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a b s t r a c t
We evaluated the performances of a submersible ultraviolet ﬂuorometer (EnviroFlu-HC, TriOS Optical
Sensors) dedicated to the real time measurement of polycyclic aromatic hydrocarbons (PAHs) in the
aquatic media. We conducted calibration experiments and in situ measurements in the coastal Mediterranean Sea. We found that the EnviroFlu-HC was not strictly speciﬁc to PAHs, even though it exhibited
the highest sensitivity for phenanthrene, but could response to tryptophan-like material as well, and
in a much less extent, to humic substances. The sensor signal showed great spatial and temporal variations in clean and polluted sites, with likely a high contribution of PAHs in the harbors, and a high contribution of tryptophan-like and humic-like materials in the sewage efﬂuent. We conclude that the
EnviroFlu-HC is a good tool for monitoring anthropogenic inputs in the coastal waters, although its utilization should be combined to other ﬂuorescence measurements to improve the information about the
nature of the aromatic compounds detected.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
The coastal ocean, which plays a signiﬁcant role in the biogeochemical cycles on a global scale (Rabouille et al., 2001; Gazeau
et al., 2004), is a vulnerable ecosystem undergoing a strong anthropogenic pressure due to the intensiﬁcation of urban, industrial,
agricultural and tourist activities on land (Valiela, 2006; Nicholls
et al., 2007). Among the human-induced coastal perturbations,
the release of various contaminants is of great environmental
importance (Gimeno et al., 2004; Nicholls et al., 2007). These contaminants may enter coastal waters via rivers (Fernandes et al.,
1999), dry/wet atmospheric depositions (Pérez et al., 2003; Lim
et al., 2007), discharges of sewage/industrial efﬂuents (Wang
et al., 2001; Singh et al., 2004), maritime trafﬁc (Birpinar et al.,
2009) and submarine groundwaters (McCoy and Corbett, 2009).
Many of them referred to as pollutants or hazardous substances
since they can accumulate in the food chains and have deleterious
effects on aquatic organisms (Schiedek et al., 2007). Anthropogenic
contaminants mainly include trace metals, polycyclic aromatic
hydrocarbons (PAHs), pesticides, polychlorinated biphenyls (PCBs),
organotin compounds (see review by Wurl and Obbard, 2004), as
well as fecal contamination indicators, i.e. total coliforms,
Escherichia coli (E. coli) and enterococci (Evanson and Ambrose,
2006). Over the past 50 years, the ﬂuxes of natural and synthetic
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materials from land to the coastal ocean have raised by a factor
of 1.5–2 (Meybeck and Ragu, 1995), inducing transformations of
ecosystems and associated biogeochemical cycles (Rabouille
et al., 2001). Consequently, the monitoring of anthropogenic contaminants in marine coastal areas is become a crucial issue (Roose
and Brinkman, 2005).
For the last decade, in situ ﬂuorescence has been used in both
marine and freshwater environments to examine dissolved organic
matter (DOM) and particular anthropogenic tracers (Petrenko
et al., 1997; Rudnick and Chen, 1998; Chen, 1999; Baker et al.,
2004; Belzile et al., 2006). Most recently, a submersible ultraviolet
(UV) ﬂuorometer (EnviroFlu-HC, TriOS Optical Sensors) has been
designed to measure in real time PAHs in the aquatic media. PAHs
are highly toxic, mutagenic and carcinogenic compounds (Kennish,
1992; Samanta et al., 2002), and are thus present among the 33 priority substances listed by the regulations of the European Parliament and the Council of European Union (Ofﬁcial Journal of the
EU, 20/11/2001 and 30/04/2004). Because of their aromatic structure, PAHs have inherent ﬂuorescent properties in the UV spectral
domain (200–400 nm). Indeed, most of them are excited and emit
light in the ranges 240–300 and 310–400 nm, respectively (Booksh
et al., 1996; Beltran et al., 1998; Dabestani and Ivanov, 1999; Cai
et al., 2008). The EnviroFlu-HC ﬂuorometer provides an excitation
(Ex) light at 254 nm with a Full-Width Half-Maximum (FWHM)
of 25 nm (254 ± 12.5 nm), and detects an emission (Em) light at
360 nm with a FWHM of 50 nm (360 ± 25 nm). With regard to
its center wavelengths and FWHMs, it appears that this sensor
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may potentially excite molecules and collect light at least over the
ranges 241.5–266.5 and 335–385 nm, respectively. However, in
the costal marine environment, other ﬂuorophores (besides PAHs)
could also react, with different magnitudes, to these Ex/Em
spectral domains. This is the case of humic-like, fulvic-like and protein-like (especially tryptophan-like) materials, whose ﬂuorescence areas are either partially encompassed within or very close
to that of the EnviroFlu-HC ﬂuorometer (Coble, 1996; Parlanti
et al., 2000; Alberts and Takács, 2004; Hudson et al., 2007).
Therefore, at ﬁrst sight, the information that could be retrieved
from this instrument when deployed in the coastal ocean remains
relatively unknown and need to be fully examined. For instance, is
the EnviroFlu-HC ﬂuorometer really speciﬁc to PAHs? What is its
sensitivity to other coastal ﬂuorophores? What are the contributions of dissolved/particulate fractions in the in situ EnviroFlu-HC
signal? May the ﬂuorescence signal given by this sensor be used
to track anthropogenic inputs in the coastal waters? Hence, we
propose in the present study to evaluate, for the ﬁrst time, the performances of the EnviroFlu-HC submersible UV ﬂuorometer for its
routine utilization in coastal marine waters subjected to sporadic
or regular anthropogenic impacts. This evaluation was carried
out through two approaches: (i) laboratory experiments in which
the probe was calibrated with different standard ﬂuorophores
(PAHs, tryptophan, humic and fulvic acids), and (ii) in situ measurements at different contrasted sites in the coastal area of Marseilles
(Northwestern Mediterranean Sea, France) conducted from January 2008 to February 2009.
2. Materials and methods
2.1. Characteristics of the EnviroFlu-HC UV ﬂuorometer
2.1.1. Optical conﬁguration
The EnviroFlu-HC submersible UV ﬂuorometer (TriOS Optical
Sensors, Germany), hereafter called ‘‘the sensor”, is a commercially
available instrument dedicated to the in situ and real time quantiﬁcation of PAHs from raw (unﬁltered) water. It is an open-face system with the optical window freely exposed to the surrounding
water, which thus does not pump water. Its light source is a miniature xenon ﬂash lamp running at 2.5 Hz. The required wavelength for exciting PAHs is selected by mean of an interference
ﬁlter centered at 254 nm (FWHM: 25 nm). A ﬁrst lens is used to
collimate the Ex light beam, whose a small percentage is reﬂected
by a dicroitic beam-splitter (Short Wave Pass) and detected by a
reference UV photodiode. This reference signal assents to compensate possible variations of the Ex energy related to aging, ﬂash-toﬂash ﬂuctuations or temperature dependences of the xenon lamp.
The Ex light beam is focused approximately at 2 mm in front of the
window by a second lens. In return, the light emitted by the excited molecules (i.e. ﬂuorescent light) is collected by the same lens,
reﬂected by the dicroitic beam-splitter and ﬁnally detected by a
sample large area UV photodiode. An interference ﬁlter centered
at 360 nm (FWHM: 50 nm) is employed ahead of the photodiode
to discriminate stray-light and to select the ﬂuorescent light of
PAHs. The general optical layout of the sensor is presented Fig. 1.
2.1.2. Operation and measurements
The sensor is operated with a TriOS PS201plus unit for power supply and data interface, connected to it via SUBCONN-8pin underwater cables (10 or 100 m length) and to the PC via a RS232-9pin
connector. Control of the sensor and data acquisition are performed
using the TriOS MSDA-XE 8.0.0 software, which allows for setting
data internal averaging, ampliﬁcation of ﬂuorescence signal (high,
low or automatic) and calibration coefﬁcients used to convert the
ﬂuorescence raw counts (FRCs) into PAH concentrations. The
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Fig. 1. General optical layout of the EnviroFlu-HC UV ﬂuorometer.

number of internal measurements used to provide averaged data
was ﬁxed at 5. Since internal measurements were acquired at
2.5 Hz, the ﬁnal output rate was 1 value of FRCs/PAH concentration
every 2 s, i.e. 0.5 Hz. High and low ampliﬁcations are devoted to
samples with low and high ﬂuorescence signals, respectively. With
automatic ampliﬁcation, the sensor decides itself of the most appropriate ampliﬁcation. In this study, all the samples were measured in
both high and low ampliﬁcations. Manufacturer calibration coefﬁcients, stored internally, were obtained for the two measuring
ranges from the TriOS ﬂuorescence calibration standard (TFCS),
which consists in a mixture of various PAHs. However, in this work,
we did not use these internal calibration coefﬁcients and we processed the FRCs so as to determine our own coefﬁcients for each
ﬂuorophores studied. The main mechanical, electrical and optical
characteristics of the sensor are summarized in Table 1.

2.2. Laboratory calibration experiments
2.2.1. Standard solutions
Calibration experiments were performed in the laboratory under controlled conditions to assess the potential response of the
sensor to different aquatic ﬂuorophores. These ﬂuorophores were
chosen according to their ﬂuorescence spectral domains: PAHs
(Ex/Em: 240–300/310–400 nm), tryptophan-like material (Ex/Em:
225–237/340–381 nm and 275/340 nm), and humic-like and fulvic-like materials (Ex/Em: 237–370/380–500 nm) (Booksh et al.,
1996; Coble, 1996; Parlanti et al., 2000; Hudson et al., 2007). For
PAH standard solutions, we used a mixture of six compounds
among the PAHs commonly detected in the aquatic environment:
anthracene, ﬂuoranthene, ﬂuorene, naphthalene, phenanthrene
and pyrene, as well as individual solutions of naphthalene and
phenanthrene (P98%, Sigma–Aldrich). For tryptophan-like material, we employed a standard solution of L-tryptophan (P98%, Sigma–Aldrich), whereas for humic-like and fulvic-like materials,
standard solutions of Suwannee River humic (2S101H) and fulvic
(2S101F) acids were purchased from International Humic Substances Society (IHSS; http://www.ihss.gatech.edu/; Senesi et al.,
1989). The standard solutions were prepared in ultrapure water
(i.e. Milli-Q water from Millipore system, ﬁnal resistivity:
18.2 MX cm1 at 25 °C, pH  5), but also in unﬁltered seawater
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Table 1
Main mechanical, electrical and optical characteristics of the EnviroFlu-HC UV
ﬂuorometer.
Size (Ø  L)
Weight
Depth rating
Power
Underwater cable
Interface
Excitation
wavelength
FWHM for excitation
wavelength
Emission wavelength
FWHM for emission
wavelength
Final data acquisition
frequency
Ampliﬁcations
Data type

Detection ranges

68  280 mm
1800 g in air
500 m
9–36 VDC; 300 mA at 12 VDC
SUBCONN-8pin (10 or 100 m length)
RS232 and analog (0–5 VDC) data output
254 nm
25 nm
360 nm
50 nm
0.5 Hz
High, low and auto
Fluorescence raw counts (FRCs) internally converted
into PAH concentrations from TriOS ﬂuorescence
calibration standard (TFCS)
0–50 (high ampliﬁcation) or 0–500 lg l1 TFCS
equivalent (low ampliﬁcation)

collected at 5 m depth at Cortiou station (see Section 2.3.1). Before
being dissolved in water, PAHs and humic acid were ﬁrst dissolved
in methanol (SuprasolvÒ, Merck) and in 0.01 M sodium hydroxide
(DILUT-ITÒ, J.T. Baker), respectively. The ﬁnal concentrations of
solutions differed regarding the ﬂuorophore: 0.1–100 lg l1 for
the individual solutions of naphthalene, phenanthrene and tryptophan, 0.1–600 lg l1 for the mixture of PAHs (total PAH concentration, i.e. with 0.017–100 lg l1 for each of the six compounds), and
100–5000 lg l1 for humic and fulvic acids. In addition, mixtures
of ﬂuorophores were also made (only in ultrapure water) with
PAHs (1–4 lg l1) + tryptophan (5–20 lg l1) + humic acid (500–
2000 lg l1) + fulvic acid (500–2000 lg l1). All the standard solutions had a ﬁnal volume of 1 l and were contained in SCHOTTÒ
glass bottles. Those prepared in ultrapure water were subsampled
for spectral ﬂuorescence measurements (see Section 2.5). The solutions were stored in the dark at 4 °C during 16–48 h until being
processed for calibration.
2.2.2. Calibration procedure
Calibration procedure was carried out according to the manufacturer recommendations. The standard solutions were allowed to
reach the temperature of 20 °C in a dark thermostatic room and
were poured in a 1 l glass beaker, wrapped in a black non-reﬂective
surface to avoid reﬂection effects. The sensor, ﬁxed above the beaker, was partially immersed in the solutions, offering 10 cm free
view between its head and the bottom of the beaker. For a given
ﬂuorophore, all the solutions were processed within 1 h. Several
independent blanks (ultrapure water) were run before and after
each set of standard solutions. All the measurements were done at
20 °C in the dark. Each sample was kept in contact with the sensor
during 1–2 min to obtain 15–30 FRCs per measuring ampliﬁcation.
Between each solution, the sensor and the beaker were extensively
rinsed with ultrapure water. The entire procedure, corresponding to
the preparation of standard solutions and to sensor measurements,
was repeated two or three times (depending on the ﬂuorophore) at
several days of interval. The average variation coefﬁcient (CV) for
the different calibration procedures was 12%.
2.3. Field measurements in the coastal area of Marseilles
2.3.1. Study sites
Field measurements were conducted from January 2008 to
February 2009 in the coastal area of Marseilles (Northwestern Mediterranean Sea, France) aboard R/V Antedon II. Several contrasted

sites were sampled many times over the course of the year in the
Bay of Marseilles: the observation station of the Oceanology Center
of Marseilles located near Frioul Islands: ‘‘Sofcom” (60 m depth),
which belongs to the Service d’Observation en Milieu LITtoral
(SOMLIT; http://www.domino.u-bordeaux.fr/somlit_national/), a
station in the Southern part of the Bay off Cortiou creek: ‘‘Cortiou”
(62 m depth), the discharge area of treated wastewaters of
Marseilles City situated in the Cortiou creek: ‘‘Cortiou wastewaters”
(12 m depth), and the harbor of Saumaty in the Northern part of the
Bay: ‘‘Saumaty” (4 m depth). Three intermediate stations were also
sampled between Cortiou and Cortiou wastewaters: ‘‘C1” (50 m
depth), ‘‘C2” (30 m depth) and ‘‘C3” (20 m depth). Moreover, two
supplementary sites were sampled once; one in the Bay, at Pointe
Rouge beach: ‘‘Pointe Rouge” (5 m depth), and the other outside
the Bay, in the harbor of Port-de-Bouc, located near the Gulf of
Fos-sur-mer: ‘‘Port-de-Bouc” (5 m depth) (Fig. 2).
2.3.2. Sensor deployments
The sensor was set up on a SeaBird Electronics 19plus conductivity temperature depth (CTD) equipped with a chlorophyll a (Chla)
ﬂuorometer (WET Labs, USA). It was placed vertically with the optical window directed downward, in a way that the light source did
not see any part of the mounting structure. The sensor/CTD system,
managed from the rear of the vessel, was ﬁrst immersed in the subsurface water (optical window placed at 0.05 m depth) where
only the sensor ran, and then deployed in the whole water column
(from 1 m to bottom) where both sensor and CTD operated (descent
rate: 0.5 m s1). Between each station and after each cruise, the
sensor was abundantly washed with freshwater, and the optical
window further rinsed with ultrapure water and dried.
2.3.3. Sample collection and ﬁltration
Immediately after the sensor deployments, discrete seawater
samples were collected at different depths with a 4 l Niskin bottle
equipped with silicon ribbons and Viton o-rings, for spectral ﬂuorescence measurements (see Section 2.5). Seawater was transferred
(without silicon tubing) from the Niskin bottle into 100 ml SCHOTTÒ
glass bottles. To sample subsurface water (0.05 m depth), glass
bottles were directly used from the rear of the ship. Bottles were
rinsed two times with the respective samples before ﬁlling, and after
collection, were placed in the dark. Back to the laboratory, samples
were ﬁltered without delay under a low vacuum (<50 mm Hg)
through pre-combusted (450 °C, 6 h) GF/F (0.7 lm) glass ﬁber ﬁlters (25 mm diameter, Whatman) and then through 0.2 lm polycarbonate ﬁlters (25 mm diameter, Nuclepore) to remove particles and
micro-organisms. The 0.2 lm ﬁltered seawater was distributed into
10 ml glass tubes and stored at 4 °C in the dark during 16–48 h until
spectral ﬂuorescence analyses. Few samples, ﬁltered only onto GF/F
ﬁlters, were also analyzed for spectral ﬂuorescence to compare with
the ‘‘true” (<0.2 lm) dissolved ﬂuorescence signal.
In addition, larger volume (2 l) samples were taken in the subsurface water with 2 l SCHOTTÒ glass bottles, and ﬁltered through
pre-combusted GF/F and 0.2 lm ﬁlters (47 mm diameter). Sensor
measurements were carried out in the laboratory on the unﬁltered
(raw), GF/F ﬁltered and 0.2 lm ﬁltered samples, according to the
procedure described in Section 2.2.2, to evaluate the relative
importance of dissolved and particulate fractions in the in situ
UV ﬂuorescence signal.
At Port-de-Bouc station, two 4.5 l samples were collected, one
in the subsurface (0.05 m depth) and the other in the surface water
(0 m depth), ﬁltered through pre-combusted GF/F ﬁlters (47 mm
diameter), and analyzed for dissolved and particulate PAHs by
gas chromatography (see Section 2.6.1), whereas some subsurface
samples from Cortiou stations (Cortiou, Cortiou wastewaters, C1,
C2 and C3) were processed for enterococci and E. coli enumerations
(see Section 2.6.2).
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Fig. 2. Location of the study sites in the coastal area of Marseilles (Northwestern Mediterranean Sea, France). Several stations were sampled many times over the course of the
year in the Bay of Marseilles: Sofcom, Cortiou, Cortiou wastewaters, C1, C2, C3 and Saumaty. Two sites were sampled once: Pointe Rouge, in the Bay, and Port-de-Bouc,
situated near Gulf of Fos-sur-mer.

2.4. EnviroFlu-HC data processing
Throughout the whole study period (1 year), blanks, corresponding to the ﬂuorescence measurement of ultrapure water,
were regularly handled in the laboratory (i.e. during calibration
experiments and between cruises). These measurements allowed
identifying a drift of the sensor with linearly increasing ﬂuorescence values with time [determination coefﬁcient (r2) = 0.99 and
1.00 in high and low ampliﬁcations, respectively]. This increase
was not observed with spectral ﬂuorescence measurements conducted on the same blanks, conﬁrming that the quality of the
Milli-Q water did not change during this period. This drift could
likely come from a too high compensation of the Ex energy from
the reference photodiode (TriOS Optical Sensors team, personal
communication). Therefore, prior to subsequent data processing,
every sample (seawater, standard, blank) was normalized to the
reference (initial) ﬂuorescence measurement of ultrapure water
in accordance with the relationship:
Sample FRCsnormalized = Sample FRCsmeasured  (Blank FRCsreference/
Blank FRCsmeasured), where Sample FRCsmeasured and Blank
FRCsmeasured are ﬂuorescence raw counts of sample and ultrapure
water, respectively, measured at the same period, Blank
FRCsreference are reference ﬂuorescence raw counts of ultrapure
water (i.e. not affected by the sensor drift), and Sample FRCsnormalized
are ﬂuorescence raw counts of sample normalized by the drift
effect. In this study, (normalized) sensor data are given in blankcorrected FRCs (= Sample FRCsnormalized  Blank FRCsreference) or
in ﬂuorophore equivalent (in lg l1) by using the appropriate
calibration equation.

2.5. Spectral ﬂuorescence measurements
2.5.1. The Hitachi F-7000 spectroﬂuorometer
Fluorescence measured by the sensor (in situ or on discrete
samples) was compared to that measured on discrete samples by
a Hitachi (Japan) Model F-7000 ﬂuorescence spectrophotometer.

The latter is equipped with a 150 W xenon short-arc lamp with a
self-deozonating lamp compartment as light source, two stigmatic
concave diffraction gratings with 900 lines mm1 brazed at 300 (Ex
side) and 400 nm (Em side) as single monochromators, and a Hamamatsu R3788 (185–750 nm) photomultiplier tube (PMT) as sample detector. This instrument provides a measuring wavelength
range of 200–750 nm on both Ex and Em sides. The correction of
spectra for instrumental response was conducted according to
the procedure recommended by Hitachi (Hitachi F-7000 Instruction Manual), which consisted in a calibration of both Ex and Em
sides. First, Ex side was calibrated by using Rhodamine B as standard (quantum counter) and a single-side frosted red ﬁlter in Ex
scan mode. Then, Em side calibration was done with a diffuser in
synchronous scan mode. The Ex and Em spectra obtained over
the range 200–600 nm were applied internally by the instrument
(through FL Solutions 2.1 software) to correct the subsequent
spectra.

2.5.2. Measurements and data processing
The samples were allowed to reach room temperature in the
dark, and transferred into a 1 cm pathlength far UV silica quartz
cuvette (170–2600 nm; LEADER LABÒ), thermostated at 20 °C in
the cell holder by an external circulating water bath. Excitation–
emission matrices (EEMs) were generated over Ex wavelengths between 200 and 550 nm in 5 nm intervals and Em wavelengths between 280 and 600 nm in 2 nm intervals, with 5 nm bandwidths
(FWHMs) on both Ex and Em sides and a scan speed of
2400 nm min1. In this work, EEMs were used to characterize the
global ﬂuorescence signature of samples and to compare it with
the response spectral domain of the sensor. Thus, in this sense,
subsequent statistical methods such as parallel factor analysis
(PARAFAC) were not employed. The sensor performance was furthermore evaluated by comparing its signal with ﬂuorescence (i)
at Ex/Em wavelengths: 255/360 nm with 5 nm bandwidths on
both Ex and Em sides, which corresponds to center wavelengths
of the sensor but with much narrower FWHMs, and (ii) at Ex
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wavelength: 255 nm with a 5 nm bandwidth, and a 5 nm bandwidth
Em signal integrated over the range 334–384 nm (2 nm intervals) to
mimic, in a certain extent, the sensor Em response, although the
wavelength integration does not really reproduce the FWHM shape
because it gives equal weight to all the measurements.
Blanks, i.e. ultrapure water for standard solutions and ultrapure
water ﬁltered through GF/F and/or 0.2 lm ﬁlters for natural samples, as well as solutions of quinine sulfate (Fluka) in 0.05 M
H2SO4 (1–10 ppb) were run with each set of samples. Before being
processed, all the data (blanks, standards, samples) were normalized to the intensity of the water Raman scatter peak at Ex/Em:
275/303 nm (5 nm bandwidths), used as an internal standard
(Coble et al., 1993; Coble, 1996; Belzile et al., 2006). This value
varied by less than 8% over the study period. Samples were then
corrected for the corresponding blanks. For the linear regressions
of quinine sulfate standards, r2 were 0.98. Blank-corrected FRCs
were converted into quinine sulfate units (QSU: 1 ppb quinine sulfate in 0.05 M H2SO4 at Ex/Em: 350/450 nm, 5 nm bandwidths) by
dividing by 8.5. Since absorption coefﬁcients of samples were all
<2 m1 over the range 250–500 nm, no correction for inner ﬁltering effects was used here (i.e. no dilution of samples) (Zepp
et al., 2004). EEMs data processing and contour plots were performed with MATLABÒ 7.1.
2.6. Other analyses
2.6.1. Analysis of dissolved and particulate PAHs by gas
chromatography
Dissolved PAHs, deﬁned here as PAHs present in the fraction
<0.7 lm, were extracted from seawater by liquid–liquid extraction
with dichloromethane (3  55 ml per liter). The GF/F ﬁlters for particulate PAHs were extracted according to Bligh and Dyer (1959).
Prior to puriﬁcation, solvent was changed into n-hexane. The extracts were fractionated on a 500 mg silica column. Silica gel (extra
pure, Merck) was activated at 450 °C for 6 h followed by partially
deactivation with 4% water by weight. The ﬁrst fraction, eluted
with 2 ml n-hexane, contained the non polar aliphatic hydrocarbons. The second fraction, eluted with 3 ml n-hexane/dichloromethane (3/1), contained PAHs. All the solvents were of organic
trace analysis quality (Rathburn, Interchim). Finally, the samples
were concentrated under a gentle stream of nitrogen and prior to
injection, a mixture of d10-perylene and d12-chrysene were added
as recovery standards. The PAH fraction was analyzed in a gas
chromatograph-ﬂame ionization detector (GC-FID) (AutoSystem
XL, Perkin Elmer, USA) equipped with a HP-5 column (25 m 
0.32 mm  0.52 lm, J&W Scientiﬁc, Agilent Technologies, USA).
The injector (used in splitless mode) and detector temperatures
were 300 and 320 °C, respectively. The column temperature program was that used by Díez et al. (2005). Compounds were identiﬁed by reference to the analysis of a standard mixture of 18
compounds (47543-U, Supelco). Dissolved fraction blank and particulate fraction blank were run by analysing solvent and ﬁlter,
respectively. Recoveries were determined from the analysis of solvent and ﬁlter spiked with the standard mixture. They ranged between 57% and 104% (mean 88%) for the dissolved fraction and
between 65% and 118% (mean 86%) for the particulate one. Identiﬁcations of PAHs were conﬁrmed by using an Agilent 6890 N chromatograph coupled to an Agilent 5973 mass spectrometer (GC–
MS) operating at an ionization energy of 70 eV for a m/z range of
100–300. Alkylated PAH chromatogram proﬁles obtained were in
accordance with those reported in Díez et al. (2005).
2.6.2. Enumeration of enterococci and E. coli
Some samples from Cortiou stations were processed for enterococci and E. coli enumerations by using the most-probable-number
(MPN) statistical tests from the microtitration plate method

(Hernandez et al., 1993) in its normalized version (ISO 9308-3).
This method is based upon the bacterial hydrolysis of 4-methylumbelliferyl-b-D-glucuronide, which produces a blue ﬂuorescent
substrate (4-methylumbelliferone) detectable under UV lamp at
366 nm (Hernandez et al., 1991).
2.7. Precautions
During the procedures described above (calibrations, ﬁeld measurements and analyses), nitrile gloves were worn and care was taken to avoid contaminations. All the glassware was washed with
1 M HCl and ultrapure water and combusted at 450 °C during
6 h. Nuclepore ﬁlters were rinsed with 1 M HCl, ultrapure water
and the appropriate sample before use. All the materials that could
not be baked were washed with 1 M HCl and ultrapure water and
dried at 50 °C. All the (Teﬂon-lined) caps were wrapped with Teflon tape for the storage of samples.
2.8. Statistics
Regressions and one-way analyses of variance (ANOVA) were
performed with StatView 5.0. The signiﬁcance threshold was set
at p < 0.05, with for ANOVA, F(k  1, n  k), where k is the number
of groups and n is the total number of subjects.
3. Results and discussion
3.1. EnviroFlu-HC response to different aquatic ﬂuorophores
The sensor linearly responded to all the ﬂuorophores investigated, but over different concentration ranges, i.e. 0–8 lg l1 for
phenanthrene and mixture of PAHs, 0–100 lg l1 for naphthalene
and tryptophan, and 0–5000 lg l1 for humic and fulvic acids (deﬁned here as humic substances) (Table 2). The sensitivity of the
sensor for a given compound, corresponding to the slope of its calibration curve, was the pivotal parameter accounting for the detection, quantiﬁcation and saturation levels observed. Here, we found
very highly signiﬁcant negative power relationships between sensitivity and these three parameters (r2 = 0.90–0.99, p < 0.001,
n = 12; ﬁgures not shown). In high ampliﬁcation mode, the sensor
sensitivity was on average 14 ± 2 times higher than in low ampliﬁcation. Within PAHs, signiﬁcant discrepancies appeared since
the sensor sensitivity for phenanthrene was 26 times higher than
for naphthalene (Table 2). Phenanthrene, with detection and quantiﬁcation limits as low as 0.2 and 0.6 lg l1 in high ampliﬁcation
mode, respectively, was clearly the individual ﬂuorophore displaying the strongest afﬁnity for the sensor. Interestingly, for tryptophan (which is an amino acid), the sensor response was
enhanced by a factor 2 compared to naphthalene. Humic substances, detected at concentrations 150–1500 times higher than
PAHs and tryptophan, presented very low measurement accuracies
[relative root mean square errors (RMSEs): 50–106%]. It is worth
noting that the sensor sensitivity for fulvic acid was 3–4 times
higher than for humic acid (Table 2).
The sensor sensitivity for a given ﬂuorophore was explained by
the combination of two factors: (i) the intrinsic ﬂuorescence efﬁciency (quantum yield) of the ﬂuorophore, i.e. its ability to emit
light when absorbing one photon, and (ii) the match up between
its ﬂuorescence domain and that of the sensor. Fig. 3 allowed
visualizing these two factors. Indeed, phenanthrene, which was
the most ﬂuorescent compound among individual ﬂuorophores
studied (highest ﬂuorescence intensity for a given concentration),
had furthermore its maximal ﬂuorescence domain almost completely superimposed on that of the sensor (Fig. 3b). Conversely,
for naphthalene and tryptophan, a gap was observed between

where x is the variable in absolute value (ﬂuorophore concentration) and n is the number of observations (6 or 7).
n

measurements using the following equation: RMSE ð%Þ ¼ 100 

i¼1

xi;retrieved

Mixture of PAHs = anthracene, ﬂuoranthene, ﬂuorene, naphthalene, phenanthrene and pyrene.
Total PAH concentrations, i.e. corresponding to 0.017, 0.05, 0.1, 0.17, 0.5, 1 lg l1 for each of the six compounds of the mixture.
c
All the calibration curves are very highly signiﬁcantly linear (p < 0.001, n = 7 or 8).
d
Corresponds to the slope of the calibration curve.
e
Determined from the equation of calibration curve with y = FRCs of blank + 3 times its standard deviation.
f
Determined from the equation of calibration curve with y = FRCs of blank + 10 times its standard deviation.
g
Determined from the equation of calibration curve with y = maximal FRCs delivered by the sensor (4095 in both high and low ampliﬁcations), measured from highly concentrated standard solutions (50 and 100 lg l1
phenanthrene, and 300 and 600 lg l1 PAHs). These saturation levels are theoretical because they do not take into account possible inner ﬁltering effects.
h
Corresponds to the coefﬁcient of variation of sensor measurement for a ﬂuorophore concentration given into brackets in lg l1 (n = 15–30 FRCs per ampliﬁcation range).
i
Relative root mean square error (RMSE) between retrieved (from equation of calibration curve) and ‘‘true” ﬂuorophore concentrations. RMSEs were computed as relative values (expressed in%) to give equal weights to all
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
Pn xi;retrieved xi;true 2

a

b

Low
y = 12x + 2
1.00
12
0.3
0.8
100
2 (0.5)
6

Low
y = 6x + 3
1.00
6
0.4
2
600
5 (0.6)
4

High
y = 15x + 77
0.99
15
1
6
273
4 (5)
27

Low
y = 1x + 4
0.99
1
2
9
4091
5 (5)
16

High
y = 0.02x + 65
0.97
0.02
1103
2158
167920
4 (2500)
106

Low
y = 0.002x + 4
0.97
0.002
1581
5894
2557206
5 (2500)
99

High
y = 0.08x + 68
0.96
0.08
289
1245
48936
2 (2500)
55

Low
y = 0.006x + 4
0.95
0.006
420
1675
743875
2 (2500)
50
High
y = 95x + 63
1.00
95
0.3
1
43
4 (0.6)
3
High
y = 179x + 59
0.99
179
0.2
0.6
23
2 (0.5)
27

Fulvic acid
Humic acid
Tryptophan

0, 0.1, 0.3, 0.6, 1, 3, 6b 0, 1, 5, 10, 25, 50, 75, 100 0, 100, 250, 500, 1000, 2500, 5000 0, 100, 250, 500, 1000, 2500, 5000
0, 0.1, 0.5, 1, 2, 5, 8

Concentrations used for calibration curve 0, 2.5, 5, 10, 20, 40, 80, 100
(lg l1)
Ampliﬁcation range
High
Low
Equation of calibration curve
y = 7x + 49
y = 0.5x + 3
2
c
1.00
1.00
r of calibration curve
d
1
Sensitivity (FRCs / lg l )
7
0.5
6
7
Detection limite (lg l1)
17
22
Quantiﬁcation limitf (lg l1)
578
4849
Saturationg (lg l1)
4 (5)
7 (5)
Precisionh (%)
8
9
Accuracy (relative RMSEi in%)

Mixture of PAHsa
Phenanthrene
Naphthalene

Table 2
Parameters of calibration curves [i.e. linear relationships between the spiked ﬂuorophore concentration in ultrapure water in lg l1 (x) and the signal measured by the EnviroFlu-HC in ﬂuorescence raw counts (FRCs) (y)] and
measurement characteristics of the EnviroFlu-HC for the different ﬂuorophores, in both high and low ampliﬁcation ranges.
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these two spectral domains (Fig. 3a and d). Nevertheless, for similar concentrations, there was a better superimposition for tryptophan, spelling out the more important sensitivity for this
compound relative to naphthalene (Table 2). Concerning humic
substances, the ﬂuorescence efﬁciencies were much weaker with
Ex/Em domains relatively far from the sensor response region
(Fig. 3e and f), which is consistent with the very low sensitivities
reported in Table 2. Therefore, the sensitivity of an in situ ﬂuorometer for a compound of interest, determined from calibration
curves, can also be qualitatively assessed from the superimposition of the response spectral domain of this instrument upon
the compound EEM plot.
The intrinsic ﬂuorescence characteristics of a ﬂuorophore are
due to its molecular structure, the aromaticity playing a key role
(Lakowicz, 1999). For instance, the more elevated quantum yield,
as well as the shift of ﬂuorescence toward longer wavelengths observed for phenanthrene compared to naphthalene (Fig. 3a and b)
are explained by the higher degree of conjugation (three versus
two fused benzene rings) (Valeur, 2002). The other compounds
used in the PAH mixture, i.e. anthracene, ﬂuoranthene, ﬂuorene,
and pyrene were not individually calibrated in this work.
Nonetheless, regarding their ﬂuorescence domain and intensity
(Dabestani and Ivanov, 1999), we may expect that the sensor
sensitivity for theses PAHs would be substantially lower than
for phenanthrene. For anthracene (isomeric with phenanthrene),
sensitivity would be 1.7 lower than for its isomer, as seen from
the TFCS calibration coefﬁcients (TriOS EnviroFlu-HC Manual), for
which we get equivalent response factors for phenanthrene and
naphthalene. In the PAH mixture, phenanthrene accounted for
35% of the sensor signal. Fluorescence of tryptophan is due to
its indole functional group. Other aromatic amino acids, namely
tyrosine and phenylalanine, also belong to the pool of ﬂuorescent
protein-like material (Coble, 1996; Hudson et al., 2007). However,
according to their ﬂuorescence spectrum and quantum yield
(Lakowicz, 1999), it is likely that the sensor sensitivity for these
two compounds would be much smaller than for tryptophan.
While PAHs and tryptophan have distinctive Ex/Em signatures,
humic substances, composed by heterogeneous biopolymers, have
broad and less well-deﬁned ﬂuorescence peaks. For analogous
concentrations, the ﬂuorescence intensity of fulvic acid was largely higher than that of humic acid (Fig. 3e and f). This has already been reported and attributed to lower molar mass
components and lower aromatic condensation (Senesi et al.,
1991; Sierra et al., 2005).
The sensor response was also examined on a mixture of ﬂuorophores (PAHs + tryptophan + humic acid + fulvic acid) in ultrapure water. The calibration curves of this mixture solution
were highly signiﬁcantly linear over the range 0–4000 lg l1 (total concentration) with r2 = 0.99, p < 0.01, n = 4, in both high and
low ampliﬁcations (ﬁgures not shown). In this mixture, the sensor signal was on average 28% lower than that corresponding to
the sum of signals of each individual solution of ﬂuorophore. This
suggests an inhibition of ﬂuorescence in the mixture, which may
occur through interactions between humic substances and PAHs.
Indeed, it has been shown that humic material could signiﬁcantly
reduce the ﬂuorescence response of PAHs by static quenching
processes (Gauthier et al., 1986; Rudnick and Chen, 1998). As
for those made from ultrapure water (Table 2), the calibration
curves of standards performed from unﬁltered seawater (same
concentration ranges) were very highly signiﬁcantly linear (data
not shown). However, the sensor sensitivity for PAHs, tryptophan,
humic acid and fulvic acid in seawater was lower by 13%, 19%,
23% and 43%, respectively, compared to that in ultrapure water.
This decrease of ﬂuorescence when spiking ﬂuorophores in seawater could be related to one or several environmental parameters. The slight decrease in temperature (from 20 to 18 °C) and
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Fig. 3. EEM contour plots of standard ﬂuorophores in ultrapure water, upon which is placed the whole response spectral domain of the EnviroFlu-HC (white rectangle) when
considering its Ex and Em center wavelengths (254 and 360 nm, respectively: white circle) and its Ex and Em FWHMs (25 and 50 nm, respectively). Fluorophores are (a)
naphthalene (20 lg l1), (b) phenanthrene (5 lg l1), (c) mixture of PAHs (6 lg l1 total concentration, with anthracene, ﬂuoranthene, ﬂuorene, naphthalene, phenanthrene
and pyrene), (d) tryptophan (20 lg l1), (e) Suwannee River humic acid (2500 lg l1), and (f) Suwannee River fulvic acid (2500 lg l1). Raw counts measured with the Hitachi
F-7000 spectroﬂuorometer are blank-corrected and can be converted into QSU by dividing by 8.5. Rayleigh–Tyndall effect is visible with primary and secondary bands at Em
wavelength = Ex wavelength and Em wavelength = 2  Ex wavelength, respectively.

the rise of pH (from 5 to 8.3) between ultrapure water and seawater solutions could not justify this ﬂuorescence diminution
(Hudson et al., 2007). For example, Spencer et al. (2007a) showed
little change of DOM ﬂuorescence in the typical ranges of pH observed in natural waters, and Baker (2005) noted that as temperature increases, ﬂuorescence intensity is actually quenched. In
the same way, the presence of salts was probably not involved
because DOM ﬂuorescence tends to increase (Esteves et al.,
1999) or to remain stable (Spencer et al., 2007b) with salinity.
Lastly, the presence of metal ions in seawater may provide a reasonable explanation. As a matter of fact, in natural waters, ﬂuorescence of DOM, especially that of humic substances, may be
quenched through the formation of organo-metal complexes
(Esteves da Silva et al., 1998).

3.2. Variability of the EnviroFlu-HC signal in the coastal area of
Marseilles
The sensor ﬂuorescence signal showed great spatial and temporal variations in the subsurface waters of the Marseilles Bay (Fig. 4).
The values measured at Sofcom and Cortiou (‘‘marine sites”) were
10–100 times lower than those recorded at Cortiou wastewaters
and Saumaty (‘‘anthropogenic sites”). At Sofcom and Cortiou, only
one ﬂuorescence measurement was above the sensor quantiﬁcation limit: 173 (26/3/08) and 254 (23/6/08) FRCs, respectively
(Fig. 4a and b). They represented 0.6, 6.5 and 1281 lg l1, and 1,
12 and 2265 lg l1 phenanthrene, tryptophan and fulvic acid
equivalent, respectively, assuming that the totality of the ﬂuorescence signal was merely due to the ﬂuorophore of interest. By
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Fig. 4. EnviroFlu-HC ﬂuorescence signal in the subsurface water (0.05 m depth) of four sites in the Bay of Marseilles from January/February 2008 to February 2009: (a)
Sofcom, (b) Cortiou, (c) Cortiou wastewaters, and (d) Saumaty. FRCs are blank-corrected and given in high ampliﬁcation mode, except for Saumaty on 4/12/08 (low
ampliﬁcation mode). Asterisks, circles and squares indicate the days for which depth proﬁles, EEMs and Cortiou transects are shown, respectively (see Figs. 5–7).

contrast, for Cortiou wastewaters (6/5/08) and Saumaty (4/12/08),
these concentrations could increase up to 21, 255 and
45,728 lg l1, and 23, 273 and 48,936 lg l1, respectively (Fig. 4c
and d), and were thus very close to, or, at saturation levels in high
ampliﬁcation mode (see Table 2). The ﬂuctuations of the sensor
signal were more important in the anthropogenic sites, where ﬂuorescence could vary by a factor of 13–16, than in the marine stations, where it varied ‘‘only” by a factor of 3–6. At Sofcom and
Cortiou, the ﬂuorescence values were signiﬁcantly higher from
January to July 2008 compared to the period September 2008–
February 2009, where they were systematically below the detection limit [F(1,14) = 14, p < 0.005; F(1,8) = 6, p < 0.05]. Nevertheless,
when considering this one year period, no signiﬁcant difference in
the mean ﬂuorescence signal was observed between Sofcom and
Cortiou [F(1,24) = 0.11, p > 0.5], and between Cortiou wastewaters
and Saumaty [F(1,13) = 0.02, p > 0.5]. In the marine sites, for most
of the subsurface measurements (i.e. sensor signal below the
detection or quantiﬁcation limit; Fig. 4a and b), ﬂuorescence
counts were homogenous throughout the water column (Fig. 5a
and c). On the other hand, at Cortiou, when the sensor signal considerably increased in the subsurface water (23/6/08; Fig. 4b),
depth proﬁle displayed higher FRCs in the ﬁrst meter (Fig. 5b). In
the same way, at Cortiou wastewaters, the sensor signal decreased
with depth to reach ‘‘clean” ﬂuorescence values (95 FRCs) at 2 m
depth on 18/2/08 (Fig. 5d), whereas ﬂuorescence counts were still
high (530 FRCs) at 5 m depth on 6/5/08 (Fig. 5e). By opposition, the
sensor signal was constant (320 FRCs) from 0 to 3.5 m depth at
Saumaty on 24/2/09 (Fig. 5f).
The superimposition of the sensor response domain upon EEM
plots of 0.2 lm ﬁltered samples enlightened the divergences obtained in the in situ UV ﬂuorescence between the four sites
(Fig. 6). In the marine stations, DOM ﬂuorescence was very low
over the UV and visible spectra compared to that recorded at Cortiou wastewaters and Saumaty. Fluorescence measured at Sofcom
and Cortiou may be attributed to the presence of humic-like and/
or protein-like materials directly derived from in situ biological

activity (Coble, 1996; Parlanti et al., 2000; Fig. 6a and b). Contrary
to what was observed in coastal areas of high primary productivity
such as upwelling (Hudson et al., 2007), our marine sites, with
comparatively low Chla concentrations (from 0.2 to 1.5 lg l1
during the study period; data from the WET Labs ﬂuorometer),
did not show intense protein-like and humic-like ﬂuorescence
peaks. Unfortunately, EEM plot was not available at Cortiou on
23/6/08 when the sensor signal signiﬁcantly increased in the subsurface water. For the anthropogenic stations, we found distinct
ﬂuorescence signatures with for Saumaty, an Ex/Em domain restricted to the UV region (Fig. 6d), whereas that of Cortiou wastewaters was more extended over the visible domain (Fig. 6c),
suggesting a higher content in humic-like material. Indeed, wastewater sewages are heterogeneous mixtures of domestic wastes,
industrial discharges and surface runoffs that have typical EEMs
with a broad humic-type peak and a strong tryptophan-like signal
(Reynolds and Ahmad, 1997; Baker et al., 2004). The tryptophanlike peak, which was also visible upon our Cortiou wastewaters
EEM plot at Ex/Em: 275/340 nm (Fig. 6c and Fig. 3d for standard
of tryptophan), is generally very pronounced in wastewaters, and
thus is used to track the extent of sewage plumes in the natural
waters (Petrenko et al., 1997; Reynolds, 2003; Baker et al., 2004).
For Saumaty, the ﬂuorescence signature was much more concentrated within the PAH spectral domain (Ex/Em: 210–300/300–
400 nm; Booksh et al., 1996; Beltran et al., 1998; Dabestani and
Ivanov, 1999) and probably reﬂected the releases of hydrocarbons
from ships (Fig. 6d). At Saumaty, the sensor response domain covered a much more ﬂuorescent spectral area, explaining the higher
in situ UV ﬂuorescence measured in the harbor on 4/12/08 relative
to that measured in the treated wastewater efﬂuent on 10/7/08
(Figs. 4c, d and 6c, d).
The extent of the treated wastewater efﬂuent in the Cortiou
marine area was evaluated from concomitant measurements of
in situ UV ﬂuorescence and fecal contamination indicators along
an open-coast transect in June and July 2008, and in February
2009 (Fig. 7). Clearly, the sensor signal as well as enterococci and
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Fig. 5. Depth proﬁles of the EnviroFlu-HC ﬂuorescence signal at (a) Sofcom on 25/11/08, (b) Cortiou on 23/6/08 and (c) on 14/11/08, (d) Cortiou wastewaters on 18/2/08 and
(e) on 6/5/08, and (f) Saumaty on 24/2/09. FRCs are blank-corrected and given in high ampliﬁcation mode.

E. coli concentrations overall decreased from Cortiou wastewaters
to Cortiou. According to the current European Directive (no. 76/
160/CEE), in term of fecal indicators, the water quality was good
at Cortiou, average or bad at C1, and bad at C2, C3 and Cortiou
wastewaters. When considering all the measurements performed
during the study period, no linear relationship was observed between the sensor signal measured at Cortiou wastewaters and that
recorded at Cortiou (r2 = 0.05, p > 0.05, n = 7), while signiﬁcant linear relationships were found between the sensor signal at Cortiou
wastewaters and that at C1, C2 or C3 (r2 = 0.70–0.98, p < 0.01–0.05,
n = 5) (ﬁgures not shown). Therefore, concerning in situ UV ﬂuorescence and bacterial contaminations, we can conclude that there
was no inﬂuence of the wastewater efﬂuent on the marine site Cortiou during our sampling periods (Figs. 2 and 4–7). Actually, the
impact of the wastewater efﬂuent could be visible at least up to

C1, i.e. up to 850 m from the discharge point (Figs. 2 and 7). Interestingly, the sensor ﬂuorescence was linearly correlated to E. coli
concentration (r2 = 0.66, p < 0.01, n = 12), but not to enterococci
concentration (r2 = 0.28, p > 0.05, n = 12) (ﬁgures not shown). Because the tryptophan-like peak found in the wastewaters has been
proposed to be directly associated to bacterial communities (Petrenko et al., 1997; Elliott et al., 2006), the sensor ﬂuorescence signal
measured along the Cortiou transect could be due, at least partially, to a tryptophan signature derived from E. coli bacteria.
3.3. Contribution of dissolved/particulate fractions in the EnviroFlu-HC
signal
The relative importance of dissolved and particulate fractions
in the in situ UV ﬂuorescence signal was assessed through sensor
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Fig. 6. EEM contour plots of 0.2 lm ﬁltered samples collected in the subsurface water (0.05 m depth) at (a) Sofcom on 25/11/08, (b) Cortiou on 14/11/08, (c) Cortiou
wastewaters on 10/7/08, and (d) Saumaty on 4/12/08, upon which is placed the whole response spectral domain of the EnviroFlu-HC (white rectangle) when considering its
Ex and Em center wavelengths (254 and 360 nm, respectively: white circle) and its Ex and Em FWHMs (25 and 50 nm, respectively). Raw counts measured with the Hitachi F7000 spectroﬂuorometer are blank-corrected and can be converted into QSU by dividing by 8.5. Rayleigh–Tyndall effect is visible with primary and secondary bands at Em
wavelength = Ex wavelength and Em wavelength = 2  Ex wavelength, respectively.

Fig. 7. EnviroFlu-HC ﬂuorescence signal and enterococci and E. coli concentrations
in the subsurface water (0.05 m depth) along a transect from Cortiou wastewaters
to Cortiou. Data are reported for three days: 9/6/08, 10/7/08 and 19/2/09. FRCs are
blank-corrected and given in high ampliﬁcation mode.

measurements on unﬁltered, GF/F ﬁltered and 0.2 lm ﬁltered
samples (Fig. 8). For Cortiou and Pointe Rouge, there was no signiﬁcant difference between the three ﬁltration treatments
[F(1,14) = 0.003–1.15, p > 0.5], whereas very highly signiﬁcant
differences appeared for the other stations [F(1,14) = 26–19108,
p < 0.001–0.0001] with a decrease by 13–64% of ﬂuorescence
after the two successive ﬁltrations. From these measurements,
we determined the contributions of the fraction >0.7 lm
[(FRCsunﬁltered  FRCsGF/F ﬁltered)/FRCsunﬁltered  100], of the fraction
0.2–0.7 lm [(FRCsGF/F ﬁltered  FRCs0.2 lm ﬁltered)/FRCsunﬁltered  100],
and of the fraction <0.2 lm [FRCs0.2 lm ﬁltered/FRCsunﬁltered  100]
in the total (raw) ﬂuorescence signal. Hence, at Cortiou and Pointe

Rouge, the totality of the in situ ﬂuorescence signal was due to the
fraction <0.2 lm. In harbors (Saumaty and Port-de-Bouc), the fraction <0.2 lm was the main contributor (61–87%), with an inﬂuence
of the fractions >0.7 lm (4–26%) and 0.2–0.7 lm (9–14%) as well.
At Cortiou wastewaters, a different pattern was observed with an
important role of both fractions 0.2–0.7 lm (46%) and <0.2 lm
(36%), and a smaller effect of the fraction >0.7 lm (18%) (Fig. 8).
Consequently, these ﬁltration experiments pointed out the importance of the dissolved phase, especially of the fraction <0.2 lm
(considered as the ‘‘true” dissolved), in the EnviroFlu-HC in situ
ﬂuorescence signal measured in the coastal area of Marseilles, even
though the contribution of particles >0.7 lm was signiﬁcant.
The highest contribution of suspended particles (fraction
>0.7 lm) was found in the surface water of Port-de-Bouc
(Port-de-Bouc 2) with 26% of the total ﬂuorescence signal
(Fig. 8). PAHs, which are hydrophobic compounds [logarithmic octanol/water partition coefﬁcients (log Kow) = 3–8] with very low
water solubility (Karcher, 1988), tend to rapidly adsorb on particles
in the aquatic media (El Nemr and Abd-Allah, 2003). Therefore,
particulate PAHs could be involved in this ﬂuorescence signal.
Port-de-Bouc samples were analyzed for PAHs in both dissolved
(<0.7 lm) and particulate (>0.7 lm) phases (Table 3). PAH concentrations were much higher in the surface water (relative to the subsurface water) and in the dissolved fraction (relative to the
particulate one). It is worth noting that the six compounds used
for our PAH mixture were all present in the dissolved phase,
whereas anthracene, naphthalene and pyrene were not quantiﬁed
in the particles, neither in the surface, nor in the subsurface sample
(Table 3). In the dissolved phase of surface water, naphtha-
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Fig. 8. EnviroFlu-HC ﬂuorescence signal measured on unﬁltered, GF/F ﬁltered and
0.2 lm ﬁltered samples from Cortiou, Pointe Rouge, Cortiou wastewaters, Saumaty,
and Port-de-Bouc. All the samples were collected in the subsurface water (0.05 m
depth), except Port-de-Bouc 2, which was taken in the surface water (0 m depth).
FRCs are blank-corrected and given in high ampliﬁcation mode.

lene + methyl naphthalenes, phenanthrene + methyl phenanthrenes and ﬂuorene + methyl ﬂuorenes were dominant, representing 38%, 34% and 26% of total PAHs, respectively. In the
particles, phenanthrene + methyl phenanthrenes were very abundant (61% of total PAHs), while ﬂuorene + methyl ﬂuorenes and
methyl naphthalenes made up only 17% and 5% of total PAHs,
respectively. In the subsurface water, the distribution of PAHs differed with a large dominance of naphthalene + methyl naphthalenes in the dissolved matter (63%) and of methyl ﬂuorenes in
the particulate fraction (63%) (Table 3). These dissolved and particulate PAH concentrations determined at Port-de-Bouc were within
the range of those reported for different coastal, harbor and river
waters (El Nemr and Abd-Allah, 2003; Guitart et al., 2007; Guo
et al., 2009).
PAH concentrations in the dissolved (<0.7 lm), particulate
(>0.7 lm) and dissolved + particulate phases were compared with
the sensor ﬂuorescence signal obtained in the corresponding fractions, i.e. dissolved (<0.2 lm + 0.2–0.7 lm), particulate (>0.7 lm)
and raw. In the surface water, concentration of dissolved phenanthrene + methyl phenanthrenes was 0.62 lg l1 (Table 3). Assuming that the sensor had the same response for methyl
phenanthrenes and phenanthrene (Table 2), this concentration explained 15% of the sensor signal of the dissolved phase. However,
in the subsurface water, the concentration of dissolved phenanthrene + methyl phenanthrenes (0.092 lg l1; Table 3) was lower

Table 3
Concentrations of dissolved and particulate PAHs (in ng l1) in seawater samples
collected at Port-de-Bouc station.
Compounds

Anthracene
Fluoranthene
Fluorene
R met, dimet-ﬂuorene
Naphthalene
R met, dimet,
trimet-naphthalene
Phenanthrene
R met, dimet,
trimet-phenanthrene
Pyrene
R met, dimet-pyrene
Benzo(a)anthracene
Benzo(b)ﬂuoranthene
Dibenzo(a,h)anthracene
Total PAHs

Subsurface water (Portde-Bouc 1)

Surface water
(Port-de-Bouc 2)

Dissolved

Particulate

Dissolved

Particulate

2.7
4.8
19.1
85.6
14.2
332.0

bql
1.1
bql
4.0
nd
1.3

8.6
9.4
29.4
449.0
13.4
684.1

bql
3.4
2.6
43.1
nd
8.1

22.4
69.6

bql
bql

99.4
520.5

10.4
80.2

2.6
nd
nd
nd
nd
553.0

nd
nd
nd
nd
nd
6.4

12.5
14.8
0.9
bql
0.4
1842.4

nd
nd
nd
nd
nd
147.8

bql: below quantiﬁcation limit, nd: non detected.

than the sensor detection limit (Table 2), and thus did not have
any role in the UV ﬂuorescence signal. Regarding dissolved naphthalene + methyl naphthalene, the concentrations (0.4 and
0.7 lg l1 in the subsurface and surface waters, respectively;
Table 3) were too low to participate to the sensor ﬂuorescence signal of the dissolved fraction. For the particulate PAHs, concentrations were in all cases to weak relative to the sensor sensitivity.
Consequently, it is very likely that in addition to PAHs reported
in Table 3, other aromatic compounds played a role in the in situ
ﬂuorescence signal observed in both particulate and dissolved fractions at Port-de-Bouc station. It should be noted that the ﬂuorescence quantum yields of PAHs adsorbed on particles is probably
different than those of PAHs dissolved in aqueous solutions. When
considering the total PAH concentrations in dissolved, particulate
and dissolved + particulate phases, and the corresponding sensor
ﬂuorescence signals, a signiﬁcant linear relationship was observed
(r2 = 0.93, p < 0.01, n = 6; ﬁgure not shown), suggesting that the UV
ﬂuorescence measured at Port-de-Bouc may be driven to some degree by the presence of PAHs in both dissolved and particulate
phases, although these compounds were not the only aromatic
compounds detected by the sensor.
3.4. Comparison between the EnviroFlu-HC and spectroﬂuorometer
signals
Besides EEMs, the sensor signal was also compared to that of
the Hitachi F-7000 spectroﬂuorometer at two Ex/Em conditions
imitating the Enviroﬂu-HC signature (Table 4). The linear correlations between the sensor and spectroﬂuorometric measurements
were better for standard solutions than for seawater samples, with
in each case, no signiﬁcant difference between the two Hitachi Ex/
Em conditions (Table 4). As a result, reproducing the sensor Em response via wavelength integration over the range 334–384 nm,
which roughly corresponds to 50 nm FWHM, did not appreciably
improve the match up between the sensor and spectroﬂuorometer
signals. It should be mentioned that we did not try in this study to
mimic the sensor Ex domain. This would have been performed by
setting the Ex wavelength to 255 nm with a bandwidth of 25 nm.
The relative divergences observed between the sensor signal and
the ﬂuorescence of 0.2 lm ﬁltered seawater samples (Table 4)
were undoubtedly due to a loss of ﬂuorophores induced by the ﬁltration onto 0.2 lm. As seen previously, the fractions 0.2–0.7 lm
and >0.7 lm could comprise a substantial part of the in situ total
UV ﬂuorescence, depending on the type of sample. We conducted,
on a few samples, spectroﬂuorometric measurements of both 0.2
and 0.7 lm ﬁltrates. At Ex/Em: 350/450 nm (humic-like signature),
we observed a slight decrease in ﬂuorescence (4–7%) from 0.7 to
0.2 lm ﬁltered samples. However, this diminution was much more
important at Ex/Em: 255/360 nm (PAH signature) with 12–40%.
Belzile et al. (2006) compared the in situ signal of the WETStar

Table 4
Determination coefﬁcients (r2) of the linear regressions between the EnviroFlu-HC
(blank-corrected FRCs, high ampliﬁcation mode) and Hitachi F-7000 (blank-corrected
FRCs, two Ex/Em conditions) ﬂuorescence signals, measured on standard solutions in
ultrapure water (i.e. measurements on discrete samples in both cases, n = 26) and on
natural seawater samples from the coastal area of Marseilles (i.e. in situ measurements for EnviroFlu-HC versus measurements on 0.2 lm ﬁltered discrete samples for
Hitachi F-7000, for different stations and depths, n = 55).

Ex/Em: 255/360 nm, 5 nm bandwidths
Ex: 255 nm, 5 nm bandwidth; Em: integration over
334–384 nm

Standard
solutions
(n = 26)

Seawater
samples
(n = 55)

0.96
0.97

0.59
0.55

All the linear relationships are very highly signiﬁcant (p < 0.001).

M. Tedetti et al. / Marine Pollution Bulletin 60 (2010) 350–362

DOM ﬂuorometer (WET Labs), which measured ﬂuorescence at Ex/
Em: 370/460 nm with FWHMs of 10 and 120 nm for Ex and Em,
respectively, with the ﬂuorescence signal of 0.2 lm ﬁltered discrete samples provided by two spectroﬂuorometers (Cary Eclipse
Varian and Fluoromax-3 Jobin–Yvon). They obtained a strong correlation (r2 > 0.96), and found furthermore that particles had negligible impact on the WETStar signal with decreases by 0–4%
after ﬁltration onto 0.2 lm. Consequently, although the whole continuum dissolved – particulate may signiﬁcantly inﬂuence the
in situ ﬂuorescence in the UV spectral region (ﬂuorescence domain
of PAHs and tryptophan), only the ‘‘true” (<0.2 lm) dissolved fraction seems to account for the in situ ﬂuorescence at longer Ex/Em
wavelengths (ﬂuorescence domain of humic-like material).

4. Conclusions
In the present work, we evaluated the performances of the EnviroFlu-HC submersible UV ﬂuorometer for its routine utilization in
coastal marine waters subjected to sporadic or regular anthropogenic impacts. The laboratory calibration experiments conﬁrmed
that the EnviroFlu-HC was not strictly speciﬁc to PAHs, even
though it exhibited the highest sensitivity for phenanthrene, but
could response to tryptophan-like material as well, and in a much
less extent, to humic substances. With regard to the quantiﬁcation
limits obtained for phenanthrene (0.6 lg l1) and naphthalene
(17 lg l1), it appeared that the sensor was not suitable enough
to provide a reliable appraisal of PAHs in the surface coastal waters
under normal conditions (no pollution), i.e. with concentrations of
total dissolved + particulate PAHs ranging from 0.005 to 0.5 lg l1
(El Nemr and Abd-Allah, 2003; Guitart et al., 2007). However, the
EnviroFlu-HC unequivocally allowed for a consistent quantiﬁcation
of PAHs in polluted environments, when total PAH concentrations
>1 lg l1. Despite its ‘‘lack” of efﬁciency for the detection of PAHs
at their background concentrations, the sensor provided relevant
information when deployed in the coastal waters due to its ability
to measure the ﬂuorescence of protein-like and humic-like materials. In the marine stations Sofcom and Cortiou, the same temporal
pattern in the sensor ﬂuorescence was observed (even with very
low ﬂuorescence values), which could reﬂect the in situ biological
activity. In the anthropogenic sites Saumaty and Cortiou wastewaters, the sensor ﬂuorescence was very high and variable, and may
be associated to the presence of different anthropogenic aromatic
compounds, with a high contribution of PAHs in the harbor, and
a high contribution of tryptophan-like and humic-like materials
in the sewage efﬂuent. Our study also emphasizes the potential
use of the EnviroFlu-HC for a real time evaluation of water quality
in the wastewater plumes. The (modest) linear relationship found
between the sensor ﬂuorescence signal and E. coli concentration in
the Cortiou area would deserve to be fully investigated in the future. The fact that not only the dissolved fraction but also particles
can contribute to the in situ EnviroFlu-HC signal gives supplementary information relative to spectroﬂuorometric measurements
carried out at the same Ex/Em wavelengths. Filtration followed
by laboratory measurements may be regularly performed to assess
the relative importance of the particulate fraction on the sensor
signal for a given study area. Therefore, we conclude that the EnviroFlu-HC submersible ﬂuorometer is a good tool for tracking
anthropogenic inputs in the coastal waters. Nevertheless, its utilization should be combined to in situ ﬂuorescence measurements of
tryptophan and humic materials in order to improve the information about the nature of the compounds detected.
In recent years, optical instruments have become essential tools
for the real time acquisition of biogeochemical parameters in the
marine environment. They can be deployed in different ways and
mounted on CTD/carousel systems, buoys, mooring lines, ﬂoating
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proﬁlers or autonomous underwater vehicles. Notwithstanding
these increasing efforts in the development of sensors for the core
biogeochemical parameters, in situ instruments, such as the EnviroFlu-HC, dedicated to the monitoring of ‘‘speciﬁc” contaminants
remain much less widespread and thus still need to be developed.
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