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Abstract 

 Around the world, stormwater is a frequent and growing source of contamination for 

waterbodies. Common sources of pollution include heavy metals such as, but not limited to 

aluminum (Al), arsenic (As), cadmium (Cd), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), 

nickel (Ni), selenium (Se), and zinc (Zn). Nutrients such as phosphorus (P) also pose a large risk 

to waterbodies. Neonicotinoid pesticides are the most commonly used pesticide in the United 

States and are of growing concern to waterbodies, aquatic life, and non-aquatic life. Low impact 

development (LID) structures such as bioretention have been effective in the management of 

stormwater pollutants for decades. More recently, areas for improvement in bioretention have been 

identified and a need for additional water quality improvements has been recognized. Industrial 

byproducts have been suggested as an augmentation to bioretention design as a way to provide 

low-cost water quality improvement while giving an otherwise disposed byproduct a second and 

sustainable use.  

 This study focused on using fly ash (a coal burning byproduct), steel slag (a steel smelting 

byproduct), and biochar (wood waste heated with little to no oxygen) in treating a complex 

synthetic stormwater. This proof of concept benchtop study looked at influent and effluent 

concentrations in flowthrough column studies for a suite of metals, phosphorus, and three selected 

neonicotinoids to identify which media yielded the best removal potential for the various 

contaminants. Columns were set up in two orientations, one vertical with constant flow and full 

saturation and another horizontal which included a bioretention simulation with head-driven flow 

which flowed into a treatment column filled with the experimental media.  

 Results showed that aggregated fly ash and steel slag yielded a noticeably higher pH, likely 

from the dissolution of different -oxide species into solution. This dissolution also contributed to 
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a noticeable increase in specific conductivity. These trends were observed for biochar as well but 

at noticeably lower magnitudes. In vertical columns, the small-sized fraction of steel slag proved 

to be the best to remove most contaminants from solution. Some exceptions existed where either 

the large-sized fraction of aggregated fly ash was more effective, or results were mixed. Removal 

is generally understood to be via sorption, however further studies would be required to confirm 

the mode of removal. Major cations such as Ca+2, Na+, Mg+2, and K+ were generally leached from 

the media with aggregated fly ash and steel slag as the most common culprits due to their high 

composition of these elements. Because biochar posed a lesser leaching risk and showed 

comparable contaminant removal to aggregated fly ash, vertical column experiments suggest 

biochar as the next best treatment media behind small steel slag. Horizontal column experiments 

had the additional condition of results being compared to the removal rates of a bioretention 

simulation control column. Where the control failed to treat all three neonicotinoids, P, As+5, and 

Na+, the experimental columns containing the media of study proved to be effective treatments. 

Small steel slag again showed to be the best medium to remove As+5, and P where biochar proved 

to yet again prevent meaningful major cation leaching and was a sink for Na and all three 

neonicotinoids. Depending on the contaminant of concern being treated, either biochar or small 

steel slag would be the standout options for bioretention effluent treatment.  

 Further studies are recommended to confirm the mechanism by which contaminants are 

removed, the stability of the removed contaminants to stay out of solution, and the environmental 

safety of deploying these media into the real world. Modeling is also recommended to help guide 

future studies by predicting the state and species of contaminants in solution and their likelihood 

to sorb to the experimental media or precipitate as a result of treatment.  
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1 Introduction 

Stormwater is a common and increasing source of pollution to waterbodies worldwide. 

Increases in urbanization leads to reductions in permeable surfaces which leads to large quantities 

of water running off into receiving waterbodies. Additionally, the quality of stormwater is 

negatively impacted by urbanization. Amongst many others, roofs, cars, and roadway construction 

are prominent sources of heavy metal pollution to stormwater (Gunawardana et al., 2015; 

Kayhanian et al., 2012). The increased use of neonicotinoid pesticides over the last three decades 

has impacted invertebrate and increasingly so, vertebrate populations from the impacts of 

agricultural and urban runoff (Borsuah et al., 2020; Jeschke et al., 2011; Jeschke & Nauen, 2008; 

Morrissey et al., 2015). Additionally, both urban and agricultural uses of phosphorus-based 

fertilizers has created increasing concern for decades for its role in oversaturating waterbodies with 

nutrients, therefore leading to eutrophication and loss of aquatic life and beneficial uses (Davis et 

al., 2006; Lyngsie et al., 2014; Qin et al., 2018; Ulén et al., 2007). In terms of water quality, a 

“beneficial use” is often defined as “public and private water supply, fish and wildlife propogation, 

agriculture, primary body contact recreation (such as swimming), secondary body contact 

recreation (such as boating or fishing), navigation, and/or aesthetics” (Water Quality Standards | 

Oklahoma Water Resources Board, n.d.). This thesis will not go into depth on the many types and 

sources of stormwater pollutants, but rather rely on the evidence that stormwater pollution is 

widespread, highly dynamic, highly variable, and of increasing concern.  

Despite the challenges, much work has been done in the field of low impact development 

(LID) to implement various best management practice (BMP) techniques such as, but not limited 

to, bioretention swales, pervious pavement, detention/retention ponds, infiltration basins, and 

green roofs. Bioretention swales (hereafter referred to as simply “bioretention” or “swales”) have 
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been shown to improve water quality outcomes by capturing, retaining, treating, and slowly 

discharging stormwater back to the environment or stormwater infrastructure (Davis et al., 2006; 

Kandel et al., 2017; Paus et al., 2014; J. Vogel, personal communication, February 2022). Swales 

fundamentally consists of a soil containing 85-92% sand, 8-12% fines, and 0-5% organic material 

(J. Vogel, personal communication, February 2022). Also key to the success of bioretention is the 

addition of plants to assist in water and contaminant uptake and storage. This BMP is designed to 

receive stormwater from a designated impervious area and allow it to slowly dissipate either via 

seepage or to discharge more slowly to receiving streams or stormwater infrastructure. Meanwhile, 

natural processes such as settling, physical filtration, cation exchange, sorption, biological uptake, 

and pH buffering helps to improve water quality prior to flowing into a downstream waterbody 

(Davis et al., 2001, 2006). However, bioretention is not always comprehensive in its ability to 

remove all pollutants or effective enough to improve water quality to meet ambient water quality 

standards (BMP Statistical Analysis Tool, n.d.; Paus et al., 2014). Soil amendment studies have 

shown promising results for a variety of media such as fly ash (Cheung et al., 1994; Kandel et al., 

2017; W. Zhang et al., 2008), wood chips (Ashoori et al., 2019; Trenouth & Gharabaghi, 2015), 

biochar (Ashoori et al., 2019; Cairns et al., 2022), various types of slag (Trenouth & Gharabaghi, 

2015), and other metal-containing/metal-coated media (Trenouth & Gharabaghi, 2015) to assist in 

filling gaps in the performance of bioretention to meet water quality standards. While these 

amendments are encouraging, there are limitations to their application. All media have a limited 

lifespan in their ability to remove pollutants from stormwater due to the exhaustion of 

sorption/exchange sites or from the media itself dissolving to create complexes and precipitates or 

a combination of the two with precipitates coating the treatment media (Qin et al., 2018; W. Zhang 

et al., 2008). A solution suggested in this thesis is developing a permeable “sock” containing 
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treatment media which can be inserted in the underdrain of a bioretention swale and easily removed 

and replaced when exhausted. The objective of this study is to investigate the suitability of three 

different industrial byproducts to augment bioretention design and act as a water quality finisher. 

Results from this study will help to inform a scaled-up version including an underdrain sock design 

and to-scale bioretention design. Furthermore, this method has additional potential to serve as a 

retrofit to existing stormwater infrastructure where bioretention or other LID tools are cost 

prohibitive or infeasible.  

The primary objective of this study was to investigate three media (aggregated fly ash, 

electric arc furnace steel slag, and biochar) and their ability to remove phosphorus, a series of trace 

metals, and neonicotinoid pesticides from a synthetic storm water (SSW). This was achieved by 

conducting a series of flow through column studies as suggested by Brown (2017) and by an 

original design. Brown (2017) developed an upward-flowing vertical column that is packed with 

a treatment medium. A contaminant-spiked solution is then created and flowed through the column 

to measure the medium’s ability to remove the contaminant. This design is ideal because it 

minimizes variables by controlling velocity (6 mL min-1), temperature (25˚C), and saturation 

(100%). The second design consists of a vertical constant head column filled with fine to medium 

sand as a proxy for bioretention media then an attached horizontal column packed with the media 

of interest and a 1/16 in. (0.16 cm) orifice. The second design was meant to serve as a laboratory 

proxy for the processes observed in a field-deployed bioretention swale. Samples were taken at the 

influent and effluent of each column to ensure a complete mass balance across the treatment media. 

Initial analysis was conducted by comparing the ratio of an individual contaminant at the influent 

and the effluent points such that a value of 1.0 represents no contaminant removal, 0.0 represents 

complete contaminant removal, and >1.0 represents contaminant leaching. Henceforth this will be 
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referred to as the IE ratio (influent-effluent ratio). Results from this study will help to better 

structure bioretention to achieve better and more thorough water quality outcomes. 

 

1.1 Pollutants 

The three pollutant groups were selected due to their growing or persistent concern to water 

and environmental managers (Dr. E. Rebek, personal communication, September 13, 2021). Each 

contaminant poses a threat to waterbody beneficial uses and the aquatic life therewithin across a 

variety of scales. As is discussed below, dangers include eutrophication of surface waters and  

acute and chronic impacts on aquatic or aquatic-dependent organisms, including humans The 

behavior of all contaminants are extremely variable and dynamic and will be highly dependent on 

environmental conditions.  

 

1.1.1 Neonicotinoid Pesticides 

Neonicotinoid pesticides are a class of nitroguanidine systematic insecticides that include 

six common sub-species: acetamiprid, clothianidin, dinotefuran, imidacloprid, thiacloprid, and 

thiamethoxam. The use of neonicotinoids grew in popularity in the 1990s as a soil and seed 

treatment due to their effectiveness against insecticide-intolerant pests and their ability to target 

invertebrate species with little to no effect to mammal and vertebrate species (Yamamoto et al., 

1995). Acetamiprid, dinotefuran, and imidacloprid are all registered to treat sucking and chewing 

insects with applications including topical (for pets), on structures, on crops, or as seed treatments 

(Imidacloprid Technical Fact Sheet, n.d.; Pesticide Fact Sheet: Acetamiprid, 2002; Pesticide Fact 

Sheet: Dinotefuran, 2004). These pesticides are used on industrial and household scales to treat a 

variety of pests including (but not limited to) aphids, beetles, cockroaches, and fleas (Imidacloprid 
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Technical Fact Sheet, n.d.; Pesticide Fact Sheet: Acetamiprid, 2002; Pesticide Fact Sheet: 

Dinotefuran, 2004). One or more species of neonicotinoids are registered in over 120 countries 

and presently are the largest selling class of insecticide globally (Jeschke et al., 2011; Jeschke & 

Nauen, 2008). Despite their popularity, neonicotinoids possess properties that make them 

particularly susceptible to runoff as a result of rainfall or irrigation (Armbrust & Peeler, 2002). 

Water solubility and partitioning properties are particularly high (log Kow ranging from -0.66 to 

1.26) and soil adsorption is low (log Koc ranging from 1.41 to 3.67) which not only promotes the 

aqueous transport of neonicotinoids away from applied sites to waterbodies, but it also promotes 

long term leaching and subsurface transport (Morrissey et al., 2015). The log Koc values for three 

subspecies of neonicotinoids that are the focus of this study are shown in Table 1-1 below. 
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Table 1-1 Soil sorptive coefficients (log Koc) values for three subspecies of neonicotinoids which are the focus of this study. 

Neonicotinoid Log Koc FOA Soil Mobility Classification 

Acetamiprid 2.3 Moderately Mobile 

Dinotefuran 1.41 Mobile 

Imidacloprid 2.19-2.90 Moderately Mobile 

 

Soil persistence half-lives can range widely depending on a variety of environmental 

conditions but are generally on the scale of days to weeks. Degradation of the neonicotinoid 

molecule by water (water hydrolysis) largely does not occur in acidic to neutral waters, however, 

above pH 9, some species can hydrolyze with half-lives ranging from 2.9 days to greater than a 

year. Degradation of the neonicotinoid molecule by sunlight while in an aqueous solution (water 

photolysis) half-lives are especially shorter ranging from less than a day up to 63 days. Notably, 

acetamiprid has a water photolysis half-life of 34 days, dinotefuran of <2 days and imidacloprid 

of <1 day (Morrissey et al., 2015). Borsuah et al. (2020) and Morrissey et al. (2015) have published 

extensive reviews of the prevalence of neonicotinoids in surface waters around the world. 

Morrissey et al. (2015) conducted a review including 29 studies across 9 countries. Neonicotinoids 

were detected in “most” surface water samples including puddled water, irrigation channels, 

streams, rivers, and wetlands. The geometric mean of average surface water contamination was 

0.13 µg L-1 (n = 19 studies) where geometric mean peak concentrations were 0.63 µg L-1 (n = 27 

studies). Half of all available water monitoring studies showed detectable imidacloprid 

concentrations ranging from 0.001 to 320 µg L-1. Other species of neonicotinoids were detected at 

similar rates with concentrations ranging from 0.008 to 44.1 µg L-1 for acetamiprid, 0.003 to 3.1 
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µg L-1 for clothianidin, and 0.001 to 225 µg L-1 for thiamethoxam. A study in Eastern Canada 

conducted in the mid-1990s showed water draining potato fields was found to contain imidacloprid 

concentrations up to 11.9 µg L-1 (Canadian Council of Ministers of the Environment, 2007). A 

study from Sydney, Australia looked at rivers draining horticultural areas. Upwards of 93% of 

samples had detectable concentrations of neonicotinoids with concentrations reaching levels of 4.6 

µg L-1 (imidacloprid) and 1.3 µg L-1 (thiacloprid) after rainfall events (Sánchez-Bayo & Hyne, 

2014). A study from California (U.S.) showed 89% of surface water samples in agricultural regions 

with detectable concentrations of neonicotinoids with imidacloprid concentrations upwards of 3.29 

µg L-1 (Starner & Goh, 2012). Main et al. (2014) showed Canadian prairies sampled quarterly for 

one year had a maximum 3.1 µg L-1 clothianidin and 1.5 µg L-1 thiamethoxam with detection 

frequencies of 36.91%. Although not formally recognized waterbodies, scientists from Quebec 

(Canada) sampled puddles in corn fields to find maximum concentrations of 55.7 µg L-1 

clothianidin and 63.4 µg L-1 thiamethoxam (Samson-Robert et al., 2014). Morrissey et al. (2015) 

found no regional patterns to neonicotinoid detection in surface waterbodies, but wetlands and 

rivers that drain agricultural areas are considered most at risk. However, the authors demonstrate 

that neonicotinoids have also been frequently detected in waterbodies draining urban areas at 

similar concentrations to those that drain agricultural areas. Furthermore, results showed multiple 

neonicotinoids can be found in single water samples outside of growing season(s), proving their 

persistence in the environment even after their initial application. In a second review, Borsuah et 

al. (2020) cites a review of 55 studies in rivers across 8 countries in which “most” samples taken 

detected the presence of neonicotinoid pesticides. In a study between 2012 and 2014, 

neonicotinoids were detected in half of the 15 sites sampled with the highest imidacloprid 

concentration reaching 11.9 µg L-1 (Struger et al., 2017). Studies  from the U.S., Netherlands, and 
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Sweden showed the presence of imidacloprid, thiamethoxam, and acetamiprid in surface water 

with detection rates of 89-100% for imidacloprid, 31% for thiamethoxam, and 17% for acetamiprid 

at concentrations ranging between 0.22 to 200 µg L-1 (Starner & Goh, 2012; Van Dijk et al., 2013). 

A study conducted by the United States Geological Survey (USGS) showed concentrations as high 

as 142.8 µg L-1 (imidacloprid), 190.3 µg L-1 (thiamethoxam), and 38.2 µg L-1 (clothianidin) in 

streams across the U.S., including not only agricultural-draining, but also urban streams (Hladik 

& Kolpin, 2016). In a study of 79 samples across 7 streams in a heavily cultivated region of Iowa 

(U.S.), neonicotinoids were detected in upwards of 75% of stream samples (Hladik et al., 2014).  

Further studies show that even after removal from the market, neonicotinoids are still 

detected for years in ecosystems downstream from where they are applied. Furthermore, 

neonicotinoids pose a threat to aquatic life despite their relatively short half-life for water 

photolysis. Neonicotinoids bind to the post-synaptic nicotinerginic acetylcholine receptors 

(nAChR) in insect nervous systems leaving the channel open and effectively overwhelming the 

nervous system to the point of death (Morrissey et al., 2015; Sánchez-Bayo et al., 2016). It was 

previously understood that mammal and other vertebrate nervous systems express less affinity to 

bond to neonicotinoids based on differing nAChR configurations (Yamamoto et al., 1995). 

However, more recent studies by Bal et al., (2012), Han et al. (2018), and Kimura-Kuroda et al. 

(2012) suggest that neonicotinoids can have adverse effects on vertebrates (including humans) 

which include reproductive toxicology, neurotoxicity, hepatotoxicity/hepatocarcinogenicity, 

immunotoxicity, genetic toxicity (Han et al., 2018) as well as adverse effects on human 

reproductive health and brain development (Bal et al., 2012; Han et al., 2018; Kimura-Kuroda et 

al., 2012). In invertebrates specifically, it is documented that once neonicotinoids are bonded to 

the nACh receptors, it is irreversible, which leads to bioaccumulation of these compounds 
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therefore posing not only acute but also chronic threats (Sánchez-Bayo et al., 2016; Yamamoto et 

al., 1995). Sánchez-Bayo et al. (2016) cites several studies which indicate well documented cases 

of lethal and sublethal affects to aquatic organisms, including feeding inhibition, impaired 

movement, reduced fecundity, and reduced body size (in mayflies and fish). The authors go into 

detail of the negative impacts that neonicotinoids have on the broader aquatic ecosystem including 

loss of biodiversity and lethal and sublethal impacts on the species that rely on these waterbodies 

as a source of food and water (Sánchez-Bayo et al., 2016). A variety of chronic and acute 

neonicotinoid concentration aquatic standards have been suggested and are summarized in Table 

1-2 (amended from (Morrissey et al., 2015; US EPA, 2015b). 

 

Table 1-2 Summary of acute and/or chronic values suggested for aquatic neonicotinoids (amended from Morrissey et al., 2015 and 
US EPA (2015a)). 

Source Reference Value (µg L-1) 
(US EPA, 2015a) 1Acetamiprid 2.1 (chronic), 10.5 (acute) 

1Dinotefuran 6360 (chronic), >49550 (acute) 
1Imidacloprid 0.01 (chronic), 0.385 (acute) 

(Canadian Council of Ministers of the 
Environment, 2007) 

0.23 

(European Food Safety Authority (EFSA), 
2008) 

0.2 (acute) 

(Posthuma-Doodeman, 2008) 0.067 (chronic) 
(Smit, 2014) 0.0083 (chronic) 
(Mineau & Palmer, 2013) 0.0086 or 0.029 (chronic) 
(Morrissey et al., 2015) 0.035 (chronic), 0.2 (acute) 

1 Values represent the most stringent criteria for either fish or invertebrates 

 

In a study conducted by Klarich et al. (2017), batch studies were completed to test the 

effectiveness of granular activated carbon (GAC) and chlorination on the removal of 

neonicotinoids from drinking water. Kinetic GAC tests showed initial sorption of 75%-80%. 

Authors suggest this is likely due to the binding interactions between the GAC and specific moiety 
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structures found in neonicotinoids. Chlorination had mixed results in the removal of 

neonicotinoids, however, where successful. Chlorination reduced the half-life of clothianidin and 

imidacloprid from stable to ~2.5 days and ~70 days, respectively. In a study by Voorhees et al. 

(2017), columns of GAC were used to treat Nanopure™ water spiked with varying levels of 

imidacloprid flowing at rates of 25 mL min-1 and 50 mL min-1. The experiments were run for either 

4, 8, 50, or 100 minutes with only one experiment showing effluent above the detection limit 

(detection limit 0.007 µg L-1, single effluent of 0.757 µg L-1). Other studies summarized by Negro 

et al. (2021) demonstrated the efficient removal (71%-100%) potential of five isoreticular 

metal−organic frameworks (MOFs). These are engineered synthetic materials that are both 

environmentally non-toxic and water-stable and boast very effective removal rates (for a variety 

of contaminants) based on their high microporosity and stability. Although GAC is the most widely 

studied material for neonicotinoid removal via sorption, many other materials have been studied 

to a lesser extent. These studies have been predominately promising with some studies showing 

more promise than others. Materials studied for sorption have included kerolites (magnesium 

silicate) (Socías-Viciana et al., 2003), sepiolite (hydrated magnesium silicate clay) (González-

Pradas et al., 1999), zerovalent iron (Roccamante et al., 2022), bentonite (Jain et al., 2017), and 

smectite (Cox et al., 2000).  

Only one study investigated the removal of neonicotinoids from an aqueous solution using 

bioretention (Ahmad Zubairi et al., 2022). Results showed that in treatment train setups without 

plants, only 65% of imidacloprid was retained within the bioretention system regardless of any 

soil amendment. However, adding plants to the system greatly improves the outcome with only 4 

out of 12 planted treatment train setups resulting in any imidacloprid leaving the system. Of which, 

the imidacloprid reported leaving the system ranged from 0.53% to 2.58% of the original influent 
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concentration. This study showed that bioretention can be an effective tool in removing 

neonicotinoids, especially with the addition of carefully selected plants. 

 

1.1.2 Metals 

Metals and metalloids are a common water quality contaminant and are of concern due to 

their toxicity to both humans and aquatic life. Some metals are essential micronutrients for 

supporting life, however all metals are toxic at some level. The USEPA lists metals of concern for 

human health and consumption to include aluminum (Al), arsenic (As), antimony (Sb), barium 

(Ba), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), 

manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), silver (Ag), 

strontium (Sr), thallium (Tl), vanadium (V), and zinc (Zn) (Langmuir et al., 2004). Amongst these, 

Sb, As, Mo, Se, and V are commonly considered metalloids, however henceforth both metals and 

metalloids will be referred to under the umbrella term “metals”. Metals can exist in many different 

forms in aquatic environments however they become an impairment when they are biologically 

available or exist at high concentrations. This impairment can affect the ability of aquatic life to 

reproduce and behave naturally and survive (Baby et al., 2011; US EPA, 2015c). Furthermore, 

metals have also been shown to negatively affect human health either through direct exposure or 

through bioaccumulation in food sources (Baby et al., 2011; OSHA, 2004).  

Evidence of metals contamination in stormwater is widely documented (Gunawardana et 

al., 2015; Huber et al., 2016; Kayhanian et al., 2012; Rommel et al., 2021; US EPA, 2015c). In a 

comprehensive review, Huber et al. (2016) compiled 294 studies across all continents (excluding 

Antarctica) investigating traffic related metals pollution in stormwater. Measurable levels of Co, 

Mn, palladium (Pd), platinum (Pt), rhodium (Rh), titanium (Ti), and tungsten (W) were found in 
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stormwaters worldwide and are reported to be associated with anthropogenic sources. Of higher 

frequency, Cu, Pb, and Zn were also found worldwide and were identified to be the more prolific 

and concerning due to anthropogenic contamination. Rocks and soils are a natural source of metals 

to aquatic environments however human activities can either introduce or magnify the flux of 

metals into, within, and out of aquatic environments (Schlesinger & Bernhardt, 2013). 

Atmospheric deposition is also a common source of metals in aqueous environments, however it 

constitutes a smaller percentage of overall metals flux into fresh waterbodies than soils, rocks, and 

anthropogenic activities (Schlesinger & Bernhardt, 2013). Common anthropogenic sources of 

metals are mines, smelters, firing ranges, municipal waste treatment outfalls, industrial point 

sources, junkyards, landfills, and non-point sources such as parking lots, roads, fertilizers, 

pesticides, legacy contamination, and land/land cover disturbances (US EPA, 2015c). Once 

introduced in an aquatic environment, metals are indefinitely persistent and conservative 

(Langmuir et al., 2004) and contamination is difficult to detect beyond conducting water quality 

analyses (US EPA, 2015c). Metals can exist within an aquatic environment as aqueous complexes, 

flocculates, , organometallic compounds, sorbed onto solid particles, and/or as free metal ions 

(Langmuir et al., 2004; Rommel et al., 2021; US EPA, 2015c). Factors that affect the form of 

metals in aquatic environments include pH, temperature, redox potential, ionic strength of the 

water, the presence of methylating microbes, and the availability of binding sites (Langmuir et al., 

2004; US EPA, 2015c). Dissolved metals are more bioavailable and therefore more toxic as 

opposed to their complexed or particulate-bound form (Rommel et al., 2021; US EPA, 2015c). 

Operationally,  the fraction that passes through a 0.45 µm filter is generally considered as metal 

ions in solution (i.e., dissolved metals) (US EPA, 2015c). Under low pH conditions, metals are  

typically found as free metal ions into solution (US EPA, 2015c). Free metal ions have the greater 
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bioavailability for fish due to metal ions competing with nutrient binding sites on the gill epithelia 

(US EPA, 2015c). This impairs the fish’s respiratory function and ability to regulate blood pH and 

ionic concentrations ultimately leading to negatively impacted health and reproduction, and/or 

ultimately death (US EPA, 2015c). The toxicity and impairment ability of metals in aquatic 

environments are dynamic and are dependent on a range of factors such as metal to nutrient ratios, 

metal species (free ions, complexes, particulate bound, precipitants, or organometallic 

compounds), metal-specific concentrations, organism-level sensitivities as well as a broad range 

of other chemical and kinetic variables (US EPA, 2015c). Much like a metal’s speciation in 

solution, a metal’s ability to come out of solution is driven solution chemistry as well as the 

chemistry and properties of potential adsorptive materials (Langmuir et al., 2004).  

Changes in the concentrations of metals in water is commonly the result of two main 

processes: precipitation and sorption (Langmuir et al., 2004). Unlike organics where the adsorption 

of metals is often modeled using isotherm approaches, metals are a more complex sorption process 

(Langmuir et al., 2004). In the case of metal ions in solution, these ions interact with a sorptive 

medium with a charge opposite of that of the metal ion (electrostatic sorption). However, 

obfuscating this interaction is the complexity of what speciation each metal ion will take as well 

as the variability of surface charge on a specific solid (Attard & Barnes, 1998). Surface 

complexation reactions involving metals are influenced by environmental conditions such as pH, 

temperature, redox potential, ionic strength, the presence of organic matter, and the availability of 

binding sites (Genç-Fuhrman et al., 2007; Gunawardana et al., 2015; Langmuir et al., 2004; 

Rommel et al., 2021; US EPA, 2015c).  

The point at which the surface charge of a media switches is referred to as the zero point 

charge (Genç-Fuhrman et al., 2007; Langmuir et al., 2004). An example by (Dzombak & Morel, 
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1990) demonstrates that under low pH conditions the surface charge of ferrihydrite was more 

positive which lent surfaces to bind with dissolved anionic metal species where at higher pH 

conditions the surface charge became more negative which allowed for the binding with metallic 

cation species in solution. Although this phenomenon can occur, for many absorptive media the 

zero point charge is outside the environmental conditions one would realistically expect, therefore 

in many cases an absorptive media can be considered constant as either a positive or negative 

surface charge (Langmuir et al., 2004). Langmuir et al. (2004) lists a series of clays as well as 

organics/humic materials, Mn-oxyhydroxides, and ferrihydrite as excellent metal-adsorbent 

materials based on their surface area and sorption site densities. There are many ways to model 

metal adsorption, however Langmuir et al. (2004) and the USEPA agree that the best methods 

include surface complexation, electrical double layer theory, and diffuse layer models. In short, 

these models consider the arrangement of charged particles around individual sorptive grains and 

how they interact with environmental conditions as well as dissolved metal ions in solution 

(Langmuir et al., 2004). Many studies have been conducted to investigate the feasibility of using 

a sorptive media to remove dissolved metals from solution (Genç-Fuhrman et al., 2007; 

Gunawardana et al., 2015). Results found that sorptive media that poses a large surface area (or 

high porosity in the case of low surface area media), a large amount of sorption sites, and surfaces 

that tend to be highly charged at common natural water pH (6-8) are best suited to remove metals 

from solution (Genç-Fuhrman et al., 2007; Gunawardana et al., 2015; Langmuir et al., 2004). In a 

dynamic system many factors (such as solution pH, ionic strength, organic matter content, etc.) 

can change which will ultimately impact the effectiveness and mode of metals removal. For 

instance, Langmuir et al. (2004) state that “[a]s metal concentrations further increase and fill 

available sorption sites, most metals tend to be incorporated in the structures of major mineral 
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precipitates as coprecipitates in which they substitute for major metal cations, forming so-called 

solid solutions.” Genç-Fuhrman et al. (2007) alluded to this phenomenon when showing that for 

many, if not most cases the removal of metals from solution eventually was driven by 

oversaturation and precipitation in the form of the aforementioned “coprecipitates.” As they relate 

to metals, bioretention swales are effective in retaining particulate bound metals by means of 

physical filtration and settling out of particulate matter (Rommel et al., 2021). However Rommel 

et al. (2021) and data from the BMP Statistical Analysis Tool (n.d.) summarized in Table 1-3 show 

that this best management practice (BMP) technique is not always the most effective or 

comprehensive at removing the dissolved fractionation of metals in an aqueous solution.  
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Table 1-3 Median influent and effluent values for metals in various BMP devices (grass swale, infiltration basin, percolation trench, 
bioretention, high rate biofiltration, and multi-chambered treatment train) for available studies nationwide. (BMP Statistical 
Analysis Tool, n.d.) 

 Dissolved Metals In (µg L-1) Dissolved Metals Out (µg L-1) % Difference 
Al 62.92 50 21 
As 3.64 3.51 4 
Be 0.25 0.25 0 
Cd 1.05 0.3 71 
Cr 2.15 1.29 40 
Co NA NA NA 
Cu 49.46 9.8 80 
Fe 72.79 122.07 -68 
Pb 3.53 1.97 44 
Mn 26.67 68.6 -157 
Ni 2.76 3.18 -15 
Se 0.58 0.58 0 
V NA NA NA 
Zn 65.79 30.96 53 
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Changes in environmental conditions (such as a decrease in pH) are likely to lead to desorption of 

bound metals from their sorbents (Langmuir et al., 2004; Rommel et al., 2021), so careful 

consideration needs to be taken when engineering a sorption filter for metals removal. The primary 

federal programs (United States) which pertain to the limiting of metals in aquatic environments 

are the Safe Drinking Water Act (maximum contaminant levels for human consumption), the 

Clean Water Act (ambient water quality criteria), CERCLA (site remediation targets), and RCRA 

(waste management) (Langmuir et al., 2004). Ambient water quality standards (Table 1-4) are 

recommended by the US EPA (2015b) for adoption by individual states under section 304a of the 

Clean Water Act. 

 

Table 1-4 EPA National Recommended Aquatic Life Criteria for freshwater (US EPA, 2015b). 

Metal Acute (µg L-1) Chronic (µg L-1) 
As 340 150 

Cd 1.8 0.72 

Cr+3 570 74 

Cr+6 16 11 

Fe -- 1000 

Pb 65 2.5 

Ni 470 52 

Zn 120 120 
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1.1.3 Phosphorus 

 Phosphorus (P) is another element that contributes to pollution of stormwater. Phosphorus 

can exist in many forms, however, the most common form discussed for P in the environment is 

in the form of the phosphate ion (PO43-). Fundamentally, PO4-3 is bioavailable in the environment, 

however this term is commonly used more broadly to refer to any compound containing the 

phosphate molecule therefore obscuring whether it is bioavailable or not. On the other hand, 

orthophosphate (ortho-P) refers to “free” phosphate that is fundamentally bioavailable. 

Phosphorus is a limiting nutrient which supports the growth of photosynthesizing organisms and 

commonly is used in agricultural and domestic applications as a fertilizer to assist in the growth 

of crops, grass, and other plants (Schlesinger & Bernhardt, 2013). Unlike other pollutants 

discussed in this thesis, P is not considered for its direct toxicity to aquatic life, and it does not 

have associated acute or chronic toxicity thresholds. Rather P, at high levels, is considered 

potentially environmentally hazardous for the role it plays in the eutrophication of waterbodies 

(Davis et al., 2006; Lyngsie et al., 2014; Schlesinger & Bernhardt, 2013; Ulén et al., 2007; US 

Department of Commerce, n.d.). Eutrophication is a phenomenon that occurs when excess 

nutrients collect in a waterbody allowing for an overwhelming growth of algae in the water. If 

dense enough, these algae can block out sunlight and kill other plants in the water which provide 

a vital source of oxygen to the aquatic life. In the meantime, it is not uncommon for these algae to 

release toxins which can be detrimental to humans and aquatic life. Once dead, the algae are 

consumed by microbes who’s increased activity can further prolong the depleted or absent oxygen 

supply (US Department of Commerce, n.d.; US EPA, 2015d).  

The US EPA (2015) cites many different sources for increased P flux in the environment 

both from point sources such as industrial discharges as well as semi-point and non-point sources 



 
 

19 

such as mining, resource extraction, agriculture, and urban development. A prominant flux of P in 

the environment is through soil erosion, although this source alone is not often likely to spark a 

eutrophication event in a downstream waterbody (Schlesinger & Bernhardt, 2013). However, the 

application of P-rich fertilizers used in urban development and/or agriculture is often thought of 

as the primary source for eutrophic events (Ulén et al., 2007; US EPA, 2015d). The acceptable 

limit for P in a waterbody is highly dependent on the ecology, chemistry, and geometry of the 

receiving waterbody and its associated watershed and is often regulated and monitored on a site-

by-site basis (US EPA, 2013; Water Quality Standards | Oklahoma Water Resources Board, n.d.). 

There are many strategies for preventing the flux of P through aquatic systems such as fertilizer 

management and conservation tillage, however these methods often fall short of reaching the 

necessary P reductions for protecting waterbodies and may not always be an applicable method 

for P management (Qin et al., 2018).  

Instead, a common strategy is to utilize bioretention swales to provide a low cost, aesthetic, 

and small footprint solution (Arias et al., 2001; Davis et al., 2001, 2006; Hsieh et al., 2007; Lyngsie 

et al., 2014; Paus et al., 2014; Qin et al., 2018). Previous studies have shown promising results 

with total P removals between 55% and 85% (Carleton et al., 2001; Davis et al., 2001, 2006) with 

one study reporting only 39% total P removal (Barrett, 2003). While the contents and chemistry 

of a bioretention swale are major contributing factors to a swale’s success at removing or adding 

P, other factors such as media layering, plant type, and proper maintenance play a prominant role 

in P removal efficiency (Hsieh et al., 2007). A wide array of sorptive media have been explored 

for P sorption (Agyei et al., 2002; Arias et al., 2001; Davis et al., 2006; Hsieh et al., 2007; Kandel 

et al., 2017; S. Li et al., 2017; Lyngsie et al., 2014; Okochi & McMartin, 2012; Paus et al., 2014; 

Scott & Penn, 2021; Tang & Nairn, 2021; W. Zhang et al., 2008) with, the content of Al-, Ca-, Fe-
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, and Mg-(hydr)oxides and carbonates proving the best chemical predictor for highly efficient P 

removal via sorption (Lyngsie et al., 2014).  

Qin et al. (2018) discusses several of the various complexes that result in the removal of 

can form when P is removed from an aqueous solution. The authors show that sorption is common 

with Al- and Fe-hydroxides and in many cases, precipitates are formed with varying levels of 

crystallinity in the way of Al-phosphate species such as wavellite, Fe-phosphate species such as 

strengite, and Ca-phosphate species such as monetite. Once removed from solution, P is not always 

static in the form that it takes. A study conducted by Ippolito et al. (2003) suggested that P can 

form outer sphere Al-complexes which, given time, can transition to more stable inner-sphere 

complexes and eventually an even more stable mineral phase, variscite. In a dynamic system, many 

different reactions can both inhibit and promote the removal of P from solution. One example of 

this is dissolved organic matter (DOM) which is a great source of debate and is relevant to the 

applicability of P sorption in bioretention swales. The broadly accepted convention is that DOM 

inhibits the sorption of P in soils (von Wandruszka, 2006), however, some authors argue that 

decomposing organic matter releases P into the system which increases the overall total P in the 

system therefore making it appear as if DOM hinders P sorption (Guppy et al., 2005). While this 

specific point is hotly debated, Guppy et al. (2005) raises the excellent observation that organic 

matter can also be a source of P in a system designed to remove P. Furthermore, mismanagement 

of bioretention swales can also increase P leaching through poor soil management or from the 

wrongful addition of compost or organic mulch (von Wandruszka, 2006). 

 As mentioned, the chemistry of the media is not the only influence on the ability of a media 

to remove P from solution. The surface area of the sorptive media and geometry (such as media 

depth, development of macropores, and media conductivity) of a bioretention swale will impact 
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the P removal efficiency (Davis et al., 2006; Lyngsie et al., 2014; Qin et al., 2018). Once sorbed 

or precipitated, P is immobilized and allows for the more metered uptake by plants within the 

bioretention swale which will allow it to be stored in an organic form within the plants themselves. 

This process serves as a sink for P and increases the capacity for the media to remove more P from 

solution (Davis et al., 2006).  

 

1.2 Treatment Media 

Three different types of treatment media were selected for, among other reasons, their abundance, 

low cost, and lack of widespread secondary uses. The intent with the three media is to identify a 

beneficial secondary use while also providing a low-cost solution to stormwater management and 

bioretention deficiencies. Media preparation and sourcing will be discussed in the methods; 

however, this section highlights the most common characteristics of each media and provides a 

review of existing literature as it pertains to the various media uses for stormwater application.  

 

1.2.1 Fly Ash 

Fly ash is a portion of the product left after burning coal, typically for power generation. 

After combusting coal, 75-80% of the material remaining is fly ash which accounts for roughly 

500 million tons worldwide every year (Ahmaruzzaman, 2010). This byproduct has several uses 

beyond power generation including its use in concrete, as a road base, and as a contaminant-

sorbing medium (Ahmaruzzaman, 2010). However, estimates from 2009 show that only 16% of 

all fly ash produced worldwide is reused in any way (Ahmaruzzaman, 2010).  

Generally, fly ash is primarily composed of SiO2, Al2O3, Fe2O3, and CaO with other 

compounds such as MgO, SO3, Na2O, and K2O found at much lower concentrations 
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(Ahmaruzzaman, 2010). Variations in the composition of any particular fly ash will be highly 

dependent on the source and quality of the coal that is combusted. Additionally, the American 

Society for Testing Materials (ASTM C618-05, 2005) delineates ash that has a wt% of combined 

SiO2, Al2O3, Fe2O3 content greater than 70 as “class F” and ash with a combined wt% of the 

mentioned compounds between 50% and 70% as “class C.” In addition, fly ash is known to contain 

elements such as P, K, Zn, Fe, Cu, Mn, B, and Mo (Ahmaruzzaman, 2010). Fly ash is typically 

grey to tan in color and measures 0.075mm or less in diameter (Ahmaruzzaman, 2010). It can be 

utilized in its powder form or it can be mixed with water (in the case of class C ash) or water and 

calcium hydroxide (in the case of class F ash) to form a hardened form (Ahmaruzzaman, 2010).  

 Ahmaruzzaman (2010) provides an excellent and comprehensive review of fly ash and its 

utilization in removing several aqueous contaminants. Other studies have shown adsorption 

capacities (in mg g-1) for a variety of metals shown in Table 1-5 below. 
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Table 1-5 Selected literature of heavy metal removal capacities of fly ash. 

Metal Adsorption capacity (m g-1) Reference 
Cd+2 0.08-0.29, 6.19; 198.2; 207.3 (Chandra Srivastava et al., 2006); (Apak et al., 1998) 
Cr+6 3.7-89.2; 7.7-27.8 (Chandra Srivastava et al., 2006) 
Cu+2 7.5; 207.3 (Ricou et al., 1999); (Apak et al., 1998) 
Ni+2 6.48 (Chandra Srivastava et al., 2006) 
Pb+2 18.8; 444.7 (Ricou et al., 1999); (Apak et al., 1998) 
Zn+2 7.03; 3.4 (Chandra Srivastava et al., 2006); (Ricou et al., 

1999) 
 

Overall, the body of literature on fly ash as a sorptive media supports its utilization for 

removing metals, phosphorus, and pesticides. Sorption of a variety of metal ions was studied with 

fly ash and the composition, thermodynamics, and kinetics were determined for the most efficient 

removal (Apak et al., 1998; Ayala et al., 1998; Bayat, 2002a, 2002b; Diamadopoulos et al., 1993; 

G. Gupta & Torres, 1998; V. K. Gupta et al., 1998, 2003; V. K. Gupta & Ali, 2000, 2004, 2004; 

V. K. Gupta & Sharma, 2003; Hsu et al., 2008; Lin & Chang, 2001; S.-C. Pan et al., 2003; Panday 

et al., 1985; Rao et al., 2003; Rio et al., 2002; S. Wang et al., 2008; Yadava et al., 1987). The 

content of CaO (Bayat, 2002a), C (Lin & Chang, 2001), and humic acid (S. Wang et al., 2008), as 

well as the designation as a silico-aluminous fly ash (Rio et al., 2002) had a positive correlation 

on the removal of Cr(VI) and Cd(II), Cu(II), Pb(II), and Ni(II), respectively. Removal efficiency 

can rely on a great number of variables, primarily environmental conditions. The control of 

removal efficiency is pH, temperature, and concentration of metals in solution (Bayat, 2002a; V. 

K. Gupta & Ali, 2004; Panday et al., 1985; Yadava et al., 1987) with removal typically increasing 

with increasing pH up to a certain point and at high solution metal concentrations (Ahmaruzzaman, 

2010). Low solution temperatures favored removal for exothermic reactions, however, high 

temperatures were found to generally be more favorable indicating typically endothermic reactions 



 
 

24 

(Bayat, 2002a; G. Gupta & Torres, 1998). Surface area of the fly ash itself can also impact sorption 

with higher surface areas resulting in more efficient removal (Ahmaruzzaman, 2010). This surface 

area will impact kinetics which were found to largely be first order with mechanisms such as 

intraparticle transport (Yadava et al., 1987) or diffusion (Lin & Chang, 2001) the limiting factors. 

As shown in Table 1-5, fly ash has been studied to be effective in the removal of Cd(II) (Apak et 

al., 1998; Ayala et al., 1998; Bayat, 2002a, 2002b; V. K. Gupta et al., 2003), Cu(II) (Apak et al., 

1998; Ayala et al., 1998; V. K. Gupta & Ali, 2000; V. K. Gupta & Sharma, 2003; Hsu et al., 2008; 

Lin & Chang, 2001; Rao et al., 2003; S. Wang et al., 2008), Pb(II) (Apak et al., 1998; G. Gupta & 

Torres, 1998; Rao et al., 2003; Rio et al., 2002; S. Wang et al., 2008), Zn(II) (Bayat, 2002a; V. K. 

Gupta & Ali, 2000; V. K. Gupta & Sharma, 2003; Rio et al., 2002), Cr(VI), and Cr(III) (Rio et al., 

2002).  

Fly ash has also been found to be a good source for P removal. Though not studied as 

thoroughly as metals, P seems to have an affinity to bind with Ca+2 ions forming calcium 

phosphates and precipitating out of solution or creating weak Ca-P bonds in the case of sorption 

(Chen et al., 2007; Cheung & Venkitachalam, 2000; S. Li et al., 2017; Qin et al., 2018; Tsitouridou 

& Georgiou, 1988; Ugurlu & Salam, 1998; Vordonis et al., 1988; W. Zhang et al., 2008). Chen et 

al. (2007) calculated a maximum sorption capacity of P onto fly ash to be between 5.51 to 42.55 

mg g-1 and correlated very strongly and positively with Ca and Fe content (r = 0.9836 and 0.8049, 

respectively) and negatively with Al and Si content. Increasing pH also favors the removal of P 

via the Ca-P reactions (Chen et al., 2007). Phosphorous removal for low-Ca fly ash was more 

favorable at more neutral pH likely due to P preferring to bond with Al- and Fe-oxides (Qin et al., 

2018; W. Zhang et al., 2008). Zhang et al. (2008) points out that at higher solution pH (which is 

the more likely resulting condition to find when water interacts with fly ash), the Al- and Fe-oxide 
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reactions are not likely to be the primary driver of P removal. However, the authors do mention 

that P removal via bonding with Al- and Fe-oxides is still likely at more neutral pH and Qin et al. 

(2018) goes into greater depth of this reaction as a primary sink for P out of solution. 

No literature was found which studied the efficacy of fly ash in treating aqueous 

neonicotinoid pesticides. However, fly ash has been studied for the removal of DDD [2,2-

bis(4chlorophenyl)-1,1-dichloroethane] and DDE [2,2-bis(4-chlorophenyl)-1,1-dichloroethene] 

(V. K. Gupta & Ali, 2001), lindane and malathion (V. Gupta et al., 2002), carbofuran (Kumari et 

al., 1988), and TCB and HeCB (Nollet et al., 2003). DDD and DDE were removed from an aqueous 

solution between 93-98% (V. K. Gupta & Ali, 2001), lindane and malathion was removed from 

solution between 97 and 98% (V. Gupta et al., 2002), and TCB and HeCB was removed from 

solution up to 97% (Nollet et al., 2003). 

 

1.2.2 Steel Slag 

Slag is a byproduct from the manufacturing of steel either by blast furnace (iron slag), basic 

oxygen furnace, or electric arc furnace steel generation (steel slag). For every ton of steel produced, 

between one half and one ton of slag is produced (Lobato et al., 2015). In 2021, nearly 1.95 billion 

tons of steel was produced globally, therefore by the estimations proposed by Lobato et al. (2015), 

slag production should be between 8.5 and 1.95 billion tons (“2021 Global Steel Production,” n.d.). 

There are many identified uses for slag, however, the simplest and most common disposal is into 

landfill (X. Zhang et al., 2020). Other uses include bases for various construction applications 

(Biskri et al., 2017; Ferreira et al., 2016; Pasetto et al., 2017; Vijayaraghavan et al., 2017), 

fertilizers and soil conditioning (Ali & Shahram, 2007; Y. Li & Dai, 2018; X. Wang & Cai, 2006), 

removal of heavy metals and phosphorus from water (Kim et al., 2008; Piatak et al., 2019; Scott 
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& Penn, 2021; X. Wang & Cai, 2006; Wu et al., 2014; F.-S. Zhang & Itoh, 2006), as a neutralizing 

agent for acid mine drainage (Goetz & Riefler, 2014; Moodley et al., 2018), and for carbon dioxide 

fixation (S.-Y. Pan et al., 2016). Additionally, reclaiming elements from the slag itself to be re-

used in the steel-making process is seen as a potential use or reuse of iron slag (Lan et al., 2017). 

Reclaiming elements from slag usually requires pre-treatment which can release not only the 

desired metals, but other toxic metals, creating an environmental concern (Baciocchi et al., 2015; 

Gomes & Pinto, 2006). Piatak et al. (2019) shows, however, that ferrous slag, compared to non-

ferrous slag is more environmentally safe for different forms of reuse. Table 1-6 taken from X. 

Zhang et al. (2020) shows the compositional breakdown of the two major types of slag. 
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Table 1-6 General composition of iron and steel slags (X. Zhang et al., 2020). 

Composition Iron slag (wt%) Steel slag (wt%) 
Calcium (CaO) 30-50 30-60 
Silica (SiO2) 25-45 10-45 
Aluminum (Al2O3) 0-10 0-15 
Magnesium (MgO) 3.5-15 5-20 
Iron (FeO and Fe2O3) 10-30 0.1-3.6 
Others (P, S, other metals) <5% <5% 

 

Kim et al. (2008) performed batch experiments looking at the removal of copper using three 

different slags at varying pH. Each slag varied in its proportion of CaO, SiO2 Al2O3, MgO, MnO, 

and total Fe. Sorption was found to be likely in slags with high calcium oxide, magnesium oxide, 

and aluminum silicates. However, results showed that when pH was above 3.0, sorption only 

contributed to 12% of the total Cu removed from solution. As pH increased, the potential for the 

formation of metal hydroxides increased. This mechanism successfully precipitated copper out of 

solution. Though not the primary mechanism of removal, copper sorption onto the three slags were 

17.4 mg g-1, 7.2 mg g-1, and 6.2 mg g-1. Another study performed by Wu et al. (2014) looked at 

removing Pb+2 from a preprepared aqueous solution by using dry desulfurization slag. This slag had 

a high proportion of CaO and SO2 as opposed to other slags which are higher in Si-, Al-, Mn-, and 

Fe-oxides. Results showed great promise for this slag to remove wastewater Pb+2. As was seen 

with Cu(II), removal was highly dependent on pH. Generally, higher removal efficiency was 

observed at higher pH, however the optimal efficiency observed at pH 6. The maximum sorption 

capacity was found to be 130.2 mg g-1. In a study conducted with washed and unwashed steel 

slags, Liem-Nguyen et al. (2020) demonstrated both slags to be effective at removing arsenate 

(As+5) from solution. Adsorption alone was reported to account for 4.0 mg g-1 of As+5 removal 
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from solution, however when adsorption and precipitation combined, the retention capacity jumps 

to 13.7 mg g-1. An initial solution pH helps to optimize the removal of arsenate and washing the 

steel slag with a low pH solution prior to use helps to get a more uniform fit to the Langmuir 

equation, representing a more uniform removal behavior. The authors also note that adsorption 

kinetics are instant and adsorption is not noticeably affected by common ions also in solution such 

as sulfate, carbonate, chloride, iron(III) and organic matter. Scott & Penn (2021) explain the 

removal of P from solution as shown in equations (1) and (2): 

 
Equation 1-1  Phosphorus removal reactions in calcium rich materials (Scott & Penn, 2021) 

𝐶𝑎!𝑆𝑖𝑂" + 4𝐻# → 2𝐶𝑎!# + 2𝐻!𝑂 + 𝑆𝑖𝑂! 

𝐶𝑎!# + 𝐻$𝑃𝑂"$%& → 𝐶𝑎𝐻$𝑃𝑂"$%'			𝑤𝑖𝑡ℎ	0 < 𝑥 < 2 

This equation is further backed by Piatak et al. (2019) where experiments showed a positive linear 

correlation (R2 = 0.5, n = 12) between P removal capacity and Ca content. Silicate dissolution (Zuo 

et al., 2018), pH and initial P concentrations (Bowden et al., 2009), and residence time (Drizo et 

al., 2006; Scott & Penn, 2021) also are shown to have strong correlations with dissolved P removal. 

Qin et al. (2018) investigated phosphorus removal using, amongst other materials, four different 

slags. The authors reported slag composition in “total” Ca, Al, and Fe, although from other studies 

we can assume these are largely in the –(hydr)oxide form. One of the slags was a recovered slag 

that was rejuvenated by treating it with Al-sulfate. Phosphorus was shown to be removed via a 

mix of sorption and precipitation. Overall, the slags were all found to remove 98% of total P from 

solution. Hydroxyapatite (Ca10(PO4)6(OH)2) was found to precipitate out 37-87% of total P in 

solution with the remaining fraction (11-61%) accounted for by the formation of Al- and Fe-

phosphates. Another study conducted by Scott & Penn (2021) tested the efficacy of eighteen 
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different steel slag samples at removing dissolved P from solution in flow through experiments. 

Several of the slag samples were treated with an Al coating and flow through velocities were 

varied. Results showed between 12% and 96% dissolved P removal with the variability explained 

by differences in residence time, slag source, and level of Al-coating. Additional variables 

affecting P removal were pH buffering capacity, electrical conductivity, total Mg content, particle 

density, and bulk density. Al coating was found to improve removal in rapid flow through 

conditions as this slag relies more on Al-phosphate reactions rather than the Ca mechanism of 

removal, which is highly dependent on residence time. The authors also state that their experiments 

showed no statistically significant connection between slag Ca content and P removal. This 

contradicts much of the literature but is in line with the objectives of the authors’ study which was 

to show that P removal is dependent on a more complex combination of slag composition and 

environmental conditions rather than simply Ca content.  

Unlike metals and phosphorous, pesticide removal using slag has largely gone unstudied. 

While not a perfect proxy for neonicotinoids, atrazine (a commonly used herbicide) removal from 

water was studied using several sorbent media, including steel slag (Gonzalez et al., 2016). Results 

from this study were not promising for steel slag, with atrazine removal at only 0.3% from solution. 

The authors point out that sorption by oxides is highly pH dependent with low pH favoring 

removal. This is shown in slags that are primarily composed of Ca-, Al-, and Fe-oxides. In their 

experiments, the resultant pH after being treated with steel slag was 9.6 which was deemed to be 

the primary reason steel slag was found to not be effective for this specific herbicide removal. In 

another study the removal of 2,4-D and carbofuran pesticides from water using a variety of 

sorbents was tested (V. K. Gupta et al., 2006). Blast furnace slag was used and was yet again found 

to be “negligible” in the removal of these pesticides. The authors did not expand further into the 
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role of blast furnace slag in removing these pesticides preferring instead to discuss other materials 

that performed better. However, the study did go on to show that sorption was highly dependent 

on pH with a noticeable drop off in sorption around pH 8 and greater. With Gonzalez et al. (2016) 

the resultant pH from water treated with slag is expected to be at or above pH 8, therefore low 

sorption can be assumed to be low largely due to pH impacts. Lastly, a review of pesticide removal 

from drinking water by Cosgrove et al., (2019) indicated steel slag as a potential source of pesticide 

removal, however the authors did designate it as “low removal” albeit “low cost.” 

 

1.2.3 Biochar 

Biochar is a material similar to charcoal which is composed of hard woods that underwent 

decomposition at high temperatures between 350-1000°C with little to no oxygen available during 

heating (pyrolysis) (Cairns et al., 2022). This process develops “highly aromatic clusters” which 

make biochar chemically stable and highly porous (Yang et al., 2018). Different biochar sources 

and production methods (slow pyrolysis, fast pyrolysis, gasification, and hydrothermal 

carbonization) can have large impacts on the medium’s ability to remove contaminants (Mohanty 

et al., 2018). The most common method is slow pyrolysis which heats the source at 5-7°C min-1 to 

a temperature between 300-800°C and results in less syngas (CO, CH4, and H2) production 

(Mohanty et al., 2018).  

A useful property of biochar is a large surface area achieved by the media itself being 

highly porous, unlike fly ash and steel slag. One study by Tan et al. (2016) reported surface areas 

of 32.85, 53.58, and 59.23 m2 g-1 for pristine, slow pyrolysis biochar and two modified, slow 

pyrolysis biochars, respectively. Source material and production type can have large impacts on 

surface area with soft woods having higher surface areas than hard woods (Mohanty et al., 2018). 
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Most importantly, however, is the aromatic ring structure that is provided by the high organic C 

content of the biochar (Table 2-6) (Shi et al., 2022; P. Zhang et al., 2018). Organic aromatic ring 

structures provides further electrostatic forces such as p-p bonding, cation-p bonding, and h-

bonding (Shi et al., 2022; P. Zhang et al., 2018). Other properties such as pH, cation/anion 

exchange capacity, hydrophobicity, and ionic strength are also affected by source and production 

method (Mohanty et al., 2018). For instance, cation exchange capacity is thought to be higher in 

biochars produced through the low pyrolysis method because tvolatile organics remain on the 

biochar (Mukherjee et al., 2011; Suliman et al., 2017). Hydrophobicity is also a key property of 

biochar and measures the organic carbon content which can enhance pollutant sorption especially 

for hydrophobic organic compounds (such as neonicotinoids) and pathogens (Mohanty et al., 

2018). Al-Wabel et al. (2013) broke down the elemental composition of biochar further to show 

the primary constituents to be C, O, and Ca and more minor compositional constituents to be H, 

N, S, Mg, K, and P. This same study looked at the compositional breakdown of the same biochar 

at different pyrolysis temperatures. Results showed that C, N, Ca, Mg, K, and P became more 

concentrated in the biochar likely due to increased loss of O, H, and S due to volatilization at 

higher pyrolysis temperatures.  

A review by Gwenzi et al. (2017) identified the major paths of metals removal from 

solution as cation exchange, electrostatic interactions (between media and metal), sorption, and 

co-precipitation. Zhou et al. (2016) investigated the role that ash content of a biochar plays in the 

removal of metals (specifically copper). Results found that removal of ash increased Cu sorption 

for one biochar. However, biochars with ash still present had mixed results. Biochars with high 

anion content and ash present improved the removal of Cu, however, biochars with a high cation 

and ash present content showed the opposite effect. Furthermore, the presence of ash on the biochar 
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was found to increase resultant pH which is likely to lead to precipitation of metals from solution. 

Ding et al. (2016) found a low pyrolysis biochar to have a sorption capacity of 11.2 mg Pb g-1 in a 

solution spiked with only Pb. Competitive sorption isotherms between Pb, Cu, Zn, Cd, and Ni 

showed that in mixed-metal solutions, some Pb (and other metal) sorption occurred, however, each 

individual metal’s sorption capacity was negatively impacted resulting in sorption capacities of ~2 

mg g-1 for Pb and Cu, ~0.1 mg g-1 for Cd and Ni, and ~0.4 mg g-1 for Zn. Pretreating the biochar 

with an alkaline solution yielded enhanced metals removal but also increased the cost of the 

treatment media. In a flow-through column experiment, Reddy et al. (2014) found that a gasified 

biochar removed 47% of dissolved phosphate from a solution prepared with 0.57 mg L-1 

phosphate. Notably, the authors show that when flushing the columns with deionized water prior 

to introducing the spiked solution, the biochar leached 0.12 mg L-1 phosphate. This is likely due 

to most source materials (in this case, waste wood pellets) containing some form of phosphorus 

that does not get entirely volatilized upon combustion. Furthermore, the same study reported that 

heavy metals were removed from solution at a rate of 18, 19, 65, 75, 17, and 24% for Cd, Cr, Cu, 

Pb, Ni, and Zn, respectively. Sarkhot et al. (2013) investigated a slow pyrolysis biochar’s role in 

removing nutrients (NH4+ and PO43-) from dairy manure runoff. Results showed that 0.24 mg g-1 

(equivalent of 50% the spiked solution) phosphate was retained by the biochar in the batch 

experiment via cation exchange and coadsorption with organic matter. Desorption experiments 

were also run on the exhausted biochar that showed up to 60% of the sorbed phosphate was 

released proving potential for biochar as a source for recoverable phosphate. A study conducted 

by Yao et al. (2011) showed digested sugar beet tailings biochar as an effective sorbent of 

phosphate in batch experiments. Maximum capacity of phosphate removal was found to be 133 

mg PO4-3 g-1 with moderately to slightly acidic conditions favoring removal. Competing anion 
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concentrations had slight to substantial effects with Cl- and NO3- showing less of an interference, 

but HCO3- reduced phosphate sorption by over 40%. The removal was found to be driven largely 

by sorption to nano sized particles on the biochar surface. Magnetically treated biochar was studied 

by Tokarčíková et al. (2021) in removing beryllium from an aqueous solution. Although the effect 

of the biochar alone was not investigated, the augmented biochar was demonstrated to remove 

Be+2 from solution with a capacity from 1.6 – 2.4 mg g-1. Generally, increasing solution pH yielded 

better Be+2 removal with pH 6 deemed the optimal removal point. The authors argue this pH affect 

is due to the deprotonation of active sites (carboxyl and hydroxyl groups) on the biochar surface 

which make them available for cation bonding. Convention would suggest that increasing pH 

would continue the deprotonation of these active sites, however, above pH 4, the complexation 

and subsequent precipitation of Be+2 as Be(OH)2 begins to reduce Be+2 in solution. Therefore the 

further sorption of Be+2 onto the biochar surface is limited due to the reduction of the overall Be+2 

concentration in the solution.  

Little literature exists that investigates the interaction between biochar and neonicotinoids, 

specifically. Despite this, P. Zhang et al. (2018) investigated the mechanisms of neonicotinoid 

sorption onto different biochars coming from two different sources (maize straw and pig manure) 

at two different pyrolysis temperatures (>500°C and ≤500°C). Results from a dual-mode partition 

model showed that the two biochars used have promise to remove neonicotinoids from solution. 

High temperature pyrolysis and biochar preconditioning tended to improve the sorption capacity 

of the biochars, however, these processes often are more expensive than un-conditioned, low 

temperature pyrolysis. Sorption mechanisms varied across different sub-species of neonicotinoids 

(here imidacloprid, clothianidin, and thiacloprid) and different biochars (sources, preparation, and 

conditioning). Overall, the dominant mechanisms were cation-π interactions, π- π interactions, H-
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bond interactions, and hydrophobic effects. Imidacloprid and clothianidin sorption under cation-

competitive conditions (Ca2+ in this case) were found to not be greatly affected showing that 

cation-π and π- π interactions are likely more important removal mechanisms than electrostatic 

effects. With thiacloprid, π- π and h-bond interactions were thought to be the primary removal 

mechanism. Another study by Shi et al. (2022) used a high temperature pyrolysis, pre-conditioned 

biochar made from Tenebrio molitor frass as a way to remove three different neonicotinoids. 

Sorption capacities were 155.08 mg g-1, 195.86 mg g-1, and 325.81 mg g-1 for thiacloprid, 

nitenpyram, and dinotefuran, respectively. Similar to the previously discussed study, the 

mechanisms of removal were found to be π-π interactions, h-bonding, hydrophobic interactions, 

and micropore filling. The authors also found that neonicotinoid sorption was highly selective 

(thiacloprid > nitenpyram > dinotefuran) regardless of pH or inorganic ionic strength. Furthermore, 

variable pH did not appear to noticeably impact the sorption of neonicotinoids onto the biochar. 

One final study looked at a low temperature pyrolysis, wood derived biochar as a soil amendment 

to increase neonicotinoid removal in pot experiments (You et al., 2020). By adding biochar as a 

soil amendment, thiamethoxam and clothianidin retention was increased by 22.8% and 37.6%, 

respectively. Furthermore, this biochar was found to increase the half-life of thiamethoxam from 

89.4 to 120 days likely due to the biochar-sorbed pollutant no longer being bioavailable to 

thiamethoxam-degrading microbes.  

One final distinction to make is the difference between biochars and activated carbon. 

Fundamentally, they are produced in the same way both undergoing pyrolysis at high temperatures. 

However, the variation is in the activation process where activated carbon will be treated with 

either zinc chloride, phosphoric acid, potassium hydroxide, carbon dioxide, or steam (Marsh & 

Reinoso, 2006). Despite this difference, both biochar and activated carbon have similar properties 
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and remove contaminants through similar processes. Generally, activated carbon is commonly 

more effective in contaminant removal, however, in some cases, biochar can be more effective 

(Mohanty et al., 2018). Table 1-7 amended from Mohanty et al. (2018) demonstrates the properties 

and performance of biochar vs. activated carbon. As is evident, the cost to produce activated carbon 

is almost always greater than biochar making the cost per unit of contaminant removed less feasible 

and supports the widespread use of biochar for pollution control. 
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Table 1-7 Comparison of biochar and activated carbon properties and performance (Mohanty et al., 2018). 

Parameter Biochar Activated 
Carbon 

Cost (USD per metric ton) 350-1200 1100-1700 
Energy demand (MJ kg-1) 6.1 97 
Greenhouse gas emission (kg CO2 e kg-1) 6.6 -0.9 
Surface area -a +b 

Biomass yield in amended soil + - 
Cd uptake in amended soil + - 
Bioaccumulation of PAHsc in plants + - 
Chromium and zinc removal + - 
Polychlorinated dibenzo-p-dioxin/dibenzofurans removal - + 
Polychlorinated biphenyl adsorption - + 
DDT accumulationd - + 
Pyrene removal + - 
Lowered toxicity + - 
Chemical oxygen demand removal  + - 
Inhibition of seed germination  + - 
Soil toxicity towards Vibrio fischeri and Folsomia 
candida 

+ - 

Dissolved organic carbon removal No effect + 
Mineralization of C-14-catechol + - 
Hg(II) adsorptione + - 
Trace organic contaminants removal + - 
Atrazine adsorption - + 

a Lower parameter performance 
b Higher parameter performance 
c polycyclic aromatic hydrocarbons 
d Dichloro-diphenyltrichloro-ethane 
e Contradiction between results of both studies 
  



 
 

37 

2 Methods and Materials 

2.1 Methods 

The purpose of this study was to determine the suitability of several industrial byproducts 

to treat a solution spiked with common stormwater contaminants. This was achieved by passing a 

synthetic stormwater (SSW) through different flow-through columns and measuring contaminant 

concentrations at the influent and effluent points over many pore volumes. Column setups were 

used to determine the removal capabilities of the media under ideal laboratory conditions (vertical 

columns) and under laboratory-simulated bioretention conditions (horizontal columns). Samples 

were taken from the effluent of each column and at the influent of the system on a semi-logarithmic 

schedule either based on pore volumes passed through the column (vertical columns) or simply 

total volume passed through (horizontal columns). These samples were analyzed for P, dissolved 

metals, and neonicotinoids. Influent concentration to effluent concentration ratios (IE ratios) were 

calculated and visualized on a volume passed vs. IE ratio graph. The Gompertz equation (an 

asymmetric, logistic function) was used to fit the data and to determine the exhaustion point of the 

media.  

 

2.1.1 Synthetic Stormwater 

Synthetic stormwater (SSW) was prepared in a 100 gal (378.5 L) tank using deionized (DI) water 

as the base for the solution. Synthetic stormwater was preferred over collecting actual stormwater  

to maintain a level of reproducibility between each tank filling and to ensure concentrations of 

contaminants of concern were above the measurable concentrations needed for the study. Water 

was measured into the tank by filling and emptying 5 gal (18.9 L) glass carboys and further 

approximated by using the 50 L graduation markings of the tank.  
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2.1.1.1 Nutrients and General Rainwater Chemistry 

Basic rainwater chemistry was achieved by spiking the tank with the contaminants and 

concentrations outlined by Ricci et al. (2010) and displayed in Table 2-1 below. Concentrated 

aqueous stock solutions were made of each chemical and each stock solution was added in 

concordance to the volume of the SSW being created. Tank mixing was achieved by using an 

aquarium fan which was washed and prepared for use for metals, nutrients, and neonicotinoid 

sampling. 

 
Table 2-1 List of basic rainwater chemistry and chemicals used to create a synthetic rainwater (Ricci et al., 2010). 

Contaminant Spiking Chemical(s) Used Target Concentration (mg L-1) 
Ammonium NH4Cl 

NH4H2PO4 
0.91 

Chloride NH4Cl 1.96 
Fluoride NaF 1.94 
Magnesium Mg(NO3)2 • 4H2O 1.45 
Nitrate NaNO3 

Ca(NO3)2 • 4H2O 
Mg(NO3)2 • 4H2O 

2.01 

Ortho-phosphate K2HPO4 
NH4H2PO4 

1.00 

Sulfate Na2SO4 1.46 
Calcium Ca(NO3)2 • 4H2O 0.30 
Potassium K2HPO4 0.15 
Sodium NaNO3 

NaCl 
NaF 

Na2SO4 

1.36 
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2.1.1.2 Metals 

Metals were added using an Inductively Coupled Plasma (ICP) Trace Metals Standard from 

Inorganic Ventures™ (ICP Metals Standard, n.d.). Each metal and their concentration in the 

standard is shown in Table 2-2. Because the application of this study is for bioretention effluent, 

the targeted metals concentrations were determined by collecting BMP metals effluent data from 

the BMP Statistical Analysis Tool (n.d.). Metals were added as a dissolved fraction, therefore the 

dissolved fraction of bioretention effluent values were used as the target as shown in Table 2-2. 

Double the target concentration of each metal was used to increase the likelihood that values stayed 

above detection limits as to effectively characterize both influent and effluent contaminant levels. 

In most cases, the ICP Trace Metals Standard was more than sufficient to spike the SSW to or 

above the desired concentrations. However, Fe and Zn concentration requirements were not met 

with this ICP Trace Metals Standard. Aqueous concentrated stock solutions of Fe+3 and Zn+2 were 

created and added to achieve the desired concentrations.  
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Table 2-2 Target metals concentrations in the synthetic stormwater. 

Metal Literature 
Concentration 

(µg L-1) 

Target 
Concentration 

(µg L-1) 

Standard 
Concentration 

(µg mL-1) 
Al 50 100 500 
As 0.73 1.46 100 
Be 0.25 0.5 100 
Cd 0.14 0.28 25 
Cr 1.4 2.8 100 
Co 0.44 0.88 100 
Cu 5.9 11.8 100 
Fe 60 120 100 
Pb 1 2 100 
Mn 17.4 34.8 100 
Ni 2 4 100 
Se 0.5 1 25 
V 2.34 4.68 250 
Zn 24.1 48.2 100 

 

2.1.1.3 Neonicotinoids 

Acetamiprid, dinotefuran, and imidacloprid have been characterized as “the big three 

[neonicotinoids]” in Oklahoma by Dr. Eric Rebek, former Extension Entomology Specialist at 

Oklahoma State University (Dr. E. Rebek, personal communication, September 13, 2021). 

Concentrated stock solutions were created by using granulated, store-bought chemicals mixed with 

DI water. Assail 30 SG Insecticide was used for acetamiprid (30% active ingredient), Safari 20 SG 

Insecticide was used for dinotefuran (20% active ingredient), and Bonide Annual Tree & Shrub 

Insect Control was used for imidacloprid (1.47% active ingredient). Due to the volatile nature of 

neonicotinoids in solution, stock solutions were stored in a dark cabinet and were not used if they 

had been created more than one month prior. Initially, the target concentration for each 

neonicotinoid was set to 1 mg L-1. Vertical column experiments were run at this level. Further 

literature research and communications with the analyzing lab revealed that this concentration was 
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above their existing upper standard limit. A decision to reduce neonicotinoid concentrations in the 

SSW was made and the new target was chosen to 1 µg L-1 based on the maximum reported 

regulatory standard compiled by Morrissey et al. (2015). A comparison study was done with the 

horizontal columns where the same sample setup and medium was used. Influent SSW with 1 mg 

L-1 neonicotinoids and another with 1 µg L-1 neonicotinoids were run to compare the effect of 

exceptionally high neonicotinoid concentrations on removal and other contaminant removal.  

Upon completion of each experiment, media samples were collected in 15 mL test tubes at 

the effluent, influent, and mid-column points and frozen (-20˚C) for potential future studies.  

 

2.1.1.4 pH 

Once the spiking of the tank was complete, the pH of the SSW was measured. Because the 

buffering capacity was extremely low, the acidity of the ICP Trace Metals Standard caused the 

tank to be below the desired pH. A sodium hydroxide (NaOH) stock solution was added to the 

SSW until the measured pH was 7.00 ±0.20. This naturally will increase the concentration of Na 

in solution above the target as outlined in Table 2-1.  

 

2.2 Materials: Industrial Byproducts 

General properties and compositions of each medium used was characterized in the 

Introduction of this thesis. The sections below are to provide further insight, where available, as 

to the source and characteristics of each medium used. All media was sieved to yield two sizes of 

media: large –  0.25” – 0.5” (0.635 cm – 1.27 cm) and small – 0.0787” – 0.25” (0.200 cm – 0.635 

cm). The latter of which is the size of a standard #10 sieve. After sieving, media were stored in 

plastic bags in a dry, dark location. Table 2-3 below shows the composition of each specific media 
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used in this study. Fly ash was reported as % composition as the metal-oxide species (W. Zhang 

et al., 2008), steel slag was reported as is (Bowen, 2021), and the biochar was reported as mass 

component per mass biochar (J. Gaspard, personal communication, October 10, 2022). All were 

converted for the table below to represent % composition of each element shown.  
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Table 2-3 Composition of media used in this study. Fly ash is converted from % metal-oxide to % metal composition. Biochar is 
converted from mass/mass to % composition. BDL refers to a value being reported below the detection limit. 

 

 

  

Component Fly Ash (%) Steel Slag (%) Biochar (%) 
Al 9.7 1 - 
As - <0.0001 <0.0001 
Cd - BDL <0.0001 
Co - - <0.0001 
Cr 0.007 0.18 <0.0001 
Cu - 0.01 0.00303 
Fe 4.1 10 0.0210 
Mn 0.02 2.4 - 
Mo - - <0.0001 
Ni - 0.0014 <0.0001 
Pb - 0.00014 0.00020 
Se - <0.001 <0.0001 
Si 17.8 - - 
Zn - 0.0018 0.0181 
B - - BDL 
Cl - - 0.00923 
Ca 16.3 7.5 - 
Na 1.4 0.016 0.0582 
Mg 3.27 2.9 0.0164 
K 0.5 0.0084 0.1422 
P 0.6 0.053 0.0324 
Organic N - - 0.5280 
Organic C - - 87.4 
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2.2.1.1 Aggregated Fly Ash 

The fly ash and its properties used in this study were the same as was used in W. Zhang et 

al. (2008). W. Zhang et al. (2008) characterized this fly ash as sourced from “sub-bituminous coal 

from the Powder River Basin, Wyoming, [USA]” and obtained from the Sooner Power Plant in 

Red Rock, Oklahoma. Table 2-4 below is a summary of the fly ash’s composition as reported by 

W. Zhang et al. (2008). Notably, reported composition for Si-, Al-, Fe-, Mn-, and Ca-oxides were 

38.1%, 18.4%, 5.93%, 0.02%, and 22.9%, respectively. The powder fly ash was aggregated by 

mixing it with DI water at a ratio of 2:1 (fly ash (g):water (g)) and allowed to cure for a minimum 

of 30 days. This hardened mixture was then crushed and prepared to sieve. 
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Table 2-4 - Composition of the fly ash used in this study as reported by W. Zhang et al. (2008). 

Composition Content (%) 
SiO2 38.1 
Al2O3 18.4 
Fe2O3 5.93 
MnO 0.02 
MgO 5.43 
CaO 22.9 
Na2O 1.82 
K2O 0.56 
Ti2O 1.39 
P2O5 1.37 
BaO 0.69 
Cr2O3 0.01 
SrO 0.30 
Loss on ignition 0.69 
Total 97.6 

 

2.2.1.2 Steel Slag 

Steel slag was procured from Commercial Metals Corporation, a rebar manufacturing plant 

in Sayreville, New Jersey, United States by way of TMS International Corporation©. The toxicity 

characteristic leaching procedure (TCLP) report was provided which outlined the primary 

composition of the specific steel slag used (Bowen, 2021). The full elemental composition is 

provided in Table 2-5 below and the normalized % elemental composition is provided in Table 

2-3 above.   
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Table 2-5 Elemental composition of the steel slag used in this study (Bowen, 2021). Elements measured at levels below the detection 
limits of the instrument are reported as BDL. 

Element Composition (mg kg-1) 
Al 10000 
Ar 0.71 
Ba 320 
Be 0.50 
B 58 
Cd BDL 
Cu 100 
Fe 100000 
Ag 0.036 
K 84 
Magnesium 29000 
Mn 24000 
Mo 17 
Na 160 
Ni 14 
Pb 1.1 
Sb 0.18 
Se 0.41 
Th BDL 
Ti 1100 
V 320 
Zn 18 

 

 

2.2.1.3 Biochar 

Biochar was sourced from Biochar Now (www.biocharnow.com). The “chip” size was 

selected because it was rated to be between 1” (2.54 cm) and 0.118” (0.3 cm) and therefore fit 

within the range of media sizes targeted. Biochar was sourced from pine trees that had been killed 

by invasive beetles. This wood was shredded then underwent pyrolysis at around 550˚C. Testing 

results are shown in Table 2-6 below (J. Gaspard, personal communication, October 10, 2022).   
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Table 2-6 Reported compositions of the biochar used in this study (J. Gaspard, personal communication, October 10, 2022) 

Composition Content (mg kg-1) 
As <0.44 
Cd <0.18 
Cr 0.59 
Co <0.44 
Cu 30.3 
Pb 2.0 
Mo <0.44 
Hg <0.001 
Ni 0.57 
Se <0.89 
Zn 181 
B <4.43 
Cl 92.3 
Na 582 
Fe 210 
Mg 164 
K 1422 
P 324 
Organic N 5280 
Organic C 874000* 

*Organic C is given as 87.4% of total dry mass of biochar 

 

2.2.2 Vertical Columns 

Columns were made of acrylic and had an inside diameter of 1.5 in. (4 cm) and a length of 

5.9 in (15 cm). Column caps included a rubber gasket to ensure a water-tight seal. Inlet and outlet 

ports were threaded to allow for a 1/16” (0.159 cm) barb to be screwed into place for hose 

attachment. Clean columns were filled with DI water then filled with one of the media. Throughout 

the filling process, the sides of the column were gently tapped to encourage media to pack without 

tamping the media and therefore risk crushing. The media in the column was soaked in DI water 

for 24 hours prior to introducing any SSW. The columns weights were noted and recorded when 

the columns were empty. After filling the columns with DI water and media, they were left to soak 
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for 24 hours then the weight was taken and recorded again. The media used to fill the column was 

weighed and recorded before being placed in the column. Using the assumption that 1 g of water 

equates to 1 mL of water, Equation 2-1 below was used to determine the pore volume of a column.  

 

Equation 2-1 Equation used for pore volume determination. 

𝑊𝑎𝑡𝑒𝑟	𝑊𝑡. 𝑜𝑟	𝑃𝑜𝑟𝑒	𝑉𝑜𝑙. (𝑔	𝑜𝑟	𝑚𝐿) = 𝑆𝑜𝑎𝑘𝑒𝑑	𝑊𝑡. (𝑔) − 𝐸𝑚𝑝𝑡𝑦	𝑊𝑡. (𝑔) − 𝑀𝑒𝑑𝑖𝑎	𝑊𝑡. (𝑔) 

 

At the influent, tubing (Masterflex® L/S®16 Precision Pump Tubing) was attached, and SSW was 

introduced into the columns via a Cole-Palmer Masterflex® L/S® Peristaltic Pump pumping at a 

volumetrically calibrated rate of 6 mL min-1. SSW flowed from the bottom of the column to the 

top to ensure a full saturation. Effluent tubing was placed in a graduated carboy to help ensure the 

flow rate was consistent across all columns. Sampling points were determined to be at the 10, 40, 

90, 160, 270, 430, and 670 pore volumes to achieve a semi-logarithmic sampling schedule where 

the most change in contaminant removal is expected to be early in the experiment with contaminant 

removal declining with time. Samples were collected in 1 L amber glass containers and where 

possible, were prepared for analysis immediately. However, in some cases, samples were unable 

to be immediately prepared and instead were promptly refrigerated (4˚C) after collection to be 

prepared for analysis as soon as possible. An image outlining the vertical experimental setup is 

provided below (Figure 2-1).  
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2.2.3 Horizontal Columns 

Horizontal columns were composed of translucent, schedule 40, 1.5” (3.81 cm) PVC. 

Because this sampling orientation was to simulate bioretention, the sample setup was broken into 

two main components. First was the vertical tube which was comprised of 1 ft (30.48 cm) of 

concrete sand and 6 in. (15.24 cm) of SSW ponding. An overflow port which flowed back to the 

influent tank was placed at the 18 in. (45.72 cm) mark to ensure a constant head of 6 in. (15.24 

cm) above the 1 ft (30.48 cm) of sand was achieved throughout. The vertical tube then connected 

to a 90˚ elbow joint where the horizontal tube was also connected. The horizontal tube was 

completely filled with one of the small-grained fractions of the media of study. A cap was placed 

on the end with a 1/16” (0.159 cm) barb to assist in sample collection. Differing from the vertical 

column setup, columns were filled dry due to the difficulties of filling and assembling the columns 

Figure 2-1 Photograph of vertical column setup. Pictured from left to right is the sample bottles (collection point), 
vertical columns containing the media of interest, the peristaltic pumps, and the synthetic stormwater influent tank. 
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while wet. Each component (vertical and horizontal) was wetted separately (to prevent fines from 

getting trapped in the horizontal portion) but were assembled to ultimately be saturated for the 24 

hours prior to sampling. The sample setup was weighed while empty, while filled with media, and 

while filled with media and saturated with DI water to determine the pore volume of each column 

in concordance with Equation 2-1 above. Ultimately, the decision was made to sample each 

column based on a total volume passed convention rather than one based on pore volumes as was 

with the vertical columns. The sample points were also semi-logarithmic sampling at 0, 1, 2, 4, 6, 

10, 17, and 27 L passed through. The “0” sampling point was determined to be 1 pore volume (as 

previously determined) based on a simple contaminant-front experiment performed on a replica of 

the sample setup as described above (Table 10-12). Samples were also collected into 1 L amber 

glass and, where possible, prepared for analysis immediately. Some samples were required to be 

refrigerated (4˚C) and prepared for analysis within 8 hours. An image of the horizontal sample 

setup is provided below.  
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2.2.4 Sample Preparation and Analysis 

2.2.4.1 General Chemistry 

The pH, specific conductivity (µS cm-`), and temperature (˚C) were measured in the lab 

during sample preparation. Initially a bluelabÒ Combo Meter measured pH, conductivity, and 

temperature. Irregularities were found in SC results which led to eventually purchasing and 

deploying an Apera Instruments AI311 Premium Series PH60 multiprobe which calibrated and 

performed well throughout the remaining experiments. Specific conductivity results measured 

from the bluelab™  meter were thrown out and not considered for analysis.   

Figure 2-2 Photograph of the horizontal column setup. Pictured from left to right are the experimental columns, 
peristaltic pumps, and the synthetic stormwater influent tank. Experimental columns each demonstrate 6 inches of 
ponding in the upper portion of the vertical tube followed by 12 inches of bioretention simulation sand, a 90 degree 
elbow, 12 inches of a media packed tube, and lastly a cap with a 1/16 inch orifice outlet. 
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2.2.4.2 Metals 

Dissolved metals were syringed through an Allpure 0.45-micron nylon syringe filter tip 

into a 15 mL conical centrifuge tube. Each tube was preserved with a single drop of concentrated 

HPLC grade nitric acid (HNO3) and refrigerated at 4˚C. Both metals fractions were measured via 

ThermoFisher Scientific iCap Pro XP Duo Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES) instrument utilizing the Teledyne AXS-560 Autosampler. EPA method 

200.7 (Martin et al., 1996) was used to analyze metals results. Results from this method are 

reported in µg L-1 elemental concentrations. 

 

2.2.4.3 Phosphorus 

Phosphorus samples were prepared and analyzed in accordance to the Soil, Water, and 

Forage Analytical Laboratory (SWFAL) at Oklahoma State University (OSU SWFAL Procedures, 

2018). The SWFAL used ICP-OES (Spectro Ametek®) analysis on phosphorus samples and 

reported results as phosphorus (mg L-1). Adherence to “Method 3120 B” (2005) was used for 

analyzing phosphorus samples.  

 

2.2.4.4 Neonicotinoids 

Neonicotinoid samples were prepared in accordance to Magalhaes et al. (2009). 50 mL of 

sample was passed through a Waters™ Oasis HLB 30 µm cartridge which was preconditioned 

with 6 mL of acetonitrile, 6 mL methanol, and 6 mL DI water, respectively. Cartridges were 

immediately frozen at -20˚C until being packaged and expressed shipped to the Water Sciences 

Laboratory at the University of Nebraska – Lincoln. Samples were then eluted and “analyzed by 

reverse-phase high performance liquid chromatography (HPLC)/tandem mass spectrometry 
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(MS/MS) by using a Waters 2695 HPLC autosampler/pump coupled to a Finnegan LCQ (Thermo 

Fisher Scientific) ion-trap mass spectrometer” (Magalhaes et al., 2009). Concentrations were 

reported in µg L-1 as individual species of neonicotinoid (acetamiprid, dinotefuran, and 

imidacloprid). 

 

2.3 Data Analysis 

Data were compiled in Microsoft Excel and matched with its parent sample ID. For vertical 

column experiments, influent samples were taken at the beginning and end points of the 

experiments with samples taken at the 160 pore volume sampling point. This was initially 

employed as a cost-savings measure, however initial results from vertical column experiments led 

to preferring direct measurement of influent concentrations for all contaminants at every sampling 

point for the horizontal column experiments.  

 

2.3.1 Influent-Effluent Ratio Analysis 

For the vertical column experiments, influent values that corresponded to each sampling 

point were interpolated using simple linear regression since influent concentrations differed 

slightly throughout the duration of the experiment. These measured or interpolated values were 

paired with their equivalent effluent concentrations to determine the influent-effluent (IE) ratio 

(Equation 2-2). As mentioned, for horizontal column experiments, influent values were directly 

measured and paired with their effluent value to determine the IE ratio (Equation 2-2).  

 

Equation 2-2 Influent - effluent ratio calculation 

𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡	𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡	(𝐼𝐸)	𝑅𝑎𝑡𝑖𝑜 = ())*+,-.	01-2,-.34.51-
6-)*+,-.	01-2,-.34.51-
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The IE ratio was then plotted using the statistical software R (R Core Team, 2022) with 

pore volumes or total volume passed as the predictor variable and the IE ratio as the response 

variable. This visualization shows whether the media was measured to be removing a specific 

contaminant (IE ratio <1), leaching it (IE ratio > 1) or was ineffective at removing the contaminant 

yet did not leach it (IE ratio = 1). An “error zone” was determined to be ±0.1 unit on either side of 

EI ratio of 1, meaning, any EI ratio value between 0.9 and 1.1 was interpreted to be neither 

removing nor leaching the contaminant.  

 

2.3.2 Modeling Results 

Logistic regression analysis was used to best fit the data’s behavior over time. The power 

law Gompertz equation was used to fit an asymmetric breakthrough curve to the IE ratio data. This 

method is supported for its use in column sorption experiments as well as dosing-response and 

population studies due to its ability to fit asymmetric growth/breakthrough data, especially in 

column studies where sorption sites are near or at saturation (Chu, 2020).  

 

Equation 2-3 Simplified Gompertz function as defined by (Chu, 2020). 

𝑓(𝑥) = 𝑌74$ exp[− exp𝛽(𝑥 − 𝛼)]	 
 

Ymax = upper asymptote 
a = fitting parameter 
b = fitting parameter 
x = pore/total volume passed 

 

Statistical package “Dose Response Curve” (DRC) (Ritz et al., 2015) was used to fit Gompertz 

curves to the data. We used other statistical packages such as “DPLYR” (Wickham et al., 2022) 

and “SciViews” (Grosjean, 2022) to filter and plot data. Gompertz curves were fit to the data using 

two primary methods. First, the two fitting parameters and the upper asymptote were all optimized 
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which yielded the best fit curve for the data. This is the intended use for this function; however, it 

does not always yield an upper asymptote near or equal to one (media exhaustion). The second 

method was to hold the upper asymptote equal to 1. This forces the equation to be fit using only 

the two fitting parameters and will approach 1 on the IE ratio vs. volume graph despite what upper 

limit the data suggests is being measured. However, it is worth noting that for data that finish with 

IE Ratios >1, this asymptote-fixing could underestimate various precipitation/dissolution or 

sorption/desorption reactions. Furthermore, with data that never approached an IE ratio equal to 1 

during our experiment, the curve will model the exponential growth of the Gompertz curve while 

leaving the optimization to interpolate the breakthrough (inflection) point and exponential decay 

without any data. This renders the Gompertz equation statistically inaccurate, however it does 

allow us to make an approximation as to when media exhaustion may occur. These approximations 

of media exhaustion could be used in developing further studies of contaminant-medium 

combination interactions in sorption experiments.  

By finding the optimized fitting parameters for each Gompertz curve then rearranging the 

Gompertz function and setting the upper asymptote to 0.95 (Equation 2-4), we can estimate where 

each media reached exhaustion (i.e. the media could no longer remove the contaminant). When an 

upper IE asymptote above 0.95 is reached within the domain of the collected data, the exhaustion 

point is accurately characterized by the Gompertz model. When the upper IE asymptote reaches 

above 0.95 outside the domain of the collected data, the exhaustion point is not appropriately 

characterized by the Gompertz model, but rather this point serves as a best estimate of exhaustion. 

Likewise, if the model never reaches an upper IE ratio asymptote above 0.95 and the upper IE ratio 

asymptote is fixed to 1.00, this exhaustion point is also merely an estimate and does not accurately 

reflect the true exhaustion point of the media to remove the contaminant. Media exhaustion was 
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selected to be at IE ratio equal to 0.95 since in a theoretical perfect flow through sorption column 

experiment, the upper asymptote would be IE ratio equal to 1, meaning the model would never 

reach 1. Setting the upper asymptote to > 0.95 is likely to well overestimate the effective 

exhaustion point where anything < 0.95 would likely define exhaustion too early.  

 

Equation 2-4 Rearranged Gompertz equation to determine volume at which media exhaustion occurs 

𝑥 =
ln[−ln J 𝑌

0.95N] + 𝛼
𝛽  

 

2.3.3 Statistical Analysis 

Two different statistical analyses were conducted to test the significance of the Gompertz 

model fit to each individual data set. First, analysis of variance (ANOVA) was conducted which 

compared the uniqueness of each size and media combination’s Gompertz model to a Gompertz 

model fit to the whole of the data for each column orientation. This will test the null hypothesis of 

“no significant uniqueness between a specific media’s Gompertz model.” Accepting the null 

hypothesis tells us that relative to the whole of Gompertz model results, one individual media’s 

results are not unique. Conversely, rejecting the null hypothesis indicates that relative to the whole 

of the data, one individual media’s results are unique.  

The second statistical analysis was a pairwise ANOVA was conducted for each parameter 

in each media’s fitted Gompertz model. The null hypothesis is “no significant variation between 

two models’ individual parameter.” Accepting the null hypothesis would indicate that a parameter 

is not statistically unique compared to the same parameter on another Gompertz curve. Rejecting 

the null hypothesis indicates that the analyzed parameter varies significantly between the two 

compared Gompertz curves. Because each Gompertz curve has three fitted parameters, a pairwise 
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ANOVA analysis was conducted for each parameter. For each pair of compared models, the total 

of parameters that successfully rejected the null hypothesis were totaled. Rejecting the null 

hypothesis for all three parameters indicated entire uniqueness between each Gompertz model. 

When two parameters rejected the null hypothesis, the curves were still considered unique, but are 

shown to share at least one parameter that is not. Finally, pairs that had one or zero parameters that 

rejected the null hypothesis were considered similar, or better yet, not unique.  

 

2.3.4 Mass Removal Rate Analysis 

Mass removal rate per underdrain unit volume is important in understanding the longevity 

of a medium’s ability to remove a particular contaminant over time. For vertical column effluent 

results, calculating this was achieved by Equation 2-5 below.  
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Equation 2-5 Mass removal rate calculation 

𝑀𝑎𝑠𝑠	𝑅𝑒𝑚𝑜𝑣𝑎𝑙	𝑅𝑎𝑡𝑒	(𝑀𝑅𝑅) = (𝐶5 − 𝐶,) 	× 	𝑄 

MRR = Mass removal rate 
Ci = Influent concentration 
Ce = Effluent concentration 

Q = Flow rate 
 

 MRR was then divided by the area of the column, referred to as “media volume” (MV), to 

produce the mass removal rate per unit volume (MMR MV-1) value. This value was plotted against 

the cumulative contaminant mass input to yield the analysis referred to “mass removal rate 

analysis.” For horizontal column experiments, there was one notable exception. Ci from Equation 

2-5 above, was replaced with Ce, control which is the measured effluent concentration of the control 

column. This was used as a proxy for the solution concentration entering into the media section of 

the horizontal column experiments. Therefore, this allowed for the direct comparison between 

column orientations of the MRR of the media, specifically, rather than comparing the systems as 

a whole.  

 

2.4 Quality Assurance/Quality Control (QA/QC) 

All equipment used was washed according to Norton (2004). Sampling equipment that was 

used to only process metals or phosphorus samples were washed with and soaked in a 5% Liquinox 

solution and rinsed with tap water. These same parts were then soaked in a 2% hydrochloric acid 

(HCl). Parts containing metal or rubber were dipped, swished, and immediately rinsed with DI 

water and left to air dry. Plastic or glass pieces were left to soak for 30 minutes then rinsed with 

DI water and left to air dry. Sampling equipment used in sample setup and/or neonicotinoid 

collection/processing underwent an additional triple rinse with methanol followed by a triple rinse 

with DI water and left to air dry.  
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Quality assurance (QA) samples were taken at randomized points throughout the sampling 

process. Two duplicate samples were taken for every run-column combination. The coefficient of 

variation was calculated for each duplicate pair to help identify error in the sampling process. Each 

duplicate pair was separated into a standard sample (QA code 1) and a duplicate sample (QA code 

2). For the sake of analysis, only QA code 1s were used as to not bias any results by averaging 

duplicate pairs. Aliquots with duplicates with variability coefficients beyond 10 and 20% were 

flagged and considered before writing the Discussion and Conclusions sections.  

For each run, the same sampling procedure as a standard sample was used to collect a blank 

sample of DI water at the end of the sampling period. This was used as an outside check on each 

labs’ analysis procedures as well as a check on the purity of DI water and cleanliness of the 

environment in the lab where the experiment was being conducted. All  

In performing ICP-OES analysis, several QC measures were used to ensure the quality of 

results. Primarily was the use of continuing calibration verification (CCV) standard samples. The 

instrumentation returned to the CCV standard after every 10th unknown sample analyzed. This 

helped to identify calibration drift as well as catch any individual or systematic errors in the 

analysis. USGS reference standards were also used (USGS Spring 2022 Reference Standards, n.d.). 

These standards are environmental waters with solute of certified concentrations, which provide a 

more varied matrix for QC references. These reference standards were run at the start of each 

analytical run of the ICP-OES and after every 30 samples and/or at the end of each analytical run. 

Furthermore, an internal scandium (Sc) standard was used to determine the consistency of the 

delivery system into the instrument. 
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2.5 General Contaminant Removal Mechanisms 

Generally, there are two main modes of contaminant removal: sorption and precipitation 

(Attard & Barnes, 1998). Contaminant removal from mixed waters is a highly complex process, 

especially when constant flow is involved like the design that was used for these experiments. 

Largely, there are two types of sorption, chemical and physical. Chemical sorption is monolayered 

while physical sorption is multilayered (Attard & Barnes, 1998). Physical sorption is highly 

complex and involves high levels of complexation and ion exchange over a multitude of layers. 

This can lead to changes in solution chemistry over both short and long periods of time not 

necessarily due to of a medium’s ability to remove one contaminant or the other, but rather due to 

the complexity of the solution being treated and the physical complexities of multilayered sorption.  

Precipitation commonly refers to the oversaturation of a solution with an element or 

molecule which leads to that element or molecule complexing or crystallizing to form a solid phase 

and “drop out” of solution. Precipitants are generally thought of as the difference between a 

dissolved sample (in this case, sample passed through a 0.45 µm filter) and a total sample 

(unfiltered). Precipitation itself can also complicate understanding sorption in flow through 

column experiments as complexes or minerals can precipitate out of solution and become 

additional surfaces for sorption.  

Because of these complex reactions this discussion will largely focus on identifying the 

broadest category of removal, either sorption or precipitation. It is also worth noting that these 

removal mechanisms are highly complicated and are not binary or static. Meaning, once something 

is sorbed or precipitated, it does not mean that reaction is over, but rather that elements in solution 

can replace one another at sorption/exchange sites and solid phases can precipitate, dissolve, and 

reprecipitate.  
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3 Results 

Results were analyzed based on column orientation, medium, and contaminant. Within these 

combinations, all media were compared against one another in order to (1) see individual patterns 

of contaminant-media interaction and (2) to compare each medium against the others. Each 

combination generally fell into 4 categories: 

 

(1) >50% results were below the detection limit (BDL), or results were variable and did 

not resemble an apparent breakthrough curve. 

(2) Experimental columns had no noticeable departure from the control column (in the case 

of the horizontal orientation), or columns did not remove or leach the contaminant (in 

both orientations). This indicates that the industrial byproduct did not impact column 

solution chemistry for the given contaminant. 

(3) Columns leached the contaminant. 

(4) Columns showed some type of behavior consistent with contaminant removal. In the 

case of horizontal columns, these combinations also had a noticeable departure from 

the control column.  

 

While categories 1, 2, and 3 are important and worthwhile of further analysis and discussion, ample 

data exist within category 4 such that analysis and discussion will focus only on this category. 

Column combinations will be clearly categorized and, where appropriate, data tables and figures 

will be referenced to in the appendices. Column combination categorization are shown in  

Table 3-1 below. 
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Table 3-1 Categories of results. 1: results below detection limits or did not resemble a breakthrough curve, or were too scattered; 
2: media had no effect either generally or compared to the control column; 3: the media leached the contaminant; 4: 
media/contaminant combination of interest 

Contaminant Vertical Columns Horizontal Columns 
Al 4 3 
As 4 4 
Be 4 1 
Ca 3 3 
Cd 1 1 
Co 1 1 
Cu 1 1 
Fe * 1 
K 3 3 
Mg 3 3 
Mn 4 2 
Na * 4 
Ni * 1 
Pb * 1 
Se 1 1 
Si 3 3 
Zn * 1 
Acetamiprid 4 4 
Dinotefuran 4 4 
Imidacloprid 4 4 
P 4 4 

* Results showed systemic errors which rendered the data uninterpretable 
** ICP-OES QA/QC indicated poor results; some results were dropped resulting in poor 
graphical analysis 
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3.1 Influent 

Influent water chemistry varied slightly throughout the duration of each experiment. 

Contaminants spiked to lower concentrations will tend to show higher % variability than those 

with higher concentrations. Each IE ratio is calculated from the corresponding influent and effluent 

samples (whether measured or interpolated). Therefore, there should be no bias in results due to 

influent variability, rather this analysis is provided to demonstrate the necessity to sample influent 

values throughout the duration of the experiment rather than relying on an assumption of consistent 

influent concentrations.  

pH was variable through the duration of the experiments. Generally, pH decreased over 

time with pH from both vertical column runs starting at or near 7.5 and ending at or near 6.5. An 

example of this for runs 1 and 2 is shown in Figure 3-1. Horizontal column influent pH initially 

was in the 7.7 to 8.0 range but generally followed a decreasing trend reaching 7.0 by the end of 

the experiment (Figure 3-2).  
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Figure 3-1  Influent pH in vertical column experiments 
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Figure 3-2 Influent pH in horizontal column experiments 
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Because of calibration issues with the conductivity probe during run 1, only half the data 

from the vertical column runs (Run 2) is available for analysis. Specific conductivity (SpC) in the 

available vertical column experiment initially was just below 80 µS cm-1 and showed a decreasing 

trend over time. The second measured influent point was 58.4 µS cm-1 with the final measured 

point at 50.0 µS cm-1 (Figure 3-3). The horizontal column experiment SpC was initially lower and 

showed a reverse trend of increasing over time. The first two influent SpC measurements were 

50.8 µS cm-1 and 47.3 µS cm-1 after 0 L and 1 L passed, respectively. Generally, SpC showed an 

increasing trend over time with the final point of the experiment measuring 80.6 µS cm-1 (Figure 

3-4).  
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Figure 3-3 Influent specific conductivity in vertical column experiments (run 2 only due to calibration issues during run 1) 
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Figure 3-4 Influent specific conductivity in horizontal column experiments 
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3.2 QA/QC 

Replicate samples were taken throughout all column experiments. Each analysis type 

(metals, phosphorus, and neonicotinoids) had two replicate pairs collected for each media type-

column orientation combination. Full coefficient of variation (CV) results are included in Table 

10-10 and Table 10-11. Al and As both had a single considerable exceedance for small steel slag 

in the vertical column (85% and 27%, respectively). Be and Mn had more exceedances with 4 and 

6 considerable exceedances, respectively and 1 moderate exceedance each. Phosphorus replicates 

results showed all replicate values for small steel slag in the vertical column with considerable 

exceedances (25%, 90%, and 25%) and the majority of horizontal column replicates with 

exceedances (2 moderate and 3 considerable). Lastly, 4 samples (total of 10 moderate 

exceedances) showed CV exceedances in neonicotinoid samples. Neonicotinoid samples are 

known to have been highly diluted prior to analysis which is a likely source of variation in replicate 

samples.  

Blank samples were collected once during each run to test the cleanliness of the sampling 

environment and as a QA check on the analytical method. All blank samples were returned with 

values below detection limits for all contaminants.  

 

3.3 Vertical Columns 

Vertical columns were run with the SSW as described with a constant flow rate of 6 mL min-

1 with full saturation. Effluent samples were compared with the influent concentrations at the 

corresponding sample point to determine the influent-effluent ratio. In the case of vertical columns, 

influent concentrations were not measured at each sampling point, so influent concentrations were 
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interpolated from the 3 influent samples that were empirically measured throughout the duration 

of the experiment.  

 

3.3.1 General Chemistry 

Columns treated with biochar had no noticeable departure from the influent pH values with 

a pH ~7.5 and gradually decreasing to just below 7.0. Conversely, pH noticeably changed in 

columns containing aggregated fly ash and steel slag. Small steel slag impacted pH most noticeably 

with initial pH measured at 10.8 and moderate decline of pH over time to 10.5 by the end of the 

experiment. This slight decline in pH over time is consistent with the influent pH also declining 

throughout the experiment. Large and small aggregated fly ash showed an initial pH measured at 

10.4 and decreasing slightly over time to an eventual pH of 9.8. Large steel slag also raised pH 

noticeably with an initial value measured at 10.2, declining over time to pH 9.8. Vertical column 

pH results can be seen in Figure 3-5. 

Specific conductivity (SpC), where available, showed two different results. First, large 

steel slag had an initial SpC measured at 155.8 µS cm-1 and decreased over time. Despite the linear 

regression used to visualize SpC (Figure 3-6), the data has a clear decaying trend with a lower 

asymptote appearing to be reached near 90 µS cm-1. This indicates that large steel slag is a constant 

contributor of ions to solution and therefore to an increase in solution SpC. Both biochars, similar 

to pH, showed no noticeable change in SpC over time with the initial values measured at 58 µS 

cm-1 and 52 µS cm-1 for the large and small fractions, respectively. For small biochar, SpC 

immediately decreased to 51.7 µS cm-1 after 1 L and both fractions stayed within 50 µS cm-1 to 

52.5 µS cm-1 for the duration of the experiment.  
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Figure 3-5 Effluent pH results from vertical column experiments 

  



 
 

72 

 
Figure 3-6  Effluent specific conductivity results from vertical column experiments (run 2 only due to calibration issues in run 1) 

  



 
 

73 

3.3.2 Metals 

3.3.2.1 Aluminum (Al) 

Despite aluminum’s (Al) designation as category 4 in Table 3-1, only large and small 

biochar produced results of interest. The fitted model results indicated that biochar was effective 

in removing Al+3 from solution for the first 1 to 2 samples and quickly broke through with the 

model at or near an IE ratio of 1.0. Figure 3-7 below only plots results for small and large biochar. 

This is due to small and large sizes of both steel slag and aggregated fly ash leaching Al+3 into 

solution (category 3) and leaching ratios/quantities can be seen in Table 10-4 in the appendix. This 

media composition effect will be investigated in the Al discussion section.  
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Figure 3-7 Dissolved Al+3 removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. Aggregated fly ash 
and steel slag is not shown due to Al+3 leaching which places IE ratio values outside the range of 0.0 – 2.0.  
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3.3.2.2 Arsenic (As) 

As+5 removal (Figure 3-8) for all 6 media followed a very similar trend with no one medium 

standing out as outperforming the group (p = 0.12 – 0.99 and only small biochar and small 

aggregated fly ash significantly different from one another with two model parameters with p < 

0.05). Initial removal ranged from around 20% removal (large and small biochar) to around 50% 

(large and small steel slag). Large aggregated fly ash and small steel slag reached an asymptote of 

~0.85 indicating 15% As+5 removal after approximately 270 pore volumes. Fixing the asymptote 

to 1 for these two media predicts exhaustion at 840 pore volumes for small steel slag and 1575 

pore volumes for large aggregated fly ash. All other media  tapered off and achieved an upper 

asymptote that was within 0.05 of an IE ratio of 1.0. 
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Figure 3-8 Dissolved As+5 removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.3.2.3 Beryllium (Be) 

Beryllium (Be) showed more a wider range of results than Al, with a variety of trends and 

removal efficiencies observed (Figure 3-9). Large steel slag was the only model which was 

significantly unique compared to all the vertical column results (p = 0.03). Initial Be+2 removal by 

large steel slag was around 55% and resulted in an upper IE ratio asymptote of 0.85. When the 

upper IE ratio asymptote is fixed to 1, the new model predicts an exhaustion at 810 pore volumes. 

Although not significantly so, large aggregated fly ash appeared to initially remove Be+2 well (75% 

after 40 pore volumes passed), with a relatively rapid tapering off to exhaustion at around 390 pore 

volumes. The model predicts that large aggregated fly ash will go above an IE ratio of 1.0 around 

430 pore volumes indicating the later stages are leaching Be+2. Initially small steel slag removed 

around 80% of Be+2 in solution however, by the end of the experiment, removal was around 25%. 

The Gompertz fit predicts an upper asymptote for small steel slag just above an IE ratio of 1 with 

exhaustion at approximately 1330 pore volumes. The results from the other materials reached an 

asymptote within the duration of the experiment. Initial removal was observed to be around 45% 

(small aggregated fly ash and small biochar), and around 25% (large biochar). Large biochar and 

small biochar achieved upper asymptotes below an IE ratio of 0.95, where small aggregated fly 

ash was deemed to be exhausted after approximately 300 pore volumes. When the asymptote is 

fixed to 1, small biochar reaches exhaustion at approximately 5320 pore volumes and large steel 

slag is precited to reach exhaustion at approximately 810 pore volumes. Large biochar did not 

result a predicted exhaustion value due to the negative slope of the curve at the termination of the 

experimental data.  
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Figure 3-9 Be+2 removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by effluent 
concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.3.2.4 Manganese (Mn) 

Dissolved Mn+2 removal (Figure 3-10) results generally fall with two categories into two 

categories and all models were highly significant (p ≤ 0.001). First, both large and small biochar 

appear to be a source of Mn+2 early in the experiment, eventually tapering to an IE ratio at or near 

1.00. The second group includes both large and small aggregated fly ash and steel slag media types. 

All four media removed Mn+2 from solution with initial IE ratios ranging from 0.25 to 0.02 (75% 

removal to 98% removal). Both steel slags remained relatively constant throughout the experiment 

ending at an IE ratio of 0.30 (70% removal) and 0.06 (94% removal) for the large and small 

fractions, respectively. Both aggregated fly ash sizes visually appeared to have the same rate and 

magnitude with initial IE ratios of 0.10 (90% removal) and finishing at 0.25 (75% removal). 

Visually, small steel slag was the best performer followed by both sizes of aggregated fly ash. 

Aside from biochars, visually, large steel slag was the least effective, albeit with removal rates at 

or below 75% for the duration of the experiment. Both steel slags finished the experiment with a 

negative slope, so no exhaustion estimates, or upper IE ratio asymptote could be determined. 

Aggregated fly ash however yielded an upper IE ratio asymptote of 0.90 for the large fraction and 

0.56 for the small. Because these did not reach the designated exhaustion IE ratio of 0.95, to 

determine exhaustion, the upper IE ratio asymptote was fixed to 1.00 which yielded exhaustion 

points at approximately 3970 pore volumes for large aggregated fly ash and 6400 pore volumes 

for small aggregated fly ash. 
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Figure 3-10 Mn+2 removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by effluent 
concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.3.3 Neonicotinoids 

Neonicotinoid results were analyzed as has been described. Each sub-species was analyzed 

separately to determine differences between different properties of each. Overall, results were 

consistent with variation in the overall magnitude of removal between the sub species.  

 

3.3.3.1 Acetamiprid 

Acetamiprid removal largely followed two patterns, one with a near-linear behavior over 

the duration of the experiment and one which follows a decaying asymptotic curve (Figure 3-11). 

Modeled results were significant (p < 0.05) for large biochar (p = 0.04), small biochar (p = 0.04), 

and small steel slag (p = 0.01) with large steel slag being highly significant (p = 0.001). Modeled 

curves for large and small aggregated fly ash were not statistically significant when compared to 

the collective results. Near-linear behavior was observed in large steel slag, small steel slag, and 

large aggregated fly ash at different removal levels. Large steel slag initially was not removing nor 

leaching acetamiprid into solution, however by 430 pore volumes, the IE ratio became >1.0. Large 

aggregated fly ash initially removed just under 50% of acetamiprid from solution with a near-

linear decline in removal efficiency finishing at around 10% removal. Small steel slag removed 

nearly 80% of acetamiprid from solution initially and removal declined over time to about 40% 

removal (highest ending removal rate). Small steel slag did show a slight decay starting at around 

270 pore volumes but generally appeared to decrease in removal efficiency in a near-linear fashion 

through the duration of the experiment. Asymptotic decay curves best describe small aggregated 

fly ash and both biochar removal of acetamiprid. Large biochar had an initial removal of about 

45% with a steady decay finishing the experiment within 0.05 of an IE ratio of 1.00. Small biochar 

started with the second-best removal at around 75% and tapered off to about 15% by the end of 
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the experiment. Small aggregated fly ash had an initial removal of about 60% and by 270 pore 

volumes, the curve indicates an asymptote was reached at about 20% removal (upper IE ratio 

asymptote 0.79). Upper IE asymptotes were 1.99, 0.79, 0.96, 0.86, 4.38, and 0.81 for large and 

small aggregated fly ash, large and small biochar, and large and small steel slag, respectively. 

Exhaustion was reached at approximately 870, 660, and 63 pore volumes for large aggregated fly 

ash, large biochar, and large steel slag, respectively without having to fix the upper IE ratio 

asymptote. For all small media, the upper IE ratio asymptote was fixed to 1.00, which yielded an 

exhaustion estimate of approximately 830, 650, and 1520 pore volumes for small aggregated fly 

ash, small biochar, and small steel slag, respectively.  
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Figure 3-11 Acetamiprid removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.3.3.2 Dinotefuran 

Dinotefuran results (Figure 3-12) yielded only one statistically unique modeled fit with 

small biochar (p = 0.09). Small biochar initially had the best dinotefuran removal of 50% and the 

modeled removal rate tapered off to 0% removal by the end of the experiment. Although not 

significant, large biochar showed a similar pattern albeit with a lower initial removal of around 

25%. Large biochar’s exhaustion was predicted at 200 pore volumes while the small fraction was 

predicted at 280 pore volumes. Visually, large aggregated fly ash and small steel slag had similar 

magnitudes and trends both initially measured to remove between 20 and 25% of dinotefuran with 

removal modeled at the same rate for the duration of the experiment. Large steel slag was measured 

to initially remove little to no dinotefuran, and the modeled trend showed small steel slag with an 

IE ratio above 1.0 by approximately 160 pore volumes with a final measured IE ratio of 

approximately 1.55.  
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Figure 3-12 Dinotefuran removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.3.3.3 Imidacloprid 

 Data from imidacloprid (Figure 3-13) resulted in two media with significantly unique 

model fits: large biochar (p = 0.06) and small biochar (p = 0.02). Visually, both model fits are very 

similar, and in fact, all parameters for both biochar sizes were not unique (parameter pairwise p 

values all >0.05). Large biochar had an initial removal rate of approximately 50% and the model 

tapered off asymptotically to an IE ratio just below 1.0 and exhaustion modeled at 520 pore 

volumes. The same trend was observed with small biochar however at a magnitude of removal 

higher than the large fraction. Initial removal was 75% and tapered to a removal rate of 15% by 

approximately 430 pore volumes passed. When the upper IE ratio asymptote is fixed to 1.0 and 

the model re-run, the predicted exhaustion point is 630 pore volumes. Pairwise comparison of the 

model parameters for both aggregated fly ash sizes determined no significant difference between 

the modeled fit between each size (all parameter pairwise comparison > 0.05), nor are the results 

for either determined to be unique (p = 0.99; 0.70). Visually, both had an initial removal rate 

between 40 and 50% and tapered to a removal rate between 10 and 20%. The fitted model predicts 

an eventual upper asymptote for large aggregated fly ash at 1.58 after 1200 pore volumes. Small 

aggregated fly ash, on the other hand, has an upper IE ratio asymptote fitted at 0.81, therefore the 

model was re-run with the asymptote set at 1.0 which yielded a predicted exhaustion after 950 pore 

volumes. Lastly, the two steel slag sizes were quite different despite only one model parameter 

being statistically unique (p << 0.001). Small steel slag had an initial removal of 70% and had a 

mild taper resulting in a removal rate of 25% by the end of the experiment. The upper IE ratio 

asymptote was modeled at 0.79, therefore that parameter was fixed to 1.0 and the model re-run. 

This resulted in a predicted exhaustion at 1660. Large steel slag had initial removal rates at or near 

0% then eventually increasing to a final upper IE ratio asymptote of 4.60.   
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Figure 3-13 Imidacloprid removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 

  



 
 

88 

3.3.4 Phosphorus 

Phosphorus removal from solution (Figure 3-14) is generally be broken into three 

categories: no removal or leaching, removal then exhausted/leaching, and constant removal. Large 

biochar yielded a statistically unique result (p = 0.03) as well as large steel slag (p = 0.003). Both 

biochar fractions neither removed nor leached P into solution. A pairwise comparison of the model 

parameters was not able to be run, however, visually, their results are highly similar. Second, both 

sizes of aggregated fly ash and large steel slag initially removed some P but all finished the 

experiment neither removing or leaching large amounts of P into solution. Parameter pairwise 

comparisons between these three media demonstrates that the small aggregated fly ash and large 

steel slag are unique from one another (two parameters with p < 0.1) and large aggregated fly ash 

and large steel slag are similar, but not entirely so with one parameter statistically unique between 

them (p = 0.001). Despite these curves being somewhat unique from one another, the category of 

removal and exhaustion/leaching still holds true. Initially large aggregated fly ash removed nearly 

85%, small aggregated fly ash removed around 70%, and large steel slag removed just under 50%. 

Upper IE ratio asymptotes were measured at 0.96 for large steel slag and 1.09 for both large and 

small aggregated fly ash. Exhaustion was reached at 402, 395, and 367 pore volumes for large 

aggregated fly ash, small aggregated fly ash, and large steel slag, respectively. The last category 

was small steel slag alone which yielded an initial removal near 85% and a steady decay was 

observed with a final removal measure at 50%. The upper asymptote was measured at 0.45 (55% 

removal) and when the upper IE ratio asymptote was fixed to 1.00, the exhaustion was estimated 

to be at 2280 pore volumes.  

  



 
 

89 

 
Figure 3-14 Phosphorus removal in vertical column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against pore volumes passed. 
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3.4 Horizontal Columns 

This horizontal column orientation included the implementation of a “bioretention 

simulation” where a vertical column filled with concrete sand fed into a horizontal tube filled with 

the media of study. Although the exact composition of the concrete sand is not known, the control 

column results provide an understanding of the impact of the sand on the solution chemistry. 

Results for this orientation primarily focus on the separation of experimental columns (i.e. columns 

containing the media of study) from the control column (only a vertical tube with concrete sand).  

 

3.4.1 General Chemistry 

The pH in the control column (Figure 3-15) showed that sand alone facilitated a reaction 

that increased solution pH with initial pH values measuring 10.2 and 10.3 for the 0 L and 1.0 L 

measuring points. Solution pH generally decreased over time with the final pH measured at 9.8. 

Biochar showed the same trend as was shown in the vertical columns (Figure 3-5) with effluent 

pH initially at 8.1. Biochar effluent pH was within a relatively tight window of 7.5 to 8.7 pH units. 

Treatment with steel slag yielded an increase solution pH with an initial effluent pH of 11.9 and a 

generally decreasing trend over time resulting in a final pH of 11.2. Lastly, aggregated fly ash also 

increased solution pH with an initial pH measured at 11.3. For the first 5 measured points (0 L to 

10 L) pH generally was increasing with pH measured at 11.8 at 10 L. However, the latter half of 

the experiment saw decreasing pH with the final two points (17 L and 27 L) measuring 11.2 and 

10.7, respectively, which lead to an overall decreasing trend in the data.  

Effluent SpC in horizontal column experiments (Figure 3-16) showed two very distinct 

trends. First, both the control and the biochar showed a slight increase in SpC from the influent 

values measuring between 70 µS cm-1 and 80 µS cm-1 through the duration of the experiment. Two 
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notable exceptions to this were the 1 L and 6 L biochar sampling points. The 1 L point was 

measured at 731 µS cm-1 which severely skewed the linear regression and was likely a result of 

fines flushing through the sample setup. Furthermore, the 6 L measurement was slightly above the 

70-80 µS cm-1 range, measuring at 93.5 µS cm-1. Steel slag showed a near identical relationship to 

the vertical columns only with values spiking much higher than those observed in the vertical 

columns (approximately 150 µS cm-1). The initial SpC measurement was 775 µS cm-1 and despite 

the linear regression, the data shows a decaying curve which appears to be reaching a lower 

asymptote between 250 µS cm-1 and 350 µS cm-1. Aggregated fly ash showed a similar relationship 

to steel slag, only with initial SpC values of approximately 500 µS cm-1 but a tapering to a similar 

SpC around 200 µS cm-1.  
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Figure 3-15 Effluent pH results from horizontal column experiments. 
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Figure 3-16 Effluent specific conductivity results in horizontal column experiments. 
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3.4.2 Metals 

Horizontal metal results yielded many results below the detection limit, therefore hindering 

the discussion of the horizontal orientation’s effect on metal concentrations in solution. 

Furthermore, other metals yielded data above detection limits, however, there was no noticeable 

departure from the control column indicating any contaminant removal/leaching is likely solely 

due to the impact of the bioretention simulation sand. These categories can be referenced in Table 

3-1.  

 

3.4.2.1 Arsenic (As) 

Arsenic (As) results from the horizontal column experiment showed a noticeable separation 

from the control column (Figure 3-17) with the control column remaining at or around an IE ratio 

of 1.00 for the entirety of the experiment. Although for some points the biochar performed 

marginally better than the control, results was not a far enough departure from the control to 

constitute the biochar adding any additional removal of As+5 from solution. Pairwise comparisons 

of the fitted model parameters were unsuccessful due to a square root of a negative error in the 

pairwise calculations. Despite a visual separation between the control and aggregated fly ash 

columns, both were not determined to be uniquely different from the whole of results (p > 0.05). 

In spite of this, initial As+5 concentrations in the aggregated fly ash column was reduced by just 

below 50%. Removal decayed over time to an upper IE ratio asymptote of 0.81 (19% removal) at 

around 10 L passed through the columns. If the upper IE asymptote is fixed to 1.00, aggregated 

fly ash reaches exhaustion at 55 L passed. Steel slag was statistically unique (p = 0.01) and had a 

traditional s-curve relationship. Dissolved As+5 removal initially was at or just below 100% 

followed by a period of exponential decrease in removal. The curve reached an inflection point at 
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about 10 L passed where the removal was measured to be about 80%. The curve then entered 

exponential decay and the experiment ended with a removal of about 45%. The upper IE ratio 

asymptote for steel slag was fit at 0.63, and with the upper IE ratio asymptote fixed to 1.00, the 

estimated exhaustion is reached at 51 L.   
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Figure 3-17 Dissolved As+5 removal in horizontal column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against volume passed. 
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3.4.3 Neonicotinoids 

All three neonicotinoid results (acetamiprid, dinotefuran, and imidacloprid) yielded the 

same removal relationship between the three media and the control (Figure 3-18, Figure 3-19, and 

Figure 3-20). The control column showed little to no removal (IE ratio 0.85-1.00) of neonicotinoids 

through the duration of the experiments. For each neonicotinoid, no change in removal was shown 

from start to finish with approximately 15% of acetamiprid, 0% dinotefuran, and 5% imidacloprid 

removed by the control column. Across all three neonicotinoids, there was an initial departure from 

the control for aggregated fly ash and steel slag followed by a convergence to the same removal 

as the control column. Although, the control, biochar, and steel slag models are all not statistically 

unique and model parameter pairwise comparisons were not successfully run due to a 

mathematical error in the statistical calculations. Initial removal for acetamiprid was 50% and 40% 

for aggregated fly ash and steel slag respectively with these models converged with the control 

near 15 L passed. For dinotefuran very little of a departure was observed with both aggregated fly 

ash and steel slag accounting for <10% removal initially and converging to 0% removal around 13 

L passed. Lastly, imidacloprid removal was initially approximately 20% for both aggregated fly 

ash and steel slag with curves converging with the control column by the end of the experiment.  

Notably, however, biochar yielded significant results across all three neonicotinoids p << 

0.01 for acetamiprid and imidacloprid and p = 0.05 for dinotefuran). For acetamiprid and 

imidacloprid, biochar maintained a removal between 90% and 100% for the entirety of the 

experiment with little to no fluctuation in results. Because no upward or downward trend was 

identified for these two media, no upper IE ratio asymptote was able to be calculated. For 

dinotefuran, biochar had removal rates similar to the other two neonicotinoids, however, around 7 

L passed, there was a noticeable decrease in removal, albeit still removing between 70% and 80% 
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of dinotefuran from solution. The Gompertz curve fit the data with a near-linear fit and calculated 

an eventual upper IE ratio asymptote of 0.37 (63% removal). If the upper IE ratio asymptote is 

fixed to 1.00, then exhaustion would be estimated to be after 134 L passed.  

 
Figure 3-18 Acetamiprid removal in horizontal column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against volume passed. 
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Figure 3-19 Dinotefuran removal in horizontal column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against volume passed. 
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Figure 3-20 Imidacloprid removal in horizontal column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against volume passed. 
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3.4.4 Phosphorus (P) 

Phosphorus removal in the horizontal column experiment showed varied results (Figure 

3-21). First, the control column initially had P removal just below 100%, however removal 

efficiency decayed immediately and an upper IE ratio asymptote just below 0.95 was reached by 

the end of the experiment. When the control column’s upper IE ratio asymptote is fixed to 1.00, 

the exhaustion is estimated to be at 16 L. Aggregated fly ash yielded a unique result (p = 0.1) with 

an initial removal of P from solution of 90%. However, as removal rates declined with solution 

passing, it declined in a near-linear trend with an upper IE ratio asymptote calculated to be 1.10 

and exhaustion being reached at 37 L passed. Steel slag was also unique (p = 0.001) with an initial 

removal  of approximately 85%, however, removal efficiency appeared to slightly improve over 

time with a final removal rate at approximately 90% to 95%. Because the curve for steel slag ended 

with a negative slope, no upper IE ratio asymptote fixing for media exhaustion determination was 

calculated. Lastly, biochar initially had a removal of about 40% (lower removal than the control), 

but in subsequent sampling points the data indicated between 70% and 75% removal. P removal 

followed a similar pattern to aggregated fly ash with a near-linear relationship fitted to the data. 

Biochar ended the experiment with a removal of approximately 10%, similar to that of the control 

and aggregated fly ash. Exhaustion for the biochar was calculated to be at 32 L passed.  
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Figure 3-21 Phosphorus removal in horizontal column experiments as demonstrated by the influent-effluent ratio as defined by 
effluent concentration (Ceff) divided by influent concentration (Cin) and plotted against volume passed. 
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3.4.5 Mass Removal Rate 

Plots comparing the mass removal rate as a function of cumulative contaminant passed into 

the column were produced to compare results from horizontal and vertical column experiments. 

Important to note is that results from this analysis do consider an element of time. Meaning, 

individual points on each plot do not represent a removal rate at a given solution concentration for 

an independent study, but rather it is representative of the removal rate once a given amount of 

contaminant has been passed into the column. Furthermore, this analysis was only able to be 

conducted for contaminants where both horizontal and vertical columns fell into category 4 (from 

Table 3-1). Additionally, the analysis contaminant needed to have a similar spike concentration 

between the two orientations due to results being dependent on solution concentrations and not 

concentration ratios.  

Results demonstrated that less overall solution, and therefore less contaminant mass was 

passed through the sample setup in horizontal column experiments when compared to vertical 

experiments.  Enough cumulative contaminant was passed through to ensure results were 

comparable, however, horizontal experiments did not measure long-term removal rates as 

compared to vertical experiments. 

 
3.4.5.1 Arsenic 

Mass removal rate (MRR) analysis on small steel slag (Figure 3-22) yielded horizontal and 

vertical results clustered together with a negative relationship between MRR MV-1 (mass volume) 

and the cumulative As mass input. As was demonstrated, the control column (bioretention 

simulation sand) yielded modest As+5 removal and therefore is not considered a reasonable source 

of As+5 removal.   
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Figure 3-22 Comparison of column orientation on the mass removal rate (MRR) of As+5 per media volume (MV) of small steel slag 
against cumulative As+5 input.  
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Small aggregated fly ash yielded results (Figure 3-23) which demonstrated that in vertical 

column experiments, the MRR MV-1 was high (~0.015 µg hr-1 cm-3) when little mass had been 

input, however in horizontal column experiments, the same mass input yielded much lower 

removal rates  

(~0.005 µg hr-1 cm-3). Despite this departure in magnitude, visually, the trend remained the same 

between the two experiments with a high initial removal that tapered off over time. Horizontal 

control column data demonstrated the bioretention simulation sand as an infeasible source of As+5 

removal.  
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Figure 3-23 Comparison of column orientation on the mass removal rate (MRR) of As+5 per media volume (MV) of small 
aggregated fly ash against cumulative As+5 input. 
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Small biochar results yielded an MRR MV-1 of ~0.01 µg hr-1 cm-3 which was not as high as 

compared to the other media (0.015 – 0.02 µg hr-1 cm-3). Similar to small aggregated fly ash, the 

small biochar resulted in a separation between the vertical and horizontal column runs in terms of 

magnitude, although visually, the same trend is observed. In the vertical column, small biochar 

initially is removing As+5 at a rate of ~0.01 µg hr-1 cm-3 followed by a reduction in removal to just 

above 0.005 µg hr-1 cm-3 for the next two sample points. Removal appears to increase once again 

around 300 µg, but a breakthrough is quickly achieved soon after. By 800 µg, the vertical column 

is predicting leaching of As+5, however by approximately 1300 µg the system appears to reach 

equilibrium with a removal rate at or near 0.00 µg hr-1 cm-3. As mentioned, the horizontal column 

experiment yielded similar results only at smaller magnitudes. The same process of reducing 

removal rate, followed by a slight increase in removal rate then leaching is observed for the 

horizontal column, although results stay between just below 0.00 µg hr-1 cm-3 and 0.0025 µg hr-1 

cm-3. This range is also applicable to the horizontal control column which is also shown and 

constitutes no source of As+5 removal to the system.  
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Figure 3-24 Comparison of column orientation on the mass removal rate (MRR) of As+5 per media volume (MV) of small biochar 
against cumulative As+5 input. 
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3.4.5.2 Phosphorus 

Small steel slag results in the vertical column experiment yielded a similar analysis as was shown 

in the As+5 removal analysis. In early portions of the experiment when not much P had been passed 

into the column, small steel slag removed P at the highest rate (just below 0.5 µg hr-1 cm-3). The 

removal rate then steadily declined as more P was passed into the system. Interestingly however, 

the final point in the vertical column experiment yielded a removal rate that was higher than the 

removal rate previously measured. Without further data provided, determining this point as an 

outlier, natural variation in the data, or representing a potential trend is unknown. The horizontal 

column experiment yielded a MRR MV-1 trend that demonstrated an increase in removal with an 

increase in P passed into the system. The horizontal control column shows a trend with a moderate 

initial removal (0.18 µg hr-1 cm-3) and the removal rate quickly dropping off to 0 µg hr-1 cm-3 by 

the time 3 µg P has been passed through the system. In comparison, as the horizontal control 

column declines in removal rate, the horizontal column increases. 
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Figure 3-25 Comparison of column orientation on the mass removal rate (MRR) of P per media volume (MV) of small steel slag 
against cumulative P input. 
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Small aggregated fly ash yielded vertical column analysis results demonstrating a maximum 

removal rate (~0.38 µg hr-1 cm-3) at the lowest cumulative mass input and the removal rate steadily 

declining. The media was unable to remove any more P at around 1000 µg P flushed into the 

system and the analysis demonstrated the small aggregated fly ash began to leach P back into 

solution (-0.1 µg hr-1 cm-3). The horizontal control column results yielded an initial removal in the 

control column of approximately 0.18 µg hr-1 cm-3 with a steady decline to 0 µg hr-1 cm-3 by 

approximately 300 µg P passed through. Conversely, the horizontal column yielded no P removal 

initially with the removal rate increasing as more P was passed into the system. After 100 µg P 

passed, the horizontal column peaked at a removal rate just below 0.1 µg hr-1 cm-3 then began to 

decline at a rate similar to the trend in the vertical column. Exhaustion of the media to remove P 

in the horizontal experiment was reached right at the termination of the experiment with 

approximately 400 µg P passed through.   
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Figure 3-26 Comparison of column orientation on the mass removal rate (MRR) of P per media volume (MV) of small aggregated 
fly ash against cumulative P input. 
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Finally, as was demonstrated with Figure 3-14 and Figure 3-21, biochar has not demonstrated a 

strong tendency to remove P from solution. The vertical column experiment further corroborated 

this observation by demonstrating a fluctuation between leaching and removal of P from/into 

solution at rates between -0.03 µg hr-1 cm-3 and 0.5 µg hr-1 cm-3, effectively representing no 

substantial source or sink of P to/from solution. Once again, the horizontal control results yielded 

an initial removal in the control column of approximately 0.18 µg hr-1 cm-3 with a steady decline 

to 0 µg hr-1 cm-3 by approximately 300 µg P passed through. Horizontal column results initially 

demonstrated leaching of P into solution represented by a removal rate of approximately -0.04 µg 

hr-1 cm-3. As the control column’s removal rate declined, the horizontal column’s removal rate 

spiked to just under 0.1 µg hr-1 cm-3 with a rapid decline resulting in media exhaustion by the final 

point of the experiment (approximately 400 µg P passed through).   
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Figure 3-27 Comparison of column orientation on the mass removal rate (MRR) of P per media volume (MV) of small biochar 
against cumulative P input. 
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4 Discussion 

4.1 Media Dissolution Impacts on pH and Specific Conductivity 

Dissolution of -oxide species into solution is of major consideration regarding effluent pH 

and specific conductivity (SpC). For undersaturated mineral and elemental species, each 

compositional -oxide species in the treatment media will tend to dissolve into solution (Agyei et 

al., 2002; Ahmaruzzaman, 2010). Generalized forms of these reactions are shown in Equation 4-1 

and demonstrate how metal-oxides will react with water to release ions into solution and form 

hydroxide ions.  

 

Equation 4-1 Generalized dissolution reactions which contribute to solution pH increase. 

𝑋!𝑂 + 𝐻!𝑂 → 2𝑋(49)
'# + 2(𝑂𝐻%)49 

𝑋𝑂 + 𝐻!𝑂 → 𝑋(49)!# + 2	(𝑂𝐻%)49 

 

Increased ions in solution will increase the solution’s ability to conduct current and therefore result 

in an overall increase in SpC. Furthermore, an increase in OH- in solution will correspond to an 

increase in solution pH. Table 2-3 highlights the compositions of each medium used with most 

metal components expressed in their metal-oxide form. The aggregated fly ash and steel slag used 

were reported to contain large metal-oxide concentrations with particularly high concentrations of 

Al2O3, Fe2O3, CaO, and MgO. Furthermore, biochar was not demonstrated to contain high levels 

of metal-oxides, but rather had an overwhelming composition of organic carbon (87.4%). Studies 

have demonstrated fly ash  and steel slag (Agyei et al., 2002) yield higher pH and SpC values due 

to this metal-oxide dissolution.  

  



 
 

116 

4.2 Leaching 

As was demonstrated in the previous section, both aggregated fly ash and steel slag possess 

a high potential to leach cations (such as Ca+2, Mg+2, Na+, K+, Fe+3, and Al) into solution. This was 

demonstrated by reviewing Ca, Mg, Na, K, and Fe ratio data in Table 10-4, Table 10-5, Table 

10-6in the appendix. Leaching of a material is of concern to the quality of the water that is flowing 

into the environment and into various waterbodies. Major cations such as Ca+2, Mg+2, Na+, and K+ 

alone are not considered as substantial threats to aquatic life. However, these elements typically 

combine to constitute total dissolved solids (TDS) which is a measure that is considered impactful 

to aquatic life. Water Quality Standards | Oklahoma Water Resources Board (n.d.) defines 

“general use groundwater” as a groundwater that can be used for human consumption or otherwise 

without adverse impacts and is defined by a TDS value below 3,000 mg L-1. The standards go on 

to define water sufficient for water supply purposes to be below 5,000 mg L-1 and sets a secondary 

drinking water standard at 500 mg L-1 (for more aesthetic purposes). Even in the most extreme of 

cases, combined Ca+2, Mg+2, Na+, and K+ experiment results would not exceed a TDS of more than 

150 mg L-1, meaning major cation leaching is not of environmental concern in this study.  

Aluminum is another element that was generally leached in aggregated fly ash and steel 

slag experiments which may pose an environmental concern. The aquatic life criteria is dependent 

on the hardness of the water, but generally is given in the range of thousands to tens of thousands 

of µg L-1 (US EPA, 2015b). An exceedance of 1,000 µg L-1 was generally observed in experiments 

run with aggregated fly ash with effluent Al concentrations ranging between 615 µg L-1 and 21,845 

µg L-1. Understandably, the use of aggregated fly ash would constitute a cause for concern and 

therefore may not be suitable in all situations. All other media were found to leach below 1,000 

µg L-1.  
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Lastly, Fe is designated to be toxic at levels above 1,000 µg L-1 (US EPA, 2015b). All 

results from this study yielded Fe values below 100 µg L-1 indicating that the use of this media for 

the improvement of water quality provides no meaningful environmental concern for Fe.  

 

4.3 Below Detection Limits (BDLs) and Control-Experimental Separation 

One potential explanation for results being below detection limits (BDL) is when influent 

values are measured BDL, therefore so long as the media is not a source of the measured 

contaminant, then the effluent will also be BDL. This essentially represents the influent 

concentration for a contaminant being too low to properly quantify in this study. Another 

explanation is when influent concentrations were above the lower detection limit (LDL) and the 

media removed the contaminant thoroughly enough throughout the duration of the experiment to 

yield consistent BDL values. This case would indicate ideal contaminant removal; however, it 

does not yield a curve appropriate for analysis. Table 4-1 below outlines which contaminant-

media-orientation combination yielded which result.  
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Table 4-1 Media-contaminant-orientation combinations that yielded results below detection limit (BDL). 

Column Orientation Metals 
Vertical  Cd, Co, Ni 
Horizontal  Be, Cd, Co, Fe, Ni, Zn 
Influent BDL Cu, Pb, Se 

 

The second major category in the data is where there is no noticeable separation between the 

control column and the experimental column in removing contaminants in horizontal column 

experiments. This could mean that both the control column and the experimental columns are 

BDL, therefore no separation is able to be determined. Furthermore, removal could be observed in 

horizontal columns, however, there may be no noticeable separation between the control column 

and the experimental columns. Where this does indicate that removal took place, it also 

demonstrates that the bioretention simulation tube was the primary driver of removal and not the 

experimental media. These media-contaminant-orientation combinations can be found in  

Table 3-1 above classified as category 2. These results are important to understanding the 

processes within an augmented bioretention system as suggested, however these specific results 

are beyond the scope of this study and are suggested for further investigation in future studies. 

 

4.4 Metals 

In vertical column experiments, no specific media proved to be statistically different from 

the rest with results highly clustered between 0% and 50% As+5 removal. Horizontal column 

results however, produced one unique curve in small steel slag (p = 0.04). Akter et al. (2005) shows 

an Eh/pH diagram for As-5 speciation in an aqueous system at 25˚C and 1 bar of pressure. For the 

pH range given in our effluent results (7 – 12) and an assumed Eh between 200 mV and 600 mV 

(Characterization of Solutions by pH and Eh, 2006) results in an expected As species of HAsO42-
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, which is an As5- species. In a study by Liem-Nguyen et al. (2020) a steel slag was used to treat a 

solution spiked with As5- across a variety of pH conditions. At an initial pH of 7.0, the resultant 

pH was 12.0 and just over 40% of As5- was reported to be removed from solution by the steel slag. 

This was also observed in the horizontal column experiments where results initially yielded nearly 

100% As5- removal, but eventually reached equilibrium at a removal rate between 40% and 50%. 

Akter et al. (2005) goes on to explain that As5- removal is due to a combination of precipitation 

and adsorption. Precipitation is predicted as Ca3(AsO4)2 • 4H2O(s) and therefore is predicted to Ca 

dependent. However, with a similar resultant pH to steel slag and a higher Ca content, aggregated 

fly ash should be expected to also result in a similar removal of As5- from solution, although the 

horizontal column data did not result in a large quantity of As5- being removed from solution. 

Therefore, adsorption is likely a more likely mechanism. The composition of media sorption site 

compositions is beyond the scope of this study, however sorption sites that are associated with 

compounds at high concentrations in steel slag as compared to the other media are expected to be 

the key in understanding As5- removal in this case. The most likely of these compounds are Fe- 

and Mn-oxides.  

 Manganese (Mn) results show a strong dependence on pH. Steel slag and aggregated fly 

ash have shown to noticeably increase solution pH to a range of 10 – 12. In an Eh/pH diagram of 

Mn+2 speciation in an aqueous solution by Gabelich et al. (2006) demonstrates that for a resultant 

pH between 10 and 12 and an Eh between 200 mV and 600 mV, either MnOOH(s) or Mn3O4 (s) is 

predicted to form and precipitate. Conversely, with biochar not noticeably impacting solution pH 

(pH = 7.0-7.5), Mn is predicted to remain in solution as Mn+2, hence not demonstrating any 

significant removal from solution.  
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 Although the Gompertz model was not statistically significant, Be+2 removal from solution 

visually appeared to be best with small steel slag. All others remained just below an IE ratio of 

1.0. Tokarčíková et al. (2021) did not investigate the removal of Be+2 from solution using fly ash 

or steel slag, but the authors did indicate that charged sites on biochar surfaces was the most likely 

point of sorption. If the assumption is made that both aggregated fly ash and steel slag have charged 

surfaces, then Be+2 removal from solution via this mechanism is also possible. More likely, 

however, is the removal of Be+2 via complexation as Be(OH)2 at a pH above 4. This was the 

primary mechanism of removal reported by Tokarčíková et al. (2021) at high pH and is a likely 

method of removal in this study as well. Curiously, however, a constant removal rate was not 

observed through the duration of the experiment as was demonstrated with Mn+2. With pH 

remaining relatively constant throughout the duration of all experiments but Be+2 removal 

declining over time, sorption appears to be the primary method of removal in this study.  Further 

research would need to be conducted to investigate the exact mechanism of removal in this study. 

 Generally, metals removal from solution is expected when treated with aggregated fly ash 

(Apak et al., 1998; Ayala et al., 1998; Bayat, 2002a, 2002b; Chandra Srivastava et al., 2006; 

Diamadopoulos et al., 1993; G. Gupta & Torres, 1998, 1998; V. K. Gupta et al., 2003; V. K. Gupta 

& Ali, 2000, 2004; V. K. Gupta & Sharma, 2003; Hsu et al., 2008; Lin & Chang, 2001; S.-C. Pan 

et al., 2003; Panday et al., 1985; Rao et al., 2003; Ricou et al., 1999; Rio et al., 2002; S. Wang et 

al., 2008; Yadava et al., 1987) and steel slag (Kim et al., 2008; Wu et al., 2014).  This study 

demonstrated both aggregated fly ash and steel slag as effective in removing metals from solution. 

However, despite the overwhelming body of literature, this study supports steel slag as a more 

effective and safer option to removal metals from solution as opposed to aggregated fly ash. As 

this study and the body of literature further demonstrated, biochar is expect to have little to no 
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significant impact on metals removal from solution without some type of pretreatment (Ding et 

al., 2016; Reddy et al., 2014a, 2014b; Zhou et al., 2016).  

 

4.5 Phosphorus 

 Biochar was not shown to remove P from solution, likely due to the lacking charged surface 

sorption sites and deficient capacity to raise solution pH via metal-oxide dissolution. Conversely, 

aggregated fly ash and steel slag results demonstrated the P removal capability that charged media 

surfaces and high solution pH can provide. Both aggregated fly ash sizes in vertical column 

experiments yielded highly similar results. Due to the high secondary porosity observed between 

the large and small fractions of the aggregated fly ash, grain size is not anticipated to have a 

noticeable impact on contaminant removal with the internal crystalline structure being the primary 

factor. Contrarily, steel slag did not show such secondary porosity and therefore the grain size had 

a noticeable effect as was demonstrated with P removal. Literature suggests that the Ca content of 

the treatment media is the primary predictor of how well a media removes P from solution, 

typically allowing for the formation of hydroxyapatite (Ca10(PO4)5(OH)2) (Drizo et al., 2006; Kim 

et al., 2008; Piatak et al., 2019; Scott & Penn, 2021). In general, fly ash is known to contain ~23% 

CaO (W. Zhang et al., 2008), where steel slag only contains ~10% (Bowen, 2021), yet small steel 

slag removed P at a better rate than both aggregated fly ash sizes. While not entirely known based 

on the results of this study, one potential explanation is regarding steel slag’s much higher density 

than aggregated fly ash, meaning steel slag is able to make available more Ca mass per unit volume 

than aggregated fly ash. Horizontal column experiments demonstrated the control sand to have a 

measurable removal of P from solution, however the capacity was exhausted quickly necessitating 

the use of an amendment to help retain more P. Both biochar and aggregated fly ash removed P 
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well during the initial stages of the experiment likely as a result of the control sand rather than the 

media itself removing P. As the control sand’s removal capacity tapered off, as did the removal 

rates for aggregated fly ash and biochar, demonstrating these media to not be effect treatments for 

removing P from solution. Steel slag however was measured to remove >90% of P from solution 

for the duration of the experiment. Again, the Ca mechanism of removal is expected, yet the 

absence of aggregated fly ash to be a reasonable sink of solution P calls that mechanism into 

question. Instead, Scott & Penn (2021) in a study of steel slags removing P from solution suggest 

that Fe-oxides could also play a role in P removal. The authors suggest that at a high pH, such as 

what was observed in this thesis, this mechanism is not as likely. However, with the Ca mechanism 

of removal in question, it could be possible that this reaction plays an important role in removal 

despite the high pH of the solution. This is supported by the observed difference in removal and 

differing Fe-oxide compositions of the steel slag and aggregated fly ash.  

 

4.6 Neonicotinoids 

 Neonicotinoids in this study showed uniform results across all three sub species 

(acetamiprid, dinotefuran, and imidacloprid). Vertical column experiments were spiked at the 

higher neonicotinoid level (1 mg L-1), which is believed to be the source of some unexpected 

results. Steel slag was not anticipated to be a reasonable source of pesticide removal from solution 

with atrazine (a herbicide) only removed at 0.3% (Gonzalez et al., 2016) and 2,4-D and carbofuran 

(pesticides) reported to have a “negligible” removal from solution using steel slag (V. K. Gupta et 

al., 2006). Therefore, it was unexpected to see small steel slag as the best performer (acetamiprid, 

p = 0.01; dinotefuran, p = 0.12; imidacloprid, p = 0.30) in the vertical columns. The literature did 

support fly ash as a potential for the removal of herbicides and pesticides (V. Gupta et al., 2002; 
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V. K. Gupta & Ali, 2001; Nollet et al., 2003) and vertical column experiments from this study also 

demonstrated some neonicotinoid removal, albeit not with a modeled fit that was significantly 

unique as compared to the other modeled fits (all sub species, p > 0.65).  Biochar was projected to 

be the best at removing neonicotinoids with mechanisms such as pi-pi, cation-pi, and hydrophobic 

effects as the primary driver of removal (Shi et al., 2022; P. Zhang et al., 2018). By referring to 

Table 2-3 these properties are provided by the organic carbon structures of biochar but is not 

provided by metal-oxide structures such as the primary composition of fly ash and steel slag. In 

vertical column experiments, excluding large biochar in imidacloprid and dinotefuran results (p = 

0.06 and 0.50, respectively), all biochar results yielded unique models which demonstrated 

removal quantities between 25 and 75% tapering to removals between 0 and 10%. Although 

biochars in the high neonicotinoid spiked vertical column experiments did not provide the highest 

removal rates, when the neonicotinoid concentration was adjusted and the bioretention simulation 

horizontal column experiments were run, biochar was the standout media removing nearly all 

neonicotinoids from solution. Biochar models in all three sub species yielded p < 0.05, with 

acetamiprid and imidacloprid yielding p << 0.01. The aromatic structure of the organic C, which 

is the overwhelming component of biochar, yielded greater than 90% removal of acetamiprid and 

dinotefuran through the duration of the experiment. Dinotefuran demonstrated greater than 90% 

removal with biochar in horizontal column experiments, however unlike the others, the removal 

tapered off to around 60% removal by the end of the experiment. Shi et al. (2022) shows that 

neonicotinoid sorption is highly selective, despite solution pH and ionic strength, which is likely 

demonstrated in the difference between acetamiprid/imidacloprid results and the dinotefuran 

results. Table 1-1 amended from (Morrissey et al., 2015) demonstrates a soil sorptive capacity (log 

Koc) for dinotefuran that is lower (less sorbent) than the equally matched, higher log Koc (more 
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sorbent) acetamiprid and imidacloprid. As sites begin to exhaust, dinotefuran is likely the first of 

the three to yield lower sorption rates. The control column in horizontal column experiments 

demonstrated 0% (dinotefuran) to ~10% (acetamiprid and imidacloprid) removal from solution, 

therefore justifying the need for some form of water quality finishing for neonicotinoids. Both 

aggregated fly ash and steel slag had no statistically unique results with both demonstrating little 

to no additional removal beyond the control column. Based on the understanding of preferred 

neonicotinoid removal pathways (pi-pi, cation-pi, and hydrophobicity), combined with previous 

studies, it is no surprise that steel slag did not yield much removal. Fly ash was potentially expected 

to remove pesticides (V. Gupta et al., 2002; V. K. Gupta & Ali, 2001; Nollet et al., 2003) albeit no 

evidence suggested the effective removal of neonicotinoids specifically. Given our predicted 

proffered neonicotinoid removal mechanisms and our understanding that aggregated fly ash lacks 

these qualities, the results from horizontal column experiments are no surprise.  

 

4.7 Mass Removal Rate 

 Small steel slag demonstrated uniform results in removing As+5 between the horizontal and 

vertical experiments which is ideal in comparing the two datasets. Aggregated fly ash results for 

As+5 and P between horizontal and vertical column experiments demonstrated similar trends with 

different magnitudes. This supports the mechanism of removal being constant between the two 

experiments, however some difference between the two experimental designs is impacting the 

effectiveness of aggregated fly ash to remove both contaminants at the same rate as the vertical 

column. The most likely is the introduction of the bioretention simulation sand in the horizontal 

column experiment. This impact is suggested as a point of further study; however, this study has 

demonstrated the potential of negative impacts of bioretention prior to being treated with a 
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aggregated fly ash to remove arsenic from solution. For arsenic, biochar demonstrated little to no 

removal in horizontal column experiments, where vertical column experiments showed a mild 

removal rate between 0.005 and 0.01 µg hr-1 cm-3. The impact of the overlaying bioretention 

simulation sand could have a similar impact on As+5 removal using biochar as well. In IE ratio 

graphs, biochar was not shown to remove considerable amounts of P from solution, a trend that 

was also observed in the mass removal rate analysis. For small steel slag and small aggregated fly 

ash, P results demonstrated some curious trends between the vertical and horizontal column 

experiments. Vertical columns demonstrated a high removal rate (0.3 – 0.5 µg hr-1 cm-3) early on 

when low quantities of P have been passed through, with the rate declining over time as more P is 

passed through, indicating the exhaustion of sorption sites. However, for small steel slag and small 

aggregated fly ash (and biochar to some degree) in horizontal column experiments, a relationship 

between media removal and control column removal appeared. The control column as was 

demonstrated in Figure 3-21 to initially remove some P but breakthrough relatively quickly. This 

same trend was observed in the mass removal rate analysis with an initial removal rate near 0.18 

µg hr-1 cm-3 and reaching exhaustion by around 300 µg P passed through. Media results however 

demonstrated that as long as the control column was removing P, the removal rate was low or 

nonexistent. Intuitively, if the control column is removing large quantities of P from solution, the 

rate of removal is going to be a function of how much P is left available in solution to remove, so 

long as that value is not larger than the maximum removal rate capacity of the media. As the 

control column’s removal rate begins to decline with time, there is consequently more P in solution 

for the media to remove and therefore the removal rate of the media begins to increase. In the 

aggregated fly ash horizontal column, after the media P removal rate superseded the control 
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column removal rate, the media removal rate trend began to decline ultimately matching the trend 

of the vertical column experiment which showed a declining removal rate over time.    
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5 Considerations 

As a contribution to the body of scientific literature, it is important for assumptions, 

limitation, and potential areas for concern to be clearly divulged to properly contextualize the 

research being conducted. This section will review these disclosures in order to properly frame 

this study in the broader scientific discussion around LID modification, contaminant fate and 

transport, and aqueous geochemistry.  

 

5.1 Gompertz Function and Influent-Effluent Graphs 

Chu (2020) makes a strong case the use of the Gompertz function to fit data such as fixed 

bed adsorption studies similar to what was studied in this thesis. This curve is applicable to this 

study due to its ability to model asymmetric breakthrough curves well, which was largely the case 

for the study covered in this thesis. Often, the data analyzed here showed only the decaying tail 

(concave down) of an S-curve, while other data only showed the exponential growth (concave up) 

portion of an S-curve, while yet others showed both. The Gompertz function allows for showing 

one or both of these while also allowing for asymmetry in all cases.  

However, there are several considerations with how the Gompertz function was utilized to 

analyze the data in this study. First, this model is strictly a diagnostic model not a predictive one. 

This meaning, points that fall outside the domain of the experiment are not able to be appropriately 

characterized by the curve fit within the domain of the data. The Gompertz curve would often 

predict elements outside the domain of the data, however without further data points to confirm 

the model, these elements cannot be fully relied on. Instead, when elements such as the upper IE 

asymptote fell outside the domain of the data, the resultant elements are treated as merely 

speculative rather than predictive. Furthermore, in instances where the model did not reach an 
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upper IE ratio asymptote of at least 0.95, overriding the asymptote to be fixed at 1.00 was an 

attempt to calculate a coarse speculation as to where breakthrough might occur. Overall, where the 

key parameters were not measured within the domain of the data collected, further data is needed 

in order to better calibrate the model to reflect the interactions and processes studied. Conversely, 

many datasets in this study predicted key parameters of the Gompertz curve within the data domain 

as collected and therefore this model represents an effective characterization of the interactions 

and processes occurring.  

Another consideration are the underlying assumptions for the proper application of the 

Gompertz function. Originally, this function was intended to model populations in biological 

sciences. One of the foundations of the Gompertz function because of this is that relationships are 

intended to be studied as binary; either a being (person, microbe, animal, etc.) is alive or dead. 

Furthermore, once a being is alive, it stays alive and once it is dead, it stays dead. What this implies 

for the use of the Gompertz model for this study is that the contaminant should react, then at some 

point the reaction stops and nothing further happens. However, it is well known that this is not the 

case with sorbed contaminants often exchanging for other contaminants and for varying 

precipitation/dissolution reactions continuously occurring (Attard & Barnes, 1998). Although the 

study in this thesis is highly complex and is likely to be composed of large quantities of 

sorption/desorption and dissolution/precipitation reactions, generalizing reactions can help to 

create a more binary system which is appropriate for Gompertz modeling. Generally, by observing 

a trend of removing a contaminant followed by an exhaustion of the media to remove a 

contaminant produces a system that is well modeled by the Gompertz equation.  
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Overall, the use of the Gompertz function in this study is not necessarily inappropriate and 

often is descriptive and effective, however, several factors in its utilization should be considered 

when interpreting results. 

 

5.2 Study Design: Proof of Concept 

As has been referenced multiple times through this thesis, the used study design involves 

highly intricate interactions with a complex influent which underwent complex reactions under a 

continuously flowing system. This allows for many things to play a role in understanding the 

removal of contaminants such as kinetics, multi-layer sorption, chemical sorption, competitive 

sorption, and precipitation/dissolution reactions to name a few.  

Furthermore, the experiments performed were only conducted once and had no replicate 

studies to confirm the reproducibility of what was observed. Therefore, it should be clearly noted 

that these results apply strictly to the experiments that were conducted and cannot be statistically 

applied to the wholistic behavior of the studied media in treating the studied contaminants.  

This study was designed the way it was in order to serve as a proof of concept for these 

media to treat a complex mix of contaminants to further inform future, larger-scaled projects. The 

conclusions from this study will help to better design effluent treatment systems for bioretention 

which is actively an area of research within the Oklahoma Water Survey. More detailed studies 

are suggested in “Future Studies” which could help to understand specific mechanisms at play and 

could overall benefit the final design for bioretention effluent treatment systems.  
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5.3 Environmental Safety Considerations 

Scott & Penn (2021) conclude their study with an excellent mention of the “environmental 

safety of steel slags.” Furthermore, in a review of fly ash, Ahmaruzzaman (2010) was sure to 

include mention of the safety and proper application of fly ash in environmental settings. 

Considerations should include a medium’s leaching ability, reuse potential, proper disposal, 

variability of source material, and potential impacts to LID hydraulics. The biochar used in this 

study has been approved by the US EPA as safe to use in the environment (J. Gaspard, personal 

communication, October 10, 2022).  

Fly ash and steel or iron slags are not homogeneous and as demonstrated by this study, 

these media possess the potential to leach elements into the environment. The selection of the used 

media is very important, with source media coming from industries or sources that commonly 

contain higher concentrations of more harmful metals can be of particular concern. Furthermore, 

obtaining biochar from a source which produces biochar, and not charcoal is very important to 

maintain the carbon structures which give biochar its beneficial properties. Likewise, the proper 

application of media is incredibly important. Generally, deploying a media with a high metal 

content into a highly acidic environment considerably increases the risk of metals leaching from 

the media. Although fly ash and steel slag have been shown to buffer solutions well, in doing so, 

these media may leach metals rather than retaining them. 

Lastly, using a porous media in a system designed to capture and distribute water can pose 

an issue to the hydraulics for said system. Considerations would need to be taken into account to 

determine if inserting media into a bioretention underdrain would negatively impact the hydraulics 

of the system and potentially reduce the efficacy of the bioretention as designed. Likewise, impacts 
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of media interactions with the treated solution (mostly precipitation) would need to be monitored 

to assess the impacts to bioretention hydraulics.    
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6 Future Studies 

This thesis has highlighted many areas where the proof of concept from this study could 

be expanded upon to maximize LID design and to further understand the mechanisms in aqueous 

contaminant removal.  

One such approach is aqueous geochemical modeling (AGM) to better understand what 

specific geochemical processes are factoring into changes in component concentrations. For 

instance, the SSW solution could be modeled based on measured sample concentrations. This 

AGM would help in understanding the equilibrium state of the influent solution to predict the 

contaminant phase (dissolved or complexed) as well as what elements are under or over saturated. 

Based on the properties of the media used in this study, transport modeling would allow a model 

to predict the precipitation or dissolution of various components as well as likely sorption (physical 

or chemical) of different contaminants. Model results could then be compared to measured results 

to determine any discrepancies between the measured and thermodynamically preferred 

concentrations/states. With known influent and effluent chemistries, inverse modeling would also 

provide insight to the likely reactions taking place within the sample column itself. 

The Oklahoma Water Survey has ongoing research whose goal it is to scale up the research 

from this thesis and to apply on a real-life scale. Experimental bioretention cells at the Grand Lake 

Dam Authority (GRDA) in Langley, OK, USA are outfitted such that both influent and effluent 

water (quantity and quality) can be controlled as well as the variables within the cells themselves. 

An initial scaling up has been conducted using the media from this study in columns attached to 

the underdrains of these cells. Results from this study are outside the scope of this thesis but will 

illuminate the representativeness of this study to a scaled-up version which could have implications 

for further use.  
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This study as a proof of concept has helped to broadly identify the applicability of these 

media in water quality LID and has helped identify potential future areas of study in terms of the 

overall sorptive capacity for the contaminants that were used. Beaker experiments would be more 

appropriate to determine the mass and the rate of sorption of these contaminants onto these 

treatment media. Furthermore, this would allow for the Langmiur isotherm to apply which is a 

better statistical model to determine sorption rates and media exhaustion points (W. Zhang et al., 

2008). By slowly building a more complex solution mixture, the impact of competitive sorption 

can also be studied by observing the decrease in sorption efficiency as the overall solution becomes 

more and more complex. This will also help to develop specific sorption coefficient (Kd) values 

for each neonicotinoid and medium combination which could be useful for applications outside of 

LID improvement.  

The final suggested future study would be to investigate the media to confirm the sorbed 

contaminants and to determine the structures that are formed during said sorption. This can be 

accomplished by performing digestions on the media after it has been used to remove contaminants 

from solution. If previous leaching studies have been performed on the media as was suggested, 

then digestions would further confirm the sorbed partition of contaminants to the media in the 

column experiments. To determine the specific structure that is formed during sorption, x-ray 

diffraction or as Qin et al. (2018) used, K-edge X-ray absorption near-edge structure (XANES) 

analysis. This would give further insight to the mechanism of removal and further understanding 

of the mobility of contaminants once retained in a treatment system. For instance, some sorbed or 

precipitated molecules can aggregate and form more stable mineral species, where others are 

amorphous and are easily re-dissolved. This evaluation would help to determine the longevity and 

long-lasting impacts of these media as LID enhancements.   
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7 Conclusions 

In vertical column experiments, media size appeared to have varying effects on contaminant 

removal from solution. With columns containing aggregated fly ash, seemingly no meaningful 

affect was seen between the large and small fractions. In fact, some instances saw large aggregated 

fly ash performing better than the small fraction. Steel slag, however, saw a major impact between 

the small and large fractions with the smaller size performing better than the large portion. This 

relationship was so extreme that in several cases, large steel slag was the least efficient of the 

media combinations with small steel slag being the most efficient. Biochar showed mixed results 

with some contaminants being removed equally between the large and small fraction. However, 

where a separation was observed, the smaller fraction was always the more efficient.  

Overall, where removal was seen, small steel slag was the best performer in vertical column 

experiments. However, where the media was shown to be leaching a contaminant, steel slag was 

often a, if not, the culprit of leaching. Small steel slag was notably the best performer in removing 

P from solution and also performed well at removing acetamiprid and imidacloprid.  

After small steel slag, no distinctive ordering of media emerged with biochars, aggregated fly 

ashes, and large steel slag ordering differently when treating different contaminants. Where 

contaminants were leached from aggregated fly ash and steel slag, biochar either leached less of 

the contaminant, didn’t leach at all, or actually removed some of the contaminant.  

In horizontal column experiments small steel slag yet again performed best for As+5 removal. 

Moreover, steel slag removed P from solution that no exhaustion point could be interpolated within 

the bounds of the experiments. In the case of elements that were leached into the effluent, 

aggregated fly ash and steel slag were most commonly the culprits due to metal-oxide dissolution. 
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The most impactful results from horizontal column experiments came in the neonicotinoid 

results. Both aggregated fly ash and steel slag were not far enough removed from the control 

column for them to be suggested as a treatment for neonicotinoids in bioretention effluent. 

However, biochar proved to be the ideal treatment removing most, if not all of neonicotinoids from 

solution.  

Overall, media selection for a bioretention underdrain amendment would largely be dependent 

on what the primary contaminant of concern is for the user and what the environmental conditions 

are for application. Highly acidic environments such as acid mine drainage may not be applicable 

due to fly ash and steel slag’s ability to leach heavy metals. Furthermore, waters with high 

dissolved solids may not favor fly ash and steel slag due to their further contribution to solution 

total solids as well as the media’s reliance on the metal-oxide dissolution as a potential mechanism 

of contaminant removal. However, under the proper conditions, if phosphorus or metals are of 

primary concern, small steel slag appears to be the best choice. However, if organic contaminants, 

specifically neonicotinoid pesticides, are the primary concern, small biochar is the standout choice. 

 Each experiment was run only once per media/contaminant/orientation combination. For 

this reason, the experiments conducted in this thesis should strictly speak for themselves and not 

represent a statistical correlation between the various combinations. This data is intended as a 

catalyst for other studies to draw from to provide more statistically robust results to inform the use 

of these media for environmental purposes. Such studies would include repeating this study to 

confirm original results, scaling up this research to a field scale, and further examining the sorption 

and precipitation mechanisms. The latter can be investigated via beaker studies, leaching studies 

(pre- and post-media use), and XRD or XANES analysis. Likewise, AGM of this study and future 
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studies would help to understand the thermodynamically predicted results and could help identify 

mechanisms that affect any departure from the modeled results.    
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10 Appendix 

 
Table 10-1 Run and media combinations 

Run Column Media Type Media Size Sand? 
1 A Aggregated fly Ash Large N 
1 B Aggregated fly Ash Small N 
1 C Steel Slag Small N 
1 I Influent Influent N 
2 A Biochar Small N 
2 B Biochar Large N 
2 C Steel Slag Large N 
2 I Influent Influent N 

10 A Steel Slag Small Y 
10 B Biochar Small Y 
10 C Aggregated fly Ash Small Y 
10 D Control Control Y 
10 I Influent Influent N 
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Table 10-2 Sample collection information 

Sample ID Run Column Representative 
Sample Point 

Actual Sample 
Point 

Pore 
Volume 

Start 
Date/Time 

QA 
Code 

Sample 
Date/Time 

Flow 
Rate 

1-A-010-1 1 A 10 10.0 149.23 10/6/21 6:30 1 10/6/21 10:38 6 
1-A-040-1 1 A 40 40.0 149.23 10/6/21 6:30 1 10/6/21 23:04 6 
1-A-090-1 1 A 90 90.0 149.23 10/6/21 6:30 1 10/7/21 19:48 6 
1-A-090-2 1 A 90 90.0 149.23 10/6/21 6:30 2 10/7/21 19:48 6 
1-A-160-1 1 A 160 160.0 149.23 10/6/21 6:30 1 10/9/21 0:49 6 
1-A-160-2 1 A 160 160.0 149.23 10/6/21 6:30 2 10/9/21 0:49 6 
1-A-270-1 1 A 270 270.0 149.23 10/6/21 6:30 1 10/10/21 22:25 6 
1-A-430-1 1 A 430 430.0 149.23 10/6/21 6:30 1 10/13/21 16:44 6 
1-A-670-1 1 A 670 677.9 149.23 10/6/21 6:30 1 10/17/21 23:30 6 
1-B-010-1 1 B 10 10.0 131.45 10/6/21 6:30 1 10/6/21 10:09 6 
1-B-040-1 1 B 40 40.0 131.45 10/6/21 6:30 1 10/6/21 21:06 6 
1-B-040-2 1 B 40 40.0 131.45 10/6/21 6:30 2 10/6/21 21:06 6 
1-B-090-1 1 B 90 90.1 131.45 10/6/21 6:30 1 10/7/21 15:23 6 
1-B-160-1 1 B 160 160.0 131.45 10/6/21 6:30 1 10/8/21 16:55 6 
1-B-270-1 1 B 270 270.0 131.45 10/6/21 6:30 1 10/10/21 9:05 6 
1-B-270-2 1 B 270 270.0 131.45 10/6/21 6:30 2 10/10/21 9:05 6 
1-B-430-1 1 B 430 430.0 131.45 10/6/21 6:30 1 10/12/21 19:30 6 
1-B-670-1 1 B 670 670.0 131.45 10/6/21 6:30 1 10/16/21 11:08 6 
1-C-010-1 1 C 10 10.0 97.97 10/6/21 6:30 1 10/6/21 9:13 6 
1-C-040-1 1 C 40 40.0 97.97 10/6/21 6:30 1 10/6/21 17:23 6 
1-C-040-2 1 C 40 40.0 97.97 10/6/21 6:30 2 10/6/21 17:23 6 
1-C-090-1 1 C 90 90.2 97.97 10/6/21 6:30 1 10/7/21 7:03 6 
1-C-090-2 1 C 90 90.2 97.97 10/6/21 6:30 2 10/7/21 7:03 6 
1-C-160-1 1 C 160 160.1 97.97 10/6/21 6:30 1 10/8/21 2:04 6 
1-C-270-1 1 C 270 270.0 97.97 10/6/21 6:30 1 10/9/21 7:58 6 



 
 

164 

1-C-430-1 1 C 430 430.8 97.97 10/6/21 6:30 1 10/11/21 3:45 6 
1-C-430-2 1 C 430 430.8 97.97 10/6/21 6:30 2 10/11/21 3:45 6 
1-C-670-1 1 C 670 669.9 97.97 10/6/21 6:30 1 10/13/21 20:49 6 
1-I-000-3 1 I 0 0.0 

 
10/6/21 6:30 3 10/6/21 6:30 6 

1-I-160-3 1 I 160 23.3 
 

10/6/21 6:30 3 10/8/21 23:09 6 
1-I-670-3 1 I 670 100.2 

 
10/6/21 6:30 3 10/17/21 20:51 6 

2-A-010-1 2 A 10 8.9 164.28 11/10/21 16:00 1 11/10/21 20:05 6 
2-A-040-1 2 A 40 36.3 164.28 11/10/21 16:00 1 11/11/21 8:35 6 
2-A-090-1 2 A 90 92.8 164.28 11/10/21 16:00 1 11/12/21 10:22 6 
2-A-090-2 2 A 90 92.8 164.28 11/10/21 16:00 2 11/12/21 10:22 6 
2-A-160-1 2 A 160 156.4 164.28 11/10/21 16:00 1 11/13/21 15:22 6 
2-A-270-1 2 A 270 255.4 164.28 11/10/21 16:00 1 11/15/21 12:32 6 
2-A-430-1 2 A 430 412.2 164.28 11/10/21 16:00 1 11/18/21 12:05 6 
2-A-430-2 2 A 430 412.2 164.28 11/10/21 16:00 2 11/18/21 12:05 6 
2-A-670-1 2 A 670 668.6 164.28 11/10/21 16:00 1 11/23/21 9:05 6 
2-B-010-1 2 B 10 9.0 164.03 11/10/21 16:00 1 11/10/21 20:05 6 
2-B-040-1 2 B 40 36.4 164.03 11/10/21 16:00 1 11/11/21 8:35 6 
2-B-090-1 2 B 90 93.0 164.03 11/10/21 16:00 1 11/12/21 10:22 6 
2-B-090-2 2 B 90 93.0 164.03 11/10/21 16:00 2 11/12/21 10:22 6 
2-B-160-1 2 B 160 156.6 164.03 11/10/21 16:00 1 11/13/21 15:22 6 
2-B-160-2 2 B 160 156.6 164.03 11/10/21 16:00 2 11/13/21 15:22 6 
2-B-270-1 2 B 270 255.8 164.03 11/10/21 16:00 1 11/15/21 12:32 6 
2-B-430-1 2 B 430 412.8 164.03 11/10/21 16:00 1 11/18/21 12:05 6 
2-B-670-1 2 B 670 669.6 164.03 11/10/21 16:00 1 11/23/21 9:05 6 
2-C-010-1 2 C 10 10.0 111.16 11/10/21 16:00 1 11/10/21 19:05 6 
2-C-040-1 2 C 40 42.1 111.16 11/10/21 16:00 1 11/11/21 5:00 6 
2-C-090-1 2 C 90 83.4 111.16 11/10/21 16:00 1 11/11/21 17:45 6 
2-C-160-1 2 C 160 151.4 111.16 11/10/21 16:00 1 11/12/21 14:45 6 
2-C-270-1 2 C 270 285.0 111.16 11/10/21 16:00 1 11/14/21 8:01 6 
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2-C-270-2 2 C 270 285.0 111.16 11/10/21 16:00 2 11/14/21 8:01 6 
2-C-430-1 2 C 430 453.4 111.16 11/10/21 16:00 1 11/16/21 12:00 6 
2-C-670-1 2 C 670 681.8 111.16 11/10/21 16:00 1 11/19/21 10:32 6 
2-C-670-2 2 C 670 681.8 111.16 11/10/21 16:00 2 11/19/21 10:32 6 
2-I-000-3 2 I 0 0.5 

 
11/10/21 16:00 3 11/10/21 17:20 6 

2-I-160-3 2 I 160 27.1 
 

11/10/21 16:00 3 11/13/21 19:20 6 
2-I-670-3 2 I 670 111.1 

 
11/10/21 16:00 3 11/23/21 12:29 6 

10-A-0-1 10 A 0 0.3 
 

6/24/22 7:05 1 6/24/22 7:58 5.4 
10-A-1-1 10 A 1 1.0 

 
6/24/22 7:05 1 6/24/22 10:10 5.4 

10-A-1-2 10 A 1 1.0 
 

6/24/22 7:05 2 6/24/22 10:10 5.4 
10-A-2-1 10 A 2 2.0 

 
6/24/22 7:05 1 6/24/22 13:15 5.4 

10-A-4-1 10 A 4 4.0 
 

6/24/22 7:05 1 6/24/22 19:25 5.4 
10-A-6-1 10 A 6 7.7 

 
6/24/22 7:05 1 6/25/22 7:00 5.4 

10-A-10-1 10 A 10 10.0 
 

6/24/22 7:05 1 6/25/22 13:56 5.4 
10-A-17-1 10 A 17 16.9 

 
6/24/22 7:05 1 6/26/22 11:13 5.4 

10-A-17-2 10 A 17 16.9 
 

6/24/22 7:05 2 6/26/22 11:13 5.4 
10-A-27-1 10 A 27 27.0 

 
6/24/22 7:05 1 6/27/22 18:25 5.4 

10-B-0-1 10 B 0 0.2 
 

6/24/22 7:05 1 6/24/22 7:58 4.6 
10-B-1-1 10 B 1 1.0 

 
6/24/22 7:05 1 6/24/22 10:42 4.6 

10-B-1-2 10 B 1 1.0 
 

6/24/22 7:05 2 6/24/22 10:42 4.6 
10-B-2-1 10 B 2 2.0 

 
6/24/22 7:05 1 6/24/22 14:19 4.6 

10-B-4-1 10 B 4 3.6 
 

6/24/22 7:05 1 6/24/22 20:00 4.6 
10-B-6-1 10 B 6 6.6 

 
6/24/22 7:05 1 6/25/22 7:00 4.6 

10-B-10-1 10 B 10 10.0 
 

6/24/22 7:05 1 6/25/22 19:18 4.6 
10-B-17-1 10 B 17 15.7 

 
6/24/22 7:05 1 6/26/22 16:00 4.6 

10-B-27-1 10 B 27 27.0 
 

6/24/22 7:05 1 6/28/22 8:54 4.6 
10-B-27-2 10 B 27 27.0 

 
6/24/22 7:05 2 6/28/22 8:54 4.6 

10-C-0-1 10 C 0 0.3 
 

6/24/22 7:05 1 6/24/22 8:08 4.5 
10-C-1-1 10 C 1 1.1 

 
6/24/22 7:05 1 6/24/22 11:09 4.5 
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10-C-1-2 10 C 1 1.1 
 

6/24/22 7:05 2 6/24/22 11:09 4.5 
10-C-2-1 10 C 2 2.0 

 
6/24/22 7:05 1 6/24/22 14:29 4.5 

10-C-4-1 10 C 4 3.5 
 

6/24/22 7:05 1 6/24/22 20:00 4.5 
10-C-6-1 10 C 6 6.5 

 
6/24/22 7:05 1 6/25/22 7:10 4.5 

10-C-10-1 10 C 10 10.0 
 

6/24/22 7:05 1 6/25/22 20:07 4.5 
10-C-17-1 10 C 17 22.9 

 
6/24/22 7:05 1 6/27/22 20:00 4.5 

10-C-27-1 10 C 27 27.1 
 

6/24/22 7:05 1 6/28/22 11:35 4.5 
10-C-27-2 10 C 27 27.1 

 
6/24/22 7:05 2 6/28/22 11:35 4.5 

10-D-0-1 10 D 0 0.2 
 

6/24/22 7:05 1 6/24/22 7:35 6 
10-D-1-1 10 D 1 1.0 

 
6/24/22 7:05 1 6/24/22 9:51 6 

10-D-1-2 10 D 1 1.0 
 

6/24/22 7:05 2 6/24/22 9:51 6 
10-D-2-1 10 D 2 2.0 

 
6/24/22 7:05 1 6/24/22 12:38 6 

10-D-4-1 10 D 4 4.0 
 

6/24/22 7:05 1 6/24/22 18:11 6 
10-D-6-1 10 D 6 4.8 

 
6/24/22 7:05 1 6/24/22 20:30 6 

10-D-10-1 10 D 10 10.0 
 

6/24/22 7:05 1 6/25/22 10:51 6 
10-D-17-1 10 D 17 17.6 

 
6/24/22 7:05 1 6/26/22 8:00 6 

10-D-17-2 10 D 17 17.6 
 

6/24/22 7:05 2 6/26/22 8:00 6 
10-D-27-1 10 D 27 27.0 

 
6/24/22 7:05 1 6/27/22 10:05 6 

10-D-27-2 10 D 27 27.0 
 

6/24/22 7:05 2 6/27/22 10:05 6 
10-I-0-3 10 I 0 0.9 

 
6/24/22 7:05 3 6/24/22 10:15 4.6 

10-I-1-3 10 I 1 1.0 
 

6/24/22 7:05 3 6/24/22 10:42 4.6 
10-I-2-3 10 I 2 2.0 

 
6/24/22 7:05 3 6/24/22 14:19 4.6 

10-I-4-3 10 I 4 3.6 
 

6/24/22 7:05 3 6/24/22 20:00 4.6 
10-I-6-3 10 I 6 7.3 

 
6/24/22 7:05 3 6/25/22 9:25 4.6 

10-I-10-3 10 I 10 10.0 
 

6/24/22 7:05 3 6/25/22 19:18 4.6 
10-I-17-3 10 I 17 15.7 

 
6/24/22 7:05 3 6/26/22 16:00 4.6 

10-I-27-3 10 I 27 27.0 
 

6/24/22 7:05 3 6/28/22 8:54 4.6 
10-I-999-4 10 I 999 BLANK 

 
6/24/22 7:05 4 6/28/22 11:35 4.6 
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Table 10-3 pH, specific conductivity, and temperature results. 

Sample 
ID 

Sand? Flow Rate pH Sp. Cond (µS cm-1) Temp (°C) 

1-A-010-1 N 6 10.4 
 

19 
1-A-040-1 N 6 10.4 

 
22 

1-A-090-1 N 6 10.25 
 

22 
1-A-090-2 N 6 10.25 

 
22 

1-A-160-1 N 6 10.2 
 

21 
1-A-160-2 N 6 10.2 

 
21 

1-A-270-1 N 6 10.1 
 

21 
1-A-430-1 N 6 10 

 
21 

1-A-670-1 N 6 9.8 
 

21 
1-B-010-1 N 6 10.4 

 
20 

1-B-040-1 N 6 10.4 
 

21 
1-B-040-2 N 6 10.4 

 
21 

1-B-090-1 N 6 
  

22 
1-B-160-1 N 6 10.1 

 
22 

1-B-270-1 N 6 10.1 
 

22 
1-B-270-2 N 6 10.1 

 
22 

1-B-430-1 N 6 9.8 
 

22 
1-B-670-1 N 6 9.8 

 
21 

1-C-010-1 N 6 10.8 
 

20 
1-C-040-1 N 6 10.8 

 
21 

1-C-040-2 N 6 10.8 
 

21 
1-C-090-1 N 6 10.7 

 
23 

1-C-090-2 N 6 10.7 
 

23 
1-C-160-1 N 6 10.7 

 
21 

1-C-270-1 N 6 10.6 
 

22 
1-C-430-1 N 6 10.6 

 
21 

1-C-430-2 N 6 10.6 
 

21 
1-C-670-1 N 6 10.5 

 
21 

1-I-000-3 N 6 7.5 
 

21 
1-I-160-3 N 6 7 

 
22 

1-I-670-3 N 6 6.7 
 

21 
2-A-010-1 N 6 7.9 58.25 20.9 
2-A-040-1 N 6 7.3 51.67 20.6 
2-A-090-1 N 6 7.1 52.4 20.3 
2-A-090-2 N 6 7.1 52.4 20.3 
2-A-160-1 N 6 6.9 51.96 19.8 
2-A-270-1 N 6 7 52.85 19.9 
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2-A-430-1 N 6 6.7 53.46 20.7 
2-A-430-2 N 6 6.7 53.46 20.7 
2-A-670-1 N 6 6.7 50.2 11.7 
2-B-010-1 N 6 7.2 51.8 21.1 
2-B-040-1 N 6 7.7 51.83 20.6 
2-B-090-1 N 6 7.5 52.28 20.3 
2-B-090-2 N 6 7.5 52.28 20.3 
2-B-160-1 N 6 7.6 52.33 19.8 
2-B-160-2 N 6 7.6 52.33 19.8 
2-B-270-1 N 6 7.3 51.88 19.8 
2-B-430-1 N 6 6.7 51.78 20.6 
2-B-670-1 N 6 6.6 50.61 11.5 
2-C-010-1 N 6 10.2 155.8 20.3 
2-C-040-1 N 6 10.2 146 21 
2-C-090-1 N 6 10.2 120.1 20.5 
2-C-160-1 N 6 10 108 20 
2-C-270-1 N 6 9.9 105 20.1 
2-C-270-2 N 6 9.9 105 20.1 
2-C-430-1 N 6 9.7 93.89 20.2 
2-C-670-1 N 6 9.8 90.84 6.7 
2-C-670-2 N 6 9.8 90.84 6.7 
2-I-000-3 N 6 7.4 79.21 21.4 
2-I-160-3 N 6 7 58.39 20.6 
2-I-670-3 N 6 6.6 49.96 12.2 
10-A-0-1 Y 5.4 11.91 775 23.6 
10-A-1-1 Y 5.4 11.15 578 22.5 
10-A-1-2 Y 5.4 11.15 578 22.5 
10-A-2-1 Y 5.4 11.49 468 21.9 
10-A-4-1 Y 5.4 11.66 351 14.5 
10-A-6-1 Y 5.4 11.42 256 12.7 
10-A-10-1 Y 5.4 11.27 325 21.5 
10-A-17-1 Y 5.4 11.18 308 22.3 
10-A-17-2 Y 5.4 11.18 308 22.3 
10-A-27-1 Y 5.4 11.2 274 22.2 
10-B-0-1 Y 4.6 8.07 

 
23 

10-B-1-1 Y 4.6 8.73 731 22.1 
10-B-1-2 Y 4.6 8.73 731 22.1 
10-B-2-1 Y 4.6 7.58 65.4 21.9 
10-B-4-1 Y 4.6 8.36 76.4 12.5 
10-B-6-1 Y 4.6 7.69 93.5 14.4 
10-B-10-1 Y 4.6 8.25 71.6 14.1 
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10-B-17-1 Y 4.6 7.5 76.2 16.2 
10-B-27-1 Y 4.6 8.14 77.3 21.9 
10-B-27-2 Y 4.6 8.14 77.3 21.9 
10-C-0-1 Y 4.5 11.3 480 22.9 
10-C-1-1 Y 4.5 11.33 435 22.1 
10-C-1-2 Y 4.5 11.33 435 22.1 
10-C-2-1 Y 4.5 11.27 486 21.9 
10-C-4-1 Y 4.5 11.6 320 11.8 
10-C-6-1 Y 4.5 9.77 256 13.8 
10-C-10-1 Y 4.5 11.75 351 11.5 
10-C-17-1 Y 4.5 11.2 222 15.3 
10-C-27-1 Y 4.5 10.72 185 22.1 
10-C-27-2 Y 4.5 10.72 185 22.1 
10-D-0-1 Y 6 10.22 114 23.9 
10-D-1-1 Y 6 10.34 69.6 22.4 
10-D-1-2 Y 6 10.34 69.6 22.4 
10-D-2-1 Y 6 9.92 90.9 22.1 
10-D-4-1 Y 6 9.9 98.3 22 
10-D-6-1 Y 6 7.85 166.2 15.4 
10-D-10-
1 

Y 6 9.43 84.5 10.3 

10-D-17-
1 

Y 6 9.46 81.3 21.7 

10-D-17-
2 

Y 6 9.46 81.3 21.7 

10-D-27-
1 

Y 6 9.82 80.5 22.3 

10-D-27-
2 

Y 6 9.82 80.5 22.3 

10-I-0-3 N 4.6 7.73 50.8 23.9 
10-I-1-3 N 4.6 8.01 47.3 21.9 
10-I-2-3 N 4.6 7.5 52.3 21.9 
10-I-4-3 N 4.6 8.03 50.6 22.2 
10-I-6-3 N 4.6 7.43 63 21.3 
10-I-10-3 N 4.6 6.97 45 21.8 
10-I-17-3 N 4.6 7.7 49.1 13.7 
10-I-27-3 N 4.6 7.19 80.6 21.9 
10-I-999-4 N BLANK 7 0 20 
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Table 10-4 Dissolved metals sample results for Arsenic, beryllium, and calcium. All results in ug L-1-. 

Sample ID Al Al Ratio As As Ratio Be Be Ratio Ca Ca Ratio 
1-A-010-1 6360.73 83.31 13.05 0.68 5.93 0.66 18251.83 50.36 
1-A-040-1 614.83 8.41 14.15 0.74 2.12 0.24 31961.22 87.72 
1-A-090-1 4523.06 66.71 13.67 0.72 6.41 0.75 13871.85 37.73 
1-A-090-2 4542.11 66.99 15.08 0.79 5.12 0.60 14077.61 38.29 
1-A-160-1 5333.33 81.71 14.84 0.78 5.79 0.81 16248.27 44.48 
1-A-160-2 5128.23 78.56 14.15 0.75 5.64 0.79 15880.78 43.47 
1-A-270-1 3452.82 71.08 15.51 0.83 6.06 0.80 11814.09 31.14 
1-A-430-1 2619.97 123.29 13.85 0.76 6.29 0.93 9746.07 25.01 
1-A-670-1 1718.83 80.88 15.17 0.86 7.01 1.22 7333.18 18.02 
1-B-010-1 7469.17 97.83 10.92 0.57 5.24 0.58 21074.90 58.15 
1-B-040-1 7166.80 97.98 13.11 0.68 4.96 0.56 19307.81 52.99 
1-B-040-2 7078.23 96.77 12.12 0.63 3.67 0.42 19288.28 52.94 
1-B-090-1 5238.09 77.26 15.01 0.79 6.55 0.77 14845.35 40.38 
1-B-160-1 4163.58 63.79 16.16 0.85 6.98 0.98 12947.47 35.44 
1-B-270-1 4002.40 82.39 16.33 0.88 6.12 0.81 11791.23 31.08 
1-B-270-2 3893.31 80.15 15.00 0.80 4.15 0.55 11621.32 30.64 
1-B-430-1 2176.25 102.41 17.12 0.94 6.10 0.90 7815.73 20.05 
1-B-670-1 1806.54 85.01 16.19 0.92 6.44 1.12 7041.77 17.30 
1-C-010-1 696.74 9.13 8.96 0.46 1.69 0.19 32998.62 91.05 
1-C-040-1 637.57 8.72 13.80 0.72 2.20 0.25 31699.09 87.00 
1-C-040-2 632.57 8.65 12.88 0.67 1.16 0.13 32160.11 88.26 
1-C-090-1 145.82 2.15 9.85 0.52 0.72 0.08 31410.31 85.44 
1-C-090-2 586.34 8.65 14.51 0.76 2.37 0.28 30825.45 83.85 
1-C-160-1 560.24 8.58 13.81 0.73 2.56 0.36 31025.24 84.93 
1-C-270-1 470.13 9.68 16.34 0.88 3.08 0.40 27649.59 72.89 
1-C-430-1 419.64 19.75 14.38 0.79 3.40 0.50 25288.04 64.88 
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1-C-430-2 420.67 19.80 14.86 0.82 2.00 0.30 25492.91 65.41 
1-C-670-1 365.59 17.20 15.07 0.86 4.05 0.70 22441.22 55.13 
1-I-000-3 73.64 1.00 19.34 1.00 9.85 1.00 367.01 1.00 
1-I-160-3 65.27 1.00 18.92 1.00 7.12 1.00 365.30 1.00 
1-I-670-3 BDL 1.00 17.60 1.00 5.76 1.00 407.02 1.00 
2-A-010-1 BDL 0.38 15.25 0.75 7.52 0.57 780.43 1.98 
2-A-040-1 BDL 0.39 16.76 0.83 9.11 0.70 652.17 1.65 
2-A-090-1 52.67 0.99 16.58 0.82 10.46 0.81 542.03 1.37 
2-A-090-2 51.38 0.96 15.86 0.79 10.73 0.84 531.18 1.34 
2-A-160-1 BDL 1.00 15.60 0.78 6.19 0.63 546.59 1.24 
2-A-270-1 57.25 1.21 21.38 1.07 10.51 0.86 684.90 1.70 
2-A-430-1 BDL 1.00 19.23 0.97 9.32 0.80 585.41 1.44 
2-A-430-2 43.57 2.05 19.61 0.99 9.60 0.82 589.99 1.45 
2-A-670-1 BDL 1.00 19.59 1.00 7.41 0.65 496.65 1.23 
2-B-010-1 BDL 0.38 16.96 0.84 9.55 0.73 660.26 1.68 
2-B-040-1 52.43 0.95 17.19 0.85 10.70 0.82 661.09 1.67 
2-B-090-1 54.48 1.02 17.65 0.88 11.81 0.92 504.72 1.27 
2-B-090-2 61.77 1.16 16.62 0.83 11.86 0.92 500.78 1.26 
2-B-160-1 44.91 2.11 15.46 0.77 9.22 0.93 495.06 1.13 
2-B-160-2 65.00 3.06 16.68 0.83 11.16 1.13 484.02 1.10 
2-B-270-1 BDL 0.45 19.18 0.96 10.32 0.85 495.20 1.23 
2-B-430-1 49.83 2.34 19.40 0.98 11.48 0.99 524.51 1.29 
2-B-670-1 BDL 1.00 19.22 0.98 8.79 0.77 483.67 1.20 
2-C-010-1 170.37 3.05 11.55 0.57 5.85 0.45 13679.96 34.71 
2-C-040-1 147.39 2.68 11.67 0.58 6.53 0.50 11173.10 28.28 
2-C-090-1 142.60 2.68 15.60 0.77 7.33 0.57 10190.13 25.70 
2-C-160-1 140.04 6.59 14.83 0.74 8.09 0.82 8969.82 20.42 
2-C-270-1 136.62 2.89 18.71 0.94 9.41 0.77 8644.66 21.51 
2-C-270-2 155.66 3.29 18.98 0.95 9.21 0.75 8690.21 21.62 
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2-C-430-1 134.48 6.33 19.61 0.99 10.28 0.88 7789.65 19.15 
2-C-670-1 130.29 6.13 18.89 0.97 8.54 0.75 6836.26 16.91 
2-C-670-2 135.87 6.39 18.63 0.95 9.35 0.82 6938.59 17.16 
2-I-000-3 76.58 1.00 20.24 1.00 15.22 1.00 362.96 1.00 
2-I-160-3 BDL 1.00 20.08 1.00 9.87 1.00 439.26 1.00 
2-I-670-3 BDL 1.00 19.56 1.00 11.43 1.00 404.29 1.00 
10-A-0-1 420.15 19.77 BDL 0.02 BDL 0.00 52650.07 121.11 
10-A-1-1 383.26 18.03 0.84 0.05 BDL 0.00 52379.89 131.02 
10-A-1-2 403.90 19.01 BDL 0.02 BDL 0.00 52271.87 130.75 
10-A-2-1 345.67 16.27 0.86 0.05 BDL 0.00 36292.52 88.87 
10-A-4-1 310.32 14.60 BDL 0.02 BDL 0.00 30534.25 81.56 
10-A-6-1 259.74 12.22 1.75 0.10 BDL 0.00 31744.23 81.87 
10-A-10-1 255.74 12.03 3.93 0.22 BDL 0.00 31067.34 67.95 
10-A-17-1 242.70 11.42 8.92 0.50 BDL 0.00 28514.91 64.42 
10-A-17-2 249.37 11.73 9.25 0.52 BDL 0.00 28188.07 63.68 
10-A-27-1 224.79 10.58 10.73 0.61 BDL 0.00 27065.41 59.96 
10-B-0-1 BDL 1.00 13.89 0.77 BDL 0.00 4579.35 10.53 
10-B-1-1 BDL 1.00 15.59 0.90 BDL 0.00 4997.58 12.50 
10-B-1-2 BDL 1.00 15.44 0.89 BDL 0.00 4991.59 12.49 
10-B-2-1 BDL 1.00 15.41 0.86 BDL 0.00 4831.21 11.83 
10-B-4-1 BDL 1.00 15.65 0.88 BDL 0.00 5058.91 13.51 
10-B-6-1 126.74 5.96 16.58 0.98 BDL 0.00 5301.73 13.67 
10-B-10-1 BDL 1.00 16.11 0.89 BDL 0.00 5560.84 12.16 
10-B-17-1 203.71 9.59 17.18 0.97 BDL 0.00 5797.80 13.10 
10-B-27-1 189.99 8.94 17.85 1.02 BDL 0.00 5965.25 13.22 
10-B-27-2 195.22 9.19 16.99 0.97 BDL 0.00 5980.85 13.25 
10-C-0-1 20894.29 983.20 9.44 0.53 BDL 0.00 35624.93 81.94 
10-C-1-1 19259.60 906.28 11.62 0.67 BDL 0.00 27852.73 69.67 
10-C-1-2 19209.51 903.92 12.20 0.70 BDL 0.00 27839.70 69.64 
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10-C-2-1 21846.61 1028.01 11.99 0.67 BDL 0.00 30070.25 73.63 
10-C-4-1 16315.49 767.74 12.53 0.70 BDL 0.00 28550.26 76.26 
10-C-6-1 13680.37 643.74 12.74 0.75 BDL 0.00 27977.93 72.16 
10-C-10-1 15492.05 728.99 13.17 0.73 BDL 0.00 32132.98 70.28 
10-C-17-1 6591.53 310.17 13.73 0.78 BDL 0.00 20922.46 47.27 
10-C-27-1 5347.63 251.64 15.30 0.87 BDL 0.00 19485.77 43.17 
10-C-27-2 5342.95 251.42 14.63 0.84 BDL 0.00 19169.72 42.47 
10-D-0-1 111.63 5.25 13.58 0.76 BDL 0.00 11832.90 27.22 
10-D-1-1 149.86 7.05 17.57 1.01 BDL 0.00 9704.47 24.27 
10-D-1-2 160.33 7.54 17.02 0.98 BDL 0.00 9663.26 24.17 
10-D-2-1 184.92 8.70 16.74 0.94 BDL 0.00 8366.51 20.49 
10-D-4-1 222.06 10.45 17.19 0.97 BDL 0.00 8155.07 21.78 
10-D-6-1 233.30 10.98 16.30 0.96 BDL 0.00 10224.65 26.37 
10-D-10-1 218.98 10.30 15.76 0.87 BDL 0.00 7260.26 15.88 
10-D-17-1 190.41 8.96 17.98 1.02 BDL 0.00 7021.45 15.86 
10-D-17-2 197.08 9.27 17.04 0.96 BDL 0.00 6990.33 15.79 
10-D-27-1 165.54 7.79 17.69 1.01 BDL 0.00 6755.01 14.97 
10-D-27-2 168.12 7.91 16.59 0.95 BDL 0.00 6750.19 14.96 
10-I-0-3 BDL 1.00 17.95 1.00 9.29 1.00 434.74 1.00 
10-I-1-3 BDL 1.00 17.36 1.00 9.01 1.00 399.78 1.00 
10-I-2-3 BDL 1.00 17.86 1.00 9.13 1.00 408.40 1.00 
10-I-4-3 BDL 1.00 17.80 1.00 9.16 1.00 374.37 1.00 
10-I-6-3 BDL 1.00 16.91 1.00 9.18 1.00 387.74 1.00 
10-I-10-3 BDL 1.00 18.11 1.00 9.32 1.00 457.24 1.00 
10-I-17-3 BDL 1.00 17.68 1.00 8.75 1.00 442.66 1.00 
10-I-27-3 BDL 1.00 17.49 1.00 9.07 1.00 451.36 1.00 
10-I-999-4 BDL BLANK BDL BLANK BDL BLANK 50.27 BLANK 
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Table 10-5 Dissolved metals sample results for cobalt, copper, iron, and potassium. All results in ug L-1-. 

Sample ID Co Co Ratio Cu Cu Ratio Fe Fe Ratio K K Ratio 
1-A-010-1 BDL 0.02 BDL 1.00 4.58 0.13 1548.44 1.24 
1-A-040-1 BDL 0.02 BDL 1.00 BDL 0.05 1320.79 1.06 
1-A-090-1 BDL 0.02 BDL 1.00 6.17 0.19 1433.59 1.15 
1-A-090-2 BDL 0.02 BDL 1.00 5.28 0.17 1446.90 1.16 
1-A-160-1 BDL 0.02 BDL 1.00 5.62 0.26 1465.56 1.18 
1-A-160-2 BDL 0.02 BDL 1.00 4.52 0.21 1458.29 1.18 
1-A-270-1 BDL 0.02 BDL 1.00 8.37 0.37 1363.60 1.09 
1-A-430-1 0.93 0.06 BDL 1.00 10.11 0.68 1324.23 1.06 
1-A-670-1 2.18 0.13 BDL 1.00 18.63 3.85 1325.27 1.05 
1-B-010-1 BDL 0.02 BDL 1.00 5.65 0.16 1525.48 1.22 
1-B-040-1 BDL 0.02 BDL 1.00 4.11 0.12 1540.55 1.23 
1-B-040-2 BDL 0.02 BDL 1.00 BDL 0.05 1510.31 1.21 
1-B-090-1 BDL 0.02 BDL 1.00 8.45 0.27 1464.76 1.17 
1-B-160-1 BDL 0.02 BDL 1.00 10.93 0.51 1490.82 1.20 
1-B-270-1 BDL 0.02 BDL 1.00 7.34 0.32 1416.79 1.13 
1-B-270-2 BDL 0.02 BDL 1.00 BDL 0.07 1372.04 1.10 
1-B-430-1 1.68 0.10 BDL 1.00 15.54 1.04 1344.85 1.07 
1-B-670-1 1.95 0.12 BDL 1.00 15.60 3.22 1312.16 1.04 
1-C-010-1 BDL 0.02 BDL 1.00 BDL 0.05 1267.75 1.02 
1-C-040-1 BDL 0.02 BDL 1.00 5.88 0.17 1285.58 1.03 
1-C-040-2 BDL 0.02 BDL 1.00 BDL 0.05 1292.81 1.04 
1-C-090-1 BDL 0.02 BDL 1.00 BDL 0.05 1331.50 1.07 
1-C-090-2 BDL 0.02 BDL 1.00 4.23 0.13 1283.39 1.03 
1-C-160-1 BDL 0.02 BDL 1.00 5.89 0.27 1300.89 1.05 
1-C-270-1 BDL 0.02 BDL 1.00 7.11 0.31 1303.30 1.04 
1-C-430-1 BDL 0.02 BDL 1.00 5.92 0.40 1291.16 1.03 
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1-C-430-2 BDL 0.02 BDL 1.00 BDL 0.11 1312.02 1.05 
1-C-670-1 BDL 0.02 BDL 1.00 6.30 1.30 1290.38 1.03 
1-I-000-3 15.50 1.00 BDL 1.00 41.13 1.00 1254.52 1.00 
1-I-160-3 16.10 1.00 BDL 1.00 21.54 1.00 1239.39 1.00 
1-I-670-3 16.72 1.00 BDL 1.00 4.84 1.00 1256.88 1.00 
2-A-010-1 1.39 0.08 BDL 0.35 55.75 1.57 2415.81 1.83 
2-A-040-1 2.23 0.12 BDL 0.36 57.28 1.68 2001.00 1.51 
2-A-090-1 3.29 0.18 BDL 0.37 62.41 1.97 1682.06 1.26 
2-A-090-2 3.46 0.19 BDL 0.37 64.16 2.03 1648.14 1.24 
2-A-160-1 4.53 0.23 BDL 1.00 34.46 1.08 1631.04 1.11 
2-A-270-1 8.92 0.48 6.54 0.95 54.69 2.40 1704.95 1.25 
2-A-430-1 10.82 0.57 BDL 1.00 45.37 3.03 1485.10 1.07 
2-A-430-2 11.05 0.58 BDL 1.00 46.25 3.09 1507.96 1.08 
2-A-670-1 10.80 0.56 BDL 1.00 30.86 0.84 1431.13 1.02 
2-B-010-1 5.91 0.32 BDL 0.35 54.21 1.52 2004.73 1.52 
2-B-040-1 7.95 0.43 BDL 0.36 58.35 1.71 1770.58 1.34 
2-B-090-1 9.95 0.54 6.02 0.75 61.74 1.95 1638.93 1.23 
2-B-090-2 9.99 0.54 6.29 0.79 62.12 1.96 1611.49 1.21 
2-B-160-1 9.98 0.50 BDL 1.00 46.33 1.45 1535.74 1.05 
2-B-160-2 10.03 0.50 BDL 1.00 57.84 1.81 1472.86 1.01 
2-B-270-1 13.42 0.72 6.22 0.91 45.70 2.00 1557.89 1.14 
2-B-430-1 14.86 0.78 7.11 2.37 52.75 3.52 1533.36 1.10 
2-B-670-1 14.77 0.77 BDL 1.00 32.76 0.89 1461.34 1.04 
2-C-010-1 4.87 0.27 BDL 0.35 32.74 0.92 1337.37 1.01 
2-C-040-1 4.59 0.25 BDL 0.36 35.66 1.05 1308.27 0.99 
2-C-090-1 4.52 0.25 BDL 0.37 38.07 1.20 1254.71 0.94 
2-C-160-1 4.41 0.22 BDL 1.00 42.64 1.33 1261.58 0.86 
2-C-270-1 5.91 0.32 6.46 0.94 48.49 2.13 1435.99 1.05 
2-C-270-2 5.25 0.28 6.06 0.89 45.52 1.99 1437.50 1.05 
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2-C-430-1 5.88 0.31 7.24 2.42 53.81 3.59 1472.98 1.06 
2-C-670-1 4.89 0.25 6.20 2.07 49.05 1.34 1384.30 0.99 
2-C-670-2 5.49 0.29 7.30 2.44 55.23 1.50 1406.94 1.00 
2-I-000-3 17.12 1.00 10.18 1.00 67.59 1.00 1224.99 1.00 
2-I-160-3 19.96 1.00 BDL 1.00 31.98 1.00 1465.04 1.00 
2-I-670-3 19.23 1.00 BDL 1.00 36.74 1.00 1402.87 1.00 
10-A-0-1 BDL 0.02 BDL 1.00 BDL 1.00 3871.57 13.31 
10-A-1-1 BDL 0.02 BDL 1.00 BDL 0.38 2781.17 9.50 
10-A-1-2 BDL 0.02 BDL 1.00 BDL 0.38 2751.81 9.40 
10-A-2-1 BDL 0.02 BDL 1.00 BDL 1.00 1611.94 5.87 
10-A-4-1 BDL 0.02 BDL 1.00 BDL 1.00 897.96 3.16 
10-A-6-1 BDL 0.02 BDL 1.00 BDL 1.00 521.74 1.67 
10-A-10-1 BDL 0.02 BDL 1.00 BDL 1.00 507.02 1.62 
10-A-17-1 BDL 0.02 BDL 0.21 BDL 1.00 403.17 1.56 
10-A-17-2 BDL 0.02 BDL 0.21 BDL 1.00 375.95 1.45 
10-A-27-1 BDL 0.02 BDL 1.00 BDL 1.00 358.68 1.44 
10-B-0-1 BDL 0.02 BDL 1.00 BDL 1.00 7841.25 26.95 
10-B-1-1 BDL 0.02 BDL 1.00 BDL 0.38 5933.95 20.27 
10-B-1-2 BDL 0.02 BDL 1.00 BDL 0.38 5971.22 20.39 
10-B-2-1 BDL 0.02 BDL 1.00 BDL 1.00 4700.12 17.13 
10-B-4-1 0.77 0.04 BDL 1.00 BDL 1.00 3621.26 12.76 
10-B-6-1 BDL 0.02 BDL 1.00 BDL 1.00 2472.17 7.92 
10-B-10-1 BDL 0.02 BDL 1.00 3.64 2.15 2014.52 6.45 
10-B-17-1 BDL 0.02 BDL 0.21 BDL 1.00 1376.29 5.32 
10-B-27-1 BDL 0.02 BDL 1.00 BDL 1.00 1093.27 4.38 
10-B-27-2 BDL 0.02 BDL 1.00 BDL 1.00 1091.67 4.37 
10-C-0-1 BDL 0.02 BDL 1.00 3.86 2.28 10882.94 37.40 
10-C-1-1 BDL 0.02 BDL 1.00 4.96 1.12 7496.92 25.60 
10-C-1-2 BDL 0.02 BDL 1.00 5.15 1.17 7475.81 25.53 
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10-C-2-1 BDL 0.02 BDL 1.00 6.45 3.81 7540.65 27.48 
10-C-4-1 BDL 0.02 BDL 1.00 BDL 1.00 4490.34 15.83 
10-C-6-1 BDL 0.02 BDL 1.00 16.23 9.58 2645.81 8.47 
10-C-10-1 BDL 0.02 BDL 1.00 BDL 1.00 2121.74 6.80 
10-C-17-1 BDL 0.02 BDL 0.21 BDL 1.00 724.09 2.80 
10-C-27-1 BDL 0.02 BDL 1.00 BDL 1.00 703.51 2.82 
10-C-27-2 BDL 0.02 BDL 1.00 BDL 1.00 707.22 2.83 
10-D-0-1 BDL 0.02 BDL 1.00 77.68 45.86 2647.17 9.10 
10-D-1-1 BDL 0.02 BDL 1.00 BDL 0.38 1618.09 5.53 
10-D-1-2 BDL 0.02 BDL 1.00 BDL 0.38 1622.92 5.54 
10-D-2-1 BDL 0.02 BDL 1.00 BDL 1.00 979.02 3.57 
10-D-4-1 BDL 0.02 BDL 1.00 BDL 1.00 574.95 2.03 
10-D-6-1 0.86 0.05 BDL 1.00 BDL 1.00 504.45 1.62 
10-D-10-1 0.71 0.04 BDL 1.00 BDL 1.00 343.12 1.10 
10-D-17-1 BDL 0.02 BDL 0.21 6.54 3.86 345.09 1.33 
10-D-17-2 BDL 0.02 BDL 0.21 BDL 1.00 358.32 1.39 
10-D-27-1 BDL 0.02 BDL 1.00 BDL 1.00 304.58 1.22 
10-D-27-2 BDL 0.02 BDL 1.00 BDL 1.00 306.59 1.23 
10-I-0-3 16.33 1.00 BDL 1.00 BDL 1.00 290.96 1.00 
10-I-1-3 17.22 1.00 BDL 1.00 4.42 1.00 292.81 1.00 
10-I-2-3 17.12 1.00 BDL 1.00 BDL 1.00 274.45 1.00 
10-I-4-3 17.58 1.00 BDL 1.00 BDL 1.00 283.74 1.00 
10-I-6-3 17.99 1.00 BDL 1.00 BDL 1.00 312.22 1.00 
10-I-10-3 17.53 1.00 BDL 1.00 BDL 1.00 312.24 1.00 
10-I-17-3 17.97 1.00 13.99 1.00 BDL 1.00 258.50 1.00 
10-I-27-3 17.59 1.00 BDL 1.00 BDL 1.00 249.85 1.00 
10-I-999-4 BDL BLANK BDL BLANK BDL BLANK 99.38 BLANK 
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Table 10-6 Dissolved metals sample results for magnesium, manganese, sodium, and nickel. All results in ug L-1 . 

Sample ID Mg Mg Ratio Mn Mn Ratio Na Na Ratio Ni Ni Ratio 
1-A-010-1 180.22 1.11 1.69 0.10 7326.62 1.11 BDL 0.07 
1-A-040-1 160.42 0.98 0.42 0.02 7076.65 1.07 BDL 0.07 
1-A-090-1 197.89 1.21 1.59 0.09 7085.91 1.07 BDL 0.07 
1-A-090-2 200.29 1.22 0.53 0.03 7227.26 1.10 BDL 0.07 
1-A-160-1 201.56 1.21 1.70 0.10 7234.28 1.09 BDL 0.07 
1-A-160-2 206.06 1.24 1.63 0.09 7300.71 1.10 BDL 0.07 
1-A-270-1 217.58 1.32 2.16 0.12 6973.85 1.05 BDL 0.07 
1-A-430-1 224.42 1.35 2.76 0.16 6978.58 1.05 BDL 0.07 
1-A-670-1 254.13 1.51 4.48 0.25 7038.72 1.05 2.51 0.15 
1-B-010-1 238.31 1.46 1.34 0.08 7344.19 1.12 BDL 0.07 
1-B-040-1 233.64 1.43 1.16 0.07 7327.98 1.11 BDL 0.07 
1-B-040-2 152.12 0.93 0.18 0.01 7292.79 1.11 BDL 0.07 
1-B-090-1 247.51 1.51 2.46 0.14 7220.60 1.09 BDL 0.07 
1-B-160-1 261.41 1.57 2.64 0.15 7349.54 1.11 BDL 0.07 
1-B-270-1 257.37 1.56 1.33 0.08 7134.91 1.08 BDL 0.07 
1-B-270-2 248.13 1.50 0.48 0.03 7040.72 1.06 BDL 0.07 
1-B-430-1 275.79 1.66 2.36 0.13 6985.46 1.05 BDL 0.07 
1-B-670-1 286.06 1.70 3.76 0.21 6935.47 1.03 2.20 0.14 
1-C-010-1 155.45 0.95 0.38 0.02 7060.73 1.07 BDL 0.07 
1-C-040-1 158.22 0.97 0.64 0.04 6940.34 1.05 BDL 0.07 
1-C-040-2 159.82 0.98 BDL 0.00 7019.46 1.07 BDL 0.07 
1-C-090-1 158.64 0.97 0.34 0.02 7044.56 1.07 BDL 0.07 
1-C-090-2 160.14 0.98 0.51 0.03 6896.12 1.05 BDL 0.07 
1-C-160-1 163.92 0.98 0.67 0.04 6913.50 1.05 BDL 0.07 
1-C-270-1 175.85 1.06 1.10 0.06 6878.11 1.04 BDL 0.07 
1-C-430-1 180.04 1.08 1.05 0.06 6829.47 1.03 BDL 0.07 
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1-C-430-2 183.31 1.10 0.27 0.02 6923.62 1.04 BDL 0.07 
1-C-670-1 182.62 1.09 1.13 0.06 6957.33 1.04 BDL 0.07 
1-I-000-3 161.20 1.00 16.82 1.00 6583.15 1.00 16.67 1.00 
1-I-160-3 166.48 1.00 17.42 1.00 6608.28 1.00 15.41 1.00 
1-I-670-3 168.10 1.00 17.84 1.00 6704.78 1.00 16.24 1.00 
2-A-010-1 235.55 1.31 20.97 1.14 5738.51 0.65 BDL 0.14 
2-A-040-1 204.24 1.14 16.91 0.92 6289.84 0.71 BDL 0.14 
2-A-090-1 192.39 1.07 15.78 0.85 6593.89 0.75 2.44 0.32 
2-A-090-2 189.44 1.05 15.64 0.84 6468.53 0.73 2.95 0.39 
2-A-160-1 196.74 1.03 15.85 0.81 6482.59 0.74 3.72 0.49 
2-A-270-1 237.64 1.31 20.07 1.07 9298.14 1.06 BDL 0.14 
2-A-430-1 217.20 1.19 18.96 1.00 8408.75 0.97 BDL 0.14 
2-A-430-2 218.93 1.20 19.35 1.02 8486.43 0.98 BDL 0.14 
2-A-670-1 191.16 1.05 16.75 0.88 8473.93 0.99 BDL 0.14 
2-B-010-1 215.85 1.20 24.54 1.33 6102.13 0.69 5.73 0.76 
2-B-040-1 199.38 1.11 21.72 1.18 6388.92 0.72 7.35 0.97 
2-B-090-1 186.36 1.04 19.95 1.08 6431.69 0.73 8.52 1.13 
2-B-090-2 183.13 1.02 19.62 1.06 6362.09 0.72 9.17 1.21 
2-B-160-1 183.71 0.96 19.24 0.99 6420.89 0.73 9.16 1.21 
2-B-160-2 178.82 0.94 18.70 0.96 6173.99 0.70 8.66 1.15 
2-B-270-1 195.84 1.08 19.93 1.06 8398.45 0.96 BDL 0.14 
2-B-430-1 205.75 1.13 20.16 1.06 8612.41 0.99 BDL 0.14 
2-B-670-1 190.77 1.05 18.58 0.98 8606.87 1.00 BDL 0.14 
2-C-010-1 466.04 2.60 4.91 0.27 6746.00 0.76 4.19 0.55 
2-C-040-1 507.15 2.83 5.00 0.27 6806.67 0.77 4.47 0.59 
2-C-090-1 554.65 3.09 5.13 0.28 6476.72 0.73 3.79 0.50 
2-C-160-1 568.46 2.97 5.31 0.27 6494.04 0.74 3.81 0.50 
2-C-270-1 610.95 3.37 5.93 0.32 8505.48 0.97 BDL 0.14 
2-C-270-2 614.22 3.39 5.80 0.31 8550.60 0.98 BDL 0.14 
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2-C-430-1 644.28 3.53 6.57 0.35 8822.02 1.02 BDL 0.14 
2-C-670-1 605.10 3.33 5.15 0.27 8370.18 0.97 BDL 0.14 
2-C-670-2 614.72 3.38 5.79 0.30 8474.35 0.99 BDL 0.14 
2-I-000-3 170.81 1.00 17.72 1.00 8857.80 1.00 7.58 1.00 
2-I-160-3 191.19 1.00 19.52 1.00 8793.50 1.00 7.55 1.00 
2-I-670-3 181.88 1.00 18.99 1.00 8588.61 1.00 7.43 1.00 
10-A-0-1 19.29 0.11 BDL 0.00 

  
BDL 0.07 

10-A-1-1 28.22 0.16 0.14 0.01 
  

BDL 0.11 
10-A-1-2 29.37 0.17 0.14 0.01 

  
BDL 0.11 

10-A-2-1 43.50 0.25 0.48 0.03 6433.80 1.00 BDL 0.09 
10-A-4-1 60.42 0.35 BDL 0.00 6572.79 1.02 BDL 0.10 
10-A-6-1 118.89 0.69 0.46 0.03 6531.23 1.00 BDL 0.11 
10-A-10-1 155.16 0.89 0.47 0.03 6734.92 1.03 BDL 0.10 
10-A-17-1 241.52 1.40 0.44 0.02 6510.69 1.02 BDL 0.09 
10-A-17-2 239.48 1.39 0.40 0.02 6461.15 1.01 BDL 0.09 
10-A-27-1 296.69 1.74 0.50 0.03 6489.33 1.01 BDL 0.14 
10-B-0-1 1215.44 6.82 4.32 0.25 

  
BDL 0.07 

10-B-1-1 1021.83 5.95 3.08 0.17 
  

BDL 0.11 
10-B-1-2 1018.33 5.93 3.21 0.18 

  
BDL 0.11 

10-B-2-1 870.58 5.02 2.46 0.14 3502.48 0.54 BDL 0.09 
10-B-4-1 742.79 4.36 1.85 0.11 4153.43 0.64 BDL 0.10 
10-B-6-1 595.61 3.45 1.12 0.06 4756.61 0.73 BDL 0.11 
10-B-10-1 537.63 3.07 1.16 0.07 5310.61 0.81 BDL 0.10 
10-B-17-1 461.64 2.68 0.67 0.04 5462.45 0.86 BDL 0.09 
10-B-27-1 426.25 2.50 0.65 0.04 5973.82 0.93 BDL 0.14 
10-B-27-2 425.37 2.50 0.60 0.03 5982.90 0.94 BDL 0.14 
10-C-0-1 111.98 0.63 BDL 0.00 

  
BDL 0.07 

10-C-1-1 128.07 0.75 BDL 0.00 27677.90 4.24 BDL 0.11 
10-C-1-2 125.86 0.73 BDL 0.00 27615.88 4.23 BDL 0.11 
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10-C-2-1 137.82 0.79 BDL 0.00 28541.23 4.42 BDL 0.09 
10-C-4-1 164.29 0.96 0.30 0.02 18421.21 2.85 BDL 0.10 
10-C-6-1 222.36 1.29 6.47 0.36 12625.70 1.93 BDL 0.11 
10-C-10-1 223.99 1.28 BDL 0.00 10972.17 1.68 BDL 0.10 
10-C-17-1 332.65 1.93 0.21 0.01 7402.36 1.16 BDL 0.09 
10-C-27-1 365.52 2.15 0.34 0.02 7524.21 1.18 BDL 0.14 
10-C-27-2 357.30 2.10 0.19 0.01 7479.15 1.17 BDL 0.14 
10-D-0-1 198.98 1.12 0.50 0.03 

  
BDL 0.07 

10-D-1-1 190.56 1.11 0.15 0.01 
  

BDL 0.11 
10-D-1-2 185.38 1.08 0.83 0.05 

  
BDL 0.11 

10-D-2-1 198.04 1.14 0.36 0.02 6460.53 1.00 BDL 0.09 
10-D-4-1 236.77 1.39 0.15 0.01 6491.42 1.00 BDL 0.10 
10-D-6-1 319.68 1.85 2.28 0.13 6484.86 0.99 BDL 0.11 
10-D-10-1 300.10 1.72 0.23 0.01 6481.41 0.99 BDL 0.10 
10-D-17-1 352.88 2.05 0.26 0.01 6700.35 1.05 BDL 0.09 
10-D-17-2 348.85 2.03 0.20 0.01 6692.70 1.05 BDL 0.09 
10-D-27-1 334.34 1.96 0.20 0.01 6420.27 1.00 BDL 0.14 
10-D-27-2 336.95 1.98 0.14 0.01 6450.34 1.01 BDL 0.14 
10-I-0-3 178.24 1.00 17.21 1.00 

  
16.08 1.00 

10-I-1-3 171.85 1.00 17.71 1.00 6527.22 1.00 9.80 1.00 
10-I-2-3 173.49 1.00 17.58 1.00 6462.03 1.00 11.88 1.00 
10-I-4-3 170.54 1.00 17.49 1.00 6472.03 1.00 10.57 1.00 
10-I-6-3 172.89 1.00 17.92 1.00 6533.06 1.00 9.72 1.00 
10-I-10-3 174.93 1.00 17.80 1.00 6547.35 1.00 10.44 1.00 
10-I-17-3 171.95 1.00 18.25 1.00 6373.51 1.00 11.95 1.00 
10-I-27-3 170.23 1.00 17.77 1.00 6397.77 1.00 7.79 1.00 
10-I-999-4 30.54 BLANK BDL BLANK 1447.35 BLANK BDL BLANK 
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Table 10-7 Dissolved metals sample results for lead, selenium, silica, and zinc. All results in ug L-1 . 

Sample ID Pb Pb Ratio Se Se Ratio Si Si Ratio Zn Zn Ratio 
1-A-010-1 BDL 0.19 BDL 1.00 395.87 3.07 4.12 0.18 
1-A-040-1 BDL 0.20 BDL 1.00 10430.44 80.61 BDL 0.08 
1-A-090-1 BDL 0.21 5.87 2.14 391.07 3.01 BDL 0.07 
1-A-090-2 BDL 0.21 BDL 1.00 409.27 3.15 14.14 0.51 
1-A-160-1 BDL 0.36 BDL 1.00 482.77 3.67 5.63 0.21 
1-A-160-2 BDL 0.36 7.34 2.68 497.01 3.78 10.16 0.37 
1-A-270-1 BDL 0.32 BDL 1.00 448.88 3.38 4.27 0.11 
1-A-430-1 BDL 1.00 BDL 1.00 433.62 3.21 10.24 0.22 
1-A-670-1 2.78 2.62 6.76 2.47 412.68 2.98 14.81 0.24 
1-B-010-1 BDL 0.19 5.86 2.14 607.82 4.71 BDL 0.09 
1-B-040-1 BDL 0.20 7.25 2.65 574.93 4.44 BDL 0.08 
1-B-040-2 BDL 0.20 BDL 1.00 591.26 4.57 BDL 0.08 
1-B-090-1 BDL 0.21 5.58 2.04 533.66 4.10 6.25 0.23 
1-B-160-1 BDL 0.36 5.81 2.12 521.98 3.97 6.52 0.24 
1-B-270-1 BDL 0.32 7.49 2.73 491.33 3.70 4.46 0.12 
1-B-270-2 BDL 0.32 BDL 1.00 489.12 3.68 BDL 0.05 
1-B-430-1 BDL 1.00 6.01 2.20 464.24 3.43 10.12 0.22 
1-B-670-1 BDL 1.00 BDL 1.00 443.88 3.20 13.67 0.22 
1-C-010-1 BDL 0.19 5.66 2.07 10922.53 84.70 BDL 0.09 
1-C-040-1 BDL 0.20 6.05 2.21 10401.60 80.39 BDL 0.08 
1-C-040-2 BDL 0.20 5.76 2.10 10500.78 81.15 BDL 0.08 
1-C-090-1 BDL 0.21 6.28 2.29 9678.77 74.38 BDL 0.07 
1-C-090-2 BDL 0.21 BDL 1.00 10010.60 76.93 BDL 0.07 
1-C-160-1 BDL 0.36 BDL 1.00 10032.60 76.21 7.86 0.29 
1-C-270-1 BDL 0.32 BDL 1.00 8901.27 67.03 33.86 0.90 
1-C-430-1 BDL 1.00 BDL 1.00 7980.96 59.05 4.99 0.11 
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1-C-430-2 BDL 1.00 BDL 1.00 8011.17 59.27 BDL 0.04 
1-C-670-1 BDL 1.00 BDL 1.00 7078.55 51.08 12.73 0.21 
1-I-000-3 6.89 1.00 BDL 1.00 128.44 1.00 26.07 1.00 
1-I-160-3 2.92 1.00 BDL 1.00 131.64 1.00 27.26 1.00 
1-I-670-3 BDL 1.00 BDL 1.00 138.58 1.00 60.80 1.00 
2-A-010-1 9.39 0.95 BDL 1.00 265.05 1.69 101.73 1.22 
2-A-040-1 9.08 0.93 BDL 1.00 222.90 1.41 43.43 0.52 
2-A-090-1 10.80 1.13 6.67 2.43 186.56 1.17 30.14 0.36 
2-A-090-2 11.23 1.18 BDL 1.00 174.56 1.09 29.05 0.35 
2-A-160-1 5.68 0.93 BDL 1.00 192.36 1.08 32.75 0.41 
2-A-270-1 10.06 1.16 BDL 1.00 208.94 1.26 49.47 0.61 
2-A-430-1 8.31 1.06 BDL 1.00 191.80 1.12 34.78 0.44 
2-A-430-2 8.39 1.07 BDL 1.00 193.03 1.13 40.74 0.51 
2-A-670-1 6.06 0.82 BDL 1.00 184.28 1.05 61.44 0.79 
2-B-010-1 9.30 0.94 7.39 2.70 256.17 1.63 46.30 0.55 
2-B-040-1 11.09 1.14 BDL 1.00 200.76 1.27 59.13 0.71 
2-B-090-1 10.83 1.14 BDL 1.00 193.54 1.21 37.02 0.45 
2-B-090-2 11.53 1.21 BDL 1.00 187.53 1.18 38.44 0.46 
2-B-160-1 8.19 1.33 BDL 1.00 183.20 1.03 63.27 0.79 
2-B-160-2 10.51 1.71 5.83 2.13 194.96 1.10 39.43 0.50 
2-B-270-1 8.80 1.02 BDL 1.00 190.34 1.15 47.77 0.59 
2-B-430-1 9.56 1.22 5.49 2.00 200.20 1.17 114.27 1.44 
2-B-670-1 6.47 0.87 BDL 1.00 197.16 1.12 71.50 0.92 
2-C-010-1 6.06 0.61 BDL 1.00 4535.09 28.93 22.67 0.27 
2-C-040-1 6.98 0.71 BDL 1.00 3996.60 25.33 50.62 0.61 
2-C-090-1 7.10 0.75 BDL 1.00 3757.00 23.55 22.20 0.27 
2-C-160-1 7.15 1.17 6.40 2.34 3301.99 18.56 19.74 0.25 
2-C-270-1 9.26 1.07 5.70 2.08 3351.92 20.21 21.05 0.26 
2-C-270-2 8.44 0.98 BDL 1.00 3367.37 20.30 20.69 0.26 
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2-C-430-1 9.73 1.24 BDL 1.00 2949.05 17.20 27.77 0.35 
2-C-670-1 8.99 1.21 BDL 1.00 2616.00 14.85 41.07 0.53 
2-C-670-2 10.28 1.39 BDL 1.00 2624.31 14.90 30.05 0.39 
2-I-000-3 12.28 1.00 BDL 1.00 144.34 1.00 85.57 1.00 
2-I-160-3 6.14 1.00 BDL 1.00 177.87 1.00 79.61 1.00 
2-I-670-3 7.40 1.00 BDL 1.00 176.16 1.00 77.83 1.00 
10-A-0-1 BDL 1.00 BDL 1.00 7705.47 80.89 BDL 0.05 
10-A-1-1 BDL 1.00 BDL 0.46 7834.86 75.25 8.88 0.19 
10-A-1-2 BDL 1.00 BDL 0.46 8010.59 76.94 60.15 1.27 
10-A-2-1 BDL 1.00 BDL 1.00 8304.29 104.39 BDL 0.04 
10-A-4-1 BDL 1.00 5.90 2.16 8877.78 88.49 BDL 0.05 
10-A-6-1 BDL 1.00 BDL 1.00 9161.93 71.19 24.10 0.53 
10-A-10-1 BDL 1.00 BDL 0.49 9037.99 71.07 BDL 0.04 
10-A-17-1 BDL 1.00 BDL 1.00 9109.06 65.33 BDL 0.05 
10-A-17-2 BDL 1.00 BDL 1.00 9031.16 64.77 7.60 0.17 
10-A-27-1 BDL 1.00 BDL 1.00 8844.73 57.92 BDL 0.05 
10-B-0-1 BDL 1.00 BDL 1.00 6615.43 69.45 35.11 0.79 
10-B-1-1 BDL 1.00 BDL 0.46 3808.44 36.58 65.56 1.39 
10-B-1-2 BDL 1.00 BDL 0.46 3743.93 35.96 139.70 2.96 
10-B-2-1 BDL 1.00 BDL 1.00 2590.94 32.57 BDL 0.04 
10-B-4-1 BDL 1.00 BDL 1.00 1919.78 19.14 BDL 0.05 
10-B-6-1 BDL 1.00 BDL 1.00 1343.89 10.44 35.16 0.78 
10-B-10-1 BDL 1.00 BDL 0.49 1122.43 8.83 16.88 0.34 
10-B-17-1 BDL 1.00 BDL 1.00 907.22 6.51 BDL 0.05 
10-B-27-1 BDL 1.00 BDL 1.00 834.98 5.47 5.94 0.13 
10-B-27-2 BDL 1.00 BDL 1.00 835.62 5.47 55.90 1.24 
10-C-0-1 BDL 1.00 5.71 2.09 5110.43 53.65 50.44 1.14 
10-C-1-1 BDL 1.00 6.61 1.12 2827.42 27.16 12.35 0.26 
10-C-1-2 BDL 1.00 6.92 1.17 2824.51 27.13 115.35 2.44 
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10-C-2-1 BDL 1.00 7.56 2.76 2149.99 27.03 24.22 0.52 
10-C-4-1 BDL 1.00 6.39 2.33 1692.33 16.87 BDL 0.05 
10-C-6-1 BDL 1.00 BDL 1.00 1280.18 9.95 BDL 0.05 
10-C-10-1 BDL 1.00 BDL 0.49 1124.04 8.84 BDL 0.04 
10-C-17-1 BDL 1.00 BDL 1.00 959.65 6.88 19.75 0.45 
10-C-27-1 BDL 1.00 BDL 1.00 978.57 6.41 BDL 0.05 
10-C-27-2 BDL 1.00 BDL 1.00 978.19 6.41 BDL 0.05 
10-D-0-1 BDL 1.00 BDL 1.00 5626.72 59.07 BDL 0.05 
10-D-1-1 BDL 1.00 BDL 0.46 2815.35 27.04 BDL 0.04 
10-D-1-2 BDL 1.00 BDL 0.46 2768.47 26.59 59.16 1.25 
10-D-2-1 BDL 1.00 BDL 1.00 1900.59 23.89 7.11 0.15 
10-D-4-1 BDL 1.00 BDL 1.00 1393.38 13.89 BDL 0.05 
10-D-6-1 BDL 1.00 BDL 1.00 1293.56 10.05 51.71 1.15 
10-D-10-1 BDL 1.00 BDL 0.49 937.71 7.37 45.35 0.91 
10-D-17-1 BDL 1.00 BDL 1.00 744.94 5.34 BDL 0.05 
10-D-17-2 BDL 1.00 BDL 1.00 742.62 5.33 13.92 0.32 
10-D-27-1 BDL 1.00 BDL 1.00 715.37 4.68 13.91 0.31 
10-D-27-2 BDL 1.00 BDL 1.00 721.66 4.73 96.09 2.13 
10-I-0-3 BDL 1.00 BDL 1.00 95.25 1.00 44.20 1.00 
10-I-1-3 BDL 1.00 5.92 1.00 104.11 1.00 47.25 1.00 
10-I-2-3 BDL 1.00 BDL 1.00 79.55 1.00 47.02 1.00 
10-I-4-3 BDL 1.00 BDL 1.00 100.33 1.00 43.42 1.00 
10-I-6-3 BDL 1.00 BDL 1.00 128.69 1.00 45.14 1.00 
10-I-10-3 BDL 1.00 5.64 1.00 127.17 1.00 49.61 1.00 
10-I-17-3 BDL 1.00 BDL 1.00 139.44 1.00 43.70 1.00 
10-I-27-3 BDL 1.00 BDL 1.00 152.70 1.00 45.06 1.00 
10-I-999-4 BDL BLANK BDL BLANK 74.21 BLANK BDL BLANK 
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Table 10-8 Phosphorus sample results. All results in mg L-1 . 

Sample ID P (mg L-1) P Ratio 
1-A-010-1 0.136 0.100 
1-A-010-2 0.089 0.324 
1-A-040-1 0.039 0.144 
1-A-090-1 0.157 0.589 
1-A-160-1 0.162 0.648 
1-A-160-2 0.152 0.608 
1-A-270-1 0.189 0.761 
1-A-430-1 0.178 0.766 
1-A-670-1 0.222 1.213 
1-A-670-2 0.183 1.000 
1-B-010-1 0.082 0.299 
1-B-040-1 0.096 0.354 
1-B-090-1 0.155 0.582 
1-B-160-1 0.177 0.708 
1-B-160-2 0.166 0.664 
1-B-270-1 0.204 0.821 
1-B-430-1 0.198 0.852 
1-B-670-1 0.208 1.137 
1-B-670-2 0.217 1.186 
1-C-010-1 0.028 0.102 
1-C-040-1 0.035 0.129 
1-C-090-1 0.033 0.124 
1-C-090-2 0.023 0.086 
1-C-160-1 0.045 0.180 
1-C-270-1 0.121 0.487 
1-C-270-2 0.027 0.109 
1-C-430-1 0.056 0.241 
1-C-670-1 0.092 0.503 
1-C-670-2 0.064 0.350 
1-I-000-3 0.278 1.000 
1-I-160-3 0.25 1.000 
1-I-670-3 0.183 1.000 
2-A-010-1 0.314 1.053 
2-A-040-1 0.306 1.033 
2-A-090-1 0.303 1.036 
2-A-160-1 0.276 0.982 
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2-A-160-2 0.263 0.936 
2-A-270-1 0.254 0.907 
2-A-270-2 0.254 0.907 
2-A-430-1 0.254 0.945 
2-A-670-1 0.254 1.000 
2-B-010-1 0.311 1.043 
2-B-040-1 0.298 1.006 
2-B-040-2 0.3 1.013 
2-B-090-1 0.298 1.018 
2-B-160-1 0.285 1.014 
2-B-270-1 0.254 0.907 
2-B-430-1 0.254 0.945 
2-B-430-2 0.254 0.945 
2-B-670-1 0.254 1.000 
2-C-010-1 0.162 0.543 
2-C-010-2 0.161 0.540 
2-C-040-1 0.201 0.679 
2-C-090-1 0.214 0.731 
2-C-160-1 0.245 0.872 
2-C-270-1 0.249 0.889 
2-C-430-1 0.254 0.945 
2-C-430-2 0.254 0.945 
2-C-670-1 0.254 1.000 
2-I-000-3 0.304 1.000 
2-I-160-3 0.281 1.000 
2-I-670-3 0.254 1.000 
10-A-0-1 0.029 0.145 
10-A-1-1 0.011 0.066 
10-A-1-2 0.016 0.096 
10-A-2-1 0.008 0.051 
10-A-4-1 0.008 0.051 
10-A-6-1 0.018 0.112 
10-A-10-1 0.007 0.045 
10-A-17-1 0.01 0.061 
10-A-17-2 0.01 0.061 
10-A-27-1 0.01 0.058 
10-B-0-1 0.129 0.645 
10-B-1-1 0.049 0.295 
10-B-1-2 0.057 0.343 
10-B-2-1 0.043 0.274 
10-B-4-1 0.049 0.310 
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10-B-6-1 0.062 0.385 
10-B-10-1 0.041 0.261 
10-B-17-1 0.106 0.642 
10-B-27-1 0.152 0.884 
10-B-27-2 0.12 0.698 
10-C-0-1 0.017 0.085 
10-C-1-1 0.011 0.066 
10-C-1-2 0.026 0.157 
10-C-2-1 0.014 0.089 
10-C-4-1 0.03 0.190 
10-C-6-1 0.031 0.193 
10-C-10-1 0.027 0.172 
10-C-17-1 0.098 0.594 
10-C-27-1 0.133 0.773 
10-C-27-2 0.134 0.779 
10-D-0-1 0.006 0.030 
10-D-1-1 0.006 0.036 
10-D-1-2 0.016 0.096 
10-D-2-1 0.036 0.229 
10-D-4-1 0.032 0.203 
10-D-6-1 0.063 0.391 
10-D-10-1 0.125 0.796 
10-D-17-1 0.169 1.024 
10-D-17-2 0.167 1.012 
10-D-27-1 0.146 0.849 
10-D-27-2 0.151 0.878 
10-I-0-3 0.2 1.000 
10-I-1-3 0.166 1.000 
10-I-2-3 0.157 1.000 
10-I-4-3 0.158 1.000 
10-I-6-3 0.161 1.000 
10-I-10-3 0.157 1.000 
10-I-17-3 0.165 1.000 
10-I-27-3 0.172 1.000 
10-I-999-4 BRL BLANK 
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Table 10-9 Neonicotinoid sample results. All results given in ug L-1. 

Sample ID Acetamiprid Acetamiprid Ratio Dinotefuran Dinotefuran Ratio Imidacloprid Imidacloprid Ratio 

1-A-010-1 500.237 0.553 729.878 0.765 393.290 0.608 
1-A-040-1 200.864 0.224 830.339 0.876 250.256 0.390 
1-A-040-2 207.583 0.231 890.426 0.940 272.486 0.425 
1-A-090-1 704.690 0.798 965.955 1.030 565.744 0.895 
1-A-160-1 493.663 0.563 720.494 0.769 386.613 0.635 
1-A-270-1 479.152 0.576 622.130 0.690 363.285 0.606 
1-A-270-2 582.616 0.701 753.265 0.835 432.049 0.721 
1-A-430-1 537.558 0.684 650.746 0.748 397.172 0.697 
1-A-670-1 618.128 0.866 690.232 0.844 436.681 0.826 
1-B-010-1 336.740 0.372 753.218 0.790 326.877 0.506 
1-B-010-2 440.869 0.487 971.602 1.019 437.363 0.677 
1-B-040-1 445.829 0.497 864.795 0.912 395.462 0.617 
1-B-090-1 533.863 0.605 855.829 0.913 451.253 0.714 
1-B-090-2 542.991 0.615 880.116 0.939 475.486 0.753 
1-B-160-1 768.458 0.876 877.817 0.936 562.714 0.924 
1-B-270-1 508.002 0.611 637.924 0.708 386.327 0.645 
1-B-430-1 628.045 0.799 720.594 0.829 472.290 0.829 
1-B-670-1 630.904 0.883 729.911 0.892 463.174 0.876 
1-C-010-1 162.612 0.180 723.090 0.758 218.473 0.338 
1-C-040-1 228.810 0.255 874.993 0.923 286.258 0.447 
1-C-090-1 209.537 0.237 820.535 0.875 242.616 0.384 
1-C-090-2 164.581 0.186 694.216 0.740 202.610 0.321 
1-C-160-1 260.839 0.297 764.063 0.815 295.654 0.486 
1-C-160-2 317.694 0.362 881.041 0.940 346.516 0.569 
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1-C-270-1 373.028 0.449 756.560 0.839 338.568 0.565 
1-C-430-1 437.987 0.557 682.686 0.785 369.724 0.649 
1-C-670-1 479.876 0.672 657.915 0.804 375.921 0.711 
1-I-000-3 896.732 1.000 945.378 1.000 656.135 1.000 
1-I-160-3 877.557 1.000 937.365 1.000 608.720 1.000 
1-I-670-3 714.119 1.000 818.144 1.000 528.608 1.000 
2-A-010-1 227.491 0.255 504.403 0.528 159.340 0.239 
2-A-010-2 231.625 0.260 518.933 0.543 155.803 0.234 
2-A-040-1 392.324 0.443 602.227 0.640 257.723 0.390 
2-A-040-2 358.644 0.405 577.115 0.613 249.969 0.378 
2-A-090-1 462.901 0.529 656.911 0.716 337.291 0.517 
2-A-160-1 493.987 0.575 664.283 0.760 374.214 0.564 
2-A-270-1 655.701 0.784 817.219 0.984 479.624 0.773 
2-A-430-1 655.398 0.818 816.511 1.083 497.007 0.839 
2-A-670-1 641.458 0.856 614.217 0.958 451.329 0.828 
2-B-010-1 519.938 0.583 709.958 0.743 374.738 0.563 
2-B-010-2 487.315 0.546 667.623 0.699 361.722 0.543 
2-B-040-1 604.884 0.683 746.420 0.793 411.146 0.622 
2-B-090-1 633.743 0.724 746.066 0.813 460.263 0.706 
2-B-160-1 668.025 0.778 772.037 0.883 511.221 0.771 
2-B-270-1 714.972 0.855 795.831 0.958 527.542 0.850 
2-B-430-1 781.516 0.975 894.243 1.186 586.686 0.990 
2-B-670-1 690.776 0.921 637.161 0.994 505.219 0.927 
2-B-670-2 629.556 0.840 577.498 0.901 445.783 0.818 
2-C-010-1 884.999 0.992 954.979 0.999 698.371 1.049 
2-C-040-1 812.822 0.918 858.365 0.912 634.049 0.960 
2-C-040-2 812.532 0.917 863.792 0.918 604.773 0.916 
2-C-090-1 851.355 0.973 861.606 0.939 626.768 0.962 
2-C-090-2 843.605 0.964 921.376 1.005 643.232 0.987 
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2-C-160-1 816.636 0.951 833.688 0.954 617.992 0.932 
2-C-270-1 839.684 1.005 860.179 1.035 612.026 0.986 
2-C-430-1 888.060 1.108 931.954 1.236 685.713 1.157 
2-C-670-1 929.567 1.240 984.732 1.536 707.740 1.299 
2-I-000-3 895.252 1.000 967.659 1.000 649.424 1.000 
2-I-160-3 858.521 1.000 874.155 1.000 663.364 1.000 
2-I-670-3 749.630 1.000 641.066 1.000 544.919 1.000 
10-A-0-1 4.568 0.655 5.210 0.924 4.402 0.785 
10-A-1-1 4.635 0.746 4.805 0.946 4.589 0.805 
10-A-1-2 4.623 0.744 5.000 0.985 4.727 0.829 
10-A-2-1 4.807 0.852 5.303 1.053 5.182 0.921 
10-A-4-1 4.375 0.729 4.772 0.952 4.699 0.808 
10-A-6-1 4.551 0.651 4.860 0.860 4.870 0.767 
10-A-10-1 4.943 0.856 4.888 1.013 5.345 0.947 
10-A-17-1 5.005 0.801 4.882 0.973 5.499 0.880 
10-A-17-2 5.282 0.845 5.080 1.013 5.749 0.920 
10-A-27-1 5.024 0.764 4.643 0.903 5.617 0.839 
10-B-0-1 0.006 0.072 0.115 0.089 0.006 0.089 
10-B-1-1 0.009 0.081 0.296 0.098 0.006 0.088 
10-B-1-2 0.009 0.081 0.319 0.098 0.006 0.088 
10-B-2-1 0.017 0.089 0.391 0.099 0.011 0.089 
10-B-4-1 0.034 0.083 0.617 0.100 0.021 0.086 
10-B-6-1 0.083 0.072 0.885 0.089 0.054 0.079 
10-B-10-1 0.144 0.087 1.084 0.225 0.095 0.089 
10-B-17-1 0.297 0.080 1.272 0.254 0.215 0.080 
10-B-27-1 0.487 0.076 1.578 0.307 0.358 0.075 
10-B-27-2 0.518 0.076 1.504 0.293 0.375 0.075 
10-C-0-1 3.645 0.523 4.897 0.869 4.221 0.753 
10-C-1-1 3.981 0.641 4.706 0.927 4.794 0.841 
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10-C-1-2 4.006 0.645 4.859 0.957 5.087 0.893 
10-C-2-1 3.885 0.689 4.740 0.941 4.678 0.832 
10-C-4-1 4.090 0.682 4.938 0.985 4.578 0.787 
10-C-6-1 4.540 0.650 4.961 0.878 5.012 0.789 
10-C-10-1 4.589 0.795 4.645 0.963 5.225 0.926 
10-C-17-1 5.068 0.811 4.839 0.965 5.674 0.908 
10-C-27-1 5.391 0.819 4.974 0.968 6.013 0.898 
10-C-27-2 4.567 0.694 4.591 0.893 5.108 0.763 
10-D-0-1 5.342 0.766 6.066 1.076 5.100 0.910 
10-D-1-1 5.212 0.839 5.357 1.055 5.162 0.906 
10-D-1-2 4.360 0.702 5.047 0.994 4.166 0.731 
10-D-2-1 5.715 1.013 5.417 1.076 5.969 1.061 
10-D-4-1 5.046 0.841 5.014 1.000 5.478 0.942 
10-D-6-1 4.863 0.696 4.928 0.873 5.028 0.792 
10-D-10-1 5.393 0.934 5.186 1.075 5.896 1.045 
10-D-17-1 4.998 0.800 4.843 0.966 5.381 0.861 
10-D-17-2 5.130 0.821 4.651 0.927 5.549 0.888 
10-D-27-1 5.521 0.839 5.133 0.999 6.031 0.901 
10-D-27-2 5.326 0.809 4.796 0.933 5.649 0.844 
10-I-0-3 6.975 1.000 5.636 1.000 5.607 1.000 
10-I-1-3 6.210 1.000 5.078 1.000 5.699 1.000 
10-I-2-3 5.641 1.000 5.036 1.000 5.624 1.000 
10-I-4-3 6.001 1.000 5.014 1.000 5.813 1.000 
10-I-6-3 6.987 1.000 5.648 1.000 6.349 1.000 
10-I-10-3 5.772 1.000 4.825 1.000 5.642 1.000 
10-I-17-3 6.247 1.000 5.016 1.000 6.249 1.000 
10-I-27-3 6.580 1.000 5.140 1.000 6.694 1.000 
10-I-999-4 0.005 BLANK 0.003 BLANK 0.002 BLANK 
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Table 10-10 Coefficient of variation (%) for metals samples. A mild variation exceedance is >10% and a substantial exceedance is >20%. 

Sample 
ID 

Al As Be Ca Co Cu Fe K Mg Mn Na Ni Pb Si Zn 

1-A-010 
               

1-A-040 
               

1-A-090 0.30 6.91 15.85 1.04 
  

10.94 0.65 0.85 70.67 1.40 
  

3.22 95.05 
1-A-160 2.77 3.34 1.84 1.62 

  
15.27 0.35 1.56 2.94 0.65 

  
2.06 40.59 

1-A-270 
               

1-A-670 
               

1-B-010 
               

1-B-040 0.88 5.55 21.20 0.07 
   

1.40 29.89 102.42 0.34 
  

1.98 159.06 
1-B-090 

               

1-B-160 
               

1-B-270 1.95 6.00 27.06 1.03 
   

2.27 2.58 65.87 0.94 
  

0.32 151.88 
1-B-670 

               

1-C-040 0.56 4.90 43.61 1.02 
   

0.40 0.71 
 

0.80 
  

0.67 17.40 
1-C-090 85.09 27.04 75.40 1.33 

   
2.60 0.67 27.37 1.51 

  
2.38 38.85 

1-C-160 
               

1-C-270 
               

1-C-430 0.17 2.34 36.67 0.57 
   

1.13 1.27 83.86 0.97 
  

0.27 44.34 
1-C-670 

               

2-A-010 
               

2-A-040 
               

2-A-090 1.75 3.15 1.82 1.43 3.70 
 

1.95 1.44 1.09 0.63 1.36 13.40 2.74 4.70 2.61 
2-A-160 

               

2-A-270 
               

2-A-430 
 

1.38 2.10 0.55 1.49 
 

1.37 1.08 0.56 1.45 0.65 
 

0.64 0.45 11.16 
2-B-010 

               



 
 

194 

2-B-040 
               

2-B-090 8.88 4.21 0.32 0.56 0.29 3.13 0.44 1.19 1.23 1.17 0.77 5.26 4.40 2.23 2.66 
2-B-160 25.85 5.38 13.44 1.59 0.41 

 
15.63 2.96 1.91 1.98 2.77 3.93 17.53 4.39 32.83 

2-B-430 
               

2-B-670 
               

2-C-010 
               

2-C-040 
               

2-C-090 
               

2-C-270 9.21 1.01 1.52 0.37 8.34 4.42 4.47 0.07 0.38 1.61 0.37 
 

6.51 0.33 1.23 
2-C-430 

               

2-C-670 2.97 0.96 6.42 1.05 8.16 11.54 8.38 1.15 1.12 8.22 0.87 
 

9.47 0.22 21.92 
9-A-6 0.65 

  
0.47 

  
52.86 0.01 2.83 12.06 0.05 

  
1.30 9.05 

9-A-17 0.34 13.26 
 

0.14 
  

27.02 0.04 0.02 0.13 
   

0.25 
 

9-B-6 2.59 6.08 
 

0.43 
  

21.28 0.63 0.29 11.30 0.21 
  

0.61 45.05 
9-B-17 1.46 10.38 

 
0.76 

  
0.08 0.75 1.03 3.82 

   
1.06 

 

10-A-1 3.71 
  

0.15 
   

0.75 2.83 3.66 
   

1.57 105.05 
10-A-17 1.92 2.54 

 
0.82 

   
4.94 0.60 6.09 0.54 

  
0.61 

 

10-B-1 
 

0.69 
 

0.08 
   

0.44 0.24 2.75 
   

1.21 51.08 
10-B-27 1.92 3.46 

 
0.18 

   
0.10 0.15 5.42 0.11 

  
0.05 114.26 

10-C-1 0.18 3.46 
 

0.03 
   

0.20 1.23 
 

0.16 
  

0.07 114.08 
10-C-27 0.06 3.14 

 
1.16 

   
0.37 1.61 40.91 0.42 

  
0.03 

 

10-D-1 4.77 2.26 
 

0.30 
   

0.21 1.95 97.72 
   

1.19 
 

10-D-17 2.43 3.82 
 

0.31 
   

2.66 0.81 19.86 0.08 
  

0.22 
 

10-D-27 1.09 4.51 
 

0.05 
   

0.46 0.55 22.88 0.33 
  

0.62 105.65 
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Table 10-11 Coefficient of variation (%) for phosphorus and all three neonicotinoids. A mild variation exceedance is >10% and a 

substantial exceedance is >20%. 

Sample 
ID 

P Acetamiprid Dinotefuran Imidacloprid 

1-A-010 29.54 
   

1-A-040 
 

2.33 4.94 6.01 
1-A-090 

    

1-A-160 4.50 
   

1-A-270 
 

13.78 13.48 12.23 
1-A-670 13.62 

   

1-B-010 
 

18.94 17.91 20.45 
1-B-040 

    

1-B-090 
 

1.20 1.98 3.70 
1-B-160 4.54 

   

1-B-270 
    

1-B-670 2.99 
   

1-C-040 
    

1-C-090 25.25 16.99 11.79 12.71 
1-C-160 

 
13.90 10.06 11.20 

1-C-270 89.82 
   

1-C-430 
    

1-C-670 25.38 
   

2-A-010 
 

1.27 2.01 1.59 
2-A-040 

 
6.34 3.01 2.16 

2-A-090 
    

2-A-160 3.41 
   

2-A-270 0.00 
   

2-A-430 
    

2-B-010 
 

4.58 4.35 2.50 
2-B-040 0.47 

   

2-B-090 
    

2-B-160 
    

2-B-430 0.00 
   

2-B-670 
 

6.56 6.95 8.84 
2-C-010 0.44 

   

2-C-040 
 

0.03 0.45 3.34 
2-C-090 

 
0.65 4.74 1.83 

2-C-270 
    

2-C-430 0.00 
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2-C-670 
    

9-A-6 0.00 0.00 0.00 0.00 
9-A-17 9.43 1.14 18.56 21.79 
9-B-6 2.57 3.62 3.31 2.39 
9-B-17 5.13 33.33 29.24 33.35 
10-A-1 26.19 0.18 2.81 2.09 
10-A-17 0.00 3.80 2.81 3.15 
10-B-1 10.67 3.63 5.39 2.64 
10-B-27 16.64 4.44 3.41 3.19 
10-C-1 57.33 0.45 2.25 4.20 
10-C-27 0.53 11.71 5.67 11.52 
10-D-1 64.28 12.59 4.21 15.10 
10-D-17 0.84 1.84 2.86 2.16 
10-D-27 2.38 2.54 4.80 4.62 

 
 
 
Table 10-12 Contaminant front experiment results. Column initially saturated with DI water then an 11,000 µS cm-1 NaCl solution 
poured with 6 in. of ponding at the top of the bioretention simulation sand and effluent SC values measured. One pore volume was 
~300 mL. 

Start 
Time 

End 
Time 

Flow Rate Specific 
Conductivity 

(µS cm-1) 

Total Volume 
Passed 

1621 1626 6.6 1831 33 
1630 1635 6.6 1670 66 
1637 1642 6.4 1630 98 
1644 1649 6.2 1630 129 
1650 1655 6.2 1955 160 
1657 1702 6.2 4530 191 
1704 1709 6.4 8015 223 
1711 1717 6.5 9890 262 
1721 1726 5.8 11030 291 
1729 1734 5.6 11290 319 

 


