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Abstract

Lake circulation is an important phenomenon that ensures oxygenation of the water column. Here
we report that aeration of anoxic hypolimnion water causes production of highly reactive hydroxyl
radicals (‘OH), which are also produced photochemically in the epilimnion. Model calculations
suggest that the dark process of "OH generation can be comparable with photochemical reactions in
some lake environments, provided that the hypolimnion is a significant fraction of the whole lake
volume. In these cases, lake overturn could significantly contribute to the yearly ‘'OH budget of the
lake water and might cause significant degradation of some pollutants, for which the reaction with

‘OH is an important removal process from surface waters.
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Introduction

Reactive transient species are photochemically produced in natural waters and they include the
hydroxyl ("OH) and carbonate (CO; ") radicals, singlet oxygen (‘O,) and organic matter triplet
states. They play an important role in the degradation of pollutants and in the oxidative processing
of natural organic matter, with important implications for the biogeochemical carbon cycle (Aarnos
et al., 2012; Fenner et al., 2013; Remucal, 2014). The generated transients are produced
photochemically in the surface water layer, upon sunlight irradiation of photosensitisers such as
chromophoric dissolved organic matter and nitrate (Al Housari et al., 2010). Photochemical
processes are limited or negligible in the lower depths of water bodies (Barbeau et al., 2001),

including water in the lake hypolimnion during the stratification period(s). However, dark formation
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of "'OH has been recently observed upon aeration of both humic acids, previously exposed to
electrochemical reduction under anoxic conditions (Page et al., 2012), and anoxic groundwater
(Page et al., 2013). Interestingly, a similar reduction process can be induced microbially in humic
substances (Kliipfel et al., 2014). Such processes are intriguing because they do not require sunlight,
and because they involve aeration of anoxic water. During summertime, lake water may be
thermally stratified because the warmer water near the surface has lower density than the deeper
and colder one. Under such conditions and depending on the surface productivity, the hypolimnion
may become anoxic. This happens because oxygen is consumed by respiration and it might not be
efficiently supplied by diffusion from the well-oxygenated upper layer or by photosynthesis (absent
in the aphotic zone below the thermocline). Stratification usually lasts until the epilimion
temperature decreases, causing the lake to become isothermal and triggering circulation. Depending
on the complete or partial overturn and on its frequency, lakes are distinguished as monomictic (a
complete mixing occurs once per year), di/polymictic (two or more complete circulations occur per
year) and meromictic (the overturn occurs only in a fraction of the water column and an unmixed
layer can remain for years). A total overturn may be prevented by the excessive water density near
the bottom, often because of accumulation of inorganic and organic substances with formation of
stable chemoclines. In the presence of anoxic hypolymnion water, mixing ensures reoxygenation
(Wetzel, 2001; Posch et al., 2012) and the contact between anoxic water and oxygen is a potential
‘OH source. This paper explores the role of dark hydroxyl radical formation during aeration of

anoxic lake water.

Materials and Methods

Water was sampled in summer from the epilimnion and hypolimnion of stratified lakes located in
NW Italy: Avigliana Grande (AV), Candia (CA), Viverone (VI) and Sottano della Sella (SdS). For
additional information about the studied lakes see Table 1. The sampling zone was reached by boat
and deep water was sampled with a Niskin bottle. The depth profiles of temperature, conductivity,
dissolved oxygen and pH are reported in Figure 1. Water was anoxic below 5 m for CA (maximum
depth 7 m), 15 m for AV (maximum depth 26 m), 20 m for VI (maximum depth 58 m) and 30 m for
SdS (maximum depth 35 m). The lake surfaces had oxygen concentration at or even above
saturation, due to the combination of contact with the atmosphere and photosynthetic activity. Some
data concerning lake water characterisation are reported in Table 1. Complete data, including the
main anions and cations, are provided as Supplementary Material (hereafter SM, Figures S1 to S3).
For each lake, two samples were taken from the anoxic hypolimnion (0.5-2 m above the lake
bottom, sampling points being at a horizontal distance of 50-200 m) and one sample from the
epilimnion, approximately at middle (horizontal) distance between the hypolimnion sampling

points.



The production of ‘'OH was determined with the transformation of terephthalic acid (TA) into
hydroxyterephthalic acid (TAOH) as probe reaction. The formation yield of TAOH from TA upon
reaction with "OH has been reported as ~20% at the temperature and pH conditions of the studied
samples (Charbouillot et al., 2011). Because every five ‘OH that react with TA, only one gives
TAOH, one should multiply the TAOH data by five to get the ‘OH formation. Page et al. (2012)
used a different yield (35%), but Charbouillot et al. (2011) studied the TAOH yield as a function of
pH and temperature and a 20% yield is compatible with the conditions of the lake water samples.
Differences in the reported yields could be due to differences in the experimental temperatures.
Near-bottom anoxic water was collected, spiked with a terephthalic acid/terephthalate solution at
similar pH as the lake water, and magnetically stirred in open amber flasks to allow aeration. The
procedures used to protect the flasks from sunlight exposure and to quench the reaction between
'OH and TA are reported in the Materials and Methods section of SM. For each lake, ‘OH formation
was studied in two bottom samples (initially anoxic) and in one sample from the surface, and two
replicas of each sample were made.

The importance of the studied dark process was assessed by comparison with photoinduced
reactions. Epilimnion photochemistry was modelled with the APEX software (Aqueous
Photochemistry of Environmentally-occurring Xenobiotics) (Bodrato and Vione, 2014). Modelling
was based on photochemically relevant parameters of surface lake water (nitrate, DOC, inorganic
carbon, pH, see Table 1) and on a reference depth that is representative of the epilimnion (see
Figure 1; epilimnion depth was taken as 3 m for CA, 10 m for AV, 15 m for VI and 25 m for SdS).

Results and Discussion

Figure 2 reports the TAOH time trend in the hypolimnion and surface samples for each studied lake
(two replicas are reported for each aeration time, the curves are just guides for the eye). TAOH was
already detectable after 10 min of contact time with the atmosphere and its concentration increased
quite quickly in the first hour of the reaction, after which its further increase was more limited. The
TAOH values detected at the longest reaction times (> 6 h) were within 0.3-1 uM for lakes AV and
VI, and below 0.05 uM for CA and SdS. At such reaction times, the oxygen saturation in the
relevant samples was around 100%. The TAOH concentration in surface samples was always below
0.01 uM. This issue suggests, among other things, that aerobic biological processes are unlikely to
determine an important transformation of TA into TAOH.

Figure 2 shows that dark ‘OH production was much higher in hypolimnion than in epilimnion
water. For the hypolimnion, the TAOH concentration was in the order AV > VI > SdS > CA. By
dividing the longest-time TAOH concentration for the yield of the reaction TA + ‘OH — TAOH
(Charbouillot et al., 2011), one gets the total formed "OH that represents the moles per litre of "OH

produced by aeration of anoxic water. Note that this is not the concentration of ‘OH at any time,



which would be much lower: the radical ‘OH is formed and quickly reacts, but the accumulation of
TAOH keeps trace of ‘OH formation in the whole process. Total formed ‘OH was 0.2-4.5 pmol L™,
which is comparable to that reported for aeration of anoxic groundwater (Page et al., 2013), even
when taking into account some differences in the used reaction yields. No formation of TAOH was
observed in blank experiments (TA added to Milli-Q water in the field and processed as for the
other samples, and TA added to hypolimnion samples after full oxygenation).

The dark formation of "OH upon aeration of anoxic water has been attributed to Fenton and Fenton-
like processes (Page et al., 2012; Page et al., 2013). They could involve either Fe(Il) (which could
produce H,O, when undergoing oxidation to Fe(Ill), thereby triggering the Fenton reaction; Morgan
and Lahav, 2007; Pignatello et al., 2006; Page et al., 2013) or hydroquinones/semiquinone radicals.
The latter could induce Fe-free Fenton-like reactions (Kliipfel et al., 2014; Chen and Pignatello,
1997; Zhu et al., 2007), but organic and possibly inorganic reductants are also known to enhance
the Fe-based Fenton process by favouring the Fe(Ill)-Fe(Il) recycling (Georgi et al., 2007; Fukuchi
et al., 2014; Murphy et al., 2014).

Total Fe is reported in Table 1 (it was in the range of approximately 0.001-0.1 mg L™', and it was
higher for the bottom samples), but its concentration did not match clearly the observed results. Fe
levels could possibly account for the higher TAOH formation in the B2 sample of AV compared to
B1 (total Fe was higher in B2 by over an order of magnitude), but the bottom samples richest in Fe
were those from CA and SdS and they yielded the lowest formation of TAOH. A possible
explanation is that the content and oxidation state of organic matter is as least as important as Fe in
the process, due to the likely involvement of reduced organic compounds in Fe(Ill)-Fe(Il) recycling
and/or in Fe-free Fenton-like reactions. For lake SdS the “OH formation could be limited by the low
DOC values (little organic matter available, see Table 1), and in the case of CA the low water depth
(7 m) might favour some O, diffusion to the hypolimion that, while below the detection limit of the
used oxygen meter, could affect the oxidation state of organic matter. The bottom water in lakes AV
and VI is deep enough to limit oxygen diffusion and it has a sufficient content of organic matter to
produce an enhancement of Fenton reactions, which might account for the elevated formation levels
of dark "OH.

The complexity of the involved reactions places the elucidation of the ‘OH production pathway(s)
outside the scope of this short communication and it will be the topic of further investigations. The
part that follows will discuss the potential environmental significance of the process.

To assess the importance of dark ‘OH formation, one can compare dark production with
photochemical "OH generation in the sunlit epilimnion or with other photoinduced processes.
Photochemical reactions were modelled with the APEX software. The comparison was initially
carried out on a mole per litre basis, neglecting the issues related to the relative volumes of the
hypolimnion and the epilimnion. Such issues will be discussed later.

Taking Lake AV (sample B2) as an example, APEX modelling showed that the production of 4.5

umol L' of total ‘OH as in the dark process would require ~4 months of epilimnion irradiation,
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under clear-sky conditions in spring or summer (e.g. April to August). The cumulated irradiance
would correspond to around 55% of the total sunlight input received yearly by the lake, and to even
more when considering weather-related issues. In the case of sample B1, the corresponding data
would be ~2 months of epilimnion irradiation and ~30% of the yearly sunlight input. In the other
cases, the amount of dark ‘OH produced by aerated anoxic water would be equivalent to almost 3
months epilimnion irradiation for VI, 1-3 days for CA, and 1-1.5 days for SdS. In two out of four
cases (AV and VI), oxygenation of anoxic epilimnion water has the potential to play an important
role in the ‘OH budget of lake water.

By using APEX, one can also compare pollutant degradation by photochemical and dark processes
in the AV and VI cases, for which the dark process may be important. A full set of photoreactivity
parameters has recently been reported for the fungicide dimethomorph (DMM) (Avetta et al., 2014),
which allows for the modelling of phototransformation kinetics based on water chemistry and
depth. The photochemical DMM half-life time (/5" ) in the epilimnion would be ~1.5 months (in
spring/summer) for both AV and VI, with an "OH contribution to photodegradation of ~30% in both
cases. The remaining phototransformation would be accounted for by reactions with the triplet
states of organic matter and, to a limited extent (3-5%), by direct photolysis.

The DMM percentage that could be transformed by dark ‘OH can be obtained by comparison

between the dark and photochemical processes, by using the photochemical 7", the role of “OH

in DMM transformation (from which one gets the first-order reaction rate constant of DMM

k DMM —*OH

transformation by ‘OH alone, ) and the epilimnion irradiation time needed to produce the

same total formed ‘OH as in the dark. This approach holds under the hypothesis that natural water
components (mostly organic and inorganic carbon) scavenge “OH to the same extent in both dark
and irradiated compartments. Table 1 shows that differences in the relevant parameters between
epilimnion and hypolimnion water were not substantial for AV and VI, but water from the lake
surface had higher pH than that in the bottom. This issue implies a higher concentration of
carbonate in the epilimnion that could induce a more efficient scavenging of ‘OH (Al Housari et al.,
2010). Considering that oxygenation of anoxic hypolimnion water would imply some mixing,
leading to intermediate chemical composition, here it is hypothesised for simplicity that the ‘OH
scavenging is the same for both the dark and the photochemical processes. This approximation
might induce an underestimation of the importance of the dark process.

In the case of AV-B1, the total ‘'OH formed in the dark would be photochemically produced in ~4
months of epilimnion irradiation (in spring-summertime conditions). Taking into account that the
DMM photochemical half-life time in AV epilimnion is #"" ~1.5 months (by all processes) and

that the ‘OH contribution to photodegradation is ~30%, one gets k"™~ = 4.6x10~ d™' for DMM

transformation by "'OH. The ‘OH degradation of DMM is described by equation (1), where C is the

DMM concentration at time ¢ and C, the initial concentration:



Cizexp(—kDMM-"’H xt) (1)

0
Equation (1), for t = 4 months = 120 d, predicts C/C, = 0.58 or a DMM degradation of 42%. The
dark process, which produces about the same ‘OH as 4 months of epilimnion irradiation, would also
induce ~42% degradation of DMM.
By considering all the relevant samples, one obtains that dark ‘OH could induce the transformation
of 24-42% dimethomorph for AV and ~34% for VI. Even when taking into account that
oxygenation of anoxic water may take place only once a year during lake circulation, these data
look quite interesting. They could be even more interesting in the case of polymictic lakes subjected
to frequent cases of anoxia and overturn (Kangur et al., 2013).
Due to the link between oxygenation and overturn, the actual volumes of the epilimnion and
hypolimnion should be taken into account. Indeed, if the hypolimnion volume is very small
compared to the epilimnion, the processes induced by its oxygenation would be proportionally less
important. Figure S4 (SM) reports the bathymetric data of AV and VI (Regione Piemonte, 2004).
To estimate the extension of the hypolimnion, the figure highlights the portion of AV that is deeper
than 15 m and the portion of VI that is deeper than 20 m (which is the limit of anoxic water, see
above). The figure suggests that the extension of the hypolimnion would be very significant in the
case of AV, but one should consider that the maximum lake depth is 26 m. Therefore, depending on
the chosen position of the water column, the depth of the hypolimnion would be lower than, or at
most comparable with, that of the epilimnion. In the case of VI, most of the lake would be deeper
than 20 m (Figure S4) and, in the fraction that is deeper than 40 m (which amounts to almost half of
the lake extension) the hypolimnion depth would be higher than that of the epilimnion. Therefore,
in lake VI, the volume of the hypolimnion would be comparable to that of the epilimnion and
overturn would produce the oxygenation of an important fraction of the lake volume.
An additional caveat is that our experiments brought anoxic water in contact with oxygen till
complete saturation, while overturn would probably produce a more gradual oxygenation. Column
oxygen data for AV and VI (Regione Piemonte, 2004) indicate that both lakes have anoxic deep
water for several months and that overturn produces oxygen saturation levels of 40-70% in the
water column (with ~100% at the surface). However, compared to our experiments, contact times
would be much longer and reduced species such as Fe(Il) would still undergo oxidation in the
presence of relatively small amounts of oxygen that would buffer the redox conditions (Tratnyek et
al., 2011). Moreover, Fe(Il) oxidation by O, under lake-water conditions would take place on a time
scale that is much faster than lake circulation phenomena (Craig et al., 2009). Therefore, the dark

"OH production is not expected to be much different compared to our estimates.



Conclusions

This paper shows that aeration of anoxic lake water, sampled from the hypolimnion during the
summer stratification period, leads to the dark production of measurable amounts of ‘OH. In two of
the studied lake-water samples the dark "OH generation was potentially very important: on a mole
per litre basis, it could lead to a total formed "OH that would require, to be reached in the
epilimnion, irradiation for several months under fair-weather summertime conditions. In the same
lakes (AV and VI) the dark ‘OH could induce significant degradation of pollutants, even when
taking into account that oxygenation might take place only once a year in late summer-early
autumn. To overcome the limitations of the concentration-based approach, one should take into
account the volumes of both the epilimnion and the hypolimnion. The latter would be non-
negligible but smaller than the epilimnion volume in AV. In contrast, for VI the hypolimnion would
account for an important fraction of the lake volume. The results of this study suggest that in
relatively deep lakes, if bottom water becomes anoxic during summer stratification, overturn might
potentially cause an ‘OH production amounting to a considerable fraction of the year-long “OH
budget. The latter may have important implications for e.g. pollutant transformation. The pathways
involved in ‘OH production upon oxygenation of anoxic lake water will require further

investigation.
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Table 1. Lake features “ and chemical parameters (LOD = Limit of Detection; Surf = surface sample; B1-B2 = near-bottom samples; TC = total carbon; IC =

inorganic carbon; DOC = dissolved organic carbon; TN = total nitrogen, Fe tor = total iron).

S‘I’(rlf:;‘fe Al:lti;‘;dle Max n‘?el"h S‘:I?:;lgfg NHS(©  NOy(©) PO&(@© TC IC pPOC TN H Fe B
- mg L~ mg L™ mg L™! mg C L™ mg C L™ mg C L™ mg N L™ P Hg

ca 1.52 226 7 10 Jul 2013
CA Surf 0.065 0015 <LOD(e) 1866+0.60 11764042 690101 069+0.11 83  =4*03
CABI 248 0001 <LOD(c) 2386082 1646+025 740107 2044002 72 704
CA B2 3.18 0016 0033  23.17£034 1736+0.17 581£050 2684010 68 [018%33
Av 115 352 26 25Jul2013
AV Surf <LOD (d) 173 <LOD(e) 37.76+1.08 3195+043 581+151 078+011 96 1 0*04
AVBI 0.866 2.69 0136 48704139 4353£015 517+154 1722014 99 2701
AVB2 2.69 257 0203 51164133 4559£034 5574167 296015 81 2008
VI 25.7 230 S8 30Jul2013
VI Surf 0.152 0001 <LOD(e) 2659+094 21.07£037 552132 070%0.10 96 061007
VI BI 1.44 0052 1165  3375£090 29084023 467112 139x014 83 1>7*02)
VI B2 0.690 0018 0865 3235+141 27664062 469£203 100£008 85 04
sds 11107 1862 -33 22 Jul 2013
Sds Surf 0.091 0889 <LOD(c) 226+0.06 1.67£000 059006 034+009 84 <HOP©
Sds BI 0.963 105 <LOD() 328+012 2924006 035+0.18 0452000 81 0404
Sds B2 0.466 100 <LOD()) 268007 2494006 019£0.12 039£000 74 17402

(a) www.regione.piemonte.it; (b) www.parks.it/parco.lago.candia; (c) The reproducibility of repeated runs for cations and anions was 4-5%; (d) LOD = 0.018 mg L™"; (¢) LOD = 0.01 mg L™".
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lake depth. SdS: Lake Sottano della Sella; AV: Lake Avigliana; VI: Lake Viverone; CA:
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Figure 2. Time trend of TAOH formed from 1 mM TA in hypolimnion and surface samples

exposed to the atmosphere. (A) Lake Candia; (B) Lake Avigliana; (C) Lake Viverone and

(D) Lake Sottano della Sella. The curves on the plot are just guides for the eye.
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