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1. Introduction

The biogeochemistry of mercury (Hg) has received considerable attention recently because of
the toxicity of methylmercury (CH3Hg+, abbreviated as MMHg), the accumulation of Hg in
biota, and its biomagnification in aquatic food chains. Hg attacks the central nervous system,
and concerns about Hg are based on its effects both on ecosystems and human health. The
principal pathway for human exposure is the consumption of contaminated fish (Fitzgerald
and Clarkson, 1991). Numerous recent studies have concluded that the majority, if not all, of
the Hg that is bioaccumualted through the food chain is as MMHg. In order to predict the
potential impact of mercury on humans and ecosystem, knowledge of the distribution,
transport, and dynamics of MMHg in aquatic ecosystems is needed. Most studies of Hg
cycling have, so far, been made in terrestrial systems, with the biogeochemistry of Hg in fresh
water systems (Porcella et al , 1995, Watras and Huckabee, 1994; WHO-IPCS, 1990, 1991)
even though it is well known that the primary exposure of humans to MMHg is through the
consumption of marine fish and fish products (Rolfhus and Fitzgerald, 1995). In principle, Hg
cycles in terrestrial and marine aquatic systems are similar with some distinct differences.
The most important feature in both systems is the in-situ bacterial conversion of inorganic Hg
species to the more toxic MMHg, which concentrates in fish muscle (Gilmour and Henry,
1991; Mason and Fitzgerald, 1990 and 1991; Winfrey andRudd, 1990).

Recently, the U.S. Environmental Protection Agency (EPA) set a new guideline for
methylmercury in the diet of 0.1 microgram of mercury per kilogram of body weight per day
(0.1 ug/kg/day). This is 4.7 times as strict as the World Health Organization's (WHO's)
standard of 0.47 (j.g/kg/day. The average concentration of Hg in fresh and marine fish is about
0.2 mg/kg. In practical terms this means that an average person weighing 60 kg can only
consume about 30 g offish per day (Mahaffey et al. 1996). The concentrations of mercury in
fish frequently exceed 0.5 mg/kg, which in practical terms means that general should limit
consumption of fish to only one meal per week which may have serious social and economic
consequences for IAEA Member States where the main source of proteins is from seafood.

Mercury emissions to the environment are mainly due to industrial manufacturing, refuse
incineration, rriining activities, dumping and incineration of sewage sludge, agriculture and
recent gold mining. More than 10% of all emissions are due to gold mining activities in
various countries of the world, mainly developing states. According to the Scientific
Committee on Problems of the Environment (SCOPE), about 10 million people are at present
directly involved in the use of Hg and gold mining (Ramel, 1996). It is assumed, however,
that the number of people potential at risk is much larger.

In the light of the above, the role of the IAEA in this field is essential in two respects:
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1. To improve knowledge of biogeochemistry of mercury in various environments by the
use of nuclear techniques, and

2. To improve the quality of the analytical results for mercury analysis and speciation
through the IAEA Analytical Quality Control Programme

This paper presents the background/rational for the IAEA involvement within both
components.

2. Biogeochemistry of mercury

Many of the environmental aspects of mercury and its compounds have been reviewed
(Nriagu, 1979, Craig, 1989). In recent years, new analytical techniques have become
available and have been used in environmental studies and consequently the understanding of
mercury chemistry in natural systems has improved significantly (Horvat, 1996). Mercury
can exist in a large number of different physical and chemical forms with a wide range of
properties. Conversion between these different forms provides the basis for mercury's
complex distribution pattern in local and global cycles and for its biological enrichment and
effects. The most important chemical forms are: elemental mercury (Hg°), divalent inorganic

mercury (Hg2+), methylmercury (CH3Hg+), and dimethylmercury (CH3)2Hg). There is a

general biogeochemical cycle by which monomethyl and mercury (II) compounds,
dimethylmercury and mercury (0) may interchange in the atmospheric, aquatic and terrestrial
environments. Mercury vapour is released into the atmosphere from a number of natural
sources and through anthropogenic emissions (mainly from combustion of fossil fuels). A

small portion of Hg° is converted into water soluble species (probably Hg^+) which can, in
part, be re-emitted to the atmosphere as Hg° by deposition on land or exchange at the
air/water boundary. The atmospheric cycle entails a retention of Hg° in the atmosphere for
long periods and consequently it is transported over very long distances. The bottom
sediment of oceans is thought to be the ultimate sink where mercury is deposited in the form
of highly insoluble HgS. Changes in speciation from inorganic to methylated forms is the
first step in the aquatic bioaccumulation processes. These processes are considered to occur
in both the water column and sediments. The mechanism of synthesis of methylmercury is
not very well understood. Although methylmercury is the dominant form of mercury in
higher organisms, it represents only a very small amount of the total mercury in aquatic
ecosystems and in the atmosphere. Methylation-demethylation reactions are assumed to be
widespread in the environment and each ecosystem attains its own steady state equilibrium
with respect to the individual species of mercury. However, owing to the bioaccumulation of
methylmercury, methylation is more prevalent in the aquatic environment than demethylation.

Once methylmercury is formed, it enters the food chain by rapid diffusion and tight binding to
proteins in aquatic biota and attains its highest concentrations in the tissues of fish at the top
of the aquatic food chain due to biomagnification through the trophic levels. The main
factors that affect the levels of methylmercury in fish are the diet/trophic level of the species,
age of the fish, microbial activity and mercury concentration in the upper layer of the local
sediment, dissolved organic carbon content, salinity, pH, and redox potential. An example of
Hg cycling in ocean and coastal environment is shown in Figure 1.
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Cycling of mercury in coastal and ocean environment.

During the last ten years, extensive investigations have been conducted in Scandinavia and
North America (Watras and Huckabee, 1994, Porcella et ah, 1995) where it was discovered
that the long-range transport of Hg° and the potential role of acidification (through acid rain)
have become major factors influencing future exposure of humans to methylmercury. As a
result of such long-range transport, methylmercury has exceeded the regulatory safety limits
for fish in large numbers of remote lakes.

Recent efforts have mainly been directed towards studies of MMHg dynamics in freshwater
lakes and wetlands of the northern and boreal regions because of increasing concern about Hg
contamination in fish, and the impact of water impoundment on MMHg accumulation. Much
less effort has been directed towards understanding of Hg cycling in river ecosystem,
estuaries and coastal environments. In addition, biogeochemistry in highly polluted areas in
tropical regions, mainly impacted by gold mining activities such as Amazon region, is very
poorly understood, and far from satisfactory. The use of radioactive (203Hg2+ and 14CHsHg+)
and enriched stable isotopes (199Hg, 200Hg, 201Hg, 202Hg) tracers offer unique possibilities to
understand the biogeochemistry of Hg under various environmental conditions. The role of
promoting the use of these techniques in the IAEA Member States is very important to
understand the extent of Hg problem, cycling and major transport mechanisms in order to
provide scientific and technical basis for countermeasures where applicable.

3. Improvement of Data Quality

During recent years new analytical techniques have become available that have contributed
significantly to the understanding of mercury chemistry in natural systems. In particular,
these include ultra sensitive and specific analytical equipment and contamination-free
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methodologies. These improvements eventually allow for the determination of total and
major species of mercury to be made in air, water, sediments and biota. A very brief
overview of concentration levels of inorganic and organo mercury compounds in various
compartments of the environment is presented in Figure 2.
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CONCENTRATION RANGES OF TOTAL Hg AND ITS ORGANIC COMPOUNDS IN SOME
BIOLOGICAL AND ENVIRONMENTAL SAMPLES

It is understandable that a good quality control/quality assurance programme should be
implemented in all environmental or health related studies on mercury and its organic
compounds, particularly, for monomethylmercury (MeHg) which is the most toxic mercury
compound. This can be achieved initially by analysing suitable certified reference materials
(CRMs) which are available from various producers such as the National Institute of
Standards and Technology (NTST) from USA, National Institute of Environmental Studies
(NIES), National Research Council of Canada (NRCC), Standards, Measurements and Testing
programme (SM&T) of the European Commission, and the International Atomic Energy
Agency.

There are a number of CRMs available for total mercury in biological, sediment, and water
samples (IAEA-TECDOC 854, IAEA-TECDOC 880). Unfortunately, there are only a few
biological samples and two sediment samples certified for MeHg compounds. The list of
currently available CRMs is presented in Table 1.
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Table 1. Currently available reference materials certified for MeHg compounds

Producer
NRCC
NRCC

NRCC
NRCC

NRCC

NRCC

NIST

NIST
NIST
NIES
BCR
BCR
BCR
IAEA-MEL

IAEA-MEL

IAEA-MEL
IAEA-MEL
IAEA
IAEA

CRM

Code No.

DOLT-1

DOLT-2(3)

DORM-1

DORM-2(3)

TORT-1

LUTS-1

SRM 1974a
SRM 1974a
SRM 2974
SRM 2976
NEESNo. 13
CRM 463
CRM 464
CRM 580
IAEA-350

IAEA-356

IAEA-142
IAEA-140
IAEA-085
IAEA-086

Matrix

Dogfish Liver
Dogfish Liver

Dogfish Muscle
Dogfish Muscle

Lobster
Hepatopancreas
Non Defatted Lobster
Hepatopancreas
Mussel homogenate

Mussel homogenate
Mussel homogenate
Human Hair
Tuna fish
Tuna fish
Estuarine Sediment
Tuna Fish
Homogenate
Polluted Marine
Sediment
Mussel Homogenate
Sea Plant Homogenate
Human Hair, Spiked
Human Hair

Certified value ntg.kg

MeHg

0.080±0.011
0.693±0.053

0.731±0.060
4.47±0.032

0.121±0.014

0.0093±0.0006(4)

0.0772±0.0038
0.00882±0.00044(4)

0.0772±0.0038
0.0277*0.0020
3.8±0.4
2.82±0.15
5.12±0.16
0.0702±0.0034(5)

3.65±0.35

0.0054±0.00089

0.047±0.004
0.000626±0.000107
22.9 (21.9-23.9)C6)

0.258 (0.236-
0.279)(6)

asHg, DW(2>

Total-Hg

0.225±0.037
1.99±0.10

0.798±0.074
4.64±0.26

0.330±0.006

0.016±0.0022(4)

0.176±0.013
0.0201±0.0015(4)

0.176±0.020
0.0610±0.0035
4.42±0.20
2.85±0.16
5.24±0.10
132±3
4.68±0.28

7.62±0.65

0.126±0.007
0.038±0.006
23.2 (22.4-24.0)(5)

0.573 (0.534-
0.612)C5)

(1) JNRCC - National Research Council Canada; IAEA-MEL International Atomic Energy Agency - Marine
Environmental Laboratory; BCR - Institute for Reference Materials and Measurement, Commission of the
European Communities; NIST - National Institute of Standards and Technology, USA, NIES - National Institute
of Environmental Sciences, Japan

(2) Certified value ± 95% confidence interval (DW - dry weight) and/or stated uncertainty
(3) Replacement for previous DOLT-1 and DORM-1,
(4) Wet mass basis
(5) Results for MeHg in the Certificate are expresses on a MeHg basis (0.0755±0.0037 mg
MeHg.kg1)
(6) Mean value (95% Confidence interval)

It is well understood that these materials do not cover all present needs, as most of them are of
the marine origin, while many laboratories are conducting research and monitoring in
terrestrial ecosystems and the fresh water environment. In addition, CRMs for human
exposure assessment, such as blood, urine, and hair at several levels of concentrations are still
lacking.

In the absence of CRMs, many other actions should be undertaken to achieve, improve and/or
maintain quality of data, including participation in interlaboratory studies, proficiency testing
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and production of laboratory reference materials. A review of these actions has shown that
MeHg compounds determination in samples such as soil, sediment and water is rather difficult
and the results are also method dependent. In addition, it has been shown that some of the
most frequently employed analytical methods may be subject to spurious MeHg formation in
the presence of high concentrations of inorganic mercury and organic matter. These findings
have put a number of previous data on MeHg in question and consequently prompt action was
undertaken by a number of well experienced laboratories and producers of CRMs. So far, it is
shown that the results obtained by various laboratories using different analytical techniques
agree well with certified values in all RMs certified for MeHg. This suggests that
comparability of data can be achieved which, however, is not a guarantee of the true values.

An important problem associated with the production of CRMs is the certification protocol
itself. So far, most of the RMs certified for MeHg were prepared by intercomparison of the
results obtained by various analytical procedures employed by different laboratories (Donais
et al., 1996, Horvat et al. 1994, Horvat et al. 1997, Mee et al. 1992, Quevauvaller 1997,
Quevauviller et al. 1997, Stone et al 1995, Yoshinaga et al, 1997). In the case of soluble
samples such as fish, mussels, etc. the speciation analysis has achieved most success.
However, with solids, techniques to remove or solubilize MeHg are difficult to validate by
spiking or tracer approaches, as ensuring true exchange or equilibrium is problematic and
hence it is difficult to prove that complete extraction/separation has been achieved (Byrne,
1997). A classical example of this difficulty is speciation of MeHg in sediments and soils. The
only feasible approach adopted in certification of MeHg was to use a variety of different
analytical approaches, i.e., various extraction/separation schemes and detection methods.
Good agreement of the results obtained provides some assurance that the data are meaningful
comparable. This, of course, is not absolute assurance that the values obtained are true.

A typical example of such an interlaboratory study for the determination of MeHg was
conducted on the IAEA-356, Polluted Marine Sediment (Horvat et al. 1994, Horvat et al,
1994). The major objective in this exercise was to intercompare the performance of different
methods and to produce a reference material certified for total and MeHg. Seven well-
experienced laboratories participated using various isolation procedures (extraction,
distillation, acid leaching, and alkaline digestion) and detection systems (CV AAS, CV AFS,
GC-ECD and HPLC with CVAFS detection). The laboratories method means are plotted in
ascending concentrations in Figure 3. Although it appears that results are well grouped, close
examination of the results obtained by various methods have shown some significant
differences. The results obtained by acid leaching followed by solvent extraction (Lab. Code
1C and 6) are lower than other reported results. These can be explained in two ways: (1) acid
leaching alone can not release MeHg from the sediment quantitatively (Horvat et al. 1994,
Horvat et al. 1993) or (2) distillation and alkaline digestion result in positive error due to
spurious formation of MeHg during the isolation (Hintelman et al. 1997, Hintelman and
Evans, 1997, Bloom et al, 1997). The sample was initially certified for MeHg taking all the
results into account (95% Conf. Interval from 5.07 to 5.84 ng.g"1). However, two years later it
was claimed that the certified value is too high due to possible artefact formation of MeHg
during distillation and/alkaline digestion and the proposed range is 4.8 - 5.2 ng.g"!( Bloom et
al. 1997). Other authors, using stable isotope inorganic Hg addition {e.g. Hg(NC"3)2) and
detection with ICP-MS and linear regression with extrapolation to "zero" concentration of
ambient inorganic Hg, suggest a much lower value (~ 3.01 ng.g'1) (Hintelman et al. 1997,
Hintelman and Evans, 1997). The validity of the later approach is still questionable as the
value was obtained by extrapolation and not actually measured.
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Similar results were also observed in a recent certification of the contents of total and MeHg
in Estuarine Sediment, CRM, 580, organised by the European Commission through the
Standards, Measurements and Testing Programme(Quevauviller et al, 1997). Eleven
laboratories employing different analytical techniques measured the concentration of MeHg
and the between-laboratory variation for MeHg was not significant. In addition, it was shown
that all the methods employed provided comparable data in the range from 58.9 to 75.8 ng.g"1

expressed as Hg with the laboratory means of 70.2 ng.g'
(half-width of the 95% confidence interval).

and the uncertainty of 3.4 ng.g"

Further studies are in progress to resolve problems related to possible artefact MeHg
formation, which will not only contribute to better and more accurate certified values but
would also contribute significantly to method development and optimisation in mercury
speciation work in samples such as sediments and soils. This also includes the application of
more sophisticated equipment such ICP-MS which permits the use of stable isotopes in
measurement of MeHg by the isotope dilution method. In addition, such a methodology also
allows the detection of species transformation in the environmental studies ) (Hintelman et al.
1997, Hintelman and Evans, 1997).

The laboratory method mean values for MeHg (calculated as Hg) plotted in ascending
concentration on the y-axis and their respective laboratory method codes noted along the x
axis. The respective standards deviations (SD) of the means are shown as error bars. Doted
lines represent the 95% confidence interval.
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Figure 3. Performance of various laboratories using different analytical methods for the
determination of MeHg compounds in RM, Polluted Marine Sediment (Horvat et al. 1994).

Finally, there are some problems associated with the calculation of certified values and, in
particular, the estimation of its uncertainty. So far, most of the RMs certified for MeHg were
prepared by intercomparison of the results obtained by various analytical procedures
employed by different laboratories. It should be noted, however, that according to the latest
ISO and other relevant documents (ISO, 1993) the 95% confidence interval calculated from
the laboratories means does not constitute the analytical uncertainty. It seems likely that some
of the oldest certified values and particularly their uncertainty budgets will need to be
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recalculated taking into account the metrological principle of reporting measurement
uncertainty.

4. Conclusions

In order to assess the impact of mercury on ecosystems and human health it is important to
understand the overall mercury cycling in the environment. This provides a scientific and
technical basis for countermeasures. The use of nuclear techniques is important in order to
assess the factors influencing the dynamics of Hg cycling in various compartments of the
environment. The role of the IAEA in this field is essential due to fact that a number of
Member States are facing environmental and health problems due to mercury emissions and
remobilization in the environment.

It is also important to emphasise that globally linked mercury research projects must include
strong data quality assurance component. Apart from the regular use of appropriate reference
materials the organisation of interlaboratory tests on a regular basis (at least once every two
years) is the minimum requirement. However, there are two problems that need to be
addressed. The first is connected to the question of the reliability of data for organomercury
determination in "difficult" samples (such as sediments, soils, plants and organic rich water
samples) as some recent studies show that the results may be too high due to the artefact
MeHg production during the analytical procedures. So far, the comparability of data obtained
by different analytical methods can be demonstrated on a number of materials. This, of
course, is a strong evidence of comparability of data and represents an excellent reference point
for all the users dealing with determination of MeHg. Since, however, comparability of data on
its own is not an absolute assurance of true values which in particular cases may still be open to
doubt, further studies using modern techniques and appropriate experimental design are to be
strongly encouraged. This is very important for the assignment of consensus values in RMs
and intercomparison samples for proficiency testing programmes and, in particular, for the
production of new CRMs. The second problem is connected to the reliability of data in
samples for which reference materials cannot be prepared (low level Hg in water samples and
in air) and the only way to obtain comparable analytical results is the organisation of field
interlaboratory tests. Unfortunately, these are difficult and expensive to implement and the
reliability of results is, therefore still dependent on the critical evaluation by the analysts
performing the analyses themselves. All these subjects could well be addressed through the
IAEA AQCS programme.
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