Spatiotemporal variability in dissolved organic
matter composition and its relationship to
photochemical reactivity

Stephanie Marie Berg

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Environmental Chemistry and Technology Program)

at the
UNIVERSITY OF WISCONSIN-MADISON

2021

Date of final oral examination: 04/29/2021

The dissertation is approved by the following members of the Final Oral Committee:
Christina K. Remucal, Associate Professor, Civil and Environmental Engineering
Matthew Ginder-Vogel, Associate Professor, Civil and Environmental Engineering
James P. Hurley, Professor, Civil and Environmental Engineering
Katherine D. McMahon, Professor, Civil and Environmental Engineering
Joel A. Pedersen, Professor, Soil Science



Abstract
Spatiotemporal variability in dissolved organic matter composition and its relationship to
photochemical reactivity
By
Stephanie Marie Berg
Doctor of Philosophy — Environmental Chemistry and Technology Program
University of Wisconsin — Madison

Associate Professor Christina K. Remucal

Dissolved organic matter (DOM) is a ubiquitous group of biologically derived organic
molecules found in all natural waters. DOM makes up a substantial amount of the carbon stored
in surface waters, and its original sources include allochthonous, or terrestrial, inputs as well as
autochthonous, or aquatic, inputs. It is primarily made of up small (i.e., < 800 Da) molecules
including combinations of carbon, hydrogen, oxygen, nitrogen, and sulfur, along with trace
amounts of other elements. Furthermore, it undergoes a variety of chemical and biological
transformations in the environment which adds further complexity to its composition. Importantly,
the composition of DOM dictates its reactivity in a variety of chemical processes which work
together to affect the fate of many contaminants in aquatic systems.

Concentrations and composition of dissolved carbon show high amounts of spatial and
seasonal variability in the tributaries of Lake Michigan and relate to land cover types in the
surrounding watershed. Multiple linear regressions show that concentrations of dissolved organic
carbon ([DOC]) are most strongly related to the presence of wetland land cover. Additionally

[DOCT] is highest in the fall season. Concentrations of inorganic carbon ([DIC]) approximated via
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alkalinity measurements, are more related to surrounding urban land cover and show no seasonal
dependence. [DIC] is also related to the presence of carbonate bedrock underlying the watershed.
Ultraviolet-visible spectroscopy (UV-Vis) shows that DOM is more aromatic and larger in size in
watersheds with more surrounding wetland land cover. Overall, spatial variability exceeds that of
seasonal variability for concentrations of dissolved carbon and composition of DOM. However,
seasonal variation has a larger effect on composition than either concentration term indicating that
environmental processing has profound effects on DOM composition in the tributaries.

Lake stratification and resulting redox conditions within water columns affect [DOC] and
DOM composition. Samples collected from May to November within the water column of Lake
Mendota in Madison, Wisconsin, USA show variability in DOM composition at the bulk level
using UV-Vis spectroscopy and at the molecular level using Fourier transform-ion cyclotron
resonance mass spectrometry (FT-ICR MS). At the surface and throughout the water column,
DOM becomes more oxidized throughout the sampling period. At the surface of the lake, this can
be primarily attributed to photochemical reactions. Within the water column, DOM is larger, more
aromatic, and more oxidized near the bottom of the lake when the lake is stratified. However,
differences in DOM composition with depth are much smaller than the observed temporal
variability.

When DOM absorbs light, it produces a suite of highly reactive photochemically produced
reactive intermediates (PPRI) including excited triplet state DOM (*DOM), excited singlet state
oxygen (10»), and radicals such as hydroxyl radical (OH). PPRI are of interest because they can
react to degrade many persistent organic contaminants in surface waters. They can also react to
alter the composition and bioavailability of the existing DOM pool. Samples collected from the

St. Louis River in Minnesota, USA show that highly saturated DOM produce *DOM and 'O, more



il
efficiently while oxygenated, polyphenolic-like DOM produce ‘OH more efficiently. This
difference in PPRI precursors suggests that unlike !0, “"OH may not form via *DOM which has
important implications for predicting its formation in surface waters.

To determine if relationships between DOM composition and PPRI formation observed in
the St. Louis River are universal, a diverse group of surface waters are considered including
dystrophic bogs, a mesotrophic lake, oligotrophic lakes, eutrophic lakes, and rivers all in rural,
urban, and agricultural land. Additionally, thirteen wastewater effluent samples are analyzed from
five different wastewater treatment plants. Quantum yields for formation of 'O, and "OH are both
related to molecular composition of DOM. For rural and wastewater samples, largely separate
pools of DOM are positively related to 'O, and *OH while for urban and agriculture an overlapping
pool is positively related. Electron donating capacity (EDC) is included as a potential predictor
variable of photochemical reactivity. In these samples, it is positively related to specific ultraviolet
absorbance at 254 nm (SUVA»s4) for all sample types. It is also related to DOM molecular
composition with positive relationships observed for lignin-like DOM for natural waters, but not
related to DOM molecular composition in clear ways in wastewater effluents. EDC shows a
negative correlation to 'O but no relationship to *OH. Overall, "OH formation remains difficult to

predict in diverse natural waters.
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Chapter 1

Introduction

1.1 Motivation

This dissertation considers how the composition of dissolved organic matter (DOM) varies in
time and space and how this variation affects its photochemical reactivity. DOM represents a
significant pool of carbon in aquatic ecosystems therefore any processes that affect DOM affect
the broader carbon cycle of our planet. DOM composition is determined by its source and by the
extent of subsequent processing in the environment. Changes in DOM composition with time and
space alter its reactivity in numerous processes, including the photochemical reactions considered
in this dissertation.

Land cover is a major factor that determines the initial source, and therefore composition, of
DOM. However, few studies consider concentrations of dissolved organic carbon ([DOC]),
concentrations of dissolved inorganic carbon ([DIC]), and DOM composition simultaneously. This
is noteworthy because this limitation does not allow temporal and spatial variability to be
compared directly which represents a significant knowledge gap in the field of DOM in the
environment. We evaluate the variability of all dissolved forms of carbon in tributaries of the Great
Lakes to determine how land cover and temporal variability influence both DOM and DIC.

Reactions occurring within aquatic ecosystems produce, degrade, and alter carbon
concentration and composition. While broad understanding exists about formation and oxidation
of DOM in the environment, little is known about the relative contributions of mechanisms

contributing to the observed changes. For example, only a few evaluations of DOM composition



as a function of depth in freshwaters have been made and observed changes in DOM composition
transformation at the surfaces of waters is often attributed to a variety of processes.

Finally, the amount and composition of DOM in surface waters affects its reactivity towards a
variety of processes including photochemical reactions. When DOM absorbs sunlight, it forms a
collection of photochemically produced reactive intermediates (PPRI) which are highly reactive
in many contexts. Many relationships have been made between DOM composition and PPRI
formation. However, limited information exists about the relationship between PPRI formation
and DOM composition at the molecular level. In particular, predictions about the formation of
hydroxyl radical ("OH) or other hydroxylating species have been elusive in the literature to date.
Here, we apply bulk and molecular level characterization of DOM from diverse sources and
compare relationships to PPRI including triplet DOM (*DOM), singlet oxygen (102) and hydroxyl
radical ("OH). Results are discussed in the context of potential mechanisms for “OH formation,

which are much less understood than the other PPRI discussed within.

1.2 Characterization of Dissolved Organic Matter

DOM consists of mostly carbon, hydrogen and oxygen, with contributions from heteroatoms
including nitrogen, sulfur, phosphorus, and halogens.!? The size of DOM is small and updated
measurements of molecular weight show the majority of DOM is < 800 Da,? although hydrophobic
interactions have complicated estimations of size with earlier overpredictions.* Predominant
classes of compounds include heteropolysaccharides, carboxyl-rich alicyclic molecules (CRAM),
and aromatic compounds.

Analytical techniques to characterize DOM composition are complicated by the fact that DOM

consists of thousands of structurally similar formulas which are not separable by chromatographic



techniques. Nonetheless, characterization of its composition remains vitally important to
understand its functions, reactivity, and fate in natural and engineered environments. Several

articles have been written summarizing characterization techniques.>®

1.2.1 Concentration of DOM

The concentration of dissolved organic matter ([DOC]) is commonly quantified through
the complete oxidation of DOM with subsequent detection of the product CO,. The contribution
of carbonate species originally present in the sample is subtracted out by quantifying the CO»
measured when acid and no oxidizer is used. Other estimates of [DOC] have been made via UV-
Vis spectroscopy using total absorbance values.” [DOC] is commonly reported and is an important
water quality parameter, but it offers no information about DOM composition and thus reactivity

in the environment.

1.2.2 Optical Properties

Ultraviolet-visible absorbance (UV-Vis) is one of the most common techniques for measuring
bulk characteristics of DOM. DOM absorbs the most at short wavelengths and absorbance
decreases exponentially with wavelength (Figure 1.1).% Despite similar overall shapes of spectra,
much compositional information can be gained. Spectral slope indices such as the absorbance at
250 nm divided by the absorbance at 365 nm (E2:E3) are inversely proportional to molecular
weight.®* The molar absorptivity at 254 and 280 nm (SUVAzs4 and SUV Azs, respectively) is
positively correlated to aromaticity using 3C NMR.*!° Values of SUVA have also been related to
indices of molecular weight including positive relationships to molecular weight measured by size

4,11

exclusion chromatography, susceptibility to coagulation,'> and gel permeation
graphy 1Y y g g p



chromatography.!? Optical relationships show that aromaticity and molecular weight are generally

inversely proportional to one another.”-!4
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Figure 1.1. Representative ultraviolet-visible absorbance spectra collected in the St. Louis River,
on the shore of Lake Superior, and final wastewater effluent from a wastewater treatment plant in
Duluth, Minnesota.

Excitation-emission matrix (EEM) fluorescence spectroscopy provides further information
about the optical properties of DOM. Some simple indices have been developed!’ and shown to
be related to DOM compositional information including a negative relationship between the
fluorescence index and aromaticity of DOM. !¢ Fluorescence spectroscopy has also been shown to
be a useful technique to detect the presence of aromatic moieties within DOM.!7 Parallel factor
analysis (PARAFAC) reduces EEM components to quantify subsets of chemical groups (e.g.,
protein-like and humic-like fractions).!®!” However, one limitation to PARAFAC modelling is
that it assumes absorbance based on the superposition of chromophores.?’

Many efforts have been made to determine the major functional groups within DOM giving

rise to optical properties. Borohydride reduction is commonly employed towards these efforts



because this treatment results in the selective reduction of ketone and aldehyde groups within
DOM structures. Subsequent reduction results in decreased absorbance providing evidence that
these structures give rise to much of the overall DOM absorption of light.?!-23

No substantial amounts of compounds known to be present within DOM can account for the
amount of light absorbed by DOM solution at long wavelengths (i.e., >350 nm). Therefore, other
photophysical models besides simple superposition of individual chromophores have been
proposed to account for this light absorbance, including the formation of charge transfer states.?*~
25 Evidence for these species include observations of decreased absorbance at longer wavelengths
made after selectively destructing chromophores using shorter wavelength lasers.?> Additionally,
the selective reduction of proposed acceptor groups including aromatic carbonyl groups also
results in unexpected loss of absorbance at long wavelengths.?? Lasty, the monotonic decrease in
absorbance at higher wavelengths in addition to decreases in photochemical quantum yields at
higher excitation wavelengths is evidence against individual chromophores giving rise to DOM
optical properties.?®34

While charge transfer states can explain observed long-wavelength absorbance of DOM, other
observations are inconsistent with their formation. Most notably, DOM absorbance and
fluorescence has no detectable dependence on temperature or solvent polarity and viscosity.?
Furthermore, distinct distributions of fluorophore lifetimes measured by time resolved
fluorescence spectroscopy yield evidence that superposition of individual chromophores likely do
not explain DOM optical properties.*® It is beyond the scope of this dissertation to engage in this

debate, but UV-Vis and fluorescence spectroscopy represent common methods for DOM

characterization, and therefore it is important to recognize relevant limitations.



1.2.3 Redox Activity of DOM
Redox activity of DOM, such electron donating capacity (EDC) and accepting capacity (EAC),

can be quantified by methods such as direct electrochemical reduction,’” mediated electrochemical

37 8

reduction and oxidation,>” cyclic voltammetry,’® and spectroscopic assays of electron shuttle

molecules.?® Phenols and quinones are key redox active moieties within DOM. Phenolic content,

40-42 while

measured via titrations, has been positively correlated to EDC in numerous studies,
quinones are likely the predominate electron accepting moieties in DOM.*** Measurements of
redox activity made using cyclic voltammetry detect three distinct redox groups. Just two of these
groups show reversible redox character, providing evidence that there is likely a non-quinone

37,45

based structure contributing to the reactivity which may be attributable to heteroatom-

containing functional groups.*-6

Relationships have been drawn between DOM composition and redox activity. For example,
studies have measured higher EDC in terrestrial DOM than aquatic DOM.*° Higher EDC values
are also observed in DOM from natural environments compared to DOM from wastewater
effluents.*’ There is also evidence that the specific molecules giving rise to EDC is different
between natural waters and effluents as one study saw the most electron donating moieties in the
higher molecular weight fractions for natural organic matter but lower molecular weight fractions
for effluent organic matter.*’ Relationships have been drawn to composition including positive
relationships between EDC and aromaticity measured by UV-vis spectroscopy*’ and '3C NMR#°
and negative relationships between EAC and aromaticity measured by '*C NMR. Interestingly, the
slopes of these relationships are the same for terrestrial and aquatic isolates for EAC but different

slopes were observed for the relationship with EDC possibly indicating differences in the groups

giving rise to redox behavior in each class of DOM.*



1.2.4 High-Resolution Mass Spectrometry

Additional molecular information can be gained about DOM composition using ultrahigh-
resolution mass spectrometry including Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS) and Orbitrap mass spectrometry.*®#° In the case of most natural waters,
DOM is typically extracted via solid phase extraction prior to mass spectrometry analysis.>® While
no stationary phase is able to capture all of the carbon, styrene-divinylbenzene copolymer (PPL)
sorbents have been shown to have relatively good recovery (i.e., >60%) and capture a
representative portion of the DOM.>!>* Electrospray ionization is the most common method of
ionization used although others have been compared and contrasted including atmospheric
pressure chemical ionization and atmospheric pressure photo ionization.!> Positive and negative
mode capture complimentary, but unique pools within DOM.!*¢ Negative mode is used most
commonly because carboxylates and other acidic functional groups deprotonate readily. However,
positive mode may be used to specifically consider basic moieties such as nitrogen-containing
functional groups.’® Overall, soft ionization methods are most successful because data
interpretation is based on exact masses of parent ions alone (e.g., no fragmentation).>’

The resulting data are assigned to formula masses based on mass accuracy. Most commonly,
raw data signatures are matched using exact masses by comparing their masses with a list of
potential formulas is compiled using known information about DOM in general.’®*° For example,
the ubiquity of homologous series (i.e., CH> groups or substitution between CH4 and O) have been
leveraged to aid in formulas matching.’” While most labs use in-house programs for formula
matches, publicly available software have been developed.®!

Results of formula matches can be visualized on van Krevelen diagrams® or related to some

bulk reactivity metric and then plotted on van Krevelen diagrams, and bulk weighted averages for



some indices are computed (Figure 1.2).%> Comparisons among mass spectrometers have shown
that relative trends of formulas matches among DOM types are identified consistently, but
parameters such as oxygenation and average molecular weight can vary depending on instrument

settings.5
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Figure 1.2. Example van Krevelen diagram of a sample taken from Sparkling Lake in northern
Wisconsin. Boxes on the plot correspond to 1) lipid-, 2) protein-, 3) aminosugar-, 4) carbohydrate,
5) condensed hydrocarbon-, 6) lignin-, and 7) tannin-like formulas.’

Verification of formulas identified by high-resolution mass spectrometry have been made
using other analytical techniques. For example, % S-containing formulas identified with FT-ICR
MS were linearly correlated with S-content detected X-ray absorption spectroscopy.®® Relative
molecular weights have also been verified by size exclusion chromatography.®® Additionally, mass
spectral properties have been related to other compositional parameters. For example, SUVA2s4
can be positively correlated to formulas with high O:C molecular ratios®” and low H:C ratios (i.e.,
< 1).%8 SUVA,s4 is also positively related to aromaticity as measured by FT-ICR MS® and *C
NMR.!® Some spectral slope ratios including Ez:E3 and S»75.600 can be positively correlated to

relatively saturated (i.e., H:C > 1) formulas as well.®8



1.3 Sources of DOM

DOM source is a major factor in determining its concentration and composition.
Autochthonous DOM is derived from microbes within the water column and is especially enriched
in aliphatic and carbohydrate material.%° In contrast, allochthonous DOM is primarily derived from
terrestrial plants and contains more lignin- and tannin-like material.®® DOM in aquatic systems is
typically a mixture of both autochthonous and allochthonous sources and its composition is further
altered by environmental processing. For example, observations of lower SUVA»s4 in lakes
compared to their tributaries are attributable to the longer water retention times in lakes and
subsequent extent of environmental processessing.’®7!

Land use in the surrounding watershed plays a major role in determining [DOC] and DOM
composition in natural systems.”? By far, the most reliable predictor of [DOC], which is a
measurement of the quantity of organic carbon, is the amount of wetland in the surrounding
watershed.”>#* Other land cover types have also been correlated to [DOC] but with much more
variability among studies. For example, both positive and negative relationships have been
observed between [DOC] and the amount of agricultural land,®®7 urban land,*”~*° and
forests®!:8347 in a watershed. Of course, the conflicting relationships are not evidence of error, but
rather an indication of the diverse effects land cover can have on DOM in aquatic systems. Each
study also varies in the number of samples collected, diversity of watersheds considered in the
study, and model construction.

In terms of composition, wetlands again show the strongest relationships with the amount of
wetlands being correlated with more allochthonous inputs of organic matter using spectroscopic
indices.>8>9192 Other land cover types have also been correlated to more allochthonous DOM

including agricultural land®>®” and forests.’”! In contrast, autochthonous DOM has been
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93 13,87,90,94
t,

positively related to the percentages of forest,”” urban, and agricultural land within a
watershed.®¢

The composition of wastewater is distinct from other natural sources. High-resolution mass
spectral data shows it mostly consists of lipid- and protein- like formulas.’®%> Wastewater-
impacted DOM includes enriched amounts of heteroatom-containing formulas, especially N and

S.%¢ In fact, increased N-containing formulas have been identified in septic-impacted ground

water.”¢

1.4 Transformation of DOM Composition in the Environment

Despite the original source of DOM, its composition can be further altered in the environment.
Transformation of DOM in the environment proceeds through a variety of processes and rates of
these processes are dependent of DOM composition. Some molecules, including carboxyl-rich
alicyclic molecules (CRAM), have been shown to be especially refractory in the environment.”’
CRAM can be identified with a combination of high resolution mass spectral and NMR

spectroscopy analysis.”’

1.4.1 Photodegradation of DOM

Photodegradation can result in complete oxidation of DOM to CO»%*'% and release of

1’1’1,99’105 106

inorganic nutrients in sunlit surface waters including ammoniu nitrate,!* phosphate,” and
sulfate.!%%197 Sunlight can also alter the composition of DOM without resulting in complete
mineralization in a process known as partial photooxidation. Although this process is frequently
overlooked in carbon models, partial oxidation of DOM yielding organic products may be

underestimated by four times.'%
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Compounds within DOM that can be degraded by sunlight include aldehyde and ketone
groups, carboxyl groups, and aromatics.!*!'® Many S-containing formulas have also been shown
to be particularly photolabile.!!!:!!2 Other metrics, such as double bond equivalents minus oxygen
(DBE-O) values greater than 9,!'3 or H:C formulas < 1''* have been used to be successful in
denoting formulas as photolabile. Formulas formed include generally more oxidized

103 and

compounds®®108113:116 including CRAM,'® some carboxylic acids,!'”!!® phenols,
carbohydrates,'” as well as aliphatic compounds.!®® While accumulation of carboxylates have
been observed, there is also evidence of decarboxylation reactions.!? Therefore, while some trends

of photochemically altered DOM may be universal, others depend on original DOM composition

and the mechanism of the degradation.

~ direct
products

products

\02. o, /

/\

DOM =—— 'DOM — 3DOM products

— indirect

products

Figure 1.3. Schematic showing pathways of direct and indirect photodegradation. Indirect
photodegradation involves reactions with PPRI including *DOM, '0O», and "OH.

The change in optical properties following either sunlight or laboratory irradiation are largely
consistent across studies. Overall, general loss of absolute absorbance is observed,!01:103,105,119-124
as well as SUVA»g.!%° Additionally, numerous metrics measuring DOM molecular weight have
shown overall decreases during irradiation including measurements made by FT-ICR MS!% and
UV-Vis absorbance spectral slopes.!**!25 The ability of photochemistry to alter DOM composition

has been shown in lab irradiation experiments to result in similar DOM types to those found in the
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epilimnion of arctic lakes.!?® Successful attempts have been made to model photobleaching in
surface waters and overall, temperature and exposure history were predicting variables in these
models.!?’

Photochemical alteration of DOM can occur directly through destruction of chromophores
within DOM. It may also occur indirectly through reactions with photochemically produced
reactive intermediates (PPRI) which are excited state species and radicals such as triplet excited
state DOM (*DOM), singlet excited state oxygen (102) and hydroxyl radical ("(OH) among others,
are formed during irradiation of DOM (Figure 1.3).!2® Evidence exists that *DOM can oxidize
some DOM including carboxylic acid structures.!?® Photodegradation via 'O, and "OH have also
been proposed.'** However, a few studies show the reaction with 'O, may be minimal.!3%!3!

Furthermore, while DOM acts as a sink for "OH ! resulting in transform of DOM composition, 33~

135 it is unlikely to contribute to mineralization.!3

1.4.2 Microbial Alteration of DOM

Microbial activity can affect both [DOC] and DOM composition with the result often
depending on original DOM composition. Importantly, microbial alteration includes a
combination of microbial degradation of organic matter leading to complete mineralization to
inorganic forms or transformation to organic products, as well as microbial production of DOM
via carbon fixation. Fresh DOM, including from newly degraded allochthonous material or DOM
from melting glaciers has shown to be relatively bioavailable.!3” Furthermore, protein-like DOM

138-140 and

has also been described as particularly labile as measured by fluorescence spectroscopy
FT-ICR MS.'#!-143 Several observations of readily bioavailable formulas point to those with high

H:C values!*+!% as well as both low!4¢ and high'4” O:C ratios. Preferential consumption of smaller,
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less aromatic, and N-containing DOM has been observed.!**!#® Much like photochemistry,

149.150 and other water

microbial alteration also ultimately depends on initial DOM composition,
chemistry parameters including dissolved oxygen.!'>!
Microbially-produced DOM is structurally different than terrestrial or older forms of DOM.

This DOM may have low SUV A»s4 values,'? increased N-content,!3%-153

increased polysaccharide
content,'>* and overall higher O:C ratios compared to terrestrial DOM.!*® Overall lower apparent

molecular weight is observed.!'4’

1.4.3 Simultaneous Photochemical- and Biological Degradation of DOM

While photochemical and biological alteration of DOM are often considered independently, it
is important to note that both occur simultaneous in the environment and thus each affects the other
rate. Some studies have concluded that photochemical alteration!> explains DOM variability in a
given system while other conclude microbial alteration is the major transformation process.!®
Ultimately, this depends on many factors and will continue to be difficult to compare because the
two processes are inherently related to one other.

Following irradiation, both increases and decreases in bioavailability of the DOM have been
observed which is likely a result of differences in original DOM composition and the microbial
community.!93:105.118.156 Some variability in the literature may also be due to differences in reaction
time and whether or not microbial communities have had time to evolve to use the available carbon
source.”® Overall, irradiation of terrestrial DOM increases bacterial use as more complex DOM is

99,117,118,157

degraded to more bioavailable forms, while irradiation of aquatic DOM decreases

bacterial use as particularly labile substances are reacted away.!'!® Furthermore, some microbially-



14

produced DOM is structurally similar to photoreactive compounds possibly creating a cycle of

formulas with fast turnover.!38

1.4.4 Sorption and Desorption Processes Affect Composition

Physical properties such as sorption and desorption and precipitation can also affect the
composition of the DOM detected in the corresponding aqueous phase. For example, the sorption
onto iron oxides, particularly ferrihydrite,'>® has been shown to remove DOM from the dissolved

160-163 and preferentially DOM that is terrestrially-dervied,!6+!6° larger,'>® or carboxylate-

phase
rich.!8 In fact, decreases in [DOC] at oxic-anoxic interfaces have been observed in porewaters. %
Incubations with porewaters conducted in anoxic conditions have shown the accumulation of
tannin-like DOM.!67:168 Potentially, the dissolution of iron oxides in reducing conditions releases
the tannin-like DOM that had preferentially precipitated.'” Many studies have also evaluated
DOM composition in porewater and have found that this DOM is overall larger, less oxygenated,

164,169.170 and enriched in N and S as

more unsaturated, enriched in polyphenolic compounds,
compared to water near the bottom of the water column.5>!67:16%171 Thyg  changing redox

conditions can result in the dissolution of this type of DOM in the hypolimnion of lakes.

1.4.5 DOM Variability Within Water Bodies

The competing processes of photodegradation, microbial degradation and production, and
sorption can lead to variability of DOM with time. For example, DOM composition can vary
within the water column of individual water bodies such as lakes. Stratification of lakes can have
profound effects on DOM composition temporally and as a function of depth. In one boreal lake,

the highest weighted averages of O:C ratios (O:Cy) were observed at the bottom lake in April, but
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by June the surface had higher O:Cy, ratios as measured by FT-ICR MS.!7? It is possible that this
observation is due to photooxidation occurring at the surface of the lake. In fact, formulas with
high O:C ratios have bene positively correlated to water residence times in a lake in Sweden,'!*
and increases in O:Cy, weighted average of double bond equivalents (DBEy), and a modified
calculation of aromaticity index (Almod) detected by high-resolution mass spectrometry increased
from May to March of the following year in a eutrophic lake in China.!”® Variability in changes in
amounts of N-containing DOM formulas in eutrophic lakes have been observed in summer months
with both increases!’ and decreases®® reported for a eutrophic lakes. DOM transformation at the

8

surface of stratified lakes!®® and arctic surface waters!> have been attributed primarily to

photochemical reactions.

1.5 Photochemical Reactivity of DOM

Upon absorption of sunlight, DOM produces a collection PPRI including triplet excited state
DOM (°DOM), singlet excited state oxygen ('O2), hydroxyl radical ("OH) and other hydroxylating
species, superoxide radical anion (O;™), hydrogen peroxide (H20;), carbonate radical anion
(COs*), and hydrated electron (€hydrated). These species are noteworthy because they can react to
degrade many persistent organic contaminants in surface waters (Figure 1.3). They can also be

175-178 as well

leveraged in some UV-based advanced oxidation processes to degrade contaminants,
as some bacteria and viruses during water treatment.!”>-1¥! Besides contaminants, PPRI also react
to degrade and transform DOM itself which has implications for microbial utilization of the DOM,
as well as the global carbon cycle generally.'®?

Predicting indirect photolysis rates of contaminants requires quantification of PPRI generated

when DOM is exposed to sunlight. However, the detection of PPRI is complicated by the fact that
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many are too short-lived to be amenable to traditional analytical techniques. Instead, many PPRI
are commonly measured indirectly through reaction with probe compounds.'®? The energy- and

electron- transfer reactivity of *DOM are often measured through reaction with sorbic acid!®* and

19185

2,4,6-trimethylphenol,'® respectively. 'O, is quantified by it reaction with furfuryl alcohol, while

*OH and hydroxylating capacity can be quantified using terephthalic acid.!®¢!87 10, can also be
measured directly using phosphorescence.!'®® Quantum yields for formation of each PPRI refer to
the efficiency of the reaction or the number of PPRI produced per photon of light absorbed. They
are commonly calculated via comparisons to chemical actinometers such as p-
nitroanisole/pyridine solutions, which are well-studied chemicals used to quantify light
intensity. %

While experiments have not been conducted for every organic contaminant detected in surface
waters, some general conclusions can be drawn about PPRI and contaminant photodegradation.
Additionally, several reviews have been published on the topic including reviews on indirect

190,191

photolysis of pharmaceuticals and pesticides.!”?> Some contaminants, such as fludioxonil'®?

and some fluoroquinone antibiotics,!** degrade faster through direct photolysis (e.g., absorption of
sunlight break bonds to degrade the contaminant); therefore, the presence of DOM actually inhibits

their degradation (Figure 1.3).!9>1%6 Contaminants with phenol or aniline groups and specifically

198 199

acetaminophen, '’ isoflavones,'*® phenylurea herbicides,'” and 17a-ethynylestradiol?* have been

shown to be susceptible to oxidation by 3DOM.2°202 10, has been shown to react with

fludioxonil,'”? dichloroacetamide safeners,?*® thiol- groups at high pH,*** benzotriazoles,?’?

8

isoflavones,'?® and niclosamide.?”® *OH is known to react with dichloroacetamide safeners,?’?

205

thiol-groups at low pH,?** benzotriazoles,?® alachlor,?’” ionic liquids,?’® and 17a-ethylestradiol. 2%
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CO3>" is a more selective PPRI but is reactive towards aromatic amine and S-containing

209 and has also been implicated in the degradation of a cyanotoxin.?!

contaminants

Perhaps even more valuable than individual contaminant degradation studies are those that
develop relationships between contaminant structure and degradation rates. Relationships have
been developed that show that N-containing contaminant degradation rates by both *DOM and
COs?" can be predicted by one electron oxidation potentials.?!! Furthermore, electron donating and
withdrawing groups affect the rates of pyrroles with *DOM.!3 Relationships have also been
developed and shown to predict phenol and phenolate degradation via *DOM, 'O, and COs*-

212

using one electron oxidation potentials.?!> Degradation of phenols and anilines by *DOM have

been modeled well by oxidation potential and OH bond dissociation energy, respectively.?!?
Importantly, photodegradation rates in the field depend on many more factors than laboratory
conditions (e.g., cloud cover, canopy cover, and residence times) and slower than expected
photodegradation rates are often observed.?!'%?!> Other complexities that need to be addressed
include the need for accurately extrapolate results to polychromatic sunlight conditions.?!®
Furthermore, there is a need to identify products of photochemical degradation as reactions with
most PPRI do not result in mineralization of the contaminant and therefore both increases and
decreases in toxicity of solution mixtures following irradiation have been observed.?!’-2!” In fact,
the photodegradation products of some contaminants, including dienone and trienone steroids,
revert back to parent products in environmental conditionals and thus probably should not be
considered degradation products at all.?!32!° While this is not an exhaustive list of the contaminant

photodegradation literature, it serves to demonstrate how understanding PPRI formation in natural

waters is vitally important to the goal of predicting contaminant fate in the environment.
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1.5.1 Triplet DOM (*DOM)

Upon absorption of light, DOM can enter into its singlet excited state ('DOM).?2° These species
are relatively short-lived (e.g., 100 picoseconds) with most undergoing internal conversion back
to their ground state and others emitting a photon of light and fluorescing back to ground state.?”
However, a fraction of these species undergo intersystem crossing to enter into a triplet excited
state (DOM).??° SDOM has much longer lifetimes and therefore undergoes a wider variety of
reactions.>® The predominant quencher of *DOM is oxygen (O), but *DOM can also react with
other organics including DOM or contaminants via energy->?! or electron- transfer processes.??>22?

Measurements of steady-state concentrations and quantum yields for formation of *DOM are
commonly made through use of kinetic probe molecules which react selectively and with known
rate constants. The isomerization of sorbic acid can quantify energy transfer ability of SDOM.!#*
However, the energy needed for this isomerization is 250 kJ mol™!. Most triplet energies are
estimated to range from 170 — 300 kJ mol! and therefore sorbic acid isomerization is only able to
capture the top 59% of DOM.?20:224 2 4 6-Trimethylphenol (TMP) has been used to quantify the
electron-transfer ability of *DOM. Often, quantum yield coefficients (frmp) are commonly reported
rather than quantum yields for this probe so as to avoid the need to estimate deactivation rate
constants with DOM. While absolute values between frmp and quantum yields (®s3pom) are
different, they generally follow the same trend and the ®3pom notation will be used throughout this
section.??> TMP likely captures a much larger percent of the *DOM pool.??> However, since this
probe degrades through a radical cation intermediate which can undergo reduction by DOM back

202,225-230

to the parent probe, other electron transfer probes have been proposed including N-

cyclopropylanilines whose rings are opened following oxidation by *DOM making the reaction

202

irreversible.”Y” Evidence exists that the reduction of the radical cation intermediate is due to
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phenolic moieties since ozonation of the DOM, which preferentially destroys phenolic groups,
decreases the inhibitory effect.?*! Generally, steady-state concentrations measured in whole waters
range on the order of femtomolar — picomolar and quantum yields 10 — 102,220

Because DOM is a diverse group of organic molecules, so too is *DOM. Much effort has been
put in to determine the structures in DOM most likely to give rise to the *DOM population.
Decreases in *DOM after selective reduction of aromatic ketones by borohydride reduction are
evidence that these groups are a dominant precursor to *DOM.?3? However, some formation of
3DOM is still observed even after reduction meaning that other groups must also contribute to the
3DOM pool.?*

The role of DOM composition in the formation of 3DOM varies in the environment. Overall
autochthonous DOM consistently has higher quantum yields than allochthonous DOM.
Wastewater effluents have especially high ®3pom.”!?2>22® Surrounding land cover also has an
effect. For example, ®3pom were found to increase moving from watersheds dominated by rock <
meadows < trees land cover.?** Another study found that ®3powm varies as a function of surrounding
land cover with values increasing from forest < croplands < wetlands.?** Because DOM

80,235-241

composition varies between seasons, so too does ®@3pom. While seasonal variability of

®3pom has not been considered extensively in the literature, observations of ®3pom increasing from
spring to fall in prairie pothole wetlands have been made.?*® Water chemistry parameters can also

affect observations of *DOM. For example, increases in [’ DOM]ss were observed with increases

242,243

halide concentrations and attributed to a decrease in *DOM rate of decay.?*?

Many relationships between ®@3pom and DOM compositional parameters have been made. The

most common observation is that DOM that is smaller in molecular weight has higher ®3pom. This

66,71,234,239,244-249

has been demonstrated using the optical property Es:Es, as well as using
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coagulation to reduce molecular weight.?>° Negative ®spom correlations to measurements in
aromaticity, such as SUVAjs4, are also commonly reported.”!?3424® Negative relationships to
EDC?** have been observed and are likely due to increased redox activity quenching *DOM.
Several studies have correlated ®3pom high-resolution MS data with observations including

positive relationships to formulas with high H:C ratios.”!-?27-243

1.5.2 Singlet Oxygen (10:)

10, is formed during the irradiation of natural waters via energy transfer from *DOM to 023!~

233 Lifetimes are on the order of microseconds®*

with steady-state concentrations around tens of
picomolar. Quantum yields for the formation of 'O2 (®102) decrease with increasing excitation
wavelength?8-302% and range from 8 x 102 — 1.6 x 10-2.2°° Because *DOM is a direct precursor to
'0,, the same functional groups in DOM giving rise to *DOM also give rise to '0,. As observed
with 3DOM, borohydride reduction of aromatic ketones and aldehydes decreases ®102.%

!0, reacts with electron-rich function groups including double bonds in [2+2] cycloaddition
reactions.?>® Reactions products include endoperoxides and ring-opened products.?>*>7 Sinks of
!0, include electron donators within the DOM pool resulting in the production of O>™ and

subsequently H,0,,!30-28

although the extent of this reaction may be insignificant in the
environment.*">13! 105 can also react with tertiary aliphatic amines via energy transfer reactions.?>*

Variability in @02 exists and is associated with the composition of DOM. Like ®3pom, @102
are also higher in autochthonous DOM than allochthonous DOM.% Wastewater has been shown
to have especially high ®;0,.7!223228.25% Observations of @02 increasing from spring to fall have

also been made.??°
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Many relationships have been made between DOM composition and the formation of 'O2 and
mirror those observed for DOM. For example, negative correlations between @02 and molecular

weight using optical properties have been made,30:06-259-261.71,125,239.244.246-249 iy o luding among black
b

262,263 228 66,259

carbon and wastewater samples=°® and for molecular weight using size fractionation or
coagulation.?>® Negative relationships to aromaticity based on SUVAjss values have also been
made.”'?* @0, shows negative relationships to EDC likely because of *DOM quenching by redox
capacity of DOM.!%5244 Relationships have also been made to high-resolution mass spectrometry
data and include positive correlations to formulas with high H:C ratios, which is similar to the

relationships observed for *DOM."!-245

1.5.3 Hydroxyl Radical ("OH)

‘OH is produced during the irradiation of surface waters. Irradiation of nitrate and nitrite can
produce "OH,!32:264-266 45 well as some photo-Fenton processes,?¢”-2%8 but these reactions cannot
account for all of the observed "OH produced in many systems.?®” Steady-state concentrations of
*OH during irradiation of whole waters are generally lower than those of *DOM and 'O, and are
in the attomolar range (i.e., 107'® — 10-!%). Quantum yields vary by several orders of magnitude
between 10 — 1073,

Terephthalic acid is the most common probe common used to measure ‘OH in aquatic
photochemistry but other compounds have been compared and contrasted.'#627%2"! Some probes,
such as terephthalic acid, cannot differentiate between free *OH and other hydroxylating species
and evidence exists that both are formed during irradiation of DOM.?’>27> Because the vast
majority of the DOM photochemistry literature makes no attempt to differentiate between the two,

the discussion here will also group them together unless otherwise noted.
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Formation of "OH varies in the environment. Lower “OH formation rates have been observed
in rivers as compared to lakes.?’® ®.on has been shown to be especially high in wastewater
effluent.?’”” DOM with relatively high polyphenolic-like structures also have high ®.on.”!?’8 Water
chemistry parameters may also play a role. For example, decreases in ®.on have been observed
with increasing halide concentration.?#?

Evidence exists that multiple mechanisms lead to *OH formation. Both an H>O»-dependent and
H>0»-independent pathway for ‘OH formation have been proposed.?’> The H»O»-dependent
mechanism likely involves direct photolysis of photochemically produced H>O». H>O; production
can occur through Oy dismutation previously formed via O, reduction.'*'2” However, observed
‘OH formation in anoxic conditions provides evidence of an O»-independent pathway that does
not involve Oy” intermediates.?®*2® In the H,O,-independent pathway, H-atom abstraction by
water has been hypothesized?’#?80 and lack of ‘OH formation in experiments conducted in

28 ‘While differentiating between the two

acetonitrile show “OH formation does need water.
mechanisms has been elusive, there is evidence via catalase addition experiments that a
combination of both mechanisms may occur.?’”> In fact, quantum yields for *OH formation show
different wavelength dependence in oxic and anoxic conditions.?®® 'DOM, *DOM, DOM charge
transfer states, and exciplexes between water and excited state DOM have all been proposed as
precursors to both of these mechanisms. 2326027327 Higher ®.on in oxic waters may be taken to
mean that the O-dependent pathway dominants in sunlit surface waters.?®

Efforts have been made to relate ®@.on to properties of DOM composition. However, much
more variability exists in these relationships than those developed for either *DOM or !O..
246,248,249

Molecular weight has been negatively related to ®.on using optical properties,

ultrafiltration,?! and coaugulation.?® A parameter similar to ®.on, carbon normalized ["OH]ss, is
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positively related to aromaticity and negatively related to molecular weight of DOM using optical
properties.?’® Aromaticity estimated by SUV Axss has been shown to be negatively related to ®.on
in some studies®*® or not related in others.”!

Sinks of *OH in environmental waters include DOM and carbonate species, although under
typical environmental conditions DOM is likely the dominant sink.!3? *OH reacts quickly with
organic molecules with slight dependence on temperature and organic composition,?8%-282-28 *QH
reacts lignin-like DOM to form CRAM molecules which are highly recalcitrant in the

environment.!3 Reactions have also been shown to produce both reduced and saturated

formulas.'33

1.5.4 Superoxide Radical Anion (O>")

Although superoxide radical anion is not very reactive with organic compounds, it contributes
to contaminant and DOM transformations by serving as a precursor to ‘OH. O>™ forms as a result
of redox reactions and specifically reduction of O,.13127 Precursors likely include reducing agents
among DOM,*1-131.287-291 glthough 'DOM*! and € hydrated have also been proposed.?*? A few studies
specifically rule out formation via other PPRI including *DOM#*?2 and 'O, reaction with
DOM.#-13! Formation through reduction of O, by charge transfer states of DOM has been proposed
based on the fact that phenolic groups within DOM are positively related to both formation and
decay rates of O>™ during irradiation.*! In fact, O>"has been shown to react with DOM which may
produce a DOM reducing agent (DOM™)?>* that could potentially go on to regenerate O>™. This
mechanism is consistent with excited states of DOM, but specifically not *DOM, leading to O™

formation.*!
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1.5.5 Hydrogen Peroxide (H>0>)

H>0; is formed during irradiation of natural waters and is related to O>" formation.?*3-*%* O™
is easily reduced to H»O, under environmental conditions.*! H>O: has been observed following
!0, reaction with DOM!? but this pathway is expected to be minimal in environmental
conditions.?**2%* Unlike *DOM and 'O,, borohydride reduction does not decrease quantum yield
for H>O» formation (®n202), which suggests that triplet aromatic ketones and aldehydes do not
contribute to H>O> formation.?*

Production of H,O, depends on DOM composition. Positive correlations have been made to

125,260 and

increasing aromaticity measured via '*C NMR,?*> molecular weight measured optically,
to measurements of EDC.!® Likewise, rates of H>O» production increase with addition of phenolic

compounds to DOM solution.?**

1.6 Relationships Between PPRI

Understanding the relationships between different PPRI can yield evidence about their
formation mechanisms. For example, the production of *DOM and 'O are correlated based on the
fact that *DOM a direct precursor to 'Q,.66:71,225,228,244-246.299 Sy me exceptions to this general trend
exist such as increases in ®i0> but decreases in ®3powm following photooxidation experiments.!?®
Also, for black carbon specifically, evidence for a separate pool of DOM forming *DOM compared
to 'O, exists.?6

Relationships between ‘OH, O>", and H>O; with other PPRI vary in the literature. Opposite
trends between 3DOM and "OH,”! 'O, and "OH,’! and 'O, and H,O, have been reported.?*® In

contrast, trends in the same direction have been observed for *DOM and *OH.?*¢ Observations of

no trends between *DOM and "OH as well as 'O, and "OH have also been reported.’!-?#
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Another method for evaluating relationships between PPRI formation is to alter the DOM
composition in some way, and then measure resulting quantum yield for PPRI formation. Some
treatments have had the same effect on all PPRI. For example, increasing chlorine dosage in a
UV/HOCI advanced oxidation process led to increases in ®3pom, @102, and ®.on.?*® Similarly,
coagulation treatment also resulted in increases in ®3pom, P02, and ®.on.?>° However, in other
cases divergent trends are observed. Increasing halide concentrations led to increases in ®3pom
and @02 but decreases for ®.on.?*? Following photooxidation experiments, @10, increased while
quantum yields for ®3pom, @202, and @.on decreased.'?’ Clearly, it is not yet possible to ®.on in

diverse samples or during treatment processes.

1.7 Identified Research Needs

Both the concentration and composition of DOM influence its reactivity, yet many studies
that quantify these properties are limited in scale and it is unclear what factors ultimately determine
the quantity and quality of DOM. Specifically, a systematic study including measurements of
[DOC], [DIC], and composition as a function of both land cover and season is lacking. As a result,
no direct comparisons of the effect land cover versus season of sample collection have on the three
parameters listed above have been made. Additionally, as land use continues due to wetland
destruction and urbanization, studies considering wide ranges of land cover in a given geographic
area are needed.

In addition to original DOM source, processing of DOM in the environment also drastically
affects composition in the environment. In particular, long residence times at the surface of
stratified lakes result in extensive processing of DOM. Both photochemical and microbial

alteration work to control DOM composition in surface waters. However, traditional analytical
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techniques make it hard to disentangle the two processes. Furthermore, stratified lakes experience
steep redox gradients which are expected to alter DOM composition due to divisions in microbial
metabolism, precipitation and dissolution reactions, as well as distinct transformation pathways in
hypo- and epilimnion due to prolonged periods of unmixed layers. In the literature, DOM
transformation at the surface of lakes has been considered but the contribution of specific
mechanisms is not well understood. Furthermore, reports of DOM composition as a function of
depth and redox state are lacking in the literature.

Finally, the composition of DOM controls its reactivity towards numerous processes
including photochemical reactivity. An understanding of the ability of DOM to produce PPRI is a
prerequisite to predicting contaminant fate in environmental surface waters. While many
relationships have been drawn between PPRI formation and bulk composition, very few have been
drawn to molecular composition and specifically none between formation of ‘OH and DOM
molecular composition. This is of particular interest because ‘OH is reactive towards the widest
variety of contaminants and its dominant mechanism for formation is still under debate. Therefore,
relationships between its formation and DOM composition are not easy to predict and may yield

mechanistic information which would be of interest to the broader aquatic chemistry field.

1.8 Research Objectives

A brief overview of the research chapters found in this dissertation are included in this
section. Chapters 2 — 5 are the main research articles prepared for publication. Chapters 2 and 3
focus on DOM composition in tributaries of Lake Michigan and in Lake Mendota, respectively,
and include discussions on how DOM source and subsequent environmental processing affect its

composition. Chapters 4 and 5 consider the dependence of DOM photochemical reactivity on
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DOM composition. Bulk and molecular characterization of DOM are included in both studies.
Finally, Chapter 6 includes a summary of the presented work as well as suggestions for future
work based on the results of these studies.

In Chapter 2, measurements of [DOC], [DIC], and DOM composition via UV-Vis
spectroscopy (e.g., E2:E3 and SUV A»s4 measurements) are presented for > 100 tributaries that drain
in Lake Michigan. These samples were collected once in all four seasons. Multiple linear
regressions were developed to determine the predictive ability of surrounding land cover in the
watershed and season of sample collection on each of the four parameters. For [DIC], geologic
information about the underlying bedrock was also considered in the model. The scale of this study
allowed for the direct comparison between spatial and seasonal variability for each parameter.

Chapter 3 provides a detailed analysis of DOM composition in Lake Mendota during ice-
off conditions. Samples include both integrated epilimnion samples and depth-discrete samples
collected during stratification. [DOC] and UV-vis measurements are presented for all samples and
FT-ICR MS data is available for a subset of the depth-discrete samples. At the surface, correlations
between mass spectrometry data and both chlorophyll and light intensity allow for the comparison
of photo- and bio- transformation. Measurements throughout the water column allow the
composition of DOM as a function of depth to be evaluated.

Relationships between DOM composition and photochemical reactivity for samples
collected throughout the St. Louis River and Estuary in Minnesota and Wisconsin are presented in
Chapter 4. Composition of the DOM is analyzed via UV-vis spectroscopy and FT-ICR MS and
results are related to PPRI formation during irradiation. Differences in relationships between PPRI

and DOM composition are interpreted in terms of mechanisms for PPRI formation.
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Finally, Chapter 5 is an extension of the work presented in Chapter 4. Here, sample
collection is expanded to include rural, agricultural, and urban watersheds with samples collected
from lakes, rivers, and agricultural ditches to test whether the trends observed in Chapter 4 are
universal in more diverse DOM sources. Additionally, 13 samples from five different wastewater
treatment plants are included allowing for both the comparison of wastewater effluents to natural
waters as well as comparisons among effluents from treatment plants receiving different source
water and employing different treatments. The additional characterization technique of electron
donating capacity is presented for this study and used as a potential predictor of photochemical
reactivity. Lastly, the large data set compiled for this study allowed for the development of multiple
linear regression models to predict quantum yields for PPRI formation.

In Chapter 6, a brief summary is provided of the previous 4 research chapters. Broad
conclusions are drawn outstanding questions are outlines. A subsection of this chapter details

suggestions for future work.
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Chapter 2

Seasonal and spatial variability of dissolved carbon
concentration and composition in Lake Michigan
tributaries

2.1 Details on Collaboration
Chapter 2 is a collaboration between Stephanie Berg, Christina Remucal, Megan McConville,
Robert Mooney, and Peter McIntyre. R.M. collected the samples and developed the models. M.M.

and S.B. performed the analyses. S.B. wrote the manuscript with input from all coauthors.

2.2 Abstract

Dissolved organic matter (DOM) is a complex mixture of many compounds, and its
composition dictates numerous reactions in the environment. Large lakes and marine coastlines
receive DOM from watersheds that differ widely in their land cover, with potential implications
for both the quantity and composition of carbon inputs. Seasonal variation in DOM quantity and
composition may also differ among tributaries and be mediated by land cover. Here, we quantify
spatial (i.e., among tributary) and temporal (i.e., among season) variation in DOM concentration,
DOM composition based on ultraviolet-visible spectroscopy, and alkalinity across 101 tributaries
of Lake Michigan, one of the world’s largest lakes. Wetland land cover has the largest effect on
DOM, producing high concentrations of DOM that is more aromatic and larger in apparent
molecular weight. Seasonal variation is also pronounced, with concentrations and aromaticity of

DOM peaking in fall across most tributaries. Watershed lithology and land cover both affect
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inorganic carbon chemistry; alkalinity is associated with the geography of carbonate bedrock and
is enhanced in urbanized watersheds. Watershed land cover has a larger affect than season on all
four carbon parameters. However, seasonal variation is especially important for DOM
composition. This disparity suggests that environmental processing of DOM within river channels
mediates its composition more than its concentrations. Considering the wide range of land cover
and lithology around Lake Michigan and other large water bodies, accounting for both spatial and

temporal dynamics is essential for understanding controls on DOM delivery.

2.3 Introduction

Dissolved forms of carbon represent a significant portion of the global carbon pool.! Dissolved
inorganic carbon (DIC), which exists as carbonate species in water, exchanges with carbon dioxide
in the atmosphere and can be converted to and from dissolved organic matter (DOM) through a
variety of processes.>* DOM is a mixture of biologically-derived molecules that are diverse in
their molecular composition, size, and properties. The composition of DOM depends on its original
source (i.e., allochthonous inputs of terrestrial plant matter versus autochthonous material from
algae and microbes) as well as processing via chemical* or biological reactions.> Anthropogenic
pollution such as from leaching from impervious surfaces or wastewater discharge can further
diversify DOM composition.®’

DOM plays many key roles in aquatic environments, such as fueling microbial metabolism?*®
and absorbing ultraviolet light entering the water.” It also mediates reactions that affect the fate of
metals and organic contaminants through physical, chemical, and biological processes.!’"!? For
example, DOM in surface waters can both decrease and enhance photochemical reactions that

degrade persistent chemicals.!* Importantly, the composition of DOM affects the rates and extent
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of many of these reactions.!*!> The composition of DOM also represents an important component
of water quality as a whole. DOM in drinking water sources can be problematic because reactions
with disinfectants such as chlorine and chloramine form toxic by-products.'¢ Evidence shows these
reactions are selective and the composition of DOM in source water affects by-product
formation.!”

Despite being among the largest lakes on Earth,!® the Laurentian Great Lakes (hereafter Great
Lakes) are strongly influenced by inflows of nutrients and carbon from tributaries.!® Moreover,
vast differences among tributaries in watershed land cover, discharge, and chemistry can create
substantial differences in loads along the coastline of large lakes and seas.??! Indeed, the observed
spatial heterogeneity of nearshore nutrients and microbial metabolism within the Great Lakes is at
least partially attributable to disparities in tributary inputs.!>?> Recent work has addressed both
spatial and temporal variation in tributary loading of nutrients across many Great Lakes tributaries
revealing that small watersheds can have outsized influence on nearshore chemistry.2%?! In
contrast, variation in the quantity and composition of dissolved carbon inputs has received less
attention across the spectrum of land cover, bedrock geology, and seasonal dynamics.

The concentration of dissolved organic carbon ([DOC]) is much more commonly reported in
surface waters than measurements of its composition or concentrations of inorganic carbon. For

23,24

example, previous research reports [DOC] in studies that take place over multiple years, asa

25,26 28—

result of spatial variability,?>® as a function of season,?” or variability due to a changing climate.
30 However, only a subset of existing [DOC] studies also include measurements of DOM
composition (Table A.1).>! While these studies provide useful data, an understanding of the

variability in DOM composition across a wide spatial scale is critical for assessing its

environmental reactivity.
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Here we use ultraviolet-visible (UV-vis) spectroscopy to characterize DOM composition
in tributaries of the Great Lakes. This technique is simple and inexpensive compared to other
methods,* allowing us to consider differences in DOM composition across our entire data set.
Additionally, UV-vis spectroscopy is the most commonly used technique for evaluating DOM
composition and makes our results easily comparable to other studies.>* Furthermore, the
development of relationships between more complex DOM characterization (e.g., high-resolution
mass spectrometry and nuclear magnetic resonance spectroscopy) and UV-vis measurements make
UV-vis analysis even more informative.**3>

Here we evaluate patterns of both concentrations and composition of dissolved carbon
reaching Lake Michigan during each season from 101 tributaries spanning its >2,000 km
circumference, likely making the relationships discovered in this study more applicable to other
sites. Our primary objectives are to test how land cover and seasonality give rise to spatiotemporal
heterogeneity in DOM and to investigate how land cover, seasonality, and lithography affect
alkalinity. We hypothesize that land cover influences concentrations of both organic and inorganic
carbon as well as DOM composition, while alkalinity will additionally be affected by geology.
These tributaries drain watersheds of vastly different size and land cover, so by sampling
seasonally we can evaluate whether land cover effects override major swings in discharge,
temperature, and carbon inputs to control both the quantity and composition of DOM. Our goal is

to use these broad gradients in watershed context and seasonal conditions to disentangle the drivers

of DOM composition from [DOC] and alkalinity, thereby yielding generalizable insights.
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2.4 Materials and Methods
2.4.1 Materials and Sample Collection

Tributaries surrounding Lake Michigan were sampled in July (n = 97), and October (n =
99) of 2016 and January (n = 63) and March (n = 99) of 2017. The number of tributaries sampled
during each season varied due to shifts in accessibility (e.g., ice cover during January). Surface
water was collected at the road crossing closest to the mouth using bridge sampling methods.?®
Samples were immediately filtered through 0.45 pm nylon filters and stored in amber glass vials
at4 °C. All chemical analyses were performed within one month of sample collection except where
noted.

All glassware was combusted at 450 °C for 8 hours to mineralize any trace amounts of
organic carbon. Potassium hydrogen phthalate (ACS grade) and sulfuric acid (concentrated, ACS
grade) were purchased from Fisher Scientific and used as received. All dilutions or blanks were
prepared with ultra-pure water from a Milli-Q water purification system maintained at 18.2 MQ

cm.

2.4.2 Analytical Techniques

A Shimadzu total organic carbon analyzer was used to measure [DOC]. Each sample was
injected four times and the results of the last three injections were averaged after confirming that
the coefficient of variance was less than 10% for each sample. Alkalinity, which is a proxy for
dissolved inorganic carbon concentration ([DIC]), was quantified by measuring the amount of 0.1
N H,SOs required to reach an endpoint of pH 4.5 and is reported as CaCOj; equivalents.?’
Ultraviolet-visible spectroscopy was used to measure the amount of light absorbed by the sample

from 200 — 800 nm. A Shimadzu 2401PC recording spectrophotometer was used and spectra were
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collected in 1 nm intervals. Water samples were referenced to ultra-pure water with absorbance
from 700 — 800 nm subtracted. Samples whose absorbance values exceeded 1.5 at any wavelength
were diluted with ultra-pure water. E>:E3 was calculated as the ratio of the absorbance at 250 nm
to the absorbance at 365 nm and is inversely proportional to direct measurements of average
molecular weight.’® SUVA»ss (specific ultraviolet absorbance at 254 nm) was calculated by
dividing the absorbance at 254 nm by the concentration of dissolved organic carbon. SUVA»s4 is
positively correlated to the aromaticity of DOM measured by nuclear magnetic resonance
spectroscopy.™’

It was necessary to rerun a subset of [DOC] samples that had been collected in the spring
due to instrument malfunction. These samples had been frozen and thawed. To determine the
effects of freezing and thawing on DOM analysis, 15 samples that had been successfully analyzed
for both [DOC] and UV-vis spectroscopy in the spring were rerun after freezing and thawing and
compared to their original values. A linear regression was performed that was then applied to the
samples that only had their concentrations quantified after freezing and thawing. Further details
and a demonstration of no preferential loss of carbon or change in optical properties is included in

Appendix A.1.

2.4.3 Data Analysis

We determined the watershed area, % agricultural, % barren, % herbaceous, % forest, %
shrubland, % urban, and % wetland for each of the 101 tributaries in the study with the Great Lakes
Aquatic Habitat Framework (GLAHF).!® A multiple linear regression (MLR) model was fitted to
variation in each of our four carbon parameters: [DOC], alkalinity, SUV A»s4, and E»:Es. Prior to

any analysis, all values were logio transformed to meet model assumptions. Each model included
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terms for watershed area and three major land cover types (i.e., % agricultural, % urban, %
wetland, which showed only modest collinearity and low variance inflation factors) as continuous
independent variables, and the season of sample collection as a categorical independent variable.
Only those tributaries that were sampled in all four seasons were included in this analysis (n = 56,
59, 55, and 53 for [DOCT], E2:E3, SUV A»ss, and alkalinity, respectively). Interactions were included
to test whether effects of each land cover type varied with watershed area or season. Bayesian
information criterion (BIC) was used to select a final reduced model for each carbon parameter.

Simple linear regressions of all data from each carbon parameter against every land cover
type were used to make our results comparable to previous studies. We used Tukey’s HSD to test
for significant differences among seasons.

To specifically address the hypothesis that geology plays an important role in driving
alkalinity in tributaries of Lake Michigan, we characterized the proportion of bedrock as carbonate
using geological maps from the GLAHF.** We used MLR to test whether watershed area, season,
and lithology have effects on alkalinity. We represented lithology using a binary classification of
whether carbonate bedrock underlies >50% of the watershed. This simple approach was selected
because most watersheds were made up of either predominantly carbonate or non-carbonate (e.g.,
shale, sandstone) bedrock.

To directly compare spatial and seasonal variations of each of the four carbon parameters,
we calculated coefficients of variation for standard deviation of means from each season across all
tributaries (CViseasonal) and compared them to coefficients of variation for means of each tributary
calculated across all four seasons (CVipatial; equations 1 and 2). Further details of this calculation
are described in Appendix A.2.

CVpatial = standard deviation of tributary means / mean of entire data set * 100  (eq 2.1)
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CVeasonal = standard deviation of seasonal means / mean of entire data set * 100 (eq 2.2)
To prevent bias, only those tributaries that were sampled in all four seasons were included in this

analysis.

2.5 Results and Discussion
2.5.1 Watershed Information

The watersheds surrounding Lake Michigan are diverse in terms of their size (3.1 km? to
16,469 km?), predominant land cover, and geology. The three dominant types of land cover were
urban (1.6 — 79.1%), agricultural (0 — 91.2%), and wetland (0.1 — 78.9%); forest (0.9 — 63.1%) and
herbaceous (0 — 21.4%) were sometimes common, while barren (0 — 8.6%) and shrubland (0 —
6.1%) classes were always rare. Generally, watersheds with extensive wetlands are located around
the northwestern part of Lake Michigan, while agriculture and urban land cover dominate the
southern and eastern areas (Figure 2.1). Underlying bedrock includes crystalline igneous (0 —
38.3%), carbonate (0 — 100%), crystalline metamorphic (0 — 28.5%), iron formation (0 — 0.1%),

sandstone (0 — 100%), shale (0 — 100%), and water (0 — 3.6%).

2.5.2 [DOC]

Dissolved organic carbon concentrations measured in the tributaries vary in space and by
season. The mean [DOC] of the entire data set is 13.1 mg-C L'! (n = 382). Generally, the highest
[DOC] values are observed in the tributaries draining into the northwestern part of the lake (Figure

2.1a). Our DOC measurements fall within the ranges previously reported for tributaries of Lake

Michigan?>#! and other Great Lakes.!>#?
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Multiple linear regressions show that both land cover and the season of sample collection
influence [DOC] in tributaries. Our reduced model includes terms for % agriculture, % urban, and
% wetland in the watershed, as well as season (Table A.2). The % wetland in the watershed has
the most significant positive effect on [DOC] (Figure 2.1a; Table A.2). Slope coefficients for
urban and agricultural land cover are nearly an order of magnitude less than that of wetland land
cover (Table A.2). The key contribution of wetland land cover to [DOC] is confirmed using simple
linear regression; other land cover types were weakly negatively associated with [DOC] (Figure

A.3). Watershed area is not a significant predictor of [DOC] across tributaries (Table A.2).
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Figure 2.1. Maps of Lake Michigan tributaries and watersheds. Points represent tributaries
sampled where the color corresponds to mean values of a) [DOC] in mg-C L', b) E2:E3, and c¢)
alkalinity in units of mg L' as CaCOs for all samples collected. Shading of the watersheds
represents the % land cover of a) wetlands, b) agriculture, and ¢) % carbonate of the quaternary
geology.

The primacy of wetlands as a source of DOM in watersheds is well established in the
literature.?>-3143-52 Water draining from wetlands draws upon carbon fixed in both terrestrial and

aquatic ecosystems, and the slow rates of flow through saturated soils and shallow standing waters
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allows ample opportunity for dissolution. There is less consensus about the role of other land cover
types. We observe positive relationships between [DOC] and agriculture in the MLR model, in
agreement with some studies®>* but not others.*! Similarly, the positive relationship between
[DOC] and urban land cover in our MLR models aligns with some earlier findings®>-¢ but not
others.*! The MLR in this study does not consider forest land cover, but there is no obvious
association of [DOC] with forest (Figure A.3). In other studies, % forest has been both positively*!

and negatively correlated to [DOC].?>>3

o spring a
601 & summer ) - 6 b)
< fall <
e Awinter £ A A
| )
O
% 40 &> 4
E g
g 2
o, 20 <>t 2
=
[72]
0 OO 20 40 60 80
% Wetland % Wetland

Figure 2.2. a) [DOC] and b) SUV A»s4 versus % wetland in the watershed. Colors indicate season.
Only tributaries sampled in all four seasons are included in this plot. Slopes, intercepts, and
statistics for these plots are given in Tables A.3 and A.4.

These inconsistencies across studies may be attributable to differences in sampling design,
setting, and extent of comparisons (Table A.1). For example, McElmurry ef al.*' sampled surface
runoff rather than stream channels. In addition, the types of statistics applied across data sets vary
substantially with some groups using simple linear regressions*>**->° and others using MLR 254146~

48,50-3456 Hyen among the studies using MLR, the independent predictors tested and model

selection methods vary widely (Table A.1).
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Seasonality is also an important factor for [DOC]. Mean [DOC] in the tributaries increases
in the order of winter < summer < spring < fall with values of 10.6, 11.9, 13.5, and 15.5 mg-C
L-!, respectively (Figure 2.3a; Table A.9). MLR, which accounts for many additional factors,
indicates that [DOC] in the summer and winter is significantly lower than in fall (Table A.2). The
different slopes of [DOC] among land cover types also affirm the importance of seasonality; the

effect of wetlands was maximal in the fall compared to other seasons (Figure 2.2a).

2

a) ~ |b)
~ 20 € . c
3 o 1 BC
fol 2
] AC c 2 A
s 0 s
q 7 -1 . | .
10 . . 5| . . .
spring summer fall winter spring summer fall winter
) : c) 8°° 100{ ° . d)
A ¢ S 0 : . A A
1 . - 5 .
. C il A A
o B
T
w £
< > -50 .
. ! . £ ! : s
2 S -100 )
< :
3 < 150
spring summer fall winter spring summer fall winter

Figure 2.3. Differences (A) for a) [DOC], b) SUV Azsa, ) E2:E3, and d) alkalinity. Only data from
tributaries sampled in all four seasons are included. Letters indicate significant differences based
on Tukey HSD comparisons.

Elevated [DOC] is frequently observed in the fall as organic compounds leach from leaf

litter and other plant detritus in the water following the growing season.?6-27-307-61 The fall

activities of fungi and bacteria may also contribute to releasing DOM into the water.? Increases
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in the relative amount of terrestrial DOM is consistent with these hypotheses but cannot be
assessed fully considering [DOC] alone. For example, the smaller amount of [DOC] observed in
the winter samples may be consistent with either lower terrestrial inputs during this season or

decreased microbial activity from autotrophs during the colder months.

2.5.3 DOM Composition

We observe a wide range of SUVAxss values (0.35 to 4.95 L mg-C! m™) across Lake
Michigan tributaries. The highest SUVAss4 values, which are indicative of terrestrially-derived
DOM that has not been heavily processed,* are observed in tributaries draining into the northwest
part of the lake, where wetland land cover dominates (Figure A.4). We also observe a wide range
of E2:E3 values (3.6 to 12.0), where the upper end of the spectrum suggests either DOM originating
from the aquatic ecosystem or heavily-processed terrestrially-derived molecules.®? E:Es is highest
the eastern and western sides of the lake (Figure 2.1b). In the remainder of this manuscript, we
will refer to DOM composition as determined using optical parameters as proxies for aromaticity
and molecular weight; no direct or molecular level analyses were performed.

The preferred MLR model for SUVA»s4 includes season, % agriculture, % urban, and %
wetland, along with interaction terms between the watershed area and both % urban and % wetland
(Table A.5). Wetland has the strongest positive effects on SUVA»s4 (Figure 2.2b; Table A.5).
Interestingly, agricultural and urban land cover also lead to increased SUV Azs4, but the negative
interaction terms indicate that these relationships become less important as the size of the
watershed increases (Table A.5).

The strongest patterns in Ez:E3 are attributable to seasonality, but wetland land cover and

watershed size are significant correlates as well (Table A.6). E»:E; increases with wetland
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dominance, suggesting that DOM undergoes extensive processing upstream. There is also a
significant negative interaction between wetlands and watershed area, which indicates that the
influence of wetlands on E»:E3 is attenuated in large watersheds (Figures A.7 and A.8; Table A.6).

SUVAss4 and Ex:E3 are generally inversely proportional to one another,% and that is the
case for Lake Michigan tributaries. When considered by land cover classes, the expected inverse
relationship applied to all types except herbaceous land cover, which was uncommon in these
watersheds (Figures A.5 and A.6). This opposing relationship is not obvious considering the MLR
results alone as the MLR for SUVA»s4 and Ez:E3 include different terms (Tables A.5 and A.6).
This result may be attributable to the fact that optical properties depend on both the source of the
carbon and the extent of environmental processing of DOM.

Overall, the optical properties describing the composition of DOM show less spatial
variability than [DOC]. The literature supports our observation that terrestrially-sourced DOM is
consistently and positively correlated to % wetland using UV-vis spectroscopy®! or fluorescence
spectroscopy.’®®*6> This observation is due to the large amount of plant-derived (i.e.,
allochthonous) carbon present in wetlands that is transferred into stream water. In addition, this
organic carbon is fresh and therefore has had little opportunity to undergo environmental
processing, which generally results in lower aromaticity.%¢¢” Terrestrially-sourced DOM has also
been correlated to other land cover types in the literature including % agriculture using UV-vis*!
and fluorescence spectroscopy,” as well as to % forest using UV-vis*' and fluorescence
spectroscopy.®® Microbially-sourced (i.e., autochthonous) DOM or more environmentally
processed DOM, which is represented with low SUV Axs4 and high Es:E; values in this study, has
been correlated to % forest with fluorescence spectroscopy,®® to % urban with both UV-vis*' and

fluorescence spectroscopy,®%%?, and to % agriculture with UV-vis spectroscopy (Table A.1).5
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Seasonality has important effects on both SUVA2s4 and Ez:E3. Mean SUVA»s4 values
increase in order of spring < fall < summer < winter, with values of 1.98, 2.49, 2.95, and 3.10 L
mg-C! m’!, respectively (Figure 2.3b; Table A.10). The MLR for SUVAjss similarly
demonstrates that values in the spring are lowest and values in summer and winter are higher than
those in the fall (Table A.5). Seasonal means for Ex:E3 increase in order of summer < fall < winter
< spring, with values of 5.70, 5.92, 6.02, and 6.71, respectively (Figure 2.3c; Table A.11). In the
MLR, values in spring are lower than those in the fall (Table A.6).

Ours is among the first studies to analyze the seasonal dynamics of organic matter
composition in parallel with concentration across a wide range of streams (Table A.1) and shows
clear evidence of seasonal variation in DOM composition as well as concentrations. Previous
reports of seasonal variation in DOM composition have been mixed, ranging from no effects
observed using fluorescence spectroscopy,®® to decreasing SUV Ajs4 over the warm months (i.e.,
spring to fall)?”-"!,27-72 increasing absorbance during the spring snowmelt,’*’* and higher E»:E3 in
the winter as compared to summer.”> Most likely, these variable seasonal patterns are due to
complex interactions between land cover and climatic seasonality.

The seasonal dynamics of DOM optical properties should reflect a combination of carbon
sources, environmental processing of organic carbon, and dilution by hydrological fluctuations.
High SUV A»s4 values in the fall can be partially explained by leaching from newly-arrived leaf
litter,® though only a modest proportion of watershed area in Lake Michigan tributaries is
vegetated with deciduous trees' Conversely, we observe high E>:E3 and low SUV A»s4 in the spring
when new plant growth is only just starting in this region, leaving DOM pools dependent on older,
more processed, forms of organic carbon. We also see the signature of microbial activity in the

DOM composition proxies. Both heterotrophic respiration of DOM and autotrophic production of
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DOM produces DOM with lower molecular weight (i.e., higher E»:E3) and lower aromaticity (i.e.,
lower SUV A»s4),2%76 and we see these shifts across most tributaries in the spring when terrestrial
inputs are minimal but microbes are able to resume their activity under warming temperatures.
Photobleaching also results in decreased SUVA»s4 and increased Ep:E338:4257:627477-79 and could
be most influential around the time of our spring sampling when there is little canopy cover.
However, if this were the primary driving factor, low SUVA2s4 and high E2:E3 would also be
expected in the winter in tributaries without ice cover. Our winter results are also interesting
because both optical properties showed high values, which could reflect either the dominance of
small, aromatic compounds or large compounds that are not aromatic. Since no new terrestrial
inputs are expected during the winter, these compounds are likely either microbially-derived or

other highly recalcitrant compounds.

2.5.4 Alkalinity

Alkalinity is a measurement for DIC because carbonate species are the main buffering
components in natural waters.?° In this study, alkalinity ranges from 11.6 to 468 mg L' as CaCO3
L-!, with a mean of 197 mg L' as CaCO3. Alkalinity significantly correlates with certain land cover
types (Figure A.10). The best MLR model includes terms for % agriculture, % urban, watershed
area, and an interaction term between agriculture and watershed area (Table A.7). We observe
the highest alkalinity values along the western side of Lake Michigan (Figure 2.1¢), where urban
land cover predominates and limestone beds are common.?! The positive association between
alkalinity and urban land cover may be augmented by weathering of concrete.®

In addition to the influence of land cover on alkalinity, bedrock lithology also plays a

mediating role. Watersheds that are dominated by carbonate bedrock have significantly higher
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alkalinity than those where shale and sandstone predominate (Table A.8), in keeping with previous
findings.%> We find a negative statistical interaction between watershed area, which generally
increases alkalinity, and our binary carbonate variable, presumably resulting from the diversity of
bedrock lithologies in large watersheds (Figure 2.1¢). While it is clear that carbonate weathering
is an important control on alkalinity in tributaries, especially in small watersheds, it would be ideal
to have carbon isotope data to address other potential sources of alkalinity such as organic matter
oxidation and gaseous CO,.3* Interestingly, there are some wetland-dominated watersheds located
on the northern end of Lake Michigan that have high % watershed carbonate but low alkalinity
(Figure 2.1¢). These sites may support unusually high autotrophic growth (e.g., calcareous
mosses) that draws down DIC, or have their limestone bedrock capped by sediment that limits
dissolution and exchange with stream water.

The mean alkalinity increases in the order of spring < summer < winter < fall (Figure 2.3d;
Table A.12). However, the best MRL model does not include seasonal effects, nor were pairwise
differences statistically significant. This further suggests that geology, rather than land cover or
seasonality, is the main driver of alkalinity (Tables A.8 and A.12). The emergence of urban land
cover as correlate of alkalinity is presumably attributable to the dissolution of concrete, which
appears to have no strong seasonal signal. In addition, in the geology MLR, carbonate material is

positively correlated to alkalinity which also does not change with season.

2.5.5 Spatial/Seasonal Comparison
One of the primary objectives of this study is to compare spatial versus seasonal variation
in both concentration and composition of DOM and alkalinity in Lake Michigan tributaries. Our

MLR models suggest that differences among watersheds land cover have the most predictable
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effect on concentration parameters (i.e., [DOC] and alkalinity), while seasonality has more
consistent influence on DOM composition (i.e., SUVAzs4 and E2:E3). In fact, only seasonal effects
were statistically significant for E2:Es when complex interaction terms are excluded. To further
partition dissolved carbon variation among watersheds and seasons, we compare coefficients of

variation association with our spatial versus seasonal observations.

60
[ J @® [DOC]
B SUVA,,
E,:E;
454 A Alkalinity
§ A
= 304
>
(&)
u [ |
15 L
A
0
Spatial Seasonal

Figure 2.4. Coefficients of variation, CVpatiat and CVseasonal, for [DOC], alkalinity, SUV Ajs4, and
E»:E3 measured in tributaries that were sampled in all four seasons.

For all four parameters tested, CVspatiat > CVseasonal (Figure 2.4). However, the difference
in magnitude between spatial and seasonal CV is modest for the compositional parameters
SUVA»s4 and Ex:Es. Thus, we infer that seasonal variation across sites creates almost as much
variation in DOM composition as the myriad differences in watershed area, land cover, human
population density, and other factors. In contrast, dissolved organic and inorganic carbon
concentrations are primarily a reflection of disparities among watersheds, and show limited

seasonal signal.
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The differential partitioning of spatial and seasonal variation between carbon
concentrations and composition is an important insight arising from our relatively comprehensive
sampling approach and underscores the distinction between carbon sourcing and carbon
processing. Contrasts in carbon source among watersheds are presumably stable across seasons,
such that land cover and its correlates drive most variation in DOM concentrations, and bedrock
lithology and urban concrete strongly influence alkalinity. We recognize that microbial and plant
production of DOM varies widely throughout the year due to temperature, seasonal tissue
senescence (e.g., leaf fall), water availability and flow paths, and other factors, so it is interesting
that such temporal dynamics create only modest signals in [DOC].

The comparable magnitude of seasonal- and watershed-scale variation in DOM
composition suggests that substantial temporal variation in the processing of DOM in aquatic
environments is overlaid on seasonality of carbon inputs. Our optical proxies for the aromaticity
and size of organic carbon molecules show clear seasonal variation that accords with differences
in molecular weight and aromaticity. Although we have no data on process rates in these
tributaries, the seasonal shifts in DOM composition are large enough to signify more than just
fluctuations in the magnitude and source of inputs. A host of biological and chemical reactions
convert DOM from one form to another, which would result in minor shifts in overall [DOC] but
substantial changes in SUVAs4 and Ex:Es. For instance, conversion of newly-leached
allochthonous DOM transforms into more recalcitrant DOM is a well-recognized process that
occurs primarily in the fall season. Our seasonal measurements across the tributaries suggests that
such DOM processing produces a strong signature in the annual cycle of dissolved carbon

availability and composition across the Lake Michigan basin.
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2.6 Conclusions and Implications

We have documented extensive spatial and temporal variation in both concentration and
composition of carbon forms across Lake Michigan tributaries. Our results show that land cover,
lithology, and other differences among watersheds play a strong role in dictating both carbon
concentrations and the optical properties of DOM, whereas seasonal dynamics affect the molecular
composition of DOM more strongly than its abundance or alkalinity. By extending our sampling
through all four seasons, we also detect complex interactions between watershed attributes and
seasonality that will require further work to understand. Taken together, our extensive survey
captures strong signals of both spatial and seasonal drivers of stream carbon dynamics,
underscoring the fact that local-scale variation must be interpreted in light of both landscape and
temporal context. Nonetheless, the parallel patterns of land cover and seasonal influences across
so many discrete watersheds suggests a strong capacity for generalization within this geographic
region.

As land cover and weather seasonality are shifting across the globe, there is a pressing need
to understand the implications for carbon processing.® The dynamic and interactive effects of
spatial (i.e., between watershed) and temporal (i.e., between season) factors documented in this
study underscore the complexity of environmental controls on aquatic carbon, yet the strong
signals of land cover and seasonal succession also offer hope for interpreting and predicting future
carbon processing. Both land cover and climate are changing throughout much of the Great Lakes

basin,?-86

so corresponding changes in dissolved carbon concentrations and composition are to be
expected. The strong influence of wetland areas on DOM are particularly noteworthy because

these extensive, water-saturated environments are sensitive to climate change and local human

activities. Ultimately, we must also consider the net effect of these changes on the Great Lakes
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themselves, whose coastal ecosystems are strongly affected by the chemistry of inflowing
tributaries.?! Indeed, the seasonal swings in DOM concentrations documented here should be
sufficient to measure by remote sensing, creating the possibility of higher-frequency observations
than are feasible using extensive field surveys like ours. Integrating mechanistic perspectives and
large-scale observational studies, whether in situ or remotely sensed, is a critical frontier in
predicting the dynamics of dissolved carbon sources and processing across heterogenous

landscapes like the Lake Michigan basin.
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Chapter 3

Spatial and temporal variability of dissolved organic matter
molecules composition in a stratified eutrophic lake

3.1 Details on Collaboration
Chapter 3 is a collaboration between Stephanie Berg, Christina Remucal, Benjamin Peterson,
and Katherine McMahon. Sample collection and water chemistry measurements were done by B.P.

S.B. did the DOM analyses and wrote the manuscript with input from all authors.

3.2 Abstract

Dissolved organic matter (DOM) is a key component of the carbon cycle in aquatic
ecosystems. It is an intermediate between organic carbon formed by primary producers and CO»
produced through respiration. Its composition is an important factor that determines the routes by
which it is ultimately mineralized. Here we evaluated DOM composition as a function of time and
depth over five months in Lake Mendota, a highly productive, eutrophic lake that stratifies in warm
months and is located in Madison, Wisconsin, USA. Dissolved organic carbon concentrations and
optical properties are presented for 73 samples collected at a single location in the lake at varying
depths within the water column from June to November. A subset of these samples were analyzed
by Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS) to interrogate
DOM composition at the molecular level. Over time, increases in more oxidized formulas are
observed in both the epilimnion and hypolimnion. At the surface of the lake, correlations between

DOM formulas and both chlorophyll concentrations and light intensity show that photochemical
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reactions contribute to the observed oxidation of DOM. In the hypolimnion, redox conditions and
interactions with sediments likely influence temporal compositional change. Our results show that
DOM composition varies with depth with more highly oxidized formulas identified deeper in the
water column. However, DOM composition varied more temporally than by location within the
water column. This work has implications for climate change as DOM photooxidation in lakes
represents an understudied flux of carbon dioxide to the atmosphere. Additionally, lake
eutrophication is increasing due to warming global temperatures and this dataset yields detailed

molecular information about DOM composition and processing in such lakes.

3.3 Introduction

Dissolved organic matter (DOM) is a ubiquitous, naturally occurring substance derived from
plant and microbial residues that makes up a significant portion of all organic carbon on the globe.!
DOM participates in many reactions in aquatic ecosystems. For example, DOM absorbs and blocks
ultraviolet light in surface waters,> forming reactive species that can react with dissolved
contaminants,’~ viruses,® or the DOM pool itself.” The presence of DOM also alters the solubility
and availability of potentially harmful species, including toxic metals.®® Importantly, the
composition of DOM controls its reactivity in all of these processes.

DOM composition is driven by differences in source and in extent of environmental
processing. However, differentiating between transformation processes is challenging because
different processes may yield similar apparent trends and may occur simultaneously. Lakes are an
ideal site to differentiate between DOM transformation and source because residence times can be
quite long in large lakes thus allowing ample time for transformation to take place relative to fresh

allochthonous inputs. Multiple processes are known to alter DOM composition in lakes including
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photochemical transformation,’ microbial transformation,'® and other physical processes including
sorption and dissolution from sediments or particulate phases.!! Properties specific to particular
lakes, such as trophic status, extent of stratification, redox state, and other geochemical parameters,
likely also affect composition, although these topics are relatively understudied in DOM
composition literature.

Here we analyze the composition of DOM via both ultraviolet-visible (UV-vis) spectroscopy
and Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS) in eutrophic Lake
Mendota, which is located in Madison, Wisconsin, USA. UV-vis spectroscopy is commonly used
to calculate bulk properties including the ratio of absorbances at 250 nm to 365 nm (E2:E3) and the
specific ultraviolet absorbance at 254 nm (SUV Ajs4).!>!3 This method is inexpensive and allows
for a large number of samples to be analyzed. FT-ICR MS is a much more time and resource
extensive approach but allows for molecular level characterization including weighted averages of
H to C (H:Cy), O to C (O:Cy), and double bond equivalents (DBEy). These results can be
visualized on van Krevelen diagrams which fingerprint and give information about types of
compound classes in samples.'* Additionally, the presence of nitrogen and sulfur-containing
formulas provide insight into the presence of heteroatoms in DOM. !

The thermal stratification Lake Mendota experiences in the summer and fall months allows for
the distinct analysis of processes governing DOM transformation near the surface of the lake and
near the bottom. Dissolved oxygen depletion in the bottom layer (i.e., hypolimnion) is driven by
eutrophication due to excess nutrients originating mainly from agricultural runoff.'® Dense and
frequent cyanobacterial blooms ultimately deliver organic matter to the hypolimnion, creating
strong biochemical oxygen demand. When oxygen becomes depleted at depth, often early in the

summer, additional terminal electron acceptors become reduced causing build-up of products such
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as Mn(Il), Fe(Il), and sulfide. The associated reduction processes are carried out by diverse
microbes using DOM as a carbon and energy source.!” Thus, hypolimnetic anoxia is expected to
lead to temporal changes in DOM composition.

To investigate the transformation of DOM composition in lakes across space and time, we
sampled a highly eutrophic temperate lake at the surface and as a function of depth from June to
November in 2017. Physical and chemical properties of the lake were collected including
temperature and concentrations of dissolved oxygen, manganese, iron, and sulfide to thoroughly
describe extent of stratification and redox state. DOM is evaluated by its concentration, optical
properties, and molecular structure using dissolved organic carbon (DOC) measurements, UV-vis
spectroscopy, and ultrahigh-resolution mass spectrometry, respectively. This unique data set
allows for the investigation into in-lake DOM transformation processes throughout the water
column during open water conditions. Concurrent relationships to photo- and biotransformation
markers are employed to enable a direct comparison between two potential transformation
mechanisms at the surface.'® We hypothesize that DOM transformation at the surface of the lake
results primarily from photochemical reactions that result in overall oxidation while DOM

composition throughout the water column depends on stratification status of the lake.

3.4 Materials and Methods
3.4.1 Sample Collection

All samples were collected from Lake Mendota (Madison, Wisconsin, USA), which is a
highly eutrophic, temperate lake. This study site was chosen because it is part of the North
Temperate Lakes Long-Term Ecological Research (NTL-LTER) program and therefore has a rich

set of physical, chemical, and biological data publicly available.!” The dominant water source is
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from the Yahara River and the lake has a mean hydraulic residence time of 4.3 years.!®2°

Surrounding landcover is dominated by cropland and urban land (46.5% and 26.7%,

respectively).?!
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Figure 3.1. Dissolved oxygen (DO) profile heatmap for Lake Mendota for June — November 2017
based on DO measurements taken by the NTL-LTER research buoy. Points indicate sampling
dates and depths of samples collected for DOM analysis.

All samples were collected near the NTL-LTER buoy (GPS coordinates: 43.09885, -
89.40545), which is near the deepest location in the lake (https:/lter.limnology.wisc.edu/data).
Surface samples (n = 28) were taken as a composite of the top 12 m of the lake. The top 12 m can
generally be considered as the epilimnion, but the location of the thermocline does vary throughout
the sampling period (Figure B.1). Surface samples were collected approximately 1-2 times per
week from June 2" through November 3" in 2017. Depth-discrete samples (n = 45) were collected

1-2 times per month at the exact depth listed as measured by a YSI Exo2 multiparameter sonde

(YSI Incorporated, Yellow Springs, OH). All water samples were immediately filtered through a
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0.22 pm pore-size PES filter and stored in glass bottles in the dark at °4 C. When necessary for
analysis, dilutions for any of the analyses were made using ultrapure water (18.2 M cm) obtained
from a Milli-Q water purification system. A visual representation of a sample inventory for this

study is provided in Figure 3.1.

3.4.1 Water Characterization

Geochemical measurements were performed on days when depth-discrete samples were
taken and include temperature and concentrations of dissolved oxygen (DO), iron, manganese, and
sulfide. Temperature and DO were measured using the YSI sonde. Dissolved concentrations (i.e.,
able to pass through a 0.45 um filter) of iron and manganese were quantified by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) on a Varian Vista-MPX CCD ICP-
OES. Sulfide was quantified spectrophotometrically using the Cline method.?> Concentrations of
chlorophyll, temperature, and DO on dates without sample collection were taken from the NTL-
LTER database.?

Bulk DOM analyses, including measurements of concentration of dissolved organic carbon
([DOC]) and ultraviolet visible (UV-vis) spectra, were recorded for all surface and depth-discrete
samples. [DOC] was measured on a Shimadzu total organic carbon analyzer, which was calibrated
using known concentrations of potassium hydrogen phthalate as a standard (ACS grade) purchased
from Fisher Scientific. Historical [DOC] measurements were obtained from the NTL-LTER
database.>* For a more accurate comparison to our surface samples, any historical measurements?*
that are made above 12 m on a single day were averaged together. The average [DOC] for each
day occurring within the window of time included in our 2017 samples (87 - 241 days after ice-

off) were plotted versus days since ice off of the given year. Slope directions were evaluated using
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Kendall rank correlations with a 95% confidence interval. Historical sampling frequency depended
on the year but was approximately monthly.

UV-vis spectra were collected via a Shimadzu 2401PC Recording Spectrophotometer with
1 nm intervals between 200 — 800 nm. All spectra were collected in 1 cm cuvettes, blank subtracted
to Milli-Q water, and the average absorbance from 700 - 800 nm was also subtracted to correct for
any light scattering. The optical property E>:E; was calculated as the ratio of the absorbance at 250
nm to 365 nm and specific ultraviolet absorbance at 254 nm (SUV A»s4) as the absorbance at 254

nm divided by [DOC].!>!3

2.4.3 Mass Spectrometry Analysis

A subset of the depth-discrete samples was analyzed via Fourier transform-ion cyclotron
resonance mass spectrometry. Sixteen samples were selected to span a variety of dates, depths,
and observations of optical properties since previous work has demonstrated that changes in FT-
ICR MS spectra correlate with optical parameters.>?-2® DOM was extracted via methods described
elsewhere.>?” Mass spectra were collected using a SolariX XR 12 T FT-ICR mass spectrometer
(Bruker) with a Triversa NanoMate sample delivery system (Advion) operating in negative mode
with electrospray ionization. All m/z peaks with signal to noise > 3 were exported and considered
for matching.

Raw data were linearly calibrated using known formulas commonly found in DOM as
described previously.? Potential formula masses considered included '>Ci-100"*Co-1H1-10000-30
No-2S0-1Po-1. Combinations of heteroatoms allowed included NiSoPo, N2SoPo, N1SiPo, N2S1Po,
NoS1Po, and NoSoP: to limit the potential mass list while maximizing the numbers of formulas

reliably matched. Identified formulas were required to have < 0.2 ppm error between the detected
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mass and the actual mass of the formulas. Additionally, identified formulas were required to be
part of a homologous series (+ CHz or CHy4 vs. O) with at least 3 members.>* Weighted averages
for bulk properties (i.e., H:Cy and O:Cy) were calculated by adding values for individual formulas
multiplied by their weighted intensities. Spearman rank analyses were used to compare relative
formula intensities to location within the water column and bulk parameters such as SUVA»s4 and

E>:Es.

3.4.4 Solar Radiation Modelling

The “Simple Model of the Atmospheric Radiative Transfer of Sunshine” (SMARTS) was
used to estimate irradiation at in Madison, WI (43.1097° N, 89.4206° W) at noon on August 111,
September 8", September 21, October 4", and November 3™ of 2017. Intensities were summed

from 280 — 500 nm.31-2

3.5 Results and Discussion
3.5.1 Lake Overview

In 2017, ice-off (i.e., the first date open water is observed on the lake) was declared for
Lake Mendota on March 8. Our first sample was collected on June 2", 87 days after ice-off. The
lake was already thermally stratified by the date of our first sample (June 29'"; Figure B.1) and
mixed before the last depth-discrete sampling date (November 3'; Figure B.1). [DOC] ranges
from 4.12 — 7.07 mg-C L™! in all samples collected during this study (Table B.7), which is within
the range observed in the historical NTL-LTER database.?® The optical properties SUVA2s4 and
E»:E3 range from 1.33 —2.14 L mg-C' m™' and 7.86 — 10.18, respectively (Table B.7). While there

is no long-term UV-vis data set for Lake Mendota, the relatively low SUVAxs4 and high E2:E;3
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values are indicative of DOM from autochthonous sources or allochthonous DOM that has

undergone extensive environmental processing.?

3.5.1 Temporal Variation at the Surface

Integrated surface samples show DOM concentration and especially DOM composition
vary over the sampling period. Although the temporal variation in [DOC] is not significant (p =
0.30; Figure 3.2a; Table B.7), a negative slope with time is observed. Decreasing [DOC] has also
been observed historically in Lake Mendota over the same dates for 14 of the past 22 years between
1996 and 2017 but similarly without significant correlation (Table B.8). We observe a significant
decrease in Azss over the sampling period (p = 7.11 x 1073; Figure 3.2b; Table B.7). This means
that the relative amount of light absorbing moieties in DOM are decreasing over time, but that this
is not solely attributable to overall decreases in [DOC]. This shift DOM composition is supported
by the observation that E»:Es3 increases significantly (p = 2.13 x 10°%; Figure 3.2d; Table B.7),
corresponding to a decrease in apparent molecular weight. However, no temporal trend exists for
SUV Ass4likely because decreases in absorbance are cancelled out by variability in [DOC] (Figure
3.2¢; Table B.7). Other studies have shown similar seasonal increases in E:E3 as well as decreases
in SUVA»s4 in a eutrophic lake in Sweden** and in freshwaters in China.*

The increase in E»:E; with time is consistent with both photooxidation and microbial
alteration of DOM.!23637 Autotrophic organisms living near the surface of the lake produce DOM
molecules that are relatively simple and do not absorb light at long wavelengths (e.g. carboxylic
acids, amino acids, and peptides).'®*%3° In fact, incubations isolating DOM produced by
phytoplankton show that the DOM is especially small in size,* and readily available to

heterotrophic microbes.*! In Lake Mendota, this DOM is unlikely to contribute to [DOC] because
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it is so rapidly consumed. Alternatively, photochemical reactions can break down chromophoric
DOM (generally of allochthonous origin) directly or form photochemically produced reactive
intermediates (PPRI) that degrade DOM to form smaller DOM molecules that absorb less
light.!242-4% Photooxidation can occur both completely to form carbonate species or incompletely
to form more oxidized DOM and a combination of both is consistent with our observations. Both
photochemical processes result in increases in E2:E3 and decreases in Asss,!23742-434751 however
only complete oxidation can result in [DOC] decreases. Since significant changes in [DOC] are
not observed, neither autotrophic inputs nor complete oxidation to CO> are likely driving the
observed differences in DOM composition. Instead incomplete oxidation is likely the dominant
mechanism if photochemical reactions are responsible for the change in DOM composition
observed in Lake Mendota, 2175

Further complicating the interpretation of changes in DOM composition is the fact that a
combination of photochemical and microbial processes occur simultaneously, and our
observations are likely the net results of a combination of the two. Thus, considering each process
individually is likely an oversimplification. Both increases and decreases in measurements of
bacterial growth have been observed as a result of photochemical alteration of DOM.37->% While
this may be attributable to the original source of the DOM,?’ it also may be an artifact of the length
of the experiment and whether or not microbial communities have been allowed time to adapt to
the photoproduced DOM.>! In Lake Mendota, the microbial community composition changes over
the course of our sampling period and the diversity of communities increases with increasing time
from the start of summer stratification,’®® but it is not known how the change in microbial
community composition influences DOM cycling. It is not possible to distinguish between

microbial and photochemical alteration of DOM solely based on bulk UV-vis measurements.
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Figure 3.2. a) [DOC], b) SUVA1s4, ¢) E2:E3, and d) A»ss for integrated epilimnion samples and e)
H:Cy and f) O:Cy of identified formulas detected by FT-ICR MS in the surface depth-discrete
samples.

A subset of the depth-discrete samples analyzed by FT-ICR MS were collected from the
epilimnion (n = 5) and can be used to evaluate changes in the molecular composition of DOM at
the surface of the lake, providing more detailed information than bulk UV-vis spectroscopy
measurements (Figures B.5, B.8, B.10, B.12, and B.16). H:C,, values of identified formulas range
from 1.17 — 1.24 and decrease significantly over the course of the summer (p = 1.56 x 10-2; Figure
3.2e; Table B.4). This increase in aromaticity is accompanied by increases in O:Cy, (range = 0.49
—0.55; p=3.06 x 10-3; Figure 3.2f). These ranges in weighted averages derived from FT-ICR MS
data are consistent with DOM that is largely microbially-derived and/or has undergone extensive
environmental processessing.®!2 The large variation in these parameters, and particularly in O:Cy,
is especially noteworthy given that the samples were taken from the same location in a single lake.

In fact, the range in O:Cy in this study is approximately the same range observed across the entire
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St. Louis River and Estuary which includes upstream samples dominated by terrestrial inputs and
water from oligotrophic Lake Superior.> DBEy and % CHO appear to increase while % N-
containing and % S-containing formulas appear to decrease over the sampling period, but no
significant trends are observed for the five samples (p = 0.161, 0.168, 0.111, and 0.157,

respectively; Figure B.18).
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Figure 3.3. Formulas identified in at least four epilimnion samples that a) increase (rho > 0) or b)
decrease (rho < 0) with time as determined by Spearman rank analysis. Boxes correspond to 1)
protein-, 2) lignin- ,and 3) tannin-like formulas.%*

Molecular data allows for temporal changes of individual identified formulas to be tracked.
Note that this analysis only considers formulas detectable by FT-ICR MS; there is likely a large
pool of highly bioavailable organic carbon that is rapidly produced and processed by microbes that
is not detected by this technique. Lipid- and protein-like compounds show a net decrease over the
course of the summer indicating their consumption rates are greater than production rates (Figure
3.3a). This results in the overall decrease in H:Cy, observed at the surface (Figure 3.2¢). Formulas
with high O:C and a range of H:C accumulate over our sampling period (Figure 3.3b; Figure

3.2f); these aromatic, tannin-like formulas result in the increase in O:Cy,. Note that there is likely
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a large pool of DOM we are not able to consider here due to its particularly fast consumption
including both DOM produced by phytoplankton and potentially particularly labile

photodegradation products.
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Figure 3.4. Identified formulas classified as a) photodegraded, b) photoproduct, ¢) microbially-
degraded, and d) nonreactive based on correlations to chlorophyll concentrations and light
intensity.'® Only formulas identified in all five surface samples are considered. Boxes correspond
to 1) protein-, 2) lignin-, and 3) tannin-like formulas.®*

Microbial processing and photochemistry likely both alter DOM composition at the
surface. Microbial processing includes both generally labile DOM production by phytoplankton

and consumption by bacterioplankton. Phytoplankton are known to produce relatively simple

molecules such as peptides and small carboxylic acids.%® Although these small molecules are
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outside the 200 — 800 m/z range of our method of FT-ICR MS method, high-resolution mass
spectrometry has been used to study some other larger phytoplankton-derived DOM and shows
that products that are detected are most similar to protein- and lipid-like compounds.®®
Furthermore, these formulas are especially bioavailable for consumption by heterotrophic
microbes.” While the formulas that are degraded most quickly might never be detected because
of rapid turnover and/or analytical limitations, the net decrease in highly saturated formulas is
consistent with net consumption of these types of formulas (Figure 3.3a). This argument is similar
to the marine carbon pump framework where observations of recalcitrant DOM accumulating in
marine environments are made because the more labile DOM is consumed equally as fast as it is
consumed. 5%

Our observations may also be explained by photochemical oxidation. DOM photolysis
produces PPRI including singlet oxygen ('02) and hydroxyl radical ("OH) that may react with
phytoplankton-derived DOM via incomplete pathways that generate oxidized DOM.” !0; is a
selective oxidant that preferentially reacts with nucleophilic compounds and can be quenched by
DOM.”!72 *OH also reacts quickly with aromatic rings via oxygen addition which could results in
more oxidized products which is consistent with the observed increases in O:Cy, (Figure 3.2f) and
the shift toward more oxidized lignin- and tannin-like formulas (Figure 3.3b).?

To differentiate between these two transformation mechanisms (e.g., microbial processing
versus photo-altered DOM), we use a combination of correlations originally described in
Herzprung et al.'® to chlorophyll concentrations and solar radiation and to determine formulas
produced and consumed by both microbial and photochemical processes, respectively (Figure 3.4;
Table B.3). Only formulas identified in all surface samples are considered for this analysis and

rho correlations are only included for those with p < 0.05. Values for chlorophyll concentrations



89

and light intensities on our sampling dates are listed in Table B.3. Formulas are classified into five
reaction types including photodegraded compounds (n = 75), photoproducts (n = 494), microbially
degraded compounds (n = 88), microbially derived products (n = 14), and nonreactive (n = 1060;
Figures 3.4 and B.20). The formulas classified as degraded decreased in their relative abundance
while the formulas classified as products increased in their relative abundance.

Classified formulas fall within distinct regions of van Krevelen diagrams. Photodegraded
compounds (Figure 3.4a) are depleted in O and are highly saturated. The large number of formulas
classified as photoproducts have relatively high O:C ratios and fall within the tannin- and lignin-
like regions of the diagram (Figure 3.4b), which supports the hypothesis that partial
photochemical reactions are driving DOM composition changes at the surface. The accumulation
of these formulas is noteworthy for several reasons. Specifically, these types of formulas are
especially reactive in a wide variety of contexts including reactivity with chlorine’ and ozone.?8
These formulas are also efficient at photochemically producing *OH, but not other PPRI like
3DOM and !0,.%

In contrast to photochemical reactivity, a relatively small number of formulas detected by
FT-ICR MS are found to be reactive towards biological consumption or transformation (Figure
3.4c¢; Figure B.20). However, we recognize that our sampling approach likely misses the most
labile formulas which are consumed as quickly as they are produced and not part of the more
recalcitrant DOM pool measured here. The formulas that are classified as microbially degraded
(Figure 3.4c) are generally the same types that are classified as photodegraded (Figure 3.4a).
Therefore, in Lake Mendota, photochemical reactions would likely make DOM less bio-available
based on other incubation studies.’®¢” Collectively, this data set suggests that the DOM in Lake

Mendota is mostly phytoplankton-derived or highly processed (i.e., refractory) based on low
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SUVA2s4 and high Ez:E; and H:C,, values, but that the DOM detected by FT-ICR MS is altered

mainly through photochemical reactions over the course of our sampling period.

2.5.3 Variation with Depth

Geochemical and physiochemical parameters measured in the depth-discrete samples show
that redox conditions are altered as Lake Mendota stratifies. Temperature and DO data indicate
that Lake Mendota was stratified on every depth-discrete date except November 3™ (Figures 3.5
and Figures B22-B27). Once stabilized, the thermocline is observed around 10 — 15 m into the
water column (Figure B.1). Anoxia, as determined by DO measurements, is observed in the
hypolimnion by the beginning of June and remains until the lake mixed in late-October (Figure
3.1). The presence of reduced forms of iron and manganese, as well as sulfide, indicate that
alternative electron acceptors are used when DO is depleted (Figure B.21-B.26; Table B.2).
Dissolved iron (11.4 — 114 ug L) is detected in all samples in the hypolimnion except samples
collected on November 3™ after the lake mixes. Concentrations of dissolved manganese range from
0 —263 pg L. Later in the season, manganese is observed at more shallow depths likely due to
anoxic conditions existing near the thermocline. Sulfide is only detected when DO is depleted and
concentrations increase later in the summer due to the consumption of other more
thermodynamically favorable electron acceptors. Up to 5.4 mg L' of sulfide is measured (Table
B.2). Once the lake is mixed in late October, Fe, Mn, and sulfide are not present above detection
limits likely due to oxidation by O and resorption to sediments.”

[DOC] varies within the water column when the lake is stratified but does not change
consistently as a function of depth (Figures 3.5¢ and Figures B.21-B26). Sharp changes in [DOC]

including decreases of around 2 mg-C L! over a meter, are observed around the thermocline when
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the lake is stratified. This is noteworthy because the lowest [DOC] is observed right around the
thermocline and where redox conditions change most rapidly and microbial activity is high (cite
something — Ben would have the right one), leading to depleted labile DOM. DOM may also co-
precipitate with redox active metals, likely manganese, to form particulates, and thus carbon in the
dissolved phase decreases. In fact, spikes in particulate Mn are observed around the thermocline
in this lake in the same year.”> Changes in concentrations of DOM and metals due to complexation
and precipitation reactions have been observed in other systems such as a creek bank® and an
experimental drinking water treatment system.® In contrast, in November when the lake is mixed,

[DOCT] is constant with depth (Figure 3.5¢).
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Figure 3.5. a) Temperature, b) [DO], ¢) [DOC], d) SUV A2s4, €) E2:E3, and f) A2s4 measured during
summer stratification (August 11") and after fall turnover (November 3™) at depth-discrete
intervals.
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Bulk DOM composition, as determined using optical measurements, also varies with depth.
SUV As4 is consistently lower and E»:E3 is consistently higher in the epilimnion compared to the
hypolimnion when the lake is stratified (Figures 3.5 and B.21-B.26). Similar evidence of DOM
that is relatively more aromatic and higher in molecular weight being enriched in the hypolimnion
has been observed and attributed to decreasing in aromaticity due to photobleaching at the surface
of the artificial Lake Salto.”® No variability in optical properties are observed after the lake has
mixed (Figures 3.5d-3.5f). Interestingly, once the lake is mixed, values for SUVA»s4 are in the
middle of the range observed over the summer (Figure 3.5d). In contrast, values for E>:E3 are the
highest of the season after the lake has mixed (Figure 3.5e). This is in agreement with the
observations made at the surface of the lake that E»:E3 increases over the sampling period but
SUVA»s4 is constant (Figure 3.2).

Relative amounts of heteroatoms also vary with depth both when the lake is stratified and
when it is mixed (Figures 3.6a-3.6¢c; Tables B.5-B.6). Ranges of % CHO, % N-containing, and
% S-containing formulas vary from 38.7 — 49.9%. The percentage of CHO-only containing
formulas decreases in the hypolimnion on each of the five days considered (Figure 3.6a), while
the percentages of N- and S-containing formulas increase (Figures 3.6b-3.6¢). The difference
between heteroatom-containing formulas and CHO-only formulas is largest in the samples taken
later in the season (i.e., October 4" and November 3rd), which suggests that the distribution of
heteroatom-containing DOM does not depend on stratification since the lake is mixed on
November 37,

The decrease in percentage of CHO-only formulas at the bottom of the lake is due to
increases in heteroatom-containing formulas since the total number of formulas identified does not

account for these differences (Figure 3.6a; Table B.5-B.6). Increases in S-containing formulas
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may be due to nucleophilic attack by sulfide on DOM.”-#2 Under anoxic conditions, sulfide builds
up and may have greater opportunity for this type of reaction (Table B.2). Linear correlations
between concentrations of sulfide and % S-containing formulas have been reported previously.?!
Here, the highest % S-containing formulas are observed when higher concentrations of sulfide are
detected, but the trend is not linear (Figure B.27). However, nucleophilic attack cannot be the only
formation mechanism since a range of % S-containing formulas is observed even when no sulfide
is detected, particularly at the surface of the lake. Additionally, the S-containing formulas observed
in this data set preferentially fall within relatively saturated regions of the van Krevelen diagram
which could be evidence of a biological pathway for their formation (Figures B.3-B.17).3° In
contrast, N-containing formulas make up approximately the same space on the van Krevelen
diagrams as the DOM pool as a whole at all depths and therefore may be formed via abiotic

addition of N-containing nucleophiles (Figures B.3-B.17).%°

0|a) 0{b) op 0{c) °
Q ®
-~ 5 5 5
E E E
= 10 s 10 s 10
= ® August 11 a » o
a8 15 OSegtemberB A 15 A 15
Ogeptgmbfrm \'
@ October
20 é ® November 3 20 Oo 20 © o)
3 42 46 50 37 39 41 43 45 5 17 19 21
% CHO % N-Containing % S-Containing
o{d) ole) o olf) o
® (] ()
- 5 - 5 —
E E E '
< 10 < 10 < 10 4
2 a 2
A 15 Y A 15 A 15
20 é N 20 ° 20| o
O o o
1.17 119 121 123 1.25 049 051 053 0.55 75 78 8.1 84 8.7
H:C, o:C, DBE,
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f) DBEy of formulas identified by FT-ICR MS with depth. Only dates which have a sample
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Changes in DOM molecular composition on individual days can be used to investigate how
composition varies temporally and by depth when the lake is stratified and mixed. H:Cw and O:Cy
vary by date much more than they vary by depth with H:Cy, values decreasing and O:C, values
increasing over the sampling period (Figures 3.6d-3.6e; Table B.4). On each individual day when
the lake is stratified, H:Cy is higher in the epilimnion (p = 0.049) and O:Cy appears higher in the
hypolimnion although not statistically significant (p = 0.0957). On November 3%, when the lake
is mixed, the opposite trends are observed. This observation has also been made after a mixing
event in a boreal lake in Switzerland.®* DBE,, also appears to vary more temporally than spatially
although less consistently than H:Cy, or O:Cy (Figure 3.6f). Like the optical properties, changes
in molecular composition are observed at the thermocline. Four samples were analyzed by FT-ICR
MS on August 11", including one sample above the thermocline (i.e., 11.5 m) and the sample
immediately below the thermocline (i.e., 13.2 m). On this day, DOM sampled just below the
thermocline has lower H:Cy, and higher O:Cy and DBEy, than at any other location in the water
column. In terms of heteroatoms, the percentages of % CHO-only and % N-containing formulas
increase while the percent of % S-containing formulas decrease (Figure 3.6) near the thermocline.
If co-precipitation of DOM with metals in the thermocline is responsible for loss of [DOC] as
discussed above, these results suggest preferential removal of aromatic and S-containing DOM.
Subsequent dissolution below the thermocline results in the increase of O:Cy, and decrease in H:Cy
at 12 m where [DO] is depleted. While this is only based on one sampling date, preferential
removal of highly oxidized DOM has been observed with other metal oxides in a lake and in a
water treatment system.””-84

Specific formulas identified within DOM by FT-ICR MS can be correlated to location

within the water column and with bulk optical properties. These analyses are especially
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informative because they allow for probing which individual molecular formulas are giving rise to
the trends in weighted averages described above. Correlating relative intensities of formulas
commonly identified in the depth-discrete samples shows that, in general, formulas with higher
O:C ratios are enriched in the hypolimnion (Figure 3.7). There is also a slight dependence on the
H:C ratio, where more aliphatic formulas are enriched near the surface of the lake. The same
general pattern of correlations is observed for relative intensities correlated to DO (Figure B.19).
However, it is important to note that there was only one sampling day where the DO was not
dependent on depth (i.e., in November when the lake was mixed), so it is unclear whether or not

this single day would be enough to disrupt the overall trend.

a) . b)
2.0 2.0
1.5 1.5
10 10
0.5 0.5
0.0 0.0
0.0 0.5 1.0 0.0 0.5 1.0
0O:C O:C

Figure 3.7. Identified formulas that a) decrease (rho < 0) or b) increase (rho > 0) with depth in the
depth-discrete samples analyzed with FT-ICR MS. Only those formulas detected in at least 15 out
of 20 samples are considered in this analysis. Boxes correspond to 1) protein-, 2) lignin- and 3)
tannin-like formulas.®*

O:Cy ratios increase with depth while the lake is stratified, as well as temporally over our

sampling period at all depths (Figure 3.7b). While increases in oxygenated formulas at the surface

may be attributable to photochemical reactions (Figure 3.4), other processes must be at play in the
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hypolimnion. Highly oxygenated formulas have been found enriched in the hypolimnion of other
lakes including a mesotrophic pre-dam reservoir'! and another stratified, humic lake in Sweden®
and contain structures that are likely polyphenolic- and tannin-like. These types of formulas have
been found in sediments and desorption may enrich them at the bottom of lakes.!!:80:32-88 In fact,
highly oxygenated formulas are preferentially incorporated into redox active metal oxides, which

11.77.84.85.89.90 This phenomenon may explain

then dissolve more readily under anoxic conditions.
why O:C ratios increase at the bottom of the lake temporally as more minerals are able to dissolve
in the anoxic conditions. Alternatively, heterotrophic metabolism may consume the smaller,

simpler DOM leaving the larger, more oxidized left in solution. We are not able to distinguish

between these two processes.

3.6 Conclusions

By focusing on a single location in a single lake, we are able to concurrently investigate how
a combination of photochemical, biological, geochemical, and physical processing impacts DOM
composition. At the surface of the lake, Azs4 decreases and Ex:Ej; increases indicating a shift to
DOM that is smaller in molecular weight and a decrease in light absorbance by DOM which cannot
be attributed to decreases in [DOC] alone. While these observations could be consistent with either
microbial or photochemical processing, our molecular level analysis allows for the conclusion that
much DOM transformation at the surface of Lake Mendota is driven by photochemical processes.

DOM composition also varies by depth within the water column with larger, more aromatic
DOM enriched at the bottom of the lake during stratification. After lake mixing, [DOC] and optical
properties could no longer be used to differentiate between DOM collected at different depths.

However, differences in heteroatom content of the DOM are still observed via molecular level
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analysis. Combined, these results show that single grab samples taken from a dynamic lake such
as Lake Mendota should not be considered representative of all seasons nor all locations within
the water column. This observation is in contrast to other studies which show [DOC] and DOM
composition is more dependent on sample location rather than temporal variation (Chapter 2).

In particular, the effect of eutrophication on DOM composition is vital to understanding DOM
in our changing climate. Eutrophication will affect an increasing number of water bodies as
temperatures increase and more runoff makes its way into the surface water.’! Understanding
overall water quality including DOM composition is important to mitigate adverse effects of
eutrophication including the production of cyanotoxins as well as hypoxia in water bodies.”>**
Increases in [DOC], also referred to as browning waters, is commonly reported, particularly in
European freshwaters, and while the exact mechanisms are still being debated, most link to a
changing climate.”* Interestingly, this phenomenon is not observed in all lakes including other
NTL-LTER lakes in Wisconsin.”” Both browning and eutrophication are expected to alter
photochemistry in natural systems and may cause shifts in DOM composition that are difficult to
predict.”®

The distribution of DOM with varying composition throughout the water column is significant
for many reasons. DOM composition is highly linked to bioactivity, and therefore any chemical
or physical processes that affect DOM are also likely to affect microbial populations.*32°-191 The
relationship between photochemistry and microbial respiration is complicated, however, and both
increases and decreases in bioavailability can be observed after irradiation.”” While not explicitly
tested here, the fact that the same types of formulas were classified as photodegraded and
microbially degraded suggests that photochemistry may decrease bio-lability at our site. The effect

that stratification has on DOM composition could also have important implications for fluxes of
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greenhouse gases particularly after the lake mixes when DOM not yet exposed to sunlight reaches
the surface. For example, fresher, less processed DOM from thawing arctic permafrost layers has
been shown to be particularly photo- and bio-labile.”® Thus, the effects of lake stratification on

DOM composition may have important implications for climate change.
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Chapter 4

The role of dissolved organic matter composition in
photochemical reactivity in the St. Louis River

e

[DOC] |SUVA,;,

Downstream < Upstream

4.1 Details on Collaboration
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performed the DOM composition analyses and PPRI quantification. Q.W., J.H., and R.W.
conducted the contaminant degradation experiments. S.B. wrote the manuscript with input from
C.K. and K.W. This paper was published in Environmental Science and Technology, 2019, 53 (2),

11725 - 11734.
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4.2 Abstract

Dissolved organic matter (DOM) composition influences its ability to form
photochemically produced reactive intermediates (PPRI). While relationships have been
established between bulk DOM properties and triplet DOM (*DOM) and singlet oxygen ('O2)
quantum yields, contradictory evidence exists for hydroxyl radical (*OH) and hydroxylating
species. Furthermore, little is known about these relationships at the molecular level. We evaluated
DOM composition and photochemical reactivity of water samples from a wastewater treatment
plant and the St. Louis River in Minnesota and Wisconsin, USA. Bulk characterization using
ultraviolet-visible spectroscopy demonstrates that color and apparent size of DOM decrease
downstream, while molecular composition analysis using Fourier-transform ion cyclotron
resonance mass spectrometry reveals that saturation and chemodiversity is highest near Lake
Superior. *DOM quantum yield coefficients and !O> quantum yields increase downstream and
correlate strongly with saturated formulas. Similar results are observed for carbon-normalized
photodegradation rate constants of atorvastatin, carbamazepine, and venlafaxine, which react
primarily with *DOM and !O». In contrast, *OH quantum yields are lowest downstream and
correlate with less saturated, more oxygenated DOM, suggesting that SDOM is not its major
precursor. Mixed relationships are observed for DEET, which reacts with multiple PPRI.
Molecular-level compositional data reveal insights into the differing formation pathways of
individual PPRI, but information about specific contaminants is needed to predict their

photochemical fate.
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4.3 Introduction

Dissolved organic matter (DOM) represents a significant pool of organic carbon in aquatic
systems and participates in many reactions in the environment.? For example, DOM affects the
transport of contaminants,® microbial metabolism,* formation of disinfection by-products during
drinking water treatment,’> and photochemical reactions that influence contaminant fate.* DOM
reactivity in these processes depends on its composition,” which varies widely among natural
waters and in engineered systems.

DOM forms highly reactive species called photochemically produced reactive intermediates
(PPRI) in sunlit waters.®!19 PPRI are strong oxidants and can degrade many organic contaminants
via indirect photolysis.®!! Triplet DOM (*DOM) is formed after ground state DOM absorbs a
photon of light and undergoes intersystem crossing. *DOM can react with contaminants through
energy or electron transfer. Furthermore, *DOM can transfer energy to molecular oxygen'? or
participate in electron-transfer reactions'>!* to form singlet oxygen (!02) and hydroxyl radical
(*OH), respectively, which may also react with contaminants. Some PPRI, like *OH, are
nonselective and react at diffusion-controlled rates with most contaminants.'”> However, the
concentration of *OH is generally orders of magnitude lower than more selective PPRI, including
3DOM and 05,1617

The ability of DOM to form PPRI depends on its composition and therefore varies among
water samples.”!8-20 Both microbially-derived and more processed DOM are considered to be
more photochemically reactive based on higher quantum yields of *DOM and 'O, (®3pom and
®02).1820-22 Additionally, analysis of the molecular composition of DOM in lakes and stormwater
reveals that more saturated formulas, which are more common in microbially-derived and

processed DOM, are most strongly correlated with the formation of *DOM and '0,.7-!
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There is conflicting evidence on the role of DOM composition in the quantum yields for *OH
(®eon), which may be formed through multiple pathways. The most commonly described
mechanism involves reduction of O> to form superoxide radical anion (O2*), which undergoes

)?3-2% and eventually *OH.?® However, it is unclear

dismutation to form hydrogen peroxide (H20>
whether *DOM is responsible for the initial reduction of O». Furthermore, some *OH formation is
observed even when H>O; is quenched, suggesting that an additional H>O»-independent pathway
is also possible.? This pathway could involve H-atom abstraction from water to produce free *OH
or other hydroxylating species.? In any of these pathways, the involvement of *DOM will dictate
if ®.on follows the same trends as ®3pom and @102. In several studies, DOM that is highly efficient
at producing *DOM and 'O; is inefficient at forming *OH, suggesting that DOM is not a major
*OH precursor.!”-?7-2 In contrast, other studies conclude that DOM samples with the highest ®3pom
and @102 also have the highest ®.on, implying that SDOM is involved in either O reduction or H-
atom abstraction from water.!®2!3 Relationships between composition and ®@.on formation have
yet to be shown at the molecular level.

Understanding the production of individual PPRI is important because these species react with
contaminants of interest at different rates®' and they are present at different concentrations in
aquatic systems.'® Therefore, when considering the role of photodegradation for contaminant fate,
both the contaminant in question and the composition of DOM must be considered. In this study,
we characterize DOM in water samples from the St. Louis River in terms of bulk properties,
molecular composition, and photochemical reactivity towards formation of *DOM, '0O», and *OH.
This watershed was selected because DOM in this system is highly diverse due to differing sources
and extents of processing throughout the river.>?* Therefore, the insights about photochemical

reactivity in the St. Louis River drawn from this data set can inform studies about DOM reactivity



110

from other freshwater and urban-impacted systems. Additionally, the rates of photodegradation of
four target contaminants (i.e., atorvastatin, carbamazepine, N,N-diethyl-m-toluamide (DEET), and
venlafaxine; Figure C.1) are quantified in each of the waters. These contaminants were selected
because they degrade primarily by indirect photolysis and have been detected in the St. Louis
River.?>% This unique combination of contaminant degradation studies with optical, molecular,
and photochemical characterization of the DOM provides insights into the role of DOM

composition in the production of PPRI and, ultimately, indirect photodegradation of contaminants.

4.4 Materials and Methods
4.4.1 Chemicals

All chemicals were used as received. Details are listed in Appendix C.1.

4.4.2 Sampling

Grab samples were collected from the surface of the river and from Lake Superior at least
1 m from the shore on August 16 — 17, 2016 (Table C.1; Figure C.2). Sand Creek (Site A), the
furthest upstream sample, was collected from a tributary feeding the St. Louis River. Meadowlands
(B) was collected directly from the St. Louis River near Sand Creek, and the River Inn (c) East
Detroit (D) and Munger Landing (E) samples were taken from the river upstream of the effluent
discharge. Final effluent was collected from the Western Lake Superior Sanitary District
wastewater treatment plant (F), which treats a combination of municipal and industrial wastewater
using advanced secondary treatment with pure oxygen, seasonal (April — October) disinfection

with sodium hypochlorite and dechlorination with sodium bisulfite, and mixed media filtration.
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The Blatnik Bridge sample (G) was collected downstream of the discharge within the river and the

Wisconsin Point sample (H) was collected from the shore of Lake Superior.

4.4.3 Water Chemistry
pH, alkalinity, ions, cations, metals, and dissolved organic carbon concentrations ([DOC])
were quantified and absorbance spectra were collected from whole water samples (Appendix C.3;

Tables C.2 — C.5).

4.4.4 Mass Spectrometry

Organic matter was extracted by solid phase extraction as described previously® and
analyzed by Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS; SolariX
XR 12T). Exported m/z peaks were converted to neutral masses and calibrated using common
DOM formulas (Appendix C.4).”4° Assigned formulas were required to be within <0.5 ppm mass
error and part of a homologous series (+CH> or CHy vs. O) with >3 members. Weighted averages
of elemental ratios (H:Cy and O:Cy) and double bond equivalents (DBEy) were calculated from
identified formulas.”*! DOM isolated by the Agilent PPL cartridges used in this study is highly
reflective of whole water DOM in terms of optical properties,** photochemical reactivity,** and

FT-ICR MS analysis.*}

4.4.5 Photochemistry
Quantum yield coefficients for *DOM (frmp), @102, and @.on were quantified using whole
water samples irradiated with 365 nm bulbs (full width half max = + 10 nm)* in a Rayonet

photoreactor. frmp is reported rather ®3pom than to avoid the assumption of a constant *DOM
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deactivation rate constant.*> Experiments were performed in triplicate alongside a p-nitroanisole
(PNA)/pyridine actinometer, which was used to quantify light intensity.*>*¢ Probe compound stock
solutions were prepared in Milli-Q water and spiked into water samples so that their initial
concentration was 10 uM. 2,4,6-Trimethylphenol (TMP), furfuryl alcohol (FFA), and terephthalic
acid (TPA) were used to measure *DOM, 'O, and *OH, respectively.*’ Note that TPA quantifies
both free *OH and other low-energy hydroxylators;?6*® the collection of these species are denoted
as *OH for simplicity. Experiments were conducted at ambient pH (Table C.2) held constant with
10 mM phosphate. 'O> and *OH experiments were conducted at ambient [DOC], while TMP
experiments were conducted with waters diluted to 2.5 mg-C L! because this probe is sensitive to
[DOC].1424 FFA and TMP loss rates and hydroxyterephthalic acid formation rates were
measured by high performance liquid chromatography (HPLC; Appendix C.5) and used to
calculate PPRI steady-state concentrations and quantum yields in combination with UV-vis spectra
as described in Appendix C.6.

Photodegradation rate constants of atorvastatin, carbamazepine, DEET, and venlafaxine
degradation were quantified in the water samples. Solutions (10 pM) of each compound were
prepared in each river water sample from 1 mM stock solutions. Samples were irradiated using an
Atlas Suntest CPS+ solar simulator equipped with a xenon lamp (500 W/m?) and an Atlas UV
Suntest filter. DEET photodegradation was studied using the Rayonet photoreactor due to the
relatively slow photodegradation rate of the compound. Contaminant concentrations were
quantified by HPLC (Appendix C.5).

Quencher experiments were performed to investigate the role of PPRI in contaminant
degradation. Contaminant degradation experiments were performed as described above with the

addition of a quencher molecule (3 mM) to selected water samples. 1,4-Diazobicyclo[2.2.2]octane
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(DABCO) and/or L-histidine were used to quench 'O,, potassium sorbate was used to quench
3DOM with energies >250 kJ mol™!, and isopropanol was used to quench radicals, including *OH.
Additional experiments were conducted under anoxic conditions (sparging with N> gas for 15

minutes) to measure impacts on photolysis rates when oxygen was not present.

4.5 Results and Discussion
4.5.1 Variability in Bulk DOM Composition

The St. Louis River and estuary is an ideal site to study the role of DOM composition in
photochemistry because its composition varies widely throughout the system. Wetlands dominate
the landcover surrounding the upstream sites, resulting in large inputs of terrestrial DOM into the
river (Appendix C.2).3273%59-54 Sand Creek, a tributary that feeds the river, has the highest [DOC]
of 69 mg-C L! (Figure 4.1a; Table C.5). Within the river, [DOC] ranges from 26.0 — 33.5 mg-C
L', which is similar to other measurements in the same system*>* and similar to [DOC] in the
wastewater effluent. As urbanization surrounding the river increases,**>* [DOC] decreases.’> The
lowest [DOC] (i.e., 3.45 mg-C L) is quantified in nearshore Lake Superior.

UV-vis spectroscopy shows that SUV Azs4 decreases and E»:E3 increases moving downstream
in the river (Figure 4.1; Table C.5). SUVAxs4 is proportional to DOM aromaticity,’® whereas
E»:E; is inversely proportional to molecular weight.!®7 These parameters are typically inversely
related® and processes such as photobleaching and microbial degradation, as well as increases in
impervious land cover, can decrease SUVAsss and increase Ej:E3.1%°%3968 Therefore, the changes
in bulk optical properties imply that DOM becomes less aromatic and smaller in molecular weight
throughout the river and estuary. DOM in the headwaters is likely terrestrially-derived and has

undergone limited environmental processing.”-2%34365769 The optical properties of DOM in the
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wastewater effluent and Lake Superior (sites F and H) are indicative of larger inputs of
microbially-derived DOM or more extensive environmental processing of terrestrially-derived

DOM 19,55,59-68
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Figure 4.1. (a) [DOC], SUV A,s4, and (b) E,:E; for each sampling location. The wastewater sample
(F) is denoted using hollow symbols. Site names are listed in Table 4.1. Error bars represent the
standard deviation of triplicate measurements.

The bulk composition of DOM in the wastewater effluent is unique compared to the DOM in
the natural waters. The wastewater effluent has the lowest SUVA»s4 (2.40 L mg-C! m™") and
highest E»:E3 (6.33; Table C.5), which is indicative of the microbially-derived DOM produced
during secondary treatment. Similarly low SUVAjs4 (range = 0.8 — 2.9 L mg-C! m™!) and high
E»:E;3 values (range = 4.6 — 7.2) are reported in other wastewater effluents.?%214170 Although the
Blatnik Bridge site shows elevated E»:E3 and lower SUV A»s4 compared to upstream samples, <5%
of the river downstream of the discharge location is comprised of wastewater (Appendix C.2) and
it is not possible to distinguish between contributions of wastewater DOM and processing of

terrestrial DOM using bulk measurements.
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4.5.2 Molecular Composition of DOM

The molecular composition of DOM revealed by FT-ICR MS advances our knowledge of
DOM sources and ultimately enables us to move beyond correlations with bulk properties to
inform our understanding of photochemical reactivity. A total of 4,833 unique Ci-180H1-14000-80
No-1S0-1Po-1Clo-1 formulas are identified in the eight samples. An average of 1,779 formulas are
identified in each sample, with the greatest number in the wastewater effluent (3,823 formulas;
Table C.6; Figures C.3 — C.7). The percentage of formulas containing only CHO atoms decreases
moving downstream in the river, while the percentages of CHON and CHOS formulas increases
(Table 4.1). These changes may be attributable to increases in microbially-derived DOM inputs,
which typically contain more nitrogen and sulfur.”#!7'-73 Additionally, the high abundance of
CHOS formulas in wastewater-derived samples is influenced by the presence of sulfur-containing
surfactants, which ionize very well by electrospray.*!’* Therefore, the high percentage of CHOS
formulas in the Blatnik Bridge site (G) likely reflects the increased ionization ability of these
wastewater-derived compounds even though the amount of wastewater in the river is low.

Weighted averages calculated from intensities of matched formulas provide additional insight
into how DOM composition changes in the river. H:Cy, increases and DBE,, decreases moving
downstream throughout the river (Figure C.8; Table 4.1). The wastewater effluent has the highest
H:Cy and lowest DBEy, values of 1.26 and 8.03, respectively, which agrees with past observations
of wastewater effluent.*!:”* Sites downstream of the discharge also show higher H:Cy, and lower
DBEy values compared to upstream sites. The decrease in aromaticity agrees with the observed
decrease in SUVA»s4 (Figure 4.1a), while the decrease in O:Cy demonstrates that the DOM

becomes less oxidized.
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Table 4.1. Total number of formulas, percent of heteroatom-containing formulas, and weighted
averages of O:C, H:C, and DBE in each sample as detected by FT-ICR MS.

Point

Tota % % % % %
Sample 1# | CHO | CHON | cHOS | cHOP | caocy | H:Cv | O:Cv | DBE,
A.Sand o0 a2 6.4 1.6 57 | 1.096 | 0.540 | 9.942
Creek
B. 10.05
Meadotands | 1309 | 804 | 44 109 | 07 3.5 | 1.008 | 0540 | 17
' 10.15
C.RiverInn | 1437 | 784 | 4.1 1 13 52| 1089 | 0546 |
D.East | 15061 747 | 43 11.9 15 75 | 1.093 | 0.544 | 10-08
Detroit 6
E.-Munger | 5001 299 | 36 1.1 16 48 | 1.096 | 0.541 | 9.984
Landing
F. Wastewater | 3823 | 43.1 | 5.2 34 42 136 | 1.263 | 0.481 | 8.029
G.Blatik | 59 | 461 6.9 20.1 0.8 6.0 | 1.123 | 0.528 | 9.656
Bridge
H. Wisconsin | 4 ccr | g6 5 42 10.8 4.4 142 | 1212 | 0494 | 8.865

The mass spectrometry data confirms that DOM shifts from terrestrially-derived DOM to

DOM that is more processed and/or more microbial in composition. This shift is evidenced by

decreases in molecular weight and aromaticity, as well as increases in saturation and

chemodiversity of DOM (Figure C.8; Table 4.1). Bray-Curtis dissimilarity analysis, based on the

presence and absence of formulas, shows that samples generally cluster together based on

geographical location within the river (Figure C.9). The composition of wastewater DOM is

unique and clusters separately from the riverine samples, while the site located downstream of the

discharge (i.e., Blatnik Bridge) falls between the wastewater effluent and the other natural samples.

This analysis complements our observations of the elevated percentage of CHOS formulas and
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lower DBEy, values at this site, which we attribute to influence of highly ionizable CHOS formulas
from wastewater effluent. These analyses show that mass spectrometry data can be used to observe
impacts of discharge on DOM composition in downstream sites which was inconclusive
considering bulk properties alone.

The optical and molecular DOM characterization provides complementary insight into how
the DOM changes in the St. Louis River. This is shown further by Spearman rank correlations
between optical measurements with relative intensities of formulas commonly detected by FT-ICR
MS. Formulas positively correlated with SUVAjs4 are located in the more oxygenated and less
saturated region of the plot, which is dominated by tannin- and lignin-like compounds that are
typically highly aromatic (Figure C.10).”-7>-7" In contrast, formulas most positively correlated with

E»:E;3 are more saturated.

4.5.3 Formation of ’DOM and ' O

Quantum yields are used to assess the photochemical reactivity of the samples because they
are normalized to rate of light absorbance, which corrects for the variable [DOC] observed in the
St. Louis River. Steady-state concentrations are reported in Appendix C.6. Measured @102 (range
=(5.4-10.3) x 10%) follow the same trends as frmp (range = 35.2 — 69 M"!; Table C.9) which is
expected because *DOM is a precursor for !0 and the yield for this process is quite high.!? Tt is
important to note that O, and TMP likely probe different pools of DOM. All triplets that react by
energy transfer are theorized to be able to be quenched by O>. However, only triplets with reduction
potentials sufficient to oxidize TMP are detected in *DOM quantification experiments.'>78

Quantum yields for both PPRI fall within ranges reported for other waters.”!617:1%7 Generally,

frmp and @10, increase moving downstream in the river as the DOM becomes more efficient at
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producing *DOM and 'O per photon of light absorbed (Figure 4.2a). Wastewater effluent is

highly efficient at forming *DOM and !O», in agreement with previous observations.?%-2!:80
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Figure 4.2. (a) frmvp and @102 (right axis), (b) @.on (¢) kovsc for carbamazepine, venlafaxine,
atorvastatin (right axis), and (d) kobs,c for DEET for each sampling location. Site names are listed
in Table C.1. The wastewater sample (F) is denoted by hollow points. Error bars represent the
standard deviation of triplicate measurements except for kobsc for DEET, which was measured in
duplicate.

Linear regressions between optical properties and *DOM-related quantum yields suggest
that predicting these parameters is possible based on simple bulk measurements. For example,

E»:E3 is typically positively correlated with @102 and loss rates of 2,4,6-trimethylphenol.”»19:20:22.80-

82 This trend is also observed within our data, with positive correlations between E»:E3 and fime (p
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<103) and ®i02 (p = 0.008; Figure C.12). Negative correlations between SUVAs4 and frme (p =

0.0002) or @102 (p = 0.01) are weaker, but still significant (Figure C.13).

(b Q% o

Figure 4.3. Spearman rank correlations between relative formula intensities as detected by FT-
ICR MS in at least six samples and (a) frmp, (b) @102, and (¢) ®@.on. Spearman rank correlations
between relative formula intensities as detected by FT-ICR MS and kobs,c for (d) carbamazepine,
(e) atorvastatin, and (f) DEET. Warmer colors correspond to positive correlations; cooler colors
correspond to negative correlations.

Comparisons between FT-ICR MS data and PPRI quantum yields demonstrate which
specific pools of DOM within a single sample are most strongly associated with PPRI formation,
rather than simply samples as a whole. The relationships between formula intensities determined
by FT-ICR MS and quantum yields are investigated using Spearman rank correlations for common
formulas found in >6 samples. Highly saturated formulas are most positively correlated with frvp

and @102 (Figure 4.3). Similar trends are observed in rural lake samples using FFA and

hexadienoic acid as energy transfer probes for 'O, and *DOM, respectively, and for stormwaters



120

using TMP as an electron-transfer SDOM probe.”!* Spearman rank rho values between formula
intensity and frvp are strongly correlated with values for @102, suggesting that a very similar pool
of DOM is associated with the formation of these PPRI (p <107°; Figure C14a; Table C.10) as
expected because *DOM is a known precursor to 'O,. Additionally, the DOM pool most correlated
with frmp and @102 is similar to the pool positively correlated to Ez:Es (p <107 for both; Figure
C.15) and negatively correlated to SUVA»s4 (p < 07 for both; Figure C.16).

The combination of characterization data and photochemical measurements inform
observed differences in production of SDOM and 'O». Correlations between Ez:E3 and quantum
yields indicate that low molecular weight DOM molecules are most efficient at forming DOM
and '0,. These results are consistent with the observation that *DOM formation rates are similar
across DOM types, but that the rate of light absorbance is higher for larger, more aromatic
molecules.!® Because not all chromophores participate in photochemical reactions to produce
3DOM, a smaller quantum yield is observed. As a result, low molecular weight and aliphatic DOM
have higher frvp. Because *DOM is a direct precursor to 10,,”18:20:8384 thig trend is also observed
for '0,. This is the first study to show that these relationships hold across DOM samples with very
different composition, implying that the trends observed here are potentially universal in

freshwaters and wastewater-impacted sites.

4.5.4 Differing Formation Pathways of *OH

There are multiple mechanisms for generating *OH in sunlit waters. In the H>O»-dependent
pathway, a species formed during irradiation (e.g., *DOM) reduces O to O2°. O>™* undergoes
dismutation to form H>O», which forms *OH through homolytic cleavage. Quenching O, and

H>0» decreases *OH production, providing evidence that this pathway is important in natural
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waters.?>?426 However, an H,O,-independent pathway which involves H-atom abstraction from
water to generate *OH has also been proposed because *OH is still detected when H>O; is
quenched.?s *DOM could be involved in either O, reduction or H-atom abstraction, but its role is
unclear. While the aim of this study is not to distinguish between these possible pathways, the
molecular-level analysis allows us to test the hypothesis that SDOM is a key precursor in *OH
formation. Note that photo-Fenton reactions and nitrate/nitrite photolysis as sources of *OH can be
neglected due to negligible concentrations of iron and nitrite (Tables C.3 and C.4) and the minimal
overlap between the 365-nm bulbs and the nitrate absorbance spectrum.®

If SDOM is a precursor to *OH as it is for !0, ®.on should follow similar trends as frmp and
®102. However, conflicting evidence exists about the relationship between ®.on and other PPRI.
In some cases, positive correlations between ®.on and other PPRI or E»:E3 indicate that low
molecular weight DOM is most efficient at producing *OH.!621:8¢ Conversely, other studies show
®.on correlates inversely with other PPRI or E»:E3.282%82 Additionally, H>O> quantum yields are
inversely proportional to ®102,!” which is important because H>O> can produce *OH.*’ Finally,
®.on correlates with frvp in one study, while @102 follows the opposite trend;?’ this observation is
unusual because *DOM does not correlate with 'O..

In this study, ®.on follows opposite trends as frmp and ®@102. Peon ranges from (2.16 — 100) x
1073 (Table C.9), which is similar to other water samples.!®78688 In contrast to frmp and @102,
®.on does not consistently increase moving downstream in the river (Figure 4.2b) and the highest
®.on is measured in the sample collected farthest upstream. @.on does not correlate significantly
with E2:Ez or SUVA»s4 (p = 0.2 and 0.1, respectively; Figures C.12¢ and C.13c¢), although
interestingly the directions of the relationships are opposite those of frmp and ®@i102. At the

molecular level, Spearman rank correlations with ®.on show nearly the opposite arrangement of
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frmp and @102 on the van Krevelen diagram (Figure 4.3c). Formulas most positively correlated
with ®@.on are more oxygenated and less saturated than formulas positively correlated with frmp
and ®@i02. Plotting Spearman rank rho values for correlations between formula intensity and ®.on
compared to the other two PPRI results in a negative relationship (p <107 for both; Figure C.14;
Table C.10). At the molecular level, ®.on decreases with increasing Ez:E; and increases with
SUV Asss (p <107 for both; Figures C.15¢ and C.16¢).

These results suggest that DOM formulas that are more aromatic and oxygenated are most
efficient at forming *OH per photon absorbed, which is opposite the trend observed for *DOM and
'0,. This is the first time that this relationship has been shown for ®.on at the molecular level. The
clear divergence between formulas associated with ®DOM and *OH provide evidence that the
major *OH formation pathway does not involve *DOM as a precursor. Other potential precursors
include '"DOM, charge-transfer states, or exciplexes involving photochemically excited DOM;23-24
more research is needed differentiate between these possibilities. In the H2O2-dependent pathway,
®.on should increase with increasing electron donating capacity (EDC) of the DOM. For example,
reducing DOM leads to enhanced *OH formation in the dark.?**° EDC is attributed to phenolic
molecules’! which are located on the same region of the van Krevelen diagram as the formulas
positively correlated with ®@.on in this study. Thus, our results in the context of existing literature
support an *OH formation pathway where a non->DOM species formed during irradiation reduces

O», ultimately forming *OH with H>O; as an intermediate.

4.5.5 Indirect Photodegradation of Pharmaceuticals
The four target contaminants primarily undergo indirect photolysis. Indirect photodegradation

rate constants are up to 11x, 19x, 1200x, and 6.7x faster for atorvastatin, carbamazepine, DEET,
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and venlafaxine, respectively, than direct photodegradation rate constants (Table C.11).
Additionally, carbon-normalized indirect photodegradation rate constants (kobs,c) vary among the
water samples for all of the contaminants (Figure 4.2; Table C.12). For atorvastatin,
carbamazepine, and venlafaxine, the largest kobs,c is measured in the furthest downstream site, with
enhanced photodegradation also observed in wastewater effluent. Less variability exists in kobs,c
for DEET, but it is noteworthy the lowest kobs,c 1s observed in wastewater effluent. The variability
of these rate constants, even after normalized to [DOC], indicates DOM composition plays a key
role in the indirect photodegradation of contaminants.

Because contaminants react with individual PPRI with different rate constants, changes in
PPRI formation affect contaminant degradation. Bulk characteristics are largely unsuccessful at
predicting kobs,c. For carbamazepine and venlafaxine, kobsc correlates positively with Ex:Ez (p =
0.008 and 0.045, respectively; Figure C.12) and negatively with SUVA»s4 (p = 0.002 and 0.011,
respectively; Figure C.13). Insignificant relationships are observed for venlafaxine and DEET,
but it should be noted that the direction of trends for kobsc for venlafaxine match those of
carbamazepine and atorvastatin but are opposite for DEET. At the molecular level, Spearman rank
correlations between relative formula intensity and kobs,c vary amongst the contaminants (Figures
4.3 and C.17). For atorvastatin, carbamazepine, and venlafaxine, more saturated formulas
generally correlate positively with contaminant degradation. Spearman rank rho values for these
three contaminants correlate positively with rho values for ®3pom and @102 (p <107°; Figures C.18
and C19), but negatively with rho values for ®.on (p <107; Figure C.20; Table C.10). A less
pronounced pattern of correlations is observed between kovsc for DEET and relative formula
intensity (Figure 4.3f). However, unlike the other contaminants, the strongest negative

correlations are observed in highly saturated formulas (Figure 4.3f). Spearman rank rho values
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between kobs,c for DEET correlate negatively with rho values for all of the PPRI quantum yields
(p <107 for all; Figures C.18 — C.20), although the slope of this correlation for *OH is much
shallower. Together, these results suggest that atorvastatin, carbamazepine, and venlafaxine react
with *®DOM and/or 'O,, while the PPRI involved in DEET photodegradation are less clear.
Contaminant photodegradation experiments with quenchers corroborate Spearman rank
correlations and confirm which PPRI are most responsible for contaminant degradation. For
carbamazepine, sorbate decreases the unquenched rate constant by 76% on average (Figure C.21;
Table C.13), suggesting that carbamazepine reacts with *DOM and/or 'O since 'O precursors are
also quenched by sorbate. The 2,500% increase in carbamazepine degradation under anoxic
conditions confirms that SDOM is most important since the lifetime of triplets is much longer in
the absence of ;. Quencher experiments with venlafaxine are similar to those with
carbamazepine, indicating that *DOM is also important for its degradation (Figure C.22). We
conclude that other PPRI also contribute to the photodegradation of venlafaxine because the
addition of DABCO and isopropyl alcohol also decrease its photodegradation rate constant (68%
and 36%, respectively). Quenchers have a less pronounced effect on the degradation rate constant
for atorvastatin (Figure C.23), although the 145% enhancement under anoxic condition suggest
that low energy triplets not quenched by sorbate may contribute.!? Lastly, the degradation rate
constant for DEET decreases in the presence of sorbate (85%), histidine (36%), and isopropyl
alcohol (88%,; Figure C.24). Importantly, the rate constant for degradation of DEET decreases
more significantly with the addition of isopropyl alcohol compared to any other contaminant tested
and agrees with the observed [*OH]ss (Appendix C.7), indicating that *OH plays the largest role

in the degradation of this compound.
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Our work corroborates previous studies concluding indirect photolysis is more important than
direct photolysis for atorvastatin,>®*?> carbamazepine,’**>** DEET,*® and venlafaxine.’” Most

36.38.92-94 which is also noted in this

studies cite *DOM and 'O, as important for the contaminants,
study. However, it is surprising that venlafaxine appears to degrade through reaction with 'O due
to a lack functional groups known to react with this PPRI.>>*® What varies the most among studies
is the relative importance of *OH towards the degradation of each contaminant, although this is
likely dependent on the composition of DOM used in the study and the relative amounts of
sensitizer and contaminant. We conclude that *OH plays an important role in the degradation of

venlafaxine and DEET, with only minor roles in the degradation of atorvastatin and

carbamazepine.

4.6 Environmental Implications

Indirect photodegradation plays an important role in the fate many organic contaminants in
natural waters, particularly in high [DOC] waters like the St. Louis River where direct
photodegradation is limited.”” It is not yet possible to predict rates of contaminant
photodegradation because the production of PPRI and the reaction of PPRI with individual
compounds depends on the composition of DOM and the contaminant, respectively. For this
reason, our study includes detailed characterization at both the bulk and molecular level along with
full photochemical analysis including PPRI formation and contaminant degradation experiments.
The comprehensive approach taken in this study using DOM that spans a wide range in
composition makes conclusions drawn transferrable to other systems and contaminants.

Both bulk and molecular characterization techniques used in this study confirm that DOM

composition varies within the St. Louis River and estuary. Combined, we observe that DOM
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becomes less aromatic and smaller in molecular weight moving towards Lake Superior. This shift
in DOM composition may make DOM more bioavailable to microorganisms,*®! which can alter
metabolic pathways.”® Additionally, the compositional data presented here demonstrate that bulk
and molecular characterization techniques agree with one another, suggesting that simple UV-vis
parameters can be applied to study overall changes in DOM composition. However, the addition
of FT-ICR MS analysis allows us to evaluate chemodiversity and observe influences of wastewater
effluent on DOM composition in downstream samples.

The photochemical reactivity of DOM with respect to formation of PPRI changes with DOM
composition. frmp and @102 increase moving downstream, while patterns for ®@.on are less
pronounced. At the molecular level, we observe that the aromatic pool of DOM correlates
positively with ®.on and negatively with frmp and ®@i102. Links between frmp and @102 and
molecular characterization have been observed previously,”!” but this study is the first to show
correlations with ®@.on. This is important given the lack of significant trends between ®.on and
bulk DOM parameters in this study, as well as the disagreeing trends for ®.on and bulk DOM
characteristics in the literature. Our approach reveals that molecular level detail can provide insight
into DOM reactivity when such trends cannot be obtained using bulk measurements and provides
evidence for a mechanism of *OH formation that does not involve *DOM as a precursor.

Results of this study have important implications for contaminant fate in the environment.
Contaminant photodegradation experiments show that photodegradation rates will change as DOM
composition changes. Furthermore, the ways in which degradation rates change are dependent
upon the contaminant in question, complicating our ability to predict contaminant fate with respect
to photodegradation. In fact, the individual formulas within DOM most correlated to contaminant

degradation are compound-specific and depend on the PPRI most responsible for the degradation
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of that contaminant. Therefore, data is needed both about the composition of DOM and the role of
PPRI in target contaminant photodegradation to predict contaminant fate in the environment. This
is complicated by the fact that simple measurements of DOM composition like UV-vis
spectroscopy may not be enough to predict PPRI quantum yields, especially ®.on. Future work
should focus on properties of DOM that may control formation of PPRI and especially *OH,

including the redox activity of DOM.
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Chapter 5

Molecular composition of dissolved organic matter and its
relationships to optical, photochemical, and redox activity

5.1 Details on Collaboration
Chapter 5 is a collaboration between Stephanie Berg, Christina Remucal, and Kristine
Wammer. S.B. performed the experiments and wrote the manuscript with input from C.R. and

K.W.

5.2 Abstract

The composition of dissolved organic matter (DOM) affects its photochemical reactivity and
thus contaminant fate in surface waters. This study relates quantum yields for singlet oxygen
(®102) and hydroxyl radical and other hydroxylating species (®.on) to DOM composition in terms
of its optical properties, molecular composition obtained via Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), and its electron donating capacity (EDC). This
diverse set of 48 samples includes bogs with terrestrially-derived DOM, oligotrophic lakes with
microbially-derived DOM, and wastewater and wastewater-impacted samples. @102 increases
from terrestrial < aquatic < wastewater samples. ®.on does not follow a clear order in terms of
DOM source. Terrestrial samples have higher ®.on than aquatic samples, but the wastewater
samples show a wide range. Bulk properties including E»:E; and EDC correlate to @102, but no
bulk property could be used to predict @.on in the combined data set. Molecular composition

related to EDC, ®102, and ®.on and results show that a similar subset of DOM is positively
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correlated to ®@.on and EDC which is distinct from the formulas relating to ®@102. Furthermore, we
show that even relationships to molecular composition are not universal and depend on the sample
set. Finally, multiple linear regressions are presented to simultaneously consider parameters most

strongly related to @102 and ®.on.

5.3 Introduction

Dissolved organic matter exists in a complex mixture of organic molecules that originate
from plant and microbial sources.!? Additionally, it undergoes environmental processing which
increases its molecular complexity.> DOM participates in many reactions in the environment
affecting microbial metabolism,* transformation of contaminants,>’ and drinking water treatment
processes.® 1% In surface waters, DOM is the predominant light absorbing component and forms
photochemically produced reactive intermediates (PPRI) as a result.!!2

Upon absorption of light, DOM enters its singlet excited state ('DOM) and a fraction
undergoes intersystem crossing to form the longer-lived species triplet excited state (‘DOM).!?
The predominant quencher of *DOM is O> which excites to singlet oxygen ('O2) via energy transfer
from *DOM. Both *DOM and !O> can react to transform some organic contaminants.5!314
Autochthonous DOM or DOM originating from wastewater has been shown to be more
photoreactive in terms of producing these PPRI.!*!> Other PPRI including hydrogen peroxide
(H203), superoxide, (O2"), and hydroxyl radical ("OH) form through electron transfer reactions but
exact pathways are less well understood.!® However, the two predominant mechanisms discussed
in the literature include initial steps of reduction of O, or H-atom abstraction from water. DOM
precursors may include 'DOM, *DOM, charge transfer species, or other photochemically excited

complexes associated with DOM.!7-19
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Conflicting evidence exists in the literature about relationships between quantum yields of
SDOM and 'O, (®3pom and @02, respectively) as compared to those for ®.on, which is likely
because the former two form via energy transfer and the latter results from electron transfer.
Measures of redox activity have been used to attempt to explain photochemical reactivity in terms
of formation of these PPRI. Measurements of antioxidant capacity, via reaction of DOM with 2,2-
diphenyl-1-picrylhydrazyl, have been negatively correlated to ®3pom and @102.2° Electron
donating capacity (EDC) measured via cyclic voltammetry is unrelated to @102 but positively
correlated to quantum yields for H,O, formation (®m202) in another study.?! Absorbance and
fluorescence data have been correlated with redox activities of DOM in photochemical studies,
but have not been related to composition data at the molecular level such as that acquired via
ultrahigh-resolution mass spectrometry.

Because predicting "OH formation has remained elusive in the literature,?%?

we present a
complete picture of DOM absorptive properties, DOM redox properties via measurements of EDC,
DOM molecular composition via FT-ICR MS, and DOM photochemical properties including @102
and @.on for a diverse sample set including terrestrially-derived bogs, microbially-derived and
altered DOM from oligotrophic lakes, and wastewater and wastewater impacted samples. Multiple
linear regression models are developed for @102 and ®.on to show how DOM properties
collectively affect PPRI formation. In the St. Louis River, correlations to molecular composition

show that a separate pools of DOM are mostly strongly related to @102 and ®.on.?* Here, we include

a much more diverse sample set to investigate whether this observation is universally true.
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5.4 Methods
5.4.1 Sample Collection

A total of 48 grab samples were taken from five different geographical locations between
August 2018 and September 2020 are classified as rural, urban, agricultural depending on their
surrounding landcover (Table D.1). These samples include lakes of diverse trophic status (n=13),
rivers and their tributaries (n = 20), and agricultural ditches (n = 2). Additionally, 13 wastewater
effluent samples were collected from four different wastewater treatment plants. More information
about sample sites and collection can be found Appendix D.1 of Appendix D. Origins of all

chemicals used in experiments and analyses can be found in Appendix D.2.

5.4.2 Water Chemistry Analysis

Water chemistry parameters including concentrations of chloride, nitrate, nitrite, and sulfate
were measured using ion chromatography. Concentrations of metals including calcium, iron,
potassium, magnesium, and sodium were measured using inductively coupled plasma-optical
emission spectroscopy. Concentrations of dissolved organic carbon ([DOC]) and dissolved
inorganic carbon ([DIC]) were measured using a Shimadzu Total Organic Carbon Analyzer. More
information on analytical methods for these measurements can be found in Appendix D.3.

Bulk DOM composition was evaluated using absorbance measurements collected via a Horiba
Aqualog Fluorimeter (Appendix D.3). Parameters including the specific absorbance at 254 nm
(SUVA2s4) and the ratio of absorbance at 250 nm to 365 nm (E2:E3) were calculated as described
previously.?*? SUVAuss and Ea:E3 have been related to increasing aromaticity and decreases
molecular weight, respectively.?*?3 Excitation emission matrices (EEMs) were also exported from

the instrument. In this study, the humification index (HIX) is used due to its lack of dependence
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on any inner filtering effects.?® HIX is calculated as the sum of the emission from 435 — 480 nm
divided by the sums of the emission from 300 — 345 nm and 435 — 480 nm all with excitation at
254 nm.2

Molecular composition of DOM was evaluated using Fourier transform-ion cyclotron
resonance mass spectrometry (FT-ICR MS). Briefly, prior to analysis, DOM was extracted from
whole water samples using solid phase extraction and re-diluted in methanol.?” Aliquots were
diluted in 50:50 acetonitrile:ultrapure water and directly injected into a Bruker FT-ICR MS
instrument (Solarix XR 12T) via electrospray ionization operating in negative mode. Exported
formulas were linearly calibrated and compared with a list of potential formulas containing
combinations of 3C.1'?Cs.30Ho-12000-80No-3S0.1 atoms. Matches were verified using a 0.2 ppm mass
error cutoff and requirement of homologous series as described previously.!*8 Further
information can be found in Appendix D.4. Weighted averages of properties including hydrogen
to carbon ratios (H:Cy), oxygen to carbon ratio (O:Cy), and double bond equivalents (DBEy) were
calculated for each sample.

Electron donating capacity (EDC) was measured using a spectrophotometric assay with the
radical cation of 2,2’-azino-bis(3-ehtylbenzothiazoline-6-sulfonate) (ABTS™) as described by
Walpen et al.*® Briefly, 125 pu ABTS"" was added to at four concentrations of DOM from each
site. Reactions proceeded for 15 minutes during which DOM reduced ABTS™" back to ABTS
which was quantified by loss of absorbance at 728 nm. EDC was then calculated from the
difference in delta ABTS™ between DOM samples and ultrapure water samples. Further details

are included in Appendix D.5.
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5.4.3 Photochemical Experiments

Steady-state concentrations and quantum yields for 'O, and ‘OH were quantified during
irradiation of whole water samples in a Rayonet photoreactor equipped with 365 nm bulbs (full
width half max = + 10 nm).3® 10 pM of the probe compounds furfuryl alcohol (FFA) and
terephthalic acid (TPA) were used in separate experiments to measure 'O, and "OH,
respectively.?!3? Triplicate measurements were taken alongside triplicates of actinometer solution
containing p-nitroanisole and pyridine to quantify intensity of the light source.?* Buffer was not
added to any solutions due to precipitation during some irradiations, but the pH never varied by
more than 0.3 units during experiments. Importantly, TPA captures both free “OH as well as other
hydroxylating species.** We will refer to the combination as "OH for the remainder of this study.
The degradation of FFA and the formation of the hydroxylation product of TPA, hydroxy-
terephthalic acid (h\TPA) were measured with high performance liquid chromatography (HPLC).

Further experimental details and analytical methods are included in Appendix D.6.

5.4.4 Statistics Analyses

For all figures, error bars represent the one standard deviation of at least three replicates.
In the box and whisker plots, the whiskers represent the first and fourth quartile, the height of the
box represents the second and third quartile, and the line through the box represents the median of
the data set. Statistical significance between categorical groups were calculated by ANOVA-
Tukey tests. Any individual points shown on the plot are outliers in the data set. Spearman rank
correlations are calculated by relating the relative formula intensity of individual formulas in
individual samples to another measurement made for that samples (e.g., @102 and ®@.on). For all of

these plots, only formulas identified in at least three samples are included.
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Multiple linear regressions (MLR) models were constructed for @102 and ®.on using pH,
concentrations of anions, concentrations of cations, ionic strengths, [DOC], [DIC], SUVAxsa,
E»:E3, HIX, EDC, H:Cy, O:Cy, and DBEy, as potential predictor variables. All of parameters were
considered because both DOM composition and water chemistry can affect photochemical
reactivity.>>7 Models were reduced using Bayesian information criterion (BIC) with backwards
stepwise regression. Variation inflation (VIF) scores meet model assumption about collinearity

(i.e., < 1.5). Details from model output are included in Tables D.15 and D.16.

5.5 Results and Discussion
5.5.1 Water Chemistry

We collected 48 samples collected across Wisconsin and Minnesota, USA with the goal of
comparing DOM that spans the range of DOM in freshwater systems. Water chemistry parameters
vary substantially among the collected samples. Natural water samples were categorized into four
groups (e.g., rural (n = 14), urban (n = 8), agriculture (n = 12), and wastewater (n = 14)) based on
the predominate land cover type in the surrounding watersheds, and wastewater effluents were all
grouped together in their own class.

Concentrations of dissolved organic carbon ([DOC]) range from 1.8 — 69 mg-C L. Sites
classified as urban and agricultural show little variability in [DOC] while rural and wastewater
sites show large differences. Rural samples include both bogs and oligotrophic lakes so that range
is unsurprising.*® [DOC] in wastewater samples range widely, but WLSSD in particular has higher
than usual [DOC] due to large amounts of industrial inputs (Figure 5.1a).233° In general, the
highest concentrations of [DOC] are observed in waters with large terrestrial inputs of carbon and

the lowest are found in clear, oligotrophic lakes (Table D.2). Inorganic carbon concentrations
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([DIC]) range from 1.42 — 92.7 mg-C L' with significantly lower concentrations observed in the
rural sites than any other samples (Figure 5.1b; Table D.2). Sample pH (Table D.2),

concentrations of anions (Table D.3), and concentrations of cations (Table D.4) are available in

Appendix D.3.
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Figure 5.1. Box and whisker plots for a) [DOC] and b) [DIC] in rural (n = 14), urban (n = 8),
agricultural (n = 12), and wastewater (n = 14) samples. Letters designate statistical significance
between groups.
5.5.2 DOM Composition

Optical properties derived from UV-vis spectroscopy show that DOM composition also varies
widely between the samples (Figure 5.2; Table D.2). High SUVA»s4 and low E»:Es values are
indicative of large, aromatic DOM, while low SUV A»s4 and high E»:E; indicates smaller, simpler
molecules.?*? Here, urban samples have especially low SUVAsss values likely arising from
minimal terrestrial inputs in and around Minneapolis and St. Paul, Minnesota. Urban and
agricultural samples have low Ex:E; indicating important contributions from microbially produced
DOM or large amounts of older, more processed DOM. Although low SUV Ajs4 and high Ex:E;

are expected in wastewater effluent,>*° the wastewater-derived samples have optical properties

near the middle of ranges observed in this study (Figure 5.2).
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Figure 5.2. Box and whisker plots for a) SUVAzs4, b) Ez:E3, and ¢) EDC in rural (n = 14), urban
(n = 8), agricultural (n = 12), and wastewater (n = 14) samples.

For all samples, DOM was also characterized at the molecular level via FT-ICR MS. A total
of 14,318 unique formulas were identified in the samples with an average of 4,026 formulas in
each sample (Table D.6). Weighted averages of H:Cy, were higher in the wastewater and urban
samples compared to the rural or agriculture samples (Figure 5.3a). O:Cw ratios were lower in
the urban samples than in any other group (Figure 5.3b) The numbers of heteroatom containing
formulas varied, with more N- and S- containing formulas identified in wastewater effluent than
the natural water samples and more CHO-only formulas identified in the samples with mostly
terrestrial DOM inputs (Table D.6).

To compare DOM molecular composition from different land cover types, formulas only
identified in rural, urban, agricultural, or wastewater samples are plotted on van Krevelen diagrams
(Figure 5.4). A large number of formulas are unique to samples categorized as rural (Figure 5.4a).
This may be due to this DOM being relatively fresh and containing large amounts of labile DOM
not found in other samples. Additionally, the rural samples in contain an especially high amount
of variability due to the different trophic statuses of the lakes.*® Formulas only found in samples
collected from urban sites were mainly found at low O:C ratios (Figure 5.4b). Reports of urban

runoff containing low amounts of oxygen have been made previously.*! Agricultural samples show
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aunique group of tannin- and lignin-like unsaturated formulas (Figure 5.4¢). It is unclear just from
this plot where these formulas originate but potentially they are coming directly from farmland.
Like the rural sites, wastewater also shows large number of uniquely identified formulas. These
formulas vary in their H:C and O:C ratios but are somewhat concentrated in lipid- and protein-

regions as has been observed for other wastewater effluents. 33940
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Figure 5.3. Box and whisker plots for a) H:Cy, and b) O:Cy, in rural (n = 14), urban (n = 8),
agricultural (n = 12), and wastewater (n = 14) samples.

5.5.3EDC

EDC is potentially linked to the photochemical reactivity of DOM, yet is infrequently reported
in the literature and has not yet been compared with the molecular composition of DOM. EDC
values for the diverse set of waters range from 0.26 — 5.38 mmol e” g-C"! which is within the range
of other waters measured by the same spectrophotometric method (Table D.5).!%2° Geographic
location does not seem to play a huge role in controlling EDC, but overall terrestrial samples (e.g.,
bogs and upstream St. Louis River) have higher values than more microbial- or otherwise
environmentally processed DOM (e.g., oligotrophic lakes). Interestingly, wastewaters show a

large amount of variability in EDC, with values spanning the range of that observed in the natural
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waters (0.51 — 5.38 mmol e mg-C!; Figure 5.2¢; Table D.5). Largely, the two samples taken from
each plant (i.e., before and after disinfection) were very close to one another and more variability
was observed between the different WWTPs. However, EDC decreased after disinfection with
either chlorine or UV which has been observed in other studies using both chlorine**** and
ozone!®?%# ag disinfectants. This trend was not observed at WLSSD, which uses UV light for

disinfection.
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Figure 5.4. Identified formulas found in at least one sample that are exclusive in a) rural, b) urban,
¢) agriculture, and d) wastewater samples. Boxes on plot correspond to 1) protein-, 2) lignin-, and
3) tannin- like formulas.*?

Relationships are observed between EDC and optical properties including positive

relationships with SUVAzs4 and negative relationships to Ez:Es. The slope for EDC versus
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SUV A»s4 is similar for all natural water types regardless of land cover designation or composition
of DOM (p = 1.4 x 10°%; Figure 5.4a). However, while the slope for the wastewater samples is still
positive, it is much steeper than that of the natural water samples (p = 4.7 x 1073; Figure 5.4a).
Different slopes have been documented for EDC between terrestrial and aquatic samples,* but not
specifically for wastewater samples. EDC is negatively related to E>:E3 for the entire data set with

some wastewater samples having unexpectedly high EDC (p = 3.5 x 10**; Figure 5.4b).
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Figure 5.5. EDC versus a) SUVA»s4 and b) E>:E3 for natural water samples and wastewater
samples. Red, yellow, and green points represent rural, urban, and agriculture sites, respectively.
Positive relationships between EDC and measurements of aromaticity via UV-vis* and 13C
NMR* have been made previously and much evidence exists that EDC in DOM rises primarily
from phenolic moieties.!**>*7 Phenols have been implicated in other redox reactions including the
quenching of triplet radical cations and photochemical reduction of O, to form superoxide (0,")."
Additionally, reactions such as those with ozone which are known to preferentially react with

phenols, resulting in the reduction of EDC.!°
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Figure 5.6. Positive (a and c) and negative (b and d) Spearman rank correlations between EDC
and relative formula intensity for natural water samples (a and b) and wastewater samples (¢ and
d). Formulas visualized are present in at least three samples.

EDC measurements are also related to DOM molecular composition. For natural waters, most
lignin- and tannin- like formulas are positively related to EDC (Figure 5.6a), while negatively
related formulas are mostly relatively saturated (Figure 5.6b). This is consistent the understanding
that polyphenolic-like structures give rise to redox activity of DOM and agrees with similar
analysis comparing SUV As4 with molecular composition of DOM.?*3¥ In contrast, the formulas

positively and negatively related to EDC in the wastewaters are clustered together on van Krevelen

diagrams (Figure 5.6¢ and 5.6d).
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Combined, these observations of differences in relationships between EDC to DOM molecular
combination potentially provide evidence that other structures or interferences within wastewater
DOM give rise to EDC that are not present or are depleted in natural water samples. Given the
relatively narrow range in SUV Ajss, the large range in EDC in wastewater samples is unexpected
(Figure 5.5a). Furthermore, the fact that large differences in EDC in the effluent DOM samples
does not correspond to discernable classes of formulas on van Krevelen diagrams suggests there
must be a yet unaccounted for factor.

Studies of DOM redox activity have concluded that phenol and quinone structures are the
predominant but not only redox active groups within DOM. 9434749 In fact, observations from
cyclic voltammetry experiments have shown that there is some redox activity that cannot be
attributed to phenols and quinones due to its irreversibility.*-*° Heteroatom-containing functional
groups such as have been suggested as contributing to overall redox activity and are generally
enriched in wastewater effluent in general as well as in the samples included in this study (Table
D.7).5! However, other interferences may be a confounding factor in our EDC measurements such
as reduced forms of metals and ions although these have bene ruled negligible in another study

considering EDC of wastewater.?

5.5.4 Photochemistry

Steady-steady concentrations and quantum yields for formation of 'O, and *OH range
widely within the 48 samples and are within ranges observed in other studies.!*>>>3 Steady-state
concentrations vary from (0.43— 12.6) x 103 and (0.57 — 32.5) x 10> M for ['O2]ss and ["OH]ss,
respectively. Generally, steady-state concentrations of both PPRI increase with increasing [DOC].

Quantum yields range from (0.6 —8.27) x 102and (0.34 — 105) x 107 for 'O, and "OH, respectively.
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The range in ®.on is nearly two orders of magnitude which is in line with other compilations of
quantum yields from large data sets.’> Overall, steady-state concentrations and quantum yields do

not vary by land cover type with the exception of rural sites having lower @102 (Figure 5.7).
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Figure 5.7. Box and whisker plots for a) ['O2]ss, b) [[OH]ss, ¢) @102 and d) ®.on. Letters indicate
statistical differences between sample groups.

Relationships between measurements of bulk composition and @102 and ®.on are observed
for some DOM properties. Additionally, some are consistent across the entire data set while others
are only observed in some types of waters. SUV Azs4 shows no relationship to @102 or ®@.on overall

in the data set (Figure 5.8; Table D.10). However, significant negative correlations between



150

SUVAsss and @102 are observed for the rural and wastewater samples (p = 3.15 x 107 and 1.80 x
1073, respectively; Tables D.11 and D.14). SUVAxs4 is not correlated to @.on for any of the land
cover types. Ex:Ej3 is positively related to @102 in the entire data set which has been observed in
many other studies (p = 1.9 x 10%; Figure 5.8b; Table D.10).5 Additionally, E,:Es is negatively
correlated to ®@.on overall although this is largely driven by a few wastewater samples with
exceptionally high ®.on (p = 2.46 x 102; Figure 5.8¢; Table D.10). EDC is negatively correlated
with E2:Es (p = 2.0 x 10°%; Figure 5.8¢; Table D.10) and not related to ®.on (Figure 5.8f; Table
D.10) in the whole data set. In fact, EDC is not related to ®.on for any of the land cover types
(Table D.11-D.14). The lack of universal relationship between EDC and ®.on refutes our
hypothesis that EDC may be a better bulk DOM composition better than optical properties to
predict ®.on in natural waters.

E»:E3 is the most successful bulk parameter at predicting ®.on and opposing relationships
are observed as compared to @102 (Figure 5.8). This is similar to other observations of opposing
trends between @102 and ®.on or other PPRI formed through redox reactions in other
studies.!*-?1353% However, directly comparing @102 and ®@.on to one another from this study yields
a significantly positive relationship (p = 2.0 x 10-2; Figure 5.9), albeit this again is largely due to
the incredibly photoreactive Metro WWTP effluent samples. Without those two samples, no
relationship is observed across the entire data set. However, if considering the relationship in the
different land cover types, a negative relationship is observed between the two quantum yields in
the rural sites (p = 1.8 x 10°2; Table D.11). This is consistent with the relationship developed
between the two PPRI in the St. Louis River (Chapter 4) and demonstrates that trends observed in
specific types of samples or geographical regions are not likely universal across all DOM types

and sources.
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Figure 5.8. Relationships between @102 and a) SUVAzs4, b) Ez:E3, and ¢) EDC and ®.on to a)
SUVA»s4, b) Ex:E3, and c¢) EDC. Red, yellow, and green points represent rural, urban, and
agriculture sites, respectively. Solid regression lines indicate significant simple linear correlations
across the entire data set (p < 0.05); dashed lines indicate correlations with p > 0.05.

Molecular composition is better suited to predict quantum yields than bulk parameters and
correlations illustrate why many bulk properties could not be correlated to quantum yield across
the entire data set. For @02, rural and urban sites show similar correlations where relatively
saturated formulas are most positively related and more oxygenated formulas are negatively
related (Figure 5.10a-d). However, even between the two there are some differences which likely
can be attributed to original composition of the DOM. For example, many formulas falling in the
protein-like region of the plot (i.e., box 1 in Figure 5.10) are negatively related to @102 in the rural
samples (Figure 5.10b) but positively correlated in the urban samples (Figure 5.10¢). In the

agricultural sites, an unusual relationship of more saturated formulas being negatively related to

@102 1s observed which has not been observed in other sample sets before (Figure 5.10e-f). While
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@02 does vary in the wastewater samples, there appears to be no net correlations to DOM
composition (Figure 5.10g-h). In other studies, @102 is positively related to more saturated
formulas, although it should be noted that all of these studies included sampling locations

surrounded by primarily wetland- and forested- land cover.!*3
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Figure 5.9. Linear correlation between @102 and ®.on. Red, yellow, and green points represent
rural, urban, and agriculture sites, respectively.

The difference in correlation patterns between @102 and the different land cover types likely
arises from differences in original DOM composition. For example, the differences observed in
correlations of protein-like formulas between rural and urban sites may arise from the fact that a
group of relatively O-depleted formulas identified are uniquely identified in this samples (Figure
5.4b). Similarly, the surprising positive relationships between @102 and tannin- and lignin- like
DOM in agriculture sites may be attributable to the unique pool of DOM only found in the
agriculture sites (Figure 5.4¢). The lack of clustered correlations in the wastewater is intriguing

but not unsimilar to the lack of discernable correlations to EDC in this sample set (Figure 5.6¢c-d).
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Figure 5.10. Positive (a, ¢, e, and g) and negative (b, d, f, and h) Spearman rank correlations to
relative formula intensity and @02 inrural (a, b), urban (c, d), agriculture (e, f), and wastewater
(g, h) samples. Only formulas identified in > 3 samples are plotted.
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Figure 5.11. Positive (a, ¢, e, and g) and negative (b, d, f, and h) Spearman rank correlations to
relative formula intensity and ®.on inrural (a, b), urban (c, d), agriculture (e, f), and wastewater
(g, h) samples. Only formulas identified in > 3 samples are plotted.

For rural, urban, and agricultural sites, opposite relationships between molecular DOM

composition and @102 and ®.on are observed at the molecular level. For rural sites, protein- like
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and relatively unsaturated lignin- like formulas are positively related to ®@.on (Figure 5.11a), while
for urban sites, nearly all lignin-formulas show positive relationships (Figure 5.11¢). Correlations
in agriculture sites are overall weaker than those drawn in other sample types but overall, less
saturated lignin-like formulas are positively related while more saturated are generally negatively
related (Figure 5.11e-f). Like other correlations drawn in this study, relationships between ®.on

and DOM molecular composition are unclear in the wastewater samples (Figure 5.11g-h).

Figure 5.12. Predicted values of ®i02 (a) and ®.on (b) plotted versus their experimentally
measured values.
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Because both bulk and molecular correlations between DOM composition and @102 and
®.on are complicated and no one parameter shows strong correlations to both PPRI, multiple linear
regressions models were built for both quantum yields measured in this study using pH,
concentrations of anions, concentrations of cations, ionic strengths, [DOC], [DIC], SUVAxsa,
E»:E3, HIX, EDC, H:Cy, O:Cy, and DBEy, as potential predictor variables. All of parameters were

considered because both DOM composition and water chemistry can affect photochemical
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reactivity. For example, ionic strength affects the lifetimes of DOM,*-¢ and inorganic carbon
species can quench *OH.%’

The preferred model for @102 includes four terms including a negative terms for O:Cy,
EDC, and [DOC] and a positive term for [DIC]. Overall, the model was able to describe @102 (p =
5.51 x 10°8; r? = 0.59; Figure 5.12a; Table D.15). However, it is clear that the model performs
much better at low @102 than higher experimentally measured values (Figure 5.12a). For ®@.on,
only two terms, a positive term for O:Cy and a negative term for Ez:Es, are included in the
preferred, reduced model (Table D.16). This model performs worse than that of ®102 (p = 3.42 x
104, 2 = 0.31, Figure 5.12b; Table D.16), and similarly also has a large amount of error in

predicting especially high ®.on.

5.6 Environmental Significance

EDC is an important water quality parameter that is essential to understanding processes
involving DOM. For example, DOM can act as an electron acceptor in anoxic conditions and
subsequent changes in EDC are observed.>>> EDC also has important implications in drinking
water applications as it changes during disinfection and related to formation of chlorinated
products and ozone reactivity.!%?° Furthermore, the direct relationships drawn between EDC and
DOM composition at the molecular level in this study are important because they show that EDC
of natural water samples is predominantly determined by DOM composition and tannin- and
lignin- like compounds give rise to this redox activity. In contrast, EDC in wastewater effluents is
related to SUV Azs4 but not obviously to DOM molecular composition. This could be evidence of

a non-phenol donor group within DOM or potential interference from inorganic species.
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Whether or not °DOM is a precursor for ‘OH remains up for debate. This PPRI is especially
important because of the fast and non-selective way it reacts with organic contaminants.’’->
Additionally, the widespread practice of using *DOM quenchers such as sorbic acid and
subsequent comparison of results in anoxic versus oxic conditions to differentiate between *DOM
and 'O, may be overlooking potential effects *DOM quenching as on 'OH steady-state
concentrations.!>!% Thus, incomplete understanding of *OH formation pathways also results in
incomplete understanding of contaminant transformation pathways.

Taken together, results of this study demonstrate that the ability to accurately predict ®.on
is lacking compared to other PPRI like ®102. Compositional parameters including UV-vis and
mass spectrometry data hold predictive power in some subsets of our data set but were largely
incapable of describing ®@.on across the entire data set. Surprisingly, EDC was not successful at
predicting ®.on although it is negatively related to @102 likely because redox activities within
DOM prevent the formation of SDOM.’ The employment of an MLR model showed the closest
correlation ®@.on but was unable to account for samples with very high ®.on. However, another
finding of this study is that even 'O2, which has well understood formation mechanisms, has
differing relationships to DOM molecular composition in surface waters. Thus, even as the field
learns more about PPRI formation, actual measurements of PPRI in whole water samples will
likely remain necessary in order to ultimately predict photochemical transformation of organic

contaminants.
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Chapter 6

Conclusions

6.1 Summary

In the first half of this dissertation, a thorough picture of how dissolved organic matter
(DOM) varies spatiotemporally in the environment is presented. In Lake Michigan tributaries
(Chapter 2), dissolved organic carbon concentrations ([DOC]), dissolved inorganic carbon
concentrations ([DIC]), and optical compositional parameters are affected more by spatial
variability (e.g., land cover in the watershed) than by season of sample collection. The % wetland
in the surrounding watershed had a large effect on DOM in the tributaries and was related to
increases in [DOC] and the presence of more terrestrially-derived DOM (i.e., higher specific UV
absorbance (SUVA2s4) and lower E2:E3). A model including underlying bedrock geology of
watersheds showed that watersheds with predominately carbonate lithology have higher [DIC]
than those with geology of other types (i.e., sandstone, shale).

Seasonality was a determining factor for [DOC] and the optical properties but not for
[DIC]. Additionally, seasonality was much more important for the compositional parameters than
it was for [DOC]. Elevated [DOC] and DOM that was more terrestrially-derived was observed in
the fall compared to all other seasons. The fact that [DIC] was not affected by season is further
evidence that its concentrations are governed strongly by geology.

In Lake Mendota (Chapter 3), transformation of DOM composition occurred throughout
the water column from May to November. Variation was depth was observed, but the magnitude

of temporal variation was much greater. Throughout the water column, oxidation of DOM was
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observed over the course of the sampling period. Variation by depth showed that DOM is larger,
more aromatic, and more oxidized deeper in the water column when the lake is stratified. Both
optical properties and Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS)
data were able to discern lake stratification. Some variations by depth could be observed after
mixing with FT-ICR MS.

At the surface of Lake Mendota, molecular weight of DOM decreases and O:C ratios
increased throughout the summer and fall. These observations could be consistent with either
predominantly photochemical or biological alteration of DOM.!? Using a framework adopted from
Herzsprung et al.,’ net increases and decreases in individual formulas identified by FT-ICR MS
were attributed to photochemical or biological formation or degradation via Spearman rank
correlations to light intensity and chlorophyll concentrations, respectively. Based on these results,
photochemical alteration likely explains much of the DOM transformation in the epilimnion of
Lake Mendota in the summer and fall months.

Larger, more aromatic, and more oxidized DOM observed deeper in the lake could be a
result of several processes. While larger, more complex DOM is generally not the most susceptible
to microbial degradation,** our sampling methods could be detecting the recalcitrant DOM that
was not degraded by heterotrophic bacteria. Alternatively, the larger, more oxidized DOM could
be desorbing from the sediment under the anoxic conditions. In fact, preferential precipitation of
large, aromatic DOM has been observed,®’ with subsequent dissolution in reducing conditions has
been observed.®8

In Chapters 4 and 5, the photochemical reactivity of diverse samples of DOM were
evaluated. For Chapter 4, samples were collected from the St. Louis River and Estuary along with

one taken from a tributary to the St. Louis River (e.g., Sand Creek) and the final effluent of a
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wastewater treatment plant which flows into the St. Louis River. Optical properties show that the
DOM becomes smaller and less aromatic moving downstream in the river. Consequently, the
quantum yields of triplet DOM (*DOM) and singlet oxygen ('O>) increase with the highest values
observed in the wastewater effluent. In contrast, no clear trend to location in the river is observed
for quantum yields of hydroxyl radical ("OH). Spearman rank correlations between quantum yield
for each photochemically produced reactive intermediate (PPRI) and formula intensities measured
by FT-ICR MS show that a separate pool of DOM is most correlated to ‘OH as compared to *DOM
and '0,.

Chapter 5 extends the objectives of Chapter 4 to include a much more diverse set of 48
samples. These samples include oligotrophic, mesotrophic, and eutrophic lakes, dystrophic bogs,
rivers, streams impacted by agricultural runoff and wastewater effluent, and waters in highly
urbanized watersheds. Additionally, 13 effluent samples were collected from four different
wastewater treatment plants.

Electron donating capacity (EDC) was quantified spectrophotometrically, and values were
highest waters with large terrestrial inputs of DOM and in some of the wastewater samples. EDC
was related to the composition of DOM and observations of a positive relationship to SUVAas4
and positive Spearman rank correlations to largely unsaturated identified formulas within DOM.
Interestingly, the slope of the correlation with SUVA2s4 was similar among all natural water
samples but different from the wastewater samples. Furthermore, the wastewater samples
contained a unique pool of DOM formulas positively correlated to EDC that were not found in the
natural water samples that were highly saturated, depleted in oxygen, and similar to lipid- and

protein-like formulas.’
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Quantum yields of 'O, (®102) increased with decreasing apparent molecular weight as
observed in Chapter 4 and many other studies.!®??> However, quantum yields of "OH (®.on) did
not show any trends with bulk composition parameters in the whole data set. At the molecular
level, @102 was positively correlated with saturated formulas with the notable exception of in the
agricultural sites where little correlation to composition was observed. ®.on was positively
correlated to unsaturated and lignin- and tannin-like formulas.

No trend between ®.on and @102 were identified for the samples as a whole. Interestingly,
the samples collected in the St. Louis River showed strong negative correlations between the two
quantum yields, while strong positive correlations were observed in the Minnesota River. Because
®.on has remained difficult to predict using individual DOM compositional parameters, multiple
linear regressions analysis was employed for both quantum yields. For @102, the preferred model
included positive terms for O:Cy, and [DIC] as well as negative terms for EDC and [DOC]. In
contrast, the preferred model for ®@.on includes negative terms for both Ez:E3 and O:Cy. These

relationships demonstrate that different precursors are involved in the formation of these two PPRI.

6.2 Future Research Directions
Based on the research presented within, several lines of additional study can be suggested.

Several ideas are outlined briefly below.

6.2.1 Investigation of [DIC] Sources in Tributaries Using Stable Carbon Isotopes (6'°C)
In Chapter 2, predictor variables of [DIC] in Lake Michigan tributaries were associated
with the presence of underlying carbonate bedrock and % urban land cover in the surrounding

watershed. The underlying mechanisms for both of these observations are well documented and
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include weathering of concrete to release carbonate species®® and dissolution of carbonate species
from the bedrock.?* However, missing from this interpretation are relative amounts of carbonate
material from minerals versus other potential sources not considered in our model including
biological or photochemical oxidation of DOM. By comparison ratios of stable carbon isotopes
(3'3C) of carbonate species in the tributaries samples in Chapter 2 to known ratios in carbonate
minerals, or even potentially nearby groundwater, an estimation of the contribution of mineral-

derived DIC to the tributaries could be made.?*-**

6.2.2 Molecular Investigation into DOM Composition near Oxic/Anoxic Interfaces in Lakes
Depth-discrete Lake Mendota samples show the greatest range of [DOC] and optical
properties is near the thermocline during lake stratification. Additionally, the single date that FT-
ICR MS data is available shows molecular composition changes rapidly around the thermocline
as well. It is unlikely that our single date FT-ICR MS data is an anomaly. First, optical properties
also show substantial variability near the thermocline though the exact nature of the observations
are not consistent on our sampling dates. Secondly, observations of high turbidity have been made
at these same depths and sampling days potentially indicating the occurrence precipitation and/or
increased bacterial mass at these depths.?* Finally, the preferential sorption and precipitation with
redox active metals has been shown for large, aromatic DOM.”-?® However, because only one date
has mass spectral data associated with it, it is difficult to draw conclusions beyond the simple fact
that DOM composition changes rapidly near the thermocline. Additionally, finer scale sampling
(e.g., more samples collected over a short depth interval) is needed to make definitive statements
including observations both just above and just below the oxic/anoxic interface. Understanding

these DOM dynamics is important for broader implications in aquatic chemistry. For example,
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concentrations of methylmercury spike at the thermocline in Lake Mendota?®> and studies have
shown that mercury methylation rates depend on DOM composition.?®

Future sampling campaigns should focus sample collection near the thermocline. [DOC],
UV-visible spectroscopy, and FT-ICR MS data should be collected for all samples. Additionally,
quantification and characterization of the composition of particulate organic matter (POM)
collected at the thermocline could test the hypothesis that the variability of DOM observed at the
thermocline is due to precipitation/dissolution reactions of DOM with redox active metals. POM

can be collected and separated from DOM using centrifugation and subsequent dissolving.?’

6.2.3 Bidaily Sampling at the Surface of Lake Mendota

Beyond further sampling at the thermocline of Lake Mendota, higher frequency samples
should be collected to determine the time scales at which degradation of DOM occurs. A sample
collected shortly before sunrise would maximize the capture of biological degradation products
since no photochemistry or photosynthesis occurs overnight. Another sample collected shortly
before sunset on the same days should maximize the capture of photoproducts as well as carbon
fixed by autotrophic organisms. In this way, the two transformation processes discussed in Chapter

3 could be further disentangled from one another.

6.2.4 Further Investigation into the DOM Precursors to "“OH Formation

While numerous studies measuring ®.on exist and many relationships to DOM
composition have been evaluated, the precursors within DOM that give rise to ®.on remain up for
debate in the literature. While many studies conclude *DOM must not be a precursor based on

divergent trends between ®.on both ®3pom and @102,'*1%282% this has not been directly tested usin
g y g
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quencher experiments commonly employed to assign contaminant degradation to individual PPRI.
For example, if the addition of sorbic acid to a photochemical reaction slows the degradation rate
of the substrate in question, then the degradation of that substrate is assigned to *DOM.*° A similar
approach could be taken to test the hypothesis that *DOM is a precursor to *OH.

Two conditions of DOM solutions would be prepared. A low concentration (i.e, 10 uM) of
terephthalic acid to measure "“OH production is added to both.*! To one solution, a *DOM quencher
such as sorbic acid, is also added in excess (i.e., mM concentrations). If a decrease in ["OH]ss is
observed in the reaction with sorbic acid, *DOM must play some role in *OH formation. Notably,
only relatively high energy *DOM are quenched by sorbic acid*? which would need to be taken
into consideration during these analyses. This type of experiment should be done with a wide
variety of DOM types as the relative importance different ‘OH formation mechanisms may depend

on DOM composition.
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Appendix A

Supplementary Materials for Chapter 2

A.1 The Effect of Freezing and Thawing on DOM

The [DOC] 68 sites from the spring sampling trip were not measured due to instrument
malfunction and too little volume was left to repeat the measurements. However, frozen archive
samples were saved and these samples were thawed, re-filtered through 0.45 um (nylon, Agilent)
filters and rerun on the instrument. To determine if the thawing and re-filtering would have an
effect on [DOC], we also thawed and re-filtered 20 samples from the October sampling trip to

compare to their original [DOC] (Figure A.1). About 23% of [DOC] was lost during this process.
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Figure A.1. Comparison between [DOC] measured in October 2016 samples originally and in
aliquots of the samples that had been thawed and re-filtered.

To determine if there was any preferential removal of dissolved organic matter based on

composition, we also compared E»:E3 values of 20 original October samples and from those that
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had been thawed and re-filtered (Figure A.2). These results show that the composition of DOM

was unaltered by sample storage.

E,:E; original

Figure A.2. Comparison between E;:E3 measured in October 2016 samples originally and in
aliquots of the samples that had been thawed and re-filtered.
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Figure A.3. Scatter plots of [DOC] and landcover types for all samples collected. Blue regression
lines indicate a negative slope and red regression lines indicate a positive slope. Slopes, intercepts,
and statistics for these plots are given in Table A.13.
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Figure A.4. Mean SUV A»s4 values in Lake Michigan tributaries for all samples collected.
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Figure A.S. Scatter plots of SUVA»s4 and landcover types for all samples collected. Blue
regression lines indicate a negative slope and red regression lines indicate a positive slope. Slopes,

intercepts, and statistics for these plots are given in Table A.13.
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Figure A.6. Scatter plots of E>:E3 and landcover types for all samples collected. Blue regression
lines indicate a negative slope and red regression lines indicate a positive slope. Slopes, intercepts,

and statistics for these plots are given in Table A.13.
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Figure A.7. E»:E3 versus % wetland in the watershed. Colors indicate season. Only tributaries that
were measured in all four seasons are included. Slopes, intercepts, and statistics for this plot are
given in Table A.14.
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Figure A.8. E>:E3 versus % wetland for samples collected in all 4 seasons. The size of the point is
proportional to the size of the watershed (km?). Slopes, intercepts, and statistics for this plot are
given in Table A.13.
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Figure A.9. Mean alkalinity values in Lake Michigan tributaries for all samples collected.
Alkalinity is reported in units of mg L' as CaCO:s.
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Figure A.10. Scatter plots of alkalinity and landcover types for all samples collected. Blue
regression lines indicate a negative slope and red regression lines indicate a positive slope. Slopes,
intercepts, and statistics for these plots are given in Table A.13.

Table A.l. Geographical location, sample information, frequency of sample collection,
measurements made, and model types used in references compared in this study. Model type
denoted as comparison refers to ANOVA, MANOVA, or other statistical analysis considering

differences between two groups of samples.

Author and Location Sample Frequency | Measurement Model
year Info
2 depths in
Aitkenhead- 12 1 sample / Simple
Peterson et al., Texas tributaries of | 2 weeks for [DOC] Linear
2009! different 1 year Regressions
watersheds
World-wide. d
Based on 550 ata d
Alvarez-Cobelas . average
etal., 20122 P ubhcly watersheds | over entire [DOC] MLR
available cars
data sets y
Experimenta [DOC],
. ) 1 sample / o
Cawley et al., | forestin | Streams in 9 month for 1 composition Comparison
20143 New watersheds car via UV-vis and p
Hampshire Y fluorescence
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Residential 231 samples 1.5 -minute (DOC], '
collected intervals o Simple
Chen et al., and urban . composition .
4 after 16 during . . Linear
2017 watersheds . via UV-vis and .
. . rainfall overflow of Regressions
in China fluorescence
events stormwater
1 sample /
Clark et al., Northern 13
2004° Scotland watersheds 14 days for [DOC] MLR
1 year
2 samples /
Central . site. Once [DOC].’ Simple
Dalmargo et al., 40 sampling in wet composition .
6 Western . . . Linear
2017 . locations season and | via UV-vis and .
Brazil . Regressions
once indry | fluorescence
season
Dawson et al River Dee 12sitesina | 1 sample/
W2 0117 ° basin in single week for 2 [DOC] MLR
Scotland watershed years
Tr1butar1es 30-126
in 20 samples /
Dillon and : watersheds .
Molot, 19978 Ontario draining into Slﬁi i];ar [DOC] MLR
7 different
lakes years
Appalachian
Uplands and | Streamsin | 1 sample/
Il\i/lckhrardltgagrt)cl St. Lawrence 42 week for 8 [DOC] MLR
OOTE; Lowlands in | watersheds months
Canada
10
Flint and Ne headwater 1 sample /
McDowell, Ham \s);ire wetlands in | month for [DOC] MLR
2015 p a single 18 months
watershed
60 streams
Ontonagon . [DOC],
Frost et al., . from a Single o
2006!! River single sample cqmp0s1t19n MLR
Watershed via UV-vis
watershed
53 streams
([DOCY), 42 Single
streams sample [DOC],
Graeber et al., Northern (DOM with subset | composition
5 German .. . MLR
2012 Plains composition | at 1 sample via
), and 8 / 2 weeks fluorescence
streams for 1 year
(seasonally)
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Varies by
Mouths of . . river.
Hanley et al., Large North 17 vers In Multiple [DOC].’
13 . different composition MLR
2013 American samples/ye . .
. watersheds . via UV-vis
Rivers ar in all
cases.
Headwater
streams in
. Germany 12 1 sample / [DOC].’
Heinz et al., . composition .
14 dominated headwater | month for 1 | . . Comparison
2015 . via UV-vis and
by either streams year a
uorescence
forest or
agriculture
Coastal Plain 8 headwater [DOC], )
streams 20 samples o Simple
Hosen et al., headwater i . composition .
s ) located in a / site /2 . Linear
2014 streams 1n . via .
single years Regressions
Maryland fluorescence
watershed
. streams in
Kortelame?éet Finland 47 12 samples [DOC] MLR
al., 1993 / year
watersheds
55 streams
. 17 which are | 7 samples /
Liuetal., 2014 Ireland [DOC] MLR
outlets of 1 year.
watersheds
Chesapeake 8sgzzcirza;§r 6 samples / g ['D'IC],
18 . ples composition .
Luetal, 2014 Bay region . . Comparison
in Vireinia different 1 year via
& watersheds fluorescence
5 streams
Macdonald and . .ghat are 3 §amfp lei / [DOC].’ Sl.m ple
Minor. 201319 Minnesota | tributaries to | site for cqmp0s1t19n Llneqr
’ Lake year via UV-vis Regressions
Superior
12-32
Mattsson et al., . Rivers in 86 | samples/
200520 Finland watersheds | year for 4 [DOC] MLR
years
30 rivers
Mattsson et al., . that flow )
20152 Finland into Baltic 12 years [DOC] Comparison

Sea
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stormwater 48 sites
McElImurry et from urban within a Single [DOC].’
3 and . composition MLR
al., 2014 single sample . .
suburban via UV-vis
watershed
sources
6 streams
Bankhead 1 o 0 over | [DOC], [DIC],
Mosher et al., National . Single o .
23 . different composition | Comparison
2010 Forest in sample .
types of via HRMS
Alabama
bedrock
. 12 :
Palv1a1nenz4e tal, Finland watersheds Single [DOC] MLR
2016 . Sample
with lakes.
4 boreal At least 1
Schelker et al., headwater sample / .
201225 Sweden _ streams month for 6 [DOC] Comparison
impacted by cars
clearcutting Y
: [DOC],
Shang et al., 1 6 st‘lgams s samples / | composition
2018% Alabama different 8 months | via UV-vis and MLR
watersheds
fluorescence
5 lakes, an [DOC],
Singh et al., . . . . | estuary,and | Varies by composition
2017% Mississippi coastal site via UV-vis and MLR
waters fluorescence
DOC],
Williams et al 4 3 streams Sample coEnposi‘gion
Y Canada in different . . MLR
2010 once via UV-vis and
watersheds
fluorescence
Xenopoulos et | Upper Great Sampled
al., 2003 Lakes region 100 lakes once [DOC] MLR
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Table A.2. Results of [DOC] MLR. Multiple R? = 0.5535, Adjusted R? = 0.5412, p <2.2 x 10716,
Estimates for seasons are compared to the fall values.

Estimate Std. Error t value p
Intercept 5.72 x 10! 5.77 x 102 9.90 <2x101°
% agriculture | 4.10x 10 7.54 x 10 5.44 1.42 x 107
spring -1.49 x 1072 3.56 x 1072 -4.18 x 107! 6.76 x 107!
summer -1.26 x 107! 3.56 x 1072 -3.55 475 x 10
winter -1.38x 107! 3.56 x 1072 -3.89 1.33x 10
% urban 6.42x 1073 1.19x 1073 5.39 1.85x 107
% wetland 1.22 x 107 8.84 x 104 13.8 <2x 1016

Table A.3. Statistics for Figure 2.2a in the main text.

Season Slope Intercept R? p
fall 0.317 7.154 0.528 2.30x 1010
winter 0.238 4.397 0.697 1.29x 1071
spring 0.169 9.031 0.317 6.28 x 10°°
summer 0.262 5.024 0.487 2.32x 107

Table A.4. Statistics for Figure 2.2b in the main text.

Season Slope Intercept R? p
fall 1.74 x 1072 1.959 0.258 7.51 x 107
winter 1.23x 102 2.766 0.154 3.03x 10
spring 1.42 x 1072 1.514 0.294 2.02x 107
summer 5.86 x 1073 2.723 0.030 2.02x 107!
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Table A.5. Results of SUVA,s4 MLR. Multiple R? = 0.4464, Adjusted R? = 0.4227, p <22 x 10
16 Estimates for seasons are compared to the fall values.

Estimate Std. Error t value p
Intercept 9.54 x 102 5.55x 102 1.72 8.74 x 1072
% agriculture | 3.67x 10 9.92 x 10 3.70 2.76 x 10*
logio area 7.89 x 1072 2.09 x 102 3.78 2.05x 10
spring 1.06x 10" | 2.52x 102 ~4.20 4.01x 10°S
summer 8.76 x 1072 2.52x 102 3.48 6.04 x 10
winter 1.23x 10! 2.51x 102 4.92 1.79 x 10
% urban 520x 107 1.48 x 107 3.52 529 x 10
% wetland 3.51x 103 6.64 x 10 5.30 2.99x 107
Yo agriculture: |, 55 03 |4 46x 10 -3.58 429 x 10
logio area
lo"/flﬂflf;f: 261x10% | 9.36x 10 279 572x 103

Estimate Std. Error t value p
Intercept 7.43 x 107! 1.50 x 1072 49.5 <2x101®
logio area 2.75x 1072 7.10x 107 3.88 1.39x 10
spring 5.69 x 1072 1.18 x 102 4.80 2.85x 10°
summer -1.24 x 102 1.19x 102 -1.04E 3.00x 107!
winter 1.13x 102 1.19x 102 9.43 x 107! 3.47x 107!
% wetland 1.05x 1073 4.52x10* 2.33 2.08 x 1072
‘}/‘(’)gvlv"eilr:sa 129x10% | 2.90x 10 -4.44 1.43x 10°

Estimate Std. Error t value p

Intercept 2.19 3.77 x 102 58.1 <2x 1016

% agriculture | 3.57x 10 9.13x 10 3.91 1.27 x 10

logio area -1.02 x 107! 2.12x 102 -4.82 272 x 10°

% urban 3.30x 10 8.39 x 10 3.93 1.16 x 104

%

agriculture: 1.34x 107 487 x 104 2.74 6.61 x 107

logio area

Table A.6. Results of E>:Es MLR. Multiple R? = 0.252, adjusted R? = 0.232, p = 1.70 x 10°'2,
Estimates for seasons are compared to the fall values.

Table A.7. Results of alkalinity MLR. Multiple R? = 0.506, adjusted R? = 0.4965, p <2.2 x 10716,



183

Table A.8. Results of alkalinity MLR with lithology. Multiple R? = 0.04477, adjusted R? =
0.03099, p = 0.0228]1.

Estimate Std. Error t value p
Intercept 2.21 0.0432 51.2 <2x 1016
logiparea | 1.24x102% | 1.77x102% | 6.98x 10! | 4.86x 10!
carbonate | 1.63x 10" | 6.09x 107 2.67 8.12x 1073
logiparea | -8.88x 102 | 3.15x 10?2 -2.82 5.27x 1073

Table A.9. Results of ANOVA-Tukey tests to determine statistically significant differences in
averages of [DOC] for each season.

Season p
spring-fall 2.44x 1072
summer-fall 3.90x 10
winter-fall <1.00x 107
summer-spring 1.09 x 10!
winter-spring 434 x 104
winter-summer 2.92x 10!

Season p
spring-fall 2.00 x 107
summer-fall 2.37x 10!
winter-fall 4.62x 104
summer-spring <1.00x 107
winter-spring <1.00x 107
winter-summer 1.46 x 107!

Table A.10. Results of ANOVA-Tukey tests to determine statistically significant differences in
averages of SUV Ays4 for each season.
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Table A.11. Results of ANOVA-Tukey tests to determine statistically significant differences in

averages of Ex:E3 for each season.

Season p
spring-fall <1.00x 107
summer-fall 1.78 x 107!
winter-fall 7.93 x 107!
summer-spring <1.00x 107
winter-spring <1.00x 107
winter-summer 1.84 x 1072

Table A.12. Results of ANOVA-Tukey tests to determine statistically significant differences in

averages of alkalinity for each season.

Season p
spring-fall 9.98 x 107!
summer-fall 426 x 10!
winter-fall 9.99 x 10!
summer-spring 5.21x 10!
winter-spring 9.90 x 10!
winter-summer 3.39x 107!
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Table A.13. Results of statistical analyses for simple linear regressions between the four
parameters and each landcover type.

[DOC] SUV A2s4 E2:E3 Alkalinity
o slope -8.64x 102 | -3.16x 1073 7.82 x 107 2.13
Acricultur intercept 15.67 2.66 5.75 131.24
griculture
p 5.62 x 107 5.69 x 1072 1.05x10* | <22x10'¢
slope -6.14x 102 | -2.04x103 | -6.19x10? -2.81
% Forest intercept 14.64 2.62 6.14 265.94
p 2.12x 102 0.491 8.52x 102 | <2.2x 10716
o slope -0.402 2.24x 1072 -2.56 x 1073 -5.58
intercept 15.00 2.67 6.00 221.93
Herbaceous
p 2x10° 1.68 x 1072 0.825 1.62 x 107
slope -0.133 -1.32x 1072 9.49 x 1073 0.743
% Urban intercept 14.82 2.74 5.87 186.57
p 1.40 x 106 1.98 x 1073 1.47 x 1072 1.53 x 102
slope 0.248 1.27 x 102 -1.29x 1072 -1.95
% Wetland intercept 6.75 2.24 6.31 245.36
p <22x101% | 2.62x 1071 339x 107 | <22x101¢
Table A.14. Statistics for Figure A.7.
Season Slope Intercept R? p
fall -0.122 6.23 0.0489 9.24 x 102
winter -5.29x 1073 6.15 0.02013 2.88 x 107!
spring -1.88 x 1072 7.20 0.1217 6.78 x 1073
summer -7.75 x 1073 5.90 0.04452 1.09 x 107!

A.2 Coefficient of Variation Calculations

The following terms were used to calculate CVipatial and CVieasonatl. The tributary means
refers to the mean of the spring, summer, fall, and winter value in a single tributary (n = 4). The
standard deviation of the tributary means is then the standard deviation of those means (n = 56,
59, 55, and 53 for [DOC], E2:E3, SUV A»ss, and alkalinity, respectively). The seasonal mean refers

to the mean of the value in each tributary for a given season (n = 56, 59, 55, and 53 for [DOC],
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E2:E3, SUVA»ss, and alkalinity respectively). The standard deviation of the seasonal means is then

the standard deviation of each of those means (n = 4). The mean of the entire data set is the global

mean overall (i.e., the mean of all tributaries in all four seasons). This calculation was performed

for each parameter.
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Appendix B

Supporting Information for Chapter 3

B.1 Lake Overview
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Figure B.1. Temperature profile heatmap collected by the NTL-LTER research buoy.! Missing

data in August is due to the maintenance being done on the buoy. Black trace is thermocline
calculated using the ts.thermo.depth function of RLakeAnalyzer program.
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Table B.1. Inventory of samples collected form Lake Mendota in 2017. Surface samples (n = 28)
were taken as a composite of the top 12 m of the lake. Depth-discrete samples were collected 1-2
times per month at the exact depth listed as measured by a YSI Exo2 multiparameter sonde.

[DOC] and Molecular
Date Type Depth (m) Optical .
Analysis Analysis
June 2 Surface NA y n
June 7% Surface NA y n
June 9 Surface NA y n
June 13% Surface NA y n
June 16% Surface NA y n
June 17t Surface NA y n
June 18 Surface NA y n
June 20t Surface NA y n
June 27% Surface NA y n
June 29 Depth-Discrete 12.2 y y
June 29 Depth-Discrete 17.2 y n
June 29 Depth-Discrete 18 y n
June 29 Depth-Discrete 18.8 y n
June 29 Depth-Discrete 19.8 y y
July 14® Surface NA y n
July 17® Surface NA y n
July 18" Surface NA y n
July 24 Surface NA y n
July 27® Surface NA y n
August 1% Surface NA y n
August 8" Surface NA y n
August 11t Surface NA y n
August 111 Depth-Discrete 0.1 y y
August 11 Depth-Discrete 9.5 y n
August 111 Depth-Discrete 11.5 y y
August 111 Depth-Discrete 13.15 y y
August 111 Depth-Discrete 15.3 y n
August 11 Depth-Discrete 18.08 y n
August 111 Depth-Discrete 21.25 y y
August 181 Surface NA y n
August 24 Surface NA y n
August 301 Surface NA y n




September 8" Surface NA y n
September 8" Depth-Discrete 0.1 y y
September 8" Depth-Discrete 11.5 y n
September 8" Depth-Discrete 12.5 y n
September 8" Depth-Discrete 13.4 y n
September 8" Depth-Discrete 14.5 y n
September 8" Depth-Discrete 16.1 y n
September 8" Depth-Discrete 18 y n
September 8" Depth-Discrete 22.2 y y
September 9™ Surface NA y n
September 15% Surface NA y n
September 21 Surface NA y n
September 21 Depth-Discrete 3 y y
September 21 Depth-Discrete 9.5 y n
September 21 Depth-Discrete 11.5 y n
September 21 Depth-Discrete 12.5 y n
September 21 Depth-Discrete 14 y n
September 21 Depth-Discrete 15 y n
September 21 Depth-Discrete 20.4 y y
October 4 Surface NA y n
October 4 Depth-Discrete 0.5 y y
October 4 Depth-Discrete 10.8 y n
October 4 Depth-Discrete 12.9 y n
October 4 Depth-Discrete 13 y n
October 4 Depth-Discrete 13.5 y n
October 4 Depth-Discrete 14.5 y n
October 4 Depth-Discrete 17.3 y y
October 4 Depth-Discrete 19.8 y n
October 12t Depth-Discrete 14.04 y n
October 12t Depth-Discrete 15.3 y n
October 12t Depth-Discrete 20.5 y n
October 13t Surface NA y n
October 19t Depth-Discrete 16.3 y n
October 19t Depth-Discrete 17.3 y y
October 19t Depth-Discrete 17.8 y n
October 19t Depth-Discrete 18.2 y y
October 20t Surface NA y n
November 37 Surface NA y n
November 37 Depth-Discrete 2.1 y y

191



November 31

Depth-Discrete

11.9

November 31

Depth-Discrete
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Table B.2. Geochemical measurements made for each of the depth-discrete samples. NA values
indicate missing data due to instrument malfunction or not enough sample volume.

Iron Manganese Sulfide
Date PP | g | eLh | (mgLy

June 29 0.5 12.9 <3 <2
June 29 12.2 108.6 <3 <2
June 29 17.2 38.5 15.6 NA
June 29 18 64.8 7.2 <2
June 29 18.8 245.39 21.8 <2
June 29 19.8 259.7 117.4 <2
August 11 9.5 22.3 <3 <2
August 11 10.3 14.1 NA <2
August 11 11.5 72.1 76.9 <2
August 11 15.3 15.9 143.9 <2
August 11 18.08 41.6 202.2 2.3
August 11 21.25 58.6 249.5 <2
September 8 0.1 95.8 <3 <2
September 8 11.5 113.8 <3 <2
September 8 12.5 140.9 222.6 <2
September 8 13.4 85.3 174.5 <2
September 8 18 66.0 209.1 2.7
September 8 22.2 58.3 262.8 4.1
September 215 3 29.7 <3 <2
September 215 9.5 46.6 <3 <2
September 215 11.5 49.3 <3 <2
September 215 12.5 13.0 <3 <2
September 215 12.7 78.0 162.9 <2
September 215 13 74.7 270.4 <2
September 215 14 24.6 235.3 <2
September 215 15 27.6 195.4 2.1
September 215 20.4 39.6 240.3 4.5
October 4 0.5 39.1 <3 <2
October 4 10.8 23.3 <3 <2
October 4 12.9 31.7 70.7 <2
October 4 13 20.5 135.4 <2
October 4 13.5 99.2 188.0 <2
October 4 14.5 78.6 235.3 <2
October 4" 17.3 49.0 222.6 4.1
October 4 19.8 37.2 247.3 54
October 12 14.04 <3 27.1 <2
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October 12t 15.3 11.4 256.6 2.4
October 12t 20.5 21.1 240.7 5.0
October 19t 16.3 <3 <3 <2
October 19t 17.3 8.0 348.4 <2
October 19t 17.8 18.2 342.1 3.7
October 19t 18.2 21.6 292.8 4.4
November 31 2.1 <3 <3 <2
November 31 11.9 <3 <3 <2
November 31 20 <3 <3 <2
2.7 a) b)
- ° ‘T’\ 08
*, 25 sample ;
(o)) N °
£23 . Eo7l :
— . e
> 2.1 ‘T ¥ .
r \ S,
° 19 L g 0.6
S S
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o, & 05
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Figure B.2. Concentrations of a) chlorophyll and b) phycocyanin measured at the surface.!

Table B.3. Concentration of chlorophyll' and light intensity values for August 11", September 8,
September 21%, October 4", and November 3™ of 2017 used in Spearman rank calculations. Solar
radiation values are modelled using SMARTS for Madison, WI at noon.

Date [Chlorophyll] Intensity

(mg L) (mEi sec! cm?)
August 11th 2.19 8.63 x 107
September 8th 1.96 7.53 x 10
September 21st 1.86 6.88 x 10
October 4th 2.23 6.16 x 10
November 3rd 2.08 4.47x 107

B.2 MS Formula Matching Results

Boxes on all van Krevelen diagrams refer to 1) protein-, 2) lignin- and 3) tannin-like formulas.?
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Figure B.3. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;S;, ¢) CHOS;,
and f) CHOP; for the sample collected on June 29'" at a depth of 12.2 m.
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Figure B.4. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,
and f) CHOP; for the sample collected on June 29'" at a depth of 19.8 m.
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Figure B.5. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,

and f) CHOP; for the sample collected on August 11" at a depth of 0.1 m.
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Figure B.6. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,

and f) CHOP; for the sample collected on August 11" at a depth of 11.5 m.
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Figure B.7. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,

and f) CHOP; for the sample collected on August 11" at a depth of 21.25 m.
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Figure B.8. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,

and f) CHOP; for the sample collected on September 8" at a depth of 0.1 m.
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Figure B.9. van Krevelen diagrams for a) CHO, b) CHON;, ¢) CHON3, d) CHON;Si, ¢) CHOS;,

and f) CHOP; for the sample collected on September 8" at a depth of 22.2 m.
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Figure B.10. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,

and f) CHOP; for the sample collected on September 21 at a depth of 3 m.
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Figure B.11. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,
and f) CHOP; for the sample collected on September 21 at a depth of 20.4 m.
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Figure B.12. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,
and f) CHOP; for the sample collected on October 4" at a depth of 0.5 m.
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Figure B.13. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,

and f) CHOP; for the sample collected on October 4 at a depth of 17.3 m.
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Figure B.14. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,

and f) CHOP; for the sample collected on October 19 at a depth of 17.3 m.
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Figure B.15. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,

and f) CHOP; for the sample collected on October 19 at a depth of 18.2 m.
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Figure B.16. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,

and f) CHOP; for the sample collected on November 3™ at a depth of 2.1 m.
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Figure B.17. van Krevelen diagrams for a) CHO, b) CHON1, ¢) CHON, d) CHON; S, ¢) CHOS;,
and f) CHOP; for the sample collected on November 3™ at a depth of 20 m.

Table B.4. Weighted-average properties for samples analyzed by FT-ICR MS.

Date Depth (m) H:Cvw 0:Cy DBEy
June 29" 12.2 1.235 0.498 7.843
June 29" 19.8 1.249 0.501 7.691

August 111 0.1 1.242 0.490 7.960
August 111 11.5 1.248 0.493 7.623
August 111 13.15 1.223 0.505 8.161
August 111 21.25 1.239 0.505 7.580
September 9 0.1 1.239 0.509 7.682
September 9 22.2 1.232 0.509 7.888
September 215 3 1.222 0.516 7.731
September 21 20.4 1.205 0.525 7.862
October 41" 0.5 1.195 0.537 8.106
October 41" 17.3 1.183 0.543 8.170
October 19 17.3 1.208 0.522 8.219
October 19 18.2 1.215 0.514 8.018
November 3™ 2.1 1.174 0.549 8.697
November 3™ 20 1.184 0.533 8.708
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Table B.5. Percentages of identified formulas with and without heteroatoms in samples analyzed
by FT-ICR MS.

(1) - (1) -
Date Depth % CHO o N %o S .
containing containing
June 29 12.2 43.71 42.28 17.92
June 29 19.8 40.75 44.16 19.98
August 11 0.1 41.73 43.64 19.12
August 11 11.5 44.28 42.41 16.96
August 11 13.15 41.74 43.74 19.55
August 11 21.25 41.54 41.34 21.64
September 9t 0.1 41.42 43.34 20.29
September 9 22.2 38.69 45.01 21.85
September 215 3 42.2 42.50 20.31
September 215 20.4 40.56 44.50 20.37
October 4 0.5 49.85 37.07 15.16
October 4 17.3 41.55 43.60 19.42
October 191 17.3 39.72 44.11 21.65
October 191 18.2 40.65 42.99 21.41
November 37 2.1 47.35 40.33 14.74
November 37 20 41.06 45.04 19.64

Table B.6. Numbers of identified formulas with and without heteroatoms in samples analyzed by
FT-ICR MS.

Date Depth | Total # # CHO # N_. # s- . # CHOP
containing containing

June 29 12.2 3962 1732 1675 710 0
June 29 19.8 4726 1926 2087 944 0
August 11 0.1 4294 1792 1874 821 0
August 11 11.5 3697 1637 1568 627 0
August 11 13.15 3097 1710 1792 801 0
August 11 21.25 3965 1647 1639 858 1
September 9t 0.1 4239 1756 1837 860 0
September 9t 22.2 4590 1776 2066 1003 2
September 215 3 3969 1675 1687 806 0
September 215 | 20.4 3780 1533 1682 770 0
October 4t 0.5 2393 1193 887 363 2
October 4" 17.3 3872 1609 1688 752 1
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October 19t 17.3 4577 1818 2019 991 4
October 19t 18.2 4236 1722 1821 907 0
November 3" 2.1 2849 1349 1149 420 11
November 3¢ 20 4043 1660 1821 794 1

B.3. Temporal Variation at the Surface

Table B.7. [DOC], SUV Azs4, E2:E3, and Azss for each of the integrated surface samples. NA values
are due to instrument malfunction or exclusion based on a Grubb’s outlier test.

Date (nEg)-%cﬂ'l) (L ISnI;YéA 12 5:11-1) E2:E; | Azss (cm?)
June 2" 6.12 1.64 8.73 0.100
June 7% 5.65 1.74 8.57 0.098
June 9 5.69 1.74 8.42 0.099
June 131 4.12 1.76 8.10 NA
June 16% 591 1.79 7.86 0.106
June 17t 5.78 1.69 8.27 0.098
June 18 593 1.66 8.60 0.098
June 20t 6.08 1.64 8.34 0.100

June 277 6.04 1.65 8.82 0.100
July 14t 591 1.76 8.28 0.104
July 17t 6.21 1.61 8.53 0.100
July 18" 6.45 1.61 7.99 0.104
July 24® 5.95 1.74 7.97 0.104
July 27® 5.56 1.73 8.59 0.096
August 1% NA NA 8.63 NA
August 8" 5.80 1.63 8.71 0.095
August 11 6.00 1.58 9.01 0.095
August 181 6.10 1.54 9.21 0.094
August 24" 5.10 1.79 9.34 0.091
August 301 7.07 1.33 9.71 0.094
September 8" 5.04 1.81 9.73 0.091
September 9" 6.26 1.48 9.52 0.093
September 15 4.82 1.91 9.47 0.092
September 21 5.98 1.99 9.64 0.119
October 4" 5.04 2.14 NA 0.108
October 13t 5.47 1.69 9.63 0.092
October 20t 5.47 1.69 9.63 0.092
November 31 5.10 1.77 10.18 0.090




204

Table B.8. Trends in [DOC] based on historical data collected in Lake Mendota.® Depth discrete
samples from < 12 m were averaged for single days. Correlations are based on results of Mann-

Kendall correlation test. p-values are calculated with a 95% confidence interval.

Year Correlation p-value n
1996 -0.067 1.00 6
1997 -0.600 0.23 5
1998 -0.333 0.75 4
1999 0.316 0.45 5
2000 -0.600 0.14 6
2001 0.200 0.82 5
2002 0.200 0.82 5
2003 -0.200 0.72 6
2004 -0.667 0.33 4
2005 NA NA 2
2006 -0.600 0.23 5
2007 -0.316 0.45 5
2008 -0.333 0.75 4
2009 0.400 0.48 5
2010 0.333 1.00 3
2011 NA NA 1
2012 0.69 0.056 6
2013 -0.200 0.82 5
2014 -0.667 0.33 4
2015 -0.600 0.23 5
2016 -0.400 0.48 5
2017 -0.600 0.14 6




DBE,,

% N-containing

8.7

8.4

8.1

7.8

7.5

8/11

a8 9/21

10/4 11/3

44 1

42

40

38 1

36

8/11

a8 9/21

104 11/3

% CHO

% S-containing

52 -

50 -

48

46 -

44

42

40

8/11

98 9/21

104 11/3

22

201

18

16

14

12

d)

8/11

98 9/21

104 11/3

205

Figure B.18. a) DBEy, b) % CHO, c) % N-containing, and d) % S-containing formulas identified

in the surface samples analyzed by FT-ICR MS.
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Figure B.19. Identified formulas that are a) positively or b) negatively correlated with [DO] in
depth-discrete samples analyzed by FT-ICR MS. Only those formulas detected in at least 15 of the
20 samples are considered in this analysis.
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Figure B.20. Identified formulas classified as microbially derived products based on correlations
to chlorophyll concentrations and light intensity.* Only formulas identified in all five surface
samples are considered.



B.4. Variation with Depth
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Figure B.21. a) Temperature, b) [DO], ¢) [DOC], d) SUV Azsa, €) Ez:E3, and ) A2s4 measured on

June 29 at depth-discrete intervals.
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Figure B.22. a) Temperature, b) [DO], ¢) [DOC], d) SUV Azsa, €) Ez:E3, and ) A2s4 measured on
September 8" at depth-discrete intervals.
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Figure B.23. a) Temperature, b) [DO], ¢) [DOC], d) SUVAzss, €) Ez:E3, and f) Azs4 measured on
September 215 at depth-discrete intervals.
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Figure B.24. a) Temperature, b) [DO], ¢) [DOC], d) SUV Azss, €) E2:E3, and ) Azs4 measured on
October 4" at depth-discrete intervals
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Figure B.25. a) Temperature, b) [DO], ¢) [DOC], d) SUVAzs4, €) Ez:E3, and f) Azs4 measured on

October 12" at depth-discrete intervals.
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Figure B.26. a) Temperature, b) [DO], ¢) [DOC], d) SUVAzs4, €) Ez:E3, and ) Azs4 measured on
October 19" at depth-discrete intervals.



Table B.9. [DOC], SUVA»s4, E2:E3, and A»s4 for depth discrete samples.

Date D(elg;:h (m:;)-(éCL'l) (@ ISHIQICA 12 5;1_1) E2:E; | Azss(cm™)
June 29 12.2 7.09 1.45 7.7 0.103
June 29 17.2 5.54 1.71 8.38 0.095
June 29 18 5.5 1.72 8.55 0.095
June 29 18.8 5.52 1.72 8.46 0.095
June 29 19.8 5.59 1.76 6.68 0.098

August 11 0.1 6 1.58 9.01 0.095
August 11 9.5 6.94 1.44 7.96 0.100
August 11 10.3 5.82 1.8 6.9 0.105
August 11 13.15 5.15 1.86 8.24 0.096
August 11 15.3 533 1.88 7.51 0.100
August 11 18.08 5.87 2.01 5.6 0.118
August 11 21.25 6.69 1.94 5.76 0.130
September 8" 0.1 6.26 1.48 9.52 0.093
September 8t 11.5 5.32 1.7 9.63 0.090
September 8t 12.5 4.45 2.15 7.71 0.096
September 8t 13.4 4.95 2.58 5.74 0.128
September 8t 14.5 5.39 2.17 4.89 0.117
September 8" 16.1 5.39 2.32 4.26 0.125
September 8t 18 5.04 2.1 6.82 0.106
September 8t 22.2 5.47 2.29 543 0.125
September 215 3 5.98 1.99 9.64 0.119
September 215 9.5 4.88 1.82 9.72 0.089
September 21% 11.5 5.91 1.56 9.13 0.092
September 21% 12.5 4.6 1.94 8.95 0.089
September 21% 14 4.38 2.2 6.43 0.096
September 215 15 4.67 2.12 6.11 0.099
September 215 20.4 4.73 2.16 7.72 0.102
October 4 0.5 5.26 1.76 8.82 0.093
October 4 10.8 6.57 1.41 9.31 0.093
October 4 12.9 4.95 2.14 6.6 0.106
October 4 13 4.73 1.99 8.69 0.094
October 4 13.5 5.54 1.25 8.4 0.069
October 4 14.5 5.61 2.24 6 0.126
October 4 17.3 5.04 2.33 5.42 0.117
October 4 19.8 5.61 2.1 6.29 0.118
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October 4 14.04 5.04 1.82 9.34 0.092
October 12t 15.3 4.88 2.03 8.29 0.099
October 12t 20.5 4.82 2.16 9.24 0.104
October 19 16.3 4.95 1.93 8.52 0.096
October 19 17.3 4.95 1.99 8.14 0.099
October 19 17.8 4.82 2.12 8.06 0.102
October 19 18.2 4.73 2.15 7.97 0.102
November 31 2.1 5 1.83 9.61 0.092
November 31 11.9 5.1 1.8 9.65 0.092
November 31 20 0.3 1.73 9.84 0.005
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Figure B.27. % of S-containing formulas as a function of sulfide concentration. Color of the point

indicates the depth the sample was taken from.
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Appendix C

Supplementary Materials for Chapter 4

C.1 Chemicals

Acetonitrile (HPLC grade), methanol (HPLC grade), hydrochloric acid (concentrated, ACS
grade), o-phosphoric acid (concentration, ACS grade), glacial acetic acid (concentrated, ACS
grade), sodium acetate trihydrate (ACS grade), and potassium hydrogen phthalate (ACS grade)
were purchased from Fisher Scientific. Carbamazepine (>98%), N,N-diethyl-m-toluamide (DEET;
98.1%), sodium hydroxide (reagent grade), monobasic potassium phosphate (reagent grade),
dibasic  potassium  phosphate (ACS grade), terephthalic acid (>98%), 14-
diazobycyclo[2.2.2]octane (>99%), L-histidine (>99%), potassium sorbate (>99%), and sorbic
acid (>99%) were purchased from Sigma Aldrich. Isopropyl alcohol (spectrophotometric grade)
and para-nitroanisole (>99%) were purchased from Acros Organics. Formic acid (88% v/v, ACS
grade) was purchased from Aqua Solution, furfuryl alcohol (>98%) and venlafaxine (>98%) were
purchased from Tokyo Chemical Industry, and 2,4,6-trimethylphenol (>98%) and pyridine (>99%)
were purchased from Alfa Aesar. Atorvastatin (>95%) was purchased from Matrix Scientific.
Ultrapure water (18.2 MQ cm) was used for all analyses and experiments and was obtained from

a Milli-Q or Barnstead Nanopure water purification system.
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Figure C.1. Structures of contaminants selected for this study.

C.2 Sampling Locations
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o
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Venlafaxine

Samples were collected in acid washed amber glass bottles and filtered through 0.7 um

filters (Whatman GF/F, borosilicate glass) followed by 0.45 um filters (MDI, nylon) within 24

hours of collection and stored in the dark at 4°C prior to analyses.

Table C.1. Sample names, abbreviations, and coordinates for each of the sampling locations.

Sample Sample Label Coordinates
Sand Creek A 47.185510, -92.853331
Meadowlands B 47.068966, -92.775002
River Inn C 46.702892, -92.418854
East Detroit D 46.651824, -92.203205
Munger Landing E 46.700820, -92.207148
WLSSD F 46.761325, -92.124443
Blatnik Bridge B 46.751031, -92.102092
Wisconsin Point H 46.688643, -91.972299
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Figure C.2. Map of sampling locations in the St. Louis River and estuary created using ArcGIS
software (10.6.1) by Esri. Data provided by the National Atlas of the United States, USGS.

The headwaters of the St. Louis river begin in northern Minnesota and the river flows into
Lake Superior on its western side. The St. Louis River is the second largest tributary to Lake
Superior and has a watershed of 9412 km?2. The landcover of the upper watershed is predominately
characterized as forest or wetland.!? Relatively high amounts of DOC are found in the river, but
decrease moving towards Lake Superior.>* The estuary, which connects the river to the lake, itself
is 50 km?.°> Generally, inputs from the river dominate the water chemistry in the estuary. However,
urban and Lake Superior inputs become relatively more important during baseflow conditions,
which is when our samples were collected.® During this time, the water residence time within the

estuary is estimated to be between 40 — 80 days.°
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The Western Lake Superior Sanitary District (WLSSD) discharges its effluent into the St.
Louis River estuary. This plant treats both municipal and industrial wastewater. Processes include
advanced secondary treatment with pure oxygen and disinfection with sodium hypochlorite and
dechlorinated with sodium bisulfite and mixed media filtration from April — October. WLSSD
averages an outflow of 43 million gallons day™! (mgd). The USGS Scanlon gauge (located near
our River Inn site) measured a flow rate of 2070 ft* sec! on the day samples were collected. This
means that, using a conservative mixing model, <5% of the water collected at our nearest

downstream site (Blatnik Bridge) was effluent.

C.3 Water Chemistry

pH was measured with a Mettler Toledo EL20 meter within one week of sampling. The pH
meter was calibrated using standards obtained from Aqua Solutions. The pH of the waters ranged
from 6.4 (in the Sand Creek tributary flowing into the St. Louis River) to 7.9 in the Wisconsin
Point sample collected on the shore of Lake Superior (Table C.2). Alkalinity was measured using
a Mettler Toledo G20 autotitrator that was calibrated with standards obtained from Aqua Solutions.
Alkalinity was determined by measuring the amount of strong acid needed to titrate samples to an

endpoint of pH 4.5 and ranged from 25.3 to 252 mg L' as CaCO3 (Table C.2).

Table C.2. pH, [DIC], and alkalinity for all samples. Error represents the standard deviation of
triplicate measurements.

Sample pH [DIC] (mg-CL™) | ig(:lilg;%og
A. Sand Creek 64102 5.7+0.1 253104
B. Meadowlands 7.7+0.1 21.9+0.1 101 £1
C. River Inn 6.55+0.01 13.8 £0.1 64 + 1
D. East Detroit 7.4+0.2 14.8£0.1 70 + 1
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E. Munger Landing 7.7+£0.2 154+0.1 72 £1
F. Wastewater 7.7+£0.2 58.5+0.1 252 +4

G. Blatnik Bridge 7.7£0.2 193£0.1 8712
H. Wisconsin Point 79+£0.2 11.1£0.1 489+ .9

Anions (i.e., chloride, nitrate, nitrite, and sulfate) were measured using anion exchange

chromatography (IC) with conductivity detection on a Dionex ICS-2100 instrument. Certified

standards purchased from Sigma Aldrich were used for calibration. A Dionex IonPac AS11-HC

RFIC™ 4 x 250 mm column was connected to a 4 x 50 mm guard column packed with the same

material. An isocratic method with 30 mM sodium hydroxide as the mobile phase was used with

a run time of 20 minutes at a flow rate of 1.0 mL per minute. Concentrations are listed in Table

C.3.

Table C.3. Concentrations of anions in the sampled waters.

Sample [CI] (ppm) [NOs] (ppm) | [NO:] (ppm) | [SO+] (ppm)
A. Sand Creek 2.09 £0.03 <03 <1.7 <0.7
B. Meadowlands 8.5%0.1 0.334 £ 0.001 <1.7 36 £7
C. River Inn 442+0.6 <03 <1.7 10+£2
D. East Detroit 4.99 +0.07 <0.3 <1.7 10+2
E. Munger Landing 6.33 £ 0.09 <0.3 <1.7 10+2
F. Wastewater 90+ 1 0.928 £ 0.003 <1.7 217+40
G. Blatnik Bridge 16.2+£0.2 0.369 + 0.001 <1.7 30+6
H. Wisconsin Point 2.26 £0.03 0.327 £ 0.001 <1.7 49+09

Cations and metals (i.e., calcium, iron, magnesium, potassium, and sodium) were measured

using inductively coupled plasma-optical emission spectroscopy (ICP-OES) with a Perkin Elmer
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4300 DV instrument. Calibration curves were made from standards obtained from Sigma Aldrich.

Concentrations are listed in Table C.4.

Table C.4. Concentrations of cations and metals in the sampled waters.

A. Sand Creek 14.8+0.2 <0.5 12.7+£0.7 4.0+01 1.9+£0.1

B. Meadowlands 21.9+£0.2 <0.5 95+£0.8 21.6+£0.2 10.1 £0.1
C. River Inn 17.0+0.3 <0.5 10.5+0.4 9.9+0.1 4.8+0.1

D. East Detroit 18.4+£0.2 <0.5 82+0.7 10.1 £0.1 51+£0.1
E. Munger Landing 193+0.2 <0.5 89+0.8 10.4 £ 0.1 5.8+0.1
F. Wastewater 58+1 <0.5 43+0.6 10.2+£0.2 202+£3
G. Blatnik Bridge 233403 <0.5 8+ 1 9.7+£0.2 23+£0.3
H. Wisconsin Point 152+0.2 <0.5 6.0£0.2 3.5+0.1 2.2+0.1

A Shimadzu total organic carbon analyzer was used to measure concentrations of dissolved
organic carbon (DOC) and dissolved inorganic carbon (DIC). The instrument was calibrated for
DOC using known concentrations of potassium hydrogen phthalate as a standard (Table C.5).
[DIC] ranged from 5.7 mg-C L' in a tributary flowing into the SLR to 58.5 mg-C L! in the
wastewater effluent (Table C.2) and generally scaled with alkalinity.

Ultraviolet-visible (UV-vis) spectroscopy was used to measure absorbance of whole water
samples (Table C.5). A Shimadzu 2401PC Recording Spectrophotometer was used and spectra
were collected in 1 nm intervals from 200 — 800 nm. Spectra were blank subtracted referenced to
Milli-Q water. The average absorbance from 700 — 800 nm was also subtracted to correct for any
light scattering. SUVA»s4 was calculated by dividing the absorbance at 254 nm by [DOC] and

E»:E3 is calculated as the ratio of the absorbance at 250 nm to the absorbance at 365 nm.
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Table C.5. [DOC], SUVA2s4, and Ez:E; for each sample location.

Sample [DOC] (mg-C L) | SUVA3s4 (L mg-C'!'m1) Ex:E;
A. Sand Creek 69 £3 5.20+0.20 4.32+£0.01
B. Meadowlands 33.5+04 4.52 +0.09 4.43 +0.01
C. River Inn 29.6+0.3 4.33+£0.09 4.67 +£0.01
D. East Detroit 29.9+£0.2 4.26 +£0.06 4.74+£0.01
E. Munger Landing 293+0.3 4.17 +0.07 4.80 +0.01
F. Wastewater 24.6+£0.2 2.40 £ 0.04 6.33+0.03
G. Blatnik Bridge 25.97+£0.04 4.01 £0.06 4.88 +£0.01
H. Wisconsin Point 3.45+0.05 2.57+0.08 5.78 £0.04

C.4 Mass Spectrometry

Organic matter was extracted from the whole water samples using solid phase extraction
with 500 mg Agilent PPL cartridges as described previously.” Cartridges were rinsed with 5 mL
of methanol prior to extraction. Samples (500 mL) were acidified to pH 2 £ 0.1 with hydrochloric
acid and passed through the SPE cartridges. Afterwards, 1 mL of 0.01 M hydrochloric acid was
passed through to remove salts retained on the material. Cartridges were dried for 5 minutes using
HEPA filtered air and DOM was eluted with 5 mL of methanol. Extracts were stored in the dark
at 4°C until analysis.

SPE extracts were diluted 100x in 60:40 acetonitrile:Milli-Q water and were directly
injected into a SolariX XR 12T Fourier-transform ion cyclotron resonance mass spectrometer (FT-
ICR MS; Bruker) equipped with a Triversa NanoMate sample delivery system (Advion).
Electrospray ionization in negative mode was used and -1.4 kV was applied with a gas pressure of

0.3 psi. Accumulation time was varied to record approximately 10® counts per reading and 1000
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readings were collected per sample. The m/z peaks with signal to noise > 3 were exported for data
processing in R. Additionally, an absolute intensity threshold of 1,000,000 was required.

During data processing, exported m/z peaks were converted to neutral masses by adding
the mass of a proton and were linearly calibrated using known formulas commonly found in DOM
samples as described previously.®-!° Potential masses considered for matching include Cj.130!*Co-
1H1-14000-80N0-1S0-1Po-1Clo-1. Potential masses were required to be less than 0.5 ppm mass error
away from calibrated m/z and to be part of a homologous series (+CH> or CH4 vs. O) with at least
three members. Table C.6 shows the number of formulas identified in each water sample. Figures
C.3 — C.7 show van Krevelen diagrams for CHO, CHON, CHOS, CHOP, and CHOCI identified
in each formula.

FT-ICR MS results are visualized on van Krevelen diagrams to show formulas that are
present in different compound classes (Figures C.3 — C.7). While the location of a formula on the
van Krevelen diagram does not demonstrate the formula fits that class, it is likely that it is
structurally similar to compounds within that class.!! Most formulas are classified as tannin- or
lignin-like as expected for natural water samples that receive terrestrial DOM.>*!213 More
saturated formulas (e.g., protein- and lipid-like formulas) are found downstream in the river,

particularly in the wastewater effluent.
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Table C.6. Numbers of types of formulas detected in each water sample.

Sample # Total | # CHO | # CHON | # CHOS # CHOP | # CHOCI1
A. Sand Creek 1179 991 26 76 19 67
B. Meadowlands 1309 1053 58 143 9 46
C. River Inn 1437 1127 59 158 18 75
D. East Detroit 1526 1140 66 182 23 115
E. Munger Landing | 1286 1015 46 143 20 62
F. Wastewater 3823 1646 199 1299 159 520
G. Blatnik Bridge 2479 1639 172 498 21 149
H. Wisconsin Point 1662 1105 69 179 73 236
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Figure C.3. van Krevelen diagrams showing identified CHO formulas in (a) Sand Creek, (b)
Meadowlands, (c) River Inn, (d) East Detroit, (¢) Munger Landing, (f) Wastewater, (g) Blatnik
Bridge, and (h) Wisconsin Point. Box A and Box B denote approximate locations of tannin- and
lignin-like formulas respectively.'!
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Figure C.4. van Krevelen diagrams showing identified CHON formulas in (a) Sand Creek, (b)
Meadowlands, (c) River Inn, (d) East Detroit, (¢) Munger Landing, (f) Wastewater, (g) Blatnik
Bridge, and (h) Wisconsin Point. Box A and Box B denote approximate locations of tannin- and

lignin-like formulas respectively.'!
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Figure C.5. van Krevelen diagrams showing identified CHOS formulas in (a) Sand Creek, (b)
Meadowlands, (c) River Inn, (d) East Detroit, (¢) Munger Landing, (f) Wastewater, (g) Blatnik
Bridge, and (h) Wisconsin Point. Box A and Box B denote approximate locations of tannin- and

lignin-like formulas respectively.'!
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Figure C.6. van Krevelen diagrams showing identified CHOP formulas in (a) Sand Creek, (b)
Meadowlands, (c) River Inn, (d) East Detroit, (¢) Munger Landing, (f) Wastewater, (g) Blatnik
Bridge, and (h) Wisconsin Point. Box A and Box B denote approximate locations of tannin- and
lignin-like formulas respectively. !!
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Figure C.7. van Krevelen diagrams showing identified CHOCI formulas in in (a) Sand Creek, (b)
Meadowlands, (c) River Inn, (d) East Detroit, (¢) Munger Landing, (f) Wastewater, (g) Blatnik
Bridge, and (h) Wisconsin Point. Box A and Box B denote approximate locations of tannin- and
lignin-like formulas respectively.'!
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Weighted averages calculated from the identified formulas show downstream samples are
more saturated, less oxygenated, and are depleted in double bond equivalents as compared to

upstream samples (Figure C.8).
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Figure C.8. Weighted averages of (a) H:C, (b) O:C, and (c¢) DBE for each sample as detected by

FT-ICR MS.

Bray-Curtis dissimilarity was calculated based on the presence and absence of individual
formulas identified by FT-ICR MS (Figure C.9). Samples with more formulas in common are

listed on branches closer to each other in the dendrogram.
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Figure C.9. Dendrogram showing results of Bray-Curtis dissimilarity analysis considering
presence and absence of individual formulas matching in FT-ICR MS analysis.
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Figure C.10. Spearman rank correlations between relative formula intensity as detected by FT-
ICR MS and the optical properties (a) SUVA2s4 and (b) E2:E3. Only formulas identified in at least
6 samples are included in the plots.

C.5 HPLC Analysis

Either an Agilent 1260 instrument equipped with a diode array detector (Model 1260 DAD)

and a fluorescence detector (Model 1260 FLD) or an Agilent 1100 series with DAD (Model 1100
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DAD) was used. For each column used, a guard column (3.0 mm) was attached. Details about the

HPLC methods of each analyte are listed in Table C.7.

Table C.7. Details of HPLC methods for probe quantification.

Analyte Column Eluent Detection
Furfuryl Agilent Poroshell 120 100% 30 mM Acetate, 10% Diqde array
Alcohol (FFA) EC-CI8 3.0x 30 acetonitrile pH = 6 detection (DAD)
mm) at 217 nm
2,4,6- Agilent Poroshell 120 | 50:50 0.1% formic acid with Y =230 nm:
Trimethylpheno |  EC-C18 (3.0 x 50 10% acetonitrile: acetonitrile Xex — 395 nm
1 (TMP) mm) pH=25 o
Terephthalic
Acid (TPA) | Agilent Poroshell 120 | 50:50 0.1% formic acid with | D/\D 8245 nm
vdroxy- Bonus RP (3.0 x 100 10% acetonitrile:acetonitrile
y Yy mm) pH=2.5 Aex = 250 nm;
terephthalic Yo =410 nm
Acid (hTPA) o
p-Nitroanisole Agilent Poroshell 120 | 55:45 10 mm Acetate, 10%
EC-C18 (3.0 x 50 acetonitrile, acetonitrile, pH = | DAD at 314 nm
(PNA)
mm) 6
Agilent Eclipse-XDB o
Atorvastatin | CI8 (5um, hox 150 | 2872 acetomtgﬂezwater’ PH=1" DAD at 244 nm
mm)
Agilent Eclipse-XDB
Carbamazepine | C18 (S5um, 4.6 x 150 46:54 acetonitrile:water DAD at 282 nm
mm)
Agilent Eclipse-XDB
DEET C18 (5um, 4.6 x 150 50:50 acetonitrile:water DAD at 220 nm
mm)
Agilent Eclipse-XDB ] o _
Venlafaxine | CI8 (Sum, 4.6 x 150 | 27 acetomtgﬂe'water’ PH=1" pADat230
mm)

Due to background fluorescence, hTPA could not be detected quantitatively detected in the
wastewater effluent. To show this, we collected excitation-emission matrices for both hTPA
(10uM) and the wastewater using a Horiba Aqualog instrument (Figure C.11). hTPA was run at a

concentration of 12.5 ppb and the wastewater was run with a 5x dilution.
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Figure C.11. Excitation-emission matrices for (a) hTPA and (b) wastewater effluent.

C.6 Photochemistry
[’ DOM]ss and frmp were calculated using the rate constant for reaction of >DOM with TMP
(2.9 x 10° M s and the rate of light absorbance.!>!* ['0,]s and @102 were calculated as described
previously® with the updated rate constant of 1.00 x 108 M! s'! for the reaction between 'O, and
FFA."® [*OH]ss was calculated using rate constants for reactions between *OH and both TPA and
hTPA, as well as the direct degradation rate constant for hTPA measured in control experiments
(44 x10°M's! 63 x10°M!s! and 6.5 x 107 s7!, respectively). ®.on were calculated using
the rate of light absorbance concentrations of organic and inorganic carbon forms in the water
samples.'® The rate constants used were 1.7 x 10*L mg-C!'s!, 8.5x 10°M's!, and 1.7 x 108 M"!
s'! for reactions of *OH with DOC, bicarbonate, and carbonate, respectively.!®
The photochemical reactivity of waters throughout the St. Louis River is first assessed by
quantifying PPRI steady-state concentrations, which are important for predicting contaminant fate.

[P DOM];s (range = (0.72 — 1.21) x 1073 M) and ['O2]ss (range = (1.6 — 20.4) x 10713 M) are similar,
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while [*OH]s is orders of magnitude lower (range (2.9 —20.5) x 10" M; Table C.8). ["OH]ss could
not be quantified in the wastewater effluent because the fluorescence signal of the probe could not
be separated from background fluorescence of the sample (Figure C.11), which has been noted
previously.!” Similar steady-state concentrations have been observed in other natural water
samples.'>101819 [10,]¢s and [*OH]ss decrease moving downstream in the river. No trend is
observed for [P DOM]s but the wastewater and Wisconsin Point samples show especially low
concentrations. The decrease in ['O2]ss and [*OH]ss may be partially attributable to the decrease in
[DOC] observed throughout the St. Louis River (Figure 4.1a in the manuscript). However, the
[’ DOM];s results demonstrate that DOM quality is also important since these measurements were
made in [DOC]-normalized samples. Therefore, quantum yields for PPRI formation, which are
normalized to light absorbance, are more appropriate for evaluating the role of DOM composition

in its photochemical reactivity.

Table C.8. Steady-state concentrations of PPRI in each sampled location. Errors represent the
standard deviation of triplicate measurements.

Sample

[FDOM]s (M)

['02]ss (M)

["OH]ss (M)

A. Sand Creek

(1.13 £0.02) x 1013

(2.04 £0.08) x 1012

(2.05+0.04)x 10°1°

B. Meadowlands

(1.08 £0.02) x 10°1®

(1.66 = 0.06) x 10°'2

(7.32 +0.08) x 10°'6

C. River Inn

(1.13£0.05) x 1013

(1.22+£0.01)x 102

(1.00 £0.02) x 10°1®

D. East Detroit

(1.15£0.03) x 103

(1.29£0.03) x 1012

(9+1)x 1076

E. Munger Landing

(1.21 +0.08) x 1013

(1.75+£0.04) x 1012

(5.58 £0.04) x 10°1¢

F. Wastewater

(7.9 +£0.4) x 101

(8.73 £ 0.05) x 102

N/A

G. Blatnik Bridge

(1.12 £ 0.03) x 1013

(1.19 £ 0.02) x 102

(2.9+0.1)x 10716

H. Wisconsin Point

(7.2 +0.6) x 101

(1.60 + 0.05) x 10"

(4.0+0.1)x 1071
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Table C.9. Quantum yields and quantum yield coefficients for formation of PPRI in each sampled
location.

Sample JSrve (M) D102 D.on
A. Sand Creek 35.6+0.7 (54+02)x 1073 (1.00 £ 0.02) x 1073
B. Meadowlands 352+0.8 (6.9+0.2)x 1073 (2.25+0.02) x 10
C. River Inn 40+2 (6.3+0.2)x 1073 (2.93 +£0.06) x 10
D. East Detroit 41.4+0.9 (7.0+£0.2) x 1073 (3.8+0.6)x 10
E. Munger Landing 44 +3 (8.5+0.2)x 103 (3.40 £0.03) x 10*
F. Wastewater 69+3 (1.03+£0.02) x 102 N/A
G. Blatnik Bridge 42 +1 (7.3+0.3)x 1073 (1.40 £ 0.06) x 10
H. Wisconsin Point 58+5 (7.9+0.3)x 1073 (2.16 £0.04) x 107
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Figure C.12. Linear regressions between E»:E3 and (a) frme, (b) @102, (¢) @.on, (d) kovsc for
carbamazepine and kobs,c for venlafaxine, (€) kobs,c for atorvastatin, and (f) kobs,c for DEET. Trend
lines are based on a 95% confidence interval.
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Figure C.13. Linear regressions between SUVAsss and (a) frmp, (b) @102, (¢) @-on, (d) kobvs,c for
carbamazepine and kobs,c for venlafaxine, (e) kobs,c for atorvastatin, and (f) kovs,c for DEET. Trend
lines are based on a 95% confidence interval.

Table C.10. Directions of correlations between Spearman rank rho values for formula intensity
versus each parameter. All correlations were significant at a 95% confidence interval with
p<107,

. kobs C kobs C kobs C kobs C
SUVAs Ex:Es f T™P @102 | Deon carbamazepine | atorvastatin | venlafaxine DEET
J’_
- - - - +
+ + + -
+ + + =
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Figure C.14. Scatter plots showing the relationship between Spearman rank rho values for (a)
formula intensity with @102 and formula intensity with frmp, (b) formula intensity with ®.on and
formula intensity with frmp, and (c) formula intensity with ®.on and formula intensity with ®@102.
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Figure C.15. Scatter plots showing the relationship between Spearman rank rho values for formula
intensity with E>:E3 and (a) formula intensity with frmp, (b) formula intensity with @102, and (c)

formula intensity with ®@.on.
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Figure C.16. Scatter plots showing the relationship between Spearman rank rho values for formula
intensity with SUVA»s4 and (a) formula intensity with frmp, (b) formula intensity with @102, and
(c) formula intensity with ®@eon.
C.7 Contaminant Degradation
The pseudo-first-order photodegradation rate constant was measured for each of the
contaminants in the study (Table C.11). To consider how DOM composition, rather than
concentration, affects contaminant degradation, carbon-normalized rate constants for each
contaminant were also calculated by normalizing to [DOC] in each sample (Table C.12).
Spearman rank correlations were also calculated between formula intensity detected by
FT-ICR MS and carbon-normalized photodegradation rank constant for venlafaxine degradation
(Figure C.17). This nearly identical to the correlation pattern observed for carbamazepine and

atorvastatin (Figures 4.3d and 4.3e in the manuscript).
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Table C.11. Pseudo-first-order photodegradation rate constants for each contaminant. The rate
constant for degradation of atorvastatin, carbamazepine, and venlafaxine were measured in a
Suntest Solar Simulator, while the degradation of DEET was measured in the Rayonet.

Sample Ato;‘l\;lz}_slt)atin Carbz(lllr;iiepine lzlllirEl")l" Ven(llill{z:;(ine
Direct Control (l'j lio(_)l.Z) (f itOi) (1 f it 095'2) (1; lio(.)zA)
A: Sand Creek (8.:(1 1io(_)l.Z) (2.5 ito(_)2.9) (1.3 itog.2) (7.:(1 1io(_)z.S)

B: Meadowlands 1.10 +£0.02 (2')1 ito(_)z'z) a '7Z it 092'02) (4'Z liogj)
C: River Inn 1.04 £ 0.03 (lf ito(_)z'z) (95 it 093'2) (4'3 lio(_)z.Z)

D: East Detroit 1.06 +£0.07 (l'f ito(_)z'l) (li itog'l) (4'3 lio(_)2.5)
E: Munger Landing 1.09+0.03 (1'3 itO(')zA) ( 'Oj it 092'05) (4'3 lio(_)2.2)
F: Wastewater 1.44 +0.06 (3'Z ito(_)z'S) (63 it 093'9) (5':: liog'S)
G: Blatnik Bridge | 1.12£0.02 22 ito(-)z& 24 ;‘;)2-08) @ lio(_)z'3 )
H: Wisconsin Point (4':: lio(_)l.Z) (f it0_23) (l'j it 093'8) (lf lio(_)2.4)
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Table C.12. kobs,c for each contaminant. kobsc for atorvastatin, carbamazepine, and venlafaxine
were measured in a Suntest Solar Simulator, while kobs,c for of DEET was measured in a Rayonet.

Sambple Atorvastatin | Carbamazepine DEET Venlafaxine
P (Lmg-C'hr") | (Lmg-C'hr!) | (L mg-C!hr!) | (L mg-C!hr?')
_ (1.20 + 0.03) (I9=+1) (2.8+0.3) (1.06 + 0.07)
A: Sand Creek x 102 x 1074 x 1074 x 103
_ (3.19+ 0.07) (6.07 % 0.6) (5.30 £ 0.09) (14+02)
B: Meadowlands <102 < 10 < 10 <102
. (3.41 +0.09) (5.4 +0.6) (3.22+0.07) (1.47 + 0.06)
C: River Inn x 102 x 1074 x 1074 x 103
. . (35+02) (5.9 = 3) (3.6 +0.4) (1.6 +0.2)
D: East Detroit <102 < 10 < 104 < 103
E: Munger (3.6+0.1) 6+1) (35+02) (1.49 + 0.08)
Landing x 102 x 10+ x 10+ x 10
_ (5.7+0.3) (15+0.2) (2.6 +0.3) 2.1+02)
F: Wastewater <102 <103 < 104 < 103
G: Blatnik @18+ 0.7) @1+1) (3.56 + 0.03) (1.8+0.1)
Bridge x 102 x 10 x 10 x 10
H: Wisconsin | (1.19 + 0.06) (22+0.5) (4+2) G+1)
Point x 107! x 1073 x 10 x 1073
- FUETH
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Figure C.17. Spearman rank correlations between formula intensity as detected by FT-ICR MS
and kobs,c for venlafaxine photodegradation. Only formulas detected in >6 samples are included on
the plot.
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Figure C.18. Scatter plots showing the relationship between Spearman rank rho values for formula
intensity with frvp and kobs,c (@) atorvastatin, (b) carbamazepine, (c) venlafaxine, and (d) DEET
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Figure C.19. Scatter plots showing the relationship between Spearman rank rho values for formula
intensity with @102 and kobs,c (a) atorvastatin, (b) carbamazepine, (c¢) venlafaxine, and (d) DEET



236

(a) (b)

0.5{" 0.5

p Kobs,c for atorvastatin
o
p kops,c for carbamazepine

R2=0.77 R?=0.67
_1p <0.00001 _1]p <0.00001 .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
p P-on p P-oH

(©) _ B @

2

'g 0.5 u'_J 0.5

8

T w
5 2

> 0 K] 0

S o
2 3

g x
N -0.5 o -0.5

(=%

R?=0.67 R?=0.022
~4|p<0.00001 _1|p<0.00001 -
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
p P-on p ®-on

Figure C.20. Scatter plots showing the relationship between Spearman rank rho values for formula
intensity with ®.on and kobs,c (a) atorvastatin, (b) carbamazepine, (c¢) venlafaxine, and (d) DEET

Quencher experiments were performed to further show that each PPRI has differing
importance towards the fate of the contaminants. Direct controls were performed in Milli-Q water.
Indirect controls were performed in the denoted water sample. Sorbate was added to quench high
energy *DOM, histidine or DABCO to quench 'O, IPA to quench radicals including *OH, and

anoxic experiments were performed by purging sample with Nz prior to irradiation to increase the

lifetimes of triplets.
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Table C.13. Photodegradation rate constants for atorvastatin, carbamazepine, and venlafaxine in
the presence of 3 mM quencher. Direct controls were performed in Nanopure water. Indirect
controls were performed in the denoted water sample with no quencher present. DABCO was used
as the 'O, quencher for carbamazepine and histidine was used for atorvastatin and venlafaxine.
Error represents the standard deviation of triplicate measurements.

Atorvastatin (hr™) Carbamazepine (hr') Venlafaxine (hr!)

]]?;’lﬁfingﬂg Wastewater ]]?;’lﬁfingﬂg Wastewater Ilt/ell iﬁ%ﬁ; Wastewater

pirect | (1£2) 1=2) 2+3) 2+3) | (1L1£04) | (1.1£04)
x 1072 x 1072 x 1073 x 1073 x 1072 x 1072

Indirect | 1.12 £0.02 | 1.14 £ 0.06 (2'5 IiO(')z.?)) (3; lio(_)z.S) (45 lio(_)2.2) (5':: lio(_)2.5)

Sorbate (9; li 0(_)1'3) 1.08 £ 0.06 (Z li 0_23) (j 1i0-23) (3 li 01) (f 110_63)

pABCON 1064004 | 1394005 | (18553 | (1420 (L1021 (19503
IPA | 1.080.02 | 1.53+0.05 (lf fo(_)z'l) 3 f f()%z) 3 f y 0(_)2'2) 3 f f()%”
Anoxic | 1.6+-03 | 18+03 (5;1 8_’15 ) |G i 110(-)1'3 ) (IZ y o(-)1'3 ) (2; lio(_)l'z)

Table C.14. Photodegradation rate constants for DEET venlafaxine in the presence of 3 mM
quencher. Direct controls were performed in Milli-Q water. Indirect controls were performed in
the denoted water sample with no quencher present. Error represents the standard deviation of
duplicate measurements.

DEET (hr)
Sand Creek East Detroit Wastewater Blatnik Bridge
Direct (1.6+£0.2)x 10° (1.6£0.2)x 10” (1.6£0.2)x 10” (1.6 £0.2)x 10”
Indirect (1.9+£0.2)x 102 (1.1£0.1)x 102 (6.3+0.8)x 107 (9.24+0.08)x 107
Sorbate (7£1)x10* (2.63+0.08)x 107 5+3)x10* (24+0.8)x 107
Histidine | (1.72+0.03) x 107 (6.9+02)x 107 (25+02)x 107 (5.9+0.4)x 107
IPA (2.52+0.08)x 107 (5.7+£0.5)x 10™ (1.1+£02)x 107 9=+3)x10*
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Figure C.21. Quencher experiments performed with carbamazepine in (a) Blatnik Bridge water
and (b) wastewater effluent. Note that the photolysis rate increased by 2500 and 1400%,
respectively, under anoxic conditions. Error bars represent the standard deviation of triplicate

measurements.
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Figure C.22. Quencher experiments performed with venlafaxine in (a) Munger Landing water and
(b) wastewater effluent. Note that the photolysis rate increased by 390% in both waters under
anoxic conditions. Error bars represent the standard deviation in triplicate measurements.
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Figure C.23. Quencher experiments performed with atorvastatin in (a) Blatnik Bridge water and
(b) wastewater effluent. Note that the photolysis rate increased by 140 and 150%, respectively,
under anoxic conditions. Error bars represent the standard deviation in triplicate measurements.
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Figure C.24. Quencher experiments performed with DEET in (a) Sand Creek, (b) East Detroit, (c)
Wastewater, and (d) Blatnik Bridge samples. Error bars represent the standard deviation of
duplicate measurements.

The reactivity of DEET with *OH was further assessed by comparing measured [*OH]ss
with the observed indirect photodegradation rate constant of DEET. First, the predicted pseudo-
first order rate constant (k’onpred) assuming DEET only reacts with *OH was calculated by

multiplying [*OH]ss (Table C.8) by 4.95 x 10° M sec”! (i.e., the measured rate constant for the

reaction with hydroxyl radical and DEET).! Second, the observed indirect photodegradation rate
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constant of DEET attributable to *OH (k’on,0bs) Was calculated by subtracting the rate constant

observed in the presence of IPA from the indirect photolysis rate constant observed in the absence

of the quencher. These values are similar within a factor of 2 (Table C.15).

Table C.15. Comparison of DEET indirect photodegradation rate constants calculated based on
observed [*OH]ss and quenching by IPA.

k’OH red /
’ -1 ’ -1 sP
Sample k’oH,prea (s7") k’on,0ps (871) K’ OR.obs
Sand Creek 1.01 x 10 4.57x 10° 2.22
East Detroit 4.46x 10 2.89x 10° 1.54
Blatnik Bridge 1.44 x 10 2.31x10° 0.62
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Appendix D

Supporting Information for Chapter 5

D.1 Sample Sites

Seven samples were collected from the North Temperate Lakes-Long Term Ecological
Research (NTL-LTER) sites in northern Wisconsin (Table D.1), including two from dystrophic
bogs (Crystal Bog and Trout Bog), one from a mesotrophic lake (Allequash Lake), and four from
oligotrophic lakes (Big Muskellunge Lake, Crystal Lake, Sparkling Lake, and Trout Lake).
Surrounding land cover from these sites includes primarily forests and wetlands.

Eight samples were collected in and around Mankato, Minnesota where waters are largely
impacted by surrounding agricultural fields. Two samples were collected from the Minnesota
River including from up- and downstream of the Mankato Water Resource Recovery Facility
(WRRF) discharge (Memories and Kiwannis, respectively). Three effluent samples were taken
directly from WRREF following secondary treatment. The WRRF pre-Cl sample was collected prior
to disinfection and the WRRF post-Cl sample was taken following chlorination and subsequent
dechlorination with sodium bisulfite. An additional sample, WRRF Reuse, is an effluent sample
used to cool the Mankato Energy Center; it was chlorinated but not dechlorinated and therefore
had a higher chlorine residual than the final effluent (i.e., >5.0 mg L"). Another sample was
collected from a tributary to the Minnesota River (Seven-mile Creek). Finally, two samples were
collected from agricultural ditches (Wammer Ditch and Olsen Ditch), which were both

surrounding by cornfields.
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Ten samples were collected from the Yahara watershed in and around Madison, Wisconsin.
Three samples were taken from the Yahara River, including a sample collected upstream of the
chain of lakes, downstream of the chain of lakes, and downstream of the confluence with Badfish
Creek (North Yahara, South Yahara, and Confluence, respectively). Samples were also collected
from Lake Mendota, Lake Wingra, and Lake Kegonsa, which are core NTL-LTER lakes. An
additional two samples were collected from up- and downstream of discharge from the Madison
Metropolitan Sewerage District (MMDS; Badfish Upstream and Badfish Downstream,
respectively). Samples of the effluent from MMSD include one taken after secondary treatment
(pre-UV) and after disinfection with ultraviolet light (post-UV).

Eleven samples were taken from the St. Louis River and Estuary and the Western Lake
Superior Sanitary District (WLSSD) treatment plant. A tributary of the St. Louis River (Sand
Creek) was sampled along with four samples collected from various locations within the river
(Meadowlands, River Inn, Munger Landing, and East Detroit). Additional samples were collected
downstream of the discharge from the WLSSD treatment plant (Blatnik Bridge) and at the end of
the estuary to Lake Superior collected from the southern side of the peninsula (Wisconsin Point).
In total, four effluent samples were collected from WLSSD treatment plant including two after
secondary treatment (pre-Cl) and two following disinfection by chlorine and dichlorination with
sodium bisulfite (post-Cl). One of each of these was collected in May of 2020 when local paper
mills were shut off (no mill samples) and in September of 2020 while the plant was receiving its
usual influent.

Twelve samples were collected in the Twin Cities in Minnesota including three in the
Minnesota River (River Front Park, East River Parkway, and Minnesota River), another in the

Minnesota River downstream of the Metropolitan Wastewater Treatment Plant (Metro WWTP)
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effluent discharge (Metro Downstream), and another in the Minnesota River further downstream
of the Eagles Point WWTP effluent discharge (Eagles Downstream). Three samples were taken
from oligotrophic lakes within the city limits including Lake of the Isles, Vadnais Lake, and Lake
Phalen. Effluent was from the Metro WWTP after secondary treatment (pre-Cl) and after
chlorination and dechlorination with sodium bisulfite (post-Cl), and from Eagles WWTP after
secondary treatment (pre-UV) and after following disinfection with UV light (post-UV).

All natural water samples were collected from the top 1 m of the water. Lake and bog
samples were collected from near the middle of the water body via boat. Moving water samples
were collected by wading into the water. After collection, all samples were filtered through 0.45
micron nylon filters within 36 hours and stored in the dark at 4°C until analysis.

Table D.1. Names, data of collection, coordinates, designated sample type for analysis and a brief
description for all samples analyzed in this study.

Sample Date Coordinates Type Description
Northern NTL-LTER Lakes
46.00800, .
Crystal Bog August 29,2018 | 29.60570 Rural Dystrophic bog
46.04170, .
Trout Bog August 29,2018 | 29.63540 Rural Dystrophic bog
46.04810, .
Allequash Lake | August 30,2018 | 29.61240 Rural Mesotrophic lake
Big Muskellunge 46.02730, . .
Lake August 30, 2018 | 29.59350 Rural Oligotrophic lake
Crystal Lake | August 30,2018 | 0005 Rural Oligotrophic lake
Y ueust oo -89.60820 Y gowop
. 46.01580, : .
Sparkling Lake | August 28,2018 | 2969450 Rural Oligotrophic lake
46.07900, : .
Trout Lake August 30, 2018 | 2964640 Rural Oligotrophic lake
Mankato, Minnesota
4415543 Minnesota River;
Memories June 24, 2019 . . Agricultural upstream of WRRF
-94.04223 :
discharge
Olsen Ditch June 25, 2019 44.11394, Agricultural Agricultural ditch
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-94.26897
) 44.13387, ) ) )
Wammer Ditch June 25, 2019 -94.30944 Agricultural Agricultural ditch
Seven-mile 44.26217, . Tributary to Minnesota
Creek June 24, 2019 -94.02657 Agricultural River
44.18249, Final effluent before
WRRF pre-Cl June 24, 2019 -94.00132 Wastewater chlorination
44.18249 Post chlorination/
WRRF Reuse June 24, 2019 . ; Wastewater | dechlorination, used to
-94.00132
cool plant
44.18049 Final effluent
WRRF post-Cl June 24, 2019 . ’ Wastewater chlorination/post
-94.00132 ..
chlorination
Minnesota River,
Kiwannis June 24, 2019 44.200262, Agricultural | downstream of WRRF
-94.01779 .
discharge
Yahara Watershed
43.156742 ) River that flows in
North Yahara July 26, 2019 -89.343755 Agricultural Lake Mendota
Lake Mendota | July 25,2019 | 4311294 1 o ittural Eutrophic Lak
ake Mendota uly 25, .20 42145 gricultura utrophic Lake
) 43.053768, ) )
Lake Wingra October 9, 2019 -80.419910 Agricultural Eutrophic Lake
42.963891, ) )
Lake Kegonsa | October 9, 2019 -80.254772 Agricultural Eutrophic Lake
42 94137 Yahara River;
South Yahara July 26, 2019 X ’ Agricultural downstream of Lake
-89.20235
Kegonsa
Badfish September 18, | 42.849748, | . . Badhish Crecle
Upstream 2019 -89.255665 gricufiurat | upstream o
discharge
Ninesprings Pre- 43.03967, Effluent collected
uv July 30,2019 1 g9 3575y | Wastewater |y e UV disinfection
Ninesprings 43.03967, Effluent collected
Post-UV July 30, 2019 -89.35752 Wastewater before UV disinfection
Badfish September 18, | 42.849213, | | Eagﬁsrll’l Cffe&li\;dSD
Downstream 2019 -89.255536 water | downstream o
discharge
Yahara River;
42.82017, . downstream of
Confluence July 26, 2019 -29.16300 Agricultural confluence with
Badfish Creek
St. Louis River and Estuary
September 3, 47.185510, Tributary to St. Louis
Sand Creek 2020 -92.853331 Rural River
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September 3, 47.068966, R
Meadowlands 2020 292 775002 Rural St. Louis River
: September 3, 46.702892, R
River Inn 2020 _92 418854 Rural St. Louis River
. September 3, 46.700820, R
Munger Landing 2020 292207148 Rural St. Louis River
. September 3, 46.651824, o
East Detroit 2020 292203205 Rural St. Louis River
WLSSD effluent
WLSSD Pre-Cl; 46.761325, collected during local
Mill Shutdown May 6, 2020 -92.124443 Wastewater paper mill shutdown,
pre-chlorination
WLSSD effluent
collected during local
WLSSD PostCl: 46.761325, :
Mill Shutdown May 6, 2020 97 124443 Wastewater paper mill shutdpwn,
post- chlorination/
dechlorination
September 3, 46.761325, WLSSD effluent pre-
WLSSD Pre-Cl 2020 L92.124443 | ‘Vastewater chlorination
WLSSD effluent, post-
September 3, 46.761325, 7
WLSSD Post-Cl 2020 97 124443 Wastewater chlorlqathn/
dechlorination
. . September 2, 46.751031, N
Blatnik Bridge 2020 292.102092 Rural St. Louis River Estuary
) . ) September 2, 46.688643, )
Wisconsin Point 2020 -91.972299 Rural Shore of Lake Superior
Twin Cities in Minnesota
) 45.06769, . )
River Front Park | August 27,2020 29328108 Urban Minnesota River
East River 449579, . )
Parkway August 27,2020 | 9321307 Urban Minnesota River
) ) 44.88484, ) )
Minnesota River | August 27, 2020 -93 17476 Urban Minnesota River
Metro WWTP 4492612, Effluent collected pre-
Pre-Cl August 31,2020 1 g3 4653 | Wastewater chlorination
Effluent collect post
Metro WWTP 44.92569, .. )
Post-Cl August 31,2020 | 93 04829 Wastewater chlormatl?ir(l)/rilechlorlna
Minnesota River;
D Mettro August 31, 2020 494 3808 1179358’ Urban downstream of Metro
ownstream e WWTP discharge
Eagles Point 44.78602, Effluent collected pre-
PreUuy | Aveust31,2020 1 o) 919y | Wastewater UV disinfection
Eagles Point 44.78602, Effluent collected post
Post-UV | Ausust3L, 2020 1 o) g1gp5 | Wastewater UV chlorination
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) Minnesota River;
gaglis tlzmrrlri August 31, 2020 4942'784 56 6121 éi Urban downstream of Eagles
ownstrea e Point WWTP discharge
Lake of the Isles | August 27,2020 | ++9°174 Urban Oligotrophic Lake
ake of the Isles | Augu , 9330727 gotrop
) 45.05128, . :
Vadnais Lake | August 27,2020 -03.09446 Urban Oligotrophic Lake
44.98705, . :
Lake Phalen August 27, 2020 -93.05589 Urban Oligotrophic Lake

D.2 Chemicals

All chemicals were used as received. Ultrapure water (18.2 MQ cm) was obtained from a
Milli-Q water purification system. Acetonitrile (HPLC grade), methanol (HPLC grade),
hydrochloric acid (concentrated, ACS grade), and potassium hydrogen phthalate (ACS grade) were
purchased from Fisher Scientific. Sodium hydroxide (reagent grade), monobasic potassium
phosphate (reagent grade), dibasic potassium phosphate (reagent grade), and sodium terephthalate
(>98%) were purchased from Signa Aldrich. para-Nitroanisole (>99%) was purchased from Acros
Organics, formic acid (88% v/v, ACS grade) was purchased from Aqua Solution, furfuryl alcohol
(>98%) was purchased from Tokyo Chemical Industry, and pyridine (>99%) was purchased from

Alfa Aesar.

D.3 Water Chemistry

A Mettler Toledo EL20 meter was used to measure pH. Values included in Table D.2 are
pH values taken within 2 weeks of photochemical experiments.

Concentrations of dissolved organic carbon ([DOC]) and dissolved inorganic carbon
([DIC]) were measured using a Shimadzu Total Organic Carbon Analyzer. The instrument is
externally calibrated but was also verified during each sequence with standards of organic and

inorganic carbon made with potassium hydrogen phthalate and sodium bicarbonate, respectively.
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Anions including chloride, nitrate, nitrite, and sulfate were measured during anion
exchange chromatography (IC) with detection via conductivity measurements on a Dionex ICS-
2100 instrument. A Dionex IonPac AS11-HC RFIC™ column was used for analysis (4 x 250 mm)
with an attached guard column (4 x 50 mm) packed with the same material. The elution method
was isocratic with 7.5 mM sodium hydroxide. Nitrite is not included in Table D.3 because no
detectable amounts (>1.5 ppm) were detected prior to photochemical experiments.

Cations and metals including calcium, iron, potassium, magnesium, and sodium were
measured using inductively coupled plasma-optical emission spectroscopy (ICP-OES) on and
Agilent 5110 VDV instrument. Concentrations are listed in Table D.4.

Absorbance and excitation emission matrices (EEMs) were recorded using a Horiba
Aqualog instrument (Table D.5). For absorbance, scans were taken from 200-800 nm with 3 nm
intervals and 0.1 second accumulation time. EEMs were collected with excitation ranging from
245 — 828 nm in 8 pixel or 4.66 nm intervals. Data processing including corrections for inner filter

effects and Rayleigh masking was completed before exporting data.

Table D.2. pH, [DOC], and [DIC] measured in all samples.

DOC DIC
Sample pH (nEg- C ﬂ-l) (m[g- C i_l)
Crystal Bog 7.5+0.1 11.04 £ 0.06 4.0+04
Trout Bog 7.5+£0.1 23.7+0.4 1.42+£0.02
Allequash Lake 8.4+0.1 4.95 +0.09 10.20 + 0.02
Big Muskellunge Lake | 7.9 +0.1 4.17+0.06 595+0.5
Crystal Lake 7.0£0.1 2.57+0.02 1.38£0.01
Sparkling Lake 8.1+0.1 34+0.1 10.70 £ 0.03
Trout Lake 7.9+0.1 3.0£0.2 10.70 £ 0.03
Memories 85+0.1 4.60 + 0.03 63.4+0.1
Olsen Ditch 83+0.1 1.8+0.1 772+0.2
Wammer Ditch 8.4+0.1 33+0.1 68.4+0.1




Seven-mile Creek 8.5+0.1 39+0.1 66.8 £ 0.1
WRRF Pre-Cl 82+0.1 48+0.5 43.2+0.3
WRRF Reuse 83+0.1 6.4+1 4444+ 0.2
WRRF Post-Cl 83+0.1 50+0.3 43.5+0.2

Kiwannis 8.4+0.1 43+0.1 62.8+0.2
North Yahara 84+0.1 4.7+0.1 62.60 +0.03
Lake Mendota 8.7+0.1 3.80+0.03 37.40 £ 0.03
Lake Wingra 8.5+0.1 43+0.1 41.2+0.1
Lake Kegonsa 84+0.1 10.5+0.1 41.0+0.1
South Yahara 8.4+0.1 7.1+£0.1 46.8 +0.2

Badfish Upstream 8.5+0.1 24+0.1 62.0+£0.2

Ninesprings PreUV 84+0.1 53+0.1 67.8+0.3
Ninesprings PostUV 8.6+0.1 59+03 66.9 + 0.4
Badfish Downstream 8.4+0.1 44+£0.6 68.4+0.3
Confluence 8.4+0.1 41+0.1 54.8+0.3
Sand Creek 7.7+0.1 69+ 6 7.5+0.1
Meadowlands 8.1+£0.1 284 +£0.8 30+ 1

River Inn 8.2+0.1 24.8 £0.8 20.10 £ 0.04

Munger Landing 82+0.1 23.1+0.5 18.24 £ 0.04

East Detroit 82+0.1 2420 £0.01 18.39 £ 0.03
WLSSS]I?HE‘;'V% Mill 73501 2942 65+ 1
WLSS;&Z?;VCHI; Mill g 1401 2442 72.0+0.3
WLSSD Pre-Cl 82+0.1 53+5 88.8£0.6

WLSSD Post-Cl 83+0.1 43+ 6 92.7+0.4
Blatnik Bridge 84+0.1 18£5 20.8+0.1

Wisconsin Point 83+0.1 8+1 11.00 £0.03

River Front Park 8.3+£0.1 31+4 36.6 0.2

East River Parkway 8.4+0.1 18+9 357+£0.2

Minnesota River 8.4+0.1 52+0.5 53.7+0.2

Metto WV P 83+0.1 82+0.8 53.1+0.4
Metro WWTP Post-Cl 8.3+£0.1 9+1 46.8 £0.4
Metro Downstream 8.4+0.1 9.03+0.04 41.7+0.2
Fagles Doint 82+0.1 75+0.7 42.0£023
Eagles Point
U 8.2+0.1 942 42.60 % 0.03
Eagles Point 8.4+0.1 8.9+ 0.4 384403

Downstream
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Lake of the Isles 85+0.1 8.7+0.3 23.50 £ 0.07
Vadnais Lake 85+0.1 75+04 28.1 £0.1
Lake Phalen 8.5+0.1 6.7+£0.2 26.80 £0.05

Table D.3. Anions measured in all samples.

Sample [CI] (ppm) | [SO4*] (ppm) | [NOs7] (ppm)
Crystal Bog 1.1+0.2 <0.6 <0.5
Trout Bog <0.8 <0.6 <0.5
Allequash Lake <0.8 29+0.2 <0.5
Big Muskellunge Lake <0.8 24+0.2 <0.5
Crystal Lake 0.8+0.2 20+0.2 <0.5
Sparkling Lake 29.6 +0.2 35+0.2 <0.5
Trout Lake 23+£0.2 27+£0.2 <0.5
Memories 16.5+0.2 179.4+0.5 18.0+0.1
Olsen Ditch 19.4+0.2 30.2+0.2 444 +0.2
Wammer Ditch 12.7+£0.2 155+£0.2 32.3+0.1
Seven-mile Creek 143+0.2 21.1+0.2 422+0.1
WRRF Pre-Cl 3171 212.6+£0.8 70.9 £ 0.5
WRRF Reuse 375+1 224.7+0.8 90.2+0.5
WRRF Post-Cl 371 £ 1 267.4+0.9 86.2+0.5
Kiwannis 16.2+0.2 1493+ 0.5 21.4+0.1
North Yahara 459+0.2 15.0+£0.2 11.3£0.1
Lake Mendota 523+0.2 145+0.2 <0.5
Lake Wingra 81.2+0.3 11.8+0.2 <0.5
Lake Kegonsa 63.9+0.3 11.5+£0.2 <0.5
South Yahara 66.5+0.3 13.0+£0.2 0.8+0.1
Badfish Upstream 71.9+0.3 15.6+0.2 14.1+0.1
Ninesprings Pre-UV 357+ 1 46.4+ 0.6 76.4+0.5
Ninesprings Post-UV 366 + 1 47.5+0.6 77.9+0.5
Badfish Downstream 343 £ 1 40.4+0.6 72.5+0.5
Confluence 72.3+0.3 18.1+0.2 10.2+0.1
Sand Creek 1.6+0.5 <0.6 <0.5
Meadowlands 102+0.4 423 +0.7 <0.5
River Inn 6.6+04 14.6 £ 0.7 <0.5
Munger Landing 7.0+04 11.0+0.7 <0.5
East Detroit 6.6+04 122+ 0.7 <0.5
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WLSSD Pre-Cli Ml 17444 93+ 7 <05
WLSSS]?nigitv'vcnl; Mill 172 + 4 95+ 7 <05
WLSSD Pre-Cl 177 £ 4 202 +7 0.5+£0.3
WLSSD Post-Cl 199 + 4 319+ 7 <0.5
Blatnik Bridge 20+0.4 25.1+0.7 1.1+0.1
Wisconsin Point 1.8£0.5 3.5+£0.7 1.2+0.1
River Front Park 179+04 9.8+0.7 0.8+0.1
East River Parkway 13.5+04 8.5+0.7 0.5+0.1
Minnesota River 21.5+04 61.3+£0.7 16.7+ 0.1
Metro WWTP Pre-Cl 445+09 12+1 6.8+0.3
Metro WWTP Post-Cl 227+4 59+7 63+1
Metro Downstream 19.8 +0.4 25.5+0.7 44+0.1
Eagles Point Pre-UV 335+5 45+7 109 + 1
Eagles Point Post-UV 341 £5 46 £7 111 +1
gi%iiiig:; 222404 236407 5401
Lake of the Isles 115+1 7.0+0.7 <0.5
Vadnais Lake 26.7£0.5 9.0+£0.7 <0.5
Lake Phalen 125+ 1 7.4+0.7 <0.5
Table D.4. Concentrations of cations and metals measured in all samples.
[Ca*] [Fe] [K*] [Mg*] [Na®]
Sample (ppm) (ppm) (ppm) (ppm) (ppm)
Crystal Bog <0.8 <0.1 <1 <0.3 1.83+£0.3
Trout Bog 1.14+0.04 | 0.3+0.1 <1 0.33+0.01 | 0.8+0.1
Allequash Lake <0.8 0.7+£0.2 <1 3.12+0.09 | 2.0+£0.8
Big Muskellunge Lake 6.7+0.3 <0.1 2.7+£0.2 2.0+0.1 1.3+£0.2
Crystal Lake 1.04 £0.05 <0.1 <1 <03 0.7+0.1
Sparkling Lake 15.6 0.1 <0.1 <1 44+0.1 153+0.4
Trout Lake 12.7+0.3 <0.1 <1 326£0.09 | 2.7+£0.2
Memories 98+12 | <0.1 4&5; 50+3 21 41
Olsen Ditch 102+ 15 <0.1 2.1+£0.3 35+2 82+0.2
Wammer Ditch 78410 | <01 | 1.8£03 | 33+2 T
Seven-mile Creek 89+ 10 <0.1 2.6+0.4 311 8.0+£0.2
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WRREF Pre-Cl 96 +3 <0.1 0.03 36.3+£0.1 223 +4
WRRF Reuse 30+2 <0.1 5.6 0.6 10.4 +£0.7 68 +5
WRREF Post-Cl 113+£3 <0.1 207+0.8 | 42.5+0.3 276+ 6
Kiwannis 94+ 12 <0.1 37+0.2 45+3 18+1
North Yahara 61+5 <0.1 2.0+0.2 36 £2 22.8+0.9
Lake Mendota 29.1+0.1 <0.1 33+0.2 20+1 27.6+0.8
Lake Wingra 43 +£1 <0.1 1(')95; 26.0+0.5 40+ 2
Lake Kegonsa 33.1+0.3 <0.1 2(')88; 23.1£0.8 34+1
2.78
South Yahara 374+ 0.6 <0.1 0.07 305+1.3 355+1.2
Badfish Upstream 59.7+9 <0.1 52+0.5 30£5 39+1
Ninesprings Pre-UV 90+ 4 <0.1 125+0.1 | 48.0+0.8 230+ 8
Ninesprings Post-UV 80+7 <0.1 12+1 45+ 6 215+ 12
Badfish Downstream 43.30+0.9 <0.1 6.1+0.7 22.4+0.5 108 + 4
Confluence 52+2 <0.1 33'55 * 34+ 1 4142
5.88 + 372+
Sand Creek 12.7+0.6 0.01 <0.1 3.62+0.08 0.49
1.93 + 251+ 13.08 +
Meadowlands 24.1+0.3 0.03 0.49 25+1 0.08
River Inn 19.8+0.3 1+£0.1 1.5+£04 13.6 0.3 7.5+0.1
Munger Landing 19.0+ 0.4 0(')6gli 13203 | 133403 | 7.0£02
East Detroit 19.4+£0.8 0(')78; 1.4+£04 11.9+0.8 74+04
WLSSD Pre-CI; Mill 0.50 + 19.220 +
Shutdown 75+2 0.03 12.8+0.9 0.007 142 £1
WLSSD Post-Cl; Mill 0.44 +
Shutdown 84 +£2 0.01 13.3+£09 | 19.5+0.1 153 +£1
WLSSD Pre-Cl 90 + 4 o(.)sgli 209410 | 14224008 | 20344
WLSSD Post-Cl 90 + 4 1(')03; 34+2 | 143201 | 29949
) ) 033+
Blatnik Bridge 22.7+0.1 0.01 2.8+03 9.1+0.2 246+03
Wisconsin Point 14.5+0.5 <0.1 <1 322+0.08 | 24+0.2
River Front Park 40+ 3 <0.1 20+04 13.2+0.5 11.9+0.1
East River Parkway 38.6+0.3 <0.1 20+04 13.4+0.2 8(')93;
Minnesota River 687 <0.1 39+04 302 19.6 £ 0.6
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Metro WWTP Pre-Cl 79+2 <0.1 12+1 22.08 + .06 153+ 1

Metro WWTP Post-Cl 80+2 <0.1 13+£1 22.18 £0.08 159+2
Metro Downstream 50+3 <0.1 2.7+£0.3 19.4+£0.5 14.8 £0.3

Eagles Point Pre-UV 74 +£4 <0.1 14.6+0.1 | 262+0.1 236+ 4
Eagles Point Post-UV 74 +£4 <0.1 14.8+0.2 | 26.42+0.08 | 232+33
Eagles Point Downstream 47+3 <0.1 27+04 18.1+0.8 | 16.1+0.1

Lake of the Isles 309406 | <0.1 36705: 121402 | 7341
Vadnais Lake 30.6 £0.8 <0.1 20+0.3 14.7+0.2 16.5+0.2

Lake Phalen 362401 | <0.1 2(')48 | 1474005 | 7242

Table D.S. Absorbance, the fluorescence index HIX, and EDC measured in all samples.

Sample w lsnlgéfsl“n_l) E»:E; | HIX (mm:il:_cg_ 1
Crystal Bog 2.16 579 | 1.17 2.34+£0.2
Trout Bog 2.89 5779 | 0.53 2.85+0.7
Allequash Lake 1.92 7.56 | 0.51 1.63+£0.2
Big Muskellunge Lake 0.47 8.75 | 0.31 0.26 +0.4
Crystal Lake 0.25 8.58 [ 0.73 0.66 £0.2
Sparkling Lake 1.08 9.69 | 0.35 0.76 = 0.06
Trout Lake 0.81 9.72 | 0.47 0.71 £ 0.09
Memories 2.6 9.5 10.39 1.25+£0.2
Olsen Ditch 4.0 10.77 | 0.49 0.96 £0.03
Wammer Ditch 2.46 9.22 | 0.29 1.20+0.2
Seven-mile Creek 3.11 7.7 | 0.33 1.83+0.3
WRRF Pre-Cl 1.68 8.52 | 0.59 1.61+£0.3
WRRF Reuse 1.01 12.48 | 0.55 0.51+£0.3
WRRF Post-Cl 1.33 10.56 | 0.52 1.13+04
Kiwannis 2.56 7.97 | 0.52 1.16 £ 0.2
North Yahara 2.94 7.5 |0.45 2.04+0.3
Lake Mendota 1.58 10.46 | 0.40 0.76 £ 0.1
Lake Wingra 2.03 8.24 | 0.74 1.54+0.2
Lake Kegonsa 1.23 5.68 | 3.18 0.68+0.3
South Yahara 1.35 7.1 |0.21 0.78 £0.09
Badfish Upstream 3.45 7.44 | 0.38 244+0.2
Ninesprings Pre-UV 2.11 6.08 | 0.34 401+0.4
Ninesprings Post-UV 1.72 5.96 | 0.57 321£0.8
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Badfish Downstream 2.34 5.98 | 0.54 436+0.1
Confluence 2.39 6.6 | 0.29 1.19+0.2

Sand Creek 3.31 5.35 | 1.98 1.55+0.6
Meadowlands 3.18 543 | 0.94 1.53+£0.8

River Inn 3.18 6.54 | 0.89 1.72 £0.7

Munger Landing 2.88 6.05 | 0.41 1.57+0.7

East Detroit 2.97 5.94 | 0.55 1.64 £0.6

WLSSD Pre-Cl; Mill Shutdown 2.18 5.98 | 0.62 53+1
WLSSD Post-Cl; Mill Shutdown 2.06 6.72 | 0.40 5.38+0.7
WLSSD Pre-Cl 1.86 6.93 | 0.22 2.1+1

WLSSD Post-Cl 2.34 7.06 | 0.52 243 +£0.8
Blatnik Bridge 2.13 6.34 | 0.00 1.42+0.3
Wisconsin Point 0.2 6.52 | 0.48 0.24+0.02

River Front Park 0.82 7.54 | 0.41 0.50+0.4

East River Parkway 4.72 13.05 | 0.52 045+0.3
Minnesota River 2.28 7.12 | 0.41 1.03+0.2

Metro WWTP Pre-Cl 1.51 5.84 | 041 201 +£0.2
Metro WWTP Post-Cl 1.51 5.84 | 0.27 1.69+0.2
Metro Downstream 2.33 7.22 | 0.37 1.23+04
Eagles Point Pre-UV 1.46 5.07 | 0.37 2.42+0.3

Eagles Point Post-UV 2.17 7.19 | 0.48 20+£0.3
Eagles Point Downstream 2.17 7.19 | 0.34 1.30+0.4
Lake of the Isles 0.97 9.75 | 0.28 0.67+0.2
Vadnais Lake 1.64 10.28 | 0.42 0.98+0.3

Lake Phalen 1.3 10.97 | 0.32 0.76 £0.3

D.4 Mass Spectrometry

Samples were acidified to pH 2.01 = 0.05 with hydrochloric acid (HCI) prior to solid phase
extraction (SPE). Agilent PPL cartridges were used for the SPE as has been recommended
elsewhere with recoveries typically between 50-70%.!? Cartridges were activated with 5 mL of
methanol and then 500 mL of acidified sample was drawn through the cartridges using vacuum
filtration. Note that only about 300 mL of the Sand Creek sample was drawn through the cartridge
because at this point the stationary phase was visibly saturated in this high [DOC] sample. Next,

1 mL of 0.01 M HCI was pulled through the cartridge to remove any salts, and the cartridge was
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dried with air for 5 minutes. The extracted organic matter was then diluted in 5 mL of methanol.
Recoveries with this method range generally range from 50 — 70%.!

Methanol extracts were diluted 100x in 50:50 acetonitrile:ultrapure water and directly
injected into a SolariX XR 12T FT-ICR MS (Bruker) via a Hamilton syringe at a flow rate of 3.0
uL min! and electrospray ionization operating in negative mode. 350 scans were collected from
200 — 800 Da. Accumulation time was adjusted so total ion counts were approximately 10% prior
to data collection and were generally 0.8 — 1 seconds. Masses with signal to noise > 3 were
exported for processing.

Exported masses were linearly calibrated using known formulas in DOM.? Signatures were
then compared to a list of *Co.1'2Cs-30Ho-12000-80N0-3S0-1 containing formulas. Matched formulas
were required to have < 0.2 ppm error and be part of a homologous series (+ CH> or CHy versus
O) to be considered an identified formula. Numbers (Table D.6), percentages (Table D.7), and
weighted averages of hydrogen to carbon (H:Cy), oxygen to carbon (O:Cy) and double bond

equivalents (DBEy,; Table D.8) were calculated for each sample.

Table D.6. Total number of identified formulas and numbers of CHO-only, CHON;, CHON,
CHON3, CHOS;, and CHON;S; identified formulas in all samples.

" " " " " "
Sample Total | CHO | CHON; | CHON, | CHON; | # CHOSU | ~ponNs,
Crystal Bog | 2691 | 1519 | 888 70 56 157 1
Trout Bog 2172 | 1419 | 600 37 28 87 1
Allequash Lake | 3300 | 1577 | 1123 146 102 283 69
Big M‘Lﬁﬁ”“nge 3716 | 1435 | 1275 192 289 372 153
Crystal Lake | 3231 | 1229 | 1223 126 231 329 93
Sparkling Lake | 3960 | 1563 | 1303 192 268 472 162
Trout Lake | 3555 | 1532 | 1238 154 197 337 97
Memories 4267 | 1502 | 1157 518 429 435 226
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Olsen Ditch | 3300 | 1236 | 995 447 346 185 91
Wammer Ditch | 4290 | 1508 | 1179 567 468 369 199
Seven-mile |, -0 | 1555 | 1140 529 431 363 188
Creek
WRRF Pre-Cl | 4772 | 1491 | 1133 379 461 854 454
WRRF Reuse | 4336 | 1377 | 1145 279 377 808 350
WRRF Post-Cl | 4689 | 1495 | 1105 364 420 856 449
Kiwannis 0217 | 1517 | 1152 510 18 403 207
North Yahara | 4608 | 1711 | 1257 567 417 450 206
Lake Mendota | 4970 | 1700 | 1312 619 520 536 281
Lake Wingra 4988 | 1841 1272 492 393 727 263
Lake Kegonsa 5045 | 1754 1305 616 513 576 281
South Yahara | 5169 | 1773 | 1339 615 517 614 311
Badfish 4852 | 1770 | 1292 552 471 558 209
Upstream
Nmesl’gggs Pre-| 5155 | 1713 | 1121 476 430 930 485
Ninesprings
espr 5047 | 1672 | 1072 432 496 895 480
Badfish 5322 | 1757 | 1189 527 480 899 470
Downstream
Confluence | 4955 | 1702 | 1269 574 516 591 303
Sand Creek | 3057 | 1938 | 800 169 42 o4 14
Meadowlands | 3047 | 1948 | 813 151 37 85 13
River Inn 3266 | 1951 | 983 206 36 81 9
Munger Landing | 3124 | 1858 868 171 69 149 9
East Detroit | 3020 | 1768 | 824 183 74 162 18
WLSSD Pre-Cl;
e | 3245 | 1563 | 561 24 88 975 34
WLSSD Post-Cl,;
et | 4272 | 1894 | 952 122 141 851 312
WLSSD Pre-Cl | 3998 | 1932 | 1079 45 54 823 65
WLSSD 3878 | 1917 | 996 48 90 801 26
Post-Cl
Blatnik Bridge | 3338 | 1940 | 799 136 104 354 5
Wisconsin Point | 2150 | 1606 | 285 65 22 169 3
River Front Park | 3601 | 1851 | 946 324 231 244 5
East River 3822 | 2074 | 966 300 228 246 8
Parkway
Minnesota River | 3477 1557 881 381 308 321 29
Metro WWTP | yern | 1896 | 1136 483 429 658 240

Pre-Cl
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Metro WWTP |\ 1c6 | 1615 | 1037 461 403 680 270
Post-Cl
Metro 4028 | 2175 | 1054 336 236 219 8
Downstream
Eaglesgi}” Pre- | 4us1 | 1716 | 944 451 390 700 250
Eagles Point
e 4417 | 1742 | 903 458 371 720 223
Eagles Point | oo | 5504 | 1007 318 230 288 8
Downstream
Lake of the Isles | 4422 | 1960 | 988 317 268 771 118
Vadnais Lake | 4038 | 2081 | 997 386 258 301 15
Lake Phalen | 4419 | 2026 | 1007 306 282 745 53

Table D.7. Percentages of CHO-only, N-containing, and S-containing formulas identified in each

sample.
% CHO- % N- % S-
Sample .. ..
only containing | containing

Crystal Bog 56.4 37.7 5.9

Trout Bog 65.3 30.7 4.1
Allequash Lake 47.8 43.6 10.7
Big Muskellunge Lake 38.6 514 14.1
Crystal Lake 38.0 51.8 13.1
Sparkling Lake 39.5 48.6 16.0
Trout Lake 43.1 47.4 12.2
Memories 35.2 54.6 15.5

Olsen Ditch 37.5 56.9 8.4
Wammer Ditch 35.2 56.2 13.2
Seven-mile Creek 36.5 54.8 13.2
WRRF Pre-Cl 31.2 50.9 27.4
WRRF Reuse 31.8 49.6 26.7
WRRF Post-Cl 31.9 49.9 27.8
Kiwannis 36.0 54.5 14.5
North Yahara 37.1 53.1 14.2
Lake Mendota 34.2 55.0 16.4
Lake Wingra 36.9 48.5 19.8
Lake Kegonsa 34.8 53.8 17.0
South Yahara 343 53.8 17.9
Badfish Upstream 36.5 52.0 15.8
Ninesprings Pre-UV 33.2 48.7 27.4
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Ninesprings Post-UV 33.1 49.1 27.2
Badfish Downstream 33.0 50.1 25.7
Confluence 34.3 53.7 18.0
Sand Creek 63.4 33.5 3.5
Meadowlands 63.9 33.3 3.2
River Inn 59.7 37.8 2.8
Munger Landing 59.5 35.8 5.1
East Detroit 58.4 36.3 5.9
WLSSD Pre-Cl; Mill
Shutdown 48.2 21.8 31.1
WLSSD Post-Cl; Mill
Shutdown ’ 443 35.7 27.2
WLSSD Pre-Cl1 48.3 31.1 22.2
WLSSD Post-Cl 49.4 29.9 21.3
Blatnik Bridge 58.1 31.3 10.8
Wisconsin Point 74.7 17.4 8.0
River Front Park 51.4 41.8 6.9
East River Parkway 543 39.3 6.6
Minnesota River 44 8 46.0 10.1
Metro WWTP Pre-Cl 39.2 473 18.5
Metro WWTP Post-Cl 36.2 48.6 21.3
Metro Downstream 54.0 40.6 5.6
Eagles Point Pre-UV 38.6 45.7 21.3
Eagles Point Post-UV 39.4 443 21.3
gi%iiiig:; 54.4 38.5 7.3
Lake of the Isles 443 38.2 20.1
Vadnais Lake 51.5 41.0 7.8
Lake Phalen 458 37.3 18.1

Table D.8. Weighted averages of H:C, O:C, DBE for identified formulas in all samples.

Sample H:Cvw 0:Cy DBE.
Crystal Bog 1.11 0.53 9.67
Trout Bog 1.09 0.55 9.93
Allequash Lake 1.15 0.52 9.19
Big Muskellunge Lake 1.28 0.51 7.78
Crystal Lake 1.36 0.49 6.65
Sparkling Lake 1.23 0.49 8.41




Trout Lake 1.23 0.51 8.42
Memories 1.16 0.52 9.49
Olsen Ditch 1.15 0.51 9.79
Wammer Ditch 1.17 0.50 9.30
Seven-mile Creek 1.15 0.51 9.63
WRREF Pre-C1 1.27 0.48 8.10
WRRF Reuse 1.29 0.48 7.75
WRREF Post-Cl 1.28 0.49 7.97
Kiwannis 1.17 0.51 9.42
North Yahara 1.12 0.51 9.55
Lake Mendota 1.22 0.50 8.66
Lake Wingra 1.20 0.49 8.76
Lake Kegonsa 1.20 0.50 8.92
South Yahara 1.20 0.50 8.84
Badfish Upstream 1.20 0.48 9.02
Ninesprings Pre-UV 1.34 0.51 7.26
Ninesprings Post-UV 1.35 0.49 7.15
Badfish Downstream 1.26 0.47 8.22
Confluence 1.18 0.51 9.03
Sand Creek 1.28 0.41 7.81
Meadowlands 1.33 0.38 7.19
River Inn 1.26 0.43 8.05
Munger Landing 1.29 0.40 7.68
East Detroit 1.32 0.39 7.39
WLSSD Pre-Cl; Mill
Shutdown 1.40 0.40 6.66
WLSSD Post-Cl; Mill
Shutdown ’ 1.43 0.39 6.25
WLSSD Pre-Cl1 1.27 0.46 7.60
WLSSD Post-Cl 1.33 0.43 7.09
Blatnik Bridge 1.35 0.37 6.96
Wisconsin Point 1.60 0.20 4.52
River Front Park 1.34 0.38 7.09
East River Parkway 1.43 0.30 6.22
Minnesota River 1.49 0.30 5.55
Metro WWTP Pre-Cl 1.51 0.29 5.32
Metro WWTP Post-Cl 1.48 0.33 5.52
Metro Downstream 1.41 0.33 6.48
Eagles Point Pre-UV 1.55 0.28 4.93

260
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Eagles Point Post-UV 1.54 0.28 4.96
pagles Point 1.47 0.28 5.83
Lake of the Isles 1.51 0.28 5.47
Vadnais Lake 1.45 0.31 6.07
Lake Phalen 1.46 0.30 5.89

D.5 EDC

A 1 mM stock solution of 2,2’-azino-bis(3-ethyl-6-benzothiaolinesulfonate) (ABTS)
solution was prepared in Milli-Q water and dilute sulfuric acid to prevent oxidation (pH = 2.08).
The ABTS solution was subsequently oxidized by adding a 1 mM hypochlorous acid (HOCI)
solution in a 0.35:1 HOCI to ABTS ratio. Measurement of absorbance of oxidized ABTS""
indicated that > 65% of the ABTS was oxidized as expected.* Fresh ABTS and HOCI solutions
were prepared each day of analysis.

Four dilutions of each DOM solution in Milli-Q water were made such that each sample
had 100%, 75%, 50%, and 25% of its original [DOC]. At least one replicate was measured for
each concentration (i.e., 5 data points per sample). For each measurement, 125 uM ABTS™, 25
mM of phosphate buffer (pH = 7), and 78% v/v of DOM solution were pipetted rapidly into a
cuvette. Milli-Q water was added instead of a DOM solution every 30 samples as a control. The
solutions were allowed to react for exactly 15 minutes and then their absorbance was measured at
728 nm. For each data point collected, the difference in ABTS"" absorbance at 728 nm was
calculated and plotted versus [DOC]. The slope of the linear regression is the EDC in units of
mmol e mg-C!. Further details and verification of this method are described in Walpen et al.*

Measured EDC values are listed in Table D.5.
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D.6 Photochemistry

The degradation of furfuryl alcohol (FFA) and p-nitroanisole (PNA) and formation of
hydroxy-terephthalic acid (h'TPA) were quantified using high performance liquid chromatography
(HPLC; Agilent 1260 instrument with a 1260 diode array detector and a 1260 fluorescence
detector). For FFA, an Agilent Poroshell 120 EC-C18 (3.0 x 50 mm) with a guard column (3.0
mm) was used with a mobile phase of 90% 0.1% v/v/ formic acid and 10% acetonitrile and flow
rate of 0.6 mL min’!. The method was isocratic and FFA eluted at approximately 1.7 minutes. It
was detected via absorption at 217 nm. The degradation PNA was accomplished with the same
column. 50:50 0.1% v/v formic acid and acetonitrile was used for the mobile phase at a flow rate
of 0.6 mL min’'. PNA eluted at approximately 1.5 minutes and was detected via absorption at 314
nm. To detect hTPA, an Agilent Poroshell 120 Bonus RP (3.0 x 100 nm) column with a 3.0 mm
guard column was used. Mobile phase was 60:40 of 0.1% phosphoric acid to acetonitrile.
Phosphoric acid was required to keep hTPA in its protonated form.> The flow rate was 1.5 mL
min! and hTPA was detected via fluorescence measurements with excitation at 250 nm and
emission at 410 nm. Steady-state concentrations and quantum yields are listed in Table D.9 and

calculations are detailed previously.® Triplicate measurements were made for all samples.

Table D.9. Steady-state concentrations and quantum yields of 'O, and "OH in all samples. NA
values indicate measurement not made for the sample due to insufficient sample volume.

Sample [1O2]ss (M) [FOH]ss (M) @102 ®.on
Crystal Bog <4)-(1 . 05) <3)-(81i0 0.5) (1;111092-2) (f fo.ls)
Allequash Lake (2'(2(0 1%_?304) (1%91%-964) (2-; IiOOZ 1) (4-)? liog-g)
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(9 £2) (8 +1) (3.3 % 0.6) (5.0 0.8)
M“si‘zll(lgnge x 10714 x 107 x 102 x 1075
(43 +0.7) (7+2) (2.5+0.3) @+1)
Crystal Lake x 10714 x 10717 x 1072 x 107
. (7.8 %+ 0.9) (8.8 % 0.5) 2.5+ 0.6) (34+02)
Sparkling Lake x 1014 x 10717 x 102 x 107
(7.4 % 0.6) (7+2) (28+02) (3.2 +0.96)
Trout Lake x 10714 x 10717 x 102 x 105
. (422 +0.05) (1.9+02) (7.3 +0.3) (45+0.3)
Memories x 1012 x 10716 x 102 x 105
. (4.7 % 0.6) (6.1+0.1) (4.57 = 0.04) 9.9+ 0.2)
Olsen Ditch x 1012 x 10716 x 102 x 105
. (3.13+0.03) (2.4+02) (4.04+0.07) (5.7 % 0.4)
Wammer Ditch x 1012 x 10716 x 102 x 105
Seven-mile (4.65 = 0.09) (1.9+02) (432+0.05) (3.4+0.3)
Creek x 1013 x 10716 x 1072 x 107
(2.1+023) (1.7+0.1) (3.0 £ 0.5) (4.8 % 0.4)
WRRF Pre-Cl x 1013 x 1016 x 102 x 10
(2.6+02) (1.6+02) (7.7+0.3) (1.0%0.1)
WRRF Reuse x 1013 x 1016 x 102 x 10
(3.0+0.4) (2.0+02) (5.8 % 0.8) (42+0.3)
WRREF Post-Cl x 10713 x 10716 x 102 x 105
. (4.06+0.097)x | (1.53+0.07) (44+0.1) (3.5+02)
Kiwannis 10-13 x 1016 x 102 x 10
(432+0.097)x | (1.39+0.03) (3.08 = 0.07) (2.66 +0.07)
North Yahara 10-13 < 1015 <102 < 10
(1.9+02) (3.19+ 0.06) 2.8+ 0.3) (9.7 % 0.2)
Lake Mendota x 10713 x 10716 x 1072 x 107
. (32+0.1) (25+02) (32+0.1) (5.6 + 0.6)
Lake Wingra x 1013 x 1016 x 102 x 107
(5.32 + 0.06) (2.6+02) (5.25+ 0.06) (14%0.1)
Lake Kegonsa x 103 x 1016 x 102 x 10
(27+02) (T+1) (28+02) 2.7+ 0.5)
South Yahara x 10713 x 10717 x 1072 x 107
Badfish (2.86 = 0.04) (2.42+0.08) (3.80 = 0.05) (43%0.1)
Upstream x 1013 x 10716 x 1072 x 1073
Ninesprings Pre- | (3.80 + 0.06) (23£0.2) (3.42 = 0.06) (5.3 +0.4)
uv x 10°13 x 10716 x 102 x 107
Ninesprings (43+0.1) (1.16+0.01) (3.9+0.1) (3.08 = 0.09)
Post-UV x 10°13 x 10716 x 102 x 107
Badfish (2.98 + 0.08) G=1) (2.76 = 0.08) (1.1£02)
Downstream x 1013 x 10716 x 102 x 10
(1.8+0.4) (1.0+0.3) 2.4+ 0.9) (3.0 % 0.8)
Confluence x 103 x 1016 x 102 x 107
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B =1) (2.02 £ 0.02) 6£1) (5.83 + 0.06)
Sand Creek x 1013 x 10713 x 1073 x 10
6.00=007) | (722008 | (1.10£001) | (1.39=002)
Meadowlands x 10713 x 10716 x 102 x 104
) (6.08 £0.02) (6.45+£0.02) (1.369 £0.004) (1.251 £ 0.004)
River Inn x 10713 x 10716 x 102 x 104
. (6.4 0.4) (3.5+0.1) (1.7£0.1) (71%02)
Munger Landing x 10713 x 10716 x 1072 x 107
. 63%0.1) 419£0.06) | (1.55<0.04) B4£0.1)
East Detroit x 10713 x 10716 x 102 x 1075
WLSSD Pre-Cl; (3.97 £0.09) (1.07 £0.02)
Mill Shutdown x 1013 NA x 102 NA
WLSSD Post-
Cl: Mill (4.711i0_(1)§06) NA (1.56 ico(_)z.02) NA
Shutdown X X
(1.26 £0.05) (3.69 £0.097) x (2.04 £0.08) (1.49 £0.04)
WLSSD Pre-Cl x 10712 10716 x 1072 x 104
WLSSD (122£001) | (187004 | (1.96=0.02) 6.120.1)
Post-Cl x 10712 x 1016 x 102 x 10
. (52%023) (2.72 = 0.08) (1.8=0.1) 6.8 £02)
Blatnik Bridge < 1013 % 1016 <102 <10
. 4.9 £ 0.99) (1.08£0.02) | (225+003) | (1.4370.009)
Wisconsin Point < 10-14 < 10-16 <102 < 10%
. (674+0.03) | (258=003) | (470£0.02) | (1.89+0.02)
River Front Park < 1013 < 1016 < 102 < 10
Fast River @67=003) | (265+003) | (3.20=0.02) (11201
Parkway x 101 x 10716 x 1072 x 10
. . (.07 = 0.08) (8.7+0.4) (5.9+0.1) 24=01)
Minnesota River < 10-12 < 10-16 < 102 < 10
Metro WWTP | (6.91£0.03) | (325+0.05) | (827+004) | (1.05=002)
Pre-Cl x 1013 x 10713 x 102 x 1073
Metro WWTP (52+0.1) 24%0.1) (7.0£0.2) (1.03 = 0.04)
Post-Cl x 1013 x 10713 x 102 x 1073
Metro Gzl 42+023) (3.7%0.6) (1.07 £ 0.08)
Downstream x 1013 x 1016 x 102 x 10
Eagles Point (22+02) (7.6 £0.1) (2.602) (2.49 = 0.05)
Pre-UV x 1013 x 1016 x 102 x 10
Eagles Point | (241 £0.08) | (101005 | (2.79=0.096)x | (4.0=0.2)
Post-UV x 1013 x 10713 102 x 10
Eagles Point (4.81 £ 0.06) 47+02) (374+0.05) | (1.26=0.04)
Downstream x 1013 x 1016 x 102 x 10
24+0.1) Tx1) (5.8+023) (5.3%009)
Lake of the Isles < 1013 < 107 <102 <10
. (2.88 £ 0.03) (7.5%0.5) (.65 £ 0.05) (4£03)
Vadnais Lake x 10713 x 1077 x 102 x 107
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(2.4+0.3)
x 1013

(5.7 +0.6)
x 10717

(7+1)
x 102

(3.4 % 0.4)

Lake Phalen < 106

Table D.10. Simple linear regressions between bulk DOM composition parameters and @102 and
®.on in the complete data set.

(1)102 X 102 (I)-OH X 105
SUVA»s4 equation | y=-0.59x+4.7 | y=0.025x+ 15
(L mg-C! r? 7.1x 102 1.03x 106
m) P 6.9 x 10~ 0.99
equation | y=042x+024 | y=-3.7x+43
Ex:E; r’ 0.19 0.11
P 1.9x 107 2.5% 1072
EDC equation Y- ;105584X " y=2.8x+10
(mmol & P 0.11 13x 107
mg-C)
P 2.0x 102 0.46

Table D.11. Simple linear regressions between bulk DOM composition parameters and @102 and

®.on in the rural samples.

(1)102X 102 (I)-OHX 105
SUVA,s, | €quation | y=-0.56x+3.0 | y=52x+13
(L mg-C! r? 0.78 0.19
m™) p 32x10° 0.12
equation | y=0.41x-0.96 | y=-42x+41
Ex:Es r’ 0.77 0.23
p 3.79 x 107 7.9 x 102
EDC equation | y=-0.76x+2.9 | y=3.09x +7.34
(mmol e r’ 0.59 2.7x 10
mg-C™) p 1.2 x 107 0.57

Table D.12. Simple linear regressions between bulk DOM composition parameters and @102 and

®.on in the urban samples.

(1)102X 102 (I)-OHX 105
SUV Assa equation | y=-0.79x+ 6.4 y=3.6x+5.2
(L mg-C! r? 0.18 8.3x 10
m) p 3.4x 10! 0.5314




equation Y= _%%043 " y=1.9x +29
ExiEs P 5.7x 107 0.35
P 0.96 0.12
EDC equation | y=1.60x+6.3 y=1.6x+9.6
(mmol e r’ 0.13 3.8x 1072
mg-C') p 0.39 0.88
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Table D.13. Simple linear regressions between bulk DOM composition parameters and @102 and
®.on in the agricultural samples.

(1)102X 102 (I)-OHX 105
SUVAsss equation | y=0.29x+3.3 y=0.41+6.7
(L mg-C! r’ 3.1x107? 2.4x 1073
m™) P 0.58 0.88
equation | y=0.17x+2.6 | y=-021+94
E2:Es r’ 3.7x 1072 22x 1073
p 0.54 0.89
EDC equation | y=-0.21x+4.3 y=18x+53
(mmol e r’ 7.6 x 1073 2.1x10?
mg-C') p 0.78 0.65

Table D.14. Simple linear regressions between bulk DOM composition parameters and @102 and
®.on in the wastewater samples.

(1)102X 102 (I)-OHX 105
SUVA»js4 equation y=-44x +12 y=-19+61
(L mg-C! r? 0.57 473 x 1072
m™) P 1.8x 107 0.50
equation | y=0.46x+0.57 | y=-6.0x+71
Ex:E; r? 0.16 0.13
p 0.16 0.26
EDC equation y=-1.0x + 6.6 y=-6.8x +43
(mmol e r’ 0.41 42x 107
mg-C') p 1.29 x 102 0.52
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Table D.15. Multiple linear regressions for ®102. R2=0.59 and p= 5.5 x 108,

Coefficient Estimate p-value
Intercept 0.239 8.79 x 1013
[DOC] (mg-C L) -1.69 x 1073 3.36x 107
[DIC] (mg-C L) 1.01 x 107 2.66 x 107
(mmolEfrCng_ cy | 190x 107 241 x 10°
0:Cw 0.117 2.94x 102

Table D.16. Multiple linear regressions for ®.on. R?=0.31 and p = 3.4 x 10,

Coefficient Estimate p-value
Intercept 3.03 x 102 453 x 108
Es:E;3 -1.11x 1073 6.95x 107
O0:Cw -2.61 x 102 2.09x 107
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