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ABSTRACT: The emissions of a total of 33 trace hydrocarbon gas constituents were measured at a California (U.S.A.) municipal 
solid waste (MSW) landfill using large-scale (1 m x 1 m) static flux chambers. Methodology was established to convert 
concentrations to surface flux values. Extensive field measurements were conducted over daily, intermediate, and final cover systems 
during both wet and dry seasons. High variability in surface flux was observed ranging over six orders of magnitude (10-7 to 10-1 g m-

2 d-1). The emissions as evaluated by calculated average flux were higher for daily cover systems (10-5 to 10-2 g m-2 d-1) than for 
intermediate (10-7 and 10-5 g m-2 d-1) cover systems; and final cover system (10-7 and 10-6 g m-2 d-1). Generally, flux was greater for 
the wet season than for the dry season. The flux of trace gases decreased with increasing cover thickness. The lowest emissions were 
obtained for the covers with high plasticity soil and for the oldest wastes. The values of flux for these trace gas constituents can 
be used for emission inventories. Relative areas of the varying cover systems need to be considered for making projections 
for whole landfill emissions. 

RÉSUMÉ : Les émissions de 33 traces d’hydrocarbures ont été mesurées dans une décharge municipale de Californie (E.U.A.) à 
l’aide de chambres statiques de grande dimension (1 m x 1 m). La méthodologie a été établie pour convertir les concentrations en flux 
surfacique. Les mesures ont été effectuées sur les couvertures quotidiennes, intermédiaires et permanentes pendant les saisons 
humides et sèches. Une grande variabilité du flux surfacique, de plus de six ordres de grandeur (10-7 à 10-1 g m-2 d-1), a été observée. 
Les émissions, évaluées par le calcul du flux moyen, ont été plus élevées pour les couvertures quotidiennes (10-5 à 10-2 g m-2 d-1) que 
pour les couvertures intermédiaires (10-7 et 10-5 g m-2 d-1); et les couvertures finales (10-7 et 10-6 g m-2 d-1). En général, le flux a été 
plus important pour la saison humide que pour la saison sèche. Le flux des gaz en traces a diminué conjointement avec l'augmentation 
de l'épaisseur de la couverture. Les plus faibles émissions ont été obtenues pour les couvertures à haute plasticité et pour les déchets 
les plus anciens. Les valeurs de flux pour les composés en traces peuvent être utilisées pour produire l’inventaire des émissions. Les 
zones de la décharge ayant des systèmes de couverture différents doivent être prises en considération pour quantifier les émissions 
totales de la décharge. 
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1  INTRODUCTION.  

Landfilling is the most common approach used in the disposal 
of municipal solid waste (MSW) in the U.S.A. as well as other 
parts of the world. Landfilling of municipal solid waste results 
in three main byproducts: landfill gas (LFG), leachate, and heat. 
Landfill gas is a biogas with a composition of approximately 
half methane (CH4) and half carbon dioxide (CO2) generated 
due to anaerobic microbial processes that occur in the landfill. 
LFG also includes minor amounts of oxygen and nitrogen from 
the atmosphere as well as a large number of trace components, 
which have been directly volatilized from the waste mass, 
generated by chemical reactions occurring within the landfill, or 
generated by biotic processes occurring within the landfill 
(USEPA 2016). The trace components typically constitute less 
than 1% of the LFG and include organic compounds and 
inorganic compounds. The organics are differentiated from 
methane and are typically referred to as non-methane organic 
compounds (NMOCs). Even though the relative amount of the 
trace gases is low in a landfill environment, emissions of these 
gases are potentially problematic due to the adverse 
environmental and health impacts of the gases resulting from 
high global warming potential, ozone depleting potential, 
toxicity, and health and safety effects of the gases (USEPA 
2016).  

Trace gases consisting of oxygen compounds, sulfur 
components, and more than 200 NMOCs including alkanes, 
alkenes, halogenated hydrocarbons, and aromatic hydrocarbons 

  
were detected in landfill gas (Rettenberger and Stegmann 1996, 
Allen et. al 1997, Eklund et al. 1998, USEPA 1998, Barlaz et al. 
2004, Scheutz et al. 2008). Emissions of a total of 47 NMOCs 
(alkanes, alkenes, halogenated hydrocarbons, and aromatic 
hydrocarbons) from two final covers at a MSW landfill in 
France with a gas collection system were reported in Scheutz et 
al. (2008). The final covers included a single compacted clay 
liner and a single geomembrane liner. Data were collected using 
static flux chambers during the fall season. The measured flux 
data indicated that emissions ranged over 4 orders of magnitude 
between 10-5 and 10-9 g m-2 d-1. NMOC emission data for a 
landfill in the U.S.A. indicated fluxes between 10-3 and 10-8 g 
m-2 d-1 for a soil cover (clay cover, assumed to be a final cover 
even though this was not indicated explicitly) and between 10-4 
and 10-7 g m-2 d-1 for a temporary cover (assumed to be soil 
cover). Tests were conducted in spring and summer seasons 
(Barlaz et al. 2004). NMOC fluxes on the order of 10-3 and 10-7 
g m-2 d-1 were reported for an interim cover at a landfill located 
in the U.S.A., where measurements were conducted in the 
spring season (Bogner et al. 1997). In general, emissions of 
NMOCs from temporary/intermediate covers were somewhat 
higher than the emissions from final covers. To the authors’ 
knowledge NMOC emissions from daily covers have not been 
previously reported in the literature. 

This investigation was conducted to evaluate the emissions 
of NMOCs as a function of cover type (daily, intermediate, and 
final). In addition, emissions data were obtained over two 
seasons to assess seasonal influences.  
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 2  TEST PROGRAM 

NMOC emissions data were obtained at a MSW landfill located 
in Northern California, U.S.A. The static enclosure (i.e., static 
flux chamber) method was used to determine concentrations of 
target chemicals and flux (positive or negative) of the chemicals 
to establish NMOC emission characteristics at the landfill. A 
site-specific experimental program was developed that 
accounted for the age of wastes, type of covers, and local 
seasonal climatic variations.  

The test site was a Subtitle D MSW landfill located in an 
area with a temperate (dry hot summer) climate designated as 
Csa climate type based on the Köppen-Geiger Climate 
Classification System (Peel et al. 2007). The average daily air 
temperature at the site was 17.2°C and the annual precipitation 
was 596.1 mm in 2014 during the study period. The site accepts 
approximately 900,000 tonnes of waste per year. The incoming 
wastes include approximately 17% construction and demolition 
wastes and 30% soils in addition to the main constituent 
municipal waste. The permitted disposal area at the site is 138 
ha. The facility has a total design capacity of 64 million m3.  

The field tests were conducted at seven locations at the 
landfill representing different cover conditions and waste ages. 
Three locations representing different daily cover materials 
were tested: auto fluff, green waste, and soil (termed extended 
daily cover). Three locations representing interim cover were 
tested at 3 different cells at the landfill. The interim covers were 
composed of soil. One location representing final cover was 
tested that contained a single compacted clay cover. Details 
regarding the testing conditions are provided in Table 1.  

 
Table 1. Field test program. 

Cover  
(Location) 

Material USCS  Cover 
Component 
Thickness 

Waste  
Age (y) 

Daily  
(Active,  
Cell 12) 

Auto Fluff  NA 15 cm AF, 
20 cm soil 

0-16 
7.9 avg. 

Daily  
(Active,  
Cell 12) 

Green 
Waste  

NA 13 cm GW, 
13 cm soil 

0-16 
8.7 avg. 

Extended  
Daily  
(Active,  
Cell 12) 

Soil GP-GC 45 cm 0-16 
7.9 avg. 

Intermediate  
(Closed,  
Cell 1) 

Soil CH 80 cm 17-29 
22.0 avg. 

Intermediate 
(Closed,  
Cell 10) 

Soil SC 80 cm 3-19 
13.6 avg. 

Intermediate 
(Closed,  
Cell 15) 

Soil SC 82 cm 3-10 
7.2 avg. 

Final  
(Closed,  
Cell 1) 

Soil  
(CCL, 

compacted 
clay liner) 

CH 30 cm top 
soil, 30 cm 

CCL, 60 cm 
base soil  

17-29 
22.0 avg. 

 
The field test program was conducted using large-scale flux 

chambers to measure gas concentrations and fluxes. The square 
chambers had dimensions of 1 m by 1 m with a measurement 
area of 1 m2. A fan was used in the chambers to circulate the 
gas collected to ensure uniform distribution prior to sampling. 
Gas samples were obtained using custom built, stainless steel 

evacuated canisters with approximately 2 L capacity. The gas 
samples were analyzed using two VOC analytical systems each 
of which consisted of 3 Agilent 6890 gas chromatographs that 
housed 2 electron capture detectors, 3 flame ionization detectors, 
and a quadrupole mass spectrometer. These analytical systems 
were unique in allowing to quantify gas samples for 
concentrations in the parts per billion to parts per quadrillion 
range. Multiple gas samples were obtained from a single 
chamber for durations up to 150 minutes to establish flux. The 
fluxes were calculated using the slopes of concentration versus 
time plots for a given measurement event. Data were analyzed 
using best-fit linear regression curves. Flux values were 
established for data that provided R2 > 0.9. If data from a 
chamber provided R2 < 0.9, the concentration value for the gas 
sample associated with the longest duration (e.g., 150 minutes) 
was removed from the dataset and the linear regression curve fit 
was repeated using the remaining data points. Up to 2 
sequential data points from tests with the longest durations were 
removed using this technique to obtain R2 > 0.9. If after 
removal of data point(s) the R2 was still less than 0.9, flux data 
for that specific measurement event was not included in the 
analysis. At a given location, a total of four chambers was used 
to obtain data with statistical significance (Figure 1). The tests 
were repeated at the seven cover locations over the two main 
seasons, wet and dry, in California. The wet season testing 
program included three field campaigns conducted in February, 
March, and April 2014. The dry season testing program 
included one field campaign conducted in August 2014.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Four flux chambers at the final cover location.  

 
Emissions were measured for a total of 67 chemical 

compounds. The emissions analyses included the main LFG 
constituent components methane and carbon dioxide. 
Additional data were obtained for 65 chemicals including 
halocarbons, hydrocarbons, sulfur compounds, and oxygenates. 
Data for 33 selected hydrocarbons are presented herein. 
Chlorinated and fluorinated species are excluded from the 
analysis and provided elsewhere (Sohn 2016). Data for methane 
also are provided for perspective. The selected chemicals have 
adverse environmental and health and safety effects. These 
effects are identified using the data from CAMEO Chemicals 
Hazardous Materials database (NOAA 2016) and include health 
hazard, flammability, instability/reactivity, and additional toxic 
substance identifications. Characteristics of the chemicals are 
presented in Table 2. 

3  RESULTS 

The emissions from the seven test locations for the 33 
chemicals included in the analysis are provided in Figure 2 for 
the wet season and in Figure 3 for the dry season. Overall, the 
emissions ranged from on the order of 10-7 to 10-1 g m-2 d-1. The 
relative magnitude of emissions of the 33 chemicals was similar 
between the wet and dry seasons. For a given chemical, in most 
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cases, the emissions varied by two to three orders of magnitude 
(Figures 2 and 3).  

 
Table 2. Chemicals included in test program. 

Hydrocarbon Class. VOC Effects 
Ethane  alkane x flammable 
Ethene  alkene  flammable 

Ethyne  alkyne  
flammable, 

instable 
Propane  alkane x flammable 
Propene  alkene x flammable 
n-Butane  alkane x flammable 
i-Butane  alkane x NA 
1-Butene  alkene  flammable 
i-Butene  alkene  flammable 
cis-2-Butene  alkene  flammable 
trans-2-Butene  alkene  flammable 
n-Pentane  alkane x flammable 
i-Pentane  alkane x NA 
n-Hexane  alkane x flammable, toxic 
n-Heptane  alkane x flammable 
2,3-Dimethylbutane alkane x flammable 
2-Methylpentane  alkane x flammable 
3-Methylpentane  alkane x NA 
Benzene  aromatic x flammable, toxic 
Toluene aromatic x flammable, toxic 
Ethylbenzene aromatic x flammable, toxic 
m/p-Xylene  aromatic x flammable, toxic 
o-Xylene  aromatic x flammable, toxic 
i-Propylbenzene  aromatic x NA 
n-Propylbenzene  aromatic x flammable 
3-Ethyltoluene  aromatic  flammable, toxic 
4-Ethyltoluene  aromatic  flammable, toxic 
2-Ethyltoluene  aromatic  flammable, toxic 
1,3,5-Trimethylbenzene  aromatic  flammable, toxic 
1,2,4-Trimethylbenzene  aromatic x flammable 
1,2,3-Trimethylbenzene  aromatic x NA 
alpha-Pinene  alkene  flammable 
beta-Pinene  alkene  NA 

  NA – Not available 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Emissions by chemical in the wet season. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Emissions by chemical in the dry season. 

The variations of emissions between the cover systems are 
presented in Figures 4 and 5 for the wet and dry seasons, 
respectively. In general, emissions from daily covers varied 
between 10-5 and 10-2 g m-2 d-1; from intermediate covers 
between 10-7 and 10-5 g m-2 d-1; and from the final cover 
between 10-7 and 10-6 g m-2 d-1. The emissions from the daily 
covers were approximately two to three orders of magnitude 
higher than the emissions from the intermediate and final covers. 
The emissions from the intermediate covers were higher than 
the emissions from the final cover by approximately one order 
of magnitude. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Emissions from the seven covers in the wet season. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Emissions from the seven covers in the dry season. 
 

The emissions followed the descending order of daily, 
intermediate, and final covers. The difference in emissions 
between the daily covers and the intermediate covers were 
higher than the differences between the intermediate covers and 
the final cover. In particular, the differences between the 
intermediate and final covers in Cell 1 were low due likely to 
the CH soil used in the cover profiles. While not measured, 
based on the classification characteristics, the CH soil is 
expected to have the lowest fluid conductivity among the 
different cover types. The SC soils likely had somewhat higher 
conductivities than the CH soil. The extended daily cover was a 
cohesionless soil and the other daily covers were similar to 
cohesionless soils with expected high conductivities. The 
emissions decreased with decreasing conductivities of the cover 
materials. The emissions also decreased with increasing cover 
thickness from daily to intermediate to final covers. The oldest 
wastes were located in Cell 1, which resulted in the lowest 
emissions. 
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 The data analysis also indicated that the wet season 
emissions were higher by approximately an order of magnitude 
than the dry season emissions (Figures 2-5). Even though the 
degree of saturation in the cover materials generally was higher 
in the wet season than the dry season, the water filled pores did 
not reduce gas flux. The sites available for sorption of the 
chemicals on the surfaces of the cover materials in the wet 
season were selectively occupied by water (due to high degrees 
of saturation) allowing for easier transport of chemicals through 
the cover materials. In addition, both air and cover system 
temperatures were lower in the wet season than the dry season. 
Low temperatures may have impeded potential biological and 
biochemical degradation processes within the cover materials 
resulting in higher emissions. The pore spaces available for 
flow were higher in the dry season than the wet season (lower 
degree of saturation in dry season). However, the flux of the 
NMOCs were lower due likely to higher sorption of the gases to 
cover material surfaces as well as increased biochemical 
activity at higher temperatures in the dry season. . In addition, 
for the soil cover materials, the void ratios were lower in the dry 
season than the wet season. The increased effective stress due to 
negative porewater pressures that developed during drying of 
the soils likely resulted in the low void ratios contributing to 
reduction of the emissions in the dry season. 

The great majority of measured emissions from the cover 
systems included in the analysis were positive (i.e., outflow of 
gases from the landfill). However, negative emissions (i.e., 
influx of gases into the landfill) also were observed in the 
investigation. No negative fluxes were measured for the auto 
fluff and green waste daily covers, whereas negative fluxes 
were obtained for the soil extended cover, intermediate covers, 
and the final cover. More negative fluxes were obtained in the 
wet season than the dry season. 

Methane emissions at the site were higher than the emissions 
of the NMOCs and varied over five orders of magnitude 
between approximately 10-4 and 10+1 g m-2 d-1. In similarity to 
the hydrocarbons, the emissions of methane decreased from 
daily to intermediate to final covers. Negative fluxes were 
obtained for the intermediate and final covers with no negative 
methane emissions obtained for the daily covers. 

4  CONCLUSION 

An extensive field investigation was conducted to determine 
emissions of 33 hydrocarbon species through seven different 
cover systems at a MSW landfill located in California, U.S.A. 
Based on the results of the investigation, the following 
conclusions were drawn: 
1) Large-scale static flux chambers were effective for use at 

determining flux values for hydrocarbons across the whole 
range of landfill cover conditions. 

2) Overall, the flux of the NMOCs at the landfill site 
investigated varied by six orders of magnitude from 10-7 to 
10-1 g m-2 d-1.  

3) Flux through daily cover materials was greatest, followed 
by flux through intermediate covers, and final cover. The 
flux values for the gases were in the 10-5 to 10-2 g m-2 d-1 
range for the daily covers, were in the 10-7 to 10-5 g m-2 d-1 
range for the intermediate covers, and were 10-7 to 10-6 g 
m-2 d-1 for the final cover. Fluxes were consistently higher 
during wet season than dry season. 

4) Greater variations were observed between the seven cover 
locations than between the seasons indicating that physical 
factors of cover material/thickness and waste age had 
greater influence on flux than climatic conditions. 

5) The relative areal proportions of the different cover types 
at a landfill vary over time. The area of daily covers may 
be relatively low, yet the emissions from areas covered 

with daily covers could be significant due to the 
significantly higher emission rates. 

6) The values of flux for these NMOCs can be used for 
emission inventories. 
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