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Abstract :

Mercury (Hg) contamination in coastal sediments has been widely studied in clay deposits; however,
equivalent results on carbonated sediments are scarce. This article aims to study Hg distribution in
Lebanese carbonate coastal marine sediments (Eastern Mediterranean) in order to characterize their
contamination level and to explore the postdepositional mobility of methylmercury (MeHg) in the
deposits. Vertical distribution profiles of total (HgT) and MeHg have been established for the solid
phase of sediment cores collected in various near-shore environments chosen for their hypothetical
various degrees of anthropization. In addition, dissolved MeHg was determined in sediment pore
waters to test its mobility and potential availability for biota. Three sites on the Lebanese coasts—
Akkar, Dora, and Selaata—were selected. Akkar is far from any direct contamination source, whereas
Dora, located near the Beirut harbor, is a heavily urbanized and industrialized zone including a huge
dump site, and Selaata is near a chemical plant that produces phosphate fertilizers. Particulate HgT
concentrations in the sediments varied between <0.04 and 0.65 pg/g, with a proportion of MeHg lower
than 1%. Based on a sediment quality guideline (MacDonald et al. 2000), we concluded that Dora bay
sediments are heavily contaminated by Hg, with concentrations exceeding the “consensus-based
threshold effect” level (0.17 pg/g) and almost reaching the “effects range-medium” level (0.71 ug/g). In
spite of the low HgT concentration in Akkar and Selaata sediment (similar to natural carbonated
sediment: 0.04 ug/g according to Turekian and Wedephol (1961), a closer analysis of the sediment
core vertical profile allows one to observe an anthropogenic impact. This impact might be
toxicologically insignificant; however, it allows tracing the time increase of Hg diffuse deposition. On
the other hand, dissolved MeHg concentrations ranged from 0.04 to 0.09 and from 0.04 to 8.76 ng/l in
the Selaata and the Dora sediments, respectively; MeHg vertical profiles in interstitial water enabled
us to calculate diffusive fluxes of MeHg from the sediment varying from 0.3 to 1.0 ng/m?/day. Thus, the
deposited sediments constitute a measurable source of bioavailable Hg for epibenthic organisms.
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1. Introduction

Mercury is a highly toxic metal, which, because of its volatility, can be rapidly spread all over the
world from its natural and anthropogenic sources. These properties combined with its huge
biomagnification in the food chain, make it the metal of the most environmental concern (e.g.,
Morel et al. 1998; Fitzgerald et al. 2007). The anthropogenic mercury sources are both diffuse and
local. The diffuse sources are mainly the burning of fossil fuel, especially coal, the incineration of
municipal solid waste, and the cement production; the local sources consist mainly of effluents
from industrial activities, especially in developing countries (Sanchez Uria and Sanz-Mendel 1998;
Pirrone et al. 2001).

Around the Mediterranean basin the anthropogenic mercury emissions have been estimated to be
106 x 10° kg yr?, i.e., one third of the total European emissions (Pirrone et al. 2001). Other studies
from the same research group concluded that the Mediterranean Sea region is not only affected by
mercury released in its vicinity but also from air masses enriched in mercury from regions of
northern and northeastern Europe (Pirrone et al. 2003). In addition, from a public health point of
view, special interest concerning mercury has been focused on the Mediterranean area since
decades when high concentrations of total mercury (HgT), mainly as methylmercury (MeHg), were
found in Mediterranean fish (e.g., Bernhard and Renzoni 1977; Baldi et al. 1983). The question of
the origin of the MeHg thus arose since the Hg deposition is thought to be mainly inorganic
species. Albeit the recent evidence for mercury methylation in the Mediterranean water column
(Cossa et al. 2009), the importance of off-shore sediments as a source of MeHg has even been
estimated (Ogrinc et al. 2007) and could be significant at least for benthic communities. For coastal
sediments, while HgT distribution and MeHg mobility studies in western part of the Mediterranean
are now more than a few (e.g., Corvelli et al. 1999; Muresan et al. 2007), equivalent results on the
Eastern coasts are still rare. Moreover, Eastern Mediterranean sediments are particular since they
are characterized by high carbonate content (e.g., Morse 2003), a chemical matrix poorly explored
in term of mercury distribution and transformations. For the Lebanese coastal area Nassif (2004)
measured Hg concentrations up to 0.46 pg g (dry weight) in marine sediments collected north of
Beirut, a level which exceeds sediment quality guidelines, such as the one developed for the US
Status and Trends Program (1999) and the French Geode Program (2000), which have been fixed
at 0.17 and 0.4 ug g* (dry weight) respectively. In addition, for such contaminated sediments, the
key process determining the risk is the net transformation of inorganic Hg to the highly toxic and
bioavailable MeHg (Skyllberg et al. 2007).

We present here the vertical distributions of HgT and MeHg in sediment cores collected at three
sites on the Lebanese coast (Eastern Mediterranean), in both solid phase and interstitial waters in
order to explore the burial, transformations and post-depositional mobility of this element. This
should provide information about the anthropogenic impregnation of these coastal sediments and
their role in providing MeHg species for the surrounding seawaters. This mercury speciation study
is completed by ancillary data to characterize the sedimentary context (mineralogy and major
elements composition).

2. Material and methods

2.1 Study area

The Lebanese coastal zone, which constitutes one part of the carbonate platform that covers most
of the Eastern Mediterranean basin, is the geological result of the carbonated marine
sedimentation between the Jurassic and the Quaternary periods (Abdel-Rahman and Nader 2002).



Geological surveys indicate the presence of thick layers of dolomite, marls or chalk. These
carbonate rocks are the only ones that reach today’s littoral. Volcanic rocks also exist in two
different layers in the stratigraphic sequence. The volcanic complexes (basalts and ashes) of the
Jurassic cover a low surface and are exposed to the level of the deep valleys of Mount-Lebanon.
The volcanic rocks (mainly basaltic) from the Quaternary Miocene age cover a large surface of the
Akkar plate (Sanlaville 1977).

The prospected zone is the coastal area located between Tripoli and the Syrian boundary in the
North and Beirut in the South (Fig. 1). This zone has been selected for its relatively high urban and
industrial activities; it contains more than 30% of Lebanese industries and more than 40% of the
population of Lebanon (Nakhlé 2003). For our study three sites representative of the Lebanese
coast were selected because they include urban, industrial, and, apparently non-contaminated
zone. Three bays were studied: from North to South: Akkar, Selaata, and Dora. Akkar was chosen
because the site is located opposite the seemingly non-contaminated bay of Akkar, far from any
great industrial activity or urbanization. The site of Selaata, North of the city of Batroun, is near a
chemical plant (established in 1957), which produces phosphoric acid, triple superphosphate,
aluminum sulfate and sulfuric acid (Al-Hajj and Muscat 2000) and discharges phosphogypsum
effluents into the sea through a pipe. Dora is a heavily urbanized and industrialized zone of the St
George bay, adjacent to the Beirut harbor, characterized by a dumpsite peninsula that received
120 10° kg of industrial and municipal waste per year until 1998, the year of its closure
(CDR/ECODIT-IAURIF 1997). In addition, the St Georges bay receives the inputs from the
drainage area of the Beirut River (0.1 - 10 m® s™), where are located various industries including
tanneries (Nakhlé, 2003).

2.2 Sampling methods

Sediment cores for the solid phase collection were taken from the three sites Akkar (A and A’),
Dora (D and, D") and Selaata (S1, S3, S4 and S6) by divers during two periods. The number of
cores collected was higher at Selaata than in the two other locations because we wanted to trace
there the possible contamination gradient from the mouth of the effluent pipe seaward. In February
2006, A’, D’ and S1 sediment cores were collected in order to analyze HgT and particulate MeHg
in the solid fraction of the sediment. In October and November 2006, sediment cores were
collected at A, D, S3, S4, S6 for HgT analyses and to determine additional mineralogical, datation,
major elements and organic carbon (Table 1). For this purpose, acid pre-washed metacrylate tubes
(40 cm long and with an inner diameter of 7cm) were vertically introduced into the sediment,
plugged on both sides with plastic caps, and brought back to the boat, where they were maintained
in a vertical position in a refrigerated box until returning to the laboratory. In the second sediment
sampling campaign, in addition to Akkar (A) and Dora (D) sediment cores, three cores were
sampled at Selaata sediments S3, S6 and S4, the first one facing the chemical power plant and in
direct contact with its effluent, the second located in a bay to the north of the Selaata plant,
relatively protected from marine currents, where higher amounts of fine sediment were expected to
be present. A supplementary S4 core, located between S3 and S6, was also collected for
mineralogical analysis. In the laboratory, the sediment cores were sliced at 1-cm intervals for the
first 5 cm and at 3-cm intervals to the bottom of the core. Subsamples were put into polyethylene
bags and frozen at —18°C.

Sediment pore waters collected in October 2007 at Dora and Selaata using multi-chambered in situ
dialysis samplers (peepers) proposed by Hesslein (1976). This method is based on the
equilibration of a contained quantity of deionizied water with the surrounding interstitial water of the
sediment through a dialysis membrane. The sampler (peeper) is composed of a metacrylate body
with 40 wells drilled into it every two centimeters. These wells were covered by a polycarbonate
membrane (0.45 um) and filled with deionized water Milli-Q® (Millipore). Two peepers were
vertically introduced by divers into the sediment at the three sites, keeping 6 to 8 wells above the



sediment water interface to examine differences between overlying and pore water MeHg
concentrations. These peepers were maintained in the sediment for 2 weeks. However, due to sea
storm we were only able to recover two peepers at Dora (D and D’) and one from the sediment of
Selaata (S6). Upon removal, interstitial waters in different compartments were extracted, using
syringes, and stored in Teflon (FEP) tubes, as previously described. All the plastic ware used for
collecting pore waters was acid washed and Milli-Q® (Millipore) rinsed before use.

2.3 Analyses

Prior to the analyses, the sliced frozen sediments were air-dried in an oven at 50°C until reaching
constant weight, with frequent manual agitation in order to avoid their cementation. Then, the
sediment slices were dry sieved (<63 um) using an acid pre-cleaned nylon sieve, the fraction (<63
pm), stored in polyethylene vials, being used for further analysis. Major elements of sediment were
measured to assess their relationship with HgT and MeHg distribution. The concentrations of Ca,
Si and Mg were determined using an inductively coupled plasma mass spectrometer, and the
concentrations of Fe and Al by atomic absorption spectrophotometry. The detailed analytical
procedures are given in the companion paper concerning the Pb contamination of the same
sediments (Abi-Ghanem et al., 2009).

2.3.1 HgT and MeHg analysis in the solid fraction of the sediment

HgT analyses were carried out on a semi-automatic system AMA-254® produced by ALTEC
(Czech Republic). Aliquots of sediments were weighed and put into an Ni capsule and were
automatically introduced into the system, where they were exposed to high temperature (550°C),
so that the mercury is volatilized and carried on by an oxygen current. Then elemental mercury is
concentrated by amalgamation on a golden trap before being thermally dissociated and analysed
by atomic absorption spectrometry.

The method detection limit was 0.007 pg g™ calculated as 3.29 times the standard deviation of the
blank. The reproducibility was 1.8% for material whose HgT concentration was 0.092 pg g
Certified reference material MESS-2 was also used to assure the quality control of the method, and
the values obtained (0.092+0.002) were always within the range of the certified values 0.092 +
0.009ug g*. Statistical calculations were performed on the basis of six replicate analyses.

Particulate MeHg analyses were conducted on the finer than 63 um sediment fraction of Akkar,
Dora and Selaata after propylation and isotopic dilution, and a detection by gas chromatography
inductively coupled plasma mass spectrometry (GC-ICPMS). This method was slightly modified
from Monperrus et al. (2005). A known quantity of Me?*?Hg was added to the sediments, MeHg
extracted using HNO; (6 M, Merck, Suprapur®) and propylated by the use of 100 pL sodium
tetrapropylborate 4% (Galab). The propylated MeHg extracted into iso-octane (0.3 mL iso-octane
/300 mg sediments) and the detection was carried out by GC-ICPMS (GC-Focuswith X-series;
Thermo Electron). The ratio of the surface areas of peaks corresponding to Me*®Hg and Me?**Hg
makes it possible to calculate the original concentration of MeHg in the sediments. The detection
limit for the MeHg method was 0.02 ng g™ and the precision was 20% for concentrations higher
than 1 ng g™ and 30% for the lower values. The accuracy of the MeHg analysis was established
using Certified Reference Material IAEA-405. The average concentration for IAEA-405 was 5.49 +
0.4 ng g ‘compared to the certified value of 5.49 + 0.3 ng g .



2.3.2 Dissolved MeHg analysis

Dissolved methylmercury (MeHgp) contained in interstitial water collected from Dora and Selaata
sediments was analyzed with a techniqgue combining hydruration and cryogenic chromatography.
The protocol applied is suggested by Tseng et al. (1998) and modified by Cossa et al. (2003). It is
based on the use of NaBH, to transform MeHg into volatile MeHgH, however Hg?* is also
transformed into volatile HgH, and Hg® within this reaction. These volatile compounds are then
concentrated by a cryogenic procedure (—196°C) on a column filled with Chromosorb W/AW-
DMCS (60/80 mesh impregnated with 15% OV-3) in a nitrogen bath before being progressively
released by heating the column from —-196°C to 90°C. These compounds are thermally
decomposed into Hg® within a furnace (800°C), then transported in a vapor state by a current of
helium (35 ml/min) to an atomic fluorescence spectrophotometer (AFS). The blank of the method
was checked regularly and was often close to the picogram level for MeHg. The absence of
certified reference material for marine interstitial water samples didn't enable us to verify the
accuracy of the method. The reproductibility of the method, as described above, varies from 15%
for samples with a concentration near the limit of detection, to 6% for samples with a 0.1 ng L™
MeHg concentration or more (Cossa et al. 2003). The field of linearity ranged from the limit of
detection (0.02 ng L™ for a 10 mL sample) to 20 ng L™.

3 Result and discussion

3.1 Sediment characteristics

Mineralogical analyses and sediment dating have already been published in a companion paper
(Abi-Ghanem et al., 2009). Briefly, the results showed a high contribution of dolomite, calcite and
quartz at the three sites. Ankerite and fluorite were more specific of Akkar and Selaata sediments
respectively. The #°Pb,, and *’Cs measurements suggested that Akkar (A) and Dora (D) are
mainly composed of detritic sediments from the coastal erosion (or anthropogenic quarry material)
with very little influence of biogenic marine origin and recent continental alluvial deposits. At
Selaata #°Pb., measurements do not exhibit any linear decrease with depth. This suggests that
the origin of the “*°Pb,, is to be found in the waste from the Selaata phosphoric acid plant (Abi-
Ghanem et al., 2009).

The major element composition of the sediment is summarized by a ternary plot (Fig. 2) in which
three different sample groups are to be distinguished, corresponding to the sediments of Akkar (A),
Dora (D) and Selaata (S6 and S3). Akkar sediments are the most highly enriched in CaCO; and
MgCO; (70-80%), while the Dora sediments show the highest content in SiO, (45-60%). The
Selaata sediments show levels between those of the Akkar and Dora sediments. It is important to
note that the contribution of Fe and Al, is similar for the three groups of sediment, with mass
percentages, expressed as Fe,O; + Al,O3, ranging from 5 to 15%. It may be concluded that the
chemical composition of the sediments is consistent with the mineralogical results. Vertical profiles
of Ca, Mg, Si, Fe and Al in Akkar (A), Dora (D) and Selaata (S3 and S6) sediments are discussed
in detail in another paper (Abi-Ghanem et al., 2009).

3.2 Total mercury distributions

Total mercury (HgT) concentration profiles are presented in figure 3 for Akkar (Fig. 3a), Dora (see
Fig. 3b) and Selaata (see Fig. 3c). Since natural variations of Hg concentrations in sediments can
result from differences in the grain size, the mineralogy, and the redox of the sediment, we tried to
limit these sources of variability by applying the grain-size normalization approach, completed by a



geochemical correction; this treatment should allow better insight into the anthropogenic influence
on the Hg distribution in the sediment cores. Thus, HgT concentrations were determined in the
sediment fraction (<63 pm) according to Ackermann et al. (1983) and were geochemically
normalized by the use of a tracer element (Kersten and Smedes 2002) for total mercury
concentrations at A, D, S3 and S6 sediment cores. In addition, Al was chosen as a normalizer
element to take into account the clay mineral indicator capacity of the sediment.

3.2.1 Akkar (see Fig. 3a)

The HgT concentrations varied from 0.012 to 0.035 pg g~ in core A and from 0.009 to 0.027 ug g™
in core A’. These concentrations are within the range of the earth crust values and comparable to
mercury concentrations in sandstone and carbonate rocks (0.03 and 0.04 pg g™ respectively
according to Turekian and Wedephol (1961) and in some uncontaminated sediment from the
Eastern Mediterranean coasts (Table 2). They are also comparable to values detected in deep-sea
Mediterranean sediment (Cossa and Coquery 2005). Compared to the ‘background’ level of
coastal Sicilian sediments 0.038 pg g™ calculated by Di Leonardo et al. (2006) and which are
chemically and mineralogically close to the Lebanese sediments, the deepest levels of Akkar
sediments have a much lower mercury concentration and, thus, it would be reasonable to consider
the very low mercury concentration observed at the deepest level (28 cm), as the mercury
background of this coastal zone. However, while HgT concentration levels in Akkar sediments
suggest that the Hg anthropogenic inputs are quite insignificant, the vertical profile of HgT
concentrations clearly shows regular concentration increase from the bottom of the core up to 10
cm below the surface (see Fig. 3a), the origin of which should be explained. To question the
importance of anthropogenic influence we adopted the approach described by Covelli et al. (2001),
who used the comparison of Hg and other trace metals enrichment factors (EF). The EF of an
element is the ratio between the potential enriched concentration of the element and the baseline,
which is the background value of the element, these later concentrations being normalized to a
conservative element. The above metal concentrations are normalized to Al and are subdivided to
the baseline, which is the concentration of the element that corresponds to the deepest layer, and
which is also normalized to Al. This method applied by Covelli et al. (2001) helps to obtain a non-
dimensional enrichment factor (EF):

EF= (M/N) sample/(M/N) baseline,

M is the concentration of the potentially enriched element, while N is the concentration of the
normalising element. Fig. 4 shows the Hg EF distributions, varying up to 4, obtained from Akkar (A)
sediment core. Even if this enrichment is small compared to a heavily impacted area such as the
Trieste Gulf (24 fold according the Covelli et al. 2001), we address the question as to the
anthropogenic influence on the 4 fold variation encountered. Hg EF presented vertical profiles
similar to those obtained for Pb (see Fig. 4), which suggests similar sources for the two metals.
Lead sources in these sediments were determined by stable isotopic analyses presented in
another paper (Abi-Ghanem et al. 2009). We showed that, based on the *®*Pb/*°’Pb values, the Pb
at the 28 cm level naturally originates from Miocene silicate rocks, while in the upper sediment
levels the contribution of industrial and gasoline lead was detected. Thus, we can infer from these
results that mercury and lead EF variations respond to similar histories of human impact. Indeed,
Pirrone et al. (2001) estimated that 1.5 10° kg of anthropogenic mercury per year are emitted in the
atmosphere of Lebanon, coming from fossil fuel combustion, the incineration of municipal solid
waste, cement production and other miscellaneous minor sources. Anthropogenic mercury emitted
into the atmosphere can be transferred to terrestrial and water receptors by dry deposition, wet
scavenging followed by precipitation and by gaseous mercury exchange at the air-water interface.
It may be concluded that, even if the HgT concentrations in the solid phase of the sediment from
Akkar are quite low compared to many coastal environments, the current influence of diffuse



anthropogenic mercury via the atmosphere can be clearly detected. The current anthropic
contribution appears to be of at least a similar magnitude as that of the natural contribution.
Unfortunately, the ?*°Pb and **’Cs data obtained from this core do not permit the determination of
the period when the anthropization began.

3.2.2 Dora (see Fig. 3b)

High HgT concentrations typical of a contaminated environment (see Table 2) were detected at
Dora D and D’ sediment cores where mercury concentrations fluctuate from 0.37 to 0.65 and from
0.1to 0.5 pg g, respectively (see Fig. 3b). These high mercury concentrations are, especially that
Dora’s marine water column is contaminated with mercury (7-8 ng L™) (Nakhlé 2003). Mercury
can reach Dora Bay in several ways, by: (i) atmospheric inputs, (ii) the huge dumpsite nearby,
which is in direct contact with marine water and (iii) through Beirut and the Antélias rivers, where
several sources of untreated urban waste waters are discharged. Data concerning dissolved and
particulate mercury in the Antélias River have shown concentrations reaching 3.1 ng L™ and 2.1 ng
g™ respectively (Nakhlé 2003). These values are higher than values corresponding to other
Lebanese rivers and are comparable to values detected in some other polluted rivers in the world.
In spite of the differences in the concentrations, both Dora HgT profiles, D and D’, present three
major peaks, at approximately 4, 10 and 23 cm depth (see Fig. 3b). In addition, the persistence of
elevated mercury concentrations even at the deepest layers of the sediment cores indicates that
we did not reach the background levels at Dora sediments. Normalizing mercury to Al in Dora D
sediment core allows the smoothing out of the Hg fluctuations, but at least two peaks persist, while
the mineralogy does not change significantly with depth (Abi-Ghanem et al. 2009). These changes
are most likely related to the varying sources of wastes discharged nearby during the activity of the
Dora dumpsite (1980-1998). Clearly the Dora Bay is heavily contaminated by mercury.
Sedimentary mercury mobility and potential bioavailability will be further clarified thanks to MeHg
analysis in the solid phase and in the interstitial water of the sediments (see sections 3.3 and 3.4).

3.2.3 Selaata (see Fig. 3c)

At Selaata HgT concentrations varied from 0.02 to 0.06 pg g*. These concentrations are
comparable to values obtained by Nassif (2004) in Selaata sediments and are in most of the
sediment layers superior to values detected in other Lebanese sediments (Akkar-Batroun) (see
Table 2). Thus, in spite of the fact that these concentration levels are of lower orders of magnitude
than the mercury concentration in contaminated areas (see Table 2), we cannot dismiss the fact
that mercury enrichment occurs in some sediment layers, all the more so since Hg enriched
phosphogypsum deposits are present (METAP/Tebodin 1998; Jackson et al. 1986). Fig. 3c
illustrates the HQT variation in the two Selaata cores (S3 and S6). At S3, facing the Selaata
chemical plant effluent and in direct contact with the phosphogypsum discharged, the mercury
profile is characterized by a two layer distribution, the rupture zone being located between 6 and 8
cm, the superficial 6 cm layers of the S3 core being the most highly enriched in mercury (0.059 ug
g™). Normalizing mercury to Al in the S3 core (Fig. 3c) does not eliminate the two layer-structure.
This two-layer structure has also been observed by Fakhri (2005) who studied the organic matter
in a station near the Selaata sediments. It was attributed to changes in the nature of the waste
discharged by the phosphorgypsum plant probably linked to different phosphate ore sources. This
hypothesis, which is also the reason for the Hg vertical profile obtained in S3, cannot be verified
historically because of difficulties in obtaining information on any modifications in the process
applied in the Selaata chemical power plant. However, based on our mineralogical analysis, the
Selaata sediment core, even at the deepest layers, is rich in fluorite (25-55%) which is a
compound naturally present in the phosphate rock Caz(PO4), processed in the Selaata plant (Al-
Hajj and Muscat 2000) (see Fig. 3c). This finding testifies to the dominance of industrial deposits in



the sediments studied. In addition, the vertical profile of excess 219pp indicates that the sediments
are recent. Thus, the vertical mercury profile, or any other major and trace element profile will be
largely influenced by the composition of the Ca3(PO4), used as raw material in the Selaata
chemical plant. At the S6 sediment core, the 2 layer profile was not observed. The HgT
concentrations exhibit several smaller fluctuations within the first 8cm, and then they increase
slowly toward the deepest (8-16 cm) layers (Fig. 3c). This mercury profile, which persists after
normalizing mercury to Al, can be explained by the position of S6 in a bay North of the Selaata
plant, and thus relatively more protected than S3 from the direct discharges of phosphogypsum
and associated impurities. This position of S6 allows total mercury in the sediments to attain a
more constant profile.

In summary, the HgT concentrations found in the sediment cores of the three bays on the
Lebanese coast studied, which ranged from 0.01 to 0.65 pg g™, testified to various degrees of
anthropogenic contamination. At Akkar the sediment recently deposited gave evidence of a limited
diffuse anthropogenic contribution, at Dora Bay the sediments are heavily polluted and at Selaata
the Hg contamination is directly related to the industrial waste flowing out into the Bay. For
comparison with our results, the few mercury studies of Eastern Mediterranean coastal sediments
showed some degree of mercury contamination (0.05-0.70 pg g™%) in the inner part of Haifa Bay
while concentrations in the outer coastal sediments range between values lower than 0.001 and up
to 0.054 pg g (Krumgalz and Fainshtein 1991; Herut et al. 1993). North of this area, along the
Lebanese coast, Nassif (2004) measured mercury concentration in surface sediments ranging from
0.01 to 0.46 pg g with the highest concentrations obtained at Antélias, the highly urbanized and
industrialized zone located near Beirut, and in the Selaata Port sediments (see Table 2).

3.3 Methylmercury

3.3.1 Distributions

Particulate methylmercury (MeHg) concentrations were measured in the solid phase of Akkar (A"),
Dora (D) and Selaata (S1) sediments. Concentrations obtained for Akkar and Dora sediments are
presented in figure 5, MeHg concentrations in Selaata sediments were below the detection limits
(0.02 ng g). These aforementioned low particulate MeHg concentrations in Selaata sediments
can be due to the fact that the studied deposits result mostly from the wastes discharged by the
nearby phosphogypsum industry (see paragraph 3.1.1). MeHg concentrations in the solid phase of
the Akkar A’ sediment core varied from 0.03 to 0.22 ng g, with high MeHg concentrations
obtained at the 2.5-10.5 cm sediment layers. However, higher MeHg concentrations were obtained
in Dora sediment (0.07-0.5 ng g™!) where the MeHg depth profile is characterized by a downcore
decrease (Fig. 5).

MeHg concentrations are very low in comparison with some coastal polluted sediment in the
Mediterranean Sea such as the Gulf of Trieste where particulate MeHg concentrations vary from
0.2 to 60.1 ng g (Covelli et al. 2001). However, they are in the range of concentrations in the
coastal Mediterranean sediments of the same region (0.09-0.61 ng g*; Shoham-Frider et al.
2007), or in Western Mediterranean sediments of the Thau lagoon (0.08-2.75 ng g*; Muresan et
al. 2007) or again in other unimpacted coastal areas in the world: 0.05-1.5 ng g™* (Bay of Fundy,
Sunderland et al. 2006). Significant (p < 0.01) positive correlation was found between MeHg and
HgT in the solid phase of Akkar sediment ((MeHg](ng g™*) = 0.005 [HgT](ng g)-0.008; R?*=0.5; n=
24). This later significant positive correlation are often detected at low levels of HgT (Marvin-
Dipasquale et al. 2009) which is not the case of Dora sediment where no significant positive
correlation was found between particulate MeHg and HgT. This suggests that in polluted
environment, such as Dora, inorganic Hg is not a limiting factor for Hg methylation.



MeHg concentrations in the solid phase of Akkar and Dora sediments correspond to 0.2—-1% of
total mercury in the Akkar sediments and to 0.03-0.35% of total mercury in the Dora sediments.
These percentages, which can be used as a proxy for the rate of mercury methylation
(Hammerschmidt and Fitzgerald 2004; Hammerschmidt and Fitzgerald 2006; Drott et al. 2008),
suggest that MeHg production in the Dora sediments could be relatively low, though higher
variable methylation rates were obtained in the Akkar sediment core, especially in the upper 18 cm
levels of the sediment core. The relatively low contribution of MeHg to Hgy in the solid phase of the
Dora sediments could be due to Dora’s higher total mercury concentrations and might also indicate
a limited methylation rate in the presence of high sulphide concentrations (Benoit et al. 1999;
Castelle et al. 2007).

MeHgp concentrations were determined in the interstitial waters of the Dora and Selaata sediments
and in the overlying waters, in order to explore the possible evasion of this mercury species from
these contaminated sediments. In the interstitial waters, the MeHgp concentrations ranged from
0.04 to 0.09 and from 0.04 to 8.76 ng L™ in the Selaata and the Dora sediments respectively; in
the overlying water they were below the limit of detection (0.020 ng L™). The levels are similar to
those expected in coastal sediments (Muresan et al. 2007). In the interstitial waters the variation of
MeHgp exhibited sub-intersurface maxima peaking at 8.76 ng L™ in core D at the Dora site (Fig. 6),
which suggest mercury in situ methylation at those depths due to the activity of sulphate reducing
bacteria in the suboxic zone of the sediment (e.g., Compeau and Bartha 1985; Langer et al. 2001;
Muresan et al. 2007).

3.3.2 Fluxes

The possible diffusion flux of MeHgp from the Dora and Selaata sediments to the overlying water
column is estimated by applying Fick's first law. The concentration gradient between MeHgp
concentrations in the upper 2 cm sediment layer of Dora (D) and Selaata (S6), and the overlying
water is used to estimate MeHgp diffusive flux at the sediment-water interface. In fact, if we
consider that the transfer of MeHgp from sediments to the water column is proportional to the
concentration gradient, we can apply Fick’'s First Law (eq.1l) described by Berner (1980) to
calculate MeHgp flux (Choe et al. 2004; Hammerschmidt and Fitzgerald 2006; Muresan et al. 2007;
Ogrinc et al. 2007).

Flux=-@Ds(Cw—-C)/h (1)

Where @ is the porosity of the sediment (volume of pore water/ volume of bulk sediment), C is the
concentration of MeHgp in pore water sediment, Cy, is the concentration of the overlying water (ng
LY, h is the depth of the sediment (cm) and Ds is the whole sediment molecular diffusion
coefficient (cm?s™).

The benthic flux estimation will allow us to obtain a first order approximation of the transport of
MeHg from Dora and Selaata sediments to the overlying water column, especially since studies
conducted by Choe et al. (2004) have shown that sediments with high estimated diffusive flux also
have high directly measured diffusive flux and vice versa. Since there is no data available
concerning the Ds in our sediments, we used values calculated for comparable Mediterranean
sediments at the Thau Lagoon (France) (Muresan et al. 2007) with the assumption that MMHgp
was as methylmercury chloride (Ds = 1.84 x 107> cm? s™%). Similarly, the sediment porosity was
estimated to be 0.853. The concentration of MeHgp obtained at the 2 cm sediment layers is used
for the pore water value and is applied to 2 cm depth for the flux calculation. The concentrations of
MeHg in the overlying water C,, is fixed at 0.02 ng L™ since measured values were below the
detection limit of <0.04 ng L™.



Results of calculated diffusive fluxes for Dora and Selaata sediments are presented in table 3.
Although Dora diffusive flux is almost three times higher than Selaata diffusive flux, Dora and
Selaata diffusive fluxes (Table 3) are comparable to MeHg diffusive flux in other coastal
Mediterranean sediments, such as the Thau Lagoon (0.8 + 0.4 ng m? day™; Muresan et al. 2007)
and are also comparable to the lowest values obtained at deep Mediterranean sediment layers
(0.6-6.4 ng m? day™*; Ogrinc et al. 2007) and at the Lavaca Bay (0.4—1400 ng m? day*; Gill et al.
1999), and are 10-10° less than those measured or calculated in other near-shore polluted
sediments such as the Gulf of Trieste in the northern Adriatic sea, where MeHg diffusive flux
reaches values of 40 ng m? day™ (Covelli et al. 1999). In spite of the low estimated molecular
diffusive flux of MeHg measured here, the deposited sediments constitute a measurable source of
bioavailable mercury for epibenthic organisms. Indeed, according to Benoit et al. (2009) the
estimated diffusive flux constitutes only a small fraction (<10%) of the real diffusive flux and also
benthic organisms can assimilate MeHg directly from deep anoxic sediment layers, and thus
transfer it to fish through the aquatic food web and to human consumers.

4 Summary and conclusions

The sediment cores from the three bays along the studied Lebanese coast (Akkar, Dora and
Selaata) are mostly composed of carbonate materials and quartz, with the specific presence of
fluorite at the Selaata Point. Chemical composition, dating and mineralogy demonstrate that the
sediment in the Akkar bay, located away from any direct source of contamination, comes mostly
from the erosion of local rocks, while in the Dora bay, located near an enormous dumping site is
subject to industrial and urban contamination, and at the Selaata Point, located near a chemical
plant, they are typically characteristic of phosphogypsum industrial wastes. Analyses of total
mercury (HQT) in the solid phase of the sediment allow us to point out an important Hg
contamination at Dora, near the huge dumpsite, which functioned from 1980 to 1998. The highest
measured level (0.65 pg g') encompasses the sediment quality guidelines developed for the
National Status and Trends Program in USA by the National Oceanographic and Atmospheric
Administration (NOAA, 1999) based on works by MacDonald et al. (2000). Concentrations most
often exceed the “consensus based threshold effect” level (0.17 pg g™) and the highest almost
reach the “effects range-medium” level (0.71 pg g™). In spite of the low HgT concentrations in
Akkar and Selaata sediment (similar to natural carbonated sediment: 0.04 pg g™ according to
Turekian and Wedephol, 1961), a closer analysis of sediment cores vertical profiles allow to
observe an anthropogenic impact. This impact may be toxicologically insignificant, but allows to
trace time increase of Hg diffuse deposition. At Selaata the Hg contamination is directly related to
the phosphogypsum waste flowing out into the Bay. However, the HgT encountered were low
compared to what should be expected from the exploitation of phosphate rocks in other parts of the
world. At Akkar, even if the HgT in the sediments ranged within the earth crust values, a close
examination of the results, by using a comparison of the Hg profile with the Pb stable isotopic
profiles obtained for the same core (Abi-Ghanem et al. 2009), allows to suggest an anthropogenic
contribution.

The methylmercury measurements in those sediments indicate relatively low levels (0.03-0.5 ng
g™) and show that this species represents less than 1 % of the HgT present in the solid phase.
Dissolved MeHg concentrations, estimated as a risk assessment” complementary method
(Skyliberg et al. 2007), were measured in the pore waters of the Dora and the Selaata sediments
(0.04 to 8.76 ng L™); the concentrations present vertical profiles allowing the calculation of low
diffusive fluxes out of the sediment toward the water column, (0.7 and 0.3 ng m™ d™) at the Dora
and Selaata sediments, respectively. These fluxes constitute sources for the exposition of coastal
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ecosystems to this toxic chemical, which is further added to the MeHg incorporated via the benthic
food webs.
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Tables

Table 1. Description of the core sampling sites (see also figure 1).

Site Core name Coordinates (latitude, longitude)  Water column depth (m)
Akkar A 34°33'700N; 035°58'127E 18.5

Akkar A 34°33'669N; 035°58'705E 14.5

Selaata S1 34°16’770N; 035°39'000E 7.5

Selaata S3 34°16’779N; 035°39'008E 14

Selaata S4 34°16'779N ; 035°39'008N 6

Selaata S6 34°17'20N5; 035°39'685E 15

Dora D 33°54’155N; 035°33'218E 8

Dora D’ 33°54’213N; 035°33'240E 7.5
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Table 2. Concentrations of total mercury (HgT) in Lebanese marine sediments relative to

other regions.

Digestion Nature of

Region HgT (ug g ) method sediment Reference
Deep sea surficial
sediments of the Levantine HNOJ/HF (2:1) Carbonate + Ogrinc et al.
basin 0.04 and conc. HCI aluminosilicate (2007)
Coastal marine sediments of Sanchiz et al.
Western Mediterranean 0.01-0.32 HNO; - (2000)
Background coastal
sediments of Eastern  0.0157- Shoham-Frider
Mediterranean 0.073 Aqua-Regia - et al. (2007)
Polluted sediment of Haifa Krumgalz and
Bay Carbonate Fainshtein

0.1-0.4 HNO; sediments (1991)

HNO3/HCI (1:1)

Polluted sediments of and conc. Tomiyasu et al.
Minamata Bay (Pacific) 0.34-4.83 H,SO, - (2006)
Polluted coastal sediments
of the Gulf of Trieste Carbonate Covelli et al.
(Adriatic sea) 0.1-23.3 HNO; sediments (2001)
Lebanese coastal marine
sediments: Selaata 0.02 Aqua-Regia  Sandy sediments  Nassif (2004)
Lebanese coastal marine
sediments: Batroun 0.01 Aqua-Regia Sandy sediments  Nassif (2004)
Lebanese coastal marine
sediments: Antélias 0.02-0.46 Aqua-Regia Sandy sediments  Nassif (2004)
Lebanese coastal marine 550°C Carbonate
sediments: Akkar 0.01-0.04  decomposition sediments This study
Lebanese coastal marine 550°C Quartz +
sediments: Dora 0.1-0.65 decomposition carbonates This study
Lebanese coastal marine 550°C Quartz + fluorite +
sediments: Selaata 0.02-0.06  decomposition carbonates This study
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Table 3. Dissolved MeHg diffusive fluxes from the sediments to the water column. Dora and
Selaata bays surface areas are 800 and 10’ m? respectively.

Dora (core D) Selaata (core S6)
Flux (pmol m* day ™) 3.73 1.76
FlUXintegratea (PMOI day ™) 2.98 x 10° 1.76 x 10’
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Figure 1 : The areas studies
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Figure 2. Ternary plot of major elements of Akkar, Dora and Selaata (S3 and S6) sediments
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Figure 3. Vertical profiles of mercury and mercury normalized to Al in (a) Akkar (A, A’) sediments, (b) Dora (D, D’) sediments and in
(c) Selaata (S3, S6) sediments
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Figure 3b
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Figure 3c
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Figure 4. Vertical profiles of Hg and Pb enrichment factor in Akkar sediments
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Figure 5. Vertical profiles of particulate methylmercury in Akkar (A") and Dora (D’) sediments
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Figure 6. Vertical profiles of dissolved methylmercury in deep layers of the water column and in sediments pore waters of Dora and Selaata
sites.
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