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This study presents the MiniFluo-UV, an ocean glider-compatible fluorescence sensor
that targets the detection of polycyclic aromatic hydrocarbons (PAHSs) in the marine
environment. Two MiniFluos can be installed on a glider, each equipped with two optical
channels (one PAH is measured per channel). This setup allows the measurement of
up to 4 different fluorescent PAHs: Naphthalene, Phenanthrene, Fluorene and Pyrene.
Laboratory tests on oil products (Maya crude oil and Diesel fuel) as well as on marine
samples near industrial areas (urban harbor and offshore installations) revealed that
the concentration of the four PAHs targeted accounted for 62-97% of the total PAH
concentration found in samples (3 16 PAHs determined by standard international
protocols). Laboratory tests also revealed that for marine applications, the calibration
on Water Accommodated Fraction (WAF) of crude oil is more appropriate than the one
on pure standards (STD). This is because PAH fluorescence is constituted in large part
of alkylated compounds that are not considered with STD calibration. Results from three
glider deployments with increasing levels of complexity (a laboratory trial, a field mission in
non-autonomous mode and a fully autonomous mission) are also presented. During field
deployments, the MiniFluo-glider package was able to detect concentration gradients
from offshore marine waters toward the head of a Mediterranean harbor ( < 80ngL~")
as well as hydrocarbon patches at the surface waters of an oil and gas exploitation field
in the North Sea (< 200ngL~", mainly Naphthalene). It is suggested that using only
the WAF calibration, the concentration derived with the MiniFluo agrees within one order
of magnitude with the concentration determined by Gas Chromatography coupled with
Mass Spectrometry (overestimation by a factor 7 on average). These performances can
be improved if the calibration is made with a WAF with PAH proportions similar to the
one find in the environment. Finally, it is shown that the use of in situ calibration on water
samples collected during the glider deployment, when possible, gives the best results.

Keywords: MiniFluo-UV, glider, SeaExplorer, fluorescence, hydrocarbons, PAH, oil spills, marine environment
monitoring
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1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs), a specific type of
petroleum hydrocarbons, are lipophilic compounds consisting
of two or more fused benzene rings. They are among the most
widespread organic contaminants in the marine environment
(Roose and Brinkman, 2005; Gonzalez-Gaya et al., 2016). PAHs
are persistent and mobile, can strongly bio-accumulate in food
chains and are harmful to living organisms through carcinogenic
and mutagenic effects (Kennish, 1991; Hylland, 2006). They
are therefore recognized as high priority contaminants by the
European Union and the US Environmental Protection Agency.

PAHs are introduced in the marine environment in mainly
two different ways. The first type of contamination occurs as
rare but catastrophic events related to well blowout, wrecked
tankers, broken pipelines, etc. These situations require rapid
assessment of the disaster in support of decision makers and
environmental response. Such analyzes are however complex
when not much is known about the extent of the spill apart
from its surface signature visible from aerial or remote sensing
surveys. The second type of contamination is more subtle and
occurs as chronic releases in the environment, for example
when small quantities of hydrocarbons are permanently found
in water as a result of various industrial and urban activities.
Such contamination requires a quasi-permanent monitoring of
neighboring waters, specially in proximity of populated areas
with economical activities based on beaches, water sports,
fisheries, etc. In both cases, the workload associated with such
measurements makes the temporal and spatial coverage of the
area of interest difficult. This is because traditional measurement
implies the collection of discrete water samples that need to be
further analyzed in the laboratory.

In surface oceanic waters, total dissolved PAHs (> 13-19
parent PAHs) display a wide range of concentrations: from 0.15
to 10ngL~! in open ocean (Witt and Matthius, 2001; Stortini
et al,, 2009; Berrojalbiz et al., 2011), from 4 to 500ngL~! in
coastal areas (Guitart et al., 2007; Valavanidis et al., 2008; Qiu
et al, 2009) and from 100 to >1,000ngL~! in harbor waters
(Zhou et al., 2000). It is worth noting that when taking into
account alkylated derivatives (i.e., mono-, di-, tri- or tetra-methyl
PAHs), the concentration of dissolved total PAHs (D 32 parents
+ alkylated PAHs) may increase by a factor 1.5-3 in coastal
and harbor waters (Guigue et al., 2011, 2014). In oceanic waters
affected by intense oil spills, the concentrations of dissolved total
(parents or parents + alkylated) PAHs may reach from 300 up
to 100,000 ng L! (Reddy and Quinn, 2001; Zhou and Maskaoui,
2003; Gonzélez et al., 2006). In these conditions of oil spill, the
distribution of dissolved PAHs is generally dominated by low
molecular weight petrogenic compounds, mainly naphthalene
(Naph), phenanthrene (Phe), fluorene (Flu) and their alkylated
derivatives (Gonzalez et al., 2006; Zhou et al., 2013).

Due to their aromatic structure, PAHs are highly fluorescent
in the ultraviolet spectral domain (UV: 200-400 nm). New
techniques exploiting these fluorescence properties have been
recently employed to overcome difficulties associated with
laboratory measurements, and to increase the spatiotemporal
coverage of the observations. Submersible UV fluorometers

have been proposed to acquire real time, continuous and high
frequency in situ measurements of dissolved PAHs/oil in natural
or engineered waters (Zielinski et al, 2009; Conmy et al,
2014a,b). Many of these techniques were tested and validated
during Deepwater Horizon spill, the largest spill in the recent
history of oil and gas offshore industry. A good example
of such new technique is the use of fluorescence properties
of PAHs and autonomous underwater vehicles (AUV). These
techniques were proven successful in tracking the hydrocarbon
plume of Deep Water Horizon (Camilli et al., 2010). But while
many fluorometers can detect the presence of oil in seawater
(Conmy et al., 2014b), their performances usually depend on
the correspondence between the choice of the sensor’s spectral
domain and the fluorescence signatures of the compounds found
in the oil (Tedetti et al., 2012, 2013; Ferretto et al., 2014).

Unlike other AUVs, gliders have no propelling systems and
their motion is driven by buoyancy changes (Davis et al,
2003; Rudnick et al., 2004). They cruise the ocean at relatively
low speed (0.5-1ms~!) guided by satellite communications
while acquiring variety of scientific parameters. Because of their
relatively large autonomy and low utilization cost, they have
received increased attention in ocean sciences research over the
last decade, and are now increasingly used as standard pieces
of ocean observing systems (Testor et al., 2010; Rudnick and
Cole, 2011). When equipped with specific sensors, gliders could
thus be used as powerful assessment tools to track dissolved
PAHs in natural waters. One of these sensors is the MiniFluo-
UV, hereinafter simply MiniFluo (Tedetti et al., 2013; Cyr et al,,
2017), now fully operational on SeaExplorer gliders. Through
laboratory work on the sensor alone and 3 scenarios of increasing
complexity with the glider, it is shown below that glider-
based optical measurements with the MiniFluo is a promising
environmental assessment tool to monitor PAH concentrations
in natural waters.

2. SENSOR DESCRIPTION AND METHOD

2.1. MiniFluo Sensor

The first version of the MiniFluo was developed between
2009 and 2011 as a field-portable fluorometer. In its original
configuration, the MiniFluo was targeting the detection of
Naphthalene-like (Naph-like) and Phenanthrene-like (Phe-like)
fluorophores from discrete water samples (Tedetti et al,
2013). Here, and for the remaining of this study, -like suffix
refers to the concentrations derived with the MiniFluo that
target a certain PAH, although it is acknowledged that other
compounds present in the environment may also fluoresce
at close excitation/emission wavelengths (Agx/Agm). Based on
this first prototype, a second generation of the MiniFluo was
developed during the period 2012-2015. This new submersible
version is now compatible with underwater gliders SeaExplorer,
and exhibits significant improvements in term of opto-electronic
architecture (this version is first presented in Cyr et al., 2017).
In addition to these improvements, the number of fluorophores
to be detected has been extended with the addition of Fluorene-
like (Flu-like) and Pyrene-like (Pyr-like) fluorophores. This
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TABLE 1 | Excitation/emission wavelengths of the MiniFluo channels and their
targeted fluorophores.

Agx(nm) Agm(nm)
Phenanthrene 255 360
Fluorene 260 315
Pyrene 270 380
Naphthalene 275 340

Two channels among the following are possible for each MiniFluo (factory settings).

new version is now commercialized by ALSEAMAR, also the
manufacturer of the SeaExplorer glider.

Two configurations are presented here: the “MiniFluo-1” for
the detection of Naph-like and Phe-like, and the “MiniFluo-2”
for the detection of Pyr-like and Flu-like. A first study using the
actual version of the sensor was already published (Cyr et al.,
2017), but the sensor was used to detect natural dissolved organic
matter (DOM) fluorophores, and the study limited to MiniFluo-
1 configuration without the emphasis on PAHs detection. The
present study focuses on PAHs detection and the utilization
of the MiniFluo/glider combination in the case of industrial
contamination and/or risk-assessment applications.

Basic working principles relevant for this new application are
recalled here, but we refer to previous studies for a more complete
description of the sensor architecture and functioning (Tedetti
et al,, 2013; Cyr et al, 2017). The MiniFluo has two optical
channels, enabling the simultaneous detection/quantification of
2 fluorescent compounds of interest (1 compound per optical
channel). These channels may be chosen among a list of four
AEx/AEm couples to be set up by the manufacturer (see list in
Table 1). Because of firmware limitations, the installation of
two MiniFluos with different configurations was not possible at
the time the glider tests were performed (feature implemented
since). While both MiniFluo-1 and MiniFluo-2 (Phe/Naph and
Flu/Pyr) were used during laboratory measurements and for
glider deployment in the experimental basin (polludrome), glider
deployments in natural waters (Saumaty Harbor and North Sea)
were carried out using only MiniFluo-1 (Phe/Naph). The glider
deployments are described in section 2.3

2.2. MiniFluo Calibration and GC-MS

Analyses

As reported in an earlier study (see Cyr et al., 2017, for a complete
description), the conversion from relative unit (RU) signal of the
MiniFluo (Cry = CC;__I\I\]]% ) to mass concentration (C in ng L™

is done through the equation:

_CRU—B
- SF

C (1)

Here C, is the measured count value of the detection photo-
diode, C,, the measured count value of the monitoring photo-
diode, Np = 4096 the electronic noise of the circuit (dark offset).
Parameters SF (scale factor, in RULng~!) and B (blank noise, in
RU) are obtained, respectively, as the slope and intercept of the

calibration linear regression between the measured concentration
and relative unit signal returned by the MiniFluo.

For each fluorometer (MiniFluo-1 and MiniFluo-2), the
response of each optical channel (respectively Naph/Phe and
Flu/Pyr) was calibrated using two different approaches (see also
Cyr et al,, 2017). The first calibration is performed on pure
standards (STD), i.e., on the individual parent PAH compound.
Each solution was prepared by solubilizing pure standards
(Sigma-Aldrich > 98%) in methanol, before realizing successive
dilution in both ultra-pure (milli-Q) water and synthetic seawater
(SSW) in order to obtain concentration ranging from 50 to
5,000ng L1,

A second set of calibrations was conducted with water
accommodated fraction (WAF) of oil in seawater in order to
calibrate the sensors with solutions whose PAH composition is
more representative of that found in the marine environment.
These were realized using Maya Crude oil that naturally contains
the targeted (parents) PAHs and their alkylated derivatives. The
WAF was prepared by introducing 2mL of crude oil (“Maya”
type) at the surface of 1L of filtered seawater (filter pore size
0.2 um). The underlying water was then stirred with a magnetic
stirrer for a minimum of 36 h. The water under the crude oil
micro-layer is considered the WAF (Cyr et al., 2017).

The PAH composition of the WAF was determined in
laboratory by Gas Chromatography coupled with Mass
Spectrometry (GC—MS). This followed the CEDRE (Center of
Documentation, Research and Experimentation on Accidental
Water Pollution located in Brest, France) standard protocol
that is part of the Bonn Agreement oil spill identification
network OSlInet certified ISO 9001:2015 (SGS-ICS). Compared
to calibrations on STD, the calibration using WAF better
captures the fluorescence of the entire PAH family of interest.
The compound family, consisting of the parent (e.g., Naph,
Phe, Pyr and Flu) and their alkylated derivatives, will be further
referred as “Naphs,” “Phes,” “Pyrs,” and “Flus,” respectively. The
WAF was diluted in SSW in order to obtain concentrations of
1.5, 3, 6, 12.5, and 25% of the initial WAF. For each of these
WATF solutions, concentrations in Naphs, Phes, Pyrs et Flus were
determined by GC—MS.

STD and WAF calibrations are carried with the MiniFluo
connected to a computer via a communication box (see
Tedetti et al., 2013, for picture and detailed description). The
measurements are performed using quartz cuvettes placed on
a cuvette holder containing prisms similar to the one found
in the MiniFluo optical cap. In addition to measurements of
each prepared solution mentioned above, a measurement in the
absence of PAH (only milli-Q water or SSW) is also taken.
The “detection limit” (DL) of the sensor is determined as the
following: DL = 32;%, where o, is the standard deviation of
the blank measurement (i.e., only SSW or milli-Q water).

2.3. Glider Deployments

Three glider deployments were realized as part of this
study. They are presented here in order of increasing level
of complexity in terms of glider mission design. The first
deployment is a validation of the sensor’s response in a
controlled environment at CEDRE in July 2017. The CEDRE
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FIGURE 1 | Sketch of the “polludrome” at the Center of Documentation, Research and Experimentation on Accidental Water Pollution (CEDRE). The glider equipped
with MiniFluo-1 and MiniFluo-2 was placed as illustrated here. Source of original image: G2B / CEDRE (modified with permission).
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experimental basin (polludrome) is a controlled petroleum-
impacted marine environment (flume tank) that reproduces a
flow passing through the sensor’s cap (see Figure 1). This aims
to reproduce in situ conditions as if the glider was gliding in
the ocean. The standard CEDRE procedure was applied. The
day before the experiment, 50 mL petroleum fuel (Total S.A.
Diesel) was gently poured into the 7m?® experimental basin and
mixed (without surfactant addition) under a 1ms™! current
overnight to establish the WAF. The next day (~14 h later),
the glider was introduced in the polludrome, still under the
same current. Then, the concentration of hydrocarbons was
decreased by several steps via successive dilutions (%, i, é, Tls)
by removing each time about half of the polludrome volume
before replacing it by seawater pumped from near-shore waters.
Before being introduced in the polludrome, the water is filtered
using a standard aquarium-grade sand filtration treatment that
removes most large size particles and part of the dissolved
organic material. At each concentration, 500 mL of water was
sampled from the polludrome and the hydrocarbon fraction
was extracted using a method of Stir Bar Sorptive Extraction
(SBSE) and analyzed by GC—MS. While the MiniFluo was
constantly sampling, only the average over about 2 min is
taken as the measured fluorescence value for this concentration.
This measurement was made after an approximate 10-min
stabilization pause, a period determined by visual inspection of
the MiniFluo signal after each dilution.

The second deployment was realized in natural waters.
For this trial, the glider was deployed in Saumaty, a highly
anthropized harbor located in Marseille metropolitan area
(France) on October 11th 2016. The choice of this location
was motivated by a known offshore-inshore gradient in PAHs
concentration (Tedetti et al., 2013). For this 1-day mission, the
glider was not performing normal dives, but was rather towed

with a small inflatable embarkation approximately 1 m below
the surface (see inset in Figure 2). The track of the deployment
is a return transect from outside harbor (Figure2). On the
return transect, subsurface water samples were also collected at
waypoints S01 to S05 for GC—MS analysis in the laboratory.

The third glider mission is a standard glider deployment
that took place between November 18th and December 3rd
2016, near Troll oil and gas field in the North Sea (see map
Figure 3). The mission was performed in partnership with Statoil
and Havila Shipping and served as a demonstration scenario
assessing the feasibility of using gliders to patrol in proximity of
offshore installations. During this mission, the glider SeaExplorer
SEA003 was deployed at waypoint T1 where 4 water samples
were collected (at 1, 10, 25, and 40 m depths) for further GC—MS
analysis in laboratory. The glider completed a return transect
across the channel along the T1-L2-L1 section, before surveying
the triangle delimited by waypoints T1-T2-T3-T1 near 6 oftshore
oil and gas installations (blue stars on Figure 3 map).

For this last mission, the glider data were processed using
the same procedure as in Cyr et al. (2017) and briefly
recalled here. The glider was equipped with a pumped
conductivity-temperature-depth sensor (Seabird’s GPCTD) from
which the conservative temperature (®), the absolute salinity
(Sa) and the density anomaly referenced to the surface (o9)
are derived using TEOS-10 toolbox (McDougall and Barker,
2011). This GPCTD is also equipped with a dissolved oxygen
(O3) sensor (Seabird’s SBE-43F) from which concentrations
are derived. A WetLabs ECO FLBBCD was also mounted
on the glider for measurements of Chlorophyll-a (Chl-a)
fluorescence (Agx/Agm: 470/695nm), backscattering at 700 nm
(BB700) and humic-like fluorophore fluorescence (Agx/AEm:
370/460 nm) expressed in ;1g L~! equivalent quinine sulfate units
(ugL~1 QSU). For this sensor, the manufacturer’s calibration
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FIGURE 2 | Glider sampling track in Saumaty Harbor (main figure) near the city of Marseille, France (see upper inset for location). The glider was towed behind a small
boat (see inset for an example from another similar mission). The photography in the lower inset was reproduced with the permission of Dr. J. Pearlman.
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was used. Glider observations were processed with the Socib
glider toolbox (Troupin et al., 2015) for cast identification and
georeferencing. For the first deployment in the polludrome, the
glider was equipped with MiniFluo-1 and MiniFluo-2, while
for the two campaigns at sea the glider was only equipped
with MiniFluo-1.

3. RESULTS AND DISCUSSION

3.1. Relative Proportions of PAHs

Determined by GC—MS Analyzes
For the two WAFs prepared (laboratory calibration and
polludrome experiment), Table 2 (left half) shows the relative
proportions of the 4 PAHs targeted among the total number
of PAHs measured from GC—MS. Naphs (defined as the sum
of parent and alkylated compounds) are the dominant PAH in
both preparation, reaching 49.3% and 78.0% of the total amount
PAH measured from the WAF, respectively, for the Maya used
for laboratory calibration and for the Diesel used during the
polludrome experiment. Among the 4 PAHs reported, Phes are
the second dominant family (6.0% and 10.9%), followed by Flus
(5.5% and 5.8%) and the Pyrs (1.3% for both preparations). The
fact that the cumulative fraction of these 4 PAHs composes a
large part of the total PAHs of both WAF (respectively 62.0% and
96.0%) is an indication that the choice of the compounds targeted
by the MiniFluo is justified.

For the water samples collected in marine environment
(Table 2, right half), the dominant PAHs are again Naphs, with

a slightly higher proportion among total PAHs compared to the
prepared WAFs (81.8% and 85.3%, respectively, for Saumaty and
the North Sea glider campaigns). For the other compounds (Phes,
Flus and Pyrs), the proportion are remarkably similar to the WAF
prepared. Overall, the 4 PAHs analyzed corresponded to 94.7%
and 97.0% of the total dissolved PAHs concentration measured
by GC—MS.

Table 2 also highlights that the contribution of the parent
compound is never dominant over the rest of the family.
The alkylated compounds that are instead generally dominant,
specially for Naphs in the marine environment, where they
represent roughly 80% or more of the total PAH fraction. These
results are in agreement with many works that have reported the
dominance of low molecular weight PAHs and their alkylated
homologs (particularly Naphthalenes) within the pool of total
dissolved PAHs in seawater (Gonzalez et al., 2006; Guigue et al.,
2014; Adhikari et al., 2015; Fourati et al., 2018).

These observations provide the scientific background
to prefer the use of the WAF calibration over STD to
detect oil in the marine environment. A WAF with relative
proportions of each parent/alkylated compounds close to
those found in the environment is preferable, and would
likely improve the measurement with the MiniFluo or other
optical sensors. The ability of collecting water samples to
assess the hydrocarbon composition of environment where
fluorescence measurements are planned is thus an important
aspect to consider. This aspect will be discussed in the
next sections.

Frontiers in Marine Science | www.frontiersin.org

March 2019 | Volume 6 | Article 110


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Cyr et al.

MiniFluo Sensor for PAH Detection

108

Latitude

FIGURE 3 | Glider track completed during the deployment in the North Sea. Each red dot correspond to a glider yo (downcast+upcast). Offshore installations are
shown with blue stars. Dark gray dots and reference letters are waypoints used for piloting and to delimit the transects referred to in the text.
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3.2. Laboratory Calibrations

Calibration curves for each MiniFluo are presented in
Figures 4, 5, from which the scale factor (SF) and the blank
noise B (respectively slope and intercept of the calibration
curves) are determined for both STD and WAF. As mentioned
above, the large proportion of alkylated compounds explains
the higher SF for the WAF calibration compared to the STD
curve. This explains why using a calibration on STD (lower SF)
would overestimate both the parent PAH concentration and total
(parent + alkylated) PAH concentration.

It is also observed that calibration with SSW leads to higher
SF and B values compared to calibration with milli-Q water
(Figures 4A-D). This discrepancy in calibration factors between
ultra-pure water and seawater has been already pointed out by
Tedetti et al. (2010) with the EnviroFlu-HC fluorometer (TriOS
Optical Sensors) and attributed to matrix effect, mainly related
to differences in salt content or pH. Moreover, the higher slopes

for Phe compared to Naph in both milli-Q water and SSW
may reflect a higher fluorescence capacity of Phe, which may
be explained by the more elevated fluorescence quantum yield
and/or molar absorption coefficient of Phe (relative to Naph) due
to its higher number of conjugated m-electrons and its higher
resonance energy (Valeur and Berberan-Santos, 2012).

The calibration of MiniFluo-1 with WAF shows R? coefficients
of 0.995 and 0.970, respectively, for Naphs and Phes, that is
slightly lower than for STD (R*? = 0.999). This diminution
may be attributed to the fact that the WAF dilution is difficult
to achieve, specially at the highest concentrations. One solution
would be to enrich the SSW with increasing concentration of
crude oil rather than conducting dilutions.

Regarding calibrations made on STD in ultra-pure water, Flu
presented much higher SF and B values compared to the three
other PAHs, while Pyr displayed SF value close to that of Phe
(Figures 4A,B, 5A,B). The trend observed here for the four
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TABLE 2 | Proportions (in %) of Naphthalene, Phenanthrene, Fluorene, and Pyrene in laboratory prepared WAF (Maya crude oil used in the laboratory and TOTAL Diesel
fuel used in the polludrome; left two columns) and in the marine environment (Saumaty and North Sea; right two columns) as determined by GC—MS analysis.

Laboratory WAF Marine Environment
Maya crude oil Total diesel Saumaty harbor North sea
Naphs total 49.3 (7.2) 78.0 (2.6) 81.8 (9.0) 85.3 (12.2)
Naphthalene 11.2(3.4) 1.3(0.5) 2.6 (0.3 2.3(0.7)
Methylnaphthalene 19.3 (4.0) 9.3 (2.1) 19.4 (4.7) 17.9 (2.1)
Dimethylnaphthalene 12.0(1.0) 28.5(2.9) 33.2 (4.1) 31.1 (2.3
Trimethylnaphthalene 6.8 (1.1) 38.8 (4.3) 26.6 (2.0) 34.0 (9.0
Phes total 6.0 (2.3 10.9 (2.0) 6.1 (5.6) 5.3 (5.4)
Phenanthrene 1.7 (0.3 2.4(0.9) 2.3(0.9) 1.4 (0.3
Methylphenanthrene 1.9 (0.6) 4.7 (0.9) 1.7 (1.8) 1.0(1.4)
Dimethylphenanthrene 1.4 (0.8) 3.2(0.7) 1.7 (2.2 1.6 (2.1)
Trimethylphenanthrene 1.0(0.8) 0.6 (0.2) 0.5(1.1) 1.4(1.8)
Flus total 5.5(1.2) 5.8 (0.9) 5.1 (3.4) 6.1 (6.2
Fluorene 1.2(0.1) 0.8(0.1) 1.7 (0.3 1.0(0.4)
Methylfluorene 1.3(0.2) 1.6(0.2) 3.4(3.1) 1.6 (2.1)
Dimethylfluorene 2.9(1.0 2.2(0.4) n.s. 3.4 (4.0
Trimethylfluorene n.s. 1.2(0.2) n.s. n.s.
Pyrs total 1.3(0.9) 1.3(0.3) 1.7 (1.4) 0.3 (0.1)
Pyrene 0.1(0.1) 0.4 (0.1) 0.9(0.4) 0.3(0.1)
Methylpyrene 0.3(0.9) 0.5(0.1) 0.8(1.1) n.s.
Dimethylpyrene 0.7 (0.5) 0.3(0.1) n.s. n.s.
Trimethylpyrene 0.2 (0.4) 0.1 (0.0) n.s. n.s.
Total 4 main PAH 62.0 96.0 94.7 97.0

The total fraction of the family (parent + alkylated) relative to all PAH compounds present in the sample is highlighted in bold. The values reported are the average over the number of
samples collected (N = 6 for Maya oil in laboratory, N = 11 for Diesel at Polludrome, N = 5 for Saumaty and N = 4 for the North Sea). Number in parenthesis are standard deviations

for these same sampling. ns, non-significant concentrations.
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FIGURE 4 | Calibration of the MiniFluo-1 (MFL S/N #14) sensor (Naph and Phe) for pure standards in ultra-pure (milli-Q) water (A,B), pure standards in synthetic
seawater (SSW) (C,D) and with crude oil (Maya type) water accommodated fraction (WAF) containing parents and alkylated fractions of both PAH (E,F).
Concentrations of Naphs and Phes (for WAF only) were obtained by GC—MS analyses. DL is the detection limit in ng L=, Scale factor (SF) and Blank (B) values in
Equation (1) are, respectively, the slope and y-intercept of the linear regression curve.
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FIGURE 5 | Calibration of the MiniFluo-2 (MFL S/N #11) sensor (Flu and Pyr) for pure standards in ultra-pure (milli-Q) water (A,B) and with crude oil (Maya type) water
accommodated fraction (WAF) containing parents and alkylated fractions of both PAH (C,D). Concentrations of Flus and Pyrs were obtained by GC—MS analyses. DL
is the detection limit in ng L. Scale factor (SF) and Blank (B) values in Equation (1) are, respectively, the slope and y-intercept of the linear regression curve.
Calibration curves with pure standards in synthetic seawater (SSW) are not available.

PAHs concerning the SF value (Flu >Phe >Pyr >Naph) has been
already reported for the same kind of calibrations on STD in
ultra-pure water from 3D fluorescence measurements performed
using a laboratory spectrofluorometer (Ferretto et al., 2014). This
trend in SF values reflects the intrinsic fluorescence capacity
of the four PAHs (highest capacities for Flu and Phe, lowest
for Naph) in accordance with their resonance energy (positive
linear relationship between SF value and energy resonance for
the four PAHs; Figure not shown). For the case of Pyrs and
Flus, their proportions in the WAF (as analyzed by GC—MS)
are less important than those of Naphs and Phes (Table 2). The
concentrations range tested for those two compounds are thus
more restricted than those for Naphs and Phes, especially for
Pyrs (Figures 5C,D). In all cases, SF values (ratio of fluorescence
intensity over PAH concentration) obtained when calibrating on
WAF were higher than those obtained with STD calibration.

3.3. Validation in a Polludrome

PAH concentrations measured by GC—MS before the
introduction of fuel in the basin (initial concentration) were
already relatively high, with Cyapns = 887 ng L' > Cphes =
242ngl™! > Cpye = 98ngl™! > Cpyrs = 24 ngL~ L
This made the quantification of the concentrations at high
dilution relatively difficult. This problem is probably related to
an insufficient cleaning of the basin, and/or to non-negligible
concentrations of PAHs in the water used for dilution (pumped
from Brest Harbor). No measurements were performed in
the water collection area, but concentrations measured in the
European coastal marine environment generally vary in the
range 10 — 500 ng L~! (Guigue et al., 2014), and are therefore not

negligible. However, they remain below the initial concentration
reported above (e.g., 1377ngL~! for the ) 32 parents +
alkylated PAHs). These relatively high values are likely due to a
residual fraction of hydrocarbons that remains in the system after
dilution (e.g., on the walls of the basin or in the pumping and
filtering systems). In addition, the dilution system of the basin
works in such a way that starting from the initial concentration
(100% WAF), the total volume is reduced to its half before
being completed by the filtered seawater (to reach 50% WAF),
and so on until the minimum concentration is reached (6.5%
WAF). Given the large volume considered here (7m?) and the
possible inertia of the drainage system, it is also probable that
the dilution was less efficient than expected. Nevertheless, this
system validated the calibration method and helped verifying
that the sensor works as expected on the glider.

Table 3 shows the concentration of the 4 PAHs targeted
here as determined by GC—MS in the experimental basin and
measured by MiniFluo-1 (Naph, Phe) and MiniFluo-2 (Flu, Pyr)
using the 2 calibrations previously discussed (STD and WAF).
Because of technical issues, MiniFluo-2 was only deployed in the
three dilutions with lowest concentrations. Due to the very low
proportion of pyrenes in the fuel used to prepare the solutions,
Pyrs concentration measured in the basin are very close to the
detection limit and, although presented in Table 3, will therefore
not be considered for further analysis.

Results derived from the MiniFluos using STD calibration
overestimate the concentrations determined by GC—MS by a
factor 3-15. This is expected because, as mentioned above,
crude oil / fuel contains alkylated PAHs that fluoresce in
the same spectral domain than their parent compound. The
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TABLE 3 | Performances of the MiniFluo in the polludrome experimental basin.

Proportions of diesel in the experiment basin (%) Err + std
0 6.5 12.5 25 50 100* (%)

Naphs (ng L‘1)
GC-MS 887 2,735 2,927 4,523 7,960 12,890
STD calib. 6,828 16,196 15,825 16,254 23,239 37,775 374+ 176
WAF calib. 1,143 3,693 3,592 3,709 5,610 9,567 27+5
Phes (ng L_1)
GC-MS 242 365 563 693 828 1,361
STD calib. 3,291 4,059 4,498 5,673 8,300 13,900 919+ 189
WAF calib. 103 125 136 171 247 407 69 +6
Flus (ngL™")
GC-MS 98 200 197 351
STD calib. 354 2,101 2,366 3,361 793 +£319
WAF calib. -10 196 227 345 32445
Pyrs (ng L“)
GC-MS 24 69 56 78
STD calib. 6,643 16,196 15,825 16,254 ~ 104
WAF calib. 4,241 9,950 9,724 9,986 ~10*

For each proportion of Diesel in the basin, GC—MS concentrations of Naphs, Phes, Pyrs and Flus (parent and alkylated compounds) are given (first line under each compounds in the
table). These are compared to concentrations returned by the two MiniFluos (MiniFluo-1 for Naph/Phe and MiniFluo-2 for Flu/ Pyr) using calibration on pure standards (STD) solutions
and with water accommodated fraction (WAF) of Maya crude oil. The mean relative error (err = W x 100%) and its standard deviation (std) for STD and WAF calibration are

given in the right-most column of the table.
*100% represent 50 mL of Diesel in the 7 m> experimental basin.

calibration using Maya-based WAF however gives results that
are in relatively good accordance with GC—MS measurements.
Naphs and Flus concentrations are very close to those measured
by GC—MS (by a factor 0.98 to 1.15), while Phes were slightly
underestimated (factor 2-4). One assumption to explain this
difference may be the different proportions of the parent
and alkylated compounds between the Maya WAF used for
calibration and the WAF (Total Diesel) from the experimental
basin (Table 2).

While calibration with laboratory-prepared standard
solutions is highly reproducible and appeared necessary
for characterizing the sensor in terms of detection limit,
performance compared to other sensors and aging, it appears
that the calibration using WAF is a better approach to quantify
petroleum products in seawater. Whenever possible, using the
oil expected to be found on the exploitation field for sensor
calibration will result in an even more accurate results. While
WATPF calibration captures the bulk part of the signal, it is shown
in the next section that, when available, a third calibration using
in situ GC—MS measurements may further refine the MiniFluo
measurements.

3.4. Coastal Application in Marseille

Metropolitan Area

The MiniFluo was tested in natural environment in Saumaty
Harbor, Marseille Metropolitan area (see section 2.3). For
this campaign, the glider was only equipped with MiniFluo-1
(Naph/Phe). Concentrations measured by the MiniFluo using
laboratory WAF calibration are reported in Table4 and in

TABLE 4 | Comparison between MiniFluo and GS—MS measurements during the
Saumaty glider mission.

Naphs (ngL~1) Phes (ngL~1)

Station GC-MS MiniFluo/Naphs GC-MS MiniFluo/Phes
SO1 37.3 1441 0.7* 28.1*

S02 42.0 171.8 0.8* 29.1*

S03 54.6 343.9 2.1 38.0

S04 51.3 693.9 6.6 55.1

S05 76.2 826.6 15.5 60.6

err + std 672 +429% 912 £ 727%

Total Phenanthrenes and Naphthalenes concentration (parent and alkylated) determined
by GS—MS and derived from the MiniFluo-1 using laboratory calibration on WAF (i.e.,
Figures 4, 5) are reported. MiniFluo concentrations were determined from the average
measurement over a 2-min period encompassing the time the water sample was
taken. Location of stations are show on Figure 2. The mean relative error (err =
% x 100%) and its standard deviation (std) between GC—MS and MiniFluo-
derived concentrations are given in the bottom line of the table. Very low Phes
concentrations near the GC—MS detection limit have been ignored during the error
calculation.

* Ignored for error calculation.

Figure 6 for Naph-like (top) and Phe-like (bottom). Results
show a rapid increase of fluorescence as the glider advance
toward the head of the harbor. Naphs and Phes concentrations
determined by GC—MS are reported in the figure panels as star
symbols. Using the laboratory WAF calibration, the MiniFluo
overestimates Naph-like concentration by a factor 8 on average
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measured by GC—MS from collected water samples along the track.

FIGURE 6 | Phenanthrenes (Top) and Naphthalenes (Bottom) concentration in Saumaty harbor. The thin gray line represent the full measurements from the the
MiniFluo using laboratory WAF calibration. The thick black line is the smoothed timeseries using a 1-min running mean algorithm. Black stars are concentrations

(~ 700% error) and Phe-like concentration by a factor 10 (~
900% error) on average over the water samples (the maximum
over-estimation over a single measurement is a factor 18).
These are reported in the last line of Table4 (note that for
Phes, the two lowest concentrations near instrumental noise
at SO1 and SO2 are ignored, see Tables footnote). While the
MiniFluo was able to measure PAH concentrations very close
to GC—MS concentrations during the polludrome experiment,
an overestimation here is likely due to the fact that the waters
in this urbanized area is a mixture of several organic pollutants
or biological by-products (e.g., Tryptophan or Chl-a) that may
fluoresce at wavelengths close to the targeted compounds. Other
explanations includes the fact that we calibrated on a Maya crude
oil WAF that have alkylated proportions not representative of
those found in Saumaty (Table 2), or the presence of higher
blank noise (background fluorescence levels) compared to the
laboratory seawater used (SSW).

It is also possible to further improve the performances of the
MiniFluo by performing site-specific (e.g., in situ) calibration.
This type of in situ calibration is similar to what is routinely
done on Chl-a or dissolved oxygen measurements during
hydrographic surveys. Figure 7 illustrates such calibration. Here
panels a and ¢ show the concentrations measured by the
MiniFluo using SF and B calculated as the linear regression
between the MiniFluo fluorescence and PAHs concentration
determined by GC—MS at the 5 water collection stations (see
panels b and d for the calibration curves). This figure illustrates
how, with a certain number of discrete validation points, PAH

concentrations can be adjusted for the entire timeseries to better
represent the actual concentrations.

While the latter calibration method is always preferable, this
extra step requires important means, such as the possibility of
collecting sufficient water samples followed by PAH extraction
and GC—MS analyzes. Such in situ calibration method should
be considered, for example, when systematic monitoring surveys
of the same region are required. When not possible, a WAF
laboratory calibration seems sufficient to give an order of
magnitude precision on the PAHs concentration (e.g., here an
overestimation by a factor 8 and 10, respectively, for Naph-like
and Phe-like), a precision sufficient to detect the presence of a
major oil spill incident.

3.5. Offshore Application in the North Sea

As part of an offshore application scenario, the glider SEA003
equipped with MiniFluo-1 was deployed for 15 days in the North
Sea in November-December 2016 (see section 2.3). Naph-like
and Phe-like concentrations presented in this section are derived
using laboratory WAF calibrations only (i.e., Figures 4, 5). This
is because while water samples were collected at deployment
site (one station, 4 depths between 0-40 m), the concentration
range encountered was relatively narrow and did not allow in
situ calibrations of the MiniFluo channels. For this single station,
Table 5 however shows that PAH concentrations measured by
the MiniFluo agree with the concentrations derived by GC—MS
within 22% on average for Naphs and 873% (about factor 10)
for Phes. In accordance with previous experiments (Polludrome
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FIGURE 7 | Left column is similar to Figure 6, but using in situ calibration instead of laboratory calibration. The in situ calibration (right column) was calculated from
the linear fit (solid line) between GC—MS data the mean relative-unit fluorescence returned by the MiniFluo over a 2-min period encompassing the water sample
collection (black circles).

TABLE 5 | Comparison between MiniFluo and GS—MS measurements during the North Sea glider mission.

Naphs (ng L“) Phes (ng L_1)
Depth (m) GC-MSs MiniFluo/Naphs GC-MSs MiniFluo/Phes
0 152.4 126.4 12.6 24.4
10 186.6 123.4 1.9 241
25 137.0 123.8 24.0 23.9
40 81.1 102.5 1.0 23.3
err + std 22+ 9% 873 £ 908%

Total Phenanthrenes and Naphthalenes concentration (parent and alkylated) determined by GS—MS and derived from the MiniFluo-1 using laboratory calibration on WAF (i.e.,
Figures 4, 5) are reported. MiniFluo concentration were determined as the vertical average on 5-m bins encompassing the targeted GS—MS sample depth during the first glider

dive. The mean relative error (err = CA”FCL;C?;S””S x 100%) and its standard deviation (std) between GC—MS and MiniFluo-derived concentrations are given in the bottom line of
the table.

GC-

and Saumaty), it is thus relatively conservative to expect that the ~ entrance, a region with heavy marine traffic due to a large oil
concentrations measured here by the MiniFluo are within one  refinery and industrial area located at Mongstad. At the very
order of magnitude to the true concentrations on average. Surface ~ end of the mission, while waiting for recovery at proximity of
concentration of Naph-like and Phe-like concentrations averaged =~ T1 waypoint, the MiniFluo also captured higher than average
over the top 10 m of the water column are shown in Figure8.  concentrations for a period of about 24 h (visible on the map only
Highest concentrations are found along the first transect line  for Naph-like channel).

across the channel, east/southeast of T3 (approximately 20 Figure 8 suggests a relative spatio-temporal heterogeneity of
November). This higher concentration patch has disappeared  this region. This is not surprising given the tidal dynamics
during the return transect. Another relatively high concentration = and the winter winds at play during the survey. However,
patch was also detected at the northern edge of the channel the coherence in successive glider profiles with the MiniFluo,
(between 21-22 November). This location is near Fensfjorden  shows the ability of the sensor to detect hydrocarbon patches.
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FIGURE 8 | Surface concentration of Naphs (upper) and Phes (lower) as
measured with the MiniFluo along the glider track (averaged over the 0-10m
depth range). Offshore installations are highlighted with stars (see Figure 3 for
legend).

The maximum surface concentration encountered during the
mission is about 200 ng L~! for Naphs (Phes concentrations only
reached about 30 ngL™!). This is more than a factor 10 below
the maximum admissible concentration of individual PAHs
(2,400 ng L™!) set by the European Water Framework Directive
(reported from Nasher et al., 2013).

Similar concentration levels are found deeper in the water
column. Here only the first across-channel transect (projected
along the LI1-L2 line) is presented as it is the one with the
most interesting features of this mission (Figure 9). As observed
in Figure 8, patches of higher PAH concentrations (Phe-like
and Naph-like) are found. This is specially clear in Phe-
like (Figure9F) in the top ~ 100m of the water column
and roughly between 20-40 and 50-70 km. Interestingly, Phe-
like signal is often contrasted with Chl-a signal, the former
being maximum where the latter is minimum (specially clear
in the 20-40km range). Except very close to the surface,
the Naph-like signal (Figure9E) is different from Phe-like
signal (note that some data near 30, 50, and 60km were
manually removed due to measurement problems). While Phe-
like patterns are reproduced in Naph-like signal, the latter
seems to also reproduce some of the Chl-a patterns (panel E
exhibits features of both D and F). It is likely that the Naph-
like channel also captures Tryptophan-like fluorescence that is
associated with biological activities, and thus Chl-a. This is

because Naphthalene Agc/Agy fluorescence couple is similar to
the one of Tryptophan (Tedetti et al., 2010; Cyr et al., 2017).

Also worth noting is the relatively high Phe-like signal near
the seafloor. This signal seems to reach surface concentration
signal in plume-like patterns. These patterns are also reproduced
in the humic-like fluorophore (higher concentration, Figure 9G),
in the O, (lower concentrations, Figure 9C), and, to a lesser
extent, in the Naph-like and Backscattering measurements
(Figures 9E,H, respectively). These signatures may suggest
hydrocarbon emanations from the seafloor entraining low
oxygen concentration waters, or the sinking of organic matter
containing hydrocarbon in degradation. These signatures also
seem associated with a surface frontal zone located between 40
and 50 km (see isopycnals outcropping at the surface).

While analyzing in details the results of these campaign
is outside the scope of this study, these results are one of
the earliest demonstration of the large-scale interactions
between hydrocarbon concentrations and physical-biochemical
properties in an oceanic basin. Overall, this campaign
successfully demonstrates that it is possible to use the glider-
MiniFluo package as a powerful tool to monitor hydrocarbon
concentrations in seawater. Such usage may include, the
detection of natural seeps from the seafloor, the monitoring of a
region for baseline studies or to monitor long-term effects, or the
tracking of a spill in case of industrial accident.

4. CONCLUSION

This study summarizes the development of a glider-
compatible fluorometer capable of detecting PAHs in the
marine environment. Results suggest that a calibration of
the MiniFluo on WAF is preferable over STD because the
alkylated compounds often represent the largest part of a PAH
family. It is thus important to consider not only the parent
(such as a calibration on pure standard), but also the alkylated
compounds when deriving concentration of a certain PAH in
the marine environment. Results also show that when using
such WAF calibration, it is relatively conservative to expect the
concentrations derived from the MiniFluo and those determined
by GC—MS to agree within one order of magnitude on average
(e.g., overestimation by a factor 7 on average over the two in
situ campaigns presented in this study). Because the relative
proportion of the parent and alkylated compounds of a PAH
family slightly differ from one type of hydrocarbon to the
other, a calibration on a WAF with proportions close to the
one in the targeted environment will give best results. In this
sense, a calibration with different types of WAFs (i.e., different
proportions of parent/alkylated hydrocarbons), but also on
WAFs having undergone weathering/degradation processes, in
order to better reflect the PAHs proportions found in the marine
environment seems relevant for future improvement. This is
because dissolved PAHs in the aquatic media are subjected
to various transformation processes including, for example,
biodegradation and photodegradation. These processes do not
affect parent and alkylated compounds equally (Dachs et al., 1997;
Diez et al,, 2005), and thus likely lead to modifications of their
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FIGURE 9 | Contours plots of various variables measured by the glider in function of depth and along-transect distance along the line L1-L2 (see map Figure 3).
(A) Conservative temperature; (B) Absolute salinity; (C) Dissolved oxygen concentration; (D) Chlorophyll-a concentration; (E) Naphthalene-like concentration; (F)
Phenanthrene-like concentration; (G) Humic-like concentration; (H) Turbidity measured as the backscattering signal at 700 nm. Isopycnals are plotted in each panel

Along-transect distance (km)

relative abundances with time (in addition of possible spatial and
seasonal effects). A series of laboratory controlled experiments
dealing with the biodegradation and/or photodegradation of
WAFs prior to their use for MiniFluo calibrations would thus be
an interesting further improvement of the calibration procedure.
As suggested earlier, however, a site-specific in situ calibration
similar to what is performed with other biogeochemical sensors

(e.g., dissolved O, or Chl-a), although more demanding
in terms of logistics, is likely to give the best results. If
performed during the glider mission, such calibration would
also solve a large part of these biodegradation/photodegradation
problems by providing an up-to-date response of the sensor
in the natural environment. Overall, this study suggests new
possibilities for research on industrial marine accidents,
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while offering new tools to the industry to monitor PAHs
in seawater.
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