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(ABSTRACT) 

Fluidized-bed combustion residue (FBCR) results from mixing coal with limestone 

during the combustion process. This by-product may be used as a liming agent. A 

grazing trial was conducted on an acidic mine soil to compare FBCR to dolomitic 

limestone and no amendment (control). Six steers per treatment were grazed 

rotationally on three replications (rep) of three .8 ha pastures. Both materials increased 

soil pH similarly, and reduced plant uptake of Fe, Zn, Mn and Ni similarly. Calcium 

concentration increased in forages by both amendments, M g increased with limestone 

and S with FBCR application. Cell wall components decreased, while ash and lignin 

increased with both amendments. Serum mineral levels of cattle were normal except eu 

was low. Animal tissues reflected differences in mineral concentration observed in 

forages. Hay harvested from one rep was used in a mineral balance trial with 18 wethers. 

Apparent digestibility of dry matter, crude protein and fiber components, and N 

retention were not affected by treatment. Control animals were in negative Ca balance. 



Apparent absorption of Mg \vas higher (P < .01) for limestone treatment animals; S 

absorption was higher for the FBCR group; and, Zn absorption was higher for controls. 

Serum mineral levels of sheep were normal except Cu was low. No appreciable 

accumulation of heavy metals occurred in forage or animal tissues. Low Cu levels 

observed for all treatment groups indicate a problem inherent of the study site. FBCR 

appears to be a safe and efficient soil pH amendment. 

(Key Words: Fluidized-bed Combustion Residue, Reclaimed-mine Land, Grazing Steers, 

Nutrient Balance, Lambs.) 
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INTRODUCTION 

Coal mining accounts for approximately one-half of the total land area that is 

disturbed by surface mining in the U. S. (Follett, 1980). In the Appalachian coal region, 

over 12,146 ha are strip-mined annually (Secretary of the Interior, 1966). There are 

many alternatives for conversion of surface-mined land into productive areas. Location 

and accessibility of these areas will govern their future use. Many areas have been 

returned to their natural habitats. In other areas recreational parks, air strips, and 

shopping centers have been constructed (Bennett, 1976). Conversion of the land to 

agricultural use for hay production, pasture, or crop farming requires intensive 

management. Detailed analyses of the mine soil is essential to determine the levels of 

plant nutrients and possible toxic elements. Where pasture species are to be established, 

consideration to animals must be given. 

Changes in the chemical, physical and biological properties of the disturbed soil 

causes serious problems for establishing vegetation. Of primary concern is the acidic 

nature of the mine soil. At pH levels below 5.0, toxic heavy metal concentrations 

increase in the soil solution. Also P complexes with some of these elements (AI, Fe, and 

Mn) and becomes essentiality unavailable to plants (Tisdale, 1985). Large quantities of 

lime are needed to raise the pH to levels suitable for plant growth. 

Fluidized-bed combustion residue (FBCR) is a by-product of specially equipped 

power plants in which coal mixed with limestone is combusted in a jet air stream. The 

process is more efficient than conventional systems. The FBCR retains approximately 



50 % of the CaC03 equivalency of the limestone material and may be used as a liIne 

substitute. llo\vever, it can contain amounts of toxic elements \vhich may limit its use 

in the production of feedstuffs (Bennett, et al., 1981). 

The present study was conducted to determine the effects of application of FBCR 

on a reclaimed surface-mined site on the soil-plant-animal model. Specifically the 

research was conducted to study the effects of repeated applications of FBCR on soil 

characteristics and forage quality; performance and mineral status of grazing cattle; and 

on the efficiency of nutrient utilization by sheep fed the forage. The research was 

conducted in cooperation with the USDA-ARS Soil and Water Conservation 

Laboratory, Beckley, West Virginia. 
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REVIEW OF LITERATURE 

Surface .. mined Land Reclamation 

The United States is the second largest coal producer in the world, accounting for 

250/0 of the total world output (Anonymous, 1984). Surface mining is preferred to 

underground mining because it is safer, cheaper and more efficient in terms of labor 

productivity (Vogel, 1981). However, surface mining is a more destructive method, 

causing severe erosion, water pollution and sedimentation, as well as the destruction of 

natural forested ecosystems. On August 3, 1977 the federal government passed the 

Surface Mining Control and Reclamation Act (SMCRA) (Joyce, 1980) .. Until then, few 

states enforced rules regarding strip .. mine reclamation, and much of this land was left 

bare. The purpose of the SM CRA was to set uniform standards for coal mining 

operations nationwide under which each state would be required to develop and enforce 

a regulatory program (Joyce, 1980; Law, 1984). Compliance with the SMCRA would 

ensure successful long term revege~ationt erosion control and protection of water 

quality. To achieve this, most states require the mining operator to post a large bond 

for which certain terms are met. For example, if the land is to be returned to the natural 

forested state, it must be regraded to the approximate original contour and sustain 90 

0/0 ground cover (as compared to a reference area) for a minimum of 5 years following 

3 



the performance of the last amendment procedure (J oyce, 1980). Strict guidelines should 

govern both the mining and reclamation procedures. 

In 1966, eleven years prior to SMCRA legislation there were 119,838 acres of 

disturbed strip-mined land in Appalachia, three-fourths of which came from contour 

stripping on slopes of 150 or more (Anonymous, 1966). In the area surrounding 

southwestern Virginia, West Virginia and eastern Kentucky the coals contain very little 

ash, minimal amounts of volatile elements and less than 1 % sulfur by weight, making 

this one of the best areas for coking coal in the world (Ro\ve et al., 1979). The steep, 

rocky nature of these mountains and narrow ridges and valleys pose more complex 

problems for maintaining the land in an environmentally safe condition during the 

strip-mining and reclamation processes. Successful revegetation is possible on most of 

these soils, and depends greatly on the location, isolation and handling of the 

overburden material as well as the processes necessary to transform this material or spoil 

into productive soil. During the strip-mining process of mountain top removal, 30 to 

70 m of overburden material is removed to expose the underlying coal seam or seams. 

The topsoil layers are often mixed with the underlying subsoil and parent rock, 

drastically changing the physical, chemical and biological properties of the spoil 

material. 

Physical properties that need to be considered for successful revegetation include 

bulk density, particle size distribution, water holding capacity, slope, aspect (direction 

of slope face) and texture (Rowe, 1979; Joyce, 1980; Chalfant, 1980). Bulk density is 

higher on reclaimed spoil due to compaction by both heavy equipment and the weight 

of the spoil material (Robinson, 1984). Particle size distribution is also affected by 

compaction. Both bulk density and particle size distribution govern root penetration 

and water infiltration and are, thus, of great importance in terms of the erosion potential 

of reclaimed mined lands (Daniels and Amos, 1985; Tisdale, 1985). Younos and 
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Shanholz (1980), in studying properties of pre- and postmining soils found that bulk 

density increased while water-holding capacity and saturated hydraulic conductivity 

decreased. Further, in the Appalachian region the original topsoil is usually acidic, 

infertile, thin and rocky (Vogel, 1981; Jones et al., 1983; Daniels and Amos, 1985). 

During the mining operation, the overburden material is removed and stockpiled. 

The regenerated mine soil is a mixture of soil layers, and where the original topsoil was 

thin, blasted rock may be used as a substitute material (Vogel, 1981; Daniels and Amos, 

1985). The mixture of sandstones and siltstones that result affects the success of 

revegetation. Soils high in siltstones tend to crust over making water infiltration and 

seedling emergence difficult. Light sandy acid soil is less resistant to heavy metal 

contamination than heavier, nonacid soils with higher organic matter content 

(Kabata-Pendias and Pendias, 1984). Van Lear (1971) observed best fescue growth 

occurred on mine soils containing equal proportions of coarse and fine material when 

no chemical properties were limiting, and the effects of toxic materials on fescue were 

intensified on finer materials of the same spoil. Slope, aspect and the general contour 

of the land are results of the regrading technique. In some cases high walls are left 

exposed and extreme erosion conditions may ensue. High and low places result from 

uneven distribution of the soil and nonunifonnity of the material. This may cause \-vet, 

marshy areas to develop which only add to the problem of revegetation (Vogel, 1981; 

Daniels and Amos, 1985). 

The chemical properties of spoils affect the success of revegetation, but are 

collectively considered as limiting on a short term basis, and include pH, exchangeable 

Al and available plant nutrients (Vogel, 1981). The pH may be the best single indicator 

for planning reclamation procedures (Rowe, 1979). Acid conditions result in increased 

availability of potentially toxic cations such as AI, Fe, Mn, Cu, Ni and Zn (Tisdale, 

1985). Adsorbed H+ and AI+ + + ions are referred to as the exchangeable or reserve 
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acidity of soils. As the concentration of these cations diminishes in the soil solution (by 

plant uptake or reaction with other elements) more are released (Tisdale, 1985). Pyrite 

also contributes to the total potential acidity of the mine soil. Pyritic materials are found 

in the area along the borders of Tennessee, Kentucky, West Virginia and Virginia, 

(Vogel, 1981). Natural weathering of pyrite (FeS) causes the formation of FeS04 and 

H2 S04. Disturbance of these soils enhances weathering processes and results in 

continual production of acidic conditions. In an experiment conducted on pyritic soil, 

27.3 t/ha of limestone were incorporated at 0, 10.15 to 15.23 and 60.91 cm depths 

(l-Iuntington et ai., 1980). At 0 cm the growth of wheat (Triticum aestivum L.), soybean 

(Glycine max L. Merr.) and com (Zea mays L. subsp. mays) was nominal. However, 

corn and soybean exhibited a positive growth response with increasing depth of 

incorporation. 

At pH levels less than 5.0, P forms complexes with AI, Fe and Mn and becomes 

virtually unavailable to the plant (Brady, 1974). Phosphorus availability is considered 

the second most important characteristic for determining the revegetation potential of 

mine soils. Both Nand P are usually deficient due to the lack of organic matter and 

persisting acidic conditions (Bennett, 1976; Chalfant, 1980; Rowe, 1980). Problems arise 

in using traditional techniques for the determination of available soil P. Munshower and 

Neuman (1980) found that although the content of P was similar in mined and 

undisturbed soils on three sites in Montana, the concentration of P was significantly 

lower in plants grown on the mine soils. 

The original material mayor may not contain appreciable amounts of other 

essential plant nutrients. Those containing limestone or calcareous shales would most 

likely have sufficient levels ofCa and possibly Mg (Bennett et aI., 1976; Vogel, 1981). 

Generally, K is adequate. Micronutrients such as Fe, Cu, Zn, and Mn are usually 
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abundant. However, the acidic conditions of the mine soils in Appalachia enhance the 

solubility of these cations, and the possibility exists for elements to reach toxic levels. 

The biological characteristics of the soil must also be considered. Rhizobium and 

mychorrhizal associations are essential for the growth of many plants. Also, hyphae of 

vesicular-arbuscular mycorrhizal fungi have a soil binding agent on their surfaces, that 

was shown to be effective in binding soil particles of a sandy loam mine soil thus, 

enhancing soil aggregation (Rothwell, 1984). Soil insects and worms along with 

bacterial populations are important for recycling of nutrients. Removing and stockpiling 

the overburden may result in the destruction of soil organisms (Robinson, 1984). 

Further, most soil fauna are not very mobile. Prompt replacement of the topsoil may 

be the most practical means of restoring the soil fauna (Vogel, 1981). 

I t is evident that large amounts of limestone are needed to correct the low pH 

found in mine soils of Appalachia. Soil types must be considered in order to determine 

the effectiveness of liming amendments. On an acid subsoil, applicatation of agricultural 

limestone did not reduce the exchangeable AI. Best root growth of barley (Hordeum 

vulgare L.) was found when both manure and lime \vere applied (Wright et al., 1985). 

However, on a granitic acid soil, a total reduction in Mn toxicity symptoms exhibited 

by alfalfa (Medicago sativa L.), and the elimination of soluble Al levels in the topsoil, 

were observed after the addition of 10 t/ha of limestone (Mahoney et al., 1981). 

The characteristics of the mine soil may limit the number and kinds of plant 

species used in revegetation. Legume establishment is important to improve the level 

ofN in the plant-soil system. Sericea lespedeza (Sericea cunneata L.) and tall fescue 

(Festuca arundinacea Schreb.) have been used extensively as the primary legume and 

grass species, respectively, due to their tolerance to acidic conditions (Vogel, 1981). 

Other species have been suitable in establishing cover, including some warm season 

grasses. In western Kentucky, caucasian bluestem (Bothrichloa caucasica (Trin.) C.E. 
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H ubb.) and switchgrass (Panicum virga tum L.) grown alone or in combination with a 

legume produced higher yields than tall fescue, but yields were similar to tall fescue in 

reclaimed sites located in eastern Kentucky (Kuenstler et aI., 1980). In Wise County, 

Virginia, first year growth of switchgrass on reclaimed mine-land was good and little 

response to lime or phosphate fertilization was observed, indicating the potential use of 

warm season grasses in areas usually considered for cool season species (Wolf and 

Mckenna, 1986). 

It seems that the success of revegetation and production of feed crops on reclaimed 

mine land depends on the quality of the soil itself. Many states are including strict 

guidelines in reclamation programs, requiring extensive analysis of the overburden 

material before mining operations can begin. If these guidelines are adhered to, 

disturbed areas can be restored to environmentally safe conditions and become 

productive agricultural soils. 

Fluidized-bed Combustion Residue 

The coal industry, while being important in terms of energy production, adds to 

the pollution problem in two ways. The first concerns the physical and chemical 

disruption of the soil by the mining operation. The second occurs from the production 

of noxious emissions, specifically sulfur dioxide (S02) and nitrogen oxides (NOx, 

including N02 and NO), during the combustion of coal in electricity-generating power 

plants. One method to lower these emissions involves the combustion of coal together 

with limestone. The process is called fluidized-bed combustion and the resultant 

by-product is referred to as fluidized-bed combustion residue (Fennelly, 1984). Sulfur 

compounds that would have been emitted into the atmosphere react with the limestone 

to form CaS04 and/or MgS04. This is a relatively new method currently undergoing 
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extensive research and should be available on a commercial scale by 1990 (Allar, 1985). 

There are several advantages of the fluidized-bed combustion system over gasification 

methods and scrubber systems which are currently employed. First, the efficiency of 

fluidized-bed combustion is as good as or better than conventional systems in terms of 

energy output. Second, installation and maintenance is less expensive. Third, utilization 

of more numerous forms of fuels is possible that also meet EPA standards. Fourth, it 

is more flexible and involves simpler technology in both the building of new facilities and 

in converting older plants (Allar, 1985; Radovanovic, 1986). Fifth, a S capture rate of 

98% is possible which exceeds the required 90 % rate and the furnace temperature can 

be kept lower (800 to 950 C) so that NOx formation is reduced (Allar, 1985; Valk, 1986). 

Lastly, the fluidized-bed combustion system produces a more useful by-product which 

may also offset costs (Allar, 1985; Radovanovic, 1986). 

Environmental Significance. Probably the single most important aspect of the 

fluidized-bed combustion system is the positive contribution it makes toward 

maintaining acceptable environmental conditions. Both S02 and NOx are the primary 

constituents of acid rain (Elsworth, 1984). An estimated 50 % of the S02 found in the 

atmosphere comes from anthropogenic sources. Approximately 182 million metric tons 

per year is added to the atmosphere, and this amount is increasing due to the increasing 

use of coal as an energy source (Izrael, 1983; Elsworth, 1984). Acid rain has adverse 

effects on water quality and aquatic life, surface structures and plant foliage, and 

enhances mineral loss from soils (lzrael, 1983). Acid rain effects on the soil include the 

immobilization and leaching of Ca, Mg, K and Na, accumulation of heavy metals, and 

Al mobilization (Bubenick, 1984). 

In a simulated acid rain study, dicotyledons were found to be more susceptible to 

foliar injury than monocotyledons. Yields of radishes (Raphanus sativus L.), carrots 

(Daveus carota L. subsp. sativus (hoffm.) Arcang.), mustard greens (Brassica spp.) and 
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broccoli (Brassica oleracea) were decreased while yields were increased for tomatoes 

(Lycopersicum esculentum Mill.), green peppers (Capsicum annum L. var. annum), 

strawberries (Fagaria spp.), alfalfa, orchard grass (Dactylis glomerata), com and timothy 

(Phleum pratense L.) (Lee et at, 1981). Furthermore,NOx is one of the originators of 

ozone which has caused crop and forest damages worldwide (Elsworth, 1984). At the 

present time it is difficult to measure the effects due to acid rain in the field. However, 

through the use of fluidized-bed combustion technology there exists a way to prevent 

80 to 90 % of both S02 and N Ox emissions. 

Although the use of the fluidized-bed combustion system adds a positive 

contribution to pollution control, disposal of the by-product may pose a new set of 

problems to the environment. Some current uses of FBCR include the formation of 

cement replacements, construction of roadbeds and as a component of various masonry 

units (Minnick and Miller, 1980). 

Effects on Soils. The primary reason for the reclamation of strip-mined land is to 

protect the water quality of the surrounding water shed. In Appalachian regions 

amendment practices begin with the application of limestone to correct for the relatively 

low pH and possible Ca and/or Mg deficiency (Vogel, 1985). Several tons of limestone 

may be necessary before these problems are sufficiently under control. Fluidized-bed 

combustion residue can be used to meet this high liming requirement. Chemical 

constituents of FBCR can be grouped into four main classes: 1) essential plant nutrients 

(Ca, Mg, P, K, S, Fe, Mn, Zn, CUt Mo and B); 2) toxic heavy metals (Ni, Pb, Cd, Cr, 

AI, Hg and As); 3) possible phytotoxic elements (B and Se); and 4) soil pH amendment 

compounds (CaO, Ca(OHh and CaS04) (Bennett et aI., 1980). The CaC03 equivalence 

of FBCR ranges from 30 to 100 %, with a mean value of approximately 50% of that 

of limestone (Hem et at, 1977). 
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Of major concern in the land application of FBCR is the probable accumulation 

of heavy metals in feedstuffs and contamination of the water supply. Since FBCR 

retains 50~/0 of the buffering capacity of limestone, it would have to be applied at twice 

the level of limestone to effect a similar change in pH. Obviously, the level of other 

constituents present in the material would be applied at twice the level as well. 

Limestone generally contains very little heavy metals. High levels of Pb, Al and Cd are 

possible but usually do not exceed safe levels. Therefore, the level of contamination 

from FBCR application would be more dependent on the source of coal. The mean 

CaC03 equivalency of a group of 14 samples of FBCR material (from Alexandria, VA) 

was found to be 73% with a range of 53 to 100%. Low levels of Cd, Cr, Ni and Pb were 

reported. Mean values were < .50, 14.9, 21.1 and 3.2 ppm, respectively. A similar group 

of samples collected from the same source had a mean CaC03 equivalency of 49% and 

a much higher content of Cd, Cr, Ni and Pb, illustrating the highly variable content of 

the residue. This FBCR material also contained between 5 and 150/0 S (Hern et aI., 

1977). In a seperate study (Sun and Peterson, 1980) 40 samples obtained from several 

fluidized-bed combustion plants (both those utilizing atmospheric and pressurized 

systems) were examined. These researchers found the residue from the atmospheric 

system had higher pH, Ca and total dissolved solids (TDS) than the residue from the 

pressurized system; spent limestone sorbent had higher Ca and TDS than spent 

dolomite; all 40 samples had low levels of trace elements; and total organic carbon levels 

and thermal activity potentials of both residue types were very low. 

Although assessment of the total elemental concentration of the FBCR material 

may be a useful indication of possible contamination, it is not possible to predict the 

availability or fate of the minerals present when applied to soils. Sidle and coworkers 

(1979) conducted a study to test solute movement through acid silty loam soil and acid 

mine soil columns when amended with FBCR or limestone. The results of their study 
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indicate that no appreciable movement of AI, B, Ca; Cd, Cr, F, Cu, Fe, Mg, lVln, Nit P, 

Pb, S04, Sr, and Zn occurred in the mine spoil colunms after 14 leachings were 

performed. 

Differences in pH response also occur with lime source. Maximum soil pH was 

achieved at a later date (137 d) when dolomitic limestone was the lime source in FBCR 

than when calcitic limestone was used (Edwards et aI., 1985). Sunmer and coworkers 

(1986) found a slower decline in soluble Al of acid soils with dolomitic as opposed to 

calcitic limestone. The use of dolomitic limestone (2506 kg/ha) and FBCR (5454 kg/ha) 

on a reclaimed-mine site increased the soil pH similarly over a 3-mo period (Smedley, 

1985). The pH of unamended soils was 4.6 and that of the limestone- and 

FBCR-amended soils was 5.11 and 5.25. Stout and coworkers (1980) have suggested 

that the elevation in p.H from FBCR influences heavy metal uptake more than the 

concentrations of these elements found in the material used. 

Effect on Plants. I t has been suggested that soil acidity is the single most limiting 

factor followed by P availability with respect to plant production on mine soils (Rowe, 

1979; Vogel, 1981). Stout and coworkers (1982) observed that only mine soil plots 

treated with composted garbage mulch (with or without limes~one or FBCR) had 

sufficient cover in the spring following a previous fall seeding of tall fescue, and that soil 

Al levels were reduced to normal levels only when the mulch plus either pH amendment 

were applied in combination. Similar results were observed with manure used in 

conjunction with limestone (Wright, et al., 1985) and sewage sludge plus limestone 

(Morse et al., 1984) on acid subsoils and acid mine soils, respectively. 

Plants exhibit a variety of responses to heavy metal contamination, pH and other 

soil properties. Thus far, FBCR has not been found to add significantly to heavy metal 

accumulation by plants grown on mine soil plots or greenhouse pots. A comparison of 

FBCR to Ca(OHh as pH amendments for growing red clover (Trifolium pratense L.), 
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tall fescue, buckwheat (Fagopyrum sagitta tum l'vIoench), and oats (Avena sativa L.) 

showed only Mg and S were increased when FBCR was used while Ca and Zn levels were 

similar for either lime source (Stout et aI., 1979). However, Stout and coworkers (1980), 

in a later study, observed slightly higher Cd levels in oat grain when the soil medium 

was treated with FBCR (.1 ugjg) as compared to Ca(OH)2 (.04 ugjg). These 

concentrations are considered safe for animal and human consumption (NRC, 1980). 

In contrast, soybeans had lower levels of Cd from FBCR treatment than Ca(OHh 

treatment; values were .09 and .15 ugjg, respectively. Furthermore, these researchers 

compared a diet of com, oats and soybeans gro\vn with FBCR or limestone to a 

commercial rat chow, and found similar levels of Cd and Pb in both types of diets. 

Chromium and Cu levels were higher in the FBCR-treated grains than limestone-treated 

grains, but levels of both were similar to the commercial rat chow. 

Variations in mineral uptake occur with respect to liming source for growth 

enhancement of vegetable crops grown for human consumption. No significant 

differences were found in yield or mineral concentration (S, AI, B, Ca, Cu, Fe, Mg, Mn, 

Na, P, Sr, Zn, Cd, Pb, K, Co, Cr and Ni) of potatoes (Solanum tuberosum L.) grown 

when FBCR, hydrated lime, MgO or CaS04 were used as soil amendments (Lundberg, 

et al., 1979). Some vegetables tend to accumulate toxic elements, while others are 

relatively tolerant to heavy metal concentrations in soil (Bennett et al., 1980). Broccoli, 

lettuce (Latuca sativa L.), beets (Beta vulgaris L.) and snap beans (Phaseolus vulgaris 

L.) grown on either limestone- or FBCR-amended soils showed no significant difference 

in 17 of 18 elements analyzed (including Pb, Cd, Cr, Ni and AI). Only Zn was slightly 

higher (.4 as opposed to .36 ug/g dry matter) in lettuce leaves of plants grown on the 

FBCR-amended soils. Pecan (Carya illinoensis (Wangenh.) K. Koch.) leaf and stem 

concentrations of Mn, Zn and Al decreased linearly with increasing amounts of both 

calcitic FBCR and limestone, when compared to no amendment. Nitrogen content was 
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also depressed (15 0/0) while P and K increased 26 and 21 ~/O, respectively (Edwards et 

al., 1985). In a seperate experiment Edwards and coworkers (1985) found depressed 

levels of Mn, Zn and Al in the leaves and stems of peaches (Prunus persica (L.) Batsch) 

when calcitic FBCR was used. Mineral levels were not affected by calcitic limestone. 

Effect on Animals. Fluidized-bed combustion residue could potentially be used 

as the Ca source instead of limestones, in diets for both ruminants and non-ruminants. 

Animal feeding trials utilizing FBCR-treated constituents or FBCR as the Ca source 

have only been initiated in the past 7 years. Mitchell and May (1983) fed broiler chicks 

diets utilizing either FBCR or limestone as a Ca source in three trials lasting 21, 49 and 

53 d. Results showed a slight increase in body weight of chicks fed FBCR during all 

trials. No effect on kidney and bursa weights, packed-cell volume, Hb concentration and 

bone ash were observed. The authors found a slight increase in liver lipid levels of the 

FBCR-treatment group in two of the three trials, indicating FBCR may have an effect 

on the metabolism of chicks. 

In another experiment, soybeans, oats and corn were grown on both FBCR- and 

Ca(OHh-amended soils and were used to formulate rat and hamster diets. After a 6 

wk feeding trial no accumulation of Cd, Cr and Pb occurred in whole body tissue nor 

liver, kidney and bone tissues analyzed seperately (Stout et al., 1980). Weight gains were 

slightly greater for hamsters fed FBCR-soybean and corn diets (36g vs 23 g) when 

compared to the Ca(OHh treatment group. Weight gains for rats fed soybean and 

com-based diets or soybean and oat- based diets were similar for both amendment 

sources. Similarly, food and feed products grown on FBCR- and limestone-treated soils 

were used to formulate diets for swine (Whitsel et al., 1982). Diets consisted of meat 

(poultry), fruit and vegetables to simulate human diets. During each of two trials, 

average daily gains were slightly greater for the limestone-treatment group than the 

FBCR-treatment group. Differences were .1 and .06 kg/d for trials 1 and 2, respectively. 
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Blood and urine samples collected throughout both trials showed heavy metal 

concentrations were within the normal range found in humans. Blood As levels and 

urine Pb levels were significantly higher in animals from the FBCR-treatment group in 

trial 1, but no differences were observed in trial 2. 

Long term studies are needed with animals in order to assess the full impact that 

FBCR may have on the human food chain. In 1983, an extensive pasture study was 

initiated to assess the effects of FBCR on pasture forages and grazing steers. The PCV 

and Hb concentrations of serum samples obtained from the steers were elevated on both 

dolomitic limestone- and FBCR .. amended reclaimed- mine pastures when compared to 

steers grazing unamended pastures. At the end of the study, animals were slaughtered. 

The Fe, Mn, Ni, and Na content of liver samples were reduced; Cr in the rib, Cd in the 

long bone, and Mn in bile were reduced in both treatment groups, while, S in the 

longissmus muscle of the FBCR group was increased compared to cattle grazing 

unamended pastures. No effect was observed on mineral levels of spleen and large and 

small intestines (Smedley, 1985). 

It would appear that FBCR is safe as a soil pI-I amendment, and may enhance the 

utilization and body composition of micronutrients when fed to animals. 

Copper, Zinc and Manganese in Soil, Plant and Animal Systems 

Interest in trace minerals in agriculture has been renewed over the past decade for 

many reasons. Toxic levels of some elements may accumulate due to the increase use 

of waste products, such as manures, crop residues and municipal wastes as soil 

amendments, and the increase in pollution from industrial operations. Further, the 

increased use of by-products in animal diets, and the trend toward the use of alternative 

feedstuffs, particularly those high in fiber, creates concern for animal health and 
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nutrition. The possibility of deficiencies occurring has also increased due to the loss of 

nutrients through soil erosion as well as removal through increased production. More 

research is needed to assesss the effects on soil, plant and animal systems in order to 

evaluate the potential of these alternative resources and practices. 

Nutritional Importance to Plants. In general, the levels of Cu, Zn and Mn in 

plants occur in a narrow range and are 7 to 30,21 to 70 and 31-100 mg/kg, respectively 

(Knezek and Ellis, 1980). The relatively small requirement of most plants and animals 

for Cu, Zn, Mn and Fe, and the low solubility and availability of these minerals in soils 

constitute the reasons for placing these elements in the category of micro nutrients 

(Knezek and Ellis, 1980; Tisdale, 1985). 

Copper exists as a constituent of various oxidases, plastocyanins and amiloplasmin 

(Kabata-Pendias and Pendias, 1984). Copper is also involved in oxidation reactions 

(including those involved in photosynthesis), protein and carbohydrate metabolism, and 

has been linked to symbiotic N-ftxation (Price et aI., 1972; Kabata-Pendias and Pendias, 

1984;). Copper deficiency is rarely found although it may occur in instances of high 

fertilizer application and where acidic Histosols (wet, dark soils, usually greater than 

200/0 organic matter) have been drained and brought into production (Tisdale, 1985). 

The term" reclamation disease" has been coined for the occurrence of eu deficiency on 

these soils (Kubota and Allaway, 1972). Some crops that have been found to be highly 

responsive to Cu fertilization include wheat, rice, alfalfa, many vegetables and pasture 

grasses (Brady, 1984). Occurrence of Cu toxicity is also rare, but, has been found in 

areas adjacent to smelter plants and in isolated incidences of excessive fungicide use 

(Tisdale, 1985). 

Zinc is required by plants for various enzyme systems involved in carbohydrate 

and protein metabolism including carbonic anhydrase, dehydrogenases, proteases and 

peptidases (Price et aI., 1972; Kabata-Pendias and Pendias, 1984). Occurrence of Zn 
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deficiency is widespread in the U.S. and is most prevalent on calcareous soils or on 

well-drained acid, sandy soils (Kubota and Allway, 1972; Tisdale, 1985). 

Manganese is a catalyst for enzyme reactions involving photoproduction of 

oxygen in protoplasts, N03 reduction in nodules (Kabata-Pendias and Pendias, 1984). 

Manganese toxicity is more common in the humid east than western regions of the U.S., 

and occurs on naturally wet soils high in organic matter that have been drained for 

production (Kubota and Allway, 1972). Most neutral or basic soils have a potential for 

exhibiting Mn deficiency (Tisdale, 1985). Toxicities are rare but may occur on acid soils 

(Mahoney et aI., 1981). Alfalfa, soybeans and particularly oats are sensitive to Mn 

(Tisdale, 1985). 

The relative levels of the elements Cu, Zn and Mn vary among plant parts and 

species. Fleming (1965) reported the mineral distribution \vithin plants of the cool 

season grasses meadow fescue (Festuca elatior L.), orchard grass, perennial ryegrass 

(Lolium perenne L.) and timothy in general was as follows: Cu in leaves> heads> 

stems; Zn in heads> leaves> stems; and Mn in leaves> heads and stems. 

Beeson and coworkers (1947) found bromegrass (Bromus inermis Leyss.), 

carpetgrass (Axonopos compressus (Sw.) Beauv.) and KY bluegrass (Poa pratensis L.) 

had high levels of Cu (12 to 20 ppm), orchard grass and meadow fescue were medium 

in Cu (9.9 and 8.4 ppm) while timothy was lowest (5.5 ppm). Forage species also show 

considerable variation in Mn content. The average content of Mn from samples taken 

at five growth stages was 314, 200, 130 and 90 ppm for orchard grass, perennial ryegrass, 

timothy, and meadow fescue respectively, (Fleming, 1965). Zinc content in heads of the 

same species varied little (35 to 40 ppm) (Fleming, 1963). Clovers fall in the medium to 

low range in Cu content (8 to 15 ppm) and are lower in Mn with respect"to grasses. 

Reported values were 87 ppm for white clover (Trifolium repens L.) and 75 ppm for red 

clover (Trifolium pratense L.) (Thomas, 1952; Fleming, 1965). Zinc was found to be 
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higher in clovers than grasses but the difference was relatively small (34 vs 30 ppm, 

respectively) (Metson et al., 1979). 

Factors that Affect Availability to Plants. Copper, Zn and Mn are cations that 

exist in soils in the + 2 valence state in stable form (Brady, 1974; Tisdale,1985). Copper 

and Zn are most abundant in sulfide minerals, chiefly chalcopyrite (CuFeS2) and 

sphalerite (ZnS), respectively. Manganese, however, is found chiefly in silicate minerals 

and the oxides pyrolusite (Mn02) and manganite (MnOOH) (Krauskopf, 1972). All 

three elements are found in igneous and sedimentary rocks. In sedimentary rocks, Cu 

and Zn are found in higher concentrations in shales than limestones, and the opposite 

is true for Mn (Kabata-Pendias and'Pendias, 1984). The average concentration range 

of these elements in soils has been reported to be 10 to 80, 10 to 300 and 20 to 3000 

mg/kg for Cu, Zn and Mn, respectively (Knezek and Ellis, 1972). 

Some of the most important factors that affect micronutrient availability in soils 

are soil texture, pH, organic matter content, cation exchange capacity (CEC), and 

hydrous oxides of the trace elements, AI, Fe and Mn (Kabata-Pendias and Pendias, 

1984; Tisdale, 1985). Texture is important in terms of a physical barrier to root 

penetration and extent of development (Tisdale, 1985). The remaining factors involve 

chemical reactions between soil constituents and the clement under question. 

In general, the solubility of cations decreases with increasing soil pH (Brady, 1984). 

Copper response to change in soil pH, however, is highly variable. McLaren and 

Crawford (1973) reported that the specific adsorption of Cu by soil colloids is more 

important than the solubility since Cu is found in relatively small amounts in soil 

solution (.6 to 63 ppb). Sims (1986) studied four coastal plain soils from Delaware that 

varied in CEC, organic matter content (16-100 g/kg) and ptf (4.0 - 7.7). Uptake ofZn 

and Mn by wheat decreased at pH levels above 5.2. However, for Cu, correlations were 

inconsistent and R 2 values were low. Shuman (1986) reported a reduction in 
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exchangeable Zn and Mn in sandy soils with increasing liming rates with no apparent 

affect on Cu absorption. Calcitic and dolomitic limestone were found to have equal 

effects on Cu and Mn, but exchangeable Zn levels were reduced more when the 

limestone source was dolomitic. 

Organic acids, particularly chelates, either natural or applied, form very stable 

complexes with cations and heavy metals. The chelate· mineral complex is soluble, 

therefore, potentially more easily assessible by plant roots. However, absorption and 

utilization of the complex is not well known (Brady, 1984; Tisdale, 1985). Banin and 

Navrot (1976) found improved yields of beans (Phaseolus vulgaris L.) and tomatoes with 

the addition of Cu, Zn and Mn as sulfate, EDTA-chelate or bound to montmorillonite 

clay. The EDTA- and clay-bound fertilizations gave higher responses than the sulfates. 

The addition of chelates to soil has been shown to offset the enhanced adsorption of 

Mn and Zn that occurred with increasing pH (Loneragan, 1975). Differences have been 

found between solution growth mediums and soil growth mediums when detennining the 

effects of chelates on plants. Wallace (1980) observed a decrease in Zn, Cu, Ni, Cd, and 

Mn concentrations of bush beans (Phaseolum vulgaris L. cv. Improved Tendergreen) 

grown in solution when DTPA was added. However, only Mn uptake was suppressed 

in plants grown in soils. 

Cation exchange capacity is the ability of a soil to adsorb cations and is 

quantitatively expressed as cmol of postive charge per kg of soil (Brady, 1984). 

Generally, if CEC is low, plant uptake of cations is reduced (Ernst, 1975). The specific 

adsorption of a particular nutrient by soil colloids may be more important than CEC 

since so many factors influence soil reactions (McLaren, 1973). For instance, CEC 

increases with increasing pH. However, the availability of Zn, Mn and ~e decreases. 

The selectivity of adsorption was reported to increase with increase in CEC for the 

following minerals: Mg, Ca < Cd, Co < Zn < Cu, Pb (Abd-Elfattah and Wada, 1981). 
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Adsorption qualities differ among different soil types and soil minerals. Fujii and 

Corey (1986) found an increase (57 % vs 19 0/0) in EDT A-extractable isotopes of Cd and 

Zn on a Plainfield sandy soil as compared to a Plano silt-loam soil when sewage sludge 

was used as an amendment. Tropical soils are typically highly weathered and contain 

high amounts of Al and Fe oxides. Zinc adsorption on five Hawaiian soils was reported 

to increase with P fertilization due to the increase in negative charge (Saeed and Fox, 

1979). Adsorption of cations were found to increase in order for the following soil 

constituents: montmorillonite < humus, kaolinite < allophane, imogolite < halloysite, 

iron oxides (Abd-Elfattah and Wada, 1981). The affinity for goethite (Fez03 . H20) 

increase with increasing pH for the following cations in order: Cd < Co < Zn < Pb 

< Cu (Forbes et aI., 1976). 

With increasing pH there is a shift in concentration from the readily exchangeable 

sites to the relatively unavailable Mn- and Fe-oxide bound fractions for Cu, Mn and Zn 

(McLaren, 1973; Shuman, 1986; Sims, 1986). Chemical analysis of soils may involve 

determination of the relative amounts of nutrients in four soil fractions; readily 

exchangeable, organically-bound fraction, the Mn-oxide bound and Fe-oxide bound 

fractions. The exchangeable and organically-bound fraction of all three elements are 

much more readily available for plant absorption than either Mn- or Fe-oxide fraction 

(Shuman, 1986; Sims, 1986). 

Mineral Interactions in Soils and Plants. Trace minerals in soils react with each 

other and with other soil constituents. Anions from fertilizers (Sl- t N OJ and POj- ) 

adversely affect the absorption of eu and Zn by plant roots by reducing soil adsorption 

and forming insoluble salts (Tisdale, 1985). Shuman (1986) observed a linear decrease 

in Zn adsorption by two soils when NO] was added above .01 mol/I. Also, adsorption 

was greater for SOl- fertilization than C/o or NOj. Non-crystalline AIOH adsorption of 

Cu1+ was reduced linearly with 2, 50 and 100 cmol of presorbed phosphate/kg soil 
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(McBride, 1985). Liming reduces the availability of most metals from soils. The 

addition of a 20 mM concentration of Ca and Mg separately depressed rice seedling 

uptake of 6SZn by 60 and 900/0, respectively, while the addition ofZn up to 20 uM 

reduced this effect (Sadana et al., 1983). 

The imbalance of one or more elements in the soil can greatly affect the reactions 

of others. An increase in soil Cu can reduce the activity of Fe in plants causing Fe 

chlorosis (Olsen, 1972). Zinc and Mn in high concentration may also depress Fe levels 

in plants. In tomatoes the addition of .08 or .58 ppm Mn to the growth medium 

suppressed Fe uptake (Alvarez-Tinaut et al., 1980). At the normally toxic level of 5.08 

ppm, both Mn and Fe absorption was increased and P and Ca absorption and 

translocation to the shoots was reduced. Similarly, Fe, Cu or Zn may cause a reduction 

in Mn uptake if found in excessive amounts (Brady, 1984). 

An experiment was conducted to assess the interaction of Zn with P and possible 

P toxicity (Hewitt and Smith, 1974) of sweet com, wheat, barley, tomato, and 

subterranean clover (Trifolium subterranean L. cv. Seaton Park) (Welch et aI., 1982). 

In Zn deficient plants total P increased to toxic levels in the oldest leaves of all plants 

and ranged from 1.56 % in the clover to 3.35 % in barley on a dry matter basis. In 

Sweden, Cu and Zn pollution from a brass mill caused a decrease in phosphatase activity 

in adjacent soils (R 2 = .984) and the P mineralization rate also decreased (Tyler, 1976). 

Heavy metal interactions have also been reported. Wallace and coworkers (1980) 

found that Cd tended to depress Zn uptake by bushbeans grown in solution medium, 

and at high Zn levels (10'" M ZnS04) and low pH (4.5) Cd accumulated in the roots. 

In another experiment, the addition of Mn dioxides to Pb contaminated soils had no 

affect on absorption of Cu and Zn by subterranean clover, but uptake of Pb and Co 

decreased with increased levels of Mn (McKenzie, 1978). Added Cd and Zn decreased 

yields of four native shrubs (Ambrosia dumosa L., Lycium andersonii, Larrea tridentata 
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(DC.) Cov. and Ephreda nevadensis S. Wats.) growing in the Mojave desert (Patel et al., 

1980). They also found that Zn fertilization (1000 to 5300 mg/kg soil) increased Mn 

content of all shrubs, added Ni (250 to 300 mg/kg) increased Fe, Mn and Ni content and 

decreased Zn content over control soils, and Cd tended to decrease Zn, Fe and Mn in 

E. nevadensis only. 

Most of the biochemical reactions involved in the effect of one mineral on the 

other are not precisely known and may vary among plant species (IIewitt and Smith, 

1974). As an example, the negative effect of Fe and Mn on Zn absorption was found 

to be a result of competitive inhibition in rice seedlings (Giordono et al., 1974) and 

non-competitive inhibition in wheat seedlings (Chaudhary and Loneragan, 1972). 

Nutritional Importance to Animals. Copper, Zn and Mn were first identified as 

essential micro nutrients in the early 1930's (Lassiter and Edwards, 1982). Most of the 

biological roles of Cu in the animal body are linked to the activity of cuproenzymes. 

These enzymes are involved in pigmentation of hair and skin; synthesis of collagen, 

elastin, keratin and catecholamines; lyses of bacteria by white blood cells; oxidative 

ph~sphorylation; mineralization of bone; myelinaton of nerve fibers; production of 

neutrophils; and hematopoiesis (Miller, 1979a; Allen and Solomons, 1984). The first 

clinical sign of deficiency is usually lack of pigmentation (achronatrichia) (NRC, 1984). 

Other deficiency symptoms include enzootic ataxia, reduced wool crimp (steely wool), 

and myocardial atrophy (Lee, 1975; Underwood, 1977). 

Copper is extremely toxic to cattle and sheep. Highest levels are found in soft 

tissues and occur in the following tissues in descending order: liver > brain > heart > 

kidney. Normal levels in the liver and kidney tissue of cattle range between 200 to 300 

and 500 to 1,200 ug/g of dry. matter, respectively (Doyle and Spaulding, 1978). A plasma 

concentration less than 60 ug/l00 m1 is indicative ofCu deficiency (Underwood, 1977). 
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Whole blood levels between. 7 and 1.3 ug/ml and liver levels of 12 ppm are considered 

normal in sheep (Pope, 1971). 

The suggested requirement is between 4 and 10 mg/kg dry matter for cattle, and 

between 7 and 11 mg/kg for sheep (NRC, 1984 and 1985). Cattle have a higher tolerance 

to Cu toxicity than sheep. The maximum tolerable levels proposed by the NRC (1980) 

are 115 and 25 ppm; respectively. 

Zinc is required in nearly 100 mammalian enzymes that function in growth and 

development, cell division, protein and DNA synthesis, and spermatogenesis (Schrauzer, 

1984). Symptoms of Zn deficiency are impaired reproduction, including reduced 

testicular development and atrophy and defective spermatogenesis; reduced appetite and 

growth rate; delayed wound healing; parakeratosis in swine and Lanennec's cirrhosis in 

humans; and, wool loss from sheep (Lee, 1975; NRC, 1984; Schrauzer, 1984). Warning 

signs include excessive salivation, reduced appetite, rough hair coat or loss of wool. The 

requirement for Zn is essentially the same for cattle and sheep (20 to 40 mg/kg of ration 

dry matter) and the maximum tolerable levels reported are 500 and 750 mg/kg, 

respectively (NRC, 1984 and 1985). 

The animal body contains 30 ppm Zn, most of which is found in the following soft 

tissues in descending order: prostate gland > liver > kidney > muscle > pancreas > 

spleen> adrenal glands (Underwood, 1977). Zinc stores are small, and depletion is 

reflected by a rapid decline in plasma and liver Zn concentrations. Normal plasma 

values range between 80 and 120 ug/ml (NRC, 1984). 

M anganese is required by a large number of enzymes involved in lipid and 

carbohydrate metabolism, cartilage formation and oxidative phosphorylation reactions 

(NRC, 1980; Lassiter and Edwards, 1982). The majority of Mn is found in the liver and 

kidney tissues. On a dry matter basis, the normal content of liver tissue from cattle, 

sheep and swine fall in the range of 8 to 12 ug/g (Doyle and Spaulding, 1978). 
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The recommended feeding level is similar in concentration to Zn (20 to 50 rug/kg 

dry ration for cattle and 20 to 40 mg/kg for sheep). However, Mn is one of the least 

toxic of the heavy metals and has a recommended maximum tolerance level of 1,000 

mg/kg (dry matter basis) for ruminants (NRC, 1984 and 1985). Manganese toxicity is 

never observed in ruminants under natural conditions. However, Cotzias (1958) 

suggested that high dietary levels of Mn may be related to tetany in lactating animals. 

Feeding greater than 125 ppm ofMn caused depressed hemoglobin content and evidence 

of anemia was observed in growing pigs (Matrone, 1959). 

A specific deficiency syndrome has not been observed in humans, but Mn 

deficiency occurs in pigs and poultry (Schrauzer, 1984). Manganese is needed for normal 

growth and development and prevention of slipped tendons (perosis) in poultry (Lee, 

1975). 

Factors that Affect Availability to Animals. The availability of minerals for 

absorption by animals is influenced by both plant factors and digestive tract 

characteristics. Plant factors include physical form of the diet, chemical form of the 

element in feed components and relative nutrient concentration in feedstuffs. Chopping 

or pelleting enhances intake of grasses and roughages (NRC, 1984). Elements 

complexed with phytate or lignin have reduced availability (Forbes and Erdman, 1983). 

Phytic acid constitutes 1 to 5 % by weight of cereals and legumes and forms an insoluble 

complex with cations, which are resistant to proteolytic digestion at low pH levels 

normally found in the small intestines (Cheryan, 1980). Davies and Nightengale (1974 

and 1975) found that increased phytate (10 g/kg) in the diet of rats caused a reduction 

in whole body retention of Fe, Cu, Zn and Mn within 21 d. Supplemental Zn did not 

offset the reduction. 

Chelates may enhance the availability of minerals to animals. In one experiment, 

growing lambs were fed a purified diet deficient in Zn for 6 wk. Animals fed an addition 
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of only 5 ppm of Zn in a commercial chelate form and sequestered form did not show 

deficiency symptoms, whereas, animals fed 5 ppm Zn as ZnS04 did (Ho and Hidiriglou, 

1977). In swine, the addition of.5 % ascorbic acid increased Fe absorption and 

decreased Cu absorption (Gipp et al., 1974). 

In general, forages are higher in Cu, Zn and Mn than grains (NRC, 1984). Most 

hay and silages contain less than 60 ppm Zn and grains usually contain bet\veen 10 and 

30 ppm (NRC, 1980). Forages typically contain high levels ofMn (100 ppm, dry matter 

basis) while grains have substantially lower levels of Mn. Corn, oats and barley contain 

between 15 and 40 ppm Mn (Hidiriglou, 1979b). 

Also, Cu and Zn levels are greater in clovers than in temperate grasses while the 

opposite is true for Mn. Metson and coworkers (1979) reported yearly averages for Cu 

of 33.5 and 29.8 ppm in clover and grasses, respectively and 52.0 vs 10.4 ppm for Zn. 

Manganese levels were 71 and 65 ppm for grasses and legumes, respectively. 

For the grazing animal, changes in concentration due to maturity of the forage 

material and the possibility of soil contamination influence intake of minerals. Adams 

and Elphick (1956) observed a decline in, Cu content of white and red clover, and alsike 

clover (Trifolium hybridum L.) with increase in maturity. However, Fleming (1965) 

found no significant decrease in Cu content with increase in age of red and white clover. 

No seasonal variation was observed for Cu and Zn in cool season grasses and clovers, 

however, Mn was found to be greater in both grasses and clovers in summer months 

(Metson, 1979; Fleming, 1965). Thomas et al. (1952) observed considerable variation in 

plant response to seasonal change. Orchard grass, perennial ryegrass, rough-stalked 

meadow fescue and timothy showed reduced Cu and Mn content from April to late June, 

while alsike clover, trefoil (Medicago lupulina L.) and alfalfa showed no significant effect 

of stage of growth on Mn content. 
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Soil contamination may enhance element intake by the grazing animal. Under 

high grazing pressure the possibility of soil contamination increases (Healy, 1972). 

During seasons corresponding to low production and (or) wet weather conditions, soil 

contamination is also enhanced (Robinson et aI., 1984). In general, eu and Zn intake 

is not affected by soil contamination since they are present in relatively low 

concentration in soils (Metson, 1979; Healy, 1972). Manganese contamination may be 

significant and values of 20 ppm have been reported (Metson, 1979). 

Mineral Interactions in the Animal. The interaction between Zn and eu is 

mediated by the transport protein, metallotheinein (MT). Both MT and a high 

molecular weight protein factor (HMWPF) are involved in eu absorption in the 

digestive tract of animals (Rosenberg and Solomons, 1984). Fischer and coworkers 

(1983) found MT to be the chief transporter of eu into mucosal cells at row Zn intake 

(7.5 ppm) in rats. Increasing the level of Zn in the diet caused an increase in MT 

synthesis followed by a subsequent increase in eu binding to MT. However, MT -bound 

minerals are not readily available and, therefore, an increase in eu transport to the 

serosal side of the small intestines was not observed. Further, at high levels ofZn intake 

(120 ppm) serum and liver concentrations of Cu were depressed. 

High dietary eu has been shown to reduce Zn absorption. In swine, high dietary 

Cu (250 ppm) depressed kidney Fe levels and caused a reduction in plasma Zn; the effect 

on plasma Zn was augmented by high dietary Fe (300 ppm) (Gipp et a1., 1974). No 

effect was seen on spleen, kidney or intestinal levels of Zn, but liver Zn was increased 

by high dietary Cu. 

Manganese exhibits a negative effect on eu metabolism. Supplemental Zn (100 ' 

ppm) and Mn (50 ppm), alone and in combination, reduced the apparent absorption of 

Cu by Holstein calves; Mn increased liver concentrations of Cu and Zn; added Zn 
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decreased liver Cu levels; and, Mn concentration in the liver, kidney and heart tissues 

was not affected by dietary Cu (20 ppm) and Zn (Ivan and Grieve, 1975). 

In an experiment with adult male humans, a low (8.1 g N/ d) or high protein (24.1 

g Njd) intake used in a 2 x 2 factorial design with moderate (1.000 mg/d) or high (2525 

mg/d) P levels (Greger and Snedecker, 1980). These researchers observed an increase in 

the apparent absorption and retention of Cu and Zn on the high protein, moderate P 

diet, but the increase in Zn absorption was not observed at the higher level of P. 

Manganese was not affected by increasing levels of protein or P. 

Increasing levels of Ca (from .5 % to 1.4 0/0) in the diet of barrows decreased Zn 

concentrations in the liver (223 vs 196 ppm) and kidney tissues (164 vs 147 ppm), but 

did not affect the apparent retention of Zn (Morgan et aI., 1969). Increasing Zn (from 

28 to 75 ppm) or Ca in the diet decreased the level of inorganic P in the serum and 

decreased P retention by barrows. However, Ca at 200 or 800 mgjd in the diet of adult 

men did not effect Cd, Cu, Mn or Zn balance (Spencer et aI., 1979). 

Chemical similarities exist between Cd, Cu and Zn (Hill et al., 1963). Whereas Zn 

and Cu are governed by homeostatic control, Cd tends to accumulate (Lucis et al., 

1972). Cadmium contamination can occur in a variety of ways. Pastures adjacent to 

are smelter plants have been shown to contain high levels of Cd (Tisdale, 1985). Areas 

adjacent to roadways may also have substantial Cd contamination. In southwestern 

England, winter herbage has been reported to contain 40 ppm Cd (Mills and Delgarno, 

1972). 

Some symptoms of Cd toxicity include rough hair coat, severe dehydration, skin 

edema, loss of hair, mouth lesions and reduced performance in cattle; and reduced 

growth, increased mortality and atony and elongation of the gizzard in poultry (Hill et 

aI., 1963; Powell et al., 1964). Hill and coworkers (1963) observed mortality in broiler 

chicks fed Cu and Fe deficient diets with 25 to 400 ppm Cd. Mortality was not observed 
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with the addition of Cu and Fe to the diets except at 200 to 400 ppm Cd. The addition 

of Cu did not offset growth depression or reduce heart oxidase activity, whereas, 

increasing Zn above normal levels did. 

Cadmium, as well as Zn, enhance MT synthesis (Klaasen, 1978). He observed an 

increase in hepatic MT from 69 ± 10 to 530 ± 10 ugjg after administering a 

subcutaneous injection of 10 g of Cd as CdCh to rats. After 2 d the biliary excretion 

of Cd was reduced by 99 % and the bound form in hepatic cells changed from a high 

molecular weight protein to MT. A similar pretreatment with an intravenous injection 

of Cd caused a reduction in the biliary excretion of Cu, Zn, Hg, and Ag (by 55 to 65 

0/0) and Fe (20 0/0), but had little or no effect on Mn, As or methyl-Hg. Further, no 

effect on the disappearance of the metals from plasma was observed. 

Feeding 7.1 ppm Cd to ewes in the last trimester of pregnancy reduced \vhole 

blood Cu and ceruloplasmin and plasma Zn levels in newborn lambs, and 80 % of the 

lambs had whole blood Cu levels below 6 mg/dl (Mills and Deigarno, 1972). Liver Cu 

levels were also reduced in both lambs and ewes, but Zn content was not affected. Doyle 

and Pfander (1975) reported similar results. Further, these researchers found n.o 

significant change in the concentration of Cu, Zn and Mn in ileal, abomasal, rumen or 

heart tissue, whereas, kidney Cu and Zn levels increased with increasing Cd 

concentration (up to 60 ppm) in the diet of lambs. 

Cadmium toxicity may be partially offset by increasing levels of Zn, Cu, Fe, Se and 

Co (Doyle and Pfander, 1975). Feeding 40 or 160 ppm Cd to dairy calves for 12 \vk 

produced only skin edema. Death occurred in all four animals fed 2560 ppm Cd. 

Increasing Zn levels in the diet appeared to alleviate the skin edema observed at low Cd 

levels but did not affect the conditions brought about by feeding 640 or 2560 ppm Cd 

(Powell et ai., 1964). In a similar study with sheep fed 7.5 or 15 mgjd Cd as CdCb, 
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blood and liver Cu levels were depressed, when compared to a normal diet of .05 ppm 

Cd. Selenium added at 1 mg/d did not offset the effects of Cd (Lee and Jones, 1976). 

Increasing Zn in the diets of rats has been shown to reduce Pb toxicity, regardless 

ofCa and vitamin D levels (Willoughby and Tawley, 1975). Johnson and coworkers 

(1982) studied the effects of dietary Sn on mineral balance in adult males. After 40 d 

on either .11 or 49.67 mg Sn/d, no changes in fe,cal and urinary excretion of Cu, Mn, 

Fe, and Mg were observed. However, fecal excretion ofZn was increased, giving a larger 

net secretion of Zn for subjects on the high Sn diet (-2.8 vs -.9 mgj d). 

In summary, Cu, Zn and Mn are required by plants and animals as catalysts in a 

variety of enzyme systems. Chemical similarities exist among these minerals, therefore, 

similar responses are observed to environmental influences in soil, plant and animal 

systems. Both plants and animals require only small amounts of these minerals, 

however, both deficiency and toxicity symptoms have been observed with the exception 

of Mn toxicity in ruminants under natural conditions. Generally, increasing the pH of 

soils will increase adsorption by soil fractions and less will be available for absorption 

by plant roots. Intake by the grazing ruminant is affected by plant maturity, plant 

species and season. Mineral interactions are also exhibited that affect the availability 

of one or more mineral( s) in soils, and absorption in the digestive tract of animals. 

Interactions also exist with heavy metals and in some cases the addition of Cu, Zn and 

Mn may be therapeutic in offsetting metal toxicities. Further research is needed to 

assess the biochemical reactions that govern absorption as well as the interactions 

exhibited in the soil-plant-animal complex. 
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JOURNAL ARTICLE 1 

EFFECT OF SOIL AMENDMENT WITH FLUIDIZED-BED COMBUSTION 

RESIDUE ON FORAGE AND SOIL QUALITY AND NUTRITIONAL 

STATUS OF STEERS GRAZING RECLAIMED SURFACE-MINED PASTURES 

Abstract 

A trial was conducted on a reclaimed surface-mined site during the summer of 1985 

to determine the effects of soil application of fluidized-bed combustion residue (FBCR) 

on soil and plant characteristics and animal performance. Treatments were 1) none 

(control), 2) dolomitic limestone or 3) FBCR applied to pastures. The FBCR was 

applied at twice the level of the limestone since FBCR contains one-half the CaC03 

equivalency of limestone. Per cent legume was higher (P < .05) in the limestone- and 

FBCR-amended pastures than the control pastures; average values were 22, 21 and 18 

0/0, respectively. Application of FBCR increased the concentrations of Ca, P and S in 

the soil, compared to the control and limestone-treated soils. Calcium, Sand Cu 

concentrations were higher (P < .05) in forage grab samples taken from the FBCR· 

amended pastures compared to limestone-amended pastures. Generally, both soil 

amendments reduced the uptake of the cations Zn and Mn, and heavy metals by plants 

compared to the control. Serum eu levels were lower for steers grazing the 
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FBCR-treated pastures compared to those grazing limestone-amended pastures. Tissues 

of 10 organs plus rumina I contents, bile, urine and serum samples were taken at 

slaughter and analyzed for mineral content. Ruminal contents showed similar trends in 

mineral concentration as forage grab samples. Low levels of Cu in both serum (less than 

.06 mg/dl) and liver samples (less than 40 ppm) were observed for cattle grazing the 

limestone- and FBCR-treated pastures. The Cu levels in the control steers were only 

slightly higher. Differences in concentrations of other minerals were observed among 

treatments; however, levels were within normal ranges. There was no accumulation of 

heavy metals for any of the tissues sampled. It appears that FBCR has similar effects 

as dolomitic limestone on soil and plant characteristics when used as a pH amendment. 

Further, FBCR appears to be safe for steers grazing treated forages although 

supplementary Cu may be warranted if forages contain lo\v Cu levels. 

(Key Words: Fluidized-bed Combustion Residue, Reclaimed-mine Soils, Grazing Steers, 

Tissue Minerals.) 

Introduction 

A relatively new method for burning coal, referred to as fluidized- bed combustion, 

involves the combustion of coal with limestone in a jet air stream (Fennelly, 1984). 

Pollutants such as sulfur dioxides, nitrogen oxides and heavy metals react with the 

limestone and are not emitted into the atmosphere. The resultant by-product is called 

fluidized-bed combustion residue (FBCR) and has approximately 50% of the CaC03 

equivalency of normal agricultural limestone (Hem et al., 1977). 

In the Appalachian region strip-mining for coal has left large areas of land which 

have not been reclaimed. Alternatives are possible for the conversion of this land into 

productive soils. Conversion to agricultural use such as pasture or crop farming has 

31 



been demonstrated (Gross, 1985; Smedley, 1985). Reclaimed surface-mined soils are 

typically acidic and require several tons of limestone to optimize the pH for plant 

growth. Fluidized~ bed combustion residue may be used to meet this high liming 

req uirement. 

Major concerns in the land application of FBCR are the possible accumulation of 

heavy metals in feedstuffs and contamination of the the water supply. Sidle and 

coworkers (1979) found no appreciable movement of minerals or heavy tnetals through 

acid mine soil columns treated with FBCR or calcitic limestone. Although results among 

plant species vary, there was no appreciable accumulation of heavy metals in corn, oats 

and soybeans (Bennett et al., 1980; Stout et al., 1980); pecan seedlings (Edwards et al., 

1985); peaches (Edwards et aI., 1985); or potatoes (Lundberg et al., 1979) grown with soil 

application of FBCR. The Mg and S content was increased (P < .05) in buckwheat, oats, 

tall fescue and red clover grown on soils amended with FBCR when compared to 

Ca(OHh (Stout et al., 1979). Preliminary experiments with animals have shown no 

appreciable accumulation of heavy metal in body tissues of rats and hamsters (Stout et 

at, 1980) and broiler chicks (Mitchell et al., 1983) fed grains grown on FBCR-amended 

soils. Steers grazing FBCR~amended reclaimed surface~mined pastures (Smedley, 1985) 

had similar gains and tissue mineral concentrations as steers grazing limestone-amended 

pastures. Both serum and liver Cu concentrations of steers grazing FBCR-amended 

pastures were near the deficiency threshold (.06 mg/ dl and 40 ppm, respectively). 

However, levels were also low for the control (no amendment) and limestone treatment 

groups. Similar results were found for beef cows grazing a different reclaimed mine-site 

(Gross, 1985), perhaps suggesting a problem inherent to the mine soils. 

The objectives of the present study were to assess the effect of land application of 

FBCR on available soil nutrients, plant mineral concentrations and botanical 
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composition, and performance, health and tissue mineral levels of steers grazing 

reclaimed surface-mined land. 

Experimental Procedure 

The experiment was conducted on a 60 ha reclaimed surface-mined site near 

Beckley, WV. Originally the area had been seeded with tall fescue (Festuca arundinacea 

Schreb.) and sericea lespedeza (Lespedeza cuneata (Dumont) G. Don.). Prior to 1983, 

three replications of three .8 ha pastures were seeded with birdsfoot trefoil (Lotus 

comiculatus L.) and red clover (Trifolium pratense L.). The experiment was initiated in 

1983 and a more detailed description of the soils was given by Smedley (1985). The 

results reported here are for the third and final year, 1985. The agenda for this grazing 

study was somewhat different than that of 1983 and 1984, and is described in detail in 

appendix table 1. Briefly, each pasture of each rep received one of the following soil 

amendments: 1) none (control), 2) dolomitic limestone or 3) FBCR. Eighteen steers 

averaging 280 kg were blocked by weight and randomly allotted to the three treatments 

(six/treatment). One additional steer fitted with an esophageal cannula was assigned to 

each treatment. A rotational grazing schedule was carried out on the basis of forage 

availability. Just prior to rotating onto a replication (rep), 2,270 kg of dolomitic 

limestone and 4,540 kg/ha of FBCR were broadcasted onto the respective pastures. 

Each rep received three applications. Reps 2 and 3 were grazed three times and rep 1 

was grazed once from May 29 to September 30. Two hay harvests were made [rom rep 

1 earlier in the season for determination of digestibility and nutrient utilization by sheep 

(journal article 2). 

The predominant grass species in 1985 were tall fescue on reps I and 2, while red 

fescue (Festuca rubra L.) comprised a substantial proportion of the grass fraction along 
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with tall fescue on rep 3. The predominant legume species were birdsfoot trefoil and red 

clover. 

Soil samples were collected at the beginning (May 20) and end (November 12) of 

the grazing study. The slope of the pastures was approximately 10%. Soil core samples 

were taken from four congruent quadrants along the angle of slope. Fifteen core 

samples were obtained per quadrant at a depth of 10 cm. Sanlplcs were air dried, sieved 

through a 5 mm screen to remove the organic matter and then ground through a 

stainless steel hammer mill fitted with a 1 mm screen. Analysis of the soil was performed 

by the Soil Testing Laboratory at Virginia Tech (Donohue and Freidericks, 984) except 

for S which was determined by a separate turbidimetric procedure (Tabatabatai and 

Bremner, 1970). 

Forage grab samples w·ere taken at three treatment intervals (before treatment, 

after treatment and at the end of each grazing rotation) by diagonally crossing the 

pastures and clipping to 5 cm every 10 paces. A separate initial set of forage grab 

samples were taken from all pastures prior to beginning the grazing study (May 20) and 

were hand separated to determine the grass and legume contents. Similar samples were 

taken again the following spring (June 13, 1986) at approximately the same stage of 

plant growth. Esophageal forage samples were collected t\vice daily during the first 2 d 

of each rotation and during the last 2 d. All forage salnples were dried at 65 C, and the 

entire sample was ground through a 1 mm screen, subsampled and then ground through 

a .5 mm screen in a stainless steel Wiley mill. The limestone and FBCR were sampled 

at the time of each application and each sample was analyzed for mineral content. 

Mineral analysis of all samples was performed through use of an inductively-coupled 

plasma optical emission spectrophotometer (ICP-OES) after undergoing a 

nitric:perchloric digestion as outlined by Hem (1978) unless otherwise stated. The acid 

detergent fiber (AD F) and neutral detergent fiber (NO F) fractions of the forages were 
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determined by the procedures outlined by Goering and VanSoest (1970). Permanganate 

lignin and cellulose fiber were determined by the procedure of VanSoest and Wine 

(1968). Ash content of the forage samples was determined on a 2-g sample ashed in a 

porcelain crucible at 600 C for 6 h. 

Blood samples were collected and animal weights were recorded at 72 h 

post-application, 14 d post-application and at the end of each rotation. One blood 

sample was collected in a heparinized tube, and packed-cell volume (PCV) and 

hemoglobin (Hb) content were determined within 2 h. Another sample was taken for 

serum mineral analysis. A 2-ml aliquot was acid-digested and brought to 12.5-ml final 

volume. 

At the end of the grazing study the cattle were slaughtered and samples of 10 

organ tissues were collected for mineral analysis, plus ruminal contents, serum, bile and 

urine. The tissues were: thirteenth rib, left metacarpal bone, longissmus muscle taken 

between the ninth and thirteenth rib, entire brain, lower one-third of the right lung, left 

ventral lobe of the liver, entire kidney, approximately 52 cm of duodenal tissue taken 5 

em distal to the abomasal juncture, approximately 67 em length of the large intestine 

taken proximal to the colon, and entire spleen. Soft tissue samples were first rinsed with 

distilled-deionized water, frozen and later lyophilized before grinding. Bone samples 

were cleaned of external fat and muscle, and shavings were collected from boring with 

a .625 em stainless steel drill bit. These samples were extracted with ether, dry ashed at 

600 C, and a leg sample was then wet ashed with a 4 to 1 HN03/HCI04 mixture and 

brought to 25 ml final volume. A 2-g ground sample of the soft tissues was wet ashed 

similarly and brought to 25 ml. A 5-ml aliquot of the bile and urine samples were 

acid-digested and brought to 12.5 ml fmal volume. 

The limestone and FBCR samples were analyzed using a paired T test to assess 

differences between the means (SAS, 1982). The spring forage and soil samples, were 
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analyzed with regard to sampling date for treatment and replication with the treatment 

effect tested with the two way interaction of treatment by replication as the error term. 

A paired T test was used to test differences among treatment means due to sampling 

date. During the grazing study, forage and blood samples were obtained during 4 

rotations, 2 each on reps 2 and 3. At the end of the grazing study, the last three 

rotations (one on each rep) were short (less than l-wk) and samples were not obtained. 

Data on the forage grab samples and esophageal samples taken throughout the grazing 

trial were statistically analyzed separately with regard to treatment interval for the main 

effects of treatment and rotation sequence by the least squares method (SAS, 1982). 

The main effects were tested with the two way interaction with rotation sequence by 

treatment as the error term. Esophageal forage samples were analyzed in the same 

manner as forage grab samples. Serum samples collected throughout the grazing trial 

were analyzed separately with regard to sampling interval for the main effects of 

treatment, rotation sequence and animal block. The two-way interaction of rotation 

sequence with treatment was used as the error term to test the main effects of treatnlent 

and rotation sequence. Initial serum samples and those obtained at the end of the trial 

were analyzed for the main effects of sampling date, treatment and animal block \vith the 

two-way interaction of date by treatment used as the error term. A paired T test was 

used to test the differences within treatment means due to sampling date. Data collected 

on tissues at time of slaughter were analyzed for treatment and block effects. 

Orthogonal treatment contrasts were control vs limestone and FBCR, and limestone vs 

FBCR. 
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Results and Discussion 

The results reported here represent the third year in which this study was 

performed. The agenda for the 1985 grazing study was somewhat different than that of 

1983 and 1984, and is described in detail in the appendix table 1. The FBCR material 

used in 1983 contained higher levels of S (9.95 vs 3.35 0/0) and Zn (969.2 vs 113 ppm), 

and lower levels of Fe (5850 vs 9870 ppm) and Ni (undetected vs 7.53 ppm) compared 

to the residue used in this study. The 1983 limestone source had lower levels of Zn (7.7 

vs 1,239 ppm), Al (280 vs 866 ppm) and Pb (1.8 vs 241 ppm), thus indicating the highly 

variable composition of both amendments. A comparison of the two amendments used 

in the present study revealed higher levels of Mg, Zn, Mn and Pb, and lower levels of 

P, Sf Fe, Cu, AI, Nit and Cr (P < .05) in the limestone than the FBCR (table 1). 

Soils. The limestone- and FBCR-amended soils had a higher (P < .00 1) pH than 

the control soils, and values tended to increase from spring to fall (P < .05) (table 2). 

The pH values exhibited by the t\VO amendments demonstrates that the FBCR material 

used here did have approximately 50 % of the CaC03 equivalency of dolomitic 

limestone. The mineral content of the amendments also influenced the mineral content 

found in the soils. The values reported are for water soluble (in a \veak acid solution) 

Ca, Mg, P and K, EDT A-extractable Zn and Mn, and total S. Soil Ca content in the 

FBCR soils was twice that found in the limestone soils (P < .01) and four times greater 

than control soils. The higher level of Ca for the FBCR amended soil than the limestone 

amended soil was a reflection of the higher application made and Ca content of FBCR. 

Magnesium levels were two to three times higher in the limestone-amended soils than 

either the control or FBCR-amended soils, reflecting the Mg in dolomitic limestone. 

Phosphorus levels were not significantly different among treatments, but, tended to be 

higher in the amended soils at both the spring and fall samplings. Sulfur was 
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TABLE 1. MINERAL CONCENTRATIONa OF 
LIMESTONE AND FLUIDIZED-BED COMBUSTION RESIDUE 

Soil amendmentb 

Item Limestone FBCRc 

Calcium, % 20.78 28.26 
Magnesium, %e 11.26 .50 
Phosphorus, ppme 188.0 427.3 
Sulfur, %e .05 3.55 
Iron, %e .27 .96 
Copper, ppme 17.34 27.57 
Zinc, ppm 77.46 110.1 
Manganese, ppme 190.8 69.72 
Sodium, ppm 294.4 221.6 

SEd 

3.89 
.08 

64.4 
.54 
.05 

1.14 
49.2 

6.53 
35.3 

Aluminum, ppme 966.1 5,573 571.3 
Nickel, ppme 1.73 7.48 .66 
Cadmium, ppm 3.78 2.15 1.13 
Chromium. ppme 1.29 10.79 .54 
Lead, ppm 2.56 3.43 5.44 

aDry basis. 
bMeans for six samples per treatment; one taken each 

time amendments were applied. 
cFluidized-bed combustion residue. 
dStandard error of means. 
eMeans differ (P<.05) 
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TABLE 2. CHARACTERISTICS OF SOIL SAMPLES TAKEN IN THE 
SPRING AND FALL OF 1985 FROM A RECLAIMED SURFACE-MINED SITE 

Soil amendment 

Date Item 

Spring (May 12) pHd 
Calcium. ppma,d,e 
Magnesium, ppma • d • e 
Phosphorus, ppma 
Sulfur. ppma,e 
Potassium. ppma,d 
Zinc. ppma. 4 
Manganese, ppma.d,e 

Fall (Nov. 20) pHd 
Calcium, ppma. d ,6 

Magnesium. ppma,d,e 
Phosphorus, ppma 

Sulfur, ppma.d,e 
Potassium. ppma,d 
Zinc. ppma.-
Manganese, ppma.d,e 

aDry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 

None 

5.14 
504.9 
192.1 

39.25 
675.9 

66.50 
2.99 

65.89 

5.23 
570.8 
202.0 

33.58 
542.2 
70.33 

3.29 
57.46 

Limestone FBCRb 

6.24 6.14 
976.5 1.492.5 
435.9 142.4 

43.00* 45.33 
593.5* 1.022.9 

57.17 53.08 
2.73 2.68 

46.70 43.35 

6.42 6.44 
933.6 2.213.2 
420.4 161. 8 

34.00· 37.67 
429.3· 1,307.3 

58.00 52.00 
2.90 3.45 

40.75 44.94 

dMeans of control soils differ from those of limestone- and 
FBCR-amended soils (P<.05). 

eMeans of limestone-amended soils differ from those of 
FBCR-amended soils (P<.OOl). 

-Heans differ with respect to sampling date (P<.06). 

SEc 

.11 
119.3 

13.6 
3.31 

126.3 
4.14 

.19 
2.78 

.11 
119.3 

13.6 
3.31 

126.3 
4.14 

.20 
2.78 



considerably higher (P < .01) in the FBCR-amended soils than in the limestone-amended 

soils which was similar to the control soils. Both P and S levels were significantly lower 

(P < .05) in the fall samples of the limestone-amended soils. No other differences due to 

sampling date were significant. Potassium levels were highest (P < .05) in the control 

soils for both sampling times. The control soil samples obtained in the spring had higher 

(P < .05) levels of exchangeable Zn, but, differences were not apparent for samples 

obtained in the fall. Average Mn was considerably higher (P < .05) in the control soils 

(P < .05) and similar (P> .10) for the limestone ... and FBCR-amended soils. As pH 

increases, the solubility of cations, particularly Fe, Mn and Zn, decreases (Brady, 1984; 

Sims, 1986). Shuman (1986) reported a reduction in exchangeable Zn and Mn in sandy 

soils with increasing liming rates. Further, calcitic and dolomitic limestones had equal 

effects on Mn, but exchangeable Zn levels were reduced more when the limestone source 

was dolomitic. 

Plants. Liming has been shown to have a beneficial effect on legumes (Mahoney, 

1981). The per cent legume was greater (P < .01) in the limestone- and FBCR-amended 

pastures (appendix figure 1 ). Average values for samples taken in the spring of 1986 

were approximately 18 % for control pastures and 22 % for the two amended pastures. 

Samples obtained for botanical composition would have the least amount of 

amendment contamination on leaf surfaces and mineral content would reflect plant 

absorption. The limestone and FBCR amendments increased (P < .05) the Ca content 

of the spring grass samples, and values were higher (P < .05) for FBCR-amended samples 

(table 3). In either year, P levels were not significantly affected by amendments. 

(P> .05). Magnesium was higher (P ,.05) in limestone-amended grass separates 

compared to FBCR .. amended grass separates, and S was higher (P < .05) for the FBCR 

treatment than limestone treatment reflecting mineral content of the amendments. Zinc, 
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TABLE 3. MINERAL CONCENTRATION- OF GRASS SAMPLES OBTAINED 
IN SPRING (1985 AND 1986) FROM RECLAIMED SURFACE-MINED SOILS 

Soil amendment 

Date Item None Limestone FBCRb SEc 

May 12. 1985 Calcium. %oJ,e . 17 .21 .32 .01 
Magnesium. %e .23 .24 .20 .01 
Phosphorus. % .42 .41 .39 .01 
Sulfur, %4. e .20 .20 .25 .01 
Iron, ppm 50.61 49.47 52.08 2.54 
Copper, ppm 4.26 3.98 4.21 .14 
Zinc, ppmd 35.81 30.07 31. 76 .87 
Manganese, ppmd 347.6 231. 84 252.81 12.57 
Sodium, ppm 63.57 57.73 57.16 4.70 
Aluminum. ppm 28.24 23.69 23.39 4.12 
Nickel. ppmd 11.30 7 54 7.52 .22 

June 13, 1986 Calcium. %.s •• .20 .27 .42 .02 
Magnesium, "e .22 .24 .17 <.01 
Phosphorus, % .30 .31 .25 .02 
Sulfur, %4 •• .17 .17 .24 .01 
Iron. ppm 45.75 43.86 48.64 7.62 
Copper, ppm 4.25 4.14 4.47 .28 
Zinc. ppmd 32.67 24.72 28.12 1. 75 
Manganese, ppmd 348.5 190.1 280.8 25.1 
Sodium, ppm 69.23 51.33 62.42 11. 41 
Aluminum, ppm 20.24 15.82 21.29 10.25 
Nickel, ppm4 8.38 4.66 4.95 .54 

-Dry basis. Cadmium. chromium and lead were below detection limits 
(.05, .05, and .40, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
4Means of control forage differ from those of limestone- and 

FBCR-amended forage (P<.05). 
eMeans of limestone-amended forage differ from those of FBCR-amended 

forage (P<.05) . 



Mn and Ni were higher (P < .05) in control grass separates than both amended grass 

separates, again, showing the negative effect of liming on cation availability. 

The Ca content of legume separates was higher (P < .05) for FBCR-amended than 

limestone-amended forage, and lower (P < .05) for control forage compared to both 

amended forages (table 4). Magnesium, Zn, Mn and Ni concentrations were higher 

(P < .05) in control legume samples than limestone- and FBCR-amended legume samples 

for both years. Magnesium was also higher (P < .05) in limestone-amended legume 

samples than FBCR-amended samples. Sulfur was higher (P < .05) in FBCR-amended 

legume samples in the spring of 1985, but differences were not significant the following 

year. Iron, Cu, Na and Al levels were more variable and no significant differences were 

o bserved at either sampling date. 

The ND F fraction was lower (P < .05) in FBCR-amended grass separates in the 

spring of 1985, compared to limestone-amended grass, but, no difference was observed 

among treatments in 1986 (table 5). Control grass samples were higher (P < .05) in 

hemicellulose in 1985, and AD F in 1986, by approximately one percentage unit each 

compared to grass samples from amended pastures. The amended grass samples had 

higher (P < .05) amounts of ash for both sampling times. 

No consistent differences due to treatment were observed in cell wall components 

or ash in legumes (table 6). Cell wall components appeared to be higher in both grass 

and legume samples obtained in 1986 when compared to 1985. This would indicate that 

1986 spring samples were at a later stage of maturity than the 1985 samples. Sulfur 

fertilization has been shown to increase AD F and lignin content of pangola grass 

(Digitaria decumbens) (Rees and Minson, 1978), and S fertiliazation reduced NDF and 

cellulose content of orchard grass (Dactylis glomerata) (Panditharatne, 1982). 

Most minerals in grab forage samples obtained throughout the grazing trial were 

intermediate in concentration between the grass and legume samples analysed seperately, 
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Date 

May 12. 

TABLE 4. MINERAL CONCENTRATIONa OF LEGUME SAMPLES 
OBTAINED IN SPRING (1985 AND 1986) 

Soil amendment 

Item None Limestone 

1985 Calcium. %d,e .82 .88 
Magnesium, %d,e .52 .47 
Phosphorus, % .35 .36 
Sulfur. %d,e .21 .21 
Iron. ppm 67.45 72.92 
Copper. ppm 8.13 8.28 
Zinc. ppmd 94.37 64.84 
ManganesE:, ppmd 370.9 202.1 
Sodium. ppm 58.47 68.80 
Aluminum. ppm 28.17 33.94 
Nickel. ppmd 16.42 9.70 

June 13, 1986 Calcium. %d,e .72 .85 
M&gnesium. %d.e .40 .30 
Phosphorus. % .30 .32 
Sulfur, %d,e .20 .18 
Iron. ppm 87.88 65.06 
Copper, ppm 9.47 8.63 
Zinc. ppmd 62.00 54.79 
Manganese, ppmd 309.6 108.9 
Sodium. ppm 61.48 44.68 
Aluminum. ppm 24.26 17.fl7 
Nickel, ppmd 13.71 7.03 

FBCRb 

1.24 
.36 
.31 
.31 

69.29 
8.00 

66.22 
238.5 

54.21 
23.43 
10.00 

1.16 
.22 
.28 
.27 

72.48 
9.42 

47.79 
181.2 

49.37 
13.85 
5.90 

aDry basis. Cadmium. chromium and lead were below detection limits 
(.05, .05. and .40, respectively). 

bFluidiZE:d-bed combustion residue. 
cStandard error of means. 
dHeans of control forage differ from those of limestone- and 

SEc 

.04 

.02 

.02 

.02 
2.60 

.29 
3.32 

22.6 
4.33 
2.74 

.56 

.07 

.04 

.01 

.02 
5.62 

.16 
7.33 

51. 31 
.9.58 
6.24 
1. :'2 

FBCR-amended forage (P<.05). 
eHeans of limestone-amended foragE: differ from those of FBCR-amE:nded 

forage (P<.OOl). 
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TABLE 5. AVERAGE FIBER COMPOSITIONa OF GRASS SAMPLES 
OBTAINED IN SPRING (1985 AND 1986) 

Date Item None 

May 25, 1985 NDF. ~4. f 57.50 
ADF. ~. 33.24 
Hemicellulose, ~ 24.26 
Cellulose, ~ 27.82 
Lignin, ~ 4.04 
Ash. ~., 6.61 

June 13, 1986 NOF, ~4 63.12 
ADF. ~e.f 41.60 
Hemicellulose, ~ 21.53 
Cellulose. ~ 33.40 
Lignin, % 7.08 
Ash, %f 6.21 

aDry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 
dNeutral detergent fiber. 
eAcid detergent fiber. 

Soil amendment 

Limestone 

56.27 
33.82 
22.46 
28.43 
4.01 
6.79 

63.34 
40.83 
22.51 
32.39 

7.19 
7.11 

'Means of control forage differ from means of 
limestone and FBCR-amended forage (P<.05). 

'Means of FBCR-amended forage differ from means of 
limestone-amended forage (P<.Ol) . 

FBCRb 

54.87 
32.18 
22.69 
26.51 
4.16 
7.50 

62.75 
40.33 
22.41 
32.16 

6.95 
7.32 

SEc 

2.21 
.77 

1.42 
.42 
.44 
.34 

1.47 
.77 

1.04 
.42 
.44 
.34 
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TABLE 6. AVERAGE FIBER COMPOSITION- OF LEGUME SAMPLES 
OBTAINED IN SPRING (1985 AND 1986) 

Soil amendment 

Date Item None 

Hay 25, 1985 NDF, Xd 29.56 
ADF, Xe 19.05 
Hemicellulose, % 10.51 
Cellulose % 12.20 
Lignin, % 6.14 
Ash, % 7.44 

June 13. 1986 NDF. %4 37.88 
ADF, %e 31.87 
Hemicellulose. % 6.01 
Cellulose, %f.' 20.78 
Lignin. % 11. 41 
Ash, % 8.19 

-Dry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 
dNeutral detergent fiber. 
eAcid detergent fiber. 

Limestone 

28.11 
20.46 
7.65 

13.08 
6.95 
7.69 

38.19 
33.94 
4.25 

21.70 
12.21 
8.05 

fMeans of control forage differ from means of 
limestone and FBCR-amended forage (P<.05). 

'Means of FBCR-amended forage differ from means of 
limestone-amended forage (P<.Ol). 

FBCRb 

24.88 
19.60 
5.28 

13.08 
6.23 
8.28 

39.44 
32.35 
7.09 

21.16 
11.58 
8.49 

SEc 

1. 34 
.54 

1. 36 
.23 
.34 
.21 

1. 34 
.54 

1. 36 
.23 
.20 
.21 



and showed only minor differences (tables 7, 8 and 9). Samples taken before application 

represent regrowth from the last rotation. Concentrations of Ca, Fe and Cu were higher 

(P < .001) for both amended forages compared to control forage for samples taken before 

application (table 7), and Zn, Mn and Ni were higher (P < .05) in control forage samples. 

The differences in mineral content of the amendment materials was apparent in the 

samples taken immediately after application (table 8). The highest Al levels (P < .001) 

were recorded for the FBCR-amended forage obtained immediately after the treatments 

were applied. The higher Al levels may account for the lower P levels observed in 

FBCR-amended forage (P < .00 1). Also, Cr levels were higher (P < .001) in 

FBCR-amended forage than limestone-amended for samples taken immediately after 

treatment. 

Samples obtained before application and at the end of the rotations (table 9) 

showed similar trends with respect to treatment differences. At the end of the rotations 

Al was significantly higher (P < .05) in both amended forages compared to control. 

Nickel content was consistently higher (P < .01) in control forage than in both amended 

forage samples for samples obtained before treatment and at the end of the rotations. 

Chromium levels were above the detection limit (.05 ppm) and ranged from 1 to 2 ppm 

for all treatments for samples obtained before treatment and at the end of the rotations. 

Cadmium was detected only in samples obtained from the FBCR-amended pastures 

directly after treatment and averaged 1.12 ppm. 

Aluminum, Nit and Cr levels were well within the recommended safe dietary limits 

of 1,000, 50 and 1,000 mg/kg dry matter, respectively (NRC, 1980). The recommended 

safe level for Cd is .5 mg/kg dry matter when fed for extended periods. Only 1.12 ppm 

Cd was found in the FBCR-amended forage sampled directly after application, therefore, 

Cd would not pose a threat to grazing animals in this study. 
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TABLE 7. AVERAGE MINERAL CONCENTRATIONa OF GRAB FORAGE 
SAMPLES COLLECTED BEFORE APPLICATION OF SOIL AMENDMENTS 

Item 

Calcium. %d.8 
Magnesium, %e 
Phosphorus. %e 
Sulfur, %d,e 
Iron, ppmd 

Copper, ppmd. e 
Zinc, ppmd • 8 

Manganese, ppmd 

Sodium. ppm 
Aluminum. ppm 
Nickel, ppmd 

Chromium, ppm 

None 

.47 

.25 

.42 

.22 
84.37 

5.72 
40.01 

311.0 
53.81 
65.27 

5.56 
1.09 

Soil amendment 

Limestone 

.70 

.30 

.41 

.24 
93.00 
6.08 

33.60 
193.9 

63.02 
67.56 

3.79 
1.10 

aDry basis. Cadmium and lead were below 

FBCRb 

.97 

.23 

.39 

.33 
107.0 

6.87 
3S.89 

189.1 
58.94 
82.05 
4.10 
1.03 

detection limits (.05 and .40 ppm. respectively). 
bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.OOl). 
eMeans of FBCR-amended forage differ from means of 

limestone-amended forage (P<.OOl). 

.02 

.01 

.01 

.01 
6.1 

.11 
1.11 
6.6 
3.78 
9.80 

.17 

.OS 
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TABLE B. AVERAGE MINERAL CONCENTRATIONa 
OF GRAB FORAGE SAMPLES COLLECTED AFTER APPLICATION 

OF SOIL AMENDMENTS 

Soil amendment 

Item None Limestone FBCRb 

Calcium, %d, e .43 1.80 3.92 
Magnesium, %d J e .26 .91 .28 
Phosphorus, %d, e .40 .38 .34 
Sulfur, %d, e .20 .21 1.09 
Iron, ppmd~e 84.06 338.9 1,520 
Copper, ppmd• e 5.24 5.93 7.89 
Zinc, ppm& 43.08 33.84 52.95 
Manganese. ppma 345.3 232.1 211.1 
Sodium, ppmd 46.86 87.71 78.50 
Aluminum, ppm"'. e 60.55 256.3 844.0 
Nickel, ppm 7.21 5.83 6.40 
Chromium, ppmd 1.23 3.47 3.98 

-Dry basis. Cadmium and lead were below 
detection limits (.05 and .40 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.OOl). 
eMeans of FBCR-amended forage differ from means of 

limestone-amended forage (P<.OOl). 

SEc 

.14 

.03 

.01 

.01 
72.5 

.14 
1.88 
8.6 

11.73 
48.5 

.21 

.18 
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TABLE 9. AVERAGE MINERAL CONCENTRATIONa OF GRAB FORAGE 
SAMPLES COLLECTED AT THE END OF THE ROTATIONS 

Soil amendment 

Item None Limestone FBCRb 

Calcium, %d .37 1.23 1.18 
Magnesium. %d, e .23 .63 .21 
Phosphorus, %e .31 .34 .29 
Sulfur, %d, e .21 .27 .34 
Iron, ppmd,e 204.7 266.1 376.4 
Copper, ppmd 4.49 5.47 5.81 
Zinc, ppm 40.00 34.75 38.51 
Manganese, ppmd. 400.7 267.2 242.7 
Sodium, ppme 82.27 101.7 84.61 
Aluminum. ppm· 302.3 328.4 556.8 
Nickel, ppm4 3.86 2.65 2.61 
Chromium, ppm 1.78 1.73 1.80 

aDry basis. Cadmium and lead were below detection 
limits (.05 and .40 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.Ol). 
eMeans of FBCR-amend~d forage differ from means of 

limestone-amended forage (P<.05). 

SEc 

.06 

.01 

.01 

.01 
31.7 

.14 
1.63 

10.0 
4.63 

66.5 
.20 
.13 
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A significant (P < .005) rotation sequence by treatment interaction \vas observed 

for the minerals Mn, Sand Ni in grab forage samples obtained before application, and 

for Ca, P, Mg, S, Zn, and Cu for samples obtained at the end of the rotations. As stated 

in the section on experimental procedure, the predominiant grass specie on rep 2 was tall 

fescue and that on rep 3 was fme leaf fescue. Differences in mineral content may be due 

to differences in forage species. However, of greater importance are the mineral 

differences observed in the soils. Soil samples from rep 3 had substantially lower 

(P < .01) levels of P, K, Mgt Cu, Zn and lVln than soils from rep 2. During the 

reclamation process, most of the original topsoil was placed on the mined site where rep 

3 was located. The location of rep 1 and rep 2 received mostly subsoil layers and blasted 

rock particles. Although there were differences in treatment effects due to site and time 

of grazing, overall changes in mineral compposition trended the same in regard to 

treatments. Statistical analysis using three years data should help to cIearify these effects 

and interactions. 

Treatment differences in mineral concentration in esophageal forage samples 

parallel those in forage grab samples obtained at similar intervals during the grazing 

trial. I-Iowever, mineral content was more variable for esophageal forage samples than 

grab forage samples as evident by the higher standard errors of the means (table 10 and 

11). For samples obtained during the first 2 d after application and at the end of the 

rotations, Ca was higher (P < .05) in both amended esophageal forages than control 

forage; Mg was higher (P < .05) in limestone-amended forage than FBCR-amended 

forage and the opposite was true for S; and, Zn, Mn and Ni were higher (P < .05) in 

esophageal forage samples taken from control pastures than those from both amended 

pastures. Aluminum was higher (P < .05) in control esophageal samples obtained at the 

end of the rotations. 
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TABLE 10. AVERAGE MINERAL CONCENTRATIONa OF ESOPHAGEAL 
FORAGE SAMPLES COLLECTED AFTER APPLICATION 

Soil amendment 

Item None Limestone FBCRb SEc 

Calcium, %el. e .59 2.55 1.65 .20 
Magnesium, %d. s .27 1.18 .16 .07 
Phosphorus, %e .42 .37 .47 .20 
Sulfur. %e .19 .16 .32 .02 
Iron. ppm 363.6 490.7 566.9 96.7 
Copper, ppm 7.87 8.08 7.92 .31 
Zinc, ppmd 81.26 47.08 40.18 3.42 
Manganese. ppmd 291.8 184.1 165.4 23.3 
Aluminum, ppm 364.4 395.1 520.74 100.5 
Nickel. ppmd 8.26 4.91 4.49 .54 
Chromium, ppm 1.16 1.44 1.53 . 18 

aDry basis. Cadmium and lead were below detection 
limits (.05 and .40 ppm. respectively), and sodium was 
above the upper limit (1,170 ppm). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.Ol). 
eMeans of FBCR-amended forage differ from means of 

limestone-amended forage (P<.Ol). 
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TABLE 11. AVERAGE MINERAL CONCENTRATIONa OF ESOPHAGEAL 
FORAGE SAMPLES COLLECTED AT THE END OF THE ROTATIONS 

Soil amendment 

Item None Limestone FBCRb SEc 

Calcium. %4 .39 1.15 1.12 .10 
Magnesium, %4. e .16 .54 .20 .05 
Phosphorus, % .41 .40 .44 .02 
Sulfur. %4. e .16 .16 .23 .01 
Iron, ppm 594.8 431.7 477.7 58.8 
Copper, ppm 5.79 6.11 6.32 .21 
Zino, ppmd 31.85 24.71 24.96 2.02 
Manganese. ppmd 350.4 154.7 177.6 21.9 
Aluminum, ppm4 822.6 492.9 623.4 103.7 
Nickel, ppmd 4.23 2.49 2.53 .27 
Chromium, ppm 1.97 1.67 1.59 .16 

aDry basis. Cadmium and lead were below detection 
limits (.05 and .40 ppm, respectively). and sodium was 
above the upper limit (1,170 ppm). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.05). 
eMeans of FBCR-amended forage differ from means of 

limestone-amended forage (P<.005). 
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Similar effects of treatment on composition were observed in both the grab forage 

samples and esophageal samples (table 12 and 13). Cellulose, NDF and ADF were 

generally higher in control forage materials, but, differences were not always significant. 

Lignin and ash content were generally higher in amended forage materials than control 

forage. 

In comparison, results from the 1983 grazing study show similar trends in mineral 

concentration of forage samples (Smedley, 1985). The limestone- and FBCR-amended 

forage had higher levels of Cat Mg, S, Cu and ash when taken from pastures just before 

the animals were turned on to a new rep. Esophageal forage samples showed a 

significant increase in ash, Zn, Al and Fe levels, and lower P and S levels than grab 

forage samples obtained at similar times during 1983. Neutral detergent fiber and 

hemicellulose content in 1983 samples obtained before treatment and at the end of 

rotations were almost identical to those obtained at similar intervals in the present study. 

Esophageal samples collected during both years were also very similar. Treatment 

differences in mineral content and fiber content were not as pronounced in spring 

samples obtained in 1985 as they were in those from 1984. Since initial spring samples 

in 1985 were hand seperated for botanical composition, the first set of before treatment 

grab forage samples were used as a comparison. 

Animals. Hemoglobin content was lower (P < .05) for controls compared to both 

treatment groups at both the 72 hand 14 d post-application treatment intervals (table 

14 and 15). Packed-cell volume was lower (P < .05) for control steers at 14 dafter 

application. At the end of the rotations (table 16) all treatment groups showed similar 

PCV and Hb concentrations. 

Serum Ca and S levels for steers of both treatment groups were higher than 

controls for samples obtained 72 h after application of amendments. Serum Mg 

concentration was higher (P < .01) for the limestone treatment group than for the FBCR 
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TABLE 12. AVERAGE FIBER COMPOSITIONa OF GRAB FORAGE SAMPLES 
COLLECTED BEFORE APPLICATION OF SOIL AMENDMENTS 

AND AT THE END OF THE ROTATIONS 

Soil amendment 

Item None Limestone FBCRb SEc 

-------------------%------------------
Before application 

NDFd.f.jf 58.57 56.02 
ADFe, f 38.45 36.06 
Hemicellulose 20.13 19.96 
Cellulosef 28.85 26.45 
Ligninf,jf 7.54 7.83 
Ashf" 7.59 7.92 

End of rotation 
NDFd If 64.57 59.06 
ADFe.f,jf 40.82 37.86 
Hemicellulosef 23.75 21.20 
Cellulosef 30.14 27.59 
Lignin 8.98 8.75 
Ashf,jf 7.39 10.33 

a Dry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 
dNeutral detergent fiber. 
eAcid detergent fiber. 

53.69 
35.23 
18.45 
24.95 
8.37 
8.69 

59.45 
39.53 
19.92 
28.14 

9.23 
9.53 

fMeans of control forage differ from means of 
limestone and FBCR-amended forage (P<.05). 

'Means of FBCR-amended forage differ from means of 
limestone-amended forage (P<.05). 

.59 

.62 

.81 

.48 

.16 
<.01 

.64 

.50 

.65 

.36 

.16 

.02 
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TABLE 13. AVERAGE FIBER COMPOSITIONa OF ESOPHAGEAL FORAGE 
SAMPLES COLLECTED AFTER APPLICATION OF SOIL AMENDMENTS 

AND AT THE END OF THE ROTATIONS 

Soil amendment 

Item None Limestone FBCRb 

-------------------%-----------------
After application 

NDFd 58.83 51.41 
ADF-= 40.60 37.91 
Hemicellulose 18.24 13.50 
Cellulose 26.49 23.08 
Lignin 11.15 11.30 
Ashf.t 10.12 11.37 

End of rotation 
NDFd l f 67.73 65.28 
ADFe 43.79 43.97 
Hemicellulose 23.94 21.31 
Cellulose 31.28 30.62 
Ligninf.t 9.57 11.11 
Ashf 10.82 12.26 

-Dry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 
dNeutral detergent fiber. 
-Acid detergent fiber. 

57.90 
37.88 
20.02 
24.55 
11.72 
12.99 

64.72 
42.04 
22.69 
29.21 
10.19 
12.38 

fMeans of control forage differ from means of 
limestone and FBCR-amended forage (P<.05). 

'Means of FBCR-amended forage differ from means of 
limestone-amended forage (P<.05). 

2.78 
2.30 
2.52 
1.88 

.66 

.35 

.83 
1.02 
1.10 

.55 

.42 

.31 
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TABLE 14. PACKED-CELL VOLUME, HEMMOGLOBIN CONTENT AND 
SERUM MINERAL CONCENTRATION OF BLOOD SAMPLESa COLLECTED FROM 

STEERS AT THE 72 HOUR POST APPLICATION SAMPLING INTERVAL 
DURING THE GRAZING STUDY 

Soil amendment 

Itemb None Limestone FBCRc SEd. 

Hb, mg/dlf.tt 12.16 12.45 12.75 .21 
pev, %e 34.17 34.25 35.36 .55 
Calcium, mg/dlf 9.64 10.35 10.52 .28 
Magnesium, mg/dlh 2.05 2.24 2.03 .07 
Phosphorus, mg/dl 10.66 11.39 10.95 .37 
Sulfur, mg/dltt 77.90 87.23 89.78 2.72 
Iron, mg/dl .30 .31 .32 .02 
Copper. mg/dl"h .09 .08 .07 <.01 
Zinc, mg/dl .23 .21 .21 .01 
Sodium, mg/dl 281.2 302.7 298.4 9.6 

aManganese, aluminum, nickel, cadmium, chromium and lead 
were below detection limits (.05, .05, .10, .05, .05 and 
.50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by Iep-OES. 

cFluidized-bed combustion residue. 
4Standard error of means. 
ePacked cell volume. 
f Hemoglobin. 
'Means of control group differ from means of limestone

and FBCR-amended group (P<.05). 
hMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.Ol). 
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TABLE 15. PACKED-CELL VOLUME, HEMOGLOBIN CONTENT AND 
SERUM MINERAL CONCENTRATION OF BLOOD SAMPLESa COLLECTED FROM 

STEERS AT THE 14 DAY POST APPLICATION SAMPLING INTERVAL 
DURING THE GRAZING STUDY 

Soil amendment 

Itemb None Limestone FBCRc SEd 

Hb , mg/dlf.g 12.03 12.63 12.57 .22 
PCV, %e 33.73 35.24 36.11 .50 
Calcium, mg/dl 10.05 10.16 10.13 1 r, 

. " 
Magnesium, mg/dl 2.29 2.26 2.27 .03 
Phosphorus, mg/dl 12.34 12.72 12.42 .21 
Sulfur, mg/dl 86.44 87.07 89.83 1.10 
Iron, mg/dl .40 .37 .37 .02 
Copper, mg/dllt. n .08 .08 .06 <.01 
Zinc, mg/dl .21 .20 .20 .01 
Sodium, mg/dl 301.4 305.4 298.2 3.9 

&Manganese, aluminum. nickel. cadmium. chromium and lead 
were below detection limits (.05 •. 05 •. 10 •. 05, .05 
and .50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by ICP-OES. 

cFluidized-bed combustion residue. 
dStandard error of means . 
• Packed cell volume. 
f Hemoglobin. 
'Means of control group differ from means of limestone

and FBCR-amended group (P<.Ol). 
nMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.Ol). 
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TABLE 16. PACKED-CELL VOLUME, HEMOGLOBIN CONTENT AND 
SERUM MINERAL CONCENTRATION OF BLOOD SAMPLESa COLLECTED 

FROM STEERS AT THE END OF THE ROTATIONS 

Soil amendment 

Itemb None Limestone FBCRe SEd 

Hb, mg/dlf 12.56 12.92 12.34 .23 
PCV. %e 35.32 36.25 36.70 .63 
Calcium. mg/dl 10.27 10.05 10.18 .23 
Magnesium. mg/dl 2.13 2.11 2.16 .06 
Phosphorus, mg/dl 13.56 13.29 13.17 .30 
Sulfur. mg/dl 86.43 87.58 89.80 1.72 
Iron. ms/dl .36 .33 .31 .02 
Copper, mg/dltt. h .08 .07 .06 <.01 
Zinc, mg/dl .20 .21 .19 .01 
Sodium, mg/dl. 326.7 311.4 301.1 7.12 

-Manganese, aluminum. nickel. cadmium. chromium and lead 
were below detection limits (.05, .05, .10, .05, .05 
and .50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by Iep-OES. 

cFluidized-bed combustion residue. 
dStandard error of means. 
ePacked cell volume. 
f Hemoglobin. 
'Means of control group differ from means of limestone

and FBCR-amended group (P<.05). 
hMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.Ol). 
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treatment group at the same sampling interval. Serum Cu levels were lower (P < .05) for 

the FBCR treatment steers compared to limestone treatment steers, and both treatment 

groups had lower serum Cu (P < .05) compared to controls for samples obtained at all 

three sampling intervals. Serum Cu levels for the FBCR group, at both the 14-d and end 

of rotation sampling intervals, were near the deficiency threshold of .06 mg/dl reported 

in the literature (Pope, 1971; Underwood, 1977; Hidiriglou, 1979b). Samples taken at 

72 h after treatment exposure showed a small increase in Cu levels for the FBCR group, 

to approximately .07 mg/dl. The FBCR material contained more Cu (27.2 vs 17.4 ppm) 

and S (3.35 vs .072 0/0) than the dolomitic limestone used in this study. The antagonistic 

effect ofS on Cu has been well documented (Suttle and Field, 1983; Underwood, 1977; 

Claypool, 1975). In the 1983 study, soil Mo levels were found to be below detrimental 

levels, therefore, Mo would not have influenced the S-Cu antagonism found here. 

Changes in blood parameters were evident when initial and final sampling times 

were compared (tables 17 and 18). After 119 d, P levels were increased (P < .05) and 

Mg and Zn levels were decreased (P < .01) in all three treatment groups. The fluctuation 

in serum Cu levels that occurred throughout the trial is demonstrated in the graph of 

mean values recorded for samples obtained 14 dafter appplications were made (appendix 

figure 2). The decline in serum S as well as Cu for the FBCR group despite the 

additional amount in the FBCR amendment supports the conclusion that the lower eu 

status results from the S-Cu antagonism. Mineral content of serum samples obtained 

from steers in 1983 were similar to 1985. Samples were taken at two wk intervals 

regardless of treatment status, and values were averaged for the entire trial. Low levels 

of serum Cu were also observed in 1983. 

Soil amendment did not significantly affect weight gain of steers grazing the 

reclaimed surface-mined pastures (table 19). The average daily gain recorded midway 

(72 d) through the "study was .72 kg/d. By the end of the trial, average daily gains were 
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TABLE 17. MACROMINERAL CONCENTRATION OF SERUM SAMPLESa 
COLLECTED FROM STEERS ON DAY 1 AND DAY 119 

OF THE GRAZING TRIAL 

Soil amendment 

Itemb None Limestone FBCRc SEd 

----------------- mg/dl ----------------
Day 1 

Calcium 9.64 10.30 10.73* .36 
Magnesium 2.43* 2.67* 2.64* .09 
Phosphorus 10.48* 11.57* 10.81* .53 
Sulfur 81.90 91.13 93.67* 3.08 
Sodium 276.4 306.6 307.5 11.2 

Day 119 
Calcium 9.59 9.76 9.85* .10 
Magnesium 1.98* 2.03* 2.11* .09 
Phosphorus 13.45* 13.63* 12.93* .53 
Sulfur 79.82 83.19 83.29* 3.08 
Sodium 310.4 311.6 297.5 11.17 

a Manganese , aluminum, nickel, cadmium. chromium and 
lead were below detection limits (.05, .05, .10, .05, 
.05 and .50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by ICP-OES. 

cFluidized-bed combustion residue. 
dStandard error of means. 
*Means difffer with respect to sampling date (P<.05). 
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TABLE 18. PACKED-CELL VOLUME, HEMOGLOBIN CONTENT AND 
SERUM MICROMINERAL CONCENTRATION OF BLOOD SAMPLESa 

COLLECTED FROM STEERS ON DAY 1 AND DAY 119 
OF THE GRAZING TRIAL 

Itemb 

Day 1 
PCV J %e 
Hb, mg/dl t 

Iron, mgldl 
Copper, mg/dl 
Zinc, mg/dl 

Day 119 
PCV, %e 
Hb, mg/dl f 

Iron, mg/dl 
Copper, mg/dlt. h 

Zinc» mgl dl,; 

None 

35.13 
12.94 

.34 

.08 

.29* 

36.75 
12.56 

.32 

.09 

.14* 

Soil amendment 

Limestone 

36.67* 
13.15 

.55 

.09 

.26* 

34.79* 
13.01 

.28 

.08 

.17* 

FBCRc SEd 

37.83 .78 
13.39 .34 

.32 .08 

.09* .01 

.28* .02 

33.54 .78 
12.50 .34 

.28 .08 

.06* .01 

.15* .02 

a Manganese , aluminum, nickel, cadmium, chromium and lead 
were below detection limits (.05 •. 05 •. 10 •. 05, .05 and 
.50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by ICP-OES. 

cFluidized-bed combustion residue. 
dStandard error of means. 
ePacked cell volume. 
f Hemoglobin. 
tMeans of control group differ from means of limestone

and FBCR-amended group (P<.Ol). 
hMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.05). 
*Means differ with respect to sampling date (P<.05). 
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TABLE 19. GROWTH PERFORMANCE AND CARCASS CHARACTERISTICS 
OF STEERS FROM SURFACE-MINED PASTURES 

Item 

Initial weight, kg 
72 day gain, kg/d 
119 day weight, kg 
Final daily gain, kg/d 
Loineye area, em2 

Baekfat, em 
KPH, %c,d 
Yield grade 
Dressing %d 

None 

278.4 
.71 

343.5 
.55 

52.90 
.30 

1.50 
1.97 

53.82 

Soil amendment 

Limestone 

284.5 
.73 

358.8 
.61 

51.94 
.24 
1.67 
1.97 

53.06 

-Fluidized-bed combustion residue. 
bStandard error of means. 
cKidney, pelvic and heart fat. 

FBCRa 

274.8 
.71 

344.3 
.59 

52.90 
.20 
1.08 
1.80 

55.96 

dMeans of FBCR-amended forage differ from means of 
limestone-amended forage (P<.05). 

2.8 
.05 

5.9 
.03 

1.23 
.04 

.13 

.07 

.37 
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lower for all animals and were .55, .61 and .59 kg/d for the control, limestone and FBCR 

groups, respectively. The decline in gains during the latter half of the study may be 

attributed to the hot, dry weather normally experienced in late summer. 

Carcass characteristics of the steers were similar among treatments with respect to 

loineye area, backfat thickness and yield grade. The kidney, pel vic and heart fat 

percentage was greater (P < .05) for the limestone group (.7 percentage units) than the 

FBCR group. The dressing percentage of the FBCR group was increased (P < .05) by 

approximately 40/0 compared to the limestone amendment group. Gut fill, carcass 

shrinkage, shrinkage in transportation and hide weight affect dressing percentage. Steers 

were of similar breed, weight and age, and all were handled similarly during 

transportation and slaughter. Therefore, it seems that only gut fill may have affected 

dressing percent recorded here. Animals having consumed less forage would have a 

lower gut fill. At slaughter, these animals would lose the least amount of weight and 
\. 

would have a higher dressing percentage. Animals grazing FBCR-amended pastures 

may have exhibited differences in grazing behavior that subsequentally affected gut fill. 

Forage palatability :was not ascertained. 

Ruminal contents obtained at slaughter (table 20) exhibited similar treatment 

differences to that of grab forage and esophageal samples obtained during the grazing 

study. Calcium and Fe were higher (P < :05) for both treatment groups, and S was 

higher in the FBCR-amended group, reflecting the levels in the amendments. 

Manganese was higher in the control group (P < .05) and Zn tended to be higher in the 

control group than either treatment group. 

Serum mineral concentrations at slaughter (table 21) were similar among 

treatments, except Cu levels were depressed (P < .05) in the FBCR treatment group as 

observed in samples taken during the trial. 
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TABLE 20. MINERAL CONCENTRATION- OF RUMINAL CONTENTS 
COLLECTED AT THE TIME OF SLAUGHTER 

Soil amendment 

Itemb None Limestone FBCRc· 

Calcium, %e .37 2.02 1.63 
Magnesium. %f .44 1.26 .15 
Phosphorus. %f .62 .61 .77 
Sulfur, %e.f .21 .21 .42 
Iron, ppm8 434.7 702.0 856.2 
Copper, ppm 21.9 28.0 20.9 
Zinc, ppm 91.7 70.1 85.1 
Manganese, ppme 417.3 343.84 299.6 
Aluminum, ppm 476.4 799.6 1,066.0 
Nickel. ppm 6.99 6.03 5.86 

aDry matter basis. 

SEd 

.31 

.19 

.04 

.02 
63.6 
2.8 
6.6 

33.0 
98.2 

.56 

bCadmium t chromium and lead were below detection limits 
(.05, .05 and .40 ppm, respectively). Sodium was above 
the upper limit of detection (1,170 ppm). 

cFluidized-bed combustion residue. 
4Standard error of means. 
-Means of control forage differ from means of limestone

and FBCR-amended forage (P<.05). 
'Means of FBCR-amended forage differ from means of 

limestone-amended forage (P<.05). 
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TABLE 21. MINERAL CONCENTRATIONa OF SERUM SAMPLES 
COLLECTED AT THE TIME OF SLAUGHTER 

Soil amendment 

Itemb None Limestone FBCRc 

------------------mg/dl------------------

Calcium 9.71 9.81 9.69 .31 
Magnesium 2.01 2.15 2.10 .05 
Phosphorus 14.47 14.19 13.27 .35 
Sulfur 81.58 85.71 83.14 2.20 
Iron .37 .37 .36 .02 
Coppert. f .08 .07 .05 <.01 
Zinc .45 .46 .31 .08 
Sodium 329.9 323.9 324.0 6.5 

a Aluminum, nickel, cadmium, chromium and lead were 
below detection limits (.05, .10, .05, .05 and 
.50 ppm, respectively). 

bCopper was determined by atomic absorption spectro-
photometry and all other minerals by ICP-OES. 

cFluidized-bed combustion residue. 
dStandard error of means. 
eMeans of control forage differ from means of 

limestone- and FBCR-amended forage (P<.05). 
fMeans of FBCR-amended forage differ from means of 

limestone-amended forage (P<.05). 
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Manganese concentration was higher (P < .01) in rib tissue of the control group 

compared to both treatment groups and may have resulted from the higher Mn content 

found in control forage (table 22). Aluminum was lower (P < .05) in metacarpal bone 

of the limestone versus the FBCR treatment group when reported on a dry, fat-free basis 

(table 23). During the 1983 study, steers grazing either amended pastures had lower 

levels of Cd and Cr in the rib and metacarpal bone samples (P < .05) than steers grazing 

control pastures and all other mineral levels were similar. 

The limestone and FBCR treatment groups showed a slight but significant increase 

in Ca concentration in the longissmus muscle (P < .05), compared to the control group 

(table 24). All other mineral1evels were not different (P> .05) for this tissue. 

The mineral concentrations in the heart and brain tissues were not significantly 

affected by treatment (tables 25 and 26). The heavy metals, Cd, Cr, Ni, and Pb \vere 

below the detection limits as they were for all soft tissues obtained from animals at the 

time of slaughter. 

An increase in mineral levels in lung tissue may indicate inhalation of the soil 

amendments by the animals. Calcium in the lung was higher (P < .05) for the 

limestone-amended group, compared to the FBCR-amended group (table 27). Sulfur 

was slightly higher (P < .05) for the FBCR group. Copper was higher (P < .05) for the 

control group compared to both treatment groups and lower (P < .05) for the FBCR 

group than the limestone group. However, the limestone and FBCR treatment groups 

from the 1983 grazing study had lower Zn and higher Na levels than the control group 

(P < .05). Of the metals, only Al was detected in the lung tissue ruling out the possibility 

of heavy metal contamination through inhalation. 

The liver, kidney and spleen tissues are the primary sites for storage and 

homeostatic control of most compounds that enter the animal body (Underwood, 1977; 

Rosenberg and Solomons, 1984). In the present study, all animals exhibited liver Cu 
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TABLE 22. MINERAL CONCENTRATIONa OF RIB TISSUE 

Soil amendment 

Item None Limestone FBCRb 

Calcium, % 38.38 38.42 38.49 
Magnesium, % .56 .56 .53 
Phosphorus, % 18.00 18.20 18.04 
Sulfur, % .14 .14 .14 
Iron, ppm 50.51 45.60 46.06 
Copper. ppm 19.71 19.34 19.13 
Zinc. ppm 94.96 87.73 85.96 
Manganese, ppm4 .92 .82 .75 
Sodium, % 1.01 .99 .96 
Aluminum. ppm 18.55 16.36 18.07 
Chromium, ppm 12.66 13.09 12.98 
Nickel J ppm 5.13 3.51 5.48 

aDrYt fat-free basis. Cadmium and lead were below 
'detection limits (.05 and .50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.05). 

SEc 

.40 

.01 

.21 

.01 
6.60 

.19 
3.88 

.04 

.01 

.66 

.52 
1.05 
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TABLE 23. MINERAL CONCENTRATIONa OF METACARPAL BONE 

Soil amendment 

Item None Limestone FBCRb 

Calcium, % 39.04 36.24 39.27 
Magnesium, % .49 .46 .48 
Phosphorus, % 18.30 16.79 18.27 
Sulfur, % .12 .11 .12 
Iron, ppm 14.49 11.84 13.43 
Copper, ppm 19.32 18.16 19.35 
Zinc. ppm 103.44 91.89 98.58 
Manganese, ppm .79 .73 .76 
Sodium. % .97 .90 .96 
Aluminum, ppmd. e 18.73 14.82 18.23 
Chromium, ppm 11.25 10.92 10.92 
Nickel, ppm 4.63 4.04 4.63 

-Dry, fat-free basis. Cadmium and lead were below 
detection limits (.05 and .50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
4Means of control group differ from means of 

limestone- and FBCR-amended group (P<.05). 
-Means of FBCR-amended group differ from means of 

limestone-amended group (P<.Ol). 

SEc 

1.98 
.02 
.99 
.01 

1.18 
.55 

4.60 
.03 
.04 
.71 
.41 
.42 
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TABLE 24. MINERAL CONCENTRATIONa OF 
LONGISSMUS MUSCLE 

Item 

Calcium. %d 
Magnesium. % 
Phosphorus. % 
Sulfur, % 
Iron, ppm 
Copper, ppm 
Zinc. ppm 
Sodium, % 
Aluminum. ppm 

None 

.013 

.084 

.901 

.727 
58.41 

2.27 
126.1 

.16 
6.28 

Soil amendment 

Limestone 

.014 

.08S 

.923 

.734 
S4.27 

2.34 
120.1 

.17 
5.43 

FBCRb 

.014 

.085 

.899 

.728 
63.09 

2.34 
129.9 

.17 
5.01 

SEc 

<.001 
.001 
.012 
.009 

3.21 
.11 

7.8 
.01 
.67 

aDry matter basis. Manganese. cadmium, chromium, nickel 
and lead were below detection limits (.05, .05, .05, 
.10 and .50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.05). 
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TABLE 25. MINERAL CONCENTRATIONa OF HEART TISSUE 

Item 

Calcium, ppm 
Magnesium, ppm 
Phosphorus, % 
Sulfur, % 
Iron, ppm 
Copper, ppm 
Zinc, ppm 
Manganese, ppm 
Sodium. % 
Aluminum, ppm 

None 

166.2 
931.5 

1.00 
.68 

198.7 
15.92 
72.3 

1.63 
.41 

1.76 

Soil amendment 

Limestone 

168.7 
934.0 

1.01 
.67 

203.2 
15.53 
72.7 

1.49 
.39 

2.12 

FBCRb 

174.4 
926.1 

1.00 
.68 

206.9 
15.12 
70.5 

1.26 
.42 

2.54 

SEc 

2.4 
8.6 

.01 
<.01 
4.2 

.36 
1.3 

.12 

.01 

.33 

aDry matter basis. Cadmium, chromium, nickel and lead 
were below detection limits (.05, .05, .10 and 
.50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
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TABLE 26. MINERAL CONCENTRATIONa OF BRAIN TISSUE 

Soil amendment 

Item None Limestone FBCRb SEc 

Calcium, ppm 986.3 720.3 730.2 289.5 
Magnesium, ppm 497.4 497.3 503.1 6.3 
Phosphorus, % 1.44 1.44 1.44 .01 
Sulfur, % .47 .47 .40 .04 
Iron. ppm 146.1 131.2 113.6 14.5 
Copper, ppm 7.75 7.43 7.65 .44 
Zinc, . ppm 43.5 43.9 43.0 1.1 
Manganese, ppm 1.29 1.28 1.27 .05 
Sodium, % .52 .52 .51 .01 
Aluminum, ppm 1.96 1.90 1.63 .20 

aDry matter basis. Cadmium. chromium, nickel and lead 
were below detection limits (.05, .05, .10 and .50, 
respectively) . 

bFluidized-bed combustion residue. 
cStandard error means. 
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TABLE 27. MINERAL CONCENTRATIONa OF LUNG TISSUE 

Item 

Calcium, ppm8 

Magnesium, ppm 
Phosphorus, %e 
Sulfur. ppme 
Iron, ppm 
Copper. ppmd • e 
Zinc, ppm 
Manganese, ppm 
Sodium, % 
Aluminum. ppm 

None 

346.9 
494.6 

1.03 
.71 

253.0 
5.45 

83.43 
.75 
.67 

3.98 

Soil amendment 

Limestone 

381.6 
496.6 

1.00 
.70 

278.5 
5.09 

82.36 
.71 
.67 

5.03 

FBCRb 

338.4 
513.6 

1.06 
.73 

294.5 
4.60 

85.15 
.73 
.66 

4.02 

SE c 

13.5 
5.7 

.01 

.01 
20.6 

.10 
1.58 

.03 

.01 

.38 

-Dry matter basis. Cadmium, chromium. nickel and lead 
were below detection limits (.05, .05 •. 10 and .50. 
respectively) . 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.Ol). 
eMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.05). 
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concentrations near or below the deficiency threshold of 40 ppm reported in the 

literature (Undenvood, 1977) (table 28). Liver eu concentrations were higher (P < .05) 

for controls compared to the amendment groups, and higher (P < .05) in the limestone 

group than the FBCR group. Liver Mn was higher (P < .05) for the control animals 

when compared to both treatment groups. Iron, Mn, Ni and Na concentrations in the 

liver samples from the 1983 grazing study were higher (P < .05) in controls than both 

treatment groups. 

Both the limestone and FBCR amendments contained high levels of Fe. Iron 

concentration in the kidney tissue was lower (P < .01) for controls than both treatment 

groups in the present study (table 29). Spleens of the FBCR treatment animals 

contained higher (P < .05) levels of S than the limestone group (table 30). Liver and 

spleen Fe stores increase with increasing levels in the diet (Ruckebusch and Thivend, 

1980). The limestone contained approximately 3,000 ppm Fe and the FBCR, 10,000 

ppm Fe. Spleen Fe levels were higher (P < .05) for both amendment groups than 

controls, and tended to be higher for the FBCR treatment group than the limestone 

treatment group. 

Mineral absorption occurs throughout the digestive tract, however, the primary 

absorptive sites for most minerals occur along the small intestines (Ruckebusch and 

Thivend, 1980). Both Fe and Cu concentrations were significantly higher (P < .06) in the 

duodenal tissues obtained from the FBCR group (table 31). The mineral concentrations 

were more variable in the large intestinal tissue (table 32). Sulfur content was higher 

(P < .05) in the FBCR treatment group than the limestone group. In general, the 

micro mineral concentration was higher in the control group, although, the FBCR had 

similar levels of Fe and Zn in the large intestinal tissues. No differences were observed 

in small and large intestinal tissues of animals from the 1983 study. 
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TABLE 28. MINERAL CONCENTRATIONa OF LIVER TISSUE 

Soil amendment 

Item None Limestone FBCRb 

Calcium, ppm 136.0 130.3 126.4 
Magnesium, ppm 564.6 562.1 557.1 
Phosphorus, % 1.25 1.25 1.24 
Sulfur, % .70 .69 .69 
Iron, ppm 170.3 183.3 193.2 
Copper, ppmd.,o 41.82 39.03 20.71 
Zinc. ppm 114.9 112.2 111.0 
Manganese, ppmd 13.81 11.14 11.62 
Sodium, % .22 .22 .21 
Aluminum, ppm 2.96 3.58 2.70 

SEc 

3.1 
5.4 

.01 

.01 
10.3 

4.04 
2.1 

.32 

.01 

.56 

aDry matter basis. Cadmium. chromium, nickel and lead 
were below detection limits (.05 •. 05, .10 and 
.50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.05). 
eMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.01). 
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TABLE 29. MINERAL CONCENTRATIONa OF KIDNEY TISSUE 

Item 

Calcium. ppm 
Magnesium, ppm 
Phosphorus, % 
Sulfur, % 
Iron, ppmd 

Copper, ppm 
Zinc, ppm 
Manganese) ppm 
Sodium, % 
Aluminum, ppm 

None 

361.9 
662.6 

1.14 
.75 

169.4 
20.S 
81.5 

5.93 
.82 

2.25 

Soil amendment 

Limestone 

361.1 
677.8 

1.16 
.75 

215.8 
21.4 
81.3 

5.91 
.81 

2.69 

FBCRb 

348.6 
675.0 

1.14 
.76 

211.7 
20.1 
81.7 
5.57 

.77 
3.22 

SEc 

10.6 
12.9 

.02 

.01 
9.3 

. 6 
1.5 

.18 

.03 

.28 

aDry matter basis. Cadmium, chromium, nickel and lead 
were below detection limits (.05, .05, .10 and .5 ppm, 
respectively) . 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.Ol). 
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TABLE 30. MINERAL CONCENTRATIONa OF SPLEEN TISSUE 

Soil amendment 

Item None Limestone FBCRb SEc 

Calcium, ppm 212.0 212.0 228.4 7.6 
Magnesium, ppm 768.1 774.3 796.6 10.6 
Phosphorus, % 1.47 1.48 1.49 .02 
Sulfur, %e .72 .71 .74 .01 
Iron, ppmd 594.0 852.4 1,159.6 101.0 
Copper, ppm 3.81 3.67 3.54 .10 
Zinc, ppm 101.0 96.7 102.u 2.1 
Manganese, ppm 1.16 1.09 1.16 .04 
Sodium, % .38 .38 .37 .01 
Aluminum, ppm 1.36 1.36 1.55 .34 

aDry matter basis. Cadmium. chromium. nickel and lead 
were below detection limits (.05, .05, .10 and .5 ppm, 
respectively) . 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.Ol). 
eMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.05). 
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TABLE 31. MINERAL CONCENTRATIONa OF DUODENAL TISSUE 

Soil amendment 

Item None Limestone FBCRb SEc 

Calcium, % .06 .05 .05 <.01 
Magnesium, % .05 .06 .05 .01 
Phosphorus, % .66 .87 .72 .10 
Sulfur, % .65 .71 .67 .03 
Iron, ppmd 64.91 52.77 88.63 6.85 
Copper, ppmd 4.41 3.73 6.29 .59 
Zinc, ppm 89.01 94.38 83.71 4.88 
Manganese, ppm 10.45 7.23 7.52 1.39 
Sodium. % .24 .39 .16 . 11 
Aluminum. ppm 14.00 12.07 16.62 2.27 

aDry matter basis. Cadmium, chromium) nickel and lead 
were below detection limits (.05, .05, .10 and .50, 
respect! vely) . 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.06). 
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TABLE 32. MINERAL CONCENTRATIONa OF 
LARGE INTESTINAL TISSUE 

Soil amendment 

Item None Limestone FBCRb 

Calcium, % .04 .05 .06 
Magnesium, % .05 .06 .05 
Phosphorus. % .66 .62 .60 
Sulfur, %e .73 .72 .76 
Iron. ppme 30.78 27.21 33.98 
Copper, ppmd 3.35 2.88 2.85 
Zinc, ppmEl 137.9 124.7 137.2 
Manganese, ppmd 2.64 1.88 1.87 
Sodium, % .37 .31 .29 
Aluminum, ppmd. e 9.13 6.71 9.63 

SEc 

.01 
<.01 

.03 

.01 
1.21 

.14 
3.3 

.24 

.04 
1.23 

aDry matter basis. Cadmium. chromium, nickel and lead 
were below detection limits (.05, .05, .10 and 
.50 ppm, respectively). 

bFluidized-bed combustion residue. 
cStandard error of means. 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.05). 
eMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.05). 
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TABLE 33. MINERAL CONCENTRATION OF BILE FLUID 

Soil amendment 

Item None Limestone FBCRa 

------------------mg/dl----------------

Calcium 4.76 4.65 4.93 .31 
Magnesium .85 .75 .83 .07 
Phosphorus 8.67 8.27 9.68 1.02 
Sulfur 4.14 3.97 4.18 .41 
Irone .06 .06 .08 .01 
Zinc 1.55 1.60 2.28 .29 
Manganesed .17 .05 .03 .02 
Sodium 16.35 17.53 16.91 B.27 

aDry matter basis. Copper, aluminum. cadmium, chromium. 
nickel and lead were below detection limits (.005, 
.005, .005 •. 005, .010 and .050 mg/dl, respectively). 

bStandard error of means. 
cMeans of FBCR-amended group differ from means of 

limestone-amended group (P<.05). 
dMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.OOl). 
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TABLE 34. MINERAL CONCENTRATION OF URINE COLLECTED 
AT TIME OF SLAUGHTER 

Item 

Calcium 
Magnesium 
Phosphorus 
Sulfur 
Iron 
Zinc 
Sodium 
Aluminumc 

Soil amendment 

None Limestone FBCRa 

------------------mg/dl-----------------
3.93 7.07 30.68 9.46 

27.27 98.60 34.91 19.03 
11.16 18.46 3.87 5.88 

118.4 165.8 197.9 44.50 
.06 .05 .06 .01 
.66 .94 .73 .15 

11.48 13.97 25.48 5.74 
.36 .54 .68 .09 

-Dry matter basis. Copper, manganese, cadmium, 
chromium, nickel and lead were below detection limits 
(.005, .005, .005, .005, .010 and .050 mg/dl, 
respectively) . 

bStandard error of means. 
cMeans of control group differ from means of 

limestone- and FBCR-amended group (P<.OOl). 
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Bile and urine samples from the FBCR treatment group were higher in Fe content 

(P < .05) than those from the limestone treatment group (tables 33 and 34). Bile Mn 

was significantly elevated in the control group (P < .05). Urine Al levels were lower 

(P < .01) in the controls versus both treatment groups indicating that some absorption 

of Al did occur. 

Although significant differences in mineral content do exist among the treatments 

for the various tissues analysed, these differences were small. From three years of data 

it is evident that fluidized-bed combustion residue has similar effects on soil and plant 

characteristics as dolomitic limestone when used as a soil pH amendment. Further, the 

use of FBCR as a soil amendment does not appear to cause accumulation of toxic 

elements in either plant or animal tissue and may be beneficial in adding S to the 

available soil S pool. The low serum and tissue levels of Cu observed are related to the 

characteristics of the mine soil, but may have been exacerbated by the amendments, 

especially FBCR. Provision of a mineral supplement, containing Cu, to grazing animals 

should alleviate this potential deficiency. 
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JOURNAL ARTICLE 2 

MINERAL UTILIZATION BY SHEEP FED FORAGE 

GROWN ON SOIL TREATED WITH 

FLUIDIZED-BED COMBUSTION RESIDUE 

Abstract 

A mineral balance trial was conducted with 18 wether lambs fed sun-cured hay 

harvested from pastures located on a reclaimed strip-mined site near Beckley, WV. The 

following soil applications were made during the harvest year: I-none, 2- dolomitic 

limestone (1818 kg/ha), and 3-fluidized-bed combustion residue (FBCR) (3637 kg/ha). 

The FBCR material had one-half the buffering capacity of limestone; therefore, it was 

applied at twice the rate of limestone. Neutral detergent fiber (NDF), acid detergent 

fiber (AD F) and cellulose content were higher (P < .05) in FBCR-amended forage 

compared to limestone-amended forage, and both amended forages were higher (P < .05) 

compared to control forage. Ash content was higher (P < .05) in limestone-amended 

forage than FBCR-amended forage, and control forage had lower ash content (P < .05) 

compared to both amended forages. Crude protein (CP) content was slightly higher 

(P < .05) in control forage than both amended forages and lower (P < .05) in 

FBCR-amended forage compared to limestone-amended forage. Generally, differences 
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in mineral content of the forages were reflected in the apparent absorption and retention 

values. Lambs fed control forage exhibited a net secretion of Ca, while apparent 

absorption ofZn was increased (P < .01). Magnesium apparent absorption and retention 

was increased for the limestone treatment group, and S apparent absorption was 

increased for the FnCR treatment group (P < .01). The apparent absorption of P, Cu 

and Mn \vere not significantly affected by treatment. The limestone-amended forage had 

an unusually high concentration of Fe (1,455 ppm), and Fe absorption and retention 

was greater for lambs fed this forage. At the end of the trial, serum total P levels were 

lower (P < .05) for lambs fed FBCR-amended forage when compared to the limestone 

treatment group. A decline in serum Ca and Mg occurred for lambs fed control forage 

between d 7 and the end of the trial. Serum Mg and Cu levels were also reduced for 

animals fed FBCR-amended forage. Serum mineral concentrations were not 

significantly different among the three treatments at any sampling time. Soil amendment 

with FBCR may enhance utilization of Ca and S and improve fiber digestibility by 

lambs, but, the excess S may exacerbate Cu deficiency. 

(Key Words: Fluidized-bed Combustion Residue, Fiber Digestibility, Mineral 

Absorption, Wethers.) 

Introduction 

Fluidized-bed combustion residue, a by-product of coal .. burning power plants, 

results from the combustion of coal with limestone as they are mixed in a jet air stream 

(Fennelly, 1978). The purpose of this procedure is to trap pollutants such as sulfur 

dioxides, nitrogen oxides, and volatile elements that would normally be emitted into the 

atmosphere. This procedure was developed over the past decade, and has proven to be 

more efficient than conventional scrubber systems (Allar, 1985; Radovanovic, 1986; 
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Valk,1986). It has the potential of trapping more than 90% of the Sand N compounds 

which are the primary constituents of acid rain. 

The FBCR retains approximately 50% of the CaC03 equivalency of normal 

agricultural limestone, but it may also contain toxic levels of certain elements (Hern et 

al., 1977; Sun and Peterson, 1980). Few studies have been initiated to assess the effect 

of FBCR in agricultural systems. In one study, corn, soybean and oats were grown 

utilizing either Ca(OHh or FBCR as a soil pH amendment, and were used to formulate 

diets for rats and hamsters (Stout et aI., 1980). No accumulation of Cd, Cr or Pb 

occurred in whole body liver, kidney and bone tissues. Whitsel et al. (1982) used diets 

consisting of meat (poultry), fruit and vegetables. The fruit and vegetables were grown 

on limestone or FBCR-amended soils. In each of two balance trials with swine, blood 

and urine samples were similar in mineral content and within normal ranges set for 

humans. In trial one, blood As and Pb concentrations were slightly higher (P < .05) in 

the FBCR treatment group. No differences were observed in the second trial. Mitchell 

et al. (1983) fed broiler chicks diets utilizing either FBCR or limestone as the Ca source 

in three trials lasting 21, 49 and 53 d. The results of all three trials indicated a slight 

increase in body weight gains for chicks fed FBCR. No differences in kidney and bursa 

weights, PCV and Hb concentration of blood samples, and per cent ash in bone were 

observed. A slight increase in liver lipid levels was observed for the FBCR treatment 

group in two of the trials, indicating a possible effect on metabolism of broilers. 

A pasture study was initiated in 1983 to compare the effects of land application 

of FBCR to dolomitic limestone and no amendment on soil and plant characteristics and 

mineral status of steers grazing reclaimed surface-mined pastures (Smedley, 1985). 

Extensive mineral analysis of body tissues of steers obtained after 3 mo grazing showed 

no differences resulting from the use of FBCR or limestone. Serum Cu concentrations 

were low, but appeared to be related to low Cu levels in the mine soil and forage, and 
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not due to amendment. Blood serum levels of all other minerals studied were within 

normal levels. 

During the third year of the grazing study, hay was harvested and used in a mineral 

balance trial with wethers and is reported herein. The objective of this study was to 

evaluate the apparent digestibility of nutrients and utilization of minerals in hay 

harvested from reclaimed-mine soil amended with dolomitic limestone or FBCR when 

fed to wether lambs. 

Experimental Procedure 

A metabolism trial was conducted with 18 wether lambs fed hay harvested from a 

reclaimed-mine site. The forage had been grown on three .8 ha pastures which had 

received the following soil applications: none, limestone and FBCR. A more complete 

description of the treatments and forage management procedures was given in journal 

article 1. Briefly, equal applications of the materials were made on May 20 and August 

12, 1985, for a total of 4,540 kg of limestone and 9,080 kg/ha of FBCR. Two weeks after 

each application, hay was harvested from all three pastures. One application (256 kgjha) 

of ammonium nitrate (34% N) was made at approximately 1 mo after the first cutting 

and 1 mo prior to the second cutting. Hay from the second harvest (August 28, 1985) 

was used in the mineral balance trial conducted the following year. 

Lambs were blocked by breed and weight and randomly allotted to treatments 

within blocks. There were 12 Dorset-Rambouillet cross and 6 Sulfolk-Rambouillet cross 

wethers. A verage weight of the lambs was 36 kg. Lambs were housed in metabolism 

stalls similar to those described by Briggs and Gallup (1949) in a temperature and light 

controlled room. Two days before the start of the trial the sheep were shorn and an 

injectable anthelmentic 00 was administered. 
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The trial consisted of a 15-d preliminary period followed by a 10-d total collection 

of feces and urine. The hay was ground through a 2.5 em screen, and 350 g (air-dry 

basis) plus 5 g of NaCI were fed twice daily . Water \vas provided ad libidum, except 

during feeding periods. Feces were collected daily, dried in a forced-air oven at a 

maximum of 60 C for 24 h, and compo sited in containers with loose-fitting lids. At the 

end of the collection period, total weight of the feces was obtained for each animal and 

one-fourth of the feces was subsampled. During each 24-h period, urine was collected 

with 75 ml of HCI (360/0, diluted 1:1 with distilled-deionized water), and :450 m1 of 

distilled-deionized water was used to rinse collection funnels at each collection. Urine 

was further diluted to 7000 g with distilled-deionized \vater. A 2% by weight aliquot 

was obtained and composited for each animal. Only clean, acid-washed materials were 

used to collect samples to avoid possible mineral contamination. Feed samples were 

taken daily starting 2 d before the beginning and until 2 d before the end of the collection 

period. 

Blood samples (via jugular puncture) were collected 6 h post-feeding before diets 

were introduced, after 7 d on full feed, and at the end of the trial (d 26). One set of blood 

samples was centrifuged within 1 h and serum was seperated for mineral analysis. A 

seperate heparinized tube was used to collect whole blood for determination of 

packed-cell volume (~CV) and hemoglobin content (Hb). Ruminal fluid samples (via 

intubation) were obtained 2 h post-feeding at the start of the trial and at the end of the 

collection period. The pH of ruminal fluid was determined immediately upon collection, 

and aliquots were taken for determination of NH3-N (Chaney and Marbach, 1962) and 

mineral analysis. 

1 (Ivermectin), Merck, Sharp and Dohme, Inc. Box 2000, Rahway, NJ. 
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Feed and fecal samples were ground through a .5 mm screen using a stainless steel 

Wiley mill and subsampled for later analyses. The N levels in feed, feces and urine 

samples were determined by a macro Kjeldahl technique (AOAC, 1980). The ADF and 

ND F fractions of feed and fecal samples were determined by wet chemistry using the 

procedure outlined by Goering and VanSoest (1970). Permanganate lignin and cellulose 

content were determined by the procedure of VanSoest and Wine (1968). Ash content 

was determined on a 2 g sample ashed in a muffie furnace at 600 C for 6 h. 

The Ca, Mg, Fe, Cu and Zn concentrations were determined by atomic absorption 

spectrophotometry after digestion with a 2 to 1 mixture of HN03 and HCI04 • A .5% 

solution of lanthanum chloride was used to dilute samples for the determination of Ca 

and Mg. Total P, however, was determined by a colorimetric method on the diluted wet 

ashed sample (Fiske and Subbarrow, 1925), and total S was determined by a tubidimetric 

method (Tabatabai and Bremner, 1970). 

The forage composition data were tested for difference between treatment means 

by the least squares method (SAS, 1982). The mineral balance and digestibility results 

were tested for the main effects of treatment and animal block, and the residual was used 

to test the significance of each main effect. Serum and ruminal fluid samples were tested 

for main effects of sampling date, treatment and animal block with the residual used to 

test the significance of the main effects. A paired T test was used to compare treatment 

means bet\veen sampling dates. Orthogonal treatment contrasts made were control vs 

limestone and FBCR, and limestone vs FBCR. 

Results and Discussion 

The FBCR had higher levels of S, Cu, Fe, Zn, and AI, whereas the dolomitic 

limestone (430/0 MgC03 ) contained higher amounts of Mg and Mn (table 1). In the 
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present study, the predominant grass species was tall fescue (Festuca arundinacea 

Schreb.). The FBCR-amended forage was higher (P < .05) in NDF, ADF and cellulose 

content compared to limestone-amended forage (table 35). The increased fiber may have 

been due to S added by FBCR amendment. Sulfur fertilization was found to increase 

NDF and lignin fractions of the tropical grass Digitaria decumbens Stent. (Rees and 

Minson, 1978). Panditharatne et al. (1986) observed a reduction in cell wall constituents 

of the temperate grass, Dactylis glomerata L.. Ash content was higher (P < .05) for 

limestone-amended forage compared to FBCR-amended forage, and both were higher 

(P < .05) in ash content than control forage. Discoloration of the feces was noted for 

both amendment treatment groups. Feces from sheep fed control hay exhibited a 

"normal" black color while the limestone group showed a much lighter color than even 

the FBCR group. The limestone had a finer particle size than the FBCR and appeared 

to adhere more to surfaces of harvested forage than the FBCR, which may have 

contributed to increased ash content of the limestone-amended forage. 

Samples analyzed in the spring of 1985 before hay harvests were made, revealed 

treated forages had similar and higher (P < .05) legume content than control forage (18 

vs 10% legume). But, this difference was not reflected in the CP values of the ground 

hay. The control forage was slightly but significantly higher (P < .05) in CP content 

compared to both amended forages. 

Differences in mineral content of the harvested forage reflected differences in 

mineral content of the amendments. Calcium was two to three times higher (P < .01) in 

the two amended hays compared to the control hay. The P content was slightly above 

the requirement (.21 %) for a 40 kg finishing lamb (NRC, 1985), and was similar among 

the hays. Limestone-amended forage contained more than twice the level of M g when 

compared to FBCR-amended forage, and the Mg content of control forage was 

numerically similar to that of the FBCR-amended forage. Sulfur content was higher 
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TABLE 35. FIBER COMPOSITION, CRUDE PROTEIN AND 
MINERAL CONTENTa OF GROUND FORAGE HARVESTED FROM 

RECLAIMED SURFACE-MINED SOILS 

Soil amendment 

Item None Limestone FBCRb 

NDF. %d. f t it 55.72 55.89 58.27 
ADF, %e,t£ 33.81 32.28 35.11 
Hemicellulose, % 21.92 23.61 23.16 
Cellulose, %it 25.49 25.18 26.98 
Lignin, % 7.24 5.93 7.14 
Ash, %f, it 8.41 11.14 9.73 
Crude protein, %f. It 16.30 15.44 14.81 
Calcium, %f I It .34 1.04 .78 
Phosphorus, % .29 .31 .28 
Magnesium, %t J I( .36 .87 .36 
Sulfur, %f, I( .28 .34 .43 

SEc 

.40 

.49 

.48 

.35 

.29 

.50 

.12 

.09 

.01 

.03 

.01 
Iron, ppmf ., 184.5 1,454.6 365.1 16.7 
Copper, ppm&{ 9.49 9.22 
Manganese, ppm!,' 527.1 358.4 
Zinc, ppmi, if 74.34 65.61 

aDry basis. 
bFluidized-bed combustion residue. 
cStandard error of means. 
dNeutral detergent fiber. 
eAcid detergent fiber. 

8.20 
391.5 

57.15 

fMeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05). 

.22 
7.5 
1.80 

'Means for limestone-amended forage differ from means 
of FBCR-amended forage (P<.05). 
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(P < .05) in FBCR-amended forage than limestone-amended forage, and lower (P < .05) 

in control forage compared to both amended forages. 

Copper concentrations in hay grown with FBCR were lower compared to 

limestone-amended forage. Iron concentrations were increased by both amendments, 

especially in forage grown on limestone-amended soil. The abnormally high level of Fe 

found in the limestone-amended forage may have been the result of soil contamination 

during hay harvest. The surface of this pasture was particularly rough, with ravines cut 

from water run-off before vegetation was established. Manganese and Zn levels were 

higher (P < .05) in control forage when compared to both amended forages which may 

be attributed to the lower pH of unamended soils. Soil pH values were 5.1, 6.4 and 6.2 

for the control, limestone and FBCR soils, respectively. At higher pH, adsorption of 

most metals by soils increases and reduces the availability of these minerals, including 

Zn and Mn (Brady, 1984; Tisdale, 1985). A variable effect on Cu has been observed 

(McLaren et al., 1973; Shuman, 1986; Sims, 1986). Generally, pH does not influence 

Cu uptake by plants, and other factors involving the cation-exchange capacity are more 

important in determining Cu status in soils (Kabata-Pendias and Pendias, 1984). 

The apparent digestibilities of dry matter and fiber components, and N balance of 

the forages are shown in table 36. Apparent dry matter digestibility was not affected 

by treatment and the average for all three treatments was approximately 61 %. The 

higher S content found in both amended forages did not affect the apparent 

digestibilities ofNDF or ADF in the present study. Apparent digestibility of 

hemicellulose was higher (P < .05) for lambs fed the limestone-amended forage compared 

to lambs fed FBCR-amended forage, and apparent digestibility of cellulose was higher 

for lambs of both treatment groups compared to controls. The addition of S to 

ruminant diets through either fertilizaton or supplementation may enhance fiber 

digestion. Rees and Minson (1978) observed an improvement in the voluntary intake 
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TABLE 36. APPARENT DIGESTIBILITY AND NITROGEN BALANCE BY 
LAMBS FED FORAGE HARVESTED FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone 

Apparent digestibility 
Dry matter, % 61.86 
NDF. %c 58.52 
ADF, %4 52.62 
Hemicellulose. %f 67.60 
Cellulose, %e 63.94 
Lignin, % 17.62 
Crude protein, % 65.97 

Nitrogen 
Intake, S/de. f 16.45 
Excretion 

fecal. g/de 5.S0 
urinary. side. f 10.81 
total g/de 1S.41 

Apparent absorption 
g/de, f 10.85 
" of intake 65.97 

Retention 
g/d .05 
% of intake .27 

N: Sf • , 9.2 

&Fluidized-bed combustion residue. 
bStandard error of means. 
cNeutral detergent fiber. 
dAcid detergent fiber. 

60.21 
60.08 
52.66 
70.24 
67.00 
14.66 
65.87 

15.66 

5.33 
9.91 

15.24 

10.29 
65.87 

.38 
2.41 
7.2 

FBCRa 

61.32 
59.25 
54.13 
66.99 
66.31 
21.30 
64.73 

15.09 

5.32 
9.53 

14.85 

9.76 
64.73 

.23 
1.52 
5.5 

eHeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05). 

fHeans for limestone-amended forage differ from means 
of FBeR-amended forage (P<.05). 

SEb 

.63 

.79 
1.14 

.93 

.93 
2.62 

.51 

.12 

.08 

.11 

.16 

.06 

.51 

.16 
1.03 
< • 1 
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and dry matter digestibility of pangola grass by sheep when forage was fertilized with S 

and when S was supplemented. Sulfur supplementation (.20%) with either methionine 

or Na2S04 to lambs fed fescue hay containing .27% S was shown to increase the 

digestibility of ND F from 47 to 50% and AD F from 36 to 400/0 compared to no 

supplementation (Guardiola et al., 1980). The addition of 3 g/ d of elemental S to fescue 

hay harvested in various growth stages did not affect ND F and AD F digestibility by 

wethers (Muntifering et al., 1984). Guardiola et al. (1983) observed an increase in the 

in vitro digestibility of cellulose of fescue hay containing .270/0 S with the addition of 

.2% S as either methionine or Na2S04. 

Apparent digestibility of CP was not affected by treatment; the average was 

65.50/0, respectively. Nitrogen intake was lower (P < .05) for sheep fed treated forages, 

and total excretion of N was also lower (P < .05) when compared to controls. Both 

treatments resulted in lower apparent absorption of N on a gld basis compared to lambs 

fed control forage. However, apparent absorption of N expressed as percent of intake 

was similar among all treatment groups. Nitrogen retention when expressed on either 

gld basis or as percent of intake was similar (P < .05) for all three treatment groups, and 

all lambs were in a positive state of N balance. 

A maximum N:S ratio of 10:1 for ruminant animals has been suggested as 

optimum for normal microbial activity (NRC, 1985). The N:S ratios in the forages were 

well within this limit. Results reported in the literature show no significant improvement 

in N retention by sheep fed fescue hay supplemented with elemental S (Guardiola et al., 

1980 and 1983; Muntifering et al., 1984). 

The Ca:P ratio of the control forage (table 37) was below the recommended level 

of2:1 (NRC, 1980). The Ca requirement for a 40 kg fmishing lamb is .54% (dry basis) 

(NRC, 1985). The control hay contained .34% Ca, which may have been too low. 

Control lambs exhibited a net secretion of Ca. Low dietary Ca may cause a reduction 
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TABLE 37. UTILIZATION OF CALCIUM AND PHOSPHORUS BY LAMBS 
FED FORAGE HARVESTED FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone 

Ca:P£aft 1.1 3.2 
Calcium 

Intake, g/dc.d 2.16 6.62 
Excretion 

fecal, g/dc.d 2.33 6.32 
urinary, g/d .02 .04 
total. g/de. d 2.35 6.36 

Apparent absorption 
Side - .12 .34 
% of intakee -5.41 5.10 

Retention 
sIde -.14 .30 
% of intakee -7.36 4.44 

Phosphorus 
Intake, g/de. d 1.94 2.09 
Excretion-

fecal, g/dd 2.05 2.16 
Apparent absorption 

S/d -.20 - .18 
% of intake -10.87 -8.9 

aFluidized-bed combustion residue. 
bStandard error of means. 

FBCRa 

2.7 

4.99 

4.72 
.04 

4.76 

.31 
6.17 

.27 
5.34 

1.88 

1.84 

-.07 
-3.67 

SEb 

<.1 

.06 

.08 

.01 

.08 

.08 
2.23 

.08 
2.24 

.01 

.07 

.07 
3.86 

eMeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05). 

dMeans for limestone-amended forage differ from means 
of FBCR-amended forage (P<.05). 

-Phosphorus was not detected in urine; dilution 
factor was 1:7. 
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in serum Ca with a gradual depletion of bone reserves (Church, 1979). Both treatments 

resulted in increased intake, apparent absorption and retention of Ca by lambs 

compared to those fed control hay (P < .05). Lambs fed limestone·amended forage had 

higher (P < .05) Ca intake than lambs fed FBCR-amended forage, but apparent 

absorption and retention of Ca was similar among the two treatment groups. 

All animals exhibited a similar and net secretion of P. High dietary Fe, Cu, Zn, 

and Mo may have a negative effect on P balance (NRC, 1985). However, all forages 

had normal levels of these minerals (NRC, 1980). During a previous study conducted 

on the same mine site, soil M 0 levels were determined to be within safe limits (Smedley, 

1985). Powell and coworkers (1978) observed a net secretion of P by laInbs fed tall 

fescue harvested during late spring with a P content of about .25%. 

Increasing the level of Mg in the diet may increase Mg absorption (Fontenot, 

1979). The limestone-amended forage contained more than twice the level of M g when 

compared to the other forages (.90/0 vs approximately .40/0). Lambs fed hay amended 

with limestone exhibited higher (P < .01) apparent absorption and retention of Mg than 

animals fed hay amended with FBCR (table 38). Magnesium balance in lambs fed 

FBCR-amended hay was similar to that of lambs fed control hay. 

Sulfur fertilization through amendment with FBCR increased (P < .05) the level in 

the ground forage. Apparent absorption of S was lower (P < .05) for lambs fed control 

forages than for those fed both amended forages. Further, lambs fed FBCR-amended 

forage showed an even grater (P < .05) apparent absorption of S than lambs fed 

limestone-amended forage. 

The FBCR material used in this study had a higher level of Fe (.99%
) than the 

limestone material (.28%
). However, the Fe content of the limestone-amended forage 

was considerably elevated (1,455 ppm) which may have been due to soil contamination 

as discussed above. The additional Fe appeared to be beneficial. Only lambs fed the 
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TABLE 38. UTILIZATION OF MAGNESIUM AND SULFUR BY LAMBS 
FED FORAGE HARVESTED FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone 

Magnesium 
Intake, g/dc,d 2.52 5.71 
Excretion 

fecal, g/dc.d 1.80 3.95 
urinary, g/dd .45 .56 
total, g/dc,d 2.24 4.51 

Apparent absorption 
g/dc,d .72 1.76 
% of intake 28.71 30.80 

Retention 
g/dc,d .28 1.20 
% of intakec,d 11.07 21.01 

Sulfur 
Intake, g/dc,d 1.79 2.16 
Excretion 

fecal, g/de .78 .88 
Apparent absorption 

g/dC\d 1.01 1.28 
% of intakec,d 56.36 59.21 

aFluidized-bed combustion residue. 
bStandard error-of means. 

FBCRa 

2.35 

1.B5 
.37 

2.02 

.70 
29.83 

.33 
14.16 

2.75 

.84 

1.91 
69.39 

SEb 

.18 

.06 

.03 

.07 

.06 
1.92 

.07 
2.27 

.004 

.03 

.03 
1.23 

cMeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05). 

dMeans for limestone-amended forage differ from means 
of FBCR-amended forage (P<.05). 
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limestone-amended forage showed a positive apparent absorption and retention of Fe 

(P < .05) (table 39). 

Lambs fed forage amended with FBCR had lower intake and fecal excretion of Cu 

compared to lambs fed limestone-amended forage. Both treatments resulted in lower 

fecal excretion of Cu compared to the control. No significant differences were observed 

among treatments with respect to apparent absorption of Cu. Lambs fed control and 

limestone-amended hays exhibited positive Cu balance, however t four of the six lambs 

fed FBCR-amended forage exhibited net secretion of Cu. This may be attributed to the 

high level of S in the FBCR-amended forage. The maximum tolerable limit of S (as 

Na2S04) is .4°10 (NRC, 1980). The FBCR-amended forage contained .43°10 total S, 

which may have suppressed Cu absorption for these animals. In another study, 

increasing the levels of dietary S from .10 to .57°/0 for sheep fed a corn silage-based diet 

caused a linear decrease in plasma Cu and Fe concentration during a six month study 

(Hidiriglou et al., 1977). Molybdenum levels in the mine soils were low and would not 

have enhanced the S-Cu antagonism shown here. 

The higher Zn content found in the control forage appeared to be beneficial (table 

40). Lambs fed the amended forages showed a net secretion of Zn, while the control 

group exhibited positive apparent absorption of Zn. All forages contained Zn 

concentrations above the recommended level of 20 mg/kg dry matter for sheep (NRC, 

1985). Negative interactions of Fe, Cu, Cr, and Cd on Zn metabolism have been 

reported (Gipp et ai., 1974). However, concentrations of these minerals in all forages 

were within normal ranges (NRC, 1980). Cadmium and Cr levels were below detection 

limits (.05 ppm). High dietary Ca also depresses Zn absorption (Underwood, 1977). 

Calcium content was high in the limestone- (1.040/0) and FBCR-amended (.78°/0) forage, 

and may have interfered with Zn absorption. 
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TABLE 39. UTILIZATION OF IRON AND COPPER BY LAMBS 
FED FORAGE HARVESTED FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone 

Iron 
Intake, g/dc I d .12 .92 
Excretion 

fecal. g/de,d .21 .51 
urinary. g/d .02 .02 
total. g/de,d .23 .53 

Apparent absorption 
S/de. d -.09 .41 
% of intakec,d -78.66 44.67 

Retention 
g/dc,d -.11 .39 
% of intakec,d -94.73 42.67 

Copper 
Intake, mg/dd 6.00 5.71 
Excretione 

fecal, mg/de. d 5.93 5.53 
Apparent absorption 

mg/d .07 .18 
% of intake 1.09 3.28 

aFluidized-bed combustion residue. 
bStandard error of means. 

FBCRa 

.23 

.30 

.02 

.32 

-.07 
-29.86 

-.09 
-39.35 

5.03 

5.09 

-.06 
-1.22 

SEb 

.01 

.02 
<.01 

.02 

.02 
11.26 

.02 
11.58 

.14 

.14 

.14 
2.56 

cMeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05) 

dMeans for limestone-amended forage differ from means 
of FBCR-amended forage (P<.05) 

-Copper was not detected in the urine; dilution 
factor was 1:7. 
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TABLE 40. APPARENT ABSORPTION OF ZINC AND MANGANESE 
BY LAMBS FED FORAGE HARVESTED FRO~ RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone 

Zinc 
Intake, mg/dc J d 45.93 40.08 
Excretione 

fecal, mg/dc • d 44.93 44.18 
Apparent absorption 

mg/dc 1.00 -4.10 
% of intakec 2.17 -10.24 

Manganese 
Intake, g/dc.d .342 .227 
Excretion-

fecal. g/dc,d .322 .220 
Apparent absorption 

g/d .010 .007 
% of intake 3.12 3.22 

aFluidized-bed combustion residue. 
bStandard error of means. 

FBCRa 

35.41 

38.07 

-2.66 
-7.50 

.250 

.237 

.013 
5.16 

SEb 

1.19 

1.21 

1.21 
3.10 

.005 

.004 

.004 
1.42 

cMeans for control forage differ from limestone- and 
FBCR-amended forages (P<.05) 

dMeans for limestone-amended forage differ from means 
of FBCR-amended forage (P<.05) 

-Zinc and manganese was not detected in the urine; 
dilution factor was 1:7. 
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Manganese content of forages is highly variable. Metson et al. (1979) reported 

yearly averages of 71 and 65 ppm for temperate grasses and legumes, respectively. All 

forages here contained high levels of Mn (greater than 350 ppm). Control hay had a 

higher level of Mn than both amended hays, and lambs fed control hay exhibited a 

higher (P < .05) excretion of Mn in the feces. Apparent absorption of Mn expressed as 

either gld or percent of intake was similar and positive for all treatment groups. 

Ruminal fluid parameters were not affected by treatment (table 41). The average 

pH value was 6.6, and that for ruminal NI-h-N was 20 mg/dl for samples obtained 2 h 

post-feeding. Guardiola et ala (1983) reported ruminal NH3-N levels of approximately 

10 mg/dl in samples obtained from sheep at a similar time, however, the CP content of 

fescue hay used in that study was lower. 

Serum samples obtained throughout the trial were within normal levels reported 

in the literature (Underwood, 1977; Church, 1979) (table 42). Only total P content 

showed a significant treatment effect, which occurred at the last collection. Serum total 

P was depressed (P < .05) for lambs fed FBCR-amended forage compared to lanlbs fed 

limestone-amended forage. A decrease (P < .05) in serum Ca and lYlg concentrations 

occurred between d 7 and the end of the trial for lambs fed control forage. Similarly, a 

decrease P < .05) in serum Mg was observed for sheep fed FBCR-amended forage and 

these differences may reflect the lower dietary levels of the minerals in the forages. 

Serum Cu levels had also declined by the end of the trial for lambs fed FBCR-amended 

forage. The mean value was near the deficiency threshold of .06 mgjdl reported in the 

literature (Underwood, 1977) and further indicates the negative effect of dietary S on 

Cu metabolism. The PCV and Hb content for all lambs were similar and within normal 

levels. Average values were 31.80/0 and 12.04 mgjdl, respectively. 

Acidic soils often contain near toxic levels of AI, Fe, Zn and Mn. In the present 

study, soil amendment with FBCR or dolomitic limestone increased Ca content of 
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TABLE 41. RUMINAL pH AND AMMONIA NITROGEN LEVELS OF 
SAMPLES COLLECTED AT THE BEGINNING AND END OF THE 

METABOLISM TRIAL FROM LAMBS FED FORAGE HARVESTED 
FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item None Limestone FBCRa. 

Start of trial (d 1) 
ruminal pH 6.5 6.5 6.6 
ruminal NBs-Nt mg/dl 19.9 20.2 19.8 

End of trial (d 26) 
ruminal pH 6.6 6.7 6.6 
ruminal NH3-N. mg/dl 19.9 20.1 19.8 

-Fluidized-bed combustion residue. 
bMeans of control forage differ from limestone and 

FBCR-amended forages (P<.Ol). 
cStandard error of means. 
*Means differ with respect to sampling date (P<.05). 

SEc 

.1 

.51 

.1 

.50 
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TABLE 42. SERUM MINERAL CONCENTRATION, PACKED-CELL 
VOLUME AND HEMOGLOBIN CONTENT OF BLOOD SAMPLES 

COLLECTED DURING THE METABOLISM TRIAL FROM LAMBS 
FED FORAGE HARVESTED FROM RECLAIMED-MINE SOILS 

Soil amendment 

Item 

Initial 
Calcium. mg/dl 
Phosphorus, mg/dlc 
Magnesium, mg/dl 
Iron, mg/dl 
Copper, mg/dl 
Zinc, mg/dl 
PCV, %4 
Hb, mg/dle 

day 7 
Calcium. mgldl 
Phosphorus, mg/dlc 
Magnesium, mg/dl 
Iron, mg/dl 
Copper, mg/dl 
Zinc, mg/dl 

End of tria.l 
Calcium, mg/dl 
Phosphorus, mg/dlca f 

Magnesium, mg/dl 
Iron, mg/dl 
Copper J mg/dl 
Zinc, mg/dl 
pev. %4 
Hb, mg/dle 

None 

11.00 
12.08 

2.26 
.281 
.093 
.083 

31.42 
12.03 

11.50* 
12.80 
2.40· 

.265 

.091 

.079 

10.75* 
13.27 

2.22* 
.216 
.076 
.077 

33.13 
12.97 

Limestone 

11.17 
11.18 

2.26 
.233 
.086 
.083 

31.83 
12.02 

11.50 
10.79 
2.43 

.257 

.090 

.075 

11.08 
12.96 

2.33 
.229 
.080 
.073 

35.13 
12.76 

.Fluidized-bed combustion residue. 
bStandard error of mean. 

FBCRa 

11.08 
11.26 
2.38 

.218 

.086 

.072 
32.21 
12.12 

11.50 
11.94 
2.45* 

.262 

.088* 

.076 

11.08 
10.14 
2.18' 

.213 

.065* 

.076 
33.54 
12.89 

cValues represent total phosphorus determined 
colorimetrically. 

4Packed-cell vol~e. 
eHemoglobin. 
fMeans of limestone-amended forage differ from means 

of FBCR-amended forage (P<.05). 
*Treatment means differ for samples taken on d 7 and 
at the end of the trial. 

SEb 

.37 

.43 

.07 

.030 

.005 

.004 

.88 

.34 

.26 

.55 

.07 

.021 

.007 

.005 

.37 

.73 

.06 

.011 

.005 

.003 

.89 

.37 
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forage, and decreased Zn and Mn content similarly. Increased Mg levels in 

limestone-amended forage and increased S levels in FBCR-amended forage improved the 

utilization of these minerals by sheep. All sheep fed forage from the reclaimed-mine site 

exhibited a tendency for reduced serum Cu concentrations. The added S from 

fertilization with FBCR tended to reduce apparent absorption of Cu, and exacerbated 

the low Cu levels observed in serum of lambs fed the treated forage. However, under 

normal conditions a trace mineral supplement allowed to grazing animals should offset 

the possibility of mineral deficiencies. Further, S fertilization through the use of FBCR 

may have improved the apparent digestibility of cellulose of the predominantly tall 

fescue hay. 

Of primary concern in the land application of FBCR is the possibility of heavy 

metal accumulation. The FBCR used in the present study contained approximately 6 

ppm more Ni and 10 ppm more Cr than the limestone material and approximately 1.2 

ppm less Cd. The Pb content of the limestone was greater (240.7 ppm) than that of the 

FBCR material (3.3 ppm). The results of the mineral analyses of the forage samples 

obtained throughout the grazing trial (journal article I) showed no significant differences 

in Cr content of all forages, while Ni content of both amended forages was decreased 

when compared to unamended forage. Forage levels of Cd and Pb were consistently 

below detection limits (.05 ppm). 

These results show that FBCR does not have detrimental effects on mineral 

utilization by sheep fed forage harvested from reclaimed-mine pastures. Land 

application of FBCR may enhance utilization of Ca and S, as well as improve the 

apparent digestibility of fiber components by ruminants. 
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GENERAL DISCUSSION 

Soils in the Appalachian region are typically acidic. Disturbing these soils as 

through strip-mining, increases acidity by enhancing weathering processes of pyritic 

materials and minerals high in AI. At low pH most heavy metals are more available and 

may reach toxic levels. In order to reestablish vegetation in these areas large amounts 

of lime are required to raise pH to a suitable level for plant growth. Results obtained 

during the third year of the grazing study on reclaimed mine soil, indicated that 

fluidized-bed combustion residue has similar effects as limestone on soil and plant 

characteristics when used as a soil pH amendment. For example, the FBCR applied at 

twice the level of dolomitic limestone raised the pH and lowered the exchangeable K, 

Zn and Mn concentration of soils to levels similar to the limestone. Calcium and S 

concentrations in soils were approximately doubled by application of FBCR compared 

to dolomitic limestone. These differences were further realized in plant mineral content. 

In grass and legume seperates obtained in the spring before the third year of the trial 

was initiated, Mn and Zn were lower (P < .05) in the amended forages and Cu was not 

different (P> .10) from levels found in control forages. The Fe, Zn and Mn content of 

all forages was within normal levels reported in the literature (Beeson et aI., 1947; 

Fleming, 1965; Knezcek and Ellis, 1980). Copper concentration, however, was low. The 

normal range reported for plants is 7 to 30 ppm (Knezcek and Ellis, 1972). The levels 
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for both grab forage and esophageal forage samples ranged from 4 to 7 ppm when 

samples were obtained before application and at the end of the rotations. Samples from 

amended pastures, taken directly after treatment, were increased slightly, to 8 ppm. The 

requirement for cattle and sheep ranges between 4 to 10 ppm and 7 to 11 ppm, 

respectively (NRC, 1984 and 1985). 

Copper availability may be reduced by fertilizer application, high concentrations 

of other metals and high S concentration. Fertilizer application was minimal throughout 

all three years of the study. The levels of other minerals in plants and soils were within 

normal ranges. Further, the concentration of heavy metals was low in the amendements 

and usually undetectable in forages. The concentration of Sf however, was high in soils 

and plants. In the soil solution Cu reacts with S forming insoluble salts, and similar 

reactions take place in the rumen. In the metabolism trial, the apparent absorption of 

Cu was low and a net secretion occurred for the FBCR group. The S concentrations 

of forages fed to wethers approached the maximum tolerable limit of .40/0 (NRC, 1980). 

Therefore, the negative interaction of S with Cu would be the most likely cause of 

diminishing the Cu status of plants and animals studied here. 

The micro nutrients Zn and Mn were generally higher in control compared to 

amended forages. Animals grazing control pastures also exhibited higher levels of these 

nutrients in the body tissues. Manganese homeostasis involves excretion through bile 

and the small intestine, and absorption is generally low (Abrams, 1977). The maximum 

tolerable limit for domestic animals has been set at 1,000 ppm (NRC, 1980). The highest 

level was 527 ppm recorded for the control hay forage fed to wethers in the metabolism 

trial. However, higher Mn content did not affect apparent absorption of this mineral 

by lambs. Similar results were reported for Zn. Both the FBCR and the limestone used 

in the 1985 study, contained high levels of Fe (9,870 and 2,760 ppm, respectively). The 

amended forages generally had elevated levels of Fe compared to no amendment. Liver, 
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kidney and spleen tissues of steers grazing amended pastures also contained elevated Fe 

levels. The concentrations of Mn, Zn and Fe in all forages were well within tolerable 

levels set for ruminants (NRC, 1980). 

Of the nonessential metals, only Pb in the limestone (241 ppm) and Al in both the 

limestone (866 ppm) and FBCR (5,574 ppm) amendments were at levels that may cause 

concern. However, Pb was not detected in either the esophageal or the amended forage 

samples, nor body tissues of the steers. Aluminum concentrations were generally higher 

in the FBCR treated forages. The maximum tolerable limit for ruminants is 1,000 ppm, 

and the ruminal contents of the FBCR treatment group contained 1.066 ppm AI. The 

levels found in the urine samples obtained at slaughter were elevated and similar for both 

treatment groups. The fact that Al levels in the kidney, liver and spleen tissues were not 

affected by treatment indicates that Al toxicity \vas not a problem in steers. Cadmium 

and Cr were below detection limits in the forages and animal tissues. There was a 

tendency for Ni to be higher in control forages. Only the rib and metacarpal bones 

cc;>ntained detectable levels of Ni, and levels were similar among all three treatments. 

The reasons for liming are to increase soil pH and add Ca and Mg to soil nutrient 

pools. The additional Ca and increase in pH is especially beneficial to legumes. In the 

present study, legume composition of the amended pastures was higher compared to 

controls. Sulfur fertilization may improve the nutritive value of forages by reducing cell 

wall constituents. Panditharatne (1982) observed a reduction in ND F and cellulose in 

S fertilized orchard grass. Similar results were observed in the FBCR-amended forages 

obtained throughout the trial. In contrast, hay used in the metabolism trial showed 

higher content of cell wall constituents in amended hay than control hay. However, the 

apparent digestibility of cellulose was improved for lambs fed FBCR-amended forage. 

Amendments did not significantly affect digestibility of other fiber components. 

Amendments also did not affect CP content of the forages or N retention by sheep. 
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I t appears that the use of FBCR as a liming agent is similar to dolomitic limestone, 

and subsequent exposure to grazing animals is not harmful. The added benefits 

compared to limestone include the addition of S to the available soil S pool. However, 

under conditions of high soil S, plant levels may approach toxic levels. The high S may 

exacerbate marginal Cu deficiency. The deficiency of Cu could be readily corrected 

through use of a mineral supplement. 

In the present study, three years of applying FBCR to reclaimed surface-mined soil 

did not cause heavy metal contamination of the soil, plant, animal complex, therfore, 

disposal of FBCR (similar in composition to that used in this study) in the agricultural 

environment appears to be safe. However, mineral content of FBCR is highly variable 

as evident in differences found in the literature (Hem et aI., 1977; Sun and Peterson, 

1980) and differences observed between materials used in the 1983 and 1985 grazing 

studies. Differences would most likely be due to the coal source although lime sources 

may also vary in mineral content. I t is likely that critical limits could be determined for 

maximum concentrations of potentially toxic minerals present in FBCR. Thus, analysis 

of the material prior to use could indicate whether a particular source would be suitable 

for application in agricultural environments. 
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APPENDIX TABLE 1. AGENDA FOR THE 1985 GRAZING TRIAL 

Date 

5/7/85 
5/20 

5/28 

5/29 

5/30, 5/3 

6/1 
6/24, 6/25 
8/26 
7/1, 7/2 

7/2 
7/3 

7/3. 7/4 

7/6 
7/8 
7/17 
8/5 

8/6. 8/7 

8/8 

8/9 

8/10. 8/11 

8/12 

8/21 
8/22 
8/27, 9/1 
9/4. 9/5 

Procedure 

Soil samples were obtained, four per pasture. 
Initial forage grab samples were taken for 
analysis; Limestone and FBCR were applied to 
rep 1. 
Before treatment (BT) forage grab samples were 
taken on rep 2. 
Initial blood samples and weights were taken; 
after treatment (AT) forage grab samples were 
taken on rep 2. 
Esophageal forage samples were collected on 
rep 2. 
Blood samples and weights were obtained. 
Forage was harvested and baled on rep 1. 
Blood samples and weights were obtained. 
Ending rotation CER) esophageal forage samples 
were collected from rep 2. 
BT forage grab samples were taken on rep 3. 
Blood samples and weights were obtained; cattle 
were moved to rep 3. 
AT esophageal forage samples were collected 
from rep 3. 
Blood samples and weights were obtained. 
Rep 2 was mowed to remove seed heads. 
Blood samples and weights were obtained. 
Ammonium nitrate (34%) was applied to rep 1 
and 2; 256 kg/ha. 
ER esophageal forage samples were collected 
from rep 3. 
Limestone and FBCR were applied to rep 2; BT 
and AT forage grab samples were taken. 
Blood samples and weights were obtained; ER 
forage grab samples were taken; cattle were 
moved to rep 2; 
AT esophageal forage samples were collected 
from rep 2. 
Blood samples and weights were obtained; 
Rep 3 was mowed and ammonium nitrate was 
applied to rep 3. 
Limestone and FBCR were applied to rep 1. 
Blood samples and weights were obtained. 
Hay was harvested and baled on rep 1. 
Ea esophageal forage samples were collected 
from rep 2. 
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Date 

9/5 

9/6 

9/7, 9/8 

9/9 
9/23. 9/24 

9/25 

9/27 

9/28 

9/30 

11/12 
6/13/86 

Figure 1. (continued) 

Procedure 

Limestone and FBCR were applied to rep 3; BT 
and AT fora,e arab samples were taken. 
Blood samples and weights were obtained; cattle 
were moved to rep 3. 
AT esophageal forage samples were collected 
from rep 3. 
Blood samples and weights were obtained. 
ER esophageal samples were collected from rep 
3; Limestone and FBCR were applied to rep 1; 
BT and AT forage grab samples were taken. 
Blood samples and weights were obtained; cattle 
were moved to rep 1; ER forage grab samples 
were taken. esophageal fistulated animals were 
removed from the study area. 
Limestone and FBCR were applied to rep 2; BT 
and AT forage grab samples were taken. 
Cattle were moved to rep 2; ER forage grab 
samples were taken. 
Two cattle from each treatment were wei shed and 
slaughtered on each of three consecutive days. 
Soil samples were obtained; four per pasture. 
Forage grab samples were taken for analysis. 

126 



-N ..... 

100 

r"90 
~ 
'-"aD z 
°70 
I-
Ul60 o 
(LSD 
~ 

°40 u 
w30 
'-' 
~20 
e 10 

0' 

_ GRASS 

w 
z 
o 
z U1 

.-J 

a::: 
u 
m 
La.. 

D LEGUME 
w 
z 
o 
z U1 

.-J 

5/20/85 6/13/86 

a:: 
u 
m 
lL. 

APPENDIX FIGURE 1. PER CENT GRASS AND LEGUME IN GRAB FORAGE 
SAMPLESc OBTAINED IN THE SPRING OF 1985 AND 1986. 

a Ammendments were: NONE. limestone (LS) and fluidized-bed combustion residue (FBCR). 
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APPENDIX FIGURE 2. COPPER CONCENTRATION OF SERUM SAMPLES 08T~NED 
FROM STEERS 14 DAYS AFTER EACH APPUCATION OF AMMENDtJENTS. 

a Ammendments were: NONE, limestone (LS) ond fluidized-bed combustion residue (FBCR). 
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