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ABSTRACT

Semi-arid areas including the state of Nevada, has been exploring reclaimed water for
direct or indirect potable reuse. Numerous research articles have discussed the occurrence
of trace organic contaminants (TrOCs) in reclaimed water, surface water, soil, sediments,
studied their photodegradation in water, and their transport and accumulation in plants
when reclaimed water is used for irrigation. To safely reuse reclaimed water for irrigation
in semi-arid areas, there is a need to determine the fate of TrOCs in various environmental
media receiving reclaimed water. Therefore, the overarching goal of this dissertation was
to investigate the fate of TrOCs in semi-arid areas to safely reuse the reclaimed water. To
accomplish this goal, experiments were conducted to determine the fate of TrOCs in semi-
arid areas. The specific objectives of this dissertation were to A) determine the fate of
TrOCs in reclaimed water in an agricultural farm irrigated with reclaimed water for over
10 years, B) compare the fate of TrOCs in terminal lakes (TLs) influenced by reclaimed
water to terminal lakes which are not influenced by reclaimed water, C) determine the

photodegradation kinetics of TrOCs in terminal lakes and freshwater lake.

To accomplish Objective A, the fate of 12 TrOCs in wastewater samples, 11 in plants and
in soil pore water, and 10 in soil at an agricultural research farm were studied, which was
irrigated with reclaimed wastewater for more than 10 years. Reclaimed wastewater
contained 11 of 12 TrOCs, with concentrations ranging from 26 + 9 ng/L (DEET) to 1539
+ 1899 ng/L (trimethoprim). Soils from 0 to 60 cm contained nine TrOCs from below the
reporting limit (fluoxetine) to 329 ng/g (carbamazepine). TrOC concentrations decreased

with increasing soil depth, except carbamazepine, which was more recalcitrant. Nine



TrOCs were in the shoots and leaves of alfalfa grown in the reclaimed wastewater irrigated
plots, at concentrations ranging from <1 ng/g (diphenhydramine and fluoxetine) to 49 ng/g
dry weight (DW) (carbamazepine). Overall, despite some accumulation of TrOCs in the

soil, alfalfa uptake was limited, which results in low exposure to foraging animals.

To achieve Objective B, a preliminary assessment of the occurrence of ten TrOCs in three
TLs receiving reclaimed wastewater and one TL which does not directly receive reclaimed
wastewater were conducted. Concentrations of caffeine, carbamazepine, diphenhydramine,
fluoxetine and meprobamate were significantly higher in TLs receiving reclaimed
wastewater from a secondary treatment plant compared to those which received tertiary
treated wastewater. Carbamazepine, fluoxetine, sulfamethoxazole, and trimethoprim were
present at concentrations greater than is typical of other U.S. freshwater lakes, but other

TrOC concentrations were at lower concentrations than in other freshwater lakes.

Based on the outcomes of Objective B, carbamazepine and diphenhydramine were selected
for further study because they were at higher and lower concentrations in TLs than U.S.
freshwater lakes. In published literature, photodegradation of pharmaceuticals is
considered as the main route of degradation of TrOCs in natural waters. To study
photodegradation (Objective C), laboratory-scale solar simulated experiments were
conducted on carbamazepine and diphenhydramine using surface water from terminal
lakes and a freshwater lake. Photodegradation kinetics of CBZ and DPH in two terminal
lakes (Walker Lake, NV and, Swan Lake, NV) were compared to the rates in one
oligotrophic freshwater lake (Lake Tahoe). Dilutions of lake water samples containing 20

mg/L of CBZ and DPH were prepared and, exposed to simulated solar light for a maximum



iii
of 2 days. Photodegradation of CBZ and DPH followed a pseudo-zero order Kinetics.
Dissolved organic carbon up to 65 mgC/L and alkalinity of 5,198 mg CaCOs/L in terminal
takes enhanced the rate of photodegradation rate of DPH and CBZ but photodegradation
rates of DPH were higher than CBZ. Degradation rate constants ranged from 0.33 to 2.68
mg/L-hr for CBZ and DPH in terminal lakes compared to 0.19 to 0.88 mg/L-hr for CBZ
and DPH in a freshwater lake. Overall, TrOCs were persistent at low concentrations in
semi-arid areas. Water constituents in the presence of sunlight and soil have the potential

to either degrade or sorb TrOCs, reducing the concentrations of aqueous and mobile TrOCs

in the environment.
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CHAPTER 1

INTRODUCTION AND DISSERTATION STRUCTURE

Water demand is increasing, where 70% of worldwide freshwater withdrawals are
currently used in agriculture (WWAP, 2017). Advanced technologies in wastewater
treatment plant are used to treat wastewater (WWAP, 2017), and this treated reclaimed
water is sometimes used as an irrigation source in water scarce areas (Calderén-Preciado
et al., 2011; Feng Chen et al., 2011; Hyland et al., 2015; Nason et al., 2019; Xiaogin Wu
etal., 2012; Xiaogin Wu et al., 2014). However, reclaimed water has various trace organic
contaminants (TrOCs) at ng/L to pg/L (Wancen Liu et al., 2020) because wastewater
treatment plants do not completely remove all TrOCs (Blair et al., 2013). Either by direct
(wastewater effluent (Sun et al., 2014)) or indirect pathways (run off from industries,
agriculture etc. (Gaw et al., 2014)), TrOCs are introduced into surface water (Kasprzyk-
Hordern et al., 2009), sediments (Gaw et al., 2014; Richardson et al., 2005), soil (Weiping
Chen et al., 2013; Xu et al., 2010) and plants (Boxall et al., 2006; Chenxi Wu et al., 2010;
Xiaogin Wu et al., 2012). The fate of TrOCs in aquatic and agricultural environments
depend on the respective contaminant concentrations, physiochemical properties,
volatilization, dilution, biodegradation, partitioning to sediments/soil, photodegradation,
uptake by aquatic biota, translocation in plants and transformation into other products
(Xiaogin Wu et al., 2013; Yamamoto et al., 2009). Some TrOCs can bioaccumulate in
aquatic animals (Miege et al., 2009; Richardson et al., 2005), plants and livestock (Geyer

et al., 2000), which may lead to adverse effects such as impaired reproduction and



behavioral modification in fish (Brown et al., 2007; Kidd et al., 2007), or impact plant

development (Carter et al., 2015; Hammad et al., 2018; Herklotz et al., 2010).

In this dissertation, a literature review is first presented to familiarize the reader with the
available research and data gaps (Chapter 2). The data gaps identified in the literature

review motivated me to identify the overarching goal: to investigate the fate of TrOCs in

semi-arid areas to safely reuse the reclaimed water.

Most commonly, wastewater treatment plants discharge treated water into a nearby surface
water body or distribute it to local agricultural farm or golf courses/turf fields. Many
publications focus on translocation of TrOCs in plants from soil when reclaimed water is
used as an irrigation source. However, the majority of such studies add a known
concentration of TrOCs in soil to understand the extent/degradation of that specific TrOCs
in soil (Carter et al., 2014; Revitt et al., 2015) or conduct field-scale studies irrigated with
reclaimed water to understand specific compounds’ biodegradability/movement in soil
over a single growing season (Feng Chen et al., 2011; Grossberger et al., 2014; Chad A.
Kinney et al., 2006a). Limited scientific studies have focused on field-scale experiments
that have been irrigated with reclaimed wastewater for a significant period of time (Feng
Chen et al., 2011; Weiping Chen et al., 2013; Dalkmann et al., 2012). There is a need for
more field-scale data to improve risk estimates in humans and animals exposed to applied
TrOCs. To fill this research gap, a published manuscript follows in Chapter 3, which
describes the field-scale investigation of TrOCs fate in a field irrigated with reclaimed

water for over 10 years.



Some portion of treated wastewater is typically released to nearby surface water, and many
research articles have published the occurrence of TrOCs in ng/L to pg/L levels in the
surface water (Blair et al., 2013; Robert N Brent et al., 2001b; Elliott et al., 2017; Kolpin
et al., 2002; Melissa M. Schultz et al., 2010a). Terminal lakes may potentially accumulate
TrOCs present in surface flows. However, there is limited research on fate of TrOCs in
terminal lakes. Therefore, there is a need to determine the fate of TrOCs in terminal lakes
to investigate TrOCs accumulation. TrOCs concentration in terminal lakes were measured
and the statistical difference between terminal lakes influenced by reclaimed water,
terminal lakes not influenced by reclaimed water, and U.S. freshwater lakes is presented in

Chapter 4.

Natural attenuation of TrOC concentrations in surface water can occur via biodegradation,
sorption to sediments, volatilization, and photolysis (Dong et al., 2015). Photodegradation
is an important pathway in eliminating TrOCs in surface waters (Chiron et al., 2006; Doll
and Frimmel, 2003; Lam and Mabury, 2005), especially for contaminants that are
recalcitrant to biodegradation (De Laurentiis et al., 2012). Photodegradation of TrOCs has
been studied in surface water, wastewater, and synthetic water but none of such studies in
terminal lake waters is in the literature. Photodegradation involves two pathways: direct
photolysis and indirect photolysis. Indirect photolysis involves irradiation of some
compounds such as dissolved organic matter to form reactive species such as ‘OH, 102, and
30M (Chiron et al., 2006; De Laurentiis et al., 2012; Dong et al., 2015). Therefore, the
photodegradation kinetics of TrOCs in terminal lakes was studied. The results of

photodegradation of carbamazepine and diphenhydramine in terminal and freshwater lake



water are discussed in Chapter 5. Finally, a synthesis of the research results is provided in

Chapter 6 and, conclusions and recommendation for future research in Chapter 7.



Chapter 2

LITERATURE REVIEW

Water resources in both developed and developing countries are experiencing stresses due
to population growth, food and energy demand, economic development and climatic
variability (Bulkley, 2000; WWAP, 2012). Similarly, water availability in the United States
has become a major concern in both urban and rural areas (Anderson and Lloyd H.
Woosley, 2006; Burtz et al., 2020). Increase in the U.S. population (Burtz et al., 2020),
climate variability, scattered precipitation, and frequent droughts in parts of the U.S. has
created unprecedented stress on water resources (Anderson and Lloyd H. Woosley, 2006;
Dodgen et al., 2015; Hyland et al., 2015). Therefore, effective water management is
necessary to decrease the stress on the available water resources for agronomic, public and
industrial use (Burtz et al., 2020). The most common exercise is the use of reclaimed
wastewater in water scarce areas for irrigation but the overall environmental and human
exposure to trace organic contaminants TrOCs is poorly understood (Calderén-Preciado et
al., 2011; Feng Chen et al., 2011; Hyland et al., 2015; Nason et al., 2019; Xiaogin Wu et

al., 2012; Xiaoqin Wu et al., 2014).

2.1 TrOCs in treated wastewater and the environment

Reclaimed water is “treated (‘fit-for-purpose’) wastewater that can be used under
controlled conditions for beneficial purposes, such as irrigation (WWAP, 2017). However,
reclaimed water contains TrOCs such as pharmaceuticals and personal care products
(PPCPs), endocrine-disrupting compounds (EDCs), pesticides, disinfection byproducts
and other synthetic compounds (Anumol et al., 2013; Feng Chen et al., 2011; Dodgen et

al., 2015; Goldstein et al., 2014; Y. Carrie Guo and Krasner, 2009a; Wancen Liu et al.,



2020; Chang-Gui Pan et al., 2016; Xiaogin Wu et al., 2014; Xu et al., 2008) with
concentrations in the ng/L to pg/L range (Jin-Lin Liu and Wong, 2013; Wancen Liu et al.,

2020).

Some TrOCs are incompletely removed by the conventional wastewater treatment plants
(Melissa M. Schultz and Furlong, 2008) due to their poor biodegradability or sorption to
biosolids (Awfa et al., 2018; Chang-Gui Pan et al., 2016) and later released in the
environment. Concentrations of various pharmaceuticals in wastewater effluent range from
non-detect to 9460 ng/L in China and non-detect to 1070 ng/L in Finland. Antibiotics (90-
1140 ng/L) in New Mexico and Colorado, U.S., hormones (0.3-110 ng/L) in Japan (Jin-
Lin Liu and Wong, 2013). Duloxetine and venlafaxine (antidepressants) concentrations
ranged from 1.9 ng/L to 2190 ng/L in the Metropolitan Wastewater Treatment Plant
effluent of City of Boulder, Colarado (Melissa M. Schultz and Furlong, 2008). Other
examples of TrOCs released in treated effluent are tris (1-chloro-2-propyl) phosphate
(TCPP) at 2595 ng/L, sucralose at 13860 ng/L, and carbamazepine, gemfibrozil,
meprobamate, naproxen, primidone and sulfamethoxazole between 85-755 ng/L (Anumol
et al., 2013). Atrazine (herbicide) has been detected at ng/L to pg/L in surface water but
not in wastewater treated effluent because it was removed by the ozone treatment (Hua et
al., 2006). Reclaimed water is released to the environment via irrigation or to surface water
and thus, wastewater treatment plants are a source of TrOCs in surface water, groundwater,

soil and plants (Jin-Lin Liu and Wong, 2013).



2.2 TrOCs in soil

TrOCs in the reclaimed water have the potential to accumulate in soil when used for
irrigation (Biel-Maeso et al., 2018a; Xu et al., 2009b). Many field-scale or greenhouse
studies have listed TrOCs accumulation in soil when irrigated with reclaimed water. TrOC

accumulation in soil from these studies are listed in Table 2-1.

Table 2-1 Respective concentrations of TrOCs in soil when irrigated with
reclaimed water.
Concentration

TrOC Range (ng/gDW) Reference
Acetaminophen ND-5.95 (Biel-Maeso et al., 2018b)
Bezafibrate ND-0.38 (Biel-Maeso et al., 2018a)
Bisphenol A <LOQ-1.5 (Xu et al., 2009a)

33-317 (Chad A Kinney et al., 2006b)
Caffeine 0.51-3.21 (Biel-Maeso et al., 2018a)

3.33-19.91 (Grossberger et al., 2014)

114-549 (Chad A Kinney et al., 2006b)
Carbamazepine 710, 460 (Cgrter etal., 2014)

0.08-1.36 (Biel-Maeso et al., 2018a)

2.2-5.97 (Grossberger et al., 2014)
Clofibric Acid 4.5-9.5 (Xu et al., 2009a)
Diclofenac 70, 50 (Cgrter etal., 2014)

ND-5.06 (Biel-Maeso et al., 2018a)
Diltiazem ND-41 (Chad A Kinney et al., 2006b)
Diphenhydramine ND-67 (Chad A Kinney et al., 2006b)
Erythromycin 125-6250 (Chad A Kinney et al., 2006b)
Estrone 1-4.5 (Xu et al., 2009a)
Flumequine ND-5.31 (Biel-Maeso et al., 2018a)
Eluoxetine 5-376 (Chad A Kinney et al., 2006b)

470, 550 (Carter et al., 2014)
Gemfibrozil 0.02-0.06 (Biel-Maeso et al., 2018a)
Glyburide ND-0.02 (Biel-Maeso et al., 2018a)
Hydrochlorothiazide  0.38-1.20 (Biel-Maeso et al., 2018a)
Ibuprofen <LOQ (Biel-Maeso et al., 2018a)

1-6 (Xu et al., 2009a)
Lamotrigine 2.09-5.35 (Grossberger et al., 2014)
Lincomycin ND-0.03 (Grossberger et al., 2014)
Mefenamic acid 0.09-1.60 (Biel-Maeso et al., 2018a)
Metoprolol 0.26-9.61 (Grossberger et al., 2014)

Naproxen 1-12 (Xu et al., 2009a)




Table 2-1 continued.
Concentration

TrOC Range (Ng/gDW) Reference
Ornidazole ND-0.47 (Biel-Maeso et al., 2018a)
Oxytetracycline 1.1-212 (Feng Chen et al., 2011)
Phenazone ND-0.36 (Biel-Maeso et al., 2018a)
Primidone <LOQ-3.3 (Feng Chen et al., 2011)
Propranolol 160, 210 (Carter et al., 2014)
Salicylic acid 1.4-10.7 (Feng Chen et al., 2011)
Sildenafil 1.24-9.6 (Grossberger et al., 2014)
17-502 (Chad A Kinney et al., 2006b)
<LOQ, 10 (Carter et al., 2014)
L N (Biel-Maeso et al., 2018a)
0.11-0.37 (Grossberger et al., 2014)
Sulfapyridine 0.23-0.48 (Grossberger et al., 2014)
Tetracycline <LOQ-20 (Feng Chen et al., 2011)
Triclosan 9310, 50 (Carter et al., 2014)
6-60 (Chad A Kinney et al., 2006b)
Trimethoprim ND-0.04 (Biel-Maeso et al., 2018a)
<LOQ-2.6 (Feng Chen et al., 2011)

Organic compound accumulation in soil and groundwater depends on various factors such
as wastewater treatment processes in-place, physio-chemical properties of TrOCs, and
other conditions such as precipitation, temperature and sunlight (Biel-Maeso et al., 2018a).
Soil properties such as its moisture and pH, influence TrOCs movement and their
accumulation in soil, plants roots, stem, shoots, leaves, and fruits (Dodgen et al., 2015;
Xiaoqin Wu et al., 2012; Xiaogin Wu et al., 2013; Xiaogin Wu et al., 2014). Weiping Chen
et al. (2013) observed that some TrOCs with low Kqd values accumulated at the soil surface
and after irrigation, some TrOCs were degraded, leached to deeper depths, and volatilized.
Most studies in literature are conducted either by spiking a known concentration of TrOCs
in soil (Carter et al., 2014; Gonzalez-Naranjo et al., 2013; Revitt et al., 2015) or conducted
on fields irrigated with reclaimed water with fortified reclaimed water (Feng Chen et al.,

2011; Grossberger et al., 2014; Chad A. Kinney et al., 2006a). However, due to the



complexity of conducting experiments at field-scale, a limited number of studies which
focus on occurrence and transport of multiple TrOCs have been published (Biel-Maeso et
al., 2018b; Bondarenko et al., 2012; Christou et al., 2017; Gottschall et al., 2012;
Jayampathi et al., 2019; Karnjanapiboonwong et al., 2011; Martinez-Piernas et al., 2019;
Min Pan and Chu, 2017; Min Pan et al., 2014; Xiaogin Wu et al., 2014). Fewer publications
emphasize fields irrigated with reclaimed wastewater for more than one growing season
(Feng Chen et al., 2011; Weiping Chen et al., 2013; Dalkmann et al., 2012; Ternes et al.,
2007; Xu et al., 2010). Therefore, there is a need to conduct more field-scale studies and

collect data to improve estimation for the human health risk associated with these TrOCs.

2.3 TrOC translocation into plants

When reclaimed water is used for irrigation in an agricultural field, there is potential for
TrOCs present in reclaimed water to translocate into the plant. To understand the
translocation of these TrOCs, researchers have conducted a) hydroponic studies b)
greenhouse studies with plants irrigated with spiked known TrOCs concentration c)
greenhouse studies using reclaimed water used as irrigation source d) field-scale studies
with either spiked TrOC concentration or reclaimed water as irrigation source. These

studies are summarized in Table 2-2.
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Table 2-2 TrOCs in plants when a known concentration of TrOCs were spiked in water,
hydroponic, field-scale, and greenhouse studies.

Type of Concentration
TrOC Study Plants (ng/gDW) References
: n Iceberg lettuce, ND, N
Acetaminophen Hydroponics Spinach ND (Xiaogin Wu et al., 2012)
Strawberry, <LOQ-4.51,
Amitriptyline Greenhouse lettuce <L00-2.94 (Hyland et al., 2015)
Hydroponics  Spinach 350-35000 (Nason et al., 2019)
. Iceberg lettuce, ND, L
Atenolol Hydroponics Spinach 11 (Xiaogin Wu et al., 2012)
. . Iceberg lettuce, 1.6, L
Atorvastatin Hydroponics Spinach 23 (Xiaogin Wu et al., 2012)
Bezafibrate Greenhouse CUCUTIZET, 19 (Goldstein et al., 2014)
tomato
. Iceberg lettuce, 3.2, .
Hydroponics Spinach 18 (Xiaogin Wu et al., 2012)
Celery, carrot 0.80,1.8 (Xiaogin Wu et al., 2014)
Caffeine Field-scale Cucumber, 0.1-7, (Goldstein et al., 2014)
tomato 0.1-1.5
Greenhouse ~ Tomato 2 %Ifg;mez-Plernas etal,
Iceberg lettuce, 28.7, L
Spinach 29 (Xiaogin Wu et al., 2012)
Hydroponics
Cabbage, 23,
Wisconsin Fast 107 (Herklotz et al., 2010)
plants
Field-scale Spinach 150-20000 (Nason et al., 2019)
Celery, lettuce, 0.4, 1.4,
cabbage, 0.18,
spinach, carrot,  0.09, 0.21, (Xiaogin Wu et al., 2014)
; cucumber, bell ~ 0.51, 0.35,
Celie el pepper, tomato  0.19
Strawberry, <LOQ-15.11, (Hyland et al., 2015)
Greenhouse lettuce <L0OQ-265
Cucumber, 0.1-42, (Goldstein et al., 2014)
tomato 0.75-1.5
Ryegrass, 30000, (Carter et al., 2014)
radish leaf, 45000,
radish bulb 8000
Clofibric acid Greenhouse ~ Cucumber 3 (Goldstein et al., 2014)
DEET Hydroponics IScpeiazrcghlettuce, 2.8, ND (Xiaogin Wu et al., 2012)
: . Iceberg lettuce, 17.8, L
Diazepam Hydroponics Spinach ND (Xiaogin Wu et al., 2012)




Table 2-2 continued.

Type of Concentration
TrOC Study Plants (ng/gDW) References
. Iceberg lettuce, ND, L
Hydroponics Spinach ND (Xiaogin Wu et al., 2012)
Diclofenac Ryegrass, 300,
Greenhouse  radish leaf, 800, (Carter et al., 2014)
radish bulb 400
. Iceberg lettuce, 9.2, L
Hydroponics Spinach 21 (Xiaogin Wu et al., 2012)
Dilantin gaeggg)gelettuce, %33 0.66,
Field-scale spinach, carrot,  0.27, 0.30, (Xiaogin Wu et al., 2014)
cucumber ND
. . Strawberry, <LOQ-56,
Diphenhydramine Greenhouse T <L0Q-61 (Hyland et al., 2015)
Iceberg lettuce, 21.6, (Xiaogin Wu et al., 2012)
. Spinach 34.0
Hydroponics
Fluoxetine Spinach 10000 (Nason et al., 2019)
Ryegrass, 50,
Greenhouse  radish leaf, 50, (Carter et al., 2014)
radish bulb 150
. Iceberg lettuce, 0.2, .
Gemfibrozil Hydroponics Spinach 02 (Xiaogin Wu et al., 2012)
Greenhouse  Cucumber 5 (Goldstein et al., 2014)
Hydroponics Ice_berg lettuce,  ND, (Xiaogin Wu et al., 2012)
Spinach ND
Ibuprofen Cucumber 0-3
Greenhouse tomato 05-0.75 (Goldstein et al., 2014)
Ketoprofen Greenhouse  Cucumber 10 (Goldstein et al., 2014)
Lamotridine Greenhouse  Cucumber 15 (Goldstein et al., 2014)
g Hydroponics  Spinach 10-10000 (Nason et al., 2019)
8 Iceberg lettuce, 5.0, N
Hydroponics Spinach 09 (Xiaogin Wu et al., 2012)
Meprobamate Celerv. cabbage ND,
Field-scale eTy, 9 0.03, (Xiaogin Wu et al., 2014)
spinach
0.03
Metoprolol Greenhouse Cucumber, 19, (Goldstein et al., 2014)
tomato 0.6
n Iceberg lettuce, ND, L
Hydroponics Spinach 0.04 (Xiaogin Wu et al., 2012)
cabbage,
Nanroxen spinacgh, carrot, (lil.zDG,ND
P Field-scale tomato, > (Xiaogin Wu et al., 2014)
0.39
cucumber, bell
pepper
Greenhouse  Cucumber 3 (Goldstein et al., 2014)
. Iceberg lettuce, 8.5, N
Hydroponics Spinach ND (Xiaogin Wu et al., 2012)
Primidone Celery, lettuce, 1, 1.8,
Field-scale cabbage, 0.19, (Xiaogin Wu et al., 2014)
cucumber ND




Table 2-2 continued.
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Type of Concentration
TroC Study Plants (ng/gDW) References
Ryegrass, 2400,
Propranolol Greenhouse  radish leaf, 250, (Carter et al., 2014)
radish bulb 250
Cabbage, 13,
Salbutamol Hydroponics  Wisconsin Fast 82 (Herklotz et al., 2010)
Plants
. . Cucumber, 20, .
Sildenafil Greenhouse tomato 0.1-0.2 (Goldstein et al., 2014)
Iceberg lettuce, ND, (Xiaogin Wu et al., 2012)
Spinach ND
Sulfamethoxazole Hydroponics Cabbage, 24, (Herklotz et al., 2010)
Wisconsin Fast 441
Plants
Strawberry, <LOQ-17,
Greenhouse lettuce <L00-33 (Hyland et al., 2015)
. Iceberg lettuce,
. RO e Spinach g 25 (Xiaogin Wu et al., 2012)
Ve ey Strawberry SLOOHDE, (Hyland et al., 2015)
Greenhouse | ’ <LOQ-62 N
ettuce
. Iceberg lettuce, ND, .
Hydroponics Spinach ND (Xiaogin Wu et al., 2012)
. Field-Scale  Carrot 1.3 (Xiaogin Wu et al., 2014)
Triclosan
Ryegrass, 2000,
Greenhouse radish leaf, 1000, (Carter et al., 2014)
radish bulb 1250
Iceberg lettuce, 1.1,
Spinach 1.1 (Xiaogin Wu et al., 2012)
Trimethoprim Hydroponics Cabbage, 13
Wisconsin Fast 180 (Herklotz et al., 2010)
Plants
Tris (2-chloroethyl) Strawberry, <LOQ-371,
phosphate Greenhouse lettuce 14-4206 (Hyland et al., 2015)
. <LOQ-1042,
U (2 5702 Greenhouse  Suawberry, <LOQ-27- (Hyland et al., 2015)
propyl) lettuce 4657
Tris (1,3-dichloro-
' Strawberry, <LOQ-428,
2-propyl)- Greenhouse lettuce 110-426 (Hyland et al., 2015)
phosphate

For hydroponic studies, an increase in dose of TrOCs, generally results in increased uptake

by the studied plants. Concentrations of TrOCs in roots were generally higher than the

leaves and fruits. TrOCs in the plants at greenhouse/field scale have typically <1000

Hg/gDW. This concentration is approximately three orders of magnitude less than the
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therapeutic dose for a compound consumed by the livestock. Thus, the health risk for
livestock feeding on these crops is likely to be minimal (Carter et al., 2014; Xiaogin Wu et

al., 2015).

Neutral compounds in soil are accumulated in plants more than ionized compounds
(Goldstein et al., 2014; Xiaogin Wu et al., 2013). However, other ionic compounds can
accumulate in leaf tissues (Hyland et al., 2015). Also, soil organic carbon content interacts
with TrOCs, thus both cationic and anionic compounds tend to remain in the soil and have
less translocation in plants (Blaine et al., 2014). Overall, the soil and roots of the plant act
as a barrier, while compound degradability, sorption, organic content reduce translocation

of various TrOCs in plants.

2.4  TrOCs in surface water

TrOCs are present in reclaimed water due to incomplete removal by wastewater treatment
plants. Wastewater treatment plants release their treated effluent to rivers, streams, or used
as reclaimed water for irrigation and sometimes can be used for groundwater aquifer
replenishment. When TrOCs are released to rivers/streams, their fate depends on
volatilization, biological and photodegradation, partitioning of compounds to sediments,

and transformation to other byproducts (Blair et al., 2013; Jin-Lin Liu and Wong, 2013).

One of the most comprehensive TrOC monitoring studies was conducted from 1999-2000
where 139 U.S. streams were analyzed for the presence of 95 organic wastewater
contaminants (Kolpin et al., 2002). At least one or more contaminant was detected in 80%
of the U.S. streams at concentrations less than 1 pg/L (Kolpin et al., 2002). Only two

exceeded maximum contaminant levels, for which maximum contaminant levels have been
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regulated (0.2 pg/L and 6.0 pg/L for benzo[a]pyrene and bis(2-ethylhexyl)phthalate)

(Kolpin et al., 2002).

In another study, the Detroit River was sampled for carbamazepine, cotinine, and atrazine,
which were at low ng/L concentrations (Hua et al., 2006). Benzophenone, caffeine, DEET,
meprobamate, sucralose, and TCPP were in both Colorado River and Sacramento River;
sucralose was at 47 ng/L and 620 ng/L in Sacramento River and Colorado River
respectively (Anumol et al., 2013). Four southern sites of Michigan Lake were sampled for
TrOCs. Acetaminophen, caffeine, carbamazepine, cotinine, gemfibrozil, ibuprofen,
lincomycin, naproxen, paraxanthine, 1,7-dimethylxanthine, sulfadimethoxine,
sulfamethazine, sulfamethoxazole, sulfathiazole, triclocarban, trimethoprim, and tylosin
were present at low ng/L levels (0.92 ng/L to 46.2 ng/L) (Ferguson et al., 2013). In
Australia, 73 river sites were sampled where 42 TrOCs were in 92% of the samples. The
most commonly detected compounds were acetaminophen, caffeine, carbamazepine,
paracetamol, salicylic acid and TCP with maximum concentrations ranging from 184 to
7150 ng/L (Scott et al., 2014). Overall, TrOCs are present in surface water at varying

concentrations worldwide.

2.5 TrOCs in sediments
There have been monitoring studies conducted to determine the fate of various TrOCs in

sediments because sediments are a TrOC sink and TrOCs can be released back in surface
water after environmental changes such as pH and salinity (Liang et al., 2013). TrOC
accumulation in sediments can also affect marine plants and benthic life (John L Wilkinson

et al., 2018). Over 200 TrOCs were investigated in Great Basin sediments and 28 of them
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(i.e., aromatic hydrocarbons, hormones, and fragrances) were at quantifiable amounts
ranging from 1.75 ng/g (diphenhydramine) to 20800 ng/g (fluoranthene) (Elliott et al.,
2017). Pharmaceuticals, illicit drugs, perfluorinated compounds and plasticizers were
investigated in three London rivers sediments that received effluent from five wastewater
treatment plants. Plasticizers, perfluorinated compounds, benzoylecgonine and diclofenac
were major compounds detected in the river sediments (John L Wilkinson et al., 2018).
There are many other monitoring studies that quantified the TrOCs in sediments of
rivers/streams/lakes (Blair et al., 2013; Gaw et al., 2014; Jiehong Guo et al., 2016; Kiesling
et al., 2019; Kathy E Lee et al., 2015a; Nilsen et al., 2014; M. M. Schultz et al., 2010b;
John Wilkinson et al., 2017), however there are limited or no information on TrOC
accumulation in sediments of terminal lakes. Factors that influence the TrOC accumulation
in sediments are the vicinity of wastewater treatment outfalls, treatment processes at the
wastewater treatment plants, low or high dilution of effluent with river (Gaw et al., 2014).
TrOC concentration in sediments decreased with increased distance from effluent outfalls
(John L Wilkinson et al., 2018), however the opposite trend was observed by M. M. Schultz

et al. (2010b).

2.6 Potential human health risks of TrOCs

It is important to understand the human and animal health risks associated with different
TrOCs present in the environment. Many reports have shown some adverse
ecotoxicological effects of some TrOCs at relevant concentrations (Vasquez et al., 2014;
Xiaogin Wu et al., 2014). These TrOCs can have possible health risks such as reproductive

damage, toxicity, endocrine disruptive effects and antibiotic resistance in humans and other
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organisms (Wancen Liu et al., 2020). However, at trace concentrations, some contaminants

may not be damaging to the natural environment (Xu et al., 2008).

The potential intake of TrOCs into crops represents a dietary intake exposure pathway for
humans and livestock. The human risk from dietary intake has been predicted to be trivial
for individual TrOCs, given that the concentrations are too low to be impactful (Carter et
al., 2014; Xiaogin Wu et al., 2013). Various plant uptake models for TrOCs have been
explored over the years with the focus on the octanol—water partition coefficient (Kow) to
determine the partitioning of compounds between soil-water-plant systems (Blaine et al.,

2014; Goldstein et al., 2014; Hyland et al., 2015; Zhaoyang Liu et al., 2017).

The capability of a plant to translocate TrOCs from soil can be estimated using the
bioconcentration factor (BCF), the ratio of the concentration of TrOCs in the plant to the
concentration of TrOCs in the soil (dry weight). The amount of human exposure can be

calculated as:

Amount of human exposure=C x D xW x T Equation 2-1

where C is the concentration of TrOCs in the edible plant (ng/g wet weight), D is the
average daily consumption of edible plant (g wet weight/kg body weight day), W is the
weight (kg) of the person ingesting the edible plant (ideally consider 70 kg for adults), and
T is the contact time (day) (Min Pan et al., 2014). One of the studies used a toxicological
concern (TCC) approach to estimate the health risk based on ingestion of root vegetables
irrigated with wastewater (Malchi et al., 2014). According to their results, lamotrigine’s

TCC value can be exceeded for a child by regular consumption of 1/2 a carrot, thus
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indicating that some pharmaceuticals can accumulate at concentrations of concern (Malchi
et al., 2014). However, another study showed that consumptive levels of antibiotics is less
than the therapeutic dose of that antibiotics (Min Pan et al., 2014). However, antibiotics
and other TrOCs in plant tissues could pose antibiotic resistance and unknown chronic

effects to humans and animals by consumption of such plants (Franklin et al., 2015).

2.7  Ecotoxicity of TrOCs

Studies indicate that some of TrOCs are persistent in surface water (primidone and
sucralose) and could pose harmful effects to aquatic life (Ferguson et al., 2013). One of the
study found that anticonvulsants, anti-inflammatory and B-blockers were identified below
10 ng/g in fish in Spain (Huerta et al., 2018; Valdés et al., 2016) which can impact their
reproduction cycle. Another study was conducted to determine the combined effect of
exposure to atenolol, bezafibrate, carbamazepine, cyclophosphamide, ciprofloxacin,
furosemide, hydrochlorothiazide, ibuprofen, lincomycin, ofloxacin, ranitidine, salbutamol,
and sulfamethoxazole. This mixture hindered human embryonic cell HEK293 growth, with
a 30% decline in cell proliferation. Overall this mixture of pharmaceuticals at 100 ng/L
could impact the morphology and physiology of the cells and could also be a potential
influencer on aquatic life (Pomati et al., 2006). More studies have been conducted with a
mixture of various TrOCs to assess their impact on endocrine receptor systems of two
Australian fish i.e. rainbowfish (Melanotaenia fluviatilis) and mosquitofish (Gambusia
holbrooki) and results showed that the risk is low for endocrine disruptions for these two
species (Scott et al., 2017). Other studies focused on the bioconcentration factors of various
TrOCs in rainbow trout (Lahti et al., 2011), freshwater shrimp and, the water boatman

(Meredith-Williams et al., 2012) and others fish species (Barreto et al., 2020) and generally
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bioconcentration of pharmaceuticals was low for some fish species but it could be more
depending on varying factors such as type of species, metabolic activity of the fish, type
and concentration of TrOCs. Further work is required to examine the uptake of different

types of TrOCs by a wider range of aquatic species and estimating the ecotoxicity levels.

2.8 Terminal Lakes

Terminal lakes (TLs) receive water from surface runoff and lose water only to evaporation
and slow groundwater infiltration. In the United States, TLs majorly reside in the western
U.S. as compared to the eastern U.S. due to their climatic conditions. Major TLs in the
western U.S. are Great Salt Lake, Salton Sea, Lahontan Basin, Mono Lake and many more
(Joe et al., 2014). These lakes are an important habitat to water birds and migratory birds
to feed on shrimp and other aquatic life (Joe et al., 2014; Wurtsbaugh et al., 2017).
Similarly, TLs are also enjoyed by the public for swimming, hunting, boating, fishing and
bird watching activities (Wurtsbaugh et al., 2017). Every TL has distinct physiochemical
properties. For example Walker Lake surface water temperature varies from 5 to 25°C and
has anions concentrations of: chloride (115mM), carbonate (20mM) and sulfate (40mM)
(Berelson et al., 2008). Sediments of Walker Lake are fine grained with 50% clays and
silts, and also contains 2-3% of organic carbon (Berelson et al., 2008). Mono Lake has
salinity of 83 g/L with 60 feet of average depth, and total dissolved solids mainly consisting
of a mixture of sulfate, carbonate (CO3?), bicarbonate (HCOs"), and chloride salts at a pH
~10 (Joe et al., 2014). Pyramid lake, located in Paiute reserved area of Nevada, receives its
water from the Truckee River; has salinity of 3.5 g/L and pH of 9.4 and is a home for

Lahontan cutthroat trout (Joe et al., 2014; Wilkie et al., 1993).
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The increasing water demand for municipal, agricultural and industrial practices has
stressed the inflow water in TLs, making them susceptible to desiccation (Joe et al., 2014).
Increased salinity impacts bird habitats and other aquatic species (Joe et al., 2014). One
solution is to supplement inflow with reclaimed water. However, TLs, being a closed
system, can bioaccumulate and biomagnify pollutants at higher concentrations than
freshwater lakes (Williams, 2002). Reclaimed water (treated wastewater) contains various
TrOCs at ng/L to pg/L concentrations based on the scientific literature. Therefore, there is
a potential to have TrOCs at higher concentration than freshwater lakes but there is

currently little to no literature focused on this topic.

2.9 TrOC photodegradation

There are two types of photodegradation pathways in aqueous systems a) direct photolysis:
if the absorption spectrum of the organic compound matches with the spectrum of the solar
irradiance b) indirect photolysis involving photosensitizers (Mestre and Carvalho, 2019).
Molecules that absorb photons and form reactive species are known as photosensitizers
(e.g. natural organic matter (NOM)). Some photosensitizers can then react with another
molecule to degrade them (Albaigés et al., 2016). Some reactive species are singlet oxygen
(20z2), superoxide anion (O2), organic peroxy radical, hydroxyl and carbonate radicals (OH
and COs7), and the excited triplet states of chromophoric dissolved organic matter
(3CDOM*) (Carena and Vione, 2020; Lam et al., 2003; McNeill and Canonica, 2016).
CDOM is the most important photosensitizer (Lam et al., 2003) compared to others such
as nitrates and nitrites etc (Bergheim et al., 2014), because on absorption of light by CDOM
produces 3CDOM*, 102, and -OH (McNeill and Canonica, 2016). CDOM and DOM can

also inhibit photodegradation of organic compounds by sunlight screening, shifting the
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reactive species and quenching excited states of organic compounds (Carena and Vione,
2020; Niu et al., 2013; Jiegiong Wang et al., 2020a). Along with these reactive species,
photodegradation depends on other factors such as functional groups on compound, pKa,
pH, solubility, water constituents (DOM, CO3?* etc.) and light absorption (visible light,

UVA or UVB) etc. (Ahmad et al., 2016; Jiegiong Wang et al., 2020a).

2.9.1 Direct photolysis

Direct photolysis plays an important role in photodegrading TrOCs (Carena and Vione,
2020). Sometimes the maximum absorbance of the individual compound doesn’t overlap
with the solar spectrum and negligible photodegradation of that compound is observed.
There are some organic compounds that degrade by direct photolysis such as triclosan (Lei
Chen et al., 2018), sulfamethoxazole (Niu et al., 2013), mefenamic acid (Fatta-Kassinos et
al., 2011) and some do not degrade by direct photolysis but need photosensitizers such as
cimetidine (Boreen et al., 2003), primidone (Yingjie Liu et al., 2019), iomeprol and
clofibric acid (Doll and Frimmel, 2003). A study was conducted where carbamazepine
(CBZ) was exposed to 150 W Xe solar simulator and a MP UV lamp for an hour, and CBZ
was removed 2% and 95% respectively (Avisar et al., 2013). Higher removal of CBZ was
observed under MP UV lamp exposure because CBZ maximum absorbance aligned with
the MP UV lamp wavelengths. Direct photolysis of CBZ in deionized water had at least
50% removal but only after long exposure in a solar simulator (15 to 39 hrs) (Doll and

Frimmel, 2003; Matamoros et al., 2009).

2.9.2 Indirect photolysis influenced by DOM
Indirect photolysis involves photosensitizers that photodegrade TrOCs. DOM is a

photosensitizing species (Challis et al., 2014; Luster et al., 2017). On absorption of
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photons, DOM/CDOM produce *CDOM*/*DOM*, -OH and *O2 in presence of oxygen
(Carena and Vione, 2020; McNeill and Canonica, 2016; Jiegiong Wang et al., 2020a). 1Oz
and ‘OH in the presence of HCO3/CO3? produces COs-, and nitrate (NO3"), nitrite (NO2),
and ‘OH (Carena and Vione, 2020). These reactive species further help in photodegradation
of TrOCs. To understand the role of different water characteristics impact on the
photodegradation of TrOCs in natural waters, varying concentration of different water

characteristics (DOM, anions, pH etc.) has been studied.

One study with 10 pM nebivolol in seawater and freshwater under solar simulated
conditions (1000 W Xenon with 290nm filters) demonstrated rate constants of 0.68 + 0.02
h't and 0.44 + 0.03 h respectively (Jiegiong Wang et al., 2020a). In another study,
carbamazepine (an epileptic drug) with low [C] of NOM had faster degradation compared
to high [C] of NOM conditions because high [C] of NOM screened light (Doll and
Frimmel, 2003). Low [C] promaoting faster photodegradation was also supported by another
study where 4 to 8 mgC/L of NOM increased the percent removal of carbamazepine from
11% to 24% (Luster et al., 2017). The faster degradation rates of carbamazepine in presence
of low [C] of NOM could be due to the formation of photosensitizing species and a lack of
light screening effects (Doll and Frimmel, 2003). Similarly, in presence of simulated
sunlight, 10 mgC/L of NOM along with dissolved oxygen contributed in photodegradation
of 0.23 uM primidone (Yingjie Liu et al., 2019). However, at 2.5 mgC/L of NOM,
trimethoprim degradation was suppressed (Ji et al., 2016) and at 1 mgC/L of NOM, the rate
constants for gemfibrozil and bezafibrate declined by 50.3% and 36.2% respectively (Kong

et al., 2018). These conflicting results of TrOC photodegradation indicate that the role of
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DOM is dependent on the TrOC and DOM concentrations where it can either promote or

inhibit the photodegradation of TrOCs.

2.9.3 Indirect photolysis influenced by anions and pH

There are studies that tested the photodegradation rates of some pharmaceuticals in
presence of anions such as chloride, bicarbonate and nitrate as they are naturally present in
water or wastewater (Lei Chen et al., 2018). Bicarbonate ions at 1mM had a slightly
accelerating effect on sulfamethoxazole degradation compared to higher concentrations of
bicarbonate ions (Luo et al., 2019). Solar simulated photodegradation of sulfamethoxazole
(SMX) in presence of NOs™ (10 and 20 mg/L) and in solution of DOC (4.75 mg/L and 7.40
mg/L) had similar degradation rates, meaning that nitrate and DOC did not have a
significant effect on degradation rate constants (Trovo et al., 2009). Along with anions, pH
also plays an important role during photodegradation of organic compounds because
protonation/deprotonation  creates  different molar absorptions spectra and
photodegradation pathways (Young et al., 2014). For example, during photolysis of
sulfamethoxazole, the pH was increased from 3 to 10 and the rate of degradation declined
almost ten times (Niu et al., 2013). Further, the neutral form of sulfamethoxazole absorbs
more light than the ionic form and thus is degraded faster (Niu et al., 2013). Similarly,
acidic pH facilitated the photodegradation of trimethoprim (Ji et al., 2016) and lamotrigine

(Young et al., 2014) but not for sarafloxacin (Fatta-Kassinos et al., 2011).

Other photodegradation studies has been conducted in synthetic water (spiked known
concentration DOM, nitrate and bicarbonate to reciprocate natural water constituents

concentration) (Hellauer et al., 2019; Lam and Mabury, 2005; Lam et al., 2003),
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wastewater (Bahnmdller et al., 2014; Dong et al., 2015), seawater (Matamoros et al., 2009;
Mead et al., 2014), and surface water (Batchu et al., 2014; Bonvin et al., 2013). These
studies were conducted to understand the role of various water characteristics in
photodegradation of TrOCs in natural waters. All these studies concluded that DOM, NO3"
and HCOgs™ either contributed in increasing the rate of photodegradation of TrOCs or
inhibited the photodegradation. Overall, the rate of photodegradation of TrOCs is
dependent on concentration and type of DOM, type of TrOCs, pH, anions and the

irradiation source (Batchu et al., 2014).

2.10 Knowledge gaps

There is limited or no research on the long-term fate of TrOCs from reclaimed water usage
in an agricultural farm for over many years. The fate of TrOCs accumulation in TLs, their
degradation, and the impact of long-term reclaimed water use on TLs in semi-arid regions

is relatively unknown. This dissertation seeks to fill these knowledge gaps.
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Chapter 3

TRACE ORGANIC CONTAMINANTS IN FIELD-SCALE CULTIVATED
ALFALFA, SOIL, AND PORE WATER AFTER 10 YEARS OF IRRIGATION
WITH RECLAIMED WASTEWATER*

*Published: Priyamvada Sharma, Andrew Poustie, Paul Verburg, Krishna Pagilla, Yu
Yang, David Hanigan, Trace organic contaminants in field-scale cultivated alfalfa, soil,
and pore water after 10 years of irrigation with reclaimed wastewater, Science of The
Total Environment, Volume 744, 2020, 140698, ISSN 0048-9697,
https://doi.org/10.1016/j.scitotenv.2020.140698

Abstract

Several studies have assessed the presence of trace organic contaminants (TrOCs) in
reclaimed wastewater and their uptake into crops but there are limited data from field-scale
studies. In this research, the fate of 12 TrOCs in wastewater samples, 11 in plants and in
soil pore water, and 10 in soil at an agricultural research farm was studied, which was
irrigated with reclaimed wastewater for more than 10 years. First, the presence of the
compounds in the primary, secondary, and treated effluent of a regional water reclamation
facility which provides the irrigation water was examined. The agricultural field produced
alfalfa, and the contaminants in the alfalfa, soil, and porewater was measured. Reclaimed
wastewater contained 11 of 12 TrOCs, with concentrations ranging from 26+ 9 ng/L
(DEET) to 1539 + 1899 ng/L (trimethoprim). Atrazine was not detected. Pore water
collected during non-irrigating periods contained all analyzed TrOCs, from 3 £ 0.1 ng/L
(diphenhydramine) to 343 + 360 ng/L (primidone). TrOCs measured in pore water samples
indicated that they may leach to shallow groundwater even when fields are not being
irrigated. Soils from 0 to 60 cm contained nine TrOCs from below the reporting limit

(fluoxetine) to 329 ng/g (carbamazepine). Atrazine was not detected. TrOC concentrations
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decreased with increasing soil depth, except carbamazepine, which was more recalcitrant.
Nine TrOCs were present in the shoots and leaves of alfalfa grown in the reclaimed
wastewater irrigated plots, at concentrations ranging from <1 ng/g (diphenhydramine and
fluoxetine) to 49 ng/g dry weight (carbamazepine). Atrazine and caffeine were not
detected. A maximum of 14% of DEET was estimated from the reclaimed wastewater was
accumulated in alfalfa. Overall, despite some accumulation of TrOCs in the soil, alfalfa

uptake was limited, which results in low exposure to foraging animals.

3.1 Introduction

Approximately, 70% of worldwide freshwater withdrawals are currently used for
agriculture (Calderon-Preciado et al., 2011) and water demand is expected to increase in
the coming decades (WWAP, 2017). To combat water shortages, reclaimed wastewater has
been used as an irrigation source for centuries (Calderon-Preciado et al., 2011; Feng Chen
etal., 2011; Hyland et al., 2015; Nason et al., 2019; Xiaogin Wu et al., 2012; Xiaogin Wu
et al., 2014; WWAP, 2017). Reclaimed wastewater contains trace organic contaminants
(TrOCs) including pharmaceuticals, personal care products), endocrine disruptors,
disinfection by-products, and other anthropogenic chemicals at the ng/L to pg/L levels
because they are formed in the wastewater (e.qg., disinfection by-products), directly released
into the sewer (e.g., personal care products), or incompletely metabolized by humans and
poorly removed by conventional wastewater treatment plants (e.g., pharmaceuticals)
(Awfa et al., 2018; Feng Chen et al., 2011; Dodgen et al., 2015; Goldstein et al., 2014; Y.
Carrie Guo and Krasner, 2009a; Chang-Gui Pan et al., 2016; Xiaogin Wu et al., 2014;

Jinwei Zhang et al., 2016). Some TrOCs are environmentally persistent and may have
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profound environmental impacts (Daughton and Ternes, 1999; Ebele et al., 2017; Schaffer

and Licha, 2015).

Soil and crops are exposed to TrOCs and other wastewater constituents upon irrigation
with reclaimed wastewater (Dodgen et al., 2015; Ebele et al., 2017; Goldstein et al., 2014;
Chad A. Kinney et al., 2006a; Xiaogin Wu et al., 2012; Xiaogin Wu et al., 2013; Xiaogin
Wu et al., 2014). TrOCs present in reclaimed water used for irrigation may also pollute
groundwater (Weiping Chen et al., 2013; Haruta et al., 2008; Wright et al., 2012). Various
field-scale studies found that TrOCs accumulate in the soil profile from 30 to 150 cm upon
irrigation with reclaimed wastewater (Biel-Maeso et al., 2018a; Chad A. Kinney et al.,
2006a; Xu et al., 2009a). Alfalfa has been shown in one study to accumulate 17a-
ethinylestradiol, trimethoprim, and sulfamethoxazole (Christou et al., 2016), and six of

nine compounds measured in another (Calderdn-Preciado et al., 2011).

The presence of TrOCs in reclaimed wastewater and their translocation and accumulation
in(to) irrigated crops may pose a phytotoxicological risk (Herklotz et al., 2010), leading to
decreased yields (Poustie et al., 2020), exposure to humans and livestock, or increase the
proliferation of antibiotic resistance (Boxall et al., 2006). The human health risk associated
with dietary intake of individual TrOCs present in produce has been predicted to be trivial
(Carter et al., 2014; Xiaogin Wu et al., 2013) but the sources of data for such risk
assessments are typically garnered from studies utilizing hydroponic exposure (Herklotz et
al., 2010; Nason et al., 2019; Tanoue et al., 2012), conducted in pots under well controlled
conditions in greenhouses (Carter et al., 2014; Hyland et al., 2015; Revitt et al., 2015), and

exposed to an individual, spiked TrOCs (Gonzélez-Naranjo et al., 2013). Concentrations
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of spiked TrOCs are not always representative of environmental conditions, with spiked
concentrations ranging from the ng/L to mg/L range in greenhouse and hydroponic studies
(Dodgen et al., 2015; Goldstein et al., 2014; Nason et al., 2019; Revitt et al., 2015; Chenxi
Wu et al.,, 2010). These conditions are useful in understanding transport but poorly
represent reclaimed wastewater irrigation at the field-scale and uptake of trace constituents

by the plants.

Because of the difficulty and complexity of field conditions compared to greenhouse
conditions, a limited number of studies which focus on occurrence and transport of multiple
TrOCs at field-scale have been published over the last decade (Biel-Maeso et al., 2018b;
Bondarenko et al., 2012; Christou et al., 2017; Gottschall et al., 2012; Jayampathi et al.,
2019; Karnjanapiboonwong et al., 2011; Martinez-Piernas et al., 2019; Min Pan and Chu,
2017; Min Pan et al., 2014; Xiaogin Wu et al., 2014). Even fewer publications focus on
fields that have been irrigated with reclaimed wastewater for 10 or more years (Feng Chen
et al., 2011; Weiping Chen et al., 2013; Dalkmann et al., 2012; Ternes et al., 2007; Xu et
al., 2010). There is a need for a greater abundance of field-scale data to improve estimates

of human and animal health risk associated with TrOC:s.

To fill this gap, 12 TrOCs (i.e., atrazine, caffeine, carbamazepine, DEET,
diphenhydramine, fluoxetine, ibuprofen, ketoprofen, meprobamate, primidone,
sulfamethoxazole and trimethoprim) were quantified in reclaimed wastewater which has
been used to irrigate an agricultural field for over a decade. Alfalfa, soil, and soil pore water
was sampled from an experimental research farm irrigated with reclaimed wastewater. The

compounds from the treatment facility were tracked through the soil and alfalfa and found
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their wide distribution at low concentrations, including in soil pore water outside of the

growing and irrigation season.

3.2 Materials and Methods

3.2.1 Chemicals and Reagents

Twelve compounds with a range of pKa values from -3.75 to 15.96, solubility from 18
mg/L to 8877 mg/L and log Kow values from -0.79 to 4.19 were selected to represent
compounds having diverse physicochemical, environmental transport and degradation
properties. These compounds were also selected because of their well-documented
presence in treated wastewater effluent (Dickenson et al., 2011; Roback et al., 2018).
Caffeine, carbamazepine, N, N-diethyl-meta-toluamide (DEET), diphenhydramine,
fluoxetine, ibuprofen, ketoprofen, meprobamate, primidone, trimethoprim, atrazine-d>5,
caffeine-d3, carbamazepine-d10, diphenhydramine-d3, ibuprofen-d3, ketoprofen-d3, and
meprobamate-d3 were purchased from Sigma-Aldrich (St. Louis, MO). Atrazine and
fluoxetine-d5 were purchased from Cayman Chemicals (Ann Arbor, Ml).
Sulfamethoxazole was purchased from MP Biomedicals (Solon, OH). DEET-d10,
primidone-d5, sulfamethoxazole-d4, and trimethoprim-d3 were purchased from Santa Cruz
Biotechnology (Dallas, TX). Analytical standards and solvents used were >98% purity.
Methanol, methyl tertiary-butyl ether (MTBE), ultrapure water, 0.1% formic acid (v/v) in
water and 0.1% formic acid (v/v) in acetonitrile were obtained from Thermo Fisher
Scientific (Pittsburgh, PA). Ammonium acetate (>97 % purity) was obtained from VWR
International, LLC (Solon, OH). Diatomaceous earth used as fill for accelerated solvent

extraction (ASE) was acquired from Thermo Fisher Scientific (Memphis, TN).
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3.2.2 Sample Collection

A regional water reclamation facility was sampled and has traveling screens, vortex grit
chambers, primary sedimentation tanks, aeration tanks, secondary sedimentation tanks,
nitrification and denitrification towers, post aeration tanks, dual media filters, and a
chlorine contactor. The disinfected reclaimed wastewater is pumped directly to the
University of Nevada, Reno Main Station Field Lab (MSFL), which is adjacent (<1 mi) to
the reclamation facility and has been irrigated with reclaimed water for more than 10 years.
MSFL is primarily used for growing alfalfa for onsite livestock production. Grab samples
were collected from the effluent of the primary sedimentation tanks, secondary clarifiers,
and the chlorine contactor of the reclamation facility from early-March 2018 to mid-April
2018 at approximately 10 AM on each sampling day, four times per month. Sampling was
conducted from these unit processes to provide a comprehensive evaluation of TrOCs in
the overall wastewater irrigation system. Lagrangian sampling was not conducted and
therefore changes across samples from various unit processes may imperfectly represent
removal. Grab samples were collected over one month rather than a composite sample over
a single day to capture longer term variability at the expense of capturing diurnal
variability. The collected wastewater/reclaimed wastewater samples were analyzed at UNR
laboratory, and for one set of samples, analyzed by an external laboratory as validation of
in-house instrumentation and methods. Both laboratories used solid phase extraction (SPE)

and liquid chromatography tandem mass spectroscopy (LC-MS/MS) for aqueous samples.

Soil samples at depths of 0-20 cm, 20-40 cm and 40-60 cm were collected in April 2018
from the MSFL agricultural fields. Sampling depths were chosen to facilitate comparison

with published literature (Dalkmann et al., 2014; Min Pan et al., 2014; Xiaogin Wu et al.,
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2014). Soil properties were measured by a commercial laboratory and the properties are
provided in the Table A- 2. Alfalfa is the primary crop and was sampled in July and
September 2018. Soil and alfalfa samples were stored at -20°C until analyzed. Soil and
alfalfa samples were oven dried at 60°C for 48 hours to calculate the moisture content for

water loss.

Six suction lysimeters were installed during the non-irrigating/non-growing season
(October 2018) to measure residual analytes in the pore water at MSFL. Precipitation
measurements were obtained from the Western Regional Climate Center WRCC (2020)
and MSFL is approximately six miles from the weather station. Lysimeters were installed
at the depth of 40 cm, separated by approximately 250 m. Lysimeters were installed during
the non-irrigating periods to determine the potential for TrOC desorption and transport to
deeper depths. In late March 2019, the lysimeters were removed from the field, prior to the
start of irrigation, and therefore intentionally only captured infiltrated precipitation and soil

pore water.

All samples were transported on ice to the University of Nevada, Reno. Water samples
were stored at 4°C and soil and plant samples at -20°C, respectively, until analysis, which

was typically conducted in less than 2 weeks.

3.2.3 Sample Extraction

The aqueous sample extraction and analytical method was adopted from Anumol et al.
(2013). One liter of agueous sample was collected in previously washed and combusted
amber glass bottles. Lysimeter sample volumes were dependent on soil-moisture

conditions and ranged from 150 to 450 mL. Each bottle contained 50 mg ascorbic acid to
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quench residual chlorine and 1 g of sodium azide to arrest microbial activity. Samples were
filtered through previously combusted 47 mm glass microfiber filters (GF/F, 0.7 um pore
size), stored in the dark at 4°C, and extracted within 14 days of sampling. 1 mL of a working
stock of 12 isotopically labelled standards (100 pg/L each) in water was spiked to the
filtered samples to correct for extraction losses for a final concentration of 100 ng/L of
each compound. These samples were extracted using an AutoTrace 280 automated SPE
(Thermo Fisher, Sunnyvale, CA) with Oasis Hydrophilic Lipophilic Balance (HLB)
cartridges (6 cc/200 mg, Waters Corporation, MA, USA). The detailed extraction and
clean-up procedures are presented in Appendix A. Briefly, eluate from the SPE was
evaporated to less than 500 pL using ultrahigh purity (UHP) nitrogen in a Biotage
TurboVap LV and the final volume was adjusted to 1 mL with methanol. Final extracts

were stored in darkness at -20°C until analyzed by LC-MS/MS.

The soil extraction method was adopted from Radjenovic¢ et al. (2009). Soil samples were
stored at -20°C until analysis, typically less than two months. The soil samples were freeze
dried and extracted with an ASE 200 (Thermo Fisher Scientific, Sunnyvale, CA) using 1:2
v/v methanol-water solvent solution. The ASE eluate was diluted with water to make a
volume of 1000 mL and later cleaned up with SPE using HLB cartridges conditioned with
water and methanol. The methanol eluates were evaporated to less than 1 mL. 100 pg/L
internal standards and methanol:water (25:75 v/v) solution were added to make the final
sample volume of 1 mL. The isotopically labeled standards were spiked to the cleaned-up
soil extracts due to the high mass required to be spiked to the soils before extraction.

Because the labeled standards were spiked to the soil samples after extraction, no attempt



32

was made to account for extraction losses and therefore the concentrations in soil are likely
to be conservatively low for some compounds. Analyte recoveries and reporting limits are
provided in Table A-1 and A-5 respectively. All samples were analyzed by LC-MS/MS.

The detailed extraction procedure and method recovery is described in Appendix A.

Alfalfa samples were rinsed with ultrapure water, lyophilized, cut, ground, and the
resulting powder was sieved with a US Standard #60 sieve (250 um). The sieved samples
were spiked with isotopically labeled analytes, 20 mL MTBE was added, and the samples
were sonicated, centrifuged, and decanted. The sonication, centrifugation, and decanting
step was then repeated with acetonitrile. The decantate was cleaned up by SPE with HLB
cartridges and eluted with methanol. Samples were first dried under nitrogen gas and then
reconstituted with 1 mL methanol, filtered, and analyzed by LC-MS/MS.
3.2.4  Analytical Methods

Methodology from Anumol et al. (2013) was adapted to quantify TrOCs. LC was
performed on the sample extracts with a Thermo Scientific Ultimate 3000 UPHLC with an
Agilent RRHD ZORBAX Eclipse Plus reverse phase C18 column (2.1x50 mm, and 1.8
um). The mobile phase flowrate was 400 uL/min and the column was maintained at 30°C.
Ultrapure water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid
(solvent B) was used as a mobile phase solvent in ESI positive mode (ESI+). Solvent B
was linearly increased to 20% at 3 min, 45% at 6 min, 65% at 8 min, 100% at 12.20 min
and held until 14.9 min. A post-run of 5 min was added to allow the column to re-

equilibrate before the next analysis resulting in a total run-time of 20 min.
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The mobile phase for ESI negative mode (ESI-) was 5 mM ammonium acetate in ultrapure
water (solvent C) at 80%, and 5 mM ammonium acetate in 10:90 (v/v) water: acetonitrile
(solvent D) at 20%. Solvent D was linearly increased to 96% at 4.5 min, 100% at 5 min,
and held until 7.8 min. A post-run of 2.2 min at 20% solvent D was added to allow the

column to re-equilibrate before the next analysis, resulting in a total run-time of 10 min.

Mass spectrometry was performed on Thermo Scientific TSQ Vantage triple quadrupole
mass spectrometer in MRM mode. Further information, including ion transitions, is
provided in the Appendix A. Analytical check standards were run after every 10 samples

and were within +20% of their known concentration.

3.2.5 Calculations

3.25.1 TrOC accumulation in soil and alfalfa

The fraction of TrOCs which accumulated in alfalfa shoots and leaves in comparison to the

mass of TrOCs irrigated to the field was determined using Equation 3-1.

m2x yr

TrOC shoot or leaf concentration (%DW) * Harvest( 2 DW)
TrOC fraction in alfalfa leaves/shoots = Eq.3-1

Aqueous TrOC concentration (38) « Irrigation applied (m;;yr)

The alfalfa harvest was approximately 3.6 tons/acre-yr (or 807 g/m?-yr) dry weight and
irrigation was 1200 L/m?-yr. Harvesting occurs at least twice per year and irrigation for a
minimum of six months. Both harvest and irrigation in Eqg. 3-1 represent growing season
annualized values, and therefore are not divided by the number of harvests or duration
between harvests, as those normalizations do not change the calculated fraction. The
biomass sampled was collected at near peak biomass, immediately before a harvest, and

therefore the accumulation presented likely represents the maximum accumulation. The
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average reclaimed wastewater TrOC concentration measured across all sampling times was
used.

Similarly, the TrOC’s fraction in soil was estimated using Equation 3-2. Unlike the alfalfa
mass balance, where alfalfa is regularly cut and removed from the field, soils are likely to
accumulate TrOCs. Therefore, Eq. 3-2 provides an estimation of TrOC accumulation
including carry over from periods before the sampling was conducted. The bulk soil density
was 1400x10° g/m?® and the irrigation volume applied to the soil was 6000 L/m3-yr. The

soil moisture content was 12.9%.

TrOC fraction in soil

Sum of TrOC soil concentration at each depth (% DW) * Wet soil density (%) * Percent solids (87.1)
= Eq.3
Aqueous TrOC concentration (n—f) * Irrigation applied <m3 E: yr)

-2

3.3 Results and Discussion

3.3.1 Reclaimed wastewater

Aggregated data from sampling conducted on four days in 2018 is shown in Figure 3-1. 11
of the 12 compounds were detectable in all samples, including the treated effluent. Atrazine
was only present above the reporting limit in the primary effluent. The concentrations of
the individual compounds tended to decrease across the treatment processes among the
four days sampled and ranged from 3 = 0.04 to 77,838 + 11,166 ng/L in the primary
effluent, from 25 + 10 to 3,557 + 3,558 ng/L in secondary effluent, and from 26 + 9 ng/L
to 1,539 + 1,899 ng/L in the treated effluent. The treated effluent concentrations align well

with those reported in a meta-analysis of similar treatment processes Miege et al. (2009)
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suggesting that this irrigation source water is broadly representative of that which is

produced at other facilities.

More than 90% of caffeine, atrazine, DEET, diphenhydramine, and ibuprofen were
removed across the treatment plant. The remaining compounds were removed from 13%
to 72%, except carbamazepine, where a slight increase was observed across the plant, from
189 to 235 ng/L. This increase is generally small given the overall variability in the data
(not statistically significant via t-test, p>0.05) and likely indicates that the compound was
not removed at all or reflects variability in the influent concentration with time (i.e., not
Lagrangian sampling) rather than production or intermittent desorption in the treatment
plant. The coefficients of variation for individual compounds concentration ranged from
15% (caffeine and ibuprofen) to 152% (trimethoprim) in the influent samples, indicating
temporal variability in the month of sampling, despite samples being taken at
approximately the same time of day. Overall, there was a significant amount of TrOCs
present in the treated effluent. While some compounds were well removed by treatment,

others persisted in the treated effluent.
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Figure 3-1 TrOC concentrations across the wastewater reclamation facility. Error bars are
the standard deviation of four samples collected at 10 am across four days in the spring of
2018. No bar indicates the analyte was below the reporting limit. The treated effluent
(reclaimed wastewater) was used for alfalfa irrigation.

3.3.2 Saoil

Of 10 compounds quantified (ibuprofen and ketoprofen were not quantified in soil
samples), eight were present above the reporting limits in soil samples at 0-20 cm and 40-
60 cm, ranging from 0.03 + 0.04 to 329 + 560 ng/g dry soil (Figure 3-2). Atrazine has not
been used recently at this field recently, which corresponds to the lack of atrazine detection
in all soil samples. Kow and solubility were poor descriptors of soil concentrations, likely

owing to the complexity of field-scale retention and loss mechanisms.
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The concentration of five compounds (carbamazepine, fluoxetine, primidone,
sulfamethoxazole, and trimethoprim) declined >48% from 0-20 cm to 20-40 cm.
Diphenhydramine, DEET, and caffeine increased 7%, 155%, and 162%, respectively, from
0-20 cm to 20-40 cm. From 0-20 cm to 40-60 cm, the concentration of TrOCs decreased
~10% for all compounds except carbamazepine, which increased from 12 + 2 ng/g to 329
+ 560 ng/g, and meprobamate, which was present at 5 ng/g at 40-60 cm but was not
detected at shallower depths (Figure 3-2). It is possible that specific soil constituents
(sandy, high organic matter) at this depth caused preferential sorption of carbamazepine
(Chefetz et al., 2008; Duran-Alvarez et al., 2012; Revitt et al., 2015), and carbamazepine
has been shown in at least one study to be present at greater concentrations at 30 to 40 cm
than in topsoil (Duran-Alvarez et al., 2012). Notably, the measured concentration was
highly variable among the triplicate samples at this depth which strongly implicates
variability in the sampled soil or water flow. Other research has shown similar trends in
concentration with soil depth, with much research observing decreasing concentrations
with depth, and others observing increasing concentration of selected compounds with
depth (Biel-Maeso et al., 2018a; Weiping Chen et al., 2013; Xu et al., 2009a). The
concentration ranges measured in the studied soil samples align well with another study

which used reclaimed wastewater for irrigation (Chad A. Kinney et al., 2006a).
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Figure 3-2 TrOC concentrations in MSFL soil at three depths. No bar indicates that the
TrOC concentration was below the reporting limit. Error bars represent the standard
deviation among triplicate samples.

3.3.3 Pore Water
Pore water in 2018 in six lysimeters were collected to determine the concentration of

residual TrOCs in the soil pore water during the non-growing/non-irrigation period.
Lysimeters were not installed during the irrigation period because they are difficult to
protect from grazing animals, rodents, and farm equipment. Only three lysimeters collected
pore water over the six months that the lysimeters were in the ground due to lack of

precipitation (< 4.5 mm). Samples were withdrawn after one week of four separate
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precipitation events in which ~4.5 mm of rain fell, or, after one event in which a total of
7.8 mm of rain fell. Results are presented in Figure 3-3.

The measured compounds were present at concentrations ranging from 3 + 0.1 ng/L to
2,414 £ 950 ng/L in the soil pore water. Primidone and carbamazepine were present at
concentrations ranging from 47 + 11 ng/L to 343 £ 360 ng/L and 31 £ 9 ng/L to 78 + 56
ng/L, respectively. These two compounds are highly recalcitrant and are strong indicators
of the presence of wastewater and wastewater constituents (Gibson et al., 2010; Y. Carrie
Guo and Krasner, 2009a) several months after application of wastewater was ceased.
Primidone may have been present in the pore water at slightly greater concentrations than
the reclaimed wastewater (treated effluent) because it was accumulated in the soil and pore
water, but, more likely, the dates and times in which it was sampled at the treatment plant
reflect periods in which primidone was present at somewhat lower concentrations than
other times of the day or days of the year (i.e., variability in influent concentration).
Atrazine was present from 18 £ 4 to 276 ng/L despite having not been used for at least six
years at the site and not being detectable in the reclaimed wastewater on the four days of
sampling. However, the field site is in an urban area, and atrazine is likely a low-level
environmental contaminant from use near the site. DEET was present at the greatest
concentrations of all measured compounds, ranging from 1,897 + 923 ng/L to 2,414 + 950
ng/L in three lysimeters. Further investigation into the presence of DEET in the pore water
samples revealed that field workers regularly apply insect repellant and that the sampling
team was unaware that DEET was part of the sampling campaign, and applied insect
repellent during sampling. Thus, the discussion of DEET occurrence in the lysimeters will

be limited as it could be present in the lysimeters from the sampling team.
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Excepting atrazine and DEET, the remaining compounds were present in the pore water
from below the method reporting limit (MRL) to 63% of the reclaimed wastewater
concentration. Caffeine, carbamazepine, diphenhydramine, fluoxetine, ibuprofen,
meprobamate, primidone, sulfamethoxazole and trimethoprim were present from 1.4 + 1
ng/L to 343 £ 359 ng/L, indicating that several of these anthropogenic chemicals are
recalcitrant and remain in the soil pore water for several months and possibly longer,
although at relatively low concentrations with respect to their concentration in reclaimed
wastewater. Again, physicochemical descriptors were poorly correlated with
concentration, similar to the findings of another field-scale study which concluded that
models that are based on physicochemical descriptors are useful in ranking leachability,

but poorly predict concentration (Xu et al., 2009a).
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Figure 3-3 TrOCs in seven lysimeter samples from three lysimeters, sampled between
October 2018 and April 2019. Lysimeter 1 is the mean of 3 sampling events, lysimeter 2,
mean of 2 sampling events, and lysimeter 3, mean of 2 sampling events. The error bars
are standard deviation of triplicate samples. No bar indicates below reporting limit.

3.3.4 Alfalfa
Nine TrOCs were present in the shoots and leaves of alfalfa at concentrations greater than

the MRLs (Figure 3-4). Caffeine was not present above the MRL and atrazine was not
quantified due to poor atrazine isotope recovery.
From the samples harvested in July, shoots tended to contain greater concentrations of

neutral compounds than ionic compounds. lonization of each compound (f.) was calculated
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based on the soil pH (7.5) and pKa of the compounds, listed in Appendix A. Carbamazepine
(49 ng/g), DEET (1 ng/g), primidone (37 ng/g) and trimethoprim (21 ng/g) are primarily
neutral at this pH and were all present above the reporting limit. lonized compounds
(diphenhydramine (0.4 ng/g), fluoxetine (0.4 ng/g) and ibuprofen (2 ng/g) tended to be
present at lower concentrations. Sulfamethoxazole, which is ~90% ionized at this pH, was
present at relatively high concentrations in the plant material overall (shoots = 15 ng/g,
leaves = 13 ng/g) compared to other ionized compounds (<2 ng/g), which likely
corresponds to the soil pH being near the pKa of sulfamethoxazole. Generally, neutral
compounds are accumulated to a greater extent due to root membrane rejection of ionized
species (Goldstein et al., 2014; Xiaogin Wu et al., 2013) which agrees well with the general
trend in this studied observation.

Leaves sampled in July also contained neutral compounds at greater concentrations (e.g.,
49 ng/g carbamazepine, 1 ng/g DEET, 20 ng/g primidone, and 22 ng/g trimethoprim) than
ionic compounds; diphenhydramine (1 ng/g), fluoxetine (1 ng/g), except again
sulfamethoxazole (13 ng/g). The presence of trimethoprim at slightly higher concentration
than sulfamethoxazole in both shoots and leaves is well supported by other studies of
alfalfa (Christou et al., 2016), cabbage (Herklotz et al., 2010) and vegetables (Xiaogin Wu
etal., 2013). Overall, the concentration of TrOCs measured in shoots and leaves are similar
(Figure 3-4).

In leaves harvested in September, TrOCs were present at lower concentrations than
samples from July and ranged from 0.2 to 13 ng/g. lonic compounds were present at < 1
ng/g except ibuprofen (3 ng/g) and several neutral compounds were present at 2 ng/g

(carbamazepine), 4 ng/g (DEET) and 13 ng/g (trimethoprim). Leaves sampled in
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September had the same general trend; neutral compounds accumulated in leaves at higher
concentration compared to ionic compounds. Ibuprofen was not present in leaves sampled
in July but was present at relatively low concentrations (3 ng/g) in the leaves sampled in
September. Enough shoots in September were not collected for extraction, and therefore
only leaf concentrations were provided.

In all alfalfa samples caffeine was below the reporting limit but was present at low
concentrations (2 to 7 ng/g) in the soil. Overall, several TrOCs were present at low
concentrations in the alfalfa and accumulation of compounds in shoots and leaves tended
to be greater for neutral compounds than ionic compounds.

Published greenhouse studies using reclaimed wastewater for irrigation observed TrOCs
in soybean plants from 1 to 7 ng/g (Chenxi Wu et al., 2010), 1 to 18 ng/g in tomato plants
(Martinez-Piernas et al., 2019), 0.05 ug/g to 40 pg/g in ryegrass and radish (Carter et al.,
2014), 0.02 to 17 ng/g in apple tree leaves and alfalfa (Calderon-Preciado et al., 2011), and

0.01 to 4 ng/g in eight vegetables (Xiaogin Wu et al., 2014).
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Figure 3-4 TrOC concentrations in alfalfa sampled in 2018 and irrigated with reclaimed
wastewater from regional wastewater treatment plant.

3.3.5 Mass Balance
A mass balance was conducted using Eq. 3-1 and Eq. 3-2 to estimate the percent of applied

compounds that were present in soil up to 60 cm deep, in the alfalfa shoots and leaves. The
fractions of pharmaceuticals in soil, alfalfa shoots/leaves, and losses (applied but not
present in samples) are provided in Table 3-1. Assumption was made that after one year,
the soil would reach steady state and therefore one year was used as the irrigation period

in Eg. 3-2.
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Table 3-1 Distribution of analytes in soil, alfalfa shoots and leaves. Atrazine was present
only in pore water samples and therefore is not included. Ketoprofen is not included
because it was not measured in alfalfa, soil, or pore water.

Total mass Percent Percent in Percent

TrOC applied T alfalfa shoots 2
3 in soil losses
(mg/m°) & leaves

Caffeine 1.8 893 <1 -793
Carbamazepine 1.6 68169 13 -68081
DEET 0.2 15989 14 -15903
Diphenhydramine 1.3 116 <1 -16
Fluoxetine 0.3 222 3 -19
Ibuprofen 5.7 NQ? <1 NQ!
Meprobamate 0.8 0 2 98
Primidone 2.8 1113 10 -1022
Sulfamethoxazole 4.3 58 5 37
Trimethoprim 1.7 41 2 57

1NQ is not quantified

2 Negative loss indicates accumulation in the field during periods before the irrigation

application period assumed in Eq. 3-1 and 3-2.
DEET accumulation may be partially attributable to sources other than the reclaimed
wastewater, such as application by field workers. Much more was present in the soil (41%
to 68169%), but the soil has been irrigated with reclaimed wastewater for over a decade.
This study’s assessment does not capture accumulation from previous years, which results
in greater than 100% recovery in the soil (i.e., the denominator is only the mass that was
applied inasingle growing season while the numerator may capture years of accumulation)
and highlights that certain TrOCs may persist in the soil well beyond the irrigating season.
Carbamazepine had the greatest accumulation in soil, and it is well known that it is highly
persistent in the environment (Carter et al., 2014). >37% of the three pharmaceuticals were
lost (i.e., not present in either the crop of the measured soil), likely either to deeper soil

depths, groundwater, or bio/environmentally degraded. Very little of the applied
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compounds were accumulated in the alfalfa shoots and leaves (<1% to 14%), and DEET
was accumulated to the greatest extent.

Cattle weigh approximately 690 kg (Ringwall, 2018) and consume 2.5% of their body
weight of alfalfa (dry weight) per day (Selk, 2018). Thus, based on the presence and
consumption of alfalfa, cattle will be exposed to a maximum of ~0.85 mg carbamazepine
per day, or 0.05 mg/kg-day, compared to the human therapeutic dose of 11.4 mg/kg-day.
This comparison of consumption and therapeutic dose for carbamazepine was presented
because it was present at the greatest concentration in the alfalfa, but similar conclusions
follow for all pharmaceuticals measured in this study. Therefore, there are likely to be

minimal health impacts on livestock.

3.4 Conclusions

TrOCs in alfalfa cultivated at field-scale and irrigated with reclaimed wastewater for over
a decade were measured. 12 TrOCs were tracked through the water reclamation facility,
the soil, and the alfalfa plant. Atrazine was only detected in primary effluent samples and
pore water (soil pore water) even though it has not been used at the field. Carbamazepine
was generally present at higher concentrations than other measured compounds in soil and
alfalfa. >41% of the applied mass of caffeine, carbamazepine, DEET, diphenhydramine,
fluoxetine, ibuprofen, meprobamate, primidone, sulfamethoxazole, and trimethoprim were
estimated to be present in the soil. Accumulation of greater than 100% of the applied annual
mass demonstrated accumulation over multiple growing seasons in the soil. <1% to 14%
of the applied TrOC mass was present in the shoots and leaves of the alfalfa, which is
harvested at least twice a year. The fractional accumulation of DEET was the greatest of

the measured compounds. Based on calculations which compared therapeutic doses and
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cattle exposure through foraging, minimal to no health impact was expected through
ingestion of residual TrOCs derived in reclaimed wastewater irrigation. Future research
may assess human health risk by modeling translocation through the food chain, although

exposure will be lower than to the animal due to metabolism by the animal.



48

Chapter 4

EVIDENCE OF LOW LEVELS OF TRACE ORGANIC CONTAMINANTS IN
TERMINAL LAKES*

Priyamvada Sharma and David Hanigan

*Submitted in April 2021 to Chemosphere Environmental Chemistry, Under Review

Abstract

Endorheic lakes (or terminal lakes, TLs) have no natural outlet other than evaporation and
slow infiltration. Some TLs receive reclaimed wastewater which contains poorly removed
trace organic contaminants (TrOCs). To determine if TLs accumulate TrOCs a preliminary
assessment of the occurrence of ten TrOCs in three TLs receiving reclaimed wastewater
and one TL which does not directly receive reclaimed wastewater were conducted. Five of
ten TrOCs (carbamazepine, DEET, fluoxetine, primidone, and trimethoprim) were in all
four TLs’ surface waters (0.3 to 1109 ng/L), six (caffeine, carbamazepine, DEET,
diphenhydramine, primidone and trimethoprim) were in sediment samples (0.1 to 77
ng/gDW) and in soil samples (0.1 to 137 ng/gDW). Concentrations of caffeine,
carbamazepine, diphenhydramine, fluoxetine and meprobamate were significantly higher
in TLs receiving wastewater from a secondary treatment plant compared to those TLs
which received tertiary treated wastewater. Carbamazepine, fluoxetine, sulfamethoxazole,
and trimethoprim were at concentrations greater than is typical of other U.S. freshwater
lakes, but other TrOC concentrations were at lower concentrations than in other freshwater
lakes. Conclusion can be made that some TrOCs may accumulate in TLs, but to a lesser

extent than would be expected based on hydrology alone.
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4.1 Introduction
Endorheic lakes (commonly known as terminal lakes (TLs)), are hydrologically closed
basins common in arid and semi-arid environments (Moore, 2017). TLs receive water from
surface water flow and precipitation and have only two outlets: evaporation and
groundwater infiltration. In the U.S., TLs primarily reside in the western part of the U.S.
(Larson, 2014). TLs are an important habitat to bird species such as white pelicans and
eared grebe (Schrage, 2016; Sorensen et al., 2020) which feed on shrimp, fish and other
aquatic life (Larson, 2014; Moore, 2017; Schrage, 2016). Similarly, TLs are also enjoyed
by the public through swimming, hunting, boating, fishing and bird watching activities

(Moore, 2017).

One of the major threats that TLs face is increasing salinity and total dissolved solids due
to water diversion, reduced precipitation, and increased evaporation. Loss of lower food
web species impacts the food chain of that lake (Baxter and Butler, 2020; Dickerson and
Vinyard, 1999; Marioni, 2007) and stresses higher food web species such as Lahontan
cutthroat trout (Dickerson and Vinyard, 1999; Sedinger et al., 2012). To reduce water stress
on TLs, some TLs directly receive treated wastewater and all treated wastewater contains
trace organic contaminants (TrOCs) (Sharma et al., 2020); pharmaceuticals and personal
care products (PPCPs), per- and polyfluoroalkyl substances, endocrine-disruptors, or other
organic synthetic compounds (Dodgen et al., 2015; Goldstein et al., 2014; Chang-Gui Pan

et al., 2016; Xiaogin Wu et al., 2014).

Exposure to TrOCs present in treated wastewater is known to proliferate antibiotic

resistance, disrupt the endocrine system (e.g. reduce fertility, feminization of males, and
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intersex phenomena) (Richardson et al., 2005) and cause mode of action driven effects in
fish (e.g. consuming abnormality, predator abstention and courtship display) (Geyer et al.,
2000; Kemper, 2008; Tanoue et al., 2015). TrOCs have varying environmental fate and
transport processes such as biodegradation, sorption, photodegradation, volatilization,
oxidation and hydrolysis, ultimately leading to their reduced aqueous concentrations (John
Wilkinson et al., 2017; Yi et al., 2020). Some TrOCs bioaccumulate in aquatic animals
(Richardson et al., 2005), plants and livestock (Geyer et al., 2000), which may lead to
adverse effects such as impaired reproduction in fish (Brown et al., 2007; Kidd et al., 2007),
or impact plant development (Carter et al., 2015; Hammad et al., 2018). Other TrOCs bio

magnify, leading to multi-species effects (Sathishkumar et al., 2020).

Multiple published studies have examined the occurrence of TrOCs in streams, freshwater
lakes and oceans/seas (Kolpin et al., 2002; Melissa M. Schultz et al., 2010a; Lu Yang et
al., 2020; Shaoyuan Zhang et al., 2007). For example, caffeine, carbamazepine and
primidone were present in a river influenced by wastewater at concentrations between 2
and 687 ng/L (Y. Carrie Guo and Krasner, 2009a), and, caffeine, metformin,
sulfamethoxazole, and triclosan were frequently detected in surface water and sediments
of Lake Michigan (Blair et al., 2013; Ferguson et al., 2013). Several other PPCPs were also

present in marine sediments in the ng/gDW range (Elliott et al., 2017; Long et al., 2013).

While there is a significant body of research that has been conducted related to TrOCs in
streams, freshwater lakes, and oceans/seas, no such literature related to TLs was available.
Because TLs are important for the existence of multiple protected and unprotected species,

it is important to understand the fate of TrOCs in TLs. It is believed that this is to be the
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first assessment of TrOCs in TLs. Objectives of this study were to a) determine the
concentrations of ten TrOCs in TLs influenced by reclaimed wastewater and compare their
concentrations to a TL which was not influenced by wastewater, b) compare results with
other U.S. lakes and sediments published in the literature and c) determine TrOCs in shore
soils vs nearshore sediments at each TLs to investigate the impact of shoreline recreational

activity.

4.2 Materials and Methods

42.1 Chemicals

Ten compounds were selected based on their frequent detections in wastewater treatment
effluents. Caffeine (CAF), carbamazepine (CBZ), N,N-diethyl-meta-toluamide (DEET),
diphenhydramine (DPH), fluoxetine (FLX), meprobamate (MPB), primidone (PMD),
trimethoprim (TMP), atrazine-ds, caffeine-ds, carbamazepine-dio, diphenhydramine-ds,
and meprobamate-ds were purchased from Sigma-Aldrich (St. Louis, MO). Atrazine
(ATZ) and fluoxetine-ds were purchased from Cayman Chemicals (Ann Arbor, MI).
Sulfamethoxazole (SMX) was obtained from MP Biomedicals (Solon, OH). DEET-d1o,
primidone-ds, sulfamethoxazole-da, and trimethoprim-ds were purchased from Santa Cruz
Biotechnology (Dallas, TX). Methyl tertiary-butyl ether (MTBE), methanol, HPLC grade
water, diatomaceous earth, 0.1% formic acid (v/v) in water and 0.1% formic acid (v/v) in
acetonitrile were acquired from Thermo Fisher Scientific (Waltham, MA). All analytical
solvents and standards were of >98% pure except ammonium acetate, >97%, purchased

from VWR International, LLC (Solon, OH).



52
4.2.2 Sample Collection

Four TLs surface water, their nearshore sediments and shoreline soils in the U.S. state of
Nevada were sampled once in the Fall of 2018 and Spring of 2019. Three to four locations
at each lake were chosen based on accessibility. TL1 TL2, and TL3 are influenced by
reclaimed wastewater. One TL does not receive reclaimed wastewater (CTL). For each
lake, sampling location A is at the mixing zone with the inflow, locations B, C, and D were
along the length of the shoreline of the lake. ~20% of the collected samples were collected

in triplicate.

Surface water samples were collected at least 2 m from the shore with a HDPE container
attached to a pole. Samples were immediately transferred into a 1L amber glass bottles
which had been washed, baked at 500°C for 3 hours, and preserved with 50 mg of ascorbic

acid and 1 g of sodium azide.

Sediments were sampled with a stainless-steel hand auger from the lakebed, approximately
2 m from the shore, generally at a depth of ~10 cm. For sampling sites with more gravel
which filled the hang auger, samples were collected at a depth >10 cm but less than 20 cm,

where fine sediments were observed.

Surface soil samples (0-5 cm) were collected with a trowel. Soils were sampled from areas
with minimal or no interaction with the lake water to determine the direct impact of human
activity to the soil. The soil samples from TL1 to CTL were sampled from a location where
the lake water does not interact with each TL’s soil but is close to surface water/sediment
sampling location of A, B, C & D for TL2, TL3 and CTL. Only a single soil sample at

location A of TL1 was sampled as other soil areas were inaccessible at TL1.



53

All sampling containers or tools were rinsed with DI water three times before and between
samplings to minimize contamination. The trowel and hand auger were also rinsed and
wiped with a paper towel between samples. Samples were transferred on ice to the
University of Nevada, Reno laboratories. Soil and sediment samples were stored at -20°C

until analysis. Water samples were stored at 4°C and typically analyzed within 2 weeks.

423 TrOC Concentrations in U.S. Freshwater Lakes from Literature

To compare TrOCs concentrations in TLs with other U.S. lakes, published peer reviewed
literature was searched using the keywords pharmaceuticals, TrOCs, lakes, streams, rivers,
and lake sediments by Google Scholar. TrOC concentrations extracted from the literature
are compiled in Table B-6 (Blair et al., 2013; Robert N Brent et al., 2001b; Elliott et al.,
2017; Ferguson et al., 2013; Furlong, 2002; K.E. Lee et al., 2015b; Tierney et al., 1999;

Shiru Wang et al., 2020b) and the data from this study is in Table B-7.

4.2.4 Description of Sampled Lakes

TL1: Relatively shallow with a ~2 m maximum depth, 4 km? of surface area, and dominated
by peri-urban surface runoff. The lake also receives reclaimed wastewater from two
wastewater treatment plants via outfalls, one has biological treatment with disinfection and
the other has tertiary treatment processes (sand filtration). The biological and tertiary
treatment plants have flow rates of < 0.04 m®/s and discharges treated wastewater from
0.02 to 0.11 m¥/s respectively. Samples were collected on March 29", 2019. One surface
water, sediment and soil sample were collected from the mixing zone where the wastewater
treatment plant’s effluent canal mixes with the lake (location A). Only one soil sample was

collected because other soil sample locations were strongly influenced seasonally by lake
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water and the lake is not regularly used for shore recreation. Overall, three surface water

and sediment samples were collected at TL1.

TL2: Maximum depth of ~4 m with surface area of ~1 km? and receives water from a river
which receives tertiary treated wastewater from a wastewater treatment plant. The river has
an average annual flow rate of 11 m®/s. The wastewater treatment plant flow averages 0.22
mq/s. The plant consists of primary treatment, aerated biological treatment, filtration, and
disinfection. Four surface water, sediment, and soil samples were collected on March 23,

2019. This TL has a moderate level of shore recreation (e.g., hunting).

TL3: ~91 m deep with surface area of 490 km? and receives water from a river which is
influenced by reclaimed wastewater (tertiary treatment with sand filters). This treatment
plant treats an average flow of 1.36 m®/s and discharges approximately 1.2 m*/s to the river.
The river has an annual average flow rate of 23 m%/s. Four surface water, sediment and soil
samples were collected on November 29th, 2018. This TL has a high level of shore

recreation (e.g., bathing, fishing).

CTL: ~152 m deep with 130 km? of surface area. Receives water from a river which is not
impacted by reclaimed wastewater. Three surface water, sediment and soil samples were
collected on May 8th, 2019. Annual average flow of the river is 4.6 m%/s, some of which is

diverted for irrigation prior to the lake.

WW effluent samples were inaccessible during sampling the sampling campaign. The

names and locations of the lakes are intentionally concealed.
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4.2.5 Sample Extraction and Analysis

The aqueous, soil and sediment samples were extracted and analyzed using methods
described previously (Sharma et al., 2020). Briefly, aqueous samples were filtered with a
0.7 um microfiber glass filters and 10 isotopically labeled standards were spiked to make
the sample concentration equal to 100 ng/L of each labeled standard. Oasis Hydrophilic
Lipophilic Balance (HLB) 6cc/200 mg cartridges were preconditioned sequentially with 5
mL of MTBE, methanol, and ultrapure water, samples were then loaded to cartridges by
an automated solid phase extraction system, the cartridges were dried under N2 gas, and
eluted with 5 mL of methanol followed by 5 mL of 10/90 (v/v) methanol/MTBE solution.
The eluate was evaporated to near dryness under nitrogen gas flow, reconstituted to 1 mL
with methanol, and stored at -20°C until analyzed by liquid chromatography-tandem mass

spectrometry (LC/MS-MS) in positive electrospray ionization (ESI+) mode.

Soil and sediment samples were freeze-dried and extracted by pressurized liquid extraction
(ASE 200). Briefly, the freeze-dried sample was packed into extraction cells with
diatomaceous earth used as filler. The extraction solvent was 2:1 v/v water-methanol
solution at 100°C and 1500 psi, and extraction was conducted three times. The extract was
diluted to 1 L with ultrapure water. Solid phase extraction with HLB cartridges and elution
with methanol was conducted as a clean-up method. Eluates were dried, reconstituted to 1
mL with (2:1, v/v) water-methanol solution, spiked with isotopes and stored at -20°C until

measurement by LC/MS-MS.

Quantification was achieved following the analytical method described by Sharma et al.

(2020). Briefly, a Thermo Scientific Ultimate 3000 UPHLC with an Agilent RRHD
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ZORBAX Eclipse Plus reverse phase C18 column (2.1x50 mm, and 1.8 pm) was used for
LC. Mobile phase of ultrapure water with 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid (solvent B) with flowrate of 400 puL/min at 30°C in ESI+ mode. The
Thermo Scientific XX triple quad MS was tuned daily with caffeine and one ion transition
was used for quantitation of each compound. Another transition was used for qualification.
MS/MS parameters, analyte reporting limits and LC-MS/MS ion transitions are provided
in Table B-1, B-2, and B-3 respectively. Analytical check standards were within £20% of

their known concentration.

4.2.6 Statistical methods
ANOVA with post-hoc Tukey’s HSD was conducted in R. The threshold for statistical

significance was set at p=0.05.

4.3 Results and Discussion

4.3.1 TrOC occurrence in TLs

Ten TrOCs were quantified in the surface water of four TLs and the results are presented
in the Figure 4-1. Surface water enters from location A into each TL, and locations B, C &
D are along the lake shore between 1.1 km and 6.4 km from A. Nine TrOCs were detectable
in TL1, and more than any other lake. TL1 receives wastewater from two WW facilities,
one is highly treated reclaimed wastewater, and the other treatment facility discharges to
evaporation ponds which are directly adjacent to the lake. During the sampling event, the
lake level was extremely high, causing localized flooding, and the evaporation ponds likely
comingled with the lake water to some extent. CBZ, DEET, PMD and TMP were present

in all four lakes from 1 + 0.6 (CBZ) to 1109 £ 1887 ng/L (PMD).
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Sediment TrOC concentrations are presented in Figure 4-2. Six TrOCs (CAF, CBZ, DEET,
DPH, PMD and TMP) were present in all four lakes from 0.15 + 0.10 (DEET in TL1) to
12.40 £ 5.2 ng/gDW (TMP in TL1). Primidone at location B/C/D in TL1 was at 77
ng/gDW, the highest TrOC concentration observed in all sediment samples. ATZ and MPB
were not detected in any sediments collected. FLX and SMX ranged from below the

detection limit (BDL) to 2 ng/gDW.

Soil samples were collected to understand the effects of shoreline recreational activities
(Figure 4-3). Six TrOCs (CAF, CBZ, DEET, DPH, PMD and TMP) were present at
quantifiable levels in all TLs from 0.1 + 0.15 to 137 + 195 ng/gDW (CAF). CAF was at
the greatest concentration of 361 ng/gDW in TL3 soil at location C. This specific soil
sampling location is a relatively high traffic recreational beach. Similarly, at high public
traffic location A, CBZ at CTL was at 133 ng/gDW. Other compounds were observed at
low concentration such as FLX and MPB were at 0.1 ng/g DW and 1 ng/gDW at TL3
respectively, whereas SMX was at ~1 ng/gDW at TL2 and TL3 soil samples. ATZ was

below the detection limit in soil samples at all four lakes.
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Figure 4-1 TrOCs in the mixing zone (A, represented by solid bars) and the average of
three nearshore sampling sites (B/C/D, pattern fills). Error bars show the standard
deviation of three or more samples collected at location A and B/C/D of TL1, TL2, TL3
and CTL. Asterisks indicate the concentration is significantly different in the lake
compared to the mixing zone. No bar indicates the analyte was below detection limit.
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Figure 4-2 TrOCs in sediments at the mixing zone (A) and the average of three points
near the lakeshore (B/C/D). Error bars represents the standard deviation among three or
more samples. Asterisks indicate the concentration is significantly different in the lake
compared to the mixing zone. No bar indicates the analyte was below detection limit.

4.3.2 Variability among TLs
ANOVA was used to determine differences between samples (Table B-4 and B-5). CAF,

CBZ, DPH, and MPB were present in TL1 at greater concentrations than TL2, TL3 and
CTL. TL1 receives wastewater with the lowest level of treatment and therefore the greater
concentration of TrOCs was somewhat expected. CAF was non-detect in TL1 but was
present in all other three lakes. There was no significant difference in concentrations of
CBZ, DPH, MPB, PMD, SMX and TMP between TL2, TL3 and CTL. DEET and FLX
were present at lower concentrations in both TL2 and TL3 compared to CTL, even though

TL2 & TL3 receives tertiary treated wastewater and CTL does not receive reclaimed
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wastewater. However, TL2 has more DEET than TL3 which could be due to TL2 being a
shallower lake than TL3, TL2 (i.e., less dilution) or that it attracts a greater population (i.e.,
sportsmen/sportswomen) compared to TL3. Overall, concentrations of TrOCs were similar
in lakes with direct reclaimed wastewater input to those in a lake without wastewater input.
For the lake with both reclaimed wastewater input and only biologically treated wastewater

input, concentrations were significantly elevated.

Similarly, for sediments, DPH and FLX concentrations were greater in TL1 than TL2, TL3
and CTL but DEET was lower in TL1 than TL2, TL3 and CTL. The concentration of CAF,
CBZ, PMD, SMX & TMP were not significantly different between the lakes but CAF,
PMD and TMP were present at modestly greater concentrations in TL1 sediments
compared to the other three lakes. MPB was below the method reporting limit for all

samples.

On comparing the TrOCs concentrations in sediments to soil, concentrations in TL1’s soil
were either similar to or less than respective lake sediments. However, at every sampling
location (A/B/C/D) of TL2 soil CAF concentrations were greater than sediments
concentrations. Also in TL2, the concentrations of CBZ at location B, DEET at location D,
and TMP at location A were greater than their respective sediment concentrations. Further,
in TL3, CAF, DEET and PMD and in CTL, CBZ, PMD and TMP, were present at higher
concentration in soil at some sampling locations compared to respective sediment samples.
There was no significant difference in TrOCs concentrations in soil samples of TLs
impacted by reclaimed wastewater compared to the CTL lake. The lakes in this research

all have some level of public shoreline activity; this is well demonstrated by the
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intermittently greater concentrations in respective soils compared to sediments, and
indicates that at least some of the TrOCs present in the lakes originated in shoreline activity

rather than wastewater flows.
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Figure 4-3 TrOCs soils at locations A & B/C/D, where locations B, C & D are the
average of three TLs and one control lake. Error bars show the standard deviation of three
or more samples. No bar indicates the analyte was below detection limit.

4.3.3 Lossesinthe TLs

The concentrations of TrOCs would be greater in the lake compared to the mixing zone
was expected due to accumulation in the lake. For CAF and DEET in TL2, PMD in TL3,
and PMD and TMP in CTL, this was true; concentrations were greater at location B/C/D
than location A in surface water samples. However, for TL1, the mixing zone (Location
A) had significantly greater concentrations of CBZ, DPH, FLX & MPB than location

B/C/D (Figure 4-1). In TL2, TL3 and CTL the concentrations at locations B/C/D of surface
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water samples were not significantly different from their respective mixing zones. Thus,
sediment sorption and biodegradation and/or photolysis likely mediate TrOCs in the lakes,
resulting in concentrations that are not significantly amplified by evaporative lake water

losses.

This is further supported by sediment concentrations where TrOCs tended to be present at
higher concentrations in lake sediments than in the mixing zone sediments. This is most
apparent for CAF and PMD, which were significantly greater in lake sediment than mixing
zone sediment. Other TrOCs had an overall similar trend but were differences were not

statistically significant.

4.3.4 Comparisons of TLs with U.S. surface waters
TrOC concentrations in the U.S. lakes/rivers/streams and sediments published in the

scientific literature were compiled and are presented in Figures 4-4 and 4-5. The aggregated
data is presented in Table B-6. Comparisons here are made between TLs in this study and
lakes with natural discharges to surface water (literature) because no data exists for TLs
but also because TLs may accumulate TrOCs was expected. Comparisons between TLs
and U.S. surface waters were variable, with some TrOCs present at greater concentrations
in TLs and some at lower concentrations. Average concentrations of ATZ, CAF, and DPH
were at least four times greater in the U.S. lakes reported in the literature compared to the
four TLs. DEET concentrations in the literature were greater by an average of 18 ng/L
compared to TLs measured in this study. However, CBZ, FLX, and SMX were present in

TLs at concentrations approximately double that of the literature and TMP approximately
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50 times higher than literature. MPB and PMD were also present at high concentrations in

TLs but no similar literature was found with which to compare.

Concentrations of TrOCs that were present above the reporting limits in sediment samples
in this study and in literature, were 5, 55 and 71 times greater in freshwater lakes than in
the TLs (CAF, DPH and FLX, respectively) (Blair et al., 2013; K.E. Lee et al., 2015b).
CBZ, DEET, SMX and TMP were either below the detection limits or no comparable data
was available (MPB & PMD) in published literature. In this study, DEET, ATZ, MPB and
SMX were below the detection/reporting limits and therefore are also not compared with

literature.

Overall, CBZ, FLX, SMX and TMP were present at higher concentrations and ATZ, CAF,
DEET and DPH at lower concentrations in the aqueous phase of TLs compared to
freshwater. ATZ, CAF, DPH and FLX were present at lower concentrations in TLS
sediments than freshwater lake sediments. TMP was present at higher concentration in TLS
sediments. These differences highlight the variable mechanisms of degradation and
transport of TrOCs from surface water to sediment. The samples investigated in this study
represent only two seasons in a single 12-month period but it is believed that the data is

sufficient to demonstrate that TLs do not significantly accumulate TrOCs.
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Figure 4-5 TrOCs in sediments of TLs (this study, n=4) and other U.S. lakes (literature,
ranging from n= 1 to 3). Outliers (TLs PMD- 37 ng/g DW, 143 ng/gDW and Literature
DPH- 36 ng/gDW, 37 ng/gDW, 44 ng/gDW, 48 ng/gDW, 82 ng/gDW) are not shown.
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4.4 Conclusions
Some TrOCs (CBZ, FLX, SMX and TMP) were present at higher concentration in multiple
TL surface waters compared to their concentrations in other U.S. lakes, but generally
concentrations were less than would be expected based on hydrology alone, indicating
biological activity or photolysis in TLs play key roles in TrOCs degradation. There was no
significant difference in TrOC concentrations in TL soils near lakes impacted by reclaimed
wastewater compared to those which were not wastewater impacted. In select cases, TrOC
concentrations were greater in soils compared to their respective sediment samples, likely
due to shoreline human activity. PMD concentrations was ubiquitous in aqueous and

sediment samples, respective of its relatively high use and its long environmental lifespan.
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Chapter 5

Dissolved Constituents in Endorheic Lakes Cause Faster Photodegradation of

Pharmaceuticals than those in Freshwater Lakes*

Priyamvada Sharma, Joanna Blaszczak, and David Hanigan

* In preparation to submit to Chemosphere Environmental Chemistry

Abstract

A plethora of research has been conducted on photodegradation of pharmaceuticals in
wastewater effluents, streams, rivers, and lakes at either laboratory or field-scale. Our
previous research indicated that carbamazepine (CBZ) was at higher concentrations and
diphenhydramine (DPH) at lower concentrations in terminal lakes than in non-terminal
freshwater lakes across the U.S. Terminal lakes contain higher amounts of organic matter
and are more saline than freshwater lakes. To understand if the photodegradation of
pharmaceuticals in terminal lakes was impacted by organic matter and salt content. The
rate of photodegradation of CBZ and DPH in two terminal lakes (Walker Lake, NV and
Swan Lake, NV) was measured and compared the rates to one oligotrophic freshwater lake
(Lake Tahoe). To determine the role of dissolved constituents, dilutions of lake water was
prepared containing 20 mg/L of CBZ and DPH and, exposed the samples to the full-
spectrum artificial light for a maximum of 2 days. Photodegradation of CBZ and DPH
followed pseudo-zero order kinetics. A linear mixed-effect model was used to determine
the contribution of individual dissolved characteristics of lake water to the
photodegradation of CBZ and DPH. Dissolved organic carbon up to 65 mgC/L and
alkalinity of 5198 mg CaCOgs/L in terminal lakes enhanced the rate of photodegradation

rate of DPH and CBZ but photodegradation rates of DPH were higher than CBZ.
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Degradation rate constants ranged from 0.33 to 2.68 mg/L-hr for CBZ and DPH in terminal
lakes compared to 0.19 to 0.88 mg/L-hr for CBZ and DPH in freshwater lake. More than
84% of CBZ and 78% of DPH were degraded in terminal and freshwater lake samples,

respectively.

5.1 Introduction

Trace organic contaminants have been widely detected in surface water, groundwater, and
freshwater and terminal lakes due to inputs from agricultural run-off and reclaimed
wastewater, nearby human activity, and industrial waste (Avisar et al., 2013; Boreen et al.,
2003; Kolpin et al., 2002; Sharma and Hanigan, 2021). Environmental trace organic
contaminants in surface waters can have negative impacts on aquatic and human health,
such as bioaccumulation in aquatic animals (Boreen et al., 2003; Kolpin et al., 2002; Liu
et al., 2019; Real et al., 2009; Richardson et al., 2005). An important degradation pathway
for trace organic contaminants in surface waters is sunlight-activated photochemical
breakdown (Boreen et al., 2003; Carena and Vione, 2020; Chen et al., 2009; Maddigapu et

al., 2010; Jiegiong Wang et al., 2020a).

Contaminants in the environment can be degraded either by direct photolysis or indirect
photolysis (Calisto et al., 2011). Direct photolysis occurs when contaminants are degraded
if their absorption spectrum coincides with the irradiation spectrum (Liu et al., 2019;
Pereira et al., 2007). Indirect photolysis occurs when contaminants are degraded by
intermediate reactive species that are formed by irradiation of other compounds present in
water (Carena and Vione, 2020), such as dissolved organic matter (DOM) and carbonates.

Important reactive species are excited triplet state of dissolved organic matter ((DOM¥),
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singlet oxygen (*02), hydroxyl radicals (OH) and carbonate radicals (CO3) (Chiron et al.,
2006; De Laurentiis et al., 2012; Dong et al., 2015; Lam and Mabury, 2005; Lam et al.,
2003). While these reactive species degrade many contaminants in the environment (Dong
et al., 2015), they can also inhibit photodegradation reactions. For example, DOM can
scavenge some photoreactive species such as *DOM*, -OH and COs~ (Carena and Vione,

2020), thereby preventing degradation of organic contaminants.

In the U.S., terminal lakes are mostly present in semi-arid region of the west. Evaporation
is the primary water loss pathway, which causes increased accumulation of soluble salts
such as Ca, Mg, Na, and COgs, Cl, etc. (Berelson et al., 2008; Yapiyev et al., 2017).
Dissolved organic carbon (DOC) concentrations vary in freshwater lakes (6.7 mgC/L mean
of five lakes) and terminal lakes (27.4 mgC/L mean of five lakes) (Song et al., 2019). Our
prior research showed that carbamazepine (CBZ) was at higher concentrations, and
diphenhydramine (DPH) at lower concentrations in terminal lakes than freshwater lakes in
the U.S., but the mechanisms explaining this difference are unknown (Sharma and
Hanigan, 2021). One possible mechanism explaining differences in levels of
pharmaceuticals may be photodegradation of these compounds due to higher DOC
concentrations and high solar radiation inputs given that most terminal lakes are in dry
parts of the U.S. However, there is little published literature addressing the fate of
pharmaceuticals in terminal lakes. Thus, to understand the impact of dissolved constituents
on pharmaceutical degradation kinetics, the objectives of this study were to a) determine

the impact of water constituents on the photodegradation kinetics of CBZ and DPH in
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terminal and freshwater lakes, and b) compare photodegradation Kinetics between

freshwater and terminal lakes.

5.2 Materials and Methods

5.2.1 Chemicals and Reagents

CBZ and DPH as trace organic contaminants of interest were selected for this study
because they are at higher (CBZ) and lower (DPH) concentrations in terminal lakes
compared to other U.S. freshwater lakes (Blair et al., 2013; Boyd and Furlong, 2002; Lee
et al., 2015; Sharma and Hanigan, 2021; Shiru Wang et al., 2020b). Both CBZ and DPH
were purchased from Sigma-Aldrich (St. Louis, MO). Methanol and acetonitrile were
obtained from Thermo Fisher Scientific (Pittsburgh, PA). All standards and solvents had a
purity level of >98%. Standard solutions were prepared with >18.2 MQ-cm water (Milli-

Q) obtained from Thermo Scientific Barnstead GenPure and stored in amber vials at 4°C.

5.2.2 Sampling

To compare photodegradation rates between terminal and freshwater lakes, Swan Lake
(Reno, NV) and Walker Lake (near Hawthorne, NV) as representative terminal lakes and
Lake Tahoe as an oligotrophic freshwater lake were selected. Swan Lake has shown to
receive inputs from wastewater whereas Walker Lake does not. Samples were collected
from Swan Lake, Walker Lake, and Lake Tahoe in May 2020 and Walker Lake was
sampled second time in July 2020. Other lakes were not sampled twice as the water quality
did not change over summer months. Samples from the surface of each lake were collected
at least 2 m from the shore with a HDPE container (pre-washed with alconox, rinsed with
deionized water and conditioned with the lake water) fastened to a pole. Samples were

immediately transferred to a 20 L HDPE container which had been pre-washed with
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alconox and rinsed with deionized water three times. Samples were transported to the
University of Nevada, Reno laboratory on ice, and filtered the same day and later stored at
4°C.
5.2.3 Photodegradation Experimental Apparatus

All water samples were filtered in the lab using pre-combusted 47 mm glass microfiber
filters (GF/F, 0.45 um pore size). After filtration, each of the collected terminal lake water
samples were diluted with deionized water using lake:DI ratios of 10:90, 25:75, 35:65,
50:50, 60:40, 75:25 and 100:0. Lake Tahoe water samples were diluted with deionized
water 50:50, 60:40, 70:30, 80:20, 90:10, 100:0. These dilutions were different than terminal
lakes because of Lake Tahoe water characteristics results. It was predicted that any further
dilutions of <50% with deionized water would result in either very less or no

photodegradation of the pharmaceuticals.

CBZ and DPH were each spiked at 20 mg/L to diluted and undiluted lake water samples.
5 mL of each spiked solution was added to ACE Glass Inc. (Vineland, NJ) quartz test tubes
with 11 mm internal diameter. Test tubes containing spiked solution were either covered
with foil (dark controls) or not covered with foil (light exposed samples). Control samples
were also prepared by adding 20 mg/L of CBZ or DPH to deionized water. Samples in test
tubes were capped with LDPE caps to avoid sample losses due to evaporation during the

experiments.

Samples were exposed to artificial sunlight using a Suntest CPS containing a 1500 W
Xenon lamp and filters that replicate the solar emission spectrum. Tubes were aligned at

an angle of 45° above horizontal on a metal rack to approximate the mid-latitudes of
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Nevada. The intensity of the incident light was equivalent to sunlight. The solar simulator
had a constant inner temperature of 45°C, which was measured by a Fluke 54 1l B

thermometer.

Exposure duration and sampling intervals were based on preliminary photodegradation
experiments. The CBZ-spiked samples were exposed to light for a total of 44 hours, and 1
mL aliquot after every 4 hours was collected. For terminal lake samples, DPH-spiked
samples were exposed to light for 10 hours and sampled every hour. Lake Tahoe samples
spiked with DPH water were exposed for 24 hours and sampled after every 4 hours.
Aliquots were placed in 2 mL amber screw-top vials and refrigerated at 4°C until analysis

(analyzed within a week).

5.2.4 Analytical Methods
Lake water sampled were characterized prior to the photodegradation studies. The pH was

measured using a calibrated Thermo Fisher pH meter (Waltham, MA). The UV-Vis
measurements were conducted with a Hach DR6000 spectrophotometer. The DOC
concentrations were measured using a Shimadzu TOC-L analyzer with MRL of 1 mg/L.
Terminal lake samples were diluted 10 times with deionized water prior to DOC
measurements due to their high salt content interfering with the DOC measurement.
Specific ultraviolet absorbance (SUVA) was calculated as the UV absorbance divided by
the DOC concentration. Turbidity and alkalinity were measured with a Hach turbidimeter
and an automatic titrator, respectively. Both May and July samples from Walker Lake and

Swan Lake samples were diluted with deionized water 10 times to measure alkalinity.
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Fluoride, chloride, nitrate, nitrite, bromide, and sulfate were measured using a Dionex ICS-
3000 equipped with an anion exchange column (Dionex lonPac AG19 4 x 50 mm guard
column and AS19 4 x 250 mm analytical column). The mobile phase was 12 mM
potassium hydroxide at a flow rate of 500 puL/min with 800 ul as the injection volume.
Terminal lake samples were diluted 500 times to increase accuracy of the anion
measurements. Fluoride could not be measured because it was at below the detection limit
in more diluted samples. Orthophosphate was measured using a Hach reactive phosphate
kit with a Hach spectrophotometer DR3900. The DPH and CBZ concentrations were
measured using an Agilent 1260 Infinity HPLC-UV instrument, within a week of exposure
(ZORBAX Eclipse plus C-18 column, Agilent Technologies (4.6 mm x 150 mm x 5 um).
Instrumental conditions were similar to Thapa and Hanigan (2020) for CBZ but DPH was
determined using 65:35 v/v 0.01 N potassium dihydrogen orthophosphate (pH 3) adjusted
with diluted phosphoric acid: acetonitrile and the total run time was 6 mins. The column
was operated at 30°C with the injection volume of 10 puL where DPH measurements were

conducted at 205 nm wavelength (Ge et al., 2011).

5.2.5 Linear Mixed Effect Model

To determine which dissolved constituents may play a role in each lake in either promoting
or inhibiting photodegradation, the data was analyzed using a linear mixed-effects model.
In this study, lake and exposure duration were used as fixed-effects, dilutions while other

lake water characteristics were random effects using Eq. 5-1.

Concentration of CBZ or DPH = 3, Hour + 3; Dilution + 3, DOC + Intercept Equation 5-1
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With Ro, 1, and 32 being the slope of the hour, dilution, and DOC. The random slope and
fixed intercept method were applied. All the data values were z-scored due to differences
in scales between variables. Our analysis was conducted using (R version 3.6.1, model

Ime4) and the model output are presented in Table C- 2.

5.3 Results and Discussion

5.3.1 Lake Characteristics

Surface water characteristics of each lake are presented in Table 5-1. In general, the
concentrations of various water constituents in the terminal lakes were greater than the
freshwater lake concentrations. Lake characteristics for Walker Lake in May were like
July, indicating stability in surface water chemistry is impacted more by longer-term
accumulation of organic and inorganic matter than the spring snowmelt of 2020. Walker
Lake had higher concentrations of DOC, alkalinity, CI-and SO4? than Swan Lake and Lake
Tahoe. The NOs-N and POs-P concentrations were higher in Swan Lake than both
samplings of Walker Lake and Lake Tahoe, potentially because the lake receives surface
runoff from the surrounding community. Swan Lake also had higher SUVA, indicative of
greater humic acid content, and green algae were visible in the sample, reflecting

anthropogenic inputs.

Table 5-1 Water characteristics of lakes in this research.

Parameter Unit 5/13/2020 7/13/2020 8/25/2020 8/25/2020
Lakes Walker Walker Swan Lake
Lake Lake Lake Tahoe
DOC (mgC/L) 65.5 65.6 33.3 1.2
Uv254 (cm™) 0.355 0.37 0.053 0.008
SUVA (L/mg-m) 0.54 0.56 3.63 0.66
F (ng/L) NF NF NF 62
Cr (mg/L) 4,392 3,946 2.9 2.5

NO3-N (mg/L) NF NF 0.77 NF
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SO4* (mg/L) 4,451 4,700 183.6 0.4
PO4-P (mg/L) 0.7 0.3 1.6 0.04
pH 9.1 9.9 10.3 8.8
Alkalinity (mgCaCOa/L) 5,198 5,112 518.5 45.2
Turbidity (NTU) 5.1 43 93.1 0.66

5.3.2 Degradation Rates
Photodegradation kinetics for CBZ and DPH in lake water are provided in Table 5-2. Dark

controls are not presented because no degradation of CBZ and DPH was observed. Pseudo
zero-order degradation of CBZ and DPH in terminal lakes at all dilutions were linear (R?
>0.90) with time. However, the linear decrease in Lake Tahoe was weaker (R? >0.83) than
terminal lakes (Table 5-2). Pseudo-zero order fits were more strongly based on the R?
values for concentration vs time plots, raw files are in the Appendix C. All experimental
matrices followed pseudo-zero order kinetics, likely because the formation of reactive
radical species from the excitation of dissolved constituents such as DOC was relatively
slow compared to the high concentrations (20 mg/L) of spiked DPH and CBZ. Work by
Zhang et al. (2012) found similar pseudo zero order kinetics for the degradation of

norfloxacin.

The change in CBZ concentration in Walker Lake May over time was plotted in Figure C-
1 and each line equation along with its R? generated from Figure C-1 is listed in Table C-
1. The slope of the line equation is the degradation rate constants for the respective dilution
of Walker Lake May water for CBZ. The same steps were repeated to generate the Table

5-2 and Table C-1 (for all dilutions).

Degradation rate constants (kobs) for CBZ in undiluted Walker Lake May and July samples,

and Swan Lake and Lake Tahoe were 0.6319 mg/L-hr, 0.4566 mg/L-hr, 0.4392 mg/L-hr
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and 0.3487 mg/L-hr, respectively (Table 5-2). The kobs for CBZ was lowest in undiluted
Lake Tahoe water. For DPH, Kobs Were 2.4239 mg/L-hr, 2.2635 mg/L-hr, 1.9085mg/L-hr,
and 0.8794 mg/L-hr for Walker Lake May, Walker Lake July, Swan Lake, Lake Tahoe,
respectively. In general, Kobs Values for both CBZ and DPH were greater in terminal lake
waters than freshwater, likely due to the greater concentrations of dissolved constituents

which are photoexcited to produce radicals.

Table 5-2 Photodegradation kinetics in three lakes and deionized water.
Pseudo-Zero Order Reaction

Percent Lake

Pharmaceutical Kinetic Equation R2
Water
Walker Lake May
CBz 100 y =-0.6319x +24.215 R2=0.98
DPH 100 y =-2.4239x +24.012 R2=0.98
Walker Lake July
CcBz 100 y =-0.4566x + 19.781 R2=0.96
DPH 100 y =-2.2635x + 21.61 R2=0.98
Swan Lake
CcBz 100 y =-0.4392x + 16.94 R2=0.90
DPH 100 y =-1.9085x + 18.14 R2=0.96
Lake Tahoe
CBz 100 y =-0.3487x + 22509 R2=0.83
DPH 100 y =-0.8794x + 24.449 R2=0.88
Deionized Water
CcBz 100 y =-0.1137x +20.552 R2=0.54
DPH 100 y =-0.0468x +20.901 R2=0.14

The CBZ and DPH concentrations in deionized water had kobs 0f 0.1137 mg/L-hr and
0.0468 mg/L-hr respectively (Table 5-2) indicating that some photodegradation occurred

even in the absence of DOC and other dissolved constituents. This is also supported by
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other researchers, who observed some photodegradation of DPH by direct photolysis (Chen

et al., 2009; Yuan et al., 2009).

5.3.3 Contribution of DOC

Diluted samples had somewhat weaker fits but the R? generally still exceeded 0.9, except
in Lake Tahoe samples (R? generally >0.6) (Table C-1). Overall, reducing dissolved water
constituent concentrations caused slower photodegradation of CBZ and DPH in lake water
samples. Dilution caused kobs for both CBZ and DPH to decline (Table C-1), likely due to
a reduction in photoexcited compounds. The slopes from all the equations in Table 5-1 and
Table C-1 were used as degradation rate constants (Kobs) and plotted them against the

calculated DOC and alkalinity based on dilutions (Figure 5-1 to Figure 5-4).

CBZ and DPH kobs values was plotted against the DOC concentrations for each dilution to
determine if kobs values of CBZ and DPH were directly proportional to DOC concentrations
(Figures 5-1 and 5-2). The kobs for CBZ and DPH increased linearly with DOC
concentration for all lakes. For Lake Tahoe, DOC appeared to be the primary constituent
causing photodegradation as the y-intercept is near zero suggesting that DOC being the
sole factor in CBZ degradation. However, the intercepts for terminal lakes were higher than
0, indicating that other constituents contribute to photodegradation. For DPH
photodegradation reactions in Lake Tahoe, a lag phase of ~12 hours was observed until
photodegradation started. The lag phase was shorter for samples having smaller dilutions
which indicates that the dissolved constituents such as DOC is contributing in
photodegradation of DPH. In diluted samples there is not enough DOC to participate in

photodegradation but with longer light exposure, enough radicals produce to participate in
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photodegradation of DPH. Based on the variance values of the fixed and random effects in
the model, DOC contribution to photodegradation of CBZ and DPH was 20% and 63%,

respectively (Table C-2).

The positive coefficients of the random slope for all terminal lakes and negative
coefficients for freshwater lakes (Table C-2) indicate that the contribution of DOC to
photodegradation of CBZ was largest in the freshwater lake compared to both terminal
lakes. However, for DPH photodegradation, negative coefficients were observed for Lake
Tahoe and Swan Lake. The negative coefficients listed in Table C-2 suggest that the decline
in CBZ and DPH concentration over time is because of DOC. Overall, DOC affected the

photodegradation of CBZ and DPH but was more important in Lake Tahoe water.

OWalker Lake May COWalker Lake July ASwan Lake < Lake Tahoe

0 .
0.1 Walker Lake May y =0.0042x + 0.2868 R*=0.7151
' Walker Lake July y=0.0014x+0.361 R*=0.7783
0.2 - Swan Lake y =0.0024x + 0.379 R?*=0.5244
Lake Tahoe y =0.1686x + 0.1131 R*=0.5065
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Figure 5-1 Pseudo zero-order degradation rate constants (kobs) of CBZ are extracted from
Table 5-1 and Table C-1 for all three lakes and plotted against DOC in terminal lakes and
a freshwater lake which are based on dilution calculations.
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Figure 5-2 Pseudo zero-order kobs 0f DPH are extracted from Table 5-1 and Table C-1 for
all three lakes and plotted against DOC in terminal lakes and a freshwater lake which are
based on dilution calculations.

5.3.4 Contribution of Other Dissolved Constituents

The potential contribution of other dissolved compounds to photodegradation of CBZ and
DPH is presented in Table 5-1. HCOs' is an important species as COs~ is generated from
the reaction of -OH with HCO3/COs* (Lam and Mabury, 2005), therefore it is important
to study the role of alkalinity in photodegradation of CBZ and DPH in various lake
samples. The pH of all lake samples is > 8.8 therefore both carbonate species i.e., HCOs’
/CO3? will be present in the sample to contribute in photodegradation of CBZ and DPH.
The kobs of DPH vs. alkalinity is shown in Figure 5-4. DPH kobs increased with increasing
alkalinity for Walker Lake samples. In Swan Lake samples, alkalinity appeared to play a
greater role as the slope of the kobs vs alkalinity line was much greater. A similar trend was

also observed in CBZ kobs Vs alkalinity (Figure 5-3).
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Figure 5-3 Pseudo zero-order Kobs 0of CBZ are extracted from Table 5-1 and Table C-1 for
all three lakes and plotted against alkalinity in terminal lakes and a freshwater lake which
are based on dilution calculations.
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Figure 5-4 Pseudo zero-order kobs of DPH are extracted from Table 5-1 and Table C-1 for
all three lakes and plotted against alkalinity in terminal lakes and a freshwater lake which
are based on dilution calculations.

NOs-N was only detected in Swan Lake (0.77 mg/L) but its concentrations were below

detection limit in the other lakes. Photolysis of NOs™ produces ‘OH (Zepp et al., 1987),
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which can contribute to photodegradation of organic compounds. A high concentration of
NOs-N in Swan Lake compared to the other two lakes (Walker Lake and Lake Tahoe)
could potentially explain a faster photodegradation of CBZ and DPH by generating more
‘OH. kobs of CBZ and DPH was plotted against SUVA values (Figure C-9 and C-10). High
SUVA values for Swan Lake indicates high concentration of organic compounds, that can
absorb light and participate in photodegradation of CBZ and DPH. kobs for CBZ and DPH
did not increase in Swan Lake samples when SUVA values exceeded 1 L/mg-m. However,
when samples had SUVA values < 0.7 L/mg-m (Walker Lake May, Walker Lake July, and
Lake Tahoe), a linear trend between kobs and SUVA values was observed. This suggests
that SUVA values below 0.7 L/mg-m promote photodegradation of CBZ and DPH. Our
results are supported by Somathilake et al. (2018) showing that high concentrations of
organic compounds can interfere with photodegradation of CBZ and can promote removal
efficiency of CBZ from the sample. Fits for sulfates and phosphates are in the Appendix

C.

Based on the linear mixed-effects model, the overall contributions of alkalinity, SUVA,
and NOs-N in all lakes in photodegradation of CBZ are 13%, 8% and 11% respectively
(Table C-2). Based on the positive coefficients listed in Table C-2 generated after the model
of Walker Lake and Swan Lake samples in CBZ photodegradation, alkalinity did not
appear to play a major role in photodegradation. However, alkalinity appeared to influence
the photodegradation of DPH in Walker Lake and Swan Lake samples based on negative
coefficients and may have contributed to 67% of the overall photodegradation.

Individualized effect of DOC, alkalinity, and NOs3-N on photodegradation of CBZ and
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DPH was not tested, therefore these linear mixed model results are indictive of what
constituents played a major in photodegrading CBZ and DPH in varying diluted lake water
samples. Other contributing factors such as SUVA may be responsible for 60% in
photodegrading DPH in lakes (Table C-2). All other constituents such as DOC contributed
>60% to photodegradation of DPH, making it difficult to conclude if some of the
constituents inhibited the rate of photodegradation thus making the contribution to >60%.
Overall, photodegradation rates were dependent on DOC, alkalinity, NOs-N, but their

contribution was different for CBZ compared to DPH.

5.4 Conclusions

Photodegradation of CBZ and DPH was observed in both terminal lakes and freshwater
lakes. The photodegradation rate constants kobs for CBZ and DPH were higher for terminal
lakes compared to a freshwater lake, which had lower concentrations of all dissolved
organic and inorganic compounds. Terminal lake constituents, particularly DOC and
alkalinity appeared to enhance the rates of photodegradation of CBZ and DPH. Sunlight
combined with dissolved lake organic and inorganic matter contributes to the
photodegradation of pharmaceuticals entering terminal lakes, thus reducing

pharmaceutical concentrations in the surface water.
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Chapter 6

SYNTHESIS OF RESULTS

This chapter synthesizes the results of the dissertation and supports the overarching goal:
to investigate the fate of TrOCs in semi-arid areas to safely reuse reclaimed water. This
research will assist future researchers and consultants in estimating the health risk

associated with the accumulation of TrOCs in semi-arid areas.

There have been many investigations to determine the occurrence of TrOCs in U.S. lakes,
agricultural farms (movement to soil/plant system) and their photodegradation in the
environment. What makes this dissertation different is the motivation and purpose of this
study; the climate of Nevada is semi-arid; receives less precipitation i.e. ranging from 25
to 35 cm per year (Runkle, 2017) with over 300 clear days per year (Nations and Erwin,

2009) and limited water resources. Stress on water resources has resulted in water reuse.

To accomplish the goal of determining the fate of TrOCs in semi-arid areas, several
locations were selected that are impacted by TrOCs; terminal lakes receiving treated
wastewater effluent and an agricultural farm, Main Station Field Laboratory (MSFL), that
has been receiving reclaimed water for over 10 years. Sampling of the reclaimed water,
soil, alfalfa, and soil pore water of MSFL were conducted. Surface water, sediments, and
soil of three TLs that receive reclaimed water and one control TL that does not receive
reclaimed water but has some human influence (recreational activities) were also sampled.
MSFL and TLs were investigated for 12 and 10 TrOC accumulation, respectively. Results
of 10 TrOCs from TLs to other U.S. lakes scientific literature were compared. A microcosm

photolysis study was performed to determine photodegradation kinetics of some TrOCs in



83

terminal lakes and an oligotrophic lake water. These investigative studies helped in
understanding the overall fate of TrOCs from the source (reclaimed water/humans) to
farms/lakes and photodegradation in varying natural environment (terminal

lakes/freshwater lakes).

12 TrOCs were present in the wastewater influent and the local wastewater treatment plant
(WWTP) with biological, and tertiary treatment did not remove all TrOCs from the
wastewater. Some hundreds ng/L to tens pg/L was in reclaimed water for 11 TrOCs. This
reclaimed water was used to irrigate MSFL, where the highest soil concentration of eight
TrOCs was observed at the soil surface soil, compared to soil’s deeper depths, except CBZ
which increased with increasing depth. At the farm which uses the reclaimed water for
irrigation, 10 TrOCs in pore water and nine TrOCs translocated into alfalfa shoots and
leaves. CBZ, PMD, SMX and TMP were the compounds that were at highest

concentrations in reclaimed water and at MSFL.

In other regional TLs, some of the TrOCs were at higher concentration in a TL receiving
half biological and half tertiary treated wastewater compared to TLs receiving only tertiary
treated wastewater. However, TrOCs in TLs receiving tertiary treated wastewater
compared to a TL which was not influenced by reclaimed water were not statistically
different in TrOC concentrations. On comparing TrOCs in TLs with the U.S. literature;
CBZ, FLX, SMX and TMP were at higher concentration in TLs compared to U.S. literature

and ATZ, CAF and DPH were at lower concentration in TLs compared to U.S. literature.

To meet the initial goal of fate of TrOCs in semi-arid areas, it is important to know why

some TrOCs were higher and lower in TLs vs U.S. lakes. CBZ (higher in TLs than U.S.
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literature) and DPH (higher in U.S. lakes than TLs) were selected to study
photodegradation Kkinetics in TLs and freshwater lake. CBZ is an anticonvulsant drug;
highly persistent in nature as it was at high concentration in both MSFL and TLs. DPH is
an anti-allergy drug which is commonly consumed by people but was at low concentration
in both MSFL and TLs. A solar simulator laboratory-scale experiment was conducted to
study the kinetics of photodegradation of CBZ and DPH in two TLs (Walker and Swan
Lake) and one freshwater lake (Lake Tahoe). Rates of photodegradation were faster for
both CBZ and DPH in both Walker Lake and Swan Lake water samples compared to Lake
Tahoe samples. High concentration of some water constituents such as dissolved organic
carbon (proxy for dissolved organic matter), alkalinity and nitrates in TLs facilitated in
faster photodegradation of CBZ and DPH compared to low water constituents in Lake
Tahoe. However, the difference in percent removal for CBZ and DPH in both TLs and
freshwater lake was less than 10% after 44 and 24 hours of light exposure respectively.
Both types of lake water likely generated reactive species in presence of light that
photodegraded both CBZ and DPH, but the reactions were slower in a freshwater lake

compared to TLs.

TrOCs are present in semi-arid areas, even if the areas are exposed to reclaimed water or
not exposed to reclaimed water. TrOC concentrations in the environment are not as
alarming as low ng/gDW of some TrOCs translocated in alfalfa after being irrigated by
reclaimed water for over 10 years. On comparing low ng/gDW of some TrOCs with their
therapeutic doses, exposure of TrOCs to the cattle through ingestion will be minimal to no

health impact. The soil matrix sorb compounds when irrigated with reclaimed water and
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act as a barrier for less translocation of TrOCs in the plant. From the microcosm photolysis
experiment, semi-arid climate causes relatively rapid photodegradation of some TrOCs in
both freshwater and TLs. However, percent removal of some TrOCs through

photodegradation was faster in terminal lakes compared to freshwater lake.

The combined key conclusions from this dissertation is shown in Figure 6-1, where it
presents that the study is conducted in semi-arid areas. The figure displays alfalfa irrigated
with reclaimed water for over 10 years. Cattle grazed on the alfalfa grown on this field has
minimal health impact (Chapter 3). TrOCs concentration in both types of terminal lakes
were similar, hence shown with an equal sign in Figure 6-1. CBZ, FLX, SMX, and TMP
were higher in concentration than publications and ATZ, CAF, and DPH were lower in
concentration than publications (Chapter 4). Conclusions from Chapter 5; the degradation
rate constants for CBZ and DPH in terminal lakes was higher than in freshwater lake.
Overall, this figure represents that reclaimed water reuse in semi-arid areas should be
encouraged as these areas’ climate has the potential to reduce TrOCs from WWTPs or from

direct human influence.
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accumulation and photodegradation of TrOCs.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

The overarching goal of this dissertation was to investigate the fate of TrOCs in semi-arid
areas to safely reuse the reclaimed water. The following summarizes the broad conclusions

of this dissertation.

7.1 Conclusions

The accumulation of TrOCs in various environmental media in semi-arid areas was studied.
All 12 studied TrOCs declined after each treatment processes of the water reclaimed
facility, however 11 TrOCs were remained in the reclaimed water. TrOC concentrations
declined in soil with increase in soil depth after the soil was irrigated with reclaimed water
for over 10 years. During non-irrigation periods, some TrOCs remained in the soil pore
water. Neutral compounds accumulated in alfalfa leaves at higher concentrations compared
to the ionic compounds. However, limited accumulation of TrOCs in alfalfa was observed,
which likely has minimal health impact on foraging animals. A greater risk may be the
long-term accumulation of TrOCs in soils, but a formal risk assessment is outside the scope
of this dissertation.

TrOCs in terminal lakes was also examined where there is no significant difference
between concentrations in terminal lakes receiving tertiary treated water and terminal lakes
not receiving reclaimed water. Poorly treated wastewater released higher concentrations of
TrOCs to terminal lakes compared to tertiary treated wastewater. 4 of 10 TrOCs were
present at higher concentrations in terminal lake surface water compared to freshwater U.S.
lakes published in literature. 3 of 10 TrOCs were at greater concentrations in freshwater

U.S. lakes compared to the surface water of terminal lakes.
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To determine why some TrOCs were present at greater or lesser concentrations in terminal
lakes that freshwater lakes, the photodegradation of TrOCs was studied. Both CBZ and
DPH photodegraded >70% in terminal and freshwater lakes in 10 to 44 hours of simulated
sunlight exposure. Percent removal of CBZ and DPH by direct photolysis was 18% and
5%, respectively. High concentrations of DOC, NOs-N and alkalinity in terminal lakes

tended to promote faster photodegradation kinetics for both CBZ and DPH.

7.2 Recommendations for Future Research

During this research, several questions were raised that are opportunities for further

research.

1. Pharmaceuticals, personal care products and herbicide in a farm irrigated with
reclaimed water for over 10 years were quantified. Over the past few years, the
interest in per- and polyfluoroalkyl substances (PFASS) has increased tremendously
due to an establishment of health advisory limit of 70 ng/L for the total of the sum
of PFOA and PFOS by the EPA. Efforts to measure PFASs in reclaimed water and
their uptake by alfalfa grown at the farm for over 10 years using reclaimed water
would be a direct follow-up to this work and provide valuable information for
regulators and the public.

2. Only one sample set from each terminal lake was collected to investigate TrOC
concentrations. In further studies, multiple samples spaced temporally should be
considered to further identify the role of lake turnover or other seasonality of TrOC
concentrations.

3. Field samples were collected from terminal lake surface waters and sediments to a

quantify TrOCs but solar simulated photodegradation experiments were conducted
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only with surface water. There was no degradation of CBZ and DPH without light
exposure was observed. Therefore, further laboratory-scale
photodegradation/sorption studies of CBZ and DPH should be considered in
presence of sediments and surface water of terminal lakes to understand partitioning
of selected TrOCs between surface water, sediments, and their photodegradation
Kinetics.

During the solar simulated photodegradation experiments, there were both
photoreactive and photo-inhibiting species in the samples. It is difficult to identify
the contribution of one reactive specie. Additional study is required to examine the
individualized contribution of terminal lake DOM (varying concentration) in
photoreactive/inhibiting reactions compared to carbonate and nitrate. Isolations of
the DOM which remove inorganic ions may allow for this distinction.

DOC, fluorescence, and UV-vis spectroscopy were not measured in
photodegradation studies. Further study should be considered to understand the fate
of background DOM during the photodegradation of CBZ and DPH. Therefore
DOC, fluorescence, and UV-vis spectroscopy should be measured during the
experiment and attempts to correlate photodegradation and bulk organic matter
measurements should be made.

. There are limited ecotoxicity studies that have been conducted on endangered or
threatened species found in terminal lakes such as Lahontan Cutthroat Trout.
Further research should be conducted to determine the adverse effects of various
TrOCs and their transformation products on these endangered/threatened species at

environmentally relevant concentrations.
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Chapter 9

APPENDIX A

The following contains the supplementary information for: Trace Organic Contaminants
in Field-scale Cultivated Alfalfa, Soil, and Pore Water after 10 Years of Irrigation with
Reclaimed Wastewater*

*Published: Priyamvada Sharma, Andrew Poustie, Paul Verburg, Krishna Pagilla, Yu
Yang, David Hanigan, Trace organic contaminants in field-scale cultivated alfalfa, soil,
and pore water after 10 years of irrigation with reclaimed wastewater, Science of The Total
Environment, Volume 744, 2020, 140698, ISSN 0048-9697,
https://doi.org/10.1016/j.scitotenv.2020.140698

Method for water, soil, and alfalfa extraction

Aqueous samples were filtered, and 100ug/L of isotopes added. Samples were then
extracted using an AutoTrace 280 automated SPE (Thermo Fisher, Sunnyvale, CA) with
Oasis Hydrophilic Lipophilic Balance (HLB) cartridges (6 cc/200 mg, Waters Corporation,
MA, USA) to clean up the filtered agueous samples. Samples were then reconstituted with
1 mL methanol, filtered, and analyzed by LC-MS/MS. HLB cartridges were preconditioned
sequentially with 5 mL of MTBE, methanol, and ultrapure water. Samples were then
loaded at 10 mL/min onto the cartridges. The cartridges were rinsed with ultrapure water
and dried under gentle nitrogen flow for 30 mins. Finally, analytes were eluted with 5 mL
of methanol followed by 5 mL of 90/10 (v/v) MTBE/methanol. The approximately 10 mL
of eluent was then evaporated to less than 500 pL using a gentle stream of ultrahigh purity
(UHP) nitrogen flow in a Biotage TurboVap LV and the final volume was adjusted to 1
mL with methanol. Final extracts were transferred into 2-mL amber vials and stored in

darkness at -20°C until analyzed by LC-MS/MS.
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Soil samples were first frozen at -20°C overnight, transferred into freeze-dryer vials the
next day, and placed in a FreeZone 4.5 L freeze-dryer (Labconco Corporation, MO, USA)
set to —40°C and 0.1 mBar for >24 hrs, and stored at —20°C until analysis. The samples
were extracted with an ASE 200 (Dionex, Sunnyvale, CA) fit with 11 mL stainless
extraction cells. Freeze-dried soil (2 g) was mixed with diatomaceous earth to act as a

sample dispersant, extraction cell filler and drying agent.

The soil extraction method was optimized by testing various extraction solvents,
temperature, and time with freeze dried soil spiked with 250 ng/g DW of 12 TrOCs. The
extraction solvents were 7:3 acetonitrile-water, 1:1 and 1:2 methanol-water, on a volume
basis, and pure methanol. Three extraction temperatures (75°C, 100°C, and 120°C) and
two extraction time periods (5 min and 15 min) were tested. The selected ASE 200
operating conditions included preheat- 5 min, static- 5 min, pressure- 1500 psi,
temperature- 100 °C, three extraction cycles with 100% solvent flush and 60 s nitrogen
purge with extraction solvent (1:2 v/v) methanol-water. The optimized method resulted in
recovery from a spiked soil sample of > 56% for seven TrOCs and ranged from 15% to

36% for the remaining three pharmaceuticals and one herbicide.

The ASE extract (~43 mL) was diluted with ultrapure water to a final volume of 1000 mL
and cleaned-up by SPE with HLB cartridges. The cartridges were conditioned with 5 mL
methanol followed by 5 mL of ultrapure water. 1,000 mL of sample was loaded on the
cartridge at a rate of 10 mL/min and dried with UHP nitrogen for 30 min. Analytes were
eluted with 8 mL methanol at 1 mL/min and evaporated to < 1mL in a Biotage Turbovap

LV under UHP nitrogen flow. The final volume was adjusted to 1 mL with methanol-water
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solution (25:75, v/v). 100 pg/L of internal standards (isotopes) were added and transferred
into 2 mL amber vials and stored in darkness at -20°C until analyzed by LC-MS/MS in
ESI+ mode. Isotopically labeled standards are typically spiked to the soil extract rather
than the soil itself because of the relatively large mass needed to be spiked to the soil and

associated costs. The recoveries of TrOCs with various solvents is in Table A-1.

Table A- 1 Percent recoveries of compounds in a representative spiked soil sample.
7:3 Acetonitrile:  1:1 Methanol:  1:2 Methanol:

Compounds

water (no SPE) Water Water
Atrazine 20 14+0.8 15+1
Caffeine 45 53+11 74+17
Carbamazepine 80 165+14 265160
DEET 52 172+79 124+6
Diphenhydramine 12 9+12 15+3
Fluoxetine 28 14+7 17+2
Meprobamate 55 144+35 118+13
Primidone 94 94+19 86+29
Sulfamethoxazole 29 31+15 365
Trimethoprim 20 100+59 5616

Alfalfa samples were separated into their respective components (shoots and leaves).
Samples were thoroughly rinsed with ultrapure water to remove soil or other organic
matter. Shoots and leaves were cut into 5 mm pieces and frozen overnight. Frozen plant
material was transferred into freeze-dryer vials and placed in a FreeZone 4.5 L freeze-
dryer, set to -50°C and 0.1 mBar for >24 hr. Freeze dried shoots and leaves were ground
to powder using a mortar and pestle or a conical burr coffee grinder (Capresso, NJ, USA)
at the finest setting. Ground material was sieved with a US Standard #60 (250 micron)
sieve and kept in vials. 0.2 g of ground material was placed into a 50 mL centrifuge tube,
spiked with isotopes (25 ng gt DW), 20 mL MTBE was added, and samples were sonicated

for 20 min and then centrifuged at 1,000 RCF for 20 min. The supernatant was decanted
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into a separate 50 mL centrifuge tube. The sonication, centrifugation, and decanting step
was then repeated on the original tube with 20 mL acetonitrile. The combined decantate
was then evaporated to near dryness under a gentle nitrogen gas stream. The residue was
reconstituted with 20 mL ultrapure water and 1 mL methanol. SPE was performed using
HLB cartridges. HLB cartridges were conditioned with 5 mL methanol and 5 mL ultrapure
water before the samples were loaded at 3 mL/min. Cartridges were then dried with UHP
nitrogen gas for 60 min before being eluted with 5 mL methanol. The eluates were
evaporated in a TurboVap LV under a gentle nitrogen stream to near dryness. Samples
were then reconstituted with 1 mL methanol and filtered with 0.2 um PTFE filters (Cole-
Parmer, Illinois, USA) to remove remaining solids. 2-mL amber vials containing the final

sample were stored at -20°C, before being analyzed by LC-MS/MS.

TrOCs speciation

Soil pH was measured from 7.24 to 7.91 for 0-20 cm, 20-40 cm, and 40-60 cm depth,
respectively. Surface soil (0-20 cm) was characterized by A&L Western Laboratories,
Modesto, CA, and soil properties are listed in Table A-2. The USDA-NRCS (2020) soil

classification is sandy loam.

Table A- 2 Surface soil (0-20 cm) properties.

Parameter Unit Value
pH 7.9
Organic matter (%) 5.8
Salinity (dS/cm) <1
Base saturation (%) 100
CEC (meq/100g) 34
Clay (%) 18
Silt (%) 21

Sand (%) 61
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Table A- 3 Properties of the selected TrOCs selected for this study.

Compound &
CAS Number

Classification

Elemental
Composition
Molecular

Weight
(g mol™)

Structure!

Solubility
(mg/L3)

pKa!

log Kow*

f,2 (PH=7.5)

Atrazine
1912-24-9

Herbicide
C3H14C|N5

215

ul)b\‘u CH,
T i/L\l’/’J\ :/LCH

214

4.20, 14.48, 15.84

2.06

0.9995

Caffeine

58-08-2

Stimulant

CgH10N4O2

194

o]

N
|

CHa

2,632

-1.16

-0.79

1

Pes

CHa

/

M

V/

M

Carbamazepine
298-46-4

Anticonvulsant

CisH12N20

236

-3.75, 15.96

3.22

1

DEET
134-62-3

Topical Agent
C12H17NO

191

HEC
He j\N/‘©\
Pt on,

666

-0.95

2.34
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Compound &
CAS Number

Classification

Elemental
Composition

Molecular
Weight
(g mol?)

Structure!

Solubility
(mg/L?)

pKa!
log Kow?

f,2 (PH=7.5)

Diphenhydramine

58-73-1

Antihistamine

C17H21NO

255

Antidepressant

Fluoxetine Ibuprofen
2-84-9 15687-27-1
Anti-

Inflammatory

C17H18FsNO C13H150;

309 206

= CH,

| CH
= HE
H
N 0 —OH
BB % IZ

60 41
9.8 4.85
4.19 3.83
0.005 0.0022

Ketoprofen
22071-15-4

Anti-
Inflammatory

C16H1403

254

120
3.88
3.46

0.0002
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Compound &
CAS Number

Classification

Elemental
Composition

Molecular
Weight
(g mol?)

Structure!

Solubility
(mg/L?)

pKa!
log Kow?

f,2 (PH=7.5)

Meprobamate
57-53-4

Tranquilizer

CoH18N204

218

8,877
15.17, 15.63

0.96

Primidone
125-33-7

Anticonvulsant

C12H14N202

218

HO

/4

N CH,

\\N/ OH
5,874
11.50, 11.62

1.49

0.9999

Sulfamethoxazole
723-46-6

Antibacterial

C10H11N303S

253

3,942

0.25,1.97,6.16

1.04

0.0438

Trimethoprim
738-70-5

Antibacterial

C14H18N4O3

290

2,334
0.10,7.16
1.05

0.6881
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Analytical Method

Mass spectrometry was performed on Thermo Scientific TSQ Vantage triple quadrupole
mass spectrometer. Fragment ions of each pharmaceutical compound were optimized by
direct infusion of each compound (1 mg/L) into the mass spectrometer at a flowrate of 5
pML/min. The two most abundant product ions were selected except for ibuprofen and
ketoprofen, where only one product ion was observed. Caffeine and ibuprofen were used
to tune the mass spectrometer for ESI+ and ESI- modes respectively before each run for
gas temperature, nozzle voltage, flow rate, nebulizer, and capillary voltage. Data analysis

was carried out with the Thermo Xcalibur QuanBrowser.

Calibration standards in the range of 1 pug/L to 9 mg/L were analyzed in ESI+ and ESI-
modes. The mass spectrometer parameters and reporting limit values for all compounds

measured in aqueous, soil and alfalfa samples are shown in Table A-4, A-5, and A-6.

Table A- 4 LC-MS/MS parameter values for ESI positive and negative modes.

Parameters Unit ESI Positive ESI Negative
Capillary Temperature (°C) 345 345
Vaporizer Temperature  (°C) 280 280
Sheath Gas Pressure (Arb) 40 40

Aux Gas Pressure (Arb) 5 15
Spray Voltage V) 4000 4000

Discharge Current (LA) 4.0 4.0
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Table A- 5 Method reporting limits for target compounds in aqueous
(ng/L), soil and alfalfa samples (ng/g).

Reporting Limit Reporting Limit

Compounds Mode (ng/L) (ng/q)
Atrazine ESI+ 0.002 10
Caffeine ESI+ 0.03 0.12
Carbamazepine ESI+ 0.06 0.8
DEET ESI+ 0.002 0.6
Diphenhydramine  ESI+ 0.01 0.1
Fluoxetine ESI+ 0.07 0.1
Ibuprofen ESI- 0.03 0.2
Ketoprofen ESI- 0.01 0.2
Meprobamate ESI+ 0.02 4
Primidone ESI+ 0.60 1.5
Sulfamethoxazole  ESI+ 0.03 2

Trimethoprim ESI+ 0.02 2.0




Table A- 6 Target compound’s LC-MS/MS conditions.
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Compounds Ret‘fr?]gon Pref(;’f” Frf‘gﬁ‘f”‘ Frfg;“;“‘ S-lens  CE-1  CE-2
(mins) (m/z) (m/z) (m/z) (eV) (eV)

ATZ 7.94 216.03 174.1 68.1 69 13 34
ATZ d5 7.89 221 179.1 69.1 52 14 34
CAF 3.81 195 138.1 110.1 93 14 19
CAF 13C, 3.81 198 140.1 112.1 93 16 19
CBZ 7.52 236.9 194.1 192.1 112 17 21
CBZ d10 7.46 246.9 204.2 201.1 95 18 22
DEET 8.14 191.98 119.1 65.1 85 14 42
DEET d10 8.08 202 46.1 119.1 93 29 15
DPH 6.84 256 165.1 167.1 90 44 13
DPH d3 6.84 259 152.1 166.1 50 46 42
FLX 7.95 310 44.1 183.1 64 12 43
FLX d5 7.9 315 44.1 42.1 61 13 20
Ibuprofen 5.09 205.1 161.2 58 11

Ibuprofen d3 5.1 208.2 164.2 59 11

Ketoprofen 3.73 252.9 209.1 56 11

Ketoprofen d3 3.75 255.9 212.1 57 11

MPB 6.24 219.1 69.2 158.1 59 16 4
MPB d3 6.22 222.1 72.1 161.2 60 17 4
PMD 5.01 218.9 91.1 162.1 62 27 8
PMD d5 4,98 224 93.1 94.1 59 21 37
SMX 5.9 253.8 92.1 156 73 26 14
SMX d4 5.85 258.9 96.1 160 96 25 13
TMP 4.26 291 123 230.1 116 25 19
TMP d3 4.23 294 81 123.1 117 41 23
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APPENDIX B

The following contains the supplementary information for: Evidence of Low Levels of
Trace Organic Contaminants in Terminal Lakes*

*Submitted in April 2021 to Chemosphere Environmental Chemistry, Under Review

Table B- 1 MS/MS parameter values for ESI+ mode.

Parameters Unit  ESI Positive
Capillary Temperature (°C) 345
Vaporizer Temperature  (°C) 280
Sheath Gas Pressure (Arb) 40
Aux Gas Pressure (Arb) 5
Spray Voltage V) 4000
Discharge Current (HA) 4.0

Table B- 2 Method reporting limits for target compounds in aqueous (ng/L), soil and
sediment samples (ng/g).
Aqueous Reporting Limit Soil and Sediment Reporting

Compounds

(ng/L) Limit (ng/g)

Atrazine 0.002 10

Caffeine 0.03 0.12
Carbamazepine 0.06 0.8
DEET 0.002 0.6
Diphenhydramine 0.01 0.1
Fluoxetine 0.07 0.1
Meprobamate 0.02 4

Primidone 0.60 15
Sulfamethoxazole 0.03 2

Trimethoprim 0.02 2.0
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Retention  Precursor Prpduct P_roduct
Compounds time lon ion ion 2 S-lens CE-1 CE-2
(quant) (qual)
(min) (m/z) (m/z) (m/z) (eV) (eV)

ATZ 7.94 216.03 174.1 68.1 69 13 34
ATZ ds 7.89 221 179.1 69.1 52 14 34
CAF 3.81 195 138.1 110.1 93 14 19
CAF 83C; 3.81 198 140.1 112.1 93 16 19
CBz 7.52 236.9 194.1 192.1 112 17 21
CBZ dyo 7.46 246.9 204.2 201.1 95 18 22
DEET 8.14 191.98 119.1 65.1 85 14 42
DEET dio 8.08 202 46.1 119.1 93 29 15
DPH 6.84 256 165.1 167.1 90 44 13
DPH ds 6.84 259 152.1 166.1 50 46 42
FLX 7.95 310 44.1 183.1 64 12 43
FLX ds 7.9 315 44.1 42.1 61 13 20
MPB 6.24 219.1 69.2 158.1 59 16 4
MPB ds 6.22 2221 72.1 161.2 60 17 4
PMD 5.01 2189 91.1 162.1 62 27 8
PMD ds 4.98 224 93.1 94.1 59 21 37
SMX 5.9 253.8 92.1 156 73 26 14
SMX dg4 5.85 258.9 96.1 160 96 25 13
TMP 4.26 291 123 230.1 116 25 19
TMP ds 4.23 294 81 123.1 117 41 23

Table B- 4 ANOVA of TrOC concentrations in surface water samples.

TrOC %K%{? ;\rom Difference among TL (p<0.05, Tukey HSD)
ATZ 6.0E-14 TL1-CTL, TL2-CTL & TL3-CTL

CAF 5.29E-07 TL1-TL2, TL1-TL3, TL1-CTL & TL3-CTL
CBZ 1.46E-10 TL1-TL2, TL1-TL3 & TL1-CTL

DEET 8.1E-03 TL2-TL3

DPH 1.6E-07 TL1-TL2, TL1-TL3 & TL1-CTL

FLX 3.8E-06 TL1-TL2, TL1-TL3, TL2-TL3 & TL3-CTL
MPB 2.5E-11 TL1-TL2, TL1-TL3 & TL1-CTL
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Table B- 5 ANOVA of TrOC concentrations in sediment samples.

TrOC ,IZKI%L{? ;\rom Difference among TL (p<0.05, Tukey HSD)
DEET 8.6E-03 TL1-TL3, TL1-CTL

DPH 6.8E-03 TL1-TL2, TL1-TL3 & TL1-CTL

FLX 1.2E-04 TL1-TL2, TL1-TL3, TL1-CTL
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Table B- 6 TrOC concentrations in terminal lakes (TLs, Bold) and in U.S. lakes, rivers,
streams, and sediments from literature

TroC

Locations

Surface water (ng/L)

References

Atrazine (ATZ)

Lakes & TLs (ng/L)

22 -58;18.4 - 814, 35
-85;1-302;ND-1.3

(N. Robert Brent et al., 2001a;
Elliott et al., 2017; Tierney et
al., 1999; Shiru Wang et al.,
2020b)

Rivers/streams (ng/L)

2-2700

(N. Robert Brent et al., 2001a)

Lake & TLs
sediments (ng/g)

0.06 - 6.18; ND

(Jiehong Guo et al., 2016)

Rivers and streams
sediments (ng/g)

NA

NA

Caffeine (CAF)

Lakes & TLs (ng/L)

5-227;18-100; 2 -
138; 3-800; ND - 35

(Blair et al., 2013; Ferguson et
al., 2013; Furlong, 2002; Shiru
Wang et al., 2020Db)

Rivers/streams (ng/L)

81 - 6000; 26 - 687

(Y Carrie Guo and Krasner,
2009b; Kolpin et al., 2002)

Lake & TLs
sediments (ng/g)

14 -30;<3.1-30;0.4
-9

(Blair et al., 2013; K.E. Lee et
al., 2015b)

Rivers and streams
sediments (ng/g)

0.2-24.38;26-5

(Elliott et al., 2017; Yun-ya
Yang et al., 2015)

Carbamazepine
(CBZ)

Lakes & TLs (ng/L)

4.2-38;05-10; ND
-140;6-35;2-104

(Blair et al., 2013; Ferguson et
al., 2013; Furlong, 2002; Shiru
Wang et al., 2020b)

Rivers/streams (ng/L)

14 - 116; 10.9; 1.2 -

(Ferry et al., 2017; Y. Carrie

6.2 Guo and Krasner, 2009g;
Kumar and Xagoraraki, 2010;
Snyder, 2007)
Lake & TLs ND; <3.3;0.2-5 (Blair etal., 2013; K.E. Lee et

sediments (ng/g)

al., 2015b)

Rivers and streams
sediments (ng/g)

0.1-32.89;3.3-12

(Elliott et al., 2017; Yun-ya
Yang et al., 2015)

N,N-diethyl-
meta-toluamide
(DEET)

Lakes & TLs (ng/L)

20-90; 103; 9 - 150

(Ebele etal., 2017; K.E. Lee et
al., 2015b)

Rivers/streams (ng/L)

30 - 130; 29

(K.E. Lee et al., 2015b;
McEachran et al., 2016)

Lake & TLs
sediments (ng/g)

<70-<240;0.1-0.8

(K.E. Lee et al., 2015b)

Rivers and streams
sediments (ng/g)

<70 - <240

(K.E. Lee et al., 2015b)
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Diphenhydramin

Lakes & TLs (ng/L)

4.1 -43; <80; ND -

(Blair et al., 2013; K.E. Lee et

e (DPH) 2.6 al., 2015b)
Rivers/streams (ng/L) 1.83 (Ferry et al., 2017)
Lake & TLs 13-82; <2.7 - 47.6; (Blair et al., 2013; K.E. Lee et
sediments (ng/g) 01-2 al., 2015b)
Rivers and streams NA NA
sediments (ng/g)
Fluoxetine Lakes & TLs (ng/L) 12-62;4-7,1-12 (Blairetal., 2013; Shiru Wang
(FLX) et al., 2020b)
Rivers/streams (ng/L) BDL - 12; 2.79 (Ferry et al., 2017; Kolpin et
al., 2002)
Lake & TLs <3.5-20;<4.4;,ND- (Blairetal., 2013; K.E. Lee et
sediments (ng/g) 2 al., 2015h)
Rivers and streams NA NA
sediments (ng/g)
Meprobamate Lakes & TLs (ng/L) <320; 1 - 155 (K.E. Lee et al., 2015b)
(MPB) Rivers/streams (ng/L) 549;1.4-16 (Ferry et al., 2017; Kumar and
Xagoraraki, 2010)
Lake & TLs ND NA
sediments (ng/g)
Rivers and streams NA NA
sediments (ng/g)
Primidone Lakes & TLs (ng/L) <320; 18 - 1510 (K.E. Lee etal., 2015b)
(PMD) Rivers/streams (ng/L) 5-37;43- 130 (Y. Carrie Guo and Krasner,
2009a; K.E. Lee et al., 2015b)
Lake & TLs 2-143 NA
sediments (ng/g)
Rivers and streams NA NA

sediments (ng/g)

Sulfamethoxazol
e (SMX)

Lakes & TLs (ng/L) 45-77; 15 - 220; (Blair et al., 2013; Ferguson et
ND - 200; 39 - 46; al., 2013; Furlong, 2002; Shiru
ND - 118 Wang et al., 2020b)
Rivers/streams (ng/L) 66 - 1900; 51 (Ferry et al., 2017; Kolpin et
al., 2002)
Lake & TLs ND; <3.2; ND-0.3 (Blair et al., 2013; K.E. Lee et
sediments (ng/g) al., 2015b)

Rivers and streams
sediments (ng/g)

3.2 - 467

(Elliott et al., 2017)

Trimethoprim
(TMP)

Lakes & TLs (ng/L)

3.4-52;25-18;ND

(Blair et al., 2013; Ferguson et

-98;1-753 al., 2013; Furlong, 2002)
Rivers/streams (ng/L) 13-710;51.4 (Ferry et al., 2017; Kolpin et
al., 2002)
Lake & TLs ND; <2.9; 0.2 - 36 (Blair et al., 2013; K.E. Lee et
sediments (ng/g) al., 2015b)
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Rivers and streams 0.01-0.83;29-217 (Elliott et al., 2017; Yun-ya
sediments (ng/g) Yang et al., 2015)

Table B- 7 TrOC concentrations in terminal lakes' surface water, sediments, and soil.

TrOC Terminal Lake Location Surface Water (ng/L)
ATZ TL1 A ND ND ND
B ND
C ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A ND ND ND
B ND ND ND
C ND
D ND
CTL A 1.52 1.24 1.23
B 1.18 1.12 1.15
C 1.18
CAF TL1 A 28.79 26.79 49.63
B 35.34
C 31.6
TL2 A 4.42 6.68 1.19
B 13.68 6.47 17.8
C 22.05
D 10.8
TL3 A ND ND ND
B ND ND ND
C ND
D ND
CTL A 32.9 19.18 31.27
B 25.45 11.22 25.57
C ND
CBz TL1 A 91.56 97.67 122.52
B 86.18
C 42.35
TL2 A 8.41 8.12 7.91
B 4.12 4.27 4.3
C 3.75
D 4.49
TL3 A 18.5 18.28 21.39
B 2.18 1.02 1.69
C 221
D 2.74
CTL A 10.52 8.31 10.88
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B 17.66 3.26 8.15
C ND
DEET TL1 A 45.62 43.54 53.32
B 42.57
C 4471
TL2 A 9.79 8.81 9.22
B 135.15 137.76 135.9
Cc 150.28
D 121.35
TL3 A 26.3 25.67 28.56
B 17.01 12.9 14.23
Cc 12.84
D 12.11
CTL A 52.12 45.59 43.54
B 45.75 72.18 72.56
Cc 56.31
DPH TL1 A 2.23 2.8 2.69
B 181
C 0.64
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A 11 ND 1
B ND ND ND
C ND
D ND
CTL A ND ND ND
B ND 0.25 0.27
C ND
FLX TL1 A 12.65 14.18 9.66
B 10.19
C 1.42
TL2 A 2.06 1.46 1.46
B 291 2.7 2.11
Cc 2.28
D 291
TL3 A 1.8 0.83 0.8
B 1.54 0.68 0.6
Cc 0.52
D 0.66
CTL A 8.23 9.03 9.8
B 6.88 7.8 8.62
Cc 0.9
MPB TL1 A 143.24 137.46 182.85
B 133.77




122

C 59.42
TL2 A 17.16 5.43 10.93
B 1.6 2.65 ND
C ND
D ND
TL3 A 20.01 24.68 21.94
B 19.17 27.23 24.9
Cc 24.25
D 18.18
CTL A ND ND ND
B ND
Cc ND
PMD TL1 A 301.25 2901.44 1128.01
B 349.73
C 1509.88
TL2 A 59.6 53 45.6
B 224 85.6 36.2
C 30.8
D 194
TL3 A 52.6 63.8 103.9
B 213.2 60.5 259.8
C 1738.5
D 18.2
CTL A 73.21 ND 30.42
B 122 22.05 3932.26
C 360.78
SMX TL1 A 29.04 323.39 2.51
B 24.02
C 80.49
TL2 A 4.34 5.75 4.22
B ND ND ND
Cc ND
D ND
TL3 A 27.61 25.24 36.46
B ND ND 82.01
Cc ND
D ND
CTL A ND ND ND
B ND
Cc ND
TMP TL1 A 71.11 101.69 209.98
B 35.78
C 56.83
TL2 A 2212.47 30.94 15.97
B 159.37 57.07 32.18
C 81.16
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D 53.41
TL3 A 60.5 63.6 382.1
B 8.9 0.1 20.7
C 0.6
D 326.5
CTL A 126.6 29.1 25.8
B 97.3 1110.9 97.6
C 36
TrOC Terminal Lake Location Sediment (ng/gDW)
ATZ TL1 A ND ND ND
B ND
C ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A ND ND ND
B ND ND ND
C ND
D ND
CTL A ND ND ND
B ND
C ND
CAF TL1 A 2.15 2.65 2.33
B 8.72
C 7.39
TL2 A 0.86 0.69 0.21
B 0.32 0.33 ND
C 0.96
D 0.35
TL3 A 2.51 2.09 0.7
B 1.34 311 2.19
C 1.71
D 26.56
CTL A 0.48 0.48 0.35
B 0.25 0.89 0.2
C 1.52
CcBz TL1 A 0.33* 0.36* ND
B 4.6
C 2.24
TL2 A 0.19* 0.53* 0.29*
B 1.57 1.16 0.72*
C 0.24*
D 0.22*
TL3 A 0.56* 0.85 0.63*
B 0.17* 0.31* 0.16*
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C ND
D 0.22*
CTL A ND ND ND
B 1.19 0.68* 0.34*
C 3.69
DEET TL1 A ND ND 0.06*
B 0.20*
Cc 0.10*
TL2 A 0.04* 0.25* 0.01*
B 0.32* 0.07* 0.07*
C 0.78
D 0.25*
TL3 A 0.77 0.73 0.52*
B 0.38* 0.28* 0.29*
C 0.32*
D 0.31*
CTL A 0.46* 0.64 0.52*
B 0.26* 0.56 0.20*
C 0.25*%
DPH TL1 A ND 1.84 1.56
B 1.62
C ND
TL2 A 0.29 0.29 0.29
B 0.27 0.29 0.18
C ND
D ND
TL3 A 0.5 0.42 0.5
B ND 0.32 ND
C 0.28
D 0.29
CTL A 0.28 ND 0.27
B 0.29 0.27 0.28
C ND
FLX TL1 A 1.35 1.86 1.27
B 0.23
Cc ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A 0.38 0.03* 0.07*
B ND ND ND
C ND
D ND
CTL A ND ND ND
B ND
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ND

MPB

TL1

ND

ND

ND

ND

1.39*%

TL2

ND

ND

ND

ND

ND

ND

ND

ND

TL3

ND

ND

ND

ND

ND

ND

ND

ND

CTL

ND

ND

ND

ND

ND

PMD

TL1

1.56

4.66

2.16

11.28

142.72

TL2

2.2

1.4*

2.32

37.37

2.01

4.87

1.66

TL3

6.5

15

10.05

2.6

15.86

5.8

2.4

CTL

341

2.79

1.99

11.21

4.9

5.98

9.3

SMX

TL1

ND

ND

ND

ND

0.5*

TL2

ND

ND

ND

ND

0.4*

ND

ND

ND

TL3

ND

0.43*

0.4*

ND

ND

ND

ND

ND

CTL

ND

ND

ND

ND

ND

TMP

TL1

ND

3.99

19.8

16.05

OTP>OW>O0wX>O0w>On>OW>o0wmX>oO0m>On>OE>O0m@P>OOmIONm>O0

8.76
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TL2 A 5.44 6.19 ND
B ND 1.88 ND
C 12.66
D ND
TL3 A ND ND 0.4*
B ND ND 1.3*
C 35.9
D ND
CTL A 1.55* 1.44* ND
B ND 0.50* ND
C 9.4
TroC Terminal Lake Location Soil (ng/gDW)
ATZ TL1 A ND ND ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A ND ND ND
B ND
C ND
D ND
CTL A ND ND ND
B ND
C ND
CAF TL1 A 0.6 2.92 0.9
TL2 A 3.59 14.72 3.23
B 4.82 4.99 4.83
C 0.47
D 8.47
TL3 A 0.98 2.09 0.8
B 1.46
C 361.27
D 49.15
CTL A 0.44 0.42 0.6
B 0.19 0.33 0.56
C 1.2
CcBz TL1 A 0.32* 0.65* ND
TL2 A 0.19* 0.15* 0.18*
B 2.44 3.2 271
C 0.29*
D 0.26*
TL3 A 1.02 0.39* 0.50*
B ND
C 0.23*
D 0.35*
CTL A 0.48* 388.59 9.06
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B 0.97 1.3 0.52*
C 0.52*
DEET TL1 A ND 0.06* ND
TL2 A ND 0.41* 0.10*
B 0.42* 0.34* 0.11*
C 0.14*
D 11.14
TL3 A 0.37* 0.42* 0.29*
B 8.47
C 1.97
D 0.50*
CTL A 0.46* 0.25* 0.27*
B 0.45* 0.58 0.46*
C 0.43*
DPH TL1 A 0.34 ND 0.34
TL2 A 0.27 0.27 ND
B 0.28 ND ND
C 0.27
D ND
TL3 A 0.33 ND 0.3
B ND
C 0.3
D ND
CTL A 0.27 ND ND
B 0.28 0.28 0.27
C 0.28
FLX TL1 A ND ND ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A ND 0.2 ND
B ND
C ND
D ND
CTL A ND ND ND
B ND
C ND
MPB TL1 A ND ND ND
TL2 A ND ND ND
B ND ND ND
C ND
D ND
TL3 A 0.50* 0.63* 0.73*
B ND
C ND
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D ND
CTL A ND ND ND
B ND
C ND
PMD TL1 A 441 9.62 7.68
TL2 A 1.3* 2.7 2.3
B 10.45 6.99 5.14
Cc 4.34
D 1.18*
TL3 A 16.2 31 45
B 11.02
Cc 5.95
D 231
CTL A 7.86 4.44 3.46
B 514 22.05 17.5
Cc 1.8
SMX TL1 A ND ND ND
TL2 A ND ND ND
B 1.04* 0.38* ND
Cc ND
D ND
TL3 A 0.49* ND 1.96
B ND
Cc ND
D ND
CTL A ND ND ND
B ND
Cc ND
TMP TL1 A ND 8.7 27
TL2 A 6.66 4.63 17
B ND 1.18* ND
Cc ND
D ND
TL3 A 3 0.75* 3
B 2.4
Cc ND
D ND
CTL A 1.13* 6.6 23.4
B ND 15.9 45
Cc 2.87

ND= Not Detected, *= <Method Reporting Limit

Note: Table modified from journal submitted to adhere to formatting policy.
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APPENDIX C

The following contains the supplementary information for: Dissolved Constituents in
Endorheic Lakes Cause Faster Photodegradation of Pharmaceuticals than those in
Freshwater Lakes*

*In preparation to submit to Chemosphere-Environmental Chemistry

Degradation Rate Constants

Declining CBZ and DPH concentration in diluted and undiluted samples of lake water was
plotted against its respective sampling time from Figure C-1 to Figure C-8. Concentration
vs time plot followed a linear trend with R? > 0.82 for terminal lake samples (Walker Lake
and Swan Lake) and R? > 0.45 for a freshwater lake (Lake Tahoe) thus following a pseudo
zero order kinetics. The linear equation generated for CBZ and DPH from each diluted and
undiluted sample for all lakes are listed in Table 5-2 of the main text. The slope of these
linear equation is degradation rate constant (kobs) for that sample which was used to
generate Figure C-9 to Figure C-14, and Figure 5-1 to Figure 5-4 against various lake water
characteristics. Lake water characteristics such as DOC, alkalinity, SUVA, SOs*, POs-P
in Figure 5-1 to Figure 5-4 and, Figure C-9 to Figure C-14 are based on dilution
calculations and are plotted against the kobs for each type of lake. The dilutions 10-90, 25-
75 etc. means that 10% and 25% are terminal lake water and rest 90% and 75% is deionized

water to make the dilutions, respectively.
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Figure C- 1 Removal of CBZ in Walker Lake May with six dilutions over time.
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Figure C- 2 Removal of CBZ in Walker Lake July over time in various dilutions. 0-100
represents the removal of CBZ in 100% deionized water over time.
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Figure C- 3 Removal of CBZ in diluted and undiluted samples of Swan Lake over time.
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Figure C- 4 Removal of CBZ in Lake Tahoe’s diluted and undiluted water over time.
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Figure C- 5 Removal of DPH in Walker Lake May’s diluted and undiluted water sample
over time.
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Figure C- 6 Removal of DPH in Walker Lake July’s diluted and undiluted samples over
time. 0-100 represents the removal of DPH in 100% deionized water over time.
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Figure C- 7 Removal of DPH in Swan Lake’s diluted and undiluted sample over time.
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Figure C- 8 Removal of DPH in Lake Tahoe’s diluted and undiluted samples over time.
The simulated light exposure for these samples was longer than 10 hours because DPH
did not get removed in Lake Tahoe samples within 10 hours of exposure.
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Figure C- 9 Degradation rate constants (Kobs) for CBZ vs SUVA values of each studied
lakes.
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Figure C- 10 kobs for DPH vs SUVA values for each lake.
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Figure C- 11 Kobs for CBZ vs SO4? for each lake.
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Figure C- 12 kobs for DPH vs SO4? for each lake.
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Figure C- 13 kobs for CBZ vs PO4-P for each lake.
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Figure C- 14 kobs for DPH vs POs-P for each lake.



Table C- 1 Photodegradation kinetics in diluted samples of three lakes
Pseudo-Zero Order Reaction

Percent Lake

Pharmaceutical Kinetic Equation R2
Water
Walker Lake May
10 y =-0.3316x + 22.033 R2=0.94
25 y =-0.3541x +20.908 R2=0.95
CBZ 35 y =-0.4331x + 21.63 R2=0.83
50 y =-0.416x + 19.618 R2=0.82
60 y =-0.3757x + 19.014 R2=0.82
75 y =-0.4355x + 18.592 R2=0.97
10 y =-0.4472x +21.595 R2=0.98
25 y =-0.7617x + 20.722 R2=10.89
DPH 35 y =-0.9953x +21.632 R2=0.98
50 y =-2.5853x +35.203 R2=0.91
60 y =-15339x +26.149 R2=0.92
75 y =-2.6754x +30.136 R2=0.97
Walker Lake July
10 y =-0.3723x +21.515 R2=0.93
25 y =-0.382x + 20.868 R2=0.94
CBZ 35 y =-0.3763x + 21.175 R2=0.94
50 y =-0.4325x + 21.668 R2=0.94
60 y =-0.4207x +20.371 R2=10.95
75 y =-0.4107x +19.172 R2=0.91
10 y =-0.5621x + 23.94 Rz2=0.91
25 y =-0.8577x+21.819 R2=0.94
DPH 35 y =-1.0307x + 23.602 R2=0.92
50 y =-1.3432x +23.237 R2=0.99
60 y =-1.8374x +22.077 R2=0.96
75 y =-2.0455x + 23503 R2=0.93
Swan Lake
10 y =-0.3555x + 18.224  R2=0.97
25 y =-0.4362x + 18.704 R2=10.90
CBZ 35 y =-0.3934x + 18.381 R2=10.82
50 y =-0.4262x + 19.349 R2=0.96
60 y =-0.4319x + 18.735 R2=10.93
75 y =-0.4563x + 19.102 R2=0.96
Swan Lake
10 y =-1.8569x +23.138 R2=10.96
DPH 25 y =-1.8066x +21.248 R2=0.99
35 y =-2.111x + 20.228 R2=0.98

137



50 y=-2.1017x+19.862 R2=0.98
60 y =-1.8158x + 18.824 R2=10.99
75 y =-2.1159x + 19.059 R2=0.97
Lake Tahoe
50 y =-0.1845x + 16.553 R2=0.67
60 y =-0.3309x + 19.516 R2=0.80
CBz 70 y =-0.2584x + 17.292 R2=0.58
80 y =-0.2849x + 18.567 R2=0.76
90 y =-0.2567x + 16.703 R2=0.45
50 y =-0.4668x +23.306 R2=10.79
60 y =-0.4433x +22.466 R2=0.69
DPH 70 y =-0.5259x + 22.971 R2=0.86
80 y =-0.4445x + 23.305 R2=0.67
90 y =-0.6456x +23.195 R2=0.86

Table C- 2 Results from the linear mixed-effect model

CBz DPH
Variance Percent Variance Percent
contribution contribution
CaCOs Hour 0.024 1.519
Dilution 0.048 0.051
CaCo3 0.027 4.339
Hour:Dilution 0.007 0.491
Residual 0.106 0.103
Sum of Variance 0.211 12.74% 6.503 66.72%
Coefficients Coefficients
(Random (Random
Slope) Slope)
CaCOs Deionized Water -0.091 -1.164
Lake Tahoe -0.074 -1.849
Swan Lake 0.252 3.362
Walker Lake July 0.175 -0.816
Walker Lake May 0.167 -0.690
AlC 282.49 286
Variance Variance
DOC Hour 0.024 1.623
Dilution 0.095 8.673
DOC 0.059 18.205
Hour:Dilution 0.007 0.454
Residual 0.106 0.103
Sum of Variance 0.290 20.31% 29.058 62.65%
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Coefficients Coefficients
(Random (Random
Slope) Slope)
DOC Deionized Water 0.149 -0.357
Lake Tahoe -0.190 -4.146
Swan Lake 0.312 -6.645
Walker Lake July 0.360 2.287
Walker Lake May 0.357 2.280
AlC 282.55 286.54
Variance Variance
SUVA Hour 0.022 1.663
Dilution 0.025 3.866
SUVA 0.014 9.252
Hour:Dilution 0.007 0.440
Residual 0.106 0.103
Sum of Variance 0.175 8.12% 15.323 60.38%
Coefficients Coefficients
(Random (Random
Slope) Slope)
SUVA Deionized Water -0.349 1.935
Lake Tahoe -0.065 -0.725
Swan Lake -0.134 -2.149
Walker Lake July -0.267 4.057
Walker Lake May -0.259 4.068
AIC 281.38 283.99
Variance Variance
NOs-N Hour 0.023 1.642
Dilution 0.030 1.475
NO3-N 0.020 6.241
Hour:Dilution 0.007 0.447
Residual 0.106 0.103
Sum of Variance 0.186 10.75% 9.91 62.99%
Coefficients Coefficients
(Random (Random
Slope) Slope)
NOs-N Deionized Water -0.413 0.619
Lake Tahoe -0.076 -2.036
Swan Lake -0.121 -1.599
Walker Lake July -0.280 2.563
Walker Lake May -0.279 2.697
AIC 281.49 283.15
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