A

g%y UNIVERSITA
| ” S AI'IEFFI.10 5 I’i@ ~| DEGLI STUDI

i

'y

o
et 8
s DITORINO
AperTO - Archivio Istituzionale Open Access dell'Universita di Torino
A model assessment of the ability of lake water in Terra Nova Bay,
Antarctica, to induce the photochemical degradation of emerging
contaminants
This is the author's manuscript
Original Citation:
Availability:
This version is available http://hdl.handle.net/2318/1616094 since 2017-01-17T16:59:06Z

Published version:
DOI:10.1016/j.chemosphere.2016.07.049
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

15 October 2023



UNIVERSITA
DEGLI STUDI
DI TORINO

115 AperTO

This Accepted Author Manuscript (AAM) is copyrighted and published by Elsevier. It is
posted here by agreement between Elsevier and the University of Turin. Changes resulting
from the publishing process - such as editing, corrections, structural formatting, and other
quality control mechanisms - may not be reflected in this version of the text. The definitive
version of the text was subsequently published in CHEMOSPHERE, 162, 2016,
10.1016/j.chemosphere.2016.07.049.

Y ou may download, copy and otherwise use the AAM for non-commercial purposes
provided that your license is limited by the following restrictions:

(1) You may usethis AAM for non-commercial purposes only under the terms of the
CC-BY-NC-ND license.

(2) Theintegrity of the work and identification of the author, copyright owner, and
publisher must be preserved in any copy.

(3) You must attribute this AAM in the following format: Creative Commons BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en),
10.1016/j.chemosphere.2016.07.049

The publisher's version is available at:
http://linkinghub.el sevier.com/retrieve/pii/S0045653516309444

When citing, please refer to the published version.

Link to thisfull text:
http://hdl.handle.net/2318/1616094

Thisfull text was downloaded from iris - AperTO: https://iris.unito.it/

iris - AperTO

University of Turin’s Institutional Research Information System and Open Access Ingtitutional Repository




A model assessment of the ability of lake water in Terra Nova Bay, Antarctica,

to induce the photochemical degradation of emerging contaminants

Marco Minella,® Valter Maurino,” Cladio Minero,* Davide Vione *"*

“ Universita degli Studi di Torino, Dipartimento di Chimica, Via P. Giuria 5, 10125 Torino, Italy.

http://www.chimicadellambiente.unito.it

b Universita degli Studi di Torino, Centro Interdipartimentale NatRisk, Via L. Da Vinci 44, 10095

Grugliasco (TO), Italy. http://www.natrisk.org

* Corresponding author. Tel. +39-011-6705296; Fax +39-011-6705242;

E-mail: davide.vione @unito.it

Abstract

The shallow lakes located in Terra Nova Bay, Antarctica, are free from ice for only up to a couple
of months (mid December to early/mid February) during the austral summer. In the rest of the year,
the ice cover shields the light and inhibits the photochemical processes in the water columns.
Previous work has shown that chromophoric dissolved organic matter (CDOM) in these lakes is
very reactive photochemically. A model assessment is here provided of lake-water photoreactivity
in field conditions, based on experimental data of lake water absorption spectra, chemistry and
photochemistry obtained previously, taking into account the water depth and the irradiation
conditions of the Antarctic summer. The chosen sample contaminants were the solar filter
benzophenone-3 and the antimicrobial agent triclosan, which have very well known photoreactivity
and have been found in a variety of environmental matrices in the Antarctic continent. The two

compounds would have a half-life time of just a few days or less in the lake water during the



Antarctic summertime, largely due to reaction with CDOM triplet states CCDOM*). In general,
pollutants that occur in the ice and could be released to lake water upon ice melting (around or soon
after the December solstice) would be quickly photodegraded if they undergo fast reaction with
3CDOM*. With some compounds, the important *CDOM?* reactions might favour the production of
harmful secondary pollutants, such as 2,8-dichlorodibenzodioxin from the basic (anionic) form of

triclosan.

Keywords: environmental photochemistry; pollutant photodegradation; polar regions; abiotic

attenuation processes; emerging pollutants.

Introduction

The Antarctica is the Earth's continent that is least subjected to a direct human impact, and from this
point of view it represents a typical example of a remote environment. In spite of this, usually low
but sometimes significant contamination levels can be found in several Antarctic matrices (Van de
Velde et al., 2005; Fuoco et al., 2009; Vecchiato et al., 2015). The reason is in part the long-range
transport of contaminants from other continental areas, which involves most notably the persistent
organic pollutants (POPs) (Yogui and Sericano, 2008; Dickhut et al., 2012; Kallenborn et al., 2013;
Zhang et al., 2015). Among the POPs, semi-volatile compounds are peculiarly prone to
accumulation in cold areas as a consequence of volatilisation/condensation equilibria, according to
the well-known global distillation or grasshopper effect (Harner, 1997; Borghini et al., 2005).
However, contamination in the Antarctica is not only a consequence of long-range transport,
because the limited human activity in the continent has a relatively low but non-negligible
environmental impact. It has recently been found that several emerging contaminants (including
most notably a range of pharmaceuticals and personal care products) occur in a wide variety of
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environmental and biological matrices near scientific bases, as a consequence of the in situ release
of these xenobiotics (Emnet et al., 2015). The most likely reason is the incomplete elimination of
such contaminants from wastes and wastewater (a problem that also affects more sophisticated
wastewater treatment plants in temperate areas; Salgado et al., 2012; Luo et al., 2014; Richardson
and Ternes, 2014; De Solla et al., 2016), coupled to local transport and biogeochemical cycling.

Surface waters are exposed to several contamination sources, but they have also a self-
depollution capability due to both abiotic and biological processes. Among the abiotic
decontamination pathways, photochemistry plays an important role for the abatement of
biorefractory compounds (Boreen et al., 2003; Pace and Barreca, 2013; Challis et al., 2014; Yan and
Song, 2014). The latter can be degraded by direct photolysis, where sunlight absorption by the
contaminant triggers its transformation, and/or by indirect photochemistry. In indirect
photochemistry, sunlight is absorbed by photosensitisers (e.g. nitrate, nitrite and chromophoric
dissolved organic matter, CDOM) that produce reactive transient species, most notably the radicals
*OH and CO;" (the latter mainly produced upon oxidation of inorganic carbon by ‘OH), singlet
oxygen, 'O, as well as CDOM triplet states, 3CDOM*. These transients react with contaminants
and cause their transformation. In alternative to reacting with pollutants, the transients can be
quenched by reaction with dissolved organic matter, DOM (which scavenges “OH and COs "), by
reaction with inorganic carbon (carbonate and bicarbonate scavenge ‘OH), by collision with the
solvent (which is the main inactivation process for 102) or, in the case of 3CDOM*, by a
combination of thermal deactivation and reaction with O,, the latter yielding 102 (Canonica et al.,
2005; Canonica, 2007; Page et al., 2014; Vione et al., 2014; Cawley et al., 2015; Bodhipaksha et al.,
2015; Gligorovski et al., 2015). The photoinduced degradation is a major abiotic depollution
pathway, but in some cases it can yield secondary pollutants that are more toxic than the parent
compounds (Della Greca et al., 2004; Isidori et al., 2009).

The shallow lakes located in Terra Nova Bay, Antarctica, are ice-free for no more than a couple

of months every year, during the Antarctic summer (Abollino et al., 2003; Malandrino et al., 2009).
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In the rest of the year, the ice cover inhibits photochemistry in lake water. However, the limited
time interval in which photoreactions can be operational might be compensated for by an elevated
potential of the lake water to trigger photoinduced processes. When irradiated in the laboratory, lake
water samples from Terra Nova Bay have actually featured a remarkable CDOM photoreactivity. In
particular, by making use of selective probe molecules, the measured quantum yields for the
photogeneration of reactive transients (3CDOM*, 102, *‘OH) were one-two orders of magnitude
higher compared to lake water at temperate latitudes (De Laurentiis et al., 2013). This peculiarity
might be due to the fact that CDOM in the Antarctica is protected from photodegradation during the
extensive periods of ice cover, thereby retaining an elevated photoactivity that is partially lost by
pre-irradiated CDOM, due to the photodegradation of photoactive moieties (Helms et al., 2008;
Stubbins et al., 2012). This finding is potentially very interesting because it could suggest a
considerable ability of Antarctic lake waters to induce photochemical self-depollution. However, it
is important to assess the significance of such remarkable features in the context of the Antarctic
summer irradiation conditions, with whole lake water columns and a short ice-free period (mid
December — early/mid February). In this work, such an assessment was carried out with a model
approach, applied to the photodegradation of the solar filter benzophenone-3 (hereafter BP3) and
the antimicrobial agent triclosan (hereafter TRIC). The rationale for the choice of these sample
contaminants is that their photochemical behaviour is very well known and they have actually been
detected in several environmental matrices in the Antarctica (Emnet et al., 2015). In particular, both
compounds have been detected at tens to hundreds ng L™ levels in wastewater effluents, and BP3
was also found at tens ng L' levels in seawater, at ng L' levels in melted sea ice, and at up to tens
ng g~ dry weight in biological samples (clams, urchin, fish liver) (Emnet et al., 2015). In the case
of TRIC it should be pointed out that its irradiation yields 2,8-dichlorodibenzodioxin as a secondary
pollutant of concern (Lores et al., 2005; Latch et al., 2005; Kliegman et al., 2013), thus it is also

possible to assess the potential of dioxin formation from irradiated TRIC. The results obtained with



sample molecules of known behaviour allow some generalisations to be made for the

phototransformation of other compounds in the lakes under investigation.

Methods

The study lakes are located in the Terra Nova Bay area, Northern Victoria Land, Antarctica, in the
surroundings of the Mario Zucchelli Italian Station, between 74-75°S latitude and 162-165°E
longitude. A map showing the location of the lakes and the lake acronyms is provided in Figure 1.

The model assessment of contaminant phototransformation was carried out with the APEX
software (Aqueous Photochemistry of Environmentally-occurring Xenobiotics), available for free
download as Electronic Supplementary Information of Bodrato and Vione (2014). APEX predicts
photochemical reaction kinetics from photoreactivity parameters (absorption spectra, direct
photolysis quantum yields and second-order reaction rate constants with reactive species), and from
data of sunlight radiation spectrum, water chemistry and depth (Bodrato and Vione, 2014). APEX is
based on a photochemical model, validated by comparison with field data of phototransformation
kinetics in surface freshwaters (Maddigapu et al., 2011; De Laurentiis et al., 2012; Marchetti et al.,
2013).

In this work, several APEX input data were derived from parameters obtained upon
characterisation and irradiation of lake water samples from Terra Nova Bay (De Laurentiis et al.,
2013). They include the absorption spectra of the lake water in the 290-800 nm wavelength interval,
the dissolved organic carbon (DOC), the concentrations of nitrate and nitrite, as well as the values
of inorganic carbon and pH. The latter two parameters allowed the computation of the
concentrations levels of carbonate and bicarbonate. Further input data referred to each lake are the

water depth and the formation quantum yields of *CDOM¥*, 'O, and *OH from irradiated CDOM



(P50, P and DIV, respectively). The lifetimes of 3CDOM* and 'O, were assumed to

be similar to those observed in other lake-water environments, and the same assumption was made
for the reaction rate constant between "OH and DOM. The lake-water chemical and photochemical
features (De Laurentiis et al., 2013) are reported in Table SM1 in the Supplementary Material
(hereafter SM). The photochemical reactivity parameters of BP3 and TRIC (absorption spectra,
direct photolysis quantum yields and second-order reaction rate constants with the photogenerated
transients) were derived from the literature (see Table SM2 (SM)) (Latch et al.., 2005; Buth et al.,
2009; Vione et al., 2013; Kliegman et al., 2013; Bianco et al., 2015).

The irradiation conditions in the Antarctic summer are peculiar because the sun is always above
the horizon with a low (although not constant) elevation angle. The sunlight spectra (photon flux

' nm™") were obtained for fair-weather

density per unit surface area, expressed as photons cm™ s
and no ozone hole conditions with the NCAR-TUV calculator (National Center for Atmospheric
Research, 2016) for the region of Terra Nova Bay, in the mid-December to mid-February period at
6 pm local time. This time is half-way between midday and midnight and it represents a reasonable
daily average. Midday and midnight appear differently to a bystander in the Antarctic continent
during summer (characterized by 24-h daylight) compared to temperate latitudes but, with the
exception of the South Pole, they represent the time when the sun is highest and lowest over the
horizon, respectively. Because of the low sun elevation angle, sunlight enters the water surface far
from the vertical but it is deviated towards the vertical by the refraction phenomenon (Zepp and
Cline, 1977). The residual sunlight inclination below the water surface ensures that the light path in
water (/) is longer than the water depth d. Assuming that / = ¢ d, ¢ would vary from 1.3 in mid
December to 1.5 in mid February. The different values of ¢ at different times were taken into
account in calculations.

The absorption of radiation by the photosensitizers (CDOM, nitrate and nitrite) and the studied

substrates is computed by APEX taking into account the competition for sunlight irradiance with a



Lambert-Beer approach (Bodrato and Vione, 2014; Braslavsky, 2007). APEX assumes efficient
water mixing, which applies reasonably well to the studied Antarctic lakes in the ice-free period due
to their limited depths (up to 4 m). The model results are average values over the water column,
thus they include the contributions of the well-illuminated surface layer and of darker water at the
bottom (Loiselle et al., 2008).

Among the sample contaminants used for photochemical modelling, TRIC is a weak acid with
pKa = 8 and its two forms show quite different photochemical reactivity (Latch et al., 2005; Buth et
al., 2009; Bianco et al., 2015). Assume k; and k; as the APEX-computed first-order rate constants
for the phototransformation of neutral (acidic) and anionic (basic) TRIC, respectively. Moreover, o
and o, are the respective molar fractions of the two species, calculated by taking into account their

acid-base equilibrium at the lake-water pH values. The overall TRIC rate constant was determined

as krric = k1 o + ky O, and the corresponding half-life time was calculated as #/% =1n2 (k)" .

The fractions of TRIC that undergo degradation as the neutral and anionic form can be expressed
as, respectively, k; oy (kTRIC)_1 and k> 0 (kTRIC)_l.

We assume kyspcpp as the pseudo-first order photogeneration rate constant of 2,8-
dichlorodibenzodioxin, as computed by APEX by taking into account the first-order transformation
rate constants of TRIC (both neutral and anionic forms) in the different photochemical processes
and the dioxin formation yields in the same processes. The yields of 28DCDD from anionic TRIC
are 4% by direct photolysis (Kliegman et al., 2013) and 14% via *CDOM* reactions (Bianco et al.,
2015). In contrast, the dioxin is not formed upon reaction of anionic TRIC with *“OH, or from any
phototransformation pathway of neutral TRIC (Kliegman et al., 2013; Bianco et al., 2015). The
overall formation yield of 2,8-dichlorodibenzodioxin from TRIC was calculated as #spcpp =
kaspepp (krric)”' (Bodrato and Vione, 2014).

Photoreactivity parameters used in APEX have been obtained under laboratory conditions, at

temperatures that are certainly higher compared to those of the studied Antarctic lakes. Although



photochemical reactions are among the chemical processes that are least affected by temperature
(the energy of sunlight photons excites molecules at states that are often beyond reach for thermal
excitation) (Daniels and Alberty, 1955), some overestimation of the reaction kinetics by the model

cannot be excluded.

Results and Discussion

Photochemical production and occurrence of reactive transients

The contaminants BP3 and TRIC undergo photodegradation in surface waters at temperate
latitudes, mainly by direct photolysis and reaction with *OH and *CDOM* (Vione et al., 2013;
Bianco et al., 2015). To model photodegradation in the Terra Nova Bay lakes, first of all the steady-
state concentrations of the photoinduced transient species were calculated in the period from half
December to half February. The computed concentrations are average values over whole water
columns at 6 pm local time under fair-weather conditions, and the levels of *OH and 3CDOM* (the
most relevant transients for BP3 and TRIC photodegradation) are reported in Figure 2 throughout
the ice-free season. The modelled concentrations of *OH and *CDOM* followed the irradiance of
sunlight and were maximum in the solstice day. Moreover, “OH was highest (some 10" mol L™
in lakes TF20 and EP15, and *CDOM* was highest (some 10™"* mol L™") in lakes CA, IL10 and
EP14.

Apart from the major role of sunlight irradiance, the steady-state concentrations of *OH and

3CDOM* ([*OH] and [’CDOM?*], respectively) have a complex dependence on lake chemistry and

depth, as well as on the respective formation quantum yields from irradiated CDOM (dD.CODgM and

(I)CDOM

sepon ). Correlation bi-plots were drawn by considering the maximum values of [[OH] and

[?*CDOM?*] for each lake (referred to the solstice day) and the photochemically relevant parameters
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(water chemistry and depth, transient formation quantum yields). No statistically significant results

were obtained for the steady-state [’CDOM*], which showed non-significant increases with

@CDOM

increasing DOC and & Dome

and a non-significant decrease with increasing depth (see Table 1 for

the results of the statistical tests). Despite their statistical non-significance, these results are

reasonable because *CDOM* is produced by CDOM, which is generally higher at higher DOC, and

@CDOM

sepon 18 Tavourable to the occurrence of 3CDOM*. In contrast, high depth is detrimental

elevated

to all the photochemical processes because the lower depths of deep lakes are poorly illuminated by
sunlight. Therefore, the elevated photoreactivity in the well-irradiated surface layer is compensated

for by lack of photoreactivity in the dark bottom water. The lack of statistically significant

CDOM

correlations or anti-correlations of [3CDOM*] with DOC, &; DoM*

and depth is probably explained

by the fact that these parameters vary independently of one another in the investigated lakes, and
that there is not a single parameter that prevails over the others to significantly influence
[’CDOM*].

In the case of the steady-state ["OH], a statistically significant correlation was found with the
formation quantum yield ®°*" (r = 0.86, n = 6, p = 0.03, see Table 1), which is reasonable
considering that CDOM would be the main “OH source in most of the investigated lake waters (De
Laurentiis et al., 2013). Indeed, coherently with the computed [OH] data (see Figure 2b), it was
PO =3.7-107 for TF20 and 2.1-10™* for EP15, while &> was negligible in the case of IL10
(see Table SM1(SM)). In contrast, the counter-intuitive significant direct correlation between
[*OH] and depth (Table 1) is most likely an accidental consequence of the fact that ["OH] itself was
highest in the deepest investigated lakes (EP15 and TF20). In spite of depth, the modelled [*OH]

was elevated in EP15 and TF20 because of high &2 ™" and of low DOC, the latter implying the

occurrence of little DOM that could scavenge ‘OH.



Phototransformation of BP3

By considering the levels of the photogenerated transients, as well as the photon flux absorbed by
BP3 in each water column, it was possible to compute the pseudo-first order photodegradation rate
constants and half-life times of BP3 in the different lakes in the mid-December to mid-February
period, assuming fair-weather conditions. The calculated half-life times of BP3 were always lower
than 10 days, and they were in the ~day range or below in mid December - early January. Note that
in this period the sun is always above the horizon, thus the day unit represents a full day (24 h) of
solar irradiation. The photodegradation of BP3 would be dominated by reaction with *CDOM*
(>80% of the total), with a secondary role of “OH. The percentage of phototransformation by "OH
ranged from 15-20% of the total in lakes EP15 and TF20, down to <1% in IL10.

In a possible contamination scenario where the pollutant is initially contained in the ice, from

which it can reach the lake water upon ice melting, the very fast phototransformation in the water

columns of all lakes (#5’° <1 day) after the ice-melting period, which typically takes place around

or soon after the solstice (Abollino et al., 2003; Malandrino et al., 2009), would ensure practically
complete disappearance of BP3 in a week or less. These results are referred to fair-weather
conditions, thus they overestimate the actual phototransformation. Due to actual weather in the
Antarctica, and mostly to the effect of clouds, the average UV irradiance might decrease by 20-
40%, and the 400-600 nm irradiance by up to 50%, compared to the fair-weather case (Bernhard et
al., 2005). Considering that CDOM in lake water is the main sunlight absorber in the 300-500 nm
wavelength interval (Loiselle et al., 2008), the phototransformation of BP3 would still be fast
enough to ensure its complete elimination soon after the solstice. The modelled BP3 half-life times
are higher in mid-February (in the range of 5-10 days under fair weather), but they are referred to
ice-free water. They do not apply to all years, because in several cases the lakes would be partially
or totally frozen in mid-February. The ice cover highly limits the penetration of light in water

(Kepner et al., 2000), thereby decreasing considerably the photodegradation kinetics. Another issue
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is that, by mid-February, the lake-water CDOM has been exposed to sunlight for about two months.
However, Antarctic lake water sampled in early February still retained considerable photoactivity
(De Laurentiis et al., 2013).

Compared to the >*CDOM* reactions that would be quite fast in all the lakes, higher differences
are expected in the case of "OH reactions. When taking into account the data of Figure 2 at the
solstice (maxima of the transient steady-state concentrations), [SCDOM*] would be higher by
approximately 2.5-fold in lake CA compared to GW (where [*CDOM#*] would be the highest and
the lowest, respectively). In contrast, ["OH] would be almost 70 times higher in TF20 than in IL10
(where ["OH] would be the highest and the lowest, respectively). Figure 3 reports the BP3 half-life
times for the reaction with "OH alone, for different periods in the various lakes. BP3
photodegradation would be quite fast in lakes EP15 and TF20, and relatively slow in IL10. In the
latter case, "OH would actually play a negligible role in BP3 phototransformation that would be
accounted for almost entirely by 3CDOM* (>99%).

BP3 reacts with ‘OH at diffusion-controlled kinetics (Vione et al., 2013), thus other
contaminants are not expected to undergo significantly faster “OH reaction compared to BP3 (but
slower reactions are indeed possible; Buxton et al., 1988). For this reason and for weather-related
effects, the results shown in Figure 3 can be considered as lower limits for the "OH-induced half-
life times of generic pollutants in the given lakes. The “OH degradation kinetics is particularly
relevant for contaminants that do not undergo significant direct photolysis or triplet-sensitised
transformation by *CDOM*, but that react significantly with ‘OH. Typically, they are hardly
oxidised molecules without chromophoric groups (Buxton et al.,, 1988). In this case,
phototransformation in lake EP14 and, most notably, IL10 might not be fast enough to ensure

complete degradation by *OH during the ice-free season.
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Phototransformation of TRIC

TRIC is a weak acid with pK, ~ 8 and its acidic (neutral) and basic (anionic) forms show different
photochemical reactivity. For instance, the anionic form undergoes direct photolysis to a higher
extent than the neutral one. A further difference from neutral TRIC is that the anionic form yields a
dioxin (2,8-dichlorodibenzodioxin, hereafter 28DCDD) upon both direct photolysis and *CDOM*
reaction. The reaction with *CDOM* would be the main phototransformation process of TRIC in
the water columns of all the Antarctic lakes under examination. It would account for over 96% of
the total phototransformation, the remainder being accounted for by direct photolysis and/or
reaction with *OH and 'O, (the percentages of the minor processes and their relative importance
would vary depending on the lake and the period under examination). The anionic form of TRIC is
expected to be a bit more photolabile than the neutral one, and there was a statistically significant
correlation (r = 0.884, n = 6, p = 0.019) between the calculated pseudo-first order photodegradation
rate constants and the water pH values. The corresponding half-life times of TRIC in the mid-
December to mid-February period would be always lower than 5 days, and lower than one day in
the period from mid December to late January. Therefore, as already discussed in the case of BP3,
and even by taking weather effects into account, any TRIC occurring in the lake water soon after
the ice melt would be totally degraded in a relatively short time, in all the lakes under examination.
The direct photolysis is a major phototransformation process for TRIC in aquatic environments
at temperate latitudes (Latch et al., 2005; Bianco et al., 2015). In particular, by applying the same
model approach as here, but with mid-latitude conditions for sunlight spectrum, irradiance and
CDOM photoreactivity, the direct photolysis is predicted to account for up to 50% of the
phototransformation of neutral TRIC and for over 70% of the anionic one (Bianco et al., 2015). In
Antarctic lake water, the importance of the direct photolysis would be much lower. Moreover,
anionic TRIC is more labile by direct photolysis than the neutral form, because it absorbs sunlight
to a higher extent and has comparable photolysis quantum yield (Kliegman et al., 2013). The half-
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life times for the direct photolysis of TRIC, involving the two forms in equilibrium at the lake-water
pH, are reported in Figure 4a. The most favourable lakes to the TRIC direct photolysis are IL10
and CA, with pH values of 8 and 7.7, where the anionic form would be an important fraction of the
total TRIC. Interestingly, the most unfavourable lake to the TRIC direct photolysis would be EP14
that, despite having pH 7.8, has elevated DOC (above 26 mg C L™") and optically thick water due to
the presence of elevated CDOM. In this case, the direct photolysis of TRIC would be inhibited by
competition with CDOM for sunlight irradiance.

Although not so relevant for TRIC phototransformation in the studied lakes, the direct
photolysis results provide some insight into the possible behaviour of compounds that, like TRIC,
absorb UV radiation and undergo efficient direct phototransformation but that, unlike TRIC, do not
react or react poorly with *CDOM*. In such a case, photochemical attenuation would be operational
but is predicted to be considerably slower than the photoinduced removal of compounds that react
fast with *CDOM*.

Figure 4b reports the expected yields (7spcpp) for the photogeneration of 2,8-
dichlorodibenzodioxin (28DCDD) from TRIC in the different lakes. In each case the calculations
took into account the fact that anionic TRIC produces 28DCDD with 4% yield by direct photolysis,
and with 14% yield upon *CDOM?* reaction, and that neutral TRIC does not yield 28DCDD under
irradiation. The acid-base equilibrium between the neutral and anionic forms at the lake water pH
was considered as well. The overall 28DCDD yields thus obtained ranged from 2-3% (EP15, GW)
to over 8% (IL10). Because 28DCDD is only photogenerated by anionic TRIC, and because the
3CDOM?* reaction would be the main TRIC phototransformation pathway in all the cases, there was
a non-surprising very significant correlation between the modelled 7,3pcpp and pH (r = 0.998, n =
6, p < 0.001). Considering that the 3CDOM* processes are those producing 28DCDD with the
highest yield, the same lake water conditions that allow for a fast TRIC phototransformation would

favour at the same time the production of 28DCDD. The latter compound is more hydrophobic than
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TRIC and it could be partitioned to the sediments (Buth et al., 2010; Anger et al., 2013), where it

would be partially protected from further phototransformation.

Conclusions

The Terra Nova Bay lakes under consideration are frozen for most of the year, and the ice-free
period usually lasts for a couple of months or less. Despite this, the considerable photoreactivity of
the lake-water CDOM could compensate for the limited ice-free period and induce an important
phototransformation of possible contaminants. The latter was assessed by considering BP3 and
TRIC as model pollutants of known photochemical behaviour, and the results obtained with these
compounds can allow some general inferences to be drawn for other molecules.

Potential contaminants could reach the lake water by transport during the ice-free period that
is, however, rather short. Moreover, pollutants occurring in the ice could be transferred to the water
phase upon ice melt. The ice melting often takes place in mid to late December, when the
contaminants thus released might undergo effective reaction with photogenerated transients (mainly
3CDOM*) and be eliminated very quickly from the lake water. The *CDOM?* reactions would be
key processes for the self-cleaning of lake water from compounds that undergo relatively fast
triplet-sensitised transformation, but they might also promote the formation of harmful
intermediates as in the case of anionic TRIC. The photochemical production of harmful compounds
is strongly substrate-dependent, however, and in several other cases one might observe quick
decontamination without production of harmful substances.

The contaminants that do not react with >*CDOM* but react with *OH at near diffusion-
controlled kinetics could undergo sufficiently fast phototransformation in some of the lakes (EP15,
TF20, CA, GW). However, in lakes EP14 and IL10 the degradation might not be fast enough to

ensure photochemical removal before the onset of freezing in the month of February.
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Compared to surface waters in temperate environments, the photochemistry in the Terra Nova
Bay lakes is strongly shifted towards the *CDOM* reactions. Therefore, a better understanding of
such processes (including the possible formation of harmful intermediates from peculiar

contaminants) is essential to assess the fate of pollutants in Antarctic surface waters.
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Table 1. Correlation study involving some of the variables of photochemical significance that
characterise the investigated lakes. The cells with correlation coefficients r > 0 identify
the couples of variables for which there is direct correlation, those with r < 0 highlight
the anti-correlations. The statistically significant results at the 95% confidence level are

shown in bold style.
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Figure 1. Map showing the location of the study lakes in Northern Victoria Land. Acronyms: EP =
Edmonson Point (where lakes EP14 and EP15 are located); IL = Inexpressible Island

(location of lake IL10); TF = Tarn Flat (lake TF20); CA = Carezza, and GW = Gondwana.
Lakes CA and GW are very near each other.
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Figure 2. Modelled steady-state concentrations of 3CDOM* (a) and "OH (b) in the Terra Nova Bay
lakes under study, in the ice-melting/ice-free period. The reported steady-state
concentrations are average values over the whole water column, and they take into account
the contributions of the well illuminated surface layer and of darker water at the bottom.

They are referred to 6 pm local time and fair-weather conditions.
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Figure 3. Modelled half-life times of BP3 upon reaction with “OH, in the different Terra Nova Bay

lakes and in different periods, under fair-weather irradiation conditions. By comparison,

note that the corresponding half-life times for reaction with *CDOM?* would be always

lower than 10 days, and sometimes even lower than 1 day.
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(a) Modelled half-life times of TRIC upon direct photolysis, in the different Terra Nova
Bay lakes and in different periods, under fair-weather irradiation conditions. By
comparison, note that the corresponding half-life times for reaction with 3*CDOM*
would be always lower than 5 days, and sometimes even lower than 1 day.

(b) Modelled formation yields of 28DCDD from anionic TRIC, as average values over

the period under consideration (the error bars represent the 95% confidence intervals).
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