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The growing United States population means increasing waste production and

a corresponding increase in the use and release of contaminants of emerging concern
(CECs) The increasing volume and changing composition of waste poses new
challenges for waste management and the protection of ecosystem, surface water, and
groundwater resources. In the U.S., most domestic solid waste is disposed of in
landfills, and domestiwastewater is treated by wastewater treatment plants
(WWTPSs) or onsite wastewater treatment systems (OWTSs). While OWTSs, the
majority of which are conventional septic systems, account for the minority of
wastewater treatment in the&J they present agificant pollution risk because
they are not subject to the same treatment level or discharge regulatory standards as
municipal WWTPs. Landfill leachate is also an important source of environmental

contamination because most existing landfills in th®.8re closed, unlined landfills



that lack engineered systems to enhance refuse degradation or collect leachate. To
mitigate the pollution risks of these effluents, it is important to understand initial
wastewater composition and how to identfyd traceervironmental contamination.

In this study] generated backgroumdolecularcomposition data fdandfill
leachate and domestic wastewater effluants developed chemical tracers for septic
systemimpacted streams$ used ultrahigh resolution, Fourigansform ion cyclotron
resonance mass spectrometry, to molecularly characterize the dissolved organic
matter (DOM) of septic system wastewater and septic system wastéwpteted
surface waterd.alsoanalyzedraditional water quality markers such as CECs,
chloride, nitrate isotopic signatures, and nutrients. Additionkattyglecularly
characterized landfill leachate DOM aadalyzedsimilar chemical markern® those
used in the septic system studyunderstad composition.

Thegoals in the main septic system stwareto better understand the
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leachate studgiddresedthe lack of nontargeted leachate composition.data
Determining initial molecular composition is necessary to understand the

consequences of discharge to the environment and to design leachate treatments.
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Chaptlenrt rlooduct i on

1.1 Septic Systems for Onsite Wastewater Treatment

Onsite wastewater treatment syste@WTS9 treat domestic wastewater on
or nearby the property where it is produced. These systems are generally used when
municipal wastewater treatment is unavailable and allow for the disposal of effluent
with some treatment to minimize public health risks. Aimested 23% of
households in the United States use OWTSs, and they can be the predominant form of
wastewater treatment in suburban and rural gk¢& EPA, 2002)Single household
septic systems are the main form of OWTSs in the United States. In a septic system,
domestic wastewater enters a tank, which may consist aframe chambers.
Within the septic tank, wastewater is treated through sedimentation, in which fats and
oils float to the top of the tank, while solids settle to the bottom. Anaerobic microbial
degradation within the tank chemically transforms effluent@ecreases the volume
of solids. Collected solids must be periodically pumped out for further treatment,
usually at avastewater treatment plaw{VTP). Liquid effluent flows or is pumped
to a drain field for further treatment. A drainfield is usuallyaaray of perforated
tubing overlying trenches filled with a material that promotes water percolation, such
as gravel. Effluent percolates through the tubing to slowly dose the drainfield material
and underlying soil. Further treatment is accomplished Hyirsgp of contaminants to
the drainfield or proximate sediment and through further aerobic or anaerobic

microbial degradation. The effluent can then become soil water or enter groundwater.



Some septic systems, called advanced technology systems, havediaeerred for
greater wastewater treatment, often through aerobic or aeoaerobic treatment
(U.S. EPA, 2002)Advanced treatment enhances degradation of organic matter and
promotes removal of nitrogen (Figl}, but even with advanced treatment, complete
removal of all contaminants cannot be accomplished within thtersly and advanced
systems still do not meet the treatment level of most municipal WWTPs with
enhanced nutrient remov@akley et al., 2010)

Septic system treatment relies on proper installation, performance, and
maintenance of the system. Improper performance and especially failure can greatly
increasehie degree of environmental pollution from the system, but even a properly
performing system pollutes soil water and groundwater by design. However, when
centralized wastewater treatment is unavailable, septic system treatment is necessary
to minimize sewag related health risks. Septic systems are not regulated or
monitored as stringently as centralized wastewater treafftdedt EPA, 2002)

Additionally, most regulation is only designed to address immediate pathogenic

health risks, when contaminants present in domestic wastewater can cause both acute
and chronic health riskfor humans and other organisms. Contaminants present in

initial domestic wastewater include bacteria, viruses, metals, nutrients like
phosphorous and nitrogen, chloride, and organic chenoagisating from
pharmaceuticals, household cleaners, persmaral products, and diet. Extent of

removal in a septic system depends on the level of treatment and individual properties
of the contaminant&ffluent transformation and contaminant removal in the

drainfield and beyond are controlled by numerous fastiach as effluent



composition, sediment type, and soil water and groundwater properties. However,
effluent transformation and movement are not monitored beyond the immediate
drainfield region, so septic effluent can contaminate drinking water wells or be
transported to surface watevghich is especially true for failed septic systeiis

track septic effluent contamination, it is necessary to understand initial septic
wastewater composition and what chemical features persist through environmental

pathways.



a) Conventional System
and Drainfield/Plume H\'

annamox denitrification

2

nitrification
1
ammonification

Organic N

b) Nitrification/Denitrification
Advanced System

denitrification

N — -
NHg/NH4+ — Nn1 NC)3
nitrification
\ammonification
Organic N
NOZ_ Estimated >50% reductionin N loading

Figure 1.1(a) Expected nitrogen transformations in a conventional septic tank (1)
and the corresponding drainfield and plume({®)lhelm et al., 1994; Wilhelm et al.,
1996) Traditionally drainfields are installed to nmmize watettable interactions, but
in situations with a high, fluctuating wattble, annamox and denitrification can
occur within the pluméCaschetto et al., 2018)) Expected predrainfield nitrogen
transformations in a nitrificatiedenitrification advanced septic system. Estimated
nitrogen redution from Oakley et ali2010)



1.2 Chemical and Microbial Tracers of Domestic Wastewater Contamination

Tracers of wastewater are chemical or microbial markers that can be detected
or measured to identify contamination. Tracers are usually present in the initial
wastewater source but can also be chemicalftyamation product$ound after
initial treatment Commonly used domestic wastewater tracers fit intodeueral
categories: human or humamcrobiome produced markers; organic contaminants of

emerging concern (CECSs); inorganic species;isoibpic signatures.

1.2.1 Human or HumaiMicrobiome Produced Markers

Total coliform has been measured as a marker of fecal contamination;
however, coliform bacteria are not fecal specific, so fecal coliform is a better
indicator for sewage contaminati@Blmund et al., 1999 ecalcoliform also has the
confoundingssue that some contributing bacteria can thrive in the environment
Taking this a step furtheEscherichia coliorE. coli, is an even better indicatof
sewagebut is still not human specific without genotypifiimund et al., 1999;

Gomi et al., 2014)Recent work has moved towiarhumarspecific fecal indicators
such aBacteroidedHF183 orEscherichia colH8 (Seurinck et al., 2005; Gomi et al.,
2014;Hughes et al., 2017)

Steroids can bmeasured to trace sewage contamination in groundwaters and
surface watergKolpin et al., 2002)Sterols, or steroid alcols, are a type of lipid
produced by plants and animals, the most familiar of which is probably the animal
sterol, cholesterol. Sterols can be hydrogenated into stanols during digestion or plant
stanols can be present in some foods. Coprostanol is aatordat fecal

contamination because its precursor sterol is cholegtéaobzawa and Teshima,
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1978; LeBlanc et al., 1992Furthermore, because sterols and stanols can be plant and
animal specific oevenspecies specific, other ratios can be used to delineate fecal
contamination animal source. Lim et @017)provide a literature review of sterols

and stanols as wastewater tracers and previously used ratios for sewage source
identification. Steroid hormones like estrogens and androgens, both naturally
occurring and synthesized for medications, can also be indicators of sewage
contaminatior(Kolpin et al., 2002; Standley et al.,@&) Singh et al., 2010; Phillips

et al., 2012; Yang et al., 2016)

1.2.2 Organic Contaminants of Emerging Concanad DOM fluorescence

CECs are chemicals for which awareness of their existence, prevalence in the
environment, ohealth effects is developir{®auvé and Desrosiers, 201With some
exceptions, CECs are mainly organic contaminants and human created, either through
chemical discovery or mass production of naturally occurring chemicals. There are
too many chemicals considered to be CECs to list and new CECs are corsmgtly
identified and created, but common examples can be found in EPA Method 1694
(U.S. EPA, 2007and the biennial reviews by Susan D. Richardson, the most recent
of which is Richardson and Kimu(a020) CECs in domestic wastewater come from
commonly used products such as pharmaceuticals, stimulants, household cleaning
supplies, toiletries, makeup, food, and drinks. Recentestuhve worked to identify
CECs most suited for tracing domestic wastewater: namely those that are commonly
used, that are less likely to be used industrially or in agriculture, that behave
conservatively, or that are persistent through wastewater tnetadmia the

environment. Commonly named CECs for domestic wastewater tracing are the
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artificial sweeteners, sucralose and acesulfame potassiusK Yatbe
pharmaceuticals, atenolol, carbamazepine, sulfamethoxazole, ibuprofen,
acetaminophen; caffeine aitd metabolites; and the antimicrobials, methgthyl,
propyt, and buty paraben, triclosan, and triclocarb@wolpin et al., 2002; Loos et
al., 2013; Subedi et al., 2015; James et al., 2016; Yang et al., Bel®nhd simply
identifying human wastewater m@mination, researchers have also used CECs to
determine wastewater age, level of treatment, and separate domestic wastewater
sources. These techniques often capitalize on the widespread use, human specificity,
persistence, and conservative behavior efdtiificial sweetener sucralose
(Oppenheimer et al., 2011)

Regulatory approval dates, usage trends, and production bans allow certain
CECs to proxy wastewater age. For instance, Robertson(2046)suggested the
presence of the artificial sweetener sucralose to indicate wastewateaffeortne
year 2000 in the U.S. and Canada. They additionally suggested the ratio of sucralose
to aceK as a more precise proxy of age based on market trends. Othereiatied
ratios that have potential to proxy wastewater age are ratios of shoitetcclmnger
chain perfluoroalkyl sulfonates (PFASs) and perfluoroalkyl carboxylates (PFACSs), as
production has shifted to those with shorter human eliminatiodithed
(BjerregaareOlesen et al., 2016This pattern has been observed in biological
samplegLam et al.2016) but its application may be complicated by atmospheric
precursors and unknown environmental pathways and degradatio(Elasest al.,
2004; Liu and Avendario, 2013)he 2017 ban of triclosan and triclocarban in

antiseptic wash products in the U(B.S. FDA, 2016and related voluntary



phaseouts may alsslow these compounds biecome wastewater age piex

Though the continued use of triclosan and triclocarban in hand sanitizers and wipes,
dental products, neRDA regulated household products, and medical set{logs

FDA, 2016) sorption capacity to sedimer{déing et al., 2007)and longterm

persistence under anaerobic conditions must be consi(&ireger et al., 2002)

Cantwell et al(2018)used ratios of caffeine to suavak to proxy levels of
wastewater treatment, because caffeine has high removal efficiency during treatment.
They were able to distinguish combined sewer overflow (G§ai from WWTP
effluent. While only speculative, ratios of sucralose tek@®uld peform similarly
because microbial degradation pathways forkaeee believed to have recently
evolved(Castronovo et al., 2017; Kahl et al., 2018; Kleinsteuber et al., 20t8)
same concepts may exteto distinguishing OWTS and WWTP effluent and effluent
from WWTPs with different levels of treatment. Oppenheimer ¢2@ll2)suggested
ratios of CECs with ubiquitous versus limited usage to distinguish septic system
effluent from WWTP effluentTheywere able to successfully distinguikte two
using ratios obucralose to the prescription medication, carbamazepine, and sucralose
to gadolinium. They attributed the better performance of gadolinium ratitssléss
widespread use.

Dissolved organic matter (DOM) fluorescence is a prodiuchemical
composition, and fluorescence of domestic wastewater DOM is known to be different
than natural watererang et al., 2015)so optical properties (absorbance and
fluorescence) of DOM have been used to trace wastewater. DOM fluorescence can be

a powerfultool for monitoring transformation of wastewater during treatment



(Murphy et al., 2011)It has also been used to identify and monitor wastewater
effluentin theimmediatearea ofoutflows (Baker, 2002; Dickerson Jr. et al., 2007)

In the broader environment, protdike fluorescence has been linked to detecting the
presence of untreated sewdBaker, 2001)andfluorescence features have been
ascribed to specific emerging contaminant fluoroph{Cesstea et al., 2016)

In particular, certain fluorescent properties of domestic wastewater have been
linked to fluorescent whitening agentFWAs)(Hudson et al., 2007; Carstea et al.,
2016) also known as optical brighteners, which are compounds added to make white
colors appear less yellow because they absorb ultraviolet #8365 nm) and re
emit blue light (40440 nm)(Poiger et al., 1998; Assaad et al., 20FA)/As are
used inpapermaking and in detergents to make fabrics appear brigfptéger et al.,
1998) Commonly mentioned domestic wastewater tracer FWAs are DSBP and DAS
1, which are used in laundry detergeisiger et al., 1998; Chen et al., 2006; Dubber
and Gill, 2017) Most wastewater tracer studies have identified presence/absence of
FWAs by spectrofluorometry, even thoughural dissolved organic matter (NDOM)
is known to absorb and fluoresce in the same rediohen et al., 2006; Hudson et
al., 2007; Dubber and Gill, 201 Quantification of specific FWAs is rarely done to
support detectiofChen et al., 2006)Quantification of total FWAs or detection of
FWA presence/absence using photodecay rates is probleasadit photolabile
DOM, with or without FWAs, will undergo more rapid photodegradation than
previously photoexposed DOM. While FWAs are produced and used in mass
guantities, their purpose is to be retained on clothes, they have significant sorption to

sewae sludge and sediment, and rapidly photodegidigeret al., 1998)so large



concentrations in surface waters are unlikely beyond immediate effluent outflow
sources. FWA analysis should be done using conservative meaiinddadiquid
chromatography (LC) with tandem mass spectrometry (MS/MS) to idéreifil
ideally quantifyy specific chemicals.

Similarly, proteinlike fluorescence is also observed in labile NDQRang et
al., 2015) and few studies have combined optics with nontargeted approaches to
determine chemical compositi¢Stubbins et al., 2014POM fluorescence should
not be used to assign source solely based on the correlations with the wide variety of
features that have been connected to waste\{itephy et al., 2011)DOM
Fluorescence may not be solely the product of specific compounds or classes of
compounds, but instead a product of charge tra{Sfarpless and Blough, 2014)
Temperature, pH, and metal presence and speciation can also affect detected DOM
absorbance and fluorescer{@arstea et al., 2016)Vhile identifying wastewater
contamination by optical properties is an appealing notion because of the speed and
cost of analysisanyapplication in most natural waters shoulddo@e with extreme
caution. As shown later in this study, natural waters with significant domestic
wastewater impacts shown using unambiguous wastewater tracers were not optically

distinctive from lowimpact and nempact natural wategsamplegSection 4.3.2

1.2.3Inorganic Species

Nitrogen and phosphorus, metals, boron, and halogens are frequently used
inorganicconstituentgor wastewater tracing. Inorganic nitrogen and phosphorous
species are likely some of the most familiar wastewater tracers. These nutgents ar

nonspecific to domestic wastewater and can come from agricultural and household
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fertilizer use, so their role as wastewater tracers by concentration is limited to use in
combination with other tracers or basins with limited nutrient sources. Additipnally
nitrogen deposition can influence measured nitrogen concentréflale it is known

that anthropogenic nitrogen inputs are vattenuated in most rivers and streams
(~75%)(Boyer et al., 2002; Swaney et al., 20ld)mestic wastewater, particularly
septic systemgan be a significant source of nitrogen loading and elevated nitrogen
concentrations in surface watéhgerson et al., 2015)

The phosphorous cycle does not have a gas phase, so phosphorous deposition
is unlikely to beanimportantsource(Anderson and Downing, 2006; Hale et al.,

2013) Domestic wastewater is still elevated in phosphorous from diet and household
products, even after widespread bans and phase outs of detergent phddphates
Bashan and Bashan, 2004; Robertson, 2008; Van Drecht et al., R@0Sphorous is
more likely to be immobilized in sediments than nitrogen, so it is less often measured
when trying to identify wastewater contaminat{@enitezNelson, 2000; Robertson,
2008) Anaerobic sewage contains high concentratarssnmonia, which is

transformed to nitrate during treatment or in aerobic environments following release.
Organic nitrogen is also elevated in wastewater but historically has been rarely
measured for water quality monitorifigehlivanogluMantas and Sedlak, 2006)

Metals arepresenin many household products, so wastewaters often have
elevated concentrationdowever, studies have shown that measuring most metals to
trace wastewater inp in groundwater and surface waters is unlikely to be successful
because of heterogeneous natural background levels and sorbimydrchange

with sediment during transpdifRobertson2008; Richards et al., 201@)he metal,
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gadolinium, and metalloid, boron, perform well as wastewater tracers because they

have | ow natur al abundances in the Earthos
geological occurrences than other metals and to&tslelevated in initial wastewater

(Vengosh et al., 1994; Vengosh, 1998; Kimmerer and Helmers, @pp@nheimer

et al., 2012)Gadolinium is a rarearth metal used in a chelated form as a contrast

agent in magnetic resonance imaging (MRI). It is particpkldvated in effluent

from WWTPs also receiving medical wastewater but is also present in all sewage

inputs from larger combined populations because of the prevalence of MRI scans

(Kimmerer and Helmers, 2000; Oppenheimer et al., 2012 metalloid boron is

also a wastewater tracer because it is used in household detévigengissh et al.,

1994) Use of gadolinium as a wastewater tracer mplaated by the fact that the

anthropogenic gadolinium anomaly is a reamturrenceaind because of

gadol iniumbébs toxicity as a free ion, it 1is
medical imaging use, therefore much is still unknown about gadwliniu

environmental cycling and sinkKiimmerer and Helmers, 200Q)ikewise,

understanding of boron cycling is still limited, partly because of early analytical
challengegMarschall and Foster, 2018)

The halide ion, chloride, is elevated in domestic wastewater due to salt in
human diet, its presence in household products, and from the use of water softening
units(Davis et al.,1998; Panno et al., 2008)hile, in many situations elevated
chloride concentration alone can indicate wastewater contamination, it can also derive
from local geology, agricultural wastewater, natural saltwater intrusion, or road salt

application; thezfore, ratios of chloride to other ions have also been used for source
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tracking.For example, laloride to bromide ratio can be used to identify domestic
wastewater, likely because of the more extensive use of chlorine in household
products and an overalVa&paite chlorine and bromine souréPavis et al., 1998)
Ratios of chloride to bromide in combination with chloride concentrations have been
used to distinguish septic system wastewater from animal wasté®atavers et al.,
2008), septic system wastewater from animal wastewater and landfill ledEfzateo

et al., 2006)and to recognize potential sepslystem effluent impact on groundwater
(Katz et al., 2011)However, signal distinction may be location specific, as Panno et
al. (2006)found septic effluent to have higher/BF than animal waste, while
Showers et al2008)used the opposite trend to separate the two sources. Another
caveat is that domestic wastewater can have a sigraterap with other

evaporative sources such as road(dahgosh and Pankratov, 1998; Panno et al.,
2006). PastérZapata et al(2014)found greater source separation for groundwater
samples in an area of Northeastern Mexico containing evaporite deposits by
additionally using iodide to sodium ioni@ in combination with bromide
concentrations. See Davis et(@998)for a detailed description of processes that
control chloride and bromide concentration and Katz €2@llL1) for a review of

their ratio for tracking septic effluent and possible source signature overlaps. The
radioisotope iodind 31, used to treat thyroid conditions and in some medical
imaging, has been used as a wastewater t(&oeith et al., 2008)out its use is

limited compared to stable gadolinium because of its shorlifelfThis is different

from stable isotope iodinated organic contrast agents, such as diatrizoic acid, which

have also been used as wastewater trge¢oHf et al., 2012; Ribbers et al., 2019)
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1.24 Isotopic Signatures

Variousstableisotope ratios have been successfully used to identify domestic
wastewater contamination, but this description will focus on two of the most

commonly used onestable boron and stable nitrogen isotope signatures.

T Pb Pprmm (1)

All mentioned values are in delta notat
1), where R is the ratio of the heavy to light isotope, in this discusetiN,
180/%0, 1'0/*%0, and!'B/1°B, and values are relative to the standards atmospheric
nitrogen (N),Vienna Standard Mean Ocean Water (VSMOW) @ NISF
SRM951 (B).
Nitrogen stable isotope ratios have been extensively used to trace wastewater
inputs because biological assimilatigenerally produces tissues and solid waste
enriched in®N (Kendall et al., 2007)This is thought to be because of deamination
preferentially removing isotopically light amine groups, making urea, uric acid, and
ammonia in waste enried in*N and leaving®N enriched amino acid&annes et
al.,1998) Nitrogen, therefore, undergoes a pr e
approximately & a r el a {Gannes ettalg 1968)Vieil¢ waste nitrogen is
isotopically light compared to respective tissue, waste nitrogen follows the same
trophicassociated signature, as organisms with isotopically heavier tissueeand d
will produce isotopically heavier waste products. VolatilizatiorPhfdepleted
ammonia can subsequently make waste even heavier isotogiGatiglall et al.,

2007) Ammonia and dissolved organic nitrogen (DON) from waste can be
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microbially transformed to other nitrogen species which will show similar isotopic
signatures.

Heterotrophs must obtain essential amino acids from diet, so these processes
have allowed particulate organic nitrogen, nitrate, bulk tissues, and compound
specific analysis of tissue to be successfully used to identify animal wastewater input
(Evershed et al., 2007; Hadwen and Arthington, 2007; Kendall et al., 2007; Montoya,
2007) Of these species, nitrate is extensively used to trace wastewater contamination
because of ease of analysis and greater specificityalisotope approach of
U*Nnosa n d®Onbs can help identifymixing effectsor fractionationFor example,
negative cor rrNyosatnidiOwscdn edioate mixing With
atmospheric nitrate, whiN@saan dowswititini ve corr
a specific slopeange can indicatisotopic signature alteratidrom denitrificationor
assimilation(Kendall et al., 2007; Kaushal et al., 2011; Duan et al., 2@&1)
discussed more extensively@napter 44.2.6 , me a s ufOnoaayn BAgz h U
can allow for unambiguous identification of atmosphsnarced nitratéMichalski
et al., 2003)Different sources of nitrate hawgpical isotopic signatures (Fid..2),
and n absene of evidence of significant effects of denitrificatmmother signature
alteration(Kendall et al., 2007V/enkiteswaran et al., 2019) *&Nnotivalue greater
t h an danb@ anarker of animal, including human, wastewater contamination
(Kendall et al., 2007)

As previously described, boron can be elevated in domestic wastewaters, but
B with boron concentration is a more source specific tracer that can distinguish if

high boron concentration is from a natural saline source or sewage. This distinction is
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because wastewater boron is from sodium borates used in detergents, which are

degeted in''B compared to seawat@rengosh et al., 1994%eawater enrichment in

1B is thought to be due to preferential adsorptiof’®Bfonto clay mineral§Palmer

etal.,1987) Measur éBmetwees0l 8% din combination with
boron concentrations relative to local, unimpacted freshwaters, can therefore, signify
domestic wastewater contaminatidengosh et al., 1994; Vengjo, 1998; Seiler,

2005)

100+

751

[¢)]
o

5'%0-NO3 (%)

Nitrate in Fertilizer

N
w
2
|

'

|

1

|

|

]

|

1

' i Wastewater

Soil N

-25-

-20 -10 0 10 20 30
3"°N-NO;(%o)

Figure 1.2Ty p i ¢ a | ¥*Nn iati% 3%0&P0, telative to the Vienna Standard

Mean Ocean Water standard) isotopic signatures (atiipta Kendall et al., 2007).

16



1.3Landfill Leachate

In asimilar way to septic systems, landfill wastewater, or leachate, can be a
source of effluent contamination to groundwater and surface waters and pose a public
health risk. In the United States, while MSW production has increased, the number of
active landills accepting waste has decreased because MSW is increasingly sent to
larger landfills(U.S. EPA, 2008a)it is unknown how many landfills exist in the
UnitedState . The U. S. Environment al Protection
Gas Energy Project Database lists 1,289 operational lar(@ifiss EPA, 2020h)but
it is estimated that there are thousands of closed and unlined lafuifSISEPA,
2008a) Landfills closed within the past decades are more likely to be accounted for
and monitored formvironmental impact, but there are also many historic landfills
with unknown sizes, waste types, owners, and sometimes even locations that have
water impact riskgMaryland Department of the Environment, 2009; Colorado
Department of Public Health and Environment, 20L&ewise, the volume of
leachate generated in the U.Sstidl poorly constrained due factors such athe
existence of historic landfillghe role of climate in leachate generatiandg lack of
understanding of lonterm waste degradatiobang et al(2017)estmated the
generation of leachate for 2013 at 61.1 milliofy but more research is needed to
better understand leachate volume anacimount foleachate generation from
historic,unlined landfills.

Landfill leachate is a product of slow percolation and leaching of garbage, so
it can contain extreme concentrations of metals, organic pollutants, dissolved organic

carbon (DOC), and ammonia in comparison to domestic wastewidjeldsen et al.,
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2002; Masoner et al., 20163 major factor in the toxicity of landfill leachate is
ammonia(Berge et al., 20050ne form of leachate treatment isimgction, where
leachate is collected and-ceculated through the landfill, sometimes with an air
addition or supplementation with other water, to promote degradation of organic
matter. Landfills using this treaent are called bioreactor landfills, and while
leachate recirculation accelerates organic matter degradation, it also accelerates
ammonia productiofBerge et al., 2005).eachate can be collected and treated

situ using biological treatment systems like those used in WWTPs, but this can be
complicated by the intrinsic microbiadxicity of highly concentrated leachate.
Leachate can also be treateesituat WWTPSs, but because of the levels of
contaminants, particularly ammonia, WWTP operators may limit or refuse leachate
for treatment. Solutions to better treat landfill leaclzteneeded, but to engineer

new leachate treatments, it is necessary to understand leachate composition.

1.4 Study Purpose and Design

1.4.1 Rationale

The principal objectives of this study were to (1) molecularly characterize
DOM of septic effluent and through this (2) develop novel organic tracers of septic
wastewater and assess existing tracers, whilggi@grating data that could aid in
understandingitrogen loading by septic systenhslso (4) applied many of the same
toolsto the study of landfill leachate, to understand the similarities and differences
between septic and landfill domestic wastewdtaddressed these objectives by

combining targeted analyses of traditional water quality parameters, quantification of
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specifc emerging contaminants, measurements of DOM optical properties, and
nontargeted, ultrahigh resolution MS to study septic system wastewater, reference
streams, streams impacted by septic system wastewater, and landfill leachate.
Ultrahigh resolution MS, ke electrospray ionization Fourier transform ion cyclotron
resonance MS (EHTICR MS), is a technique that identifies the presence of
thousands of molecular masses. The high resolution and mass accuracy ofE&Sl|
MS allowsfor the assignment afxactmolecular formulae to masses.

Total dissolved nitrogen (TDN) is present in watersheds as both inorganic
nitrogen, including nitrate, nitrite, ammonia, and ammonium, and organic nitrogen;
however, the majority of past research has focused on the sourizeaationly
inorganic nitrogen and mostly nitrate. Organic nitrogen is rarely measured, despite
work showing it to be a significant component of dissolved nitrogen in freshwaters
(Jones et al., 2004it being the dominant form of dissolved nitrogen in nitrification
denitrification wastewaterfiduent (PehlivanogluMantas and Sedlak, 20Q0&)nd a
major component of nitrogen in waste entering septic sysf@fitiselm et al., 1994)
DON is activein nitrogen transformation pathways and is both a potential nutrient
and a precursor to a variety of toxic disinfectiorgogduct(Jones et al., 2004;
PehlivanogluMantas and Sedlak, 200®)ack of information on the structure and
properties of DON has made it hard to targetréonoval in WWTPgPehlivanoglu
Mantas and Sedlak, 2006}his studycontributedo the knowledge of domestic
wastewater DON composition.

Studying domestic wastewater DOM is equally intaot as understanding

wastewater DON because it will alldar theidentification ofmetabolites and
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productsourced chemicals that comprise domestic wastewater. By studying the DOM
at both wastewater sources and contaminated gitegpossible tadenify possible

DOM transformations. Traditionally, wastewater tracers have been developed based
on what is already known to be present in wastewater; whereas, a nontargeted
approach identifies the presence of thousands of chemicals, and can identify
previousy unknown or unconsidered manufacturing productspitoyglucts, and co
products; transformation products; or human metabolites. These previously
unidentified or ignored wastewater components have the potential to be wastewater
tracers, and their performancan be assessed by combining wastewater source and
surface water data.

While many wastewater tracers already exist, that does not preclude a need for
more tracers or a better understanding of existing tracers. Currently, the best source
identification reults are generally reached through a combination of tracers to
surmount the shortcomings of individual tracers. Many tracers are not human
wastewater source specific; for instance, high chloride can come from road salt,
saltwater intrusion, human sewage animal sewage. Tracers, suchEasoli, certain
antibiotics &MNnds likewisencannot distinguish betiveen human
and animal waste. Many of the more hurspecific tracers, like humagpecific gut
markers BacteroidedHF183,EscherichiacoliH8 , st er ol /Y8toma n ol rati o:
CEC:s like sucralose or carbamazepine, require highly specialized sample preparation
and method development or prohibitively expensive analytical equipment. While
many studies have used multiple tracers to bettesten sources, allowing them to

compare tracers, few studies have performed-teng sampling to temporally assess
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tracer performance. Another issue, which has only recently been addressed, is the
need forwastewater tracer proxidisat can be applied uestions and problems
beyonddomestic source identificatiorRor example, wstewater tracers can
potentially be a proxy for treatment level, degradation, and age, or distinguish
specific domestic wastewater sources like WWTP effluent, CSOs, or sepemsys
effluent. This study addresses these issues, as newly identified tracers may be more
humanspecific, easier to quickly asseesmore informative of transformation
pathwaysThe largedataset produced important background knowledge to support
the development of more specific tracer proxies.

Another advantage of this extensive sampling operation is that beyond just
combining nontargeted characterization and targeted chemical an#tysss, dy
also combingsanalyses of source wastewater and immhstaface waters. Most
septic system wastewater studies have only looked at environmental data, with
measurements in soil, groundwater, or surface waters. Comparatively few studies
have also measured the same parameters in septic system tank wastelfdter its
better understand source composition

Landfill leachate is also a high contamination risk to groundwater and surface
waters, so chemical composition information is necessary for leachate treatment, to
understand health risks, and to identifyietihchemicals could be leachate
contamination tracers. Landfill leachate is like domestic wastewater in that it contains
metals, CECs, chloride, and ammonia, but different in that concentrations of these
contaminants are generally orders of magnitude moreragtthan domestic

wastewater because leachate is the product of slow, continuous leaching of mass
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amounts of garbage. Leachate contains CECs like commonly used pharmaceuticals
and artificial sweeteners, but with different sources. Unless biosolids age bein
collected, there should be minimal human waste in landfills, so most domestic CECs
are coming from wrappers and containers or discarded food and medications. In
contrast to septic system wastewater, landfill leachate is less likely to be pathogenic
and s likely to contain industrially associated CECs or chemicals derived from
disposal of construction debris. Leachate can contain amshbaral DOC in the
thousands of mg/(Kjeldsen et al., 2002For comparison, Richards et 2016)

studied effluenfrom 32 septic tanks and measured maximum amrmidraa144

mg/L and DOC of 179 mg/L. Correspondingly, the organic CECs contributing to
leachate DOC have high concentrations, with individual compounds measuring in the
mg/L range(Masoner et al., 2016Pespite these differences, both septic systems and
landfills are anaerobic systems that are the product of gpaied many of the same

analytical techniques can be used to determine DOM composition.

1.4.2 Relevance of Septic System Tracer Study Area

This study was primarily conducted in Calvert County, Maryland, a county in
the Southern Maryland Region on the wasthore of the Chesapeake Bay. Calvert
County has seen rapid population growth, and with this, a shift from agricultural to
residential lanelse. Between 1990 and 2010, the population increased from 51,372 to
88,737, a 72.7% increase, making Calvert Cptim fastest growing county during
this period in the state of Marylaffd.S. Census Bureau, 1992, 2012¢ptic systems
are the primary method of wastewater treatment in the county. Concerns about excess

nitrogen reaching the Chesapeake Bay and targeted legidiatve led to installation
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of denitrifying septic systems. The Bay Restoration Fund, established by Maryland
Senate Bill 32¢2004) provides financial support for the installation of denitrifying
septic systems through fees collected from septic system users. The Sustainable
Growth and Agricultural Preservation Act of 20\aryland Senate Bill 236, 2012)
designed to limit septic nitrogen contribution and residential growth on conventional
septic systems, mandated the installation of denitrifying septieraggor all new
development requiring esite wastewater treatment. In response to concerns
surrounding limits on economic development, increased financial strain on the Bay
Restoration Fund, and limited data on the effectiveness of denitrifying segteonsy

the requirement was reformed in 2016 to only apply to new development in the
AChesapeake B dBaltin®reSun,j2018)and wWithie B000 feet of

tidal waters and wetland€OMAR 26.04.02.07, 2004Yhis legislative and
development history makes Calvert County highly suitable for a field and direct
sampling study to evaluate existing domestic wastewater tracers, assess performance
of denitrifying septic systems, and develop new methods of identifying wastewater

contamination.

1.4.3 Sampling Design

We sampled eight streams in Calvert County, MD and one stream in Anne
Arundel County, MD, approximately monthly over a year between-2016. All
streams were small, first order streams with little to no agriculturatleed no
WWTP effluent input, and minimal sewer infrastructure in their catchments.
Catchments ranged in size from approximatelp-@.®@sg mi(USGS, 2017)Three

streams were forested, reference streams draining areas with zero to low septic
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system density (<60 systersg/m) and six drained areas with high septic system
density (>80 systenmsg mj. One of the six high septic system density sites had
primaily advanced septic systems in the catchment. Parameters measured include
discharge, pH, conductivity, Ctemperature, DO, TDN, total dissolved phosphorus
(TDP), PQ%, SOZ, NHs*, NOs-NOy, particulate P, N, and C, DOC, optical
properties of DOM (extation and emission matrix fluorescence and\i¥/
absorption), and CECs. CECs measured include the artificial sweeteners sucralose
and aceK; caffeine and the caffeine metabolite paraxanthine; the nicotine metabolite
cotinine; NSAIDs ibuprofen, acetamintogn, and diclofenac; antimicrobials
methylparaben, propylparaben, and triclosan; the insecticide dichlorvos; the
prescription medications sulfamethoxazole, carbamazepine, and atorvastatin; and
estrone. DOM was molecularly characterized by EBCRMS. Add t i o n°N,l | vy,
o, d'®ofNGdswer e seasonal @ anfdhosdxtractable an d
DOM was measured at one time point. In 2018, additional measurements were made
for dissolved Zn and dissolved and particulate Mn, Fe, Cd, Pb, Cr, Cu, AsidSe,
Hg.

Conventional septic tank effluent was sampled in 2018 in Calvert County, MD
from six systems. Septic tanks sampled served household6 pEdple, were made
of various materials, and included both one and two chambered tanks. One system
had an a@bic chamber, and both chambers were sampled when possible. Parameters
analyzed include molecular composition, pH, TDN, TDPSR®IH4*, NOs-NOy,
DOC, optical properties of DOM, sucralose, -#Gecaffeine, paraxanthine, and

triclosan.
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Leachate sampldsom two lined landfills in Florida were collected and sent
to us by Nicole Robey and Dr. Timothy Townsend, collaborators at University of
Florida, who also measured initial pH, BOD, and COD. DOM was molecularly
characterized by EFHTICR MS. Measured prperties includédOM optical
properties, DOC, TDN, NH, NOs-NO2, CI, V, Cr, Mn, Fe, Cu, Zn, As, Cd, Pb,
sucralose, acK, triclosan, methylparaben, propylparaben, paraxanthine, cotinine,
ibuprofen, acetaminophen, carbamazepine, and sulfamethoxazoigoralty, C:N,

UC  a #°M of éixtractable DOM were measured.

1.4.4Mass Spectrometric Analytical Techniques

In this studyl used electrospray ionization (ESI) triple quadrupole (QqQ)
tandem mass spectrometry (MS/MS), and the ultrahigh resolution techniques, ESI
Orbitrap MS and MS/MS, as well as ESI FTICR MS. lonization is used to produce
positively or negatively charged ionsieh can be detected by MS. ESI is a soft
ionization technique, designed to produce predominantiganand singly charged
ions.High performance liquid chromatograpfitPLC)was pairedvith ESI
QqQMS/MS(Agilent 6420)for quantification of emerging caamninants. This
technique can be used to quantify many targeted chemicals simultaneously because of
its high scan speed. HPLC is used to separate the components of the complex
mixture. As chemical components arrive at the MS, precursor ions are masdg iiltere
the first quadrupole mass analy£&l), fragmented in the collision cell (g2), and
then product ions are detected in the final quadrupole mass analyzer (Q3). Detecting
ion transitions, instead of just the precursor ion mass, is used to more rediksuly

the chemical of interest.
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This technique was additionally used to fragment certain molecular ions of
interest in landfill leachate sampld$e molecular identities of product ions can
provide structural information or be used to help confirm sttepganolecular
structure Despite the lower mass resolution, this was done becallston-induced
dissociation(CID) in QqQMS/MS is a nomesonanfragmentation techniqu&hich
can produce more and smaller fragmédesGraaf et al., 2011; Ichou et al., 2014)
and norresonant fragmentation data was available for the swexpebemical
structure identity.

Ultrahigh resolution ESI FTICR MS is used to identify the chemical
composition of complex mixtures, for example, natural D(@%#nson et al., 2003;
Powers et al., 2018)vastewatergGonsior et al., 201Ifseng et al., 2013petroleum
(Liu and Kujawinski, 2015)or evenextraterrestrial matter in meteoritg&chmitt
Kopplin et al., 201Q)Here a 12 Tesla ultrahigh resolution Bruker solariX ESI
FTICR MSwas used for nontartgs, full scan, molecular characterization of natural
waters domestic wastewater, and landfill leachate D@N to identify novel
chemical tracers of septic system impact in natural waktéeshigh mass resation,
typically >400,000 at 40fh/zfor the FTICR MSused hergallows forthe assignment
of exact molecular formulas ta/zions. This technique is not quantitative or
structural butllows for thousands of chemical formulas to be identified in samples.

Thelower, but stillultrahigh mass resolution techniqu@rbitrap MS was
used in direct infusion, full scan mode (DI/ESI Orbitrap MS) to lodduatalose
adduct formationfirst identified by FTICR MS, in a different instrument. DI/ESI

Orbitrap MS/MSusing resonant Clvas used toragment sucralose adduct ions and
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specific ions in landfill leachate to help confisuspecteddentiies The Orbitrap
MS was also paired with HPLC (HPL@rbitrap MS)to show sucralose adduct
formationalso occurring under these conditiombe Orbitrap M5 used in this study
aThermo LTQ Orbitrap XL Hybridcan operate at mass resolutions from
approximately 15,000 to 100,000. Orbitrap & much higher mass resolutiban
QqQMS butcomparatively, verglow scanning speedothe specific Orbitrap
systen available to més not typically used for quantitative analyg$ter this reason,

it was used for exploratory analysis in this study.
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ChaptEevri dZeence for adduct gener at |

el ectrospray i1 onization

Abstract

Theartificial sweetener, sucralosei1¢814Cl30g), is gaining more attention as
a humarnderived wastewater tracer, making it important to accurately detect and
measure. Most analyses of sucralose are focused on quantification. Through
nontargeted analyses, vaentified extensive adduct formation in negative mode
electrospray ionization (ESI) and-source fragmentation with implications for
guantification.

Dissolved organic matter in water samples from natural systems, septic tanks,
and wastewater treatmentpts were concentrated andsidted by soligohase
extraction. Extracts were analyzed by ESI Fourier transform ion cyclotron resonance
mass spectrometry (FTICRRS) in negative ion mode. Sucralose quantification was
by high performance liquid chromatogrgpiHPLC) triple quadrupole (QqQ) tandem
mass spectrometry (MS/MS). Fragmentation of certain adducts was by Orbitrap
MS/MS using collisioAnduced dissociation.

We identi fi ed’,fouationeof chlaride [Nl MCI) formdte
[M + CHOOT, nitrate[M + NOgs]", bromide [M + Br], iodide [M + IT, and other
tentatively identified adducts, along with the apparerstanrce fragmentation
product, [ TMThé insélrce fragir@mtdtion product ion, and nitrate,

bromide, and iodide adducts of sucralds not appear to be previously described

28



Sucralose appears to have similar adduct formation behavior as natural
saccharides under seftnization techniques in negative ion mode. This has the
potential to improve sucralose ionization and detectiondiimitt may also complicate
targeted quantification. Additionally, sucralose has 3 chlorine atoms, which increases
numbers and relative abundances of isotopologues. This, in combination with
extensive adduct ion formation, complicates the interpretatiorgbfand ultrahigh
resolution nontargeted MS spectra. For example, FTWSspectra of certain

wastewater samples can have more tham&@ons attributable to sucralose.

2.1 Introduction

Sucralose (SCL{1,6-Dichloro-1,6-dideoxy-b-D-fructofuranosy4-chloro-4-
deoxyU-D-galactopyranosideCi2H19Cl30g), is an artificial sweetener made by the
chlorination of the natural, nene duci ng di s a c@-fluetafuradogy] sucr os ¢
UD-glucopyranoside)SCL is used in foods, beverages, and dental hygiene products,
among other uses, and is highly resistant to degrad@ieyer et al., 1993; Roberts
et al., 2000; Oppenheimer et al., 2Q1M)is resistance to degradation has led to its
commercial popularity asnoncaloricsweetener thas excretecalmost
unmetabolizedmainly in fecegRoberts et al., 2000k has also been historically
considered to have high thermal stability which has led to use in product formulation
that involves heating, cooking, and recentlyigarette liquid; however, recent studies
have gestioned its stability at high temperatufds Oliveira et al., 2015; Hflage et
al., 2019; Eisenreich et al., 2028)CL is used as an effluent sousitacer because of
its specificity to humaierived wastewater, persistence through conventional

wastewater treatment, and resistance to environmental degradatioaysmathw
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(Oppenheimer et al., 2011; Van Stempvoort et al., 200 Iegions wher&CLis
used, it is almost ubiquitously detected in septic systastewate(Oppenheimer et
al., 2011; Snider et al., 201&hd in WWTP inflow and treated outflow at similar
concentrationgBuerge et al., 2009; Torres et al., 2011; Subedi and Kannan, 2014; Li
et al., 2020)This detecion extends tdreated wastewater reuseurced reservoirs
and drinking wate(Mawhinney et al., 2011as well as in all types of natural waters
receiving wastewater impact; including groundw#tan Stempvoort et al., 2011)
streams and riveroos et al., 2009; Cantwell et al., 20,1Bkes and ponds
(Oppenheimer et al., 2012; Wang et 2020) and coastal and marine watékéead
et al., 2009; Cantwell et al., 201&)dditionally, SCL regulatory approval and usage
patterns in combination with conservative tracer behavior mean trenpeesfSCL
can be a temporal marker in waters, and it has been used this way in a septic system
effluent plumegRobertson et al., 201@nd landfill leachate@Roy et al., 2014;
Stefania et al., 2019)

SCL has been measured in complex matrices using a wide range of instrument
techniques, some examples being gas chromatography/MS (GQYM&) et al.,
2009) ion chromatography/MS/MS (IC/MS/M%Yan Stempvoort et al2011;
Snider et al., 2017).C/evaporative light scattering detection (LC/ELSWjasik et
al., 2007) LC/quadrupole timef-flight MS (LC/QTOFMS)(Ferrer et al., 2013and
LC/MS/MS (Ferrer et al., 2013)redictably, different sample concentration and
cleanup methods as well as quantification methods are also described in the literature.
One of the most popular analytical methods for quantif@@d. is sample

preparation using online or offline polymeric sorbent sphdse extraction (SPE)
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and subsequent quantification by LC/MS/MS using negative ion mode electrospray
ionization (ESI) as the ion sour(®uerge et al., 2009; Loos et al., 2009; Scheurer et
al., 20®; Mawhinney et al., 2011; Torres et al., 2011; Kokotou and Thomaidis, 2013;
Cantwell et al., 2018; Stefania et al., 201®)te that in this text, we use LC to
universally refer to traditional LC, HPLC, and ultrahigh performance LC (UHPLC).
High and ultrahigh resolution MS and MS/MS can also be used for
guantigtive (Batchu et al., 2015; Wang et al., 2020 nonquantitative(Smirnov,
2018; Fu et al.,@0)detection ofSCL based on mass accuracy, a characteristic three
chlorine isotopic pattern, and/or indicative fragmentation pathways in positive or
negative ion mode. The characteristic isotopic pattern visible in mass spectrometric
data is due tahe high relative natural abundances of the two stable chorine isotopes,
35CI (76%) andf’Cl (24%), and the three chlorine atoms$SiGL. The three highest
abundance isotopologues®€L, *2C12tH16%°Cl3!0s, 12C12'H16*°Cl2*'Cl11%0g, and
12C1tH16%°C13"Cl,%0s, therefore, have relative abundano&$00:96:31(Loos et al.,

2015) assumingsCL atomic composition reflects natural abundagtég. 2.1).
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Figure 2.1 Chemical structure d8CL andtheoretical [Mi H]' mass spectrometric
isotopic patterrsimulated by Bruker IsotopePattern software at 650,000 resolution at
400m/zwith a 0.3 relative abundance threshold and labelling of the highest
abundance isotopologues per subcluster.

Domestic wastewater sourt@cing, food and product analysis, and
metabolomics studies rely on accurate detection and quantificati®@lofA
complicating factor of saccharide detection and quantification is extensive adduct ion
formation when using soft ionization techniques in both positive and negative ion

modeg(Harvey, 2005; Jiang and Cole, 2005; Guan and Cole, 2008; Boutegrabet et al.,

2012; Ruf, 2013)Saccharide adduct formation behavior has been mxesmsively

32



studied withlower energy, soft ionization likeatix-assisted laser
desorption/ionization (MALDI) and ESI ion sourdg3ai et al., 2002; Harvey, 2005;
Jiang and Cole, 2005; Guan and Cole, 2@f&)may also be relevant to othsoft
ionization techniques. Adduct ions form when one or more atoms or molecules
interact with tle analyte of interest, forming an ion that contains all atoms of the
original analyte as well as the associated adducted atoms or molecules. Many factors
are considered toontribute to analyte adduct formation including the presence of
specific functionafroups, stereochemistry, acidity, polarity, moleculage salvent
composition and puritypbackground ions in the matriand instrument parameters,
particularly that affect analyte internal enefgyu and Cole, 2000; Cai et al., 2002;
Harvey, 2005; Guan and @&pI2008) Adduct formation can be undesitatbecause
adduct ions can deflect signal from the desired ion and decrease analytical
reproducibility.

Complicating matters is the intertwinement of adduct formation and
fragmentation. Irsource fragmentation, here referring to fioduced dissociation
during soft ionization, not to be confused with souirmguced dissociation (SID), is
the unintended dissociation of ions into fragmentation product ions in the ion source.
While in-source fragmentation or other dissociation before the detector can prevent
the detection of adducts, adducting atoms or molecules can also promote
decomposition of the adducttioe[M 7 H]" ion or other product iasbefore the
detector(Harvey, 2005)The adducting atoms or molecules can also affect adduct ion
fragmentation products in MS/MS, a behavior particularly seen for ashscof

saccharides, meaning saccharide adduct ions can have different fragments than the
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molecular [Mi H]" ion under the same instrument parameters and dissociation
techniquesind energiefHarvey, 2005; Jiang and Cole, 2005)

Anion adduction can occur at electrdmhhydrogensgZhu and Cole, 2000)
and hydroxyl groups are common features to most sacchafidesver, the
fundamental structural ihfences of saccharides on adduct formation, particularly in
consideration of the complex isomerism of reducing sacchaadesjll poorly
understood. Cai et g2002)demonstrated that for certain small saccharides,
including sucrose, multiple hydrogen bonding plays a role in the formation and high
stability of someanionic adducts in ESI MS. Many methodséi from this adduct
forming behavior and force adduct generatiesxy. addition of a dopanfBayer et al.,
1999; Koch et al., 2014p improve or allow ionization afieutralsaccharides either
through detection of the adduct or the decomposition product of the gtidueey,
2005; Jiang and Cole, 2005; Guan and Cole, 200&juct ions of saccharides are
also used to gain structural information based on adduct fiemtaends and
fragmentation product ior(larvey, 2005; Jiang and Co)05; Guan and Cole,

2008)

As a chlorine substituted disacchari8€&L appears to show similar adduct
formation behavior as natural saccharides, and has been previously found to produce
adducts witkchloride(Wu et al., 2014; Batchu et al., 2015; Cantwell et al., 2018)
formate(Batchu et al., 2013; Wu et al., 2014; Batchu et al., 2Git) acetate
(Ordofiez et al., 2013; Wu et al., 201dnegativemodesoft ionizationandadducts
with sodium(Ferrer and Thurman, 2010; Batchu et al., 2013; Ferrer et al., 2013; Wu

et al., 2014)ammonium(Ferrer and Thurman, 201@nd sodium chlorid@Nood et
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al., 2000)in positivemodesoft ionization MS The format€Wu et al., 2014; Wang
et al., 2020)acetatgOrdoriez et al., 2013and chloridgWu et al., 2014; Cantwell et
al., 2018)adducts oSCL have been used to improgaalyticalsensitivity. In contrast
to natural saccharideSCL adduct formation is largely unstudied. Most previously
known adducts observed in LC/MS and LC/MS/MS were formed intentionally or
directly related to mobile phase additives or background sodium contaminat
While chloride can be a common contaminant in mass spectroméirgt al.(2014)
observedhe chloride adduatith low consistency after cleanup of the ionization
source and with no known source in the mobile phaseé suggesteitie source of
chloridecould beSCL in-source fragmentation or impuritiesSCL standards.

When dealing wh a high potential for adduct formation it is necessary to
identify possible adduct ions, consider contributing factors to adduct formation, and
to use quantification methods that account for this behavior. As part of a larger
project molecularly characieing naturalfreshwatersmpacted by septic system
wastewater, we conducted nontargeted ultrahigh resola8RTICR MS on a
sample from an artificial lake and a large seasonal set of samples from nine small,
nontidal streams. In this dataset we happeaonadentify extensive adduct ions of
SCL. We then assessed BHSIICR MS data from untreated septic system wastewater
andWWTPsfor adducts o5CL to better understand adddotmation. In tlese
dataset we identified thelM T H]' SCL ions;chloride [M +CI]", formate [M +
CHOOT, nitrate [M + NQJ', bromide [M + Br], andiodide [M + I SCL adducts;
and the apparent-isource fragmentation iofis1 T HT HCI]'. Tentatively, other

potential SCL adducts, such as witifluoroacette, bisulfate, and benzenesulfonates,
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may also be present in spectra. To our best knowledge,-ueiine fragmentation
ion and nitrate, bromide, and iodide adducts have not been previously described.
Possible determining factors for adduct formationsaering sample matrices and
analytical techniques is discussed. We demonstrate the same adduct formation in ESI
Orbitrap MS and that the chloride and bromide adducts can be readily observed in
HPLC/ESI Orbitrap MS. We performed fragmentation experimentarbitrap
MS/MS on the chloride, formate, and bromide adducts.

Identified adducting ions are previously known for natural oligosaccharides
(Cai et al., 2002; Harvey, 2005; Jiang and Cole, 2005; Guan and Cole, 2008;
Gabbanimnet al., 2010) The current studghows thaSCL has similar adduct
formation potential. This understanding opens many possibilities to improve the
notoriously poor ionization d8CL. These conclusions have relevance to sample
preparation, mobile phase sdlen, and method development, and internal standard
(ISTD) selection. These results have especially significant implications to
nontargeted, full scan, high resolution and ultrahigh resolution MS analyses. This
adduct formation behavior could maBEL appear absent in spectra. Additionaglly
this adduct formation for a molecule with 3 chlorine atoms creates an unprecedented
number ofm/zions that can be related to one chemical in FTM®&spectra of real
world samples. For example, in a wastewater treatsanple analyzed by standard
methods, we found at leas m/zions to be attributable t8CL These ions have
mass decimals characteristic of more chlorinated organohalogens and have a high

potential for misidentification during formula assignment. Evemenextensive
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anionic adduct formation is suggested by these samples and should be further

explored.
2.2 Experimental

2.2.1 Materials

Hydrochloric acid for sample acidification was pure grade 32% solutions from
Acros Organics. All methangMeOH),0.1% (v/v) formic acidFA) water, and
isopropanol (IPA)used in SPE and instrument analysvas LEMS grade. Ultrapure
water used in SPE and instrument analysis
from in-lab systems. Ammonium acetdfA) was purchased from Sigmaldrich
andwasO9 9. 0 % p GCLiaralytical stahdard used in the SPE recovery
experiment and quantification standard curves was purchased from-Aldnch
and is 098.SCLI6STD used in quarkificaion was obtainedrfro

Toronto Research Chemicals and has an i sot

2.2.2 Sample collection and solihase extraction of water samples

Duplicate 2. grab water samples were collected from eight streams and one
lake in Calvert County, MD, USA and one stream in Anne Arundel County, MD,
USA. Stream samples were taken approximately monthly, at badeflinelogical
conditions between October 2016 and Bioer 2017. Lake samples were taken in
February 2017. A total of 198 samples were collected, for twelve months of sampling
from eight stream sites in duplicate, two months of sampling from one stream site
because of no flow conditions most of the year, @mel month of sampling from the

lake site Glass bottles were preombusted500°C) and sample rinsed three times in
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the fieldbefore sample collectionhn the lab, samples were vacuum filtered through
preashed).7 um glass microfiber filters (Whatman (Gl into combusted glass
bottles, acidified to pH 2 using hydrochloric acid, and desalted and concentrated by
solid-phase extraction using Agilent Bond Elut PPL cartridges (1 g, 3 mL) generally
following the previously described procedyBattmar et al., 2008)Cartridges were
activated with 5 mMeOH, rinsed with 5 mL 0.1%A water,thenloaded withthe
filtered and acidified sample by gravity or a peristaltic pump as necessary. After
sample loading, cartridge exteriors were rinsed with ultrapure water and the sorbent
was rinsedvith 5 mL 0.1% FA water to remove salts. Cartridges were dried, and
eluted with 10 mL MeOH into new, trace contaminant certified or-azdhed and
combusted 40 mL amber vials. None of the sites in our study receive drainage with
potential sources of WWTP effluent.

Septic system wastewater was sampled from traditional, ameor
chambered systems serving single householdsnWEA. Water samples were
collected from below the grease layer in the tank chambers using acid washed tubing
lowered through the access lid and a peristaltic pump. Duplicate samples were
collected in ombusted glass bottles after sample rinsing three times. Six septic tanks
were sampled in total, and in two of these six systems, samples were taken from the
first and second chamber. In one of these systems the second chamber was
oxygenated by an aeratiggstem. In the lab, samples were filtered and subsampled
to approximately 500 mL if one chamber was sampled or to 250 mL for the first
chamber and 500 mL for the second if both were sampled. They were then acidified

and extracted as previously descrilbmat, the 0.1% formic acid water rinse after
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sample loading was increased to 30 mL to account for the higher salt content in
wastewater.

Tertiary treated final effluent samples from a WWTP inlWiméted States
(Effluent-A) were 1 L samplesxtracted in triptate using Bond Elut PPL cartridges
(1 g, 6 mL) which weractivated withLO mL MeOH, rinsed with10 mL 0.1%FA
water, loaded with the acidified sampl&sedwith 10 mL 0.1% FA water to remove
salts then dried and eluted as describ®dmples from a sendWWTP in the United
Statesincluding two different influent samples (InflueBi and InfluerB2) that
join together for an unsampled final influent and an effluent sample (EfRjent
were 300 mL samples extracted using same method as descrilfedEffluentA.

All extracts were stored a20 °C between analyses.

2.2.3ESIFTICR MS analysis

Natural water sample SPEs were diluted in MeOH with a 1:40 dilution factor
and analyzed on a 12 Tesla Bruker solariX FTI@& with an Apollo Il ESI source
opemted in negative ion mode. Samples were introduced to the ESI source using an
autosampler at a flow rate of 120 pL/h. MeOH blanks were run after every 20
samples. Spectra were acquired with a tdoenain transient of 4 megawords and a
500 scan accumulatiarver an m/zrange of #7-1000. Spectra were then lightly
smoothed and calibrated with a mass list of molecular formulae consistently found in
natural organic matter using the Bruker DataAnalgsitware. Peak lists were
exported with ssignalton oi se rati o cutoff of O10. A pea
samples was generated using a matrix generator softluai®, 2009)with a

window width of 12 ppm.
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Septic system wastewater SPEs were analyzed similarly but were manually
injected using a syringe and syringe pump at a flow rate of 120 yuL/h and acquired
with a 300 scan accumulatiawver an m/zrange of B0-1000. Spectra were then
smoothed and calibrated using a mass list of molecular formulae typically found in
wastewater, including common surfactants. A data matrix was produced as described
with a 1 ppm window widthcontaining 16 samples, m&senting 8 chambers in
sample duplicates.

EffluentA SPEs were diluted in MeOH with a 1:40 dilution factor and
introduced by autosampler and analyzed as described for natural water saraples
an m/zrange of B0-1000. InfluertB and EffluenrtB SPEs wereliluted witha 1:40
dilution factor, introduced by autosampler, and analyaesr an m/zrange of 100
1200. Spectra processing was the sansepic system wastewater. Data matrices
were produced separately for the mass lists from the two WWilitPsInfluentB
and EffluertB as part of a larger sample mati@xd both matriceweremade with a

1 ppmwindow width.

2.2.4Adduct Identification

SCLwas identified in FT data bgxactmatching ofm/zvalues and intensities
to the distinctive three chlorine isofopattern ofM T H]' SCL. This was further
confirmed by corresponding quantitative measurements. Thedshbmd bronde
adducts were initially identified in the extensivatural waterslaaset based on
correlation with the intensities of the [MH]' SCL ions exactmatching to expected
masses, and a four chlorine isatopattern and three chlorine, one bromine, isimtop

pattern.
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This and other wastewater datasets were then checkedhéoraotducts of
SCL by searching for masses corresponding to other commonly occurring adducting
anions(Huang et al., 1999nd those known to occur for sacchariftéarvey, 2005;
Guan and Cole, 2008ndSCL. A script that filtered for an approximate chlorine
isotofc spacing (1.99™/2 was used to further cheakass lists. These results could
then be further filtered for featureach asccuracy to exact isotapspacing, signal
intensity ratios between potential isotopi¢zions, mass decimals, or signal
correlations with the alreadglentified SCL relatedm/z ions. Determinations were
undertakenn consideration of quantifieBCL concentrations in the sampl@he
adduct and potential adduct iomsre molecularly assigned usitige SmartFormula
feature of Bruker DataAnalysis with isotopic pattern matchinggugie Bruker
IsotopePattern software and enviPat by Loos.€2all5) While the FTICR MS
instrument used in this study only has a typical mass resokligily above
400,000 at 40@n/z a much higher 650,000 mass resolution input was used in isotopic
pattern modelling programs totber matchthe observedine isotope patternsn

spectraparticularly for the bromide adduct

2.25 SCL and other chemical quantification

SCLwas quantified in all samples by HPI@QMS/MS using argilent
1260 Infinity Il LC and an Agilent 6420riple Quadrupole MSinstrument control
and data processing was carried out using the Agilent MassHunter softwaréisuite
Agilent 1260 Infinity Il Vialsampler autosampler was used to inject 7 pL of samples
with an isopropanol needle wash step betwegtiion. The LC columsiwerean

ACE Excel C18PFP (3.0 mm i.d. x 100 mm, 2 um particle sizehjnected to an
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ACE HILIC-B (2.1 mm i.d. x 50 mm, 1.7 um patrticle sizgjh a MAC-MOD

UltraShield precolumn filter, andthe thermostatted column oven was sé&QdC.

Mobile phase A was MeOH and B was 0.1% FA water. The flow rat@&@s

pL/min with the separation gradient beginning at 50% mobile phase A, increasing to
97% mobile phase A for 8:9.5min, and 98% mobile phase A until 10.0 mamd
thenreturning b 50% mobile phase A.or MS settings hte carrier gas was high

purity nitrogen from @&eak Scientific Genius NM32LA nitrogen generaod the
collision gas waslltrahigh purity nitrogenCapillary voltage was 5000 V in positive
mode, gas temperature Wats0 °C, gas flow was 10 L/min, nebulizer gas pressure
was 35 psi, andalta electron multiplier voltagg) was 400 V.

An ISTD quantification method was used to account for fluctuations in
instrument performance, analyte behavior, and matrix ion suppression. A target SCL
transition and a stable isotofabelled (SIL), here SCH6, ISTD transition were used
for standard cwe quantification. A second SCL transition was monitored as a
gualifier to further confirm identity. The SIL ISTD spike was added gi¢3Q to all
blanks, calibration standards, quality control standards, and samples before
instrument analysis. An injecoin standard method was used, instead of Spite
spike, to not conflate the effects of extraction recovery with analytical performance.

Other analytes were quantified wlCL, so the M8VS method used ESI
polarity switching, dynamic selective reactioronmtoring (SRM) mode, and nen
resonant CID, monitoring the positive mode transitions 419 [M + Xa] 2 &/t
[CeH11CIOs + NaJt, 4 1 9 miz[C@13®204+ NaJ', and 425 [Md6 + NaJ Y

243 m/z[CeH10Cl204-d4 + NaJ" as the target, qualifier, and ISTD traiwmis,
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respectively. For alCL-related monitored transitions, fragmentor voltage was 120
V, collision energy was 15 V for the target transition and 19 V for the other
transitions, and cell accelerator voltage was 7 V. Positive ion mode and monitored
trarsitions were selected using the Agilent MassHunter Workstation software
optimization feature and are also previously descr{beder et al., 2013)
Quantification was done in triplicate and averadeeksults were corrected for SPE
concentration factors and analysis dilution factors. Results were not corrected for SPE
recovery as our previous PPLSBELr ecovery experiments show
(Table A4.12)

Chloride was quantified istream whole wat sample$®y a standard
calibration curve, IC method in selected whole waters using a Dionex AS40
Autosampler and Dionex IGB000 IC with a Dionex lonPac AG22 (4 x 50 mm)
guard column, lonPac AS22 (4 x 250 mm) column, and an ASRS 300 (4 mm)
suppressor. Aodium bicarbonate/carbonate eluent was used at a 1.2 mL/min flow
rate with a 50 mA suppressor current. Combined nitnétée (hereafter referred to
as nitrate)vas quantified irstream and septic systesnole waters by the Nutrient
Analytical Serviced.aboratory, CBL (MD, USA)referencingstandard method

ASTM D778%14 (ASTM International, 2014)

2.26 ESI Orbitrap MS and MS/MS experiments

We used ahermo LTQ Orbitrap XL Hybrid lon Tra@rbitrap Mass
Spectrometewith an ESI ion source in negative ion mode and the F{®Bitrap)
detector for all analyses. The carrier gas was high purity nitrogen generated as

previously described and the collision gas was ultrahigh pueiiym. An Eksigent
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Nano LC Ultra was used as a direct pump for MeOH to the Orbitrap and flow was 10
pL/min. The Thermo Tune Plus software was used for instrument control and Thermo
Xcalibur2.1for data processingh duplicate SPE from the freshwater stream with
the highesBCL concentrations was diluted 1:40 with MeOH and directly injected by
syringe and loop imction. For MS/MS, fragments were generated for the
monoisotopic and highest signal intensity isotapizpeaks for the chloride (430.98,
432.98) and bromide (474.93, 476198) adductsat a Im/zwindow width Note that
both the432.98and476.93m/ztargetsinclude two isotopologuesf signal relevancy
For the source settings the heater temp wa€68heath gas flow rate was 7,
auxiliary gas flow rate was 2, sweep gas flow rate was 0, spray voltage was 3.8 kV,
capillary temperature was 275 °C, caqijl voltage wa$ 45 V, and tube lens was
1129.0 V.The mass resolution was 15,08@dscan time was 2 microscans with a
maximum inject time of 40 ms. Fragmentation was by resonant CID at collision
energies of approximately 15 and 40 eV in full scan mamrding approximately
150 scan averages

The EffluentB SPE was diluted 10 with MeOH and directly injectedt 4
pL/min. The heater temp was 98, sheath gas flow rate was 12, auxiliary gas flow
rate was 1, capillary voltage waS0 V, and tube lens wa®98.3 V. Other settings
were the samaVe performed full scan MS analysis60,000 resolutiowith a scan
range of 86700 m/z recordinga 50 scan averag show adduct formation in ESI
Orbitrap MS.The same sample was diluted 1:2 and a full scan n@esrtaken at
15,000 resolution, with a scan range of BO®m/z and recording 40 scans for

iodide adduct iond=or MS/MS, fragments were generated for the monoisotopic and
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second highest signal intensity isotopitzpeaks for the formate (441.01, 443.01
m/2 adductat these same settings and 0, 15, 40, and 60 eV CID, recording
approximately 33 scan averag8san ranges were set to the minimum allowezto
slightly beyond the precursat/zionsfor all MS/MS expemnents While the nitrate,
iodide, and tentative trifluoroacetate SCL adducts were visible by Orbitrap MS,
fragmentation was not possible because of low signal intensity.

The sameffluentsample was analyzed undiluted BiPLC/Orbitrap MS to
test ifthechloride and bromide, the two generally highest signal interesityucs
could be observed. The LC/MS experiments veargied outusingan Agilent 1260
Infinity 11 LC system coupled to the Orbitrap MA&n Agilent 1260 Infinity I
Multisampler autosampler waised to injec® pL of sample per testhe sample was
spiked withSCL-d6 at 35ug/L. Separation was performed on an ACE Excel 5
SuperC18 column at isocratic conditions of 90% 0.01 % w/v AA in MeOH, 10%
0.01% w/v AA in water for 10 min. Column temperatwvas 50 °C, and flow rate
was 0.1 mL/min until 5 min, increasing to 0.6 mL/min at 6 to 9 min for cleanup, then
returning to 0.1 mL/min at 10 mifor ESIsource settings the heater temp was 280
°C, sheath gas flow rate was 20, auxiliary gas flow rateByaseep gas flow rate
was 8, spray voltage was 3.8 kV, capillary temperature was 375 °C, capillary voltage
wasTt 10 V, and tube lens wa$1.0 V.Detection was using selected ion monitoring
(SIM) at 7500 resolution where the first test monitored theificdbpic peak o5CL
(395m/2 and the second major isotopic pealS@iL-d6 (403m/2 as two scan

events, a second test monitored onlygbeond majoisotopic peak of the chloride
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adduct (433n/2, and a third test monitored only the second major isotopic peak of

the bromide adduct (47W/2. All had a Im/zwindow width

2.3 Results and Discussion

2.3.1Evidence for Adduct lons and Oth@ucralose Related lons

The ESIFTICR MS datasetglearlyshow the presence 8ICL[M T H]' ions;
in-source fragment [M HT1 HCI]" ions; and chloride [M + Cl] formate [M +
CHOOT, nitrate [M + NQJ', bromide [M + Br], and iodide [M + I] adduct ions
(Figs.2.2, 2.3). Of these, the chloride and formateéducts are previously known for
SCL (Wu et al., 2014; Batchu et al., 201%p our best knowledge, the-gource
fragmentation behavior and nitrate, bromide, and iodide adducts have not been
previously described; however, these addgcéinions have all been previously
observed to form stable adducts with other sacchaf@set al., 2002; Harvey,
2005; Jiang and Cole, 2005; Guan and Cole, 2008; Gabbanini et al., 2010)
Additionally, saccharide ksource fragmentation behavior in relation to adduct
formation is wellknown (Harvey, 2005)and the irsource fragment is ghsame as
the major known SCL negative ion mode MS/MS product(iartrer et al., 2013)
While exact iomm/zvalues, isotopic pattern matching, formula assignment and signal
trends across samples from #EICR MS data in context of SCL concentrations in
samples provide very strong evidenoethe related ions, OrbitrddS/MS
experiments show even more definite SCL relation, and will therefore, be described

first.
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2.3.20rbitrap MS/MS for Adduct lons

Negative ion mode ESI Orbitrap MS/MS experiments are presented in Table
2.1. The chloride adett shows the loss of a chlorine and a hydrogen atom, forming
the deprotonated SOM 1 H]' ion, as well as a loss of two chlorine and hydrogen
atoms, likely forming the major known negative ion mode fragment ion of[BIOL
H C | H]". Similar consecutive dissociation of saccharide chloride adducts has been
demonstrated using other ionizatiordatissociation techniqu€ghu and Cole, 2001;
Jiang and Cole, 2005; Guan and Cole, 20@8) may suggest an association between
chloride adduct formation and-gource fragmentation. Fragmentation of the formate
adduct only shows the loss of formate and a hydrogen atom, producing the
deprotomted SCLUM T H]' ion. Fragmentatioof the bromide adduct shows the loss
of a bromine and hydrogen atom, or tieprotonated SC[M T H]' ion, but also
another apparent product ion requiring rearrangement that may be a chloride or

bromide adduct of a nead product or a deprotonated ion.
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Table 2.1 Results from Orbitrap CID MS/MS experiments, where precursor ions are from the lowest eV CID analyses, and product

ions are from the 40 eV CID analyses. Most product ion identities asesmefladducting ion first, neutral loss, and no
rearrangement, and may not reflect true dissociation pathways. Only isotopologues of relevant abundance are considered.

Precursor lons

Product lons

Adducting | Observed | Exactm/z Proposedidentity Observed | Exactm/z Formula Proposed Identity
Anion m/z m/z
Chloride | 430.98220( 430.98395| [C1,H15*Cl;0g + ¥Cl]' 395.00555| 395.00727| Ci2H18°ClsOf' [CioH1*ClzOg +3C 1 *CII'H
359.02860| 359.03060| Ci.H17°Cl,Of' [CioH1*ClsOg +3°C | *C | H *CI]'H
432.97926| 432.98100| [C1H15*Cl30g + 3Cl]' 397.00241| 397.00432| CiH16°Cl3"ClOg [CioH1CIPCIOg +3C 1 3CII'H
[C12H18°CI3ClOg + 3T’ 395.00555| 395.00727| Ci2H18°ClsOf' [CioH1*ClzOs +¥'C 1 CII'H
361.02553| 361.02765| Ci.H;7°CIF'CIOf [CioH1*CIPCIOg +3C 1 3%C | H 3CII'H
359.02846| 359.03060| C;.H;7°Cl,Of' [CioH1*CIPCIOg +3C 1 3C | H ¥CI]" nd
[CioH1*ClzOs +3'C | ¥C I H %CI]'H
Formate 441.01255| 441.01275 [C12H1935C|308 + HCOz]I 395.00628| 395.00727 C12H1835C|3087 [C12H1935C|3OB + HCOZT ZGDZ]T
443.00871| 443.00980| [C1.H;15>°Cl,3"CIOg + HCO,]' 397.00303| 397.00432| C;,H:5°Cl,3"ClOg [C12H1°CIPClOg + HCO T ,E0,]'
Bromide | 474.93178| 474.93344| [C1H15*Cl30g + "BI]' 438.95552| 438.95676| CioH15Cl,"BrOg' rearrangement, simplified identity may beJ&:s*Cl,Og + "BI]',
[C12H1335C|7QBTOB + 35(:']T y and/or [Q2H1935C|2798r08 T H ]
395.00565| 395.00727| CiH18°Cls0¢ [CiH1*™CliOs + B r _ BII'H
476.93011| 476.93049| [C12H1s™Cl*"CIOg + "BI]' 440.95247| 440.95381| CioH1sCPR'CI™BrOg' rearrangement, simplified identity may beJ&:s*CI¥'CIOg + "BI]',
476.93139 [C12H1935C|303 + SlBr]T [C12H1335C|798r03 + 37C|]T y [C12H1337C|798r08 + 35Cl]T y and/or
[C12H1935C|37C|7QBrOgT H ]
440.95471| CiH1s™Cl3Brog rearrangement, simplified identity may be @:5*°Cl,0s + 8'Br]",
[C12H1335C|81Br03 + 35CI]T y and/or [Qzng:sSClzBlBrOg ) H ]
397.00184| 397.00432| Ci;H16°Cl3"ClOg [CiHi*CIPCIOg + B r  PBII'H
395.00288| 395.00727| CiH1s°CliOg [CiHi*CliOs +*B r  FBr'H
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Results across experiments followed expected isotopic patterns. Product ions
are described using neutral losses for clarity, but this does not necessarily reflect the
identities or final charge states of the losses, all of which are below mass range using
Cl D MS/ MS on this mozoetheseekperimenis). Otheesp ( O 115
have observed €hs a SCL MS/MS product ion using analytical techniques with
lower m/zcutoffs (Berset and Ochsenbein, 2012; Ferrer et al., 2013; Gan 2013)
Additionally, anionic saccharide adducts, [M + Ahave been described as having
competing dissociation pat hwand$HA] as neutr a
fragments or as loss of the adducting anion, producing [M] aridif#&jmentgCai et
al., 2002) the latter of which would not be detectable with this Orbitrépcutoff.
Additionally, MS/MS was done onFEs with complex dissolved organic matter
(DOM) matrices, and therefore background ions, so data was assessed by considering
known SCL dissociation patterma/zdecimals characteristic of organochlorines,
isotopic patterns, and known background ions ps jpresent at 0 eV CID, as
applicable. This may bias conclusions against lower signal intensity fragment ions
and more complex fragmentation behavior. Future work is recommended to perform
fragmentation experiments on adducts generated using dopants laad&gical

standards as well as using other dissociation techniques.

2.3.3Sucralose Related lon FormationHTICRMS

RelevantFTICR MS and other correspondirttataareavailable in a data
repository fttps://figshare.com/s/3352e8215764b8c1Q2HRtensive adduct
formation is shown in samples with generally increasing observable adducts with

SCL concentrationéig. A1.16)
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Figure 2.2 SCL relatedn/zions (black bars), as observed in the InfluBAtSPE by
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m/z
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FTICRMS, compared to scaled corresponding theoretical isotopic patterns (blue

circles) at 650,000 resolution at 400z Note, background ions are not shown for
optimized visualizationAll matchedions hadmasse r r or s
error typically < 0.10 ppm. Please see FigureslAl.7 for larger, detailed figures

with exact mass error labels
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In the stream dataset, thresource fragmenSCL, andchloride, formate,

ppm,

nitrate, bromideard iodideadducts are observed, though most can only be seen in

the spectra of the highest SCL stream sited/B average SCL concentratias

measured by targeted LC/QqQMS/M$his large dataset shows a fairly consistent

pattern of relative signal intsities of iondor these samples, where the signal

intensity generally ranks from higher to lower: molec{idi H]', [M +Br]", [M +

CHOOQT, [M + CIJ", for the four higher and more consistently appearing spdéigs (

A1.16).
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The septic system wastewater (maximum g SCL) and WWTP
EffluentA (21 pg/L SCL) FTICR MS datasets contained ions corresponding to all
conclusivespeciesexcept the iodide adduct. The WWTP Influ@it (61pug/L SCL),
Influent-B2 (134ug/L SCL), and Bluent-B (76 ug/L SCL) had ions corresponding
to all ecies except the nitrate adduct which was only observed in the InfB@nt
and EffluentB, and the irsource fragment which was only observed in Influ&2t
Across all sampleshisourcefragmentatio was only seen in higher sucralose

concent rugl) samples.( O5

[M + CHOOJ
L
[M + Cl]-
[M - HJ
C,,H%°Cl%7Cl04 M +1]
Ci,H157°Cl304°
A
e L -& al L l. N
200 300 400 500 600 700m/z

Figure 2.3 Mass spectrum of the EfflueBt wastewate6EPEby FTICR MS showing
prominence of certain sucralose related ions
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Figure 2.4 Mass spectrum of the EfflueBt wastewate6PEby flow-injection
OrbitrapMS. See Figures\1.17-1.22 for magnified figures and A1.23 for the iodide
adduct.

Thesedescribed SCL associated spe@es confidently identified for the
reasons mentioned, suah theexactmatching of experimental mass and isotopic
patterns anthe correlations between ion signals, but also based on the lack of more
reasonable alternativelsiring assignmentConsideringhe observeddduct
formation, insourcefragmentation is a common-@zcurrencéHarvey, 2005)All
adducting anions are known for sacchari@@s et al., P02; Harvey, 2005; Jiang and
Cole, 2005; Guan and Cole, 2008; Gabbanini et al., 2@hd)while similar
extensive formation of reasonably stable adducts has not been described for the
chlorinated saccharide, SCL, it is also not surprising. As described folkbwing

section, some adducting anions can be observed unattached by lower mass cutoff

Orbitrap MS.
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We additionally propose the possibility of more, tentative but supported, SCL
adducts with trifluoroacetate (TFA), bisulfate (HS@), and certain
benzeesulfonatesCorresponding data are available
(https://figshare.com/s/3352e8215764b8cl10XFiF. A1.9A1.15) and also include
furtherm/zions that could fit sucralose adduct patteffiseseareobserved in fewer
samples andhay be lower signal intensityith less isotopologues visiblit have
exactmasses and isotopic patterns for the proposed identities. The possibility of
trifluoroacetate and bisulfate adducts is supported because they are known stable
adducting anions of saccharid&ai et al., 2002; Harvey, 2005; Jiang and Cole,
2005) Them/zions that may be the bisulfate adduct were only observed in a single
duplicate of the sampled lake (averagegd. SCL) and a duplicate of a sample from
the highest sucralose stream site in the freshwater dataset/Zibas that may be
trifluoroacetateadducts are visible IRTICR MS spectra of the highest sucralose
concentration samplekfluentB2 and EffluemntB, as well as in the Orbitrap MS full
scan spectrum of Effluer along with the unassociated trifluoroacetate ion (Fig.
2.4). The unassociatisulfate ion is also visible in this Orbitrap MS spectrum.

The highest signal intensity potential benzenesulfonate adduct is with a
CsHeSOs' associated anion, though other likely benzenesulfonate adducts are also
suggested. Similar benzene sulfonates have been shown to be very stable adducting
ions of oligosaccharides, including disaccharisng et al., 2000)These potential
adduct signals all follow expected patterns of correspondence of both known high
presence of sucralose andg@ece of the unassociated anion at higher intensity. For

example, if sucralose is present at high concentration, buat/itien of the
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associated surfactant is not visible or is at lower signal intensity RttE&ER MS

spectra, the potential SCL addugiz ions are also absent. The potential
benzenesulfonate SCL adducts are seen iRTheR MS spectra of the InfluerB1

and InfluentB2, as well as some septic system wastewater samples, all of which are
untreated, higher sucralose concentration wastesvddere, which may be a
sulfophenyl carboxylic acitlype anion(Gonsior et al., 2011)s also seeim Effluent

A. Any potential formation in freshwater samples could not be discerned among the

complex DOM background.

2.3.4 Sucralose Related lon Formation in LC Orbitrap MS and Orbitrap MS

Analysis of the EffluenrB sample by nontargeted high resolution Orbitrap MS
shows similar adduct formation as the corresponBiigCR-MS spectrum (Figs.
2.3 24). Differences include decreased signal intensity of the chloride, formate, and
iodide adductons and increased signal intensity of the potential trifluoroacetate
adduct ions relative to the molecular sucralose ions. Differences in the bromide
adduct isotopic pattern reflect the lower resolving power of an Orbitrap MS.
Unassociated anions corresyging to the masses of trifluoroacetate, bisulfate,
bromide, and iodide can be seen in the lomvircutoff, Orbitrap MS spectrum (Figs.
2.4, A1.21,A1.22). HPLC/Orbitrap MSexperiments show that at least the chloride

and bromide SCL adducts are also obable by LCMS (Figs. A1.2426).

2.3.5Factors for Adduct Formation

There are multiple possible sources of adducting anions to form these SCL

adducts, including instrument or mobile phase contamination, unintended SPE salt
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extraction or contamination, ar-source fragmentation of other molecules in the
complex samples. For the chloride adduct, sucraleseunce fragmentation itself
could provide chloride anions, as previously suggedtéadet al., 2014)Iintended

SPE DOM extraction would likely be the factor for some described tentative
adducting surfactant anions. Investigating the roles of these potential sources is a
subject of further study.

As shown, sucralose concentration can determine whetheotezsg or
favorable sucralose adducts are formed to an observable extent. Some data used in
this study appears to demonstrate competing formation based on instrument or SPE
parameters. For example, in the Efflu@nETICR MSspectra, the triplicate witthe
lowest signal intensity for the major chloride and bromide adduct ions has more
extensive adduct formation with other anions. The differences betweEil tDR
MS spectrum and Orbitrap MS spectrum for the same sample may demonstrate how
differences innstrumentation, instrument settings, or background contamination
affect adduct formation.

The Orbitrap MS used in this study undergoes regular skimmer cone cleaning
and vacuum system bakeouts. One of the reasons for SPE sample preparation is salt
removalbefore instrument analysis. SPE by Agilent Bond Elut PPL sorbent, used in
this study, has been suggested to be capable of completely desalting marine samples
(Dittmar et al., 2008)however, salt recovery by PPL SPE has not been extensively
studied. Rinsing of cartrgks in this study is believed to be reasonable for cartridge
size and sample type. Septic system wastewater extraction was done with cartridge

rinsing in excess of recommendati@bsttmar et al., 2008and still shows similar
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SCL adduct formation. While salt extracties possibly a factor in adduct formation,
sample preparation in this study is comparable to typically used methods in DOM
LC/MS and high and ultrahigh resolution MS analyses.

In the large freshwater dataset, chloride adduct formation appears less
consisent than other major species, largely because of an unexpectedly high
formation of the chloride adduct in samples from the second month of stream
sampling Fig. A1.16). This does not correspond to analysis order or higher chloride
concentrations in wholeater and appears to represent an unknown contaminating
factor during SPE. While the results of the MS/MS analyses in this study and other
saccharide chloride adduct studies suggest that the adducting chloride can promote
consecutive dissociatid@hu and Ca¢, 2001; Jiang and Cole, 2005; Guan and Cole,
2008) we saw no clear correlation between chloride adduct formation eswlince
fragmentationig. A1.16). In-source fragmentation of SCL has been proposed to
contribute chloride anions for adduct format{@u et al., 2014)but this lack of
correlation, likewise, limits any conclusions about this potential opposite association.
Consdering adduct formation, the-source fragmentation of SCL seen in this study
seems unlikely to be caused by high source voltage settings causing dissociation.

Interestingly, a clear pattern was seen between nitrate adduct formation and
matrix charactestics, as the nitrate adduct was only observed in certain WWTP
SPEs, SPEs from the highest sucralose stream site, and SPEs from the oxygenated
septic tank chamber. These are all wastewater or higher wastewater impacted samples
that are likely oxygenated partially oxygenated. Limited measurements show high

relative nitrate concentrations in whole waters from the stream site (5 mg N/L
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average) and septic chamber (36 mg N/L). The adducting anion source is unclear, but
it may be unintended extraction of wite or dissociation of oxidized DOM before the
source. See provided data for a summary of chloride and nitrate whole water

measurementsitps://figshare.com/s/3352e8215764b8c102d3

2.3.6 Relevance to Analytical Methodologies

This adduct formindpehavior has not been previously described, possibly due
to the less frequent use of nontargeted analyses in studies of wastewater tracers.
Another factor may be that sucralose was first proposed as a wastewater tracer based
on extensive data from studiesEurope(Buerge et al., 2009; Loos et al., 2009;
Scheurer et al., 2009; Neset et al., 204@t)it has been approved commercially for
longer and consumption is higher in the United St@@ggpenheimer et al., 2011;
Oppenheimer et al., 201Zonsequently, much higher concentrations can be
measured in wastewaters and natural waters in the United @fae@hinney et al.,

2011; Oppenheimer et al., 2011; Oppenheimer et al., 2012; Subedi and Kannan,
2014) and most adducts seen in this study are only apparent in high sucralose
concentration samples. Additionallypost natural saccharides are ngngicantly
extractable by the polymeric SPE methods (e.g. Agilent Bond Elut PPL, Waters Oasis
HLB, and C18 cartridges) that are popular in quantification of organic contaminants
by LC/MS techniques and nontargeted high and ultrahigh resolution MS molecula
characterizationfRaeke et al., 2016Jhe 3 chlorine atoms of SCL are likely why it

is well-extracted by these polymeric SPE methods, in compai@atfiez et al.,

2012)
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These chlorine atoms in combination withsiource fragmentation and
extensive adduct formation, including adducts with chloride and bromide, allow for
complex isotopic patterns in MS and so mamyions to be sucralose related. Like
chlorine, bromine haligh relative natural abundances of the major stable isotopes:
*Br (51%) and®'Br (49%). In this study the InfluerB2 and EffluertB FTICR MS
spectra are found to have at least 50 and 46 SCL retdi®dns, respectively.
Tentatively identified adductg anions suggest even more ions could be SCL related
in these samples. This kind of behavior in nontargeted MS of a motaml@on in
DOM is, to our knowledge, unprecedented.

The use of TICR MSin the molecular characterization of natural and
anthropogeic DOM is rapidly increasin@Gonsior, 2019)andpolymericSPE for
sample preparation and negative mode ESI for the ion source are some of the most
popular techniques wWitRTICR MS(Kim et al., 2021) This behaviorin MS could
lead to misidentification of sucraloselatedions, as the multitude of SCL adduciz
ions could be misidentified as molecular ions or other incorrect organohalogens based
on characteristic mass decimals. For instance, Fu @0&0)describe first
misidentifying G2H20Cl4Os as the highdssignal organochlorine in a Tokyo Bay
seawater sample, assuming deprotonation, before flHIHER MSMS identifying
it as the SCL chloride adduct, {£119Cl30s + CI]". In a spectrum with low molecular
m/zion signals but high addunt/zion signals, SClcould be misinterpreted as
absentSimilarly, LC-Orbitrap MS in full scan mod@eset et al., 2010; Batchu et al.,
2015) sometimesvith subsequent datdependent MS/M&cquisition(Wang et al.,

2020) is alsogaining popularityfor SCL quantification because high resolution MS
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can offer increased specificigndless reliance on chromatographic separation.
lonization that is at as expectedould lead to the false conclusion that sucralose is
absent.

MostSCL quantification is by negative mode ESI LC/MS/MS on samples
prepared usingolymericSPE techniqued.he results of this studyighlight the
value of using &CL SIL-ISTD that can control for thiadduct formation and n
source fragmentatiomehavior during quantificatiqras it is assumed that S&RCL
would have similar adduct formation. We would discourage the use of sodium
warfarinas an internal standard for SCL duriaggeted quantification, as has been
used in food research, as it is very unlikely to emulate this complestiument
behavior.

Another factor of concern to SCL research is thatdarce fragmentatiom/z
ions could be mistaken as degradation prodacts, t he uni ntendded
fragment appears to be the same as one of the previously identified high pH,
hydrolysis degradation produdiSoh et al., 2011)

While our reslis highlight how unexpected MS behavior could affect
analysis, the fact that sucralose appears to have similar adduct formation to
saccharides may open new possibilities for quantification. In this study, without

dopants and no intention of forming addy¢he chloride, formate, and bromide SCL

adducts had similar or sometimes greater intensity signals than molecular sucralose.

Chloride and formate SCL adducts have been used to improve detection, but the
bromide adduct haso our knowledgenot been previously described. Intentional

formation of the bromide adduct using a dopant could potentially improve SCL
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ionization. The other identified and tentative SCL adducts could also be explored for
improving ionization, as lower ionization in ttsgudy may only be due to lack of
adducting anions, adduct competition, or instrument setting settings, and in studies of
adducting anions of natural oligosaccharidesntfigons of the chloride, bromide,
nitrate, iodide, bisulfate, and trifluoroacetatklacts have been shown capable of
having higher signal i "nons¢JraisgiandyCold, 2005n mo | e c u
Guan and Cole, 2008yuture work could also explore if other known sacictear
adducting anions can form adducts with SCL. In consideration of the tentative
surfactant SCL adducts, future studies should also consider whether other small
molecules in DOM could be adducting anions of SCL. This work also suggests that
there may be ore adducting cations of SCL than previously described which could
have better ionization or behavior during dissociation that may improve sucralose
detection in positive mod@Vong et al., 2000; Zhu and Cole, 2003 cralose and
sucralose fragment ions are considered to be poorly ionjzows et al., 2009;
Scheurer et al., 2009; Berset and Ochsenbein, 2@B2)ing to detection limits often
higher than othecommonly measured organic wastewater traddtef these newy
described or potential SGidducts may provide better si¢gmby themselves [M +
A]", by dissociating tanolecular ions irsourcgl M T', byHpfoducing other
dissociation products isour@, orby improvedcollision cellfragment generation

A further consideration of the known connection betweesource
fragmentation and adduct formation, reveals that currently popular mobile phase
additives in sucralose analysis ntay/working to improve molecular ionization by

forming sucralose adductsathare dissociating before the detector. Haf2€p5)
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theorized that ammonium hydroxide improves molecular ion formation of larger
polysactarides by initially forming a [M + OHJadduct which rapidly loses @ to
form [M T H]'". Likewise, the acetate adduct of saccharides has been described as
unstable and undergoing the same unintended dissociation to impraével[M
formation(Jiang and Cole, 20058 mmonium hydroxid¢Oppenheimer et al., 2011,
Batchu et al 2015)and ammonium acetaf€orres et al., 2011gre popular mobile
phase additives in sucralose quantificatiorsdnirce fragmentation of SCL adltts
could be investigated as a factor for improved sucralose detection. Following this, the
fluoride adduct of saccharides can behave the same way and may imply that fluoride
dopants would improve molecular ionization of S@lang and Cole, 2005)

It is unclear how a chlorine substituted saccharide has such extensive adduct
formation Where adducting anions attach and where dissociation occurs sthyctur

and the interactions behind adduct formastould be a topic of future research.

2.4 Conclusions

The artificial sweetener sucralose forfisT H]" molecular SCL ions;
chloride [M + CI], formate [M + CHOQ], nitrate [M + NQJ', bromide [M + Br],
andiodide [M + I SCL adducts; and the apparensivurce fragmentation iorfis! 1
HT HCI]' in ESI MS. More tentatively, it may also form adducts with
trifluoroacetate and certain benzene sulfonates, with some suggestion of even more
extensive adductingnion possibilities. The three chlorine atoms of SCLhiga
relative natural abundances of the two stable chorine isqtapéshis behavior in
MS allows an unprecedented number of ions to be related to the same chemical in

nontargeted high and ultrai resolution MS.
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Sucralose is a human metabolite and domestic wastewater tracer, and
guantifying sucralose in the environment and molecular characterization of DOM are
increasingly popular topics of research. Awareness of this adduct formation and
dissocation behavior is important for analytical methods. These SCL related ions
were all observed with no intention to form them and following typical sample
preparation and analysis. This behavior could lead to misinterpretation of nontargeted
MS data and hasignificance to analytical methodology for SCL quantification, such
as by LC/MS or LC/MS/MS. While this adduct formation can complicate SCL
analysis, it may also lead to method development that would improve SCL ionization
and detection limits, as adduohs could providdetter signs themselves or have

improvedfragment generation
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ChaptSeerpt3d:c system wastewater tr

ultraédsghuti on mass spectrometry

Abstract

Septicsystems can contribute contaminants such as bacteria, viruses,
nutrients, metals, and organic contaminants of emerging concern (CECSs) to surface
and groundwaters. A better understanding of septic tank effl§&i) composition
and ways to recognize STE impact in the environment could aid in avoiding STE
pollution. We usediltrahigh resolution Fourier transform ion cyclotron resonance
mass spectrometfFTICR MS) to molecularly characterize dissolved organicterat
(DOM) in streams with high septic system density (>80 systems/sq mi), forested
reference streams, and septic tank wastewater ESHIER MSis qualitative but
normalizedsignals of sulfophenyl carboxylic acids (SRdialkyl tetralin
sulfonate itermediates (DATSNKvere found to function as semuantitative
indicatorsof septic system impact in stream sampdéso supported by the Gaussian
distribution of CH homologues.

The molecular composition of higher STE impacted stream sites was found to
have differences in mainly sulfur containing, but also nitrogen and nitrogen with
sulfur containing molecular formulas. We identified 137 septic system wastewater
tracers, or specific molecular formulas based on accurate mass that were present in
higher STE impacted sites, but absent in lower to unimpacted sites. We also assessed

which tracer signatures may be better performing for STE source tracing. Signals of
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presumegerfluoroalkyl carboxylates (P¥Cs) and sulfonates (FSs) also appeared
to be appropriate tracers for STE impact.

Septic tank dissolved organic matter (STDOM) was found to have a high
presence of sulfur and nitrogen with sulfur containing molecular formulas, and
108/137 of identified chemical tracer formulasnfranpacted streams were also
found in STDOM. These various techniques could function as quick nontargeted
analytical approaches for distinguishing domestic wastewater impact or in the case of
specific molecular tracers, may lead to new targeted and qiatitvastewater

tracers if the structures can be determined and synthesized.

3.1Introduction

Septic systems are an important source of pollution to surface and
groundwaters. In the United States, an estimated 20% of households use septic
systems for onte domestic wastewater treatmédtS. BPA, 2008b) and septic
systems can be the dominant form of wastewater treatment in rural and suburban
areas where connection to municipal wastewater treatment is unavéileble&EPA,
2002; U.S. EPA, 2008b)n these regions, businesses and municipal buildings may
also be served by septic systems. Onsite wastewater treatment systems, like septic
systems, are not subject to the same treatment or discharge regulatbaydsta@s
municipal wastewater treatment plants (WWTPS) in the United Statdsa
estimated 120% of septic systems are in performance failure stah& EPA,

2002) Septic tank effluent (STE) can contain elevated levels of bacteria, viruses,
metals, phosphorous, nitrogen, carbon, and chloride, as well as contarmfnants

emerging concern (CECs) from personal care prodbataan dietpharmaceuticals,
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and other household chemicals. Removal of contaminants in septic system treatment
depends on the system design and performanf@censediment, soil water, and
groundwaer properties, and individual properties of the contaminants. STE transport
and transformation is typically not monitored beyond the drainfield region. Septic
systems contaminate groundwater by design and can contaminate shallow drinking
water wells andwface waters. Therefore, it is necessary to better understand STE
composition and which chemical featuregyht persist during transport to better
track STE contamination.

Previous targeted work on met@Robertson and Blowes, 1998tacek, 1998;
Richards et al., 2016; Richards et al., 2Q0phposphorou¢Robertson et al., 1998;
Zanini et al., 1998; Robertson, 2008; Robertson et al., 2019; Robertson and Garda,
2020) nitrogen(Oakley et al., 2010; Robertson et al., 2012; Robertson et al., 2013;
Caschetto et al., 2018hloride(Katz et al., 2011; Robertson et al., 2Q18)d CECs
(Carrara et al., 2008; James et al., 2016; Yang et al., Basg)reatly improved our
understanding of STE compositiand contamination risks and the efficacies of these
and related species as tracers of septic system impact. However, the composition of
septic system dissolved organic matter (DOM) is still minimally characterized.
Nontargeted analytical approaches hagerbused to improve our understanding of
complex mixtures. Nontargeted ultrahigh resoluttectrospray ionizatioRourier
transform ion cyclotron resonance MSS| FTICR MS) is a powerful tool for
studying compmx molecular composition because it allofles exact molecular
formula assignment to detected massharge ratiosn/2. Previous work has

molecularly characterized WWTP wastewai@snsior et al., 2011; Tseng et al.,
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2013) STE impacted groundwateglsongnecker and Kujawinski, 2011; Arnold et al.,
2014) and urban streams with multiple impact sources, including(8d$k and

Toor, 2016) FTICR MShas been used to effectively fingerprint organic signatures,
with applicability to source tracking. Through comparisomtwe pristinenatural

waters, specifipotential tracer compounds can be identified, as has been shown for
hydraulic fracturing wastewatefsuek, 2017)

To contribute tdheunderstanding of STE and its impact, we USEHCR MS
to molecuar characterize DOM in forested reference streams and streams draining
areas with high septic system density to identify novel potential chemical tracers for
STE impact. We molecularly characterized STE from septic tank chambers to better
understand iniél composition and assess identified tracer compounds. We also assess
ways certain homologous series may function as-ggmntitative tracers @TE
volume in impacted streams.

In this study, we used sucralose concentration in combination with septic
systm density to better rank STE contribution at stream sites. Sucralose is
particularly effective as a quantitative tracer of STE impact. It is in significant use in
the United States, hydrophilic, essentially unmetabolized, and highly resistant to
degradatn, so it can function as a conservative tracer of domestic wastewater
(Oppenheimer et al., 2011;1es et al., 2016F5ucralose is persistent and can outlast
septicrelated bacterial, nutrient, or other removable chemical signals during water
transport, and has been found to be one of the most frequently detected CECs in STE

impacted waterg§lames et al., 2016)
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3.2 Materials and Methods

3.2.1Sream Study Sites and Sampling

We sampled 9 streanik2 times, or approximately monthly, at baseflow
conditions, for a year between October 2016 and November(E@f.73.1) Of these
9 stream sites, 6 were considered to have high septic system detis#y drainage
basins, and 3 stream sites were forested reference streams. Here, high septic system
densitywasdefined as >80 septic systems/sq This definitionis an adaption from a
previous suggestion of >40 systems/sg mi as high dgi@yter and Knox, 1984)
because of the predominance of septic system use in this studRefeeance
streams were significantly less developed than high septic density sites, but 2/3
reference streams did still have septic systems in their drainage (Fahies 3.1)

Almost all sites were in Calvert County, MD, USA. The 1 reference site with no
sefic systems, SERC, is the study watershed SERCat the Smithsonian
Environmental Research Center in Anne Arundel County, MD, USA. This site was
only sampled A2 expectedimesdue to low flow conditions.

Site drainage basins ranged from 64024 sq m Sites had a mix of advanced
nitrogenr e movi ng septic systems, referred t
systems, and traditional septic systems. None of these sites have inpW\WaiRs
though some drainage basins do contain sewered areageflhave very low to no
agricultural land use, including crop and animal agriculfliedle 3.1) Traditional
and BAT septic system number datarecalculated from mapsroducedoy Calvert
County Department of Planning and Zoniligainage Basin size wa&alculated

using theUnited States Geological Survay$GS StreamStats ApplicatiofySGS,
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2017) Basin land use is from théSGS Chesapeake Bay Phase 6, 1 m Land Use
DatasetgUSGS, 2019)where landise categories have been simplified&veloped
(Impervious Road, Impervious Ndg®road, Fractional Impervious, Mixed Open, and
Tree Canopy Over ImperviousgemidevelopedTree Canopy Over Turf, Turf

Grass, Fractional Turf Small, Fractional Turf Mediumd &ractional Turf Large),
UndevelopedWater, Tidal Wetlands, Floodplain Wetlands, Other Wetlands, and
Forest), and\griculture Basin size and land use for the SERC site is from previous
studies(Jordan et al., 1997a; Correll et al., 1999; Weller et al., 2003)

Stream discharge wasalculated during sample collection by measuring
stream width and depth and flow with an electromagnetic flow meter (Marsh
McBirney FloMate Model 2000)At SERC, flow was measured by volume
collection at a wnotch weir. Wecollected duplicate 2L grab sataep in combusted
(500 °C) glass bottles, sample rinsing bottles 3 times before water colldotion
solid-phase extraction in the |ah nearby lake with high expected septic system
input was also sampled in this same manner in February 2017, whichwatile
included in this study, was included®TICR MSdata processing. In the field, we
also used sterile syringes, which were first sample rinsed 3 times, to syring@® filter
pum, Whatman GD/Xcellulose acetaje80 mL samples of stream water for dissdlve
organic carbon (DOC) analysis. A brief rinse was sent through filters before sample
collection to minimize potential leaching. These samples were stored in the28b at

°C until analysis.
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Figure 3.1Map of stream sampling sites in Calvert and Annenélel County, MD.
3.2.2 Septic Tank Chamber Sampling

We additionally sampled wastewater from 6 different traditional septic
systems in Calvert County, MD, USA. In 2/6 systems, samples were collected from
both a first and second chamber, and in the§e systems, the second chamber was
continuously aerated by an installed oxygen pump system. All systems served single
households with-5 household members and septic tanks were of a variety of ages.
Samples were collected from below the grease laytbragidwashed tubing and a
peristaltic pump, collecting duplicate samples in combusted bottles after sample
rinsing bottles 3 times. At the lab, duplicates were subsampled to volumes of ~500
mL for systems where a single chamber was sampled and to 2&fr the first and

500 mL for the second if two chambers were sampled.
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3.2.3 Sample Processing

In the lab, samples were vacuum filtered through comb@sedm Whatman
GF/F glass microfiber filtersito combusted glass bottles. Samples were acidified to
pH=2 with pure grade, 32% hydrochloric acid (Acros Organics). Samples were then
solid-phase extracted for sample concentration and desalting using Bond Elut PPL
cartridges (1 g, 3 mL, Agilent). Cartridges were activated with 5 mlCaMS grade
methanol (Me®) then rinsed with 5 mL dfC/MS grade 0.1% formic acid (FA)
water. Samples were gravilyaded onto cartridges with some peristattionp
loading as necessary. The inside reservoir and outside of cartridges were then rinsed
with ultrapure water, and ttearbent was rinsed with 5 mL or 30 mL of 0.1% FA
water for stream samples or septic system wastewater samples, respectively, to
remove remaining salts. Cartridges were dried under vacuum and eluted with 10 mL
MeOH into new, trace contaminate certified amed and combusted amber vials.
Sucralose quantification was hygh performance liquid chromatography
triple quadrupole tandem mass spectrom@tiyLC/QqQMSMS) using arAgilent
1260 Infinity Il LC and an Agilent 6420 Triple Quadrupole MEact sucralse
analytical methods are described in detalChapter 2(Section 2.2.5)Samples for
DOC analysis were acidified with hydrochloric acid to pH 2 and quantification was

done using &himadzu total organic carbon analyzer (FQCPH).

3.2.4FTICR MSAnalysis
Solid-phase extracts were analyzed in negative ion mode ionizatiari@an
Tesla Bruker solariXXTICR MSwith an Apollo Il ESI sourcat theHelmholtz

Zentrum MinchenMunich, Germany Samples were diluted 1:40 in MeOH and
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introduced atL20 pL/hinto the ion sourceSpectra acqaition waswith a time

domain transient of fhegawords (MWand a 500 scan accumulation oveaage of
147-1,000m/zfor the stream samples and a 300 scan accumulatiori89€;000
m/zfor the septic system wastewatangples. Spectra were calibrated using lists of
known common molecules in DOM and wastewater. Lista/aions were exported
with a signalto-noise ratio cutoff of 10, anah/zaligned matrices were generated for
the stream samples with a 1.2 ppm windowttvighd a 1.0 ppm window width for
the septic system wastewater samples.

The stream sample matrix contained 198 samples, representing 8 streams
sampled 12 times in duplicate, 1 stream sampled 2 times in duplicate, and the lake
sampled in duplicate. Thisatrix was reduced to only include/zions detected in
more than 20 samplés limit the contribution of raren/zions that are likely
individual sample contamination, adducts, or instrument contaminakonsula
assignment was undertaken using NetGaldich utilizes common chemical
transitions and a network assignment approach. Allowed formula assignments
included the elements C, H, O, N,3&I, 7°Br, and®'Br. Assignments containing Br
were only considered valid if both isotopic assignments weradfand were
secondly confirmed by isotopic pattern matching, and'Beassignments were then
removed from subsequent data analysisot account for the same molecular
formulatwice. Assignments with implausible atomic ratios were also removed, and
assignments were further filtered to only
andmolecular weighk 660m/z The higher mass error allowed in this data set was

necessary becagi®f introduced error from the large number of samples within the
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alignment matrix. Additional formula assignments containing F were assigned
manually in the prdiltered matrix based on distinctive mass decimals and
homologous series but are not considerethe general molecular characterization
discussion.

The septic system wastewater matrix contained 18 samples, for 8 chamber
duplicates from 6 sept&ystemsThe matrix was filtered fam/zions present in both
duplicates, as applicable. Formula asgignt was carried out as discussed above, but
without®'Br as it led to assignment issues and no valid Br containing formulas were
assigned. Assignments were filtered to onl
and < 660n/z

Visualization in this texwas usinghe R packages ggméiahle and

Wickham, 2013pand ggplotZWickham, 2016)

3.3 Results and Discussin

3.3.1Stream DOM Molecular Characterizations

Sucralose concentrations ranged from not detected (ND) tqug8.2nd
correlated well with septic system density and combined % Developed and Semi
developed land use (Tables 3.1,3.2). Sucralose is likely a much better ranking of
septic system impact for these streams as septic system density does not factor in age
of installation. For example, septic system counts for site BC were heavily weighted
by a large newly developed region where many systems were not in use, or recently
began operation and any septic impacted groundwater may not yet have reached

surface waterd~or this reason, in referring to apparent STE impact, the sites are now
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ranked from most to least impacted in order of highest to lowest sucralose
concentrations: BFC, CBR, KB, CC, PP, PC, GC, BC, SERC. Where BFC, CBR, KB,
CC, and P are higher STE impaand PC, GC, BC, and SERC are lower to no STE

impact (Table 3.2), superseding original classifications (Fig. 3.1, Table 3.1).
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Table 3.1Stream site characteristics, land use, and drainage septic system density.

Sites Drainage Width Flow % % % % Traditional/ Traditional/
Area (in) (f%s) Developed Semk Undeveloped Agriculture BAT BAT Septic System Density
(sq mi) developed Systems (systems/sgq mi)

High Septic System

Density

BFC 0.04 21 0.02 42 48 10 0 76/3 2053/81

CBR 0.25 37 0.11 28 47 24 0 209/7 836/28

KB 0.53 44 0.32 13 32 48 8 78/1 148/2

CcC 3.91 89 1.97 13 33 52 3 773/6 198/2

PP 4.84 119 2.45 8 16 70 6 650/6 134/1

BC 0.53 33 0.18 5 3 90 2 26/41 49/77

Original Reference

PC 0.53 43 0.32 4 10 75 11 29/0 55/0

GC 0.35 41 0.41 7 11 82 0 5/0 14/0

SERC 0.02 - 0.0008 0 0 100 0 0/0 0/0

Table 3.2Stream site average DOC, average sucralose, and molecular characterization characteristics. For sucralose, not detected
(ND), is presumed absent or less than method detection limits (~5 ng/L), while below quantification limit (BQL) sigraBematc

detection at concentrations below method quantificaliimits (40-190 ng/L).

Sites Total Septic System Density (systems/sq | DOC + SD (mg Sucralose + SD Total % % % %
mi) CIL) (ug/L) Formulas CHO CHON CHOS CHONS
Higher STE Impact
BFC 2134 34+1.1 13.3+1.2 4704 47 30 17 6
CBR 864 4.0+0.8 4.9+0.6 4777 47 29 17 6
KB 150 2.3+1.4 1.8+0.2 4816 46 29 17 6
CC 199 3.441.2 1.0+0.2 4765 47 30 17 6
PP 135 5.611.1 0.5+0.1 4770 47 30 16 6
Lower to No STE
Impact
PC 55 3.2+0.8 0.5+0.1 4661 49 29 16 5
GC 14 2.94+0.8 0.340.1 4594 49 28 16 4
BC 127 2.61£1.2 BQL 4255 52 28 15 3
SERC 0 5.3+0.0 ND 3691 54 27 14 3
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A total of 4,932/11,854 formulas were assignethtaions in the stream
sample matrix. Of these, the majority, or 45.9% were formulas containing only
carbon, hydrogen, and oxygen (CHO). The second highest class was CHON, or only
containing carbon, hydrogen, oxygen, and nitrogen, which was 28.9% of formula
assignments. The remaining formula classes were 17.4% CHOS, 6.1% CHONS, 1.3%
CHOCI, 0.3% CHOBr, and 0.1% CHOSCI.

Higher STE impacted streams had higher % of assigned formulas in the
CHON, CHOS, and CHONS formula classes (Table 3.2). No overall trends were
observed between STE impauotd intensity weighted average H/C, O/C, or double
bond equivalent (DBE). All CHOBr formulas were simi{@able A2.1), had low
corresponding signal intensjtgnd their presence wast related to STE impact but
was common at KBPC, GC, and BC, suggesting these could be naturally occurring.
The presence of CHOCI formulas also appeared more site specific and unrelated to
STE impact. The CHOSCI class included only 3 formulas (TaBl&)Aand
essentially only appeared at the higH&EE impacted site, BFC, at low signal
intensities.

There were clear differences in molecular composition between sites with
higher and lower STE impact. Here, for visualization, we use Van Krevelen diagrams
(van Krevelen, 1950)plotting hydrogen to carbon ratio (H/C) versus oxygen to
carbon ratio (O/C) for formula assignmgnMultiple formulas may have the same
H/C and O/C values and overlay each other in plots. Van Krevelen diagrams are
helpful for distinguishing differences in molecular composition. To understand

differences, comparisons were made to the reference stie iDdimize any
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potential bias from differences in DOC or number of formulas assigned. Though a
reference site, the PC drainage basin did contain septic systems and the site had the
fourth lowest average sucralose concentration (Table 3.2). Comparisaiherto
likely lower impacted sites such as BC and SERC showed similar patterns.

For the various sites, CHO formula assignments were very similar (Eigy).A
In comparison to PC, for all sites <3 CHO formulas were unique per site. Though
these dataarenon-structural and differences between structural isomers would not be
distinguishable. In contrast, molecular differences were seen for CHOS, CHON, and
CHONS formulas between sites in relation to STE imgamt.CHOS formulas, in
comparison with PC, a high&o unique formulas were assigned to more impacted
sites in exact ranked order (Table 3.3). These formulas associated with higher STE
impact generally had higher H/C and lower O/C values (Fig. 3.2), as well as lower

m/z(Fig. A2.2). They also fell into clusters of similar formul@&g. A2.2).

76



CHOS

co0Bo e ®
2.0 2.0 o e
1.54 1.54
Q :
T 1.0 1.04 .
.
0.51 0.51
0.0 0.0 0.0
0.00 0.25 050 0.75 1.00 0.00 0.25 050 0.75 1.00 0.00 0.25 050 0.75 1.00
oic oic oic
Intensity (a.u) @ 5e+08 . 2e+09 Intensity (a.u) @ 5e+08 . 2e+09 Intensity (a.u) @ 5e+08 . 2e+09
Site * BFC e PC Site * CBR o PC Ste = GC e PC
2.0 2.0 2.0
g
15 ’
‘ % 15 15
%Y - [ ]
o .
T1o 1.0 1.0
0.5 0.5 0.5
0.0 0.0 0.0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
oic oic oic

Figure 3.2Van Krevelen diagrams showing intensity averaged CHOS formula assignments for sites BFC (2134 septic systems/sq mi)
(left), CBR (864 septisystems/sg mi) (middle), and GC (14 septic systems/sg mi) (right) versus PC (55 septic systems/sg mi) (top)
and corresponding unique formula assignments (bottom).
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For CHON and CHONS formulas, generally a higher % of unique formulas

were assigned to more impacted sites (Table 3.3). CHON formulas had similar H/C

and O/C values across both higher and lower STE impact sitesARi§sA2.4). In

contrast to CHOS, the highest signal intensity unique formulas at the highest

impacted site aén hadm/z>400 (FigA2.5). Unique CHONS formulas for higher

STE impacted sites generally had 0175 H/C and 0.8.75 O/C (FigA2.6,A2.7).

These had similar formulas and 2505 m/zvalues, with a small secondary cluster at

approximately 47@n/z(Fig A2.8).

Differences in CHOS assignments may be related to surfactants in household

products, either manufactured surfactantspiamucts, or degradation products

(Gonsior et al., 2011While CHON and CHONS differences may reflect greater

DON loading from STE and microbial activipirnold et al., 2014)It is unclear

what these general higher STP impact molecular differences signifyusallyctand

this should be further explored by tandem mass spectrometry (MS/MS).

Table 3.3Unique formula assignments in comparison to site PC for sites ranking
from presumed highest to lowest STE impact based on sucralose concentration.

Site % Unigue CHOS | % Unique CHON | % Unigue CHONS
BFC 14 3 22
CBR 13 3 18
KB 12 3 23
CC 9 3 19
PP 8 3 22
GC 7 2 9
SMB 4 1 6
SERC 3 1 7

3.3.2Potential Specific Molecular Tracers for Septic System Wastewater

To identify specific potential tracers for STE impact we identified molecular

formulas that were only present in the higher STE impact samples and absent in the
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lower impact samples (Table 3.2). We identified 137 molecular formulas that were
exclusive tolhe higher impact sites (Tabd.3). Of these, 46% (n=63) were CHOS,
36% (n=49) were CHONS, 16% (n=22) were CHON, and 2% (n=3) were CHOSCI
type formulas. This list was narrowed to the top 10 by highest maximum signal
intensity, highest average sigmatensity, and highest frequency of detection (Table
3.4). The highest maximum intensity list consisted of only CHO®ulas. The

highest average intensity list contained 8/10 of the same formulas from the maximum
intensity list, with 2 additional CHOf$; formulas. The highest frequency list

consisted of mainly CHO;: formulas (9/10) as well as 1 CH@®rmula. The 2

highest detection frequency formulas (n = 111/120 and 110/120) were shared with the
average intensity list.

Table 3.4Top 10 potential STEacers by highest maximum signal intensity, highest

average signal intensity, and highest frequency of dete&tgiarisks mark shared
formulas across lists.

Top Potential Tracer lons by:

Maximum Intensity Average Intensity Frequency

Exactm/z | Formula Exactm/z | Formula Exactm/z | Formula
307.13734) Ci7H2403S* | 307.13734] Ci7H240:S* | 354.02891] CiaH13NOsS**
335.16864 CigH2603S* | 335.16864] CiH260:S* | 356.04456 Ci4H1sNOsS**
185.02779 CgH100sS* | 319.13734] CigH2403S* | 324.01835 Ci3H1iINO:S
289.09039 Ci6H1803S* | 289.09039 CieH180:S* | 372.03948 Ci4H1sNOoS
305.12169 Ci/H2203S* | 356.04456) C14H1sNOgS*™ | 330.06530  Ci3H17/NO;S
319.13734 CigH2403S* | 333.15299  CigH260:S* | 340.01326 Ci3H1aNOsS
333.15299 CigH2603S* | 305.12169 Ci7H2:0sS* | 398.01874 CisH13NO1S
241.09039 CioH180sS* | 354.02891] C14H13NOgS** | 375.02138  CiaH1608S,
291.10604] CieH200sS | 185.02779 CgH100:S* | 342.02891] Ci3H13NOsS
213.05909 CioH140sS | 241.09039 CioH1803S* | 344.04456 Ci3H1sNOsS

The maximum intensity list formulas may be easier to detect, but mainly only
appeared at the highest and second highest impact STE sites, so may indicate higher
septic impact or a less degraded STE signal. These may also be less universal signals.

The aveage intensity list is still largely driven by signals at the highest impact sites,
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but with some influence of detection frequency. The frequency list included many
lower signal intensity formulas, but interestingly, was dominated by CHONS
formulas. We beive CHOS tracers to likely be related to sulfonated surfactants and
their degradation products, which can be highly ionizing in ESI, while CHONS
tracers may be microbiallyerived While generally of much lower signal intensity,
CHONS tracers may be a batindicator for lesser STE impact or a more
environmentally degraded signal. The CHON tracers could be related to human diet
or waste or degradation products of initial STE DON, but generally had lower signal
intensity or were of less frequent detectidaljle A2.3).

This presence/absence approach was done to identify tracers that might be
more STE specific, but ignores other potential indicator formulas that may still be
present at low intensities in the low impact sites, such as those that may be present
due to instrument carrgver, those that may be structural isomers with natural DOM
molecules, or those that are also naturally occurring molecules. Therefore, we also
identified formulas which were only present in lower impact samples with
<5,000,000 tatl ion counts (TIC), but that were present in higher impact samples at
TI C O5, 000, 00 OWithin thel higrersimpac? samptes, weesslected
those with the 10 highest average signal intensities. These were all,@dt@8las
and included 2 moletar formulas matchingialkyl tetralin sulfonate intermediates
(DATSI) and 1 matching aulfophenyl carboxylic acilSPQ (TableA2.4).

As a final check, in looking for potential unassigned tracer ions,3536
unassignedn/zions were exclusive to thedherimpact samples. The list of the 10

formulas with the highest average signal intensities in the higher impact samples was
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found to contain 2n/zvalues related to sucralose adducts (Geapter 3, 4 related to
perfluorinated assignmentdescribed in the following section), 1 that was an isotopic
peak of a CHOS assignment, and 2 that appear to be negative mode sodium adducts
([ M T 2)HThe1 réiraihing ion, 469.92099z could not be confidently
identified, but appears to contaircBlorine atoms. This suggests many of these were
not ions that were intended to be assigned, such as isotopic peaks and adducts, and
these overall had low signal intensities, but future work could better assess the

unassigned fraction in these samples.

3.3.3PerfluorinatedCompounds as Tracers of STE Impact

While considered separately from the bulk molecular characterization, per
and poly fluorinated compounds (PFCs) were identified almost exclusively in the
higher STE impact sites (Fig. 3.3). We idaetif what appeared to Iperfluoroalkyl
carboxylates (PACs), perfluoroalkylsulfonates (PKSs), as well as other PFCs
(TableA2.6.). WhileFTICR MSis nonstructural, these assignments represent
expected homologous series and are structurally limited.

PFASsincluded likelyperfluordoutanesulfonic acigPFBuS,
perfluorgpentanesulfonic acigPFPe$, perfluorcdhexansulfonicacid (PFHxS,
perfluorchepanesulfonic acigPFHpS, andperfluorooctanesulfonic acigPFOS.
While PFACs included likelperfluorgoentinoic acid PFPeA, perfluordhexanoic
acid (PFHxA), perfluooheptainoic acidPFHpA), andperfluorooctanoic acid
(PFOA). The other PFCs weféHFo, CsHF11, CsHF13, andC7HF15 (TableA2.5), and
these signals wereadhly correlated to those of corresponding +CRPFAC

assignments (Figs. 3.82.9). We suspect that these are likehsource
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fragmentation products, fragment ions forming during analysis, of PFACs and match
known fragmentation producfsoos et al., 2008)out this connection should be
better explored. These signals were often of equal of higher intensity than those of

corresponding PFACs (Figs. 3/2.9).

PFASs PFACs
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Figure 3.3Grouped bar plot of PFAS (left) and PFAC (right) signal intensities for
stream sites, in order of decreasing STE impact. Groups shoywhe@®logous
series related to chain length.

Previous work has identified PFCs in septic system waste{&ibedi et al.,
2015)and that STE is a source of PFCs to surface emuhgwate(Subedi et al.,
2015; Schaider et al., 201@)hese compounds can be found in public and well water,
common household products, food packaging, and human (Vastel et al., 2008;
Zhang et al., 2015; Schaider et aD1Z)which would all chemically contribute to
STE. Exposure sources to humans before excretion include household textile sources,
household products, food, workplace exposure, and drinking (Jatetel et al.,

2008; Schaider et al., 201 ATICR MSdataarenonquantitative, but the correlation

of these signals with STE impactdea on septic system density and sucralose
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concentrations does suggest PFASs and PFACs are coming from an STE source (Fig.
3.3).

Results in this study do not necessarily reflect the extent of PFCs in streams,
as PPL soligphase extraction may have a chingth bias, but this data supports
that PFASs and PFACs can be quantified as STE chemical tracers. These compounds
might also work for age dating STE impact, similar to the way artificial sweeteners
have been used as temporal markers in septic systeevwadstyRobertson et al.,
2016) These compounds are persistent in the environment and shorter chain length
PFASs and PFACs are used in modern formulations which has allowed chain length

to be related to tim@.am et al., 2016)

3.3.4SemiQuatrtitative Indicators of STE Impact

Surfactants, or surfaesctive agents, are often used in soaps and detergents.
Linear alkyl benzene sulfonates (LA&e some of the most used surfactants, and
they are used both as detergents in household products thesnsevell as in the
production of other surfactantsidlkyl tetralin sulfonates (DATS3re surfactant co
products of LAS production. Both these classes of surfactants degrade, and SPC are
degradation products of LAS and DATSI are degradation produ@a 8. SPC
and DATSI signal intensity normalization was done by dividing signal intensities by
average CHO formula signal intensity for each sample. TBesespacedsurfactant
degradation product homologous series have been previously described in WWTP
effluent (Gonsior et al., 2011)andnormalized SPC signatures were shown to
functionwell as semiguantitative indicators of domestic wastewateFiCR MS

data of Hawaii coastal wateffslitchelmore et al., 2019)
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Figure 3.4 SPC (top) and DATSI (bottom) signal intensities for stream sites BFC
(2134 septic systems/sq mi) (left), CBR (864 septic systems/sq mi) (middle), and
SERC (0 septic systems/sq mi) (right). Points are at measueadlues and show
+CH; homologous serie®lated to chain length. Signal intensity (a.u.) was
normalized to the average intensity (a.u.) of all CHO signals in each sample, and then
averaged by site.

While LAS and DATS type formulas were present in stream DOM, this
mainly was only as higher signatensity in the highest STE impacted site (BFC)
and low, but similar signal intensities in other sites. In contrast to this, normalized
SPC and DATSI signals could be strongly related to STE impact, consistent with

degraded STE source (Figs. 3%.10,A2.11, TableA2.6).
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3.3.5Septic System Wastewater Molecular Characterization and Assessment of
Tracers

FTICR MSspectra of septic tank DOM (STDOM) were visually distinct from
stream DOM, though had similarities to high STE impact stream spectra. Spectra
were dominated by CHOS surfactamizions and contained fewer identifiedz

ions, likely due to signal suppression by highly ionizing surfactants (Fig. 3.5).

No septic systems

alill o
High septic system density

Septic system wastewater

30 600 300 m/z

Figure 3.5FTICR MSspectral comparison between SERC (top) and BFC (middle)
stream DOM samples and STDOM (bottom), showing high intensity CHOS
surfactant peaks in STE impacted stream DOM and the dominance and signal
suppression of the sam@zions in septic system wastewat8ignal height has been
scaled to base peak.

STDOM had higher presence of CHOS and CHONS formulas relative to
stream DOM (Table 3.5), consistent with described STE impact indicators. Other
formula classes besides the major classes included CHOCI(@#&alp and a minor

fraction of CHONCI and CHOSCI. Septic tanks had diverse molecular signatures, and

only 699 formulas were found in all samples, but 2,899 were found in 5 or more
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samples. Individual tanks had generally similar formula class distrilsuti@nk A

had a higher % CHOS formulas and much lower total assigned formulas, suggesting
higher surfactant signal suppression. While tank chamber B2, the aerated chamber,
had a higher % CHON and lower % CHQOS, likely representing the degradation of
signalsuppressing CHOS molecules (Table 3.5).

Table 3.5Molecular characterization summary for the 6 sampled septic tanks. For

tanks B and C, 2 chambers were sampled. B2 had an oxygen pump system. Total is
for the STDOM dataset.

Septic Tank | Total Formulas | %CHO | %CHON | %CHOS | %CHONS
A 1422 29 22 43 5
Bl 3769 30 36 24 8
B2 3683 29 41 19 11
Cl 4171 32 31 25 11
Cc2 3379 32 30 29 9
D 3921 29 30 28 12
E 3705 30 27 30 12
F 2504 32 29 30 8
Total 6532 27 34 24 13

STDOM had higher H/C, particularly higher H/C and O/C, CHOS
assignments than stream DOM (Figs. 3.2, 8615). This more aliphatic signature
included homologous series of likely alkoxylated surfactants, seen at higher signal
intensity wi@/hC H® CO .06 .2 . Tlh edghé@62mizgpaciag s er i e s
likely ethylene oxide (CKHCH20) units. The 6 ion long, higher intensity series began
with C12H26010S, and appears to be a sulfonated polyethylene glycol (Fig. 3.6). CHO,
CHON, and CHONS classes alsalltagher H/C formula assignments than stream
DOM (Figs.A2.1,A2.3,A2.6,A2.12-15). STDOM appears to overall have a more
aliphatic molecular signature, which may reflect presence of lipids and linear

detergents.
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Figure 3.6Van Krevelen diagram showingtensity averaged CHOS formula
assignments in STDOM.

Of the 137 identified potential STE molecular tracers in the stream portion of
this study, 108 of the same formulas were also identified in STDOM (Fah8).
While FTICR MSis nonstructural, this gyorts an STE source, and that these or
similar molecules may be present in initial septic system wastewater. Not matched
formulas were not of a specific formula clasel may be suppressed by highly
ionizing sulfonatesTracers that were not also found in STDOM included all
CHOSCI tracers. Molecular tracers with >38zwere less commonly also detected
in STDOM (TableA2.3), which also may reflect signal suppression in STDOM
samples. Not found signals could also be tude small septic tank sample size in
this study (n=6pr they couldeflecttransformation products or metabolites being

produced later in the drainfield or groundwater
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3.3.6ldentification of STE Impact

General molecular STE source indicators such laigher presence of CHOS,
CHON, and CHONS formulas, particularly with similar H/C and O/C ratios as those
seen in higher septic impact stream DOM could be used to assess if surface water
DOM molecular signatures may be STE impacted. This could be dasieycoy
nontargeted, full scan MS analysis such as witREICR MS Orbitrap MS, or other
ultrahigh resolution instruments, and avoids more imensive organic CEC
guantification methods to assess likelihood of wastewater impact. Specific
homologous eries signatures related to STE impact, such as those of SPC, DATSI,
PFASs, and PFACSs, could also be used similarly in nontargeted analysis. Normalized
SPC and DATSI signals may be able to perform as more quantitative indicators of
STE impact. Commerciatandards, if available, can also be purchased for chemicals
in these series, so they can be quantified for true quantitative measures of STE impact
or contributing STE water volumalthough quantification of amphiphilic compounds
is challenging.

The 137identified molecular tracer ions which were only present at higher
STE impacted streams may serve as more STE source specific markers. Most of these
are previously undescribed as domestic wastewater tracers. Detection of these exact
m/zvalues using ultragh mass resolution techniques could be used for quick
nontargeted assessment of surface waters, with the higher % detected indicating a
higher | ikelihood of domestic wastewater

more powerful indicators of STE imga&Vhile certain CHOS formulas indicate
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more STE impacted waters, CHONS formulas appear to be more ubiquitous and
consistent source indicators of even moderate STE impact.

Tools for preliminary, nontargeted assessment of domestic wastewater impact
could beused to decide sites of interest for further quantitative study using known
CEC chemical tracers of domestic wastewater, saving analysis time and money.
However, another goal of nontargeted tracer identification is to ultimately identify the
molecular stuctures of tracers. Techniques like tandem MS/WE or nuclear
magnetic resonan¢®MR) spectroscopygan reveal structural information or even be
used to identify the specific molecular structures of formufiasifficient separation
(MS/MS) or isolatim (NMR) is achievableSome of these 137 potential tracers may
be known chemicals with purchasable analytical standards, so they could be
guantified by targeted analytical techniques. Standards could also be developed for
structurally identified novel tracs. These chemical tracers could improve the
toolbox for identifying domestic wastewater impact and source, as they could be
more human or even STE specific or perform better than some commonly used CEC

tracers.

3.3.7Considerations and Future Research

This study was a preliminary step to identifying new indicators for STE
impact. Future goals are to identify the molecular structures of the apparent best
potential tracers by M#1S for possible quantitative analysis. Similar molecular
signature assessment should be undertaken in a wider variety of samples, such as
groundwater, rivers, lakes, and marine waters, as well as in more regions with

differing environments and geologies. $would provide a better understanding of
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the performance, representativeness, and applicability of STE indicator tools used in
this study. Developed tracers in this study are related to STE in these waters without
significant other sources of wastewatapact but are not source specific and are
likely also indicators of domestic wastewater and other wastewaters. Future work
should try to better separate a more septic system sspecdic signature through
comparison to WWTP wastewateFaiture work coud also explore potential health
and ecosystem level effects of molecules related to STE impact.

Expected future analyses could use this yeag, seasonal stream DOM
dataset to assess temporal trends in molecular composition. The septic system dataset,
paticularly the aerobic STDOM data, can be used to better understand degradation
and molecular transformations, particularly through comparison with the oxygenated,
and more degraded stream DOM STE signakif¢dCR MScould be used to
molecularly characteze transformation of septic system wastewater through different
treatment technologies or through drainfields or groundwater plumes. We hope to
perform similar assessment of positive ion mode stream and septic system data in the
future. This would identifyadditional molecular tracers, and positive mode analysis is
expected to improve detection of nitrogen containing molecules for a better
understanding of septic system DON. Alkoxylated surfactant homologous series, like
polyethylene and polypropylene glys@nd potential degradation products, should be
further studied as wastewater source indicators in stream data. Future studies should
also better explore the likely microbial source of the septic system wastewater

CHONS molecular signature.

90



3.4Conclusions

STE impacts surface and groundwaters, and a septic system sourced
wastewater signature is detectable in surface water in ways that well correlate with
expected impact based on sucralose concentrations and septic system density.
Streams with higer STE impact had higher presence of CHOS, CHON, and CHONS
molecular formulas. These signatures are likely related to human diet and product use
and are either from initial wastewater or are transformation products from before
water parcels reach strear@ertain homologous series like PFCs and surfactant
degradation products like SPC and DATSI can be STE indicators. Norm@lizE&

MS signal intensities of SPC and DATSI can perform as sprantitative tracers for
levels of STE impact.

We identified 137molecular tracers that were unique to streams with higher
STE impact, as well as additional potential molecular tracers. Most of these tracers
were CHOS formulas and likely are surfactants or related to surfactants found in
household cleaning and personate products. CHOS tracers generally had much
higher signal intensity, but CHONS tracers, which are thought to be microbially
related, were more frequently detected and even present in more moderately STE
impacted sites. We found 108/137 molecular trémenulas were also present in
STDOM, further supporting that these are indicators for STE. While there are many
domestic wastewater chemical tracers, developed from known or expected
compounds in waste, nontargeted tracer development allows for thdicdéiot of
unknown or unconsideradolecular tracers. These molecules may be more

commonly present, in higher concentrations, and/or resistant to removal in
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comparison to currently used targeted STE traddrase novel tracers may better
indicate wastewtar treatment level, degradation, age, or more human or septic
system specific source.

Molecular characterization and tracer development in this study offer tools for
researchers and managers to identify domestic wastewater contamination of surface
and drnking waters and groundwaters. Improved detection of domestic wastewater
impact through nontargeted methods may be a quicker and cheaper method for
identifying contamination. While, future ME&S analyses of specific molecular
tracers could lead to moleculstructure information or identification. Some of these
compounds may be known or standards could be developed for targeted
guantification. Results of this study are also of interest for understanding
transformations of STDOM in the environment, partidyl®ON, and its

bioavailability.
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ChaptEvralduiati ng domesti c wastewa:

chl oride, organic matter fluores
signatures, and contaminants of
Abstract

Septic systems can pollute groundwaters and surface waters, so it is important
to be able to identify the presence of septic system wastewater contamination. In
Chapter 3we developed septic system wastewater chemical tracers through
nontargeted mass spemnetric analyses. In this study we assessed the performance
of traditional chemical tracers through targeted analy¥esmeasured an extensive
suite of commonly measured wastewater trgéacsuding nutrients, Cl, N@isotopic
signatures, and organicrdaminants of emerging concern (CECs), as well as other
chemical parameters in the same Maryland stream waters. We found total dissolved
nitrogen TDN), NOs-NO,, NH4/NH3, *Nios, Cl, and the artificial sweeteners,
sucralose$CL) andacesulfam& (aceK) to be the best performing of assessed
tracers for identifying level of septic tank effluent (STE) impact. This work can help
improve understanding and tracing of septic system contamination in the Chesapeake

Bay region.

4.1 Introduction

Onsite wastewater treatment systems (OWTSSs), the majority of which, in the
U.S., are septic systems, are a source of pollution to surface and groundwaters.

Therefore, it is important to identify chemicals that can be detected to track the
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presence of séig system wastewater in the environment. There are many different
Awastewater tracerso commonly measured
wastewater. These chemical markers are often in the general categories of human or
humanmicrobiome produced miaers, organic contaminants of emerging concern
(CECs), inorganiconstituentsor isotopic signatureg\ summary of commonly used
domestic wastewater tracers is provide€hapter 1 All wastewater tracers are of
varying efficacies and have various shonings, for example source specificity,
analytical costs, seasonal effects, or detection (iDii) restrictions, and it is often
concluded that a suite of tracers provides the best information on wastewater
presence, level of impact, and souf@ppenheimer et al., 2012; James et al., 2016)
Over the last few decades, organic CECs that are, or are related to, chemicals
in human food and drinks, pharneaticals, personal care products, and household
cleaners, have been increasingly measured as wastewater tracers. This is because of
the increasing availability and resolving power of analytical techniques like tandem
mass spectrometry and the fact that ynainthese chemicals are more hunsawage
specific. Certain CEC tracers may be better performing because of factors such as
common and/or higrolume use, high mobility, and persistence. Tracers are mainly
selected based on the end goal of detection,hehéat is to identify source,
pathogenesis, signal age, nutrient loading, or the presence of persistent pollutants.
Selection must also baadein consideration of overlapping signals of other potential
wastewater sources suchthgse from direct watelnedrunoff or manufacturing or

agricultural wastewaters. Separating signals of domestic wastewater types, such as
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wastewater treatment plant (WWTP) effluent versus OWTS effluent can be an
additional concern.

In this study we wanted to develop novel sepyistem wastewater tracers, the
results ofwhich are presented @hapter 3 however, another goal was to asdbss
performance oéxistingcommonly usedvastewater tracers in these same watersheds.
Therehave been few studies relatidgmestic wastewatdracers to septic system
effluent loading in comparison giudies tracinfVWTP effluent. Additionally, fewer
wastewater tracer studies have been conducted for small, headwater streams despite
headwaters playing an important role in pollutant removal.€Ttsealso a lack of
temporal data for wastewater tracers, as lotgen sampling studies are less
common.

A better understanding of tracer performance and the presence of septic
system wastewater in surface waters is of special interest in the Chedapgake
watershed regior.owering nutrient loading to the Bay is necessary to meet U.S.
Environmental Protection Agen€iPA) Total Maximum Daily Load TMDL)
requirements as well as to improve Bay healiitrogen is removed in both
traditional and advancedtrogenremoving septic systems, drainfields, and
groundwatefOakley et al., 2010; Iverson et al., Z)IHowever, septic systems do
cause elevated nitrogen concentrations in groundwater and surface(iarsmn et
al., 2015) Most rivers and streams have been shown capable of attenuating ~75% of
net anthropogenic nitrogen input (NANI) before exgBayer et al., 2002; Swaney et
al., 2012) Attenuation of septic system nitrogen is likely to vary for different types of

watersheds. This has been shown regionally for watersheds wehrdifjeology
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(Jordan et al., 1997b; Weller et al., 201dgntributions by groundwater versus
surface water @w (Jordan et al., 1997p3nd amounts of riparian foref@/eller et
al., 2011) Improved knowledge of septic system effluent loading in the region will
aid understanding of septic system nutrient loadimg) CEC contamination levels

This study was conducted ¢ompare contaminant presence in headwat
streams with actual septic system wastewater, examine correlations between tracers
and environmental variables such as septic system density, watershed size and type,
and whether tracer performance was impacted by sedA&measuredraextensive
suiteof traditional wastewater tracers, other water quality parameters, and CECs in 9
small streams in Maryland, U.S. Almost all associated stream sampling was
conducted approximately monthly over a y&marg study. We additionally sampled
wastewater from 6 sép tanks in the region to better understand concentrations of

some of the same chemical species and parameters in initial wastewaters.

4.2 Materials and Methods

4.2.1 Study Sites and Collected Data

The region of the study is describeddhapter 1(Sectionl.4.2) and the
stream sites themselves are described in det@hapter 3(Section 3.2.1Fig. 3.].
Namely, we sampled 8 streams in Calvert County, MD and 1 stream in Anne Arundel
County, MD appoximately monthly (n=12) for a year between October 2016 and
November 2017Streams were sampled at baseflow conditidhgse streams
drained regions of a variety of sizes (04284 sq mi), a variety of septic system

densities (2134 systems/sq mi), driand uses (:200% undeveloped land use).
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None of the catchments contained &®atedWWTP effluent input and all had low

to no agricultural land use{lL%). Basin characteristics are from th8GS
StreamStats ApplicatiofySGS, 2017andUSGS Chesapeake Bay Phase 6 1 m
Land Use Datase(®)SGS, 2019)andthe septic system dataasprovided by Calvert
County Departmat of Planning and Zoning. Basin characteristics for site SERC are
from previous studie§lordan et al., 1997a; Correll et al., 1999;IMfeet al., 2003)
Thereferencesite SERC was only sampled 2/12 times during the main study period
due to low flow conditiond_and use category simplification is describechmapter

3 (Section3.2.1).
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Figure 4.1 Map of stream sampling sites and initial division as high septic system
density (>80 systems/sq mi) or forested reference sites (<60 systems/sq mi).

In the stream ption of the study, measurements were madelbor

conductivity, dissolved oxygenO), temperature, stream width, flow, optical
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properties of dissolved organic matte(DOM), G**Nnos, U’Onos, U¥Onos,
g3 ’"Onos, U**Npowm, U+3Cpowm, total dissolvediitrogen TDN), NH4/NH3, NOs-NOz,
dissolved organic nitrogemON), total dissolved phosphorouBP), POas, SO4, Cl,
dissolved organic carbo(QC), particulate phosphorouBR), particulate nitrogen
(PN), and particulate carbo®C), dissolvedZn andHg, anddissolved and
particulateMn, Fe, Cd, Pb, Cr, Cu, As, andSe We additionally measured 16 CECs:
the artificial sweeteneracesulfameK (aceK) andsucralose(SCL); the
antimicrobialstriclosan (TCS), andnethyl- andpropylparaben (MPB and PPRB)
the prescription drugsulfamethoxazole(SMX), carbamazepine(CBZ), and
atorvastatin (ATS); the prescription andverthe-counter (OTC) drugdiclofenac
(DCF); the norsteroidal antinflammatory drugs (NSAIDs)buprofen (IBU) and
acetamnophen (ACM); caffeine (CAF) and its major metabolifgaraxanthine
(PXT); the nicotine metaboliteptinine (COT); the insecticidedichlorvos (DCV);
and the hormonestrone(EST).

The compounds cover a range of human applicat®hS.is a prescription
statin medication. DCV is an insecticide with restricted household use. DCF is a
prescription NSAID that was exclusively available as a prescription medication
during the time of this study. Ade and SCL are artificial sweeteners found in food
and drink poducts as well as personal care products. SMX is a prescription antibiotic.
Carbamazepine CBZ is a prescription anticonvulsant that is used in the treatment of
epilepsy, bipolar disorder, and other conditions.

In the septic tank portion of the study, vearpled septic tank wastewater

from 6traditional septic tanks in Calvert County, MD. Samples were collected one
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time per system between August and October 2018. In 2 of these systems, samples
were collected from both first and second chambers. One ofgistsns, the second
chamber was continuously oxygenated by an oxygen pump. Septic systems were
single household systems of various agesaslirements were made fi, optical
properties of DOM, TDN, NH4/NH3, NO3-NO2, DON, TDP, PO4, DOC, SCL,

CAF, PXT, andTCS.

4.2.2 Stream Sampling Design

Measurements for pH, conductivity, dissolved oxygen (DO), and temperature
were made in the field at each sampling with a multiparameter sonde. Stream width
and flow data were also collected at sampling, with flow mealsusing a Marsh
McBirney FloMate Model 2000 electromagnetic flow meter. For optical
measurements, DOC, TDN, I, and NQ specific isotope analysis,
approximately four 30 mL samples were collected at each site per sampling in trace
contaminant certiéd or acidwashed and combusted 40 mL amber glass vials or
base or acidwashed HDPE bottles. These samples were filtered in the field using
sterile syringes and syringe filters (0.2 um, Whatman GD/X cellulose acetate).
Syringes were sample rinsed 3 tinaesl a small rinse was sent through filters before
sample collection to minimize potential leaching. Samples for optical properties were
stored in the lab at 0 °C, while other samples were stor@® C until analysis.
Approximately 200 mL samples weeellected in acidvashed, and samptensed
HDPE bottles for NB/NH3, NO3-NO2, TDP, PQ, PP, PN, PC, and secondary

analysis of TDN. These samples were vacuum filtered in the lab using provided filters
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and subsampled into provided bottles for measuremgritseelNutrient Analytical
Services LaboratorfNASL), Chesapeake Biological Laboratory (CBMD.

Duplicate 2 L grab samples were collected in combusted (500 °C) glass
bottles, after sample rinsing bottles 3 times, for Agilent Bond Elut PPL-gbéade
extraction (SPE) in the ladvatory These SPEs were used for all CEC analysis except
aceK. In September 2017, single large volume additional samples (20 L for the low
DOC sites, KB and BC, 10 L for all other sites) were collected for all ls¢sisles
SERC, while a 6.5 L additional sample was collected for SERC in February 2018.
These large volume samples were collected in-basthed, HDPE cubitainers for
SPE ¥®Npdua it &Cpdv. Additional duplicate 300 mL grab samples were
collectedin December 2018, after the main study period, for Waters Oasis reversed
phase/wealanion exchange (WAX) SPE for analysisaoéK, which was found to
have poor recovery by PPL SPE. Samples were also taken at this time for analysis of
dissolved and particulateetals in acidvashed PTFE bottles. In the tahtory, these
were vacuum filterethroughcombusted 0.7 um Whatman GF/F filters, with the
filtrate usedfor dissolved species and the filters microwave digested in concentrated
ultrapure nitric acid for pactulates. The filters used are known to contain Zn, so

particulate Zn was not measured.

4.2.3 Septic Tank Sampling Design

Acid-washed peristaltic tubing and a peristaltic pump was used to collect
samples from below the grease layer. Duplicate samples wlézeted in combusted
glass bottles, after sample rinsing bottles 3 times. In the lab, duplicates were separated

into volumes of approximately 500 mL, if a single chamber was sampled, and to 250
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mL for the first and 500 mL for the second, if two chambezseveampled for PPL

SPE and for CEC quantifications. We measured pH using a pH meter. Subsamples
were taken for optical measurements and DOC as well as fgiNN&l NOz-NO,
secondary measurement of TDN, TDP, and ®Rfiich was measured after sample

filtration by NASL.

4.2.4 Filtering and SolidPhase Extraction of DOM

SPE was used to concentrate and desalt samples for measurements of CECs
and isotopic analyses of extractable DOM. The 2 L duplicate stream grab samples and
septic tank wastewater samplesre extracted, also in duplicate, as described in
Chapters 2 (2.2.2) and 3 (3.2.3). The additional WAX SPE used to recou€rimace
streams was undertaken using Waters Oasis WAX (150 mg, 6 mL, 30 pum particle
size) cartridges. These cartridges were a@d/atith 5 mL of a ~2% Nk} NHsOH
methanol (MeOH) solution, which was made with reagent grade, ~2080HNH
water solutions diluted in LC/MS grade MeOH. Cartridges were rinsed with 5 mL
LC/MS grade MeOH and 5 mL ultrapure water. Samples were then gleadsd
onto the cartridges. The outside and inside reservoir of cartridges was briefly rinsed
with ultrapure water then the cartridge sorbent was rinsed with 10 mL ultrapure water
and dried under vacuum. Samples were eluted with 3 mL LC/MS grade MeOH for a
reversephase fraction and then 3 mL of the }HH MeOH solution for an anion
exchange fraction. The anion exchange fraction was used f&{ am@asurements.

The large volume (6:20 L) SPE to recover enough stream DOM for isotopic
analyses was carried out Witleaned 5g of PPL packed into 60 mL cartridges. PPL

was cleaned using a 2¥ur Soxhlet extraction method wii®:50, high purity
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acetone and hexanerevious idab tests have shown recovery and background
equivalent to new PPL. Samples were extractedescribed for PPL extractions

except all steps were at 25 mL volumes and extracts were eluted in 30 mL MeOH.

4.2.5 Analytical Methods

Optical properties, excitatieemission matrix (EEM) fluorescence and UV
vis absorption, were measured simultaneoustygua Horiba Aqualog
spectrofluorometer as describeddhapter 5Section5.2.2, Text A4.6)Raman,
first-order Rayleigh, and secomider Rayleigh scatter was corrected and EEMs were
smoothed. Septic tank DOM (STDOM) was diluted for analysis and EEMskean
corrected for dilutionStream DOM EEMs were analyzed ussbigtistical parallel
factor analysis (PARAFAC) modeling using the MATLAB DrEEM toolldfurphy
etal.,2013) We removed 2 outliers (n=96) as
because of high leveragesfife-component model was generated to explain the
data, which was spiitalf validated using four random splits and met other validation
requirementgMurphy et al., 2013)Unit normalization was reversed to report
componentsThe maximum fluorescence values of components, FmBr@Ex05
were summed for each sample and theivaatontribution in % of each Fmax value
were calculated to explain representation by these statistical components.

DOC and stream TDN were measured using a Shimadzu total organic carbon
analyzer (TOGVCPH) with a total nitrogen unit (TNM). SQ and Cl wee
measured with a Dionex IEB)00 lon Chromatograph (IC) as describe€apter 2
(Section2.2.5). Dissolved Hg was measured using a Tekran 2600 mercury analyzer

using EPA Method 1631. All other metals were measured using an Agilent 7500 ICP
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MS. Filterswere frozen and microwave digested in concentrated nitric acid and
diluted for analysis. All measured values were blank corrected, and standards and the
digestion procedure is describeddppendix 4Text A4.4).

TDN, NH4/NH3, NOs-NO2, TDP, PQ, PP, PN, P@Qvere measured by NASL
using standard methods. As reported by NASL, TDN and TDP were undertaken with
an alkaline persulfate digestion and then measured using EPA Methods 353.2 and
365.1, respectively. Combined N®O;was determined using ASTM D7784
with occasional use of EPA 353.2 for low values.sMis was at different points
measured b$M 4508NH3 F andG and EPA Method 350.PP was measured using
the methods described in Aspila et(@P76)and EPA Method 365.PQs was
determined using EPA Method 365PIN and PC were measured using EPA Method
440.0.

NASL TDN measurements used a colorimetric method that is believed to be
more accurate at higher values than the TOC anatgalytic combustion method
(ASTM D8083), so NASL measurements are used with some missing values
substituted with data from the catalytic combustion method where a correction factor
has been appliedhis correction factor was developed using regressialyais,
assuming an intercept of zeiihe regression was statistically significant (p<0.01)
and the slope of the relationship was 1\W& calculated DON by subtracting total
inorganic nitrogen (TIN)NH4/NHz and NQ-NO) from TDN, with small negative

values, likely due to combined error, set to 0.
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4.2.6 Stable Isotope Analyses

Nitrate speci f PNvosi 9Rot d¥DNosswasdore bytei s ,
Central Appalachians Stable Isotope Facility (CASIF, Appalachian Laboratory of the
University of Maryland Center for Environmental Science, MD).2M@s included
in these measurements but was expected to be at negligible concentrations relative to
NOs. These data were only collected seasonally (Fall, Winter, Spring, Summer)
during the man study period, as possible by nitrate minimum concentration
requirements. Some samples were concentrated by evaporation owdingageo
concentrate nitrate for analysis. Analysis was done using the bacterial denitrifier
method with NO thermally decmposed (800 °C) into Nand Q to allow additional
measur en@wst arfdiit Hadse f Dirieg h t§fowevgurd, i ve o
likely due to compounded precision error, were set to 0 for site averages and %
atmospheric N@calculations. Measurements rgenade on a ThermoFisher Delta
V+ Isotope Ratio Mass Spectrometer (IRMISptope ratios were normalized using
reference materials USGS34 and USGS35 fan@USGS32 and USGS34 for N
isotopes.

Complex cycling, alterations to N@sotopic composition, anchixing of NOz
from multiple sources can complicate tracing. Atmospherig @ighly enriched in
180 relative to other N@sources such as soil, fertilizer, and wastewater; however,
U®0nos is subject to numerous biogeochemiaiiérationgKendall et al., 2007)The
use of photosynthetically producéd depleted @ in nitrification would produce
180 depleted N@ whereas, denitrification producE® and'®0 enrichments in

remaining NQ (Kendall et al, 2007) Consequently, iking models using source
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speci f i asmedanembers to estimate % atmospheric nitratiengted by
uncertainties in signature alteratightriple oxygen isotope'fO,’O, 80) method, as
used here, canbe usedtoaddrs f r act i o HA.t i omrsOnaghid elr i n g
the triple oxyOeatheiceanibdutiop a atrhospaerieNGande
unambiguously measured. The tript@ stabl
alteration uncertainties by controlling for kinetic and equilibrium, or rdagendent,
fractionati o wh@ciinedhneexPleddt.e5d?®la tli o,
This linear masslependent fractionation, also known as the Terrestrial
Fractionation Line (TFL), has an approximate slope of (Mi2halski et al., 2004)
The oxygen isotope signature of atmospherig Né€viates from this massependent
relationshipand is enriched itO relative t0'®0. This is believed to be because of
oxygen sourced from ozone which is known to have a-+naspendent isotopic
c omp o s @d 1o nféQ| {iihiemens and Heidenreich, 1983; Michalski et al.,
2004) A difference from the isotopic signature expected from the TFL is measured as
@0, whitor &’Op0 . 5 280 (Michialski et al., 2004)
Non-atmospheric sources of NGsuch as nitrification and syretic
fertilizers, do not have mass independent isotopic fractionation signatures, so have a
@O of 0& and Mihalskiebal, 2008)Beasdnalland global
di f f er é'Owamsare ivell ungerstood, with values typically between 20 and
30 a i n-latitudes(Michalgki et al., 2003; Alexander et al., 200Bjoportion
of atmospheric nitrate can be estimated using a mixing model based on thisfrange

expected values, so % atmosphericsMCa s e s t i HQnds£28) x 409. (
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| sotopic anal ys e s®Nmwa nediChon, weretparformed DOM, U
by the Stable Isotopes Laboratory, CBL, MD, also using a ThermoFisher Delta V+
IRMS. Aliquots of PPL SPE material were dried in tin capsules at 45 °C prior to
analysis. The |l arger vioNpowm(h223 BIPIPEeetsisquot s n
0. 8 mEiCodupwere first concentrated by freedeying before transfer to tin
capsulesStandards were aegtilide and bass protein lab standards which were
calibrated against USGS40 and USGS44@topic values are reported using delta
notation and expressed in permil (a) rel at

(C), atmospheric nitrogen (N), and Viennartard Mean Ocean Water (VSMOW)

(O).

4.2. 7THPLC/QqQMS/MS Quantification of CECs

High performance liquid chromatography (HPLC) triple quadrupole (QqQ)
tandem mass spectrometry (MS/MS) was used to quantify the 16 CECs. This was
undertaken using an Agilent 12@nfinity Il LC interfaced with an Agilent 6420
Triple Quadrupole MS, generally following the methods describ&hapter 5
(Section5.2.2) for both quantificationofad¢ and al |l ot her CECs (th
Met h o d o) -MODAUItMsISNiElId precolumn filter was used for both methods.
The Main CEC Method used an ACE Excel €ABP (3.0 mm i.d. x 100 mm, 2 pym
particle size) column connected to an ACE HIBG2.1 mm i.d. x 50 mm, 1.7 um
particle size) column, while the aéemethod used only the C18 columnth@r
differences in injection volume and LC gradient for the Main CEC Method are
described irChapter 2(Section2.2.5). Analytical standards and SIETDs for

additional CECs that were not measure@€imapter 5(Table A4.2) are described in
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Appendix JTable A3.1). Monitored transitions for a¢eare inAppendix 4Table
A4.6) and other CECs are described\ppendix JTable A3.2). Please sé@pendix

3 (Text A3.1) for discussion of SPE recovery. Because of compound
carryover/contamination, cotinine wasly measured as detected/not detected (ND)

based on blank subtraction of the maximum value blank in the instrument run.

4.2 8Multivariate Statistics

One goal of evaluating environmental forensic tracers for septic system
wastewater is to determine how yraign with environmental characteristics and
measurements. We were particularly interested in environmental factors such as
septic system density, land use, stream chemistry, and local nutrient concentrations
for carbon, phosphorus, and especially nigrog/Ve applied multivariate statistical
technique to the tracer and environmental data collected from each of our drainage
basins. This required some reduction in the dataset due to missing values so that the
total number of samples for this analysis wa8sand only a critical subset of
variables were evaluated (Tables-4.%). These included cluster analysis and a non
parametric approach for visualizing these data using 1dmitensional scaling
(MDS) plots, all using PrimeE version 6 software. A kestep in these analyses is
computing a resemblance matrix using Euclidean distances. The environmental data
were first log transformed (log(x+1)) and then normalized. The resemblance matrix
and cluster analysis relied on a similarity profile routine (SIMPRClarke 2008) to
test data groupings. The resemblance matrix was also used to createtniormultt

dimensional scaling plots and overlain with groupings developed with the cluster
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analysis. The visualization produced from this for the MDS plot haattesph2D

stress levels less than 0.20.

4.2.9 Data Handling and Missing Data

For data below reporting limits but above detection limits, measured values
are reported and included in site summary data. For CECs, instrument detection limits
fluctuated day to day during analysis, the higher STE impacted sites, KB, CBR, and
BFC, were run at higher dilution levels, and there is minor varying in SPE
concentration factors. For these reasons, reported method detection limits (MDLS) are
representatie approximations calculated as described (Text A3.2, Table A3.3), and
there are remaining values in the dataset that are smaller than approximate MDLSs.

In this large dataset, some data are missing due to factors such as instrument
malfunction, sample loser variables that were added later in the sampling plan. For
example, Cl and SQwere not measured for the first month of the yleag study and
2 sites were not measured for Hg. While only analyzed seasonally, some expected
NOs specific isotope measurents were not possible due to minimumaNO
concentration requirements for the triple oxygen isotope method. For multivariate
statistics some missing data were corrected and ND values and NASL <MDL
measurements were substituted to allow for data transfiom&ECs that were
never detected in any samples, data that were not measured as part of the monthly
yearlong study, and confounding similar or repeated variables were excluded.

Missing TDN measurements were corrected as described. NASL values that were
<MDL and ND CECs were set as (1/3 x MDL) or (1/3 x the minimum detected

value) if a smaller value.
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4.3 Results and Discussion

4.3.1 Stream Data and STE Impact Tracing

For understanding of data, apparent stream STE impact was ranked based on
the agreement of the artificial sweetener CECs, sucralose and aceskilfBoih are
very persistent and hydrophilic wastewater tra¢Brgerge et al., 2009; Oppenheime
et al., 2011)Data tables are, therefore, displayed in this site ranking order: BFC,
CBR, KB, CC, PP, PC, GC, BC, SERC. This is a better representation of the level of
STE impact rather than septigstem density, which does not account for actual
system use or fully control for basin size. For example, the high septic system density
site, BC, was mainly new home development with septic systems not in use during
the sampling period. Higher apparemipact was also found at the small drainage
basin site, KB, despite similar septic system density to large basin sites, CC and PP,
which may be due to improved treatment potential or increased groundwater storage
potential. However, septic system densitykiag did generally agree with the
rankings of other traditional wastewater tracers. Results were not related to
differences in septic system types as advanced, nitn@yeoving septic systems,
known as fiBkeedhnmwoladdydIl (eBAT )small gostribaetions had or
to septic system density. As stated, the highest BAT site, BC, was mainly new
development where systems were netise or possible groundwater impact had not

yet reached surface waters.
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Table 4.1Stream site characteristics, land um®] septic system densi#ysterisks (*) denote parameters included in multivariate
statistical analyses.

Sites Drainage Width Flow % % % % Traditional/ Traditional/ Total Septic System
Area (in) (f3/s)* Developed* Semkt Undeveloped* | Agriculture* BAT BAT Septic System Density (systems/sg mi)
(sq mi)* developed Systems Density (systems/sg mi)*

BFC 0.04 21 0.02 42 48 10 0 76/3 2053/81 2134

CBR 0.25 37 0.11 28 47 24 0 209/7 836/28 864

KB 0.53 44 0.32 13 32 48 8 78/1 148/2 150

CC 3.91 89 1.97 13 33 52 3 77316 198/2 199

PP 4.84 119 245 8 16 70 6 650/6 134/1 135

PC 0.53 43 0.32 4 10 75 11 29/0 55/0 55

GC 0.35 41 041 7 11 82 0 5/0 14/0 14

BC 0.53 33 0.18 5 3 90 2 26/41 49/77 127

SERC 0.02 - 0.0008 0 0 100 0 0/0 0/0 0

Table 4.2Stream site characteristics, particulate nutrients, and phospAstassks (*) denote parameters included in multivariate
statistical analyses.

Sites | pH* Temperature DO (mg Conductivity DOC (mg PP (mg PN (mg PC (mg TDP (mg PO (mg
(°O)* 0OJ/L) (mS/cm)* CIL)* P/L)* N/L)* C/L)* P/L)* P/L)*
BFC 6.9 14 7.4 0.49 3.4 0.021 0.042 0.511 0.006 0.003
CBR 6.8 13 8.1 0.44 4.0 0.016 0.039 0.865 0.018 0.010
KB 5.8 12 9.6 0.26 2.3 0.084 0.035 0.583 0.065 0.039
CcC 6.9 12 10.2 0.30 3.4 0.069 0.052 0.874 0.049 0.020
PP 6.9 14 10.0 0.26 5.6 0.044 0.064 0.865 0.052 0.026
PC 7.4 13 9.9 0.27 3.2 0.076 0.139 2.736 0.036 0.019
GC 6.2 13 9.8 0.15 2.9 0.004 0.027 0.642 0.006 0.002
BC 7.1 14 10.1 0.17 2.6 0.014 0.026 0.710 0.034 0.024
SERC | 4.8 - - 0.10 5.3 0.028 0.093 1.020 0.021 0.016
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Table 4.3Stream nitrogen and isotopic signaturksterisks (*) denote parameters included in multivariate statistical analyses.

Sites TDN (mg N/L)* NO3T 'N()zT (mg N/L)* NH4'/NH3 (mg N/L)* DON (mg N/L) ljllSNNo3( a ) lleONo3( a ) 01701\103( a ) qi7ON03( a ) DmCDOM ( a ) lleNDoM ( a
BFC 6.0 5.03 0.80 0.50 11.6 5.5 3.0 0.4 T 27. 5 1.1
CBR 2.5 2.14 0.08 0.37 11.3 5.2 2.9 0.3 1 28. 6 2.7
KB 2.2 1.88 0.10 0.20 7.4 3.7 2.3 0.6 P127.86 15
CC 0.8 0.45 0.10 0.28 7.6 5.9 3.3 0.3 1 28. 3 1.2
PP 0.5 0.13 0.04 0.28 5.8 0.5 14 11 129.3 2.9
PC 0.4 0.21 0.06 0.16 5.7 3.4 2.4 0.6 129.( 0.1
GC 0.5 0.35 0.04 0.14 5.4 4.5 2.9 0.6 i28.8 0.6
BC 0.2 0.05 0.02 0.08 - - - - i 29. 85 0.1
SERC 0.4 0.15 0.02 0.14 5.5 1.7 2.7 18 1 28. 3 0.3

Table 4.4Stream Cl, S@ and dissolved (D) and particulate (P) metals.

Sites | CI' (mg/L) | SO2'(mg/L) | Cr (ug/L) Mn (ug/L) Fe (ng/L) Cu (ug/L) | Zn (ug/L) | As (ug/L) | Se (ng/L) Cd (ug/L) Hg (ng/L) | Pb (ug/L)

D P D P D P D P D D P D P D P D D P
BFC 81 21 0.7 | ND 909 | 0.5 | 2850 | 1190 | ND | ND 46 19 ND | 0.3 | ND | 0.44| ND - 0.08 | ND
CBR 79 17 ND | ND 131 | 0.2 | 415 379 | 0.2 | ND 32 22| ND | 0.7 | 0.07| ND | 0.04 2.4 0.42 | ND
KB 47 27 ND | ND 52 0.2 | 347 105 | 0.1 ] 0.19 86 1.8 ND | 23| ND | 9.02] 0.68 1.8 0.12 | ND
CC 44 18 ND | ND 87 0.3 | 379 743 | ND | ND 29 1.7 ND | 0.4 | 0.11| 0.34| 0.40 - 0.09 | ND
PP 38 14 ND | ND 132 | 1.2 | 313 642 | ND | ND 13 19| ND | 0.3 | ND | 0.01| 0.04 1.9 0.06 | ND
PC 21 16 ND | 0.16 | 57 0.4 | 282 613 | ND | ND 14 16 | ND | ND | 0.14| ND | 0.15 1.6 0.49 | ND
GC 32 10 ND | ND 40 0.2 | 358 450 | ND | ND 22 1.7 ND | 0.4 | 0.05| ND ND 1.9 0.14 | ND
BC 15 11 ND | ND 43 0.3 | 194 256 | ND | ND 17 1.7 ND | 0.4 | 0.05| ND | 0.06 1.2 0.10 | ND
SERC 8 27 ND | ND 80 | 0.2 | 663 | 481 | 0.2 | ND 26 3.6 | ND | 1.8 | ND | 0.30| 0.01 3.5 0.20 | ND
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Table 4.5Stream CECdAsterisks (*) denote parameters included in multivariate statistical analyses.

Sites | AceK SCL CBz COT (# IBU TCS DCF SMX CAF PXT ACM ATS EST DCV MPB PPB
(na/L) (ug/L)* (ng/L)* Detects) | (ng/L)* (ng/L)* (ng/L)* (ng/L)* (ng/L)* (ng/L)* (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
BFC 4.26 13.3 1 10/12 160 15 1 ND 49 46 ND ND ND ND ND ND
CBR 1.32 4.9 83 7/12 20 ND ND ND 69 20 ND ND ND ND ND ND
KB 0.77 1.8 28 5/12 ND ND ND 7 65 40 ND ND ND ND ND ND
CC 0.28 1.0 1 5/12 ND ND ND ND ND ND ND ND ND ND ND ND
PP 0.20 0.5 1 5/12 ND ND ND ND ND 13 ND ND ND ND ND ND
PC 0.07 0.5 2 3/12 ND ND ND ND 25 ND ND ND ND ND ND ND
GC 0.07 0.3 7 0/12 ND ND ND ND 48 27 ND ND ND ND ND ND
BC 0.02 0.1 ND 0/12 ND ND ND ND 15 9 ND ND ND ND ND ND
SERC ND ND ND 0/2 ND ND ND ND ND ND ND ND ND ND ND ND
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Land use trends matched septic system density data and site STE impact
ranking. Note, land use for BC does not reflect new development. Higher %
developed and % serdeveloped landise hadigher septic system density, as
expected, as there is very minimal sewer infrastructure in the study basins.

Traditionally used chemical wastewater tracers were found petierming
well andin good agreement for apparent levels of STE impact. TDNitand
components NENHz, NOs-NO2,  a n d RN@sNconduictivityand the major
contributingspecies, Cl, and presence aaticentrations of CECs all showed general
trend agreement and were higher at sites with higher expected STE impact. An in

depthdiscussion of measured parameters follows.

4.3.2 Stream DOM Fluorescence

In contrast to specific chemical wastewater tracers, DOM fluorescence was
not found to perform as a wastewater tracer in these streams. HkatdRv5
300/3406355) (Murphy et al., 2014r fluorescent whitening agent (FWA) (360
365/400440 nm ex/emjAssaad et al., 2014haractestic fluorescence have been
suggested as tracers of domestic wastewater inipaker, 2001; Assaad et al.,
2014) PARAFAC analysis showed no clear trends betw2@M fluorescence
signatures and STE impact evidenced by numerous chemical tracers. Component 1,
which has someti mes HBeekneor esfiegrnraetdu rteo, asnca u
region. Component 5 best fi tl ivklgaatureshias been
Fmax values of components, Fmax@, and % relative abundances did not show
clear trends between sites but re#elthared seasonal fluorescence trends. Overall

fluorescence was lower in winter and Fmax04, and therefore, its relative abyndance
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increased in Mayjune, coinciding with spring onsélig. A3.1). DOM fluorescence
was not a useful wastewater tracer and we caution the use of DOM fluorescence as a

tracer beyond at immediate wastewater outflows.
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Figure 4.2PARAFAC components irstream DOM EEMspectra
4.3.3 Stream Metals

There were no clear trends between metal concentrations and STE impact
(Tables 4.14.5). This matches the conclusions of previous septic system studies
which have shown low mobility of most metélRobertson, 2008; Richards et al.,
2016) Iron and manganese concentrations were high (~3 mg/L dissolved, 1 mg/L
particulate Fe; 1 mg/L dissolved Mn) at the highest STE impact site)(BRICh
matches field observations of iron flocculates and apparent presence-axXitaing
bacteria and lab observations of iron precipitation during handling. This stream is
believed to be mainly fed by a highly STE impacted, anaerobic groundwateairsie
has the highest average concentrations of nitrogen spearésularly NH/NH3

(Table 4.3) While high iron concentrations are likely natural, in combination with
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STEsourced contaminan($able 4.5) this could lead to worse stream health effects.
A connection between STiEpact and iron could be interesting to explore as-iron
oxidizing bacteria are diver¢emerson et al., 201@ndthere arenitratereducing
iron-oxidizing bacterigSchaedler et al., 2018)

Cadmium was measured at a high concentration, 9 pg/L, at site KB. This is
much higher thanthe UEPAO s Aquat i c Life Ambient Water
cadmium (1.8 ug/L acute, 0.72 pg/L chronft).S. EPA, 2016)The reason for this
seeminglyhigh presence of cadmium is unclear. Site KB higthier % agricultural
land use than most other sites and the highest average concentrations of PP, TDP, and
POy (Tables 4.1, 4.2)Cadmium can be elevated in phosphate fertili@gdfiliams
and David, 1976)Cther possible sources at this site are metal stream diversions,

other anthropogenic sources, or natural sources due to local geology.

4.3.4 Stream N@and DOM lIsotopic Signhatures

Compound specific isotope analysis (CSIA) of :Nf@n be used for
wastewaterracing, as described in detail@hapter 1(Sectionl.2.4). Fractionation
processeseparate source isotopic signatures and determine the range of observed
isotopic values within a Ngsource, allowing N@isotopic signatures to be related to
atmosphericyarious fertilizer, soil, or sewagsurced N@(Kendall et al., 2007)f
there is no isotopic signature evidence for significant denitrification fractionation
effectsan i sot opi dclaNkoksjgnafule eaa beiretatedto sewage
contamination and'®*Nnos>8 . 6  &morie sBnanabiguous marker of sewagrirced
NOs (Kendall et al., 2007)Here sewage refers to higher trophic level animal waste

and can be human or niwman animalvastewater.
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Higher i'®Nnos was measured at sites with higher STE impact as indicated by
numerous wastewater tracers and basin characteristics (Talfég483.9. This
indicatedikely human sewage sourced nitrogen as other animal nitrogen sources are
not expected to be significant in these basins and shows that STE is the source of
elevated nitrogen in these streams. The 2 highest STE impacted sites were found to
haveli®Nnos>8.64 in all seasonal measurements during the-ij@ag study, while
the 39 highest STE impacted site measured in this more conclusive wastewater

U°Nnos rangein fall (Fig. 4.3).
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Values ofii'®Onos were low and there were no clear negative correlations
betweeni*®*Nnos andi®nos, indicating atmospheric nitrogen deposition was
unimportant. There were also no clear positive correlations betitéros and
®0nos, indicating that denitrification isotopic fractionation effects were unlikely to
have significantly altered measured values (Fig. 4.3). Minimal atmospheric nitrogen
contritut i on was c'Owdwhichsiewed dvgragep-2% atmospheric

NOs contribution across samples with a maximum of ~7%.
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Figure 4.4 Triple oxygen isotope plot of stream N€howing samples plotting near
the TFL and minimal to absent atmosphéti@s contribution. Onlyiit’Onos precision
is shown as error bars for opPOuisvaluesed vi sua

are likely fromcompounded precision error
While isotopc analysis of nitrate is widely used in source tracking, much less
work has used nespecific isotopic analysis of DONkotopic analysis of DOM is

complicated by uncertainties in the composition of DOM, differences in recovery

efficiencies by various idation methods, and overlapping and poorly constrained
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natural ranges in isotopi@lues(Raymond and Bauer, 200Higher i**Npowm values
were generally measured at higher STE impact sites, but this may be simply a
coincidence Table 4.3), and there were no clear trends in measii€gom and

U®Npow in relation to other site parameters (Tables445).

4.3.5 Multivariate Statistics

Thecluster analysisendrogram and MDS showed similar associated
groupings of parameters (Figs. 4.5,4.6). The cluster that appears most representative
of STE impact includeSCL, TDN, N&-NO», % develope@dnd semdevelopedand
use(combined as LU_Deyxonductivity, and traditionaeptic system density (Figs.
4.54.6). BAT septic system density is proximal in the MDS (Fig. 4.6). Conductivity
is likely mainly accounted for by Cl. Another cluster, IBU, DCF, TCS, and/NHk,
grouped together as parameters associated with STE impact but that were mainly or
entirely detected at ¢hhighest STEmpacted siteCBZ and SMX were associated
with STE impact but less strongly than other detected CECs. SMX was only detected
at the likely third highest STE impacted site. CAF and PXT were also associated with
STE impact but grouped with temature and sampling month. This is likely because
CAF and PXT are generally working as wastewater tracers, with higher averages at
sites with higher STE impact (Table 4.5) but were only detected in summer (Fig.

A3.2¢d).
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Figure 4.5 Dendrogram of enviranental variables and forensic tracers developed
from theclusteranalysis. Red lines indicate variables (pH and DOC) that were
indistinguishable from onanother in theesemblance matriAbbreviated variable
key is provided iMAppendix JTable A3.4).

The parameters most associated with STE impact were not closely related to
sampling month or temperature (Fig. 4.6, Fig. A3.3), reflecting low seasonal trends
across most measured parameters. Phosphorous parameters, TDR, avet ¢ Qot
associated with H impact (Figs. 4.8.6). This is supported by Robert§@908)
who showedow mobility of septic system phosphorous. Particulate nutrients, PP,
PN, PC, were also not associated with STE impact. However, a major grouping

showed association between phosphorous parameters, particulates, and % agricultural

land usgFigs. 4.5, 4.6) (Figs. A3.4, A3.5). This may reflect agricultural associated
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erosion and phosphorous fertilizer use.
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Figure 4.6 MDS plot for environmental variables and forensic tracers. 2D Stress for
translating the resemblance matrix into this visasion was< 0.20. Circles are an
overlay of the cluster analysis from the dendrogram analysis using resemblance
values of 5.8, 8.7, and 12bbreviated variable key is provided Appendix JTable
A3.4).

4.3.6 Trends and Usage of Wastewater TracersraaB8ts

The parameters SCL, aég Cl, TDN, NO>-NO,, and &Nwesr age U
showed the strongest correlations and relations to septic system density and showed
similar site rankings of apparent STapact level(Tables 4.14.5). Thesedataare

also in good agemment with site STEmpact trends observed from nontargeted MS
data inChapter 3 Cl is a conservative wastewater tracer that is elevated in domestic
wastewater because of human diet and its use in household products and water
softening unitgDavis et al., 1998; Panno et al., 2006)this region it is well

performing as an STE trac@fig. A3.6)and levels showed minimal effects of winter
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road salt usage. Its perfoance in other regions would depend on geology, road salt
usage, and possible wastewater sources as it can also be elevated in animal or
industrial wastewatgiPanno et al., 2006; Shovgegt al., 2008)so may be less
human speci fi c®™NncSshowedgaod peyformamech in thig region, it
may not perform well in other regions. Its values refleck S@urce mixing and it can
be affected by denitrification. It also can bevaked from biosolid usage or animal
waste sourceKendall et al., 2007)

TDN performed better as an STE impact tracer thag-NQ;, for STE impact
ranking because it better accounted for nitrogen transformationgNNkiwas
generallyhigher at higher STE impacted sites. The highest values were detected at the
most impacted site either due to level of STE loading and/or because this site is likely
fed by an anaerobic groundwater sedpe high TDN values at this site were similar
to thase previously measured in regional basins with high percentage of cropland
(Jordan et al., 1997a)

DON also was generally higher at higher STE impacted @itgses 4.14.5,

Figs. 4.5, 4.6, A3.7)While DON was aignificant component of TDIdt some

A c | e desseSTBOimpactesites, a lower % DON was seen at more STE impacted
sites(Tables 4.14.5, Fig. A3.7) Composition of TDN as % N$ENO2, % NHi/NH3,

and % DONfollowed expected trends whe¥e NHs/NHz and% DON are inversely
related td NOz-NO: across changed in TD($tanley and Maxted, 2008)lowever,

the highest STE impacted site, BFC, did not follow these trends, with higher %
NH4/NHs than expected (Fig. A3.7). This further supports that this stream may be fed

by highly STE contaminated, anaerobic groundwdtee. strong correlations
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between anthropogenic artificial sweetener, SCL andkaoencentrations and TDN

showsthat septic systems are the source of elevated nitrogen in these streams.

Site
BFC
CBR
KB
cc

° PP
e PC
e GC
* BC
® SERC

w

AceK (ug/L)

R?=0.97

0 1 2 3 4 5 6 7
TDN (mg N/L)

Figure 4.7 Ace-K versus TDN in stream&egend is in order of highest to lowest
STE impact.

While SCL and ac& are some of the most frequently detected tracers in STE
impacted waters, they are also persistent, so may not neftaot/al of labile septic
contaminants like bacteria and nitrogbmthis studySCL and ac& hadstrong and
linear correlations with TDN (Figs. 4.7, 4.8&&)dappear to be the begerforming of
assessed CECs for identifying level of STE impact. These artificial sweeteners are
also of interest because they can previtformation about wastewater age and can
be used in ratios with more labile tracers to understand treatment level. They also
show that some of these streams meeive high volumes of ST&ourced inflowas
the highest measured SCL and-&ceoncentratios were higher than previous
surface water measurements in the United S¢&tsser et al., 2010; Oppenheimer et
al., 2011; Ferrer et al., 2013; Batchu et al., 2015; Bernot et al.,.2016)
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Figure 4.8SCL versus TDN (A) and CBZ versus TDN (B) in streams. Legend is in
order of highest to lowest STE impact.

CBZ concentrations had a weakerrelation to TDN and other markers of
STE impact. Values were much lower than expected at the highest STE impacted site,
BFC (Fig 4.8b). It appears that CBZ may have failed to identify high STE impact
because of the small basin size of this site (0.0%ikdThis is a prescription
pharmaceutical, so its performance as a wastewater tracer depends on widespread
societal use, meaning it may not perform well in small basins. However, CBZ was
well-ionizing and had low instrument DLs relative to other CECetim¢Table A3.3).

The prescription antibiotic, SMX, was only detected at the third most STE
impacted site, where it was regularly detected and correlated with(FIQNA3.8)
This infrequent detection is in contrast to the >60% detection frequency fgund b
other studies on surface waters in the United S{8tsot et al., 2016; James et al.,
2016) It is unclear why SMX was only present at this stteidies have come to
inconsistent conclusions on the degradability of SMX in the environ(Baniter et

al., 2009; Radke et al., 20Q%kely because it has a complicated and cyclic
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degradatiorpathway(i.e. degradation productswvert back into SMXJGarciaGalan
et al., 2008; RodrigueZscaés and Sancheé¥ila, 2016)

CAF and its metabolite PXT were higher at more STE impacted sites but were
only detected seasonally between sumfaki2017 (Fig. A3.2ed). Values were near
MDLs (Table A3.3), but if these parameters do seasonally inciieaseld be due to
increased STE loading, more storm flushing of soil and groundwater, or lower flow
conditions in streams (Fig. A3.5a), though similar trends were not obvious for other
tracers. These parameters were higher than expected at the lowen&iEed site,

GC (Table. 4.5), which may be because it drains a public recreation area that is
popular in summer. CAF and PXT are degradable wastewater tracers which have
been suggested to indicate a less treated STE contamination signal and more likely
presence of fecal bacter{dames et al., 2016)

The phamaceutical, DCF, and the antimicrobial, TCS, were only ever
detected at low concentrations at the highest STE impacted site, 5/12 and 6/12
months, respectively. Similarly, the NSAID, IBU, was only detected 11/12 months at
the highest STE impacted site amdingle month at the second highest impacted site.
These may indicate higher STE | oading or
understanding ranges of STE impact is, therefore, limited. The nicotine metabolite,
COT, appears to be working as a wastemageer but had significant analytical
issues and so was only considered as present/absent. It is also not exclusively related
to tobacco nicotine and is also related to other nightshades like tomato, eggplant and
other plants, which could complicate ingeetation as a human wastewater tracer

(Benowitz, 1996)

125



The CECACM, ATS, EST, DCV, MPB, and PPB were never detected. It is
not unexgcted that these were not detected. DCV is an insecticide with limited
household use which should not have significant drain disposal. The others may be
more readily removed CECs. While parabens, MPB and PPB are used in large
guantities in household andrpenal care products they are also hydrophobic and are
quickly degraded aerobical{lbero et al., 2012; Chen et al., 201Despite
significant use, the NSAID, ACM, has also been shown to readily undergo
mineralization and degradatidhi et al., 2014) The prescription drug ATS has been
shown toreadilybiodegrad€Ottmar et al., 2012and tophotodegrade in aerobic
conditions inthe presence of DOMWang et al., 2018)The hormone, EST, is
degradabléChowdhury et al., 201@nd was rarely detected in a major USGS CEC
stream surveyKolpin et al., 2002)

Site KB appeared to have elevatd®s-NO, and therefore, TDN, considering
septic density and Cand despite its small basin siEgevatedNOz-NO; was also not
clearly accounted for by agricultural land ({$eables 4.14.5). While SCL and Ac&
were also elevated at this site, they were measured at lower than expected
concentrations based on overall correlations with TDNN@etNO- (Figs. 4.7,
4.8a) It is unclear why this is, but this site also had unique features like presence of
SMX and extreme concentrations of cadmium. Discrepancies at this site could be a

subject of further study.

4.3.7 Septic Tank Wastewater Chemical Data

Chemical data for septic tank wastewater are presented in TabBeptt:

tank wastewater had high TDN, which was almost entirely agNN, as expected
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of anaerobic domestic wastewater. An exception to this was tank chamber B2, the
second chamber ingtrsampled system B, which was oxygenated. In this tank TDN
was mainly as N&NO-. In addition to nitrogen transformation, the simple oxygen
pump system installed in chamber B2 appearto show oxygenation leading to
decreases in DOC, CAF, PXT, and pbBsTDN. This likely reflects biodegradation

of CAF and PXT(James et al., 2016DON estimates may be inaccurate as DON was
not directly measured, so values reflect compounded error particularly due to the
dilution factors needed for TDN and TIN analyses. TDN values were sim#ar to
previous published raegRichards et al., 2016YDP was elevated and mainly a

PQy, also similar to previous findings and measured rafigebards et al., 2016)
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Table 4.6Septictank wastewatecthemicalparameters for 6 septic tanks where 1 and 2 refer to first and second chamber when
sampled. B2 was an oxygenated tank chamber. CEC standard deviations ahepiioate SPEs. PXT could not be accurately
measured in one tank due to an interfering background signal.

Septic pH DOC (mg TDN (mg NH4"/NH3 (mg NO3'-NO7' (mg DON (mg TDP (mg PO, (mg SCL CAF PXT TCS
Tank ciL) N/L) N/L) N/L) N/L) PIL) P/L) (Mg/L) (Mg/L) (g/L) (hg/L)
A 7.6 22 63 52 0.01 10.7 7.2 3.3 ND 95.8+1.1 55.3+3.6 0.9+0.10
Bl 7.8 33 75 69 0.04 6.2 79 6.7 99+33.3 16.9+4.7 24.8+5.3 1.1+0.12

B2 7.1 6 40 4 35.80 0.0 6.8 6.8 109+12.1 1.6+0.0 3.1+0.1 ND
Cc2 7.8 29 80 75 0.02 4.7 8.3 7.7 3+0.3 3.2+0.3 0.9+0.1 ND
C2 74 24 99 99 0.01 0.0 13.9 10.5 9+2.6 0.9+0.3 0.340.1 0.240.01
D 8.0 27 61 60 0.01 14 7.6 7.0 15+2.8 1.4+0.2 3.4+0.5 ND
E 7.1 41 48 47 0.02 0.8 7.7 7.1 15+1.4 1.1+0.1 - 0.7+0.06
F 7.5 25 27 27 0.04 0.0 3.4 3.2 14+0.6 4.4+0.1 10.9+1.0 ND
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The dietary CECs, SCL, CAF, and PXT were measured across a wide range of
values(Table 4.6) Sucralose concentrations are within the range measured by Snider
et al.(2017)for single dwelling septic systems in Canaata are similar to
concentrations measured by Oppenheimer ¢2@l.1)in septic systems the United
StatesSucralose can behave as a conservative wastewater(gpEnheimer et al.,
2011) so the ~33 ug/L measured average in septic tanks in this study suggests that
certain streams in thiswugty (Table 4.5) may be highly STE impacted. We measured a
range of CAF/PXT ratios, but values showed similar trends between tank chambers
(Table 4.6) Despite the 2017 ban of TCS in household antiseptic wash pr@dusts
FDA, 2016) it was measured in septic tank wastewater in this late 2018 sampling.
Though there were likely household antiseptic wash products containing triclosan that
were stillin use and it still has many approved household product{UsgsFDA,

2016)

4.3.8 STDOM Optical Properties

STDOM had a diversity in EEM fluoresnce signatures, with common peaks
at ~240/350475 nm, 275300/350, and 340/420 ex/em (Fig. 4.9). The strong 275
300/ 350 nm ex/ em signal i s what-l heked somet.
fluorescenc€Murphy et al., 2014)Of particular interest are samples B1 and B2,
where B2 is the seod chamber of the septic tank and the one oxygenated chamber
sampled. Oxygenated STDOM had a very different fluorescence signature appearing

like that which h#4s keeer | (Maphgdsa @0l®)e fihumi c

129



300 400 500 60O
Excitation (nm)

550

300 400 500 60O

Figure 4.9Fluorescence EEMs of $IOM from the 6 septic tanks where 1 and 2 refers to first and second chah@resampled.
B2 was the oxygenated chamber. Intensity is in quinine sulfate units (QSU)
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4.4 Conclusions

Out of the assessed wastewater tracers, we found thatNONNO;,
NH4/NH3z, ®Nios, Cl, SCL, and ac& appear to be performing the best as STE
tracers in the region. Though all have caveats for use. DOM fluorescence was not
found to perform aan STEtracer. A suite of tracers or small selection in
combination with nontargeted MS anaggChapter 3 would likely provide the best
tracing information in terms of determining levels of STE impact. A suite of tracers
can also provide understanding of treattewel and other possible conflicting
contaminant sources.

The artificial sweeteners SCL and dCavere the best performing of the
CECs based on strotigearcorrelation with TDN and septic system density. These
are ubiquitously used, hydrophilic, andrpistent wastewater tracers. They were also
detected at forested, low sepsigstem density sites and only never detected at the
one site witlzeroseptic systems in its catchment. This suggests thap&dences
essentially ubiquitous in surface waéhat have septic systems in their drainage
basins Septic system wastewater was found to have widely varying CEC
concentrations, but average measured SCL in septic system wastewater does suggest
that certain streams in this study may be highly 8ijgaced. This is supported by
high measured SCL and akeconcentrations in comparison to previous
measurements in surface waters in the United States.

The CECs CBZ, TCS, DCF, IBU, CAF, PXT and SMX were not as well
performing across a wide range of sites fded®mining STE impact level. CBZ

performed as a wastewater tracer but was not as consistently present as the artificial
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sweetener tracer€BZ concentrationfailed to identify high STEmpact at what is

likely the most impacted site, BFC, as shown by nanreother tracers. This may be
because it is a prescription pharmaceutical tracer that relies on common use so may
not perform well in small basins where average use would not beepedisented.

This contrasts with artificial sweetenersttaee ubiquitaisly in household diet and
personal care products. TCS, DCF, IBU, CAF, and PXT appear to perform as tracers
of high and possibly less treated STE impact. CAF and its metabolite, PXT, were
essentially only detected across sites in summer for unclear redsovever,

overall, parameters showed minimal seasonal trends, suggesting that in this region a
single sampling already provides a good understanding ofirSp&ct levels and a
longerterm study may be unnecessahpugh this study was conducted during a

lower rain year.

Sampling was at baseflow, but future work should look to better understand
STE contamination in relation to rain events. Another future goal is to relate data to
septic system ages or a rough proxy like structure ages. This was a sdyadrud
similar work should be conducted across more streams in the region with different
basin characteristics, such as size, septic system densities, geologies, and other
wastewater sources such as agricultural or WWTP effluent.

While some septic systenitrogen attenuation occurs before STE reaches
surface waters and further attenuation occurs in surface waters, STE does produce
elevated nitrogen concentrations. In this study, stream nitrogen concentrations could
be clearly related to STE N loading cadesiing land use, the lack of other domestic

wastewater sources, concentrations of ClzOtopic signatures, and presence and
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concentrations of CECs. The septic systems sampled in this study were not selected to
be proximal to streams or within sampleégeam basins, so system nitrogen
measurements cannot be directly related to stream measurevibiisbeyond the

scope of this studyuturegoak areto usenutrient data and/astewater tracers to
understand nitrogen attenuation from STE angui@antitatively estimate contributed

STE volume in streams.
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Abstract

Landfill leachate (LL) is a complex wastewater and an important potential
source of environmental contamination. LL can contain high concentrations of
ammonia, metals, other inorganic species, and dissolved organic carbon; however,
bulk composition of digslved LL organic matter (LLOM) is poorly understood. A
better understanding of LLOM composition will inform treatment development and
improve LL pollution tracing. In this study, we addressed this need for compositional
and treatment information by charating LL from an active bioreactor municipal
solid waste (MSW) landfill as well as from a closed MSW landfill. Through non
targeted ultrahigh resolution Fourier transform ion cyclotron resonance mass
spectrometry (FIICR-MS) we were able to assign chealiformulas to thousands of
singly charged molecular ions and compare samples to natural dissolved organic
matter (DOM). LLOM was differentiated by a higher presence of sulitrogen,
and chloring, particularly nitrogersulfur-, containing formulasT'he abundance of

chlorinecontaining molecular formulas supports the existence of avalatile
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organochlorine component in MSW LL. We performed tandem MS/1S)

analyses to tentatively identify the presence of the flame retardant, chlorendic acid,
and Ikely related compounds. Additionally, we measured contaminants of emerging
concern (CECs) and other chemical parameters to further characterize LLs and found
evidence suggesting a significant percent of Fe may be bounebirg&eic

complexes.

5.1 Introduction

The wastewater produced by landfills is called leachate, which is generated
from disposed liquids, decomposition of waste, precipitation or groundwater that
percolates through contained waste, or from water addition as part of engineered
treatmentsWith population growth, municipal solid waste (MSW) production has
increased in the U.S. over the past decades; however, the number of operational
landfills has decreased over this same period, as more MSW is sent to larger,
centralized landfillgU.S. EPA, 2008a)n 1988, there were an estimated 7,924
operational MSW landfills ithe U.S.(U.S. EPA, 2008a)The 2020 update of the
U.S. Environmental Proteci on Agencyo0s Landfil|l and Land/f
Database, which includes larger MSW landfills operational within the last few
decades, lists 2,629 landfills, of which only 1,289 are still in operétidh. EPA,
2020b) While it is unknown how many landfillexist in the United States, most are
closed, unlined landfills that pi@ate engineered treatment to enhance degradation or
collect leachate. Lonterm waste decomposition in landfills is poorly understood, but
waste degradation has been estimated tdHasisands of yea(Bozkurt et al., 2000;

Kjeldsen et al., 2002pespite this, in the U.S., landfill maaring is only required
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for 30 years, unless extended by a local regulating autl{trig; EPA, 1991)

Landfill leachate (LL) is an important potential source of environmental
contamination, and to mjfate leachate pollution risks, it is necessary to understand
initial composition, treatment potential, and how to identify contamination. With
increasing generated waste, produced leachate, landfill lining faflur8sEPA,

1988) and the predicted future importance of landfill mining to recover metal
resourcegKrook et al., 202), LL maintenance is likely a growing societal issue.

LL can contain very high concentrations of metals, ammonia, and dissolved
organic carbon (DOC) in comparison to domestic wastewaters, limiting treatment
options. Ammonia can be a major contributfagtor to the persistent toxicity of LL
(Berge et al., 2005as concentratiacan be in the g/L randKjeldsen et al., 2002)
Acute toxicity of LL is generally attributed to ammonia, but MSW LL can also be
genotoxic(Kjeldsen et al., 2002nd is known to contain a wide variety of chemicals
from household wastes such as plasticizers, pesticides, flame retardants,
pharmaceuticals, and chemicals from personal care pro@Rectéus, 2000; Slack et
al., 2005) Targeted quantification of organic compounds has greatly added to the
understanding of MSW landfill leachate organic matter (LLOM) composiBain
et al., 20@a; Masoner et al., 2014; Masoner et al., 20i6)vever, beyond general
chemical categorization and the identification of functional groups, the bulk
composition of LLOM has remained largely up&ted due to analytical limitations.
Nontargeted, ultrahigh resolution Fourier transform ion cyclotron resonance mass
spectrometry (FICR-MS) has been regularly used to molecularly characterize

dissolved organic matter (DOM), wastewaters, and other leomnpixtures because it
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allows for exact molecular formula assignment of thousands of molecules; however,
few studies have analyzed MSW LLOM byHJIR-MS. We addressed the need for
composition and treatment potential information with an extensive chazattar of
leachate from two MSW landfills. We molecularly characterized LLOM byGR-

MS and measured a suite of 11 emerging contaminants, dissolved metals, and other

chemical properties.

5.2 Materials and Methods

5.2.1 Study Sites and Sample Preparation

Three LL samples were collected in May 2018 from two lined landfills in
Florida, USA. All samples were collected from leachate pump stations in amber glass
bottles. Two samples were collected from a closed municipal solid waste (MSW)
landfill which acceptd waste for ten years and stopped accepting waste in the late
1990s. This landfill employs a two stage reverse osmosis (RO) leachate treatment
system which removes approximately 30% of the LL volume; the permeate is used at
the landfill site for turf irrgation and the remaining leachate brine (70% volume or
approximately 1.4 times concentrated) is recirculated through the waste mass to
facilitate decomposition and stabilizatiiReinhart and Townsend, 199The
fiClosed LL sampl e is | each &tosedBoired ogeem@RIOe twesat
retentatecolldced after the first stadietivabf WR®Ostrea
collected from an active, (i.e., currently accepting waste) MSW landfill that has been
in operation for over two decades. Throughout operation, a bioreactor system is

treating recircudted LL with air and water addition. The landfills sampled for this
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investigation differed in age, however, the waste composition at both facilities is
similar and reflective of typical MSMU.S. EPA, 2020aBoth facilities accepted
small quantities of construction and demolition debris (CDD), which typically
consists of wood, gypsum drywall, concrete, and other building mat@di&s EPA,
2020a) Neither facility accepted significant quantities of biosolidsrapct derived
from municipal wastewater treatmdgReinhart and Townsend, 200@) yard trash,
which may not be disposed of in landfills per Florida regulatiarida Statute,
2020)

Biological oxygen demand (BOD), chemical oxygen demand (COD), and pH
were from whete leachate samples taken at different times from the main sampling,
but values are not believed to significantly change over time at these landfills. All
other LL sample processing and analyses, besidd€RIMS, were undertaken at
the Chesapeake Biolagil Laboratory (CBL), Maryland, USA. Subsamples were
filtered through combusted 0.7 um glass microfiber filters (Whatman GF/F) into
combusted (500 °C) glass bottles. Samples for optical properties analyses, dissolved
metals, and chloride concentration measnents were stored at 4 °C, and for-non
purgeable DOC/total dissolved nitrogen (TDN) and inorganic nitrogen (INgQat
°C, until analysis. Samples were diluted in ultrapure water as needed prior to
analyses. Solighhase extraction (SPE) for DOM chaex@zation and quantification
of contaminants of emerging concern (CECs) was performed immediately after
filtration, described in detail below. A second SPE on some of the remaining filtered
LL was undertaken to quantify acesulfame potassiumkac8ampls did not

visibly change over storage time. A detailed description of sample processing, purity
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and sources of reagents and standards, and analytical methods used in leachate
characterization is given ippendix 4

Initial SPE, for LL dissolved organic ritar (LLOM) characterization and
guantification of most targeted analytes, was carried out in triplicate using Agilent
Bond Elut PPL cartridges (1 g, 3 mL). PPL SPE typically has a high extraction
efficiency for DOC (>60%]Dittmar et al., 2008and has been shown te favorable
for DOM characterization by FICR-MS (Li et al., 2016; Raeke et al., 2016PE
cartridges were activated with 5 nhiC/MS grade methanol (MeOH) then rinsed with
5 mLLC/MS grade 0.1% (v/v) formic acid (FA) water. LL aliquots were acidified to
pH 2 using pure grade HCI then gravigd onto the cartridges. Extracted sample
volumes (ActiveLL: 11.5-16 mL,ClosedLL: 10 mL; ClosedBrineLL: 11.512 mL)
were chosen to not load >18 mg DOC per g sorbent to avoid breaktH{iittghar et
al., 2008; Li etal., 2016)but varied slightly among triplicates because of column
blockage by precipitates. After sample loading, the outsides of the cartridges were
rinsed with ultrapure water, and the sorbent was rinsed vidgtlga volume of 50 mL
0.1% FA water to remove very high concentrations of salts and ammonia. Cartridges
were then dried at room temperature with a vacuum pump and eluted with 10 mL
MeOH. To quantify the artificial sweetener, a€eSPE on the original fidred
leachate was also carried out in triplicate using revepbede/wealanion exchange
(WAX) mixed mode cartridges. These Waters Oasis WAX (150 mg, 6 mL, 30 um
particle size) cartridges were activated with 5 mL of an approximately 2% NH
NH4OH MeOH soltion (reagent grade, NBH water solutions with C/MS grade

MeOH), then rinsed with 5 mLC/MS grade MeOH, and again rinsed with 5 mL
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ultrapure water, 2 mL of the filtered, acidified samples were gré@dyonto the
cartridges, the cartridges were rinsgth 10 mL ultrapure water, dried, and eluted
with 3 mL of the NHOH MeOH solution. Targeted analytes, described below, were

guantitatively recovered in SPE&4.12).

5.2.2 Characterization of Landfill Leachates

UV-Vis absorbance spectra and fluorescemastatioremission matrices
(EEMs) were measured simultaneously for diluted raw LL samples over an excitation
wavelength range of 24800 nm by 3 nm increments and emission wavelength range
of 250620 nm by fixed ~3.3 nm increments using a Horiba Aqualog
spectrofluorometer. All absorbance and fluorescence spectra were blanked using
scans of wultrapure water. Absorbance spect
absorption coefficient spectra (a(a)) wusin
pathlength dthe spectrofluorometer cell (0.01 m). EEMs were corrected for Rayleigh
scattering in MATLAB using methods described previogkpp et al., 2004and
inner filter effect corrected using the Aqualog software. To express EEMs in quinine
sulfate units (QSU), spectra were nolied to the fluorescence emission area
(excitation = 347 nm) of a 1 mg/L Starna quinine sulfate reference standard in 0.1 M
HCIO..
Measurements for pH were made by Standard Method (SM)}HA5@&0
(2017b) while BOD and COD measurements were made by an outside lab,
referencing standard methods SM 521(®817d)and EPA Method 410.4J.S.
EPA, 1993)respectively. Concentrations of DOC and TDN were measured using a

Shimadzu total organic carbon analyzer (F@CPH) with a total nitrogen unit
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(TNM-1) on samples diluted with ultrapure water and acidified to pH 2 with pure
grade HCI. Quantification of GINOsz and NQ™ combined (N@-NO2), and

NH3/NH4" was performed by the Nutrient Analytical Services Laboratory, CBL (MD,
USA) using standard methods referencing SM 411RP(B7a) ASTM D778%114

(ASTM International, 2014)xand SM 450eNH3 G (2017c) respectively. Dissolved

V, Cr, Mn, Fe, Cu, Zn, As, Cd, and Pb were measured on microwave digested, 0.2
pum syringe filtered (Whatman GD/X) LL sangsl using an Agilent 7500 ICHKS. Fe
was similarly measured in one per sample of the triplicate PPL SPEs. All measured
values were blank corrected with a microwave digested ultrapure water blank or a
similarly extracted ultrapure water PPL SPE blank. Weaakedge that oxidation,

loss of ammonia, and sorption during sampling, transport, and processing could have
affected physical and chemical metal speciation and results.

Sucralose, acK, triclosan, methylparaben, propylparaben, paraxanthine,
cotinine, ibuprofen, acetaminophen, carbamazepine, and sulfamethoxazole were
guantified in the LL SPEs by high performance liquid chromatography tandem mass
spectrometry (HEC/MS/MS) using an Agilent 1260 Infinity Il LC interfaced with an
Agilent 6420 Tripe Quadrupole MS. The carrier gas was high purity nitrogen from a
nitrogen generator and the collision gas was iigh purity nitrogen. Ac&K was
measured separately from the other CECs to account for th@MeOH matrix.

An ACE Excel C18PFP (3.0 mm.d. x 100 mm, 2 um particle size) column was
used for both methods. For akethe autosampler injection volume was 3 L,
column temperature was set to 50 °C and flow rate was 250 uL/min. Mobile phase A

wasLC/MS grade methanol and mobile phase B was Q) ammonium acetate
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water made by adding 099.0% purity ammoni

conditions were isocratic, 90% mobile phase A for 4 minutes. The MS was in
negative ESI and multiple reaction monitoring (MRM) mode. For all other CECs, the
autosampler injection volume was 5 pL, column temperature was set to 50 °C and
flow rate was 300 puL/min. Mobile phase A waS/MS grade methanol and mobile
phase B was 0.1% (v)C/MS grade FA water. The separation gradient began at
50% mobile phase A, areased to 97% mobile phase A for-G.ghin, and returned to
50% mobile phase A at 8 min. For MS conditions, an ESI polarity switching method
was used with dynamic MRM mode. For both methods an internal standard (ISTD)
guantification method was used to tmhfor fluctuations in instrument performance
and ion suppression. Meaning a primary CEC transition and corresponding stable
isotopelabelled (SIL) ISTD transition were monitored for quantification, while a
secondary CEC transition was used as a quatdiéurther confirm identity. All
blanks, calibration standards, quality control standards, and samples were spiked with
ISTDs. Significant qualifier transitions were not found for ibuprofen or triclosan, so
ibuprofen was run without a qualifier, whileddferent isotopic transition was used as
a qualifier for triclosan because it has 3 chlorine atoms. For full autosampler and LC
settings as well as complete MS settings and monitored transitioApgeerdix 4

T h é3C U a M isotopic signatures, weighbo C to estimate DOC recovery,
and molar C/N ratios of the nevolatile, PPL LLOM were measured by combustion
and analysis of the resulting gas by a Costech ECS 4010 elemental analyzer equipped
with a Thermal Conduction Detector (TCD) and coupled to aribécientific Delta

V Plus IRMS. Measurements were made separately on the triplicate SPEs according
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to optimum measurement ranges for C and N on the IRMS. Aliquots corresponding to
approxi mat el ¥¥C 3a&bmd Osgp pOr o xoir m&N wereylreddr0 Og N f ¢
tin capsules at 45 °C prior to analysis. Values are reported using delta notation and
expressed in per mil (a) relative to the st

atmospheric nitrogen (N).

5.2.3FTICR MSanalysis of SPEs

PPL LLOM extracts were diluted withC/MS grade MeOH at a 1:40 dilution
factor and analyzed on a 12 Tesla Bruker solariX®R-MS with an Apollo Il ESI
source at the Helmholtz Zentrum Munchen, Munich, Germany. THERIMS was
calibrated using arginindusters prior to all analyses. Diluted extracts were injected
by an autosampler at a flow rate of 120 uL/h and analyzed in both positive and
negative ionization modes. Spectra were acquired with &&&89 accumulation over
am/zrange of 10a1,400m/z Averaged spectra were smoothed and externally
calibrated using a mass list of known commonly occurring surfactant and@M
ions. Peak lists were exported with asigimah o i se r at i o -atignadof f O10.
matrices with an/zwindow width of 0.5 ppm ofhe positive and negative mode peak
lists were produced using the proprietary Matrix Generator softfiacto, 209).
The positive mode matrix was only used in this study to identify the presence of
specific masses. The negative mode matrix was filtereghfoions that appeared in
all triplicate extracts and signal intensities were averaged across triplicaéssical
formulas, with possible elemental assignments including H, C, O, N, S, P, ClI, and Br,
were assigned tm/zions individually by sample using anlouse software,

NetCalc, that uses a network assignment apprp&abtis et al., 2011)Chemical
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formula assignments were restrictedrifzions less than 60@/zand filtered using
common criterigKind and Fiehn, 2007; Koch et al., 2007; Herzsprung et al., 2014)
along with isotopic pattern matching as applicable. After filtering, 10,270 formula
assignments were determined by NetCalc. An additional 16 suspected
organohalogens, including polyfluorinated formulas, were assigned usingnbuilt
features of the BrukddataAnalysis 5.0 software and confirming isotopic pattern
matching using the Bruker IsotopePattern software and the web interface by Loos et
al (2015) Final assignments had a maximum mass error of 0.5 ppm and an average
mass error of 0.1 ppm. The formula assignment dataset is availabtiata

repository (https://figshare.com/s/73e8fed64fb7ea4d54d1, will switch to DOI:
10.6084/m9.figshare.13550573 if the manuscript is acceptedICR-MS allows for
exact molecular formula assignment of singly chamgéxions, but tlesedataare
gualitative and nosstructural. Assigned ions were assumed to be deprotonated, singly
charged, [M H]' ions, and protonated corresponding formulas [M] are used in
graphics and discussion unless otherwise stated. For discussion, formulas are only
considered preséim a sample if corresponding masses were found in all extracted
triplicates.

For molecular composition comparison, a direct water sample of the
Suwannee River, Florida, natural organic matter (SRNOM) was used because
SRNOM is a well characterized, higtO@, complex natural reference samfiieeen
et al., 2015)This direct water sample was filtered and then diluted W@iVS
grade MeOH at a 1:40 dilution factor and injected at the same flow rate in negative

mode ESI into the FTCR-MS. The spectrum was acged with a 10,00&can
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accumulation over a range of 22/000m/z Formulae were assigned using the same
settings in NetCalc used for the LL samples, similarly filtered, and had the same mass

cutoff, maximum mass error, and average mass error.

5.2.4LC/MSMSand OrbitrapMS/MSStructural Elucidation

The halogercontaining formulas, §€44ClsOs, CoHsClsO4, and GHeCl4Os4,
were assessed BYS/MS. One triplicate from both th&ctiveandClosedPPL LLOM
samples was diluted at a 1:40 dilution factor ifS grade MeOH. Using the
previously described LC triple quadrupole mass spectrometé¥] &S analyses
were carried out with the same column as the CEC quantification, isocratic 98%
LC/MS gradeMeOH/2%LC/MS grade FA water (0.1%) conditions, and in negative
mode ESI using collisiemduced dissociation (CID). Source and MS settings were
optimized using buitin instrument software featur€Bable A4.22) Fragments were
generated for the monoisgtic peak of @H4CleO4 (384.8m/2) in theActiveleachate
sample, the monoisotopic peak aHsCls04 (350.9m/2) in theActiveandClosed
samples, and the most abundant isotopic peakt#§@+O4 (318.9m/2) in theClosed
sample. Chosen assignments fogfreentation were based on presence and intensity
of signals in the FICR-MS spectra and targeted masses were chosen to minimize
background interference. Specific predicted and control transitions were monitored in
MRM mode at collision energy steps betw@e0 eV. Full scan mode was also used
at 10 eV collision energy for fragment observation.

The three highest abundance chlorine isotopic peaksH¥GL04 (350.9,
352.9, and 354.81/2 were of high enough intensity to also be analyzed by Orbitrap

MS/MS using the FT detector. A triplicate PPL SPE of Antivesample, diluted
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1:40 withLC/MS grade MeOH, and a 100 ug/L chlorendic acid standard were
directly injected into the Thermo LTQ Orbitrap XL Hybrid lon T+@pbitrap Mass
Spectrometer using a syringad loopinjection. The mass resolution setting was
15,000 and fragmentation was by collisioduced dissociation (CID) at collision
energies of 0 and 10 eV for tAetivesample and 0, 10, 20, 40, and 60 eV for the
standard in full scan mode using thebi@rap detector recording 0.4 min long scan

averages.

5.3 Results and Discussion

Results from the chemical characterization are summarized in Fablll
LL samples had pH >7, with the highest pH observed iittizeLL. This is
consistent with prewus LL characterization¥jeldsen et al., 2002; Renou a.,
2008)and observed trends in pH towards basic conditions with landfill
decomposition and chemical stabilizati@ozkurt et al., 2000; Berge et al., 2005)
TheActivelandfill is a bioreactor system and this technology is used to rapiely
reach stabilization. Chloride concentrations were similar between LL and consistent
with previously observed high valu@sjeldsen et al., 2002verall, the BOD to
COD ratios were consisit with previous studig¥jeldsen et al., 2002; Rena al.,
2008) though the higher BOD/COD iActiveLL could reflect its status as a
bioreactor landfill or its younger agBenou et al., 2008Yhe ActiveLL was much
darker in color than th€losedor ClosedBrine and had the highest DOC and TDN
concentrations. The DOC of ti#osedBrine LL sampk showed a 1.2 times
concentration from the correspondi@tpsedLL sample, less than the predicted 1.4

concentration factor. As expected in dominantly anaerobic systems, TDN was almost
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entirely composed of N¢#INH4"*, hereafter referred to as MHn all LL, NO3z-NO>

was below the method reporting limit (RL) and was essentially absent. Dissolved

organic nitrogen (DON) was not measured directly but was estimated by subtracting

IN from TDN.

Table 5.1 Chemical characterization of whole LLs and PPL SPEsdisated. For

PPL SPE isotopic measurements and C/N, values are + standard deviation ($D). NO

NO2 was below the reporting limit (RL) but above the method detection limit, so
detected values are list€ext A4.7) Not detected (B) indicates the analyte wa

either below detection limit or absent.

Parameter Active LL | Closed LL | Closedi R.O. Brine LL

pH 8.4 7.9 7.8
Cl (mg/L) 2336 1899 2124
COD (mg Q/L) 1600 1900 2200
BOD (mg QJ/L) 240 160 130
BOD/COD 0.15 0.08 0.06
DOC (mg C/L) 1044 538 656
DOC RecovergpeLom (%) | 63+13 784 6316
TDN (mg N/L) 1528 1048 1182
NH3 (mg N/L) 1324 900 992
NO3-NO2 (mg N/L) 0.5 (<RL) | 0.8 (<RL) 0.5 (<RL)
DON (mg N/L) 203 148 189
U 3CspeLiom (&) -22.5+1.7| -25.7 £ 0.2 -25.1+0.2
U*°NspeLiom (@) 3.4+0.1 | 4.3+0.1 4.2+0.0
Molar C/NspeLLom 20.4+1.2 | 14.7+0.7 15.5+0.4
V (ug/L) 153 30 32
Cr (ug/L) 357 72 40
Mn (ug/L) 288 51 74
Fe (ug/L) 7330 3375 4250
FespeLLom (MG/L) 2972 1667 990
Cu (ug/L) 18 38 8
Zn (ug/L) 77 51 33
As (ug/L) 67 20 27
Cd (ug/L) 13 ND ND
Pb (upg/L) 4 1 1

We f o'Cepeliomivaluesof2 2 . 5 &-2 8n @ & PMspedowm Of

3.4a and

values were within range of observations for-+votatile LLOM (Games and Hayes,

4ActeandClosedL L b e
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1977)and bulk LLOM(van Breukelen et al., 2003; Mohammadzadeh and Clark,
2008)To the best of our knowl ed®eov.Buker e
DOM isotopic measurements usually require an extraction procedure, potentially
biasing representativenedstioe total DOM signature and comparison between
different extracted DOM pools. Additionally, the complexity and variability of DOM
composition can make interpretation of isotopic values ambiguous; however,
U3CLLom has been used for source traciMphammadzadeh and Clag(11)

U3CLLom is known to significantly vary between landfills as well as over time within

a landfill (Games and Hayes, 1977; Mohammadzadeh and Clark,, 20§i@jghting

the need for more data to better interpret the relation of LLOM isotopic signatures to
organic matter processing in these systems.

Optical properties of DOM are known to reflect variations in organitemat
composition(Stedmon and Bro, 2008)he Active LL sample had a different
absorbance/fluorescence profile from @€lesed/Closedrine samples and overall
had higher fluorescence intensities across all excitation waveldfigh#\4.1) The
ActivelLL sample also had higher absorbance values (4 to 9 times higher across all
wavelengths) when comparedGtosed/Closedrine LL samplegA4.2). This may
be due to differences in Fe concentrations between samples $rBdbecause Fe
can enhance absorize values and potentially quench fluorescdli¢eishaar et al.,
2003; Poulin et al., 2014bespite the higher DOC concentrationEilosedBrine
LL versusClosedLL, absorbance and fluorescence spectra did not show any
differences between these two sd@s(Figs. A4.1, A4.2) LLOM optical signatures

from both landfills appeared distinct from previous measurements fofBdler and
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Curry, 2004; Cui et al., 2016; Oloibiri et al., 201d@monstrating diversity of LL

optical signatures.

5.3.1 Metals

Measured dissolved metals (V, Cr, Mn, Fe, Cu, Zn, As, Cd, and Pb) were
detected in concentrations ranging from330 pg/L (Tableé.1). All measured
metals were within the ranges previously repo(tgdldsen et al., 2002; Baun and
Christensen, 2004b; Masoner et al., 20MBtals faind at concentrations >50 pg/L
in the LL samples include Fe, Cr, Mn, V, Zn, and As. Almost all metals detected in
this study were highest in tifectivesample, which corresponds to the observed
higher DOC and TDN values. While this study is only on twalfidis, this pattern
could reflect the expected higher waste degradation rate Actheslandfill, the
effect of ionic strength on metal leaching, leachate composition controlling physical
fractionation of metals, or differences in disposed waste owver tnterestingly, the
three measured metals with the greatest ratios betweéttieandClosedLL
samples were Mn, V, and Cr, all of which are used as alloying elements in steel
(Moskalyk and Alfantazi, 2003; Johnson et al., 2006and Cr have k& shown to
correlate across landfil®asoner et al., 2014)nd cevary over time in a longerm
landfill study(Statom et al., 2004)

As shown in this study and others, Fe concentrations are often found to be in
mg/L levels, an order of magnitude higher than most other commonly measured
heary metals in LL samplegStatom et al., 2004; Masoner et al., 20Fy this
reason, we also measuried in the SPE LLOM samples, detecting values surprisingly

also in the mg/L range or 41% and 49% of the whole leachate Fe factiieand
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Closedsamples, respectively (Taldel). While LL samples may have oxidized some
during transport and processimg, precipitant was observed during handling beyond
on SPE cartridges during extraction. Jensen. €1898)showed that in an anaerobic

LL groundwater plume, the majority of Fe is in the truly dissolved (<0.001 pm)
fraction as free P&, with some Fén the <0.7 um fraction as organic complexes. We
did not identify Fe chemical speciation in the whole leachates, but if the majority of
Fe in these LLs was Fe we are unsure how Fe was significantly extracted, barring

an unexpectedly high speciation asdfganic complexes in these samples 6f Fe
becoming organically bound during extraction. These samples may have oxidized, or
chemical speciation may be significantly different than the leachate plume studied by
Jensen et a(1998) as these LLs haapproximately &5 times greater DOC but
approximately 25 times less dissolved Fe. We did not identify the chemical speciation
of Fe in these extracts, but this recovery has implications to DOM SPE techniques,
instrument methods, and LLOM photochemistrytricted Fe is likely stable Fe

organic complexes originally in the leachate samples or that formed during extraction.
Furthermore, the low pH used during SPE in this study would allow only very strong
Fe-organic complexes to be extracted and the rictoblisd organic nitrogen and

sulfur pool might facilitate such complexgdtookey, 1970; Hider and Kong, 2010;
Waska et al., 2015; Bhattacharyya et al., 200\ searched the FICR-MS dataset
generated in this study fan/zions matching Fésotope patterns, following Waska et

al. (2015)No Feorganic complexes were identified; however, we used negative ESI
and improved F@rganic complex detection is expected in positive @&ska et al.,

2015) Additionally, the second highest abunda stable Fe isotope has a low natural
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abundance, so the second isotopic peak is unlikely to be visible for formulas
containing one Fe atom. While dissolved Fe is not thought to be predominantly
organically bound in anaerobic L{lensen et al., 1998he review of LL metal
speciation by Baun and Christeng2004b)showed Ni, Cu, Zn, Cd, and Pb to have
predicted sigificant presence as dissolved organic complexes, and in light of the
perceived SPE recovery of eeganic complexes in this study for high DOC LL
samples, we suggest that LLOM could be an intriguing mixture to study the SPE
extractability of metal organicomplexes and to identify specific metal organic

complexes or binding ligands present in LLOM by-IER-MS.

5.3.2 Targeted CECs

We measured the artificial sweeteners, sucralose an;dbe
antimicrobials, triclosan, methylparaben, and propylparaberatieine metabolite,
paraxanthine; the nicotine metabolite, cotinine; the nonsteroidahdatnmatory
drugs (NSAIDs) ibuprofen and acetaminophen, and the prescription drugs
carbamazepine and sulfamethoxazole. These CECs have been regularly measured in
domestic wastewater studies due to widespread use or resistance to degradation
(Oppenheimer et al., 2011; Loos et al., 2013; James et al., 2016; Yang et a., 2016)
and these or related compounds have also been measured in studies of MSW LLOM
(Masoner et al., 2014; Ra@t al., 2014; Clarke et al., 2015; Kapelewska et al., 2016;
Masoner et al., 2016 this study, we only detected sucralose;laceotinine, and
ibuprofen in the LL samples (Takie?). Nondetected CECs are presumed to be
below method detection limits or absé¢hable A4.13) TheClosedBrineLL had a

1.1-1.2 concentration factor from tli@osedLL for measured CECs, reflecting the
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DOC mncentration factor. In a study of 22 landfills in the U.S., measuring 190 CECs,
Masoner et al(2016)found mtinine to be one of the top six frequently detected

CECs, measuring a maximum concentration of approximately 30 pug/L, which is
similar to values detected in this study. Ibuprofen measurements in this study are,
likewise, similar to past LL studiéMasoner et al., 2014)buprofen was notably one

of the few analytes lower in thctivelLL than theClosedLL, though this may just

reflect small differences in received waste.

Artificial sweeteners, particully aceK and sucralose, and sometimes
saccharin, are of particular interest to wastewater studies because they have been used
as temporal markers in LL and domestic wastewaters based on dates of usage
approval and usage patteiRoy et al., 2014; Clarke et al., 2015; Robertson et al.,
2016; Stefania et al., 201¥ce-K was approved for use in the U.S. in 1488S.

FDA, 1988) while sucralose was approved in the U.S. in 1998 with widespread
commercial use beginning around 2qB®bertson et al., 201.83oth are persistent

in the environmen{Buerge et al., 2009; Oppenheimer et al., 20thbugh for aceK,
researchers have suggested the recent evolution of a microbial degradation pathway
in wastewater treatment plarftS8astronovo et al., 2017; Kahl et al., 2018;

Kleinsteuber et al., 2019%ucralose and ad€ appear to be working as time markers

in this study. AceK is present in both landfills, which corresponds to both accepting
municipal waste from &fr 1988; whereas, sucralose is absent ifCtheedLL. The
Closedlandfill stopped accepting waste before sucralose received widespread use in
the U.S. The sucralose concentration measured in this study fctiieLL is

within the upper range seenarprevious stud{Clarke et al., 2015)'he measured
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aceK concentration in théctiveLL is much higher than previous stud{@y et al.,
2014, Stefania et al., 2019he markedly higher concentration of d€eén the Active

LL compared to th€losedLL could be due to degradation processes or trends in
artificial sweetener usage, as loalorie sweetener consumption has significantly
increased since the late 1998ylvetsky and Rother, 201@hen theClosedLL

stopped accepting waste.

Table 5.2 Concentrations of CECs in pg/L. Triplicate instrument measurements per
individual SPEs were averaged and SDs calcul@teeltages and SDs for triplicate
SPEs were further averaged for reported values + SD. All values were corrected for

processing but were not corrected for SPE recoveries. All unlisted measured CECs
were not detected in any samples.

CEC Description Active Closed | Closedi R.O.
LL LL Brine LL
acesulfame artificial 517+36 8+1 9+1
potassium sweetener
cotinine nicotine 2416 611 7+1
metabolite
ibuprofen NSAID 242+34 | 305+13 328+5
sucralose artificial 446+37 ND ND
sweetener

5.3.3FTICR MSMolecular Characterization

Spectra of the LLOM samples were remarkedly complex with high peak
density (Fig5.1A). In theActivelLL, 7,770 molecular formulas were unambiguously
assigned, while 9,039 were assigned forGlesedLL, and 9,143 were assigned for
the ClosedBrine LL. For comparison, 4,862 molecular formulas were assigned for
the SRNOM sampledespite the much largermber of averaged scamsssignments
in theClosedBrine LL were like those of th€losedLL sample (Tablé.3).

Visually, the spectra for LL samples were distinguishable from SRNOM by a higher

m/zion distribution and prominent ion peaks at approximat8f.d278 and
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417.2283m/z(Figs. 5.1, A4.4), which are assigned agtioO3S andCz4H3406. This

is unexplained, but seems LL characteristic, and could develop from highly ionizing
compounds, convergence of structural isomers, and/or high chemical conaesjrati
and as these prominent signatures have potential use for source tracing this pattern

should be further explored in future studies.
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Figure 5.1 Full m/zspectra of SRNOM (top) andG@osedLL sample (bottom) where

stars mark then/zions at 185.0278 and 417.2283z(A). Spectra were scaled to

similar relative intensities for comparison purposes. Classes of formulas between the
samples at 31ih/z(B). Only monoisotopic ions were assignedhialas in the

dataset, but isotopic masses corresponding to dataset assignments are included in this
diagram to better depict complexity. Assigned ions with >1 Cl atom are labelled as
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[MT H]' formulas. Van Krevelen diagrams of CHO, CHOS, CHON, and CHONS
formula classes in the SRNOM a@tbsedLL sampleqC). Point size scale is

independent by sample, but within sample scaling corresponds to signal intensity.

Known high intensity CHO fatty acids, sulfaontaining background surfactant
contaminants, and thE7.2283m/zion assignment were not plotted for optimized
visualization reasons.

Table 5.3 Summary of top sixormulaclasses in molecular characterizatiorLbf
and comparison to SRNONMIlumber of formulas and percent of total assigned
formulasare preseted.

Active LL Closed LL Closedi R.O. SRNOM
Brine LL

CHO 2547 (32.8%)| 2362 (26.1%)| 2392 (26.2%)| 2925 (60.2%)
CHON 2688 (34.6%)| 3307 (36.6%)| 3295 (36.0%)| 1439 (29.6%)
CHOS 1161 (14.9%)| 1213 (13.4%)| 1253 (13.7%)| 255 (5.2%)
CHONS 592 (7.6%) | 1072(11.9%) | 1072 (11.7%)| 14 (0.3%)
CHOCI 674 (8.7%) 830 (9.2%) 863 (9.4%) 136 (2.8%)
CHONCI 90 (1.2%) 206 (2.3%) 215 (2.4%) 7 (0.1%)
Other 16 (0.2%) 49 (0.5%) 53 (0.6%) 86 (1.8%)
Total 7768 9039 9143 4862

Beyond these obvious spectral difference, molecular characterization shows
LLOM to have a higher diversity in formula class distribution than SRNOM with a
predominance of formula classes containing heteroatoms Eldsand C, Table
5.3). Here, the formla class CHO is formulas that contain only carbon, hydrogen,
and oxygen, CHON also contain nitrogen but no other heteroatoms, and so on for the
heteroatoms N, S, P, F, Cl, and Br included in assignment. In the SRNOM sample,
60.2% of formula assignments we€HO, while only 32.8% of th&ctivelL and
26.1% of theClosedLL assignments were CHO. This difference is primarily derived
from the higher percentage of CHON, CHOS, CHONS, CHOCI, and CHONCI
assignments for LLOM (Tabl&.3). The greater number of CHONrimula
assignments seen in the LL samples had higher H/C and O/C ratios than SRNOM,

while the higher number of CHOS assignments for LLOM showed a similar pattern.
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For the fewer total CHO formula assignments this same pattern was also observed
(Figs.5.1C, 5.2). The LL samples were both particularly distinguishable by a very
high percent CHONS compared to SRNOM (F®&C, 5.2, Table5.3). Differences
within the 60Otherd formula class category
CHOF, CHOFS, and CHOBra$ses not seen in SRNQWiable A4.17)

A distinguishing feature of LLOM signatures was prominent 58.04/z&nd
22.0131m/zspacing patterns. The 58.041@zpattern, seen in Van Krevelen
diagrams at H/C=2, is#Els0 and likely propylene oxide [C¥H(CHz)O] units (Fig.
5.2). The homologous series continues past theng@0utoff used in producing the
final dataset. The 22.013f/zpatterns are visible in the raw, unassigned data among
m/zions with decimal values beégn 0.55 and 0.7%/z(Table A4.1§. Based on
decimal values, these are likely doubly charged {MaMillan et al., 2016)and the
corresponding singly charged/zspacing would be 44.0268/z,or GH40, likely
ethylene oxide (CKHCH20) units. Corresponding singly charged ions aregurieis
the dataset and supercharging of polyethylene glycols in ESI is a known phenomenon
(lavarone and Williams, 2003Ylolecular characterization is netructural, so
further analyses are needed for any true structural identification, but these
homologous s@es patterns suggest LL could be a good medium for further study of

alkoxylated surfactants and their degradation.
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Figure 5.2 Van Krevelen diagrams and HXG.Mass plotoof CHO, CHOS, CHON,
and CHONS formula classes in thetiveandClosedLL samples. The mass spacing
pattern in CHO plots at H/C=2, most prominent in@esed LLsample, is a 58.0419
m/zspacing, most likely propylene oxide uf@H>CH(CHs)O]. Point size scale is
independent by sample, but within sample scaling corresgorsignal intensity.
Known high intensity CHOS background surfactant contaminants add ih2283
m/zion assignment in th€losed LLsample were not plotted for visualization. The
417.2283m/zion assignment remains plotted in thetiveLL sample.

Another major difference from SRNOM was the high number of CHOCI
formula assignmeni@able5.3, Fig.5.3). This is particularly noteworthy because a
high presence of nevolatile organic halogens in LLs has been previously suggested
based on high adsorbaldeganic halogen (AOX) measurements or differences in
purgeable organic halogen (POX) measurements from AOX, but this fraction has
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remained essentially unidentified due to instrument limitat{dasuhara et al., 1999;
Grgn et al., 2000; Kjeldsen et al., 200&8hile some of these determinations were
made in mixeeuse andfills, through FIICR-MS molecular characterization in this
study we found evidence supporting the existence axéensivenon-volatile
organochlorine fraction in MSW LLs and were able to iderdifgr a thousantL
nontvolatile or semivolatile orgamchlorine formulasThis fraction could contain
synthetic organochlorine related chemicals, as LL is known to contain chlorinated
flame retardants, pesticides, plasticizers, and household che(fikzalk et al.,

2005) CHOCI formulas were very different from those in SRNQ@Hg. A4.6 and
unlike SRNOM, included 98 formulas wifh6 chlorine atoms (Fig.3), which is
evidence for covalently bound chlorine and not feasible by adduct formation alone
The CHOCI assignments with@lchlorine atoms had similar formulas and are

discussed in detail in the following section.

Active LLOM Closed LLOM

Composition

CHOCH
CHOCI2
CHoCI3
CHOC14
CHOCI5
CHOCI6

000000

0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
o/C o/C

Figure 5.3 Van Krevelen diagrams of CHOCI formula assignments irAttteveand
ClosedLL samples. The highest O/C, 3 chlorine atom formula inAtteveLL is
C12H19ClI30g and corresponds to sucralose. Point size scaling corresponds to signal
intensity.

158



While FT-ICR-MS is nonstructural and a single formula cannot be presumed
to correspond to a single chemical, 564/674 ofAtivel L CHOCI formulas were
identical to those in th€losedor ClosedBrine LLs. This may suggest common
disposal sources or transformatiprocesses that should be further explored;
however, a striking difference between the diffetdnsamples was seen among the
CHOCI assignments with 2 and 3 chlorine atoms. All 2 chlorine CHOCI formulas
were found across all triplicates exclusively ie @losedand the corresponding
ClosedBrine LLs (Fig.5.3). This class of 2 chlorine chemicals had similar formulas
with 9-16 carbon atoms, even-1@ hydrogen atoms, andl® oxygen atoms. The
highest signal intensity peak in this group was assigned»bls¢Cl.Og. Within the 3
chlorine CHOCI formulas a smaller group exclusive toGlesedandClosedBrine
LLs occupying the same Van Krevelen space as the 2 chlorine group was found (Fig.
5.3). Another 3 chlorine group exclusive to tBlsedandClosedBrineLLs all had
9 carbon atoms and is discussed in the following section. In contrast to the 2 chlorine
formulas, the majority of 3 chlorine were exclusive toAleévelLL sample (Fig.

5.3). This group all had similar formulas with-18 carbon atoms, odi/-25

hydrogen atoms, and@oxygen atoms. The highest signal intensity peak in this
group was assigned assH19Cl30e6. The one 3 chlorine formula exclusive to the
Activesample outside this group matches the artificial sweetener, sucralose, which
was coffirmed and quantified as part of this study (FH@). These 2 and 3 chlorine
patterns do not appear to be due to assignment bias. This was checked for by
comparable formula assignment using a differesitdnse software which does not

use a network appach, FormCalc, which showed the same patterns. This is
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unexplained, and while we candét rule out
the two landfills, this seems to point to specific disposal origins, possibly of technical
mixtures, or subsequent dagation of specific disposals in the individual landfills.

Though not included in the CHOCI grouping, in CHONSCI there was one 2
chlorine formula, @HsCI2NOsS, found in all LL samples. This was similar to the
only 2 chlorine CHOSCI formula, 84Cl203S, found in theClosedandClosedBrine
LL. These formulas are structurally limited and appear to be benzenesulfonate based.
These are the only formulas in the other formula classes with >1 chlorine. Other LL
sample specific features include the preserfi@@me brominated formula,

CoH10Br204, and likely presence ofsisBr202 and GH3BrsOzin the Closedand
ClosedBrine samplegTable A4.19, A4.21)These latter two formulas were not
included in the main dataset because only the higher abundance isotépicapea
not the monoisotopic peaks, were visible across triplicates in the data matrix.

The LL samples also included the CHOF and CHOFS formula classes. These
m/zions were initially identified in the raw dataset by decimal values characteristic of
highly substituted organohalogens and the absence of chlorine or bromine isotopic
peaks, suggesting monoisotopic fluorine. Within CHOF are the formuyhds, O,
and GHF1s02in all LL samples and £1F1302 in theClosedandClosedBrine
samples. These structuralignited formulas appear to correspond to the common
perfluoroalkyl carboxylates, perfluorohexanoic acid (PFHxA), perfluorooctanoic acid
(PFOA), and perfluoroheptanoic acid (PFHpA), respectively. Within CHOFS are the
formulas GHFeO3S and GHF1303S in allLL samples an@sHF170sS in the Closed

andClosedBrine samples. These appear to correspond to the comerfinoroalkyl

160



sulfonatesperfluorobutanesulfonic aci@FBuS) perfluorcdhexanesulfonic acid
(PFHxS), angerfluoramcanesulfonic acigPFOS), respectively. The widespread
presence of these persistent chemicals in MSW LLs is well kifd¥enet al., 2019;

Masoner et al.2020)
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Figure 5.4 Full m/zspectra of ar\ctiveLL sample (top) and €losedLL sample
(bottom) (A). Spectra were scaled to similar relative intensities for comparison
purposes. Classes of formulas between the samples at/2@).

This limited sample dataset revealed both similarities that may be MSW LL
characteristic but atsdiversity in LL composition (Figs.4). A major difference seen
across CHO, CHON, and CHOS formula classes was more low H/C formulas with
approximately 0.40.8 O/C in théActivelLL (Fig. 5.5). Signal intensity across these
classes was also weighted tavér H/C formulas than in th€losedLL (Fig. 5.2).

While in theClosedLL, within CHO, formula signal intensity was weighted to higher
H/C and lower O/C formulas and most unique CHO formulas were within this region.
In theClosedLL, there were more CHONna CHONS formulas in the higher H/C

and lower O/C region, between &8 H/C and 0.0.5 O/C, than in théctivelLL
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(Fig.5.5). TheClosedLL also had a much greater number of CHON and CHONS
formulas with 2 and 3 nitrogen atoms, most of which fell in#@aa Krevelen space
(Figs. A4.7, A4.8) Most between landfill formula differences were higher (>400 Da)

molecular weight signatures (Fig5).
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Figure 5.5 Van Krevelen diagrams and HXG.Mass plotof unique formula
assignments with a >4,000,000 ardiyr units signal intensity cutoff between the
ActiveandClosed LLsamples foCHO, CHOS, CHON, and CHONS formula
classesPoint size scale is independent by sample, but within sample scaling
corresponds to signal intensity.

The results from these samples highlights the benefits ofargeted
ultrahigh resolution MS for understanding the molecular composition of LLOM.

Molecular trends and similarities between samples are difficult to interpret because of
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the lack of similadata and the poor scientific understanding of long term abiotic and
biotic transformations in landfills, but high intensityzion peaks at 185.0278 and
417.2283m/zand higher presence of suHunitrogen, and chloring particularly
nitrogensulfur-, containing molecular formulas may be LL characteristic. Yuan et al.
(2017)found a similar high presence of CHONS molecular formulas and found this
group resistant to removal during leachate treatment. High presence of CHONS
formulas may be more LL specific, as high presence of CHOS, CHON, and CHOCI
formulas can also be featuresdomestic wastewatef{&onsior et al., 2011; Maizel

and Remucal, 2017These incredibly complex mixtures represent the dvarray

of natural and synthetic chemicals that make up societal disposal and subsequent in
landfill degradation and transformation. More rtargeted molecular

characterizations of LLs will increase compositional understanding for treatment and
source tacing, and with more data from MSW landfills with different ages and
engineered treatments, composition could possibly be linked to specific
transformation processes. Additional analyses using other sample extraction
processes, positive ESI, different isources, anMS/MS for structural elucidation

of prominent ions would also aid in the understanding of these mixtures in future

studies.

5.3.4LC/MS/MSand OrbitrapMS/MSon GH4CleO4 and similar formula

organohalogens

In FT-ICR-MS molecularcharacterization, the formula4ClsOs was
notable for having the highest number of chlo@t@msin the dataset. It was further

observed that thenly three assignments with five chlorineomsandthe onlythree
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assignments with four chlorir@omshadformulasthat appeared to be analogues
(Fig. 5.3). Following this, a suite of 12 total similar formulas, 11 witB 8hlorines

and 1 with 2 bromines, was identifiethese 12 formulas in order of increasm(y

of the corresponding highest abundance ! ion were:CoHsCl304, CoH7Cl30s,
CoH4Cl404, CoHoCl30s, CoHeClaO4, CoHoClz07, CoHeClsOs, CoH10Br20s, CoH3ClsO4,
CoH5Cls04, C10H7Cls04, andCoH4ClsOs. The original 12 formulas have masses from
280.918384.817m/z KMDs 0.3890.607, double bond equivalent64H/C ratios
0.31.1, and O/C ratios 0-@.8. All corresponding ions were confirmed wisbtope
pattern matching in the Bruker DataAnalysis softwatere was no obvious
assignment bias for these types ahfalas by the employed network formula
assignment approach. To investigate timi&gdecimal vsm/zplots were produced for
original m/zion lists and checked for high chlorine isotope pattéfitgs A4.3)
following McMillan et al.(2016)wh o s howed t he powerssof thes:c¢
defecto plots to exploit halogen mass prop
While CoHeClaOs, CoHsClsOs, andCsH4ClsO4 could be misidentified [M+Q!

adducts ofCoHsCl304, CoH4Cl4O4, andCoH3Cls04 respectively, the existence of
massesorresponding to [M+N4]sodium adducts of $E16Cls0s and GHsClsO04 in

the corresponding positive mode ESI dataset shows this is unlik&iyad, for
reasons discussed later, we expect an opposite relationship, aGgHt@iEOs,
CoH4Cl404, andCyH3ClsO4 may not be present in the samples and are instead
misidentified [M HCIT H]" in-source fragmentation products@HeClsOs,

C9H5C|504, andCgH4ClgOa4.
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Non-targeted ultrahigh resolution MS is netructural, but the highest
chlorine formulaCeH4CleOs, is interestingly the same formula as chlorendic acid.
Chlorendic acid is a reactive flame retardant, meaning it is chemically bonded to a
material to imparflame resistance. It is used to produce flame resistant polyurethane
foams and flame and corrosion resistant polymer resins, among oth@ltiBes
(National Toxicology Program), 2018h 1996, worldwide production levels were
estimated at 4 million kg@\NTP (National Toxicology Program), 201&hlorendic
acid has a hexachloronorbornene structure and is structurally related to the
chlorinated cyclodienmsecticidegNTP (National Toxicology Program), 2016l
of which are persistent organic polluta(@sockholm Convention, 2017} is also a
degradation produdf some of these insecticid@$TP (National Toxicology
Program), 2016)

To explore this possible connection, we performed the aforementioned
LC/MS/MS and OrbitrapMS/MS analyse®n them/zions corresponding to
CoH4CleO4, CoHsCls04, and GHeClsO4. These three formulas were the only ones of
the suite with high enough expected signal intensity to be analyzed/MSIGS
(Table A4.19) Chlorendic acid fragmentation dateeavailable in the mzCloud
DatabaseThermo Fisher Scientifydor negative mode ESI withigherenergy G
trap dissociation (HCDYn a Q Exactive OrbitrapmzCloud: Advanced Mass
Spectral Database, 2018heLTQ Orbitrap XL Hybridused in this study is an older
model than the Q Exactive Orbitra, is is unable to reflect the HCD improvements
available in the Q Exactive instrument lifidecht et al., 2006)}or this reason,

LC/MS/MS experiments were performed using negative ESI with CIDtapla
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guadupoleMS. CID in a triple quadrupole MS is similar to Orbitrap HCD, as both
are beam, also known as n@sonant, CID processéde Graaf et al.,@L1; Ichou et
al., 2014) meaning multiple disassociation steps are likely, so more and smaller
fragments can be produced. Of the sulig¢]sClsO4, had the overall highest signal
intensity, so it was selected for higher mass resolution OrbitragM3IMS on
individual isotopic peaks. In contrast to CID in a triple quadrupole MS, Orbitrap CID
is an iontrap, or resonant, CID process, so multiple finagtation steps iMS/MS
are unlikely, without additional dissociati¢te Graaf et al., 2011)

For LC/MS/MS, transitions corresponding to loss of@6z(-HCI), 44 m/z(-
COz), 116 m/z(-CH2Cl>05), 108 m/z(-H3Cls), and 136 m/z(-CHzCls0) were
monitored for the three parent ioimsMRM mode. These are all previously observed
fragmentation patterns for chlorendic acid by Orbitrap HCD in the mzCloud library
(mzCloud: Advanced Mass Spectral Database, 28d&)appear to correspond to the
neutral losses of HCI, GO2HCI+CQ, 3HCI, and 3HCI+CO, respectively.
Additionally, the loss of 18&1/z(-H20) and 62m/z(-CH20s), corresponding to neutral
loss of HO and CG+H-20, were monitored by MRM as controls because these are
common lospatterns that are not expected for chloremdid but could help
identify background noise. All chlorendic acid characteristic transitions were clearly
observed for the parent ions in selected samples at @@Meyond-CO; for
CoH4ClsOs andCoHeCl4O4, which could not be resolved from the backgrd (Figs.
A4.9-11). These transitions were observed together appeoximate retention times
2.05, 1.98, and 2.02 min f@H4ClsOs, CoHsClsO4, and GHeCl4O4, respectivelyAs

expected, control transitions did not have distinct peaks at the apparent retention
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times and are not believed to be losses from the parent ions. Beyond the comparable
retention times, all parent ions were similarly sensitive to beam CID with trassition
following the same intensity shifts with higher energy CID. Unexpectedly, all showed
loss of-HCI, -CH2CI>02, and-HsClzat 0 eV collision energy. Possible lossGD,

was also visible in th€yHsClsO4 chromatogram$or both samples at 0 eV CID. This
appears to be unintended dissociation after the first mass filter (Q1). A similar fragile
behavior can be seen in the mzCloud database, where with negative ESI and under no
dissociation, the chlorendic acid standard forms a deprotonated id#]{\Maminor

sodium adduct [M2H+N4d', and minor ions [MIHT HCI]' and [Mi HT CO;]' that

appear to represent-source fragmentatiofGabelica and Pauw, 2005; Song, 2011;

Xu et al., 2015; mzCloud: Advanced Mass Spectral Database,. 201 study,
unintended C®@Iloss could be occurringf all parent ions and in all samples but

cannot be clearly distinguished from the background.nifzscan range used in the
mzCloud data does not include the region wh€tg>O-Cl> or -HzClz loss would be
observedmzCloud: Advanced Mass Spectral Database, 2018)

Following this,LC/MS/MS experimeats were undertaken in the less sensitive
full scan mode, averaging spectra over the identified retention times, to eliminate
potential bias of monitoring only specific transitions. Eelif4ClsO4, fragments were
observed to represent loss-BiCI, -CO;, -CHCIOz, and-HsClz. While for
CoHsCls04, fragmentswereidentified as loss ofHCI, -CO,, -CHCIO,, -C204, -HzCls,
-CH2CI202, and-C2HCIO4. For CoHsCl4O4, thechosen parent ion was not the
monoisotopic ion (af°Cl) but the highest abundance i@Hs>°Cls*’CIO4". This was

to avoid background interference from other members of the 12 formula suite with
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isotopic ions at similar masses, but had the added bdmamfirming the identity

and source of the higher chlorine number losses, showing product ions corresponding
to loss of-H3*Cl, -CO, -C204, -H3z**Cls, -H3**CI,3Cl, -CH>**Cl.0», and-

CH2**CIF’CIO,. The losses seen in full scan mode among the parent ions that were not
monitored for in MRM-CHCIO, -C>04, and-C2HCIO4, could correspond to neutral
losses of HCI+CQ 2CQ, and HCI+2CQ, respectively. All of these are also shown

for chlorendic acid ithe mzCloud DatabagenzCloud: Advanced Mass Spectral
Database, 2018These resudt show different but remarkably similar fragmentation
patterns for the three parent ions, and while this is a less sensitive method, results
were consistent with the MRM experiments. Spectra do not include lower intensity
fragments identified in the MRM eeriments but include higher intensity fragments

that were not initially monitored for. These other fragments still correspond to loss
pathways observed for dissociation of chlorendic acid by Orbitrap f@Cloud:

Advanced Mass Spectral Database, 2018)
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Figure 5.6 LC/MS/MS, full scan mode CID spectrum at 10 eV collision energy of
384.8 m/zion, assigned §&14CleOs, in theActiveLL sample by triple quadrupole MS

(A). Spectrum is average of 11 scans at approximate 2.05 min retention time. Red
asterisks mark common background fragments that were present throughout the run,
and likely corespond to loss of # and HO+CQ. The blue asterisk marks an
unidentified fragment at the retention time that may be unrelated. Low mass
resolution and error is typical of a triple quadrupole MS operating in full scan mode.
Results are believed to be nasnsistent with a chlorendic acid identity. The

chemical structure of chlorendic acid (B).

Direct injection Orbitrap CID on the three major isotopic ions ¢f4ClsOa:
CoH4**ClsOs7, CoH4**Cl43’CIOs, and GH4*Cl3*'Cl.0O47, showed loss oHCI, -COy,
and-CH:CI>0», following expected isotopic abundance pattéirables. A4.23,

A4.24). These fewer fragments that do not appear to represent multiple dissociation
steps are consistent with expected differences between beam and ion trap CID and
these fragmes could reasonably come from the expected structure of singly
dechlorinated chlorendic acid. TheHsCl4O4 ion was of too low signal intensity for

Orbitrap CID, but analysis of a chlorendic acid standard showed the ld3€Iof
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HsClsz, and-CH2CIl20.. Wewere unable to reliably analyze the standard by
LC/MS/MS on a triple quadrupole MS beyond establishing the same retention time
because of coeluting issues in the system of known phthalate plasticizer contaminants
with the same parent ion mass.

We believe lhe combination of characteristic fragmentation patterns and
similar retention times and fragmentation behavior, including distinctive molecular
fragility during analysis, identifies4E14ClsO4 as likely chlorendic acid and
CoHsCls04 and GHeCl4O4 as relatedcompounds, possibly from the use of technical
mixtures(Shen et al., 201 linanufacturing byproducts, or abiotic or biotic
dechlorination. While other possible structures cannot be wholly discounted,
fragmentation patterns and known manufacturing processes seem most consistent
with a chlorendic acid identification. Observed fragmensimay provide
information on the dechlorination positions on the norbornene structure. With
MS/MS evidence and the signal correlations in the ESI FTM3Rdata, we suggest
that the ions appearing to correspond §bl4C1304, CoH4Cl404, and GHsClsO4 could
be misidentified [M HCIT H]" in-source fragmentation products. The other formulas
in the suite with lower signal intensity, includingHGClzOs, CoHgCl30e, CoHsCl404,
CoHoCl307, CoH10Br204, and GoH7ClsO4, may be unrelated, but their similar
formulas suggest potential relation should be explored. As previously mentioned,
CoHsBr-0O- was tentatively also identified in HCR-MS spectra but was not
included in the final dataset. These could be the result of degradation, the use of
technical mixtues, or other produced flame retardants entirely. Lower chlorine

number formulas in this dataset could also be related and should be further explored.
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In this study chlorendic acid and likely related compounds were tentatively
identified in two unrelated M landfills. To our best knowledge, chlorendic acid
has only once been previously described in MSW lea¢haten and Hynning,

1993) The likely related compoundsBsClsO4 had particularly high signal intensity
in our FFICR-MS dataset. The average signal intensity of the monoisotopic peak
was >99% of the assigned peaks inAkve LL and >98% in theClosedLL. This is
the highest intensity multichlorine signal in the datasetl G(H-MS characterization
data cannot be used quantitatively, but this does suggest that this compound may be
highly ionizing or in high abundance anolutd be prominent in future LL molecular
characterizations. A future goal should be quantification of this chemical and
chlorendic acid in other MSW LLs. Interestingly, the formula believed to be
chlorendic acid, €H4ClsOs, was only found in théctiveLL, while lower molecular
weight formulas within the suite, not includingsource fragmentation products,
generally had higher signal intensity or were only identified irClosedLL (Tables.
A4.19, A4.20)

Chl orendic acid i s icibaedteshefahuen@an as Ar easo
carcinogeno by t he NGEaNTR (batienal ToXieobogyc ol ogy Pr o
Program), 2016)The apparent appearance of it and related compounds in MSW
landfills warrants future study to determine how ubiquitous this signal is and where it
is coming from. Chlorendic acid could leach from disposed materials or could be
from degradation of or technical mixtures of cyclodiene pesticides. Certain emerging
dechloraneelated flame retardants are also structurally related to chlorendic acid

(Shen et al., 2011The facts that these are MSW landfills, fketiveLL only
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contains waste from the last two decades, and the absence of masses corresponding to
higher molecular weight similar formulasetosuggest chlorendic acid leaching could

be the source. A caveat being that many related chemicals are poorly ionizing and are
not expected to be detectable by-IER-MS. Environmental leaching of chlorendic

acid is essentially unstudied, though it coédreleased by polymer degradation in
landfills (Hamilton et al., 1995; NTP (National Toxicology Program), 2016; Gaytan

et al., 2020)Chlorendic acid is known to be resistant to degtiad, but

environmental degradation is also largely unknown. Jambon(€04R)isolated

bacteria and fungi from a chlorendic acid containing industrial waste site, identifying
the first unmodified microksecapable of chlorendic acid degradation. Recent work

has also revealed that reductive stepwise dechlorination byaknat metals is

possible for chlorendic acidKim et al., 2020)and the structurally similar endosulfan
(Singh and Bose, 201,74nd metal waste in landfills is capable of abiotic

dehalogenatiof\Vogel et al., 1987; Reynolds et al., 1990)

5.4 Environmental Relevance

LL is a significant pollution risk to groundwater and surface waters. The
extensive quantitative and nguantitative chemical characterizais developed in
this study can inform policy, landfill management, and LL treatment technology.
Results from this study indicate the need for more data on the presence of less studied
metals in LL, such as vanadium. Increased understanding of metal ahemic
speciation and identification of specific metaiyanic complexes in LL would better
inform risk assessment and mobility modelling. Measured targeted CECs in this study

show how common household chemicals can be found in LL at high concentrations
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(1s100s of pg/L) and could be used for LL pollution tracing. Results also support the
use of the artificial sweeteners, sucralose aneka@s LL age markers.

While the results of this study contribute to the understanding of LLOM
composition, bulk compositiois still minimally characterized, particularly
organochlorines in LLOM. We assigned over ten thousand unique molecular
formulas in LLOM, more than a thousand of which contained nitrogen and sulfur
together and more than a thousand of which containedrml@bout one hundred
of assigned formulas had&chlorine atoms. All 46 chlorine atom formulas are
tentatively related to chlorendic acid, and the presence of this flame retardant in
MSW LLs should be further explored. Most 2 and 3 chlorine atom f@asrappear to
be linked to specific product disposals or transformation processes.

Nontargeted results appear to show both surprising similarity in LLOM
between the closed, older landfill and active, bioreactor landfill samples, but also
considerable moletar diversity between these unrelated MSW LLs. Nangeted
molecular characterization can inform LL pollution tracing and our understanding of
long-term waste degradation in landfills. Future analyses can investigate the relation
of molecular fingerprintig to specific chemical transformation pathways, particularly
the contribution of original disposals and subsequent alteration to identified molecular

diversity.
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ChaptCorncel:usi ons and Future Work

Septic systems do not meet the treatment level of munivgstewater
treatment plants (WWTPs) and release contaminants to the environment. However,
they are still a widely used and necessary sewage treatment option in the United
States and globally, particularly when connection to municipal wastewater treatment
is unavailable. Septic systetnntributed nitrogen is of particular concern in the
Chesapeake Bay Region as the publiclananakers seek solutions to address
eutrophication and a decline in ecological health. Understanding and reducing septic
system pollubn is necessary to address U.S. Environmental Protection AGideax
Water Acttotal maximum daily loadTMDL) regulationsas well as to protect
groundwater resources in the present and for the future.

In the process of the septic system study, | hadgportunity to further
explore side questions and directions that developed, namely landfill leachate
composition and sucralose (SCL) adduct formation. SCL adduct formation was
prominent inFouriertransform ion cyclotron resonaneTICR) mass spectrontey
(MS) data from samples in the septic system study and other wastewater samples.
While not discussed in this dissertation, SCL adduct formation was also prominent in
Active landfill leachate spectra. The landfill leachate samples in this work were
originally part of a different study in the Gonsior Lab when molecular composition
became a topic of interest to better understand the extfisswved organic carbon

(DOC) concentrations in leachates. While landfill leachate is very molecularly
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distinct fromseptic system wastewater, they are both anaerobic, anthropogenic
wastewaters, with many of the same household product chemical contributions.

In Chapter 2 | presented evidence that SCL has extensive adduct ion
formation potential in commonly used massapometric analytical techniques. In
FTICR MS spectra of\gilent Bond Elut PPLsolid-phase extractePE dissolved
organic matter[OM), SCL was shown to readily form molecular ions, as well as
adduct ions with chloride, formate, nitrate, bromide, awlidie, along with apparent
in-source fragmentation product ions. SCL also tentatively can form adduct ions with
trifluoroacette, bisulfate, certain benzenesulfonates, and other molecules. SCL has
three chlorine atoms, so has many isotopologues with high natural abundances. This
means that in certain samples more thamBflons can be attributed to SCL. This
in-instrument behdor complicates nontargeted data interpretation but could also be
exploited to improve future SCL quantificatiomhich is a goal that should be further
explored Future work should also explore the factors controlling this adduct
formationand identify eher possible adducting ions of SCL in positive and negative
ion mode.

In Chapter 31 used FTICR MS to molecularly characterize septic tank
effluent (STE) impacted and reference stream DOM and septi©@ik (STDOM),
to identify new chemical wastewateacters for STE impact. | related molecular
features to higher impact and identified 137 molecular tracer ions that were only
present in higher STE impacted streams. Tracers were mainly sulfur (CHOS) and
sulfur and nitrogen (CHONS) containing molecules. GH@cers are believed to

relate to sulfonated surfactants and their degradation products, while CHONS tracers
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are thought to be related to microbial activity. | ideatfwhich of these may be the

best performing and also identified other chemical festwhich can be used to
distinguish STE impacted water bodies and approximate level of impact. Septic tank
dissolved organic matter (STDOM) was found to have a more aliphatic molecular
signature with higlhydrogento-carbon H/C) ratios, as well as a higiresence of

CHOS and CHONS formulas. STDOM samples had diverse molecular signatures. In
assessing the presence of identified tracer formulas, 108/137 were also identified in
STDOM, supporting that these are STE impact tracers.

While there are many orgamtiemical tracers used to identify domestic
wastewater input, currently used tracers are maiohtaminants of emerging
concern CEC9 known to be present in household products or human diet. New
tracers identified using a nontargeted approach can inahikdgwn chemicals from
complex product formulations or food composition, metabolites, or transformation
products. These chemical tracers which have not been previously considered may be
better performing or address shortcomings of currently used tracers.

This work is only preliminary but provides new tools for identifying STE
impact and lays the groundwork for future investigations. Similar studies should be
conducted in more regions and in different types of natural w&€B0OM
molecular composition irefation to tank treatment technologies could also be
explored. A future goal is to identify the molecular structures of these tracers and to
develop gquantification methods for them. Another future goal is to identify molecular
differences that could helgetier distinguish different types of wastewater impact,

such as STE, combined sewer overflow (CSO), and treated WWTP effildGR
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MS data should be further explored particular the appareathylene oxidend
propylene oxiddnvomologous seriga STDOM and STE impacted wateasnd
correspondingingly-, doubly, and triply chargedons as these molecules may also
function as wastewater tracers. STDOM molecular composition could be studied
more indepth and stream data molecular composition cbetwbnsidered in relation
to sampling time. Positive mode ESI FTICR MS dataSTDOM and streams should
also be analyzed for characterization and additional tracer development, and
improved ionization ohitrogerrcontaining molecules is expected in positive io
mode.Different SPEand ionization techniques could also be used to analyze
additionalfractions of chemical composition.

Chapter 4explored traditionally used tracer methods to give context to
nontargeted tracer development and to aid in the regioi@rstanding of septic
system wastewater presence in surface waters. A suite of chemical species, CECs,
and other water quality parameters were measured in small streams in Calvert County
and Anne Arundel County, MD. These streams drained areas with gasiric
system densities and land uses. Many of the same parameters were also measured in
septic tank wastewater. The statistical techniques, cluster analysis and multi
dimensional scaling (MDS), were used to assess data.

Commonly used wastewater trackrs k e°NGok, SCL,iacesulfam (ace
K), carbamazepine, totdissolve nitrogen (TDN) and the specific spe®x-NO3
and NH/NHjs are performing well in this region. Many tracers showed the same site

ranking of perceived level of STE impact. Ibuprofen, diclofenac, and triclosan also

178



could be used as tracers for higher levels of STE impact. In contrast, DOM
fluorescence was not founad perform well as a wastewater tracer in streams.

Chemical tracers showed few seasonal trends, suggestingttieaist in this
region, a longeterm study is not needed to identify relative level of STE imJdet.
artificial sweetenersSCL and AceK, appear to be the best performing of the
measured CECs based on stréingarcorrelations with septic system density and
TDN. These are both ubiquitously used and persistent tracers. Septic tank wastewater
had widely varying concentrations of measure@peaters which isxpecteased
on varying household diet and product use. dVerage of these measurements can
aid in interpreting measured concentrationstieams.

While DON was found to be elevated in more STE impacted streams, it also
accounted foa lower % of TDNat these same sites wi t h Acl eaner o and |
impacted streams having higher values of DON/THbwever, DON still provides
critical access to wastewater tracers needed to understand presence of STE. Some of
the CEC tracers used in ststudyareorganic nitrogen compound&dditionally, as
shownin Chapter3, evenwhen only assessing negative mode ESI FTICR MS data,
many of the identified potential tracenswere nitrogenandnitrogenwith sulfur-
containing organics (Table A2.3).

There is a common publiaisconceptiorthatfor properly performing septic
systems, STHEoesnotimpact surface waters and omtgpactsshallow groundwater
aquifers.STE impactwas foundo be essentiallybiquitousin surface waters with

septic systems in their catchmeriigsenat forested, reference sites withv septic
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system densities, SCL and ABecould be detected, with both only being never
detected at the site with no septic systems in its catchment.

A future goal of this work is to integrameeasured data with septic system age
data or an approximate proxy for this like structure Mgasurements could also be
comparedo results modeled using thesapeake Bay Program's Chesapeake
Assessment Scenario AldCAST). Other statistical techniques ligeneralized
additive moded (GAMS) could also be valuable for interpreting datdinal goal is
to be able to quantitativelstimatecontributed STE volume in streams.

In Chapter 51 molecularly characterizklandfill leachaterganic matter
(LLOM) from two Floridamunicipal solid waste (MSWandfills using FTICR M$
also measuring many targeted chemical parameétaedyzedlandfill leachategLLs)
were from a bioreactor landfill that is actively receivimgsteanda landfill that
closed inthe late 1990andits reverse osmosis (RO) treatment system. LLOM was
found to be extremely complex witthggh presence of sulfyrnitrogen, and
chlorine, particularly nitrogersulfur-, containing formulasThere were& specific
m/zions in LLOM, assigned assB1003S andC»4H340s, that were at very high signal
intensity relative to natural DOM or other wastewaters andhlagtperform as
tracers for LL.The organochlorine formula assignments included formuits2-6
chlorine atoms. Testing showed that thehforine formulaCoH4CleOs, may be the
flame retardant, chlorendic acid, and that othBrcBlorine molecules may be related
compounds.

Concentrations of DOC and ammonia were hundreds of, to morathan

thousand, mg C/L and N/L. LLOM also hhigh concentrations of CECwijth
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ibuprofen, SCL, and aelé measured in the hundredsygf/L. Sucralose and ad€
were demonstrated to work time markers fotandfill age.Dissolved iron was also
measured at mg/levelsandthere wasvidence to suggeatsignificant percent of
this may be organicallgomgdexed.

A future research direction is &xplore the identities of thetfigh signal
i ntensity potmézions.iWhile ndi describedriratlisechapter, these
high intensity signals were also seen in a likelydlimeimpacted goundwater
sample in MD.The structural idertyy of the molecules in thethylene oxidend
propyleneoxide homologous series in LLOM ddualso be explored. Apparent
organic complexation of iron could be confirmegdkeeping samples anoxic at
sampling and performing size separation and metal chemical speciation experiments.
Differences in the LLOM composition of the Closed LL and its Ridé@could be
further consideredCalibration of FTICR MS spectra optimized for the higfz
region would allow for additional analysis of the high mass region of LLOM. This is
of significant interest as the signatures between the two landfills have greater
differences in this region, and it would aid in understanttiegdentities of the
multiply charged ions which were ondypparentn the Active LLspectraThe
presence of chlorendic acid should be analytically confirmed and measured. In the
samples inhis study, gas chromatography/MS (GC/MS) could be used to measure
concentrations of structuralhglated cyclodiene pesticides to better understand the
apparent chlorendic acid signal.

There is still minimal data available on bulk composition of LLOM kBhdn

general This study only included 2 landfills, so a future goal is to molecularly
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characterize LLOM from additional landfills, as well as to better relate composition

to received waste, treatment technologies, or landfill age. Thougtuld be

compicated by adduct formation, formulas could also be assigngakitive mode

ESI data to better understand LLOM composition. Using different SPE methods or
ionization techniques would also allow for the identification of different molecules in
LLOM. Long-term waste processing in landfills and the microbial community and
chemical tansformations involved in long term waste degradation are still poorly
understood. A major question to explore is the roles of initial disposal and subsequent
alteration in molecular composition and complexity.

Landfills and septic systems are curreng@ssary treatment technologies
that meet societal needs and help decrease environmental contamination when
alternative technologies are unavailalblewever,both can also be contamination
sources to surface and groundwatefger€ is a need for improveshgineered waste
treatmentsand better ways to track landfill and septic system pollutibope this

work canassist in these goals aal future research into these topics.
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Ap p exn dli

Supplemental Materials to Chapter 2

Text Al.1 Description of Data

FTICR MS data for related signals, SGTI, and NQ s available
(https:/ffigshare.com/s/3352e8215764b8c102838mple datarefrom datamatrices
processed for other studies and slsmme increase in mass error due¢gcessary
light smoothingandmatrix generationas well asnstrument error that affected the
calibration of septic system sample B2_2 at >58Q m/z
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Figure A1.1SCL,[ M T, mKibns (black bars), as observed in the InfluBat
SPEby FTICR MS, compared to seal corresponding theoretical isotopic patterns
(blue circles) at 650,000 resolution at 46 Labels on experimental data are mass
accuracy (ppmNote, background ions are not shown for optimized visualization.
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Figure A1.2SCL in-source fragmentatioproduct,[M i HT HCI]', m/zions (black

bars), as observed in the Influés2 SPEby FTICR MS, compared to scaled
corresponding theoretical isotopic patterns (blue circles) at 650,000 resolution at 400
m/z Labels on experimental data are mass accuggmoy). Note, background ions are

not shown for optimized visualization.
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Figure A1.3SCL chloride addug{M + CI]', m/zions (black bars), as observed in
the InfluentB2 SPEby FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@d_abels on
experimental data are mass accuracy (pplaje, background ions are not shown for
optimized visualization.
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Figure A1.4 SCL formate addu¢{M + CHOQ]', m/zions (black bars), as observed
in the InfluentB2 SPEby FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@d_abels on

experimental data are masmscuracy (ppm)Note, background ions are not shown for
optimized visualization.

186



1p x10° [M+NO,I

10 0.10

Intensity (a.u.)
[e)] (oe]

N

0
457 .5 458 458.5 459 459.5 460 460.5
m/z

Figure A1.5SCL nitrate addugM + NOg]", m/zions (black bars), as observed in
the InfluentB2 SPEby FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@d_abels on

experimental data are mass accuracy (pplaje, background ions are not shown for
optimized visualization.
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Figure A1.6 SCL bromide addug¢{M + Br]", m/zions (black bars), as observed in
the InfluentB2 SPEby FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@d_abels on
experimental data are massaecy (ppm)Note, background ions are not shown for
optimized visualization.
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Figure A1.7 SCL iodide adduct{M + 1", m/zions (black bars), as observed in the
Influent-B2 SPEby FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@d_abels on

experimental data are mass accuracy (pplaje, background ions are not shown for
optimized visualization.
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Figure A1.8 SCL relatedn/zions (black bars), as observed in the InfluBAtSPE by
FTICR MS, compared to scaled theoretical isotopic patterns (blue circles) at 650,000
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of all collected data. Note, background ions are not shown for optimized
visualization.
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Figure A1.9 Potential bisulfate addudiM + HSQu]", m/zions (black bars), as

observed in a lake sample SPE by FTICR MS, compared to scaled corresponding
theoreti@l isotopic patterns (blue circles) at 650,000 resolution at@@0@_abels on
experimental data are mass accuracy (ppm). Note, background ions are not shown for
optimized visualization.
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Figure A1.10Potentialtrifluoroacetateadduct [M + C2FsO2]", m/zions (black bars),
as observed ithe EffluentB SPE by FTICR MS, compared to scaled corresponding
theoretical isotopic patterns (blue circles) at 650,000 resolution ahA0DDabels on
experimental data are mass accuracy (ppm). Note, backgrourat@ngt shown for
optimized visualization.
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Figure A1.11CgHgOsS (top) and ptential[M + CsHoOsS]" adduct(bottom)m/zions

(black bars), as observedthre InfluentB1 SPE by FTICR MS, compared to scaled
corresponding theoretical isotopic pattefinisie circles) at 650,000 resolution at 400

m/z Labels on experimental data are mass accuracy (ppm). Note, background ions are
not shown for optimized visualization
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Figure A1.12C9H1103S (top) and ptential[M + CoH110sS]" adduct(bottom)m/z
ions (black bars), as observedhe InfluentB1 SPE by FTICR MS, compared to
scaled corresponding theoretical isotopic patterns (blue circles) at 650,000 resolution

at 400m/z Labels on experimental data are mass accuracy (ppm). Notgydaat
ions are not shown for optimized visualization.
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Figure A1.13.C13H170sS (top) and ptential[M + CisH170sS]" adduct(bottom)m/z

ions (black bars), as observedhie InfluentB2 SPE by FTICR MS, compared to

scaled corresponding theoretical isotopic patterns (blue circles) at 650,000 resolution
at 400m/z Labels on experimental data are mass accuracy (ppm). Note, background
ions are not shown for optimized visualization.
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Figure A1.14.Potential[M + C7HsOs]" m/zions (black bars), as observediie
InfluentB1 SPE by FTICR MS, compared to scaled corresponding theoretical
isotopic patterns (blue circles) at 650,000 resolution ard@0_abels on

experimental data are mass aemyr(ppm). Note, background ions are not shown for
optimized visualization.
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Figure A1.15C7H4sNQOsS (top) and ptential[M + C7HsNOsS]' adduct(bottom)m/z
ions (black bars), as observedhe InfluentB2 SPE by FTICR MS, compared to
scaled corresponding theoretical isotopic patterns (blue circles) at 650,000 resolution
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ions are not shown for optimized visualization.
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Figure A1.18Magnification of the rass spectrum of the EfflueBtwastewate6EPE

by OrbitrapMS (full scan, 86700m/2 showing SCL irsource fragmentation product

ions.
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Figure Al.19 Magnification of the rass spectrum of the EfflueBtwastewateSPE
by OrbitrapMS (full scan, 86700m/2 showing potential trifluoroacetate SCL adduct
ions.
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Figure A1.20Magnification of the rass spectrum of the EfflueBtwastewate6PE
by OrbitrapMS (full scan, 86700m/2 showing nitrate SCL adduct ions.
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Figure A1.21Magnification of the rass spectrum of the EfflueBtwastewateSPE
by OrbitrapMS (full scan, 86700m/2 showingm/zions identified as bromid81,
bisulfate, and trifluoroacetat
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Figure Al.22Magnification of the rass spectrum of the EfflueBtwastewate6EPE
by OrbitrapMS (full scan, 86700m/2 showing am/zion identified as iodind.27.
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Figure A1l.23Magnification of the rass spectrum of the EfflueBtwastewateSPE
by OrbitrapMS (full scan, 506600m/2 showing iodide SCL adduct ions.
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Figure A1.24HPLC/Orbitrap MS chromatograms of molecular SCL (top) and SIL
ISTD SCL-d6 (bottom). Chromatograms have been smoothed andpgsisition
massfiltered to 0.15 and 0.16/zwindows around exact mass&35.M7 m/zand
403.042m/z respectively, for SCL and S@d6.
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Figure A1.25HPLC/Orbitrap MS chromatogram of the SCL chloride adduct.
Chromatogram has been smoothed and-gogtiisition maséltered to a 0.15n/z
windows around the exact ma&32.981m/z
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Figure A1.26 HPLC/Orbitrap MS chromatogram of the SCL bromide adduct.
Chromatogram has been smoothed and-pogtiisition maséiltered to a 0.15n/z
windows around the exact masses 476193and 476.93In/z
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Appendi x 2

Supplemental Materials to Chapter 3

Table A2.1 Neutral CHOBr formulas assigned in stream DOM.

CisH21BroOy

Ci17H21BrOy

C16H19BrOs

C16H21BrOsg

C17H17BrOsg

C17H19BrOsg

C17H21BrOg

C17H23BrOsg

C18H21BrOsg

C18H23BrOs

C17H21BrOg

C19H23BrOg

Ci18H21BrOg

C19H25BrOsg

C18H23BrOg

C19H21BrOg

C19H23BrOg

Table A2.2 Neutral CHOSCI formulas assigned in stream DOM.

| C16H9ClO6S | C17H9ClOsS | C18HoClOsS |
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Figure A2.1 Van Krevelen diagrams showing intensity averaged CHO formula assignments for sites BFC (2134 septic systems/sq mi)
(left), CBR (864 septic systems/sq mi) (middle), and GC (14 septic systems/sq mi) (right) versus PC (55 septic systems/sq mi)
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