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Introduction

Surface coal mining has been an increasingly widespread activity in the United States as demands for electric power have increased. The scale of surface coal mining has increased to a level where it can have a significant effect on the alteration of environmental systems. This project will provide a brief overview of surface mining in the United States. It will then focus on the elements of environmental degradation that are associated with surface mining. Potential solutions to these problems of environmental degradation will be introduced in a following section. Attention will also briefly turn to the use of remote-sensing techniques to monitor the effects of surface mining on the environment. 

Overview of Surface Mining

Surface mining, also widely known as strip-mining, has been a part of human technology for centuries. It was introduced in the United States in the mid-nineteenth century, primarily in Pennsylvania. Early uses were in manufacturing industries. With the development of easily distributed electric power and the subsequent demand for this power, the mining of coal increased dramatically. This increase in coal mining occurred in the early 1900s. Initially most of the mining was conducted in sub-surface mines, but in the 1940s the amount of surface mining began a significant increase. At the present approximately 50% of the coal produced in the United States, is produced by surface mining operations.[1] 

The history of the reclamation of surface mined areas begins in 1918 with the first organized reclamation project, a project conducted by the Indiana Coal Producers Association. Two decades later, states began enacting surface mine legislation. In 1939 West Virginia was the first state to enact such legislation and many other states followed suit over the next two decades.[1] A major landmark was passed in reclamation when the Surface Mining Control and Reclamation Act (SMCRA) was passed in 1977. The SMCRA established federal regulations for surface mining and required federal permits for mining on federal land. The act also created the Office of Surface Mining as part of the Department of the Interior and charged this agency with restoring abandoned surface mines and enforcing the SMCRA regulations. [2] 

Surface mining of coal continues in the regions where it was first introduced a century ago, but has spread to western states as well. The largest reserves of coal in the United States are located in Wyoming, Montana, and North Dakota. In 1996 the largest producers of coal were in order (with millions of tons/year in parentheses: Wyoming(273), West Virginia(169), Kentucky(153), Pennsylvania(66.3), and Illinois(50.5). The organization of mining operations is different in the West than in the East. In Pennsylvania 953 mines are engaged in producing its 66.3 million tons of coal each year, while in Wyoming only 35 mines are responsible for its 273 million ton production level.[2] As we will see in following sections, the methods of mining, the problems encountered in mining, and even the solutions to those problems, are different in the West and East. 

The basic idea behind surface mining is to remove the surface stratum and to then remove the coal deposits that lie under them. Surface mining is pursued because it often has advantages over subsurface mining. These advantages include a safer working environment, more complete recovery of coal deposits, and the bottom line of cheaper production. Surface mining is clearly only practicable in areas with coal deposits that are near the ground surface. 

Surface mining can be divided into two general categories: area mining and contour mining. Area mining is conducted in relatively flat areas. The overburden, the soil lying above the coal deposit, is removed by shovels or drag lines. The 
mine progresses down into an open pit and the coal is removed from the sides of the pit. As the mining operation progresses through an area, the previously mined zone can be backfilled. This type of open-pit mining is the primary method of mining in the Western states of Wyoming and Montana.[1] A good description of an open-pit mining operation is provided by Wyodak Resource Development Corporation for their mine in the Powder River Basin of Wyoming.[3] 

In hilly regions, more common in the Appalachian coal mining regions in the East, contour mining is the method applied for mining surface coal deposits. In contour mining a hillside is cut with machinery and the cut advances into the hillside as mining progresses. The overburden is removed and is stacked at the outer edge of the mining bench. The vertical face where active mining is conducted is the highwall. The non-coal material excavated is the spoil and is piled in a heap at the outer edge of the mining area. Figure 1 depicts a contour mining operation. Figure 1. Contour Strip Mining[1] Source: [1] 

Environmental Impact of Surface Mining

It should come as no surprise to learn that surface mining has a profound effect on the environmental system. Tearing up large tracts of the Earth's surface, removing material, and then either walking away or throwing the removed soil back into the cut can hardly be done without having a major impact. Surface mining affects all elements of the terrestrial surface system. The soil is subjected to new weathering, compaction, and transport mechanisms. Vegetation is removed entirely and the soils for revegetation are altered from their original states. Surface and groundwater systems are perhaps the elements most adversely impacted by surface mining. Much previous attention has been paid to the problem of acid mine drainage, so this topic will only be mentioned briefly here. The primary focus will be on the affect of surface mining on soil and vegetation systems. The section following this one will discuss several of the methods proposed for dealing with these problems. 

The erosion of soil that is excavated is one of the primary problems of surface mining. This problem is particularly relevant to contour mining. As seen in Figure 1, the spoil is piled at the edge of the mining bench. The spoil heap's outer edge is even steeper than the natural slope. The steepness of the slope makes the spoil particularly vulnerable to erosion by water. The spoil heap lacks the vegetative cover of surrounding natural areas which further subjects it to erosive forces. Slippage between the spoil heap and the natural slope can and have led to landslides.[1] In the West, the area mines are not subjected to as much flowing water as in the East but the drier climate and more intense winds leads to wind erosion of mine spoil. 

The soils are affected significantly by the process of removal and relocation. The removal of the overburden has the effect of turning the soil profile upside down. The uppermost layers of the soil now find themselves buried beneath soils that had previously been below them. Rapidly altering the soil environment can lead to an increase in the bulk density of the soil. The surface soils can be deficient in nutrients and organic matter. The newly exposed soils in the spoil often develop a crust that decreases water infiltration of the soil. The processes of soil formation are turned upside down, and weathering and mobilization of soil materials, particularly of clay, can occur much more rapidly than under natural conditions.[4] Other physical alterations of the soil are the changes in slope, stoniness, and texture.[1] 

Bringing deeper soils to the surface affects the chemical characteristics of the soil. Materials that were previously unexposed to the atmosphere are brought to the surface. In regions containing pyrite (FeS2) the primary chemical alteration will be an increase in acidity. When exposed to water and the atmosphere pyrite is oxidized to release Fe2+ and elemental sulfur. The subsequent oxidation of elemental sulfur to sulfate results in the release of acidity. The following chemical reactions describe this process: 

An increase in soil acidity is not the only effect of these reactions, many metals are soluble only at low pH and are mobilized by the increase in acidity.[5] 

In the West the toxicity of the surface of the spoil is more connected with alkalinity than with acidity. The spoils expose molybdenum, magnesium, and boron to the surface. These elements are toxic, and have caused problems in the west when they are transported into drinking water systems.[4] In the West saline and alkali spoils also occur when drainage is impeded and surface evaporation increases. These changes are the result of the rapid alteration of soil environment. 

Spoil heaps are a problem that is not unique surface mining. In underground mining operations, the placement of excavated material also poses challenges. A soil excavated from deep below the surface can destroy the productivity of a topsoil if it is placed on top of this soil. The newly excavated soil is also subject to the physical and chemical alterations of surface mining spoil.[6] 

There may be some beneficial effects to soil productivity from soil excavation. In areas with naturally unproductive soils, surface mining can lead to soils with an increased water-holding capacity, and can introduce nutrients.[4] These "beneficial" effects still lead to a disturbance of natural conditions, even if the disturbance is an increase of productivity over natural conditions. 

Drainage patterns are altered by the activities of surface coal mining.[1] Contour mining occurs in areas that are naturally vulnerable to erosion, and the siltation of streams in those areas can be caused by erosion from surface mines. The changes in water patterns can also disturb groundwater patterns, and in some cases has led to the drying up of wells. The creation of cuts in the surface provides new places for the collection of water. In Kentucky these stagnant pools of water led to a major mosquito epidemic.[7] These hydrologic effects are in addition to the widely known and devastating effects of acid mine drainage. 

Visibly, the most profound effect of surface mining on an environment is the devegetation of the surface. The first step in any surface mining operation is the removal of surface vegetation. Revegetation is often slow and for years after operations cease at a mine, a site can still be marked by the desolate lack of vegetation. 

Revegetation of mine spoils is a lot more difficult than simply planting trees on mine spoil. Revegetation may be hindered by a deficiency of nutrients, the presence of toxic compounds, improper seeding time, and erosion. In some areas, the surrounding vegetation may be climax type and may not have the species present that will revegetate an area.[1] The act of turning a soil profile upside down places nutrient rich topsoil deeper below the surface, and brings soils to the surface that are richer in Calcium, Magnesium, Zinc, and Iron. The new surface soils are generally deficient of the nutrient elements of nitrogen, phosphorous, and potassium. The acidity caused by the reactions with pyrite seen earlier are the main vegetative inhibitor in colliery spoils. Not only does the acidity limit plant growth, it also leads to an increased mobility of phytotoxic elements in ionic form like aluminum, manganese, and ferrous and ferric iron.[5] 

At many mine sites the spoil is backfilled into the cut from mining once the coal has been removed. While soils are stored in heaps they can become sterile. This is particularly a problem because the productive topsoil in many coal field areas is rare and thin.[6] Davies investigated one aspect of this sterility problem by investigating the nitrogen losses from soil restored after surface mining. Mounds of soils up to 5 m tall had been stored at the site for as long as twelve years. When the soil profile was inverted by placing it in a spoil heap anaerobic conditions were created at the bottom of the heap. These anaerobic conditions in what had been the topsoil cause the generation of ammonium ion from organic nitrogen. Over time the ammonium ion accumulates in the soil. When the soil is reinstated back in the site the topsoil is once again present at the surface. Now that aerobic conditions again prevail, ammonia is oxidized to nitrate and is lost to water courses or the atmosphere. This loss of nitrate is both a depletion of a valuable soil resource and a source of pollution to drainage waters. Davies found that 90% of the original organic nitrogen was lost from the soil that was restored. Davies' work demonstrates that the storage of soil for long periods of time makes soil organic nitrogen more labile.[8] 

Methods of Dealing with Problems

Now that the problems associated with strip mining have been presented, we can turn our attention to methods of dealing with these problems. The solutions cover a wide range of costs and levels of efficacy. Solutions that will be discussed include backfilling, drainage construction, chemical alterations of soil, and revegetation. 

Backfilling is at the heart of every surface mine reclamation project. Backfilling involves placing overburden soils back into the cut from the mined areas. In the simplest form of backfilling soil is simply pushed back into the cut far enough to cover the coal seam. More effective forms of backfilling place overburden soil back into more of the cut. Contour backfilling restores the original contour of the ground surface and is considered the method that is best for the environment. Profiles from minimal backfilling and from contour backfilling are presented in Figure 2. Other methods of backfilling such as terrace and pasture are more effective than simply covering the coal seam but are not as good as a complete contour backfill. Backfilling after area mining is considerably simpler than for contour mines. At an area mine the previously mined area can be backfilled while the cut advances further into the seam. This form of backfilling doesn't involve shaping a contour and is more akin to building a landfill than to contour backfilling.[1] 

When removing the overburden segregating the soil into the depths at which it was removed makes it possible to better restore natural conditions when backfilling. In many cases the segregation of just the topsoil during excavation can improve the quality of the reclaimed surface mine. Figure 2. A simple backfilling job with incomplete filling of the cut and a contour backfilling job. Source: [1] 

Other methods of soil excavation can also be applied to minimize the amount of land degradation caused by the erosion of mine spoil. There are several methods available for reducing the slope of the spoil. These methods involve spreading the spoil out over a broader area and with milder slopes than natural conditions. These slope- reduction methods include methods like parallel filling where the spoil is placed not in a heap but in a layer with a slope that is parallel to the original ground slope, and the head of hollow method which involves filling in steep ravines with mine spoil.[1] 

Minimizing the amount of spoil initially created is another method employed for decreasing the impact of spoil erosion on the environment. The two most common methods of reducing the amount of spoil removed are highwall mining and longwall mining. In both of these cases, once an original cut is made, the coal seam is excavated without the removal of all of the overburden soil.[1] 

The flow of water at a mine can be managed in a manner that minimizes negative impacts on the site. During mining operations, diversion ditches route water around the site to minimize the contact of water with minerals in the mining zone. Sediment and erosion control is often managed through the construction of sediment catch basins downgradient of a mine. The surface of a reclaimed mine site can be textured in ways that promote infiltration of water into the soil. This is often necessary because alteration of the soils during storage can decrease their natural infiltration capacity. In some areas, the natural acid neutralizing capacity of the soils can neutralize the acid. This was found to be the case in a study of reclamation of surface mines at Moraine State Park in Western Pennsylvania. Unfortunately not all regions are blessed with limestone deposits and are consequently unable to neutralize the acidity of the waters[1] 

Revegetation of a surface mine is an important step in restoring a site. Revegetation improves the erosion resistance of a soil, reestablishes natural soil horizons, and improves the aesthetics of a site. The success of revegetation hinges on many factors. Included among them are the natural soil conditions, the addition of organic matter from vegetation, microbial populations, climatic factors (particularly rainfall), and biotic interference such as fertilization or grazing.[5] 

Backfilling the pits in the order in which soil horizons were removed improves the chances for success of vegetation. This is currently seen as one of the most cost- effective methods of improving revegetation. If soils are not restored in order and revegetation is attempted in the on-site spoil, the spoil is frequently too acidic to support vegetation and must be neutralized before plants will grown in it. Neutralization is accomplished by adding limestone or fly-ash to the soil. Even after neutralization spoils can release acid over time and may require future neutralization. This continued maintenance and the cost of chemical treatment of soils makes this alternative unattractive.[5] 

Revegetation is more than just planting trees. Trees due not provide adequate soil cover to limit erosion, grow slowly, and are not as effective as other plants at reestablishing natural soil profiles. The Office of Surface Mining is making strong efforts to encourage revegetation with native plant species.[OSM] Legumes are useful plants in revegetation because they are very effective at restoring soil organic nitrogen. Sites are most effectively reclaimed when revegetation occurs as soon as possible after the soil is regraded. The reclamation project at Moraine State Park began with backfilling the mine to the original contour, chemical treatment of the soil and then the planting of grasses and evergreens. After a year deciduous trees were introduced. After another year, the survival rate of the trees was 70-75%. This project is considered an environmental success but would be prohibitively expensive if applied to all mines.[1] 

Nutrients can be restored to the soil through fertilization and soil organic matter can be increased by placing plant residues on the soil surface.[4] The issue of nitrogen loss in stored soils can be addressed by preventing the onset of aerobic conditions in soils by providing subsurface ventilation. A simpler strategy involves storing the soils for shorter periods of time before restoring them to the mine site.[8] 

In contrasting reclamation efforts in the West with those in the East, the effect of climate on revegetation is a central issue. In the more arid West, revegetation is presented with greater problems than elsewhere. The recovery of vegetation in drier areas can take a very long time when following natural succession.[1] Despite these challenges, one Wyoming mining company reports that their reclaimed lands are more productive than adjacent undisturbed lands.[3] 

A contrast between mining activities before and after surface mining regulations is as striking as the contrast between East and West. In the pre-regulation (state or federal) era, mining activities were conducted with very little regard for environmental degradation. The incredibly numerous abandoned surface mines from the nineteenth and early twentieth century are the most degraded mines. In Pennsylvania the remining of these abandoned lands has benefited mining companies and the surface environment. Remining refers to mining activities that are conducted to complete the coal extraction from abandoned mines. In the current era, mining companies remove the remaining coal from the mines and perform reclamation activities when they are finished. Remining operations have improved water quality and decreased slope erosion in Pennsylvania. Current regulations across the country have eliminated the abandonment of a mine as a choice for mine operators. Long term reclamation bonds are required before mining ever begins, and mining companies are responsible for all reclamation efforts.[9] At site in Alberta the successful cooperation of mine operators, provincial government, and commercial developers is successfully reclaiming mind land for a resort community in the Canadian Rockies.[10] The long term responsibility of mine operators for the land has led to more responsible land use in mining regions. 

The time required for the recovery of a reclaimed land depends on the final use that is sought for the land. The recovery of the land for use as cropland can be very rapid. The intensity with which the land is managed and manipulated in the cultivation of crops makes this possible. Some cropland in Ohio and Pennsylvania has gone back into good productivity only two years after reclamation was completed. The recovery of land for pasture and rangeland varies for locations, but generally is not as rapid as for cropland. The recovery of forests is considerable easier in the East than in the West. The effects of the Western climate have seen very little good reforestation in reclaimed lands there. The reclamation of mined lands for wildlife depends on the recovery of natural vegetation. The use of land for wildlife is the primary end use of reclaimed Western mine land.[4] 

Conclusions
The impact of surface mining on the natural environment is undeniable. Surface mining techniques devegetate large areas of surface and dislocate large amounts of soil and rock. The exposure of the subsurface soils to a surface environment leads to physical and chemical changes. The location of mines and the lack of vegetation increases the potential for erosion of soils from surface mines. This erosion and the transport of mobilized metals and acidity affects an area that goes well beyond the borders of the mining site. 

There are steps that can be taken to minimize the environmental degradation caused by surface mining. Adherence to the regulations of the 1977 Surface Mining Reclamation and Control Act and to state regulations has pushed mining industry towards more environmentally sensitive practices. Better management of removed overburden soils and timely and wise replacement of the soils when mining is complete are steps that can reduce erosion and degradation of soils. Revegetation is a challenging task, but when done properly and in connection with good soil management it can be successful. 

Appropriate legislation has wisely made those who utilize mines responsible for the long-term health of region. No mining should be allowed before there is a good understanding of what reclamation actions will be taken when mining is completed. Efforts must be taken to restore the natural soil, hydraulic, and vegetative environment when mining is completed. Further, this restoration should be done as soon as possible, because degradation of materials occurs while soil and vegetation are displaced. These actions seem to be little more than common sense, but they require scientific expertise and money that are not always readily available. Policies should continue to support and encourage the responsible management of surface mining sites. 
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