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Preface

This report is the final reporting of the project FOMA, funded by the
Danish Environmental Protection Agency with means from the
MIKA/DANCEA funds for Environmental Support to the Arctic Re-
gion.  The aim of the project is to study the inter-compartment mer-
cury transport chain in the arctic area.  From atmospheric deposition
of mercury on sea surfaces to uptake in marine organisms, bio-
accumulation, and finally mercury levels in mammals.

The project was planned and carried out in co-operation between
three departments at NERI: Dep. of Arctic Environment, Dep. of At-
mospheric Environment, and Dep. of Marine Ecology.  The Univer-
sity of Southern Denmark and the University of Copenhagen also
took part in the project.

Chapters 2,4, and 5 are short descriptions of - and conclusions from
the three subprojects.  Each subproject also present it’s own report.
Chapter 3 is a short presentation of and conclusions from another
project carried out at NERI, which is relevant and related to the main
project and to the understanding of the fate of mercury in the Arctic.
The authors of the chapters are the people participating in the sub-
projects.  The authors of this report are the principal investigators of
the subprojects and the persons responsible for the final conclusions
in this report.

The studies in the project are focused on the behaviour of mercury
during the spring period where special phenomena lead to an en-
hanced deposition of mercury in the Arctic environment, at a time
where the marine ecosystem is particularly active.  The studies also
include a comprehensive time trend study of mercury in top carni-
vore species.  Each of these studies contributes towards establishing
the knowledge necessary to develop a general model for transport
and uptake of mercury in the Arctic - the ultimate goal.
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Sammenfatning

Kviksølv bioakkumulerer i de arktiske fødekæder. Derfor finder man
de højeste kviksølvniveauer i rovdyr øverst i fødekæden som for ek-
sempel sæler, tandhvaler, isbjørne og mennesker. Fødeindtaget er
den største kviksølvkilde for både mennesker og dyr, men proc-
esserne fra kilde til individ er på nuværende tidspunkt utilstrække-
ligt beskrevet. Det drejer sig om processer over: emission, atmos-
færisk transport, atmosfærisk deposition, transport til havvand ( -
reemission – transport til havvand) optag i plankton samt transport
til højere trofiske niveauer.

En beskrivelse af denne transport kræver bidrag fra en række for-
skellige fagdiscipliner. Derfor har 3 DMU afdelinger (afd. Atmos-
færisk Miljø, Afd. for Marine Økologi og Afd. for Arktisk Miljø) bi-
draget til projektet hvor både fysisk/kemiske og traditionelle biolo-
giske, discipliner er anvendt.

De første fluxmålinger i verden af atmosfærisk kviksølv er udført i
forbindelse med projektet. Fluxmålingerne viser, at AMDEs (Atmos-
pheric Mercury depletion Episodes) fører til mere end en fordobling
af kviksølv belastningen til det arktiske miljø. Dette sker gennem
omdannelsen af GEM (Gaseous Elemental Mercury) til RGM (Reac-
tive Gaseous Mercury) efterfulgt af deposition af RGM til sne. Disse
resultater er anvendt til at lave en ny parameterisering for fjernel-
sesprocesserne af atmosfærisk kviksølv til Danish Eulerian Hemi-
spheric Model (DEHM). Ligeledes er resultaterne anvendt til at
validere modellen. Nord for polar cirklen er en deponering på ca. 200
tons/år kviksølv til overfladen blevet estimeret.

I uforstyrrede marine sedimentkerner er kviksølv koncentrationen og
dermed sedimentationshastigheden højere i dag i forhold til for 50 til
100 år siden. Denne forøgelse kan tolkes som menneskeskabt bidrag.
Derfor viser resultaterne i dette studie af marine sedimenter fra
Grønland, at ca. 50% af kviksølv fluxen til Grønland er af men-
neskeskabt oprindelse.

I havet omkring Grønland viser de første forsøg, at 80% af den totale
mængde kviksølv er opløst eller forbundet med partikler <0.45 µm.
Da kviksølv bioakkumuleres er kviksølv koncentrationen klart af-
hængig af det trofiske niveau i fødekæden. Mens der kun er en svag
kobling mellem transportvejene af kviksølv og kulstof i de lave tro-
fiske niveauer, forekommer der signifikant højere kviksølv niveauer
på højere trofiske niveauer som krabber, fisk, fugle og sæler. Kviksøl-
vkoncentrationen i isbjørnes hår er i perioden 1999-2001 8.3 gange
højere i Østgrønland end basis niveauet fra det 1300 A.D. i Vest-
grønland. Siden 1960 er kviksølv koncentrationen isbjørnes tænder og
hår faldet betydeligt i Østgrønland mens dette er usikkert for Nord-
vestgrønland grundet manglende prøver fra de seneste 20 år.

Ud af 12 analyser af udviklingstendenser på 3 rovfuglearter viste 11
analyser en stigende tendens, hvoraf kun 4 grupper var signifikante
(immature jagtfalke – alle vandrefalke– immature og voksne
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havørne). Stigningen på disse grupper var mellem 0.008 og 0.05
mg/(kg tørvægt år).

Den samlede arbejdsindsats, som indtil nu har været brugt til at for-
stå sammenhængen mellem transport, deposition og bioakkumuler-
ing i det arktiske miljø viser vanskeligheden ved at etablere en sådan
model. På den anden side vil en fortsat indsats forhåbentlig medføre,
at fremtidige udviklingstendenser af effekten på mennesker og ud-
valgte arter kan forudsiges.

På nuværende tidspunkt er denne sammenhæng ikke etableret. Vi
har behov for at gennemføre fælles feltkampagner for at studere
forbindelsen mellem atmosfærisk input under AMDEs, optag i den
pelagiske fødekæde og transporten til højere trofiske niveauer.

Der er stadig store usikkerheder på inter-kompartment fluxene og
fremtidige aktiviteter skal organiseres som fælles kampagner med et
mere holistisk fremgangsmåde med fokus på perioder og områder
med AMDEs.

Baseret på den opnåede viden bør en model udvikles, der kan fork-
lare observerede niveauer og inter-kompartment transport. Endelig
bør der laves beregninger, der viser modellens og systemet følsom-
hed overfor ændringer i emissioner, klima og fødekæden.



9

Summary

Mercury compounds are bio-accumulated. As a consequence the
highest levels of mercury are measured in top predators like seals,
toothed whales, polar bears, and also humans. The main mercury
source for humans is the diet but the processes that links emission
with effects through the transport chain: emission – atmospheric
transport – atmospheric deposition – transport to seawater (–
reemission – transport to seawater) – uptake in plankton – transfer to
higher trophic levels are at present insufficiently known.

The complexity of the problem stresses the need of contributions
from many disciplines. Therefore 3 departments of NERI (ATMI,
MAR and AM) are contributing to the work and traditional biologi-
cal, chemical and physical disciplines are presented.

The first measurements ever of atmospheric mercury fluxes have
been carried out within the present project. The flux measurements in
the campaigns have demonstrated that AMDEs (Atmospheric Mer-
cury depletion Episodes) more than doubles the input of mercury to
the Arctic environment through the transformation of GEM (Gaseous
elemental Mercury) to RGM (Reactive Gaseous Mercury) and the
deposition of RGM to the snow. These findings have been used to
establish a new parameterisation of the removal of atmospheric mer-
cury for Danish Eulerian Hemispheric Model (DEHM) and to vali-
date the model. As a first estimate about 200 tons/year is deposited
to the surface north of polar circle.

In undisturbed sediment cores the mercury concentration and the
mercury sedimentation are generally higher in present day sediments
than in sediments formed 50 and 100 years ago. This can be inter-
preted as anthropogenic input. Thus this study of marine sediments
from Greenland supports the conclusion from other studies that ap-
proximately half of the mercury flux in the Arctic is anthropogenic,

Preliminary results in seawater indicate that 80% of total mercury is
found in dissolved form or associated with particles < 0.45 µm. Mer-
cury content is clearly dependent on trophic position in the food web.
Significant increase in mercury content is found in predators such as
crabs, fish, birds and seals. The coupling between transport pathways
of carbon and mercury is weak at lower trophic levels.

A substantial decrease of Hg concentrations in teeth and hair of polar
bears since 1960 was found. Hg concentrations in hair of polar bears
sampled in East Greenland during 1999-2001 was 8.3 times higher
than baseline levels in West Greenland obtained from 1300 AD. Of 12
trend analyses performed on three birds of prey, 11 analyses showed
increasing trend, however, only 4 groups from West Greenland were
found to be significant (immature gyrfalcon – all peregrines, and im-
mature and adult White-tailed eagle). The increase of these time se-
ries ranged between 0.008 mg/kg dw per year to 0.05 mg/kg dw per
year.
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The present joint effort aiming at understanding the link between
transport, deposition and bioaccumulation in the Arctic environment
shows that such a model is not easily established. However, contin-
ued effort on developing such a model may fulfil the goal of predict-
ing future trends and effects on humans and exposed target species.

However, at present this connection is not established. We need to
carry out joint field campaigns to study the connection between the
atmospheric input during AMDEs, the pelagic food chain and the
transfer to higher trophic levels.

Large uncertainties on the inter-compartment fluxes still exist and
future activities should be organised as joint campaigns having a
more holistic approach with focus on periods and target areas with
AMDEs.

Based on the obtained knowledge a model has to be developed that
can explain the observed levels and inter compartment transport
patterns. Finally scenario calculations have to be performed to dem-
onstrate the sensitivity of the model and the system towards changes
in climate, emissions and the food web.
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1� Introduction

All mercury compounds are toxic (WHO, 2000) and in particular or-
ganic mercury compounds. For example methylmercury is readily
taken up and it has a negative effect on the central nervous system in
humans and animals on higher trophic levels. A Cohort study on the
Faeroe Islands demonstrate that levels of methyl mercury previously
considered to be low has a negative effect on the intellectual devel-
opment of children (Grandjean et al., 1998).

Mercury has been widely used in mining noble metals because it
forms alloys with them. Furthermore, mercury was used in the
chloro-alkali industry (Hylander and Meili, 2003). The emission from
industrial use of mercury reached its maximum in the 1950’s (Hy-
lander and Meili, 2003). Finally, a large amount of mercury is emitted
from coal burning and today this is the dominant source in Europe,
North America and Asia (Pacyna and Pacyna, 2002). As a consequence
the emission of mercury to the environment has been extremely vari-
able during the last 100 years. West Europe and North America were
previously the main emitters of mercury but now the emission is
moving eastwards e.g. to China due to increased coal combustion
(Pacyna and Pacyna 2002).

In the Arctic the human exposure is closely connected to the intake of
fish, seabirds, seals and whales (Johansen et al. 2004), which are major
ingredients in the traditional food, compared to e.g. Europe or North
America (AMAP 2003, Riget et al. 2000). The ambient concentrations
in the atmosphere, waters etc. are too low to be of direct concern (Pir-
rone et al. 2002, position paper for DG- ENV, Commission of EU but
rather is the transport media where mercury can be transported to
the Arctic from the sources at mid latitudes.

From peat cores it is deduced that the ambient level of present time
mercury is three times higher than in pre-industrial times and that it
reached a level 30 times higher than pre-industrial levels in the 1950s
(Shotyk et al. 2003). Asmund and Nielsen (2000) have shown that the
mercury content in sediments from Greenland has doubled during
the last 100 years. The mercury content in hair of children in Green-
land (living in an area just north of Disco Island) has been compared
with the mercury content in mummies of humans from the 15th cen-
tury. The level has increased from 3.1 ppm at that time to 9.8 ppm in
1985 (Hansen et al. 1989, Hansen and Asmund, 2003). Time trend data of
mercury in Greenland biotic soft tissue from the last 30 years does not
yet show a consistent trend (Riget and Dietz, 2000; Riget et al., 2004).

Mercury compounds are bio-accumulated. As a consequence the
highest levels of mercury compounds are found in top predators like
seals, toothed whales, polar bears, and also humans (AMAP, report
2003). The main mercury source for humans in general is the diet but
the processes that link emission – atmospheric transport – atmos-
pheric deposition – transport to seawater ( – reemission – transport to
sea water) – uptake in plankton – transfer to higher trophic levels are
at present insufficiently known (see front page figure).

Toxicity of mercury

Hg application and emission

Hg in the Arctic

Historical levels of Hg

Transport pattern
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Mercury is photo-oxidised in the atmosphere. The lifetime outside
the Arctic is itself of large dispute and estimates vary between about
1 year (Lin and Pehkonen, 1998, Schroeder and Lin, 2000) and about 15
days using the results of the latest study of the rate constant of Hgo

with O3 (Pal and Ariya, 2004). The products of the reaction(s) are de-
posited fast either by dry or wet deposition but once deposited it can
be reduced and re-emitted to the atmosphere, the so called “hop-
ping” or distillation process. In 1998 Schroeder et al. (1998) presented
for the first time observations of Atmospheric Mercury Depletion
Episodes (AMDEs), where GEM was depleted within few hours. Due
to the long range transport of mercury and the AMDEs the Arctic is a
receptor area for deposition of atmospheric mercury although there
are not any local sources (Skov et al. 2004). Since the first observations
of AMDEs it has been a highly prioritised scientific challenge to in-
vestigate the significance of this phenomenon (e.g. Schroeder et al.
2003 and references in there). Despite this interest, it is still not possi-
ble to make a quantitative description of transport pattern of mercury
in the Arctic environment. As a consequence, effects of remediating
strategies cannot be determined by scenario calculations of possible
future emission restrictions and the connection between changing
emission areas and Arctic receptor points is also unknown. Further-
more, the lack of a quantitative understanding also makes it impossi-
ble to predict the effect of global climate change on the flow of mer-
cury from emission to its final destiny. For example occurrence of
seasonal ice in the Arctic is necessary for depletion of mercury during
spring (Lindberg et al. 2002, Skov et al. 2004). Thus the retreating ice
coverage observed in the Arctic is expected to lead to changes in the
number of mercury depletion episodes and their geographical distri-
bution. Furthermore global change may lead to a change of habitats
in the Arctic and North Atlantic Oceans. This in turn may change the
diversity of algae and bacteria that may lead to a changed conversion
rate of abiotic mercury into biotic mercury.

The AMDEs occur simultaneously with the stratification of the water
column and the onset of phytoplankton bloom when sea ice breaks
up and dramatically increases the light available for primary produc-
tion. Thus, the timing of the mercury release to the water column
may be tightly linked to an efficient assimilation to the primary pro-
ducers as the production season initiates. Large copepod of the genus
Calanus play a central role in the trophic pathway in high latitude
ecosystems as grazer on the phytoplankton and as food for marine
fish and birds. In the late winter the Calanus populations emerge to
the surface layer prior to the spring bloom ready to harvest the de-
veloping bloom. During their feeding in the pelagic zone the Calanus
produces large faecal pellets, by packing the smaller ingested phyto-
plankton to pellet, and as a consequence sedimentation is accelerated
up to 100 - 150 m day-1. About midsummer the copepods return to
their wintering depths above the bottom, thereby dramatically
changing the trophic pathways in the pelagic and the coupling to the
benthos (Barkay et al., 2003).

According to the current knowledge about bacterial conversion of
ionic mercury two different processes (reduction or methylation) can
occur depending on environmental conditions and the type of bacte-

Atmospheric processes

Bio-uptake of Hg

Bioavailable mercury
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ria present (Barkay et al., 2003). The fate of the mercury in the Arctic
marine ecosystem therefore depends on which of these processes
dominates and where they take place.
The bioavailable Hg(II) in the water column will be reduced to ele-
mental mercury, which will return to the atmosphere, but a lot of
Hg(II) might be bound to organic material such as phytoplankton
and therefore not available to bacterial transformation. During the
spring bloom the sedimenting phytoplankton, marine snow and fae-
cal material will bring the Hg(II) to the sediment. Sulphate reducing
bacteria commonly present in marine sediments can under anaerobic
conditions methylate Hg(II) to methyl mercury compounds, which
become bio-accumulated through the benthic-based food chains.

As stated above mercury is accumulated in the food chain. Marine
mammals in the Arctic (e.g. seals and whales) are important food re-
sources for the local people and a connection between their intake of
traditional food and their level of mercury in soft tissue, blood and
hair is well established. However, there is a lack of knowledge of the
factors controlling bio-accumulation up through the marine food
chain in Greenland. It is necessary to know these factors in order to
describe the mercury accumulation through the food chain and pre-
dict the effects.

Results in this report describe the inter-compartment mercury trans-
port chain in the environment that leads from atmospheric deposition
of mercury on sea surfaces to uptake in marine organisms, bio-
accumulation and the resulting levels in mammals. The aim of this
work is to fill some of the gaps needed to establish a model for the
transport and uptake of Hg. The report focuses on the surface ex-
change of mercury, the uptake of abiotic mercury into the biological
system and the bioaccumulation in the first steps of the food web and
the resulting distribution and time trend of mercury in selected ani-
mals feeding on various trophic levels.

The complexity of the problem makes it obvious that contributions
from many professional areas are needed. Therefore 3 departments of
NERI (Depart. of Atmospheric Environment, Dept. of Marine Ecology
and Dept. Arctic Environment) are contributing to the work by com-
bining traditional biological, chemical and physical disciplines.

Within the specific areas more comprehensive reports are under
preparation where the findings in each subproject are explained in
detail.

Hg bio-accumulation

Joint report

Interdisciplinary work

Subproject reports
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2� The fate of atmospheric mercury in
the Arctic and the load of it to the
Arctic environment

Skov, H. Christensen, J. Wåhlin, P. Goodsite, M.E. Larsen, M.R.B. and
Brooks, S.

2.1� Background

As explained above mercury is a ubiquitous pollutant. In the North-
ern Hemisphere it is found in background areas at concentrations
close to 1.5 ng/m3 throughout the year.

GEM is fast converted to reactive gaseous mercury (RGM) during
atmospheric mercury depletion episodes (AMDE) that occur in the
Arctic Spring (Schroeder et al. 1998). RGM is either deposited to the
surface leading to a mercury accumulation in the Arctic or alterna-
tively transformed into fine particulate mercury, FPM, see Figure 2.1.

The aim of the atmospheric part of FOMA is to determine the quan-
tity of mercury deposition and the quantity of RGM transformation
to FPM. The processes are finally parameterised and used in the
Danish Eulerian Hemispheric Model.

In 2001 flux measurements of RGM were carried out for the first time
(based on basic funding and funding from SNF and others). The
work was a co-operative study between National Oceanic and At-
mospheric Administration (NOAA), Oak Ridge National Laboratory
(ORNL) and Environmental Protection Agency (EPA), USA. The
project was continued in field campaigns in 2002, 2003 and 2004 at

Figure 2.1   A simple scheme of the processes of atmospheric mercury in the
Arctic during AMDE

Ubiquitous pollutant

AMDE

The aim of the atmospheric
part

Field campaigns

Reactive
gaseous
mercury

Total
particulate
mercury

Gaseous
elemental
mercury

Long range transport
of GEM or local

reemission of GEM,
RGM or TPM

Release with
snow melt,

methylation and
bioconcentration
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Barrow, Alaska where the Danish activities in 2003 were fully fi-
nanced by DANCEA and partly financed for 2004 season. Further-
more, a campaign partly financed by DANCEA was performed at
Station Nord in 2002.

In the present chapter focus is on flux measurements and their appli-
cation for the determination of the input flux of mercury to the Arctic.
For a reliable description a long series of other parameters were
measured. They are described in a report only dealing with atmos-
pheric part of FOMA (Skov et al. 2004a). Furthermore, work was car-
ried out to develop the needed new methods for making a reliable
description of the atmospheric processes. They are all described in
Skov et al. (2004a).

2.2� Experimental section

From 2001 to 2004 campaigns were carried out at Station Nord,
Northeast Greenland and Barrow, North Slope, Alaska in co-
operation between NERI, NOAA and ORNL. Furthermore, EPA was
participating in the first year and NILU and meteorological Service
Canada (MSC), Canada in the last year. Finally, Domaine Universi-
taire, Grenoble, France participated at Station Nord in 2002. The
study was extended to include students both from the University of
Copenhagen and from the University of Southern Denmark. All the
campaigns were in general carried out from mid March to mid April
where AMDEs were observed to be most active.

In Barrow continuous measurements were carried out of GEM, RGM,
FPM and Particle size distributions using commercially available in-
struments (see FOMA, subproject Atmosphere Report, Skov et al.
2004b). Furthermore, RGM, GEM and ozone fluxes were measured.

RGM fluxes were measured by relaxed eddy accumulation, REA,
where a sonic anemometer measures the vertical wind speed and
through the connection to a fast shifting valve system air samples can
be sampled in upward air and in downward air. The difference in the
concentrations in the two channels is proportional to the flux, F as
expressed in equation 2.1.

F = ��w(Cup – Cdown) (2.1)

where � is an empirical constant, �w is the standard deviation of the
vertical wind velocity and Cup and Cdown are respectively the concen-
trations in the upward and downward wind. GEM fluxes were
measured by the gradient method at about 20 m and 1 m above the
ground in 2004 (Brooks et al. 2004, report). Finally, gradient measure-
ments of RGM were carried out in 2004 for supporting the REA re-
sults.

Scope and co-operation

The Barrow campaigns

REA

Uncertainty
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Details of the different analytical techniques are described in Skov et
al. 2004b. Here is only listed the estimated uncertainties of the meth-
ods based on reproducibility experiments and best estimates, see Ta-
ble 2.1.

No RGM flux data were obtained from Station Nord in 2002 because
of either lack of wind or too low RGM concentrations. Furthermore
there is not any REA-data from Barrow in 2004 because of technical
problems due to extreme weather conditions. Temperature varied
between -4 C and –40 C so that the instrument broke down.

2.3� Results and discussion

Figure 2.2. Shows the results of the RGM flux measurements using
equation 2.1 and results in the spring campaigns in 2001 to 2003 and
the calculated deposition velocities (Vd), equation 2.2.

Vd = F/Caverage (2.2)

where Caverage is the average concentration.

Table 2.1 The uncertainty of the measurements of the various species at Barrow,
Alaska. For all the mercury species the uncertainty is estimated from reproduci-
bility experiments

Ozone
monitor

Tekran
GEM

Tekran
RGM

Tekran
FPM

RGM
Flux

GEM
Gradient

Unit ppbv ng/m3 pg/m3 pg/m3 pg Hg

m-2 min-1

pg Hg

m-2 min-1

Range 0-50 at 0.5 0-1000 0-50 -22 to 30 -10 to 20

std dev 6% 20% 20% 40% 33% 33%

REA flux of RGM
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The flux measurements were carried out during atmospheric mer-
cury depletion episodes where large concentrations of RGM are built
up (up to 1000 pg/m3), see Skov et al. (2004a).

There are periods with both emissions (positive flux values) and
depositions (negative flux values). Only depositions were expected
due to the observed short lifetime of RGM. So an obvious question is;
whether the measured fluxes are real or due to measurement arte-
facts. This central question is discussed profoundly in Skov et al.
(2004a). The conclusion of the flux measurements is that the meas-
urements are correct. But there is an extra contribution from a fast
oxidation of GEM to RGM near the snow surface during AMDE that
sometimes gives an extra contribution in the up channel. Thus an ad-
ditional contribution to Cup has to be included so that equation 2.1 is
expressed as;

F = ��w(Cup – Cdown) = ��w(Cx - Cchem - Cdown) (2.3),

where Cx is Cup plus a contribution from the chemical formation near
or on the snow surface.

Unfortunately we can only measure Cx and not Cchem. Therefore it is
only possible to give an upper limit for the deposition (of the nega-
tive fluxes) based on the average of a whole campaign. The average
fluxes are listed in Table 2.2 for the three years 2001, 2002 and 2003
together with average value of all the measurements. Furthermore is
shown the values without positive flux values.

Figure 2.2   The measured flux at Point Barrow Alaska and the corresponding deposition velocities.
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Table 2.2  The average flux, concentration and deposition velocity of
RGM at Barrow Alaska in the three campaigns in Spring. The results in
parenthesis are calculated without positive flux values.

Year Average F Average C Vd
pg/m2/sec pg/m3 cm/sec

2001 -0.67 (-1.42) 43.56 (34.07) -1.54 (-4.16)
2002 -1.54 (-4.92) 29.74 (39.93) -5.17 (-12.31)
2003 1.63 (-7.73) 145.93 (81.84) 1.16 (-9.45)

Average* -0.67 (-4.45) 56.78 (46.24) -1.17 (-9.63)
*Average is the average of all measured fluxes and concentrations and not only the
three values listed here. Vd is calculated from the average flux and concentration.

The obtained average F values have to be considered as upper limits
also the ones where positive values have been excluded. Thus the
same is valid for the deposition velocity Vd also shown in Table 2.2.

The deposition velocity is an important feature but it can not be used
directly in physical chemical transport models because the deposition
velocity depends strongly on the meteorological conditions. Instead
the resistance R is used;

R = -1/Vd (2.4)

The resistance is composed of different resistances

• the aerodynamic resistance Ra dependent on meteorology

• the laminar resistance Rb dependent on meteorology and the prop-
erties of the compound

• the surface resistance Rc dependent only on the properties of the
compound

R is expressed in equation 2.4:

���
���� ++= (2.5)

The fundamental assumption for the resistance description is that the
flux is the same over all resistances.

Rb is to a good approximation 0 for a snow surface and Ra can be cal-
culated from meteorological data available from the sonic.

Ra = U/(U*)2 (2.6)

where U is the wind speed and -(U*)2 is the vertical momentum (As-
man et al. 1994). Ra is calculated to be 106 sec/m in 2003 and R is cal-
culated from equation 2.4. to be 10.4 sec/m. It is clear from equation
2.5 that there is a discrepancy between the R and Ra value as Rc can-
not be negative.

The very low R is explained by the fast reaction between Br and Hg
near the surface so that the aerodynamic resistance, which leads to a
breakdown of the assumption of constant flow over the resistances.

Lower limit

Deposition resistance
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The very small R value indicates that the surface resistance must be
small as well. Therefore Rc is to a first assumption assumed to be 0 in
model calculations of the deposition of RGM.

This result is implemented in the first model calculations of the load
of atmospheric mercury to the Arctic, using the Danish Eulerian
Hemispheric Model, DEHM, see Figure 2.3. (AMAP 2003, Skov et al.
2004, Christensen et al. 2004). The total amount of mercury deposited
north of the polar circle is calculated to be 208 tonnes/year.

A significant mount is re-emitted. In 2004 NOAA measured the re-
emission of GEM. The first analysis of the re-emission indicates that
about 50% of the deposited mercury are re-emitted, see Figure 2.4.

On the other hand the surface reactions at the Barrow site indicate
that bromine species are deposited to the surface and re-emitted
leading to near surface oxidation of GEM. These processes can thus
lead to GEM depletion inland downwind of marine areas. In fact en-
hanced mercury depletion has been observed more than 40 km inland
from North coast of Alaska (Douglas and Sturm, 2004). This processes
is not taken into account in the present version of DEHM.

Load of atmospheric
mercury to the Arctic

Figure 2.3   The total annual average deposition of mercury without Arctic mercury depletion (left) and with (right)
in µg Hg/m2/year for the years 1999 and 2000. The total annual deposition north of the polar circle is indicated as
well

Re-emission

Geographical distribution?
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It is difficult to incorporate the result in Figure 2.4 and the discussion
above into models because the underlying processes are only poorly
understood. We do not know if the re-emission has a seasonal varia-
tion. At Alert, Canada GEM, RGM and FPM have also been measured
and FPM is found to be much higher there than RGM. This is con-
trary to what is normally observed at Barrow, Alaska. We do not
have any explanation of this discrepancy though the joint campaign
in 2004 at Barrow showed that it is not due to measurement errors
but it is real values. Furthermore the mechanisms of conversion of
GEM to RGM and the fate of RGM is not even qualitatively under-
stood. Clearly the description in Figure 2.2 is too simple.

Finally large quantities of mercury are transported horizontally with
blowing snow and this makes it impossible to make an estimate of a
mass balance of the deposition. But during the three-day period
shown in Figure 2.4 a daily increase of mercury in snow of about 17
ng/litre was observed. This is at least in good qualitative agreement
with the observed input flux of atmospheric mercury.
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Figure 2.4   The fluxes of RGM, GEM, and FPM for Julian day 84 to 86 (April 1-3). Positive fluxes are depo-
sitions and negative fluxes are emissions. GEM flux is by gradient method, whereas RGM and FPM are
estimated from the determined Vd for RGM and for particles together with inversion height and atmos-
pheric turbulence (Brooks et al. 2004)
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2.4� Conclusion

The first measurements ever of atmospheric mercury fluxes have
been carried out. The flux measurements in the campaigns have
demonstrated that AMDEs more than doubles the input of mercury
to the Arctic environment through the transformation of GEM to
RGM and the deposition of RGM to the snow. These findings have
been used to make a new parameterisation of the removal of atmos-
pheric mercury for DEHM and to validate the model.

Thus, for the first time the load of atmospheric mercury to the Arctic
has been estimated using atmospheric transport models (AMAP 2003,
Skov et 2004). About 208 tons/year is deposited north of the Polar cir-
cle. The measurement of re-emission indicate and discussion of the
geographical extension of AMDE show that the estimate is encum-
bered with a very large uncertainty.
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3� Mercury in dated Greenland marine
sediments

Asmund, G. and Nielsen, S.P.

3.1� Background

The observations in peat, ice cores etc. indicate an increase of the
mercury load on the Arctic marine environment due to anthropo-
genic activities. If this holds, an increase of the mercury content in
marine sediments may be expected. Therefore marine sediment were
included in the Arctic Monitoring and Assessment Programme to
study the time trends of mercury and to establish a background level
and the extent to which the present mercury is of anthropogenic ori-
gin (Asmund and Nielsen, 2004). The study presented in this chapter
is not a part of FOMA but it is closely related to the other mercury
studies and furthermore also funded by DANCEA. Therefore we
have decided to include this chapter on the marine sediments.

3.2� Sample collection

Sediment samples from Greenland have been collected by a gravity
stainless steel core sampler HAPS with an internal diameter of 13.4
cm in the period 1985 to 1994. The cores were cut into 1 cm slices.

3.3� Analyses

Most of the sediment samples were analysed for Pb-210 indirectly by
determination of their content of Po-210, which is in equilibrium with
Pb-210. The samples were analysed for Po-210 by radiochemical pro-
cedures followed by alpha spectrometry. Analyses of Pb-210 were
made for a few samples by gamma spectrometry.

Loring and Asmund (1995) have reported results for several trace
elements including manganese in these samples. Mercury was de-
termined by cold flameless AAS and the flow injection method (Per-
kin Elmer FIMS).

For three cores the manganese concentrations were found to be very
different in the 3 slices analysed, (see table 3). One other core was also
suspected to exhibit diagenesis due to a strange profile and colour
changes in the sediment. The results of these cores will not be used to
draw conclusions about the time trend of mercury fluxes.

Lead-210 analysis

Mercury and other trace
elements

Greenland Cores with
diagenesis
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3.4� Discussion

The mercury concentrations were treated by linear regression after
logarithmic transformation of the mercury concentration, according
to the model:

Ln(Hg-concentration) = a (depth) + b (3.1)

The regression was restricted to the part of the sediment layers that
were younger than 100 years (relevant for 7 of the cores) and was
evaluated at a significance level of 5%. Of the 16 cores not suspected
of diagenesis, 9 showed a significant decrease of mercury concentra-
tion with depth. Six cores showed a non-significant decrease with
depth, and one showed a non-significant increase of mercury con-
centration with depth. There is thus strong evidence that the mercury
flux to Greenland marine sediments have increased during this cen-
tury.

In order to quantify the change in mercury deposition, an average
value m is calculated for the coefficient a in equation 3.1 obtained for
all those cores that are not suspected for diagenesis. As the different
estimates of m have varying uncertainties, the average is calculated
after weighting the m-value with 1/s2 (s=standard deviation of m).

The result of this calculation gives:

m = -0.0071 year-1    

with a calculated standard deviation of 0.00094

The calculation of the standard deviation of m assumes that all m-
values are estimates of one true value with methods of different accu-
racy. This assumption might not be correct, so the uncertainty of the
calculated m might be much larger. With the above value of m, the
relative concentration of mercury in Greenland marine sediments can
be calculated for the last 100 years:

Year Relative mercury concentration
1990 100%
1965 83.7%
1940 70.1%
1915 58.6%
1890 49.1%

From this calculation it is seen that the best estimate of the increase of
the mercury concentration (and therefore also mercury flux to the
sediments) is a doubling during the last 100 years. It is therefore quite
reasonable to assume, in line with Lockhart et al. (1996), that half of the
mercury found today in marine surface sediments in Greenland is of
anthropogenic origin. Nriagu (1989) also found that approximately
half of the atmospheric mercury is of anthropogenic origin. The mean

Regression of mercury
versus depth

Increasing flux of mercury

Quantification of the
increase
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value of m would not have changed significantly if the four cores
suspected for diagenesis were included.

3.5� Conclusion.

In undisturbed sediment cores the mercury concentration and the
mercury sedimentation are generally higher in present day sediments
than in sediments formed 50 and 100 years ago. This can be TAKEN?
as an indication of anthropogenic input. Thus these results from the
sediments can probably explain the high concentrations of mercury
in animals and humans in the Arctic, but only partly. The results in-
dicate that the anthropogenic fraction is a significant part of the mer-
cury in the marine sediments; at least half of it is believed to be of
anthropogenic origin. Thus this study of marine sediments from
Greenland supports the conclusion from other studies that approxi-
mately half of the present mercury flux in the Arctic is anthropogenic.
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4� The uptake of abiotic mercury in the
biological system and
bioaccumulation in the first steps of
the food chain

Sejr, M.K. Rysgaard, S. Rigaard-Petersen, N. and Nielsen, T.G.

4.1� Background

When sea ice melts in the spring the precipitated mercury leaks out
from the sea ice compartment to the underlying water column as de-
scribed in the Chapter 1. The timing of this occurs at the same time as
the stratification of the water column. This stratification together with
the increased light availability also triggers the spring phytoplankton
bloom. Thus, the timing of the mercury release to the pelagic envi-
ronment may be tightly linked to an efficient assimilation to the pri-
mary producers as the productive season is initiated.

Large copepods of the genus Calanus play a central role in the trophic
pathway in high latitude ecosystems as grazers on the phytoplankton
and as food for marine fish and birds. In the late winter the Calanus
populations emerge to the surface layer prior to the spring bloom to
be ready to harvest the developing bloom. During their feeding in the
pelagic zone the Calanus produces large faecal pellets, by packing the
smaller ingested phytoplankton to pellets, which cause acceleration
of the sedimentation with a rate up to 100 - 150 m d-1. About mid-
summer the copepods return to their wintering depths above the
bottom, thereby changing the trophic pathways in the pelagic and the
coupling to the benthos dramatically.

A strong pulse following the spring blooms often characterizes the
input of organic matter to the sediment surface. Several studies have
documented high standing stocks of benthic fauna in the Arctic re-
gion. An efficient transfer of organic matter produced in the water
column to the sea floor through a close pelagic-benthic coupling to-
gether with low metabolism of benthic fauna are part of the reason
why high benthic biomass can be maintained. When Calanus are pre-
sent in the productive part of the water column they accelerate the
vertical flux trough their production of fecal pellets. The fast sinking
energy rich pellets can contribute with up to 50 % of the vertical flux.

Despite permanently low temperatures, near-shore Arctic benthic
communities mineralize organic matter as efficiently and as rapidly
as communities at lower latitudes and are therefore expected to trans-
fer mercury rapidly to higher trophic levels by benthic consumers
(e.g. eider, bearded seals and walrus).

This chapter focuses on the transport of mercury through the lower
trophic levels of the marine food web. The fate of mercury through
the marine food web is hypothesised to be very dependent on how

Efficient mercury
assimilation?

Copepods

Spring bloom

Rapid mercury transfer

Transport though lower
trophic levels
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mercury enters the pelagic food web, two main entrances are hy-
pothesised

1) Phytoplankton • Calanus • Fish larvae

                                        •

                               Calanus pellets

                                        •

2) Phytoplankton• Benthos• Eiders, seals & walrus     

In deep waters the benthos is fuelled by sedimentation of phyto-
plankton from the upper part of the water column. Faecal pellets
from zooplankton that have a much higher sinking rate than phyto-
plankton can however enhance this pathway.

The objective of the present project was to:

Study the entry and fate of mercury via 1) the pelagic vs. 2) the ben-
thic food web with special emphasis on the role of copepod faecal
pellets in accelerating the transfer through the benthos based food
web.

An elucidation of the seasonal mercury pulse through the lover tro-
phic levels believed to appear from the AMDE.

4.2� Methods

Two intensive field campaigns were conducted one in the spring
April/May in connection with the break up of the sea ice and one at
the end on the productive season in August-September 2003. The two
campaigns covered sampling for about two weeks of water column
structure, biomass and primary production of phytoplankton, bacte-
ria, micro and mesozooplankton and benthos on a 50 m deep station
in the Disko Bay, West Greenland. These measurements form the
background description of the food web structure. To investigate the
pools and fate of the mercury, the mercury concentrations were
measured in water, phytoplankton, copepods, fresh faecal pellets and
benthos.

4.3� Results and discussion

The conducted field campaigns of the present project covered the two
situations that we aimed at. First a spring bloom (April-May) situa-
tion with relatively cold mixed water and very high phytoplankton
biomass (15-20 µg Chl a l-1) was studied and then a late summer
situation (August –September) campaign with warm water and low
plankton biomass (1-3 µg Chl a l-1) was carried out. Despite a signifi-
cant difference in the structure and composition of the pelagic food
web, no seasonal difference in the mercury content of water, cope-
pods or sediment traps content were measured. So despite the perfect

Objective

Two campaigns
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timing of the field campaigns of present investigation, no signal of
the AMDE was detectable in the measured pelagic or benthic pa-
rameters. Therefore the results from both campaigns are depicted to-
gether in Figure 4.1 to 4.3. One explanation for the missing spring
peak in mercury could be the fact the ice cover was very reduced in
2003, consequently the spring bloom could have started and the mer-
cury from the AMDE sedimented one month prior to our investiga-
tion. It is well established that fresh sea ice is needed in order to have
AMDE (Skov et al. 2004, Lindberg et al. 2002).

A general observation was that the major part of the total mercury
(80%) was found in dissolved form or associated with particles < 0.45
µm. So a weak coupling was observed between the trophic pathways
of carbon and mercury in the Arctic pelagic food web. Thus, the hy-
pothesis about the importance of copepod faecal pellets in the vertical
mercury flux could not be verified. In general the preliminary calcu-
lations show that a very low proportion of total mercury is bound in
the biota this indicates a limited amount of bio-available mercury.

On the other hand our results demonstrated a clear bio-accumulation
in the lower trophic levels, the mercury content is clearly dependent
on trophic position within the food web, see Figur 4.1. Significant
higher mercury contents were measured in predators such as crabs,
fish, birds and seals. In addition a significant correlation between
mercury content and size/age was observed in benthic invertebrates
indicating accumulation through time, see Figur 4.2 and Figure 4.3.

Major part as dissolved
mercury

Figure 4.1   Concentration of Mercury in water and sediment and selected
key spp. from the Disko bay area. Significant increase in Mercury content is
found in predators such as crabs, fish and seals.

Bio-accumulation
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Based on analysis of the unsupported 210Pb content and the 137Cs con-
centration in intact undisturbed sediment cores from the location it
could estimated that a total of 2.5 ± 1.8 kg m-2 yr-1 dry sediment is ac-
cumulated per year. This corresponds to a rise in the sea floor of 3.8 ±
2.8 mm yr-1. Combining accumulation data with the mercury meas-
urements in the sediment material it could be derived that a total of
22 ± 6 µg Hg m-2 yr-1 is permanently buried in the sediment. From the
atmosphere 12 µg Hg m-2 year-1 is deposited to the Disko Bay. These
two numbers are very close and the difference could possibly be ex-
plained by the fact that the sediment may receive material from a
larger area (i.e. also coastal runoff). On the other hand the accumula-
tion seems to be small in comparison with the high vertical export
(3.8 ± 2.3 µg Hg m-2 d-1) from the water column during spring bloom
conditions. This indicates that Hg is either taken up in benthic ani-
mals or released again to the overlying water due to bacterial recy-
cling of organic components. Given the density and Hg concentration
in bivalves (Figure 4.2), the annual accumulation of Hg can be esti-
mated to about 2 µg Hg m-2 yr-1. Thus, a significant fraction of the
vertical Hg flux during spring ends up in benthic animals. The num-
ber is preliminary, as we need to include the entire benthic commu-
nity. In addition, we have preliminary evidence that bacterial activity
in the sediment may significantly influence the fate of sedimented
Hg. Despite the highly seasonal variation in both atmospheric depo-
sition of Hg and its timing with peak biological activity, Hg seems to
be present in much less variable concentrations in both water column
and sediment. However, the low variation can most probably be ex-
plained by the lack of sea ice in April/May 2003, which means that
AMDE could not be detected that year in the Disko Bay. Finally, our
study suggests that microorganisms (< 0.45 µm) may play a much

Figure 4.2   Concentration of Mercury Hg in different age classes bivalve
Clinocardium cordatum
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higher role in Hg transformations to bioavailable forms of Hg than
previously believed.

Figure 4.3   Concentration of mercury in different size classes of the commer-
cially important snow crab (Chionoecetes opilio).

4.4� Conclusion

• Preliminary results indicate that 80% of total mercury is found in
dissolved form or associated with particles < 0.45 µm

• Calanus feacal pellets did not seem to control the vertical flux of
total mercury in Disko Bay.

• No seasonal trend in mercury content of water, copepods or sedi-
ment traps was found in agreement with the lack of ice cover.

• Significant correlation between Mercury content and size/age was
found in benthic invertebrates indicating accumulation through
time.

• Mercury content is clearly dependent on trophic position within
the food web. Significant increase in mercury content is found in
predators such as crabs, fish, birds and seals.

• The vertical transport of mercury during spring is estimated to 3.8
± 2.3 µg Hg m-2 d-1.

• From Hg profiles in the sediment it is estimated that a total of 22 ±
6µg Hg m-2 yr-1 is permanently buried in the sediment.

• Preliminary calculations show that a very low proportion of total
mercury is bound in the biota indicating that the bioavailability is
limited.

• The coupling between transport pathways of carbon and mercury
is weak at lower trophic levels.
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5� The temporal and geographical
mercury patterns in polar bears and
birds of prey

Dietz, R. Riget, F. Olsen, M.T. Sonne, C. Born, E. Grandjean, P.
Kirkegaard, M. Asmund, G. Baagøe, H. Boertman, D. Falk, K.
Fjeldsaa, J. Egevang, C. Wille, F. and Møller, S.

5.1� Introduction

Mercury levels continue to increase in some arctic animals in some
areas (Braune et al. in press) and may already negatively affect the re-
production in peregrine falcons (Falco peregrinus), while impacts are
suspected in fish, birds, and marine mammals as well (Derome & Fair-
brother in press). Current mercury emissions have decreased in Europe
and North America, but these declines have been offset by increases
in East Asia. Further reductions in global emissions will require
global action. Of particular concern are the rising emissions of mer-
cury from Asia and the discovery of mercury depletion events in the
Arctic. Recent increases in mercury levels in some Arctic animals in-
dicate that the risk posed by mercury to Arctic ecosystems and peo-
ple may be increasing (Braune et al. in press).

Aside from a few data sets comparing metals in moose (Alces alces),
caribou/reindeer (Rangifer tarandus), Arctic char (Salvelinus alpinus)
and pike (Esox lucius) over a period of no more than thirty years,
there are no long-term trend data sets for heavy metals in soft tissue
of Arctic biota. For Greenland the data have been summarised by Ri-
get and Dietz (2000) and Riget et al. (2004) and the need for longer time
series have been documented by power analysis (Riget et al., 2000;
Bignert et al., 2004). However, data spanning several centruries exist
on Hg in human teeth from Norway (Eide et al. 1993; Twinnereim et al.
1997) and also on Hg in human hair from Greenland (Hansen et al.
1991) and from Canada Wheatley and Wheatley 1988), that al document
an increase in present Hg loads compared to historic levels.  Similar
findings has been documented from the marine biota where e.g. Out-
ridge et al., (1997, 2002) compared Hg levels in the teeth of recently
collected beluga (Delphinapterus leucas) and walrus (Odobenus rosma-
rus) to archaeological samples.

In this chapter we present summary data on Hg concentrations in
polar bear (Ursus maritimus) teeth and hair from 1830 to 2001 and
from birds of prey (Gyrfalcon (Falco rusticulus), Peregrine Falcon
(Falco perigrinus) and White-tailed eagle (Haliaeetus albicilla) (Dietz et
al. in prep a, b). The purpose is to determine long-term trends in con-
centrations of this heavy metal in Arctic top carnivores.

Mercury increase

Long time trends

Present chapter
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The objectives of the present study were to:

- Deduce the long-term trends in mercury concentrations in top
carnivore species (polar bear teeth and hair and in birds) from
Greenland and compare those with other data-series from the
Arctic .

5.2� Polar bears

5.2.1� Material and methods

5.2.1.1�Teeth
Teeth were extracted from a total of 356 polar bears: West Greenland
(n=89), East Greenland (n=261) and Svalbard (n=6) polar bear skulls.
The majority of the skulls had been sampled by expeditions (n=280)
from 1830 to 1987 and had been stored at the Zoological Museum in
Copenhagen, Denmark. In addition, 76 skulls, sampled during 1999-
2001 by subsistence hunters living in East Greenland were analysed.

The skulls from 1999-2001 were macerated and boiled so muscles and
tendons could be removed gently prior to H2O2 oxidation for 24 to 48
hours. A similar procedure was presumably used on the older skulls
as well but this we do not know with certainty. The upper third of the
teeth including the enamel (crown) was cut of by a Proxon tool®

(diamond-cutting blade) and used for the Hg analysis. The lower two
third were used for age determination (see section 4.2).

5.2.1.2�Hair
A total of 523 hair samples from the period 1300 AC to 2001 were
available for analysis: 394 from East Greenland, 98 from Northwest
Greenland and 31 from Svalbard (Born et al. 1991). Historic samples
(n=37) taken from traditional Inuit clothing and other Inuit artefacts,
held at the National Museum of Copenhagen. From The Zoological
Museum in Copenhagen another 15 samples were obtained from po-
lar bear skin. The last source was the Greenland National Museum
and Archives in Nuuk, where 4 polar bear hair samples were ob-
tained from traditional Inuit clothing of which 2 dated back to year
1300.

A hair sample was collected from the skin and stored in a polyethyl-
ene plastic bag until analysis. Before the hair samples were diluted
they were rinsed in a detergent to clean the sample for possible ex-
ternal contamination.

5.2.2� Results and discussion

5.2.2.1�  Polar bears
In general, the mercury concentration in polar bear teeth showed a
weak (Slope 0.008; P=0.099; DF=97; Tested by linear regression)
increase from approximately 1830 to 1950-1960 on East Greenland,
which was followed by a quite substantial significant decrease (-
0.125; P<0.0001; DF=155; see also Figure 5.1). For West Greenland an
even weaker increase (Slope 0.004; P=0.095; DF=30) before 1960 was
observed, likewise followed by a significant decrease (-0.090;

Sample composition

Preparation

Sample preparation

Preparation

Mercury in teeth
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P<0.0001; DF=55). Based on the means in 10 years intervals from 1960
to 2000 a 234 fold decrease was observed in the mean levels from 1.38
to 0.0059 mg/kg in the teeth of East Greenland polar bears. Because
of the lack of samples from West Greenland in the last 30 years it is
unknown wether a similar pronounced decrease had occured there.

����

�
�

�
�
��

Figure 5.1   Mercury in polar bear teeth from 1835 to 2001 (n=345) depictured
on a logarithmic y-axis. Signatures are separated into East (red) and West
(blue) Greenland. Lines are calculated using LOWEST smoother with a
smoothing span of 30%.

The mercury concentration in hair from East Greenland polar bears
showed a weak decrease during 1850-1950, see Figure 5.2. After 1950
the decrease became steeper with a minor increase around 1990. The
Hg concentration in hair of West Greenland polar bears showed a
steeper decrease from 1890 to 1950, after which period an increase
was seen. Due to the limited samples available from East Greenland
during 1950-70 (and from West Greenland only two samples were
available for the period 1955-84) the period of peak concentrations
could not be determined. Two samples excavated at Nullit in
Northwest Greenland and dated from 1300 AC had a mean of 0.52
mg/kg and may be considered as a baseline level. The highest mean
level (37.1 mg/kg) obtained in the period 1905-1914 from East
Greenland was 8.6 times higher than that seen in the period 1999-
2001 (4.31 mg/kg) and 71.3 times higher than the assumed baseline
level. The Hg concentration (7.89 mg/kg) in the latest samples
collected in West Greenland (1985-94) were 15.2 times higher than the
baseline concentration.

Mercury in hair
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The long-term trends in Hg concentrations observed in teeth and hair
of polar bear are rather different. While the Hg concentrations in
teeth from East Greenland show a weak increase up to about 1960,
the Hg concentrations in hair show a weak decrease. After 1960, the
Hg concentrations in teeth from East Greenland show a substantial
decrease (about 234 times), while the decrease in Hg concentrations
in hair are much lesser (about 8 times). The reasons for this difference
in time trends in teeth and hair are unknown. Especially we are not
able to explain the substantial decrease in Hg concentrations in teeth,
which appear to have happened since 1960 (See Dietz et al in prep a for
further details).

5.3� Birds of prey

5.3.1� Introduction
As outlined in section 5.1 a severe lack of temporal trend data has
been identified from most areas and trophic levels. A recent study
(Dietz et al. in prep b) aims at determining the long-term (150 years)
temporal trends of mercury (Hg) in feathers of Greenland gyrfalcon
(Falco rusticulus), Peregrine (Falco perigrinus) and White-tailed eagle
(Haliaeetus albicilla) from Greenland and compare those with other
time-series data from the Arctic. A summary of this study is pre-
sented here.

Figure 5.2   Mercury in polar bear hair from 1850 to 2001 (n=424) depictured
on a logarithmic y-axis. Signatures are separated into East (red) and West
(blue) Greenland. Lines are calculated using LOWEST smoother with a
smoothing span of 30%.

Trends in teeth and hair
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5.3.2� Material and methods

5.3.2.1� Feathers
The tip of the fifth primary was collected from three species of birds
of prey. However, for gyrfalcon females the fourth primary was cho-
sen, as the timing of the moulting of this feather is believed to take
place simultaneously with the fifth primary of the male and the other
species.

5.3.2.2�Gyrfalcon
Feathers from a total of 539 gyrfalcons were analysed representing
birds from Northwest Greenland (n=2), central West Greenland
(n=247), Southwest Greenland (n=103), Northeast Greenland (n=39),
Southeast Greenland (n=24) and Greenland birds with uncertain
sampling locations (n=47). Beside these Greenland birds, gyrfalcons
were available from Iceland (n=52), Faroe Island (n=2) and Scandina-
via (n=23). The majority of the birds were study skins from the Zoo-
logical Museum (ZM) (n=518) collected from 1834 to 1998. Some re-
cent specimens were stored in freezer in Zoological Museum (year:
1991-1996; n=8) and Greenland Institute of Natural Resources (GINR)
(year: 1998-2002; n=11). In addition two recently collected shed feath-
ers (1984, 1998 and 2003) were obtained from Knud Falk and Peter
Åstrup.

5.3.2.3�Peregrine Falcon
Feathers from a total of 286 peregrines were analysed representing
birds from Northwest Greenland (n=2), central West Greenland
(n=74), Southwest Greenland (n=51), Southeast Greenland (n=2) and
Greenland birds with uncertain sampling locations (n=10). Beside
these Greenland birds, peregrines were available North America
(n=5), Faroe Island, Scandinavia (n=14), Denmark (n=114), Europe
(n=4), Siberia (n=3). South America (n=2) and the Middleeast (n=2).
The majority of the birds were study skins from the ZM (n=265) col-
lected from 1840 to 2000. Some recent specimens were obtained from
the freezers of ZM (year: 1994; n=1) and GINR (year: 1998-2001; n=3).
In addition, 17 shed feathers from adult breeders were collected be-
tween 1981 and 2003 during visits to nest sites in a study area in
South Greenland (Falk et al. 1986).

5.3.2.4�White tailed eagle
Feathers from a total of 166 white tailed eagles were analysed repre-
senting birds from central West Greenland (n=87), Southwest Green-
land (n=34) and Greenland birds with uncertain sampling locations
(n=11). Beside these Greenland birds, white tailed eagles were avail-
able from North America (n=3), Iceland (n=3), and Denmark (n=20).
The majority of the birds were study skins from the Zoological Mu-
seum (n=119) collected from 1862 to 1982. Some recent specimens
were stored in freezer in ZM (year: 1987-1996; n=22) and GINR (year:
1985-2003; n=7) and NERI (year: 1997-2000; n=10. In addition some
recently collected shed feathers (year: 1980-2003; n=8) were obtained
from various persons (Knud Falk, Frank Wille).
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5.3.3� Results and discussion
A significant (P=0.02; n=193; ANOVA) species related difference in
mean log transformed Hg concentrations of adult birds were found
(Figure 5.3). The adult Greenland White tailed eagles were signifi-
cantly higher than both the adult gyrfalcons and the adult peregrines
from Greenland. However, no significant difference could be de-
tected between the adult Greenland gyrfalcons and peregrines. No
significant differences (p=0.89; n=51) could be detected among the
immature birds. A significant (p<0.0001; n=449) species related dif-
ference in mean log transformed concentrations of the juvenile birds
as well (decreasing order: juvenile white tailed eagle – juvenile pere-
grine – juvenile gyrfalcon). The juvenile gyrfalcon had significantly
lower Hg concentrations than the two other species, between which
no significant difference was found.
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Figure 5.3   Distribution of the relative Hg concentrations (mg/kg dw) in the
5th primary of gyrfalcons, peregrines and white tailed eagles from Green-
land. The box plot lines indicate median levels. The box covers 50% of the
values and the whiskers shows the range of values that falls within 1.5 x
spread of the box hinges

For all three species Hg concentrations were found to be significantly
lower in juvenile birds than in older birds. In case of peregrine, the
adult females had significantly higher Hg concentrations than the
adult males. Adult females gyrfalcon had also higher Hg
concentrations than the adult males, however the difference was not
significant at the 5% level.

A regional comparison (not taking temporal trends into account) of
the juvenile gyrfalcons gave significant (P=0.0499) higher concentra-
tion of Hg in the West Greenland gyrfalcons compared to the East
Coast. No significant difference (P=0.92) could be detected between
juvenile gyrfalcons from West Greenland and Iceland. A regional
comparison was carried out between peregrine from Southwest and
central West Greenland (see Figure 5.4). Of the three comparisons
(juveniles, adult females and adult males) all three showed highest
concentrations in Southwest Greenland. However, the difference was
only significant in case of the juveniles (p=0.02, t-test; N=48/11). Also
a comparison between peregrines from Greenland and Denmark was

Species comparison

Age acumulation

Geographical trend
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performed. The Hg concentrations in juvenile peregrine, adult male
and female were higher in Greenland than in Denmark but not sig-
nificantly so. Significantly higher Hg concentrations in juvenile white
tailed eagles from Denmark compared to Greenland were found
(p=0.004; n=54).
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Figure 5.4   Distribution of the relative Hg concentrations (mg/kg dw) in the
5th primary of the groups: juvenile, adult male and female peregrine from
central West and Southwest Greenland. The box plot signatures are ex-
plained in Figure 5.3.

The temporal trends differed in the three species of birds of prey. In
juvenile gyrfalcon from West Greenland dating back to 1851 no clear
trend appeared although the slope of the linear regression was posi-
tive (Table 5.1; n.s.: not significant). The only decreasing trend (n.s.)
in mercury concentrations was found for adult gyrfalcon back to
1883, although it was not significant. However, only few data were
available from the period 1925-1990 making this analysis very un-
certain. Comparing Hg concentrations in adult gyrfalcon in the pe-
riod before 1925 with the period after 1990 showed a significant de-
crease by a factor of app. 3.5. In both juvenile and adult peregrine
from West Greenland dating back to 1879 and 1845, respectively, the
Hg concentrations showed an increasing trend, although not found
significantly so (Table 5.1; Figure 5.5). Again data from the period
1925-1980 were few and therefore no confirm conclusion should be
made. However, comparing Hg concentrations in adult peregrine be-
fore 1930 with after 1980 showed a significant increase by a factor 1.6.
In juvenile, immature and adult white tailed eagles from West
Greenland dating back to1884, 1884 and 1869, respectively the Hg
concentrations again showed an increasing trend (n.s.), as was the
case for peregrines. The same lack of data from a longer period in the
last century was evident. However, comparing Hg concentrations in
adult white tailed eagle before 1940 with after 1979 showed a signifi-
cant increase by a factor 2.2.

Temporal trend
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Table 5.1 Summary of the performed linear regressions to detect possible
temporal trends of Hg in Gyrfalcons, Perigrine and White tailed eagles from
Greenland. Significant cases shown in red.
Species Region Age group Not taken into account Slope P N
Gyrfalcon Greenland All ages Region, age and sex 0.00059 0.8200399

West Greenland All ages Age and sex 0.00260 0.3600337
East Greenland All ages Age and sex 0.00086 0.9200 62
West Greenland Juvenile Sex 0.00220 0.4600242
West Greenland Immature Sex 0.04900 0.0180 12
West Greenland Adult Sex -0.00770 0.1400 74

Perigrine West Greenland All Age and Sex 0.00780<0.0001110
West Greenland Juvenile Sex 0.00450 0.0620 64
West Greenland Adult Sex 0.00370 0.0560 44

White tailed eagle West Greenland Juvenile Region and Sex 0.00160 0.6200 40
West Greenland Immature Region and Sex 0.00900 0.0290 34
West Greenland Adult Region and Sex 0.00880 0.0015 48
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Figure 5.5   An example of the mercury in adult peregrine feather from West
Greenland in 1859 to 2003. Lines are calculated using LOWEST smoother
with a smoothing span of 30%.

5.4� Conclusion

• A substantial decrease of Hg concentrations in teeth of polar bears
since 1960 was found. The decreasing trend in polar bear teeth was
most obvious for East Greenland (234 times). The recent 22 years
trend in Northwest Greenland was obscured by a lack of samples.

• Hg concentrations in hair of polar bears showed a decrease espe-
cially during the last 30 years in East Greenland. However, the de-
crease (1.5% per year) was much lesser than the decrease found in
polar bear teeth. Concentrations in Northwest Greenland bears
may be increasing.
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• Hg concentrations in hair of polar bears sampled in East Green-
land during 1999-2001 was 8.3 times higher than baseline levels in
West Greenland obtained from 1300 AD. However, the level was
71.3 times lower than the maximum level in the period 1905-14.

• Mercury concentrations in feathers of gyrfalcon, peregrine and
white-tailed eagle were significantly lower in juvenile than in
older birds.

• Regional comparisons revealed small differences in Hg concentra-
tions in feather between regions.

• Of 12 trend analyses performed, 11 analyses showed increasing
trend, however, only 4 were found to be significant (gyrfalcon,
West Greenland, immature – peregrine, West Greenland, all birds
– White-tailed eagle, West Greenland, immature – White-tailed
eagle, West Greenland, adult). The increase of these time series
ranged between 0.008 mg/kg dw per year to 0.05 mg/kg dw per
year.
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6� Overall conclusion

The first flux measurements of RGM in the atmosphere are presented
together with flux measurements of GEM. The results are applied in a
new parameterisation of DEHM and the load of atmospheric mercury
to the Arctic is estimated. About 200 tons/year is deposited to the
surface north of polar circle?

Studies of marine sediments indicate that the mercury concentration
has doubled since pre-industrial times.

A clear bio-magnification of mercury was detected through the food
web. However, the mercury concentration in plankton could not be
correlated with the timing of the depletion of mercury from the at-
mosphere. A very small proportion of the total mercury was bound
in the biota.

The temporal trend and geographical variation of the mercury con-
tent in polar bears and birds of prey were investigated. A substantial
decrease of the content of mercury in the teeth of polar bears was ob-
served. This trend was most obvious for polar bears from East
Greenland. A lack of samples from the last 22 years in Northwest
Greenland makes conclusions from this period inconclusive. The time
trend of mercury in hair of polar bears was less pronounced. The hair
samples showed an increase until 1950 after which a decrease was
detected in East Greenland. In Northwest Greenland an increase was
detected in hair samples from the 1990’s as found in the last half of
the 20’th century for most birds of prey comparisons from West
Greenland.

In general the Hg concentrations of birds of prey covered a broad
range even though they were divided into age groups. This may re-
flect differences in the individual ages of the animals and differences
in feeding preferences. However of the 12 listed regression lines 11
showed a positive slope. Of these only 4 were found to be significant.
The general increase of Hg in birds from West Greenland is in con-
cordance with various time trends findings from the Central Cana-
dian Arctic.

Studies of peat bogs, marine sediments and polar bears indicate that
the mercury concentration in the environment has increased from
pre-industrial times to about 1950, after which mercury concentration
decreases in some regions and media. However, most of the high tro-
phic comparisons from West Greenland show a tendency for an in-
crease. This shows that different sources and processes exist in East
and West Greenland. The different trends illustrate that there is no
simple relationship between mercury exposure as measured as depo-
sition from the atmosphere and levels found in marine ecosystem.

The present joint effort from different disciplines aiming at under-
standing the link between transport, precipitation and bioaccumula-
tion in the Arctic environment shows that such a model is not easily
established. Hopefully, continued efforts will one day enable us to

Atmospheric flux

Mercury in marine
sediments

Pelagic food web

Temporal trends at high
trophic levels

Overall conclusion
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predict future trends and effects on humans and exposed target spe-
cies.

However, at present this connection is not established. We need to
carry out joint campaigns to study the possible connection between
the atmospheric input during AMDEs, the pelagic food chain and the
transfer to higher trophic levels.
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7� Recommendations

We have gained enough information from the conducted subprojects
to make a first generation however not complete model that links
emissions at mid-latitudes, atmospheric transport and atmospheric
chemical conversion, deposition, washout, bio-uptake and bio-
accumulation to final effects. The model will not be complete as
stated above but it will make it easier to address the main uncertain-
ties of the system illustrated in the front picture of this report.

The present project has to a large extent benefited from existing ex-
pertise and strategies. Thus atmospheric measurements were carried
out in Alaska, in international co-operation. Similarly biological
studies were made where knowledge of the biological system was al-
ready present. However this attempt to optimise the output of the
study was to some extent counteracted by the different locations of
the various subprojects.

The central question is what is the mass balance for atmospheric mer-
cury on an annual basis. Future monitoring should apply the new
more cost efficient methods developed in FOMA and be carried out
on an annual basis.

The input of mercury to the marine system from snow and ice has to
be determined, as no such data have yet been obtained from Green-
land.

A key question for future investigations is how the mercury actually
enters the pelagic food web. The high concentration of mercury asso-
ciated with the fine particle fraction < 0.45 µm indicates that the mer-
cury is not taken up directly by the pelagic grazers together with the
phytoplankton but rather enters the food web through bacterial ac-
tivity and the microbial food web. The transfer of mercury in the ma-
rine ecosystems appears to be complex and therefore more recent
samples are needed. Also bioaccumulation is controlled by factors
not taken into account in this study.

The connection between the mercury load in the lower trophic levels
and the Arctic apex carnivores has to be established. This might be
done by conducting a food chain study combining the mercury load
of key ecological species with their fatty acid and stable isotope pro-
files indicating their trophic level.

Short-term trend studies on soft tissues are on-going. But the long-
term time trend series of mercury in polar bear hair and teeth has to
be explained by conducting sampling and analysis of recent material
from the Northwest Greenland that is presently missing.

Large uncertainties on the inter-compartment fluxes still exist and
future activities should be organised as joint campaigns including a
more holistic approach with focus on periods and target areas with
AMDEs.

Background

Atmosphere

Melting snow and ice

The food web

Continued time trend

Overall recommendation

Model calculation
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Based on the obtained knowledge a model has to be developed that
can explain the observed levels and inter compartment transport
patterns. Finally scenario calculations have to be performed to dem-
onstrate the sensitivity of the model and the system towards changes
in climate, emissions and the food web.
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This report is the final reporting of the project FONA, funded by the
Danish Environmental Protection Agency with means from the MIKA/
DANCEA funds for Environmental Support to the Arctic Region.  The aim
of the project is to study the inter-compartment mercury transport chain in
the arctic area.  From atmospheric deposition of mercury on sea surfaces to
uptake in marine organisms, bio-accumulation, and finally mercury levels
in mammals. The studies in the project are focused on the behaviour of
mercury during the spring period where special phenomena lead to an
enhanced deposition of mercury in the Arctic environment, at a time where
the marine ecosystem is particularly active.  The studies also include a
comprehensive time trend study of mercury in top carnivore species.  Each
of these studies contributes towards establishing the knowledge necessary
to develop a general model for transport and uptake of mercury in the
Arctic.  The report focus on the surface exchange of mercury, the uptake of
abiotic mercury into the biological system, and the bio-accumulation in the
first steps of the food web, and the resulting distribution and time trend of
mercury in selected animals feeding on various trophic levels.
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