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ABSTRACT 

Phosphorus Sorption and Kinetics Across the Sediment-Water Interface of Utah Lake, 
a Shallow Eutrophic Lake  

Forrest Fielding Strech Jarvis  
Department of Geological Sciences, BYU 

Master of Science 

Internal sediment phosphorus (P) cycling may regulate harmful algal blooms (HABs) in shallow 
eutrophic lakes. Utah Lake frequently experiences HABs despite its high alkalinity and P-rich 
sediment. Phosphorus cycling between the lakebed and the water column is dependent upon 
stable P-sorption with organic matter (OM) and mineral species, which can vary with substrate 
availability, P-concentrations, temperature, redox, pH, and microbial activity. A full 
biogeochemical analysis of the water and sediment across seven sites shows Utah Lake to be 
spatially well-mixed in terms of composition and sorption, with few exceptions. Sediment P-
concentrations (avg. 677 mg-P kg-1) primarily correlate with redox-sensitive iron (avg. 9403 mg-
Fe kg-1) and manganese (avg. 295 mg-Mn kg-1) compounds (avg. 13.9%-Total P) and carbonate 
minerals (avg. 62.6%-Total P). Sorption experiments conducted with sediment from across Utah 
Lake reveal that as pH increases the favorability of P-sorption also increases, while the 
maximum number of available P-binding sites decreases. Kinetics experiments highlight 
nonlinear retention of P and demonstrate how sediments depleted of P generate faster retention 
rates and initiate early sorption during low aqueous P-concentrations. Ultimately, Utah Lake is a 
natural system existing in dynamic equilibrium; change one factor, and the lake will respond to 
maintain its state. Nevertheless, anthropogenic activities can still negatively impact the lake if 
left unchecked, as we have seen in the past.  

Keywords: Utah Lake, phosphorus, cycling, retention, release, binding, sorption, kinetics, batch, 
stirred-flow, eutrophic, linear, Freundlich, Langmuir, sequential extraction, sediment, 
partitioning, HABs, mineralogy, carbonate, redox, pH, geochemistry, sediment geochemistry 
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1. Introduction

Internal sediment phosphorus (P) cycling may regulate harmful algal blooms (HABs) in 

eutrophic lakes. Fueled by nitrogen (N) and P, HABs produce elevated toxins and bacterial 

growth in water inducing human sickness when consumed (Li et al. 2017). Lakes regulate the 

amount of bioavailable P within the water column via microbial activity and sorption processes 

mediated at the sediment-water interface. Microbial activity and sorption processes remove P 

from the water column, binding P with organic matter (OM) and minerals that deposit on the 

lakebed (Nowlin et al. 2005). Lakebed sediment P-retention requires stable P-sorption, which 

can vary with microbial community, substrate availability, and OM grade (Richardson 1985, 

Reddy et al. 1999, and Adam 2016). Physical, chemical, and biological mechanisms can affect P-

release from sediments in lakes. Wave action, boat propellers, and bottom-dwelling fish can 

significantly drive internal P-release in shallow lakes through re-suspension of sediment 

(Søndergaard et al. 2013). Changes in pH, temperature, ionic strength, and redox can promote 

the dissolution of P-retaining minerals or increase diffusion (Moore et al. 1994). Microbes can 

produce organic acids and metabolize sediment-bound P, which can mobilize P into the water 

column (Boström et al. 1988). Consequently, lakes that retain elevated levels of P within 

sediment may experience delayed recovery from remediation efforts (Jeppesen et al. 2015).  

Utah Lake is a shallow eutrophic lake that frequently experiences HABs despite its high 

alkalinity and P-affable sediment. Utah Lake sediments maintain substantial P-concentrations (> 

600 mg-P kg-1), but the influences of sediment P on eutrophication remain unclear (Ogdahl et al. 

2014). Studies show that Utah Lake is a well-buffered system with spatially variable sediment 

and P-loading (Smithson et al. 2020 and Taggart et al. 2021). Phosphorus fractionates mostly 

with OM, calcite, and iron-hydroxides in the lakebed, helping Utah Lake retain 90% of external 
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P-loading (Abu-Hmeidan et al. 2018 and Randall et al. 2019). Fluxes of P from sediment,

measured in situ, estimate that as much as 1,500 tons of P cycle between the lakebed and water 

column of Utah Lake per year (Hogsett et al. 2019). Nevertheless, the strength of P-binding to 

certain minerals, P-partitioning among available sorbents, kinetic rates of P-retention, or the 

exact parameters surrounding sediment P-cycling in the lake are unknown.  

The environmental health of Utah Lake affects the inhabitants of Utah County and the 

surrounding areas. Without proper stewardship, HABs will continue to impact Utah Lake, which 

could place increased stress on the limited available water in this semi-arid region. Moreover, 

extreme seasonal temperature shifts brought on by climate change might increase the likelihood 

of HABs into the future, especially during the summer. The Utah Division of Water Quality 

(DWQ) plans to model P-cycling in Utah Lake, thereby promoting proper lake management and 

helping preserve the lake for years to come. The purpose of this study is to identify, quantify, and 

parameterize components of P-sorption to create a mechanistic approach for internal P-cycling 

inside Utah Lake. Specific objectives are to (1) perform a full biogeochemical analysis of 

sediment and water collected from seven sites across the lake; (2) identify major constituents and 

mechanisms of P-sorption within sediment; (3) evaluate environmental conditions affecting P-

sequestration; (4) quantify spatial variations in P-partitioning and capacities over a range of pH 

using batch sorption isotherm (sorption) experiments; and (5) scope P-retention kinetics of 

sediments via kinetics experiments. Our findings will guide the decisions of DWQ when it 

comes to HABs prevention and lake regulations, including the Utah Lake Water Quality Model, 

WWTP improvement projects, private development regulations, and sediment remediation 

approaches.  

2. Material and Methods
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2.1 Site Description 

 Utah Lake (Figure 1) is one of the largest natural freshwater lakes west of the Mississippi 

River (PSOMAS 2007). Residing in the state of Utah near the eastern edge of the Basin and 

Range Province, Utah Lake sits directly west of the Wasatch Range, directly east of the Lake 

Mountains, and approximately 48 km southeast of the Great Salt Lake. The lake covers about 

375 km2 and is shallow, with an average depth of 2.7-3 m during normal lake levels (PSOMAS 

2007). Despite its shallow nature, the lake is a major water resource in the area. Utah Lake is 

utilized for recreation, seven wastewater treatment plants (WWTPs), and industries. The lake 

also supplies sensitive ecosystems, like the Great Salt Lake via the Jordan River (Mohammed & 

Tarboton 2012).  

The water that flows into Utah Lake primarily originates in the Wasatch and Uinta 

mountain ranges as snowmelt. Major inflows deliver melt waters into Utah Lake through 

groundwater, meteoric precipitation, creeks (Hobble and Currant), and rivers (Provo, Spanish 

Fork, and American Fork). Together these inputs provide more than 925 million m3 of water per 

year (Zanazzi et al. 2020). The only major outflows for the lake are the Jordan River, 

groundwater, and evaporation. Evaporation accounts for 43% of the lake’s yearly outflow, 

creating isotopically enriched waters with a residence time of about six months (Zanazzi et al. 

2020). Inherent of saturated evaporative waters, sedimentation is mostly comprised of calcium 

carbonate precipitation, then silicate minerals, and metal hydroxides, with the total sedimentation 

rate averaging about 1.4 mm yr-1 (Macharia 2012).  

Precipitation of carbonates creates a signature milky appearance in the water of Utah 

Lake. Furthermore, the lake’s turbidity enhances the water’s milky appearance. Due to the 

shallow depth of the lake and its large surface area, wind can easily re-suspend lakebed 
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sediments to form turbid waters. Consequently, Utah Lake is vertically well-mixed and exhibits 

no discernible thermocline (Zanazzi et al. 2020).  

Reports estimate that the population of Utah County increased by 3.51% from 2020 to 

2022 (Albers et al. 2022). If this rate of growth continues, the population surrounding Utah Lake 

will double in size by 2050, increasing the demand for water in the region. Current nutrient loads 

from agricultural runoff and WWTPs already put pressure on the lake. External P-loading from 

anthropogenic pressures has contributed to algae blooms, especially in the late summer or early 

fall. The longevity of Utah Lake is a debated issue and solutions for algal blooms and invasive 

species have ranged from all over, including from an artificial island building company. Though 

far from perfect, the health of the lake has improved immensely over the years, though 

occasional toxic cyano-blooms are still of concern.  

2.2 Field Sampling 

To capture the spatially variability of Utah Lake, we collected sediment and water across 

seven sites (Figure 1). Sites were selected due to their proximity to inlets or the outlet of Utah 

Lake. Names assigned to the seven sites were chosen based on site proximity to prominent 

features or surrounding municipalities. Names include Provo Bay (PB), Provo (PV), Vineyard 

(VY), Goshen Bay (GB), Bird Island (BI), Saratoga Springs (SS), and Pelican Point (PP). 

Changes in environmental deposition within the lake cause slight variations in temperature, pH, 

redox, conductivity, P-concentration, and sediment composition, all of which can affect P-

sorption.  

Surface lakebed sediments, or interface sediments, were collected in August 2021 using 

an AMS Ekman dredge attached to 15 m of cord. The dredge was lowered from a porthole in the 

center of the pontoon boat and captured about 1-2 L of saturated sediment from the top few 
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centimeters of the lakebed (< 10cm depth from lakebed surface). Spread thin (1-2 cm thick) onto 

trays, these sediments were left to air dry at room temperature (~25°C) for one week. After 

drying, sediments were lightly ground to pass through a 2 mm mesh sieve and stored at 25°C in 1 

L HDPE bottles until analyzed or used in sorption or kinetics experiments.  

Water column samples were collected in November 2021 from each site using 6 m of 

0.19” silicone tubing threaded through a Masterflex Cole-Parmer (model: 70 15-00) peristaltic 

pump attached to a Milwaukee M12 hand drill. The pump obtained water from the surface, 

middle, and bottom of the column (~4 cm, ~1-2 m, and ~3-4 m depth from water surface, 

respectively), filling a 1 L HDPE bottle for each depth. Additionally, a large volume of surface 

water was collected from Saratoga Springs site (SS) on May 6, 2022, filling four 26 L HDPE 

containers. The mass collection of water from SS was used in sorption and kinetics experiments 

for its low P-concentration (~120 µg-P L-1). All water collected was immediately placed within 

an onboard cooler filled with dry ice and later transferred to a -25°C walk-in freezer. Water 

temperature, pH, conductivity, and ORP were measured in the field, as well as in the lab using a 

Mettler Toledo Benchtop multi-probe meter. Stored water samples were saved for 

characterization analyses and use in sorption or kinetics experiments. 

2.3 Sediment Characterization  

2.3.1 HCl Digestion of Carbonates 

To obtain carbonate percentages, we digested interface sediments using 1 M HCl 

(Dhillon et al. 2015). Prior to digestion, wet sediments were dried for 24 hours at 105oC within a 

Brooks Rand Labs wireless hot block placed inside a continuous flow (CF) hood. After drying, 

samples were removed from the hot block and left to cool in the hood for at least 30 minutes. 

Dry samples were gently ground using an agate mortar and pestle to pass through 250 µm mesh. 



6 

Once ground, 1 g of sediment was obtained from each sample, placed within 50 mL centrifuge 

tube, and the weight recorded (individual sample mass and mass of sample with tube).  

In a fume hood, 1-2 mL of 1 M hydrochloric acid (HCl) were added to the sediment 

contained within the tube to create a slurry. When effervescence had ceased, we added 1 drop of 

1 M HCl to the solution. If effervescence resumed, we added an additional 1 mL of 1 M HCl to 

the solution and agitated the tube vertically on a shaker table set to 200 rpm for 1 hour. This 

process of testing and adding HCl to the mixture was concluded when no visible or audible 

effervescence occurred and the pH of the mixture measured < 7, indicating a total digestion of 

carbonates. After fully digesting the carbonate in the sample, 5 mL of MilliQ were added to the 

solution, the tube was capped, and subsequently centrifuged at 2500 rpm for 10 minutes.  

Once centrifuged, the supernatant was decanted into a designated 50 mL tube. Then the 

sample was triple rinsed with MilliQ. A single rinse was performed as follows: 10 mL of MilliQ 

added to the sediment in the tube, tube centrifuged at 2500 rpm for 10 minutes, and the 

supernatant decanted into a designated tube. Following the triple rinse, the tube holding sediment 

was dried for 24 hours at 105oC within the hot block placed inside a CF hood. After drying, the 

sample was removed from the hot block, left to cool in the hood for at least 30 minutes, and the 

weight recorded (mass of digested sample with tube). After recording the mass, the sample was 

ground to pass through 250 µm mesh and sent to SIRFER lab at the University of Utah for 

carbon (C) and N isotope analysis.  

Total carbonate percentages for the sediment samples were calculated using the following 

equation:  

𝑀𝑀𝐼𝐼 −𝑀𝑀𝐹𝐹

𝑀𝑀
(100) = 𝐶𝐶%
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where M is the individual mass of the sediment sample before digestion in g (M = ~1.0 g). MI is 

the combined mass of the sediment sample and its respective 50 mL centrifuge tube in g. MF is 

the combined mass of the digested sediment sample and its respective tube in g. C% is the percent 

mass loss or total carbonate percentage for the digested sediment sample in percent.  

2.3.2 NaOCl Digestion of Organic Matter 

To obtain sediment organic matter (SOM) percentages, we digested interface sediments 

using sodium hypochlorite or NaOCl (Anderson 1961). Prior to digestion, wet sediments were 

dried for 24 hours at 105oC within a Brooks Rand Labs wireless hot block placed inside a CF 

hood. After drying, samples were removed from the hot block and left to cool in the hood for at 

least 30 minutes. Dry samples were gently ground using an agate mortar and pestle to pass 

through 250 µm mesh. Once ground, 1 g of sediment was obtained from each sample, placed 

within 50 mL centrifuge tube, and the weight recorded (individual sample mass and mass of 

sample with tube).  

In a fume hood, 2 mL of reagent-grade NaOCl (minimum 5.7% available chlorine, pH 

9.5) were added to the sediment contained within the tube to create a slurry. In the same fume 

hood, the open tube was immediately placed onto a hot block set to 105oC for 15 minutes. After 

heating, 6 mL of MilliQ were added to the tube, being left to cool for at least 5 minutes. The cool 

tube was then centrifuged at 3000 rpm for 15 minutes and the supernatant decanted into a 

separate 50 mL centrifuge tube designated for ICP-OES analysis. This process of adding NaOCl, 

heating the slurry, and centrifuging to remove the supernatant was repeated for a total of three 

treatments.  

Following the NaOCl triple treatment, the sediment within the tube was triple rinsed with 

MilliQ. A single rinse was performed as follows: 6 mL of MilliQ added to the sediment in the 
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tube, tube centrifuged at 3000 rpm for 15 minutes, and the supernatant decanted into its 

designated tube. Following the triple rinse, the tube holding sediment was dried for 24 hours at 

105oC within the hot block placed inside a CF hood. After drying, the sample was removed from 

the hot block, left to cool in the hood for at least 30 minutes, and the weight recorded (mass of 

digested sample with tube). After recording the mass, the sample was pulverized within a 

tungsten ball-mill for 5 minutes and sent to SIRFER for C and oxygen (O) isotope analysis. Total 

SOM percentages for sediment samples were calculated using the same equation used to 

calculate carbonate percentages in the previous section.  

2.3.3 Particle Size Distribution 

Particle size distributions were evaluated via physical separation of sediment sands, silts, 

and clays (Kettler et al. 2001). Sediment-particles were dispersed using 90 mL of sodium 

hexametaphosphate (HMP; 0.5% w/v) mixed with 30 g of sediment and placed onto a shaker 

table set to 120 rpm for 16 hours. After shaking, the slurry mixture was sieved through nested 

standard 0.5-mm mesh (no. 35) and 0.053-mm mesh (no. 270). Collected sand particles (> 0.053 

mm) were gathered into an aluminum dish of known dry weight and placed into an oven set to

55°C for 24 hours or till constant weight. After drying, the dry mass of the sand particulate was 

recorded, then immediately placed into a muffle furnace set to 450°C for 4 hours, and the mass 

recorded again. Silt and clay particles passed through the sieves mentioned above were collected 

into a 1 L beaker. The mixture of silt, clay, and water were stirred to achieve active suspension 

of all particles. While stirring, we subsampled 45 mL of solution using a serological pipette, 

transferring the solution to a 50 mL centrifuge tube, shaking the new tube, and then allowing the 

solution to settled in a vertical position, undisturbed at room temperature (18-24°C), for at least 

90 minutes but < 6 hours to allow silt particles to settle. After settling, the solution containing the 
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suspended clay was decanted into a pre-weighed aluminum dish, the silt particles were rinsed 

into another pre-weighed aluminum dish, both were dried at 105°C for 24 hours or until constant 

weight, and the dry mass recorded.  

Particulate mass percentages were calculated using the following equations:  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆% =  
𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 100 

(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)% = 100 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆% 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆% = (
𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠
) × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)% 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶% = 100 − (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆% + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆%) 

where original sample mass is the dry mass of the sediment originally mixed with HMP in g 

(~30 g). dry sand mass is the mass of the sand (> 0.053 mm) collected in the sieves mentioned 

above and dried at 55°C in g. Sand% is the percentage of sand in the original sediment sample. 

(Silt + Clay)% is the percentage of silt and clay in the original sediment sample based on 

calculated percent sand of the same sample. dry silt masssub is the mass of the silt collected from 

the subsample and dried at 105°C in g. dry clay masssub is the mass of the clay collected from the 

subsample and dried at 105°C in g. Silt% is the percentage of silt in the original sediment sample, 

and Clay% is the percentage of clay in the original sediment sample.  

2.3.4 Minerals by X-ray Diffraction 

 Mineral identities and percentages were classified for interface sediments using Rietveld 

refinement via the application PDXL2. Peaks analyzed in PDXL2 were originally obtained from 

sediments ran on a Rigaku MiniFlex 600 X-ray diffractometer (XRD) over a range of 5-65 2θ. 
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Sediments prepared for XRD analysis were gently ground using an agate mortar and pestle to 

pass through 250 µm mesh. The ground sediment was then side-packed into shallow aluminum 

sample wells and immediately placed into the XRD for analysis.  

2.3.5 Elements by Acid-digestion  

 Interface sediments were analyzed for their elemental content via acid digestion. 

Following EPA Method 3051A, we digested 0.5 g of sediment with 6 mL nitric acid (HNO3; 67-

70% w/w, trace-metal grade) and 6 mL HCl (34-37% w/w, trace-metal grade) for 30 minutes 

using a CEM Mars 6 microwave (U.S. EPA 2007). After digestion, the supernatant was 

separated via centrifugation, decanted into a separate 15 mL centrifuge tube, and filled to 15 mL 

mark using MilliQ water. Dilutions (50-100x) created from these 15 mL centrifuge tubes were 

analyzed using a Thermo Scientific iCAP 7400 Duo inductively coupled plasma optical emission 

spectrometer (ICP-OES) attached to a Teledyne ASX-560 autosampler.  

Results obtained from ICP-OES were dilution corrected and converted back into mg kg-1 

using the following equation:  

𝐶𝐶1(𝑉𝑉)
𝑀𝑀 = 𝐶𝐶0 

where C1 is the concentration of the ion in the centrifuge tube in mg L-1. V is the total volume of 

the solution in the tube before dilution in L (V = 0.015 L). M is the dry mass of sediment 

digested in kg (M = ~0.0005 kg). C0 is the concentration of the element for the sediment in mg 

kg-1.  

2.3.6 Sequential Extractions of Phosphorus  

 Sediment is composed of mineral and organic fractions that are associated with variable 

amounts of P. The reversibility or strength of P-binding with these sediment fractions is 
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dependent upon fraction type and the environment of bonding. Using a sequential extraction 

method developed for calcite rich lakes by Hupfer et al. 2009 and Gu et al. 2020, modified after 

Psenner et al. 1984, we can classify sediment bound P into five fractions: P in pore water and 

loosely adsorbed P (NH4Cl), redox-sensitive P mainly bound to iron (Fe) and manganese (Mn) 

compounds (BD), P exchangeable against OH- ions or bound in OM (NaOH), carbonate mineral 

P (HCl), and refractory organic P and non-extractable mineral P (Residual). Each fraction of the 

extraction described above was performed as a distinct step of the extraction sequence.  

To determine the loosely bound P, 10 mL of deoxygenated 1 M NH4Cl were added to 1 g 

of sediment contained within 50 mL centrifuge tubes in an anerobic COY glovebox equipped 

with an anerobic gas infuser, two catalyst boxes, and an airlock transfer chamber. After adding 

NH4Cl, the tubes were capped and sealed with parafilm and then transferred to an Eberbach 

digital shaker table set to 100 rpm for 30 minutes. After shaking, the tubes were centrifuged at 

3000 rpm for 10 minutes and transferred back into the glovebox. In the glovebox, the supernatant 

was decanted into a 50 mL centrifuge tube designated for Step 1. The sediment remaining in the 

tubes was then double rinsed with NH4Cl. A single NH4Cl rinse was performed as follows: 

within the glovebox 10 mL of deoxygenated 1 M NH4Cl were added to the sediment remaining 

in the tubes, the tubes were capped and sealed, the tubes were transferred to a centrifuge set to 

3000 rpm for 10 minutes, the tubes were transferred back into the glovebox, and the supernatant 

collected. Removed from the glovebox, collected supernatants were filtered using 0.45-micron 

filter, acidified with 0.6 mL of HNO3 (67-70% w/w, trace-metal grade), filled to the 50 mL mark 

using 2% v/v HNO3, and analyzed using ICP-OES.  

Step 2 (redox-sensitive P mainly bound to Fe and Mn compounds) was performed on the 

same day as Step 1, immediately following. Within the glovebox, 10 mL of deoxygenated 0.11 
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M Na2O4S2 (BD; sodium hydrosulfite or sodium dithionite) buffered to pH 7 using 0.11 M 

NaHCO3 (sodium bicarbonate) were added to the sediment treated in Step 1. After adding the 

BD (bicarbonate/dithionite) solution, the tubes were capped and sealed with parafilm and 

transferred to a shaker table set to 100 rpm for 1 hour. After shaking, the tubes were centrifuged 

at 3000 rpm for 10 minutes, transferred back into the glovebox, and the supernatant decanted 

into a 50 mL centrifuge tube designated for Step 2. The sediment remaining in the tubes was then 

rinsed twice, once with BD and once with NH4Cl. Rinses were performed in the same manner as 

Step 1. Collected supernatants were prepared for ICP-OES analysis in the same manner as Step 

1.  

Step 3 (P exchangeable against OH- ions or bound in OM) immediately following Step 2 

the sediment was removed from the glovebox and 10 mL of 1 M NaOH were added under 

normal laboratory atmospheric conditions. The tubes containing sediment were then placed onto 

a shaker table set to 100 rpm for 16 hours. After shaking, the tubes were centrifuged at 3000 rpm 

for 10 minutes and the supernatant decanted into a 50 mL centrifuge tube designated for Step 3. 

The sediment remaining in the tubes was then rinsed twice, once with NaOH and once with 

NH4Cl. Rinses were performed in the same manner as Step 1, excluding sealing and transfers in 

or out of the glovebox. Collected supernatants were prepared for ICP-OES analysis in the same 

manner as Step 1.  

Step 4 (carbonate mineral P), 10 mL of 1 M HCl were to the sediment treated in Step 3. 

After adding HCl, the tubes were capped and placed onto a shaker table set to 100 rpm for 16 

hours. After shaking, the tubes were centrifuged at 3000 rpm for 10 minutes and the supernatant 

decanted into a 50 mL centrifuge tube designated for Step 4. The sediment remaining in the 

tubes was then rinsed twice, once with HCl and once with NH4Cl. Rinses were performed in the 
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same manner as Step 3. Collected supernatants were prepared for ICP-OES analysis in the same 

manner as Step 1.  

Step 5 (refractory organic P and non-extractable mineral P), immediately following Step 

4 the tubes containing sediment were transferred to 20 mL aluminum weighing dishes of known 

mass and dried within a Lindberg Blue M laboratory mechanical oven set to 105oC for at least 24 

hours. After drying, the dishes were placed inside a desiccator to cool for at least 30 minutes. 

After cooling, the dishes were weighed, and the mass recorded. The dishes were then placed into 

a muffle furnace set to 550oC for 2 hours. After 2 hours, the dishes were removed from the 

muffle furnace and placed into desiccators for at least 30 minutes to cool. Once cooled, the 

dishes were weighed, and the mass recorded. After weighing, the remaining sediment from each 

dish and digested using EPA Method 3051A.  

The concentration of P associated with each fraction of the extraction was calculated 

using the following equation:  

𝐶𝐶𝑖𝑖(𝑉𝑉𝑖𝑖)
𝑀𝑀 =  𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

Where M is the mass of the dry sediment in kg (M = ~0.001 kg). Ci is the P-concentration of the 

supernatant collected from a single step in mg L-1. Vi is the total volume contained within the 

supernatant tube in L (Vi = 0.05 L). Cfrac is the P-concentration of the dry sediment associated 

with the step performed in mg kg-1.  

2.3.7 DNA Extractions  

Sequences were obtained from DNA extractions from lakebed sediments collected near 

VY, PB, BI, and PP sites. Members of Dr. Zach Aanderud’s lab performed DNA extractions via 
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gel electrophoresis. DNA sequences were analyzed using Qiime2 for microbiome richness and 

taxonomy.  

2.4 Water Column Characterization 

2.4.1 Isotopes by Los Gatos Research Liquid Water Isotope Analyzer 

Stable isotopes of O and hydrogen (H) found in lakes help us to measure the evaporative 

evolution of their waters and calculate the δ18OVPDB signature of calcite precipitated from the 

water column. Using unfiltered surficial waters collected from four sites (PB, PV, VY, and PP) 

on November 15, 2021, we analyzed for ẟ2HVSMOW and ẟ18OVSMOW using a Los Gatos Research 

(LGR) cavity ring-down Liquid Water Isotope Analyzer (model: 908-0008).  

Predictions of potential δ18OSMOW composition of authigenic carbonates formed in Utah 

Lake were made using the following equation (Sharp 2007): 

𝛿𝛿18𝑂𝑂𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(1000 + 𝛿𝛿18𝑂𝑂𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ) − 1000 

where αcalcite-water is the isotopic fractionation between calcite and water (O’Neil et al. 1969). 

Calculated values of 𝛿𝛿18𝑂𝑂𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  show the potential isotopic O signature of authigenic Utah 

Lake calcite given the mineral is formed under near equilibrium conditions and outside of the 

‘vital effect’ (Sharp 2007).  

VSMOW can be converted to the VPDB reference frame through the following equation 

(Sharp 2007): 

𝛿𝛿18𝑂𝑂𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =
𝛿𝛿18𝑂𝑂𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 30.91

1.03091



15 
 

2.4.2 Elements by Inductively Coupled Plasma Optical Emission Spectroscopy 

  Column waters collected from the field were analyzed for their elemental content using 

ICP-OES. Before ICP-OES analysis, column waters were thawed and filtered using a nylon 0.45-

micron syringe filter. After filtering, the waters were acidified to 2% v/v HNO3, diluted, and 

placed onto the instrument for analysis. Cation concentrations obtained from the instrument were 

corrected according to the dilution of the sample.  

2.4.3 Water Quality Parameters Obtained with Utah Lake Data Explorer 

 To discuss the effects of water composition on P-cycling in Utah Lake, we need to review 

numerous parameters which would be difficult for any one study to obtain. Consequently, water 

quality parameters within Utah Lake were supplemented using the Utah Lake Data Explorer 

(ULDE) developed by the DWQ (https://udwq.shinyapps.io/UtahLakeDataExplorer/). 

Measurements taken in August 2021 were matched to the sites outlined in this study, averaged, 

and given 95% confidence bounds (degrees of freedom, df  > 1). Supplemented values were 

labeled with the superscript of DWQ (Table 3).  

2.5 Sorption Experiments  

 P-sorption is dependent upon a myriad of factors, including sediment composition, water 

composition, microbiome, pH, temperature, and redox. Sorption experiments allow us to observe 

the effects of a single factor affecting P-sorption in a system by keeping all other factors 

constant. For P-sorption across the sediment-water interface of Utah Lake, we wanted to observe 

the effect of four individual factors: sediment composition, pH, aqueous P-concentration, and 

biological activity. To achieve this goal, we performed five major batch sorption isotherm (BSI) 

experiments: (1) at pH 7.5, we reacted interface sediments collected from PB and PM with water 

collected from SS spiked with various amounts of P (0, 50, 100, 250, and 500 mg-P L-1-water); 
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(2-3) at pH 8.0 and 9.0, we reacted interface sediments collected from each site with water 

collected from SS spiked with various amounts of P (0, 50, 100, 250, and 500 mg-P L-1-water); 

(4) at pH 8.5, we reacted interface sediments collected from each site with water collected from 

SS spiked with various amounts of P (0, 0.5, 1, 3, 10, 50, 76, 100, 152, 250, 381, 500, and 762 

mg-P L-1-water); and (5) at pH 8.5, we utilized UV-treated interface sediments collected from 

each site to react with UV-treated water collected from SS spiked with various amounts of P (0, 

50, 100, 250, and 500 mg-P L-1-water). All BSI experiments were performed for 24 hours at 

~25oC, the temperature of Utah Lake water in the summer when algal blooms are most likely to 

occur (Søndergaard et al. 2013).  

BSI experiments are performed by mixing water and sediment until equilibrium and 

measuring the change in aqueous P (Figure 2). For each P-spiking level, we weighed 4 g of 

sediment from each site into 50 mL centrifuge tubes in triplicate. After weighing, we added 4 mL 

of 0.5 M HEPPS or CHES (zwitterionic buffers; buffered to the desired pH using 10 M NaOH), 

0-1 mL of 20,000 ppm-P or 400 ppm-P stock (made from dissolved KH2PO4 and buffered to the 

desired pH using 10 M NaOH), and 35-36 mL of lake water (collected from SS on May 6, 2022 

and buffered to the desired pH using 10 M NaOH) depending on the required volume of P-stock 

(Total water volume = 40 mL). After the reagents were added, the pH, conductivity, ORP, and 

temperature of the sediment-water mixture inside each tube was measured using a Mettler 

Toledo probe. The tubes were then placed onto a shaker table set to 100 rpm for 24 hours. After 

shaking, the tubes were measured for pH, conducting, ORP and temperature again. After 

measuring, the tubes were centrifuged at 3000 rpm for 15 minutes and the supernatant decanted 

into a separate tube. The remaining sediment was immediately stored in a walk-in freezer at -

25oC and the supernatant was filtered through a PES 0.45-micron syringe filter. The filtered 
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supernatant from each tube was prepared for ICP-OES and IC analysis as previously described. 

Post-reaction or post-sorption sediments from BSI experiments performed at pH 8.5 (spike-level: 

1 mg-P L-1) were sent to SIRFER for isotopes of C, N, and O. Post-sorption sediments from BSI 

experiments performed at pH 8.5 (spike-level: 3 mg-P L-1) were analyzed using sequential 

extractions for changes in P-fractionation.  

The isotherms derived from sorption experiments were fitted for Linear, Freundlich, and 

Langmuir models using MATLAB 2022b. Values of R2 for fitted models across all batch 

sorption experiments performed were greater than 0.73 with the mean value being 0.98. Batch 

sorption isotherms only apply to systems operating under the same environmental conditions as 

the experiment. BSI experiments do not account for advective flow in systems and, therefore, 

cannot quantify sorption rates (Sparks 2003). Since Utah Lake sediment has clearly been 

exposed to P-contamination before experimentation we have decided to include a y-intercept, 

bd,f,l, into our sorption models (Chappell et al. 2020). The amount of P-sorption/desorption 

occurring in each tube of the sorption experiment was calculated using the following equation:  

𝑄𝑄 =  
𝐶𝐶0(𝑉𝑉0) − 𝐶𝐶𝑓𝑓(𝑉𝑉𝑓𝑓)

𝑀𝑀

where Q is the amount of P that sorbed to or desorbed from the sediment in mg kg-1. M is the 

mass of sediment contained within the 50 mL centrifuge tube in kg (M = ~0.004 kg). C0 is the 

initial concentration of aqueous P in mg L-1 (C0  = ~0.25-762 mg-P L-1). Cf is the final 

concentration of aqueous P after shaking in mg L-1. V0 is the initial volume of water contained 

within the tube in L (V0 = ~0.04 L). Vf is the final volume of water contained within the tube 

after shaking in L (Vf = ~0.04 L).  
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Linear models help to quantify P-partitioning at lower, more environmentally relevant, 

aqueous P-concentrations for a given system. The Linear fit employed to model P-sorption for a 

given site within an experiment is as follows:  

𝑄𝑄 =  𝐾𝐾𝑑𝑑�𝐶𝐶𝑓𝑓� + 𝑏𝑏𝑑𝑑 

where Q is the amount of P that sorbed to or desorbed from the sediment in mg kg-1. Cf is the 

final concentration of aqueous P after shaking in mg L-1. Kd is the Linear P-partitioning 

coefficient for the system in L kg-1. bd is the y-intercept, a shifting factor for the model used to 

find the true x-intercept for the system, in mg L-1, and bd,f,l is relevant when utilizing sediments 

previously exposed to P. Though bd,f,l by itself is more theoretical in nature, the x-intercept or 

sorption origin it provides for the system has real-world applications, representing the predicted 

aqueous-P concentration at which sorption phenomena in the system switches from sediment P-

sequestration to sediment P-release.  

Freundlich models help to quantify P-partitioning across low and high aqueous P-

concentrations for a given system. The Freundlich fit employed to model P-sorption for a given 

site within an experiment is as follows:  

𝑄𝑄 = �𝐾𝐾𝑓𝑓�𝐶𝐶𝑓𝑓
(1/𝑛𝑛) + 𝑏𝑏𝑓𝑓  

where Q is the amount of P that sorbed to or desorbed from the sediment in mg kg-1. Cf is the 

final concentration of aqueous P after shaking in mg L-1. Kf is the Freundlich P-partitioning 

coefficient for the system in L kg-1. n is the Freundlich correction factor and is unitless, and bf is 

the y-intercept, a shifting factor for the model used to find the true x-intercept for the system, in 

mg L-1. 



19 

Langmuir models define the maximum amount and relative affinity of P-binding in a 

system. The Langmuir fit employed to model P-sorption for a given site within an experiment is 

as follows:  

𝑄𝑄 =  
𝐾𝐾𝑙𝑙(𝐶𝐶𝑓𝑓)𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝑙𝑙(𝐶𝐶𝑓𝑓) + 𝑏𝑏𝑙𝑙 

where Q is the amount of P that sorbed to or desorbed from the sediment in mg kg-1. Cf is the 

final concentration of aqueous P after shaking in mg L-1. Kl is the Langmuir relative binding 

strength for the system and is unitless. Smax is the P-sorption limit or maximum for the sediment 

in the system in mg kg-1. bl is the y-intercept, a shifting factor for the model used to find the true 

x-intercept for the system, in mg L-1.

2.6 Kinetics Experiments 

Kinetics experiments control pH, temperature, redox, flow, time, sediment composition, 

and water composition to determine kinetic P-retention rates. The stirred-flow (SF) method is 

particularly useful because the sorbent is exposed to a greater number of ions than in a static 

batch system (Sparks 2003). Also, the flowing solution removes any desorbed/unsorbed species, 

helping prevent secondary precipitation and quantify the advective flow of P through the system. 

The enhanced temporal resolution associated with SF is more representative of natural system 

evolution.  

Kinetics experiments were performed in triplicate for each site using three SF reactors 

(Figure 3). For the reaction we flowed lake water containing 1.1 mg-P L-1, pH 8.5, into each 

reactor holding 0.32 g of sediment, creating a 1:50 ratio of sediment to water inside the reaction 

chamber. Water flowed through the reactor at 1 mL min-1, entering from the side of the reactor 

and exiting out the top via a 0.45-micron filter. Two main kinetics experiments were conducted, 
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one using sediment from site PB and the other using sediment from site PV. These two 

experiments were performed for 16 hours, despite it only taking 120 minutes for the systems to 

reach equilibrium. Effluent from the reactor was collected every 10 minutes using a Teledyne 

ISCO Foxy R2 autosampler. The solution extracted from the SF reactor was analyzed using ICP-

OES (stored at 4oC and analyzed within 90 days) and IC (stored at -25oC and analyzed within 28 

days). 

Sorbed concentrations of total-P were calculated via mass balance from the following 

equation (Padilla & Selim 2021):  

𝑆𝑆𝑛𝑛 =  
𝑞𝑞[∑ ∆𝑡𝑡𝑘𝑘(𝐶𝐶0 − 𝐶𝐶𝑘𝑘)𝑛𝑛

𝑘𝑘=1 ] − 𝑉𝑉(𝐶𝐶𝑛𝑛)
𝑀𝑀  

where q is the volumetric flow rate in L min-1 (q = 1 mL min-1). Δtk is the time interval between 

measurements k-1 and k in min (Δtk = 10 min). C0 is the input or influent concentration in mg-P 

L-1 (C0 ≈ 1.1 mg-P L-1). Ck is the measured effluent concentration at sampling interval k in mg-P 

L-1. Cn is the measured concentration at the present sampling interval in mg-P L-1. V is the 

effective reactor volume in L (V ≈ 16 mL), and M is the mass of soil or sediment contained 

within the reactor in g or kg (M ≈ 0.32 g). 

 Sediment P-retention kinetic rates were calculated using the following nonlinear kinetic 

equation (Selim 2014): 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝑘𝑘𝑓𝑓(

𝜃𝜃
𝜌𝜌)𝐶𝐶𝑏𝑏 − 𝑘𝑘𝑏𝑏(𝑆𝑆) 

where b is dimensionless and represents the order of the retention reaction, illustrating the 

heterogeneity of sorption processes. 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 is the change in P-sorbed over time in mg-P kg-1 min-1. kf 
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and kb are the forward and backward rates of reactions for the retention mechanism, respectively, 

in min-1. C is the change in effluent concentration in mg-P L-1. S is the change in P-sorbed in mg-

P kg-1. θ is the volumetric water content of the soil or sediment in L L-1, and ρ is the bulk density 

of the soil or sediment in kg L-1.  

3. Results and Discussion

3.1 Sediment Composition 

3.1.1 Carbonates and Organic Matter 

Carbonate percentages as determined by HCl digestion show PB to be significantly (p < 

0.05) carbonate-depleted when compared to all other locations (Table 1; Figure 4). Provo Bay 

averages 24.9%-Carbonate and the rest of the lake ranges from 54.5-57.3%-Carbonate. Organic 

matter percentages as determined by NaOCl digestion show PP to be significantly depleted when 

compared to all other locations (Table 1; Figure 4). Pelican Point averages 6.59%-SOM while 

the rest of the lake ranges from 7.67-9.63%-SOM, excluding PB. Provo Bay has the highest 

average amount of SOM at 11.4%. As supported by Figures 5 and 6, the low percentage of 

carbonate and relatively high percentage of OM in PB can attributed to the bay’s shallow nature 

as a major inlet into the lake, making it an ideal location for early deposition of allochthonous 

detritus and quartz grains. Low organic matter percentages in PP are likely due to the absence of 

an inlet or outlet in the area and longshore drift, reducing the amount of allochthonous OM 

received into the area. Despite the role of allochthonous OM in P-sorption, the majority of OM 

found in Utah Lake is authigenic and produced from algae (Williams et al. 2023).  

3.1.2 Particle Size Fractionation 

Sediment texture and clay content often affect sorption by influencing mineral surface 

area and substrate availability (Schweizer et al. 2021). Thus, variations in particle size amongst 



22 

differing locations could explain deviations in P-sorption. In the case of Utah Lake, particle size 

distributions across the various locations follow a similar trend (Figure 5). Each site has 

comparable amounts of silt and clay, averaging 69.7% and 28.6% respectively. Deviations in 

size fractions are only apparent in PB and PP where the sand fraction is 3.5 times greater than the 

rest of the lake. The average at PB and PP is 3.54%-Sand, while the rest of the lake averages of 

1.02%-Sand. The divergent sand fractions in PB are easily explained when considering the bay’s 

shallow water depth and the fact that it is a major inlet for the lake, creating ideal conditions for 

sand particles to settle out and be deposited before entering the lake proper. Sand fractions in PP 

are explained by longshore drift, which creates a shallow northward propagating shelf protruding 

into the lake and is unlike other locations. As the fetch of Utah Lake delivers sand into the 

shallow point, current velocities increase and filter clay sized particles and OM from the area. 

Ultimately, PP receives a less mature influx of sediment compared to other main lake sites, 

leaving it with the lowest clay sized fraction (25.9%) and OM content (6.59%).   

3.1.3 Mineralogy 

Mineral identification and quantification help us evaluate how sediment composition may 

influence P-sorption. For instance, following experimentation we observed that sediments 

deficient in a critical bonding component—all other factors being equal—exhibit decreased P-

sorption. The difference in P-sorption between the sediments indicates that the component in 

question (calcite, clay, OM, or metal hydroxides) accounts for a certain amount of P-binding in 

the system. 

Mineral fractions across Utah Lake proper appear to be spatially consistent (Figure 6), 

excluding a significant enrichment of quartz found in PP. Provo Bay also significantly diverges 

from Utah Lake proper in terms of quartz and calcite content, being enriched with quartz but 
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depleted of calcite. Quartz percentages in PB average 53.0%-Mineral Mass (MM), while Utah 

Lake proper averages 12.1%-MM, excluding PP where the average is 19.7%-MM. Quartz enters 

the lake via stream flow carrying eroded sands from the surrounding mountains. Calcite 

percentages in PB average 25.6%-MM, however percentages in the main body of the lake 

average 58.7%-MM. Though calcite percentages show in little statistical variation from site-to-

site inside Utah Lake proper, PP does have the lowest average at 49.7%-MM. Given the lake’s 

high alkalinity, most calcite found in the lakebed should originate from authigenic precipitation 

(Randall et al. 2019). However, without C and O isotope measurements from the sediment a 

specific amount of authigenic vs. allogenic calcite cannot be estimated.  

Other detectable minerals, including dolomite, oligoclase, and clay, do not statistically 

vary from site-to-site for the entirety of the lake and are detrital in origin. Dolomite averages 

around 3.62%-MM and is eroded into the lake from the surrounding mountains, which are rich in 

carbonate strata like the Oquirrh Group (Konopka & Dott 1982). Feldspar percentages, identified 

as oligoclase, are highly variable but do not significantly differ across sites, averaging 7.23%-

MM for the whole of the lake. Feldspar, or oligoclase, is delivered into Utah Lake through 

intermittent stream flow and the American Fork River. The oligoclase found in these flows is 

sourced from silicic and plutonic igneous rocks found in the Tintic, Oquirrh, and Traverse 

Mountains, as well as the Little Cottonwood Stock (Moore 1973, Harbor et al. 2009, and Jensen 

et al. 2022). Total clay content (avg. 16.2%-MM) is also highly variable but does not statistically 

vary across the lake, including at PB. Like quartz, clays are delivered into the lake via stream 

flow containing weathered sediments from the surrounding mountain ranges. Additionally, Utah 

Lake sediment might contain authigenic metal hydroxides, however low concentrations yield the 

secondary minerals imperceptible using XRD.  
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Trends found in mineral fractions identified by XRD follow the trends identified by 

particle size distributions and carbonate/OM digestions. In fact, carbonate percentages 

determined by HCl digestion and calcite percentages determined by XRD were within 3.8% of 

each other when averaging across all locations. The uncertainty of oligoclase and clay 

percentages is likely due to variable grain size and orientation associated with sample prep. 

Furthermore, specific species of clays are difficult to distinguish without glycolating samples just 

prior to XRD analysis (Schultz 1964). Thus, clays here are identified into two broad categories:  

2:1 clays with edges and interlayers capable of P-binding and 1:1 clays with only edges capable 

of P-binding. Again, PB is a shallow inlet for Utah Lake, creating an ideal location for 

allochthonous sediment (quartz) and detritus (OM) deposition before it has a chance to enter the 

main lake. Longshore drift forms PP, leading to deposition of less mature sediment enriched with 

quartz but slightly depleted of finer particulates (calcite, clay, and OM).  

3.1.4 Major Elements 

An elemental analysis of the sediment from Utah Lake allows us to evaluate current P-

concentrations and associations. When comparing sorption potential across sites, higher levels of 

associated P help us make certain assumptions or possibilities. First, it suggests that a large 

portion of the sediment's available sites for P may be already occupied, hindering the degree of 

future sorption. Secondly, it could indicate that the sediment’s composition and/or its 

environment is more favorable for P-binding, exhibiting enhanced sorption upon 

experimentation. Lastly, the location where the sediment resides may receive a greater influx of 

P, therefore sequestering more P due to greater exposure. 

Chemical compositions as determined by acid-digestion of Utah Lake sediment do not 

vary greatly from site to site except for in a few notable instances (Figure 7). One, PB has 
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significantly less calcium (118 g-Ca kg-1) and Mn (190 mg-Mn kg-1) when compared to main 

lake averages (190 g-Ca kg-1; 313 mg-Mn kg-1). Two, PP holds significantly less P on average 

(612 mg-P kg-1), when compared with GB, BI, and SS, which average 689 mg-P kg-1. The 

relative absence of Ca in PB concurs with XRD and carbonate digestions which reveal the region 

to be depleted in calcite. Low sediment P-content in PP could be due to low organic matter 

percentages within the sediment (Figure 4). This assumption seems especially reasonable when 

considering that PB has the highest average of sediment P-content (723 mg-P kg-1) and organic 

matter content (11.4%) while PP has the lowest of both (612 mg-P kg-1; 6.59%). Mn depletion in 

PB might be explained by the amount of discharge into the area, which is greater than other area 

in the lake (Zanazzi et al. 2020), receiving directly from Hobble creek and proximally from 

Spanish Fork and Provo River. Incoming waters may introduce more Mn to PB in total but the 

concentration of Mn in the sediment is diluted with quartz particles delivered by the same waters. 

This assumption is also supported by the fact PB has to lowest average of aluminum (6.55 g-Al 

kg-1) and Fe (7.81 g-Fe kg-1) when compared to averages in the main body of Utah Lake, though 

the difference is not statistically significant in most instances. 

3.1.5 Phosphorus Fractionation 

P-fraction amounts obtained through sequential extractions of Utah Lake sediment (Table 

1) show no statistical variation across sites either before or after sorption experimentation. 

Sediment P-concentrations found in the lake (Total; avg. 677 mg-P kg-1) are divided among 

carbonate minerals (HCl; avg. 424 mg-P kg-1), redox-sensitive Fe and Mn compounds (BD; avg. 

94.1 mg-P kg-1), hyper-stable minerals and refractory OM (Residual; avg. 88.0 mg-P kg-1), OM 

and OH- exchangeable compounds (NaOH; avg. 53.5 mg-P kg-1), and loosely binding 

compounds (NH4Cl; avg. 17.7 mg-P kg-1). 
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P-fraction percentages derived from P-fraction amounts from each location reveal that 

lakebed-P is primarily held by carbonate minerals (avg. 62.6%-Total P, Table 2). Following 

carbonate minerals, lakebed-P is associated with redox-sensitive Fe and Mn compounds (avg. 

13.9%-Total P), non-extractable minerals and refractory OM (avg. 13.0%-Total P), OM and OH- 

exchangeable compounds (avg. 7.87%-Total P), and loosely binding compounds (avg. 2.61%-

Total P).  

Individual P-fraction percentages (Figure 8A) do not significantly vary from site-to-site, 

except for in a few select instances. Redox-sensitive associated P is significantly higher in VY 

(15.4%-Total P) and PB (16.5%-Total P) when compared to GB (12.22%-Total P) and PP 

(12.39%-Total P). OM and OH- exchangeable associated P is significantly higher in PB (9.44%-

Total P) when compared to VY (5.92%-Total P) and BI (6.77%-Total P). Also, OM and OH- 

exchangeable associated P is significantly less in VY (5.92%-Total P) when compared to PP 

(7.95%-Total P). Hyper-stable minerals and refractory OM associated P is statically lower in PB 

(8.75%-Total P) when compared with GB, SS, PP, and VY (avg. 13.9%-Total P). Higher 

percentages of P associated with OM and OH- exchangeable compounds found in PB are 

attributed to higher percentages of organic matter found in PB sediment (Figure 4).  

Like unreacted sediments, individual P-fraction percentages (Figure 8B) do not 

significantly vary from site-to-site following sorption experimentation except for in a few 

instances, which are not particularly notable. However, non-extractable minerals and refractory 

OM associated P is statistically lower in PB following experimentation (7.81%-Total P) when 

compared to every other site (avg. 13.3%-Total P).  

Sediment P-fraction amounts and percentages for an individual site indicate that P is 

sorbing to loosely binding and redox-sensitive Fe/Mn compounds. The other P-fractions do not 
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significantly increase following sorption experimentation, indicating little changed for them in 

terms of their P-content. Sediment P-fraction amounts associated with loosely binding 

compounds significantly increase for BI, GB, PV, PP, and SS following experimentation (avg. 

36.5 mg-P kg-1). Amounts associated with redox-sensitive bound P significantly increase for BI 

(86.4 vs. 127 mg-P kg-1) and SS (92.4 vs. 134 mg-P kg-1) after experimentation. Sediment P-

fraction percentages associated with loosely binding compounds significantly increase (2x) for 

every site following experimentation minus PB (avg. 4.45%-Total P). Percentages associated 

with redox-sensitive bound P remain constant for every site after experimentation, except for SS 

(13.8 vs. 16.1%-Total P). 

In summary, the most significant changes in P-fractionation for post-sorption sediments 

occur in the loosely bound (NH4Cl) and redox-sensitive bound (BD) portions of P. In fact, the 

average increase for the loosely bound associated P is 19.8 mg-P kg-1 when accounting for all 

sites. Sorption experiments that were conducted with these sediments reacted for 24 hours at pH 

8.5, 25°C, and with solutions initially spiked to 3 mg-P L-1. After 24 hours, the actual amount of 

P-sorption was observed and recorded for each batch system. An average of all the sites 

estimates that about 23.0 mg-P kg-1 were sorbed following sorption experimentation. At 95% 

confidence, there is no statistical difference between the increase of loosely adsorbed P observed 

with iterative sequential extractions—19.8 (17.8, 21.7) mg-P kg-1—and the amount of sorbed P 

observed during sorption experiments—23.0 (21.4, 24.7) mg-P kg-1. All-in-all, we have 

statistical standing to assume that at pH 8.5 and temperatures near 25°C, Utah Lake sediments 

sorb P majorly with loosely binding compounds and minorly with redox-sensitive Fe and Mn 

compounds. The loosely bound fractions of sorbed P are adsorbed to surfaces as hydrated outer-

sphere complexations. Given PB has the highest average of loosely bound associated P, OM may 



28 
 

be a critical component of loosely binding substrates in Utah Lake. The redox-sensitive fraction 

of sorbed P is complexed with Fe and Mn compounds, which are dominated by Fe compounds 

given the low concentration of Mn associated with lakebed sediments in Utah Lake (Randall et 

al. 2019). Note, P-sorption to loosely binding and redox-sensitive binding compounds in Utah 

Lake is not indefinite. As evident in extraction data, once binding sites for these substrates have 

been filled, P binds itself to carbonate minerals to make up the bulk of sequestered P in Utah 

Lake.  

3.1.6 Microbiome 

Sequences obtained from DNA extractions from lakebed sediments collected near VY, PB, 

BI, and PP reveal the microbiome of Utah Lake sediment to be taxonomically diverse (Figure 9). 

The microbiome of Utah Lake sediment is dominated by bacterial species in the proteobacteria, 

actinobacteria, chloroflexi, and firmicutes kingdoms. Despite the diversity of species housed 

within Utah Lake sediment, an emperor analysis of the sequences from each site suggests 

statistical microbiome uniformity across the lake. 

3.2 Water Column Composition  

3.2.1 Hydrogen and Oxygen Isotopes 

ẟ2HVSMOW and ẟ18OVSMOW values of main lake water collected on November 15, 2021, 

average -50.7‰ and -4.5‰, respectively. Unlike the other sites, ẟ2HVSMOW and ẟ18OVSMOW 

values of lake water collected from PB on the same date average -116.6‰ and -15‰, 

respectively. δ2H vs. δ18O values from surface waters collected from the main body of Utah Lake 

(PV, VY, and PP) follow the local evaporation line (LEL) for Utah Lake, proposed by Zanazzi et 

al. 2020, by demonstrating significant enrichment from evaporation (Figure 10). Samples 

collected from PB plot at the intersection of the local meteoric water line (LMWL) and LEL, 
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showing PB to be an inlet point from which local meteoric waters enter the lake and 

subsequently evolve into enriched evaporated waters (Zanazzi et al. 2020). ẟ2HVSMOW and 

ẟ18OVSMOW for waters collected from Zanazzi et al. 2020 agree with measurements found in this 

study, which exhibit significant enrichment towards the later end of the water year in September. 

During melts periods the waters of Utah Lake tend to be more depleted. Given our observations, 

we estimate δ18OVPDB of authigenic carbonates to range from -1.09‰ to -14.3‰ depending on 

the temperature and season of water collection, more enriched towards the later end of the water 

year and more depleted during melt periods of the water year. Note, since the solubility of 

calcium carbonate decreases with increasing temperature, authigenic carbonate precipitation 

should increase in the summer for Utah Lake. Increased carbonate precipitation from evaporated 

waters in the summer would enrich δ18OVPDB values, therefore narrowing our estimates of 

δ18OVPDB in authigenic carbonates closer to -1.09‰.  

The values of δ18OVPDB are relevant to sediment P-sorption by influencing the strength 

and the extent of P-binding with a substrate. Substrates of differing authigenic, allogeneic, biotic, 

or abiotic origin will exhibit unique qualities for P-binding. For instance, if the primary driver of 

P-sorption is allogenic carbonates eroded from limestones and delivered through rivers into Utah 

Lake we could postulate that P-sorption varies greatly with river discharge and likely adsorbs to 

the surface of those minerals (i.e. limited sorption capacity and greater reversibility when 

compared to absorbed P precipitated out of the water column with calcite). The stable isotopes of 

C, N, and O found within sediment carbonates and OM will help us understand whether 

sediment fractions in Utah Lake are inorganically or organically derived, if calcite is mostly 

delivered to or indeed precipitated out of the lake, the temperature at which carbonates form, and 

the biota that dominate the C/P cycles. Given Utah Lake’s high alkalinity, relatively warm 
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temperature, and sediment composition we predict P is primarily bound with authigenic 

carbonates generated from inorganic (precipitation) and organic processes (photoautotrophic 

metabolism) at temperatures ~25°C. However, this hypothesis can only be verified after results 

for SIRFER have been received.  

3.2.2 Vertical and Horizontal Mixing 

An elemental analysis of the water from Utah Lake allows us to evaluate how much total 

P is available for bonding (Table 3; Figure 11). The P-concentration of water often controls the 

rate, extent, and direction of sorption/desorption for a given system. The overall ionic 

composition of water also dictates P-sorption by influencing ionic competition, mineral 

precipitation, pH, and conductivity. 

Concentrations of P and other elements found in the column water of an individual site 

do not significantly differ across depth in almost all instances, suggesting Utah Lake to be well 

mixed vertically (Zanazzi et al., 2020). A notable exception to this rule is PB, which has poor 

vertical mixing. Furthermore, most sites share similar water-column P-concentrations, excluding 

PV and PB. Water-column P-concentrations in PB and PV are more like each other (avg. 61.9 

µg-P L-1) than to other sites in the lake (avg. 18.5 µg-P L-1). Elevated P-concentrations found in 

the column water of PB are tied to increased sediment P-concentrations and enhanced P-mobility 

in the area due to microbial activity (Figure 10).  

3.2.3 Nutrients and Organics 

Concentrations of nutrients and organic compounds found in the water column of Utah 

Lake appear to be horizontally consistent across the lake from site-to-site (Figure 12). However, 

the mean concentration of N, ammonia, Corg, orthophosphate, chlorophyll-a, and pheophytin-a is 

clearly greatest in PB (Table 3). Elevated mean concentrations of organics, chlorophyll-a, and 
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pheophytin-a in PB suggest enhanced microbial activity in the area. Increased microbial activity 

could engender increased organic matter percentages in PB. Vice versa, increased organic matter 

percentages found in the sediment of PB could engender increased microbial activity in the water 

column.  

3.3 Sorption Isotherms Fit by Linear, Freundlich, and Langmuir Models  

3.3.1 Y- and X-intercepts 

The application of a y-intercept into Linear (bd), Freundlich (bf), and Langmuir (bl) 

models (Figure 13) only has precedence if the soil or sediment considered has been previously 

exposed to the contaminant of study (Chappell et al. 2020). For Utah Lake, we know without 

question that the sediment of the lake has been heavily exposed to P contamination prior to 

examination. However, a potential downside of using bd,f,l in models comparing sorption trends 

from different locations is that if bd,f,l greatly differs from location-to-location one cannot make 

meaningful comparisons of contaminant partition coefficients (Kd,f,l). Luckily, bd,f,l values for 

Utah Lake sorption models do not significantly vary across sites for a given pH (Figure 19). 

There is only one exception, which exists for bd at pH 8.5 between PB with VY and GB, 

however at 97.2% confidence the intervals of these locations do overlap. Additionally, bd values 

do significantly vary across pH for a given location and exceptions to this are negligible (Figure 

20). Values of bl do not significantly vary across pH for a given site. Values of bf across pH do 

not significantly vary from bf values observed at pH 8.5 for a given site, excluding for PB at pH 

7.5 and for VY at pH 8.  

Considering all these trends exhibited by bd,f,l, it would be interesting to take an average 

of all bd,f,l values to create a single constant y-intercept value for Linear (avg. bd = -24.2 mg-P kg-

1), Freundlich (avg. bf = -400 mg-P kg-1), and Langmuir (avg. bl = -7.57 mg-P kg-1) models. 
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These singular values of bd,f,l  would be applied to every site in the lake for all pH scenarios. 

Using these constant bd,f,l values, we would recalculate Kd,f,l values for each site and pH scenario. 

Given the wide 95% confidence bounds of current Kd,f,l values, most changes in calculated 

partition coefficients would not be significant and should not severely reduce R2 fitting values. 

However, the incorporation of a single constant y-intercept value for the lake would further 

solidify our claims for using bd,f,l in our Linear, Freundlich, and Langmuir models and enhance 

our ability to make meaningful mathematical comparisons of contaminant partition coefficients 

across sites and pH.  

Sorption origin, or X, represents the x-intercept of Linear, Freundlich, and Langmuir 

models. It is the minimum concentration of total dissolved P (TDP) required in the water column 

above a given lakebed sediment before P-sorption behavior can be observed (Figure 14). 

Aqueous TDP-concentrations below X tend to cause desorption behavior instead of sorption 

behavior for a given sediment. Sorption origin values calculated for each site using bd,f,l are 

constant across pH, thus the X values in Figure 14 represent the average X from all models for a 

given location. Average X values do not significantly differ from site-to-site except between PV 

(0.81 mg-P L-1) and PP (0.30 mg-P L-1). Pelican Point has the lowest average X of any site as 

well as the lowest average sediment P-content (612 mg-P kg-1). Lower concentrations of P found 

in the sediment of PP may assist P-sorption at lower concentrations of aqueous-P by increasing 

the number of sites available for P-binding (i.e., less P currently bound to sediment = more 

vacant P-binding sites).  

3.3.2 Partition Coefficients 

The partitioning coefficients Kd, Kf, and Kl, from Linear, Freundlich, and Langmuir 

models, respectively, all significantly increase from pH 8 to 9 for all locations taken from Utah 
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Lake (Figure 16). The tight confidence intervals of Kd suggest sorption behavior to be more site-

specific (Figure 15). Therefore, when using Kd in models, it is advisable to use site-specific Kd 

values for most cases. However, groups may be formed to simplify the lake’s geochemical 

behavior when the 95% confidence intervals of Kd overlap between sites (Table 4). Kf values 

differ from Kd values in that they are statistically more uniform across sites. When compared to 

Linear models, Freundlich models cover a broader range of concentrations in a sorption system 

for a given pH, redox, and temperature. Consequently, it may not be so that odd Kf  appears more 

generalized for sediments of similar composition like Utah Lake. However, at pH 8.5 we do 

observe that VY exhibits significantly increased sorption when compared directly with GB, SS, 

and PP (see Table 4). Looking at Tables 1 and 3, we can see that there are no apparent 

differences in composition between these sites. Therefore, the deviation of partitioning of VY to 

these sites at pH 8.5 may be related to optimal binding conditions for differing redox species, 

including Fe (II, III) and Mn (II, III, IV).  

Kl is a mix of Kf  and Kd in terms of variation across sites. At pH 7.5, PB and PV have 

similar sorption trends. At pH 8.0, all sites exhibit similar sorption partitioning to PB. At pH 8.5, 

all sites exhibit similar sorption behavior to each other except for VY, which shows increased 

sorption to all other sites. At pH 9.0, all sites exhibit similar sorption partitioning to PV. 

Overall, it is advisable to use partition values (Kd,f,l) in accordance with the pH from 

which they were obtained. However, exceptions may apply where adjacent pH values may not 

show significant differences in Kd,f,l, like when transitioning from pH 8.0 to 8.5 or 8.5 to 9. 

Nevertheless, it is best to exercise caution as some sites still exhibit significant variations at those 

pH jumps. Therefore, when using Kd it is recommended to utilize individual values for 

corresponding sites and pH. When using Kf, most sites can be treated as uniform, except for VY 
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at pH 8.5. As for Kl, one can either average values for most situations or compare them to 

specific references, such as PB at pH 8 and PV at pH 9. 

3.3.3 Sorption Maximums and Freundlich Correction Factors 

Values of n calculated from Freundlich models highlight two important trends. One, like 

Kf, n values significantly increase for an individual site from pH 8 to 9 (Figure 18). Two, also 

like Kf, n values do not statistically vary from site-to-site for a given pH, excluding VY which 

has a higher n (5.92) at pH 8.5 (Table 4; Figure 17). Higher values of n for VY at pH 8.5 can be 

explained by the same reason Kf values are higher for VY at pH 8.5.  

The values of Smax calculated from Langmuir models also highlight two interesting trends 

for Utah Lake sediment. One, Smax values observed at pH 9 for a given location are statistically 

lower than Smax values observed at pH’s 7.5, 8, or 8.5 in at least one circumstance for each site. 

Two, Smax appears to be consistent from site-to-site for a given pH in most instances. There are 

three exceptions to this rule: (1) at pH 8, Smax for PV is significantly lower than every other site 

minus SS, averaging 2099 mg-P kg-1 for PV plus SS vs. 2598 mg-P kg-1 for the rest of the lake; 

(2) at pH 8.5, Smax for VY is significantly lower than any other site at 1976 mg-P kg-1 compared 

to an average 2580 mg-P kg-1 for the other sites; and (3) at pH 9, Smax for SS is statistically lower 

than PB, VY, and GB, while PP is lower than PB, PV, VY, and GB. Together PP and SS have an 

average Smax of 1839 mg-P kg-1 and the other parts of the lake average 2141 mg-P kg-1. 

Variations in Smax across pH and sites are difficult to explain. It could be the case that slight 

variations in composition between sites might require varying conditions for maximal P-sorption. 

In general, lower pHs generate higher values of Smax for each location.  
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3.3.4 Impacts of UV-treatment on Partitioning 

UV-treatment of Utah Lake sediments significantly decreases Kd for every site (Figure 

21). Despite this, Kf and Kl do not statistically decrease for a given location following UV-

treatment (excluding Kl for VY). For UV-treated sediments, Kd for VY averages 32.4 L kg-1 

while the rest of the lake averages 18.2 L kg-1. For UV-treated sediments, Kf does not 

significantly differ across sites, including VY, creating an average of 199 L kg-1. For UV-treated 

sediments, Kl for VY averages 0.016 L kg-1 while the rest of the lake averages 0.009 L kg-1. 

Given these trends, UV-treatment of Utah Lake sediments tends to homogenize sediment 

compositions or characteristics which contribute to P-sorption between sites. Originally 

performed to control microbial activity among different sites, UV-treatment of sediments could 

easily degrade organic matter (Li et al. 2015). Consequently, the removal of organic matter from 

Utah Lake sediments could homogenize sorption trends from site-to-site, as seen in PB (11.4%-

SOM) and PP (6.59%-SOM) which significantly differed in Kd before treatment. Again, the 

elevated values of Kd,f,l in VY sediments following UV-treatment can be attributed to something 

other than organic matter. Redox-sensitive Fe and Mn compounds in VY could maintain elevated 

partitioning the area, which seems probable given that VY reported the highest percentage of BD 

associated P following batch experimentation. These redox-sensitive Fe and Mn compounds 

could have been deposited during the time of Geneva Steel, a company which heavily 

contaminated the area with iron production by-products and was immediately east of the VY site 

(Hogsett et al. 2019).  

UV-treatment of Utah Lake sediments does not appear to significantly change values of n 

or Smax for most locations (Figure 22). For VY, UV-treated sediments yielded a significant 

decrease in n (2.90UV vs. 5.92pH8.5) and a significant increase in Smax (2628UV vs. 1976 mg-P kg-1 
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pH8.5). For PP, UV-treated sediments yielded a significant decrease in Smax (1921UV vs. 2586 mg-

P kg-1 pH8.5). Values of n do not significantly differ from site-to-site following UV-treatment. 

Meanwhile, Smax does not differ from site-to-site following UV-treatment, except PP (1921 mg-P 

kg-1) is significantly less than PV, VY, and BI (avg. 2577 mg-P kg-1). Trends in n and Smax 

following UV-treatment of Utah Lake sediments uphold previously made assertions. Exposure to 

UV can degrade SOM, which can homogenize sediment compositions or characteristics which 

contribute to P-sorption (Li et al. 2015). PP reports the lowest percentage of SOM (6.59%-SOM) 

of any site in Utah Lake, which might mean PP suffers greater losses of SOM during UV 

exposure. PP might suffer greater losses of SOM following UV-treatment precisely because it 

has less, which is an issue for some sediments where loss on ignition (LOI) is performed (Heiri 

et al. 2001). However, the changes in Smax for VY following treatment may complicate this 

assertion. If UV exposure degrades SOM, a major component of P-retention in sediment, why 

does Smax significantly increase for VY following treatment? The answer might have to do with 

VY’s suspected unique composition of redox-sensitive compounds. Perhaps, the loss of SOM in 

VY decreases competition for redox-sensitive P-binding sites which are inherently more stable 

than loosely binding sites associated with SOM, leading to more effective P-sequestration.  

3.4 Nonlinear Kinetic Retention Models 

Changes in the rate of sorption indicate that as experimental effluent P-concentrations trend 

toward influent P-concentrations the rate of P-sorption slows for PV and PB sediments (Figure 

23). This slowing indicates saturation of P-binding sites. P-sorption increases with time for both 

locations, reaching peak sorption between 80-100 min. Averages for peak sorption are 37.8 mg-P 

kg-1 for PV and 30.3 mg-P kg-1 for PB. After reaching peak sorption, P seems to exchange evenly 
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between sediment and solution phases. Effluent P-concentrations (C) reach influent 

concentrations (C0) at about 80-100 min and with comparable paces between PV and PB.  

Kinetics experiments highlight nonlinear retention kinetics of P-sorption for PV and PB 

sediments (Figure 24). For PV (b = -4.52), b suggests more heterogeneity of sorption processes 

than PB (b = -2.96). Forward (kf; PV0.78 min-1 vs. PB0.48 min-1) and backward (kb; PV0.003 min-1 

vs. PB0.003 min-1) retention rates suggest that PV experiences faster initial P-retention than PB, 

however as time progresses the retention maintained at both sites is comparable. Initially faster 

rates of P-retention in PV might be explained by the differences in sediment P-concentrations 

found between PB and PV. With initially lower sediment P-concentration, PV has more sites 

available for P-binding relative to PB. However, these vacant sites quickly fill and ultimately PV 

and PB retain the same amount of P. 

4. Conclusion 

Our biogeochemical analysis of sediment and water shows Utah Lake to be spatially 

well-mixed in terms of composition, with PB and PP being the most divergent. Low Fe, Mn, Al, 

and carbonate content vs. high organic matter, chlorophyll-a, and pheophytin-a content found in 

PB can be attributed to the bay’s shallow nature as a major inlet into the lake, making it an ideal 

location for increased microbial activity and early deposition of allochthonous detritus and quartz 

grains which dilute the concentration of calcite and metals found in the sediment. Low organic 

matter and clay content vs. high quartz content in PP is likely due to longshore drift, reducing the 

maturity and OM content of eroded sediments received into the area.  

Sediment P-concentrations (avg. 677 mg-P kg-1) primarily fractionate with carbonate 

minerals (avg. 62.6%-Total P), followed by redox-sensitive Fe and Mn compounds (avg. 13.9%-
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Total P), hyper-stable minerals and refractory OM (13.0%-Total P), OM and OH- exchangeable 

compounds (avg. 7.87%-Total P), and loosely binding compounds (avg. 2.61%-Total P). Low P-

content in PP (612 mg-P kg-1) is due to less SOM (6.59%) while high P-content in PB (723 mg-P 

kg-1) is due to more SOM (11.4%). Sorption experiments performed with UV-treated sediments 

exhibit SOM degradation, which emphasizes the role of SOM in P-sorption. Sediments treated 

with UV have more similar compositions to each other due to SOM loss via degradation and 

therefore have homogeneous P-sorption behaviors, like in the case of PB and PP which 

demonstrated significantly differing Kd before treatment but similar Kd after treatment.  

Sequential P-extractions performed prior to and following sorption experimentation suggest 

that near pH 8.5 and 25°C sediments in Utah Lake sorb newly introduced P to loosely binding 

and redox-sensitive compounds. However, this sorbing of P with loosely binding and redox-

sensitive compounds is not indefinite, as evident by the sediment’s high percentage of P 

associated with carbonate minerals. After initially sorbing to more labile components, P 

deposited on the lakebed will mobilize into porewater and column water under more anoxic 

conditions, or simply diffuse deeper into the sediment or back into the water column where P-

concentrations are less (Williams et al. 2023). Despite remobilization, we propose that P can 

again be removed from solution, this time via absorption with carbonate minerals precipitated 

from saturated porewater and column water. Note, we have yet to calculate entropy values for 

these reactions, saturation indices of porewater and column water, nor have we observed 

crystallization re-growth of calcite minerals in sediment samples. Once P has formed stable 

bounds with carbonate minerals it is unlikely to reenter the water column (Richardson 1985 and 

Søndergaard et al. 2001). Nevertheless, P-desorption from sediment can occur especially when 

aqueous P-concentrations are low.  
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Sorption experiments confirm the P-sequestering capabilities of Utah Lake sediment when 

conditions are primed. Remember, in most cases sorption behavior is comparable, especially for 

the main body of the lake. Nevertheless, deviations in sorption behavior do occur and should be 

accounted for when applicable, like increased partitioning for VY at pH 8.5. As a general trend 

for sediment across the lake, P-partitioning increases while maximum P-sorption decreases with 

pH. Averaging from all sites: Kd = pH 7.513.4, pH 8.017.0, pH 8.538.5, & pH 9.077.2 L kg-1; Kf = pH 

7.563.0, pH 8.0134, pH 8.5419, & pH 9.0911 L kg-1; n = pH 7.5 1.71, pH 8.0 2.19, pH 8.5 3.36, & pH 9.0 5.18; Kl 

= pH 7.54.12, pH 8.07.64, pH 8.515.1, & pH 9.041.7 mL kg-1; and Smax = pH 7.5 3097, pH 8.0 2455, pH 8.5 

2494, & pH 9.0 2055 mg-P kg-1. Increasing P-partition coefficients are associated with enhanced 

carbonate precipitation at more alkaline pHs. Decreasing P-sorption maximums are associated 

with increasing pH and shifts in-and-out of optimal bonding conditions for a particular substrate. 

In general, substrates, excluding carbonate, appear to decrease in the number of sites available 

for P-binding as pH increases. 

Kinetics experiments highlight nonlinear retention of P for PV and PB sediments. The center-

lake sediments of PV experience faster initial P-retention than PB (kf = PV 0.78 vs. PB 0.48 min-1; 

kb = PV 0.003 vs. PB 0.003 min-1). However, as time progresses the retention maintained at both 

sites is comparable (PV 37.8 vs. PB 30.3 mg-P kg-1). Initially faster rates of retention in PV are 

assisted by lower concentrations of sediment P-content. Lower P-content in sediments can imply 

the presence of more sites available for P-binding, which may also assist in early sorption during 

low aqueous P-concentrations, like with PP (X = 0.3 mg-P L-1). According to b (PV -4.52 vs. PB -

2.96), PV has more heterogeneity of sorption processes when compared to PB. Enhanced 

heterogeneity in PV could be due to differences in SOM content between the two sites. SOM is a 

highly competitive substrate for contaminants in soil and sediment (Sparks 2003). Consequently, 
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higher concentrations of SOM could increase competition for P-binding with carbonates, clays, 

and hydroxides found in PB, making SOM the initial primary destination for newly introduced P, 

and decreasing the overall heterogeneity of the sorption system.  

 Our findings emphasize that Utah Lake is a natural system existing in dynamic 

equilibrium. Several processes and mechanisms govern P-sorption behavior between the lakebed 

and water column; change one factor, and the lake will respond to maintain its state. 

Nevertheless, anthropogenic activities can still negatively impact the lake if left unchecked, as 

we have seen in the past. In short, benefits from remediation efforts surrounding input reduction 

of contaminants, including P, into Utah Lake may take several years to take effect (Markovic et 

al. 2019). 
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APPENDIX 

Tables 

Location Provo Bay Provo Vineyard Bird Island Goshen Bay Saratoga Springs Pelican Point 
Site ID PB PV VY BI GB SS PP 
Latitude,WGS-84 °N 40.1846 40.2357 40.3002 40.1654 40.0906 40.337 40.2703 
Longitude,WGS-84 °W -111.7162 -111.7668 -111.8020 -111.7788 -111.8915 -111.8687 -111.8364
ρ,a g cm-3 0.69 ( 0.53 , 0.85 ) 0.78 ( 0.74 , 0.82 ) 0.79 ( 0.76 , 0.82 ) 0.61 ( 0.57 , 0.64 ) 0.56 ( 0.51 , 0.62 ) 0.45 ( 0.42 , 0.49 ) 0.48 ( 0.45 , 0.52 ) 
θ,a L L-1 0.74 ( 0.68 , 0.80 ) 0.72 ( 0.70 , 0.74 ) 0.71 ( 0.69 , 0.74 ) 0.83 ( 0.79 , 0.87 ) 0.79 ( 0.75 , 0.83 ) 0.89 ( 0.82 , 0.96 ) 0.83 ( 0.80 , 0.85 ) 
pH 7.69 7.89 7.94 7.94 7.99 8.02 8.04 
ORP, rel. mV 131 132 131 133 126 128 127 
Conductivity, µS cm-1 1589 2476 2273 2640 2438 2186 1876 
Sediment Composition, % 
_Organic Matterb  11.4 ( 8.80 , 14.0 ) 9.63 ( 8.59 , 10.7 ) 8.49 ( 8.05 , 8.93 ) 9.14 ( 8.26 , 10.0 ) 9.28 ( 8.40 , 10.2 ) 7.67 ( 7.09 , 8.26 ) 6.59 ( 6.47 , 6.70 ) 
_Carbonatesc  24.9 ( 20.1 , 29.7 ) 57.3 ( 56.1 , 58.5 ) 57.3 ( 56.3 , 58.2 ) 57.0 ( 55.3 , 58.7 ) 56.6 ( 50.4 , 62.8 ) 55.7 ( 48.1 , 63.3 ) 54.5 ( 52.3 , 56.7 ) 
Particle Size Distribution,d % 
_Sand 3.23 1.60 0.62 1.45 1.01 0.40 3.85 
__Coarse Sand> 0.5mm, % of Sand 1.04 0.15 8.25 6.46 0.03 3.09 0.38 
__Fine Sand> 0.053mm, % of Sand 93.3 93.0 81.0 87.1 90.6 89.7 95.6 
__POM, % of Sand 5.63 6.89 10.8 6.48 9.37 7.19 3.99 
_Silt 66.2 69.8 71.6 68.7 71.9 69.5 70.2 
_Clay 30.6 28.6 27.8 29.9 27.1 30.1 25.9 
Mineralogy,e % of mineral mass 
_Quartz 53.0 ( 32.6 , 73.4 ) 12.9 ( 10.9 , 14.8 ) 11.7 ( 10.2 , 13.3 ) 11.6 ( 9.23 , 14.0 ) 15.5 ( 11.4 , 19.7 ) 8.66 ( 5.72 , 11.6 ) 19.7 ( 18.8 , 20.5 ) 
_Calcite 25.6 ( 15.6 , 35.6 ) 62.4 ( 56.5 , 68.4 ) 59.5 ( 53.2 , 65.9 ) 58.6 ( 48.1 , 69.1 ) 55.3 ( 45.7 , 64.9 ) 66.7 ( 49.7 , 83.8 ) 49.7 ( 48.0 , 51.3 ) 
_Dolomite 2.56 ( 1.57 , 3.54 ) 3.73 ( 3.11 , 4.36 ) 3.28 ( 2.29 , 4.27 ) 3.57 ( 1.08 , 6.06 ) 4.63 ( 2.70 , 6.56 ) 3.44 ( 2.51 , 4.36 ) 4.15 ( 3.44 , 4.86 ) 
_Oligoclase 11.6 ( 0.00 , 28.4 ) 6.30 ( 3.07 , 9.53 ) 8.02 ( 3.82 , 12.2 ) 3.80 ( 0.00 , 9.51 ) 6.23 ( 0.00 , 14.5 ) 3.97 ( 2.10 , 5.83 ) 10.7 ( 5.07 , 16.3 ) 
_2:1 Claysf 5.29 ( 0.00 , 11.5 ) 10.6 ( 0.00 , 23.6 ) 14.2 ( 8.52 , 19.8 ) 18.2 ( 1.22 , 35.2 ) 12.3 ( 0.00 , 26.6 ) 13.1 ( 0.00 , 28.9 ) 12.1 ( 4.23 , 19.9 ) 
_1:1 Claysf 2.10 ( 0.00 , 5.35 ) 3.90 ( 0.00 , 9.35 ) 3.20 ( 0.94 , 5.46 ) 4.37 ( 2.68 , 6.06 ) 6.00 ( 5.01 , 6.99 ) 4.13 ( 0.00 , 9.04 ) 3.72 ( 1.42 , 6.03 ) 
Chemical Composition,g mg kg-1 
_Ca, 105 1.18 ( 1.07 , 1.29 ) 1.88 ( 1.61 , 2.15 ) 1.94 ( 1.82 , 2.05 ) 1.91 ( 1.84 , 1.98 ) 1.83 ( 1.62 , 2.04 ) 2.18 ( 2.14 , 2.21 ) 1.65 ( 1.45 , 1.85 ) 
_Al, 103 6.55 ( 5.27 , 7.83 ) 7.07 ( 6.62 , 7.51 ) 7.98 ( 6.73 , 9.24 ) 10.0 ( 8.86 , 11.1 ) 7.40 ( 4.54 , 10.3 ) 7.04 ( 5.64 , 8.44 ) 7.35 ( 4.69 , 10.0 ) 
_Fe, 103 7.81 ( 6.41 , 9.20 ) 9.80 ( 8.83 , 10.8 ) 9.33 ( 8.83 , 9.84 ) 10.8 ( 10.2 , 11.5 ) 10.3 ( 8.30 , 12.4 ) 8.84 ( 8.36 , 9.31 ) 8.89 ( 8.23 , 9.55 ) 
_Mn 190 ( 162 , 217 ) 324 ( 280 , 369 ) 304 ( 288 , 320 ) 333 ( 318 , 348 ) 323 ( 288 , 359 ) 330 ( 324 , 336 ) 264 ( 236 , 292 ) 
Sequential P-fractions,h mg-P kg-1 
_NH4Cl 22.5 ( 6.4 , 45.0 ) 15.3 ( 12.1 , 18.7 ) 19.3 ( 14.5 , 24.5 ) 15.2 ( 12.3 , 18.3 ) 16.5 ( 14.2 , 18.9 ) 17.8 ( 14.5 , 21.1 ) 17.3 ( 13.6 , 21.4 ) 

BS 44.2 ( 36.3 , 52.8 ) 34.8 ( 22.8 , 48.8 ) 35.9 ( 24.2 , 49.5 ) 36.9 ( 32.0 , 42.0 ) 33.9 ( 25.1 , 43.5 ) 39.5 ( 32.3 , 47.3 ) 37.2 ( 23.7 , 53.5 ) 
_BD 119 ( 77.6 , 169 ) 88.0 ( 76.2 , 101 ) 100 ( 88.9 , 112 ) 86.4 ( 62.3 , 113 ) 87.1 ( 70.1 , 106 ) 92.4 ( 84.5 , 100 ) 86.8 ( 70.3 , 103 ) 

BS 174 ( 138 , 213 ) 115 ( 84.4 , 150 ) 121 ( 81.0 , 168 ) 127 ( 114 , 142 ) 126 ( 91.4 , 164 ) 134 ( 113 , 156 ) 137 ( 34.9 , 287 ) 
_NaOH 68.2 ( 43.5 , 98.4 ) 49.9 ( 39.9 , 60.7 ) 38.4 ( 28.3 , 49.3 ) 46.1 ( 39.2 , 53.6 ) 63.5 ( 44.9 , 84.6 ) 53.2 ( 46.4 , 59.9 ) 55.1 ( 45.5 , 65.5 ) 

BS 65.4 ( 44.8 , 89.3 ) 58.7 ( 37.6 , 83.5 ) 48.3 ( 28.6 , 73.2 ) 64.0 ( 47.8 , 82.2 ) 67.4 ( 51.8 , 83.5 ) 54.8 ( 30.4 , 83.7 ) 40.7 ( 6.00 , 92.8 ) 
_HCl 450 ( 319 , 598 ) 374 ( 317 , 436 ) 407 ( 384 , 431 ) 444 ( 400 , 490 ) 445 ( 371 , 526 ) 406 ( 375 , 438 ) 441 ( 376 , 510 ) 

BS 579 ( 479 , 689 ) 463 ( 346 , 598 ) 476 ( 331 , 639 ) 492 ( 430 , 558 ) 510 ( 384 , 644 ) 486 ( 413 , 564 ) 509 ( 331 , 719 ) 
_Residual 63.2 ( 36.2 , 97.6 ) 84.9 ( 56.4 , 116 ) 83.8 ( 76.2 , 91.8 ) 90.1 ( 62.7 , 120 ) 100 ( 75.9 , 128 ) 101 ( 87.2 , 114 ) 92.8 ( 74.4 , 113 ) 

BS 73.1 ( 43.6 , 108 ) 102 ( 64.7 , 145 ) 108 ( 73.8 , 147 ) 116 ( 98.0 , 136 ) 112 ( 79.7 , 149 ) 116 ( 91.3 , 143 ) 99.2 ( 64.7 , 140 ) 
_Total 723 ( 558 , 887 ) 692 ( 613 , 772 ) 649 ( 621 , 677 ) 682 ( 648 , 715 ) 713 ( 651 , 774 ) 671 ( 668 , 673 ) 612 ( 577 , 648 ) 

BS 935 ( 832 , 1038 ) 824 ( 606 , 1042 ) 789 ( 593 , 985 ) 837 ( 755 , 918 ) 849 ( 665 , 1033 ) 830 ( 740 , 919 ) 773 ( 686 , 861 ) 
Notes: () = 95% Confidence Interval; WGS-84 = World Geodetic System 1984 datum; ρ = Bulk density; θ = Volumetric Water Content; ORP = Oxidation-Reduction Potential; POM = Particulate 
Organic Matter; > 0.5mm = Sand particles larger than 0.5 mm; > 0.053mm = sand particles larger than 0.053 mm but smaller than 0.5 mm; Ca = Calcium; Al = Aluminum; Fe = Iron; Mn = 
Manganese; P = Phosphorus; NH4Cl = Ammonium Chloride extracted P, loosely adsorbed P; BD = Bicarbonate/Dithionite extracted P, redox-sensitive P bound to Fe and Mn compounds; NaOH 
= Sodium Hydroxide extracted P, P exchangeable against OH- ions and bound in organic matter; HCl = Hydrochloric-aid extracted P, carbonate bound P; Residual = Acid-Digestion extracted P, 
refractory organic P and hyper-stable mineral P; Total = Sum total of P collected from each sequential fraction; BS = Rows are sediment values following a batch sorption isotherm experiment 
conducted at pH 8.5, 25°C, and an initial aqueous concentration of 3 mg-P L-1; a Syringe method determined Bulk Density or VWC, average of top 10 cm of lakebed (Richwine et al. 2015); b 
Sodium-Hypochlorite removal of organic matter (Anderson 1961); c Hydrochloric-Acid removal of carbonates (Dhillon et al. 2015); d Particle-Size Determination of soil/sediment (Kettler et al. 
2001); e Mineralogy by X-ray Diffraction and Rietveld fitting method (Bish & Post, 1993); f Non-glycolated clays by X-ray Diffraction, percentages represent relative abundances (Schultz 1964); 
g Chemical Composition by Acid-Digestion of Sediments (EPA 2007); h Sequential P-fractionation in sediments (Hupfer et al. 2009 and Gu et al. 2020) 

Table 1. Physiochemical properties of Utah Lake sediment gathered using an Ekman dredge from the top 10 cm of the lakebed. Sediments were collected from 7 locations across the lake in 
August 2021. 
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Location Provo Bay Provo Vineyard Bird Island Goshen Bay Saratoga Springs Pelican Point 
Site ID PB PV VY BI GB SS PP 
Latitude,WGS-84 °N 40.1846 40.2357 40.3002 40.1654 40.0906 40.337 40.2703 
Longitude,WGS-84 °W -111.7162 -111.7668 -111.8020 -111.7788 -111.8915 -111.8687 -111.8364
Sequential P-fractions,a % 
_NH4Cl 3.11 ( 1.15 , 5.07 ) 2.49 ( 2.10 , 2.89 ) 2.98 ( 2.34 , 3.62 ) 2.23 ( 1.90 , 2.56 ) 2.32 ( 2.19 , 2.45 ) 2.65 ( 2.18 , 3.13 ) 2.50 ( 2.23 , 2.77 ) 

BS 4.72 ( 4.36 , 5.08 ) 4.50 ( 3.33 , 5.67 ) 4.55 ( 4.07 , 5.03 ) 4.40 ( 4.24 , 4.57 ) 3.99 ( 3.77 , 4.21 ) 4.76 ( 4.37 , 5.15 ) 4.52 ( 3.91 , 5.13 ) 
_BD 16.5 ( 13.9 , 19.0 ) 14.4 ( 13.2 , 15.5 ) 15.4 ( 14.3 , 16.5 ) 12.7 ( 9.61 , 15.7 ) 12.2 ( 10.8 , 13.7 ) 13.8 ( 12.7 , 14.9 ) 12.4 ( 11.5 , 13.3 ) 

BS 18.5 ( 16.6 , 20.5 ) 14.8 ( 12.3 , 17.4 ) 15.4 ( 13.7 , 17.1 ) 15.2 ( 15.0 , 15.4 ) 14.8 ( 13.7 , 15.9 ) 16.1 ( 15.2 , 17.0 ) 16.7 ( 5.76 , 27.6 ) 
_NaOH 9.44 ( 7.79 , 11.1 ) 8.14 ( 6.91 , 9.38 ) 5.92 ( 4.56 , 7.28 ) 6.77 ( 6.04 , 7.49 ) 8.91 ( 6.89 , 10.9 ) 7.93 ( 6.95 , 8.90 ) 7.95 ( 7.42 , 8.49 ) 

BS 6.99 ( 5.39 , 8.60 ) 7.59 ( 5.49 , 9.70 ) 6.13 ( 4.82 , 7.43 ) 7.64 ( 6.33 , 8.95 ) 7.94 ( 7.79 , 8.09 ) 6.61 ( 4.11 , 9.11 ) 4.95 ( 0.98 , 8.91 ) 
_HCl 62.2 ( 57.1 , 67.4 ) 61.1 ( 55.0 , 67.3 ) 62.8 ( 61.9 , 63.7 ) 65.1 ( 61.7 , 68.5 ) 62.5 ( 56.9 , 68.0 ) 60.6 ( 56.1 , 65.1 ) 63.8 ( 61.5 , 66.1 ) 

BS 61.9 ( 57.5 , 66.3 ) 59.9 ( 50.4 , 69.4 ) 60.3 ( 55.7 , 64.9 ) 58.8 ( 57.0 , 60.7 ) 60.1 ( 57.8 , 62.4 ) 58.6 ( 55.8 , 61.4 ) 61.8 ( 54.6 , 69.0 ) 
_Residual 8.75 ( 6.49 , 11.0 ) 13.9 ( 9.76 , 18.0 ) 12.9 ( 12.3 , 13.6 ) 13.2 ( 9.68 , 16.8 ) 14.1 ( 11.7 , 16.5 ) 15.0 ( 13.1 , 17.0 ) 13.4 ( 12.2 , 14.7 ) 

BS 7.81 ( 5.23 , 10.4 ) 13.1 ( 9.43 , 16.9 ) 13.7 ( 12.4 , 14.9 ) 13.9 ( 13.0 , 14.8 ) 13.2 ( 12.0 , 14.4 ) 13.9 ( 12.3 , 15.5 ) 12.0 ( 10.7 , 13.4 ) 
Notes: () = 95% Confidence Interval; WGS-84 = World Geodetic System 1984 datum; P = Phosphorus; NH4Cl = Ammonium Chloride extracted P, loosely adsorbed P; BD = 
Bicarbonate/Dithionite extracted P, redox-sensitive P bound to Fe and Mn compounds; NaOH = Sodium Hydroxide extracted P, P exchangeable against OH- ions and bound in organic matter; 
HCl = Hydrochloric-aid extracted P, carbonate bound P; Residual = Acid-Digestion extracted P, refractory organic P and hyper-stable mineral P; a Sequential P-fractionation in sediments 
(Hupfer et al. 2009 and Gu et al. 2020) 

Table 2. Sequential P-fractionation percentages for sediment collected using an Ekman dredge from the top 10 cm of the lakebed. Sediments were collected from 7 locations across the lake in 
August 2021. Rows labeled with BS are percentages obtained from sediments following a BSI experiment conducted at pH 8.5, 25°C, and an initial aqueous concentration of 3 mg-P L-1. 
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Location Provo Bay Provo  Vineyard Bird Island Goshen Bay Saratoga Springs Pelican Point 
Site ID PB PV VY BI GB SS PP 
Latitude,WGS-84 °N 40.1846 40.2357 40.3002 40.1654 40.0906 40.337 40.2703 
Longitude,WGS-84 °W -111.7162 -111.7668 -111.8020 -111.7788 -111.8915 -111.8687 -111.8364 
Temperature,DWQ °C 23.0 ( 20.6 , 25.5 ) 24.6 ( 24.5 , 24.7 ) 24.1 ( 24.1 , 24.2 ) 26.5 ( 26.4 , 26.7 ) 20.9 ( 20.9 , 21.0 ) 25.1 ( 25.1 , 25.1 ) 25.2 ( 25.0 , 25.4 ) 
Conductivity,DWQ µS cm-1 1442 ( 982 , 1902 ) 2418 ( 2405 , 2431 ) 2399 ( 2395 , 2402 ) 2380 ( 2373 , 2387 ) 2746 ( 2741 , 2751 ) 2424 ( 2422 , 2425 ) 2342 ( 2318 , 2365 ) 
pHDWQ 8.48 ( 6.39 , 10.58 ) 8.88 ( 8.87 , 8.88 ) 8.85 ( 8.84 , 8.86 ) 8.89 ( 8.89 , 8.90 ) 8.21 ( 8.15 , 8.28 ) 8.74 ( 8.73 , 8.75 ) 8.75 ( 8.73 , 8.77 ) 
ORP, rel. mV 201 ( 154 , 248 ) 250 ( 213 , 288 ) 255 ( 231 , 279 ) 245 ( 124 , 365 ) 212 ( 187 , 238 ) 287 ( 268 , 306 ) 132 ( 108 , 155 ) 
Alkalinity,DWQ mg L-1 176 182 172 169 195 170 175 
Turbidity,DWQ NTU 56.2 39.8 27.1 21.6 38.2 24.6 33.3 
Solids, mg L-1        
_Total Dissolved Solids DWQ  914 1420 1410 1430 1730 1450 1370 
_Total Suspended Solids DWQ  132 53 55 42 93 69 53 
_Total Volatile Solids DWQ  36 17 17 15 20 23 17 
Isotopes,a ‰        
_δ2HVSMOW -117 ( -119 , -114 ) -50.5 ( -54.5 , -46.6 ) -49.7 ( -50.5 , -48.9 )    -51.7 ( -52.1 , -51.3 ) 
_δ18OVSMOW -15.0 ( -15.3 , -14.7 ) -4.27 ( -5.05 , -3.50 ) -4.33 ( -4.40 , -4.26 )    -4.90 ( -5.21 , -4.59 ) 
Nutrients & Organics, mg L-1        

_NDWQ 2.41 ( 0.00 , 4.94 ) 0.78 ( 0.18 , 1.38 ) 0.85 ( 0.70 , 1.00 ) 0.89 ( 0.00 , 2.04 ) 1.29 ( 0.21 , 2.38 ) 0.79 ( 0.78 , 0.80 ) 0.75 ( 0.29 , 1.20 ) 
_NH3

DWQ 0.0379 0.0085 0.0085 0.0085 0.0085 0.0085 0.0085 
_Organic-CDWQ 23.1 ( 0.34 , 45.8 ) 8.90 ( 7.50 , 10.3 ) 10.6 ( 6.53 , 14.6 ) 10.9 ( 0.00 , 38.8 ) 14.1 ( 0.00 , 53.5 ) 8.84 ( 5.72 , 12.0 ) 8.46 ( 8.27 , 8.66 ) 

_Dissolved-ODWQ 7.15 ( 0.00 , 24.8 ) 7.90 ( 7.74 , 8.06 ) 7.88 ( 7.77 , 7.98 ) 8.77 ( 8.70 , 8.84 ) 5.66 ( 5.59 , 5.72 ) 9.49 ( 9.47 , 9.52 ) 7.63 ( 7.35 , 7.90 ) 

_Dissolved-O Saturation, 
DWQ % 98.0 ( 0.00 , 321 ) 113 ( 111 , 115 ) 111 ( 110 , 113 ) 130 ( 129 , 130 ) 75.8 ( 74.3 , 77.2 ) 137 ( 137 , 137 ) 110 ( 106 , 114 ) 

_Chlorophyll-a,DWQ µg L-1 183 ( 0.00 , 385 ) 51.6 ( 0.00 , 118 ) 59.7 ( 0.00 , 125 ) 54.4 ( 0.00 , 121 ) 72.5 ( 0.00 , 171 ) 84.2 ( 0.00 , 189 ) 52.6 ( 0.00 , 121 ) 

_Pheophytin-a,DWQ µg L-1 8.25 1.98 4.44 1.98 4.61 2.47 2.47 
Cations,b mg L-1        

_Ca                                                    sur 47.9 ( 45.9 , 49.8 ) 54.1 ( 46.0 , 62.1 )  15.6 ( 12.7 , 18.4 ) 19.5 ( 15.1 , 23.9 ) 9.42 ( 5.47 , 13.4 ) 15.9 ( 3.06 , 28.7 ) 21.1 ( 19.8 , 22.3 ) 
 mid 51.4 ( 49.3 , 53.5 ) 53.2 ( 50.5 , 55.9 ) 19.1 ( 10.6 , 27.7 ) 22.1 ( 15.6 , 28.5 ) 10.7 ( 6.16 , 15.2 ) 14.8 ( 3.17 , 26.4 ) 16.9 ( 15.4 , 18.3 ) 

 bot 55.8 ( 50.1 , 61.5 ) 49.2 ( 31.8 , 66.6 ) 13.5 ( 1.48 , 25.4 ) 16.7 ( 16.3 , 17.1 ) 17.0 ( 14.0 , 19.9 ) 16.3 ( 7.13 , 25.4 ) 24.8 ( 22.4 , 27.1 ) 
_K sur 14.4 ( 14.1 , 14.7 ) 27.1 ( 23.7 , 30.4 ) 12.9 ( 11.7 , 14.0 ) 14.7 ( 12.4 , 17.0 ) 10.7 ( 7.53 , 13.9 ) 12.6 ( 6.17 , 19.0 ) 17.1 ( 16.1 , 18.1 ) 

 mid 15.6 ( 15.0 , 16.2 ) 28.2 ( 27.0 , 29.4 ) 14.1 ( 10.5 , 17.8 ) 16.0 ( 13.0 , 19.1 ) 11.0 ( 8.30 , 13.7 ) 11.8 ( 5.84 , 17.7 ) 13.2 ( 12.6 , 13.9 ) 
 bot 16.8 ( 15.6 , 17.9 ) 25.4 ( 19.1 , 31.7 ) 11.6 ( 5.84 , 17.3 ) 13.5 ( 13.0 , 14.0 ) 10.9 ( 9.37 , 12.3 ) 12.4 ( 7.40 , 17.5 ) 15.1 ( 14.0 , 16.3 ) 
_Mg sur 49.3 ( 47.4 , 51.2 ) 80.5 ( 71.6 , 89.4 ) 27.8 ( 22.6 , 33.1 ) 32.9 ( 25.1 , 40.6 ) 16.5 ( 9.24 , 23.7 ) 27.7 ( 4.74 , 50.7 ) 44.2 ( 39.4 , 49.0 ) 

 mid 56.1 ( 54.1 , 58.2 ) 83.7 ( 80.4 , 87.0 ) 33.3 ( 18.0 , 48.7 ) 36.9 ( 25.7 , 48.1 ) 16.9 ( 9.40 , 24.5 ) 26.1 ( 5.02 , 47.1 ) 29.6 ( 26.8 , 32.4 ) 

 bot 58.1 ( 51.8 , 64.5 ) 72.5 ( 48.1 , 97.0 ) 21.4 ( 1.42 , 41.4 ) 27.4 ( 26.6 , 28.2 ) 16.4 ( 13.8 , 18.9 ) 28.7 ( 12.7 , 44.7 ) 37.3 ( 35.0 , 39.5 ) 
_Na sur 139 ( 135 , 144 ) 290 ( 268 , 311 ) 127 ( 111 , 144 ) 150 ( 122 , 179 ) 104 ( 69.4 , 139 ) 126 ( 49.2 , 204 ) 179 ( 171 , 186 ) 

 mid 161 ( 154 , 168 ) 294 ( 274 , 315 ) 144 ( 99.5 , 189 ) 164 ( 129 , 199 ) 108 ( 76.1 , 139 ) 118 ( 48.4 , 189 ) 133 ( 124 , 143 ) 
 bot 172 ( 160 , 184 ) 264 ( 213 , 315 ) 111 ( 43.3 , 179 ) 135 ( 131 , 138 ) 104 ( 87.9 , 120 ) 127 ( 69.8 , 183 ) 156 ( 144 , 167 ) 
_Fe, 10-3 sur 60.3 ( 56.5 , 64.1 ) 68.3 ( 60.3 , 76.3 ) 19.7 ( 0.00 , 82.8 ) 9.00 ( 0.00 , 26.2 ) 5.00 ( 0.00 , 11.6 ) 6.00 ( 0.00 , 19.1 ) 11.3 ( 0.00 , 32.2 ) 

 mid 30.3 ( 18.1 , 42.6 ) 65.0 ( 62.5 , 67.5 ) 13.7 ( 7.41 , 19.9 ) 18.0 ( 0.00 , 65.4 ) 28.0 ( 0.00 , 61.4 ) 7.33 ( 0.00 , 26.1 ) 8.33 ( 6.90 , 9.77 ) 

 bot 99.3 ( 83.2 , 116 ) 86.0 ( 42.9 , 129 ) 15.3 ( 0.99 , 29.7 ) 89.7 ( 0.00 , 347 ) 151 ( 0.00 , 351 ) 4.00 ( 0.00 , 10.6 ) 10.7 ( 0.00 , 22.9 ) 
_P, 10-3 sur 65.3 ( 62.5 , 68.2 ) 54.3 ( 41.8 , 66.8 ) 14.0 ( 9.03 , 19.0 ) 13.0 ( 12.9 , 13.2 ) 10.3 ( 7.46 , 13.2 ) 11.7 ( 2.94 , 20.4 ) 15.3 ( 12.5 , 18.2 ) 

 mid 40.3 ( 36.5 , 44.1 ) 47.3 ( 41.1 , 53.6 ) 19.7 ( 5.98 , 33.3 ) 13.0 ( 8.70 , 17.3 ) 21.3 ( 11.0 , 31.7 ) 10.7 ( 2.68 , 18.7 ) 11.7 ( 10.2 , 13.1 ) 
 bot 107 ( 95.5 , 118 ) 57.3 ( 42.8 , 71.9 ) 17.0 ( 6.17 , 27.8 ) 10.7 ( 6.87 , 14.5 ) 55.7 ( 49.4 , 61.9 ) 12.0 ( 9.52 , 14.5 ) 19.3 ( 13.6 , 25.1 ) 
Anions, mg L-1        
_Cl- DWQ 236 453 435 433 545 458 442 
_NO3

- + NO2
- DWQ 0.0115 0.0115 0.0115 0.0115 0.0115 0.0115 0.0115 

_SO4
2- DWQ 281 367 365 369 434 373 355 

_PO4
3- DWQ 0.0823 0.0682 0.0648 0.0651 0.0658 0.0618 0.0691 

Notes: () = 95% Confidence Interval;  WGS-84 = World Geodetic System 1984 datum; DWQ = Data derived using the Utah Department of Water Quality (DWQ) Utah Lake Data Explorer (ULDE) for 
August 2021;  ORP = Oxidation-Reduction Potential; VSMOW = Vienna Standard Mean Ocean Water; sur = Waters in row collected from ~4 cm below water surface; mid =  Waters in row collected from 
~1-2 m below water surface; bot =  Waters in row collected from ~3-4 m below water surface; C = Carbon; Ca = Calcium; Cl- = Chloride; Fe = Iron; H = Hydrogen; K = Potassium; O = Oxygen; Mg = 
Magnesium; N = Nitrogen; Na = Sodium; NH3 = Ammonia; NO3

- + NO2
- = Nitrate and Nitrite; SO4

2- = Sulfate; P = Phosphorus; PO4
3- = Orthophosphate;  a Waters collected on November 15, 2021 and 

analyzed using a Los Gatos Research cavity ring-down Liquid Water Isotope Analyzer;  b Waters collected on August 20, 2021, filtered (0.45 microns), acidified, and analyzed using Inductively Coupled 
Plasma Optical Emission spectroscopy 

        

Table 3. Physiochemical properties of Utah Lake column waters gathered using a peristaltic pump attached to a hand drill. Waters were collected from 7 locations across the lake in Fall 2021. 



51 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

        
Location Provo Bay Provo  Vineyard Bird Island Goshen Bay Saratoga Springs Pelican Point 
Site ID PB PV VY BI GB SS PP 
Latitude,WGS-84 °N 40.1846 40.2357 40.3002 40.1654 40.0906 40.337 40.2703 
Longitude,WGS-84 °W -111.7162 -111.7668 -111.8020 -111.7788 -111.8915 -111.8687 -111.8364 
X,a mg-P L-1 1.07 ( 0.42 , 1.72 ) 0.81 ( 0.51 , 1.11 ) 0.40 ( 0.18 , 0.62 ) 0.70 ( 0.28 , 1.13 ) 0.50 ( 0.25 , 0.75 ) 0.36 ( 0.15 , 0.56 ) 0.30 ( 0.16 , 0.44 ) 
Linear: Q = Kd·(Cf) + bd        
_Kd, L kg-1 pH 7.5 11.7 ( 10.8 , 12.5 ) 15.2 ( 13.2 , 17.1 )      

 pH 8.0 14.0 ( 6.47 , 21.5 ) 18.5 ( 17.5 , 19.5 ) 18.7 ( 17.9 , 19.5 ) 19.0 ( 17.5 , 20.4 ) 16.2 ( 15.2 , 17.3 ) 18.8 ( 17.6 , 20.1 ) 13.9 ( 13.4 , 14.5 ) 
 pH 8.5-A 18.8 ( 15.2 , 22.4 ) 17.9 ( 15.9 , 19.9 ) 32.4 ( 24.6 , 40.2 ) 19.6 ( 16.4 , 22.8 ) 18.1 ( 16.4 , 19.7 ) 17.2 ( 14.3 , 20.1 ) 17.4 ( 15.6 , 19.2 ) 
 pH 8.5 41.7 ( 37.1 , 46.3 ) 34.2 ( 31.5 , 37.0 ) 56.7 ( 52.7 , 60.7 ) 38.0 ( 34.2 , 41.7 ) 33.3 ( 31.0 , 35.6 ) 33.1 ( 30.6 , 35.6 ) 32.6 ( 30.2 , 34.9 ) 
 pH 9.0 145 ( 126 , 165 ) 63.5 ( 60.6 , 66.4 ) 74.3 ( 56.8 , 91.7 ) 74.3 ( 69.6 , 79.1 ) 58.9 ( 55.1 , 62.7 ) 50.8 ( 49.4 , 52.2 ) 73.5 ( 69.4 , 77.6 ) 

_bd, mg-P kg-1 pH 7.5 -8.72 ( -23.4 , 0.00 ) -10.3 ( -38.5 , 0.00 )      
 pH 8.0 -51.7 ( -268 , 0.00 ) -16.8 ( -29.8 , -3.87 ) -6.67 ( -17.3 , 0.00 ) -14.0 ( -32.8 , 0.00 ) -13.3 ( -28.3 , 0.00 ) -12.7 ( -28.9 , 0.00 ) -6.35 ( -14.4 , 0.00 ) 
 pH 8.5-A -13.8 ( -60.0 , 0.00 ) -18.7 ( -66.8 , 0.00 ) -10.7 ( -132.3 , 0.00 ) -24.0 ( -97.8 , 0.00 ) -10.7 ( -32.7 , 0.00 ) -3.98 ( -74.7 , 0.00 ) -5.46 ( -29.3 , 0.00 ) 
 pH 8.5 -63.9 ( -101 , -26.8 ) -16.2 ( -38.6 , 0.00 ) -1.57 ( -24.0 , 0.00 ) -19.8 ( -48.1 , 0.00 ) -3.84 ( -26.5 , 0.00 ) -7.30 ( -28.2 , 0.00 ) -10.0 ( -29.9 , 0.00 ) 
 pH 9.0 -58.7 ( -109 , -8.44 ) -49.5 ( -65.2 , -33.8 ) -79.0 ( -165.1 , 0.00 ) -15.7 ( -36.4 , 0.00 ) -45.0 ( -66.4 , -23.6 ) -26.4 ( -35.0 , -17.8 ) -19.5 ( -37.7 , -1.30 ) 

_R2 pH 7.5 0.9972 0.9918      
 pH 8.0 0.7345 0.9985 0.9990 0.9969 0.9978 0.9977 0.9993 
 pH 8.5-A 0.9815 0.9850 0.9323 0.9676 0.9956 0.9660 0.9946 
 pH 8.5 0.9591 0.9728 0.9803 0.9592 0.9865 0.9753 0.9773 
 pH 9.0 0.9907 0.9989 0.9722 0.9979 0.9979 0.9996 0.9984 

Freundlich: Q = Kf·(Cf)(1/n) + bf        
_Kf, L kg-1 pH 7.5 56.5 ( 37.9 , 75.1 ) 69.5 ( 48.0 , 90.9 )      

 pH 8.0 99.1 ( -19.1 , 217 ) 214 ( 105 , 323 ) 118 ( 76.8 , 160 ) 113 ( 33.4 , 192 ) 133 ( 75.0 , 190 ) 169 ( 97.2 , 241 ) 91.1 ( 61.0 , 121 ) 
 pH 8.5-A 165 ( 77.5 , 252 ) 272 ( 71.2 , 474 ) 354 ( 87.5 , 620 ) 240 ( 31.2 , 449 ) 157 ( 68.4 , 246 ) 128 ( 54.9 , 201 ) 165 ( -15.2 , 346 ) 
 pH 8.5 379 ( 202 , 555 ) 331 ( 86.8 , 574 ) 1000 ( 511 , 1489 ) 380 ( 173 , 586 ) 298 ( 142 , 453 ) 267 ( 123 , 410 ) 276 ( 169 , 384 ) 
 pH 9.0 1000 ( 307 , 1693 ) 1000 ( 395 , 1605 ) 1000 ( 432 , 1568 ) 965 ( 370 , 1560 ) 712 ( 520 , 904 ) 702 ( 424 , 979 ) 1000 ( 148 , 1852 ) 

_bf, mg-P kg-1 pH 7.5 -57.4 ( -116 , 0.00 ) -66.2 ( -128 , -4.26 )      
 pH 8.0 -145. ( -440 , 0.00 ) -219 ( -386 , -51.7 ) -90.2 ( -175 , -4.98 ) -109 ( -283 , 0.00 ) -136 ( -249 , -23.7 ) -157 ( -279 , -36.0 ) -72.0 ( -140 , -4.40 ) 

 pH 8.5-A -155 ( -305 , -4.07 ) -343 ( -652 , -33.2 ) -305 ( -671 , 0.00 ) -302 ( -649 , 0.00 ) -150 ( -310 , 0.00 ) -110 ( -258 , 0.00 ) -132 ( -423 , 0.00 ) 
 pH 8.5 -403 ( -640 , -165 ) -289 ( -602 , 0.00 ) -855 ( -1346 , -364 ) -339 ( -596 , -81.7 ) -258 ( -486 , -30.8 ) -207 ( -399 , -14.9 ) -223 ( -366 , -79.6 ) 
 pH 9.0 -766 ( -1499 , -33.5 ) -952 ( -1607 , -297 ) -981 ( -1606 , -356 ) -769 ( -1386 , -152 ) -678 ( -897 , -458 ) -621 ( -926 , -315 ) -802 ( -1682 , 0.00 ) 

_n pH 7.5 1.69 ( 1.53 , 1.84 ) 1.74 ( 1.58 , 1.89 )      
 pH 8.0 1.92 ( 1.22 , 2.62 ) 2.72 ( 2.16 , 3.27 ) 2.09 ( 1.84 , 2.33 ) 2.00 ( 1.55 , 2.44 ) 2.20 ( 1.87 , 2.53 ) 2.45 ( 2.06 , 2.84 ) 2.00 ( 1.79 , 2.20 ) 

 pH 8.5-A 2.40 ( 1.94 , 2.87 ) 2.77 ( 1.94 , 3.61 ) 2.90 ( 1.95 , 3.85 ) 2.52 ( 1.69 , 3.36 ) 2.33 ( 1.85 , 2.80 ) 2.11 ( 1.71 , 2.51 ) 2.54 ( 1.47 , 3.60 ) 
 pH 8.5 3.11 ( 2.48 , 3.73 ) 3.00 ( 2.04 , 3.96 ) 5.92 ( 4.04 , 7.81 ) 3.14 ( 2.38 , 3.91 ) 2.82 ( 2.22 , 3.42 ) 2.74 ( 2.14 , 3.35 ) 2.79 ( 2.34 , 3.23 ) 
 pH 9.0 5.07 ( 2.93 , 7.22 ) 5.32 ( 3.34 , 7.29 ) 5.12 ( 3.39 , 6.85 ) 5.59 ( 3.37 , 7.81 ) 4.29 ( 3.66 , 4.92 ) 4.72 ( 3.64 , 5.80 ) 6.12 ( 2.67 , 9.57 ) 

_R2 pH 7.5 0.9970 0.9973      
 pH 8.0 0.9544 0.9899 0.9950 0.9835 0.9930 0.9928 0.9959 

 pH 8.5-A 0.9902 0.9822 0.9746 0.9744 0.9877 0.9879 0.9500 
 pH 8.5 0.9796 0.9349 0.9820 0.9633 0.9731 0.9615 0.9790 
 pH 9.0 0.9872 0.9907 0.9920 0.9852 0.9978 0.9946 0.9764 

Langmuir: Q = (Smax·Kl·Cf)·(1 + Kl·Cf)-1 + bl        
_Kl, 10-3 L kg-1 pH 7.5 3.89 ( 3.06 , 4.71 ) 4.36 ( 3.46 , 5.26 )      
 pH 8.0 6.00 ( 2.40 , 9.70 ) 10.8 ( 9.73 , 11.8 ) 7.37 ( 6.55 , 8.19 ) 6.27 ( 4.18 , 8.35 ) 7.45 ( 6.80 , 8.09 ) 9.00 ( 8.07 , 10.5 ) 6.31 ( 5.19 , 7.43 ) 

 pH 8.5-A 9.26 ( 6.26 , 12.3 ) 10.7 ( 8.70 , 12.7 ) 20.0 ( 10.8 , 21.1 ) 10.2 ( 6.78 , 13.6 ) 8.49 ( 6.81 , 10.2 ) 7.51 ( 5.39 , 9.64 ) 10.3 ( 5.20 , 15.4 ) 
 pH 8.5 11.2 ( 7.83 , 14.6 ) 13.4 ( 7.72 , 19.1 ) 30.0 ( 24.7 , 41.0 ) 14.0 ( 9.32 , 18.6 ) 10.0 ( 7.56 , 14.7 ) 11.7 ( 7.55 , 15.8 ) 11.2 ( 8.10 , 14.2 ) 
 pH 9.0 71.2 ( 38.1 , 104 ) 36.1 ( 27.1 , 45.1 ) 29.8 ( 19.9 , 39.7 ) 46.5 ( 36.2 , 56.8 ) 24.1 ( 16.3 , 32.0 ) 28.8 ( 23.1 , 34.6 ) 55.6 ( 43.3 , 67.8 ) 

_bl, mg-P kg-1 pH 7.5 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 )      
 pH 8.0 -58.7 ( -221 , 0.00 ) -13.0 ( -38.1 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) -5.13 ( -26.8 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 

 pH 8.5-A 0.00 ( 0.00 , 0.00 ) -46.9 ( -105 , 0.00 ) -13.8 ( -129 , 0.00 ) -52.3 ( -161 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 
 pH 8.5 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 0.00 ( 0.00 , 0.00 ) 
 pH 9.0 -22.0 ( -212 , 0.00 ) -35.4 ( -125 , 0.00 ) -11.6 ( -131 , 0.00 ) -5.76 ( -86.2 , 0.00 ) 0.00 ( -110 , 0.00 ) 0.00 ( 0.00 , 0.00 ) -22.6 ( -102 , 0.00 ) 

_Smax, mg-P kg-1 pH 7.5 3019 ( 2681 , 3356 ) 3176 ( 2840 , 3511 )      
 pH 8.0 2886 ( 2264 , 3507 ) 2034 ( 1980 , 2088 ) 2525 ( 2407 , 2643 ) 2839 ( 2415 , 3264 ) 2399 ( 2331 , 2467 ) 2164 ( 2057 , 2271 ) 2342 ( 2160 , 2523 ) 

 pH 8.5-A 2191 ( 1923 , 2460 ) 2406 ( 2279 , 2533 ) 2628 ( 2408 , 2847 ) 2696 ( 2433 , 2958 ) 2342 ( 2159 , 2525 ) 2600 ( 2000 , 2902 ) 1921 ( 1577 , 2265 ) 
 pH 8.5 2643 ( 2382 , 2904 ) 2470 ( 2147 , 2793 ) 1976 ( 1873 , 2079 ) 2542 ( 2283 , 2802 ) 2700 ( 2402 , 2969 ) 2555 ( 2262 , 2848 ) 2586 ( 2353 , 2819 ) 
 pH 9.0 2200 ( 2000 , 2444 ) 2072 ( 1951 , 2194 ) 2218 ( 2061 , 2376 ) 1973 ( 1870 , 2076 ) 2220 ( 2057 , 2382 ) 1881 ( 1780 , 1983 ) 1797 ( 1699 , 1895 ) 

_R2 pH 7.5 0.9951 0.9951      
 pH 8.0 0.9693 0.9990 0.9980 0.9842 0.9993 0.9968 0.9951 
 pH 8.5-A 0.9813 0.9961 0.9882 0.9884 0.9930 0.9870 0.9529 
 pH 8.5 0.9576 0.9137 0.9796 0.9451 0.9511 0.9416 0.9637 
 pH 9.0 0.9757 0.9925 0.9881 0.9932 0.9883 0.9904 0.9925 

Notes: () = 95% Confidence Intervals; WGS-84 = World Geodetic System 1984 datum; R2 = R-squared; P = Phosphorus; X = Sorption Origin or x-intercept of models, minimum aqueous P-concentration required for 
sediment P-sequestration; Kd = Linear partition coefficient; Kf = Freundlich partition coefficient; n = Freundlich correction factor; Kl = Langmuir relative binding strength; Smax = Sorption maximum of sorbent; bd,f,l = 
y-intercept of Linear, Freundlich, or Langmuir models; pH 7.5 = Values in row correspond to batch experiment for sediment performed at pH 7.5 and ≈ 25°C; pH 8.0 = Values in row correspond to batch experiment for 
sediment was performed at pH 8.0 and ≈ 25°C ; pH 8.5-A = Values in row correspond to batch experiment for UV-treated sediment was performed at pH 8.5 and ≈ 25°C ; pH 8.5 = Values in row correspond to batch 
experiment for sediment was performed at pH 8.5 and ≈ 25°C; pH 9.0 = Values in row correspond to batch experiment for sediment was performed at pH 9.0 and ≈ 25°C; a X represents an average of all calculated X 
values for a specific location; BSI = Batch sorption isotherm 

Table 4. Coefficient values from Linear, Freundlich, and Langmuir sorption models fitted to Q (sediment sorbed P, mg-P kg-1) vs. Cf (equilibrium aqueous-P concentration, mg-P L-1) trends. Data obtained from BSI 
experiments which reacted Utah Lake sediment and water collected from 7 locations across the lake. Experiments were performed at approximately 25°C with pH intervals at 7.5, 8.0, 8.5, and 9.0 for 24 hours. Initial 
aqueous-P concentrations for batch experiments ranged from 0 to 760 mg-P L-1. 
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Location Provo Bay Provo  
Site ID PB PV 
Latitude,WGS-84 °N 40.1846 40.2357 
Longitude,WGS-84 
°W -111.7162 -111.7668 

pH 8.46 8.46 
Temperature, °C 24.4 24.4 
ORP, rel. mV 221.4 221.4 
Conductivity, µS 
cm-1 2435 2435 

C0, mg-P L-1 1.091 1.091 
θ, L L-1 0.74 0.72 
ρ, kg L-1 0.69 0.78 
q, mL min-1 1.00 1.00 
Nonlinear Kinetic Model: dS / dt = kf*(θ / ρ)*Cb - kb*S   
b -2.96 ( -3.59 , -2.32 ) -4.52 ( -5.49 , -3.54 ) 
kf, min-1 0.482 ( 0.378 , 0.587 ) 0.779 ( 0.514 , 1.044 ) 
kb, min-1 0.003 ( -0.001 , 0.007 ) 0.003 ( -0.003 , 0.009 ) 
R2 0.7996 0.9640 

 Reactor 
 1 2 1 2 

VR, mL 16.28 16.04 16.28 16.04 
M, g 0.322 0.320 0.321 0.320 
Notes: () = 95% Confidence Interval; WGS-84 = World Geodetic System 1984 
datum; ρ = Bulk density; θ = Volumetric Water Content;  ORP = Oxidation-
Reduction Potential; C0 = Influent P-concentration to stirred-flow reactor; q = 
rate of flow; b = order of retention; kf = Forward retention rate; kb = Backward 
retention rate; VR = volume of stirred-flow reaction chamber; M = mass of 
sediment in reaction chamber; dS/dt = P-sorption over time; C = Effluent P-
concentration from reactor; S = P sorbed to sediment in reactor 
 
 

 

Table 5. Parameters and coefficients for kinetics experiments using Provo (PV) 
and Provo Bay (PB) sediment. For experiments, an input solution with a 
phosphorus (P) concentration of ~1.1 mg L-1 in a lake water (pH 8.5, 24°C) 
background solution was pumped into a reaction chamber (~16 mL) agitated 
with a triangular stir-bar (100 rpm) at 1 mL min-1 for 120 min. A 4.0 cm diameter 
filter membrane with a 0.45-μm pore size was used to retain the sediment in the 
chamber. A fraction collector was used to collect effluent samples at a 10 min 
interval. Sorption experiments were not followed by desorption experiments, 
which is not standard for kinetic adsorption testing (Sun & Selim 2019). 
Therefore, the results outlined here should be classified as scope or initial 
observations of kinetic behaviors between PV and PB sediment. 
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Figure 1. A map of Utah Lake showing the location of seven sampling sites: PB (Provo Bay), PV (Provo), VY (Vineyard), BI (Bird 
Island), GB (Goshen Bay), SS (Saratoga Springs), and PP (Pelican Point). Blue lines represent half-meter incremented bathymetric 
contour lines (m above sea-level) generated from depth measurements through surface ice in 1960 by the Bureau of Reclamation (Wawro 
2011). The statewide 10 m hillshade (WMTS) used in this map is courtesy of the state of Utah and the Utah Automated Geographic 
Reference Center (AGRC 2016).  

Notes: BSI = Batch sorption Isotherm; ppm = mg L-1 

Figure 2. A schematic example of a BSI experiment in which sediment from a specific location or group is reacted with lake water 
spiked to a desired contaminant concentration. 



54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

BI GB PB PP PV SS VY

Site ID

0

10

20

30

40

50

60

70

Se
di

m
en

t F
ra

ct
io

n 
(%

)

Carbonates

Organic Matter

95% C.I.

Component

 

Notes: SF = Stirred-flow 

 

Notes: PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; OM = Organic matter; a = Hydrochloric-Acid removal of carbonates 
(Dhillon et al. 2015); b = Sodium-Hypochlorite or Bleach removal of organic matter (Anderson 1961) 

Figure 3. Schematic depiction of SF reaction chamber. Courtesy of Dr. Josh LeMonte. 

Figure 4. Carbonate percentages with their respective 95% confidence intervals as determined by aHCl digestion show PB to be significantly depleted when compared to all other locations. OM percentages with 
their respective 95% confidence intervals as determined by bNaOCl digestion show PP to be significantly depleted when compared to all other locations. 
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Notes: a = Particle-Size Determination of soil/sediment (Kettler et al. 2001); PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point 

 

Notes: C = carbon; O = Oxygen; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; OM = Organic matter; a = Mineralogy by X-ray 
Diffraction and Rietveld fitting method (Bish & Post, 1993) 

Figure 5. aParticle size distributions across the various locations within Utah Lake follow a similar trend. Each site has comparable amounts of silt and clay. Deviations in size fractions are only apparent in PB and PP 
where the sand fraction is 3.5 times greater than the rest of the lake. 

Figure 6. Mineral fractions across Utah Lake proper appear to be spatially consistent, excluding a significant enrichment of quartz found in PP. PB also significantly diverges from Utah Lake proper in terms of quartz 
and calcite content, being enriched with quartz but depleted of calcite. Clay content in terms of amount and type shows little variation across all Utah Lake sites, including PB. Given the lake’s high alkalinity, most 
calcite found in the lakebed should originate from authigenic precipitation (Randall et al. 2019). However, without C and O isotope measurements from the sediment a specific amount of authigenic vs. allogenic 
calcite cannot be given. The other detectable minerals, including dolomite, quartz, oligoclase, and clay, are detrital in origin, delivered via streams and rivers containing eroded materials from the mountains 
surrounding the lake. Additionally, Utah Lake sediment might contain authigenic metal hydroxides, however low concentrations yield the secondary minerals imperceptible using aXRD. Trends found in mineral 
fractions identified by aXRD follow the trends identified by particle size distributions and carbonate/OM digestions. 
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Notes: P = Phosphorus; BSI = Batch sorption Isotherm; XRD = X-ray Diffraction; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; 
NH4Cl = Ammonium Chloride extracted P, loosely adsorbed P; BD = Bicarbonate/Dithionite extracted P, redox-sensitive P bound to Fe and Mn compounds; NaOH = Sodium Hydroxide extracted P, P 
exchangeable against OH- ions and bound in organic matter; HCl = Hydrochloric-aid extracted P, carbonate bound P; Residual = Acid-Digestion extracted P, refractory organic P and hyper-stable mineral P; a = 
Sequential P-fractionation in sediments (Hupfer et al. 2009 and Gu et al. 2020) 

Notes: Ca = Calcium; Mn = Manganese; P = Phosphorus; OM = Organic matter; XRD = X-ray Diffraction; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga 
Springs; PP = Pelican Point; a = Chemical Composition by Acid-Digestion of Sediments (EPA 2007); b = Mineralogy by X-ray Diffraction and Rietveld fitting method (Bish & Post, 1993); c = Hydrochloric-Acid 
removal of carbonates (Dhillon et al. 2015) 

Figure 7.  aAverage chemical compositions with their respective 95% confidence intervals as determined by acid-digestion of Utah Lake sediment do not vary greatly from site to site except for in a few notable 
instances. One, PB has significantly less Ca and Mn when compared to the main lake. Two, PP holds significantly less P on average when compared with GB, BI, and SS. The relative absence of Ca in PB concurs with 
bXRD and cHCl carbonate digestions which reveal the region to be depleted in calcite. Low P-content in PP could be due to low OM percentages within the sediment. This assumption seems especially reasonable 
when considering that PB has the highest average of P-content and OM content, while PP has the lowest of both. 

Figure 8. 

A) P-fractions obtained through asequential extractions of Utah Lake sediment reveal that lakebed-P is primarily held by carbonate minerals (HCl), followed by redox-sensitive Fe and Mn compounds (BD), hyper-
stable minerals and refractory OM (Residual), OM and OH- exchangeable compounds (NaOH), and loosely binding compounds most likely associated with clays and OM (NH4Cl). Individual P-fraction amounts do
not significantly vary from site-to-site, though we note that PB has the highest average of NaOH associated P.

B) Like unreacted sediments, individual P-fraction percentages do not significantly vary from site-to-site following sorption experimentation except for in a few instances, which are not particularly notable. However,
hyper-stable minerals and refractory OM associated P is statistically lower in PB following experimentation when compared to every other sites. Sediment P-fraction percentages associated with loosely binding
compounds significantly increase (2x) for every site following experimentation minus PB (avg. 4.45%-Total P).
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Notes: DNA = Deoxyribonucleic-acid; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point 

Figure 9. Sequences obtained from DNA extractions from lakebed sediments collected near VY, PB, BI, and PP reveal the 
microbiome of Utah Lake sediment to be taxonomically diverse. Filtering species by 1% abundance and 10% prevalence 
across all sequenced samples, the sediment microbiome is mostly composed of bacterial species in the proteobacteria, 
actinobacteria, chloroflexi, and firmicutes kingdoms. Despite the diversity of species housed within Utah Lake sediment, an 
emperor analysis of the sequences from each site suggests microbiome uniformity across the lake. DNA sequences were 
analyzed using Qiime2. 
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Notes: PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; a = Waters collected on November 15, 
2021, and analyzed using a Los Gatos Research cavity ring-down Liquid Water Isotope Analyzer; Surface = Waters in row collected from ~4 cm below water surface 

Notes: P = Phosphorus; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; Surface = Waters in 
row collected from ~4 cm below water surface; Middle = Waters in row collected from ~1-2 m below water surface; Bottom = Waters in row collected from ~3-4 m below 
water surface 

 

Figure 10. A plot of δ2H vs. δ18O values from surface waters of 4 locations across Utah Lake, including PB, PP, PV, and VY. aSurface waters were collected in November 2021 and 
are plotted against the global meteoric water line (GMWL, Craig 1961), a local meteoric water line (LMWL, Zanazzi et al. 2020), and a local evaporation line for Utah Lake (LEL, 
Zanazzi et al. 2020). Samples collected from the main body of Utah Lake (PV, VY, and PP) follow the LEL for Utah Lake, demonstrating significant enrichment from evaporation. 
Samples collected from PB plot at the intersection of the LMWL and LEL, showing PB to be an inlet point from which local meteoric waters enter the lake and subsequently 
evolve into enriched evaporated waters. 

Figure 11. Average concentrations of P and other elements—with their respective 95% confidence intervals—found in the column water of an individual site do not significantly 
differ across depth in almost all instances, suggesting Utah Lake to be well mixed vertically (Zanazzi et al. 2020). A notable exception to this rule is PB, which appears to have poor 
vertical mixing (see Table 3). Furthermore, most sites share similar water-column P-concentrations, excluding PV and PB. PB and PV water-column P-concentrations are more like 
each other than to other sites in the lake with an average 61.9 µg-P L-1 compared 18.5 µg-P L-1 for the remainder of the lake. Elevated P-concentrations found in the column water of 
PB are probably tied to increased sediment P-concentrations and enhanced P-mobility in the area due to microbial activity. 
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Notes: DWQ = Data derived using the Utah Department of Water Quality (DWQ) Utah Lake Data Explorer (ULDE) for August 2021; OM = Organic matter; org = Organic; PB = 
Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point 

Figure 12. Average concentrations of DWQnutrient species—with their respective 95% confidence intervals—found in the water column of Utah Lake appear to be horizontally 
consistent across the lake from site-to-site. However, the mean concentration of nitrogen, ammonia, carbonorg, orthophosphate, chlorophyll-a, and pheophytin-a is clearly greatest in 
PB (see Table 3). Elevated mean concentrations of nutrient species, chlorophyll-a, and pheophytin-a in PB suggest enhanced microbial activity in the area, which may be tied to 
increased OM percentages found in the sediment there. 
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Notes: BSI = Batch isotherm experiment; P = Phosphorus; Surface = Waters in row collected from ~4 cm below water surface; R2 = R-squared; T = Temperature; I = Ionic strength; X = Sorption Origin 
or x-intercept of models, minimum aqueous P-concentration required for sediment P-sequestration; Kd = Linear partition coefficient; Kf = Freundlich partition coefficient; n = Freundlich correction 
factor; Kl = Langmuir relative binding strength; Smax = Sorption maximum of sorbent; bd,f,l = y-intercept of Linear, Freundlich, or Langmuir models 

Figure 13. A plot of Q (P-sorption; mg-P kg-1) vs. Cf (Total Dissolved Equilibrium P; mg-P L-1) obtained from a BSI experiment which reacted surface lakebed sediments collected from Vineyard (VY) 
and surface waters collected from Saratoga Springs (SS) spiked to various P-concentrations (0, 0.5, 1, 3, 10, 50, 76, 100, 152, 250, 381, 500, and 762 mg-P L-1) for 24 hours at a 1:10 sediment-to-water 
ratio, pH 8.5, and 25°C. Waters prepped for batch experimentation were buffered to a predetermined pH using 50 mM of a zwitterionic buffer (CHES or HEPPS) to maintain constant pH throughout the 
24-hour period, without inhibiting sorption. Raw trends in Q vs. Cf were fitted Linear, Freundlich, and Langmuir models in MATLAB 2022b using least squares regression lines. R2 values for fitted
models across all BSI experiments performed were greater than 0.73, with a mean value of 0.98.
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Notes: PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; TDP = Total dissolved phosphorus; P = Phosphorus; X = 
Sorption Origin or x-intercept of models, minimum aqueous P-concentration required for sediment P-sequestration; bd,f,l = y-intercept of Linear, Freundlich, or Langmuir models 

Figure 14. X, or sorption origin, represents the x-intercept of Linear, Freundlich, and Langmuir models. It is the minimum concentration of TDP required in the water column above a given lakebed 
sediment before P-sorption behavior can be observed. Aqueous TDP-concentrations below X tend to show desorption behavior instead of sorption behavior for a given sediment. X values derived from y-
intercepts (bd,f,l) for each site appear to be constant across pH (see Figure 19), thus the X values in this figure—with their respective 95% confidence intervals—represent the average X from all models 
for a given location. Average X values do not significantly differ from site-to-site except between PV (0.81 mg-P L-1) and PP (0.30 mg-P L-1). PP has the lowest average X of any site as well as the lowest 
average sediment P-content (612 mg-P kg-1). Lower concentrations of sediment P in PP may assist P-sorption at lower concentrations of aqueous-P in the area by decreasing P-diffusion from the sediment. 
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Notes: PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; Kd = Linear partition coefficient; Kf = Freundlich partition 
coefficient; Kl = Langmuir relative binding strength 

Figure 15. Kd has relatively tight 95% confidence intervals, suggesting sorption behavior to be more site-specific. Therefore, when using Kd in models, it is advisable to use site-specific Kd values for most cases. 
However, groups may be formed to simplify the lake when the 95% confidence intervals of Kd overlap between sites (see Table 4). Kf values differ from Kd values in that they are statistically more uniform across sites, 
covering a wider range of possible partitioning when compared to Kd. Freundlich models cover a broader range of concentrations in a sorption system for a given pH, redox, and temperature. Consequently, it may not be 
so that odd Kf  appears more generalized for sediments of similar composition, like in Utah Lake. However, at pH 8.5 we do observe that VY exhibits significantly increased sorption when compared directly with GB, 
SS, and PP. Kl seems to be a mix of Kf and Kd in terms of variation across sites. At pH 7.5, PB and PV have similar sorption trends. At pH 8.0, all sites exhibit similar sorption partitioning to PB. At pH 8.5, all sites 
exhibit similar sorption behavior to each other except for VY, which shows significantly increased sorption to all other sites. At pH 9.0, all sites exhibit similar sorption partitioning to PV. Overall, it is advisable to use 
Kd,f,l partition values in accordance with the pH from which they were obtained. 
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Notes: C.I. = Confidence interval; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; Kd = Linear partition coefficient; 
Kf = Freundlich partition coefficient; Kl = Langmuir relative binding strength 

Figure 16. Kd, Kf, and Kl coefficients from Linear, Freundlich, and Langmuir models, respectively, all significantly increase from pH 8 to 9 for all locations taken from Utah Lake. 
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Notes: P = Phosphorus; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; n = Freundlich correction factor; Smax = 
Sorption maximum of sorbent 

Figure 17. Freundlich values of n—with their respective 95% confidence intervals—do not statistically vary from site-to-site for a given pH, excluding VY which has a significantly higher n (5.92) at pH 
8.5 (see Table 4). Langmuir values of Smax—with their respective 95% confidence intervals—appear to be consistent from site-to-site for a given pH in most instances. There are three exceptions to this 
rule. First, at pH 8 Smax for PV is significantly lower than every other site minus SS, together they form an average Smax of 2099 mg-P kg-1 compared to 2598 mg-P kg-1 for the rest of the lake. Second, at 
pH 8.5 Smax for VY is significantly lower than any other site at 1976 mg-P kg-1 compared to an average 2580 mg-P kg-1 for the other sites. Third, at pH 9 Smax for SS is significantly lower than PB, VY, 
and GB while PP is significantly lower than PB, PV, VY, and GB, together PP and SS have an average Smax of 1839 mg-P kg-1 and the other parts of the lake average 2141 mg-P kg-1. 
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 Figure 18. From pH 8 to 9, n values significantly increase for each individual site. Smax values observed at pH 9 for a given location are significantly lower than Smax values observed at pH’s 7.5, 8, or 8.5 
in at least one circumstance for each site. Basically, Smax decreases for each site as pH increases.   
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Notes: C.I. = Confidence interval; P = Phosphorus; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; n = Freundlich 
correction factor; Smax = Sorption maximum of sorbent 
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Notes: P = Phosphorus; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican Point; bd,f,l = y-intercept of Linear, 
Freundlich, or Langmuir models 
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Figure 19. The application of a y-intercept (bd,f,l) into Linear (bd), Freundlich (bf), and Langmuir (bl) m odels only has precedence if the soil or sediment considered has been previously exposed to the 
contaminant of study (Chappell et al. 2020). Trends show values of bd, bf, and bl —with their respecti ve 95% confidence intervals—do not vary with site for a given pH. There is only one exception, 

which exists for bd at pH 8.5 between PB with VY and GB, however at 97.2% confidence the intervals of these locations do overlap. 
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 Notes: C.I. = Confidence interval; P = Phosphorus; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = Pelican 
Point; bd,f,l = y-intercept of Linear, Freundlich, or Langmuir models 

Figure 20. Linear values of bd do not statistically vary across pH for a given location and exce ptions to this are negligible. Langmuir values of bl do not significantly vary across 
pH for a given site. Freundlich values of bf across pH do not significantly vary from bf values observed at pH 8.5 for a given site, excluding for PB at pH 7.5 and for VY at pH 8.  
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Notes: BSI = Batch sorption isotherm; UV = Ultra-violet; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = Saratoga Springs; PP = 
Pelican Point; Kd = Linear partition coefficient; Kf = Freundlich partition coefficient; Kl = Langmuir relative binding strength 

Figure 21. Average values of Kd,f,l —with their respective 95% confidence intervals—sor ted by site. Values of Kd,f,l were calculated from three sorption experiments performed at pH 
8.0 and 8.5. One of these sorption experiments was performed at pH 8.5 using UV-treated  sediments. UV-treatment of Utah Lake sediments significantly decreases Kd for every 
site. Despite this, Kf and Kl do not significantly decrease for a given location following UV-treatment (excluding Kl for VY). Comparing across sites, all UV-treated sediments 
exhibit like Kd,f,l values except for VY. For UV-treated sediments, Kd for VY averages 32.4 L kg-1 while the rest of the lake averages 18.2 L kg-1. For UV-treated sediments, Kf does 
not differ across sites, including VY, creating an average of 199 L kg-1. For UV-treated sedim ents, Kl for VY averages 0.016 L kg-1 while the rest of the lake averages 0.009 L kg-1. 

Given these trends, UV-treatment of Utah Lake sediments tends to homogenize sediment compositions or characteristics which contribute to P-sorption between sites. 
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Notes: P = Phosphorus; BSI = Batch sorption isotherm; UV = Ultra-violet; PB = Provo Bay; PV = Provo; VY = Vineyard; BI = Bird Island; GB = Goshen Bay; SS = 
Saratoga Springs; PP = Pelican Point; n = Freundlich correction factor; Smax = Langmuir sorption maximum of sorbent 

Figure 22. Average values of n and Smax —with their respective 95% confidence intervals—sorted by site. Values of n and Smax were calculated from three sorption experiments 
performed at pH 8.0 and 8.5. One of these sorption experiments was performed at pH 8.5 using UV-treated sediments. Sorption experiments performed at pH 8.5 using 
untreated and UV-treated sediments from Utah Lake do not significantly vary in terms n or Smax for a particular location with few exceptions. For VY, UV-treated sediments 
yielded a significant decrease in n (UV2.90 vs. pH 8.55.92) and an increase in Smax (UV2628 vs. pH 8.51976 mg-P kg-1). For PP, UV-treated sediments yielded a significant decrease 
in Smax (1921UV vs. 2586 mg-P kg-1). Values of n do not significantly differ from site-to-site following UV-treatment. Meanwhile, Smax does not significantly differ from site-to-
site following UV-treatment, except PP (1921 mg-P kg-1) is less than PV, VY, and BI (avg. 2577 mg-P kg-1). Given these trends, UV-treatment of Utah Lake sediments tends to 
homogenize sediment compositions or characteristics which contribute to P-sorption between sites in most cases. 
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Notes: SF = Stirred-flow; P = Phosphorus; S = the amount of P-sorbed to sediment inside SF reactor; dS/dt = P-sorption over time; C = Effluent concentration of aqueous-P from SF 
reactor; C0 = Influent concentrations of aqueous-P into SF reactor; t = time in min; PB = Provo Bay; PV = Provo 

Figure 23. Changes in output solution and P-sorption from SF experiments using PV and PB sediment (~0.32 g). 

A) Changes in the rate of sorption (dS/dt) indicate that as effluent P-concentrations (C) trend toward influent P-concentrations (C0) the rate of P-sorption slows for PV and PB, indicating
saturation of P-binding sites.

B) P-sorption (S) increases with time for both locations, reaching peak sorption between 80 - 100 min, average 37.8 mg-P kg-1 for PV and 30.3 mg-P kg-1 for PB. After reaching peak
sorption, P seems to exchange evenly between sediment and solution phases.

C) Effluent P-concentrations (C) reach influent concentrations (C0) at about 80 - 100 min and with comparable paces between PV and PB.
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Notes: SF = Stirred-flow; P = Phosphorus; S = the amount of P-sorbed to sediment inside SF reactor; dS/dt = P-sorption over time; C = Effluent concentration of aqueous-P from SF 
reactor; C0 = Influent concentrations of aqueous-P into SF reactor; t = time in min; ρ = Bulk density; θ = Volumetric Water Content; kf = Forward retention rate; kb = Backward 
retention rate; b = order of retention reaction; R2 = R-squared; PB = Provo Bay; PV = Provo 

Figure 24. Nonlinear retention behavior of SF experiments showcasing nonlinear kinetics of P-sorption for PV and PB sediments. Raw trends in dS/dt (P-sorption over time) vs. C, S 
were fitted to a si ngle-reaction nonlinear kinetic model (Selim 1992) in MATLAB 2022b using a least squares regression. Parameter b is dimensionless and represents the order of the 
retention reaction, illus trating the heterogeneity of sorption processes (Selim 2014). For PV (b = -4.52), b seems to suggest more heterogeneity of sorption processes than PB (b = -2.96). 

Forward (kf; PV0.78 min-1 vs. PB0.48 min-1) and backward (kb; PV0.003 min-1 vs. PB0.003 min-1) retention rates suggest that PV experiences faster initial P-retention than PB, however as 
time progresses the retention maintained at both sites is comparable. 
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