11 ± 0.020 0.12 ± 0.018 0.13 ± 0.016 0.16 ± 0.024

Cr 0.42 ± 0.06 0.45 ± 0.06 0.46 ± 0.05 0.59 ± 0.10

Cs 0.009 ± 0.002 0.008 ± 0.002 0.010 ± 0.001 0.013 ± 0.004

Cu 0.21 ± 0.04 0.20 ± 0.01 0.24 ± 0.03 0.28 ± 0.04

Dy 0.014 ± 0.0021 0.015 ± 0.0018 0.015 ± 0.0015 0.017 ± 0.0022

Er 0.006 ± 0.0011 0.007 ± 0.0007 0.007 ± 0.0008 0.008 ± 0.0012

Eu 0.025 ± 0.004 0.026 ± 0.003 0.026 ± 0.002 0.030 ± 0.005

Fe 287 ± 53 296 ± 37 337 ± 39 417 ± 66

Ga 0.042 ± 0.0093 0.039 ± 0.0037 0.050 ± 0.0087 0.073 ± 0.0123

Gd 0.021 ± 0.0037 0.023 ± 0.0040 0.024 ± 0.0025 0.026 ± 0.0049

Ho 0.0025 ± 0.0003 0.0027 ± 0.0003 0.0027 ± 0.0003 0.0030 ± 0.0004

In 0.0002 ± 3.9E-05 0.0002 ± 0.0E+00 0.0002 ± 4.8E-05 0.0002 ± 4.8E-05

K 42 ± 9 42 ± 10 51 ± 8 72 ± 16

La 0.15 ± 0.02 0.17 ± 0.03 0.16 ± 0.02 0.18 ± 0.03

Li 1.70 ± 0.18 1.63 ± 0.09 1.84 ± 0.28 2.27 ± 0.24

Lu 0.0009 ± 0 0.0006 ± 0 0.0006 ± 0 0.0009 ± 0

Mg 522 ± 86 467 ± 51 478 ± 45 346 ± 52

Mn 5 ± 1.4 5 ± 0.8 6 ± 0.9 7 ± 2.1

Mo 0.0033 ± 0.002 0.0029 ± 0.002 0.0016 ± 0.003 0.0030 ± 0.001

Na 15 ± 4 11 ± 2 15 ± 2 23 ± 7

Nb 0.003 ± 0.001 0.006 ± 0.002 0.003 ± 0.002 0.007 ± 0.001

Nd 0.13 ± 0.02 0.15 ± 0.02 0.14 ± 0.01 0.16 ± 0.03

Ni 0.31 ± 0.06 0.32 ± 0.04 0.37 ± 0.04 0.42 ± 0.07

P 24 ± 0.37 26 ± 1.58 25 ± 0.35 25 ± 1.43

Pb 0.05 ± 0.005 0.04 ± 0.004 0.05 ± 0.005 0.06 ± 0.007

Pr 0.04 ± 0.005 0.04 ± 0.005 0.04 ± 0.004 0.05 ± 0.007

Rb 0.17 ± 0.03 0.18 ± 0.03 0.21 ± 0.03 0.27 ± 0.05

Re 5.4E-06 ± 0 7.5E-06 ± 2.941E-06 5.4E-06 ± 0 5.4E-06 ± 0

S 17 ± 3 21 ± 5 19 ± 1 18 ± 2

Site A Site B Site C Site D
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Table 2.6. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the 

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Missouri River (n=5 at each 

site) (continued). 

 

 Little Missouri River 

The mean concentrations of elements ± standard deviation at the four sampling sites 

along the Missouri River are given in Table 2.7. The concentration of Ca, Mg, and S showed 

significant variation between the sites along the river (p <0.05).   

Table 2.7. Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in the 

sites (A (furthest upstream), B, C, D (furthest downstream)) of the Little Missouri River (n=5 at 

each site). Elements that significantly (p<0.05) vary between the sites are in bold. 

 

Element

Sb 0.0012 ± 0.0005 0.0011 ± 0.0005 0.0008 ± 0.0007 0.0013 ± 0.0004

Sc 0.061 ± 0.018 0.059 ± 0.013 0.075 ± 0.015 0.098 ± 0.020

Se 0.005 ± 0.0010 0.006 ± 0.0016 0.006 ± 0.0014 0.008 ± 0.0007

Sm 0.0002 ± 3.6E-05 0.0003 ± 3.1E-05 0.0003 ± 2.1E-05 0.0003 ± 4.7E-05

Sn 0.003 ± 0.00063 0.005 ± 0.0028 0.004 ± 0.00044 0.005 ± 0.00088

Sr 1.01 ± 0.354 0.73 ± 0.087 0.85 ± 0.095 1.11 ± 0.184

Tb 0.0028 ± 0.00034 0.0029 ± 0.00056 0.0029 ± 0.00034 0.0035 ± 0.00056

Th 0.025 ± 0.0034 0.028 ± 0.0040 0.028 ± 0.0023 0.026 ± 0.0032

Ti 7.9 ± 0.9 8.4 ± 1.5 8.8 ± 0.9 8.7 ± 1.7

Ti 0.0006 ± 0.0001 0.0007 ± 0.0001 0.0007 ± 0.0001 0.0011 ± 0.0003

Tm 0.0008 ± 0.00032 0.0008 ± 0.00032 0.0009 ± 0.00032 0.0012 ± 0.00000

U 0.0048 ± 0.0009 0.0053 ± 0.0008 0.0050 ± 0.0005 0.0054 ± 0.0008

V 0.69 ± 0.12 0.73 ± 0.09 0.79 ± 0.10 0.98 ± 0.16

Y 0.13 ± 0.02 0.13 ± 0.01 0.14 ± 0.02 0.16 ± 0.02

Yb 0.0046 ± 0.0008 0.0045 ± 0.0005 0.0050 ± 0.0005 0.0060 ± 0.0008

Zn 0.83 ± 0.13 0.85 ± 0.08 0.94 ± 0.10 1.2 ± 0.16

Zr 0.062 ± 0.03 0.057 ± 0.01 0.085 ± 0.01 0.093 ± 0.04

Site A Site B Site C Site D

Element

Ag 0.0011 ± 0.0010 0.0009 ± 0.0003 0.0007 ± 0.0003 0.0008 ± 0.0001

Al 452 ± 75 505 ± 104 510 ± 102 526 ± 94

As 0.096 ± 0.03 0.093 ± 0.01 0.096 ± 0.01 0.118 ± 0.08

B 3.44 ± 0.5 3.48 ± 0.8 3.76 ± 0.6 3.57 ± 0.5

Ba 2.980 ± 0.7 2.563 ± 0.7 2.884 ± 0.5 2.549 ± 0.8

Be 0.064 ± 0.01 0.075 ± 0.01 0.080 ± 0.02 0.084 ± 0.01

Bi 0.001 ± 0.001 0.001 ± 0.001 0.001 ± 0.002 0.001 ± 0.001

Ca 1139 ± 136 1049 ± 97 765 ± 169 495 ± 179

Cd 0.002 ± 0.0003 0.003 ± 0.0006 0.002 ± 0.0003 0.002 ± 0.0006

Ce 0.320 ± 0.04 0.319 ± 0.03 0.329 ± 0.05 0.335 ± 0.05

Co 0.143 ± 0.02 0.156 ± 0.02 0.153 ± 0.02 0.182 ± 0.05

Cr 0.42 ± 0.0 0.46 ± 0.1 0.45 ± 0.1 0.53 ± 0.1

Cs 0.009 ± 0.002 0.009 ± 0.002 0.011 ± 0.003 0.010 ± 0.003

Cu 0.246 ± 0.03 0.270 ± 0.03 0.238 ± 0.03 0.256 ± 0.06

Site A Site B Site C Site D
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Table 2.7.  Mean concentration ± standard deviation of elements (µmolg-1 of dry sediment) in 

the    sites (A (furthest upstream), B, C, D (furthest downstream)) of the Little Missouri River 

(n=5 at each site) (continued). 

 

Element

Dy 0.016 ± 0.002 0.016 ± 0.002 0.016 ± 0.002 0.017 ± 0.003

Er 0.007 ± 0.0009 0.008 ± 0.0010 0.008 ± 0.0010 0.008 ± 0.0017

Eu 0.027 ± 0.003 0.027 ± 0.003 0.028 ± 0.004 0.028 ± 0.004

Fe 311 ± 41 333 ± 44 340 ± 51 438 ± 240

Ga 0.044 ± 0.01 0.055 ± 0.01 0.049 ± 0.01 0.059 ± 0.02

Gd 0.025 ± 0.004 0.025 ± 0.004 0.025 ± 0.005 0.025 ± 0.004

Ho 0.003 ± 0.0003 0.003 ± 0.0005 0.003 ± 0.0003 0.003 ± 0.0005

In 0.192 ± 0.039 0.209 ± 0.048 0.209 ± 0.048 0.209 ± 0.048

K 48.1 ± 8 57.3 ± 17 50.7 ± 11 50.7 ± 11

La 0.162 ± 0.02 0.161 ± 0.02 0.165 ± 0.03 0.168 ± 0.03

Li 1.83 ± 0.23 1.97 ± 0.26 2.03 ± 0.21 2.02 ± 0.32

Lu 0.001 ± 0 0.001 ± 0.0003 0.001 ± 0.0003 0.001 ± 0.0003

Mg 726 ± 83 655 ± 58 565 ± 100 403 ± 101

Mn 8.3 ± 1.1 13.4 ± 10.9 7.7 ± 1.2 11.8 ± 9.6

Mo 0.006 ± 0.004 0.004 ± 0.005 0.005 ± 0.002 0.007 ± 0.007

Na 22.3 ± 7 17.3 ± 2 20.5 ± 4 26.5 ± 12

Nb 0.003 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 0.003 ± 0.002

Nd 0.146 ± 0.02 0.144 ± 0.02 0.149 ± 0.02 0.150 ± 0.02

Ni 0.411 ± 0.04 0.444 ± 0.07 0.401 ± 0.05 0.476 ± 0.13

P 24.7 ± 1 24.7 ± 2 21.5 ± 1 22.8 ± 3

Pb 0.053 ± 0.01 0.058 ± 0.01 0.057 ± 0.006 0.061 ± 0.007

Pr 0.041 ± 0.005 0.040 ± 0.004 0.042 ± 0.006 0.042 ± 0.006

Rb 0.172 ± 0.03 0.208 ± 0.06 0.194 ± 0.04 0.200 ± 0.04

Re 0.005 ± 0 0.006 ± 0.002 0.008 ± 0.003 0.005 ± 0

S 11.8 ± 1 14.4 ± 3 18.3 ± 2 27.4 ± 12

Sb 0.0013 ± 0.0006 0.0011 ± 0.0007 0.0014 ± 0.0008 0.0013 ± 0.0007

Sc 0.077 ± 0.01 0.083 ± 0.02 0.080 ± 0.02 0.087 ± 0.02

Se 0.006 ± 0.001 0.006 ± 0.002 0.006 ± 0.001 0.008 ± 0.003

Sm 0.274 ± 0.03 0.271 ± 0.03 0.281 ± 0.04 0.281 ± 0.04

Sn 0.003 ± 0.0005 0.004 ± 0.001 0.004 ± 0.000 0.004 ± 0.001

Sr 0.926 ± 0.11 0.943 ± 0.08 0.811 ± 0.12 0.808 ± 0.22

Tb 0.003 ± 0.000 0.003 ± 0.001 0.003 ± 0.001 0.003 ± 0.001

Th 0.027 ± 0.003 0.028 ± 0.004 0.028 ± 0.004 0.028 ± 0.004

Ti 6.27 ± 0.0 6.27 ± 0.0 5.85 ± 0.9 7.10 ± 1.1

Ti 0.0007 ± 0.0001 0.0008 ± 0.0003 0.0007 ± 0.0002 0.0008 ± 0.0001

Tm 0.0011 ± 0.0003 0.0011 ± 0.0003 0.0009 ± 0.0003 0.0011 ± 0.0003

U 0.006 ± 0.001 0.007 ± 0.001 0.007 ± 0.002 0.006 ± 0.001

Y 0.143 ± 0.01 0.148 ± 0.02 0.149 ± 0.02 0.160 ± 0.03

Yb 0.005 ± 0.001 0.006 ± 0.001 0.006 ± 0.001 0.006 ± 0.001

Zn 0.889 ± 0.10 1.046 ± 0.20 0.955 ± 0.11 1.078 ± 0.21

Zr 0.088 ± 0.03 0.088 ± 0.02 0.088 ± 0.03 0.086 ± 0.03

Site A Site B Site C Site D
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2.5. Discussion 

2.5.1. Particle size, organic matter and pH variations between and within the rivers 

In this study particle size (f<63 µm) significantly varied between the sampling sites and 

the rivers (Figure 2.2). Particle size ranged between 2.75%- 100%. The Red River had the 

highest average proportion of small particles (f<63 µm) and the Little Missouri showed the 

lowest average. In fact, particle size (f<63 µm) showed a generally decreasing order from the 

Red River in the east to the Little Missouri River in the west. In a study by Blanchard et al. 

(2011) sediment samples collected from the Sheyenne River contained 90% fine-grained 

particles (less than 63 µm). Many other factors such as geology and clay soils of the Red River 

vally, size of watershed, flooding, and wind erosion could result in smaller particles at the Red, 

James, and Sheyenne rivers. Elements As, Al, Ba, Be, Bi, Cr, Cu, Cs, Cd, Dy, Fe, Ga, K, Li, Ni, 

Pb, Rb, Sc, Se, Ti, Zn, Zr, and V concentrations increase as the Red  River flows from upstream 

to downstream (Table 2.3). The binding area of particles is known to show a negative correlation 

with the size of particle and smaller particles (clays and silts) tend to bind more elements 

(Håkanson and Jansson 2002). It also could be that the Turtle River, which is a tributary of the 

Red River in the northeastern North Dakota, is partly fed by the Dakota aquifer, and this water is 

rich in solids, mainly carbonates and sulfates (Kelly and Paulson 1970; Rowden 2008). 

Organic matter content in sediments is one of the important factors impacting the 

concentration of elements (Otte et al. 1991; Coquery and Welbourn 1995; Rognerud and Fjeld 

2001).There were no significant correlations between element concentrations and organic matter 

content (LOI) across or between sites along the five rivers in North Dakota .  

The pH is an important factor controlling the behavior of elements especially metals in sediments 

through many different processes. A change in pH results in an increase or decrease in solubility 
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of sediment consisting metals because the capacity and ability of metal-binding by organic 

matter, clay minerals and different oxides such as Al and Fe oxides is related to pH (Förstner and 

Müller 1974; Tipping et al. 2003). There were no significant correlations between element 

concentrations and pH across or between sites along the rivers, and pH did not correlate with 

LOI or particle size. The pH range among the rivers was very narrow (6.1-8.4) and thus may not 

influence significant differences in the element concentrations in the soil 

2.5.2. Differences between the rivers based on the multi-element variations within the 

rivers, ND 

This study showed that as expected, there was considerable variation in element 

concentrations in the sediments of the Red, Sheyenne, James, Missouri and Little Missouri 

rivers. Out of 56 elements that were detectable, 40 showed statistically significant variations 

between the rivers (p-value<0.05). Red and Sheyenne rivers flow through agricultural lands and 

runoff waters entering these rivers were expected to show high concentrations of nutrients and 

elements found in fertilizers, such as cadmium. The results supported the initial hypothesis and 

mean concentration (µmolg-1) of Cd at the Red (0.0034) and Sheyenne (0.0029) Rivers was 

higher than James (0.0025), Missouri (0.0022) and Little Missouri (0.0018) Rivers. Also 

nutrients such as K and Ca showed their highest concentrations (µmolg-1) at Red (73 and 1159), 

Sheyenne (76 and 953) and James Rivers (70 and 1026) in comparison to the Missouri (50 and 

804) and Little Missouri (50 and 573) Rivers (n=20 at each river). The high concentrations of 

cadmium could be explained by the fact that it is present naturally and locally in high 

concentrations in the Northern Plains because of shale-derived material such as the Pierre shale 

formation (Holmgren et al. 1993, Hopkins et al. 1999).  Metals could originate from natural 

processes such as rock weathering or from anthropogenic activities such as industrial emissions, 
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domestic effluents, and agriculture (Hutchinson and Rothwell 2008). Also generally, elements 

such as K, Zn and Cd are associated with clay particles (Vital and Stattegger 2000), and natural 

processes such as wind erosion and flooding  in eastern North Dakota may result in the 

deposition of clay particles containing these elements. This shows that riparian plants in eastern 

North Dakota  might be exposed to different elements than the plants in western North Dakota. 

This may impact the uptake of various elements in plant tissue becasue and studies have shown 

that wetlands plants accumulate high concentrations of elements in their tissue (Szymanowska et 

al. 1999; Samecka-Cymerman and Kempers 2001; Matthews et al. 2004).  

 The biogeochemistry of wetlands and riverine systems is dramatically changed by land 

use and geology as proved in many studies (Moyle 1945; Stewart and Kantrud 1972; Barko and 

Smart 1986; Koch 2001; Lougheed et al. 2001; Hansel-Welch et al. 2003; Bayley et al. 2007; 

Del Pozo et al. 2011). At the Little Missouri and Missouri rivers, considering the fact that coal 

and lignite mining is one of the dominant activities in the area, it was hypothesised that 

concentrations of metals associated with these activities such as uranium and lead will be higher 

in comparison with other rivers. However, the results showed that the highest mean 

concentrations (n=20 at each river) for both lead and uranium was observed at the Red River 

(Figure 2.6). It is possible that these elements were mostly present in a dissolved or suspended 

form in the water at the Little Missouri and Missouri Rivers, and because of  that, these elements 

did not show high concentrations in the sediment at these rivers.  

Many elements showed significant correlations with each other across the rivers, such as 

correlations between Fe and Al, and Fe and Cr. Iron oxides play an important role and act as 

carriers of metals with sorption sites for many elements (McBride 1994; Shuman et al 2005). 

Wijeyaratne 2011 found similar results in their study in which phosphorus and aluminum 
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concentrations showed significant positive correlations with iron in the sediment deposits of the   

Souris River in North Dakota. The correlations of elements with iron showed that their 

concentrations in North Dakota are influenced by the iron behavior in the sediment 

 
Figure 2.6. Mean concentration ± standard deviation (n=20 at each river) of Pb, U and Cd at the      

Red, Sheyenne, James, Missouri and Little Missouri rivers in North Dakota. 

2.6. Conclusion 

In conclusion, the results of multi-element fingerprinting method showed there was 

significant variation in element concentrations in sediments along the Red, Sheyenne, James, 

Missouri, and Little Missouri rivers. The organic matter content and pH did not play an 

important role in the variation in element concentrations. Variations in element concentrations 

were indeed sufficient to continue investigation on the distribution and pattern of elements in 

sediment between the rivers or along a river. 
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CHAPTER 3. SEDIMENT SOURCE TRACING AT THE RED RIVER USING THE 

MULTI-ELEMENT FINGERPRINTING APPROACH 

3.1. Abstract 

 For the Red River of the North, North Dakota, it has been reported that fine sediment 

contains high concentrations of Cd and Se. High concentrations of these elements can cause 

environmental issues and impact riparian wetland flora and fauna through element cycling and 

translocation by riparian vegetation. River sediments play an important role for 1) identification 

of different element sources within a catchment, and 2) investigation of tributary contribution to 

the element concentration in the rivers. 

In this study the possibility for tracing sources and tributaries contributing to element 

concentrations in the Red River was assessed using the multi-element fingerprinting technique. 

The Turtle and Sheyenne rivers were selected as two main tributaries. Riverbank depositional 

sediments were sampled from three locations, (1) erosional sediment in the main channel 

upstream and (2) depositional sediment downstream of the confluence of the tributaries, and (3) 

erosional sediment inside the tributaries. These samples were analyzed using ICP-MS for multi-

element concentrations. Results demonstrated that element concentrations and particle size vary 

significantly at the sites along the Red River, and the Turtle and Sheyenne rivers both contribute 

to the cadmium and selenium concentrations in the sediment deposits of the Red River and 

concentrations of these elements increased in downstream. 

 



   

 

40 

 

3.2. Introduction 

Sediments act as both carriers and potential sources of pollutants in rivers and streams 

(Förstner and Müller 1974). The importance of suspended sediment in the transport of 

contaminants and nutrients, such as phosphorus, metals, and pesticides, through aquatic systems 

is known (Shear and Watson 1977; UNESCO 1983; Allan 1986; Collins et al. 1996; Warren et 

al. 2003; Dirszowsky 2004).  

Se and Cd are naturally present in the environment; high concentrations of Cd and Se 

originate from both natural and anthropogenic sources (Arimoto et al. 1992) and they enter 

streams and rivers through runoff and erosion of bedrock. Studies have been done to assess the 

concentrations of Cd and Se and other trace metals in river and riparian sediments around the 

world (Johns 1995; Reczynski et al. 2010; Bai et al. 2011; Zhang et al. 2012). Cadmium and 

selenium concentrations are usually very low and often below detection limits, however in some 

locations in the Northern Plains cadmium concentrations are high mainly because of the 

existence of shale-derived soils (Holmgren et al. 1993). That being said, only few studies have 

been done to study these elements in North Dakota, in a study by Martin and Harman (1984) 

sediment samples from 13 riverine and pothole-type wetlands in Iowa, Montana, Nebraska, 

North Dakota, and South Dakota were collected and analyzed for total concentrations of arsenic, 

cadmium, lead, mercury, and selenium.  

The Red River of the North, North Dakota, USA, consists mostly of silty-clay and very 

fine clay soils (USGS 2012). It has been reported that the fine sediment at the confluence of the 

Red and Turtle rivers contains high concentrations of As, Cd, and Se (Wijeyaratne 2011).  Turtle 

River is classified as ‘impaired’ with regards to the Cd concentrations in water (US EPA, 2008). 

There is concern regarding metal contamination and the impacts on river organisms in North 
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Dakota, plus the consequences of elements transported across international borders into Canada. 

Also, Chapter 2 of this thesis for the Red River showed average concentrations of particular 

elements and metals in sediments, including cadmium and selenium, significantly increased as 

the river flowed downstream.  

In this study, the multi–element fingerprinting technique was applied 1) to study the 

potential sources of cadmium and selenium concentrations in the sediment deposits of the Red 

River of the North, and 2) to evaluate the suitability of the multi-element fingerprinting method 

for measuring sediment contribution from tributaries and for sediment source tracing. 

 It was hypothesized that the Sheyenne and Turtle rivers, both major tributaries to the Red 

River, will contribute to selenium and cadmium in sediment. It was also expected that the Turtle 

River will show higher concentrations of cadmium in comparison to the Red River, mainly 

because it is partly fed by the Pierre aquifer, which is known to contain high concentrations of 

Cd from the Pierre Shale formation Kelly and Paulson 1970). 

3.3. Materials and methods 

3.3.1. Study area 

 The Red River flows through a relatively flat lake plain of the former Lake Agassiz 

(formed from melt waters of an ice sheet). This River flows approximately 885 km northward 

through many agricultural and urban areas in both United States and Canada. When Lake 

Agassiz drained 9,500 years ago the Red River Valley was formed with the material from 

lacustrine soils precipitated at the bottom of the Lake Agassiz.  

 The Turtle River, 120 km long, is a tributary of the Red River in northeastern North 

Dakota, and is considered to be in the watershed of Hudson Bay (USGS, 2011). 
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Figure 3.1. Map showing the general location of the Red, James, Missouri and Little Missouri 

Rivers, tributaries (Sheyenne and Turtle) and the sampling sites (A (furthest upstream), B, C, D, 

E, F, G (furthest downstream) along the Red River in North Dakota.  

The river flows generally eastward and near the Red River turns northward and enters the 

Red just upstream of Oslo, Minnesota. The Sheyenne River, 951 km long, is another major 

tributary of the Red River in eastern North Dakota. The Sheyenne River picks up the clay and 

silty-clay soil of the Red River Valley after it passes through the Sheyenne National Grassland 

and enters the Red River near Harwood and West Fargo (USGS, 2011). 

3.3.2. Sample collection 

Two tributaries and five sites were selected along the Red River. Sites were selected for 

even distribution along the length of the river in North Dakota to study the concentration and 
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pattern of selenium, cadmium, and other elements along the river (Table 3.1). The Sheyenne and 

Turtle rivers were chosen because they are two main tributaries of the Red River. 

Table 3.1. Coordinates of the sampling sites along the Red River, ND (A (furthest 

upstream), B, C, D, E, F, G (furthest downstream)). 

Sampling site Coordinates 

A 45°59'51.28"N, 96°34'27.41"W 

B 46°9'8.57"N, 96°34'45.31"W 

C 

(downstream from tributary: Sheyenne 

River) 

47°1'49.87"N, 96°50'12.66"W 

D 

(downstream from tributary: Turtle River) 

48°9'51.16"N, 97° 9'32.38"W 

E 48°24'49.71"N, 97° 8'12.55"W 

F 48°47'11.86"N, 97° 9'25.92"W 

G 48°58'25.15"N, 97°14'17.32"W 

 

Sediment samples were collected in June 2012 in five replicates and in a transect parallel 

to the river with various distances between the replicates yet within the sediment deposition site. 

Sediment by the edge of the river (maximum distance of 2m from the river bank) was sampled 

for both main river and tributaries because they represent the most recent deposits. Samples were 

collected from the top layers of sediment (maximum depth of sampling 3 cm) so that they 

represent the suspended sediment transported and deposited by the river.  For the tributaries, 

samples consisted of three locations sediments: 1) erosional sediment in the tributary maximum 

of 100 m upstream from the confluence (eroded sediment), 2) erosional sediment maximum of 

100 m upstream along the main river (eroded sediment), and 3) depositional sediment maximum 
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of 100 m downstream along the main river (deposited sediment) (Figure 3.2). The flow rate of 

water could result in sediment mixing at the confluence point, so the sample collection at 100 m 

distance was assumed to be far enough away to reduce the impact this mixing.  Also it was 

expected that, depending on the size of the watershed and flow rate of water, sediment coming 

(eroded sediment) from the tributary and upstream locations of the Red River would become 

deposited within 100 m downstream as shown in Figure 3.2. A total of 55 samples were 

collected.  

Table 3.1 shows the coordinates of the sampling sites (A, B, E, F, G) and downstream of 

Sheyenne (C) and Turtle (D) tributaries along the Red River. The locations downstream of 

tributaries (C and D) were considered as sites when evaluating the element variations along the 

Red River.  The other comparison was for the contribution of each tributary and these samples 

consisted of the upstream sites, within the tributaries, and downstream. 

3.3.3. Sample preparation, Loss-on-ignition, particle size analysis, and soil pH  

All methods were the same as described in Chapter 2.2 

3.3.4. Data analysis 

Minitab 16 statistical software was used for statistical analysis. All data except pH were 

log-transformed to ensure normalized distribution. Pearson correlation analysis was performed 

on element concentrations, LOI and pH to investigate the possible relationships between them. 

Significance of differences (probability) and element variations betweenthe sampling sites and 

tributary locations was determined by General Linear Model (one-way ANOVA, p<0.05) and 

pairwise tests by the Tukey Method (p<0.01) using 

 



   

 

45 

 

 
Figure 3.2. Sampling plan for the Red River. Tributaries were sampled at three locations and 

downstream of the confluence and inside tributary and from the first 100 m distance (five 

replicates at each location). 

(Minitab®15©2006 Minitab Inc.). Correlations were considered statistically significant if r ≥ 

0.707. These correlations explain 50% or more variation (McClave and Sincich 2006).   

Calculations for Se and Cd contributions from the tributaries to the rivers were based on 

those used by Wijeyaratne (2011). First, element concentrations were measured for the three 

sampling sites (Figure 1.2) near the confluence of the main river and the tributary. These multi-

element concentrations were used for a series of calculations. 

In part (A) the percentage sediment contribution of the tributary and upstream to the 

elements was calculated. In part (B) then the mean percentage sediment contribution ± 95% 
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confidence interval from tributary and upstream was calculated from calculating the mean 

overall percentage sediment contribution of the tributary and upstream. After that the relative 

contribution of Se and Cd from each tributary was calculated from the sediment concentrations 

of these elements and the estimated relative mean percentage sediment contribution in part A 

(see calculations below). 

 Percentage sediment contribution of the tributary 

  

The percentage sediment contribution of the tributary (𝒂𝒙) for all of the elements except 

cadmium and selenium in the Red River was calculated assuming linear mixing between 

upstream and tributary sediments, as follows:                                                                                     

(A) 

                                           [X]D = αx [X]T +  bx[X]U 

                                           αx + bx = 1        

            and therefore: 

                                              αx = [X]D - [X]U / [X]T - [X]U x100 

                                    

Where, 

 𝒂𝒙-Mean percentage contribution of tributary for element x 

 𝒃𝒙- Mean percentage contribution of upstream for element x 

 [𝑿]𝑫- Mean concentration of element x at the downstream location 

 [𝑿]𝑼- Mean concentration of element x at the upstream location 

 [𝑿]𝑻- Mean concentration of element x at the tributary location 
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 Contribution of Cd and Se from each tributary 

 

In order for these calculations in part B to be valid for most of the elements percentage 

sediment contributions should be between 0-100%, otherwise the tributary does not follow 

linear mixing. 

Elements with estimated contributions of > 1or <0 did not meet the assumptions of 

conservative, linear mixing and so were not used for the calculations. Elements which showed a 

tributary contribution between 0 and 1, or 0% and 100% were used to calculate the mean 

percentage sediment contributions from tributaries ± 95%. 

 The mean percentage sediment contributions ± 95% confidence interval could be 

calculated for each tributary from the following steps: 

1. Separate the group of elements with percentage sediment contributions between 0 

and 100% and calculate the average of them, this will be the mean percentage 

sediment contribution. 

2. Obtain the standard deviation, number of elements for the same group of 

elements. 

3. To calculate the 95% confidence interval use the formula below (the confidence 

coefficient for 95% confidence is 1.96 (fixed value)): 

([confidence coefficient]x[standard deviation]/[number of elements with  percentage 

contribution between 0 and 100%]^[0.5]) 

The calculated mean percentage sediment contributions from tributary (At) and upstream 

of the main river (Au=1- At) were used to estimate the percentage contribution of Cd and Se from 

each tributary (C [Se or Cd]), as follows:                           (B) 

                       C Se or /Cd = At [Se or Cd]t/ ((At[Se or Cd]t) + (Au  [Se or Cd]u))    
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Where: 

At – Mean sediment contribution from the tributary 

Au – Mean sediment contribution from upstream of the main river 

[Se or Cd]t – Mean measured Cd or Se concentration in tributary sediments 

[Se or Cd]u – Mean measured Cd or Se concentration in the upstream sediments 

This linear mixing model yields the proportion of the tributary contribution relative to the 

total contributed by the river sources (main river and tributary) and indicates the impact of the 

tributary on element contribution, which is different than just the sediment element 

concentrations. 

3.4. Results  

3.4.1. Particle size (f<63 µm), pH, and LOI at the Red River 

At the sites along the Red River, particle size (f<63 µm) ranged from 44.5-99.7 % with an 

average of 71%. LOI ranged from 3.1- 5.6% with an average of 3.7%. Particle size (f<63µm) and 

LOI showed statistically significant variation (p<0.01) between the sites along the river (Figure 

3.3).  

Proportion particle size (f<63µm) shows an increasing gradient from site A upstream to 

site G downstream. Results of Tukey’s comparisons on f<63 showed that sites A (lowest %) and 

G (highest %) are significantly different from each other and all of the other sites, and for LOI 

site B is significantly different from the other sites along the Red River (p<0.01). No significant 

variations were detected for pH between the sampling sites along the Red River, pH ranged from 

7.4-8.1 with an average of 7.8. 
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3.4.2. Analysis for multiple elements and development of fingerprints for the Red River  

The element concentrations for Ag, Au, Ge, Hf, In, Nb, Re, Ta, and W were below 

detection limits (see Chapter 2 for detection limits) therefore those elements will not be further 

discussed.   

The results of ANOVA analysis showed that element (Al, As, B, Ba, Bi, Ca, Cd, Ce, Co, 

Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ho, K, La, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, Pr, Rb, S, Sb, 

Sc, Sm, Sn, Sr, Tb, Te, Th, Ti, Tm, U, V, Y, Yb, Zn, Zr) concentrations significantly vary 

between the sampling sites along the Red River (p <0.05) (Table 3.2). Cadmium concentrations 

in the sediments ranged from 0.002-0.006 µmol g-1 with an average of 0.003, and selenium 

concentrations ranged from 0.005-0.014 µmol g-1 with an average of 0.009 (Table 3.2).  

3.4.3. Analysis for multiple elements at the Sheyenne tributary 

Table 3.3 shows the mean element concentrations at the Sheyenne River and upstream 

and downstream of the confluence with the Red River (n=5 at each site).  

ANOVA analysis showed that the mean concentrations of elements Al, Bi, Cr, Mg, Mn, 

Na, P, S, Sn, and Sr vary significantly between the Sheyenne River and upstream and 

downstream of the confluence with the Red River (p<0.05).  

Based on the results of Tukey’s pair-wise comparisons, downstream concentrations of Al, 

Bi, Cr and S were significantly higher than upstream, tributary concentrations of elements Sn and 

Mg were significantly lower than both upstream and downstream, and tributary concentrations of 

elements Mn and P were significantly higher than both upstream and downstream, for Na 

upstream concentration was significantly lower than tributary and downstream concentrations 

and for Sr  upstream concentration was significantly lower than tributary (p<0.01). 
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Figure 3.3. Mean and standard deviation of (a) particle size (f<63µm %) and (b) LOI (OM %) at 

the Red River sites (A (furthest upstream), B, C, D, E, F, G (furthest downstream)) (n=5). 

Different letters above the bars indicate significant differences between the sites (p<0.01).
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Table 3.2. Mean concentration (µmol g-1) ± standard deviation of elements at the sampling sites ((A (furthest upstream), B, C, D, E, F, 

G (furthest downstream)) (n=5) along the Red River.  

 
 

Elements A B C D E F G

Al 454 ± 64 456 ± 38 788 ± 170 549 ± 27 554 ± 80 622 ± 63 549 ± 83

As 0.073 ± 0.014 0.069 ± 0.010 0.085 ± 0.011 0.072 ± 0.005 0.085 ± 0.017 0.084 ± 0.008 0.101 ± 0.013

B 1.89 ± 0.18 1.72 ± 0.14 2.48 ± 0.63 1.91 ± 0.12 2.02 ± 0.33 1.83 ± 0.44 2.55 ± 0.33

Ba 0.0063 ± 0.0008 0.0062 ± 0.0004 1.41 ± 0.5623 0.008 ± 0.0006 0.0074 ± 0.0005 1.31 ± 0.09 0.008 ± 0.0004

Be 0.087 ± 0.01 0.089 ± 0.01 0.10 ± 0.03 0.10 ± 0.01 0.100 ± 0.01 0.080 ± 0.01 0.109 ± 0.01

Bi 0.00064 ± 0.0001 0.00061 ± 6.239E-05 0.0009 ± 0.000142 0.0008 ± 7.26E-05 0.00086 ± 8.29E-05 0.00078 ± 8.693E-05 0.001 ± 0.0001

Ca 1413 ± 130 1367 ± 73 1152 ± 135 1340 ± 93 1329 ± 79 1277 ± 85 917 ± 113

Cd 0.0033 ± 0.0004 0.0027 ± 0.0004 0.0032 ± 0.0008 0.0032 ± 0.0005 0.0032 ± 0.0007 0.0027 ± 0.0003 0.0060 ± 0.0010

Ce 0.11 ± 0.01 0.12 ± 0.00 0.254 ± 0.03 0.128 ± 0.01 0.12 ± 0.01 0.23 ± 0.01 0.18 ± 0.02

Co 0.092 ± 0.01 0.107 ± 0.01 0.168 ± 0.033 0.125 ± 0.005 0.135 ± 0.02 0.154 ± 0.01 0.166 ± 0.02

Cr 0.28 ± 0.05 0.31 ± 0.04 0.72 ± 0.17 0.39 ± 0.01 0.39 ± 0.08 0.54 ± 0.06 0.42 ± 0.04

Cs 0.0003 ± 8.931E-05 0.0004 ± 0.0002 0.009 ± 0.0022 0.001 ± 0.0003 0.0007 ± 0.0003 0.0076 ± 0.0003 0.0007 ± 0.0002

Cu 0.21 ± 0.03 0.20 ± 0.03 0.376 ± 0.08 0.230 ± 0.02 0.22 ± 0.05 0.27 ± 0.02 0.27 ± 0.04

Dy 0.011 ± 0.0007 0.012 ± 0.0003 0.015 ± 0.0020 0.012 ± 0.0004 0.012 ± 0.0011 0.013 ± 0.0003 0.020 ± 0.0012

Er 0.005 ± 0.0004 0.005 ± 0.0000 0.007 ± 0.0008 0.006 ± 0.0003 0.006 ± 0.0004 0.006 ± 0.0003 0.009 ± 0.0005

Eu 0.004 ± 0.0004 0.004 ± 0.0003 0.005 ± 0.000551 0.004 ± 0 0.004 ± 0.0003 0.004 ± 0.0004 0.006 ± 0.0004

Fe 251 ± 31 264 ± 21 399 ± 68 283 ± 13 284 ± 44 349 ± 22 302 ± 28

Ga 0.049 ± 0.006 0.051 ± 0.004 0.085 ± 0.017 0.059 ± 0.003 0.060 ± 0.008 0.063 ± 0.009 0.059 ± 0.008

Gd 0.017 ± 0.0013 0.018 ± 0 0.020 ± 0.0021 0.018 ± 0.0004 0.018 ± 0.001 0.019 ± 0.001 0.029 ± 0.0021

Ho 0.002 ± 0.0003 0.002 ± 0.0003 0.003 ± 0.000332 0.002 ± 0 0.002 ± 0.0003 0.002 ± 0 0.004 ± 0

K 56.79 ± 8.0 57.30 ± 4.3 101 ± 27.8 65 ± 4.3 66.51 ± 10.5 76.75 ± 6.5 72.65 ± 8.0

La 1.04 ± 0.08 0.99 ± 0.074 0.129 ± 0.02 0.945 ± 0.03 1.04 ± 0.116 0.11 ± 0.004 1.40 ± 0.083

Li 1.86 ± 0.22 1.98 ± 0.18 3.61 ± 1.09 2.32 ± 0.10 2.34 ± 0.42 2.60 ± 0.22 2.37 ± 0.22

Lu 0.0006 ± 0 0.0006 ± 0 0.0006 ± 0 0.0006 ± 0 0.0006 ± 0 0.0012 ± 0.001 0.0011 ± 0

Mg 886 ± 108 924 ± 45 768 ± 68 1035 ± 84 1052 ± 92 910 ± 57 666 ± 63
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Table 3.2. Mean concentration (µmol g-1) ± standard deviation of elements at the sampling sites ((A (furthest upstream), B, C, D, E, F,                                       

G (furthest downstream)) (n=5) along the Red River (continued). 
Elements A B C D E F G

Mn 12.34 ± 2.4 12.27 ± 2.1 13.9 ± 4 13.3 ± 2 16.40 ± 2.0 16.93 ± 2.1 23.63 ± 4.3

Mo 0.003 ± 0.0012 0.002 ± 0.0007 0.0051 ± 0.002 0.0019 ± 0.002 0.003 ± 0.004 0.003 ± 0.0009 0.006 ± 0.001

Na 17.32 ± 2.2 15.75 ± 1.9 26.3 ± 5.25 15.7 ± 4.07 16.01 ± 1.5 16.97 ± 1.5 18.28 ± 3.5

Nd 0.22 ± 0.0138 0.24 ± 0.0091 0.111 ± 0.012 0.255 ± 0.009 0.25 ± 0.02 0.098 ± 0.009 0.36 ± 0.04

Ni 0.29 ± 0.03 0.30 ± 0.0 0.562 ± 0.12 0.373 ± 0.02 0.38 ± 0.06 0.46 ± 0.02 0.50 ± 0.11

P 23.51 ± 2.77 23.57 ± 0.97 22.0 ± 2.2 21.7 ± 0.4 22.02 ± 0.84 22.73 ± 0.74 30.03 ± 1.83

Pb 0.04 ± 0.008 0.04 ± 0.005 0.052 ± 0.004 0.076 ± 0.014 0.06 ± 0.012 0.05 ± 0.005 0.06 ± 0.005

Pr 0.026 ± 0.002 0.028 ± 0.001 0.031 ± 0.0039 0.030 ± 0.0008 0.029 ± 0.002 0.027 ± 0.002 0.043 ± 0.005

Rb 0.22 ± 0.03 0.22 ± 0.02 0.380 ± 0.10 0.282 ± 0.03 0.27 ± 0.04 0.30 ± 0.02 0.27 ± 0.03

S 49.41 ± 20.5 36.99 ± 9.3 65 ± 65.6 10 ± 1.9 11.85 ± 2.7 14.91 ± 3.6 16.41 ± 5.0

Sb 0.004 ± 0.0007 0.005 ± 0.0013 0.001 ± 0.000 0.006 ± 0.001 0.007 ± 0.0024 0.001 ± 0.0002 0.006 ± 0.0008

Sc 0.069 ± 0.008 0.075 ± 0.004 0.130 ± 0.03 0.085 ± 0.01 0.086 ± 0.012 0.099 ± 0.007 0.088 ± 0.008

Se 0.008 ± 0.002 0.006 ± 0.002 0.017 ± 0.003 0.007 ± 0.005 0.006 ± 0.001 0.005 ± 0.001 0.012 ± 0.004

Sm 0.02 ± 0.0011 0.02 ± 0.0004 0.021 ± 0.002 0.021 ± 0.000 0.02 ± 0.0012 0.02 ± 0.0018 0.03 ± 0.0030

Sn 0.0002 ± 0 0.0002 ± 0 0.0068 ± 0.001185 0.0002 ± 3.9E-05 0.0002 ± 4.77E-05 0.0048 ± 0.0005775 0.0002 ± 4.771E-05

Sr 0.888 ± 0.07 0.776 ± 0.06 0.950 ± 0.11 0.712 ± 0.07 0.740 ± 0.06 0.748 ± 0.07 0.744 ± 0.04

Tb 0.002 ± 0.0003 0.003 ± 0.0000 0.003 ± 0.000526 0.003 ± 0 0.002 ± 0.0003 0.003 ± 0.0000 0.004 ± 0.0003

Te 0.002 ± 0.0004 0.001 ± 0.0001 0.000 ± 0.0001 0.002 ± 0.0002 0.001 ± 0.0001 0.000 ± 0.0004 0.004 ± 0.0009

Th 0.018 ± 0.001 0.021 ± 0.001 0.026 ± 0.006 0.024 ± 0.001 0.023 ± 0.002 0.021 ± 0.002 0.034 ± 0.006

Ti 5.85 ± 0.9 6.69 ± 0.9 5.43 ± 1.14 6.69 ± 0.93 6.27 ± 0.0 5.43 ± 1.1 7.10 ± 1.1

Tl 0.0010 ± 0.0001 0.0009 ± 8.187E-05 0.001 ± 9.54E-05 0.001 ± 2.19E-05 0.0009 ± 0.0001 0.0010 ± 0.0001 0.0012 ± 0.0001

Tm 0.001 ± 0 0.001 ± 0 0.0011 ± 0.000265 0.0006 ± 0 0.001 ± 0 0.001 ± 0.0003242 0.001 ± 0

U 0.006 ± 0.0005 0.005 ± 0.0003 0.007 ± 0.0014 0.005 ± 0.0002 0.005 ± 0.0005 0.005 ± 0.0002 0.009 ± 0.0011

V 0.96 ± 0.12 0.95 ± 0.07 1.92 ± 0.58 1.18 ± 0.08 1.19 ± 0.17 1.39 ± 0.13 1.57 ± 0.25

Y 0.12 ± 0.008 0.12 ± 0.004 0.169 ± 0.02 0.125 ± 0.01 0.128 ± 0.011 0.146 ± 0.012 0.200 ± 0.012

Yb 0.004 ± 0.0003 0.004 ± 0.0003 0.005 ± 0.000517 0.005 ± 0 0.005 ± 0.0003 0.004 ± 0.0007 0.007 ± 0.0005

Zn 0.88 ± 0.14 0.83 ± 0.11 1.289 ± 0.14 0.907 ± 0.04 0.91 ± 0.15 1.05 ± 0.07 1.08 ± 0.13

Zr 0.046 ± 0.007 0.054 ± 0.011 0.058 ± 0.01 0.069 ± 0.01 0.060 ± 0.003 0.058 ± 0.007 0.066 ± 0.004
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Table 3.3. Mean element concentration (µmol g-1) ± standard deviation of elements at the   

Sheyenne River and upstream and downstream of the confluence of the Red River and Sheyenne 

River. For each row data presented by different superscripts are significantly different from each 

other (ANOVA, p<0.05; Tukey’s pairwise comparisons, p<0.01). Elements that show significant 

variations between the sites are in bold.  

 
 

Element Upstream Tributary Downstream

Al 664
ab ± 104 554

a ± 99 788
b ± 170

As 0.104 ± 0.041 0.098 ± 0.01 0.085 ± 0.011

B 1.94 ± 0.13 2.16 ± 0.32 2.48 ± 0.63

Ba 1.24 ± 0.0615 1.26 ± 0.042 1.41 ± 0.5623

Be 0.08 ± 0.017 0.08 ± 0.01 0.1 ± 0.03

Bi 0.0008
ab ± 0.0001 0.0006

a ± 0.0001 0.0009
b ± 0.0001

Ca 1241 ± 164 1233 ± 99 1152 ± 135

Cd 0.003 ± 0.0004 0.0029 ± 0.0004 0.0032 ± 0.0008

Ce 0.238 ± 0.03 0.222 ± 0.015 0.254 ± 0.03

Co 0.141 ± 0.014 0.148 ± 0.008 0.168 ± 0.033

Cr 0.59
a ± 0.12 0.49

ab ± 0.11 0.72
b ± 0.17

Cs 0.009 ± 0.0027 0.008 ± 0.0013 0.009 ± 0.0022

Cu 0.331 ± 0.05 0.286 ± 0.03 0.376 ± 0.08

Dy 0.014 ± 0.0015 0.014 ± 0.0003 0.015 ± 0.0020

Er 0.007 ± 0.0008 0.007 ± 0.0003 0.007 ± 0.0008

Eu 0.005 ± 0.0004654 0.004 ± 0.0003605 0.005 ± 0.0006

Fe 380 ± 68 328 ± 26 399 ± 68

Ga 0.07 ± 0.015 0.058 ± 0.016 0.085 ± 0.017

Gd 0.02 ± 0.002 0.019 ± 0.0012 0.02 ± 0.0021

Ho 0.003 ± 0.0003 0.002 ± 0 0.003 ± 0.0003

K 81 ± 10 75 ± 9.6 101 ± 27.8

La 0.125 ± 0.01 0.113 ± 0 0.129 ± 0.02

Li 2.95 ± 0.56 2.41 ± 0.32 3.61 ± 1.09

Lu 0.0006 ± 0 0.0006 ± 0 0.0006 ± 0

Mg 835
b ± 29 589

a ± 0 768
b ± 0

Mn 10.9
a ± 1 31.7

b ± 50 13.9
a ± 68

Mo 0.0034 ± 0.001 0.0028 ± 3 0.0051 ± 4

Na 19.5
a ± 3.61 29.2

b ± 0.001 26.3
b ± 0.002

Nd 0.102 ± 0.01 0.1 ± 7.93 0.111 ± 5.25

Ni 0.468 ± 0.07 0.509 ± 0.01 0.562 ± 0.012

P 20.3
a ± 1.7 27.8

b ± 0.04 22.0
a ± 0.12

Pb 0.053 ± 0.008 0.047 ± 0.4 0.052 ± 2.2

Pr 0.029 ± 0.003 0.027 ± 0.005 0.031 ± 0.004
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Table 3.3. Mean element concentration (µmol g-1) ± standard deviation of elements at the   

Sheyenne River and upstream and downstream of the confluence of the Red River and Sheyenne 

River (continued), 

 

3.4.4. Percentage sediment contribution from the Sheyenne tributary 

The percentage sediment contributions to the elements from the Sheyenne River to the 

Red River are shown in Figure 3.4. Percentage sediment contributions from tributary to the Red 

River for elements Mg, Mn, Na, P, Pb, Sb, Sr, Ti, and Zr were between 0-100%. For elements 

Al, B, Bi, Ce, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Gd, Ho, K, La, Li, Mo, Nd, Pr, Rb, Sc, Sm, Sn, Th, TI, 

U and V the percentage contributions were smaller than 0. For Tb the percentage contribution 

was 0 and for elements As, B, Ba, Ca, Co, Er, Ni, S, Te, Y, Yb and Zn the percentage 

contributions were greater than 100%.  

Element Upstream Tributary Downstream

Rb 0.329 ± 0.05 0.278 ± 0.03 0.38 ± 0.1

S 11
a ± 0.7 30

ab ± 6 65
b ± 65.6

Sb 0.001 ± 0 0.002 ± 0 0.001 ± 0

Sc 0.109 ± 0.02 0.088 ± 0.01 0.13 ± 0.03

Se 0.014 ± 0.01 0.017 ± 0.01 0.017 ± 0.003

Sm 0.019 ± 0.001 0.019 ± 0.002 0.021 ± 0.002

Sn 0.0063
b ± 0.001 0.0040

a ± 0.0005 0.0068
b ± 0.001

Sr 0.776
a ± 0.11 1.145

b ± 0.14 0.950
ab ± 0.11

Tb 0.003 ± 0.0003 0.003 ± 0 0.003 ± 0.0005

Te 0 ± 0.0001 0 ± 0.0001 0 ± 0.0001

Th 0.023 ± 0.006 0.019 ± 0.002 0.026 ± 0.006

Ti 6.69 ± 0.93 5.01 ± 1.14 5.43 ± 1.14

Tl 0.001 ± 0.0003 0.001 ± 0.0001 0.001 ± 0.00

Tm 0.0009 ± 0.0003 0.0009 ± 0.0003 0.0011 ± 0.0003

U 0.005 ± 0.0007 0.005 ± 0.0004 0.007 ± 0.0014

V 1.59 ± 0.34 1.37 ± 0.22 1.92 ± 0.58

Y 0.155 ± 0.01 0.158 ± 0.01 0.169 ± 0.02

Yb 0.004 ± 0.0003 0.005 ± 0.0005 0.005 ± 0.0005

Zn 1.195 ± 0.14 1.2 ± 0.12 1.289 ± 0.14

Zr 0.065 ± 0.01 0.054 ± 0.01 0.058 ± 0.01
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Figure 3.4. Percentage sediment contribution from the Sheyenne River to the Red River, the 

elements are ordered from low to high based on their percentage contribution. Red Lines show 

the percentage contributions between 0-100 percent. 

3.4.5. Analysis for multiple elements at the Turtle tributary 

Table 3.4 shows the mean element concentrations at the Turtle River and upstream and 

downstream of the confluence with the Red River (n=5 at each site). ANOVA analysis showed 

that mean concentrations of elements Al, As, B, Cd, Ce, Cu, Fe, Ga, Gd, La, Mg, Na, Nd, P, Pb, 

Pr, Rb, S, Sm, Sr, Th, V, Zn, and Zr significantly vary between the Turtle River and downstream 

and upstream locations of the Red River (p <0.05). Based on the results of Tukey’s pair-wise 

comparisons, tributary concentrations of elements Al, As, Cd, Cu, Fe, Ga,La, Na, Rb, S, Sr, V 

and Zn were significantly (p<0.01) higher than both upstream and downstream, or lower than 

both upstream and downstream (Mg, Zr). Upstream concentration of elements Ce, Gd, Nd, Pr, 

Sm and Th were significantly higher than both downstream and tributary, or lower than both 

downstream and tributary (B). Downstream concentrations of P were lower than both tributary 
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and upstream, and for Pb downstream concentrations were significantly higher than both 

tributary and upstream.  

Table 3.4. Mean element concentration (µmol g-1 ) ± standard deviation at the Turtle River and 

upstream and downstream of the confluence of the Red River and Turtle River. Elements that 

show significant variation between the sites are in bold (ANOVA, p<0.05). For each row 

different letters are significantly different from each other Tukey’s pairwise comparisons, p 

<0.01). 

 

Element Upstream Tributary Downstream

Al 514
a

± 37 617
b

± 33 549
a

± 27

As 0.075
a

± 0.007 0.097
b

± 0.02 0.072
a

± 0.005

B 1.91
a

± 0.14 2.72
b

± 0.27 2.35
b

± 0.12

Ba 0.007 ± 0.0004 0.008 ± 0.001 0.008 ± 0.0006

Be 0.0976 ± 0.005 0.1065 ± 0.01 0.1043 ± 0.01

Bi 0.001 ± 0.0001 0.0009 ± 0.0001 0.0008 ± 0.0001

Ca 1360 ± 93 1234 ± 76 1340 ± 93

Cd 0.0032
a ± 0.0003 0.0043

b ± 0.0005 0.0031
a ± 0.0005

Ce 0.164
b

± 0.0003 0.125
a

± 0.0005 0.128
a

± 0.0005

Co 0.126 ± 0.009 0.127 ± 0.007 0.125 ± 0.005

Cr 0.41 ± 0.03 0.42 ± 0.04 0.39 ± 0.01

Cs 0.0004 ± 0.0002 0.001 ± 0.0003 0.001 ± 0.0003

Cu 0.226
a

± 0.03 0.283
b

± 0.02 0.230
a

± 0.02

Dy 0.013 ± 0.0008 0.014 ± 0.0004 0.012 ± 0.0004

Er 0.006 ± 0.0003 0.006 ± 0.0003 0.006 ± 0.0003

Eu 0.004 ± 0 0.004 ± 0 0.004 ± 0

Fe 284
a

± 10 318
b

± 11 283
a

± 13

Ga 0.059
a

± 0.005 0.067
b

± 0.004 0.059
a

± 0.003

Gd 0.021
b

± 0.002 0.019
a

± 0.0004 0.018
a

± 0.0004

Ho 0.002 ± 0 0.003 ± 0 0.003 ± 0

K 62 ± 5.9 78 ± 5.3 65 ± 4.3

La 0.925
a

± 0.05 1.05
b

± 0.05 0.945
a

± 0.03

Li 0.0006 ± 0.11 0.0006 ± 0.18 0.0006 ± 0.10

Lu 0.0006 ± 0 0.0006 ± 0 0.0006 ± 0

Mg 1069
b

± 65 853
a

± 94 1035
b

± 84

Mn 12.4 ± 2 18.1 ± 7 13.3 ± 2

Mo 0.0011 ± 0.001 0.0034 ± 0.003 0.0019 ± 0.002

Na 13.7
a

± 1.05 48.5
b

± 8.35 15.7
a

± 4.07

Nd 0.333
b

± 0.04 0.245
a

± 0.008 0.255
a

± 0.009

Ni 0.383 ± 0.06 0.386 ± 0.01 0.373 ± 0.02

P 24.3
b

± 1.1 25.3
b

± 2.9 21.7
a

± 0.4
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Table 3.4. Mean element concentration (µmol g-1 ) ± standard deviation at the Turtle River and       

upstream and downstream of the confluence of the Red River and Turtle River (continued).  

 

3.4.6. Percentage sediment contribution from the Turtle tributary 

The percentage contributions from the Turtle River to the Red River are shown in Figure 

3.5.  Percentage sediment contributions from tributary to the Red River for elements Al, B, Be, 

Ca, Ce, Cs, Cu, Ga, K, La, Li, Mg, Mn, Mo, Na, Nd, Pr, Rb, S, Sc, Sn, Sr, Te, Th and Ti were 

between 0-100%.  

For elements As, Co, Cr, Dy, Er, Fe, Li, Ni, P, Pb, Tl, U, V, Y, Yb, and Zn the 

percentage contributions were smaller or equal to zero. For elements Ba, Bi, Ce, Gd, Nd, Pr, Sb, 

and Sm the percentage contributions were greater than 100%.  

 

Element Upstream Tributary Downstream

Pb 0.058
a

± 0.004 0.050
a

± 0.003 0.076
b

± 0.014

Pr 0.039
b

± 0.004 0.030
a

± 0.001 0.030
a

± 0.0008

Rb 0.261
a

± 0.02 0.320
b

± 0.02 0.282
a

± 0.03

S 9
a

± 0.9 42
b

± 12.7 10
a

± 1.9

Se 0.007 ± 0.002 0.007 ± 0.002 0.005 ± 0.001

Sb 0.01 ± 0.01 0.008 ± 0.01 0.006 ± 0.01

Sc 0.084 ± 0.002 0.089 ± 0.002 0.085 ± 0.005

Sm 0.025
b

± 0.002 0.021
a

± 0.001 0.021
a

± 0.000

Sn 0.0002 ± 0 0.0002 ± 0.00005 0.0002 ± 0.00004

Sr 0.672
a

± 0.05 1.427
b

± 0.07 0.712
a

± 0.07

Te 0.001 ± 0.0002 0.002 ± 0.0004 0.002 ± 0.0002

Th 0.034
b

± 0.006 0.020
a

± 0.001 0.024
a

± 0.001

Ti 7.52 ± 1.14 5.85 ± 0.93 6.69 ± 0.93

Tl 0.001 ± 0.00004 0.001 ± 0.00006 0.001 ± 0.00002

Tm 0.0006 ± 0 0.0007 ± 0 0.0006 ± 0

U 0.006 ± 0.0005 0.006 ± 0.0004 0.005 ± 0.0002

V 1.21
a

± 0.09 1.30
b

± 0.11 1.18
a

± 0.08

Y 0.134 ± 0.01 0.138 ± 0.01 0.125 ± 0.01

Yb 0.005 ± 0.0003 0.005 ± 0 0.005 ± 0

Zn 0.908
a

± 0.07 1.10
b

± 0.08 0.907
a

± 0.04

Zr 0.061
b

± 0.01 0.048
a

± 0.01 0.069
b

± 0.01
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3.4.7. Percentage contribution of cadmium and selenium from Turtle and Sheyenne Rivers 

The calculated percentage sediment contributions of the tributaries to the elements were 

mostly higher than %100 or lower than 0, only for a few elements the percentage sediment 

contribution were between 0-%100. 

 
Figure 3.5. Percentage sediment contribution to the elements from Turtle tributary to the Red 

River, the elements are ordered from low to high based on their percentage contribution. Red 

Lines show the percentage contributions between 0-100 %. 

This indicated that because the percentage sediment contribution did not meet the 

assumptions of linear mixing for many elements, further calculation, including mean percentage 

sediment contribution from tributaries, could not be used to calculate the relative percentage 

contribution of cadmium and selenium from the tributaries. 

Figure 3.6 shows the Cd and Se concentration s (µmol g-1) at the sampling sites (A, B, C, 

D, E, F, G) Sheyenne and Turtle Rivers, and downstream locations of the confluence with the 

tributaries. Results of ANOVA and Tukey’s analysis showed that cadmium concentration (µmol 

g-1)  at the Turtle River  (0.0043) and site G (0.006) was significantly higher than the Sheyenne 
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River and other sites, and for selenium mean concentrations at the Sheyenne tributary (0.017) 

and downstream location (0.017) was significantly higher than Turtle tributary (0.007) (Figure 

1.7). 

 

 
Figure 3.6. Mean element concentration (µmol g-1) ± standard deviation of (a) Cd and (b) Se 

at the depositional sites (A (furthest upstream), B, C, D, E, F, G (furthest downstream)), 

Sheyenne and Turtle tributaries and downstream locations on the Red River (n=55).  
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3.5. Discussion 

Sediments are important indicators of past and current events and in comparison to water 

analysis, sediments represent a longer time period (Håkanson and Jansson 2002). Elements, 

contaminants and nutrients can be transported or exchanged along the sediment-water interface 

(Jaynes and Carpenter 1986; Weis and Weis 2004; Nurminen and Horppila 2009). Multi- 

element concentrations in the sediments showed significant variations between the sampling sites 

(A (furthest upstream), B, C, D, E, F, and G (furthest downstream)) along the Red River (Table 

3.2). The variations in the elements distribution in the sediment and water is influenced by 

factors such as organic matter, pH, particle size, nutrient concentrations, calcium carbonate 

concentrations (Guilizzoni 1991), sediment oxidation (Tessenow and Baynes 1975). In this study 

both LOI (estimate of organic matter) and particle size fraction smaller than 63 µm (estimate of 

clay and silt content) showed significant variation among sites and near confluence locations of 

the Red River (Figure 3.3). These variations therefore could be partly the reason for variation in 

element concentrations. Suspended sediment transported by a river presents different sources and 

geology within the catchment (Walling 2005) as result element concentrations in the sediment 

might show great variations between the sediment deposition sites. There were no significant 

correlations between LOI, pH and element concentrations, demonstrating that LOI and pH do not 

impact the element concentrations in the sediments. Also particle size showed a general 

increasing pattern as the river flows from upstream to downstream (Figure 3.3), which could be 

due to the fact that coarser particles deposit at the upstream location and finer would be in a 

suspended form and as the flows towards downstream finer particles such as clay and silt will 

deposit (Ciffroy et al. 2000; Wood and Armitage 1997). 
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3.5.1. Sediment contributions from tributaries to the Red River 

 Sheyenne  

Element concentrations of  Mn, Na, P, and Sr at the Sheyenne River were significantly 

higher than both upstream and downstream locations on the Red River (Table 3.3).The land use 

in the Sheyenne River watershed is dominated by agriculture (62 %) and elements such as P, N, 

K and Mg are known to be present in fertilizers (USGS 1995). Also high concentrations of 

phosphorus at the Sheyenne River could be a result of soil reduction. Phosphorus solubility is 

affected by reduction of sulfate to sulfide in flooded soils. When sulfate is being reduced to 

sulfide, various reaction occur which result in more availability of phosphorus.  

Devils Lake in North Dakota is an endorheic (closed drainage basin lake) that has a 

diversion and flows into Sheyenne River. The Devils Lake has highly saline water and many 

questions exist regarding the impact of the water on downstream lakes and Rivers including 

Sheyenne River (Hollis 2007) and the high concentrations of elements Na, and Mg in the 

Sheyenne River could be the result of saline water of Devils Lake entering the Sheyenne River. 

Percentage sediment contribution for most of the elements was smaller than zero or higher than 

%100, with only a few elements (Mg, Mn, Na, P, Pb, Sr, Ti and Zr) between 0-%100 (Figure 

3.5). This indicates that the assumption of linear mixing was not valid for this tributary. The 

percentage contribution of tributaries to the main river and the deposition of sediments in sink 

areas can be affected by variety of local factors, including increase in cross-sectional area, 

occurrence of obstructions to flow and flow separation (Fairbridge 1968; Rosgen and Silvery 

1996). Dams that form the Lake Ashtabula control the flow rate and affect the quality and 

chemistry of water in the Sheyenne River (USGS 1995). One possible explanation is that the 

sediments tend to get suspended in the water near the confluence of the Sheyenne and Red River 
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because the flow rate might be faster at the Red River in comparison to the Sheyenne and 

sediment tends to deposit further downstream, or diluted because of being mixed with an 

upwelling groundwater entering the water or small streams entering the Red River. 

 Turtle 

At the Turtle River concentrations of Al, As, Cd, Cu, Fe, Ga, K, La, Na, Rb, S, Sr, V and 

Zn were significantly higher than both upstream and downstream in the Red River (Table 3.4). 

High concentrations of elements such as Al, As, Fe, K, Na and S could be explained by the fact 

that the Turtle River is partly fed by the Dakota Aquifer, which has a high total dissolved solids, 

salinity and contains high concentrations of iron, chlorides and sulfate (Kelly and Paulson 1970).  

The sulfates and carbonates form precipitates with metal ions and these metals could be 

deposited in sediments or released into the surface waters depending on the characteristics of 

environments such as reduced or oxidized conditions in the sediment (Gibbs 1973; Evans 2001; 

Förstner 1990; Ankley et al. 1992). The dominant form of iron (ferrous iron Fe2+ ) and sulfur 

(sulfide S2- ) in hydric soils form different compounds with metals and these compounds are 

highly insoluble and  immobile in reduced flooded soils in comparison to non-flooded oxidized 

soils (Kissoon et al. 2011; Jacob and Otte 2004). Sediment contribution of Turtle River to 

elements such as Al, Ca Mg, Mn, Na, S and Sr can be explained by the underlying geology. 

Carbonate minerals, sulfur bearing gypsum (CaSO4.2H2O), pyrite (FeS2) and compounds such as 

hydrogen sulfide (H2S) are all present in the underlying geology (Kelly and Paulson 1970). . 

Percentage sediment contribution for As, Co, Cr, Dy, Er, Fe, Ni, P, Pb, U, V, Y, Yb was 

less than zero and for Ba, Bi, Ce, Gd, Nd, Pr, Sb and Sm was higher than % 100 (Figure 3.6). 

The percentage sediment contribution for elements Al, B, Be, Ca, Ce, Cs, Cu, Ga, K, La, Li, Mg, 

Mn, Mo, Na, Nd, Pr, Rb, S, Sc, Sn, Sr, Te, Th and Ti were between 0-100% (Figure 3.6). 
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Factors such as pH, type and concentration of ligands and oxidation states of the minerals 

in the sediments control the trace element mobility and speciation (Förstner 1990; Evans 2001). 

These factors could be different from place to place depending on the chemical, physical and 

biological properties of the environment; metals may become immobilized or released back to 

the water in response to the changes in environment (Li et al. 2001).  The Turtle River has saline 

water chemistry of  the Dakota Aquifer and the fact that percentage sediment contributions for 

metals such as As, Fe, Ni, Pb and Cr did not follow the linear mixing assumption could be the 

result of changes in water chemistry at the confluence of the Turtle and Red River. 

3.5.2. Tributary contributions to the Se and Cd concentrations at the Red River 

Relative percentage tributary contributions to Cd and Se could not be calculated, because 

especially at the Sheyenne River, the sediments did not show the assumption of linear mixing. 

Evidence of a tributary contribution following the linear mixing model would be a positive 

contribution (0-100 %) for most of the elements with an average contribution accompanied by a 

narrow standard deviation. The mobility and also concentrations of elements that are sorbed on 

to the sediments can be affected by flow rate of water. A lower flow rate could increase the 

ability of sediments to release the elements that bind with it to the water, because at low flow 

rate more time is available for contact between water and sediment (Evans 2001; Dhakal et al. 

2005; Leopold 2006). Variations in water chemistry and flow rate of water at the confluences of 

the Turtle and Sheyenne Rivers might result in sediments to release some elements into the water 

or stay suspended in the water. Also snow melt and groundwater entering the Red River at 

downstream of the confluence will change the water chemistry. 

Cadmium enters aquatic systems through natural sources, most of the Cd entering the 

rivers is absorbed to particulate matter and sediments are the major source of Cd (Wong et al. 
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2007, Rauf et al. 2009). As expected, mean cadmium concentrations in the tributary Turtle River 

and site G were significantly higher than the tributary Sheyenne River and all of the other sites 

along the Red River (Figure 3.6 (a)). The Pierre aquifer, which for a part feeds the Turtle River, 

intersects with Pierre Shale (Kelly and Paulson 1970, Jacob et al. 2013). This may explain higher 

concentrations of Cd at the Turtle River in comparison with the Sheyenne River. The high 

concentrations of Cd in site G might be because of the attachment to the clay particles, as 

mentioned in the beginning of the discussion particle size (f<63µm) shows an increasing pattern 

with the highest percentage at site G. 

The results of studies on selenium concentrations in North Dakota in 1930 showed that 

the selenium content in soil ranged from 0.006-0.02 (µmol g-1) (Williams et al. 1941). These 

results are similar to the range 0.005-0.014 we found in our study in sediment samples along the 

Red River. Mean concentrations of Se in Sheyenne tributary and downstream location of the 

confluence of the Sheyenne with the Red River were significantly higher than Turtle tributary 

(Figure 3.6 (b)). Se in water could exist in dissolved, particulate and colloidal forms. Sources of 

selenium in the soil are highly siliceous rocks such as sandstones; granites and limestone are 

parent material that adds to selenium content in soils. Atmospheric and anthropogenic sources 

also contribute to Se, such as industrial waste, nuclear waste, and agricultural practices. Most of 

the selenium, however, due to abiotic and biotic movements of dissolved ions from the water 

gets buried in the sediment (Ihnat 1989). 

3.6. Conclusion  

In conclusion, this research shows that there is a statistically significant variation of 

element concentrations in the Red River sediments. For the contribution from the Turtle River 
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and Sheyenne River tributaries to the Red River, the percentage sediment contribution for most 

of the elements did not support the linear mixing model. The results also demonstrates that the 

variation in element concentrations is sufficient to use the multi-element fingerprinting technique 

to study the element variations and patterns along the River. However, to draw conclusions about 

the relative contributions of elements of concern, namely Cd and Se, more information is 

required such as flow rate of water at the confluences and data on sediment movement. 
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CHAPTER 4.  SEDIMENT SOURCE TRACING AT THE LITTLE MISSOURI RIVER, 

USING THE MULTI-ELEMENT FINGERPRINTING APPROACH 

4.1. Abstract 

In southwestern North Dakota at least 21 uranium deposits exist. The Little Missouri 

River is known to cut through uranium-containing lignite in North Dakota. High concentrations 

of uranium can cause environmental issues due to toxicity and persistence in rivers. In this study, 

the possibility for tracing sources and the tributaries contributing to U and other element 

concentrations in the Little Missouri River was assessed using the multi-element fingerprinting 

technique. Five tributaries were selected based on nearby uranium deposits. Riverbank 

depositional sediments were sampled from three locations in each river, (1) in the main channel 

upstream and (2) downstream of the confluence with the tributaries, and (3) inside the tributaries.  

At the Little Missouri River, uranium concentrations were generally higher at the southern sites 

closer to uranium deposits. The largest tributary at the upstream of the Little Missouri River 

showed the highest contribution to uranium concentrations compared to other tributaries. The 

differences in uranium contributions may be due to factors such as the distance of tributary from 

uranium depositions, land use, underlying geology. 

4.2. Introduction 

Uranium naturally consists of gamma-emitting radioactive isotopes. In an aquifer, 

uranium as a toxic metal is a risk to the ecosystem and human health (Schöner et al. 2006). 

Rivers and streams are the major source of dissolved uranium to the ocean (Palmer and Edmond 

1993; Dunk et al. 2002). The amount of metals that are released to the environment is increasing 

as a result of activities such as mining (Förstner 1990). Riparian vegetation and soil accumulate 
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metals via chemical, physical and chemical processes, and natural wetlands are sinks for 

hazardous trace metals such as uranium (Schell et al. 1989; Owen and Otton 1995; Cole 1998).  

A number of studies on the accumulation and abundance of metals in natural riparian 

wetlands were done and they demonstrated that wetland soils have great potential to retain 

metals and other elements from surrounding land and from the river itself (Arias et al. 2005; 

Prokisch et al. 2009). Studies on the function of vegetation in wetlands also reported that 

wetlands play a key role in decreasing metal concentration through uptake by plants and storing 

them in different compartments, including roots and shoots (Canário et al. 2010). Many studies 

focus on the distribution and accumulation of metals in the sediment deposits or sediment 

suspended in the river water (Jain and Sharma 2001; Diagomanolin et al. 2004; Helios et al. 

2005; Wang et al. 2011).  

The Little Missouri River, North Dakota, U.S.A., is known to cut through uranium 

lignite. Analysis of surface and core samples indicates that lignite contains a high percentage of 

uranium (Denson and Gill 1955). In North Dakota there are at least 21 areas in the western part 

of the state that contain uranium, mostly within lignite or sandstone (Murphy 2007; Denson 

1959). Some of the tributaries, especially those located upstream, pass through these deposits.  

Although different hypotheses exist regarding the various sources of uranium in western 

North Dakota, the uranium concentrations and behavior in the Little Missouri River and the 

adjacent riparian areas are poorly studied. The multi-element fingerprinting technique is 

currently being applied to study different mechanisms in wetlands, such as element uptake in 

plants and tracing suspended sediment sources in catchments and river systems. This technique is 

capable of identifying the distribution and low concentrations of 62 elements in soil, sediment, 

and plant materials. 
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In this study, the multi–element fingerprinting technique was applied 1) to evaluate the 

suitability of the multi-element fingerprinting method for measuring sediment contribution from 

tributaries and for sediment source tracing, and 2) to address the potential sources of uranium in 

depositional sediments of the Little Missouri River. It was hypothesized that at the Little 

Missouri River, tributaries near uranium-rich lignite will show higher concentrations of uranium 

in sediment, and were expected to contribute to the uranium concentrations at the Little Missouri 

River. Also element concentrations and patterns in the sediment would reflect the characteristics 

of the sources from which it originates. 

4.3. Materials and methods 

4.3.1. Study area 

The Little Missouri River is 901 km long and is a tributary of the Missouri River in the 

Northern Great Plains in western North Dakota. The river starts in Wyoming and flows 

northeastward through the southeastern corner of Montana, the Badlands in South Dakota, and 

then into North Dakota. There the river passes through both units of Theodore Roosevelt 

National Park, east to Lake Sakakawea, and finally enters the Missouri River near the town of 

Killdeer. The Little Missouri flows through many different sedimentary deposits from the 

Paleocene, including sandstone and lignite coal (Figure 4.1) (USGS, 2011). 

4.3.2. Sample collection 

At the Little Missouri River, two riverbank sites and five tributaries were selected. Sites 

were selected to study the uranium and other element variations along the Little Missouri River. 

Major tributaries that pass through lignite deposits were chosen based on a map by Murphy, 

2007 (Figure 4.1). Sediment from the top layers of sediment (maximum depth of sampling 
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=3cm) by the edge of the river were sampled for both main river and tributaries because they 

represent the most recent deposits and eroded sites. The samples were collected in five replicates 

along a transect parallel to the river (with various distances between the replicates yet within the 

sediment deposition site) by the river bank (maximum distance of 2m from the edge of the river) 

to be representative of the element concentrations in the latest sediments by the river  

 For tributaries, sampling consisted of three locations in depositional sediments: 1) 

erosional sediment in the tributary maximum of 50 m upstream from the confluence, 2) erosional 

sediment maximum of 50 m upstream along the main river, and 3) depositional sediment, 

maximum of 50 m downstream along the main river. The confluence flow rate of water could 

result in sediment mixing, and sample collection at 50 m distance would be far enough away to 

be less influenced by the flow rate. Also it was expected, and observed at the sites, that based on 

the size of the watershed and flow rate of water, sediment coming from the tributary and 

upstream locations of the Little Missouri River would deposit downstream in approximately the 

first 50 m distance.  

This sampling design, with 50 m distance as opposed to the 100 m distance used for the 

Red River (Chapter 3), was selected considering the smaller size of the watersheds, water 

turbulence, and seasonal factors such as flooding.  

 Table 4.1 shows the coordinates of the depositional sites (B, G) and downstream location 

of the confluences on the Little Missouri River (A, C, D, E, and F). Downstream locations on the 

Little Missouri River were also considered as sites when assessing the element variations or 

other factors such as particle size along the Little Missouri River.  
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On Murphy’s map (Figure 4.1), uranium deposits were defined using gamma counts 

interpreted from uranium and coal exploration. In total 85 samples were collected from 

tributaries and sites along the Little Missouri River 

 
Figure 4.1. Map showing the uranium deposits in western North Dakota (shapes with white out 

lines that have been put into blue frames for more visibility) and location of sampling sites (A 

(furthest upstream) B, C, D, E, F, G (furthest downstream)) along the Little Missouri River. 

Various colors on the base map show the different surface geologic units. Map after Murphy 

(2007). 
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Table 4.1. Coordinates of the depositional sites (A (furthest upstream) B, C, D, E, F, G (furthest 

downstream) along the Little Missouri River in North Dakota. 

Sampling Site Coordinates 

A 45°57'52.51"N, 103°57'40.71" W 

B 46° 2'50.50"N, 103°57'13.39"W 

C 46°08'08.50"N, 103°51'19.00" W 

D 46°40'07.16"N,103°28'54.82" W 

E 47°04'07.65"N, 103°31'33.18" W 

F 47°02'47.86"N, 103°36'04.15"W 

G 47°31'4.75"N, 103°37'1.02"W 

 

4.3.3. Particle size, Loss-on-ignition, pH analysis, sample preparation and multi-element 

analysis.   

These procedures are identical to those described in CHAPTER 2. 

4.3.4. Data analysis 

For this section refer to CHAPTER 3. 

4.4.   Results 

4.4.1. Particle size (f<63 µm), pH and LOI at the Little Missouri River 

At the sites along the Little Missouri River, particle size (f<63 µm) ranged (n=35) from 

18-94% with an average of 41%. LOI ranged (n=35) from 0.3-5.3 % with an average of 3 %, pH 

ranged (n=35) from 7.58-9.74 with an average of 8.73. LOI and pH did not show significant 

variation, or any significant correlations with each other and any of the elements at the sites 

along the Little Missouri River. Particle size showed significant variations at the sites along the 



    

 

72 

 

Little Missouri River. Results of Tukey’s pair-wise comparisons showed that site D was 

significantly higher (p-<0.01) in mean percentage particle size relative to other sites (Figure 4.2), 

site A had the lowest percentage particle size. 

 
Figure 4.2. Variation in mean percentage particle size (f<63 µm) at the sampling sites (n =5) (A 

(furthest upstream) B, C, D, E, F, G (furthest downstream)) along the Little Missouri. 

4.4.2. Variations in multiple-elements and uranium along the Little Missouri River 

The concentrations of elements at the sampling sites are given in Table 4.2. Results of 

ANOVA showed that concentrations of Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, 

Eu, Fe, Ga, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, Pr, Re, S, Sb, Sc, Se, Sm, Sn, Sr, Te, Th, Ti, U, 

V, Y, Zn and Zr varied significantly (p<0.05) between the sampling sites.  
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Table 4.2. Element concentrations ± standard deviation at the sampling sites (A (furthest upstream), B, C, D, E, F, G (furthest 

downstream)) along the Little Missouri River. Element with significant variations between the sites are in bold. Values are in µmolg-1 

unless otherwise stated.  

 
 

 

 

Element

Al 374 ± 17 418 ± 109 529 ± 124 649 ± 124 570 ± 40 494 ± 36 466 ± 224

As 0.06 ± 0.004 0.06 ± 0.02 0.074 ± 0.01 0.09 ± 0.014 0.06 ± 0.030 0.04 ± 0.013 0.04 ± 0.027

B 0.44 ± 0.04 0.94 ± 0.22 1.33 ± 0.09 1.59 ± 0.09 0.92 ± 0.21 0.68 ± 0.32 0.65 ± 0.09

Ba 0.008 ± 0.001 0.009 ± 0.001 0.010 ± 2.261 0.4 ± 2.26 1.90 ± 0.002 3.22 ± 0.001 3.83 ± 0.000

Be 0.10 ± 0.01 0.10 ± 0.02 0.107 ± 0.01 0.12 ± 0.01 0.08 ± 0.01 0.05 ± 0.01 0.05 ± 0.02

Bi(nmolg-1) 0.6 ± 0.03 0.65 ± 0.20 0.81 ± 0.09 1 ± 0.09 0.69 ± 0.10 0.38 ± 0.1 0.38 ± 0.15

Ca 233 ± 24 460 ± 187 604 ± 65 681 ± 65 388 ± 109 293 ± 73 236 ± 198

Cd(nmolg-1) 1.82 ± 0.08 1.9 ± 0.2 2.23 ± 0.1 2.62 ± 0.12 1.78 ± 0.23 1.28 ± 0.37 1.3 ± 0.49

Ce 0.19 ± 0.022 0.14 ± 0.00 0.13 ± 0.01 0.15 ± 0.010 0.21 ± 0.009 0.25 ± 0.006 0.25 ± 0.010

Co 0.13 ± 0.01 0.14 ± 0.02 0.157 ± 0.02 0.18 ± 0.02 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.02

Cr 0.29 ± 0.04 0.34 ± 0.38 0.422 ± 0.13 0.62 ± 0.13 0.60 ± 0.04 0.45 ± 0.05 0.43 ± 0.08

Cs(nmolg-1) 0.17 ± 0.04 0.33 ± 0.25 0.50 ± 0.56 2.2 ± 0.56 6.28 ± 0.20 7.6 ± 0.153 7.40 ± 0.13

Cu 0.19 ± 0.01 0.22 ± 0.13 0.265 ± 0.03 0.38 ± 0.03 0.33 ± 0.03 0.22 ± 0.02 0.19 ± 0.04

Dy(nmolg-1) 14.77 ± 1.15 14.28 ± 0.55 14.52 ± 0.80 15 ± 0.802 14.77 ± 0.702 0.01 ± 0.001 13.54 ± 0.702

Er(nmolg-1) 6.58 ± 0.423 6.82 ± 0.00 7.17 ± 0.50 7.65 ± 0.50 6.94 ± 0.53 6.46 ± 0.27 6.46 ± 0.33

Eu(nmolg-1) 5.40 ± 0.294 4.74 ± 0.29 4.61 ± 0.59 4.87 ± 0.59 4.87 ± 0.29 4.74 ± 0.29 4.74 ± 0.00

Fe 205 ± 10 225 ± 44 278 ± 78 332 ± 78 299 ± 31 263 ± 25 260 ± 87

Ga 0.03 ± 0.01 0.05 ± 0.01 0.058 ± 0.03 0.07 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.04 ± 0.02

Gd 0.02 ± 0.002 0.02 ± 0.00 0.021 ± 0.00 0.02 ± 0.002 0.02 ± 0.001 0.02 ± 0.001 0.02 ± 0.001

Ho(nmolg-1) 2.55 ± 0.27 2.55 ± 0.000 2.79 ± 0.000 2.91 ± 0.000 2.55 ± 0.000 2.43 ± 0.000 2.43 ± 0.271

K 31 ± 2.1 38 ± 28 37 ± 8 46 ± 7.8 50 ± 4.3 44 ± 19.3 40 ± 5.8

La 2.88 ± 0.68 1.91 ± 0.23 1.829 ± 0.00 1.58 ± 0.004 0.51 ± 0.565 0.12 ± 0.615 0.12 ± 1.584

Li 1.60 ± 0.10 1.96 ± 0.25 2.403 ± 0.12 2.79 ± 0.12 2.16 ± 0.23 1.74 ± 0.13 1.62 ± 0.16

Mg 152 ± 13 206 ± 16 230 ± 40 255 ± 40 249 ± 45 242 ± 34 215 ± 33

Mn 3.95 ± 0.2 5.45 ± 0.72 7.235 ± 2.96 8.38 ± 3.0 5.39 ± 0.8 5 ± 1 5.64 ± 2.8

A B GEDC F
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Table 4.2. Element concentrations ± standard deviation at the sampling sites (A (furthest upstream), B, C, D, E, F, G (furthest 

downstream)) along the Little Missouri River (continued) 

Element

Mo(nmolg-1) 3.42 ± 1.28 3.56 ± 0.79 5.21 ± 2.31 9.34 ± 2.31 8.59 ± 5.40 4.27 ± 2.0 3.25 ± 3.09

Na 81 ± 12 97 ± 49 145 ± 65 149 ± 65 93 ± 56 113 ± 63.1 148 ± 62

Nd 0.38 ± 0.033 0.30 ± 0.01 0.268 ± 0.01 0.22 ± 0.008 0.13 ± 0.017 0 ± 0 0.11 ± 0.021

Ni 0.35 ± 0.03 0.38 ± 0.27 0.433 ± 0.05 0.55 ± 0.05 0.41 ± 0.12 0.42 ± 0.024 0.40 ± 0.10

P 16 ± 2.1 19 ± 0 18.60 ± 4 17 ± 3.6 19 ± 1.5 18.99 ± 1.22 16 ± 3.2

Pb 0.05 ± 0.00 0.05 ± 0.02 0.053 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0 ± 0.0 0.04 ± 0.01

Pr(nmolg-1) 44 ± 4.096 34 ± 1.00 32 ± 2.15 30 ± 2.153 29 ± 1.809 30 ± 1.6 31 ± 2.322

Rb 0.12 ± 0.01 0.14 ± 0.02 0.17 ± 0.02 0.21 ± 0.02 0.17 ± 0.02 0.16 ± 0.011 0.16 ± 0.02

S 20 ± 3.1 48 ± 25 81.35 ± 1 87 ± 0.8 48 ± 34.8 27.70 ± 41.97 21 ± 18.4

Sb(nmolg-1) 5.16 ± 1.09 3.52 ± 1.53 4.94 ± 0.38 16.74 ± 0.38 7.38 ± 2.75 1 ± 1.6 1.17 ± 6.17

Sc 0.06 ± 0.00 0.07 ± 0.01 0.088 ± 0.01 0.11 ± 0.01 0.09 ± 0.01 0.08 ± 0.007 0.08 ± 0.02

Se(nmolg-1) 1.77 ± 0.69 3.55 ± 2.53 5.57 ± 2.53 8.87 ± 2.53 8.87 ± 1.92 0.01 ± 0.00 8.87 ± 1.13

Sm(nmolg-1) 30.33 ± 2.2 24.87 ± 0.36 23.54 ± 1.97 22.88 ± 1.973 21.42 ± 1.279 0.021 ± 0.001 21.42 ± 1.244

Sn(nmolg-1 0.17 ± 0.00 0.19 ± 0.05 0.226 ± 0.78 0.83 ± 0.78 2.19 ± 0.04 0.26 ± 0.048 3.22 ± 0.05

Sr 0.68 ± 0.07 1.06 ± 0.37 1.515 ± 0.62 1.85 ± 0.62 1.23 ± 0.21 1.34 ± 0.17 1.48 ± 0.66

Tb(nmolg-1) 2.9 ± 0.3 2.5 ± 0.3 2.5 ± 0.0 2.6 ± 0.0 2.9 ± 0.3 2.8 ± 0.0 2.5 ± 0

Te(nmolg-1) 2.20 ± 0.37 1.71 ± 0.33 1.87 ± 0.33 2.28 ± 0.33 2.28 ± 0.98 2.3 ± 0.61 2.28 ± 7.82

Th 0.035 ± 0.004 0.03 ± 0.001 0.026 ± 0.003 0.026 ± 0.003 0.023 ± 0.001 0.020 ± 0.002 0.02 ± 0.002

Ti 12.54 ± 2.56 8.78 ± 0.00 6.686 ± 1.87 4.60 ± 1.87 6.27 ± 0.00 7.522 ± 0.9 7.10 ± 0.93

Tl(nmolg-1) 0.6 ± 0.07 0.67 ± 0.10 0.78 ± 0.15 0.95 ± 0.15 0.82 ± 0.12 0.75 ± 0.08 0.68 ± 0.12

Tm 0.001 ± 0.000 0.829 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 0.0008 ± 0.0 0.829 ± 0

U(nmolg-1) 5.5 ± 0.3 5.6 ± 0.5 6.47 ± 1.3 7.4 ± 1.3 6.5 ± 0.5 5.5 ± 0.38 5.8 ± 1.1

V 0.46 ± 0.02 0.55 ± 0.09 0.683 ± 0.13 0.84 ± 0.13 0.73 ± 0.07 0.675 ± 0.1 0.63 ± 0.12

Y 0.12 ± 0.007 0.12 ± 0.01 0.125 ± 0.01 0.14 ± 0.013 0.15 ± 0.006 0.15 ± 0.01 0.15 ± 0.011

Yb(nmolg-1) 4.97 ± 0.32 4.85 ± 0.00 5.09 ± 0.52 5.55 ± 0.52 4.62 ± 0.26 4.28 ± 0.41 4.28 ± 0.48

Zn 0.76 ± 0.05 0.87 ± 0.18 1.03 ± 0.13 1.24 ± 0.13 1.04 ± 0.09 0.920 ± 0.070 0.97 ± 0.13

Zr 0.06 ± 0.01 0.07 ± 0.02 0.072 ± 0.00 0.09 ± 0.00 0.07 ± 0.01 0.05 ± 0.01 0.05 ± 0.01

GA B C D E F
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4.4.3. Mean Percentage sediment contribution from tributaries 

For all of the tributaries (A, C, D, E, F), percentage sediment contribution calculated for 

most elements was between 0-100% and only a few elements showed contributions smaller than 

0 or greater than 100% (see Fig. 4.3 for example). 

Based on this, it was concluded that tributaries along the Little Missouri meet the linear mixing 

assumption. Therefore the average sediment contributions (0-100%) to the elements at each 

tributary were calculated and the mean percentage sediment contributions ± 95% confidence 

intervals of the tributary to the Little Missouri River are presented in Figure 4.4. The highest 

mean tributary contribution (71 ± 9) was from the tributary A, which is located upstream in the 

Little Missouri River, and the lowest from tributary C (45± 6). Also the tributary D (59 ± 5) 

showed the second highest contribution. 

 
Figure 4.2. Example showing the percentage contribution of elements from the tributary 

sediments of site A to the Little Missouri River. Percentage contributions are ordered from low 

to high. 
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4.4.4. Percentage contribution of tributaries to the uranium concentrations at the Little 

Missouri River 

Uranium concentrations at the upstream, downstream and inside tributaries (A, C, D, E, 

and F) are shown in Figure 4.5. Mean uranium concentrations (nmol g-1) along the little Missouri 

ranged from 4.8-7.8 with an average of 6.8. The upstream (7.8) and downstream (7.1) sites (nmol 

g-1)  of the confluence of tributary D with the Little Missouri both show the highest 

concentrations in comparison to the same sites at other tributaries. Results of Tukey’s 

comparisons at each tributary and it’s  upstream and downstream locations of the confluence 

with the Little Missouri showed that at the tributary A the uranium concentrations significantly 

varied between the three sites, and at the upstream of the confluence  uranium concentration was 

significantly higher than downstream and tributary (p<0.01) (Figure 4.5). The same pattern is 

observed for tributary D. At the tributaries C, E and F no significant variations in uranium 

concentrations were observed between the sites. 

 
Figure 4.3. Percentage contribution of sediments± % 95 confidence interval from the tributaries 

(A (furthest upstream), C, D, E, F (furthest downstream)) to the Little Missouri River. 
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 Percentage contribution of uranium from the tributaries to the main river was calculated 

using the mean sediment contribution from the upstream and tributary and the concentration of 

uranium in the upstream and tributary sediments (Table 4.3). Tributary A the most southern 

tributary upstream in the Little Missouri River in North Dakota, showed the highest percentage 

contribution (63%), followed by tributary D (58 %) and F (56 %). Tributary C (47 %) and E (42 

%) had the lowest contribution to the uranium concentrations at the Little Missouri River. 

 
Figure 4.4. Uranium concentrations (nmol g-1) upstream and downstream of the confluence of 

tributaries (A (furthest upstream), C, D, E, F (furthest downstream)) with the Little Missouri 

River (n=5). Different letters above the bars shows the significant variations at each tributary and 

the upstream and downstream locations (this does not include the comparisons between the 

tributaries) (p<0.01). 

 

  

b

a

b

a

a

a

a

a

a

aa

a

a

a 

a

0

1

2

3

4

5

6

7

8

9

10

A C D E F

U
 (

n
m

o
l

g
-1

)

Tributary

Upstream

Tributary

Downstream



    

 

78 

 

Table 4.3. Mean sediment contribution from upstream and tributary, mean concentration of 

uranium in the tributary and upstream sediments of the Little Missouri River, and calculated 

percentage contribution of uranium from tributaries. Tributaries are shown as A(furthest 

upstream) B, C, D, E, F(furthest downstream).  

Site 

Mean 

sediment 

contribution 

from the 

upstream of 

the river 

(%) 

Mean 

sediment 

contribution 

from 

tributary 

(%) 

Mean 

measured  

concentrations 

in upstream 

sediments 

(nmol g-1) 

Mean 

measured 

concentrations 

in tributary 

sediments 

( nmol g-1) 

Contribution 

of tributary 

to U (%) 

A 29 71 7.2 4.8 63 

C 55 45 6.1 7.1 47 

D 41 59 7.8 7.0 54 

E 54 46 6.9 6.0 42 

F 44 56 5.5 5.6 56 

4.5.  Discussion 

Elements could be exchanged and transported along the rivers through sediment-water 

reactions (Jaynes and Carpenter 1986; Weis and Weis 2004; Nurminen and Horppila 2009). 

Element mobility is influenced by the soil/sediment solution composition and the reactive 

surface area (Cataldo and Wildung 1978). In this study, element concentrations (Al, As, B, Ba, 

Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, Pr, Re, 

S, Sb, Sc, Se, Sm, Sn, Sr, Te, Th, Ti, U, V, Y, Zn, Zr ) in the sediment deposits at the Little 

Missouri showed significant variations (p<0.05) along the river. Particle size influences 

sedimentation processes and the capacity to bind elements (Håkanson and Jansson 2002), the 

presence of metals in sediments is partly impacted by the particle size and composition of the 

sediments (Horowitz and Elrick 1987; Singh et al 2005).  
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Particle size (f<63 µm) showed statistically significant variation between the sites (Figure 

4.1) and one explanation for the variations in elements along the river could be due to the 

binding with the particle size and being influenced by the variations in percentage particle size 

f<63 µm. Local geology and land use within watersheds is an important factor impacting the 

sediment and water chemistry (Moyle 1945; Newton et al. 1987; Nilsson and Håkanson 1992; 

Fraterrigo and Downing 2008), at the Little Missouri variation in elements and particle size 

along the river could be due to both the geology and land use in the area. In fact different 

activities such as mining, grazing and natural processes such as flooding in the Little Missouri 

basin could dramatically change the sediment and water chemistry. In our study samples were 

passed through a 63 µm sieve and because this method does not assess the particle size 

distributions on the samples, we were unable to determine the relationship between particle size 

of soils/sediment and multi-element correlations.  

At the Little Missouri River, uranium concentrations showed statistically significant 

variation along the river. Positive correlations were observed between uranium and Dy, Fe, V, 

Zn, at the sampling sites along the Little Missouri River. Uranium ions in water have been shown 

to be absorbed onto metal oxides and clays under proper chemical conditions (Prikryl et al. 2001 

Krestou et al. 2003; Han et al. 2007). Uranium may co-precipitate with iron sulfides thus 

reducing their mobility (Jenne 1976; Choi et al 2006). Fe is known to play a significant role in 

the element distributions in wetlands (Otte et al. 1991; Doyle and Otte 1997; Kissoon et al. 

2010).  In fact one of the important oxides that impact the mobility of elements is iron oxide 

because it provides sorption sites for cations (McBride 1994). In our study the positive 

correlations between uranium and iron shows that iron might play an important role in behavior 

of uranium along the Little Missouri River.   
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Trace element and nutrient distributions in the sediment can be influenced by pH and 

organic matter (Guilizzoni 1991). Generally, LOI (percentage organic matter content) in the 

sediment samples did not show very high content and a narrow range from 0.32-5.3 % was 

observed. pH was slightly alkaline (7.0-9.8) with an average of 8.7. In other studies, it has been 

shown that decreasing pH of wetland soil could result in increased mobility of elements such as 

Al, Cu, Fe, Mn, Mo and Zn in soil (Kirk and Bajita 1995; Jones et al. 1996; Jungk et al. 2002).  

Studies have shown that organic matter content provides binding surfaces for trace element ions. 

Coquery and Welbourn (1995) reported that concentration of elements in the sediments of Lake 

Bentshoe showed significant positive correlations with organic matter content.  Both of pH and 

LOI did not show significant variations between the sampling sites, indicating 1) relatively 

homogeneous sediments and 2)  the variations in the element concentrations is not related to the 

LOI and pH in the sediment. 

4.5.1. Percentage uranium contribution from tributaries to the Little Missouri River 

The stable form of uranium (UIV) in rivers, due to different factors such as variations in 

reduction-oxidation conditions or weathering, might become soluble (UO2
2+) (uranyl ion) and 

transported by the rivers (Schöner et al. 2006). Lignite is a good extractor of the uranium in the 

solution (Moore 1954). 

As it is shown in Figure 4.5, results of the Tukey’s comparisons showed that uranium 

concentrations at the tributaries A and D showed significant variations between the three 

locations (downstream, upstream and tributary). Therefore the tributary contributions from 

tributaries A and D to the uranium will be discussed because although tributary F shows high 

percentage contribution to the uranium but the uranium concentrations does not significantly 
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change in the downstream location of the confluence of this tributary and the Little Missouri 

River. 

Generally, three hypothesis of the origin have been suggested to explain the uranium 

bearing lignite deposits of the North and South Dakota and Montana regions. Result of studies 

and reports proposed these two hypothesis of origin: 1) The uranium initially was deposited with 

other minerals in sediments overlying or marginal to the lignite and got fixed by the carbon in 

the lignite 2) the uranium was deposited from surface waters through action of living organisms 

or organic matter at the time that lignite was forming (Denson and Gill 1955). The third 

hypothesis is as a result of the study of Denson et al. 1954, saying that the uranium was extracted 

by the lignite from the ground water passing by the lignite and carrying uranium from overlying 

source rocks. 

Tributary contributions to the uranium at the Little Missouri showed variations with the 

highest percentage sediment contribution (63 %) to the Little Missouri River from tributary A.  

Based on the site observations and from the maps of the North Dakota, tributary A was the first 

tributary sampled upstream of the Little Missouri and largest tributary sampled in width from 

one river bank to another, and this tributary flows through Montana and joins the Little Missouri 

River a few kilometers above the border of North Dakota and South Dakota. The highest 

percentage contribution from tributary A could be due to the fact that this tributary flows through 

the areas in which volcanic –rich rocks are known to exist. In the mid-1950s, the volcanic-rich  

rocks of White River (a tributary of Missouri River that flows 930 km through the states of 

Nebraska and South Dakota in united states) were identified as likely source rocks for the 

uranium found in sandstone and lignite in southwestern North Dakota and northwestern South 

Dakota and Montana (Denson et al. 1954; Denson and Gill 1955). Factors such as size of 

http://en.wikipedia.org/wiki/U.S._state
http://en.wikipedia.org/wiki/Nebraska
http://en.wikipedia.org/wiki/South_Dakota
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watershed, magnitudes of rainfall, geology and land use and water flow rate have been shown in 

many studies to effect the contribution of sediments from the watersheds (Trimble 1997, Lopes 

and Canfield 2004). Wijeyaratne (2011) found a significant correlation between the size of 

watersheds at the Souris River, ND and the percentage contribution of watersheds to the 

phosphorus, in their study smaller watersheds contributed smaller amount in comparison to the 

larger watersheds. Another explanation for the contribution of tributary A could be the fact that 

this tributary due to the size of watershed transports a higher sediment load in comparison with 

other tributaries and therefor the relative percentage contribution to the cadmium is higher than 

other tributaries. 

The upstream  concentrations of uranium (nmolg-1) (7.8) and downstream (7.1) sites of 

the confluence of tributary D with the Little Missouri both show to be higher in comparison to 

the same sites at other tributaries. The best explanation for the high tributary contribution at D 

(54%) is that these tributaries as shown in Figure 4.1 are close to the uranium lignite depositions. 

Murphy (2007) in his report stated that out of 21 uranium deposits in North Dakota, seven of 

these cover more than 400 km2  and one of these deposits at the north of Belfield, extends over 

an area of more than 335 km2, this could explain the high concentrations of uranium at the 

sampling sites nearby these areas. Also, the Department of Energy, North Dakota (1989) 

reported that high levels of radioactivity are present in and around the old processing sites at 

Griffin and Belfield.   

Table 4.4 shows the lignite in ton present in states of North Dakota, South Dakota and 

Montana and the percentage uranium present in the lignite, as presented by Hansen in 1981. 

South Dakota has the highest amount of lignite followed by North Dakota.  The percentage 

uranium present in the lignite shows the highest value in North Dakota.  
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Table 4.4. Lignite present in states of South Dakota, North Dakota and Montana with the 

percentage uranium content. 

State Lignite (kg) U (%) 

South Dakota 45,000,000,000 0.007 

North Dakota 25,000,000,000 0.011 

Montana 15,000,000,000 0.004 

4.6. Conclusion 

This research shows that there was statistically significant variation of element 

concentrations in the Little Missouri sediments. As expected linear mixing was observed for all 

the tributaries sampled, and generally sites close to uranium lignite depositions showed higher 

mean uranium concentrations. The multi-element fingerprinting approach was used successfully 

to identify possible sediment/element sources to the Little Missouri River and also assess the 

spatial variation of U. 
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CHAPTER 5.   GENERAL DISCUSSION AND FINAL CONCLUSIONS 

 In this thesis Chapter 2 (2011) focused on the element compositions and patterns in the 

riparian sediment of the Red, Sheyenne, James, Missouri, and Little Missouri rivers in North 

Dakota, and Chapters 3 and 4 (2012) on sediment source tracing and percent sediment 

contribution of selected tributaries to the elements at the Red and Little Missouri rivers.  

5.1. Differences between the rivers, based on multi-element variation within the rivers  

 In general, results of multi-element fingerprinting and ANOVA analysis demonstrated 

that many elements showed significant variation (p <0.05)  in the samples collected from riparian 

sites within the Red, Sheyenne, James, Missouri and Little Missouri rivers (Chapter 2, 2011) and 

sediment depositional sites within the Red and Little Missouri rivers (Chapter 3 and 4, 2012) 

(Table 5.1). 

 Looking at the results of both years (Table 5.1), at the Red and Little Missouri rivers, 

more elements showed significant variation in the sediment depositional sites (Chapters 3 and 4) 

in comparison to the riparian sediment sites (Chapter 2). One possible explanation for this 

difference in the results of two years is the differences between the type of samples (riparian 

wetland sediment, depositional sediment). Riparian plants stabilize the element concentrations 

and less variation could be observed in riparian wetland sediment in comparison to the sediment 

deposits by the river that are imposed to constant change due to water fluctuations. Riparian 

plants acquire most of their nutrients from the sediment and from the water column (Barko and 

Smart 1980; Barko et al. 1991; Clarke and Wharton 2001). Riparian vegetation impacts and 

changes the biogeochemistry of various soils (Wright and Otte 1999; Stoltz and Greger 2002; 

Jacob and Otte 2004). Wetland plants stabilize sediments (Barko and James 1998) by inhibiting 
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the erosion and suspension of sediment. The differences in the location of sampling sites along 

the river, and different conditions present in two years of sampling such as flooding could also 

impact this variation in the element concentrations. However further study is needed to address 

these impacts on the element variation, and it is ideal to study the same site and samples from the 

same location during different conditions and between different years or seasons. 

Table 5.1. Results of two years of study on riparian sites and river sediments, showing the multi- 

element variation (p<0.05) in riparian sediments along Red, Sheyenne, James, Missouri, Little 

Missouri Rivers (2011) and in depositional sediments along Red and Little Missouri Rivers in 

(2012) (n=20 at each river). 

River Year Elements with significant variation 

Riparian wetland sediments 

Red 

2
0
1
1
 C

h
a
p

te
r 

2
 

Al, As, Ba, Be,  Cd, Co, Cr, Cs, Cu,Fe, Ga, In, K, Li, Mn, 

Ni, P, Pb, Rb, S, Sc, Se, Sn, Ti, V, Zn and Zr  

Sheyenne 
As, Ca, Cd, Co, Er, Eu, Gd, Ho, La, Li, Mg, Mn, Na, Nb, 

Nd, Ni, P, Pr, S, Sb, Sm, Th, Ti, U, V, Y  

James 
Ba, Be, Ca, Cd, Cu, Ga, Li, Mg, Mn, Mo, Ni, P, Pb, Re, S, 

Sn, Th, Ti, U, Zn  

Missouri 
Al, As, Ba, Be, Bi, Ca, Co, Cr, Cu, Fe, Ga, K, Li, Lu, Mg, 

Na, Nb, Ni, Pb, Rb, Sc, Se, V, Zn  

Little Missouri Ca, Mg, S   

Depositional sediments 

Red 

2
0
1
2

 

C
h

a
p

te
r 

3
 Al, As, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, 

Fe, Ga, Gd, Ho, K, La, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, 

Pr, Rb, S, Sb, Sc, Sm, Sn, Sr, Tb, Te, Th, Ti, Tm, U, V, Y, 

Yb, Zn, Zr 

 

Little Missouri 

2
0
1
2
 

C
h

a
p

te
r 

4
 

Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, 

Fe, Ga, Li, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, Pr, Re, S, Sb, 

Sc, Se, Sm, Sn, Sr, Te, Th, Ti, U, V, Y, Zn, Zr  
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5.2. Similarities between the rivers with regards to the biogeochemistry of riparian 

sediment 

 Figure 5.1 summarizes the factors that impacted the riparian sediment biogeochemistry in 

this study (Chapter 2) variation and shows that land use/soils and geology in North Dakota 

played an important role in element and particle size variation at the rivers. Based on the results 

of study on the riparian sediments in Chapter 2, rivers in North Dakota are divided in two groups 

of 1) eastern rivers (Red, Sheyenne and James) and 2) western rivers (Missouri and Little 

Missouri). 

1) Similarities between the eastern rivers in North Dakota 

Among the element concentrations that showed significant variation (p<0.05) between 

the rivers in North Dakota, the Red, Sheyenne and James rivers show generally the highest 

concentrations for particular elements, such as nutrients (Ca, Mn, K) or metals (Cd, Cr) (Table 

5.2) and, the percent fraction of particles smaller than 63 µm shows the highest values at the Red, 

Sheyenne and James Rivers (Figure 5.1). 

Table 5.2. Elements with highest mean concentrations (µmol g-1) (n=20 at each river) in the 

riparian sediments along the Red, Sheyenne and James rivers.  

 

 The fact that these rivers show similar characteristics in element concentrations and 

particle size could be explained by soil types, land use and underlying geology of these rivers. 

Element Red Sheyenne James Missouri Little Missouri

B 4.61 5.11 4.5 3.6 3.47

Bi 0.0008 0.00078 0.00078 0.00065 0.0006

Ca 1159 953 1026 804 573

Cd 0.0034 0.0029 0.0025 0.0022 0.0018

Cr 0.58 0.5 0.5 0.47 0.46

Ga 0.069 0.059 0.057 0.051 0.049

K 73 76 70 50 50

Mn 15 34 21 6 9

Sn 0.0071 0.0051 0.0051 0.0042 0.0038
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 The Red, James and Sheyenne rivers mostly flow in the Red River Valley and soils in the 

Red River Valley are developed and derived predominantly from late-glacial erosion deposition 

of suspended sediments into Lake Agassiz (Schwert 2003), resulting in higher proportion of 

small particles. Generally, some elements such as nutrients (K and Ca) are associated with clay 

particles (Vital and Stattegger 2000). Also the land use is dominantly agricultural areas (US EPA 

2004). Wetlands impacted by agricultural activities tend to have higher nutrient concentrations, 

compared to wetlands not influenced by agriculture (Lougheed et al. 2001; Atkinson et al. 2011; 

Rowan et al. 2012) as observed in our study for the Red, Sheyenne and James rivers. In the 

Northern Plains because of the existence of shale-derived soils such as Pierre shale (Holmgren et 

al. 1993; Hopkins et al. 1999; Jacob et al. 2013), some elements such as Cd are naturally present 

in soils. 

2) Similarities between the western rivers in North Dakota 

 Rare earth metals such as Lu and Cs showed their highest concentrations in North Dakota 

at the Little Missouri and Missouri Rivers (Table 5.3). Particle size percentage fraction smaller 

than 63 µm, showed the lowest values at the Little Missouri and Missouri rivers (Figure 5.1).  

Table 5.3. Elements with highest mean concentrations (µmol g-1) (n=20 at each river) in the 

riparian sites along the Little Missouri and Missouri rivers. 

 

Element Red Sheyenne James Missouri Little Missouri

Ba 1.35 1.35 1.29 2.72 2.67

Ce 0.31 0.31 0.27 0.32 0.32

Cs 0.0085 0.0082 0.0072 0.0095 0.0096

Eu 0.025 0.026 0.023 0.027 0.027

Mo 0.0012 0.0005 0.0012 0.0018 0.0034

Sm 0.0003 0.00026 0.00023 0.00027 0.00027

Th 0.024 0.021 0.018 0.026 0.028
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 The Missouri and Little Missouri have sandy coarser soils in comparison to the eastern 

rivers and run through areas dominated by mining activities such as uranium mining (Murphy 

and Kehew 1984; Karsmizki 1990; Murphy 2007). Water chemistry is influenced by surrounding 

land use (Nilsson and Håkanson 1992; Fraterrigo and Downing 2008). Biogeochemistry of 

wetlands and riverine systems, plant communities and variation is dramatically changed by land 

use and geology as proposed in different studies (Moyle 1945; Stewart and Kantrud 1972; Barko 

and Smart 1986; Koch 2001; Lougheed et al. 2001; Hansel-Welch et al. 2003; Bayley et al. 

2007; Del Pozo et al. 2011).    

5.3. Tributary contributions and source-sink relationships  

In Chapters 3 and 4, the multi-element fingerprinting technique was applied to study the 

tributary contributions to the concentrations of elements of concern at the Red River (Cd and Se), 

and at the Little Missouri River (U). It was hypothesized that selected tributaries at the Red River 

(Sheyenne and Turtle) and the Little Missouri River (five tributaries) will contribute to the 

concentrations of these elements, because they pass through sediment that have high 

concentrations of these elements. The tributary contributions were calculated using a linear 

mixing model (refer to Chapters 3 and 4). Metals entering the riverine ecosystems could occur in 

various forms, such as attached to sediments, bound to organic matter, or as dissolved cations 

(Evans 2001; Dhakal et al. 2005). Several chemical mechanisms are included in transport and 

speciation of metals in the rivers and streams, such as; 1) precipitation, 2) incorporation with 

biological and crystalline structures (Gibbs 1973; Pojasek and Zajicek 1978; Tessier and 

Campbell 1987). These factors could be different from place to place depending on the chemical, 

physical and biological properties of the environment (Li et al. 2001).  
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Figure 5.1. Conceptual diagram of the factors (land use/soils, geology) that influence the 

biogeochemistry (element and particle size variation) of the riparian sediments in North Dakota 

(Red, Sheyenne, James, Missouri and Little Missouri Rivers).  
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Table 5.4 shows the Se and Cd concentrations in the Sheyenne and Turtle rivers 

measured in this study and at the Turtle and Souris rivers as measured by Wijeyaratne 2011.  

Cadmium shows the lowest concentrations and Se shows the highest concentrations at the 

Sheyenne River. Se concentrations at the Turtle River, measured in this study were higher than 

Se concentrations in the Turtle River measured by Wijeyaratne. Generally the ranges for Cd and 

Se were similar to the ones measured by Wijeyaratne 2011. 

Table 5.4. Cd and Se concentrations in the sediment (µmol g-1) of the Turtle and Sheyenne 

Rivers (measured in this study) and at the Turtle and Souris (measured by Wijeyaratne et al 

2011). 

River Cd Se References 

Turtle 0.004- 0.005 0.005-0.009  

Sheyenne 0.003-0.004 0.004- 0.03  

Turtle 0.0009-0.007 0.003-0.003 (Wijeyaratne 2011) 

Souris 0.0005-0.005 0.001-0.01 (Wijeyaratne 2011) 

 

Considering the fact that sediments tend to deposit immediately downstream from a 

tributary river confluence due to flow convergence (Fairbridge 1968; Rosgen and Silvery 1996) 

and based on the results and general contribution patterns including Cd and Se at the Red River 

and U at the Little Missouri River, two major source-sink relationships (presented in Figure 5.2) 

are found for the river sediments in North Dakota,   

1: Both Sheyenne and Turtle tributaries at the Red River did not follow the linear mixing 

assumption and for most of the elements percentage sediment contribution from the tributary was 
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lower than 0 or higher than 100%. It could be concluded that in this case, these tributaries 

might/might not be the source of concentrations of elements in the deposited sediment at the 

main river (downstream of the confluence).  

This means that percentage element contribution for most of the elements is less than 0 or 

higher than %100, which could be the result of factors (considering the dominant land use in the 

area) such as an unidentified diffusion/non- point sources such as upwelling groundwater and /or 

runoff waters dilute the water at the confluence of the tributary with the main river and this 

might change the flow rate of water at the confluence and sediment might stay in the suspended 

form  and does not deposit in the upstream sites as expected , or/and b) chemistry of waters is 

different at the confluence of the river and tributary and this would result in the release of 

elements from the sediment to the water  at the confluence (Figure 5.2 (a)).  

The Turtle River is fed by Dakota aquifer which has high salinity and total dissolved 

solids (Kelly and Paulson 1970). Sheyenne River gets the highly saline waters of the Devils Lake 

(Hollis 2007). 

 2: At the Little Missouri River all of the tributaries sampled followed the linear mixing 

model and for most of the elements percentage sediment contribution from the tributary was 

between 0-100%.  

 It could be concluded that in this case, tributary is one of the sources of concentrations of 

elements in the deposited sediment at the main river (downstream of the confluence), meaning 

that percentage element contribution for most of the elements is between 0-100 Figure 5.2 (b) 
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Figure 5.2. Major source-sink relationships: (a) tributaries might/ might (shown as question 

mark) not act as sources for the river sediments (left and right arrows outside of the edge of the 

river in downstream are the symbol for other unidentified sources) and (b) tributaries act as one 

of the sources for the river sediments. 
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5.4. Recommendations and implications  

 In this study when sampling the riparian sediment to address the element variation within 

and between the rivers (Chapter 2), five replicates were collected in a transect perpendicular to 

the river and with approximate distance of 2 m from each other. The multi-element 

concentrations and particle size variation for each of these replicates could be impacted by the 

river pulsing and the fact that the samples collected closer to the river bank might have been 

under the water for a longer period of time. It is recommended that for future studies, at each of 

the replicates along transect more than one sample could be collected, and this would assist with 

the study of the element variation along each transect at each of the sites within the river. This is 

more suitable for studies on dynamic rivers such as Red River in North Dakota where riparian 

wetlands closer to the river are flooded or saturated for several months. Riparian plant responses 

to the flooding are different, some species such as willows are often found closer to the stream in 

comparison to other species such as cottonwoods (Busch et al. 1992; Everson and Boucher 1998; 

Shafroth et al. 1998). The study of element variation along a transact also could address the ideal 

situations such as moisture, grain size and element concentrations for these particular species. 

 At the Red, Sheyenne and James rivers over-bank flooding and at the Little Missouri and 

Missouri River the difficulties in accessing to the sites due to the mountainous landscape could 

be a problem during the sampling. In this study prior to the sampling extra sites were chosen at 

near distances to each other and if sampling at one site failed, this minimized the consequences. 

5.5. Future studies 

 The following section and experiments would address questions that emerged during this 

project and also assist in better understanding the riparian wetlands of North Dakota. 
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5.5.1. Multi-element concentrations in riparian wetlands (water, soil, plant) 

 In this study focus was on the element concentrations in the riparian sediment and soils, 

showing that there is a great variation in multi-element concentrations at the rivers and between 

the rivers. The relationships between water, soil and plants are important, and it could be 

hypothesized that element uptake by plants would also vary between wetland sites. In a study by 

Zhang et al., (2010) they found that metals show different concentrations in soil, plant and water 

samples with the highest concentrations in soil, and metal accumulation mostly occurred in roots 

of the plants. Root zone studies and element variation at different depths and distances from the 

root could give us important information regarding the impacts of flooding on element uptake by 

riparian wetlands. Uptake of elements by plants is significantly higher in flooded soils compared 

to non-flooded (Kissoon et al. 2011). Kissoon et al. (2010) suggested that element accumulation 

near the roots and following with element uptake demonstrates that wetland plants may indeed 

be exposed to more metals that are available for uptake.   

 Future studies on riparian wetlands in North Dakota could focus on the following 

objectives: (1) investigate the distribution and enrichment of multi-elements in water, soils and 

plants of riparian wetlands; (2) analyze distributions and correlations of elements among these 

compartments; (3) address the links between multi-element concentrations and the wetland 

conditions.  

5.5.2. Multi-element concentrations in riparian wetlands (the effect of hydrologic pulsing) 

 The integrity of rivers and riparian wetlands is impacted by recent water movements such 

as flooding (Junk et al. 1989). Riparian wetlands receive hydrologic pulses in winter and spring 

when over- bank flow occurs; this would provide new sediment containing nutrients and 

contaminants to riparian wetlands (Loucks 1990; Odum et al. 1995; Heimann and Roell 2000). 
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Natural pulsing that occurs through flooding results in dispersal and germination of seeds into 

riparian wetlands (Middleton 2000). In North Dakota, mainly because of climate and geology 

riparian wetlands experience frequent flooding. Robertson et al. (2001) reported that spring 

pulsing significantly increases the riparian plant biomass. Study of element concentrations in 

riparian sediments before, during and after flooding, could also give us valuable information 

regarding the impacts of flooding on element concentrations and speciation.  

 

  



    

 

96 

 

REFERENCES 

Allan RJ (1986) Role of particulate matter in the fate of contaminants in aquatic ecosystems. 

IWD. 

 

Anderson JL, Grigal D, Cooper T (1984) Soils and landscapes of Minnesota. Minnesota 

Extension Service, University of Minnesota. 

 

Ankley GT, Lodge K, Call DJ, Balcer MD, Brooke LT, Cook PM, Kreis RG, Carlson AR, 

Johnson RD Niemi GJ (1992) Integrated assessment of contaminated sediments in the 

lower Fox River and Green Bay, Wisconsin. Ecotoxicology and environmental safety, 

23:46-63. 

 

Arias HR, Saucedo R, Wood K, Nunez AJimenez J (2005) Metal contamination of a riparian 

area in the Conchos watershed of Chihuahua, Mexico. Water Resources Management 

III:269-275. 

 

Arimoto R, Duce R, Savoie DProspero J (1992) Trace elements in aerosol particles from 

Bermuda and Barbados: Concentrations, sources and relationships to aerosol sulfate. 

Journal of Atmospheric Chemistry, 14:439-457. 

 

Atkinson CA, Jolley DF, Simpson SL (2007) Effect of overlying water pH, dissolved oxygen, 

salinity and sediment disturbances on metal release and sequestration from metal 

contaminated marine sediments. Chemosphere, 69:1428-1437. 

 

Atkinson CL, Golladay SW, First MR (2011) Water quality and planktonic microbial 

assemblages of isolated wetlands in an agricultural landscape. Wetlands, 31:885-894. 

 

Bai J, Yang Z, Cui B, Gao HDing Q (2010) Some heavy metals distribution in wetland soils 

under different land use types along a typical plateau lake, China. Soil and Tillage 

Research, 106:344-348. 

 

Bai J, Xiao R, Cui B, Zhang K, Wang Q, Liu X, Gao HHuang L (2011) Assessment of heavy 

metal pollution in wetland soils from the young and old reclaimed regions in the Pearl 

River Estuary, South China. Environmental Pollution, 159:817-824. 

 

Barko JW, Smart RM (1980) Mobilization of sediment phosphorus by submersed fresh-water  

           macrophytes. Freshwater Biology 10: 229-238. 

 

Barko JW, Smart RM (1986) Sediment-related mechanisms of growth limitation in submersed 

macrophytes. Ecology:1328-1340. 

 

Barko JW, Gunnison D, Carpenter SR (1991) Sediment interactions with submersed macrophyte 

growth and community dynamics. Aquatic Botany, 41:41-65. 

 



    

 

97 

 

Barko JW, James WF (1998) Effects of submerged aquatic macrophytes on nutrient dynamics, 

sedimentation, and resuspension. p. 197-214. The structuring role of submerged 

macrophytes in lakes. Springer. 

 

Bastian RK, Benforado J (1987) Water quality functions of wetlands: natural and managed 

systems. p. 87-97. The ecology and management of wetlands. Springer. 

 

Bayley S, Creed I, Sass G, Wong A (2007) Frequent regime shifts in trophic states in shallow 

lakes on the Boreal Plain: Alternative" unstable" states? Limnology and Oceanography, 

52:2002-2012. 

 

Blanchard RA, Ellison CA, Galloway JM, Evans DA (2011) Sediment concentrations, loads, and 

particle-size distributions in the Red River of the North and selected tributaries near 

Fargo, North Dakota, during the 2010 spring high-flow event, U. S. Geological Survey. 

 

Bonanno GLo, Giudice R (2010) Heavy metal bioaccumulation by the organs of Phragmites 

australis(common reed) and their potential use as contamination indicators. Ecological 

Indicators, 10:639-645. 

 

Botes PV, Staden J (2007) Investigation of trace element mobility in river sediments using ICP-

OES. Water SA, 31:183-192. 

 

Brinson MM, Energy ETeam LU (1981) Riparian ecosystems: their ecology and status. Eastern 

Energy and Land Use Team [and] National Water Resources Analysis Group, US Fish 

and Wildlife Service. 

 

Busch DE, Ingraham NL, Smith SD (1992) Water uptake in woody riparian phreatophytes of the 

southwestern United States: a stable isotope study. Ecological Applications:450-459. 

 

Canário J, Vale C, Poissant L, Nogueira M, Pilote MBranco V (2010) Mercury in sediments and 

vegetation in a moderately contaminated salt marsh (Tagus Estuary, Portugal). Journal of 

Environmental Sciences, 22:1151-1157. 

 

Casey RE, Klaine SJ (2001) Nutrient attenuation by a riparian wetland during natural and 

artificial runoff events. Journal of environmental quality, 30:1720-1731. 

 

Cataldo D, Wildung R (1978) Soil and plant factors influencing the accumulation of heavy 

metals by plants. Environmental Health Perspectives, 27:149. 

 

Choi JH, Park SS, Jaffé PR (2006) The effect of emergent macrophytes on the dynamics of 

sulfur species and trace metals in wetland sediments. Environmental Pollution, 140:286-

293. 

 

Ciffroy P, Moulin C, Gailhard J (2000) A model simulating the transport of dissolved and 

particulate copper in the Seine river. Ecological Modelling, 127:99-117. 

 



    

 

98 

 

Clarke SJ, Wharton G (2001) Sediment nutrient characteristics and aquatic macrophytes in 

lowland English rivers. Science of the Total Environment, 266:103-112. 

 

Clausen J, Johnson G (1990) Lake level influences on sediment and nutrient retention in a 

lakeside wetland. Journal of Environmental Quality, 19:83-88. 

 

Cole S (1998) The emergence of treatment wetlands. Environmental Science & Technology, 

32:218A-223A. 

Collins AL, Walling D, Leeks G (1996) Composite fingerprinting of the spatial source of fluvial 

suspended sediment: a case study of the Exe and Severn River basins, United Kingdom. 

Géomorphologie: Relief, Processus, Environnement, 2:41-53. 

 

Collins A, Walling D, Leeks G (1997) Source type ascription for fluvial suspended sediment 

based on a quantitative composite fingerprinting technique. Catena, 29:1-27. 

 

Collins A, Walling D (2002) Selecting fingerprint properties for discriminating potential 

suspended sediment sources in river basins. Journal of Hydrology, 261:218-244. 

 

Coquery M, Welbourn P (1995) The relationship between metal concentration and organic 

matter in sediments and metal concentration in the aquatic macrophyte< i> Eriocaulon 

septangulare</i>. Water Research, 29:2094-2102. 

 

Del Pozo R, Fernández-Aláez C, Fernández-Aláez M (2011) The relative importance of natural 

and anthropogenic effects on community composition of aquatic macrophytes in 

Mediterranean ponds. Marine and Freshwater Research, 62:101-109. 

 

Denson N, Bachman G, Zeller HD (1954) Uranium-bearing lignite and its relation to the White 

River and Arikaree formations in Northwestern South Dakota and adjacent states. US 

Department of the Interior, Geological Survey. 

 

Denson NM, Gill JR (1955) Uranium-bearing lignite and its relation to volcanic tuffs in eastern 

Montana and the Dakotas. 

 

Denson NM (1959) Uranium in coal in the western United States. US Govt. Print. Off. 

 

Department of Energy, North Dakota (1989) Environmental assessment of remedial action at the 

inactive uraniferous lignite processing sites at Belfield and BowmanNorth Dakota 0346, 

DE91 005808, 82 p.  

 

Dhakal RP, Ghimire KN, Inoue K (2005) Adsorptive separation of heavy metals from an aquatic 

environment using orange waste. Hydrometallurgy, 79:182-190. 

 

Diagomanolin V, Farhang M, Ghazi-Khansari MJafarzadeh N (2004) Heavy metals (Ni, Cr, Cu) 

in the Karoon waterway river, Iran. Toxicology letters, 151:63-67. 

 



    

 

99 

 

Dirszowsky RW (2004) Bed sediment sources and mixing in the glacierized upper Fraser River 

watershed, east‐central British Columbia. Earth Surface Processes and Landforms, 

29:533-552. 

 

Doyle MO, Otte ML (1997) Organism-induced accumulation of iron, zinc and arsenic in wetland 

soils. Environmental Pollution, 96:1-11. 

 

Du Laing G, Rinklebe J, Vandecasteele B, Meers E, Tack F (2009) Trace metal behaviour in 

estuarine and riverine floodplain soils and sediments: a review. Science of the total 

environment, 407:3972-3985. 

 

Dunk R, Mills R, Jenkins W (2002) A reevaluation of the oceanic uranium budget for the 

Holocene. Chemical Geology, 190:45-67. 

 

Elder JF (1987) Factors affecting wetland retention of nutrients, metals, and organic materials. p. 

178-184. Proceedings of the National Wetland Symposium: Wetland Hydrology. 

Association of State Wetland Managers, Berne, New York. DTIC Document. 

 

Evans R (2001) Interactions between sediments and water: summary of the Eighth International 

Symposium. The Science of the Total Environment, Ontario, Canada. 266:1-3. 

 

Everson DAH, Boucher D (1998) Tree species-richness and topographic complexity along the 

riparian edge of the Potomac River. Forest Ecology and Management, 109:305-314. 

 

Fairbridge R (1968) The Encyclopedia of Geomorphology. Encyclopedia of Earth Sciences 

Series, Vol. III. Dowden, Hutchinson and Ross. Inc., Stroudsburg, Pennsylvania. 1295pp. 

 

Förstner U, Müller G (1974) Schwermetalle in Flüssen und Seen: als Ausdruck der 

Umweltverschmutzung. Springer-Verlag Berlin-Heidelberg-New York. 

 

Förstner U (1990) Inorganic sediment chemistry and elemental speciation. Sediments: chemistry 

and toxicity of in-place pollutants:61-105. 

 

Fraterrigo JM, Downing JA (2008) The influence of land use on lake nutrients varies with 

watershed transport capacity. Ecosystems, 11:1021-1034. 

 

Galicki S, Davidson GRThrelkeld ST (2008) Transport of agricultural Pb, As and P through a 

riparian wetland. The American Midland Naturalist, 159:457-467. 

 

Gavlak R, Horneck D, Miller RO, Kotuby-Amacher J (2003) Soil, plant and water reference 

methods for the western region. Publ. WCC-103. Colorado State Univ., Ft. Collins. 

 

Gilliam J (1994) Riparian wetlands and water quality. Journal of Environmental Quality, 23:896-

900. 

 



    

 

100 

 

Gorham E, Bayley SE, Schindler DW (1984) Ecological effects of acid deposition upon 

peatlands: a neglected field in" acid-rain" research. Canadian Journal of Fisheries and 

Aquatic Sciences, 41:1256-1268. 

 

Gray J, Edington J (1969) Effect of woodland clearance on stream temperature. Journal of the 

Fisheries Board of Canada, 26:399-403. 

 

Gregory SV, Swanson FJ, McKee WA, Cummins KW (1991) An ecosystem perspective of 

riparian zones. BioScience, 41:540-551. 

 

Guilizzoni P (1991) The role of heavy metals and toxic amterials in the physiological ecology of 

submersed macrophytes. Aquatic Botany, 41:87-109. 

 

Håkanson L, Jansson M (2002) Principles of lake sedimentology, 2nd edition. Uppsala    

University. Earth Sciences, Department of Earth Sciences 

 

Han R, Zou W, Wang Y, Zhu L (2007) Removal of uranium (VI) from aqueous solutions by 

manganese oxide coated zeolite: discussion of adsorption isotherms and pH effect. 

Journal of environmental radioactivity, 93:127-143. 

 

Hansel-Welch N, Butler MG, Carlson TJ, Hanson MA (2003) Changes in macrophyte 

community structure in Lake Christina (Minnesota), a large shallow lake, following 

biomanipulation. Aquatic Botany, 75:323-337. 

 

Hansen DE, Kume J (1970) Geology and Groundwater Resources of Grand Forks County. Part I: 

North Dakota Geological Survey Bulletin, 53:76. 

   

Hansen M (1981) World uranium resources. IAEA Bulletin, 23:12-17. 

 

Hargiss CLM (2009) Estimating Wetland Quality for the Missouri Coteau Ecoregion in North 

Dakota. 

 

Hart BT (1982) Uptake of trace metals by sediments and suspended particulates: a review. 

Hydrobiologia, 91:299-313. 

 

Haycock N, Burt T (1993) Role of floodplain sediments in reducing the nitrate concentration of 

subsurface run‐off: A case study in the Cotswolds, UK. Hydrological Processes, 7:287-

295. 

 

He Q, Owens P (1995) Determination of suspended sediment provenance using caesium-137, 

unsupported lead-210 and radium-226: a numerical mixing model approach. Sediment 

and water quality in river catchments:207-227. 

 

Heimann DC, Roell MJ (2000) Sediment loads and accumulation in a small riparian wetland 

system in northern Missouri. Wetlands, 20:219-231. 

 



    

 

101 

 

Helios RE, Adamiec E, Aleksander-Kwaterczak U (2005) Distribution of trace metals in the 

Odra River system: Water–suspended matter–sediments. Limnologica-Ecology and 

Management of Inland Waters, 35:185-198. 

 

Hill AR (1996) Nitrate removal in stream riparian zones. Journal of environmental quality, 

25:743-755. 

 

Hollis D (2007) Disaggregating Devils Lake: Can Non-State Actors, Hegemony, or Principal-

Agent Theory Explain the Boundary Waters Treaty? Responsibility of Individuals, States 

and Organizations. Temple University Legal Studies Research Paper No. 2007-05. 

Available at SSRN: http://ssrn.com/abstract=976829 

 

Holmgren G, Meyer M, Chaney R, Daniels R (1993) Cadmium, lead, zinc, copper, and nickel in 

agricultural soils of the United States of America. Journal of environmental quality, 

22:335-348. 

 

Hopkins, D. G., Norvell, W. A., and J. Wu. (1999) Formation and distribution of trace-element-

enriched soils near the Pembina Escarpment, Cavalier County, North Dakota.  Proc. 91st ND 

Acad. Sci., Grand Forks, ND. 

 

Horowitz AJ, Elrick KA (1987) The relation of stream sediment surface area, grain size and 

composition to trace element chemistry. Applied Geochemistry, 2:437-451. 

 

Hutchinson SM, Rothwell JJ (2008) Mobilisation of sediment-associated metals from historical 

Pb working sites on the River Sheaf, Sheffield, UK. Environmental Pollution, 155:61-71. 

 

Ihnat M (1989) Occurrence and distribution of selenium. CRC PressI Llc. 

 

Jacob DL, Otte ML (2004) Long-term effects of submergence and wetland vegetation on metals 

in a 90-year old abandoned Pb–Zn mine tailings pond. Environmental Pollution, 130:337-

345. 

 

Jacob DL, Yellick AH, Kissoon LTT, Asgary A, Wijeyaratne DN, Eidukat BS, Otte ML (2013) 

Cadmium and associated metals in soils and sediments of wetlands across the Northern 

Plains, USA. Journal of Environmental Pollution. Paper accepted, In press. 

 

Jain C, Sharma M (2001) Distribution of trace metals in the Hindon River system, India. Journal 

of Hydrology, 253:81-90. 

 

Jaynes ML, Carpenter SR (1986) Effects of vascular and nonvascular macrophytes on sediment 

redox and solute dynamics. Ecology:875-882. 

 

Jenne EA (1976) Trace element sorption by sediments and soils--sites and processes. 

International Symposium on Molybdenum in the Environment. Denver, Colorado (USA). 

1975. 

 



    

 

102 

 

Johns C (1995) Contamination of riparian wetlands from past copper mining and smelting in the 

headwaters region of the Clark Fork River, Montana, USA. Journal of Geochemical 

Exploration, 52:193-203. 

 

Johnson AG, Kelley JT (1984) Temporal, spatial, and textural variation in the mineralogy of 

Mississippi River suspended sediment. Journal of Sedimentary Research, 54. 

 

Jones DL, Darah PR, Kochian LV (1996) Critical evaluation of organic acid mediated iron 

dissolution in the rhizosphere and its potential role in root iron uptake. Plant and Soil, 

180:57-66. 

 

Jungk A, Waisel Y, Eshel A, Kafkafi U (2002) Dynamics of nutrient movement at the soil-root 

interface. Plant roots: The hidden half:587-616. 

 

Junk WJ, Bayley PBSparks RE (1989) The flood pulse concept in river-floodplain systems. 

Canadian special publication of fisheries and aquatic sciences, 106:110-127. 

 

Kang Y, Sheng G, Fu J, Mai B, Zhang G, Lin ZMin Y (2000) Polychlorinated biphenyls in 

surface sediments from the Pearl River Delta and Macau. Marine Pollution Bulletin, 

40:794-797. 

 

Karsmizki KW (1990) U3O8, uranium industry context statement, prepared for UNDAR-West: 

Western History Research, Bozeman, Montana, 79 p 

 

Kelly TE and Paulson QF.(1970). Geology and groundwater resources of Grand Forks County. 

Part III, groundwater resources. Bulletin 53, North Dakota Geological Survey/County 

Groundwater Studies. 

 

Kirk G, Bajita J (1995) Root‐induced iron oxidation, pH changes and zinc solubilization in the 

rhizosphere of lowland rice. New Phytologist, 131:129-137. 

 

Kissoon LTT, Jacob DL, Otte ML (2010) Multi-element accumulation nea Rumex crispus roots 

under wetland and dryland conditions. Environmental Pollution, 158:1834-1841. 

 

Kissoon LTT, Jacob DL, Otte ML (2011) Multiple elements in Typha angustifolia rhizosphere 

and plants: Wetland versus dryland. Environmental and Experimental Botany, 72:232-

241. 

 

Kitchens Jr WM, Dean JM, Stevenson LH, Cooper JH (1975) The Santee Swamp as a nutrient 

sink. Mineral cycling in southeastern ecosystems. ERDA symposium series. 

 

Klages M, Hsieh Y (1975) Suspended solids carried by the Gallatin River of southwestern 

Montana: II. Using mineralogy for inferring sources. Journal of environmental quality, 

4:68-73. 

 



    

 

103 

 

Knight R, McKim T, Kohl H (1987) Performance of a natural wetland treatment system for 

wastewater management.Water Pollution Control Federation, 59:746-754. 

 

Koch EW (2001) Beyond light: physical, geological, and geochemical parameters as possible 

submersed aquatic vegetation habitat requirements. Estuaries, 24:1-17. 

 

Krestou A, Xenidis A, Panias D (2003) Mechanism of aqueous uranium (VI) uptake by natural 

zeolitic tuff. Minerals engineering, 16:1363-1370. 

 

Lee S, Moon JW, Moon H-S (2003) Heavy metals in the bed and suspended sediments of 

Anyang River, Korea: Implications for water quality. Environmental geochemistry and 

health, 25:433-452. 

 

Leopold LB (1994) A View of the River. Harvard University Press. Cambridge, USA. 

 

Li X, Shen Z, Wai OW, Li Y-S (2001) Chemical forms of Pb, Zn and Cu in the sediment profiles 

of the Pearl River Estuary. Marine Pollution Bulletin, 42:215-223. 

 

Liu H, Li L, Yin C, Shan B (2008) Fraction distribution and risk assessment of heavy metals in 

sediments of Moshui Lake. Journal of Environmental Sciences, 20:390-397. 

 

Lopes VL, Canfield HE (2004) Effects of watershed representation on runoff and sediment yield 

modeling1, Journal of the American Water Resoyrces association, 40:311-319. 

 

Loucks OL (1990) Restoration of the pulse control function of wetlands and its relationship to 

water quality objectives. Wetland Creation and Restoration: The Status of the Science. 

Island Press, Covelo, California. 1990. p 467-477. 

 

Lougheed VL, Crosbie B, Chow-Fraser P (2001) Primary determinants of macrophyte 

community structure in 62 marshes across the Great Lakes basin: latitude, land use, and 

water quality effects. Canadian Journal of Fisheries and Aquatic Sciences, 58:1603-1612. 

 

Lowrance R, Todd R, Fail Jr J, Hendrickson Jr O, Leonard R, Asmussen L (1984) Riparian 

forests as nutrient filters in agricultural watersheds. BioScience:374-377. 

 

Martin D, Harman W (1984) Arsenic, cadmium, lead, mercury, and selenium in sediments of 

riverine and pothole wetlands of the north central United States.Association of Official 

Analytical Chemists, Washington, USA. 

 

Matthews DJ, Moran BM, McCabe PF, Otte ML (2004) Zinc tolerance, uptake and accumulation 

in plan and protoplasts of five European populations of the wetland grass Glyceria 

fluitans. Aquatic Botany 80: 39-52. 

 

McBride MB (1994) Environmental chemistry of soils. Oxford university press. 

 



    

 

104 

 

McCabe OM, Otte ML (2000) The wetland grass Glyceria Fluitans for revegetation of metal 

mine tailings. Wetlands, 20:548-559. 

 

McClave JT, Sincich T (2006) Statictics, 10th edition. Pearson Education, Inc., Upper saddle 

River, NJ. 

 

Middleton B (2000) Hydrochory, seed banks, and regeneration dynamics along the landscape 

boundaries of a forested wetland. Plant Ecology, 146:167-181. 

 

Mitsch WJ (1995) Restoration of our lakes and rivers with wetlands—an important application 

of ecological engineering. Water Science and Technology, 31:167-177. 

 

Mitsch WJ, Gosselink JG, Zhang L, Anderson CJ (2009) Wetland ecosystems.Wiley. New 

Jersey, USA. 

 

Moore GW (1954) Extraction of uranium from aqueous solution by coal and some other 

materials. Economic Geology, 49:652-658. 

 

Moyle JB (1945) Some chemical factors influencing the distribution of aquatic plants in 

Minnesota. American Midland Naturalist, 34:402-420. 

 

Murphy EC, Kehew AE (1984) Effect of oil and gas well drilling fluids on shallow groundwater 

in western North Dakota. North Dakota Geological Survey, Grand Forks (USA). 

 

Murphy, EC (2007) The uranium resources of the Grassy Butte 100K sheet: North Dakota 

Geological Survey 100k GrBt - u, 1:100,000 scale. 

 

N'guessan YM, Probst J-L, Bur TProbst A (2009) Trace elements in stream bed sediments from 

agricultural catchments (Gascogne region, SW France): Where do they come from? 

Science of the total environment, 407:2939-2952. 

 

Naiman RJ, Decamps H (1997) The ecology of interfaces: riparian zones. Annual review of 

Ecology and Systematics:621-658. 

 

Newton RM, Weintraub J, April R (1987) The relationship between surface water chemistry and 

geology in the North Branch of the Moose River. Biogeochemistry, 3:21-35. 

 

Nilsson A, Håkanson L (1992) Relationships between drainage area characteristics and lake 

water quality. Environmental Geology and Water Sciences, 19:75-81. 

 

Niu H, Deng W, Wu Qchen X (2009) Potential toxic risk of heavy metals from sediment of the 

Pearl River in South China. Journal of Environmental Sciences, 21:1053-1058. 

 

Nurminen L, Horppila J (2009) Life form dependent impacts of macrophyte vegetation on the 

ratio of resuspended nutrients. Water Research, 43:3217-3226. 



    

 

105 

 

 

Odum WE, Odum EP, Odum HT (1995) Nature’s pulsing paradigm. Estuaries, 18:547-555. 

 

Oldfield F, Rummery T, Thompson R, Walling DE (1979) Identification of suspended sediment 

sources by means of magnetic measurements: some preliminary results. Water Resources 

Research, 15:211-218. 

 

Osborne LL, Kovacic DA (1993) Riparian vegetated buffer strips in water‐quality restoration 

and stream management. Freshwater Biology, 29:243-258. 

 

Otte M, Bestebroer S, Van der Linden J, Rozema J, Broekman R (1991) A survey of zinc, copper 

and cadmium concentrations in salt marsh plants along the Dutch coast. Environmental 

Pollution, 72:175-189. 

 

Overesch M, Rinklebe J, Broll G, Neue H-U (2007) Metals and arsenic in soils and 

corresponding vegetation at Central Elbe river floodplains (Germany). Environmental 

Pollution, 145:800-812. 

 

Owen DE, Otton JK (1995) Mountain wetlands: Efficient uranium filters—Potential impacts. 

Ecological Engineering, 5:77-93. 

 

Palmer M, Edmond J (1993) Uranium in river water. Geochimica et Cosmochimica Acta, 

57:4947-4955. 

 

Peart M, Walling D (1986) Fingerprinting sediment source: the example of a drainage basin in 

Devon, UK. Drainage Basin Sediment Delivery, 159:41-55. 

 

Peterjohn WT, Correll DL (1984) Nutrient dynamics in an agricultural watershed: observations 

on the role of a riparian forest. Ecology, 65:1466-1475. 

 

Phillips JD (1989) Nonpoint source pollution control effectiveness of riparian forests along a 

coastal plain river. Journal of Hydrology, 110:221-237. 

 

Pojasek R, Zajicek O (1978) Surface microlayers and foams—source and metal transport in 

aquatic systems. Water Research, 12:7-10. 

 

Prikryl JD, Jain A, Turner DR, Pabalan RT (2001) Uranium VI sorption behavior on silicate 

mineral mixtures. Journal of contaminant hydrology, 47:241-253. 

 

Prokisch J, Széles É, Kovács B, Gyo˝ ri Z, Németh T, West L, Harper SAdriano D (2009) 

Sampling strategies for testing and evaluation of soil contamination in riparian systems at 

the Tisza River Basin, Hungary. Communications in Soil Science and Plant Analysis, 

40:391-406. 

 

Rauf A, Javed M, Ubaidullah MAbdullah S (2009) Assessment of heavy metals in sediments of 

the river Ravi, Pakistan. Int. J. Agric. Biol, 11:197-200 



    

 

106 

 

 

Reczynski W, Jakubowska M, Golas J, Parker A, Kubica B (2010) Chemistry of sediments from 

the Dobczyce Reservoir, Poland, and the environmental implications. International 

Journal of Sediment Research, 25:28-38. 

 

Robertson AW, Mechoso CR, Garcia NO (2001) Interannual prediction of the Paraná river. 

Geophysical Research Letters, 28:4235-4238. 

 

Rosgen DL, Silvey HL (1996) Applied river morphology. (Book) Wildland Hydrology Pagosa 

Springs, Colorado,1481. 

 

Rowan J, Black S, Franks S (2012) Sediment fingerprinting as an environmental forensics tool 

explaining cyanobacteria blooms in lakes. Applied Geography, 32:832-843. 

 

Rowden R (2008) Groundwater Quality Evaluation of the Dakota Aquifer in Northwest Lowa. 

Lowa Geological and Water Survey. Water Resources Investigation Report, 1:56. 

 

Russell M, Walling D, Hodgkinson R (2001) Suspended sediment sources in two small lowland 

agricultural catchments in the UK. Journal of Hydrology, 252:1-24. 

 

Samecka-Cymerman A, Kempers A (2001) Concentrations of heavy metals and plant nutrients in 

water, sediments and aquatic macrophytes of anthropogenic lakes (former open cut 

brown coal mines) differing in stage of acidification. Science of the total environment, 

281:87-98. 

 

Schell W, Tobin M, Massey C (1989) Evaluation of trace metal deposition history and potential 

element mobility in selected cores from peat and wetland ecosystems. Science of the 

Total Environment, 87:19-42. 

 

Schwert DP (2003) A geologist’s perspective on the Red River of the North: history, geography, 

and planning/management issues. Proceedings, 1st international water conference, Red 

River Basin Institute, Moorhead, MN. 

 

Shear H, Watson A (1977) The fluvial transport of sediment-associated nutrients and 

contaminants. International Joint Commission. Windsor, Ont. 

 

Schöner A, Sauter M, Büchel G (2006) Uranium in natural wetlands: a hydrogeochemical 

approach to reveal immobilization processes. p. 389-397. Uranium in the Environment. 

Springer. 
 

Shuman LM, Tabatabai M, Sparks D, Al-Amoodi L, Dick W (2005) Chemistry of micronutrients 

in soils. (Book) Chemical processes in soils: p.293-308. Madison, USA. 

 

Simpson SL, Maher EJ, Jolley DF (2004) Processes controlling metal transport and retention as 

metal-contaminated groundwaters efflux through estuarine sediments. Chemosphere, 

56:821-831. 



    

 

107 

 

 

Singh KP, Mohan D, Singh VK, Malik A (2005) Studies on distribution and fractionation of 

heavy metals in Gomti river sediments—a tributary of the Ganges, India. Journal of 

Hydrology, 312:14-27. 

 

Skopp J, Daniel T (1978) A review of sediment predictive techniques as viewed from the 

perspective of nonpoint pollution management. Environmental Management, 2:39-53. 

 

Sparks RE (1995) Need for ecosystem management of large rivers and their floodplains. 

BioScience, 45:168-182. 

 

Sparks DL, Page A, Helmke P, Loeppert R, Soltanpour P, Tabatabai M, Johnston C, Sumner M 

(1996) Methods of soil analysis. Part 3-Chemical methods. Soil Science Society of 

America Inc. 

 

Spencer K, MacLeod C (2002) Distribution and partitioning of heavy metals in estuarine 

sediment cores and implications for the use of sediment quality standards. Hydrology and 

Earth System Sciences Discussions, 6:989-998. 

 

Stewart RE, Kantrud HA (1972) Vegetation of prairie potholes, North Dakota, in relation to 

quality of water and other environmental factors. US Government Printing Office. 

 

Stoltz E, Greger M (2002) Accumulation properties of As, Cd, Cu, Pb and Zn by four wetland 

plant species growing on submerged mine tailings. Environmental and Experimental 

Botany, 47:271-280. 

 

Stutter M, Langan S, Lumsdon D, Clark L (2009) Multi-element signatures of stream sediments 

and sources under moderate to low flow conditions. Applied Geochemistry, 24:800-809. 

 

Swanson F, Kratz T, Caine N, Woodmansee R (1988) Landform effects on ecosystem patterns 

and processes. BioScience, 38:92-98. 

 

Szymanowska A, Samecka-Cymerman A, Kempers A (1999) Heavy metals in three lakes in 

West Poland. Ecotoxicology and environmental safety, 43:21-29. 

 

Tessenow U, Baynes Y (1975) Redox-dependent accumulation of Fe and Mn in a littoral 

sediment supportingIsoetes lacustris L. Naturwissenschaften, 62:342-343. 

 

Tessier A, Campbell P (1987) Partitioning of trace metals in sediments: relationships with 

bioavailability. Hydrobiologia, 149:43-52. 

 

Tipping E, Smith E, Lawlor A, Hughes S, Stevens P (2003) Predicting the release of metals from 

ombrotrophic peat due to drought-induced acidification. Environmental Pollution, 

123:239-253. 

 



    

 

108 

 

Trimble SW (1997) Contribution of stream channel erosion to sediment yield from an urbanizing 

watershed. Science, 278:1442-1444. 

 

UNESCO (1983) Study of the relationship between sediment transport and water quality. 

UNESCO Technical Papers in Hydrology, vol. 26 

 

USEPA (2004) North Dakota integrated section 305 (b) water quality assessment report and 

section 303 (d) List of waters needing total maximum daily loads. Submitted by ND 

Department of Health, Division of Water Quality. 

 

USEPA (2008) North Dakota impaired waters, cause of impairment: cadmium. Watershed 

assessment, tracking and environmental results.  

http://ofmpub.epa.gov/tmdl_waters10/attains_impaired_waters.control? 

p_cause_name¼ cadmium &p_state¼ND&p_cycle¼2008&p_report_type (last 

updated 06.12.12). 

 

U.S. Geological Survey (1995) water-supply paper - Issues 2399-2400 - Page 429. 

U.S. Geological Survey (2011) National Hydrography Dataset high-resolution flowline data. The 

National Map,Turtle River, ND. 

U.S. Geological Survey (2012) U.S. Department of the Interior 

http://nd.water.usgs.gov/canoeing/sheyenne/index.html 

 

U.S. Geological Surve (2013) Water-Data Report 02037500 James River near Richmond 

.http://wdr.water.usgs.gov/wy2009/pdfs/02037500.2009.pdf   

 

Vital H, Stattegger K (2000) Major and trace elements of stream sediments from the lowermost 

Amazon River. Chemical Geology, 168:151-168. 

 

Vought LB-M, Dahl J, Pedersen CL, Lacoursiere JO (1994) Nutrient retention in riparian 

ecotones. Ambio:342-348. 

 

Yellick AH (2013) Multi- Element fingerpring of Prairie Pothole wetlands. Green bag Seminar, 

North Dakota State University, Fargo, North Dakota. 

 

Wall G, Wilding L (1976) Mineralogy and related parameters of fluvial suspended sediments in 

northwestern Ohio. Journal of environmental quality, 5:168-173. 

 

Walling D, Woodward J (1992) Use of radiometric fingerprints to derive information on 

suspended sediment sources. Erosion and Sediment Transport Monitoring Programmes in 

River Basins, 210:153-164 

 

Walling D (2005) Tracing suspended sediment sources in catchments and river systems. Science 

of the Total Environment, 344:159-184. 

 

http://books.google.com/books?id=omvxAAAAMAAJ&pg=PA429&dq=land+use+in+north+dakota&hl=en&sa=X&ei=oONEUb2TKcfErQHTn4HAAg&ved=0CDcQ6AEwAg
http://viewer.nationalmap.gov/viewer/
http://viewer.nationalmap.gov/viewer/
http://www.doi.gov/
http://wdr.water.usgs.gov/wy2009/pdfs/02037500.2009.pdf


    

 

109 

 

Wang H, Jia Y, Wang S, Zhu HWu X (2009) Bioavailability of cadmium adsorbed on various 

oxides minerals to wetland plant species Phragmites australis. Journal of Hazardous 

Materials, 167:641-646 

 

Wang G-P, Yu X-F, Wang J, Zhao H-M, Bao K-SLu X-G (2011) Dominants and accumulation 

of rare earth elements in sediments derived from riparian and depressional marshes. 

Environmental Earth Sciences, 62:207-216. 

 

Warren N, Allan I, Carter J, House W, Parker A (2003) Pesticides and other micro-organic 

contaminants in freshwater sedimentary environments—a review. Applied Geochemistry, 

18:159-194. 

 

Weis JS, Weis P (2004) Metal uptake, transport and release by wetland plants: implications for 

phytoremediation and restoration. Environment International, 30:685-700. 

 

Wiberg PL, Harris CK (2002) Desorption  from sediment during resuspension events on the 

Palos Verdes shelf, California: a modeling approach. Continental shelf research, 22:1005-

1023. 

 

Wiens JA, Crawford CS, Gosz JR (1985) Boundary dynamics: a conceptual framework for 

studying landscape ecosystems. Oikos:421-427. 

 

Wijeyaratne DN, Otte M (2011) Multi-element Fingerprinting of River Sediments to Identify 

Diffuse Pollution Sources. Dissertation. North Dakota State University, Fargo, North 

Dakota. 

 

Williams KT, Lakin HW, Byers HG (1941) Selenium occurrence in certain soils in the United 

States, with a discussion of related topics: fifth report. US Deptartment of Agriculture. 

 

Wood PJ, Armitage PD (1997) Biological effects of fine sediment in the lotic environment. 

Environmental Management, 21:203-217. 

 

Wong EL, Chow EJustin Gooding J (2007) The electrochemical detection of cadmium using 

surface-immobilized DNA. Electrochemistry Communications, 9:845-849. 

 

Wright DJ, Otte ML (1999) Wetland plant effects on the biogeochemistry of metals beyond the 

rhizosphere. p. 3-10. Biology and Environment: Proceedings of the Royal Irish Academy. 

 

Zhang H, Cui B, Zhang K (2012) Surficial and Vertical Distribution of Heavy Metals in 

Different Estuary Wetlands in the Pearl River, South China. Clean–Soil, Air, Water, 

40:1174-1184. 

  



    

 

110 

 

APPENDIX 

Element concentrations µmolg- ± standard deviation at the tributaries (A (furthest upstream), C, 

D, E, F (furthest downstream)) and their upstream and downstream locations along the Little 

Missouri River. 

 

Element Site Upstream Tributary Downstream

Al A 490 ± 62 351 ± 17 374 ± 27

C 470 ± 47 583 ± 124 529 ± 71

D 695 ± 122 628 ± 146 649 ± 105

E 603 ± 132 480 ± 40  ± 15

F 490 ± 88 471 ± 36 494 ± 43

As A 0.07 ± 0.004 0.05 ± 0.004 0.06 ± 0.003

C 0.07 ± 0.008 0.08 ± 0.014 0.07 ± 0.014

D 0.10 ± 0.028 0.08 ± 0.024 0.09 ± 0.011

E 0.07 ± 0.007 0.04 ± 0.030 0.06 ± 0.009

F 0.04 ± 0.004 0.04 ± 0.013 0.04 ± 0.008

B A 1.50 ± 0.26 0.65 ± 0.04 0.44 ± 0.09

C 1.18 ± 0.24 1.57 ± 0.09 1.33 ± 0.22

D 1.79 ± 0.29 1.37 ± 1.29 1.59 ± 0.29

E 1.20 ± 0.32 0.81 ± 0.21 0.92 ± 0.23

F 0.74 ± 0.22 0.65 ± 0.32 0.68 ± 0.12

Ba A 0.011 ± 0.001 0.008 ± 0.001 0.008 ± 0.000

C 0.010 ± 0.459 0.011 ± 2.261 0.010 ± 0.831

D 0.012 ± 0.527 0.79 ± 0.202 0.400 ± 0.091

E 1.37 ± 0.002 2.31 ± 0.002 1.90 ± 0.002

F 0.05 ± 0.001 0.05 ± 0.001 0.05 ± 0.001

Be A 0.11 ± 0.01 0.09 ± 0.01 0.10 ± 0.02

C 0.11 ± 0.00 0.12 ± 0.01 0.11 ± 0.01

D 0.14 ± 0.01 0.11 ± 0.02 0.12 ± 0.01

E 1.37 ± 0.03 2.31 ± 0.01 1.90 ± 0.03

F 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01

Bi A 0.0008 ± 0.0001 0.0005 ± 0.0000 0.0006 ± 0.0000

C 0.0007 ± 0.0001 0.0009 ± 0.0001 0.0008 ± 0.0001

D 0.0011 ± 0.0002 0.0009 ± 0.0002 0.0010 ± 0.0001

E 0.0008 ± 0.0001 0.0005 ± 0.0001 0.0007 ± 0.0001

F 0.0004 ± 0.0001 0.0004 ± 0.0001 0.0004 ± 0.0001

Ca A 792 ± 187 296 ± 24 233 ± 49

C 524 ± 95 741 ± 65 604 ± 218

D 831 ± 107 587 ± 99 681 ± 49

E 531 ± 109 286 ± 109 388 ± 63

F 276 ± 74 248 ± 73 293 ± 56

Cd A 0.002 ± 0.0004 0.002 ± 0.0001 0.002 ± 0.0003

C 0.002 ± 0.0002 0.003 ± 0.0001 0.002 ± 0.0006

D 0.003 ± 0.0002 0.002 ± 0.0004 0.003 ± 0.0003

E 0.002 ± 0.0004 0.001 ± 0.0002 0.002 ± 0.0011

F 0.001 ± 0.0003 0.001 ± 0.0004 0.001 ± 0.0002

Ce A 0.12 ± 0.013 0.15 ± 0.022 0.19 ± 0.014

C 0.14 ± 0.011 0.13 ± 0.010 0.13 ± 0.024

D 0.12 ± 0.011 0.17 ± 0.032 0.15 ± 0.025

E 0.19 ± 0.011 0.24 ± 0.009 0.21 ± 0.003

F 0.24 ± 0.003 0.25 ± 0.006 0.25 ± 0.005

Co A 0.16 ± 0.02 0.12 ± 0.01 0.13 ± 0.01

C 0.15 ± 0.01 0.17 ± 0.02 0.16 ± 0.04

D 0.19 ± 0.02 0.18 ± 0.03 0.18 ± 0.01

E 0.17 ± 0.02 0.15 ± 0.01 0.16 ± 0.01

F 0.15 ± 0.02 0.15 ± 0.01 0.15 ± 0.01
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Element concentrations µmolg- ± standard deviation at the tributaries (A (furthest upstream), C, 

D, E, F (furthest downstream)) and their upstream and downstream locations along the Little 

Missouri River (continued). 

 

Element Site Upstream Tributary Downstream

Cr A 0.34 ± 0.07 0.28 ± 0.04 0.29 ± 0.03

C 0.37 ± 0.02 0.45 ± 0.13 0.42 ± 0.11

D 0.66 ± 0.07 0.63 ± 0.10 0.62 ± 0.11

E 0.61 ± 0.12 0.42 ± 0.04 0.60 ± 0.06

F 0.44 ± 0.10 0.44 ± 0.05 0.45 ± 0.03

Cs A 0.0005 ± 0.000 0.0003 ± 0.000 0.0002 ± 0.000

C 0.0005 ± 0.000 0.0005 ± 0.001 0.0005 ± 0.002

D 0.0006 ± 0.001 0.0035 ± 0.001 0.0022 ± 0.001

E 0.0048 ± 0.000 0.0078 ± 0.000 0.0063 ± 0.000

F 0.0075 ± 0.000 0.0076 ± 0.000 0.0076 ± 0.000

Cu A 0.24 ± 0.04 0.18 ± 0.01 0.19 ± 0.03

C 0.24 ± 0.03 0.30 ± 0.03 0.27 ± 0.07

D 0.39 ± 0.04 0.37 ± 0.08 0.38 ± 0.04

E 0.35 ± 0.07 0.26 ± 0.03 0.33 ± 0.04

F 0.24 ± 0.05 0.19 ± 0.02 0.22 ± 0.03

Dy A 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.001

C 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.002

D 0.02 ± 0.001 0.02 ± 0.002 0.02 ± 0.001

E 0.02 ± 0.001 0.01 ± 0.001 0.01 ± 0.001

F 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.001

Er A 0.007 ± 0.001 0.006 ± 0.000 0.007 ± 0.001

C 0.007 ± 0.001 0.007 ± 0.001 0.007 ± 0.001

D 0.008 ± 0.001 0.008 ± 0.001 0.008 ± 0.001

E 0.007 ± 0.001 0.007 ± 0.001 0.007 ± 0.001

F 0.006 ± 0.000 0.006 ± 0.000 0.006 ± 0.000

Eu A 0.005 ± 0.000 0.005 ± 0.000 0.005 ± 0.000

C 0.005 ± 0.000 0.005 ± 0.001 0.005 ± 0.001

D 0.005 ± 0.001 0.005 ± 0.001 0.005 ± 0.000

E 0.005 ± 0.000 0.005 ± 0.000 0.005 ± 0.000

F 0.005 ± 0.000 0.005 ± 0.000 0.005 ± 0.000

Fe A 271 ± 24 193 ± 10 205 ± 7

C 251 ± 19 302 ± 78 278 ± 91

D 350 ± 46 321 ± 55 332 ± 31

E 313 ± 58 262 ± 31 299 ± 12

F 260 ± 20 264 ± 25 263 ± 14

Ga A 0.05 ± 0.01 0.04 ± 0.01 0.03 ± 0.01

C 0.05 ± 0.00 0.06 ± 0.03 0.06 ± 0.02

D 0.08 ± 0.01 0.07 ± 0.02 0.07 ± 0.02

E 0.06 ± 0.02 0.04 ± 0.01 0.05 ± 0.01

F 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.01

Gd A 0.02 ± 0.001 0.02 ± 0.002 0.02 ± 0.001

C 0.02 ± 0.001 0.02 ± 0.002 0.02 ± 0.002

D 0.02 ± 0.003 0.02 ± 0.002 0.02 ± 0.001

E 0.02 ± 0.001 0.02 ± 0.001 0.02 ± 0.001

F 0.02 ± 0.000 0.02 ± 0.001 0.02 ± 0.000

Ho A 0.003 ± 0.000 0.002 ± 0.000 0.003 ± 0.000

C 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

D 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

E 0.003 ± 0.000 0.002 ± 0.000 0.003 ± 0.000

F 0.002 ± 0.000 0.003 ± 0.000 0.001 ± 0.000

K A 53 ± 4.6 30 ± 2.1 31 ± 2.3

C 43 ± 3.9 43 ± 7.8 37 ± 11.9

D 52 ± 3.1 44 ± 13.2 46 ± 7.8

E 53 ± 7.8 45 ± 4.3 50 ± 19.0

F 45 ± 4.4 42 ± 19.3 44 ± 2.3
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Element concentrations µmolg- ± standard deviation at the tributaries (A (furthest upstream), C, 

D, E, F (furthest downstream)) and their upstream and downstream locations along the Little 

Missouri River (continued). 

 

Element Site Upstream Tributary Downstream

La A 1.94 ± 0.339 1.94 ± 0.678 2.88 ± 0.193

C 1.92 ± 0.004 1.85 ± 0.004 1.83 ± 0.010

D 1.87 ± 0.004 1.24 ± 0.016 1.58 ± 0.012

E 0.91 ± 0.657 0.12 ± 0.565 0.51 ± 0.521

F 0.12 ± 0.379 0.12 ± 0.615 0.12 ± 0.583

Li A 2.42 ± 0.27 1.60 ± 0.10 1.59 ± 0.12

C 2.22 ± 0.13 2.69 ± 0.12 2.40 ± 0.22

D 3.06 ± 0.11 2.62 ± 0.51 2.79 ± 0.28

E 2.43 ± 0.43 1.87 ± 0.23 2.16 ± 0.06

F 1.83 ± 0.16 1.68 ± 0.13 1.74 ± 0.07

Lu A 0.0006 ± 0.0000 0.0006 ± 0.0000 0.0006 ± 0.0000

C 0.0006 ± 0.0000 0.0006 ± 0.0000 0.0006 ± 0.0000

D 0.0006 ± 0.0000 0.0006 ± 0.0000 0.0006 ± 0.0000

E 0.0006 ± 0.0000 0.0006 ± 0.0000 0.0006 ± 0.0000

F 0.0006 ± 0.0000 0.0006 ± 0.0000 0.0006 ± 0.0000

Mg A 249 ± 11 189 ± 13 152 ± 9

C 216 ± 14 242 ± 40 230 ± 27

D 258 ± 30 254 ± 41 255 ± 58

E 254 ± 23 240 ± 45 249 ± 38

F 235 ± 77 226 ± 34 242 ± 36

Mn A 9.14 ± 2.7 4.09 ± 0.2 3.95 ± 0.5

C 6.43 ± 1.0 8.36 ± 3.0 7.23 ± 4.5

D 9.60 ± 2.3 7.23 ± 1.3 8.38 ± 0.6

E 6.64 ± 1.9 4.07 ± 0.8 5.39 ± 1.0

F 4.28 ± 2.8 5.39 ± 1.1 4.73 ± 0.7

Mo A 0.005 ± 0.001 0.002 ± 0.001 0.003 ± 0.001

C 0.005 ± 0.002 0.006 ± 0.002 0.005 ± 0.003

D 0.010 ± 0.003 0.009 ± 0.003 0.009 ± 0.001

E 0.009 ± 0.001 0.005 ± 0.005 0.009 ± 0.002

F 0.005 ± 0.003 0.004 ± 0.002 0.004 ± 0.000

Na A 146 ± 32 67 ± 12 81 ± 8

C 132 ± 9 162 ± 65 145 ± 35

D 178 ± 33 119 ± 18 149 ± 42

E 110 ± 884 79 ± 56 93 ± 15

F 96 ± 77 134 ± 63 113 ± 35

Nd A 0.25 ± 0.027 0.30 ± 0.033 0.38 ± 0.027

C 0.29 ± 0.007 0.26 ± 0.008 0.27 ± 0.013

D 0.25 ± 0.009 0.19 ± 0.013 0.22 ± 0.010

E 0.17 ± 0.022 0.11 ± 0.017 0.13 ± 0.006

F 0.10 ± 0.005 0.11 ± 0.014 0.11 ± 0.011

Ni A 0.42 ± 0.07 0.35 ± 0.03 0.35 ± 0.03

C 0.40 ± 0.03 0.58 ± 0.05 0.43 ± 0.10

D 0.56 ± 0.05 0.54 ± 0.07 0.55 ± 0.06

E 0.53 ± 0.07 0.44 ± 0.12 0.41 ± 0.06

F 0.43 ± 0.09 0.41 ± 0.02 0.42 ± 0.04

P A 18 ± 1.3 19 ± 2.1 16 ± 1.6

C 19 ± 0.9 18 ± 3.6 19 ± 2.8

D 17 ± 4.3 18 ± 0.5 17 ± 0.9

E 18 ± 1.0 19 ± 1.5 19 ± 3.1

F 19 ± 1.6 18 ± 1.2 19 ± 1.8

Pb A 0.055 ± 0.003 0.041 ± 0.002 0.049 ± 0.004

C 0.049 ± 0.004 0.066 ± 0.008 0.053 ± 0.010

D 0.076 ± 0.008 0.070 ± 0.010 0.074 ± 0.005

E 0.066 ± 0.012 0.043 ± 0.007 0.052 ± 0.011

F 0.040 ± 0.007 0.039 ± 0.024 0.041 ± 0.004
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Element concentrations µmolg- ± standard deviation at the tributaries (A (furthest upstream), C, 

D, E, F (furthest downstream)) and their upstream and downstream locations along the Little 

Missouri River (continued). 

 

Element Site Upstream Tributary Downstream

Pr A 0.03 ± 0.003 0.04 ± 0.004 0.04 ± 0.003

C 0.03 ± 0.002 0.03 ± 0.002 0.03 ± 0.003

D 0.03 ± 0.002 0.03 ± 0.004 0.03 ± 0.003

E 0.03 ± 0.002 0.03 ± 0.002 0.03 ± 0.001

F 0.03 ± 0.001 0.03 ± 0.002 0.03 ± 0.001

Rb A 0.19 ± 0.02 0.12 ± 0.01 0.12 ± 0.01

C 0.16 ± 0.01 0.20 ± 0.02 0.17 ± 0.03

D 0.23 ± 0.01 0.20 ± 0.05 0.21 ± 0.03

E 0.19 ± 0.03 0.16 ± 0.02 0.17 ± 0.01

F 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.00

S A 116 ± 35.7 29 ± 3.1 20 ± 2.9

C 69 ± 15.3 91 ± 0.8 81 ± 11.9

D 103 ± 6.1 70 ± 4.8 87 ± 14.9

E 57 ± 31.0 42 ± 34.8 48 ± 42.6

F 36 ± 61.2 25 ± 42.0 28 ± 20.8

Sb A 0.0069 ± 0.004 0.0030 ± 0.001 0.0052 ± 0.001

C 0.0045 ± 0.000 0.0118 ± 0.000 0.0049 ± 0.000

D 0.0174 ± 0.001 0.0155 ± 0.000 0.0167 ± 0.000

E 0.0146 ± 0.005 0.0016 ± 0.003 0.0074 ± 0.008

F 0.0014 ± 0.004 0.0012 ± 0.016 0.0014 ± 0.001

Sc A 0.08 ± 0.01 0.06 ± 0.00 0.06 ± 0.01

C 0.08 ± 0.01 0.10 ± 0.01 0.09 ± 0.01

D 0.12 ± 0.02 0.10 ± 0.02 0.11 ± 0.02

E 0.10 ± 0.02 0.08 ± 0.01 0.09 ± 0.00

F 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.00

Se A 0.006 ± 0.002 0.002 ± 0.001 0.002 ± 0.001

C 0.005 ± 0.003 0.007 ± 0.003 0.006 ± 0.003

D 0.009 ± 0.003 0.009 ± 0.003 0.009 ± 0.003

E 0.009 ± 0.003 0.009 ± 0.002 0.009 ± 0.003

F 0.009 ± 0.002 0.009 ± 0.003 0.009 ± 0.003

Sm A 0.02 ± 0.002 0.03 ± 0.002 0.03 ± 0.002

C 0.02 ± 0.001 0.02 ± 0.002 0.02 ± 0.002

D 0.02 ± 0.002 0.02 ± 0.003 0.02 ± 0.002

E 0.02 ± 0.002 0.02 ± 0.001 0.02 ± 0.001

F 0.02 ± 0.000 0.02 ± 0.001 0.02 ± 0.001

Sn A 0.0002 ± 0.0000 0.0002 ± 0.0000 0.0002 ± 0.0000

C 0.0002 ± 0.0002 0.0003 ± 0.0008 0.0002 ± 0.0006

D 0.0003 ± 0.0009 0.0013 ± 0.0012 0.0008 ± 0.0008

E 0.0025 ± 0.0001 0.0030 ± 0.0000 0.0026 ± 0.0000

F 0.0025 ± 0.0001 0.0030 ± 0.0000 0.0026 ± 0.0000

Sr A 2.12 ± 0.48 0.68 ± 0.07 0.68 ± 0.10

C 1.31 ± 0.14 1.87 ± 0.62 1.52 ± 0.17

D 2.12 ± 0.24 1.62 ± 0.13 1.85 ± 0.15

E 1.53 ± 0.22 1.10 ± 0.21 1.23 ± 0.13

F 1.20 ± 0.20 1.40 ± 0.17 1.34 ± 0.11

Tb A 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

C 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.001

D 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

E 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

F 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.000

Te A 0.0022 ± 0.000 0.0016 ± 0.000 0.0022 ± 0.000

C 0.0018 ± 0.000 0.0020 ± 0.000 0.0019 ± 0.000

D 0.027 ± 0.000 0.026 ± 0.000 0.026 ± 0.000

E 0.0023 ± 0.000 0.0023 ± 0.001 0.0023 ± 0.001

F 0.0023 ± 0.000 0.0023 ± 0.001 0.0023 ± 0.000

Th A 0.024 ± 0.002 0.026 ± 0.004 0.035 ± 0.002

C 0.027 ± 0.001 0.026 ± 0.003 0.026 ± 0.003

D 0.027 ± 0.003 0.025 ± 0.003 0.026 ± 0.002

E 0.024 ± 0.002 0.021 ± 0.001 0.023 ± 0.001

F 0.020 ± 0.001 0.020 ± 0.002 0.020 ± 0.001
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Element concentrations µmolg- ± standard deviation at the tributaries (A (furthest upstream), C, 

D, E, F (furthest downstream)) and their upstream and downstream locations along the Little 

Missouri River (continued). 

 

 

Element Site Upstream Tributary Downstream

Ti A 6.69 ± 0.93 9.61 ± 2.56 12.54 ± 1.14

C 7.94 ± 1.14 5.43 ± 1.87 6.69 ± 1.87

D 4.18 ± 1.87 5.01 ± 0.00 4.60 ± 0.93

E 5.43 ± 1.14 7.10 ± 0.00 6.27 ± 0.93

F 7.10 ± 1.04 7.94 ± 0.93 7.52 ± 0.00

Tl A 0.0008 ± 0.0001 0.0006 ± 0.0001 0.0006 ± 0.0001

C 0.0007 ± 0.0000 0.0009 ± 0.0002 0.0008 ± 0.0002

D 0.0010 ± 0.0001 0.0009 ± 0.0001 0.0009 ± 0.0001

E 0.0009 ± 0.0001 0.0008 ± 0.0001 0.0008 ± 0.0001

F 0.0007 ± 0.0001 0.0007 ± 0.0001 0.0008 ± 0.0001

Tm A 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000

C 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000

D 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000

E 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000

F 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000

V A 0.66 ± 0.07 0.46 ± 0.02 0.46 ± 0.04

C 0.61 ± 0.04 0.77 ± 0.13 0.68 ± 0.17

D 0.89 ± 0.09 0.82 ± 0.20 0.84 ± 0.14

E 0.79 ± 0.14 0.65 ± 0.07 0.73 ± 0.04

F 0.66 ± 0.07 0.66 ± 0.05 0.68 ± 0.02

Y A 0.13 ± 0.009 0.11 ± 0.007 0.12 ± 0.009

C 0.12 ± 0.012 0.13 ± 0.013 0.13 ± 0.021

D 0.14 ± 0.018 0.15 ± 0.026 0.14 ± 0.018

E 0.15 ± 0.012 0.15 ± 0.006 0.15 ± 0.007

F 0.15 ± 0.006 0.15 ± 0.007 0.15 ± 0.004

Yb A 0.005 ± 0.000 0.005 ± 0.000 0.005 ± 0.000

C 0.005 ± 0.001 0.005 ± 0.001 0.005 ± 0.001

D 0.006 ± 0.001 0.005 ± 0.001 0.006 ± 0.000

E 0.005 ± 0.000 0.004 ± 0.000 0.005 ± 0.001

F 0.004 ± 0.000 0.004 ± 0.000 0.004 ± 0.000

Zn A 0.99 ± 0.08 0.75 ± 0.05 0.76 ± 0.05

C 0.95 ± 0.06 1.13 ± 0.13 1.03 ± 0.32

D 1.31 ± 0.08 1.20 ± 0.20 1.24 ± 0.11

E 1.13 ± 0.20 0.90 ± 0.09 1.04 ± 0.08

F 0.91 ± 0.13 0.95 ± 0.07 0.92 ± 0.05

Zr A 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01

C 0.07 ± 0.02 0.08 ± 0.00 0.07 ± 0.01

D 0.09 ± 0.01 0.08 ± 0.01 0.09 ± 0.01

E 0.08 ± 0.01 0.06 ± 0.01 0.07 ± 0.03

F 0.05 ± 0.13 0.05 ± 0.01 0.05 ± 0.01


