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Abstract

Exposure to disinfection byproducts (DBPs) in swimming pools has been linked to adverse health
effects. Numerous DBPs that occur in swimming pools are genotoxic and carcinogenic. This
toxicity is of a greater concern in the case of brominated DBPs that have been shown to have
substantially greater toxicities than their chlorinated analogues. In chlorinated seawater swimming
pools, brominated DBPs are formed due to the high content of bromide. Nevertheless, very little
data is reported about DBP occurrence and mutagenicity of water in these pools. In the present
study, three seawater and one freshwater swimming pools located in Southeastern France were
investigated to determine qualitatively and quantitatively their DBP contents. An evaluation of the
genotoxic properties of water samples of the freshwater pool and a seawater pool was conducted
through the Salmonella assay (Ames test). The predominant DBPs identified in the freshwater
pool were chlorinated species and included trichloroacetic acid, chloral hydrate,
dichloroacetonitrile, 1,1,1-trichloropropanone and chloroform. In the seawater pools, brominated

DBPs were the predominant species and included dibromoacetic acid, bromoform and
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dibromoacetonitile. Bromal hydrate levels were also reported. In both types of pools, haloacetic
acids were the most prevalent chemical class among the analyzed DBP classes. The distribution
of other DBP classes varied depending on the type of pool. As to genotoxicity, the results of
Ames test showed higher mutagenicity in the freshwater pool as a consequence of its considerably

higher DBP contents in comparison to the tested seawater pool.
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1. INTRODUCTION

Disinfection of swimming pools is essential to reduce biological hazards related to the presence of
pathogenic microorganisms that can cause infections to pool users. Several disinfectants are used
for water disinfection in swimming pools such as chlorine-based disinfectants comprising gaseous
chlorine, calcium hypochlorite, sodium hypochlorite, chlorinated isocyanurates, chloramines, and
chlorine dioxide. An unintended consequence of treating water with these disinfectants is the
formation of disinfection by-products (DBPs) due to reactions between the added disinfectant and
organic matter present in water. To date, DBPs identified in swimming pool waters include
haloamines, trihalomethanes (THM), haloacetic acids (HAA), haloacetonitriles (HAN),
halodiacids, haloaldehydes, haloketones (HK), haloamides, halophenols, halobenzoquinones and
N-nitrosamines (Richardson et al., 2010; Wang et al., 2013; Chowdhury et al., 2014; Teo et al.,
2015). Chronic exposure to high levels of DBPs has been associated with adverse health effects,
including irritations (eye, skin, nose and throat) (Fantuzzi et al., 2010; Font-Ribera et al., 2010),

bladder cancer (Villanueva et al., 2004; Villanueva et al., 2007) and adverse reproductive effects



(Nieuwenhuijsen et al., 2000; Hinckley et al., 2005). Many of the identified DBPs have been
reported to be genotoxic and carcinogenic (Richardson et al., 2007). Furthermore, there is
evidence suggesting that bromine-containing DBPs are more toxic than their chlorine-containing
analogues (Hsu et al., 2001 ; Richardson et al., 2007; Plewa et al., 2008; Escobar-Hoyos et al.,
2013). The formation of brominated DBPs takes place upon chlorination of bromide-containing
waters. In such environments, bromine is the predominant disinfectant since bromide ions react
with chlorine (hypochlorous acid) undergoing rapid oxidation to form hypobromous acid
(Bougeard et al., 2010; Wang et al., 2010; Ged and Boyer, 2014). The influence of the Br/Cl,
ratio was demonstrated to affect considerably the speciation of halogenated DBPs (Xue et al.,
2008). In this way, pools filled with seawater, which has a high content of bromide up to 65
mg/L, are likely to generate brominated DBPs as predominant species (Parinet et al., 2012).
Swimming pools filled with seawater can be found in thalassotherapy centers, which represent
one of the rapidly growing sectors of medical and spa tourisms (Crecente et al., 2012). This sector
dating back to the late 1800s, originally involves the use of seawater and the marine environment
as a source of therapy. However, modern thalassotherapy establishments have diverse categories
of attendees encompassing curists as well as those merely seeking wellness (Schwartz, 2005). In
these resorts, swimming pools are filled with seawater and treated with disinfectants similarly to
freshwater swimming pools in order to eliminate waterborne pathogenic microorganism and
prevent outbreaks of infectious diseases (WHO, 2006). In France, regulations recommend a free
residual chlorine level between 0.4 and 1.4 mg/L when sodium hypochlorite (commonly called
bleach) or chlorine gas are used as disinfectants disregarding the type of water filling the pool
(ANSES, 2011). Many studies investigating the occurrence of DBPs in swimming pools filled

with freshwater and municipal tap waters have been conducted and more than 100 DBPs were
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identified (Fantuzzi et al., 2001; De Laat et al., 2011; Chowdhury et al., 2014; Teo et al., 2015).
Beech et al. (1980) investigated THM levels in 18 seawater swimming pools and identified
bromoform as the dominant THM. Parinet et al. (2012) analyzed the occurrence of THMs and
HAAs in seawater swimming pools and identified bromoform and brominated acetic acids as the
predominant DBPs. However, data about the occurrence of brominated DBPs in seawater pools
remain far less available than data reporting the occurrence of DBPs in freshwater pools. The
characteristics of water in the seawater pools can influence the formation reactions of DBPs and
result in different DBPs than those found in freshwater pools. In addition to high bromide content,
seawater has a pH = 8.0-8.5, unlike freshwater where pH = 7. The effects of pH on the formation
of DBPs have been put into evidence previously (Hansen et al., 2012). Furthermore, in spite of
the evidence about the higher toxicity of brominated DBPs in comparison to their chlorinated
analogues, no data can be found about the mutagenicity of seawater pools. In a study conducted
by Richardson et al. (2010), the authors found that water samples obtained from chlorinated and
brominated freshwater pools in Barcelona possessed mutagenic activities in Salmonella
mutagenic assay.

Given the chemical risk concerns related to exposure to brominated DBPs, and the scarcity of
data about their occurrence in seawater pools, this study aims at investigating the occurrence of
DBPs, in three seawater pools and a freshwater pool, and to assess the mutagenicity of waters in
the two types of pools. The present study involves an investigation in the Cote d’Azur region,
France, in which we analyzed water samples obtained from three seawater pools of two
thalassotherapy establishments and a freshwater pool. Chemical analyses involved the
identification of DBPs, specifically THMs, HAAs, HANSs, trihaloacetaldehydes (THAs) and HKs,

and determining their levels in the four pools. Genotoxicity assessment involved the



determination of the mutagenic potencies of water extracts of one of the seawater pools and of the

freshwater pool, in the presence and absence of metabolic fraction S9 mix.

2. MATERIALS AND METHODS

2.1. Study Site and Sampling

The study was performed in three seawater swimming pools and a freshwater pool in two
thalassotherapy establishments, designated as E1 and E2, located in the Cote d’Azur region in
Southeastern France. Establishment E1 had an outdoor swimming pool filled with freshwater
(Freshwater Pool E1) and an indoor pool filled with seawater (Seawater Pool E1) while E2 had
two indoor pools filled with seawater, Seawater pool E2 (1) and Seawater Pool E2 (2). Seawater
pools are filled with water originating from the Mediterranean Sea. Disinfection treatment
involved the addition of sodium hypochlorite (NaOCIl) in an automated manner to maintain a
constant level of free residual chlorine in the pools. In order to remove particulates and pollutants,
the pools were equipped with sand filters. Sampling took place in summer 2014 and samples were
collected from the four pools for TOC and DBP analyses and from two pools (freshwater and
seawater) for mutagenicity assay. Physicochemical parameters such as temperature and pH were
measured on-site. For DBP analysis, samples were collected in 65-mL glass bottles filled without
headspace and tightly sealed with a PTFE-lined screw cap. Prior to sampling, ascorbic acid of
reagent grade (Sigma, China) was added in the sampling bottles to quench chlorine residual
present in samples to avoid the alteration of the concentrations of DBPs due to reactions that
could continue to take place following sampling (Kristiana et al., 2014). Another set of samples
was collected in 1-L glass bottles for the analysis of total organic carbon (TOC). For the

mutagenesis assay, samples of 30 L were collected from the freshwater and seawater pools of E1,



without the addition of quenching agent to avoid any potential interference with Ames test. All

the collected samples were stored at 4 °C away from sunlight until extraction.

2.2. Physicochemical Parameters and DBPs Analysis

Physicochemical parameters including pH, electrical conductivity (EC), salinity, oxidation
reduction potential (ORP) and oxygen saturation were determined on-site using specific
electrodes from WTW (SenTix 41-3 pH electrode, WTW Pt 4805/S7 electrode, TetraCon 325
redox electrode, and CellOx 325 electrode, respectively). Residual chlorine and total chlorine
were measured on-site by the colorimetric DPD method using a portable spectrophotometer
(AQUALYTIC-AL 800, Germany). Non purgeable organic carbon (NPOC) was measured by
catalytic oxidation at high temperature (Multi N/C 2100, Analytic Jena, Germany). The values of
NPOC are referred to as total organic carbon (TOC) throughout the text. Bromide levels were
measured with an ICS-3000 Dionex ion chromatography system using a 30 mM NaOH eluent
with a flow rate of 1.5 ml/min at 30 °C. The treatment of samples in order to determine target
DBP contents varied depending on the chemical classes of DBPs and analyses were conducted in
triplicate. To measure THMs, HANs, HKs, and THAs, samples were extracted by liquid-liquid
extraction (LLE) with methy tert-butyl ether (MTBE) of Chromosolv, HPLC grade (Sigma-
Aldrich, Germany) and analyzed by gas chromatography coupled to an electron capture detector
(GC-ECD) (Perkin Elmer Clarus 580 system, Norwalk, CT, USA) based on U.S.EPA 551.1
(Munch and Hautman, 1995) with slight modifications. To measure HAAs, samples were treated
and analyzed based on U.S.EPA 552.3 (Domino et al., 2003) with slight modifications. Sample
aliquots were adjusted to a pH of 0.5 or less by adding sulfuric acid, analytical grade reagent

(Fisher Scientific, UK) and then extracted with MTBE. Next, the organic phase containing the



HAAs was treated with acidified methanol to form their corresponding methyl esters. The
derivatized HAAs were analyzed with GC-ECD. Procedural standard calibration was used to
quantify target analytes. More information on the preparation of calibration standards and DBP
analyses can be found in Annexes (sections 2.1 and 2.2, respectively). Limit of detection (DL)
and minimum reporting level (MRL) for each of the analyzed compounds are also reported in the

supplementary material (Table S4).

2.3. Mutagenesis Assay

In order to determine the mutagenic properties of waters of the freshwater pool and the seawater
pool of the same establishment E1, Ames test was conducted. Sample aliquots (30 L) from each
of the two tested pools were acidified to a pH < 1 using sulfuric acid and then concentrated on a
column containing two overlapping layers of thoroughly cleaned Supelite™ DAX-8 (Supelco,
Bellefonte, PA, USA) over Amberlite™ XAD-2 (Supelco, Bellefonte, PA, USA) resins
(Richardson et al. 2007). After loading the samples, the resins were eluted with 350 mL of ethyl
acetate, LC-MS Chromasolv grade (Fluka Analytical, Germany). The resulting organic phase was
then treated with sodium sulfate (NaxSOs4) of ACS reagent grade (Sigma-Aldrich, India) to
remove any traces of water incorporated with ethyl acetate and then concentrated to 1.5 mL using
TurboVap II Concentration Evaporator Workstation (Biotage). A 1 mL aliquot of this concentrate
was analyzed using GC-ECD according to the methods mentioned previously to check whether
the DBP families identified and quantified using LLE extracts were also present in it. A 0.5 mL
aliquot of the resultant concentrate underwent solvent exchange to 0.5 mL dimethyl sulfoxide
(DMSO) chromasolv plus (Sigma-Aldrich, UK). The 20,000x DMSO concentrates (0.5 mL of

DMSO corresponding to the equivalent of 10 L of the swimming pool water) were tested in



triplicate using a micromethod of Ames test in Salmonella typhimurium strain TA100. The test
was carried out in the presence and absence of rat liver enzyme-containing metabolic fraction S9
mix to check whether the metabolism of the extracted compounds could produce new genotoxic
molecules. Four doses of each extract were tested. Sodium azide and benzo(a)pyrene were used as
positive controls in the experiments without and with S9 mix, respectively. After 48 h of
incubation, revertants (rev) were counted on each plate with an automatic colony counter
equipped with a bacterial enumeration program (Scan 1200, Interscience, Saint Nom La Bretéche,
France). The assay was performed in triplicate for each sample, and the mutagenic responses were
expressed as the mean of the total number of revertants detected. The genotoxicity data were
analyzed using the statistical and graphical functions of SigmaPlot (version 12.5) and Table
Curve 2D (version 5.01) (SPSS Inc., Chicago, IL, USA). A two-step analysis was performed to
interpret the data. The Dunnett test was primarily performed to determine a significant difference
between the mean number of induced revertants and the mean number of spontaneous revertants.
If the Dunnett test was positive for at least one sample concentration, a non-linear regression
analysis was carried out using three arbitrary models as described previously (Di Giorgio et al.,
2008) with TableCurve 2 software. Model significance was based on two criteria: (i) model
probability (P) being < 0.05, and (ii) error probability (Per) being > 0.05. The Mutagenic Activity
(MA, rev mL-eq) was defined as the maximal slope of the ascending part of the dose—response

curve and was calculated as the first derivative at the origin.

3. RESULTS AND DISCUSSION

3.1. Physicochemical parameters of swimming pool waters



Table 1 lists the results of physicochemical analyses of waters from the four studied pools. The
levels of free residual chlorine were similar in the four pools.

Table 1 — The physicochemical parameters of the four swimming pools are represented.
PSU: Practical salinity unit.

Swimming Pool Freshwater Seawater Seawater Seawater
Pool El Pool El Pool E2 (1) Pool E2 (2)

T (°C) 29.40 33.20 30.90 33.40

pH 7.00 8.54 8.46 8.32
Salinity (PSU) 1.15 51.87 44.55 44.32
Bromide (mg/L) 0.2 90.5 72.0 74.1

TOC (mg/L) 11.52 11.88 10.88 11.82

Free Chlorine (mg/L) 1.55 1.39 1.16 1.05
Combined Chlorine (mg/L) 0.29 0.11 0.16 0.10

These levels were in agreement with the French regulations recommending a level of free
chlorine between 1.0 and 1.4 mg/L except for the freshwater pool which had slightly higher levels
(1.5 mg/L). TOC values were relatively high and of the same order of magnitude in the four
swimming pools (arithmetic mean for the four pools = 11.52 mg/L, SD = 0.45). In literature,
higher TOC levels were reported in swimming pools. Thacker and Nitnaware (2003) reported
levels of TOC up to 16 mg/L after chlorination in Indian swimming pools, and Chu and
Nieuwenhuijsen (2002) reported TOC levels ranging from 3.3 to 12.9 mg/L in British swimming
pools. TOC levels are conditioned by organic loads introduced to pools by users and by their
activities inside the pools (Keuten et al., 2014). This anthropogenic origin of organic matter in the
pools can be highlighted by the difference of TOC levels in raw seawater used to fill the pools

ranging between 2 and 4 mg/L and levels measured in the pool ranging between 10.88 and 11.88



mg/L. It should be noted that the sand filtration practiced on water before filling the pools reduces
TOC below the levels found in raw water (2.0 mg/L for seawater and 0.7 mg/L for freshwater).
Temperatures of the pools ranged from 29.4 (freshwater pool) to 33.4 °C (pool 2 of E2).
Unsurprisingly, salinity, expressed in practical salinity unit (PSU), varied considerably between
freshwater (1.15 PSU) and seawater pools (mean value: 46.91 PSU). This latter value (higher than
this of raw seawater -35 PSU-) may be explained by the extensive evaporation in seawater pools,
where higher water temperatures were observed. Bromide content in the freshwater pool was 0.2
mg/L while in the three seawater pools it reached 78.9 mg/L in average. pH also varied between
the freshwater pool (pH = 7.0) and the seawater pools (pH = 8.3 — 8.5). The pH in the seawater
pools slightly exceeds the maximum pH value recommended by French regulations according to
which pH should be between 6.9 and 8.2 (ANSES, 2011). The other measured physicochemical

parameters, besides those presented in table 1, can be found in Annex (table S1).

3.2. Occurrence of DBPs in the swimming pools

3.2.1. Predominant species of DBPs

The levels of the DBPs identified in the pools are presented in Table 2. Through this list, it
appears clearly that the speciation of DBPs varied depending on the nature of water filling the
pools. Although in all the pools chlorine was used for disinfection, brominated DBPs were the
predominant species found in seawater pools while chlorinated DBPs were the predominant
species in the freshwater pool. These findings are in agreement with previous studies which
reported the formation of brominated DBPs in chlorinated bromide-containing water (Wu and
Chadik, 1998; Hua et al., 2006; Wang et al., 2010; Ged and Boyer, 2014). In the presence of

appreciable amounts of bromide ions, chlorine oxidizes bromide and forms hypobromous acid
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and hypobromite ions which in turn react with organic matter to form brominated DBPs (Singer,
1999). Bromine reacts 10 times faster with organic matter than chlorine (Westerhoff et al., 2004).

Table 2 — DBP levels (in pg/L) in the four swimming pools. The levels of the predominant
DBP species in each pool are presented in bold.

Swimming Pool Freshwater Seawater Seawater Seawater
Pool E1 Pool E1 Pool E2 (1) Pool E2 (2)

THM Chloroform 690.8 (=4.1) N.D. ND. ND.
Bromodichloromethane 79(=04) ND. ND. ND.
Dibromochloromethane 19(x04) 3.0(=02) 52(=03) 16(x02)
Bromoform 0.6(=0.3) 62.5(=6.7) 86.7(=2.1) 480(=1T7)
Total THM (THM-4) B02(x29) 66.3 (= 6.9) 91 8(x6.8) 50427

HAN Dichloroacetonitrile 74.6 (= 3.5) ND. ND. ND.
Trichloroacetonitrile, 12(x0.35) ND. ND. ND.
Bromochlorpacetonifrile  9.2(x1.7) 09(=03) 1003 090(=07)
Dibromopacetonitrile 25=2 16.2 (= 2.6) 276 (=3.0) 13.1(=44)
Total HAN 874 (=7.1) 17.1(=22) 286(x27T) 140(=51)

HE 1.1-Dichloropropanone 205 (=42) ND. ND. ND.
1.1.1-Trichloropropanone 719 (=7.9) ND. ND. ND.

Total HE 024(x1.9) ND. ND. ND.

HAA Monochloroacetic acid ND. ND. ND. ND.
Monehromeaceticacid ~ N.D. ND ND ND
Dichloroacetic acid 23.0 (= 6.6) ND. ND. ND.
Trichloroacetic acid 461.1 (=279 ND. ND. ND.
Bromochloroacetic acid 2.4 (= 0.78) 3519 45(=086) 4813
Dibromopacetic acid 1.7(x0.6) T20(=6.4) 62.8(x141) 635(x=33.0)
Bromedichloroagetic acid 7.3 (= 4.4) ND. ND. ND.

11



Dibromochloreacetic acid 2.7 (= 1.0) 352.7) 27(=09) 3.1(=2.27)

Tribromoacetic acid ND. 53.2(x37) 30.0(=6.1) 35.6(=58)

Total HAA (HAA-9) 4083 (x357) 1323 (x146) 1089(x132) 107.0(=57
THA Chloral hydrate 190.2(x63) ND ND. ND.

Bromal hydrate ND. 22=03) 1.0(x03) 04(=01)
HNM Chloropicrine 45(=0.6) ND. ND. ND.

N.D.: Not determined, this refers to compounds which were not detected or which were

detected at levels below the corresponding minimum reporting level (MREL).

THM: trihalomethane; HAN: baloacetoniinile; HE: haloketone; HAA: halpacetis acid;

THA: tribaloacetaldehyde; HNM: halonitromethaneg,
The reactions leading to the formation of bromine in bromide-rich water are as follows (Heeb et
al., 2014):
HOCl + Br — HOBr+ CI' ki = (1.55-6.84). 10° M! ™!
ClO+Br - BrO +CI'  k2=9.10*M"s"
The predominant species of DBPs found in the two types of pools are presented in bold in Table
2. In seawater and freshwater pools, the dominant THMs and HANs were analogous compounds
with the molecular difference being the nature of halogen incorporated in the compound
(chlorinated versus brominated forms). In this way, among THMs chloroform was the most
abundant species in the freshwater pool (69.82 pg/L, representing 87% of THM-4) versus
bromoform (mean level for the three seawater pools: 65.9 pug/L, SD = 19.1, representing 95% of
THM-4) in the seawater pools (Figure S1, Section 3 in the Supporting Information). For HANS,
dichloroacetonitrile (74.6 pg/L, SD = 8.5, corresponding to 85.4% of THAN) was the
predominant HAN in the freshwater pool, versus dibromoacetonitrile (19.0 pg/L, SD = 7.6,
corresponding to 95.3% of THAN) in the seawater pools (Figure S2, Section 3 in Annex). This

trend in analogy between the predominant DBPs in freshwater and seawater pools did not apply in
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the case of HAAs. Trichloroacetic acid was the most abundant HAA in the freshwater pool (461.1
pg/L, corresponding alone to 92% of HAAs-9) versus dibromoacetic acid followed by
tribromoacetic acid in the seawater pools (mean levels: 66.1 pg/L, SD = 5.2 and 42.6 ug/L, SD =
9.3, corresponding to 57% and 36.3% of HAA-9, respectively) (Figure 1). This could be related to
the lower stability of tribromoacetic acid with respect to dibromoacetic acid while trichloroacetic
is a stable HAA (Zhang and Minear, 2002; Lifongo et al., 2010; Cardador and Gallego, 2015). It
has been reported that tribromoacetic acid may decompose to form the corresponding THM,

bromoform, in aqueous solutions (Zhang and Minear, 2002).

Freshwater E1 Seawater E1

BCAA
3%

TBAA
40

DBCAA
‘ HAA-G = 498.3 ug/L 3% ‘ HAA-G = 132.3 pg/L

Seawater E2 (1) Bg;»“- Seawater E2 (2)

DBCAA

DBCAA 39

2%

HAA-S = 107.4 pg/L HAA-S = 107.0 pg/L

Fig. 1 — Distribution patterns of HAAs in the freshwater pool and the seawater pools under
study. Percentages indicate the mass abundance of each HAA with respect to HAA-9 — the
sum of concentrations of all the HAAs identified in each pool. The concentration below each
pie chart represents HAA-9.

DCAA: dichloroacetic acid; TCAA: trichloroacetic acid; DBAA: dibromoacetic acid;
TBAA: tribromoacetic acid; BCAA: bromochloroacetic acid; DBCAA: dibromochloroacetic
acid
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These distributions for the major brominated DBPs are in agreement with the findings of Hua et
al. (2006) who suggested that bromine substitution into THM and DHAN is more efficient than
into HAAs. Among HKs identified in the freshwater pools, 1,1,1-trichloropropanone was the
predominant DBP with a level of 71.9 pg/L (corresponding to 77.8% of total HK) and to a lower
extent 1,1-dichloropropanone with a level of 20.5 ug/L. Previously, Richardson et al. (2010)
identified 1,1,1-trichloropropanone in all the samples obtained from a chlorinated freshwater pool
and 1,1-dichloropropanone in two out of five samples from the same pool. Similarly, Yeh et al.
(2014) detected low levels of 1,1-dichloropropanone while the concentrations of 1,1,1-
trichloropropanone were close to 10 pg/L. Very few quantitative data about the occurrence of
haloketones in swimming pools could be found in literature while this class of DBPs was reported
to be among the most prevalent DBPs in drinking water (Xu et al., 2002).

Our findings about the prevalent DBPs in the freshwater pool are in agreement with other studies
in this type of pools in which chloroform, trichloroacetic acid, and dichloroacetonitrile have been
reported as the predominant species of THMs, HAAs and HANSs, respectively (WHO, 2006; Lee
et al., 2010; Simard et al., 2013; Righi et al., 2014). Similarly, our findings in the seawater pools
concerning the predominance of bromoform, and dibromoacetic acid/tribromoacetic acids as the
major THMs and HAAs, respectively, are in agreement with the very little data reported in
literature about this type of pools (Beech et al., 1980; Parinet et al., 2012). The predominance of
bromoform was also previously reported in brominated freshwater pools (Lourencetti et al.,
2012). With regard to HANSs, according to our knowledge, the levels of dibromoacetonirile in
seawater swimming pools were previously reported only once in a study of indoor seawater pools

in Germany where a level of 49 ng/L was reported (Baudisch et al., 1997), while the levels of
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bromochloroacetonitrile in chlorinated seawater swimming pools were reported for the first time
in the present study.

Interestingly, the trihaloacetaldehyde bromal hydrate (trihaloacetaldehydes exist in their hydrated
forms in water) was detected at very low concentrations in the seawater pools with a mean level
of 1.2 ng/L (SD = 0.9), whereas in the freshwater pool chloral hydrate (190 pug/L) represented the
second most abundant DBP following trichloroacetic acid (461.1 pg/L), as shown in Table 2 (and
Figure S3, Section 3, in the Annex). In literature, chloral hydrate was identified as a minor
chlorination product of aromatic species such as 1,3-dihydroxybenzene (Rook, 1980; Boyce and
Hornig, 1983). In a recent study, bromal hydrate was detected in reconstituted seawater as a
minor chlorination product of a widely used chemical UV filter (Manasfi et al., 2015). Chloral
hydrate was previously reported to be among the most abundant DBPs in chlorinated freshwater
pools with levels reaching up to 380 ug/L (Clemens and Scholer, 1992; Cimetiere and De Laat,
2014). Lower levels were also reported for this compound in Korean chlorinated freshwater pools
with concentrations ranging from 5.1 pg/L to 34.9 ng/L (Lee et al., 2010). Unlike chloral hydrate,
bromal hydrate occurrence levels are very scarcely reported in literature. Baudisch et al. (1997)
reported a level of bromal hydrate reaching 230 pg/L in German seawater swimming pools, as
mentioned in the WHO report about recreational water guidelines (WHO, 2006). This
discrepancy in the occurrence of trihaloacetaldehydes in swimming pools may be related to the
compromised stability of these compounds. Trihaloacetaldehydes decompose to their
corresponding trihalomethanes (THMs) at high pH and temperature (Koudjonou and LeBel,
2006). In our study, the seawater pools had relatively high temperatures and basic pH, which
might explain the low levels of bromal hydrate in these pools unlike the more stable chlorinated

analogue chloral hydrate in the freshwater pool. In a study of the molecular structures of these
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two compounds, Jain and Soundararajan (1964) found that bromal hydrate is less stable than
chloral hydrate.

Chloropicrin (trichloronitromethane), a halonitromethane classified among the high priority DBPs
by EPA’s nationwide DBP occurrence study based on its potential toxicity (Weinberg et al.,
2002), was detected in the freshwater pool at a level of 4.5 pg/L. Other studies also reported the

occurrence of this DBP in swimming pools at levels ranging from 0.01 to 10 pg/L (WHO, 2006).

3.2.2. Distribution patterns of DBP classes

The distribution of the different DBP chemical classes and the abundance of each class with
respect to the global content of DBPs (mass/mass) in the freshwater pool and the seawater pools
(arithmetic mean for the three pools) are displayed in figure 2. The levels of DBP species
belonging to the separate chemical classes were added together so that the total level for each
class is represented in pg/L. In the four pools the most abundant class of DBPs was HAAs with a
level of HAA-9 (sum of concentrations of the nine HAAs) as high as 498.3 pug/L in the freshwater
pool and a mean level of 116.1 pg/L (SD = 14.1) in the seawater pools. HAA-9 represented 53%
of the total mass concentration of DBPs in the freshwater pool and 56% in the seawater pools
(mean value for the three seawater pools). Unlike HAAs, the other DBP classes had different
distribution patterns in terms of their abundance depending on the nature of water filling the pool

(freshwater or seawater).
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Fig. 2 — The distribution of the different chemical classes of DBPs in the freshwater pool and
the seawater pools (arithmetic mean values for the three pools are indicated).

Percentages in the pie charts indicate the mass abundance of each DBP class with respect to

the total DBP content

Among the DBP classes measured in the seawater pools, THMs were the second most prevalent
class (mean level in the three pools THM-4: 69.5 ng/L, SD = 2.7, corresponding to 33% of the
measured DBPs) followed by HANs (mean level: 19.9 pg/L, SD = 7.6, corresponding to 10% of
the measured DBPs). On the other hand, the distribution was different in the freshwater pool. In
the latter, trihaloacetaldehydes (chloral hydrate) represented the second most abundant class of
DBPs with a level of 190.2 pg/L (SD = 6.5) corresponding to 20% of the measured DBPs in the
pool. HKs were identified at high levels in the freshwater pool and represented the third most

abundant DBP class with total HK = 92.4 pg/L, SD = 11.9 corresponding to 10% of the measured

DBPs. HANs were the fourth most abundant DBP class (Total HAN: 87.4 ug/L, SD = 7.1,
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corresponding to 9%), and THMs represented the least abundant class of DBPs with THM-4 =
80.2 ug/L, SD = 2.9, corresponding to 9% of the measured DBPs. The distribution pattern for
HAAs and THMs in seawater is in agreement with the findings of another study conducted in
seawater swimming pools in which contents of HAAs were considerably higher than THMs
(Parinet et al., 2012). Similar to studies investigating the presence of DBPs in chlorinated
freshwater pools, HAAs were identified as the most abundant class (Lee et al., 2010; Simard et
al., 2013; Righi et al., 2014; Yeh et al., 2014). This prevalence of HAAs with respect to THMs in
swimming pools could be explained, in part, by their physicochemical properties. THMs are
volatile compounds which had been reported to occur in higher concentrations in air above
swimming pools than in water (WHO 2006, Richardson et al. 2010), while HAAs are polar
compounds with low volatility (Cardador and Gallego, 2011). Furthermore, the type of organic
compounds acting as precursors for the formation of DBPs in swimming pools affects the nature
of the formed by-products. Kanan and Karanfil (2011) found that body fluid analogues, a
synthetic formulation simulating human body fluid inputs, exhibited higher formation potential of
HAAs than THMs. Thus, taking into consideration the anthropogenic inputs released by
swimmers (Keuten et al., 2012), this can explain in part why more HAAs than THMs were found.
The freshwater pool contained higher levels of HANSs (total HAN: 87.37 ug/L) and HAAs (HAA-
9: 498.3 ng/L) in comparison to the three seawater pools that had mean levels of 19.9 pg/L for
HANs and 116.1 pg/L for HAA-9. This corresponds to nearly four-fold higher contents of HAAs
and HANSs in freshwater compared to the three seawater pools. However, the contents of THMs
(THM-4) in the freshwater pool did not follow the same ratio; only a level of 80.2 pg/L
(arithmetic mean), SD = 2.9 was quantified in the freshwater pool versus 69.5 pg/L, SD = 20.8 in

the three seawater pools. This lag of THMs with respect to HANs and HAAs which occurred at
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four-fold higher levels in the freshwater pool compared to the seawater pools might be related to
several factors including location of the pools, physicochemical properties of DBPs, activities of
pool users and pH. The location of pools, indoor or outdoor, can have an impact on the levels of
certain DBPs. An outdoor setting increases volatilization and therefore reduces the concentrations
of volatile DBPs such as THMs in water, and it enhances the degradation of photosensitive
species upon exposure to direct sunlight (Zwiener et al., 2007; Liviac et al., 2010; Yeh et al.,
2014). With regard to the effect of the physicochemical properties of DBPs, chloroform -the main
THM in chlorinated freshwater pools- is more volatile than bromoform, even when comparing
the volatility of chloroform in freshwater with the volatility of bromoform in seawater (Moore et
al., 1995). Thus, chloroform would be expected to evaporate more readily from the pool surface
(Beech et al., 1980). It should be noted that in the freshwater pool investigated in this study, users
included children and adults among whom there were individuals engaging in activities causing
hydraulic turbulences inside the pool. The activity of pool users is a factor that enhances the
volatilization of THMs from the pools (WHO, 2006). Moreover, the lower pH of freshwater
compared to seawater is one of the factors that influence the formation and speciation of DBPs. In
a study investigating the effects of pH on the formation of DBPs in swimming pools, Hansen et
al. (2012) found that at as pH decreased, THM formation was reduced while HAN formation
increased and HAA formation remained constant. All these factors could explain why THMs in
the freshwater pool did not follow the same scale of abundance as HANs and HAAs (4 folds)
compared to the seawater pools. In this limited study it is not possible to discriminate the factors
that are leading to the observed distributions of DBPs especially with the complexity of
environments like swimming pools. Further research is necessary to decipher the impact of these

different factors on the classes of DBPs.
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Globally, the freshwater pool had higher DBP content than the seawater pools (948 ug/L vs mean
value of 208 ug/L, SD = 31, respectively). Knowing that management strategies of the studied
pools were similar as indicated by pool operators, the difference in DBP contents seems to be
related to different frequentation rates between the pools. Swimmers in the freshwater pool
noticeably outnumbered those in the seawater pools. The continuous introduction of organic
matter by swimmers to pools is known to increase the formation of DBPs (Kim et al., 2002).
Previously, a clear positive correlation was established between the number of people in
swimming pools and DBP concentrations (Chu and Nieuwenhuijsen, 2002). Recently, Keuten et
al. (2014) estimated important releases of anthropogenic organic matter from swimmers with

considerable portions of nitrogen-containing compounds.

3.3. Mutagenicity of swimming pool waters

The results of Ames test conducted on the reference freshwater pool and the seawater pool (E1)
showed that water samples from the freshwater pool were mutagenic (3.7 rev/mL-eq) and showed
higher mutagenic activity than the seawater pool which was found to be weakly mutagenic (0.4
rev/mL-eq). The presence of the metabolic fraction S9 mix decreased the mutagenic potencies of
samples to 1.8 rev/mL and 0.3 rev/mL for the freshwater and the seawater pools, respectively.
This decrease suggests that the compounds exerting the mutagenic activity were mainly direct
mutagens that could be detoxified by metabolism, as shown in previous studies also (Neale et al.,
2012; Farré et al., 2013; Yeh et al., 2014). The genotoxic potencies in presence and absence of S9
mix are presented in Table 3. The dose-response curves for waters of the two pools, in the

absence of S9 mix, are presented in figure 3. As described in this figure, the mutagenic effects
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increased as a function of water volume expressed in mL-eq. However, in the case of freshwater
pool samples, the detected mutagenic effects started to decrease at high doses (> 150 mL-eq).

Table 3 — The mutagenic potencies of swimming pool water in the presence and absence of
S9 mix and the total molar content of DBPs in the corresponding pool

Freshwater Pool Seawater Pool
Total Molar Content of DBPs 569 091
(mol/L)
Mutagenic Potency Without S9 mix 3.7 0.4
(rev/mL-eq) With S9 mix 1.8 0.3

This can be related to the presence of high concentrations of genotoxic compounds that
overloaded the DNA repair systems and resulted in cytotoxic effects. Another alternative is the
presence of true cytotoxic molecules that prevented the detection of higher mutagenic effects at
these doses; especially that among DBPs there are species known to be cytotoxic but not
mutagenic (Richardson et al., 2007; Richardson et al., 2010). Although brominated DBPs are
generally known to be more genotoxic than chlorinated ones (DeMarini et al., 1997; Richardson
etal.,, 2007; Plewa et al., 2008; Kogevinas et al., 2010), our findings about the higher
mutagenicity of the freshwater pool remain unsurprising. This pool, containing mainly chlorinated
DBPs, had considerably higher DBP contents than the seawater pool, containing mainly
brominated DBPs. As revealed through the chemical analysis, the freshwater pool had about six-
fold higher molar content of DBPs (total DBP molar concentration: 5.69 umol/L) than the
seawater pool (total DBPs molar concentration: 0.91 pumol/L). Among the identified DBPs there
are species that are known to be mutagenic such as HANs (Richardson et al., 2007) which were

found at higher concentrations in the freshwater pool than the seawater pool.
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Fig. 3 — Mutagenicity in Salmonella TA100 of freshwater and seawater pools samples in the
absence of the metabolic fraction S9

In an investigation of the genotoxicity of swimming pool water, Glauner et al. (2005) found that
the low-molecular-weight fraction of extracts from pools in Germany possessed the strongest
genotoxicity compared to the other fractions. In another study comparing the genotoxicities of
DBP chemical classes, Plewa et al. (2008) found that nitrogen-containing DBPs including
haloacetonitriles, haloacetamides, halonitromethanes had substantially higher genotoxicities and
cytotoxicities compared to carbonaceous DBPs including HAAs and THMs. In our investigation,
however, the observed mutagenic activity cannot be attributed to specific DBP classes or to the
identified DBPs only, because pool extracts are complex mixtures, and the presence of
unidentified chemical mutagens cannot be excluded. In addition, the sample preparation for

mutagenicity assessment using XAD resins resulted in a concentration factor of 20000 folds, as
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previous studies that investigated toxicological properties of swimming pool waters; while
identification and quantification of DBPs was performed using 10-fold LLE concentrates
according to EPA methods. While the concentration factor obtained with LLE is not high enough
to perform the bioassay, the sample preparation with XAD extraction engenders losses in volatile
DBPs especially during the volume reduction of the solvent (Richardson et al., 2008; Neale et al.,
2012). The analysis of the XAD extracts by GC-ECD confirmed these quantitative losses in
volatile DBPs as illustrated in table S5 (Annexes section 3). Losses were also reported to take
place with other sample preparation techniques such as reverse osmosis and using SPE cartridges
(Richardson et al., 2008; Neale et al., 2012). In this way, our correlation between the chemical
characterization and the bioassay cannot exceed the qualitative aspects of relating the higher
mutagenicity to a globally higher DBP content. Furthermore, the genotoxicity of water can be
affected by the pool location since an outdoor pool setting reduces genotoxic properties of its
waters due to volatilization and photodegradation of certain DBPs (Liviac et al., 2010; Yeh et al.,
2014). However, despite its outdoor location, the freshwater pool which was more frequented
exhibited higher mutagenicity than the indoor seawater pool. This suggests that DBP contents as a
consequence of frequentation rates in swimming pools constitute a key factor in determining the
genotoxicity of water, dominating other factors such as the nature of water filling the pool and its
location. Further investigations are necessary to distinguish the extent to which each one of these

factors can alter the chemical profile of swimming pool waters and their genotoxic potencies.

4. CONCLUSION
This investigation allowed the determination of the occurrence of numerous DBPs in three

seawater indoor swimming pools and a freshwater outdoor pool which were disinfected with
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chlorine. The measured DBPs included THMs, HAAs, HANs, two chlorinated ketones, and
trihalogenated acetaldehydes. Levels of DBPs in seawater swimming pools - for which
occurrence data in literature are scarce- were reported in this study. Levels of certain DBPs in
seawater swimming pools were reported for the first time. The speciation of DBPs varied
depending on the nature of water filling the pools. Brominated DBPs were predominant in the
seawater pools while chlorinated DBPs were predominant in the freshwater pool. Dibromoacetic
acid, tribromoacetic acid, bromoform and dibromoacetonitrile were the predominant DBPs in the
seawater pools. Trichloroacetic acid, dichloroacetic acid, chloral hydrate, 1,1,1-
trichloropropanone, 1-1-dichloropropanone, dichloroacetonitrile and chloroform were the
predominant DBPs in the freshwater pool.

In Ames test, the mutagenicity of the freshwater pool was higher than the tested seawater pool.
This observation can be explained by the considerably more important contents of DBPs in the
freshwater pool compared to the seawater pool. The mutagenicity of both pool waters decreased
in the presence of the metabolic fraction S9 mix, implying the reduction of toxicity of the
mutagenic compounds when metabolized. These findings highlight the importance of reducing
the formation of DBPs or enhancing their elimination to maintain the chemical safety of

swimming pool water.
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Section 1: Physicochemical Parameters

Table S1. Results of all the measured physicochemical parameters in the four swimming pools.

FEreshwater ~ Seawater ~  Seawater Seawafer

Pool Pool Pool (1) Pool (2)
Physicochemical Parameters
T (°C) 29.40 33.20 30.90 33.40
pH 7.00 8.54 8.46 8.32
Salinity (PSU) 1.15 51.87 44.55 44.32
Bromide (mg/L) 0.2 90.5 72.0 74.1
TOC (mg/L) 11.52 11.88 10.88 11.82
Free Chlorine mg/L 1.55 1.39 1.16 1.05
Combined Chlorine (mg/L) 0.29 0.11 0.16 0.10
O; (% saturation) 99.9 101.0 101.6 101.3
EC (pS/cm) 2288 75000 65600 73200
TDS (mg/L) 1483 48730 42650 46848
ORP (mV) 512 705 697 655

EC: Electrical Conductivity reported in microSiemens per centimeter
Salinity expressed in Practical Salinity Unit (PSU)
Total Dissolved Solid (TDS) expressed in mg/L

ORP: Oxidation Reduction Potential expressed in millivolts (mV)
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Section 2: Experimental Methods

2.1. Preparation of Standard Solutions

Commercially available certified standards and mixes were purchased (Table S2).

These standards were used to prepare stock solutions in methyl tert butyl ether (MTBE) or methanol. In
their turn, stock solutions were used to spike either pure water (for chlorinated DBPs) or synthetic
seawater (for brominated DBPs) to create the calibration standards used to generate calibration curves
for each compound of interest. At least 5 calibration standards were used to prepare the initial
calibration curve. The concentrations of the standards were prepared to span the range of
concentrations expected in the field samples. Synthetic seawater was prepared according to the ASTM
International standard practice for the preparation of substitute ocean water (method D1141-98, 2013)

(Table S3 summarizes the artificial seawater content).
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Table S2. Commercially available standards used for calibrations

Mixes/Products Compound

EPA 3518 Halogenated Volatiles Bromechloroacetonitnle. Chloropicrin
Supelen 4-80446 Dibromoacetonitrile. Dichloroacetonitrile
2000 pg/mL in acetone 1.1-Dichloropropanone, Trichloroaceionifrile

1.1.1-Trichloropropanone

EPA 501/601 Trihalomethanes Calibration Mix | Chloroform, Bromodichloromethane
Sppeleon 47904 Dibromochloromethane, Bromoform

100 pg/mL each component in methanol

Chloral hydrate solution Chloral hydrate

Supelcp 47333-U

1000 pg/mlL in acetonitrile

Aldrich T48003

97%

EPA 5522 Haloacetic Acids Mix Bromoacetic acid. Bromechloroacetic acid

40107-U Bromodichlorpacetic acid, Chloroacetic acid

2000 pg/mL each component in MTBE Dibromochloroacetic acid, Dibromopacetic acid
Dichloroacetic acid, Tribromoacetic acid
Trichloroacetic acid
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Table 53. Artificial seawater content

Salt Amount

(gL)
NaCl 24.53
MgCl, 7H:0 5.2
Na;S04 4.00
CaCl 1.16
KCl 0.605
NaHCOs 0.201
H:BOs 0.027
SrClh 0.025
NaF 0.003
KBr 0.101

Artificial seawater for chlorination experiments has been reconstituted according to ASTM International
standard practice for the preparation of substitute ocean water (method D1141-98, 2013). Contents
presented correspond to amounts needed for the preparation of 1 L of seawater.
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2.2. Sample treatment

2.2.1 Analysis of THMs, HANs, HKs, and THAs

EPA method 551.1 was used with slight modifications for the analysis of these classes of DBPs (USEPA
method 551.1, 1995). Samples collected in 65 mL glass vials with PTFE-lined screw caps were quenched
using a solution of ascorbic acid and few drops of sulfuric acid were added to lower pH to 4-5 in order to
stabilize certain DBPs by inhibiting base-catalyzed degradation. Liquid-liquid extraction (LLE) of samples
(50 mL) was carried out by applying 5 mL of the solvent MTBE and shaking vigorously by hand for 3 min.
Then, 1 mL of the extract was transferred to autosampler vial and 10 uL of the internal standard (IS)
1,2,3-trichloropropane (analytical standard, Supleco) were added. 1 pL of the extract was injected for GC-
ECD analysis. The instrument used for analysis of DBPs was a Perkin Elmer Clarus 580 GC-ECD (Norwalk,
CT, USA).

A capillary column DB5-ms (30 m x 0.25 mm x 1 um) was used for the separation of analytes.

Helium 5.0 was used as a carrier gas at a programmed flow of 1 ml/min and nitrogen as make-up gas at a
flow of 30 ml/min.

The GC oven temperature was programmed as follows:

(1) Held at 35 °C for 22 min

(2) Increased to 145 °C at 20 °C/min and held at 145 °C for 2 min
(3) Increased to 225 °C at 20 °C/min and held for 15 min
(4) Increased to 260 °C at 10 °C/min and held for 2 min.

Injector Temperature: 200 °C

Detector Temperature: 290 °C

Injection was done in splitless mode, but the instrument was programmed to go into split mode (ratio

30:1) after 3 minutes following injection.
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2.2.2 Analysis of HAAs

For the analysis of haloacetic acids (HAA), the instructions of to U.S.EPA 552.3, 2003 (Domino et al.,
2003) were followed with slight modifications. Samples (65 mL) collected in glass vials with PTFE-lined
screw caps were quenched using a solution of ascorbic acid. To a sample aliquot of 50 mL, the surrogate
2,3-dibromopropanoic acid was added. Then, sulfuric acid of analytical grade reagent (Fisher Scientific,
UK) was added to lower the pH to 0.5 or less. LLE was then performed by adding MTBE (5 mL) and
shaking for 3 min by hand vigorously. 1,2,3-trichloropropanone was added as IS. The organic extract
containing the HAAs was then methylated with acidic methanol to form the methyl esters of the HAAs.
This was performed by transferring 3 mL of the MTBE extract to conical tubes and then adding 3 mL of
10% sulfuric acid in methanol to each tube. The tubes were then capped and put in a water bath at 50 °C
for 2 hours. Afterwards, 7 mL of a 150 g/L sodium sulfate solution were added to each tube, which were
vortexed to ensure equilibration between the two phases. Phases were allowed to settle fully, but not more
than a few minutes. The acidic aqueous methanol phase was removed from each tube and discarded. 4 mL
of saturated sodium bicarbonate solution were added gradually in 4 steps (1 mL each time). 1 mL of the
MTBE layer was transferred to an autosampler vial Extracts containing the esters were then neutralized by
adding a saturated sodium bicarbonate solution and then submitted to GC-ECD analysis according. 2,3-
dibromopropanoic acid (Supelco Analytical, Bellefonte, PA, USA) was used as surrogate and 1,2,3-
chloropropane (analytical standard, Supelco) was used as IS.

Helium 5.0 was used as a carrier gas at a programmed flow of 1 ml/min and nitrogen as make-up gas at a
flow of 30 ml/min.

The GC oven temperature was programmed as follows:

(1) Held at 40 °C for 10 min

(2) Increased to 75 °C at 5 °C/min and held at 75 °C for 15 min

(3) Increased to 100 °C at 5 °C/min and held at 100 °C for 5 min
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(4) Increased to 135 °C at 5 °C/min and held for 10 min

The injector temperature was programmed as follows:

(1) Held at 55 °C for 10 min

(2) Increased to 250 °C at 200 °C/min and held at 250 °C for 40 min

(3) Decreased to 55°C at 200 °C/min and held till the end of run

Detector Temperature: 260 °C

Injection: splitless mode with instrument programmed to go into split mode after 3 min following
injection, split ratio 30:1

2.3. Detection Limits (DL) and Minimum Reporting Levels (MRL)

The limits of detection (DL) for each analyte were calculated by injecting at least 7 replicates of a fortified
solution at a concentration estimated to be near the DL which were extracted and analyzed over 3 days.
DLs were calculated using the equation:

DL=Sxt(n-1,1-a=0.99)

where

S = standard deviation of the replicate analyses

t(n-1,1-oa=0.99) = Students t value for the 99% confidence level with n-1 degrees of freedom ( 3.143
for 7 replicates)

n = number of replicates, and

The MRLs were established as three times the DLs. Detected concentrations below the MRL were not
reported.

The DLs and MRLs of the analytes are listed in table S4.
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Table S4. Limits of detection (DL) and minimum reporting levels (MRL) of the analytes

Compound DL (pg/L) MRL (pg/L)
Chlgrafom. 0.8 24
Bromodichloromethane 03 0.9
Dibromochloromethane 02 0.6
Bromoform, 02 0.6
Dichlotnarstonitrile. 0.2 0.6
Trchloroacetonitrile, 0.3 1.2
Bromochloroacetonitrile 0.3 0.9
Dibromoacstonitrile 0.2 0.6
1,1-Dichloropropancne 0.6 1.8
1,1,1-Trichloropropanone 0o 27
Monochloroaratse acid 12 34
Monobromoacetic acid, 0% 27
Dichlotnarstic.acid 0.7 2.1
Trichlarcacetic acil 0.5 1.5
Bromochloroacetic acid 0.3 1.3
Dibromoacatic acid, 0.4 12
Bromodichloroacetic acid 0.6 1.8
Dibromachloracetic.acid, 0.3 1.3
Tribromeacetic acid, 1.0 3.0
Chloral hydrate 02 0.6
Bromal hydrate 0.1 0.3
Chloropicrine 0.3 09
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Section 3: Analytical Results

Figure S1 — The distribution of THMs in the pools under study. THM-4 represents the sum
of the levels of the four THMs in each pool.
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Figure S2 — The levels of HANs in the swimming pools. Total HAN represents the sum of

concentrations of individual HANs identified in each pool.
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Figure S3 — The levels of the trihaloacetaldehydes (chloral hydrate and bromal hydrate) in

the studied pools. On the y-axis, the concentration (in pg/L) is represented on a logarithmic scale.
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