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� The emission of gaseous elemental mercury from the largest active landfill in Asia is characterized.
� The interstitial gas mercury concentration in the landfill exhibits significant spatial variability.
� Gaseous elemental mercury concentration in landfill gas declines with the age of landfill cells.
� Strong mercury emission from MSW surface can be effectively contained by application of a thin layer clay cover.
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a b s t r a c t

The emission characteristics and air-surface exchange of gaseous elemental mercury (GEM) at Laogang
landfill in Shanghai, China, the largest active landfill in Asia, has been investigated during two intensive
field campaigns in 2011 and 2012. Themercury (Hg) content inmunicipal solidwaste (MSW) variedwidely
from 0.19 to 1.68mg kg�1. Over the closed cell in the landfill, themean ambient air GEM concentrationwas
virtually indistinguishable from the hemispherical background level (1.5e2.0 ng m�3) while the con-
centration downwind of ongoing landfill operation (e.g. dumping, burying and compacting of MSW) was
clearly elevated. GEM emission through landfill gas (LFG) was identified as a significant source. GEM
concentrations in LFGs collected from venting pipes installed in different landfill cells varied widely from
3.0 to 1127.8 ng m�3. The GEM concentrations were found negatively correlated to the age of LFG cells,
suggesting GEM released through LFG declined readily with time. The GEM emission from this source
alone was estimated to be 1.23e1.73 mg h�1. GEM emission from cover soil surfaces was considerably
lower and at a scale comparable to that of background soil surfaces. This is in contrast to earlier reports
showing enhanced GEM emissions from landfill surfaces in Southern China, probably due to the difference
in soil Hg content and gas permeability characteristics of soils at different sites. Vertical concentration
profiles of GEM in the interstitial gas of buried MSW were sampled, perhaps for the first time, which
exhibited a wide spatial variability (4.9e713.1 ng m�3) in the 3-year-old landfill cell investigated. GEM
emission from landfill operation was estimated to be 290e525 mg h�1 using a box model. This suggests
that GEM degassing from Laogang landfill is quantitatively largely dominated by emissions from daily
landfilling operations with a much smaller contribution from LFG venting and insignificant (bi-directional
fluxes near zero) contribution from surfaces capped with a soil layer. This study reveals divergent GEM
emission patterns among landfill cells of different ages, and provides essential emission estimates for
formulating Hg emission reduction strategies for a large landfill.

� 2013 Elsevier Ltd. All rights reserved.
ax: þ86 851 5891 609.
lchai@tongji.edu.cn (X. Chai),

All rights reserved.
1. Introduction

Mercury (Hg) is a ubiquitous persistent pollutant being subject to
long-range transport andenvironmental cycling (Durnfordet al., 2010).
Concern of Hg pollution is mainly from its potent bio-accumulative
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toxicity to humanhealth andwildlife, especially itsmethylated species
are potent neurotoxins (Clarkson andMagos, 2006). Release of Hg into
the atmosphere occurs from both natural and anthropogenic sources.
Instituting a reliable source inventory for Hg is crucial to better un-
derstand its global cycling and environment risk. Recent emission es-
timates showed that anthropogenic Hg emission sources account for
one third of global atmospheric Hg release (Pirrone et al., 2010), and
that Asia contributes nearly 50% of the anthropogenic emissions (Lin
et al., 2010a; Pacyna et al., 2006; Streets et al., 2009). Hg released
from global waste disposal was estimated to be 187 Mg yr�1, approxi-
mately 8% of the total anthropogenic emissions. However, the estimate
from this sector exhibits large uncertainties due to the lack of field
measurement data (Pirrone et al., 2010).

Globally, the primary MSW management alternatives are land-
filling, composting, and incineration. Due to its cost-effectiveness and
technological simplicity for implementation and maintenance, land-
filling has become themost popularmethod forMSWdisposal (Cheng
and Hu, 2012). The landfill daily treatment capacity of MSW in main-
land China is currently running up to 290 � 103 Mg (Tian et al., 2013).
The major Hg containing wastes include batteries, fluorescent lamps,
thermometers, medical devices, electronics and electric equipments,
whereof batteries and fluorescent lamps contain 54% and 20% respec-
tively of the amount of Hg landfilled in China. Although intensive
source reduction efforts have been implemented to reduce Hg content
indomesticMSW(Jianetal., 2008) resulting inarapidlydecliningtrend
from1.8mgHgkg�1 in 1995 to 0.5mgHgkg�1 in 2009 (Cheng andHu,
2012; Hu and Cheng, 2012), the increasing quantities of MSW gener-
ated by society constantly add to increment Hg load into landfills.

Hg in MSW landfills may undergo a series of chemical and bio-
logical transformation during the lengthy aerobic and anaerobic
stabilization processes in the repository, including methylation (Li
et al., 2010; Lindberg et al., 2005a), redox chemistry and ligand
exchange complexation (Chai et al., 2011a). Eventually, Hg may end
up in leachate into groundwater or as volatile species (GEM,
(CH3)2Hg) being released to atmosphere (Baumann et al., 2006;
Lindberg and Price, 1999). However, the current knowledge on the
long-term fate of Hg in landfills is scarce and largely incomplete.
Earlier studies have implied that landfills are an important atmo-
spheric Hg emission source (Feng et al., 2004; Kim et al., 2001; Kim
and Kim, 2002; Li et al., 2010; Lindberg and Price, 1999, 2005a,
2005b; Nguyen et al., 2008). Lindberg et al. (2005a; 2005b)
observed GEM in LFG up to a mg m�3 level for several landfills in
Florida, notwithstanding that emission of this species from covered
sections of present landfills was unelevated. On the contrary, a
survey of several landfills of Southwestern China indicated that
volatilization from landfill soil cover represents an important GEM
emission source (up tow1300 ng m�2 h�1) and in-turn GEM in LFG
vents was present at a considerably lower level (Li et al., 2010).

Shanghai is the largest commercial and industrializedmega-city in
China with a population of more than 23 millions. In 2010, approxi-
mately 7.32 Tg ofMSWwas collected in Shanghai, of which 78.4%was
landfilled (National Bureau of Statistics, 2011). Shanghai is served by
the largestMSWlandfill inAsia, Laogang landfill. Tobetter understand
theHgemission fromsucha large landfill,weperformedtwo intensive
field campaigns to quantify air-surface Hg exchange in 2011 and 2012,
in order to understand the release of GEM through LFG venting, the
spatial distribution in the interstitial gas of landfill cells at different
ages and GEM emission from landfill operation.

2. Experimental

2.1. Site description

The Shanghai Laogang MSW Landfill, is at a distance of 75 km
southeast of Shanghai City center. Located close to the shore of East
China Sea (N 31.054�, E 121.898�, Fig. 1a), it is covering w6.5 km2.
The landfill was constructed in 1989 and has been operating
following four phases (Chai et al., 2011b). The first three phases of
disposal cells, equipped solely with passive LFG system, have now
been closed. The fourth phase, in operation since late 2005, is a
landfill facility equipped with leachate collection system and active
landfill gas collection for power generation. The capacity of Laogang
phase-4 landfill is 25.57� 106 m3 with a daily disposal capability of
w7000 tons. The filling height is about 37 m divided into several
vertical sections, each of 7e8 m in height. Generated LFG is actively
vented from the top 15 m layer of MSW strata. A 30-cm clay soil
layer and a top cover of a high density polyethylene (HDPE)
tarpaulin are used for covering the landfill cells. Diurnally, up to
192,000 m3 of LFG are flared yielding a nominal 10.8 MW power
generation capability.

2.2. Sampling and analytical methods

2.2.1. Sampling and analysis of soil and MSW
Surface cover soil and MSW samples were collected for total Hg

(HgT) analysis. The clay soil samples were collected from the open
area and under the HDPE film cover. The latter were retrieved with
the top soil cover removed and HDPE film cut open. All samples
were preserved in polyvinyl bags and immediately freeze dried
after being shipped to the laboratory. Soil samples were ground and
sieved to a 200 mesh using an agate mortar. The MSW samples
were ground to a fine powder using a plant blender (JFSD-100,
Shanghai Longtuo, China). To avoid cross contamination, the agate
mortar and plant blender were thoroughly rinsed with ethanol
prior to processing a sample. HgT content in the soil and MSW
samples was determined by a Lumex� RA-915 þ mercury vapor
analyzer coupled with a PYRO 915 þ pyrolysis atomizer. Samples
were measured in triplicates. A reference standard soil material
GSS-5 (Institute of Geophysical and Geochemical Exploration,
China) was used as a standard for calibration. The measured
average HgTof GSS-5 (287.5� 7.0, n¼ 6) compared favourably with
the certified value (290 � 30 mg kg�1).

2.2.2. Measurements of GEM and major components in LFG
Two intensive sampling campaigns were conducted at landfill

(December 2011 and September 2012). In the first campaign,
samples of GEM and several major gases (CH4, CO2, H2S, and CO) in
LFG were collected from a total of 117 venting pipes during first
campaign (Fig. 1b) to determine the Hg concentrations at different
stages of MSW maturation: 25 venting gas from disposal cells with
an age of 6 months, 79 from cells aged 1.5 years, and 13 from the
closed phase-3 landfill passive collection system (3 years age).
During the second campaign, the youngest cell vents were re-
sampled (aged to ca. 1.5 years). The GEM in LFG was monitored
using a RA-915þ portable GEM analyzer. Prior to each measure-
ment, the instrument was calibrated using its internal test cell. Six
replicate measurements were made for each GEM sample.
Remaining above mentioned LFG gas compounds were simulta-
neously determined using a portable landfill gas monitor (Geotech
GA2000 Plus Infrared Gas Analyzer, Geotechnical Instruments-UK).
In addition, the LFG temperature was measured by an infrared
thermometer.

2.2.3. Measurements of GEM in the interstitial gas of subsurface
MSW strata

The distribution of GEM in the interstitial gas of the subsurface
MSW strata was determined at different locations on a 3-year-old
landfill cell. A gas sampling probe was inserted to different depths
(20, 40, 60, and 80 cm) according to a protocol described elsewhere
(Chai et al., 2011b). Before sampling, the gas sampling probe was



Fig. 1. Sampling Location: (a) location of Shanghai Laogang landfill, (b) schematic view over vent pipe distribution, wind rose for wintertime, and location of GEM flux sampling
sites.
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allowed for stabilizing at least 30 min. The probe was connected to
an automated Hg vapor analyzer (Tekran� 2537B, Tekran In-
struments) operated at a reduced sampling flow rate of 0.2 L min�1.
Tekran 2537B analyser relies on cold vapor atomic fluorescence
spectrometric detection of GEM and utilizes accumulative collec-
tion onto gold cartridges in parallel, with alternating operation
modes (5-min sampling cycles). A 0.2-mm Teflon membrane filter
and a tube filled with dry soda-lime protect the sampling cartridges
against contamination by particulate matter and the influence of
acidic gases. GEMwas measured for four consecutive cycles at each
profile depth.

2.2.4. Measurements and estimation of air-surface GEM flux
GEM flux measurements over the top soil cover and MSW sur-

faces were carried out using a semi-cylindrical shape quartz dy-
namic flux chamber (DFC) (Fu et al., 2012, 2008; Wang et al., 2005)
coupled with an automated Tekran� 2537B Hg vapor analyzer. The
DFCwas of 10 cmheightwith ameasurement footprint of 0.06m2. A
3-way automated magnetic dual switching unit (Tekran� 1110) was
utilized to sequentially sample the DFC inlet and outlet air at 10-min
intervals (two 5-min samples). This results in a 20-min temporal
resolution for calculated air-surface Hg flux. The GEM flux was
calculated according to following equation (Xiao et al., 1991):

F ¼ QðCo � CiÞ
A

(1)

where F is the GEM flux (ng m�2 h�1), Q is the DFC internal flushing
flow rate (m3 h�1), A is the footprint (0.06m2), Co and Ci are the GEM
concentrations of the DFC outlet and inlet air, respectively. GEM flux
measured by DFC method strongly depends on the applied flushing
flow rate. A lowQmayunderestimateHgflux (Eckleyet al., 2010; Lin
et al., 2012; Zhang et al., 2002). Therefore, a relatively high flow rate
(10 L min�1) was maintained using a diaphragm vacuum pump
(DAA-V523-ED, Gast Inc., USA) connected to a gas flow meter (Fu
et al., 2008). After the flux measurement, the substrate top layer
(down to depth w2 cm) was sampled for subsequent HgT analysis.

Prior to the field campaign, the DFC was cleaned in the lab by
immersion in a 10% HNO3 (v/v) bath for 24 h followed by repeated
rinses in Milli-Q grade water (18.2 MU cm). In the field, DFC blanks
were consistently low (0.5 � 0.2 ng m�2 h�1, n ¼ 41) and not sub-
tracted in Eq. (1). The Tekran� 2537B instruments were systemat-
ically calibrated in the laboratory before the field experiments using
injections of known amount of Hg0 from internal and external
temperature controlledmercury sources yielding a precisionwithin
�3%. In the field, the instruments were periodically (25e48 h in-
tervals) calibrated by invoking the internal Hg0 permeation source.

GEM flux measurements were carried out over soil covered
MSW surfaces with or without the HDPE film tarpaulin present
(Site 1 and 2 respectively, cf. Fig. 1b). To identify the effect of HDPE
film cover on landfill surface Hg migration, additional DFC mea-
surement was conducted over bare soil under the shade of a sheet
of HDPE film. In addition, flux measurements over bare MSW
substrates were conducted at Site 3 (cf. Fig. 1b) and followed-up by
a 6-h experiment conducted after application of a 5 cm thick layer
of clay soil over the previously investigated plot.

GEM emissions caused by active landfill operation (dumping,
burying and compacting) were estimated using a single box model



Table 1
HgT content in the surface soil and MSW samples.

Sample types Total mercury (HgT, mg kg�1)

Minimum Maximum Mean Std. dev

Surface soils (n ¼ 9) 30 94 52.5 20.4
MSW (n ¼ 15) 189 1680 634 428.9
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(Lindberg and Price, 1999; Lindberg et al., 2005b) with up- and
downwind GEM measurements together with meteorological data
as input. The landfill operation area was approximately
100 � 80 m2. The emitted GEM was approximated to be uniformly
dispersed by turbulence throughout the box. The dispersion pa-
rameters employed in the model were estimated from in-situ
meteorological observations (Turner, 1994). Continuous ambient
GEM measurement was made using the RA-915 þ analyzer oper-
ated at 0.2 Hz. To determine the maximum downwind GEM con-
centration, measurements were made at a series of fixed radii (e.g.
100e150 m) extending from the working face area. In 2011, addi-
tional measurements were carried out following a transect parallel
to wind direction from up- to downwind of the working area.

2.3. Meteorological data

Meteorological data including solar radiation, wind speed, wind
direction, soil moisture, relative humidity, air temperature and soil
temperature were collected and stored as 5-min averages using a
portable weather station logger (HOBO U-30, Onset Corp., USA).
The weather station was set up close to the Hg flux measurement
sites with the wind sensors positioned at 2 m above the ground. All
time series data in this study are reported in local time (UTC þ8 h).

3. Results and discussion

3.1. HgT concentrations in the surface soil and MSW

A summary of HgT content measured in the cover soil and MSW
samples is shown in Table 1. The mean HgT content of the soil cover
(52.5 mg kg�1) was slightly higher than that (38 mg kg�1) of do-
mestic background soil in China (Feng et al., 2005). HgT content in
MSW samples exhibits a significantly higher variability (189e
1680 mg kg�1) with a mean of 634 mg kg�1 (n ¼ 15). In addition, the
HgT content in Laogang Phase-4 landfill is significantly lower than
that in MSW landfilled at Laogang during the 1990s (1410e
5290 mg kg�1, Chai et al., 2011a), a result of stricter policies con-
cerning the application of Hg in house-hold products. For example,
Hg usage in battery industry decreases from 582.4 Mg in 1995 to
140 Mg in 2009 (Cheng and Hu, 2012).

3.2. Landfill ambient air GEM concentration

The atmospheric GEM concentrations measured near the land-
fill surface (10e15 cm) are summarized in Table 2 together with the
Table 2
Statistic summary of the measured air-surface exchange fluxes and ambient concentratio

Flux sites GEM flux (ng m�2 h�1) HgT
(mg kg�1)

GEM

Range Mean Std N (emission) Me

Site 1 (Soil) �3.7e12.2 3.2 2.7 72(64) 39 1.7
Site 1 (Shaded) �3.9e7.6 0.13 2.8 62(29) 39 1.8
Site 2 (Soil) �18.7e22.6 �1.4 10.4 73(37) 43 4.4
Site 3 (MSW) 4.3e1159.4 216.2 339.5 74(74) 381 4.2
Site 3 (5 cm soil) 0.3e34.6 12.6 11.5 17(17) 45 3.1
meteorological data and corresponding GEM fluxes. The GEM
concentration level at site 1 was moderate and comparable in
magnitude to the hemispherical background (1.5e2.0 ng m�3,
Slemr et al., 2011) and in-turn lower than observations previously
made in urban Shanghai city air (Friedli et al., 2011). In contrast,
GEM in the surface air at site 2 exhibited a comparatively larger
variability (1.7e9.2 ng m�3) with a slightly elevated mean con-
centration of 4.4 ng m�3. However, the enhanced GEM level (13.5e
25.2 ng m�3, more details given in Section 3.7) observed 100e
200 m downwind of the working face indicated indirectly the GEM
degassing from substrates at sites 1 and 2 to be of relative minor
magnitude. Fig. 2 illustrates the distribution of ambient GEM as
function of wind direction at the two DFC flux sampling sites. At site
1 (w2.5 km from the sea shore), easterly winds originated from the
East China Sea were prevailing during the measurements. The
winds at site 2 were mainly from west, northwest and north and
and the site was thus temporally directly downwind the active
landfilling working surfaces at approximately 0.8 km distance
(Fig. 1b). The measured atmospheric GEM level at Shanghai Lao-
gang landfill are comparable to those reported for the two landfills
in Florida, USA (2.37e40 ng m�3, Lindberg and Price, 1999) and for
Nan-Ji-Do landfill in Seoul, Korea (0.73e9.47 ng m�3, Kim et al.,
2001), but much lower than those reported for landfills in
Guiyang and Wuhan, China (1.6e473.6 ng m�3, Li et al., 2010).
3.3. GEM distribution in LFGs

GEM concentrations in LFGs generated from disposed MSW of
different ages, collected by both active and passive venting systems,
were measured to understand the GEM migration caused by LFG.
Overall, GEM concentrations from 117 LFG venting pipes covered a
wide span over 3 orders of magnitude (3.0e1127.8 ng m�3, Fig. 3a).
Moreover, for venting pipes of similar ages, there existed a large
intra-annual variability of GEM, most likely due to heterogeneity of
Hg content in the MSW and other environmental factors (e.g. gas
temperature, Kim and Kim, 2002). Statistically, GEM in LFG asso-
ciated with recently deposited MSW (w6 months old) exhibited a
tendency of elevated concentrations (42.2e1127.8 ng m�3)
compared to that in the LFG generated by aged MSW (3.0e
729.8 ng m�3 for the 1.5-year LFG system and 3.0e19.3 ng m�3 for
the 3-year passive LFG system respectively). In September 2012,
LFG of the recent deposited MSW (region II in Fig. 1b) measured
during December 2011 was re-sampled. The GEM concentration
was found to decrease substantially over this nine month period to
8.8e102.5 ng m�3 (Fig. 3a), in spite of the fact that the LFG pro-
duction rate remained relatively unchanged. In fresh MSW, Hg0

accounts for a significant fraction of Hg content (more than 80%,
Southworth et al., 2005). After landfilled, it is likely that Hg0 frac-
tion of MSW is attenuated swiftly partitioning to gas streams while
the remainder of Hg load interacts strongly with organic and sul-
fidic materials and remains largely retained within the MSW stra-
tum (Chai et al., 2011a). GEM in the older passive LFG system
ns of GEM with the associated meteorological data at three sites at Laogang landfill.

concentration (ng m�3) Meteorological parameters

an Std Range Solar
radiation
(W m�2)

Air temp
(�C)

Air humi
(%)

Soil moisture
(m3 m�3)

0.12 1.4e2.2 72.4 8.3 91.0 0.341
0.3 1.3e2.7 0 4.2 85.0 0.332
2.4 1.8e9.2 111.8 2.8 70.6 0.125
1.1 2.7e6.1 113.5 4.2 72.6 e

0.7 2.7e5.2 204.7 8.7 67.5 0.136



Fig. 2. Wind rose of 20-min averaged surface air GEM distribution during air-soil flux
measurements (2 sites).
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(Fig. 3a) showed a much narrower concentration range (3.0e
19.3 ng m�3), indicating that LFG migration from the closed phases
of Laogang landfill is not an important source of GEM.

Fig. 3 displays the distribution of measured gas species in LFG
produced from various ages of MSW. Based on the significantly
lower HgT content in Laogang landfill MSW compared to that of
Fig. 3. Box and whiskers percentile plots of GEM, and major gases concentration observation
MSW, (b) LFG temperature, (c) relative proportions (%) of CH4 and CO2 and (d) mixing ratios
sampling area, all the plots from (I) and 0.5 year (II) represent campaign of 2011, 1.5 year (
Gaoyan landfill MSW (HgT range 0.17e46.2 mg kg�1, mean
1.80 mg kg�1; LFG GEM ¼ 2.0e1406 ng m�3, Li et al., 2010), it is to
some extent surprising that the GEM level measured in LFG at the
two sites is comparable. We suspect that the active LFG collection
system at Laogang site has an effect on the GEM volatilization rate
from the MSW matrix. The LFG GEM observations in this study are
in turn comparable in magnitude to studies elsewhere (de la Rosa
et al., 2006; Kim and Kim, 2002) with exception to GEM in LFG of
some active landfills in southern Florida (Lindberg et al., 2001;
Lindberg and Price, 1999; Lindberg et al., 2005a). Using the data
in Fig. 3a together with information of LFG volume flow, we esti-
mate the Hg emissions from the phase-4 active landfill via LFG
migration to be in the range 1.23e1.73 mg h�1.

3.4. Relationship between LFG characteristics and GEM
concentration

MSW degrades anaerobically to produce CH4 and CO2 as the
major gases. The observed CH4 to CO2 ratio (approximately 3:2 by
volume) was stable throughout the campaigns. The mixing ratio of
the trace gases (CO and H2S) did not show significant variation
either. Correlations between GEM and other measured gas com-
ponents of LFG were weak (Table 3). A statistically significant
positive correlation was observed between LFG GEM concentration
and temperature (p < 0.01). As previously reported high temper-
ature may facilitate elevated GEM concentrations in LFG (Kim and
Kim, 2002). The GEM-temperature correlation was stronger for
the younger disposal cells (w6 months, r ¼ 0.75, p < 0.01) than for
1.5-year-old cells (r ¼ 0.48, p < 0.01). CH4, CO2, H2S and CO were
weakly or moderately anti-correlated with temperature. The gases
essentially produced by anaerobic biological processes making up
the bulk of LFG (i.e. CH4, CO2, H2S, CO) and in-turn exhibited weak
ormoderately negative correlationwith temperature. Hence, it may
interpret that the release of GEM from buried MSW into LFG is to
s in LFG: (a) GEM in LFG emanating from vents associated with various ages of dumped
of CO and H2S in actively pumped vents of two age categories. The (I), (II) represent the
II) from the campaign in 2012.



Table 3
Pearson’s correlation matrix between GEM and major LFG gases and gas tempera-
ture (significance level indicated as well): (a) 0.5-year filling cell; (b) 1.5-year filling
cell.

GEM Temp. CH4 CO2 H2S CO

a. LFG from vents of 0.5-year old MSW filling cell (II, N ¼ 25)
GEM 1
Temp. 0.75a 1
CH4 �0.36 �0.65a 1
CO2 �0.20 �0.43b 0.91a 1
H2S �0.27 �0.31 0.06 0.04 1
CO 0.14 �0.33 0.60a 0.55a 0.06 1
b. LFG from vents of 1.5-year old MSW filling cells (I, N ¼ 79)
GEM 1
Temp. 0.48a 1
CH4 0.23b �0.04 1
CO2 0.2 �0.06 0.92a 1
H2S 0.07 0.08 0.42a 0.36a 1
CO �0.05 0.06 0.06 0.14 �0.20 1

a Correlation is significant at the 0.01 level (2-tailed).
b Correlation is significant at the 0.05 level (2-tailed).

W. Zhu et al. / Atmospheric Environment 79 (2013) 188e197 193
some extent decoupled from the generation of the biogenic gases.
Although both biological and chemical processes have been sug-
gested to cause the release of organic Hg (CH3Hgþ and (CH3)2Hg) in
the LFG and in the leachate (Chai et al., 2011a; Lindberg et al.,
2005a), the presence of GEM in LFG is likely controlled by phys-
ical factors.
3.5. GEM in the interstitial gas of disposed MSW

The vertical profiles of GEM concentration in the interstitial gas
of a 3-year-old landfill cell are shown in Fig. 4. To best of our
knowledge, this is the first report of GEMmeasurements in such gas
media. Overall, the GEM concentrations ranged from 4.9 to
713.1 ng m�3 and exhibited a high spatial disparity, probably due to
the inherent heterogeneity of the MSW. There was no obvious
dependency with respect to the depth. However, it is apparent that
the near-surface concentration (4.9e41.0 ng m�3) was lower
compare to that in the deeper strata. At each profile, the GEM
concentration at 40-cm depth is moderately higher than that at 20-
cm depth. This could induce upward diffusion of pore gas GEM.
Fig. 4. Vertical profiles of GEM concentration in a 3-year-old landfill cell interstitial gas
measured from five locations.
Comparing the GEM profiles in the interstitial gas with the
concentrations in the LFG (Fig. 3, 3-year-old passive system), it is
found that the GEM in the LFG was present at a lower level
(p < 0.001). Possible explanations include (1) depletion of Hg0 in
the MSW substrate zone adjacent to LFG wells due to evaporation
loss and longitudinal transport, (2) dilution of LFG by intrusion of
surface air as the production becomes stagnant, and (3) inorganic
divalent Hg in the MSW stabilized by ligand complexation and
became less labile to reduction to volatile Hg0 vapor over time.

3.6. Characteristics of GEM airesurface exchange

3.6.1. GEM exchange flux from landfill top soil cover
Table 2 summarizes the results of GEM flux measurements and

concurrent meteorological conditions at the two sampling sites
(1 & 2). Overall, the fluxes over soils were bidirectional, in the range
of �18.7e22.6 ng m�2 h�1. The fluxes were generally of higher
magnitude at site 2. Since the final landfilling step is the application
of a permanent HDPE film preventing precipitation from entering
the landfill cells, the effect of the HDPE sheet on the measured flux
was also simulated. A sheet of HDPE tarp was unfurled over the DFC
so it was in total shade. In Fig. 5 the evolution of GEM fluxes with
andwithout the HDPE shading is presented. As shown in the Figure,
GEM flux likewise exhibits diurnal features over a shaded plot, an
observation consistent with earlier reports (Feng et al., 2005; Li
et al., 2010; Lin et al., 2012). The maximum flux occurred during
midday coinciding with peak solar radiation and temperature
(Fig. 5a). With the DFC shaded, the evasive flux was significantly
decreased by w50% but the correlation between soil temperature
and Hg flux remained (r ¼ 0.51, p < 0.01, Fig. 5b). This suggests that
soil temperature is a key factor controlling GEM flux from HPDE-
covered area. The GEM emission flux from the soil cover is
slightly lower than those from natural soil surfaces measured
elsewhere in China, including Guangdong China (18.2e
135 ng m�2 h�1, Fu et al., 2012), Chongqing China
(46.5 � 22.8 ng m�2 h�1, Zhu et al., 2011), Guiyang China (0.4e
44.4 ng m�2 h�1, Feng et al., 2005), Mt. Gongga China (1.5e
132 ng m�2 h�1, Fu et al., 2008). This is probably due to the lower
HgT in the soil (30e94 mg kg�1) compared to those measured in the
substrates (60e2000 mg kg�1) of the aforementioned studies.

Figs. 5a and 6 exhibit the diurnal patterns of GEM flux observed
during the regular measurements at site 1 and 2 exhibiting emis-
sion during daytime and episodes of deposition during nighttime.
The mean daytime flux at site 1 was substantially lower than the
flux at site 2 under similar meteorological conditions, although the
surface soil HgT at both sites was similar (Table 2). A disparity in the
soil water content existed between the two sites (near saturation at
site 1, 0.341 m3 m�3 and relatively dry at site 2, 0.125 m3 m�3).
Although high water content can accelerate Hg release from soil
(Gustin and Stamenkovic, 2005; Kocman and Horvat, 2010; Lin
et al., 2010b), water-saturated soil has been reported to restrain
GEM transport and therefore reduce evasion (Selvendiran et al.,
2008). The considerable deposition flux observed during night-
time at site 2 coincided with an episode of elevated ambient GEM
(Fig. 6; r ¼ �0.82, p < 0.001). Such significant negative correlation
was also observed in earlier studies (Xin and Gustin, 2007).

3.6.2. GEM flux over MSW surfaces
Fig. 7a shows the evolution of GEM flux measured over an un-

covered MSW surface (site 3) along with selected environmental
parameters. The observed flux (4.3e1159.4 ng m�2 h�1) compares
favourably in magnitude with a previous study conducted in China
(Li et al., 2010). Compared to Hg0 gas exchange measured over
natural soils of similar HgT content (Fu et al., 2012; Zhu et al., 2011),
fluxes from bare MSW surfaces were 1e2 orders of magnitude



Fig. 5. Time series plot of GEM flux measured over landfill HDPE film covered soil surfaces by open the film: (a) Site 1, (b) Site 1 (Shaded).

Fig. 6. Time series plot of GEM flux measured over open area soil surfaces. Inlaid is a plot of GEM flux vs. surface air GEM concentration.

Fig. 7. Time series of GEM emissions flux measured over (a) an uncovered MSW
surfaces, and (b) a 5-cm deep soil layer applied over MSW.
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higher. This is most likely due to an effect of the Hg speciation in
MSW including a pool of Hg0. Another possibility is that MSW
contains a higher fraction of redox-labile Hg compounds. The high
correlation observed between solar radiation and GEM fluxes
(r ¼ 0.96, p < 0.01) indicates that rapid light-driven processes (e.g.
photoreduction of labile HgII to Hg0 followed by volatilization)
might have occurred in the surface zone contributing to greater
GEM emission. GEM flux was also highly correlated with soil
temperature (r ¼ 0.84, p < 0.001). Using the Arrhenius equation,
which relates the emission rate to temperature through Ea, the
activation energy of the process (Carpi and Lindberg, 1998; Gustin
et al., 2002; Xiao et al., 1991), thermal relationships was evalu-
ated for flux observed under day-light and dark respectively, as:

F ¼ Ae�Ea=RT (2)

where F is the GEM flux (ng m�2 h�1), Ea is the activation energy
(kcal mol�1), R is the ideal gas constant (1.9872 cal mol�1 K�1), T is
the substrate absolute temperature (K), A is a pre-exponential



Table 4
GEM emission from the active landfilling operation estimated using a box model for the five experimental periods.

Sampling time Downwind (upwind)
GEM (ng m�3)

Wind
speed (m s�1)

Pasquill
stability*

Distance to
working face (m)

Box modeled
GEM flux (mg h�1)

10:00e11:00 am, Sep. 25, 2012 25.2(2.4)a 3.2 B 100 525
15:00e16:00 pm, Sep. 26, 2012 19.0(1.9)a 3.5 C 150 430
10:00e11:00 am, Dec. 24, 2011 13.5(1.5)b 3.7 C 200 448
15:00e16:00 pm, Dec. 25, 2011 16.5(1.7)b 2.1 C 200 310
13:00e14:00 pm, Dec 26, 2011 21.4(1.8)b 4.6 D 100 290

*An approach to estimate atmospheric stratification using stability classes denoted by capital letters AeF, where A represents extreme unstable, B unstable etc. (Pasquill, 1961).
a Downwind quarter radian average value, the measurement were conducted along a path of fixed radial distance to the working face.
b Hour average data, the measurements were conducted at a single sampling site at each of the of up and downwind side of the working face.
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factor. Corresponding Ea was estimated to be 151.8 kcal mol�1 un-
der sunlight and 116.5 kcal mol�1 during nighttime. These values
significantly exceed apparent Ea previously estimated from various
environmental surfaces: 17.3 � 7.7 kcal mol�1 over background
forest soils (Carpi and Lindberg, 1998), 22.0e47.5 kcal mol�1 over
agricultural soils (Fu et al., 2008), 18.6e69.1 kcal mol�1 from urban
soil (Feng et al., 2005), and 29.6 � 1.0 kcal mol�1 from the lake
water surface (Xiao et al., 1991). In general, the derived Ea values
exceed the molar heat of Hg0(l) vaporization (DH0

vap) of
14.7 kcal mol�1 (Busey and Giauque, 1953) indicating the Hg0

emission process from various substrates to be complex and not
solely limited by evaporation.

3.6.3. Effect of soil cover on Hg emission
The effect of application of surface clay cover on GEM emission

from previously uncovered MSW is shown in Fig. 7b. This experi-
ment was conducted shortly after regular MSW fluxmeasurements
during the period of day (12:00e 18:00) whenmaximum fluxes are
expected. A significant suppression of GEM flux was observed with
the clay cover. The GEM flux (0.3e34.6 ng m�2 h�1) over the 5-cm
clay cover was similar to those measured over permanent soil
cover. This indicates that the application of a thin clay layer is an
effective method to control GEM evasion from MSW. Significant
Table 5
Comparison of the GEM emission from landfills in this study with the values reported in

Location Surface Time Method

Laogang landfill, Shanghai, China Covered soil Dec. 2011 DFC
MSW Dec. 2011 DFC
LFG Dec. 2011 e

Working surface Dec. 2011,
Sep. 2012

Box Model

Gaoyan landfill, Guiyang, China Covered soil Nov. 2003,
Sep. 2004

DFC

MSW Nov. 2003,
Jan. 2006

DFC

LFG 2003-2004 e

Working surface Sep. 2004 ISCST3 Mode
Dazhuanwan landfill,

Guiyang, China
Vegetated soil Mar. 2004 DFC
Covered soil Sep. 2004 DFC

JinKou landfill, Wuhan, China Covered soil Jun. 2004 DFC
Working surface Jun. 2004 ISCST3 Mode

Two landfills in Florida, USA Covered soil Apr. 1997 DFC
Working surface Apr. 1997 Box Model

Six landfills in Florida, USA Covered soil 2001e2002 DFC
MSW 2001e2002 DFC
Working surface 2001e2002 Box and ISCS

Nan-Ji-Do landfill, Seoul, S. Korea Entire surface Spr, 2000 Aerodynami
LFG Aut, 2000 e

BeC landfill, Dae Gu, S. Korea Entire surface Jan. 2004 Aerodynami
reduction of Hg volatilization can be achieved by a shallow layer of
clay soil exhibiting low gas permeability.

3.7. Modeling of Hg emission from the landfill working surface

Using the parameters listed in Table 4, the GEM emission from
the active landfill operation was estimated to be 290e525 mg h�1,
similar to those found in the landfills in Florida, USA (Lindberg et al.,
2005b). It should be noted that the estimated emission range is
based on observations recorded during two seasonal periods
(autumn and winter) and may not reflect conditions during the
warm season. Nevertheless, the GEM concentration 100e200 m
downwind of the landfill operation (13.5e25.2 ng m�3) greatly
exceeded the background level shown in Table 2 (w1.8 ng m�3),
indicating that the landfilling activities were a strong emission
source. Consistent with many other landfills in USA and South-
western China (Li et al., 2010; Lindberg and Price, 1999; Lindberg
et al., 2005b), GEM emitted from the working surface is a pre-
dominant GEM emission source in landfills.

Table 5 compiles the GEM emissions from different sources in
landfills. The relative importance of each category varies signifi-
cantly between landfills. It is clear that the landfilling operation is
the most important source although the emission intensity from
the literature.

Flux (ng m�2 h�1)
or emission
(mg h�1)

Substrate
HgT
(mg g�1)

Emission
quantity
(g yr�1)

References
(Sumtotal
emission: g yr�1)

�18.7e22.6 0.06 222.5 This study (3805.2)
4.3e1159.4 0.38 e

e e 13
290e525 mg h�1 0.19e1.68 3569.7

�72.5-1273.3 0.13e1.03 42.0 Li et al., 2010
Feng et al., 2004
(3285.3)�286.2e5609.6 e e

e e 0.9
l 369.0 mg h�1 0.17e46.2 3231.4

�65.4e50.9 e 175.9 Li et al., 2010 (184.0)
�27e3866.5 3.12e6.53 8.1
19.6e245.3 e 364.3 Li et al., 2010 (872.4)

l 58.2 mg h�1 0.24e1.27 505.9
1e20 0.03e0.15 e Lindberg and Price, 1999

(76e110)5e60 mg h�1 e

1e10 e e Lindberg et al., 2005
(75e2900)<1e150 e e

T3 200e600 mg h�1 e e

c �1164 � 1276 e 6000 Kim et al., 2001
Kim and Kim, 2002
(6023)

e e 23

c 39.0 � 43.3 e 204.9 Nguyen et al., 2008
(204.9)
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different landfills varies greatly. Emissions from closed cells (with
top soil cover) and LFG venting in landfills also vary significantly.
For instance, from reports of limited number of landfills in Asia, the
Hg emission through LFG in Gaoyan landfill in Southwestern China
(Li et al., 2010) and Nan-Ji-Do landfill from Korea (Kim and Kim,
2002; Kim et al., 2001) are much smaller than the emission from
the landfill cover soil. In contrast, this work and earlier studies at
the landfills in Florida, USA show greater Hg emission from LFG
than the landfill cover soil. Collectively, landfill gas collection (e.g.,
active vs. passive), gas production capacity, surface soil character-
istic and solid wastes influence GEM emission from LFG venting
and over surface cover. Using the results from this study and an
earlier report (Li et al., 2010), we estimate that GEM emission the
landfills in China is in the range of 150e800 kg yr�1. This value is
small compared to grand anthropogenic Hg emission in China, yet
the emission may still represent as an important Hg input to local
environment.

4. Conclusions and implications

A comprehensive investigation of Hg emission characteristics
was performed in Shanghai Laogang landfill, largest in Asia,
through the field quantification of Hg concentration and fluxes at
different Hg release points. The active landfill operation was found
to be the most important source at this site, emitting 290e
525 mg h�1 of GEM, 3 orders of magnitude higher than the Hg
release through LFG (1.23e1.73 mg h�1). The airesurface exchange
(�18.7e22.6 ng m�2 h�1) over the landfill cover soil yielded a small
net emission. In total, the GEM emission from entire active Laogang
landfill could be estimate at 292e545mg h�1. It was also found that
GEM release through LFG venting mainly occurs in the early stage
of the MSW decomposition process. This is consistent with deple-
tion of volatile Hg content in theMSWover time. A thin layer of clay
(with low HgT content and gas permeability) turned out to be
effective to suppress GEM volatilization from MSW surfaces. GEM
concentrations in the interstitial gas of aged MSW
(mean ¼ 105.2 ng m�3) was significantly higher than that in LFG
produced from the MSW of similar age (mean ¼ 12.3 ng m�3). The
interstitial gas GEM exhibited significant spatial variability (4.9e
713.1 ng m�3), probably due to MSW’s heterogeneous Hg content
and a lack of gas migration in the landfill cells. The emission in-
tensity at Laogang landfill was approximately four times lower than
landfills in Southwest China, suggesting the effectiveness of prop-
erly managed landfills in reducing Hg emission.

The high GEM emission deriving from the active landfilling
operation prompts for sorting out household waste (e.g. removal of
fluorescent lamps) prior to landfilling. Actions should also be taken
to apply clay cover over a disposal cell as soon as it is practicable.
One uncertainty in this study is that it was difficult to obtain a
representative distribution of MSW Hg contents throughout the
landfill for better assessing the magnitude of changes of Hg emis-
sion over the years. In addition, the emission characteristics of Hg
from landfills at different regions seem highly variable based on
this and earlier studies. This presents a challenge to accurately
estimate the Hg emission from landfills at a global scale. The
mechanism of Hg release from the disposal cell through LFG needs
further research.
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