
U N I T E D  N A T I O N S  E N V I R O N M E N T  PROGRAMME 

M. Bernhard: 

Mercury in the Mediterranean 

UNEP Regional Sew, Reports and Studies No. 98 

- 
UNEP 1988 



PREFACE 

Sixteen years ago the United Nations Conference on Human Environment (Stockholm 5-16 June 1972) 
adopted the Action Plan for the Human Environment, including the General Principles for Assessment 
and Control of Marine Pollution. In the light of the results of the Stockholm Conference, the 
United Nations General Assembly decided to establish the United Nations Environment Programme 
(UNEP) to "serve as a focal point for environmental action and co-ordination within the United 
Nations system" [General Assembly resolution 2997(XXVII) of 15 December 19721. The organizations 
of the United Nations system were invited "to adopt the measures that may be required to undertake 
concerted and co-ordi nated programmes wi th regard to international environmental problems", and 
the "intergovernmental and non-governmental organizations that have an interest in the field of 
the environment" were also invited "to lend their full support and collaboration to the United 
Nations with a view to achieving the largest possible degree of co-operation and co-ordination". 
Subsequently, the Governing Council of UNEP chose "oceans" as one of the '~riori ty areas in which 
it would focus efforts to fulfill its catalytic and co-ordinating role. 

The Regional Seas Programme was initiated by UNEP in 1974. Since then the Governing Council of 
UNEP has repeatedly endorsed a regional approach to the control of marine pollution and the 
management of marine and coastal resources and has requested the development of regional action 
plans. 

The Regional Seas Progr- at present includes ten regions 1' and has over 130 coastal States 
participating in it. It is conceived as an action-oriented programme having concern not only for 
the consequences but also for the causes of environmental degradation and encompassing a 
comprehensive approach to combating environmental problems through the management of marine and 
coastal areas. Each regional action plan is formulated according to the needs of the region as 
perceived by the Governments concerned. It is designed to link assessment of the quality of the 
marine environment and the causes of its deterioration with activities for the management and 
development of the marine and coastal environment. The action plans promote the parallel 
development of regional legal agreements and of action-oriented programme activities z/. 
The Mediterranean Action Plan was the first one developed in the framework of the Regional Seas 
Programme. It was adopted in early 1975 in Barcelona 31 and since then has shown a remarkable 
progress. 

1/ Mediterranean, Kuwait Action Plan Region, West and Central Africa, Wider Caribbean, East Asian - 
Seas, South-East Pacific, South Pacific, Red Sea and Gulf of Aden, Eastern AFrica and South 
Asian Seas. 

21 UNEP: Achievements and planned development of UNEP'S Regional Seas Programme and comparable 
programmes sponsored by other bodies. UNEP Regional Seas Reports and Studies No. 1, UNEP, 
1982. 

3/ UNEP: Mediterranean Action Plan. UNEP, 1985. 



A centra l ly  co-ordinated monitoring o f  the sources, levels and effects o f  pollutants, as well as 
research related t o  th i s  monitoring (NED POL) 9, 5/ was organized by UNEP as one of the 
conerstones o f  the Action Plan. The contamination o f  the Mediterranean by mercury and the 
elucidation of the processes governing the mercury was an important target o f  NED POL. 

This publication, prepared by Dr. H. Bernhard, was commissioned by UNEP t o  review the 
contamination o f  the Mediterranean basin by mercury on the basis o f  results obtained through W D  
POL and other programnes. 

4P FAO/UNESCO/IOC/MHO/WMO/IAEA/UNEP: Co-ordi nated Medi terranean Pol l u t  ion Moni tor ing and 
Research Programne (NED POL) - Phase I: Programme Description. UNEP Regional Seas Reports 
and Studies No. 23. UNEP, 1983. 

5 /  UNEP: Long-term programme for  pol lut ion monitoring and research i n  the Mediterranean (ME0 - 
POL) - Phase 11. UNEP Regional Seas Reports and Studies No. 28, Rev. 1, UNEP, 1986. 
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EXECUTIVE SUMMARY 

Environmental levels, elements o f  the biogeochemical cycle, toxic effects o f  mercucy on 
marine organisms and potential health effects on humans from mercury intake with marine foods are 
reviewed. Mainly 1 i terature concerning the Mediterranean has been considered, but where data were 
scarce the Mediterranean data were integrated with information from other regions. 

Mercury levels i n  a i r ,  sea water, sediments and biota from the Mediterranean are described 
and compared with selected levels from other regions. With the exception o f  Hg levels i n  biota, 
due t o  insu f f i c ien t  qual i ty  control, the accuracy o f  a l l  data i s  uncertain. I n  addition, the 
d i f fe rent  Mediterranean regions have been surveyed very unevenly. For some areas, i n  par t icu lar  
along the southern coast, very l i t t l e  data exist.  Therefore, the data reviewed cannot be used to  
describe the Mediterranean as an ent i ty  but they are only characteristic f o r  the region fo r  which 
the data were collected. 

The 1 imi ted data on the concentrations o f  "Gaseous Hg" i n  Ligurian and Tuscan rura l  areas and 
near anthropogenic sources are similar t o  concentrations determined i n  other regions. A i r  over 
land has higher Hg concentrations than a i r  sampled over the sea. High levels were observed near a 
Hg mine. The a i r  i n  rura l  areas o f  the M t .  h i a t a  Hg anomaly i s  higher than the levels i n  rura l  
areas not i n f  1 uence by Hg geochemical anomalies. 

The lack o f  proper qual i ty  control o f  the sea water determinations makes i t  d i f f i c u l t  t o  
select re1 iable data. Considering recent data, "open-sea" concentrations range between 7 t o  25 ng 
dissolved to ta l  Hg/L. Comparable data from non-Mediterranean regions range between 2 to  14 ng 
Hg-T/L. 

"Open-sea" sediments have Hg levels comparable t o  those o f  other regions. Anthropogenic 
influence i s  noted near c i t i e s  and industries. The influence o f  natural Hg sources i s  evident i n  
the sediment o f  the r ivers draining the Hg anomalies and i n  the sediments i n  the coastal zones 
adjacent t o  the r i v e r  outflows. 

I n  general, Hg levels i n  f i s h  and she l l f i sh  from the Mediterranean are higher than those from 
the Atlant ic. I n  large b luef in tuna high Hg levels occur i n  the muscle (up t o  about 6 mg Hg-T/kg 
fresh weight), but high concentrations were also observed i n  other organisms such as the striped 
mullet and the Norway lobster. The highest concentrations (muscle: up to  40 mg Hg-T/kg fresh 
weight) were determined i n  marine rnamnals. I n  the sane species the Hg concentrations increase 
with the size (age) of the specimens. I n  addition, organisms positioned higher i n  the food chain 
have higher Hg levels than the i r  prey. Data on several pelagic f i s h  and molluscs and marime 
manuals show that Mediterranean specimen o f  the same species have much higher Hg concentrations 
than specimens o f  same size from the Atlant ic. Interest ingly two tuna populations could be 
i dent i f ied  on the basis o f  the i r  Hg levels: one Mediterranean with high Hg levels and one Atlant ic 
with about 5 times lower Hg concentrations. The At lant ic  tuna migrate i n to  the Mediterranean 
during March-August only f o r  spawning and leave again through the S t ra i t  o f  Gibraltar. Tuna 
caught i n  the S t ra i t  o f  Gibraltar belonged exclusively t o  the " lotd ig population*. 

Natural and anthropogenic sources influence the environmental levels. Despite ear l ie r  
massive Hg contamination by chlor-alkal i plants ( i n  one case about IS MT o f  Hg/year) the influence 
of these Hg releases i s  l imi ted to  an area o f  10 to  20 kg coast l i n e  from the source. After 
severe reducti c.1 i n  the quantit ies released the environmental concentrations are slowly 
decreasing. Natural sources (Hg geochemical anomal ies belonging t o  the Medi terranean-Himalaya 
geological be l t )  have a much wider influence. Detailed studies indicate that they are the cause 
o f  the high Hg levels i n  marine organisms i n  many regions o f  the Mediterranean. 



Few data are so f a r  available on methyl mercury. I n  plants and plankton the methyl mercury 
percentage o f  t o ta l  mercury i s  lower than i n  organisms i n  higher trophic levels. I n  higher 
organisms methyl mercury increases with size (age). The dynamics o f  uptake and release of 
inorganic mercury and methyl mercury could be described successfully with a mathematical model. 
Bivalve molluscs seemed t o  be an exception i n  that the i r  methyl mercury percentage decreases wi th 
size. At present no explanation can be supplied fo r  these observations. Investigations on the 
molar ra t ios  o f  mercury and selenium have shown that seldom th i s  r a t i o  i s  equal to one. 

Few data are published on the elements o f  Mediterranean biogeochemical cycle. Therefore, 
selected data from other regions were considered also. The o r i g in  o f  methyl mercury i s  s t i l l  
uncertain. Model experiments designed t o  investigate the biological and abiological o r i g in  o f  
methyl mercury were carr ied out under conditions (high additions o f  Hg) which do not allow an 
extrapolation t o  natural conditions. Hence the ecological significance o f  these data i s  
uncertain. On the other hand there i s  no doubt that the chemical species o f  mercury are 
transformed by organisms and abiot ica l ly .  Model calculations show, however, that very small 
amounts i n  sea water (fract ions o f  ng/L are suf f ic ient  t o  allow an accumulation o f  high amounts of 
methyl mercury i n  marine organisms. Laboratory experiments have shown that the uptake o f  methyl 
mercury i s  very e f f i c i en t  and very l i t t l e  methyl mercury i s  released a f te r  uptake (biological 
half-time: several years). On the other hand inorganic mercury i s  taken up t o  a l imi ted extent 
and released with a biological half-time o f  20 to  30 days. This difference i n  the dynamics of 
uptake and release o f  these two major mercury species results i n  a re lat ive increase o f  methyl 
mercury with age. A mathematical model on the pelagic food chain o f  tuna i l lus t ra tes  these 
dynamics. With the exception o f  autotrophs the uptake of mercury through the food chain i s  the 
major path o f  mercury i n to  biota. 

Also i n  reviewing the effects o f  mercury on marine organisms non-Medi terranean data have been 
considered. No data could be found that investigated the toxic ef fect  through the food chain. 
Only data are available from experiments i n  which the organisms were exposed to mercury sa l ts  
added t o  sea water. Therefore, only data on organisms belonging to  the f i r s t  trophic level have 
any ecological significance. This explains why some organisms i n  higher trophic levels can 
withstand very high mercury concentrations. 

The high mercury concentrations observed i n  many fishes and shellf ishes raise the question o f  
possible health risks, especially t o  heavy consumers o f  seafoods. A few studies undertaken i n  
Mediterranean regions have shown that persons eating f i sh  many times a week have higher mercury 
levels i n  t he i r  blood and hair  than persons who do not eat f ish.  Surprisingly i t  was found that 
children o f  fishermen may be the persons most a t  r isk.  Pathological symptoms were observed. The 
legal 1 imi t s  o f  0.5 t o  1 mg to ta l  mercury/kg l i v e  weight o f  seafood i n  force i n  many countries do 
not protect the persons belonging t o  these "c r i t i ca l  groups". To protect the " c r i t i c a l  groups" 
the Provisional Meekly Tolerable Intakes based on recommendations o f  the World Health Organisation 
must be taken i n to  consideration. These intake 1 imi ts  are set a t  a weekly intake o f  not more than 
300 yg  to ta l  mercury fo r  a person weighing 70 kg o f  which not more than 200 pg should be methyl 
mercury. For children and persons weighing less than 70 kg the weekly intake has t o  be 
accordingly reduced. Since unborn and young children are more sensitive than adults the intake of 
mercury by pregnant women and young children must be further reduced. I t  i s  proposed that special 
efforts are made by the competent authori t ies t o  ident i fy  the " c r i t i ca l  persons" and " c r i t i c a l  
groups" and counsel them on the r i sk  t o  which they are exposed while consuming large amounts of 
seafood so that they are induced to  reduce the i r  mercury intake from seafoods. 
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1. INTRODUCTION 

Following the t ragic events o f  methyl mercury poisoning through seafoods i n  Japan (Rinamata 
Bay) and the discovery o f  high mercury (Hg) levels i n  Swedish f i s h  also i n  the Mediterranean area 
high mercury levels were found i n  several seafoods, especially i n  tuna and swordfish. 

I n  the early seventies several sc ien t i f i c  publications appeared which indicated that certain 
pelagic fishes had higher mercury levels than specimens o f  equal size o f  the same species from the 
Atlant ic. These observations have stimulated the United Nations Environment Programme (UNEP) i n  
co-operation with the relevant specialized United Nations Agencies (FAO, MHO, IOC, IAEA) t o  
propose a Co-ordinated Mediterranean Pol lut ion Monitoring and Research Programme (ME0 POL) to  the 
Intergovernmental Meeting o f  Hedi terranean countries i n  Barcelona i n  1975. One o f  the pollutants 
which received major attent ion i n  t h i s  proposal was mercury. 

I n  the following l i t e ra tu re  survey both data generated i n  the frame o f  the WED POL programme 
and data published independently i n  the sc ien t i f i c  l i t e ra tu re  on the mercury levels i n  various 
components o f  the Mediterranean marine environment w i l l  be discussed and where opportune compared 
with mercury levels from other marine regions. The information available on uptake, release and 
transformation o f  d i f fe rent  chemical species o f  mercury by marine b iota w i l l  be reviewed. Special 
attent ion w i l l  be given t o  the question o f  the b i o t i c  and abiot ic  o r i g in  o f  methyl mercury, since 
due t o  i t s  prevalence i n  seafoods and i t s  elevated tox ic i ty ,  t h i s  mercury species i s  o f  special 
concern. 

I n  order t o  evaluate the possible effects o f  mercury introduced i n to  the marine environment 
on marine organisms, the characteristics o f  natural and anthropogenic sources o f  mercury which are 
released i n to  the sea are described and compared with the effects that mercury compounds have on 
marine biota. The amounts o f  seafood eaten by d i f fe rent  human populations groups and the i r  
mercury intake w i l l  be examined and compared with the data on the tolerable intakes. 

2. GENERAL CHEMISTRY OF MERCURY 

Mercury, atomic weight 200.61, belongs t o  the group I I B  o f  the periodic table together with 
zinc and cadmium. A i r  i n  equil ibrium with metal l ic  contains 5.5 mg H ~ / &  a t  10% and 
13.2 mg Hg/d a t  20Â¡C Such high levels are never found i n  the atmosphere and, therefore, Hg 
i n  droplet form cannot occur i n  the environment (Ratheson, 1979). Under equi 1 ibrium condition the 
a i r  over inorganic Hg sal ts  can reach considerable concentrations. A t  equil ibrium HgS reaches 100 
ng Hg/& i n  dry a i r  and 5000 ng H ~ / $  when the re la t ive  humidity i s  close t o  la. Over HgO 
dry a i r  contains 2000 ng Hg/&, and over methyl mercury-chloride solutions (0.04 t o  0.08 X )  the 
a i r  concentrations range from 140000 t o  900000 ng ~ ~ / m ~  (Hatheson, 1979). 

Knowledge of the chemical forms o f  inorganic Hg i n  natural waters i s  largely due t o  
thermodynanic calculations which predict that i n  pract ical terms Hg(1) does not exist. Redox 
conditions determine the valance state. Mercuric species Hg(1 I )  w i  11 predominate i n  we1 1-aerated, 
oxygen-containing waters (Eh c i rca 0.5 V). HgÂ w i l l  be the main species under mi ld ly  oxidizing 
o r  reducing conditions, unless hydrosulfide or  sul f ide complexes o f  Hg(I1) are stabi l ized by the 
presence o f  sul f ide (Benes and Havlik, 1979). HgÂ i s  re la t ive ly  soluble i n  pure water and i n  
hydrocarbon solvents (Carty and Halone, 1979). "nemasa (1975) gives i t s  so lub i l i t y  a t  20% i n  
water a t  as 45 ug / l i t r e  and i n  sea water as 40.6 ug/L. I n  aqueous solutions HgC12 exists 
predominantly as undissociated HgC12 making i t  not a good source o f  Hg* ions, but Hg(I1) 
halides are important species i n  the environment establishing equ i l ib r ia  shown by Carty and 
Ralone, (1979) as follows: 



I n  su l f id ic  marine waters, i n  in te rs t i t i a l  water of sed im ts  and i n  Maste waters sul f id ic 
complexes are t o  be expected. ttg(I1) sulfide, cinnabar, has a very IOU solubi l i ty  (solubi l i ty  
product: 10-S%), Hg(I1) forms covalent bonds and i s  strongly coordinated with -SH ligands of 
biological molecules, especially proteins. 

The emphasis on methyl mercury (Wig) i n  the biogeochemical cycle has most probably 
distracted the attention from the fact that dissolved IteHg i s  not the dominant form o f  organic Hg 
i n  natural waters. CthHg* occurs i n  aqueous solutions as an aquo complex Oh-Hg-Otrt 
with a covalent bond between ttg and 0. The cation behaves as a soft acid 'and has a strong 
preference fo r  the addition of only one ligand. Cl@g+ undergoes rapid coo,dination reactions 
with S, P, 0, N, halogens, and C. The rate of the fornation o f  C1-, 8r-, and OH-conplexes i s  
extremely fast and i s  diffusion-controlled (Stumn and Morgan 1981). CHqHg, l i k e  Hg(II), forms 
strong bonds with sulfur, and i t  i s  very l i ke ly  that a l l  HeHg i n  biota i s  bound t o  the sulfhydryl 
groups o f  proteins. The organomercury-sulfide bond is, however, much less stable than the Hg-S 
bond and can be easily cleaved i n  acid solutions of  pH 1. This i s  used to l iberate HeHg from 
biological tissues pr ior  to  i t s  analytical determination. More details about the chemistry of 
mercury i n  biological system can be obtained from the review by Carty and Halone (1979). 

The CthHg+ un i t  i t se l f  i s  k inet ical ly remarkably inert  toward decomposition. Therefore, 
Wig compounds once formed are not readily demethylated. The neutral species formed with 
WHg* are hydrophilic and l ipophil ic; thus they can readily pass through biological and 
non-biological boundaries. This together with their  broad tendency to  form stable complexes 
quickly and the robustness of the ~th~g"*" unit  characterizes some o f  the toxicological 
properties of rletlg (Sturn and Morgan, 1981). 

The schemes proposed for  the biogmchemical cycle of  Hg show the dissolved inorganic and 
organic Hg as chemical species but i n  the actual environment the Hg species are associated with 
various ligands. For example, Andren and Harriss (1975) observed that i n  water samples from the 
Mississippi Delta and the Florida Everglades the dissolved mercury was associated w i  t h  dissolved 
organic matter. From 46 t o  82% o f  the total dissolved Hg was associated with fu lv ic  matter type 
ligands o f  a molecular size fraction of less than 500 and about 8 to 16% was associated with four 
greater molecular size fractions. I n  less saline water (salinity: S = 4) of the Everglades, with a 
higher load o f  dissolved organic matter, 38% of the dissolved Hg was associated with molecular 
size fraction of less then 500. Also Wallace (19BZ) found that 4 to  501 of the total Hg i n  coastal 
sea water were associated with surface-active dissolved or colloidal organic matter isolated from 
the water column o f  a controlled experimental system. More recently Suzuki and Sugimura (1985) 
found that the Hg i n  sea water was associated with organic matter of  a molecular size o f  9000. 

3. MERCURY LEVELS I N  AIR, SEA MATER, SEDIMENT AND BIOTA 

3.0 Data qual i ty 

One of the major problems encountered i n  the determination of  Hg levels i n  air ,  sea water, 
sediment and biota i s  the uncertainty i n  the accuracy and precision o f  chemical measurements 
(qua1 i ty  control 1. While the uncertainty o f  precision can be overcame by analysing an adequate 
number of subsamples of the original sample, the determination of  accuracy presents a formidable 
problem, especially since i t  i s  not suff icient to determine accurately the total  amounts o f  Hg i n  
samples o f  various matrixes but, more important, the exact amounts of  dif ferent key species o f  Hg 
must be determined. 



Recognizing that insuff icent analytical qua1 i t y  control may jeopardize the success o f  the RED 
POL Phase 1 projects, FAOAJNEP accepted the reconmendation o f  the 1975 Expert Consultation to 
sponsor an analytical qual i ty  control progranme (RED POL X I  " intercal ibrat ion o f  analytical 
techniques and c o ~ o n  maintenance service") i n  collaboration with the IAEA's International 
Laboratory f o r  Marine Radioactivity a t  Monaco (FAO/UNEP 1975). This project prepared and 
distr ibuted sediment samples and samples prepared from various marine organisms fo r  
intercal ibrat ion exercises ( e.g. Fukai e t  at. 1978, 1979; IAEA, 1978, 1985). Cert i f ied reference 
standards of the US National Bureau o f  Standards (WS) and reference samples from the European 
Connwnity (EC) were also used by workers from the Mediterranean area. Unfortunately, there are no 
intercal ibrat ion standards which could be used fo r  Hg analysis a t  the low levels found i n  sea 
water, rainwater and ai r .  The two Canadian sea water references (Marine Analytical Chemistry 
Standards Program, National Research Council o f  Canada, Ottawa) do not report data f o r  Hg. This 
i s  regrettable since, due t o  the extremely low Hg concentrations i n  sea water, rainwater and air,  
the uncertainty o f  the data available i s  very high (see also discussion i n  section 3.2). 

Intercal ibrat ion has two important aspects: part icipation increases the confidence i n  the 
analytical data published and i t  also improves the analytical technique used, since very often 
errors i n  the analytical procedures can only be detected through a part icipation i n  an 
intercal ibrat ion or a comparison with a ce r t i f i ed  standard. ~opping' (1983) describes the 
experiences gained during several in tercal ibrat ion exercises i n  the frame o f  the ICES monitoring 
programnes. The dist r ibut ion o f  standard metal solutions revealed that some analysts used wrong 
working standards. Adjusting fo r  these differences i n  standards reduced the range o f  submitted 
means of the intercal ibrat ion samples. Comparing the range o f  means submitted by laboratories 
which had participated i n  the f i r s t  three exercises showed a decrease o f  the interlaboratory 
coef f ic ient  o f  variat ion (CV) from 35 t o  5%. However, the lower levels o f  Hg i n  the two samples of 
the fourth intercal ibrat ion again increased the CV t o  33 and 50%. The International Laboratory of 
Marine Radioactivity (Monaco) distr ibuted several biological intercal ibrat ion samples i n  the frame 
o f  the RED POL programme. The CV i n  the di f ferent  matrixes ranged from 4 t o  40X (Fukai e t  a1. 
1978; IAEA, 1978, 1980, 1985). 

Results similar t o  those i n  the Mediterranean and the ICES areas have been obtained i n  
intercal  ibrations i n  other areas. A collaborative study o f  eight laboratories determining methyl 
mercury (HeHg) by electron-capture gas-1 iqu id  chromatography on b l i nd  duplicates o f  oyster, 
shrimp, tuna and swordfish samples containing 0.15 t o  2.48 mg %/kg resulted i n  a precision of 3 
t o  131 and an accuracy versus the reference values (established by the Associations Referee 
Laboratory) ranging from 99 t o  120% (Hight and Casper, 1983L 

The experiences with intercal ibrat ion o f  sea water samples may also be i l l us t ra t i ve  fo r  the 
special d i f f i c u l t i e s  encountered i n  determining the accuracy a t  very low levels. Spiked samples 
showed that a good comparability o f  the standard solutions examined, but data o f  the low level 
unspi ked samples (CV about 100%) indicated systematic errors (Olafson, 1982). Similar experiences 
were made i n  Japan. Intercomparison by 17 Japanese laboratories showed a wide scatter of data 
with CVs fo r  some samples as high as 831 (Sugawara, 1978). The scatter was wider i n  natural water 
samples than i n  synthetic solutions indicating d i f f i c u l t i e s  with the natural matrix, i.e. with the 
determination o f  d i f ferent  chemical Hg species. Also contamination from sampling devices caused 
d i f f i cu l t i es .  G i l l  and Fitzgerald (1985) report that sea water determinations carried out on water 
obtained from the WC sea water samplers attached d i rec t ly  to  the usual metal hydrowire resulted 
i n  substantially higher (>30 times) Hg concentrations o f  "reactive Hg". The authors were not sure 
whether the hydrowire, the PVC sampler o r  the handling o f  the samples aboard were the cause of the 
contamination. These observations are not new, since i t  i s  known now fo r  some time that the 
"usual" sampling gear used on oceanographic vessels i s  not suitable fo r  trace element analysis 
(e.9. Betzer and Pilson, 1975; Patterson and Settle, 1976). Also reaction vessels may be the 
cause o f  contamination. Baker (1977) found that  despite great e f fo r ts  i n  cleaning glassware, only 
quartz vessels were suitable t o  carry out the oxidation step necessary t o  transfer a l l  Hg in to  the 
analyte species. 



The results from these intercomparisons show that the data from different authors are not 
easily caqmrable. Only large differences in Hg concentrations may be significant. The 
uncertainty increases with decreasing Hg concentrations. This means that the uncertainty of the 
sea water concentrations, which are in the ng/L range, are much greater than that of the much 
higher levels (pg/kg) in sediments and biota. Nevertheless, large errors can also be c d  tted by 
experienced laboratories on biological samples (Topping, 1983). 

New analytical techniques with increasing sensi tivi ty and specificity make it possible to 
measure trace elements at very low concentrations. However, at the same time the risk of 
obtaining wrong results increases also. Examining, for example, the sea water values one gets the 
impression that the older data are much higher (section 3.2). A greater awareness of the 
analytical limitations of certain methods and of the risk of contaminating samples have increased 
the accuracy of the analytical determinations. Nevertheless, it is not possible to state 
generally that analyses carried out in recent years are necessarily more accurate than older ones 
and that lower trace element levels are necessarily the more accurate. Often not enough attention 
has been placed to losses occurring during the analytical procedures and whether the 
transformation of all Hg species present in the sample into the analyte species was quantitative. 

Unfortunately, despite the availabilty of the ME0 POL intercalibration 'service and of the 
reference standards from other agencies not a1 1 laboratories used these faci 1 i ties. Another 
disadvantage consists in the fact that the results of the MED POL intercalibration exercise 
renained anonymous and, therefore, it is impossible to say which of the laboratories 
intercalibrated successfully. This leaves the reviewer in doubt about the validity of the results 
unless the authors either stated their intercalibration results or give at least the 
identification number of the NED POL exercise. 

For a quality control of biological matrixes and of sediments reference samples and standards 
now exist and there is, therefore, no excuse for not making use of them. For sea water 
determi nations, direct comparison of samples exchanged between laboratories conveniently located 
so that the samples can be analysed shortly after sampling, should be encouraged. For air 
intercal ibrations in situ comparison seems to be the only possibility at present. 

3.1 Levels in air 

When evaluating mercury concentrations in air the different behaviour of the various Hg 
species must be taken into consideration. A1 though soluble and particulate Hg usually account for 
less than 1% of the total Hg (Hg-T) (Fitzgerald 3 a).. 1983) these two Hg species are mainly 
responsible for the transport of Hg from the atmosphere to the earth surface. Particles are easily 
washed out by rain or - to a lesser extent - scavenged by dry deposition. Often reference is made 
to "marine aerosol". This term is defined by Buat-Menard (1983) as a variable mixture of a11 
classes of particles (0.1 p to 50 p in diameter) found in the marine atmosphere consisting of 
modified marine and continental source materials. 

The number of Hg determinations in Mediterranean air are limited and come mostly from Tuscany 
and the Ligurian coast. Breder et dl. (1983) and Breder and Flucht (1984) (a smaller subset of the 
same data are also mentioned in Ferrara & a. 1984) compare Hg concentrations in air taken at 
ground level and on board a zeppelin a few hundred metres above the ground from different 
locations in Italy, (Table 1;. They collected the Hg present in air on small-diameter gold wire 
eliminating particulate matter with a 0.45 p pore size filter. The "gaseous Mg" determined by 
these authors is, therefore, operationally defined. This procedure has shown good collecting 
efficiency for non-particulate Hg species such as gaseous elemental Hg, MeHg, dimethyl mercury 
(DiMeHg) and HgC12 (Braman and Johnson, 1974; Seller et al. 1980). 



Table 1. "Gaseous mercury" (ng/d) i n  the atmosphere o f  d i f ferent  locations 
from NU I ta ly .  [Data from Breder e t  a1. (1983) and Breder and Flucht 
( 1984) I 

number mean range 
o f  

samples 

Tyrrheni an Sea 
(several km o f f  coast) 

I t a l i a n  Riviera 
(more than 0.5 km o f f  coast) 

Ligurian beach 
(Fiascherino) 

Mont Blanc (3842 m) 
(2300 - 3400 m) 

Tuscany ( rura l  area) 
Nt. h i a t a  (Hg anomaly) 

Hg mine exhaust 
(Abbadia S. Salvatore) 

near hot steam wells 
200 m downwind o f  wells 
geothermal power plant 

(Larderello) 
Livorno (urban area) 
Genoa (urban area) 
Florence (urban area) 
La Spezia (urban area) 
Dif ferent sites, Tuscany 
Rosi gnaw Sol way 
chlor-alkali plant 
ground level  
250 m above plant 
150 m above chimney 

Vesuvius 

0.9 - 2.7 

1.1 - 9.9 STP 

STP 

STP 

1.2 - 6.3 
8.2 - 86.3 

STP: vaTues corrected fo r  standard pressure and' temperature. MA: a l imi ted set o f  the saw 
data i s  published i n  Ferrara & 0. (1982). I n  Breder e t  a l .  (1983) and Breder and Flucht 
(1984) some data are the same, but i t  i s  not always possible t o  ident i fy  which are the 
identical ones. 

From Table 1 i t  i s  evident that near the Tuscan coast the a i r  has lower Hg concentrations 
than i n  ru ra l  areas i n  Tuscany and much loner levels are observed i n  "normal ru ra l  areas" than i n  
the rura l  areas o f  the Monte Annata Hg anomaly. Examples o f  more detailed measurements are given 
i n  Breder and Flucht (1984). Anthropogenic influences are shown i n  urban areas and near the Solvay 
chlor-alkal i  plant. The extremely high value o f  1244 ng tIg/m3 observed over Genoa during the 
1980 ai rship cruise could not be confirmed ei ther  on the ground or  during the 1981 cruise (Breder 
and Flucht, 1984). The levels determined on 12 t o  14 October 1980 over the s i tes  from Diano 
Marina t o  Genoa were repeated on 15 October 1980 during rain. This reduced the mean levels from 
3.7 ng Iig/r$ t o  2.4 ng tIg/r$. I n  Table 1 the overall mean i s  given, but i t  was not possible 
f o r  the reviewer t o  reconstruct the data, so, where possible, the means o f  Table 1 were calculated 
from the data given by Breder and Flucht (1984). The other means were c i ted d i rec t l y  from Breder 
and Flucht (1984). Breder a. (1983) found, however, that the high levels o f  the Solvey plant 
were very localized. Background levels were already restored 4 to  5 km from the plant. Revisit ing 
the s i t e  i n  1981 showed the Hg d is t r ibu t ion  i n  more detai l .  Levels from Florence to  the Solvay 
plant were s igni f icant ly  higher than levels from other areas. High levels (430 n g d )  were 
observed i n  a i r  collected from the exhaust o f  the vent i la t ion system o f  a cinnabar mine which had 
been closed two years p r i o r  t o  sampling. The authors were surprised to  f i nd  that the Hg 



concentration i n  the a i r  a t  a distance of  only 200 metres from hot steam wells  as reduced to one 
th i rd  o f  the concentration near the wells (Table 1). 

Also interesting are the levels found on Hont Blanc and Vesuvius. I t  my be uorthuhile 
pointing out that IMO teÃ‘s Breder and collaborators and Ferrara and collaborators, have been 
collecting data i n  the Tuscan region, often on the s ~ e  sites, hence t he re j s  sew confirmation of 
the data obtained. Ferrara e t  a1. (1982) also showed that the Hg concentration i n  urban areas my 
have a marked diurnal variation, not easily attributable to  industrial ac t iv i t ies  (Figure 1). 
These authors also report 0.2 to 0.3 ng Hg/d i n  aerosol and rainwater (Table 2) from an urban 
area. Rainwater collected early i n  a stom had higher Hg levels than rainwater collected later i n  
the storm because the early rain uashes out particles and scavenges Hg. Collecting successively 
IS0 m1 fractions during a ra in fa l l  showed that af ter  the th i rd  sample the dissolved Kg 
concentration reached a constant value which was 3 to 4 tines loner than the first sanple (Ferrara 
e t  a1. 1986~). 

Shani and Haccoun (1976) compared a i r  pol lut ion i n  the c i t y  Beer-Sheva (Israel) with an 
unpolluted desert area a t  40 km south o f  this city. The authors did not f ind any significant 
difference. The three measurements made ranged from 1.8 to  4 4. 

Particulate Hg levels are generally a feu per cent o f  the gaseous levels and, therefore, 
concentrations observed by Arnold e t  a1. (1983) agree with the data from ~d r ra ra  e t  a1. (1982), 
Breder & a. (1983) and Breder and Flucht (1984). I n  the course o f  tuo cruises Arnold e t  a1. 
(1983) investigated the trace metal concentrations i n  marine aerosols. They found high enrichment 
factors (EF) similar to  values observed i n  the North Atlantic (Table 3). They attributed the high 
EF to anthropogenic inputs from countries bordering the northern Mediterranean. An increase due to  
natural degasing from Hg anomalies (see section 4.1.1) was not considered by these authors. 

Comparing data from the Mediterranean with data from other areas show that they are of  the 
sane order o f  magnitude (Table 4). Data collected by Slenr e t  a1. (1985) show higher levels i n  
the northern hemisphere than the southern hemisphere (Figure 2). I n  rural areas levels are 
def in i te ly lower than i n  urban areas and higher levels were observed i n  a i r  over Hg anomalies than 
i n  a i r  over rural  background areas. The few data (n = 23) so far  collected indicate that open 
ocean atmospheric particulate Hg concentrations vary less than the values observed inshore i n  the 
Long Island Sound (Table 4). These inshore variations ref lect  the dependence of  particles on local 
sources and their  short residence time i n  the atmosphere. Fitzgerald fi G. (1983) separated 
inorganic from organic Hg i n  the vapour phase, assuming that a s i lver collection column positioned 
pr ior  to  a gold collection column would selectively remove elemental Hg plus (very probably) any 
other inorganic forms of  Hg while the organic Hg fractions would pass without being adsorbed and 
be trapped on the follouing Au collection column. They found a t  Enewetak that essentially a l l  
"gaseous Hg" was trapped on the Ag column and, therefore, a l l  Hg detected must be "inorganic Hg". 
I n  the a i r  o f  their  Long Island Sound campus on the other hand, substantial amounts of  "gaseous 
Hg" were also trapped on a gold column indicating that considerable amounts o f  "organic associated 
Hg" were present: 

Total "gaseous Hg" (n = 108) 2.9 + 0.5 ng/m3 
"Organo-tlg species" (n = 13) 50% (27 - 82%) o f  "total gaseous Hg" 

Using a similar technique combined with a gaschromatograph Slemr e t  a1. (1985) found a median 
of  MeHg i n  marine a i r  masses of  O.1 ng Hg/m3 (= < 5% of gaseous Hg). DiMeHg was 4 - 0 2  ng 
Hg/d (< 2%). I n  rural sites MeHg was 0.41 + 0.31 ng Hg/d (= 14% of gaseous Hg) and 0iMeHg 
O.05 ng Hg/d ( 4 4 %  o f  gaseous Hg). I n  urban a i r  the concentrations raised considerably: 
MeHg: 1.47 - + 0.5 ng tIg/d (= 15% of gaseous Hg); OiReHg: = 1.67 + 1.16 ng ~ g / d  (= 20% of 
gaseous Hg). 

Rain water was determined i n  Long Island Sound satisfactory only twice during the wet season 
(1.7 and 2.3 ng Hg/kg rain water). The particulate matter i n  the a i r  a t  that time contained 0.002 
ng Iig/m3. From these data Fitzgerald e t  a1. (1983) estimated the washout ra t io  as 1200. 

The very few data on Hg concentrations i n  rainwater from the Mediterranean can be compared 
with data from other areas (Tables 2 and 5). 



Figure 1. Diurnal variat ion o f  mercury concentrations i n  an urban (A) and a rura l  (B) area 
(Ferrara e t  a1. 1982). 

Table 2. Mercury concentration (ng/L) i n  rainwater from an urban area 
(Ferrara & e. 1982) 

Particulate <----- Dissolved Hg ------> 
Hg-T Ho-T reactive organically assoc. 

mean range mean range mean range mean range 

l a t e  r a i n  8 (4-12.5) 9.5 (6.6-14) 2.5 (1.5-4.5) 7.5 (3.5-11.5) 

Table 3. Mercury concentrations (ng/d) i n  aerosol i n  the Western 
Mediterranean (Phycemed 01). around S ic i l y  (Etna 80) and 
i n  the North At lant ic  (Arnold e t  a1. 1983) 

Etna 80 Phycemed 01 North Atlantic 
mean EF mean EF mean EF 

Noh: EF denotes e n r i c k n t  factor. It i s  defined as: 

EF = (element conc./Al conc. 1 i n  sample 
(element conc./AI conc.) i n  earth crust 



Table 4. Mercury d ist r ibut ion i n  the atmosphere 

"Gaseous (ton "Particulate Ho" 
( n g l d  reference 

n mean range n range 

Marine: 

Eneuetak, Tropical Pacific 
dry season 

(Apri l/May 1979) 
uet season 

(June/Aug 1979) 
Atlantic 

Northern Hemisph. 
Southern Hemisph. 

NW Atlant ic  
July 1979 

Long Island S. 

Non-marine: 

S. Sweden, rura l  
urban 

a t  1-3 km height 
Over remote land 
Mainz, c i t y  
Canada, ru ra l  

suburban 
Central Europa 

6 t o  12 km height 

m: "Gaseous Hg" i s  operational defined as the (to species which pass a Gelman Type 
A-E glass-fibre f i l t e r  with 0.3 JJII pore size. 

Ref.: a) F i  tzgerald a. (1983) e) Iver fe ld t  and Olson (1984) 
b) Slemr e t  a1. (1985) f )  Matheson, (1979) 
c )  Brosset (1981) g) Slemr e t  a1. (1979) 
d l  Schroeder (1981) 
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Figure 2. Latitudinal distribution of total  "Gaseous Mercury" i n  surface a i r  over the Atlantic 

($1- & a., 1985). The midpoint presents the position of the Intertropical 
Convergence Zone (ITCZ). The Northern Hemisphere i s  to the right.  



Table 5. Mercury concentrations (ng/L) i n  rainwater and icecores 

Location (MM range mfftrmcft 

Mediterranean: 

Capraia Is le  Oct 1983/Sep.1984 rain 

S. Pellegrinetto. Mountain area rain 
Oct. 1983/Sep.1984 

L i  vomo Oct . 1983/Sep. 1984 

Sol vay, ch lo ra l  kal i 
Oct. 198WSep.1984 

fit. ftniata, (to anomaly 
Oct. 1983/Sep.1984 

idem near vapour springs 
Oct. 198WSep.1984 

Atlantic Ocean Jan/Febr 1979 
Onsala, Sweden Aug 

Now 
Gothenburg, Sueden Nov 
Vendalen, Fredrika Nov 

Sweden (2 s q l e s )  
Vindeln, N. Sweden 
Denmark, rural sites whole year 
Green1 and 

Liverpool, UK 
North Sea 
Goettingen, FRG 
Hokkaido, Japan M Y *  

(coastal s i te)  Dee 
Dec-March 

Canada, several sites 
Quebec, Canada 
Southern New England Sept-Nov 
(coastal site) 

Northern New England March 
(mountain s i te) 

North Pacific Ocean 
A1 aska 
Tropical Pacific July 
Samoa Island Nov 

rain 
rain 
rain 
rain 
snow 

dissol. 8.4 
part. 10.9 
dissol. 7.9 
part. 2.1 
dissol. 13.4 
part. 13.3 
dissol. 17.0 
part. 9.3 
dissol. 9.5 
part. 9.3 
dissol. 14.4 
part. 6.7 

ra in  
icecores 
icecores 
ra in  
ra in  
early ra in  
rain 
rain 
SnoM 

snou 
rain + snow 
rain 

rain 

rain 
snow 
rain 
rain 

References : 
Brosset (1981) 
Brosset ( 1982) 
Anonymous (1979) 
Airey (1982) 
Brosset ( 1983) 
Ruppert ( 1975) 
Ratsunaga and Goto (1976) 
Fogg and Fitzgerald (1979) 
Schlesinger e t  a1 . ( 1974) - - - - 

quoted by Ratheson (1979) 
Tanlinson et  a1. (1980) 
Cantoray e t  a1. (1979) 
Nishimra (1979) 
Fitzgerald g& a. (1983) 
Ueiss g& d. (1975) 
Appelqvist & a. (1978) 
Boutron and lklmas (1980) 
Ferrara e t  a1 . ( 1986c) 



3.2 Mercury concentration in sea water 

Total Hg (Hg-T) concentrations have been lowered continuously in recent years mainly because 
more attention has been given to sample contamination. Since MeHg predominates in marine 
organisms, it is the most important Hg species from the biological and health protection point of 
view. Unfortunately only very few MeHg data for sea water exist (Yamamoto et a1. 1983; Egawa et 
fi. 1982; Fujita and Iwashima, 1981). Their values range from x0.03 to 6% of the Hg-T present 
(Table 6). No ReHg data exist for the Mediterranean. 

Several authors have determined "reactive mercury" i.e. the mercury which reacts with the 
reagents of flameless Hg determination (in general after the sea water sample has been acidified 
with HC1 for conservation during storage). "Reactive Hg" represents those Hg species that are 
readily reducible with SnC12 at the sample pH. These species include dissolved inorganic Hg 
species, labile organo-Hg associations and Hg that is readily leachable from any particulate 
matter present (Gill and Fitzgerald, 1985). Obviously, "reactive Hg" data cannot be compared with 
the concentrations obtained with analytical procedures that determine Hg-T which include also 
stable organo-Hg associations and Hg in particulate matter. The Hg species in sea water are only 
operationally defined and more work on the actual species present in sea dter are urgently needed. 

Data of Hg concentrations in the sea water from the Mediterranean are few; the validity of 
many of the older data is doubtful and even for recent data it is not clear which Hg species or 
groups of Hg species have been determined. Furthermore, several different methods have been used 
for which it is not clear which fraction of the Hg species present in the sea water were 
determined. At present the fraction of the Hg-T determined by each analytical procedure can only 
be operationally defined. This makes it impossible to compare results obtained by different 
authors and it is also not clear if the same analytical procedure will determine the same fraction 
of Hg species in different water masses. Hence the results are not comparable and the data 
published can only give an idea of the order of magnitude of the Hg concentrations determined. In 
Table 6 an attempt has been made to characterize to some extent the "operational species" involved 
and to illustrate the analytical difference in the methods used. 

It is now believed that the @ concentrations in open sea will range from fractions of ng 
Hg-T/L to ng/L (Bruland, 19831. However, one should not be inclined to accept the lowest values 
as the more accurate. Not all "mercury methods" determine total amounts and Hg adsorbs easily to 
surfaces. In addition, many Hg species are highly volatile. Hence involuntary losses during 
sampling, storage (only in glass bottles) and analysis are just as likely to occur as additions 
caused by sample and reagent contamination, or during analysis in Hg-contaminated laboratories. 
The lack of a sea water standard at ng Hg/L levels allows no estimation on the accuracy of the 
data presented and makes a comparison of data from different authors practically impossible. 

The sea water concentrations reported for the Mediterranean vary over a wide range (Table 6). 
The oldest data are from Robertson & c. (1972) and are much higher than the recent data. But 
also in recent data the means for total Hg (Hg-TI of different authors range from 7 to 25 ng 
Hg-T/L with ranges from 1 to 30 ng Hg-T/L. For many areas, especially of the eastern and southern 
Mediterranean no data exist. The different operationally defined Hg species have also wide 
ranges. It may be worthwhile noting that it is general pratice to acidify sea water samples for 
storage. This means that if unfiltered open-sea samples are analysed the acidified sample most 
likely have concentrations near total Hg concentrations. Means of Hg-T in "open sea" samples from 
non-Medi terranean areas range from 2 to 14 ng/L with some values up to 24 ng Hg-T/L. Also the 
levels reported for other operational defined Hg forms vary widely both in the Redi terranean and 
in other regions. So even if one is willing to accept these Hg levels as valid, no differences 
between Mediterranean and non-Medi terranean Hg concentrat ions can be es tab1 ished from the data 
because the range of means for the Mediterranean vary by a factor of about four and the range of 
means from other areas by a factor of seven. 



Table 6. Selected mercury concentration (ng/L) i n  sea water 
from the Mediterranean and other regions 

sampl i ng 
n mean range location depth (m) reference 

Mediterranean 

Open sea: 

Hg-T 3 92 62 - 110 Gibraltar 
Hg-T 47 10M 5 - 17 Nufledit. 
Hg-Td 4 25 20 - 30 Tyrrhenian 
Hg-Td 54 7.2 1.4 - 19.2 Tyrrhenian 
Hg-T 2120 90 -140 Cyprus 
Hg-R 56 0.1 - 50 W-Mediter. 
Hg-R 89 2 0.5 - 10 Ligurian 
Hg-Rd 46 2.9 0.5 - 5.9 Tyrrhenian 
Hg-A 7 2 0  8 - 3 2  NWMedit. 
Hg-A 46 10 3 - 23 NWMedit. 
H&A 10 26 10 - 40 Tyrrhenian O -  
Hg-A 6 30 5 - 80 Ionian-Cent 0 - 
Hg-A 3 40 15 - 80 Aegean 0 - 
Hg-A 4 16 12 - 20 S.Levant ine0- 
Hg-P 41 2.3 0.3 - 8 Tyrrhenian 0 
Hg-P 36 1.4 0.7 - 1.9 U-Ligurian ? 

Coastal areas: 

Hg-T 31 70 12 - 280(*)Estuaries 0 
Tuscan r i v .  

Hg-T 19 2.25 1.4-  5.6N-Tyrr. coa. 0 
Hg-Td 24 6.3 1.4- 8.0 Tyrrh. coast 0 
Hg-Td 46 Tyrrh. coast 
Hg-Td 93 Ionian coast 
Hg-T 6.5 Ionian coast 
Hg-T 20 9.6 1.7-  12.2TuscancoastO 
Hg-R 46 1.5 0.5 - 9 V i l l e f r .  B. ? 
Hg-R 16 2.0 0.5 - 2.5 Tyrrh. coast 0 
Hg-E 6 350 R 240 - 520 Thermaikos G.0 
Hg-E 4 340 M 210 - 370 Kavala Gulf 0 
Hg-P 20 3 0.4 - 3.6 Tuscan coast 0 
Hg-P 13 3.4 1.5 - 8.0 Tyrrh. coast 0 

Robertson e t  a1. (1972) 
Huynh-Ngoc 6 Fukai (1979) 
Fukai 6 Huynh-Ngoc (1976) 
Ferrara & c. (1986b) 
Robertson g& a. (1972) 
Copin-Montegut e t  a1. (1985) 
Copin-Montegut e t  dl .  (1986) 
Ferrara & fi. ( 1986b) 
Huynh-Ngoc 6 Fukai (1979) 
Aston e t  dl .  (1986) 
Huynh-Ngoc 6 Fukai (1979) 
Huynh-Ngoc 6 Fukai (1979) 
Huynh-Ngoc 6 Fukai (1979) 
Huynh-Mgoc & Fukai (1979) 
Ferrara e t  d l .  ( 1986b) 
Buat-Menard g& e. 1981 

Breder e t  a1. (1981) 

Barghigiani & a. (1981) 
Ferrara e t  dl. (1986b) 
Alpha e t  a1. (1982) 
Alpha e t  d l .  (1982) 
Brondi & e. (1986) 
S e r i t t i  & a. (1982) 
Copin-Montegut & a. (1986) 
Ferrara g& at. (1986) 
Fytianos 6 

Vas i l i ko i t i s  (1983) 
S e r i t t i  & c. (1982) 
Ferrara & a. (1986b) 



Open sea: 

Hg-T 47 2.2 5 1.0 
Hg-T ? 2 - 
w - T  2 3.8 - 
Hg-T 17 14 8 - 
Hg-T 45 3.6 - 
Hg-T 56 5.8 5 2.2 
Hg-T 139 5.6 5 1.8 
Hg-T 87 4.821.6 
Hg-T 27 5.2 + 1.9 
Hg-T 33 4.4 5 2.2 
Hg-R 73 1.5 + 0.7 
Hg-R 16 ~ 1 . 0  0.4 - 
Hg-R 81 0.9 - 
Hg-R 1.7 + 0.7 
Hg-R 16 0.5 0.3 - 
Hg-R 16 0.4 0.26- 
Hg-R 24 4.1 5 1.0 
Hg-R 8 + 4  
Hg-R 13 ~ 0 . 3 5  0.23- 
Hg-R ? 0.5 + 0.2 
Hg-R 52 5 3.9-  
Hg-P 2 1.2 - 
Hg-P 16 0.5 R 0.5 - 
Hg-P 28 0.2 - 
Hg-Or 17 6.8 R 3.6 - 
Hg-Or 45 1.7 - 
MeHg 5 0.3 R 0.1 - 
MeHg-P 2 0.2 - 

Coastal areas 

Hg-T ? 7.9 3.4 - 
Hg-T 15 0.07- 
Hg-T 4 5.1 3.2 - 
Hg-T 3 12.4 R 6.3 - 
Hg-R 27 0.1 - 
Hg-P 5 2 .3R1.8-  
ReHg 5 0.2 R 0.2 - 
MeHg-P 5 0.3 R 0.2 - 
ReHg 3 0.1 R 0.04- 

N-Atlant ic 0 - 1730 
8 At lant ic  0 
3.9 Japan Sea 0 

24 UNPacific 0 
20.5UNPacific 0 -6200 

Bering Sea 0 - >500 
Paci f ic  0 - >500 
Japan Sea 0 - >500 
E+S China S. 0 - >500 
Indian Ocean 0 - >SO0 
N-Atlantic 0 - 1730 

2.0 W t l a n t i c  0 - 1000 
6.2NorthSea 0 

S Iceland 
0.7 N-Atlan. st.  0 - 4750 
0.7 Sargasso st.  0 - 2600 

Gul f Stream 250- 4460 
Gulf Stream 0 - 750 

0.4 N-Pacific 0 - 4000 
Hawai-Tahiti 0 

5.6 JapanSea 0 -  1200 
1.5 Japan Sea 0 
0.9 UN Pacif ic 0 
0.8 UN Pacif ic 0 - 6200 

11 UN Pacif ic 0 
9.1 UNPacif ic 0 - 6 2 0 0  
0.9 Japan Sea 0 
0.2 Japan Sea 0 

22 "UK seas" 0 
O.Wuget Sound 0 - 5 
7.4 Suruga B.Jap 0 

16 Japan coast 0 
0.3iOPuget Sound 0 - 5 

11.4 Suruga B.Jap 0 
0.4 Suruga B.Jap 0 
0.3 Suruga B. Jap 0 
0.16Japan coast 0 

Olafson (1983) 
S lew & a. (1981) 
Fu j i  t a  and Iwashima (1981) 
Miyake and Suzuki (1983) 
Hiyake and Suzuki (1983) 
Nishimura & a. (1983) 
Nishimura & a. (1983) 
Nishimura e t  a1. (1983) 
Nishimura fi e. (1983) 
Nishimura fi a].. (1983) 
01 a f  son ( 1983 1 
G i l l  and Fitzgerald (1985) 
Baker (1977) 
Olafson ( 1983) 
Dalziel and (1985) 
Dalziel and Yeats (1985) 
Rukherji and Kester (1979) 
F i  tzgerald & a].. (1975) 
G i l l  and Fitzgerald (1985) 
Fitzgerald & a. (1983) 
Ratsunaga & e. (1975) 
Fu j i  ta  and luashima (1981) 
Riyake and Suzuki (1983) 
Riyake and Suzuki (1983) 
Riyake and Suzuki (1983) 
Riyake and Suzuki (1983) 
Fu j i  ta  and Iuashima (1981) 
Fu j i  ta  and Iuashima (1981) 

Baker (1977) 
Bloom and Creselius (1983) 
Fu j i ta  and Iuashima (1981) 
Yamamto & gl-. (1983) 
Bloom and Cresel ius (1983) 
Fu j i ta  and Iuashima (1981) 
Fu j i ta  and Iuashima (1981) 
Fu j i ta  and Iwashima (1981) 
Yamamoto fi gl-. (1983) 

Hg-T: to ta l  Hg 
Hg-Td: to ta l  dissolved Hg (membrane f i l t e red )  
Hg-A: ASV, unf i l tered a t  pH 2 
Hg-E: ammonium pyrro l id ine dithiocarbomate extracted with methyl-isotbutyl-ketone 
Hg-R: reactive tig ( i n  ac id i f ied  sample) 
Hg-P: part iculate Hg (membrane f i 1 tered) 
ReHg: methyl mercury 
Hg-Or: organic mercury 
N: med i an 
(*I:  levels too high [Stroeppler (19841, pers. coin.] 
?: data unknown 
#: range o f  means 
5: standard deviation 



The ver t i ca l  d is t r ibut ions o f  "reactive Hg" i n  the S t ra i t  o f  Gibraltar and other stations of 
the western Mediterranean are interest ing (Figure 3). I n  the S t r a i t  o f  Gibraltar the sa l i n i t y  
wedge a t  about 90 m depth corresponds to a Hg maximum. Does th i s  mean that high sa l i n i t y  
Mediterranean sea water has a higher Hg concentration than low sa l i n i t y  At lant ic  water? I n  a l l  
three figures, stations SRG1, SRG2, SRT and SRS1 have high surface Hg concentrations. The meaning 
of these high surface concentrations i s  not clear. The authors suggest that the Hg levels i n  the 
At lant ic  are higher than i n  the Mediterranean because o f  these high surface levels. These 
observations do not agree with the lower Hg levels observed i n  pelagic fishes from the S t ra i t  of 
Gibraltar (section 3.4.5) which would indicate low tig concentrations i n  surface sea water and i n  
the food o f  these fishes. Recently, Ferrara & @. (1986a) have determined dissolved Hg i n  sea 
water from the area around Gibraltar. These authors could not f i nd  an increase i n  Mg concentration 
towards the surface as shown i n  Figure 3 nor an increase o f  the Hg concentrations i n  sea water of 
higher sa l in i ty .  Unfortunately, only few depths were sampled i n  the d i f ferent  water masses. 

Levels i n  coastal areas are strongly influenced by natural and anthropogenic sources (section 
3.5 and 3.6). The data from Barghigiani e t  a1. (1981) and S e r i t t i  e t  a1. (1982) may give an idea 
o f  the possible (operationally defined) species o f  Hg i n  d i f fe rent  areas (Table 7): 

(i 1 i n  coastal zones without a strong influence o f  natural sources (north o f  the Arno River); 

( i i )  under the influence o f  natural sources (south o f  the Arno and south o f  Livorno, and the area 
under the influence o f  the Hg anomaly: stations 6 and 7); and 

(i i i under anthropogenic sources (around the Solvay chlor-a1 kal  i plant and the industr ial  area 
north o f  Livorno). 

Except f o r  the concentrations around the Solvay plant and the Orbetello Lagoon exceptional 
high values o f  soluble Hg were not observed and also the same high Kg levels were not found a t  
both sampling times. Part iculate Hg was high a t  the mouth o f  the Arno r iver. Clearly, sea water 
concentrations are less indicat ive fo r  pol lu t ion sources than sediments (section 3.5 and 3.6). 

The input o f  Hg (among other trace elements) i n to  the lagoon o f  Venice from 23 outlets was 
investigated by Bernardi & a. (1983). I n  two out lets on which data were presented the Hg 
concentrations ranged from not detected t o  26 pg/L with a mean o f  1.7 ug/L (the Oese r i ve r )  and 
from 45 t o  410 yg/L with a mean o f  170 pg/L (Silone Canal). These are cer ta in ly  high levels. The 
authors estimated the input i n to  the lagoon through the Dese r i ve r  as 0.17 NT/y (metric 
tonnedyear). For the Silone Canal no figures were given since the authors think that "the 
available data refer  t o  extreme situations and are. therefore, not suitable fo r  calculating the 
meana. Certainly, i f  the data on the water concentrations are correct, the input o f  Hg through 
the S i  lone Canal must be enormous. From September 1982 t o  August 1983 Bernardi g a. (1985) 
determined again the Hg i n  several out lets they found the following values: Silone 0.7 ug Hg/L, 
Dese 1.4 pg/L. Lova 0.9 pg/L. Montalbano 1.8 pg/L, and Trezze 2.5 pg/L. For the other out let  the 
authors d id  not give concentrations because the mean values were again considered to  be obtained 
under extreme condi t ions. 
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Figure 3. Vert ical  d ist r ibut ion o f  mercury. (a )  i n  the western Mediterranean basin; (b) i n  the 
S t ra i ts  o f  Gibraltar;  (c )  i n  the S t ra i ts  o f  S i c i l y  and eastern basin (Copin-Montegut & 
a. 1986). 



3.3 

Sea 

Table 7. Concentrations (ng/L) o f  d i f fe rent  fract ions o f  mercury i n  sea uater 
samples col l u t e d  i n  May-August 1980 and Hay-June 1981 from the 
western I t a l i a n  coast (Seri tti g a., 1982) 

No. location year Hg-T Hg-R (Hg-1)-(Hg-R) Hg-P 

Arno, mouth 

Tirrenia, beach 

L i  vorno, harbour 

Sol way 

Albegna, mouth 

Orbetello Lagoon 

L i  vorno, 
o f f  -shore 

Gorgona Island 
off-shore 

Capraia Island 
o f  f-shore 

Corsica , 
o f f  -shore 

Hg-1: to ta l  soluble Hg 
Hg-R: reactive soluble Hg 

Mercury i n  sediments 

Not many data on open-sea sediment concentrations have been collected i n  the Mediterranean 
(Table 8). I n  considering these data one has t o  bear i n  mind that the analytical procedures 

d i f f e r  between authors. I n  addition, even authors o f  recent papers have not reported whether they 
have checked the i r  analyt ical procedures against sediment reference standards now available from 
IAEA, NBS and others. The use o f  d i f fe rent  pretreatments (extraction methods) by the various 
authors make the results not s t r i c t l y  comparable, but the order o f  magnitude can be assumed to  be 
r ight .  The few data available today show that 0.05 to  0.1 mg Hg-T/kg DM (dry weight) may be 
considered a typical background value f o r  the Mediterranean. Industr ial  sources (see section 3.6) 
and the frequent natural geochemical anomal ies i n  the Mediterranean (see sect ion 3.5) influence 
the Hg d is t r ibu t ion  i n  the marine sediments adjacent t o  these sources. Near r i ver  mouths, due 
e i ther  t o  anthropogenic or  natural sources, sediments show higher levels. Where d is t r ibu t ion  
patterns emerged the data have been discussed individual ly countre clockwise around the 
Mediterranean coast. 

Obiols and Peiro (1981) investigated the Hg levels i n  sediments o f f  the Ebro delta. Later 
Peiro e t  a1. (1983) studied, among other elements, the d is t r ibu t ion  o f  Hg i n  more than 70 sediment 
samples between Barcelona and the Gulf o f  San Jorge. O f f  the Ebro mouth and o f f  Tarragons high Hg 
levels were observed showing concentat ions higher than 1 mg Hg/kg W offshore Taragona. Between 
the Ebro delta and Taragona concentrations vary between backgrc-iind levels and 1 mg Hg/kg DM. Where 
investigated, a decreasing gradient toward northeast was observed i n  front of the Ebro delta and 
one decreasing from Taragona southeastwards. The Hg content i n  sediments north of Barcelona, near 
the mouth of the r i ve r  Besos and near the Barcelona sewage ou t fa l l ,  showed high levels o f  Hg only 
i n  the surface layers near the sewage ou t fa l l  (Cros Miguel and Grancia Rey, 1980). These high 
concentrations decrease i n  the deeper layers o f  the sediments and a t  greater distance from the 
coast . 



Table 8. Selected mercury concentrations (mg/kg DM) i n  "open-sea" sediments 

depth n mean range location reference 
(m) 

A1 b r a n  
â‚¬-Gu Lions 
W-Gulf Lions 
NM Medi terranean 
SW Mediterranean 
Tyrrheni an 
Tyrrheni an 
Adriat ic 
Adriat ic 
Adriat ic 
S o f f  Crete 

Robertson e t  a1. (1972) 
Arnoux & c. (1983b) 
Arnoux & a. (1983b) 
Arnoux & c. ( 1983a) 
Arnoux & c. ( 19834 
Se l l i  & a. (1973) 
Se l l i  e t  a1. (1973) 
Se l l i  e t  a1. (1973) 
Se l l i  & a. (1973) 
Kosta & a. ( 1978) 
Robertson e t  a1. (1972) 

The French Mediterranean coast has received considerable attention. Hg concentrations were 
studied i n  the Marseilles area (Figure 4) and i n  the adjacent open-sea region (Arnoux e t  a1. 1981, 
1983a.b). The Etang de Berre, especially i n  the southerr k a r t  where most industr ial  plants are 
located showed high Hg concentrations (Figure 5). The highest levels were detected i n  1981 i n  the 
north (up t o  3.8 mg Hg/kg DM). I n  the Gulf o f  Fos the 6 3  )I fract ion o f  the sediments contained 
concentrations o f  up t o  6 mg Hg/kg DM, but the highest levels were observed near the sewage 
ou t fa l l  o f  Marseilles a t  Cortiou where concentrations up t o  16 mg Hg/kg DM have been found. These 
concentrations, however, level o f f  t o  less than 1 mg Hg/kg DU a t  - 3  km from the out fa l l .  The Hg 
gradient from the mouth o f  the Rhone t o  the ports north o f  Marsei 1 les show a considerable increase 
i n  Hg concentrations towards Marseilles. These high sediment levels probably are caused i n  part by 
wastes discharged in to  the Rhone and i n  part by pol lut ion caused by the industries located i n  and 
around Marseilles. For comparison, the highest levels observed i n  the Gulf of Lions had 0.63 mg 
Hg/kg DM (mean 0.175 mg Hg/kg OH) and the BIOMEOE cruises i n  the western Mediterranean showed that 
the maximum concentration was 0.57 mg %/kg OW with a mean o f  0.18 mg Hg/kg DM (Figure 6). 

Rapin & a. (1979) investigated the Hg levels i n  the f ract ion 4 3  JI of coastal sediments 
from St. Tropez t o  Cap Ferrat. High levels up t o  12.6 mg Hg/kg DM were observed i n  the ports of 
Cannes and Villefranche, while offshore levels were background o r  near background. Flatau e t  a1. 
(1983). determining the Hg levels i n  unfractionated sediments between 10 and 100 m depth, found 
values ranging from QI.01 t o  0.052 mg Hg/kg DM with a median o f  0.014 mg Hg/kg DM. These levels 
are background levels. The very high levels found by Rapin e t  a1. (1979) i n  the ports o f  Cannes 
and Villefranche are certainly unusual and the sources causing such high concentrations need t o  be 
identi f ied. 

The investigations on the sediment concentrations along the western I t a l i a n  coast w i l l  be 
discussed together with the i r  sources i n  sections 3.5 and 3.6. 

The Hg dist r ibut ion i n  sediments o f  the Gulf o f  Naples has been studied by Baldi & a. 
1983). They found high levels near Naples and other towns i n  the gu l f  (Figure 7). The vert ical  
Hg d is t r ibu t ion  i n  the cores showed higher Hg levels i n  the surface layers o f  the sediments 
(Figure 8) indicating continuous releases o f  Hg in to  the marine environment. I t  i s  noteworthy 
that near Cuma whe,-e the main sewage out fa l l  o f  Naples i s  located the Hg levels i n  the sediments 
are near background. This i s  certainly a remarkable difference t o  the high Hg concentrations 
observed near Taragona, Barcelona, Marseillse, Athens and Tel Aviv (see below) and the reasons for 
t h i s  difference are not clear. 



Angela e t  a1. (1981) and Oonazzolo e t  at. (1984) studied the Hg levels i n  sediments from the 
Gulf o f  Venice (Figure 9). The authors state that the high levels a t  some distance from the port 
entrances and the granulonetric cocposition of the sediments strongly indicate that the hioh 
concentrations are caused by direct dumping o f  wastes. 

The situation i n  the Gulf o f  Trieste i s  discussed i n  section 3.5. 

The sewage o f  Athens i s  discharged into the Saronikos Gulf. Investigating the distr ibution 
of Hg and other trace elements i n  sediment samples from this out fa l l  area, Grimanis e t  a1. (1977) 
found 9 to  10 mg Ho/kg DM a t  the entrance of  the Piraeus Harbour and 2 to  3 mg HgAg DM a t  the 
sewage outfal l .  The dominant dispersal path was directed south-eastwards and southwards. A t  
about 10 km distance from the outfal l  the Hg levels i n  the sediments were again a t  about 
background levels. 

Salihoglu and Yemenicioglu (1986) determined Hg and MeHg i n  r iver  deltas and harbours along 
the Turkish Levantine coast. The Hg concentrations i n  samples collected near Herein and i n  the 
harbour o f  Hercin were a t  background levels, and 5 to  20 I of  the Hg-T were Wig. 

h i e l  and Ndvrot (1978) investigated the Hg distr ibution adjacent to  the sewage out fa l l  of  
Tel Aviv-Yafo. Significant quantities of  trace elements (Ag, Co, Cr,  Cu, Ni. W and Zn) together 
with Hg were found i n  the sediments. The Hg concentrations decreased from about 0.5 mg Hg/kg DM 
to  background levels ( f t ~  0.1 mg @/kg DM) a t  a distance of  about 1700 m. Hornung e t  a1. (1984) 
studied the influence of  Hg releases from a chlor-alkali plant situated i n  the Bay o f  Haifa. 
These data and the influence o f  Hg sources near Alexandria are discussed i n  section 3.6. 

E I LLE 

Figure 4. Mean mercury concentrations (nig/kg OW) i n  sediments near Marseilles (Arnoux fi c. 
1983). 
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Figure 8. Mercury i n  the cores from the Gulf of  Maples (GN8) and coast of the Tuscan coast (CB4) 
(Baldi, 1986). 
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Figure 9. Mercury concentrations i n  sediments along the coastline of Venice. (Angela e t  a1. 1981). 





3.4 Mercury i n  marine biota 

I t  i s  well k n o ~ n  that mercury i s  an accumulative trace element, i.e. the body concentrations 
o f  mercury increase with age o f  the specimen. The Hg concentrations i n  an organism depend on 
environmental factors such as the concentration o f  Hg i n  sea water and i t s  food-chain posit ion 
and, i n  part icular, on the chemical species o f  Hg to which the organism i s  exposed (see section 
4.3). Various biological species may have d i f fe rent  Hg concentrations and also different 
biological tissues o f  the same species have di f ferent  Hg concentrations. I n  addition, the re la t ive  
d is t r ibu t ion  o f  various chemical species of Hg d i f f e r  between biological species and the i r  tissues 
and organs. This means that i t  i s  d i f f i c u l t  t o  compare the Hg concentration o f  different 
biological species. An e f f i c i en t  comparison o f  Hg concentrations i n  marine organisms can only be 
carr ied out on the re la t ion  between Hg concentration and size (age) i n  the specimens of the same 
biological species and the same tissues. Data on the Hg concentration i n  marine organisms without 
age o r  size data have very l imi ted use. If the sample selected i s  representative o f  the size 
d is t r ibu t ion  o f  the species i n  a catch o r  on the f i s h  market, i t  may s t i l l  be useful for an 
estimate o f  the frequency dist r ibut ion (abundance) o f  Hg concentration i n  the marine foods 
consumed, but rarely have samples been selected with th is  purpose i n  mind (Paccagnella & c. 
1973). / 

/ 

Due t o  the d i f f i c u l t i e s  i n  determining exact Hg concentrations i n  biological tissues the 
Hg/size relationship i s  s ta t i s t i ca l l y  more s igni f icant  a t  higher Hg body and tissue 
concentrations. The best correlat ion i s  exhibited by tuna (Figure l l ) ,  but also other marine 
organisms o f  d i f ferent  taxonomic groups show similar s i  ze-Hg concentration relationships (Figures 
12 t o  18). Further examples can be seen i n  other figures (see below and i n  sections 3.5 and 3.6). 
The only exceptions so fa r  reported concern mussels (see section 3.4.2). With few exceptions, only 
to ta l  Hg (Hg-T) concentrations are reported. However, recently a few data on ReHg concentrations 
i n  Mediterranean marine organisms have been published (see below and section 3.7). Because the 
physiological behaviour o f  various Hg species i s  very d i f ferent  (see section 4.3), f o r  a more 
precise predict ion o f  the Hg levels i n  marine foods detailed information on the chemical species 
o f  Hg i n  marine organisms i s  urgently needed. 

The largest uniform data base on Hg-T concentrations i n  the tledi terranean were collected i n  
the framework o f  the UNEP/FM monitoring programmes o f  the RED POL Phase 1 p i  l o t  project (FAO/UNEP 
1975). The participants i n  th is  project were aware that certain c r i t e r i a  had t o  be established i n  
order t o  make the survey effective. F i r s t  o f  a l l ,  a l l  participants had to  intercal ibrate with the 
reference materials distr ibuted by IAEA (see section 3.0). Since di f ferent  species and specimens 
o f  the same species o f  d i f ferent  size cannot be compared and also d i f ferent  tissues o f  the sane 
specimen may have di f ferent  l4g concentrations the results o f  the mi toring exercise can only be 
comparable i f  the size range and the tissues analysed were specified. A wide geographical 
d is t r ibu t ion  i n  the Mediterranean and edible tissues were the characteristics fo r  selecting the 
species and the tissues t o  be monitored: 

Mussels ( m t i l u s  gal lwrovincia l is) :  shel l  length 4-5 an; sof t  parts of 
individual o r  a composite sample o f  10 mussels without pal leal fluid; and 

Red Mullet (Mullus barbatus): fork length 10-1s un; f i l l e t s  o f  individual 
specimens or  a composite sample o f  the f i l l e t s  o f  6 specimens. 

Since high Hg concentration had been reported f o r  tuna and swordfish i t  was recommended to  
analyse specimens o f  the bluef in tuna (Thunnus thynnus) whenever available and regardless o f  size. 

I n  retrospect the d6i.a collected would have been more informative, i f  the participants had 
been asked to  es tab1 i sh "Hg concentrations versus sizea relationships, because, the differences i n  
Hg levels are much easier to  establ ish i f  the i r  "Hg concentrat ion-size" relationship i s  compared 
rather than the levels i n  specimens o f  the same size. 



Stimulated by the HE0 POL p i l o t  project many other species o f  marine organisms also have been 
analysed fo r  Mercury (Table 9) and i n  many cases their  "t+g concentration-sizem relationship was 
established. The data of these analyses uere transmitted to  FAO and are preliminarily su~marized 
by UNEP (Nauen e t  a1. 1980a). Subsequently individual workers have pub1 ished their  results i n  the 
open scientif ic l iterature. Since i t  i s  very d i f f i c u l t  to identify the single data i n  the 
individual publications a f ter  they have been summarized i n  the UNEP documents and since, on the 
other hand, data l imited to  only Hg concentrations without data on size can only give a very 
approximate idea of the Hg levels present i n  the marine organisms, the reviewer has preferred to  
use the tables already prepared by UNEP and to  treat individual data published i n  scientif ic 
journals only i f  they contain col lateral biological or ecological data which can explain phenomena 
of the Hg accumuation, retention and release. 

For th is reason also the data from Eisler (1981) w i l l  not be considered. Unfortunately, 
Eisler has compiled an enormous number o f  single data on element concentrations i n  marine 
organispis, but without any indication on size of  the specimens analysed and without any 
indication, whether the authors had analysed the sample under an adequate quality control. 

W e i g h t  i n  k g  

Figure 11. Total mercury concentrations i n  Thunnus thynnus fran the Strai t  of Gibraltar (d, 
Spanish coast ( x ) ,  the French coast (7) and Tyrrhenian Sea (A). The term FU denotes 
fresh weight. (Data fmn Renzoni e t  al. 1979; Establier, 1972, 1973, Bal l is ter  e t  al., 
1978; and Thibaud and Gouygou, 1979) 



BODY WEIGHT IN GRRMS 

Figure 12. Total mercury concentrations i n  Sardina pilchardus franthe Strait  of Gibraltar (0)- 
Tyrrhenian Sea (A), Sanrem (+) and Fano (x). The term FW denotes fresh weight. (Data 
from Stoeppler & a. 1979; Baldi e t  a1. 1979). 
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Figure 13. Total mercury concentrations i n  Engraulis encrasicholus from the Stra i t  of Gibraltar 
(01, Tyrrhenian Sea (A). Sawem(+) and Fano (x). The term FW denotes fresh weight. 
(Data from Stoeppler g& a. 1979, Baldi & a. 1979). 
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Figure 14. 
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BODY WEIGHT I N  GRRMS 

Total mercury concentrations i n  Scomber scomber and S. japonicus from the Stra i t  
Gibraltar (0). Tyrrhenian Sea ( A  ), Ostend (R) and Schevingen ( 9  1. The term 
denotes fresh weight. (Data from Stoeppler e t  a1. 1979). 
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Figure 15. Total mercuty concentrations in  Sepia vulgaris from the Ostend (0). Chioggia (XI. 
Tyrrhenian Sea (A) and Schevingen (+). The term FU denotes fresh weight. (Data from 
Stoeppler e t  a1. 1979). 
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Figure 16. Hg concentration Ã§s size i n  benthic crustaceans from remote sampling areas i n  the 
Ligurian and Tyrrhenian Seas (Baldi, 1986). Numbers i n  the graphs indicate sampling 
stations i n  the map. The data points the figure for & norvegicus refer  to i n  sample 
location S1  to  S3. Fu l l  c i rc le  = male; open c i rc le  with dot = female. 
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Figure 17. Total (0) and inorganic (+) mercury (rag) i n  dark mscle of Sarda sarda versus W 
weight i n  grains (Capelli & fi. 1986). 
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Figure 18. Mercury concentration vs. age i n  Upeneus moluccmsis, Wullus barbatus and Saurida 
undosquanis (Aydogdu & a. 1983). 



Table 9. Mercury levels i n  various Mediterranean marine organisms 
(Nauen e t  a1. 1980a). 

Besides the number o f  d i f ferent  single data sets ('number of data'), the number of samples 
they represent i s  given i n  brackets. Rean concentration o f  mercury and standard deviation (s) 
refer to single unweighted data. Numbers a f te r  a species name represent d i f ferent  Mediterranean 
areas based on General Fisheries Council Mediterranean (GFOT) classification. 

Species Number o f  data Average Hg s Range 
(number o f  samples concentrat ion 

analyzed) (ug kg-' W) 

Anguilla anguilla 
- h r r h a i s  m s  M e c a n i  
A m l o s s u s  laterna 
Arwrosana m i m  
Atherina hepsetus 
~~ 
ROODS salpa 
Call i nectes sapidus 
Carci nus medi terraneus 
Cower comer 
Dentex dentex 
Dentex qibbosus 
Oicentrarchus labrax 
Oiplodus sarqus 37.4 
Divlodus samus 37.3 
Donax trunculus - 
Eledone mschata 
Emraul i s  encrasicolus 
E p i m k l u s  
â ‚¬ n e ~ k l u s  aeneus 
Euthunnus a1 letteratus 
F la t f i sh  
Gobius niqer 
Gobius 
Hexanchus griseus 
Hamarus galmarus 
L i  thognathus mnwrus 
L o l i w  vulqaris 
Lovhi us pescatorius 
Lysmata semi caudata 
Haena s~ 
Merl anoius merlanqus 
Rerluccius merluccius 
Ricronesistius poutassou 
Mugi 1 cwhalus 
Huqi 1 auratus 
flu1 lus barbatus 
Rullus barbatus 37.3 
Rul lus barbatus 37.4 
Rullus sunnuletus 
Rul lus sunnuletus 37.4 
Mustel us mustel us 
ml iobatis aquila 



Table 9 (contad). 

Species Nuwber of date Average Hg s Rum 
(nunber of sfwles concentration 

analyzed) (ug kg-l FU) 

Rytilus ga l lowwinc ia l i s  
37.4 
37.3 
37 

Nwhrow me!2 icus  
Oblada mlanura 
Octoous vulturis 
&mmmis  unicolor 
Pmellus a c a m  
Pame1 lus emthrinus 
P w t l  lus b<MuraÃ§e 

~~ 
Pal- serratus 
Panda1 us boreal i s  
ParÃ§Denaeu lond ros tri s 
Pecten iacobaeus 
P e w s  kerathurus 
Plat ichtbs 
WUnUS O ~ ~ M ~ C U S  

Raja alba 
Raja asterias 
9rda s a d  
Sardina pilchardus 
sardintl la 
Saurida undosauanis 
Suder s k  
ss.!msm& 
Sc~liorhinus canicula 
SCYllarus 

o f f i c ina l is  
Serranids 

vulmris 
Smrus auratus 
SDhÃ‘mss mutabi 1 i s  
SDhyraena sdwraena 
SDrattus swattus 
SQIN~US acanthias 
Sauilla mantis 
lhunnus a l a l u m  
lhunnus thymus (canned) 
lhunnus thmnus (fresh) - 
Todarodes sagittatus 
Trachinus & 
Trachurus Medi terraneus 
Trachurus trachurus 
Triqla SD. 

beneus mluccensis 
UramscODus 
VeINJS ~ l l i ~  
Xivhias qladius 
Zeus faber 

108 
Ill 
534 
576 

144 
28 
88 

112 

329 
383 
60 

410 

113 
9 1 

62 1 
99 
39 

109 
119 
480 
168 
202 
156 
7 1 

1s 1 
32 

181 
76 

344 
211 
114 
178 
903 
75 

224 
165 
34 1 
54 
288 
88 
36 

650 
198 

3.4.1 Plankton 

Feu data have been published on Hg concentrations i n  plankton organisms (Tables 10 and 111. 
The sanples i n  Table 10 w e  ill plankton-net s q l e s  containing mixed species o f  phytoplankton and 

zooplankton. i.e. a mixture of  algae, herbivorous, omnivorous and carnivorous species and. 



therefore, the i r  value i s  very limited. The most extensive data are from Fowler (198%): 19 
samples from the Aegean Sea to Gi bra1 ta r  w i  t h  pore size 60 )I and 13 samples over the same distance 
with pore size 132 p .  I n  other areas nets with other pore-sizes have been used (60 t o  500 y). 
A l l  Hg concentrations are given without data on the taxonomic species composition. Depending on 
the pore size of the net, samples contain a varying mixture o f  phytoplankton and zooplankton 
species. I n  samples collected with small pore size nets more phytoplankton i s  collected than i n  
samples with larger pore size. I n  the largest pore size nets phytoplankton i s  present only i f  the 
nets clog. I n  addition, many factors (e.9. clogging, towing speed, net avoidance) not controllable 
i n  hauls with normal plankton nets, determine how many individuals and which are plankton species 
present i n  the sea water actual ly collected. Therefore, samples taken with the commonly used 
plankton nets w i  11 not be representative fo r  the actual plankton population present. Phytoplankton 
organisms are underestimated because many smaller organisms pass through the meshes o f  the nets, 
not t o  mention bacteria and microphytoplankton which can be smaller than 1 JJ i n  diameter. But also 
zooplankton i s  misrepresented because naupli i  and copepods w i  11 pass through the 180 JI pore size 
nets and many species can avoid the slowly towed nets (Bernhard e t  a1. 1973). Obviously the 
species composition o f  net samples taken with d i f ferent  pore size nets w i l l  vary widely and, 
therefore, Hg concentrations i n  samples taken with nets o f  d i f ferent  pore size are not comparable. 
This great va r iab i l i t y  i s  reflected i n  the wide variation o f  the Hg concentrations which range 
from 15 t o  560 p g  Hg-T/kg DM i n  the samples from the Nedi terranean and 6rom about 100 to  1100 J J ~  

Hg-T/kg DM i n  selected samples from other areas, excluding the high levels from the Adriat ic and 
the M i n m t a  Bay. This means that the Hg-T averages vary by a factor o f  about 40 i n  the 
Mediterranean and by a factor o f  10 i n  the data from the other areas. Even comparing plankton 
samples taken with nets having the same pore size shows ranges varying by factors from 4 t o  9. 

It i s  unfortunate that so l i t t l e  attention has been given t o  the Hg concentration i n  
individual phytoplankton and zooplankton species. Plankton serves as food for  the higher trophic 
levels and, therefore, i t  i s  o f  great importance to  obtain information on the concentrations of 
d i f ferent  chemical Hg species i n  phytoplankton and zooplankton, but these must be measurements on 
single plankton species. Since the l i f e  span o f  zooplankton ranges from weeks to  years Hg 
concentration versus developmental stages are needed t o  evaluate the dynamics o f  the accumulation 
and release o f  Hg species by these organisms which present the f i r s t  levels o f  the marine 
food-chain. Some species l i k e  euphausids have a 1 i f e  span o f  four t o  f i ve  years (Rauchl ine, 1980) 
which i s  comparable t o  that o f  sardines and Anchovy. Data on the re lat ive d ist r ibut ion between 
inorganic Kg and MeHg are needed t o  understand the i r  ro le i n  the dynamics o f  the accumulation and 
release o f  Hg species i n  the marine food-chain o f  which they are part (see section 4.4). 

The very feu data, seldom with information on the size o f  the specimens, available on 
individual plankton species are shown i n  table 11. The data i n  th is  and previous Table 10 show 
that plankton enriches the Hg concentrations from sea water (Table 6)  by a factor o f  1000 t o  5000 
and that, a lbe i t  on very 1 imi ted data, the Hg concentrations increases with size o f  the plankton 
organisms. Euphausids o f  one cm length contain on the average 80pg  Hg-T/kg DM, those o f  1.5 - 2 
on length 175 and euphausids longer than 2 cm contain 240 p g  Hg-T/kg DM. 

Fowler and h is  colleagues (Fowler, 1985a, 1985b; Aston and Fowler, 1985b; Aston e t  a].. 1986) 
have recently maintained that no difference exists between Hg concentrations i n  plankton from the 
Mediterranean and plankton from other oceans. I n  fact  the published data do not show any 
difference between Mediterranean plankton and plankton from other oceans (Table 10). This i s  
primari ly due t o  the great va r iab i l i t y  o f  the data obtained. I n  order t o  compare plankton 
organisms i t  i s  not su f f i c ien t  to  compare mixed plankton samples but, l i k e  i n  larger marine 
organisms, size versus Hg concentration relationships must be compared. I n  fact, Fouler (198Sa) 
has shown, a lbe i t  with some very l imi ted data, that the Hg concentration o f  euphausids, as to  be 
expected, increases with size (Table 11). Nevertheless, he and his co-authors (Fouler 1985~1, 
19856; Aston and Fowler, 1985; Aston fi. 1986) i ns i s t  that the Hg level i n  euphausids without 
any indication on size and that undefined ent i t ies such as mixed plankton samples can be used to  
compare Hg levels i n  planktonic organisms from di f ferent  oceans. Only a comparison between Hg 
concentration-size relationships from di f ferent  areas, similar to  the comparisons carried out with 
larger pelagic organisms (see section 3.4.4), w i l l  be able t o  se t t le  the question whether Hg 
levels i n  Mediterranean planktonic species are d i f ferent  from that o f  other oceans. 



The only data on organic mercury i n  plankton from the Mediterranean are from Aboul-Oahab & 
a. (1986). They found i n  32 mixed plankton samples that about 20X o f  the Hg-T was organic Hg 
(range 13 to 42%). The Hg-T of the 32 plankton samples analysed had a mean of 132 ̂ ig Hg-T/kg FW 
with a range from 70 t o  235 ug Hg-T/kg FU (Table 10). 

Table 10. Selected mercury concentrations (119 Hg-TAg) i n  mixed plankton 
samples 

Pore 
size fresh weight dry weight 

( in)) n mean min max mean min max 1 oca t i on reference 

Medi terranean: 

Non-Redi terranean: 

Aegean-Gibral ta r  
Aegean4 bra1 ta r  
SE-Medi terranean 
SE-Medi terranean 
E-Medi terranean 
Ionian 
Ionian 
Tyrrheni an 
Tyrrheni an 
NM-ftedi terranean 
Adriat ic 
Adriatic, open 
Aegean, coast 

Alexandria, coast 

N-Atlantic, shelf 
U-Atlantic, estuar. 
Caribbean 
Monterey Canyon 
Hawi i -Honterey 

Monterey Bay 
Monterey Bay 
Monterey Canyon 
Hawai i -Ronterey 

Monterey Bay 
Monterey Bay 
Monterey Bay 

O f f  Pacif ic Grove 
Pacif ic Gr. Cal i f .  
Rinamata Bay 
Yatsushiro Sea 

Rinamata Bay 
Yatsushiro Sea 

Note: R: median; Me: methyl mercury; 5 : standard deviation; nd: not detected. 

References: 
a: Fowler (1985a) 9: 
b: Kosta & e. (1978) h : 
c: Zaf iropoulos and Grimanis (1977) I : 
d: Vucetic & a. (1974) J : 
e: Windan e t  a1. (1973) k : 
f: Knauer and Martin (1972) 

Robertson & a. (1972) 
Kumagai and Nishimura (1978) 
Martin and Knauer (1973) 
Robertson g a. (1972) 
Aboul-Dahab a. (1986) 



Table 11. Mercury concentration i n  plankton species 

length swple  Ho-T/ka OU 
Species (-1 n c n  min max location reference 

Arcatia clausi ? 8 190 30 240 Elefsis B. (Greece) a 
Euphausiasop. ? 8 140 30 240 Mediterranean b 

1 3 80 55 100 East-Ionian-Tyrrh. c 
1.5-2 3 175 150 190 East-Ionian-Tyrrh. c 
>2 1 240 Eas t-Ionian-Tyrrh c 

neganycht i phanes 
norveqi ca ? 1 310 Ligurian Sea d 

a: Zafiropoulous and Grimanis (1977) 
b: Fowler g& a. ( 1976b) 
c: Fowler (1985a) 
d: Belloni e t  a1. (1978) 

Very few Hg levels are available on seaweeds. Capone e t  a1. (1986) found concentrations i n  
several zones o f  a contminated s i t e  t o  vary from about 10 t o  550 y g  Hg-T/kg FU i n  u, 
Enteranmha, Cla-hora, Graci 1 i a r i s  and i n  Rumia (Table 30). I n  Cladophora, 40% of the I@-T was 
MeHg. Salihoglu and Yemenicioglu (1986) determined Hg-T and MeHg i n  the macro-algae Caulerpa 
prol i fera. They found a mean (n = 17) o f  67 J I ~  Hg-T/kg DM (WOW circa 10) with a standard 
deviation o f  about 17. HeHg made up about 10% o f  Hg-T. 

Posidonia oceanica from Corsica had Hg concentrations ranging from 3 t o  30 ug Hg-TAg FU. 
Near the Solvay chlor-alkali plant the concentrations i n  the various parts o f  the seagrass 
increase about 10 times [Haserti and Ferrara, 1986). 

3.4.3 Crustaceans 

The Hg levels observed i n  crustaceans from the Mediterranean (Table 12) are surprisingly high 
when compared with other crustacean species from the ICES areas (Table 13). I n  the Mediterranean 
areas II and I V  mean levels o f  about 1100 J J ~  Hg-T/kg FU have been observed i n  Nephrops norvegicus 
(Norway lobster). I n  the other areas fo r  which data exist, the means are already much lower. The 
uneven dist r ibut ion o f  samples over the Mediterranean, most samples having been taken near the Hg 
anomaly of the W t .  Amiata (area IV) and i n  the Gulf o f  Genoa (area I I ) ,  gives the impression that 
i n  a l l  Mediterranean areas such high levels should be expected. More data, especially on Hg 
concentration-size relationships from a l l  areas are needed fo r  a rea l i s t i c  comparison. 

Baldi (1986). summarizing the results obtained by the scientists working i n  the I s t i t u t o  d i  
Biologia M i e n t a l e  (Siena), showed that, similar t o  other marine organisms, N. norvegicus also 
exhibits the typical "Hg concentration-size" relationship (Figure 16). Females have higher Hg 
levels than males o f  the same weight. These crustaceans are sampled a t  depths between 300 and 700 
m. Also Capelli & a. (1983) found i n  the Gulf o f  Genoa that i n  N. norvegicus Hg levels increase 
with length. Interesting, too, are the high Hg levels i n  benthic crustaceans collected i n  remote 
areas from industr ial  sources. For example, 35 km west o f  the I s l e  o f  Gig1 i o  corresponds t o  about 
50 km from the Tuscan coast a t  about 5JO m depth (Table 14). Very similar "Hg concentration-size" 
relationships t o  those o f  & norveqicus were observed i n  some o f  these species (L dactylopterus 
and g melastonmts i n  Figure 16). Penaeus kerathurus from the coastal waters o f  Alexandria had 
s l i gh t l y  lower Hg concentrations fo r  females [mean 150 (40-250) fig Hg-T/kg FU] than for  males 
[(mean 175 (30-315)], but since the ranges overlapped the difference i s  not signif icant. Organic 
Hg varied from 55 t o  75% o f  Hg-T (About-Oahab e t  a1 . 1986). Neptunus pelagicus from the same area 
had similar concentrations [mean 165 (70-325) }ig Hg-T/kg FU]. Organic Hg ranged from 50 t o  70% of 
Hg-T. Both species had posit ive Hg-T-si ze correlations. 



Table 12. Average total  mercury levels dig Hg-T/kg FU) i n  s q l e s  (n) of crustaceans. 
Data from HEO POL I p i l o t  project (Mauen e t  a1. 1980a) 

I 1  M e & o ~ s  m e n i c u s  129 1080 (!) 350-3000 
I V  N. norvegicus 86 1110 (!) 60 - 2900 
V I  N. norvegicus 7 290 190- 360 

V I  I I Penaeus kerathurus 10 175 75 - 475 
Carcinus mediterraneus 13 215 115 - 345 

I X  p. kerathurus 7 20 10 - 50 
XI1 Paramnaeus lonoirostr is 3 300 270 - 350 

( ! : value above 500 ug Hg-T/kg FW 
Sampling areas are shown i n  Figure 10. 

Table 13. Mercury concentrations (in/kg FU) i n  crustaceans (whole body) from 
ICES areas (median o f  means and ranges o f  means) ' 

mean range location references 

brown shrimp 110 50 - 230 North Sea ICES (1974) 
brown shrimp 140 70 - 390 North Sea ICES (1977b) 
brown shrimp 80 30 - 306 North Sea ICES (1977~) 
brown shrimp 80 + 20 Belgian coast ICES (1984) 
deep sea shrinp 25 & -  30 W. Greenland ICES (l977a) 

Table 14. Mercury concentrations 0>9 Hg-T/kq FH) In bentMc organisms from 
remote areas a t  about 500 m depth (Renzoni and Bald$, W3l> 

35 km nest of  I s le  Giglio 
Aristeus antennatus 12 5.1 2.5 - 7.5 750 400 - 800 + 
Helicolenus dactyl-. IS 130 20 - 280 1100 500 - 1800 + 
Ho~lostestus medit. 14 80 48 - 110 1WO 1100 - 2600 + 
Loohi us budegassa 2 360 - 9000 1350-2750 + 

SU of  I s le  S t .  Peter (SU Sardinia) 
Aristeus antennatus 28 35 20 - 60 1200 450 - 2100 + 
Centmkrus granil . 3 980 H 460 - 1150 110OH 800 - 2100 
Lwhius budewssa 3 660 H 580 - 740 930 670 - 1000 

NU I s le  Asinara (NM Sardinia) 
Aristeusantennatus 10 27H 12 - 80 560 190-1200 
Galeus mlastonus 4 300HH185 - 450 800 570-2200 
He1 icolenus dactyloo. 8 100 45 - 2200 650 370 - 1200 

20 km north o f f  Solenzara (Corsica) 
Galeus melastonus 13 320 120 - 480 1000 480 - 1300 + 
Nephrops norvegicus 15 110 35 - 160 350 250 - 1250 + 

H = median 



3.4.4 Molluscs 

Pbtilus gallwrovincial is, or i n  the feu locations uhere not available, other mussels o f  the 
same genera (Rodiolus barbatus, Perna perna), were the "obligatory monitoring species" of the WED 
POL Monitoring Progranne (section 3.4). As can be seen from Table 15 the Hg-T concentration vary 
widely. This i s  due to  the fact that sessile fi lter-feeder mussels are exposed to  local 
environmental Hg concentrations which are easily influenced by natural or anthropogenic sources. 
I n  fact, the great variation i n  Hg concentrations within a distance o f  only 92 meters (Figure 19) 
shows that the Hg concentration i n  a sessile organisms can change considerably within very small 
distances (Leonzio e t  a1. 1981). I n  using mussels fo r  monitoring of  trace elements th is must be 
taken into consideration and a composite sample must be taken from various sites located a t  some 
distance from each other to  be representative for  an area. Even greater var iab i l i ty  would 
probably be observed i f  the concentration o f  single mussels and not those of  composite sample had 
been reported. The Hg level determined i n  a homogeneous composite sample i s  equal to  the mean 
value o f  single samples. Therefore, i n  Table IS the mean value represents the mean of  "composite 
means" o f  the entire monitoring period and "linn" and "max" are the minimum and maximum of 
"composite means" observed during the monitoring period i n  composite samples of  more than 10 
individual mussels o f  a standard size range. 

Not a l l  molluscs accumulate mercury (and other trace metals) to  the same extent. As can be 
seen from Table 16, molluscs collected i n  the same area can reach very different levels. 
Food-chain relationships could be the main cause, but the reasons for  the differences are not easy 
to  identify. A l l  molluscs i n  th is table are filter-feeders consuming inorganic and organic 
particles. Venus and Tapes inhabit sandy bottoms and have low Hg levels, uhi le Hytilus and 
Ostrea, l i v ing  i n  the in t ra l i t to ra l  zone attached to  hard substrates or on hard gravel or rocky 
bottam, have higher levels. The highest level i s  reached by Ensis which l ives deeply b u r r a d  i n  
low-depth muddy sand beaches i n  the in t ra l i t to ra l  zone. It would be interesting to  analyse 
gastropods which prey on other molluscs. They should have higher levels than the filter-feeder 
they prey on. Unfortunately no size measurements are supplied with the chemical data so 
differences may also be due to  different age. 

The Hg-T values shoun i n  Table 15 can be canpared with the Rytilus edulis Hg determinations 
carried out i n  the framework o f  the ICES monitoring exercises (Table 17). Examining the data i n  
these two tables show that the ranges o f  Hg levels for  mussels from the Mediterranean are much 
wider than those from the ICES area. I n  one area, the Adriatic Sea (area V ) ,  the mean o f  26 
composite samples i s  870 p g  Hg-T/kg FU and the maximum i s  7000 yg Hg-T/kg FU. 

Interesting are recent data (Figure 20) on mussels (& galloprovincialis) and on oysters 
(Ostrea which shw that the mthy l  mercury (Najdek and 8azulic, 1986) and total  mercury 
(Tusnik and Planinc 1986) i n  mussels from the Yugoslav coast decreased with increasing dry weight 
of the specimens. These observations are different from those made i n  other marine organisms where 
generally the Hg concentrations increase with weight. Also Hornung and Oren (1980/81) found a 
negative correlation betwen Hg-T i n  the soft parts and she1 1 length i n  Donax trunculus from Haifa 
Bay. So far  no explanation can be given. 

For o f f i c ina l i s  Hg-T concentration increase with size and the concentrations i n  
specimens from the Tyrrhenian Sea are higher than concentrations i n  specimens from Ostend and 
Schevingen (Figure 15). Comparable levels o f  sepias from the Chioggia (Adriatic Sea) are higher 
than the ones from the Tyrrhenian. 



size classes 

a 16-25mm 
0 26-35mm 
0 36-45mm 

Figure 19. Variation in mercury concentration in Mytilus gallo~rovincialis specimens collected 
within a distance of 92 m according to size classes (Leonzio 9 c. 1981). 



Table 15. Overall averages of levels of mercury in composite samples (n) 
of molluscs. Data from HE0 POL I pilot project, 
(data from Mauen et a1. 1980a). 

area species n mean ' range 

11 Mytilus gallwrovincialis 37 70 15- 400 
111 Perm perna 192 76 20 - 370 
IV Hytilus gallwrovincialis 59 240 25 - 1260 (!) 
V Mytilus galloprovincial is 26 870 (!) 25 - 7000 (!) 
VI Hytilus gallwrovincialis 12 75 35 - 145 
VII Li thophaoa l i  thoohaoa 5 165 80- 290 
VIII Hytilus gallwmvincialis 175 105 5 - 920 (!) 
IX Mytilus galloprovincialis 4 37 20- 50 

DOM trunculus 42 210 35 - 910 (!) 
XI Mytilus gallwrovincialis 3 190 20- 290 
XI1 Mytilus galloprovincialis 3 160 140 - 170 

( ! : value above 500 pg Hg-T/kg FU 
Sampling areas are shown in Figure 10. 

Table 16. Mercury concentrations (ug/kg DM) of the soft part of molluscs 
from the costal waters of the uestern part of the Saronikos Gulf 
between flegara and S l d s  Island. All samples were collected 
between 0 and 12 m depth. (Papadopoulou and Kanias, 1976) 

species concentration 

Coefficient of variance 10% 

Table IT. Fkmury concentrations b g  Hg-T/kg FU) in Hytilus edulis fran the ICES areas 

mean range location reference 

Son 20 - 130 Noruay/Nei.herl./England ICES (1977~) 
France, coast (1975) 

50M <20 - 70 UKAJetherl ./France, ICES (1977~) 
coast ( 1976) 

50 10 - 100 Canadian coast ICES (1980) 
60 4 0 -  120 Males/England ICES (1984) 
130 - + 30 Belgian coast ICES (1984) 
170 90- 300 French coast ICES (1984) 

H: median 



gram weight 

Figure 20. Relationship between methyl mercury and dry weight i n  oyster (open c i rc le,  dashed 
l i ne )  and mussels ( f u l l  c i rc le,  continuous l ine)  (Najdek and Bazulic, 1986). 

Oue t o  i t s  m a r l y  ubiquitous dist r ibut ion i n  the Mediterranean, the striped mullet (Mullus 
barbatus) was chosen as the species t o  be monitored f o r  mercury (see section 3.4). Since i t s  Hg 
concentration i s  related t o  size (see below), the length o f  the specimens was prescribed. 
However, i n  th i s  preliminary summary o f  the data obtained i n  the RED POL Phase 1 project not a11 
part icipants reported only on & barbatus o f  the prescribed size and hence the data shown i n  Table 
18 are not s t r i c t l y  comparable. From these data i t  appears that the & barbatus o f  areas I1 and 
I V  have higher Hg levels than those o f  other areas. These results are similar to  those already 
observed fo r  & norvegicus (Table 12). Data published before ME0 POL I and sunroarized by Bernhard 
and Renzoni (1977) have already shown that & barbatus can have high Hg levels (Table 19). 

The f i r s t  data, showing that mercury concentrations were higher i n  pelagic fishes from the 
Mediterranean than i n  the same species from the Atlantic, were published i n  the early seventies 
(Thibaud 1971, Cumnt & a.. 1972). These data were la ter  conf inned by data obtained on both 
Mediterranean and At lant ic  specimens i n  a collaboration between the I s t i t u t o  d i  Biologia 
M i e n t a l e  (Siena), I n s t i t u t  fuer Angewandte ~hysikal ische Chenie (Juelich, RFT) and the Centre 
for Marine Studies (ENEA, La Spezia) (Baldi e t  al.  1979b; Renzoni a. 1979; Stoeppler g a. 
1979) and integrated with data on ei ther  regions from other authors (Table 20). The three groups 
intercal  ibrated with each other and i n  addition made extensive use o f  reference materials supplied 
by NBS and IAEA (Stoeppler e t  a l .  1979). Comparing general data from the North Atlantic with those 
from the Mediterranean show that i n  general Mi terranean fishes have higher Hg levels (Tables 18 
and 21). I n  fact, only the means o f  the Hg levels i n  plaice from the Atlantic are higher than 500 
fig Hg-T/kg FW, while several of the Mediterranean species do exceed th is  level. Note that Table 21 
reports on median and range o f  means while the other tables give means and ranges o f  individual 
values ( individual specimens and cornnosite ciximlaci 



Table 18. Averages of mercury concentrations (ug Hg-T/kg FU) according to UNEP 
sampling areas (Nauen fl. 1980a. mdi f ied)  . 

area sped es n mean range 

I I Emraul i s  encrasicholus 37 140 20 -  300 
I'IuIIus barbatus 262 590 (!) 15 - 5600 (!) 
& sumuletus 5 260 70 - 510 (!) 
Sarda sarda 14 1000 (!) 290 - 2300 (!) 
Thunnus thynnus 176 1100 (!) 20-6290 (!) 
Xiphias gladius 1 150 

I I I M. sunnuletus 204 90 30 - 230 
IV E. encrasicholus 44 157 65 - 380 

M. barbatus 195 1440 (!) 60 - 7050 (!) 
Thunnus a la l  umaa 8 215 90 - 336 

V & barbatus 6 190 100 - ,390 
VI E. encras i chol us 11 145 55 -, 270 

M. barbatus 13 190 45 - 330 
1. alalu 8 275 6 0 -  400 

VII h r b a z  11 165 30 - 280 
Trachurus medi terraneus 5 345 80 - 955 (!) 

VI I1 Herluccius merluccius 10 315 60 - 840 ( ! I  
Nuail auratus 16 350 85 - 2500 (!) 
M. ce~halus 3 165 70 - 300 
& barbatus 127 175 15-  1400 (!) 
1. thynnus - 7 370 70 - 890 ( 1 )  
1. medi terraneus - 3 340 320 - 365 
X. sladius 8 280 85 - 755 (!) 

IX iiiims salm 3 10 5 - 15 

~ ! l ! E E  5 135 40 - 430 
Mud? auratus 39 170 1 - 5600 (!) 
Ft. barbatus 6 55 2 -  90 
ft. barbatus 168 140 30 - 475 
ft. sunnuletus 13 35 1 -  80 
Upenaeus mluccensi s 7 200 100- 430 
Dentex dentes 6 385 220- 480 

~ s u s  12 140 100 - 180 
Evine~helus aenus 4 250 100- 400 
& merluccius 6 150 3 1 -  260 
Page1 lus a c a m  7 190 70 - 340 
Pagel lus erythrinus 112 205 55 - 805 (!) 

X Saurida undosquani s 143 135 40 - 650 (!) 
Spbraena sphwaena 7 165 8 0 -  245 
T. medi terraneus 48 95 10 - 415 
U. mol uccensi s 120 440 40 - 1120 (!) 

X I  M. sunnuletus 5 150 15 - 380 
1. thynnus - 1 550(!) 

XI1 merluccius 3 815 (!) 780 - 850 (!) 
!'I& barbatus 3 215 210 - 230 
P. erythrinus - 3 220 210 - 225 
1. medi terraneus - 3 345 340 - 350 

( ! I  a levels above 500 ug Hg-T/kg FU 
sampling areas are shown i n  Figure 10. 



Table 19. Hercuty concentrations Qg Hg-T/kg FU) and length (m), i n  mullus barbatus 
and H. sumuletus from the Mediterranean. (Bemhard and Renzoni, 1977) 

Ho concentration fork length 
sample location n mean range mean range reference 

Mullus barbatus: 
St ra i t  o f  Gibraltar lOn 280 50 - 615 (!) 16 12.5 - 21.5 a 
Ebro - Blanes 
La Spezia - Carrara 
Off r iver  Arno 
North o f  I s l e  Elba 
Piombino, market 
Orbetello, market 
I s le  Monte Cristo 
Talamone coast 
South o f  I s l e  Gigl io 
O f f  North Sardina 
Civitonecchia to  
Reggio Cal. markets 

O f f  Pescara 
Coast o f  Israel 
I s le  Pilau, Tunis 

Hullus sumletus: 
Golf o f  Cadiz 2n 
St ra i t  o f  Gibraltar 4n 280 190 - 390 18.4 16.5 - 21.5 a 
Ebro - Blanes 3H 180 R 160 - 500 10 - 20 b 
Vada ( L i  vorno ) 6n 630(!) 5 600 c 
O f f  North Sardina 6n 150 6 0 -  320 -12 a 
Trapani, market 8n 90 70 - 110 14.8 14 - 15.5 c 

sample size: H = composite sample, 
n = individually analysed samples, 
M = median 
( ! ) = 1 eve1 s above 500 pg Hg-T/kg FU 

References: a: Stoeppler & a. (1979) b: Ballester e t  a1. (1978) 
c: Renzoni and Baldi (1973) d: Ciusa & a[. (1973) 
e: Caracciolo e t  a1. (1972) f: Establier (1978) 
g: Roth and Hornung (1977) 



Table 20. Mercury concentrations Qig/kg FW) i n  some pelagic fishes from the 
Mediterranean and the At lant ic  (Bemhard and Renzoni, 1977) 

Spec i es n Ho concentration size cm sample ref. 
mean ranqe mean range locat ion 

Engraul i s  (1H) 50 (12 -13 NU African coast a 
encrasicholus ( 1H) 110 (13.7-15 KM African coast b 

(1H) 60 (11 -12.5) Gulf o f  Cadiz a 

(3H) 400H ( 130-660) (15 -16 ) Tyrrhenian c 
(2H) ( 280- 480) ? R. Calabria d 
(2H) ( 160- 300) ? Trieste e 
(1H) 240 ? St.Benedetto f 
(2n) ( 160- 160) (13 -14 Off Pescara f 
(6n) 310 ( 100- 400) (11 -15 O f f  Bisceglie f 
(9H) 140 ( 70- 215) 14.7 (12.2-16.5) O f f  Rovinj 1 

Sardina (2H) ( 50- 70) (11.5-15.5) NM Africa a& 
p i  lchardus ( 5 H )  50 H ( 50- 70) (14 -16.5) Mj Africa a,b 

(7H+5n ) ( 20- 760) (10 -20) ME Spain h 
(4n) 175 H ( 110- 315) 14 H ( 9-18 O f f  Pescara 9 
(1311) 160 H ( 36- 400) (11 -19) SU Adriat ic h 
(10H) 430 H ( 200- 870) ? W Adriat ic f 
(11H) 100 ( 40 -135) 15.5 (12.9-17.7) O f f  Rovinj i 

- -- -- 

Sardinella (5-7H) 80 H ( 30- 120) (11.2-17.2) Is rae l i  coast k 
auri ta  

Scombercolias (1H) 80 -- (31 -31.5) NU Africa b 
S. scomber (3n) 100 (25 -28 ) Cadiz b 

(4n) 360 H ( 100- 500) (25-30) NESpain h 
(3H) 580 H ( 250- 680) (28 -32) Tyrrhenian c 

Thunnus (6n) 720H (460-910)  205f l  (200-270) Cadiz a 
thynnus 

(3111 1700 H (1650-2650) 150 H (140-200) Ebro delta h 
(25n) 850 H ( 10-1750) (160-220) SUSardinia m 

(15511) 1650 H ( 10-3250) (-220) SW Sardinia m 
(2n) ( 480- 560) ? R. Calabria d 

X i  phias (5n) 1300H (1000-2000) large Off Cadiz a 
gladius 

( h )  ( 1200-2450) ? O f f  R.Calabria d 

H = median; H = composite sample; n number o f  individual analysed i n  hamgenate 
sample o r  individual sample; FU = fresh weight 

References: a: Establ i e r  ( 1972) b: Establier (1973) 
c: Ciusa & a. (1973) d: R io l fa t t i  (1977) 
e: Hajori e t  a1. (1967) f: Perna & fi. (1972) 
g: Caracciolo e t  a1. (1972) h: Ballester & a. (1978) 
i: Gilmartin & Revelante (1975) k: Roth and Hornung (1977) 
1: Paccagnella e t  a1. (1973) 



Table 21. Mercury concentrations (in Hg-Tlkg FW) i n  same f i sh  (muscle). 
Selected data froc ICES areas and Mediterranean. 

median* range** location references 

plankton feeder: 

herring 40 20-240 N.Sea ICES (1974) 
herring 20 10-35 N.At1. ICES (1977a) 
herring 40 10-230 I r i sh  coast ICES (1980) 

sardine 60 6-80 N.Atl. ICES (1977a) 
sardine 250 150-390 Medlt. UNEP (1980) 

sprat 65 60-140 I r i sh  c. ICES (.1980) 
capel i n  10 10-30 N.At1. ICES (1977a) 

feed on invertebrates: 

cod 
cod 
cod 
cod 
cod 
cod 
cod 
cod 

" typi calm 100 

30-480 N.Sea 
60-300 N.Sea 
40-50 NAtlant ic 

I r i sh  Sea 
70-370 I r i sh  Coast 
50-140 W t l a n t i c  
70- 90 MM Atlantic 

130-340 Ma1 es/Engl and 

ICES (1974) 
ICES (1977a) 
ICES (1977a) 
ICES (1980) 
ICES (1980) 
ICES (1977a) 
ICES (1980) 
ICES (1984) 

feed on crustaceans and fish: 

hake 90 30-130 N.Atlantic ICES (1977a) 
hake 30-850 Hedi ter. UNEP (19801 
haddock 50 20-60 I r ishcoast  ICES(1980) 
haddock 50 MM Atlantic ICES (1980) 
whiting 80 30-90 I r i sh  coast ICES (1980) 
Greenl-halibut 40 30-50 NAtlant ic ICES (1977a) 

plaice 90 20-260 N.Sea ICES (1974) 
plaice 120 20-500 N-Atlantic ICES (1977a) 
plaice 25 10-80 Ir ishcoast ICES(1980) 
plaice 260 50-430 Ma1 es/Engl and ICES ( 1984) 
plaice 50 30-160 France ICES (1984) 

"typical" 100 

sole 150 50-320 K.At:antic ICES (1977a) 

* median o f  means 
'*""' range of means 



There exist  now data fo r  several species which allow the comparison o f  Hg concentrations 
versus weight of specimens. The clearest evidence comes from the Hg concentrations i n  b luef in 
tunas. Figure 11 shows two d i s t i nc t  populations: a "high-mercury" and a "low-mercury" population. 
The small tunas collected north of Sic i ly ,  medium size tunas from the French Mediterranean, the 
I t a l i a n  Adriat ic and from the Ligurian Sea as well as a part of the large tunas caught i n  the tuna 
traps situated i n  S ic i l y  and Sardinia belonged t o  the "high-mercury" population. Another group o f  
tunas belong t o  the "low-mercury" population. Note that these "low-mercury" tunas uere caught 
par t ly  i n  the S t ra i t  o f  Gibraltar and par t ly  o f f  S i c i l y  and Sardinia. The migration pattern of  
bluefin tuna can explain the or ig in  o f  these two tuna populations. Fisheries biologists studying 
these migration patterns have maintained fo r  some time that Atlantic tunas enter the Medi terranean 
for spawning and leave again through the S t ra i t  o f  Gibraltar (Sara, 1973). "Tonnare" set t o  trap 
tunas entering the Mediterranean a t  Gibraltar catch these fishes from Apri l  t o  the beginning o f  
May. The "tonnare" o f  S i c i l y  and Sardinia catch tunas i n  May t o  June and the "tonnare" set t o  
catch outgoing tunas i n  the S t ra i t  o f  Gibraltar catch tunas from July t o  August. Records kept f o r  
more than one and a ha l f  century i l l u s t r a t e  the regular i ty  o f  th is  migration. Tunas trapped i n  
"tonnare" i n  S i c i l y  and Sardinia caught both "low-mercury" tunas and "high-mercury" tunas. But 
samples obtained i n  the St ra i t  o f  Gibraltar showed that the tunas caught i n  "tonnare" set t o  trap 
tunas entering the Mediterranean belonged only t o  the "low-mercury" population (Renzoni & G. 
1979). Likewise, tuna caught i n  traps set to  catch outgoing tunas belong exclusively t o  the 
"low-mercury" population. Confirming thus that only "low-mercury" tunas enter and leave the 
Medi terranean. Also additional data pub1 ished i n  the l i te ra ture  confirmed our observation: 
Establier's (1972) tunas caught i n  Barbate (St ra i t  o f  Gibraltar) belong only t o  the "low-mercury" 
population while tunas caught i n  March along the north-east coast o f  Spain belong only to  the 
"high-mercury" population (Bal lester & fi. 1978). Thibaud and Gouygou ( 1979) have analysed 
several hundred tunas from the French Mediterranean coast and found that, with two exceptions 
which belonged t o  the mloM-Hg-population", a l l  belonged t o  the "high-tlg-population". I t  may be 
worthwhile noting that these two tuna populations are well separated from each other and no 
specimens have "intermediate" Hg levels between the two groups. 

Similar, but not so clear cut, differences i n  Hg levels have been observed i n  anchovy, 
mackerel and sardine (Figures 12 t o  14). These species are also pelagic. I n  a l l  three species the 
specimens from Gibraltar, and fo r  the mackerel also those from the North Sea (from Schevingen and 
Helgoland), have lower concentrations than the specimens from the Mediterranean. I n  the Adriatic 
Sea near Fano lower Hg concentrations have been observed than i n  the Tyrrhenian Sea. The levels i n  
specimens from Sanremo-ftonaco l i e  between the Fano and the Tyrrhenian Sea samples. Similar 
differences were observed for  the mollusc Sepia o f f i c j na l i s  (Figure 15). 

As already mentioned above, th is  review l im i t s  the discussion o f  Hg levels t o  the l i s t s  
compiled by FAO(GFCH)/UNâ‚¬ because i t  i s  impossible t o  ident i fy  single Hg concentrations i n  
sc ient i f i c  publications and separate them from the FAO(GFCH)/UNEP l i s t  (Table 18). Therefore, 
only a feu data which have some significance for the general understanding o f  the biogeochemical 
cycle o f  Hg w i l l  be discussed below. 

Studying the concentrations o f  to ta l  and organic Hg, Capelli e t  a1. (1983, 1986) found that 
i n  the f i s h  L sarda, to ta l  Hg correlates s igni f icant ly  with w i g h t  and length and that the 
a c c w l a t i o n  o f  inorganic Hg increase i n  the S. sarda u n t i l  the f i s h  reaches a certain length and 
then remains constant while the MeHg continues t o  increase with size o f  the specimens (Figure 17). 

Aydogdu & a. (1983) investigated Hg concentrations i n  the fishes Upeneus moluccensis, 
Saurida undosqumis and & barbatus. No difference i n  Hg content betueen males and females o f  the 
same size were detected. For a l l  three species a signif icant correlation o f  Hg level with size 
was observed (Figure 18). The author  point out that the Hg levels increased more with size i n  & 
meluccensis than i n  S. undosquamis, although S. undosquamis feeds on & moluccensis. Certainly 
the food-chain o f  L undisquamis needs checking. According to  FAO species ident i f icat ion sheets 
S_ undisaumis " i s  a carnivorous species feeding mostly on f i s h  such as anchovy and red mullets" 



(Fischer, 1973). Hornung e t  a1. (19841, c i t i ng  unpublished data from Zismann, state that i n  the 
stomach o f  undisquamis residues o f  encrasicholus (anchovy), Sardinella aur i ta and Nacrura 
species (decapods) have been found. U. moluccensis i s  not mentioned although the areas 
investigated by Aydogdu & a. (1983) and Zismann are re la t ive ly  near t o  each other. A seasonal 
f luctuation o f  the Hg levels was observed i n  U. moluccensis which i s  brought i n to  association with 
Hg inputs from r a i n f a l l  and the application o f  mercurial pesticides. It would be interest ing t o  
model th is  pathway i n  order t o  see i f  the amounts introduced in to  the sea from these two sources 
are suf f ic ient  t o  increase seasonally the Hg level i n  th is  fish. 

3.4.6 Marine birds 

The data on Hg levels i n  marine birds are s t i l l  very few and very unevenly distr ibuted over 
the Mediterranean area. The Hg levels determined i n  tissues o f  sea birds from di f ferent  s i tes i n  
the Mediterranean are shown i n  Tables 22, 23 and 25. Additional Hg levels are shown together with 
Se levels i n  Table 35. The birds caught i n  the highly polluted Lagoon o f  St. G i l l a  near Cagliari 
had much higher concentrations than those from the remote lagoon Corru-em-sa-i t t i r i  further north 
i n  Sardinia. Birds from the Lagoon o f  Rarano i n  the northern Adriatic had intermediate levels. 
The highest levels were observed i n  the l i v e r  and kidney. The fish-feeding Phalacmcorax carbo 
(cormorant) had higher Hg levels only i n  the St. G i l l a  Lagoon but i n  the Lagoon o f  Marano the Hg 
concentrations i n  the divers i f ied feeder P. n ig r i co l l i s  (black-necked grebe) were higher (see 
below the influence o f  food-chain position on Hg levels). The di f ferent  ages o f  the birds may be 
one reason. Also the time o f  sampling has an influence on the Hg concentrations observed. 

Birds collected shortly before the i r  departure (Apr i l )  from the Lagoon o f  Marano t o  the i r  
breeding areas i n  northern and central Europe had higher Hg levels (and chlorinated hydrocarbons 
levels) i n  the tissues than birds collected shortly i n  September and October a f te r  the i r  return 
in to  the lagoon (Table 23). During the ha l f  year o f  the i r  absence from the lagoon they had los t  
various percentages o f  the Hg previously accumulated i n  the various tissues and then regained 
approximately the original levels during the next s ix  months of  the i r  presence i n  the lagoon. The 
data are not s t r i c t l y  comparable because the birds analysed before departure and a f te r  return were 
obviously not the same specimens. This i s  also i l lus t ra ted by the fact  that the departure levels 
and the arr ival  levels are not the same a t  d i f ferent  departures and arr ivals, but the data show, 
nevertheless, that the biological half-time o f  Hg i n  these birds must be re la t ive ly  short, much 
shorter than that o f  fishes. 

Renzoni and h is  collaborators have grouped a l l  the i r  previous data according t o  the bi rdsa 
food-chain relationships (Leonzio & a. 1986b). The authors distinguished between primary 
consumers which have almost no f i s h  i n  the i r  diet, secondary consumers with a low content o f  f i s h  
and ter t ia ry  consumers with a high percentage o f  f i s h  i n  the i r  d ie t  (Table 24). The results show 
that both i n  eggs and l i ver ,  te r t ia ry  consumers have higher Hg levels than secondary consumers 
which i n  turn have higher levels than primary consumers (Table 25). The lowest levels are 
observed i n  the l i v e r  o f  birds from a non-Hediterranean area (Madeira). The highest levels are 
found i n  eggs and l i vers  of birds feeding i n  the highly polluted S. Gi l l a  Lagoon (section 3.6). 
The Hg anomaly o f  Rt. Amiata influenced the levels i n  the birds from Elba, as i t  does those o f  
fishes (section 3.5). The birds from Marano (Grado) could be influenced by the I d r i  j a  Hg anomaly, 
but, i n  the other locations also, high Hg levels have been observed. A comparison o f  the Hg 
levels i n  the muscle tissue o f  the birds would probably have been more indicative than i n  l i v e r  
and eggs since both these tissues are more influenced by fluctuations i n  the Hg intake. 
Furthermore, i t  would have had the advantage that data on birds could be compared with the Hg 
levels i n  the muscle o f  other marine organisms. Where data o f  the same species and tissues are 
available the specimens from the non-nediterranean s i t e  had much loner concentrations than the 
Mediterranean specimens (Figure 22). 



Table 22. Mercury concentrations (ug Hg-T/kg FU) i n  eggs o f  marine birds (Lams and Anas) 
(Bi j leveld & a. 1979) 

species n neÃ§ range s u p l i n g  location 

1. audouinii 3 760 630 - 9% ~ h a f a r i ~ s  I. 
1. audovinii 4 1120 879 - 1390 Balcarics 

Table 23. Mercury concentrations (mean and standard deviation i n  mg Hg-T/Kg DM) i n  migratory 
birds collected i n  the Lagoon o f  Haram (North-East I t a l y )  before departure to and 
after a r r i va l  from Northern and Central Europe (Leonzio gg c. 1986a) 

Departures Arr ivals 

Muscle Apr i l  83 11.85 + 3.85 Sept83 3.7 * 1.55 
A p r i l 8 4  6.0 + 1.7 Oct 84 4.2 5 1.3 
Apr i l  85 10.75 * 3.5 

/ 

Brain Apr i l  83 14.90 + 3.7 Sept 83 3.6 + 2.45 
A p r i l 8 4  14.75 + 3.9 Oct 84 3.7 + 1.4 
Apr i l  85 13.45 + 3.2 

1 i ver Apr i l  83 57.9 5 9.95 Sept83 9.355 2.25 
Ap r i l  84 48.5 + 9.05 Oct 84 16.55 + 7.7 
A p r i l 8 5  42.4 * 5.75 

Kidney A p r i l 8 3  35.05 + 7.0 Sept83 7 -65?  1.55 
Apr i l  84 14.8 + 4.55 Oct 84 10.75 5 5.35 
Apr i l  85 28.5 + 2.95 

Fat A p r i l 8 3  1.15 + 0.25 Sept S3 0.55 0.2 
Ap r i l  84 1.5 + 0.75 Oct 84 0.85 + 0.35 
Ap r i l  85 0.8 + 0.45 

Uropygial A p r i l 8 3  10.25 + 3.5 Sept 83 3.75 5 2.3 
gland A p r i l 8 4  9.85 + 3.1 Oct 84 4.15 + 0.7 

Apr i l  85 10.0 + 1.6 

Table 24. B i rd  species monitored f o r  mercury according t o  the i r  feeding habits 
(Leonzio & c. 1986) 

Primary consumers A! !  platyrhynchos 
(almost no f i s h  -- Fulica atra 
i n  t he i r  d ie t )  Himantopus himantopus 

Secondary consumers Podiceps miqaricol l is 
(low f i s h  content Egretta garzetta 
i n  t he i r  d ie t )  - Larus r i d i  bundus 

L. & - 
L. arqentatus 
g l o c Q l  idon n i  lo t ica 

Tert iary consumers 
(high f i s h  content 
i n  t he i r  d i e t )  

Procellaria diomedea 
Phalocrocorax c& 
P; pygneus 
Pelecanus onocrotalus 
L. audouinii 
Sterna h i  rundo .- -.L:c---- 



Table 25. Mercury concentrations (ug Hg-Tlkg FW) i n  eggs and 1 iver  of 
marine birds from the At lant ic  and the Mediterranean ' 
(Leonzio & g. 1986) 

primary consumer secondary consumer te r t ia ry  consumer 
n mean SO n mean SO n mean SO 

Sel vagens , Hadei ra 

eggs 
1 iver  

Mistras 
eggs 
l i v e r  

S. G i l l a  
eggs 7 610 + 365 6 7760 + 4740 
l i v e r  2 5760 14 18800 + 13080 7 39420 + 19680 

Elba 

eggs 
l i v e r  

Comacchio 
eggs 3 160 + 20 32 295 + 110 29 770 5 630 
1 i ver 4 2320 + 1680 

Harano 
eggs 10 150 + 150 21 440 + 110 22 2040 5 700 
l i v e r  8 1 8 8 0 +  440 3 8 4 8 0 %  8580 

eggs 
1 i ver 

Dagonada 
eggs 
1 i ver 

Danube, del ta  
eggs 4 60 + 20 21 155 + 80 29 820 f 400 

N>o : The data have been converted i n to  fresh weight by dividing dry weight by a factor of 5. Some 
o f  these summarized data are shown individual ly i n  Table 35. The sample locations are shown i n  
Figure 21. 



Figure 21. Sapl ing locations of  marine birds collected by Renzoni's group. (Leonzio &a). 1986). 

1 Selvagens Island (Madeira) 
3 Histras Lagoon 
5 Canacchio 
7 Linosa Island 
9 Danube Delta 

2 S. G i l la  Lagoon (cagliari)  
4 I s l e  Elba 
6 Marano Lagoon (Grad01 
8 Dagonada (Crete) 



L I V E R  

Selvgeno Llnose Crete 

EGGS 

Selvmgens LInosa Cre te  

Figure 22. Mercury concentrations i n  l i v e r  and eggs o f  diomedia from Madeira (Selvagens), the 
I s l e  o f  Linosa (S ic i l ian  Channel) and Crete. (~eonzio e t  a1. 1986). For locations see 
Figure 21 

3.4.7 Marine mammals 
0 

Remarkably high Hg concentrations were observed i n  dolphins, porpoises and whales from the 
Mediterranean and the At lant ic  (Table 26). The concentrations i n  the l i v e r  are especially 
impressive (maximum value: c i rca 1 g Hg/kg FW). Here also smaller animals o f  the same species 
have lower concentrations. The Hg concentrations i n  muscle tissue are higher than i n  fats. Organs 
such as the l i ver ,  heart, spleen and kidney have the highest concentrations. The l imited data on 
specimens o f  the same species seem to  indicate that, as i n  many other oganisms, the Hg 
concentrations i n  Mediterranean specimens are higher than i n  the specimens from the Atlantic. I n  
the l i v e r  o f  marine mamnals u i  t h  high mercury concentrations low McHg percentages are found. This 
may indicate a demethylation i n  the l i ver .  



Table 26. Mercury concentrations (ug Hg-T/kg FU) i n  pelagic mammals from 
the Mediterranean and Atlantic (Bernhard and Renzoni, 1977) 

size sample location 
Species sex age can muscle f a t  1 i ver and date 

Atlantic: 

Phocaena phocaena M adult 172 6750 770 61000 Rochelle (V/1972) 
Delphinus delphis F young 125 890 7 10 900 H e  de Re (VII/1972) 

1) F adult 140 600 (100) 20 (100) 980 (70) Pyrenees At1 .(VII/1973) 
F adult 165 910 27 1430 Pyrenees At1 . (IV/1973) 

2) fl adult 185 1840 ( 77) 220 (100) 20000 ( 7)  Landes (VII/1973) 
F adult 210 6250 2650 4850 Gironde (V/1972) 
R >15 y 220 2180 2780 66700 Tropic A t l .  1975 

Mi terranean: , 

0. delehis H >12 y 205 1450 3900 604000 Mediterranean 1973 
Stenel l a  coeruleo. F adult 168 1950 1800 39850 l i e s  d'Hyeres (11/1973) 

3)fl adult 210 23800 ( 13) 6000 ( 30) 344000 ( 2) Lavandou (Var)(IV/1973) 
Grampus griseus 4)F adult 300 16000 ( 21) 1700 ( 70) %SODO (1.5) Cacalastre (Var) (V11/1973) 
Tursiws truncata ? 140* 41000 - - Pescara ( 197 1) 

fl 6-18m 160 2200 310 14600 Redi terranean ( 1973) 
fl >25 y 330 24000 4400 293000 Nedi terranean ( 1973) 

Atlantic: 

Globicephala F young 300 640 50 900 G i  ronde ( IV/1972) 
me 1 aena S)R adult 490 5300 ( 29) 860 ( 38) 860 ( 1) ~harente (~111/1972) 

Redi terranean: 

G. melaena F adult 390 13100 1290 670000 Cros de Cagne 
(Alp. Mar.) (VII/1973) 

Physeter catodan fl ? 800 4050 3150 - Bonifacio (Cors.) 
(XII/1972) 

MA: Data i n  brackets give the percentage o f  HeHg 
Additional data f o r  specimens marked with numbers: 

1) brain: 400 p g  Hg-T/kg FW (100% ReHg), kidney: 980 y9 Hg-TIk9 FW (70% mH9) 
2) brain: 890 yg Hg-T/kg FW (77% ReHg 1, kidney: 4300 >i9 Hg-Tjk9 FW (23% Hew) 9 

test icles: 1000 p g  Hg-T/kg FW 
3) testicles: 15600 y g  Hg-T/kg FU (19% He Hg) , spleen: 530000 ug ~g- kg FW ( 1.5% fleHg), 

kidney: 39200 pg Hg-T/kg FU (Q.51 PteHg) 
4) spleen: 905000 )ig Hg-T/Kg FW (2.2% ReHg), kidney: 6000yg ~g-T/kg FW (63% WHg), 
5) blood: 3000 ,II~ Hg-T/kg FW (73%) 
*) size i n  kg 
fl = male; F = female; y = year; m = month 
[Data compiled from Thibaud and Ouguy (l973), Rartoja and Viale (1977). and ~aracc io lo  a. (1972)l 

3.5 Influences o f  natural mercury sources on environmental levels 

Higher than background levels were observed i n  various components o f  the marine environment 
near the well-known Hg anomalies o f  the Ronte Annata area. Oall'Aglio (1974) investigated th is  
anomaly showing c lear ly  that the sediments o f  r ivers draining the anomaly contained sediments with 
high Hg levels (Figure 23). The water o f  these r ivers had high Hg concentrations only near the 
*i nÃ§n. s-3. 



Figure 23. Distr ibut ion o f  mercury i n  r i v e r  sediments around the mercuryanomaly o f  H t .  Amiata 
(Tuscany) (Oall 'Aglio, 1974). 

f o r  example i n  the water of the upper part o f  Paglia r i v e r  which flows in to  the Tiber. Downstream 
from the mining area the Hg concentration i n  the r i ve r  water diminished rapidly, because the 
dissolved Hg i s  readi ly absorbed by sediment and suspended matter. Near the coastline the Hg 
concentrations i n  the r i ve r  water f e l l  below 0.05 yg Hg/L, the detection l i m i t  o f  Oall 'Aglio's 
method. Contrary t o  the r i v e r  water concentrations, the Hg concentrations i n  the r i ve r  sediments 
remain high r i g h t  down t o  the coast: often over 5 mg Hg/kg OW o f  sediment. A l l  r ivers south of 
Livorno and north o f  Civitavecchia showed s imi lar  high Hg concentrations i n  the i r  sediments. Much 
less Hg i s  contained i n  the sediments o f  the r ivers Arno and i t s  t r ibutary Serchio. The high Hg 
levels observed i n  the upper par t  o f  the Serchio r i ve r  are caused by Hg contaminations from the f e l t  
and leather industry situated there. The Hg concentrations along the Tuscan and Ligurian coast have 
been investigated by Baldi a.d bargagli (1982, 1984). Figures 24 and 25 show c lear ly  the input of 
Hg-rich sediments i n to  the coastal zone and the i r  subsequent mixing with marine sediments low i n  Hg. 
The plumes of the r ivers draining the cinnabar deposits showed the highest concentrations. Higher 
than background levels were observed along large portions o f  the inner continental shelf. High 
levels were also found i n  the sediments of the delta o f  the Tiber. I n  part, these high values i n  
the Tiber sediments are probably due to  the sediments transported downstream from the M t .  Amiata 
anomaly through the Paglia r i ver ,  a t r ibutary o f  the Tiber, and par t l y  may be due to  industr ial  
a c t i v i t i e s  around Rome (Melchiorri & c. 1983). The Hg concentrations i n  the sediments o f  the 
r i ve r  mouths along the Ligurian-Tuscan coast have been confirmed by Breder fi a. (1981). 



Figure 24. Distribution of mercury (mg Hg-T/kg OW) in surficial sediments from the western Italian 
coastline from the Arno to Follonica. (Baldi and Bargagli, 1984). 



Figure 25. Distribution of mercury (mg Hg-T/kg DM) in surficial sediments from the western Italian 
coastline from Elba to the river Flora. (Baldi and Bargagli. 1982). 
MA: the locations of the cinnabar mines ( @ I .  



The vert ical  Hg distr ibut ion within the sediments from the fit. Amiato area and the Gulf o f  
Naples i n  two cores shows higher Hg concentrations i n  the upper 10 cm o f  the cores than below 
(Figure 8). 

Different extracting methods yielded di f ferent  Hg concentrations, but d id  not change the 
horizontal Hg dist r ibut ion pattern s igni f icant ly  (Baldi and Bargagli, 1982). Interestingly, the Hg 
i s  more leachable (applying acid extraction) i n  the r iver  mouths, and areas d i rec t ly  adjacent t o  the 
r i ve r  mouths had higher Hq-T concentrations than further away. The leachabil i ty also increased with 
distance from the coastline, i.e. with greater depth (Figure 26). I n  fact, near the shoreline the 
sediments, which are not influenced by the r i ve r  plumes, contained only up to  about 4% of leachable 
Hg. A t  depths greater than 40 metres the leachabil i ty increased greatly to  reach 30 t o  POX. 

The influence o f  elevated Hg sediment levels and the bioavai labi l i ty  o f  Hg present i n  these 
sediments have been investigated surveying the concentration o f  Hg i n  & barbatus. & barbatus 
feeds mostly on small bottom-living invertebrates (worms and crabs). While doing so, i t  burrows 
through the sediment ingesting part o f  the sediment on i t s  way. Often i t s  stomach and intest ine are 
found containing mud and sand. Comparing the Hg concentrations versus,size d ist r ibut ion i n  the 
f i l l e t  of & barbatus caught along the Tuscan coastline showed that the Hg concentrations increases 
greater with size near the Isles o f  Elba, o f  Gigl io and Gorgona Island than o f f  the Talamone r i ve r  
and the Gulf o f  Salerno, the l a t t e r  being a control area (Figure 27A). A t  the same time the authors 
observed that i n  a transect from the mouth o f  the Arno r i ve r  to  the Gorgona Island the Hg 
concentrations i n  specimens o f  the same size increased with depth (Figure 27B). Apparently two 
parameters are causing the Hg enrichment i n  the fish: one i s  the distance from the coast and the 
other the distance from the Hg anomaly. The higher Hg levels i n  the f i s h  with distance from the 
coast could result  from the greater ava i lab i l i t y  (leachability) o f  Hg i n  sediments from greater 
depths (see above). Also the re la t ive ly  low Hg concentrations i n  the f i s h  near the Talamone r i ve r  
may be due t o  scarce ava i l ab i l i t y  ( leachabil i ty) o f  Hg as has been observed i n  the r i ve r  mouths of 
Ombmne, Flora and Albenga. It would be interesting t o  study the leachabi 1 i t y  i n  the Arno-Gorgona 
transect. 

The comparison with another species s h d  that Scorpaena porcus had a different Hg 
distr ibut ion pattern. porcus inhabits " l i t t o r a l  waters amongst rocks and seaweeds and feeds 
mainly on small fishes such as gobies and blennies, but also on crustaceans and other invertebratesg 
(Fischer 1973). The Hg concentration versus size relationship d id not show any signif icant 
differences between the f i s h  caught near the Talanone r i ve r  mouth and the Gigl io Island, but the 
relationship increased more rapidly near the Solvay chlor-alkali plant a t  Rosignano (Figure 28). 
Prabably the di f ferent  food-chains o f  & barbatus and S. wrcus may supply an explanation. 

Much higher than background levels have been observed near another Hg anomaly. The I d r i j a  
anomaly drains through the Isonzo (Soca) River i n to  the Gulf o f  Trieste (Figures 29 and 30). I n  the 
r i ve r  sediments concentrations as high as 76.5 mg Hg-T/kg DM were found near Gorizia. Downstream 
from Gorizia a l l  sediments showed very high levels. From the r i ve r  mouth where sediment 
concentrations up t o  50 mg Hg-T/kg DM were observed, the Hg concentrations i n  the sediments 
decreased rapidly towards the c i t y  o f  Trieste (2 mg Hg-T/kg DM) and the open Adriat ic Sea. I n  the 
inner port o f  Trieste the (to levels were s l i gh t l y  above background. Higher sea water concentrations 
were also observed i n  the mouth o f  the r i ve r  (0.16 t o  0 . 2 ~ ~ 9  Hg/L) than i n  the open Adriat ic (0.01 
t o  0.21 y g  Hg/L). However, i n  the l i g h t  o f  recent ideas on true sea water concentrations these 
values must be considered with caution (see section 3.2). 

It the Gulf o f  Trieste the anticlockwise current carries the Hg discharged from the Isonzo 
River towards the I t a l i a n  coast. Mussels on the Yugoslav coast have s igni f icant ly  lower Hg levels 
than mussels from the I t a l i a n  coast (Figures 29 and 30). However, the influence i s  l imi ted t o  about 
100 km west o f  the r i v e r  mouth o f  the Isonzo. Mussels from the 1 ido o f  Venice have background 
levels again. Rajori e t  al. (1%7) ver i f ied th is  observation with an i n  s i t u  experiment (Figure 
31). Mytilus grown i n  the low level area o f  Lazzaretto were transplanted t o  the higher level area, 
Bocca d i  Primem. After the transplantation Hg was quite rapidly accumulated. Levels similar t o  
those of the loca l ly  cult ivated mussels were reached within one t o  three months. A transplantation 
i n  the opposite d i rect ion showed a much slower Hg decrease (loss and "biological d i lut ion")  over a 



period of f i v e  to s i x  months. The difference i n  the chemical species o f  Hg discharged from the 
Isonzo may be the reason for t h i s  apparently l a d  uptake by marine biota i n  the Gulf o f  Trieste as 
compared with the uptake near the Mt. Aniata anomaly. 

Unfortunately similar investigations have not been carried out near the other Kg anomalies 
(Figures 10 and 46). 

Figure 26. Percentage o f  acid-leachable (weakly bound) mercury i n  sediments affected by the Hg 
anomaly o f  the Rt. Amiata region (Baldi, 1986). The leaching solution used was 
NHp.HCl+NaCl i n  1 qq. 

NAo: c i rc les  with a dot mark sediments which have been collected i n  Posidonia beds and 
had an unusually high content o f  organic matter. 
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Figure 27. (A): Mercury concentrations versus age (years) correlations i n  Mullus barbatus fmm 
di f ferent  locations o f  the western I t a l i a n  coast and (0): mercury concentrations i n  
specimens o f  the same size versus f ishing depth along a transect offshore o f  the 
r i ve r  Arno (0). (Baldi. 1986). 
Locations: T I :  offshore Arno r i ve r  mouth; T2: north o f  Elba; T3: west o f  I s l e  Giglio; 
T4: offshore Albenga River mouth; 15: Gulf o f  Salerno. 
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Figure 28. Mercury concentrations (mg Hg-T/kg FW) i n  Scorpaena porcus from the western I t a l i an  
coast (Baldi , 1986) versus body weight (9). 
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Figure 29. Mercury concentrations (yg Hg-T/kg DM) in sediments of the river Isonzo (Soca) and in 
marine sediments (underlined values) and in Mytilus (pg Hg-T/kg FM) fran the Gulf of 
Trieste (Majori et a1. 1967, modified). 



Figure 30. Mercury concentrations (ug Hg-T/kg DM) i n  sediments o f  the River Isonzo (Soca and i n  
marine sediments (underlined values) and i n  R-ytilus (yg Hg-T/kg FU) from the Gulf o f  
Trieste. Sediment levels i n  the Po Delta: 0.4 (0.07 t o  0.97) mg Hg-T/kg DM. 

Data from Kosta e t  a1. 1978; Robertson & a. 1972; Viviani & a. 1973). 
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Figure 31. Accumulation and loss of mercury versus time by Hyti lus transplanted frcm a 
high*-envi ronment (Primero) t o  a low-Hg-envi ronment (Lassaretto) and vice-versa i n  
the Gulf o f  Trieste (Majori & d. 1967, modified). 



3.6 Influences o f  anthropogenic mercury sources on environmental 

Anthropooenic releases have been investigated i n  several areas o f  the Mediterranean. 
Beginning i n  1973 Renzoni and collaborators studied the influence o f  the Hg releases from the 
out fa l l  of the Solvay chlor-a lkal i  p lant  si tuated about 20 1c south o f  ~ i v k  near Rosignano (see 
Figure 24 for location). They investigated the Hg levels i n  sea water, sediment and biota and i n  
humans consuming seafoods from th i s  area (Renzoni et_ 1973; Renzoni, 1977; Bacci e t  al. 1976, 
1986). The authors have estimated that up t o  the beginning of 1974 the plant had discharged i n to  
the adjacent coastal area about 15 MT/y (metric tons/year) of Hg i n  wastes together with about 
10' MT/y of white solids, mainly carbonates. This means that i n  the first 30 years of the 
plant 's a c t i v i t y  several hundred HT o f  Hg were discharged together with other wastes. I n  fact, 
the sea f loor  near the ou t fa l l  i s  covered wi th white solids. A t  the beginning o f  1974 the Solvay 
plant started t reat ing i t s  eff luents and instead o f  releasing about 15 MT/y the release was 
reduced t o  first 300 t o  400 kg Hg/y i n  the years 1975/1976 and la ter  to the present levels of 
about 3 kg Hg/y (Bacci e t  a1. 1986). 

Figure 32 summarizes the results obtained i n  1973, i.e. before the eff luent treatment. The 
highest concentrations f o r  sea water, sediments, 1 i@ds (Pate1 l a )  and crabs (Vachyqra~sus) e r e  
observed 2.5 tan south o f  the ou t fa l l  (stat ion R 4). The Hg concentrations in ' the water and crab 
o f  stations R 4 were much lower i n  the next stations but those i n  the sand and limpids were only 
s l i g h t l y  lower. At about 10 km north and south (stations R 1 and R 6) o f  the ou t fa l l  of the 
Solvay plant the sediment (sand) and the limpids contained only s l i gh t l y  higher concentrations 
than tho background levels (stations R 7 t o  R 10) sea water and Pachyqrapsus had there s t i l l  
higher than background levels. I n  April-May 1975 and May-June 1976 (i .e. 15 t o  16 months and 28 
t o  29 months a f te r  the beginning o f  the ef f luent  treatment, respectively) the body levels i n  the 
limpet, i n  the crab and i n  two f i s h  species were again examined. As can be seen from Table 27 the 
Hg concentration i n  the crab decreased more (80%) than i n  the other marine organisms (20 t o  30%). 
Also the Hg concentration-size relat ionship i n  the f i s h  S. porcus i l lus t ra tes  clearly the reducd 
level i n  the environment o f  the Solvey plant a f t e r  ef f luent  treatment (Figure 33 and the curves 1 
f o r  1973 i n  Figure 28). Note the d i f fe rent  inc l ina t ion  o f  the regression curve o f  1973 from the 
inc l ina t ion  o f  1975 and 1976. This shows that  specimens collected i n  1975 and 1976 had lower Hg 
concentrations than specimens o f  the saw size collected i n  1973. 

0 water 
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Figure 32. Mercury concentrations i n  sea water, sediments, Patella sp. and Pachygrapsus from the 
out fa l l  area o f  the Solvay chlor-alkal i  plant i n  1973 before the ins ta l la t ion  of a 
mercury uaste treatrent and i n  Patel la and Pachygrapsus from several other 
Mediterranean s i tes as controls (R 7: Fiunicino, R 8: Montecarlo, R 9: S. Stefano, R 
10: Talamone) (Bernhard and Renzoni , 1977). 



Table 27. Mercury concentration (ug Hg-T/kg FW) and percentage decrease i n  
the mercury concentration from 1973 t o  1976 i n  marine organisms 
before and a f te r  the ins ta l la t ion  o f  a mercury eff luent treatment 
i n  the Solvay chlor-a lkal i  plant (Renzoni, 1977) 

1973 1975 1976 
species n mean SO n mean SO n mean SO X decrease 

Pachyqrapsus 
mannoratus, 
whole body 50 4470 + 2770 39 1870 + 670 66 960 + 300 78.5 

Pate1 l a  
coeru 1 ea , 
visceral mass 45 5920 + 1740 42 5040 + 1870 67 4510 + 200 23.8 
foot 45 620 + 180 42 650 + 220 68 490 + 490 23.8 

Serranus scr i  ba 
white muscle 13 4640 + 1780 16 3460 + 310 -E.3  
Scorpaena I 

porcus , 
white muscle 50 2610 + 950 49 1470 + 270 50 1800 + 600 31 

Figure 33. Mercury concentration versus weight i n  Scorpaena porcus from the banks o f  Vada before 
(1973) and a f te r  (1975 and 1976) waste treatment began i n  the Solvay chlor-alkali plant 
(Renzoni . 1977 1. 



A recent survey (1981-82) of the area s t i l l  showed high Hg levels i n  sediments around the 
Solvay p lant  (Figure 24). Bacci e t  a1. (1986) obtained a core a t  a distance o f  about 3 ton SU of 
the Solvay ef f luent  o u t f a l l  a t  25 m depth. This core was analysed fo r  CaCOg and Hg-T (Figure 
34). The depth pro f i les  show interest ing ver t ica l  d is t r ibut ions o f  both parameters ( fo r  
comparison see Figure 8). Taking i n to  consideration the operational data o f  the Solvay plant and 
assuming a constant sedimentation rate, the authors explain the changes i n  ver t ica l  d is t r ibut ion 
of Hg and CaCOq wi th d i f fe rent  in tensi t ies o f  the industr ia l  a c t i v i t y  i n  the Solvay plant. The 
lower par t  of the p r o f i l e  shows background levels both o f  C a 9  and Hg. A first increase i n  the 
CaCOg content o f  the sediment core i s  associated with the beginning o f  the ammonia production o f  
the plant i n  1914. The first Hg peak a t  about 35-m depth i s  associated with the beginning o f  the 
operation o f  the chlor-alkal i  plant i n  1940 which, however, due t o  the war, reduced output soon 
afterwards. After the war the plant resumed production with the consequent release o f  large 
amounts o f  Hg-containing wastes. The waste treatment started i n  1974 which i s  reflected i n  the 
reduced Hg concentrations i n  the sediments. I f  one compares the reduction o f  the Hg released, 
first by a factor o f  about 40 and then l a te r  by 5000 (see above), with the reduction of Hg 
concentration i n  the upper part o f  the sediment core, one sees that the sediment i n  the upper 
layer s t i l l  contains re la t ive ly  high amounts o f  Hg. I n  fact, the most recent ddtenninations show 
a reduction by a factor o f  2.5 from the peak concentration i n  the early seventies. This small 
reduction may be explained by a redist r ibut ion with the older sediment layers. It i s  interesting 
t o  note that the CaC% concentration remained about constant i n  the upper layer of the sediment 
core. Using the Hg concentrations i n  d i f fe rent  organisms and applying a one-compartment model t o  
these data, Bacci e t  al .  (1986) estimated a "recovery time" star t ing from 1973 that ranged from 13 
t o  24 years (Table 28; Figure 35). The high "recovery time" derived from the two f i s h  i s  
explained by the authors by assuming that the f i s h  contain higher amounts o f  NeHg than the 
invertebrates. The biological half-time o f  inorganic Hg i s  about 30 days while the biological 
half-time o f  ReHg i s  i n  the order o f  years (see section 4.3). 

Four s imi lar  cases are under study i n  Sardinia, Yugoslavia, Israel and Egypt. Several 
authors investigated the Hg contamination o f  the lagoon o f  S. G i l l a  (Cagliari). The S. G i l l a  
Lagoon receives industr ia l  wastes from a chlor-alkal i  and petrochemical plants ("Pet" i n  Figure 
36). from ore processing industries ("Ore") and other industries besides sewage. The lagoon has 
an area o f  about 11 kn? and connects with the sea (Gulf o f  Cagl iar i)  through a 140-111 wide 
channel. The average depth i s  only 1 m. For more than 20 years i t  has received mercury mostly i n  
f ine  metal l ic  par t icu late and i n  flakes o f  inorganic sulphide from the chlor-alkal i  plant. 
Sarri tzu ( 1983) found i n  a l l  sediment samples from the lagoon Hg levels above T mg Hg-T/kg, DM' and 
near the ou t fa l l  o f  the petrochemical plant an enormously high 300 mg Hg-T/kg OW!. The Hg 
concentration was s t i l l  a t  5 mg Hg-T/kg OW a t  I km distance, from the o u t f a l l  showing, that quite a 
large area has been highly contaminated with mercury. Co t t i g l i a  and; collaborators (Cot t ig l ia  fi 
a. 1985, 1986; Capone g a. 1986; Porcu and ftasala, 1983) Investigated the Hg levels i n  
sediments o f  the lagoon and i n  the Gulf o f  Cagliari and the Hg concentrations i n  various marine 
organisms, including b i rds (see section 3.4.6). The authors divided1 the lagoon i n to  four parts: 
a highly Hg-polluted area (R), a less Hg-polluted area. (31, a low poTTuted area (0) and the 
entrance of the lagoon (A) (Figure 36). Contu g fi. (19651 have investigated; the remobilization 
o f  Hg i n  these sediments using d i f fe rent  extraction procedures. As can be seen from Table 29 only 
very strong extract ion methods can l iberate more than 1 to  5% o f  the Hg present i n  the sediments. 
O f  in terest  i s  the great difference between samples taken during the two sample collections i n  
January and Apri 1 1981. Despite the fact that only a few Hg percentages can be mobi 1 ized, on 
examining the data o f  Table 30 one i s  surprised to  see how l i t t l e  the high Hg levels i n  the 
sediments o f  the d i f fe rent  zones influence the concentrations i n  the various biota. The levels i n  
the b iota collected i n  area (R) are higher than i n  the other areas, but certainly not as high as 
one would expect from the sediment levels. Bioavai labi l i ty  i s  without doubt a major factor as 
already suggested fo r  the data observed i n  the Gulf o f  Trieste (section 3.5). The greatest effect 
of the Hg po l lu t ion  i s  seen i n  the birds. I n  Table 25 the i r  body levels are compared with that of 
birds from other areas. The influence o f  sediment concentrations and levels i n  marine organisms 
was also studied i n  four experimental tanks f i l l e d  with sediments containing d i f ferent  amounts of 
Hg: one with sediments and biota from an uncontaminated lagoon (S.  Giusta) and three with 
sediments from the S. G i l l a  Lagoon containing d i f ferent  Hg concentrations. The results obtained 
after 18 months c lear ly  showed the influence of the Hg concentrations i n  the sediments on the 



biota. The highest influence was &served om Anguilla SJ. Certainly the age and food-chiiin 
position of the three species examined influenced the relative levels reached (Figure 37). 

Figure 34. Profiles of mercury and carbonate concentrations in a sediment core taken near the 
Solvay chlor-alkali and estimation of the sedimentation rate. (Bacci & a. 1986). 





Table 28. Reference area level (pg  Hg-T/kg FU) and estimation o f  recovery time 
of the ou t fa l l  area of the Solway chlor-alkali plant t o  reach th is  
reference level (Bacci e t  al., 1986) 

species n mean SO recovery tin 
(year) 

mannoratus, 
whole body 

Patel la s& 
visceral mass 

Scowena porcus 
muscle 17 124 5 39 23.2 
(25-50 g weight) 

coris j u i i s  - 
muscle 
(60-90 g weight) 

Figure 36. Mercury concentration i n  the sur f ic ia l  sediments o f  the S. G i  l l a  Lagoon (Cagliari 1. A: 
entrance from the Gulf o f  Cagliari; Pet: petrochemical industry; Ore: ore processing 
industry; B, S, R: di f ferent  zones i n  the lagoon (Porcu and Masala, 1983, modified). 



Table 29. Mercury extracted with d i f ferent  extraction procedure from the top 
one- layer o f  sediment samples (400  mesh) collected i n  the 
S. G i  1 l a  Lagoon i n  January and Apri 1 1981 i n  per centnof an 
extraction with HF/q/HC104. (Contu e t  al., 1985) 

4N"'4% 0.5NHC1 1NNH-L 0.05NEDTA 
stat ion + 0.4 N HC1 + 25% CH3COOH 

Jan Apr i l  Jan Apr i l  Jan Apr i l  Jan Apr i l  

Table 30. Average mercury concentration (ug Hg-T/kg FU) i n  some benthic 
macrophytes, crustaceans, molluscs and fishes f ran  various areas 
o f  the S. G i  1 l a  Lagoon. Data are from Porcu and Masala (1983) 
and Capone e t  a1. (1986). For the location o f  the areas see 
Figure 36. 

species 

Enteromorpha 
C l  adophora 
Gracilaria 
Rupvi a, 1 eaves 
Ruppia, rhizomes 

C. rnedi terraneus 
M. galloprovinc. 
N. diversicolor 

& sunnuletus 
0. labrax -- 
& cephalus 
E. encrasicholus 
S. pilchardus 
& v u l ~ a r i s  



Also the re la t ive  influence o f  mercury released from another industr ial  complex (refinery and 
petrochemical plant) i n t o  the Gulf of Cagliari i s  l imi ted (Cot t ig l ia  e t  al., 1964). The sediments 
are enriched i n  Hg near the industr ial  complex but not near the out le t  of the lagoon. On the 
other hand the Hg i n  the to ta l  suspended matter i s  higher near the out let  o f  the lagoon. Four 
f i sh  species (L juk, S. scriba, cabr i l la  and annularis), a l l  fm the 7th t o  8th year 
classes, showed up 2.4 times higher Hg concentrations than background near the industr ial  complex 
(stat ion 10). but also here the influence o f  the release was restr ic ted t o  the area near the 
industr ia l  out fa l l .  The author estimated the input o f  tlg in to  the Gulf o f  Cagliari from the S. 
G i l l a  Lagoon and the industr ial  complex i n  the gulf. Suspended matter o f  a l l  kinds (suspended 
sediment, organic detr i tus, plankton, etc.) would have transported annually not less than 200 kg 
Hg-T in to  the gulf ,  mostly i n  part iculate insoluble form. The annual transport o f  tlg associated 
with l i v i n g  biota was estimated a t  some 100 g Hg-T. The release from the ref inery was more 
d i f f i c u l t  t o  estimate. The concentration o f  the outflow was sampled only once result ing i n  7.5 ug 
soluble Hg (membrane-filtered)/!, and 70 ppm Hg-T i n  suspended matter (Cot t ig l ia  e t  a1. 1984). If 

one follows the authors, assuming that the plant discharges several n?/sec with a load o f  sol id 
suspended matter containing 0.5 mg t l g d ,  one arrives only a t  some 10 to 100 kg o f  tlg a year. 

2 6 8 10 12 

Mercury i n  sediment (ing/kg DM) 

Figure 37. Relationship between mercury concentrations i n  sediments and biota obtained from tank 
experiments (Cott igl  i a  e t  a1. 1984). 



Also the sediments near the PVC and chlor-Ã§lkÃ§ plant situated i n  the Kastela Bay (Split) 
s h a d  high Hg levels: 8.5 -g Mg/kg OH m x i Ã  concentration a t  the nearest point detemiaed 
(StegMr e t  &I. 1981, Vukadin et a1. 1986). The p l a t  has been i n  operation since 1950. It IMs 
been estimated that for the period f ree 1950 to 1985 about 2 NT of Hg/year.were released in to  the 
marine environment with an eff luent concentration o f  about 0.1 dig Hg/L. Also about 2 Wyear  were 
released in to  air. Beginning i n  1985 on the mercury discharged with the l i qu id  eff luent (circa 
0.01 mg Hg/L) i n to  the marine environment has markedly reduced to about 50 kg Ho/year. I n  the 
surface layer o f  the sediments the contamination from the plant i s  easily detectable (Figure 38)- 
I n  the subsurface layer o f  the sediment the Hg levels are about that o f  background. Mussels 
collected near the plant also showed much higher levels than mussels from a remote control 
location (Table 31). Returning to  the same s i te  i n  1982 and 1983, Tuser-Znidaric e t  a1. (1983) 
again collected sediment and mussel samples near the chlor-alkali and PVC industry and from remote 
sites. The Hg-T concentration i n  mussels taken near the plant uas 25 times higher than i n  mussels 
collected i n  a remote s i t e  (Ciove) i n  the same region, but, interestingly, the MeHg concentration 
i n  the mussels from the contaminated s i te  was only 1.75 times that of  the remote s i te  (Table 34). 
Recently Nikac & a. (1985) have published data on total  mercury, methyl mercury and selenium i n  
sediments, mussels and f i sh  from the same site. High Hg-T concentrations were again found near the 
outfal l  i n  surface sediments (highest concentration: 6.13 -/kg wet  weight)! The MeHg levels, 
however. were low ranging from 4.002 t o  0.02 mg Hg/kg uet weight of' sediment. The McHg 
concentrations i n  the sediments were not correlated to  the Hg-T concentrations i n  the sediments 
nor to  the amount o f  organic matter i n  the sediments. About 0.15 to  1.4% o f  the Hg-T was ReHg with 
a median o f  0.56%. I n  mussels (& galloorovincialis) the highest Hg-T levels (13.3 mg Hgkg FM) 
were observed near the chlor-alkal i  plant but the mussel samples with the highest Hg-T did not 
have highest MeHg concentrations (0.015 mg/kg FU). Mussels with Hg-T concentrations o f  0.4 to  0.7 
q / k g  FW had higher MeHg concentrations (about 0.110 ing/kg FU). The correlation between Mg-T and 
ReHg was not significant, but a negative correlation between Hg-T and the percentage of  MeHg 
exists (Figure 39). These data indicate that the large release of  inorganic Hg from the 
chlor-alkali plants has not signif icantly increased the HeHg concentrations neither i n  the 
sediments nor i n  the mussels. This i s  i n  accordance with the experiments made by Inoko and Matsuno 
(1984) that ReHg i s  not formed i n  chlor-alkal i  plants. The results also suggest that only a small 
amount, i f  any, o f  inorganic Hg i s  transformed into MeHg i n  sediments or biota near chlor-alkali 
plants. 
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Figure 38. Mercury concentrations i n  surface and subsurface layers of sediments from the Kastela 
Bay (Stegnar e t  a1. 1981). P: Chlor-alkali plant. 



Table 31. Mercury and selenium concentrations @#kg FU) i n  mussels 
(soft parts) from the Kastela Bay (Stegnar & a. 1981) 

metal mean range location' 

Ho-1 9600 4600 - 17400 near PVC & chlor-alkali plant 
S T  600 200 - 1600 near PVC & chlor-alkali plant 

300 - 400 "ncontaminated s i t e  (Trogir) 
300 - 400 uncontaminated s i t e  (Trogir) 

Table 32. Average mercury amounts (g/day) discharged by two land-based 
sources i n to  the El-Mex Bay (El-Rayis & g. 1986) 

chlor-alkal i agriculture drain 
plant Unun 

Dissolved Hg 76.9 336 
Particulated (to 27.7 3276 

Grand to ta l  : circa 3720 g Hg-T/day 

log (% C H H g )  - - 1.04 log ( HgIo,  1 + 0.58 

Figure 39. Relationship between to ta l  mercury and methyl mercury i n  the soft parts o f  mussels from 
the Kastela Bay (flikac & g. 1985). 

I n  Israel Hornung and collaborators (Hornung e t  al.  1984; Hornung, 1986) investigated the 
release o f  Hg from a chlor-alkali plant and i t s  influence on the Hg levels i n  sediments and biota. 
Sediment concentrations were highest near the plant 's ou t fa l l  and decreased with distance from 
it. A t  20 krn from the source, background levels were again reached. Likewise, the Hg 
concentration decreased i n  benthic organisms with distance from the source. Figure 40 shows the 
correlat ion o f  Hg levels i n  three invertebrates (a crab, a bivalve and a gastropod) with that of 



the sediments collected i n  the sane sites as the organisms. Note that the carnivorous gastropod 
showed higher Kg levels i n  the same locations than the filter-feeding bivalve. Similar 
correlations were observed for several other species. 

Total mercury In 
organisms, ugh dry wt. 

Â Y 1.0011 0.26 
Â 

o r m a737 

a 0 4  ly- 

Total mercury in sediment ( p 9 4  dry wt .1  

Figure 40. Relationship between mercury concentrations i n  three benthic organisms and surf ic ia l  
sediments from the coast o f  Israel (Hornung, 1986). 
hx each point represents Hg levels i n  organisms and sedimnt sapled on the sane 
date. 
Symbols: A = July 1980, 0 = July 1981, 0 = Sept. 1981, = May 1982, x = Nov/Oec 
1982. 



The impact o f  yet another chlor-alkal i  plant and an agricultural drain south-west o f  
Alexandria was studied by El-Rayis & a. (1986) and El-Sayed and Halim (1979). El-ftayis e t  al. 
(1986) estimated that more than 3.7 kg W d a y  were released in to  El-Mex Bay from these two 
land-based sources. I n  the agricultural drain, the main source, most of the Hg i s  i n  part iculate 
form while the chlor-a lkal i  plant discharged predaninantely dissolved Hg. This i s  d i f ferent  from 
what has been observed i n  discharges from the Solvay plant and from the sources i n  the S. G i l l a  
Lagoon. A t  the stations (2a and 3a i n  Figure 41) near the two discharges the sa l in i ty  (as 
expected) i s  lowest i n  the surface layers, a t  some kilometres offshore normal sea water 
concentrations e r e  reached. Dissolved and part iculate Hg increased near stations 2a and 3a to  a 
greater degree i n  the bottom water with higher sa l i n i t y  and near the chlor-alkali plant which 
discharged only 1/4 o f  the amount o f  dissolved Hg of the Umum agricultural drain. I n  both 
stations the part iculate Hg i n  the sea water samples i s  higher than the dissolved Hg. On the 
outer stations (2b and 3b) both part iculate and dissolved Hg are also higher i n  the bottom waters 
than i n  the surface layers. I n  the sediments from the shoreline near the out fa l l  of the 
chlor-alkali plant, levels ranged from 11 t o  15 mg Hg-T/kg OU (El-Sayed and Halim, 1979). The 
stations 2a and 3a i n  the bay had the highest levels (Table 33). Relatively high levels were also 
found, near the Eastern Harbour o f  Alexandria. High plankton values are found only near the Unum 
drain (stat ion 3a and 4c), near the chlor-alkali plant (stat ion 2c) andnear the Eastern Harbour 
(stat ion 5c). Also the Hg levels i n  several f i s h  species were higher i n  El-Mex Bay than i n  other 
areas along the ~ lexandr ia  coast (El-Sokkary, 1981 ) .- 

t 

I 

Figure 41. Sampling stations i n  the coastal area o f  Alexandria. (El-Rayis fi a. 1986). 



Table 33. Mercury i n  sediment and plankton samples from El-Mex Bay (El-Rayis g& g. 1986) 

stations sediment mixed .plank ton 
(IIQ Hg-T/kg DU) H g - T m  FU) 

Table 34. Mercury and selenium concentrations (pg/kg FU) i n  marine 
organi sms from the Medi terranean 

Ha se Hg/Se 
n(*) mean range mean range r a t i o  reference 

- -- 

~l ankton 
Adriat ic S. H22 130 

N. norveqicus 
Adriat ic S. 5 1650 

wurex sp. 
Adriat ic S. H2 30 

M. galloprov. 
Monaco HI 330 
Kastella B. 
polluted 5H10 10000M 

f'w 28N 
Clove, unpoll. 5H10 40011 

16M 
Strunjan, 
unpolluted 4H10 son 

Elefs is  Bay 
HI0 150 

Ostrea edul i s 
Adriat ic S. HI 40 

Octopus vulgaris 
Adriat ic S. 1 70 

Nustelus vulqar. 
Adriat ic 3 1850 

Rda  clavata 
Adriat ic 1 670 

Tomdo mamrata, adult 
Adriat ic S. 
l i v e r  1 1150 
kidney 1 400 
t a i  1 muscle 1 650 

Kos ta 

Kos ta 

Kos ta 

Fowler 
Tusek 

980n 820 - 2100 
same sample 
53cH 480 - 1210 
same sample 

Tusek 

Tusek 

Grim 

Kos ta 

Kos ta 

Kos ta 

Kos ta 
Kos ta 



Table 34 (contad). 

A Se Hq/Se 
n(*) new range mu ruge r a t i o  reference 

lomedo m m r Ã § t a  young 
l i v e r  2 
t a i l  m s c l e  2 

fl. barbatus 
K~SSÃ ‘O  Gulf H2 
GerÃ Gulf H4 
Samnikos G. HZSfl 

& sumwletus 
K i s s m G .  H5 

P. acarne 
Kiss- 6. H6 
Gera Gulf HI1 
Antikyra 6. H2 

!!9a?.E%!2 
Kiss- Gulf H10 
Antikyra Gulf 1H 

Kos ta  
220 - 230 0.3 
m - 420 0.2 

Grim 
0.13 
0 .M 
0.24 

Grim 
0.17 

Grim 
0.03 
0.16 
0.1 

Grim, 
0.02 
0.04 

Seranus scriba 
Gera Gulf 1 230 

Grim 
0.5 

S. cabr i l l a  
Antikyra Gulf 

s. s&a 
Antikyra 

E. QUaZa 
Kissams Gulf 

0. annularis 
Gera Gulf 

P. erythrinus - 
Adriat ic  coast 
Gera Gulf 
mil la& 
Gera Gulf 

Raena s m r i s  
Gera Gulf 

LFE9Er 
Antikyra Gulf 
T. di terraneus 
Kissmos Gulf 

Grim 
0.1 

Grim 
0.2 

Grim 
0.2 

Grim 
0.1 

480 - 640 0.45 Steg 
3.8 Grim 

Grim 
1.6 

Grim 
0.1 

Grim 
0.1 

Grim 
0.1 

n(*): H followed by a nurtier n stands f o r  composite sample of n specimens. 
The Hg/Se r a t i o  i s  calculated frcn the respective means. 
Fouler = Fouler & a. (1976a); Fouler and Benayoun (1977) 
Grim = Gr imnis & Ã§1 (1981, 1979) 
Kosta : Kosta & a. (1978) 
Steg = Stegnar & a].. (1979) 
Tusek : Tusek-Znidiric fi a. (1983) 

3.7 Organic mercury 

Despite i t s  great importance not many data exist on organic mercury i n  Mediterranean biota. 
Aboul-Dahab & a\_. (1986) found i n  32 mixed plankton samples that about 20% o f  the Hg-T was 
organic Hg: range 13 t o  42 ug Hg-T/kg FW (section 3.4.1). Capone a. (1986) determined that i n  
the green algae Cladophora from a contaminated si te, 40% of  the Hg-T was ReHg. Salihoglu and 
Yemenicioglu (1986) determined Hg-T and MeHg i n  the mac~ o-algae Caulerpa pro1 i fera.  They found a 
mean (n = 17) o f  67 ug Hg-T/kg DM (FW/DW ci rca 10) with a standard deviation o f  about 17. MeHg 
made up about 10% of  Hg-T. 

Mikac e t  a l .  (1985) and Tuser-Znidaric et a. (1983) observed that the percentage of Hg-T as 
fleHg was lower i n  mussels from a contaminated s i t e  then i n  mussels from an uncontamatined s i t e  
(section 3.6; Table 34). Unusual results were obtained by Najder and Bazul i c  (1986). These authors 



found that the MeMg concentration decreased w i t h  increasing s ize  o f  the mussels (see section 
3.4.4). 

Capone & c. (1986) found that i n  the crustacean Ganmms 62X o f  the Hg-T was HeHg. I n  the 
crustaceans Penaeus kerathums and Portunus p ~ l a ~ i c u s  Salihoglu and Yanenicioglu ( 1 9 W  found that  
99% of the  Hg-T was fteHg. Capel l i  and Minganti (1986) observed tha t  the organic Hg i n  shrimps 
(Nephmm norvmicus) frm the Gul f  of 6ema was pos i t i ve l y  correlated w i t h  ueight and averaged 
about 601. 

I n  f ishes from the L igur ian Sea, Capel l i  and Ringanti (1986) found pos i t i ve  correlat ions of 
organic Hg w i t h  weight i n  BOOPS boom, Herluccius merluccius and Scadwr sconbrus. The mean 
percentage o f  organic Hg ranged from SOT to 671. Capone d. (1986) determined i n  the fishes 
Mhanius and Anqui l la  on the average tha t  90% and SU% of the Hg-T respect ively was organic 
mercury. The low percentage i n  Angui l la  i s  somewhat surprising. Salihoglu and Yemenicioglu (1986) 
found ReUg percentages were h igh i n  the f i s h  Mugil auratus, Mullus barbatus, and Saurida 
mdosquanis (95 t o  100%) , only  i n  Uvuneus meluccensis the percentage was only 60% Mew. Cape1 li fi 

(1986) invest igated Hg-T and organic Hg i n  Sarda sarda. I n  t h i s  f i s h  the organic Hg increase 
w i th  s i ze  reaching i n  the largest  specimens (c i r ca  4 kg FW) about 95% o f  the Hg-1. 

Thibaud (1986) has more extensive data: about 100 muscle samples o f  the b luef in  tuna from the 
Redi terranean. These data show that  MeHg (and Hg-1) increased wi th  body weight of the tuna to  
about 75% o f  Hg-T whi le  selenium leve ls  remained almost constant- 

In te res t ing  are the resu l t s  o f  Halim e t  a1. (1986). I n  the f l esh  o f  s i x  f i sh  species (L 
barbatus, L v u l ~ a r i s ,  h v s ,  L pilchardus. al leteratus, ha l av i l  the organic 
concentrat ions i n  f l e sh  range from about 70 t o  85% o f  the Hg-T and the concentration o f  organic Hg 
i n  these organisms increased w i th  body weight (Aboul-Dahab & fi. 1986). but  i n  the 1 i ve r  o f  these 
f ishes the percentage o f  organic Hg i s  only about 7 t o  23%. Also Eganhouse and Young (1978) found 
only an average o f  9.6% ReHg i n  the l i v e r  o f  the Dover sole (Microstanus paci f icus).  Simi lar low 
ReHg percentage were found i n  the marine mamnals (sect ion 3.4.1). 

These data are i n  accordance w i th  the observations that  the MeHg percentage increases wi th  
the t rophic  leve l  o f  the organism and that  MeHg increases dur ing l i f e  time. The exceptions 
(mussels) observed need fu r ther  study. I n  other oceans the major i ty  o f  mercury i n  f i s h  occurs as 
methyl ifkrcury (Westoeoe and Ohlin, 1975). V i r t u a l l y  a l l  the mercury i n  large predatory f i s h  such 
as tuna and swordfish i s  a lso present as methyl mercury, although marl i n  i s  an exception w i th  only 
10% of the Hg-T as MeHg i n  muscle t issue (Shultz fi a1. 1976). 

3.8 Mercury/selenium re la t ionsh ip  

The f indings that  selenium might act  antagonis t ica l ly  t o  Hg (Piotrowski and Inskip, 1981) and 
that  i n  some organs o f  man and marine organisms high Hg leve ls  are associated with high selenium 
concentrations has stimulated the simultaneous co l lec t ion  o f  Hg and Se concentrations i n  marine 
organisms and t he i r  environment. Kosta e t  a l .  (1975) and Koeman fi d. (1973) have shown that  for 
man and f o r  marine mamnals i n  some tissues (1 i ve r  and kidney) the Hg/Se molar r a t i o  can be about 
one. Examining, however, other marine organisms and other organs the molar r a t i o  i s ,  i n  general, 
f a r  from one (Tables 34 and 35). Only i n  some b i r d  t issues ( l i v e r  and bra in) ,  molar r a t i o s  near 
t o  one have been observed (Figure 42). Loenzio e t  a1. (1982) have recent ly found that i n  the f i s h  
Mullus barbatus the sum o f  Hg p lus Se expressed i n  moles are 1 inear-related t o  length (age) o f  the 
f i sh  (Figures 43 and 44): even r e l a t i v e l y  low Hg levels were "compensated" wi th  addit ional high 
selenium levels.  Recalculating e a r l i e r  data from Freeman et d. (1978) Leonzio et c. (1982) 
could show that  the sum o f  molar Hg + Se concentrations i n  the A t lan t i c  swordfish i s  also 
pos i t i ve l y  correlated w i th  length. I t  would be in terest ing t o  invest igate t h i s  phenomenon i n  more 
species t o  see i f  i t  i s  general. 

Martoja and Via le  (1977) and Martoja and Berry (1980) have presented evidence that  mercuric 
selenide par t i c les  o f  a few micron i n  diameter occur i n  the connective t issue of the l i v e r  from 
marine mammals. Few par t i c les  were found i n  A t l an t i c  dolphins, but numerous agglomerations i n  
adult  Mediterranean specimens. The par t i c les  have been i den t i f i ed  as pure tiemenni te  and according 
t o  the authors the par t i c les  may expla in  the presence of high Hg and Se levels i n  the l i v e r  of 
IIlWine oraanism since thev haw  hoon <;hnwn tn ha inart  



Table 35. Mercury and selenium concentrations (ug/kg FU) and Hg/Se molar ratio in 
marine birds (Cottiglia & a].. 1984) and their eggs (~enzoni & a].. 1982) 

G. n i l o t i ca  
S. h imn th  

alb i f rons 
L &  
G. n i l o t i c a  
S. albifrons 

a l b i f m s  
Mu1 ts: 
Phalacrocorax c* 

S. G i l l a  
f a t  
uropy. gland 
muscle 
brain 
l i v e r  
kidney 

Podiceps n i g r i c o l l i s  
S. G i l l a  

f a t  
uropy. gland 
musd e 
brain 
l i v e r  
kidney 

WI~C~WXW~X C- 

Lagoon o f  Harano 
f st 
uropy. gland 
m n c l e  
brain 
l i v e r  
k i dney 

i c e  n i g r i c o l l i s  
Lagoon o f  Rarano 

f a t  
uropy. gland 
muscle 
brain 
l i v e r  
kidney 

Phalacmcorax 
Lagoon o f  Corru-e'-s' i t t i ri 

f a t  3 
uropy. gland 3 
muscle 3 
brain 3 
l i v e r  3 
kidney 3 

h& concentrations i n  brackets are FU estimations derived from LM 
concentrations assuming OU = 5 x FU. 
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a g e  ( y e a r s )  

Figure 43. Mercury and seleniun i n  Rullus barbatus fram an area high i n  mercury (Leonzio e t  a l .  
1982). 

age ( y e a r s )  

Figure 44. Mercuy and seleniun i n  Nullus barbatus fran an area IOU i n  mercqry (Leonzio e t  a l .  
1982). 



3.9 Pol lut ion indicators 

Measurements o f  mercury concentrations i n  a i r ,  sea water, sediments and biota can a l l  serve 
as pol lut ion indicators. Since sea water and sediment concentrations w i l l  influence the Hg levels 
i n  biota, the i r  determination i s  important f o r  a prediction o f  the levels t o  be expected i n  
biota. Because sea water masses are subject t o  horizontal and vert ical movements while sediments 
are qui te stationary, sediments w i l l  be much more useful i n  locating pol lut ion sources than 
water. Furthermore, the Hg concentrations i n  sediments and biota are a t  least 1000 times higher 
than the sea water levels and, therefore, the analyt ical requirements are much less demanding. On 
the other hand Hg concentrations i n  sea water are a t  present better suitable fo r  a prediction of 
the Hg levels i n  biota and i t s  t ox i c i t y  on biota. So far, the b ioavai labi l i ty  o f  the various 
mercury species associated with sediments has not been studied su f f i c ien t ly  t o  allow the 
prediction o f  biota levels f ran sediment concentrations. A1 so applying a standard reference 
extraction procedure o f  sediments would be very useful f o r  the comparison o f  the results obtained 
by d i f fe rent  authors. This reference procedure should be used always together with other 
procedures i f  the investigator prefers other methods. A t  present only a qua1 i ta t ive  relationship 
between sediment and biota concentrations has been established both fo r  natural and anthropogenic 
sources. Therefore, sediment levels are very useful t o  ident i fy  sources o f  contaminations but 
they must be integrated with Hg concentrations i n  the b iota t o  assess possible risks, both to 
marine organisms and humans exposed to  Hg intake from seafoods. The accumulation rate, the 
internal d is t r ibu t ion  and the release i s  d i f fe rent  f o r  various inorganic and organic Hg species 
(see section 4.3). Also the levels observed i n  b iota i n  areas under the influence o f  natural and 
anthropogenic sources have c lear ly  shown that the physico-chemical form (species) of Hg play an 
important ro le  i n  the bioavai l a b i l i  t y  o f  Hg. Therefore, key Hg species must be monitored together 
with t o ta l  Hg. Total Hg determinations can only serve as a preliminary orientation. The 
accumulative nature o f  the Hg species i n  biota requires that specimens o f  the same size be 
compared. However, instead o f  prescribing a standard size f o r  monitoring (which may not be 
available t o  the investigator) regression curves o f  Hg concentration versus size o f  a wide range 
should be examined, since i t  has been shown that t h i s  i s  much more effect ive i n  distinguishing 
contamination levels i n  biota than standard sizes. Selecting sessile marine organisms and 
organisms which migrate over restr ic ted and over wide areas allows the monitoring o f  areas o f  
d i f fe rent  sizes. Selecting organisms belonging t o  d i f ferent  trophic levels and having d i f ferent  
feeding habits allows a d i f fe rent ia t ion  o f  the paths and routes the d i f ferent  Hg species w i l l  take 
i n  the environment. 

3.10 Conclusion on mercury levels 

The analyt ical uncertainty o f  the measurements, especially i n  a i r  and sea water, but also i n  
sediments, make the evaluation o f  and the comparison between the data o f  d i f fe rent  authors 
extremely d i f f i c u l t ,  i f  not impossible. Reference materials and reference standards a t  the levels 
a t  which Hg occurs i n  the marine environment are only available fo r  biota and sediments. However, 
these standards are va l id  only f o r  the standardization o f  to ta l  Hg concentrations, no standards 
ex is t  f o r  the canparision o f  key Hg species (e.9. methyl mercury). 

I t  i s  f a i r  t o  say that data which have not been obtained under good qua l i ty  control 
(comparison with reference standards and/or in tercal  ibration, frequent periodical checks against 
the laboratory's own substandards) cannot be considered without reservations. The responsible 
scient ist,  o f  course, realizes that management decisions based on wrong analytical data can have 
great economic consequences. 

The di f ferent  areas o f  tue Mediterranean have been surveyed very unevenly. For instance, 
very few data are available from the southern coast o f  the Mediterranean, Egypt being an exception. 

Air:  The data available up t o  now are l imi ted to  the western Mediterranean and even they 
are s t i l l  scarce and sporadic. Nevertheless, the data indicate that the Hg levels o f  open sea 
areas are lower than over land. As expected, urban a i r  has higher Hg levels than rura l  a i r .  Hg 
levels i n  a i r  over ru ra l  areas i n  the Mt .  Amiata Hg anomaly are considerably higher than over 
ru ra l  areas not influenced by natural Hg sources. The chemical species of Hg i n  a i r  are a t  
present only operationally defined and a true ident i f i ca t ion  i s  necessary t o  understand the ro le  
different Hg species play i n  the atmosplwre and i n  the transport f ran  a i r  to ocean and vice versa. 



Due to the uneven distribution of land and oceans in the two hemispheres, over open ocean sites in 
the northern hemisphere the mean level of "gaseous Hg-1" is estimated to be about 1.5 ng ttg-T/m3 
and over open ocean sites in the southern hemisphere about 1 ng Hg-T/$. ' 

Seawater: The lack of proper quality control of the sea water measurements makes it very 
difficult to state which levels may be typical of the open Mediterranean. Taking into 
consideration only recent data for the "open ocean" sea water samples, the means of "total 
dissolved Hg" concentrations range between 7 and 25 ng Hg-T/L. For comparison the range of means 
of recent equivalent data from non-Medi terranean areas extends from 2 to 14 ng Hg-T/L. Data on 
some coastal zones seem "very high" and urgently need confirmation by other workers. Most 
important of a1 1, workers engaged in sea water analyses should try to intercal ibrate at least on a 
local level, i .e. between laboratories which can analyse simultaneously the same samples. A great 
handicap in the understanding of the biogeochemical cycle of mercury present the lack of 
analytical data on chemical species of Hg in sea water. 

Sediments: High Hg levels have been detected near some towns and in, the adjacent areas to 
river mouths. Investigating other near-town sediments, especially near their sewage outfalls, will 
likely turn up other "hot spots" in the 1 to 10 mg Hg-T/kg DM range. 

Biota: The large number of Hg levels in edible marine organisms investigated during the RED 
POL Phase I project has greatly contributed to a better understanding of the distribution of Hg 
concentrations in seafoods. Total mercury concentrations increase with size in marine organisms; 
only bivalve mussels seem to be an exception. In more evolved molluscs (sepia) the Hg 
concentrations increase with size as in other marine organisms. This increase with size is more 
evident in organisms which have long 1 i fetimes and high Hg concentrations. More relationships 
between Hg concentration and size are needed for an accurate comparison of the Hg levels in 
individual species from different locations and for a prediction of the possible Hg levels to be 
expected in various seafoods. For some areas (e.9. the southern coast of the Mediterranean) the 
data base available is still very limited. However, despite these limitations there is no doubt 
that marine organisms from many areas in the Mediterranean, which are not polluted by 
anthropogeni c sources, general ly have higher levels than marine organisms from unpol 1 uted areas of 
other regions. In particular, data on the Hg concentration versus size for a mollusc and several 
pelagic fishes i 1 lustrate that these species have higher Hg concentrations in the Medi terranean 
than in the Atlantic. Hg concentrations have been determined in mixed unrepresentative plankton 
samples of unknown species composition vary widely and therefore no difference between the 
Mediterranean and other oceans can be established. The usefulness of these data is 1 imi ted to the 
establishing of an sea water/plankton concentration factor of 1000 to 5000. Very limited data show 
that in Mediterranean plankton organisms, as in many other marine organisms, the mercury 
concentration increases with size. Similar data from the Atlantic are needed to establish if 
significant differences exist also for plankton organisms from the two regions. Mean Hg 
concentrations of 1000 )g/kg FW and maximum concentrations above 2000yg Hg-T/kg FW are not rare 
in Mi terranean seafoods. The highest concentrat ions in Mediterranean seafoods were observed in 
large predatory fishes situated in the highest trophic levels such as tuna (maximum: 6300 yg 
Hg-T/kg FW), but also in Muqil auratus (maximum: 5600 yg Hg-T/kg FH), Nullus barbatus (maxim: 
7050 j g  Hg-T/kg FW) , Nephrops norvegicus (maxim: 3000 yg Hg/kg FW) and flyti lus gal loprovincial is 
(maximum: 7000 yg/kg FW). High Hg levels in seafoods have been observed in areas 11, IV, V and 
VIII of the Mediterranean. Typical Hg concentrations are difficult to identify. However, it is 
indicative that rarely mean concentrations are below 100pg Hg-T/kg FW. Nearly a11 results have 
been obtained under quality control measures, so that the majority of the data can be considered 
reliable. Birds have high Hg concenl. ations and also they seem to have higher Hg-T levels in the 
Mediterranean than in the Atlantic. The highest Hg levels of all biota were found in marine 
mamnals. Again higher Hg-T concentrations seem to occur in the Mediterranean species. 

Natural sources: The data show clearly that Hg sources of natural origin influence the Hg 
levels observed in sediments and biota. A mussel transplant experiment, in particular, was very 
illustrative in this respect. However, determining the total amount of Hg in water and sediment is 
not sufficient for a prediction of the level in biota. The very high concentrations in the 
sediments in the Gulf of Trieste (up to about 50 mg Hg-T/kg DM), confirmed by two authors, result 
in onlv a relatiwlv mull inrrpa<;p in tho Ha l ~ u ~ l c  in miecolc Murh l n w r  rnnrentratinnc in 



sediments (up t o  5 mg Hg-T/kg DM) o f f  the coast o f  the flt. Aniata anomaly increased the Hg level 
i n  M. barbatus t o  much higher levels. Unfortunately the Hg concentrations o f  t h i s  f i s h  have not 
been investigated i n  deta i l  i n  the Gulf o f  Trieste, but the feu data (without size indications) 
showed only s l i gh t l y  higher levels than those from other parts o f  the Mediterranean not under the 
influence o f  natural Hg anomalies. The leaching experiments carried out on the sediments from the 
flt. hats anomaly showed that investigating the chemical species o f  the Hg present i s  very 
important for an understanding o f  the d is t r ibu t ion  pattern o f  Hg i n  the environment. Similar 
experiments, taking i n to  consideration the processes involved i n  the Hg uptake by marine organisms 
i n  different posi t ions i n  the food-chain, may supply an explanation fo r  the differences observed 
i n  the Gulf o f  Trieste and the Tuscan coast. 

Anthropogenic sources: The release o f  mercury from industr ial  complexes, mainly 
chlor-alkali plants, showed that mercury i s  highly enriched i n  sediments and i n  suspended matter 
near the plant 's ou t fa l l ,  but, somewhat unexpectedly, only s l i gh t l y  i n  the biota inhabitating the 
immediate surroundings. At a distance o f  10 to  20 km Hg levels are reached background levels 
again, even i n  areas with massive Hg inputs. The chemical species (physico-chemical form) of the 
Hg released seems t o  play a very important ro le  i n  the b ioava i lab i l i t y  o f  the Hg released and i n  
i t s  d is t r ibut ion pattern. Hence, the determination o f  to ta l  Hg concentrations i s  not suf f ic ient  
t o  understand and predict the d is t r ibu t ion  pattern o f  the Hg release i n  the various components of 
the marine ecosystem. Sewage out fa l l s  can increase the Hg concentrations i n  the adjacent 
env i ronmen t . 

Organic mercury: The few data so f a r  available show that the re la t ive  amounts o f  organic 
mercury increase with age o f  the organism and increasing posit ion i n  the food-chain. Plants and 
plankton have much lower re la t ive  amounts o f  organic Hg than crustaceans and fish. Bivalve 
molluscs seem to  be an exception as the i r  content o f  organic (and to ta l )  Hg decreases with size. 
I n  fishes 60 to  95% o f  the Hg-T (depending on age and trophic level) i s  methyl mercury. I n  the 
1 i ve r  of fishes and i n  marine -1s low percentage o f  organic Hg has been found. 

Mercury/selenium relationships: Considerable attent ion has been given to  the simultaneous 
increase o f  Hg and Se i n  marine organisms because Se i s  an antidote t o  mercury poisoning. I n  most 
cases the Se levels seem to  be independent o f  the Hg levels. But i n  some special tissues, such as 
the l i v e r  and brain, molar ra t ios  near t o  one have been observed. I n  some fishes the sum o f  the 
molar concentrations o f  Hg and Se has shown t o  be related with length. More data are necessary t o  
see i f  th is  i s  a general phenomena. 

Pol lut ion indicators: Since Hg i s  an accumulative element, i.e. the Hg concentration 
increases with size o f  the marine organism (bivalves seem the only exception), various marine 
organisms may serve as indicators o f  areas o f  d i f fe rent  extension. Sessile organisms may serve as 
indicator o f  very small areas, while organisms migrating over medium to  large areas can serve as 
indicators over more or  less wide areas. According to  the size o f  the area t o  be monitored sessile 
o r  species with a migrations pattern corresponding to  the area t o  be monitored can be selected. 

4. BIOGEOCHEMICAL CYCLE OF MERCURY IN THE MARINE ENVIRONMENT 

4.1 Natural and anthrowgenic sources 

Mercury i s  introduced i n t o  the marine environment both from natural and from anthropogenic 
sources. Following the f l i  namata incident , the great concern about anthropogeni c mercury releases 
has distracted the attent ion from the potential  hazards o f  natural occurring mercury sources. 
Relatively high mercury concentrations are found i n  the geochemical mercury anomalies. 

4.1.1. The Medi terranean as a natural geochemical anomaly 

Mercury occurs natural ly i n  the environment and i s  concentrated i n  geologic belts. Mercury 
deposits belong to  one o f  the two Tert iary or  Quaternary orogenic and volcanic belts: the 
c i r c q a c i f i c  and the Miterranean-tlimalayan be l ts  (Figure 45). A more detailed f igure o f  the 



past and present mines of the Mediterranean shows the wide distribution of Hg in the Mediterranean 
basin (Figure 46). Published detailed surveys are rare (Figure 23) but no doubt the mining 
companies possess extensive data from the prospecting for possible Hg mining sites. The Hg 
concentrations higher than background, but too low for mining, may occur in many parts of the 
Mediterranean. Although a systematic survey of Hg levels in the Mediterranean has not been 
carried out, it is indicative that 65% of the world's mercury resources are supposedly located in 
the Mediterranean basin which occupies only 1% of the earth surface (Table 36). In 1970 Italy 
exported 35% of its production, Spain 95% and Yugoslavia 90% (Nriagu, 1979) showing that 
thanercury is not necessarily dispersed in the country of production. Where the anomalies have 
been studied their influence on the nearby coastal zones is evident from the above background 
concentrations in sediments and biota (section 3.5). A transport route may be presented by 
suspended matter as has been shown by Baldi (Baldi, 1986). This author found that the Hg 
concentrations of particulate matter in sea water were much higher than the Hg concentrations in 
the sediments of the same station. Similar results were observed to occur in the Tagus estuary 
(Figueres et a1. 1986) and in the Gulf of Cagliari (section 3.6). In the Tagus estuary the Hg 
levels in the sediments decrease rapidly with distance from the Hg source, but the Hg 
concentration in the suspended matter remains high (Figure 47). In the sea the influence of Hg 
contained in small suspended particles may extend the influence of Hg anomalies over a much wider 
area than observable in Hg concentrations in sediments. 

Anthropogenic sources of importance for the marine environment are mainly metallic Hg 
released in wastes from chlor-alkali plants where the H ~ O  has been used in electrodes and wastes 
from plants involved in the PVC production that use HgC12 and HgS04 as catalysts (Nriagu. 
1979). Sewage outfalls can create "Hg hot spotsn in sediments (section 3.3). 

4.1.2 River inputs and land run-offs 

A rough comparison of the watershed of the Mediterranean basin (Figure 48) and the locations 
of the mining area (as representative for the Hg anomalies) shows that only the Almaden does not 
drain into the Mediterranean and the Konya only partially. The great influence of the Hg levels 
in sediment and biota for two areas (Nt. Amiata and Idri ja) has been discussed previously (section 
3.5). For the other areas no data are as yet available, but an influence on the Hg concentrations 
in the adjacent marine environment can be foreseen. 

Figure 



I n  the framework of the Mediterranean Action Plan an assessment o f  the tota l  pol lut ion 
inputs from land-based sources was attempted through the project ?0 POL X o f  UNEP (1984) which 
included also very approximate estimates on the mercury input from various sources (Table 37). I t  
must be pointed out however, that i n  many cases i t  was necessary, because o f  lack o f  data, t o  make 
extrapolations from a very snai l  and unevenly distr ibuted data base.  heref fore, the estimates may 
not even be correct i n  the i r  orders o f  magnitude. Wore data are urgently needed, and since i t  has 
been shown that even large anthropogenic sources have only a l imited influence (section 3.61, 
future data should be presented on local basis rather than for  the whole Mediterranean or for  
large areas. 

Figure 46. Locations o f  active and inactive mercury mines i n  the Mediterranean (courtesy of M t .  
h i a t a  Mining Company) 

= very productive mines; 0 = presence of mercury A =  previously productive mines. 



Table 36. Reasonably assured mercury resources and yearly production 
o f  mercury i n  1975 (Bernhard and Renzoni, 1977) 

Production Reserves ore grades 
(metric ton) (%I 

Medi terranean: 
Spain 1622 87000 1 - 2  
I t a l y  1048 (*) 21000 0.5 - 0.8 
Yugoslavia 584 20000 0.2 - 0.9 
Algeria 458 ? 7 
Turkey 300 7 7 
Tunisia 1 7 7 

Total world 8585 > 2 15000 

Med i terranean 
i n  % o f  world 47 65 

(*) the I t a l i a n  production was discontinued i n  1978 because mining 
Mas not longer prof i table. 

SM e f f l u e n t s  
s e d i m e n t s  
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Figure 47. Longitudinal evolution o f  part iculate mercury i n  the Tagus estuary 
rn = sediment; @ = sediment including sand; 0 = suspended matter. 

Sources: Sp = Soda Povoa; CQ = Complexo Quimigal; SN = Siderugia 
National; VF = V i l l a  Franca. (Figueres & 1986). 



Figure 48. Conventional watershed o f  the Medi terranean (Ambroggi , 1977). The freshwater drainage 
area i s  about 1.8 m i l l i on  kin2 including only 30000 o f  the Ni le delta out o f  
the 2.7 tan^ o f  the ent i re N i l e  River basin. 

Table 37. Estimates on inputs o f  mercury i n  the Mediterranean (UNEP, 1985P 

Oriqinatinq i n  coastal zones carried by 
Region domestic industr ia l  r ivers tota l  

( t lyear)  (1 t o ta l )  (t/year) (X to ta l )  (t/year) ( 1  to ta l )  (t/year) 

I 0.04 2 
I  I  0.3 1 

I l l  0.04 1 
I V  0.12 1 

V  0.08 X) 

V  I  0.03 X) 

V I  I  0.03 2 
V I  I  I  0.05 X) 

I X 0.01 X) 

X 0.07 1 

Total 0.16 0.6 6.9 5.4 122**) 94 130 

* Data are very approximated (see text)  
. - . .  - - 



4.1.3 Atmospheric inputs 

The high v o l a t i l i t y  o f  many Hg species suggests that  the atmospheric pathway i s  important i n  
the biogeochemical cycle o f  Hg. Unfortunately no degassing rates over land o r  sea have been 
determined i n  the Mediterranean basin, and, therefore, t o  obtain a t  least  some idea of the 
phenomenon, data from non-Medi terranean regions are considered. 

Although a precise quan t i f i ca t ion  i s  d i f f i c u l t ,  the fol lowing global values have been 
suggested by Matheson (1979): land degassing 17800 t/year, open ocean degassing 7600 t iyear,  
coastal water degassing 1400 t/year and volcanic a c t i v i t y  20 t/year. This estimate o f  emissions 
t o t a l s  26800 t/year. which i s  higher than the 18500 t/year quoted by M i l l e r  and Buchanan (1979). 
There i s  obviously considerable uncertainty attached t o  these estimates, pa r t i cu l a r l y  i n  
accounting f o r  recyc l ing and i n  extrapolat ing t o  the global to ta ls .  

Atmospheric emissions from anthropogenic sources are less than those from natural sources; 
estimates on r a t i o s  vary between 1 t o  4 and 1 t o  30 (M i l l e r  and Buchanan, 1979). However, on a 
loca l  basis anthropogenic emissions can cer ta in ly  be o f  considerably greater signif icance than 
natural  emissions. For degassing McCarthy a a. (1969) considered that  Hg levels i n  s o i l  
concentrations were less important than i n  the underlying mineral deposits. He found degassing 
rates rangin from 0.64 )g Hg nr2day-I i n  areas without underlying mineral deposits t o  about ! 42 p g  Hg m- day"' over cinnabar veins. The author determined the Hg increase i n  oceanic a i r  
moving over 100 km o f  land and estimated the degassing ra te  o f  the soi 1 around San Francisco t o  be 
about 4 y g  Hg rn-'day-l. Considering that  t h i s  s o i l  contained about 5 times more Hg than the 
average so i l ,  the degassing r a t e  f o r  the US continent was estimated a t  0.8 p g  Hg m2day1 .  
Later t h i s  estimate was lowered t o  0.3 pg day (EPA, 1975). 

The natural  mantle degassing processes emi t elemental Hg vapour f o r  the greater part .  The 
HeHg i s  thought t o  have mainly b io log ica l  o r ig ins  (section 4.2). 

The Hg emitted from volcanoes i s  a special source. Invest igat ing w i th  INAA (instrumental 
nuclear a c t i v i t a t i o n  analysis) the emission o f  atmospheric par t i cu la te  matter col lected on 
Whatmen 41 f i l t e r  paper from the Etna, Buat-Menard and Arnold (1978) found a geometric mean o f  
0.25 J J ~  H~-T /$  from three simples i n  the main plum (about 5 '~)  and a geometric mean o f  0.5 y g  
H~-T /&  i n  three samples taken from hot vents (greater than 300%). 

Natural Hg i s  present i n  the atmosphere as f ree vapour (associated wi th  par t i cu la te  matter 
as adsorbed elemental o r  organic Hg), as mercuric chlor ide vapour, o r  as monomethyl- and dimethyl 
Hg. Dimethyl mercury i s  unstable i n  the a i r  and i s  qu ick ly  degraded by UV i n t o  elemental Hg. 
The elemental Hg i s  also i n  an unstable oxidat ion s ta te  and converts slowly t o  soluble forms which 
are read i l y  t ransferred i n t o  atmospheric water droplets. Water and par t i cu la te  Hg usual ly 
accounts f o r  less than 1% o f  the Hg-T (F i  tzgerald fi a. 1983). However, these species are mainly 
responsible for  the transport o f  Hg from the atmosphere t o  the earth surface, because they are 
eas i l y  washed out by r a i n  o r  ( t o  a lesser extent)  scavenged by dry deposition. To these natural  
mercury species, Hg from indus t r ia l  sources has t o  be added. Johnson and Braman (1974) analysed 
the Hg species i n  a i r  which had been moving over the h igh ly  po l lu ted Hillsborough Bay o f  Tampa 
(Flor ida).  This a i r  had 5 times the Hg-T leve l  o f  a i r  that  had moved mainly over land. The 
authors found the fo l lowing species: 

mercury vapour 50% 
mercuric ha1 ide vapour 25% 
monomethyl mercury 2 1% 
dimethyl mercury 1% 
par t i cu la te  mercury 4% 



Lindqvist et a. (1984) estimated that total global deposition of mercury lies between 4 and 
30 p g  Hg-T to-qear-l. IXjat-Nenard and Arnold (1978) and m o l d  et al. (19831 made estimates 
for the western Mediterranean: 50 pg ~ ~ - ~ r n - * ~ e a r - ~  (flux of particle deposition: 1 cm/sec). 
According to these authors the higher values from the Mediterranean are mainly due to higher 
introduction in the atmosphere from the industrial sources of the western Europe and, to a lesser 
extent, inputs into the atmosphere from volcanic activities. The possible higher degassing rates 
from the westerly situated geochemical anomalies (Almaden and surroundings) have not been 
considered by these authors. 

The data on Hg levels in air over land and sea (section 3.1) are consistent with the 
hypothesis that the major source of atmospheric Hg is continental (Fitzgerald et al. 1983). The 
Hg is principally emitted into the air in the gas phase and probably mainly as elemental Hg and 
organo-tig species, but perhaps also in other forms. Anthropogenic but also natural sources can 
considerably modify the relative abundance of different species, especially on a local scale. 
Over open ocean areas the air contains mainly inorganic Hg which most probably is mainly ~g'. 
The particulate fraction is about 100 to 1000 times smaller than the gaseous Hg in the range of 
0.4 to 2 pg ~ ~ / m ~ .  

Finally, it should be noted that Ferrara et dl. (1982) concluded from their observations on 
Hg concentrations in air and rainwater that the Mt. Amiata Hg anomaly has only a very limited 
influence on the biogeocheÃˆmca cycle of Hg in the Mediterranean (section 3.1). Clearly more data 
are needed to enable us to estimate the contribution of natural degassing fluxes and industrial 
inputs. 

4.2 Transformation of mercury species 

The transformation processes of Hg has received considerable attention because in the 
abiotic environment (ore, air, soil and sediment etc.) Hg is predominantly present in its 
inorganic species while in seafoods most of the Hg occurs as MeHg. Also the Minamata incident 
poses the problem of the origin of QleHg. One hypothesis suggested that the inorganic Hg release by 
the chemical factory into the Minamata Bay was transformed into toxic MeHg by micro-organisms 
resident in the marine sediments. It seems, however, more likely that organic Hg was released 
from the factory. 

The various Hg species have different pathways and routes in the environment. Many of these 
routes can be taken both by biological mediated processes and by abiological processes. All known 
pathways have been studied in experimental set-ups, but the ecological and environmental 
significance of each single route of the biogeochemical cycle of mercury is sti 1 1  very uncertain. 
In the past much less emphasis has been placed on non-biological processes than on biological 
mediated ones and among the biological ones the microbiological have obtained the greatest 
attention. 

Natural foci of Hg dissemination are usually considered to be mercury ore (HgS) and 
non-rnercury ore deposits such as Pb, As, Sn, etc.. The latter are of igneous origin and contain 
traces of Hg. Natural weathering and man's exploitation of these deposits and use of mercury in 
chloride and caustic soda production, in paper production, in Hg containing fertilizer, etc., have 
introduced and still introduce many different forms of Hg into the environment. According to 
Figure 49 the major pathways of the Hg cycle are mediated by micro-organisms. However, a closer 
examination of the experimental set-ups used to study the transformation of Hg species show that 
also abiotic pathways could also play a role. The most important limitations in the 
transformation experiments are the extrenk~iy high inorganic mercury concentrations used. For 
example, additions of 5 to 100 mg of inorganic Hg salts per kg sediment are usual in these 
investigations. For comparison background concentrations of Hg in sediments range from 0.02 to 
0.05 rng Hg-T/kg DM of sediment (section 3.3). The very high Hg concentrations used in the 
experiments are selective for Hg-resistant bacteria. Presently, it is not clear if these organisms 
also carry out the Hg methylation under low environmental mercury concentrations since 
Hg-resistance can be induced by high Hg concentrations used in the model experiments (Robinson and 
Tuovinen, 1984). 



Figure 49. The mercury cycle (Wood and Wang, 1983) 

4.2.1 Mercury transformation by bacteria and the o r i g in  o f  methyl mercury 

Since i t  has been shown that Hg(I1) can be methylated i n  v i t r o  and extracel lular ly by 
enzymatically produced methylcobalamin (MeB-12) and that non-enzymatic methylation o f  Hg by 
cell-free-extract o f  a methanogenic bacterium can be carr ied out with methylcobalamin as a donor 
f o r  methyl groups, i t  has been proposed that the following methylation mechanisms occur i n  
bacteria: 

The f i r s t  methylation step i s  6000 times faster than the second one (Ehrlich, 1981; Sumners 
and Silver, 1978). 

Since i t  seems that Hg methylation i s  related to  Hg-resistance (and to  the resistance to 
other toxicants) i t  i s  interest ing to  investigate the frequency o f  Hg-resistant strains among the 
to ta l  number o f  bacteria isolated from the environment. Colwell e t  a1. (1976) isolated bacteria 
strains from Chesapeake Bay. The great majori ty o f  these bacteria belonged only t o  seven generic 
groups (Figure 50). O f  these seven groups V i  br io, Pseudmnas , Achr~bac te r /A l ca l  iqenesl 
Acinetobacter and Cytophaqa/Flavobacterium species accounted fo r  about 70% of the to ta l  number of 
bacteria strains isolated, but when tested for Hg-resistance about 70% of  the Hg-resistant species 
belonged t o  Pseudmnas Also the frequency of resistance to various Hg species was 
d i f ferent  fo r  strains isolated from water and from sediments (Figure 51). 



Hg-resistance seems t o  be related t o  Hg methylation but i t  i s  not a sufficient 
characteristic. Various Hg-resistant bacteria strains also carr ied out d i f fe rent  tlg 
transformations. Vonk and Si jpeste i jn  (1973) showed that pure cultures o f  Hg-resistant freshwater 
bacteria (L fluorescens, & M, megaterim, a, a WB12, & aerigenes, & 
aeriqews WB12) could aerobically methylate HgC12. & aemens and E. c o l i  also mthylated Hg 
anaerobically, but a t  a lower rate. Hamdy and Noyes (1975) isolated Hg-resistant strains from 
f reshwater sediments. Fourteen were grain-negat i ve short rods belonging t o  the genera Escherichia 
and Enterobacter, s ix  were gram-posi t i v e  cocci (3 Staphylococcus sp. and 3 Streptococcus sp. 1. No 
difference between the aerobic and the anaerobic production rate o f  ReHg could be established 
because o f  the great va r i ab i l i t y  o f  the results obtained. B la i r  & c. (1974) isolated seven 
Hg-tolerant bacteria from Chesapeake Bay. Although most o f  them anaerobically produced only 
HgO, one obl igate anaerobe s t ra in  generated both H ~ O  and C%Hg+. One o f  the facultat ive 
anaerobes produced both HgO and C%Hg+ under anaerobic conditions but Hgo under aerobic 
conditions only during the f i r s t  24-48 hours. Another facultat ive anaerobe produced anaerobical l y  
only HgÂ and one o f  the species transformed Hg species aerobically. I n  another set o f  eight 
Hg-resistant strains isolated from the Chesapeake Bay and one from the Cayman Trench only two 
strains, one o f  & fluorescence under aerobic and one o f  an enteric b a c t e r i q  under anaerobic 
conditions could methylize Hg (Olson e t  a1. 1979). With the exception o f  one/ strain, where the 
vo la t i  1 i zat ion under anaerobic conditions was f i v e  orders o f  magnitude higher, to ta l  
vo la t i l i za t i on  o f  Hg o f  the other 8 strains under aerobic conditions was about the same as under 
anaerobic conditions. About 30 to  60% o f  the i n i t i a l  amount present were volat i l ized within 24 
hours. I n  the following 24 hours the vo la t i l i za t ion  was one or  two orders o f  magnitude lower. 
A1 1 other strains tested could transform H ~ Z +  t o  HgÂ¡ Mercuric reductase genetically encoded 
i n  plasmids mediated the volat i l izat ion.  Volat i l izat ion was shown to  be a phenomenon di f ferent  
from methylization. A s t ra in  o f  C. cochlearium which could decompose DiMeHg was also isolated 
(Pan-Hou e t  a1. 1980). This a b i l i t y  was cured with acridine dye and recovered by conjugation o f  
the cured s t ra in  with the parent strain. The cured s t ra in  then showed the a b i l i t y  to methylate 
inorganic Hg salts. 

Sprangler & a. (1973) found that 30 bacterial  cultures isolated from freshwater could 
aerobically degrade MeHg and 21 cultures could anaerobically degrade MeHg. B i l l en  e t  a1. (1974) 
showed that ReHg was decomposed, anaerobically and aerobically, i n  the presence of bacterial 
cultures obtained from r i v e r  sediments. Furakawa e t  a1. (1969) demonstrated that a bacteria s t ra in  
(Pseudwnas sp. 1 from soi 1 could decompose ReHgCl t o  methane and H@. From these data i t  seems 
that more bacteria species are capable o f  reducing Hg sal ts  t o  metal 1 i c  Hg than t o  ReHg and many 
bacteria are also able to  decompose ReHg. 

A t  present i t  i s  believed that any amount o f  MeHg produced i s  released from the microbial 
system i n t o  the surrounding water, and i t  enters the aquatic food-chain either as dissolved ReHg 
associated with organic matter o r  with particles. 

The reduction o f  ReHg t o  Hg2+ and t o  HgÂ are both catalysed by enzymes coded i n  the DNA 
o f  bacterial  plast ids and transposons and are not coded i n  normal bacterial chromosomes of 
Hg-resi stant strains o f  micro-organisms isolated from soi 1, freshwater and marine environments 
(Silver, 1984; Wood and Wan , 1983). L i t t l e  i s  known about the enzymes which transform H ~ O  t o  
H ~ ~ +  and then methylate H$+ to  MeHg, but i t  i s  very l i k e l y  that the ubiquitous catalase 
(present i n  bacteria and animal tissues) nay be involved i n  the transformation of HgÂ t o  Hg2+ 
(Robinson and Tuovinen, 1984): 
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Hydrogen sulfide is extremely effective in volatilization and precipitation of Hg in aqueous 
environments. This reaction mobilizes metals from the aquatic environment into the atmosphere, 
but wi 1 1  occur only in organically polluted lakes, rivers, coastal zones, estuaries and salt 
marshes where sulfate reducing bacteria have access to sulfate under anaerobic conditions. In the 
estuarine environment, the reduction of sulfate by Desulfovibus species to produce hydrogen 
sulfide is important in reducing CH3Hg+ concentrations by s+-catalysed di sproport ionat ion to 
volatile (CH3)zHg and insoluble HgS: 

The formation of MeHg is favoured by at least partially aerobic conditions in nature, owing 
to the fact that HzS, which is produced in natural anaerobic environments, converts Hg2+ to 
HgS. Under aerobic or partially aerobic conditions HgS may be oxidized to the sulfate form which 
can then be transformed into ReHg. The HgS is not convertible to C%Hg* without prior 
conversion to a soluble salt or to Hgo (Ehrlich 1981). 

4.2.2 Mercury transformation by phytoplankton and seaweeds 

The great attention given to the transformation of Hg species by bacteria has diverted 
interest from other micro-organisms. It seems that unicellular algae can volatize mercury. 
Ben-Bassat and Mayer (1975) trapped volatile forms of Hg transported by bubbling air into a 
saturated iodine in KI solution. They observed that during a 9-day experiment the culture 
solution containing 10)M HgC12 without algae lost 22% of the Hg present at the beginning of the 
experiment while about 75% of the same Hg was lost when the medium was inoculated with Chlorella 
populations ranging from 300 million to one thousand million cells/L. Later, Betz (1977) also 
observed that in a culture of the marine Dunaliella tertiolecta an increase of volatile Hg 
adsorbed on charcoal coincided with the maximum concentration of chlorophyll a. The experimental 
design was not optimal and in neither experience was the nature of the volatile Hg investigated, 
but, nevertheless, the experiences show that micro-organisms other than bacteria and fungi can 
also transform Hg species. 

Seaweeds such as kelp produce iodine and it has been shown that methyl iodide can be 
synthesised by reaction between molecular iodine and methy1-B-12 (Wood, 1975). Significant 
concentrations of methyl iodide are present in surface sea waters. This is an excellent 
methylating agent and is capable of methylation of ~g'. It is possible that this plays an 
important part in the formation of MeHg in open ocean waters remote and isolated from sediments by 
the thermocline. 

4.2.3 Batch and in situ experiments 

Many authors have added llg salts to freshwater and marine sediments and determined the net 
MeHg production (review: Bisogni 1979). In these experiments high amounts of inorganic Hg were 
added. Usually the experiments lasted 10 to SO days but some were extended to several months. 
Because of the high Hg concentrations (selective for Hg-resistant bacteria) and long incubation 
time the results of these experiments cannot easily be extrapolated to natural conditions. 
Furthermore, under natural conditions other Hg species will be present then the Hg salts added. 
Still another point needs consideration. In none of these experiments a destination was possible 
between methylation and demethylation processes, therefore, all ReHg levels observed are the 
results of net result of methylation and demethylation. 



Olson and Cooper (1976) experimenting with San Francisco Bay sediments found that under 
anaerobic conditions the MeHg concentration i n  the sediments was higher than under aerobic 
conditions (Table 38). Higher ReHg concentrations were also observed i n  sediments with higher 
organic content. After 30 days under anaerobic conditions only about 0.1% of the 100 mg 
HgClgkg added to  the sediment and 0.8% o f  the 10 mg HgC12/kg sediment were transformed in to  
ReHg. I n  sediments with the lowest organic content, t o  which 10 mg HgCly/kg was added, no 
additional ReHg could be detected. Autoclaved and non-autoclaved sediment samples without Hg 
additions served as control. O f  special interest i s  that, with the exception o f  sediment A, none 
o f  the controls produced any ReHg neither under aerobic nor under anaerobic conditions and also 
sediment type A produced ReHg only under anaerobic conditions. The non-autoclaved sample of th is  
sediment produced about four times more MeHg than the autoclaved sample. This raises the question 
why was no ReHg produced i n  the controls except under anaerobic conditions. I t  may also be 
possible that the amount produced, was below detection l imi ts .  

Table 38. Estimate o f  the net amount of methyl mercury produced i n  three 
types o f  sediments from the San Francisco Bay 
(data from Olson and Cooper, 1976). 

sediment HgClq added net production i n  nq/g dry sediment/day 

type (mgykg DM) aerobic anaerobic 

A 10 1.5 2.5 
100 1.5 5 

B 10 0.2 1.3 
100 0.3 2 

C 10 NO 0.6 
100 0.5 0.8 

NO = not detected 

Similar experiments were carried out on autoclaved and untreated sediments from an 
anthropogenically contaminated area i n  the Haifa Bay. Large amounts o f  mercury (100yg Hg-T/L) 
added with the bacteria medium to  the flasks containing the sediments d id  associate with the 
sediment and with the surface o f  the glass flasks. MeHg was observed both under aerobic and 
anaerobic conditions i n  the medium above the sediment (Table 39). The MeHg i n  the sediment was 
not determined and hence these results are not d i rec t ly  comparable with the experiments discussed 
previously. 

Table 39. Levels o f  methyl mercury found i n  the medium above the 
sediments i n  percentage of the original added Hg amounts 
(Berdicevsky & a. 1979). 

Hg i n  medium ReHq i n  medium i n  % of to ta l  added a f te r  

p3/L 2-nd 5-th 12-th day 

anaerobic 100 77 100 5.2 
3100 - 3.2 0.08 

10100 - 0.07 0.008 

aerobic 100 - - 4.2 
10100 - - 0.12 



Although the data are incomplete they seem to show that the percentage o f  HeHg formed i n  the 
medium decreased wi th increasing Hg concentration and wi th time o f  exposure. Unfortunately the 
HeHg i n  the sediments was not determined. The same authors also observed that under anaerobic 
conditions the addition o f  1 mg HgClq/L already reduced the growth o f  the natural population 
present i n  the sediments, while under aerobic conditions a reduction i n  growth was only observed 
a t  concentrations greater than 5 mg HgC12/L. I n  order t o  show that bacteria were necessary t o  
produce the HeHg the authors added Hg-resistant bacteria strains to  autoclaved sea water-sediment 
media. As control autoclaved medium without bacteria was used. Only i n  the media with bacteria 
very Small dmUntS of MeHg, i.e. 0.01 to 0.04% o f  the Hg added a t  the beginning o f  the experiment, 
could be detected. Obviously these results can only serve as a rough indicat ion of what might 
happen i n  the environment, since the system also contained, besides sediments, considerable 
amounts of organic substances o f  the culture medium. The reduction o f  HeHg production with 
duration of the experiment also seems to  indicate that the bacteria fauna changed considerably. 
I n  fact toxic effects were observed a t  1 ug Hg/L under anaerobic conditions and a t  10 ug HgIL 
under aerobic conditions. 

Recently Compeau and Bartha (1984) investigated the influence o f  redox, pH and sa l i n i t y  on 
the Hg transformation o f  Hg species i n  estuarine sediments using reactors t o  control and 
continuously monitor several parameters. They observed that both sa l i n i t y  and Eh(mV) influenced 
Hg methylation. I n  sediments spiked with 100 mg HgC12/kg sediment a f te r  16 days, the 
concentration o f  MeHg reached a steady state between methylation and demethylation (Table 40). 

Table 40. Influence o f  sa l i n i t y  and redox potential on the net 
formation o f  methyl mercury (Compeau and Bartha, 1984). 

Eh sa l i n i t y  mg NeHg/Kg sediment Methylation i n  1 of  Hg-T 
(mV 1 i n  sediment 

These observations c lear ly  show a reduction i n  methylation both with sa l i n i t y  and with 
passing from anaerobic t o  aerobic conditions. After these f i r s t  16 days another spiking with 100 
mg HgCly/kg sediment s lury produced a doubling o f  the steady-state MeHg concentration. 
Ouringthe experiment vo la t i l i za t ion  was minimal. Adding 1 mg o f  &@/kg o f  sediment under 
anaerobic conditions (- 220 mV) showed that demethylations was higher (double) a t  a sa l i n i t y  of S 
= 25 than a t  a sa l i n i t y  o f  S = 4. Under aerobic conditions (+ 110 mV) the demethylation was 
prac t ica l l y  the same a t  both sa l i n i t i es  tested and lower than under anaerobic conditions. Again 
the high additions o f  HgC12 has most probably produced a r t i f ac t s  so that these experiments 
supply only 1 imi ted amounts o f  useful information. 

Recently several authors (Call i s t e r  and W i  nfrey 1986, Korthals and Rudd 1987, Furutani and 
Rudd 1980, Ramlal & a. 1985, Xun & a. 1987) have used inorganic rad io49 additions to 
freshwater model systems. I n  t h i s  way a t  least the sediment concentrations i n  inorganic Hg were 
only s l  i gh t l y  increased. I n  these model experiments freshwater concentrations, however, are s t i  11 
two orders o f  magnitude higher than natural ones. O f  course, the species d is t r ibu t ion  and 
abundance i s  d i f fe rent  markedly from the r ~ t u r a l  one. Therefore, the authors refer  t o  "potential 
methylation". With th i s  experimental set-up i t  could be shown that potential  net methylation 
occur also i n  the freshwater column. Adding radio-NeHg t o  water and sediment samples also 
potential demethylation could be demonstrated. However, i n  nearly a l l  experiments the potential 
demethylation exceeded potential  methylation. To the reviewer's knowledge, similar experiments 
have not been carried out on marine samples. 



O f  great interest are the & experiments o f  Bothner & a. (1980). These authors 
placed a b e l l  j a r  i n  a contaminated s i t e  (stat ion 3A) and another i n  a re la t ive ly  uncontaminated 
s i t e  (stat ion 3) on the sediment surface i n  Bellingham Bay (Puget Sound, Washington, USA). 
Station 3A was situated about 100 m from the ou t fa l l  o f  a chlor-alkali plant and stat ion 3 a t  700 
m. The area o f  s tat ion 3A also received wastes from a sewage ou t fa l l  and from a pulp and cardboard 
m i l l .  A t  stat ion 3 the conditions i n  the sediment were aerobic down to  about 20 on. A t  stat ion 3A 
the sediments were anaerobic, but the water c i rculat ion above the sediment surface maintained 
oxidizing conditions. The Hg concentration i n  the sediment and the i n t e r s t i t i a l  water of the 
stat ion 3A were much higher than those o f  the uncontaminated stat ion 3. I n  the experiments 
Hg-free a i r  was passed through the b e l l  jars. The d i f fe rent  (operational defined) forms of 
vo la t i l e  Hg i n  the passing a i r  stream and dissolved Hg i n  the water above the sediment were 
determined. I n  order t o  obtain a blank and t o  block the mercury evolving from the sediment, a 
glass p late was placed under the b e l l  j a r  which isolated the water contained i n  the be l l  j a r  from 
the sediment. I n  both stations no vo la t i l e  Hg deriving from the sediment could be detected since 
"blanka and "samplew gave s ta t i s t i ca l l y  equal results. I n  both conditions, about 1 ng Hg/h was 
carr ied with the a i r  stream in to  the Hg traps, so i t  i s  clear that the Hg was stripped from the 
water and d id  not or iginate i n  the sediments. However, determination o f  dissolved Hg i n  the sea 
water contained i n  the b e l l  j a r  o f  stat ion 3A showed a marked increase over the "blank". The f lux  
from the sediment t o  the water above the sediment was not measurable a t  stat ion 3 probably because 
o f  the small concentration difference between the Hg i n  the i n t e r s t i t i a l  water (0.03pg/L) and i n  
the overlying water (0.01 pg/L). It i s  interest ing t o  note that i n  the blank condition and when 
the j a r  was placed d i rec t l y  on the sediment 50 t o  75% o f  the vo la t i le  Hg was H ~ O  and that the 
increase i n  the dissolved Hg i n  the be l l  j a r  a t  s tat ion 3A strangely had no measurable effect on 
the amount o f  vo la t i l e  Hg produced, although the concentration o f  soluble Hg had increased from 30 
t o  120 ng Hg/L. From these data the authors estimated a f lux  o f  600 ng from the 
sediments t o  the sea water above. I f  one assumes a concentration o f  about 40 ug Hg/g sediment 
then the sediment should contain about 70 y g  ~ ~ / c r n ~  (FW = 0.7 DM; specific gravity 2.5). That 
means that during a year 0.8% o f  the Hg i n  the f i r s t  cm o f  the sediment was l os t  t o  the water as 
soluble Hg. A second experiment, i n  which unfortunately the f lux  o f  vo la t i le  Hg was not 
determined but one b e l l  j a r  was kept under l imi ted oxygen, showed that the concentration of 
dissolved Hg i n  sea water above the sediment increased more i n  the oxygen-1 imi ted condi tons than 
i n  the previous oxygenated arrangement. 

4.2.4 Mercury transformation by higher marine organisms 

The data on methylation i n  higher organisms are s t i l l  confl ict ing. The indigeneous 
microflora o f  isolated intestines o f  s ix  fresh water fishes could methylate Hg under anaerobic 
conditions (Rudd & d. 1980). Likewise, pike and walleye intest ine contents methylated a larger 
f ract ion o f  Ĥg than those o f  white f i s h  and suckers. On the other hand Pentreath (1976a, b) 
could not detect organic radioactive Hg a f te r  plaice or  the norm Nereis were kept i n  sea water 
containing 203~g~12.  Brook t rout  could not methylate Hg(I1) compounds, nor could the i r  
tissues o r  organs. Also pure bacteria cultures isolated from the intest ine o f  tuna d id not 
methylate inorganic Hg (Pan-Hou and Imura, 1981) but some o f  these pure cultures, which had a 
higher Hg resistance, could demethylate MeHg. The intest inal  f lo ra  o f  rats can methylate HgC12, 
but no methylation occur through cow rumen microflora. Most o f  the mercuric compounds passed 
throug*- unchanged, only a small amount was reduced t o  tIg0 (Thayer and Brinckman, 1982). It seems 
that only micro-organisms (including those i n  the intest ine) can methylate Hg. 

The l i v e r  o f  marine mamnals has been indicated as a s i t e  f o r  demethylation because MeHg i s  
present a t  low percentage o f  the to ta l  high concentrations, but experimental evidence i s  s t i  11 
missing. Also i n  some marine f i s h  low Mefig percentages have been observed (section 3.7). 



The CHgHgSCHg has been found in shellfish from the Rinamata Bay (Uchida & a[. 1961) 
although it has not yet been identified in shellfish from other areas. 

4.2.5 Abiotic Hq transformations 

Several abiotic methylation mechanisms of Hg species have been reported. ReHg can be formed 
from Hg(I1) salts and acetic acid by abiotic means, e. g. transalkylation with ReSn or 
tetramethyl-Pb or photochemically with W and visible light (Ehrlich, 1978). DeSimone (1972) 
observed that water-soluble methylsi 1 icon compounds can react with HgW to yield ReHg. 

Photomethylation using methanol. ethanol, acetic and propionic acids produced ReHg from 
mercuric chloride (Akagi & a. 1977). About 0.1% of the total HgC12 present was transformed 
into ReHg in 20 hours. Hayashi et a1. (1979) also observed photomethylation of inorganic Hg when 
aliphatic amino acids were irradiated with W light for 4 hours. The formation of ReHg was not 
related to the alkyl residues of the amino acids. Photolysis of glycine and phenylglycine did not 
yield alkyl-mercury compounds indicating that the formation of the ReHg was due to an apparent 
fragmentation of the alkyl residues of the amino acids during photolysis. Creatine and even lead 
and tin gas01 ine additives have also been reported to methylate Hg (Tanaka & a. 1978). 

Both hunic and fulvic acids have the ability to methylate inorganic mercury, albeit under 
conditions which are far removed from those found in the natural environment. Nagase (1982) 
investigated several factors which influence the Hg methylat ion by hmic acids (HA). Temperature, 
Hg concentration and HA concentration have considerable influence. If one attempts an 
extrapolation to natural environmental conditions, i.e. 20Â°c 1 ng Hg/L and 1 mg HA, one would 
obtain the following in 3 days at pH 7. Starting from the influence of temperature (because, as 
can easily be verified, the standard conditions of the various experiments do not a11 give the 
same results) one obtains: 

at 20% 6 mg HA yield 2 ug ReHg/L at a concentration of 750 mg Hg/L; 
6 mg HA methylate 0.000003% of the inorganic Hg present in 3 days; 
1 mg HAIL methylate 0.0000001% of the inorganic Hg per day; and 
1 mg HA/L methylates 0.000035% of the inorganic Hg/year 

This is a very small amount of MeHg indeed. Model experiments under conditions which are 
near those found in the natural environment, especially at much lower Hg concentrations, are 
needed to confirm this extrapolation. However, only a very small amount of ReHg per unit volume 
is present in aquatic biota (see section 4.2.6). 

4.2.6 Methyl mercury "requirementsn of marine biota 

The data discussed above show that small amounts of MeHg can be produced by bacteria and 
abiotically, Unfortunately in all experiments high concentrations of Hg-salts have been used 
which allows an extrapolation only to highly contaminated environments. In the in situ experiment 
of Bothner fi a. (1980) no ReHg could be detected but H ~ O  was produced. Could it be possible 
that the amount of HeHg produced in uncontaminated marine environment is too small to be detected 
under the experimental conditions employed by the authors? 

Following a model calculation carried out by Topping and Windan (1981) on the amount of 
total mercury incorporated by phytoplankon, a similar calculation may give an idea on the amount 
of methyl mercury to be removeci from sea water to allow phytoplankton an accumulation of 2% MeHg 
of Hg-T . 

(a) Assuming a phytoplankton primary production of 50 g ~/m"^ year"1 which is about equal to 
a production of 100 g DM m-2 year-1 (Topping and Hindan, 1981). in an euphotic zone of 
100-m depth 100 g DM of phytoplankton are produced in 100 m3 of sea water. This equals a 
phytoplankton production of 1 mg OW 1-I 



(b) Plankton caught with small pore size plankton nets (mainly phytoplankton) contains about 100 
ng Hg-T/g DM (Table 10). Hence 1 mg DM plankton biomass accumulates about 0.1 ng Hg-T from 
one l i t r e  of  sea Mater a year. 

(c) Assuming that 20X of the Hg-T i s  7 then phytoplankton should accuwilate 0.05 ng o f  BeHg 
1-1 year-1 or 0.0001 ng ftetta L-1 year- . 
For comparison the Means of  the Hg-T concentration i n  sea water i n  the Mediterranean areas 

range fro- 7 to  25 ng Hg-T/L. I n  coastal areas the primary production w i l l  be higher, but 
nevertheless, i t  w i l l  s t i l l  remain a very small amount o f  HeHg/L. Certainly too small to  be 
detectable i n  a f i e l d  experiment with conventional techniques. Since the annual production of 
higher trophic levels i s  much smaller than that of  phytoplankton the uptake of  BeHg by these 
organisms, although they reach higher Hg concentrations than the phytoplankton, should not 
accumulate higher amounts than the phytoplankton from sea water on a per l i t r e  basis. 

4.3 Uptake and release of  dif ferent mercury species by biota 
/ 

Few experiments have been carried out on Mediterranean organisms, therefore, i n  order to  
gain an understanding o f  the dynamics o f  uptake and release of  mercury results obtained on marine 
organisms from other areas have also been considered. 

Fisher & a. (1984) compared heat-treated cel ls (45O~) of  unicellular algae with l i ve  
cel ls af ter  exposing the cel ls to  radioactive inorganic Hg diluted i n  different concentrations of 
stable inorganic Hg (to obtain different specific act iv i t ies) and then confronted the 
concentration factors obtained. Easily bound radioactivity was removed from the f i l t e red  cel ls by 
washing the cel ls with 0.0001 M EOTA. For a l l  four algae studied the degree of  Hg association with 
the cel ls was direct ly proportional to  the external Hg concentration, as would be expected i f  the 
internal Hg concentration were not regulated. As the cel ls divided to  produce new cel ls the total 
particulate Hg content increased but the Hg concentration per ce l l  remained constant. Heat-killed 
cel ls accumulated comparable amounts to l i v i ng  cells. The authors interpreted this to  mean that 
the Hg i s  adsorbed non-metabolically. However, i t  i s  not clear i f  the ce l l  surface has not been 
altered by the heat treatment. In fact Glwschenko (1969) had already observed earl ier that 
fony l in -k i l l ed  diatoms accumulated more Hg than l i ve  cells, most probably because the surface of 
the cel ls had been changed by the formalin treatment. Also Davies (1976) concluded that Hg i s  ' 

taken up by passive diffusion. 

Results with freshwater planktonic organisms indicate a very rapid elimination o f  MeHg, with 
a biological half-time (BTlI2) of  about 3 days (Huckabee & a].. 1979). This i s  most probably due 
to  fast growth during elimination and hence the fast loss i s  mainly due to  "biological dilution". 

The uptake of  Hg by molluscs has been studied by Cunningham and Tripp (1975). Fwler  e t  a1 - 
1978, Miettinen e t  a1. (1972). Unlu e t  a1; (1970) and Wrench (1978). Working on the Mediterranean 
species Fwler  & a. investigated the uptake and release (loss) of  radioactive-labelled HgC12 
and MeHg fran food and water by mussels (h gal lwrovincial is)  and shrimps (Lymata seticaudata). 
When the mussels were exposed to  H9C12 and to  MeHg only i n  sea water, the uptake of  ReHg from 
sea water was greater than that of  HgC12, but the great va r ia l i b i l i t y  of  the data did not result 
i n  a s ta t is t ica l ly  significant difference. The data also showed that the uptake of  MeHg from water 
i s  not an important route into the mussels. When both radioactive-labelled water and labelled 
food (phytoplankton for  mussels and mussels fo r  shrimps) were offered, after 35 days the mussels 
had accumulated about twice as much radioactive MeHg as HgCl2 and the shrimps had 10 times more 
MeHg than HgCl2. This shows that HeHg i s  accumulated easier than inorganic Hg. The relative 
amounts accumulated depend, of  course, on the amount o f  labelled food offered. The loss of 
radioactivity from mussels and shrimps (labelled both from water and food) i n  clean sea Mater i n  
the laboratory and i n  cages situated i n  the natural environment showed that the mussels lost  the 
inorganic Hg and MeHg faster under i n  s i  t u  conditions than i n  the laboratory. Probably more food 
was available under &J & conditions and hence the "biological di lut ion" was greater. But 
strangely, the MeHg was los t  by mssels under i n  s i tu  conditions faster (smaller half-time) than 



the H9Cl2. l h f o r t u ~ t e l y  the authors d id  not rqnwt thether the i n  s i t u  mss t l s  h8d gram mom 
than the mussels kept i n  the laboratory. I n  shrimps no difference was noted. 

biological half-times i n  days 
ftetfg Wl, 

mussels i n  s i  tu  63 82 
i n  laboratory 380 140 

s h r i w  i n  s i b  and i n  laboratory 530 110 

The va l id i ty  o f  the results on mussels and shrimps depends on the assumption that the Hg 
species were not transformed during the experiments. This was not checked, only the radioactivity 
was determined and no attempt was made to  distinguish between organic and inorganic radioactive 
Hg. Summarizing also the laboratory results from other authors, i n  molluscs the biological 
half-time (BTlI2) f o r  inorganic Hg range f ro  20 to 40 days and for  MeHg fm 150 to 1000 days 
(Mitttinen & a. 1972; Jaervenpaeae e t  a1. 1975; Seymour and Nelson, 1971; Cunningham and Tripp, 
1975). The variation i n  the biological half-time are due to the metabolic act iv i ty  and growth rate 
during loss experiments, and without information on these parameters the data are d i f f i c u l t  to  
compare. Experiences from transplanting mussels from contaminated sites to  clean sites showed that 
the mussels transplanted i n  the Gulf of Trieste from a s i te  exposed mainly to  Hg originated from 
mining wastes and natural run-off from a Hg geochemical anomaly to a clean s i te  had a BT1/2 of 
approximately 60 days (Figure 31). I n  similar transplantations Riisgard e t  a1. (1985) observed 
very d i f f e m t  6Tl12 fo r  mssels (& edulis) collected near contaminated sites. One s i te  
(Chiminova) was contaminated by a factory producing Hg-containing fungicides and another s i te  
(Gryne no. 42) through leakage from a waste deposit of the Chiminova factory. The BT1/2 of the 
mussels from the Chiminova s i te  had a very long BT1/2 of  more then 300 days while the mussels 
from the Gryne s i te  had a 01112 o f  only about 50 days. The authors determined also the Hg 
species i n  these mussels before the elimination experiments and they found that only about 25% of 
Hg-T was organic i n  the mussels from the two sites o f  which about 1% was phenyl-Hq. However, i n  
the mussel from the Gryne s i t e  only 15% of total organic Hg, was HeHg (about 4X of the Hge-TI while 
i n  the mussels from the Chiminova s i te  87% of the to ta l  organic Hg was netto (about 22% of the 
Hg-1). The authors explained the difference in  BTlIa trftln the difference in  c h h l  species and 
relat ive amounts o f  these & species taken up in the different sites. But some questions s t i l l  
remain: i n  what form uere the organic Hg, which was. not identified' as HeHg or phenyl-tig? Also 
another mussel (Hacam balthical exposed to  the wastes from the Cheininova s i te  released so l i t t l e  
Hg that no BTlI2 could be estimated. But i n  th is mussel only about 6% o f  the It$-T were HeHg and 
phenyl-Hg. These experiences with mussels exposed i n  natural situations i l lus t ra te  that laboratory 
results cannot be easily used for  an interpretation o f  f i e l d  observations and also i n  f i e l d  
observations i t  i s  very important to  determine the chemical Hg species involved. 

Experimental studies o f  uptake, accumulation and loss o f  HeHg and inorganic Hg i n  two 
species o f  f l a t f i sh  (plaice and thronback ray) both from water and from food have been carried out 
by Pentreath (1976a). Uptake o f  inorganic Hg by plaice from water was only directly proportional 
to the water concentration up to  3 ug Hg/L. The loss occurred with a BT1/2 of 190 days. A 
similar BTl/2 was observed i n  the thronback ray. However, when exposed to MeHg i n  sea water no 
measureable loss i n  the ray could be detected. When Hg was fed to  plaice i n  the form of 
radioactive labelled worms (Nereis), the uptake efficiency for  inorganic Hg was low (3 to  140, 
while the efficiency for  HeHg was very high (80 to  100%). The loss o f  inorganic Hg was quite 
rapid (8TlI2 from 30 to  60 days) and the loss of  HeHg was very slow (BTl12 from 275 to  325 
days). Also the tissue distr ibution o f  the two Hg forms was very different. When the f i sh  were 
exposed to  HeHg, the MeHg was partitioned strongly into the muscle, similarly to  the distr ibution 
observed i n  f ish sampled from natural environments. On the other hand when the f ish were exposed 
to inorganic Hg, the inorganic Hg was largely found i n  the body organs. These results are 
consistent with the d ie t  being the major source of  MeHg, almost complete uptake of  HeHg from the 
food, and l i t t l e  or no demethylation and subsequently l i t t l e  or  no elimination from the organism. 
Inorganic Hg, on the other hand i s  taken up with a low efficiency, which may be due to  l o w  
absorption and f a i r l y  rapid metabolism i n  the l i ve r  and a f a i r l y  rapid excretion. 



Since HgS i s  a source o f  Hg to  the environment i t  i s  interesting that the uptake o f  HgS f ro 
sediments by freshwater f i sh  has been studied (Gillespie and Scott, 1971). Although uptake from 
control sediments (0.024 y g  Hg/kg W) was appreciable, f i sh  exposed to,,sediments containing 50 mg 
Hg/kg W as HgS accumulated considerable higher amounts o f  Hg than the controls. 

4.4 Transport through the food-chain 

Experiments on the uptake from one trophic level to the next have been discussed i n  
section 4.3. 

Buffoni & a. (1982) and Bernhard (1985) used another approach to  study the uptake and 
release dynamics o f  Hg i n  a marine food-chain. These authors developed a relatively simple model 
o f  a pelagic food-chain (sea water, plankton, sardine, tuna). The Hg concentration i n  the muscle 
tissue of tuna i s  of special interest, because the bluefin tuna caught i n  the western 
Mediterranean can be divided into two dist inct  populations according to  their  mercury 
concentrations: one "low-fnercury population* and the other "high-mercury population" (section 
3.4.5). Tuna migrates over wide areas such as the western Mediterranean and the eastern 
Atlantic. Therefore, their  Hg levels should be indicative for  the Hg concentration i n  their  food- 
chain and i n  the marine environment through which the tuna migrate. 

As data base fo r  the model served general data available on Hg metabolism (section 4.3) and 
specific Hg-T concentration i n  muscle tissue versus the weight of  specimens of  tuna and sardines 
from the I ta l ian waters and the St ra i t  of Gibraltar. The model considered the uptake of inorganic 
and HeHg from sea water and from the food o f  tuna and o f  sardines and the release (loss) of both 
Hg species from these two species according to published biological half-time fo r  fishes. 
Sardines Mere taken to  represent the prey o f  tuna because Hg-T versus weight data on sardines were 
available for  the two regions considered. Also other pelagic organisms showed the sane 
differences i n  Hg-T concentrations between the western Mediterranean and the Atlantic (section 
3.4). 

The growth o f  sardines was modeled with Bertalanffy's growth equation and for  the growth of 
tuna a new fomila was developed. The uptake o f  inorganic and HeHg could not be modeled for phyto- 
and zooplankton because no data are available on the relationship of Hg concentration versus size 
for  single plankton species. Therefore, the authors had to  use a common concentration factor to 
present the first trophic levels (plankton). It nay be worthwhile pointing out that i n  th is way 
the first part of  the model i s  static, and only the part o f  the model which deals with uptake by 
the sardines and by the tuna i s  dynamic. 

The curves generated by the model f i t  w e l l  the Hg-T concentration observed i n  both 
populations and predict that l i t t l e  inorganic Hg w i l l  be present i n  the muscle of  the tuna (Figure 
52). Also the Hg-T data from sardine from the Strai t  o f  Gibraltar and the I ta l ian coast are w e l l  
presented by the curves shown i n  Figure 53. The model predicts that i n  sardines proportionally 
more inorganic Hg i s  present i n  the muscle tissue than i n  the muscle tissue of  tunas, because the 
sardines belong to  a IOU trophic level than the tuna. I n  detai l  i t  i s  predicted that the 
inorganic Hg w i l l  increase un t i l  an equilibrium condition between uptake and release of the 
inorganic Hg i s  established, while the HeHg concentration continuously increase with size. The 
prediction of th is general distr ibution pattern of  Hg-T and MeHg has been confirmed i n  sardines 
and i n  bonitos (see below). 

On the basis o f  their  model simulations the authors could explain the differences i n  the Hg 
concentrations observed i n  the two bluefin populations; how the Hg-T can incredse with size of the 
organisms, and how a t  the same time the percentage o f  NeHg can grow both i n  the individual species 
and with the level o f  the food-chain. I n  addition, the model showed that i t  i s  not necessary to  
assume that higher organisms can transform inorganic mercury into MeHg, because the difference i n  
the uptake and loss kinetics between MeHg and inorganic Hg are sufficient to  explain the high HeHg 
enrichment observed i n  older specimens and i n  species located i n  the higher trophic levels. 
Different growth rates o f  tuna could be the cause of  the Hg-T differences, but simulating various 
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growth ra te  could produce Hg-T levels which were similar t o  those obtained i n  the 
"high-mercury-tuna" (Bernhard and Buffoni, 1982). I n  addition, the data on growth o f  tuna froni 

the Mediterranean and the Atlantic d i f f e r  ins igni f icant ly  from each  other (Sella, 1929; 
Rodriguez-Roda, 1957; Tiews, 1960; Scaccini , 1965; Sara, 1973; (lather, 1974). These observations 
show that the growth rates cannot be the cause o f  the Hg differences observed. 

Due t o  lack o f  suitable data on the Hg concentrations versus weight or  age i n  representative 
plankton organisms (the food source o f  the sardines) the Hg concentrations o f  sardines from the 
two areas were used t o  predict the Hg levels i n  plankton, and assuming the same concentration 
factor for sea watedplankton (CF = 5000) also f o r  a hypothetical sea water concentration. The 
calculations indicated that plankton from the western Mediterranean should have about f i v e  times 
the Hg concentration o f  Atlantic plankton. The same concentration differences should occur i n  the 
sea water o f  the two regions. 

Buffoni e t  a1. (1982) and Bernhard (1985) examined the data on Hg concentrations pub1 ished, 
and they concluded that differences i n  Hg-T predicted by the model w i  11 not become evident because 
o f  the great va r iab i l i t y  o f  the sea water and plankton data published (sectiow3.2 and 3.4.1). . . 

This prediction has recently been c r i t i c i zed  by Aston and Fowler (1985) and Aston g c. 
(1986). Despite the fact  that these authors acknowledge the uncertainty and var iab i l i t y  of the 
sea water data they s t i l l  maintain that the present available data are suf f ic ient ly  precise to  
demonstrate that Hg levels i n  the Mediterranean are the same as those o f  the Atlantic. Likewise 
these authors maintain, that general data on mixed plankton samples and euphausids without any 
indication of the Hg concentration versus size relationship are suf f ic ient  to  demonstrate that no 
difference exists between Mi terranean and Atlantic plankton. 

The S t ra i t  o f  Gibraltar may be an ideal s i t e  fo r  test ing th is  prediction because l ighter  
Atlantic water i s  flowing i n to  the Redi terranean i n  the surface layers and heavy Mediterranean 
water i s  flowing out t o  the Atlantic i n  the bottom layers. The discussion i n  section 3.2 on the 
available data and especially the conf l ic t ing results obtained i n  the S t ra i t  o f  Gibraltar show, 
however, that the uncertainty of  the data i s  s t i l l  too great to  reveal a possible difference. 

The same authors voice another cr i t ic ism, namely that the sardines are not a representative 
food item of  the tuna, because they observed once that during a f ishing contest near Monaco a l l  
small tuna caught had exclusively euphausids i n  the i r  stomachs. Scaccini (1965) sumnarizing the 
biology o f  Thunnus thynnus m i t e s  that very m a l l  to  inmature tuna feed on micro- and 
macro-plankton (including euphausids) , larger tuna feed on many di f ferent  pelagic species such as 
sardines, anchovy, Scmber sm, but also molluscs such as sepia and squid and crustaceans. I n  the 
model sardines were taken as a typical food item fo r  tuna because extensive Hg data existed fo r  
sardines both from the Medi terranean and Atlantic. 

Like a l l  models, the tuna food-chain models need veri f icat ion. Some predictions have 
already been confirmed. Capelli e t  a1. 1986 (Figure 18) found that the dist r ibut ion o f  inorganic 
and organic Hg i n  Sarda sarda occurs as predicted w i  t h  inorganic Hg reaching a steady state and 
MeHg continues t o  increase with the weight o f  the specimens. A similar d ist r ibut ion has recently 
been observed fo r  sardines (Cerrati , 1987). 

The weakest part o f  the model i s  i t s  s ta t ic  part. The model's f i r s t  trophic levels need 
dynamic modelling since a t  present i t  i s  based only on concentrations factors and estimated on the 
possible Hg concentrations i n  plankton. Unfortunately, data on the dist r ibut ion o f  Hg species i n  
natural phytoplankton and zooplankton organisms o f  d i f ferent  size are missing fo r  the Atlantic and 
Mediterranean. The importance o f  these data fo r  an understanding of the dynamics o f  Hg species i n  
the f i r s t  trophic levels i s  shown by the increase o f  Hg level with size i n  euphausids (section 
3.4.1). Once similar data becomes available also fo r  other plankton organisms, the Hg dynamics i n  
the organisms belonging t o  the f i r s t  trophic levels can be modeled, and the model may be able to  
dif ferentiate the fluxes o f  organic and inorganic Hg i n  the Redi terranean and the Atlantic. 
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Figure 52. Total mrwy macentrat ims i n  l'hunnus thynnus fm the S t r a i t  of  Gibraltar (0). 
T y w m i a ~  ( @ )  and Spanish o u s t  (Ãˆ) The continuous l ines show to ta l  Hg 
concentrations calculated by Ã model; intermittent l ines show inorganic Hg 
concentration calculated by a model (Bernhard, 1985). 





4.5 Bio~eochenrical cycles 

The uncertainties i n  many Hg concentrations and the general lack o f  data on fluxes allow 
only an approximate description of possible pathways and sinks i n  a general biogeochemical cycle 
o f  mercury i n  the Mediterranean. Zafiropoulos (1986) has l is ted the main pathways and sinks 
proposing also some indicative values. However, due to  the heterogeneous distr ibution of  Hg i n  the 
geological formations of the land surrounding the Redi terranean Sea i t  does not seem opportune to  
attempt a general description of  the entire Mediterranean. It seems more appropriate to  describe 
the biogeochemical cycle i n  general terms and i l lus t ra te  the possible pathways and compartments i n  
an example of the Mediterranean area. 

The most important mercury sources fo r  the marine environment are r ivers and atmosphere. 
The mercury i n  the atmosphere originates from degassing of the land and of  the sea, and from 
missions of  volcanoes (section 3.1). The degassing over mineral deposits (Hg geochemical 
anomalies) should be considerably higher than over the land with a Hg background concentration, 
and the degassing over the land should be higher than over the ocean. The'predominant Hg species 
i n  the atmosphere i s  HgÂ¡ Soluble and particular Hg constitute about 1% of the Hg-1, but these 
fractions are involved i n  the most important fluxes from the atmosphere to  the sea and to  the land 
through wet and dry deposition. To these natural sources, anthropogenic Hg species also w i l l  
contribute, which according to their  or ig in may contain organic Hg also. 

The natural Hg i n  so i l  and minerals w i l l  be solubilized during weathering by abiotic and 
b io t ic  processes and transported by rivers and land run-offs in to  the sea. I n  r iver  water 
practical ly a l l  inorganic and organic Hg w i l l  be bound to  organic dissolved matter or associated 
with particles (either to  suspended matter or to  the bedload sediments). The high sediment 
concentrations i n  the r ivers draining natural Hg geochemical anomalies and the higher than 
background Hg concentrations i n  sediments o f  the adjacent coastal areas i l lus t ra te  th is transport 
route. I n  the estuaries the larger Hg-containiq particles are deposited near the r iver  mouth 
while the l ighter particles are transported further into the sea. A t  the same time inorganic Hg 
and the organic Hg produced b io t ica l ly  and abiotical ly i n  the r iver  system w i l l  be released into 
the sea water, and together with the HeHg produced i n  the marine environment, i t  w i l l  be taken up 
by marine organisms, mainly autotrophs. These autotrophs w i l l  then introduce both inorganic and 
organic Hg into the food-chain. During the path through the food-chain the different uptake 
efficiencies and release half-time of  inorganic and organic Hg enrich the organic Hg (methyl 
mercury) with respect to inorganic Hg, result ing both i n  higher total and organic Hg 
concentrations i n  older specimens and i n  species occupying higher trophic levels (section 3.4 and 
4.3). The inorganic Hg w i l l  increase during the growth o f  an organisms to  a certain relative 
amount un t i l  the uptake and release w i l l  reach a dynamic equilibrium a t  which the concentration of 
the inorganic Hg w i l l  remain about constant and the increase i n  Hg-T w i l l  be entirely due to  the 
increase i n  methyl mercury (Figures 17 and 53, section 4.3). The Hg associated with particles, 
faecal materials and dead organisms w i l l  sink i n  the water column and after par t ia l ly  cycling 
through various detritus feeders and bacteria they w i l l  reach the bottom sediments. There Hg 
associated with inorganic and organic particles and contained i n  organisms w i l l  cycle through the 
benthic fauna and f ina l l y  w i l l  be deposited and adsorbed i n  the sediment. 

I n  the sediment, complicate processes abiotical ly or mediated by micro-organisms w i l l  
transform the different Hg species. During these processes the methyl mercury i s  produced which i s  
the predominant Hg species i n  many seafoods (section 3.7). A t  present i t  i s  not known if also 
abiotic process i n  the sediments or b io t ic  and abiotic processes i n  the water column can produce 
organic Hg species. 

Baldi (1986) has proposed a scheme o f  such a biogeochemical cycle fo r  the Tyrrhenian Sea 
with indications on typical concentrations o f  Hg i n  the various compartments (Figure 54) .  

The data available do not allow us to  be more specific about possible biogeochemical cycles 
i n  the Mediterranean. 
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Figure 54. A biochemical cycle of  mercury i n  the Tyrrhenian Sea suggesting typical mercury 
concentrations for  several compartments (Baldi , 1986) 

4.6 Conclusion on mercury biogeochenncal cycle 

The Mediterranean belongs to  the Mediterranean-Himalayan mercury belt. Mercury anomalies 
are frequent i n  the Mediterranean and seem only to  be absent from i t s  south-eastern basin. These 
anomalies contribute to  the mercury input in to  the marine environment over large areas. 

Several mercury species occur i n  the marine environment. From the point of  view o f  health 
protection methyl mercury i s  the most important Hg species. Model experiments have shown that 

neHg can be produced by bacteria resident i n  sediments and also by abiotic process, but the 
ecological importance of  the processes leading to  the production o f  MeHg i s  not yet clear. 
Present evidence seems to  indicate that the production of ?Wig by bacteria i s  more an exception 
than the rule since more bacteria species investigated can transform Hg(I1) species in to  metallic 
Hg than into HeHg. It has been shown also that other microorganisms (algae) can transform Hg 
species, but so fa r  no algae has been found that can produce HeHg. I t  has been suggested that 
s t h y l  iodine produced by algae i n  surface waters may be a methylation agent, but th i s  has s t i l l  
t o  be demonstrated. 

The data on methylation by higher aquatic organisms are s t i l l  conflicting. Some authors have 
reported methylation by the intestinal f lo ra  o f  fishes, but others could not confirm these 
results. The l i ve r  of  marine mamnals has been indicated as a demethylation s i te  but so far  no 
evidence has been published showing that marine organisms other than bacteria and algae can 
transform Hg species. 



Uptake and elimination experiments with marine she1 l f i s h  and f i s h  have shown that inorganic 
Hg i s  taken up with low eff ic iency and released with a re la t ive  short biological half-time while 
MeHg i s  taken with a very high efficiency and released with a half-time o f  years. These very 
d i f fe rent  kinet ics o f  the two Hg species resul t  i n  an increase o f  MeHg during the l i fet ime of 
organisms which i s  more evident i n  long-living organisms. Except f o r  organisms o f  the f i r s t  
trophic level, the d is t r ibut ion pattern o f  both inorganic and organic Hg a f te r  experimental 
exposure showed that the uptake through food i s  the dominant route o f  entry. A model o f  the 
pelagic food-chain o f  tuna shows how the Hg concentration i n  marine organisms increases with age 
and that predators with long l i f e  spans have higher Hg concentrations than the i r  prey, i.e. 
organisms from lower trophic levels. I t  also predicts correct ly that methyl mercury increases 
faster than inorganic Hg during the specimen's l i fe t ime and i t  reaches higher concentrations i n  
organisms belonging t o  higher trophic levels. 

Estimations on the amount o f  methyl mercury taken up by autotro hs (phytoplankton) on a per 
l i t r e  basis m u l t  i n  very low fluxes o f  about 0.0001 ng MeHg/L-' day-'. This sh- that a 
very small amount o f  methyl mercury i n  the sea water i s  suf f ic ient  t o  allow the MeHg i n  the 
phytoplankton t o  reach about 20%. The MeHg i n  the phytoplankton w i l l  also allow the much less 
frequent organisms i n  higher trophic levels t o  reach the levels observed; These estimations have 
s t i l l  t o  be confirmed by measurements i n  nature, but show that one i s  dealing with a very small 
amount o f  MeHg per un i t  volume. 

5. EFFECTS OF MERCURY ON MARINE ORGANISMS AND ECOSYSTEMS 

From the point o f  view o f  fishery management the effects o f  pollutants on marine organisms 
and the i r  habitat must allow an acceptable level o f  productivity. From the point of view of 
environmental protection, major al terat ions o f  the marine environment can not be accepted. Not 
mere survival o f  important organisms but the maintenance o f  t r u l y  viable populations i s  required 
which can only be guaranteed i f  successful reproduction can be achieved (Perkins, 1979). This 
means that i n  order t o  assess the effects o f  pollutants, information on the i r  effects not only on 
adult survival but also on reproduction, development and growth rates are needed. Many biological 
effects o f  pol lu t ion w i l l  not show up i n  the short-term bioassay test f o r  acute tox ic i ty ,  because 
some effects are slow t o  develop or  slow t o  produce a general deb i l i t y  that interferes with some 
of the normal l i f e  functions o f  the organism. The fac t  that organisms that have survived the 
short-term exposure d ie l a te r  a f te r  being transferred i n to  clean non-toxic water also indicates 
the short-comings o f  short-term exposures f o r  estimating water qua1 i ty. Long-term exposure to  
sublethal concentrations are necessary t o  estimate the reproductive success, growth rate, 
a1 terations i n  the 1 i f e  span, adaptations t o  environmental stresses, feeding habits, migration 
patterns, changes i n  physiological and biochemical functions, predisposition t o  diseases, etc. 
(Water Qua1 i t y  Cr i ter ia,  1972; Perkins, 1979). The practice o f  using short-term acute exposure 
(LO-50 bioassay) f o r  an estimation o f  long-term effects from applying application factor i s  also 
questionable. Moreover, i n  LO-50 bioassays the organism i s  exposed only t o  one route o f  entry, 
namely the d i rect  pathway from water and the effects o f  pollutants through the organism's food i s  
completely neglected. 

Evidence presented i n  section 4.3 shows that the uptake o f  Hg i n  marine organisms depends 
both on the chemical species o f  Hg and on the route o f  entry i n to  the organism. Organisms which 
belong to  the f i r s t  trophic level such as algae and aquatic plants take up inorganic and organic 
Hg direct1] from the surrounding sea water. For a l l  other organisms i n  higher trophic levels the 
uptake through the food-chain i s  important. 

However, even i f  appropriate data are available on single species' reactions to  pollutants 
during a l i f e  cycle, the i r  effects on ecosystems can not be easi ly predicted. Natural changes of 
ecosystems are not well enough understood to  dist inguish between the effects o f  specific 
pollutants and changes occurring naturally. Only under certain circumstances can changes on 
natural ecosystems be linked to  specif ic pollutants. The effects i n  large enclosed ecosystems can 
help to  understand the possible effects o f  pollutants but the i r  application has so far  been 



restr ic ted to pelagic environments. At present there seem no adequate data available t o  assess the 
general r i s k  o f  Hg on marine b iota and ecosystems. 

Data on chronic and sublethal effects of Hg from the Mediterranean are limited, therefore 
data on the ef fects o f  (to on marine organisms i n  general are reviewed. I n  reviewing the data 
available i t  i s  unfortunate that, with one exception, no data seem to  have been published on the 
ef fect  inorganic Hg and Wig cause when supplied t o  marine organisms v ia  the food chain. 
Therefore, only the data on algae and bacteria consider dominant routes o f  exposure. Another 
serious l imi tat ion,  encountered i n  most bioassays, consists i n  the fact  that the ef fect ive 
exposure concentrations during the experiments have not been determined by chemical analysis. 

5.1 Phyto- and zooplankton 

Davies (1978) reviewed the effects o f  'heavy metals' on phyto- and zooplankton organisms. 
Unfortunately, i n  the majori ty o f  bioassays neither the concentration i n  the sea water has been 
determined a f te r  addition o f  mercury nor the e f fec t  o f  chelating substances (commonly used i n  the 
culture medium) has been taken i n t o  consideration; consequently the ef fect ive concentrations are 
unknown. For example, Smith (1983) showed that i f  the phytoplankton organisms tested i n  batch 
culture the ef fect ive concentration o f  Hg i n  the sea water i s  reduced markedly during the f i r s t  
day and most o f  the (to i s  associated with the algae. Later during growth, the c e l l  number of the 
algal population increases, and consequently the Hg concentration/cel 1 decreases rapidly reducing 
the internal and external exposure concentration. Without chelators the lowest nominal effect ive 
concentrations observed ranged from 0.02 and 0.35 y g  Hg/L. However, also without chelators some 
algae can withstand much higher Hg concentrations: 1 t o  10 ~ i g  Hg/L. The greater tolerance i s  due 
to  a reduced uptake o f  Hg (Davies 1976). But apparently a lsod i f fe rent  strains o f  the same species 
have d i f fe rent  tolerances. Dunal i e l  l a  te r t io lec ta  tested by Davies ( 1976) was 1000 times less 
sensitive than the same species examined by Sick and Windom (1975). Determining the effects of 
HgC12 and MeHg showed that an inh ib i t ion  o f  C-14 uptake o f  natural phytoplankton populations 
began a t  less than 0.1 g Hg/L f o r  MeHg and a t  1 fig Hg/L fo r  HgC12 (Knauer and Martin, 1972). For 
comparison, Holderness e t  a1. (1975) observed that growth o f  the freshwater green alga Coelastrum 
microoorun was not inhib i ted a t  concentrations o f  0.8 fig MeHg/L. Inhib i t ion started only a t  3 ug 
HeHg/L. I n  zooplankton organisms 2 m Hg/L decreased the faecal pe l le t  production during the 
i n i t i a l  2 days, but not i n  successive days (Reeve e t  a1. W 7 ) ,  probably because the ef fect ive Hg 
concentration had decreased i n  the meantime. 

5.2 Macrophytes 

Fucales (seaweeds) exposed i n  a continuous flow system to  concentrations o f  Hg ranging from 
0.9 t o  1250 y g  Hg (as HgC12)/L showed that a t  the lowest concentrations tested no ef fects could 
be detected on the growth o f  vegetative apices. A small growth reduction as compared with controls 
occurred a t  concentrations greater than about 10 y g  Hg/L (Stroemgren, 1980). 

5.3 Bacteria 

Very few data exist  on tox i c i t y  o f  Hg compounds on marine bacteria. Jonas e t  a1. (1984) 
observed that natural populations from Chesapeake Bay showed 40 to  60% growth inh ib i t ion  a t  1 yg 
inorganic Hg/L. A similar inh ib i t ion  was also observed fo r  1 ~ i g  HeHg/L. Toxic effects of MeHg were 
observed already a t  0.1 yg Hg/L. Unfortunately, the authors d id  not test low concentrations of 
inorganic Hg so that the onset o f  the inh ib i t ion  o f  inorganic Hg was not determined. Their data 
seemed to  indicate that inorganic and organic Hg have the same tox ic i ty  t o  marine bacteria. 
Pan-Hou and Imura (1981) found differences i n  the minimal inhib i tory concentrations o f  P3Cl2 and 
ChHgCl on pure bacteria strains isolated from the intestines o f  yel lowfin tuna. Of the 14 
strains tested 9 showed ef fects a t  lower concentrations: 800 to  1600 j ig CtfoHgCl/L and 4000 to 
8000 fig HgCl^/L. Five strains were more resistent and showed effects only a t  6.4 t o  12000 yg 
CH3HgCl/L and 16000 t o  32000 J I ~  HgCly/L. It i s  not clear why the strains examined by Pan& 
and Imura (1981) were more resistent than the natural populations studied by Jonas & a. (1984). 
Probably the strains of Pan-Hou and Imura were obtained from another author who had isolated them 
on a medium which was selective fo r  Hg-resistant strains. 



5.4 Crustaceans 

The LC-SO a t  48 hours f o r  newly hatched zoeae o f  Palaemonetes vulgaris (shrimp) was 10 y g  
HgCl$L f o r  unfed and 15 J I ~  HgC12 fo r  larvae fed with Ar tmia  salina. I t  was estimated that 
no ef fects would occur during a 48-hour exposure a t  5 y g  HgC12/L fo r  fed larvae and a t  3 yg  
HgC12/L f o r  unfed larvae. Transferring larvae i n to  clean sea water a f t e r  a 48 hour exposure t o  
study delayed effects showed that none o f  the larvae exposed to  32 yg HgC12/L survived f o r  more 
than one day demonstrating the severe 1 imi tat ion o f  short-term bioassays. Exposures o f  45 hours t o  
10 and 18 y g  HgC12/L markedly delayed the f i r s t  molting and caused deformations. The growth of 
young Penaeus indicus was not s igni f icant ly  reduced a t  6 yg Hg/L (McClurg, l984). 

Vernberg and Vernberg (1972) and De Courney and Vernberg (1972) showed that & pugilator 
adults ( f iddler  crab) could survive fo r  months i n  sea water containing 180 pg HgC12 while a11 

stage I zoeae exposed t o  the same concentration died a f te r  only 48 h. I n  three species o f  f idd le r  
crabs 100 y g  HeHg/L had no effects on regeneration o f  limbs and molding (Ueis 1977). However, th is  
concentration caused a complete inh ib i t ion  o f  melanogensis i n  the growth o f  U. thayeri, par t ia l  
inh ib i t ion  o f  & pugilator but no inh ib i t ion  i n  U. rapax. A t  500 yg  MeHg/t the g m t h  inh ib i t ion  
was observed fo r  the most U. thayeri and the least fo r  U. rapax. InofQanic Hg inhib i ted limb 
generation a t  1000 y g  Hg/L but had no e f fec t  a t  100 J J ~  Hg/L. Pre-exposing & pugi l a to r  t o  60 t o  
100 p g  MeHg/L d id  not reduce the inhib i tory effects o f  500 yg  MeHg/L, a1 though differences i n  the 
inh ib i to ry  effects could be observed when three populations from an unpolluted si te, a s l igh ly  
pol luted s i t e  and a chronic polluted s i t e  were compared. The inhib i tory ef fect  was smaller i n  the 
population from the chronic pol luted s i t e  (Callahan and Ueis, 1983). This may indicate that Hg 
does not induce metallothionin (RT) but that MT i s  induced by other pollutants. Similar results 
uere obtained by Green a. (1976) uho found that pre-exposing postlarval shrimps (Penaeus 
set i ferus) to 0.1 and 0.5 y g  Hg/L f o r  59 days d id  not increase the %h-LC-50 value obtained for 
non pre-exposed shrimps. Chronic exposure o f  the shrimp t o  0.5 and 1 pg Hg/L d id  not affect 
respirat ion rate, growth, o r  molting frequency. Higher concentrations were not tested. 

Although not a marine organism, experiments with the brine shrimp exposed during an ent i re 
l i f e  cycle t o  inorganic and tleHg i n  uater may only give some indications on ef fects f o r  t r u l y  
marine organisms. Signif icant reduction i n  adult l i fespan has observed a t  10 pg HgC12 and 5 y g  
MeHg (Cunninghm and Grosch, 1978). The survival o f  naupl i i  from treated parents was not reduced 
a t  10 yg  HgC12/L but reduced a t  1 y g  MeHg/L. Pairs exposed to  10 ug HgC12/L exhibited only a 
s l igh t  reduction i n  brood production while pairs exposed t o  5 pg MeHg/L and higher concentrations 
d id  not produce any naupl i i . 
5.5 Molluscs 

Very feu data ex is t  on molluscs. The 74ay LC-50 fo r  mssels (R. edulis) i s  150 pg M I L  
(Martin & a1 1975). Growth o f  the shel l  i s  reduced t o  50% af te r  exposure t o  only 0.3 pg Hg/L 
(Stromgren, 1982). A t  concentrat ions above 1.6 yg  Hg/L growth stopped w i  th in  3 days. 

The k i l l i f i s h  Fundulus heteroclitus, because i t  i s  easy t o  culture, was used f o r  several 
studies on tox i c i t y  o f  inorganic Hg and MeHg. Sharp and Neff (1985) exposed embryos o f  F. 
heterocl i tus a t  d i f fe rent  times a f te r  hatching a t  various concentrations (0 t o  100 yg  Hg/L) of 
HgC12 and MeHg. Comparison o f  4-day morta l i ty  and abnormal development showed that embryos 
exposed imnediately a f te r  f e r t i l i za t i on  were more sensitive to  both HgCl2 and MeHg than older 
(up t o  5 days) embryos. I n  general MeHg was more toxic but i t s  re la t ive  tox i c i t y  t o  HgC12 varied 
widely from about ha l f  as toxic t o  several times more toxic than inorganic Hg. When embryos o f  
the k i l l i f i s h  from a polluted and unpolluted s i tes were exposed fo r  one week t o  30 p g  MeHg/L i t  
uas observed that the embryos from the pol luted s i t e  had v i r t ua l l y  no anomalies while those from 
the other s i t e  showed a range malformation from unaffected to  rather severely affected (Ueis & 
a. 1981). Also when exposed to  50 yg MeHg/L, 55% of  the embryos from the pol luted s i t e  exhibited 
no malformations while the embryos from the unpolluted s i tes showed marked malformations. A t  the 



same time the embryos had taken up about between about 5.5 to 7 mg MeHg/kg. For comparison, the 
inorganic Hg short-term 9641 LC-50 o f  adult k t e r o c l i t u s  ranges from 230 and 2010 )tg Hg/L which 
i s  about 8 t o  70 times greater than the teratogenic dose f o r  t h i s  species (Jackim e t  a1. 1970, 
Klaunig e t  a1 .. 1975). The 9 6 4  11-50 of f_ heteroclitus larvae i s  5320 )~g MeHg/L (Ueis e t  a1. 
1985). However, when Fundulus heteroclitus adults were maintained i n  only 5 p g  HeHg/L they fai led 
t o  produce additional clutches of eggs (Weis & a. 1985). 

I n  order t o  investigate i f  the pretreatment with MeHg could also increase the tolerance to  
la te r  exposure of NeHg Ueis e t  a1. (1982) investigated pretreatment o f  embryos and adults of F. 
heterocli tus. They observed that embryos o f  F. heteroclitus from an unpolluted s i t e  showed more 
malformations a f te r  exposure t o  MeHg than t o  HgC12. I n  a polluted s i te,  however, the tolerance 
to  HgC12 was lower than t o  MeHg. The NT was found i n  some batches o f  unfer t i l ized eggs but a t  
very low concentrations, probably too low t o  have any influence on tox ic i ty .  After exposing adult 
fishes t o  pretreatment with 10 pg NeHg and l a te r  to 10 t o  50 yg  MeHg/L, caudal f ins were 
regenerated more slowly than the controls. This fa i lu re  to  develop a protective mechanism by a 
pretreatment i s  supported by the observation that exposing embryos t o  ReHg d id  not increase the MY 
level over controls (Weis, 1984). Therefore, i t  seems that the acquired greater tolerance of 
embryos from polluted s i tes must have been induced by trace metals other t h a n ~ g .  Interestingly, 
Ueis (1984) observed that eggs had very 1 i t t l e  NT but untreated embryos o f  tolerable clutches had 
twice as much MT as non-tolerable clutches a t  the time o f  hatching, suggesting that MT i s  produced 
during embryo development. Treatment o f  embryos with either inorganic Hg or  NeHg did not produce 
any NT. 

An interest ing experiment on fresh water f i s h  may be mentioned here because i t  lasted over 
several generations. Exposure of  three generations o f  brook t rout  t o  NeHg i n  freshwater only (food 
was not contaminated) showed that NeHg concentrations o f  0.3 ug Hg/L and lower had no effect on 
a l l  three generations. Maximal acceptable toxicant concentrations were between 0.3 and 0.93 ug Hg 
(as NeHg)/L (hardness 45 mg/L: pH 7.5). On the other hand the mean 96-h LC-50 fo r  20-week-old (12 
g) and yearlings was 75 pg MeHg/L. This would resul t  i n  an application factor between 0.004 and 
0.013. A follow-up on the tox i c i t y  studies showed that concentration factors (CF) between water 
and tissue ranged from 1000 t o  10000; maximum CF: 7000 to  63000. Blood, spleen and kidney had the 
highest Hg levels, followed by 1 iver  g i l l ,  brain, gonad and muscle. Between 90 to  95% o f  the tota l  
MeHg body burden was located i n  muscle. The mean muscle concentration i n  f i r s t  generation trouts 
dying a f te r  exposure to  2930 ng (as WeHg)/L was 23.5 mg Hg/kg FW. I n  the second generation that 
died a f te r  exposure t o  930 ng Hg/L the mean muscle level was 9.5 mg Hg/kg FW. Relating tox i c i t y  to 
Hg concentrations i n  the body tissues showed that body levels o f  2.7 mg Hg/kg FH had no effect but 
a t  body levels o f  5-7 mg Hg/kg FW effects could be detected. No appreciable elimination of Hg was 
observed a f te r  12-16 weeks. 

5.7 Marine mamnals 

Two seals exposed t o  da i l y  oral dosage o f  250 yg NeHg/kg body weight d id not show any 
abnormal blood values but a reduction i n  ac t i v i t y  and body weight. Two seals dosed wi th 25 rng 
NeHg/kg body weight died a f te r  20 and 26 days o f  exposure and a f te r  showing previously severe 
symptoms o f  poisoning (Ronald g a].. 1977) 

5.8 Enclosed pelagic ecosystems 

Pulse additions o f  5 pg Hg/L t o  large p las t ic  containers (1.5 m3 and 15 rn3) with and 
without nutr ient additions showed that the Hg concentration decreases rapidly i n  the bulk o f  sea 
water and inhib i ted the re la t ive  carbon assimilation rate i n  the bag without nutr ient addition 
during the whole 15-day experiment (Kniper & a].. 1983). I n  nutrient-enriched enclosures the 
phytoplankton growth was inhib i ted by concentrations above 2 t o  2.5 y g  Hg/L i n  the bulk. Similar 
observations were made by other authors (Grice and Nenzel , 1978). Pulse additions o f  5 y g  Hg/L 
decreased phytoplankton productivi ty f o r  12 days, influenced the d is t r ibut ion o f  phytoplankton and 
mesozooplankton species and reduced the number o f  copepod naupli i f o r  34 days. Copepods 
(Pseudocalanus) taken from the enclosure fa i l ed  to  molt u n t i l  the concentration o f  Hg i n  the 
enclosure had droped below 2 yg Hg/L. Pulse additions o f  1 y g  Hg/L on the other hand had no 
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observable effects. Studying the biochemistry and tox i c i t y  o f  mercury i n  controlled experimental 
ecosystem Wallace e t  a1. (1983) found that the high a f f i n i t y  o f  Hg t o  the organic matter present 
i n  the system was the most important parameter governing the d is t r ibut ion o f  the chemical species 
o f  Hg. About 90% o f  the Hg was present i n  particulate, col lo idal  and high molecular weight 
dissolved forms and thus i t  was not bioavailable. I n  fact, i f  these fractions o f  organic matter 
were mtnoved by u l t ra f i l t r a t i ons  from the sea water, bioassays showed that 1 pg Hg/L were toxic t o  
natural phytoplankton populations. 

5.9 Conclusion on effects 

The available data on the tox ic i ty  o f  Hg on marine organisms show that many important 
parameters influencing tox ic i ty  have been identi f ied. The organisms which show effects a t  the 
lowest concentrations are phytoplankton because uptake from water i s  the predominant exposure 
route. The lowest apparent concentration which caused an e f fec t  i s  given as 20 ng/L o f  inorganic 
Hg. However, since the actual concentration i n  sea water was not determined by chemical analysis 
but deduced from the amount o f  Hg added to  the medium, the actual effect ive concentrations may 
well be lower. The results obtained i n  large p last ic  containers indicate, that the inorganic Hg 
added i s  rapidly transformed in to  other Hg species and which are apparently less bioavailable. 
Organisms higher i n  the food-chain can apparently withstand considerable concentrations of both 
inorganic and organic Hg. This i s  most probably due to  the fact  that the dominant exposure routes 
of Hg i s  through the food chain. This pathway, however, has not t o  be investigated. Therefore, 
the data so f a r  available are not su f f i c ien t  t o  assess the r i sk  o f  Hg pollution. Future studies on 
the effective toxic concentrations should be accompanied by data on the actual Hg concentrations 
o f  di f ferent Hg species determined by chemical analysis i n  the water, the food and i n  the body 
tissues o f  the organisms. Also the concentrations o f  relevant Hg species i n  the edible muscle 
tissue and the target organs or tissues ( c r i t i c a l  organs) should be determined because th is  
information may be used t o  compare data obtained i n  the laboratory with f i e l d  data. 

6. POTENTIAL HEALTH HAZARD FROM MERCURY INTAKE WITH SEAFOODS 

6.1 Food consumption pattern o f  Mediterranean populations 

Food preference, prices and avai lab i  1 i t y  greatly influence the seafood consumption pattern. 
I n  general, i n  the coastal areas seafood i s  more available than i n  the hinterland, especially i n  
the less developed countries. Certain parts o f  the population such as fishermen, f i s h  vendors and 
the i r  families have greater access t o  seafood than other persons. Also persons on d ie t  may 
consume preferent ia l ly  f i s h  and she1 l f  ish. No general seafood consumption studies have been 
carr ied out i n  the Mediterranean countries. Based on seafood supply data (considering landings, 
export and import) national averages and percentage o f  seafood o f  the Mediterranean or ig in  can be 
estimated (Table 411, but these data are not suitable f o r  an estimation o f  the r i sk  o f  Hg intake 
from seafoods because averages are based on supply (consumption i s  estimated as 50% o f  the supply) 
and because the estimated averages do not give any indication on the consumption pattern of 
individuals and d i f fe rent  population groups. How misleading these figures can be i s  i l lus t ra ted  by 
the food consumption survey carried out f o r  three d i f ferent  age groups i n  9 regions o f  the US 
(Rupp e t  a1. 1980). For example, i n  New England, the average saltwater f i n f i s h  consumption for 
adults was 4.55 kg/year, while the 501 percenti le was only 3.46 kg/year. This means that 50% of 
the population consumed only 3.46 kg while the average was higher by about one kg/year. The 90% 
percentile was 9.85 kg/year and the 99% percenti le 20.27 kg/year. O r  i n  other words 10% of the New 
Englander consumed more than 2.2 times the average and 1% consumed more than 4.5 times the 
average. The maximum consumption was 29.76 kg/year or 6.5 times the average. 

For the consumption o f  freshwater f i s h  the consumption pattern i s  even more skewed. The 
average consumption was 0.11 kg/year, the 50% and the 90% percentile were both zero, but the 99% 
percentile was 2.44 kg/year. O r  i n  other words more than 90% o f  the New Englander consumed no 
freshwater f i n f i s h  a t  a1 1. One percent o f  the population consumed a t  least 22 times the average 
and the highest consumption (8.2 kg/year) was 74.5 times higher than the average. Unfortunately 



simi lar  data are not available f o r  the Mediterranean. Since no data ex is t  some general 
observations may be considered. I n  the Mediterranean countries wi th predominant Christian 
background many persons eat seafood on Friday, i .e. once a week. I n  summer a large number of 
holiday makers choose the seaside and hence are more l i k e l y  t o  consume fresh seafoods than i n  the 
habitual residence i n  the hinterland. This seafood i s  more l i k e l y  o f  the Mediterranean or ig in  
and, therefore, i t  contains more Hg than the frozen f i s h  available i n  the hinterland which, i n  
many countries, i s  imported from the non-Hediterranean f ish ing ground (Table 41) and thus contains 
less Hg than the local seaside food (section 3.4). This qual i ta t ive scenario indicates that a 
large section o f  the general population consumes a t  least one seafood meal a week with a higher 
frequency during sunner. However, wi th the exception o f  extreme consumers, large parts of the 
Mediterranean populations w i l l  not exceed two meals a week on a long-term basis. 

This means that the attent ion must be directed towards the consumption o f  c r i t i c a l  groups 
with high seafood consumption. But here problems arise also. The individual with the highest 
consumption of seafood i s  not necessarily the person most exposed since the Hg intake depends also 
on the Hg concentration i n  f i s h  and she l l f i sh  species consumed. This has been i l lus t ra ted  by Nauen 
e t  a l .  (1980b). Estimating the Hg intake i n  I ta ly ,  the authors found that a higher consumer of 
seafoods had only about 40% o f  the Hg intake per kg body than a lower consurner(fab1e 42). 

Table 41. Estimated average national consumption o f  f i s h  and f ishery 
product fo r  the years 1979-1981 i n  the Mediterranean and 
other selected countries 

weekly consumption non-food uses 
to ta l  Mediterranean or ig in  (1000 NT l i v e  weight) 

Country (FAO, 1983) (UNEP, 1983) (FAO, 1983) 
 live wt)/person] (%I 

Algeria 20 100 - 
Cyprus 80 30 - 
Egypt 45 10 - 
France 230 4 2.4 
Greece 155 60 - 
Israel 160 8 - 
I t a l y  120 55 3.4 
Lebanon 55 25 - 
Libya 75 30 - 
Ma1 ta  200 20 - 
Morocco 55 10 103 
Spain 300 10 175 
Syria 15 10 - 
Tunisia 75 100 1.1 
Turkey 60 10 101 
Yugoslavia 30 45 0.1 

World 115 
Faeroe Island 950 
Iceland 855 
Japan 800 
USA 155 
USSR 245 

Consumption i s  estimated to  be 50% of  the supply taking i n to  consideration export and 
import (Crispoldi 1976). 
About 90% o f  the "non-food uses" i s  fishmeal. 

i n  UNEP (1983) consumption has been erroneously estimated as 100% of the supply. 



6.2 Marine food consumption by c r i t i c a l  groups 

Very fen seafood consumption data o f  c r i t i c a l  groups exist  f o r  the Mediterranean. 

Paccagnella & a. (1973) selected the population o f  Carloforte (Sardinia) for an 
epidamological study, because i t s  average consumption o f  seafoods was about 4 times the national 
I t a l i a n  average and because, during the sunnier months, fresh tuna meat from the local tuna trap 
was consumed. From 6200 residents 195 persons chosen a t  random agreed t o  give information about 
t he i r  food habits, take a medical examination and allow a blood and hair  analysis (section 6.4). 
About 65% o f  these persons eat seafood more than 3 times a week. Some 11.71 consumed 7 and more 
meals o f  seafoods and 1.5% as many as 13 to  14 meals equal t o  about 1400 g seafood a week. Nauen 
e t  al .  (1980b. 1983) reported that fishermen f ran  three I t a l i a n  locations had consumed 5 to  11 kg 
FU of 71 d i f ferent  species i n  3 weeks (1.8 t o  3.8 kg/week/person). They gave 5 examples of 
fishermen consuming 27 f i s h  species, 4 crustacean species and 5 d i f ferent  mollusc species with 
t o ta l  consumption ranging from 1840 t o  3820 g Wweek and person (Table 42). Nauen e t  al .  (1983) 
ranked also the seafoods species according t o  consumption frequency., Sardine and cu t t le f i sh  
(Sepia) were the most frequent species consumed i n  the locations studied, followed by squid 
(Lo1 i m ) ,  hake (Rerluccius), octopus, hi t ing  (Herlangius) , d e e w t e r  shrimp (Parapenaeus), 
mantis shr i rq (Squil la), mussel (Hytilus), picarel (Matla), pilchard (Engraulis) and the horse 
mackerel (Trachums). This ranking i s  an average o f  the observations made i n  the three locations 
and considerable difference existed between species consumption pattern. Therefore, t h i s  ranking 
can only be considered as an example and i n  other areas o f  the Mediterranean complete different 
species rankings i n  the seafood consumption are t o  be expected. 

Estimates and data from the Mediterranean and other European regions range from 2100 t o  
5600 kg week-' person-' (Bernhard e t  a1. 1972, R io l fa t t i ,  1977; Cigna-Rossi & fi. 1967; Bacci 
et_ fi. 1976; Preston & a. 1974; Haxton e t  a1. 1979). Especially aboard f ish ing vessels the 
crew eats only from the f i s h  and she l l f i sh  caught and th i s  may happen 3 times a day. 

High consumption rates are also found i n  heavy f i s h  eaters from other seas. Especially f o r  
Japan high seafood consumption rates have been reported (Dot and Ui, 1975). O f  34 tuna f i s h  
re ta i le rs  22 ate 100 t o  200 g tuna meat da i ly  besides 70 t o  300 g shel l f ish and other f i s h  meat. 
One person consumed da i ly  200 g FW o f  tuna meat i n  addition t o  1000 g o f  other seafoods. The 
da i l y  tuna consumption o f  tuna fishermen aboard the ship ranged from 50 to  400 g during seasonal 
periods o f  130 t o  180 days. 

It can, therefore, be assumed that there may exist  extreme consumers o f  seafoods which are 
able to  consume 800 t o  1000 kg o f  seafood/day (5.6 t o  7 kg week"' person"1) over long time 
periods. 

6.3 Direct and indi rect  intake o f  mercury through seafoods 

Only fen studies i n  the Mediterranean area investigated d i rect  Hg intake. Others have 
determined Hg i n  blood and hair. At Carloforte (Sardinia) Paccagnella & a. (1973) analysed 
typical d iets containing edible par t  of tuna and other seafoods: 

Tuna 1230 (50-2800) pg Hg-T/kg FU 
o t h e r f i s h a n d s h e l l f i s h  330(10-490))gHg-T/kgFW 

Since only during sunroer (July/August) tuna i s  available from the local tuna trap the 
authors estimated that the average intake o f  mercury o f  the Carloforte populations was 150 ) ~ g  
week"' person-1 i n  sunnier and 100 yg/week/person i n  winter. The group with the highest 
consumption (14 seafood meals a week) had an estimated mercury intake o f  700 pg Hg week-' 
person-I i n  the sunnier when tuna was available and 460 yg  Hg week-I person"1 i n  the winter 
without the supply o f  fresh tuna. 



Table 42. Seafood consumption and estimated mercury intake by f i ve  
fishermen from three I t a l i a n  towns (Marina d i  Ravenna, 
Fiumicino and Bagnara Calabra) recorded during a period 
o f  20 days. (Nauen & c. 1980b) 

Mari na Ravenna F i  tmicino Baqnara Calabra 

Age (years) 
Weight (kg) 

Species Classif. seafood consumed 
(g i n  20 days) 

685 Angui lka angui 1 l a  
Arnoqlossus laterna 
Atheri na hepsetus 
Auxis auxis 
BWPS b p s  
Callinectus sapidus 
Dicentrarchus labrax 
D i  plodus sargus 
Engraul i s  encrasi cholus 
Euthunnus a1 letteratus 
Gobius sp. 
Lepidopus % 
Loliqo vulgaris 
Maena sp. 
Merlangi us merlangus 
Merl ucci us merl ucci us 
MOHO * 
M I  cephalus 
t l u  gal lov inc ia l is  
Octopus vulgaris 
Parapenaeus 1 onqi r o s t r i  s 
Penaeus kerathurus 
Salm salar 
Sardina pilchardus 
S c d e r  a 
Scorpaena s~ 
Scyllarus arctus 

o f f i c i n a l i s  
Swattus sprattus 
Sphaeronassa mutabi 1 i s  
Squil la mantis 

decussatus 
Thunnus alalunqa 
Thunnus thynnus 
Torpedo 2. 
Xiphias gladius 

Total consumption i n  20days (g) 10900 9010 7945 8560 5260 
Total Hg intake (>ig/20 days) 2000 1670 1755 4720 3260 
Weekly consumption (9) 3815 3155 2780 2995 1840 
Weekly Hg intake b g  Hg) 700 585 615 1650 1140 
pg Hg/kg body weight/week 10.5 7.0 7.7 24.5 19.0 

* unidentif ied species 
*Â¥ assumed Hg concentration - rr~tct.x-oan- M _ - 1 l u r ~  C _ f i r k  



Nauen et a1. (1980b. 1983) estimated the amount of mercury intake from a food consumption 
study on the basis of a survey in three Italian locations. Information on individual seafood 
consumption over a period of 20 days was matched with analytical data on Hg levels in the fish and 
shellfish consumed. Special attention was given to fishermen and their families (section 6.2). 
Applying a consumer risk simulation model the authors found that a high percentage of the persons 
interviewed exceeded their daily allowance, among them many children. In fact the maximum average 
intake for an individual was estimated for a 3-year old child which reached 8.6 times the weekly 
tolerable allowance (section 6.5) or about 30 y g  Hg/kg body weight/week. 

For Japanese tuna fishermen Doi and Ui (1977) assumed an average concentration of 500 ug 
Hg/kg FU in tuna and the average daily consumption rate, and they arrived at a weekly intake from 
tuna for these fishermen of about 500 y g  Hg. The retailers ingested an additional Hg intake of 
about 140 fig Hg per week from other seafoods which contained on the average 0.1 mg Hg/kg. This 
high Hg intake, in particular from tuna, was reflected in high Hg concentrations in hair and 
blood, supplying indirect evidence for high Hg intakes from seafoods (section 6.4). 

Another (indirect) route of Hg to human populations comes from the use of fishmeals and 
other foodstuffs in raising chicken, pigs, etc. The Hg-T and the ReHg concentrations in fishmeals 
were higher than in meat and bone meals (Szprengler, 1975). For example, feeding chickens with 
herring meals containing 0.014 and 0.018 mg Hg-T/kg DM instead of meat or bone meals raised the 
chicken's body Hg levels (March et a1. 1974). The species used for the production of fishmeals 
vary with regions. About 90% of the non-food uses of landings (Table 41) are estimated to be 
fishery products converted into fishmeal (Crispoldi 1987). In northern Europe fishmeals are 
produced mainly from capelin and herring, in the Mi terranean mainly from the large catches of 
sardines and anchovies (Table 43). Turkey, Spain and Morocco are the largest producers of 
f ishmeals in the Medi terranean. A1 so wastes from tuna, herring, mackerel, lobster, crab, shrimp 
and various other species are used for fishmeals production. Of course, not all fishmeal produced 
is also used in the country of origin. For example, Peru exports %%, Chile 91% and Norway 811, 
while large amounts are imported by many European countries. 

The Hg content of these fishmeals can be estimated from the Hg concentration in fresh 
species (section 4.4.5) and a WFU ratio of 5. Direct determination for the Mediterranean 
fishmeal are not available. For comparison Hg-T of herring meals from Canada (British Colombia) 
and Newfoundland), Denmark and Norway range from 0.09 to 0.29 mg Hg-T/kg DM (Anonymous, 1971 1. 
White fishmeals from Britain, Canada, Denmark, Iceland and S. Africa also had similar ranges (0.04 
to 0.29 mg Hg-T/kg DM). Beasley (1971) found a mean concentration of 0.44 mg Hg-T/kg DM in 
Engraulis mordax from the Californian coast, 0.6 mg Hg-T/kg DM in Clupea herengus from the 
Massachusetts coast, 0.5 mg Hg-T/kg OW mnhaden (Brevwrtia patrona) from the coast of the state 
of Mississippi and 0.34 mg Hg-T/kg DM in the menhaden (L tyrannus) from the Chesapeake Bay. 
Taking into consideration that these are dry weight levels and applying a FWOW ratio of 0.2 will 
reduce these levels by a one-fifth on a fresh weight basis. Since the Hg-T concentrations in the 
Mediterranean white fishes are higher than those mentioned above, fishmeal produced from the 
Mediterranean species also should have higher Hg levels. 

In general non-marine foods contain little Hg and most of the data on mercury in foodstuffs 
only report the total mercury content and do not distinguish between methyl mercury and other 
mercury compounds (MHO, 1976). The older data on total mercury intake via food in some countries 
has been reported at 20 Jug/day or lower (WHO, 1976). Cigna-Rossi et a1, (1967) estimated an intake 
of 7 to 12 yg Hg-T/day for the average Italian. Schelenz and Oiehl (1973) reported 70 pg/day for 
the Federal Republic of Germany, and Cohen (1974) reported 5 to 10 yg Hg/day for England. For 
Sweden, it was estimated that about 5 yg Hg/day came from sources other than fish and marine rood, 
(i.e. drinking water and terrestrial food) (Swedish Expert Group, 1971) . Bread and cereals 
contribute more than 50% to the mercury intake from terrestrial food. Because mercury pesticides 
are no longer used for treating seeds the mercury intake from terrestrial sources may have 
decreased since the 1960s. Most studies of mercury content in food suggest that the contribution 
of NeHg from terrestrial food is negligible (Swedish Expert Group, 1971). 
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6.4 Mercury i n  ha i r  and blood o f  humans 

The high Hg intake with seafoods by persons eating large amounts o f  seafood was also 
ref lected i n  the concentration o f  Hg i n  ha i r  and blood. Astier-Oumas andcumont (1975) studied the 
seafood consumption i n  four French regions. They found that persons eating more than three meals a 
week had higher Hg levels i n  t he i r  ha i r  [mean (n=5) o f  7.6 + 3.4 ppml than persons consuming less 
seafood [mean (n=6) o f  1.1 + 0.6 ppml. I n  the above mentioned s i t e  o f  Carloforte (Sardinia) 
(section 6.3) the average ha i r  mercury level i n  the high consumers (estimated sunnier intake: 700 
ug Hglperson, winter intake: 460 ug Hg/person) was 11 mg @/kg (range: "not detected" t o  60 mg/kg) 
(Paccagnella & a. 1973). R i o l f a t t i  (1977) compared ha i r  mercury levels i n  an inland town with a 
coastal town, where 13% of the 52 persons examined had consumed more than four f i s h  meals per 
week. One man i n  the coastal town had a hai r  level o f  about 45 mg Hg/kg and s ix  others reached 
ha i r  concentrations between 16 and 20 mg Hg/kg. Also i n  the inland town re la t ive ly  high hai r  
concentrations were observed. One woman had about 30 mg Hg/kg and three had levels between 16 and 
25 mg Hg/kg, despite the fact  that none o f  the persons examined i n  the inland town had consumed 
more than 2 fishmeals a week. 

Bacci e t  al. (1976) studied the to ta l  and methyl mercury concentration i n  blood, urine, hai r  
and na i ls  o f  16 persons from the town o f  Vada, who consumed from 0 t o  more than 6 meals o f  seafood 
a week. The f i s h  came from the banks o f  the Vada about 10 km west o f  the Solvay chlor-alkaline 
plant (section 3.6). As expected, the mercury concentrations increased with the amount o f  seafood 
meals consumed. The concentration i n  the ha i r  ranged from 4 t o  110 mg Hg/kg. Also th is  high hai r  
concentration i s  wi th in the range o f  possible effects, but no symptoms had been observed. 

High Hg levels were also observed i n  the hai r  o f  high seafood consumers from other regions. 
The tuna fishermen mentioned by Doi and Ui (1977) (section 6.3) had hair  concentrations ranging 
from 25 t o  46 mg Hg/kg. The mean mercury concentration i n  the hai r  o f  the re ta i le rs  was 26 mg 
Hg/kg (range 6.4 - 44 mg Hg/kg) while blood levels averaged 100 ug Hg/L (range 45 - 175 ug Hg/L). 
One individual had a t  one time 65 mg Hg/kg hair. Again no symptoms o f  Hg poisoning were reported. 

6.5 Evaluation o f  potential  health ef fects and tolerable intakes 

The high mercury concentrations observed i n  edible marine organisms and the high intakes 
reached by some population groups ra ise the question o f  possible health risks. 

From data collected during the epidemics o f  methyl mercury poisoning o f  1953-1960 i n  Japan 
and of 1971-72 i n  Iraq, MHO (1976) estimated that the ear l iest  poisoning symptoms i n  the most 
sensitive group of an adult population may appear following a long-term da i ly  ingestion o f  200 to  
500 ) ~ g  Hg (as ReHg) f o r  a 70-kg person. This long-term intake i s  associated with a blood level 
approximately i n  the range of 200 t o  500 p g  Hg/L and a ha i r  concentration o f  between 50 t o  125 mg 

Hglkg. With increasing blood o r  ha i r  Hg levels the manifestation o f  neurological symptoms and the 
severity o f  toxic effects r i s e  rapidly. Applying a safety factor o f  10 t o  the long-term ingestion 
of 200 t o  500 pg Hg would resul t  i n  a "safe intake" o f  20 to  50 p g  Hg/day fo r  a 70 kg person o r  on 
a weekly basis 140 t o  350 }sg Hg/week (GESAMP, 1987). F A O M  (1972) suggested a Provisional 
Tolerable Meekly Intake (PTWI o f  200 p g  Hg (as WHg) or  300 u g  Hg (as Hg-T) f o r  a 70 kg person. 
For persons having d i f ferent  weights (e.9. children) the weekly intake can be estimated f o r  the 
PTWI expressed i n  u g  Hg/kg body weight: 3.3 p g  HeHg per kg body weight a week and 5 p g  to ta l  
mercury per kg body weight a week. These PTWI f o r  mercury have been reconfirmed (WHO, 1980). but 
with the additional res t r i c t ion  t o  lower (unspecified) levels f o r  pregnant and lactat ing women 
because the reevaluation of the WHO Environmental Health Cr i te r ia  f o r  Mercury emphasized the 
sens i t i v i ty  t o  methyl mercury on the growing brain. 

Several authors have shown i n  animal experiments that selenium can reduce the toxic effects 
of inorganic and organic mercury. Reviewing available evidence on the health effects o f  methyl 
mercury, Piotrowski and Inskip (1981) concluded that the knowledge about the protective ef fect  o f  
selenium i s  l imi ted t o  experiences wi th animal models and no di rect  evidence o f  a protective 
effects i n  humans has been presented. Therefore, i n  estimating the tolerable intake l i m i t s  f o r  
h a - ~ R J I  4 h ~  hf-h ---aJkR.& :- ZÂ£-LÃ‘---- L- *-Iu- :-A- ----:A---A:-- 



Legal l imi ts ,  i.e. maximum concentrations i n  seafood o f  0.5 o r  0.7 mg Hghg FW, i n  force i n  
some Mediterranean countries present a special problem. Table 44 shows the weekly intakes of 
methyl mercury that could be reached by d i f fe rent  combinations o f  seafood consumption (meals) and 
methyl mercury concentration i n  seafoods. From t h i s  table one can see that a person weighing 70 kg 
Mho eats seafoods twice a week can safely consume f i s h  and she1 l f i s h  containing on the average 750 
ug Hg/kg FU. From similar calculations were derived the legal l i m i t  o f  0.7 pan FU (0.7 reg Hg as 
HeHg/kg FU) o r  the even more severe 1 imi t o f  0.5 ppm FW i n  force i n  some Mediterranean countries. 
The 0.5 ppn FU takes i n to  consideration persons o f  lower body weights. These estimates are val id  
for long-term consumption and i n  addition contain a safety factor o f  10. Therefore, effects are 
only t o  be expected i f  an intake o f  ten times the PTMI intakes i s  exceeded fo r  periods of 
ingestions last ing over months and years. Higher levels are allowed fo r  certain types o f  f i sh  on 
the basis that these f i sh  can not be contaminated by anthropogenic sources since the habitats are 
i n  general remote from these sources. 

However, the application o f  legal l i m i t s  present two problems: one i s  related t o  health 
protection and one regards the economics o f  marine fishery. The legal l i m i t s  are supposed to  
protect the human population from methyl mercury poisoning but th is  i s  not the-case as can be seen 
from some simple calculations. A 70-kg person who eats seafood containing/'500 ug Hg/kg FW 14 
times a week w i l l  have an intake o f  1050 p g  Hg (as HeHg)/week. This i s  5 tines the PTWI. 
Consuming the same amounts o f  seafoods a t  750 p g  Hg/kg would exceed the P H I  by about 8 tines. On 
the other hand, a 70-kg person who eats only one meal a week can eat seafood containing about 1300 

J J ~  Hg/kg FU or  about twice the legal 1 imi t. Hence persons eating one meal a week or less are not 
i n  need o f  legal l i m i t s  while the persons consuming many meals o f  seafoods containing legal 
concentrations are a t  r i sk  but are not protected by the enforcement o f  legal l imi ts .  I n  
addition, most high consumers are fishermen and the i r  families who consume seafood which does not 
reach the f i s h  market and hence i s  not subject t o  control. 

From the economic point o f  view a real enforcement o f  the legal l i m i t s  would have severe 
consequences on the Mediterranean f isheries since most o f  the large and economical l y  more valuable 
specimens would be banned from sale. 

Therefore, the evidence speaks against legal 1 imi t s  and i n  favour o f  intake 1 imitations. 
These intake l imi tat ions can only be achieved by advising high consumers o f  seafoods on the 
quantity and species to  be eaten. 

Table 44. Relation between concentration o f  methyl mercury (119 MeHg/kg FU) 
i n  marine foods and seafood consumption i n  g fresh weight and number 
o f  meals o f  seafood and weekly intake o f  methyl mercury per 70-kg person 

Mercury Meekly seafood meals 
i n  seafood 1 2 3 4  5 6 7 1 4  
(pg MeHg/kg FU) (150 300 450 600 750 900 1050 2100 g/ueek o f  seafood) 



7. CONCLUSIONS ON POTENTIAL MVW 

7.1 Potential harm t o  l i v i n q  resources 

Mercury concentrations which may be hazardous t o  marine organisms and marine ecosystems are 
d i f f i c u l t  t o  assess. Three kinds o f  data are available: laboratory experiments on tox ic i ty  and on 
the uptake and release dynamics o f  Hg compounds, experiments with confined natural ecosystems and 
observations i n  natural ecosystems under influence o f  natural o r  anthropogenic mercury sources. 

Experiments on the uptake and release dynamics and the d is t r ibu t ion  o f  Hg species within the 
organisms have shown that the uptake o f  the more toxic organic mercury species (methyl mercury) by 
organisms located i n  higher trophic levels occurs pr inc ipal ly  through the food-chain, but 
bioassays only assess the uptake o f  Hg compounds from sea water and not also through the food 
chain. This explains the low sens i t i v i ty  o f  organisms i n  high trophic levels t o  both inorganic 
and methyl mercury i n  sea water, and shows that bioassays re la t ing  Hg concentrations i n  the sea 
water t o  adverse effects t o  biota can be used only t o  assess the tox i c i t y  o f  organisms belonging 
t o  the f i r s t  trophic levels (autotrophs, bacteria and herbivours) f o r  which the d i rect  uptake from 
sea water i s  the most important uptake route. Unfortunately i n  most bioassays the toxic 
concentrations were not determined by chemical analysis but deduced from the Hg additions t o  the 
test  medium so that only nominal concentrations were considered. The l imi ted data available on 
autotrophs show that inorganic Hg i s  toxic t o  the most sensitive phytoplankton species a t  about 20 
ng/L. Less sensitive species were affected a t  much higher nominal concentrations: 1000 ng (as 
HgC12)/L and 100 ng (as MeHg)/L. Since during the s ta t i c  bioassay the Hg concentration 
decreased, the rea l ly  ef fect ive Hg concentration must be lower. I n  order t o  arrive, a t  least, a t  
some estimation o f  Hg tox i c i t y  one could assume that effects t o  the most sensitive autotrophs 
should not occur a t  concentrations f i v e  times lower than the nominal ef fect ive concentration 
tested. This would resu l t  i n  "minimal r i skn  concentrations fo r  inorganic Hg sal ts  o f  about 4 ng 
Hg/L. For sensitive phytoplankton species no data exist  on the ef fect ive concentrations o f  methyl 
mercury. Since f o r  less sensitive species MeHg was 10 times more toxic than inorganic Hg, a 
factor ten may be used fo r  an estimation o f  the lowest ef fect ive concentration. A t  0.1 t o  0.2 ng 
Hg (as HeHgVL could serve as a provisional "minimum r iskn  concentration fo r  phytoplankton exposed 
to  HeHg. Natural population o f  bacteria are less sensitive. The MeHg a t  100 ng Hg/L inhibited 
growth. Inorganic Hg was not tested a t  nominal concentrations lower than 1000 ng Hg/L. 

Some strains o f  phytoplankton species are much less sensitive than others. This tolerance 
may have been acquired while the strains were kept i n  stock cultures. The tolerant strains may 
also have been isolated from polluted environments. I n  bacteria Hg tolerance can be induced by 
pretreatment with Hg. On the other hand, experiences with fishes have shown that pretreatment 
with Hg w i l l  not increase tolerance, but Hg tolerance may be induced by pre-exposure to  other 
trace metals. This would mean that some populations can become Hg-resistant i n  areas under 
influence of natural o r  anthropogenic mercury sources and by exposure t o  other trace elements. 

Experiments with confined natural ecosystems showed that additions of inorganic Hg to  
enclosed environments were ef fect ive a t  about 1000 ng Hg/L. Additions o f  other Hg species have 
not been tested. Interestingly, the Hg added became rapidly associated with the part iculate 
matter and the large organic molecules present i n  the sea water o f  the enclosure. Under 
favourable conditions within 24 hours 87% o f  the inorganic Hg added was found. The Hg was then 
removed from the water column by sedimentation o f  the part icles. Carrying out bioassays i n  sea 
water passed through u l t ra - f i l t e r s  retaining part icles and organic molecules greater than 10000 
molecular MM showed that much lower Hg concentrations were toxic i n  the f i l t e r e d  sea water than i n  
the unfi l tered water. This i l lus t ra tes  that the Hg species introduced i n to  natural environments 
may be rapidly transformed and that the addition o f  inorganic Hg to  natural ecosystems may have 
smaller effects than those predicted from standard bioassays. I t  also explains why tota l  Hg 
concentrations i n  natural sea water are o f  ten higher than the toxic concentrations without causing 
any adverse effect.  



I n  assessing the impact o f  Hg i n  wastes released i n t o  the sea i t  i s  important t o  take i n t o  
consideration t ha t  wastes do not  contain pure inorganic o r  organic Hg compounds. Consequently, i n  
e f f l uen ts  the chemical species causing the t o x i c i t y  may be on ly  a few per cent o f  the t o t a l  Hg 
determined i n  the ef f luents .  This i s  i n  agreement w i th  the observations made i n  several 
Mediterranean coastal s i t es  where wastes are discharged from chlor-alkal ' i  plants. Organisms 
l i v i n g  w i t h i n  a range o f  10 t o  20 km distance from the discharges had Hg leve ls  several times 
above background leve ls  reaching 5 t o  6 mg Hg-T/Kg FW. However, any adverse e f fec ts  on marine 
b io ta  observed near the o u t f a l l s  could not be a t t r i bu ted  d i r e c t l y  t o  the Hg i n  the wastes but seem 
rather be due t o  the release o f  other wastes (mainly carbonates) discharged simultaneously. 

Increased body levels,  w i th  60 t o  90% o f  the t o t a l  Hg as methyl mercury, were observed i n  
marine species l i v i n g  near geoch ica l  Hg anomalies and also i n  large pelagic f ishes (e.g. tuna, 
swordfish, etc.)  that  migrate over large distances. The highest concentration was determined i n  
marine mammals. I n  an o l d  pelagic dolphin the enormous concentration o f  about 900 mg Hg-T/kg FW 
was determined i n  the l i v e r  and 40 mg Hg-T/Kg FW i n  the muscle tissue. I t  i s  worth not ing that  i n  
the l i v e r  and muscle t issue o f  t h i s  dolphin the percentage o f  methyl mercury was very low: muscle 
20%; l i v e r  1.5%. The high Hg concentrations i n  these marine organisms are believed t o  be caused 
by the natural  mercury sources (Hg anomal ies)  present i n  many par ts  o f  the Mediterranean. These 
natural  Hg sources belonging t o  the Mediterranean-tiimalayan mercuriferous b e l t  are evidenced by 
the large number o f  Hg mining s i tes,  many o f  which are not anymore active. 

Despite the large amount o f  data avai lable only few conclusions can be drawn. Marine 
organisms apparently can l i v e  w i th  high concentrations i n  t h e i r  body tissues without being 
adversely affected. I n  most cases these high concentrations are o f  natural  or ig in .  The r e l a t i ve  
abundance of inorganic and methyl mercury i n  both anthropogenic and natural  sources seemed t o  be 
of the greatest importance for  the pred ic t ion o f  the f a t e  o f  the various Hg species i n  the 
environment and t h e i r  t o x i c i t y  t o  biota.  

7.2 Potent ia l  hazards t o  human health 

The high mercury concentrations observed i n  edible marine organisms and the high intakes 
reached by some population groups ra ise  the question o f  possible health r i s ks  caused by these 
intakes. Fish and other seafood are the main sources o f  methyl mercury intake by human beings. 
Ind iv iduals  belonging t o  " c r i t i c a l  groups", mainly workers i n  the f i sh i ng  industry (harvesting, 
processing and trading),  and t h e i r  fami l ies  have been shown t o  have high d a i l y  methyl mercury 
intakes (up t o  several hundred ug/ueek). 

WHO (1976) estimated that  the ea r l i e s t  poisoning symptoms i n  the most sensi t ive group o f  an 
adult  population may appear fo l lowing a long-term d a i l y  ingest ion o f  200 t o  500 ug Hg (as ReHg) 
f o r  a 70-kg person. This long-term intake i s  associated w i th  a blood leve l  approximately i n  the 
range o f  200 t o  500 pg/L and a h a i r  concentration o f  between 50 t o  125 mg Hg/kg. Applying a safety 
factor o f  10 would r esu l t  i n  a "safe intake" o f  20 t o  50 p g  Hg/day f o r  a 70 kg person o r  on a 
weekly basis 140 t o  350 y g  Hg/week. F A O M  (1972) suggested a Provisional Tolerable Weekly 
Intake (PTWI) o f  200 J J ~  Hg (as MeHg) o r  300 J J ~  (as Hg-1) f o r  a 70 kg person. For persons having 
d i f fe ren t  weights (e.g. ch i ldren)  the weekly intake can be estimated, f o r  the P l U I  expressed i n  )g 
Hg/kg body weight: 3.3 y g  MeHg per kg body weight per week and 5 y g  t o t a l  mercury per kg body 
weight per week. These PTKI f o r  mercury have been reconf inned (WHO, 1980), but wi th  the addit ional 
(not quant i f ied) r e s t r i c t i o n  f o r  pregnant and lac ta t ing  women, because the reevaluation o f  the WHO 
Environmental Health C r i t e r i a  for  Mercury emphasized the sensi t i v i  t y  t o  methyl mercury o f  the 
growing brain.  

Weekly intakes o f  methyl mercury could be reached by d i f f e ren t  combinations o f  f i s h  
consumption and methyl mercury concentration i n  d i f f e ren t  seafood species. Persons ( o f  70 kg 
weight) eat ing one seafood meal o r  less a week on a long-term basis can consume f i s h  containing 
1300 p g  Hg (as MeHg)/kg FW and more. On the other hand a fisherman a t  sea consuming 14 o r  more 
meals of seafoods a week can on ly  consume seafoods which contain 100 pg Hg (as MeHg)/kg FW o r  less 
without exceeding the Prov is ional ly  Weekly Tolerable Intake l i m i t .  High h a i r  and blood Hg levels 
o f  these persons eat ing large amounts o f  seafood ind icate the high Hg intake from seafoods. 



It should be pointed out that the PTUI incorporate an assumed "safety factor" o f  10 from an 
intake that has caused a 5% prevalence o f  symptomatic methyl mercury poisoning. It i s  compatible 
with the PTUI that re la t ive ly  small scale studies f a i l  t o  demonstrate an increased prevalence o f  
health effects a t  intakes higher than the PTWI. Even a t  10 times higher' intake than the PTUI, one 
should expect only one person would be affected among 20 studied. 

Many Medi terranean countries have legal 1 imi t s  (500 t o  700 p g  Hg (as MeHg) i n  one kg o f  
fresh seafood). These legal 1 imits do not protect the population as intended. I n  fact, a 70-kg 
person who eats seafood containing 500 fig Hg/kg FU 14 times a week w i  11 have an intake o f  1050 p g  
Hg (as MeHg) a week. This i s  5 times the PTWI. Consuming the same amounts o f  seafoods a t  750 pg 
@/kg would exceed the PTWI by about 8 times. On the other hand a 70-kg person who eats only one 
meal a week can eat seafood containing about 1300 yg Hg/kg FM which i s  about twice the legal 
l i m i t .  Hence persons eating one meal a week or  less are not i n  need o f  legal l im i t s  while the 
persons consuming many meals o f  seafoods containing high amounts o f  Hg are most a t  r isk,  but are 
not protected by the legal l imi ts .  

On the other hand from the economic point o f  view a real enforcement o f  the legal l im i t s  
would have severe consequences on the Mediterranean fisheries since m s t  o f  the large and 
economically more valuable specimens would be banned from sale. 

Therefore, the sc ien t i f i c  evidence speaks against legal l im i t s  on maximum concentrations i n  
seafoods and i n  favour o f  counselling persons who eat large amounts o f  seafood on advisable 
intakes, both regarding quantity and the species t o  be consumed. 

A quantitative estimate o f  the number o f  people who exceed the PTUI i s  d i f f i c u l t  t o  make 
because o f  lack o f  data but i n  the Medi terranean with high Hg concentrations i n  seafoods from many 
o f  i t s  regions many persons especially i n  coastal zones are exceeding the i r  tolerable intakes. 
Efforts should be made t o  ident i fy  these c r i t i c a l  groups. 

8. REFERENCES 

Aboul-Oahab, O., Halim, Y. and El-Rayis 0. (1986)'. Mercury species i n  coastal marine organisms 
from different trophic levels west o f  Alexandria. In: FAO/UNEP/WHO/IO&/IAEA Meeting on the 
biogeochemical cycle o f  mercury i n  the Redi terranean. FAO Fish Rep. No.325 (suppl) Rome. pp. 1-7. 

Airey, 0. (1982). Contribution from coal and industr ia l  materials t o  mercury i n  a i r ,  rainwater and 
snow. Set. Total. Environ. g:19-40. 

Akagi, H., Mil ler ,  D.R. and Kudo, A. (1977). Photochemical transformation o f  mercury. In: 
Dist r ibut ion and transport o f  pollutants i n  flowing water ecosystems, Final report, Ottawa River 
Project, Univ. Ottawa, National Res. Council Canada (c i ted i n  Bisogni, 1979). 

Alpha, R., Carist i ,  C., Cimino, G. and Zino, M. (1982). Heavy metals i n  Ionian and Tyrrhenian 
waters from a section o f  the S i c i l i an  coast. Mar. Poll. Bull., 5, 399-400. 

M r o g g i ,  R.P. (1977). Freshwater resources o f  the Mediterranean basin. W i o ,  5, 371-373. 

Amiel, A.J., and Mavrot, J. (1978). Nearshore sediment pol lut ion i n  Israel by trace metals derived 
from sewage effluent. Mar. Pollut. Bull., 9, 10-14. 

Andren, A.U., and Harriss R.C. (1975). Observations on the association between mercury and organic 
matter dissolved i n  natural waters. Geochim. Cosmochim. Acta, 39, 1253-1257. 

Angela, G., Donazzolo, R., Hieke Merlin, 0.. Renegazzo-Vitturi, L., Orio, A.A., Pavoni, 8., 
Prion, G. and Rabit t i ,  S. (1981). Heavy metal contents i n  bottom sediments from the Gulf of 
Venice and comparisons on the i r  nature. In: V. J.  Etud. Pollutions (Cagliari), Monaco, CIESR, 
pp. 399-406. 



Anonymous (1971). Working party on the monitoring o f  foodstuffs f o r  mercury and other heavy 
metals. Survey o f  mercury i n  food. Her Majesty's Stationary Office, London. 

Anonymous (1979) Mercury i n  sludge i n  re lat ion t o  agriculture ( i n  Danish). Rep. Febr. 1979. 
Copenhagen, IsotopcentralerdATV (ci ted i n  Lindqvist e t  dl., 1984). 

Appelquist, H., Ottar Jensen, K., Sevel, T. and Hamner, C. (1978). Mercury i n  Greenland ice 
sheets. Nature, 2 l 3 ,  657-659. 

Arnold, H., Seghaier, A., Martin, 0.. Buat-Menard, P. and Chesselet, R. (1983). G^ochimie de 
lea6rosol marin au-dessus de l a  M i t e r r a n &  Occidentale. In: V I .  J. Etud. ~ o l l u t i o n s  (Cannes), 
Monaco, CIESM, pp. 27-37. 

Arnoux, A., Bellan-Santini, 0.. Monad, J.L. and Tatossian, J .  (1981). Polluants m i n h u x  e t  
organiques dans les sediments pr6lev4s entre l a  Provence e t  l a  Corse (Mission Biomede 1). In: 
V. J. Etud. Pollutions (Cagliari ), Monaco, CIESM, pp. 423-432. 

Arnoux, A., Chamley, H., Bellan-Santini, 0.. Tatossian, J. and Diana, C .  (1983a). Etude 
mi neralogique e t  chimique des sediments profonds de l a  n^di t e r r a n h  ~cc idedta le  (Mission BIOMEOE 
11). In: V I .  J. Etud. Pollutions (Cannes), Monaco, CIESM, pp. 385-394. 

Arnoux, A., Tatossina, J. and Diana, C. (1983b). Bi lan de l a  pol lut ion mercurielle tota le dans les 
sediments en bordure e t  au large de l a  region Marseillaise. In: V I .  J. Etud. Pollutions 
(Cannes 1, Monaco, CIESM, pp. 359-365. 

Astier-Oumas, M., and Cumont, G. (1975). Consomnation hebdomadaire de poisson e t  teneur du sang e t  
des cheveux en mercure en France. Ann. Hyg. L. Fr. - Mod. e t  Nut, 11, 135-139. 

Aston, S.R., and Fowler, S.W. (1985). Mercury i n  the open Mediterranean: evidence o f  
contamination. Science Total Environment, 43, 13-26. 

Aston, S.R., Fowler, S.W. and Whitehead, N. (1986). Mercury biogeochemistry i n  the Mediterranean 
marine environment; an assessment o f  contamination. In: FAO/UNEP/WHO/IOC/IAEA Meeting on the 
biogeochedcal cycle o f  mercury i n  the Mediterranean (Siena, 27-31 August 1984). FA0 Fish. Rep. 
325 (Suppl.) Rome, pp. 8-20. 

Australian Working Group. (1980). Working group on mercury i n  f ish. Report on Mercury i n  f i sh  and 
f i s h  products, Canberra. Australian Govt. Pub1 . Service. 

Aydogdu, T., Balkas, T.I., Bingel, F., Salilhoglu, I. and Tugrul, S. (1983). Mercury i n  some f i sh  
o f  the North Levantine (Eastern Mediterranean). In: V I .  J. Etud. Pollutions (Cannes), Monaco, 
CIESM, pp. 261-269. 

Bacci, E., Angotzi, G., Bralia, A., Lampariello, L. and Zanette, E. (1976). Etude sur une 
population humaine exposee au dthylmercurie par l a  consomnation de poisson. Rev. Inter. 
Oceanogr. Medical 41/42, 127-141. 

Bacci, E., Baldi, F., Bargagli, R. and Gaggi, C. (1986). Recovery trends i n  a mercury polluted 
marine area. In: FAO/UNEP/WHO/IOC/IAEA Meeting on the biogeochemical cycle o f  mercury i n  the 
Medi terranean, (Siena, 27-31 August 1984). FA0 Fish Rep. No. 325 (Suppl .) Rome, pp. 20-28. 

Baker, C.W. (1917). Mercury i n  surface waters o f  seas around the United Kingdon. Nature 270, 
230-232. 

Baldi, F. (1986). The biogeochemcial cycle o f  mercury i n  the Tyrrhenian Sea. In: 
FAO/UNEP/MHO/IOC/IAEA Meeting on the biogeochemical cycle of mercury i n  the Mediterranean, 
(Siena, 27-31 August 1984). FA0 Fish Rep. No. 325 (Suppl) Rome, pp. 29-43. 



Baldi, F., and Bargagli, R. (1982). Chemical leaching and specif ic surface area measurements o f  
marine sediments i n  the evaluation o f  mercury contamination near cinnabar deposits Marine 
Environm. Res. 5, 69-82. 

Baldi, F., and Bargagli, R. (1984). Mercury pol lut ion i n  marine sediments near a chlor-alkali 
plant: d is t r ibut ion and ava i l ab i l i t y  o f  the metal. Sci. Total Environ. 37, 1-12. 

Baldi, F., Bargagli, R. and Renzoni, A. (1979a). The dist r ibut ion o f  mercury i n  the surfacial 
sediments of the northern Tyrrhenian Sea. Marine Poll. Bul l .  l0, 301-303. 

Baldi, F., Renzoni, A. and Bernhard, W. (1979b). Mercury concentrations i n  pelagic fishes 
(anchovy, mackerel and sardine) from the I t a l i a n  coast and S t ra i t  o f  Gibraltar. In: I V .  J. Etud. 
Polluti,ons (Antalya), Monaco, CIESM, pp. 251-254. 

Baldi, F., Bargagli, R. Focardi, S. and Fossi, C. (1983). Mercury and chlorinated hydrocarbons i n  
sediments from the Bay o f  Naples and adjacent marine areas. Mar. Pollut. Bull. l4, 108-111. 

Ballester, A., Cros, L. and Ras, R. (1978). Contenido en mercurio de algunos organisnos marinos 
comerciales des Wedi terraneo Catalan, 1st. Investigaciones Pesqueras (Barcelona) minograph p.27. 

Barghigiani, C., Ferrara, R., Se r i t t i ,  A., Petrosino, A., Masoni, A. and Morell i, E. (1981). 
Determination o f  reactive, t o ta l  and part iculate mercury i n  the coastal uaters o f  Tuscany 
( I t a l y )  by atomic fluorescence spectrometry. In: V. J. Etud. Pollutions ( ~ a g l i a r i ) ,  Monaco, 
CIESM, pp. 127-130 

Beasley, T.R. (1971). Mercury i n  selected f i s h  protein concentrations. Environ. Sc. Techn. 5, 
634-635. 

Belloni, S., Cattaneo, R., Franco. J. and Pessani, 0. (1978). Sul contenuto d i  mercurio e niche1 
i n  Weganychtiphanes norvegica (Sars, 1857) (Crustacea Euphausiacea) del Mar Ligure. Boll. Nus. 
1st. Biol. Univ., Geneva, 46, 139-150. 

Ben-Bassat, D., and Mayer, A.M. (1975). Volat i l izat ion o f  mercury by algae. Physiol. Plant. 33, 
128-132. 

Benes, P., and Havlik, B. (1979). Speciation o f  mercury i n  natural uaters. In: J. 0. Nriagu (Ed.) 
The biogeochanistry o f  mercury i n  the environment, Amsterdam. Elsevier North-Holland, pp. 
175-202. 

Berdicevsky, I., Sjhoyerman, H. and Yannai, S. (1979). Formation o f  methylmercury i n  the marine 
sediments under i n  v i t r o  conditions. Environ. Res. 20, 325-334. 

Bernardi, S., Costa, F., Vazzoler, S. Ghermandi, G., and Ragnoni, G. (1983). 
water and pollutants i n to  the lagoon o f  Venice. In: V I .  J. Etud. Pollutions, 
CIESW, pp. 73-78. 

Bernardi, S., Costa, F., Vazzoler, S., Vincenzi, Z., Cecchi, R., Ghermandi, G. 
(1985). Lagoon o f  Venice: Fresh water and pol lut ion transfer. In: V I I .  J. 
(Lucerne), Monaco, CIESW, pp. 91-97. 

Transfer of fresh 
(Cannes , Monaco, 

and Ragnoni , G. 
Etud. Pollutions 

Bernhard, W. (1985). Mercury accumulation i n  a pelogic foodchain. In: Ratertel l ,  A. E. and 
I rgol ic ,  K. J. (Eds.) Environmental Inorganic Chemistry. Deerfield Beach, Florida. VCH 
Pub1 ishers pp. 349-358. 

Bernhard, W., and Renzoni , A. ( 1977). Mercury concentration i n  Mediterranean marine organisms and 
the i r  environment: natural o r  anthropogenic origin. Thalassia Jugoslavica l3, 265-300. 



Bemhard, H., Cagnetti, P., Nassogne, A., Permi, C., Piro, A. and Zattera, A. (1972). 
Radioecological investigations i n  the Gulf o f  Taranto. 2. Preliminary estimation o f  the 
recept iv i ty  f o r  low level radioactive uastes o f  the s i t e  i n  the Gulf o f  Taranto. In: Proc. Svap. 
Radiology applied t o  the protection of man and h i s  environment. Rome, CNEN Rep. EUR 4800d-f-i-e, 
pp. 347-380. 

Bemhard, H., Moeller, F., Nassogne, A. and Zattera, A. (1973). Influence o f  pore size of 
plankton nets and towing speed on the sampling performance o f  two high-speed samplers (Oelfino I 
and 11) and i t s  consequences f o r  the assessment o f  plankton populations. Mar. B io l  . 20, 109-136. 

Betz, R. (1977). Investigations on the simultaneous uptake and release o f  mercury by Dunaliella 
ter t io lecta.  Mar. Biol.  4l, 89-97. 

Betzer, P.R., and Pilson, H.E.Q. (1975). The ef fect  o f  corroded hydrographic wire on part iculate 
i ron concentations i n  seawater. Deep-sea Res. 22, 117-120. 

Bijlwveld, H.F.I.J., Goedlin, P. and Hayol, J. (1979). Persistent pol lutants i n  Audoouin Gull 
(Larus audouinii) i n  the Western Mediterranean. A case-study with wide implications. Environ. 
Conserv. 6. 139-142. 

Bi l len, G., Jo i r i s  C. and Mollast, R. (1974). A bacterial methyl mercury-mineralizing ac t i v i t y  i n  
r i ver  sediments. Water Res. 8, 219-225 

Bisogni, J.J. (1979). Kinetics o f  methylmercury formation and decomposition i n  aquatic 
environments. In: J. 0. Nriagu (Ed.) The biogeochemistry o f  mercury i n  the environment, 
Amsterdam. Elsevier North-Holland, pp. 211-230. 

Blair,  W., Iverson, W.P. and Brinckman, F. E. (1974). Application o f  a gas chromatograph - atomic 
absorption dection system t o  a survey o f  mercury transformations by Chesapeake Bay 
microorganisms. Chemosphere, 4, 167-174. 

Bloom, N., and Crecelius, E.A. (1983). Determination o f  mercury i n  seawater a t  sub-nanogram per 
l i t e r  levels. Mar. Chem. l4, 49-59. 

Bothner, R.H., Jahnke, R.A., Peterson, J.L. and Carpenter, R. (1980). Rate o f  mercury loss from 
contaminated estuarine sediments. Geochim, Cosmochim, Acta 44, 273-285. 

Boutran, C., and Oelmas, R. (1980). Historical records o f  global atmospheric pol lut ion revealed 
i n  polar i ce  sheets. Amtno 9, 210-215. 

Braman, R.S., and Johnson, 0.1. (1974). Selective absorption tubes and emission technique f o r  the 
determination of ambient forms o f  mercury i n  a i r .  Environ. Sci. Techn. 8, 996-1003. 

Breder, R., and Flucht, R. (1984). Mercury levels i n  the atmosphere o f  various regions and 
locations i n  I ta ly .  Science Total Environ. 40, 231-244. 

Breder, R., Flucht, R., Ferrara, R., Barghigiani, C. and Se r i t t i ,  A. (1983). Mercury levels i n  the 
a i r  of a Mediterranean area. In: Intern. Conf. Heavy Metals i n  the Environment. Brussels, CEC 
pp. 151-154. 

Breder, R . ,  Nuernberg. N.W. and Stoeppler. R. (1981). Toxic trace metal levels i n  water and 
sediments from the esturaries o f  the Southern Ligurian and Northern Tyrrhenian coasts: a 
comparative study. In: V. J. Etud. Pollutions (Cagliari), Monaco, CIESM, pp. 285-292. 

Brondi, M., Gragnani, R., Mignuzzi, C. and Orlando, C. (1986). Trace element d is t r ibu t ion  i n  the 
Gulf o f  Taranto. Zn, Cu, Pb. C r .  V, Mo, Hg, Hn, Fe, U, ^ ~ a  and 210~o i n  waters and i n  
par t icu late o f  the coastal seawater and the most important r ivers. A t t i .  6. Congr. Assoz. I t a l .  
Oceanogr. L i m l ,  pp. 131-146. 



Brosset, C. (1981). Measurements o f  mercury i n  a i r  and i n  natural waters ( i n  suedish). Project 
Coal, Health and Environment. Final Report. Apr i l  1983. The Swedish State Power Board, S-16287, 
Vaellingby, Sweden, (c i ted i n  Lindquist e t  a1. 1984). 

Brosset, C. (19821. Total airborne mercury and i t s  possible origin. Mater, A i r  and Soi l  Pollut. 
17, 37-50. - 

Brosset, C. (1982). Total airborne mercury and i t s  possible origin. Water, A i r  and Soi l  Pollut. 
17, 37-50. - 

Brosset, C. (1983). Priv. cam. (c i ted i n  Lindqvist e t  a1. 1984). 

Bruland, K.W. (1983). Trace elements i n  seawater. In: J.P. Riley and R. Chester (Eds.) Chemical 
Oceanography, London. Acad. Press. 8, 157-221. 

Buat-ftenard, P. (1983). Part ic le geochemistry i n  the atmosphere and oceans. In: P.S. Liss and W. 
G. N. Sl inn (Eds. Air-sea exchange o f  gases and particles. Reidel Publ. Cqmp., pp. 455-532. 

Buat-Menard, P. and Arnold, R. (1978). The heavy metal chemistry o f  atmosphere part iculate matter 
emitted by Mount Etna volcano. Geophys. Res. Lett. 5. 

Buat-Renard, P., Arnold, R., Baron, O., Benard, ti. and Chesselet, R. (1981). Particulate trace 
metal chemistry i n  the open and the Western Redi terranean: a comparative study. In: V.J. Etud. 
Pollutions (Cagl i a r i  1, Monaco, CIESM, pp. 1003-1009. 

Buffoni, G., Bernhard, R. and Renzoni, A. (1982). Mercury i n  Mediterranean tuna. Why i s  the i r  
level higher than i n  Atlant ic tuna A model. Thalassia, Jugoslavia l8, 231-243. 

Callahan,. P and Weis, J.S. (1983). Rethylmercury effects on regeneration and ecdysis i n  f idd le r  
crabs (m pugilator, & pugnax) a f te r  short-term and chronic pre-exposure. Arch. Environ. 
Contan. Toxicol. l2, 707-714. 

Cal l ister,  S.R. and Winfrey, R.R. (1986). Ricrobiol methylation o f  mercury i n  Upper Wisconsin 
r i v e r  sediments. Water A i r  Soi l  Pol lut.  29:453-465. 

Cambray, R.S., Jeffr ies, O.F. and Topping, G. (1979). The atmospheric input o f  trace elements to  
the North Sea. Mar. Sci. Cairo.. 5, 175-194. 

Capelli, R., Contardi, V., Cosma, B., Ringanti, V. and Zanicchi, G. (1983). Element en traces dans 
l a  chair des Langoustines (Nephrops norvegicus) pkh6es dans l e  golfe de Genes. In: V I .  J. Etud. 
Pollutions (Cannes), Monaco, CIESR, pp. 277-282. 

Capelli, R., Ringanti, V. and Bernhard, R. (1987). Total mercury, organic mercury, copper, 
manganese, seleniun, and zinc i n  Sarda sarda from the Gulf o f  Genoa. Sci. Total Environ. 63, 
83-99. 

Capone, W., Cott igl ia, R., Mascia, C. and Porcu, R. (1986). Biogeochemical cycle o f  mercury i n  a 
pol luted coastal lagoon. Thalassia, Jugosl . ( i n  press). 

Caracciolo, S., Perna, A., and Di Silvestro, C. (1972). Ricerche sul contenuto i n  mercurio tota le 
d i  pesci e d i  a l t r i  prodott i  del la  pesca cat turat i  a11a foce del fiume Pescara e ne1 mare 
antistante Pescara. Quaderni d i  Merciologia 11, 1-11. 

Cigna-Rossi, L., Clanente, G.R. and Santarossi, G. (1967). Mercury and selenium i n  a defined area 
and i n  i t s  population. Arch. Environ. Health. 3l, 160-165. 

Ciusa, W., Giaccio, R., d i  Oonato, F. and Lucianetti, L. (1973). I 1  contenuto i n  ram, zinco, 
cadmium. mercurio e oiombo d i  alcune soecie i t t i c h e  del Mar Tirreno. Ouaderni Rerceoloaia. 12. 



Cohen, R. (1974). Recent survey o f  mercury and cadmium i n  food i n  the United Kingdom. In: Proc. 
Intern. Symp. Problems o f  the contamination o f  man and h i s  environment by mercury and cadmium. 
Luxanburg: Cairo. European Conrounities (EUR-5075). pp. 543-570. 

Colwell, R.R., Sayler, G.S., Nelson, J.D. and Justice, A. (1976). Ricrobial mobilisation of 
mercury i n  the aquatic environment. In: J. 0. Nriagu (Ed.) Environmental Biochemistry, 2, 
473-487. 

Ccfnpeau, G. and Bartha, R. (1984). Methylation and demethylation o f  mercury under controlled 
redox, pH and sa l i n i t y  conditions. Applied and Environ. Microbial., 48, 1203-1207. 

Contu, A., Hulas, P., Sarritzu, G. and Schintu, M. (1983). Heavy metals i n  the superf icial  
sediments o f  a contaminated estuary. Rev. Int.  Oceanogr. Medical 70/71:79-86. 

Contu, A., Sarritzu, G. and Schintu, M. (1985). The application o f  d i f ferent  analytical extraction 
methods i n  the study o f  sediments i n  a polluted lagoon. In: V I I .  J .  Etudes Pollutions. 
(Lucerne , Monaco, C IESM, pp. 285-289. 

Copin-Rontegu, G., Course, P., and Laumond, F. (1986). Occurrence o f  mercury i n  atmosphere and 
waters o f  the Mediterranean. In: FAO/UNEP/MHO/IOC/IAEA Meeting o f  the biogeochemical cycle of 
mercury i n  the Mediterranean. FA0 Fish. Rep. No. 325 (Suppl.), Rome, 51-57. 

Copin-Montegut, G., Courau, P. and Nicolas, E. (1985). Dist r ibut ion e t  transferts d'hlements 
traces en Hedi t e r r a n k  occidentale. Nouveaux 6 s u l  tats Phycomed. V I  I-es J. Etude Pol 1 ut ion 
(Lucerne), Monaco, CIESN, pp. 111-117. 

Cot t ig l ia ,  M., Mascia, C., Porcu, M., Spaneda, L. and Tagliasacchi-Masala, M. (1984) Indagine 
sperimentale sul trasferimento del mercurio dai sediment! a r e t i  trof iche lagunari. Inquinamento 
9, 45-50. 

Cott igl ia, N., Focardi, S., Fossi, C., Leonzio, C. and Renzoni, A. (1986). Contaminants i n  tissues 
o f  water-birds wintering i n  three I t a l i e n  Lagoons. F i r s t  Conf. on birds wintering i n  the 
Mediterranean Region. (Aulla, Febr. 1983). Ricerche Biol. Selvagina 11 (Suppl.), pp. 101-110. 

Cott igl ia, N., Mascia, C., Porcu, M. and Spaneda, L. (1985). Dist r ibut ion and dynamics o f  mercury 
i n  organisms o f  Posidonia oceanica beds. Ann. 1st. Mus. 2001, Napoli, ( i n  press). 

Crispoldi, A. (1976). pers. c m .  Fishery Division, FAO, Rome. 

Crispoldi, A. (1987). pers. c m .  Fishery Division, FAO, Rome. 

Cros Miguel, L., and Gracia Rey, J .  (1980). Contenido en mercurio de 10s sedimentos rnarinos 
cercanos a l a  desembocadura del r i o  Besos y de un colector de aguas residuales de Barcelona. 
Inv. Pesq., pp. 331-336. 

Cumont, G., Viallex, C., Lelievre, H., Bobenrieth, P. (1972). Contamination des poissons de mer 
par 1e mercure. Rev. Int .  Ochanogr. Medical 28, 25-127. 

Cunningham, P.A., and Grosch, D.S.. (1978). A comparative study o f  the effects o f  mercuric 
chloride and methyl mercury chloride on reproductive performance i n  the brine shrimp Artemia 
salina. Environ. Poll., l5, 83-99. 

Cunningham, P.A. and Tripp, R.R. (1975). Factors affect ing the accumulation and removal o f  mercury 
from tissues of the American oyster Crassostrea virginica. Mar. Biol.  31, 311-319. 

Dall 'Aglio, M. (1974). Geochimica e gestione dell'onbiente. ~ o t i z i a r i o  CNEN (Rome), B(71,  31-42 



Oalziel, J.A., and Yeats, PA. (1985). Reactive mercury in the Central North Atlantic Ocean. Mar. 
Cha~. , l5, 357-361. 

Oavies, A.G. (1976). An assessment of the basis of mercury tolerance infkmoliella tertiolecta. J. 
mar. biol. Ass., UK, 56, 39-57. 

Oavies, A.G. (1978). Pollution studies with marine plankton. Part. 11. Heavy metals. Adv. mar. 
Biol. l5, 381-508. 

De Coursey, P.J., and Vernberg, W.B.. (1972). Effects of mercury on survival, metabolism and 
behaviour of larval U!J Pugilator. Oikos, 23, 241-252. 

OeSimone, R.E. (1972). Hethylation of mercury by cannon nuclear magnetic resonance compounds. 
Chem. Common. l3, 780-781. 

Danir, N. ( 1965). Synopsis of biological data of anchovy Engraul is encrasicolus (Linnaeus) 1758 
(.Mi terranean and adjacent seas). FA0 Fisheries Synopsis No. 26 (Revision 1) FIb/S26 (Rev. 1) 
SAST-Anchovy - 1,21(6),002,01, FAO, Rome. / 

Doi, R., and Ui, J. (1975). The distribution of mercury in fish and its form of occurrence. In: 
P.A. Krenkel (Ed.) Heavy metals in the aquatic environment. Pergamon Press, Oxford, pp. 197-222. 

Donazzolo. R., Hilke Merlin, 0.. Menegazzo-Vitturi, L., Orio, A.A., Prion, G. and SemenZat0, G .  
(1984). Heavy metal content and lithological properties of recent sediments in the Northern 
Adriatic. Mar. Pollut. Bull., 5, 93-101. 

Eganhouse, R.P., and Young, D.R. (1978). Total and organic mercury in benthic organisms near a 
major submarine wastewater outfall system. Bull. Environ. Contam. Toxicol., l9, 758-766. 

Egaua, H., Kuroda, T. and Shiraishi, N. (1982). Determination of the trace amount of "methyl 
mercury" in seawater using chelating resins. Nippon Kagaku Kaishi, 4, 685-691. 

Ehrlich, H.L. (1978). Hou microbes cope with heavy metals, arsenic and antimony in their 
environment. In: 0. S. Kushner (Ed.) Microbial life in extreme environments. London Acad. Press. 
pp. 381-408. 

Ehrlich, H.L. (1981). Geomicrobiology. New York, Marcel Dekker. 

Eisler, R. (1981). Trace metal concentrations in marine organisms. New York, Pergamon Press. 

El-Rayis, 0.. Halim, Y. and Aboul-Dahab, 0. (1986). Total mercury in the coastal marine ecosystem 
west of Alexandria. In: FAO/UNEP/MHO/IOC/IAEA Meeting on the biogeochemical cycle of mercury in 
the Redi terranean. Siena 27-31 Aug. 1984. FAO Fish Rep. No. 325 (Suppi), Rome, pp. 58-73. 

El-Sayed, M-Kh., and Halim, Y. (1979). Survey of the trace metal pollution in the sediments from 
the Alexandria region, Egypt: I. Mercury. In; IV. J. Etud. Pollutions (Antalya), Monaco, CIESM, 
pp. 187-191. 

El-Sokkary, I. H. (1981). Mercury accumulation in fish from Mediterranean coastal area of 
Alexandria, Egypt. In: V. J .  Etud. Pollutions (Cagliari), Monaco, CIESM, pp. 493-496. 

EPA. ( 1975). US Environmental Protection Agency 1975 Materials balance and technology assessment 
of mercury and its compounds on national and regional bases. Final Rep. EPA Off. Tox. Subst. 
Washington. 0. C., (cited in Matheson, 1979). 

Establier, R. (1972). Concentration de mercurio en 10s tejidos de algunos peces, moluscos y 
crustaceos del golfo de Cadiz y calderos de la costa africana. Invest. Pesq., 36, 355-364. 



Establier, R. ( 1973). Nueva aportacion sobre contenido en mercurio de peces, moluscos y crustaceos 
del gul fo de Cadiz y caladero de l a  costa africana. Invest. Pesq., 37, 107-114. 

FAO (1981a) Yearbook o f  Fishery Stat ist ics. Catches and landings Vol. 52. , 

FAD (1981b) Yearbook o f  Fishery Stat ist ics. Fishery commodities Vol. 53. 

FAD (1983) Yearbook o f  f ishery s ta t is t i cs .  Vol. 57. FAO, Rome. 

FAO/GFCfl (1983). S ta t is t i ca l  Bu l le t in  No. 4. 

FAO/WEP. (1975). Report o f  the FM(GFCn)/UNEP expert consultation o f  the j o i n t  coordination 
project of pol lu t ion i n  the Mediterranean. FAO, Rome, pp. 42. 

F A D M .  (1972). Evaluation o f  certain food additives and the contaminants mercury, lead and 
cadmium. Sixteenth Report o f  the Joint F A O W  Col laborat ing Camni t tee Food Contaminat ion 
Monitoring. National Food Administration, Uppsala. 

Ferrara, R., Maseri, 8. and Petrosino, A. (1986a). Mercury levels i d  the At lant ic  and 
Mediterranean waters i n  the S t ra i t  o f  Gibraltar. In: Rapp. Proces-Verb. Reunions, XXX Congr. 
(Mallorca), Monaco, CIESN, Abstract C-17, p. 35. 

Ferrara, R., Se r i t t i ,  A., Barghigiani, C. and Petrosino, A. (1986b). Mercury levels i n  the 
dissolved and part icu late fract ions o f  the Tyrrhenian Sea. In: V I I I  Intern. Symp. chemistry o f  
the Mediterranean (Primosten, 1984). Mar. Chefn., 18: 227-232. 

Ferrara, R., Naseri, 8.. Petrosino, A. and Bargagli, R. (1986~). Mercury levels i n  r a i n  and a i r  
and the subsequent washout mechanisms i n  a central I t a l i a n  region. Atmosph. Envion., 20, 125-128. 

Ferrara, R., A. Petrosino, E., Maserto, A., Se r i t t i ,  and Barghigiani, C. (1982). The 
biogeochemical cycle o f  mercury i n  the Mediterranean. Part 11. Mercury i n  the atmosphere, 
aerosol and i n  ra in  water o f  a Northern Tyrrhenian area. Environ. Tech. Letters. 3, 449-456. 

Ferrara, R., S e r i t t i ,  A., Barghigiani, C., Torti, M., Petrosino, A. and Breder, R. (1984). 
Dist r ibut ion and environmental significance of mercury near a Mediterranean geochemical 
anomaly. In: Proc. o f  2-nd Intern. Sync. Environ. Poll. and i t s  impact on l i f e  i n  the 
Mediterranean region. I r ak l  ion, Crete, Greece, (Sept. 983) pp. 203. 

Figueres, G., Martin, J.H., Meybeck, M. and Seyler, F. (1986). A comparative study of mercury 
contamination i n  the Tagus estuary (Portugal ) and major French Estuaries (Gironde, Loire, 
Rhone). In: FAO/UNEP/MHO/IOC/IAEA Meeting on the biogeochemical cycle o f  mercury i n  the 
Mediterranean. (Siena, 27-31 August 1984). FAO Fish Rep. No. 325 (Suppl 1 , Rome, pp. 78-94. 

Fischer, W. (1973). FA0 species ident i f icat ion sheets fo r  fishery purposes. Mediterranean and 
Black Sea ( f ish ing area 37). FAO, Rome. 

Fisher, N.S., Bohe, M. and Teyssie, J-L.. (1984). Accumulation and tox ic i ty  o f  Cd, Zn, Ag and Hg 
i n  four marine phytoplankters. Mar. Ecol. Prog. Ser., l8, 201-213. 

F i  tzgerald, W.F. (1975). Mercury analyses i n  seawater using cold-trap pre-concentration and gas 
phase detection. Adv. Chem. Ser., 147, 99-109. 

Fitzgerald. W.F., G i l l ,  G.A. and Hewitt, A.D. (1983). Air-sea exchange o f  mercury. In: Uong, C. 
S., Boyle, E., Bruland, K. W., Burton, J. 0. and Goldberg, E. 0. (Eds. Trace elements i n  sea 
water. Plenium Press, New York, pp. 297-315. 



Flatau, G.N., Revillon, P., Aubert, M., Aubert, J. and Clement, R. (1983). Rhpartition du mercure, 
cadmium, p1omb e t  cuivre dans les sediments superficiels de l a  bate de Nice (France). In: V I .  J. 
Etud. Pollutions (Cannes), Monaco, CIESH, pp. 373-376. 

Fogg, T.R. and Fitzgerald, W.F. (1979). Mercury i n  southern New England coastal rains. J. Geophys, 
Res . , 04, 6987-6989. 

Fowler, S.W. (1985a). Monitoring o f  the content o f  metal l ic  trace elements i n  pelagic organisms i n  
open regions of the Mediterranean Sea. In: Kompleksn. Global 'ny Ronit. Hirovoga Okeana, Tr .  
Rezhdunar, (Proc. Environmental Monitoring Assessment). Gidrometeoizdat Pub1 isher Leningrad, 
Simp. 1st. vol. 2, 347-68. 

Fowler, S.W. (198%). Assessing pol lut ion i n  the Mediterranean Sea. In: H. W. Nuernberg (Ed.) 
Pollutants and the i r  ecotoxicological significance. Wiley, London, pp. 269-287. 

Fowler, S.W. and Benayoun, G. (1977). Accumulation and dist r ibut ion o f  selenium i n  mussel and 
shrimp tissues. Bull. Environ. Contain. Toxic01 . , l6, 339-346. I 

Fowler, S.W., Heyraud, M. and La Rosa, J. (1976a). The cycling o f  mercury i n  shrimp and mussels. 
In: Act iv i t ies o f  the Intern. Lab. Marine Radioactivity, Monaco. 1976 Report. IAEA Tech. Doc., 
IAEA-187, IAEA, Vienna, pp. 11-20. 

Fowler, S.W., Oregoni, 0. and La Rosa, J. (1976b). Trace metals i n  pelagic organisms from the 
Mediterranean Sea. In: Ac t iv i t ies  o f  the Intern. Lab. Marine Radioactivity. Annual Rep. 1976 
IAEA, IAEA-187, IAEA, Vienna, pp. 110-121. 

Fowler, S.W., Heyraud, R. and La Rosa, J.. (1978). Factors affect ing methyl and inorganic mercury 
dynamics i n  mussels and shrimp. Mar. Bio l  , 46, 267-276. 

Freeman, H.C., Shun, G. and Uthe, J.F. (1978). The selenium content i n  swrdf ish  (Xiphias qladius) 
i n  re lat ion to  to ta l  mercury content. J. Environ. Sci. Health, AJ, 235-240. 

Fujita, R., and Iwashima, K. (1981). Estimation o f  organic and tota l  mercury i n  seawater around 
. the Japanese Archipelago. Env. Sci. Technol., l5, 929-933. 

Fukai, R., and Huynh-Ngoe, L. (1976). Trace metals i n  Mediterranean seawater. In: Act iv i t ies of 
the Intern. Lab. Marine Radioactivity. Annual Rep. 1976, IAEA-187, IAEA, Vienna, pp. 122-132 

Fukai, R., Elder, D.L., Oregioni, B., Vas, 0.. and Villeneuve, J.P. (1979). Mediterranean 
intercal ibrat ion on trace element and chlorinated hydrocarbon measurements. In: I V .  J .  Etud. 
Pollutions (Antalya) , Monaco, CIESW, pp. 595-598. 

Fukai, R., Oregioni, 0. and Vas, 0. (1978). Interlaboratory comparability o f  measurements of trace 
elements i n  marine organimsrns: results o f  intercal ibrat ion exercise on oyster homogenate. 
Oceanolo. Acta., 1, 391-396. 

Furukaua, K., Suzuki, T., and Tonomura, K. (1969). Decomposition o f  organic mercurials by 
mercury-resistent bacteria. Agric. Biol . Chem., 33, 128-130. 

Furutani, A. ark; Rudd, J.U.R. (1980). Measurement o f  mercury methylation i n  lake water and 
sediment samples. Appl. Environ. ftocrobiol. 40:770-776. 

Fytianos, K., and Vasi l iko i t is ,  G.S.. (1983). Concentration o f  heavy metals i n  sea-uater and 
sediments from the northern Aegean Sea, Greece. In: V I .  J. Etud. Pol lut ion (Cannes), Monaco, 
CIESW, pp. 151-155. 

G i l l ,  G.A. and Fitzgerald, W.F. (1985). Mercury sampling o f  open ocean waters a t  the picomolar 
level . Deep-sea Res. , 32, 287-297. 



Gillespie. O.C. and Scott, O.P. (1971). Mobilization o f  mercury sulphide from sediment i n t o  f ish 
under aerobic conditions. J. Fish. Res. Ed., Canada, 28, 1807-1808. 

Gilmartin, R. and Revelante, N. (1975). The concentration o f  mercury, copper, nickel, cadmium and 
lead i n  the Northern Adriat ic anchovy (Engraulis encrasicholus L) a h  sardine (Sdrdina 
pilchardus Ualb.). Fish. Bull., 73, 193-202. 

Glooschenko, U.A. (1969). Accumulation o f  203- by the marine diatom Chaetoceros c o ~ t a t ~ m .  J. 
Phycol., 5, 224-226. 

Green, F.A., Anderson, J.U., Petrocel l i ,  S.R., Presley, B.J. and Sims, R. (1976). Some effects of 
mercury on the survival, respirat ion and growth o f  post larval  white shrimps. Mar. Biol., 37, 
75-81. 

Grice, 0.0.. and ftenzel, D.U. (1978). Controlled ecosystem pol lut ion experiment: Effect o f  mercury 
on enclosed water columns. V I I I .  Sumnary o f  results. Mar. Science Cann., 4, 23-31. 

Grimanis, A.P., Papadopoulou, C., Zafiropoulos, D., ~assilaki-Grimanis, R. and Tsimenidis, N. 
(1979). Pol lut ion monitoring o f  eleven trace elements i n  three marine organisms from Saronikos 
Gulf, Greece. In: IV .  J. Etud. Pollutions (Antalya), Monaco, CIESM, pp. 233-234. 

Grimanis, A.P., Vassilaki-Grimanis, R. and Griggs, C.B.. (1977). Pol lut ion studies i n  sediments 
from the Upper Saronikos Gulf, Greece. Radioanal. Chem., 27, 761-769. 

Grimanis, A.P., Zafiropoulos, D., Papadopoulou, C. and Vassilikai-Grimanis, R. (1981). Trace 
elements i n  the f lesh o f  d i f fe rent  f i s h  speciesfrom three Gulfs o f  Greece. In: V. J. Etud. 
Pollutions (Cagliari), Monaco, CIESfl, pp. 407412. 

Halim, Y., Aboul-Oahab, 0. and El-Rayis, 0. (1986). Chemical forms o f  mercury i n  flesh, g i l l s  and 
l i v e r  from f i s h  species o f  d i f fe rent  habits from two locations west o f  Alexandria. In: 
FAO/UNEP/WHO/IOC/IrtEA Reeti ng on the biogeochemical cycle o f  mercury i n  the Medi terranean 
(Siena, 27-31 August 1984). FIPl/R325 (Suppl.), FAO, Rome, pp. 99-103. 

Handy, R.K. and Noyes, O.R.. (1975). Formation o f  methylmercury by bacteria. Appl. Ricrobiol . , 30, 
424-432. 

Haxton, J., Lindsay, D.G., Hislop, J.S., Salmon, L., Dixon, E.J., Evans, U.H., Reid, J.R., 
Hewitt, C.J. and Jeffr ies, D.F. (1979). Duplicate d ie t  study on f ishing c m n i t i e s  i n  the 
United Kingdom: Mercury exposure i n  a " c r i t i ca l  group". Environ. Res., l8, 351-368. 

Hayashi, K., Kauai, S., Ohno, 1. and Raki, Y. (1979). Photoalkylatian o f  inorganic mercury i n  the 
presence o f  m ino  acids. 11. Yakugaku Zasshi, 99, 1250-1253. 

Might, S.C. and Caspar, S.G.. (1983). Electron-capture gas-liquid chromatographic determination o f  
methyl mercury i n  f i s h  and shel l f ish: collaborative study. J.  Assoc. O f f .  Anal. Chem., 66, 
1121-1128. 

Holderness, J., Fenwick, R.G. and Lynch, D.L. (1975). The ef fect  o f  methyl mercury on the growth 
of the green alga, Coelstrum microporurn Naeg. s t ra in  280. Bull. Environ. Contain. Toxicol., 3, 
348-350. 

Hornung, H. (1986). Assessment o f  mercury pol lut ion i n  coastal marine sediments and i n  bentiiic 
organisms. In: FAO/UNEP/MHO/IOC/IAEA Meeting o f  the biogeochmical cycle o f  mercury i n  the 
Mediterranean. FA0 Fish. Rep. No. 325 (Suppl.), Rome, pp. 104-110. 

Hornung, H., and Oren, 0.H. (1980/81). Heavy metals i n  trunculus (Bivalvia) i n  Haifa Bay, 
Mediterranean (Israel).  Mar. Environ. Res., 4, 195-201. 

Hornung, H., Krumholz, B.S. and Cohen, Y. (1984). Mercury pol lut ion i n  sediments, benthic animals, 
- - 



Huckabee, J.U., Elwood, J.U. and Mildebrand, S.G. (1979). Accumulation of mercury in freshwater 
biota. In: J. 0. Nriagu (Ed.) The biogeochemistry of mercury in the environment Elsevier 
North-Hol land, Ansterdaro, pp. 277-302. 

Muynh-Ngoc, L., and Fukai , R. (1979). Levels of trace metals in open Redi terranean surface waters 
- a sumnary report. In: IV. J. Etud. Pollutions (Antalya), Monaco, CIESM, pp. 171-175. 

IAEA. (1978). Trace element measurements on sea plant (SP-M-1) and copepod (MA-A-1) (Supplement). 
Progr. Rep. no. 19 Intercalibration on analytical methods on marine environmental samples. 
Monaco, Intern. Lab. Mari ne Radioactivity (mimographed) . 

IAEA. (1980). Trace element measurements on fish-flesh sample (MA-A-2) (Supplement). Progr. Rep. 
no. 20 Intercalibration on analytical methods on marine environmental samples. Monaco, Intern. 
Lab. Marine Radioactivity (mimographed) . 

IAEA. ( 1985). Intercal ibration of analytical methods on marine environmental samples. Trace 
element measurements on mussel hamgenate (HA+2/TH). Monaco, IAEA Report no. 26 (IAEA/R1/126). 

/ 

ICES. (1974). Report of Working Group for the International Study of the Pollution of the North 
Sea and its Effects on Living Resources and their Exploitation. ICES Coop. Res. Rep. No. 39, 
DK-Charlottenlund, ICES. 

ICES. (l977a). The ICES Coordinated Monitoring Programme in the North Sea, 1974. ICES Coop Res. 
Rep. No. 58, DK-Charlottenlund, ICES. 

ICES. (1977b). A Baseline Study of the Level of Contaminating Substances in Living Resources of 
the North Atlantic ICES Coop Res. Rep. No. 69, DK-Charlottenlund, ICES. 

ICES. (1977~). The ICES Coordinated Monitoring Programme, 1975 and 976, ICES Coop Res. Rep. No. 
72, DK-Charlottenlund, ICES. 

ICES. (1980). Extension to the Baseline Study of Contaminant Levels in Living Resources of the 
North Atlantic, ICES Coop Res. Rep. No. 95, DK-Charlottenlund, ICES. 

ICES. (1984). The ICES Coordinated monitoring programme for contaminants in fish and shellfish, 
1978 and 1979 and six-year review of ICES coordinated monitoring programmes. ICES Cooperative 
Res. Rep. No. 126, Copenhagen, ICES. 

Inoko, R. and Ratsuno, T. (1984). Studies on the reaction of aqueous inorganic mercury with 
organic substances in a Hg-type C12-caustic electrolyser and its associated processes: 
possibility of formation of methyl mercury(I1) chloride (MHC). Environ. Pollut. Ser. B., 22, 
7-10. 

Iverfeldt, A. and Olson, R. (1984). Mercury in urban atmosphere. Concentrations and reactivity 
with ozone. (in manuscript, cited in Lindquist a., 1984). 

Jackim, E., Hamlin, J.R. and Sonis, S.. (1970). Effects of metal poisoning of five liver enzymes 
in the killifish (Fundulus heteroclitus). J. Fish. Res. Board, Canada, 27, 383-390. 

Jaervenpaeae, T., Rissanen, R. and Riettinen, J.K. (1975). Biological ha1 f-time of methyl mercury 
and inorganic mercury in mussels. 7 pp. unprbl. ,,is. Oep. Radiochemistry, Univ. Helsinki, (cited 
by Fouler et dl., 1978). 

Johnson, D.L. and Braman, R.S. (1974). Distribution of atmospheric mercury species near ground. 
Environ. Sci . Techno1 . , 8, 1003-1009. 



Jonas, R.B., Gilmour, C.C., Stoner, O.L., Meir, HA., and Tuttle, J.H. (1984). Comparison of 
methods t o  measure acute metal and organmetal t ox i c i t y  to natural aquatic microbial 
comnuni ties. Appl . Environ. Nicrubiol . 47, 1005-1011. 

Klaunig, E., Koepp, S. and ncConnick, H. (1975). Acute tox i c i t y  o f  a native nunnichog population 
(Fundulus heteroclitus) to mercury. Bull. Environ. Contain. Toxic01 ., l4, 534-537. 

Knauer, G.A., and Martin, J.H. (1972). Mercury i n  a marine pelagic food chain Limn. Oceanogr., l7, 
868-876. 

Kniper, J., Brockmann, U.H., van het Groenewoud, H., Hoomsman, G. and Roele, P. (1983). Effects 
of mercury on enclosed plankton comnuni t ies  i n  the Rosfjord during POSER. Mar. Ecol . Prog. Ser., 
14, 93-105. - 

Koeman, J.H., Peeters, W.H.H., and Kaudstaal, C.Hn. H. (1975). Mercury-selenium correlations i n  
marine animals. Nature, 245, 385-386. 

Korthals, E.T. and Winfrey, H.R. (1987). Seasonal and spatial variations i n  &rcury methylation 
and demethylation i n  an 01 igotrophic lake. Appl . Envi ron. Hicrobiol . 53:2397<-2404. 

Kosta, L., Byrne, A.R. and Zelenko, V. (1975). Correlation between selenium and mercury i n  man 
following exposure t o  inorganic mercury. Nature 254, 238-239. 

Kosta, L., Ravnik,V., Byrne, A.R., Stirn, J., D e m l  j, fl. and Stegnar, P. (1978). Some trace 
elements i n  the waters, marine organisms, and sediments o f  the Adriatic by neutron activation 
analysis J. Radioanal. Chem., l4, 317-332. 

Kumagai, H. and Nishimura, H. (1978). Mercury d is t r ibu t ion  i n  seawater i n  flinamata Bay and the 
or ig in  o f  part icular  mercury. J. Oceanogr. Soc., Japan, 34, 50-56. 

Leonzio, C., Bacci, E., Focardi, S. and Renzoni, A. (1981). Heavy metals i n  organisms from the 
northern Tyrrhenian Sea Science. Total Envi ron., 20, 13 1-146. 

Leonzio, C., Focardi, S. and Bacci, E. (1982). Complementary accumulation o f  selenium and mercury 
i n  f i s h  muscle. Sci. Total Environ., 24, 249-254. 

Leonzio, C., Focardi, S., Fossi, C. and Renzoni, A. (1986a). Sea-birds as indicators o f  mercury 
pol lut ion i n  the Mediterranean. In: FAO/UNEP/MHO/IOC/IAEA Meeting on the biogeochemical cycle o f  
mercury i n  the Mediterranean. Siena 27-31 Aug. 1984. FA0 Fish Rep. No. 325 (Suppl), Rome, pp. 
116-121. 

Lindqvist, 0. .  Jernelov, A., Johansson, K. and Rodhe, H. (1984). Mercury i n  the Swedish 
Environment. Global and local sources. National Swedish Envi ronment Protection Board Report. 
POB 1302 S-17125 Solna. 

Majori, L., Nedoclan, G. and Hodonutti, G.B. (1967). Inquinamento da mercurio nel l 'A l to 
Adriatico. Acqua + Aria, 3, 164-172. 

March, B., Soong, R., B i l inski ,  E. and Jonas, R.E.E. (1974). Effects on chickens o f  chronic 
exposure t o  mercury a t  low levels through dietary f i s h  meal. Poult. Sci., 53, 2175-2181. 

Martin, J.H. and Knauer, G.A. (1973). The elemental composition o f  plankton. Geochim. Cosmochim. 
Acta, 37, 1639-1653. 

Martin, H.J., P i l tz ,  C.A. and Reich, D.J. (1975). Studies on Hytilus edulis communities i n  
Alami tos Bay, California: V. The effects o f  heavy metals on byssal thread production. Veliger, 
8, 183-188. 



Hartoja, R. and Berry, J-P. (1980). Ident i f icat ion o f  Tiemnnite as a probable product o f  
denethylation o f  mercury by selenium i n  cetaceans. A complement t o  the scheme of the bio lg ical  
cycle o f  mercury. Vie Hi l ieu, 30, 7-10. 

Rartoja, R. and Viale, 0. (1977). Accumulation de granules de selbnium mercurique dans l e  foie 
d'Odontocetes (Humif&res, Cetack): un dcanisme possible de dbtoxication du dthylmercury par 
l e  smnium. C. R. Acad. Sc. Paris. t:2 Serie D., 285, 109-112. 

Haserti, B. and Ferrara, R. (1986). Observation of mercury uptake i n  Posidonia oceanica (L.) 
Dellle. In: Rapp. Proces-Verbaux Reunions XXX Congr. (Rallorca), Monaco, CIESH, Abtract B-1x2, 
pp. 24. 

Rather, F.J. (1974). The bluef in tuna situation. In: 16-th Annual Intern. Game Fish Res. Conf. 
(New Orleans, October 1973). pp. 93-120. 

Ratheson, D.H. (1979). Mercury i n  the atmosphere and i n  precipitation. In: J. 0. ~ r i a g u  (Ed.) The 
b i o g e o c h ~ s t r y  o f  mercury in the environment. El sevier North-Hol land, Amsterdam, pp. 113-230. 

1 

Ratsunaga, K., and Goto, T. (1976). Mercury i n  the a i r  and precipitation. Geochem. J., 10, 107-109. 

Matsunaga, K., Nishimura, H. and Konishi, S. (1975). Mercury i n  the Kuroshio and Oyashio regions 
and the Japan Sea. Nature, 258, 224 only. 

Rauchline, J. (1980). The biology o f  euphausids. Adv. Marine Biology., l8, 373-623. 

McCarty, J.R., Vaughn, W.W., Learned, R.E. and Hueschke, J.L. (1969). Mercury i n  soi l ,  gas and a i r  
- a potential tool i n  mineral exploration. Washington, D. C.: US Geol. Surv. Circ. 609, (ci ted 
i n  Matheson, 1979). 

RcClurg, T.P. (1984). Effects o f  fluoride, cadnium and mercury on the estuarian prawn Penaeus 
indicus. Water S. A., l0, 40-45. 

Melchiorri, A., Grella, A., La Noce, T. and Pettine, H. (1983). I metal l i  pesanti. In: 
L'esperimento Tevere. Influenza d i  un flume sull'ecosisterna marino prospiciente l a  sua f0~e.  
Quademi IRSA (CNR), No. 66. 

Hiettinen, J.K., Heyraud, H. and Keckes, S. (1972). Mercury as a hydropheric pollutant. 11. 
Biological half-time o f  methyl mercury i n  four Mediterranean species: a fish, a crab and two 
mulluscs. In: H. Ruivo (Ed.) Marine pol lut ion and sea l i f e .  Fishing News (Books) London, pp. 
295-298. 

Hikac, N., Picer, H., Stegnar, P. and Tusek-Znidaric, M. (1985). Mercury d ist r ibut ion i n  a 
polluted marine area, r a t i o  o f  to ta l  mercury, methyl mercury and selenium i n  sediments, mussels 
and fish. Water~es., l9, 1387-1392. 

Hi 1 ler, D.R. and Buchanan, J.R. (1979). Atmospheric transport o f  mercury: exposure c m i  tment and 
uncertainty calculations. Monitoring and Assessment Res. Centre, London, Rep. No, 14. Univ. 
London. 

Hiyake, Y., and Suzuki, Y. (1983). The concentration and chemical forms o f  mercury i n  uaters of 
the western North Pacific. Deep Sea Res., 30, 615-627. 

Mukherji, P., and Kester, D.R. (1979). Mercury d ist r ibut ion i n  the Gulf Stream. Science, 204, 
66-67. 

Nagase, H., Ose, Y., Sato, T. and Ishikawa, 1. (1982). Methylation o f  mercury by humic substances 
i n  an aquatic environment. Science Tot. Environm., 24, 133-142. 



Najdek, H., and Bazul ic, 0. (1986). Preliminary investigation on methylmercury content i n  bivalves 
of d i f fe rent  size. In: FAO/UNEP/MHO/IOC/IAEA Meeting on the biogeochemical cycle o f  Mercury i n  
the Mediterranean, (Siena, 27-31 August 1984)- FA0 Fish Rep. No. 325 (Suppl), Rone, pp. 122-124. 

Nauen, C., Tomassi, G. and Santaroni, G.P. (1980a). Mercury levels i n  selected marine organisms 
fror the Mediterranean. In: UNEP/FAO/MHO Meeting of experts on environmental qual i ty c r i t e r i a  
for mercury i n  Mediterranean seafood. UNEP, Geneva, UNEP/HEO-Hg/6. 

Nauen, C., Tomassi, G. and San ta rh ,  G.P. (1980b). P i l o t  study on the chance o f  I t a l i an  seafood 
consumers exceeding the i r  individual allowable da i ly  mercury intake. In: UNEP/FAO/MHO Meeting 
o f  experts on environmental qua1 i t y  c r i t e r i a  fo r  mercury i n  Mediterranean seafood. UNEP, Geneva, 
WEP/MEO-Hg/7. 

Nauen, C., Tomassi, G . ,  Santaroni, G.P. and Josupeit, N. (1983). Results o f  the first p i l o t  study 
on the chance o f  I t a l i a n  seafood consumers exceeding the i r  individual allowable dai ly  mercury 
intake. In: V I .  J. Etud. Pollutions, Cannes, Monaco, CIESM, pp. 571-583. 

Nishimura, M. (1979). Determination o f  mercury i n  the aquatic environment and i t s  global movement. 
ACS/CSJ Chemical Congress INOR 175. Honolulu, Hawaii, (ci ted i n  Lindqvist & ha., 1984). 

Nishimura, M., Konishi, S., Batsunaga, K., Nato, K. and Kosuga, T. (1983). Mercury concentration 
i n  the ocean. J. Oceanogr. Soc., Japan, 39, 295-300. 

Nriagu, J.O. (1979). Production and uses o f  mercury. In: J. 0. Nriagu, (Ed.) The biogeochemistry 
o f  mercury i n  the environment.-Elsevier North-Holland, Amsterdam, pp. 23-40. 

Obiols, J. and Peiro, L. (1981). Heavy metals i n  marine sediments from the delta del Ebro. In: V. 
J. Etud. Pol lut ion (Cagl i a r i ) ,  Monaco, CIESM, pp. 391-393. 

Olafsson, J. (1982). An international intercal ibrat ion fo r  mercury i n  sea water. Mar. Chem., 11, 
129-142. 

Olafsson, J. (1983). Mercury concentrations i n  the North Atlantic i n  relat ion to  cadmium, 
aluminium and oceanographic parameters. In: C. S. Mong, E. Boyle, K. U. Bruland, J. 0 .  Burton 
and E. 0. Goldberg Trace metals i n  sea water. P len im Press, New York, pp. 475-485. 

Olson, B.H., and Cooper, N.C. (1976). Comparison o f  aerobic and anaerobic methylation o f  mercury 
chloride by San Francisco Bay sediments. Water Res., l0, 113-116. 

Olson, B.H., Barkay, 1. and Colwell, R.R.. (1979). The ro le  o f  plainids i n  mercury transformation 
by bacteria isolated from aquatic environment. Appl. Env. Microbiol., 38, 478-485. 

Paccagnella, B., Prati ,  L. and Bigoni, A. (1973). Studio epidemiologico su1 mercurio nei pesci e 
l a  salute umana i n  unaisola I ta l iana del Mi terraneo La Igiene Moderna, 66, 479-503. 

Pan-Mou, H.S.K., Hosono, M. and Imura, N. (1980). Plasmid-controlled mercury biotransfonnation by 
C los t r i d im  cochlearim. Appl. Environ. Microbiol., 40, 1007-1011. 

Pan-Mou, H.S.K., and Imura, N. (1981). Biotransfonnation o f  mercurials by intest inal  
microorganisms isolated from yel lowfin tuna. Bull. Environ. Contain. Toxic01 . , 26, 359-363. 

Papadopoulou, C., and Kanias, G. 0. (1976). Trace element d ist r ibut ion i n  seven mollusc species 
from Saronikos Gulf. Acta Adriatica, 8, 367-378. 

Patterson, C.C., and Settle, O.M. (1976). The reduction o f  orders o f  magnitude errors i n  lead 
analysis of biological materials and natural waters by evaluating and control l ing the extent and 
sources of industr ial  lead contamination introduced during sample col lect ion and analysis. In: 
P. 0. LaFleur (Ed.) Accuracy i n  trace analysis: sampling, sample handling and analysis. N6S 
Special Publ. 422, Washington, 0. C., US Dept. Cairo., 1, 321-359. 



Peiro, L., Tomas, X., Obiols, J. and Ros, J. (1983). Centenu en d t a u x  lourds des sediments de l a  
cfite de Catalogue: dthodologie e t  dsu l ta ts .  In: V I .  J. Etud. Pol lut ion (Cannes), Monaco, 
CIESM, pp. 431-438. 

Pentreath, R.J., (1976a). The accumulation o f  inorganic mercury from sea water by the plaice, 
Pleuronectes platessa L. J. exp. mar. Biol. Ecol., 25, 103-120. 

Pentreath, R.J. (1976b). The accumulation o f  organic mercury from sea water by the plaice, 
Pleuronectes platessa L. J. exp. mar. Biol. Ecol., 25, 121-132. 

Pentreath, R.J. (1976~). The accumulation o f  mercury from food by the plaice, Pleuronectes 
platessa L. J. exp. mar. Biol. Ecol., 25, 51-65. 

Pentreath, R.J. (1976d). The accumulation o f  mercury by the thornback ray, Raja clavata L. J. exp. 
mar. Biol. Ecol., 25, 131-140. 

Perkins, E.J. (1979). The need for  sublethal studies. Phil. Trans. R. ~oc.,~'ond. B., 286, 425-442. 

Pema, A., Di Silvestro, C. and Caracciolo, S. (1972). La presenza d i  mercurio nel la came dei 
pesci e d i  a l t r i  prodott i  del la pesca del Mare Adriatico. I 1  nuovo pregresso Veterinario, l0, 
961-964. 

Piotrowski, J.K. and Inskip, V.J. (1981). Health effects o f  methylmercury, Marc Report No. 24. 
Uni versi t y  London. 

Porcu, V. and Vasala, V.L. (1983). Ecologie trophique des crustacds e t  pol lut ion par l e  mercure 
dans un 6tang saumatre Hediterranhn (Stanta g i l l a ,  Sardaigne), Cahiers Biol. Marine, 24, 
159-175. 

Preston, A., Hitchel l ,  N.T. and Jefferies, D.F.. (1974). Experience gained i n  applying the ICRP 
c r i t i c a l  group concept to  the assessment o f  public radiat ion exposure i n  the control of l i qu id  
radioactive waste disposal. In: Proc. Sync. IAEA. Portoroz. Vienna, IAEA-SV184/10, pp. 131-146. 

Ramlal, P.S., Rudd, J.U. V. and Hecky, R.E. (1986). Methods fo r  measuring specific rates of 
mercury methylation and degradation and the i r  use i n  determining factors control l ing net rates 
o f  mercury methylation. Appl. Environ. Vicrobiol. 51: 110-114. 

Rapin, F., Femex, F., Favarger, P.Y., Vernet, J.P. and Van Dievcet, E. (1979). Rdpartition du 
mercure dans les sediments marins superficiels du plateau continental de l a  Cote daAzur 
(France, Modi terranee). Rev. In t .  Oceanogr., Medical, 53/54, pp. 41-49. 

Reeve, V.R., Walter, V.A., Darey, K. and Iketa, T. (1977). Evaluation o f  potential indicators o f  
sublethal toxic stress on marine zooplankton (feeding, fecundity, respiration and excretion); 
controlled ecosystem pol lut ion experiment. Bull. Mar. Sci., 27, 105-113. 

Renzoni, A., (1977). A case o f  mercury abatement along the Tuscan coast. In: 111. J. Etud. 
Pollutions (Spl i t ) ,  Monaco, CIESM, pp. 95-97. 

Renzoni, A., Bacci, E. and Falciai, L. (1973). Mercury concentration i n  water, sediments and fauna 
o f  an area o f  the Tyrrhenian coast Rev. Inst. Oceanogr. Bed., 36/37, pp. 17-45. 

Renzoni, A., and Baldi, F. (1973). Osservazioni sul la distribuzione d i  mercurio nel la fauna del 
Mar Ligure e del Mar Tirreno. Acqua and Aria, 8, 597-602. 

Renzoni, A., Bernhard, V., Sara, R. and Stoeppler, V. (1979). Comparison between the Hg 
concentration o f  Thunnus thynnus from the Mediterranean and the Atlantic. In: I V .  J. Etud. 
Pollutions (Antalya), Monaco, CIESM, pp. 255-260. 



Renzoni, A., Focardi, S., Leonzio, C., Fossi, C. and Mocci Oemartis, A. (1982). Contaminants o f  
resident and migratory birds o f  the Hedi terranean Sea. Thalassia, Jugoslavia, l8, 245-252. 

Riisgard, H.U., Kiorboc, 1.. Nohlenberg, F., Orabaek, I. and Pheiffer fpdson, P. (1985). 
Accumulation, elimination and chemical speciation of mercury i n  the bivalves Hyti lus edulis and 
tlacana balthica. Nar. Biol., g, 55-62. 

R io l fa t t i ,  M. (1977). U l te r i o r i  indagini epidemiologiche su l le  concentrazioni d i  mercurio nel 
pesce alimentare e nel sangue e capel l i  m i n i .  L' Igiene Modema, 70, 169-185. 

Robertson, D.E., Rancitel l i ,  LA., Langford, J.C. and ~erknins,  R.W. (1972). Battel le Northwest 
contribution t o  the IDOE base-line study. In: Workshop on baseline studies o f  pollutants i n  
marine env i romnt  Bmkhaven Nat. Lab. 24-26 Hay, 9 3 ,  pp. 231-274. 

Robinson, J.B. and Tuovinen, O.H. (1984). Mechanisms o f  microbial resistance and detoxif icat ion o f  
mercury and organomercury compounds: physiological, biochemical and genetic analyses. Microbiol . 
Reviews, 48, 95-124. 

Rodriguez-Roda, J. (1957). Crecimento re la t ive  del atun, Thunnus thynnus L., he Barbate (costa 
sutatlantica de Espana). Invest. Pesq., 9, pp. 33-64. 

Roland, K., Tessaro, S.V., Uthe, J.F., Freeman, H.C. and Frank, R. (1977). Methylmercury poisoning 
i n  the harp seal (Pagophilus groenlandicus). Science Total Environ., 8, 1-11. 

Roth, I., and Hornung, H. (1977). Heavy metal concentration i n  water, sediments and f i s h  from the 
Mediterranean coastal area, Israel. Environ. Sc. Techn., 11, 26S-269. 

Rudd, J.W.M., Furutani, A. and Turner, M.A. (1980). Mercury methylation i n  f i s h  intest inal  
contents. Appl. Environ. Microbiol., 40, 777-782. 

Rupp, E.M., Mi l ler ,  F.L. and Baes, C.F. (1980). Some results o f  recent surveys o f  f i s h  and 
shel l f ish consumption by age and region of U.S. residents. Health Physics, 39, 165-175. 

Ruppert, M. (1975). Geochemical investigation on atmospheric precipitat ion i n  a mediun-size c i t y  
(Goettingen, FRG). Water, A i r  and Soi l  Pollution, 4, 447-460. 

Salihoglu, I. and Yemenicioglu, S. (1986). Chemical and biochemical d ist r ibut ion of  mercury i n  the 
North Levantine. In: FAO/UNEP/WHO/IOC/IAEA Meeting on the biogeochedcal cycle o f  mercury i n  
the Mediterranean. FAO, Rome, pp. 140-149. 

Sanemasa, I. (1975). The so lub i l i t y  o f  elemental mercury vapour i n  water. Bull. Chem. Soc. Japan, 
48, 1795-1798. 

Sara, R. (1973). Sulla biologia dei toni (Thunnus thynnus L), modelli d i  migrazione ed 
osservazioni sui meccanismi d i  migrazione e d i  comportamento. Boll. Pesca Piscic. Idrobiol . , 
pp. 217-243. 

Sarritzu, G . ,  Contu, A., Schintu, M. and Hulas, P. (1983). Les teneurs en mercure dans 1es 
sediments de l a  lagune de Santa Gil la, Sardaigne, I t a l i c .  In: V I .  J. Etud. Pollutions (Cannes), 
Monaco, CIESM, pp. 415-419. 

Scaccini, A. (1965). Biologia e pesca del tonni nei marine I t a l i an i .  Ministero Marina Mercantile, 
Dir.  Gen. Pesca Marittima. Memoria n. 12. Ministero Marina Mercantile, Roma. 

Schelenz, R. and Diehl , J.F. ( 1973). Anwendung der Neutronenaktivierungsanalyse zur 
Quecksi lberbestimnung i n  Lebensmi t te ln.  Z. Anal. Chem., 365, 93-97. 

Schlesinger. W.H., Reiners, W.A. and Knopnan, O.S. (1974). Heavy metal concentration New 
a ,  L : ÃˆÃˆÃ ... r -Ã /̂ *-m 



Schroeder, U.H. (1981). Recent developments i n  the measurements o f  atmospheric mercury. Can. Res., 
14, 33-41. - 

Seiler, W., Everting, C. and Slemr, F. (1980). Global d ist r ibut ion o f  gaseous mercury i n  the 
troposphere. Pageoph., ll8, 964-974. 

Sella, R. (1924). Rigrazione, habitat del tonno (- m, L.) studiat i  col metodo degli 
ami, con osservazini sull'accrescimento, su1 regime del le tonnare. Hem. 156 Can. Talass. I t a l .  

Sel l i ,  R., Frignani, R., Rossi, C.M. and Viviani, R. (1972). The mercury content i n  the sediments 
from the Adriat ic and Tyrrhenian. In: J. Etud. Pollutions (Athens), Monaco, CIESR, pp. 39-40. 

Se r i t t i ,  A., Petrosino, A., Morelli, E., Ferrara, R. and Barghigiani, C. (1982). The 
biogeochemical cycle o f  mercury i n  the Mediterranean. Part. I: Particulate and dissolved forms 
o f  mercury i n  the Northern Tyrrhenian Sea. Sci. Techn. Letters, 3, 251-256. 

Seymour, A.H. and Nelson, V.A. (1971). Biological half- l ives fo r  zinc and,mercury i n  the Pacific 
oyster, Crassostrea giqas. In: Proc. Nat. Synp. Radioecol. (Oak Ridge), pp. 8494%. 

Shani, G. and Haccoun, A. (1976). Nuclear methods used t o  compare a i r  pol lut ion i n  a c i t y  and a 
pollution-free area. In: Measurement, detection and control o f  environmental pollutants. 
Vienna: IAEA S t  i/Pub/432, pp. 89-96. 

Sharp, J.R. and Neff, J.M. (1985). Age-dependent response differences o f  Fundulus heterocli tus 
embryos following chronic exposure t o  mercury. In: F. J. Vernberg, F. P. Thurberg, A. Calabrese 
and W. Vernberg (Eds.) Marine pol lut ion and physiology: Recent advances. Univ. South Carolina 
Press., pp. 281-308. 

Shultz, C.D., Crear, D., Pearson, J.E., Rivers, J.B. and Hylin, J.W. (1976). Total and organic 
mercury i n  the Pacif ic Blue Marlin. Bull. Environ. Contain. Toxicol., 15, 230-234. 

Sick, L.V. and Windom, H.L. (1975). Effects o f  environmental levels o f  mercury and cadmium on 
rates o f  metal uptake and growth physiology o f  selected genera o f  marine phytoplankton. In: F. 
G. Howell, 3. B. Gentry and ft. H. Smith (Ed$.), ERDA Synp. Ser. (CDNF-7405131, pp. 239-249. 

Silver, S. (1984). Bacterial transformations o f  and resistance t o  heavy metals. In: J. 0. Nriagu 
(Ed.), Changing metal cycles and human health. Dahlem Workshop. Springer-Verlag, Berlin, pp. 
199-223. 

S l e n r ,  F., Schuster, G. and Seiler, W. (1985). Distribution, speciation and budget of atmospheric 
mercury. J. Atm. Chem., 3, 407-434. 

Slenr, F., Seiler, U. and Schuster, G. (1981). Latitudinal d ist r ibut ion o f  mercury over the 
Atlantic Ocean, J. Geophys. Res., 86, 1159-1166. 

Slenr, F., Seiler, W., Eberling, C. and Roggendorf, P. (1979). The determination o f  to ta l  gaseous 
mercury i n  a i r  a t  background levels. Anal. chim. Acta, l W ,  35-47. 

Smith, R.A. (1983). The ef fect  o f  heavy metals on the cytoplasmic f ine structure o f  Skeletonema 
costatm (Baccil lariophyta). Protoplasma, 116, 14-23. 

Sprangler, W.J., Spigarel l i ,  J.L., Rose, J.M., Flippin, R.S. and Mi l ler ,  H.H. (1973). Degradation 
o f  methylmercury by bacteria isolated from environmental samples. Appl . Ricrobiol . , 25, 488-493. 

Stegnar, P., Kosta, L., Ravnik, V., Stirn, J., Byrne, A.R. and Dennelj, M. (1979). Trace elements 
i n  mesopelagic and some coastal f i s h  from the Adriatic. In: I V .  J. Etud. Pollutions (Antalya), 
Monaco, CIESR, pp. 235-236. 



Stegnar, P., Vukadin, I., Smodis, B., Vaksell, A. and Prosenc, A. (1981). Trace elements i n  
sediments and organisms from Kastela Bay. In: V. J. Etud. Pollutions (Cagliari), Monaco, CIESH, 
pp. 595-600. 

Stoeppler R. (1984). pers. conn. 

Stoeppler, H., Bernhard, R., Backhaus, F. and Schulte, E. (1979). Comparative studies on trace 
e t a 1  levels i n  marine biota. I. Mercury i n  marine organisms from Western I t a l i a n  coast, the 
S t r a i t  o f  Gibraltar and the North Sea. Science Total Envirom., 3, 209-223. 

Stromgren, 1. (1982). Effect o f  heavy metals (Zn, Hg, Cu, Cd, Pb, Mi) on the length growth o f  
Ryt i lus edulis. Mar. Biol., 72, 69-72. 

Stromgren, 1. (1980). Effect o f  lead, cadmium and mercury on the increase i n  length of 5 
i n te r t i da l  fucals. J. exp. mar. Biol. Ecol., 43, 107-120. 

S t m ,  W. and Morgan, J .J .  (1981). Aquatic Chemistry. Wiley-Interscience, New York. 

Sugawara, K. (1978). Interlaboratory comparison o f  the determination o f  mercury and cadmium i n  sea 
and fresh waters Deep Sea Res., 25, 323-332. 

Summer, A.O. and Silver, S. (1978). Microbial transformations o f  metals. Ann. Rev. Nicrobiol., 32. 
637-672. 

Suzuki, Y., and Sugimura, Y. (1985). Total and organic mercury i n  sea water i n  the Western North 
Pacific. In: Proc. intern. chem.Congr. Pacif ic Basin Soc. (Honolulu Dec. 16-21, 1984) (Abstract). 

Swedish Expert Group. (1971). Methylmercury i n  f ish. A toxicological - epidemiological appraisal 
of r isks. Nord. Hyg. Tidskr. Suppl., 4. 

Szprengler, 1. (1975). Mercury content i n  animal feeds. Red. Water, 3l, 155-157. 

Tanaka, K., Fukaya, K., Uada, Y., Fukai, S. and Kanno, Y .  (1978). Studies on photochemical 
a lky lat ion of inorganic mercury i n  sewage. (c i ted i n  Matheson 1979). Eiseikagaku, 22, 194-195. 

Thayer, J.S., and Brinckman, F.E. (1982). The biological methylation o f  metals and metalloids. 
Adv. Organometall i c  Chemistry, 8, 313-354. 

Thibaud, Y. (1971). Teneur en mercure dans quelques poissons de consonmation courante. Sci. Peche, 
209, 1-10. - 

Thibaud, Y. (1986). The ro le  o f  biochemical processes i n  the accumulation o f  mercury by marine 
organisms. In: FAO/UNEP/WHO/IOC/IAEA Meeting on the biogeochemical cycle o f  mercury i n  the 
Mediterranean, (Siena, 27-31 August 19841, FA0 Fish Rep. No. 325 (Suppl), Rome, pp. 150-162. 

Thibaud, Y. and Duguy, R. (1973). Teneur en mercure chez les cetac6s des cotes de France. Comi t4  
des M m n i  f i r es  Marins. ICES C. M., Copenhagen: ICES 

Thibaud, Y. and Gouygou, J.P. (1979). Pol lut ion par les d t a u x  lourds en Mediterrande. Etude chez 
les poissons des dchanismes de contamination e t  de d4contamination. Nantes: Rapport. Inst.  Sci . 
Techn. P6ches Mari times, pp. 66. 

Tiem, K. (1960). Bes t imng  des Altersaufbau des roten Thunes (Thunnus thynnus) i n  der Nordsee 
m i t  H i  1fe des allometrischen Wachstm der Augenhoehle. Arch. Fishereiwiss, 11, 12-17. 



Tomlinsson, G.H., Brouzes, R. J.P., HcLean, RAN.  and Kadlecek. J. (1980). The ro le  o f  clouds i n  
atmospheric transport o f  mercury and other pollutants. I. The l i n k  between acid precipitation, 
poorly buffered waters, mercury and fish. In: Proc. Conf. Ecol. Impact Acid Precip. ~andefjord, 
Norway, 1980, (c i ted i n  Lindqvist e t  al., 1984). 

Topping, G. (1983). The analysis o f  trace metals i n  biological reference materials: a discussion 
of the results of the intercanparison studies conducted by the Internal Council for the 
Exploration of the Sea. In: C. S. ~ong,  E. Boyle, K. W. Bruland, J. 0. Burton amd E. 0. 
Goldberg. Trace Metals i n  Sea Water. Plenum Press, New York, pp. 155-113. 

Topping, G. and Windom, H.L. (1981). Report o f  the ICES Advisory C d t t e e  on Marine Production. 
In: Copenhagen: ICES. Corp. Res. Rep. No. 103, Annex 2, Copenhagen, ICES. 

Tusek-Znidaric, fl., Stegnar, P., Zelenko, V. and Prosenc, A. (1983). Preliminary study on the 
uptake and dist r ibut ion o f  t o ta l  mercury, methylmercury and selenium i n  the internal organs of 

. m t i l u s  gal lopmvincial is. In: V I .  J. Etud. Pollutions, (Cannes), Honaco, CIESfl, pp. 829-833. 

Tusnik, P. and Planic, R. (1986). Concentrations o f  trace metals (Hg* Cd) and i t s  seasonal 
variations i n  m t i l u s  ga l lwrov inc ia l is  from the Gulf o f  Trieste. In: Rapp. P m .  Verb. 
Reunions, XXX Congr. (Ma1 lorca) , Monaco, CIESH, Abstract 1-1 11-3. 

Uchida, fl., Hirakawa, K. and Inone, 1. (1961). (ci ted i n  Carty and Halone 19791, Kumamota Med. J., 
4:181, pp. 433-479. 

UNEP. (1980). Co-ordinated Mi terranean pol lut ion monitoring and research programne (RED POL). 
Part 1: Sumnary, Sc ient i f i c  Report fo r  Febr. 1975 to  June 1980. UNEP, Geneva. 

UNEP. (1983). Assessment o f  the present state o f  pol lut ion by mercury i n  the Mediterranean Sea and 
proposed control measures. UNEP/UG.91/5, Athens. 

UNEP. (1984). UNEP/ECE/UNIDO/FAO/UNESCO/WHO/IAEA Pollut ion from land-based sources i n  the 
Mediterranean. UNEP Regional Seas Report and Studies. No. 32, UNEP, Geneva. 

UNEP. (1985). Report on the state o f  pol lut ion o f  the Mediterranean Sea. UNEP/IG.S6/Inf .4, Athens. 

Unlu, M.Y., Heyraud, tl. and Keckes, S. (1970). Mercury as hydrospheric pollutant. I. Accumulation 
and excretion of 2034gC12 i n  Tapes decussatus L. In: tl. Ruivo (Ed. Marine pol lut ion and sea 
l i f e ,  Fishing News (Books), London, pp. 292-295. 

Vernberg, W.B. and Vernberg, F.J. (1972). The synergetic effects o f  temperature, sa l i n i t y  and 
mercury on survival and metabolism o f  the adult f idd ler  crab, pugilator. Fish. Bull. US., 
70, 415-420. - 

Viviani, R., Rossi , C.H., Frignani, fl. and Rabbi, E. (1973). Recherche sur l a  presence de mercure 
dans les sediments de l a  mer Adriatique du Nord en face du Delta du Po. Bull. Geol. Soc. 
Greece, l0, 187-189. 

Vonk, J.W. and Sijpestei jn, K.A. (1973). Studies on the methylation o f  mercuric chloride by pure 
cultures o f  bacteria and fungi. Antonie van Leeuuenhock J. fl icrobiol. Serol. 39, 505-513. 

Vucetic, T., Vernberg, W.B. and Anderson, G .  (1974;. Longtenn annual fluctuations o f  mercury i n  
the zooplankton o f  the east central Adriatic. Rev. Intern. Oceanogr. Medical, 33, 75-81. 

Vukadin, I., Tusek-Znidaric, fl., Byrne, A.R. and Stegnar, P. (1986). Mercury and methylmercury 
d ist r ibut ion i n  sediments and i n  Nyti lus gal loprovincial is f ran Kastela Bay (Central Adriatic). 
In: FAO/UNEP/MHO/IOC/IAEA Meeting o f  the biogeochemi cal cycle o f  mercury i n  the Nedi terranean. 
FA0 Fish. Rep. No. 325 (Suppl.), Rome, pp. 163-167. 



Wallact, 6.1. (1982). The association o f  copper, mercury and lead with surface-active organic 
matter i n  coastal seamier. Mar. Chein., 11, 379-394. 

Wallace, T.G., Seibert, 0.1.. Holzknecht, S.H. and Thomas, U.H. (1983). The biogeochemical fate 
and tox i c i t y  o f  mercury i n  controlled experimental ecosystems. Estuarian, Coast. Shelf Sc., 5, 
151-182. 

Water Qual i ty  Cri ter ia. (1972). US National Academy of Sciences. Washington: Superint. Documents, 
US Govern. Pr int ing Office. 

Weis, J.S. (1977). Lint) regeneration i n  f iddler  crabs: Species difference and effects of 
methylmercury. Bio l  . Bull., 52, 263-274. 

Weis, J.S., Weis, P., Heber, R. and Vaidya, S. (1981). Methylmercury tolerance of k i l l i f i s h  
(Fundulus heteroclitus) embryos from a polluted vs non-polluted environment. Mar. Biol.. 65, 
283-287. 

Weis, J.S., Weis, P., Heber, R. and Vaidya, S. (1982). Investigations i n to  qchanisms o f  heavy 
metal tolerance i n  k i l l i f i s h  (Fundulus heterocli tus) embryos. In: W. Vernberg, A. Calabrese, F. 
P. Thurnberg and F. J. Vernberg. Physiological mechanisms of marine pollutant toxici ty. New 
York : Academic Press., pp. 3 1 1-330. 

Weis, J.S., Weis, P., Renna, M. and Vaidya, S. (1985). Search fo r  a physiological component of 
methylmercury tolerance i n  the nunnichog, Fundulus heteroclitus. In: F. J. Vernberg, F. 
Thurberg, A. Calabrese and W. Vernberg (Eds. ) Marine pol lut ion and Physiology: recent -advances. 
Univ. South Carolina Press., pp. 309-326. 

Weis, P. (1984). Metallothionein and mercury tolerance i n  the k i l l i f u s h  Fundulus heteroclitus. 
Mar. Environ. Res., l4. 153-166. 

Weiss, H., Bertine, K., Koide, R. and Goldberg, E.D. (1975). The chemical composition of a 
Greenland glacier. Geochim. Cosmochim. Acta, 39, 1-10. 

W e ~ t ~ e ~ e ,  G. and Ohlin, B. (1975). Methylmercury levels i n  f i s h  and shel l f ish, February 1971 - 
July 1974. Var Foeda 27 (Suppl nr. 1). ( i n  Swedish), pp. 4-123. 

WHO. (1976). Environmental Health Cr i ter ia 1, Mercury. WHO, Geneva. pp. 132. 

WHO. (1980). Report on consultation t o  re-examine the UHO environmental health c r i t e r i a  for 
mercury. (Geneva, 21-25 Apri 1 1980). WHO-EHE/EHC/80.22, Geneva. 

Windoro, H., Taylor, F. and Stickney, R. (1973). Mercury i n  North Atlantic plankton. J .  Con. int .  
Explor. Rer., 35, 18-21. 

Wood, J.R. (1975). The biochemistry o f  toxic elements i n  aquatic systems. In: 0. C. Malians and 
G. R. Sergant. Biochemcial and biophysical perspectives i n  marine biology. Acad. Press, London, 
Vol. 3, 408-431. 

Wood, J.M. and Hang, H-K. (1983). Microbial resistance t o  heavy metals. Environ. Sci. Technol. l7, 
582A-590A. 

Wood, J.N., Kennedy, F.S. and Rosen, C.G. (1968). Synthesis o f  methylmercury compounds by 
extracts of methanogenic bacteria. Nature, 220, 173-174. 

Wrench, J.J. (19781. Biochemicial correlates o f  dissolved mercury uptake by the oyster Ostrea 
d u l i s .  Mar. Biol., 47, 79-86. 



Xun, L., CaMpbell, N.E.R. and Rudd, J.U.H. (1987). Measurements o f  specific rates of net 
methylmercury production i n  the water column and surface sediments of acidified and 
circumneutral lakes. Can. J. Fish. Aquat. Sci. 44:750-757. 

Yamamoto, J., Kaneda, Y. and Hikasa, Y. (1983). Picogram determination o f  methylmercury i n  
seawater by gold amalgamation and atomic absorption spectrophotometry. Int. J. Environ. Anal. 
Chan., l6, 1-16. 

Zafiropoulo~, 0. (1986). The biogeochemical cycle of  mercury: an overview. In: 
FW/UNEP/MHO/IOC/IAEA Meeting on the b i m h e m i c a l  cycle o f  mercury i n  the Mediterranean. Siena 
27-31 Aug. 1984. FA0 Fish Rep. No. 325 (Suppl), Rome, pp. 168-187. 

Zafiropoulos, 0. and Grimanis, A.P. (1977). Trace elements i n  ~ c a r t i a  clausi from Elefsis Bay of 
the upper Saronikos Gulf, Greece. Mar. Poll. Bull., 8, 79-81. 


