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Abstract: In the United States, FEMA estimates that 8,400 fires occur at Subtitle D 
(municipal solid waste; MSW) landfill facilities every year. This paper uses landfill 
indictors, such as gas composition, temperature, slope movement, and settlement, to 
the effectively delineate the three-dimensional boundaries of elevated temperatures 
and monitor the growth and/or movement with time. In addition, a conceptual model 
is proposed to classify a MSW landfill into three zones to determine the transition 
from normal operating areas to the elevated temperature region, which is important 
for public health, environmental safety, and appropriate response by landfill 
personnel, first responders, and regulatory agencies.   
 
INTRODUCTION 
 
   Elevated temperatures have been documented in municipal solid waste (MSW) 
landfills, construction demolition debris landfills, industrial waste fills, and sanitary 
dumps (Martin et al. 2013; Sperling and Henderson 2001; Ettala et al. 1996; Øygard 
et al. 2005; Koelsch et al. 2005; Frid et al. 2009). The presence of elevated 
temperatures, particularly in MSW landfills, can impact the integrity of the cover and 
liner systems, leachate quality, gas composition, slope stability and differential 
settlement, odor mitigation, and abatement operations (Øygard et al. 2005; Jafari et al. 
2014; Stark et al. 2012). In addition, they present a significant threat to the 
environment by emitting to the atmosphere incomplete combustion by-products, 
reduced sulfur compounds, and particulate matter (Ruokojarvi et al. 1995). 
   MSW landfills with a gas collection and control system used to comply with federal 
regulations (40 Code of Federal Regulations (CFR), Part 60, Subpart WWW) are 
required to operate each gas extraction well with a landfill gas temperature less than 
55°C (131°F) because methane production from mesophilic bacteria during anaerobic 
biodegradation can start to significantly decrease above this temperature (Kasali and 
Senior 1989; Hartz et al. 1982). Therefore, this paper considers elevated temperatures 
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in MSW landfills to be demonstrated by gas wellhead temperatures above 65°C 
because anaerobic biodegradation is curtailed. 
   The objective of this study is to use the progression of indicators to effectively 
delineate the three-dimensional boundaries of elevated temperatures and monitor the 
growth and/or movement with time. In particular, this paper presents two case studies 
to illustrate spatial migration and subsurface elevated temperature movement. The 
first case study uses the same facility as reported in Jafari (2015) and shows trends in 
gas wellhead temperature, ratio of CH4 to CO2, and settlement strain rate. The second 
case study highlights the application of downhole temperature arrays to monitor 
subsurface temperatures and then provides a comparison between gas wellhead and in 
situ waste temperatures. Finally, a conceptual model is proposed to classify a MSW 
landfill into five zones to determine the transition from normal operating areas to the 
elevated temperature region, which is important for public health, environmental 
safety, and appropriate response by landfill personnel, first responders, and regulatory 
agencies.   
 
CASE STUDY  
 
   The case study presented herein is a MSW landfill regulated under Subtitle D 
regulations. The site is permitted for waste disposal in 178 ha and receives up to 
9,000 metric tons of MSW per day. Fig. 1 shows the impacted area in Cells 4 – 7. 
These cells encompass 26.2 ha and were constructed in phases, with Cell 4 completed 
in late 1997, Cell 5 in early 1999, Cell 6 in late 1999, and Cell 7 in early 2001. After 
reaching the permitted elevations in 2005, Cells 4 through 7 were capped with 
intermediate 0.6 m of fine-grained soil and a gas control and collection system was 
installed. In August 2009, five gas wellheads in Cell 5 experienced temperatures 
above 68°C and as high as 95°C. Associated laboratory gas sampling from the 
wellheads reported CO >1,000 ppmv, with a maximum of 10,200 ppmv (Ohio EPA 
2010).  
   Based on the Findings and Orders (Ohio EPA 2010), the facility initiated an 
expanded monitoring program to monitor and delineate the elevated temperatures. 
The program included gas wellhead temperature; fixed gases (CH4, CO2, N2, O2, H2, 
and CO); measurement of vertical settlement and lateral slope movement. Gas 
temperature was sampled at the gas port located on the wellhead (located above the 
surface) and recorded using the GEM™ 2000 meter (LandTec 2010). Fixed gases 
were measured by a portable field gas chromatograph. Stability pins installed into the 
cover system are used to monitor changes in northing, easting, and elevation.  
   Elevated temperatures were first observed in Cell 5, and they migrated to Cells 6 
and 7 over the next four years. During the monitoring period, Cell 4 remained 
unaffected by elevated temperatures. Data collected from the monitoring program is 
discussed herein to show the spatial trends of gas temperature, ratio of CH4 to CO2, 
and vertical strain. Fig. 1(a) shows the location of gas extraction wells and Fig. 1(b) 
shows the stability pins used to monitor settlement and lateral movement.  
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FIG 1. Plan view of Cells 4 through 7 showing the (a) location of gas extraction 
wells and (b) location of stability pins  
 
 
SPATIAL TRENDS 
 
Gas Wellhead Temperature 
   Because gas wellhead temperatures are monitored monthly per New Source 
Performance Standards (NSPS) regulations, they provide an easy and routine 
procedure to evaluate subsurface temperatures. Fig. 2 depicts temperature contours 
constructed with 82 gas extraction wells and the kriging linear interpolation function. 
In addition, gas wellhead O2 levels above the NSPS regulation of 5% v/v are shown in 
Fig. 2. Elevated temperatures at this facility began in late 2009 in 5 gas extraction 
wells in Cell 5 and by March 2010 the facility operators observed an expanded area of 
gas extraction wells experiencing temperatures above 65°C and as high as 90°C (see 
Fig. 2(a)). At that time, temperatures remained 30°C to 50°C in the unaffected cells. 
During the elevated temperature event, several gas wellhead temperatures in Cell 6 
exhibited temperatures below 40°C. These isolated hot spots and cooler areas indicate 
that some gas wellheads are measuring elevated temperatures while the neighboring 
gas wellheads are reporting lower temperatures because of intrusion of cool air. For 
example, Fig. 2(b) shows that high O2 levels correspond with areas with cooler gas 
wellhead temperatures. In this case, oxygen levels of 15 to 21% v/v typically indicate 
that the extraction well pipes and wellhead connections may be compromised. As a 
result, the wellhead O2 concentrations are similar to the ~21% v/v found in the 
atmosphere. However, there are instances where elevated O2 concentrations (> 5% 
v/v) are also observed within the region of elevated temperatures (see Fig. 2(a)). 
These O2 levels could indicate that oxygen is infiltrating into the waste mass and 
stimulating aerobic processes and/or smoldering combustion. As a result, wellhead 
temperatures should be corroborated with O2 levels to understand if air intrusion is a 
factor. A survey of the soil and/or flexible membrane liner (FML) cover that identifies 
holes, tears, cracks corroborates air infiltration into the waste mass and possible 
smoldering combustion. 
 

(a) (b) 
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temperatures continued to advance into Cell 7 by April 2011. The red zone, defined 
by ratio values below 0.6, did not change from Fig. 3(c) to Fig. 3(d). Thus, Fig. 3 
shows that anaerobic biodegradation became inhibited in Cells 5 through 7 from 
September 2009 to April 2011, while Cell 4 remained normal with ratio values above 
unity. 
 

 
FIG 3. Gas wellhead ratio of CH4 to CO2 flow rates in (a) January 2010, (b) 

September 2010, (c) April 2011, and (d) June 2011 
 
Vertical Strain Rate 
   Jafari (2015) found that the typical settlement rate for Cell 4, which is under 
anaerobic biodegradation, is ~0.5 m/yr while the settlement rate in Cell 5 after 
elevated temperatures is about a magnitude higher (~9.2 m/yr). The strain rate for the 
stability pin in Cell 4 ranges from 0.2 to 1.5 %/yr, with an average of about 0.7 %/yr. 
Stability pins in Cell 5 indicates that strain rate follows normal biodegradation until 
elevated temperatures cause thermal degradation of the waste, which finally appears 
as accelerated strain rates as high as 10%/yr.  
   Based on the strain rate behavior observed in Cell 4 and the impacted Cells 5 to 7, 
strain rates below 2%/yr indicate normal biodegradation settlement while strain rates 
greater than 3%/yr indicate elevated temperatures. Fig. 4 shows the development of 
strain rate contours with time. In Fig. 4(a), the area comprising of strain rates >3%/yr 
resembles the ratio of CH4 to CO2 region in Fig. 1(a) (ratio values less than 0.6) and 
indicates that a settlement bowl, or depressed area, is forming. The shaded region in 
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Fig. 1(b) denotes the location where excessive settlement was observed during the 
first months of elevated temperatures. Fig. 4(a) shows that the center of the hot spot 
has moved in between Cells 5 and 6, and the maximum strain rates within the 
settlement bowl are about 11%/yr. In October 2011, the accelerated strain rates form 
an arc that extends from Cell 5, boundary of Cell 7, and into Cell 6. This indicates the 
elevated temperature region is migrating towards Cell 7 and is consuming Cells 5 and 
6. In addition, the strain rates in Cell 5 (see northing and easting of 500 m and 200 m, 
respectively) are less than 3%/yr in October 2011. These lower strain rates still 
represent elevated temperatures areas even though the strain rates may be more 
attributable to biodegradation. The strain rates in May 2012 (Fig. 4(c)) are located in 
the center of Cell 5 and 6, where the waste thickness is about 80 to 90 m, and 
maximum strain rates are above 10%/yr. By November 2012 (Fig. 4(d)), it is evident 
that the strain rates are decreasing with time. For example, there area with previous 
elevated temperatures has grown and rates are below 4%/yr. In specific, accelerated 
strain rates are found in localized areas in Cells 6 and 7. In Fig. 4, Cell 4 is not 
affected by elevated temperatures because the strain rates remain below 2%/yr. 
 

 

 

 
FIG 4. Spatial movement of strain rates: (a) September 2010, (b) October 2011, 

(c) May 2012, (d) November 2012 

(a) (b) 

(c) (d) 
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CLASSIFICATION OF LANDFILL ZONES 
 
   Municipal solid waste degrades by biological and chemical processes. Biological 
processes, such as anaerobic biodegradation, are mediated by microorganisms using 
MSW as a carbon and energy source. Chemical processes are not mediated by 
microorganisms and include dissolution, reduction/oxidation processes, and thermal 
degradation. The thermal degradation processes relevant in MSW landfills during 
elevated temperature events are pyrolysis and smoldering combustion. Smoldering 
combustion is the slow, low temperature, flameless form of combustion that is 
sustained by the heat evolved when O2 directly attacks the surface of MSW (Kuo 
1986; Griffiths and Barnard 1995). When organic materials are subjected to sufficient 
heat flux from combustion or alternative exothermic reaction, they can degrade and 
gasify during pyrolysis. There is usually limited or no oxidation involved in this 
pyrolysis process, thus it is endothermic (Ohlemiller 1985). If smoldering combustion 
ceases because of limited O2 supply, pyrolysis may continue for extended periods of 
time, depending on the temperature reached during combustion, the location and size 
of the landfill hot spot within the waste mass, and the duration of the combustion 
event.  
   Differentiating areas of anaerobic degradation and thermal degradation is important 
for emergency and environmental response and containment of these events. A 
framework is proposed that includes the progression of indicators and accounts for the 
spatial and subsurface movement with time. Fig. 5 shows a schematic of elevated 
temperatures that is separated into five possible zones: (1) anaerobic biodegradation, 
(2) gas front, (3) temperature front, (3) smoldering front, and (4) pyrolysis. Anaerobic 
biodegradation is represented by temperatures below 55°C and typical ratio of CH4 to 
CO2 greater than unity. The gas and heating front is located between anaerobic 
biodegradation and the smoldering front and is characterized by trends in gas 
wellhead temperatures and CH4 concentration. The smoldering front follows the 
heating front and is the driving force of elevated temperature event. The heat 
generated from the smoldering front permits combustion of MSW, which yields 
increased gas flow and water vapor, emits toxic and odorous gases, and causes 
excessive settlement.  
   The parameters that can be used to assess the landfill zones include gas composition 
and temperature, subsurface temperature, and settlement. Subsurface temperatures are 
the most accurate because they illustrate the dimensions and migration with time and 
can corroborate gas compositions. The pertinent gases for evaluation landfill zones 
are CH4, CO2, and CO. Settlement is usually monitored via topographic surveys. In 
this instance, exact locations should be monitored continuously to determine the 
change in strain rates from normal MSW decomposition to accelerated settlement. 
 
Gas and Temperature Front 
   Heat generated from smoldering combustion, or another exothermic reaction, can be 
transferred by conduction and convection. Conduction transmits heat by direct contact 
between MSW particles while convection transfers heat by movement of liquid and/or 
gas. In Fig. 5, the smoldering front conducts heat to the landfill waste and projects 
gases in advance of elevated temperatures. Convection forces the hot and saturated 
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gas to rise, where it comes in contact with cooler waste material. The water vapor 
then condenses to leachate, which can accumulate in gas wellhead pipes, lateral 
headers, and develop a perched water level in between the ground surface and 
smoldering front. The leachate from condensed water vapor and dehydrated MSW 
can also seep toward cooler waste in the center of the landfill or gravitate to the 
leachate collection system. As a result, the heating front is defined by changing gas 
composition and temperatures.  
 

 
FIG 5.  Landfill classification framework shows transition from anaerobic biodegradation to 

thermal degradation 
 
   The transition from anaerobic biodegradation to smoldering front uses the ratio of 
CH4 and CO2 flow rate because it demonstrates healthy anaerobic biodegradation 
when the ratio is greater than unity. In addition, temperature controls the quality (CH4 
and CO2) and quantity of landfill gas generated within two temperature ranges: (1) the 
mesophilic range where temperatures are between 20 and 45°C; and (2) the 
thermophilic range with temperatures greater than 45 to 65°C (Meima et al. 2008; 
Mora-Naranjo et al. 2004; Kotze et al. 1969). Therefore, the ratio of CH4 to CO2 flow 
rate and temperature are used in Fig. 6 to assess the transition zone. 
   Fig. 6 provides a compilation of CH4 to CO2 ratio and wellhead temperature trends 
for 12 gas extraction wells from the case study. The wellheads started as normal 
operating wells before the smoldering front advanced towards these wells, resulting in 
decreasing CH4 to CO2 ratios with increasing temperatures. In particular, Fig. 6(a) 
shows a direct relationship between decreasing ratio of CH4 to CO2 values and 
increasing wellhead temperature while Fig. 6(b) shows that the ratio of CH4 to CO2 
decreases significantly before wellhead temperatures increase. For example, wellhead 
temperatures range from 40 to 55°C in Fig. 6(a) and ratio values above 0.8. As the 
ratio decreases from 0.8 to 0.1 and methanogenesis has been inhibited (Kasali and 
Senior 1989; Hartz et al. 1982; Pfeffer 1974), the average wellhead temperature 
increases from 50 to 65°C, respectively. Wellhead temperatures continue to rise to 
90°C for ratio values less than 0.1. In contrast, Fig. 6(b) shows that the ratio of CH4 to 
CO2 decreases from values above unity to ~0.3 before an increase in wellhead 
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1. Elevated gas wellhead temperatures is a common indicator of subsurface 
smoldering event. In many cases, the initial temperature increase is caused 
aerobic decomposition via oxygen intrusion. As a result, the landfill operator 
should monitor oxygen and nitrogen levels in the gas wellhead to determine if 
elevated temperatures are correlated to air intrusion. 

2. Contour plots of the CH4 to CO2 ratio provide a reasonable estimate of where 
internal landfill processes are transitioning from anaerobic biodegradation to 
thermal degradation. In this study, gas ratio values greater than 1.0 correspond 
to healthy anaerobic decomposition. A gas ratio from 1.0 to 0.6 represent a 
hazard that the decomposition regime is changing, with ratio values less than 
0.6 indicate methane generating bacteria have been reduced.    

3. Vertical strain rate contours provide a useful method to characterize the 
location where thermal degradation is or has been the dominant process. 
Vertical strain rates of 1%/yr to 3%/yr represent normal landfill conditions, 
whereas increasing rates of strain rates above 4%/yr and possibly reaching as 
high as 10%/yr suggests thermal degradation is occurring. 

4. A landfill classification framework is presented and includes the gas front, 
heating front, and smoldering front. Increased wellhead temperatures coupled 
with decreasing CH4 CO2 flow rate ratio can be used to delineate the gas and 
temperature front and thus the transition of anaerobic biodegradation to 
smoldering front. The smoldering front could be defined by increasing CO 
concentrations and decreasing ratio of CH4 to CO2. This study recommends a 
CO concentration of 1,500 ppmv.  
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