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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency’ of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, &e any warranty, express or implied, or assumes any legal liabili- 
ty or responsibility for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, p m e s ,  or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily consb‘tute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 
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SUMMARY: Current U.S. regulatory models for estimating emissions of nonmethane 
organic compounds (NMOCs) from municipal solid waste (MSW) landfills require field 
validation to determine if the models are realistic. A project was initiated to begin to 
develop a field method for direct measurement of landfill NMOC emissions and, 
concurrently, develop improved sampling and analysis methods for individual NMOCs in 
landfill gas matrices. Two contrasting field sites at the Greene Valley Landfill, DuPage 
County, Illinois, USA, were established: 

GVN (Greene Valley New). Interim cover area with recently placed refuse. 
Cover consisted of 45 cm of silty clay with entrained stones and rubble; no gas 
recovery wells ("worst case" scenario). 

GVO (Greene Valley Old). Final cover area with refuse placed prior to 1980. 
Cover of >2 m of compacted silty clay overlain by 25 cm of topsoil with 
abundant vegetation; vertical gas recovery wells ("best case" scenario). 

Neither site included a geomembrane cover. At both sites, measurements of emissions of 
methane and selected NMOCs using static closed-chamber methods were completed in 
tandem with measured vertical concentration profiles. For direct measurement of emissions 
using chamber methods, modifications were needed for both field and laboratory methods 
used previously. In particular, a multicomponent gas chromatography (GC) system was 
customized for direct-inject techniques from small (15-mL) customized stainless steel (SS) 
sample containers. The GC system included five separate gas chromatographs 
interplumbed into one automated analytical system (1 1 columns; 10 detectors) for 
simultaneous analysis of major, minor, and trace component gases. 

In initial testing, speciated NMOC emissions were nondetectable at both areas for 
2-hr static chamber tests, but an absolute upper limit could be established by the minimum 
detection limit for the cumulative techniques. Integrated over the whole site (assuming 
80 hectares), emissions for each of several target compounds (benzene, toluene, 
ethylbenzene, and vinyl chloride) would be ~ 0 . 0 2  to <0.03 Mg yr-'. Additional GC 
modifications to achieve quantification of individual gaseous trace components down to 
1 ppbv permitted direct measurement of emissions from static chamber tests for selected 
trace components during May 1996 testing at the GVN area; these values generally ranged 
from to g m-2 d-'. Corresponding methane emissions (same static chambers) 
ranged from -7.60 X g m-2 d-' (negative emissions, or net oxidation of 
atmospheric methane) to 8.71 x g m-? d-'. Periodic reversed (inward) gradients 
and negative emissions indicated that bidirectional transport of both methane and NMOCs 
at the soil-atmosphere interface must be considered. In summary, the accurate 
measurement and modeling of landfill emissions require appropriate field and laboratory 
methods for direct measurement. Preliminary data from the current study indicate that US .  
regulatory models may overestimate emissions from a given site by two to four orders of 
magnitude. , 

The submitted manusript has been authored 
by a contractor of the U. S. Government 
under contract No. W-31-10SENG-38. 
Accordingly, the U. S. Government retains a 
nonexclusive, royalty-free license to publish 
or reproduce the published form of this 
contribution, or allow others to do SO. for 



1. OVERVIEW OF GREENE VALLEY SITE 

The Greene Valley landfill is located in Naperville, Illinois, about 45 km southwest 
of Chicago, Illinois. The landfill is owned by the Forest Preserve District of DuPage 
County and operated by Waste Management of Illinois, Inc. The landfill recently closed 
(1996) after being in continuous operation since 1974. A total of 80 hectares have been 
landfilled. The site has an active gas extraction system with 135 vertical wells. The wells 
are connected via more than 7,620 m of high-density polyethylene (HDPE) pipe with two 
enclosed flares, each capable of combusting 170,000 m3 of gas per day. A commercial 
methane recovery facility has been constructed, which consists of two Centaur 
turbine/generator sets, which use approximately 113,000 m3 of landfill gas per day to 
produce 6 M W  of electrical power for the surrounding community. The facility could be 
expanded to accommodate a third turbine. 

Three types of find cover designs have been used. Approximately half of the site 
has about 2 m of soil cover, including 1 m of compacted clay overlain by 1 m of silty clay 
and topsoil. About 20 hectares have a 1-m clay cap overlain by 15 cm of topsoil. The 
remaining 19 hectares have a composite capping system with 0.9 m of clayey material 
overlain by a 40-mil geomembrane overlain by about 45 cm of compacted clay. Additional 
soils will be strategically placed at the closed site, as needed, for recreational end use. 

2 .  REVIEW OF U.S. CLEAN AIR ACT REGULATIONS: LANDFILL 
SURFACE EMISSIONS 

The background and justification for the current study were discussed in Bogner 
and Spokas (1996). Gaseous emissions of NMOCs from landfills are dependent on waste 
characteristics, landfill age and construction techniques, climatological factors, the physical 
and biochemical properties of the soil cover, and other variables. Under Section 11 1 of the 
Clean Air Act (CAA), the U.S. Environmental Protection Agency (EPA) is required to 
establish regulations governing sources that, as determined by the agency, significantly 
contribute to air pollution [CAA 11 l(b)( l)(A)]. New Source Performance Standards 
(NSPS) for MSW landfills were issued on March 12, 1996, for landfills constructed or 
modified on or after May 30, 1991 (40 CFR 60 Subpart WWW). Requirements for states 
to control emissions from existing landfills were promulgated in a concurrent regulation 
(40 CFR 60 Subpart Cc).' The NSPS are designed to reduce emissions of NMOCs, 
which are related to the formation of atmospheric ozone. Ozone is one of six pollutants for 
which Congress has required the EPA to establish and achieve national ambient air 
concentrations according to health-based criteria. The NSPS also indirectly control the 
emission of landfill methane, which has been implicated in global climate change scenarios, 
and emissions of individual air pollutants considered hazardous. 

In addition to the NSPS, the EPA has indicated that landfills may be subject to 
certain CAA preconstruction review requirements.2 These requirements include permitting 
programs found in 40 CFR Part 52 for (1) nonattainment-area new source review (NNSR) 
or (2) prevention of significant deterioration (PSD) of ambient air quality in areas that have 
achieved Federal air quality standards. Thus, for new landfill projects or expansions of 
existing projects, additional increased costs may be incurred for required control 
technology or emissions offsets associated with NNSR or PSD. The CAA requirements 
are administered through the various state air quality agencies. 

See 61 CFR Part 9905, March 12, 1996. 
Memorandum from John Seitz, U.S. EPA/OAQPS, October 21, 1994: 

"Classification of Emissions from Landfills for NSR Applicability Purposes." 



In order to estimate the emissions from individual sources subject to NSPS, as well 
as for PSD or NNSR, the EPA has produced a document for calculating landfill NMOC 
emissions (EPA, 1995); some revisions are currently under consideration. An overview of 
the current model and sample calculations for the Greene Valley site will be discussed 
below. The existing model estimates total landfill gas production from mass of waste in 
place and applies a mixing ratio (default or measured) for the total NMOC concentration; 
this is assumed to be the NMOC emissions. By using this method, the estimated NMOC 
emissions at larger landfill sites (greater than about 30 hectares) may range up to several 
thousand megagrams per year. Because natural attenuation processes (sorption; 
biodegradation) were not considered in this method, these estimates should not be equated 
with measured fluxes at the soil-atmosphere interface nor rigorously used as indicators of 
ambient air quality related to human health concerns. The need to develop baseline data 
from actual field measurements as a basis for improved emissions and risk modeling 
provided the major justification for work discussed in this paper. 

3 .  EMISSIONS ESTIMATES FOR GREENE VALLEY USING CURRENT 
U.S. REGULATORY MODELS 

As a basis for comparison with measured emissions, landfill gas emissions using 
current regulatory models were calculated for the Greene Valley site. Two models were 
used, both of which are based on generalized equations for landfill gas production. The 
first is the EPA landfill air emissions model (based on the Scholl Canyon model), as 
described in version 1.01A of the Landfill Air Emissions Estimation Model (EPA contract 
EPA-600/8-90-0858). Secondly, a similar model developed by Waste Management, Inc., 
and its subsidiaries was used with site-specific data. For the EPA model calculations given 
below, default values published by the EPA with the adoption of the NSPS were used. 
Taken together, results from the two methods bracket representative high and low values 
for emissions estimates using similar regulatory models. 

The two models have many similarities and some differences. Both estimate 
gaseous emissions into the atmosphere. The EPA model does not directly take into account 
gas that is recovered. Large sites with estimated NMOC emissions greater than 
50 Mg yr-1 are regulated. Both models use first-order kinetic equations in an attempt to 
predict the volume of landfill gas that is generated at the site. Also, both models use limited 
general information pertaining to the gross characteristics of the landfill and employ a time- 
variant equation to calculate the resultant gas volume generated at a given time from initial 
waste placement. To predict the emissions of NMOCs from the landfill, a composite 
NMOC concentration (default or measured value) is used to calculate a mass emission rate 
based on the volume of gas determined by the model. It should be stressed that the general 
nature of the model and the lack of a direct relationship to measured emissions yield 
predictions that may not be representative of field conditions. Neither model considers 
sorption or biodegradation processes (including methane oxidation) that will reduce 
emissions. Each model utilizes the following general inputs: 

Yearlv Refuse Acceptance Volumes. For Greene Valley, refuse volumes were based 
on historical records and estimated gate receipts. However, the waste characteristics 
are variable through a given year, and the existing models do not allow for alteration of 
gas generation based on variable daily inputs. 

Landfill Gas Generation Rate (or a Constant, Depending on the Model). Default gas 
yields and kinetic constants published in the NSPS for the EPA model were applied to 
Greene Valley (Table 1). For the Waste Management, Inc., model, a field pumping test 
was conducted in 1986 to determine the average gas generation rate at Greene Valley. 



This test (for a 2-acre portion of the landfill) resulted in the determination of a gas 
generation rate of 1.29 X 10-3 m3 kg-1 (wet refuse) per year. The test area included a 
vertical profile of the waste stream accepted at the facility over many years. 

Theoretical Maximum Yield of Lnnclfill Gas. Theoretical maximum yield is the total gas 
yield from biodegradation of a given mass of refuse. Stoichiometric estimates based on 
waste composition or laboratory biodegradability tests can be used to determine yields. 
The latter require extensive sampling and laboratory analyses, ideally using large 
samples (several kilograms or more) to characterize the organic fraction of the waste 
stream. The EPA default value for theoretical yield - 174.9 m3 Mg-l of refuse - 
was used for the Greene Valley estimates (Table 1). The Waste Management, Inc., 
model (Table 2) assumes a higher yield of landfill gas of 288 m3 Mg-1 of refuse (with 
54 V% methane). This number was derived from a literature review and a review of 
data available on the typical composition of U.S. waste. 

NMOC Concentration in Parts uer Million bv Volume (pDmv). This concentration is 
either a default value (Table 1) or a measured value (Table 2). Measured values are 
typically from gas sampled within the zone of methanogenesis, usually from a single 
gas extraction well or the composite wellfield gas from a main header. 

Tables 1 and 2 present the gas production calculations and subsequent NMOC emissions 
estimates for Greene Valley using the two models. The EPA model (Table 1) estimated 
6,008 Mg of NMOC emissions for 1996. The Waste Management, Inc., model (Table 2), 
using site-specific data, estimated that total emissions for 1996 (excluding any reduction 
due to collection) would be 504 Mg. Considering a reduction for gas collection, the net 
1996 emissions were calculated to be 126 Mg. Both of these estimates calculate NMOC 
emissions that exceed the regulatory limit of 50 Mg yr-l. 

4. FIELD MEASUREMENT OF EMISSIONS AT GREENE VALLEY 

The current project was initiated in October 1995, to directly measure emissions of 
selected NMOCs at the Greene Valley Landfill. The original target compounds were 
benzene, toluene, ethylbenzene, vinyl chloride, and trichloroethylene. In addition, 
methane, ethane, carbon dioxide, oxygen, and nitrogen were quantified. Additional trace 
compounds were quantified during the spring of 1996, as GC capabilities were expanded. 
Project tasks to date have included the selection of study sites, development of field 
methods, development of laboratory methods, and limited field measurements. It should 
be stressed that field and laboratory methods have evolved during the course of this study; 
preliminary field measurements indicated that the originally selected lower quantification 
limit (1 ppmv) for selected trace components was too high by about three orders of 
magnitude. Methods are required that yield fluxes (emissions) in standard units of mass 
per unit area per unit of time (e.g., concentration measurements alone cannot be used to 
quantify emissions). Additional background discussion pertinent to this project is given in 
Bogner and Spokas (1996). 

Of the many possible methods that have been field-validated for direct measurement 
of emissions from soil surfaces, including chamber methods, gradient techniques, 
micrometeorological techniques, and tracer techniques (Bogner and Scott, 1995; Bogner et 
al., 1997b), the parallel use of static closed chambers and subsurface concentration 
gradients was selected for this study. Our previous experience has 



Basis of Calculations: 
EPA Model Default Parameters: 

Potential Yield (Lo): 174.9 m3 Mg-I 
Rate constant (k): 0.05 y r '  
NMOC concentration: 4,000 ppmv 
Methane: 50 V% 
Carbon Dioxide: 50 V% 

Landfill Parameters: 
Year Opened: 1974 
Current Year: 1997 
Capacity: 32,262,766 Mg 
Average Acceptance Rate: 1,402,729 Mg yr '  

Emission Calculation: 

Estimated Total Estimated NMOC 
Landfill Gas Emission Rate (as Hexane) 

year Production (scmd) (ME vr-l) 

1995 1 137577 
1996 1179173 
1997 1185866 

Table 1. Estimation of NMOC emissions at Greene Valley using EPA 
model. 

Basis of Calculations: 
Site closure date: 1996 
Gas generation rate: 7.69 m3 Mg-1 yr-1 
Total NMOC concentration: 689 ppmv as hexane 
Gas yield: 288 m3 Mg-1 (at 68mF and 14.7 psia) 
Methane concentration: 54 V% 
Site capacity: 32,259,540 Mg in place, including sludge 

Emission Calculation: 

Estimated Total Projected NMOC Projected NMOC 
Landfill Gas Emission Rate Emission Rate 
Production (uncontrolled PTE*) (fugitive emissions; post 
lscmd) [Mg y r l )  control**) (Mg yr-l) 

1995 551,654 483 
1996 576,104 504 
1997 581,946 510 

121 
126 
127 

* potential to emit 
**pumped gas recovery 

Table 2. 
Management, Inc., model. 

Estimation of NMOC emissions at Greene Valley using Waste 



emphasized the utility of this combined approach for methane emissions at landfills, 
because the static chamber can provide a direct measure of either net methane emissions or 
net (atmospheric) methane uptake, while the measured concentration gradients lend 
themselves to modeling of transport/biodegradation processes within a rational 
biogeochemical framework (Bogner et al., 1995, 1997a). 

To begin to examine the field variability of measured emissions, two study sites at 
Greene Valley were selected to examine extreme cases for methane and nonmethane 
emissions. The "worst case'' site of thin interim cover with recently placed refuse was 
designated GVN (Greene Valley New). The interim cover was unvegetated and consisted 
of about 45 cm of clay with entrained gravel, stones, and rubble. Emissions would be 
expected to be maximized because the cover soil was thin with low organic carbon content, 
and natural soil processes promoting attenuation (adsorption; biodegradation) would not yet 
have become well established. The "best case'' site, on the other hand, contained refuse 
placed prior to 1980 and was designated GVO (Greene Valley Old). The cover materials 
consisted of >2 m of compacted clay overlain by 25 cm of topsoil with abundant grass 
vegetation. At each site, duplicate nests of SS soil probes were installed at several depths 
between the ground surface and the top of the refuse. In addition, cylindrical iron flux 
collars were installed for periodic measurement of emissions using static chambers. 

Each static closed chamber consisted of a SS hemisphere placed on top of a 
semipermanent iron collar that was pushed into the cover materials to a depth of 
approximately 5 cm. The total enclosed volume of the chamber and the aboveground collar 
was approximately 19 L. Each collar was custom-constructed with an upper trough 
welded onto the top of the collar; this trough exactly fit the base of the chamber. During a 
given flux measurement, the trough was filled with distilled water and secured with hand 
clamps to provide a gas-tight seal with the chamber. A septum port was installed at the top 
of each chamber for withdrawal of gas samples by using syringes. Gas samples from 
chambers were taken at regularly spaced time intervals, up to a maximum of 30 min for 
methane and 2 h for selected trace components. Fluxes were quantified by the product of 
the change in concentration over time (dc/dt) and the chamber volume/area ratio (Rolston, 
1986). 

Probes consisted of SS tubing (1.2-cm OD) with gas-tight septum ports for gas 
purging/sampling by using syringes. Each probe was placed in an individual hand-augered 
hole (diameter e 5  cm) and backfilled with pea gravel, silica sand as a filter layer, and 
wetted bentonite granules. A limited number of composite well-field gas samples were also 
obtained from a sample port on the main header. 

All samples were taken by using 50-mL gas-tight glass syringes with a Teflon 
plunger (Hamilton). During winter sampling, a similar syringe (Hamilton) with a double- 
flanged plunger, which had been custom-fabricated for cold-weather sampling to mitigate 
problems of Teflon shrinkage, was used. A gas-tight Teflon (Hamilton) or polyethylene 
(B-D) stopcock was fitted to each syringe for sample transfer. Syringes were purged 
10 times between samples. All samples were immediately transferred to pre-evacuated SS 
containers. These containers were custom-made at Argonne National Laboratory and 
consisted of 0.64-cm SS tubing with a SS Swagelok plug at one end and a SS Swagelok 
ball valve or toggle valve at the other. The nominal internal volume was 15 cm . Before 
taking the containers out to the field, each was pre-evacuated to less than torr by using 
a laboratory vacuum system (Fischer). Approximately 4 0 4 5  cm of gas was injected into 
each container (overpressurized). Exhaustive trials of sample retention using a series of 
laboratory standards indicated excellent gas retention properties of the containers; for 
example, less than 5% of CH4at 1 ppmv was lost after five days of storage (Spokas and 
Bogner, 1996). Air and surface soil temperatures concurrent with each chamber flux were 
taken by using portable temperature probes calibrated with an NIST (National Institute of 
Standards and Technology) traceable thermistor probe. 

3 
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Gas samples were analyzed at Argonne National Laboratory on a customized GC 
system consisting of three Hewlett-Packard (HP) 5890 Series I1 units, one SRI 8610, and 
one Varian 3700 interplumbed into one automated analytical unit. This evolving system 
(five gas chromatographs with 11 columns/lO detectors for this study) has been customized 
primarily for landfill gas work and allows, from a single direct injection, the simultaneous 
analysis of major gaseous components (CH4, C02, N2, 0 2 ,  N20, and Ar), as well as 
selected trace components (n-paraffins, aromatics, and chlorinated compounds). The 10 
detectors include four flame ionization detectors (FIDs), one photoionization detector 
(PID), two electron-capture detectors (ECDs), and three thermal conductivity detectors 
(TCDs). When brought in from the field, the SS sample containers were directly connected 
to the injection system, which consisted of six sample loops plumbed into the various 
analytical columns/detectors. By using a vacuum pump, the sample loops were evacuated 
initially, along with the connecting line from the loops to the container. Then the vacuum 
pump was isolated from the system and the sampling container valve opened - the loops 
were equilibrated down to atmospheric pressure before injection into the columns via 
computer-controlled sampling values. Details of the system configuration and run 
conditions have been published previously (Spokas and Bogner, 1996). The signals from 
the various detectors were stored via either HP-INET linked to HP-ChemstationTM 
software or through an HP-3396 integrator to PEAK-96TM software. The system was fully 
calibrated via an external standard method in which detector response was fitted against 
concentration for each component separately. The system had a repeatability of +1% and 
an absolute accuracy of +5%. 

Selected preliminary results from the GVN and GVO sites will be discussed in this 
paper. Initially, fluxes and probes were sampled seven times between December 11, 1995, 
and March 28, 1996. Measured methane fluxes were based on chamber samples taken at 
0, 10, 20, and 30 minutes (where the r2 for the linear regression for dc/dt = 0.80 or better). 
Both positive and negative methane fluxes were measured, with distinctive differences 
between the two areas. Methane fluxes at GVN ranged from 1.47 to 4.52 g m 
while methane fluxes at GVO were much lower, ranging from (-) 0.003 to 
0.0008 g m d- . The lower methane fluxes at GVO can be attributable both to physical 
factors (thicker clay cover) and biochemical factors (functioning soil microbial ecosystem 
with high capacity for methane oxidation). Previous studies at another DuPage County site 
have also documented that negative fluxes are possible, even during cold weather 
conditions (Bogner et al., 1995; Bogner et al., 1997a). The negative fluxes indicate that a 
net oxidation of atmospheric methane occurs with no landfill methane emissions. In such 
cases, methanotrophic bacteria in landfill cover soils are able to oxidize all methane 
diffusing upward from landfill sources, as well as additional methane diffusing into the 
landfill from atmospheric sources. A negative flux is documented by a negative slope for 
the linear regression for dc/dt for a series of static chamber measurements, as documented 
previously by Whden and Reeburgh (1990) for tundra emissions. 

Using our initial lower quantification limit of about 10 ppbv, the best that we could 
achieve for initial fluxes of selected trace components was "less than" values to determine 
the approximate order of magnitude of actual emissions. On the basis of GC nondetects for 
120-min samples within the static chamber method, it was determined that emissions were 
~ 7 . 0 0  X g m d-' for vinyl chloride, 43.00 X g m-2 d-' for benzene, 
~ 9 . 0 0  X 10- g m-? d-' for toluene, and ~ 1 . 0 0  x g m d for vinyl chloride. On 
the basis of "less than" values, fluxes for the whole site (assume 80 hectares) would be 
less than about 0.02-0.03 Mg yr-1 for individual species. 

Additional field measurements of fluxes and soil gas concentration profiles were 
completed at the GVN ("worst case") site in May 1996, following further modifications to 
the integrated GC system described above to achieve a lower quantification limit of 1 ppbv 

-2 d-1, 

-2 1 

- 2  

-2 -1 



for individual trace component species. As before, direct-inject techniques were followed 
using customized SS sample containers. Selected results are given in Table 3 for the period 
of May 20-22, 1996. The results in the table meet acceptance criteria of r2 of 0.8 or better 
for the linear regression of dc/dt. Absolute values for individual fluxes were generally on 
the order of lO-'to g m-2 day-'. Note that the maximum measured methane flux 
(n=6) for the "worst case" site in May 1996 was approximately 0.02 g m d , which 
would translate to approximately 0.016 Mg d-' for an 80-hectare (200-acre) site. 

For the GVN ("worst case") site, if one assumes a site of 80 hectares with 25 trace 
detectable components, each with emissions of 1 x g m d , the total NMOC 
emission for the site would be just over 0.07 Mg yr-1. However, at any given time at a 
particular site, the relative proportion of the total area with thin "interim" cover like GVN 
would be generally less than 10%. 

Some of the May 1996 results for selected aromatics and chlorinated compounds 
were more problematical because, like the methane, both positive and negative fluxes were 
documented. This may not be unreasonable, however, considering probable vehicle 
exhaust sources for elevated atmospheric concentrations above the landfill surface. The 
GVN area was adjacent to a major haul road to the active tipping face. As will be discussed 
below, selected concentration profiles also showed inward gradients for benzene and 
ethylbenzene. 

Selected concentration profiles for the GVN area during the May 1996 sampling are 
shown in Figures 1 and 2. Profile gradients can be used to infer the direction of net 
diffusive flux, but it must be stressed that net profiles reflecting a variety of processes 
(transport; adsorption; biodegradation) cannot be used to directly calculate fluxes using a 
simple diffusive flux equation based on Fick's law. Nevertheless, comparative profiles for 
several gases are helpful to suggest the vertical zonation of various processes and can be 
used as the basis for subsequent geochemical modeling of combined processes. 

Figure 1 shows soil gas concentration profiles for selected trace components at the 
GVN site during the period of May 20-22, 1996. The profiles indicate the natural 
variability seen over a three-day period, with concentrations in the cover soil typically 
increasing over several orders of magnitude, from air values taken at the ground surface to 
soil gas at the 50-cm depth (in the top of the refuse). In contrast, the profiles for May 20 
indicate inward gradients to a depth of 7 cm for both benzene and ethylbenzene, 
presumably from vehicle exhaust sources. Vinyl chloride also shows a slight inward 
gradient to 25 cm. The wide ranges of values with differing gradients for the various 
gases suggest a multiplicity of soil processes in addition to simple bidirectional transport 
from landfill or atmospheric sources. These processes would include sorption (dependent 
on soil moisture, organic carbon content, clay mineral content, and other variables) and 
biodegradation of selected gases by particular microbial groups (dependent on numerous 
soil biochemical and physical properties). In contrast, simple diffusive transport would be 
dependent on the concentration gradient, the gas-filled porosity, a free-air diffusion 
coefficient, and tortuosity. Note that most values for soil gas concentrations above the top 
of the refuse are considerably below 1 ppmv; in this figure, detectable gases present below 
the lower quantification limit of 1 ppbv were plotted as 0.1 ppbv. 

Figure 2 shows parallel GVN profiles for May 21, 1996, which include gases from 
landfill sources (2a: methane, carbon dioxide, and ethane) and gases from atmospheric 
sources (2b: nitrogen, oxygen, and argon). One can observe contrasting directional 
gradients and soil gas concentrations that may vary over orders of magnitude. This 
variability is normal and must be considered in monitoring and modeling approaches to 
landfill emissions. In some cases, normalization of data to relative air values can be a 
useful starting point for modeling combined processes. Examples of normalized profiles 
for methane (a), argon (b), and vinyl chloride (c) at GVN during May 1996 are shown in 
Figure 3. As a nonreactive component of the atmosphere, argon is often a better choice 
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Time senuence (miri) 
for chamber measurements 

methane 
ethane 
ethylbenzene 
chlorobenzene 
m,p -xylene 
o -xylene 
1,l-dichloroethene 
chloromethane 
chloroform 
l,l,l-trichloroethane 
carbon tetrachloride 
trichloroethylene 
tetrachloroethylene 
1,l-dichloroethane 
EDB ( lY2-dibromoethane) 
trans -lY2-dichloroethylene 
cis -1,2-dichloroethylene 
benzene 
toluene 
ethylbenzene 
vinyl chloride 

5/20/96 5/21/96 

0,10,20,30,135 (Alternate 0,10,20,158,208 (Alternate 
rime time 

sequence) sequence) 

Flux(0 m-2 d-1) 2 Flux(% m-2 d-1) - r2 

-7.6OE-03 0.98 1.24E-03 0.98 

4.18E-05 0.80 
2.65E-04 0.94 

-1.75E-05 0.87 ' 

1.64E-05 0.98 1.37E-06 0.91 

4.52E-07 0.95 (0,10,20,158) 3.89E-09 0.98 
2.77E-05 0.96 (0,10,20,30) 

-3.02E-06 1 .OO (O,IO,2O) 
-9.48E-06 0.86 (0.10.20) 

3.23E-05 0.85 9.688-05 0.90 
-5.68E-04 0.92 (0,10,20,30) 8.30E-05 0.94 (0.10.20) 

Table 3. Selected results for May 1996 fluxes at GVN ("worst case") site. 
Results shown where r2 for linear regression for dc/dt (static chamber series) equals or exceeds 0.8. 
Note occasional "negative" emissions, e.g., net uptake (oxidation) of atmospheric methane or 
uptake of elevated atmospheric trace components by soils. 



5/22/96 5/22/96 

Time sequence fmin) 

methane 
ethane 
ethylbenzene 
chlorobenzene 
m,p-xylene 
o-xylene 
1,l-dichloroethene 
chloromethane 
chloroform 
l,l,l-trichloroethane 
carbon tetrachloride 
trichloroethylene 
tetrachloroethylene 
1,l-dichloroethane 
EDB (1,2.-dibromoethane) 
trans-l,2-dichloroethylene 
cis-1,2-dichloroethylene 
benzene 
toluene 
ethylbenzene 
vinyl chloride 
chlorobenzene 

0, 10,20,30,124, 208 (Alternate 0,15.5,31 
time 

sequence) 

Flux (P m-2 d-1) 1;! Flux (P m-2 d-ll  2 

7.1 1E-03 0.85 (O,IO,20) 2.17E-02 0.99 
9.43E-04 1 .OO 

2.35E-04 0.96 
1.31E-04 0.90 (0,10,20,30) 
9.90E-06 0.84 

2.61E-05 0.90 (0,10,20,30) 

-4.92E-06 0.87 (0,10,20,30,124) 
3.45E-06 0.93 
4.80E-05 0.91 (0,IO.ZO) 

-4.40E-07 0.87 (0,10,20,30) 

4.64E-04 1 .OO (0,10,20,30) 

4.62E-04 0.92 

7.20E-05 0.99 

6.46E-06 0.85 
7.04E-06 0.95 

1.73E-05 0.93 

-6.62E-04 0.99 

-1.93E-04 0.92 
-1.20E-04 0.93 

-6.27E-05 0.97 
2.75E-04 0.93 

-1.03E-04 1 .OO 

Table 3 (continued). 



Date 

Time seaiience (minl 

_. GllS 

methane 
ethane 
ethylbenzene 
chlorobenzene 
m,p-xylene 
o-xylene 
1,l-dichloroethene 
chloromethane 
chloroform 
l,l,l-trichloroethane 
carbon tetrachloride 
trichloroethylene 
tetrachloroethylene 
1,l-dichloroethane 
EDB (1,2-dibromoethane) 
trans-1,2-dichloroethylene 
cis-1,2-dichloroethylene 
benzene 
toluene 
ethylbenzene 
vinyl chloride 
chlorobenzene 

5/22/96 

0, IO, 64 

Flux (Q m-2 d-1) 2 

8.71E-03 0.80 
9.57E-04 0.98 

3.03E-05 0.98 

7.24E-07 1 .OO 

5.93E-06 1 .OO 
1.88E-05 0.88 

3.23E-05 0.95 

- 1 S7E-04 0.95 
8.84E-05 0.92 

- 1.12E-04 1 .OO 

5/22/96 

0,10,20 

Flux (P m-2 d-11 

4.85E-03 0.80 
6.01E-03 0.87 

1.43E-04 1 .OO 

1.45E-04 0.95 

2.88E-05 1.00 

2.68E-05 1 .OO 
1.06E-04 0.90 

9.81E-05 1.00 

6.86E-05 0.99 
- 1.15E-03 1 .OO 

-8.68E-04 1.00 

Table 3 (continued). 



Figure 1. Soil gas concentration profiles (ppbv) for selected trace components at GVN 
during the period of May 20-22, 1996. a. May 20, 1996. b. May 21, 1996. c. May 22, 
1996. Detectable gases present below the lower quantification limit of 1 ppbv were plotted 
as 0.1 ppbv. 
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Figure 2. Soil gas concentration profiles at GVN for May 21, 1996. a. Gases with 
landfill sources: methane, carbon dioxide, and ethane. b. Gases with atmospheric sources: 
nitrogen, oxygen, and argon. 
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Figure 3. Normalized soil gas concentration profiles for methane (a), argon (b), and 
vinyl chloride (c) at GVN for the period of May 20-22, 1996. Concentrations are 
normalized according to air value at ground surface. 
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than nitrogen or oxygen to indicate aeration in shallow soils through inward diffusion of 
air. 

5. CONCLUSIONS 

The current study is developing field and laboratory methods for direct 
measurement of landfill NMOC emissions. It must be recognized that landfill cover 
materials provide a porous medium for bidirectional transport, sorption, and biodegradation 
of gases from both landfill and atmospheric sources. In this setting, further study is 
required to determine the natural variability of emissions from landfill sources and the rates 
of soil uptake of NMOCs with atmospheric sources. 

Conservatively, it is probable that current U.S. regulatory models for estimating 
NMOC emissions from landfill surfaces overestimate real values by a minimum of two 
orders of magnitude. It is possible, based on preliminary field data discussed herein, that 
real values are three to four orders of magnitude less than those estimated by regulatory 
models. This conclusion is based on a comparison of calculated values for Greene Valley 
(Tables 1 and 2), which indicated a range of approximately 120-6,000 Mg yr-1 vs. 
measured values that (assuming 250 detectable trace components, each with emissions of 
10-5 g m Even though the 
regulatory procedures are designed to be conservative, the magnitude of this difference 
suggests that a reexamination of regulatory models and procedures is needed when 
additional data from this study and other complementary studies are available. Appropriate 
regulatory models should be field-validated and should permit default values that consider 
pertinent soil physical and biochemical processes. In summary, the accurate measurement 
and modeling of landfill emissions require a critical mass of direct field measurements and 
the complementary development of field-validated models. 

-2 -1 d ) would equal a total emission of 0.7 Mg yr-1. 
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