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Fifteen lakes in the Finnish Lapland were investigated to study acidification and pollution
effects on metal concentrations in sediments. In four lakes the pH was lower than 6.0 and
the alkalinity was lower than 50 meq l–1. Contamination factor (Cf, ratio of metal concen-
tration of the top layer to the bottom layer in a sediment core) of Pb (Cf = 10.1–10.4) was
high in comparison to other investigated heavy metals, particularly in acidic lakes. Lake
acidification results in decreasing Ni, Cu, Zn, Cd, and Al concentrations towards the
sediment surface. Reduction of organic material content (loss on ignition) in upper
sediments of acidic lakes was also noticed. The buffer capacity index (BCI, ratio of sum
of alkaline and alkaline-earth metals (K, Na, Ca, Mg) to Al) was lower in the acidic lakes
(0.12–0.36) than in the other studied lakes (0.42–1.34).

Introduction

Acidification of freshwater environment can sig-
nificantly affect geochemical cycling of metals.
Many metals of anthropogenic origin are found
in acidic deposition. Physicochemical forms of
metals in the biosphere are modified by acidifica-
tion. These changes can greatly affect metal
bioavailability and toxicity to many organisms
(Nelson and Campbell 1991). Effects caused by
anthropogenic acidification were first observed
in freshwater ecosystems in northern America
(Norton 1983, Norton et al. 1981, Campbell et al.
1985, etc.) and in Finland, Denmark, Norway, and
Sweden, where severe acidification of freshwater
occurred over large areas (Almer et al. 1974, 1978,

SFT 1987, Forsius et al. 1988, Henriksen et al.
1988, Merilehto et al. 1988, Kauppi et al. 1990,
Verta et al. 1990, Kämäri et al. 1991, Fleischer et
al. 1993). Load of acidic compounds on freshwa-
ter ecosystems of northern Fennoscandia and the
Kola Peninsula, Russia, is enormous and is caused
by non-ferrous metallurgical foundries in the Kola
Peninsula as well as atmospheric emissions from
Central Europe. Annual emissions of sulphurous
gases from the Kola Peninsula exceed 500 000
metric tons (Makarova and Ratkin 1991). Exten-
sive surface-water acidification in the Kola Pe-
ninsula has taken place particularly in the moun-
tain and remote tundra regions (Moiseenko 1994).
In sediments of acidic lakes decreasing concen-
trations of heavy metals towards sediment sur-
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face are common, particularly in the case of mo-
bile elements such as Cd, Zn, and Cu (Norton et
al. 1992).

Metal geochemistry has been examined in a re-
port by the Committee on Acid Deposition, TACAD
(Campbell et al. 1985). One of the principal contri-
butions of the TACAD report was identification of
18 metals, classified by Wood (1974) as “very toxic
and relatively accessible”, which are of most con-
cern in the context of environmental acidification.
These metals are by: (1) considerable anthropogenic
emissions into the atmosphere, (2) high toxicity and
potential of bioaccumulation, (3) geochemical mo-
bility, and (4) sensitivity to changes in speciation in
a pH range from 4.0 to 7.0. Campbell et al. (1985)
have recommended that future acidification investi-
gations should concentrate in Al, Cd, Cu, Pb, Hg,
Mn, and Zn. We investigated all of these metals,
except Hg. Laboratory and field studies were used
to assess the influence of acidification on metal ac-
cumulation in freshwater sediments. Kinniburgh and
Jackson (1981) have determined pH50 values (pH at
which 50% of the initial metal concentration is
adsorbed) for some metals by adsorption on Fe(OH)3

gel (Table 1).
Investigations of the effects of pH on metal par-

titioning in sediments have mainly been performed
using sequential extraction technique (Tessier et al.
1979). Studies of river sediments have shown that a
pH decrease from 8 to 5 increases the levels of dis-
solved and exchangeable Cd, whereas little or no
dissolved Pb is detectable at any pH (Gambrell et al.
1980, Khalid et al. 1981).

The concentration profiles of heavy metals in
lake sediments are of interest because these ele-
ments are known to be emitted to the atmosphere
in large quantities compared to the natural flux
(Galloway et al. 1982, Norton et al. 1990). At-
mospheric deposition of metals is mainly con-
nected with acid precipitation originating from
metallurgical works, metal rubbish heaps, and coal
burning. Reduction of Cd, Zn, Ni, and Cu concen-

trations towards sediment surface of acidic lakes may
be explained by desorption of metal compounds from
sediments (Norton et al. 1981), decreasing metal
sedimentation rate (Evans et al. 1983), or dynamic
processes near the lake bottom during storms
(Carignan and Tessier 1985). Profiles of heavy metal
concentration versus depth in a sediment core typi-
cally exhibit subsurface maxima. This phenomenon
could be explained by: (1) remobilization of met-
als from the sediment, (2) lower metal sedimen-
tation rates due to decreased metal sorption to sus-
pended particles in the water column and/or de-
creased availability of adsorbing surface. Decrease
in adsorbing surface is caused by slower oxida-
tion of Fe (II) to Fe (III) and, to a lesser extent,
Mn (II) to Mn (IV), (3) differences in subsurface
deposition of metals in the sediment, and  (4) de-
creased atmospheric deposition of metals (Nelson
and Campbell 1991). Of these mechanisms, only the
first two can be directly linked to lake acidification.

The goal of the present paper is to study acidi-
fication and pollution effects on metal (Ni, Cu,
Co, Zn, Cd, Pb, Mn, Fe, K, Na, Ca, Mg, Al) con-
tents in sediments of lakes in the Finnish Lapland.

Materials and methods

Sediment cores were collected in June 1992 from
the deeps (accumulation areas) of the studied lakes
(Fig. 1) using a gravity corer as described by
Skoghein (1979). Each core was split into 0.5 or
1 cm thick layers. Six layers were collected from
each core: four 0.5 cm thick top layers character-
izing modern situation in a lake, one layer from 5
to 6 cm depth corresponding with the inception
of anthropogenic influence on a lake watershed,
and one layer from 20 to 30 cm depth supplying
background metal contents. The sediment sam-
ples were dried for 6 h at 105°C and the water
content is expressed as the ratio of the weight of
water to the wet weight of sediment (Håkanson
and Jansson 1983). The samples were then ignited
for 4 h at 550°C for determination of the loss on
ignition as an indirect index of organic matter
content (Håkanson 1977). Metal concentrations
were determined by flame atomic absorption
spectrophotometry (Perkin-Elmer 460 and 560)
using the standard addition technique. For total
metal analyses ca. 0.4 g (dry wt.) of sediment was

Table 1. pH50  values (pH at which 50% of the initial
metal concentration is adsorbed) for some heavy
metals by adsorption on Fe(OH)3 gel (Kinniburgh and
Jackson 1981)
————————————————————————
Heavy metal Pb < Cu < Zn < Ni < Cd = Co
pH value 3.0 4.3 5.3 5.7 5.9
————————————————————————
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digested in a Teflon digestion vessel for 4 h at
140°C with 4 ml concentrated nitric acid. The tech-
nique of chemical analyses has been described in
more detail in Dauvalter (1994). To determine the
extent of anthropogenic influence on lake ecosys-
tems Cf values were calculated (Håkanson 1980,
1984). The BCI was determined to assess the abil-
ity of sediments to neutralize acidic compounds
entering the lakes.

Results and discussion

In four of the 15 investigated lakes the average (of
the last 10 years) water pH was lower than 6.0 and
alkalinity lower than 50 meq l–1 (Vasikkajärvi,
Kenttälampi, Kauralampi and Silpalampi; Table 2).
This study showed decreasing organic matter con-
tent (OMC) in top sediment of acidic lakes com-
pared to deeper layers. Value of loss on ignition (LOI,
as indication of OMC) in the sediment of
Vasikkajärvi decreases to 48% in the top layer in
comparison with 57% in the deepest layer. Decrease
of LOI towards surface of sediment was evident in
other acidic lakes as well (Fig. 2). Average LOI
value of the 15 studied lakes is 40%, therefore all
acidic lakes have high primordial OMC values that
have decreased from 6 to 13% after onset of acidi-
fication. This has occurred probably due to reduc-
tion of biological activity in lakes and/or increas-
ing flux of mineral particles from lakes’ watersheds
as a result of soil acidification. In non-acidic lakes
OMC usually increases towards sediment surface
owing to microbiological decomposition of organic
materials (Kuznetsov 1970). A negative correlation
(– 0.775) between lake pH and OMC of the
sediments was also found in a study of 13 other Finn-
ish lakes (Rekolainen et al. 1986). OMC also de-
creases in sediments of some acidic lakes in the
United States towards surface of sediment (Norton
et al. 1992). In all of the 15 studied lakes, decreasing
LOI values with increasing water pH were observed
(Fig. 3). Deceleration of microbiological decompo-
sition of organic materials in sediments of acidic lakes
could explain this relationship.

Vasikkajärvi and Silpalampi had very low acid
leached Ca concentrations (10–22 μg g–1), which
are comparable with background trace metal con-
tents. Calcium concentrations in the Vasikkajärvi
sediments declined from 22 μg g–1 at sediment

Fig. 1. Location of the 15 investigated lakes in Finnish
Lapland. The lake numbers correspond to those on
Tables 1 and 2.

depth of 19–20 cm to 13 μg g–1 in the subsurface
layer (0.5–1.0 cm), showing that decrease of Ca
concentrations due to acidification are observed
even in the case of very low Ca contents. Decreas-
ing Ca contents with reduction of water pH were
observed for all of the studied lakes (r = 0.654).
Metals which are most easily liberated from sedi-
ment are in cation exchange position (largely Ca)
or in easily dissolved hydroxide form such as
Fe(OH)3 (White and Gubala 1990). In lakes with
pH initially between 5 and 6 watershed soil and
lake sediment have low base saturation, and even
a small decrease in base saturation of soil would
predispose such a lake to further lake acidifica-
tion (Norton et al. 1992). Sediment profiles from
initially acidic lakes would probably not show
marked declines in total Ca.

Significant decrease in Al concentration towards
the surface of sediment was evident in Vasikkajärvi
(1.46–0.94%), Silpalampi (2.33–1.05%), and
Kenttälampi (0.88–0.37%) (Fig. 2), a trend prob-
ably connected with lake acidification. Aluminium
concentrations in the sediment top layer of the in-
vestigated lakes decreased with reduction of water
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Fig. 2. Vertical distribution of organic matter contents (loss on ignition, LOI, %), Al and Fe (%), Ni, Cu, Zn, Pb and
Cd (μg g–1 dry wt.) in the sediment cores of Vasikkajärvi (1), Kenttälampi (2), Kauralampi (3), and Silpalampi (4).
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Fig. 3. Regressive trends and correlation values between lake water pH and organic matter contents (loss on
ignition, LOI), Al, Mn, Ni, Cu, Zn, Pb, and Cd in the top sediment (0.0–0.5 cm) of 15 studied lakes in Finnish
Lapland.
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pH (Fig. 3) and correlated well with contents of Ni,
Cu, Co, Mg, Na and K (r = 0.747–0.917). Acidifica-
tion affects sediment-Al interactions (Campbell et
al. 1985). This conclusion was based on the elevated
levels of aqueous Al reported for acidic lakes (for
example Moiseenko 1994 and Rodushkin et al.
1995) and lakes and streams subjected to artifi-
cial acidification. Aluminium concentrations in
the upper sediment layers of acidified Clearwater
Lake decrease slightly (Dillon and Smith 1984).
However, no mechanisms affecting Al accumu-
lation in the sediments were determined. White
and Gubala (1990) suggest that increase in the
amount of labile Al in recent Deep Lake sediments
is consistent with pH decline (inferred from dia-
toms) (Charles et al. 1990).

Acidified lakes had lower values of buffer ca-
pacity index (BCI) (0.12–0.36), whereas other in-
vestigated lakes had higher BCI-values (0.42–1.34)
(Table 2). BCI-values in the surface sediments of
the investigated lakes decreased with reduction of
water pH (r = 0.680). BCI-values for background
sediments in acidic lakes were lower than in surface
layers, therefore these lakes were naturally predis-
posed to acidification. Only small amounts of acidic
compounds entering would be necessary for acidifi-
cation development.

Manganese concentrations in sediments of
acidic lake were very low (Table 2), particularly
in Silpalampi and Kauralampi (16–33 μg g–1).
Manganese concentrations were comparable with
Ni, Cu, and Pb contents and lower than Zn con-
centrations. Manganese concentrations in the sur-
face sediments of the 15 investigated lakes de-
creased with reduction of water pH (Fig. 3). Man-
ganese in sedimenting material may be largely
unaffected by water column acidification if Mn is
bound largely within non-labile inorganic min-
eral matter (White and Gubala 1990).

Surface maximum of Fe concentration was no-
ticed in the sediments of Vasikkajärvi and
Kauralampi, 6.84 and 0.16% respectively, whereas
in the Silpalampi and Kenttälampi Fe demonstrated
subsurface maximum, 0.70 and 0.56% in the layers
of 1.0–1.5 cm and 0.5–1.0 cm, respectively (Fig. 2).
Level of Fe in the upper layer of the Vasikkajärvi
sediment was 4-fold greater than background level,
whereas in the other acidic lakes the increase reached
only some percentages. Concentrations of Fe and
Mn had correlated well with contents of Ni, Cu, Co,

Zn, and Cd (0.515–0.764). Oxides of Fe and Mn
have long been known as excellent scavengers of
trace metals from solution (Horowitz 1987). Con-
centration of Fe in the sediment typically increases
independently at some point in the last 100 years,
usually in the last 50 years (Norton et al. 1992). Con-
centration of Fe is in most cases higher in surface or
near-surface sediments. Upward molecular diffusion
of dissolved Fe and Mn from the reducing environ-
ment of older sediment and precipitation at or near
the sediment-water interface under more oxidizing
conditions is the likely cause of such enrichment
(Norton 1974, Engstrom and Wright 1984). Precipi-
tation of Fe sulphide in zones of sulphate reduction
also may localize Fe enrichment (Carignan and
Tessier 1988). The maximum Fe concentration for
the Deep Lake, New York, USA, coincides with a
maximum sulphur concentration (Mitchell et al.
1990) suggesting that some of the Fe exists as a sul-
phide mineral. The increased flux of Fe to the lake is
due to mobilization of Fe from soils and stream sedi-
ment due to the increased concentration of mobile
anion (excess SO4

–2) and slight soil acidification
(Norton et al. 1992). Mobilization may also oc-
cur during episodic acidic events in the early stage
of watershed acidification (Borg 1986). The dis-
solved and particulate Fe, upon reaching the higher
pH regime of the lake, would be removed by set-
tling of allochtonous particles and precipitation
and sedimentation of dissolved Fe. After a water-
shed has became chronically acidic, this mecha-
nism of Fe mobilization should effectively cease
operating (Norton et al. 1992).

Subsurface (0.5–1.0 cm) maximum of Cu con-
centration (23 μg g–1) and decrease towards sedi-
ment surface (19 μg g–1) was noticed in the
Vasikkajärvi sediment core (Fig. 2). Decrease of Cu
concentrations down to 13 μg g–1 in the upper layers
from 20 μg g–1 in the lowest layer was found in the
Silpalampi sediment core. Decreasing Ni concen-
trations in the upper sediments of Kauralampi,
Silpalampi, and Kenttälampi were noticed (Fig. 2).
Therefore, a conclusion might be done that lake acidi-
fication may decrease Ni and Cu contents in the sur-
face lake sediments. In comparison, surface Cu
maximum (10 μg g–1) of twice the very low back-
ground level. Taking into account that Cu concen-
trations in the upper and lower sediment core layers
were 24.3 and 27.7 μg g–1 ash weight, respectively,
it is very difficult to say about influence of lake acidi-
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fication on Cu geochemistry in this lake. Consider-
ing the 15 studied lakes, decreasing Cu and Ni val-
ues with reduction of water pH were observed (Fig.
3). Contamination of sediments by Ni and Cu was
low and moderate (Table 3). Maxima for concentra-
tions of Ni and Cu were most often observed in re-
cent sediments, suggesting that these elements more
faithfully track trends in atmospheric depositions
than does Zn (Norton et al. 1992).

The Vasikkajärvi sediment had a subsurface maxi-
mum Zn concentration at 1.0–1.5 cm sediment depth
(65 μg g–1), which was twice the background value
(Fig. 2). Concentration of Zn decreased in the upper-
most layer to 50 μg g–1. Kauralampi and Kenttälampi
had a subsurface maximum of Zn concentration at
0.5–1.0 cm sediment depth 61 and 56 μg g–1, respec-
tively, that 3.2 and 2.2 times higher, than the back-
ground value (Fig. 2). Silpalampi had surface maxi-
mum at 55 and 54 μg g–1 in the layers of 0.0–0.5 and
0.5–1.0 cm, respectively, which is 1.5-fold greater
than the background content. We can conclude that
Zn concentration in the upper layers is considerably
higher than the background concentrations (Fig. 2,
Table 3) and that decreasing Zn concentrations in the
upper layers may be caused by lake acidification. Con-
centrations of Zn in the surface sediments of the 15
investigated lakes decreased with reduction of water
pH (Fig. 3). Concentrations of Zn in cores from some

acidic lakes have a subsurface maxima and surface
concentrations lower than background values (Norton
et al. 1992). The subsurface maxima for anthropogenic
Zn vary in age even in contiguous watersheds. For
example, in lakes within 1 km2 area Zn maxima in the
sediment range from 1967 to 1982 (Norton et al. 1992).
There are three hypotheses to explain the subsurface
Zn maxima: diagenetic precipitation of downward dif-
fusing Zn in the zone of SO4 reduction within the
sediment (Carignan and Tessier 1985), reduced ad-
sorption of Zn onto sedimenting particles, and
desorption of Zn from already sedimented material
(Norton 1983).

Concentrations of Pb had subsurface maxima
at 0.5–1.5 cm in the sediments of Vasikkajärvi
(60 μg g–1), Kauralampi (43 μg g–1), and Kenttä-
lampi (57 μg g–1) (Fig. 2) and a surface maximum
in Silpalampi (71 μg g–1). Background Pb con-
centrations of these lakes were 10-fold lower
(Table 3). The average upward increase in con-
centration of Pb in sediment profiles of 9 north-
ern pristine Finnish headwater lakes was 14.4-fold
(Verta et al. 1990) coinciding with our results.
Other studied lakes with neutral pH had also sur-
face or subsurface (at 0.5–1.0 cm) maxima. At-
mospheric deposition of Pb has declined dramati-
cally since the 1970’s, primarily because of the
decreased use of Pb in gasoline (Eisenreich et al.
1986). Some authors have reported of Pb decreas-
ing towards the surface sediment (e.g. Renberg
1985). Before 1985 in lakes with relatively un-
disturbed watersheds Pb concentration increased
continuously towards the sediment-water inter-
face (Norton et al. 1981). This pattern was also
noted in acidic lakes (e.g. Ouellet and Jones 1983),
which suggests that the critical pH for Pb release
from suspended and/or bottom sediments was
below the observed water column pH. This ob-
servation has been confirmed in laboratory ex-
periments on surface sediments: Pb release from
the sediments did not occur above pH 3 (Davis et
al. 1982). Therefore, we can conclude that reduc-
tion of Pb concentration in sediment of acidic lakes
is not connected with acidification. This reduc-
tion is caused most probably by decrease in the
consumption of gasoline with tetra-ethyl Pb
(Norton et al. 1992). Concentration of Pb in the
upper sediments of the 15 studied lakes increased
with reduction of water pH (Fig. 3). Contents of
Pb correlated positively with OMC (0.472),

Table 3. Values of contamination factor (Cf) for studied
Finnish Lapland lakes
————————————————————————
Lake Cf

—————————————————
Ni Cu Co Zn Pb C

————————————————————————
Kemijärvi 1.5 1.8 1.3 1.2 1.0 1.0
Sierijärvi 0.9 1.2 0.6 1.5 1.0 1.0
Vasikkajärvi 1.1 1.1 5.0 1.6 10.4 1.0
Kenttälampi 2.0 1.4 1.5 2.2 10.3 0.9
Saukkojärvi 1.3 1.0 1.0 0.9 1.0 2.5
Kauralampi 0.3 2.0 1.0 3.2 10.3 0.4
Haltijärvi 2.2 3.7 2.0 2.4 1.4 1.4
Silpalampi 0.7 0.7 1.0 1.6 10.1 0.2
Inarinjärvi1) 1.0 1.0 0.9 1.0 2.8 1.1
Inarinjärvi2) 1.4 1.1 0.8 0.9 7.7 5.2
No. 066006 0.8 1.0 0.6 1.0 3.2 0.4
No. 066004 1.2 0.5 1.0 1.4 3.8 1.0
Sarelompolo 1.0 0.9 1.0 1.3 2.0 1.8
No. 067000 0.6 0.4 0.3 0.6 16.3 4.5
Nuttiolampi 0.8 1.1 0.4 1.5 5.1 1.9
————————————————————————
1)  Vartasaara, 2) Vasikkaselkä.
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whereas negative correlation was noticed for other
heavy metals (– 0.267– – 0.646).

Decreasing Cd concentrations down to 0.11–0.20
μg g–1 in the surface (0.0–0.5 cm) sediment were
found in Vasikkajärvi, Silpalampi, Kauralampi, and
Kenttälampi, and subsurface maximum values
(0.47–1.02 μg g–1) were noticed at 1.0–2.0 cm depth
(Fig. 2). Contamination of sediment of the studied
lakes was low to moderate (Table 2) with the excep-
tion at the deepest place of the Inarinjärvi Lake,
Vasikkaselka, where considerable Cd content was
expressed. Decreasing Cd concentration in the top
sediment layer of 15 studied lakes with reduction of
water pH were observed (Fig. 3). Based on Cd pro-
files in sediment cores from two acidified Norwe-
gian lakes (mean pH 4.4 and 5.0) it may be con-
cluded that Cd is remobilized from the sediments
when the lake pH declines below 5 (Norton and Hess
1980). Concentration of Cd in sediment cores of
acidified Gårdsjön Lake, Sweden, was greatest 5–7
cm below the sediment-water interface (Renberg
1985). The subsurface maxima were in sediment
deposited at the onset of acidification. Once the lake
water stabilized at pH 4.5, the accumulation rates of
Cd returned to pre-industrial levels. Renberg (1985)
concluded that Cd concentration had been reduced
in recent years because water column acidification
decreased the sorption of Cd on settling sediment
matter. Cd was released from the sediments below
pH 5 in laboratory experiments with sediment-wa-
ter microcosms from the Gårdsjön Lake (Andersson
and Gahnstrom 1985).

Conclusions

In acidic lakes OMC was lower in surface layer than
in deeper layers of sediment. This is probably caused
by reduction of biological activity in lakes and/or
increased flux of mineral particles from lakes’ wa-
tersheds as a result of soil acidification.

Decreased concentrations of Cd, Zn, Cu, Ni,
and Al from lower to higher layers of sediment
may indicate acidification. Decrease may be
caused by: (1) metal sedimentation decrease due
to reduced adsorption of chemical components
onto sinking particles, and (2) desorption or dis-
solution of metals from already sedimented ma-
terials. Concentrations of Cd, Zn, Cu, Ni, and Al
in the top sediment of the 15 studied lakes de-

creased with reduction of water pH.
The acidic lakes have lower values of buffer

capacity index (BCI) than non-acidic lakes. BCI-
values for background sediments in acidic lakes
were lower than in surface layers, therefore these
lakes were naturally predisposed to acidification.

Contamination factor (Cf) of Pb is high in com-
parison to other investigated heavy metals, par-
ticularly for acidic lakes (Cf = 10.1–10.4). Ni, Cu,
Co, Zn, and Cd contents increase insignificantly
towards the sediment surface in rare cases of some
lakes with a neutral pH.

Thus, BCI-values, changes in Al, Cd, Pb, Cu,
and Ni concentrations, as well as organic matter
contents in the top layers of lake sediment are good
diagnostic tools to analyze acidity status of fresh-
water environment.
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