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Environmental Impact Statement

Hydroxyl radical (*OH) is a reactive oxidant that has been implicated in carbon cycling
and fate of recalcitrant pollutants in aquatic ecosystems. Uncertainty about the sources
and sinks of *OH and their relative magnitudes in natural waters has hindered efforts to
understand these processes. To address these knowledge gaps, we characterized the
formation and reaction of photochemically produced «OH across a range of small streams,
large rivers, and lakes in the Arctic. Rates of photochemical *OH formation from
dissolved organic matter (DOM) in arctic surface waters were higher than expected given
the low levels of nitrate and relatively low levels of iron, suggesting that the DOM in
these waters may be better at generating «OH than has been previously characterized. We

concluded that DOM was the primary source and sink for *OH in these surface waters.
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Graphical Abstract Text
Photochemical hydroxyl radical formation decreases with increasing water residence time

in a system of lakes connected by streams in the Arctic.
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Abstract

Hydroxyl radical (*OH) is an indiscriminate oxidant that reacts at near—diffusion—
controlled rates with organic carbon. Thus, while *OH is expected to be an important
oxidant of dissolved organic matter (DOM) and other recalcitrant compounds, the role of
*OH in the oxidation of these compounds in aquatic ecosystems is not well known due to
the poorly constrained sources and sinks of *OH especially in pristine (unpolluted) natural
waters. We measured the rates of *OH formation and quenching across a range of surface
waters in the Arctic varying in concentrations of expected sources and sinks of «OH.
Photochemical formation of *OH was observed in all waters tested, with rates of
formation ranging from 2.6+0.6 to 900+100 x10** M s*. Steady-state concentrations
ranged from 2+1 to 290+60 x10 %" M, and overlapped with previously reported values in
surface waters. While iron—mediated photo—Fenton reactions likely contributed to the
observed *OH production, several lines of evidence suggest that DOM was the primary
source and sink of photochemically produced *OH in pristine arctic surface waters. DOM
from first—order or headwaters streams was more efficient in producing *OH than what
has previously been reported for DOM, and *OH formation decreased with increasing
residence time of DOM in sunlit surface waters. Despite the ubiquitous formation of «OH
in arctic surface waters observed in this study, photochemical *OH formation was
estimated to contribute < 4 % to the observed photo—oxidation of DOM; however, key
uncertainties in this estimate must be addressed before ruling out the role of «OH in the

oxidation of DOM in these waters.
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Introduction

Hydroxyl radical («OH) is a potent oxidant of organic compounds in sunlit surface
waters, but uncertainty on the specific sources, sinks, and reactions of *OH with aquatic
constituents have limited efforts to quantify the role of *OH in aquatic C cycling. The role
of *OH in the oxidation of dissolved organic matter (DOM), the largest C pool in aquatic
ecosystems, depends on the magnitude of *OH production, which in turn is a function of
the sources and formation pathways of «<OH. For example, under conditions conducive to
photo—Fenton processes, e.g. reaction of ferrous iron with hydrogen peroxide, *OH was
suggested to be an important oxidant of DOM to CO,.** In contrast, when photochemical
reactions of DOM, nitrate, or nitrite were the predominant sources of *OH, rates of *OH
formation were concluded to be too low for *OH to account for the observed
mineralization of DOM.>® However, we currently know too little about how the sources
and magnitude of photochemical *OH production (photo—Fenton vs. DOM or “other”)
vary across aquatic ecosystems covering gradients in pH, iron, DOM concentration, and
DOM chemical composition to understand the importance of *OH in C cycling.

The photochemical sources of *OH in natural waters are nitrite,”® nitrate #1013
photo—Fenton reactions,?** and DOM.**® In waters receiving agricultural or urban run—
off, nitrate and nitrite are important sources of *OH formation. Iron—-mediated photo—
Fenton sources of *OH are important in iron—rich waters, such as streams or ponds
polluted by acid—mine drainage. Photo—Fenton reactions may also contribute to «OH
formation in pristine low—iron waters. Vermilyea and VVoelker estimated that ~ 80 nM of
iron was adequate to initiate photo—Fenton production of «OH in freshwaters and
suggested that even at these low iron concentrations photo—Fenton formation of «OH may
be comparable to surface waters containing up to 100 pM nitrate.* However, it is not

possible to predict the role of iron in *OH formation based only on iron concentrations

Page 4 of 51



Page 5 of 51

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

101

Environmental Science: Processes & Impacts

because *OH production does not necessarily increase linearly with added iron.'® Inter—
related factors including pH, iron redox state and speciation, as well as sources and sinks
of the key intermediates, all contribute to the rate of «<OH production from photo—Fenton
reactions.

Nonetheless, in polluted waters where concentrations of nitrate, nitrite, and iron
are high, these constituents are well-characterized sources of *OH. In contrast, many
pristine waters have low concentrations of these constituents and are instead high in
DOM.?*22 Dye to the chemical heterogeneity of DOM, the contribution of DOM to *OH
formation in natural waters has often been inferred “by difference”, whereby the yields of
*OH from better—characterized sources (e.g. nitrate, nitrite, iron) are taken in account
based on their concentration and the remaining *OH is attributed to DOM. %% For
example, using this approach, Mopper and Zhou found that nitrate, nitrite, and hydrogen
peroxide, an indicator of photo—Fenton sources, accounted for less than 50% of the
observed *OH.™ To further support the role of DOM in the remaining > 50% of *OH
formed, Mopper and Zhou reported positive relationships between «OH production and
measures of the chromophoric and fluorescent fractions of DOM (i.e. CDOM and FDOM,
respectively).*>*® VVaughan and Blough also concluded that DOM could account for at
least 50% of photochemical *OH in surface waters. In their study, they added catalase to
minimize the photo—Fenton source of *OH from trace metals present in well characterized
isolate of aquatic DOM.*’

While studies have demonstrated that DOM plays a role in the photochemical
formation of *OH in surface waters, few studies have investigated patterns of *OH
formation across pristine waters where DOM is likely to be relatively more important
source of *OH compared to polluted waters with elevated levels of nitrate, nitrite and

iron. A notable exception is the recent work of Timko, et al., which examined the
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102  production of *OH along an estuarine gradient in the Florida Everglades.? Of the studies
103  that have characterized *OH formation from isolated DOM in the laboratory, evidence has
104  suggested that the light—exposure history and chemical composition of DOM may

105 influence its capacity to produce OH. For example, *OH production has been shown to

1819 and has been

106  vary between sources of DOM differing in chemical composition
107  reported to decrease with increasing exposure of DOM to light.?® These findings are

108  consistent with studies showing higher *OH production upon exposure of photo—protected
109  groundwater or bottom waters to sunlight, in comparison to *OH formation from surface
110  waters (accounting for differences in DOM concentration).®* The degradation of

111 chromophoric DOM during exposure to light (photobleaching) would be expected to alter
112 «OH formation because it is the light—absorbing aromatic fraction of DOM that is

113 responsible for production of reactive oxygen species, including *OH.?" Thus, the current
114 understanding is that in addition to iron, DOM is a source of *OH in pristine waters, and
115 its capacity to form *OH may vary with its light exposure history, e.g. residence time in
116  sunlit surface waters.

117 Although there is uncertainty on the relative importance of iron or DOM as

118  sources of *OH in pristine aquatic ecosystems, the fate of *OH once formed may be

119  constrained if the concentration of DOM and major anions are known. Hydroxyl radical
120  reacts at near—diffusion—controlled rates with many organic and inorganic compounds.?®
121 In seawater or other high ionic strength freshwaters, the majority of the «OH formed

122  reacts with anions to form radical species of lower energy and higher reaction

123 selectivity,™ with less *OH available to oxidize DOM. In contrast, in oligotrophic or low
124  ionic strength freshwaters, DOM is expected to be the major sink for «OH for DOM

125  concentrations >0.5 mg C/L.>* However, few studies have measured the rate constant of

126  *OH quenching in freshwaters exhibiting gradients in DOM and major anions. While
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studies have verified that DOM is the main sink for *OH in low conductivity waters
prepared using isolates or extracts of DOM in DI water, a lack of field measurements in
freshwaters covering gradients in DOM composition means there is little information to
guide expectations on how the quenching of *OH by DOM may vary with DOM
composition.

To address these knowledge gaps, we conducted a field survey of sources and
sinks of *OH in arctic surface waters near the Arctic Long—Term Ecological Research
(LTER) site at Toolik Lake, Alaska, USA (68° 38" N, 149° 36' W) covering gradients in
water chemistry that likely enhance or minimize *OH production (e.g. pH and
concentrations of dissolved constituents involved in the production and quenching of
*OH). For example, we sampled small, acidic headwater streams rich in DOM and iron,
as well as the circumneutral lakes receiving water from these streams. We also compared
*OH production and quenching along longitudinal transects on two large rivers, the
Kuparuk, whose headwaters are isolated from glaciers in the Brooks Range, and the
Sagavanirktok, whose headwaters arise in the mountains and whose water is impacted
strongly by carbonate-rich rocks and glacial flour. These two rivers thus have contrasting
characteristics of low dissolved organic carbon (DOC) and high dissolved inorganic
carbon (DIC) in the Sagavanirktok, and high DOC and low DIC in the Kuparuk and they
also represent the two major types of rivers draining into the Arctic Ocean.?*

Because our goal was to test for the influence of DOM on photochemical
production and quenching of *OH, we sampled a configuration of lakes and streams that
have strong downstream gradients in DOM composition. For example, we compared
water from two branches of the Inlet Series stream differing in lake—stream
configurations. One stream branch contains a chain of nine lakes while the other stream

branch serves as a “control” because it has only one lake near its base fed by a large
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network of headwater streams. Because the contrasting branches are adjacent and thus
drain the same soils (and thus have similar chemistry at their headwaters), the major
difference between the branches is the longer residence time of the water in the branch
with lakes compared to the lake-less branch.?® The stream connecting lakes functions
differently than a lake-less stream due to the cumulative effects of moving materials from
lake to lake and the associated increased residence times in lakes compared to

streams, 23!

consistent with the correlation between DOM composition and water
residence time in these surface waters.*? Together, previous studies of the Inlet Series and
nearby streams and lakes has suggested that water residence time is an important control
on DOM composition due to increased opportunities for soil-derived DOM to be
degraded by bacteria and sunlight in surface waters.?**"*? Similarly, DOM processing at
the headwaters of a river may differ compared to processing at the river mouth due to
downstream increases in light exposure.® Thus, we measured *OH production and
quenching from different configurations of lakes and streams and from a longitudinal
transect of a large river to infer how the processing of DOM with increased water
residence time may influence the photochemical production and fate of *OH.

Finally, given that *OH has been implicated in the photochemical oxidation of
DOM to CO,, we were also motivated to investigate *OH sources and sinks in arctic
surface waters because there is increasing consensus that, on a landscape level,
photochemical oxidation of DOM is important for the fate of terrestrially derived DOM
flushed from soils to sunlit surface waters in the Arctic.*>**% Strong climate change in
the Arctic is leading to permafrost thaw,*” which can cause melting of ground ice and
destabilization leading to hillslope failures (i.e. thermokarst failures).*® An anticipated
consequence of permafrost thaw and thermokarst failure is the increased flow of DOM

from soils to sunlit surface waters where this previously frozen C may be oxidized and
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returned to the atmosphere as CO; by photochemical reactions involving *OH, among

other processes.

Materials and Methods
General considerations

Site Description

Water samples were collected from 65 surface waters near the Arctic Long—Term
Ecological Research (LTER) site at Toolik Lake, Alaska, USA (68° 38" N, 149° 36" W,
elevation 720 m) during snowmelt and the ice—free season (May—August) 2012.2%%? The
area around Toolik Field Station is characterized by continuous permafrost and nearly 24
hours of daylight during the summer growing season (May—August). In contrast, in the
winter months (September—April) with little to no daylight, the streams and lakes are
frozen and snow—covered. Ice—out and snowmelt generally occur in May or June.
Snowmelt corresponds with the peak discharge in streams and rivers,* with higher DOM

concentrations®® and shifts in DOM composition®**°

compared to the much lower flow
conditions thereafter through the summer.

Tussock tundra is the dominant vegetation, and areas of wet sedge tundra, drier
heath tundra on ridge tops and other well—drained sites with river—bottom willow

communities are found in the Toolik Lake watershed (http://ecosystems.mbl.edu/ARC/ ).

Surface waters near Toolik Lake are ultra—oligotrophic?® and exhibit a large range in
concentrations of DOM and dissolved iron, 32344142

We collected water at different spatial and temporal scales over the summer. For
example, samples were collected ca. biweekly to monthly at Imnavait Creek, a first—order

stream characterized by low pH (5-6), low conductivity (avg. 14 pS cm™), and high DOC

(avg. 1300 uM C),* and from the Kuparuk River near the field station where the river is
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a 4™ order stream characterized by near—neutral pH (> 7), medium conductivity (avg. 100
uS cm™), and medium DOC (avg. 420 uM C). Approximately monthly samples were also
collected from the Sagavanirktok River, characterized by alkaline pH (~8), high
conductivity (avg. 230 uS cm™?), and low DOC (avg. 110 pM C), as well as the Toolik
Inlet stream, a second—order stream characterized by near—neutral pH (>7), medium
conductivity (avg. 70 uS cm ), and medium DOC (avg. 600 pM C).

In addition, we sampled hydrologically connected streams and lakes at two spatial
scales in August 2012 to test the role of residence time in sunlit surface waters on the
photochemical production of *OH. First, on a spatial scale of ~ 18 km, we sampled the
Inlet Series stream of Toolik Lake Catchment from its headwaters to Tooilk Lake. The
Inlet Series stream consists of two major branches: (1) the western branch passing
through a series of eight lakes before reaching Toolik Lake (2) the eastern branch that
flows only through the tundra for its entire length until it reaches the last lake upstream of
Toolik Lake.?’ The Inlet Series streams range in order from 1-3, and the water chemistry
is characterized by near—neutral pH, low-medium conductivity (avg. 50 pS cm™), and
medium DOC (avg. 600 uM C).

Secondly, on a spatial scale of ~ 350 km we collected water from 10 sites
spanning the Kuparuk River from its headwaters in the Brooks Range to the mouth at the
Arctic Ocean. The Kuparuk River water chemistry varies from the headwaters to the coast
with pH ~7, conductivity ~ 100 pS cm?, and ~ 400 uM C in the 1°-3" order upstream
sections to pH ~8, conductivity ~ 100 uS cm™, and ~ 300 uM C, downstream where the
river is > 4" order.

Lastly, we also sampled thermokarst soil waters and thermokarst—impacted surface
waters. Thermokarst—impacted streams and lakes receive inputs of permafrost carbon and

minerals as the result of a thawing—induced landscape failure and are characterized by

10
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high conductivity (~ 700 uS cm™), high DOC (~ 2100 pM C), and high alkalinity (~ 1700
Leq L—1)_34

Chemicals

All chemicals were used as received, unless otherwise noted. Suwannee River
Fulvic Acid (SRFA; 1S101F) was obtained from the International Humic Substances
Society (IHSS). Terephthalic acid (98%) and 2—hydroxyterephthalic acid (97%) were
obtained from Aldrich. Sodium terephthalate (TPA) was prepared as previously
described.** Ferrous ammonium sulfate (ACS grade), 3—(2—pyridyl)-5,6—diphenyl-1,2,4—
triazine—p,p'—disulfonic acid disodium salt hydrate (ferrozine; >98%), 4—(2—
hydroxyethyl)piperazine—1—ethanesulfonic acid (HEPES; >99.5%), hydroxylamine
hydrochloride (>99%), potassium phosphate monobasic (reagent grade), sodium
phosphate dibasic anhydrous (reagent grade), mercuric chloride (>99%), sodium
hydroxide (1.0 N solution, certified), and hydrochloric acid (trace metal grade) were
obtained from Fisher Scientific. Formic acid (AnalaR Normapure, 99-100%) was
obtained from VWR. Pyridine (99.9%), p—nitroanisole (97%), and methanol (Chromasolv
for HPLC) was obtained from Sigma—Alrich. Water for stock solutions was obtained from

a Barnstead E—Pure and B—Pure deionization system or Millipore Simplicity UV System.

Sample collection

Under high flow conditions (e.g. early season), water samples were collected as
grab samples in triple-rinsed HDPE bottles from the bank of streams. Under low flow
conditions during July- August, water samples were collected close to the center of the
shallow streams and rivers (mean depth of 0.5 m). Most collection of lake surface waters
was taken as grab samples from the bank of the lake outlet stream, because the water

flowing to the lake outlet is an integrated sample of epilimnetic water.?® Exceptions to the

11
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lake outlet grab samples included surface water from Toolik Lake in May when the lake
was ice-covered; on this date water was collected a depth of 3m (ice thickness ~ 1 m) by
pumping water up to the surface using a peristaltic pump. All water samples were filtered
at Toolik Lake Field Station using pre—combusted GF/F filters (nominal 0.7 um;
Whatman), unless otherwise noted. All samples were stored at 4 °C until analysis which
ranged from hours (for UV—-vis/fluorescence characterization) to months for *OH, DOC,

or total iron analysis.

Sample characterization

Temperature, pH, and conductivity were measured in situ in the field using Orion
or WTW pH and conductivity meters. Alkalinity was measured using potentiometric
titrations and analyzed with the Gran method. Dissolved organic carbon (DOC) was
measured from GF/F (nominal 0.7 um; Whatman) filtered water from filtered water
samples preserved with 6 N HCI using a Shimadzu TOC-V analyzer.?

Samples for UV-visible absorbance and fluorescence spectra were analyzed in the
field from filtered water using an Aqualog Fluorometer (Horiba Scientific). Fluorescence
spectra were collected as excitation—emission matrices (EEMs) following procedures in
Cory et al. 2010.%

Aliquots of water filtered in the field were acidified to pH ~2 with 6 N trace metal
grade HCI prior to analysis of total and ferrous iron via the ferrozine method.*® Samples
for total iron analysis via ICP were filtered in the field using Whatman nylon 0.45 pm

filters followed by acidification to pH ~ 2 with 6 N trace metal grade HCI.

Hydroxyl radical detection

Hydroxyl radical production was measured using terephthalate (TPA) as a probe.

12
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TPA has been used to detect photochemical *OH production from natural waters*’ and
from natural organic matter isolate solutions.®#448-°® Briefly, TPA was added to natural
water samples placed in borosilicate test tubes and exposed to UV light. Simulated UV
light is required to measure *OH formation because the hTPA is not stable when exposed
to the higher energy wavelengths in the UVB portion of sunlight.** Two different
procedures were used for the photolysis and measurements, depending on the location of
the analysis (Toolik Field Station or ETH Zurich; see Table S1 in the supporting
information for sample information and measurement location).

At the field station, photolysis experiments were conducted using 6 x 40-W
BL350 fluorescent blacklight tubes fixed to the top of the photolysis chamber,** with
samples placed horizontally on a rotating plate, and subsamples taken for analysis over
the course of two hours. The fluorescence of the subsamples was measured (Aex = 310 nm,
Aem = 425 nm). Standard addition of 0, 40, and 80 nM hTPA was used to calibrate the
hTPA response for each sample. At ETH Zurich, photolysis experiments were conducted
using a Rayonet reactor with 2 x 365 nm bulbs located on the outside walls of the reactor
and a rotating merry—go—round sample holder at the center of the reactor, with
subsamples taken over the course of 1 hour and analyzed via UPLC, using a method
published previously.*®***” The intensity of the Rayonet light source used in this study
has been shown to be slightly more intense but overall similar to sunlight,®® comparable
with light sources used in other studies. Because the rate of *OH formation is dependent
on the light source and intensity, and a subset of samples was analyzed using both light
sources (at the field station and in the laboratory) to determine that values obtained for
the samples exposed to the blacklight fluorescent bulb at the field station were on average
6010 % lower than values obtained for samples exposed to the Rayonet in the

laboratory, due to the lower intensity of the fluorescent bulbs at the field station. All data

13
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measured at the field station using the blacklight fluorescence bulbs were corrected for
this factor. Given the lower sensitivity of the fluorescence—based method used to detect
*OH at the field station compared to the combined LC—fluorescence method used in the
laboratory, as well as the lower overall *OH production due to the different light source,
we were unable to quantify «OH quenching rates for samples analyzed at the field station.
The limit of detection for the fluorescence—based method was ~ 4 nM, while the limit of
detection for the combined LC—fluorescence method was < 1 nM. The standard deviation
of the hTPA fluorescence response was an average of £7%, providing evidence for
minimal matrix interference effects in the measurements.

Additionally, the rates of hTPA formation were corrected for internal light
screening at the major excitation wavelength (A=340 nm for the field method; A=365 nm

for the Rayonet in the laboratory), using the following equation (1)

1_eall

Sy = (1)

a,l
where a; is the Naperian absorption coefficient in cm™, and [ is the photolysis path length
incm.

Two concentrations of the TPA probe compound were added to splits of each
sample to quantify «<OH formation and quenching. A concentration of 850 uM TPA was
used to quantify the rate of formation of *OH (equation 2), because this concentration was
calculated to be sufficient to quantitatively react with the *OH formed during photolysis.
This calculation assumes a yield of hTPA formation of 0.35 for each reaction of TPA
with *OH.* There is currently no method to explicitly account for any sample—to—sample
variability in hTPA yield. While there is evidence that this yield does not depend on

59-61 the effect of iron concentration or

DOM composition, pH, or DO concentrations,
conductivity on the yield of hTPA has not been studied in natural waters. The error in the

rate of formation was calculated as the regression uncertainty of the slope of hTPA

14
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concentration versus photolysis time (x10% on average). A second split of each sample
was spiked with 11 uM TPA to quantify the rate constant of quenching of «OH,
subsequently calculated using the concurrently quantified rate of formation (equation 3).
A concentration of 11 uM TPA was chosen because it had previously been demonstrated
to provide a balance between sufficient hnTPA formation and minimal perturbation of the
steady—state *OH concentration.'®** The error in the rate constant of quenching (an
average of +14%) was determined using the standard deviation of the slope of hTPA
concentration versus photolysis time and the error in the rate of formation. The steady—
state concentration of *OH was calculated using the rate of formation and the rate of
quenching of *OH (equation 4), with the error propagated from the rates of formation and

quenching (£16% on average).

[RTPA] /.

karm,-OH = % (2)

0.35K form,.e
kquench,-OH = [W/mm{ —1] x (ern,TPA [TPA]) (3)
time

kform,-OH

[ OH]ss = ——— 4)
kquench,oOH

Calculation of hydroxyl radical production quantum yield

The apparent quantum yield (¢.on) of *OH production was calculated to normalize
the observed rate of *OH production to the rate of light absorption of each water sample,
such that highly colored waters could be compared to waters with lower absorbance. For
calculations of apparent quantum yield of *OH production (¢.on), a p—
nitroanisole/pyridine (PNA—pyr) actinometer was used to quantify the irradiance in the
Rayonet reactor, a polychromatic UVA light source (340-410 nm) using a method
previously described® to calculate the apparent ¢.oy for each sample using equation 5.

All absorbance values for water samples, actinometers, and Suwanee River Fulvic Acid,

15
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were low (below 0.15 at 365 nm), and the actinometer reaction was measured to the
completion of one half—life. The error in these values was quantified as the standard

deviation of rates of *OH production and PNA degradation, which was on average +8%.

kformeoH _ KabspPNA
boon = Zrm X ka > X Ppna (%)
PNA abs,«OH

In this equation, the ¢.on Is the ratio of the rates of *OH production from the natural water
samples (Kgorm,.-on) and the PNA degradation observed (kpna), multiplied by the ratio of
the light absorption from 340-410 nm of the PNA (Kkaps pna) @nd the water sample
(Kabs.or), multiplied by the apparent quantum yield of the PNA/pyr actinometer (dpna)-
To confidently compare apparent quantum yields for *OH quantified in this study
to previously published values, we measured the apparent quantum yield for «OH
production from a well—characterized reference DOM sample from the International
Humic Substance Society, Suwanee River Fulvic Acid (SRFA). The rate of *OH
production for SRFA was determined to be 71+4 x10*? M s for a solution with 12 mg C
L at 365 nm, in agreement with previously measured values (13-60x10 2 M s%)
obtained under similar irradiation conditions.**” The ¢.oy value for SRFA was found to

be 2.7+0.1 x10°, in good agreement with previous findings at 360 nm (~ 2.4 x107°)."

Correlation of water quality parameters with hydroxyl radical formation and quenching
To evaluate the variation in *OH among the data, *OH formation and quenching
rates were compared with > 20 measures of DOM quantity and quality or water
chemistry: acpowm (integrated absorbance, asgo, asos, 8313, 8320, @340, @365, 380, 8395, A412,
slope ratio), FDOM (integrated fluorescence, peak A, peak C, peak T, fluorescence
index), total iron, ferrous iron, ferric iron, DOC, alkalinity, pH, conductivity, and water
temperature. Using linear regression analysis, significant correlations were reported based

on a slope significantly different than zero (95% CI). Because [*OH]; is the ratio of the
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rates of «OH formation and quenching, the correlations were a combination of the
relationships observed individually for the formation and quenching and thus were not
reported here.
Results
Water chemistry overview

Imnavait Creek had the lowest conductivity and alkalinity, high DOC, and highest
dissolved iron concentrations (980-2200 uM C and 4-11 uM Fe, see Table 1) as expected
given that this stream drained the water—logged organic mat of the active soil layer.*®
Imnavait Creek was poorly buffered and, due to the abundance of organic acids flushed
from soils, generally had low pH (4.8-6.6). Low pH likely slowed oxidation of the
continuous flux of reduced iron from the anoxic soils, leading to the observed high
ferrous iron concentrations of 2—6 uM in comparison to other surface waters (Table 1).
Other streams and lakes (Inlet Series, Toolik Lake, Kuparuk River, Sagavanirktok River),
exhibited a wider range of conductivity, pH, and alkalinity, but were generally lower in
DOC and Fe and higher in conductivity and alkalinity compared to waters from Imnavait
Creek (Table 1). Waters from thermokarst soils had the highest conductivity, DOC, and
alkalinity due to the weathering of carbonate—rich minerals and organic matter in

permafrost soils.
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Table 1. Water chemistry measurements for all samples.?

Page 18 of 51

Variable \S/\l;ggf:b Imnavait Creek -Srgi?wgtﬁ?t
Sample number = 102 6 8

pH 6.98 + 0.06 52+05°¢ 7.4+0.04
Conductivity (1S cm?) 114 £ 7° 14 + 3¢ 700 +200°
Alkalinity (ueq L™) 760 + 60 29+5° 2000 + 1000
DOC (umol L™) 440 £20° 1300 + 200 ¢ 2100 + 600 °
Integrated absorbance (m?*) 820+ 70¢ 3500 + 1400 ° 2000 + 300 ¢
aszo (MY) 12 +1¢ 52 +6° 28 + 3¢
Integrated fluorescence 5200 + 400 ° 21000 + 2000 27000 + 3000 ¢
Peak A 0.87 +0.06° 3.4+03 3.6+0.4
Peak C 0.39+0.03° 1.7+0.2 1.5+0.2
Peak T 0.12+0.01¢ 0.30 £ 0.05¢ 1.2+0.1°
Fe(Il) (umol L ™) 05+0.1 43+0.7°¢ 0.3

Feoal (pmol L) 0.76 +0.08 ¢ g+1¢ 3+2¢

Cl" sample number = 105 °

CI™ (umol L) 52+0.4°

SO4> sample number = 132°

SO, (umol L) 44+03°

NO5> sample number = 215°

NO3* (umol L) 0.17 £0.02 ©

& Water samples were collected surface waters near the Arctic Long—Term Ecological
Research (LTER) site at Toolik Lake, Alaska, USA (68° 38' N, 149° 36' W; elevation 720
m) between May and August 2012. Mean values and standard errors are reported for all
measurements when possible. ® Kuparuk River, Sagavanirktok River, Toolik Lake, Toolik
Inlet Series, Rooftop River, Nanushuk River, Lake NE—14, and Lake 395. ¢ One group
significantly different from other two, p < 0.005. ¢ All groups significantly different, p <

0.005. © Reference 20.

Hydroxyl radical formation, quenching, concentration, and quantum yield

Rates of *OH formation ranged from 2.6+0.6 x10* M s to 900+100 x10 2 M s~
! (Figure 1a) and rate constants of *OH quenching were 5.6+0.7 x10° s™* to 80420 x10° s
! (Figure 1b) The steady—state *OH concentration ([*OH]ss) ranged from 2+1 x10™*" M to
290460 x10*" M (Figure 1c). The ¢.on values (from 340-410 nm) ranged from 0.06+0.01
to 1.8+0.2 x10~* (Figure 1d). The rates of *OH formation and quenching, associated *OH

steady—state concentrations and apparent quantum yields overlapped with values
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previously reported in freshwaters,>16:24:63.64

Spatial and temporal patterns in hydroxyl radical production

Water from Imnavait Creek, a high DOC and iron stream, had the highest rates of
*OH formation, highest steady—state concentrations, and highest apparent quantum yields
(Figure 1). Using ANOVA analysis with a Tukey—Kramer test, the rate of *OH formation
and the steady—state *OH concentration from Imnavait Creek was significantly higher in
comparison to all other lakes, rivers, and streams (p < 0.01 and p < 0.05, respectively). In
comparison with Imnavait Creek, waters collected from reference or thermokarst soil
waters exhibited lower rates of *OH formation, *OH steady state concentrations, and
apparent quantum yields (Figure 1). Thermokarst soil waters had significantly higher
mean *OH quenching rate constants (Figure 1) compared to the other lakes, rivers, and
streams as determined by ANOVA analysis with a Tukey—Kramer test (p < 0.001).
Although Imnavait Creek water had higher rates of *OH formation and lower *OH
quenching compared to thermokarst soil waters, we could not evaluate whether these
differences were statistically significant due to the low number of independent samples

from each water type.
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Figure 1. Trends in hydroxyl radical formation, quenching, steady—state concentrations,
and apparent quantum yield by water type 1) lakes, rivers, and streams, 2) thermokarst
soil waters, and 3) Imnavait Creek, a first—order beaded stream. Box—and—whiskers plots
of the rate of hydroxyl radical formation (Kgm.-on, M s™; 2a), the rate constant of
hydroxyl radical quenching (Kquench,+oH, s'!: 2b), the steady-state concentration of
hydroxyl radical ([*OH]ss, M; 2c), and the apparent quantum yield of hydroxyl radical
formation (AQY/; 2d) versus water type. The Kuparuk River early season data point in the
lakes, rivers, and streams category is noted in a different symbol. Significant differences
between a water type and the lakes, rivers, and streams samples are denoted with *, where

* represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001.

Comparing the branches of the Inlet Series streams with and without lakes,
steady—state concentrations were higher in along the branch without lakes compared to

lake outlets by a factor of 3+1 (3.2+0.3x10™® M versus 1.4+0.5x10*® M; Figure 2). Along
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448  the branch of the stream passing through lakes, the steady—state concentrations were an
449  average of 3£1 times higher at a lake inlet compared to the outlet of the same lake

450  (calculated for I-3, I-5, I-6 headwaters, 1-6, and I-Swamp; Figure 2). These differences in
451  steady-state *OH concentrations were primarily driven by differences in rates of *OH
452  formation, because quenching rate constants for «<OH were similar at all sites (1.4+0.2
453 x10°s™).

454 Steady-state *OH concentrations decreased with increasing distance from the

455  headwaters along the branch of the Inlet Series stream connected by lakes within the

456  Toolik Lake catchment. Steady—state *OH concentrations decreased from a maximum
457  value of 60+10 x10™*" M at the I-6 inlet to a minimum of 9.6+0.8 x10*" M at the I-1
458  outlet (Figure 2), a decrease of ~ 85% over the 18 km distance from the headwater stream
459  to Toolik Lake. As above for differences between lake inlets and outlets, the spatial

460  patterns in steady—state *OH concentrations were primarily driven by differences in rates
461  of *OH formation, because quenching rate constants of *OH were similar at all sites

462  (1.4+0.2 x10° s™Y). In contrast, in the branch of the Inlet Series stream without lakes,

463  steady-state concentrations did not decrease significantly over the same length, with a
464  maximum of 34+4 x10*" M at the 1-8 headwaters and a minimum of 30+1 x10*" M at
465  the most downstream site 1-8 into 1-9 (Figure 2).

466 Similar to the Inlet Series of lakes and streams, steady—state concentrations of
467  +OH decreased by ~ 80% over the 350 km distance of the river from 31+3 x10*® M at the
468  headwaters to 7+2 x107'® M at the mouth at the Arctic Ocean (Figure 2). The downstream
469  difference observed in steady—state *OH concentrations in the Kuparuk River was

470  primarily driven by differences in rates of *OH formation given similar rate constants of
471  quenching (8+2 x10* s at all sites with the exception of location 3a, where the rate

472  constant of quenching was double the rate constants observed at all other stations.
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479  Figure 2. Spatial variability of hydroxyl radical formation in connected streams and lakes
480 at different spatial scales. (a) Steady—state hydroxyl radical concentrations measured for
481  the Inlet Series of connected streams and lakes in the Toolik Lake catchment sampled on
482 7 and 8 August 2012. The Inlet Series branch with no lakes is denoted by dashed circles,
483  while the branch with lakes and streams is denoted by solid circles. The steady—state

484  hydroxyl radical concentrations in the Inlet Series samples ranged from 9.6+0.8 to 60+£10
485  x107'" M (small to large circles; diameter is proportional to *OH steady—state

486  concentration). (b) Rate of *OH formation (open circles) and apparent quantum yield of
487  +OH formation (filled diamonds) versus water residence time for the I-series samples on
488 7 and 8 August 2012. Water residence times were taken from Kling et al.?° (c) Steady—
489  state hydroxyl radical concentrations measured for the Kuparuk River sampled on 1

490  August 2012. The steady—state hydroxyl radical concentrations in the Kuparuk River
491  ranged from 7+2 to 31+3 x10*® M (small to large circles). (d) Steady-state hydroxyl
492  radical concentrations (open circles) and apparent quantum yield of *OH formation (filled
493  diamonds) versus distance from the headwaters for the Kuparuk River sampled on 1

494  August 2012.

495

496 Water collected in May and early June during snowmelt had higher rates of *OH
497  formation, higher steady—state concentrations, and higher apparent quantum yields

498 compared to waters sampled during the summer (Figure 3). For example, in the Toolik
499 Inlet stream, on the 18™, 19™ and 21% of May, 2012, the rates of *OH formation were
500 1.1+0.2, 9.0+0.7, and 1.8+0.1 x10** M s™*, respectively. Similarly in the Kuparuk River,
501 on the 18" and 22" of May, 2012, the rates of *OH formation were 6.3+0.2 and 77+8
502 x10' M s, respectively, higher than formation rates measured at the same site later in

503  the season (avg. 2.6+0.7 x10 " M s7?).
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504  Correlation of water quality parameters with hydroxyl radical formation and quenching
505 Hydroxyl radical formation and quenching were strongly, positively correlated
506  with DOM quantity and quality (e.g., DOC concentration, asz, and peak A, C and T

507  fluorescence intensities; Figs. 3 and 4, Table 2). Stronger correlations between DOM and
508 +OH quenching were observed compared to *OH formation, but the significance of this
509 difference was impossible to evaluate given the lower number of samples (n =67 vs. n =
510  96; Figures 3 and 4). Formation of *OH was weakly, positively correlated with total iron
511 (R®=0.34, p < 0.05; Figure 3).

512
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517  Figure 3. Scatter plots showing significant correlations between rates of hydroxyl radical
518  formation (Kgm..on, M s°') and water chemistry for samples from lakes, rivers, and

519 streams: DOC (a), total Fe (b), integrated absorbance (c), absorbance at 320 nm (d),
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520 integrated fluorescence (e), peak A (f), and peak C (g). Measurements from lakes, rivers,
521 and streams are designated by open circles; measurements from Imnavait Creek and

522  thermokarst soil waters were excluded from the correlations. Measurements from the

523  Kuparuk River (green diamonds), the Sagavanirktok River (blue squares), and the Toolik
524 Inlet (orange triangles) are shown for early season (filled) and summer (open). Fit

525  parameters are as follows: (a) R* = 0.47, n=96; (b) R = 0.34, n=95; (c) R? = 0.53, n=101;
526  (d) R?=0.53, n=101; (e) y = R = 0.56, n=101; (f) y = R? = 0.57, n=101; (g) R* = 0.58,
527  n=101. All slopes were significantly greater than zero (p < 0.05).

528
529
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536  absorbance (b), absorbance at 320 nm (c), integrated fluorescence (d), peak A (e), peak C
537 (f), and peak T (g). Measurements from lakes, rivers, and streams and Imnavait Creek are
538 designated by dark circles; measurements from thermokarst soil waters were excluded
539  from the correlations. Fit parameters are as follows: (a) R? = 0.75, n=67; (b) R* = 0.63,
540 n=70; (c) R? = 0.68, n=71; (d) R? = 0.54, n=70; (e) R* = 0.56, n=70; (f) R = 0.51, n=70;
541  (g) R? = 0.64, n=70. All slopes were significantly greater than zero (p < 0.05).

542
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Discussion
Iron is a source of *OH in arctic surface waters

Several lines of evidence suggested that iron contributed to the photochemical
production of *OH in arctic surface waters. First, across the range of relatively high iron
concentrations in the surface water studied (~ 0.8 — 8 uM total Fe; Table 1), iron
concentration was significantly, positively correlated with «OH formation (Figure 3)
consistent with previous work showing iron was also positively correlated with *OH
production.?® It was likely that iron contributed to *OH formation through the photo—
Fenton reaction, given that the highest *OH production and steady state concentrations
were observed in Imnavait Creek (Table 1), in which the low pH and high iron waters are
conducive to this reaction.? Although the contribution of iron to *OH formation through
the photo—Fenton reaction may not scale in proportion to the concentration of Fe,
concentrations as low as 80 nM of iron have been estimated to initiate photo—Fenton
reactions in natural waters.* However, iron concentrations were also correlated with
concentrations and quality of DOM (e.g. DOC, CDOM, and FDOM, R = ~ 0.5, p < 0.05,
data not shown), and «OH production was most strongly correlated with measures of the
concentration of chromphoric DOM (e.g. acpom and FDOM; Figure 3). Thus it was not
possible to untangle the relative contribution of iron or DOM to «OH based only on the

observed correlations.

DOM is the primary source and sink of *OH in arctic surface waters

Several lines of evidence strongly supported DOM as an important source and sink
for *OH in arctic surface waters: temporal and spatial patterns of *OH production were
related to biogeochemical processes that control the concentration and chemical

composition of chromophoric DOM, and *OH quenching was most strongly correlated
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with the concentration and chemical composition of chromophoric DOM. In addition to
correlative evidence from temporal and spatial gradients in DOC, CDOM, FDOM, and
*OH, comparison of the yields of *OH in arctic surface waters to other studies suggested
that the DOM, especially in small arctic streams, was better at making <OH relative to
DOM in other surface waters with comparable iron concentrations.

Hydroxyl radical production is correlated with DOM

Of the measures of DOM quantity and quality tested, «OH production was most
strongly correlated with CDOM and FDOM, proxies for the light—absorbing,
chromophoric fraction of DOM associated with aromatic carbon from degrading lignin.
For example, *OH production was strongly positively correlated with fluorescence peaks
A and C (Figure 3) but not with peak T. In arctic surface waters, peaks A and C have
been correlated with measures of terrestrially—derived organic matter enriched in
aromatic carbon, while peak T was correlated with proxies of amino acid—like carbon
(e.g. %N and 86"°N).% Aromatic CDOM is the main light-absorbing constituent in

6566 and as such initiates

freshwaters, including the surface waters near Toolik Lake
photochemical reactions of DOM. Correlation of *OH production with the light—
absorbing fraction of DOM that initiates photochemical reactions is consistent with
previous work showing that the fulvic acid fraction of DOM from Toolik Lake with the
highest aromatic carbon content produced the most photochemical *OH®’ and with studies
suggesting that direct photolysis of the aromatic fraction of DOM was a pathway for the
photochemical production of *OH in natural waters.™'” Given that CDOM and FDOM
are better proxies for the concentration of aromatic compared to bulk DOC
concentrations, it was not surprising that this and previous studies have reported stronger

relationships between «OH production with CDOM and FDOM compared to DOC.

Furthermore, Sharpless et al. found that «OH production from DOM was correlated to the
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capacity of the DOM to donate electrons.?® This electron donating capacity (EDC) of
DOM is correlated with phenol content,®® which comprises a large portion of the aromatic
M 69,70

moieties of aquatic DO

Seasonal and longitudinal gradients in *OH are linked to controls on CDOM

Light exposure decreases *OH formation The seasonal and longitudinal patterns
in DOC, CDOM, FDOM, and «OH production showed that *OH production was highest
from terrestrial organic matter enriched in aromatic carbon with little prior light exposure,
and that «OH production decreased as this DOM was increasingly modified in streams
and lakes. For example, highest rates of *OH production were observed from waters
where the DOM had the lowest level of prior light exposure, such as Imnavait Creek
(Figure 1), a first—order stream draining organic soils rich in aromatic carbon with little
previous light exposure.* DOM in thermokarst soil waters has also likely had little prior
light exposure,® but these waters have less chromophoric (aromatic) carbon per DOC,
consistent with the proportionally lower formation of *OH from thermokarst soil waters
compared to CDOM-rich Imnavait Creek.

In addition, at a given site, *<OH production was significantly higher from waters
collected during snowmelt in early spring compared to samples collected from the same
site during mid—summer (Figure 3). Increasing light exposure with increasing residence
time of terrestrially—derived DOM in sunlit surface waters of the Arctic has been shown
to break down the chromophoric aromatic moieties in DOM, i.e. photobleaching of
CDOM.* Photobleaching is a sink for CDOM,""2 consistent with earlier findings
showing that *OH production also decreases with increasing light exposure.®*>2°
Together, these studies suggest that photodegradation removes or alters the aromatic
CDOM moieties associated with «OH production. As CDOM is increasingly degraded by

sunlight in surface waters, the remaining CDOM is less effective at producing *OH.

32

Page 32 of 51



Page 33 of 51

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

Environmental Science: Processes & Impacts

While «OH production was significantly higher from waters collected during
snowmelt in early spring compared to samples collected from the same site during mid—
summer, stream waters collected from the same site over consecutive days during
snowmelt exhibited large variability in *OH concentrations (Figure 3). It was not possible
to statistically resolve the relative importance of iron vs. DOM in the observed variability
in *OH during this period given the low number of samples and the fact that DOM and
iron were themselves correlated. However, qualitatively, the early season variability in
*OH appeared to be best explained by iron concentrations compared to measures of DOC,
CDOM or FDOM (Figure 4).

Further evidence in support of sunlight as a sink for the moieties in CDOM
associated with *OH production was the 80% decrease in «OH formation along the 18 km
distance downstream in the branch of the Inlet Series stream containing lakes, in contrast
to no detectable decrease along the same distance downstream in the branch without
lakes. Given the significantly lower *OH formation at lake outlets compared to the
respective lake inlet (Figure 2), the net effect of lakes along the inlet course was to
consume the potential for *OH formation consistent with the negative correlation between
*OH formation or the apparent quantum yield (AQY) of *OH formation and water
residence time along the branch of the Inlet Series stream passing through lakes (Figure
2). Given that photobleaching of CDOM in arctic surface waters occurs on similar
timescales to DOM transit,*” and that surface waters were collected from the lakes during

periods of stratification?®3!73

when there was little prospect for recharge in CDOM in
from bottom waters, the most likely explanation of the removal of CDOM and *OH
production with increasing residence time was photochemical degradation of CDOM in
the sunlit surface waters.** Consistently, AQYs and steady state concentrations of «OH in

the Inlet Series stream were strongly, positively correlated with measures of DOM
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composition altered by photodegradation (e.g. the fluorescence index??), but were not
correlated with total iron (supplementary Figure S1).

Previous work strongly suggested that photochemical degradation of soil-derived
DOM was largely responsible for the decrease in aromatic C and associated decrease in
CDOM and other optical proxies of DOM between streams and lakes differing in water
residence times (e.g. 18-23% aromatic C for streams compared to 16-18% for lakes,
respectively®?). While there was likely photodegradation of CDOM and associated loss of
*OH production potential with distance downstream in the Inlet Series branch without
lakes, inputs of new CDOM from the soil waters likely compensated for CDOM removed,
resulting in no detectable loss of «OH production potential along the 18 km transect
downstream (Figure 2).

In comparison to small streams, inputs of terrestrial C have a smaller impact on
the chemistry of DOM in larger rivers like the Kuparuk River, as the DOM moves
downstream especially under low—flow conditions when the river was sampled in August,
2012 (Figure 2). Thus, the roughly linear decrease in «OH formation with distance
downstream along the 350—km transect of the Kuparuk River from its headwaters to the
mouth at the Arctic Ocean (Figure 2) was likely due to a loss of CDOM or dilution with
similar sources of CDOM. This is because in contrast to observations in the |-series
(Figure 2), the AQY of *OH formation was relatively constant down the length of the
Kuparuk River (Figure 2), indicating that although the concentration of DOM was
decreasing the DOM was not changing in its ability to make *OH with distance
downstream. The similar percent decrease in *OH formation (~ 80%) across spatial scales
differing by an order of magnitude, i.e. 18 km in the Inlet Series stream with connected
lakes and streams compared to the 350 km stretch of the Kuparuk River, was likely due to

the orders of magnitude longer residence time of water and DOM in lakes of the Inlet
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Series than in the Kuparuk River,?°*?

resulting in greater degradation of «OH—forming
DOM in the Inlet Series compared to the Kuparuk River.

High aromatic content and low prior light exposure increase *OH formation
potential As previously discussed, *OH production rates were highest in Imnavait Creek,
a naturally acidic headwater stream draining waterlogged organic soils rich in DOM and
iron. Rates of *OH production in Imnavait Creek were greater than the range reported
from acid mine drainage waters (AMD; 440 — 7400 x10** M s™%), despite 36 — 3800
times less iron and higher pH in Imnavait Creek compared to AMD waters (Imnavait: pH
5.2; AMD: pH 2 — 3).”* In addition, rates of *OH production in Imnavait Creek were
greater than rates in river waters where nitrate and nitrite were important sources of *OH.
These rivers were impacted by agricultural or urban run—off and had more than 450 times
more nitrate (78 — 197 uM) and nitrite (3.4 — 34 uM)?*?* compared to Imnavait Creek and
the other surface waters studied where concentrations of nitrate/nitrite could account for
only a trace fraction of *OH observed.!” Finally, rates of *OH production in Imnavait
Creek overlapped rates of *OH production in freshwaters with similar pH and DOC
concentration (450 — 1700 x10*2 M s7%), but at least ~10 times higher nitrate and ~1000
times higher iron concentrations to Imnavait Creek.** Hydroxyl radical steady state
concentrations in Imnavait Creek were also higher than steady—state concentrations
reported for a range of freshwaters (average 180+70 x10™*" M, max 290+60 x10" M vs.
0.1-84x10* M).l‘r"w‘63 Only AMD waters had higher steady state concentrations of *OH
than Imnavait Creek (670 — 400000 x10~*" M)™* consistent with their much higher
concentrations of iron compared to Imnavait Creek.

Thus, «OH production and steady state concentrations from Imnavait Creek waters
were the same magnitude as waters with much greater concentrations of “other” (non—

DOM) sources of photochemical *OH (e.g. iron, nitrate, nitrite in the AMD, agriculturally
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impacted waters, or coastal or blackwater swamps). Given the disproportionately high
rates of *OH production in Imnavait Creek despite much lower concentrations of non—
DOM sources of *OH (e.g. iron, nitrate, nitrite), the chemical attributes of the DOM, or of
the DOM and iron together, may be particularly effective at «OH production in Imnavait
Creek and similar headwater streams draining organic rich soils compared to other
surface waters.

While comparison of rates of production and steady state concentrations of *OH in
arctic surface waters to other studies suggested that the DOM or iron may be more
effective as a source of *OH, the real test of increased capacity to form *OH is the AQY
for «OH formation, which corrects for different rates of light absorption among waters.
Because the quantum yields in this study were measured at a longer wavelength (365 nm)
than previously reported, a direct comparison of quantum yields was not possible.
However, assuming that the natural waters in this study had a similar wavelength—
dependence of *OH quantum yield as reported for the aquatic reference DOM SRFA,*’
the quantum yield at 310 nm would be ~0.2—7 x10™*, within the range of what has
previously been reported from 300-340 nm in coastal and river waters with much higher
concentrations of iron and nitrate/nitrate compared to arctic surface waters.**’ Because
the contribution of DOM to the apparent quantum yields in other waters had to be lower
than in arctic surface waters (due to the much higher concentrations of iron, nitrate, and

nitrite) 17

our hypothesis is that the amount and the chemical composition of aromatic
DOM, or perhaps the CDOM and iron together, makes CDOM in small, first order
streams like Imnavait Creek more effective at producing *OH.

Because the detailed mechanism for photochemical formation of «OH from DOM

is not known, it is difficult to speculate on the chemical attributes of aromatic CDOM

(alone or with iron) that effect «OH formation. It seems apparent that the best sources of
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*OH are the aromatic C moieties most labile to photochemical degradation, given that the
highest rates of *OH production were associated with freshly flushed soil material
enriched in aromatic DOM, and that there was rapid loss of *OH formation within several
km of travel time downstream or within short residence times (Figure 2), consistent with
the previously observed decrease in aromatic C content with increasing water residence
times in these waters.* In addition to the amount of aromatic C, the chemical
composition of aromatic C (alone or with iron), may also influence the production of *OH
from DOM. Imnavait Creek water had 3-7 fold higher AQY for «OH production
compared to Suwannee River DOM (2.7 x10™> compared to ~ 2.7 x10™*), despite similar
amounts of aromatic C (22-24%%). However, there was likely higher iron concentration
in Imnavait Creek water compared to the isolate of Suwannee River DOM, which may
account for the higher AQY of *OH formation in this case. Although we are unable to
determine the relative importance of aromatic C content, composition or iron
concentration in this study, together in comparison to Suwannee River DOM and to
waters elevated in nitrate, nitrite, and iron, our results imply that the combination of
DOM and iron in arctic streams may be relatively more effective at making *«OH, and thus
*OH formation and likely its role as an oxidant of organic carbon may be highest in first—
order streams like Imnavait Creek.

Hydroxyl radical quenching is correlated with DOM

Quenching of *OH has been attributed to DOM in freshwaters and to anions,
especially in seawater, that then form radical species of lower energy and higher reaction
selectivity. Like other low conductivity freshwaters, DOM was likely the most important
sink for *OH in arctic surface waters for two reasons. First, the highest quenching rate
constants were observed in high—DOM waters (Table 1, Figure 1) and quenching was

strongly correlated with measures of DOM concentration (DOC, CDOM, FDOM; Figure
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4). Normalized per mole of C, the rate constants of *OH quenching (3+2 x10° M¢ ' s™)

were well within the range reported for DOM (1.6-12 x10® Mc * s71).”"" Second, the
freshwaters of the Arctic contained low concentrations of quenching anions (e.g. chloride
and bromide) associated with high rates of *OH scavenging reported in seawaters, where
concentrations chloride and bromide are in the 100’s of mM.%

The highest observed quenching rate constant of 80+20 x10° s * was observed in
thermokarst soil waters, three— to four—fold higher than the highest rates reported from
freshwater® or seawater.®* Thermokarst soil waters contained high levels of carbonate
(alkalinity 1700 + 1600 peq L), which could react with *OH at a slower rate than with

1 57! for carbonate, versus an average 10 M¢* s ! for

organic compounds (8.5x10° M
organics).?® However, DOC concentrations were on average three—fold greater than
carbonate concentrations (Table 1). Further, when normalized by DOC concentration, the
quenching rate in thermokarst soil waters was similar to the other surface waters (1.9+0.2
x10® Mc ! s™). These results, together with a lack of correlation between the rate of *OH
quenching and carbonate alkalinity, suggest that even in thermokarst soil waters, DOM
was the major sink for *OH.
The implications of *OH production for arctic carbon cycling

Given that DOM was most likely the predominant source and sink for *OH in
arctic waters, the fate of «OH is likely to oxidize DOM. Because *OH is known to react
with DOM to yield CO,,>"® we estimated the potential contribution of *OH to the
photomineralization of DOM (i.e. photochemical production of CO;). Given that apparent
quantum yields for photomineralization from freshwater DOM are 10-100 times greater
than apparent quantum yields of *OH production,®’® and assuming a yield of 0.3 mol CO,

per mol *OH,> we estimated that *OH could contribute ~ 0.04—4% of total

photomineralization in these waters, consistent with previous studies that have similarly
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769  estimated the contribution of *OH to photomineralization of DOM.**® The contribution
770  of *OH to photo—mineralization was highest in the low pH, high iron waters as expected,
771  but even under conditions conducive to photo—Fenton chemistry our observations and
772  estimates suggest that there may not be enough *OH to produce the photochemical CO,
773  observed.®®

774 These estimates for the role of *OH in the oxidation of DOM highlight the

775 assumptions and knowledge gaps regarding the importance of *OH as an oxidant in

776  aquatic ecosystems, including the wavelength—dependence of *OH production in natural
777 waters,*'"® the yield of CO, per *OH, and the possibility of a microheterogeneous

778  distribution of *OH production in the DOM. First, the wavelength—dependence of *OH
779  production has been characterized from 305 to 360 nm only for a standard DOM isolate
780  (SRFA);* the wavelength dependence of *OH production is poorly known in natural
781  waters.>*"® Second, only one study has measured the yield of CO, per mol *OH under
782  controlled laboratory conditions in which *OH was produced by pulse radiolysis,>® and
783  this yield may differ in natural waters varying in sources of *OH and in chemical

784  composition of DOM. Finally, there is evidence for microheterogeneous reactivity of
785  DOM,®® in which regions within DOM have been shown to have enhanced

786  concentrations of 10,582

or to protect hydrophobic molecules from reactions occurring in
787  the bulk solution.®! If «<OH is produced within the DOM microenvironment, then the

788 DOM may experience higher *OH concentrations than measured by the probe in the bulk
789  phase, leading to a systematic under—estimation of *OH contribution to

790 photomineralization. Because addressing each uncertainty listed here could increase the
791  contribution of *OH in the photomineralization of DOM, further work is needed to assess

792  the role of *OH in photomineralization of DOM in arctic surface waters, especially in

793  first—order streams like Imnavait Creek where «OH formation was highest. First order
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streams like Imnavait Creek are common to the North Slope of Alaska®® and are
important in the processing of DOM in higher—order streams,® thus future work will be

aimed at addressing the role of *OH as an oxidant of DOM in these streams.
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