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Abstract. The input and output flux data of total Hg (THg) and methylmercury (MeHg)
from three catchments located in different geographical regions in Sweden and one catchment
in southern Finland were compared to elucidate the role of current atmospheric Hg/MeHg
deposition with regard to waterborne Hg/MeHg output.

There was a negative co-variaton between the open field THg inputs and the ratio of THg
output to open field input. The highest ratio (and lowest input) occurring in N. Sweden and
S. Finland, while the lowest output ratio (and highest inputs) occurred in southwest Sweden.
A much larger variation was found in the ratio of output to open field input for MeHg (14 to
160%). Examinations of MeHg input/output data in relation to catchment charateristics suggest
that riparian peat, mires and wet organic soil contributed to the large MeHg output from certain
catchments, probably due to in situ production of MeHg. This finding is consistent with other
studies which have found that catchment characteristics such as wetland area, flow pathways,
seasonal temperature and water flow are important in controlling the output of MeHg. These
catchment characteristics govern the fate of the contemporary input of Hg and MeHg as well
as the mobilization of the soil pools.

Introduction

Input of anthropogenic mercury (Hg) and methylmercury (MeHg) to the
terrestrial ecosystem has resulted in a large accumulation of Hg/MeHg in
soils (Aastrup et al. 1991). Although only a very small fraction (0.01 to
0.04%) of the catchment store of Hg and MeHg is transported annually from
the soil to surface water, this is an important source of MeHg accumulated
in the fish of Swedish and Finnish drainage lakes (Håkanson et al. 1988;
Verta 1990). Recent results from integrated catchment studies on Hg/MeHg
cycling in Sweden and Canada have identified factors influencing the load of
Hg/MeHg in runoff and the processes controlling the transport of MeHg/Hg
from soil to runoff water (St. Louis et al. 1994; Lee et al. 1995; Bishop et al.
1997, 1995a, 1995b; Pettersson et al. 1995; Krabbenhoft et al. 1995; Munthe
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et al. 1997; Rudd et al. 1995). Flow paths, climate and catchment character
were found to be the most important factors regulating the biogeochemical
and hydrological conditions which have an impact on the output of MeHg/Hg
in runoff water. St. Louis et al. (1996) concluded that wetlands are important
sites of long-term MeHg production in boreal ecosystems.

Input of Hg to forests occurs both by wet and dry processes in the forms
of precipitation/open field deposition (OF), throughfall (TF), and litterfall
(LF) (Iverfeldt, 1991; Munthe et al. 1995). Dry deposition is an important
process in a coniferous forest for THg in both LF and TF. The dry deposition
of atmospheric Hg occurs through different mechanisms, such as deposition
of particulate Hg, adsorption onto plant surfaces by gaseous divalent forms
or in situ oxidation of elemental mercury to forms with lower vapor pressure.
Hg0 uptake through stomata may also be an important pathway at elevated
air concentrations (Lindberg et al. 1992; Hanson et al. 1995). Dry deposition
of MeHg has also been shown to be significant (Hultberg et al. 1994; Munthe
et al. 1995). In Fenno-Scandian catchments, litterfall is a major pathway for
Hg/MeHg input to soil. The litterfall contributes about half of the annual input
to the forest floor (Hultberg et al. 1994; Munthe et al. 1995).

The importance of atmospheric deposition for litterfall THg/MeHg
concentrations relative to mobilization of Hg/MeHg from soil pools up to
the crown canopy cannot yet be resolved. Both sources are sufficiently large
to sustain the present level of catchment output of Hg/MeHg. This study is
focused on determining whether there are any regional trends across Fenno-
Scandia in the ratio between catchment output and input fluxes of Hg/MeHg.
This study also investigated the relationship between flow paths, climate,
catchment character and output of MeHg and THg in Fenno-Scandia.

Study sites

This study includes three catchments in Sweden and one catchment in
southern Finland (Figure 1 and Table 1). Gårdsjön is the catchment exposed
to the highest levels of atmospheric THg and MeHg deposition. Paroninkorpi,
Svartberget and V. Dybäcken are exposed to lower levels of deposition. The
bedrock in the study areas consists mostly of acidic, weathering-resistant,
granite and gneiss covered by podsolized till soil of different thicknesses.
The forest soils are predominantly podzols, characterized by a distinctive
humus layer on the top of the mineral soil. The Svartberget catchment is
drained by two tributaries. One of the tributaries starts at the outlet of a mire
(which comprises 16% of the total catchment area), and there is a band of
riparian peats adjacent to the tributaries. The Paroninkorpi catchment has no
peatland, but gentle slopes with substantial organic soil deposits. The vege-
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Figure 1. Site location of catchments in Sweden and in Finland.

tation in all catchments is dominated by coniferous forests. The understory
vegetation is mostly moss (Sphagnum spp.) near the streams (Svartberget and
Västra Dybäcken) or near the outlet (Gårdsjön). Physiographic characteritics
of all sites are given in Table 1.
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Table 1. Selected physiographic and hydrologic characteristic of the study catchments.

Region/site Area Catchment characteristics Precip. Runoff TOC

(km2) (mm) mm/yr mg C/L

Sweden

Southwest

Gårdsjön 0.037 Upland with thin soil and small area 1112 586 7.8 (avg.)

(58�040 N, 12�010 E) of wetland (ca. 5% of total area)

Central

V.Dybäcken 0.3 Svamp forest with peat and abundant 660 369 10–34

(60�050 N, 13�470 E) swamp mosses along the stream

channel (5.6% of total area)

North

Svartberg 0.5 Upland containing riparian peat and 711 375 15 (avg.)

(64�140 N, 19�460 E) a mire (16% of total area), and with

sphagnum near the stream

Finland

South

Paroninkorpi 0.035 No peatland and low catchment 630 537 19.7 (avg.)

(61�000 N, 24�450 E) slopes with thick organic soil

Methods

The details of the sampling equipment and procedures for THg and MeHg
analysis have been described elsewhere (Iverfeldt 1991; Lee et al. 1994b).

Inputs of MeHg and THg to the whole catchments are from wet deposition
(OF and TF) and litterfall. As TF data were not available for Svartberget
and V. Dybäcken, only OF data were used in the input/output mass-balance
budgets. Deposition (OF and TF) of THg/MeHg was determined monthly
using bulk samplers. The collection bottles were pre-acidified with 2.5 ml
of HCL (Merck Suprapur). The litterfall samples were collected using nylon
nets mounted on aluminium frames. The deposition of THg and MeHg to the
V. Dybäcken catchment was not available. As the V. Dybäcken catchment
is situated in area with no obvious local air (Hg) pollution sources, regional
OF data collected from Aspvreten (Kindbom et al. 1995) was used in the V.
Dybäcken calculations.

Surface water sampling for THg/MeHg chemistry was carried out at the
catchment outlet weirs at least once per month, biweekly for Gårdsjön and
Paronikorpi, three to four times per month during high flow for Västra
Dybäcken, and for Svartberget intensive sampling was conducted during
the spring flood as well as during July 1993 and July 1994.
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The MeHg measurements were performed using a GC-CVAFS technique
with aqueous phase ethylation and distillation/dichloromethane extraction
preseparation steps (Horvat et al. 1993). The methods summarized in Lee
et al. (1994b) were considered when choosing an appropriate and validated
pre-treatment procedure to isolate MeHg from the sample matrix. Total Hg
analysis was performed using the gold amalgamation method following BrCl
oxidation and SnCl2 reduction and CVAFS detection (Bloom & Crecelius
1983; Iverfeldt 1991). The detection limit for both THg and MeHg is 0.06
ng/L (three standard deviation of blanks). The precision (relative standard
deviation) for replicate analyses of the same samples is 5% at concentration
of greater than 0.1 ng/L for both THg and MeHg.

The annual output fluxes of THg and MeHg from each catchment were
calculated by multiplying the daily flow by an estimate of the daily THg
and MeHg concentration in stream water. The daily concentration values
were arrived at by linear interpolation of measured concentration between
consecutive sampling occasions. The daily flow data are based on continuous
flow monitoring except for V. Dybäcken. For V. Dybäcken interpolation was
also used to estimate the daily flow between consecutive sampling occasions.

Results

The input and output data from all catchments are presented in Table 2 as
well as Figures 2 and 3. The ratio of MeHg fluxes between the output and
input from OF had a large variation (14% to 160%) in different catchments
while the THg ratio varied from 17% to 63%. The OF data for THg and
MeHg indicated that a large gradient existed for both THg and MeHg, with
the highest deposition values in southwest Sweden, lower values in central
Sweden and S. Finland, and the lowest values in northern Sweden. In contrast
to the input fluxes, there were smaller differences in THg output, but MeHg
output varied more than THg output. Inputs of THg and MeHg in LF were
much greater than those in OF (2 to 12 times). The largest difference between
LF and OF deposition of both THg and MeHg was found in Paroninkorpi.

A three-year record of runoff from Svartberget (from 1993 to 1995) (Figure
4 and Figure 5) shows a strong seasonal trend in the monthly output of
MeHg (which starts from a low value during the spring flood and increases
throughout the summer before declining again. THg output, on the other hand,
peaked during spring snowmelt at the same time as MeHg output was low.
A strong seasonal trend in the MeHg monthly output was also found at the
V. Dybäcken (based on 1.5 years of data) and Paroninkorpi (based on one
year of data) catchments. High THg output during the spring flood occurred
at Paroninkorpi and Svartberget (Figure 5).



130

Table 2. Annual input/output fluxes in g km�2 yr�1 for THg and MeHg in catchments during
1993 to 1995.

Input fluxes Output fluxes Output/OF
OF LF LF/OF Runoff (%)
THg MeHg THg MeHg THg MeHg THg MeHg THg MeHg

Gårdsjön 10.4 0.21 23.0 0.55 2.2 2.6 1.8 0.03 17 14
V. Dybäcken (5)� (0.1)� 1.4 0.16 28 160
Svartberget 3.1 0.07 21.3 0.39 6.8 5.6 1.3 0.11 42 157
Paroninkorpi 5.1 0.1 59.5 0.64 11.7 6.4 3.2 0.09 63 90

� Regional data (Kindbom et al. 1995).

Figure 2. Annual input(OF)/output fluxes for total mercury in catchments.

Figure 3. Annual input(OF)/output fluxes for methylmercury in catchments.
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Figure 4. Monthly average output (mg month�1 km�2) of methylmercury from catchments.

Figure 5. Monthly average output (mg month�1 km�2) of total mercury from catchments.

Discussion

In Svartberget, previous studies have reported (Pettersson et al. 1995; Bishop
et al. 1995b) that the variation in THg output was largely controlled by
the major flow pathways (and DOC level) in runoff. The flow condition
was an important factor in influencing output flux. During periods of high
discharge, especially during spring floods, the major water flowpathways were
superficial and passed through soil layers rich in Hg and total organic carbon
(TOC). This may have caused increased THg and TOC levels (Pettersson et
al. 1995) in runoff compared to the flow during low discharge periods when
the water flows through deeper soil layers with lower Hg content (Lee et al.
1994a; Bishop et al. 1995b). As the spring flood comprises a major portion
of the annual catchment runoff for northern Sweden and southern Finland as
compared to central and southwest Sweden, a snow-rich winter can double
the annual THg output from catchments in northern Sweden (Bishop et al.



132

1995a). Gårdsjön and V. Dybäcken, where spring flood was not the dominant
runoff event, had lower THg output during the spring. In these catchments,
the catchment output of THg during periods of high discharge in the autumn
and winter can be a more important influence on the yearly output of THg
(Figure 5) (Munthe et al. 1997).

The output of THg from Paroninkorpi was much higher than from the
other catchments. One possible reason is that the low slope of the catchment
(characterised by substantial organic soil deposits) may result in the major
flow pathways being frequently routed through superficial soil layers during
storm flow, consequently increasing THg and TOC levels (cf. Table 1) in
runoff.

The high THg outputs during spring, and the superficial, organic rich
flow paths at Paroninkorpi resulted in higher output/input OF flux ratios for
THg in southern Finland and northern Sweden compared to that in southwest
Sweden. Methylmercury, however, did not exhibit a similar regional trend in
the ratio between output and input (OF) fluxes.

Soil temperature and soil moisture are two fundamental parameters
controlling the rate of most biogeochemical processes. Indications of their
influences on MeHg output from the field study from Svartberget catchment
are shown in Figure 4 by an increase in MeHg concentration during the
summer, most pronounced during the wet summer of 1993.

The sources of MeHg from the forest areas of catchments may have been
controlled by the net methylation rates in wet soil (riparian peat and mire)
and in wet stream bed material (sphagnum/moss). The ongoing stable isotope
study of MeHg production in forest soil at Gårdsjön has found that the methy-
lation rate of inorganic Hg was much higher in wet sphagnum and wet organic
soil than that in dry conditions (Munthe et al., in preparation). Methylmercury
and THg contained in organic material (stream sphagnum/moss in Svartberget
and V. Dybäcken) are rapidly decomposed due to the high biological activity
in riparian environments (Moore et al. 1995), resulting in a potential for
methylation as well as for mobilization and transport of Hg to streams.

The sum of the wet deposition and litterfall of MeHg in the catchment
at Svartberget (0.46 g km�2 yr�1) was less than that at Gårdsjön (0.78 g
km�2 yr�1) and Paroninkorpi (0.75 g km�2 yr�1), while MeHg output from
Svartberget (0.11 g km�2 yr�1) was higher than that from Paroninkorpi (0.09
g km�2 yr�1) and much higher than that from Gårdsjön (0.03 g km�2 yr�1).
This suggests that the local conditions for net production and runoff mobi-
lization of MeHg in wetland/riparian soil and wetland plants at Svartberget
overshadowed the effect of contemporary MeHg inputs. For THg there was a
positive co-variation between the output fluxes and the contemporary inputs
(LF + OF). Figure 6 shows that the ratio of THg fluxes between the output
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Figure 6. Annual input(LF + OF)/output fluxes for total mercury in catchments.

and input from (LF + OF) in different catchments was very similar. Since we
do not know how much of litter input is new input, the influence of litterfall
as atmospheric input on the THg output remains unclear.

To satisfactorily distinguish the role of contemporary THg/MeHg deposi-
tion, relative to the historical accumulation of Hg in soils with regards to
current runoff outputs of THg/MeHg will require advances in the understand-
ing of mercury cycling in the terrestrial ecosystem, especially with regards
to the spatial distribution of key processes. Results from the comparison
of regional input/output data indicate that contemporary deposition of THg/
MeHg does not directly govern the output of MeHg/THg in runoff. Instead it
appears to be catchment characteristics, such as organic matter content in the
soils and hydrological dynamics, in the presence of a large catchment store
of Hg/MeHg, (that is being added to each year by atmospheric deposition),
which determines the current THg/MeHg output.

Conclusions

There was a significant difference in the output/input OF flux ratio for THg
from southernwest Sweden where it was lowest, to northern Sweden and
southern Finland where it was highest. Methylmercury had a a larger variation
(14 to 160%) in the flux ratio between output and input (open field deposition)
at the different catchments, due mainly to the variations in wetland types
(riparian peat, mire and wet organic soil) and wetland areas.

The results from regional comparisons of input/output data suggest that
the atmospheric deposition of MeHg/Hg is not directly controlling mobiliza-
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tion and output from forested catchments. Catchment characteristics such as
wetland area, flow pathways and seasonal variation in temperature and water
flow are more important in influencing the fate of the Hg and MeHg deposited
on the catchment in any given year, such as controlling the rate of net MeHg
production and its accumulation, and in remobilizing the historically accu-
mulated storage of THg and MeHg.
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