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ABSTRACT 

 

MOVING MOUNTAINS: A STUDY EXAMINING LONG-TERM IMPACTS OF 

MOUNTAINTOP REMOVAL COAL MINING ON MORTALITY IN THE 

APPALACHIAN REGION USING GEOGRAPHIC INFORMATION SCIENCES 

TECHNIQUES 

 

James Kent Pugh 

November 21st, 2017 

 Over the last hundred years, the Appalachian region has been dominated by the 

coal industry. It has also been and currently is one of the unhealthiest regions in the 

United States. Recent scholarship has examined the relationship between coal mining and 

health and mortality rates in the Appalachian region. The first study incorporates air 

quality and pollution data to examine if coal mining counties have higher levels of 

pollution and if this pollution contributes to mortality disadvantage. In the  second study, 

I construct a population-based coal-exposure measure to better evaluate the relationship 

between coal mining and health I find that coal mining is a poor predictor of air quality 

and air pollution. However, there appears to be strong links between air pollution and 

particulate matter pollution. In the second study, I find that the coal-exposure measure for 

some types of mortality (all-cause, all-cancer, lung cancer, respiratory disease, 

cardiovascular disease) is more predictive than dichotomous county-level coal mining 

measures, particularly in explaining cross-county differences in mortality rates. However, 

I find limited support for the effectiveness of coal-exposure measures when examining 

links between coal mining and mortality rates. 
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INTRODUCTION 

 

 Appalachia stretches from as far north as southern New York and as far south as 

northeast Mississippi. However, when one imagines the region, they think of the central 

Appalachian coalfields of eastern Kentucky, West Virginia, and southwest Virginia. 

Appalachia has been and still is one of the largest coal producing regions in the world, let 

alone in the United States. In 2014, the Appalachian region accounted for nearly 25% of 

total US coal production, down from over a third just a decade prior (Annual Coal Report 

2015). Coal mining and its related industries have had an impact on the Appalachia region. 

From the early days of union organizing and conflict to the modern era “War on Coal,” the 

black mineral remains at the heart of the Appalachian region (Eller 2008).  

Increasingly scholars have focused on the region’s health outcomes and its potential 

association with coal mining. The Appalachian region lags behind the nation in 

improvements in health and health-related outcomes. The region has high rates of 

cardiovascular and heart disease (Barnett et a. 2000; Halverson, Barnett & Casper 2002; 

Michimi 2010), high rates of cancer (Wingo et al. 2007; Wilson 2016) and a high 

prevalence of known negative health behavioral risk factors such as smoking (Mensah et 

al. 2005; King, Dube, & Tynan 2012). While much of the previous research has focused 

on the links between low socioeconomic status and health outcomes in populations within 

the Appalachian region, a growing number of scholars are starting to examine the role coal 

mining may play in the health status of people in the region. This dissertation builds upon 

the work of other scholars in this regard.  
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Within this burgeoning research area, scholars disagree about the extent to which 

coal mining may impact health outcomes, namely mortality.  For example, Michael 

Hendryx and colleagues consistently find higher mortality rates, both all-cause and for a 

variety of other diseases, in coal mining communities (e.g., Hendryx 2008; Hendryx and 

Ahern 2009). However, other scholars find limited support for non-significant results when 

attempting to replicate the Hendryx studies (e.g., Boark et al. 2012; Buchanich et al. 2014). 

Many of the population-based studies have used dichotomous measures of coal production 

(yes/no, does the county have coal mining sites) and have found contradictory results, with 

Borak et al. (2012) and Buchanich et al. (2014) finding limited support for coal mining 

counties having higher mortality rates than non-coal mining counties, counter to the 

Hendryx (2008) and Hendryx and Ahern (2009) studies. A key limitation of these prior 

studies is there use of the county-level coal mining dichotomous measure. Such measures 

remove gradient differences between coal mining counties and serve as a poor measure of 

environmental pollution exposure related to coal mining sites. I fill in the gaps in the 

literature by approaching the relationship between coal mining and mortality with new 

techniques and methods. In this project, I seek to use new geographic and environmental 

models and techniques to address the questions around the relationship between coal 

mining and mortality in the Appalachian region. 
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LITERATURE REVIEW 

Coal Mining in Appalachia 

The Appalachian region has a long history of coal mining. Coal reserves have been 

plentiful over the past century and have fueled the American industrial revolution 

(Williams 2002). Before the discovery of coal in the region in the late 1800’s, the 

Appalachian economy had remained a largely agrarian society of small subsistence forest 

farms (Williams 2002). At the onset of WWII, the mines were booming and employing 

hundreds of thousands of miners throughout the Appalachian region. However, the 

industrial boom during World War II would lead to a crash in the price of coal once the 

war ended. Miners were laid off en masse in the late 1940’s and 1950’s, as the demand for 

coal collapsed, the use of oil began to take off. Additionally, advances in mining 

technologies such as the continuous miner1further reduced employment in the mines. These 

technological advancements would continue a trend of reduced employment in mining that 

would last until the present day. Coal would continue to go through boom and bust cycles 

in the late 20th century (Eller 2008). 

Mountaintop removal mining 

The United States is referred to as the Saudi Arabia of coal (Goodell 2006). The 

central Appalachian region, consisting of West Virginia, Kentucky, Virginia, Tennessee, 

and Ohio, is one of the most productive coal producing regions in the United States. After 

the end of WWII, coal began to lose its dominance among America’s energy needs, as 

                                                           
1 A machine that includes a drill-bit to dig coal and a conveyor belt to transport it out of 

the mine (Eller 2008). 
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cheap oil and gas fueled the growth of suburban America (Goodell 2006; Eller 2008). The 

oil embargo and resulting shocks of the 1970’s brought renewed interest in domestic 

sources of energy and coal once again became a dominant player in America’s energy 

needs. The passage of new environmental regulations in the 1960’s and 1970’s, particularly 

controls on emissions from power plants enacted through the Clean Air Act, fueled an 

increased demand for Appalachian coal (Goodell 2006; Eller 2008; Hendryx & Holland 

2016). Appalachian coal has lower levels of sulfur compared to coal mined in the other 

major producing regions (such as the Powder River Basin in Wyoming) in the United States 

(Goodell 2006; Hendryx & Holland 2016). As power plants were required to reduce 

emissions of sulfur and other pollutants, cleaner burning Appalachian coal began to rise in 

demand (Copeland 2015; Hendryx & Holland 2016). However, by the late 1960’s and early 

1970’s the easiest to reach coal reserves were depleted. This required technological 

innovation to get at the last seams of coal. Beginning in the 1960’s and 1970’s a new mining 

technique was incorporated to reach harder to mine coal with a new technology called 

mountaintop removal mining.  

One technological advancement that has had a meaningful effect on both 

employment, and potential health, is mountaintop coal removal. Mountaintop removal coal 

mining is a form of surface coal mining that requires the blasting and removal of the tops 

of mountains. The resulting rock and rubble is pushed into the valley below the mountain. 

This process is used to extract thin seams of coal from the center of mountaintops that 

would otherwise not be retrievable using underground mining techniques (Copeland 2015). 

This mining process has serious ecological ramifications on the surrounding environment, 

including changes in the flows of streams and waterways (Vengosh et al. 2013; Evans et 
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al. 2015), polluting of surrounding groundwater (McAuley & Kazor 2006; Lindberg et al. 

2011), reduced air quality (Aneja, Isherwood & Morgan 2012; Kruth et al. 2014) and 

drastic changes in the topography of the land (Wickham et al. 2013; Ross, McGlynn & 

Bernhardt 2016). In addition to the environmental issues, scholars have find links between 

mining-related environmental concerns and population health in the Appalachian region. 

The environmental health concerns associated with mining is discussed in further detail in 

a later section. 

Natural Resource Curse and the Appalachian Region 

There is a fundamental paradox about the Appalachian region of the United States. 

The region hosts some of the largest reserves of natural resources in the United States, from 

forest timbers to coal and natural gas (Goodell 2006; Eller 2008). However, the 

Appalachian region remains one of the poorest in the United States (Pollard & Jacobsen 

2015). Studies find that some, but not all, of the health disparities in the Appalachian 

region, can be explained by high levels of socioeconomic inequality (Halverson & Bischak 

2008). Thus, much scholarship has focused on the causes of socio-economic inequality in 

the Appalachian region. Some scholars point to the vast natural resource wealth of the 

Appalachian region as a potential cause of its plight. A vein of scholarly thought has 

brought attention to the “Natural Resource Curse” in the Appalachian region.  

The term “Natural Resource Curse” was first coined by Richard M. Autry in his 

1993 book “Sustainable Development in Mineral Economies: The Resource Curse Thesis.” 

Autry (1993) argues that countries, particularly former colonies that have bountiful natural 

resources, are “cursed” by poor economic performance. Autry pays attention to the nature 

of the natural resource economy, which is a “boom and bust” cycle (Autry 1993). Natural 
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resource economies are capital intensive and have low levels of investment in social 

capital, and most infrastructure and resource investments are used primarily to serve the 

extractive industry (Autry 1993; Morice & Colagiuri 2012).  

 One of the key components of a “Natural Resource Curse” is a lack of investment 

in non-resource related industries (Autry 1993). When the prices rise, and income from 

natural resources is high, there is a significant lack of demand to invest in other, more 

diverse, industries. Thus, economies become dependent upon primary extractive industries. 

A central characteristic of the central Appalachian regional economy is the dominance of 

the coal industry (Goodell 2006; Eller 2008; Center for Regional Economic 

Competitiveness 2014). Appalachian scholars Helen Lewis and Edward Knipe (1978) note 

in their work “The Colonialism Model: The Appalachian Case” of the colonial nature of 

the Appalachian coal-based economy and describe it as an “internal colony” of the United 

States. Scholars suggest the dominance of the coal industry has impacted the development 

of social capital in the region. 

 Black, McKinnish, and Sanders (2005) used high school enrollment and coal price 

data to test if times of high coal prices led to decreased enrollment in school during the 

1970 to 1990 period. They find that in Kentucky and Pennsylvania during the 1970’s, 

school enrollment rates in coal mining counties declined and then increased in the 1980’s 

relative to the rates of non-mining counties. They find that a 10% increase in the wages of 

low-skilled workers (particularly coal miners) is associated with a 5-7% decline in school 

enrollment rates during the period studied. In a study conducted by Douglas and Walker 

(2015) using economic panel data from 1970 to 2012, they find that up to 25% of the drop 

in annual per capita income growth rates in coal mining counties between 1970 to 2010 
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were associated with decreased educational attainment. In an assessment of poverty and 

mining employment in the region, Deaton and Niman (2012) find that coal mining 

employment associated with immediate reductions in poverty rates, but a long-term 

increase in poverty rates. If a coal mining resource curse exists in the Appalachian region, 

how does this phenomenon affect the health and well-being of those in the Appalachian 

region? 

 Poverty and income inequality are the biggest drivers of health inequality both in 

the developing and the developed world (Marmot 2005). Research consistently finds that 

those with the most economic resources in society have better access to healthcare, reduced 

rates of disease, increased life expectancy and higher rated quality of life (Marmot 2005). 

In the case of regions like Appalachia, that experience with high rates of poverty and health 

inequality is important to understand fully how economic and health inequalities continue 

to be reproduced. Appalachia’s “Natural Resource Curse” serves as a mechanism by which 

to understand how power concentrates in the coal mining industry. Investments in 

education, economic opportunity, and infrastructure are focused on the needs of the mining 

industry. As a result, health inequality and high rates of poverty are externalities that are 

produced by coal mining. These externalities help to feed what Allan Schaiberg (1980) 

calls the “Treadmill of Production.” 

 Coal mining and its externalities in the Appalachian region are symptomatic of a 

larger problem associated with increased industrial production suggested by Schnaiberg’s 

‘Treadmill of Production” thesis. In his 1980 book “The Environment: From Surplus to 

Scarcity” Allan Schnaiberg argues that capitalist societies seek to increase their rate of 

growth at the expense of the natural and social world. Schnaiburg argues that capitalist 
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societies seek to expand production of goods and services, monopolize production 

processes within the society, and increase capital intensity of production (Schnaiberg 

1980). According to Schnaiberg (1980) as capital increases in industrialized Western 

countries during the middle of the twentieth century, the capital was put into replacing 

labor production with more resource intensive new technologies. These new technologies 

required the more intense use of natural resources, chemicals, and other industrial 

byproducts (Schnaiberg 1980). Unlike labor capital, this new technological capital 

represented large sunk costs, thus to gain the most use of the new technologies, capitalists 

sought to constantly increase production and expand the marketplace for such products 

(Schnaiberg 1980). Increased industrial production growth includes the increased demand 

and use of chemicals, pesticides, oil, coal, gas and other natural resources to drive the 

increased production, which in turn increases the amount of ecological devastation 

produced in the economy (Schaniberg 1980). Capitalist societies thus produce externalities 

such as pollution, poverty, and other environmental, social, and economic issues through 

increased growth in production.  

 In the Appalachian context, the increased and continued use of coal for electricity 

production in the 20th century led to environmental (surface and MTR coal mining 

pollution), socioeconomic (increased poverty, reduced employment in coal industry) and 

health externalities (Coal workers’ pneumococcus, environmental pollution risk). The 

treadmill of production in the Appalachian context uses coal as a mechanism to increase 

economic growth, via increased electricity use. Natural Resource Curse and the Treadmill 

of Production both provide useful theoretical insight into the larger context in which 

Appalachia exists. Mountaintop removal coal mining is a capital-intensive process that 
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reduces the labor production of coal miners, while dramatically increasing the amount of 

coal mined. This form of mining thus increases production at the expense of ecological 

ramifications. However, as recent literature suggests the treadmill of production that 

mountaintop removal coal mining produces may lead to externalities beyond the 

ecological, but into health and socioeconomics. 

Scholars find mountaintop removal (MTR)MTR coal mining to be highly 

destructive to the environment (Palmer et al. 2010; Aneja, Isherwood & Morgan 2012; 

Vengosh et al. 2013; Kruth et al. 2014; Evans et al. 2015) and is linked to negative health 

outcomes, including increased mortality rates and reduced self-rated health (Hitt & 

Hednryx 2010; Hendryx, Fedorko & Anesetti 2010; Zullig & Hendryx 2010; Zullig & 

Hendryx 2011). While acknowledging that the role of socioeconomic status on coal mining 

in the region remains important, socioeconomic status may not be the only mechanism 

through which coal mining affects the health and wellbeing of the Appalachian region.   

In this project, I seek to examine the potential impact of mountaintop removal coal 

mining beyond its socio-economic aspects of health and mortality by using both direct 

environmental measures and geographic derived spatial measures of coal mining 

population exposure. However, as I argue in this project, in addition to the socio-economic 

impact of coal mining on the region’s health, there are additional issues related to 

environmental pollution, particularly for mountaintop removal coal mining. 

Health in Appalachia 

Scholars have documented persistent health disparities in the Appalachian region 

(Behringer & Friedell 2006; Crossman et al. 2007; Lane et al. 2012). These disparities are 

noted across a variety of physical and psychological health conditions including dental 
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health (e.g., Gorsuch, Sanders & Wu 2014), mental health (e.g. Zhang et al. 2008), 

mortality from cardiovascular diseases and incidences of high blood pressure (e.g. 

Halverson, Barnett & Casper 2002), cancers, both mortality and incidence rates (e.g. 

Wilson et al. 2016) among others. Scholars have focused particular attention on cancer 

incidence, mortality, and survivorship.  

 Overall cancer incidence in the Appalachian region is higher than the United States 

(Wingo et al. 2007; Wilson et al. 2016). Trend data show that over the past quarter of a 

century the incidence rates of cancer in Appalachia have decreased; however, the gap 

between the region and the nation remains high (Wilson et al. 2016). While rates continue 

to decline, survivorship remains poor for cancer in the Appalachian region (Yao et al. 

2016). Rural and urban disparities in cancer incidence and mortality rates persist within the 

Appalachian region. Cancer incidence rates have risen since 2009 in rural Appalachian 

counties, while mortality has continued to decline (Yao et al. 2016). Urban Appalachian 

counties have incidence and mortality rates closer to the national rates (Yao et al. 2016). 

Certain types of cancers are elevated in the Appalachian region compared to the nation, 

particularly breast and lung cancers. 

 Anderson et al. (2014) find higher incidence rates of later-stage breast cancer in the 

Appalachian region compared to the nation, and that later-stage breast cancer rates cluster 

in the poorest counties in the region. Hall et al. (2000) find that breast cancer mortality 

rates in the Appalachian region rose during the 1980’s but had declined through the 1990’s 

considerably.  Yao, Lengerich, and Hillemeier (2012) find that between 1969 to 2000, 

Appalachian women had lower levels of mortality from breast cancer. However, by the 

2003-2007 period, mortality trends had reversed, and women in Appalachian counties had 



11 
 

higher rates of breast cancer mortality than the nation (Yao, Lengerich & Hillemeier 2012). 

Scholars suggest the disparities between urban and rural counties in Appalachia may be 

related to lower breast cancer screening rates among residents in rural Appalachian 

counties (Hall et al. 2000; Yao et al. 2016). Breast cancer disparities remain a significant 

concern in the Appalachian region. 

 Increased tobacco consumption among residents in the Appalachian region makes 

lung cancer a particular concern (Jermal et al. 2008; King, Dube & Tynan 2012). Lung and 

bronchial cancer incidence rates are higher in Appalachian counties than in non-

Appalachian counties (Fisher et al. 2008; Christian et al. 2011; Blackley, Behringer & 

Zheng 2012). Lung cancer incidence rates are highest in the central Appalachian regions 

of West Virginia, Kentucky, Virginia, and Tennessee (Wingo et al. 2007; Christian et al. 

2011). Scholars suggest that concentrated poverty in the central Appalachian region may 

be associated with the higher incidence and lower survivorship from cancer more generally 

(Lengerich et al. 2005; Blackley, Behringer & Zheng 2012). Increased levels of poverty 

and social stress may also account for increased incidence and mortality rates from stress-

related ailments such as cardiovascular diseases. 

 The Appalachian region has higher rates of cardiovascular and heart diseases 

(Barnett et a. 2000; Halverson, Barnett & Casper 2002; Michimi 2010) and a higher 

occurrence of risk factors such as smoking (Mensah et al. 2005; King, Dube, & Tynan 

2012) than the rest of the United States. Appalachian states such as Kentucky, West 

Virginia, Tennessee, and Mississippi have higher rates of hospitalization for stroke, heart 

failure and myocardial infraction (Mensah et al. 2005). Barnett et al. (2000) find that 

mortality rates for coronary heart disease are significantly higher in non-metropolitan 
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(rural) Appalachian counties for all-age African Americans and younger whites. They 

suggest the lack of medical facilities and resources in rural Appalachia make management 

of heart disease and comorbidities (such as obesity, diabetes, etc.) more difficult, leading 

to increased mortality rates (Barnett et al. 2000). In addition to mortality rates for heart 

disease and cancers, oral and dental health disparities exist as well. 

 Dental and oral health is of particular concern for the Appalachian region due to 

the high rate of tobacco use, both smoke and smokeless, and lack of dental health facilities 

(Mensh, et al. 2005; Krause et al. 2011; King, Dube & Tynan 2012; Gorsuch, Sanders & 

Wu 2014). Krause et al. (2011) find that the Appalachians had higher levels of tooth decay 

than the United States’ general population. Appalachian adults have higher rates of loss of 

six or more teeth than the national population (Krause et al. 2011). Krause et al. (2011) 

find that seniors in the Appalachian region are particularly vulnerable, as they report higher 

levels of tooth loss than non-Appalachian seniors. Gorscuch, Sanders, and Wu (2014) also 

identify the Appalachian region as a place of high disparity in tooth loss. They find that 

between 1999 and 2010, the rate of tooth loss had decreased in the Appalachian region by 

a similar rate as the nation; however, the region has a higher proportion of the population 

that experience tooth loss (Gorsuch, Sanders & Wu 2014). Some scholarship finds strong 

links between incidence and mortality from other comorbidities, particularly from heart 

and cardiovascular diseases, and oral health (e.g., Mattila et al. 1989; DeStefano et al. 

1993). Thus, there may be strong links between oral health and overall well-being in the 

Appalachian region. 

 The state of health in the Appalachian region is one of the historical and persistent 

disparities in disease incidence, mortality, and risk factors. Scholars point to the problems 
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of geographic isolation and persistent poverty as possible sources of health disparities in 

the region. Others examine links between pollution, particularly coal mining pollution, and 

population health outcomes in the Appalachian region. 

Mortality & Coal Mining 

 In the first of a series of ecological studies conducted by a research team out of 

West Virginia University (WVU), Michael Hendryx (2008) examines the impacts of coal 

production on all-cause mortality in the Appalachian region. Hendryx finds that 

Appalachian coal mining counties with the highest levels of annual coal production (>4 

million tons) have the highest mortality rates during the 1999-2004 study period. These 

results remain after additional covariates for socio-economic indicators, demographics and 

smoking rates are modeled. In a follow-up study by Hendryx and Ahern (2009), they find 

that Appalachian counties with the highest levels of coal production (higher than median 

coal production) between 1979 and 2005 have the highest age-adjusted all-cause mortality 

rates. Hendryx and Ahern (2009) find between 1979 and 2005 coal mining areas of 

Appalachia had an average of 77.6 excess deaths per 100,000 people, and this mortality 

rate increased to 126 excess deaths per 100,000 during the last five years (2001-2005) of 

the study period. While these initial WVU ecological studies find significant associations 

between coal production and all-cause mortality, another pair of studies finds limited 

support for such claims. 

 Borak et al. (2012) attempt to replicate several of the studies conducted by the team 

at WVU. Using all-cause mortality rates from 2000 to 2004 and similar covariate data for 

socioeconomic status, demographics, and smoking rates, they find that coal mining is not 

independently associated with increased all-cause mortality rates in the Appalachia region. 
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They test measures of coal production like those used by several of the WVU studies and 

find little changes in the model. However, they note several changes between the studies. 

Borak et al. (2012) only use counties identified as part of the Appalachian region by the 

Appalachian Regional Commission (n=420) compared to several of the Hendryx studies 

(Hendryx 2008; Hendryx and Ahern 2009) that use all US counties (3,141). Additionally, 

in several of the Hendryx studies controls are added for regional differences, a variable that 

marked whether a county is in the American South.  

 In a third study conducted by Buchanich et al. (2014), the authors find that all-cause 

mortality rates are not significantly associated with coal production. However, this study’s 

design differs from that of the Boark et al. (2012) study and the studies conducted by the 

team at WVU. In the Borak study, they pair-match 62 counties based on median income 

and geographic proximity from eight Appalachian states (West Virginia, Pennsylvania, 

Maryland, Virginia, North Carolina, Tennessee, Kentucky, and Ohio). They then 

calculated rate ratios for all-cause mortality rates.  After adjusting for covariates, little 

association remained between coal production levels and mortality rates. A strength of this 

study design is the semi-experimental nature of the pair-wise matching. However, this does 

limit the number of counties in the sample size, which can limit the predictive power given 

that most coal mining clusters in a few counties in the Appalachian region. While all-cause 

mortality has conflicting results, other cause-specific mortality are closely associated with 

coal mining in Appalachia. 

 Mortality from respiratory diseases is higher in the Appalachian region than in the 

United States. Generally, this can in large part be explained by high rates of smoking 

(Mensah et al. 2005; King, Dube, & Tynan 2012). However, recent research suggests that 
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coal mining areas have higher rates of respiratory disease mortality than non-coal mining 

areas. Hendryx (2009) finds that Appalachian counties with more than 4 million tons of 

coal mined between 2000 and 2004 have the highest rates of mortality from chronic 

respiratory diseases. However, they do not find higher acute respiratory mortality elevated. 

These findings suggest that much of the respiratory disease mortality comes from chronic 

obstructive pulmonary disease (COPD), asthma, lung cancer, cystic fibrosis among other 

forms of chronic respiratory disease. Additional studies conducted by the WVU team find 

an increased incidence of lung cancer (Hendryx, O’Donnell & Horn 2008; Hendryx, 

Fedorko & Anesetti-Rothermel 2010; Hendryx & Holland 2016) and respiratory mortality 

(Hendryx & Holland 2016) in Appalachian coal mining counties.  

 Lung and bronchial cancer incidence rates are higher in Appalachian counties than 

in non-Appalachian counties (Fisher et al. 2008; Christian et al. 2011; Blackley, Behringer 

& Zheng 2012; Wilson et al. 2016). Lung cancer incidence rates are highest in the central 

Appalachian regions of West Virginia, Kentucky, Virginia, and Tennessee (Wingo et al. 

2007; Christian et al. 2011). However, despite overall higher incidence rate of lung cancer 

in the Appalachian region, studies find the highest mortality rates for lung cancer in coal 

mining counties (Hendryx, O’Donnell & Horn 2008; Hendryx, Fedorko & Anesetti-

Rothermel 2010; Hendryx & Holland 2016). All studies have controlled for potential risk 

factors, such as smoking rates within each county. In a GIS-based inverse-distance model, 

using location data on mines, coal slurry impoundments and processing plants, Hendryx, 

Fedorko & Anesetti-Rothermel (2010) find their exposure method to be highly correlated 

with lung cancer mortality rates in West Virginia. I build upon the work of Hendryx, 
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Fedorko & Anesetti-Rothermel (2010) by constructing a population-exposure based model, 

which will is discussed in a later chapter.  

 Heart disease and risk factors for heart disease such as obesity and smoking are 

higher in the Appalachian region (Sherry et al. 2010; Jemal et al. 2008; King, Dube & 

Tynan 2012). However, research suggests that Appalachian coal-producing counties have 

higher rates of heart disease than non-coal producing Appalachian counties. Hendryx 

(2009) finds that male and female mortality rates for chronic heart disease are higher in 

Appalachian coal mining communities after controlling for smoking and other 

demographic and socio-economic factors. In a follow-up study, Esch & Hendryx (2011) 

find that chronic cardiovascular disease mortality rates are highest in coal mining counties 

containing mountaintop removal coal mining. These findings suggest a strong 

environmental component to health disparities in the Appalachian region. 

Self-reported health, Hospitalizations & other coal mining-related health outcomes 

 Scholars find that measures of self-rated health and illness to be highly predictive 

of actual disease and illness (Miilunpalo et al. 1997; Idler & Benyamini 1997; Jylha 2009; 

Mossey & Shapiro 2011). Studies have consistently found that self-rated health can predict 

mortality, that is self-rated poorer health and illness are predictive of future mortality (e.g., 

Mossey & Shaprio 2011). Thus, scholars have found consistent evidence that self-rated 

health is a strong predictor of overall health and potentially serious illness (Idler & 

Benyamini 1997; Jylha 2009). In the Appalachian region, researchers find a significant 

association between residence in coal mining communities and lower self-rated health 

status. Using a survey of 16,493 residents of West Virginia, Hendryx and Ahern (2008) 

find coal production to be highly associated with lower levels of self-rated health. As the 
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rate of coal production increased, health status ratings decreased, and the reporting of 

diseases increased. This association remained after additional covariates for health 

behaviors, socioeconomic status and demographics are included in the model (Hendryx & 

Ahern 2008). 

 Hendryx (2013) surveyed three communities in eastern Kentucky, one that had 

mountaintop removal coal mining and two that did not. Hendryx (2013) finds that 

respondents living in the mountaintop mining community have significantly lower self-

rated health than those living in the non-mountaintop mining community. Those living in 

the mountaintop mining community had significantly higher rates of asthma, COPD, and 

hypertension (Hendryx 2013).  

 While research by Michael Hendryx and his colleagues find a significant 

association between coal mining and self-rated health, other scholars find contradictory 

results. Woolley et al. (2015) used logistic modeling from self-rated responses from 10 

counties in West Virginia, Tennessee and North Carolina (n=415), both coal mining and 

non-coal mining, to model the potential association between coal mining and self-reported 

health. They find no significant association between the odds of having poor or good health 

and living in a coal mining county (Woolley et al. 2015). They measured coal mining by 

employment status or a self-reported question asking if they lived near a coal mining 

facility. Self-reporting residence near coal mining sites raises the possibility of 

misreporting if the respondent does not know if they live near a coal facility. Previous 

research used administrative production records to control for coal mining by employing 

dichotomous measures of living in a coal mining community or not or linear measures of 

the level of coal production (e.g., Hendryx & Ahern 2008; Hendryx 2013).  
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 Some scholars use self-rated health as part of a measure to assess the health-

associated quality of life. These measures are called  health-related quality of life 

(HRQOL) factors (CDC 2000). HRQOL includes a 5-measure scale for self-rated health, 

a measure of the number of healthy physical and mental days a person reports each month 

and a measure of the number of activity limitation days (CDC 2000).  Using HRQOL 

measures, Zullig and Hendryx (2010) find that Appalachian coal mining county residents 

had significantly fewer healthy days for both physical and mental health and overall poorer 

self-rated health compared to the U.S. non-coal mining counties. Zullig and Hendryx 

(2010) find that these associations remained after additional controls for health behaviors, 

socioeconomic circumstances and demographic characteristics are considered. In a 

separate analysis conducted by Zullig and Hendryx (2011) they find a similar pattern for 

respondents living in mountaintop removal mining counties.  

 Hendryx, Ahern & Nurkieicz (2007) was one of the first publications to bring 

attention to the potential impact of coal mining on population health in the Appalachian 

coalfields. Using 2001 hospitalization data for West Virginia, Kentucky, and Pennsylvania, 

they find a significant association for increases in coal production and increased odds of 

hospitalization for hypertension and COPD. Increased odds of hospitalization for 

hypertension and COPD remained after additional covariates for county socioeconomic 

and demographic factors were considered. The odds of hospitalization for hypertension 

increased by 1% for every 1873 tons of coal mined and the odds for COPD hospitalization 

increased 1% for every 1462 tons mined (Hendryx, Ahern & Nurkieicz 2007). While 

Hendryx’s team finds significant links between coal mining and hospitalization rates, 

others have found contradictory results. 
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 Talbott et al. (2015) examined hospitalization rates for circulatory disease in West 

Virginia and finds that they are not associated with coal mining. Using hospitalization data 

from 2005 to 2009 for all counties in West Virginia, they constructed a spatial regression 

model assessing the relationship between coal mining production and hospitalization rates. 

They find no significant association between a county’s coal mining production and 

hospitalization rates for circulatory disease (Talbott et al. 2015). These results suggest a 

mixed association between coal mining and hospitalization in the Appalachian region. Coal 

mining communities are associated with increased hospitalization rates for respiratory 

diseases (e.g., COPD) (Hendryx, Ahern & Nurkieicz 2007). However circulatory disease 

(e.g., cardiovascular disease) do not see higher hospitalization rates (Talbott et al. 2015). 

Coal Mining Pollution Risks 

Mountaintop removal coal mining’s potential environmental health risks are 

associated with two main ecological pathways, air pollution, and water pollution. The air 

quality pathway consists of is two areas of releases, the release of particulate matter in the 

air and the chemicals and other materials that are in the particulate matter itself. Particulate 

matter refers to a mixture of liquid droplets and solid particles that are found in air. These 

particulates can be very large or very small; they can be visible to the naked or invisible 

(“Particulate Matter,” EPA 2016). Particulate matter comes in two sizes, PM10 and PM2.5. 

PM10 refers to any particulate matter larger than 2.5 micrometers in diameter, PM2.5 refers 

to particles 2.5 micrometers or less in diameter (“Particulate Matter,” EPA 2016).PM2.5 

can travel distances far beyond the emission point, sometimes documented farther 30 miles 

from the source point, PM10 has been noted to have a smaller range (“Particulate Matter,” 

EPA 2016).  
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Particulate matter can be dangerous when certain concentrations and sizes are 

inhaled in the human body (Anderson, Thundiyill & Stolbach 2011). Particulate matter has 

been found to increase incidence, mortality, and hospitalizations from respiratory diseases 

(Zeka et al. 2005; Analitis et al. 2006; Ostro et al. 2006; Zanobetti and Schwartz 2009; 

Hales et al. 2010), cardiovascular disease (Chapman et al. 1997; Bhatnagar 2006; Dominici 

et al. 2006; Mastin 2006) and lung cancer (Pope III et al. 2002). 

 Particulate matter is found in coal dust produced in underground coal mines and is 

linked to incidence of coal workers’ pneumoconiosis (CWP; more commonly called “Black 

Lung Disease.”) and silicosis in coal miners (Castranova & Vallathan 2000). Additional 

scholarship finds that surface coal mining sites release particulate matter into the 

atmosphere as well. Increased particulate matter concentration has been found in studies 

of surface coal mines in India (Ghose & Majee 2000), United Kingdom (Reynolds et al. 

2003), China (Liu et al. 2012), Colombia (Huertas et al. 2012) and Australia 

(Higginbotham et al. 2010). Similar air quality issues are found in West Virginia in the 

United States (Kurth et al. 2014; Kurth et al. 2014[1]).  

 In the case of the Appalachian region, surface mining via the mountaintop removal 

process has been found to produce increased levels of particulate matter and crustal 

materials in the air. A research team from West Virginia University and the US Geologic 

Survey sampled air quality in several West Virginia counties with and without mountaintop 

removal coal mining sites. They find that mountaintop removal mining sites experience 

between 1.5 to 5.8 times more PM elements than the non-mountaintop removal sites (Kruth 

et al. 2012). An additional study found that the smallest (PM <2.5 μm3) size particles are 
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found in high concentrations around the sample mountaintop removal coal mining sites in 

West Virginia (Kruth et al. 2012 [1]).  

 The World Health Organization estimates that nearly 800,000 people die each year 

from diseases and illnesses associated with air pollution (Anderson, Thundiyil & Stolbach 

2011), much of which comes in the form of particulate matter (PM 2.5 μm3 and PM 10 

μm3). Almost all population health studies examining the impact of particulate matter and 

air pollution have examined large urban centers (Anderson, Thundivil & Stolbach 2011). 

Increases in coarse particulate matter (PM 10 μm3) is associated with increased all-cause 

mortality (Dockery et al. 1993; Pope et al. 1995), cardiopulmonary mortality (Pope et al. 

1995) and respiratory mortality (Zeka et al. 2005; Analitis et al. 2006; Hales et al. 2010). 

Increases in fine and ultrafine  particulate matter (PM <2.5 μm3) are associated with 

increased cardiopulmonary (Pope et al. 2002), cardiovascular (Miller et al. 2007), 

respiratory (Zanobetti et al. 2009; Ostro et al. 2006) and lung cancer mortality (Pope et al. 

2002). Particulate matter is a serious environmental health risk, and research suggests it 

poses a serious risk to the cardiovascular and respiratory systems. This risk posed by 

particulate matter is due to the potential harm of the cardiopulmonary system, which can 

cause respiratory, cardiovascular illnesses (Thurston & Lippmann 2015) and increases the 

risk of cancer (Hamra et al. 2014). Much of the scholarship on the mortality risks associated 

with mountaintop removal coal mining in Appalachia suggests air pollution as the most 

likely pathway for increased mortality.   

Water Pollution 

 The mountaintop removal mining process does extensive harm to the environment 

(Palmer et al. 2010). When the physical terrain changes, the hydrological geography 
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changes as well. Streams are buried beneath rubble from the mountains, in some cases, 

they may be completely rerouted (Lindberg et al. 2011; Evans et al. 2015). Thus, these 

streams are susceptible to runoff from the mines when it rains or snows on the large mine 

site (Evans et al. 2015). Lindberg et al. (2011) find a linear increase in conductivity in the 

streams near the mountaintop removal mining site. Additionally, they find high 

concentrations of selenium, sulfate, magnesium, and other inorganic solutes within the 

geographic extent of the upstream mining operation. Hitt & Hendryx (2010) find a 

significant association between the ecological integrity of streams near mountaintop 

removal coal mining sites and cancer rates in the surrounding counties. They find that 

respiratory, digestive, urinary and breast cancer rates are significantly elevated and 

associated with the ecological integrity of streams (Hitt & Hendryx 2010). While streams 

are a significant cause of concern for pollution, groundwater appears to be impacted by 

mountaintop removal mining as well.  

 An assessment conducted in 1996-98 by the U.S. Geological Survey National 

Water-Quality Assessment Program finds that ground-water wells down-stream from 

reclaimed surface coal mines in Pennsylvania, Maryland and West Virginia had higher 

levels of sulfate, water hardness, calcium, iron, manganese, aluminum than wells in non-

mined areas (McAuley & Kozar 2006). A 2005 study by John Schiber finds high levels of 

arsenic in 217 groundwater samples from 26 coal mining counties in eastern Kentucky, 

West Virginia, southeastern Ohio, and northeastern Tennessee. When groundwater is 

impacting, there is potential for pollution to enter public drinking water sources. Another 

study conducted by Hendryx, Fulk & McGinley (2012) found mountaintop coal mining 

counties have significantly higher public drinking water violations than regular coal mining 
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counties and non-coal mining counties between 2001 and 2009. Pollution via air, streams, 

and groundwater all pose significant risks to populations that surround coal mining areas. 

Scholarship has continued to point toward links between coal mining, mountaintop 

removal coal mining and negative health outcomes. 

Gaps in the Literature 

 There have been multiple studies of the environmental impact of mountaintop 

removal coal mining in Appalachia. Scholars have found that mountaintop removal mining 

is associated with increased hydrological damage to the watershed and on the land 

(Lindberg et al. 2011; Evans et al. 2015), increased pollution, including chemical and 

isotopic compositions in streams (Vengosh et al. 2013), and increased particulate matter in 

the air (Kruth et al. 2012). There has been little research linking environmental pollution 

from mountaintop removal coal mining to human mortality rates. A limited study 

conducted by Hitt and Hendryx (2010) found significant links between stream pollution 

levels and respiratory, digestive, urinary and breast cancer rates in the surrounding 

counties. However, other than this study the field remain relatively scarce. In this project, 

I seek to combine pollution variables (air pollution data from the EPA) and mortality data 

to assess the impact of air pollution from coal mining areas on mortality rates. I will discuss 

study design specifics in the next chapter.  

 Environmental health risks at a population level require a refined measure of 

exposure. However, except for a study conducted by Hendryx, Fedorko & Anesetti-

Rothermel (2010), all prior studies use some form of county-level coal production as a 

proxy for environmental exposure. Hendryx, Fedorko & Anesetti-Rothermel (2010)’s 

inverse-distance variable is an imperfect measure, in part because of the geographic nature 
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of mountaintop removal coal mining. Population centers and mining sites may vary greatly 

within the county-level boundaries. As Hendryx, Fedorko & Anesetti-Rothermel (2010) 

showed in their study; a more refined and detailed geographic information systems 

approach can yield some more statistically robust findings. In their study, they used the 

inverse-distance measure to estimate population exposure at the county-level. I plan to use 

areal interpolation to create a county-level coal-exposure measure. I will discuss this at 

length in a later chapter. 

 As has been noted by scholars (e.g., Borak et al. 2012), much of the scholarship 

positing a link between coal mining and mortality in Appalachia has been correlational and 

not causal. It is not clear from prior studies if increases in coal mining production or 

exposure to coal mining lead to higher mortality rates. I address this problem by employing 

a longitudinal analysis to measure change over time. I will discuss these in the more detail 

in the following chapters. 
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STUDY DESIGN & METHODS 

 

 My project will address the gaps in the literature on coal mining and mortality in 

Appalachia through two different, yet related analyses. The first is an analysis of air quality 

data from the EPA and mortality rates in the Appalachian region; the second will be 

constructing a population-based coal-exposure risk measure. I incorporate longitudinal 

study design elements into both studies.  

Air Pollution Analysis 

 I create a model to test the association between coal mining production and air 

quality in the Appalachian region. I use air quality data from the EPA’s system of air 

monitoring networks combined with coal production data and county-level age-adjusted 

mortality rates. Prior scholarship suggests that coal mining communities will experience 

more particulate matter emissions than non-coal mining communities. Thus my research 

questions and hypotheses predict that coal mining counties will have increased average 

emissions of particulate matter (PM 10 μm3) and higher average Air Quality Index (AQI) 

measure than non-coal mining counties.  

Research Questions: 

- Do coal mining counties have higher PM10 & overall AQI than non-coal mining 

counties?  

- Are higher levels of PM10 emissions and overall AQI associated with increased 

mortality? 

Hypothesis :  

H1: As coal production increases, the concentration of particulate matter (PM10) 

and AQI will increase. 

H2: Increases in AQI and particulate matter (PM10) will be significantly associated 

with increases in mortality from all-causes, all-cancers, lung cancer, respiratory 

diseases, neurodegenerative and cardiovascular diseases. 
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Population Risk Analysis 

 I use an aerial interpolation model to create a mountaintop removal coal mining 

population coal-exposure risk measure. This measure tests if using a GIS model is more 

predictive than prior non-GIS models (e,g, Hendryx 2008). Additionally, I examine the 

long-term impact of increases in the population risk measure on mortality. 

Research Questions: 

- Is coal mining associated with increased mortality rates? 

o Does this association remain after the addition of covariates for socio-

economic, demographic and health factors? 

- Is the Population Risk Measure associated with increased mortality rates? 

o Does this association remain after considering socio-economic, 

demographic and health covariates?  

o Is this association more predictive than prior coal production measures?  

o Does the increase in the coal production population risk measure 

produce significant increases in mortality rates over time? 

Hypotheses : 

H3: Coal mining will have a significant positive relationship with mortality rates, 

and the association will remain after the addition of covariates.  

 

H4: Population Risk Measure will be more predictive of mortality rates than the 

coal production measures previously used. 

 

H5: Increases in coal population risk measure will be significantly associated with 

increases in mortality rates over time. 

 

Data 

 The dependent variable will be the age-adjusted county mortality rate for six 

classification types. The World Health Organization provides a comprehensive set of 

classifications for deaths called the International Classification of Diseases and Related 

Health Problems (ICD) (U.S. Department of Health and Human Services, 1995). The 

National Center for Health Statistics classifies all mortality data using the ICD codes and 

provides mortality data for cause of death (U.S. Department of Health and Human Services, 

1995). In this project, I use six classification levels. These classifications include all-cause 
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mortality, all-cancers (ICD 10 – C00-D49), lung and bronchus cancer (ICD 10 – C34), 

respiratory diseases (J00-J99), cardiovascular diseases (ICD 10 – I00-I99) and 

neurodegenerative diseases (ICD 10 – G30-G32). These four categories are picked because 

either other scholars find significant associations between mortality rates and coal mining 

or recent research suggests air pollution is connected to increased incidence (e.g., 

neurodegenerative diseases (Block & Calderon-Garciduenas 2009)), thus making this 

study comparable to previous scholarly work (e.g. Hendryx 2008; Hendryx 2009; Hendryx, 

Fedorko & Anesetti 2010; Esch and Hendryx 2011; Boark et al. 2012).The disease-specific 

mortality estimates are provided by the Institute for Health Metrics and Evaluation at the 

University of Washington (Dwyer-Lingren et al. 2016); they are five-year estimates from 

1990 to 2010 (1990-95; 1996-2000; 2001-05; 2006-10).  

 Dwyer-Lingren et al. (2016) have created robust estimates of disease-specific 

mortality rates at the county-level. These estimates use redistribution techniques to recode 

garbage mortality codes (implausible or insufficiently specific cause of death codes) and 

incorporate small area estimation methods (statistical methods for estimating rates in small 

subpopulations). They use mortality data from the death recreation system of the National 

Vital Statistics System from 1980 to 2014 to construct their estimates (Dwyer-Lingren et 

al. 2016). They construct these county-level estimates for 21 causes of death. I use these 

estimates because they provide robust estimates for disease-specific mortality in small, 

rural counties, which the Appalachian region has more than other comparable regions in 

the country. Thus these data provide a more robust assessment than the more commonly 
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used CDC WONDER2 disease-specific mortality estimates (Dwyer-Lingren et al. 2016). 

All-cause mortality comes from the standard CDC WONDER estimate, adjusted for age. 

Study Time-Period 

 Mountaintop removal coal mining began in the middle of the twentieth century. 

However, it was not until the 1970’s that the practice gained widespread use in the 

Appalachian region (Eller 2008; Hendryx & Holland 2016). The ideal analysis would 

include the time-period before mountaintop removal mining started. However, there is little 

key data available before the 1992 period for some important covariate data (smoking). 

Therefore, this study will focus on the 1990 to 2010 period. The 1990’s saw an increase in 

the use of mountaintop removal coal mining. Thus this period works well given the 

increasing use of this mining practice during the study time frame. 

Geographic Location 

 While mountaintop removal coal mining has been found as far north as some parts 

of Pennsylvania and Ohio and in parts of states like Tennessee, the heartland of MTR is 

the coalfields of eastern Kentucky, southern West Virginia, and southwest Virginia 

(Hendryx and Holland 2016). This region alone accounts for 62% of all coal mined in 

Appalachia and nearly 15% of all coal produced in the United States in 2015 (Annual Coal 

Report 2016). This study will focus on the Appalachian counties, as defined by the 

Appalachian Regional Commission of Kentucky, West Virginia, and Virginia (“Counties 

in Appalachia,” Appalachian Regional Commission 2016). Figure 1 shows all the counties 

included in the model. 

                                                           
2 CDC WONDER is an online web application that provides 20+ collections of public-use data for U.S. 
births, deaths, cancer incidence statistics for download (CDC WONDER 2017).  
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Air Quality Analysis 

 The passage of the 1990 reauthorization of the Clean Air Act by the U.S. Congress 

brought new National Ambient Air Quality Standards (NAAQS) for “criteria” pollutants 

(NAAQS Table 2016). The pollutants included in the new standards are carbon monoxide 

(CO), nitrogen dioxide (NO2), ozone (O3), particulate matter (PM 2.5 μm3 and PM 10 μm3), 

and sulfur dioxide (SO2). Each pollutant has a daily, and annual measure that cannot 

exceed, or the said community in which the pollutant is elevated can face fines and 

enforcement action by the U.S. EPA. In addition to the “criteria” pollutants, the EPA 

created a composition measure of air quality called the Air Quality Index (AQI). The AQI 

is a composition of all pollutants and their potential harm to human health and wellbeing. 

It ranges from 0 to 500, with the higher the number, the more hazardous to human health 
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(Mintz 2009). See Table 1 below. All are measured at monitoring stations in all 50 states 

and US territories. However, not all US counties have air monitoring stations, and this is a 

limitation to the study.  

Table 1: Air Quality Index 

Air Quality Index 

Levels of Health 
Concern 

Numerical 
Value 

Meaning 

Good 0 to 50 
Air quality is considered satisfactory, and air pollution 
poses little or no risk. 

Moderate 51 to 100 

Air quality is acceptable; however, for some pollutants, 
there may be a moderate health concern for a very small 
number of people who are unusually sensitive to air 
pollution. 

Unhealthy for 
Sensitive Groups 

101 to 150 
Members of sensitive groups may experience health 
effects. The general public is not likely to be affected. 

Unhealthy 151 to 200 
Everyone may begin to experience health effects; 
members of sensitive groups may experience more 
serious health effects. 

Very Unhealthy 201 to 300 
Health alert: everyone may experience more serious 
health effects. 

Hazardous 301 to 500 
Health warnings of emergency conditions. The entire 
population is more likely to be affected. 

(Source: https://airnow.gov/index.cfm?action=aqibasics.aqi).  

 In my analysis, I use EPA air quality data for particulate matter. Particulate matter 

is a concern for mountaintop removal coal mining operations because it comes not only 

from explosives and debris from mines but also from trucks, trains, and construction 

equipment in the immediate vicinity. I only use the coarser PM 10 μm3 standard due to the 

limited sampling of finer grain (PM < 2.5 μm3) particulate matter air quality data. The air 

https://airnow.gov/index.cfm?action=aqibasics.aqi
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monitoring system does not cover all counties in the United States; however, it uses a 

sample of counties that are to be representative of various regions of each state. The air 

monitoring stations can change from year to year as funding for the air monitoring program 

is changed, thus the sample counties from range from 25 sample counties in the 1990-95 

time period to 11 sample counties in the 2006-10 time period. I combine the annual air 

quality data with annual coal production data for surface and all-coal mines for the time-

period between 1990 and 2010.  

 Preliminary analyses of the air monitoring data included looking at air data trends 

within each county included in the study both longitudinally and each counties’ 

distributions. These initial tests were conducted to test the assumptions that are required 

for several of the analytical models (e.g., OLS). These tests proved that the air monitoring 

data was robust and normally distributed both within the counties and combined. While 

some debate exists in the literature about appropriate measures, we choose to use a mean 

(average) of the all the measures due to the inconsistency between time measures are taken 

(Some every week others every three days, depending upon the monitoring site in 

question). Thus I standardized these measures across the sample counties.  

 My analysis will consist of several regression models, including ordinary least 

squares, random-effects, and fixed-effects models. The addition of other covariate data 

(such as smoking rates, socio-economic status, etc.) will be included in the model. I use 

these same three modeling techniques in the coal-exposure models, which are discussed 

below. 

Coal-exposure Analysis 
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 The base of the coal-exposure risk measure will come from the 1992, 2001, 2006 

and 2011 National Land Cover Database. The National Land Cover Database is a 

topographical survey of all land and its use in the United States constructed by the U.S. 

Geological Survey (Fry et al. 2011). The NLCD uses imagery from Landsat7 Enhanced 

Thematic Mapper Plus (ETM+) and Landsat 5 Thematic Mapper to monitor change in land 

cover between the mapping period (Fry et al. 2011). In the 1992 NLCD, there is a code for 

land areas classified as “surface mining,” however, after this year this code is merged with 

codes for gravel, pavement, etc. I combine the NLCDs with mine permitting data from 

regulatory agencies in Kentucky, West Virginia, and Virginia. Using these as a guide, I 

extract all of the coded pavement, gravel areas within permitted mining sites. I conduct 

random checks comparing against satellite imagery to make sure surface mines are 

extracted from the data. I construct shapefiles for each year (1992, 2001, 2006, 2011) with 

crude measures of surface mining in many coal mining counties in three Appalachian 

states. 

 I use an areal interpolation method to estimate the population within multiple 

distance parameters of mountaintop removal coal mines. Areal interpolation is a method 

used by many geographers and demographers to aggregate data from a small administrative 

unit to a larger unit. In this project, I aggregate census block population data near 

mountaintop removal coal mining sites to the county-level (The lowest geographic unit 

available for mortality rates are only at the country level). I calculate the percentage of the 

estimated population within each block that is within a defined distance (.25 miles, .50 

miles, 1 miles, 2 miles) of the mountaintop removal coal mining site, then add up all the 

estimated population at risk for each county. Thus, my coal-exposure measure is the total 
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estimated population at risk from pollution from mountaintop removal coal mining sites. I 

will calculate this into the percent of the county population at risk for being exposed to 

surface/mtr coal mine sites. However, while geographers and demographers commonly use 

this method, it does have its limitations.  

 Areal interpolation assumes a uniform distribution of population over 

administrative units. Thus, all census block groups in my project will be assumed to have 

uniform population distribution. Given the mountainous geography of the Appalachian 

region, this could be a potential limitation. However, given the relatively small size of 

block groups, this limitation may not be as severe as initially expected. This method builds 

upon the work of others such as Hendrxy, Fedorko, & Anesetti-Rothermel (2010). 

 

Modeling Methods 

I test the association between AQI and particulate matter and mortality rates and 

coal-exposure measures and mortality rates using three separate types of models: ordinary-

least-squares regression model, random-effects, and fixed-effects regression models. Each 

model type brings both advantages and disadvantages that I discuss further in detail. 

Testing the association between multiple types of models provide a robust analysis of the 

potential associations. 

Ordinary-least squares regression modeling is the workhorse of the social sciences. 

Linear regression thus provides a very simple model to test the potential association 

between coal mining and mortality rates. However, OLS regression cannot account for 

potential heterogeneity caused by non-measured county-level factors. Thus, there may be 
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potential errors in the analysis due to unique county-level factors unmeasured in the data 

available. The next two models attempt to account for these unique factors.  

 Random-effects models measure variation between and within counties over time 

while controlling for potential unobserved heterogeneity in the dataset via a combined error 

term (Allison 2009). Coal mining cluster in a minority of counties in the study area. Thus 

there is potential for strong variation among county characteristics (Energy Information 

Administration 2016). Using a random-effects model I can account for potential effects of 

individual county characteristics, but also unmeasured effects between the counties that are 

measured. Random-effects differs from the fixed-effects modeling in controlling for 

potential between-county variation. 

 Fixed-effects models account for only within-county variation. Thus, individual 

county characteristics that are not measured in the dataset, but are fixed (geographic 

features, built environment, etc.) as a constant over the study period. Potential unobserved 

heterogeneity from county-level factors is taken into consideration. In fixed-effects 

models, observed variables can correlate. In random-effects models, these are not assumed 

or allowed to correlate (Allsion 2009). However, fixed-effects models can only account for 

within-county change over time, but not between county change over time (Allison 2009). 

The use of both random-effects (both within and between) and fixed-effects (only within) 

is appropriate for longitudinal analysis. Accounting for only within county-change will 

allow me to examine the potential longitudinal impact of coal mining on mortality in 

Appalachia.  

Missing Data 
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 Given the unique data of this project and the multiple sources of data, issues of 

missing data arise. I deal with missing data on a case-by-case basis. Some data, such as the 

EPA air quality data, are missing counties in the analyses due to a lack of monitoring 

stations (air quality data). Those counties without air monitoring stations were not included 

in the model, thus reducing the sample size to n=33 total counties out of a total of n=133 

counties included in the coal-exposure model. The EPA does construct modeled data for 

counties in which there are not monitoring stations. However, I choose not to use this data. 

I wanted to use the raw data and construct my own annual estimates to modify the air 

quality data based on my own understandings of the structure of the data. I tested several 

ways of calculating the data (e.g., annual medians, annual means, etc.). 

  The population, demographic and socio-economic data from the US Census Bureau 

has very little to no missing data, and all are at the county level. Coal production data is 

limited to the early 1990’s, as many states do not publicly report coal production data by 

county and the U.S. Department of Energy did not start reporting coal production data by 

county-level until the late 1990’s. The data limitations around coal mining limit the scope 

of this study to the two decades between 1990 and 2010.  

Longitudinal Trends in Coal Production 

Figure 2 shows the longitudinal trend in coal production in the Central Appalachian 

region. In the years between 1992 and 2004, coal mining production dropped by a total of 

17% in Central Appalachia. Underground coal mining production had dropped 27% 

between this same period, while mountaintop removal coal mining saw a 6% uptick in 

production over the same period. The increase of mountaintop removal and surface coal 
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mining and decline of underground coal mining points to a depletion of easier to retrieve 

coal reserves and increased reliance upon smaller coal seams which require MTR to access.   

 

 

It was during this time-period as coal production overall declined, and underground 

coal mining, in particular, declined heavily, we see a decrease in coal mining employment. 

Figure 3 shows the trend line for coal mining employment in the Central Appalachian 

region. Between 1992 and 2004 Central Appalachia saw a 52% decrease in coal mining 

employment. The largest loss was between 1992 and 1994, which saw a 36% decrease in 

total coal mining employment in the region. The decrease in coal mining employment 

figures is not surprising, given the long-term decline in underground coal mining 

production and the rise of MTR coal mining. Mountaintop removal coal mining requires 

far fewer employees than traditional underground mines.  Thus, increasing production of 
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MTR and decreasing underground mining leads to a decrease in overall employment in the 

mining industry. 

  

Longitudinal Trends in Mortality Rates 

Figure 4 presents mortality trends for all-cause mortality for states in the study, 

Appalachian counties in the study, plus coal mining and non-coal mining counties in the 

study area. Mortality rates declined in six categories; however, the rate of decline varied. 

Among the states, Virginia consistently has the lowest mortality rates in the region, 

declining by 11%. Kentucky had the lowest rate of decline in all three states, with a decline 

of just 2.4% between 1992 to 2004.  

Appalachia has higher mortality rates than all states in the study. Appalachian 

counties also have the lowest decline in mortality rates of all regions and states in the study, 

at a decline of .16%.  Previous scholarship finds the Appalachian region to have higher 

mortality rates than non-Appalachian counties even within the same state (Halverson 

2004). Previous research finds that coal mining regions of Appalachia, both total coal 
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mining and mountaintop removal coal mining specifically, have higher mortality rates than 

the Appalachian region and the respective states in the study. Two of the three slowest 

declines in mortality rates are in the coal mining regions. These results show that 

consistently the Appalachian region has higher mortality rates than the non-Appalachian 

regions of the states included in the study. They also show that coal mining counties, 

particularly mountaintop removal coal mining counties, have higher mortality rates than 

Appalachia and the non-Appalachian parts of the states. These findings are consistent with 

what other scholars have found in Appalachia; mountaintop removal coal mining is 

associated with higher mortality rates for both all-cause mortality and disease-specific 

(e.g., Hendryx 2008; Hendryx 2009; Hendryx & Ahern 2009). I build upon these 

preliminary results in following two chapters. 
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AIR POLLUTION STUDY 

Univariate Results 

 Table 2 presents the descriptive statistics for the Air Quality models. Included in 

the model are the six dependent mortality variables for all county-years. The average 

mortality for all-cause mortality is 1,056 per 100,000 persons, the average ranges from 85 

per 100,000 for neurodegenerative diseases to 389 per 100,00 for cardiovascular disease. 

Cardiovascular disease has the highest disease-specific mortality rates, while 

neurodegenerative diseases have the lowest average mortality rates.  

 The air quality measures consist of two different measurements. The first is the Air 

Quality Index, created by the passage of 1990 reauthorized Clean Air Act, includes 

component measurements for carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), 

particulate matter (PM 2.5 μm3 and PM 10 μm3), and sulfur dioxide (SO2). The AQI is a 

composition of all pollutants and their potential harm to human health and wellbeing. It 

ranges from 0 to 500, with the higher the number, the more hazardous to human health 

(Mintz 2009). The average annual AQI for the counties in the sample is 22, with a range 

between 10 and 33, this range is within the “Good” category according to the AQI category, 

this average annual air quality is considered “satisfactory” and air pollution “poses little or 

no risk” (Mintz 2009).  The other measure is the annual particulate matter (PM10) 

concentration for the sampled counties, which is 21 ug/μm3, with a range of 11 ug/μm3 and 

38 ug/μm3. These rates are below the national standard of 150 ug/μm3 per twenty-four hour 
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period (NAAQS Table 2016). The sample counties are within the national standards for 

good air quality when averaged into an annual measure.  

 The average surface/mtr coal production across the counties was 3,234,000 tons, 

with some counties having a maximum of 86,100,000 tons coal mined. Underground coal 

mining has an average coal production double that of surface coal production across the 

study counties. An average of nearly 6,000,000 tons of underground coal is mined, with a 

maximum production of 102,000,000 tons of coal mined. In the study counties, coal mining 

employment averaged 1,253 with a maximum of 21,927 employed in coal mines. Similar 

to coal production, employment in coal mines cluster in a few coalfield counties in Central 

Appalachia. 

The study’s counties are largely white and rural. However, there are pockets of non-

white populations and urban communities as well. Across the counties, 2.78% of the 

population is African American, with a range between 0 and 44.95%. Other racial groups 

make up on average .53% of study counties population, with a range between 0% and 

5.63%. More than three-fourths of the counties in the study area are rural (77.3%), while 

more than a fifth are urban (22.7%) according to the 1993, 2003, and 2013 USDA rural-

urban continuum codes3.  

 The study counties have low levels of educational attainment, with high rates of 

poverty and smoking rates. An average of nearly one-tenth (9.8%) of people living in the 

study counties having less than an eighth-grade education, with a range between .47% to 

32.49%. One in five residents in the study counties live below the poverty line (21.2%), 

some counties having a poverty rate of over 50%. An average of a third of study county 

                                                           
3 https://www.ers.usda.gov/data-products/rural-urban-continuum-codes/ 
 

https://www.ers.usda.gov/data-products/rural-urban-continuum-codes/
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residents is currently a daily smoker, with counties that range between less than one fifth 

(18.09%) and nearly 40% of the county’s population being a current smoker.  

Table 2: Air Pollution Model Descriptive Statistics 

  Mean S.D. Min Max 

Mortality Rates (per 100,000) 
     

All-cause 1056 116 794 1407 

All-cancer 247 28 167 316 

Lung Cancer 87 18 43 143 

Respiratory Diseases 79 21 42 148 

Neurodegenerative Diseases 85 18 42 142 

Cardiovascular Diseases 389 66 232 570 

Air Quality 
     

Annual Air Quality Index (0-500) 22 4 10 33 

Annual PM10 (μg/m³) 21 5 11 38 

Coal Mining 
     

Underground Production (000's tons) 5993 15100 0 102000 

Surface Production (000's tons) 3234 9153 0 86100 

Employment 1253 2964 0 21927 

Demographics 
     

African American (%) 2.78 4.56 0 45 

Non-white (%) 0.53 0.57 0 6 

Rural (1=Rural; 0=Urban) 0.77 0.42 0 1 

Socioeconomics 
     

Poverty (%) 21 8 5 51 

>Eight Grade Education (%) 10 7 0.47 32 

Health 
     

Smoking (%) 31 4 18 38 

  n=90 

 

Geographic Distribution of Air Quality 

 In Figure 5a is a map of annual particulate matter (PM10) concentrations in the 

1990-95 time period. The highest concentrations of particle matter cluster is in the 

Kanawha Valley in central West Virginia and northeastern Kentucky along the West 

Virginia and Ohio border. The lowest concentration is in southwest Virginia. Figure 5b 

maps the annual particulate matter (PM10) concentration in the 1996-00 time period. PM10 



42 
 

concentrations have decreased in a majority of the counties, and the highest concentrations 

are now in northeastern and southeastern Kentucky. Figure 5c shows the concentrations of 

annual particulate matter in the 2001-05 time period. The number of counties with available 

data has decreased sharply compared to the two other time periods. The highest 

concentrations are in Monongalia County (Morgantown), West Virginia, Ohio County, 

West Virginia, and Boyd County (Ashland), Kentucky. Figure 5d presents the annual 

particulate matter concentrations in the 2006-10 time period. The number of counties in 

West Virginia and Virginia is greatly reduced, with only two counties in WV and one 

county in VA. The highest concentration is in Boyd County, KY. Overall, I find that 

particulate matter concentrations decline over the 1990 to 2010 time period. Particulate 

matter (PM10) concentrations cluster in the highest rates in northeastern Kentucky, the 

Kanawha Valley in central West Virginia and the northern panhandle of West Virginia. 

However, the number of counties with available data declines, which limits the conclusions 

that can be drawn from these maps. 
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In Figure 6a is a map of the average annual air quality index (AQI) in the 1990-95 

time period. The highest concentrations are in northeastern Kentucky, southeastern 

Kentucky, and the northern panhandle of West Virginia. The lowest concentrations are in 

southwest Virginia. In Figure 6b is a map of annual AQI in the 1996-00 time period. The 

lowest AQI concentrations are in the Kanawha Valley in central West Virginia, and the 

highest AQI concentration is in the northeastern Kentucky and the northern panhandle of 

West Virginia. Figure 6c is a map of annual AQI in the 2001-05 time period. The number 

of counties is reduced compared to the two previous time periods. However, similar to the 

other maps, the highest concentrations are in northeastern Kentucky and the northern 

panhandle of West Virginia. Figure 6d is a map of the annual AQI in the 2006-10 period. 

The number of counties decreases in West Virginia (two) and Virginia (one). The highest 

concentration is in Boyd County, Ky. Overall I find that AQI concentrations decrease over 
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the 1990 to 2010 time period. Similar to the maps for particulate matter (PM10), high AQI 

clusters in northeastern Kentucky, the Kanawha Valley in central West Virginia and the 

northern panhandle of West Virginia. 

 

Coal Mining & Air Quality Models 

 Table 3 shows the OLS, random-effects and fixed-effects models for air quality 

(AQI and Particulate Matter) and coal mining production. In the particulate matter, OLS, 

random-effects, and fixed-effects models coal production (underground or surface/mtr coal 

production) is not statistically significant and is not associated with annual county-level 

particulate matter. In the AQI OLS, random-effects and fixed-effects models coal 

production (underground or surface/mtr coal production) is not statistically significant and 
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is not associated with annual county-level AQI measure. These models poorly predict 

county-level particulate matter concentration or AQI.  

 

Table 3: Coal Production & Air Quality Index Models 

  Particulate Matter (PM10 μ/m³) Air Quality Index (AQI)  

  Model 1.1 Model 1.2 Model 1.3 Model 2.1 Model 2.2 Model 2.3 

Coal Production                     

Surface 3.84E-08  2.24E-08   -5.2E-09   3.87E-08  2.23E-08   -2.7E-09   

Underground -1.77E-08  -2.03E-08   -4.5E-08   -1.69E-08  -1.86E-08   -3.9E-08   

Time Period¹                     

1996-2000 -5.38 *** -5.03 *** -4.73 *** -4.82 *** -4.50 *** -4.23 *** 

2001-2005 -5.68 *** -6.57 *** -6.86 *** -5.12 *** -5.88 *** -6.11 *** 

2006-2010 -9.82 *** -10.54 *** -10.76 *** -8.97 *** -9.55 *** -9.72 *** 

¹reference=1990-

1995 n=90 n=90 n=90 n=90 n=90 n=90 

R²=.38 R²=.005 R²=.005 R²=.39 R²=.01 R²=.01 

 

Particulate Matter & Mortality Models 

 Table 4 presents the results from the particulate matter and mortality OLS, random-

effects and fixed-effects models. In the all-cause OLS model (M1.1), particulate matter 

(9.09) is statistically significant and positively associated with all-cause mortality. In the 

random-effects model (M1.2), particulate matter (6.06) is statistically significant and 

associated with all-cause mortality, meaning that increases in particulate matter are 

associated with 6.06 extra deaths. In models M1.1 (5.79) and M1.2 (3.87), the percentage 

African American is statistically significant and associated with all-cause mortality. In 

model M1.1 the percentage non-White is statistically significant and negatively associated 

with all-cause mortality. In models M1.1 (6.97) and M1.2 (3.06), poverty is statistically 

significant and associated with all-cause mortality. In models M1.1 (18.97) and M1.2 
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(18.18), smoking is statistically significant and associated with all-cause mortality. These 

models suggest that particulate matter concentrations can explain cross-country differences 

in all-cause mortality rates, but have a limited causal relationship with all-cause mortality. 

Table 4: All-cause Mortality & PM10 Models 

  Model 1.1 Model 1.2 Model 1.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 9.09 1.82 *** 6.06 1.94 ** 2.05 2.24   

Coal Mining                

Underground Production -1.86E-07 4.43E-07   -1.32E-08 3.47E-07   -1.69E-07 3.99E-07   

Surface Production 8.32E-07 1.24E-06   6.23E-07 8.55E-07   3.84E-07 7.61E-07   

Employment 0.01 0.004   0.005 0.003   -0.004 0.004   

Demographics                

African American (%) 5.79 1.49 *** 3.87 1.49 ** -2.36 3.30   

Non-white (%) -33.67 15.89 ** -19.69 13.09   -6.59 12.95   

Rural¹ -19.47 17.99             

Socioeconomics                

Poverty (%) 6.97 1.55 *** 3.06 1.26 ** -0.83 1.30   

>Eight Grade Education (%) -4.33 2.70   -0.83 2.09   -4.88 2.33 * 

Health                

Smoking (%) 18.97 2.70 *** 18.18 2.74 *** -0.36 5.29   

Time Period²                

1996-2000 43.84 21.96 * 31.59 17.12   -24.16 18.85   

2001-2005 13.99 40.65   37.62 32.38   -71.51 38.39   

2006-2010 46.12 35.45   35.40 30.59   -93.82 39.68 * 

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.72 R²=.74 R²=.10 

 

In Table 5 are the OLS, random-effects and fixed-effects models for all-cancer 

mortality and particulate matter. In the OLS model (M2.1), particulate matter (1.70) is 

statistically significant and positively associated with all-cancer mortality rates. In the 

random-effects model (M2.2), particulate matter (1.06) is statistically significant and 

positively associated with all-cancer mortality. Particulate matter is not statistically 

significant with all-cancer mortality in the fixed-effects (M2.3) models. Neither 

underground or surface/mtr coal production nor coal mining employment is statistically 
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significant in the three models. In model M2.1, the percentage African American (1.08), 

percentage non-White (-7.95), and rural status (-11.02) are statistically significant and 

associated with all-cancer mortality. In model M2.1 (1.64) and M2.2 (.61), poverty is 

statistically significant and positively associated with all-cancer mortality. In models, M2.1 

(5.32) and M2.2 (4.38) smoking rate are statistically significant and positively associated 

with all-cancer mortality. In models M2.1 (-1.28) and M2.3 (-1.32), education is 

statistically significant and negatively associated with all-cancer mortality. These models 

suggest that particulate matter can explain differences in all-cancer mortality rates across 

counties, but have a limited causal association.  

Table 5: All-cancer Mortality & Particulate Matter Models 

  Model 2.1 Model 2.2 Model 2.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 1.70 0.41 *** 1.06 0.44 ** 0.27 0.46   

Coal Mining                

Underground Production -1.27E-07 9.89E-08   -4.44E-08 7.65E-08   -7.67E-08 8.14E-08   

Surface Production 1.47E-07 2.77E-07   -9E-09 1.82E-07   -7.36E-08 1.55E-07   

Employment 0.002 0.001   0.001 0.001   -0.001 0.001   

Demographics                

African American (%) 1.08 0.33 *** 0.53 0.36   -0.09 0.67   

Non-white (%) -7.95 3.55 ** -4.29 2.84   -2.54 2.64   

Rural¹ -11.02 4.02 **           

Socioeconomics                

Poverty (%) 1.64 0.35 *** 0.61 0.27 ** -0.11 0.26   

>Eight Grade Education (%) -1.28 0.60 ** -0.38 0.46   -1.32 0.47 ** 

Health                

Smoking (%) 5.32 0.60 *** 4.38 0.64 *** -0.42 1.08   

Time Period²                

1996-2000 2.32 4.90   1.84 3.74   -8.66 3.84 * 

2001-2005 -12.16 9.07   -4.26 7.09   -26.97 7.82 ** 

2006-2010 7.46 9.91   2.62 6.82   -25.61 8.08 ** 

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.74 R²=.75 R²=.12 
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 Table 6 presents the results for the OLS, random-effects and fixed-effects models 

for lung cancer mortality and particulate matter. In the OLS model (M3.1), particulate 

matter (1.20) is statistically significant and positively associated with lung cancer 

mortality.  In the random-effects model (M3.2), particulate matter (.67) is statistically 

significant and positively associated with lung cancer mortality. Particulate matter is not 

statistically significant in the lung cancer (M3.3) fixed-effects models. In any of the lung 

cancer mortality models, neither underground or surface/mtr coal production is statistically 

significant, neither is coal mining employment. In model M3.1 poverty (1.01) and rural 

status (-7.74) are statically significant and associated with lung cancer mortality. In models, 

M3.1 (3.56) and M3.2 (2.85) smoking rates are statistically significant and positively 

associated with lung cancer mortality. Education (-.71) is statistically significant and 

associated with lung cancer mortality in model M3.3.  These findings are similar to those 

in the all-cause and all-cancer models, suggesting that particulate matter can account for 

cross-country differences in mortality rates, but have limited power to suggest causal 

relationships between particulate matter and lung cancer at the population level. 

Table 6: Lung Cancer Mortality & Particulate Matter Models 

  Model 3.1 Model 3.2 Model 3.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 1.20 0.29 *** 0.67 0.27 * 0.24 0.26   

Coal Mining              

Underground Production -5.94E-08 6.97E-08  -1.57E-08 4.72E-08   -3.28E-08 4.7E-08   

Surface Production 1.92E-07 1.95E-07  9.07E-09 1.07E-07   -3.24E-08 8.96E-08   

Employment 0.001 0.001  0.001 0.001   -0.0001 0.0004   

Demographics              

African American (%) 0.44 0.23  0.08 0.08   0.00 0.39   

Non-white (%) -2.43 2.50  -2.09 1.72   -1.82 1.52   

Rural¹ -7.74 2.83 **          

Socioeconomics              

Poverty (%) 1.01 0.24 *** 0.24 0.17   -0.12 0.15   

>Eight Grade Education (%) -0.29 0.42  0.004 0.28   -0.71 0.27 * 
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Health              

Smoking (%) 3.56 0.42 *** 2.85 0.42 *** -0.08 0.62   

Time Period²              

1996-2000 6.59 3.45  4.91 2.28 * -1.49 2.22   

2001-2005 5.52 6.39  6.27 4.36   -8.87 4.52   

2006-2010 16.54 5.58 ** 10.29 4.26 * -7.08 4.67   

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.73 R²=.71 R²=.26 

 

 Table 7 presents OLS, random-effects and fixed-effects models examining the 

relationship between particulate matter and respiratory disease mortality. In the OLS model 

(M4.1), particulate matter (.77) is statistically significant and positively associated with 

respiratory disease mortality. In the random-effects model (M4.2), particulate matter (.68) 

is statistically significant and positively associated with respiratory disease mortality. Coal 

production, underground or surface coal production, is not significantly associated with 

respiratory disease mortality in any of the three models. However, coal mining employment 

(.001) is statistically significant and positively associated with respiratory disease mortality 

rates in the OLS (M4.1) model. These findings confirm what prior literature have stated 

about the relationship between coal mining employment and respiratory diseases (i.e., coal 

worker pneumoconiosis) in the Appalachian region. Poverty (.89) is statistically significant 

and positively associated with respiratory disease mortality in model M4.1. Smoking is 

statistically significant and positively associated with respiratory disease mortality in 

model M4.1 (2.66) and M4.2 (2.49). These results suggest that for respiratory diseases, like 

all-cause, all-cancer and lung cancer mortality rates, that particulate matter can account for 

cross-county mortality rates, but cannot account for a potential causal relationship between 

particulate matter and respiratory disease mortality rates.  
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Table 7: Respiratory Disease Mortality & Particulate Matter Models 

  Model 4.1 Model 4.2 Model 4.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 0.77 3.72 ** 0.68 0.30 * 0.27 0.29   

Coal Mining              

Underground Production 5.16E-09 6.88  4.52E-08 5.22E-08   4.85E-10 5.28E-08   

Surface Production 4.62E-09 6.00  7.03E-08 1.19E-07   4.11E-08 1.01E-07   

Employment 0.001 0.001 ** 0.001 0.0005   -0.0003 0.0005   

Demographics              

African American (%) 0.07 0.25  -0.09 0.27   -0.13 0.44   

Non-white (%) -4.30 2.69  -1.71 1.90   -1.39 1.71   

Rural¹ 4.87 3.05           

Socioeconomics              

Poverty (%) 0.89 0.26 ** 0.19 0.18   -0.19 0.17   

>Eight Grade Education (%) -0.50 0.46  0.19 0.31   -0.55 0.31   

Health              

Smoking (%) 2.66 0.46 *** 2.49 0.46 *** -0.50 0.69   

Time Period²              

1996-2000 14.74 3.72 *** 14.57 2.53 *** 7.70 2.49 ** 

2001-2005 15.27 6.88 ** 22.25 4.82 *** 5.97 5.07   

2006-2010 29.83 6.00 *** 29.88 4.71 *** 11.57 5.24 * 

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.71 R²=.69 R²=.07 

 

 Table 8 presents OLS, random-effects and fixed-effects models examining the 

relationship between particulate matter and neurodegenerative disease mortality. In the 

OLS model (M5.1), particulate matter (-.81) is statistically significant and negatively 

associated with neurodegenerative disease mortality. In the random-effects models (M5.2), 

particulate matter (-.84) is statistically significant and negatively associated with 

neurodegenerative mortality rates. In the fixed-effects model (M5.2), particulate matter (-

.74) is statistically significant and negatively associated with neurodegenerative disease 

mortality. Neither underground or surface/MTR coal production is statistically significant 

is any of the three models, nor is coal mining employment. Rural status (-14.09) is 

statistically significant in the OLS (M5.1) model. However, little other covariates are 
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significantly associated with neurodegenerative mortality. These models suggest that 

increases in particulate matter concentrations reduce mortality from neurodegenerative 

diseases. Currently, scholars exploring causal factors for neurodegenerative disease 

mortality in biological models. Thus, these models are potentially picking up statistical 

noise, and factors not measured in these models may, in fact, be a mediating factor. These 

models are fundamentally exploratory and ecological and cannot account for true causality.  

Table 8: Neurodegenerative Disease Mortality & Particulate Matter Models 

  Model 5.1 Model 5.2 Model 5.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 -0.81 0.36 ** -0.84 0.25 ** -0.74 0.28 ** 

Coal Mining              

Underground Production -4.46E-08 8.88E-08  -3.25E-08 4.39E-08   -3.02E-08 5.07E-08   

Surface Production 2.49E-07 2.49E-07  8.73E-08 9.26E-08   7.47E-08 9.66E-09   

Employment -0.001 0.001  -0.001 0.0004   -0.0005 0.0004   

Demographics              

African American (%) 0.46 0.29  0.19 0.27   -0.01 0.42   

Non-white (%) 1.52 3.19  2.23 1.52   2.41 1.64   

Rural¹ -14.09 3.61 ***          

Socioeconomics              

Poverty (%) -0.38 0.31  0.02 0.15   0.10 0.16   

>Eight Grade Education (%) 0.21 0.54  -0.31 0.25   -0.09 0.29   

Health              

Smoking (%) -0.19 0.54  -0.38 0.45   0.53 0.67   

Time Period²              

1996-2000 2.31 4.40  3.09 2.08   4.74 2.39 * 

2001-2005 3.06 5.15  -0.42 4.04   3.94 4.87   

2006-2010 4.68 7.10   2.11 4.05   7.00 5.03   

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.39 R²=.32 R²=.12 

 

 Table 9 presents OLS, random-effects and fixed-effects models examining the 

relationship between particulate matter and cardiovascular disease mortality. In the OLS 

model (M6.1), particulate matter (4.73) is statistically significant and positively associated 

with cardiovascular disease mortality. In the random-effects model (M6.2), particulate 
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matter (1.44) is statistically significant and positively associated with cardiovascular 

disease mortality. In the fixed-effects model (M6.3), particulate matter is not significantly 

associated with cardiovascular disease mortality. In model M6.1, the percentage African 

American (2.27) and poverty rate (3.24) are statistically significant and positively 

associated with cardiovascular disease mortality. In models M6.2 (-11.57) and M6.3 (-

9.61), the percentage non-Whites are statistically significant and negatively associated with 

cardiovascular disease mortality. In models M6.1 (8.16) and M6.2(5.07), smoking rates are 

statistically significant and positively associated with cardiovascular disease mortality. In 

model M6.3, education (-2.28) is statistically significant and negatively associated with 

cardiovascular mortality. 

Table 9: Cardiovascular Disease Mortality & Particulate Matter Models 

  Model 6.1 Model 6.2 Model 6.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

PM10 4.73 1.17 *** 1.44 0.71 * 0.59 0.68   

Coal Mining              

Underground Production -6.99E-08 2.84E-07 
 

-2.8E-08 1.22E-07   -4.5E-08 1.22E-07   

Surface Production -4.18E-07 7.95E-07 
 

2.01E-08 2.57E-07   7.38E-09 2.33E-07   

Employment 0.004 0.002 
 

0.001 0.001   -0.0003 0.001   

Demographics              

African American (%) 2.27 0.95 ** 0.73 0.76   0.02 1.01   

Non-white (%) -18.58 10.19 
 

-11.57 4.24 ** -9.61 3.96 * 

Rural¹ -7.67 11.53 
          

Socioeconomics              

Poverty (%) 3.24 0.99 ** 0.45 0.41   -0.21 0.39   

>Eight Grade Education (%) -2.66 1.73 
 

-0.97 0.71   -2.28 0.71 ** 

Health              

Smoking (%) 8.16 1.73 *** 5.07 1.27 *** -0.02 1.62   

Time Period²              

1996-2000 1.24 14.07 
 -19.79 5.80 *** -32.65 5.76 *** 

2001-2005 -65.73 26.05 ** -75.16 11.28 *** -104.31 11.74 *** 

2006-2010 -59.17 22.72 ** -93.15 11.33 *** -125.73 12.14 *** 

¹reference=Urban; 

²reference=1990-1995 

n=90 n=90 n=90 

R²=.67 R²=.60 R²=.22 
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 Particulate matter in five of the six mortality types (All-cause, all-cancer, lung 

cancer, respiratory disease, cardiovascular disease), appears to be able to account for 

variance in mortality rates across counties, but there appears to be limited support for causal 

links. Given the data limitations (e.g., limited EPA data), it not surprising then that 

causality has no support in the current models. However, these studies do confirm what has 

been found in prior literature, but in a new, more rural context. Scholars find that increases 

in coarse particulate matter (PM10) is associated with increases in all-cause mortality 

(Dockery et al. 1993; Pope et al. 1995), cardiopulmonary mortality (Pope et al. 1995) and 

respiratory mortality (Zeka et al. 2005; Analitis et al. 2006; Hales et al. 2010). Increases in 

fine and ultrafine particulate matter (PM <2.5 μm3) is associated with increases in 

cardiopulmonary mortality (Pope et al. 2002), cardiovascular mortality (Miller et al. 2007), 

respiratory mortality (Zanobetti et al. 2009; Ostro et al. 2006) and lung cancer mortality 

(Pope et al. 2002). These results thus confirm prior scholarship. 

Air Quality Index & Mortality Models 

 Table 10 presents the OLS, random-effects and fixed-effects models examining the 

relationship between air quality index (AQI) and all-cause mortality rates. In the OLS 

model (M1.1), AQI (10.55) is statistically significant and positively associated with all-

cause mortality. In the random-effects model (M1.2), AQI (6.93) is statistically significant 

and positively associated with all-cause mortality. AQI is not significantly significant in 

the fixed-effects (M1.3) model. Neither underground nor surface/mtr coal production is 

statistically significant in any of the three models. However, in the OLS (M1.1) model, 

coal mining employment is statistically significant, but this does not continue in the other 

two models. In the M1.1 the percentage non-White (-24.11) is statistically significant and 
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negatively associated with all-cause mortality. The percentage African American is 

statistically significant and positively associated with all-cause mortality in models 

M1.1(5.90) and M1.2(3.89). Poverty is statistically significant and positively associated 

with all-cause mortality in models M1.1(7.00) and M1.2(3.10). Smoking is statistically 

significant and positively associated with all-cause mortality in models M1.1(19.07) and 

M1.2(18.18). These models suggest that AQI can explain variance in all-cause mortality 

across counties, but cannot predict within county variance.  

Table 10: All-cause mortality & AQI models 

  Model 1.1 Model 1.2 Model 1.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  10.55 2.08 *** 6.93 2.21 ** 2.18 2.59   

Coal Mining                

Underground Production -1.59E-07 4.41E-07   -1.03E-08 3.48E-07   -1.74E-07 4E-07   

Surface Production 7.74E-07 1.24E-06   6.03E-07 8.56E-08   3.81E-07 7.63E-07   

Employment 0.01 0.004 * 0.005 0.003   -0.004 0.004   

Demographics                

African American (%) 5.90 1.48 *** 3.89 1.50 ** -2.41 3.30   

Non-white (%) -24.11 15.83 ** -19.77 13.10   -6.29 12.96   

Rural¹ -20.41              

Socioeconomics                

Poverty (%) 7.00 1.55 *** 3.10 1.26 ** -0.84 1.31   

>Eight Grade Education (%) -4.47 2.69   -0.93 2.10   -4.88 2.34 * 

Health                

Smoking (%) 19.07 2.69 *** 18.18 2.74 *** -0.35 5.32   

Time Period²                

1996-2000 44.99 21.91 * 31.87 17.18   -24.81 19.07   

2001-2005 14.32 40.45   37.05 32.33   -72.52 38.57   

2006-2010 50.44 35.63   36.75 30.91   -95.02 40.51 ** 

¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=0.72 R²=.74 R²=.10 

 

 Table 11 presents the OLS, random-effects and fixed-effects models examining the 

relationship between air quality index (AQI) and all-cancer mortality rates. In the OLS 

model (M2.1), AQI (1.97) is statistically significant and positively associated with all-

cancer mortality. In the random-effects model (M2.2), AQI (1.20) is statistically significant 
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and positively associated with all-cancer mortality. AQI is not significantly associated with 

all-cancer mortality in the fixed-effects (M2.3) models. Neither underground or surface/mtr 

coal production is statistically significant. Coal mining employment is not statistically 

significant. The percentage African American (1.10), percentage non-White (-8.05) and 

rural status (-11.19) are statistically significant and associated with all-cancer mortality in 

the OLS (M2.1) model. Education is statistically significant and negatively associated with 

all-cancer mortality in models M2.1 (-1.31) and M3.3 (-1.32). Poverty is statistically 

significant and associated with all-cancer mortality in models M2.1 (1.65) and M2.2 (.61). 

Smoking is statistically significant and positively associated with smoking rates in models 

M2.1 (5.34) and M2.2 (4.38). These models suggest that AQI can account for cross-county 

variances in all-cancer mortality rates, but cannot explain potential causal links between 

air quality and all-cancer mortality.  

Table 11: All-cancer Mortality & AQI models 

  Model 2.1 Model 2.2 Model 2.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  1.97 0.46 *** 1.20 0.50 ** 0.27 0.53   

Coal Mining                

Underground Production -1.24E-06 9.87E-08   -4.41E-08 7.65E-08   -7.79E-08 8.15E-08   

Surface Production 1.36E-07 2.77E-07   -1.23E-08 1.82E-07   -7.36E-08 1.55E-07   

Employment 0.002 0.001   0.001 0.001   -0.0005 0.001   

Demographics                

African American (%) 1.10 0.33 ** 0.54 0.36   -0.10 0.67   

Non-white (%) -8.05 3.54 ** -4.29 2.84   -2.47 2.64   

Rural¹ -11.19 4.01 **           

Socioeconomics                

Poverty (%) 1.65 0.35 *** 0.61 0.61 ** -0.11 0.27   

>Eight Grade Education (%) -1.31 0.60 ** -0.40 0.46   -1.32 0.48 ** 

Health                

Smoking (%) 5.34 0.60 *** 4.38 0.64 *** -0.43 1.08   

Time Period²                

1996-2000 2.49 4.90   1.86 3.75   -8.84 3.88   

2001-2005 -12.14 9.05   -4.38 7.08   -27.23 7.85 *** 

2006-2010 8.19 7.97   2.79 6.89   -25.99 8.25 ** 
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¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=.75 R²=.73 R²=.13 

 

 Table 12 presents the OLS, random-effects and fixed-effects models examining the 

relationship between air quality index (AQI) and lung cancer mortality rates. In the OLS 

model (3.1), AQI (1.40) is statistically significant and positively associated with lung 

cancer mortality rates. In the random-effects model (M3.2), AQI (.78) is statistically 

significant and positively associated with lung cancer mortality rates. In the fixed-effects 

model (M3.3), AQI is not statistically significant. Neither underground nor surface/mtr 

coal production is statistically significant in any of the three models, nor is coal mining 

employment. The percentage African American (.45), rural status (-7.87) and poverty rates 

(1.02) are statistically significant and associated with lung cancer models in the OLS model 

(M3.1). Smoking is statistically significant and positively associated with lung cancer 

mortality in models M3.1 (2.57) and M3.2 (2.85). These models suggest that AQI can 

explain the variance between lung cancer mortality rates in counties, but cannot identify a 

significant causal relationship.  

Table 12: Lung Cancer Mortality & AQI Models 

  Model 3.1 Model 3.2 Model 3.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  1.40 0.33 *** 0.78 0.31 * 0.26 0.30   

Coal Mining              

Underground Production -5.68E-08 6.95E-08  -1.54E-08 -4.7E-08   -3.32E-08 4.71E-08   

Surface Production 1.84E-07 1.95E-07  6.6E-09 1.07E-07   -3.29E-08 8.98E-09   

Employment 0.001 0.001  0.001 0.001   -0.0001 0.0004   

Demographics              

African American (%) 0.45 0.23 * 0.09 0.24   -0.01 0.39   

Non-white (%) -2.51 2.49  -2.11 1.71   -1.79 1.52   

Rural¹ -7.87 2.82 **          

Socioeconomics              

Poverty (%) 1.02 0.24 *** 0.25 0.17   -0.16 0.15   

>Eight Grade Education (%) -0.31 0.42  -0.008 0.28   -0.71 0.27 * 

Health              
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Smoking (%) 2.57 0.42 *** 2.85 0.42 *** -0.08 0.62   

Time Period²              

1996-2000 6.76 3.45 * 4.99 2.29   -1.57 2.24   

2001-2005 5.58 6.37  6.27 4.34   -8.94 4.54   

2006-2010 17.14 5.61 *** 10.55 4.31 * -7.14 4.77   

¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=.73 R²=.71 R²=.26 

 

 Table 13 presents the results from the OLS, random-effects and fixed-effects 

models examining the relationship between air quality index (AQI) and respiratory disease 

mortality rates. In the OLS model (4.1), AQI (.88) is statistically significant and positively 

associated with respiratory disease mortality. In the random-effects model (4.2), AQI (.77) 

is statistically significant and positively associated with respiratory disease mortality. 

Neither underground or surface/mtr coal production is statistically significant in any of the 

respiratory disease models. Coal mining employment (.001) is statistically significant and 

positively associated within the OLS (4.1) respiratory disease model. Poverty (.90) is 

statistically significant and positively associated with respiratory disease mortality in 

model M4.1. Smoking is statistically significant and positively associated with respiratory 

disease in models M4.1 (2.66) and M4.2 (2.50). These models suggest that AQI can explain 

the variance between respiratory disease mortality rates within counties, but cannot identify 

the significant causal relationship. 

Table 13: Respiratory Disease Mortality & AQI Models 

  Model 4.1 Model 4.2 Model 4.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  0.88 0.35 ** 0.77 0.35 * 0.27 0.34   

Coal Mining              

Underground Production 5.31E-08 5.31E-08  4.54E-08 5.23E-08   -6.16E-10 5.29E-08   

Surface Production 4.18E-07 2.1E-07  6.84E-08 1.19E-07   4.11E-08 1.01E-07   

Employment 0.001 0.001 ** 0.001 0.001   -0.0003 0.0005   

Demographics              

African American (%) 0.08 0.25  -0.09 0.27   -0.14 0.44   

Non-white (%) -4.35 2.69  -1.70 1.91   -1.33 1.71   
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Rural¹ 4.49 3.05           

Socioeconomics              

Poverty (%) 0.90 0.26 ** 0.19 0.18   -0.19 0.17   

>Eight Grade Education (%) -0.52 0.46  0.19 0.31   -0.55 0.31   

Health              

Smoking (%) 2.66 0.46 *** 2.50 0.46 *** -0.51 0.70   

Time Period²              

1996-2000 14.80 14.80 *** 14.58 2.54 *** 7.53 2.52 ** 

2001-2005 15.25 15.25 ** 22.18 4.82 *** 5.72 5.10   

2006-2010 30.11 30.11 *** 29.99 4.77 *** 11.21 5.36 * 

¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=.71 R²=.70 R²=.08 

 

 Table 14 presents the results from the OLS, random-effects and fixed-effects 

models examining the relationship between air quality index (AQI) and neurodegenerative 

disease mortality rates. In the OLS model (M5.1), AQI (-.98) is statistically significant and 

negatively associated with neurodegenerative disease mortality. In the random-effects 

model (M5.2), AQI (-.1.03) is statistically significant and negatively associated with 

neurodegenerative mortality. In the fixed-effects model (M5.2), AQI (-.91) is statistically 

significant and negatively associated with neurodegenerative mortality. Rural status is 

statistically significant and negatively associated with neurodegenerative mortality (-

13.98) in Model M5.1. A lot remains to be understood about the transmission and 

development of neurodegenerative disease; recent scholarship continues to understand the 

role of genetic and environmental factors. Thus, these results should be taken with a grain 

salt given the ecological nature of the study and the limited sample size.  

Table 14: Neurodegenerative Disease Mortality & AQI Models 

  Model 5.1 Model 5.2 Model 5.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  -0.98 0.42 ** -1.03 0.29 *** -0.91 0.32 ** 

Coal Mining              

Underground Production -4.7E-08 8.85E-07  -3.38E-08 4.34E-08   -3.19E-08 5.01E-08   

Surface Production 2.97E-07 2.48E-07  9.12E-08 9.14E-08   7.79E-08 9.56E-08   
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Employment -0.001 0.001  -0.001 0.0003   -0.0005 0.0004   

Demographics              

African American (%) 0.45 0.29  0.18 0.27   -0.001 0.41   

Non-white (%) 1.58 3.18  2.33 2.33   2.47 1.62   

Rural¹ -13.98 3.59 ***          

Socioeconomics              

Poverty (%) -0.38 0.31  0.004 0.15   0.08 0.16   

>Eight Grade Education (%) 0.22 0.54  -0.29 0.25   -0.08 0.29   

Health              

Smoking (%) -0.21 0.54  -0.39 0.45   0.48 0.47   

Time Period²              

1996-2000 2.05 4.39  2.74 2.07   4.37 2.39   

2001-2005 2.84 8.12  -0.74 3.99   3.49 4.83   

2006-2010 3.99 7.15   1.21 4.06   6.02 5.07   

¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=.40 R²=.32 R²=.14 

 

 Table 15 presents the results from the OLS, random-effects and fixed-effects 

models examining the relationship between air quality index (AQI) and neurodegenerative 

disease mortality rates. In the OLS model (M6.1), AQI (5.53) is statistically significant and 

positively associated with cardiovascular disease mortality. In the random-effects model 

(M6.2), AQI (1.64) is statistically significant and positively associated with cardiovascular 

disease mortality. In the fixed-effects model, AQI is not statistically significant. Neither 

underground or surface/mtr coal production is statistically significant, nor is coal mining 

employment statistically significant in any of the models. In model M6.1, the percentage 

African American (2.31) and poverty (3.25) are statistically significant and positively 

associated with cardiovascular disease mortality. In model M6.2 (-11.55) and M6.3 (-9.48), 

the percentage non-White is statistically significant and negatively associated with 

cardiovascular disease mortality. In models M6.1 (8.22) and M6.2 (5.11), smoking is 

statistically significant and positively associated with cardiovascular disease mortality. 

These models suggest that AQI can explain some of the variances between counties’ 



60 
 

cardiovascular disease mortality rates. However, there is little evidence of a causal 

relationship.  

Table 15: Cardiovascular Disease Mortality & AQI Models 

  Model 6.1 Model 6.2 Model 6.3 

Air Quality Coefficient S.E. Sig. Coefficient S.E. Sig. Coefficient S.E. Sig. 

AQI  5.53 1.33 *** 1.64 0.82 * 0.60 0.79   

Coal Mining              

Underground Production -5.87E-08 2.83E-07  -2.82E-08 1.23E-07   -4.73E-08 1.22E-07   

Surface Production -4.5E-07 7.92E-07  1.61E-08 2.58E-07   7.15E-09 2.34E-07   

Employment 0.004 0.002  0.001 0.001   -0.0003 0.001   

Demographics              

African American (%) 2.31 0.95 ** 0.73 0.76   0.006 1.01   

Non-white (%) -18.89 10.14  -11.55 4.25 ** -9.48 3.97 * 

Rural¹ -8.19 11.49           

Socioeconomics              

Poverty (%) 3.25 0.99 ** 0.46 0.42   -0.22 0.40   

>Eight Grade Education (%) -2.74 1.72  -0.98 0.71   -2.28 0.71 ** 

Health              

Smoking (%) 8.22 1.72 *** 5.11 1.27 *** -0.03 1.63   

Time Period²              

1996-2000 2.7 14.03  -19.70 5.85 *** -33.01 5.83 *** 

2001-2005 -65.28 25.91 ** -75.15 11.30 *** -104.82 11.80 *** 

2006-2010 -56.48 22.82 ** -92.74 11.51 *** -126.45 12.39 *** 

¹reference=Urban; 
²reference=1990-1995 

n=90 n=90 n=90 

R²=.67 R²=.61 R²=.22 

 

Discussion 

 The body of literature linking air pollution to higher all-cause and disease-specific 

mortality rates has grown exponentially over the last three decades. We have ample 

evidence from multiple geographic locations, using multiple methods, that particulate 

matter is associated with increases in all-cause mortality rates (Dockery et al. 1993; Pope 

III, et al. 1995; Katsouyanni et al. 1997; Burnett et al. 1998; Samet et al. 2000; Stieb et al. 

2002; Omori et al. 2003; Pope III et al. 2002; Zeka et al. 2004; Eftim et al. 2008; Samoli 

et al. 2008; Wong et al. 2008; Zanobetti et al. 2009; Hales et al. 2010), cancer mortality 

rates (Pope III, et al. 1995; Pope III et al. 2002; Laden et al. 2006), respiratory disease 
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(Samet et al. 2000; Ballester et al. 2002; Zeka et al. 2004; Analitis et al. 2006; Wong et al. 

2008; Zanobetti et al. 2009), cardiovascular disease mortality (Pope III, et al. 1995; Samet 

et al. 2000; Hoek et al. 2002; Ballester et al. 2002; Pope III et al. 2002; Pope III et al. 2004; 

Zeka et al. 2004; Analitis et al. 2006; Laden et al. 2006; Wong et al. 2008; Zanobetti et al. 

2009) and growing evidence suggests neurodegenerative disease mortality as well 

(Kettunen et al. 2007; Lisabeth et al. 2008; Levesque et al. 2011).  

 Hypothesis H2 is confirmed in this study, higher concentrations of particulate 

matter and AQI are associated with higher mortality for all-cause, all-cancer, lung cancer, 

respiratory disease, and cardiovascular disease (However, the neurodegenerative disease 

results had counter findings). The findings suggest that even in an area with less air 

pollution than other areas, there is a significant relationship between air quality and 

mortality. The AQI annual average concentration in the study counties in Central 

Appalachia are on average 15 points lower than the United States average. Figure 7 

presents the average AQI measure between 1990 and 2010. The Central Appalachia 

counties start with an AQI of 26 in 1990-95 period and fall to below 20 AQI in the 2006-

10 period. The United States had a higher AQI on average, and it increased over the two-

decade period, from a 35 AQI in 1990-95 to an average AQI of 39 in 2006-10 period. 

Surface/MTR and underground coal mining counties had AQI’s similar to that of Central 

Appalachian counties as well, with AQI of 26 in 1990-95 and an AQI of 19 in 2006-10.  
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In Figure 8 particulate matter (PM10) concentrations are lower in Central 

Appalachia and surface/mtr and underground coal mining counties than the average across 

the United States in the 1990-95 to 1996-00 time periods. However, after the 1996-00 

period, the roles reverse, and the Central Appalachia and coal mining counties lag the 

national rates of decline. These results suggest that overall air quality is remarkably better 

in the Central Appalachian region than in the average county in the United States. 

However, particulate matter concentrations appear to lag the United States average, 

particularly after the 1996-00 time period. It is not surprising then that particulate matter 

pollution is a concern in the Appalachian region. 
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Figure 7: Air Quality Index (AQI) by County Type

United States Central Appalachia Surface/MTR Underground
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 Particulate matter pollution is a significant concern for surface and mountaintop 

removal coal mining sites. Research from West Virginia (Kurth et al. 2012; Kruth et al. 

2012[1]), India (Ghose & Majee 2000), United Kingdom (Reynolds et al. 2013), China 

(Liu et al. 2012), Columbia (Huertas et al 2012) and Australia (Higginbotham et al. 2010) 

find significant increases in particulate matter pollution near surface and mountaintop 

removal coal mining sites. The results of this study found that air pollution, particulate 

matter specific, but AQI measures of air pollution, in general, are significantly associated 

with all-cause, all-cancer, lung cancer, respiratory disease, and cardiovascular disease 

mortality. It should be noted, that little to no studies have examining air pollution and 

mortality in largely rural areas. In this study, 77% of the sample counties are classified by 

the USDA as rural communities. Much of the prior work has looked exclusively at large 

or medium-sized cities (e.g. Dockery et al. 1993; Pope III, et al. 1995; Katsouyanni et al. 
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Figure 8: Particulate Matter (PM10) Concentration by 
County Type
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1997; Samet et al. 2000; Pope III et al. 2004; Zeka et al. 2004; Analitis et al. 2006; 

Zanobetti et al. 2009). This study confirms that even in a largely rural setting (Central 

Appalachia), the relationship between air quality, particulate matter, and mortality, 

particularly for all-cause, lung cancer, and cardiovascular disease, is confirmed. However, 

these results should be taken with some grain of salt. 

 In all but the neurodegenerative disease mortality models (I will discuss at length 

later in this section), air quality index (AQI) or particulate matter was not statistically 

significant in the fixed-effects models. These findings suggest that air quality is not a 

significant causal factor for mortality. Thus, air quality can explain differences between 

counties, but cannot explain the change over time within county mortality rates. Fixed 

effects models attempt to account for non-measure factors that might impact the change in 

mortality rates over time. However, there are potential factors that do change over time that 

were considered in these models. Random-effects models measure both change over time 

in counties, but also differences between counties. Thus, these models try to predict 

causality. However, in this case there appears to be other factors that I did not include in 

the models that mediates the relationship over time between air quality and mortality rates. 

Air quality data is notoriously sparse and intermittent, particularly in rural 

communities (Mintz 2009). However, the fact that the relationship is statistically 

significant after the data limitations is an important finding of this study. 

 Rural communities have traditionally been thought to be immune from air pollution 

issues, with the exception being communities near power plants, industrial facilities, and 

those with a history of wildfires. The results of this study counter this narrative by showing 

that, even in largely rural regions (77% of counties classified as rural in the study area), air 
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quality is statistically significant and positively associated with mortality rates. However, 

one of the key questions in this study was the relationship between coal mining and air 

quality; these results prove inconclusive. 

 Coal mining in the study sample counties is not statistically significant and thus not 

associated with air quality. Thus, Hypothesis H1 is not confirmed by these results. The 

analysis of air quality and coal production is hampered by the limited amount of data, only 

17% of the county- years in the region during the time period have air quality data measured 

by the U.S. EPA. Thus, the study reduces the number of county-years available for the 

models from n=530 to n=90, a reduction of 83% of the county-years in the study area. 

Nearly half of all coal-producing county-years are removed from the sample, potentially 

downwardly biasing the results. Thus, both in the models predicting air quality and in the 

mortality models, coal production is not statistically significant. This factor is countered 

by the fact that in many of the same models in the coal-exposure model (Discussed further 

in the next chapter) produce statistically significant associations between coal production 

and mortality. Despite the flaws in the data, the results do confirm a relationship between 

air quality and mortality rates for all-cause, all-cancer, lung cancer, respiratory disease, and 

cardiovascular disease. 

 Air pollution has been a public health concern for urban areas around the world. 

No studies are examining the relationship between air pollution and rural community 

mortality. This study fills this gap and finds that, even in a prominently rural sample (77% 

vs. 33% Rural-Urban), air quality, measured using a composite index (AQI) or 

concentration of particular measure (Particulate matter PM10) is significantly associated 
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with increased mortality rates. Thus, it will be important to explore the relationship 

between rural air quality and mortality further in depth in future research. 
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COAL-EXPOSURE STUDY 

Univariate Results 

On average, nearly a fourth of the counties’ populations live within two miles of a 

surface/mtr coal mining site. However, this is concentrated largely in a few counties, with 

a maximum of 100% of the county population living within two miles of a surface/mtr coal 

mining facility. Table 16 presents the descriptive statistics for the coal-exposure model. On 

average the percentage of county’s population living within .25 miles of a surface/mtr coal 

mining site is 7.93%. However, the highest coal-exposure rates are largely concentrated in 

a few counties having a maximum percentage of 84.11% living within the .25 range. On 

average 10.65% of counties population lives within half a mile of a surface/mtr coal mining 

site, with this concentrated in a few with a maximum 91.15% of the counties population 

living with a half mile from surface/mtr coal mining site. An average of 15.77% of counties 

population lives within one mile of surface/mtr coal mining sites, with it a few counties 

with nearly 99% of the population living within one mile of a surface/mtr coal mining site.  

 The average surface/mtr coal production across the counties was 3,234,000 tons, 

with some counties having a maximum of 86,100,000 tons coal mined. Underground coal 

mining has an average coal production double that of surface coal production across the 

study counties. An average of nearly 6,000,000 tons of underground coal is mined, with a 

maximum production of 102,000,000 tons of coal mined. In the study counties, coal mining 

employment averaged 1,253 with a maximum of 21,927 employed in coal mines. Similar 

to coal production, employment in coal mines are concentrated in a few coalfield counties 

in Central Appalachia. 
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 Overall, across all six categories of mortality used the study, there is a wide range 

of mortality rates. The average age-adjusted all-cause mortality rate across the counties in 

the study is 1086 deaths per 100,000 population, which ranges from 794 to 1407 deaths per 

100,000 population. The age-adjusted all-cancer mortality rate is 247 per 100,000 

population with a range between 167 to 316 per 100,000 population. The lung cancer 

mortality rate for the study counties is 88 per 100,000, with a range between 43 and 143 

per 100,000 population. Respiratory disease mortality average for the study counties is 79, 

in a range between 42 and 148 per 100,000 population. Neurodegenerative mortality 

average across the study counties is 86, in a range between 42 and 142 per 100,000 

population. Cardiovascular disease mortality averages 389 per 100,000 population, with a 

range between 42 and 570 per 100,000 population.  

 The study counties are largely white and rural. However, there are pockets of non-

white populations and urban communities as well. Across the study counties, 2.78% of the 

population is African American, with a range between 0 and 44.95%. Other racial groups 

make up on average .53% of study counties population, with a range between 0% and 

5.63%. More than three-fourths of the counties in the study area are rural (77.3%), while 

more than a fifth are urban (22.7%) according to the USDA codes.  

 The study counties are largely poorly educated, with high rates of poverty and 

smoking rates. An average of nearly one-tenth (9.8%) of people living in the study counties 

has less than an eighth-grade education, with a range between .47% to 32.49%. One in five 

residents in the study counties live below the poverty line (21.2%), some counties having 

a poverty rate of over 50%. An average of a third of study county residents is currently a 



69 
 

daily smoker, with counties that range between less than one fifth (18.09%) and nearly 

40% of the county’s population being a current smoker. 

Table 16: Descriptive Statistics for Coal-Exposure Model 

  Mean S.D. Min. Max. 

Coal-exposure measure (% pop lives within) 
  

    

.25 miles 7.93 14.52 0 84.11 

.50 miles 10.65 18.21 0 91.14 

1 mile 15.77 23.73 0 98.09 

2 miles 24.92 32.36 0 100 

Coal Production       

Surface (000 tons) 3234 9153 0 86100 

Underground (000 tons) 5993 15100 0 102000 

Employment (# employed in coal mines) 1253 2964 0 21927 

Mortality Rates (per 100,000 pop)       

All-cause mortality 1086 116 794 1407 

All-cancer mortality 247 28 167 316 

Lung-cancer mortality 88 18 43 143 

Respiratory disease mortality 79 21 42 148 

Neurodegenerative mortality 86 18 42 142 

Cardiovascular disease mortality 389 66 42 570 

Demographics       

African American (%) 2.78 4.57 0 44.95 

Other Races (%) 0.53 0.57 0 5.63 

Rural (1=rural; 0=urban) 0.77 0.42 0 1 

Socioeconomics       

Education (% <Eight Grade Education) 9.80 6.65 0.47 32.49 

Poverty (% currently living in poverty) 21.20 7.61 5.11 51.03 

Smoking (% currently a daily smoker) 31.01 3.56 18.09 38.47 

 

Geographic Distribution of Coal-exposure measure 

Figure 9a is a map of the quarter-mile coal-exposure measure in the 1990-95 time 

period. The highest concentration clusters in the tri-state border between southern West 

Virginia, southwest Virginia, and southeastern Kentucky. No county has more than 60% 

of the county’s population living within a quarter mile of a surface/mtr coal mining site. 

However, by the 1996-00 period, several counties in southeastern Kentucky have more 
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than 60% of the county population living within a quarter mile of a surface/mtr coal mining 

site. In Figure 9b, three counties in southeastern Kentucky (Pike, Knott, and Letcher 

counties) have more than 60% of the county population living within a quarter mile of a 

surface/mtr coal mining site. In the 2001-05 period in Figure 9c, this grows to five counties 

clustered in southeastern Kentucky. It by the 2001-05 time period that percentage of county 

populations outside of the core counties in southeastern Kentucky and southern West 

Virginia begins to expand to neighboring counties. By the 2006-10 time period, a total of 

13 counties in Kentucky, two counties in West Virginia and one county in Virginia have 

between 26% to 90% of their population living within a quarter mile of a surface/mtr coal 

mining site. The quarter-mile coal-exposure measure is heavily concentrated in 

southeastern Kentucky, southwest Virginia, and southern West Virginia. 
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Figure 10a is a map of the half-mile coal exposure measure in the 1990-95 time 

period. The highest concentration of the measure concentrates in the southern West 

Virginia, eastern Kentucky, and southwest Virginia border regions. Only Pike County, KY 

has more than 60% of the population living within a half-mile of surface/mtr coal mining 

sites. In Figure 10b is the half-mile coal-exposure measure in the 1996-00 time period. The 

highest concentrations are in southeastern Kentucky, southern West Virginia, and 

southwest Virginia. The highest concentrations (county populations with >60% living 

within a half-mile) are in five counties in eastern Kentucky and one county in southern 

West Virginia. The half-mile coal-exposure measure in the 2000-05 time period is 

presented in Figure 10c. Concentrations are the highest in southeastern Kentucky and 
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southern West Virginia and southwest Virginia. However, by this time period, the measure 

has spread beyond its core in the central coalfield counties to neighboring counties. This 

trend continues into the 2006-10 time period in Figure 10d. The majority of counties with 

greater than 60% of their population living within half-mile of a surface/mtr site is 

concentrated in southeastern Kentucky.  

 

Figure 11a is a map of the one-mile coal exposure measure in the 1990-95 time 

period. The highest concentration of counties with more than 60% of the population 

living within one mile of a surface/mtr coal mining site is in three counties (two in 

Kentucky, one in West Virginia). In the 1996-00 time period (Figure 11b) the percentage 

of people living within one mile of a surface/mtr coal mining site increases across the 
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region, but particularly in southern West Virginia and southeastern Kentucky. This 

increase continues, and by the 2001-05 time period (Figure 11c), 14 counties have more 

than 60% of their population living within one mile of a surface/mtr coal mining site. 

However, this trend levels off by the 2006-10 time period (Figure 11c) and the 

concentrations slowly increase in marginal counties. The one-mile coal-exposure measure 

is heavily concentrated in southeastern Kentucky, southern West Virginia, north-central 

West Virginia, and southwest Virginia.  

 

In Figure 12a is a map of the two-mile coal exposure measure in the 1990-95 time 

period. There are 15 counties with between 60-100% of the county’s population lives 

within two miles of a surface/mtr coal mining site. The two-mile coal exposure measure 
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increases between the 1990-95 and 1995-00 time period (Figure 12b). A continue link of 

counties from north-central West Virginia through southern West Virginia and into 

southeastern Kentucky and southwest Virginia have between 60-100% of their population 

living within two miles of surface/mtr coal mining sites. The geographic concentration of 

the two-mile coal-exposure measure remains relatively stable through the 2001-05 (Figure 

12c) and 2006-10 (Figure 12d) period, with modest growth in surrounding counties in West 

Virginia and southeastern Kentucky. 

 

All-cause mortality models 

Table 17 present the regression coefficients for the all-cause mortality OLS, 

random-effects and fixed-effect models. In Model 1.1 we see the quarter mile exposure 

measure is a significant predictor of all-cause mortality, increasing .88 deaths per one 
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percent increase in .25 coal-exposure measure. Surface coal production (1.42E-06), 

percentage African American (2.89), poverty (3.53) and smoking (17.05) are all 

statistically significant, and this confirms what prior literature suggests. Model 1.2 shows 

the half-mile (.50) exposure measure to be statistically significant, with a slightly lower 

effect size compared to the quarter mile model (.88 vs. .84). Surface coal production 

(1.34E-06), percentage African American (2.92), poverty (3.43), smoking and 2006-2010 

time period (-62.77) are statistically significant and confirms what prior literature suggests. 

Model 1.3 shows the mile coal exposure measure is statistically significant. However, the 

regression coefficient decreased from the half-mile coal exposure measure (.84 vs .67). 

Surface coal production (1.33E-06), percentage African American (2.99), poverty (3.37), 

smoking rate (17.09) and the 2006-2010 time period (-63.39) are statistically significant 

and confirm what prior literature suggests. Model 1.4 shows that two-mile coal exposure 

measure is statistically significant (.46). However, the coefficient decreases from the one-

mile exposure model (.67 vs .46). Surface coal production (1.43E-06), percentage African 

American (3.06), poverty (3.39), smoking (17.01) and 2006-2010 time period (-63.46) are 

all statistically significant and confirm what prior literature suggests. The coal-exposure 

measure reduces in effect size in a stair-step manner as the distance measure widens. The 

significance of the coal-exposure measure and surface coal production suggest an 

environmental population health risk associated with coal production. 

The random-effects models are presented in Table 17 show similar results 

compared to the OLS models. The coal-exposure model is significant at all levels, and the 

coefficient decreases in a stair-step manner similar to the OLS models. Across all of the 

random-effects models, the distances measured for coal exposure are all statistically significant, 

with the effect size decreasing slightly from the quarter mile (0.78), half mile (0.70), one mile 
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(0.54), to the two-mile radius (0.38).  For every model, smoking also remains the only non-time 

period factor statistically significant. The statistical significance of the coal-exposure 

measure in the random-effects suggests an environmental population health risk. However, 

surface coal production becomes non-significant between the OLS and random-effects 

modeling, bringing more uncertainty into the potential causal relationship between coal 

production and all-cause mortality. I will discuss this further in the next chapter. However, 

these results suggest that either the current measures are not picking up any association 

between coal production over time or coal production is a better predictor of mortality 

disparities across counties, but not within counties over time. 

Table 17 presents the findings for the fixed-effects models for all-cause mortality. 

The coal-exposure measure at all distance lengths is non-significant. However, the 

socioeconomic factors become significant negative predictors of all-cause mortality, 

counter to the prior literature has found. Education is statistically significant and negative 

associated with all-cause mortality (-2.49 across all four models). Poverty is statistically 

significant and negatively associated with all-cause mortality across all four models (-.79 

across all four models). Smoking is statistically significant and negatively associated all-

cause mortality (-3.78 in Models 3.1 & 3.2; -3.76 in Models 3.3 & 3.4). While these results 

are surprising, they can account for less than two percent of the variance in all-cause 

mortality rates over time. These findings suggest that the factors in the fixed-effects models 

are poor predictors of all-cause mortality change over time. Rather, the coal exposure 

measure, coal production, demographics, and socioeconomics are significant predictors of 

all-cause mortality differences across counties and not within counties.  
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All-cancer mortality models 

 Table 18 shows the results from the all-cancer OLS, random-effects and fixed-

effects models. In the OLS models, we see that only the half-mile (.11) and one-mile (.08) 

distance measures are statistically significant predictors of all-cancer mortality. In model 

M1.1 (4.02E-07), M1.2 (3.91E-07), M1.3 (3.91E-07) and M1.4 (4.08E-07) are surface coal 

production is a statistically significant predictor of all-cancer mortality. These findings 

suggest a significant association between surface coal production and all-cancer mortality. 

However, a smaller effect size compared to the relationship between surface coal 

production and all-cause mortality. Race also appears to be a statistically significant 

predictor of all-cancer mortality. In models M1.1 (.59), M1.2 (.59), M1.3 (.61), and M1.4 

(.61) the percentage African American in a county is a significant positive predictor of all-

cancer mortality. Increases in the percentage of people living in poverty are a statistically 

significant positive predictor of all-cancer mortality in models M1.1 (1.04), M1.2 (1.03), 

M1.3 (1.03), and M1.4 (1.04). The smoking rate is a statistically significant and positive 

predictor of all-cancer mortality in models M1.1 (5.22), M1.2 (5.23), M1.3 (5.23) and M1.4 

(5.21). Counter to prior literature, there is a negative relationship between the education 

level (percentage with less than an eighth-grade education) and all-cancer mortality, 

suggesting that increases in low levels of education reduce all-cancer mortality in the OLS 

models. Further investigated yield no major flaw in the models, including tests for 

multicollinearity and heteroskedasticity.  

 Table 18 presents the results for the random-effects models for coal-exposure and 

all-cancer mortality. In only two of three coal-exposure models, for the half-mile (.10) and 

one mile (.07), are statistically significant. In the OLS model, surface coal production is 
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statistically significant and associated with all-cancer mortality; this is not the case in the 

random effects models. Smoking and education are the only non-time period covariates 

that are statistically significant. Smoking prevalence in statistically significant in models 

M2.1 (1.85), M2.2 (1.84), M2.3 (1.85) and M2.4 (1.86).  Education, similar to the OLS 

model presented results that run counter to the literature, suggesting increases in the levels 

of individuals with less than an eighth-grade education reduces all-cancer mortality rates. 

Additional tests find these results persist. 

 In the final all-cancer models, the fixed-effects results show no statistical 

significance for the coal-exposure measure or coal production covariates. Only education 

and poverty remain statistically significant predictors, and the direction of the results 

change for poverty. In models M3.1 (-.51), M3.2 (-.51), M3.3 (-.51) and M3.4 (-.52) 

education is negatively associated with all-cause cancer. In models M3.1 (-.18), M3.2 (-

.18), M3.3 (-.18) and M3.4 (-.18) poverty is negatively associated with all-cancer mortality, 

suggesting increases in county poverty rates reduces all-cancer mortality over time. These 

results are contradictory to much of the prior literature. It should be noted the fixed-effects 

models can only account for between three and four percent of the variance in all-cancer 

mortality rates over time. Thus, the results presented here may be “statistical noise.”  
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Lung Cancer mortality models 

 Table 19 presents the results from the lung cancer mortality models. In the OLS 

models, coal-exposure is significantly associated with lung cancer mortality rates. In 

Models, M1.2 (.07), M1.3 (.06) and M1.4 (.05) the coal exposure measure is statistically 

significant. The quarter-mile measure is not significantly associated with lung cancer 

mortality, suggesting the measure is suffering from some form of specification error. 

Surface coal production is also significantly associated with lung cancer mortality in 

models M1.1 (2.54E-07), M1.2 (2.46E-07), M1.3 (2.42E-07) and M1.4 (2.51E-07). 

Surface coal production and the coal-exposure measure suggest an environmental pollution 

risk associated with lung cancer. 

 In the random-effects lung cancer mortality models only one of the coal-exposure 

measure models is statistically significant. The half-mile measure (.06) is statistically 

significantly associated with lung cancer mortality. Coal mining employment is 

statistically positively associated with lung cancer mortality in models M2.1 (.0003), M2.2 

(.0003) and M2.3 (.0003). These suggest a very limited association with coal production 

and environmental pollution, but a potential occupational health hazard. Education and 

smoking are the other covariates that statistically significant. In the models, M2.1 (.99), 

M2.2 (.99), M2.3 (1) and M2.4 (1.01) increases in the smoking rate are associated with 

increases in lung cancer mortality rates. Education is statistically significant in models 

M2.1 (-.25), M2.2 (-.25), M2.3 (-.25), and M2.4 (-.25). These models suggest a more 

complex picture of the association between coal mining and lung cancer compared to the 

OLS model. 
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 In the fixed-effects model, there is no significant association between coal-

exposure measure and coal production; this is counter to the results in the random-effects 

and OLS regression models. In the fixed-effects model, only education, poverty and 

smoking are the non-time period covariates statistically significant. Education is 

statistically significantly associated with lung cancer mortality in models M3.1(-.37), 

M3.2(-.37), M3.3(-.37) and M3.4(-.37). Smoking is statistically significantly associated 

with lung cancer mortality in models M3.1(-.29), M3.2(-.30), M3.3(-.29) and M3.4(-.29). 

The poverty rate is statistically significantly associated with lung cancer mortality in 

models in M3.1(-.11), M3.2(-.30), M3.3(-.29) and M3.4(-.29).  

 The relationship between coal-exposure measure, coal production and lung cancer 

mortality are more complicated than the initial OLS models suggest. Random-effects and 

fixed-effects results suggest a more complicated causality model. However, the OLS 

results do suggest that coal-exposure and coal production can account for between county 

variation in lung cancer mortality. 



83 
 

 

C
o
a
l-e

x
p
o
su

re
 m

e
a
su

re

.2
5
 m

ile
s

0
.0

7
0
.0

6
0
.0

3

.5
0
 m

ile
s

0
.0

7
*

0
.0

6
*

0
.0

3

1
 m

ile
0
.0

6
*
*

0
.0

4
0
.0

1

2
 m

ile
s

0
.0

5
*

0
.0

2
0
.0

0
3

C
o
a
l P

ro
d
u
c
tio

n

S
u
rfa

c
e

2
.5

4
E

-0
7

*
*

2
.4

6
E

-0
7

*
*

2
.4

2
E

-0
7

*
*

2
.5

1
E

-0
7

*
*

1
.3

5
E

-0
8

8
.9

5
E

-0
8

6
.9

2
E

-0
9

1
.1

8
E

-0
8

-2
.9

5
E

-0
8

-3
.1

4
E

-0
8

-3
.1

1
E

-0
8

-2
.8

4
E

-0
8

U
n
d
e
rg

ro
u
n
d

-3
.4

7
E

-0
8

-3
.9

E
-0

8
-4

.3
1
E

-0
8

-4
.5

6
E

-0
8

1
.6

3
E

-0
8

1
.5

2
E

-0
8

1
.5

1
E

-0
8

1
.5

4
E

-0
8

5
.7

E
-0

9
5
.4

5
E

-0
9

5
.7

6
E

-0
9

6
.4

3
E

-0
9

E
m

p
lo

y
m

e
n
t

0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
3

*
0
.0

0
0
3

*
0
.0

0
0
3

*
0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
2

0
.0

0
0
1

D
e
m

o
g
ra

p
h
ic

s

A
fric

a
n
 A

m
e
ric

a
n

0
.1

4
0
.1

4
0
.1

5
0
.1

5
0
.0

7
0
.0

7
0
.0

7
0
.0

7
0
.0

1
0
.0

1
0
.0

1
0
.0

1

O
th

e
r R

a
c
e
s

0
.8

1
0
.8

8
0
.8

8
0
.7

9
-0

.5
4

-0
.5

4
-0

.5
3

-0
.5

5
-0

.2
5

-0
.2

5
-0

.2
5

-0
.2

6

R
u
ra

l
-2

.9
3

*
-2

.9
6

*
-2

.8
8

*
-2

.7
4

*

S
o
c
io

e
c
o
n
o
m

ic
s

E
d
u
c
a
tio

n
-0

.5
5

*
*
*

-0
.5

4
*
*
*

-0
.5

3
*
*
*

-0
.5

4
*
*
*

-0
.2

5
*
*
*

-0
.2

5
*
*
*

-0
.2

5
*
*
*

-0
.2

5
*
*
*

-0
.3

7
*
*
*

-0
.3

7
*
*
*

-0
.3

7
*
*
*

-0
.3

7
*
*
*

P
o
v
e
rty

0
.6

9
*
*
*

0
.6

8
*
*
*

0
.6

7
*
*
*

0
.6

6
*
*
*

0
.0

2
0
.0

2
0
.0

2
0
.0

2
-0

.1
1

*
*

-0
.1

1
*
*

0
.1

1
*
*

-0
.1

0
*
*

S
m

o
k
in

g
3
.5

2
*
*
*

3
.5

3
*
*
*

3
.5

3
*
*
*

3
.5

3
*
*
*

0
.9

9
*
*
*

0
.9

9
*
*
*

1
.0

0
*
*
*

1
.0

1
*
*
*

-0
.2

9
*

-0
.3

0
*

-0
.2

9
*

-0
.2

9
*

T
im

e
 P

e
rio

d

1
9
9
6
-2

0
0
0

-1
.7

2
-1

.8
3

-1
.8

9
-1

.9
1

-1
.0

3
-1

.0
8

-1
.0

8
-1

.0
7

-1
.7

6
*
*
*

-1
.7

8
*
*
*

-1
.7

5
*
*
*

-1
.7

1
*
*
*

2
0
0
1
-2

0
0
5

-6
.6

9
*
*

-6
.7

2
*
*

-6
.7

3
*
*

-6
.7

9
*
*

-3
.2

9
*
*

-3
.3

3
*
*

-3
.3

3
*
*

-3
.3

2
*
*

-5
.1

9
*
*
*

-5
.2

1
*
*
*

-5
.1

7
*
*
*

-5
.1

2
*
*
*

2
0
0
6
-2

0
1
0

-0
.7

1
-0

.8
4

-0
.9

4
-0

.9
6

-3
.4

8
*
*
*

-3
.5

6
*
*
*

-3
.5

4
*
*
*

-3
.4

9
*
*
*

-7
.2

9
*
*
*

-9
.3

2
*
*
*

-7
.2

5
*
*
*

-7
.1

6
*
*
*

*
p≤.05; **p

≤.01;***≤.001
n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

n
=

5
3
0

R
²=.22

R
²=.24

R
²=.26

n
=

5
3
0

R
²=.48

R
²=.48

R
²=.49

R
²=.50

R
²=.23

R
²=.62

n
=

5
3
0

R
²=.62

R
²=.62

R
²=.62

n
=

5
3
0

n
=

5
3
0

M
3
.4

T
a
b

le
 1

9
: L

u
n

g
 C

a
n

c
e

r M
o

rta
lity

 &
 C

o
a
l-e

x
p

o
s
u

re
 M

o
d

e
ls

O
rd

in
a
ry

 L
e
a
st S

q
u
a
re

s M
o
d
e
ls

R
a
n
d
o
m

 E
ffe

c
ts M

o
d
e
ls

F
ix

e
d
 E

ffe
c
ts M

o
d
e
ls

M
1
.1

M
1
.2

M
1
.3

M
1
.4

M
2
.1

M
2
.2

M
2
.3

M
2
.4

M
3
.1

M
3
.2

M
3
.3



84 
 

Respiratory Disease Model 

 Table 20 presents the results for the OLS, random-effects and fixed-effects models 

for respiratory disease mortality and coal-exposure model. The results suggest a complex 

causal relationship between respiratory disease and coal-exposure mortality. However, 

there does appear to be some cross-county association between respiratory disease 

mortality and coal-exposure measure. In the OLD models all levels of the coal exposure 

measure, quarter-mile (.35), half-mile (.30), one mile (.25) and two-mile (.18) are 

statistically significant and associated with respiratory disease mortality. However, coal 

mining employment (.001) is statistically significant as well.  

 Rural status is statistically significant and associated with increases in respiratory 

disease mortality in models M1.1(4.22), M1.2(4.28), M1.3(4.63), and M1.4(5.19). Poverty 

is statistically significant and associated with respiratory disease mortality in models 

M1.1(.56), M1.2(.54), M1.3(.52), and M1.4(.51). Smoking is statistically significant in 

models M1.1(2.04), M1.2(2.04), M1.3(2.05), and M1.4(2.03). These findings are 

consistent with prior literature has found about the predictors of respiratory disease.  

Table 20 presents the results from the random effects models. In the random effects 

models, all levels of the coal-exposure measure are statistically significant and associated 

with respiratory disease mortality. All levels of the coal-exposure measure, quarter-mile 

(.16), half-mile (.14), one mile (.11) and two-mile (.08). Surface or underground coal 

production nor coal mining employment is statistically significant in all four models. The 

only non-time period covariate significant is smoking in models M2.1(.72), M2.2(.73), 

M2.3(.73), and M2.4(.73). These are consistent with prior scholarship linking smoking and 

respiratory disease. 
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In the fixed effects models presented in Table 20, I find no statistically significant 

associations between any level of coal-exposure measure or coal production or 

employment. However, education in models M3.1(-.15), M3.2(-.15), M3.3(-.15) and 

M3.4(-.15) is statistically significant and associated with respiratory disease mortality. 

Poverty is statistically significant and associated with respiratory disease mortality in 

models M3.1(-.17), M3.2(-.17), M3.3(-.17), and M3.4(-.16). These results contradict 

findings in the prior literature regarding associations between poverty and education with 

respiratory disease mortality. Additionally, smoking rates are non-significant in all four 

fixed-effects models, counter to what prior scholarship has suggested. It should be noted 

that the fixed effects model all account for less than one percent of variance within counties 

(R2=.004-.005). Thus, these much of the findings in these models suggest statistical noise 

and the little causal relationship between the factors and respiratory disease mortality. 

These results suggest a link between coal mining occupation and respiratory disease 

mortality. This not surprising consider the long history of coal workers’ pneumococcus in 

the coal mining regions. However, the potential environmental pollution risk from coal 

mining is not clear in these models. It is possible that the coal-exposure measure is picking 

up a higher concentration of coal miners living near coal mining sites. Thus, it is unclear if 

these results show an environmental health risk or just merely an occupational health risk. 
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Neurodegenerative Disease Mortality Models 

While links between all-cause, all-cancer, lung cancer and respiratory disease have 

support in the literature, there has been no scholarly working examining the relationship 

between neurodegenerative disease mortality and coal production. In Table 21 I examine 

the relationship between the coal-exposure measure, coal production and coal employment 

in an OLS, random effects and fixed effects models. In the OLS models, the coal-exposure 

measure at the quarter-mile (-.18), half-mile (-.16), one mile (-.14) and two-mile (-.12) are 

statistically significant. However, unlike the prior relationship with other mortality 

categories, these results suggest that increases in populations living near coal production 

significantly reduces mortality from the neurogenerative disease. The coal-exposure results 

are counter to the results for the surface coal production. In models M1.1(3.36E-07), 

M1.2(3.47E-07), M1.3(3.57E-07) and M1.4(3.43E-07) surface coal production are 

statistically significant and a positive association with neurodegenerative disease mortality, 

suggesting that coal production is a significant predictor of increased neurodegenerative 

disease mortality. Coal mining employment is statistically significant and negatively 

associated with neurodegenerative disease mortality in models M1.1(-.001), M1.2(-.001), 

M1.3(-.001) and M1.4(-.001). These results suggest that increases in coal mining 

employment decrease neurodegenerative disease mortality rates. Race is statistically 

significant in two of the four models, models M1.1(.35) and M1.2(.35). Rural status is the 

only non-time period covariate that is statistically significant and associated with 

neurodegenerative mortality rates in models M1.1(-10.55), M1.2(-10.57), M1.3(-10.72) 

and M1.4(-11.04). The OLS models suggest there is potentially a negative, statistically 
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significant association between coal-exposure measure and neurodegenerative mortality 

rates. However, this relationship does not persist in other models. 

Table 21 presents the results for the random-effects models. No level of the coal-

exposure measure is statistically significantly associated with neurodegenerative mortality 

rates. However, coal mining employment is statistically significant and associated with 

neurodegenerative disease mortality in models M2.1(-.04), M2.2(-.001), M2.3(-.001) and 

M2.4(-.001). These results suggest that increases coal mining employment potentially 

reduces neurodegenerative disease mortality rates. No other covariates other than time 

period measures are statistically significant. However, it should be noted that random-

effects models can account for 13% of between and within county variance. Similar results 

are found in the fixed-effects models. 

The fixed-effects are presented in Table 21. All-levels of the coal-exposure measure 

is statistically non-significant. Neither surface or underground coal production is 

statistically significant and associated with neurodegenerative disease mortality. Coal 

mining employment, however, is statistically significant and negatively associated with 

neurodegenerative mortality. These results suggest that increases in coal mining 

employment reduce mortality from neurodegenerative mortality rates. All three models 

(OLS, random-effects, fixed-effects) suggest there is a limited connection between coal 

production, either in the coal-exposure measure or production. There is perhaps some 

connection between coal mining employment and reduction in neurodegenerative diseases. 

These results should be taken with a grain of salt, given much of the research surrounding 

neurodegenerative disease mortality is still growing, and there are limited environmental 

health studies examining links between neurodegenerative disease mortality. This study is 
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fundamentally an ecological study, and thus many factors such as individual-level factors, 

such as genetics, family history, etc. cannot be accounted. 
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Cardiovascular Disease Mortality Models 

Table 22 presents the OLS, random-effects and fixed-effects models. There is 

mixed support the models for a statistically significant association between coal-exposure 

measure and cardiovascular mortality rates. In the OLS model, only three of the coal-

exposure measures are statistically significant and associated with cardiovascular mortality 

rates (M1.2(.27), M1.3(.25), M1.4(.19). Coal production, underground or surface, and coal 

mining employment are not statistically significant in the OLS models. Rural status is 

statistically significant and associated with cardiovascular disease mortality in models 

M1.1(9.34), M1.2(9.16), M1.3(9.40) and M1.4(9.95). Poverty is statistically significant 

and associated with cardiovascular disease mortality in models M1.1(1.25), M1.2(1.19), 

M1.3(1.15), and M1.4(1.13). Smoking is statistically significant and associated with 

cardiovascular disease mortality in models M1.1(6.24), M1.2(6.27), M1.3(6.29) and 

M1.4(6.27). These results are similar to those found in prior literature.  

In the random-effects model, there is no statistically significant association between 

cardiovascular disease mortality and any of the coal-exposure measure. Coal mining 

employment, however, is statistically significant and associated with cardiovascular 

disease mortality in models M2.1(.001), M2.2(.001), M2.3(.001) and M2.4(.001). 

Education is statistically significant and negatively associated with cardiovascular disease 

mortality in models M2.1(-.48), M2.2(-.48), M2.3(-.48) and M2.4(-.48). Increases in the 

population with less than eighth-grade education reduce cardiovascular disease mortality; 

this is counter to prior literature on the topic. Smoking is statistically significant and 

associated with cardiovascular disease in models M2.1(2.19), M2.2(2.18), M2.3(2.19), and 

M2.4(2.19). These results are consistent with prior literature. The random-effects models 
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suggest no significant association between cardiovascular disease mortality and coal 

mining production or exposure, fixed-effects models have similar results. 

In Table 22, presents the fixed-effect results for the cardiovascular mortality 

models. The same as the findings in the random-effects models, no level of the coal-

exposure measure is statistically significant. Neither surface nor underground coal 

production is associated with cardiovascular disease mortality rates. Coal mining 

employment is statistically significant and associated with cardiovascular disease mortality 

in models M3.1(.001), M3.2(.001), M3.3(.001) and M3.4(.001). The random-effects and 

fixed-effects models suggest a relationship between coal mining employment and 

cardiovascular disease mortality. Education is the only other non-time period that 

statistically significant and associated with cardiovascular disease mortality in models 

M3.1(-.81), M3.2(-.81), M3.3(-.81), and M3.4(-.81). These models suggest a complex 

relationship between coal mining and cardiovascular disease mortality. It is possible that 

the coal-exposure measure is best at explaining variation in cardiovascular disease 

mortality between counties, while coal mining employment can explain within-county 

variation.  
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Discussion 

 The relationship between coal mining and mortality is complex. This study 

provides evidence that surface/mtr coal mining exposure is a potentially serious 

environmental health exposure issue. Five of the six models show that increases in the 

population exposed to surface/mtr coal mining increases mortality rates for all-cause, all-

cancer, lung cancer, respiratory disease, and cardiovascular disease mortality rates, thus 

confirming hypothesizes H3 and H4. However, this study fails to find a causal link between 

surface/mtr coal mining exposure and mortality rates over time thus hypothesis H5 is not 

confirmed. While these results point to serious environmental health risks associated with 

surface/mtr coal mining, there needs to be considerable caution taken in interpreting the 

findings.  

 There is a debate in the scholarly literature as to whether coal mining is associated 

with increased mortality rates. In a replication study of the work of Hendryx and Ahern 

(2009), Borak et al. (2012) find limited support for an independent relationship between 

coal mining and all-cause mortality rates in Appalachian counties. Boark et al. (2012)’s 

model was replicated by Hendryx & Ahern (2012), and several inconsistencies were found, 

including instances of multicollinearity, unstable elements, and modeling issues. 

Buchanich et al. (2014) also find that all-cause mortality rates are not significantly 

associated with coal production. My study adds to this scholarly debate by incorporating 

environmental and geographic data into the modeling relationship. While the results in the 

air pollution models did not find a connection between coal mining and air pollution, they 

do point to the problems associated with air pollution even in a rural setting, suggesting 

that surface/MTR coal mining could be a major factor impacting mortality via air pollution 
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if more robust data are available. In all coal-exposure models, except the neurogenerative 

disease models, mortality from all-cause, all-cancer, lung cancer, respiratory disease, and 

cardiovascular disease the measures of coal-exposure was statistically significant. These 

results suggest there is a strong association between coal-exposure and disease mortality 

rates in the Central Appalachian region. Thus, it is important to view these results within 

the larger body of literature. 

 The first scholarly work to examine county-level, all-cause mortality rates found 

highly productive coal mining counties have higher mortality rates than non-coal mining 

counties (Hendryx 2008). Building on this work, scholars have found that the all-cause 

mortality trends in coal mining counties are consistently higher than non-coal mining 

counties (Hendryx and Ahern 2009). While this work has been important in addressing if 

there is a relationship, there has been only a few scholarly attempts to move beyond and 

directly correlate environmental measures that are directly connected to pollution from 

mountaintop removal coal mining sites to mortality outcomes. 

There has been little scholarly work attempting to incorporate environmental health 

measures of potential risk. Hitt and Hendryx (2010) examined stream pollution levels and 

respiratory, digestive, urinary and breast cancer rates. Hendryx, Fedorko & Anesetti-

Rothermel (2010) used an inverse-distance measure to coal mining sites as a proxy for 

environmental exposure and found statistically significant results with lung cancer. This 

study fills the gaps by creating a population-based coal mining exposure model. Thus, in 

many ways, this is a novel technique for attempting to understand the relationship between 

coal mining and mortality risks.  
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Coal mining in the Appalachian region is environmentally destructive and has 

created serious ecological harms to local environment including hydrological impacts 

(Vengosh et al. 2013; Evans et al. 2015), polluting of surrounding streams and groundwater 

(McAuley & Kazor 2006; Lindberg et al. 2011), reduced air quality (Aneja, Isherwood & 

Morgan 2012; Kruth et al. 2014) and drastic changes in the topography of the land 

(Wickham et al. 2013; Ross, McGlynn & Bernhardt 2016). These environmental harms 

have serious implications for human health in the Appalachian region. This study finds that 

counties with a higher population living near mountaintop and surface coal mining sites 

have higher mortality rates for all-cause, all-cancer, lung cancer, respiratory and 

cardiovascular mortality rates. This study confirms what other scholars have found in 

regards to the association between coal mining and mortality from respiratory disease 

(Hendryx 2009; Hendryx & Holland 2016), lung cancer (Hendryx, O’Donnell & Horn 

2008; Hendryx, Fedorko & Anesetti-Rothermel 2010; Hendryx & Holland 2016), and 

cardiovascular disease (Esch & Hendryx 2011). However, while this study confirms much 

of the literature regarding the relationship between coal production and coal mining, it 

provides some contradictory and conflicting findings regarding neurodegenerative disease 

mortality. 

There is evidence that air pollution, particularly particulate matter, is associated 

with neurodegenerative-related diseases and mortality (Kettunen et al. 2007; Block & 

Calderon-Garciduenas 2009; Levesque et al. 2011). However, the results from this study 

suggest there is little predictive power in coal mining and neurodegenerative mortality rates 

at the county level. Additionally, given the limited understanding of how different types of 

neurodegenerative diseases are transmitted, including by genetics, environmental, socio-
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cultural, and behavioral factors, these results should be taken with caution. The current 

evidence of environmental factors impacting neurodegenerative diseases is inconclusive at 

best (Brown, Lockwood & Sonawane 2005). Additional, this study is fundamentally 

limited by being an ecological study, measuring factors at the population-level. In order to 

get a clear picture of the relationship between environmental factors and neurodegenerative 

disease mortality, it would be best to conduct an individual-level analysis with more direct 

measures of exposure to coal mining pollution, for example, air quality samples in or 

around their homes. Ecological studies can only tell you about factors which we have to 

measure at the county-level. Thus, this limits our understanding of if there is a causal 

relationship between environmental factors and neurodegenerative disease mortality. 

Future research could use mixed-level modeling techniques to incorporate both community 

(county/state) level factors with individual-level data. Thus, in this study, while there are 

statistically significant results, they should be considered with a considerable grain of salt.  

Study Limitations 

 This study is ecological in its nature and design, which limits the ability for the 

study to provide causal explanations for environmental health processsses. Thus, while the 

results do suggest coal mining exposure can explain cross-county differences, there are 

limitations in the ability of the fixed-effects models to provide causal explanations. The 

biological causes of many diseases, such as neurodegenerative diseases, cannot all be 

explained by environmental factors. Thus, it is difficult to account for every potential 

causal pathway. Thus, there are missing controls in the model to isolate purely 

environmental factors. The current study is a population-level analysis, examining 

mortality rates at the county-level versus measuring at the individual level. In this case, 
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there are potential limitations regarding unmeasured factors in, within and between the 

counties that may not be measured by any dataset.  This study is limited by the availability 

of data over a long period of time.  

 There is currently in adequate data to measure the length of potential population 

exposure to environmental risks. As with many regions in the United States, the population 

in Appalachia is mobile and people move in and out of the region frequently. Thus, it can 

be difficult to assess potential exposure to environmental harms associated with coal 

mining. Future research will need to attempt to address this selection issue.  

 There are multiple data sources that are not available before the 1990 period or are 

inaccessible to the public and thus unavailable for this study. Publicly available coal mining 

data are not available before 1989 in the three states in the study area (Kentucky Coal Facts, 

2017). The National Land Cover Database (NLCD) is only available from 1992 to 2011, 

thus limiting the ability to estimate the mining area extent before 1992 (U.S. Geological 

Survey 2012). It also should be noted that compared to underground coal mining, 

surface/mtr coal mining is rather a recent phenomenon, starting in the late 1970’s, but 

hitting its pick in the late 1990’s and early 2000’s (Hendryx & Holland 2010). These factors 

may limit the fixed-effects models’ ability to pick up long-term impacts associated with 

the increased surface/mtr coal mining in many of these communities. 

 This study uses population data and, as such, the data is subject to different 

interpretation than working using samples. Given p-values are typically used for sample 

data, in these two-study p-values are used as a supportive measure. P-values are testing a 

certain measure is statistically significant from the null hypothesis which is that if I were 

to take random samples from the entire population what is the probability that I would not 
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find a similar pattern. Thus, when the sample is instead the entire population, as in the air 

quality and coal-exposure study, the p-value losses it’s meaning significantly. These results 

should be taken with a grain of salt. 
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IMPLICATIONS & CONCLUSION 

 In the 2016 U.S. presidential elections, the fate of the coal industry, particularly in 

the Appalachian regions of West Virginia, Pennsylvania, Ohio, Virginia, and Kentucky, 

became a political issue, with multiple politicians, including future President Trump, 

offering to bring back the downtrodden industry (Krauss & Corkery 2016). The election of 

President Trump has led to the rollback of many Obama-era regulations regulating the coal 

industry, including the stream protection rule (Henry 2017) and the Clean Power Plan 

(DiChristopher 2017). Despite these changes in regulations, preliminary data suggest that 

coal production has increased little and employment has continued to decline, and long-

term projections suggest coal production and employment will continue to decline 

(Kentucky Energy and Environment Cabinet 2017). The political debate surrounding the 

coal industry focused almost exclusively on the economic impact of coal mining while 

leaving little room for discussion regarding environmental health impacts of coal mining. 

 Popular discussion of the coal industry has focused on the fact that the coal industry 

historically has employed a larger number of people in a very poor and rural region of the 

United States, specifically Appalachia. However, little consideration is given in the popular 

press about the significant health impacts of coal production. This study confirms what 

prior research suggests regarding the relationship between coal production, in particular, 

living near or around surface/mtr coal mining facilities, increases the risk of mortality, 

particularly from causes such as cancer. The relatively little attention given to the potential 

health hazards of coal production is perhaps the result of the limited, and sometimes, 

conflicting nature of the current literature on coal production’s impact on health and 
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mortality. Less than twenty-five peer-reviewed studies exist examining health outcomes 

(hospitalization, mortality rates, self-rated health, etc.) and coal production in the 

Appalachian region. Many of these studies are limited by the availability of data only at 

population levels such as county or state. Most recently the Trump administration defunded 

a study being conducted by the National Academy of Sciences examining the health risks 

for residents near surface coal mining sites in Appalachia (Fears 2017). Studies like the 

National Academy of Sciences study are attempts to provide some clarity in the scholarly 

community about the exact nature of the relationship between coal mining and population 

health. 

 This project is an attempt to fill the gaps left in the literature regarding the nature 

of the relationship between surface/mtr coal mining and mortality in the Appalachian 

region. Given the relatively lengthy limitations in doing this type of work, I employ 

innovative and previously unused data and techniques to uncover the relationships between 

living near surface/mtr coal mining sites and mortality rates. My results suggest that cross-

county differences in mortality rates within the Appalachian region can in part be explained 

by differences in the relative risk associated with surface/mtr coal mining. However, the 

long-term effects, at this point, cannot be properly assessed with the given data. Despite 

the limitations, the results of this study point to a larger pattern that other scholars have 

noticed about resource-rich regions like Appalachia. 

Appalachian Coal Mining in Context 

 Coal production in the Appalachian region has fueled the American and global 

economy for well over a century (Eller 2008). However, social, and environmental 

consequences have been left in the wake. Higher rates of all-cause mortality and disease-
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specific mortality are an externality of the natural resource-based economy, thus provides 

more supporting evidence of an Appalachian-specific natural resource curse. Famous 

Appalachian scholar Helen Lewis coined the idea that Appalachia was an internal colony 

of the United States in her seminal work “Colonialism in Modern America: The 

Appalachian Case” (1978). For Helen and other Marxian Appalachian scholars, the natural 

resource economic model, with foreign ownership of the means of production and natural 

resource industries (In the Appalachian context, coal mines and railroads owned by 

companies based in Eastern coastal and Midwestern states.), was the model they saw in 

Appalachian history with the introduction of the coal industry in the late 1800’s into the 

region (Lewis 1978). This colonial model closely mirrors the model laid out by scholars 

examining the natural resource curse (Antry 1993). Appalachia is and remains a region 

whose fate is intimately tied to the coal industry. Thus, it should be no surprise that the 

dominant industry impacts the health and well-being of the region. 

 Allan Schnaiberg (1980) argues that capitalist societies seek to increase their rate 

of growth at the expense of the natural and social world. Capitalist societies seek to expand 

the production of goods and services, monopolize production processes within society and 

increase the capital intensity of production (Schnaiberg 1980). Appalachia in many ways 

serves as a textbook example of Schnaiberg’s thesis. In the case of Appalachia, the region 

has served as a place for the extraction of natural resources to fuel expanded production of 

industrial output, first in the form of steel production, electricity production, and other 

industrial uses, but later migrating to mainly the production of electricity in the late 

twentieth century (Eller 2008).  
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Schnaiberg (1980) argues that the “Treadmill of Production” is created by the 

constant need for capitalists to continually increase production and reduce labor 

production in the industrial process. Thus, capitalists invest heavily in capital-intensive 

technologies to replace workers, and these technologies involve the depletion of natural 

resources and have ecological and social harms. In the Appalachian context, mountaintop 

removal coal mining is a golden example of such process. MTR coal mining requires 

significant investment in heavy machinery, explosives, and land acquisition; it also 

reduces labor employment compared to traditional underground coal mining. They then 

seek to increase the mining of coal dramatically and reduces the costs, such as labor and 

environmental remediation.  

This process began in earnest in the 1970’s, exceptions in the Clean Air Act allowed 

grandfathering in new coal-fired power plants, which increased demand for Appalachian 

low-sulfur coal, which produces less dirty air emissions than high sulfur coal found in other 

regions (Hendryx & Holland 2016). This boom in the already exhausted coal fields of the 

Appalachian region, new techniques (mountaintop removal coal mining) was needed to 

retrieve the less desirable seams of coal (Hendryx & Holland 2016). Thus, mountaintop 

removal coal mining is the results of the constant “Treadmill of Production” in the 

Appalachian and United States context, which has sought to increase production at the 

expense of labor and the environment. 

Mountaintop removal coal mining has left ecological scars on the landscape of the 

Appalachian region, from hydrological impacts (Vengosh et al. 2013; Evans et al. 2015), 

polluting of streams and groundwater (McAuley & Kazor 2006; Lindberg et al. 2011), 

reduced air quality (Aneja, Isherwood & Morgan 2012; Kruth et al. 2014) to drastic 
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changes in the topography of the land (Wickham et al. 2013; Ross, McGlynn & 

Bernhardt 2016).  The environmental consequences have extended beyond the natural 

environment and into the sphere of human health. My study, along with those conducted 

by others, find that coal mining has a deleterious impact on mortality, with increases in 

all-cause (Hendryx 2008; Hendryx & Ahern 2009), lung cancer (Hendryx, O’Donnell & 

Horn 2008; Hendryx, Fedorko & Anesetti-Rothermel 2010; Hendryx & Holland 2016) 

and respiratory mortality (Hendryx & Holland 2016) in Appalachian coal mining 

counties. 

Future Directions 

 This research study is fundamentally hampered by two major factors, the level of 

analysis and the limitations of the data. Most publicly available health data are only 

available at the county-level. Individual-level death records require approval and use by 

the National Center for Health Statistics, which can take up to three years or more. Thus, 

they were not considered for use in this project. However, future research should examine 

individual-level data to construct far more robust analyses. The National Center for Health 

Statistics has worked to link the NDI records with several other national surveys of health. 

Thus it will be important to explore these new data sources (National Center for Health 

Statistics 2016). Another important route is the use of administrative data. 

 Scholars are increasingly utilizing federal government administrative records, 

largely from the Social Security Administration and the Centers for Medicaid and Medicare 

to analyze health and mortality better. For example, using Medicare records matched to 

Social Security death records, Sarah Taylor (2013) found higher rates of mortality for those 

over the age of 65 in steel production towns than those in the same age group in non-steel 
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production towns in Pennsylvania. Projects like this are opening up the possibility of 

finding causal pathways for environmental factors and mortality beyond population-level 

data.  

 While much work has been done using dichotomous and ordinal level measures, 

future research should also examine linear measures of coal production as I have done in 

the paper. A potential way to modify the measure would be to subtract the mean coal 

production and thus measuring the standard deviations of coal production. This would be 

used specifically in the random and fixed effects models so that you could parse out the 

between county effects. 

While individual-level analysis is important, it is appropriate to include multi-level 

and mixed models into future research. While my studies assume of a linear relationship 

between mortality rates and coal production, exposure to coal mines impacts mortality rates 

through environmental exposure. However, considering there is evidence of a “Natural 

Resource Curse” and Treadmill of Production in the Appalachia, perhaps it is the social 

factors (poverty, education, etc.) (Black, McKinnish & Sanders 2005; Hendryx 2010; 

Deaton & Niman 2011) that are the mediating factor between coal production and 

mortality. Another possibility is that the level of social disadvantage is connected to health 

that the additional burden of environmental health risk has diminished returns. These are 

topics for serious consideration for future research.  

Policy Implications of the Study 

 My research confirms the work of other scholars, in finding a strong systematic 

relationship between coal mining production and mortality rates in the Appalachian region. 

While far from exhaustive, the body of literature as it currently stands, with the addition of 
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this project, warrants serious policy considerations. While the coal industry continues to 

decline in many parts of the United States, in part due to the competition from natural gas, 

the environmental impacts will have long-lasting impacts on the environment and health 

of the Appalachian region. Thus, serious policy solutions should be considered to remedy 

the negative externalities that coal production has produced. However, the political climate 

may pose a serious challenge to the enactment of such policies.  

In the Obama Administration, serious efforts were taken to attempt to address the 

problems associated with coal production and the burning of fossil fuels, including the 

enactment of the Stream Protection Rule, the Clean Power Plan, and the signing of the 

Paris Climate Accords (Eilperin & Dennis 2017). However, the Trump Administration in 

early 2017 started the rollback of many of the Obama administration environmental 

policies, including the Clean Power Plan, that was. Given the uncertain political climate 

and growing hostility in the U.S. government to environmental policies and the increased 

role of energy industries in the policymaking process, more regulations to remediate and 

eliminate the impacts of the coal industry should not be expected. 

While the current political environment may not be hospitable towards changing 

environmental policies, my research suggests that changing environmental policies could 

change can health outcomes. The coalfields of the Appalachian region are one of the most 

unequal places in the United States, with high rates of poverty, unemployment and low 

levels of education, poor health in almost every way you can measure, and environmental 

destruction has ravaged the region.  A recent report conducted by the Population Reference 

Bureau finds that the Appalachian region, in particular, the Central Appalachian sub region, 

which consists of eastern Kentucky, West Virginia, and southwest Virginia have not 
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recovered at the same rate as the nation from the 2008 recession (Pollard & Jacobson 2017).  

Using data from the 2011-15 American Community Survey, Pollard and Jacobson found 

that the Appalachian region remains behind the nation in unemployment, poverty rates and 

disability status (Pollard & Jacobson 2017). While the unemployment rate in the whole 

Appalachian region is the same as the national rate in the 2011-15 time period (6.9%), the 

Central Appalachian sub region was more than two points above the national rate (8.6%). 

Median household income in the Appalachian region is $60,525, nearly $6,000 less than 

the United States rate, the rate in Central Appalachia is more than $28,000 ($47,535) less 

than the United States rate (Pollard & Jacobson 2017).  

The higher unemployment and lower household income levels make it unsurprising 

that the Central Appalachian region lags the national in a reduction in poverty. The 

Appalachian poverty rate in 2011-15 (17.1%) is slightly higher than the national rate 

(15.5%). However, in the Central Appalachian subregion, almost one in four people live 

below the poverty line (24.4%). One in three children (33.4%) in the Central Appalachian 

sub region lives in poverty compared to one in four (24.4%) for the whole Appalachian 

region and one in five for the United States (21.7%). Poverty rates remain high the in the 

Central Appalachian region; this is also a region where high rates of disability exist as well. 

The Appalachian regions disability rate (15.9%) is slightly higher than the United States 

(12.4%). However, in the Central Appalachian sub region more than one in five are 

disabled (23.4%). Disability rate is nearly double the rate of the United States (Pollard & 

Jacobson 2017). Appalachia has been and remains a region of deep social, economic and 

health inequality in the United States.  
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The high price of inequality continues to perplex policymakers both at the state and 

federal level. While programs such as the Appalachian Region Commission (Eller 2008) 

have promised to fight a war on the high poverty and inequality in the region, there has 

been little progress in bringing the region within striking distance of the nation. Adding to 

the complexities is the environmental inequality and destruction that will be left behind 

long after the last ton of coal has been mined. Coal mining has long been the dominant 

industry in Central Appalachia for nearly 100 years. However, over the last decade, coal-

fired electricity generation has declined. In 2008 coal represented 48% of total electricity 

generated in the United States, by 2016 less than 30% of electricity generated was from 

coal (Energy Information Administration, 2017). Coal mining employment has continued 

to decline. Currently national coal mining employment is at the lowest level since the 

government began collecting statistics began on coal mining employment (Karlstad 2017). 

As coal continues to decline, the repercussion will continue to be felt throughout the region 

and the nation. The decline in the coal industry will impact the ability of state and local 

governments to address crucial health and quality of life issues in the region. 

As the coal industry has declined, so have the revenues generated by the taxes on 

coal mining (coal severance taxes), local income and property taxes (Bailey 2013). Coal 

severance taxes have been used to fund local emergency medical services, community 

centers, libraries, ambulances and fire trucks, water and sewer projects, medical school 

scholarships, parks among many others (Baiey 2013). Many communities have regularly 

used these taxes to plug budget holes and provide important community social and health 

services. As these taxes decline with a continued decline in coal production and 

employment, communities will find it difficult to continue to survive (Estep 2017). The 
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ability for these communities to deal with the serious long-term implications of coal 

mining, long after the coal has all been mined, is seriously harmed by the decline in the 

industry. 

Coal mining will have a long-lasting scar on the Appalachian region. This study 

project has exposed some of the scars on the region. All of the evidence points to the fact 

that coal mining will have a long-lasting impact on the Appalachian region far beyond the 

moment the last coal train rolls out of the mountains. Coal mining will have a long arm 

into the future of the Appalachian region. 
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