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Distribution and behavior of many trace elements in the aquatic environment has been well 
characterized, but little is known about silver (Ag) concentrations in coastal waters, even though this 
element ranks among the most toxic to marine invertebrates (Calabrese et al., 1977 ; Fisher and 
Hook, 1997 ; Webb and Wood, 1998). Studies conducted by Flegal et al. (1995), River-Duarte et al. 
(1999), and Ndung'u et al. (2001), provided the first valuable data on Ag distribution in the oceanic 
environment, indicating that this element is found in very low concentrations in the dissolved phase. 
However, although silver concentrations in coastal waters do not reach the nanomolar range (Smith 
and Flegal, 1993 ; Squire et al., 2002), formation of a stable chloro complex enhances bioavailability 
and toxicity to biota (Luoma et al., 1995). Experimental studies have shown that Ag is toxic to some 
living organisms at environmentally realistic levels (Bryan and Langston, 1992). Silver found in the 
aquatic environment mainly originates in effluents from sewage treatment plants (Rozan and Hunter, 
2001). Silver can therefore be used as a tracer of wastewater discharges in coastal waters (Martin et 
al., 1988 ; Sañudo-Wilhelmy and Flegal, 1992), for instance through the use of sentinel organisms, 
which concentrate bioavailable contaminants in their tissues (Stephenson and Leonard, 1994 ; Jiann 
and Presley, 1997 ; Riedel et al., 1998 ; Muñoz-Barbosa et al., 2000). 

 
This study concerns biological monitoring as a means of providing a synoptic view of silver 

contamination in French coastal waters. The National Network for the Observation of Marine 
Environment Quality (RNO, the French Mussel-Watch) which has been regularly measuring 
concentrations of various chemical contaminants in oyster and mussel tissues for 25 years (Claisse, 
1989), has been monitoring silver levels since 2003. This valuable database including data collected 
at 80 sampling sites distributed along the French coasts (Fig. 1), is used as a reference to provide the 
spatial distribution of a given contaminant (Chiffoleau and Bonneau, 1994), identify trends of 
contamination/decontamination (Chiffoleau et al., 2001), and detect peak concentrations due to 
accidental events (Chiffoleau et al., 2004). Mussels (Mytilus edulis and Mytilus galloprovincialis) and 
oysters (Crassostrea gigas) are collected twice a year in February and November. Sample collection 
(size of samples, size of animals) and treatment (cleaning, depuration, removal of soft parts from the 
shells, draining, homogenization, and freeze-drying) are performed according to the OSPAR 
Convention guidelines and the method described by Claisse (1989).  

 
 



Aliquots of dried samples (200 mg) were mineralized by nitric acid (HNO3) at 90°C and 
atmospheric pressure (a routine procedure also used for other trace metals) and Ag levels were 
analyzed by graphite furnace atomic absorption spectrometry (AA800, Varian) using the Zeeman 
background correction for non-specific absorption. Although results with certified reference materials 
seemed satisfactory (Table 1), another analytical procedure described by Daskalakis et al. (1997), 
which uses a mixture of HNO3 and HCl, instead of HNO3 alone, was tested. In agreement with these 
authors, but only in the case where samples contained high levels of Ag, results obtained with the two 
methods significantly differed (Table 1). Martoja et al. (1988) showed that in oysters (Crassostrea 
gigas) experimentally contaminated with Ag, most of this metal is sequestered as sulfides in 
amoebocytes and basement membranes. The poor solubility of Ag2S in HNO3 may account for the fact 
that different results were obtained with these two analytical procedures.. The procedure using the 
mixture of HNO3 and HCl described by Daskalakis et al. (1997) was therefore selected. These findings 
show that the use of certified standards with contaminant levels that are very different from that of 
samples, increases the risk of validating an analytical procedure that is inadequate for this type of 
monitoring. Average concentrations presented in this study were determined based on the analysis of 
3 samples which were respectively collected in February and November 2003, and February 2004. 

 
Ag concentrations (Fig. 2) ranged from 0.02 to 4.4 µg g-1 based on dry weight (d.w.) in 

mussels, and from 1.1 to 65 µg g-1 d.w. in oysters. As suggested by Daskalakis et al. (1997) and O' 
Connor (2002), who were concerned with the American Mussel-Watch program, such discrepancies 
between concentrations found in mussels and oysters may be attributable to biological factors inherent 
to the species (e.g., the bioaccumulation factor) as well as differences in exposure to the contaminant. 
This is illustrated by data collected at sampling sites 20, 21, and 22 located along the Northern coast 
of Brittany, where mussels and oysters live in similar environmental conditions. In this area, Ag 
concentration in mussel tissues ranged from 0.06 to 0.09 µg g-1 d.w., and was of 5 µg g-1 d.w. in oyster 
tissues. This suggests that oysters accumulate 50 to 100 times as much Ag than mussels. 
Experimental contaminations should be carried out in order to assess this ratio more precisely. 
Consequently, we avoided comparing sampling sites monitored with mussels with those monitored 
with oysters. By differentiating in Fig. 2 the concentration scales for mussels and for oysters (a factor 
of 50 was selected between the two Y-axis), we tried to obtain an instant image of silver contamination 
along the French coasts.  

 
The lowest Ag concentrations measured in mussels were below the detection limit of the 

method routinely used by the RNO (0.02 µg g-1 d.w.). Extensive analyses revealed Ag concentrations 
of approximately 0.014 µg g-1 d.w. in mussels collected in the Thau lagoon (sampling sites 66 and 67). 
These concentrations are of the same order of magnitude as the lowest concentrations reported by 
Muñoz-Barbosa et al. (2000) in Mytilus californianus along the coast of Baja California. In the present 
study, the lowest Ag concentrations measured in oysters were around 1.1 µg g-1 d.w.. Presley et al. 
(1990), on the other hand, reported minimum concentrations of 0.2 µg g-1 d.w. in Crassostrea virginica 
from Tampa Bay, Florida. Our findings may therefore be reflective of a chronic contamination of 
French coastal waters. According to our results, the least contaminated areas in France were the 
Mediterranean coast (sampling sites 62 to 80) and Northern Brittany (sampling sites 14 to 24). 

 
Figure 2 shows two areas contaminated with silver : the plume of the Seine River (sampling 

sites 6 to 9) and the Gironde estuary (sampling sites 52 to 54). According to the RNO, these two areas 
have been contaminated with other trace metals for a prolonged period (Claisse, 1989). Ag 
concentrations measured in these areas are very high compared to the lowest levels observed in 
France (max/min > 200 in mussels; max/min = 60 in oysters). In mussels, however, these levels are 
relatively far from the highest concentrations reported by Daskalakis et al. (1997) in Mytilus 
californianus (34 µg g-1 d.w. at Point Loma, California). Silver mainly originates from urban effluents 
(Rozan and Hunter, 2001); however, as the sites affected by this Ag contamination are located in the 
estuarine plumes of two of the largest French rivers and consequently relatively far from potential 
continental Ag sources, these effluents may be highly diluted when they reach these downstream 
sites. This clearly indicates the significant availability of silver in saline water. Surprisingly, we did not 
observe peak concentrations at the mouth of the other two largest rivers of France, the Loire and the 
Rhone. Finally, this study shows that silver found in the plumes of rivers can be transported far from 
the point of discharge. A silver concentration gradient is thus observed in mussels from the north of 
France as far as sampling site 1, located nearly 300 km away from the Seine estuary, where 
concentrations reach 0.15 µg g-1 d.w., i.e. 10 times those observed in Northern Brittany. A gradient 
was also observed on the Atlantic coast, north of sampling site 54, located in the estuary of the 
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Gironde. Concentrations ranging from 5 to 10 µg g-1 d.w. were thus observed in oysters as far as 
sampling site 42. A similar gradient has been reported by Muñoz-Barbosa et al. (2000) along the coast 
of Baja California. This study shows that continental sources of silver, although located far away from 
the coastline, can extensively contaminate coastal waters and affect large areas. 
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Tables 
 
Table 1 - Quality control performance with CRMs and various samples from the RNO. The detection 

limit of the method was 0.02 µg g-1 dry weight. 
 

   Certified value 

(µg g-1 d.w.) 

Obtained value 

(µg g-1 d.w.) 

sample origin matrix  HNO3 HCl/HNO3 

CRM TORT-2 NRCC Lobster 
hepatopancreas 6.98 ± 0.33 7.0 ± 0.4 7.4 ± 0.4 

CRM DOLT-2 NRCC Fish liver 0.608 ± 0.032 0.59 ± 0.03 0.62 ± 0.03 

SRM 1566b NIST Oyster tissue 0.666 ± 0.009 0.64 ± 0.03 0.66 ± 0.03 

RNO 03-124  "  1.59 ± 0.08 1.60 ± 0.08 

RNO 03-153  "  43 ± 2 57 ± 3 

RNO 03-115  Mussel tissue  0.05 ± 0.01 0.05 ± 0.01 

RNO 03-109  "  4.5 ± 0.2 7.5 ± 0.4 
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Figure 1 – Locations of the sampling sites.  
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