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ABSTRACT 

Superoxide (O2
–) is a reactive oxygen species (ROS) that is primarily produced by the 

one-electron transfer of photo-oxidized colored dissolved organic matter (CDOM) in sunlit 

natural waters. Superoxide has dual oxidative and reducing properties to control the fate of 

oxygen and subsequent photochemically-mediated redox reactions. Here we examine the 

environmental and chemical parameters that control O2
– photochemical decay pathways in 

natural water using the enzyme superoxide dismutase (SOD). Freshwater samples were used to 

establish a reproducible natural photochemical source material and then augmented chemically 

to mimic specific seawater constituents (ionic strength, buffer, halides, and pH). SOD was used 

to compare redox pathways and infer maximal O2
– photoproduction rates from H2O2 

measurements quantified by flow injection chemiluminescent analysis. These results will help 

illuminate the parameters that control O2
– pathways in irradiated samples and deepen our 

understanding of the role of photochemistry in biogeochemical cycles and the redox state of 

sunlit waters.  

INDEX WORDS: Photochemistry, Reactive oxygen species (ROS), Superoxide, Flow 

injection analysis, Chemiluminescence 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1. Aquatic Photochemistry 

Solar radiation drives unique chemical reactions in the environment, ultimately creating 

diel cycles of photochemical intermediates and transient species. Natural surface waters are 

subject to these reactions more so than underlying waters due to attenuation and scattering that 

decreases photon absorption with depth in the water column (Zafiriou et al., 1984). One of the 

major light-absorbing substances responsible for photochemical processes in the surface waters 

is colored or chromophoric dissolved organic matter (CDOM; Plane et al., 1997; Clark & Zika, 

2000). Operationally, CDOM represents the light absorbing fraction of dissolved constituents in 

natural waters and is measured in units of 1/meter (m-1). The majority of this absorbance is 

thought to be primarily composed of aromatic amino acids, lignin phenols, and undefined humic 

substances (Sharpless & Blough, 2014; Zhang et al., 2021). CDOM contributes to the optical 

properties of natural waters, alters nutrient availability, and consequently is significant in 

processes that affect the global carbon cycle. Although knowledge of CDOM optical abundance, 

chemical characteristics, and environmental effects has rapidly grown in the past 30 years, its full 

impact on aquatic systems remains poorly understood due to its complex structures and 

interdisciplinary ecological implications (Clark & Zika, 2000; Coble, 2008; Zhang et al., 2021).  

Optical, isotope, and mass spectrometric techniques can be used to describe CDOM 

abundance, composition, and sources. However, the variable sources and chemical structures of 

CDOM compounds make it difficult to know which specific phenolic moieties and surface-active 
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properties to isolate for characterization (Plane et al., 1997; Zhang et al., 2021).  For this reason, 

CDOM has yet to be fully chemically defined, and the molecular composition and percentage of 

CDOM in the DOM pool are difficult to establish (Coble, 2008). Additionally, light absorption 

and CDOM quantities are described by optical units, using the absorption coefficient (a(λ); m-1) 

spectrum, instead of molar concentrations (mol/L), making it difficult to contextualize in 

environmental systems (Clark & Zika, 2000). CDOM absorption coefficients must be determined 

at different wavelengths or wavebands suitable to the individual aims of different studies, thus 

making interstudy comparisons difficult (Twardowski et al., 2004; Zhang et al., 2021). 

The spectra of CDOM light absorption typically decreases exponentially with increasing 

wavelength and can be defined using the following equations:  

a(λ) = a(λo)e– S (λ –λ o)            (1) 

a(λ) = 2.303 A(λ)/r                 (2) 

where a(λ) and a(λo) are the absorption coefficients at wavelengths λ and a reference 

wavelength λo; S is the spectral slope parameter; and A is the absorbance in a spectrophotometer 

with path length, r, in meters (Blough et al., 1997; Clark & Zika, 2000; Twardowski et al., 2004). 

Aspects of this exponential absorbance spectrum, and potential indications of inherent chemical 

characteristics, can be represented using absorption ratios at reference wavelengths. Commonly 

used ratios for CDOM absorption include E2/E3 (Abs254/Abs365) and E4/E6 (Abs465/Abs665), 

which can serve as proxies to characterize aquatic humic substances (Peuravuori & Pihlaja, 

1997; Dalrymple et al., 2010; Sharpless & Blough, 2014). 

The bioavailability and distribution of CDOM in natural waters is largely driven by the 

cycling of its sources and sinks. CDOM composition, and thus its photoreactivity, is highly 

dependent on its source material. Soils from rivers and groundwaters are a primary source for 
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CDOM in both freshwater (Zhang et al., 2021) and coastal seawater (Coble, 2008). Microbial 

decomposition, sediment release, atmospheric deposition, and anthropogenic inputs are also 

potential sources in these, and oceanic waters. The variability in sources between inland, coastal, 

and open ocean aquatic systems can give rise to photoreactivity differences. On the other side of 

the balance, CDOM loss is dominated by photobleaching, which results in a decrease in the 

absorption coefficient of CDOM across all wavelengths and permits increased light penetration 

and euphotic zone depths in the water column (Coble, 2008; Zhang et al., 2021). 

Variability in source material is just one of many environmental factors that can influence 

aquatic photochemistry. Seasonal dynamics in meteorological and hydrological processes, such 

as photobleaching, precipitation, and inflow runoff, can affect CDOM abundance and 

composition and ultimately result in varied photochemical reactivity (Zhang et al., 2021). 

Changes in pH or ionic strength can alter organic structural conformation due to changing charge 

distributions and subsequently affect optical properties and the potential for electron transfer. 

Specifically, DOM polymers and colloids condense at low pH and high salinities, limiting light 

exposure. In contrast, DOM expands at higher pH and lower salinities, resulting in greater initial 

light absorption (Spencer et al., 2007; Pace et al., 2012; Lu et al., 2015). 

CDOM is highly photoreactive, acting as both a substrate and sensitizer for direct 

(primary) and indirect (secondary) phototransformations (Plane et al., 1997; Blough, 1997). The 

photophysics and photochemistry of CDOM are complex; stemming directly from the complex 

mixture of absorbing compounds that define CDOM. Various reactions can result in “excited” 

molecular states, charge-separated species, and radical forms. Homolytic bond cleavage, 

formation of diradical charge-separated species, and oxidation by O2 are thought to be the main 

mechanisms responsible for CDOM radical production during irradiation (Sharpless & Blough, 
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2014). These charged molecules can then participate in further electron transfer with nearby 

oxygen molecules to produce various reactive oxygen species (ROS) such as singlet oxygen 

(1O2), superoxide (O2
–), hydrogen peroxide (H2O2), and hydroxyl radical (•OH; Sharpless & 

Blough, 2014). These photochemical reactions can propel an array of relevant environmental 

reactions such as the biogeochemical cycling of carbon, redox-sensitive trace elements, and 

gases, potentially altering the bulk redox potential of surface waters with subsequent influence 

on biological activity and global climate (Coble, 2008; Zhang et al., 2021). 

 

2. Reactive Oxygen Species (ROS) 

The first study to report ROS, specifically H2O2, in surface seawater was in 1966 (Van 

Baalen & Marler, 1966). In the 1980s, a multitude of evidence supported the notion that the main 

source of ROS in natural water is by abiotic photochemical excitation of CDOM and its 

subsequent reactions with oxygen (Zepp & Schlotzhauer, 1981; Blough & Zepp, 1995). While 

scientific advancements have since strengthened our understanding of the sources and sinks of 

ROS, many aspects of specific ROS reactions remain to be explored that would improve kinetic 

models of the complex role of ROS in environmental redox processes and help predict climate 

relevant impacts. 

ROS are free radical molecules produced by redox reactions or electron excited states in 

oxygen. These molecules are highly reactive because they contain at least one unpaired electron 

in their outer valence shell, potentially changing their total spin and giving them a higher affinity 

to donate or accept another electron to achieve stability (Ho et al., 1995). They exist as 

extracellular and intracellular transient species produced by both chemical and biological 

processes. In irradiated surface waters, they are primarily produced by the photoexcitation of 
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CDOM though they can also be produced by abiotic oxidation of reduced metals (Bielski et al., 

1985; Kieber et al., 2003) and organismal respiration, photosynthesis, and enzymatic catalysis 

(Lesser, 2006; Hansel & Diaz, 2021).  

ROS participate in critical redox reactions in both freshwater and seawater ecosystems. 

The most notable of these is their contribution to nutrient (carbon, oxygen, sulfur, nitrogen) and 

trace metal cycling (Blough & Zepp, 1995). The availability of these biologically important 

redox-active compounds is highly dependent on the redox state of the aquatic environments in 

which they occur (Kieber et al., 2003; Zepp et al., 2007). Additionally, ROS are known to cause 

direct oxidative damage to cells, proteins, and DNA in aquatic organisms (Lesser, 2006; Zepp et 

al., 2007; Hansel & Diaz, 2021); as well as altering the toxicity of, and creating new, organic 

pollutants (Scully et al., 2003; Richard & Canonica, 2005). 

 

3. Superoxide (O2
–) 

Superoxide represents the initial one-electron reduction of O2 and is the precursor for 

subsequent ROS production in natural waters. It is primarily produced during CDOM photo-

oxidation caused by ultraviolet radiation (280–400 nm) absorption (Eq. 3; Burns et al., 2012). 

Marine photochemistry, however, is not the only source of O2
– in the ocean. Superoxide can also 

be produced by the redox cycling of transition metals (Eq. 4; Burns et al., 2012), enzymatic 

reactions (e.g. xanthine oxidase; Bielski et al., 1985), and biological respiration of 

microorganisms (Sutherland et al., 2020; Hansel & Diaz, 2021). 

CDOM + O2 + hv � CDOM+
oxid  +  O2

–     (3) 

Mn+ + O2  � M(n+1)+ + O2
–      (4) 
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Superoxide pathways can control the fate of molecular O2 by its ability to act as either a 

one-electron reductant or oxidant. If O2
– donates an electron via an oxidative pathway, then the 

oxygen molecule returns to the dissolved O2 pool (Eq. 5). If O2
– accepts an electron via a 

reductive pathway, then the oxygen molecule becomes H2O2 (Eq. 6; Ho et al., 1995; Goldstone & 

Voelker, 2000). An uncatalyzed dismutation reaction also exists for O2
– and its conjugate acid, 

HO2, in which O2
– is reduced to form molecular O2, H2O2, and OH– (Eq. 7; Bielski et al., 1985).  

Oxidation:   O2
– + Yox � O2 + Yred     (5) 

Reduction:  O2
– + Xred + 2H+ � H2O2 + Xox     (6) 

Dismutation:  O2
– + HO2 + H2O � H2O2 + O2 + OH–   (7) 

Subsequent reductive pathways of H2O2 can then result in hydroxyl radical (•OH) and eventually 

H2O. Furthermore, extracellular O2
– production has been identified as being responsible for 5–

19% of O2 sinks in the marine oxygen budget (Sutherland et al., 2020). Should superoxide 

reduction pathways dominate, major O2 loss in the marine oxygen cycle would occur. This 

potential to direct future photochemically-mediated redox reactions is why O2
– is considered a 

“gatekeeper” for subsequent redox reactions, and thus, a key intermediate in the cycling of 

organic matter and trace metals in sunlit waters (Powers & Miller, 2016). 

Superoxide steady-state concentrations and production/decay rates in natural waters have 

been investigated over the past few decades. Steady-state concentration for O2
– has been defined 

as the balance of production and decay rates as follows: 

   (8) 
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where kD (M-1 s-1) is the pH dependent dismutation rate constant, kM is the second-order rate 

constant with metal species Mx, and kpseudo (s
-1) is the sum of pseudo-first-order rate constants 

with additional unknown sinks (Goldstone & Voelker et al., 2000). 

Many researchers have measured and calculated [O2
–]ss and decay rates in seawater to 

better understand O2
– reactions. Reported superoxide steady-state concentrations range from 

0.01–86 nM and decay rates vary from 0.0001–0.2 s-1, though many of the O2
– decay studies 

were experimentally catalyzed by trace metals (e.g. Cu, Fe, and Mn) or organic matter (outlined 

in Fuji and Otani, 2017). Results from these studies suggested interactions with metal 

compounds (Voelker et al., 2000; Heller & Croot, 2010b; Wuttig et al., 2013) and organic 

species with aromatic moieties (i.e. antioxidants, CDOM) such as quinones, 

phenols/polyphenols, or humics (Voelker et al., 2000; Heller & Croot, 2010a; Heller et al., 2016; 

Fujji & Otani, 2017; Ma et al., 2020) as potential abiotic sinks for O2
– in seawater. The 

concentration and characteristics of these potential antioxidants for O2
– in natural waters, 

however, are poorly understood. A study by King et al. (2016) presented an analytical method to 

estimate O2
– “antioxidant” activity in naturals waters. While this method does not identify the 

antioxidant species in their samples, and in fact measures any process that removes O2
– from 

solution, the authors allude to photochemically activated organic species as a potential source for 

effective “antioxidant” activity. Working in the South Atlantic, they observed 0.1–0.4 nM of 

“antioxidants” in surface seawater samples collected during the day with a half-life of 3–7 min in 

the dark, consistent with photo-reactive species capable of scavenging superoxide.  

Superoxide decay has been further explored using the enzyme superoxide dismutase 

(SOD) to determine the relationship between oxidative and reductive pathways (Petasne & Zika, 

1987; Shaked et al., 2010; Garg et al., 2011; Powers & Miller, 2014; Powers & Miller, 2016). 
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Estimates of O2
– production and decay rates were determined using 2:1 stoichiometry from 

measured H2O2 (Eq. 9; Burns et al., 2012).  

2O2
– + 2H+ —SOD� O2 + H2O2      (9) 

Several of these studies suggest that dismutation to H2O2 (reductive pathway) may not always be 

the primary sink for O2
–, as once assumed, and that oxidative pathways make up between 40–

70% of O2
– reactions in seawater (Petasne & Zika, 1987; Garg et al., 2011; Powers & Miller, 

2016). Therefore, this 2:1 assumption applied to H2O2 measurements in-situ could grossly 

underestimate the predicted photochemical rates of superoxide. However, this oxidative sink 

predominance has not been observed across all systems. Photochemical experiments in the Gulf 

of Aqaba (Shaked et al., 2010) and a limited study from the Gulf of Alaska (Powers & Miller, 

2014) found no effect of SOD on H2O2 photoproduction, thus suggesting O2
– reduction to H2O2 

as the dominant decay pathway.  

These observations of predominant oxidative decay pathways for O2
– are further 

supported by work using a single electron probe in irradiated solutions. Recent evidence has 

been presented showing one electron-reductants (OER) are formed during the initial 

photoexcitation and intramolecular electron transfer of CDOM that react with dissolved O2 to 

form O2
− (Zhang et al., 2012). Two studies from the same group used a nitroxide radical probe 

(3AP) to determine OER photoproduction rates, and thereby estimate O2
– formation across 

standard humic and fulvic materials, as well as natural organic matter in freshwater (Zhang & 

Blough, 2016; Le Roux et al., 2021). Both studies suggested a significant oxidative sink for O2
– 

around 65–88% that they suggest is caused by the simultaneous photoproduction of phenoxy 

radicals with CDOM. Thus, there is an apparent need for additional studies to illuminate relevant 

mechanisms and ROS kinetics stemming from the photo-oxidation of CDOM. 
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4. Thesis Overview 

In this study, we aim to determine the environmental and chemical parameters that 

control superoxide photochemical pathways by comparing SOD stoichiometry to natural samples 

without the enzyme. This work will fill gaps in ROS kinetic data by exploring O2
– pathways in 

irradiated freshwater and seawater samples using flow injection chemiluminescent analysis. 

Freshwater lake samples were used to establish a reproducible natural photochemical source 

material and then augmented chemically to mimic specific seawater constituents (ionic strength, 

buffer, halides, and pH). SOD is used to compare redox pathways and infer maximal O2
– 

photoproduction rates from H2O2 measurements with varied experimental solutions. These 

results will help illuminate the environmental and chemical parameters that control O2
– reaction 

pathways in irradiated samples and identify additional studies that are needed to model ROS 

kinetics. Furthermore, this study will deepen our understanding of the role of photochemistry in 

biogeochemical cycles and the redox state of sunlit waters. 

 

Objectives: 

1. Determine the environmental and chemical parameters that control superoxide decay 

pathways and maximal production rates 

 

2. Understand how these decay pathways and rates change as the sample is continually 

irradiated  
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Abstract 

Superoxide (O2
–) is a reactive oxygen species (ROS) that is primarily produced by the 

one-electron transfer of photo-oxidized colored dissolved organic matter (CDOM) to O2 in sunlit 

natural waters. Here we examine the environmental and chemical parameters (pH, ionic strength, 

buffer, and halides) that may influence O2
– photochemical decay pathways in natural water. 

Using the enzyme superoxide dismutase (SOD) and H2O2 measurements, we present results from 

an irradiated freshwater CDOM source indicating that O2
– reductive decay pathways (C/CSOD and 

P/PSOD) dominate with increased pH and NaCl additions and maximal photoproduction rates 

(RO2–) increase with carbonate compared to borate buffer. Over 2-hrs of irradiation, a significant 

decline in RO2– and a minor increase in oxidative pathways was seen for all samples. We suggest 

that observed nonlinear H2O2 accumulation in irradiated samples is likely due to decreased 

electron availability to oxygen and less so to the production of photo-oxidized species.  

 

1. Introduction 

Natural surface waters are unique from underlying waters due to the presence of 

photochemically produced reactive oxygen species (ROS) and direct atmospheric interactions 

(Zafiriou et al., 1984; Kieber et al., 2003). Photoproduction of ROS results primarily from the 

absorption of ultraviolet radiation (UVR; 280–400 nm) by chromophoric dissolved organic 

matter (CDOM; Zepp & Schlotzhauer, 1981; Blough & Zepp, 1995; Clark & Zika, 2000; 

Sharpless & Blough, 2014). ROS are free radical molecules that are produced by redox reactions 

or electron excited states in oxygen. These molecules are highly reactive with a strong affinity to 

donate or accept another electron to achieve stability (Ho et al., 1995). ROS participate in critical 
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redox chemistry and have significant consequences for the biogeochemical cycling of essential 

trace elements and reduced carbon in the ocean (Blough & Zepp, 1995; Burns et al., 2012).  

Superoxide (O2
–) represents the initial one-electron transfer to O2 and is the precursor for 

subsequent ROS formation that results from the photodegradation of CDOM (Eq. 1; Burns et al., 

2012).  

CDOM + O2 + hv � CDOM+
oxid  +  O2

–     (1) 

Marine photochemistry, however, is not the only source of O2
– in the ocean. Superoxide can also 

be produced by the redox cycling of transition metals (Burns et al., 2012), enzymatic reactions 

(e.g. xanthine oxidase; Bielski et al., 1985), and biological respiration of microorganisms 

(Sutherland et al., 2020; Hansel & Diaz, 2021).  

Superoxide pathways can control the fate of O2 by its ability to act as either a reductant 

(Eq. 2) or oxidant (Eq. 3) through its potential sinks (Ho et al., 1995; Goldstone and Voelker, 

2000). An uncatalyzed dismutation reaction also exists for O2
– and its conjugate acid, HO2, in 

which O2
– is reduced to form molecular O2, H2O2, and OH– (Eq. 4; Bielski et al., 1985).  

 Oxidation:   O2
– + Yox � O2 + Yred      (2) 

Reduction:  O2
– + Xred + 2H+ � H2O2 + Xox     (3) 

Dismutation:  O2
– + HO2 + H2O � H2O2 + O2 + OH–   (4) 

Essentially, superoxide reactions determine whether O2 returns to the dissolved O2 pool or 

continues to subsequent reductive pathways to H2O2 and potentially produce hydroxyl radicals 

(•OH) and eventually H2O. Furthermore, extracellular O2
– production has been suggested to be 

responsible for 5–19% of the sinks in the marine oxygen budget (Sutherland et al., 2020). Should 

superoxide reduction pathways dominate, major O2 loss in the marine oxygen cycle would occur. 

This potential to direct subsequent photochemically mediated redox reactions gives O2
– a 
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“gatekeeping” position in determining the ultimate electron fate, and thus, it is a key intermediate 

in the cycling of oxygen, organic matter, and trace metals in sunlit waters (Powers & Miller, 

2016). 

Superoxide production rates, however, are difficult to measure directly due to low O2
– 

steady-state concentrations and rapid decay rates. Reported superoxide steady-state 

concentrations [O2
–]ss range from 0.01–86 nM and dark decay rates vary from 0.0001–0.2 s-1, 

though many of the O2
– decay studies were experimentally catalyzed by trace metals (e.g. Cu, 

Fe, and Mn) or organic matter (outlined in Fuji and Otani, 2017). Results from these studies 

suggested interactions with metal compounds (Voelker et al., 2000; Heller & Croot, 2010b; 

Wuttig et al., 2013) and organic species with aromatic moieties (i.e. antioxidants, CDOM) such 

as quinones, phenols/polyphenols, or humics (Voelker et al., 2000; Heller & Croot, 2010a; Heller 

et al., 2016; Fujji & Otani, 2017; Ma et al., 2020) as potential abiotic sinks for O2
– in seawater.  

Superoxide decay has been further explored using the enzyme superoxide dismutase 

(SOD) to determine the relationship between oxidative and reductive pathways (Petasne & Zika, 

1987; Shaked et al., 2010; Garg et al., 2011; Powers & Miller, 2014; Powers & Miller, 2016). 

Estimates of O2
– production and decay rates were determined using 2:1 stoichiometry from 

measured H2O2 (Eq. 5; Burns et al., 2012).  

2O2
– + 2H+ —SOD� O2 + H2O2      (5) 

Several of these studies suggest that dismutation to H2O2 (reductive pathway) may not always be 

the primary sink for O2
–, as once assumed, and that oxidative pathways make up between 40–

70% of O2
– reactions in seawater (Petasne & Zika, 1987; Garg et al., 2011; Powers & Miller, 

2016). Therefore, this 2:1 assumption for naturally occurring H2O2 could grossly underestimate 

the predicted photochemical rates of superoxide. However, this oxidative sink predominance has 
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not been observed across all systems. Photochemical experiments in the Gulf of Aqaba (Shaked 

et al., 2010) and a limited study from the Gulf of Alaska (Powers & Miller, 2014) found no 

effect of SOD on H2O2 photoproduction, thus suggesting O2
– reduction to H2O2 as the dominant 

decay pathway.  

These observations of predominant oxidative decay pathways for O2
– are further 

supported by work using a single electron probe in irradiated solutions. Recent evidence has 

been presented showing one electron-reductants (OER) are formed during the initial 

photoexcitation and intramolecular electron transfer of CDOM react with dissolved O2 to form 

O2
− (Zhang et al., 2012). Two studies from this same group used a nitroxide radical probe (3AP) 

to determine OER photoproduction rates, and thereby, estimate O2
– formation across standard 

humic and fulvic materials, as well as natural organic matter in freshwater (Zhang & Blough, 

2016; Le Roux et al., 2021). Both studies proposed a significant oxidative sink for O2
– around 

65–88% that they suggest is caused by the simultaneous photoproduction of phenoxy radicals 

with CDOM. 

In the current study, we examine environmental and chemical parameters that could 

control superoxide photochemical pathways by comparing H2O2 production with superoxide 

dismutase (forcing a 2:1stoichiometry) to natural samples without the enzyme. This work fills 

gaps in ROS redox reactions in irradiated samples by exploring O2
– pathways in freshwater and 

seawater samples using H2O2 analysis. CDOM collected from a freshwater source served as a 

“standard” natural initiator of photochemical reactions that was augmented chemically to 

approximate specific seawater characteristics and components (ionic strength, carbonate, halides, 

and pH) to investigate the role of each in superoxide pathways. Superoxide dismutase (SOD) is 

used to infer maximal O2
– photoproduction rates from H2O2 measurements and subsequent 
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oxidative or reductive pathways in each experimental treatment. These results provide new 

information on the environmental and chemical parameters with the potential to control O2
– 

reaction pathways in irradiated samples and help identify further studies needed to accurately 

model ROS kinetics in natural waters. Furthermore, this study will deepen our understanding of 

the role of photochemistry in biogeochemical cycles and the redox state of sunlit waters. 

 

2. Methods 

2.1 Sample Collection and Chemical Additions 

Freshwater samples were collected from Lake Herrick, Athens, GA, USA, in January 

2020, July 2020, and January 2021 into a 20 L polyethylene container. Water was 0.2µm filtered 

immediately following collection and stored at 4°C until used for irradiations. Using freshwater 

provides a natural source of organic material for repeated photochemical experiments that allows 

investigation of individual chemical constituents of sea water from a freshwater starting point. 

Chemical additions (Table 1) to this CDOM source were performed to build “seawater-like” 

solutions with controlled characteristics having potential to alter photochemical pathways in 

marine waters (ionic strength, buffer, halides, and pH). The influence of iron was also examined 

by adding fluoride to block its participation in photochemical reactions (Gao & Zepp, 1998). 

 

2.2 H2O2 Analysis 

Hydrogen peroxide was measured using a flow injection chemiluminescent detection 

system (Waterville Analytical; King et al., 2007) that employed 2 μM 10-methyl-9-(p-

formylphenyl)-acridinium carboxylate trifluoromethanesulfonate (AE; provided by Dr. James J. 

Kiddle, Western Michigan University). Samples were injected into a Teflon sample loop (VICI 
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10-port valve), transported by peristaltic pump (Rainin) and mixed with buffer and AE in a 

Teflon chemiluminescent flow cell (Global FIA, Inc.) located in front of a photomultiplier tube 

(PMT; Hamamatsu HC135 PMT, 900 V, 400 ms integration). Standards were made prior to 

every analysis in the specific experimental solution being irradiated using dilutions from a stock 

solution of 30% H2O2 (J. T. Baker). The concentration of this stock solution was determined 

using UV-Vis spectroscopy (Aqualog, Horiba Scientific) with MQ as the absorbance blank 

(molar absorptivity 38.1 M-1 cm-1 at 240nm; Miller & Kester, 1988). Average H2O2 

concentrations (nM) were calculated from integrated mV peak areas (Labview, Waterville 

Analytical) of three or more replicate sample injections using a linear equation from standard 

additions. The H2O2 detection limit for this FIA chemiluminescent system is 2 nM (Powers & 

Miller, 2016).  

 

2.3 Photochemical Experiments 

Solutions (300 mL) were stirred in two temperature-controlled jacketed beakers covered 

with quartz glass and irradiated side by side using a Suntest CPS solar simulator equipped with a 

1.5 kW xenon lamp (Atlas) fitted with IR-filtering window glass that simulates sunlight reaching 

the earth’s surface (290–800 nm; Figure S1). Before and after irradiation, all solutions were 

analyzed by UV-Vis spectroscopy to determine the CDOM spectral absorption (m-1): 

a(λ) = 2.303 A(λ)/r         (6) 

where a(λ) is the absorption coefficient at wavelengths λ  and A is the absorbance in a 

spectrophotometer with pathlength, r, in meters (Blough et al., 1997; Clark & Zika, 2000; 

Twardowski et al., 2004). All subsequent photochemical rate data was normalized to total photon 

absorption; dividing by the measured integrated absorption from 290 to 400 nm (a(290–400)) of pre-
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irradiated solutions to allow direct comparison of photochemical reaction rates for solutions with 

different CDOM spectra. This corrects for initial CDOM absorbance and any subsequent affects 

to absorbance from chemical modifications to our samples. However, a(290–400) does not include 

photobleaching since it was calculated from solutions prior to irradiation (t=0).  

For each experimental irradiation, one beaker was treated with 2000 U/L SOD (S5395-

30KU, Sigma) immediately prior to irradiation while the other beaker contained no SOD. Higher 

concentrations of SOD resulted in identical H2O2 accumulation in irradiated samples, allowing 

the assumption to be made that O2
– is quantitively catalyzed to H2O2 by SOD in our irradiations. 

Stock solutions of 1.2 x 106 U/L SOD (calculated from the manufacturer’s reported activity) 

were prepared in 500 µL Milli-Q (Millipore) aliquots and stored at –20°C prior to experiments. 

Samples were analyzed for hydrogen peroxide at 15-minute intervals during a 2-hour irradiation 

to determine accumulation rates with and without SOD treatments.  

 

2.4 Ratio and Rate Determination 

A concentration ratio (C/CSOD; Eq. 7) was calculated by dividing the H2O2 concentration 

(nM) in untreated samples by the H2O2 concentrations in the SOD treated samples at 60 and 120 

minutes of irradiation.  A production rate ratio (P/PSOD; Eq. 8) was calculated by dividing the 

H2O2 photo-accumulation rate in untreated samples by the H2O2 photo-accumulation rate in 

treated SOD samples over two irradiation time intervals: initial (0–60 min) and final (60–120 

min). 

C/C��� =  
 [	
�
]NoSOD 

[	
�
]SOD

              (7) 

P/P��� =   
∆ [	
�
]����� 

∆����

∆ [	
�
]SOD 

∆����
�             (8) 
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These quantitative ratios can then be used to calculate the percentage of superoxide that proceeds 

via oxidative and reductive pathways in each solution using the assumption that SOD treatment 

results in 100% conversion to H2O2 via dismutation. For example, a ratio of 0.8 indicates that 

80% of the O2
– produced during irradiation is reduced to H2O2 and 20% is lost through an 

alternative oxidative pathway, likely back to molecular oxygen. These ratios are useful proxies 

because they are not subject to CDOM absorption variability across samples since the calculation 

is a direct comparison of the same DOM for each experiment. However, they do not represent 

percentages of O2 removed from the marine oxygen budget in natural aquatic systems. Rather, 

they indicate the percent reduction of O2
– relative to catalyzed dismutation in our experiments. 

Lastly, maximum O2
– photoproduction rates (RO2–; nM x m / min) were calculated over specified 

30-min intervals by assuming a 2:1 superoxide dismutation ratio in the SOD treated samples. As 

in all rate determinations, these were normalized to CDOM (m-1) (Eq. 9).  

 

2.5 Data Analysis 

Data representation and statistical analysis for rates and ratios were determined in R-

Studio (R Core Team, 2020). Box and whisker plots were created based on defined variable 

groups and demonstrate the median, interquartile range (IQR), and minimum/maximum data 

points without outliers. Outliers were defined as being more than 1.5 times the IQR. Our data for 

P/PSOD was the most variable data set, resulting in outliers that significantly skewed the 

calculated mean values (Figure S2a). Therefore, statistical outliers were removed to reveal the 

trends and constrain the limits of our P/PSOD data (Figure S2b). Outliers were not removed from 

our C/CSOD and RO2– data. 
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T-tests across variable groups were performed in R to generate estimates of mean 

difference and compare the central tendency of ratios and rates. Pearson correlation coefficients 

were also determined in R to measure the strength of the linear relationship between two 

variables. Additionally, a multiple regression with backward elimination was executed in R to 

find the most appropriate model and compare the effect strength of each variable (time, 

absorption integral, NaCl, borate, carbonate, Br–, I–) on C/CSOD, P/PSOD, and RO2–.  

 

3. Results 

3.1 Validation of Photon Absorbance and SOD Quenching 

To confirm that both the SOD-treated and untreated samples were receiving the same 

photon energy from the solar simulator, an initial experiment was performed to compare 

the H2O2 production in beakers containing filtered freshwater DOM with no chemical additions 

and no SOD during a 2-hour irradiation. The only variable in this initial experiment was beaker 

position under the solar simulator (left or right). The mean difference between the two beakers 

was calculated from the average H2O2 concentration at each 15-minute interval. H2O2 increased 

from ~300 to 900 nM over the 2-hr irradiation. The average difference in mean H2O2 

photoproduction for all time points was 6.2 ± 45 nM and was not statistically significant (t=0.41, 

df=8, p=0.69) as shown in Figure S3. Therefore, we approached all subsequent experiments with 

the assumption that the SOD treated (left) and untreated (right) beakers are receiving the same 

photon energy from the solar simulator within statistical error, and that this does not contribute to 

measured variability in H2O2 accumulation seen in subsequent +/– SOD experiments.  

SOD concentrations were investigated to confirm that photochemically generated O2
– was 

quantitatively catalyzed by SOD to proceed down the reductive pathway to H2O2. Published 
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results in similar irradiations report that 3000 U/L SOD achieves maximal H2O2 production 

(Powers & Miller., 2016). We further investigated this concentration by measuring H2O2 

production during 2 hours of irradiation with 2000 U/L SOD and 4000 U/L SOD and found that 

doubling the SOD concentration does not enhance H2O2 accumulation within analytical 

uncertainty (Figure S4). Therefore, we can assume SOD, when added at 2000 U/L across the 

range of environmental parameters produced here, gives maximal H2O2 production with no 

change in structure or loss of function occurring in SOD due to extended irradiation. Direct 

measurements of O2
– confirmed SOD activity for 60 minutes of exposure at maximum output 

under the same Suntest CPS solar simulator setup that was used in the present study (Powers & 

Miller, 2014; Powers et al., 2015). While we have no direct measurements of O2
–, our data does 

not suggest a loss of full SOD activity with continued irradiation from 60 to 120 minutes. 

 

3.2 CDOM Consideration 

Freshwater DOM was used in these experiments to provide a natural source of organic 

material that has photochemical potential without the chemical constituents of seawater. 

However, three different collections were needed to complete the study and this likely affected 

the photon absorbance of samples collected from different seasons. In fact, an ANOVA showed 

that mean absorption integral, a(290–400), was statistically different for different collections (df=2 , 

F=201, p<10-16; Figure 1a). Therefore, to make direct comparison of all photoproduction rates, it 

was necessary to normalize between samples to account for slightly different UV optical 

characteristics and a(290–400) . This correction, however, does not include photobleaching since it 

was performed with a(290–400) obtained before any irradiation (t=0). Photochemical fading in each 

sample was determined following the 2-hour irradiation using the integrated CDOM absorption 
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coefficient from 290–400 nm as noted in the methods (Table S1). The average fading of a(290–400) 

over all samples was 5.6 ± 5.7%. Any loss in photochemical production rates larger than 6% 

over the 2-hr irradiation is assumed not to result from CDOM fading. 

In addition to CDOM absorbance differences, potential changes in the photoreactivity for 

seasonal samples were also examined. Using CDOM normalized ratios pooled for all samples of 

both 0–60 and 60–120 minute irradiation time periods, neither C/CSOD nor P/PSOD were 

significantly correlated to CDOM (i.e. a(290–400); Figure S5a&b). CDOM absorption, did 

however, identify a slightly significant, positive correlation when applied to the maximum O2
– 

production rate (RO2–) over the 30–60 (r=0.49, p=0.003) and 60–90 (r=0.42, p=0.019) minute 

irradiation intervals. There was no such correlation for any other time intervals (Figure S5c).  

Furthermore, altered photochemical rates among experimental solutions may result 

directly from changes in a(290–400) created by various chemical additions. Shifts in CDOM spectra 

due to pH changes are well-known. A Pearson’s correlation coefficient test in R was used to 

determine the strength of the relationship between a(290–400) and pH for each collection season 

(Figure 1b). Absorption integral and pH had a positive, statistically non-zero correlation for all 

collection seasons. Correlations were greater for solutions made from the June 2020 (r=0.72, 

p=0.638) and January 2021 (r=0.79, p=0.003) collections than from the January 2020 collections 

(r=0.36, p<0.001). 

 

3.3 Effect of pH 

Not only does pH affect the CDOM spectra, but it can also influence the O2
– pathways 

directly. Both C/CSOD and P/PSOD ratios across all chemically augmented solutions had a 

significant positively correlations to pH that continued with irradiation (Figure 2a&b). RO2–, 



 

26 

however, was not correlated to pH, except over the 60–90 min time interval (r=0.36, p=0.045). 

This is likely a result of our normalization to a(290–400) which accounts for chemical effects on the 

absorption of CDOM, one which we observed with pH. Since pH clearly alters both a(290–400)  and 

ratios, further more detailed data analysis will focus on experiments using either solutions at 

natural freshwater pH (6.6–7.6) or at a pH that more closely approximate seawater (>7.6).  

 

3.4 NaCl Additions 

NaCl additions had a strong effect on C/CSOD and P/PSOD with mean values significantly 

higher from those of untreated freshwater solutions (Table S2a & b). This increase was evident 

at both 60-min (p=0.001) and 120-min (p=0.021) for C/CSOD (Figure 3). While this increase was 

also observed during the first hour, 0–60 min, of irradiation for P/PSOD (p=0.016), statistical 

analysis for P/PSOD during the final hour, 60–120 min, was not possible because of insufficient 

data resulting from removal of outliers (Figure 4, Table S2b). In contrast, the addition of NaCl 

to our samples did not statistically change RO2–, though the mean RO2– was slightly lower for 

NaCl solutions over each time interval (Figure 5, Table S2c). 

 

3.5 Borate and Carbonate Buffers 

The difference in borate and carbonate buffers was also investigated. The mean 

difference between borate and carbonate buffers was not significant for C/CSOD and P/PSOD 

(Figures 3 & 4, Table S2a & b,). However, there was a statistical difference in RO2– between 

borate and carbonate buffers at a similar pH during the initial hour of irradiation (Figure 5, 

Table S2c).  
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3.6 NaBr and NaI Additions 

Halide experiments were built from freshwater solutions with added NaCl and carbonate 

buffer to adjust the sample pH ≥ 7.6. Therefore, results from these experiments are in reference 

to these “seawater-like” solutions. Additions of bromide (Br–) and iodide (I–) did not demonstrate 

clearly consistent results and consequently showed limited statistical changes. This is largely due 

to the small sample size. However, we can observe a few marginal trends across the data. The 

addition of NaI to carbonate buffered NaCl solutions showed increased C/CSOD and P/PSOD 

(p=0.099) during the first hour of irradiation relative to samples with no I–, though this was only 

statistically significant for C/CSOD (p=0.26; Figure 3 & 4, Table S2a&b). Interestingly, P/PSOD 

slightly decreased with I– during the second hour of irradiation. In contrast, the addition of NaBr 

showed a slight decrease in both C/CSOD (p=0.243) and P/PSOD (p=0.265) during the first hour of 

irradiation. Solutions with both Br– and I– added together did not significantly change from the 

mean C/CSOD values of solutions with no halide additions. However, there was a slight decline of 

P/PSOD during the final hour of irradiation (p=0.175). 

RO2– showed no statistical difference for all halide addition across all irradiation intervals, 

except in solutions with both Br– and I– where RO2– was significantly different from the carbonate 

buffered NaCl solutions without halides over the 30–60 min irradiation interval (Figure 5, Table 

S2c). There was, however, a small decrease in RO2– with halides seen during the first 90 minutes 

of irradiation. Ultimately, the effect of halide additions on C/CSOD, P/PSOD, and RO2– is largely 

inconclusive due to small data sets and the absence of any consistent trends in relationships 

across irradiation intervals. 
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3.7 Effect of Continued Irradiation  

For almost all solutions, C/CSOD and P/PSOD showed no statistical change over 2-hrs of 

irradiation (Figure 6a&b, Table 2a&b). However, most solutions slightly declined over time 

with some variation across chemical additions. The only significant decrease in C/CSOD ratios 

over time was for the borate buffered NaCl solutions (p=0.040). Additionally, the only 

significant decrease in P/PSOD over time was for the carbonate buffer NaCl solutions with NaI 

(p=0.046). 

The most notable observed trend over our 2-hours of irradiation was the decreasing rate 

of maximum superoxide photoproduction across all chemical variations (r=–0.69, p<10-16; 

Figure 6c). A notable negative correlation with time was evident for all solutions, with statistical 

significance for all except the borate additions (Figure 5, Table 2c). 

 

4. Discussion 

4.1 CDOM Photoreactivity 

The differences in CDOM between different times of collection may be attributed to 

seasonal variability in meteorological and hydrological processes such as photobleaching, 

precipitation, and inflow runoff which largely control CDOM abundance and composition 

(Figure 1a; Coble, 2008; Zhang et al., 2021). The resulting CDOM characteristics of our Lake 

Herrick samples reflect local sources and the short-term balance of these sources with their sinks. 

The 38% lower a(290–400) seen in our summer collection may represent an increased CDOM sink 

due to photochemical fading, a decrease in precipitation (and resulting contribution from the 

watershed), or both. Given that summer drought conditions have been shown to decrease 

absorptivity at 320 nm in remote Nova Scotia lakes by as much as 80% (Moore, 1999), the 
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differences seen here are well within the possible range generated by change in rainfall and 

fading. 

Ionic strength and pH can alter CDOM structural conformation with subsequent changes 

in optical properties and potential for electron transfer (Lu et al., 2015). Specifically, DOM 

polymers and colloids condense at low pH and high ionic strength, limiting absorption abilities 

of chromophores. In contrast, DOM expands at higher pH and lower ionic strength, resulting in 

greater initial light absorption (Spencer et al., 2007; Pace et al., 2012; Lu et al., 2015).  Similarly, 

the integrated CDOM absorption (a(290–400)) in our samples was generally highest when raised to 

a pH of 8 (Figure 1b). This a(290–400) shift represents an increase in photon absorption and 

potential for a direct increase in photochemical production rates. Consequently, to examine the 

role of varied chemical parameters without inclusion of confounding optical changes, we 

normalized our results to CDOM as described above.   

This procedure does not, however, correct any variations in overall CDOM 

“photochemical efficiency”, defined as product per photon absorbed, that results from 

differences in source material, exposure history, or conformational changes. In other words, once 

corrected to equivalent photon absorption, samples from different seasons and with differing pH 

values can also differ in their capacity for the photoproduction of H2O2 and O2
–. Therefore, 

pooling all data across collection seasons and all treatments admittedly may create more 

variability. The C/CSOD and P/PSOD ratios are less likely to include this variability since they 

directly compare photoproduction from solutions with identical CDOM irradiated side by side. It 

is possible, however, that variations in the oxidative and reductive pathways captured by these 

ratios does reflect variations in the reactivity of the DOM source material beyond simple optics. 
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Once normalized to CDOM, RO2– would reveal differences across samples due to variability in 

CDOM photochemical efficiency since it quantifies O2
– production directly. 

 Furthermore, it would be remiss not to acknowledge our use of freshwater DOM in a 

study aimed at understanding seawater ROS chemistry. Freshwater and seawater DOM are 

inherently different in their source, and therefore, also their photochemical characteristics. For 

example, freshwater DOM often originates from terrestrial organics such as vascular plant debris 

resulting in an enrichment of lignin-derived polyphenols. Algae-derived marine DOM in the 

open ocean, in comparison, predominantly lacks these compounds (Meyers-Schulte & Hedges, 

1986; Opsahl & Banner, 1997). Furthermore, past studies have determined marine DOM to 

generally have a lower abundance of oxygen-rich molecules (Koch et al., 2005; Sleight & 

Hatcher, 2008). These molecular differences between freshwater and seawater DOM could 

influence CDOM photochemical efficiency. Additional studies with DOM extracted from known 

marine organics used as photochemical source for controlled studies like the one presented here 

(pH, ionic strength, carbonate, halogens, etc.) may reveal differences between marine and 

freshwater DOM with regard to ROS redox pathways and photoreactivity. Thus, extrapolation of 

the environmental and chemical controls on superoxide pathways examined in this study would 

require additional study of marine-derived DOM to better predict rates of superoxide production 

and decay in open ocean systems.  

 

4.2 Effect of pH and Ionic Strength 

As illustrated in Figures 2a & b, a significant positive correlation exists between our 

ratio values and pH. The C/CSOD and P/PSOD correlation with pH suggests that O2
– likely 

participates in fewer oxidative pathways at a pH of 8 than it does at lower pH. The most obvious 
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explanation of this correlation may, at first glance, appear related to the acid-base chemistry of 

superoxide with O2
– and its conjugate acid, perhydroxyl radical (HO2), having a pKa of 4.8 in 

aqueous solution (Bielski et al., 1985). The observed rate (kobs) of the disproportionation reaction 

(Eq. 8) is described at pH values above 6 as follows (Bielski et al., 1985), 

kobs  = 6 x 1012 [H+] L mol–1 s–1                                         (8) 

indicating that production of H2O2 from uncatalyzed dismutation of superoxide at pH 6 should be 

100-times faster than at pH 8, approaching ratios of 1 when compared to SOD treatments that 

force this same reductive dismutation. We find an opposite trend, suggesting that even with this 

kinetic advantage for dismutation at low pH, oxidative pathways remain kinetically favored 

overall.  These oxidative pathways may result from the acid-base chemistry of CDOM or trace 

metals within our samples. Fujii and Ontani (2017) observed slightly increased H2O2 production 

rates from pH 6 to 8 with humic substances and suggest humic substance catalyzed superoxide 

decay is likely influenced by pH changes. These results support our observations since they 

suggest reductive pathways toward H2O2 dominate at a pH of 8. Therefore, acid-base chemistry 

of the organic substances that make up CDOM are likely a significant influence for superoxide 

decay pathways.   

The general absence of correlations between RO2– and pH, with the single exception being 

the 60–90 min interval (Figure 2c), suggests pH driven changes in CDOM absorption were the 

primary source of any variations in superoxide production, and that normalization with a(290–400) 

essentially removed this effect. Despite data variability and lack of statistical significance across 

all samples, CDOM acid-base chemistry could influence electron availability and distribution 

within the CDOM pool. For example, phenols are deprotonated at higher pHs resulting in more 

accessible redox-active groups and potentially making CDOM more likely to donate an electron 
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to O2 to produce O2
– (Lu et al., 2015). Therefore, pH variability in natural waters could influence 

superoxide photoproduction rates, though we do not see statistically significant correlation in our 

samples. 

The ionic strength for our NaCl additions matched that of full-strength seawater (Table 

1). While this gives the solutions equivalent total charge density, it may have missed some 

superoxide dynamics present in authentic seawater. A recent study, similar to the superoxide 

pathway analysis presented here, quantified photoproduction rates of one electron-reductants 

(OER; RH) and H2O2 (RH2O2) in freshwater solutions with 50mM borate buffer at pH 8 with NaCl 

and Sigma-Aldrich “sea salt” additions at concentrations of 18 and 28 ppt (Le Roux et al., 2021). 

They observed a decrease in oxidative pathways (represented as RH/ RH2O2) with both NaCl and 

“sea salt” additions. This is consistent with the decrease in oxidative pathways we saw for 

C/CSOD and P/PSOD with NaCl additions. As shown in Fig. 3b and 4b, both C/CSOD and P/PSOD 

increased markedly with NaCl additions. Therefore, it is possible oxidative pathways decline and 

reductive pathways to H2O2 dominate with increased ionic strength.  

Additionally, we observed a small decrease in RO2– with NaCl additions (Figure 5b). Le 

Roux et al. (2021) saw a similar trend in RH with “sea salt”, but not with NaCl. This negative 

correlation was also seen in irradiated eastern Caribbean waters where O2
– production rates 

slowed with increased salinity (Micinski et al., 1993). It is unclear why photoproduction rates for 

OER and superoxide would decrease with NaCl, “sea salt”, or natural salinity gradients. Perhaps, 

ionic interactions interfere with electron availability. Lu et al. (2015) observed decreased 

electron-transfer capacity of DOM with increased ionic strength. Overall, the general 

observations from these studies suggest there is more to learn about the controls of ionic strength 

on the rates of photoproduction for OER and superoxide.  
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The environmental relevance of pH and ionic strength in natural water continues to be a 

heavily researched topic, especially in coastal ecosystems where the transition from freshwater to 

saltwater chemistry creates strong pH and salinity gradients. The relationships presented in this 

study may help elucidate superoxide pathways in real coastal systems when paired with field 

measurements. In a transect from inshore to oligotrophic waters in the South Atlantic Bight 

(SAB) during the summer of 2016, Powers and Miller (2016) observed a relationship between 

salinity and redox partitioning of O2
– pathways that was opposite the one seen here. Their results 

showed the highest O2
− : H2O2 photoproduction ratio (equivalent to our P/PSOD from 0–60 min) in 

clear waters of the Gulf Stream which suggests oxidative O2
− decay pathways increase relative to 

reductive pathways with decreased CDOM absorbance and increased salinity. In coastal 

environments, the ionic strength increases rapidly from freshwater rivers water to brackish 

estuaries and marshes to salty seawater; thus, a deeper understanding of how superoxide redox 

pathways change across diverse aquatic environments will require specific studies directed at 

these sharp gradients. 

 

4.3 Carbonate Interactions 

The acid-base chemistry of carbonic acid is the dominant buffering system in oxygenated 

natural waters and has the potential to participate in photochemistry. Carbonate radicals (CO3
•–) 

are formed during the reaction of photogenerated hydroxyl radicals (•OH) and 

carbonate/bicarbonate anions (CO3
2–/ HCO3

–; Vione et al., 2014; Yan et al., 2019). Borate buffer 

has long been used in photochemical studies to bypass this potential for photochemical 

influences. For this reason, the difference in borate and carbonate buffers was investigated. 

Similarity of results in carbonate and borate buffer would support the conclusion that carbonate 
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also does not participate in photochemistry in our experiments. Since the mean difference of 

borate and carbonate solutions with NaCl were within statistical error of each other for C/CSOD 

and P/PSOD (Figures 3 & 4), we can assume carbonate chemistry is not changing O2
−decay 

pathways in our samples.  

Carbonate buffered NaCl solutions, however, resulted in significantly faster RO2– 

compared to borate buffer NaCl solutions during the initial hour of irradiation (Figure 5). 

Interactions with CO3
•– could potentially be responsible for this observation. A study by Yan et 

al. (2019) saw enhanced photobleaching of CDOM in the presence of CO3
2–/ HCO3

–. They 

attribute this increased loss of CDOM absorbance to the photogeneration of CO3
•– and its ability 

to alter the phenolic moieties. This suggests CO3
•– is actively participating in photochemical 

reactions and could potentially contribute to enhanced RO2– in short-term irradiations. Long-term 

UV-exposure, however, would likely result in decreased RO2– in the presence of carbonate buffer 

due to enhanced photobleaching. Perhaps, faster fading in carbonate buffered NaCl solutions 

explains the large drop in RO2– near the end of our 2-hr irradiation resulting in similar rates for 

carbonate and borate solutions over the last 30 minutes of irradiation (Figure 5). Additionally, 

the effects of carbonate buffers on indirect photodegradation of antibiotics were recently 

investigated (Tang et al., 2021). Opposite trends with controlled concentration gradients of 

HCO3
– were observed with two antibiotics, sulfathiazole (ST) and sulfamerazine (SM), in 

augmented pure water solutions with salinity 30‰ and pH = 8. ST had a clear enhancement of 

photodegradation as [HCO3
–] increased while SM had reduced photodegradation with increased 

[HCO3
–]. Altogether, this suggests that the presence of much higher carbonate concentrations in 

seawater relative to freshwater adds a layer of complexity in determining ROS production and 

decay rates. 
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4.4 Halide Photochemistry  

Halides can be reduced by photochemical reactions in natural water to produce halogen 

radicals and reactive halogen species (RHS). These radicals occur either through direct reduction 

by photo-oxidized DOM or indirectly by photogenerated ROS (Yang & Pignatello, 2017; Dong 

et al., 2021). Additionally, halogens may be incorporated into the bulk DOM pool during UV 

solar radiation creating organohalogen compounds that may also be photolabile (Mendez-Diaz, 

et al. 2014; Yang & Pignatello, 2017; Dong et al., 2021). For this reason, halides and their 

radical/reactive forms have the potential to interact with ROS cycling in sunlit surface waters. To 

date, there are no studies that directly investigate [O2
–]ss or decay rates under halide-controlled 

experiments. Most previous work with halide photochemistry has focused on reactions with 

DOM (specifically triplet excited states, 3DOM*), hydroxyl radical (•OH), and singlet oxygen 

(1O2) (Mopper & Zhou, 1990; Grebel et al., 2009; Glover & Rosario-Ortiz, 2013; Parker & 

Mitch, 2016) 

While the limited halide additions done in the present study are largely statistically 

inconclusive, C/CSOD, P/PSOD, and RO2- do seem to decrease slightly when NaBr is added to 

carbonate buffered NaCl solutions during the initial hour of irradiation (Figures 3, 4, and 5). In 

contrast, C/CSOD, and P/PSOD ratios increase slightly during the initial hour of irradiation when 

NaI alone is added to carbonate buffered NaCl solutions. The second hour of irradiation, 

however, trends amongst halide groups are difficult to distinguish due to excessive variability. 

The halide additions to carbonate buffered NaCl solutions are our most similar samples to the 

chemical composition of seawater. The differences observed over various irradiation intervals 

might reflect a changing halide photochemical participation in ROS photochemistry as solar 

exposure continues but our data cannot provide strong support for this possibility. 
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Bromide is one of the most abundant halides in the ocean, after Cl–, with concentrations 

around 0.8 mM (Yang & Pignatello, 2017). The small reduction seen in C/CSOD and P/PSOD ratios 

during the first hour of irradiation for solutions with NaBr (Figure 3e & 4e) may indicate the 

addition of oxidative pathways by bromide (and presumably production of a reactive Br species) 

in sunlit natural waters. Bromide in seawater is an effective •OH scavenger. In fact, it is the 

primary scavenger of •OH production in surface waters (Mopper & Zhou, 1990; Vione et al., 

2014), quantitatively forming a dibromide radical, •Br2
–, in the process which then reacts with 

carbonate species in seawater (Zafiriou et al., 1987; Dong et al., 2021). We cannot, however, 

draw a direct correlation with our limited data between these radical reactions and superoxide 

pathways. Furthermore, studies have determined that Cl– and Br– in seawater are responsible for 

increased photobleaching of CDOM (Grebel et al., 2009; Parker & Mitch 2016; Zhang et al., 

2019). It is possible that enhanced photobleaching in the presence of Br– could explain the small 

decrease in RO2– since this rate is normalized using pre-irradiated (t=0) CDOM values. This 

seems unlikely, however, due to low fading seen in our samples as well as this observed rate 

decrease only occurring during the first hour or irradiation. There are multiple other complex 

reactions with Br– in natural waters (outlined in Dong et al., 2021) that, upon further work, could 

explain Br– influence on O2
– rates and pathways. 

The effect of iodide on photochemical processes in seawater has been studied less 

frequently in seawater, largely due its low concentrations (100–200 nM) and the fact that the 

primary form of iodine in the ocean is iodate (IO3
−) (Barkley & Thompson, 1960; Yang & 

Pignatello, 2017). Iodide is, however, also an important scavenger of •OH in seawater (Mopper 

& Zhou, 1990) and can enhance methyl iodide production in irradiated filtered seawater (Moore 

& Zafiriou, 1994). Most recent halide studies that include reactions of iodide and its radical 
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forms focus on air-sea exchange, the sea surface microlayer, and the marine boundary layer 

(Jammoul et al., 2009; Jiao et al., 2022). We cannot make direct correlations between the 

available literature of I– reactions and superoxide pathways with our limited data. Perhaps, the 

decrease in oxidative pathways during the first hour of irradiation (Figure 3f & 4f) and slightly 

slower RO2– (Figure 5f) seen with NaI additions result from complex reactions involving I– and 

its subsequent photochemical products. However, C/CSOD and P/PSOD ratios with NaI additions 

larger than 1 lie outside the boundaries of our experimental assumptions. It is possible, therefore, 

that the addition of NaI or subsequent photochemical products interfere with our 

chemiluminescent method but this was not examined.  

 

4.5 Possible Photochemical O2
– and H2O2 Sinks 

In virtually all experiments, C/CSOD, P/PSOD, and RO2– decreased as irradiation proceeded 

(Table 2a,b,c). The most significant and striking decrease was evident in the RO2– data, showing 

an average decrease of 73% between the initial production rate (0–30 min) and the final rate (90–

120 min) during the 2-hour irradiations for all samples (Figure 6c). This loss of superoxide 

photoproduction is consistent with published data on the time course of superoxide steady-state 

concentrations, [O2
–]ss, in various irradiated waters. Powers et al. (2015) observed decreasing 

[O2
–]ss over 12 hours of continuous simulated solar irradiation in oligotrophic waters from the 

Gulf of Alaska. Fujii and Otani (2017) also reported a gradual decrease of O2
– concentrations 

during 6 hrs of irradiation in NaCl solutions with humic substances.  

The nonlinear accumulation of H2O2 over irradiation noted in almost all experiments may 

be explained by a) a loss of source, b) a H2O2 sink in sunlit waters, or c) both. The loss of 

CDOM due to photochemical fading was considered as an explanation for the decrease in ROS 
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source but, with an average 5.6 ± 5.7% decrease of CDOM (Table S1) over 2 hours of 

irradiation for all samples, it is clear that fading cannot fully account for this observed decrease 

in RO2–. Since our RO2– is not a direct O2
– measurement and is instead based on an assumed   

2O2
–:1H2O2 ratio, we must also consider O2

– as a source for H2O2 accumulation. Shifts to 

oxidative pathways could be a potential sink for O2
–. However, that is not consistent with the 

overall trends we saw for C/CSOD and P/PSOD. The decrease observed in these ratios during 

irradiation was not statistically significant suggesting the proportion of redox decay pathways for 

O2
– remains relatively consistent within 2 hours of irradiation (Figure 6a&b, Table 2a&b). We 

suspect the most likely loss of O2
– production resulting in nonlinear accumulation of H2O2 is 

decreased electron availability to oxygen. As irradiation continues, it is possible that a pool of 

one-electron reductants within CDOM (CDOM+/–) builds up to compete with O2 for electron 

transfer (Zhang et al., 2012; Zhang et al., 2016; Le Roux et al., 2021). This competition would 

result in decreased O2
– production, and subsequently, a nonlinear accumulation of H2O2 over 

time as we see in our results. 

Possible H2O2 sinks by direct photolysis and/or loss due to reactions with other 

photochemically produced oxidants could also affect our RO2– calculation with SOD 

stoichiometry and be responsible for the non-linear accumulation seen in out filtered samples. A 

study by Moffet & Zafiriou (1993) in the Eastern Caribbean and Orinoco River used 18O labeled 

H2O2 to determine photochemical decomposition patterns of H2O2. They concluded H2O2 

photochemical decomposition rates, either by photolysis or reduction, only account for ~5% of 

production rates. Thus, H2O2 decomposition is not a major contributor to our observed decrease 

in RO2– during irradiation. This ~5% relative loss of H2O2 formation, however, does suggest our 

2:1 stoichiometry assumption could underestimate RO2–. Since we double H2O2 production to 
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calculate RO2–, a 5% photolysis rate would mean we are underestimating RO2– by 10% (2 x 5%). 

With photolysis included, a ratio of 2.1:1 would be more accurate when calculating RO2– from 

H2O2 production with SOD.  

While not statistically significant, C/CSOD and P/PSOD ratios for most samples exhibited a 

slight decrease with irradiation time, indicating a relative increase in oxidative pathways with 

continued exposure to solar radiation (Figure 6a&b, Table 2a&b). As discussed above, this 

slight enhancement in oxidative pathways is likely not responsible for the nonlinear 

accumulation of H2O2 seen in our irradiation experiments. Nevertheless, this trend suggests small 

changes to O2
– redox pathways occur during irradiation. This minute shift to oxidative pathways 

could be attributed to a photochemically produced transient pathway for oxidation of O2
– as 

suggested in other studies (Zhang et al., 2012; King et al., 2016; Powers & Miller, 2016; Zhang 

et al., 2016; Ma et al., 2020).  

Several different photo-activated transient species might explain this observed 

photochemically generated superoxide sink in seawater. Copper (Voelker et al., 2000; Heller & 

Croot, 2010b), manganese (Wuttig et al, 2013), and CDOM (Heller & Croot, 2010a; Heller et al., 

2016) have been previously proposed as dominant pathways for O2
– decay. Since we did not 

explore the role of metals in our exposures directly, this remains a possible mechanism to alter 

oxidative pathways. If CDOM provides an oxidative decay pathway in our experiments, it would 

be consistent with several other studies that suggest the accumulation of photo-oxidized CDOM 

(CDOM+) as a prominent photo-activated oxidative sink for O2
– (Garg et al., 2011; Zhang et al., 

2012; Heller et al., 2016; Ma et al., 2020).  

Further work is needed to characterize these photo-active sinks for superoxide and their 

specific pathways in sunlit natural waters. To date, superoxide decay rates have been determined 
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post-irradiation, and therefore, may not account for any additional losses by a photochemically 

produced transient species (Powers & Miller, 2016). Recently, interest has grown in quantifying 

this elusive oxidative sink. A study by King et al. (2016) presented an analytical method to 

estimate O2
– antioxidant activity in naturals waters. Working in the South Atlantic, they observed 

0.1–0.4 nM of “antioxidants” in surface seawater samples collected during the day with a half-

life of 3–7 min in the dark, consistent with photo-reactive species capable of scavenging 

superoxide. Though this method does not identify the antioxidant species in their samples, the 

authors allude to photochemically activated organic species as a potential source for this 

effective “antioxidant” activity. 

 

4.6 Conclusion 

Overall, understanding the ratios and rates presented here can help us distinguish 

potential superoxide decay pathways and how seawater chemical parameters may influence those 

pathways in sunlit natural water. The results indicate that oxidative pathways, as represented by 

C/CSOD and P/PSOD, decrease with increased pH and NaCl additions. Results from halide 

additions, however, were largely inconclusive although Br– and I– did show a slight decrease and 

increase respectively for C/CSOD and P/PSOD calculated over the first hour of irradiation. In 

contrast, the most notable change with chemical modifications for RO2– was addition of carbonate 

buffer, suggesting the potentially complex role of carbonate radical in the photochemical cycling 

of ROS in surface seawater.  

The most striking trend observed across all our data was the significant decline in RO2– 

along with a minor increase in oxidative pathways with 2 hours of continuous irradiation. We 

suggest that the nonlinear accumulation of H2O2 in sunlit waters is most likely due to decreased 
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electron availability to oxygen as a result of competition with photochemically produced one-

electron reductants within CDOM (CDOM+/–). Furthermore, our calculated RO2– may 

underestimate O2
– production rates by as much as 10% due to possible H2O2 

photodecomposition. Altogether, the results presented in this study imply there are shifts in O2
– 

decay pathways and production rates that seem to vary across natural water environments and as 

a function of irradiation history. This work will help predict processes that control superoxide 

redox reactions and fate of oxygen in natural waters, especially during solar irradiation, to 

improve the accuracy of photoproduction estimates and photochemical cycling models.  
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Tables and Figures 

 

Table 1. Concentrations of seawater chemical additions to freshwater. 

Seawater chemical 

parameters Concentrations 

 

Manufacturer 

Ionic Strength 0.6M of NaCl, extra pure Acros Organics 

Buffering Capacity Borate: 1.3–2.0 mM 

Na₂B₂O₂(OH)₂·8H₂O  

Carbonate: 1.9–4.7 mM Na₂CO₂ 

Fisher Scientific 

Fisher Scientific 

Halides Bromide: 0.6mM of NaBr 

Iodide: 400nM of NaI 

Sigma Aldrich 

Fisher Scientific 

pH 6 – 8 

Adjusted using HCl and NaOH 

HCl:  J.T. Baker 

NaOH: Fisher Scientific 

 

 

 

 

 

 

   
Figure 1. Seasonal variability and pH effects on CDOM absorption over 290–400 nm. A) 

Mean absorption integrals were statistically different for between three dates of collection (df=2, 

F=201, p<10-16). B) Absorption integral and pH had a positive correlation within each collection 

groups. However, correlations were greater for June 2020 (r=0.72, p=0.638) and January 2021 

(r=0.79, p=0.003) groups than the January 2020 group (r=0.36, p<0.001).  
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Figure 2. The effect of pH on superoxide decay pathways and maximal photoproduction 

rates. A) C/CSOD is significantly correlated to pH (60: r=0.60, p=0.0002; 120: r=0.58, p=0.0005). 

B) P/PSOD is significantly correlated to pH (60: r=0.58, p=0.0004; 120: r=0.62, p=0.0004). C) 

RO2– is not significantly correlated to pH, except 60–90min (r=0.36, p=0.045). 
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Figure 3. Effect of various chemical additions on C/CSOD during 2-hrs of irradiation in 

freshwater solutions. Red diamond represents the mean C/CSOD. See Table 2a for time 

statistical break down; see Table S2a for chemical addition breakdown. 
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Figure 4. Effect of various chemical additions on P/PSOD during 2-hrs of irradiation in 

freshwater solutions. Red diamond represents the mean P/PSOD. See Table 2b for time statistical 

break down; see Table S2b for chemical addition breakdown. 
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Figure 5. Effect of various chemical additions on RO2– during 2-hrs of irradiation in 

freshwater solutions. Red diamond represents the mean RO2–. See Table 1c for time statistical 

break down; see Table S2c for chemical addition breakdown.  
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Table 2. Mean superoxide decay ratios and photoproduction rates of chemical additions during 2-hrs of irradiation. 

(A) Concentration Ratio, C/CSOD 

t-test 60 min 120 min Mean difference t df p-value 

No Additions 0.777 ± 0.048 0.724 ± 0.064 -0.053 1.3 5.5 0.239 

+ NaCl  1.001 ± 0.039 1.152 ± 0.139 0.151 1.8 2.3 0.194 

+ NaCl + Borate 0.984 ± 0.013 0.956 ± 0.007 -0.028 3.5 3.0 0.040* 

+ NaCl + Carbonate 0.960 ± 0.025 0.941 ± 0.052 -0.018 0.6 2.7 0.619 

+ NaCl + Carb + Bromide 0.890 ± 0.045 0.940 ± 0.002 0.050 1.5 1.0 0.365 

+ NaCl + Carb + Iodide 1.033 ± 0.018 0.986 ± 0.047 -0.047 1.3 1.3 0.375 

+ NaCl + Carb + Br + I 0.974 ± 0.037 0.981 ± 0.119 0.007 0.1 3.6 0.914 

‡ Not enough data available for standard deviations

(B) Rate Ratio, P/PSOD 

t-test 0–60 min 60–120 min Mean difference t df p-value 

No Additions 0.642 ± 0.027 0.551 ± 0.194 -0.090 0.8 2.1 0.505 

+ NaCl  0.990 ± 0.090 0.396‡ -0.594 — — — 

+ NaCl + Borate 0.927 ± 0.022 1.051 ± 0.431 0.124 0.5 2.0 0.667 

+ NaCl + Carbonate 0.950 ± 0.096 0.948 ± 0.279 -0.001 0.0 2.4 0.995 

+ NaCl + Carb + Bromide 0.713 ± 0.168 1.154 ± 0.237 0.441 2.1 1.8 0.179 

+ NaCl + Carb + Iodide 1.104 ± 0.065 0.777 ± 0.076 -0.327 4.6 2.0 0.046* 

+ NaCl + Carb + Br + I 0.975 ± 0.110 0.530 ± 0.420 -0.446 2.1 3.4 0.122 

(C) Max Superoxide Rate, RO2- 

Pearson’s Correlation 0–30 min 30–60 min 60–90 min 90–120 min cor t df p-value 

No Additions 0.0395 ± 0.011 0.0260 ± 0.016 0.0195 ± 0.0097 0.00928 ± 0.013 -0.70 3.7 14 0.002* 

+ NaCl  0.0336 ± 0.019 0.0163 ± 0.006 0.0040 ± 0.0066 0.00809 ± 0.015 -0.65 2.7 10 0.023* 

+ NaCl + Borate 0.0230 ± 0.006 0.0115 ± 0.008 0.0134 ± 0.0111 0.00917 ± 0.011 -0.48 1.7 10 0.115 

+ NaCl + Carbonate 0.0468 ± 0.010 0.0307 ± 0.008 0.0281 ± 0.0066 0.00661 ± 0.008 -0.86 5.9 12 0.0001* 

+ NaCl + Carb + Br 0.0312 ± 0.000 0.0314 ± 0.000 0.0227‡ 0.01365 ± 0.001 -0.94 -6.2 5 0.002* 

+ NaCl + Carb + I 0.0403 ± 0.005 0.0249 ± 0.010 0.0262 ± 0.0033 0.00892 ± 0.005 -0.86 4.2 6 0.006* 

+ NaCl + Carb + Br + I 0.0367± 0.011 0.0132 ± 0.009 0.0135 ± 0.0090 0.00772 ± 0.013 -0.67 3.4 14 0.004* 
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Figure 6. Superoxide decay pathways and maximal superoxide photoproduction rates of all 

samples over 2-hrs of irradiation. Red diamond represents the mean. A) C/CSOD does not 

significantly change with time across all samples (p=0.576). B) P/ PSOD does not significantly 

change with time across all samples, though there seems to be a small decrease in the second 

hour of irradiation (p=0.099). C) RO2– is significantly correlated to irradiation time (r=–0.69, 

p<10-16) 
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CHAPTER 3 

CONCLUSIONS AND FUTURE DIRECTIONS 

The processes that control redox reactions, the fate of oxygen, and superoxide cycling in 

natural waters, especially during solar irradiation, are not completely understood. Data gaps in 

O2
– photoproduction rates, decay kinetics, and apparent quantum yield (AQY) spectra make it 

difficult to quantify the photo-efficiency for O2
– production. Elucidating superoxide’s 

photochemical and subsequent thermal pathways is essential to understanding the marine oxygen 

budget across aquatic ecosystems and diel cycles (Sutherland et al., 2020). Should superoxide 

reduction pathways dominate, major O2 loss in the marine oxygen cycle could occur. Therefore, 

this thesis aims to identify and potentially quantify the environmental and chemical parameters 

that control superoxide pathways as a contribution to ultimately improving the accuracy of 

photoproduction estimates and photochemical cycling models.  

Previous studies using the enzyme SOD as a quantitative trap for photochemical 

production of O2
– have concluded by comparison to untreated samples that dismutation to H2O2 

may not always be the primary sink for O2
–, as once assumed, and that oxidative pathways make 

up between 40–70% of O2
– reactions in seawater (Petasne & Zika, 1987; Garg et al., 2011; 

Powers & Miller, 2016). Therefore, a 2:1 assumption used to back-calculate RO2– from 

environmental H2O2 photoproduction rates could grossly underestimate the predicted 

photochemical rates of superoxide. This observation, additionally, aligns with recent work using 

one-electron reductants that observed a significant oxidative sink for O2
– around 65–88% and 
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suggest that this could result from the simultaneous photoproduction of phenoxy radicals with 

CDOM (Zhang & Blough, 2016; Le Roux et al., 2021). 

The work presented in this thesis addresses these O2
– sinks in the sun by using SOD to 

elucidate the relative O2
– oxidative or reductive decay pathways among environmental and 

chemical parameters relevant to seawater, including CDOM, pH, ionic strength, carbonate 

interactions, and halide effects. The results in Chapter 2 indicate that oxidative pathways, as 

represented by C/CSOD and P/PSOD, decrease with increased pH and NaCl additions. Halide 

additions, however, provide largely inconclusive results, though Br– and I– seem to slightly 

decrease and increase, respectively, both C/CSOD and P/PSOD during the first hour of irradiation. 

In contrast, the most notable chemical control on RO2– was carbonate buffer, suggesting that 

carbonate radical may play an additional complex role in the photochemical cycling of ROS in 

surface seawater.  

The most striking trend across all our data was the significant decline in RO2– during 2 

hours of irradiation. We speculate this the nonlinear accumulation of H2O2 over irradiation is 

most likely due to decreased electron availability to oxygen as a result of competition with 

photochemically produced one-electron reductants within CDOM (CDOM+/–). While not 

statistically significant, we also observed a slight enhancement in oxidative pathways with 

continued irradiation as represented by C/CSOD and P/PSOD. We suggest that this increase in 

oxidative pathways in the light may be due to the simultaneous photoproduction of CDOM+ 

during the initial electron-transfer to O2, ultimately building a pool of oxidants that may, in turn 

start to compete with O2 for electrons made available with photochemistry. Additionally, we 

suggest our calculated RO2– may underestimate superoxide production rates by as much as 10% 

due to H2O2 photodecomposition. Altogether, the results presented in this study imply there are 
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shifts in O2
– decay pathways and production rates that seem to fluctuate across natural water 

environments and with diel cycles.  

Future work would benefit from examining marine DOM photoreactivity and superoxide 

cycling in natural systems. The molecular differences between freshwater and seawater DOM 

could influence CDOM photochemical efficiency. Additional studies that use DOM isolated 

from known marine sources, added to Milli-Q water and “built” back toward seawater conditions 

as was done here with a freshwater DOM may reveal ROS redox pathways and photoreactivity 

differences between marine and freshwater DOM. Thus, further research of the environmental 

and chemical controls on superoxide pathways examined in this study is needed before results 

from this study can be extrapolated to better predict rates of superoxide production and decay in 

open ocean systems. 

Further investigations into the role of photo-oxidants on O2
– production and decay would 

also enrich our understanding of redox potential and the fate of O2 in natural sunlit waters. To 

date, superoxide decay rates have been determined post-irradiation, and therefore, may not 

account for an additional loss by a photochemical produced transient species (Powers & Miller, 

2016). The results of this study would be further supported by quantifying O2
– reactivity using 

“antioxidant” activity analysis (King et al., 2016) during dark and irradiated experiments with 

these same environmental and chemical parameters. Additionally, investigations into the overall 

redox state of surface sweater in the dark and light may reveal links to a photo-oxidized DOM 

pool. Altogether, these and future studies will illuminate the parameters that control O2
– reaction 

pathways in irradiated samples and identify additional studies that are needed to model ROS 

kinetics. Ultimately, we hope work done in this thesis leads to a deeper understanding of the role 

of photochemistry in biogeochemical cycling and the redox state of sunlit natural waters.  
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APPENDICES 

SUPPORTING INFORMATION 

 

Figure S1. Suntest CPS special window glass. Solar simulator equipped with a 1.5 kW xenon 

lamp (Atlas) fitted with IR-filtering window glass that simulates sunlight reaching the earth’s 

surface (290–800 nm) was used for irradiation experiments. From Suntest CPS Manufacturer.  
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Figure S2. P/PSOD across all samples was largely variable with distinct outliers. A) 

Unamended data gave drastic outliers, therefore outliers (4) were removed to better understand 

our data. B) Even with outliers removed, the rate ratio for all samples did not statistically change 

over time, though the mean difference is slightly lower for final rate ratios (t=1.7, df=38, 

p=0.099). 
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Figure S3. H2O2 photoproduction relative to position under solar simulator. A one sample t-

test was performed in R to compare the mean differences of H2O2 concentration between the 

positions of beakers. The average difference in mean [H2O2] for all time points was 6.2 ± 45 nM 

and is not statistically significant (t=0.41, df=8, p=0.69). 

 

 

Figure S4. H2O2 photoproduction in freshwater solutions containing 2000 U/L or 4000 U/L 

of SOD. A) Two freshwater solutions with 2000U/L and 4000U/L SOD, respectively, were 

irradiated for 2-hrs to determine maximal SOD activity. B) The average difference of [H2O2] was 

calculated for each 15-min sampling to determine the overall average mean difference. A one 

sample t-test performed in R on these mean differences showed 4000U/L SOD to have a small 

decrease from 2000U/L (t=2.6, df=8, p=0.025) within analytical uncertainty. 
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Table S1. Percent absorption fading across all samples from 290–400 nm 

ID Collection pH Chemical Additions 
% Fading 

a (290–400) 

A1-1 Jan2020 7.00 None -9.2% 

A2-1 Jan2020 8.23 +Carb+NaCl -1.3% 

A3-1 Jan2020 6.89 +NaCl +2.7% 

A2-2 Jan2020 8.23 +Carb+NaCl -1.5% 

B1-1 June2020 6.72 None +17.8% 

B2-1 June2020 8.01 +Bor -4.5% 

B2-2 June2020 8.05 +Bor -4.4% 

B2-3 June2020 8.09 +Bor -3.6% 

B3-1 June2020 8.13 +Bor+NaCl -4.0% 

B3-2 June2020 8.04 +Bor+NaCl -6.0% 

B4-1 June2020 7.21 +NaCl -17.4% 

B4-2 June2020 7.43 +NaCl -13.3% 

B5-1 June2020 6.08 None -2.8% 

B5-2 June2020 5.98 None -3.4% 

B6-1 June2020 6.02 +Bor -4.2% 

B6-2 June2020 6.16 +Bor +0.6% 

B7-1 June2020 8.16 +Bor -4.8% 

B8-1 June2020 7.93 +Bor+NaCl -9.9% 

B9-1 June2020 7.83 +Bor+NaCl+NaBr -6.0% 

C1-1 Jan2021 7.55 None -7.0% 

C1-2 Jan2021 7.54 None -8.7% 

C2-1 Jan2021 7.99 +Bor+NaCl+NaBr -7.2% 

C2-2 Jan2021 8.00 +Bor+NaCl+NaBr -8.4% 

C3-1 Jan2021 8.06 +Carb+NaCl -6.6% 

C3-2 Jan2021 8.06 +Carb+NaCl -4.8% 

C4-1 Jan2021 8.09 +Carb+NaCl+NaBr -6.6% 

C4-2 Jan2021 8.13 +Carb+NaCl+NaBr -8.9% 

C5-1 Jan2021 7.34 +NaCl+NaI -2.4% 

C5-2 Jan2021 7.34 +NaCl+NaI -2.2% 

C6-1 Jan2021 8.15 +Carb+NaCl+NaI -9.4% 

C6-2 Jan2021 8.16 +Carb+NaCl+NaI -10.4% 

C7-1 Jan2021 8.12 +Carb+NaCl+NaBr+NaI -9.9% 

C7-2 Jan2021 8.11 +Carb+NaCl+NaBr+NaI -7.9% 

C7-3 Jan2021 8.03 +Carb+NaCl+NaBr+NaI -9.4% 

C7-4 Jan2021 8.04 +Carb+NaCl+NaBr+NaI -9.3% 
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Figure S5. Superoxide decay ratios and photoproduction rates relative to CDOM a(290–400). 

A) C/CSOD is not significantly correlated to a(290–400) (60: r=0.12, p=0.499; 120: r=0.18, p=0.316). 

B) P/PSOD is not significantly correlated to a(290–400) (60: r=0.31, p=0.080; 120: r=0.115, 

p=0.558). C) RO2– is not significantly correlated to a(290–400), except 60–90min (r=0.41, p=0.020). 
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Table S2. T-tests across chemical variables. 

(A) Concentration Ratio, C/CSOD 

t-test Time  

(min) 

Mean  

Difference 

t df p-value 

None vs. Salt 60 +0.225 6.9 4.9 0.001* 

120 +0.428 5.0 2.7 0.021* 

borate vs. 

carbonate 

60 -0.025 1.7 4.6 0.149 

120 -0.015 0.5 2.1 0.675 

SW-like vs. Br 

 

60 -0.070 2.0 1.3 0.243 

120 -0.002 0.1 2.0 0.957 

SW-like vs. I 

 

60 +0.073 4.1 3.0 0.026* 

120 +0.045 1.0 2.5 0.404 

SW-like vs. Br+I 60 +0.014 0.6 5.3 0.545 

120 +0.040 0.6 4.3 0.582 

 

(B) Rate Ratio, P/PSOD 

t-test Time Interval 

(min) 

Mean  

Difference 

t df p-value 

None vs. Salt 0–60 +0.348 6.5 2.3 0.016* 

60–120 -0.155‡ — — — 

borate vs. 

carbonate 

0–60 +0.023 0.5 3.4 0.672 

60–120 -0.103 0.3 3.4 0.749 

SW-like vs. Br 

 

0–60 -0.237 1.8 1.3 0.265 

60–120 +0.205 0.9 2.6 0.452 

SW-like vs. I 

 

0–60 +0.155 2.3 3.1 0.099 

60–120 -0.171 1.9 2.0 0.193 

SW-like vs. Br+I 0–60 +0.026 0.4 5.9 0.736 

60–120 -0.419 1.6 5.0 0.175 
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(C) Max Superoxide Rate, RO2- 

t-test 
Time Interval 

(min) 

Mean  

Difference 
t df p-value 

None vs. Salt 0–30 -0.00592 0.5 3.1 0.658 

30–60 -0.00974 1.1 4.1 0.320 

60–90 -0.01547 2.5 5.0 0.054 

90–120 -0.00119 0.1 4.0 0.916 

borate vs. 

carbonate 

 

0–30 +0.02379 3.7 4.9 0.014* 

30–60 +0.01912 3.2 4.3 0.031* 

60–90 +0.01469 2.0 3.3 0.136 

90–120 -0.00256 0.3 3.7 0.759 

SW-like vs. Br 

 

0–30 -0.01557 3.0 3.0 0.057 

30–60 0.00073 0.2 3.0 0.862 

60–90 -0.00541‡ — — — 

90–120 0.00704 1.5 2.1 0.266 

SW-like vs. I 

 

0–30 -0.00650 1.0 3.8 0.374 

30–60 -0.00582 0.7 1.6 0.556 

60–90 -0.00185 0.4 3.0 0.710 

90–120 +0.00230 0.4 2.9 0.728 

SW-like vs. Br+I 0–30 -0.01006 1.4 6.0 0.222 

30–60 -0.01751 3.0 5.9 0.026* 

60–90 -0.01461 2.5 5.0 0.056 

90–120 +0.00110 0.1 4.9 0.896 

‡ Not enough data was available to perform a t-test 

 


