
UNIVERSITY OF OKLAHOMA GRADUATE COLLEGE 

 

 

THE RESPONSE OF MINERAL-ASSOCIATED ORGANIC MATTER TO DROUGHT 

CONDITIONS AND THE SIGNATURES OF LAND USE IN SEDIMENT LOADING IN 

CENTRAL OKLAHOMA 

 

 

 

A THESIS 

SUBMITTED TO THE GRADUATE FACULTY 

in partial fulfillment of the requirements for the 

Degree of 

MASTER OF SCIENCE 

By 

Brittany Moehnke 

 

Norman, Oklahoma 

2025 



THE RESPONSE OF MINERAL ASSOCIATED ORGANIC MATTER TO DROUGHT 

CONDITIONS AND THE SIGNATURES OF LAND USE IN SEDIMENT LOADING IN 

CENTRAL OKLAHOMA 

 

 

A THESIS APPROVED FOR  

THE SCHOOL OF GEOSCIENCES  

 

 

BY THE COMMITTEE CONSISTING OF  

 

 

Dr. Caitlin Hodges, Chair 

 

Dr. Jason Vogel 

 

Dr. Timothy Filley 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Brittany Moehnke 

2025 

All Rights Reserved.



Moehnke iv 
 

ACKNOWLEDGEMENTS 1 

I would like to first and foremost thank my advisor Dr. Caitlin Hodges for her 2 

unwavering support, her management of a welcoming lab group, and for her enthusiasm 3 

regarding critical zone biogeochemistry. Furthermore, I must express my gratitude toward my 4 

parents who have always encouraged me to pursue my interests and made my academic pursuits 5 

possible. I would also like to thank the members of my committee, Dr. Jason Vogel and Dr. 6 

Timothy Filley, for their feedback, knowledge, and support. I thank the United States Department 7 

of Agriculture for providing funding the project evaluating the impacts of drought on soil carbon. 8 

I deeply appreciate the assistance and support from members of the Hodges Lab, Tiffany Legg, 9 

Jacob Clements, Dodger Stankewitz, and Paige Langford, who assisted with field sampling, lab 10 

work, other aspects of these projects. Finally, thank you to my fellow graduate students Karen 11 

Valles, Mackenzie Flynn, and Danielle Brunig for their friendship and reliability.   12 



Moehnke v 
 

   
 

 13 

TABLE OF CONTENTS 14 

Abstract 15 

Abstract: Chapter One................................................................................................................. x 16 

Chapter 1 : Clay mineral species and crystallinity impact mineral-associated organic matter 17 

stability across a precipitation gradient........................................................................................... 1 18 

1.00 Background ......................................................................................................................... 1 19 

1.00.1 Soil Organic Carbon .................................................................................................... 1 20 

1.00.2 Mineral-Associated Organic Matter ............................................................................ 3 21 

1.00.3 Soil Texture as a control on MAOM ............................................................................ 4 22 

1.00.4 MAOM stabilization: Metal (oxy)hydroxides ............................................................. 6 23 

1.00.5 Targeted Extractions of Iron (oxy)hydroxides ............................................................. 7 24 

1.00.6 Statement of Purpose ................................................................................................. 10 25 

1.01 Methods............................................................................................................................. 10 26 

1.01.1 Field Site and DroughtNet Experimental Design ...................................................... 10 27 

1.01.2 Soil Fractionation ........................................................................................................11 28 

1.01.3 Selective Dissolution Extractions .............................................................................. 12 29 

1.01.4 Carbon Measurements ............................................................................................... 13 30 

1.01.5 X-ray diffraction ........................................................................................................ 14 31 

1.01.6 Total Dissolved Metals  Measurements ..................................................................... 14 32 



Moehnke vi 
 

   
 

1.02 Results ............................................................................................................................... 15 33 

1.02.1 Total Carbon versus Precipitation at each Depth ....................................................... 15 34 

1.02.2 Selective Dissolution Extractions Iron and Aluminum .............................................. 19 35 

1.02.3 Dissolved Fe and Al ................................................................................................... 23 36 

1.02.4 X-ray diffraction results ............................................................................................. 29 37 

1.03 Discussion ......................................................................................................................... 32 38 

1.03.1 Whole soil TC and TOC ............................................................................................ 32 39 

1.03.2 Targeted extractions ................................................................................................... 35 40 

1.04 Conclusions ....................................................................................................................... 39 41 

Abstract: Chapter 2 ....................................................................................................................... 41 42 

Chapter 2: Tracing sources of suspended sediment in Dave Blue Creek, Oklahoma ................... 42 43 

2.00 Background ....................................................................................................................... 42 44 

2.00.1 Environmental and Anthropogenic Drivers of Sediment Loading ............................ 42 45 

2.00.2 Sediment Fingerprinting ............................................................................................ 43 46 

2.00.3 Grouping Source Samples.......................................................................................... 44 47 

2.00.4 Passive Sediment Trap ............................................................................................... 45 48 

2.00.5 Research Scope .......................................................................................................... 46 49 

2.01 Methods............................................................................................................................. 46 50 

2.01.1 Field Site .................................................................................................................... 46 51 

2.01.2 Sampling Methods ..................................................................................................... 50 52 



Moehnke vii 
 

   
 

2.01.3 Sample Processing and Geochemical Analysis.......................................................... 54 53 

2.01.4 Sediment Source Assessment Tool (Sed_SAT) .......................................................... 54 54 

2.02 Results ............................................................................................................................... 57 55 

2.02.1 Bank versus Surface samples ..................................................................................... 57 56 

2.02.2 Determined Sediment Sources ................................................................................... 60 57 

2.02.3 Tracer by Tracer Plots ................................................................................................ 63 58 

2.02.4 Monte-Carlo Results .................................................................................................. 70 59 

2.02.5 Comparison of Sediment Load to Calculated Runoff ................................................ 72 60 

2.03 Discussion ......................................................................................................................... 74 61 

2.03.1 Introduction ................................................................................................................ 74 62 

2.03.2 Suspended Sediment Source Group Contributions .................................................... 75 63 

2.03.3 Comparison to Runoff estimates ................................................................................ 76 64 

2.03.4 Implications of Individual Source Group Contributions ........................................... 77 65 

2.03.5 Signatures of Anthropogenic Activity ........................................................................ 78 66 

2.03.6 Limitations ................................................................................................................. 79 67 

2.03.7 Implications and Future Directions ............................................................................ 80 68 

2.04 Conclusions ....................................................................................................................... 81 69 

Bibliography ................................................................................................................................. 83 70 

 71 

 72 



Moehnke viii 
 

   
 

LIST OF TABLES 73 

Table 1) Description of soils present in study area grouped by land use ...................................... 49 74 

Table 2) Error analysis for unmixing model with upland and bank source groups.. .................... 58 75 

Table 3) Error analysis for unmixing model with land use source groups ................................... 58 76 

Table 4)  Discriminatory Function Analysis for the sediment fingerprint of the run with upland 77 

and bank source groups . ............................................................................................................... 65 78 

Table 5) Discriminatory Function Analysis for the selected tracer comprising the sediment 79 

fingerprint of the model run with land use source groups ............................................................ 66 80 

Table 6)  Average tracer concentrations for suspended sediment samples over each sampling 81 

period. ........................................................................................................................................... 67 82 

 83 

 84 

LIST OF FIGURES 85 

Figure 1) Zonal model of MAOM (Kleber et al., 2007) ................................................................. 7 86 

Figure 2) Total carbon and total organic carbon concentrations for whole soil for each 87 

precipitation treatment .................................................................................................................. 17 88 

Figure 3) Total carbon and total organic carbon concentrations for <53 µm soil fraction for each 89 

precipitation treatment .................................................................................................................. 18 90 

Figure 4) Change in C concentrations for the < 53µm fraction of the upper 0-15 cm soils of 91 

individual drought manipulated plots following targeted extractions .......................................... 21 92 

Figure 5) Change in C concentrations for the < 53µm fraction of the 30-45 cm depth soils of 93 

individual drought manipulated plots following targeted extractions .......................................... 22 94 



Moehnke ix 
 

   
 

Figure 6) Fe concentrations in each extraction plotted against precipitation ............................... 25 95 

Figure 7) Fe concentrations in each extraction plotted against depth ........................................... 26 96 

Figure 8) Al concentrations in each extraction plotted against precipitation ................................ 27 97 

Figure 9) Al concentrations in each extraction plotted against depth ........................................... 28 98 

Figure 10) Molar ratios of extractable Al : Fe .............................................................................. 29 99 

Figure 11) Oriented mount X-ray diffraction spectra of clay sized soil fraction .......................... 31 100 

Figure 12) Schematic of suspended sediment trap design (Phillips et al., 2000) ......................... 45 101 

Figure 13) Sampling sites along Dave Blue Creek, Norman, OK ................................................ 48 102 

Figure 14) Hydrograph for the Upper Dave Blue Creek monitoring station ................................ 51 103 

Figure 15) Precipitation events over the study period .................................................................. 52 104 

Figure 16) Passive sediment trap deployed in Dave Blue Creek .................................................. 53 105 

Figure 17) Error analysis summary of  model run with upland and bank source groups ............. 59 106 

Figure 18) Error analysis summary of land use only groups. ....................................................... 60 107 

Figure 19) Unmixing model results over sampling period with bank and upland sources........... 62 108 

Figure 20) Unmixing model results with only land use source groups ........................................ 63 109 

Figure 21) Average concentrations of tracers for bank and upland source groups ....................... 68 110 

Figure 22) Average tracer concentrations for land use groups. .................................................... 69 111 

Figure 23) Box plots following Monte Carlo analysis of land use run ......................................... 71 112 

Figure 24) Proportion of average annual precipitation fated for evaporation, runoff, and 113 

infiltration at each land use site .................................................................................................... 73 114 

Figure 25) Average daily runoffversus local daily precipitation events  ...................................... 74 115 

  116 



Moehnke x 
 

   
 

 117 

ABSTRACT: Chapter One 118 

Soil organic carbon (SOC) acts as a significant terrestrial carbon sink, and its turnover is 119 

a factor of the different pools of SOC in a soil. Mineral-associated organic matter (MAOM) is 120 

considered to be a particularly stable SOC pool. MAOM is protected from microbial respiration 121 

primarily through strong chemical bonds between the OC and mineral, promoting soil carbon 122 

storage. Despite this inherent stability, MAOM turnover has been found to depend upon climatic 123 

conditions and the physiochemical properties of a given soil. Thus, there is a need to evaluate 124 

MAOM stability across different climates while simultaneously considering the mineralogical 125 

controls on MAOM storage. In Central Oklahoma, changes in the amount and frequency of 126 

rainfall are anticipated due to climate change. To assess the impact of a changing climate on 127 

SOC, we characterized total SOC and MAOM-C in soil samples from a field-manipulated 128 

rainfall gradient in an existing temperate prairie. We hypothesized that there would be alterations 129 

to total SOC and MAOM-C concentrations in response to a simulated drought experiment. Soils 130 

were analyzed following the 4-year DroughtNet experiment at the Kessler Atmospheric and 131 

Ecological Field Station in Central Oklahoma. Here, shelters were constructed so that soil plots 132 

received a controlled amount of precipitation ranging from 50% addition to 100% exclusion of 133 

the natural precipitation. Changes in C concentrations were evaluated following a series of 134 

extractions that separate MAOM-C based off the crystallinity of the iron or aluminum oxide to 135 

which it was bound. We further hypothesized that the response to precipitation treatments would 136 

be evident within these pools of increasingly stable metal species with more crystalline species 137 

increasingly holding C in drought conditions. However, no statistically significant relationships 138 

were identified between total SOC or MAOM-C pools and precipitation. Still, the most abundant 139 
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pools of Fe and Al species were identified as well as to what species most of the MAOM-C was 140 

likely bound. We found that soil Fe was mostly in the form of crystalline iron oxides. However, 141 

the extractable MAOM-C was preferentially bound to less crystalline Fe species such as short-142 

range order (SRO) Fe-(hydr)oxides or  Fe found in the form of organo-metallic associations. Al 143 

species were more abundant than Fe species in these less crystalline states. Interestingly, much of 144 

the MAOM-C remained following the removal of these reducible metal-oxide species. Using X-145 

ray diffraction, we confirmed the presence mixed layered 2:1 phyllosilicate clays that likely hold 146 

the remainder of the C in the < 53 µm MAOM fraction. The preferential adsorption of C to less 147 

crystalline, more reactive metal species and clay could result in MAOM vulnerability over a 148 

greater timescale. However, the whole soil SOC as well as the MAOM-C fractions appear to be 149 

stable across the precipitation gradient and are governed by soil texture rather than moisture. 150 
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CHAPTER 1 : CLAY MINERAL SPECIES AND CRYSTALLINITY 151 

IMPACT MINERAL-ASSOCIATED ORGANIC MATTER 152 

STABILITY ACROSS A PRECIPITATION GRADIENT 153 

 154 

1.00 Background 155 

1.00.1 Soil Organic Carbon 156 

Soil Organic Carbon (SOC) is derived from a variety of sources and stored in multiple 157 

forms which impact its recalcitrance and thus residence time within a soil. The differences in the 158 

resilience and abundance of SOC pools in countless soils have been evaluated, though the 159 

parameters defining these C pools have varied (Christensen et al., 2001; Haddix et al., 2020; 160 

Helbling et al., 2021; Poeplau et al., 2018). Historically, SOC was divided into pools of humic 161 

and fulvic acids for the division between lower and higher molecular weight compounds. 162 

However, these two classes were separated through a series of alkaline extractions which 163 

chemically altered the OM, essentially rendering this distinction between pools meaningless 164 

(Cotrufo & Lavallee, 2021; Lehmann & Kleber, 2015). Therefore, modern convention of 165 

separating SOC into dissolved organic matter (DOM), particulate organic matter (POM), and 166 

mineral-associated organic matter (MAOM) better accounts for the variety of states in which 167 

SOC may actively exist within a soil. These pools are more representative of the continuum of 168 

SOM degradation, transport, protection, and biological processing.  169 

The origin of SOC and its state of decomposition impacts the way it integrates into the 170 

soil matrix. SOM may be incorporated through plant litter, root exudates, microbial processes, 171 



Moehnke 2 
 

   
 

necromass, and other means. For example, POM is dominated by plant litter residues protected 172 

via aggregation rather than by root exudates or other forms of biomass (Cotrufo et al., 2019; 173 

Cotrufo & Lavallee, 2021; Just et al., 2023; Rocci et al., 2021). Alternatively, the water-soluble 174 

DOM may be transported via pore spaces to serve as microbial substrates or to chemically 175 

adsorb or coprecipitate forming MAOM (Chow et al., 2022; Cotrufo & Lavallee, 2021). The 176 

laboratory methods and specifications for separating soil fractions into MAOM have varied 177 

across studies with some studies separating these pools by density and others by particle size. 178 

However, it is widely agreed upon that the MAOM may be operationally defined as < 53 µm in 179 

size (Cotrufo et al., 2019; Cotrufo & Lavallee, 2021; Sun et al., 2023). Using this definition, 180 

MAOM has been found to have a lower C:N ratio than POM and to be comprised of SOM acting 181 

as a substrate often bound within micropores or microaggregates of a variety of mineral species 182 

(Cotrufo & Lavallee, 2021; Mirabito & Chambers, 2023). These species range from from poorly 183 

crystalline short-range order (SRO) metal (oxy)hydroxides to phyllosilicate clays (Mirabito & 184 

Chambers, 2023). MAOM is considered the more stable fraction of organic matter within a soil 185 

with its larger turnover time, as opposed to that of POM, due to its combination of physical 186 

protection provided through the formation of aggregates and chemical protection via bonding to 187 

mineral surfaces. (Cortufo et al., 2019). Due to the slower cycling of MAOM, any perturbations 188 

that may cause significant C loss from this pool would yield considerable consequences for the 189 

global C cycle. As a result, the evaluation of MAOM stability in the face of climate change is 190 

necessary to better our understanding of this potential source of atmospheric carbon.   191 

 192 
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1.00.2 Mineral-Associated Organic Matter 193 

The study of individual controls on MAOM stability helps to inform how MAOM may 194 

respond to changes in climate.  For example, previous studies have sought to characterize the 195 

effects of fresh DOM inputs carried by precipitation on MAOM destabilization versus formation 196 

due to the competing nature of the addition of fresh DOM (Cotrufo et al., 2019; Ritson et al., 197 

2014). This input has been found both to boost microbial activity which can lead to greater 198 

CO2output while also increasing total MAOM by either the fresh inputs directly adsorbing to 199 

minerals or by resulting in byproducts of microbial processing binding to mineral surfaces 200 

(Cotrufo et al., 2019; Li et al., 2023). The formation and stability of MAOM has also been found 201 

to be largely dependent upon the non-litter inputs of SOM and the factors which contribute to the 202 

abundance of these sources. These factors are physical, chemical, and biological in nature and 203 

are involved in various feedback mechanisms, acting as either controls or catalysts to one 204 

another. Biotic components such as symbiotic relationships between plants and mycorrhizal 205 

fungi, for example, create a microenvironment which influences the capacity for MAOM 206 

formation through the exudation of low molecular weight organic acids which help mine for 207 

nutrients such as nitrogen and phosphorus (Andrino et al., 2021; Cotrufo & Lavallee, 2021;Gross 208 

& Harrison, 2019). The release of these organic acids has been found to free phosphorous-209 

containing MAOM bound to goethite through mechanisms such as ligand exchange and 210 

dissolution (Andrino et al., 2021). This exudation and subsequent reaction are controlled by 211 

several factors such as rooting depth, total biomass, and the plant community. While biomass and 212 

root exudates are important to MAOM formation and destabilization, the accessibility of MAOM 213 

to microbes ultimately determines its turnover rate. As a result, the texture and mineralogy of a 214 
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soil exert a great amount of control over microbial access to MAOM and thus to MAOM 215 

stability.  216 

 217 

1.00.3 Soil Texture as a control on MAOM 218 

The texture of a soil greatly influences its capacity to hold and transport SOM. It has 219 

been well established that metal oxides and some clay minerals greatly enhance the potential OM 220 

sorption in a soil (Bramble et al., 2024; Coward et al., 2017, 2018; Haddix et al., 2020). This is 221 

due to the greater reactive surface area of these minerals (Li et al., 2023; Saidy et al., 2013; 222 

Wagai & Mayer, 2007). An abundance of 2:1 phyllosilicate clays, specifically, has been found to 223 

promote MAOM retention (Six et al., 2000; Rakhsh et al., 2017). This increase in MAOM 224 

stability is due to the high cation exchange capacity (CEC) of 2:1 clays as well as the greater 225 

surface area that comes with having a hydrated interlayer in addition to available edge sites 226 

(Rakhsh et al., 2017; Saidy et al., 2013; Singh et al., 2017). However, these clays have variable 227 

surface charges which are pH dependent. Saidy (2013) confirmed through a series of incubation 228 

studies that samples containing 1:1 clay such as kaolinites experienced more C mineralization 229 

than those containing smectite and illite which both have greater CEC and SSA than illite.  230 

While hydrated 2:1 clays are more inclined to bind SOC compared to a 1:1 clay, these are 231 

also sensitive to changes in soil moisture. A change in precipitation leads to the shrinking or 232 

swelling of these clays which in turn alter the interconnectivity of macropores within the soil or 233 

lack thereof (Diel et al., 2019; Rasmussen et al., 2006, 2018; Singh et al., 2017; Zafar & Lu, 234 

2015). Interconnected pores allow for the easy diffusion of gas and transport of DOM down a 235 

soil profile. In soils with a high concentration of  2:1 clays, significant changes in soil hydrology 236 
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can occur due to the formation of cracks upon shrinking and the trapping of moisture upon 237 

swelling. This alteration to the soil structure also impacts aggregate stability and the containment 238 

of oxygen, water, and microbial communities within aggregate micropores (Menon et al., 2020; 239 

Souza et al., 2023). The presence of clay also influences the formation of micro and 240 

macroaggregates by acting as a cement between particles, providing additional protection to 241 

already chemically bound SOM (Rakhsh et al., 2017;  Rasmussen et al., 2018). Soil texture also 242 

exerts control over MAOM formation through permeability. On one hand, greater sand content 243 

drives leeching which transports DOM further down a profile to accumulate in a horizon with a 244 

greater capacity to bind the MAOM.  However, within the sandy portion of the soil, protection 245 

via occlusion is limited, potentially leaving SOM more vulnerable to microbial attack and 246 

subsequent mineralization. As a result, any SOM protection relies heavily on interactions with 247 

amorphous iron oxide coatings on the sand grains. These coatings are held by Van der Waals 248 

forces and more strongly by Fe-O-Si bonding (Scheidegger et al., 1993, as cited in Giannetta et 249 

al., 2018). Further study by Giannetta et al. (2018) confirmed that the coating of sand grains with 250 

Fe (III) species increases the reactive SSA but also found that the extent to which the addition of 251 

Fe (III) to both the sand and the silt + clay fractions impacted OC stabilization was dependent 252 

upon initial SOC content. Here soils with more OC resulted in greater C stabilization through 253 

bonding with Fe (oxy)hydroxides (Giannetta et al., 2018). Indeed, the mere presence of an Fe 254 

(III) coating does not guarantee enhanced SOM sorption. While initial OC has been found to 255 

play a role in determining the amount of MAOM formation, Saidy et al. 2013 found that the 256 

addition of a goethite coating to select phyllosilicate clays only significantly enhanced C sorption 257 

and SSA in kaolinite which had the lowest initial CEC and SSA. The clays which already were 258 
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likely to bind OM were not significantly impacted despite the fact that iron oxides such as 259 

goethite are capable of bonding OM through a variety of mechanisms (Saidy et al. 2013). 260 

 261 

1.00.4 MAOM stabilization: Metal (oxy)hydroxides 262 

It has been found that the presence of metal oxides (including oxyhydroxides and 263 

hydroxides) greatly impacts MAOM presence and stability in soils with a neutral pH (Lopez  & 264 

Rovira, 2013; Singh et al., 2017). However, the extent of their role in soils with lower initial OC 265 

as well as the difference in sensitivity to changing climatic conditions between metal oxide 266 

species are both in need of further study (Coward et al., 2018; Heckamn et al., 2017; Patzner et 267 

al., 2020). Before analyzing the differences between metal oxides’ responses to environmental 268 

alteration, the mechanisms underlying their interactions with SOM to form MAOM must be 269 

discussed.  270 

MAOM stability is dependent upon the mineral species to which the OM is attached, the 271 

functional groups present in the OM, and consequently, the strength of the resulting bonds. The 272 

forces contributing to the formation of MAOM include cation bridging to form organometallic 273 

complexes, hydrogen bonding, covalent bonds directly with metal oxides, ligand exchange, co-274 

precipitation, and Van der Waals forces. The complexity or crystallinity of the mineral species 275 

dictates the means of association (Boudot et al., 1989; Li et al., 2023; Singh et al., 2017).  OM 276 

that is directly bound to the mineral surface is the most protected, while more distal organic 277 

matter is more subject to desorption depending on environmental factors (Kleber et al., 2007).  278 

Additionally, a higher C input into the soil impacts protection by comprising of these outer 279 

reactive zones that are more accessible to microbes.  280 
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 282 

 283 

1.00.5 Targeted Extractions of Iron (oxy)hydroxides 284 

Due to the variety of iron oxides found in soil in terms of their crystallinity, surface area, 285 

and reactivity, methods targeting different pools of these species have been developed. These 286 

targeted extractions have been used to determine if organic carbon is found in association with 287 

 

 

Figure 1) Zonal model of MAOM (Kleber et al., 2007) 
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reactive, more easily reduced Fe or Al-containing minerals or bound to more stable crystalline 288 

species found in soil.  289 

The extraction solution that is typically used first is sodium pyrophosphate (Fox et al., 290 

2017; Heckman et al., 2018). This solution targets free Fe or Fe in loose associations with 291 

organic matter. However, it is not a strong enough oxidant to reduce iron-bearing minerals. 292 

Hydroxylamine‐HCl has been utilized to extract more easily reduced, short-range order (SRO) 293 

iron  and aluminum oxides (Fox et al., 2017; Gabriel et al. 2018; Heckman et al., 2018). Lastly, 294 

the third extraction using a sodium dithionite solution, developed by Wagai & Mayer, 2007,  has 295 

been applied as an inorganic alternative to using citrate bicarbonate to target the most crystalline 296 

iron oxides and oxyhydroxides present in soil, such as hematite and goethite (Gabriel et al. 2018; 297 

Heckman et al., 2018).   298 

 How precisely these extractions isolate the specific pools attributed to each has been 299 

subject to debate and further study. Multiple studies have postulated that there is some overlap 300 

between targeted mineral pools. One challenge in determining the accuracy of the stated function 301 

of each target extraction lies in the difficulties faced in imaging SRO minerals. While X-ray 302 

diffraction can be effectively implemented to identify even randomly ordered minerals present, 303 

its capacity to identify SRO iron oxides is severely limited, especially when bound to OM. This 304 

is largely attributed to their amorphous nature as well as the destructive techniques required to 305 

remove OM interference (Allegretta et al, 2022; Dohnalkova et al., 2022).  A variety of 306 

techniques have been applied to study interactions of OM at the mineral surface including 307 

Fourier transform infrared spectromicroscopy (SR-FTIR) as well as near-edge X-ray absorption 308 

fine structure (NEXAFS), but these techniques are more effective for identifying speciation of 309 

organic compounds and interactions at micro to nano interfaces as opposed to wider distribution 310 
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across a spatial scale or between different iron (oxy)hydroxide species (Li et al., 2023). 311 

Additionally, it has been found that overlap between absorption bands particularly in regard to 312 

O-H and Si-O-Si stretching can make even differentiation between inorganic and organic species 313 

a challenge when using SR-FTIR (Li et al., 2023). This limitation leads to the necessity of 314 

looking at OM, SRO Fe (oxy)hydroxides, and soil mineralogy using a combination of several 315 

methods. 316 

 A study conducted by Slotznick et al, 2019 utilized X-ray diffraction in conjunction with 317 

methods evaluating sample magnetism, along with the detection of dissolved iron using the 318 

ferrozine method developed by Stookey (1970) to determine the accuracy of targeted extractions 319 

in terms of identifying dissolved iron‐bearing minerals from sediments using sodium acetate, 1 320 

M hydroxylamine‐HCl in acetic acid, sodium dithionite solution buffered with acetic acid and 321 

sodium citrate, and ammonium oxalate. Notably, these extractions were C-containing, as 322 

evaluation of MAOM was not a concern. Regardless, it was found that sodium dithionite 323 

efficiently extracted the expected targeted minerals of hematite and especially geothite. On the 324 

other hand, while hydroxylamine-HCl did not target more crystalline species, some overlap 325 

occurred in dissolution of more easily reduced Fe species between the previous sodium acetate 326 

extraction and the hydroxylamine-HCl (Slotznick et al, 2019). Additionally, the effectiveness of 327 

these targeted extractions has been found to depend upon physiochemical properties of the soil 328 

itself. For example, the parent material impacts the reactive surface area available which in turn 329 

impacts the effectiveness of an extraction (Poeplau et al., 2018). Furthermore, while some studies 330 

have successfully characterized C content in each extraction pool across different soil types, 331 

differences in these C concentrations could be associated with properties such as the pH of the 332 

soil or its buffering capacity as these chemical properties are drivers of metal oxide dissolution 333 
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(Heckman et al., 2018; Boudot et al., 1989). The measurement of large changes in C 334 

concentration following each extraction has also been associated with initial soil OM content and 335 

total soil N (Heckman et al., 2018; Waigai et al., 2011). In conclusion, the targetability of Fe and 336 

Al species based on crystallinity and reducibility has been found to be reliable but not 337 

necessarily exact with regards to SRO species. 338 

 339 

1.00.6 Statement of Purpose 340 

Here, we hypothesize that a 4-year drought simulation results in total SOC and MAOM 341 

concentrations that correlate to the amount of precipitation received. Moreover, we expect that 342 

by using sequential carbon-free extractions that target reducible metal species, we can identify 343 

the Fe and Al species to which C may be bound within the MAOM fraction of a soil. We 344 

hypothesize that the change in C concentration between these MAOM fractions also responds to 345 

these precipitation treatments.   346 

 347 

1.01 Methods 348 

1.01.1 Field Site and DroughtNet Experimental Design 349 

Archived soil samples from depths 0-15 cm and 30-45 cm were acquired from the 350 

DroughtNet experiment held at the Kessler Atmospheric and Ecological Field Station (KAEFS, 351 

http://kaefs.ou.edu/), central Oklahoma, USA (34°59'N, 97°31'W). Previous studies at this site 352 

assessed the change in plant communities in drought conditions where acrylic panels were 353 

utilized to divert precipitation from specified plots as well as feed additional rainfall into others. 354 
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This created an array of sites with varying total precipitation inputs from 100% exclusion of 355 

precipitation to −80%, −60%, −40%, −20% , natural precipitation conditions, and 50% addition.  356 

There were 3 plots for each precipitation treatment, resulting in a maximum of 3 samples per 357 

precipitation treatment at each depth. The DroughtNet study started in 2016 with the soils 358 

sampled at the conclusion of this experiment in 2020. The total average annual rainfall over the 359 

course of this experiment was 1132 mm with a range from 992.1 mm in 2017 to 1,241 mm in 360 

2018. The soil samples were previously stated to be classified as a Nash-Lucien complex which 361 

are Udic Haplustolls with a near neutral pH and a water holding capacity of 37% (Xu et al., 362 

2013, as cited in Castillioni et al., 2020). 363 

 364 

1.01.2 Soil Fractionation 365 

The soils were sampled in 2020, air dried and stored at room temperature. A subsample of 366 

each was milled to a fine powder and analyzed for total carbon using the organic elemental 367 

analyzer vario El cube. We manually disaggregated the soils and ran the samples through a 2mm 368 

sieve. 5 g subsamples of this soil were then acquired to isolate the MAOM fraction (< 53 µm). A 369 

size-based fractionation method was selected to isolate this fraction because it is widely used and 370 

has been found to be reproduceable and efficient compared to other methods (Haddix et al., 371 

2020; Poeplau et al., 2018; Coward et al., 2017, 2018; Sun et al., 2023). The 5g subsamples were 372 

each shaken in in 0.5% sodium hexametaphosphate with glass beads in a lateral orientation for 373 

18h to disperse the soil. Samples were rinsed, placed in drying pans, and oven dried at 60 °C, 374 

crushed using a ceramic mortar and pestle, then run through a 53 µm sieve. 375 

 376 
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1.01.3 Selective Dissolution Extractions 377 

The < 53 µm fraction of the soil, here named the MAOM fraction, was next separated 378 

into three subfractions through a series of selective dissolution extractions aimed at separating 379 

iron and aluminum species by their crystallinity and thus freeing the organic carbon bound to the 380 

species targeted by each extraction. The sequential extraction method, as used by Heckman et al. 381 

(2018), is a series of carbon-free extracts that target different pools of metal-bound SOM 382 

including the sodium dithionite-HCl extraction originally developed by Wagai & Mayer (2007) 383 

to replace the commonly used carbon-containing citrate bicarbonate extractant. The first 384 

extractant used was sodium pyrophosphate, which targets loosely bound metals found in 385 

organometallic associations and complexes. The second, hydroxylamine, targets poorly 386 

crystalline iron and aluminum oxides. The third extractant, sodium dithionite, targets crystalline 387 

targets crystalline species Fe and Al oxides. Therefore, this sequential technique allows for better 388 

identification of the mechanism of MAOM stabilization. The C concentration of the soil 389 

following the pyrophosphate extraction identifies the clay + metal oxide-associated MAOM-C 390 

concentration, the post-hydroxylamine C concentrations include the MAOM-C held by 391 

crystalline metal oxides and clay, and the post-dithionite concentration of C represents the clay-392 

associated concentration of MAOM-C.  393 

We weighed 1 g of each MAOM sample in pre-weighed centrifuge tubes with 40 mL of 394 

0.1 M Na-pyrophosphate. This first extraction served the purpose of extracting non-crystalline 395 

organometallic complexes, namely organic compounds bound to aluminum and iron. The 396 

samples were vortexed, then shaken over 18 h. Following the allotted time, we centrifuged the 397 

samples for 2h at 5300 RCF. The supernatant was then removed using a syringe with a 0.2 398 

micron filter and transferred into a new 50 mL tube. 5 mL of ultrapure water was pulled through 399 
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the filtered syringe and emptied into the tube containing the soil to limit mass loss. The soil was 400 

then dried at 60 °C, weighed, and hand homogenized. A 0.2 g subsample was taken before 401 

following with the next extraction. This same process was repeated with 40 mL of 0.1 M 402 

hydroxylamine in 0.25 N HCl as well as with 30 mL of 0.5 M Na-dithionite. Prior to rinsing with 403 

ultrapure water following the Na-dithionite extraction, 10mL of  0.05 N HCl was added to buffer 404 

the pH to near 4.8 which prevented any precipitants from forming. 405 

 406 

1.01.4 Carbon Measurements 407 

The dried subsamples were packaged in tin boats and analyzed for total carbon. We then 408 

used the total carbon concentration in the known sample mass to calculate the mass of C 409 

remaining after each extraction with the assumption that the average of duplicate subsample 410 

concentrations was representative of the whole. Additional samples from the dried whole < 53 411 

µm fraction of the soil as well as the fraction following the Na-pyrophosphate extraction were 412 

acidified using additions of HCl over heat to remove any pedogenic carbonates, a procedure 413 

modified from Harris et al., 2021. This serves to compare TC and TOC concentrations between 414 

the whole soil and the MAOM-sized fraction. Carbon-free pedogenic carbonate removal 415 

treatments using repeated additions of concentrated HCl and heating significantly alter soil pH 416 

and Fe oxide speciation and crystallinity which exert strong controls on SOM sorption. As such, 417 

carbonate removal treatments were not applied to whole samples prior to the sequential 418 

extraction procedure. 419 

 420 
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1.01.5 X-ray diffraction 421 

X-ray diffraction is a spectroscopic method of characterizing the mineralogy of a sample. 422 

For whole sample characterization, a powdered, random sample mount is often applied. When 423 

isolating a particular fraction of a fine grain size, such as clay minerals, an oriented mount may 424 

be utilized. The oriented mount method was selected and executed according to the procedure 425 

listed in Moore and Reynolds, 1997. The clay was separated using sonification in a sodium 426 

hexametaphosphate solution. The sonicated sample was centrifuged at 800 rpm for 3.5 minutes 427 

to separate the  > 2 µm fraction of the sample and leave the clay-sized fraction suspended in 428 

solution. The supernatant was decanted and washed with a calcium chloride solution as it was 429 

vacuum-filtered to form an oriented-mount on filter paper. The sample was then transferred onto 430 

a glass slide, and the filter paper was removed after drying. After the untreated oriented mount 431 

was run in the XRD, it was placed in a desiccator containing ethylene glycol overnight and re-432 

analyzed using the XRD. Finally, after the ethylene glycol-treated sample was processed, the 433 

oriented mount was placed in the oven at 550 °C for 1 hour, and re-run on the XRD. These 434 

treatments to the clay minerals allow for differentiation between clays with overlapping XRD 435 

signals by altering the d spacing through the inflation of the interlayer in 2:1 clays or by 436 

destruction of the signal for certain clays by heat alteration. Samples were analyzed via X-ray 437 

diffraction using a Rigaku Ultima IV powder X-ray diffractometer with a voltage of 40 kV and 438 

44 mA current. 439 

 440 

1.01.6 Total Dissolved Metals  Measurements 441 

The concentration of dissolved trace metals present in a 1:50 v/v dilution of each solution 442 

following extraction were measured via Inductively coupled plasma optical emission 443 
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spectroscopy (Thermo Scientific iCap Pro ICP-OES). This concentration was then used to 444 

calculate the amount of  Fe and Al in the whole volume of each respective extraction solution in 445 

order to quantify the amount extracted from each pool.  446 

 447 

1.02 Results 448 

1.02.1 Total Carbon versus Precipitation at each Depth 449 

Carbon concentrations for the whole soil fraction were not consistent within treatment 450 

groups (Figure 2). The TC content in samples receiving natural precipitation ranged from 14.9 to 451 

23.5 mg C  g −1 soil for soil at 0-15 cm depth and 16.5 to 17.4 mg C  g −1 at 30-45 cm (Figure 2). 452 

The TOC concentrations ranged greatly as well from 10.4 to 19.3 mg C  g −1 at 0-15 cm but were 453 

greatly reduced to values between 6.3 and 7.2 mg C  g −1 in the deeper soils (Figure 2). In soils 454 

that received no precipitation, the 0-15 cm TC concentrations were from 14.5 to 26.7 mg  g −1 455 

and TOC was 13.0 to 18.6 mg g −1. The soil from depths of 30-45 cm showed a greater 456 

difference in TC and TOC values with TC from 18.3 to 29.1 mg C  g −1 and TOC from 13.0 to 457 

18.6 mg C  g −1(Figure 2). Other treatments including the removal of some percentage of 458 

precipitation also showed lower TOC at greater depth and a larger difference between TC and 459 

TOC in the 30-45 cm depth soils. Soil with additional precipitation had TC concentrations from 460 

18.0 to 26.6 mg  g −1 and TOC concentrations of 15.6 to 17.1 mg  g −1 (0-15 cm) as well notably 461 

lower C values in the 30-45 cm soil, 7.1 to 8.6 mg C  g −1 soil and 2.8 to 3.0 mg OC/ g soil 462 

(Figure 2).  The large spread in C concentrations within treatments left any relationship between 463 

precipitation and C content unclear when evaluating the whole soils consisting of both the POM 464 

and MAOM fractions. 465 
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The same parameters were next evaluated in the < 53 m sized soil fraction to determine 466 

whether changes in precipitation input impacted MAOM content (Figure 3). In the samples 467 

receiving natural precipitation, the TC values in the < 53 m fraction ranged from 7.6 to 11. 3 mg 468 

C g −1 soil at a depth of 0-15 cm and 7.9 to 10.2 mg C g −1 at 30-45 cm depths. Following 469 

treatment with HCl, these values decreased ranging from 5.9 mg C g −1 soil to 9.1 mg C g −1 at 0 470 

-15 cm and 4.2 to 5.1 mg C  g −1 at the greater depth (Figure 3). For the treatment group with the 471 

complete removal of precipitation, the TC concentrations ranged from 8.8 to 18.4 mg C g −1 soil 472 

in the MAOM fraction. The TOC concentrations fell between 6.4 to 10.4 mg  g −1.  At the 30 – 473 

45 cm depth, TC was from 15.3 to 15.6 mg C g −1 C, and TOC  greatly decreased with values 474 

from 2.0 to 5.9 mg C g −1 (Figure 3). In treatments with 50 % addition, the TC was between 6.9 475 

and 17.5 mg C g −1 soil at 0-15 cm and 3.4 to 5.2 mg  g −1 at 30- 45 cm. The TOC values ranged 476 

from 5.9 to 7.3 mg C g −1 soil (0-15 cm) and 1.9 to 4.0 mg C g −1 (30- 45) (Figure 3). The 477 

greatest variability was seen within the TC concentrations in treatment groups with complete 478 

removal of precipitation. There was a large range of C concentrations for plots within the same 479 

treatment groups, showing no relationship between precipitation treatment and total C nor OC in 480 

the MAOM fraction.  481 

 482 
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Figure 2) a) Total carbon concentration for whole soil for each precipitation treatment 

fraction at two depths, 0-15 and 30-45 cm.  b) Total organic carbon concentration for 

whole soil samples for each precipitation treatment fraction at 0-15 and 30-45 cm. TOC 

values are more similar across treatments for both depths than TC. 
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 484 

 

Figure 3) a) Total carbon concentration for <53 µm soil fraction for each precipitation 

treatment fraction at two depths, 0-15 and 30-45 cm.  b) Total organic carbon concentration 

for <53 µm soil fraction for each precipitation treatment fraction at 0-15 and 30-45 cm. In 

some plots C concentration decreased by over 50% following the removal of IC. 
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1.02.2 Selective Dissolution Extractions Iron and Aluminum 485 

Next, the change in carbon concentration following each extraction targeting first 486 

organometallic associations then different metal oxide phases was evaluated for each plot at both 487 

depths (Figures 4, 5). While the initial C concentration in plots receiving the natural precipitation  488 

ranged from 7.6 to 11.3 mg  g −1 in the surface soils (Figure 4) and 7.9 to 10.2 mg  g −1 in the 489 

deeper soils (Figure 5), the concentration of C decreased following the removal of 490 

organometallic associations in all but one plot, which increased from 7.57 to 8.60 mg C g −1 soil. 491 

In the plot with an increase in C concentration following the sodium pyrophosphate extraction, 492 

the difference in concentration following the removal of SRO metal oxides was also greater than 493 

other plots of the same precipitation treatment (Figures 4, 5). In these plots which received the 494 

natural precipitation, concentrations ranged from 4.7 to 6.4 mg C g −1 soil at 0-15 cm and 4.8 to 495 

5.1 mg C g −1  at 30 – 45 cm.  Following the removal of crystalline metal oxides, leaving clays 496 

binding OM, the concentration of C ranged from 1.2 to 7.20 mg  g −1 soil at 0-15 cm and 3.63 to 497 

4.14 mg  g −1 at 30- 45 cm. In all plots receiving the natural precipitation treatment, the 498 

concentration of carbon following the removal of the dithionite extractable C was the lowest 499 

(Figures 4, 5). 500 

 In samples with 100% absence of precipitation, all but one showed an increase in 501 

concentration following the removal of organometallic associations. At 0-15 cm, the 502 

concentrations of C following the sodium pyrophosphate extraction ranged from 6.0 to 15.5 503 

mg  g −1 (Figure 4). C concentrations were 7.4 to 12.2  mg  g −1 at 30- 45 cm for individual plots 504 

with complete removal of precipitation (Figure 5).  Following the removal of SRO species with 505 

hydroxylamine, the concentrations ranged from 7.0 to 15.5 mg C g −1 soil at 0-15 cm and from 506 

6.2 to 9.0 mg  g −1 at 30 to 45 cm (Figures 4, 5). While the concentrations decreased in 507 
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individual plots at 30 – 45 cm following this extraction in the -100% precipitation treatment 508 

group, the concentration change was more irregular at 0-15 cm (Figure 4). In one of these plots 509 

the change in C concentration was as low as 0.02 mg  g −1. After extracting crystalline species 510 

with dithionite, the concentration of C in the -100% precipitation group decreased in all but one 511 

plot in the 30-45 cm depth soil which remained nearly unchanged (Figure 5).  512 

In all other precipitation removal treatments (-20% to -80%), the C concentration also 513 

decreased following the sodium dithionite extraction, when all organometallic, SRO, and 514 

crystalline metal oxide species were removed (Figures 4, 5). However, more variation is seen in 515 

C concentration between plots after the removal of organometallic species and SRO metal 516 

oxides. Following the pyrophosphate and the hydroxylamine hydrochloride extractions, there is a 517 

mixture of soils increasing and decreasing in C concentrations. Furthermore, the plots that 518 

received 50% addition of precipitation had changes in C concentration that showed a decrease 519 

following the removal of organometallic associations in all plots except one which increased by 520 

0.40 mg C g −1 at 0-15 cm (Figure 4). After the removal of SRO species, the concentration of C 521 

decreased in all plots with an addition of 50% the natural precipitation then decreased further 522 

with the removal of crystalline metal oxide species via sodium dithionite.  523 
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Figure 4) Change in C concentrations for the < 53µm fraction of the upper 0-15 cm soils of 

individual drought manipulated plots following targeted extractions, grouped by percent of 

natural precipitation received where  a) + 50% b) natural precipitation c) -100 d) -80 e) -60 f) 

-40 g) -20.  “PP” represents soils following the extraction using Na-pyrophosphate, “HH” is 

after hydroxylamine, and “Dith” is following Na-dithionite. The overall C concentration 

decreased following the removal of both amorphous and crystalline Fe and Al species in all 

plots, but no relationship with precipitation was identified. 
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 525 

 526 

 

Figure 5) Change in C concentrations for the < 53µm fraction of the 30-45 cm depth soils of 

individual drought manipulated plots following targeted extractions, a) + 50% precipitation b) 

natural precipitation c) -100 d) -80 e) -60 f) -40 g) -20. The initial C concentrations were 

generally lower than those of the 0-15 cm depths but showed the same variation between 

individual plots of the same treatment group. The remaining C concentration following all 

extractions was less that the initial concentration.  
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1.02.3 Dissolved Fe and Al  527 

In all the 0-15 cm soil samples, the total average Fe removed per g of the of <53 µm soil 528 

fraction by sodium pyrophosphate and hydroxylamine were much lower than the concentration 529 

extracted by sodium dithionite, regardless of the precipitation treatment group (Figure 6). The 530 

average Fe concentrations were also higher for Na-pyrophosphate extractable Fe than the 531 

hydroxylamine extractable iron within the same treatment group. The average Na-pyrophosphate 532 

extractable iron concentrations were lowest within the 80 percent removal group at 0.050 mg Fe 533 

per g of soil and highest in the -100 percent precipitation group at 0.12 mg Fe  g −1 soil (Figure 534 

6). The -100 percent precipitation group also contained the greatest concentration of 535 

hydroxylamine-extractable Fe with a concentration of 0.10 mg g −1 soil. The average of the 536 

dithionite-extractable Fe between all precipitation treatment groups was 4.15 mg g −1 ( σ = 0.48) 537 

showing much of the total Fe was in the form of a crystalline iron oxide. The +50 percent 538 

precipitation treatment had the highest concentration of Fe within any of the of < 53 µm surface 539 

soil extractions at 4.97 mg Fe  g −1 soil (Figures 6, 7). However, no relationship between the iron 540 

concentrations in any extraction and precipitation was identifiable (Figures 6, 7).  The 541 

concentration of Na-pyrophosphate- extractable Al was much higher than that of Fe in all 542 

treatment groups with the molar ratio of Al : Fe ranging from approximately 5:1 to 16:1 (Figure 543 

10). Within the hydroxylamine extraction, slightly lower Al : Fe values were seen, between 2:1 544 

and 10:1. Like the Fe extracted in the 0-15 cm soils, a higher average concentration of Al was 545 

extracted by Na-pyrophosphate than was by hydroxylamine in all treatment groups (Figure 10). 546 

The average concentration of Al extracted across treatment groups was 0.34 mg g −1 soil (σ = 547 

0.04) in sodium pyrophosphate extractions and 0.12 mg g −1 soil (σ = 0.05) in hydroxylamine 548 

extractions (Figures 8, 9). Interestingly, the Al : Fe relationship was inversed in the dithionite 549 
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extraction relative to the previous two extractions. The molar Fe concentration ranged from 4 to 550 

9 times that of Al (Figure 10). A similar pattern is seen within deeper soils as well. 551 

In the 30-45 cm samples, the total Fe pulled by the sodium pyrophosphate was on 552 

average 0.025 mg Fe per g of <53 µm soil fraction with a standard deviation of 0.01 and showed 553 

no relationship with the amount of precipitation received. The amount of Al pulled by this 554 

extraction was greater than Fe also with no clear dependency on precipitation with an average of 555 

0.33 mg g −1 soil and a standard deviation of 0.10.  The molar ratio of Al: Fe removed by this 556 

fraction ranged from 15:1 to 47:1 (Figure 10). In the hydroxylamine extraction, the total Fe 557 

averaged 0.017 mg g −1 soil (σ = 0.007) while the concentration of aluminum extracted ranged 558 

from 0.054 to 0.27 . This is once again greater than the concentration of iron extracted by the 559 

extraction targeting SRO metal oxides, with an Al: Fe molar ratio ranging from just under 9:1 to 560 

nearly 29:1 (Figure 10). In both extractions targeting amorphous species, a greater Al: Fe ratio 561 

was seen in the 30-45 cm soils than was at the 0-15 cm depth. Finally, the amount of iron 562 

removed from the soil by sodium dithionite once again outpaced the prior extractions with 563 

average concentrations in each precipitation treatment group ranging from 1.78 to 5.16 mg  Fe 564 

 g −1 soil. In this extraction, the molar ratio of Al: Fe pulled approaches 1:10 reflecting that there 565 

were abundant crystalline Fe species at both depths (Figure 10).  566 
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Figure 6) Graphs displaying a, c) the similarity in concentration of Na-pyrophosphate and  

hydroxylamine extractable Fe in soils of the < 53µm fraction and b, d) the much greater 

concentration of dithionite extractable Fe. Samples are grouped by precipitation treatment 

received on the y axis. 6 a) and b) represent the soil depth of 0-15 cm, and c, d) show the Fe 

concentrations for each extraction at 30-45cm. 
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Figure 7) Soil Fe concentrations grouped by targeted extraction and depth for each treatment 

group a) Fe dissolved in Na-pyrophosphate, b) hydroxylamine c) Na-dithionite, and d) a ratio 

of Fe concentrations in the dithionite extraction to the sum of the Na-pyrophosphate and 

hydroxylamine extractions. Across all treatments and both depths, the majority of the Fe was 

of Na-dithionite-extractable, crystalline species with these Fe concentrations  ranging from 20 

to over 150 times that of the amorphous species Fe concentrations (d). 
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Figure 8) Al concentrations extracted from the a) 01-15 cm and b) 30-45 cm of the < 53µm 

fraction soils using targeted extractions at each precipitation treatment. Across all treatment 

groups and both depths, there was little hydroxylamine- extractable Al. 
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 570 

 

Figure 9) Average extractable Al concentrations in the < 53µm fraction soils grouped by 

targeted extraction and depth for each treatment group a) Fe extracted by Na-pyrophosphate, 

b) hydroxylamine c) Na-dithionite with y axis displaying soil depth and colors representing 

treatment groups 
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 571 

1.02.4 X-ray diffraction results 572 

To determine the minerals responsible for the retention of MAOM-C following all 573 

extractions, the clay mineralogy of the soil was evaluated using X-ray diffraction (Figure 11). An 574 

XRD signal indicating a mixed layer clay dominated by illite was identified by the peaks at 575 

10.10 Å , 5.00 Å and 3.33 Å that were broad with visible. Following the air-dried and glycolated 576 

treatments, there is a peak shift from 14 Å to 16.62 Å which is characteristic of a mixed layer 577 

 

Figure 10) Molar ratios of Al : Fe concentrations extracted by PP and HH for a) 0-15 cm and b) 

30-45 cm from < 53µm fraction soils. Fe: Al ratio for dithionite extraction for c) 0-15 cm and d) 

30-45 cm depths. Y axis represents each precipitation treatment. 
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clay containing smectite. An increase in peaks within the  14-18 Å following glycolation and the 578 

increase in intensity of the 10 Å peak with heating to 550 °C suggests that a vermiculite-smectite 579 

mixed layer clay may also be present as well. Finally, there is also kaolinite present as seen by 580 

the peaks at 7.16 and 3.57 Å and heat treatment causing the peak at around 7 Å to collapse. 581 
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582 

 

Figure 11) Fe concentrations extracted from 30-45 cm soils using targeted extractions at each precipitation treatment. 

Spectra were each generated following a series of treatments commonly used to distinguish between phyllosilicate clays air-

dries (green), glycolation for inflating interlayers of 2:1 clays (blue), and heat treated at 550 ̊ C (red). 
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 583 

1.03 Discussion 584 

1.03.1 Whole soil TC and TOC  585 

While no statistically significant trend for TC versus precipitation was identified, the 586 

variance in TC in the 30-45 cm samples especially can be explained by comparing these values 587 

to the TOC for the same samples. The lower TOC values in the 30-45 cm depth soils than the 588 

surface samples (0-15 cm) indicate that a considerable amount of inorganic carbon was removed 589 

by the HCl treatments. As expected, there are greater TOC values in surface soils where there are 590 

abundant sources for the OM from litter to roots and associated microbial communities and 591 

lower in greater soil depths with higher sand content and abundant inorganic carbon likely in the 592 

form of pedogenic carbonates. 593 

There are several variables that likely led to the large spread of TC and TOC values seen 594 

within samples of the same precipitation treatment. One possibility is that the timescale of the 595 

experiment was shorter than needed to observe changes in SOC content induced by controlling 596 

precipitation. Castillioni et al. (2020) previously reported that the extreme lowering of 597 

precipitation inputs for the duration of the DroughtNet experiment at KAEFS led to a decrease in 598 

C4 species and an increase in a more drought-resistant C3 species. The variation seen in TOC 599 

values between plots of the same precipitation treatment could be a factor of both changes in 600 

fresh OM inputs and microbial community shifts associated with the transition from dominance 601 

of one plant species to another. Additionally, the sensitivity of microbial communities to 602 

extended wetting and drying periods have been shown to be variable across different soil depths 603 

and disturbance levels (Brangarí, et al., 2022). In addition to changes in the dominating plant 604 
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species, an increase in precipitation was found to increase aboveground net primary productivity 605 

(ANPP) in the KAEFS DroughtNet experiment (Castilloni et al, 2020). While root density and 606 

other measures to quantify belowground NPP were not assessed under drought manipulation 607 

conditions, root density has been found to increase with increasing temperature at KAEFS (Wan 608 

et al., 2005). Furthermore, this study reported an increase in soil respiration over the duration of 609 

the warming experiment. This increase was attributed to the allocation of C toward building roots 610 

biomass and, as a result, increasing root respiration with enhanced temperatures (Wan, 2005). 611 

While soil moisture plays a significant role in C mineralization and storage dynamics, it is likely 612 

that within the drought manipulation sites at KAEFS, below ground C increases with decreasing 613 

precipitation due to a shift toward below ground biomass as seen under increasing temperature. 614 

However, changes in SOM inputs and incorporation into different soil fractions may be irregular 615 

as the plant community, energy allocation of the plants, and microbial response varies. Thus, 616 

while the plant community was impacted by the controlled precipitation conditions in this time 617 

frame and increasing temperatures have been shown to enhance root respiration, a response to 618 

drought may not be reflected in SOC storage in a short timeframe. 619 

 Many previous studies have recorded an array of SOC responses to treatments over 620 

different timescales with varying conclusions. While some studies resulted in measurable 621 

changes in C concentrations in one pool of SOM such as POM, it may not be observed in the 622 

whole soil TOC or vice versa. The degree to which  a pool’s turnover time and other inherent 623 

properties impact its response to treatment over a given time frame must be called into question. 624 

For instance, although MAOM is considered the more stable C fraction found in the soil with 625 

turnover times up to a millennial scale, alterations to the soil through varying treatments like 626 

fertilization methods, farming practices, or precipitation have resulted in changes in MAOM 627 
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carbon content. These responses, however, have been dependent upon the type of treatment, the 628 

soil mineralogy, and the timescale of the experiment as well as several other factors. In one 629 

evaluation of long-term field experiments of at least 20 years evaluating changes in soil C 630 

fractions treated with different fertilizers and subjected to crop rotation, changes in total SOC 631 

and MAOM-C concentrations over this time frame occurred but were small and largely 632 

controlled by soil texture (Just et al., 2023). Still, using the soil texture, below ground OC inputs, 633 

and organic fertilizer inputs from each study site, a predictive model for MAOM-C was created, 634 

and it was found that a threshold POM-C/MAOM-C ratio served as a predictor for MAOM-C 635 

saturation (Just et al., 2023). While the variation in climate and soil texture elicited different 636 

responses in terms of C content in POM and MAOM, the timescale of each study was not cited 637 

as a likely limiting factor for the lack of significant changes in C content in response to 638 

fertilization treatments (Just et al., 2023). Another study conducted by Mayer (2023) evaluating 639 

the impacts of mineral versus organic fertilization on SOC over 36 years found that the MAOM-640 

C fractions of less than 63 µm, which were further divided into silt and clay, showed no 641 

difference in C content between treatments groups. Mayer (2023) concluded that either the 642 

timescale was insufficient or the MAOM fraction was already completely saturated with carbon. 643 

Additionally, it was determined that the sites containing more 2:1 clay species shared a positive 644 

correlation with MAOM-C concentrations. Despite these experiments being decades long, 645 

MAOM-C was hardly responsive to treatments in some cases, and texture exerted greater 646 

control.  647 

Alternatively, a metanalysis of 148 drought manipulation studies across natural 648 

ecosystems around the world by Deng (2021) resulted in conclusions regarding the impact of 649 

drought on dissolved organic carbon content. These studies were shorter than those evaluating 650 
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fertilization, between 1 and 13 years. In grasslands specifically, it was found that whole soil OC 651 

decreased by 8.7% while DOC increased drastically, by 91.4%, along with microbial 652 

CO2 (19.9%), but total soil respiration remained about the same. The proposed mechanism based 653 

on these results described the decrease in total biomass production due to drought leading to a 654 

lowering of total litter decomposition despite increased microbial respiration. The increased 655 

DOC was ascribed to either the lack of precipitation leading to decreased leaching down the soil 656 

profile or an increase in root exudates as the grassland plants shift toward prioritizing 657 

belowground biomass. While this review did not look at changes in POM or MAOM pools 658 

specifically, it did show that drought can have an impact on SOC over just a few years.  659 

 660 

1.03.2 Targeted extractions 661 

In each plot, the concentration of carbon remaining was much lower than the initial 662 

concentration prior to the targeted extractions. This was expected but still confirmed that Fe and 663 

Al mineral species were present and binding OC. However, there was not a definitive 664 

relationship between precipitation and to what form of iron or aluminum species (amorphous or 665 

crystalline) much of the C was bound. The variation within plots of the same treatment left a 666 

pattern difficult to discern. However, while precipitation may not predictably influence C storage 667 

in this experiment, valuable observations may still be made about what mineral species hold OC 668 

in this system. 669 

In general, the concentration of C decreased after the removal of organometallic 670 

associations suggesting that these loose associations are highly concentrated in C when 671 

compared to the overall C concentration in the less than 53 µm fraction for each respective plot. 672 
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In the few instances where the initial < 53 µm C concentration is lower than the concentration 673 

following the first extraction, such as in two plots at 0-15 cm depth (at -100% natural 674 

precipitation and -60%) as well as in one at 30-45 cm depth (-20% precipitation), there was 675 

likely a lower concentration of C bound to free metal species relative to the amount of iron or 676 

aluminum pulled from this first extraction (Figures 4, 5). Though there was not a clear 677 

relationship between the carbon concentrations and precipitation alone, the implications of the 678 

changing C concentrations following each targeted extraction may be better understood when 679 

considered within the context of iron and aluminum concentrations following each extraction.  680 

In soils from depths of 0-15 cm and 30-45 cm, the concentration of Fe pulled by the 681 

sodium dithionite extraction is 100 times greater than that which was pulled by the first two 682 

extractions which targeted more amorphous iron species (Figure 7). This either suggests that the 683 

first two extractions did not fully remove the amorphous species or that this soil is abundant in 684 

crystalline iron oxides that are not preferentially binding OM. By considering the overall 685 

decrease in C concentrations following the first two extractions in all precipitation treatments 686 

and across both depths compared to the C concentration of the whole < 53 µm soil fractions, it is 687 

apparent that a significant amount of C was removed by extractions targeting free Fe and Al and 688 

SRO species. Additionally, the change in C concentration following the first two extractions was 689 

within the same magnitude as the change following the Na-dithionite extraction despite the much 690 

higher Fe concentration in the Na-dithionite extraction (Figures 4, 5). From this we may 691 

conclude that there is indeed a greater propensity for C to bind to the poorly crystalline species 692 

across the board even when there is a high abundance of crystalline species. Such a mechanism 693 

is supported by the higher SSA available to C for binding with SRO iron oxides as opposed to 694 

the larger, less reducible hematite crystals which are derived here from red bed sandstones. In 695 
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fact, the lower surface area-to-volume ratio of hematite compared to SRO species has been 696 

previously associated with resistance to Fe reduction in hydric soils with red bed parent materials 697 

(Mack et al., 2019).   698 

Another consideration is the role of aluminum species which may also bind OC. In the 699 

30-45cm depth samples evaluated, there was more Al mg  g −1 soil extracted by sodium 700 

pyrophosphate than there was by the hydroxylamine solution apart from the -20% natural 701 

precipitation treatment group (Figure 8). In the 0-15 cm depth samples, there was a greater 702 

concentration of Na-pyrophosphate- extractable Al in all treatment groups. This points toward 703 

much of the Al being present in the form of free organometallic associations rather than SRO 704 

species. Notably, these concentrations were in a comparable range to the concentration of Al 705 

extracted by sodium dithionite, contrary to what is seen with Fe. When comparing the amount of 706 

Al pulled by each targeted extraction to iron, there is much more Al pulled than there is Fe by the 707 

first two extractions with the ratio of Al to Fe being highest in the pyrophosphate extraction for 708 

both depths (Figure 10). Next, the total concentration of each of both Al and Fe are generally 709 

lowest in the hydroxylamine extractions. This should be considered with the similarities in 710 

concentrations of C prior to and following the removal of SRO species. On one hand, little to no 711 

change in soil C concentration following the removal of SRO Fe and Al oxides along with the 712 

lower Al and Fe concentrations could suggest that the solution did not adequately extract the 713 

targeted minerals. More likely is the case that some SRO species were dissolved by the prior 714 

extraction. While a less powerful oxidant, some studies have found overlap in the amorphous 715 

species extracted by sodium pyrophosphate and hydroxylamine (Li et al., 2023; Slotznick et al, 716 

2019). Thus, the SRO fraction could be slightly underrepresented. However, the concentrations 717 

of Fe and Al extracted by Na-pyrophosphate and hydroxylamine were within the same order of 718 
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magnitude for each respective element. This supports our conclusion that there were still Fe and 719 

Al SRO minerals present that were not as easily reduced as species drawn out by sodium 720 

pyrophosphate. Therefore, much of the SRO pool must be correctly identified. Additionally, 721 

when evaluating the change in C concentration following the hydroxylamine extraction, we are 722 

not directly quantifying the amount of C extracted by the hydroxylamine. As a result, little to no 723 

change in C concentration could also indicate that the concentration of C bound to SRO species 724 

was simply a similar C concentration to that of the soil prior to extraction of the SRO pool, 725 

resulting in a C concentration value that is unchanged. In conclusion, it may be likely that there 726 

is a smaller pool of SRO species than there are free metal species, but the SRO minerals are able 727 

bind more carbon per Fe or Al than what would be found in an organometallic association . 728 

Next, the molar amount of Fe removed by sodium dithionite is greater than the amount of 729 

aluminum in all precipitation treatments contrary to what is seen in the previous extractions 730 

(Figures 6, 7). A general decrease in C concentrations resulting from the removal of crystalline 731 

species that are now identified as primarily iron oxides was seen across all precipitation 732 

treatments reflecting the impact this pool had on the overall  < 53 µm fraction C concentration. 733 

However, the change in C is not several orders of magnitude higher than the previous extractions 734 

unlike what is seen in the Fe concentrations. Therefore, while the soil is dominated by crystalline 735 

iron, not aluminum, oxides, these species do not preferentially hold much of the OC present in 736 

the soil. Following all three targeted extractions, a pool with a concentration a little over half that 737 

of the entire < 53 µm fraction remained. This indicates that much of the C present is bound 738 

through other means not targeted by these extractions. The presence of 1:1 phyllosilicate clays as 739 

well as 2:1 mixed layer clays could act as adsorption sites for organic matter that were not 740 

responsive to the targeted extractions (Figure 11). The concentration of C likely bound to clay 741 
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minerals, like the overall concentration of SOC in the <53 µm fraction, showed no clear relation 742 

to the amount of precipitation received. However, it is noteworthy that 2:1 clays are responsive 743 

to moisture conditions due to having a hydrated interlayer which increases the availability of OM 744 

binding sites. This moisture-dependent OM adsorption may not be reflected in this experiment 745 

due to the variable carbon content found between plots that received the same precipitation 746 

treatment or possibly due to the timescale of the simulated drought. However, it is of note that 747 

the total organic carbon present in the less than 53 µm soil fraction is almost equally divided 748 

between Fe and Al bound species and what is most likely the remaining clay minerals. With most 749 

of the MAOM-C held by either clays or reactive, poorly crystalline species, there is potential for 750 

an environment where long term MAOM stability is threatened by drought or frequent flooding.   751 

 752 

1.04 Conclusions 753 

Although no clear correlation was found between drought treatments and either whole 754 

soil TOC or C content within the < 53 µm MAOM soil fraction, the distribution of OC within the 755 

MAOM was successfully analyzed. It was found that in both surface (0-15 cm) and deep soil 756 

(30-45 cm), the concentration of C was lower following the removal of C bound to amorphous 757 

then crystalline Fe and Al species. However, a soil C concentration of at least half of the 758 

concentration of the whole < 53 µm  fraction remained following the sequential extractions. 759 

Through X-ray diffraction, we identified clay minerals that may be binding the remaining C in 760 

the MAOM fraction. Within the extractions, the vast majority of the Fe was found to originate 761 

from crystalline species whereas the Al was more evenly distributed between amorphous and 762 

crystalline states. The small changes in C concentrations following these extractions contrasted 763 
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with the high dithionite-extractable Fe concentrations led us to conclude that while crystalline Fe 764 

species are abundant in this soil, the more reactive and less crystalline species are protecting 765 

more OC within the MAOM. With more easily reduced species and clays subjected to shrinking 766 

and swelling much of the OC within the < 53 µm soil fraction, a longer-term study could 767 

potentially see the impacts of precipitation on MAOM. Future directions should also quantify 768 

changes in POM as previous studies have catalogued changes in the plant and microbial 769 

communities during this drought experiment. The evaluation of C turnover in the face of climate 770 

change is a subject in need of continual study.   771 
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ABSTRACT: CHAPTER 2 772 

Excessive loading of sediment into waterbodies has been shown to severely diminish 773 

water quality. In Norman, Oklahoma, this issue impacts a source of drinking water for the 774 

residents, Lake Thunderbird. Here, we evaluated potential sources of soil erosion that could 775 

cause high suspended sediment within this watershed. Specifically, we conducted geochemical 776 

analysis on suspended sediment collected using a passive sediment trap deployed in Dave Blue 777 

Creek, a stream which feeds into Lake Thunderbird. We compared the suspended sediment to 778 

soil in surrounding areas that were representative of potential source groups. These source areas 779 

were ultimately grouped by land use: grasslands, tree cover, and developed land as classified by 780 

the National Land Cover Database (NLCD). We hypothesized that most of the suspended 781 

sediment in Dave Blue Creek would originate from upland urban soils. Using the Sediment 782 

Source Assessment Tool (Sed_SAT), we obtained unique geochemical fingerprints for each 783 

source group and were able to characterize changes in sediment input contributions. We 784 

successfully identified contributing sources to the suspended sediment in Dave Blue Creek based 785 

off land use. However, we found that we were unable to differentiate between bank and upland 786 

sources of the same land use. Still, clear contributions from developed land were identified 787 

across all suspend sediment samples. Additionally, we found that during the sampling periods 788 

with more precipitation and higher discharge in the stream, there was a strong grassland 789 

signature. Only in the month will little precipitation and low discharge were tree-covered land 790 

inputs detected. Overall, our results indicated that erosion control strategies in the Lake 791 

Thunderbird watershed should focus on ensuring bank stability in developed areas and mitigating 792 

run-off in grasslands.  793 
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CHAPTER 2 TRACING SOURCES OF SUSPENDED SEDIMENT IN 794 

DAVE BLUE CREEK, OKLAHOMA 795 

 796 

2.00 Background 797 

2.00.1 Environmental and Anthropogenic Drivers of Sediment Loading 798 

Surface soil and stream bank erosion have the potential to detrimentally impact soil and 799 

water quality. The loss of surface soil results in the removal of organic matter, nutrients, and 800 

structural components of the soil (Fox and Papanicolau, 2008). The resulting runoff overloads 801 

nearby bodies of water with nutrients and heavy metals bound to sediment. An abundance of 802 

suspended sediment itself also negatively affects water quality by limiting oxygen diffusion and 803 

blocking sunlight which is detrimental to aquatic organisms. Combined with the nutrient loading 804 

associated with suspended sediments, the decay of these submerged plants can lead to excessive 805 

organic matter and conditions conducive to algal blooms in some lakes (Fatahi et al., 2022).  A 806 

high concentration of suspended sediment can also physically obstruct the gills of aquatic life 807 

harming an aquatic ecosystem over every trophic level (Fatahi et al., 2022). While several 808 

environmental factors contribute to soil and bank erosion, anthropogenic activity is often a 809 

leading factor. The state of Oklahoma has a long history of poor land-management practices such 810 

as overgrazing and leaving barren fields after plowing which have led to soil erosion. Most 811 

notably, these practices combined with a period of drought resulted in the Dust Bowl of the 812 

1930s. Following this period of drought, severe flooding became an issue and caused further soil 813 

erosion (Mundende, 2010). While decades of erosion mitigation strategies and conservation 814 

incentives have passed since the worst of Oklahoma’s erosion problems, the state still faces 815 
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periods of drought and flooding which leads to soil erosion (Lake Thunderbird Management 816 

Plan, 2016). Human activities such as farming and now urban development both contribute to 817 

excessive sediment loads in streams, especially when erosion control strategies such as reduced 818 

tillage farming, terracing, and streambank stabilization, either through vegetation or construction, 819 

are not in place (Fox et al., 2016; Collins et al., 2012, 2017; Lake Thunderbird Management 820 

Plan, 2016). In a review paper discussing the need for further studies of upstream controls on 821 

sedimentation in Oklahoma, Fox (2015) summarizes reasons for poor response to erosion control 822 

strategies implemented in response to sediment loading. Reasons identified included control 823 

strategies failing to target important source areas, not adequately evaluating bank and channel 824 

erosion, not accounting for an abundance legacy sediment, or mitigation strategies being 825 

undermined by environmental changes (Fox et al, 2015 ). 826 

 827 

2.00.2  Sediment Fingerprinting 828 

It has been found that a unique signature related to a source environment may be used to 829 

determine the origin of sediment inputs into waterbodies (Walling, 2013). These signatures of a 830 

source environment, often referred to as fingerprints, can take the form of mineralogical 831 

properties of a source, trace element geochemistry, isotopic fractionation, or a combination of 832 

such markers (Koiter et al., 2013; Miller et al., 2015; Walling, 2013; Xiang & Liu, 2016) . The 833 

selected fingerprint must comprise of characteristics which are unreactive and therefore 834 

conserved upon transport downstream (Gellis et al., 2016; Miller et al., 2015). These fingerprints 835 

have successfully been used to identify sediment inputs based off land use (Walling et al., 1999; 836 

Bottrill et al., 2000). In systems with similar geology and soil parent materials such as the area 837 

surrounding Lake Thunderbird, trace elements and stable isotopes are suitable tools to 838 
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accomplish the identification of sites contributing to suspended sediment (Gellis et al., 2016; 839 

Walling & Collins, 2008). Often, an unmixing model with tests for tracer conservatism and other 840 

weighing factors is used to delineate sediment sources (Gellis et al., 2016; Miller et al., 2015). 841 

Here, we utilize such a model to identify sources of erosion impacting Dave Blue Creek.  842 

 843 

2.00.3 Grouping Source Samples 844 

While tracers may be used to identify land use categories contributing to sediment 845 

loading, erosion response strategies are often informed by whether the sediment contribution is 846 

largely due to soil erosion or bank erosion. This is because the processes behind erosion from 847 

these two sources are different. Stream bank erosion has been modeled in stages spurred by 848 

events that result in changes in the region’s hydrology. This change in hydrology can be through 849 

urban development or by major storm events that eventually compromise bank stability to a 850 

breaking point and lead to sudden deposition of bank sediment into a stream (Fox et al., 2017).  851 

Additionally, it would be feasible for the geochemical fingerprints of bank and surface soil to be 852 

different due to the change in soil characteristics. The exposed bank soils that could contribute to 853 

erosion extend the depth of the bank and multiple soil horizons. Often, differences in bank and 854 

surface sources are characterized by using stable isotopes such as those of carbon or nitrogen or 855 

by plant biomarkers (Blake et al., 2018; Fox et al., 2008; Guzman et al., 2013; Miller et al., 856 

2014). Anthropogenically introduced tracers such as fertilizer and pesticide derivatives as well as 857 

heavy metals have also been used to distinguish between upland sources and channels  in 858 

addition to land use (Miller et al., 2014; Shajib et al., 2020). Other tracers like fallout radio 859 

nuclides for determining the time of  burial or quantifying erosion have also been used to 860 

distinguish between surface and channel sources (Guzman et al., 2013).   861 
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 862 

2.00.4 Passive Sediment Trap 863 

A Passive sediment trap was designed by Phillips (2000) as a cost-effective way to collect 864 

time integrated suspended sediment samples. This design allows for both the adjustment in 865 

sediment trap height for changes in water levels as well as the ability to collect samples at a 866 

chosen interval such as following storm events or over a known period of time, and the small 867 

inlet allows for fine sediment to be captured that is representative of the suspended sediment in 868 

the surrounding environment with minimal alterations due to preferential flow (Perks et al., 869 

2014; Phillips et al., 2000).  870 

 871 

 872 

 

Figure 12) Schematic of suspended sediment trap design (Phillips et al., 2000) 
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2.00.5 Research Scope 873 

This project serves the purpose of evaluating potential sources of sediment that contribute 874 

to the poor water quality in Lake Thunderbird, Oklahoma which serves as drinking water for the 875 

citizens of the city of Norman, OK. Lake Thunderbird has repeatedly failed to meet water quality 876 

standards for nutrients and sediment. In recent years, the City of Norman’s Lake Thunderbird 877 

Compliance and Monitoring Plan established Presumptive Best Management Practices (BMPs) 878 

and Total Maximum Daily Loads (TMDLs) for “key sub-watersheds” of greatest concern within 879 

the city limits one of which was Dave Blue Creek (City of Norman, OK, 2016).  In 2023, the 880 

Storm Water Quality division of the City of Norman reported that the Lower Dave Blue Creek 881 

monitoring station was found to exceed acceptable levels of total suspended solids (TSS), likely 882 

due to changes in development and land use (City of Norman, OK, 2023). 883 

In this study, an unmixing model is applied to characterize sources of sediment and to 884 

investigate the relative proportions of these sources contributing to the sediment load captured by 885 

a passive sediment trap placed downstream of the source site. We hypothesize that through the 886 

utilization of conservative tracers (heavy metals, rare earth elements, and other geochemical 887 

tracers) we can identify primary sediment sources at a fine, sub-watershed scale.  888 

 889 

2.01 Methods 890 

2.01.1 Field Site  891 

  The area of study comprised of a portion of Dave Blue Creek approximately 2.5 miles 892 

long as well as the land immediately bordering this section of the stream for collecting soil from 893 

likely sediment source areas (Figure 13). Grouping potential sources of sediment into a body of 894 
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water by their geological unit or land use types are common spatially focused approaches used 895 

for sediment fingerprinting studies (Walling et al., 1999; Bottrill et al., 2000). In our study, 896 

representative source sites were selected using the National Land Cover Database (NLCD). 897 

These sites were then categorized as grasslands, tree cover, and developed land. At this scale, 898 

land use would exert greater control on sediment fingerprints than another spatial factor like the 899 

geologic unit or type of soil. Notably, the grassland and developed study areas are both 900 

dominated by the same soil series complex of Grainola, Ironmound, and Kingfisher (Table 1). 901 

Each land use was further divided between surface soil sources and bank sources for sampling.  902 

  903 
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 904 

Figure 13) Sampling sites along Dave Blue Creek, Norman, OK. Land cover layer from the 905 

National Landcover Database (NLCD) 2023. 906 

 907 



Moehnke 49 
 

   
 

 908 

Table 1) Description of soils present in study area grouped by land use (https://casoilresource.lawr.ucdavis.edu/gmap) 909 

910 



Moehnke 50 
 

   
 

 911 

2.01.2 Sampling Methods 912 

Surface soil samples were sampled by collecting scrapes of the top 2 cm of soil taken in a 913 

transect at each site then pooled together to account for site variability. Bank samples were taken 914 

from bottom to top on both sides of the channel at each site then composited as well, as 915 

suggested by EPA/600/R-16/210 (Gellis et al., 2016). As individual bank and surface samples at 916 

each site for each land use were pooled, the results contained n= 5-7 individual geochemical 917 

fingerprints in each source group.  918 

 A passive sampler using the design of Phillips (2000), was installed on August 31, 2023 919 

downstream of all field sites (Figure 15). The sampler was mounted so that it was level and 920 

completely submerged, so that the sample collected was an accurate representation of the system. 921 

The contents of the sediment trap were collected in plastic containers once a month over three 922 

months on the dates 10/09/2023, 11/12/2023, and 12/14/2023, and the trap was replaced for the 923 

next collection period. This amount of time was selected to allow for adequate sediment 924 

accumulation as there were limited flow conditions for much of the study period. Stream 925 

conditions at Dave Blue Creek are actively monitored at a site downstream from the area of 926 

study. Here, water levels and discharge were lower at the time of trap installation but increased at 927 

the end of September into the beginning of October. Through the month of November, discharge 928 

was less than 10 ft3/ s. Over the three-month period, discharge peaked approximately 249 ft3/ s  929 

in early October (Figure 14).  930 

 931 
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Figure 14) Hydrograph displaying discharge (cfs) and gauge height (ft) at the Upper Dave Blue Creek monitoring station over the 

sampling period. Each color block represents a sediment accumulation period with samples collected on 10-09-2023, 11-13-2023, 

and 12-14-2023. (Oklahoma Water Resource Board, 2024)  
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Figure 15) Precipitation events over the study period as recorded by the Norman, Oklahoma Mesonet station. Largest 

precipitation events over the course of the study occurred on 09/19/2023 (1.67 inches), 10/04/2023 (2.58 inches), and 10/ 24/2023 

(1.66 inches) (Oklahoma Mesonet, 2025). 
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 934 

 

 

 

Figure 16: Passive sediment trap deployed in Dave Blue Creek 
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2.01.3 Sample Processing and Geochemical Analysis 935 

The suspended sediment samples were transferred into acid-washed plastic bottles, then 936 

allowed to settle before decanting. The samples were then freeze dried, ground with a ceramic 937 

mortar and pestle, weighed, and sieved to <63 µm. The soil samples were oven-dried at 40°C, 938 

ground, and sieved to the same size fraction. (Collins et al., 2012; Gellis et al., 2016) Samples 939 

were analyzed for whole rock geochemical analysis using an Aqua regia digestion followed by 940 

ICP-MS by an outside laboratory, Australian Laboratory Services (ALS) Global. 941 

 942 

2.01.4 Sediment Source Assessment Tool (Sed_SAT)  943 

The results from the geochemical analysis were used to create a sediment fingerprint so 944 

thar we could identify conservative tracers and determine the origin of the sediment load 945 

captured by our trap. Here, we input our samples into the Sediment Source Assessment Tool 946 

(Sed_SAT) (https://www.usgs.gov/software/sediment-source-assessment-tool-sedsat). This 947 

unmixing model was selected for its inclusion of tests for tracer conservatism and robust error 948 

analysis in addition to an unmixing model. After evaluating if each tracer is distributed normally 949 

or requires a mathematical transformation to do so, the model identifies outliers. Two samples 950 

containing outliers, greater than N=3 standard deviations from the mean, for concentrations of 951 

Na, Ti, Nb, and V were identified and these values were excluded from future steps. Next, a 952 

Bracket Test was done to identify which tracer concentrations do not change dramatically from 953 

the source areas to the suspended sediment samples. The tracers with less than 10 percent change 954 

in concentration between the sources and the suspended sediment were identified as being 955 

conservative as shown by Equation 1 (Gellis et al., 2017).  956 

https://www.usgs.gov/software/sediment-source-assessment-tool-sedsat
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 957 

Of the 52 elements included in the sample geochemical fingerprint, 22 tracers were 958 

flagged as nonconservative by the Bracket Test and thus eliminated. The racers identified as 959 

conservative were Mg; Nb; Th; U; Lu; Yb; As; B; Ba; Ce; In; La; P; Pb; Sb; Sc; Ti; V; Zn; Dy; 960 

Er; Eu; Gd; Ho; Nd; Pr; Sm; Tb; Tm. The source and suspended sediment data were then 961 

evaluated by a series of multivariate tests. The purpose of these tests was to determine if the 962 

transformations applied to the selected group of tracers meet the assumption of linearity 963 

underlying a Forward Stepwise Linear Discriminant Function Analysis (DFA). The DFA was 964 

performed to identify a profile of tracers with the greatest discriminatory power between groups. 965 

Here, we selected a significance value of 0.05 for Wilks Lambda discriminatory analysis method 966 

used in this step of the model. Sed_SAT also included a cross-validation approach to determine 967 

the extent to which the selected tracers from the DFA would belong to its source group if its 968 

origin was unknown (Gellis et al., 2017). The output of the cross-validation was used in Equation 969 

2 to weigh tracers in the unmixing model based off how well each of the remaining tracers 970 

correctly characterizes each source sample.  971 

min(𝑌𝑌𝑖𝑖 ) –  p ∗  min(𝑌𝑌𝑖𝑖)  <  xi <  max(𝑌𝑌𝑖𝑖 )  +  p ∗  max(𝑌𝑌𝑖𝑖) 

xi = suspended sediment concentration value for the given tracer 

Yi = vector of all source tracer concentrations for tracer (i) 

p = increase in range of the source dataset = 0.1 

 

Equation 1: Bracket test for tracer conservatism  (Gellis et al., 2017) 
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 972 

Finally, a mixing model utilizing these weighting factors was used for the remaining tracers. 973 

Error for this model is calculated in Sed_SAT using Equation 3. Along with Equation 3,  a Monte 974 

Carlo simulation (1,000 iterations) and the results of running each tracer through the unmixing 975 

model as if it was a target sample of unknown composition comprised the thorough error 976 

analysis in the Sed_SAT toolbox. Two iterations of the model were selected to be compared, the 977 

first separating bank and upland soil samples in each land group as their own source groups, the 978 

second differentiating source groups by land use alone. The percentage source contributions from 979 

each land use were then compared to the estimated annual runoff from sites of each land use 980 

occurring at each sample across daily precipitation inputs using the EPA National Stormwater 981 

Calculator (Environmental Protection Agency, 2025). A representative sampling site of equal 982 

area was selected for each land use group to estimate the average annual runoff based off 983 

properties of the dominant soils in each site. The parameters input included water infiltration 984 

rate, soil type, hydraulic group, slope, and land cover.  985 

 986 

𝑊𝑊𝑖𝑖  =  
𝑃𝑃𝑖𝑖
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

 

Pi = percent of source samples classified correctly using tracer   

P opt = percent of source samples classified correctly using tracer with the lowest Pi . 

 

Equation 2: Weighting factor calculation (Gellis et al., 2017) 
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 987 

2.02 Results 988 

2.02.1 Bank versus Surface samples 989 

We first ran an iteration of the model grouping sources in two groups, upland and bank 990 

samples. However, unique fingerprints distinguishing between these two groups could not be 991 

generated, likely due to the differences in land use and erosional history across the watershed. In 992 

the next run of the model, we defined source groups by land use and by location: upland or 993 

stream bank.  The goal of grouping samples in this manner was to identify where bank stability is 994 

a primary issue versus runoff from the surface. However, this resulted in high degrees of 995 

uncertainty in the subsequent error analysis. When individual source samples were run as 996 

unknown sediment samples to verify the accuracy of the source group fingerprint, many samples 997 

were incorrectly classified (Table 2). Additionally, we found that individual sample profiles 998 

greatly varied within a single source group when faced with 6 possible source contributions 999 

(Figure 17). As a result, a second iteration of the model which classified bank and upland soils of 1000 

the same land use as one source group was run.  In the subsequent error analysis, the variation 1001 

between samples within the same group was lower, and only the grassland samples were mostly 1002 

poorly classified by the model (Table 3). Notably, the fingerprint of the grassland samples 1003 

overlapped significantly with the developed land use fingerprint (Figure 18). 1004 

 1005 
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 1006 

 1007 

 1008 

 1009 

Table 2) Error analysis for unmixing model with upland and bank source groups. Here, “Perfectly 

Classified” indicates 100 percent correct source contribution was assigned to a particular sample. 

A sample is categorized as “Classified” if its source contribution is < 80% of the correct group, 

poorly is < 50%, and incorrect is 0%. 

Source 
Type 

Number 
Perfectly 
Classified 

Percent 
Perfectly 
Classified 

Number 
Classified 

Percent 
Classified 

Number 
Poorly 

Classified 
Percent 
Poorly 

Classified 
Number 

Incorrectly 
Classified 

Percent 
Incorrectly 
Classified 

TBANK 1 25 2 50 1 25 1 25 
DEVBANK 3 42.86 4 57.14 2 28.57 1 14.29 

GRASS 3 25 4 33.33 6 50 4 33.33 
FOREST 0 0 0 0 5 55.56 2 22.22 
URBAN 0 0 0 0 10 100 3 30 
GBANK 2 33.33 3 50 3 50 2 33.33 

 

Table 3) Error analysis for unmixing model with only land use source groups 

Source 
Type 

Number 
Perfectly 
Classified 

Percent 
Perfectly 
Classified 

Number 
Classified 

Percent 
Classified 

Number 
Poorly 

Classified 

Percent  
Poorly 

Classified 

Number  
Incorrectly 
Classified 

Percent  
Incorrectly 
Classified 

FOREST 3 25 6 50 2 16.67 0 0 
URBAN 10 62.5 10 62.5 6 37.5 0 0 
GRASS 1 5.88 1 5.88 12 70.59 5 29.41 
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 1010 

  1011 

 

Figure 17) Error analysis summary of initial run distinguishing between upland and bank 

groups. Here, each source soil sample was run as if it were a collected as suspended sediment 

downstream to assess how accurately the fingerprint profile for a given source group identifies 

a sample of known origin. Here, GBANK represents the grassland bank source group, 

TBANK is the tree-cover bank group, and DEVBANK is developed bank group. URBAN, 

GRASS, and FOREST refer to their respective upland source groups. 
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 1012 

 1013 

2.02.2  Determined Sediment Sources 1014 

The unmixing model resulted in estimated mixtures of the sources for each sediment 1015 

collection period. In the run with bank and upland source groups, the suspended sediment 1016 

mixtures were found to be 53.45 % developed bank origin and 46.55% upland grassland in 1017 

 

Figure 18) Error analysis summary evaluating if a soil sample of known origin may be 

correctly identified as belonging to its source group which here are sorted by land use only. 

 

A)

B)

C)
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September; 21.13% developed bank and 78.87% upland grassland in October; and 14.09% 1018 

developed bank and 85.91% upland tree cover in November (Figure 18). Despite the inclusion of 1019 

6 potential source groups, only three groups were ever identified as contributing to sediment 1020 

samples. Specifically, only one group of each land use was included. However, the results when 1021 

grouping sources by land use showed similar source contributions. The September sediment was 1022 

determined to be 30.89 % developed sources and 69.11% grasslands, and the October sediment 1023 

was found to be 52.67 % developed in origin and 47.33% grasslands. The November sediment 1024 

was identified as 46.2% developed and 53.8%  tree-cover sources (Figure 20). The greatest 1025 

difference was between the November sample percent source contributions and likely reflected 1026 

the large portion of the upland developed samples that were attributed to tree cover sources in the 1027 

error analysis of source groups (Figure 18).  1028 

 1029 
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 1030 

 

Figure 19) Unmixing model results over sampling period with bank and upland sources. The 

total precipitation received over each month was 2.57 inches (September), 5.47 inches 

(October), and 0.64 inches (November) (Oklahoma Mesonet, 2023). 
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 1031 

2.02.3  Tracer by Tracer Plots 1032 

Following the Linear Discriminatory Function Analysis, a smaller list of tracers remained 1033 

that would generate source group sediment fingerprints with optimum separation for each run. 1034 

Grouping samples by land use only as compared land use and bank versus surface resulted in the 1035 

selection of different tracers to create unique fingerprints for each source group. More tracers 1036 

were required to create a unique fingerprint for upland versus bank samples of the same land use, 1037 

and even then, the discriminatory power of the fingerprints was inadequate. As a result, the 1038 

elements used as tracers in the first run of the model were As, Lu, Mg, Sc, Sm, Th,  U, V, and Yb 1039 

where Yb was utilized to classify the most samples (Table 4). On the other hand, Lu, Mg, Nb, 1040 

Th, U, and Yb were deemed the best tracers for characterizing land use samples with Nb as the 1041 

 

Figure 20) Unmixing model results with only land use source groups. The total precipitation 

received over each month was 2.57 inches (September), 5.47 inches (October), and 0.64 

inches (November) (Oklahoma Mesonet, 2023). 
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strongest identifier (Table 5). Notably, there is some variation in concentrations of tracers 1042 

between the sediment samples collected over different months such as an increase in As in the 1043 

November samples and higher Th in the September sample (Table 6). Tracer by tracer plots were 1044 

used to demonstrate how well each element concentration coincided with the overall source 1045 

contribution percentages. In the run which separated upland and bank sources, the average tracer 1046 

concentrations for the developed bank samples share closer values to the sediment samples for 1047 

As, Lu, Sc, Sm, Th,  U, V, and Yb but not for Mg which is closer to the concentration found in 1048 

the surface tree cover and grassland samples (Figure 21). With samples grouped only by land 1049 

use, the developed samples are closest to the suspended sediment values for Lu, Th, and Yb, but 1050 

are notably lower than the other sources’ Mg, U, and Yb concentrations reflecting how the U 1051 

concentration in developed bank samples were higher than the developed upland samples (Figure 1052 

22). A similar pattern is seen with grassland samples where upland grasslands are of a greater Mg 1053 

concentration than their bank counterparts (Figure 22). Finally, it must be noted that in some 1054 

tracers, while still within the range of being classified as conservative, show an increase in 1055 

concentration within the suspended sediment downstream of the sample sites (Figures 21, 22). 1056 

This is especially the case for uranium, where the sediment samples from all three months had a 1057 

higher U concentration than any one of the land use average samples.  1058 
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1059 

Table 4)  Discriminatory Function Analysis (DFA) for the sediment fingerprint of the run with land use source groups 

and upland versus bank designations where Wi is the tracer weighing factor applied to each tracer. 

Tracer 
Names 

Wilks 
lambda 

F statistics 
overall 

p value 
overall 

F statistics 
diff 

p value 
diff 

Cumulative 
Percent 

Classified 
Individual 
Percent 

Classified 
Wi 

Th 0.37 14.43 3.14E-08 14.43 3.14E-08 24.868 24.9 307.4 
Mg 0.15 12.75 4.32E-13 11.49 4.99E-07 54.749 29.6 365.4 
Yb 0.09 10.48 3.30E-15 6.04 2.82E-04 48.915 38.2 471.6 
Sm 0.04 11.23 8.80E-20 11.10 9.44E-07 53.082 33 407.4 
Lu 0.01 12.14 2.36E-24 11.33 8.59E-07 63.545 36.8 454.3 
Sc 0.01 11.05 4.66E-25 3.95 5.53E-03 72.989 8.1 100 
U 0.01 10.30 1.33E-25 3.67 8.54E-03 73.267 22 271.6 
V 0.00 9.82 3.73E-26 3.65 8.94E-03 84.378 24.6 303.7 

As 0.00 10.39 1.08E-28 7.17 1.04E-04 78.823 26.7 329.6 
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1060 

 

Table 5) Discriminatory Function Analysis (DFA) for the selected tracer comprising the sediment fingerprint of the model run with 

land use source groups that do not differentiate between bank and surface samples. 

Tracer Wilks  
lambda 

F statistics  
overall 

p value  
overall 

F statistics  
diff p value diff 

Cumulative  
Percent  

Classified 
Individual  
Percent  

Classified 
Wi 

Nb 0.5985 14.09 2.08E-05 14.09 2.08E-05 62.2 62.2 205.3 
U 0.4459 10.20 9.45E-07 7.01 2.35E-03 58.5 48.8 161.1 

Mg 0.3563 9.00 1.64E-07 5.03 1.11E-02 62.5 36.4 120.1 
Th 0.3007 8.03 7.71E-08 3.61 3.62E-02 76.1 50.2 165.7 
Yb 0.1728 10.68 4.57E-11 14.06 2.52E-05 78.4 41.4 136.6 
Lu 0.1240 11.34 1.78E-12 7.27 2.12E-03 85.2 30.3 100 
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 1062 

 1063 

Table 6)  Average tracer concentrations (ppm) for suspended sediment samples over each 

sampling period. 

Sample Name As Mg Sc Nb Th U V Lu Sm Yb 

September 4.9 1.53 6.3 0.35 6.7 0.87 46 0.098 4.47 0.776 

October 3.6 1.18 4.7 0.29 5.4 0.67 36 0.085 3.69 0.634 

November 6 1.47 3.3 0.27 2.5 0.81 31 0.138 5.11 1.145 
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 1064 

 

Figure 21) Average concentrations of tracers comprising the sediment fingerprint when bank and upland sources as different source 

groups. Tracers are plotted against the thorium concentration. Source groups are marked with diamond and suspended sediment 

sample concentrations are represented by circles. 
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1065 

 

Figure 22) Average tracer concentrations for the elements comprising sediment fingerprints, plotted against Thorium, for land 

use groups and captured sediment samples. 
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 1066 

2.02.4 Monte-Carlo Results 1067 

A Monte-Carlo simulation was used following each model run to evaluate the 1068 

uncertainty behind the model itself through repeated iterations of the run while excluding 1069 

individual source samples (Figure 23). Here, the error analysis of the run with samples 1070 

identified by land use only yielded identical results as the model run. On the other hand, 1071 

there was a larger spread in land use percent contribution for each iteration of the Monte-1072 

Carlo simulation when separating source groups by both land use and upland or bank 1073 

sources. This spread is seen specifically in groups that were not classified as contributing 1074 

to the suspended sediment in the model results such as upland developed and tree bank 1075 

samples. Thus, grouping sources by land use is a more reliable means of sediment source 1076 

tracing at our study scale. 1077 
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1078 

 

 

Figure 23) Box plots following Monte Carlo analysis of land use run. The green bar represents the average percent source 

contribution in all simulation iterations with the black bar showing the median value. The total precipitation received over each 

month was 2.57 inches (September), 5.47 inches (October), and 0.64 inches (November) (Oklahoma Mesonet, 2023). 
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2.02.5  Comparison of Sediment Load to Calculated Runoff 1079 

Using the study site’s average annual rainfall over the last 20 years, 33.81 inches, the 1080 

EPA National Stormwater Calculator shows the site with tree cover to have the least annual 1081 

runoff at only 0.55 inches or 1.6% of the annual received precipitation (Figure 24). On the other 1082 

hand, the grassland site lost 5.68 inches of precipitation, 16.8% of the average annual 1083 

precipitation, as runoff. Meanwhile, the developed site had an estimated 9.16 inches of runoff, 1084 

27.1% loss (Figure 24 ). Additionally, by plotting daily precipitation events over this timescale 1085 

versus runoff, the similar higher runoff in grassland and developed land uses compared to tree 1086 

cover are apparent (Figure 25 ).  1087 
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 1089 

 

Figure 24) Proportion of average annual precipitation (inches) fated for evaporation (pink), 

runoff  (blue), and infiltration (green) at each land use site as determined by the EPA National 

Stormwater Calculator (https://swcweb.epa.gov/stormwatercalculator/).  33.81 inches is equal 

to 100% of the average annual precipitation over the span of 20 years. 

https://swcweb.epa.gov/stormwatercalculator/
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 1090 

2.03 Discussion 1091 

 1092 

2.03.1 Introduction 1093 

Our evaluation of contributing sources to the suspended sediment in Dave Blue Creek 1094 

over our sampling period resulted in measurable inputs from each land use which changed over 1095 

 

Figure 25) Average daily runoff (inches) versus local daily precipitation events (inches) 

over a 20-year period as estimated by the EPA National Stormwater Calculator 

(https://swcweb.epa.gov/stormwatercalculator/). Sites were classified by land use: 

developed (pink), grass cover (green), and tree cover (blue) along with physical properties 

of the dominant soil type at each site. 
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time. These results are discussed here along with our error analysis tests which support such 1096 

findings. These analyses consisted of a Monte-Carlo simulation as well as an evaluation of our 1097 

source group fingerprints. The implications of what individual tracers were detected are then 1098 

discussed. We follow this with an assessment of the similarities and differences between upland 1099 

and bank samples of the same land use and conclude with future directions relating to suspended 1100 

sediment source tracing and erosion mitigation.  1101 

2.03.2 Suspended Sediment Source Group Contributions 1102 

There was a shift from urban and grassland contributions in the suspended sediment 1103 

collected over the months of September and October to a signature that was largely attributed to 1104 

the tree-cover and developed land groups in November. This could be due to changes in 1105 

precipitation seen over this period (City of Norman, 2024). September and October both had 1106 

much higher precipitation totals and, as a result, greater discharge in Dave Blue Creek compared 1107 

to the month of November. There was likely increased runoff from grassland and urbanized areas 1108 

which lack the vegetation and bank stability associated with tree-cover during the months with 1109 

more precipitation. The shift in land uses contributing to suspended sediment aligning with 1110 

discharge over the monitoring period further emphasizes the importance of monitoring and 1111 

addressing soil erosion especially in areas lacking tree cover. Furthermore, the developed land 1112 

use signature was detected across all sampling periods suggesting that inputs due to urbanization 1113 

do indeed consistently contribute to this stream’s sediment load. This observation is supported by 1114 

our error analysis which showed that the suspended sediment source contributions were 1115 

accurately characterized by land use.  1116 

The Monte Carlo simulation showed high confidence in the results of the model run 1117 

where sources were grouped by land use only (Figure 23). This suggests that grouping samples 1118 
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by land use creates a strong enough signature for each source group that the removal of a random 1119 

source sample does not greatly impact the estimated percent source contributions in the 1120 

suspended sediment. On the other hand, there was a great amount of variance in the results of 1121 

each iteration of the Monte-Carlo simulation following the unmixing model run that 1122 

distinguished between upland and bank sources. This variance was a result of the similarity in 1123 

signatures of the same land use. For example, the November suspended sediment forest bank and 1124 

surface sample contributions were highly variable. This result supports how the similar 1125 

signatures of soils within the same land use category limit confidence that forest land use 1126 

signatures were exclusively from upland soils as was estimated by this iteration of the model. 1127 

Meanwhile, the higher confidence when grouping sources by land use only supports that these 1128 

signatures are at least correctly attributed to tree-cover sources.  1129 

2.03.3 Comparison to Runoff estimates 1130 

By evaluating the percentage runoff alone using the EPA Stormwater Calculator,  a 1131 

majority developed signature would be expected in the suspended sediment across all months 1132 

(Figures 24, 45). This is supported in the results of the unmixing model with only land use 1133 

source groups where a developed signature is seen across all three months (Figure 20). Here, the 1134 

months of September and October show a split between grassland and developed sources. These 1135 

months were also characterized by more intense precipitation events relative to November 1136 

(Figure 15). The scale of grassland areas versus developed and tree covered sites also plays an 1137 

important role in source apportionment. The immediate study site is classified as 41% 1138 

grasslands, 34% developed, and 25% tree cover (Esri Sentinel-2 Land Cover Explorer, 2025). 1139 

While developed areas may have greater estimated runoff, there is more grassland landcover 1140 

within the Dave Blue Creek watershed. Although, there are sites of active development in the 1141 
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study area which suggest that these percentages will soon change and magnify the impacts of the 1142 

higher runoff from developed areas. Another consideration is how the developed signature is 1143 

more likely differentiated from grasslands mainly by its bank signature which showed more 1144 

accurate characterization of individual tracers (Figures 17, 18). As a result, there is some 1145 

difficulty separating upland grassland and developed sediment contributions. This could lead to 1146 

an underestimation of runoff from developed sites by the unmixing model which would also 1147 

align with the higher percent estimated runoff calculated for developed land uses relative to 1148 

grasslands. 1149 

 1150 

2.03.4 Implications of Individual Source Group Contributions 1151 

The evaluation of individual source fingerprints as if they were suspended sediment 1152 

samples with unknown source contributions proved to be informative especially regarding 1153 

similarities in upland and bank signatures of the same land use. Samples were often classified as 1154 

belonging to a source that was related to its actual source group. For instance, the surface soil for 1155 

the upland grasslands was shown to have a profile primarily of upland grassland and bank 1156 

grassland soil contributions. This supports the assertion that there is a signature unique to 1157 

grasslands as a whole. While 55.46% of the average grassland bank sample signature is correctly 1158 

designated, the second largest contributor is the tree-cover bank source group. This suggests a 1159 

similarity in tracer signatures between grasslands and tree-covered stream banks but not with 1160 

developed banks. This similarity also helps to explain the lack of contribution from these bank 1161 

samples to the suspended sediment in the overall mixing model results in the run that 1162 

differentiated between upland and bank sources. Alternatively, the absence of these two bank 1163 

groups in the sediment mixtures could also reflect better bank stability within these land uses. 1164 
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The forest bank samples were also mostly assigned to the correct group with only one sample 1165 

misclassified as being of grassland origin. Additionally, nearly 83% of the forest upland samples 1166 

were classified as either forest upland or forest bank origin. The signatures of the upland and 1167 

bank soils of forests must also then be similar. Next, while the developed surface soil fingerprint 1168 

lacked a clear fingerprint, the developed bank group was categorized more accurately with 1169 

42.86% of its samples showing a 100% developed bank signature (Figure 17). Most of the 1170 

remaining developed bank samples were still identified as having a greater than 50% 1171 

contribution of the correct source group as well. This reflects how the developed bank signature 1172 

is unique as well as explains its clear contribution to all suspended sediment samples. When 1173 

assessing individual tracer concentrations, the contribution of the developed bank samples is 1174 

even further supported. 1175 

 1176 

2.03.5 Signatures of Anthropogenic Activity 1177 

Both iterations of the model identified developed sources as a consistent input in all 1178 

target samples, and the evaluation of individual sample fingerprints within this group confirmed 1179 

that its fingerprint was unique from other land uses. Specifically, the developed bank samples 1180 

carried a signature that strongly influenced the fingerprint of this land use group as a whole. 1181 

When comparing tracer concentrations across source groups and sediment samples, the 1182 

developed bank samples were highest in concentrations for Lu, Th, Yb, Sm, and V and were 1183 

closest to target sediment concentrations (Figure 21). This may suggest that these tracers at high 1184 

concentrations are characteristic of anthropogenic activity while the remaining tracers within the 1185 

fingerprint such as Mg, As, Nb and Sc are naturally occurring. When sample sources were 1186 

grouped by land use only, the concentrations in developed samples were highest and closest to 1187 
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target concentrations for Lu, Th, Yb but much lower than the target samples and grasslands for 1188 

Mg and Nb (Figure 22). The similarity in tracer concentrations of bank and grouped developed 1189 

soils supports that the percent contribution attributed to developed soils is accurate and more 1190 

likely from developed banks than upland sources.  1191 

Another consideration is the slight increase in tracer concentrations seen downstream. 1192 

While the increase was still within the range of each tracer being classified as conservative, this 1193 

suggests that there is an accumulation of each of these tracers downstream from the source sites. 1194 

Although there could be other potential sources for these tracers not governed by land use, such 1195 

as the visible litter seen upstream which comprised of metal vehicle parts, pipes, and tires, the 1196 

compounding effect of these tracers is a matter of concern. The tracers evaluated include heavy 1197 

metals which can pose a risk to aquatic life and water quality and rare earth elements which are 1198 

likely contaminants from industrial sources. Additionally, the mechanisms of the incorporation of 1199 

some of these tracers into biomass are not well understood (Shajib et al., 2020). Overall, the 1200 

results of the unmixing model reflect the impact of human activity on water quality in Norman, 1201 

Oklahoma with most of the sediment loading attributed to developed land.  1202 

 1203 

2.03.6 Limitations 1204 

While there is indeed shift in suspended sediment composition from developed and 1205 

grassland sources in September and October, to grassland and forest contributions in November 1206 

it is difficult to determine whether the inputs are of bank or upland origin due to overlapping 1207 

source group fingerprints. The run of the model which separately categorized bank and surface 1208 

soil sources for each respective land use and the run which grouped by land use only showed 1209 
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some overlap in their signatures. To evaluate the accuracy of our source group differentiation, 1210 

each source sample was evaluated as if it were the signature of the targeted suspended sediment 1211 

with unknown source contributions. The model run where bank soils for each land use were 1212 

classified as a separate sources was found to misclassify > 10% of samples in each land use 1213 

category. Although, it should also be noted that due to the small sample size, one sample in each 1214 

group being misclassified results in the overall source group being misclassified as per the 1215 

Sed_SAT error analysis definition of source group misclassification. Still, a small sample size 1216 

does not account for the poorly defined signatures seen in a few of the sample groups. Most 1217 

notably, no individual sample in the upland developed soil group was identified as having a 1218 

mostly developed land use signature and showed great variety in alleged contributing sources. 1219 

This suggests that there is no strong signature unique to the upland developed soils. The source 1220 

contributions assigned to samples of other source groups showed similarities between bank and 1221 

upland sources of the same land use. Although the similarities in signatures between some source 1222 

groups when distinguishing between upland and bank soil was a limiting factor, it was not 1223 

completely unexpected and still proved to be informative. For example, the unique fingerprint of 1224 

the developed bank samples was unmistakable. We were able to confidently identify the relative 1225 

percentage each land use contributed to the suspended sediment and further conclude that the 1226 

urban source signal was primarily from stream banks in developed areas. 1227 

 1228 

2.03.7 Implications and Future Directions 1229 

 While the land use category and proportion of each source group attributed to each 1230 

suspended sediment sample were relatively consistent between the two runs, there were sources 1231 

of uncertainty when differentiating between upland and bank soils of the same land use. The 1232 
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overlap between such groups is a reflection of the similarities in their soil and geology. This is 1233 

mostly due to the scale of this study. However, these similarities also make differences in 1234 

fingerprints more likely to be exclusively due to land use.   1235 

An expansion of this study could include other streams that feed into Lake Thunderbird 1236 

to better encompass sediment sources from the whole watershed. This would also include other 1237 

land uses such as pasture or rangeland and an increase in the sample size to result in a more 1238 

representative sediment fingerprint for each land use. Additionally, an expansion of this project 1239 

with an increased number of sediment traps could  allow for adequate sample volumes to be 1240 

collected on a shorter timescale such as following precipitation events. This change in sampling 1241 

frequency could allow us to better characterize the origin of runoff within this sub-watershed. We 1242 

observed  a shift in land use contribution between October and November samples that could be 1243 

investigated with a longer sampling period and attributed to either seasonal changes or 1244 

precipitation events. A future study could also include stream bed samples as a source in the 1245 

unmixing model. While the concentrations of tracers were measured in bed samples for 1246 

comparison to suspended sediment, these were not included in the unmixing model. Finally, 1247 

there are a wide variety of tracers that can be included in a sediment fingerprint. Organic matter 1248 

content and fallout radionuclides have been used to differentiate between bank and upland soils 1249 

in other source tracing studies and could be applied here (Fox & Papanicolaou, 2008; ). 1250 

 1251 

2.04 Conclusions 1252 

In conclusion, an unmixing model was used to assess the source of  the sediment loading 1253 

in Dave Blue Creek which contributes to problems with water quality in Lake Thunderbird. Dave 1254 
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Blue Creek was shown to have contributions from all three land uses with grasslands 1255 

contributing the majority in the sediment samples collected over the first two months and 1256 

developed samples consistently appearing in all three suspended sediment samples. Notably, the 1257 

change in land use contributions to suspended sediment over the sampling period corresponded 1258 

with changes in discharge and precipitation within the study area. While the accuracy land use 1259 

contributions were well supported, similar signatures between bank and upland samples resulted 1260 

in uncertainty whether the grassland and forest contributions were from surface runoff or channel 1261 

erosion. However, the developed bank samples were better defined than upland bank sources and 1262 

were most likely responsible for the reoccurring developed sediment contribution in Dave Blue 1263 

Creek. Future erosion mitigation strategies in Norman, Oklahoma should focus on bank stability 1264 

in developed areas such as retaining walls where there is active construction.   1265 

  1266 
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