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ARTICLE INFO ABSTRACT

Keywords: The insecticide and current use pesticide chlorpyrifos (CLP) is transported via global distillation to the Arctic
Dissolved organic matter where it may pose a threat to this ecosystem. CLP is readily detected in Arctic environmental compartments, but
Amt,ic, . current research has not studied its partitioning between water and dissolved organic matter (DOM) nor the role
Ei;grt;oyrirffs of photochemistry in CLP’s fate in aquatic systems. Here, the partition coefficients of CLP were quantified with
Photochemistry various types of DOM isolated from the Arctic and an International Humic Substances Society (IHSS) reference

material Suwannee River natural organic matter (SRNOM). While CLP readily partitions to DOM, CLP exhibits a
significantly higher binding constant with Arctic lacustrine DOM relative to fluvial DOM or SRNOM. The
experimental partitioning coefficients (Kpoc) were compared to a calculated value estimated using poly
parameter linear free energy relationship (pp-LFER) and was found to be in good agreement with SRNOM, but
none of the Arctic DOMs. We found that Arctic Kpoc values decrease with increasing SUVAgs4, but no correla-
tions were observed for the other DOM compositional parameters. DOM also mediates the photodegradation of
CLP, with stark differences in photo-kinetics using Arctic DOM isolated over time and space. This work highlights
the chemo-diversity of Arctic DOM relative to IHSS reference materials and highlights the need for in-depth
characterization of DOM that transcends the current paradigm based upon terrestrial and microbial precursors.

1. Introduction

Current use pesticides (CUPs) are a class of chemicals that replaced
legacy pesticides and have been detected in environmental compart-
ments (air, water, biota, sediment) globally (Khairy et al. 2016, Hage-
man et al. 2019, Balmer et al. 2019, Iturburu et al. 2019; and references
there in). Multiple studies provide evidence of CUPs persisting in the
environment, bioaccumulating, and showing some degree of toxicity to
various organisms (Huang et al., 2020; Caceres et al., 2007). CUP usage
has steadily increased due to agricultural applications and as a conse-
quence, remote locations such as the Arctic have also experienced a
higher incidence of detection of these compounds (Balmer et al., 2019).
According to the Arctic Monitoring and Assessment Program (AMAP),
CUPs have made the list of chemicals of emerging concern (AMAP,
2017).

Chlorpyrifos (CLP) is an organophosphate CUP that is widely applied
to consumer crops (Balmer et al., 2019). Approximately 10 million
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pounds of CLP are used annually, and studies show that this chemical is
likely to volatilize, remain in the atmosphere, and be transported
distally (Golla et al., 2012; Hageman et al., 2019). While it has recently
been banned in the United States, it is still widely used elsewhere. As
such, CLP has also been readily detected across the Arctic in sea ice, sea
water, soil, sediment, and in lakes (Balmer et al., 2019).

Chemical partitioning to dissolved organic matter (DOM) is an
important process that influences a chemical’s fate in aquatic ecosys-
tems (Chiou et al. 1986, Chin et al. 1997, Neale et al. 2011, Wei-Haas
etal. 2014, Liu et al. 2019, 2020, Pena et al. 2022, Vitale et al. 2019 and
references therein). CLP has multiple characteristics that make it parti-
tion to DOM, most notably its hydrophobicity as quantified by its high
octanol-water partitioning coefficient. When CLP interacts with DOM,
this can alter its bioavailability and transport within a freshwater system
(Grannas et al., 2012; Akkanen et al., 2004; Uhle et al., 1999). Further,
the interaction of CLP and DOM may influence its photo-fate, an
important attenuation process in Arctic surface waters during the

E-mail addresses: guerard@usna.edu (J.J. Guerard), yochin@udel.edu (Y.-P. Chin).

https://doi.org/10.1016/j.watres.2023.120154

Received 10 March 2023; Received in revised form 17 May 2023; Accepted 29 May 2023

Available online 3 June 2023
0043-1354/© 2023 Elsevier Ltd. All rights reserved.


mailto:guerard@usna.edu
mailto:yochin@udel.edu
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2023.120154
https://doi.org/10.1016/j.watres.2023.120154
https://doi.org/10.1016/j.watres.2023.120154
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2023.120154&domain=pdf

L.E. O’Connor et al.

ice-free summer season.

DOM is ubiquitous in aquatic environments and is unique to their
specific geographic location. DOM is composed of a matrix of degraded
carbon either being allochthonous or autochthonous, i.e., carbon from
the watershed or from within the water source, respectively (Wei-Hass
et al., 2014). DOM from Alaskan Arctic surface waters is composed of
plant and soil precursors that creates a rich DOM environment found
across the Arctic (Grannas et al., 2012). The variable DOM concentra-
tions in Arctic surface waters makes the partition coefficient an impor-
tant parameter to determine CLP’s fate in Arctic surface waters. For
example, in rivers and wetlands high in DOM, these complexes may
shield organisms from the toxic effects of CLP, while photochemical
production of reactive species from the irradiation of DOM could facil-
itate the transformation of CLP.

Single and poly parameter linear free energy relationships (sp-LFER
and pp-LFER, respectively) have been used to predict the partitioning of
organic molecules to DOM. sp-LFER is most often used, but is limited in
its application because of its reliance on a single compound property
such as the octanol-water partition coefficient (Kow) (Burkhard, 2000).
pp-LFERs conversely utilize multiple parameters that better define the
solute and properties that characterize the partitioning system. There-
fore, pp-LFER models better estimate the partitioning interaction be-
tween organic molecules and DOM.

We studied the partitioning between CLP and DOM using Arctic
DOM isolated from various surface waters and Suwannee River natural
organic matter (SRNOM), which is an International Humic Substances
Society (IHSS) reference material. The solubility enhancement method
was used to determine the partitioning coefficients for CLP. These values
were compared to the calculated theoretical value (pp-LFER) using so-
lute and DOM descriptors (Goss et al., 2001). We also characterized
DOM spectroscopic properties to elucidate the possible moieties
responsible for CLP-DOM partitioning. In addition, we also examined
the role of DOM in mediating the photolysis of CLP.

2. Materials and methods
2.1. Site description

DOM samples were collected from four Arctic locations on the North
Slope of the Brooks Range, Alaska: Toolik Lake (68.63°N 149.59°W),
Fog 1 Lake (68.67°N 149.09°W), and two tundra seeps adjacent to the
Sagavanirktok (Sag; 68.88°N, 148.87°W) and Oksrukuyik (Oks;
68.68°N, 149.13°W) rivers (Fig. S1). The area is characterized by
continuous permafrost and tussock tundra vegetation (Cory et al.,
2007). Toolik lake has both inlet and outlet streams that hydrologically
connect it to the local watershed and receives a small, but relatively
constant source of terrestrially derived DOM throughout the ice-free
season. In contrast Fog 1 lacks any such hydrologic connection and
can only receive allochthonous inputs through overland runoff. The
seeps are dark water shallow groundwater seeps characterized by high
DOC (Fig. S2 and Table S1). Details on sampling, chemicals utilized, and
PPL extraction (Dittmar et al., 2008) are described in the Supplemental
Information.

2.2. DOM isolation and characterization

DOM from each site was isolated using styrene-divinylbenzene (PPL)
solid phase extraction (SPE) cartridges using the method of Dittmar
et al. (2008). Briefly, 100 liters of filtered sample were acidified to pH 2
and passed across a PPL-SPE, dried, and eluted with methanol. The
eluent was evaporated, reconstituted in 18.2 MQ water and lyophilized.
Recovery rates averaged ~60% (Table S1). Dissolved organic carbon
was quantified on a Shimadzu total organic carbon analyzer (TOC-L) as
non-purgeable organic carbon, and elemental composition of DOM
isolates was performed on a VarioEL CHNS elemental analyzer. DOM
isolates were characterized by 'H SPR-W5-WATERGATE (Lam and
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Simpson, 2008) and '3C multiCP-MAS (Johnson and Schmidt-Rohr,
2014) nuclear magnetic resonance (NMR). NMR spectra were acquired
on a Bruker Advance III 600.16 MHz running TopSpin 4.0.7 as described
previously (Gagne et al., 2020) and are described in more detail in the
Supporting Information (Section S5). DOM absorbance and fluorescence
excitation emission matrices (EEMs) were measured on a Horiba Sci-
entific Aqualog according to methods in Wei-Haas et al. (2014). Specific
methods and calculations of absorbance and fluorescence indices are
described in more detail in the Supporting Information (Section S7).

2.3. Solubility enhancement experiments

DOM stock solutions were made using 100 mg C L™! of PPL Arctic
DOM isolate or SRNOM dissolved in 18.2 MQ water and filtered through
pyrolyzed 0.7 um GF/F filters. A 7 mM CLP stock in hexane was plated
(excess up to 10x aqueous solubility) into 10 mL glass centrifuge vials
and the solvent was allowed to evaporate until the hexane was no longer
present (~1-2 min). DOM stock, diluted with a KHyPO4 buffer (pH 5) to
achieve 0-100 mg C L™}, were added to each vial to a final volume of 10
mL. Vials were capped with aluminum foil to avoid sorption to the
Teflon cap, placed in the dark and equilibrated for 7 days at 25 °C with
constant agitation. Kinetics experiments were conducted to determine
the minimum time needed to reach equilibrium (Fig. S3). Once equili-
bration was reached, vials were centrifuged for 10 min at 112 rcf and
CLP was quantified by HPLC (Shimadzu Nexera-i LC-2040C 3D; 15 cm
Pinnacle IT C18 Restek column, 15% H3PO4: 85% CH30H v/v at 40 °C),
detected at 290 nm. Three separate solubility enhancement experiments
were run each with triplicate vials at every DOC concentration to
determine a log Kpoc for each DOM isolate in this study, for a total
sample size of 9 for each log Kpoc determination.

2.4. Determination of Kpoc

The Kpoc values (L kg_l) were calculated from the solubility
enhancement experiments using the equation (Chiou et al., 1986):

Swx /Sw = 1 + Kpoc [DOC] )

where, S,,* and S, are the apparent solubility in the respective presence
and absence of DOM. To estimate Kpoc we used a poly-parameter linear
free energy relationship (Goss et al., 2001).

log(K) = ¢E + sS + aA + bB + vV + ¢ (2)

where, the capital letters represent the solute descriptors while the
lower-case letters represent the properties of the partitioning system
(Goss et al., 2001). E is the excess molar refraction of CLP, A and B are
the respective H donor-acceptor properties, and V is the molar volume of
the compound.

For our model, solute descriptors from Stenzel et al. (2013) were
developed based on retention times from gas chromatography mass
spectrometry measurements. The authors gathered the retention times
and partitioning coefficients for various “liquid/condensed phase sys-
tems”. Once these were obtained for CLP, using Excel Solver descriptors
S, B, A, and L were calculated and V was determined based on molecular
structure. The DOM descriptors were obtained from Kipka and DiToro
(2011) specifically for Suwannee River fulvic acid (Table S2).

2.5. Photolysis experiments

Stock solutions of CLP (~20 mM) were prepared in methanol and
450 pL were plated inside 500 mL amber glass bottles, which were
rotated to coat them with a thin film of the solution and left to evaporate
for 24 h, to ensure saturation of CLP (5x aq. solubility) in solution. Either
300 mL (for DOM experiments) or 400 mL (for direct photolysis ex-
periments) of pH adjusted 18.2 MQ water was added and left to equil-
ibrate with the pesticide thin film for an average of 18 h, (kinetics tested
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for time to reach equilibrium, data not shown). For DOM experiments,
thin film solutions were transferred to a separate 500 mL amber media
bottle and combined with pH adjusted DOM stock (50 mg CL ™) to yield
a final concentration of ~ 10 mg C L™! in the reaction solution.

10 mL quartz tubes (Robson Scientific; Hertfordshire, England) were
filled with reaction solutions in a dark environment and sealed with
Teflon lined screw caps. Dark controls were wrapped with aluminum
foil. Each experiment was carried out in triplicate. Solutions were irra-
diated in a Suntest CPS+ (ATLAS; Mount Prospect, IL, USA) solar
simulator equipped with a Xenon arc lamp (1500 W) set to 500 W/ m?,
and monitored with a SolarLight PMA 2100 radiometer (Glenside, PA,
USA). Irradiance was also monitored by p-nitroanisole actinometry
(Dulin and Mill, 1982). All solutions were stored in the dark at 4 °C to
minimize hydrolysis. CLP was quantified by high performance liquid
chromatography (HPLC: either Agilent 1100 or 1200 series) in triplicate
with a 150 mm Restek Ultra C18 reverse-phase column (5 um particle
size; 4 mm diameter) in acetonitrile:0.1% acetic acid (80:20% v/v) at a
flow rate of 1 mL/min, detected at 290 nm and quantified against pre-
pared and external standards. Select chemical probes to promote or
inhibit reactive transients were also added to reaction solutions in the
presence of Fog 1 and Toolik 21 Freshet DOM, and a subset of reaction
solutions were extracted for product analysis. These methods and results
are detailed in the Supporting Information (SI).

2.6. Statistical analysis and photodegradation kinetics

Rate constants were calculated from a least-squares fit of the tripli-
cate degradation data to a pseudo-first-order kinetics model using
GraphPad Prism v. 9.5.0 for all statistical analyses. For photolysis ex-
periments, apparent rate coefficients (kops) were corrected (ko) for
aggregate light screening factors (Sy~,) (Miller and Chin, 2002) and
quantum yield was determined from photon flux and actinometry as
described in the SI. Statistically significant differences between rate
constants (keor), between log Kpoc values, and between pairs of variables
were determined at a 95% confidence interval via a Student’s two-tail
t-test with Welch’s correction (for different standard deviations). Asso-
ciations between pairs of variables were tested with the Pearson corre-
lation (r coefficient). Standard deviations are reported with all
associated values.

3. Results
3.1. DOM site composition

Spatial, temporal, and geochemical differences exist across the
different environments from which DOM is derived that may influence
both partitioning and contaminant transformation processes (Guerard
et al., 2009). We isolated DOM from two different Arctic lakes (Toolik
and Fog 1), the inlet stream to Toolik Lake, and two different tundra
meltwater seeps to capture the diversity of Arctic DOM composition on
influencing CLP partitioning to DOM. To assess temporal variability, we
utilized Toolik Lake and Oksrukuyik Seep DOM isolates collected over a
period of 7 years and/or different points in the season.

The Arctic isolates display a wide range of characteristics. Dissolved
organic carbon (DOC) concentrations ranged from as low as 3 mg C L™}
in Fog 1 Lake to upwards of 15 mg C L™! in the meltwater seeps
(Table S1). Specific conductivity and pH were similar across all sites,
and percent recovery of DOM (as carbon) by the PPL isolation process
was on average a little over 60%. Elemental composition for each DOM
isolate is similar to the range reported for other Arctic and IHSS refer-
ence and standard DOMs (Cory et al., 2007). The Arctic DOM had lower
C:N compared to SRNOM and may reflect a somewhat more autoch-
thonous character of DOM in Arctic water bodies but is not as low as that
reported for Pony Lake fulvic acid (PLFA).

UV-visible spectroscopy absorbance curves reflected typical spectra
observed for all DOM, showing broad relatively featureless profiles with
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decreases in absorbance with increasing wavelength. Specific absor-
bance at 254 nm (SUVAjs4) ranged from 2.84 (PLFA) up to 4.95
(SRNOM) L mg C~! m~! while E2:E3 also showed variability, ranging
from 5.12 to 7.47 (Table 1), and are similar to IHSS reference natural
organic matter and reported literature values for a wide range of DOM
derived globally (Wei-Haas et al., 2014; Cawley et al., 2013; Cory et al.,
2010; Guerard et al., 2009).

Fluorescence EEMS (Fig. S6) were used to determine the humifica-
tion index (HIX), biological index (BIX), and fluorescence index (FI). HIX
did not vary greatly among samples while BIX and FI revealed greater
variability that reflects differences in the composition of the DOM pre-
cursor materials. BIX, FI, and SUVAys4 values for SRNOM and PLFA
reflect their respective biogeochemical end-member status with oppo-
site BIX, SUVA, and FI values (Table 1). Our Arctic DOM samples had
BIX, FI, and SUVA range that more resemble a material derived from a
combination of organic matter (autochthonous and allochthonous)
represented by these endmembers (Table 1).

Relative functional group composition varied across all DOM iso-
lates. NMR spectra highlight broad features due to the diversity of sig-
nals within the DOM, but overall, are extremely similar across all Arctic
samples (Fig. 1). Some individual peaks with enough resolution to see
peak splitting can be observed in the proton spectra (Fig. S4), and the
degree to which these are present does differ between samples, however
they are not well resolved enough for identification. Solid state carbon
spectra, however, reveal consistent broad features (including three
distinct bumps in the aromatic region) for all Arctic samples.

Despite the visual similarity in the NMR spectra, relative abundances
across functional group regions varies and, in some cases, widely. The
DOM extracts with the greatest and lowest percent of molecules derived
from linear terpenoids (MDLT; 0.6-1.6 ppm) are PLFA and SRFA,
respectively, which are our biogeochemical endmembers (Table S3).
Likewise, DOM isolates also bound the relative carbohydrate (3.2-4.5
ppm) and aromatic regions (*H NMR: 6.5-8.4 ppmy; 13C NMR: 90-160
ppm). The greatest and lowest percent composition of carboxyl rich
alicyclic molecules (CRAMs) was observed in the PLFA and Toolik 19

Table 1
Composition and characterization of DOM isolates in this study for both above:
optical indices and below: elemental composition. a. SRFA elemental composi-
tion from IHSS (IHSS, 2022). b. PLFA elemental composition from Cawley et al.
(2013).

DOM Isolate Fluorescence Absorbance
FI BIX HIX SUVAys4 E2:E3
(L mg c! m’l)

Toolik 21 Freshet 1.39 0.52 0.95 4.09 5.31
Toolik 19 Mid (Jul) 1.42 0.62 0.93 3.25 6.79
Toolik 19 Early (May) 1.42 0.60 0.92 3.77 5.98
Toolik 13 Mid (Jul) 1.49 0.64 0.90 3.59 5.85
Fog 119 1.36 0.52 0.99 3.97 5.53
Oksrukuyik Seep 13 1.37 — — 4.18 —
Oksrukuyik Seep 19 1.47 0.70 0.91 2.98 7.47
Sagavanirktok Seep 13 1.44 0.51 0.94 4.59 5.36
SRNOM (2R101N) 1.35 0.44 0.94 4.95 4.48
SRFA (1S101F) 1.30 0.48 1.02 3.81 5.37
PLFA (1R109F) 1.48 0.83 0.91 2.84 5.12

DOM Isolate Elemental Composition

%N %C %S CN C:H
Toolik 21 Freshet 1.07 57.24 0.67 53.74 10.93
Toolik 19 Mid (Jul) 1.26 57.25 0.85 45.32 17.39
Toolik 19 Early (May) — — — — —
Toolik 13 Mid (Jul) 1.08 51.29 0.69 47.61 9.60
Fog119 1.47 58.45 0.74 39.69 10.52
Oksrukuyik Seep 13 1.20 50.88 0.71 42.49 10.04
Oksrukuyik Seep 19 — — — — —
Sagavanirktok Seep 13 0.97 53.61 0.70 55.37 9.86
SRNOM (2R101N) 0.62 52.55 0.76 84.48 11.56
SRFA (1S101F)? 0.66 53.30 0.41 80.76 13.39
PLFA (1R109F)" 6.60 52.80 3.10 8.00 9.78
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Toolik (Jul ‘19)

Toolik (May “19)

Toolik (Jun ‘21)

200

Fig. 1. Stacked '*C multi-CP-MAS solid state NMR spectra of Arctic PPL
DOM isolates.

Mid-Summer isolate, respectively. Arctic isolates with relatively high
aromaticity include Toolik 21 freshet and Oksrukuyik Seep 19. Fog 1
isolate had a relatively low% aromaticity, similar to PLFA at 23.3%.
Aliphatic to aromatic (Al:Ar) ratios also reflected these trends, with the
summer Toolik isolates more in the middle of this range.

3.2. Partitioning coefficients of CLP to DOM

There is strong partitioning (log Kpoc > 3.5) between CLP and DOM
as determined by solubility enhancement (Fig. 2). Overall, solubility
enhancement is linear with increasing DOC concentration (Fig. S5).
Chlorpyrifos exhibits a relatively wide range of binding constants with
Arctic DOM that span half an order of magnitude. The strongest parti-
tioning was observed for Arctic lacustrine DOM isolates (Fig. 2). Toolik
Lake (TL) isolates were all collected by PPL at differing points in the
summer season (TL 21, spring freshet; TL19, early summer; TL13, mid-
summer), but only TL13 differs in log Kpoc (p = 0.01) including from
Fog 1, despite differences in SUVAys4 and other optical properties
(Table 1). Chlorpyrifos preferentially partitions to lacustrine DOM
relative to samples collected from fluvial and river seep derived DOM (p
= 0.02), and preferentially partitions more strongly to every Arctic DOM
isolate in this study compared to Suwannee River NOM (p < 0.05 for all
DOMSs vs. SR).

0 2x105 4x10°5 6x105 8x105 1x10™
DOC (kg L)
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3.3. Comparing log Kpoc pp-LFER model and experimental results

The pp-LFER estimate for the log Kpoc for chlorpyrifos based on the
system parameters derived from a generic pool of fulvic acids (Kipka and
DiToro, 2011) is comparable to our experimentally derived value for
SRNOM (< 0.2 log units, Fig. 2; Table S4). This is not surprising given
that the system parameters for this pp-LFER model was derived from a
training set, which includes Suwannee River fulvic acid (the most
common DOM used in partitioning studies), which is compositionally
similar to SRNOM (Kipka and DiToro, 2011). CLP Kpgc values for Arctic
DOM, however, are all significantly higher by near an order of magni-
tude from the pp-LFER estimate. The pp-LFER descriptors accurately
estimate CLP partitioning to the specific system (in our case SRNOM),
but cannot be universally applied to DOM derived from other sources.

3.4. Photodegradation of CLP in the presence of DOM

CLP photodegraded rather slowly by direct photolysis, with a half-
life ~17 h. Loss of CLP over time followed a pseudo-first order kinetic
model (Fig. S7), with average R? values ~ 0.96 (Table S5). Overall,
apparent quantum yields (AQYs) ranged from 6.23 x 107> to 2.28 x
107* (Table S5).

At circumneutral pH, nearly all isolates enhanced the photo-
degradation of CLP relative to direct photolysis (Fig. 3). The fastest rates
of degradation were observed in the presence of Toolik19 early summer
DOM isolate. The light screening corrected degradation rate constants

160 —_I_—

+125.8%
+114.3%

120+ +100.0%
+93.5%  +91.2%

% Enhancement vs.
Direct Photolysis
-]
o
1

-2.6%

T T T T T T T
Toolik21 Toolik19 Toolik19 Fog1 Fog1 SRFA PLFA
Freshet Early Mid Mid Mid

Summer Summer Summer Summer
(2019)  (2021)

Fig. 3. Degree of enhancement in CLP pseudo-first order fitted rate constants
corrected for light screening compared to that in ultrapure water (direct
photolysis) in the presence of Arctic and IHSS DOM (SRFA = Suwannee River
fulvic acid; PLFA = Pony Lake fulvic acid).

ﬁﬁﬁﬂ

[TL21 TL19 Fogl TL13 Sag Oks SR pp-LFER

Lacustrine Derived Riverine Derived
DOM Source

Fig. 2. Left: Solubility enhancement of chlorpyrifos to Toolik Lake (TL) 21 (blues) and TL 13 (oranges) DOM. Right: Log Kpoc of chlorpyrifos vs. DOM isolates. TL 21
spring freshet DOM; TL 19, 2013 and Fog Lake summer DOM; Sagavanirktok R. (Sag) and Oksrukuyik Cr. (Oks) seep DOM; Suwannee R. (SR) DOM, pp-LFER. t-tests:
p < 0.05 vs. a. TL 13; b. Sag; c. Oks; d. SR. Error bars represent standard deviations.



L.E. O’Connor et al.

(kcorr) in the presence of SRFA, Fog 1, and Toolik19 Mid-Summer DOM
were not statistically different from each other. Only one DOM isolate,
Toolik 21 Freshet, did not significantly enhance the photodegradation of
CLP (Fig. 3). Acidic (pH 5) and basic (pH 9) solution conditions resulted
in some enhanced direct photodegradation relative to pH 7 and CLP
degradation was enhanced by DOM relative to direct photolysis at high
pH for all isolates tested (Fig. S8). No differences in the indirect
photolysis rate constants of low pH solutions were observed in the
presence of DOM except for Fog 1, which was the only DOM isolate
where increased CLP degradation occurred under both low and high pH
conditions. Results of CLP degradation in the presence of sensitizers and
quenchers for specific mechanisms are described in Section S10.

3.5. Relationship between DOM character and CLP behavior

Linear regressions were performed between AQY, log Kpoc, and
DOM characterization properties (Table S6). Log Kpoc was found to
correlate positively with %C (p = 0.01), and negatively correlate with
SUVAgs4 (p = 0.046; Fig. 4). Other potential trends in relationship to log
Kpoc may be E2:E3, percent aromaticity, and %S, which all had R%>0.4
but p > 0.05, possibly due to low sample size (Fig. S10).

AQY derived from our photodegradation data did not significantly
correlate to any parameters of DOM characterization: optical properties
(FI, HIX, BIX, SUVAys4, E2:E3), NMR integrations, or elemental
composition. While a significant correlation was found between AQY
and log Kpoc, the small sample size prevents interpretation as a signif-
icant conclusion. More studies are needed to test the significance of this
relationship (Table S6). Despite SUVA2s4 being typically correlated with
aromaticity, no such trend in aromaticity and SUVA was found among
the isolates in this study (R2 = 0.14, p = 0.32, Fig. S10).

4. Discussion
4.1. Arctic DOM composition trends in seasonality and source

DOM has been isolated from Toolik Lake in a few prior studies over at
least the last two decades, either using poly-methylmethacrylate resins
(XAD-8) or by PPL solid phase extraction (Michaelson et al., 1998; Cory
et al., 2007; Wei-Haas et al., 2014). These isolates have been typically
characterized by optical fluorescence and absorbance, elemental
composition, and NMR, though some studies have also investigated
redox properties (Fimmen et al., 2007), photoreactivity (Cory et al.,
2007; Ward and Cory, 2020), and association with contaminants
(Grannas et al., 2012; Wei-Haas et al., 2014).

Toolik spring freshet waters ranged from 7 to 15 mg C L™ across
three DOM extractions using different SPE resins from 1996 to 2021
(Michaelson et al. 1998, Cory et al. 2007; this study). XAD-8 extraction
efficiencies ranged from 39 to 45% while PPL extraction efficiency are as

5.5

5.090  osrnom

O Saganavirtok Seep 14

£
o

D 4.5

E Toolik21

I

:L 4.0 Oksrukuy% o° Freshet

b3 Seep 14 Fog1 19

3
<>( 3.5 O Toolik 13
2 Toolik19
»n Mid-Summer

3.0 I I I 1 1 1
3.2 34 3.6 3.8 4.0 4.2 4.4
Log Kpoc

Fig. 4. Log Kpoc for chlorpyrifos vs. SUVAyss. R% = 0.58, p = 0.046.
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high as 70.3%. Despite these differences in extraction method, FI of the
isolate remained relatively similar (1.24 in 2003 from Cory et al., 2007
vs. 1.39 in 2021), as did the '3C NMR integrations (23.6% in 2003 from
Cory et al. (2007) vs. 21.0% aromaticity as defined from 110 to 160
ppm), and elemental composition. For Toolik Lake summer isolations,
there was more variability in extraction efficiency (15 and 34%,
respectively, for XAD-8 in 1996 and 2002, and 60, 72, and 45% for PPL
in 2013, 2019 May, and 2019 Jul). Despite that, FI varies only slightly
(1.37 from Ward and Cory 2020 to 1.49 from Wei-Haas et al. 2014), and
differences in SUVAys4 values are smaller (3.2-3.8 L mg c'mh.
Percent aromaticity was also relatively stable over these samplings,
ranging from 17.7 to 19.1% (110-160 ppm). C:N differed more, with the
largest C:N from the 2002 XAD-8 isolate (59.6 from Cory et al. 2007) and
the lowest from 2019 mid-Summer (45.3). Overall, despite differences in
the extraction method used, DOM isolates from Toolik Lake have
remained considerably stable in chemical composition throughout its
sampling history that has spanned a quarter century.

Arctic lacustrine waters are known to be oligotrophic, so presumably
the DOM from these sources often exhibit allochthonous characteristics
derived from terrestrial inputs (Cory et al., 2007). Toolik lake is thought
to be ultraoligotrophic due to its low primary production rate (12 g
carbon m~2 y~!). However, bacterial organic matter production was
found to be 3-8 g carbon m~2 y ! and makes up as much as 66% of the
organic matter production in the pelagic zone (Crump et al., 2003). This
high efficiency of bacterial production is associated with rapid bacterial
growth and this process coupled with the production of “phytoplankton
DOM?” is the source of the autochthonous DOM (Crump et al., 2003).
Regardless, DOM character over time and space can be altered as a result
of the humification processes and our HIX values suggest our Arctic
DOM has roughly undergone some degree of humification (Table 1).

Humic substances and other DOM components derived from terres-
trial sources have been characterized as being more aromatic and
possess higher SUVAgs4, and lower FI (McKnight et al. 2001, Guerard
et al. 2009, Cawley et al. 2013, Cory et al. 2007, Fimmen et al. 2007; and
many others). The optical properties (FI, HIX, BIX, SUVAys4, and E2:E3)
of our Arctic isolates fall within the range established for terrestrial and
microbial DOM, which would suggest that the DOM in these lakes is
sourced from a mix of both terrestrial and microbial sources. There is
variability within the DOMs examined, however. For example, TL21
Freshet has nearly as high an aromaticity as SRNOM or SRFA, whereas
Fog 1 DOM and Sagavanirktok Seep DOM both have low aromaticity and
are similar to PLFA. Optical properties also reflect these trends, and
suggest that Toolik 21 Freshet is more terrestrial in nature and Fog 1
DOM may be more microbial in composition, despite being separated by
only 20 km.

Over the course of the summer season, aromatic content in the
lacustrine DOM gradually decreases, from 21.1% down to 18.6%, which
may indicate the incorporation of pelagic primary productivity com-
ponents into the DOM pool. SUVAgs4 also steadily declines from 4.09
down to 3.25 in isolates sampled as the season progressed and is also
reflected in the higher N and S content in our DOM summer samples
relative to spring freshet (TL21). Indeed, Fog 1 DOM has the highest N
content, which may indicate the incorporation of pelagic biomass from
primary producers over the course of the season. At the end of spring ice
melt, there is a decrease in runoff from catchments which decreases the
amount of terrestrial DOM inputs (Crump et al., 2003).

4.2. CLP sorption to Arctic DOM isolates

Despite the trends in seasonality with SUVAgs4 decreasing over the
summer season in Toolik Lake DOM isolates, there was a statistically
significant negative relationship between log Kpoc for chlorpyrifos and
SUVAgs4 (Fig. 4) and yet a positive (though not significant) slope with
aromaticity. SUVAgs4 has historically correlated with aromaticity
(Weishaar et al., 2003), however, the aromaticity of the DOM isolates in
this study were not found to be correlated to SUVAys4 and if anything,



L.E. O’Connor et al.

may suggest a negative relationship between these two (Fig. S10), sug-
gesting the presence of other chromophores giving rise to absorbance e.
g., ketones, metal complexes, etc. and potentially moieties that influence
CLP sorption to Arctic DOM isolates.

In past studies, solubility enhancement experiments were conducted
with legacy contaminants such as polychlorinated biphenyls, pesticides,
and polycyclic aromatic hydrocarbons (Chiou et al., 1986; Chin et al.,
1997; Uhle et al., 1999). These legacy contaminants are relatively simple
in structure and their distribution in environmental compartments is
largely dictated by their fugacity (Parnis and MacKay, 2020). While
poly-parameter LFERs refined the simple fugacity and single parameter
LFER models it cannot consider all solute and DOM specific properties.
For example, ortho substitution of halogens in biphenyl-based com-
pounds results in non-coplanar configurations that cause weaker parti-
tioning and cannot be incorporated into pp-LFERs (Uhle et al., 1999).
This difference in steric properties explains the large disparity in parti-
tioning behavior to the same DOM for ortho substituted and co-planar
PCB isomers.

Unlike many legacy contaminants, CLP possesses multiple regions of
functionality: a phosphorus thionate with two non-rigid ethoxy groups,
and a rigid chlorinated pyridine aromatic ring. While CLP’s aromatic
ring may provide potential for n-r stacking with aromatic moieties in the
DOM, and favorable association of Arctic DOM with aromatic contam-
inants has been observed previously for hexachlorobenzene (HCB)
(Grannas et al., 2012) and PDBEs (Wei-Haas et al., 2014), other
analyte-DOM interactions are also important. Unfortunately, few data in
the literature exist to compare log Kpoc values of chlorpyrifos. Neale
et al. (2011) determined the log Kpoc for CLP and Aldrich humic acid to
be 4.36 (£ 0.12), which is surprisingly similar to the lacustrine Kpoc
values reported here. Typically, the partitioning of hydrophobic analy-
tes to commercial humic acids are significantly larger than aquatic
derived DOM (Chin et al., 1997), and demonstrates that other in-
teractions between CLP and Arctic DOM aside from aromaticity and
hydrophobicity influence partitioning.

The pp-LFER only predicted log Kpoc reasonably well for the Arctic
seep DOM samples and SRNOM. The reasonable estimates with respect
to the latter is in large part due to the system parameters, which were
derived from fulvic acid log Kpoc training sets (mostly Suwannee River
fulvic acid). The much poorer pp-LFER estimates for the lacustrine
DOM-CLP system again suggest that other interactions are responsible
for our observations . While these solute and system poly-parameters
considers some of the electron distribution through H-donor and
acceptor interactions they cannot take into account other properties that
might be unique to CLP functional groups such as phosphorous thionate.
In addition, McGowan estimates of molar volumes does not consider the
conformational flexibility of the larger ethoxy groups. Future work
would benefit from chemical computational modeling of CLP with probe
DOM surrogate molecules to study the potential binding dynamics with
different moieties within CLP.

4.3. CLP photodegradation in Arctic DOM isolates

Unlike the summer Toolik and Fog 1 Lake DOMs, TL21, surprisingly,
did not enhance photodegradation of CLP relative to direct photolysis.
As their log Kpoc values are extremely similar to each other, this implies
that photo-enhancement of CLP degradation may not entirely be a
function of partitioning processes. Instead, this suggests that DOM
composition differs enough to impact either the production and/or
scavenging of reactive transients responsible for CLP photodegradation.
Indeed, CLP degradation in TL21 DOM showed little change in degra-
dation rates unless a sensitizer was added, whereas in Fog 1 DOM
degradation seems to be potentially influenced by ROS (eOH, 102;
Fig. S9).

It is possible that TL21 DOM moieties act as efficient scavengers of
produced reactive transients. DOM has been shown to inhibit photo-
oxidative processes through its antioxidant properties (Wenk and
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Canonica, 2012; Yang et al., 2022), however, SRFA which has been
shown to have significant antioxidant moieties (Wenk and Canonica,
2012; Aeschbacher et al., 2012) did enhance CLP photodegradation. To
better understand this process, it would be helpful to quantify these
Arctic DOM isolates by their antioxidant properties (Wenk and Canon-
ica, 2012; Aeschbacher et al., 2012). Insight into their electron donating
and accepting capacity may better indicate the role of DOM in CLP
photodegradation. CLP does oxidize, and is suspected to form the oxon
(P=0) product in all photodegradation experiments, with the largest
peak areas occurring in the presence of eOH sensitizers, and smallest in
the presence of eOH scavengers (see Supporting Information S10).

Surprisingly, we observed no significant correlation between CLP
AQY and DOM composition (Table S6). However, this may be due to the
fact that CLP is potentially sensitive to multiple reactive transients,
complicating its photochemistry with respect to DOM composition. The
IHSS isolates, SRFA and PLFA, often thought of as endmembers of DOM
reactivity and composition, based upon its fluorescent properties and
aromaticity (Fig. S11), however, this simplified model did not explain
DOM’s role in the enhancement of CLP photodegradation. In fact, with
respect to photoreactivity, Arctic DOMs over time and space possess
higher variability than can be explained based upon precursor compo-
sition, Thus, a broad “allochthonous vs. autochthonous” comparison of
DOM composition may not be specific enough for describing the func-
tionalities that govern CLP interactions with DOM in general. In other
studies, DOM properties and reactivity are no longer bound by the old
paradigm based upon two biogeochemical endmembers (D’Andrilli
etal., 2022; Gagné et al., 2023; Chin et al., 2023). CLP’s partitioning and
photoreactivity to Arctic DOM is a reflection of this new complex model
of DOM.

5. Conclusion

Arctic DOM composition is remarkably stable in Toolik Lake on a
scale of decades, and yet despite temporal stability over the long term,
there are compositional shifts within a single season in DOM properties.
Chlorpyrifos, a multifunctional molecule and emerging contaminant in
the Arctic, provides a nuanced lens through which to observe the tem-
poral and spatial compositional heterogeneity of Arctic DOM, through
studying its sorption to DOM and its photochemical behavior. CLP
partitioning to DOM is complicated, and potential interactions with
DOM heteroatoms and conformational flexibility may cause predictive
pp-LFER models to underestimate its partition coefficient. CLP photo-
degradation is also significantly enhanced in the presence of DOM, but
does not correlate with any bulk compositional property of DOM. In
summary, CLP may be a useful probe molecule to help better describe
the multifaceted chemistry of DOM in aquatic environments.
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