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ABSTRACT

Phosphorus Mobility in the Shallow Unconfined Aquifer at Pineview Reservoir, Utah

by

Christine Rumsey, Master of Science

Utah State University, 2014

Major Professor: David K. Stevens
Department: Civil and Environmental Engineering

Phosphorus concentrations in the shallow, unconfined aquifer at Pineview Reservoir indi-

cate significant phosphorus transport is occurring in groundwater. A set of investigations

was completed to identify factors contributing to P mobility. Water quality monitoring was

conducted to understand groundwater characteristics and P movement. N isotopes, B,

Cl/Br ratios, and other water quality parameters were evaluated to determine whether sep-

tic system effluent influences groundwater quality. Results indicate that septic system

effluents pollute at least two locations in the aquifer surrounding the reservoir.

Sediment analyses and sorption experiments were conducted on two aquifer sedi-

ment types to identify factors important for P mobility. Coarse-grained sandy loam and

fine-grained loam sediments were evaluated. Sequential P fractionation experiments re-

vealed that P in both sediments is associated more with calcium minerals than with Fe

and Al minerals. Results suggest calcium plays an important role for P retention in these

sediments. Fe and Mn oxide concentrations were higher for fine-grained sediments than

for coarse-grained sediments. Geochemical modeling was conducted to identify factors

important for P retention. Results showed that calcite formation at one site may provide

a continuous source of sorption material. Results also suggest that sediments may have

limited iron oxide surface availability.
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Because of suspected septic system influence, the effect of dissolved organic matter

(DOM) on P sorption was evaluated through a series of sorption experiments. Reverse

osmosis and dialysis were used to concentrate and purify DOM from groundwater. Final

DOM was composed of relatively large biomolecules and had a more aromatic, hydropho-

bic, and humic nature than the original groundwater. The presence of DOM decreased

P sorption at high starting soluble reactive phosphorus (SRP) concentrations for coarse-

grained sediments, but the effect was small. Substantial sorption competition between

SRP and DOM was not observed, indicating the presence of DOM does not explain P

mobility in the shallow unconfined aquifer at Pineview Reservoir.

(135 pages)
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PUBLIC ABSTRACT

Phosphorus Mobility in the Shallow Unconfined Aquifer at Pineview Reservoir, Utah

by

Christine Rumsey, Master of Science

Utah State University, 2014

Major Professor: David K. Stevens
Department: Civil and Environmental Engineering

Significant phosphorus transport is occurring in the groundwater surrounding Pineview

Reservoir. A set of investigations was completed to identify factors contributing to phos-

phorus mobility. Water quality monitoring was conducted to understand groundwater char-

acteristics and phosphorus movement. Several water quality parameters were evaluated

to specifically determine whether septic systems influence groundwater quality. Results

indicate that septic systems pollute at least two locations in the aquifer around the reser-

voir. Given this information, it may be necessary to implement advanced septic system

treatment options to reduce the amount of phosphorus in groundwater.

Experiments were conducted on two aquifer sediment types to identify factors im-

portant for phosphorus mobility. Coarse-grained sand and fine-grained sediments were

evaluated, and results showed that phosphorus in both sediments is associated more with

calcium minerals than with iron and aluminum minerals. Results suggest calcium is an

important factor for immobilizing phosphorus in groundwater at Pineview Reservoir. Iron

and manganese oxide concentrations are important for decreasing phosphorus mobility,

and experiments showed higher amounts were observed in fine-grained sediments than

for coarse-grained sediments. Results of geochemical modeling exercises suggested that

sediments may have limited sorption capacity, although at one site, the formation of cal-

cium minerals may provide a continuous source of additional sorption material.
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Because of suspected septic system influence, the effect of dissolved organic matter

on phosphorus mobility was evaluated through a series of laboratory studies. Dissolved

organic matter was collected from Pineview Reservoir and used in experiments. Results

showed that the presence of dissolved organic matter affected phosphorus sorption mini-

mally, and does not explain P mobility in the shallow unconfined aquifer at Pineview Reser-

voir.
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CHAPTER 1

INTRODUCTION

Ecological impairment in rivers, lakes, and wetlands is often caused by nutrient en-

richment and the presence of excess phosphorus (Holman et al., 2008; USEPA, 2009).

Because phosphorus is often the limiting nutrient for biological production, its transfer to

surface waters promotes eutrophication, toxic algal and/or cyanobacterial blooms, and de-

teriorating water quality (Turner and Haygarth, 2000). Economic impacts of eutrophication

may include increased cost of water treatment for potable uses, loss of recreational ben-

efits, and decreased production of fish and other wildlife (Carpenter, 2005; Sondergaard

and Jeppesen, 2007).

Since eutrophication is recognized as one of the most significant environmental prob-

lems, it is important to understand the hydrogeological processes affecting phosphorus

transport and mobility (Holman et al., 2008). Many studies have investigated surface

transport of phosphorus from runoff (Carrigan, 2012; Eghball et al., 2002; Haygarth et al.,

1998), but few have targeted phosphorus transport in groundwater. Although phosphorus

was previously thought to be highly reactive and immobile in subsurface systems, many

studies have shown that soluble phosphorus concentrations in groundwater exceed con-

centrations required for eutrophic activity (Domagalski and Johnson, 2011; Holman et al.,

2008; Kulabako et al., 2008; Parkhurst et al., 2003). Holman et al. (2008) summarized

historic groundwater data from five European countries and demonstrated that a signifi-

cant fraction of groundwater samples had orthophosphate concentrations high enough to

promote eutrophication. Additionally, they concluded that anthropogenic activities could be

the cause.

Examples of anthropogenic sources of phosphorus to groundwater include agricul-

tural fertilizers and septic systems (Holman et al., 2008). High rates of manure and fer-

tilizer usage in agricultural soils have been shown to increase phosphorus concentrations
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in leachate, showing that ecologically important concentrations of phosphorus are mobile

in the subsurface (Eghball et al., 1996; Turner and Haygarth, 2000). Additionally, several

studies show that elevated phosphorus levels in groundwater occur near septic systems

(Parkhurst et al., 2003; Reuben et al., 2011; Robertson, 2008). Although these studies

show that phosphorus can be transported in groundwater, mechanisms controlling phos-

phorus mobility are still unclear (Robertson et al., 1998) and depend on many site specific

factors such as soil type, groundwater chemistry, and flow characteristics (Devau et al.,

2011; Domagalski and Johnson, 2011).

At Pineview Reservoir, located in northern Utah, annual algal blooms led to increased

water quality monitoring of the reservoir, its streams, and the surrounding groundwater.

Results showed that significant phosphorus movement occurred in the aquifer surrounding

the reservoir, and indicated that septic systems could be an important factor influencing

phosphorus concentrations (Reuben et al., 2011). The purpose of this research was to

identify chemical mechanisms controlling phosphorus mobility in the water table aquifer

near Pineview Reservoir and observe how dissolved organic matter influences the pro-

cesses.

1.1 Literature Review

1.1.1 Phosphorus Mobility

Previously, studies of P mobility in the aquatic environment did not consider P trans-

port via groundwater, assuming that P is relatively immobile as a result of sorption and

precipitation reactions with soil matrices. However, recent studies have concluded that P

concentrations in groundwater can provide significant P loads to surface waters, poten-

tially contributing to eutrophication and degraded water quality (Domagalski and Johnson,

2011; Holman et al., 2008; Parkhurst et al., 2003; Robertson et al., 1998; Stollenwerk,

1996; Turner and Haygarth, 2000).
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Reasons for P mobility are not completely understood, but are often associated with

anthropogenic activities and heavy surface loading of P. For example, one sewage plume

in Cape Cod, Massachusetts has a P plume that extends 800 m from infiltration beds

and contributes significant phosphate mass to a nearby surface water body (Stollenwerk,

1996). Rapid infiltration bed systems for wastewater disposal have also been shown to in-

crease soluble P concentrations in the subsurface (Andres and Sims, 2013). Similarly, fer-

tilizer applied to four grassland soils resulted in leached P concentrations large enough to

contribute to eutrophication (Turner and Haygarth, 2000). Domagalski and Johnson (2011)

recognized that agricultural fields contribute significant amounts of nutrients to groundwa-

ter. Their study observed different patterns of P mobility for five agricultural watersheds

across the US, demonstrating how iron oxides, clay and carbonate minerals, and riparian

zones affect P mobility in groundwater.

Mechanisms of phosphorus transport in subsurface environments vary depending on

groundwater chemistry and aquifer mineralogy (Devau et al., 2011; Kent et al., 2007; Spi-

teri et al., 2007). Sorption of P at solid surfaces typically controls P mobility (Devau et al.,

20 , 20 ; Frossard et al., 1995; Kent et al., 2007; Spiteri et al., 2007; Weng et al., 2011),

while precipitation of phosphate minerals occurs to a limited extent in certain environments

(Devau et al., 2011; Stollenwerk, 1996; Wang et al., 2012; Weng et al., 2011). Al and

Fe oxides typically determine a soil’s P sorbing capacity, but clay minerals and calcium

compounds can also significantly contribute to sorption in some soils (Domagalski and

Johnson, 2011; Frossard et al., 1995; Hemwell, 1957; Parfitt, 1978). Calcium in soil and

the formation of calcium phosphate minerals has been shown to play an important role in

P retention (Frossard et al., 1995; Turner and Haygarth, 2000; Wang et al., 2012). Dif-

ferences in soil type have also been shown to significantly affect flow-weighted average

leachate P concentrations, with silty clay > clay loam > sand > sandy loam (Turner and

Haygarth, 2000).

Soluble P concentrations in groundwater must also be considered because saturation

of sorption sites will result in increased P mobility (Domagalski and Johnson, 2011; Stol-
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lenwerk, 1996). Walter et al. (1996) observed that aquifer sediments exposed to soluble

P for a prolonged period of time caused sorption sites to become saturated, decreasing

sorption capacity and increasing P mobility. Further, Zhang and Huang (2007) found that

the amount of exchangeable P in sediments controlled P sorption behavior more than Fe

oxide concentrations, showing that high P loading to an area limits a sediment’s ability to

sorb additional P (Huang et al., 2013).

Chemical factors shown to influence P mobility include pH, ionic strength, and redox

condition. Often, decreases in pH coincide with increased phosphate sorption as proto-

nation creates more favorable sorption conditions for P anions (Devau et al., 2009; Kent

et al., 2007; Stollenwerk, 1996). Conversely, several studies have found that pH was not

a reliable predictor of phosphate mobility, and that sorption characteristics varied across a

range of pH values for different soil types (Domagalski and Johnson, 2011; Huang et al.,

2013; Weng et al., 2011). Although the influence of pH on P mobility varies, pH is recog-

nized as one of the most important factors affecting sorption (Davis and Kent, 1990; Kent

et al., 2007). Therefore, reactions in groundwater that affect pH should also be considered

when determining P sorption and mobility (Parkhurst et al., 2003).

Ionic strength can promote or inhibit P mobility. Weng et al. (2011) observed that poly-

valent cations had a synergistic effect on phosphate sorption. Polyvalent cations sorbed to

negatively charged oxide and mineral surfaces and formed positively charged sites that en-

couraged sorption of phosphate anions (Huang et al., 2013; Weng et al., 2011). Similarly,

calcium sorption in soil has been shown to increase P sorption by reducing repulsive elec-

trostatic forces from negatively charged mineral surfaces (Devau et al., 2011). Weng et al.

(2011) also showed that the presence of negatively charged species, such as natural or-

ganic matter, competes with phosphate for surface sites and reduces phosphate sorption.

Other studies have found that increased Cl sorption could lead to decreased P sorption,

suggesting there is a competition for binding sites (Devau et al., 2009; Huang et al., 2013).

Reducing conditions can result in increased P mobility (Domagalski and Johnson,

2011; Walter et al., 1996; Zurawsky et al., 2004). Reducing conditions cause iron solids
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to become soluble, releasing P previously sorbed or integrated into iron mineral struc-

tures (Abit et al., 2013; Zurawsky et al., 2004). Also, as iron dissolves, the quantity of

iron oxide solids decreases, reducing the amount of sorbing material (Domagalski and

Johnson, 2011). However, in reduced septic system plumes, Robertson et al. (1998)

observed increased iron concentrations coinciding with vivianite saturation, indicating sol-

uble phosphate concentrations can be limited by vivianite precipitation in certain reducing

environments.

Physical factors such as groundwater velocity and hydrology of subsurface soils are

also important for determining P transport. Concentrations of dissolved P in water have

been shown to depend on their contact time with sediments, indicating sorption is a rate-

controlled process (Ryden et al., 1977; Walter et al., 1996). Domagalski and Johnson

(2011) observed that rapid water movement through aquifer sediments contributed to ele-

vated P concentrations in groundwater. This is likely due to short residence times inhibit-

ing sorption and other reactions that control P mobility (Domagalski and Johnson, 2011).

Preferential flow paths can also significantly increase P transport by combining fast ground-

water velocities and limited sorptive surface area (Andres and Sims, 2013; Stamm et al.,

1998). Turner and Haygarth (2000) observed high concentrations of particulate phospho-

rus in subsurface drainage water and concluded that erosion mechanisms and preferential

flow paths could contribute significantly to subsurface P transport.

P movement largely depends on the form of P in groundwater. Eghball et al. (1996)

observed that concentrations of available soil P were greater for soil treated with manure

than soil treated with fertilizer P, indicating organic P forms are more mobile than inorganic

P. However, no distinction was made between particulate and molecular organic P (Egh-

ball et al., 1996). Similarly, soils treated with animal slurry and fertilizer had leachates with

significant percentages of dissolved (<0.45 μm) organic P, with percent dissolved organic

P concentrations increasing with soil depth (Chardon et al., 1997). Similar results were ob-

tained by Anderson and Magdoff (2005) who observed that soils treated with different forms

of organic and inorganic P leached higher amounts of organic P, especially orthophosphate
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diesters, i.e. DNA. Anderson and Magdoff (2005) concluded that substantial amounts of

organic P could reach groundwater as a result of repeated surface application of soluble

organic P.

Desorption of P from aquifer sediments is also an important consideration when de-

termining P movement. Walter et al. (1996) reported that a P plume caused by sewage-

contaminated groundwater was predicted to desorb P for 8-30 years after sewage disposal

stops. This is caused by changing geochemical conditions as uncontaminated groundwa-

ter enters the plume and desorbs P from contaminated aquifer sediments. Thus, existing

sorbed P could become a significant source of P for many years (Walter et al., 1996).

Robertson (2008) observed similar results at a different septic system site and concluded

P sorption could be reversed and that P remained ultimately mobile. High soluble P export

from saturated agricultural fields has also been reported, showing that the practice of us-

ing agricultural lands as wetland restoration areas may lead to significant P mobility in the

subsurface (Abit et al., 2013).

1.1.2 Dissolved Organic Matter and Phosphorus Mobility

Dissolved organic matter (DOM) is derived from natural organic matter (NOM), which

is ubiquitous in natural systems (Weng et al., 2011). It is decomposing organic matter and

consists of humic acids, fulvic acids, neutral sugars, and amino acids (Hunt et al., 2007;

Longnecker and Kujawinski, 2011). DOM is thought to affect P sorption through several

processes: 1) competition with P for sorption sites, 2) complexation of surface metals and

the removal of sorption sites, 3) increased repulsion of P anions due to DOM sorption to

positive surface sites, and 4) formation of cation bridges which may increase P sorption

(Guppy et al., 2005b; Hunt et al., 2007). It is unclear whether DOM influences P mobility

significantly. Some studies have shown that DOM inhibits P sorption to solids, increasing P

bioavailability and transport (Hunt et al., 2007). Other studies conclude the effect is minimal

and that increased DOM concentrations do not significantly inhibit P sorption (Guppy et al.,

2005a). Hunt et al. (2007) demonstrated that P sorption was inhibited by DOM, but that
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the magnitude of change depended heavily on soil type and the form of DOM introduced

to the system.

1.1.3 Geochemical Modeling

Geochemical models are important tools for understanding the fate and transport of

contaminants in groundwater systems. They are used to predict solute concentrations in

space and time, determine how quickly a contaminant moves in groundwater, and identify

what processes slow down or immobilize contaminants. Mass transport in groundwater is

a complicated process, with contaminant concentrations dependent on physical transport

processes, chemical reactions, and biological activity. Geochemical modeling provides a

useful way to integrate and quantify reactions and processes that influence contaminant

transport (Zhu and Anderson, 2002).

Geochemical modeling has been used in a variety of studies as a way of identifying

mechanisms that control P mobility in groundwater (Devau et al., 20 , 20 ; Domagal-

ski and Johnson, 2011; Weng et al., 2011). Weng et al. (2011) used a combination of

models to determine processes affecting phosphate sorption and precipitation. Important

factors integrated into their sorption model included: the presence of different adsorbing

materials, the presence of NOM, and the synergistic and competitive effects of ions. Using

model results, they were able to identify what sorption mechanisms controlled P sorption

for different soils and what pH ranges were conducive to precipitate formation (Weng et al.,

2011). Others have also used geochemical modeling to identify mechanisms of P transport

in groundwater systems (Devau et al., 2011, 2009; Domagalski and Johnson, 2011; Kent

et al., 2007; Spiteri et al., 2007; Stollenwerk, 1996).

Reactive transport models couple advective transport and chemical equilibrium to

more accurately describe processes that affect contaminant partitioning in natural sys-

tems (Zhu and Anderson, 2002). Parkhurst et al. (2003) used PHAST, a three-dimensional

reactive transport model, to simulate P concentrations in a sewage plume discharging

to a nearby surface water body. The model integrated spatial and temporal changes in
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water discharge from sewage beds, groundwater flow, transport of relevant chemical com-

pounds, sorption processes, and dissolution and precipitation reactions. Model results

were consistent with observed data, laboratory experiments, and loading history, and al-

lowed predictions of future P load and transport to be made. However, uncertainties re-

lated to chemistry, sorption process, and flow characteristics meant that the magnitude

of P loads transported could not be resolved with complete confidence (Parkhurst et al.,

2003). Several other studies have used geochemical modeling to predict P transport in

groundwater (Kent et al., 2007; Spiteri et al., 2007; Stollenwerk, 1996).

1.1.4 Organic Phosphorus Characterization

Organic P is ubiquitous in soil and aquatic environments. However, it is poorly under-

stood and represents the greatest gap in our understanding of the global P cycle (Turner

et al., 2004). In the past, organic P in aquatic systems was often ignored and assumed

non-reactive and non-bioavailable. More recent evidence shows that organic P may be

more reactive and abundant than previously assumed (McKelvie, 2005). Some aquatic or-

ganisms use organic P directly through processes such as enzymatic hydrolysis (Dyhrman

et al., 2006; Worsfold et al., 2008). Mineralization of organic P compounds to phosphate

can also occur through abiotic hydrolysis and microbial activity in soils (Baldwin et al.,

2001; Brady, 1974; Worsfold et al., 2008).

Although several studies have reported organic P mobility in soils (Anderson and

Magdoff, 2005; Chardon et al., 1997; Eghball et al., 1996; Toor et al., 2003; Turner and

Haygarth, 2000), few describe mechanisms for organic P transport or identify specific

forms of organic P. Without improved understanding of organic P forms and behavior, it

is impossible to determine how soluble organic P contributes to eutrophication. Improved

identification of organic P compounds is critical to understanding their fate, transport, and

ultimate role in aquatic systems (Anderson and Magdoff, 2005).

One characterization technique that has significantly advanced our knowledege of

organic P is phosphorus nuclear magnetic resonance (31P-NMR) spectroscopy (Cade-



9

Menun, 2005a). Several studies have used 31P-NMR to characterize organic P compounds

in soils (Cade-Menun et al., 2002; Cade-Menun and Preston, 1996; Vestergren et al., 2012)

and freshwater systems (Cade-Menun et al., 2006; Reitzel et al., 2009; Toor et al., 2003).

31P-NMR is a non-destructive technique that allows all phosphorus species to be char-

acterized simultaneously. P compounds that can be identified include: phosphonate, or-

thophosphate, orthophosphate monoesters, orthophosphate diesters, pyrophosphate, and

polyphosphate. Results of 31P-NMR are shown as a series of peaks, with each peak

representing a different P compound. Peak intensity corresponds to the amount of each

P compound in a sample, allowing for a quantitative analysis of organic P compounds

(Cade-Menun, 2005b). Figure 1.1 provides an example of 31P-NMR spectra.

Fig. 1.1: 31P-NMR spectrum (Cade-Menun, 2005a)

1.2 Background Information

1.2.1 Study Site: Pineview Reservoir

Pineview Reservoir (PVR) is located in Ogden Valley in Weber County, UT, and is

part of the Lower Weber River Basin (Hydrologic Unit Code 16020102). The reservoir

impounds the North, Middle, and South Forks of the Ogden River in the watershed and



10

provides water for municipal use, irrigation storage, hydroelectric power, and recreation

(Tetra Tech Inc., 2002). Annual precipitation near Huntsville is roughly 54.6 cm/year (21.5

inches/year) with an average of 179.1 cm (70.5 inches) annual snowfall. Average monthly

temperatures range from -12.3oC (9.9oF) to 31.5oC (88.7oF) (Western Regional Climate

Center., 2012).

Ogden Valley includes the rural communities of Liberty, Eden, Nordic Valley, and

Huntsville, and has an overall population of 6,604. The two most populous communi-

ties are Huntsville and Eden which had populations of 608 and 600, respectively, in 2010

(U.S. Census Bureau., 2010). Compared to populations in 2000, no change in growth has

occurred in Ogden Valley, while the population of Huntsville decreased by 6.3% (Tetra Tech

Inc., 2002; U.S. Census Bureau., 2010). The valley was historically used for agriculture,

but tourism and an increase in summertime residents have increased development and de-

creased agricultural land. New developments in the valley include ski resorts, golf courses,

and residential areas near PVR (Tetra Tech Inc., 2002). Homes have been constructed

on the north, east, and south sides of the reservoir and many are in close proximity to its

banks. Additionally, there is no centralized sewer system or wastewater treatment plant in

the valley; therefore most buildings use septic systems for on-site wastewater disposal.

The principal aquifer at Pineview Reservoir includes both unconfined and confined

aquifers. The confined portion exists in the southern part of the valley near and under

PVR, while unconfined portions of the principal aquifer are found closer to valley margins

east of PVR, and in the northern parts of Ogden Valley (Avery, 1994; Snyder and Lowe,

1998). Unconfined portions of the aquifer are primary recharge areas for the principal

confined aquifer. This aquifer is used extensively as a drinking water supply for the city of

Ogden and surrounding areas (Snyder and Lowe, 1998).

A shallow, unconfined aquifer sits above the confined aquifer in the southern part

of the valley and completely surrounds PVR. The confining layer averages 21.3 m (70

ft) thick, is composed of silt and fine sand, and has hydraulic conductivities of roughly

0.003 to 0.01 m/day (0.01 to 0.04 feet/day) (Avery, 1994). Because hydraulic conductivities
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through the confined layer are slow, it assumed that the majority of groundwater flowing

into Pineview Reservoir originates from the shallow, unconfined aquifer above the confining

layer (Reuben et al., 2011). Figure 1.2 illustrates aquifer formations in Ogden Valley.

Fig. 1.2: Aquifer formations in Ogden Valley (Snyder and Lowe, 1998)

Groundwater from the shallow aquifer flows toward the reservoir where it ultimately

discharges. The shallow aquifer is mostly recharged from streamflow, precipitation, and

from the unconfined aquifer beyond the confining layer. Previous reports have noted that

PVR is extremely vulnerable to contamination from the shallow aquifer due to its proximity

to the reservoir and the geologic characteristics of the aquifer (Peterson et al., 1990).

1.2.2 Water Quality at Pineview Reservoir

In 2000, PVR was placed on Utah’s list of impaired waters due to the impaired bene-

ficial use for cold water aquatic life. Pollutants and stressors of concern include phospho-
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rus, dissolved oxygen, and temperature. Tetra Tech Inc. completed a Total Maximum Daily

Load (TMDL) study on PVR in 2002 and determined that the reservoir fluctuated between

mesotrophic and eutrophic conditions. Additionally, total phosphorus concentrations often

exceeded Utah’s target of 25 μg PO4-P/L for lakes and reservoirs (Tetra Tech Inc., 2002).

Due to the limited amount of data used in the TMDL, more recent investigations fo-

cusing on the trophic condition and health of PVR were initiated between the Utah Water

Research Laboratory (UWRL) and the Weber Basin Conservancy District in 2007. These

studies have investigated water and nutrient balances of PVR, nutrient cycling within the

reservoir, pollution transported via rivers and streams, and the contribution of groundwater

to contamination loads. Reservoir studies conducted by Worwood and Sorensen (2012)

concluded that the reservoir was mesotrophic based on growing season average chloro-

phyll A concentrations. Observed total phosphorus concentrations only occasionally ex-

ceeded 25 μg PO4-P/L (Worwood and Sorensen, 2012).

To better understand contaminant mobility in groundwater, nine monitoring wells were

constructed around PVR to monitor water quality in the shallow unconfined aquifer. Five

monitoring wells (Wells 1-5) were installed in February 2010, two wells were constructed

in November 2010 (Wells 6 and 7), and two wells were constructed in April 2011 (Wells 8

and 9). Figure 1.3 shows the locations of monitoring wells at PVR. Hydraulic conductivities

vary considerably among the well sites, ranging from 0.67 m/day at Well 6 to 22.1 m/day

at Well 4. Well hydraulic conductivities are provided in Table 1.1.

Results of monthly water sampling and analysis conducted from 2008 to 2011 indicate

surface waters carry the majority of the phosphorus (P) load to PVR, contributing roughly

87% of soluble reactive phosphorus (SRP) and 98% of total dissolved phosphorus (TDP).

Groundwater contributes roughly 13% of SRP and 2% of TDP, but it contributes only 2%

of the total inflow to the reservoir (Reuben et al. 2011), i.e. phosphorus concentrations

in groundwater are considerably higher than in surface water. For the sampling period

from 1 May 2010 through 30 April 2011, average stream SRP and TDP concentrations

were 10 and 42 μg PO4-P/L, respectively (Reuben et al., 2011). Average SRP and TDP
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Fig. 1.3: Monitoring well locations - Pineview Reservoir, Ogden Valley, Utah

Table 1.1: Hydraulic conductivities at Pineview monitoring wells

Location
Hydraulic

conductivity, K
(m/day)

Well 1 6.40
Well 2 2.95
Well 3 8.65
Well 4 22.10
Well 5 1.78
Well 6 0.67
Well 7 1.65
Well 8 0.86
Well 9 1.30
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concentrations for wells were 110 μg PO4-P/L and 188 μg PO4-P/L, respectively (sampling

period 2/22/10-10/31/12). However, well SRP concentrations have been as high as 572 μg

PO4-P/L (Well 9), and well TDP concentrations have exceeded 2,000 μg PO4-P/L (Well 6).

A summary of TDP for all wells is provided in Figure 1.4. Well 9 typically yields the

highest concentrations of TDP. The second and third highest TDP often occurs at Well 4

and Well 5. Figure 1.5 summarizes SRP concentrations for all wells. Well 9 SRP con-

centrations are typically highest, while Well 5 and Well 4 SRP concentrations are typically

the second and third highest, respectively. SRP concentrations at Well 4 remain relatively

constant with time, indicating solids may be saturated with P. Lastly, dissolved organic car-

bon (DOC) concentrations for all wells are provided in Figure 1.6. Highest concentrations

of DOC are consistently observed at Wells 4 and 9. All dissolved/soluble concentrations

were filtered through 0.45 μm filters.

Fig. 1.4: Total dissolved phosphorus summary, monthly sampling from Feb 2010 thru
March 2013 (symbols represent sample dates)

Nutrient measurements conducted by Reuben et al. (2011) indicate that septic sys-

tems may be influencing water quality in the shallow unconfined aquifer near PVR. High
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Fig. 1.5: Soluble reactive phosphorus summary, monthly sampling from Feb 2010 thru
March 2013 (symbols represent sample dates)

Fig. 1.6: Dissolved organic carbon summary, monthly sampling from Feb 2010 thru March
2013 (symbols represent sample dates)
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concentrations of DOC and nitrate correspond to high P concentrations, indicating that the

source of nutrients could be related to wastewater. Further, high DOC concentrations were

observed in Well 4, which is located in the town of Huntsville where residents use sep-

tic systems for waste disposal (Reuben et al., 2011). Regression plots of TDP and DOC

are provided in Appendix A. Relative to other wells, Well 9 shows the highest P and DOC

concentrations, which may be due to its close proximity to a nearby residence.

Additional indicators of septic system influence at PVR include low dissolved oxygen

(DO) concentrations (<1.0 mg/L), presence of ammonia and dissolved iron, chloride and

bromide ratios in the range of 400-1100 (Katz et al., 2011, 2010), and boron (B) concentra-

tions exceeding background levels (Katz et al., 2011; Landon et al., 2008). While low DO

concentrations seldom occur, they indicate organic matter, possibly from septic systems,

may be influencing the shallow unconfined aquifer near PVR. Background B concentra-

tions at PVR appear to be between 15 and 20 μg/L. Several wells, particularly Wells 4 and

9, show B concentrations ranging from 45 to 75 μg/L.

The majority of phosphorus in groundwater is SRP, but non-reactive phosphorus (nrP),

the difference between soluble reactive P and total dissolved P, also appears in groundwa-

ter occasionally. Figure 1.7 shows concentrations of nrP over time. Highest concentrations

of nrP are observed during spring and fall months, indicating precipitation events may in-

fluence nrP transport.

1.3 Objectives

The overall research goal was to identify important factors influencing phosphorus

mobility in the groundwater system near Pineview Reservoir. From this, planners and water

quality managers may gain a better understanding of how the subsurface environment at

Pineview transports P loads to the reservoir. Specific research objectives were to:

1. Use N and O isotopes, B concentrations, and Cl/Br ratios to determine whether septic

system effluent influences groundwater quality.
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Fig. 1.7: Nonreactive phosphorus summary, monthly sampling from Feb 2010 thru Sept
2012 (symbols represent sample dates)

2. Identify dominant mechanisms and chemical processes controlling P mobility at se-

lected locations in the shallow unconfined aquifer near Pineview Reservoir using geo-

chemical modeling.

3. Examine sediment composition at the selected locations and observe PO4 sorption

behavior at high PO4 concentrations. This will give an indication of sorption site

capacity and effects of historical P loading.

4. Conduct isotherm sorption experiments to estimate the sediment’s ability to sorb

additional phosphorus in the presence of dissolved organic matter.

The hypotheses for each objective were:

1. N and O isotopes, B concentrations, and Cl/Br ratios will show that septic system

effluent influences groundwater.
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2. Geochemical model simulations of soluble P in Pineview groundwater will predict less

than observed soluble P concentrations because the model is unable to account for

effects of historical P loading.

3. Fine textured sediment material at Well 9 will sorb more soluble P than coarse tex-

tured sediments at Well 4.

4. Increased dissolved organic matter in groundwater will increase soluble P concen-

trations in sorption experiments.

Each experiment sought to identify solution and/or solid phase characteristics that are

important for keeping P in solution at PVR.
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CHAPTER 2

METHODS AND MATERIALS

2.1 Approach

To understand mechanisms controlling phosphorus mobility near PVR, several exper-

iments were conducted to characterize aquifer sediments and simulate the partitioning be-

havior of phosphorus compounds. Geochemical modeling, sediment analyses, and sorp-

tion experiments were used to assess phosphorus behavior at selected locations of the

unconfined aquifer near PVR. A simple geochemical model was used to determine aque-

ous speciation, predict the amount of phosphorus sorbed to solids, and identify dominant

chemical mechanisms affecting phosphorus concentrations in groundwater. Sediment ex-

tractions were conducted to characterize solids and identify how phosphorus was bound to

solids. Sorption experiments investigated sorption capacity and the behavior of phospho-

rus in the presence of increased dissolved organic carbon concentrations.

Wells 4 and 9 were used to conduct modeling and sediment experiments. These wells

were selected due to their proximity to residential areas, observed DOC and P concentra-

tions (Figures 1.4-1.6), and hydraulic conductivities (Table 1.1). Well 4 was located in the

town of Huntsville on 7100 E, approximately 76 m south of the intersection between 7100

E and 200 S. The nearest residence to Well 4 was less than 54 m away. Well 9 was located

on State Route 166, roughly 554 m south of the intersection with 1000 N. Well 9 was less

than 34 m from the nearest residence. Distances to the reservoir were approximately 183

m and 61 m for Wells 4 and 9, respectively.

2.2 Water Quality Monitoring

Water quality at Wells 1 through 9 was monitored monthly from February 2010 to

March 2013. Water samples were collected from wells using a bladder pump or bailers.
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Collected samples were analyzed at the UWRL for soluble reactive phosphorus (SRP), to-

tal dissolved phosphorus (TDP), nitrate-N (NO3-N), ammonium-N (NH4-N), total dissolved

organic carbon (DOC), and dissolved metals. All analytes were filtered through 0.45 µm

nylon filters, except nitrogen samples which were filtered through 0.22 µm polyethersulfone

filters. Dissolved metal samples were filtered in the field; all other samples were filtered

in the laboratory. Probes were used to measure pH, dissolved oxygen (DO), temperature,

and electrical conductivity on site. Table 2.1 summarizes analysis methods. During sam-

pling events, water table elevations were measured directly using an electronic water level

indicator. Pressure loggers were used to monitor groundwater elevations in situ every 12

hours (Onset Computer Corp., Pocasset, MA).

Table 2.1: Analysis methods

Parameter Method
Soluble reactive phosphorus SM 4500-P E (APHA., 1995)
Total dissolved phosphorus SM 4500-P E (APHA., 1995)
Nitrate-N Ion chromatography (Dionex)
Ammonium-N AQ2 Method No: EPA-103-A Rev. 6

(SEAL Analytical, 2009)
Dissolved organic carbon SM 5310 C (APHA., 1995)
Dissolved metals SM 3111 B (APHA., 1995)
pH Glass electrode
Electrical conductivity Platinum electrode
Dissolved oxygen Optical probe/luminescence-based

sensor

Periodically, samples were also analyzed for boron, sulfate, chloride, bicarbonate, and

principal cations. Boron and principal cations were analyzed using Inductively Coupled

Plasma Mass Spectrometry (ICP-MS) according to SM 3120 (APHA., 1995). Sulfate,

chloride, and bicarbonate were analyzed by Utah State University Analytical Laboratories

(USUAL). Sulfate as sulfur was analyzed with ICP, chloride was analyzed colorimetrically

using flow injection analysis (FIA), and bicarbonate was determined using titration to pH

endpoints according to method S-1.30 (Gavlak et al., 2003). Chloride:bromide (Cl/Br) ra-

tios were also measured in well samples collected on May 3, 2011, November 14, 2011
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and January 5, 2012. Chloride and bromide were determined by ion chromatography using

EPA method 300.1 by the Weber Basin Water Conservancy District.

Groundwater samples were collected for N-isotope analysis on March 11, 2013. Sam-

ples (2 L) were collected and analyzed for NO3-N within 24 hours. Samples with greater

than 2 mg NO3-N/L were filtered (0.22 μm) and frozen. Frozen samples were sent to the

University of Waterloo Environmental Isotopes Laboratory for analysis. N isotope ratio

values were reported in delta notation as: δ15N =

[
(15N/14N)

sample

(15N/14N)
standard

− 1

]
∗ 1000, where δ

values are expressed as parts per thousand deviation from the standard (0/00), δ15N were

reported relative to N in air (N2), and δ18O were reported relative to Vienna Standard Mean

Ocean Water (VSMOW).

2.3 Sediment Extractions

To better understand sediment characteristics in the unconfined aquifer at PVR, a

series of analyses and extractions was performed on aquifer sediments collected at Wells

4 and 9. USUAL performed sediment analyses summarized in Table 2.2. The point of

zero net charge, anion exchange capacity, cation exchange capacity, sequential extraction

of iron and manganese oxides, and P fractionation experiments were completed at the

UWRL.

2.3.1 Sediment Sampling and Processing

Sediment cores from Wells 4 and 9 were collected December 11-12, 2012 with a hol-

low stem auger and split barrel samplers. Wet sediments were sorted and mixed within

one week of collection. Samples were stored at 4oC until analyses were conducted. Sedi-

ments were kept saturated as recommended by other’s procedures for P fractionation and

sequential metals extraction (Amacher, 1998; Condron and Newman, 2011; Hieltjes and

Lijklema, 1980). Because experiments focused on sediment materials likely to conduct

groundwater, clay layers were removed.
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Table 2.2: Sediment analyses conducted by USUAL

Test Description Method
pH Saturated paste (S-1.00) and pH (S-1.10)
Phosphorus – (available P) Olson bicarbonate extraction followed by colorimetric

determination (S-4.10)
Ammonia-Nitrogen 2 N KCl extract and colorimetric determination via

FIA (S-3.50)
Organic Carbon/Organic Matter Walkley-Black (S-9.10)
Water-soluble elements (all) Saturated paste (S-1.00) and ICP, FIA, or pH

endpoint
Cation exchange capacity NaOAc/NH4OAc replacement method (S-10.10)
Total element composition EPA 3050 digestion + ICP analysis
Calcium carbonate Pressure calcimeter (Loeppert and Suarez, 1996)
Particle size Hydrometer (S-14.10)
*Method numbers are from WCC Western Soil Methods (Gavlak et al., 2003)

Sediment cores (5 cm and 7.5 cm diameter) from Well 4 were collected in the sat-

urated zone at a depth of 4.9 to 6.7 m (16 to 22 ft) below the land surface. The depth

to water in Well 4 at the time of sampling was 4.97 m (16.3 ft) and the confining layer

was approximately 6.7 to 7.0 m (22 to 23 ft) below the land surface. No stratified layers

were evident in Well 4 sediments, which were composed of gravel, sand, fine sand, and

some fine textured materials. After collection, saturated Well 4 sediments were sieved

through a 6.68-mm sieve (Condron and Newman, 2011) and sorted to eliminate clay ma-

terials. Sieved sediments were then placed in a large bowl and mixed thoroughly by hand

to achieve a homogenous sediment sample.

Well 9 sediment cores (5 cm diameter) were collected 4.6 to 6.7 m (15 to 22 ft) below

the land surface. The depth to water in Well 9 at the time of sampling was 6.07 m (19.9

ft), therefore the majority of sediments collected were above the water table. However the

depth to water at Well 9 has been as shallow as 3.7 m (12 ft), so sediments collected

still represent solids that comprise the shallow unconfined aquifer. The confining layer

was located approximately 6.1 m (20 ft) below the land surface. Well 9 sediment cores

were composed of layers of loam and clay, and were finer materials that could not be

passed through sieves while saturated. Instead, Well 9 sediments were sorted manually
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to exclude clay materials and confining layer silt/clay material based on texture and color.

All remaining sediment material was mixed thoroughly by hand to achieve a homogeneous

sediment sample.

2.3.2 Sequential Phosphorus Fractionation

The method used for phosphorus fractionation has been recommended for inorganic

sediments (Condron and Newman, 2011) and follows the procedure developed by Hieltjes

and Lijklema (1980). Sediments were not pretreated, but were sorted and kept saturated

as described above. The process involved three sequential extraction steps on the same

material, and the analysis determined loosely bound phosphorus, phosphorus bound to Al

and Fe, and phosphorus bound to Ca. Extraction steps and extractants were as follows:

1) loosely bound P was released using 1 M NH4Cl, 2) P bound to Al and Fe was released

using 0.1 M NaOH, and 3) 0.5 M HCl was used to release P bound to Ca. Filtrates (0.45

μm) from each extraction step were analyzed for SRP using methods described above

(Table 2.1). Strongly alkaline or acidic extracts were neutralized with H2SO4 and/or NaOH.

The experiment included five replicate samples for each well sediment.

2.3.3 Point of Zero Net Charge and Anion Exchange Capacity

Knowing the point of zero net charge (PZNC) of a sediment helps determine whether

the solid has more affinity for cations or anions. Additionally, anion exchange capacity

(AEC) can play an important role in ion exchange reactions that may influence P transport

(Deutsch, 1997). The PZNC and AEC were determined using a procedure developed by

Zelazny et al. (1996). KCl was used as the saturating solution, and NaNO3 was used as

the replacing solution. Sediment samples were washed in 1 M KCl and 0.01 M KCl with a

range of pH values adjusted to between 5 and 9. Supernatants were analyzed for K+ and

Cl- (C1). Then, samples were washed in 0.5 M NaNO3 and supernatants analyzed for K+

and Cl- again (C2). Cation exchange capacity (CEC) and AEC were calculated from the

following equations:
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CEC
(
cmolc
kg

)
= 0.1(C2V2−C1V1)

39W , and

AEC
(
cmolc
kg

)
= 0.1(C2V2−C1V1)

35.5W

where C1 is the concentration of K+ (CEC) and Cl- (AEC) in the final washing solu-

tion of KCl, V1 is the volume of solution entrained in sediments after the final washing of

KCl, C2 is the concentration of K+ (CEC) and Cl- (AEC) in the displacing solution of the

final washing solution of NaNO3, and V2 is the total volume of the displacing solution of

NaNO3. Plotting CEC and AEC vs. pH revealed the PZNC, which occurs where CEC =

AEC (Zelazny et al., 1996).

2.3.4 Sequential Extraction of Iron and Manganese Oxides

Amorphous iron and manganese oxides have high adsorptive capacities and knowing

the amounts present in sediments is important for geochemical modeling (Zhu and Ander-

son, 2002). To quantify amorphous iron (Fe) and manganese (Mn) oxides in the aquifer

sediments, a five step sequential extraction was completed according to a method adapted

from Amacher (1998). The extraction process quantified exchangeable Fe and Mn, Fe and

Mn associated with carbonates, Fe and Mn associated with organics in the sediment, and

amorphous Fe and Mn oxides. Reagents used to extract each form are: 0.025 M CaCl2,

1 M NH4OAc, 0.1 M Na4P2O7�10H2O, 0.1 M NH2OH�HCl, and 0.25 M NH2OH�HCl + 0.25

M HCl. General procedures involved shaking the sediment sample with the reagent, cen-

trifuging the slurry at 10,100 rcf for 20 minutes, filtering the supernatant through a 0.45 μm

syringe filter, and then using the remaining sediment residue for the following extraction

step. Fe and Mn analyses were completed for all supernatants according to methods in

Table 2.1. Five replicates were completed for each well.

2.4 Geochemical Modeling

MINEQL+ was the geochemical model used for simulating the groundwater system at

PVR (Version 4.6, release date, 2007). MINEQL’s capabilities include aqueous speciation

and several types of sorption modeling, including two-layer adsorption, ion exchange, and



25

isotherm modeling (Schecher and McAvoy, 2003). Modeling was used to predict soluble

phosphate concentrations using measured concentrations of principal cations and anions,

metals, groundwater pH, and amounts of amorphous iron and manganese oxides in the

solid phase (Zhu and Anderson, 2002). A two-layer iron oxide sorption model was used.

Concentrations of iron oxides were estimated from each well using sediment particle size

distributions, sediment porosities, and concentrations of extracted Fe and Mn derived from

sequential metals extractions. Calculations of iron oxide concentrations are included in Ap-

pendix B. The temperature used for all modeling simulations was 15oC to match estimates

of groundwater temperature. Input values for model simulations are included in Tables B.1

and B.2.

Oxidized conditions were assumed for all Well 4 model simulations, since the average

and minimum observed DO concentrations are 6.5 and 5.0 mg/L, respectively. Redox

calculations were included for Well 9, where the average DO concentration is 2.4 mg/L

and the minimum observed DO concentration is 0.70 mg/L. Species included in redox

calculations were SO4 and SO3, Fe(II) and Fe(III), and Mn(II) and Mn(III). For carbonate

concentrations, both wells were assumed to be in equilibrium with the atmosphere.

Initially, a model was run to simulate actual conditions observed at PVR on a single

sampling day (October 31, 2012). Predicted distributions of aqueous species in the system

revealed compounds that could potentially compete with phosphorus for sorption sites. Af-

ter identifying these compounds, titrations were conducted by increasing concentrations

of selected compounds and observing the effect on phosphate distribution. In this way, a

simple sensitivity analysis was conducted to determine whether aqueous compounds com-

pete with P for sorption. Additionally, the concentration of iron oxide solids was changed

to determine how phosphate sorption would change with a decrease in iron oxide surface

sites.
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2.5 Sorption Experiments

Several sorption experiments were conducted to simulate the interchange of phospho-

rus between sediments and groundwater at Wells 4 and 9. Sorption experiments focused

on the effect of DOM on phosphorus mobility. Sorption experiments included the following:

1. Preliminary kinetics sorption experiment

2. Preliminary sediment sorption capacity experiment

3. Preliminary power of the test sorption experiment

4. P isotherm

5. P isotherm with DOM spiked into the matrix solution

2.5.1 “Artificial Groundwater” and DOM Preparation

“Artificial Groundwater” Preparation

For sorption experiments, solutions of cations and anions were prepared to match

observed cation and anion concentrations in groundwater at Well 4 or 9, and are, in this

paper, referred to as artificial groundwater. Target cation and anion concentrations for artifi-

cial groundwaters are included in Table 2.3 and represent concentrations observed on Oc-

tober 31, 2012 (except revised Well 9 values). Two artificial groundwaters were prepared:

(1) artificial groundwater (without DOM) and (2) DOM artificial groundwater (with DOM).

Artificial groundwater was prepared by combining CaCO3, NaHCO3, KHCO3, Mg(OH)2,

MgSO4�7H20, MgCl2�6H2O, HCl, and NaCl salts with DDW. For DOM artificial groundwa-

ter, salts were combined with DOM concentrates and DDW. CO2 was bubbled through

mixtures overnight to dissolve CaCO3. Target pH values for Well 4 and Well 9 were 6.73

and 6.07, respectively. N2 and CO2 gases were used to adjust pH.

Cations and anions in DOM concentrates were measured and accounted for during

preparation of DOM artificial groundwater. Because SO4-S concentrations could not be

reduced below target levels in Well 9 DOM concentrates, the artificial groundwater for Well
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Table 2.3: Target cation and anion concentrations for artificial groundwaters (based on
measurements taken 10-31-12)

Sample
Na Mg K Ca SO4-S Cl HCO3

mg/L mmolc/L
Well 4 27.7 25.5 5.7 114.6 14.4 40.6 7.3
Well 9 93.9* 9.1* 4.3 32.4 12.0* 56.7 4.2

*Altered values to match Well 9 DOM. Observed values for Well 9 on 10-31-12:
Na = 86.3 mg/L, Mg = 8.2 mg/L, and SO4-S = 6.0 mg/L

9 was revised slightly to match DOM characteristics. Specifically, Na, Mg, and SO4-S

concentrations were increased in Well 9 artificial groundwater.

Before sorption experiments were conducted, both artificial groundwaters were ana-

lyzed for principal cations (Ca, Na, K, Mg) and anions (SO4 and Cl) using ion chromatogra-

phy. Final artificial groundwater cation and anion concentrations were within 5% of target

values for isotherm experiments and within 10% for preliminary sorption studies (Table

2.3). In this way, artificial groundwaters were matched to many complexities present in the

natural groundwater system. Artificial groundwaters were then spiked with P. All P spiked

in groundwater was added as SRP from KH2PO4.

DOM Collection and Concentration

DOM used in sorption experiments was obtained by concentrating DOM from PVR

groundwater. Specifically, reverse osmosis (RO) and dialysis were used to concentrate

DOM present in groundwater at Wells 4 and 9. Previous studies have shown that RO

concentration achieves high retention of DOM and preserves many DOM properties (Kilduff

et al., 2004; Koprivnjak et al., 2006; Nebbioso and Piccolo, 2013). After RO concentration,

DOM was purified using dialysis to remove cations and anions. Figure 2.1 shows the RO

system configuration, which is based on the design used by Serkiz and Perdue (1990). All

components of the RO system were made of stainless steel or plastics recommended for

use with organic analytes (Lane et al., 2003). A photo of the operational RO concentration

system is shown in Figure C.1 in Appendix C.
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Fig. 2.1: Reverse osmosis concentration system

For each sample collection, bailers or a high flow submersible pump (Grundfos BMI/MP1)

were used to collect approximately 200 L of groundwater into a Teflon lined, 208-L (55-gal)

steel drum. Immediately after collection, the groundwater was filtered (0.45 μm, Waterra

FHT-45) and passed through a cation exchange tank (Na+ form) to reduce mineral precip-

itation on the RO membrane. A high pressure pump (Procon 303) pressurized the water

against the RO membrane (DOW FILMTEC TW30) at roughly 1,138 to 1,241 kPa (165

to 180 psi). The system concentrated groundwater by collecting the brine solution and

recirculating it past the membrane until the starting volume was reduced to 6-10 L of con-

centrated groundwater. Treated water that passed through the membrane was discarded.

According to averaged DOC results of pre- and post-RO groundwater from Well 4, the

system can concentrate DOC to roughly 17 times its original concentration.

After concentration by RO, the sample was filter sterilized (0.22 μm) and dialyzed

through a 100-500 MWCO dialysis membrane (Spectra/Por CE dialysis tubing) to remove

cations and anions. The dialysis membrane was soaked in DDW for greater than 15 min-

utes prior to use, as directed by product instructions. Two, eight-foot tall glass columns
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were used to house dialysis membranes. Columns were connected to a small centrifugal

pump which continuously circulated dialysate solution between the columns. Figure C.2

shows the dialysis system.

A NaCl dialysate solution with approximately one-tenth the electrical conductivity (EC)

of the RO concentrate was circulated outside the membrane to reduce membrane swelling.

The dialysate solution EC was reduced gradually throughout the dialysis process by par-

tially draining the columns and replacing drained dialysate with DDW. After dialysis was

complete, the purified RO concentrate, or DOM concentrate, was collected and frozen.

Preliminary dialysis experiments were conducted using Well 4 RO concentrate (col-

lected 3-5-13) to determine the rate of cation and anion purification, as well as observe the

rate of DOC loss from the sample. The experiment was conducted by dialyzing approxi-

mately 20 mL of RO concentrate for 8, 12, 24, and 28 hours. Samples were analyzed for

cations and anions using ion chromatography. DOC was analyzed according to SM 5310

(APHA., 1995).

Several batches of DOM were processed from both wells. Dialyzed DOM concen-

trates were analyzed for DOC, UV/visible absorption spectrum, SRP, principal cations and

anions, pH, EC, total dissolved solids (TDS), proteins, sugars, and fatty acids. Table 2.4

summarizes analysis methods. DOC concentrations in the DOM concentrate were used to

calculate spiking volumes required for sorption experiments. P concentrations were deter-

mined to account for any excess P added to sorption experiments. Principal cations and

anions, pH, and TDS were determined to understand the matrix of the DOM concentrate.

UV/visible absorption, sugar, protein, and fatty acid analyses were used to characterize the

DOM material. UV/visible absorption is a characterization technique that reveals the aro-

matic, hydrophobic character of DOM; high values indicate the organic material is mostly

humic (Croue et al., 2000). Table 2.5 summarizes preparation information for groundwater

collected for DOM concentration and used in sorption experiments.
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Table 2.4: Analytical methods used for DOM characterization

Analysis Methods
DOC SM 5310 C (APHA., 1995)
SRP AQ2 method EPA-118-A (SEAL Analytical, 2011a)
Cations/anions Ion chromatography (Dionex)
pH Glass electrode
EC Platinum electrode
TDS SM 2540 C (APHA., 1995)
Proteins Micro BCA Protein Assay Kit (Thermo Scientific)
Sugars Dubois et al. (1956)
Fatty acids Ion chromatography (Dionex., 2006)
UV/visible absorption spectrum SM 5910 (APHA., 1995)

Table 2.5: Groundwater collection and dialysis for DOM concentration

DOM Sample Date Sample Collected Dates Sample Dialyzed Hours dialyzed
Well 4 3-4-13 DOM 3/4/2013 3-5-13 thru 3-13-13 185
Well 4 4-15-13 DOM B2 4/15/2013 4-18-13 thru 4-20-13 49
Well 4 6-11-13 DOM B2 6/11/2013 6-14-16 thru 6-16-13 48

Well 9 DOM B1 7/9/2013 7-10-13 thru 7-15-13 119
Well 9 DOM B2 7/9/2013 7-15-13 thru 7-20-13 120
Well 9 DOM B3 7/9/2013 7-22-13 thru 7-28-13 128
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2.5.2 Sorption Experimental Procedures

Sorption experiments followed the approach used by Hunt et al. (2007), with several

modifications. All experiments were conducted at 15oC to match temperatures in ground-

water at PVR. Homogeneous sediment material from Wells 4 and 9 was prepared and

stored as described in Section 2.3.1. Additionally, sediments were washed prior to use for

all sorption experiments. Sediments were shaken with 0.22 μm filtered, artificial groundwa-

ter for 5 minutes, centrifuged at 5,920 rcf for 15 minutes, and decanted. This was repeated

three times. Because results of the P fractionation experiment indicated a small amount

of loosely-bound P was associated with sediments (Figure 3.4), it is assumed that the

washing process removed negligible amounts of sorbed P. After washing, sediments were

weighed for sorption experiments. Water content (WC) measurements were collected for

each batch of washed sediment and used to determine the mass of dry weight sediment

used during sorption experiments.

Soil solution ratios (SSR) of 1:4 (Zhou and Wong, 2000) were used for all sorption ex-

periments. Sediments were weighed in centrifuge containers with corresponding volumes

of artificial groundwater spiked with phosphorus, or phosphorus and DOM (P + DOM). Af-

ter shaking (170 rev/min), samples were centrifuged at 10,100 rcf for 10 minutes, filtered

(0.45 μm), and analyzed for SRP and DOC following analytical methods summarized in

Table 2.6, with DOC used as a surrogate to measure recoveries of DOM (Sun et al., 1995).

Phosphorus and DOC not found in solution were assumed to be part of the solid phase

(Bhadha et al., 2012). DDW blanks were included for all experiments. Sorption of P to

centrifuge tubes was tested by including DOM artificial groundwater without sediment for

P + DOM isotherm experiments. Well 4 samples showed no measurable P sorption to

centrifuge tubes. Well 9 samples lost approximately 0.09 mg P/L during the sorption ex-

periment. Each experiment was replicated four times as determined by power of the test

sorption experiments.

Preliminary sorption studies were conducted to ensure isotherm experiments followed

a robust experimental design that adequately addressed kinetics, sorption capacity of
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Table 2.6: Analytical methods used in sorption experiments

Analysis Method Source
Soluble reactive phosphorus EPA-118-A

EPA-146-A
SEAL Analytical (2011a,b)

Dissolved organic carbon SM-5310-C APHA. (1995)

the sediments, the power of the test, and DOM degradation. Preliminary kinetic experi-

ments were conducted for both sediments to determine appropriate equilibration times for

isotherm and sorption experiments. These were conducted by combining artificial ground-

water (P only or P + DOM) with sediment, shaking samples for 2, 4, 8, 16, and 24 hours,

and analyzing solutions for SRP. The fastest equilibration time was used for sorption ex-

periments. Duplicate samples of each sediment and artificial groundwater matrix (P only

or P + DOM) were included.

The sorption capacity of each sediment was investigated by conducting a P only

isotherm experiment with P concentrations of 0, 1, 5, 10, 15, 20, 35, and 50 mg P/L.

Sediments were shaken with P-spiked artificial groundwater for 16 hours. Four replicates

were included, but one set was used only for monitoring the pH. Significant differences in

maximum sorption capacities at each well were determined using t-tests at a 95% confi-

dence interval to determine whether the two different sediment types had different sorption

behavior.

pH was monitored during the experiment to account for potential pH changes caused

by KH2PO4. One set of samples was used to monitor pH at three times during the exper-

iment: 1) pH of artificial groundwater solution prior to being added to sediment, 2) pH of

solution immediately after being added to sediment and shaken for several seconds, and

3) pH of suspension after being shaken for 16 hours and centrifuged. Additionally, the final

pH of all samples was measured immediately after shaking, centrifuging, and filtering.

Power of the test experiments were conducted for both P only and P + DOM artificial

groundwaters. Six replicates of independent samples were used at P concentrations of 1

mg P/L and 10 mg P/L with each sediment and each artificial groundwater. Data analy-
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sis for the power of the test used confidence (α) and power (β) levels of 95% and 90%,

respectively (zα/2= 1.96 and zβ= 1.28). The required sample size for detecting a differ-

ence between P only and P + DOM isotherms was calculated using the following equation

(Berthouex and Brown, 2002):

n =
2σ2(zα/2 + zβ)

Δ2

where n=number of replicates, σ2= sample variance, zα/2= confidence level probability,

zβ= power of the test probability, and Δ= the difference in sample means between the two

sample treatments.

Lastly, a DOM degradation study was conducted to ensure microbial degradation was

not occurring during sorption experiments. Based on recommendations by Zhou and Wong

(2000), who determined that sorption experiments involving DOM must control microbial

degradation, Well 4 artificial groundwater was spiked with DOM (20 mg C/L) and shaken

in 85-mL centrifuge tubes for 2, 4, 8, 16, and 24 hours. A batch of Well 4 DOM artificial

groundwater with sediment was also included. After shaking, DOC concentrations were

measured to determine whether degradation occurred. The experiment was not repeated

for Well 9.

For isotherms, initial phosphorus concentrations of 0, 1, 2, 5, 7, and 10 mg PO4-P/L

were chosen to simulate environmentally relevant conditions at PVR. For the P + DOM

isotherm, 15 mg C/L was spiked into the DOM artificial groundwater solution. Independent

t-tests at a 95% confidence level were used to determine if significant differences existed

between isotherm data points (P isotherm vs. P + DOM isotherm).

Isotherms generated from each experiment were fit to Langmuir, Freundlich, and

Temkin models. Isotherm coefficients were determined using nonlinear parameter esti-

mation in the statistical program R. The Langmuir (Equation 2.1), Freundlich (Equation

2.2), and Temkin (Equation 2.3) models are as follows:

qe =
AbCe

1 +ACe
(2.1)
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qe = KfC
1/n
e (2.2)

qe =
RT

b
ln(ATCe) (2.3)

where qe is sorbed phosphate (mg P/g sed), Ce is the equilibrium concentration of phos-

phate (mg/L), A is the maximum adsorption of phosphate (mg P/g sed), b, Kf , and n are

constants related to binding strength, R is the universal gas constant (8.314 J/mol-K), T

is absolute temperature (K), AT is the equilibrium binding constant related to maximum

binding energy (L/mg), and b is the Temkin isotherm constant (J/mol). Best fit models were

determined by residuals analysis and plots of observed vs. predicted data.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Water Quality Monitoring

Groundwater samples from PVR were analyzed for N isotopes, boron, and Cl/Br ratios

to determine whether groundwater is influenced by septic system effluents. N isotopes are

a useful tool for N source identification because N sources often have distinct isotopic

characteristics. Additionally, biological cycling of N alters isotopic ratios in recognizable

ways such that original source N can be derived using isotopic compositions (Kendall et al.,

2007). Aravena et al. (1993) concluded that 15N was a reliable indicator of human waste

derived N and observed enriched δ

15N values between +8.1 and +13.9 0
/00 within a defined

septic system plume. Similarly, Seiler (2005) used δ

15N and δ

18O values as indicators of

septic system pollution in groundwater near residential areas. δ15N and δ

18O values agreed

with B isotope analysis, caffeine measurements, and CFC analyses to confirm that septic

systems caused N pollution in groundwater (Seiler, 2005).

N isotopes from a single sampling event at PVR are shown in Figure 3.1. Regions

of N source identification are defined by Kendall (1998). Dual isotope analysis shows

that groundwater at PVR lies within regions defined for septic waste or manure influenced

waters and soil N. Wells 2, 4, and 9 lie solely in the septic waste region, while Wells 1, 3,

and 8 lie in the overlapping soil N and septic waste regions. These results provide evidence

that septic systems contribute nutrients to the shallow unconfined aquifer at PVR.

Boron (B) is a component of many detergents and household cleaners and is typically

found in septic system effluents (Katz et al., 2011; Kendall et al., 2007; Landon et al.,

2008). As shown in Figure 3.2, B concentrations at PVR are highest at Wells 4, 8, and 9. B

is consistently low at Wells 1, 2, 3, and 7. These wells were used to estimate a background

B concentration of approximately 20 µg/L. Elevated concentrations of B at Wells 4 and 9

coincide with δ

15N values above +9 0
/00 and confirm that septic effluent affects these wells.
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Fig. 3.1: N-isotopes for PVR wells (samples collected 3-11-13)

Fig. 3.2: B concentrations at PVR wells (background B defined at 20 μg/L)
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Cl/Br ratios were determined for three sampling events. Cl and Br are useful in identify-

ing pollutant sources because both act conservatively when ionized in water, their common

forms are highly soluble, and they occur in low concentrations in rock and mineral material.

Cl and Br are used in a variety of anthropogenic products, from pesticides to road salts,

and have led to extensive groundwater pollution. Cl/Br ratios for sewage are relatively

high (300-600) compared to other source waters (Davis et al., 1998). Figure 3.3 shows

Cl/Br ratios for PVR wells. Katz et al. (2011) defined septic tank effluents as having Cl/Br

ratios in the range of 400 - 1100 and Cl concentrations in the range of 20 - 100 mg/L.

According to this range, Wells 2, 4, 5, 8, and 9 appear to be influenced by septic system

effluents. Well 9 Cl concentrations are surprisingly low, since this well is suspected to be

influenced by a nearby septic system. Well 1 (not shown) had Cl/Br of 10,435 and 11,337,

and corresponding Cl concentrations of 428 and 805 mg/L. Well 1 Cl/Br values suggest it

is affected by road salting (Davis et al., 1998; Katz et al., 2011), however other wells along

the highway (Wells 5 and 7) did not exhibit similar behavior.

Fig. 3.3: Cl/Br for PVR wells (samples collected 5/3/11, 11/14/11, and 1/5/12; range of
septic system influence defined by Katz et al., 2011)
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Lastly, it is important to consider redox condition when assessing P transport. Reduc-

ing conditions often exist in septic system plumes and can result in increased P mobility by

causing iron solids to become soluble, by releasing sorbed P, or by reducing the amount of

available iron oxide solids (Domagalski and Johnson, 2011; Robertson et al., 1998; Walter

et al., 1996; Zurawsky et al., 2004). Robertson (1998) defined reducing conditions as <0.1

mg DO/L and oxidized conditions as >1 mg DO/L. Additionally, the presence of Fe and

NH+
4 -N indicate reducing conditions when they are observed in concentrations >0.10 mg

Fe/L and >2.0 mg NH+
4 -N/L (Robertson et al., 1998). Table 3.1 summarizes DO, Fe, and

NH+
4 -N for PVR wells. Minimum DO values indicate wells are oxidized, although Wells 6,

7, 8, and 9 have reached DO <1 mg/L. Wells 1, 2, 3, 6, and 7 have exceeded dissolved

Fe concentrations above 0.10 mg/L, indicating reducing conditions have occurred near or

upstream of these wells. Finally, only Well 6 reached NH+
4 -N above 2 mg/L. These param-

eters show that certain wells may occasionally experience reducing conditions, however,

average values of DO, Fe, and NH+
4 -N indicate that oxidizing conditions prevail at PVR

wells. Variations in redox condition may be due to changes in septic effluent loads, sea-

sonal use of properties, groundwater level and flow characteristics, and impacts of other

organic materials such as decomposing plant materials and animal waste.

Overall, results of N isotopes, B, and Cl/Br ratios agree that Wells 4 and 9 were influ-

enced by septic system effluent. Additionally, the highest concentrations of TDP, SRP, and

DOC were consistently observed at Wells 4 and 9. Results also show that Wells 2, 5, and

8 may be influenced by septic system effluent. These wells are located within residential

areas, with Well 8 being located in the town of Huntsville.
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Table 3.1: DO, Fe, and NH+
4 -N concentrations at PVR wells

Dissolved Oxygen (mg/L)
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9

Minimum 2.25 2.76 3.3 5.08 4.23 0.17 0.61 0.11 0.74
Average 5.89 5.14 4.72 6.53 5.53 3.10 3.46 4.10 2.37

Maximum 10.42 7.25 7.08 8.75 7.61 6.11 7.02 6.71 4.43

Number of samples 20 22 21 23 22 12 16 13 14
Samples <1.0 mg DO/L 0% 0% 0% 0% 0% 17% 6% 15% 7%

(a) Dissolved oxygen summary in PVR wells (data from 4/19/10 to 03/11/13)

Dissolved Fe (mg/L)
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9

Minimum <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Average 0.29 0.02 0.02 0.02 0.01 0.07 0.05 0.01 0.02

Maximum 4.62 0.12 0.31 0.09 0.04 0.42 0.16 0.03 0.06

Number of samples 31 32 31 33 32 13 17 14 15
Samples >0.10 mg Fe/L 16% 3% 3% 0% 0% 23% 12% 0% 0%

(b) Dissolved Fe (<0.45 μm) summary in PVR wells (data from 4/19/10 to 03/11/13; MDL = 0.01 mg Fe/L ;
averages calculated using 0.01 mg Fe/L for all samples below MDL)

Dissolved NH+
4 -N (mg N/L)

Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9
Minimum <0.007 <0.007 <0.007 <0.007 <0.007 <0.007 <0.007 <0.007 <0.007
Average 0.05 0.04 0.04 0.02 0.02 0.25 0.04 0.05 0.04

Maximum 0.63 0.51 0.35 0.27 0.34 2.10 0.48 0.52 0.33

Number of samples 32 32 33 34 33 15 16 14 15
Samples >2 mg N/L 0% 0% 0% 0% 0% 7% 0% 0% 0%

(c) Dissolved NH+
4 -N (<0.20 μm) summary in PVR wells (data from 4/19/10 to 03/11/13; MDL = 0.007 mg N/L

; averages calculated using 0.007 mg N/L for all samples below MDL)
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3.2 Sediment Extractions and Characterization

3.2.1 Sediment Analyses

Table 3.2 shows particle size distributions in the sediments. Well 4 sediments had a

much larger percentage of sand, while Well 9 sediments had a larger percentage of silt and

clay particles. Larger surface areas of silts and clays indicate that there is more sorptive

surface area available in Well 9 sediment than at Well 4 (Zanini et al., 1998).

Table 3.2: Particle distributions at Wells 4 and 9

Particle size Well 4 Well 9
% sand 82 40
% silt 9 40
% clay 9 21
Texture Loamy sand Loam

Table 3.3 presents a summary of results for sediment analyses conducted at each

well. Overall, results indicate that Well 9 sediments have more compounds associated

with them than sediments from Well 4. Higher amounts of Al, Ca, Fe, and Mn indicate that

Well 9 sediments have more metal cations capable of co-precipitation with P (Zanini et al.,

1998). Additionally, more Al, Fe, and Mn at Well 9 suggests there is greater potential for

the formation of metal oxides than at Well 4. CEC is greater for Well 9 and is likely due

to differences in sediment texture. Well 4 CEC is similar to values observed for sand and

dolomite materials (CEC values of 2.7 and 1.4 meq/100g, respectively) (Prochaska and

Zouboulis, 2006).

Sediment pH values are neutral to alkaline. Bicarbonate minerals are present at both

wells and presumably provide buffering capacity to the aquifer. Bicarbonates are greater

at Well 4 than at Well 9. Zanini et al. (1998) observed that sediments with pH buffering ca-

pacity had limited P retention for two reasons: 1) Al and Fe minerals leach from sediments

at low pH, promoting Al-P or Fe-P precipitation, and 2) P sorption to mineral hydroxides
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increases at low pH. Calcium carbonate minerals are present only in Well 4 sediments,

and indicate that Well 4 sediments are calcareous.

Available phosphorus concentrations and percent total P are greater for Well 9 sedi-

ments, indicating that Well 9 sediments have more retentive capacity for P, and/or that P

loads have been greater at Well 9 than at Well 4. The highest TDP and SRP concen-

trations were consistently measured in Well 9 groundwater (Figures 1.4 and 1.5). Values

agree with conclusions made by Zanini et al. (1998), who observed that coarse grained,

calcareous sediments immobilized P less than fine grained non-calcareous sediments.

3.2.2 Sequential Phosphorus Fractionation

Results of the P fractionation study determined how P is bound to sediments in Wells

4 and 9 at PVR. Results are summarized in Figure 3.4. The majority of P in sediments at

Wells 4 and 9 was bound to calcium minerals such as calcite and dolomite. The smallest

fraction of P tied to sediments is loosely bound, representing P bound to carbonates or

loosely bound to calcium (Hieltjes and Lijklema, 1980). The sum of P extracted in all steps

is approximately equal to measurements of total P (Table 3.3), showing that the experiment

accounted for all P in the sediments.

Well 9 sediments showed higher concentrations of P in all extract steps, agreeing with

the high available and total P measurements made during sediment analyses (Table 3.3).

Results indicate that finer silt and clay particles in Well 9 sediments hold more P than

coarser sandy particles at Well 4. This is probably the result of increased sorptive surface

area of the fine grained sediments (Zanini et al., 1998). Zanini et al. (1998) observed that

fine grained sediments could immobilize P more effectively than coarse grained sediments.

Lastly, these results indicate that iron and aluminum oxides do not play a dominant role

in P retention in these sediments. Rather, calcium dominates P retention. When calcite is

present in soils, surface adsorption and subsequent precipitation are major mechanisms

of P immobilization (House and Donaldson, 1986; von Wandruszka, 2006; Wang et al.,

2012). Previous studies have shown that large amounts of P can sorb to calcite surfaces,
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Table 3.3: Results of sediment analyses

Analyte Units Well 4 Well 9
pH 8.2 7.6

Available phosphorus mg/kg 3.50 27.8
Ammonium-Nitrogen mg/kg 8.90 9.80

Organic Matter % 0.2 0.2
Cation Exchange Capacity meq/100g 1.8 6.6

CaCO3 Equivalent % 3.5 0.0
Saturated Paste Extracts

Chloride mg/L 61.7 84.0
Carbonate mmolc/L 0 0

Bicarbonate mmolc/L 13.7 3.82
Nitrate-Nitrogen mg/L 2.84 4.50

Calcium mg/kg 11.1 14.8
Magnesium mg/kg 3.39 7.62

Sodium mg/kg 8.24 40.96
Potassium mg/kg 5.43 7.59

Boron mg/kg 0.01 0.02
Sulfur mg/kg 2.87 8.37

Total Element Scan
Al % 0.19 0.68
B mg/kg 3.26 3.88

Ca % 3.45 0.30
Cd mg/kg <0.10 0.27
Co mg/kg 1.17 4.88
Cr mg/kg 7.94 12.9
Cu mg/kg 7.81 8.64
Fe % 0.46 1.14
K % 0.05 0.12

Mg % 1.16 0.19
Mn mg/kg 67.3 278
Mo mg/kg 0.86 1.36
Na % 0.01 0.01
Ni mg/kg 5.07 15.8

P (total) % 0.05 0.08
Pb mg/kg 15.2 27.4
S % 0.01 0.01
Sr mg/kg 26.6 14.9
Zn mg/kg 18.3 34.5



43

Fig. 3.4: Results of P fractionation experiment (n=5 for all samples except Well 4 Ca; n=4
for Well 4 Ca)

but explain that the sorption depends on the composition of the aqueous phase and can be

highly reversible. Factors shown to influence sorption to calcite include pH, ionic strength,

the activity of phosphate species, and changes in the activity of CO2−
3 , which may compete

with phosphorus for sorption sites on calcite surfaces. Decreased aqueous phosphate

concentrations was identified as an important factor leading to P desorption (So et al.,

2011; Wang et al., 2012). Dolomite has also been shown to sorb P efficiently (Prochaska

and Zouboulis, 2006).

3.2.3 Sequential Metals Extraction

Metals sequential extractions were conducted to determine the amount of Fe and Mn

oxides present in sediments at Wells 4 and 9. Results are provided in Figure 3.5. Greater

concentrations of Fe and Mn oxides (see also Table 3.3) occur at Well 9 and indicate there

is a higher sorptive capacity at that site (Zhu and Anderson, 2002). Sediments at Well 4

contain less Fe and Mn oxides, which may be due to the sandy texture of the sediments.
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Fig. 3.5: Amorphous Fe and Mn oxide concentrations in sediments (n=5)

3.2.4 Point of Zero Net Charge

The PZNC experiment provided information about CEC and AEC over a range of pH

values. Figures 3.6 and 3.7 show results of CEC and AEC as function of pH. The PZNC

for Well 4 is at pH 4.5, below the typical range of pH values observed at Well 4 (6.5 to 7.1).

At Well 9, the PZNC is at a pH less than 0. Well 9 pH values vary from 5.9 to 6.6. Since

observed pH values are above the PZNC, the net surface charge is negative and cation

adsorption dominates at both sediments (Deutsch, 1997).

AEC values change very little as a function of pH, while CEC decreases with decreas-

ing pH. CEC at Well 4 changes more rapidly with pH than CEC at Well 9. CEC at Well 9 is

much higher, and may be due to its fine-grained texture. Because of the extremely low AEC

concentrations for both sediments, results indicate that sorption of P to surfaces probably

does not occur through anion exchange, which refers to ion exchange in the diffuse layer.

Rather, P sorption is probably occurring through surface complexation reactions, where P

binds to specific surface sites on oxides or mineral surfaces in the Stern layer closest to
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solid surfaces (Zhu and Anderson, 2002). This indicates that desorption of bound P does

not occur easily, and agrees with results of the P fractionation experiment which showed a

small fraction of loosely-bound P in these sediments (Figure 3.4).

Fig. 3.6: Well 4 CEC and AEC vs. pH

3.3 Geochemical Modeling Results

MINEQL+ geochemical models using observed data predicted that all phosphate should

sorb to iron oxide surfaces at Wells 4 and 9, with no phosphate remaining in solution.

Models did not predict phosphate mineral precipitation. These results conflict with condi-

tions observed at PVR, which consistently show the presence of aqueous phosphate in

groundwater at Wells 4 and 9. This disparity indicates that conventional wisdom of soluble

phosphorus behavior, as described by this simple geochemical model, does not apply at

this site. Model outputs are included in Appendix B.
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Fig. 3.7: Well 9 CEC and AEC vs. pH

3.3.1 Well 4 Geochemical Modeling Results

Table B.3a shows the predicted phosphate distribution at Well 4, where 97.2% of phos-

phate is associated with weak iron oxide sites (Fe(wk)) and 1.2% is bound to strong iron

oxide sites (Fe(st)). Predicted mineral solids formed were calcite, dolomite, and hematite

(hematite>calcite>dolomite). Tables B.3b and B.3c summarize iron oxide surface distribu-

tions at Well 4 and show that sulfate and calcium are associated with iron oxides, potentially

influencing phosphate sorptive behavior.

Using these results, sulfate, calcium, pH, and iron oxide concentrations were titrated

in the model to determine whether phosphate sorption behavior changes as these param-

eter concentrations increase or decrease. Iron concentrations were included to simulate

phosphate sorption as iron oxide surfaces decrease. pH was included because of its im-

portance in influencing reactions and chemical behavior. For sulfate and calcium, low-end

concentrations corresponded to observed levels, while high-end concentrations were taken

as ten times observed concentrations.
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Sulfate concentrations were varied from 4.50E-04 M (observed) to 4.50E-03 M. Re-

sults of sulfate titrations predict that 100% of phosphate should sorb to iron oxide surfaces

for the whole range of sulfate concentration used. Figures B.1a thru B.1c show phosphate

and iron oxide distributions as sulfate concentrations increase. Although 100% of phos-

phate still sorbs, the figures show that different forms of phosphate sorb to different sur-

faces as sulfate concentrations increase. Similarly, iron oxide surface distributions change

with increasing sulfate concentration. Results indicate that sulfate is an important factor at

sorption surfaces.

Iron oxide concentrations were varied from 3.45E-05 M to 3.45E-02 M (observed).

Results of iron oxide titrations predict that phosphate sorption decreases at a certain level

(Figure B.2). At the lowest concentration of iron oxide, only 38% of phosphate is predicted

to sorb. This simulation might correspond to the saturation of iron oxide surfaces, or to

iron oxide surfaces becoming unavailable after extended phosphate loading. As weak iron

oxide concentrations decreased, the model showed that the proportion of sites occupied

by phosphate increased, indicating that iron oxide has a higher affinity for phosphorus than

for sulfate, or other metals. For strong iron oxide sites, phosphate sorption as a percentage

of sorption sites increases, but the proportions of sorbed calcium and zinc increase more.

Results indicate that strong iron oxide surfaces have a stronger affinity for calcium and

zinc, however the majority of phosphate is sorbed to Fe(wk).

Calcium concentrations were varied from 2.86E-03 M (observed) to 2.86E-02 M. Re-

sults of calcium titrations predict that 100% of phosphate should sorb to iron oxide surfaces,

regardless of calcium concentration (Figure B.3). Additionally, phosphate distributions do

not change as calcium increases, and no calcium phosphate minerals were formed for

the calcium and phosphate concentrations modeled. Calcite precipitation increased with

additional Ca, while dolomite precipitation stayed the same.

Values of pH for Well 4 titrations ranged from 6 to 8, representing the observed range

of pH values measured at that site. Phosphate sorbs 100% for the majority of the pH range

(Figure B.8). At pH 8, phosphate sorption decreases slightly to 99.8% instead of 100%.
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As pH changes, the form of phosphate changes, resulting in a different phosphate sorption

distribution.

3.3.2 Well 9 Geochemical Modeling Results

At Well 9, modeling predicts that 97.0% of phosphate is associated with Fe(wk) while

1.4% is bound to Fe(st). Table B.4a summarizes the predicted phosphate distribution.

Predicted precipitated solids were Fe(OH)2�7Cl3 and hematite (hematite>Fe(OH)2�7Cl3).

Tables B.4b and B.4c summarize iron oxide surface distributions at Well 9. Results show

that sulfate and calcium are associated with iron oxides, although in lower concentrations

than at Well 4 because aqueous concentrations are lower at Well 9 and iron oxide concen-

tration is higher at Well 9. Nonetheless, calcium and sulfate concentrations at iron oxide

surfaces are still high relative to other species and potentially influence phosphate sorptive

behavior. Following the approach used with Well 4, sulfate, calcium, pH, and iron oxide

concentrations were titrated in the model to observe phosphate sorption behavior in Well

9 as these parameter concentrations change.

Sulfate concentrations were varied from 1.86E-04 M (observed) to 1.86E-03 M. Re-

sults of sulfate titrations predict that 100% of phosphate should sorb to iron oxide surfaces

for the whole range of sulfate concentration used. Figures B.5a thru B.5c show phosphate

and iron oxide distributions as sulfate concentrations increase. Although 100% of phos-

phate still sorbs, the figures show that different forms of phosphate sorb to different sur-

faces as sulfate concentrations increase. Similarly, iron oxide surface distributions change

with increasing sulfate concentration. Results indicate that sulfate is an important factor at

sorption surfaces.

Iron oxide concentrations were varied from 9.91E-05 M to 9.91E-02 M (observed).

Results of iron oxide titrations (Figure B.6) predict that phosphate sorption decreases at a

certain level. At the lowest concentration of iron oxide, only 57% of phosphate is predicted

to sorb. As weak iron oxide concentrations decreased, the model showed that the propor-

tion of sites occupied by phosphate increased, indicating that iron oxide has a higher affin-
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ity for phosphorus than for sulfate or other metals. For strong iron oxide sites, phosphate

sorption as a percentage of sorption sites increases, but the proportions of sorbed cal-

cium increase more. Thus, results indicate that strong iron oxide surfaces have a stronger

affinity for calcium than for phosphate.

Calcium concentrations were varied from 8.08E-04 M (observed) to 8.08E-03 M. Re-

sults of calcium titrations predict that 100% of phosphate should sorb to iron oxide sur-

faces, regardless of the calcium concentrations used (Figure B.7). Phosphate distributions

change slightly as calcium increases. No calcium phosphate minerals were formed for the

calcium and phosphate concentrations modeled. No calcium minerals precipitated.

Values of pH for Well 9 titrations ranged from 5.5 to 7.5, representing Well 9 observed

pH values. Phosphate sorbs 100% for the entire pH range (Figure B.8). The form of

phosphate changes across this pH range, resulting in slight changes in phosphate sorption

distribution as pH varies.

3.3.3 Geochemical Modeling Discussion

Before reviewing conclusions, several important limitations of the model should be

noted. First, the model only considered sorption with iron oxide surfaces and did not in-

clude sorption to calcium minerals or other metal oxides. As observed in the P fractionation

experiment, calcium minerals dominate P retention, so the model ignores a vital sorption

material. However, even without considering calcium minerals, the model still predicts all

P would sorb given the amounts of Fe and Mn oxides present in the sediments. Second,

the model cannot account for surface occlusion or historical pollutant loading effects on

sediments, two factors which may be important characteristics of sediments at Wells 4 and

9.

With these limitations in mind, modeling showed that iron oxide surfaces have a high

affinity and sorptive capacity for phosphate. Titration models did not reveal any aqueous

compounds that displace phosphate for sorption surfaces; iron oxide surfaces appear to

have the strongest affinity for phosphate. However, relatively high amounts of sulfate oc-
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cupied sorption sites, and P speciation was affected by increasing sulfate concentrations.

These factors indicate sulfate may affect P sorption. Low iron oxide concentrations were

the only parameter that decreased phosphate sorption and increased soluble P concentra-

tions. This may indicate that sediments at Well 4 and Well 9 have limited iron oxide surface

availability. At Well 4, models predicted the formation of calcite and dolomite minerals,

which sorb P efficiently (Prochaska and Zouboulis, 2006; So et al., 2011). This suggests

that new sorption materials are continuously being formed in these sediments.

3.4 Preliminary Dialysis Experiment

This experiment revealed the rate at which ion concentrations decreased in RO con-

centrates during dialysis. Initial ion concentrations of the Well 4 RO concentrate used in

the experiment were as follows: 4,724.2 mg Na/L, 13.1 mg K/L, 1.4 mg Mg/L, 5.5 mg Ca/L,

615.0 mg Cl/L, 281.1 mg SO4/L , 50.4 mg NO3-N/L , and 51.3 mg C/L as DOC. Na concen-

trations were extremely high as a result of the cation (Na+) exchange tank used in the RO

concentration process. Concentrations of K, Mg, and Ca are low since they were removed

during cation exchange. Anions were not specifically removed during RO, so they were

concentrated with DOC.

Figure 3.8 summarizes how DOC, cation, and anion concentrations changed as dial-

ysis time increased. K and Mg decreased to almost 0 mg/L within 24 hours. Calcium

concentrations decreased to 1 mg/L. Na concentrations were reduced by 98% in 24 hours,

but 88 mg Na/L was still present. Cl and NO3 decreased to less than 2 mg/L within 24

hours. SO4 concentrations decreased slowly over time, having a concentration of 66 mg/L

after 24 hours. Richards et al. (2011) explained that the hydrated radii of SO4 molecules

was relatively large and concluded that retention on membranes was a result of size exclu-

sion. DOC concentrations were reduced by 65% to 18 mg C/L in 24 hours. This indicates

that a large fraction of the DOM was composed of low molecular weight molecules, which

were small enough to quickly pass through the dialysis membrane.
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(a) Cation and DOC concentrations during dialysis

(b) Anion and DOC concentrations during dialysis

Fig. 3.8: Results of dialysis experiment
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Final Na and SO4 concentrations exceeded targets needed for Well 4 DOM artificial

groundwater (Table 2.3). To achieve better removal, subsequent RO concentrates were

dialyzed for longer periods of time. Additional dialysis time resulted in relatively small

decreases in DOC concentrations.

3.5 DOM Characterization

Concentrated DOM was characterized using several parameters. Table 3.4 summa-

rizes characteristics of DOM samples used in sorption experiments. Well 4 DOM had lower

DOC concentrations than Well 9, which is probably due to lower DOC concentrations in raw

groundwater. Well 4 DOM ranged from 12.3 to 14.4 mg C/L, while Well 9 DOM ranged from

17.2 to 22.2 mg C/L. Cation and anion concentrations were low for both wells, except Na

and SO4 which were difficult to remove during dialysis. Acetate was the only fatty acid

identified.

Sugar concentrations were usually higher than protein concentrations. Total sugar

concentrations ranged from 10.5 to 21.6 mg/L as glucose, while protein concentrations

ranged from 9.1 to 13.4 mg/L. Sugars and proteins make up a large portion of DOC in the

samples. Assuming total sugar concentrations are glucose (C6H12O6), sugar concentra-

tions range from 4.2 to 8.7 mg C/L. Rouwenhorst et al. (1991) estimated carbon contents

of different proteins based on amino acid compositions. If protein is assumed to be al-

bumin, the carbon content is estimated as 0.53 g C/g protein (Rouwenhorst et al., 1991).

Thus, estimated protein concentrations range from 4.8 to 7.1 mg C/L. Sugars and proteins

make up roughly 55 - 100% of the DOC in DOM concentrates, with greater percentages of

sugars and proteins in Well 4 DOM than in Well 9 DOM.

UV/visible absorbance at 253.7 nm (SUVA254) was used to characterize DOM and

monitor how it changed during RO and dialysis processes. SUVA254 is a good indicator of

the aromaticy and hydrophobicity of DOM. High SUVA254 indicates the DOM material is of a

pronounced humic nature (Croue et al., 2000; Korshin et al., 1997). Table 3.5 summarizes

SUVA254 for groundwater, RO concentrates, and DOM concentrates at each well. Figure
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Table 3.4: DOM characterization summary (MDLs reported as <MDL)

Parameter
Well 4 Well 9

3-4-13
DOM

4-15-13
DOM B2

6-11-13
DOM B2

DOM B1 DOM B2 DOM B3

DOC of raw
groundwater (mg
C/L)

3.2 2.0 3.5 6.5 6.5 6.5

DOC of final DOM
(mg C/L)

14.4 12.3 13.8 22.2 17.2 17.9

pH 4.1 6.4 5.8 5.6 6.0 4.2
SRP (mg P/L) 0.08 0.61 0.25 0.06 0.04 0.06
Na (mg/L) 12.43 41.99 64.31 28.60 24.98 25.15
K (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mg (mg/L) <0.03 <0.03 <0.03 0.28 <0.03 0.26
Ca (mg/L) 0.33 1.00 1.43 2.59 1.55 2.27
Cl (mg/L) 0.12 0.13 0.23 0.72 0.13 0.12
SO4 (mg/L) 19.42 62.36 90.23 55.83 38.02 55.36
TDS (mg/L) 22.1 145.0 301.3 118.1 90.0 150.2
Total sugar (mg/L as
glucose)

13.9 18.0 21.6 12.8 10.5 19.8

Total sugar (mg C/L) 5.6 7.2 8.7 5.1 4.2 7.9
Protein (mg/L) 10.3 9.1 9.7 13.4 11.7 13.4
Protein (mg C/L) 5.4 4.8 5.1 7.1 6.2 7.1
Acetate (mg/L
acetate)

<0.1 4.7 <0.1 2.6 5.0 0.2

EC (us/cm) — — 301 169 135 223
Time dialyzed (hr) 185 49 48 119 120 128
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C.3 in Appendix C includes additional graphs that compare UV absorbance scans from

200 to 400 nm for DOM and RO samples.

Table 3.5: UV absorbance summary

Sample ID UV Abs (253.7 nm),
1 cm path length

pH DOC (mg C/L)

Well 4 RO Concentrate 6/11/13 0.770 8.3 57.0
Well 4 DOM 3/13/13 0.344 4.7 14.4
Well 4 DOM 4/15/13 B2 0.292 6.7 12.3
Well 4 DOM 6/11/13 B2 0.300 5.8 13.8

(a) Well 4

Sample ID UV Abs (253.7 nm),
1 cm path length

pH DOC (mg C/L)

Well 9 Raw Groundwater 0.059 6.8 6.5
Well 9 RO Concentrate 7/9/13 1.337 8.2 ——
Well 9 DOM B1 0.494 5.8 22.2
Well 9 DOM B2 0.303 6.3 17.2
Well 9 DOM B3 0.442 4.3 17.9

(b) Well 9

Figure 3.9 shows SUVA254 per unit DOC (mg C/L) for raw, RO, and dialyzed samples.

Well 4 generally had higher SUVA254 per unit DOC than Well 9, indicating that Well 4 DOM

may be slightly more aromatic and humic. A small increase in SUVA254 after RO indicates

the composition of DOM changed slightly during RO concentration. After samples were

dialyzed, the trend shows a dramatic increase in SUVA254 per unit DOC, indicating that

the fraction of aromatic and hydrophobic compounds of the DOM increased during dialysis

(Croue et al., 2000; Korshin et al., 1997). The effect of dialysis on the color and appearance

of the RO concentrate is shown in Figure C.4.

The DOM character of original groundwaters was significantly altered due to the loss

of a large fraction of low molecular weight compounds during dialysis. Recent studies de-

scribe DOM as a complex mixture of low molecular weight substances and larger molec-

ular weight biomolecules. Studies also suggest DOM structure is composed of relatively

small molecules through aggregates formed by hydrogen bonding, nonpolar interaction,
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Fig. 3.9: Ratio of SUVA254/DOC for raw, RO, and dialyzed samples (Value for Well 4 Raw
GW not available; Well 9 RO data point is estimated based on initial DOC and concentration
factor of RO process; DOM 1, 2, and 3 represent 3 batches of dialyzed DOM at each well)
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and polyvalent cation interactions (Leenheer and Croue, 2003; Nebbioso and Piccolo,

2013). The final DOM concentrate was composed of larger biomolecules (including sug-

ars and proteins) and presumably some small molecules associated with them through

bonding and other interactions. In the end, the DOM concentrate had a more aromatic,

hydrophobic, and humic character than DOM found in the original groundwater sample.

3.6 Sorption Experiments

3.6.1 Kinetics Experiment

Results of kinetics experiments were used to determine appropriate shake times for

sorption experiments. Figures 3.10 and 3.11 show results of kinetics experiments for Wells

4 and 9. The equilibration times for Well 4 and Well 9 were chosen as 16 hours and 2

hours, respectively, based on the time where the change in sorption approached zero. A

second kinetics experiment was conducted on Well 9 sediments to verify that 2 hours was

a suitable shake time (Figure 3.11b). Results indicate kinetics for Well 4 coarse-grained

sediments are slower than for fine-grained sediments at Well 9. Huang et al. (2011)

also observed that a sandier sediment sorbed P more slowly than a sediment with higher

percentages of clay and silt. For both well sediments, the majority of P sorbs in the first two

hours. Other studies have also observed rapid P sorption occurring within 0.5 to 4 hours,

and explain that the initial fast reaction is likely the result of sorption onto mineral surfaces

(Cheung and Venkitachalam, 2006; Ryden et al., 1977; Wang et al., 2005).

In this preliminary experiment, Well 4 sorbed more SRP than Well 9. For Well 4

sediments, results show that more SRP was sorbed for P + DOM groundwater than for P

only groundwater. While it appears that sorption for P only and P + DOM solutions are

different, this may only be the result of variable SRP starting concentrations, which differed

by roughly 0.20 mg P/L. Sorption for Well 9 P only and P + DOM solutions does not appear

to differ greatly, although the kinetics experiment run from 0 to 2 hours shows that sorption

was higher for the P + DOM groundwater solution.
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Fig. 3.10: Well 4 sorption kinetics (starting SRP = 0.55 mg P/L (P only) and SRP = 0.76
mg P/L (P + DOM))

Lastly, it is important to note that equilibrium conditions may not exist in natural ground-

water systems, potentially limiting sorption reactions. The impact of kinetics on sorption is

a more important issue at Well 4 than at Well 9 due to the high hydraulic conductivity at

Well 4 (Table 1.1). High groundwater velocities at Well 4 may play a significant role in limit-

ing P retention by preventing adequate reaction time between groundwater and sediments

(Domagalski and Johnson, 2011).

3.6.2 DOM Degradation

DOC concentrations of Well 4 DOM artificial groundwater were measured during a 24

hour sorption experiment to determine whether DOM degradation occurred. Figure 3.12

shows that DOC concentrations did not change over the 24 hour period for DOM artificial

groundwater without sediment. For samples of DOM artificial groundwater with sediment,

DOC concentrations decreased slightly and are likely the result of sorption. Results indi-

cate that measurable DOM degradation does not occur during a 24 hour period, therefore
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(a) Well 9 sorption kinetics - 0 to 24 hours (starting SRP = 1.94 mg P/L (P only) and SRP = 1.98 mg
P/L (P + DOM))

(b) Well 9 sorption kinetics - 0 to 2 hours (starting SRP = 0.54 mg P/L (P only) and SRP = 0.59 mg
P/L (P + DOM))

Fig. 3.11: Well 9 sorption kinetics
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no further action was taken to control DOM degradation for sorption or isotherm experi-

ments.

Fig. 3.12: Well 4 DOM degradation during 24 hour sorption experiment (data points repre-
sent raw data)

3.6.3 Sorption Capacity Experiment

Sorption capacities of well sediments were evaluated to determine whether sediments

become saturated with SRP. Actual starting SRP concentrations (Ci) for Well 4 artificial

groundwater were lower than target values. Table 3.6 summarizes target and actual initial

SRP concentrations for sorption capacity experiments, and shows that Well 4 SRP Cis

were notably lower than target values. Reduced SRP Cis begin at the 10 mg P/L target,

and indicate that isotherm experiments (initial SRP concentrations of 0 - 10 mg P/L) should

not be affected significantly.

To investigate why this may have occurred, a simple geochemical model in MINEQL+

was run for artificial groundwater solutions. Geochemical modeling predicted that hydrox-

ylapatite would form in both artificial groundwaters. In Well 4, 99% of P was predicted

to form hydroxylapatite (for SRP Ci = 50 mg P/L). For Well 9, 24% of P was predicted to
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Table 3.6: Initial SRP concentrations of solutions used in sorption capacity experiments

Target SRP Ci
(mg P/L)

SRP Ci (mg P/L)
Well 4 Well 9

0 <0.03 <0.03
1 1.01 0.98
5 5.18 4.99
10 9.41 10.10
15 12.84 14.77
20 16.74 19.92
35 27.42 35.96
50 43.99 49.30

precipitate as hydroxlapatite (for SRP Ci = 50 mg P/L). Calcite and dolomite were never

predicted to form. Therefore, it is likely that the reduction in SRP Ci at Well 4 was caused

by hydroxylapatite formation. Because all P did not precipitate, it is likely hydroxylapatite

formation is limited by kinetics.

Well 4 and Well 9 showed similar sorption capacities, as shown in Figure 3.13. This

is unexpected since the sediment composition at Well 9 (Table 3.2) suggests these fine-

grained sediments should sorb more P. Well 4 sorbed more SRP than Well 9 at higher

starting concentrations of SRP, but this is probably the result of a decrease in solution

pH. Additionally, results show that the SRP range used in isotherm experiments (initial

concentrations of 0 - 10 mg P/L) is below the saturation level in these sediments.

Because KH2PO4 is an acidic solution, pH was monitored during the experiments

(Figures 3.14 and 3.15). Figure 3.14a shows that at high SRP equilibrium concentrations,

Well 4 equilibrium pH decreases significantly, possibly explaining the continuous increase

in SRP sorption. Similar trends were observed for the Well 9 sorption capacity experiment

(Figure 3.15a), although pH confidence intervals overlap for all data points but one (pH

values at Ce SRPs of 6.0 and 18.9 mg P/L are statistically different). However, this effect

is not present for P ranging from 0 to 10 mg P/L, therefore, pH is not expected to impact

the isotherm experiments (initial SRP concentrations of 0 - 10 mg P/L).
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Fig. 3.13: Sorption capacity for Wells 4 and 9 (error bars represent 95% confidence inter-
vals; n=3 for all samples)

Solution pH values increased during experiments as the solutions reached equilib-

rium with sediments (Figures 3.14b and 3.15b), demonstrating that both sediments have

buffering capacity. Neither well sediment reached a sorption capacity maximum for this

experiment (initial concentrations of 0 - 50 mg P/L), which is likely due to decreasing pH at

high SRP concentrations. While literature suggests the effect of pH on P sorption varies

with sediment composition, Wang et al. (2005) and Huang et al. (2013) both observed

increased P sorption with decreasing pH for lake sediments and suspension pH values

between 6 and 8.

Lastly, it is important to note that sorption experiments disrupt sediment and potentially

expose new sorptive surface areas. These factors may create notable differences between

sorption experiments and sorption in undisturbed groundwater systems, and likely allow

for greater sorption in experimental settings.



62

(a) Well 4 isotherm and equilibrium pH (error bars represent 95% confidence intervals; n=3 for all
samples)

(b) pH during Well 4 sorption experiment (Soln pre exp = pH of solution right before adding to sed-
iment; soln + sed, pre exp = pH of solution right after adding to sediment and shaking briefly; post
shaking = pH after shaking for 16 hours and centrifuging)

Fig. 3.14: pH during sorption process - Well 4
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(a) Well 9 isotherm and equilibrium pH (error bars represent 95% confidence intervals; n=3 for all
samples)

(b) pH during Well 9 sorption experiment (Soln pre exp = pH of solution right before adding to sed-
iment; soln + sed, pre exp = pH of solution right after adding to sediment and shaking briefly; post
shaking = pH after shaking for 16 hours and centrifuging)

Fig. 3.15: pH during sorption process - Well 9
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3.6.4 Power of the Test Sorption Experiment

Power of the test experiments helped determine the number of replicates needed for

isotherm experiments. Six independent samples were used to measure the variance of

each experimental treatment. Table 3.7 summarizes data and sample size calculations

for Well 4 sediments.Variance of sorbed SRP increased at higher starting concentrations

of SRP. A small sample size, n, was estimated for Well 4 sediments, but may partially be

due to differences in starting SRP concentrations, which ideally should have been equal.

The difference in starting SRP caused a larger difference in sorbed SRP measurements,

meaning that differences in sample averages were not completely due to different experi-

mental treatments, but due to experimental error. Due to this error, a sample size of four

was selected to obtain a low t-value for t-test calculations and to provide a safety factor in

case samples were lost during the experiment.

The sample size calculations for Well 9 showed similar results. Table 3.8 shows that

small sample sizes are required, except for Well 9 artificial groundwater at 10 mg P/L.

This high sample size value is likely due to a slightly higher sample variance and the small

difference in sample means for the two treatments. Even though the highest sample size

estimate is six, a sample size of four was chosen for isotherm experiments because all

other treatments estimate a sample size less than two. Starting concentrations of SRP

were nearly equal for this set of experiments, providing better estimates of treatment dif-

ferences, which appear to be minimal. Well 9 sample variances also increased at higher

starting SRP concentrations.

Significant differences (95% CI) occur in treatment means for Well 4 sediments, show-

ing that DOM increases P sorption. However, the difference in starting SRP concentrations

likely caused this difference. Well 9 treatment means show slight differences, and indicate

that SRP sorption increases when DOM is present. At starting SRP concentrations of 1 mg

P/L, 95% confidence intervals indicate that sorption differences are statistically significant

at Well 9. At starting SRP of 10 mg P/L, 95% intervals overlap and indicate that differences

are not significant at Well 9.
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Table 3.7: Well 4 power of the test results (replicates are six independent samples)

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
1.06 4.04 0.05
1.06 4.03 0.04
1.06 4.05 0.05
1.06 4.11 0.03
1.06 4.06 0.04
1.06 4.06 0.05

η1= 4.06
σ= 0.03
Δ= 0.96
n= 0.0

(a) Well 4 artificial groundwater - 1 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
1.37 5.13 0.10
1.37 4.86 0.15
1.37 5.05 0.11
1.37 5.00 0.12
1.37 5.05 0.11
1.37 5.01 0.12

η2= 5.02
σ= 0.09
Δ= 0.96
n= 0.1

(b) Well 4 DOM artificial groundwater - 1 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
8.92 23.16 3.42
8.92 24.61 3.08
8.92 24.55 3.10
8.92 25.80 2.81
8.92 24.50 3.11
8.92 25.25 2.95

η1= 24.64
σ= 0.89
Δ= 5.42
n= 0.2

(c) Well 4 artificial groundwater - 10 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
10.58 31.22 3.19
10.58 30.13 3.43
10.58 29.70 3.53
10.58 29.24 3.63
10.58 29.23 3.65
10.58 30.87 3.26

η2= 30.07
σ= 0.84
Δ= 5.42
n= 0.2

(d) Well 4 DOM artificial groundwater - 10 mg P/L
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Table 3.8: Well 9 power of the test results (replicates are six independent samples)

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
1.00 2.25 0.42
1.00 2.17 0.44
1.00 2.15 0.45
1.00 2.06 0.47
1.00 2.13 0.45
1.00 2.10 0.46

η1= 2.14
σ= 0.07
Δ= 0.17
n= 0.9

(a) Well 9 artificial groundwater - 1 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
1.05 2.33 0.46
1.05 2.30 0.47
1.05 2.35 0.45
1.05 2.38 0.44
1.05 2.26 0.47
1.05 2.29 0.46

η2= 2.32
σ= 0.04
Δ= 0.17
n= 0.4

(b) Well 9 DOM artificial groundwater - 1 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
10.03 23.03 4.15
10.03 22.83 4.20
10.03 23.80 3.95
10.03 23.28 4.08
10.03 22.92 4.20
10.03 23.93 3.92

η1= 23.30
σ= 0.46
Δ= 0.48
n= 6.1

(c) Well 9 artificial groundwater - 10 mg P/L

Initial SRP, Sorbed SRP, Equilibrium SRP,
Ci (mg P/L) qe (μg P/g sed) Ce (mg P/L)
10.06 23.02 4.15
10.06 23.09 4.19
10.06 22.62 4.30
10.06 22.60 4.30
10.06 23.03 4.18
10.06 22.56 4.33

η2= 22.82
σ= 0.25
Δ= 0.48
n= 1.8

(d) Well 9 DOM artificial groundwater - 10 mg P/L
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3.6.5 Isotherm Experiments

Well 4 Isotherm Results

Target initial (Ci) SRP concentrations for isotherm experiments were 0, 1, 2, 5, 7, and

10 mg P/L. Target DOC concentrations were 0 and 15 mg C/L. Table 3.9 shows actual

starting SRP and DOC concentrations for Well 4 isotherm experiments. Deviation from

target values was due to experimental error. Reduced SRP Ci at 10 mg P/L for Well 4 may

be the result of hydroxylapatite precipitation (see Section 3.6.3).

Table 3.9: Initial SRP and DOC concentrations of solutions used in Well 4 isotherm exper-
iments

Target SRP Ci
P Isotherm P + DOM Isotherm

SRP Ci DOC Ci SRP Ci DOC Ci
mg P/L mg P/L mg C/L mg P/L mg C/L
0 <0.03 <0.80 0.36 14.89
1 0.98 <0.80 1.33 14.89
2 1.97 <0.80 2.24 14.89
5 4.87 <0.80 5.21 14.89
7 6.90 <0.80 6.97 14.89
10 9.41 <0.80 9.91 14.89

Results from Well 4 isotherm experiments are summarized in Figure 3.16. Relative

to other P sorption studies, the amount of P sorbed in this experiment is much lower than

results obtained for various soils and lake sediments (Huang et al., 2011; Moradi et al.,

2012; Wang et al., 2005), and may be due to the very sandy texture of Well 4 sediments.

Sorption at 0 mg P/L differed for the two treatments. For the P only isotherm, no P was

sorbed or desorbed from well sediments. Conversely, SRP sorbed to sediments for the P

+ DOM artificial groundwater and was due to a starting SRP concentration above zero.

Although trends show that the P only groundwater sorbs more SRP, 95% confidence

intervals of the data show that sorption for P only and P + DOM artificial groundwaters were

statistically the same. At higher SRP equilibrium concentrations, the difference between

P only and P + DOM isotherms increases, indicating that at higher concentrations of P,



68

competitive sorption may develop. However, it is important to note that confidence intervals

are staggered due to differences in equilibrium SRP concentrations.

Fig. 3.16: Well 4 isotherm results (error bars represent 95% CI; data points are averages
(n=4))

Because equilibrium SRP concentrations for the two isotherms differed, it was difficult

to directly compare 95% confidence intervals from each treatment. Thus, data were fit

to isotherm models and were compared using approximate confidence intervals to verify

results obtained above. Observed isotherm data were fit to Freundlich, Langmuir, and

Temkin isotherm models. As shown in Figure 3.17, the Freundlich model appears to be

the best fit for the Well 4 P only isotherm. Similarly, the Well 4 P + DOM isotherm was

fit to isotherm models as shown in Figure 3.18. Residuals and predicted vs. observed

plots showed that Freundlich was the best-fit model for both Well 4 isotherms. Appendix D

includes residual plots and predicted vs. observed plots for all isotherms.

Table 3.10 summarizes model parameter estimates for Well 4 isotherms. Other P

isotherm studies for soils and lake sediments have reported n values ranging from 1.1

to 2.1 and Kf values ranging between 0.09 and 372.4 (Argiri et al., 2013; Moradi et al.,

2012; Wang et al., 2005). Precision of parameter estimates was analyzed using joint con-
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Fig. 3.17: Well 4 fitted isotherm models - P only

Fig. 3.18: Well 4 fitted isotherm models - P + DOM
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Table 3.10: Well 4 Freundlich parameter estimates (Kf units in mg PO4-P1−1/nL1/n/mg dry
sediment)

P Isotherm P + DOM Isotherm
n Kf n Kf

Parameter estimates 1.814 1.350E-02 1.913 1.263E-02
Probability that isotherms
are different

0.53 1.00 0.53 1.00

fidence regions. As shown in Figure D.9a, joint confidence regions for P only and P +

DOM isotherms do not overlap and indicate the two isotherms are statistically different.

Approximate 95% prediction intervals for Well 4 Freundlich isotherm models are included

in Figure 3.19 and show that the two isotherms are only significantly different at high equi-

librium SRP concentrations. The effect of DOM on P sorption appears to be minimal and

indicates that DOM may affect P sorption with increasing SRP concentrations. Beale’s

confidence region plots are also included in Appendix D.

DOC concentrations also changed during isotherm experiments as shown in Figure

3.20. For the P only isotherm, final DOC concentrations were higher than starting concen-

trations, showing that desorption of DOC occurred during the experiment. DOC concentra-

tions appear to remain the same for the P + DOM isotherm, however data for this isotherm

are less reliable due to analytical challenges related to the DOC analysis and instrument

error. Although DOC desorbed during the P only isotherm, it did not result in a significant

increase in SRP sorption, indicating that there are enough sorption sites on sediments

to sorb SRP independent of DOM content. Additionally, final DOC concentrations were

not dependent on starting SRP concentrations, indicating that competition between P and

DOC did not occur.
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Fig. 3.19: Well 4 Freundlich model with 95% confidence bands (s = standard deviation of
residuals)
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Fig. 3.20: Well 4 DOC summary for isotherm experiments (error bars represent 95% CI;
data points for P only are averages (n=4), all initial P only DOC were below the MDL (0.80
mg P/L); data points for P + DOM are raw data values)

Well 9 Isotherm Results

Table 3.11 shows actual SRP and DOC starting concentrations for Well 9 isotherm

experiments. Results from Well 9 isotherm experiments are summarized in Figure 3.21.

Similar to Well 4 sediments, the amount of P sorbed in Well 9 isotherms is low compared

to what has been observed for other soil and lake sediment samples (Huang et al., 2011;

Moradi et al., 2012; Wang et al., 2005). One reason for low P sorption could be due to the

relatively high total P concentrations in well sediments (Table 3.3), limiting the sediment’s

ability to sorb additional phosphorus (Huang et al., 2013; Zhang and Huang, 2007).

Sorbed SRP concentrations for P only and P + DOM isotherms were statistically equiv-

alent, except for at initial SRP concentrations of 7 and 10 mg P/L, where the P only isotherm

sorbed more SRP than the P + DOM isotherm (95% confidence interval). However, Well 9

power of the test results for starting SRP concentrations of 10 mg P/L showed statistically

equivalent sorption values for P only and P + DOM artificial groundwaters (Table 3.8). At

an initial SRP of 0 mg P/L for the P only isotherm, an average of 0.88 μg PO4-P/g sediment
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desorbed from Well 9 sediments. Similarly, 0.79 μg PO4-P/g sediment desorbed during the

P + DOM isotherm at initial SRP of 0.06 mg P/L. This shows there is desorption potential

at Well 9, indicating that these sediments could continue to export P even after P sources

are eliminated (Walter et al., 1996).

Table 3.11: Initial SRP and DOC concentrations of solutions used in Well 9 isotherm ex-
periments

Target SRP Ci
P Isotherm P + DOM Isotherm

SRP Ci DOC Ci SRP Ci DOC Ci
mg P/L mg P/L mg C/L mg P/L mg C/L
0 <0.03 <0.72 0.06 14.11
1 1.01 <0.72 1.04 14.11
2 2.01 <0.72 2.00 14.11
5 5.03 <0.72 4.86 14.11
7 7.18 <0.72 6.80 14.11
10 9.79 <0.72 9.43 14.11

Fig. 3.21: Well 9 isotherm results (error bars represent 95% CI; data points are averages
(n=4))

Well 9 isotherm data were also fit to Freundlich, Langmuir, and Temkin isotherm mod-

els. As shown in Figures 3.22 and 3.23, the Temkin model appears to be the best fit for
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both Well 9 isotherms. Residuals and plots of observed vs. predicted data confirm that the

Temkin model fits observed data best (Appendix D).

Fig. 3.22: Well 9 fitted isotherm models - P only

Fig. 3.23: Well 9 fitted isotherm models - P + DOM
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Well 9 Temkin isotherm parameters are included in Table 3.12. Similar parameter val-

ues were observed by Argiri et al. (2013), who reported Temkin constants ranging from

0.65 x 104 to 2.2 x 104 for b, and AT values between 6.23 and 16.00. Joint confidence

regions (Figure D.9b) and approximate 95% prediction intervals (Figure 3.24) overlap be-

tween P only and P + DOM isotherm parameters, showing that DOM does not influence P

sorptive behavior in Well 9 sediments. This agrees with Well 9 power of the test results.

Joint confidence region plots and Beale’s confidence region plots are included in Appendix

D.

Table 3.12: Well 9 Temkin parameter estimates

P Isotherm P + DOM Isotherm
b AT b AT

Parameter estimates 2.76E+05 3.171 2.87E+05 3.170
Probability that isotherms
are different

0.74 0.00 0.74 0.00

DOC concentrations also changed during isotherm experiments as shown in Figure

3.25. For the P only isotherm, final DOC concentrations were slightly higher than starting

concentrations, showing that some desorption of DOC occurred during the experiment.

DOC sorption occurred during the P + DOM isotherm, potentially resulting in decreased

SRP sorption for high initial SRP concentrations. Additionally, final DOC concentrations

were not dependent on starting SRP concentrations, indicating DOC sorption was inde-

pendent of SRP concentration.

Isotherm Conclusions

A summary of Well 4 and Well 9 isotherms is included in Figure 3.26. Results suggest

that at the environmentally relevant levels of SRP and DOC used in experiments, DOM

does not create a notable effect on P sorptive behavior. Both Well 4 and Well 9 isotherms

showed hints that at increasing SRP concentrations, DOM may affect P sorption slightly,

but no consistent, major changes in P sorptive behavior were observed. Substantial sorp-
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Fig. 3.24: Well 9 Temkin model with 95% confidence bands (s = standard deviation of
residuals)
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Fig. 3.25: Well 9 DOC summary for isotherm experiments (error bars represent 95% CI;
data points for P only are averages (n=4); data points for P + DOM are raw data values)

tion competition between SRP and DOM did not occur, and indicates that the presence of

DOM does not explain P mobility in the shallow unconfined aquifer at Pineview Reservoir.

These results agree with studies completed by Guppy et al. (2005a), who showed that

decomposed organic matter did not significantly affect P sorption. Hunt et al. (2007) also

observed that some forms of DOM do not inhibit P sorption for certain minerals.

When interpreting these results, it is important to consider the type of DOM used

in experiments. DOM isolated in this study was composed of molecules that could not

pass through a dialysis membrane, and was therefore relatively large, highly aromatic,

hydrophobic, and humic. These larger molecular weight molecules, including sugars and

proteins, had a minimal effect on P sorption. Conversely, low molecular weight molecules

such as citric, malic, succinic, and oxalic acids have been shown to decrease P sorption in

calcareous soils (Moradi et al., 2012; von Wandruszka, 2006; Wang et al., 2012). The low

molecular weight fraction of DOM may play a significant role in sorption competition.

As shown in Figure 3.26, Well 4 sediments sorbed more SRP than Well 9 sediments.

This is surprising since Well 9 sediments contain more silt and clay particles and are ex-
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Fig. 3.26: P isotherms for Wells 4 and 9 (error bars represent 95% confidence intervals;
data points are averages of 4 samples)

pected to have a larger sorption capacity than the sandy sediments at Well 4 (Zanini et al.,

1998). Additionally, Well 9 sediments have more Fe and Mn oxides than Well 4. Results

suggest the sorption capacity has become limited at Well 9.

Several factors may have led to greater P sorption for Well 4 sediments. Artificial

groundwaters used for each well differed slightly to mimic observed conditions (Table 2.3),

resulting in higher concentrations of polyvalent cations for Well 4 groundwater solutions.

Previous studies have noted that polyvalent cations, including Ca, aid in P sorption (Devau

et al., 2011; Weng et al., 2011). Isotherm results agree with this finding. Additionally, geo-

chemical modeling predicted that dissolved calcium concentrations were high enough to

cause calcite and dolomite precipitation in Well 4 sediments, which could lead to increased

sorptive capacity.

Low sorption in Well 9 sediments may be the result of saturated sorption sites. Des-

orption of PO4-P for 0 mg P/L artificial groundwaters (Well 9) indicated large amounts

of P are already sorbed to sediments. Additionally, water quality data suggest that Well

9 is influenced by septic system effluent (see Section 3.1), and the well is located less
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than 40 m from a residence. Continuous pollutant loading at this site may be leading to

decreased sorption capacity and increased P mobility (Walter et al., 1996). Walter et al.

(1996) showed that sediments contaminated by continuous P loading had less sorptive ca-

pacity for P than uncontaminated sediments. Similarly, Robertson et al. (1998) observed

that P sorption capacity in sediments became saturated after several (6-44) years of septic

effluent loading.
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CHAPTER 4

ENGINEERING SIGNIFICANCE

As efforts are employed to decrease eutrophication, identifying mechanisms that affect

P mobility in groundwater is important for developing more effective restoration and miti-

gation strategies. Additionally, a better understanding of P transport in groundwater may

influence how subsurface waste disposal is used and how fertilizers and other P additives

are applied at the land surface. Few studies have addressed P mobility in groundwater

because it is highly reactive with soils and sediments. This study provides evidence that P

can be mobile in groundwater at environmentally relevant concentrations.

It is important to understand how P behaves in the shallow unconfined aquifer at PVR

because groundwater ultimately flows into the reservoir, carrying P and other pollutants.

Although P movement in groundwater is not typically considered, in some areas it provides

significant P loads to surface waters to trigger or maintain eutrophication (Holman et al.,

2008). Identifying mechanisms for P retention or reasons for P mobility enables water

quality managers to identify areas prone to P mobility or identify sources of P that result

in movement in groundwater. Because a significant amount of P loading originates from

groundwater, protecting the shallow unconfined aquifer from known sources of P pollution

may be one of the easiest ways to reduce nutrient loads to PVR and protect its water

quality.

Septic systems are used in high density in Ogden Valley in close proximity to Pineview

Reservoir, and septic system effluents are known sources of P (Walter et al., 1996). Many

water quality parameters were measured in this study to ascertain whether septic systems

impact groundwater quality. At two sites located near residential areas, several parameters

indicated that septic tank effluents influence groundwater. Given this information, it is likely

that septic wastes are a significant source of P to groundwater, and ultimately to PVR. As

development increases around the reservoir without a centralized wastewater treatment
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facility, the impact of septic tank effluent on groundwater quality must be considered. Elim-

inating P loads caused by septic systems may be one of the easiest ways to reduce P

loading to PVR.

Because of suspected impacts from septic systems, this study implies it may be nec-

essary to reconsider allowable septic system density and design in areas where surface

waters are located in close proximity to septic system loading. Septic system design re-

quirements may need to be specialized for areas near surface waters, areas with shallow

groundwater, and locations with fast-moving groundwater. Advanced septic system treat-

ment options could be implemented, and include technology such as packed bed filters

with added aluminum, iron, or calcium to enhance phosphorus sorption (Baker et al., 1998;

USEPA, 2002).

Completed characterizations of sediments at selected sites around Pineview Reser-

voir provide information related to the behavior of P mobility in groundwater. In this study,

data suggest that prolonged P loading to groundwater leads to decreased sorption capac-

ity in sediments. Calcium minerals were identified as important sorption materials for P in

the sediments at PVR. Additionally, hydraulic conductivity may impact P mobility by limiting

the reaction time between soluble P and reactive surfaces.

The impacts of DOM on P mobility are not well known. DOM is ubiquitous in the en-

vironment, but varies depending on its origin, the aquatic environment, and aquatic chem-

istry (Nebbioso and Piccolo, 2013). DOM is difficult to characterize and there is limited

understanding of its impacts to pollutant transport and other processes. Sorption experi-

ments conducted in this study indicate DOM composed of relatively large molecules may

affect P sorption for high soluble P concentrations, but results indicate the effect is mini-

mal. However, further investigation into the role of low molecular weight compounds on P

sorption would provide additional insight into DOM impacts and behavior.
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CHAPTER 5

CONCLUSIONS

Water quality data show that septic system effluent influences groundwater quality at

certain locations in the shallow unconfined aquifer at PVR. Elevated TDP, SRP, DOC, and

B, along with N isotopes and Cl/Br ratios agree that Wells 4 and 9 are being polluted by

septic system effluent. Observations at other wells also suggest septic system influence,

but are less conclusive.

Geochemical modeling predicted that all soluble P sorbs to iron oxide surfaces. De-

creases in iron oxide concentration resulted in increased soluble P concentrations, indicat-

ing the availability of iron oxide surfaces may be limited in these sediments. Geochemical

modeling at Well 4 predicted the formation of calcite and dolomite, two calcium miner-

als with efficient P sorbing capacity. This indicates calcium minerals may be continuously

formed at Well 4. However the hydraulic conductivity at this site is extremely high, and

potentially limits chemical reactions including calcium mineral formation and sorption re-

actions. Although no aqueous compounds were predicted to directly compete with P for

sorption sites, relatively high amounts of sulfate were predicted to sorb to surfaces and

alter P speciation, indicating sulfate may influence P sorption behavior.

Sediment analyses showed that more available P and total P were associated with

Well 9 (fine-grained) sediments than with Well 4 (coarse-grained) sediments. P fractiona-

tion experiments revealed that the largest reservoir of phosphorus in sediments was bound

to calcium, showing that calcium minerals play a dominant role in P retention for the sedi-

ments at PVR.

Well 4 sediments demonstrated higher sorption capacity for P during isotherm ex-

periments, even though Well 9 sediments were finer materials with higher Fe and Mn

oxide concentrations. Higher sorption in Well 4 sediments may be the result of calcite and

dolomite precipitation caused by high calcium concentrations in groundwater. Diminished
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sorption capacity at Well 9 may be due to historic pollutant loading from septic system

effluent.

DOM, composed of relatively large molecular weight molecules, did not have a con-

siderable effect on P sorption in these aquifer sediments. Although statistically significant

differences between P only and P + DOM isotherms were observed, the effect was small

and indicates that the presence of DOM does not substantially influence P mobility in

groundwater at this site. Factors such as saturated sorption sites and the effects of his-

toric septic system loading are more likely the reasons soluble P is present in the shallow

unconfined aquifer at PVR.
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Appendix A

TDP vs DOC Regression Plots

Fig. A.1: TDP vs DOC regression plots for PVR wells
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Fig. A.1: TDP vs DOC regression plots for PVR wells cont’d
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Fig. A.1: TDP vs DOC regression plots for PVR wells cont’d
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Appendix B

MINEQL+ geochemical modeling

Calculation of iron oxide concentrations

Well 4 Iron Oxide Concentration Estimate

Input variables:

Particle distribution average porosity, n (%)

82% Sand 40.3

9% Silt 46

9% Clay 42

Weighted average n 41%

Variable Value Units Notes

Particle density 2.65 g/cm3 assumed value

Fe oxide concentration 0.505 mg Fe/g sed metal seq. extraction

Mn oxide concentration 0.001 mg Mn/g sed metal seq. extraction

Calculations:

For an aquifer volume of 1000 cm3, solids have volume:

1000cm3(1− 41%) = 590cm3

The mass of solids is:

590cm3 ∗ 2.65g
cm3 = 1563.5g (in 1000 cm3 volume)

Well 4 Fe(OH)3 conc =

0.505mgFe
gsed ∗ 1mmolFe

55.85mgFe ∗ 1mmolFe(OH)3
1mmolFe ∗ 89mgFe(OH)3

1mmolFe(OH)3
= 0.805mgFe(OH)3

gsed

Fe(OH)3 in soil matrix:

1563.5gsed ∗ 0.805mgFe(OH)3
gsed ∗ 1g

1000mg = 1.26gFe(OH)3

Assume negligible Mn(OH)3.

For Fe(OH)3 concentration:

Vw=1000 cm3* 0.41 = 410 cm3= 0.41 L
1.26gFe(OH)3

0.41L = 3.07gFe(OH)3
L = 0.034 M Fe(OH)3

Thus, the iron oxide concentration in Well 4 sediments is estimated to be 0.034 M

Fe(OH)3.
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Well 9 Iron Oxide Concentration Estimate

Input variables:

Particle distribution average porosity, n (%)

40% Sand 40.3

40% Silt 46

21% Clay 42

Weighted average n 43%

Variable Value Units Notes

Particle density 2.65 g/cm3 assumed value

Fe oxide concentration 1.396 mg Fe/g sed metal seq. extraction

Mn oxide concentration 0.199 mg Mn/g sed metal seq. extraction

Calculations:

For an aquifer volume of 1000 cm3, solids have volume:

1000cm3(1− 43%) = 567cm3

The mass of solids is:

567cm3 ∗ 2.65g
cm3 = 1501.1g (in 1000 cm3 volume)

Well 9 Fe(OH)3 conc =

1.396mgFe
gsed ∗ 1mmolFe

55.85mgFe ∗ 1mmolFe(OH)3
1mmolFe ∗ 89mgFe(OH)3

1mmolFe(OH)3
= 2.22mgFe(OH)3

gsed

Fe(OH)3 in soil matrix:

1501.1gsed ∗ 2.22mgFe(OH)3
gsed ∗ 1g

1000mg = 3.34gFe(OH)3

Well 4 Mn(OH)3 conc =

0.199mgMn
gsed ∗ 1mmolMn

54.94mgFe ∗ 1mmolMn(OH)2
1mmolMn ∗ 89mgMn(OH)2

1mmolMn(OH)2
= 0.322mgMn(OH)2

gsed

Mn(OH)2 in soil matrix:

1501.1gsed ∗ 0.322mgMn(OH)2
gsed ∗ 1g

1000mg = 0.484gMn(OH)2

For Fe(OH)3 concentration:

Vw=1000 cm3* 0.43 = 430 cm3= 0.43 L
3.34gFe(OH)3

0.43L = 7.77gFe(OH)3
L = 0.0865 M Fe(OH)3 and

0.484gMn(OH)2
0.43L = 1.13gMn(OH)2

L = 0.0125 M Mn(OH)2

Assume Mn(OH)2 acts as Fe(OH)3:

0.0865MFe(OH)3 + 0.0125Mn(OH)2 = 0.099MFe(OH)3.

Thus, the iron oxide concentration in Well 9 sediments is estimated to be 0.099 M

Fe(OH)3.
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MINEQL+ Inputs

Table B.1: MINEQL+ model inputs for Wells 4 and 9 (based on concentrations observed
10-31-12)

Aqueous Species
Concentration (M)

Well 4 Well 9

AsO4 (3-) 4.12E-08 ——–

B(OH)3 6.91E-06 5.48E-06

Ba (2+) 8.24E-07 6.04E-07

Ca (2+) 2.86E-03 8.08E-04

Cl (-) 1.15E-03 1.60E-03

CO3 (2-) 7.29E-03 ——–

Cr 6.92E-09 ——–

Cu 1.89E-08 ——–

Fe (2+) ——– 4.95E-02

Fe (3+) 3.45E-02 4.95E-02

K (+) 1.45E-04 1.09E-04

Mg (2+) 1.05E-03 3.39E-04

Mn (2+) ——– 2.35E-08

Mn (3+) ——– 2.35E-08

Na (+) 1.20E-03 3.75E-03

Ni (2+) 1.79E-08 9.44E-08

NO3 (-) 3.57E-04 1.98E-04

PO4 (3-) 7.20E-06 1.85E-05

SO3 (2-) ——– 9.32E-05

SO4 (2-) 4.50E-04 9.32E-05

VO2 (+) 1.73E-08 ——–

Zn (2+) 6.96E-07 8.96E-07

pH 6.73 6.07

DO (mg/L) ——– 1.6

Redox Considered No Yes
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Table B.2: MINEQL+ model inputs for titrations at Wells 4 and 9

Aqueous Species
Well 4 Conc Range (M) Well 9 Conc Range (M)

low high low high

SO4 (2-) 4.50E-04 4.50E-03 1.86E-04 1.86E-03

Ca (2+) 2.86E-03 2.86E-02 8.08E-04 8.08E-03

Fe (3+) 3.45E-05 3.45E-02 9.91E-05 9.91E-02

pH 6 8 5.5 7.5
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Well 4 Modeling Results

Table B.3: Well 4 geochemical modeling results (MINEQL+)

(a) Well 4 phosphate distribution

NAME CONC (M) % TOTAL

PO4(3-) 5.10E-16 0

CrO3HPO4-2 (-2) 7.50E-22 0

CrO3H2PO4- (-1) 3.53E-26 0

CaH2PO4+ (+1) 5.53E-13 0

CaHPO4 (aq) 2.97E-12 0

FeHPO4+ (+1) 1.60E-21 0

FeH2PO4+2 (+2) 1.34E-26 0

KHPO4- (-1) 3.60E-14 0

MgH2PO4+ (+1) 1.20E-12 0

MgHPO4 (aq) 4.23E-12 0

NaHPO4- (-1) 4.38E-13 0

H2PO4- (-1) 1.53E-10 0

HPO4-2 (-2) 9.52E-11 0

H3PO4 2.90E-15 0

CaPO4- (-1) 4.21E-14 0

MgPO4- (-1) 6.78E-16 0

Fe(st)H2PO4 9.86E-10 0

Fe(st)HPO4 (-1) 7.08E-08 0

Fe(st)PO4 (-2) 8.65E-08 1.2

Fe(wk)H2PO4 4.38E-08 0

Fe(wk)HPO4 (-1) 3.15E-06 43.8

Fe(wk)PO4 (-2) 3.85E-06 53.4

Ca4H(PO4)3:3H2O

CaHPO4:2H2O

HYDROXYLAPATITE

MgHPO4:3H2O

Cu3(PO4)2:3H2O

STRENGITE

Zn3(PO4)2:4H2O

BaHPO4

CaHPO4

Cu3(PO4)2

Mg3(PO4)2

Ni3(PO4)2

NULL

Ca3(PO4)2 (beta)

TOTAL PO4(3-) 7.20E-06 100

TOT ADS PO4(3-) 7.20E-06 100

TOT-ADS PO4(3-) 2.58E-10 0

(b) Well 4 Fe(wk) surface distribution

NAME CONC (M) % TOTAL

Fe(wk)OH 0.0047 68.1

Fe(wk)OH2 (+1) 0.00161 23.3

Fe(wk)O (-1) 0.000315 4.6

Fe(wk)OCa (+1) 6.40E-07 0

*Fe(wk)OCu (+1) 3.50E-09 0

*Fe(wk)OBa (+1) 3.60E-11 0

Fe(wk)OZn (+1) 3.06E-08 0

*Fe(wk)ONi (+1) 9.11E-10 0

Fe(wk)SO4 (-1) 3.97E-05 0

Fe(wk)OH-SO4 (-2) 0.000232 3.4

Fe(wk)H2PO4 4.38E-08 0

Fe(wk)HPO4 (-1) 3.15E-06 0

Fe(wk)PO4 (-2) 3.85E-06 0

Fe(wk)H2BO3 1.32E-07 0

Fe(wk)H2AsO4 1.16E-12 0

Fe(wk)HAsO4 (-1) 1.05E-10 0

Fe(wk)OH-AsO4 (-3) 4.02E-08 0

Fe(wk)CrO4 (-1) 9.13E-10 0

*Fe(wk)OH-CrO4 (-2) 5.85E-09 0

TOTAL Fe(wk)OH 0.0069 100

TOT ADS Fe(wk)OH 0.0069 100

TOT-ADS Fe(wk)OH 1.00E-30 0

(c) Well 4 Fe(st) surface distribution

NAME CONC (M) % TOTAL

Fe(st)OH 1.06E-04 61.3

Fe(st)OH2 (+1) 3.61E-05 20.9

Fe(st)O (-1) 7.09E-06 4.1

Fe(st)OH-Ca (+2) 1.66E-05 9.6

Fe(st)OCu (+1) 1.53E-08 0

Fe(st)OH-Ba (+2) 6.49E-08 0

Fe(st)OZn (+1) 6.57E-07 0

Fe(st)ONi (+1) 1.52E-08 0

Fe(st)SO4 (-1) 8.92E-07 0

Fe(st)OH-SO4 (-2) 5.21E-06 3

Fe(st)H2PO4 9.86E-10 0

Fe(st)HPO4 (-1) 7.08E-08 0

Fe(st)PO4 (-2) 8.65E-08 0

Fe(st)H2BO3 2.97E-09 0

Fe(st)H2AsO4 2.61E-14 0

Fe(st)HAsO4 (-1) 2.36E-12 0

Fe(st)OH-AsO4 (-3) 9.03E-10 0

Fe(st)CrO4 (-1) 2.05E-11 0

*Fe(st)OH-CrO4 (-2) 1.32E-10 0

TOTAL Fe(st)OH 1.72E-04 100

TOT ADS Fe(st)OH 1.72E-04 100

TOT-ADS Fe(st)OH 1E-30 0
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(a) Well 4 P

(b) Well 4 Fe(wk)

(c) Well 4 Fe(st)

Fig. B.1: Well 4 P, Fe(wk), and Fe(st) speciation for varying sulfate concentrations
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(a) Well 4 P

(b) Well 4 Fe(wk)

(c) Well 4 Fe(st)

Fig. B.2: Well 4 P, Fe(wk), and Fe(st) speciation for varying iron concentrations
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(a) Well 4 P

(b) Well 4 Fe(wk)

(c) Well 4 Fe(st)

Fig. B.3: Well 4 P, Fe(wk), and Fe(st) speciation for varying calcium concentrations
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(a) Well 4 P

(b) Well 4 Fe(wk)

(c) Well 4 Fe(st)

Fig. B.4: Well 4 P, Fe(wk), and Fe(st) speciation for varying pH concentrations
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Well 9 Modeling Results

Table B.4: Well 9 geochemical modeling results (MINEQL+)

(a) Well 9 phosphate distribution
NAME CONC % TOTAL
PO4(3-) 3.50E-18 0
CaH2PO4+ (+1) 3.37E-13 0
CaHPO4 (aq) 4.33E-13 0
FeH2PO4+ (+1) 5.91E-29 0
FeHPO4 (aq) 3.08E-29 0
FeHPO4+ (+1) 9.62E-21 0
FeH2PO4+2 (+2) 2.84E-25 0
KHPO4- (-1) 1.86E-15 0
MgH2PO4+ (+1) 3.17E-13 0
MgHPO4 (aq) 2.66E-13 0
NaHPO4- (-1) 9.79E-14 0
H2PO4- (-1) 4.41E-11 0
HPO4-2 (-2) 4.61E-12 0
H3PO4 4.17E-15 0
CaPO4- (-1) 1.23E-15 0
MgPO4- (-1) 8.54E-18 0
Fe(st)H2PO4 2.35E-09 0
Fe(st)HPO4 (-1) 1.88E-07 1
Fe(st)PO4 (-2) 2.55E-07 1.4
Fe(wk)H2PO4 9.50E-08 0
Fe(wk)HPO4 (-1) 7.61E-06 41.1
Fe(wk)PO4 (-2) 1.03E-05 55.9
Ca4H(PO4)3:3H2O
CaHPO4:2H2O
HYDROXYLAPATITE
MgHPO4:3H2O
VIVIANITE
STRENGITE
Zn3(PO4)2:4H2O
BaHPO4
CaHPO4
MnHPO4
NULL
Mg3(PO4)2
Mn3(PO4)2
Ni3(PO4)2
NULL
Ca3(PO4)2 (beta)
TOTAL PO4(3-) 1.85E-05 100
TOT ADS PO4(3-) 1.85E-05 100
TOT-ADS PO4(3-) 5.02E-11 0

(b) Well 9 Fe(wk) surface distribution
NAME CONC %TOTAL
Fe(wk)OH 0.00709 71.6
Fe(wk)OH2 (+1) 0.00217 21.9
Fe(wk)O (-1) 0.00053 5.4
Fe(wk)OCa (+1) 8.78E-08 0
*Fe(wk)OBa (+1) 3.19E-12 0
Fe(wk)OZn (+1) 3.44E-08 0
*Fe(wk)ONi (+1) 3.41E-09 0
Fe(wk)SO4 (-1) 1.20E-05 0
Fe(wk)OH-SO4 (-2) 7.79E-05 0
Fe(wk)H2PO4 9.50E-08 0
Fe(wk)HPO4 (-1) 7.61E-06 0
Fe(wk)PO4 (-2) 1.03E-05 0
Fe(wk)H2BO3 1.57E-07 0
TOTAL Fe(wk)OH 0.0099 100
TOT ADS Fe(wk)OH 0.0099 100
TOT-ADS Fe(wk)OH 1.00E-30 0

(c) Well 9 Fe(st) surface distribution
NAME CONC % TOTAL
Fe(st)OH 0.000175 70.7
Fe(st)OH2 (+1) 5.36E-05 21.7
Fe(st)O (-1) 1.31E-05 5.3
Fe(st)OH-Ca (+2) 2.25E-06 0
Fe(st)OH-Ba (+2) 5.65E-09 0
Fe(st)OZn (+1) 8.11E-07 0
Fe(st)ONi (+1) 6.25E-08 0
Fe(st)SO4 (-1) 2.95E-07 0
Fe(st)OH-SO4 (-2) 1.92E-06 0
Fe(st)H2PO4 2.35E-09 0
Fe(st)HPO4 (-1) 1.88E-07 0
Fe(st)PO4 (-2) 2.55E-07 0
Fe(st)H2BO3 3.88E-09 0
TOTAL Fe(st)OH 0.000247 100
TOT ADS Fe(st)OH 0.000247 100
TOT-ADS Fe(st)OH 1.00E-30 0
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(a) Well 9 P

(b) Well 9 Fe(wk)

(c) Well 9 Fe(st)

Fig. B.5: Well 9 P, Fe(wk), and Fe(st) speciation for varying sulfate concentrations
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(a) Well 9 P

(b) Well 9 Fe(wk)

(c) Well 9 Fe(st)

Fig. B.6: Well 9 P, Fe(wk), and Fe(st) speciation for varying iron concentrations
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(a) Well 9 P

(b) Well 9 Fe(wk)

(c) Well 9 Fe(st)

Fig. B.7: Well 9 P, Fe(wk), and Fe(st) speciation for varying calcium concentrations
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(a) Well 9 P

(b) Well 9 Fe(wk)

(c) Well 9 Fe(st)

Fig. B.8: Well 9 P, Fe(wk), and Fe(st) speciation for varying pH concentrations
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Appendix C

DOM Concentration and Dialysis

Fig. C.1: Reverse osmosis concentration system
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(a) Dialysis Columns (b) Dialysis membrane in columns

Fig. C.2: Dialysis columns used for DOM purification
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(a) Well 4 and Well 9 DOM samples (b) Well 4 and Well 9 RO samples

(c) Well 9 Raw groundwater, RO, DOMs, and DOM ar-
tificial groundwater

Fig. C.3: UV/Abs scans from 200 to 400 nm
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Fig. C.4: RO concentrate before and after dialysis (Well 4, 6-11-13)
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Appendix D

Isotherm Model Fitting

Well 4 Isotherm Models

Fig. D.1: Well 4 P only isotherm fitting - residuals

Fig. D.2: Well 4 P only isotherm fitting - predicted vs observed
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Fig. D.3: Well 4 P + DOM isotherm fitting - residuals

Fig. D.4: Well 4 P + DOM isotherm fitting - predicted vs observed
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Well 9 Isotherm Models

Fig. D.5: Well 9 P only isotherm fitting - residuals

Fig. D.6: Well 9 P only isotherm fitting - predicted vs observed
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Fig. D.7: Well 9 P + DOM isotherm fitting - residuals

Fig. D.8: Well 9 P + DOM isotherm fitting - predicted vs observed
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Isotherm Modeling - Joint Confidence Region Plots

(a) Well 4 Freundlich joint confidence regions (model parameters calculated from qe (mg P/g
sed) and Ce (mg/L))

(b) Well 9 Temkin joint confidence regions (model parameters calculated from qe (mg P/g
sed) and Ce (mg/L))

Fig. D.9: Isotherm model joint confidence regions - RSS contours
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(a) Well 4 P only Freundlich (b) Well 4 P + DOM Freundlich

(c) Well 9 P only Temkin (d) Well 9 P + DOM Temkin

Fig. D.10: Isotherm model joint confidence regions - Beale’s confidence regions
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