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Abstract Understanding the mechanisms of mer-
cury evaporation from soil to the atmosphere is
necessary for tracing the fate of mercury in the bio-
logical environment and for assessing potential
health effects and the impact of anthropogenic
mercury emissions on the environment. In this ar-
ticle an integrating overview of the current knowl-
edge of the mechanisms of mercury evaporation is
presented. Abiological and biological formation of
Hg(0) and/or (CH3)2Hg in the uppermost soil layers
are the rate limiting processes of mercury evapora-
tion from soils in background areas; the evapora-
tion rate in background areas is probably strongly
influenced by deposited airborne mercury. The
evaporation rate limiting factors in mercury en-
riched mineralized areas with large fractions of to-
tal mercury being volatile mercury species (relative
to background soil in the non-mineralized vicinity)
meteorological variations and the transport charac-
teristics of soils for volatile mercury species. Mer-
cury evaporation rates from background soils are
usually ~0.2 mg7m–27h–1 and significantly smaller
than from mercury-enriched mineralized areas.
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Introduction

Anthropogenic mercury emission into atmosphere and
atmospheric deposition have increased significantly since
pre-industrial times, especially in the northern hemis-
phere (Galloway and others 1982; Johansson 1984; Lindq-
vist and others 1984; Slemr and Langer 1992; Swain and
others 1992). Current estimates for anthropogenic mercu-
ry emission range from about 50 to 75% of the total an-
nual mercury emission to the atmosphere; recent modell-

ing suggests that the present atmospheric mercury burd-
en has increased by a factor of three during the last 100
years (Fitzgerald 1995). Mercury present in the environ-
ment may up-concentrate to levels toxic for biological
systems. For instance, the increase of the mercury pool of
freshwater systems is an important factor causing a sig-
nificant increase of the mercury content in fish, where
bio-concentration factors (relative to the water) up to 107

were reported (Watras and others 1994). Mercury con-
centrations in fish from a large number of freshwater
lakes, including waters remote from local sources of pol-
lution, have been found to exceed guidelines for human
consumption in Canada, the north-central and northeast
United States, Sweden and Finland (OMOE 1981; Håkan-
son 1984; Helwig and Heiskary 1985; Håkanson and oth-
ers 1988; Lathrop and others 1989; OMOE and OMNR
1989).
For tracing the fate of the mercury emitted into the envi-
ronment, as well as for estimating the future develop-
ment of the mercury burden of our environment and for
predicting the toxic consequences, it is important to in-
vestigate the global and regional mercury fluxes. This in-
cludes quantification of the mercury which is already or
potentially biologically available in the ecosystem (e.g.
sorbed to soils or sediments), the mercury which is re-
leased from geological sources (e.g. ore deposits and geo-
thermal sources) and the mercury which is released by
anthropogenic activity. A major question is the impor-
tance of anthropogenic mercury relative to the mercury
content in pristine environment. The answer to this ques-
tion is crucial for understanding the effects of human ac-
tivity and for implementing a policy of restricted use and
release of mercury.
One pathway of the mercury flux in the environment is
the evaporation from soils. Estimations of the quantita-
tive significance of evaporation relative to other path-
ways, including emission from the bottom of the oceans,
from geothermal or tectonically active areas and anthro-
pogenic activities, are very uncertain. Too little is known
about the amounts and species of mercury evaporating
from soil and the factors causing and affecting this proc-
ess. This article presents an integrated model of mercury
evaporation from soils based upon a thorough discussion
of the literature. Only processes, which are directly in-
volved in mercury evaporation from soil, are discussed in
detail, whereas general processes of gas-transport in the
soil and the atmosphere are only marginally mentioned.
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Sources of evaporating mercury
Mercury evaporating from soil is likely to derive from
three different sources/pools of mercury in soil:
1. The airborne mercury pool. This soil pool includes

airborne Hg(II) and Hg(0), recently deposited on the
soil surface by dry and wet deposition, including litter-
fall and airborne Hg(0) recently sorbed to the soil sur-
face from air (by gravitational settling and brownian
motion). This mercury is undergoing chemical, physi-
cal and microbiological processes of transformation
into oxidation states and compounds stable in the soil
envrionment and re-distribution to sorption positions
according to the affinity of the soil components. Mer-
cury becomes strongly sorbed to humic compounds
and/or it may be firmly sorbed to and occluded in soil
minerals, making it relatively unavailable to abiotic
and biotic processes. The speciation of wet and dry
deposited airborne mercury is still under discussion.
Most of the wet and dry deposited mercury is inor-
ganic Hg(II) possibly in form of HgCl2 and with the
major fraction associated with particles (Pacyna and
Ottar 1989; Iverfeldt 1991a, 1991b; Lindqvist and oth-
ers 1991; Munthe 1993; Driscoll and others 1994; Keel-
er and others 1995). Usually less than 5% of the total
deposited mercury (wetcdry) (Munthe 1993; Hultberg
and others 1994) are reported to be in the form of
monomethyl mercury. Most of the atmospheric mercu-
ry (195%) is Hg(0). An unknown amount of unspecif-
ied mercury [probably mainly Hg(0)] is actively
sorbed from atmosphere to soil surface, most likely
contributing significantly to the total deposition of
mercury (e.g. Steinnes and Andersson 1991). Some of
the deposited and sorbed airborne mercury [esp.
Hg(0) and CH3Hgc] may be re-emitted according to
their volatility or co-distillated with the evaporation of
soil water. The rest becomes incorporated into the soil
mercury pool.

2. The geogenic mercury pool. This soil pool includes
geogenic Hg(II), Hg(I) and Hg(0) which were recently
released from ore deposits and bedrock mostly by oxi-
dation and weathering, or which originate from geo-
thermal sources (Tunell 1964; Jonasson 1970; Jonasson
and Boyle 1971, 1972; Khayretdinov 1971; Lindsay
1979; Chengliang and others 1989). As to airborne
mercury, geogenic mercury undergoes a process of in-
corporation into the soil matrix. A steady mercury in-
put from geological sources to soil may form accord-
ing to the sorption efficiency of the soil components
and rates of plant uptake, leaching and evaporation
into atmosphere. In discussing mercury evaporation
from soils, mineralized, geothermal or seismically ac-
tive areas or areas of deep geological structures with
dominance of geogenic mercury and their subsequent
high fraction of volatile mercury species, have to be
distinguished from background areas with their larger
fraction of airborne and non-volatile mercury species.

3. The soil mercury pool. This soil pool includes air-
borne and geogenic mercury which are incorporated

into the soil matrix. This pool shows only slow trans-
formation or turnover (e.g. translocation with soil wa-
ter or volatilization) dependent on factors such as the
climatic conditions.

It is likely that different abiotic and biotic processes
dominate formation of volatile mercury species during
the various phases of incorporation into the soil as well
as when the relative inert state is reached. For instance,
during transformation abiotic reduction may be very ef-
fective since Hg2c is readily available to reductants.

Areas with geogenic mercury anomalies and
background areas

Enhanced crustal degassing of mercury, mercury anomal-
ies in soil, soil air and bedrock and sometimes even in
the lower atmosphere can be found in the following
zones of the earth:
1. Zones of high crustal heat flow (geothermal zones, in-
cluding volcanoes). For more information refer to
U.S.Government Printing Office (1970), Cox and Cuff
(1980); Varekamp and Buseck (1983, 1984b, 1986), Priest
and others (1983), Klusmann and Landress (1979).
2. Zones of mineralization, especially where the deposits
are exposed to weathering.
Elevated mercury contents are typically associated with
base metal sulphides and precious metal deposits (e.g.
Au, Pb, Zn, Cu) and some other elements such as As and
Sb. Mercury was also reported associated with non-ore
deposits such as oil and gas (White 1981; Ozerova 1982;
Fursov 1983; Xie and Zheng 1983; Xie and Yang 1989).
The measurement of the total mercury content of soil
and sometimes soil gas is a common surveying technique
in geochemical exploration to locate buried ore deposits
(McCarthy and others 1969b; McCarthy 1972; McNerney
and Buseck 1973; Wallner 1977).
The most mercury-containing deposits and mercury de-
posits found to date were formed during the late mesozo-
ic until tertiary epoches (about 1!106 until 150!106

years ago; Odd Nielsen, personal communication). The
largest mercury enrichments and the highest rates of
mercury degassing are usually found within the mercuri-
ferous belt (Fig. 1), where most of the principal mercury
deposits and mercury prospects are found. The global
distribution of the mercuriferous zones is controlled by
crustal heat flow and tectonic instability and is often
marked by the presence of geothermal activity (Jonasson
and Boyle 1972; Stepanov and Vildbyayev 1984). In mi-
neralized areas, the mercury concentration of soil often
increases to several thousands or even tens of thousands
mg7kg–1 (e.g. Warren and others 1966; Friedrich and
Kulms 1969; U.S. Government Printing Office 1970; Ferra-
ra and others 1991a).
3. Zones of deep geological structures of elevated crustal
permeability, acting as conduits for Hg(0) vapor from
deep within the crust (e.g. rift zones and regional faults
and fractures in the bedrock). Relative to faults and frac-
tures, rift zones are considerably less abundant in the
continental crust, but the processes of mercury degassing
from deep within the earth crust are probably the same
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Fig. 1
Location of important metal deposits and the distribution of
deep focus earthquakes along subduction zones, showing the
close correlation between mercury deposits and these zones
(from Kesler 1994)

as for faults and fractures. Fault-related mercury anomal-
ies tend to be restricted in areal extent, with diameters
ranging from 10 to 150 m (Kovalevskii 1983, 1986). Ras-
mussen (1993) reported elevated mercury concentrations
(2–12 times background) from soils within 100 m from
faults. The strong retention of mercury in soil is one of
the factors restricting lateral mobility in soil. Not all
faults and fractures are still active conduits for Hg(0) va-
por due to depletion of mercury in the adjacent bedrock
during recent times.
Faults and fractures can be hidden by glacial drift. If the
drift, consists of clay or silt with low permeability, up-
ward movement of mercury will be impeded; formation
of mercury anomalies in soils over glacial drift of sandy
till or sand is more likely.
4. Zones of seismic activity, where various tectonic proc-
esses, accompanied by mechanical stress in the rocks
(e.g. pressure, tension, structure change, crushing), use
some of their energy in extracting free Hg(0) vapor from
rocks (e.g. Stepanov and Vildbyayev 1984; Varshal and
others 1985). Strongly increased mercury concentrations
(up to 100 fold) in ground water (Jin and others 1989),
spring water (Zhu and You 1989) and soil air (Varshal

and others 1985; Azzaria and K-Seguin 1990) were re-
ported for a time before, during and after seismic activi-
ty. Average Hg(0) emission rates in seismic zones exceed
background crustal degassing rates 10–100 times, a phe-
nomenon researched as tool to predict earthquakes (Var-
shal and others 1985; Jin and others 1989; Zhu and You
1989; Azzaria and K.-Seguin 1990). Varekamp and Waibel
(1987) associated elevated mercury concentrations in a
Californian lake sediment with mercury release during
seismic events. Azzaria (1992) found that soils associated
with a seismically active fault zone contained about four
times more mercury than soils from a non-active fault
zone.
The four types of zones are often associated with each
other. For instance, all economic mercury deposits out-
side the plate margins are situated in fault zones (Jonas-
son and Boyle 1972). Mineralogical occurences of mercu-
ry originate from past geothermal and tectonic activity
(e.g. fossil hydrothermal systems; see Varekamp and Bu-
seck 1983). However, fault related mercury anomalies in
soil can also be found in non-mineralized and non-geo-
thermal areas (Brooks and Berger 1978; Rasmussen 1993).
Increased mercury degassing through faults or fractures
may also occur during seismic and aseismic (movement
of crustal blocks along fault surfaces without earthquake
activity) sliding. According to Slunga (1990) most fault
sliding is aseismic. This type of movement can be de-
tected by geodetic measurements. In Swedenbs Precam-
brian Shield, aseismic sliding is estimated to be 20 000



Research article

252 Environmental Geology 39 (3–4) January 2000 7 Q Springer-Verlag

times more extensive than seismic sliding (Slunga 1990).
The rates of vapor formation are dependent on the inten-
sities and scales of the processes leading to the formation
of the four zones, as well as on the mercury concentra-
tions in ores and rocks. Therefore, for instance not all
deposits containing elevated amounts of mercury are ac-
companied by substantial vapor aureoles in bedrock and/
or soils (Stepanov and Vildbyayev 1984; Azzaria and Af-
tabi 1991). On the global scale, tectonic and geothermal
activities are most intense along plate boundaries, espe-
cially the Circum-Pacific belt and Mediterranean-Asiatic
belt, where the worldbs major mercury deposits are lo-
cated (Fig. 1; Jonasson and Boyle 1972). Tectonic and
geothermal processes in plate interiors, such as the Pre-
cambrian Shield, are much less intense than at plate
boundaries. Hence, earthquakes in plate interiors tend to
occur along pre-existing zones of weakness in the crust
(e.g. fault and fracture zones and other tectonic boundar-
ies; Sykes 1980). Zones of mercury enrichment in the
Shield regions of Canada are therefore smaller and more
subtle than in younger, tectonically active coastal regions.
Generally there must be some kind of permeability (e.g.
faults, permeable rock or till, contact zones) to provide a
migration pathway for abyssal mercury to reach the sur-
face environment.
Elevated mercury concentrations in soils associated with
these four zones may be within the ranges of mercury
concentrations usually found in background areas. Gener-
ally, background mercury concentrations of soil vary
widely from place to place, depending on the local tec-
tonic and geothermal setting. If total mercury contents
are significantly higher in samples collected near a geo-
logical feature than further away, and all other influences
are equal, it is probable that the geological feature is the
source of the mercury anomaly. For instance, in a geo-
thermal zone in China soil mercury concentrations less
than 60 mg Hg7kg2–1 soil were defined as background
concentration and higher concentrations as anomalous
(Zhu and others 1986), whereas in a mineralized area in
Germany mercury concentrations as high as 1800 mg
Hg7kg2–1 soil were found, clearly exceeding the back-
ground concentrations (~200 mg Hg7kg2–1) in the unmi-
neralized vicinity (Krömer and others 1981). {}Due to
mercury losses from soil parent bedrock during weather-
ing, the mercury concentrations of bedrock may have to
be determined from drill core samples (Rasmussen 1993;
Stepanov and Vildbdyayev 1984). In this article the term
“non-background area” denotes areas of elevated mercu-
ry degassing from the earth crust and/or elevated soil
mercury concentrations related to geothermal activity,
mineralization, seismic activity or deep geological struc-
tures; the term will not include areas contaminated with
airborne mercury or contaminated by human activity in
other ways.

The significance of geogenic versus deposited
airborne mercury in mercury evaporation from soil

Generally, Hg(II), Hg(I) and Hg(0) are released from be-
drock and transported to soil and atmosphere with pelli-

cular water, thermal water or as mercury vapour, rising
along fissures in the bedrock and in the porous volume
of sediments. On geological time-scales it can be translo-
cated with tectonic movement (Friedrich and Kulms
1969; Jonasson and Boyle 1972; McNerney and Buseck
1973). In non-background areas the processes of mercury
release from geological sources and mercury transport
are considerably more intense than in background areas
and in non-geothermally active areas, and significant
fractions of total mercury that are migrating into soil are
in form of Hg(0) (Hawkes and Williston 1962; Dvornikov
and others 1963; Karasik and Bolbshakov 1965; Fursov
and others 1968; McCarthy and others 1969a, 1969b; Jon-
asson 1970; Varekamp and Buseck 1984a; Chengliang and
others 1989). According to Ryall (1979) and Kovalevskii
(1986) mercury degasses largely as Hg(0) vapor from the
earth crust. Hg(0) is also often formed during the wea-
thering of deposits according to the ambient pH/Eh con-
ditions (McNerney and Buseck 1973) and/or the presence
of reductants (e.g. Fe(II)) (Jonasson and Boyle 1972; Wil-
son and Weber 1979). Due to removal of Hg2c from so-
lution by strong complexation to soil organic matter
some of the Hg(0) will be re-oxidized and Hg(I) will dis-
proportionate to Hg(II) and Hg(0). However, in non-
background areas high amounts of Hg(0) are likely to be
found in soil due to the high rates of degassing from geo-
logical sources (Jonasson 1970; U.S. Government Printing
Office 1970; Jonasson and Boyle 1972; Klusmann and
Landress 1979; Varekamp and Buseck 1984a; Azzaria and
Aftabi 1991; Sidle 1993). This can cause a strong rise in
the mercury concentration of the atmosphere above
ground from 1–4 ng Hg7m–3 up to tens of thousands ng
Hg7m–3 (U.S. Printing Office 1970; Lindberg and others
1979; Krömer 1981; Ferrara and others 1991b; Munthe
1993). Therefore, in non-background areas degassing
from crustal bedrock can be the dominant origin of mer-
cury evaporating from soil. In background areas and ar-
eas not contaminated by human activity the rates of mer-
cury degassing from bedrock are usually considerably
lower. During the last geological epochs (late mesozoic
until tertiary epochs) mercury was lost by erosion (e.g.
Plouffe 1995) and by degassing from bedrock formed
more than 150!106 years ago (Odd Nielsen, personal
communication). Therefore, mercury concentrations of
soil parent bedrock in these areas are usually very low
(usually ~50 mg7kg–1) and the mercury content of the
upper soil horizons iss usually swamped by atmospheric
mercury deposition, including input with plant debris
(Jonasson and Boyle 1970, 1972; U.S. Government Print-
ing Office 1970; Andersson 1979; Steinnes 1995); in un-
contaminated background soils the mercury concentra-
tions are usually ~500 mg7kg–1 (e.g. Steinnes 1995).
For the following reasons it can be expected that a major
fraction of the total mercury content of the upper soil
layers containing organic matter, originates from atmos-
pheric mercury deposition in background areas: (1) Mi-
neral matter, which could contain mercury is very scarce
in the humus horizons of forest soils. (2) In forest soils,
probably more than 70% of the total mercury deposition
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on the soil surface is retained in the humic-rich upper
soil layer (e.g. Aastrup and others 1991; Driscoll and oth-
ers 1994; Schlüter and others 1995b; Schlüter 1995a). A
similiar fraction is probably retained in the topsoil even
if there is no organic layer (Semu and others 1985; Wim-
mer and Haunold 1973; Wimmer 1974; Hogg and others
1978; Blinov 1982). Accordingly, the mercury content in
soil profiles is usually highest in the topsoil (Andersson
1979; Schlüter 1993; Grigal and others 1994). (3) Root
barriers against mercury uptake from soil (Stewart and
others 1975; Rauter 1976; Beauford and others 1977; Fathi
and Lorenz 1980; Fukuzaki and others 1986; Godbold and
Hüttermann 1988) and barriers against mercury transport
from roots to above ground parts in higher/vascular
plants (Ross and Stewart 1962; Gilmour and Miller 1973;
Beauford and others 1977; Lindberg and others 1979) are
likely to prevent a significant redistribution of mercury
from deeper soil layers to the upper organic layer. Ac-
cordingly, mercury concentrations in vegetation (per dry
weight) of background areas were found to be below the
concentrations of the respective substrate soil even when
the mercury content is related to the content of organic
matter (Lindberg and others 1979; Tamura and others
1985; Bargagli and others 1986; Kovalevskii 1986; Padberg
1991; Rasmussen 1993). However, considerable bio-con-
centration of mercury in vegetation was sometimes re-
ported from mineralized areas or geothermal active areas
(Siegel and others 1975, 1987; Lindberg and others 1979;
Warren and others 1983; Kovalevskii 1986). Furthermore,
the mercury concentrations of the uppermost background
soil layers are usually significantly higher than the soil
parent bedrock (Andersson 1979; Schlüter 1993; Steinnes
1995). Redistribution of mercury in soil by burrowing
and tunnelling organisms (e.g. earthworms) is assumed
insignificant in most soils and is not considered in the
present discussion. For instance, only weak bio-concen-
tration has been reported in earthworms (Cocking and
King 1994).
Accordingly, redistribution of soil mercury by vegetation
is usually negligible and anthropogenic immissions may
have a large impact on the upper organic rich soil layer,
as is displayed by the calculation of Lindqvist and others
(1991), showing that more than 80% of the total mercury
in the humus layer of forest soils in south Sweden origi-
nate from anthropogenic emission. Literature data re-
porting low concentrations of monomethyl mercury in
vegetation indicate that there is no or only negligible
transfer of monomethyl mercury from soils into roots
and higher parts of the plants nor do plants produce sig-
nificantly additional monomethyl mercury compared to
the atmospheric input (Lee and Iverfeldt 1991; Stoeppler
and others 1993; Schlüter and Gäth 1999). Therefore, the
soil content of monomethyl mercury is probably either
due to atmospheric deposition or formation in soil. Data
on the monomethyl mercury content in soils are very
scarce but it seems to make up less than 2% of total mer-
cury in soil (Van Faassen 1975; May and others 1985;
Padberg 1991; Munthe 1993; Lee and others 1995).
Therefore, if mercury evaporation is originating from the

upper soil layers recently deposited, airborne mercury
and airborne mercury incorporated into the soil matrix,
are probably the main sources in background areas.
Based on field measurements of mercury evaporation
from a Scandinavian podzol soil Xiao and others (1991)
determined an average evaporation rate of 0.30
ng7m–27h–1 for a period with temperatures about 10 7C,
not discriminating between mercury evaporation from
soil and mercury degassing from bedrock. Schlüter and
others (1995c) modelled the average mercury evaporation
from a similiar soil type based on their measurements of
mercury evaporation from undisturbed soil columns
treated with radioactive mercury tracer. The modelled
evaporation rate was identical with the value of Xiao and
others (1991). Since the result of Schlüter and others
(1995c) did not account for the contribution of mercury
degassing from bedrock, the field measurements of evap-
orating mercury of Xiao and others (1991) can be ex-
plained with mercury evaporation originating predomi-
nantly from deposited airborne mercury. However, to
date the relative importance of the three mercury pools
distinguished in this section for the evaporation flux
from soil is still under discussion. In the following sec-
tions, data are presented showing that evaporation rates
from mercury enriched soils of non-background areas or
soils contaminated with volatile mercury species [Hg(0)
and (CH3)2Hg], are considerably higher than from back-
ground areas (Table 1). Therefore, degassing of Hg(0)
from geological sources is likely to dominate mercury
evaporation from soils of mineralized areas, whereas for-
mation of volatile mercury species from soil mercury and
airborne mercury may be dominant in background areas.

The soil horizon being the
dominant origin of evaporating
mercury

In areas where mercury evaporation from soil is primari-
ly originating from the soil-mercury pool, the maximum
depth of the soil layers significantly contributing to the
evaporation flux depend on: (1) the qualitative and quan-
titative distribution of mercury in the soil profile, (2) the
places of formation of volatile mercury species, (3) the
physical migration of the mercury species within the soil
and (4) the physical and chemical sorption of mercury
vapour (including all mercury species).
It is likely that most mercury is evaporating from soil
layers where the highest mercury concentrations are
found under conditions favoring the formation of volatile
Hg(0), di- and/or monomethyl mercury (see sec. 4), and
where only little sorption loss to the overlying soil will
occur. Therefore, the O(f)- and O(h)-horizons of forest
soils and the uppermost organic rich A-horizon of soils
without organic horizon can be expected to be the domi-
nating site. In these horizons, the mercury concentrations
of inorganic Hg(II) and CH3Hgc can be found together
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Table 1
Literature data of mercury concentration in air and mercury
evaporation from soils. a) Schlüter and others 1995b, 1995c; b)
Xiao and others 1991; c) Cannon and Dudas 1982; d) Andren

and Nriagu 1979; e) Johnson and Braman 1974; f) Schroeder
and others 1989; g) Lindberg and others 1979; h) McCarthy and
others 1970; i) Munthe 1993; j) Kim and others 1993; k)
Lindberg and others 1994; l) Kim and others 1994

Soil type Vegetation Soil/Air
Temper-
ature
( 7C)

Hg content and Hg treatment Mid-point
of
sampling
period (h)

Evaporation
flux
(g7m–27h–1)

Hgair

above soil
(g7m–3)

Au-
thor

Podzol Coniferous forest –/4–6 1843mg7m–2 [p120 mg 90 0.13–0.20 0.063–0.096 a)
(this experiment) “ ” Hg (HgCl2)] 840 0.026–0.048 0.013–0.023 “
” “ ” “ 2302 0.0091–0.026 0.0044–0.013 ”
“ ” “ ” 90–3600 0.00356–0.201 0.0050–0.0964 “
” “ ” 15361 mg7m–2 [p1000 mg 90 1.78–3.85 0.86–1.86 “
” “ ” Hg (HgCl2)] 840 0.077–0.27 0.037–0.13 “
” “ ” “ 2302 0.056–0.11 0.027–0.054 ”
“ ” “ ” 90–3600 0.0351–3.88 0.0168–1.86 “
Podzol Coniferous forest –/4–6 1843 mg7m–2 [p6144 mg 90 0.014–0.018 0.0066–0.0088 a)
(this experiment) ” “ Hg (CH3HgCl)] 1631–2302 0.41–0.51 0.23–0.25 ”
“ ” “ ” 2984 0.23–0.41 0.11–0.20 “
” “ ” “ 90–3600 0.013–0.51 0.0066–0.25 ”
“ ” “ 15361 mg7m–2 [p1000 mg 90 0.019–0.031 0.0092–0.019 ”
“ ” “ Hg (CH3HgCl)] 1282–1631 1.96–4.22 0.95–2.03 ”
“ ” “ ” 2984 0.74–1.43 0.36–0.69 “
” “ ” “ 90–3600 0.019–4.25 0.0092–2.03 ”
Podzol Coniferous forest –5 to 13/

–10 to 20
Background area – 0–0.0014 0.0021–0.0037 b)

“ 10/– ” – 0.3E-3 (pmean) “
Orthic Gray Luvisols
and Chernozem

Deciduous forest No data Background area 0.067–0.18 c)

x evaporation U.S. No data No data Mineralized and non-min. areas 0.015 d)
No data No data No data ” 5.8E-5–0.42 “
No data Patches of lawn No data 2000 mg7m–2 (HgCl2) 48 0.038 e)
No data Patches of lawn No data Not treated 0.0065 ”
No data No data No data Background area 0.0042–0.34 “
No data Coniferous forest 10/19 Background area 1E-4–1.2E-3 f)
No data Decidous forest 10/15 ” 1.4E-3 “
No data Open field –/15–18 ” 0.9E-3–1.4E-3 “
No data Bare soil –/10 1 km from cinnabar mine ca. 0.05 0.02 g)
” “ –/25 ” 0.32–0.34 0.13 “
” “ –/35 ” ca. 0.6 0.25 “
” Grass planted soil –/25 “ 0.07–0.09 0.13 ”
“ Bare soil –/10 15 km from cinnabar mine ca. 0.05 0.004 ”
“ ” –/25 “ 0.12–0.14 0.03 ”
“ ” –/35 “ ca. 0.6 0.22 ”
No data No data No data Non-mineralized areas 3E-3–9E-3 h)
“ ” “ Hg-mineralized areas 0.128–20 ”
“ ” “ Mineralized areas 0.068–1.5 ”
Usual air
concentrations

No data No data Background areas 1E-3–4E-3 i)

Floodplain soil Deciduous forest 5–18/– contaminated 50–200 mg.g–1 0.015–0.16,
x 44E-3

j)

Floodplain soil column Deciduous forest 28/– contaminated 48 mg.g–1 0.84–1.47,
x 1.08

“

No data ” 5–18/– Not contaminateda 0.5 mg.g–1 0–0.006 “
No data, soil column ” 28/– Not contaminated 0.5 mg.g–1 0.001–0.037,

x 0.016
“

Floodplain soil Deciduous forest 7–24/– contaminated 50–200 mg.g–1 0.010–0.2,
x 0.086

k)

No data Deciduous forest 14–36/– Not contaminated 0.5 mg.g–1 0–0.029,
x 7.6E-3

l)

” Deciduous forest 12–18/– Not contaminated 0.5 mg.g–1 0.0008–0.02,
x 7.1E-3

“

a Not contaminated means that the soil Hg concentrations are within the range of common background concentration and not
elevated by mineralization, geothermal or human activities
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with high microbial activity and the abundance of reduc-
tants such as organic matter (Trost and Bisque 1972; Låg
and Steinnes 1978; Andersson 1979; Aichberger and Hof-
fer 1989; Padberg 1991).
Solute and vaporous, volatile and non-volatile mercury
species migrate by diffusion in and mass-transport with
soil water as well as in and with soil air. Diffusion de-
pends on the character of the medium, the size and the
molecular weight of the diffusing species and the temper-
ature. Diffusion is the most probable mechanism for slow
transport of gases over short distances, particularly below
the water table (Rose and others 1979). Mass transport is
the only mechanism that can account for rapid migration
over considerable distances. According to Ozerova (1962)
mercury vapour migrates up to 2000 m through fissures
in bedrock in mineralized areas. The effective diameter of
the Hg(0) atom is 0.3 nm, which allows it to migrate even
through ultra-thin fissures (Fursov 1990). Hg(0) has a
high vapor pressure and at ~200 7C it is 60000 times
more volatile than for instance cadmium and zinc (Ryall
1979). Therefore, Hg(0) and probably also di- and mon-
omethyl mercury can evaporate through soil and even
hundreds of meters of bedrock or glacial overburden,
which makes Hg(0) a useful indicator in geochemical ex-
ploration (e.g. Hawkes and Williston 1962; Ryall 1979;
Kovalevskii 1986; Chengliang and others 1989; Fursov
1990). During migration of Hg(0) towards the atmo-
sphere, some of the mercury may be readsorbed to soil.
The relative amount sorbed in non-background areas is
probably much smaller than in non-contaminated back-
ground areas due to a saturation of sorption sites.
Readsorption is favored by high content of organic mat-
ter and depends quantitatively on the type of the organic
matter (Trost and Bisque 1972; Fang 1978, 1981). There-
fore, organic rich, upper soil horizons in non-background
areas are usually more strongly enriched with mercury
than mineral soil horizons containing little organic mat-
ter (Koksoy and Bradshaw 1969; Trost and Bisque 1970;
Wallner 1977; Krömer 1981). Many clay minerals sorb
Hg(0) vapour but to a considerably smaller degree than
organic matter (Trost and Bisque 1972; Wallner 1977;
Fang 1978). Also some metal oxides such as MnO2 (Sau-
kov 1946) were shown to posess a high capacity for sorp-
tion of Hg(0) vapour. The sorption of Hg(0) vapour in-
creases also with an increasing accessible surface (Trost
and Bisque 1972).
Desorption of sorbed Hg(0) depends on the characteris-
tics and size of the surface area of the soil components,
the amount of sorbed mercury and the presence of am-
bient conditions favoring desorption (e.g. Wallner 1977).
After being sorbed to soil, Hg(0) can be re-oxidized abio-
tically or biotically (Holm and Cox 1975; Fang 1978, 1981;
Landa 1978c). Due to the high binding strength of Hg2c

to organic matter, the oxidation of Hg(0) to Hg(II) pro-
ceeds already at redox-potentials lower than the redox-
potential of the relevant half-reaction suggests (Jernelöv
1969). Therefore, Hg(II) being reduced in deeper soil
layers or Hg(0) evaporating from geological sources, is
likely to be re-oxidized in higher layers in background

areas, making the uppermost soil layer dominating the
mercury evaporation from soil. Furthermore, the sorption
loss of evaporating mercury will be small due to the
short distance to the soil surface. Consistent with this
Cannon and Dudas (1982) found that mercury evapora-
tion measured above the O(l)-horizon of a deciduous for-
est soil was not significantly different from the underly-
ing O(f)- and O(h)-horizons. Due to the small sorptive su-
face of the litter components it is likely that mercury-
sorption sites are more or less saturated with deposited
atmospheric mercury. Therefore, it can be expected that
mercury evaporating from the O(f)-soil horizon will not
be bound to a major extent to the litter or, if so, volatile
mercury will be released from litter to atmospere with a
short time delay, not affecting the total mercury evapora-
tion from soil.

The mercury species evaporating
from soil

It is widely accepted that mercury evaporating from soil
in non-background and background areas is predomi-
nantly in form of Hg(0) vapour and/or dimethyl mercury
vapour, probably with minor contributions of monome-
thyl mercury and soluble Hg(II)-salt (Hitchcock and Zim-
mermann 1957; Kimura and Miller 1964; Frear and Dills
1967; Alberts and others 1974; Johnson and Braman 1974;
Schlüter 1995b). Some of the volatile and non-volatile
mercury species may evaporate from soil by co-distilla-
tion with evaporating water. The volatility of the evapo-
rating species is differing considerably, with elemental
mercury and dimethyl mercury being by far the most vo-
latile compounds. In Table 2 some important air/water-
distribution constants are listed, indicating the sequence
of volatility:

Hg(0);(CH3)2Hg1 1 1CH3HgCl1Hg(OH)21
CH3HgOH1HgCl2

Hg(0) and (CH3)2Hg are the only two mercury species
classified as “volatile”, since their solvation in water is
entirely due to London forces. The other mercury species
are classified as “non-volatile”, with at least 500 times
lower air/water-distribution constants than the volatile
species (Iverfeldt 1984, Iverfeldt and Lindquist 1984).

Formation, and turnover of Hg(0) in soil and its
evaporation from soil

Abiotic reduction of Hg(II) to Hg(0) in soil
Abiotic reduction according to the Eh/pH conditions of
the soil: Mercury migrates into soil as Hg(0) degassing
from geological sources, or as Hg(I) and Hg(II) trans-
ported with the groundwater rising from geological
sources or as the result of tectonic movement (Jonasson
and Boyle 1972). Mercury in all the oxidation states is
also released during weathering of soil parent rock (Tun-
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Table 2
Experimentally determined distribution constants for important soil Hg compounds. a) Sanemasa 1975; b) Talmi and Mesmer
1975; c) Iverfeldt and Lindqvist 1982; d) Iverfeldt and Lindqvist 1980; e) Iverfeldt and Persson 1985

Compound Kdp[HgX(g)]/[HgX(aq.)]
(g HgX7m–3air/g HgX7m–3 aq.)

Temperature ( 7C) Reference Cl ionic strength

Hgo 0.29 20 a 0
(CH3)2Hg 0.31 25 b 0
(CH3)2Hg 0.15 0 b 0
CH3HgCl 1.9!10–5 25 c 0.7
CH3HgCl 1.6!10–5 15 c 1.0
CH3HgCl 0.9!10–5 10 c 0.2!10–3

Hg(OH)2 3.2!10–6 25 d 0.2!10–3

Hg(OH)2 1.6!10–6 10 d 0.2!10–3

CH3HgOH 10–7 e
HgCl2 2.9!10–8 25 d 0.2!10–3

HgCl2 1.2!10–8 10 d 0.2!10–3

ell 1964; McNerney and Buseck 1973) and sediments dur-
ing soil formation and from atmospheric deposition.
Hg(I) is likely to disproportionate completely to Hg2c

and Hg(0), since Hg2c is strongly sorbed to soil compo-
nents (e.g. Andersson 1979; Schlüter 1993):

Hg(I)BHg(0)cHg(II); Kp6.0710–3

The Eh/pH conditions and the presence of strong mercu-
ry sorbents in most soils (especially organic matter)
make Hg(II) the predominant mercury species in most
soils (Andersson 1970, 1979; Jernelöv 1969; Schlüter
1995b). Hg(0) may occur as a large fraction of mercury in
soils in mineralized areas with a significant flux of Hg(0)
from geological sources.
Abiotic reduction of Hg(II) mediated by humic acids
(HA), fulvic acids (FA) and other reductants: Hg(I) and
Hg(II) can be reduced by reductants such as Fe2c or or-
ganic material, for instance in groundwater (Jonasson
1970; Jonasson and Boyle 1972; Wilson and Weber 1979).
HA and FA extracted from pond sediments and soils
were found to mediate reduction of dissolved inorganic
Hg(II) in aqueous solution (Strohal and Huljev 1971; Al-
berts and others 1974; Miller and others 1974, 1975; Mill-
er 1975; Skogerboe and Wilson 1981). Alberts and others
(1974) explained this with a reaction of Hg2c with free
radical electrons. HA and FA are known to contain a free
radical component (Schnitzer and Khan 1972; Chen and
others 1977; Senesi and Schnitzer 1977), which is partially
or fully responsible for the reducing power of humic ma-
terial (Wilson and Weber 1977). Alberts and others
(1974) hypothesized that HA can act as catalyst or media-
tor in the reaction with electrons being delivered from
other sources or by consumption of the radical groups.
Frear and Dills (1967), Blinov (1982) and Wimmer (1974)
reported mercury evaporation from soils treated with
Hg2c to increase with increasing soil moisture up to a
certain degree. Wimmer (1974) reported mercury evapo-
ration rates from various Hg2c treated soils to decrease
with increasing content of humic matter. These findings
indicate that it is not solely the soil content of humic

matter but the quantity of dissolved organic matter
(DOM), specifically DOM-mercury complexes, that affects
the mercury evaporation rate. Hence, increasing soil
moisture is accompanied by an increasing amount of
DOM-Hg complexes, followed by an increasing evapora-
tion rate. Consistent with this, Allard and Arsenie (1991)
found indications that FA had to be complexed with
Hg2c to mediate the reduction to Hg(0). Generally, the
content of mercury in soil solution and soil extracts is
well known to be highly correlated with the content of
DOM (Lodenius and others 1983; Lindqvist and others
1991; Johansson and Iverfeldt 1994; Schlüter 1995a). Con-
sistent with this, Schlüter and others (1995b) explained
the measured mercury evaporation from a podzolised
forest soil to be mainly dependent on the concentrations
of Hg2c and DOM, expressed as:

DOMred.cHg2c]DOMox.cHgo

Since they did not find any effect of the amount of Hg2c

applied to the soil surface on the fraction of mercury
evaporating per hour, they concluded that the content of
DOM in the organic soil layer was in excess compared to
the content of Hg2c; consequently, they expressed the
rate of this pseudo-first order reaction as:

Reduction rate;k7[DOM]o7[Hg2c]1

with [DOM]1 1 1 [Hg2c] and kpsoil specific reduction
constant.
Consistent with this, Miller and others (1974) found that
HA mediated the reduction of Hg2c independent of the
HA/Hg weight ratio over a wide range of 400 : 1 to 5 : 1. At
higher ratios (11000 : 1) the evaporation almost halted,
probably due to effective mercury binding and immobili-
zation of ionic Hg2c and/or Hg(0), whereas at lower ra-
tios (~0.5 : 1) the evaporation rapidly decreased, proba-
bly due to consumption of the reductive potential. Also
Blinov (1982) found that Mercury evaporation increased
linearly with the amended amount of inorganic Hg(II)
added to arable soddy podzolic sandy clay loam soil up
to 12–14 mg7kg–1. Concerning the soil specific reduction
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constant, Skogerboe and Wilson (1981) found indications
that FA is a better reducing agent than HA due to a
higher reduction potential. It has also been shown, that
the free radical concentration of organic matter increases
with an increase in molecular weight of colloidal particles
and degree of humification (Kleist and Mücke 1966; Ret-
cofsky and others 1968; Riffaldi and Schnitzer 1972),
which mediated Hg2c reduction (e.g. Alberts and others
1974). Since HA and FA can also reduce other metal ions
than Hg2c (Kleist and Mücke 1966), the mercury reduc-
ing capacity may also depend on the concentrations and
species of other metals in the soil.
Several authors have reported a rapid initial release of
Hg(0) from an aquatic solution containing HA or FA and
Hg2c, followed by a strong decline towards a low level
steady state evaporation over a period of time ranging
from 30 h to 3–4 days (Alberts and others 1974; Miller
and others 1974; Skogerboe and Wilson 1981; Allard and
Arsenie 1991). The authors attributed this decline to con-
sumption of the reducing factor, effectively binding and
immobilizing the mercury as ionic Hg2c and/or Hg(0).
However, in contrast humic acids seem to posess a high
reduction potential. Alberts and others (1974) found a
significant decrease of free radicals in HA only after addi-
tion of 2000 mg7kg–1 inorganic Hg2c, indicating that the
observed decrease of the evaporation rate at smaller mer-
cury additions was not due to a consumption of the re-
duction potential. Schlüter and others (1995b, 1995c)
measured rapidly decreasing evaporation rates during the
first 33 days after surficial Hg2c treatment of podzolised
forest soil columns, followed by a slow decrease, ap-
proaching assymptotically a zero evaporation rate during
the remaining 130 days. They explained this with Hg2c

leaching from the zone of evaporation and with an in-
creasing fraction of the applied Hg being strongly sorbed
to the soil, and therefore not available to DOM, which
carries the reductive factor; consumption of the reductive
factor or decreasing reduction potential of this factor was
ruled out since the evaporative mercury loss relative to
the applied amount did not decrease with the applied
amount. In accordance with these results, other scientists
have reported a slow Hg2c sorption to HA and FA, last-
ing from several days to a few weeks, implying the parti-
cipation of sorption processes other than physical sorp-
tion (Strohal and Huljev 1971; Xu and Allard 1991). Also
other authors have found that mercury evaporation from
different soils containing at least 0.9% organic carbon
treated with Hg2c declines from maximum to minimum
levels over 15 days (Frear and Dills 1967; Johnson and
Braman 1974; Landa 1978b; Rogers 1979; Rogers and
McFarlane 1979). Schlüter and others (1995b) demon-
strated that the rapid decline of mercury evaporation can
be explained with an abiotic reduction of Hg2c rather
than a biotic mediated process, due to the lack of fea-
tures typical for microbiological detoxification (e.g. lag-
phase, culmination of the evaporation rate, concentration
effect on the fraction of evaporating mercury).
It is likely that abiotic reduction of Hg2c often domi-
nates mercury evaporation from soils in background ar-

eas if soil conditions are unfavorable for biotic reduction
or if the soil concentrations of biologically available mer-
cury are too low to induce biotic reduction.
The reduction of Hg2c by interaction with DOM may
primarily originate from atmospheric mercury deposition
for two reasons: (1) The fraction of airborne mercury
from the total mercury content of the upper soil layer is
often dominating. (2) The data presented in this article
indicate that the availability for an interaction with re-
ductive acting DOM of recently deposited atmospheric
Hg2c is probably higher than the Hg2c which has been
incorporated into the soil matrix and become relatively
unavailable to abiotic or even biotic reduction during re-
cent months or years.
Therefore, mercury evaporation from soil may originate
from airborne mercury and the deposition rate may in-
fluence the evaporation rate. Furthermore, it seems rea-
sonable that abiotic reduction also depends on the rates
of mercury immobilization and mainly microbiologically
mediated remobilization.

Biotic reduction of Hg(II) to Hg(0) in soil
Biotic mediated mercury evaporation comprises the abili-
ty of mercury resistant soil microorganisms to detoxify
their environment by transformation of inorganic and or-
ganic Hg(II) to volatile mercury species, which subse-
quently evaporate into the atmosphere quickly (Vaituzis
and others 1975). Studies on population dynamics of mi-
croorganisms suggest that inorganic and organic mercury
species in the natural environment can modify the com-
position of the bacterial community by favoring organ-
isms able to transform them (Wollast and others 1975).
When transforming mercury compounds, microorgan-
isms are either able to utilize the pollutant (organo mer-
cury) for their energy and carbon requirements or they
modify the mercury species enzymatically (inorganic and
organo mercury) without using it as a nutritional source
(Billen and others 1974). The resistance to mercuric mer-
cury and organo mercurials is due to enzymes that are
encoded by mer genes (Silver 1981; Barkay and Turner
1989) and induced by these chemicals. Various bacteria
strains are shown to mediate Hg2c reduction to Hg(0) by
the mercury reductase enzyme which is encoded by the
merA gene. Induction of biotic mercury reduction re-
quires certain concentrations of bioavailable mercury. For
instance, Hansen and others (1984) and Murray and Kid-
by (1972) reported a lag-phase in bacterial growth of a
Hg2c resistant strain of escherichia coli and saccaromyces
cerevisae, reducing Hg2c to Hg(0) (see also Summers and
Silver 1978). Barkay and Pritchard (1988) reported a lag-
phase in Hg(0) evaporation after estuarine microbial cul-
tures were treated with Hg2c. The concentration levels of
Hg2c, necessary to induce microbial reduction in soils of
low mercury sorptivity, such as a sand soil, is probably in
the range of several to several hundred mg Hg7kg–1 (Van
Faassen 1973). In soils with high content of organic mat-
ter or clay, the effective mercury levels are expected to be
considerably higher due to the strong and bio-unavailable
sorption (Van Faassen 1973; Martin 1988).



Research article

258 Environmental Geology 39 (3–4) January 2000 7 Q Springer-Verlag

Fig. 2
Mercury evaporation from sterile and non-sterile clay soil
amended to 1 mg Hg7kg–1 [as Hg(NO3)2] at 0 h. The graph is
prepared after data from Rogers and McFarlane (1979)

Rogers (1979) and Rogers and McFarlane (1979) observed
an initial increase of mercury evaporation after applica-
tion of Hg2c to a sandy soil poor in organic matter, to
reach the maximum after about 25 h. This curve shape
with an initial lag-phase and a cumulation of mercury
evaporation can be explained with a biotic reduction of
Hg2c to Hg(0).
Due to the following observations mercury evaporation
from soils amended with mercury is often assumed to be
a microbially mediated process, where Hg2c is reduced
to Hg(0).
Autoclavation reduced the mercury evaporation from
soils amended to 1 mg Hg7kg–1 compared to non-sterile
soils, independent of the content of organic matter
(0.5–7% Corg.) (Landa 1978b; Rogers and McFarlane
1979). However, tests were not performed to check if the
mercury reducing enzymes of the killed microorganisms
were inhibited by the autoclavation. Furthermore, the ef-
fect of the stringent autoclavation on the reduction po-
tential of HA and FA was not investigated by the authors
nor did I find any other literature data dealing with this.
An indication that autoclavation reduces the mercury re-
ducing potential of organic matter is the data presented
by Rogers and McFarlane (1979). They found that the
mercury evaporation from an organic rich clay soil (3.4%
Corg.) amended with Hg2c to 1 mg Hg7kg–1 followed an
exponential curve profile more typical for abiotic reduc-
tion than for the biotic reduction suggested by them.
When they performed the same experiment with an auto-
claved soil, the curve shape was the same but the evapo-
ration occured on a strongly reduced level (Fig. 2).
Glucose treatment sometimes increases mercury evapora-
tion from various soils treated with Hg2c (Landa 1978b).
However, HA and FA are formed from soil organic sub-
stances under intensive participation of microorganisms.
Hence, increasing microbial activity by addition of nu-
trients may also effect formation and quality of the re-
ductive potential of HA and FA. Furthermore, it has been

shown that reducing agents, such as glucose and yeast
extract in the growth media of micro-biological culture
experiments promote the abiotic reduction of Hg2c (Gil-
lespie 1972).
Reinocculation of autoclaved soils with fresh soil (5% of
the initial soil weight) caused mercury evaporation to in-
crease for a short period of time (Rogers and McFarlane
1979). However, this may as well be explained by micro-
biological formation of humic substance containing re-
ductive potential and concomittant liberation of some
sorbed Hg2c by turnover of organic matter, making it
available for reduction to Hg(0). Reduction may also be
explained by abiotic reduction by the inocculation soil.
Increasing soil temperature increased the mercury evapo-
ration from Hg2c treated soils (Landa 1978a). However,
this may also be due to acceleration of an abiotic reduc-
tion process, as well as an increase in the vapour pres-
sure of the formed volatile mercury.
To date, microbial culture experiments give the only defi-
nite proof for soil microorganisms (such as bacteria,
yeasts and chlorella algae cells) being able to mediate
Hg2c reduction (Magos and others 1964; Komura and
Izaki 1971; Brunker and Bott 1974; Schottel and others
1974; Ben-Bassat and Mayer 1975). No in-situ proof has
been found in the literature, showing that Hg(II) reduc-
tion and evaporation of Hg(0) from soil is dominated by
microbial activity.
Therefore, to date it cannot be said, to what extent mi-
crobially mediated Hg2c reduction occurs in soils under
various conditions. However, the literature data suggest
that the reduction of Hg2c to Hg(0) with subsequent
evaporation from soil to atmosphere may be a combined
abiotic and biotic process, with a possible dominance of
either of these two being dependent on soil characteris-
tics like pH, Eh, quality and quantity of mercury sorbents
such as organic matter and clay, soil moisture, and con-
centration and species of mercury. It also seems plausible
that abiotic Hg2c reduction is dominating in soils of
high organic matter content, in which the reduction po-
tential of the soil organics is likely to be dependent on
microbial activity and on the soil characteristics affecting
the quality and quantity of HA and FA formed. Consis-
tent with this, mercury evaporation from a sandy soil
poor in organic matter (~0.5% Corg.) and amended to
1 mg Hg7kg–1 with soluble inorganic Hg(II) salt followed
a curve shape typical for biotic mediated evaporation
(Rogers 1979; Rogers and McFarlane 1979). However,
when the sandy soil was sterilized before mercury treat-
ment, evaporation showed a rapid initial decrease of
mercury evaporation (Rogers and McFarlane 1979), typ-
ical for an abiotic mediated evaporation (Fig. 3). After
reinoculation with non-sterile soil the evaporation rate
culminated after a lag-phase, typical for a biotic mediated
evaporation. Although the two authors suggested a solely
microbially mediated evaporation process, the previous
discussion in this paper suggests that the evaporation be-
haviour from this soil is better explained with a biotic
process being swamped by the abiotic evaporation proc-
ess.
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Fig. 3
Mercury evaporation from sandy soil amended to 1 mg Hg7kg–1

[as Hg(NO3)2] at 0 h. The dotted line depicts the data for a
sterile soil that was inoculated 160 hours after mercury
amendment. The solid line depicts the data for a non-sterile
soil. (The figure is based on data from Rogers and McFarlane
1979)

These literature data indicate that biological mediated
evaporation is favored in soils of common mercury con-
tent (~1 mg Hg7kg–1) and poor in organic matter (e.g.
~1% Corg.), whereas higher contents of organic matter
rather favor abiotic mediated evaporation. It is likely that
a decreasing amount of mercury is available to microor-
ganisms with increasing soil content of organic matter,
which increases the mercury concentration necessary to
induce formation of reductive acting enzymes. This is
consistent with the data of Rogers and McFarlane (1979),
showing that evaporation from a Hg2c (1 mg Hg7kg–1)
treated sandy soil poor in organic matter (0.5% Corg.) and
clay (3.5% clay) decreased with the decreasing fraction of
NH4NO3 extractable mercury, whereas no such relation-
ship was found for a clay soil with 3.4% Corg. and 34%
clay. Although the authors suggest a solely microbially
mediated evaporation, the curve shape of the clay soil
rather indicates an abiotic process, whereas the shape of
the sandy soil displays a shape typical for biotic mediated
processes. Furthermore, during the first six days (period
of significant mercury evaporation) of the experiment
with mercury amendment 43% of the applied mercury
were lost from the sandy soil and only 20% from the clay
soil. This may also indicate that the microbial potential
to cause mercury evaporation is much higher than the
potential of abiotic processes.

Formation, turnover and evaporation of mono-and
dimethyl mercury

Organic mercury compounds, deposited from atmosphere
or formed in soil, are not thermodynamically stable in
natural environments. However, for some species physi-
co-chemical and biological transformation processes are
slow enough to enable occurence of concentration levels
that are of environmental concern. Thus, monomethyl
mercury is only slowly physico-chemically degraded in

water (Baughman and others 1973; Burrows and Krenkel
1974; Benes and Havlik 1979), making it the only non-vo-
latile organo-mercury compound, known to occur natu-
rally in the soil environment (e.g. Lexmond and others
1976). Besides formation of monomethyl mercury in soil
by abiotic (Rogers 1976, 1977; Nagase and others 1982;
Klein and others 1983; Lee and others 1985; Weber and
others 1985) and biotic methylation of Hg2c (Tonomura
and others 1972; Spangler and others 1973a; Vonk and
Sijpestein 1973; Van Faassen 1975; Compeau and Bartha
1984), atmospheric deposition of monomethyl mercury is
another important source (Padberg 1991; Munthe 1993;
Hultberg and others 1995). Generally, the concentration
of monomethyl mercury in soil is lower than 2% of the
total Hg concentration (e.g. May and others 1985; DiGiu-
lio and Ryan 1987; Revis and others 1989; Padberg 1991;
Lee and others 1995; Van Faassen 1975). From predomi-
nance calculations by Baughmann and others (1973),
Krenkel and Goldwater (1974) and Wollast and others
(1975) it can be concluded that CH3HgCl and CH3HgOH
are the predominant defined monomethyl mercury com-
pounds in the soil solutions of significant volatility. How-
ever, the content of defined organo-mercury compounds
in soil is generally assumed to be very small due to the
high affinities of CH3Hgc to solute and solid organic
matter (Baughman and others 1973; Reimers and Krenkel
1974a, 1974b; Martin 1988), decreasing the volatility of
monomethyl mercury. For instance more than 95–99% of
the total content of monomethyl mercury can be ex-
pected sorbed to the immobile organic soil matrix of a
podzolised forest soil (Schlüter 1995b). Formation and
existence of (CH3)2Hg in soil as well as evaporation from
soil are very uncertain. Some authors state that it can be
formed abiotically (Jensen and Jernelöv 1972; Baughman
and others 1973; Cross and Jenkins 1975; Craig 1986) or
biotically (Imura and others 1971; Cross 1973; Beijer and
Jernelöv 1979) and that it may be stable in a natural en-
vironment with neutral to alkaline pH (Fagerström and
Jernelöv 1972; Jensen and Jernelöv 1972). Other scientists
point to the rapid and complete disproportionation reac-
tion of (CH3)2Hg with Hg2c to form 2 CH3Hgc (Cross
1973).
Theoretically, the formation of (CH3)2Hg from Hg2c or
CH3Hgc may be a microbial detoxification reaction due
to the high volatility of (CH3)2Hg. However, no experi-
mental data have been found clearly indicating the dis-
tinct formation or detection of (CH3)2Hg in non-contami-
nated natural soil or water environment. Wallschläger
and others (1995) positively identified considerable
amounts of (CH3)2 Hg and Hg(0) purged by nitrogen
from a mercury contaminated floodplain soil. Stoeppler
and others (1993) reported having found indications for
the presence of about equal amounts of mono- and dime-
thyl mercury in forest and grassland soil. Also the exis-
tence of (CH3)2Hg in atmosphere is still under discussion
(Munthe 1993) and no literature describing (CH3)2Hg
deposition have been found. However, Johnson and Bra-
man (1974) found by operational definition that most of
the mercury evaporating from a patch of lawn treated
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with Hg2c were in form of Hg(0), some CH3Hgc and
very little (CH3)2Hg. Rogers (1975) used the same sam-
pling system as Johnson and Braman (1974) and claimed
that dimethyl mercury dominated evaporation from soil
treated with inorganic Hg(II), followed by Hg(0),
CH3Hgc and inorganic Hg(II). However, no test of the
separation effectivity and efficiency was presented nor
has further literature been found confirming these find-
ings. Furthermore, Johnson and Braman (1974) detected
by the same technique considerable fractions of the total
atmospheric mercury (1 m above ground) to be in form
of Hg(0) (49%), CH3Hgc (21%), inorganic Hg(II) (25%)
and some dimethyl mercury (1%). The values of monom-
ethyl mercury and may be also of dimethyl mercury are
unrealistic high (e.g. Munthe 1993), which questions the
results obtained by the used separation technique. Dime-
thyl mercury decomposes rapidly photolytically (probably
in the order of hours or days) in the atmosphere to
Hg(0) or non-volatile mercury species and methyl radi-
cals, which in turn react to methane (Baughman and oth-
ers 1973; Niki and others 1983; Lindqvist and Rodhe
1985; Iverfeldt and Lindqvist 1986; Munthe 1993). This
process makes it difficult to determine if dimethyl mer-
cury is possibly one of the evaporating mercury species.
Hg(0) is shown to be an important species of mercury
evaporation from soil, however, the relative importance
of (CH3)2Hg is still unclear. Even though only small
amounts of CH3Hgc are found in the soil as a result of
methylation and demethylation processes (e.g. Schlüter
1993), the gross formation of CH3Hgc may be considera-
bly higher, followed by an additional demethylation or
dimethylation process. However, as to date no data on
the gross methylation rate in soil are available.

Transformation of CH3Hgc to volatile mercury species
A large number of bacterial strains isolated from sedi-
ments and soils were reported to break down monome-
thyl mercury to CH4 and Hg(0) (Tonomura and others
1968, 1972; Furukawa and others 1969; Spangler and oth-
ers 1973a; Billen and others 1974; Lexmond and others
1976). CH3Hg, (CH3)2Hg and other organo-mercurials are
transformed by an organomercurial lyase enzyme, which
is encoded by the merB gene, to CH4 and Hg2c (Billen
and others 1974; Schottel 1978; Barkay and Turner 1989;
Baldi and others 1991). The formed Hg2c can be micro-
biologically reduced to Hg(0) as described in section 4.1.
(Summers and Sugarman 1974; Summers and Silver 1978;
Baldi and others 1991). Abiotic degradation of monome-
thyl mercury by photolysis and acidolysis are unlikely to
occur to major extent in soil (e.g. Baughmann and others
1973; Cross 1973). Demethylation of monomethyl mercu-
ry acting as the methylator for other metal ions (Jewett
and Brinckman 1974) is also possible.
Studying the evaporation of mercury from monomethyl
mercury treated podzolised forest soils, Schlüter and oth-
ers (1995b) found strong indications that monomethyl
mercury is micro-biologically converted to more volatile
Hg(0) and/or (CH3)2Hg and that these two mercury spe-
cies dominate mercury evaporation resulting from trans-

Fig. 4
Hg evaporation from CH3HgCl and HgCl2 treated soil columns.
Each graph depicts the calculated arithmetic means of Hg
evaporation from four replicate soil columns, each. Also
depicted are the standard deviations of the population means

formation of CH3Hgc. This was based on the observa-
tion that the mercury evaporation rate increased rapidly
after a lag-phase until a maximum was reached; then the
evaporation rate decreased again (Fig. 4). Furthermore,
the fraction of monomethyl mercury lost by evaporation
of mercury increased with increasing monomethyl mercu-
ry treatment, which is typical for micro-biological proc-
esses dependent on sociological adaptation. Billen and
others (1974) demonstrated such a sociological adapta-
tion on a bacteria culture treated with CH3Hgc, in which
decomposition increased simultaneously with an increase
in the number of monomethyl mercury resistant bacteria,
able to mineralize this compound after a lag-phase. They
also found resistant bacteria to mineralize CH3Hgc more
intensively in culture at higher concentrations of this
compound. A lag-phase in transformation of CH3Hgc to
Hg(0) by a mixed inoculum from sediment was reported
by Spangler and others (1973b).
The resulting mercury evaporation from monomethyl
mercury treated soil was also considerably higher than
for soil treated with the same amount of mercury in form
of soluble inorganic salt, indicating that the biological
mechanisms of mercury evaporation can be more impor-
tant than abiotic ones (Schlüter and others 1995b). This
result is consistent with considerably higher evaporative
mercury losses being reported from soils treated with
CH3Hgc than for soils treated with inorganic mercury
(Hogg and others 1978; Landa 1979). In contrast to mi-
cro-biologically mediated reduction of Hg2c, which may
not become effective in soil of strong and efficient mer-
cury sorption, monomethyl mercury related mercury
evaporation may generally be dominated by a micro-bio-
logical process. Since methyl mercury is 50–100 times
more toxic than inorganic mercury (Summers and Silver
1978; Silver 1981) and less strongly and less efficient
sorbed to soil (e.g. Reimers and Krenkel 1974a; Martin
1988; Padberg 1991; Schlüter and others 1995a, 1995b), it
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may be more available to microorganisms than inorganic
mercury. Microbiological conversion of monomethyl mer-
cury may already occur at a concentration less than
1 mg7kg–1 (e.g. Van Faassen 1973). Landa (1979) mea-
sured the mercury loss from various soils (0.9–6.7% wt.
Corg.) treated with 1 mg Hg7kg–1 (as CH3HgCl) over 60
days; the loss of CH3Hgc increased with a decreasing
content of organic matter, probably causing an increasing
content of biologically available CH3Hgc. Unfortunately,
the authors presented their evaporation data in a form,
not allowing for the interpretation of the developement
of the evaporation rate with time after CH3Hgc treat-
ment. Also Rogers (1976) found more monomethyl mer-
cury in a sterilized Hg2c treated soil compared to a non-
sterile soil, indicating a micro-biological breakdown of
monomethyl mercury at natural mercury concentrations.
Since in all these experiments the CH3Hgc concentra-
tions were raised up to tenthousand times of the concen-
trations in background soil, and since the fraction of
CH3Hgc lost by mercury evaporation is dependent on
the applied amount of CH3Hgc (Schlüter and others
1995b), the quantitative evaporative loss of mercury due
to CH3Hgc formation in soil cannot be assessed to date.

Evaporation of defined inorganic Hg(II) salts from
soil

Predominance calculations suggest that HgCl2, HgOHCl
and Hg(OH)2 are the predominant dissolved defined
inorganic Hg(II) species in soil solution (e.g. Andersson
1970; Hahne and Kroontje 1973; Schlüter 1993, 1995a).
However, due to the high sorption affinity of mercury to
different soil components, including dissolved organic
matter (e.g. Andersson 1970, 1979; Schlüter 1993), only a
minor fraction of the total mercury content of uncontam-
inated soils of background areas will be in a defined
inorganic Hg(II) species and able to evaporate. It is likely
that in the upper organic rich soil layer the content of
dissolved inorganic Hg(II) is considerably less than 1% of
the total mercury content (e.g. Andersson 1970, 1979;
Schlüter 1995b). For this reason and due to the low vola-
tility of these defined inorganic mercury species (Table 1)
it is very unlikely that they contribute significantly to the
overall mercury evaporation, even when considering
some co-distillation with evaporating water. This is also
consistent with the calculations of those mercury species
which can dominate mercury evaporation from Hg2c or
CH3Hgc treated soil (Schlüter and others 1995b).

Factors influencing the mercury
evaporation rate from soil

A large fraction of the total mercury content in soil in
non-background areas is highly volatile Hg(0). Hence, the
mercury evaporation rate from these soils, as well as
from soils contaminated with volatile mercury, is proba-
bly mainly dependent on the factors ruling the transport

of mercury vapour in soil and the release of mercury va-
pours from the soil to the atmosphere. The mercury
evaporation from background soils and soils contami-
nated with inorganic Hg(II) is in addition dependent on
the reaction kinetics of the processes producing Hg(0)
and/or (CH3)2Hg.

Soil characteristics

Soil physical characteristics
Movement of mercury vapour in soil depends on inter-
crumb pore space, shape of the crumbs, porosity of the
crumbs and the water content as well as depth variations
of the groundwater table (Hartge 1978; Schachtschabel
and others 1984). Fang (1981) found that more mercury
was sorbed to the surface layers of a moist soil column
than to an air dry replicate, but the Hg(0) vapour diffun-
dated deeper into the air dry soil columns. This is ex-
plained with diffusion rates decreasing with the water
content of the soil pores. Fursov (1990) reported a migra-
tion rate of Hg(0) vapour through fine-grained sands of
1 cm7min–1 and through loess like loams of 0.25 cm.d–1,
indicating the importance of pore size.

Sorption capacity, mercury species, mercury content in
soil

Various authors have found the evaporation rate of Hg2c

treated soils to increase with decreasing organic matter
content (Wimmer 1974; Landa 1978b; Rogers 1979; Rog-
ers and McFarlane1979), and with decreasing clay content
(Rogers 1979; Rogers and McFarlane 1979). Accordingly,
Rogers and McFarlane (1979) found mercury evaporation
related to the amount of soluble and easily exchangeable
fraction of the non-soluble bound mercury in a Hg2c

treated sandy soil; however, this relationship was not
confirmed for a clay soil. Organic matter, certain clay mi-
nerals and Fe-, Mn- and Al-oxides are known to have
high sorption capacities and/or affinities for inorganic
Hg(II) and monomethyl mercury (Shimomura and others
1969; Lockwood and Chen 1973; Forbes and others 1974;
Reimers and Krenkel 1974a; Kinniburgh and Jackson
1978; Obuskhovskaya 1982). Organic matter dominates
the sorption of mercury especially under acid conditions,
whereas metal oxides and clay may become more impor-
tant under less acid to neutral pH (Låg and Steinnes
1978; Andersson 1979; Schlüter 1995b). All these findings
indicate that mercury has to be available for certain biot-
ic and abiotic processes to mediate evaporation into the
atmosphere. This also suggests that mercury evaporation
reduces the mobile mercury pool in the soil available for
leaching into water systems. Schlüter and others (1995b,
1995c) found from their experiment of mercury evapora-
tion from and leaching in a podzolised forest soil, that a
significant fraction of the solute mercury may evaporate
from the soil.
Consistent with mercury sorption affecting mercury evap-
oration, the speciation of the defined inorganic mercury
compounds in soil is another important factor. Rogers
(1979) found the evaporation rates of Hg2c treated soils
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to decrease with the solubility of the applied inorganic
Hg(II) species; the mercury evaporation from soils
treated with soluble HgCl2, Hg(NO3)2 and Hg(C2H3O2)2

was higher than for the ones treated with less soluble
HgO and much higher than for the insoluble HgS treat-
ment. Miller and others (1974) demonstrated that the re-
duction of Hg2c by HA stopped with formation of HgS.
Also HA in excess of Hg2c, reduced the mercury evapo-
ration due to strong complexation (Miller 1975). And Al-
lard and Arsenie (1991) demonstrated that formation of
mercuric chloro-complexes at high Cl– concentration and
the complexation of FA with Eu inhibited Hg evapora-
tion. Other authors have also reported declining mercury
evaporation from aqueous solution when Hg2c is com-
plexed by chloride or EDTA, effectively decreasing the
amount of Hg2c available for reduction to Hg0 (Jenne
and Avotins 1975). Furthermore, higher evaporation is
reported from monomethyl mercury treated soils com-
pared with inorg. Hg(II) treated soils, and evaporation
rates of the monomethyl mercury treated soils remained
high for a longer period of time than for the inorg.
Hg(II) treated soils (Landa 1978b; Landa 1979; Schlüter
and others 1995b).
The activation energy (Ea) of mercury evaporation from
soil gives also indications of the importance of the mer-
cury species and their binding to soil. The following Ea

for different types of soil were found by fitting the Arrhe-
nius equation to the data of mercury evaporation rates at
different soil temperatures:
For a mercury rich soil in a geothermal area [supposedly
with a high fraction of Hg(0)]:

Eap12.8B2.5 Kcal7mol–1 (Siegel and Siegel 1988)

For a mercury contaminated soil [predominantly HgS
and only minor fraction of Hg(0)]:

Eap25.8B2.6 Kcal7mol–1 (Lindberg and others 1994)

For a background soil [probably predominantly inorg.
Hg(II) bound to soil]:

Eap17.3B7.7 Kcal7mol–1 (Kim and others 1994)

These data indicate that mercury evaporation occurs
most easily in soils rich in Hg(0), followed by soils domi-
nated by inorg. Hg(II), which is bound to soil compo-
nents and probably relatively easily available for transfor-
mation to volatile mercury species.The highest activation
energy of mercury evaporation was found in soils whose
mercury content is dominated by the extremly unsoluble,
and therefore for transformation probably relatively un-
available, HgS.
Mercury evaporation from various soils usually increases
with increasing content of inorganic Hg(II) (Frear and
Dills 1967; Rogers 1979; Blinov 1982; Schlüter and others
1995b) monomethyl mercury (Schlüter and others 1995b)
and was reported to increase considerably stronger for a
podzolised forest soil treated with monomethyl mercury
than with inorganic Hg(II) (Schlüter and others 1995b).
Even though all these studies involved experimental con-
ditions more or less different from natural ones (e.g. dis-

turbance of the soil profile or amendment with high mer-
cury concentrations relative to background concentra-
tions), the results indicate that mercury evaporation in-
creases with the soil mercury content, which is probably
due to an increasing availability to the abiotic and biotic
processes of formation of volatile mercury species.
After formation of volatile mercury species in soil, the
subsequent release into the atmosphere is partially de-
pendent on the sorption affinity of these species to the
various soil components, the sorption capacity and oxi-
dation to less volatile mercury. Data describing Hg(0)
sorption to soil components and re-oxidation was already
discussed, however, no data in the literature concerning
(CH3)2Hg have been found. Retention of formed volatile
mercury is probably only intermediate, the sorbed species
being replaced or released due to changes in the mercury
affinity to the soil sorbent (e.g. transformation of the soil
sorbent) or otherwise changing soil conditions. Further-
more, evaporation from Hg(0) amended soils was re-
ported to increase with increasing Hg(0) content (Staiger
and Podlesak 1983).

Soil acidity
Landa (1978a) and Rogers (1979) found that mercury
evaporation from various soil types treated with Hg2c

increased with increasing soil pH. And Frear and Dills
(1967) found indications for mercury evaporation from a
Hg2c treated agricultural soil being favored by adjusting
the soil pH to higher values.
Schlüter and others (1995b) found that DOM mediated
mercury evaporation from undisturbed HgCl2 treated
podzolised forest soils increased significantly (Pp0.013,
Powerp0.924) with rain pH increasing from about 3.2 to
5.6 resulting in a slightly increased soil pH. Since humic
acid and fulvic acid, extracted from pond sediments, soil
or bog water, were found to increasingly mediate Hg2c

reduction with decreasing pH (Alberts and others 1974;
Skogerboe and Wilson 1981; Allard and Arsenie 1991),
Schlüter and others (1995b) explained their finding with
an increasing content of reductive acting DOM in soil so-
lution with increasing rain pH, swamping a lower reduc-
tion potential of the DOM. Several studies have shown
that the content of DOM in soil solution tends to de-
crease with acidification due to increasing aggregation
and precipitation of DOM (Overbeek 1977; Schnitzer
1978; Ritchie and Posner 1982; Hay and others 1985).
In a similiar experiment, Schlüter and others (1995b)
treated soil with monomethyl mercury, but did not ob-
serve an effect of rain acidity on mercury evaporation
and explained this with microbially mediated evapora-
tion, not being affected by rain acidity. Landa (1979)
found the mercury evaporation from soils treated with
CH3Hgc being highest for strongly alkaline soils and
lowest for slightly acid soils, which may be due to an in-
crease in the production of (CH3)2Hg with increasing pH.
Soil acidity is known to be an important factor determin-
ing the microbial and plant sociology of a soil site. The
produced soil organics therefore can have very different
potentials and capacities for the reduction of Hg2c.
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Soil water content and redox potential (Eh)
Landa (1978a, 1979) found that mercury evaporation
from different soil samples treated with inorganic Hg(II)
or CH3Hgc increased with increasing soil water content
up to a certain level (about 1/3 bar water holding capaci-
ty) and decreased again when this level was exceeded. In
air dry soils the evaporation from both mercury treat-
ments nearly stopped and re-started after re-wetting. This
is consistent with the observation that air dried HA
stored for 2 years showed no loss of its radical content
(Kleist and Mücke 1966) and microorganisms are known
to surpass dry periods by formation of spores. Schlüter
and others (1995b) irrigated undisturbed soil profiles of a
well drained podzolised forest soil, treated with Hg2c or
CH3Hgc, with different rain intensities and for different
durations. The soil water content varied from extreme
wetness, caused by simulation of a rain storm, to about
field water holding capacity; no affect on mercury evapo-
ration was found. This may indicate that in nature only
extreme dryness may have an significant effect on evapo-
ration from well drained soil profiles in background areas
or areas contaminated with non-volatile mercury.
Different soils exposed to Hg(0) rich atmosphere increas-
ingly sorbed mercury with increasing water content up to
a certain water content (about 1/3 bar water holding ca-
pacity) and decreased again when this content was ex-
ceeded (Fang 1981). The same Hg(0) amended soils did
not release mercury into the atmosphere when they were
air-dry, but did so when adjusted to 1/3 bar water con-
tent (Landa 1978c). Senesi and Schnitzer (1977) suggested
from their investigation results that water-logged or
poorly drained soils, where reducing conditions prevail,
contain high concentrations of organic free-radicals. This
may lead to an increase in abiotic reduction of Hg2c to
Hg(0).
It can be concluded that water content influences the for-
mation process of volatile mercury as well as the release
of the volatile mercury from soil to air, causing a com-
bined effect of soil water content on the evaporation rate
from soils of background areas and soils contaminated
with non-volatile Hg(II) species.
For mercury enriched soils of mineralized areas and soils
contaminated with volatile mercury species the effect of
the water content on the release of these volatile mercury
species is likely to be most important. Indications for
such an effect are the measurements of mercury in soil
air in a mercury rich mineralized area. McNerney and
Buseck (1973) found that mercury rich soils with a high
clay content in mineralized areas displayed a strong de-
cline of the mercury content in the soil air as the amount
of water increased already at low water content; soils
with a low clay content showed no decline of the mercury
content in soil air even at high water content. They ex-
plained this with a clogging of pore spaces. Wallner
(1977) found that the mercury content of soil air in mer-
cury enriched soils in mineralized areas increased after
events with increasing precipitation volume and they as-
cribed this to a surficial clogging of soil pores. An in-
creasing filling of pore space with water also reduces the

rapid migration of mercury through the soil by mass-flow
of vaporous mercury together with soil air, and increases
the importance of the slower diffussive transport of mer-
cury vapour through soil water (Williston 1964; Wallner
1977). Johnson and Lindberg (1995) calculated the con-
centration of Hg(0) in soil air at 10 cm depth as a func-
tion of soil moisture and Hg(0) evaporation rate from
soil, using a strongly simplified diffusion model; the
Hg(0) concentration in soil air increased exponentially
with soil moisture due to strongly reduced diffusion rate,
and the increase was stronger the higher the evaporation
rate from soil was. Furthermore, a significant filling of
pore space with water leads to a downward mass-trans-
port of solute volatile and non-volatile mercury species
with soil water.
As already discussed, the soil Eh, which is strongly de-
pendent on soil water content, is another important fac-
tor influencing the abiotic formation or transformation of
mercury according to thermodynamic stability. No litera-
ture data were found concerning an effect of soil Eh on
the abiotical or biotical formation of volatile mercury.

Meteorological conditions
Generally it can be expected that the transport in and the
release of volatile mercury species from soil to atmo-
sphere respond stronger to variations in meteorological
conditions than the processes of formation of these spe-
cies. Therefore, for soils of background areas as well as
for soils contaminated with non-volatile mercury species,
it can be expected that the production of volatile mercury
is the evaporation rate limiting process. For soils in non-
background areas and soils contaminated with volatile
mercury species, the meteorological conditions are proba-
bly influencing the mercury evaporation rate stronger
than for soils of background areas and soils contami-
nated with non-volatile mercury species, due to the high
content of volatile mercury [esp. Hg(0)] usually asso-
ciated with these soils.

Barometric pressure
According to Andersson (1979), the barometric pressure
varies usually 2–3%, which means that the upper 2–3% of
the vertical air filled pore space of the soil column are
completely emptied and refilled (ventilated). Hence, with
a groundwater table or bedrock in, for instance 1 m
depth, only the upper 2–3 cm of the surface layer are
ventilated.
Krömer and others (1981) did not find an effect of ba-
rometric pressure on the mercury concentration of the
atmosphere directly above the mercury rich soil surface
in a mineralized area. However, McCarthy and others
(1969a, 1969b, 1970), McNerney and Buseck (1973) found
the mercury evaporation from mercury rich soils in non-
background areas to increase with decreasing barometric
pressure.
No literature has been found clearly indicating effects of
barometric pressure on mercury evaporation from soils
in background areas. In general it seems very likely that
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barometric pressure has only little influence and is most-
ly swamped by other effects, such as temperature.

Soil and air temperature
The temperature in the upper centimeters of soil usually
follows the air temperature with a short phase lag, and is
1–2 7C lower than air temperature.
Many authors found mercury evaporation to increase
with temperature from various CH3Hgc treated soil
types (Landa 1979), from soils treated or contaminated
with inorganic Hg(II) (Frear and Dills 1967; Landa 1978a;
Blinov 1982; Lindberg and others 1994) and from soils in
background and non-contaminated areas (Lindberg and
others 1979; Xiao and others 1991; Kim and others 1994)
as well as in non-background areas (McCarthy and others
1970; Lindberg and others 1979; Krömer and others 1981;
Siegel and Siegel 1988). Field measurements of mercury
evaporation rates displayed a seasonal and diurnal varia-
tion, with the rates being highest in summer and during
the daytime and lowest during winter and the nighttime
(Schroeder and others 1989; Xiao and others 1991; Kim
and others 1994; Lindberg and others 1994). This is prob-
ably due to increasing vapour pressure for the different
mercury compounds, especially those species that are
highly volatile, such as Hg(0) and (CH3)2Hg, and a de-
creasing sorption by soil due to increasing thermal mo-
tion. Furthermore, when the soil air expands with in-
creasing temperature it rises and contributes to mercury
evaporation from soil. Increasing temperature also causes
an increase in reaction rates and microbiological activity
resulting in a more intensive formation of volatile mercu-
ry species.
The extent to which temperature affects mercury evapo-
ration is still under discussion. Lindberg and others
(1979) found that the Hg evaporation rate of a bare un-
contaminated soil in a background area increased only
slightly with increasing soil temperature from 10 7C (low-
est measured temperature) to 15–20 7C. In this range Hg
evaporation can be described satisfactorily by a linear
function whereas the Hg evaporation rate increases ex-
ponentially from 15–20 7C to 35 7C. However, bare mercu-
ry rich soil in a mineralized area showed a rapid increase
of evaporation with temperature already from 10 7C on.
This is consistent with recent findings on the activation
energy (Ea) of mercury evaporation from soil, obtained
by fitting the Arrhenius equation to the data of the tem-
perature dependent evaporation rates: Siegel and Siegel
(1988) determined for a mercury rich soil [supposedly
high fraction of Hg(0)] in a geothermal area an Ea close
to the molar heat of vaporization of Hg(0), whereas the
Ea of a background forest soil (Kim and others 1994) and
of an inorganic Hg(II) [with only small fraction Hg(0)]
contaminated soil (Lindberg and others 1994) were con-
siderably higher. This indicates that other processes than
the evaporation of volatile mercury species from back-
ground soils and soils contaminated with non-volatile
mercury are the evaporation rate limiting factors. These
data show that, independent of the temperature, mercury
evaporation from soils rich in volatile mercury species is

higher than evaporation from soils in background areas
or soils contaminated with non-volatile Hg(II) species.
Furthermore, in summer the soil is mostly rather dry,
which counteracts an increasing mercury evaporation rate
due to increasing temperature by an increasing sorption
strength of volatile mercury (Landa 1978a, 1978c, 1979).
Khayretdinov (1971) stated that freezing of soil water
may result in formation of positively charged ice, which
repelles Hg(0) vapor in soil into the unfrozen parts of the
soil or outside the ice crystals, which also may result in a
decreasing rate of atmospheric mercury sorption to soil
surface; soil ice may also be negatively charged, causing
Hg(0) vapor sorption to persit in winter and being more
extensive than in fall and a rapid rise in mercury content
in soil air during the thawing period. However, it seems
that these effects are poorly understood and that hardly
anything can be said about the importance for sorption
of mercury in natural soil.
In diurnal and seasonal variations of mercury evapora-
tion, factors other than daily and seasonal temperature
variations may be involved, especially in soils of back-
ground areas and soils contaminated with non-volatile
mercury species. Senesi and Schnitzer (1977) showed that
irradiation of FA, extracted from a podzol soil, with sun-
light caused an additional formation of transient radicals
with short life-span. Although sun-light does not pene-
trate far into soil, it is possible that additional radical
formation during day-time may significantly increase
mercury evaporation from soils, where the abiotic reduc-
tion of Hg2c in the uppermost micro-or millimeter-layer
is a quantitative important process in the overall evapo-
ration from soil.

Other meteorological factors
The following factors may also have an effect on mercury
evaporation from soil, but only few literature data have
been found:
Air humidity, wind speed and the turbulent mixing of air
masses above the soil surface affecting the mercury ex-
change across the soil/atmosphere interface.
Wallner (1977) found only weak indications of reduced
mercury evaporation from mercury rich soil of a mineral-
ized area with increasing air-humidity.
Kim and others (1994) and Lindberg and others (1994)
demonstrated on contaminated and background soil that
the mercury evaporation rate is also dependent on the
mercury concentration in air above soil surface, which
was influenced by wind speed and turbulent mixing and
vegetation. Lindberg and others (1979) found a signifi-
cant difference in the evaporation rate from bare and
grass planted soil in a mercury rich mineralized area;
however, no such difference in the evaporation rates was
found for background soil. This may indicate that turbu-
lent mixing of air masses above ground is of minor im-
portance for soils of background areas and soils contami-
nated with non-volatile mercury species. This is consis-
tent with the results of Xiao and others (1991), who, us-
ing a throughflow chamber for measurement, did not
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find an effect of turbulent air-mixing on the mercury
evaporation rates in a background area.

Soil cover including vegetation
Lindberg and others (1979) measured mercury evapora-
tion rates from mercury rich soil in a mineralized area
and from soil with background concentrations of mercu-
ry. For bare soil the mercury evaporation rates were
higher than for the respective soil with grass vegetation.
The authors attributed this primarily to a reduced mixing
of air at the soil surface with air overlying the grass ca-
nopy. Also shading of the soil surface, decreasing the soil
temperature, may contribute to the difference.
Snow covering the soil surface may also affect the evapo-
ration rate of soil. Jonasson (1973) found that mercury
migrated from a mercury soil in a mineralized area into
the snow cover which may indicate that some mercury
can even evaporate through snow covers.

Calculated and measured
evaporation rates from soils

Based on soil lysimeter experiments with Hg2c treated
Scandinavian Podzols, Schlüter and others (1995c) calcu-
lated that about 5.2% of total deposited atmospheric Hg
can be expected to evaporate, independent of variations
in atmospheric mercury deposition throughout the year.
They also found that deposited atmospheric mercury will
be susceptible to evaporation for about 300 days after it
has been bound in the soil matrix comparable to soluble
inorganic Hg(II) salt applied to the soil. Furthermore,
taking the present total Hg deposition (wetcdry) of
about 50 mg7m–27a–1 below coniferous forest [mainly
inorganic Hg(II)] (Driscoll and others 1994) in south and
southwest Sweden about 0.30 ng7m–27h–1 will evaporate
from soil, according to the 5.2% evaporation.Their find-
ings are consistent with the data presented by Lindqvist
and others (1991),who, based on an input/output balance
and a limited number of evaporation measurements from
soil, calculated the annual evaporation to be less than
5.2% of the annual Hg deposition in south-western Swed-
en (Gårdsjön area). The calculated Hg evaporation rate of
0.30 ng7m–27h–1 of Schlüter and others (1995c) is also
consistent with the range of measurements
(0–1.4 ng7m–27h–1) made in south-western Sweden and
identical with the average evaporation rate for the period
with a soil temperature of about 10 7C (Xiao and others
1991). This accordance of the presented model data with
Swedish data is probably due to the similarity of the soil
characteristics.
Stepanov and Vildbyayev (1984) are often cited in litera-
ture with their calculated crustal background emission of
0.036 ng7m–27h–1 (see also Varekamp and Buseck 1986).
However, this value has to be considered carefully, since
it is based on several assumptions and simplifications
and no further literature data have been found confirm-

ing this value or reporting measurements of crustal de-
gassing from background areas.
Further literature data of mercury evaporation from soils
treated with mercury, from soils in non-background areas
and from soils in background areas are listed in Table 1.
The data show that mercury evaporation from mineral-
ized areas and mercury contaminated soils is usually
higher than from background areas and that the evapora-
tion rate from background soils is usually smaller than
0.2 mg7m–27h–1.

Summary and conclusion

1. There are strong indications that the volatile mercury
species [Hg(0) and/or (CH3)2Hg] dominate mercury evap-
oration from soil, but little is known about the relative
importance of the two species or contributions from oth-
er organic and inorganic mercury species.
2. It is likely that the uppermost organic rich soil hori-
zons (O- and A-horizons) contain the mercury pool for
formation of volatile mercury species which dominates
evaporation from soil in background areas and soils con-
taminated with non-volatile Hg(II) species. In mercury
enriched soils in non-background areas, where large frac-
tions of total mercury are usually volatile mercury species
relative to background areas, soil usually becomes a mi-
nor evaporation source compared to geological sources.
3. Mercury evaporation from soil is a combined process
determined by
A. the net formation of volatile mercury species, which is

the resultant of abiological and biological formation of
dimethyl mercury and abiological and biological re-
duction of Hg2c to Hg(0). Biological reduction of
Hg2c to Hg(0) is favoured in soils of high amounts of
available Hg2c and high microbiological activity,
whereas abiological reduction is favoured in soils of
high organic matter content and/or deep Eh. Microbio-
logical reactions can cause considerably higher mercu-
ry evaporation rates than abiologically mediated evap-
oration. Therefore, in many soils mercury evaporation
may be dominated by biological mercury evaporation.

B. The diffusive movement and mass-transport of volatile
mercury in and with soil air and soil solution towards
the soil surface. The migration of mercury species may
be delayed by sorptive interactions with the soil com-
ponents. Soil physical characteristics (e.g. shape, size
and distribution of soil pores), soil chemical character-
istics (sorption affinity of soil components for volatile
mercury species) and meteorological conditions (air
temperature, barometric pressure) are more or less
strongly influencing the transport of volatile mercury
within the soil; the hydrological conditions (e.g. varia-
tions of the level of the ground-water table) are proba-
bly also important.

C. The release of the volatile mercury species from the
soil surface across the soil-atmosphere interface is in-
fluenced by additional meteorological factors (air hu-
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midity, turbulent mixing of the overlying air, wind
speed and residence time of air masses over the source
area).

4. The long-term rate limiting process of mercury evapo-
ration from soils of background areas and soils con-
taminated with non-volatile mercury species is proba-
bly the formation of volatile mercury species while
meteorological conditions may cause short term varia-
tions. For soils of non-background areas and soils
contaminated with volatile mercury species, the long-
term evaporation rate is probably mainly dependent
upon migration of the volatile mercury species within
the soil and therefore upon the meteorological condi-
tions. Measuring the effect of meteorological condi-
tions upon mercury evaporation from soil in non-
background areas (e.g. barometric pressure) may pos-
sibly be used to decide whether geogenic mercury is
ruling the evaporation rate or being an important fac-
tor.

5. Mercury evaporating from soils in background areas is
probably mostly originating from deposited airborne
mercury. Whereas in non-background areas, mercury
evaporation originates primarily from geological
sources.

6. Mercury evaporation from soils may reduce the pool
of mobile mercury in soil and hence affect the leach-
ing of mercury from the soil into water systems.

7. Generally, mercury evaporation from soils increases
with increasing water content up to a certain level
(possibly 1/3 bar water content) due to enhanced for-
mation of volatile mercury species and to the release
of sorbed volatile mercury. The evaporation rate prob-
ably decreases when the threshold is exceeded, due to
the reduction of pore space available for upward
movement of mercury vapour with mass-flow of soil
air and a beginning downward leaching of solute vola-
tile and non-volatile mercury species.

8. Mercury evaporation rates from background soils are
usually ~0.2 mg7m–27h–1 and significantly smaller
than from mercury rich soils in non-background areas
or mercury contaminated soils.
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