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ABSTRACT 

In certain surface coal mines in the southern Rocky Mountain 

Coal Province, waste coal and other combustible materials have been 

observed to ignite spontaneously at depths as great as 25 feet, provided 

that there is a sufficient flow of oxygen from the surface. Subsurface 

fires arising from this phenomenon have a potential for transferring 

significant quantities of heat to the surface environment, thereby 

impairing revegetation success. Venting through cracks, fissures, and 

subsurface voids can result in the release of noxious gases into the 

atmosphere and the deposition of coal tars and other contaminants at the 

ground surface. 

The research explores factors related to sustained combustion 

within mine spoils, identifies conditions useful for spoil fire rec

ognition, an(j suggests methods and alternatives available for con

trol. The nature and extent of environmental impacts related to air and 

water quality, mine reclamation, health, and safety which arise from 

spoil fires are also evaluated. 

To assist resource managers and mine planners, a monitoring 

strategy is presented which employs remote imaging and computer simula

tion for the assessment of the spoil fire hazard both in advance of and 

during mining. The methods described are also applicable to the 

environmental assessment of other naturally occurring and/or man induced 

phenomena involving subsurface heat generation. 

x 



xi 

The approach is shown to be effective in ascertaining various 

parameters related to the nature of the heat source, including its 

magnitude and depth below the surface. The potential for assessing heat 

transfer dynamics is also discussed. 



CHAPTER 1 

INTRODUCTION 

Concomitant with the formulation of a national energy policy has 

been an increasing popular insistence that energy resource development 

be carried out subject to necessary and proper environmental con

straints. For the particular example of coal resource extraction, the 

decision to commit additional lands within the federal mineral estate to 

surface mining was followed by the passage of the Surface Mining Control 

and Reclamation Act of 1977 (Pub. Law 95-87) and its attendant 

regulatory program. The primary intent of this legislative program is 

to provide assurance that post-mining stability will be promptly 

achieved through proper reclamation and revegetation of the affected 

lands. To provide this assurance, a set of comprehensive performance 

standards and an enforcement agency has been established by the federal 

government. 

However, as frequently encountered with new programs, the 

transition between legislative approval and executive implementation has 

brought forth an awareness of certain oversights and informational gaps 

which will necessitate further research and probably litigation before a 

reasonable harmony between ideal and practice is composed. 

Potentially, one such oversight relates to the environmental 

effects of self-igniting coal mine wastes. The problem is not par

ticularly a new one, especially to those familiar with the problems 
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encountered in the "older" coal mining districts such as in the eastern 

United States and Great Britain, where "gob" or coal refuse piles, in 

some instances, have sustained uncontrolled, continuous ignition for as 

long as fifty or more years, creating severe safety and environmental 

hazards. Such phenomena have involved deaths from inhalation of noxious 

gases emanating from subsurface, abandoned mines; severe burns sustained 

when individuals have broken through surficial crusts overlying under

ground burning wastes; and the threat of structural loss and damage due 

to subsidence and caving of subsurface fissures and voids wherein combus

tion has occurred (Gilmore, 1963; 1938 Colliery Guardian and 1946 Science 

and Art of Mining, cited in Slavecki, 1964, p. 537). 

Based on an awareness of the self-ignition hazard, Section 

515(b)(14) of the Surface Mining Act requires that materials 

constituting a fire hazard be handled so as to minimize sustained 

combustion. However, the problems associated with the spoiling of 

combustible materials are not limited to health and safety con

siderations and can also influence air and water quality, land 

stability, and revegetation success both in the short and long term. 

Sustained combustion within regraded mine spoils can result in the 

venting of noxious gases to the atmosphere, alteration of soil 

chemistry, degradation of runoff and soil water quality, subsidence and 

slope instability, and transfer of significant quantities of heat to the 

surface environment. These considerations are accounted for, at least 

indirectly, in the performance standards. Specifically, 30 CFR 

715 . 20(f)(2) (iii) requires that no significant segment of a reclaimed 

area may have less than 90 percent of the ground cover found in the 
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"reference area" (a natural, undisturbed site within the area adjacent 

to the area being mined which is set aside for the purpose of measuring 

the success of the revegetation effort on the reclaimed areas). Thus, 

uncontrolled combustion could in some instances result in enforcement 

actions against the mine operator due to non-attainment of the "90 

percent provision." 

Another aspect which indirectly involves the control of 

combustion is contained in Section 515(b)(1) of the Act, wherein maximum 

utilization and conservation of coal resources is required to the extent 

that reaffecting the coal resource area in the future is to be 

minimized. For reasons other than those expressed in the language of 

the Act, this standard is potentially of equal concern to the mine 

operator, the environmentalist and land manager, because in addition to 

being a wasted resource, spoiled coal can, as already outlined, become a 

significant environmental hazard. 

The phenomenon of self-igniting coal mine wastes has been 

observed and studied extensively but primarily as it relates to resource 

loss (Davis and Reynolds, 1928; Kim, 1977). In contrast, the 

environmental impact of the phenomenon has received little direct 

attention. The material presented within this study deals specifically 

with reclamation and other environmental problems associated with 

spontaneously igniting coal mine wastes and is intended to provide a 

rationale for monitoring and assessing the environmental significance of 

this phenomenon and to suggest methods for its prevention and control. 

Accordingly, much of this work deals with methodologies for assessing 

the phenomenon of heat transfer within the soil. It should be 
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recognized, however, that the "spoil fire" phenomenon has been observed 

to approach problem levels only at a few mines in the southwestern 

United States, where natural conditions favor sustained ignition. 

Nevertheless, the utility of the methodologies is not confined solely to 

these applications. Analogous situations which could potentially 

require similar environmental assessments include in situ gasification 

and oil shale retorting projects, geothermal resource development, 

buried pipelines, longwall coal mining and block caving, naturally 

occurring fires in coal outcrops and seams, and subsurface disposal of 

radioactive wastes. Further, it is conceivable that spoil fire problems 

may become more extensive as additional low rank coal fields in the 

western United States are opened for development. 



CHAPTER 2 

LITERATURE REVIEW 

Literature relating to spontaneous ignition of coal mine wastes 

as treated within the scope of this study can be segregated into three 

categories: 

1. spontaneous combustion phenomena and attendant environmental 

impacts, 

2. heat conduction modeling, and 

3. remote sensing of thermal signatures. 

The phenomenon of spontaneous combustion (or self-heating, 

spontaneous ignition, and several other technically equivalent terms) 

has been studied extensively by the U.S. Bureau of Mines and the Mining 

Enforcement and Safety Administration, both in the laboratory and in the 

field, since before the turn of the century. Included among the more 

comprehensive works on the subject are papers by Davis and Reynolds 

(1928), who reviewed fifty years of U.S. Bureau of Mines research on 

coal combustion in an effort to summarize results and correlate them 

with those of other investigators. Jones and Scott (1939) reported on 

the chemical considerations relating to fires in anthracite refuse. 

Elder et al. (1945) discussed methods for determining self-heating 

tendencies of coals based on physical properties and conditions within 

the coal environment. Myers et al. (1966) reported on experiments 

designed to determine factors affecting ignition of coal mine refuse and 

5 
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on methods for the control of burning. A current circular by Kim (1977) 

updates and summarizes the catalogue of research efforts begun by Davis 

and Reynolds. 

Summarizing the information contained in the above-mentioned 

literature, it has been generally agreed that the factors of coal rank 

and changes in moisture content are of primary importance in the 

determination of self-heating tendencies, whereas the specific 

significance of airflow rates, particle size, temperature, the presence 

of sulfur minerals, geologic factors, and mining practice remains 

unclear. 

The environmental impacts associated with coal refuse fires were 

evaluated by McNay (1971). The report addressed impacts on air quality, 

health, safety, vegetation, esthetics, and public welfare, but did not 

include a discussion of heat transfer. Deely and Borden (1969) reported 

on the impact of high soil surface temperatures in reclaimed mine spoils 

in Pennsylvania. Their data indicate that heat injury due to high 

insolation can occur on any commonly occurring bituminous spoil 

materials. The maximum amplitude of diurnal surface temperature 

variation observed was roughly 50 to 60 degrees Celsius on the darkest 

spoils of lowest thermal conductivity (black bituminous coal and black 

organic shale) and 35 to 45 degrees Celsius on the lightest materials of 

highest thermal conductivity (lighter shales and sandstones). 

Modeling of heat conduction has also been a popular avenue of 

research. Perhaps the most fundamental work in this regard is that of 

Carslaw and Jaeger (1959), which provides the mathematical theory for 

problems relating to the conduction of heat in solids. The presentation 
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of solutions to various problems encountered in heat transfer modeling 

enhances its utility to practitioners without detracting from its 

character as a mathematical work. Several important works, including 

that of De Vries, which apply the mathematical theory presented by 

Carlsaw and Jaeger to the natural physical system are contained in a 

volume by Van Wijk (1963). 

Important references which relate to heat conduction modeling 

are those of Chaiken (1974 and 1977). While Chaiken's works are 

primarily intended for the purpose of determining engineering ef

ficiencies for the in situ coal combustion process, they provide useful 

information relating to the mechanism of heat loss (transfer) from the 

combustion chamber to the overlying and surrounding strata. Additional 

information on the mathematical modeling of combustion processes is 

provided by Szekely, Evans, and Sohn (1976). 

Remote reconnaissance of thermal signatures and anomalies has 

been carried out in many disciplines including mineral exploration, 

geology, forestry, environmental studies, and intelligence. Perhaps the 

first, though unofficial, aerial reconnaissance of coal refuse fires 

occurred during World War II when burning piles in Great Britain served 

as beacons to enemy bombers (Lessing, 1956). Among the initial 

applications of thermal infrared imagery for locating and detecting coal 

refuse fires were the efforts by HRB-Singer, Inc. (Slavecki, 1964), who 

concluded that infrared imaging systems can be utilized to provide data 

for controlling subsurface coal refuse fires. It was further postulated 

that such systems might also be useful in detecting and locating fires 

in abandoned mine shafts and possibly for determining the depths at 
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which the fires occur within the refuse banks. In 1969, Green, Moxham, 

and Harvey researched the capabilities of aerial infrared systems for 

detecting subsurface fires at depths up to 30 meters and were able to 

conclude that fires at shallow depths (up to 10 meters) can be easily 

detected; those at intermediate depths (between 10 and 30 meters) can be 

detected if the heat is carried to the surface by convection in open 

cracks or if the fire has been burning long enough to permit sufficient 

conductive heat transfer to the surface; and fires at depths greater 

than 30 meters can be detected only when the heat is transferred to the 

surface by convection through cracks and fissures. Finally, Ellyett and 

Fleming (1974) field tested thermal infrared imaging systems on the 

"Burning Mountain" coal fire in Australia using supplementary ground 

temperature studies. 

Another facet of remote detection of coal mine fires has been 

researched by the Bureau of Mines (Stateham, 1972, 1974, 1976; and 

Stateham and Merrill, 1971) and involves the use of handheld infrared 

scanners for detecting potential spontaneous combustion in both 

underground and surface coal mines as well as in refuse dumps. In

teresting spinoffs of the research involve the detection of other mine 

hazards such as loose rock, faulty electrical equipment, hot bearings on 

conveyor belts as well as active and incipient fires, all of which 

appear as thermal anomalies to the detector. The Bureau has also 

assessed the technique for detecting incipient fires in municipal dumps 

and for mine rescue (Stateham, 1973 and 1976, respectively). 

Hydrologic and environmental research related to the mining and 

reclamation operations at Black Mesa, Arizona has been carried out by 
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the School of Renewable Natural Resources at The University of Arizona 

since 1975. The research has resulted in several papers which are 

primarily oriented toward the quantification and assessment of 

management alternatives based on physical environmental considerations. 



CHAPTER 3 

MINE SPOIL FIRE INVESTIGATIONS AT 
BLACK MESA, ARIZONA 

While the problem of coal refuse fires is rather widespread 

throughout the United States and other coal mining districts of the 

world, the phenomenon of coal mine spoil fires is apparently isolated to 

a few mines in the southernmost and most arid areas of the Rocky 

Mountain Coal Province where the physical and climatological conditions 

support sustained burns. The problem appears to have reached at least 

nuisance dimensions at the Navajo Mine in northwestern New Mexico and at 

the Black Mesa and Kayenta Mines in northeastern Arizona. Other mines 

such as the Dave Johnston Mine in Wyoming have sustained ignition within 

the seam itself due to certain geologic conditions (faults, joints, 

fractures, and other structural features) which favor the transmission 

of air and moisture to the seam, thereby facilitating oxidation in situ. 

This latter phenomenon has also been encountered at the mines at Black 

Mesa. The investigations and data described herein relate, for the most 

part, to the adjacent Black Mesa and Kayenta Mines. Figure 1 shows the 

location of coal fields within the southern portion of the Rocky 

Mountain Coal Province. 

Environmental Setting of Black Mesa, Arizona 

The climatic setting at Black Mesa may be classified as 

semi-arid. The average precipitation of about 30.5 centimeters (12 

10 
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Figure 1. Map showing the locations of coal fields in the southern 
Rocky Mountain Coal Province. 

Modified from Peirce, Keith, and Wilt (1970). 
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inches) annually is characterized by extreme variability. Most of the 

precipitation (about 60 percent) occurs in the form of intense 

convective storms of relatively short duration and limited areal extent 

during the late summer months . Typical winter storms are frontal and 

provide precipitation in the form of either snow (about 70 percent) or 

rain. Maximum depth penetration and percent saturation of soil moisture 

generally occur toward the end of the winter precipitation period. 

Summer storms generally contribute little to the overall soil moisture 

due to characteristically low infiltration and high runoff (Blumer, 

1978). 

Average monthly temperatures observed at the nearby Betatakin 

station over a 33-year period ranged from -1.2 °C (29.9 °F) in January, 

the coldest month, to 22.4 °C (72.4 °F) in July, the warmest month. The 

average annual monthly temperature for the same period was 9.9 °C (49.9 

°F). 

Low relative humidities, warm temperatures, and steady winds 

result in high rates of surface evaporation. While no summary of wind 

speed data is available for the Black Mesa site, data presented by 

Sellers and Hill (1974) for Winslow, Arizona (about 100 miles to the 

south) suggest wind velocity equivalent to a continuous 3.3 meters per 

second (7.4 miles per hour). 

Black Mesa Coal Resources 

The Black Mesa Coal Field consists of coal seams strati-

graphically situated in the Dakota sandstone and Toreva and Wepo 

formations of the Cretaceous Mesa Verde Group. Estimated gross coal 
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resources are listed as 5.65, 6.00, and 9.60 billion short tons for the 

Wepo, Toreva, and Dakota formations, respectively (Peirce, 1975). A 

stratigraphic cross-section across the mine lease area is shown in 

Figure 2. 

A coal mining lease on some 64,000 acres of the Navajo and Hopi 

tribal lands is held by the Peabody Coal Company. It is estimated that 

coal will be extracted by surface methods from some 14,000 acres within 

the lease area at an average rate of about 400 acres per year over at 

least a 35 year period (U.S. Bureau of Reclamation, 1971). The mining 

operations began in 1970 and in 1977 produced 4,428,000 and 6,898,000 

tons from the Black Mesa and Kayenta Mines, respectively. The location 

of the lease area within the tribal lands is shown in Figure 3 and a map 

of the coal reserve areas of the Black Mesa and Kayenta Mines is 

depicted in Figure 4. 

At present, coal is being recovered only from the Wepo 

formation, the coals of which commonly display heating values of about 

6.1 x 10® calories per kilogram (11,000 BTU per pound), sulfur contents 

of about 0.5 percent, and ash contents of less than 8 percent. Overall, 

Black Mesa coals are considered to be low grade bituminous as delivered, 

which is comparatively higher in rank than typical western coals. 

Coal is removed by strip mining with overburden removal by 

dragline equipment. Loading operations are conducted by both shovels 

and front-end loaders into 125-ton capacity diesel-powered haulers. 

Thicknesses of the overburden and coal seams vary widely throughout the 

lease area. Generally 120 feet is considered the maximum overburden 

thickness for which coal is recoverable by surface methods; however, the 
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seam itself can vary between 4 and 30 feet in thickness. In terms of an 

overburden to seam thickness ratio, a maximum of 3:1 is generally consi

dered to be the economic limit. 

One or several rider seams ranging from a few inches to slightly 

more than a foot in thickness are commonly found among the overburden 

stratigraphy, but due to equipment designs required for recovery of the 

principal seam(s), they are not usually considered to be economically re

coverable and are spoiled with the overburden. 

With regard to the spontaneous ignition tendency of Black Mesa 

coals, clinkers (red dog, burn, or scoria) found throughout the lease 

area provide evidence of active burning in the geologic past. At two 

locations, active burning of the coal seam and significant elevation in 

temperature of the overlying soil surface can be observed. 

Reclamation of the disturbed areas consists of backfilling and 

grading to the approximate original contour with dozers. To this point, 

topsoiling has not been practiced, due to the poor grade and sparsity of 

topsoil and to the apparently low toxicity of the mine spoils (Thames, 

1978). Peabody, as part of the lease arrangements, has agreed to reseed 

the affected areas upon completion of the grading operations and to ef

fect appropriate measures to control soil erosion hazards (Peabody Coal 

Company, 1976). As of this time, the revegetation effort can be charac

terized by only marginal success owing largely to the lack of precipita

tion volume and consistency required to establish a permanent vegetative 

cover. 
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The Mechanism of Self-Ignition 

Based on laboratory studies performed by various researchers 

(Davis and Reynolds, 1928; Kim, 1977), the following list of contribu

tory factors give rise to spontaneous ignition: 

1. coal rank, 

2. fluctuations in bed moisture, 

3. air flux, 

4. temperature of the reactants, 

5. mean particle diameters, 

6. mining practice, 

7. the presence of sulfide minerals, and 

8. various geologic conditions. 

Rank, bed moisture fluctuations, and air flow appear to be the most 

significant factors contributing to self-ignition phenomena at the Black 

Mesa site. 

Coal rank is a measure of the degree of metamorphism a given 

coal has sustained since its deposition. Ranking is based on the degree 

of carbonification and calorific value of the coal. Rank is inversely 

related to self-ignition. Lower rank coals commonly display higher 

volatile and bed moisture contents which are factors favoring self-

ignition. Despite this general rule, comparison in the rank of Black 

Mesa coals versus Navajo Mine coals reveals that the rank of Navajo 

coals is considered sub-bituminous and perhaps 2,000 BTU per pound less 

than that mined at Black Mesa. Although there is no confirming 

evidence, it is alleged that part of the ignition problem at Black Mesa 



results from highly carbonaceous "bone coal" (shale partings and 

interburden materials containing a somewhat higher concentration of 

sulfides than the coal itself), which is often difficult to distinguish 

from weathered coal. 

Moisture fluctuations have essentially a twofold role in the 

self-ignition process. First, appreciable quantities of moisture tend 

to reduce self-heating due to the extraction of latent heat of 

vaporization and to the relatively high specific heat of water (Elder et 

al., 1945). Second, adhesive behavior of water in interstitial spaces 

tends to reduce the surface area of the combustible material available 

for oxidation. For a given coal, at temperatures below the boiling 

point of water, the heat of wetting is greater than the heat of 

oxidation (Kim, 1977). Given the low rate and depth of infiltration in 

the spoils at Black Mesa and the fact that saturated conditions are 

rarely achieved, it is unlikely that moisture at the combustion site 

will ever be sufficient to reduce the self-heating potential of the 

combustibles present. 

Air flow also serves a dual role in that it is both essential to 

the oxidation process, and serves to dissipate heat from the site of 

oxidation. Oxygen flux to the combustible materials can be highly 

variable according to a number of diverse factors. Primarily, the flow 

of oxygen is determined by the air permeability of the surrounding 

porous medium (spoil materials) and the depth and degree of compaction 

of the overbearing materials. Desiccation and subsidence as well as 

other physical phenomena can also alter the spoil structure so as to 

enhance its air permeability. One particular phenomenon that has been 



observed is the accumulation of coal refuse and other combustible refuse 

near the spoil toe and adjacent to ramps following coal loading op

erations. At the same location, coarse talus accumulates as a result of 

mass movement and also due to selective placement by the operator for 

stability. Subsequently, if not rapidly buried under a suitable cover 

material, voids and passages within the talus can provide excellent 

conduits for air flow to the combustible wastes. The net heat liberated 

as a result of the oxidation process is highly variable during the 

initial stages of oxidation; however, after a characteristic volume of 

oxygen per mole of coal has been consumed, the heat output approaches a 

constant rate. For example, Jones and Scott (1939) estimated that about 

100 cubic centimeters of oxygen were consumed per gram of anthracite 

material before the caloric output stabilized at about 4.1 calories per 

cubic centimeter of oxygen consumed. 

The rate of coal oxidation is in direct proportion to the 

temperature of the combustible materials. If the materials are buried, 

insulating properties of the spoil materials can serve to facilitate 

oxidation. Once the oxidation process has exceeded a threshold 

characteristic for the material (usually about 65 °C or 150 °F) , the 

exothermic reaction can easily proceed to ignition temperatures, 

assuming an adequate supply of oxygen. Various external heat sources 

such as friction and exhaust from earth moving equipment, trash burning, 

or insolation can assist in raising the stored temperature of the 

combustible body. As already mentioned, the coal seam, under certain 

conditions, may have begun the rapid oxidation process itself, prior to 

excavation. In such instances, the removal of overburden results in an 



increased flow of oxygen to the reacting coal face, and frequently 

ignition occurs. Such fires are difficult to extinguish and can result 

in serious recovery losses. In cases where backfilling lags sig

nificantly behind the mining activities, prolonged exposure of com

bustible materials to the atmosphere may result in advanced stages of 

oxidation and heat storage. 

Particle size, as with rank, is inversely related to the 

self-heating tendency of combustible solids. Crushed and broken coal 

provides a greater surface area for oxidation than blocky coal wastes. 

Weathering serves to facilitate this physical breakdown. Further, the 

particle size of the overburden or cover materials can be considered a 

factor to the extent that it limits the flow of air to the combustibles. 

With regard to the influence of mining practice upon 

self-heating, the potential for encountering problems in surface-mined 

areas increases with decreasing recovery efficiency. Typical recoveries 

for surface strip mine operations are upward of 85 percent (Phelps, 

1973); however, in certain situations, such as steep slope or multiple 

seam mining, recovery efficiencies tend to diminish. Another problem 

stems from various stratigraphic discontinuities in the coal seam. In 

particular, shale partings and splitting are common and frequently 

result in the spoiling of coal with the overburden. Another source of 

waste coal is rider seams which are too thin to be economically 

recovered. Such seams are generally a foot or less in thickness and 

insignificant in volume as compared with the principal seam(s). 

Equipment design for recovery of the principal seam(s) generally will 

not permit effective or economic recovery of the rider seam(s). 



Attempted recovery with such "overdesigned" equipment usually results in 

increased ash content and decreased average heating value due to 

increased recovery of shale and other impurities. Examples of 

comparative self-heating characteristics of anthracite coal, anthracite 

refuse materials (including slush-bank refuse, breaker refuse, and 

anthracite silt), and bituminous coals are compared in Figure 5 and 

Table 1, which are adapted from data recorded by Jones and Scott (1939). 

The oxidation of sulfide minerals, principally pyrite and 

marcasite (isomorphous forms of iron disulfide) , can facilitate the 

oxidation of carbonaceous materials through two mechanisms. First, the 

exothermic oxidation reaction of sulfides serves to increase the stored 

heat of the reactants, and second, the swelling of the sulfides can 

result in the physical disintegration of the coal, thereby exposing more 

oxidative sites. However, the sulfide concentration must generally 

exceed two percent before these effects become significant (Kim, 1977). 

Most western coals, including Black Mesa coals, do not meet this 

criterion. 

Thus, in order for spontaneous ignition to occur, the following 

requirements must be met: 

1. Combustible materials must be present in sufficient quan

tities . 

2. Sufficient oxygen must be supplied to the reacting face. 

3. An initial source of heat must be available to catalyze the 

reactants above a self-heating threshold which is characteristic for the 

given material. 
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Table 1. Comparison of ignition temperatures for various coals and 
refuse materials. 

Modified from Jones and Scott (1939). 

Material „ IgI,ition,o„, 
Temperature ( C) 

Anthracite coal 432 

Slush-bank refuse 467 

Breaker refuse 516 

Anthracite silt 498 

Bituminous coal (eastern U.S.) 328 

Bituminous coal (western U.S.) 210 



Control of self-ignition in coal mine operations is therefore dependent 

on one's ability to eliminate or limit one or more of these contributory 

factors. 

Field Investigations 

Evidence of spoil fires was first observed at Coal Reserve Area 

J-3 at the Black Mesa Mine site (refer to Figures 4 and 6). A notable 

odor of "gob stink," visible staining of the spoil surface by coal tars, 

subsidence including a 100 foot long fissure, and the emanation of smoke 

and gases from several vents provided firsthand evidence of a large 

combustible remnant(s) buried at some depth below the surface. The area 

had been mined in 1971 and remained unreclaimed for a year or longer; 

thus it was believed that prolonged subaerial exposure contributed to 

the ignition. However, it was later observed that ignition had also 

occurred among recent spoil ridges at the Kayenta Mine and at the J-7 

Reserve at the Black Mesa Mine, where backfilling was more con

temporaneous with the mining. Subsequent backfilling and grading of the 

J-7 location also resulted in spoil fires. Efforts to disseminate the 

burning materials among the spoils prior to backfilling at the Kayenta 

Mine were successful to the extent that the dozer could operate at the 

base of the spoils without giving rise to stability problems. Areas 

where ignition problems were particularly evident seemed to occur where 

the thinnest cover of overburden materials was emplaced upon final 

grading. This was particularly true of former ramps into the pit. 
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Remote Sensing 

As a means of inventorying the extent of the problem, thermal 

infrared (TIR) imagery was obtained from high altitude passes (9,000 

feet AGL) over the Peabody lease area, followed by several subsequent 

low level passes (2,000 feet AGL) over the affected areas. The 

overflight was provided by the U.S. Environmental Protection Agency's 

Environmental Monitoring and Support Laboratory in Las Vegas, Nevada. 

Initial overflight was performed predawn on February 19, 1977, using an 

RS-310C scanning system. Subsequent daytime aerial color photography 

provided location reference. Products supplied included 70 mm black and 

white transparencies and 9x9 inch color transparencies. 

Additional TIR imagery was recorded over the mined areas predawn 

on July 2 and early morning on October 2, 1977, using a Daedalus DS-1260 

multispectral scanner in an effort to provide repetitive imagery for 

dynamic analysis. Unfortunately, due to formatting differences and 

inconsistent quality, such analyses were unattainable. Table 2 provides 

a summary of the specifications of the two scanners. 

The imagery proved to be an effective means for initial 

detection of thermal anomalies, provided that flying altitude and flight 

line planning are optimized for the desired resolution and terrain. 

Terrain factors are particularly critical in areas of extreme relief 

where anomalies in low lying areas can frequently be hidden from the 

scanning radius. Beyond initial reconnaissance, repetitive TIR can 

provide important information on spatial and temporal behavior of the 

anomalies. 
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Table 2. Specifications of scanners utilized in recording TIR imagery 
over Black Mesa mining area. 

Scanner 
Ambient Temperature 

Range 
Bandwidth 

Output 
Format 

RS-310C -18 to 38 °C 
(0 to 100 °F) 

8-14ym film, 70 mm 
Kodak #2479 

DS-1260 0 to 50 °C 
(32 to 122 °F) 

8-14ym digital, 
magnetic tape 
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Analysis of thermal signatures as recorded by the imagery also 

showed a potential for drawing inferences with regard to: 

1. depth and attitude of the heat source(s), 

2. relative magnitude(s) of the source(s), 

3. probably locations of venting and convective heat transfer, and 

4. relative thermal diffusivities of the soil. 

In particular, digitized imagery, as provided by the Daedalus system, 

was shown to be extremely useful in conjunction with heat transfer 

models employing finite difference format, as will be shown in the 

following chapters. 

Imagery recorded predawn provided maximum contrast between 

anomalous and background areas. After sunrise, the contrast diminished 

rapidly due to differential heating and shading effects, thereby 

reducing and/or providing misleading information. Examples of the 

above-mentioned effects are depicted in Figures 7, 8, 9, 10, and 11. 

Aerial color photography also proved to be useful in locating 

hot spots on the basis of inferred information such as staining, "burn" 

materials, subsidence and fissures, and vegetative patterns. Natural 

coal fires were evident from the reddish discoloration of burn materials 

and from dead juniper and pinyon pine snags. Such inference techniques 

may also be useful in the geological evaluation of resource losses due 

to burning of the coal seam in the geologic past. Further, although 

such imagery was not utilized, aerial color infrared photography could 

be extremely useful in locating anomalies on the basis of vegetative 

inference. 



30 

Figure 7. Digitally processed, thermal infrared imagery of the J-3 
study area recorded predawn on July 2, 1977 using the 
Daedalus DS 1260 multispectral scanner system. 

Imagery was recorded from a 2,000 ft (AGL) platform, pro
viding a pixel resolution of 5 ft. Hottest areas (which 
are in excess of 50 °C) are shown in white. 
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Figure 8. July 2, 1977, digitally processed, thermal infrared imagery 
of the J-3 study area showing an enlargement of an anomalous 
thermal cell (Cell A). 

Pixel resolution is 5 feet. 
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Figure 9. Daedalus DS-1260 thermal infrared black and white imagery 
of the J-3 study area recorded late morning on October 2, 
1977 and processed on a color video densitometer. 

Insolation appears to have dampened the contrast in com
parison with the predawn imagery. Hottest areas are shown 
in black and magenta. 
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Figure 10. Daedalus DS-1260 thermal infrared black and white imagery 
of a partially reclaimed area of J-3, recorded late morn
ing on October 2, 1977 and processed on a color video densi
tometer. 

Imagery shows shadowing effects due to sun angle which 
partially mask hot spots interspersed among graded spoils; 
hottest areas appear in black and magenta and the coolest 
areas are shown in blue. 



Figure 11. RS-310C thermal infrared imagery of the J-3 mining opera
tions recorded predawn on January 19, 1977 and processed 
on a color video densitometer. 

Imagery displays hot spots forming among spoil ridges 
prior to backfilling. Hottest areas appear in black and 
magenta. 
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Ground and Borehole Temperature Measurements 

Extensive thermal surveys and transects were recorded at the J-3 

Coal Reserve site including vertical thermal profiles taken in 

boreholes. Borehole logs are presented in Appendix A. Soil surface 

temperatures were recorded predawn, in an effort to provide synchronous 

ground truth data to be used in correlation with the remote imagery. 

A Wahl Model HSA-1G infrared radiation thermometer (IRT) was 

used to record soil surface temperatures. The unit was equipped with an 

adjustment which compensates for variable emissivity from the target. 

"Emissivity was empirically determined with the instrument by taking 

several measurements with a digital thermistor thermometer, then 

adjusting the emissivity setting of the IRT to obtain reasonable 

agreement. In doing so, an emissivity value of 0.9 was recorded which 

agrees well with values provided by Sellers (1965) for natural desert 

surfaces. Results of a thermal survey taken on September 27, 1977 are 

shown in Figure 12. The lower isotherms (below 40 °C) have been left 

out to illustrate the cellular nature of the anomalies. 

The isothermal map also shows the locations of four boreholes 

drilled for the purpose of determining thermal gradients and for 

locating the probable depths of the heat sources. The boreholes were 

constructed by sinking two inch diameter rigid conduit with a rotary 

drilling rig to depths in excess of 80 feet (25 meters) to assure that 

the full thickness of the mine spoils was penetrated and that the casing 

extended into the bedrock so as to minimize possible convection up the 

borehole. Following installation of the casing, the boreholes were 

backfilled outside of the casing, capped, and permitted to stabilize for 
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several months to minimize the effects arising from residual drilling 

fluids. 

Gradients were recorded using a thermocouple device as pictured 

in Figure 13. The thermocouple loop consisted of Type T (copper-

constantan) thermocouple wire joined with a Quicktip® to form a 

junction. An Omega cold junction compensator calibrated for Type T wire 

was used as a reference, and voltages were recorded on a Hewlett-Packard 

digital microvoltmeter. Thermal measurements were made by lowering the 

device to the bottom of the borehole and then raising the thermocouple a 

predetermined distance for each reading. The thermocouple junction was 

sprung so that good thermal contact was established between the junction 

and the casing. In making the measurements it was assumed that 

conduction along the casing was negligible. A generalized thermal 

cross-section developed on the basis of the profile is shown in Figure 

14. In examining the figure, it is interesting to note that there 

appears to be two distinct sources of heat (at about 0.5 and 8 meters 

depth) at the location of the "center" borehole (#1). 

Environmental Impacts Related to Mine Spoil Fires 

The environmental impacts of coal mine spoil fires, or in 

general any mine waste fire, can be classified as: 

1. transient effects which are contemporaneously related to the 

combustion, and 

2. residual effects which persist for a considerable time after the 

combustion has terminated. 
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Examples of the former include emissions of air pollutants, heat trans

fer, and loss of vegetation. Residual effects include subsidence, soil 

chemistry alteration, and subsequent water quality problems and 

vegetative effects. 

Transient Effects 

Limited research has been performed on the analysis of air 

quality effects arising from the gaseous emissions from burning coal 

refuse banks. However, in certain areas the effect of such emissions 

upon visibility, health, and esthetics is quite serious. As a means of 

identifying the major gases of potential concern which arise from such 

combustion, Table 3 presents analyses performed by the U.S. Bureau of 

Mines on gases sampled in a burning coal refuse bank. No analyses have 

been performed for heavy metals volatilized during combustion. However, 

there appears to be some mechanism of enrichment of arsenic and perhaps 

other heavy metals in the vicinity of spoil fire vents. 

Another potential concern involves consideration of the 

sensitivity of native vegetation to air pollutants such as sulfur 

dioxide and/or nitrogen dioxides. Studies by Hill, Lamb, and Barrett 

(1974), for example, showed that SO2 concentrations in excess of 2 parts 

per million (continuous for 2 hours) can result in injury to most native 

desert species. With regard to NO2 and combined SO2 and NO2 exposure, a 

wide variation in sensitivities was shown among the various desert 

species. 

The phenomenon of heat transfer associated with spoil fires also 

constitutes a significant environmental impact to the extent that heat 
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Table 3. Composition of gases sampled from boreholes in a burning coal 
refuse bank compared with various health standards. 

Sample data after Leitch (1940) . 

Gases 
Sample 

(ppm x 10" ) 

EPA Ambient 
Air Quality 
Standard 

OSHA 
Standard 

Oxygen 1.0-7.6 

Carbon Dioxide 10.55-20.3 

Carbon Monoxide 1.05-2.15 

Methane 0.23-1.01 

1-hr,40 ppm 

8-hr,10 ppm 

hydrocarbons 

6-9 AM, 160 ppm 

50 ppm 

Nitrogen 76.64-79.47 
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impairs the revegetation process, and thereby the overall success of the 

land rehabilitation program. Daubenmire (1974) lists the effects of 

heat injury on live adult plants as: 

1. desiccation, 

2. disbalance between respiration and photosynthesis, 

3. injury to protoplasm, 

4. declining physiologic activity, 

5. uncontrolled opening of stomata, and 

6. impaired growth. 

High temperatures can also seriously affect dormant seeds by exhaustion 

of food reserves due to accelerated respiration. Daubenmire suggests 

that lethal temperatures for active shoot tissues are generally in the 

range of 50 to 60 °C (122 to 140 °F), and leaf functions for most 

species become impaired at about 42 °C (108 °F). Data presented by Day 

(1963) corroborate this range for spruce-fir seedbeds. The concern over 

heat-impaired revegetation of mined areas is not so much related to 

injury of adult plants as to injury of seeds and seedlings. 

Residual Effects 

In contrast with the impacts associated with the heating effects 

of spoil fires, which tend to be rather ephemeral, there are certain 

residual effects which potentially could cause long-term environmental 

concern. Principally, these include subsidence and alteration of soil 

chemistry. 

The problem of subsidence arises partly as a result of volume 

consumption of the carbonaceous materials during burning. The creation 



of fissures, cracks, and depressions from venting, desiccation, and 

expansion and shrinkage of clays in soil materials are contributory. As 

a result of these phenomena, slumping and subsidence on the order of 

several feet have been observed at the J-3 study area. However, the 

environmental significance of subsidence and related effects is gen

erally supplanted by a concern over safety. Underground cavities, the 

remnants of burned-out carbonaceous fills, are frequently overlain by 

only a thin crust of earth, thus resulting in extreme hazards to man and 

machine. Residual heat in the vicinity of these voids further accents 

the danger. Environmental concerns include increased erosion and 

gullying along cracks and overlying hot areas as well as infiltration 

problems and possible water quality degradation. While no formal study 

has yet been performed, there appears to be evidence of headward 

gullying in the vicinity of the J-3 hot spots. 

Evidence of soil chemistry alteration is also apparent at the 

J-3 site. Near surface background soil samples (less than 6 inches or 

15 centimeters) were gathered in the J-3 reclaimed areas and compared 

with samples gathered in J-3 areas that were thermally affected but of 

approximately the same age with respect to re- grading. The samples 

were then analyzed for total soluble salts (TSS expressed as a function 

of the specific conduct of the sample saturation extract). The 

resulting data are summarized in Table 4. Statistical testing revealed 

that neither the hypothesis of equal means nor the hypothesis of equal 

variances in TSS between the thermally affected areas and those of the 

background spoils could be accepted at an alpha level of 0.05. The 
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Table 4. Comparison of total soluble salt contents (TSS) observed in 
soil samples from reclaimed mine spoils and thermally-
affected, reclaimed mine spoils at the J-3 study area. 

- 4 1 c !  N o .  o f  L o w e s t  H i g h e s t  M e a n  T S S  
Samples (ppm) (ppm) (ppm) 

Background 39 511 3199 1843 769 

Thermally-affected 9 2156 7000 3435 1831 



significantly higher average TSS associated with the thermal areas can 

be explained as the product of at least two phenomena: 

1. the venting of fires to the surface and the consequent de

position of coal tars and other solids at the surface as evidenced 

by black or brown staining, and 

2. more rapid vaporization of near surface soil moisture, thereby 

impeding the leaching process and consequently increasing salts near 

the surface. 

The latter phenomenon is somewhat hypothetical, but high TSS readings in 

areas which are thermally affected, but where no convection is evident, 

tend to support the theory. In any case, the statistical evidence seems 

to suggest that either some type of chemical deposition mechanism or 

geochemical alteration (such as weathering) is associated with the hot 

areas. 

The remaining question as to the environmental significance of 

increased TSS can perhaps be examined in light of data provided by 

Bernstein (1974) for crested wheatgrass (Agropyron desertorum) , a 

"typical and beneficial" range species. According to Bernstein's data 

(as modified to convert from specific conductance of the saturation 

extract to TSS), A. desertorum will be decreased 10, 25, and 50 percent 

in yield if soil salinity is increased to 4,200, 7,700, and 12,600 ppm, 

respectively. In other words, productivity in areas affected by hot 

spots can be reduced by about 10 to 25 percent, perhaps higher, if soil 

salinity continues to increase. In terms of overall significance, if 40 



percent of the area is affected thermally, for example, the range in 

decreased yield would be between 4 and 10 percent, by salinity alone. 

This assessment, however, does not account for the individual 

tolerances of species to minor soil constituents, such as mercury, 

arsenic, strontium, lead and compounds such as phenols, etc., that are 

encountered in coals, coal tars, and ash. Analysis of coal and spoil 

materials, however, does not reveal any alarming concentrations of minor 

constituents, with the possible exception of arsenic. Table 5 compares 

concentrations of various chemical constituents found in spoil materials 

and coal samples with background values for sedimentary rocks and 

"average" soils. Tolerances of plant species to the common organic 

compounds found in coal tars are not well documented. 

One final consideration is that the concentration of salts and 

other chemical constituents in reclaimed spoils may have eventual 

adverse impacts upon the quality of both surface and ground water. The 

problem at the Black Mesa site, however, would most likely be only a 

local problem in the worst case, considering the area's aridity, the low 

infiltration capacity of the reclaimed spoils, and the strategy of 

reclaiming to closed basin configurations, which minimizes transport 

along surface paths. Table 6 lists runoff water quality and chemistries 

of lacustrine sediments at the J-3 site. It is interesting to note that 

although phenols and arsenic were notably high in the mine spoils 

overlying the thermal anomalies, neither constituent was detectable 

within the waters or sediment of the small lake at the base of the 

watershed. This is indicative of either a chemical breakdown during 
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Table 5. Observed levels (in parts per million) of various chemical 
constituents for Black Mesa mine spoils and coals as com
pared with background and suspect levels. 

Background levels after Allaway (1968); suspect levels after 
State of Montana (1977). 

Parameter Spoil Coal Background Suspect Parameter Materials i«oai Sed> Rockg Soils Level 

A1 52,891 3,590 — — — 

As 

•n 

90-100 60 1-3 0.1-40 

O D 

Ca 332 2140 — — 

O 

Cd <13 <30 .03-3 0.01-7 0.1-1 

Co <148 24 1-20 — — 

Cr <148 <250 10-100 5-3000 — 

Cu <256 165 5-45 2-100 40 

Fe 1292 1280 — — undefined 

Hg — — — — .4-.6 

In — <225 — — — 

K 6683 290 — — — 

Li 27 <200 — — — 

Mg 1688 360 — — — 

Mn <224 <200 — — 60 

Mo — — — — 0.3 

Ni <49 <200 2-70 10-1000 1.0 

Pb <293 <200 5-20 2-200 10-20 

Phenols 35.3 — — — — 

Rb 35 <200 — — — 

Se — — — — 2.0 

Si 22,498 33,180 — — — 

Sr , <197 <200 — — — 

T1 — <190 — — — 

V — <260 — — — 

Zn 140 250 10-100 10-300 40 
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Table 6. Observed levels of various chemical constituents in Black 
Mesa runoff waters and erosional materials. 

All values given in parts per million unless otherwise noted. 

Chemical 
Parameter 

Water Sediment 

A1 (wt.%) — 4.2-4.3 

As <.01 <.01 

Ca (wt.%) — 0.2-0.4 

Cd — 0.1-0.2 

CN <.001 < .001 

Co — <10 

Cr — 22-37 

Cu — 24-36 

Fe (wt.%) — 1.5-1.6 

K — 1.5-3.9 

Li — 27-34 

Mg — 0.3-0.5 

Mn — 168-224 

Na (wt.%) — 0.2-0.3 

Ni — 1.7-2.0 

Pb — 18-26 

Phenols < .01 < .01 

Rb — 25-39 

Si (wt.%) — 26-32 

Sr — 118-119 

Ti (wt.%) — .32-.34 

Zn — —  74-90 



transport or the fact that erosional materials have not yet reached the 

lake. 

In summary, the primary residual effects of coal spoil fires 

include subsidence and chemical alteration of overlying soils. 

Subsidence constitutes primarily a safety hazard, but may contribute to 

soil erosion and gullying. Soil chemistry modification generally trends 

toward increased salinity which could potentially lower the soil 

productivity. Other effects such as the formation of toxins are not 

well documented or understood; however, with regard to the specific case 

of the Black Mesa Mine site, the problem does not appear to be alarming. 



CHAPTER 4 

MATHEMATICAL SIMULATION OF HEAT TRANSFER 
TO THE SURFACE ENVIRONMENT 

Under natural conditions, the heat balance equation at the 

Earth's surface has been described (Sellers, 1965) according to the 

following equation: 

G = (Q + q) (1 - a) + 1+ - 1+ - H - LE + FI - FQ (1) 

where G is net rate of change in heat content in the soil column, 

Q is direct solar radiation incident on the Earth's surface, 

q is diffuse solar radiation incident on the Earth's surface, 

a is albedo, 

1+ is longwave counter radiation from the atmosphere to the 

Earth's surface, 

It is longwave radiation transfer to the atmosphere from the 

Earth's surface, 

H is sensible heat transfer to the atmosphere, 

LE is evaporative heat loss, 

F^ is horizontal transfer of heat into the soil column, and 

Fq is horizontal transfer of heat out of the soil column. 

Equation (1) is essentially an expression of thermodynamic continuity. 

Figure 15 depicts this balance schematically. 
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G = (Q + q) (I - a) +I\ - It - H-LE + AF 

It + LE + H 

AF 

Figure 15. Schematic of heat balance mechanisms at the soil/atmosphere interface. 

Ln 
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In adjusting Equation (1) for the situation involving heat 

transfer from a depth within the soil column, the expression (Q + q) (1 

-a), which corresponds to the incident radiation from insolation and 

from the atmosphere, can be replaced by the symbol R. Because bare 

soils in arid zones (such as the Black Mesa reclaimed areas) frequently 

display low moisture contents, even after a precipitation event, the 

evaporative heat loss term (LE) is generally small and can be eliminated 

from the equation. Further, the term for horizontal heat transfer (F^ -

F ) would probably be small in comparison with the vertical transfer of 
o 

heat to the soil surface by conduction from a depth within the soil 

column (S). Thus, the energy balance equation can be rewritten as: 

G = R - 1+ - H + S (2) 

Assessing the components of the above expression individually, 

radiation efflux, 1+ , can be evaluated by the Stefan-Bolzmann rela

tionship: 

I = E a (Tg1* - T^) (3) 
V 

0 1 
where 1+ is radiation heat flux (cal cm sec ), 

E is emissivity (percent), 

a is Stef an-Bolzmann constant (1.35 x 10-*2 cal cm-2 °K-lt 

sec-1 ), 
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Ts is soil surface temperature (°K), and 
IC 

is air temperature (°K). 

Sensible heat transfer from the soil surface into the atmosphere 

(H) is accomplished through forced and/or free convection which is 

proportional to the temperature differential between the soil surface 

and the atmosphere as shown in the following relationship: 

H = h (Ts - T0) (4) 

where H is sensible heat flux (cal cm ""2 sec-1) , 

h is empirical heat transfer coefficient (cal cm-2 0C_1 

sec-1), 

T_ is soil surface temperature (°C), and s 

T„ is ambient air temperature (°C). ct 

Because both the 1+ and H terms are proportional to the soil/atmosphere 

temperature differential, an understanding of the periodic nature of Te s 

and T is also important. Temperature can be modeled either deter-

ministically or stochastically; however, considering the error assoc

iated with determination of heat transfer coefficients and other 

parameters associated with the heat transfer problem, a simple 

deterministic model will generally suffice. For soil surface 

temperature expressed as a harmonic function of time we can write the 

following adaptation from Carslaw and Jaeger (1959): 
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T = T + A e cos (u)t - kz - e ) (5) 
s s s 

where Tg is soil surface temperature (°C), 

T is average annual soil surface temperature (°C), 
s 

Ag is one-half the amplitude of the annual soil surface tempera

ture distribution (°C), 

z is the depth within the soil column at which the temperature 

is observed (cm), 

t is the calendar day of the year, 

w is 2tt/365, 

k  i s  (w/ 2 k) w h e r e  k is thermal diffusivity (cm2 sec-1), and 

E is a parameter which brings the cosine curve into phase with 

the annual temperature cycle, such that e = P/365 where P 

is the calendar day when soil surface temperature is at a 

maximum. 

—kz 
The term e represents the diminution of soil tempsrature amplitude 

with increasing depth in the soil profile. Similarly, the k term in the 

cosine argument constitutes a progressive lag in the phase of the 

temperature wave. Finally, temperature fluctuations are propagated into 

l/2 
the soil with velocity of (2kw) 

Air temperature can be simulated in a similar fashion according 

to the equation: 

T = T + A cos (ujt - e ) 
a a a 

(6) 
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where T is air temperature (°C), 
U 

TQ is average annual air temperature (°C), 

Aq is one-half the amplitude of the annual air temperature 

distribution (°C), 

and the other terms are the same as in Equation (5). 

The difference (T - T„) at the soil surface can be written as: 
s a 

T - T = [T + A cos (ait - e )] - [T + A cos (ait - e )] (7) 
S OT S S S U 

where and are phasing factors for soil and air temperature, 

respectively, and designating z = 0 at the soil surface. 

Incoming radiation, R = (Q + q) (1 - a) + I + , can also be 

approximated by the cosine relationship. Thus we can write the 

equation: 

R = R + Ar cos(wt - er) (8) 

where R is incoming radiation upon the ground surface (cal cm~^ 

sec"1 ), 

R is average annual radiation for the location under consid-

eration (cal cm sec ), 

A^ is one-half the average amplitude of annual incoming radia

tion (cal cm"2 sec~l ) , 
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t is calendar day of the year for which the calculation is 

to be made, and 

is a phasing factor for radiation flux at the location 

under consideration. 

Heat transfer by conduction can be evaluated using a mod

ification of Fourier's Law (Holman, 1976): 

3 T/3z is the temperature gradient in the direction of heat 

flow (° C cm"*). 

The minus sign is included by convention to satisfy the requirements of 

the second law of thermodynamics, that energy flux must be in the 

direction of decreasing potential. 

Assuming steady state conditions exist, the energy balance 

equation at the soil/atmosphere interface can be rewritten as: 

(9) 

where S is soil heat flux (cal cm"2 sec-1), 

X is soil thermal conductivity (cal cm-1 sec-1 °C~*), and 

(10) 

In particular regard to the soil heat flux term (S), the ef

ficiency with which heat energy is distributed throughout the soil from 



57 

a source is determined by its thermal diffusivity coefficient (k), which 

can be measured directly or by empirical methods related to cosine wave 

attenuation with depth of the annual soil temperature or calculated 

according to the following relationship: 

(ID 

9 1 
where k is thermal diffusivity (cm sec" ), 

X is thermal conductivity (cal cm 1 sec" * and 

C is heat capacity per unit volume (cal cm-3 

For a given soil, the above parameters are determined by the following 

factors: 

1. volume fraction of solid, liquid, and gaseous phases of soil 

components; 

2. types and quantities of mineral and organic matter present; 

3. bulk density of the soil; and 

4. packing and arrangement of solid particles. 

The specific heat (c) of a substance has been defined as the 

caloric value required to raise the temperature of a substance one 

degree on the Celsius scale. Specific heat is related to volume heat 

capacity as: 

C = Pc (12) 

where C is heat capacity per unit volume (cal cm-3 °C""1), 
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c is specific heat (cal g~loC-1), and 

p is density (g cm-^). 

Volume heat capacity can also be determined by summation of the products 

of volume heat capacity and volume fraction for the solid, liquid, and 

gaseous components of the soil: 

C = x C + s- C- + x C (13) 
s s 1 1 g g 

where Cg, C^, are heat capacity per unit volume of the solid, 

liquid, and gaseous components of the soil, respec

tively, and 

xg, x^, Xg are the volume fractions of the solid, liquid, and 

gaseous components of the soil, respectively. 

The thermal conductivity (X) of a substance is, as shown in the 

Fourier equation, a constant of proportionality between the rate of heat 

flow through the substance and the temperature gradient along a 

specified direction. The parameter may be measured in situ or in the 

laboratory or calculated on the basis of the thermal diffusivity and 

volume heat capacity parameter values. 

Typical values of thermal conductivity, volume heat capacity, 

thermal diffusivity and density for various soil constituents appear in 

Table 7. 

In consideration of the problem of non-steady state conduction 

heat transfer in three dimensions, the differential equation for 
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Typical values for thermal properties and densities of various 
soil constituents. 

After De Vries (1963). 

Substance 
Thermal 

Conductivity* 
(X x 10-3) 

Volume Heat 
Capacity^ 

(C) 

Thermal 
Diffusivityc 

(k) 

Density^ 
(P) 

Quartz 21 

Clay Minerals 7 

Organic Matter 0.6 

Water 1.37 

Ice 5.2 

Air 0.060 

0.48 

0.48 

0 . 6  

1.00 

0.45 

0.0003 

0.044 

0.015 

0.001 

0.001 

0.005 

0.200 

2 . 6 6  

2.65 

1.3 

1.00 

0.92 

0.00125 

aCal cm-1 sec-1 °C 1. 

^Cal cm 3 °C 1. 

cCm2 sec 1. 

dp -3 
G cm 
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temperature distribution within an infinite, isotropic solid (Carslaw 

and Jaeger, 1959) can be written as: 

32T { 32T , 82T . 1 aT (14) 

3x2 9y2 3 z2 < 

Solutions to this equation can be written on the basis of the geometry 

and temporal nature of the heat source. A logical starting point is 

that of a point source of heat, as point source solutions can be easily 

adapted to situations where the dimensions of the heat source are small 

with respect to the distance between the source and the soil surface. 

Point source solutions are also applicable in instances where the 

geometry of the source is complex and can be approximated by several 

properly positioned point sources, consistent with superposition. 

An "instantaneous point source of heat" is defined as a finite 

quantity of heat instantaneously liberated at a given point and time in 

an infinite solid. A solution to the differential equation for an 

instantaneous point source (Carslaw and Jaeger, 1959) is: 

8 (iTKt) 3/2 C 
e~r2/4Kt (15) 

where Q is heat flux (cal sec-1), and 

r2 is (x - x1 )2  + (y  -  y '  )2 + (z - z* )2, which tends to zero 
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as t + 0 at all points except (x*, y', z'), the position 

of the source, where the expression becomes iniinite. 

Upon integrating the above equation with respect to time, a 

solution for the "continuous point source" is derived, corresponding to 

the release of heat at (x1, y', z') at a prescribed rate <|>(t) per unit 

time. If (fi(t) = Q, a constant, the limit of the solution becomes the 

solution for the "steady point source." Following Carslaw and Jaeger's 

(1959) derivation: 

T _ _  Q  ft , _-r2/4ic(t - t') dt1 
T-"8iTc J0 *(t ) 6 (t - t')3/2 

on setting <j>(t) = Q, a constant, and t = (t - t')"1^ 

y f" 
4(ir«)3/2C Jt_i/2 

00 -r2x2/4ic , 
e dx 

ViHa er£c aco:)1/* (16) 

where erfc is the complemented error function. 

Equations can also be derived for line, plane, cylindrical, and spher

ical surface sources, or other geometries approximated by combinations 

thereof. 
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As time becomes infinite, the value of the complemented error 

function in Equation (16) approaches unity, and a steady temperature 

distribution is attained in which a constant supply of heat is 

continuously generated at (x', y', z') and spreads outward into the 

infinite solid. Thus the steady state temperature distribution of an 

xy-plane at depth z below the soil surface arising from an irregular 

source geometry which can be approximated by "n" continuous point 

sources can be expressed as: 

where T is the temperature at any point in the xy-plane at distance 

r^ from source Q^. 

The computation can also accommodate "heat sinks" by assigning negative 

values to Q. 

Finally, it can be seen that the steady-state balance observed 

at the soil surface can be described as: 

T 
4iricCr 

(17) 

z=0 
— -h (T - T ) - Ea (I-1* - T*) + R (18) 

s a sk ak 

where 
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dT 

dr 

4tTKCr 
dr 

-Q 

4iTKCr2 

Therefore, 

—1 4irr2 I n ' z=0 
-h (T - T ) - Ea (To4 - Trt s a sv a 

**) + R 
k 

(19) 

The above energy balance equation is schematically depicted in Figure 

1 6 .  
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47rC2r2 = h (TS-TA) - Ecr (TSK- TAK) + R 

/ (0,0,0) (*i. y»»zi) 

'*2» y2» z2' 

T(x2.y2.z2) =Ts + e"kZ2Ascos(u)t-€-k2g) 
Q 

+ 4 it KC2 r2 

where rf = (x2-x') + (yg-y') + (z2-z') 
(x',y', z') 

Figure 16. Schematic of model for the mathematical determination of soil 
heat distributions arising from an internal heat source (Q) 
at the location (x'jy'jZ1) within the soil column. 



CHAPTER 5 

RESULTS AND DISCUSSION 

The mathematical relationships presented in Chapter 4 can be 

used to simulate heat transfer phenomena to the extent that parameters 

relating to the physical climatology and soils of the study area are 

known or can be estimated precisely. For the Black Mesa area, little 

climatological data has been recorded; however, it was possible to 

provide reasonable estimates of the necessary parameters based on data 

from nearby stations. With regard to soil parameters, it was necessary 

to design and carry out field and laboratory experiments before 

estimates could be made. Currently, instrument packages are being 

prepared which, when operational, should provide improved estimates. 

Simulation of Ground Surface and Air 
Temperature for the Black Mesa 

Complete meteorological records for the Black Mesa and Kayenta 

Mine sites have not been recorded; however, with regard to air 

temperature modeling, Fischer (1976) obtained satisfactory results using 

data from the Betatakin station which is located about 10 miles to the 

north and at a slightly higher elevation (7286 feet as compared with 

about 6500 feet at J-3). Thus based on about 30 years' record (Sellers 

and Hill, 1974), the average annual air temperature at the Betatakin 

station is 9.9 °C (49.9 °F) and average annual amplitude of the air 

temperature is 13.1 °C (23.6 °F). The maximum average daily air 

65 
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temperature is assumed to occur on the 200th day of the year (July 19). 

Thus, using an altitude correction factor of 0.6 °C per 100 meters (3.3 

°F per 1000 feet), the mathematical expression for simulation of the 

expected value of average air temperature on a given calendar day, D, at 

Black Mesa, based on Equation (6), is: 

T = 11.3 + 6.6 cos [2TT (D - 200) / 365] (20) 

where Ta is average daily air temperature on day D in degrees Celsius. 

Adequate soil surface temperature measurements are also not 

available for the Black Mesa area; however, data obtained in southern 

Arizona (for the desert biome site of the International Biological 

Project) suggest that soil surface temperatures characteristically 

display slightly higher average annual mean and amplitude values and 

about the same phasing with respect to the maximum average daily 

temperature as the air temperatures. Assuming the value for average 

annual soil surface temperature to be 12 °C with an amplitude of 15°C 

(approximating the corresponding percent increases for these respective 

parameters in southern Arizona), the soil surface temperature equation, 

based on Equation (5), can be given as: 

Tg = 12 + 7.5 cos [2t7 (D - 200) / 365] (21) 

where T is average daily ground surface temperature on day D (°C). 
s 
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Estimation of a Convective Heat Transfer Coefficient 

Calculation of an average heat transfer coefficient is rather 

difficult because the parameter can vary by orders of magnitude 

according to wind speed and other factors. Table 8 gives approximate 

values of convection heat transfer coefficients in air. 

Because adequate wind velocity data are not available for the 

Black Mesa area, summarized data for Winslow, Arizona based on eight 

years' record (Sellers and Hill, 1974) were utilized to approximate an 

average wind velocity. Wind velocity at the Winslow station averaged 

3.7 meters sec-1 (8.3 miles hr-1) with an average consistency of about 

89.7 percent. Thus the assumed wind velocity is 3.3 meters sec-1 (7.4 

miles hr~ *). 

In order to determine whether the air flow is laminar or 

turbulent, Reynold's number must first be determined. This may be done 

according to the formula (Holman, 1976): 

ReL = Bf- (22) 

where Re is Reynold's number for the distance "L" (dimensionless), 
LI 

P is the density of air at the temperature under considera

tion (kg m~3 ), 

u is average velocity of the air (meters sec-1), 

L is a characteristic dimension of the phenomenon observed 

(cm), and 
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Table 8. Approximate values of convection heat transfer coefficients 
in air. 

After Holman (1976). 

Value of h 
Mode BTU Cal sec~l cm~2 sec~l 

hr-1 ft-2 °F-1 (x 10~5) 

Free convection, air 

Forced convection, air 

1 - 5  

2 - 100 

4.2 - 21 

8.4 - 420 
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y is the dynamic viscosity of air at the temperature under 

consideration (kg m-* sec-1). 

Thus, if we assume an average air temperature of 9.9 °C (283 °K), 

P 1.0132 x 105 
P air RT (287)(283) 

= 1.25 kg m~3 

where R is universal gas constant (N m "K-1 kg-1), 

T is air temperature (°K), and 

P is air pressure (N m ). 

Assuming L is 10 meters (as a typical dimension of a thermal anomaly) , 

the dynamic viscosity (U) of air at 283 °K is 1.81 x 10"^ kg m-1 sec-* 

and Reynold's number becomes: 

Re = (1.25) (3.3) (10) 
L 1.81 x 10~5 

= 2.3 x 106 

The normal range for the critical value between laminar and turbulent 

flows is 5 x 105 and 106; thus, it would appear that there is a 

turbulent boundary layer, and the final steps in the calculation of the 

heat transfer coefficient involve calculation of the Nusselt number 

(NUTJ~) : 
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NUT = Prl/3 (0.037 ReT 0,8 - 850) 
LA L 

- CO.71)1^3 (0.037) (2.3 x 10 )°* 8 - 850) 

- 3.2 x 103 

and 

t- _ 75— X ^ (3.2 x 103) (2.5 x IP"2) 
n L L 10 

where Nu^ is the Nusselt number (dimensionless), 

Pr is the Prandtl number (Pr = V / K , where vis kinematic viscos

ity for air at the given temperature), 

X is the thermal conductivity of air at the given tempera

ture (W m-1 °C-1), and 

h is the average heat transfer coefficient (W m"2 0G-1). 

As a corollary to the assumption of equivalent phasing between soil and 

air temperature, Equation (7) can be rewritten as: 

T - T - (T - T ) + (A - A ) cos (wt - e) (23) 
s a s a s a 

Combining Equations (4) and (23) into an empirical equation for 

background convective heat transfer at Black Mesa, we have: 
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H — h (T - T ) 
s a 

= 5.9 x 1(T5 [0.7 + 1.9 cos (2ir (D - 200) / 365) ] 

- (4.1 x 10-5) + (1.1 x 10"4) cos [2tt (D - 200) / 365] (24) 

where H is convective heat flux (cal cm-2, sec"1). 

As shown in Equation (3), radiative transfer (1+) is dependent 

upon the differential of the soil surface temperature and atmospheric 

temperature raised to the fourth power: 

(To1* - To4) - 1.9 x 108 + (2.1 x 10H) cos4 [2ir (D - 200) / 365] 
k Tc 

(25) 

Emissivity values for the mine spoils were estimated experimentally in 

the field using a thermistor probe and infrared radiation thermometer 

and were found to average about 0.9, which is in close agreement with 

values presented by Sellers (1965) for desert surfaces. Using a value 

of 1.35 x 10"12 cal cm-2 sec"1 "K4 for the Stefan-Bolzmann constant, the 

empirical equation for background radiation from the Black Mesa soil 

surface becomes: 

1+ = 2.3 x 10"4 + (2.6 x 10~8) cos4 [2ir (D - 200) / 365] (26) 

where 1+ is radiation heat flux (cal cm-2 sec-1). 

The best estimate for average daily incident radiation is 

provided for Page, Arizona by the Arizona Energy Research Commission 

(1976). Based on these figures, the average annual flux of incoming 
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radiation at the ground surface for the period 1966-1974, inclusive, is 

5.1 x 10 3 cai cm 2 sec~ an(j the amplitude of the average annual 

• • •• . — O _ p _ 1 
incoming radiation for the same period is 4.8 x 10 cal cm sec. 

Using an albedo of 0.25, which corresponds to estimates provided by 

Sellers (1965) for desert surfaces and for bare, dry clay or gray soil, 

the incoming radiation for the Black Mesa soil surface can be written 

as: 

R - (1.9 x 10"3) + (4.8 x 10"3) cos [2tt (D - 200) / 365] (27) 

Combining Equations (24), (26), and (27), the background heat 

balance equation for the bare soil surface (internal soil heat excluded) 

at Black Mesa can be written as: 

G = (1.7 x 10~3) + (4.7 x 10"3) cos [2ir (D - 200) / 365] 

+ (2.6 x 10"8) cos4 [2ir (D - 200) / 365] (28) 

Assuming a single internal heat source of magnitude Q, Equation (9) 

becomes: 

/IT —Q 
s - * f - m <29> 

and the temperature at any point (x,y) in the surface plane can be 

expressed as the sum of the background soil temperature and the 
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temperature rise due to the internal heat source: 

T  —  T  +  - 7 — ( 3 0 )  
xy s 4 TTK Cr 

Measurement of the thermal conductivity of reclaimed Black Mesa 

Mine spoils at the J-3 location were made in situ and in the laboratory 

(Fitzpatrick, 1976; Todd and Wieczorek, 1977) according to methods 

adapted from Aberra (1974) and Moench (1969). The laboratory 

experiments were designed to produce a curve showing the functional 

relationship between thermal conductivity and soil moisture content. 

Figure 17 compares the curve derived for Black Mesa Mine spoils with 

curves for selected sandy, clayey, and peaty soils. Field measurement 

of thermal conductivity of the spoils at the J-3 location revealed a 

«• Q -J — I — N 
thermal conductivity value of 2.37 x 10 cal cm °C~ sec for about 

10 percent moisture. For the purposes of heat transfer simulation, the 

spoils will be assume to have a uniform thermal conductivity of 2.4 x 

10"3 cal cm"1 °C-1 sec" *. 

Measurements of bulk density of J-3 spoils reveal a density of 

O 
about 1.2 g cm- ; thus, assuming a value for specific heat of the spoils 

of about 0.2 cal g"1 °C-1, based on published values for similar 

materials (Carslaw and Jaeger, 1959; Kersten, 1949; Lang, 1878), a value 

for thermal diffusivity of the Black Mesa spoils can be computed as 

follows: 
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9.0r 

© Black Mesa minespoils 

Fairbanks sand 

Healy clay 

Fairbanks Peat 

20 30 40 
Volume Moisture (%) 

Figure 17. Comparison of functional relationship between thermal conduc
tivity and volume moisture of soil for Black Mesa Mine 
spoils, Fairbanks sand, Healy clay, and Fairbanks peat. 

Data for latter three soils taken from De Vries (1963). 
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C - (12 g cm""3) (0.2 cal g""1 °C~1) (31) 

= 0.24 cal cm-3°C-1 

= 2.4 x 10~3 cal cm""1 "C"1 sec"1 (32) 
" 0.24 cal cm-3°C-l 

= 0.01 cal cm-2 

Modeling 

The modeling or simulation of heat transfer phenomena as 

presented herein can be approached as a "direct problem" when 

information is available regarding the nature of the heat source, or as 

an "inverse problem" wherein the effect has been observed and must be 

used to infer information about the source. Applications of the direct 

problem might include examination of surface effects due to in situ 

processes, whereas inverse problems relate more to exploration and 

reconnaissance such as in geothermal prospecting or fire detection. The 

spoil fire problem will be treated as an inverse problem. 

A problem of the form: 

A<J> = f (33) 

where A is a function with range F and domain <}), 

<j> , F are complete metric spaces, and 

f is an element of F, 
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wherein a solution is to be derived for given values of A and f, 

constitutes a "direct problem." If, on the other hand, <j>, the dependent 

variable, is completely known, but A and f are only partially iden

tified, the problem is considered an "inverse" or "model calibration" 

problem (Kisiel and Duckstein, 1976). The usual approach to solving 

such inverse problems is described in the algorithm in Figure 18. 

In the specific example of coal mine spoil fires, the primary 

unknowns are generally related to the nature of the heat source (i.e., 

its depth, magnitude, and location within the spoils). One means of 

estimating the depth of a point source of heat involves the adaptation 

of geophysical methods for ore body location. Nettleton (1942) and 

Dobrin (1960), for example, devised graphical means for depth de

termination on the basis of gravimetric and magnetic signatures. 

Following the derivations of Nettleton and Dobrin, we can 

consider the temperature gradient to be the driving force of the 

steady-state heat conduction equation: 

<3« 

and 

dT = -Q = SL- f . 
dr 4 iri< Cr r2 

where a is , n 4 ttk C 
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Figure 18. Algorithm for solution of the inverse problem. 
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Because in the heat transfer problem we are primarily concerned with 

heat movement in the upward or "z" direction, we can express the "z" 

component of the gradient function as follows: 

<L = 3T 
3r 

3r 
3z 

dT 
dr V / 

(36) 

a 

r r' 

qz 

r 3 

l/2 
and remembering that r = (x2 + z2) , the equation becomes 

a z 

z (x2 + Z2) 3/2 

a z 

(1 + x2/z2)3/2 (37) 

At this point, a graphical thermal profile can be constructed where the 

ordinate is translated to the center or peak of the turvt. The value on 

the abscissa which corresponds to the ordinate projection at one-half 

the amplitude of the curve is defined as the "half-width" (xj^) • Thus 

we can equate the value of the function at the point of maximum 

amplitude and twice the value at the half-width distance from the peak 

as follows: 



- ! ( < ( > )  -  c *  )  
2 vz'x=0 z/x=x1y2 

2 z a 
a Z (1 + x2/z2) 

which simplifies to: 

xl/2 = 1.305 z (39) 

Thus, an estimate of the depth of the heat source having been made, the 

heat source magnitude can be approximated by substitution into the heat 

transfer equation. An algorithm for use in applying the inverse 

algorithm is provided in Figure 19. 

Numerical Example 

Figure 20 displays anomalous thermal patterns recorded at ground 

level on J-3, predawn, September 28, 197 7 using the handheld IRT as a 

sensor. The pattern shows a reasonable similarity to the digital 

imagery recorded predawn on July 2, 1977, with the slight differences in 

the patterns attributable to sampling density and interpretation. An 

hypothesized thermal profile as inferred from borehole logging with the 

same vicinity is shown in Figure 14. On the basis of the patterns shown 

in the figures and in the imagery, it would appear that the anomalies 

have arisen as a result of localized concentrations of combustible 

materials within the spoils. The cross-sectional view shows that 

apparent sources of heat occur within the upper eight meters of spoils. 

In particular, the center borehole (#1) shows sources located at about 

0.5 and 8 meter depths which are burning at temperatures of about 350 °C 
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Figure 20. Anomalous thermal patterns at the J-3 site showing the loca
tions of thermal profiles analyzed in Figures 21 and 22. 
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and 177 °C (669 °F and 350 °F), respectively. Table 9 shows statistics 

relevant to the two largest cells (labeled A and B on Figure 20). 

Average temperatures of the cells were computed by a grid method using 

the IRT survey data. 

Following the flow of the algorithm, two closures are iden

tifiable within Cell A with peak temperatures of 74° and 82 °C. The 

shape of the overall cell is elliptical or elongate, further indicating 

the presence of two or more sources which are tangential or which 

coalesce. Profiles across transects A-A' and B-B', as shown in Figures 

21 and 22, are then utilized to estimate depths according to the 

half-width method. The apparent depths according to Equation (39) are 

97 and 127 centimeters for cross-sections A-A 1 and B-B' . The greater 

depth at B-B1 might be attributable to the superposition effects of the 

two sources identified in the log for Borehole #1. 

Using, then, the heat transfer equation and the depth values for 

the A-A* transect, an estimate of Q, the heat source magnitude, can be 

computed from Equation (30) as follows: 

(T - T ) 
q = *y s 

4 ir K C r 

= 58.4 - [12 - 7.5 cos (2 TT (271 - 300) / 365 ] 
4 tt (.01) (.24)' (97) (40) 

130 cal sec" 1 
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Table 9. Statistics related to thermal anomalies observed at the J-3 
location. 

Average Maximum Area Depth to 
Cell Temperature Temperature Source(s) 

°C °C (m) 

A 58.9 74, 82 11.0 0.5, 8 

B 51.2 88 26.6 unknown 
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Figure 21. Source depth estimation across thermal profile A-A1 using 

the half-width method. 
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Figure 22. Source depth estimation across thermal profile B-B' using 
the half-width method. 
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on setting r equal to the average depth to the source (z) as computed 

from Equation (39). 

Thus, a single point source of heat, Q, with a magnitude of 

- 1 
about 130 cal sec , situated at a depth of about 97 centimeters below 

the surface, would result in a surface temperature of about 58.9 °C on 

the day observed. However, because at least two sources are suspected 

within Cell A, it may be necessary to adjust the estimates of Q and z 

accordingly. As a first approximation, considering that one closure has 

a slightly higher maximum temperature than the other, the Q values of 70 

and 60 cal sec""1 were assigned at 50 cm depths. 

Having assumed the above values for Q and z, the surface 

temperature shown in Figure 23 was simulated using TEMPO, a FORTRAN 

computer program devised for mathematical simulation of the heat 

conduction problem (described in further detail in Appendix A), and 

coupled with SLMATH (Rasmussen, 1978), a symbolic mapping routine. 

Figure 24 provides a legend of the thermal levels depicted in Figure 23. 

The simulation was made by situating the two point sources beneath the 

maximum observed temperatures in the two closures within Cell A. A 

comparison of the observed and simulated anomalies is shown in Table 10. 

While there appears to be reasonable agreement with regard to the 

statistics of the observed and simulated distributions, there remains a 

more notable difference with respect to the shapes of the two sig

natures. Part of this difference might be attributable to inter

pretation of the data and also to the difficulty in providing a 

signature for a solid heat source on the basis of only two point 

sources. Nevertheless, comparison of the simulated signature and the 
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Figure 23. Anomalous thermal signature at Cell A simulated by TEMPO 
using two point sources of heat. 
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Table 10. Comparison of statistics between observed and simulated 
thermal anomalies. 

Area 
Maximum Average Heat Depth of 

Temperature(s) Temperature Source Source / -V JLCUipCJ. CXL.U.A.G \0 / ictupcidkutc OUUi L.G OUUI.L 
(°C) (°C) Magnitude (s)a (cm) 

Cell A 74,82 58.9 unknown 50 

Simulation 76,86 52.8 60,80 45,45 



90 

thermal IR pattern recorded from the aerial platform in July 1977 (as 

shown in Figure 8) reveals close similarities in signature. 

Another potential question relates to the exclusion of the deep 

heat source (at about 8 meters) identified in the thermal log for 

Borehole #1 from the simulation. Thus, as a means of assessing the 

impact of such a heat source on the overall simulation, the half-width 

method can be utilized to artificially construct a thermal profile 

arising from such a source. As shown in Figure 25, the consequent 

signature from a heat source situated at 793 centimeters depth would be 

considerably larger in diameter than that which was observed; thus it is 

assumed that the impact of the contribution from the deep source is lost 

to the "noise" arising from the shallower fires. 

The simulation, as previously mentioned, is also predicated by 

the assumption that steady state conditions exist with respect to the 

heat transfer phenomenon. As suggested in Chapter 4, this assumption is 

valid for large values of time, at which the argument of the com

plemented error function (erfc) in Equation (16) approaches zero. It is 

therefore appropriate to examine this assumption in light of the time 

required to achieve steady state for the conditions specified. Using 

Equation (16) for non-steady state, Figure 26 shows graphically the time 

required for attainment of the final pattern depicted in Figure 23. 

Assuming that heat generation began soon after the regrading of the J-3 

spoils, heat transfer had been ongoing for at least 1500 days (slightly 

over four years) at the time of observation, and it can be seen from 

Figure 23 that the steady state distribution would have been closely 

approximated. 
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As a final consideration, the total heat output estimated from 

the model for Cell A, 140 cal sec-1, is roughly equivalent to the 

burning of 83 grams (0.18 pounds) of Black Mesa coal per hour. 

Consumption of coal at this rate for a period of 1500 days would involve 

approximately three metric tons (about three cubic yards) of coal. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

Although the occurrence of coal mine spoil fires is rare, the 

difficulties and expense encountered in eliminating sustained combustion 

within a coal mine operation seem to justify preventive measures to the 

extent possible. Perhaps the most effective measure for countering the 

hazard is early recognition of incipient or active self-ignition. 

Inspections of the site by mine operators and regulatory officials prior 

to and during mining operations and following reclamation should be 

keyed to certain indicators of incipient and active ignition. The 

following is a proposed list of such indicators based on phenomena 

observed at the Black Mesa mines and on inspection reports from other 

coal mine fire investigations. The list is organized according to the 

stage (exploration, mining, reclamation) of the operation: 

1. recognition of potential ignition in advance of mining: 

a. clinkers or "burn" material at the surface or in outcrops 

above the seam 

b. excessive fracturing or jointing of the coal seam and/or 

overburden 

c. outcropping of the seam along valley walls 

d. areas barren of vegetation or showing evidence of heat-

impaired growth 

e. areas showing anomalous thermal signatures 

94 
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f. testing coal samples for self-ignition tendencies 

2. recognition of hazards during the mining operations: 

a. evidence of combustible materials 

— rider seams spoiled with the overburden 

— low recovery of the principal seam(s) 

— combustible interburden or partings 

— coal left in the pit, under ramps, and fenders along the 

spoil toe 

— blasting and overburden removal that involves the top of 

the coal seam 

— islands of coal covered by box cut spoils 

— coal left under access roads 

— wedges of unmined coal left between adjacent strip pits 

b. other mining practices which favor oxidation of carbonaceous 

wastes 

— backfilling and grading operations lagging significantly 

behind mining 

— combustible materials interspersed among or adjacent to 

coarse talus, particularly at high horizons within the 

spoils or adjacent to ramps 

3. recognition of spoil fires: 

a. subsidence within spoils 

b. barren areas within "revegetated" sites 

c. smoke, haze, or "gob stink" 

d. black or brown staining of the spoils 

e. anomalous thermal signatures 
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It has been shown that sustained ignition, sufficient to result 

in localized revegetation problems, can result from relatively small 

volumes of coal within the spoils. For example, the estimate of coal 

consumed at Cell A by subsurface ignition was on the order of 2.5 cubic 

meters (3.3 cubic yards) as compared with typical dragline bucket 

capacities in excess of 60 cubic meters (80 cubic yards). Performance 

standards observed by the operators at the Black Mesa mines do not 

suggest negligence; however, for any area where the ignition hazard is 

evident, the following list of operational alternatives should be 

considered for incorporation within the mining strategy: 

1. maximizing depth of burial of the combustible materials, 

2. overlapping spoil ridges to the extent possible, 

3. dispersing combustible materials, 

4. careful handling of spoiled rider seams, 

5. backfilling and grading immediately following mining, so as to 

minimize subaerial exposure of combustibles, 

6. crushing and compaction of bearing materials so as to minimize 

air flow, 

7. avoidance of seam disruption during overburden stripping and 

blasting, and 

8. maximizing resource recovery. 

The spoil fire problem at the J-7 site (Black Mesa Mine) appears 

to be potentially more serious than that at the J-3 location. Retro

spectively, this fact was perhaps predictable considering the more 

extensive evidence of historical and active burning at J-7 prior to 
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mining. Despite the predictability of the hazard, however, the value of 

the coal resources recovered at J-7 probably far outweighs the envi

ronmental damage that will arise from subsequent spoil fires. Never

theless, this tradeoff does not preclude the use of appropriate 

mitigating measures such as isolation and burial of the burning portions 

of the coal seam, and rapid backfilling to minimize subaerial exposure 

of combustibles. Remote sensing with both color aerial photography and 

thermal infrared imaging in advance of mining could have been useful in 

delineation of fire-prone reserves such as J-7. 

Because "the threat of ignition remains, under even the most 

careful mining practices, the ultimate responsibility for ignition 

control becomes that of the reclamation crew which, through its 

backfilling and grading operations, must eliminate one or more of the 

following contributory factors: 

1. the presence of combustible materials, 

2. the flow of air to the combustibles, and 

3. stored heat within the combustible materials. 

For environmental personnel (affiliated with either the operator 

or regulatory authorities) concerned with the monitoring and assessment 

of coal mine spoil fires (as well as those concerned with other nat

urally occurring and man induced heat transfer phenomena such as in situ 

gasification and oil shale processing, geothermal resource development, 

underground pipelines, and radioactive waste disposal), remote sensing 

and computer simulation can be effective assessment tools. 
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While the approach to computer assessment and simulation of heat 

transfer from subsurface phenomena presented in this study is simplified 

somewhat, the method appears to be reasonably effective in ascertaining 

important information related to the heat source (e.g., its magnitude, 

depth, dynamics, etc.). A more complex approach to modeling seems 

unwarranted considering the diverse conditions under which spoil fires 

can occur as well as the limited alternatives available for their 

control. Cost-effectiveness figures of assessment and control versus 

non-control are difficult to provide; however, it is believed that 

unless the spoil or coal fire assessment can be incorporated within 

other justifiable monitoring programs, economic justification would be 

marginal. 

Owing to unsuccessful efforts to provide the required remote 

thermal data, ground level measurements were required to determine input 

parameters for the computer simulation. Despite the apparent success of 

the ground level assessment, it is believed that digital thermal 

infrared sensing is highly superior to ground-level data acquisition 

based on its potential for extrapolating into spatial and temporal 

dimensions more precisely, and on its ability to acquire data over large 

areas almost synchronously. 

The information derived from combined remote sensing and 

computer simulation assessments provides the research manager or mine 

planner with the opportunity to determine, in advance of leasing or 

mining, the potential for environmental, impacts and resource losses. 

For example, analysis of heat transfer dynamics enables the 

decision-maker to predict the behavior of the subsurface fire (its 



growth, decline, trend toward steady state, etc.) in the context of 

making resource trade-offs such as whether the value of the coal re

source offsets the potential for environmental damage or whether 

enforcement actions will be likely if a decision to mine in that area is 

made. Further, analysis of spoil fires in a similar context makes 

possible decisions relating to the need for excavation and extin

guishment of spoil fires versus self-extinction or reclamation 

strategies based on problem areas identified prior to backfilling. 



APPENDIX A 

BOREHOLE LOCATIONS AND THERMAL LOGS 

Table 11. Thermal logs for J-3 boreholes. 

Borehole 

No. 1 

No. 2 

Depth Depth Temperature Temperature 
(ft.) (cm.) °C °F 

0 0 237 459 
1 30.5 358 676 
2 61.0 341 646 
3 91.4 321 610 
4 121.9 268 514 
5 152.4 221 430 
7 213.4 195 383 
9 274.3 134 273 

11 335.3 107 225 
13 396.2 113 235 
16 487.7 146 295 
19 579.1 168 334 
22 670.6 176 349 
25 762.0 177 351 
28 853.4 173 343 
31 944.9 168 334 
34 1036.0 156 313 
37 1128.0 144 241 
40 1219.0 121 250 
43 1311.0 103 217 
46 1408.0 94 201 
51 1554.0 70 158 

0 0 15 59 
1 30.5 28 82 
2 61.0 40 104 
3 91.4 54 129 
5 152.4 68 154 
7 213.4 70 158 
9 274.3 74 165 

11 335.3 79 174 
15 457.2 80 176 
18 548.6 82 180 
21 640.1 80 176 
24 731.5 79 174 

100 
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Borehole Depth Depth Temperature Temperature Borehole 
(ft.) (cm.) °C °F 

No. 2 27 823.0 78 172 
(cont.) 30 914.4 77 171 

33 1006.0 76 167 
36 1097.0 74 165 
39 1189.0 72 162 
42 1280.0 70 158 
45 1372.0 68 154 
48 1463.0 65 149 
53 1615.0 61 142 

No. 3 0 0 20 68 
1 30.5 37 99 
2 61.0 52 126 
3 91.4 63 145 
4 121.9 72 162 
5 152.4 74 165 
7 213.4 79 174 
9 274.3 80 176 
11 355.3 81 178 
13 376.2 81 178 
15 457.2 80 176 
18 548.6 79 174 
21 640.1 77 171 
24 731.5 76 169 
27 823.0 75 167 
30 914.4 74 , 165 
33 1006.0 72 162 
36 1097.0 70 158 
39 1189.0 68 154 
42 1280.0 65 149 
45 1372.0 63 145 
48 1463.0 61 142 
53 1615.0 56 133 

No. 4 0.17 5.2 23 73 
1.17 35.7 33 91 
2.17 66.1 42 108 
4.17 127.1 52 126 
7.17 218.5 61 142 
9.17 279.5 74 165 
11.17 340.5 81 . 178 
13.17 401.4 85 185 
16.17 492.9 100 212 
19.17 584.3 107 225 
22.17 675.7 111 232 
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Borehole Depth Depth Temperature Temperature 
(ft.) (cm.) °C °F 

No. 4 
(cont.) 

No. 5 

25.17 767.2 112 234 
28.17 858.6 111 232 
31.17 950.0 109 228 
34.17 1042.0 105 221 
37.17 1132.0 96 205 
40.17 1224.0 88 190 
43.17 1316.0 81 178 
46.17 1407.0 74 165 
51.17 1560.0 70 158 

0.17 5.2 105 221 
1.17 35.7 210 410 
2.17 66.1 197 387 
3.17 96.6 172 342 
4.17 127.1 140 284 
7.17 218.5 98 208 
9.17 279.5 94 201 
11.17 340.5 100 212 
13.17 401.4 113 235 
16.17 492.4 119 246 
19.17 584.3 115 239 
22.17 675.7 107 225 
25.17 767.2 94 201 
28.17 858.6 85 185 
31.17 950.0 79 174 
34.17 1042.0 75 167 
37.17 1132.0 74 165 
40.17 1224.0 77 171 
43.17 1316.0 74 165 
46.17 1407.0 70 158 
51.17 1560.0 63 145 



103 

Figure 27. Schematic of J-3 borehole locations. 



APPENDIX B 

DESCRIPTION AND PROGRAM LISTING OF THE HEAT TRANSFER MODEL 

TEMPO is an acronym for "temperature plot" and the name of the 

FORTRAN computer program listed in this Appendix. It has been developed 

for the purpose of simulating soil temperature distributions arising 

from internal heat sources which can be approximated by one or more 

points. The model is not intended for universal application, but rather 

as an example of an approach to solving inverse problems relating to, or 

for simulating the environmental effects of, heat transfer phenomena. 

TEMPO performs two basic operations: 

1. generation of a temperature distribution for specified condi

tions, and 

2. computation of statistics related to the distribution. 

The temperature distribution is stored in an array which is printed to 

scale in finite difference format. As listed herein, TEMPO is coupled 

with SLMATH, a symbolic mapping program which produces a visual display 

of the distribution for pattern recognition. This format is also useful 

in correlating the simulated results with digital infrared data. 

Output statistics generated by TEMPO include: 

1. average temperature of the array, 

2. standard deviation of the temperature distribution, 

3. average temperature of the anomaly, 

4. maximum temperature within the anomaly, 
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5. area, arid 

6. a histogram of the temperature distribution. 

The heat transfer relationship is based on Equations (16) and 

(17), and subject to the following assumptions: 

1. homogeneity and isotropy of the heat transfer medium, 

2. negligible heat loss due to evapotranspiration, 

3. negligible heat loss due to convection within the medium, 

4. point source geometry, 

5. negligible convective and radiative transfer at the soil/atmo

sphere interface due to surface temperature elevation, and 

6. background surface temperatures providing the primary measure of 

convective and radiative losses. 

The TEMPO program listing follows. 

> 
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PROGRAM TEMPO (INPUT,OUTPUT,T*PE1=INPUT,TAPE2=OUTPUT,TAPE8) 

c 
C TEMPO IS A FORTRAN COMPUTER PROGRAM FOR SIMULATING ANOMALOUS SOIL 
C TEMPERATURE SIGNATURES ARISING FROM ONE OP MORE CONTINUOUS INTERNAL POINT 
C SOURCES OF HEAT DESIGNATED AS (X•,Y',Z•,Q•) WITHIN THE SOIL COLUMN. THE 
C SIMULATION CAN BE PROVIDED FOR EITHER STEADY OR NOIi-STEADY STATE HEAT CON-
C DUCTION FROM THE SOURCE (5) „ AND ACCOUNTS FOR BACKGROUND SOIL SURFACE TEMP-
C ERATURF VARIABILITY AS A FUNCTION OF ANNUAL CYCLE FOR A GIVEN LOCATION. 
C THE DISTRIBUTION IS PROVIDED FOR ANY DESIGNATED XY-PLAHE AT OR ANY DEPTH 
C BELOW THE GROUND SURFACE. THE ARRAY CAN ACCOMMODATE UP TO 10,000 DATA 
C POINTS AND THE SCALE CAN BE ADJUSTED FOR VARIOUS UNITS AND DIMENSIONS, 
C PROVIDED THAT UNITS REMAIN CONSISTENT. TEMPO CAN ALSO BE COUPLED HITH 
C VARIOUS SYMBOLIC MAPPING ROUTINES SUCH AS SLMATH (UNIVERSITY OF ARIZONA, 
C 1977) TO PRODUCE A VISUAL DISPLAY OF THE DISTRIBUTION. 
C (LEONHART, 1978) 
C 

C 
C 
C ARRAY AND VARIABLE LIST 
C (INTERMEDIATE AND OPERATIONAL ARRAYS AND VARIABLES EXCLUDED) 
C 
C AREA IS THE AREAL EXTENT OF THE DISTRIBUTION IN SQUARE UNITS 
C ARG(I) IS AN ARRAY USED IN COMPUTATION OF THE COMPLEMENTED EHROB FUNCTION 
C AMPST IS ONE HALF THE AMPLITUDE OF THE AVERAGE ANNUAL SOIL SURFACE TEMPER-
C ATURE FOR THE LOCATION UNDER CONSIDERATION 
C AVANOM IS THE AVERAGE TEMPERATURE OF THE ANOMALY 
C AVSURF IS THE AVERAGE ANNUAL SOIL SURFACE TEMPERATURE FOR THE LOCATION 
C UNDER CONSIDERATION 
C AVTEfiP IS THE AVERAGE TEMPERATURE OF THE DISTRIBUTION SIMULATED 
C BTEMP IS THE BASE TEMPERATURE CONSIDERED TO BE ANOMALOUS 
C CAP IS THE VOLUME HEAT CAPACITY OF THE SOIL 
C DAY IS THE CALENDAR DAY OF THE YEAR FOR HHICH A TEMPERATURE DISTRIBUTION 
C IS TO BE SIMULATED 
C DEPTH IS THE DISTANCE BFLOW GHOUND SURFACE FOB WHICH THE DISTRIBUTION IS 
C TO BE SIMULATED 
C ISTO(I) IS AN ARRAY UHICH STORES THE HISTOGRAM CLASSES 
C JBOUND AND K80UND ARE LIMITS ON THE NUMBER OF ROWS AND COLUMNS IN THE OUT-
C PUT ARRAY 
C KLASS IS THE NUMBER OF HISTOGRAM CLASSES TO BE UTILIZED 
C . MEPFC(A,ERF) IS AN IMSL LIBRARY FUNCTION FOR ESTIMATING THE VALUE OF THE 
C COMPLEMENTED ERPOR FUNCTION 
C N IS THE NUMBER OF POINT SOURCES OF HEAT PRESENT 
C PARAM(I,J) IS AN INPUT ARRAY WHICH STORES THE X,Y,Z, AND Q VALUES 
C PKDAY IS THE CALENDAR DAY OF THE YEAR ON WHICH THE SOIL SURFACE TEMPERA-
C TURF IS ASSUMED TO BE MAXIMUM 
C Q(N) IS AH ARRAY FOR THE MAGNITUDE OF THE POINT SOURCE(S) OF HEAT 
C R(N) IS AN ARRAY WHICH STORES THE RADII BETWEEN THE SURFACE COODINATES AND 
C THE POINT SOURCE(S) OF HEAT 
C SCALE IS A FACTOR HHICH SETS THE SCALED DISTANCE BETWEEN POINTS ON THE 
C OUTPUT GRID 
C TEMP(J,K) IS THE OUTPUT ARRAY UHICH STORES THE TEMPERATURE DISTRIBUTION 
C THRESH IS A FACTOR USED IN COMPUTING THE UPPER LIMIT OF THE HISTOGRAM 
C TMAP (J,K) IS AN ARRAY UHICH STORES THE SIMULATED TEMPERATURE DISTRIBUTION 
C FOREVENTUAL SYMBOLIC MAPPING AND IS USED ONLY WHEN SCALE ADJUSTMENTS 
C ARE REQUIRED 
C TMAX IS THE VALUE OF THE MAXIMUM TEMPERATURE ENCOUNTERED IN THE DISTRIBU-
C TION 
C . TRANS IS THE THERMAL DIFFUSIVITY OF THE SOIL 
C X(N) ,Y(N) ,Z(N) ARE ARRAYS FOR THE COORDINATES OF THE POINT SOURCE (S) OF 
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C HEAT 
C 
£ ************************************************«:*********#*************** 

INTEGER THP.ESH 

C DIMFNSIONALIZE ARRAYS 

DIMENSION TEKP(100,100),TMAP(100,100) 
DIMENSION X (10) , Y (10) , Z (10) , Q ( 10) , R (10),ARG(10),PARAM(10,4) 
DIMENSION ISTO(50) ,KLOW (50),KLUP (50),DIST(50) 

C INPUT HEAT SOURCE PARAMETERS 

BEAD(1, 10) N 
10 FORMAT (15) 

DO 30 1=1,N 
R EAD (1,20) (PARAM (I,J) ,J=1,4) 

20 FORMAT(4E10.4) 
30 CONTINUE 

C INPUT SOIL PARAMETERS 

READ(1,40) AVSURF,AMPST,PKDAY,TRANS, CAP 
40 FORMAT(2F5.1,F4.0, 2E8. 2) 

R EAD (1 , 50) DAY 
50 fOPKAT(F4.0) 

READ (1 , 55) IDAYS 
55 FORMAT (15) 

C INPUT OUTPUT SCALE AND BOUNDARIES 

P.EAD (1,60) SCALE 
60 FORMAT(E8.2) 

P EAD(1,70) JEOUHD,KBOUND 
70 FORMAT(215) 

R EAD(1,80) DEPTH 
80 FORMAT(E10.4) 

READ (1 , 85) DTEMP 
85 FORMAT(F5. 1) 

THAX=0.0 
ANSUM=0.0 
NPOINT=0. 0. 
HEAT=0.0 
TMAX=0.0 

C BEGIN COMPUTATION 

DO 90 1=1,N 
X(I) =PARAM(I,1) 
Y (I)=PARAM(I,2) 
Z(I)=PARAM(I,3) 
Q(I)=PARAM(I,4) 

90 CONTINUE 
ZZ=DEPTH 
D=4.*3.14*TRANS*CAP 
ATTEN=SQRT(6,28*DAY/(365+TRANS) ) 
TPLANE=AVSURF+EXP(-ATTEN*DEPTH) *AMPST*COS(6.28*(DAY-PKDAY) /365-ATT 
1EN*DEPTH) 
DO 100 J=1,JBOUND 
DO 100 K=1,KBOUND 
XX=FLOAT(J)#SCALE 



YY=FLOAT(K) ̂SCALE 
DO 95 1=1, M 
F (X) =SQET ( (XX-X (I) ) **2 + (YY-Y (I) ) **2+ (ZZ-Z (I) )'**2) 
APG (I) =R (I) /(2!*SQRT (TP. All S* (IDAYS*8 . 64E + 04) ) ) 

• 6 = AEG (I) 
CALL HEPFC (A,ERF) 
KEAT=HEAT+ ((Q (I)/(D*R (I) ) *ERF) ) 

9S CONTINUE 
TEMP(J,K)=TPLAHE+HEAT 
XF (TEMP (J, K) .GT.TMAX) TMAX=TEMP(J,K) 
IF (TEMP (J, K) . LT. BTEMP) GO TO 98 
A NSUH=ANSUK+TEMP(J, K) 
MPOX1IT=NPOINT + 1 

98 HEAT=0.0 
100 CONTINUE 

C SYMBOLIC MAPPING LOOP 

DO 150 J=1,JBOOND 
DO 150 K= 1,KBOUND 
XX=FLOAT(J)*SCALE 
YY=FLOAT(K)*SCALE*0.6 
DO 120 1 = 1,11 
R (I) =SQRT ( (XX-X (I) ) **2+(YY-Y (I) ) **2+ (ZZ-Z (I)) **2) 
HEAT=HEAT+Q(I) /(D*R(I)) 

120 CONTINUE 
TMAP(J,K)=TPLANE+HEAT 
HEAT=0.0 

150 CONTINUE 

C DISPLAY DISTRIBUTION 

NPAGE= (KSOUND-1)/18 + 1 
DO 1000 1=1, NPAGE 
KK=I*18 
K=KK-17 
WRITE(2,200) (L,L=K,KK) 

200 FOFMAT(1H1,3X,1817,//) 
URITE(8) 50,80,5.,6.,0.,100. 
DO 1000 J=1,JBOUN D 
WRITE (2,250) J, (TEMP (J,L) ,L=K,KK) 

250 FOFMAT(1H0,13,18F7.1,//) 
WRITE (8) (TMAP (J, L) ,1=1,KBOUND) 

1000 CONTINUE 

C COMPUTE STATISTICS 

SUMSQ=0.0 
S0MTEM=0.0 
CDF=0.0 
AREA=JBOUND*KBOUND 
AVANOtt=ANSUH/NPOINT 
READ(1,1100) KLASS,THRESH 

1100 FORMAT (2X5) 
DO 1200 1=1,THRESH 
KLOP(I) =I*KLASS 
KLOW(I)=I*KLASS-KLASS 

1200 CONTINUE 
DO 1210 1=1,50 
ISTO(I) =0 

1210 CONTINUE 
DO 1250 1=1,THRESH 
DO 1250 J=1,JBOUND • 



DO 1250 K=1,KBOUIID 
IF (TF.:iP(.l,K) . 3T.KLUP (I)) GOTO 1250 
IF (TEMP (J, K) . GE. KLOH (I) ) ISTO (I) = ISTO (I) +1 

1250 CONTINUE 
DO 1400 1=1,THRESH 
CDF=CDF+ISTO(I) 
DIST(I)=CDF/AREA 

1400 CONTINUE 
DO 1500 J=1,JBOUKD 
DO 1500 K=1,KBOUND 
SUMTEM=SUMTEM+TEMP («J,K) 
SUMSQ=SUMSQ+(TEMP(J,K)**2) 

1500 CONTINUE 
AVTEMP=5UMTEM/AREA 
A =(SUMSQ-AREA*AVTEMP**2)/AREA 
STDFV=SQRT(A) 

C OUTPUT STATISTICS 

ERITE(2,1600) AVTEMP 
1600 FORMAT (1H1,//,6X*AVE?AGE TEMPERATURE = *P7.1) 

WRITE(2,1625) AVANOM 
1625 FORilAT (1H ,SX*AVERAGE TEMPERATURE OF THE ANOMALY = *F5.1) 

WRITE (2,1650) THAX 
1650 FOFHAT (III , 5X*MAXIMUH TEMPERATURE OF THE ANOMALY = *F5.1) 

URITE (2, 1700) STDEV 
1700 FORMAT (111 ,5X*STD DEVIATION OF THE TEMPERATURE = *F8.2) 
1750 FORMAT(1H ,5X*AREA = *F5.0,//) 

WRITE (2, 1750) AREA 
HFITE(2,1800) DAY,IDAYS 

1800 FOFMAT (1H ,5X*HISTOGRAM OF TEMPERATURE DISTRIBUTION ON CALENDAR 
2Y *F5.0* APPROXIMATELY »I5* DAYS AFTER IGNITION*) 
'.JPITS (2,1 850) 

1850 FORMAT (1H ,11X*CLASS*12X*FREQUENCY*9X*CDF*//) 
DO 1950 1=1,THRESH 
URITE(2,1900) KLOU (I),KLUP (I),ISTO(I),DIST(I) 

1900 FORMAT (1H ,5X15* TO *I5,10Xf15,10X,F5.2) 
19 50 CONTINUE 

I)F.ITE(2,1960) 
1960 FORMAT(1H1,//,15X*HEAT SOURCE COORDINATES AND MAGNITUDE(S)*//) 

DC 1990 1=1,N 
URITE (2, 1980) (PARAM(T,J) ,J=1,4) 

1980 FORMAT(1H0,15X*(*El0.4*,*E10.4*,*E10.4*,»E10.4*)*) 
1990 CONTINUE 

C CLEAR DATA REGISTERS FOR SLMATH 

DO 2000 1=1,20 
R EAD (1,80) ZER 
IF (EOF (1).HE.0) GO TO 2010 

2000 CONTINUE 
2010 CONTINUE • 

STOP 
END 



REFERENCES 

Aberra, G. B. 1974. In situ apparent thermal conductivity measurement 
at depth in the unsaturated zone. Master's thesis, The University 
of Arizona, Tucson, 65 pages. 

Allaway, W. H. 1968. Agronomic controls over the environmental cycling 
of trace elements. In Advances in agronomy, v. 20, ed. A. G. Norman. 
Academic Press, New York, pp. 235-274. 

Arizona Energy Research Commission 1976. Sunshine data for the south
western U. S., 1966-1974. Ariz. Energy Res. Comm., Phoenix, 32 
pages. 

Bernstein, L. 1974. Crop growth and salinity. In Drainage for agri
culture. Am. Soc. of Agron. Sers. No. 17, Madison, pp. 39-54. 

Blumer, S. P. 1978. Research Assistant, School of Renewable Natural 
Resources, The University of Arizona, Tucson. Personal communica
tion. 

Carslaw, H. S. and J. C. Jaeger. 1959. Conduction of heat in solids, 
2nd ed. Oxford Press, London, 510 pages. 

Chaiken, R. F. 1974. In situ combustion of coal for energy. U.S. Bu
reau of Mines Tech. Prog. Rept. No. 84, 12 pages. 

Chaiken, R. F. 1977. Heat balance in in situ combustion. U.S. Bureau 
of Mines Rept. Inv. No. 8221, 11 pages. 

Davis, J. D. and D. A. Reynolds. 1928. Spontaneous heating of coal. 
U.S. Bureaus of Mines Tech. Paper No. 409, 74 pages. 

Daubenmire, R. F. 1974. Plants and environment, a textbook of aut-
ecology, 3rd ed. John Wiley and Sons, New York, 422 pages. 

Day, R. J. 1963. Spruce seedling mortality caused by adverse summer 
microclimate in the Rocky Mountains. Can. Dept. Forestry, For
estry Res. Branch Publ. 1003, 35 pages. 

Deely, D. J. and F. Y. Borden. 1969. High surface temperatures on 
strip-mine spoils. In Proceedings of symposium on reclamation of 
drastically disturbed areas, ed. Russel J. Hutnik and Grant David. 
Gordon and Breach, New York, pp. 69-79. 

De Vries, D. A. 1963. Thermal properties of soils. In Physics of 
plant environment. North Holland Pub. Co., Amsterdam, pp. 210-235. 

110 



Ill 

Dobrin, M. B. 1960. Introduction to geophysical prospecting, 2nd ed. 
McGraw-Hill Book Co., New York, 446 pages. 

Elder, J. L., L. D. Schmidt, W. A. Steiner, and J. D. Davis. 1945. 
Relative spontaneous heating tendencies of coals. U.S. Bureau of 
Mines Tech. Paper No. 681, 24 pages. 

Ellyett, C. D., and A. W. Fleming. 1974. Thermal infrared imagery of 
the Burning Mountain coal fire. La Remote sensing of the en
vironment, v. 3, pp. 79-86. 

Fitzpatrick, D. 1976. Research Assistant, School of Renewable Natural 
Resources, The University of Arizona, Tucson. Personal communica
tion. 

Fischer, J. N. 1976. Simulation of hydrologic processes for surface 
mined lands. Ph.D. dissertation, The University of Arizona, Tucson, 
122 pages. 

Gilmore, C. P. 1963. A city of fire. Saturday Evening Post, Septem
ber 7, 1963, pp. 85-87. 

Green, G. W., R. M. Moxham, and A. H. Harvey. 1969. Aerial infrared 
surveys and borehole temperature measurements of coal mine fires in 
Pennsylvania. In Proceedings 5th symposium on remote sensing of the 
environment. University of Michigan Press, Ann Arbor, pp. 517-525. 

Hill, A. C., C. Lamb, and T. W. Barrett. 1974. Sensitivity of native 
desert vegetation to SO2 and SC^- and NC>2 combined. Jour, air pol
lution control assn., v. 24, PP« 153-157. 

Holman, J. P. 1976. Heat transfer, 4th ed. McGraw-Hill Book Co., New 
York, 530 pages. 

Jones, G. W., and G. S. Scott. 1939. Chemical considerations relating 
to fires in anthracite refuse. U.S. Bureau of Mines Rept. Inv. No. 
3468, 13 pages. 

Kersten, M. S. 1949. Thermal properties of soils. University of Min
nesota Institute of Technology Bull No. 28, 20 pages. 

Kim, A. G. 1977. Laboratory studies on spontaneous heating of coal, a 
summary of information in the literature. U.S. Bureau of Mines 
Info. Circ. No. 8756, 13 pages. 

Kisiel, C. C., and L. Duckstein. 1976. Ground-water models. In Sys
tems approach to water management, ed. Asit K. Biswas. McGraw-Hill 
Book Co., New York, pp. 80-155. 



112 

Lang, C. 1878. Uber die Warmekapazitat der Bodenkonstituenten, For-
schung Gebiete Agrikultur-Physik, v. 1, p. 109. Cited in De Vries 
(1963). 

Leitch, R. D. 1940. Some information on extinguishing refuse-bank 
fires near Mahanoy City, Pa. U.S. Bureau of Mines Info. Circ. No. 
7104, 16 pages. 

Lessing, R. 1956. Disposal of colliery wastes. Soc. Chem. Industry 
Conference on Disposal of Industrial Waste Materials, 7 pages. 

McNay, L. M. 1971. Coal refuse, an environmental hazard. U.S. Bu
reau of Mines Info. Circ. No. 8515, 50 pages. 

Moench, A. F. 1969. An evaluation of heat transfer coefficients in 
moist porous media. Ph.D. dissertation, The University of Arizona, 
Tucson, 137 pages. 

Myers, J. W., J. J. Pfeiffer, E. M. Murphy, and F. E. Griffith. 1966. 
Ignition and control of burning coal mine refuse. U.S. Bureau of 
Mines Rept. Inv. No. 6758, 24 pages. 

Nettleton, L. L. 1942. Gravity and magnetic calculations. Geophysics, 
v. 7, pp. 293-310. 

Peabody Coal Company. 1976. Excerpt from amended Navajo Station coal 
supply agreement, Peabody Coal Company, St. Louis. 

Peirce, H. W. 1975. Coal, Arizona's most important resource. In 
Arizona Bureau of Mines Fieldnotes, v. 5, no. 4, pp. 1-3. 

Peirce, H. W., S. B. Keith, and J. C. Wilt. 1970. Coal, oil, natural 
gas, helium, and uranium in Arizona. Arizona Bureau of Mines Bull 
No. 182, 289 pages. 

Phelps, E. R. 1973. Modern mining methods — surface. In Elements of 
practical coal mining, ed. Samuel M. Cassidy. Soc. Mining Engi
neers, Baltimore, pp. 377-422. 

Rasmussen, W. 0. 1978. Assistant Research Professor, School of Renew
able Natural Resources, The University of Arizona, Tucson. Personal 
communication. 

Sellers, W. D. 1965. Physical climatology. University of Chicago 
Press, Chicago, 272 pages. 

Sellers, W. D. and R. H. Hill., 1974. Arizona climate, 1931-1972, 
revised 2nd ed. University of Arizona Press, Tucson, 600 pages. 



113 

Slavecki, R. J. 1964. Detection and location of subsurface coal fires. 
In Proceedings 3rd symposium on remote sensing of the environment, 
University of Michigan Press, Ann Arbor, pp. 537-547. 

Stateham, R. M. 1972. Detection of thermal anomalies over fires in 
coal beds and refuse dumps. U.S. Bureau of Mines Denver Mining 
Research Center Prog. Rept. No. 10004, 23 pages. 

Stateham, R. M. 1973. Detecting hot areas in dumps with a handheld in
frared scanner. U.S. Bureau of Mines Tech. Prog. Rept. No. 68, 12 
pages. 

Stateham, R. M. 1974. Remote sensing of potential spontaneous combus
tion in coal mines. U.S. Bureau of Mines Tech. Prog. Rept. No. 80, 
9 pages. 

Stateham, R. M. 1976. Detection of mine hazards with infrared imagers. 
Proceedings conf. on low light level devices for science and tech
nology, Reston, Virginia, pp. 34-40. 

Stateham, R. M., and R. H. Merrill. 1971. Detection of hazardous con
ditions in mine operations through infrared techniques. Proceedings 
conf. on the underground mining environment, Rolla, Missouri, 15 
pages. 

State of Montana. 1977. Suspect levels of soil parameters. Memoran
dum from Neil Harrington, Soil Scientist, Montana Department of 
State Lands, June 30, 1977, 2 pages. 

Szekely, J., J. W. Evans, and H. Y. Sohn. 1976. Gas-solid reactions. 
Academic Press, New York, 400 pages. 

Thames, J. L. 1978. Professor, School of Renewable Natural Resources, 
The University of Arizona, Tucson. Personal communication. 

Todd, A. H., and D. Wieczorek. 1977. Determination of thermal conduc
tivity at various water contents for reclaimed mine spoils. 
Unpublished student research paper, School of Renewable Natural 
Resources, The University of Arizona, Tucson, 19 pages. 

U. S. Bureau of Reclamation. 1971. Navajo Project, draft environmental 
statement, 147 pages. 

Van Wijk, W. R. 1963. Physics of plant environment. North Holland Pub
lishing Co., Amsterdam, 382 pages. 


