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• CTD proﬁles are a prerequisite to CBP
analysis to avoid misleading interpretations.
• Different industrial activities lead to different discharge CBP patterns.
• Seasonal effect suggested an impact of
temperature and other seawater parameters.
• A widespread contamination is observed,
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• Bioaccumulation levels of 2,4,6-TBP
with a bioconcentration factor of 25 in
conger eel.
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a b s t r a c t
Chlorination is one of the most widely used techniques for biofouling control in large industrial units, leading to
the formation of halogenated chlorination by-products (CBPs). This study was carried out to evaluate the distribution and the dispersion of these compounds within an industrialised bay hosting multiple chlorination discharges issued from various industrial processes. The water column was sampled at the surface and at 7 m
depth (or bottom) in 24 stations for the analysis of CBPs, and muscle samples from 15 conger eel (Conger conger)
were also investigated. Temperature and salinity proﬁles supported the identiﬁcation of the chlorination releases,
with potentially complex patterns. Chemical analyses showed that bromoform was the most abundant CBP, ranging from 0.5 to 2.2 μg L−1 away from outlets (up to 10 km distance), and up to 18.6 μg L−1 in a liqueﬁed natural
gas (LNG) regasiﬁcation plume. However, CBP distributions were not homogeneous, halophenols being prominent in a power station outlet and dibromoacetonitrile in more remote stations. A seasonal effect was identiﬁed
as fewer stations revealed CBPs in summer, probably due to the air and water temperatures increases favouring
volatilisation and reactivity. A simple risk assessment of the 11 identiﬁed CBPs showed that 7 compounds concentrations were above the potential risk levels to the local marine environment. Finally, conger eel muscles
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presented relatively high levels of 2,4,6-tribromophenol, traducing a generalised impregnation of the Gulf of Fos
to CBPs and a global bioconcentration factor of 25 was determined for this compound.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Biofouling control is essential to industrial installations where large
water volumes are used for cooling or heating purposes, and chlorination
techniques are widely employed in order to maintain optimal operating
conditions.
Chlorine is introduced either through the dissolution of chlorine gas
or addition of a sodium hypochlorite solution, typically applying doses
of 0.5–1.5 mg L−1 (expressed as Cl2) (Allonier et al., 1999a, 1999b; Ma
et al., 2011; Khalanski and Jenner, 2012). Bromine may also be directly
produced by seawater electrolysis and in both cases form hypochlorous
and hypobromous acid (HOCl and HOBr, respectively) species (Jenner
et al., 1997; Taylor, 2006; Khalanski and Jenner, 2012). Once released in
seawater, the products of this very quick reaction lead then to haloamines
and various CBPs in presence of ammonia and organic matter (natural
and anthropogenic). The nature and relative amounts of the CBPs in
seawater may vary with the initial chlorine dose, pH, temperature, concentrations and composition of organic matter or inorganic species
(Allonier et al., 1999a). The discharge of the chlorinated efﬂuents is of
main environmental concern, even if concentrations remain low, as
the volumes released are generally very important. Along with residual
free chlorine or bromine, the CBPs can constitute a threat to marine ecosystems (Taylor, 2006; Deng et al., 2010; Pignata et al., 2012; Khalanski
and Jenner, 2012) and possibly to human health through atmospheric
volatilisation and subsequent photolysis of brominated compounds
into reactive oxidants (Quack and Wallace, 2003; Deng et al., 2010;
Parinet et al., 2012).
In marine environments, much of the research on CBPs has focused
on water desalination installations and thermal or nuclear power plants
(Taylor, 2006; Agus and Sedlak, 2010; Khalanski and Jenner, 2012).
These studies were concerned by cooling water releases, often sought
for a limited number of compounds and more importantly by a single
discharge point in open coast. Reactivity data of certain CBP classes,
such as bromophenols (Sim et al., 2009), are particularly scarce, and
rarely cover all the potential marine conditions of salinity, composition
or temperature. In the same way, ﬁeld impregnation data to CBPs are
limited to a low number of compounds and species, and toxicological
values based on few studies (Taylor, 2006; Khalanski and Jenner, 2012).
Industrialised embayments are found worldwide and the adjacent
coasts and bays generally suffer from numerous aqueous discharges in
a narrow area, inducing a particular stress on the local marine ecosystems and possibly more distant ones. The Gulf of Fos represents a
semi-enclosed bay favouring water conﬁnement in some of its more restricted inlets and docks and receives the plume of the second greatest
Mediterranean river among other freshwater inputs, namely Rhône
river (Ulses et al., 2005). It hosts the largest port of trade in France
and in the Mediterranean Sea along with a major industrial zone mainly
centred on steel and petrochemical industries but also waste incineration, cement works and other. Many of them use chlorination for biofouling control, principally for water cooling and LNG regasiﬁcation
purposes. The large volumes of chlorinated waters discharged in this
coastal semi-enclosed system (several millions m3 day−1) can lead to
a chronic exposure of the environment to CBPs, as well as a possibly signiﬁcant atmospheric emission by the volatilisation of the semi-volatile
CBPs from the seawater surface.
A better knowledge of the behaviour of CBPs in industrialised
embayments is a prerequisite to evaluate their potential impact on the
marine ecosystems and their transfer to the atmosphere. It is also essential for modelling and considering solutions with the industrial and local
stakeholders. The present study aims to determine CBPs in the Gulf of

Fos, taken as a whole with its multiple industrial releases, at a geographical scale which has not been documented in the literature. The measurements include outlet characterisation and distant seawater stations as
well as ﬁsh bioconcentration. Water sampling was coupled to CTD measurements to identify the outﬂows and realised in winter and summer
seasons to evaluate the inﬂuence of these parameters on CBP concentrations, while ﬁsh samples were conger eel muscles reﬂecting several
months exposure.
2. Materials and methods
2.1. Study area
The Gulf of Fos is located in the North of the Gulf of Lion (Western
Mediterranean), approximately 50 km west from Marseilles. It's ﬂanked
by the Berre lagoon to its east and the Rhône river delta to the west
(Fig. 1).
The gulf has an average depth of about 20 m. It is characterised by
several fresh-water inputs, the largest being the Rhône river (500 to
3500 m3·s−1) and a smaller being via the Berre lagoon brackish waters
(100 to 200 m3·s−1). Additional fresh-water inputs from irrigation or
navigation canals can also have some local incidence, mainly in the
Dock 1 and the South Dock (estimated between 10 to 100 m3·s− 1).
Several sampling stations have been placed in these fresh water inputs
(Fig. 1) to control potential CBP transport from non-local sources to the
Gulf of Fos, even though THM were never detected for years in the last
station before the Rhône river mouth (Arles, France), neither dissolved,
associated to particulate or sediment materials (Eaufrance database,
2015). Tides are very limited in this part of the Mediterranean. The average tidal range is approximately 0.4 m, but it may still rule important
water transports such as the exchanges between the Berre lagoon and
the Gulf of Fos. Meteorological conditions are dominated by frequent
and relatively strong north winds (around 40% per year) that can induce
local upwelling phenomena within the gulf and, south-east winds (10
to 20% per year).
The Gulf of Fos undergoes a great anthropic pressure related to the
major industrial activities in the area and to a lesser extent to agriculture
and urbanisation. The industrial zone of Fos is the largest in Southern
Europe. It includes two large liqueﬁed natural gas (LNG) terminals
(Fos-Cavaou by sampling station 8 and Fos-Tonkin by station 12) with
maximum hourly regasiﬁcation seawater ﬂows of 30,000 m3·h−1
(electrochlorination) and 15,000 m3·h−1 (hypochlorite dosing), respectively. There is also four power plants with very irregular operating
levels according to seasonal and economical ﬂuctuations with maximum cooling water ﬂows up to 45,000 m3·h− 1, which is more than
the estimated ﬂow of the canal leading from Rhône river to Dock 1 in
its northern end (Ulses et al., 2005). They are located by stations 4, 17,
10 and 100 m off station 21. The plant by station 4 does not use chlorination, but the plants by stations 10 and 21 which outlets are directed in
Dock 1 employ electrochlorination. In addition, steel industry (main
outlet by station 21) and oil reﬁneries (outlets by station 17 and within
South Dock) may also chlorinate sea water in volumes exceeding
10 000 m3·h−1 (Fig. 1).
2.2. Water sampling
Two sampling campaigns were realised, during winter (17 and 18
February 2014, 15 stations) and summer (23 and 24 June 2014, 21 stations). The sampling stations were located within the whole Gulf of Fos
and by the major industrial outlets (Fig. 1), in order to evaluate sources
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Fig. 1. Overview of the Gulf of Fos and localisation of the water and ﬁsh sampling stations, along with the main identiﬁed chlorination outlets.

and dispersion of CBPs in the gulf. For each station, two seawater
samples were collected, at the surface and 7 m depth or bottom when
above 7 m. In the most remote station (station 5), an additional
sampling was performed at 20 m depth.
They were collected using a 5 L Niskin bottle (General Oceanics,
USA). 1 L was placed in amber glass bottles for further CBPs analysis.
Immediately after collection each CBP bottle was acidiﬁed with approximately 5 mL of ascorbic acid in order to stop any residual chlorine reaction and was kept at 4 °C in the dark until back to dock. They were then
transported to the laboratory and stored at − 80 °C until further
analysis.
Temperature, pH, and salinity were determined on-site during water
sampling using a CTD-type multi-parameter probe (MS5, OTT Hydrolab,
Germany), throughout the water column.
2.3. Chemicals
Table 1 lists the CBPs investigated in the seawater samples with their
abbreviations. The trihalomethanes (THMs), haloacetonitriles (HANs)
and haloacetic acids (HAAs) were purchased from Supelco (USA) and
were all above 98% purity except BCAN (95%), DBAN (90%) and
CDBAA (95%). The halophenols (HPs) 2B4CP (98%) and 2,6-DBP (99%)
were from Alfa Aesar (Germany), 2,4-DBP, (95%) and 2,4,6-TBP (99%)

from Sigma-Aldrich (USA). Methyl tert-butyl ether (MTBE) was purchased from Merck, Germany (purity 99.8%).
A standard stock solution of each compound was prepared in MTBE.
Intermediate standard solutions were obtained by dilution of the standard stock solution in artiﬁcial seawater (ASW) reconstituted according
ASTM International standard practise for the preparation of substitute
ocean water (method D1141-98, 2013). Table S1 in the Supplementary
Material summarises the ASW content.
2.4. Seawater sample preparation
2.4.1. Extraction of THMs, HPs, HANs and HKs
50 mL of seawater were ﬁrst adjusted to a pH value between 4.5 and
5.5 using a phosphate buffer (10 μM). Subsequently, the sample was extracted by adding 5 mL MTBE containing 20 μL of 1,2,3-trichloropropane
(99%, Supelco, USA) as an internal standard. The ﬂask then was sealed,
shaken manually for 1 min and allowed to stand for 6 min. Finally,
1 mL of the supernatant organic phase was sampled for chromatographic
analysis.
2.4.2. Extraction of HAAs
HAAs in seawater samples were analysed according to the USEPA
552.3 method (USEPA, 2003), as their methyl esters derivatives. 40 mL
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Table 1
List of abbreviations used for analysed chlorinated by-products (CBPs).
CBP full name

Abbrev.

Trihalomethanes (THMs)
Chloroform
Bromodichloroforma
Dibromochloroform
Bromoform

–
BDCMa
DBCM
–

Haloacetonitriles (HANs)
Dichloroacetonitrilea
Trichloroacetonitrilea
Bromochloroacetonitrile
Bromodichloroacetonitrilea
Dibromoacetonitrile

DCANa
TCANa
BCAN
BDCANa
DBAN

Haloketones (HKs)
1,1-Dichloro-2-propanonea
1,1,1-Trichloropropanonea

DCPa
TCPa

Haloacetic acids (HAAs)
Chloroacetic acida
Dichloroacetic acida
Trichloroacetic acida
Bromochloroacetic acida
Bromodichloroacetic acida
Dibromochloroacetic acid
Bromoacetic acida
Dibromoacetic acid
Tribromoacetic acid

MCAAa
DCAAa
TCAAa
BCAAa
BDCAAa
DBCAA
MBAAa
DBAA
TBAA

Halophenols (HPs)
2-Bromo-4-chlorophenol
2,4-Dibromophenol
2,6-Dibromophenol
2,4,6-Tribromophenol

2B4CP
2,4-DBP
2,6-DBP
2,4,6-TPB

a

Never detected compounds.

of seawater sample was acidiﬁed with 1.5 mL of concentrated sulfuric acid
(H2SO4) in an amber glass vial. 20 μl of the internal standard 2,3dibromopropionic acid (99.9%, Supelco, USA, 10 mg L−1 in MTBE).
MTBE (4 mL) and sodium sulphate – salting out reagent – (16 g) were
added to the solution. The ﬂask was shaken manually during a few minutes and allowed to stand for 5 min. 3 mL of the organic phase were extracted and transferred into a 15 mL vial to which 1 mL of sulphuric acid in
methanol were added (esteriﬁcation step). The vial was shaken and
placed in a water bath at 50 °C for 2 h. After cooling and cleaning with
4 mL of saturated sodium bicarbonate, the HAA extract was stored in
amber glass vial at 4 °C prior to chromatographic analysis.

2.5. Analytical methods for seawater samples
The analysis of the organic phases containing the CBPs were carried
out using a gas chromatograph equipped with an Elite 5MS capillary
column and coupled to a 63Ni electron capture detector (GC-ECD
model Clarus 580, Perkin Elmer, Norwalk, CT, USA). Carrier and makeup
gases were helium 5.0 (1 mL min− 1) and nitrogen (30 mL min−1),
respectively. The temperature programme for the determination of
the THMs, HPs, HANs and HKs was as follows: initially 35 °C increasing
to 145 °C at a rate of 10°C min−1, than at a rate of 20 °C min−1 up to 225 °C
and ﬁnally at 10 °C min−1 to 260 °C, which temperature was hold for
2 min. For the HAAs, temperature was initially set to 40 °C, then increased
to 75 °C at a rate of 15 °C min−1, to 100 °C at 5 °C min−1, and ﬁnally up to
135 °C at 10 °C min−1 which was hold for 2 min.
Calibrations were performed with 13 levels of concentrations with
standard solutions prepared in ASW. The correlation coefﬁcients obtained for THMs, HANs, HPs, HKs and HAAs were above R2 = 0.98, except for 2,4,6-TBP (R2 = 0.96). Blank runs were also realised regularly
to ensure the reliability of the analytical methods. The detection limits
(LD) and quantiﬁcation limits (LQ) were estimated using the classical

3σ and 10σ approaches respectively, i.e. calculation of LD and LQ
through analysis of the standard deviation of blank measurements
(n = 10). Samples were analysed twice and in case of variation exceeding 5%, analysed three times. All the analytical features are presented in
Table S2 of the Supplementary Material.
All the seawater analysis results are presented in detail in the Supplementary Material Table S3 (winter campaign) and Table S4 (summer
campaign).
2.6. Fish sampling and analysis
European conger eel (Conger conger, Linnaeus 1758) samples were
collected from July to October 2012 in 11 ﬁshing spots (1 to 2 congers
caught in each spot) named a to j from east to west (Fig. 1). A total of
15 conger eels were caught, with body sizes ranging from 100 to
140 cm and weights from 2000 to 6000 g (see details in Supplementary
Material Table S5). Conger eel offers several advantages regarding contaminant bioaccumulation purposes, mainly as being sedentary and at a
high trophic level. It is also understood that individuals measuring more
than 100 cm are exclusively immature females of at least 5-years old
(Flores-Hernandez, 1990; O'Sullivan et al., 2003; Filiz and Bilge, 2004;
Correia et al., 2009). Thus, contaminant exposure of the sampled conger
eels can be considered as local, although noting that freshwater inputs
(Rhône river plume) and dietary inputs (non-sedentary preys) may
still bring to them some contaminants originating away from the Gulf
of Fos. The bioaccumulation also reﬂects a time relevant exposure (several years) and the variations due to sex or breeding are avoided.
The muscle tissues were removed directly on dock using sterile
single-use scalpels, placed in aluminium foil and frozen for storage
at − 32 °C. The samples were then sent to the Wessling laboratories
(Saint-Quentin-Fallavier, France) for the analysis of THMs (chloroform,
bromoform, BDCM and DBCM), HAAs (DCAA, TCAA, DBAA, BCAA,
chloroacetic and bromoacetic acids) and HPs (2,4-DBP, 2,4,6-TBP, 2-, 3-,
and 4-bromophenols).
They were extracted using a weak alkaline tetramethylammonium
hydroxide solution and centrifuged. Cold acetonitrile was added to precipitate proteins, and after a second centrifugation the alkaline solution
was degreased with n-hexane. The aqueous extract was used to determine HPs and HAAs. The measurement of HP was adapted from the normalised method EN-12,673, involving acetylation with acetic anhydride
and analysis by GC/MS (gas chromatography coupled to mass spectrometry detection). The analysis of HAAs was adapted from the normalised method DIN-38,407-F25, which implies diazomethane
alkylation and GC/MS analysis.
The THMs were analysed following the normalised method ISO16,035 with GC/MS detection.
2.7. Environmental risk assessment (ERA)
A simple environmental risk assessment (ERA) of identiﬁed CBPs in
the Gulf of Fos was carried out by equating punctual real levels of CBPs
found during the present study (“site-speciﬁc” concentrations) to predicted environmental concentrations (PEC) and by comparing these
PEC with predicted no effect concentrations (PNEC). The PNEC values
for the individual CBPs were estimated using available toxicity data
and by applying correction factors (AF) according to EU TGD. (2003).
The AF considers the reliability of toxicity tests according to the nature
and number of data (among other, freshwater or salt water, long-term
toxicity tests, multiple trophic levels tests). When toxicity data were
not available for a speciﬁc brominated compound, toxicity data for the
closest chlorinated analogue were chosen. In this latter case, risk assessment will be minimised because it is well known that brominated
byproducts are more cytotoxic and genotoxic than their resembling
chlorinated compound (Richardson et al., 2007; Escobar-Hoyos et al.,
2013).
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Statistical analyses were realised using the R software, and all the
artwork was elaborated with the R and Inkscape softwares (R Core
Team, 2015; Inkscape, 2015).
3. Results and discussion
3.1. General air and sea conditions
Both winter and summer campaigns were carried out under very
similar calm sea and wind conditions, following overall southerly
wind episodes. Tidal ranges were below 0.2 m and the sampling
campaigns were held during ebbing tides. Minimum and maximum
air temperatures during sampling were 5 to 15 °C in winter and 18 to
31 °C in summer.
In winter, off shore stations presented slightly lower surface temperatures (12–12.5 °C) than bottom (13.8 °C at 10 m depth) temperatures.
On the contrary, summer seawater temperature was higher at the surface (22–23 °C) than deeper (20 °C at 10 m depth, and 18 °C at 25 m
depth). Water temperatures in speciﬁc depth ranges were homogeneous across the whole study area, and Rhône river freshwaters also
being in the same range.
The salinity in the Gulf of Fos waters presented relatively elevated
values and was higher in winter than in summer (39.7 and 38.7 at the
bottom of the off shore stations, respectively). The surface salinity pattern clearly reveals a common Rhône river freshwaters plume intrusion
inside the gulf (Ulses et al., 2005) with values dropping down to 35 in
the enclosed part of the gulf (stations 1, 6, 7, 9), but not expanding towards the southern part, as shown for the summer campaign in Fig. 2.
This phenomenon is possibly accentuated by the Berre Lagoon inputs.
On the other hand, bottom salinities were all above 37, except for the
Rhône river and navigation canal stations (stations 19 and 15 salinities
are 10 and 35, respectively at the bottom).
Common values are observed for pH across the whole Gulf of Fos, between 8.15 and 8.20 in winter, and between 8.05 and 8.15 in summer.
The pH is also homogeneous within the whole water column in all stations, except where waters are mainly constituted of fresh water and
present logically values between 7.50 and 8.00 (stations 15, 16, 19).
3.2. Industrial outlets
The nature of the biofouling process may inﬂuence the diffusion, the
quantity and the chemistry of the CBPs released, also several outlets
were investigated here (3 in winter, 5 in summer) presenting different

Fig. 2. Surface salinity measured in summer (mean of ﬁrst 20 cm depth).
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operational characteristics and discharge temperatures. Usual industrial
cooling water systems such as thermal power plants release warmer
waters than at intake which remains at the surface, as in this example
due to a slight ΔT of +1.0 °C (winter campaign, station 10). In contrast,
an electro-chlorination output from a LNG regasiﬁcation system releases cold waters that drop down to the bottom, as in this case due to
a ΔT of −1.5 °C (winter campaign, station 8) illustrated in Fig. 3a.
The numerous outputs in the Dock 1 of the Fos harbour illustrates
here a particularly complex pattern in the mixing of different water
layers. The regasiﬁcation system employed in the LNG plant in the
north of Dock 1 (station 12), uses fresh or brackish waters from the navigation canal nearby, to which sodium hypochlorite is added. Due to its
weak salinity, the cold output (ΔT = −2.0 °C) remains at the surface as
shown on Fig. 3b. On the other hand, the other major output in Dock 1 at
the time of sampling (station 21, south of Dock 1) issues from a steel industry complex which cooling waters are at ΔT = +4.5 °C compared to
the nearby harbour entrance (station 9). As a result, the centre of Dock 1
temperature proﬁle (station 22, approximately 2 km midway from stations 12 and 21) is somewhat difﬁcult to interpret, with a comparable
salinity pattern as the LNG outlet station 12 but with much warmer waters at the surface. The cold LNG outlet waters possibly sunk to an intermediate depth, 1 to 3 m depth, with a remaining ΔT = −1.0 °C in the
Dock 1 centre station 22 (Fig. 3), and then back ﬂowed to the northern
part of the dock (station 12) explaining its low temperature at the
bottom. At the surface of station 22, the low salinity along with calm
meteorological conditions suggest supernatant waters ﬂowing down
from the navigation canal, the latter also presenting temperatures of
21 to 25 °C from bottom to surface in the upstream station 15. However,
particularly complex water movements occur within Dock 1, and CTD
proﬁles are a prerequisite to identify the outﬂows in the water column,
even in the more simple cases as for stations 8 and 10.
Among all investigated CBPs, the chlorination outlets presented detectable levels of the THMs CHBr3 and DBCM, the 4 HPs and the 2 HANs.
The 3 HAAs, measured only during the summer campaign, were also all
found in the steel industry outlet.
Bromoform is generally found predominantly in outlets discharging
in marine environments and represents in the outﬂows of the present
study 95 to 100% of the THMs. Its levels measured here in the outlet
ﬂows, identiﬁed from temperature and salinity proﬁles, are in the
same range as observed for thermal or nuclear power stations
(Khalanski and Jenner, 2012), from 2.5 μg L− 1 (power plant, station
10) to 18.5 μg L−1 (LNG terminal, station 8). Both surface and bottom
concentrations are indicated in Table 2. They show little or no difference
in the case of warm releases (power plant and steel industry), while a
factor 3 to 25 is reached between the bottom and surface waters
bromoform levels of cold LNG discharges. On the other hand, the Dock

Fig. 3. Water temperature proﬁles a) in a cold outlet -station 8, LNG regasiﬁcation circuitand in a hot outlet -station 10, power plant cooling circuit- compared with the nearby off
shore station 9, during the winter campaign, and b) in a cold LNG regasiﬁcation system
outlet using fresh or brackish waters – station 12 – during the summer campaign along
with the other Dock 1 stations 9 and 22, during the summer campaign.
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Table 2
Bromoform concentrations (μg L−1) in identiﬁed industrial outlets, and corresponding
outlet ﬂows (m3 h-1) when known. Deep waters were sampled 3 m depth, except station
8 (4 m) and station 21 (1 m).
# Station.
activity
8. LNG
12. LNG
10. pwr plant
17. petroch, pwr p.
21. steel industry

Winter
surface/deep

Summer
surface/deep

Outlet ﬂows
winter|summer

0.76/18.57
1.14/0.72
2.51/3.27
–
–

nd/nd
3.27/1.00
1.19/1.17
nd/nd
7.55/7.33

9860|0a
0a |4300
Yes|nob
–|yesb
–|yesb

“nd” not detected, “–” not measured.
Underlined concentrations indicate the position of the outﬂows as identiﬁed from CTD
proﬁles.
a
Units stopped or at minimal rate, involving no chlorination during sampling.
b
Flows observed or not at outlet (yes or no, respectively), but values not communicated.

1 outlets not operating still presented bromoform levels ranging from
0.7 to 1.2 μg L−1 (station 12 in winter, station 10 in summer) due to diffusion from other nearby discharges in Dock 1. It can ﬁnally be noted
that, surprisingly, no bromoform (nor other CBP) was measured by
the outlet of the eastern Lavéra petrochemical complex (station 17). It
presented a ΔT = + 4.5 °C compared to the nearby marine station 4,
possibly indicating a cooling water system outlet, but no information
could have been gathered concerning the process used for biofouling
control in the corresponding industrial units.
As shown in Fig. 4 other CBPs were in minority in the LNG chlorination outlets, where bromoform represented 80 to 100% among
THM + HP + HAN. In the LNG outlet station 8, other contributions
were HANs, 2,4,6-TBP and DBCM (9.5%, 6.7%, and 3.5%, respectively).
Hot outﬂows exhibited much higher contributions from HPs representing
28.8% (steel industry outﬂow) to 69.8% (power plant outﬂow). In both
cases, 2-B-4-CP is the most represented. The HAAs, which beneﬁted the
summer campaign, were not detected in the only operating LNG terminal
cold outﬂow (station 12), but concentrations of 2.2 μg L−1, 2.4 μg L−1 and
1.2 μg L−1 for DBAA, CDBAA and TBAA, respectively, were recorded in the
steel industry hot water discharge (station 21). In the latter, the relative
contribution of HAAs to CBPs is relatively high, between HPs and THMs.
These distributions are relatively comparable with what observed by
Allonier et al. (1999a) in nuclear power plants cooling waters, except
for HPs which were below 1%. The variability of the CBP contributions
shows the complexity of the reactivity involved in chlorination discharges, depending on numerous parameters such as operational conditions, seasonal variations and organic compounds present, and requiring

Fig. 4. Relative contributions of CBPs from the THM, HP and HAN classes, in the industrial
outﬂows identiﬁed from CTD proﬁles, i.e. LNG stations 8 and 12 (deep/winter and surface/
summer, respectively), power plant station 10 (surface/winter) and steel industry (surface/
summer). “s” and “w” correspond to summer and winter campaigns, respectively.

much more sampling and studying to be properly characterised and better understood.

3.3. CBP diffusion in the Gulf of Fos
Various CBPs are released to the Gulf of Fos, originating from numerous outlets which are principally located within Dock 1. Among the latter,
the south LNG outlet (station 8) was also identiﬁed as a major CBP cold
release, and in a lower extent, Dock 2 probably receives chlorination
discharges from the several chemical industries that it hosts. On the
east shore, the present study did not reveal detectable CBP levels at the
investigated stations, but the major petrochemical complex (stations 2,
3 and 17) is still suspected of releasing chlorination efﬂuents. Considering
the outlets where the ﬂows were known at sampling time (LNG outlets
by stations 8 and 12 in winter and summer, respectively) it represented
183 g h−1 and 14 g h−1 of bromoform, respectively, discharged into
the sea (i.e. 1.7 t year−1). As these LNG units were both operating at
one third of their capacity and that releases from other industrial activities were not taken into account, these values can be considered as
lower bound (Table 2). In addition, it is considered that no dilution occurs
in the ﬁrst metres of the release to the sea between the release and
sampling points (less than 5 m for station 8, 200 m for station 12),
which is another lower bound hypothesis. Consequently, a rough estimation results in a global production of 5 to 20 t year−1 of bromoform within the whole Gulf of Fos, which represents up to 10% of the estimated
annual production of all the French coastal power plants (Khalanski and
Jenner, 2012).
These multiple CBP discharges lead to an overall contamination of the
Gulf of Fos during the winter campaign with bromoform detected in 14 of
the 15 sampled stations (Fig. 5), at a level of 0.53 to 1.05 μg L−1 in the
south and east parts of the gulf (stations 1 to 7), and of 0.95 to
2.20 μg L−1 within the harbour but away from outlets (stations 9, 11,
13, 14, 15). Additionally, DBAN was also detected in nearly all stations
(except 5 and 6) during the winter campaign at a concentration of 0.9
to 1.0 μg L−1. In winter, several other CBPs were detected away from
the chlorination outlets, namely chloroform, DBCM, and 2,4,6-TBP in
some conﬁned parts of the harbour (stations 13 and 15). Away from outlets, globally less stations presented detectable levels of CBPs in summer,
in particular in the south and east parts of the Gulf of Fos (no CBPs detected in stations 4 and 5). However, bromoform was still measured in most
of the harbour stations away from outlets at levels ranging from 0.5 to
1.0 μg L−1. Halophenols were again detected in harbour stations 13 and
15, reaching 0.41 μg L−1 (2,4-DBP) and 3.7 μg L−1 (2-Br-4-CP + 2,6DBP + 2,4-DBP), respectively. Finally, HAAs were present in 3 stations
(1, 20 and 22), as CDBAA and TBAA. It should be noted that off gulf stations 16 (Rhône river mouth), 19 (Rhône river) and 24 (midway from
Marseilles) did not present any detectable level of the investigated CBPs.
Thus, it could be considered that no external input brought signiﬁcant
levels of CBPs into the Gulf of Fos during the summer campaign. Detailed
results can be found in the Supplementary Material Tables S3 and S4
(winter and summer campaigns, respectively).
Compared to literature data, bromoform concentrations are clearly
above background levels. The latter are about 0.025 μg L−1, and rarely
exceed 0.1 μg L−1 except in extensive beds of macro-algae, which is
not the case in the Gulf of Fos (Quack and Wallace, 2003). On the
other hand, HAA and HAN levels are comparable to published outlet
data and HPs are higher when detected (Allonier et al., 1999b; Taylor,
2006). The results show a global contamination of the Gulf of Fos with
detectable CBPs several km away from outlets. The station 5 for example
is located 10 km away from outlets and its bromoform concentration of
1.1 μg L−1 shows a moderate decrease from outlets. This demonstrates a
limited dilution or some accumulation phenomenon, while other
works, dealing with open coast releases, reveal a faster decrease of the
bromoform and DBAN concentrations (Jenner et al., 1997; Sam, 2001;
Khalanski and Jenner, 2012).
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Fig. 5. Distribution of 2,4,6-TBP in conger eel muscle samples (2012 ﬁshing campaign, sampling points a to j) and of bromoform in the water column samples (winter campaign stations 1
to 15 : top and bottom squares represent surface and 7 m depth or bottom, respectively) within the whole Gulf of Fos. Detectable levels of 2,4,6-TBP in water samples (surface or deep,
winter campaign) are indicated by “*” next to the corresponding station number.

Bromoform is almost only distributed at the surface in winter
(Fig. 5), when the seawater is colder at the surface, while it is observed
only in a few stations in summer. The colder temperature of the surface
layer compared to deep waters in winter may act as a thermal barrier to
volatilisation. In addition, seawater and air temperatures were approximately twice lower in winter than in summer showing a probable inﬂuence of temperature on bromoform volatilisation or reactivity.
Bromoform concentrations also drop from outlets (see Table 2) to
harbour and gulf waters. On the other hand, DBAN in winter presents
comparable concentrations in the outlets (1.0 to 1.6 μg L−1) compared
to the other stations (0.9 to 1.0 μg L−1), which is consistent with the
longer persistence of DBAN compared to bromoform reported in other
studies (Khalanski and Jenner, 2012). During the summer campaign,
DBAN could have reacted to form HAAs, justifying the absence of DBAN
in harbour and gulf stations but detectable levels of HAAs in a few stations
(1, 20, 22).
Except for the chlorination outlets, it appears that stations 13, 14 and
15 present the highest CBP levels (mainly bromoform and HPs), probably due to their conﬁned situation at the end points of Docks 2, 3, and 1,

respectively. In winter, 2,4,6-TBP was the only detected HP in these
stations, while is was completely absent in summer, replaced by
dibromophenols and 2-Br-4-CP as of HPs, suggesting a possible effect
of temperature. This is supported by the scarce studies dealing with
halophenols reactivity that mention a higher volatilisation rate of
trichlorophenols compared to dichlorophenols, but clearly too little is
known concerning the reactivity and fate of bromophenols in the environment (Sim et al., 2009; Khalanski and Jenner, 2012).
The results of the simpliﬁed environmental risk assessment of the
individual CBPs detected in the Gulf of Fos are summarised in Table 3.
Seven of the eleven CBP found during this study were found at concentrations that may induce a risk to the aquatic environment of the Gulf of
Fos. Indeed, with PEC/PNEC values superior to unity, HAAs, THMs and
more speciﬁcally HPs (Table 3) present toxicity for aquatic organisms
already reported (Taylor, 2006; Tsolaki et al., 2010; Mazik et al., 2013).
However, several of these compounds are affected by a high AF indicating that limited toxicity data are available. Also, because of lacking toxicity data on brominated compounds, some PNEC indicated in Table 3
have been taken from their chlorinated analogues. Notwithstanding,

Table 3
PEC/PNEC values and the corresponding literature toxicity and PNEC data for CBPs identiﬁed in the Gulf of Fos.
AF

PNEC
μg L−1

PEC⁎
μg L−1

PEC/
PNEC

50
10,000
500
500
10,000
100
500
1000
500
10,000
10,000

58
6.9
0.6
0.6
55
34
0.13
0.5
0.42
0.5
0.42

18.5
3.0
2.4
1.2
1.6
1.8
0.8
1.5
2.4
2.0
4.0

0.3
0.4
4
2
0.03
0.05
6.2
3
5.7
4.0
9.6

Toxicity data
CBP
Bromoform
DBAA
CDBAA¶
TBAA¶
DBAN
Chloroform
DBCM
TBP
24DBP¶
26DBP
2B4CP

Test organism

End point

Conc. mg L−1

C. variegatus (ﬁsh)
P. promelas (ﬁsh)
C. pyrenoidosa (green algae)
C. pyrenoidosa (green algae)
P. promelas (ﬁsh)
C. dubia (crustacea)
D. magna (crustacea)
Bacciliariaphycea (diatoms)
O. mykiss (ﬁsh)
T. marina (algae CCMP898)
T. marina (algae CCMP898)

NOEC, 96 h mortality saltwater
LC50, 4 days
NOEC, 14 day growth freshwater
NOEC, 14 day growth freshwater
EC50
NOEC, 10 day mortality
NOEC, 21 days
NOEC, photosynthesis
NOEC, 21 day growth saltwater
EC50
EC50

2.9
69
0.3
0.3
550
3.4
0.06
0.5
0.21
5
4.2

ref
a
a
a
a
a
a
a
a
b
c
c

References: a (Delacroix et al., 2013), b (Johnson et al., 2012), c (Liu and Zhang, 2014).
⁎ PEC has been assimilated as the maximum concentration detected in this study.
¶
For brominated compounds lacking toxicity data, the PNEC values were considered as of their closest resembling chlorinated compound.
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and because the toxicity of brominated compounds is generally known
to be higher than of chlorinated ones (Richardson et al., 2010), these
high instantaneous levels should be considered also not only in terms
of individual ﬂuxes but also in terms of cocktail effects (Delacroix
et al., 2013). Further studies are thus needed to take into account the
combined effect of all CBP compounds.
Very few studies have been undertaken to assess the environmental
risk linked to the impact of CBPs to the marine environment and most of
them compare the levels detected to their Maximum Contaminant
Levels set by national environmental protection agencies (Kim et al.,
2015). Our results are consistent with those obtained by Delacroix
et al. (2013) who had studied the impacts of various chlorination treatments of ballast waters. Among the 22 CBPs identiﬁed, four presented a
ratio (PEC/PNEC) higher than unity, i.e. TBAA (4.0), DBCM (2.5), MBAA
(1.5) and chlorates (1.9). In the present study, we have used the same
toxicity data set (PNEC) and higher ratios are found (Table 3). This can
be explained by the highest CBP concentrations found and possibly by
the post-treatment applied to chlorinated ballast waters (neutralisation
of residual chlorine to a maximum of 2.0 mg L−1). This post-treatment,
applied in desalination plants and in ships to ballast waters, may serve
as an example to reduce formation of unintended release of CBPs within
the Gulf of Fos (Werschkun et al., 2014).
3.4. CBPs in conger eel muscle samples
Among the 15 CBPs (4 THMs, 5 HPs and 6 HAAs) investigated in
conger eel muscle samples, only 2,4,6-TBP was detected. This is consistent with the bioconcentration factors (BCF) calculated by QSAR (quantitative structure-activity relationship) evaluation, presenting 2,4,6-TBP
as the most susceptible to be bioaccumulated among the different CBPs
(Khalanski and Jenner, 2012). CBPs, and particularly bromophenols
should accumulate much more in fats rather than in muscle tissues
(Whitﬁeld et al., 1998; Chung et al., 2003), and Grove et al. (1985) indicated a bioconcentration factor of only 1.4 in edible parts of aquatic
organisms.
Detectable levels of 2,4,6-TBP were found in 10 of the 15 ﬁsh muscle
samples (detailed concentrations in Supplementary Material Table S5),
with concentrations ranging from 2.80 to 10.39 μg kg−1 wet weight
(ww). As can be observed on Fig. 5, they were located within Docks 1, 2
and 3, as well as in the vicinity of stations 8 (LNG outlet), and 2 (petrochemical complex outlet). As conger eels are known to be sedentary
in their coastal life (Flores-Hernandez, 1990; O'Sullivan et al., 2003;
Correia et al., 2009), this geographic distribution is consistent with a
greater exposure of the congers living by the chlorination outlets.
The seawater stations 8, 10 and 13 presented 2,4,6-TBP levels during
the winter campaign of 1.56, 1.47 and 1.44 μg L−1, respectively. They
were also located by the conger eel stations e, g and h, respectively, for
which muscle samples concentrations were 2.92, 7.74 and 8.13, respectively. As 2,4,6-TBP was not detected at each depth nor in summer,
bioconcentration factors (BCF) were deduced from these matching stations averaging water concentrations to surface, deep and summer
values, with not detected levels considered as 0. The resulting BCF were
8, 21 and 23. In another manner, the Gulf of Fos can be considered as
one whole site, and a global BCF calculated. Therefore, 8 seawater stations
were considered (1, 2 and 8 to 15), the other being relatively distant from
ﬁshing points. Again not detected values were considered as 0 and for
conger eel muscle tissues, and the global BCF = 25 for 2,4,6-TBP in conger
eel muscle tissues.
Literature data indicate 2,4,6-TBP mean values in ﬁsh muscle samples ranging from 2.7 to 4.2 μg kg−1 ww in brown-spotted groupers
(Epinephelus areolatus) and rabbitﬁsh (Siganus canaliculatus), respectively (Chung et al., 2003), and from 0.26 to 1.49 μg kg−1 ww in pelagic
and benthic carnivores, respectively (Whitﬁeld et al., 1998). Cetaceans
presented comparable concentrations in blood, ranging from 0.1 to
2.0 μg kg−1 ww depending on the considered specie (Nomiyama
et al., 2011). The authors propose natural (algae production) as well

as anthropogenic sources (ﬂame-retardant and wood fungicide) to
2,4,6-TBP in marine species, but they reveal an incapacity of favouring
one or another, especially as 2,4,6-TBP is also highly suspected of
resulting from some PBDE metabolism in ﬁsh (Chung et al., 2003;
Nomiyama et al., 2011).
As the present work reveals a higher mean level in conger eel muscle
samples (4.80 μg kg−1 ww) and a geographical distribution in accordance with chlorination outlets positions, the latter may be considered
as a supplementary source, at least at a local scale in industrialised
embayments. It is likely that chlorination water discharges participates
at a signiﬁcant level in the sampled conger eel 2,4,6-TBP concentrations,
and demonstrates a continuous exposure of the ecosystem to CBPs. This
is a matter of concern since 2,4,6-TBP has a potential toxicity on marine
biota and signiﬁcant adverse effects on ﬁsh populations (Deng et al.,
2010).

4. Conclusions
Several industrial activities discharge chlorination by-products
(CBPs) in the Gulf of Fos. Bromoform levels at the outlets could differ
from a factor of 7, LNG regasiﬁcation being the most elevated at the
sampling time in winter (18.6 μg L−1), and steel industry during the
summer campaign (7.6 μg L−1). The position of the efﬂuent ﬂuxes in
the water column were conﬁrmed by CTD measurements, which revealed to be essential in chlorination impact studies. The relative distributions of CBPs in chlorination outlets were generally dominated by
bromoform, but the patterns differed strongly. This variability in concentrations and relative distributions suggest different reactivity, which is
worth to be explored with a higher time-resolved monitoring.
A widespread contamination of the Gulf of Fos was identiﬁed, with
relatively high levels of bromoform (0.6 to 2.2 μg L−1) and DBAN in winter (0.9 to 1.0 μg L−1). Haloacetic acids and halophenols were also measured at high concentrations, in particular when waters are conﬁned in
some more restricted inlets and docks of the bay. A seasonal effect was
suspected to lower the CBP concentration in summer, through an accelerated transfer to the atmosphere due to warmer air and sea temperatures.
The temperature proﬁles of the water column are likely to inﬂuence the
volatilisation of CBPs, which may be of human health concern for the
surrounding populations. However, signiﬁcant improvement in the
knowledge of water to air transfer of CBPs is required in order to better
evaluate the potential risks for human health.
The chronic exposure of the aquatic ecosystem was very likely to
cause a signiﬁcant impregnation of ﬁsh in the bay. High 2,4,6-TBP levels
were measured in conger eel muscle samples (10 out of 15 samples, 2.8
to 10.4 μg kg−1 ww), which cannot be only attributed to natural exposure. The global bioconcentration factor calculated for this compound
was 25 in conger eel muscles. The 2,4,6-TBP, among other CBPs, revealed
PEC/PNEC ratios above unity indicating potential toxicological issues to
aquatic organisms. A better knowledge of detailed CBP ﬂuxes and fate
are required to better evaluate their environmental impact, as well as
their associated toxicity and effect on populations.

Acknowledgements
The authors are particularly thankful to Pierre and Jacques Carle for
their involvement in most of the conger eel ﬁshing and for the driving
to water sampling stations, and to Mireille Harmelin-Vivien (Mediterranean Institute for Oceanography) for her enlightening scientiﬁc advice
concerning ﬁsh impregnation issues, as well as Patrick Höhener for its
implication in the present work.
Thanks are also addressed to Nicolas and the SNPB (Nautical Society
of Port-de-Bouc) for completing the ﬁshing, and to the GPMM (FosMarseilles harbour authorities) for authorising the cruising in restricted
areas.

D. Boudjellaba et al. / Science of the Total Environment 541 (2016) 391–399

Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.09.046.
References
Agus, E., Sedlak, D.L., 2010. Formation and fate of chlorination by-products in reverse osmosis desalination systems. Water Res. 44 (5), 1616–1626.
Allonier, A.-S., Khalanski, M., Camel, V., Bermond, A., 1999a. Characterization of chlorination by-products in cooling efﬂuents of coastal nuclear power stations. Mar. Pollut.
Bull. 38 (12), 1232–1241.
Allonier, A.-S., Khalanski, M., Camel, V., Bermond, A., 1999b. Determination of
dihaloacetonitriles and halophenols in chlorinated sea water. Talanta 50 (1), 227–236.
Chung, H.Y., Joyce Ma, W.C., Kim, J.-S., 2003. Seasonal distribution of bromophenols in selected Hong Kong seafood. J. Agric. Food Chem. 51 (23), 6752–6760.
Correia, A., Manso, S., Coimbra, J., 2009. Age, growth and reproductive biology of the
European conger eel (Conger conger) from the Atlantic Iberian waters. Fish. Res. 99
(3), 196–202.
Delacroix, S., Vogelsang, C., Tobiesen, A., Liltved, H., 2013. Disinfection by-products and
ecotoxicity of ballast water after oxidative treatment — results and experiences
from seven years of full-scale testing of ballast water management systems. Mar.
Pollut. Bull. 73, 24–36.
Deng, J., Liu, C., Yu, L., Zhou, B., 2010. Chronic exposure to environmental levels of
tribromophenol impairs zebraﬁsh reproduction. Toxicol. Appl. Pharmacol. 243 (1),
87–95.
Eaufrance database, 2015. national information framework for water information of the
Rhône-Mediterranean bassin URL http://sierm.eaurmc.fr/eaux-superﬁcielles/;
(consulted in September).
Escobar-Hoyos, L.F., Hoyos-Giraldo, L.S., Londoño-Velasco, E., Reyes-Carvajal, I., SaavedraTrujillo, D., Carvajal-Varona, S., Sánchez-Gómez, A., Wagner, E.D., Plewa, M.J., 2013.
Genotoxic and clastogenic effects of monohaloacetic acid drinking water disinfection
by-products in primary human lymphocytes. Water Res. 47, 3282–3290.
EU TGD., 2003. Technical Guidance Document on Risk Assessment in support of Commission Directive 93/67/EEC on Risk Assessment for New Notiﬁed Substances, Commission
Regulation (EC) No 1488/94 on Risk Assessment for Existing Substances, Directive 98/
8/EC of the European Parliament and of the Council Concerning the Placing of Biocidal
Products on the Market, Part. II. European Commission Joint Research Centre.
Filiz, H., Bilge, G., 2004. Length-weight relationships of 24 ﬁsh species from the North
Aegean Sea, Turkey. J. Appl. Ichthyol. 20 (5), 431–432.
Flores-Hernandez, D., 1990. Les pecheries de congre (Conger Conger L.) dans le Mor Braz,
Bretagne Sud. Aix-Marseille University – IFREMER PhD Thesis (in french).
Grove, R., Faeder, E., Ospital, J., Bean, R., 1985. Halogenated compounds discharged from a
coastal power plant. In: Jolley, R.L., Bull, R.J., Davis, W.P., Katz, S., MHJ, R., Jacobs, V.A.
(Eds.), Water chlorination: chemistry, environmental impact and health effects vol. 5.
Lewis Publishers, Chelsea, pp. 1371–1379.
URLInkscape, 2015. http://www.inkscape.org/;.
Jenner, H., Taylor, C., van Donk, M., Khalanski, M., 1997. Chlorination by-products in chlorinated cooling water of some European coastal power stations. Mar. Environ. Res. 43
(4), 279–293.
Johnson, I., Atkinson, C., Hope, S.-J., Sorokin, N., 2012. Proposed EQS for water framework
directive annex VIII substances : 2,4-dichlorophenol (for consultation) by Water
Framework Directive. United Kingdom Technical Advisory Group (WFD-UKTAG).
Khalanski, M., Jenner, H.A., 2012. Chlorination chemistry and ecotoxicology of the marine
cooling water systems. In: Rajagopal, S., Jenner, H.A., Venugopalan, V.P. (Eds.), Operational and Environmental Consequences of Large Industrial Cooling Water Systems.
Springer Science Publisher, pp. 183–226.
Kim, D., Amy, G.L., Karanﬁl, T., 2015. Disinfection by-product formation during seawater
desalination: A review. Water Res. 81, 343–355.

399

Liu, J., Zhang, X., 2014. Comparative toxicity of new halophenolic DBPs in chlorinated
saline wastewater efﬂuents against a marine alga: halophenolic DBPs are generally
more toxic than haloaliphatic ones. Water Res. 65, 64–72.
Ma, Z., Gao, K., Li, W., Xu, Z., Lin, H., Zheng, Y., 2011. Impacts of chlorination and heat
shocks on growth, pigments and photosynthesis of Phaeodactylum tricornutum
(Bacillariophyceae). J. Exp. Mar. Biol. Ecol. 397 (2), 214–219.
Mazik, K., Hitchman, N., Quintino, V., Taylor, C.J.L., Butterﬁeld, J., Elliott, M., 2013. Sublethal
effects of a chlorinated and heated efﬂuent on the physiology of the mussel, Mytilus
edulis L.: a reduction in ﬁtness for survival? Mar. Pollut. Bull. 77, 123–131.
Nomiyama, K., Eguchi, A., Mizukawa, H., Ochiai, M., Murata, S., Someya, M., Isobe, T., Yamada,
T.K., Tanabe, S., 2011. Anthropogenic and naturally occurring polybrominated phenolic
compounds in the blood of cetaceans stranded along Japanese coastal waters. Environ.
Pollut. 159 (12), 3364–3373.
O'Sullivan, S., Moriarty, C., Fitzgerald, R., Davenport, J., Mulcahy, M., 2003. Age, growth
and reproductive status of the European conger eel, Conger conger (L.) in Irish coastal
waters. Fish. Res. 64 (1), 55–69.
Parinet, J., Tabaries, S., Coulomb, B., Vassalo, L., Boudenne, J.-L., 2012. Exposure levels to
brominated compounds in seawater swimming pools treated with chlorine. Water
Res. 46 (3), 828–836.
Pignata, C., Fea, E., Rovere, R., Degan, R., Lorenzi, E., de Ceglia, M., Schilirò, T., Gilli, G., 2012.
Chlorination in a wastewater treatment plant: acute toxicity effects of the efﬂuent
and of the recipient water body. Environ. Monit. Assess. 184 (4), 2091–2103.
Quack, B., Wallace, D.W.R., 2003. Air-sea ﬂux of bromoform: controls, rates, and implications. Glob. Biogeochem. Cycles 17 (1), 1023.
R Core Team, 2015. R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria (URL http://www.R-project.org/).
Richardson, S.D., DeMarini, D.M., Kogevinas, M., Fernandez, P., Marco, E., Lourencetti, C.,
Balleste, C., Heederik, D., Meliefste, K., McKague, B., Marcos, R., Font-Ribera, L.,
Grimalt, J.O., Villanueva, C.M., 2010. What's in the pool? A comprehensive identiﬁcation of disinfection by-products and assessment of mutagenicity of chlorinated and
brominated swimming pool water. Environ. Health Perspect. 118, 1523–1530.
Richardson, S.D., Plewa, M., Wagner, E., Schoeny, R., Demarini, D., 2007. Occurrence,
genotoxicity, and carcinogenicity of regulated and emerging disinfection byproducts in drinking water: a review and roadmap for research. Mutat. Res. 636,
178–242.
Sam, Y.J., 2001. Bromoform in the efﬂuents of a nuclear power plant: a potential tracer of
coastal water masses. Hydrobiologia 464 (1–3), 99–105.
Sim, W.-J., Lee, S.-H., Lee, I.-S., Choi, S.-D., Oh, J.-E., 2009. Distribution and formation of
chlorophenols and bromophenols in marine and riverine environments. Chemosphere
77 (4), 552–558.
Taylor, C.J.L., 2006. The effects of biological fouling control at coastal and estuarine power
stations. Mar. Pollut. Bull. 53 (1–4), 30–48.
Tsolaki, E., Pitta, P., Diamadopoulos, E., 2010. Electrochemical disinfection of simulated
ballast water using Artemia salina as indicator. Chem. Eng. J. 156, 305–312.
Ulses, C., Grenz, C., Marsaleix, P., Schaaff, E., Estournel, C., Meulé, S., Pinazo, C., 2005. Circulation in a semi-enclosed bay under inﬂuence of strong freshwater input. J. Mar.
Syst. 56 (1-2), 113–132.
USEPA, 2003. Method 552.3: determination of haloacetic acids and dalapon in drinking
water by liquid–liquid microextraction, derivatization, and gas chromatography
with electron capture detection. EPA Number 815B03002.
Werschkun, B., Banerji, S., Basurko, O.C., David, M., Fuhr, F., Gollasch, S., Grummt, T.,
Haarich, M., Jha, A.N., Kacan, S., Kehrer, A., Linders, J., Mesbahi, E., Pughiuc, D.,
Richardson, S.D., Schwarz-Schulz, B., Shah, A., Theobald, N., von Gunten, U., Wieck,
S., Höfer, T., 2014. Emerging risks from ballast water treatment: the run-up to the International Ballast Water Management Convention. Chemosphere 112, 256–266.
Whitﬁeld, F.B., Helidoniotis, F., Shaw, K.J., Svoronos, D., 1998. Distribution of
bromophenols in species of ocean ﬁsh from Eastern Australia. J. Agric. Food Chem.
46, 3750–3757.

Supplementary material
“Chlorination by-product concentration levels in seawater and fish of an
industrialized bay (Gulf of Fos, France) exposed to
multiple chlorinated effluents”
D. Boudjellabaa, J. Drona,*, G. Revenkoa, C. Démelasb, J.-L. Boudenne b
Institut Ecocitoyen Pour la Connaissance des Pollutions, Centre de vie la Fossette RD 268,
13270 Fos-sur-Mer, France.
b
Aix Marseille Université, CNRS, LCE FRE 3416, 13331 Marseille, France
a

* Corresponding author (Julien Dron) : Phone +33-(0)490-554-997
e-mail: julien.dron@institut-ecocitoyen.fr

Table S1. Artificial seawater content
Table S2. Features of CBP analysis in seawater by GC-ECD
Table S3. CPB concentrations in seawater samples collected during the winter campaign
Table S4. CPB concentrations in seawater samples collected during the summer campaign
Table S5. Concentrations of 2,4,6-TBP in conger eel muscle samples, total length and weight
of the individual fishes

Table S1.Contents of the artificial seawater (amounts of salts expressed in g L-1) used for the
preparation of the analytical standards, according to ASTM International standard practice for
the substitute ocean water (method D1141-98, 2013).
NaCl
24.53
MgCl2, 7 H2O

5.2

Na2SO4

4.09

CaCl2

1.16

KCl

0.695

NaHCO3

0.201

H3BO3

0.027

SrCl2

0.025

NaF

0.003

KBr

0.101

Table S2. Features of CBP analysis in seawater by GC-ECD : ranges (µg L-1), coefficients of correlation R2, limits of detection (LD, µg L-1), limits of
quantification (LQ, µg L-1), relative standard deviations (RSD, %) and recoveries (%), for THM, HAN, HK and HP.
THM
CHCl3
range

HAN

HK

HP

BDCM

DBCM

CHBr3

DCAN

TCAN

BCAN

BDCAN

DBAN

DCP

TCP

2B4CP

24DBP

26DBP

TBP

2.0-100 2.7-100

0.1-100

0.1-200

0.9-100

1.3-100

0.6-100

1.2-100

0.6-100

1.0-100

1.3-100

0.4-100

0.4-100

0.5-100

0.2-100

2

R

0.998

0.994

0.989

0.998

0.992

0.994

0.992

0.991

0.990

0.992

0.990

0.997

0.995

0.982

0.967

LD

1.30

1.02

0.06

0.11

0.98

1.32

0.60

1.20

0.32

0.90

0.90

0.26

0.22

0.32

0.11

LQ

2.00

2.68

0.09

0.12

0.98

1.35

0.62

1.20

0.60

1.00

1.27

0.36

0.42

0.49

0.19

5

20

11

17

6

8

4

8

12

12

15

8

8

10

12

100

100

100

100

100

60

80

100

100

86

82

84

67

65

58

RSD
Recovery

Table S2 (continued). Features of CBP analysis in seawater by GC-ECD : ranges (µg L-1), R2, limits of detection (LD, µg L-1), limits of quantification
(LQ, µg L-1), relative standard deviations (RSD, %) and recoveries (%), for HAA analysed as their methyl-ester derivatives extracted in MTBE.
HAA
MCAA

DCAA

range
R

TCAA

BCAA

BDCAA

DBCAA

MBAA

DBAA

TBAA

0.4-50

0.5-50

0.5-20

0.8-50

1.3-100

0.3-50

0.8-10

2

0.992

0.995

0.992

0.997

0.983

0.994

0.998

0.997

0.988

LD

1.0

0.7

0.3

0.3

0.5

0.8

1.0

0.2

0.7

LQ

1.2

0.8

0.4

0.5

0.6

0.8

1.3

0.3

0.8

RSD

19

13

3

6

12

7

13

5

20

Recovery

80

100

77

100

25

30

80

86

20

Table S3. CBP concentrations (µg L-1) in seawater samples collected during the winter
campaign.
#

depth

1

surface

0.57

7m

0.89

surface

1.05

0.90

0.53

0.90

0.87

0.90

2

CHCl3

DBCM

CHBr3

2B4CP

26DB

24DB

TBP

BCAN

DBAN
0.90

7m
3

surface
5.5 m

4

surface
7m

5

surface

1.05

7-20 m
6

surface

0.64

7m
7

surface

0.91

7m
8

surface

0.76

4m
9

0.81

surface

18.57

1.56

1.18

0.63

1.57

1.73

0.91

7m
10

surface
3m

11

0.79

surface

2.51

2.95

3.27

2.93

1.26

2.41

1.47

1.24

0.95

0.91

3m
12

13

0.90

surface

1.14

3m

0.72

surface

0.79

1.19

1.43

1.44
0.97

surface

1.35

7m
15

surface
3m

0.90
1.01

7m
14

1.00

0.90
1.80

1.54
2.20

Empty spaces : not detected.
CBPs which were not detected in any station do not figure in the table.
HAAs were not measured during the winter campaign.

0.90
0.89

Table S4. CBP concentrations (µg L-1) in the seawater samples collected during the summer
campaign.
#

depth

1

surface

8

DBCM BDCM CHBr3

2B4CP

26DB

24DB

DBAN

DBAA

CDBAA TBAA

7m

1.8

surface

1.5

4m
9

surface

0.89

7m
10 surface

1.19

3.99

1.98

3m

1.17

2.30

0.60

12 surface

3.27

3m

1.00

13 surface
7m

0.41

14 surface

0.52

7m
15 surface

1.11

3m

3.68
0.93

2.35

0.53

0.55

20 surface
7m

4.60

21 surface

0.37

7.55

1m

0.38

7.33

22 surface

0.91

1.77

2.20

1.74

3.00

2.40

0.98

7m
Empty spaces : not detected.
CBPs which were not detected in any station do not figure in the table.
Stations were any CBP was detected do not figure in the table (i.e. stations 4, 5, 7, 16, 17, 18, 19, 23, 24)

1.24

0.77

Table S5. Concentrations of 2,4,6-TBP (µg kg-1 wet weight) in conger eel (Conger conger)
muscle samples, total length and weight of the individual fishes.
Sample

Total length (cm)

Total weight (kg)

2,4,6-TBP

a1

133

4.55

5.03

a2

126

4.25

10.25

b

135

5.14

7.80

c1

116

3.00

nd

c2

122

3.70

nd

d

120

3.19

nd

e1

137

5.60

2.80

e2

108

2.20

3.03

f1

100

2.40

9.01

f2

108

2.50

nd

g

125

3.50

7.74

h

117

3.30

8.13

i1

133

4.90

8.24

i2

140

5.70

10.39

j

127

3.40

nd

nd : not detected

