
VESIENTUTKIMUSLAITOKSEN JULKAISUJA
PUBLICATIONS OF THE WATER RESEARCH INSTITUTE

Seppo Rekolainen, Matti Verta & Olli Järvinen: Mercury in snow cover and rainfall in
Finland 1983—1984
Tiivistelmä: Sadeveden ja lumen elohopeapitoisuus Suomessa 1983—1984 3

Seppo Rekolainen, Matti Verta & Anita Liehu: The effect of airborne mercury and
peatland drainage on sediment mercury contents in some Finnish forest lakes
Tiivistelmä: Ilmalevintäisen elohopean ja metsäojituksen vaikutus sedimentin elohopeapitoisuu
teen eräissä Suomen metsäjärvissä 11

Matti Verta, Seppo Rekolainen, Jaakko Mannio & Kari Surma-Aho: The origin and level
of mercury in Finnish forest lakes
Tiivistelmä: Elohopean alkuperä ja pitoisuustaso Suomen metsäjärvissä 21

Jaakko Mannio, Matti Verta, Pirkko Kortelainen & Seppo Rekolainen: The effect of
water quality on the mercury concentration of northern pike (Esox Iucius, L) in
Finnish forest lakes and reservoirs
Tiivistelmä: Veden laadun vaikutus hauen elohopeapitoisuuteen Suomen metsäjärvissä ja
tekoaltaissa 32

Matti Verta, Seppo Rekolainen 8 Kari Kinnunen: Causes of increased fish mercury levels
in Finnish reservoirs
Tiivistelmä: Kohonneiden elohopeapitoisuuksien syyt Suomen tekoaltaissa 44

Kari Surma-Aho, Jaakko Paasivirta, Seppo Rekolainen 8 Matti Verta: Organic and
inorganic mercury in the food chain of some lakes and reservoirs in Finland
Tiivistelmä: Orgaaninen ja epäorgaaninen elohopea eräiden Suomen järvien ja tekoaltaiden
ravintoketjuissa 59

Jari Leskinen, Ossi V. Lindqvist, Jari Lehto 8 Pekka Koivistoinen: Selenium and mercury
contents in northern pike (Esox Iucius, Lj of Finnish man-made and natural lakes
Tiivistelmä: Seleenin ja elohopean pitoisuus Suomen tekoaltaiden ja luonnonjärvien hauissa 72

Vappu Pennanen, Pirkko Kortelainen 8 Jaakko Mannio: Comparative study on the
estimation of humic matter in natural waters
Tiivistelmä: Luonnonvesien humuspitoisuuden arviointi eri menetelmillä 80

Pirkko Kortelainen, Jaakko Mannio 8 Vappu Pennanen: Characteristics of the allochtho
nous organic matter in Finnish forest lakes and reservoirs
Tiivistelmä: Alloktonisen orgaanisen aineen ominaisuuksista suomalaisissa metsäjärvissä ja
tekoaltaissa 88

Tom Frisk 8 Vappu Pennanen: A steady-state modeUjtwo humic fractions
Tiivistelmä: Kahden humusfraktion tasapainotilanjjll 98

VESIHALLITUS—NATIONAL BOARD OF WAftRS, FINLAND
Helsinki 1986



Tekijät ovat vastuussa julkaisun sisällöstä, eikä siihen voida

vedota vesihallituksen virallisena kannanottona.

The authors are responsible for the contents of the publication.

It may not be referred to as the official view or policy

ofthe National Board of Waters.

ISBN 951-46-9381-7
ISSN 0355-0982

Helsinki 16. Valtion painatuskeskus



44

CAUSES OF INCREASED FISH MERCURY LEVELS
IN FINNISH RESERVOIRS

Matti Verta, Seppo Rekolainen & Kari Kinnunen

VERTA, M., REKOLAINEN, S. & KINNUNEN, K. 1986. Causes of in
creased fish mercury leveis in Finnish reservoirs. Publications of the Water
Research lnstitute, National Board of Waters, Finland, No. 65.

Elevated fish mercury leveis were found in Finnish reservoirs flooded for
hydroelectric and flood control purposes. The highest leveis (up to 4.1 mg
kg4 in pike, Esox Iucius L.) were observed in young heavily regulated reser
voirs with a high organic matter content in the water. In reservoirs flooded
on old lake bottoms or on clayish soils much lower fish mercury contents

were recorded. In nine of the 20 reservoirs studied the mean concentration

of mercury in at least one fish species exceeded 1.0 mg kg, which is the

highest level for edible fish in Finland. Statistical modeis for predicting mer
cury levels in pike bascd on the age of the reservoir, the extent of regulation,
organic matter content (COD (Mn)) and pH gave very satisfactory results
after verification. Laboratory experirnents as well as mercury concentrations
measured in water and zooplankton in a newly built reservoir clearly mdi
cated that organic substances acted as mercury carriers from the soil into the
water phase and biota.

mdcx words Reservoir, mercury, fish, water quality, organic substanccs.

1. INTRODUCTION

In several studies during the nineteen-seventies,
elevated mercury concentrations were found in
fish of newly impounded reservoirs in the USA
and Canada (Potter et al. 1975, Abernathy and
Cumbie 1977, Bodaly and Hecky 1979, Cox et
al. 1979, Meister et al. 1979). These studies
together with similar findings in Finland prompt
ed a study of mercury in fish in Finnish reser
voirs and in people eating large quantities of fish
from these reservoirs. High concentrations of
mercury (up to 2.8 mg kg) were found in
predatory fish of some reservoirs (Verta 1981,
Lodenius et al. 1983, Alfthan et al. 1983). Con

ing these fish were also elevated (up to 35 mg
kg1, Lodenius et al. 1983, Alfthan et al. 1983).

On the basis of these results The National
Board of Health in Finland recommended con
sumers to avoid the excessive use of fish from
seven reservoirs with fish mercury content over
0.5 mg kg and forbade the sale of fish from ten
reservoirs with fish mercury content over 1.0 mg
kg* This resulted in a decrease in human hair
mercury contents in ali areas (Alfthan et al.
1983).

The highes•t mereury concenrrations were•
found in large predatory fish, ie. northern pike
(Esox lucius L.) and burbot (Lota lota L.), from
the youngest reservoirs but high concentrations
were also recorded in some old heavily regulatedcentrations of mercury in the hair of people eat
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reservoirs with high quantities of organic matter
and low water pH (Verta 1981).

In this paper the results of studies of mercury
concentrations in fish in 1980—1983 are pre
sented. The mechanisms affecting mercury mo
bilization from inundated land were studied in a
detailed study, the description and the results of
which are also presented here.

2. MATERIALS AND METHODS
2.1 Reservoirs

A total of nearly 40 reservoirs have been con
structed in Finland since the nineteen-fifties of
which 20 are presented here (Table 1., Fig. 1).
Most of the reservoirs were built for the purposes
of hydroelectric power production and flood
control. They are generally very shallow and the
water level is heavily regulated. Most of them are
run off until almost empty during the winter and
refilled by the spring floods. During the summer
the water level is maintained high.

Water quality in reservoirs differs from that in
natural lakes, mainly due to the high content of
humic substances and plant nutrients and the low
oxygen content in hypolimnion, as well as to low
water pH orginating from reactions between in
undated land and the water phase (Kenttämies
1980, Table 2.).

Most of the reservoirs are used for recreational
fishing and the largest of them also for pro
fessional fishing. The most important species are
northern pike (Esox lucius L.), burbot (Lota
jota L.), perch (Perca fiuviatilis L.) and roach
(Rutilus rutilus L.). In the two largest reservoirs

Lokka and Porttipahta whitefish (Coregonus

peled G. and C. lavaretus -type) has become the

most important catch.

2.2 Fish sampling and analytical methods

Fish samples were collected in 1980—1983 with
fykes and gili nets. The majority of the samples
wer northetn pike caught in spring. Sampies
were frozen in aluminium foil and stored at
—20°C before being analyzed. A sample of
muscle tissue was taken from under the dorsal fin
of half-thawed fish.

The mercury contents of fish sampled in
1980—1981 were analysed from nitric-sulphuric
acid digests by the cold-vapour atomic absorp
tion spectrophotometric technique (Armstrong
and Uthe 1971). In 1982—83 a method for ana
lysing inorganic and organic (methyl) mercury
from the same sample was used. The sodium
hydroxide digestion procedure used was a modi
fication of that used by Oda and Ingle (1981).
Magos (1971) reagents were used for the re
duction of mercury species. A more detailed de
scription of the method has been presented by
Surma-Aho et al. (1986). The first method yield
ed 10% higher results than the latter (Surma-aho
et al. 1986).

Fig. 1. Study areas.
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Reservoir Age
in 1983

Table 1. General characteristics of the reservoirs.

Area Volume Mean Theoretical
depth residence

time

Percentage Mean regulation
of peat soils cfficiency1)

of bottom area 1981—1983

a 2 106m3 m d %

1 Kivi- ja levalampi 6 9.7 15.7 1.7 140 62 1.25
2 Liikapuro 16 3.1 4.5 1.5 296 75 0.97
3 Kalajärvi 6 11.3 43.0 3.8 110 20 1.36
4 Pitkämö 12 1.0 7.0 7.0 4 0 0.99
5 Kyrkösjärvi 3 6.4 14.0 2.4 23 50 0.62

6 Varpula 7 5.2 10.0 1.9 180 70 1.61
7 Hirvijärvi 10 15.5 40.0 2.6 120 33 1.32
8 Patana 16 11.0 53.5 4.8 190 32 1.26
9 Venetjärvi 18 17.5 28.0 1.6 200 58 1.81
10 Vissavesi 18 3.7 6.6 1.8 260 52 1.27

11 Korpinen 19 3.0 5.4 1.8 270 47 2.29
12 Juurikka 19 1.8 3.8 2.1 260 19 1.12
13 Hautaperä 8 7.6 51.0 6.7 71 10 1.50
14 Kuonanjärvi 15 5.4 10.2 1.9 60 0 1.05
15 Settijärvi 13 4.2 10.2 2.4 50 59 0.85

16 Kortteinen 15 7.0 4.0 1.4 40 55 1.44
17 Uljua 13 28.0 150 5.4 150 48 1.31
18 Haapajärvi 16 5.1 15.5 3.0 450 38 0.40
19 Lokka 15 417 2063 3.7 710 90 0.47
20 Porttipahta 13 214 1350 6.3 570 48 0.40

1) Regulation amplitude/mean depth

Table 2. The means of some reservoir water quality parameters in 1981— 1983.

Reservoir Suspended Conduc- Alkalinity pH Colour COD (Mn) Total Total
solids tivity nitrogen phosphor.

mg l mS m4 mmol mg l (Pt) mg I (02) P8 1-1

1 Kivi-ja levalampi 2.1 4.8 0.06 5.4 260 39 950 91
2 Liikapuro 2.6 3.0 0.02 5.2 240 36 870 42
3 Kalajärvi 1.6 2.9 0.05 5.7 200 28 820 53
4 Pitkämö 5.6 8.6 0.27 6.3 200 27 1400 120
5 Kyrkösjärvi 5.6 5.7 0.16 5.8 330 39 1300 190

6 Varpula 1.6 3.1 0.05 5.4 250 33 900 45
7 Hirvijärvi 3.6 5.2 0.11 5.8 250 30 980 82
8 Patana 4.0 5.2 0.11 5.8 270 29 1000 100
9 Venetjärvi 4.9 4.2 0.10 5.6 290 31 1000 81
10 Vissavesi 2.3 3.8 0.02 5.1 340 38 990 71

11 Korpinen 6.2 3.3 0.12 5.7 270 33 910 66
12 Juurikka 3.8 4.1 0.02 5.0 290 35 770 65
13 Hautaperä 6.0 6.3 0.16 6.3 230 29 1100 64
14 Kuonanjärvi 9.6 6.1 0.19 6.1 280 33 1300 71
15 Sertijärvi 9.1 9.9 0.24 6.3 280 31 1100 72

I6Kortteinen 3.8 3.2 0.11 5.9 160 18 55•0 44 - -

17 Uljua 8.1 3.7 0.14 6.1 220 23 750 74
18 Haapajärvi 2.4 8.2 0.27 6.3 250 23 870 100
19 Lokka 4.8 2.7 0.14 6.5 130 13 730 95
20 Porttipahta 2.5 4.0 0.24 6.7 130 11 570 38
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2.3 Microbasin experiments

Layers of about 10 cm of 4 soil types were laid
on the bottom of circular polyethene vesseis
(45 1) and 30 1 water taken from the Kalajärvi
reservoir was added. The soil types were:

A) the uppermost 10 cm of heath soil represent
ing the surface layer of podsol type profile in
cluding living plant material, roots etc.,

B) morainic gravel taken from approximately
1 m under sample A and representing horizon
C in podsol type soils,

C) the uppermost 10 cm of moss (ombrotrophic
eccentric bog), including living plant material,
and

D) peat soil taken from approximately 0.5 m
under sample C.

In addition a control vessel (E) with only
water from the Kalajärvi reservoir was filled up.
Sampies for determination of temperature, pH,
oxygen, conductivity, COD (Mn), colonr, plant
nutrients and mercury were taken with a siphon
from the water twenty-four hours after filling
and subsequently once a month for 5 months,
after which the vesseis were frozen. The experi
ment was started on May 21 and the last sampies
were taken during the following spring after the
ice had melted. After each sampling an amount
of water from the Kalajärvi reservoir was added
to the vesseis to maintain the original water level.

2.4 Peat pressing experiments

In order to study the effect of the pressure of the
ice cover on the material transfer from peaty
shores during reservoir emptying a peat profile of
0.3 m x 0.3 m x 1.0 m was taken from the same
ombrotrophic eccentric bog from which sampies
C and D of the microbasin experiments were
taken. The sample was placed in a polyethene
vessel of 60 1 and retained with unpainted boards
on each side. The vessel was filled with water
taken downstream from the Kalajärvi reservoir
and the peat sample was kept in this water for
twenty hours, after which the excess water was
siphoned off. A pressure simulating the ice cover
was then exerted on the peat sample and main
tained for one week. The pressed ‘spore’ water
was then analysed for temperature, pH, conduc
tivity, colour, COD (Mn), plant nutrients and

total and dissolved (centrifuged) mercury. The
experiment was repeated 6 times in air tempera
ture between 10 and 20°C. An identical control
vessel was filled with water and boards and ana
lysed for mercury after each pressure event to
ensure that no contamination from the equip
ment or from air had occured.

2.5 Mercury analysis from water

Water sampies were taken into 500 ml Sovirel
glass botties and conserved with 25—50 ml of 5%
KMnO4 and 15 ml conc. HNO3 solutions. Mer
cury was oxidized to Hg2 in a 95°C water bath
for two hours with addition of potassium per
oxodisulphate and sulphuric acid. Sampies were
analysed with. the cold-vapour AAS-technique, in
which Hg 2 + was reduced to Hg with stannous
chloride (Armstrong and Uthe 1971). Blank
botties prepared with deionized water were
handled in an identical way. The detection limit
of the method was 10 ng i in the original water
sample.

2.6 Soil and sediment sampies

Sampies of the uppermost 5 cm of soil material
collected from flooded and unflooded soils at
various locations in 1981 were pooled for moss
and podsol type sampies and frozen. Sediment
sampies were collected with a gravity corer from
reservoirs with old lake bottoms, cut into 2—3
cm segments and stored frozen. Sampies were
freezedried and homogenized with a mortar and
analysed from a nitric-sulphuric acid digest by
the cold-vapour atomic absorption spectrophoto
metric technique (Armstrong and Uthe 1971).

2.7 Fractioning

In order to study the role of high- and low mol
ecular weight organic substances on mercury re
lease from submerged soil partial fractioning of
the humic substances was carried out by a gel
chromatographic method (Sephadex G—100).
The absorbances of the fractions were measured
at 254 nm (see Pennanen et al. 1986).
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3. RESULTS
3.1 Mercury concentrations in fish

The mean mercury concentrations of different
fish species ranged from 0.32 to 2.1 mg kg1 in
pike, from 0.23 to 1.3 mg kg1 in burbot, from
0.35 to 1.4 mg kg1 in perch, from 0.21 to 1.1
mg kg1 in roach and from 0.13 to 0.79 mg kg1
in whitefish in different reservoirs (Table 3.). As
a rule the mercury concentrations in fish were
highest in new reservoirs situated in Southern
Ostrobothnia and lowest in old reservoirs in
Northern Ostrobothnia and Lapland.

Changes in concentrations with time during
the study period were found only in two young
reservoirs. In the youngest, Kyrkösjärvi, the con
centrations in ali the fish species studied began to
increase immediately after impoundment and the
maximum ievei was recorded in 1983, the last
year of this study. In the second youngest reser
voir, Kalajärvi, the mercury concentrations in
roach decreased but the concentrations in pike
began to increase in 1982 and 1983 after a de
creasing. trend of two years (Surma-aho et al.

1986).
The mean concentration of mercury exceeded

1 mg kg’ in at least one fish species in nine reser
voirs. Particularly pike and burbot contained ei
evated ievels of mercury, about one third of the
resuits being above 1 mg kgt. In no case did the
concentration of mercury in whitefish reach 0.5
mg kg1 in the two large reservoirs Lokka and
Porttipahta. The only whitefish anaiysed from
the Kalajärvi reservoir one year after its introduc
tion to the reservoir contained 0.79 mg kg1 mer
cury and weighed 60 g. A year eariier during im
piantation a mean concentration of 0.12 mg kg1
was anaiysed in whitefish yearlings weighing
4.9—9.1 g.

3.2 Correlations of mercury in pike with
water quality and morphometric par
amaters

Correiations of pike mercury concentrations with
water quality and morphometric parameters were
caiculated both using the fish mercury data from
1980 and the mean water quality data from
1975—1980 (Verta 1981, 13 reservoirs) and the
fish mercury data from 1983 and the mean water
quaiity data from 1981—1983 (20 reservoirs).
Both calcuiations gave similar results. The best
correlation coefficients were found between pike

mercury content and the age (iogarithmic scaie)
of the reservoir and between pike mercury con
tent and the chemicai oxygen demand of the
water (Fig. 2a and 2b). One variable which gave
a good negative correlation in both data was pH
(Fig. 2c). Oxygen concentration, alkalinity and
suspended soiids gave negative correlations with
the pike mercury content and regulation ampli
tude positive correlation with pike mercury con
tents in one of the two coiiections of data.

3.3 Stepwise regressrnn analysis

In order to study the relative impact of different
environmentai factors on the mercury concen
trations in pike, stepwise regression analysis was
used with the data from 1980 (13 reservoirs)
(Verta 1981). The statistical method used has
been described by Dixon and Jennrich (1983). In
this study 68—74 % of the variance in the pike
Hg concentrations could be explained by the
equations:

Hg = —1.48 log (AGE +1) + 0.62 RE + 1.79,
R = 0.827 (1)

Hg =0.039C0D—1.l3log(AGE +1)+1.13,
R = 0.852 (2)

Hg = —1.55 log (AGE +1) — 0.686 pH + 6.62,
R = 0.862

where

(3)

Hg = mercury content in 1 kg pike (mg kg’,
wet weight),

AGE = age of the reservoir (a),
RE = regulation amplitude (m) / mean depth

(m),
COD = mean COD (Mn) of water (mg F’),
pH = mean pH of water.

The three equations were verified with the
new data from 1981—1983 (Fig. 3, Table 4). The
observed Hg values based on the age and the
water quality of the reservoirs (equations 2 and
3) gave very satisfactory resuits. The results ob
tained with equation (1) based on the extent
of regulation and the age of the reservoii dif
fered, however, more from the observed vaiues.
Equations (1) and (3) somewhat underestimated
the pike mercury contents in reservoirs with high
mercury contents.
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Table 3. Mean mercury concentrations (mg kg* wet weight) in fish.

6 Varpula
7 Hirvijärvi
8 Patana
9 Venetjärvi
10 Vissavesi

7 1.10
36 1.50
16 0.93
28 1.00
14 1.20

0.79
— 1.90

0.55
— 2.40

0.58
— 1.50

0.64 — 1.40
0.88

— 1.40

4 1.10 1.00
— 1.30

7 1.00 0.72 — 1.30
5 0.72 0.38 — 1.20

11 Korpinen
12 Juurikka
13 Hautaperä
14 Kuonanjärvi
15 Settijärvi

17 0.66
20 0.66
13 0.78
19 0.48
10 0.32

0.43 — 0.99
0.34 — 0.98
0.49 — 1.40
0.31 — 0.75
0.20 — 0.47

Reservoir Northern pike Burbot

n 51 range n 51 range

1 Kivi- ja levalampi 12 2.10 1.60 — 3.70
2 Liikapuro 6 1.20 0.64 — 2.30
3 Kalajärvi 94 1.80 0.85 — 4.10 19 1.30 0.64 — 2.10
4 Pitkämö 9 0.55 0.38 — 1.10 11 0.54 0.36 — 0.92
5 Kyrkösjärvi 30 0.94 0.48

— 1.90 23 0.89 0.27 — 1.80

16 Kortteinen
17 Uljua
18 Haapajärvi
19 Lokka
20 Porttipahta

22 0.48
34 0.45

6 0.40
83 0.53
93 0.68

10 1.30 1.00 — 1.80

6 0.22 0.14 — 0.27

0.28 — 0.73
0.25 — 0.83
0.25 — 0.63
0.16 — 1.20
0.31 — 1.70

7 0.38
2 0.23
5 0.27

13 0.75
20 0.82

0.28 — 0.59
0.22 — 0.23
0.22 — 0.33
0.22 — 1.70
0.37 — 2.10

Perch Roach

n 51 range n 51 range

1 Kivi- ja levalampi 22 1.20 0.40
— 2.60

2 Liikapuro 6 0.68 0.46 — 1.10
3 Kalajärvi 34 1.40 0.60 — 2.00 34 0.93 0.43 — 1.60
4 Pitkämö 3 0.43 0.31 — 0.56 1 0.33
5 Kyrkösjärvi 7 0.70 0.25 — 1.20 8 0.77 0.62 — 1.20

7 Hirvijärvi 1 0.57 4 1.10 0.99 — 1.20
8 Patana 2 0.78 0.74 — 0.82 22 0.56 0.14 — 0.83
9 Venetjärvi 8 0.45 0.32 — 0.71
10 Vissavesi 1 0.99
12 Juurikka 2 0.68 0.56 — 0.80

16 Kortteinen 3 0.31 0.22 — 0.42
17 Uljua 3 0.41 0.23 — 0.55 5 0.38 0.14 — 0.73
19 Lokka 9 0.35 0.12 — 0.93 15 0.27 0.07 — 0.43
20 Porttipahta 15 0.60 0.40 — 0.84 5 0.35 0.24 — 0.49

Whitefish (Coregunus peled G.) Whitefish (Coregonus lavaretus L.)

n 51 range n range

3 Kalajärvi 1 0.79
19 Lokka 10 0.20 0.14 — 0.28 16 0.13 0.08 — 0.28
20 Porttipahta 36 0.3-1 0.21 — 0.44- -

- 10- 0.29 0.12 — 0.42

4 461226H
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Eig. 2. -The total mercury content of 1 kg pike as -
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mean COD(Mn) and (c) pH in the reservoir. Tri
angies represent reservoirs flooded on old lake
bottoms. Pikes from the Liikapuro reservoir were
too small to enable calculation.
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Fig. 3. The observed and calculated mercury concen
trations of 1 kg pike in reservoirs. The symbols (0) rep
resent reservoirs which were not included when the
equations were developed.
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Reervoir Observed Calculated

Eq. (1) Eq. (2) Eq. (3)

Pitkämö 0.65 0.47 0.92 0.57
Kyrkösjärvi 1.79 1.28 1.97 1.71
Varpula 1.61 1.45 1.40 1.40

Vjssavesi 1.14 0.68 1.17 1.13
Korpinen 0.75 1.28 0.95 0.69
Settijärvi 0.35 0.62 1.04 0.52

3.4 Concentrations of mercury in terres
trial soils and lake sediments

The concentrations of mercury in terrestrial top
soil layers did not correlate with the pike mer

cury concentrations (Table 5). No difference was

found between the soil materiais gathered from
fiooded or unfiooded terrestriai areas or between
the moss sampies and sampies of organic material
overlying podsol profiles.

A clear difference was, however, found be

tween the old lake sediments originating from

the period before impoundment and the surface

layer of sediment deposited during the period

after impoundment (Table 5), the latter having a

higher concentration of mercury than the for
mer. The only exception was the newly built Ka
lajärvi reservoir, in which no new organic sedi
ment was found. Excluding the Kalajärvi reser
voir the surface sediments also contained more
mercury than did the fiooded soils.

3.5 Microbasin experiment

The flooded soils showed clear differences in be
haviour. The vessel A with heath soil reached
total anoxis during the first week after flooding
and remained oxygen-free to the end of the ex
periment (Fig. 4). At the same time total phos
phorus and COD (Mn) increased to a very high
level. The oxygen saturation also decreased con
siderably in the vesseis with mosses and the con
centrations of phosphorus and COD (Mn) in
creased, whereas in the case of morainic gravel
and the controi vesseis the oxygen concen
trations remained high.

Unexpectedly, the water of the Kalajärvi res
ervoir used in the incubation contained a high
concentration of mercury (50 ng ‘). During the
incubation the concentration of mercury de
creased in ali the other vessels except vessel A
with heath soil, in which the maximum concen
tration (170 ng F’) was observed at the end of
the summer. A detectable level of mercury was
also found in vessel C, containing surface moss
material.

Table 5. Mean mercury concentrations (mg kg1, dry weight) in soils and lake sediments.

Rcservojr Soil material Lake sediment

n range 0—2 cm 2—5 cm

1 Kivi- ja levalampi 9 0.29 0.05 — 0.60

3 Kalajärvi 4 0.13 0.07 — 0.19 0.10 0.09

5 Kyrkösjärvi 15 0.07 0.01 — 0.25

6—7 Hirvijärvi-Varpula 5 0.13 0.06 — 0.23

8 Patana 5 0.13 0.07 — 0.20

9 Venetjårvi 5 0.13 0.04 — 0.24 0.26 0.15

10 Vissavesi 5 0.16 0.06 — 0.29 0.34 0.27

11 Korpinen 5 0.14 0.10 — 0.23 0.23 0.10

12 Juurikka 5 0.15 0.13 — 0.17 0.22 0.13

13 Hautaperä 4 0.15 0.10 — 0.19 0.36 0.05

16 Kortteinen 5 - 0.29 0.05 — 0.47

17 Uljua 4 0.29 0.10 — 0.55

18 Haapajärvi 5 0.26 0.10 — 0.52

19 Lokka 4 0.12 0.06 — 0.19

20 Porttipahta 7 0.07 0.02 — 0.13

Table 4. Observed and calculated mercury concen

trations in 1 kg pike (mg kg4) in reservoirs not included

when determining the equations for estimation of con
centrations.



52

c
0

0
1-

c
w
ci

0
ci

ci

ci

E

0

0
1—

3.6 Peat pressing experiment

The highest leveis of organic matter (COD (Mn))

and mercury were detected in the water of the
first pressing event. Thereafter the concen
trations usually decreased when the pressing was
repeated (Fig. 5). The major fraction of the mer
cury in the pressed water was absorbed on sus
pended material. A detectable amount of mer
cury in the centrifuged water was found only
three times, namely after the first (30 ng 1-) and
third and fourth (10 ng 1) experiments. The
level after the third experiment could not be cal
culated because of analytical difficulties. The
water in the control vessel had a mercury content
10 ng 11 during the first two pressing events.
After that a level of < 10 ng i1 was recorded.

The dissolved organic matter in the pressed

water comprised primarily ow molecular weight
compounds (Fig. 5b). After the first two pressing
events higher molecular weight fractions were
also detected. During the last three pressing
events, however, the moss quite obviously ab
sorbed high molecular weight organic matter.

3.7 Observed mercury concentrations
in water

During 1982—1983 a total of 34 water rnercury
analyses were performed from the Kyrkösjärvi,
Kalajärvi and Porttipahta reservoirs. Of these 25
were below the detection limit of 10 ng r’.
Every fourth sample, three from each reservoir,
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Fig. 5. Total rnercury concentration (a), COD(Mn) (b)
and absorbance Cc) during the pressure events of the
peat pressing experiment.

Table 6. The frequency distribution of total mercury
concentrations in the water of some reservoirs.

contained mercury from 10 to 50 ng F1 (Table
6). Whenever mercury analyses were carried out
from the anoxic hypolimnion during winter
stratification, mercury was detected. Mercury
also occured in the welI oxidised epilimnion.
Some of the sampies were taken from the shore,
however, and probably did not represent the
overail water mass.

Reservoir <10 ng >10 ng 1-1 max ng 1-1

3 Kalajärvi 11 3 50
5 Kyrkösjärvi 6 3 40
20 Porttipahta 4 3 20



54

4. DISCUSSION
4.1 The origin of mercury in reservoirs

There is no doubt that the mercury found in fish
in reservoirs originates from the submerged land.
Both the correlations of fish mercury leveis with
the water quality parameters and the results of
the experiments carried out support this con
clusion. It can also be estimated that the amount
of methyl mercury found in fish populns rep
resents only a minor part ( < 1%) of the’ total
amount of mercury in the surface 1ayef of the
flooded soils. Ali other reported investigations
have come to the same conclusion (Potter et al.
1975, Abernathy and Cumbie 1977, Bodaly and
Hecky 1979, Cox et al. 1979, Meister et al.
1979).

The question remains of the mechanisms of
methylation and accumulation in this kind of en
vironment. Usually biochemical methylation has
been assumed to be the major mechanism in the
methyiation of inorganic mercury to methyl mer
cury (Beijer and Jernelöv 1979). In the presence
of humic substances, especially fuivic acids, the
chemical methylation of mercury has been
shown to occur in the laboratory (Rogers 1977,
Nagase et al. 1982). The mercury concentrations
used in these studies have, however, been very
high, at the mg i level, and the relevance of
chemical methylation in natural environments
cannot be evaluated on the basis of these results.
Detectable and even very high concentrations of
mercury were observed in oxygen-free hypo
limnion waters in two of the studied reservoirs as
weil as in the oxygen-free vessel A, when com
pared with the natural level of < 10 ng j.1 occur
ing in fresh waters (Lindqvist et al. 1984) (Fig.
4). Although it can be calculated that the mer
cury in the water phase was a consequence of
biological activity leading to oxygen depietion, it
cännot be concluded that the mechanism of
methylation is biochemical when not knowing
mereury species in water.

It must, however, be conciuded that biological
methylation is the main methylation mechanism
if the methyiation site is the bottom or the water
phase of the reservoir. Most of ali this is mdi
cated by the fact that in the first years after im
poundment very high concentrations of mercury
(up to 2.1 mg kg1, dry weight) were measured in
the zooplankton of the Kyrkösjärvi• reservoir -

(Surma-aho et al. 1985). At the same time the
content of zooplankton in the reservoir reached
a level of more than 20 mg 1’, wet weight (Kos
kenniemi 1985, personal communication),

ciearly exceeding the quantity normally found in
polyhumic waters. These high concentrations of
zooplankton strongiy suggest that organic sub
stances derived from the soil and/or bacteria de
gradating these organic substances are the main
food for zoopiankton. It is thus likely that meth
ylation of rnercury in this kind of environment is
biochemicai rather than purely chemicai. It is,
however, also likeiy that methylation of mercury
occurs in humic-rich topsoil layers before they
are fiooded (Beckert et al. 1974).The main site
and time of methylation stiil remains unknown.

4.2 The role of organic substances as mer
cury carriers

The mercury found in water sampies from peat
pressing and microbasin experiments, as well as
from reservoirs was most certainiy attached to
organic substances, since the correlation between
COD (Mn) and mercury in water was very high
(Fig. 6). Moreover the correlation seemed to be
very simiiar in peat pressing and microbasin ex
periments. In the measurements of reservoir
water somewhat higher leveis of mercury were,
however, observed in association with organic
matter (Fig. 6).

Dissolved organic carbon (DOC) always rep
resented more than 75% of the total carbon in
measurements made from ten reservoirs during
winter stratification and dissoived organic matter
can thus be concluded as representing the major
proportion of organic substances in reservoirs
during this period.

The concentration of mercury bound to sus
pended or dissolved organic matter in reservoir
water was not studied, but in the peat pressing
experiments most of the detected mercury was
bound to suspended organic matter (Fig. 5). It
has been reported that a major fraction of mer
cury in naturai waters is bound to low molecular
weight dissoived organic matter (Ramamoorthy
nd Kushner 1975). After addition of mercury
acetate to water of Kalajärvi reservoir Lodenius
and Seppänen (1984) found, however, that less
than 50% of the added mercury was bound to
the soluble humic matter. The remainder was
probably sedimented. Most of the mercury
bound was in the high molecular weight humic
acid fraction.

In this study high- and low molecular weight
fractioning was carried out from the same
sampies as those from which mercury analyses
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4.3 The effect of regulation
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Fig. 6. The total mercury concentration in water as a

function of COD(Mn) (0 = reservoir water, = pressed

water iii the peat pressing experiment, LI = water from

vessel A in the microbasin experiment). The values

bclow 10 ng F1 in reservoir water are excluded.

were performed. Although the dissolution of low
molecular weight humic substances was clearly
observed in the microbasin experiment and in the
peat pressing experiment (Fig. 5b), it was not
found in the oxygen-free hypolimnion of the 12

years old Porttipahta reservoir. In fact high mole

cular weight fraction comprised the major part

of the organic matter in old reservoirs, whereas
low molecular weight fractions dominated in new
reservoirs (Kortelainen et al. 1986). High mer
cury concentrations were observed in water
sampies with both high and Iow ratios of low/
high molecular fractions and the role of differ
ent fractions of the humic material in carrying
mercury cannot be evaluated on the basis of the
observed concentrations.

It can be concluded that mercury in poly
humic reservoirs is bound both to suspended and
dissolved organic matter. Suspended organic mat
ter very obviously acts as a mercury trap, since
new sediment layers in reservoirs contained high
er concentrations of mercury than did the
flooded soi! material (Table 5). This finding is
consistent with those of other studies
(Abernathy and Cumbie 1977, Bodaly et al.

1984).

When reservoirs are regulated for flood control
and hydroelectric purposes, the shore line and
the soi! in the zone under the influence of regu
lation is severe!y eroded in sites where podsolic
soils and soils consisting inorganic matter under a
thin organic surface layer are dominating. In
peaty sites and often in sheltered and shallow
bays erosion is not recognized (Vogt 1978, Kos
kenniemi 1985, personal communication). The
erosion in small, gradually sloping reservoirs is
slower than in !arge reservoirs and even after 10—
15 years of regu!ation a distinct shore!ine cannot
usually be seen (Vogt 1976). The zone under
regu!ation, however, usua!ly covers almost the
whole bottom area and the erosion of organic
rich materia! and mercury bound in organic mat
ter due to regulation can therefore be of great
importance.

The hypothesis of the ‘pumping’ effect of the
ice cover during reservoir emptying was first pre
sented by Kinnunen (1982) and the results ob
tained from the peat pressing experiments in this
work confirm this theory. At peaty shores the
pressure of ice over regulated zones during the
winter months will introduce large quantities of
mercury rich humic materia! into the water
phase, especially during the first years after im
poundment.

4.4 The effect of reservoir age on mercury
contents in pike

The age of a reservoir effects the mercury con
centrations in pike, as can be seen in Figure 2. In
young (<10 a) reservoirs the concentrations were
higher than in oider reservoirs. The on!y excep
tion was the Hautaperä reservoir, with relatively
low pike mercury content. This reservoir also had
high pH and high values of turbidity and sus
pended materials, reflecting the clayish nature of
the flooded soils. The three old reservoirs Venet
järvi, Vissavesi and Liikapuro, which had high
concentrations of mercury in pike with respect
to their age were on the contrary more humic
and had a lower pH than most reservoirs of the
Same age.

The age of the reservoir did not correlate with

any other water quality parameter except phos

phorus concentration (r=—0.455 * ), indicating

that morphometric and hydrographic differences

as we!1 as differences in the inundated soil ma

r = 0,704**

D

ci

ci
0
o 0
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terial are more relevant to water quality than is
reservoir age. However, the age of the reservoir
had the best correlation with the mercury con
tent in pike (r=0.717***). The fact that in the
available study material most of the newly flood
ed reservoirs were situated in southern Ostro
bothnia may have had some effect on this good
correlation. Differences in soil quality would
probably have resulted in a weaker correlation if
the material had been spatially more evenly dis
tributed. For example in the Lokka reservoir in
northern Finland leveis of only 0.6—0.9 mg kg1
were detected in 1 kg pike in 1971, three years
after impoundment (National Board of Waters,
unpublished data). Calculations with equations
(1) — (3) gave concentrations of 1.2—1.6 mg kg
for 1 kg pike in the Lokka reservoir in 1971.

In other studies a sudden increase in fish mer
cury leveis after impoundment has been report
ed , followed by either a rapid decrease
(Abernathy and Cumbie 1977, Cox et al. 1979)
or a slight or zero decrease (Bodaly et al. 1984).
In this study a half life of about 15—20 years of
pike mercury leveis was found in reservoirs aged
between 3 and 19 years according to the for
mulae (1) — (3) and the data from the Lokka res
ervoir. The results from unpolluted forest lakes
in Finland with a mean mercury concentration of
0.56 mg kg in pike (Verta et al. 1986) indicate
that only very small decreases can be expected to
occur in fish mercury leveis in reservoirs aged of
20 years or more.

4.5 The effect of water quality on mer
cury contents in pike

Although organic material, as illustrated by COD
(Mn) in Fig. 2 correlated well with pike mercury
concentrations, the variation of pike Hg content
at high COD (Mn) concentrations was wide. In
particular two reservois, Settijärvi and Kuonan
järvi, which were flooded primarily on old lake
bottoms, had low fish mercury leveis in spite of
being very humic (Fig. 2b). In several cases it has
been found that reflooding of old lake bottoms,
the water levels of which had been lowered some
decades earlier, did not resuit in high mercury
levels in fish (Verta, unpublished data).

Water pH correlated significantiy with organic
matter content of the water (Fig. 7) and it can be
calculated that the pH value in these polyhumic
waters was mostly dependent on humic acids
derived from the soil, In reservoirs with high

10 20 30 mgl1 LO
COD Mn

Fig. 7. Water pH as a function of COD(Mn) in rescrvoirs.
Triangles indicate mercury contents in pike in excess of
1.0 mg kg4.

COD (Mn) values associated with low pH, the
pike mercury level was usually high, exceeding
1.0 mg kg even in old reservoirs (Fig. 7).

The reservoirs Hautaperä, Kuonanjärvi and
Settijärvi mentioned above are examples of reser
voirs with high amounts of organic matter but
stiil rather high pH. In these cases other factors
than humic acids, possibly geochemical reactions,
contribute to the relatively high pH of the water.
Indeed pH correlated positively with turbidity
(r=0.590**), suspended solids (r=0.412) and con
ductivity (r=0.432), reflecting the fact that res
ervoirs with clayish soils flooded had higher pH
values than others. Consequently these reservoirs
also had lower mercury levels in pike. Thus fine
grained particles such as clay probably act as co
agulating agents for humic material and mercury,
removing mercury from the methylation and ac
cumulation processes. Observations from Finnish
clayish natural lakes (National Board of Waters,
unpublished data) support this theory.

Organic matter thus appears to be the main
source of elevated mercury concentrations in fish
in reservoirs. The correlation coefficients be
tween lake hydrographic parameters and COD
(Mn) and pH were:

COD (Mn) pH

Surface area 0.688*** 0.494*

Volume 0.718*** 0.525*

Mean depth 0.498* 0.643**

Regulation intensity 0.376 0.462*

r=- 0.746”
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According to these correlations high COD
(Mn) values and low pH values in water usually
occur in smail, heavily regulated reservoirs.

This is very probably a consequence of the
fact that in such reservoirs the inundated soil has
the most profound effect on water quality.

The areal photographs revealed that the peat
lands flooded in reservoirs with high mercury
contents in fish in southern Ostrobothnia (1—10)
were, according to their vegetation, more oligo
trophic and had a lower pH than the other peat
lands (11—20). These reservoirs also included
flooded ombrotrophic bogs although the per
centage of those of the inundated land was rather
low (max 14.5%). This data further indicates that
differences between inundated soil types affect
both water quality and fish mercury leveis in res
ervoirs.
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TIIVISTELMÄ

1970-luvulla havaittiin useissa tutkimuksissa eri
tyisesti USA:ssa ja Kanadassa kohonneita eloho
peapitoisuuksia uusien tekojärvien kaloissa. Kun
vastaavia havaintoja tehtiin myös Suomen teko
altaista, aloitettiin vuonna 1980 tutkimukset, jot
ka käsittivät kaikki merkittävimmät Suomen te
kojärvet. Elohopean mobUisti•oon vailttavia
mekanismeja tutkittiin tarkemmin vuoden 1983
aikana. Tässä artikkelissa esitetään yhteenveto
vesientutkimuslaitoksessa vuosina 1980—1983
suoritetuista tutkimuksista.

Suurimmat elohopeapitoisuudet tavattiin uu
sien tekoaltaiden kaloissa, erityisesti hauessa ja
mateessa. Nuorimmassa tekojärvessä, Kyrkösjär
vessä, kalojen elohopeapitoisuudet olivat nousus
sa tutkimusjakson aikana. Vanhoissa tekojärvissä
elohopeapitoisuudet olivat yleensä aihaisemmat
kuin uusissa. Lapin suurten tekojärvien Lokan ja
Porttipahdan siioissa tavattiin pienimmät eloho
peapitoisuudet.

Hauen elohopeapitoisuus korreloi positiivisesti
veden orgaanisen aineen määrän kanssa ja nega
tiivisesti altaan iän ja veden pH:n kanssa. Näistä
tekijöistä muodostettujen regressioyhtälöiden
avulla pystyttiin ennustamaan hyvin hauen elo
hopeapitoisuutta altaissa. Yhtälöiden käyttö uu
sia tekojärviä rakennettaessa edellyttää kuitenkin
veden laadun ennustetta. Altaan ikään ja säännös
telyn tehokkuuteen perustuva regressiomalli so
veltuu hauen elohopeapitoisuuden ennustamiseen
ilman veden laadun ennustetta. Yhtälön selittä
vyys ei kuitenkaan ole yhtä hyvä kuin veden laa
tuun perustuvien mallien.

Suoritetuissa allastus- ja turpeenpuristuskokeis
sa havaittiin, että elohopea vapautui maaperästä
humusyhdisteisiin liittyneenä. Erityisen runsaasti
elohopeaa vapautui hapettomissa olosuhteissa.
Turvepohjaisilla rannoilla arvioitiin säännöstelyn
lisäävän tekojärven elohopeakuormitusta altaan
tyhjennyksen aikana jäiden puristaessa turpeesta
elohopeapitoista vettä. Kivennäismailla säännös
telyn arvioitiin lisäävän elohopeakuormitusta 1i
sääntyneen humuspitoisen pintakerroksen eroo
sion kautta.

Veden alle jääneen maaperän laadun havaittiin
vaikuttavan kalojen elohopeapitoisuuteen siten,
että savipitoisilla alueilla kalojen elohopeapitoi
suudet eivät kohonneet yhtä paljon kuin muilla
alueilla. Tämän arveltiin johtuvan savimineraalien
humus- ja elohopeayhdisteitä saostavasta vaiku
tuksesta. Myös rakennettaessa vanhoille järven
pohjille ei kalojen elohopeapitoisuuksien voitu
todeta kohonneen merkittävästi. Erityisen suuria
elohopeapitoisuuksia kaloissa havaittiin niillä te
kojärvillä, joiden alle oli jäänyt runsaasti happa
mia keidassoita.
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