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During the last two decades, restriction rules for the
anthropogenic load of mercury have resulted in a substan-
tial decrease of the inputs of this metal into aquatic systems.
However the pool of mercury presently in sediments
remains a problem due to its potential release to other envi-
ronmental compartments such as the atmosphere, the over-
lying water column, and to living organisms through
bioaccumulation and/or trophic transfer processes. The
potential release of methylmercury from sediments to the
overlying water column can harm the environment on a

local or regional scale, particularly in areas highly depen-
dent on fishery activities, endangering the system ecologi-
cally and economically as well as causing concern
regarding human health.

The importance of salt marshes is recognised worldwide
in providing essential ecological functions, such as hydro-
logic flux and storage, enhancement of metals accretion,
high biological productivity, biogeochemical cycling and
storage of contaminants, and habitat for fish and wildlife
(Richardson, 1999; Mitsch and Gosselink, 2000). However,
as transitional areas between land and sea, these ecotones
can receive large inputs of pollutants. It is important to
understand the mechanism of metals storage in salt marsh
sediments and plants to avoid them becoming a metal
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source to the surrounding areas due to physicochemical
and biological processes (e.g. erosion, dredging, early-dia-
genesis, bioturbation) which may remobilise metals from
sediments to the water column (Lee and Cundy, 2001).

Metals that are accumulated in the root system are con-
sidered to be phytostabilized, but the potential conversion
of inorganic mercury in the sediment due to root activity
remains an open question. It is stated that plant roots
can interact with the surrounding sediment, exuding oxy-
gen and organic compounds influencing the distribution
and availability of trace metals (Alloway, 1995; Mendels-
sohn et al., 1995).

Several reports have highlighted the potential role of
vegetation on mercury speciation and availability, namely
by enhancing mercury mobility in sediments: (a) through
changes of the redox state in the vegetated sediment; (b)
through mercury bio-accumulation into below ground
and/or above ground plant tissue; (c) through the minerali-
sation of senescent plant material, and (d) by enhancing
microbial methylmercury production in sediments associ-
ated with the root system. Salt marshes, where the redox
chemistry of sulphate plays an important role, are among
the environments with good conditions for mercury meth-
ylation (Hines et al., 1999).

Salt marshes have a high microbial activity, particularly
during the warm season, and the redox transitional areas at
plants roots appear to be ideal for methylation where
organic carbon and sulphate for bacterial respiration are
available. However, the presence of high total mercury
concentrations is not indicative of high levels of methyl-
mercury. Generally, methylmercury production in sedi-
ments is related to the factors that can control the
bioavailability of mercury into the sediments and by the

factors that control the activity of bacteria responsible
for mercury methylation (Hines et al., 1999). Methylmer-
cury studies in salt marshes are scarce and very recent
(Langer et al., 2001; Hung and Chmura, 2006; Kongchum
et al., 2006).

The aim of this study was to evaluate the potential role
of roots on the conversion of inorganic mercury into meth-
ylmercury. The work reports the first methylmercury values
for a southern European Atlantic salt marsh and also pro-
vides the first insight into the potential role of two widely
distributed estuarine salt marsh plant species (Halimione

portulacoides (L.) Aellen. and Arthrocnemum fruticosum

(L.) Moq.) in mercury speciation.
The study was conducted in Ria de Aveiro, a temperate,

shallow coastal lagoon located along the Atlantic Ocean
(45 km long; 10 km wide) on the northwest coast of Portu-
gal (40 038 0N, 8 044 0W) (Fig. 1) with an wetland area of
83 km2 at high tide and 66 km2 at low tide. Ria de Aveiro
is the most mercury-contaminated coastal system in Portu-
gal. Between 1950 and 1994, a confined area of Ria de Ave-
iro (Laranjo Bay) received continuous mercury discharges
from a chlor-alkali plant located in a industrial complex
nearby Estarreja (Fig. 1). Although a fraction of this mer-
cury has dispersed through the estuarine system, a consid-
erable amount (25 tons) was estimated to be stored in the
sediments of Laranjo Bay (Pereira et al., 1998). This area
has extensive intertidal flats and salt marshes, with mono-
typic stands of H. portulacoides and A. fruticosum.

Three sediment core samples of 12 cm depth were
collected in August 2005 during ebb tide in monotypic
stands of H. portulacoides and A. fruticosum and in the
adjacent sediment without vegetation (at a distance of
approximately 20 m). Above ground plant materials were

Es
ta

rre
ja

Cha
nn

el

0 0.5 1 km

Laranjo 
Bay

N

Aveiro

Estarreja

Industrial effluent 
dischargePortugal

A
tla

nt
ic

O
ce

an

Antuã Rive
r

StBStC

StE

Es
ta

rre
ja

Cha
nn

el

Laranjo 
Bay

N

Aveiro

 

Portugal

A
tla

nt
ic

O
ce

an

Antuã Rive
r

Sample station

Es
ta

rre
ja

Cha
nn

el

Laranjo 
Bay

N

Aveiro

Portugal

A
tla

nt
ic

O
ce

an

Antuã Rive
r

StBStC

StE

Es
ta

rre
ja

Cha
nn

el

Laranjo 
Bay

N

Aveiro

Portugal

A
tla

nt
ic

O
ce

an

Antuã Rive
r

Sample station

Fig. 1. Location of the Ria de Aveiro and the sampling site.
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also sampled. This sampling design allowed the assess-
ment of the effect of plants on mercury speciation. August
was the selected month due to known temperature depen-
dency of bacterial activity; i.e., maximum bacterial activ-
ity is achieved with higher temperatures (Ullrich et al.,
2001). Thus, the first 12 cm was chosen for the evaluation
since the root system is more active in this region, and the
oxic/anoxic interface has been recognised as the most
important area for mercury methylation (Ullrich et al.,
2001). Above ground biomasses of the two studied plants
were also estimated. Sediment cores were sliced in the
field into 1 cm sections, transported to the laboratory
under refrigerated conditions, and immediately frozen
(�20 �C). Prior to sediment segmentation, in situ redox
potential (Eh) and pH were measured (six independent
measurements) in each layer. In the laboratory, sediment
samples were homogenised, freeze-dried and sieved
(1 mm) in order to eliminate roots and other debris.
Roots were separated from the sediment and washed with
distilled water to assure that no sediment particles
remained. Plant material (roots and above ground bio-
mass) were also freeze-dried. After this process all sam-
ples were kept in the refrigerator under dark conditions
until analysis.

Sediment samples were analysed for water content (wet
weight minus dry weight; 120 �C for 24 h), organic matter
content as percentage of loss on ignition (%LOI) (dry
weight minus ash free dry weight; 500 �C for 4 h), and
for percentage of fine particles after wet sieving of dried
sample through a 63 lm mesh size sieve.

Total mercury concentrations in sediments and roots
were directly analysed by atomic absorption spectrometry
(AAS) with thermal decomposition, using an advanced
mercury analyser (AMA) LECO 254, according Costley
et al. (2000). The accuracy and precision of the analytical
methodology for mercury determinations was assessed by
the analysis of certified materials, BCR 60 (trace elements
in an aquatic plant), NRC PACS 2 and NRC Mess 3 (trace
elements in estuarine sediment) every day. Certified and
measured values were in general agreement, varying the
recovery efficiency between 94–110%, 97–107%, 90–95%
for PACS 2, Mess 3 and BCR 60, respectively.

Methylmercury was extracted from the sediments
according to Cai et al. (1997) and quantified by capillary
GC-AFS. This integrated gas chromatography – mercury
atomic fluorescence spectrometer (P.S. Analytical Ltd.,
UK) comprised an Agilent Technologies gas chromatogra-
phy, model (6890) – equipped with an autosampler coupled
to a PSA Merlin detector via a pyrolysis unit (PSA 10.750).
A fused silica analytical column (15 m · 0.53 mm ID-
Megabore) coated with a 1.5 lm film thickness of DB-1
(J&W Scientific) was used. The accuracy and precision of
the analytical methodology for methylmercury determina-
tions was assessed by replicate analysis of certified materi-
als, CRM-580 (estuarine sediment) and methylmercury
spikes. Recovery of methylmercury spikes varied between
73–91% for sediments and 100–105% for plant biomass.

All Laranjo Bay sediments consisted of a mixture of
sand and mud. Considering the percentage of fine particles
(53.9 ± 10.6%), there were no statistically significant differ-
ences between vegetated and adjacent non-vegetated sedi-
ments (P > 0.05). Nevertheless, organic matter content
(%LOI) was significantly higher in vegetated sediments
(mean value for the whole core, 22.5 ± 3.2%) than in
non-vegetated (mean value for the whole core,
8.7 ± 0.5%) (P < 0.05). Vegetated sediments were generally
more acidic (P 6 0.001, Mann-Whitney rank sum test), and
presented a significantly higher redox potential (Eh)
(P = 0.003, Mann-Whitney rank sum test) than the adja-
cent non-vegetated sediments (Fig. 2).

Salt marsh plants are able to aggregate sediment by act-
ing as sediment traps, and this may constitute the main
source of mercury through the settlement of suspended
particulate matter. In the present study, vegetated sedi-
ments were 1.4 times more contaminated than adjacent
non-vegetated sediments which is an indication that this
salt marsh contributes to the retention of mercury even
although the mercury discharges in the lagoon have ceased.
Concentrations of total mercury in the roots (Table 1) were
approximately two times higher than the concentrations
found in vegetated sediments (Fig. 3), which indicates bio-
accumulation of mercury by both studied plants.

Total mercury concentrations in the above ground bio-
mass (Table 1) were comparatively low, suggesting that
in both plants mercury is mainly cycled between sediment
and roots and only a small fraction is translocated to the
above ground portions of the plant.

No other organic mercury species rather than methyl-
mercury were found in the sediments and plants. Methyl-
mercury concentrations of 16.2–56.4 ng g�1 were found in
sediments of H. portulacoides and 10.2–75.8 ng g�1 for A.

fruticosum, while in non-vegetated sediments the values
ranged between 1.2 and 14.7 ng g�1 (Fig. 3). According
to Langer et al. (2001), during daylight the first 5 cm are
potential zones for methylmercury production in estuarine
sediments because of high sulphate reducing rates and rel-
atively low sulphide concentrations. In fact, this is
observed in the non-vegetated sediments as opposed to
the vegetated sediments, probably because of the activity
of the root system. Although values found in the vegetated
sediments can be considered high according to Ebinghaus
and Wilken (1996), they correspond to low percentages
of methylmercury (Fig. 4). Heyes et al. (2006) showed for
several ecosystems (Chesapeake Bay, Guanabara Bay, Gulf
of Trieste, Lavaca Bay, Hudson River, Tampa Bay and
Florida Bay) a lack of direct dependence between methyl-
mercury and total mercury concentrations in sediments.
In fact, in that study, the highest percentages of methylmer-
cury were found in sediments with lower concentrations of
total mercury. The difference in the mean values of the
sediments colonised by the two studied plants is not signif-
icantly different (P = 0.480, Mann-Whitney rank sum test),
while the difference in the mean values of the vegetated
sediments and non-vegetated sediments is significantly
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different (P < 0.001, Mann-Whitney rank sum test). Kong-
chum et al. (2006) reported for freshwater marshes percent-
ages of 3% for methylmercury while lower values were
found in salt marshes (1.7%). Lower methylmercury ratios
may be related to the higher concentrations of sulphate and
consequently higher concentration of sulphides resulting
from sulphate reduction, which can restrict the formation
of methylmercury due to the reduction of available mer-
cury substrate (Gilmour and Henry, 1991). According to
Gilmour et al. (1998) sulphide, as a result of sulphate
reduction, is considered to be most effective in reducing
mercury bioavailability for methylation processes.

Of the comparatively small amounts of mercury that
reach the above ground biomass, a significant fraction is
transformed to methylmercury since the percentage values
of methylmercury were considerable high: 17% was found
in the stems of H. portulacoides and 14% in the shoots of
A. fruticosum (Table 1). These values are in agreement with

the studies performed by Heller and Weber (1998) in the
Great Bay estuary (NH–USA) where high methylmercury
percentages were found in aerial portions of Spartina alter-

niflora (6.23–48.1%). Methylmercury concentrations found
in the roots were high, but corresponded only to 0.7% and
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Fig. 2. Eh (mV) and pH values (mean ± standard deviation) of Laranjo Bay salt marsh sediments colonised by H. portulacoides and A. fruticosum and in
non-vegetated sediments.

Table 1
Total mercury concentrations (ng g�1) and methylmercury (MeHg,
ng g�1) in above ground biomass and roots of H. portulacoides and
A. fruticosum collected at Laranjo Bay salt marsh

[Hg] (ng g�1) [MeHg] (ng g�1)

A. Fruticosum

Shoots 95.9 13.3
Roots 11.35 80.6

H. portulacoides

Stem 26.5 4.4
Leaves 54.1 <LOD
Roots 14.77 73.1
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0.5% of the total mercury for A. fruticosum and H. portula-
coides, respectively. Since the salt marsh vegetation areas is
extensively used for agricultural purposes and grazing
areas for cattle, its contamination is an environmental
and human health concern.

As methylmercury is the most toxic mercury compound
to living organisms, future research should evaluate the
ecological and toxicological implications of methylmercury
fluxes from pore water to the water column, and its expo-
sure to living organisms. Because the salt marsh areas are
vegetated sediments with lower pH values compared to
non-vegetated sediments, desorption processes of methyl-
mercury could possibly take place with subsequent
increases of methylmercury in pore water, as discussed by
Ullrich et al. (2001). Holmes and Lean (2006) describe sed-
iment-water fluxes of methylmercury between 1.6–
10.02 ng m�2 day�1 for a freshwater marsh. Although
H. portulacoides and A. fruticosum marshes in Ria the Aveiro
presented similar methylation ratios at the root system,

other salt marsh plants with more distinct physiology,
depth of active roots, life cycle, and tolerance to heavy
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Fig. 4. Values of methylmercury (MeHg, %) in Laranjo Bay salt marsh
sediments colonised by H. portulacoides and A. fruticosum and in non-
vegetated sediments.
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metals contamination (e.g. Phragmites australis, Scirpus

maritumus and Juncus maritimus), may provide evidence of
the distinct interactions between plant, bacteria and mer-
cury and on mercury methylation and availability. Thus pos-
sible plant species specific processes should also be assessed.
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LABs with a C10–C14 normal alkyl chain are the raw
material for the synthesis of linear alkylbenzene sulfonates.

Residue LABs in the linear alkylbenzene sulfonates have
been used as markers of municipal wastewater to monitor
sewage impacts on fluvial and coastal environments in
many regions (Eganhouse et al., 1983; Eganhouse and
Sherblom, 2001; Hartmann et al., 2000; Heim et al.,
2004; Isobe et al., 2004; Macias-Zamora and Ramirez-
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