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Abstract Since municipal wastes contain refuses with
high mercury contents, incineration of municipal wastes be-
comes the major anthropogenic atmospheric mercury emis-
sion source. In China, landfills are however the main way to
dispose of municipal wastes. Total gaseous mercury (TGM)
concentrations in landfill gas of Gaoyan sanitary landfill
located in suburb of Guiyang City were monitored using a
high temporal resolved automated mercury analyzer, and
mono-methylmercury (MMHg) and dimethylmercury
(DMHg) concentrations in landfill gas were also measured
using GC coupled with the cold vapor atomic fluorescence
(CVAFS) method. Meanwhile, the TGM exchange fluxes
between exposed waste and air and the soil surface of the
landfill and air, were measured using low Hg blank quartz
flux chamber coupled with high temporal resolved auto-
mated mercury analyzer technique. TGM concentrations in
landfill gas from half year filling area averaged out at 665.52
# 291.25 ng/m?, which is comparable with TGM concentra-
tions from flue gas of a small coal combustion boiler in Gui-
yang. The average MMHg and DMHg concentrations aver -
aged out at 2.06+ 1.82 ng/m® and 9.50+ 5.18 ng/m°®, respec-
tively. It is proven that mercury emission is the predominant
process at the surfaces of both exposed wastes and soil of
landfill. Landfillsare not only TGM emission source, but also
methylmercury emission sourceto the ambient air. Thereare
two ways to emit mercury to the air from landfills, one is
with the landfill gas through landfill gas duct, and the other
through soil/air exchange. The Hg emission processes from
landfills are controlled by meteorological parameters.
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Due to the special physical and chemical properties,
mercury is a global pollutant which could be aerialy
transported cross the borders™?. Both natural processes
and human activities emit mercury to the air. The major
anthropogenic mercury emission source categories are
coal combustion, waste incineration, chlorine-alkali plant,
metal smelting and refining and so on*® . Human activi-
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ties emit not only elemental mercury (Hg®), which has a
long lifetime in the air, but also reactive gaseous mercury
(RGM) and particulate mercury, which live short in the air.
Mercury is aso released into the atmosphere by a number
of natural processes, including outgassing of the earth’'s
mantle/crustal material, evasion from surficial soils* ¥,
water bodies®!¥, vegetation surfaces™, volcanoes*?,
wild fires® and geotherma sources™. Mercury is
thought to be released from natural sources mainly as HgP
vapor™™. Though many efforts have been recently diverted
to the estimation of total mercury emission to the atmos-
phere, there are till large errors and uncertainties on the
estimations mainly due to different accuracies of data
from different regions. At present, total annua natural
mercury emission rate is estimated to range from 2500 to
29325 21617 while the total annua anthropogenic mer-
cury emission rate is estimated to vary from 910 to
11000 28 |n addition, some potential atmospheric
mercury emission sources such as landfills have not been
paid enough attention to, and only a few studies were car-
ried out globally>2,

Mercury concentrations in wastes are relatively high,
and total mercury concentrations in US wastes before
1994 was as high as 4 mg/kg, of which 80% came from
battery and remaining portion came from fluorescence
light, electronic switches and thermal meters. Mercury
concentrations in akaline batteries made in China reach
up to 1 to 5 %, while mercury concentration in neutral
batteries are about 0.025%, and the annual mercury con-
sumption related to battery production reached dozens of
tons. The restriction of mercury uses in battery only
started in 2001 in Chind®!. After being buried, the wastes
are in anaeraobic conditions, and hydro-carbon compounds
in wastes will be degraded into carboxylic acids first and
into CH, and CO; finally with a series of microbiological
activitied®. At such reducing conditions, inorganic com-
pounds in wastes will not only be reduced into volatile
Hg’, but also be converted into more toxic volatile methyl
mercury compounds. Those volatile mercury compounds
will be emitted into air through landfill gas conducts and
soil. In developed countries, waste incineration is the ma-
jor way to dispose of municipal wastes, but this method is
just introduced to China. On the whole, direct landfills are
the major way to dispose of municipal wastes in China®®,
and this method disposes of more than 70% of tota
wastes ™. The total annual production of municipal
wastes in China in 1999 reached 120000000 t, and the
annual production increased with a rate of 10% each year
since then. According to national statistical data, the total
production of waste so far reached 6.0 billion tons, and
occupied a land area of more than 500 km?. Thus it is of
great importance to study mercury emission from landfills
in China.

From November 21 to 30, 2003, we conducted an
intensive field measurement campaign at Gaoyan landfill
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in suburb of Guiyang to measure TGM, MMHg and
DMHg concentrationsin landfill gas and to measure TGM
exchange flux between the surface of landfill and air.

1 Experimental

Gaoyan landfill is the most modern one in Guiyang,
and it disposes of 800 t wastes each day. It occupies aland
area of 8.79x10° m?, and has gone into operation for two
years. The depth of soil covered in the landfill is about 20
cm. Fig. 1 shows the distribution of landfill gas conducts
and the locations of sampling sites. According to the land-
filling ages, the landfill can be divided into half-year fill-
ing area, one-year filling area and two-year filling area.
Since the half year filling area occupies the most area of
the landfill, we chose a representative landfill gas conduct
to measure TGM, MMHg and DMHg concentrations in
landfill gas. Meanwhile, we also measured TGM flux be-
tween exposed wastes and air, and between soil surface of
the landfill and air.

Main dam

Fig. 1. Thedistribution of landfill gas conducts and sampling site loca-
tion. # Sampling site.

TGM concentrations in landfill gas were monitored
using a high tempora resolved (5 min) automated mer-
cury vapor andyzer (Tekran 2537A) with a detection
limit of 0.67 ng/m*. MMHg was collected in two imping-
ers in a series containing 45 mL 0.5% (V/V) HCI with a
sampling flow rate of 0.3 L/min, and a sampling time of
more than 2 hi?#?!, The analysis of MMHg was performed
using distillation followed by agueous ethylation, GC
separation and CVAFS detection method®. DMHg was
pre-concentrated onto two Carbotraps™ which are con-
nected in series with a sampling flow rate of 0.3 L/min
and a sampling time of more than 2 W*%. DMHg was ana-
lyzed using thermal desorption coupled with GC separa-
tion and CVAFS detection method®. TGM exchange
fluxes between exposed waste and air, and the soil surface
of the landfill and air were measured using low Hg blank
quartz flux chamber coupled with high temporal resolved
automated mercury analyzer Tekran 2537A technique®.
While measuring Hg flux, air temperature, surface soil
temperature at 5 cm in depth, relative humidity, wind d-
rection, wind speed and intensity of solar radiation were
also monitored synchronously with Hg flux measurement
using a portable mini-weather station (Global , USA)
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to examine the influence of meteorological parameters on
mercury flux.

2 Reaultsand discussion

() Digtribution of TGM in landfill gass. TGM
concentrations in a landfill gas conduct were monitored
continuously for 24 h, and the result is presented in Fig. 2.
A clear TGM distribution pattern that TGM concentrations
are higher during daytime than that during night was ob-
tained, implying that TGM concentrations in landfill gas
are controlled by surface meteorological conditions. The
preliminary result showed that the average TGM concen-
trationsin landfill gas from half-year filling areais 665.52
+ 291.25 ng/m® (with a range from 175.22 to 1406.0
ng/m?, n = 305), which is about 400 times higher than the
global TGM background concentration in ambient air that
is 1.5 ng/m® and aso about two orders of magnitudes
higher than the average TGM concentrations in ambient
air of Guiyang where is seriously contaminated with at-
mospheric mercury (8.4 ng/m®)*33. TGM concentrations
in landfill gas are comparable with that reported in flue
gas from a small coa combustion boiler in Guiyang (690
ng/m®)1®¥ indicating that landfill gas is an important at-
mospheric mercury emission source.
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Fig. 2. The diurna distribution of TGM in landfill gas from half year
filling area

() Methylmercury in landfill gas. Only a few
data on MMHg concentrations in ambient air are available
from the open literature at present, and the limited data
showed that MMHg concentrations in ambient air are
usually less than <20 pg/m®1%234 byt so far the sources
of MMHg in ambient air are not quite clear. The MMHg
concentrations measured from November 20 to 26, 2003
are listed in Table 1. The average MMHg concentration is
2.06 1.82 ng/m®, which is about two orders of magnitude
higher than the reported concentrations in ambient air.
This indicated that landfill is an important atmospheric
MMHg emission source.

The measurement results of DMHg concentrations in
landfill gas are listed in Table 2. The average DMHg con-

centration is 9.50+ 5.18 ng/m®, which is higher than that
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Tablel Measurement resultsof MMHg in landfill gas from alandfill gas conduct with ahalf year filling time

Sample# Sampling date Sampling time Samplevolumem®  MMHg concentration/ng: m3
1 2003-11-20 11 28—13 15 0.032 1.17
2 2003-11-20 13 40—15 40 0.036 6.37
3 2003-11-20 16 45—18 20 0.029 2.65
4 2003-11-21 07 33—09 36 0.037 1.25
5 2003-11-21 10 20—18 10 0.105 1.75
6 2003-11-21 18 38—23 38 0.180 0.84
7 2003-11-22 23 38—08 00 0.301 0.85
8 2003-11-22 08 13—19 36 0.408 1.02
9 2003-11-23 03 20—18 37 0.275 1.10
10 2003-11-23-24 23-21 10—24-11 35 0.260 1.05
11 2004-11-26 09 50—12 20 0.045 4.64

Average concentration 2.06
Table2 Measurement resultsof DMHg in landfill gas from alandfill gas conduct with ahalf year filling time

Sample# Sampling date Sampling time Sample volume/m® DMHg concentration/ng: m 3
1 2003-11-23 21 05—23 47 0.050 8.81
2 2003-11-24 10 04—12 10 0.039 11.15
3 2003-11-24 12 13—14 31 0.041 15.58
4 2003-11-24 14 31—16 31 0.036 14.58
5 2003-11-24 16 45—18 42 0.035 16.40
6 2003-11-24 19 18—21 18 0.036 13.92
7 2003-11-24 21 38—23 38 0.036 5.59
8 2003-11-25 09 48—12 11 0.045 254
9 2003-11-25 16 30—19 20 0.051 9.94

10 2003-11-25 19 30—21 30 0.036 1.64
11 2003-11-26 07 30—09 30 0.036 3.58
12 2003-11-26 15 35—17 40 0.038 10.24

Average concentration 9.50

of MMHg in landfill gas. DMHg is an extremely toxic
compound, and a US chemist died after being exposed
with this compound™!. DMHg is not however stable in
ambient air, because it will be degraded to MMHg by OH,
NO; and O,1**!. From our measurement data it can be seen
that landfill is also an important atmospheric DMHg
emission source.

Landfill is one of atmospheric methylmercury emis-
sion sources discovered in terrestrial ecosystem, which
could well account for the sources of the recent discovered
methylmercury in the ambient air and precipitation.

() TGM exchange flux between landfill and ambi-
ent air. Hg flux measurement results from exposed
wastes and soil of landfill are summarized in Table 3. The
mercury exchange fluxes are bi-directional at both ex-
posed wastes and over soil of landfill, namely both mer-
cury emission from soil or waste surface and mercury
deposition to the surfaces occurred. On the whole, how-
ever, mercury emission is the predominant process at both
occasions. It is showed that the emission fluxes from the
exposed waste are much dronger than that from soil over
landfill. This is mainly because the exposed wastes are

Table3 The statistical summary of mercury flux measured at exposed waste site and at landfill with ahalf year filling time

Sampling site Exposed waste Landfill

Sampling time 2003-11-2121 10—2003-11-2409 10 2003-11-24 19 00—2003-11-2615 20
Min -286.2 -72.48
Max 5609.6 308.7

Average 502.4 55.2

SD 1206.1 74.0

Sample number 164 105
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Fig.3. Thediurnd pattern of Hg exchange flux over exposed wastes and soil from landfill.

much better aerated than soil, which will facilitate mer-
cury diffusetotheair.

As showed in Fig. 3 a consistent diurnal pattern of
TGM exchange flux was observed at both exposed waste
and landfill sampling sites. During daytime mercury emis-
sion is the predominant process and the emission flux
reached maximum at noon, and during night mercury
emission flux decreased and mercury deposition occurred.
This diurnal distribution pattern is consistent with TGM
distribution pattern in landfill gas, indicating that the
process of mercury emission from landfill is controlled to
some extent by TGM concentration in landfill gas. In
comparison with mercury exchange flux at background
soil sitd®*® mercury emission flux from both exposed
wastes and landfill are 2 to 3 orders of magnitudes higher.
It is obvious that landfills in China may become potential
atmaospheric emission sources.

It is revealed that TGM flux measured at both ex-
posed waste site and landfill site correlated significantly
with solar radiation and air temperature. This indicated
that the formation of TGM in landfill gas is driven in a
way by the meteorological parameters. Studies™®3"3
have showed that divalent mercury in soil can be trans-
ferred to Hg® by photo-reduction processes, and solar ra-
diation is the driving force of mercury emission from soil.
Therefore our results also indicated that solar radiation is
the main driving force of mercury emission from landfill.

3 Conclusions

Since the municipal wastes contain mercury, incin-
eration of municipal waste is one of the largest anthropo-
genic mercury emission sources in developed countries™®,
Landfills are however the magjor way to dispose of mu-
nicipal wastes in China. Our study showed that landfills
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are also potential atmospheric mercury emission source.
There are two ways to emit mercury to the air from land-
fills, one is with the landfill gas through landfill gas duct,
and the other through soil/air exchange.

Due to its special physical and chemical conditions,
landfill emits not only Hg® with a long lifetime in the air,
but more toxic MMHg and DMHg to the air. Landfill is
one of afew terrestrial systems proven to be atmospheric
MMHg emission source, which could well explain the
recent discovery of MMHg in the air and precipitation at
some terrestrial sampling sites.
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