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Natural soils in the Appalachian coal mining region occur on steep
slopes and are often thin, rocky, acidic, and/or infertile. This often
makes use of natural topsoil for surface coal mine reclamation
impractical.

Sandstone (SS) and siltstone (SiS) topsoil substitute

materials in mixed and pure treatments were compared to ascertain their
effects on soil genesis and tall fescue (Festuca arundinaceae Schrab.)
growth in a rock mix study.

A second surface amendment experiment with

similar objectives was established and contained treatments of sawdust,
topsoil, a control, and four rates of sewage sludge.
Soil pH, extractable P, and coarse fragment contents decreased at
the soil surface from 1982 to 1984. The CEC decreased from 1982 to 1983
due to leaching of cations solubilized from carbonates, but stabilized
by 1984. Soil total-N and water availability increased from 1982 to
1984.

Particle size distributions changed as sand and >2 mm sized
materials weathered into silt and clay sized particles. As sand contents
decreased over time, silt contents increased. Morphologically distinct A
horizons developed in these soils rapidly and were formed primarily by
plant rooting and organic matter additions.

Treatment application,

topsoil substitute placement, and grading also created morphologically
distinct horizons.
Fescue biomass production indicates topsoil substitutes support
more vigorous vegetative growth than topsoil, especially when topsoils
are mixtures of subsoil and A horizons. Biomass production was primarily
limited by N, P, and water availability. Blended rock mixes consistently
supported higher biomass production than pure SS and SiS treatments.
Municipal sewage sludge applied at

rates~56

Mg/ha equaled or exceeded

inorganic fertilization for establishment and maintenance of tall fescue
stands, and did not cause heavy metal phytotoxicity.
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INTRODUCTION

History of Coal Use, Mining. and Regulations
The utility of coal has been recognized since the Bronze Age
(Cardwell and Sanz, 1985). Greeks, Romans, and Chinese have made
reference to the use of coal by smiths and in home heating and cooking.
American Indians are known to have used coal for over one thousand
years. Coal has been the major fuel source for industrial development
since the invention of a functional industrial steam engine by James
Watt in 1769. Coal had replaced wood as the chief energy source for the
world by the 1880's (Merritt, 1986).
Coal was first commercially mined in the U.S. in 1745 in Triassic
deposits near Richmond, Virginia. Early miners simply removed the coal
from the outcrop by hand until it was too dangerous to continue work.
Coal surface mining technology improved from those early, precarious
conditions, and progressed from manual labor to early power shovels,
etc.

that allowed more efficient coal removal in greater amounts. With

continued improvements in mining and transportation technology, ond an
increasingly voracious appetite for energy to fuel industrial
development in the 1930's and 1940's, surface mining rapidly increased
to meet market demands. Mining and earth moving technology in
conjunction with an increase in the use of explosives again advanced in
post-World War II America, and ever larger amounts of coal were removed
from the hills of Appalachia and the plains of the Midwest.
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The primary use of coal in the U.S. is for steam generation in
electric utilities. Coal accounted for

44~

of all electricity generated

in 1975. Many sources indicate that with the declining attractiveness of
nuclear energy, coal's share of use in electric power generation will
increase to over

50~

in the near future {Merritt, 1986). Coal's

contribution to the total energy supply is expected to increase from
utilization in 1980 to

30~

20~

by the year 2000, a larger increase than any

other fossil or nuclear fuel source {Merritt, 1986).
Coals' attractiveness as a fossil fuel derives from its abundance
in the United States where it accounts for over

90~

of current energy

reserves {Merritt, 1986). Appalachian coal is particularly desirable due
to its high BTU content {12,930 BTU's average) compared to coals of the
west {10,050 BTU's average) {EIA, 1985). Eastern coal is also located
much closer to metropolitan markets, so transportation factors favor its
choice as a fuel source. Virginia coal is particularly desirable because
it has high BTU content {13,560 BTU's average) with an average sulfur
content of

1.0~.

0.6~

lower than the national average {EIA, 1985).

The "Demonstrated Reserve Base" of coal in the U.S. was estimated
at 443 billion metric tons in January 1984, with 141 billion metric tons
of this reserve estimated to be recoverable by various surface mining
methods {EIA, 1985).

Total coal production in 1984 was 807 million

metric tons; 317 million metric tons were produced by underground mining
methods and 490 million metric tons by surface mining. Virginia, the 8th
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most productive coal state in 1984, mined 29.6 million metric tons by
underground methods and 6.6 million metric tons by surface mining (EIA,
1985).
Total productivity in coal mining reached a high of 2.26 metric
tons/miner/hour in 1969. In the same year, underground mining methods
peaked at a productive capacity of 1.77 metric tons/miner/hour.

Surface

mining productive efficiency peaked in 1974 at 4.30 metric
tons/miner/hour (EIA, 1985). Surface mining averaged
compared to

72.9~

82.4~

recovery

by underground methods in 1984 (EIA, 1985). Mine

start-up costs are lower, miner efficiency higher, and miner safety
better on surface mines (Noyes Data Corporation, 1978). These factors
account for the economic allure of surface mining.
Surface mining for coal in the U.S. had disturbed about 2.3 million
hectares of land by 1977, and only about one third has been properly
reclaimed. It is estimated that 113,000 hectares per annum will be
disturbed by surface mining for all commodities by 1990, with coal
leading the list amoung extractive mining industries (SCSA, 1980). In
Virginia, over 28,300 hectares of land ore estimated to have been
disturbed by surface mining (Daniels and Amos, 1981). While the total
acreage disturbed by surface mining is small nationally, concentration
of mining activities geographically results in severe local
environmental disturbance.
Information on methods of surface mining nationally can be found in
the report by Ramani et. al. (1980). Contour mining methods account for
approximately

15~

of coal recovered by surface mining nationally (Chugh
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and Kharkar, 1982). Steep slope topography and the proximity of coal
seams to the surface in the eastern coal region ore the primary reasons
contour mining is used. Greater than

95~

of Virginia's surface cool

reserves ore located on slopes of 200 or greater (Wadsworth, 1980), so
contour mining is the dominant surface mining method used. A corrmonly
used contour surface mining method in Virginia, known as the haulback
method, is well described in Cool Age (1977). Haulbock mining is one of
many available contour mining methods. Contour mining begins with on
initial "box cut" mode at the cool outcrop on the hillside. The
overburden {spoil) is removed and the coal loaded into trucks for
transport to preparation plants. The operation follows the elevation
contour by making successive excavations along the hillside. Prior to
state and federal regulation, most spoil materials were bulldozed
downslope. This practice resulted in severe erosion, riparian
sedimentotiom, landslides, acid mine drainage problems, and exposed
highwolls.
The cool industry came under increasing pressure from citizenry
which, through their legislatures, enacted various state lows to reduce
detrimental environmental effects. Stringent notional regulations
resulted from congressional passage of the federal Surface Mining
Control and Reclamation Act (PL 95-87) (SMCRA, 1977). This act set new
minimum standards for reclamation at all surface mines in the United
States. The Act created the Office of Surface Mining as on agency within
the Department of the Interior empowered to oversee state regulatory
policies. Local state governments were to formulate and enforce mine
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regulations within minimum national standards promulgated by the act.
The Permanent Regulatory Program in Virginia was enacted in 1982
(VDMLR,1979).

The research undertaken in this work is indirectly the

result of regulation. Specific issues that this work addresses involve
the topsoil and topsoil substitute requirements as found in Sections
816.21-25 and the revegetation requirements in Sections 816.111-117 of
the Virginia program as related to the maintenance of vegetation
suitable to meet 5-year bond criteria. These regulations include a
provision that no augmentation with fertilizers may occur once the bond
period has begun unless a higher post-mining land use is specified.

Surface Mine Reclamation
Surface coal mine reclamation research efforts depend on a
knowledge of soil development and factors which may favorably or
adversely affect revegetation.

Gaining an understanding of soil genesis

in various parent materials and with different cultural amendments will
aid the success of revegetation and reclamation. Such an understanding
will also provide more profitable post-mining land uses. Many coal
mining regions have adequate soils such that native topsoil is usable as
the reclamation medium. Natural soils in southwest Virginia, however,
are often thin, acidic, rocky, and/or infertile. These soil materials
are often not the best reclamation media available. Studies in soil
genesis are needed to determine if rock derived mine spoils ore truly

6

suitable as topsoil substitutes.

Of particular importance is the

ability of topsoil substitute materials to support vigorous vegetative
communities over and beyond a 5-year band release period.
The general objectives of this research are to provide soil
specific information needed in planning post-mine land uses. Results
should be applicable to controlled mine spoil placement on return to
approximate original contour sites, mountain-top removal sites,
head-of-hollow fills, or other alternative land forms. The specific
objectives are:

1) to control placement of overburden materials to form mine
spoils of known composition with a minimum of compaction.
2) to monitor the formation of mine soils from mine spoils as
they change physically, chemically, and morphologically
with age as a function of parent material, cultural amendment, and vegetation.
3) to assess the growth of Kentucky-31 tall fescue on these
mine soils and determine which mine soil factors are more
likely to affect long term productivity.

LITERATURE REVIEW

Geological and Climatological Setting
Parent material effects on revegetation and soil genesis are of
primary concern in the early stages of this research. The chemical and
physical properties of the overburden materials are related to the
depositional environment and the energy associated with the water flow
of the paleo-sedimentary system. Acid forming pyritic spoils, for
example, generally result from overburden associated with coastal marine
deposition. These acid spoils are often located beneath and/or above the
coal seam. Particle sizes of the rocks are controlled by the speed and
energy of water flow associated with deposits, i.e., sandstones were
formed from sediments laid in fast moving, high energy environments. A
perusal of the geologic history of the overburden strata may provide
information to future researchers who might work with similar overburden
materials in soil development studies.
The overburden sedimentary rocks used in this study are upper
Pennsylvanian in age {> 270 mybp) and are derived from the Wise
Formation. These rocks were produced by deltaic sedimentation caused by
drainage patterns associated with the eastward lying Alleghanian
orogeny. The Pennsylvanian system {270 - 320 mybp) is subdivided into
the Pottsville, Allegheny, Conemaugh, and Monongahela groups. The
Pennsylvanian rocks of the Appalachian region are non-marine typically,
but include marine members whose abundance increases to the west and
north.

The Pottsville group is the youngest group of the four and
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includes the Lee, Norton, and Wise Formations in Virginia. The geologic
equivalents in West Virginia are named the Pocahontas, New River, and
Kanawha Formations (Moore et al., 1944). The Wise Formation at its type
locality in Wise, Viginia was originally defined as the strata between
the Gladeville Sandstone and the Harlan Sandstone (Cambell, 1893).
Miller (1969) studied the Wise Formation at its type location and
redefined the unit as the strata between the base of the Gladeville
Sandstone and the top of the High Splint (No. 12) coal. He subdivided
the Wise formation into four laterally discontinuous sandstone members
which are traceable only for about 10 km in a given direction. He
described two marker beds in the formation, the Kendrick shale and the
Magoffin beds. Both beds contain abundant fossilized brachiopoda. The
former is a dark gray to black calcareous and silty shale and the latter
a black, dense limestone. The thickness of the Wise Formation is
approximately 813 meters in eastern Lee and western Wise counties. The
formation thins significantly to the northwest while simultaneously
dipping below the surface. More information on the regional geology can
be found in the work of Howard (1979) from which much of this discussion
was condensed.
The climate of the research site is humid-continental. The average
annual rainfall during the experiments was 114.8 cm (42.5 in.). The
average annual temperature was 14.1oc (53.70F) (NOAA, 1982-1984). The
frost free growing season is about 140 days. Snowfall accounts for
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75-100 cm (30-40 in.) per annum. Climatic parameters as measured during
the course of this study provide some idea of the "intensity" of
weathering to which these parent materials were subjected.

Overburden Analysis and Characterization
Much literature is available on characterization of mine spoils and
factors that may limit plant growth. Soil factors most likely to reduce
revegetation success are deficiency of plant available N and P; plant
toxicities induced by excess spoil/soil acidity; textural extremes;
excess soluble salts; and poor physical structure due to excess salts or
siltiness (Berg, 1975).

Smith and Sobek (1978) and Gee et al. (1978)

provide discussions on basic tests needed to quantify physical and
chemical properties of mine spoils to reduce environmental problems and
enhance revegetative potential on reclaimed sites.

Common tests include

acid/base accounting, measures of available nutrients, water holding
capacity, organic matter content, particle size analysis, and cation
exchange capacity.
The determination of the acid producing potential of overburden
materials is a major problem that must be accounted for and, if
necessary, corrected to allow for the formation of a productive mine
soil. Common sulfide minerals occur such as marcasite, troilite, and
pyrite in some overburden materials (Geidel, 1979). These sulfides are
collectively referred to as "pyrite" in most literature concerned with
acid production.

These minerals oxidize on exposure to the atmosphere

and oxygenated soil waters to form hydrous iron sulfates. These salts
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then hydrolyze to form acidic drainage that con also contain high
concentrations of various metals. There ore many methods available to
characterize potentially toxic overburden materials (Perry, 1985). The
most commonly used method is known as the Acid/Bose Account (Smith et
al., 1974; Smith et al., 1976). The basic procedure consists of
measuring the pH, total-S, and neutralization potential of finely ground
spoil material. The pH is used to indicate the reactivity of the spoil
material when sampled. Totol-S determination provides on estimate of the
pyrite available to produce acids as a product of pyrite oxidation. The
neutralization potential provides an estimate of the bases present that
can neutralize the acid. If the net acid production potential exceeds 5
tons acidity/1000 tons of overburden or 5 tons ocidity/AFS, then these
materials ore considered potentially toxic. The pre-mining
identification of these potentially toxic strata allows the development
of mining and reclamation plans to minimize detrimental environmental
effects due to acid drainage and to isolate unsuitable topsoil
substitute materials.
Soil genesis studies in mine soil materials usually rely on
standard chemical and physical analytical methods. Some tests, however,
are particular to mine spoils, i.e., the determination of the acid
producing potential of overburden materials. The objective of this study
was not to compare methods of analyses, but it is necessary to point out
some of the difficulties of mine spoil chemical analyses to forewarn the
reader of the dangers inherent in applying standard methods to mine
soils. Further information on these limitations is discussed elsewhere
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(Berg, 1978; Daniels and Amos, 1982).

Mine spoils are generally not at

equilibrium with the near-surface environment, so their properties
change rapidly and may warrant use of different analytical methods at
different times in the "life" of the new mine soil.
Standard soil tests when used on mine soils are often inadequate to
characterize the plant availability of essential nutrients. One example
is the use of standard acid extractants to determine soil P. Many coal
overburdens contain carbonates that react with the acid extractant.
Green colored aqueous compounds can form from the release of ferrous
ions from siderite (FeC03) invalidating the colorimetric test for P
(Smith et al., 1976). Overestimation of plant available P may result
in other cases as acid soluble minerals release structural-P to the
extracting solution. Sodium bicarbonate extractable P has been found to
function much better as an extractant to predict plant available P in
neutral to basic minesoils (Howard, 1979; Demchak et al., 1983).
Physical preparation of the samples has been found to vary between
laboratories and influence results. Some laboratories, in absence of
clearly defined regulations regarding sample preparation, discard the
important coarse fragment fraction while others grind the coarse
fragments and include them in the analysis. Two studies have compared
the effects of these various methods of sample preparation for specific
standard tests.
Munshower et al. (1981) compared two particle size fractions,
0.25-2 mm and <0.25 mm, and two methods of sample grinding. The first
grinding apparatus was a "f lailer" which disaggregated soil and spoil
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particles but did not break primary soil materials. The other grinder
was a "plate grinder" which could break soil minerals to any particle
size desired. The spoil samples were analyzed for pH, CEC, and DTPA
extractable Zn and Cu by the standard methods of analysis used in
Montana. They found that there were no effects based on grinding
methods. However, DTPA extractable Cu and Zn differed between the two
size fractions and the more finely ground materials released more of the
metals.
Wehner and Coltharp (1985) found differences in extracted nutrient
levels based on methods of laboratory preparation of samples. They
compared spoil samples from a mine located in eastern Kentucky. Samples
were sieved to <2 mm after air drying. In one laboratory, coarse
fragments which did not pass the 2 mm mesh were ground mechanically
until they would pass the sieve. Those coarse fragments not passing the
sieve at the other laboratory were discarded. Standard soil tests
performed included pH, Bray I extractable P, and K, Ca, and Mg
determined by the neutral

~

NH40Ac procedure. Phosphorus was found in

higher concentrations in samples where the ground coarse fragments were
not included. Potassium and Ca were higher in the laboratory which
ground the coarse fragments. No differences were found for Mg and pH.
Another comparison found K and Ca differed between the ground coarse
fragments and the sieved fines when analyzed separately. Both studies
indicate the marked effect laboratory preparatory methods have on
nutrient availability measured by standard tests. Overestimation of
available nutrients may occur if only the fine earth fractions or
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fractions created by grinding are analyzed after sieving without
accounting for coarse fragments.
Research has been conducted to relate mine spoil mineralogical,
chemical, and physical properties to reclamation success. One of the
first studies was conducted by Barnhisel and Massey (1969) who compared
properties of spoil materials in relation to their topographic position
with two coal seams from Kentucky. They found that particle size
distributions of the spoil material passing a 2 mm sieve ranged from
loam to clay. Most samples were found to be silty clay or silty clay
loam. Typical spoil materials from the two coal seams were similar based
on particle size distribution, and could therefore be managed similarly.
Cation exchange capacities ranged from 8.1 to 12.4 cmol(+)/kg.

The more

acid samples contained lower levels of exchangeable Ca and K.

All clay

samples (<2 um) analyzed were composed predominantly of mica or illite,
kaolinite, and quartz. Kaolinite exceeded the mica content only in
spoils immediately above and adjacent to the coal seam. Mica content
ranged from 35 to

65~;

kaolinite, 20 to

45~;

quartz, 10 to

other minerals identified as chlorite ranged from trace to

33~;
6~

and

based on

analysis of the silt and clay fractions. Quartz contents decreased and
mica contents increased in clay sized fractions.

Kaolinite contents

were highest in the 0.2-2 um clay fraction.
Dixon et al. (1980) measured properties of spoils from Texas
associated with lignite mining. They found spoil textures ranged from
silty clay loam to silty clay but varied greatly. The CEC ranged from
0.3 to 22.5 cmol(+)/kg. Acid generation from toxic overburdens was not a
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problem in their materials. Clay minerals occurred in the general order
kaolinite > smectite
fraction.

~

quartz > mica > chlorite in the 2-0.2 um clay

One factor noted in the spoils of significance to

revegetation was the tendency of the soil materials to crust. Soils with
a low organic matter content and a high percentage of fine sand and/or
coarse silt have been found to crust during and after intense rains
(Stallings, 1957). They found that crust thicknesses ranged from 1.3 to
2.5 cm and attributed non-emergence of seedlings to these crusts in an
associated study.
A study on spoil properties from the Wise formation was performed
by Howard (1979) in Buchanan County, Virginia.
similar to those in our study.
locality consisted of
60-80~

be

70~

These materials are very

He found the Wise formation in that

sandstone,

20~

siltstone, and

10~

shale with

of the spoil >2 mm in size. The soil size fraction was found to

10-20~

clay, with the sand and silt size distribution strongly

dependent on rock type. He found a large ferrunguinous component in
these spoils which had a significant effect on P adsorption reactions
occurring in these spoils.

Mineralogy was quantified and ordered as

follows: muscovite > kaolinite > vermiculite in the clay fraction. Also
noted was the presence of significant quantities of interstratified
minerals in some samples. Minor components of chlorite also were
present. Sand and silt fractions contained mostly quartz, some mica and
interstratified minerals, and lesser quantities of carbonates,
Fe-oxides, kaolinite, and feldspar. The cation exchange capacity ranged
from 5.2 to 24.4 cmol(+)/kg.

15

The results obtained by these researchers indicate that there are
similarities in spoil mineralogical, physical, and chemical
characteristics of some mojor types of eastern coal spoils. While the
Texas spoils have a higher smectite component than Appalachian spoils
and are slightly more clayey, the CEC levels are similar to eastern
spoils. It can be concluded that particle size distributions are a
function of parent rock type. Acidic properties of mine spoils are
related to the proximity of the coal spoil materials to the coal seam
and the overall depositional environment.

Careful analysis of

overburden materials can delineate those strata that would make suitable
topsoil substitutes.

Historical Concepts of Soil Genesis Studies
The conceptual framework for soil genesis studies is based on the
work of Dokuchaev, Hilgard, and Jenny. They postulated that various
"soil forming factors" can be used to define soil properties at any
given time. These factors are believed to be treatable as independent
variables.

The difficulty in application arises when trying to find

soils that have developed with one of these variables independent of the
others (Birkeland, 1984). Equations were formulated similar to
mathematical expressions to relate soil properties as dependent
variables to the independent soil forming factors. Jenny (1941)
presented the equation:
S • f(cl,o,r,p,t, ... , ).
This equation is seen in many soil science texts.

The "S" represents a
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soil property whose development was dependent on the independent factors
of climate (cl), living organisms (o), topography or relief (r), parent
material (p), and time (t}. Other soil forming factors possibly
operating in specific geographical areas, i.e., wind blown sea salt
deposition, are represented by the symbol "

"

A consideration of soil genesis requires that basic chemical
processes affecting soil formation be mentioned. Jackson and Sherman
(1953} divided these processes into "geochemical weathering" and
"pedochemical weathering" reactions. The major difference between the
two is that pedochemical modifications occur under the influence of soil
biota. The important overall reactions occurring during soil weathering
are oxidation, reduction, hydration, solution, and hydrolysis (Buol et.
al., 1983). The major pedochemical and geochemical weathering reactions
are similar although they operate on different geologic time scales.
Basic pedogenic processes which affect soil formation include 1}
additions of organics and minerals to the soil as solids, liquids, and
gases; 2} losses of materials from a given soil pedon; 3} translocation
of

~oil

materials within the pedon; and 4} chemical and physical

transformation of soil matter into other constituents (Simonson, 1959}.
Many specific names i.e., eluviation, cumulization, desilication, etc.
have been assigned to specific processes which fit into one of the
general categories of basic pedogenic processes (Buol et al.,1983). Soil
horizons form as a result of these processes as areas in the soil
parallel to the surface lose certain materials while others accumulate
mineral or organic matter. Surface A horizons, for example, form as
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organic matter accumulates. In temperate regions, this accumulation
reaches an equilibrium but initially progresses more rapidly than
organic matter decomposition. The mixing of these organic materials with
soil minerals forms a darkened area parallel to the soil surface and is
designated by pedologists as the A horizon.
The rate of soil formation is also important to a consideration of
soil genesis studies. Many attributes of a soil change with time but
some not as fast as others (Vaalon, 1983). An example would be that
organic matter tends to accumulate on the soil surface much faster than
clays are translocated within a soil pedon.

Soil genesis begins at some

initial time after pedogenic disturbance. Such disturbances include
landslides, changes in water table positions, severe erosion, and
activities of man, as in this case, cessation of mining activities.

The

aforementioned events are somewhat catastrophic in nature, but subtle
changes in climate over geologic time may initiate soil genesis
processes in existing soils making the assignment of a "time zero"
regarding pedogenic processes more difficult. Research methods,
terminology, and results for soil genesis studies are outlined in the
following references: Buol et al., 1983; Wilding et al., 1983; and
Birkeland, 1984. The interested reader should consult these books for a
more detailed review of genesis research in soils other than mine soils.
We are applying the concept of "state factor analysis" to the soil
forming factors as a function of parent material (Jenny, 1961). By
holding other soil forming factors "constant", we can evaluate soil
genesis due to parent material or organic amendments as a time function.
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Analysis of changes in chemical and physical properties of the new soil
materials may indicate factors and processes most critical to the
creation of a fertile and productive mine soil.

Mine Soil Genesis Studies
Surface mining often mixes mine spoil materials and pre-existing
surface soils. Coarse fragments are common to these new mine soils and
greatly influence the soil's development. These rocks disintegrate at
differing rates once exposed to surface weathering processes.
Exfoliation, freeze-thaw cycles, and wet-dry cycles occur in conjunction
with hydrolysis, dissolution, and redox reactions to weather the spoil
materials. Weathering rates depend on the initial chemical, physical,
and mineralogical composition of the spoil and the local climatic
conditions.

Some freshly exposed sandstones and siltstones,

particularly those which are porous and high in carbonates, rapidly
weather and provide nutrients and physical properties that are conducive
to plant growth on mine soils.
Crocker and Major (1955) and Crocker and Dickson (1957) measured
soil development in recessional moraines of the Herbert and Mendenhall
glaciers of Alaska in classic soil genesis studies.

Because of the high

coarse fragment contents found in these moraines (12 -

24~)

and the well

documented ages of the various glacial materials, patterns of soil
development there should provide information applicable to mine soil
genesis studies. The estimated time span of soil development in their
study covered 200 years. It was estimated that soil pH decreased in the
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surface from neutrality to pH 5 in 50 to 60 years and that the initial
pH declines were very rapid. Total-N accumulated at a rate of 40.0
kg/ha/year over a period of 60 years. They calculated that the
accumulation of N ceased at 110 years and may have began to decrease.
Total-C also accumulated rapidly initially such that 8.0 kg/m2 organic C
had accumulated on the forest floor in 150 years. The bulk of total-N
and C were found in the upper 23 cm of the soil. While their work
occurred in a very humid and cool climate, we expect similar trends will
develop in the mine soils of our study.
Ashby et al. (1984) reviews studies on the productivity of stony
strip mine soils. Stones have been found to increase soil water
infiltration, reduce evaporation, and increase porosity when spoils are
not overly compacted. Smith et al. (1976) observed coarse fragments on
the soil surface reduced erosion compared to topsoiled mine soils. Work
by Sencindiver (1977) found root mats often formed on coarse fragment
faces, a probable site of nutrient extraction and movement in soil
water.
Smith et al. (1971) performed a study of soil development in Fe
mine spoils from West Virginia. They studied 70 to 130-year old spoils
and compared them to local natural soils. Natural soils had lower bulk
densities, higher porosities, greater structural development, more loamy
textures, generally better infiltration, and higher N and organic matter
contents. Associated mine spoils had deeper rooting depths, higher
available water contents, and higher contents of typically inorganically
derived nutrients such as Ca, Mg, K, etc. They also found higher P

20

concentrations in plant tissues growing on the mine soils. Soil rooting
volume in mine soils containing coarse fragments was double that which
occurred in adjacent natural soils. The pH and mineralogical comparisons
were not found to differ greatly. They concluded that new spoils may be
superior for production of perennial legumes as compared with local
natural soils.
Pederson et al. (1978) compared natural soils and new mine soils in
Pennsylvania to determine effects of mining on morphological and
chemical characteristics of the soils. Coarse fragments comprised

>75~

of the mine soils. Rooting was concentrated on coarse fragment faces.
Tap roots were contorted and roots were generally fewest in shale spoils
as compared to sandstones. Natural soil CEC levels ranged from 8.5 to
61.2 cmol(+)/kg while the range was 7.3 to 22.4 cmol(+)/kg in mine
soils. The high CEC levels observed in some mine soil materials were
likely due to carbonates solubilized in the extraction process. Exchange
sites were predominantly occupied by exchangeable Al in the natural
soils. Total acidity decreased with depth in natural soils but increased
with depth in mine soils, and Fe oxides were higher in natural soils
than in mine soils.
Pederson et al. (1980) in a study related to that above determined
selected physical characteristics of spoils that resulted from surface
coal mining and reclamation in Pennsylvania. They measured soil moisture
characteristics and found mine soils had lower water holding capacities
than natural soils when corrected for coarse fragment content. Ranges of
available water (10 kPa minus 1500 kPa) for A horizons in four profiles
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were 0.19 to 0.21 kg/kg in the fine soil fraction. When corrected for
coarse fragments the ranges were 0.02 to 0.09 kg/kg. These values are
much lower than for the locally occurring Hazelton silt loam series
which had moisture retention values of 0.48 and 0.37 in the A horizon
for the fine earth fraction and after correction for coarse fragments
respectively.
Shafer et al. (1979,1980) studied soil genesis in a spoil
chronosequence in Montana. They found that morphologically distinct A
horizons had developed in Just a few years in soils not organically
amended. Cambic-like horizons occurred at depths <25 cm, but they
technically could not be classified as such. Soil structure was found to
be massive in new mine soils, but older mine soils exhibited structural
development similar to local natural soils to depths of 50 cm. Sandier
soils were always less developed structurally. They also found that
these mine soils contained greater than

40~

coarse fragments.

Natural

soils were found to contain more organic-C than mine soils below a depth
of 5 cm, but mine soils often had higher organic-C contents in the
surface. They calculated C accumulation rates of 45 g/m2/year on the
50-year old mine spoils and 135 g/m2/year on the 1-year old mine
soils. They found that litter was often not thoroughly incorporated in
the mineral part of the mine soils. Rates of total-N accumulation were
2.6 and 7.9 g/m2/year on the old and the new mine soils respectively.
Coarse fragments consisting of sandstone and siltstone were often absent
in the surface of the 50-year old mine soils, and siltstones appeared to
weather less rapidly than the sandstone. They concluded that the unique
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properties of mine soils may require a new mine soil classification
system.
Ciolkosz et al. (1985) studied soil genesis in 1 to 24-year old
coal mine spoils in Pennsylvania. The coarse fragment contents ranged
from 40 to

60~

in the A horizons and were

>70~

in the subsoil on a

weight basis. They found that mine soil surface layers had 2 to 3 times
the content of 2 to 4.7 mm size fragments than subsurface layers. They
also found voids in these mine soils varying from a few cm to as much as
0.5 m in width. They reported that soils derived from siltstone parent
materials usually had loamy textures, and described a few indistinct
clay films indicating that eluviation had already occurred in young soil
materials. Weak structural development was apparent in many of the A
horizons and was primarily granular although a few soils exhibited
blocky structure. They estimated that an A-C sequence could form in as
few as three years in these spoils. Mine soil free Fe oxide contents
ranged from 2 to

5~

and was similar to natural Pennsylvania soils. They

noted many coarse fragments were coated with material thought to be iron
oxides. These mine soils were often very acid (pH < 4) and this acidity
was attributed to acid sulphate weathering. These mine soils classified
primarily as orthents under current Soil Taxonomy guidelines although
21~

of the pedons they investigated met Inceptisol classification

criteria.
Sweeney (1979) studied mine soil genesis in West Virginia,
comparing soil properties of 2, 5, and 10-year old mine soils. He found
that 2-year old sites generally had only A and C horizons, but some
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2-yeor old sites contained on AC horizon. He described B-like horizons
at several 5-yeor old sites. The 10-yeor old sites hod the thickest
solum and exhibited A, Bw, C horizon sequences. The Bw horizons were
delineated based on color and structure. He provided detailed data on
the particle size fractions but concluded the 2, 5, and 10-yeor old
mine soils did not vary significantly for either sand, silt, or cloy
content. These particle size fractions were, however, different from the
natural soils and topsoiled mine soils

h~

characterized. The A horizons

of all mine soils were loom, while the topsoiled mine soils and natural
soils were silt loom. Mine soil pH was about 0.15 units higher in the
subsurface horizons as compared with the A horizons.

The lowest pH

measured was 4.6 in the A horizon of a 2-yeor old mine soil and the
highest pH (5.4) was measured in the A horizon of a 5-year old mine
soil. The CEC values were higher in sholy and silty materials and lower
in sandstone derived soils. The titrotoble Al component was highest in
the subsurface of locally occurring natural soils and lowest in the
subsurface of the 5-yeor old mine soils.

Mineralogical analyses found

the cloy fractions of the 2, 5, and 10-yeor old mine soils to be
dominated by mica, vermiculite, kaolinite, and montmorillonite with some
quartz present in certain samples. Coarse fragments accounted for
the surface A horizon by weight and

32~

33~

in the subsurface. Available

water increased with mine spoil age but was lower than the available
water values measured in the natural soils.
Daniels and Amos (1981) measured chemical and physical properties
as affected by age in southwest Virginia mine soils. They found coarse

of
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fragment contents of 35 to

45~

in all horizons analyzed. Textures were

generally loam and sometimes sandy loam. Organic matter contents were
higher in surface horizons, usually 20 g/kg in the surface and 10 g/kg
in the subsurface, but cool fragments contributed to the organic content
measured. The pH was lower in the A horizons at all sites but no trends
were apparent over time. The CEC was also higher in the A horizons with
an average value of 6.6 cmol(+)/kg. Values for CEC were 5.8 cmol(+)/kg
in the subsurface. The CEC showed no consistent trends with age. This is
likely due to the confounding effect of different mine soil chemistry
within age groups. They noted severe compaction occurred in many of the
mine soils tested, especially siltstone derived soils. Zones of
compaction were commonly detected with bulk densities of about 1.8 Mg/m3
within 30-70 cm of the surface.
Roberts et al. (1984) studied accumulation of organic matter and
nutrients in china clay wastes in Cornwall, England. Samples were taken
in 16 to 116-year old soils at a depth of 0-21 cm. They found that
organic matter contents, total-N, P, Ca, and Mg generally increased with
an increase in soil age.

Only total-K was found to decrease with an

increase in age of the spoil materials. Rates of accumulation were
determined to be 197.3 kg organic matter, 10.3 kg N, 6.6 kg Ca, 1.3 kg
Mg, and 0.2 kg P/ha/year, respectively.

A net loss of 3.3 kg/ha/year

was found for K. They noted that the initial K content in the soil was
an order of magnitude greater than for the other nutrients and indicated
that K would not be a limiting factor for plant growth. While these
values do not reflect annual losses and gains from the system, they do
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indicate the contribution vegetation has on concentrating nutrients in
the surface soil.
A summary of properties often encountered in eastern mine soils was
provided by Grossman (1983). These properties are as follows:

1) rock fragment orientation shows no regularity.
2) color mottling, if present, is not related to depth and
is randomly distributed in the soil pedon.
3) rock fragments have frayed or splintery edges in new
mine soils and become smoother with age.
4) rock fragments often form "bridging voids".
5) surface horizons often form that are 3-10 cm thick and
contain less rock fragments than other layers.
6) vesicles are common near the surface, especially in fine
sand or coarse silt spoils.
7) pockets of fine earth which contrast one another are
often found and may have dimensions of 0.1-1 m.
8) weak or moderate soil structure may form in 10 to 20 year
old mine soil to a depth of 25 cm.
9) distinct clay skins are not found in mine soils even 100
years old.
10) rooting depth in mine soils may be greater than in local
natural soils, especially when the mine soil is not
strongly acidic or compacted.
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Mine Soil Classification
Classification of mine soils is not the aim of this study, but
mention of one proposed classification scheme will highlight major
differences between it and the current system.

Much of the previous

research cited noted the need for classification systems for mine soils
based on their chemical and physical properties. Such a classification
system might improve reclamation and post-mine land use management.
Soils are defined as "the collection of natural bodies on the
earth's surface, in places modified or even made by man of earthy
materials, containing living matter and supporting or capable of
supporting plants out-of-doors" (Soil Survey Staff, 1975). The mine
soils created in this research are classified as (loamy-skeletal, mixed,
mesic) Typic Udorthents by the current 7th approximation classification
system. Many classifiers feel such a designation is insufficient for
explaining the origin of mine spoils and the properties which make
management options unique regarding their use.
Sencindiver (1977) claims that most mined land studies are
concerned only with the relations of soil chemistry and fertility
related to revegetation. To further mine soil research, he began a study
which resulted in the development of a system for classification of
minesoils. A major criterion for classification that resulted from this
work was based on the mine soil parent material. His final proposed
system suggested the creation of a new suborder in the Entisol order,
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Spolents. He proposed nine spolent subgroups whose character was based
primarily on rock type and coarse fragment content. Thereafter, family
level classification was the same as in current soil taxonomy, except
for the inclusion of soil reaction as a fourth family character.
Recently, results of a classification study were reported using the
criteria as established through his previous work (Thurman and
Sencindiver, 1986).
Classification of mine soils into such specific groups as proposed
by Senc1nd1ver may cause more frustration than it is intended to
alleviate. Due to the changing nature of newly created mine soils, time
of soil development must be considered in classification work. Land
users who might attempt to use soil maps created using proposed spolent
suborder classifications may find soil properties in the future unlike
those present after completion of mining. Such a system may be useful if
classification is only begun upon fulfillment of bond requirements or
some other time related criteria.

Mine Soil Revegetation
The ultimate aim of most mine soil studies is to discern the
ability of a mine soil to be revegetated and support vegetation
associated with particular post-mine land uses. Revegetation research on
mine soils was conducted by the U.S. Forest Service and the coal mining
industry in the early 1930's and mainly involved reforestation efforts
(Vogel and Curtis, 1978). Species lists were generated from this early
research indicating which tree species were suitable

for planting on
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mine spoils. Herbaceous species research began with the work of Tyner
and Smith (1945). The major aim of revegetation currently is to reduce
erosion and stabilize the mine soil.

Herbaceous vegetation does this

and provides a suitable green manure for agricultural or horticultural
crop production (Opeka and Morse, 1979; Jones et al., 1975), forest
management (Vogel, 1981), or quick cover prior to commencement of
natural succesion and development of wildlife habitats (Rafaill and
Vogel, 1978).
Mine soil properties suitable for plant growth have been reviewed
in detail (Armiger et al., 1976; Bennett et al., 1978; and Vogel,
1981).

Consultation of the books edited by Sholler and Sutton (1978)

and Hutnick and Davis (1973) will also provide information in the area
of revegetation and species selection. In this study, we limited our
vegetation to tall fescue, so the review of revegetation efforts is
limited to research which used this or similar grass species either
singly or in combination with leguminous species. This review addresses
effects of inorganic fertilizers, organic amendments, and use of topsoil
substitutes on tissue nutrient concentrations and yield or biomass
production of these grass and legume species.

Greenhouse Studies Using Mine Soil Materials
Growth requirements for plants in response to fertilizers or
organic amendments depend on the plant species and on the inherent
fertility of the mine soil. For example, legumes will usually require
more P than grasses (Mays and Bengston, 1978). Most experiments on mine
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soils regarding fertilizer needs rely on soil testing laboratory
reconwnendations. As previously mentioned, recommendations based on
standard soil tests are often inadequate for mine soils. A number of
greenhouse studies have been conducted where plant growth responses to
spoil type and various amendments have been measured in an attempt to
evaluate field needs in mine spoil revegetation efforts. Greenhouse
testing allows much greater flexibility in the selection of species,
spoil types, and amendment rates for evaluation.
Dancer and Jansen (1981) compared the growth of perennial ryegrass
(Lolium perenne L.), red clover (Trifolium pretense L.), and sudangrass
[Sorghum sudanensis (Piper) Stapf.] in a greenhouse study to ascertain
effects of native topsoil and topsoil substitute materials on plant
growth.

Soil materials used were Weir silt loam Ap, Bt, and CB

horizons, and glacial till (3C) overburden material from a surface mined
site in Illinois.

The CB and 3C materials were thought to provide

suitable topsoil substitutes. They used four fertilizer treatments: a
control, N, N and lime, and NPK and lime on the four materials. Yields
were highest for all species in the A horizon material, except for the
perennial ryegrass where the 3C material supported higher yields than
other treatments.

Maximum yields occurred for all species and soil

materials in the NPK and lime treatment. A second experiment compared
the poorly yielding Bt materials to CB materials in pure and mixed ratio
pot trials.

Five treatments of

100~

Bt, 3:1, 1:1, 1:3 and

100~

CB were

compared to determine the effect of these mixes on yields of the trial
species. Maximum yields of all species occurred in the 1:3 Bt:CB soil
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mix. These researchers concluded that the subsoil (Bt) materials should
be eliminated from the remade soil solum and that the CB materials
should be added. This is contrary to present surface mine reclamation
law which requires that A and B horizons be segregated and replaced on
most sites.
Weisenfluh et al. (1981) studied fertilization and spoil geological
factors as they affected plant growth on spoils from the Warrior Basin
of northern Alabama.

These materials are in many ways similar to the

reclamation media we used in our study. Rock core samples from local
overburdens were ground to soil size. One control and three fertilizer
treatments consisting of N, NP, and NPK were established and seeded with
tall fescue (Festuca arundinaceae Shreb.) and red clover (Trifolium
pratense L.) singly. They reported results on five basic rock types: 1)
sandstone, 2) sandstone conglomerates, 3) siltstones, 4) shales and 5)
miscellaneous (deformed sedimentary) rock types. Best fescue growth rank
as a function of spoil classification was conglomerate • sandstone <
miscellaneous < siltstone < shale. The fertilizer treatments were ranked
control < N << NPK .iNP. Since samples were ground to pass a 2 rrm
sieve, coarse fragment effects were deleted. They concluded weathered
rocks are detrimental to plant growth and should not be used as topsoil
substitutes. Nitrogen and P fertilzation only was suitable for these
inorganically amended spoils.
Chichester (1981) evaluated warm season grass response to N,P, and
lime additions on lignite overburden from Texas. Soil samples were limed
to pH 7 based on the SMP buffer test {Shoemaker et al., 1961) in half of
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the materials. Six soil materials were ground and tested for plant
growth response including a topsoil, "sandy" spoil, "clayey" spoil,
lignite spoil (was in contact with the lignite seam), a proportioned mix
of all the above materials, and a proportioned mix without the lignite
spoil. Nutrients containing N and P were then added to selected pots at
rates of 224 and 112 kg/ha N and P respectively. Lime only marginally
increased grass growth while N and P alone drastically increased plant
growth unless there was a severe acidity problem such as in the lignite
spoil. The concentration of tissue N measured in the plants was greater
than 26.3 g/kg in every grass sample measured. Tissue P levels were
adequate and ranged from 1.6 to 4.9 g/kg. The conclusions drawn from
this research were 1) acid material should be isolated from the growth
media, 2) N and P fertilizers alone are adequate to promote plant growth
where acidity is not a problem, and 3) thoroughly mixed spoil materials
often outyielded the individual spoil types, especially when acid
forming materials were eliminated from the mix.
Van Lear (1971) performed a rather unique greenhouse study that
considered the effects of soil texture on growth of KV-31 tall fescue.
He divided some eastern and western Kentucky mine spoils into three
fractions, <2 mm, 2.0 to 6.4 mm, and 6.4 to 12.7 mm. He then established
3 treatments containing 2,000 g of pure components of the aforementioned
size fractions in pots. Another 10 treatments contained various mixtures
of these three soil sized fractions. All pots were equally fertilized
with N and P. Four spoil types were analyzed using the above
experimental design, an acid sandstone (pH 4.7), sandstone (pH 6.2),
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calcareous shale (pH 7.2), and acid shale (pH 3.5). Fescue yield was
greatest in the high pH sandstone and shale materials generally. Maximum
yields as influenced by texture occurred on materials composed of
one-half fine soil materials and one-half 2.0 to 6.4 mm sized materials.
Yields declined as the percent of coarse fragements increased
thereafter. Major limiting factors on the acid spoil were believed to be
high Mn content (13-58 mg/kg soil), the concentration of which increased
as the particle size decreased. Secondly, exchangeable Al ranged from
0.20-0.80 cmol(+)/kg in the acid sandstone and was 5.18 cmol(+)/kg in
the coarse fraction of the acid shale. Yields increased as the coarse
fragment content increased, especially in the high Mn spoils, due to a
dilution of the Mn available.
Everett (1981) conducted research on soil material derived from the
Wise Formation in Buchanan County, Virginia. He conducted fertility
experiments on four rock types: "brown" (weathered) sandstone, brown
siltstone, gray sandstone, and gray siltstone. He also conducted a study
on 1:1 mixes of the same colored sandstone (SS) and siltstone (SiS)
materials.

Phosphorus and K fertility and plant availability

experiments were designed to ascertain the effect of these nutrients on
the growth of sericea lespedeza (Lespedeza cuneata L.). While the
species used is not fescue, the spoils studied are very similar to those
to be discussed in later sections. Sericea lespedeza responded to P
fertilization at the first incremental addition over the control but not
as the P fertilization rates increased thereafter.

Dry weights of

plants were higher on gray SS:SiS spoil mixes than on brown SS:SiS spoil
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mixes at moderate P levels. However, brown SS:SiS

materials supported a

higher lespedeza yield than gray spoils at the control P application
rate. The three K rates had no effect on yield within a given level of P
fertilization.
The results of greenhouse studies have proven valuable to the
design of this project. Greenhouse studies provide guidance as to what
fertilizer treatments, species, and spoil materials will best promote
revegetation of mine soils. However, greenhouse studies only provide
direction for future research studies and reclamation management
decisions. We will now review field trial studies related to mine soil
revegetation. These discussions will be divided into effects of
inorganic fertilizers and organic amendments on mine soil revegetation
efforts.

Field Studies - Inorganic Fertilizers
Field studies in reclamation research provide information as to
fertilization needs, species response to nutrient additions, and mine
spoil properties likely to affect revegetation success. There is a need
also for demonstration of topsoil substitute suitability in given mining
areas. Research can also elucidate post-mine land uses that can be most
productive.
Powell et al. (1982) initiated a study to determine the suitability
of various cool-season grasses for reclamation in surface mine coal
spoils of western Kentucky. Fertilizer rates were kept constant at 175,
450, and 225 kg/ha as ammonium nitrate, triple superphosphate, and
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muriate of potash, respectively.

Various species were grown singly and

in combination with tall fescue and/or legumes on the inorganically
amended spoils.

Fall and spring seedings also were compared for each

species treatment.

The fall seeded tall fescue yields were 2.2 and 3.1

Mg/ha and the spring seeded tall fescue yields were 3.7 and 3.9 Mg/ha in
1979 and 1980, respectively.

Fall seeded fescue yields were ranked 17th

and 8th in 1979 and 1980 of 33 species treatments seeded alone. Spring
seeded KV-31 tall fescue ranked first and third in 1979 and 1980 when
seeded alone. When the tall fescue was seeded with legumes in the
spring, this treatment combination ranked second and first in 1979 and
1980 with yields of 4.4 and 5.9 Mg/ha. It should be noted that in all
planting and species combinations, yields increased in the second year.
The spring seeded tall fescue alone and in combination with legumes was
calculated to exceed expected hay yields of the pre-mined soil. Also
included in this study was a chemical analysis for some of the harvested
plant tissue. Tall fescue seeded alone contained 14.6 g N, 2.7 g Ca, 2.9
g Mg, 24.1 g K, and 2.3 g P/kg tissue. The materials harvested from the
fescue-legume combination had tissue concentrations of 18.9 g N, 5.9 g
Ca, 2.8 g Mg, 25.6 g K, and 2.1 g P/kg. The inclusion of a legume
greatly increased N and Ca content in vegetative tissues.
Hanson et al. (1982) compared six breeding lines and 2 cultivars of
tall fescue for yield and nutrient composition on surface mined lands in
Missouri. The experiment consisted of unlimed and limed treatments at
rates of 19 mt/ha in a split block. A total of 220 kg N/ha was added
between August 1978 and March 1980 in four applications. Mean treatment
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yields were 3.6 and 4.9 Mg/ha in 1979 on the unlimed and limed plots,
respectively. The P, K, Ca, and Mg tissue concentrations ranged from
1.3-2.2, 22.0-40.0, 3.1-5.8, and 2.5-4.2 g/kg for each of the
aforementioned elements in 1979, respectively.

The Mn, Fe, Zn, and Cu

tissue concentrations ranged from 167-457, 165-572, 27-59, and 2-7 mg/kg
during the same sampling period, respectively. Liming reduced Mn and Fe
tissue concentrations, generally increased Zn concentration, and had
little effect on Cu tissue concentrations.
Ringe and Wittwer (1979) compared vegetative production of a
grass-legume mixture at three rates (0, 280, and 560 kg/ha) of
diarnrnonium phosphate (18-46-0) in eastern Kentucky. Yields in this study
were 0.7, 1.6, and 2.5 Mg/ha for each of the aforementioned rates in
1977. The yields increased to 1.2, 2.9, and 3.3 Mg/ha for the fertilizer
treatments in 1978. The N and P tissue concentrations in 1978 were 17.9
and 0.3 g/kg at the 0 kg/ha rate, 14.4 and 0.9 g/kg at the 280 kg/ha
rate, and 13.0 and 0.60 at the 560 kg/ha rate. Average N and P tissue
concentrations decreased from 1977 to 1978, but this was due to
increased yields in 1978 and the dilution of the N and P in the tissue.
Total uptake of N and P was higher in the 1978 sampling. The authors
concluded that a combination of organic amendment and a fertilizer rote
of 280 kg/ha was the cheapest method of mine soil reclamation while
producing yields similar to higher rates of fertilizer application.
Lyle and Evans (1979) conducted a revegetation study using single
legume and gross species on a sandstone spoil and on two different
siltstone spoils in Alabama.

Fertilizer treatments consisted of N, P,
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K, and lime additions at recommended soil testing laboratory rates on
the individual spoils in a split plot design. Warm season grass species
were utilized in this study.

Fertilized plots outyielded control

subplots on all spoils. The fertilized sandstone spoils supported yields
of 6.8, 4.5, and 11.2 Mg/ha for bermudagrass, bahiagrass, and weeping
lovegrass respectively. Siltstone spoils were located in two separate
counties and the yields were 3.1, 0.5, and 2.5 Mg/ha at Jefferson County
for the aforementioned grasses and 0.7, 2.2, and 0.6 Mg/ha at the Bibb
County site. Severe crusting problems were reported at the latter
siltstone site which accounted for the extreme yield variability and low
yields on those spoils. This study demonstrates the potential
variability of yields on different mine spoils, even when they are
classified similarly.

Field Studies - Organic Amendments
Sludges, paper mill wastes, sawdust, and other organic amendments
have been utilized as alternative amendment materials on mine soils in
lieu of standard fertilizers. Organic amendments generally increase
water holding capacity, organic matter content, total-N, and total-P in
soils. Sludges can alleviate nutrient deficiencies in mine soils and
reduce acidic leaching or toxic salt conditions (Halderson and Zenz,
1978). However, metal contents may eliminate certain sludges from being
considered for use in reclamation work (EPA, 1983). There is also great
variability in sludges as a function of the constituent sewage
effluents. The various pre-treatment methods used on sludges to reduce
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biological activity also affect their chemical properties. Researchers
have reported on the use of these materials in reclamation efforts.
Khaleel et al. (1981) reviewed changes in soil physical properties
as a result of organic matter additions and not unexpectedly, organic
amendments increase organic C content. They reported that bulk density
is decreased in the surface as a result of organic waste application. A
linear relationship occurred between organic C content and bulk density
(r2 • 0.69**). Water holding capacity was exponentially related to
organic

c

and sand content (r2 • 0.80**).

The latter property is of

great importance to mine soils as it may reduce their droughtiness.
Sopper et al. (1981) reported on problems associated with the use
of sludges for mined land reclamation in Pennsylvania. They utilized
sludges that were liquid digested, dewatered, heat dried, and composted
with wood chips in several demonstration areas. They note that both
federal and state guidelines for mine land reclamation and sewage sludge
disposal must be considered as regards the minimization of environmental
hazards.

Use of sludges are limited to maximum cumulative rates of

trace metals applied, i.e., Cd, Cr, Cu, Hg, Ni, Pb, and Zn as a function
of the soil CEC. The spoil pH must be maintained above 6.0 to reduce the
possibility of trace metals in sludges becoming soluble or mobile which
might result in excessive metal uptake by plants.
Results of one of these studies are contained in a paper by Secker
and Sopper (1984). They report results for sites limed with 8.4 Mg/ha
agricultural lime and amended with either 11 Mg/ha of liquid digested
sludge or 90 or 184 Mg/ha of dewatered sludge. The sites were seeded

38

with KY-31 tall fescue (Festuca arundinaceae Schreb.), orchardgrass
(Oactylis glomerata L.), crownvetch (Coronilla varia L.), and birdsfoot
trefoil (Lotus corniculatus L.). Yields increased the first four years
of the study and decreased in the fifth year. Yields ranged from 6 to
about 30 Mg/ha during the experiment. Tall fescue N, P, K, Ca, and Mg
tissue levels increased in the sludge amended plots over unamended
areas. Ranges for foliar concentrations were 9.5-27.3 g N, 1.5-4.1 g P,
11.8-26.7 g K, 2.9-14.8 g Ca, and 1.8-5.1 g Mg/kg of tissue for the
combination limestone - sludge treatments. Foliar concentration ranges
were 0.05-0.71 mg Cd, 2.5-16.0 mg Cu, <1-30 mg Ni, 1.9-8.9 mg Pb, and
10-96 mg Zn/kg of tissue.

Suggested tolerance levels for these metals

in agricultural plants are 3.0 mg Cd, 150 mg Cu, 50 mg Ni, 10.0 mg Pb,
and 300 mg Zn/kg of tissue.

Metal concentrations were highest in tall

fescue samples growing on spoils with the lowest pH. The authors
concluded sludge application to mine soils could exceed local native
soil hay yield averages. While sludge did often increase tissue
concentration of metals, these levels did not exceed plant tolerance
levels.
Haghiri and Sutton (1982) conducted field lysimeter studies to
evaluate effects of three sludge rates on tall fescue yield and nutrient
contents.Yields increased between 1977 and 1978, but then decreased in
1979. This yield decrease was attributed to depletion of the readily
mineralizable portion of the sludge organic-N.

Plant tissue N contents

decreased between 1978 and 1979 as a result of reduced plant available
N. Plant tissue Cd, Cu, Fe, Mn, and Zn concentrations decreased on all
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sludge treatments between 1977 and 1979 (P < 0.05). The authors
concluded that the increased soil pH and organic matter content from
sludge application caused fixation and immobilization of heavy metals.
The results of the aforementioned studies indicate fescue is very
suitable for revegetation of mine soils in early stages of reclamation.
Fescue sown in combination with legumes generally results in increased
yield and N, P, and Ca uptake compared to a pure fescue stand in a given
year.

Nitrogen and P are consistently found to be the nutrients most

needed for vegetation establishment. Amendments such as sewage sludge
provide organic sources of N and P and increase the water holding
capacity of the mine spoil. Metal toxicities may be a problem with some
sludges, but careful analysis and selection of sludge amendments can
alleviate possible problems associated with their use. Studies which
have used sludge and inorganic fertilizers indicate that the former is
more beneficial to plant growth on topsoil substitutes or topsoiled
spoil provided excess acidity will not become a limiting factor for
revegetation success.

However, fescue yield or biomass production

decreases in years subsequent to vegetative establishment in unmanaged
sod cause concern as regards 5-year bond release regulations.

This

problem must carefully be considered when planning revegetation programs
and warrants further research.

MATERIALS AND METHODS

Overall Experimental Design
The research site is located on the Powell River Project area
located about 11 km NW of Norton, Virginia in Wise County (Fig. 1). This
project is a cooperative effort to study problems of surface mining and
involves Virginia Tech, the Penn-Virginia Resources Corporation, and the
Office of Surface Mining. This research project consists of two
experiments (Table 1). The rock mix experiment contains various rock mix
combinations which range from pure sandstone (SS) to pure siltstone
(SiS) with intermediate rock mixes of 2:1, 1:1, and 1:2 parts SS:SiS.
The surface treatment experiment consists of 2:1 SS:SiS rock mixes with
a control and six other treatments. These treatments were amended with
112 Mg/ha sawdust, 30 cm of local native topsoil (A + E + B + Cr
horizons), or 22, 56, 112, or 224 Mg/ha dewatered municipal sewage
sludge (Fig. 2). The sludge was obtained locally from the city of Big
Stone Gap, Virginia. Plots 1 - 20 comprise the rock mix experiment and
plots 21 - 48 the surface treatment experiment. The experiments were
arranged as randomized complete block designs with four replications.

Plot Construction
The experimental plots were constructed between June 1981 and April
1982 in accordance with the aforementioned design. The experimental site
is located on a flat mine bench on the point of a finger ridge which was
contour mined in 1973. The overburden strata were taken from a
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Table 1. Sunmary of treatments for the Rock Mix and Surface Amendment
experiments.
Rock Mix

Treatment

Other Additions*

Rock Mix Experiment
Pure Sandstone (SS}

100% Sandstone

N, P, K

2:1 SS:SiS

67% SS, 33% SiS

N. P, K

1:1 SS:SiS

50% SS, 50% SiS

N, P, K

1:2 SS:SiS

33% SS, 67% SiS

N, P, K

Pure Siltstone (SiS}

100% Siltstone

N, P, K

Surface Amendment Experiment
Control

67% SS, 33% SiS

N, P, K

Topsoil# (30 cm}

67% SS, 33% SiS

N, P, K + 7.8 Mg Lime/ha

Sawdust (112 Mg/ha}

67% SS, 33% SiS

N, P, K + 336 kg/ha rsou**

Sewage Sludge (22 Mg/ha)

67% SS, 33% SiS

None

Sewage Sludge (56 Mg/ha)

67% SS, 33% SiS

None

Sewage Sludge (112 Mg/ha) 67% SS, 33% SiS

None

Sewage Sludge (224 Mg/ha) 67% SS, 33% SiS

None

*

N, P, and K
fertilizer.
hydroseeded
fiber mulch

#

The "topsoil" material used in this experiment is a mixture of A,
E, B, C, and Cr soil horizons.

fertilized plots received 1120 kg/ha of 15-30-15
All plots were mulched with 900 kg/ha straw and
with 170 kg/ha KY-31 tall fescue seed and 840 kg/ho paper
on May 13, 1982.

** Isobutylidene Diureo, a "slow" release N fertilizer.
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Overall experimental diagram of the t\-10 controlled
overburden placement experiments: l) The rock. mix
experiment {Plots 1-20), 2) The surface treatment
experiment {Plots 21-48).
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second-cut contour mining operation adjacent to the experimental area.
The sandstone and siltstone rocks were selected because of their low S
content, high pH, and the presence of secondary carbonate cements. All
overburden was associated with the Taggart and Taggart Marker coal seams
of the Marcum Hollow sandstone of the Upper Wise Formation.
The mining process was observed during the 10 month construction
period. As the chosen overburden materials were removed from the mine
site, overburden haulers were diverted to the experimental area. The
spoils were off-loaded into their respective sandstone or siltstone
spoil piles until sufficient material had accumulated to begin plot
construction. The spoils were then mixed in their appropriate treatment
ratios and placed in the center of the future 3.5 X 7 m plot. The
completed 48 separate spoil piles of about 3 m in height were then
graded flat with a small (D-4) bulldozer. When grading was completed,
average spoil depth was 1.3 mover the underlying compacted mine bench.
Large bulk samples were taken from each plot when grading was completed
in April, 1982.

Treatment Application and Seeding
Rock Mix Experiment
The 20 plots in this portion of the experiment received 1120 kg/ha
of 15-30-15 dry fertilzer. The fertilization was hand applied and
consisted of anvnonium nitrate, di-anvnonium phosphate, and potassium
chloride. The plots were mulched with 900 kg/ha straw and hydroseeded
with a water slurry containing 170 kg/ha KV-31 tall fescue (Festuca
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arundinaceae Schrab.) seed and 840 kg/ha paper fiber mulch. Except for
the fescue seeding rate, these rates of fertilizer, straw, and fiber
mulch are typical of the rates that would be used in standard
reclamation practices.

Surface Treatment Experiment
The check or control treatment (2:1 SS:SiS) was treated in exactly
the same manner as the plots within the rock mix experiment. For the
topsoil treatment, several loads of local "topsoil" were hauled to the
site, and the material was placed on each plot using a small tractor
mounted front-end loader. In addition to 1120 kg/ha of 15-30-15 NPK
fertilizer, these plots received 7.8 Mg/ha of agricultural limestone to
bring their low pH (4.5) up to that of the 2:1 (SS:SiS) spoil rock mix.
The organic surface treatments of sawdust and municipal sewage sludge
also were applied to the plots with the tractor mounted front-end
loader. The rates were calculated based on the bulk density of the
additives and the volume of the loader bucket. The sawdust plots
received 112 Mg/ha of sawdust along with 1120 kg/ha of 15-30-15
fertilizer. An additional 336 kg/ha of slow-release N fertilizer (IBDU)
was added to counteract anticipated heavy N-immobilization by microbes
as they decomposed the sawdust. No fertilizer was added to any of the
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sewage sludge amended plots other than the nutrients in the sludge
itself (Table 2). All of the surface treatment plots were disked to a 12
cm depth, mulched, and seeded in the same fashion as the rock mix
experiment. Both experimental areas were hydroseeded on May 13, 1982.

Soil and Plant Sampling
Each 3.5 X 3.5 m sub-plot dedicated to soil genesis studies under
fescue cover was gridded into 100 0.1 m2 quadrats. Two 0.1 m2 quadrats
were randomly selected each year and the soil and vegetation within the
squares was sampled in October 1982, 1983, and 1984. Vegetative samples
were sampled to ground level by hand clipping. Soil samples were taken
from depths of 0-5 cm and 25-30 cm using a spade and rock bar. Soil
samples were air dried and passed through a 2 mm sieve to segregate soil
sized particles (<2 mm) and coarse fragments. Percent coarse fragments
were determined by dividing the weight of the material remaining on the
sieve by the total sample weight. Plant tissue was oven dried at 55oc
for 48 hours and weighed to determine dry weight standing biomass.

Soil Physical and Chemical Analyses
Particle size distribution of the soil sized material (< 2 nvn) was
performed by the pipette method (Day, 1965). Moisture retention values
were determined at 33 and 1500 kPa for loose soil samples using porous
ceramic plates and pressure vessels. Soil samples were placed in steel
rings 1.2 cm height by 4.8 cm diameter and allowed to saturate by the
procedure described by Richards (1965). Since young mine soils lack
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Table 2. Total N, P, and K added as chemical fertilizer (Treatments
1-3) and added in municipal sewage sludge (Treatments 4-7).
Treatment

N

-----------

p

kg/ha

K

------------

1) Control*

168

73

70

2) Topsoil + Lime

168

73

70

3) Sawdust (112 Mg/ha)

504#

73

70

4) Sewage Sludge (22.4 Mg/ha)

582

29

56

5) Sewage Sludge (56 Mg/ha)

1455

74

140

6) Sewage Sludge (112 Mg/ha)

2910

147

280

7) Sewage Sludge (224 Mg/ha)

5820

295

560

* These values also indicate initial N, P, and K additions

in all rock mix experiment treatments. Each Rock Mix treatment
received 56 kg N/ha as NH4N03 in the fall of each year of the
study for an accumulated N rate of 280 kg N/ha.

# Includes 336 kg N/ha added as slow release IBDU fertilizer.
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strong structural development, sample disturbance errors should be
minimal (Bruce, 1972). Available water was taken as the difference
between the water remaining in the 33 and 1500 kPa desorbed samples.
Soil reaction was determined in clear supernatant of a 1:1
soil:water slurry with a glass-calomel combination electrode and pH
meter (Mclean, 1982). Soluble salts were determined in a 1:1 soil:water
extract with a conductivity cell and referenced to a standard 0.01 N KCl
solution (Rhoades, 1982). Exchangeoble Ca, Mg, and K were extracted with
~

NH 4 0Ac buffered at pH 7 and analyzed by atomic adsorption

spectrophotometry (Thomas, 1982). Exchangeable Al was extracted with N
KCl (Barnhisel and Bertsch, 1982) and analyzed by titration with NaOH to
pH 7. Effective cation exchange capacity was estimated by summation of
exchangeable cations (Ca +Mg + K + Al) (Chapman, 1965). Percent base
saturation was determined by dividing the sum of basic cations by total
CEC. Soil P was extracted with 0.5 N NaHC03 adjusted to pH 8.5 (Olsen
and Sommers, 1982) and solution P determined colormetrically (Murphy and
Riley, 1962). Sodium dithionite-citrate-bicarbonate (DCB) was used to
extract free Fe+3 (Mehra and Jackson, 1960) and measured by atomic
adsorption spectrophotometry. Total-N was determined by a modified
micro-Kjeldahl digestion procedure and analyzed by colormetric NH4-N
determination (Bremner and Mulvaney, 1982).
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Soil Mineralogical and Rock Petrographic Analysis
Samples of air-dried and sieved soil {< 2 mm) were analyzed. These
samples were pretreated with DCB to remove iron oxides (Mehra and
Jackson, 1960). Sand was separated by wet sieving. Silt and clay were
separated by centrifugation with subsequent decantation after dispersion
with dilute Na2C03 adjusted to pH 9.5. Oriented clay mounts were
prepared by the placement of approximately 250 mg of the clay in
suspension by pipette onto a ceramic tile mounted on a suction
apparatus. Samples were then saturated with Mg or K, washed free of
salts, and then Mg saturated samples were glycolated. X-ray diffraction
patterns of air dry, 105, 300, and 5500 C heated clay mounts were
obtained using a Diano 8000 X-ray Diffractometer equipped with a
graphite crystal monochrometer, LSI-11 computer, and a printing device.
Samples were scannned at 20 28 per minute using CuKalpha radiation. The
relative peak areas of kaolinite, muscovite, vermiculite, and
chloritized vermiculite from X-ray peak areas were determined.
Petrographic thin sections were prepared in the Department of
Geological Sciences at Virginia Tech. Thin sections were mounted using
epoxy resins. A Ziess Universal Petrographic microscope

and standard

techniques of optical crystallography (Bloss, 1971) were used to
quantify mineral compositions of rocks.

50

Plant Tissue Chemical Analysis
Oven dried (650C) plant tissue was ground to pass a 20 mesh screen
in a stainless steel Wiley Mill. Tissue was digested with HN03/HCl04 and
Ca, Mg, K, Fe, Mn, and Pb concentrations in digests were measured by
atomic absorption spectrophotometry. Cadmiun and Cu concentrations in
digests were determined by flameless atomic absorption
spectrophotometry. Total-N and P were determined colormetrically after
Kjeldahl digestion by methods of Bremner and Mulvaney (1982) and Murphy
and Riley (1962), respectively.

Statistical Methods
Treatment variations in the parameters measured were analyzed by a
least squares method analysis of variance procedure (SAS, 1982). Soil
sample depth effects within treatments were analyzed by paired t-tests
(SAS, 1982). Treatment and depth differences were considered significant
where P < 0.05. Means of treatment affected parameters found to be
significant were separated by Fisher's protected Least Significant
Difference comparison (SAS, 1982).

RESULTS AND DISCUSSION

Mine Soil Physical Properties
Coarse Fragments
Rock derived mine soils' first weathering process is caused by
blasting consolidated overburden materials. Consequently, rock fragments
>2 mm in size comprise a substantial portion of the soil on both a
volume and weight basis. These coarse fragments have a significant
affect on mine soil genesis, morphology, chemistry, and plant nutrient
uptake.
Much of the potential for compaction observed in these soils is due
to the presence of coarse fragments. The coarse fragments lack the
compressibility that would be present in a well aerated soil. Therefore.
when heavy mine and reclamation equipment passes over the soil surface,
the soil matrix is constricted and compressed between the rock
fragments. With continuous traffic over the site, the plasticity of the
soil matrix decreases and the soil becomes compacted. Daniels and Amos
(1981) measured bulk densities of >1.8 Mg/m3 on mine soils composed of
spoil materials similar to those used in this study. Although care was
taken during plot construction to reduce compaction, compacted zones
were documented in morphological descriptions of several plots in this
study (Appendix A). The overburden densities required in approximate
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original contour (AOC) backfills to insure geotechnical stability may be
counterproductive to the reclamation specialists needs to promote
successful revegetation.
Compacted zones and rock fragments modify the movement of air and
water in the soil. Rock fragments and compacted areas also reduce plant
rooting volume which in turn affects nutrient and water uptake.

Coarse

fragments concentrate nutrients into the fine earth fraction, and
percolation of water containing nutrients along rock fragment faces may
actually increase plant nutrient availability. Root mats were commonly
plastered on the coarse fragment surfaces. These roots remove nutrients
from rock fragments and cause loss of rock structure through dissolution
of rock cements. Fine textured weathering rinds up to 1 mm thick were
found on some coarse fragments. Some smaller SiS fragments fractured
readily under moderate pressure. There were two distinct types of SS
materials in the study, one was brown and oxidized due to its proximity
to the pre-mine soil surface, and another was gray and reduced. Smaller
fragments of this pre-weathered brown SS were often friable. The
unoxidized SS maintained its structural integrity and showed few outward
signs of chemical alteration.
Coarse fragment contents ranged from 0.65 to 0.79 kg/kg in 1982 in
the rock mix experiment (Fig. 3). Coarse fragment contents increased as
the SiS component in the spoil mix increased. The coarse fragment
content had decreased in the soil surface and subsurface in most rock
mix treatments by 1984.

Differences in coarse fragment contents in 1984
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between the surface and subsurface samples were not significant. A
continued decrease in coarse fragments would result in a more manageable
soil resource in the future.
Coarse fragment contents ranged from 0.65 to 0.71 kg/kg in 1982 in
the surface treatment experiment (Fig. 4). All these treatments were
established on 2:1 SS:SiS spoil mixes, so no treatment effects were
documented in the first year. The 1984 coarse fragment contents ranged
from 0.27 to 0.65 kg/kg in the soil surface. The topsoiled treatment had
a greatly reduced coarse fragment content in 1984 (0.27 kg/kg) compared
with the pre-treatment application value reported for 1982 (0.66 kg/kg)
in the surface because topsoil materials contained very few coarse
fragments.

The treatments amended with 112 and 224 Mg/ha sludge also

had much lower coarse fragment contents in the surface in 1984 (0.40 and
0.53 kg/kg) as compared with 1982 (0.67 and 0.70 kg/kg).

Other

treatments, except the control, had lower coarse fragment values in the
surface in 1984 as compared with 1982.

The 1984 subsurface coarse

fragment contents ranged from 0.57 to 0.67 kg/kg. The difference in the
coarse fragment content between the surface (0.27 kg/kg) and the
subsurface (0.57 kg/kg) in the topsoil treatment was significant (P <
0.01). There were coarse fragment content differences between surface
and subsurface samples (P < 0.15) in the 112 (0.40 vs. 0.61 kg/kg) and
224 (0.53 and 0.67 kg/kg) Mg/ha sludge treatments in 1984.

Coarse

fragment contents in the surface and subsurface were not significant in
other treatments in 1984.
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A significant reduction in coarse fragments at the surface in tens
of years may hasten the development of these newly created soils. This
decrease in coarse fragments may make flat lying mined lands amenable to
management for various economic enterprises, and make it possible for
long term land holders to realize a return on their reclamation
investment. As mentioned, Schafer, et al. (1979, 1980) reported coarse
fragments which consisted of SS and shale, estimated to initially
compose 40- of the soil volume, were almost absent to a depth of 20 cm
in 50-year old mine soils.

Particle Size Analysis
Much of this report will focus on chemical analyses of the soil
sized fraction (<2 mm) of these mine soils. This <2 mm fraction likely
dominates the soil solution chemistry despite the fact that it comprises
only 21-35- of the soil by weight. Coarse fragments do, however, provide
some water and nutrients to vegetation growing in these soils. The
particle size distribution of the soil sized fraction is controlled
primarily by the parent material type in the rock mix experiment. The
classification of sedimentary rock type, i.e., SS vs. SiS, is based on
the particle sizes of a rock's constituent mineral grains. Young soils
which form from sedimentary rocks exhibit a particle size distribution
closely related to their geologic precursor.
Values for sand content decreased as the siltstone proportion of a
treatment increased in each year of the rock mix experiment (Table 3).
Conversely, the silt content increased as the SiS component in a rock
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Table 3. Particle size analysis of the < 2 mm fraction at depths of 0-5 cm and 25-30 cm in
rock mix experiment treatments in May and October 1982 and October 1983.

Year

Treatment

Sand

Surface
Silt

Clay

•••••••-••••·~·-••••••••••••••

Subsurface
Sand
Silt
Clay
O/o ••••••••••••••••••••••••••••••

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone (SiS)

69a•
65ab
62ab
65ab
59b

22a
25a
28a
25a
30a

9a
IO a
IOa
IOa
Ila

69a
65ab
62ab
65ab
59b

22a
25a
28a
25a
30a

9a
lOa
lOa
lOa
Ila

1982

Sandstone
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone

7la
65b
63b
6lb
49c

20c
26b
27b
29b
39a

9b
9b
lOab
lOab
12a

72a
66ab
64b
6lb
45c

20c
25bc
26bc
29b
42a

Bb
9b
lOb
lOb
13a

1983

Sandstone
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone

65a
62ab
60ab
SSab
Slb

27b
28ab
31ab
35ab
38a

Bb
IOa
9ab
IOa
I la

7la
63ab
64ab
S7b
46c

20d
29bc
27cd

9a
!fa
9a
9a
Jla

May 1982

34b

43a

•Means followed by different letters within columns by year are significantly different,
a = 0.05 (Fisher's LSD).
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mix treatment increased. Clay fraction values were higher as the SiS
proportion in a spoil mix increased. Clay contents changed very little
between May 1982 and October 1983.

The sand content decreased with a

concomitant increase in silt content in both subsurface and surface
samples between May 1982 and October 1983.

This change was consistent

at both sample depths as evidenced by no differences in sand, silt, or
clay contents with depth within a sample year. Weathering of sand sized
rock fragments into silt sized particles can account for the change in
distribution of sand and silt fractions. All rock mix treatments in the
surface were classified as sandy loams based on 1983 particle size
analysis, except the SiS treatment which was loam.
Sand contents in the surface amendment experiment ranged from
61-66~

in May 1982 (Table 4) prior to treatment application. Sand

contents are highest in surface and subsurface samples in the topsoil
treatment plots in October 1982 (72 and
contents ranged from

59-65~

68~)

and 1983 (69 and

in surface samples and

60-67~

66~).

Sand

in subsurface

samples of other treatments in 1982 and 1983. Sand content differences
with depth are significant only in the topsoiled treatment. Sand
contents differed between surface and subsurface sample depths (P <
0.10) in the 56 Mg/ha (60 vs.

64~)

and the 224 Mg/ha (61 vs.

65~)

sludge

rates in 1983. The sand fraction has changed only slightly with time in
the surface amendment experiment at either sample depth.
Silt contents in surface samples consistently were lowest in
topsoil plots. The difference between topsoil silt content
and the silt content of the other treatments

(28~

(22~

in 1983)

average in 1983) in
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Table 4. Particle size analysis of the < 2 mm fraction at 0-5 cm and 25-JO cm depths in surface
amendment experiment treatm~nts in May and October 1982 and Octo~r 1983.
Year

Treatment

Sand

Surface
Silt

Clay

Subsurface
Sand Silt
Clay

------------------------------ °lo -----------------------------May 1982

1982

1983

Control
Topsoil§ (30 cm)
Sawdust (112 Mg ha- 1 )
Sludge (22 Mg ha - 1 )
Sludge (56 Mg ha- 1 )
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha- 1 )

64ab•
64ab
65a
66a
6lc
62b
63abc

27bc
26bc
26bc
25c
30a
28ab
28b

Control
Topsoil (30 cm)
Sawdust (112 Mg kg- 1 )
Sludb>e (22 Mg kg- 1 )
Sludge (56 Mg kg- 1 )
Sludge ( 112 Mg kg - 1 )
Sludge (224 Mg kg- 1 )

63cd
72a
6ld
64bc
65b
64bc
63cd

27ab

Control
Topsoil (30 cm)
Sawdust (112 Mg kg- 1 )
Sludge (22 Mg kg- 1 )
Sludge (56 Mg kg- 1 )
Sludge (112 Mg kg- 1 )
Sludge (224 Mg kg- 1 )

6lbc
69a
6lbc
63b

60c

59c
6lbc

9a
9a
IOa
9a

Mab
64ab
65a
66a
61c
62b
6Jabc

27bc
26bc
26bc
25c
30a
2&lb
28b

9a
lOa
9a
9a
9a
IO a
9a

28a
27ab
25b
25b
27ab

lOa
9a
Ila
9a
lOa
lla
lOa

63a
68a
64a
67a
65a
66a
67a

27a
22bc
27a
23bc
26ab
25abc
22bc

IOa
lOa

29a
22b
28a
27a
28a
28a
26a

lOb
9c
llb
lObc
12a
13a
13a

6lab
66a
65ab
65ab
64ab
60b
65ab

29ab
24c
26abc
25b<:
26abc
30a
25bc

19c

9a
lOa

9a

§The "'topsoil"' used in this experiment is a mixture of A, E, B, am! CR horizons.
•Means followed by different letters within columns by year are significanily different,
a = 0.05 (Fisher's LSD).

9a

llJa
9a
9a
Ila
IO a
lOa
9a
lUa

10.:i

IOa
lOa
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the surface was reflected by the higher sand content of the topsoiled
treatment compared with other treatments. The silt fraction distribution
changed little over the course of the experiment. Differences in silt
content with depth were not apparent in any treatment except topsoil.
Clay contents were the least variable of fine earth particle size
fractions as ranges were only

9-13~

at any time or depth during the

surface amendment experiment. The clay values in 1983 for the 112 and
224 Mg/ha sludge treatments were highest
experiment.

(13~)

in the surface amendment

Clay sized mineral and organic particles added as

components of the sewage sludge contributed to these increased values.
Clay values were greater in surf ace than in subsurface samples in the
56, 112, and 224 Mg/ha sludge treatments in 1983.

While treatment and

depth has affected sand, silt, and clay contents, time thus far has not
influenced these parameters. All of the surface amendment experiment
1983 surface samples were sandy loams.

Water Retention and Availability
Coarse fragments in these mine soils make determination of water
holding capacity difficult. To ascertain how coarse fragments might
affect water availability, values for available water in fine earth
fractions were adjusted for coarse fragments by weight.

Water

availability in the fine earth fraction was estimated by taking the
difference between the moisture retained at desorption pressures of 33
and 1500 kPa. These values are classically used to approximate water
retained at field capacity and at the wilting point, respectively
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(Taylor and Ashcroft, 1972). Coarse fragments were assumed to contain
negligible water. This assumption is conservative, especially in rocks
such as SS where porous coarse fragments may supply water to plants
(Ashby, et al., 1984).
The affect of rock type on moisture retention is readily apparent.
Surface soil samples from rock mix treatments were analyzed in 1982 and
1984 (Table 5). The available water content ranged from 0.101 to 0.119
kg/kg in 1982 and 0.089 to 0.125 kg/kg in 1984 and values increased as
the proportion of SiS in a spoil mix increased. The SS treatment water
retention did not appreciably increase at a pressure of 33 kPa as did
other treatments, and the water retention at 1500 kPa increased in all
treatments. The net SS water availability decreased because the increase
in water retained at 33 kPa was not enough to offset the 1500 kPa
increase. Organic matter in these surface samples accumulated because of
root growth and litter fall. This accumulation increased water contents
due to the propensity of organic matter to absorb water. There has been
a decrease in sand and an increase in silt content in most rock mix
treatments and this, along with changes in pore size distributions
associated with structural development, has contributed to increased
water retention with age. Correction for coarse fragments results in the
least water being available in SiS spoils. contrary to results when
analyzing the fine earth fraction solely (Fig. 5).

Clearly, water

availability is greatly diminished by the presence of coarse fragments
on soils of this type.
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Table 5. Moisture retention and availability at a depth of 0-5 cm in rock mix experiment
treatments in 1982 and 1984 in the < 2 nun soil fraction.
Water Content
Year
Treatment
33kPa
1500kPa
A vailablc Water

----------------------------- kg kg- 1-------------- -----------------1982

19S4

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone (SiS)

0.145a•
0.145a
0.15Ja
0.155a
0.168a

Sandstone
0.157c
2: 1 SS:SiS
0.17 lc
1: l SS:SiS
0.181 be
1:2 SS:SiS
0.197ab
Siltstone
0.21 ia
•Means followed by different letters within columns by
a = 0.05 (Fisher's LSD).

0.042a
0.044a
0.05la
0.050a
0.050a

0.104a
O.J02a
O.lOla
0.105a
0.l 19a

0.068a
0.089b
0.063a
0. 107ab
0.07 la.
0.1 lOab
0.080a
O.l l7a
0.085a
O. l 25a
year are significantly different,
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Moisture retention differences for surface amendment treatments are
more pronounced than for rock mix treatments. Water retention at 33 and
1500 kPa was compared in all treatments in 1982 and 1984 (Table 6).
Sawdust plots held more water at any given pressure and had the highest
available water content (0.205 kg/kg) in 1984. The topsoil treatment had
the lowest available water values every year (0.081 and 0.090 kg/kg in
1982 and 1984, respectively).

The water retention values generally

increased as the sludge rate increased, except at the highest sludge
rate. The presence of hydrophobic oils and greases in the sludge may
hove inhibited water adsorption in the sludge treatment amended at 224
Mg/ho. By 1984, ofter two years of exposure to weather, most organic
materials retained much more water than in 1982 (Fig. 6).

Similar

factors contribute to increased available water contents in these
samples as rock mix samples.

As in the rock mix experiment, available

water is decreased by the presence of rock fragments.

The effect

organic additions have on available water are apparent in the graph even
when corrected for coarse fragment contents. This increase in available
water due to organic amendments could contribute to revegetation success
on mine soils containing coarse fragments.
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Table 6. Moisture retention and availability at a depth of 0-S cm in surface amcndrm:nt experiment
treatments in 1982 and 1984 in the < 2 mm soil fraction.
Year

Treatment

33kPa

Water Content
1500kPa

----------------------------- kg kg- 1

Available Water

------------------------------

1982

Control
Topsoil§ (30 cm)
Sawdust (112 Mg ha- 1 )
Sludge (22 Mg ha - 1 )
Sludge (56 Mg ba- 1 )
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha - 1 )

0.158cd•
0.128e
0.238a
0.147dc
0.170cd
0.204b
0.177c

0.042b
0.047b
0.120a
0.05lb
0.045b
0.088ab
0.099ah

0.116a
0.08la
0.118a
0.097a
0.12Sa
O.l 16a
0.078a

1984

Control
Topsoil (30 cm)
Sawdust (112 Mg ha- 1 )
Siudge (22 Mg ha - 1 )
Sludge (56 Mg ha - 1)
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha- 1 )

0.163de
0.1327e
0.298a
O. l 78cd

0.050c
0.047c

O.l 14b
0.090c
0.205a
0.11 ibc
O. l l 7bc
0.137b
0.1 lSbc

O. l 90cd

0.238b
0.206bc

0.093;~b

0.06 ld
0.073c
O.lOin
0.090b

§The •topsoil• used in this experiment is a mixture of A, E, D, and CR horizons.
•Means followed by different letters within columns by year are significantly different,
a = 0.05 (Fisher's I.SD).
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Mine Soil Chemical Properties

Acidity in mine soils arises from two sources (Mays and Bengston,
1978). Some spoils have low base content in the overburden which causes
them to be acid prior to exposure and weathering. The other acid source
is the oxidation of pyrites in overburdens placed near the surface. This
may result in mine soil pH values < 4 which uniformly inhibit growth of
vegetation. Liming of such spoils is a necessary but expensive
consequence of improper overburden placement. Metal toxicities of Al,
Fe, Mn, or Zn inhibit vegetative growth on some acid mine soils.
Kentucky-31 tall fescue has been reported to have increasing yields as
pH increases from 4 to 6, yields which plateau in a pH range of 6 - 7,
and then decrease as pH increases above 7 (Palazzo and Duell, 1974).
Changes in soil pH over time result from production of organic acids,
leaching of basic cations, respiration of soil organisms, and
nitrification reactions associated with organic-N and fertilizers which
contain ammonia. Everett (1981) found plants caused acidification of
mine soil material by depleting bases and producing organic acids.
Soil pH varied as a function of treatment, time, and depth in the
rock mix experiments. Treatment pH values increased in every year as the
SiS proportion increased in a spoil mix (Table 7). The higher pH of SiS
derived soil is attributed to higher carbonate content. Differences in
pH at the two sample depths in 1982 was significant in all treatments
except the SS treatment. The pH differed with depth in 1983 except in

Table 7. Min:: soil pll, Total-N, Bicarbonate extractable P, and OCR extractable Fe at depths of 0-5 cm and 25-30 cm in rock
mix experiment treatments in 1982, 1983, and 1984 in the < 2 mm soil fraction.

Year

Treatment

pH

Surface
Total N
Ext. J>

-----------mg kg-

Eit. Fe

pH

1 -------··-

Subsurface
Total N
Ext. P

Ext. Fe

--···-----mg kg- 1 ----------

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone (SiS)

5.4Sc•
6.69b
6.64b
7.23a
7.45a

----

-------------

78.la
75.4a
64.0a
74.3a
74.0a

3 500a
2 300a
2400a
2 200a
1 700a

6.IOc
7.24b
7.16b
7.80ab
8.0Sa

----------------

1983

Sandstone
2:1 SS:SiS
J:l SS:SiS
1:2 SS:~iS
Siltstone

5.00b
5.99b
6.2Ja
6.35a
6.58a

359c
48Sbc
530b
529b
809a

46.9a
51.9a
42.la
45.9a
39.Ja

12 400a
11 200ab
10 900ab
9 400b
6 600c

5.57b
6.70a
6.30a
6.86a
7.07a

237c
350bc
360bc
398b
582a

4.7b
6.2ab
8.4a
5.8ab
6.9ab

10 900ab
12 700a
12 400a
9 900ab
8 200b

1984

Sandstone
2:1 SS:SiS
1:1 SS:SiS

5.Jlb
5 96a
6.18a
6.20a
6.28a

60tc
895b
933b
I 152ab
1 2l0a

5.69b
6.16ab
629ab
6.28ab
6.44a

289c
362bc
432b
422bc

7.Sa
6.2a

9 300ab
10 200a
8 SOOab
9 IOOab
6 900b

1982

1:2 SS:SiS

52.0a
37.0ab
39.7ab
37.l:ib
29.Sb

9 JOOa
9 tOOa
S SOOah
7 300b
600c

7.8a
8.7a
10.4a
7.8a

6.4a

8.2a

6.2a
6.Sa

s
Silt~tom~
614a
----·--·-----•l\.foans folll'\n:d by difTm.:nt letters within columns by year are signific:mll}· different, a = 0.05 (Fi!.lwr's LSD).

2 700a
2 500a
2400a
2400a
I 700a

0\

00
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the 1:1 SS:SiS spoil mix but did not differ with depth in 1984 in any
treatment. Despite the lack of pH value differences between depths in
1984, subsurface pH values tend to be higher than the surface pH value.
With an increase in soil age, pH differences between surface and
subsurface values diminished as indicated by the non-significance of the
1984 t-test. Mention was made in an earlier section of differences in SS
spoil types. The pH levels of oxidized, brown SS materials did not drop
as fast as the other spoil types. The rate of pH decrease slowed between
1983 and 1984 (0.12 pH units, average) as compared to 1982 and 1983
(0.67 pH units, average).

Note that the pH of the SS treatment

increased from 5.00 to 5.31 between 1983 and 1984. This pH increase is
likely due to solubilization of rock carbonates. Years of weathering
will be required to reach the buffer region of Al in these materials.
This will be further discussed when soil CEC values are examined in a
later section.
Soil pH varied in the surface amendment experiment as a function of
treatment, time, and depth. Treatment surface pH values in 1982 were
highest in the 22 Mg/ha sludge rate treatment (Table 8). There were no
significant pH treatment differences amoung subsurface samples in 1982.
The sawdust treatment had the lowest pH value (6.83) in the subsurface
in 1982. The 1983 surface and subsurface pH values were highest in the
56 Mg/ha sludge treatment (6.41 and 6.79). The lowest mean surface pH in
1983 was for the sawdust treatment (5.28). The 1984 surface and
subsurface pH values were highest in the topsoil treatment (6.49 and
6.70). Sludge treatments had pH values between the topsoil (6.49) and

Table 8. Mine soil pll, Total-N, Bicarbonate extractable P, and DCB extractable Fe at 0-S cm and 25-30 cm depths in surface
amendment experiment treatments in 1982, 1983, and 1984 in the < 2 mm soil fraction.
Year

Treatment

pll

Surface
Total-N
Ext. P Ext. fe

pH

Control
Topsoil§ (30 cm)
Sawdust (112 Mg ha- 1 )
Sludge (22 Mg ha - 1 )
Sludge (56 Mg ha- 1 )
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha - 1 )

6.78c•
7.15ab
7.44a
7.25ab
6.98be
6.98bc

620c
54.lbc
360c
35.Scd
1 850b
24.3d
1 190bc 21.9d
43.9cd
1 990b
80.9b
3 590a
4 210a 126.la

1983

Control
Topsoi! (.10 cm)
Sawdust (112 ivJg ha- 1 )
Sludge (22 .Mg ha - 1 )
Sludge (56 Mg ha- 1 )
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha - 1 )

6.09c
6.2lbc
5.28d
6.36ab
6.4la
6.36ab
6.26ab

810dc
560c
2 140c
I 450cd
3 200b
3 880h
4 650a

50.4c
41.Sc
42.lc
36.3c
82.4b
120.la
145.0a

1984

Control
Topsoil (30 t."Jll)
Sawdust (112 Mg kV-- 1 )
Sludge ·(22 Mg ha - )
Sludge. (56 Mg ha - 1 )
Sludge (I 1~ Mg ha· 1 )
Sludge (224 !\·Jg !1a - 1 )

6.02b
6.49a
6.0lh
6.28ab
6.29ab
5.97b
6. lfob

970cd
590d
1 980b
I 710bc
2 510b
4 570a
4 190a

27.2c
29.lc
27.3c

6.06d

27.6c

50.3b
79.9a
79.0a

4
4
3
4
3
3
3

OOOa
300a
800a
OOOa
300a
300a
300a

Ext. Fe

--------· mg kg- 1 ··--·--·

·----------- mg kg- 1 ----····-·

1982

Subsurface
Ext. P

7.20a
7.30a
6.83a
7.06a
7.40a
7.19a
7.04a

18.5ab
17.6abe
4.6d
5.7cd
6.Sbcd
15.7abcd
23.2a

9 700abc
9 600bcd
JO 900a
10 400ab
9 lOOcd
8 500dc
7 900c

6.7labc
6.52abc
6.SObc
6.43c
6.79a
6.72ab
6.63abc

6.9b
8.lb
6.0b
6.0b
10.lb
13.5b
34.la

12 600ab
11 800ab
12 lOOab
11 600b
13 lOOab
14 300a
10 900b

9 OOOa
7 300b
8 600ab
8 900a
7 700ab
7 600ab
7 300b

6.45ab
6.70a
6.39ab
6.59ab
6.50ab
6.28b
6.44ab

6.3b
5.0b
7.6h
5.0b
6.5b
17.5a

10 200a
8 600abe
9 900ab
9 OOOabc
8 200c
8 400bc

23.6a

§·n1c •topsoil" used in this experiment is a mixture of/\, E, B, and CR horizons.
•.Means followC'd by diff.:rcnt letters within columns hy year arc significantly different, a = 0.05 (ri~her's LSD).

4 lOOa
4 900a
4 200a
S OOOa
4 200a
4 900a
4 800a

S 900ahc:

........
0
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sawdust (6.01) treatments in the soil surface in 1984. The 1984
subsurface pH values were fairly similar, the topsoil treatment pH
highest (6.70) and the 112 Mg/ha sludge rate lowest (6.28). Soil pH
values have decreased in all surface amendment treatments between 1982
and 1984. Sludge additions initially depressed surface pH values in 1982
compared to the subsurface values. The pH volues of sludge amended
treatments did not decrease between 1982 and 1984 as much as the control
or sawdust treatments because the sludge was lime stabilized. Also, no N
fertilizers were added to sludge plots which would result in acid
formation during nitrification reactions.

The sawdust treatment pH has

fallen due to the higher N-fertilization rate coupled with the
acidifying effects of sawdust decomposition. The topsoiled plots, limed
initially to bring the topsoil pH to that of the spoil materials, are
maintaining pH values similar to other treatments.
Differences in pH between surface and subsurface samples in 1982
occurred in the control treatment only (6.78 and 7.20), possibly due to
N fertilization effects. The effect depth had on pH in 1983 was
significant in all treatments except the 22 Mg/ha sludge and the topsoil
treatments. The 1983 topsoil surface and subsurface pH values were 6.21
and 6.52 and significant (P < 0.10). The decrease in the surface pH was
distinct between 1982 and 1983, and increased the number of treatments
with significant pH depth effects. Surface and subsurface pH differences
were significant only in control (6.02 vs. 6.45) and 224 Mg/ha sludge
(6.16 vs. 6.44) treatments in 1984. Decreases in pH values in subsurface
samples relative to the surface removed significant depth effects for

72

many treatments in 1984 compared to 1983. Lower surface pH values in all
surface amendment treatments are attributable to leaching, organic acid
production, and/or nitrification reactions.
In summary, soil pH increased as the siltstone proportion or depth
increased in either experiment. The pH dropped in most rock mix and
surface amendment experiment treatments in each year of the study. The
observed pH values are not limiting to plant growth at this time and
would not need liming except in highly oxidized SS spoils, sawdust,
and/or acid topsoil amended spoils. It seems that carbonate bearing
overburden applied in a controlled placement fashion may alleviate the
need for liming if these overburden types are available in sufficient
quantity. The land holder and mine operator must cooperate and decide if
stockpiling high carbonate overburden is more economical than liming in
a particular operation. Since the land holder will be the beneficiary of
successful reclamation in the long term, they should provide incentives
to the mine operator to use better reclamation techniques.

Total Nitrogen
Equilibrium soil total Kjeldahl N (TKN) values occur fairly quickly
in maturing soil systems.

Changes in TKN over time can indicate the

accumulation rate of N and the "equilibrium" total-N content of a soil.
While a one time measure of TKN is not a valuable measure of plant
available N at any given time, it does provide an idea of the N
reservoir that may function in soil-plant cycles important to stable
ecosystem development.

Berg (1978) points out that considerable N can
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be fixed in rock materials, particularly sedimentary rocks high in
organic matter. The TKN values in mine soils are related to fertilizer N
applications, fixed N, and N accumulation and deposition by plants.
Soil TKN was measured in the rock mix experiment in 1983 and 1984
and values increased each year (Table 7). Total-N increased as the ratio
of SiS increased in a spoil mix. The higher TKN values measured in SiS
spoils (809 and 1,220 mg/kg in 1983 and 1984, respectively) are due to
concentration of fertilizer-N and organic-N into the proportionally
smaller fine earth fraction found in the high SiS spoil mixes. Siltstone
spoils may also contain a higher proportion of geologically fixed N.
Values for TKN were 359 and 601 mg/kg in the SS treatment in 1983 and
1984, respectively. The TKN values increased in surface and subsurface
samples in all years and treatments except the 1983 SiS and 2:1 SS:SiS.
In the rock mix experiment, values for TKN were lower at the 25-30 cm
depth than in surface samples. Organic matter accumulation and N
fertilization caused these higher surficial TKN values.
Soil TKN in surface amendment experiment treatments were measured
in surface (0-5 cm) samples in 1982, 1983, and 1984. The TKN values
increased as the sludge rate increased in each year (Table 8). The
sludge materials added considerable amounts of N to those treatments
(Table 2).

The TKN values increased each year in most treatments due to

litter fall and root additions. The highest two sludge rate treatments
caused higher TKN values than were in other treatments in 1984.

The

other organically amended treatments had higher TKN values in 1984 than
non-organically amended treatments.

74

The addition of N fertilizers, organic amendments, and the
accumulation of roots and plant litter in the rock mix and surface
amended experiments caused an increase of TKN in each year of the study.
It is important that good vegetative cover be established on new mine
soils to prevent the leaching of N, particularly No3-. Fescue
accumulates N and then redeposits it as orgonic-N and this will aid the
development of N cycles supportive of vegetation establishment and help
meet current 5-yeor bond release requirements.

Extractable Phosphorus
Many researchers hove found P to be the most difficult nutrient to
measure and relate to vegetative requirements in mine soils. A problem
with the measure of plant-available P is the wide variety of P compounds
found in soils. Often, mine soils hove neutral pH values in a geographic
region typified by acid soils. Soil testing laboratories may be able to
make reconmendations for P fertility needs for acid soils, but not for
these neutral mine soils. Many studies hove found that bicarbonate
extractable P correlates better with plant growth in neutral or alkaline
spoils and soils (Howard, 1979; Demchak and Morse, 1983; Smith et al.,
1974). Difficulty in correlating soil P values with plant uptake is
still associated with the confounding effects of coarse fragments in
many mine soils.
Bicarbonate extractable P values were not related to treatment
effects in the surface samples of the rock mix experiment until 1984
(Table 7).

Extractable P values ranged from 74.0 to 78.1 mg/kg in 1982
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and 29.5 to 52.0 mg/kg in 1984 in surface samples, and values were
generally higher in SS treatments throughout the study. The 1982 and
1983 surface extractable P values were a reflection of P fertilizer
additions. By 1984, it appears the more acid SS treatments might contain
non-occluded Fe phosphates (Fig. 7 and 8) from which the bicarbonate
solution could extract more P. The solubility of Ca-P fertilizers may be
inhibited in SiS spoil mixes because of their higher pH and the higher
Ca-P component. The capacity of soil to adsorb P increased between 1982
and 1983, and in 1984 to an even greater extent, especially in SiS
derived soil (Fig. 9). The SS soils capacity to adsorb P was initially
higher than that of SiS, but its ability to adsorb P changed little
during the course of the experiment (Fig. 10).

The adsorption

phenomenon explains the regular decrease in extractable P in each year
of the rock mix study. In surface soil samples, plant uptake may have
reduced the amount of P available to the bicarbonate extract.
Differences in P values between surface and subsurface samples were
significant in each treatment in each year due to the initial P
fertilization.
Bicarbonate extractable P values increased as the sludge rate
increased in the surface amendment experiment (Table 8). This trend was
observed in both surface and subsurface samples in each year of the
experiment. Phosphorus values ranged from 21.9 to 126.1 mg/kg in 1982
and 27.2 to 79.9 mg/kg in 1984 in the soil surface. The sludge materials
added considerable organic and inorganic P to the soil when compared to
other mine soil treatment P contents (Fig. 11). Similar adsorptive
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processes were observed in organically amended mine soils as reported in
the rock mix experiment, but the major variables which affected
extractable P were spoil type coupled with the organic addition. Organic
matter generally increased the sorptive capacity of the mine soils over
time. Surface and subsurface P values were different in all treatments
in all years.

Bio-accumulation of P by plants and subsequent P fixation

in above ground organic matter accounts for decreased P levels in 1984
in both experiments. Fixation of P in Fe, Al, and Ca minerals also
resulted in lower extractable P values over time. The fresh nature of
these spoil materials makes P especially susceptible to adsorption and
fixation reactions.

Extractable Iron
Determination of free iron oxides is a commonly analyzed parameter
in soil genesis studies. Iron extracted by the dithionite-citratebicarbonate (DCB) method primarily removes Fe oxides on external soil
surfaces. Soils high in Fe may be anticipated to hinder plant uptake of
P over time due to P fixation. Ranges for total Fe in soil have been
listed at 0.5 to

5.0~.

and may be as high as

10~

in some southwest

Virginia geologic strata (Howard, 1979). Iron, usually in combination
with organic matter, controls soil color.
The DCB extractable iron (DCB-Fe) in the rock mix experiment is
fairly low (0.17 to

1.24~.

reported as percent Fe) compared with the

aforementioned soil Fe range (Table 7). The DCB-Fe values increased as
the SS content increased at both sample depths. Higher proportions of
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brown SS in SS treatment plots resulted in higher levels of extractable
Fe. Surface and subsurface DCB-Fe values did not differ in any treatment
in any year, but free Fe tended to be lower in the soil surface in most
rock mix treatments. The SS treatments deviated from the general depth
trend in 1982 and 1983.

Extractable Fe increased

200-300~

between

October 1982 and 1983. Gray, reduced SS and SiS may contain appreciable
amounts of Fe2+ minerals which oxidize upon weathering. Whether or not
these materials oxidize at the rate indicated by the 1982 and 1983
extraction values should be examined further.

Extractable Fe levels

decreased between 1983 and 1984, possibly due to organic complexation.
Extractable Fe levels in the surface amendment experiment decreased
in surface samples with an increase in the sludge application rate or
topsoil addition (Table 8). Extractable Fe values ranged from 0.4 to 1.1
percent in surface samples. This same trend did not remain consistent in
subsurface samples. All treatments had lower extractable Fe values in
the surface than the subsurface, but these differences were not
significant. The Fe3+ values increased between 1982 and 1983, then
decreased from 1983 to 1984. As with the rock mix experiment, these
changes between 1982 and 1983 need to be examined further, but the trend
for DCB-Fe to increase likely exists. Complexation of Fe with organic
matter may result in chelation of Fe in forms unavailable to the
extractant in 1984.
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Cation Exchange Capacity

Calcium
Exchangeable Ca increased as the SiS content increased in rock mix
treatments (Table 9).

This relationship between SiS content and

exchangeable Ca was observed throughout the study. Exchangeable Ca
differences between surface and subsurface samples differed in the pure
SS (2.34 vs. 2.47 cmal(+)/kg) and SiS (4.32 vs. 5.04 cmol(+)/kg)
treatments in 1982. In 1983, only the pure SiS treatment (3.39 vs. 4.05
cmol(+)/kg) exhibited a significant depth effect. Subsurface Ca exceeded
surface Ca generally in 1982 and 1983. Exchangeable Ca decreased between
1982 and 1983 in all treatments in both surface and subsurface samples.
Calcium seems to be taken up by plants from the surface and rapidly
dissolved and leached from both the surface and subsurface. In 1984, the
pure SS treatment had lower exchangeable Ca in the surface (1.85 vs.
2.11 cmol(+)/kg), but the other treatments had higher subsurface than
surface Ca. The depth differences were not significant in any of the
rock mix treatments in 1984.
Exchangeable Ca increased with the sludge application rate in both
surface and subsurface samples in all years of the surface amendment
experiment (Table 10). The control and topsoil treatments consistently
had the lowest exchangeable Ca in surface samples. Exchangeable Ca
decreased between 1982 and 1983 in both surface and subsurface samples
of all surface amendment treatments. Changes in exchangeable Ca between
1983 and 1984 were small and trends were inconsistent except in

Table 9. Exchang~able cations and total CEC at depths of 0-5 cm and 25-30 cm in rock mix experiment treatments in 1982, 1983,
and 1984 in the < 2 mm soil fraction.
Year

Trr.atm~nt

Ca

l\tg

Surface

K

Al

Total

Ca

Mo0

Subsurface

•

Al

K

Total

-------------------------------·------------ cmol ( + ) kg- 1 --------------------------------------------1982

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone (SiS)

2.34c•
3.59b
3.Slb
4.76a
4.32ab

2A7b
3.79a
3.66a
3.9la
3.9Sa

0.28b
0.32a
0.30b
0.29b
0.33a

0.24a
0.02b
0.03b
0.02b
O.Olb

5.33c
7.72ab
7.50b
8.98a
8.6lab

2.47c
3.67b
3.60b
4.43ab
S.OSa

2.Slb
3.63a
3.27a
3.48a
3.72a

0.12b
0.13ab
0.14ab
0.14ab
0.16a

0.17a
0.01 b
0.06ab
O.Olb
O.Olb

5.27c
7.44b
7.07b
8.06ab
8.94a

1983

Sandstone
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone

l.76b
2.80a
2.9la
3.31a
3.38a

l.23b
1.8Sa
1.83a
l.93a
l.72a

0.27b
0.37a
0.3Sa
0.34a
0.3Sa

0.4la
0.05b
O.OSb
O.OSb
O.OSb

3.67b
S.07a
S.14a
S.63a
5.SOa

l.91c
2.95b
2.94b
3.S6ab
4.04a

l.14c
1.60b
l.S9b
I .66ab
l.79a

0.13b
O.lSab
O.lSab
O. l 7a
0.19a

0.30a
0.02b
0.02b
0.02b
0.03ab

3.48c
4.72b
4.70b
S.41ab
6.0Sa

Sandstone
2:1 SS:SiS
l:J SS·SiS
1:2 SS:SiS
Siltstone

l.84d
2.94c
3.14hc
3. 79ab
4.04a

1.28d
2.13bc
l.98c
2.35ab
2.48a

0.39a
0.60a
0.42a
0.59a
0.50a

0.2la
0.08b
0.08b
0.06b
0.05b

3.72d
5.7Sbc
S.62c
6.79ab
7.07a

2.lOc
2.77b
3.J2b
3.37b
4.04a

l.18c
l.61b
l.52b
l.69ab
l.80a

0.12b
0.12b
0.14ab
0.16ab
0.18a

0.lOa
0.0lb
0.04ab
0.0lb
0.0-fab

3.SOc
4.Slb
4.82b
5.23b
6.06a

1984

•;'\teans followed by different Jcttcrs within columns by year are significantly different, a

= 0.05 (Fisher's LSD).
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Table 10. Exchangeable cations and total CEC at 0-5 cm and 25-30 cm depths in Surface Amendment Experiment treatments in 1982,
1983, and 1984 in the < 2 mm soil fraction.

Year

Treatment

Ca

Mg

Surface
K

Al

Total

Ca

Mg

Subsurface_

K

Al

Total

----------------------------------------------- cmol ( + ) kg- 1 ---------------------------------------------1982

Control
3.Jle•
Topsoil§ (30 cm)
3.62c
Sawdust (112 Mg ha- 1 ) S.06de
Sludge (22 Mg ha- 1 )
6.47d
Sludge (56 l\lg ha- 1)
9.8Sc
Sludge (112 Mg ha- 1 )
13.4lb
Sludge (224 Mg ha - 1 ) 17 .OOa

3.44c
3.93b
4.S6a
2.62d
2.36dc
2.03e
2.1 Sc

0.20b
0.21b
0.42a
0.16b
0.16b
0.20b
0.30ab

O.Olc
6.96c
O.Olc
7.77dc
O.OSbc 10.09cd
0.0lc
9.26de
0.02c
12.39c
0.07ab 1S.7lb
19.SSa
O.lOa

3.4Sc
3.S8c
3.S3c
3.8Sc
4.20c
6.16b
7.38a

3.32ab
3.S2a
3.33ab
3.0Sabc
2.95bc
2.72c
2.71c

0.12abc
0.14ab
0.16a
0.09c
O.lObc
O.llbc
0.1 lbc

O.OOb 6.89c
0.0lb 7.2Sc
0.02a 7.04c
O.Olb 7.00c
0.00b 7.2Sc
O.Olb 9.00b
O.Olb 10.2la

1983

Control
2.64c
Topsoil (30 cm)
2.84e
Sawdust (112 Mg h.i- 1 ) 4.S3d
Sludge (22 Mg ha - 1 )
4.S6d
Sludge ( 56 Mg ha - 1 )
8.68c
10.90b
Sludge (112Mgha- 1 )
Sludge (224 Mg ha- 1 )
12.93a

1.79bc
2.02b
2.84a
l.67cd
l .46dc
l.28c
1.46de

0.28cd
0.30cd
0.49a
0.24d
0.34bc
0.30cd
0.41 ah

0.04d
O.OScd
0.12a
0.06de
0.08bc
0.08bc
0.09ab

2.S3cd
2.47d
2.SScd
2.83bcd
3.0Sbc
3.39b
4.48a

l.66a
l.S9a
l.64a
l.58a
l.S4a
l.S4a
I.Jib

0.14ab
0.14ab
O.ISa
0.12bc
0.12bc
0.13abc
O.llc

0.03a
0.03a
0.03a
0.02a
0.04a
0.03a
0.04a

4.36c
4.23c
4.37c
4.SSc
4.74bc
S.09b
S.94a

0.03ab
0.00b
0.04ab
O.OOb
0.03ab
0.00b
0.05a

4.32c
4.38bc
5.48ab
4.16c
4.S4bc
S.lrobc
5.8la

1984

4.75f
S.2lcf
7.98d
6.SJde
10.56c
12.56b
14.89a

Control
2.80c l 97b 0.23c
2.43c
0.04a
S.04c
1.73ab 0.13ab
Topsoil (30 cm)
2.93c 2.08b 0.23c
0.04a
.5.28c
2.SSc
l.67b
0.16ab
Sawdust ( 112 Mg kg- 1 ) 4.32c 2.69a 0.41ab 0.09a
7.Slb
3.15bc 2.06a
0.23a
Sludge. (22 Mg kg- 1 )
4.61bc 1.8lbc 0.26be O.OSa
6.73bc
2.SOc
O.llb
1.SSb
Sludge ( 56 l\lg kg- 1 )
6.34b l.9lb 0.38abc 0.06a
2.84bc
8.69b
1.5-ib
0.13ab
Sludge (112 '.\lg kg"" 1 )
11.lSa l.8Sb 0.45a
0.06a
13.S4a
3.59ab
l.46b
0.llb
Sludge (224 :\lg kg- 1 )
l 1.70a l.3Sc O.J.tabc O.O·fa
13.Sla
4.26a
l.38b
0.12b
§The "topsoil" used in this experiment is a mixture of A, E, B, and CR horizons.
·~leans followed by dificr•:nt ktters within a column by year arc significantly different, a = 0.05 (Fisher's LSD).
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surface samples from the 56 and 224 Mg/ha sludge treatments where Ca
decreased from 8.69 to 6.33 and 12.93 to 11.70 cmol(+)/kg, respectively.
Exchangeable Ca differed (P < 0.01) between surface and subsurface
samples in all sludge treatments amended with > 56 Mg/ha in each year of
the study. Surface and subsurface exchangeable Ca differed in the 22
Mg/ha amended treatment in 1982 (6.47 vs. 3.85 cmol(+)/kg), 1983 (4.57
vs. 2.82 cmol(+)/kg), and 1984 (4.61 vs.2.51 cmol(+)/kg).

Exchangeable

Ca in the sawdust treatment differed between surface and subsurface
samples in 1982 (5.06 vs. 3.53 cmol(+)/kg) and 1983 (5.54 vs. 2.55
cmol(+)/kg), but not in 1984 (4.32 vs. 3.15 cmol(+)/kg). Control
treatment exchangeable Ca differed with depth in 1984 only

~2.81

vs.

2.44 cmol(+)/kg). No depth effects were found in the topsoil treatment
in any year. Exchangeable Ca was greater in the surface than the
subsurface in all treatments each year except for the control treatment.
The CaC03 stabilized sludge adds Ca that is exchanged and/or solubilized
in the CEC extraction and endows sludge treatments with higher
exchangeable Ca. The lime addition in the topsoil treatment seemed to
have little effect on exchangeable Ca.

Magnesium
Exchangeable Mg increased with the SiS proportion in a rock mix
treatment (Table 9).

Exchangeable Mg decreased by half at both sample

depths in all treatments between 1982 and 1983. Exchangeable Mg then
increased

10-30~

in 1984 in the surface compared to 1983, but subsurface

Mg values remained unchanged from 1983. Magnesium, like Ca, seems to be
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taken up by plants from the surface and rapidly dissolved and leached
from both the surface and subsurface. Exchangeable Mg was higher than Ca
in the SS treatment in 1982 surface samples.

Exchangeable Mg differed

between surface and subsurface samples in 1982 except in the 2:1 SS:SiS
treatment (3.79 vs. 3.63 cmol(+)/kg).

In 1983, exchangeable Mg for the

surface and subsurface differed only in the SS treatment (1.23 vs. 1.14
cmol(+)/kg).

In 1984, Mg was different in all but SS treatments (1.28

vs. 1.18 cmol(+)/kg).
Exchangeable Mg was highest in surface sawdust treatment samples
in each year of the surface amendment experiment (Table 10). This result
is attributed to the presence of organic colloids retaining this cation
as it is solubilized from the rock cements. The Mg content decreased in
surface samples of sludge treatments as the application rate increased.
High levels of Ca added with the sludge likely displaced Mg from
exchange sites in sludge treatments.

Exchangeable Mg also may decrease

in surface samples of sludge amended treatments due to bio-accumulation
in the plants. Exchangeable Mg decreased in 1983 to about half of 1982
values in both surface and subsurface samples of all treatments.
Exchangeable Mg tended to increase slightly or remain the same between
1983 and 1984. The 1982 subsurface Mg was higher in sludge treatments by
an average of 0.56 cmol(+)/kg compared with surface values.

The 1983

exchangeable Mg in the subsurface was higher for only 56 (1.46 vs. 1.56
cmol(+)/kg) and 112 (1.28 vs. 1.54 cmol(+)/kg) Mg/ha sludge rate
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treatments in 1983. All treatment subsurface exchangeable Mg levels were
lower than surface values in 1984. Magnesium appears to be leached
rapidly in these initial stages of soil genesis.
Surface and subsurface Mg was different in the topsoil and 112
Mg/ha sludge treatments in 1982 (3.93 vs 3.52 and 2.03 vs. 2.72
cmol(+)/kg), 1983 (2.02 vs. 1.59 and 1.28 vs. 1.54 cmol (+)/kg), and
1984 (2.08 vs. 1.67 and 1.85 vs. 1.46 cmol(+)/kg).

These depth

differences were significant in the 56 Mg/ha sludge plot in 1982 (2.36
vs. 2.95 cmol (+)/kg) and 1984 (1.91 vs. 1.54 cmol (+)/kg). Exchangeable
Mg differences between sample depths were significant in 1982 (4.56 vs.
3.33 cmol(+)/kg) and 1983 (2.84 vs. 1.64 cmol(+)/kg) in the sawdust
treatment. Exchangeable Mg in the topsoil treatment differed with depth
in 1983 (2.02 vs. 1.59 cmol(+)/kg). No significant depth effects were
found in the 22 or 224 Mg/ho sludge treatments in any year. Again, note
that in all 1984 samples, subsurface exchangeable Mg is higher for the
surface no matter what the previous relationship. This trend may be due
to bio-occumulotion of Mg and surficiol deposition upon litter foll or
it may reflect a change in the distribution of CEC between mineral
exchange sites and the new organic exchange sites being added by roots
and litter.

Potassium
Exchangeable K generally increased in both surface and subsurface
samples as the SiS proportion increased (Table 9).

Exchangeable K was

higher in the surface samples in every treatment in every year of the
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rock mix experiment when compared with subsurface exchangeable K.

While

exchangeable K changed only slightly during the experiment at the 25-30
cm sample depth, there was a regular increase in exchangeable K in
surface samples. The increase in exchange K for this study is likely a
result of 2:1 mineral interlayer K becoming exchangeable due to
biological weathering and initial fertilization.

Everett (1981)

demonstrated that mica can be weathered rapidly into vermiculite in the
rhizosphere. This K supply should be able to meet long term plant needs
without K fertilization if vegetative matter is not removed from the
soil.
Exchangeable K levels were higher in the sawdust treatment in 1982
through 1984 in both surface and subsurface samples (Table 10).

Soil

acidification and release of K from weathering micas in the sawdust
treatment explain this result. Exchangeable K also increased with the
sludge application rate, but this trend was irregular over time.
Exchangeable K increased between 1982 and 1983 about 0.10 cmol(+)/kg in
the soil surface.

Surface exchangeable K showed no regular trend to

increase or decrease between 1983 and 1984, but 1984 values were equal
to or greater than the 1982 exchangeable K levels. Subsurface
exchangeable K usually did not change during the study. Surface and
subsurface exchangeable K was different in 1982, 1983, and 1984 by 0.08,
0.19, and 0.30 cmol(+)/kg in the 56 and 112 Mg/ha sludge treatments on
the average.

The control, 22, and 224 Mg/ha sludge treatments, for

surface and subsurface samples, had differences of 0.14, 0.12, and 0.29
cmol(+)/kg in 1983 and 0.10, 0.15, and 0.22 cmol(+)/kg in 1984,
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respectively.

Sawdust (0.42 vs. 0.16 cmol(+)/kg) and topsoil (0.21 vs.

0.14 cmol(+)/kg) treatment depth effects differed only in 1982, despite
greater absolute mean differences in subsequent years for these
treatments. All this information can be summarized in one point:
Exchangeable K increased in the soil surface due to biological
weathering of clay minerals.

Aluminum
Exchangeable Al was measured and found to be an exchangeable cation
of significance only in the pure SS treatments (Table 9). Higher
exchangeable Al was found in SS spoils which consisted of the
preweathered brown SS material mentioned earlier. High exchangeable Al
as well as low pH and low exchangeable basic cations readily identify
spoils that may be unsuitable for use as topsoil substitutes in mined
land reclamation. Base saturations were

>99~

in all rock mix treatments

except for pure SS, and even in the pure SS treatment, base saturation
exceeded

90~

in the years 1982-1984. However, exchangeable Al did

comprise

25~

of the C1 horizon's CEC of plot 1 by 1985 (Appendix A).

Exchangeable Al increased most rapidly in surface samples as
demonstrated by comparing 1984 surface values which ranged from 0.05 to
0.21 cmol(+)/kg to their corresponding subsurface values which ranged
from 0.01 to 0.10 cmol(+)/kg.
Exchangeable Al was very low in all surface amendment treatments
(Table 10). The highest exchangeable Al occurred in surface samples from
the sawdust treatment (0.12 cmol(+)/kg) in 1983. Base saturations were
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in all surface amendment treatments in each year of the study.

Exchangeable Al in surface samples were generally higher than in
subsurface samples. Additions of organic matter or topsoil increased
surface exchangeable Al initially, but not to levels deleterious to
plant growth.

Total CEC
Total CEC consistently increased with an increase in the SiS
proportion in a spoil mix (Table 9).

Differences in total CEC between

depths have varied through the course of the rock mix experiment. Total
CEC differed between surface and subsurface samples only in the 1:1
SS:SiS treatment (7.50 vs. 7.07 cmol(+)/kg) in 1982. In 1983, total CEC
differed with depth only in the SS treatments (3.67 vs. 3.48
cmol(+)/kg). The 1983 total CEC decreased to
CEC.

60-70~

of the 1982 total

Most of the changes in total CEC are directly related to particle

size distribution of the fine earth fraction and changes in levels of
exchangeable Ca and Mg in a spoil mix. First, as the particle sizes
become finer, the specific surface area of the soil in a given volume
increases. The fractured mineral edges and preponderance of exchange
sites associated with planar clay mineral surfaces in SiS spoils thus
provide more individual exchange sites for cations. Second, SiS spoils
and spoil mixes contain higher contents of various carbonate minerals.
These carbonates solubilize in the soil and in laboratory extractions
and provide a higher estimate of exchangeable Ca or Mg than may be
actually exchangeable. That this latter phenomenon occurred is
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illustrated for 1982 through 1984 for SS and SiS treatments (Appendix 8,
Fig. 18 and 28, respectively).

Together, Ca and Mg account for

of all exchangeable cations in CEC determinations.

85-95~

As mentioned in the

section on pH, these high Ca and Mg values will be associated with high
bicarbonate ion concentrations. These bicarbonate ions contribute to the
higher pH observed in the higher SiS proportion treatments.
Total soil CEC increased in all surface amendment treatments when
organic matter additions were made (Table 10). These values increased
regularly with an increased sludge rate in both surface and subsurface
samples. Total CEC was different (P < 0.01) with depth for > 56 Mg/ha
sludge treatments in 1982-1984. The 1982, 1983, and 1984 total CEC
differed with depth and was higher in the surface for topsoil (0.52,
0.98, and 0.98 cmol(+)/kg) and 22 Mg/ha sludge (2.26, 1.98, and 2.57
cmol(+)/kg) treatments.

Total CEC differed with depth in 1982 and 1983

in the sawdust (3.05 and 3.61 cmol(+)/kg) treatment and 1983 and 1984 in
the check (0.39 and 0.72 cmol(+)/kg) treatment, and again surface values
are higher.

The control and topsoil total CEC was lower than other

treatments in each year of the study. Total CEC was noteably higher in
organically amended treatments in surface smaples when compared with the
subsurface. Calcium dominated the CEC in all samples taken from sludge
treatments. This contribution of Ca to total CEC is shown for both 22
and 112 Mg/ha sludge treatments ( Appendix 8, Fig 38 and 48,
respectively).

Compare these figures to those from the topsoil and
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sawdust treatments (Appendix B, Fig. SB and 68). The Mg constitutes
about

25-50~

of the total CEC in these treatments. The values for Mg

actually decrease in high sludge plots.
Total CEC in both rock mix and surface amendment treatments are
considered low for soils. Since weathering cycles are only beginning in
these mine soils, addition of organic matter, weathering of soil
minerals, and dissolution of carbonates may cause some initial CEC
increases. Soil minerals present in the spoil parent materials are
generally ones with low CEC values, so the soil formed in the long term
will have a low CEC.

Mineralogy will be discussed in another section.

Values for exchangeable Ca and Mg are very high for humid region soils
as a percentage of the soils total CEC. Likewise, exchangeable Al
proportionally is very low. It will be interesting to follow pedogenesis
in the future to see if a model can be generated as regards the rate of
change of the cationic distribution of total CEC in these mine soils.
Such a determination could have a great impact on soil science as well
as mine soil development in areas of soil acidity and lime requirements.

Soluble Salts
Soil soluble salts arise primarily from the dissolution of primary
and secondary minerals present in geologic parent materials.

Often, in

arid climates, these salts collect in pedogenic horizons in the soil
profile.

Additions of sewage sludge contribute considerable soluble

components which also can cause high soluble salt levels. In mine soils,
excess soluble salts frequently result from pyrite oxidation and
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dissolution reactions. Information is limited and often unavailable for
many plant species in humid regions regarding potential soluble salt
toxicities (Berg, 1978). Saturated extract electrical conductivity (EC)
values <2 dS/m generally indicate negligible salinity problems (Bower
and Wilcox, 1965).
Electrical conductivity was measured in the rock mix experiment in
1982 and 1983. Values for EC increased as the SiS proportion in a spoil
mix increased in both surface and subsurface samples (Fig. 12).
Electrical conductivity increased only slightly (0.08 dS/m maximum) if
at all between 1982 and 1983 in surface and subsurface samples.
Electrical conductivity values were similar in surface and subsurface
samples in both 1982 and 1983. None of the EC levels determined in the
rock mix experiment indicate salt toxicity.
Electrical conductivity determined in the surface amendment
experiment increased as the sludge application rate increased (Fig. 13).
Surface sample EC was consistently higher in 1982 than in 1983 by 0.10
to 0.85 dS/m in surface amendment treatments.

Electrical conductivity

decreased in subsurface samples between 1982 and 1983 by 0.10 to 0.40
dS/m. In 1982, surface sample EC was higher than the subsurface values
of organically amended treatments. The 1983 depth comparisons indicate
only the sludge treatments amended with >56 Mg/ha had a surface EC
greater than corresponding subsurface values. The initial EC of even
1.512 dS/m measured in the 224 Mg/ha sludge treatment in 1982 should not
be toxic to tall fescue and most other plant species.
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The carbonate cements of the rock materials are weathering in both
rock mix and surface treatment experiments. As these cements weather,
they release various anions (i.e. HC03-) as well as cations, mainly Ca
and Mg, which affect the measured EC.

The salts added by sewage sludge

also are leached rapidly. Eventually the weathering process will slow
down and the soil will be leached of free salts. This will result in a
decreased EC as soluble salt levels decrease and stabilize in the soil.
Much of the exchangeable Ca and Mg, pH, and soluble salt data are
related. A carbonate-bicarbonate equilibria exists in these carbonate
bearing parent materials which is also influenced by the addition of
carbonate stabilized sludge materials in certain treatments. Dissolution
of these carbonates is favored in the humid environment of the study
area. The initially high content and dissolution rate of these
carbonates gave these new soils their relatively high initial
exchangeable Ca and Mg, pH, and soluble salt levels relative to later
years. Distinct decreases in all of these values had occurred by the
second year as the ions associated with carbonate dissolution were
leached or incorporated by the vegetation. Values for most of these
parameters decreased much less between 1983 and 1884, and in some cases
increased.

This is again a reflection of the continuous readjustment of

the carbonate-bicarbonate equilibrium to changes in the soil chemical
environment. This fluctuation will gradually be dampened each year until
a steady state condition exists in which changes in soil chemistry from
one year to the next will be almost imperceptible in a human lifespan.
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Petrographic and Clay Mineralogical Analyses
Petrographic analysis is based on a point count method, but a
mineral's contribution on a weight basis is not necessarily related to
its spatial distribution in a two dimensional rock cross section. With
this limitation in mind, overburden materials had quartz as the dominant
rock mineral (Table 11). Unidentified 2:1 minerals collectively were the
second most frequently counted mineral, except in the hematitic
sandstones where hematite was more abundant. Hematite was conrnon in the
siltstone and graywacke materials where it was the third most conrnonly
counted mineral. Both orthoclase and plagioclase feldspars comprised a
significant proportion of most rock types. Sphene, a Ca and/or Ti
silicate, was present in the siltstone and graywacke rock types.
Siltstone and graywacke also contained serpentine and goethite, and the
latter was also identified in sandstone rocks. Traces of sphene and
serpentine were also identified in sandstone rocks. Sericite, a
metamorphic alteration product of illite, was identified in all samples
but graywacke. Calcite was present in the siltstone and graywacke
materials.
Sedimentary petrography and mineral diagenesis is a very complex
subject. The main interest addressed by petrographic analysis was to
identify the major minerals in parent materials rather than ascertain
the geologic history of the rocks. Quartz content decreased with a
decrease in rock particle size composition. Many more accessory minerals
occur in the finer particle size rocks. These mineral components reflect
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Table 11.

Petrographic analysis of the overburden rock types used in
the rock mix and surface amendment experiments.
Rock Type

Minerals

Sandstone

Hematitic
Sandstone

------------------Quartz
Plagioclase
Orthoclase
Various 2:1's
Hematite
Sphene
Serpentine
Goethite
Sericite
Calcite

125.0 ± 15.2
20.6 ± 4.5
13.4 ± 4.5
26.6 ± 16.0
7.8 ± 5.0
tr
tr
3.8 ± 5.6
2.8 ± 2.6
tr

Siltstone

Counts/200 grains

90.0 ± 34.0
12.0 ± 3.0
12.0 ± 3.0
29.0 ± 9.0
53.0 ± 23.0

4.0 ±

4.0

Graywacke

----------------

41.0 ± 12.0
9.0 ±
1. 0
9.0 ± 1. 0
64.0 ± 4.0
32.0 ±
0.0
19.0 ± 3.0
11.0 ± 11. 0
10.0 ± 10.0
3.0 ± 3.0
2.0 ± 2.0

60.0
14.0
12.0
65.0
22.0
11. 0
8.0
5.0

± 6.0
± 2.5
± 2.5
± 3.0
± 6.0
± 5.0
± 4.0
± 3.0

3.0

± 1. 0
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the depositional environment of the original sediments, and the presence
of chlorite, for example, indicates significant diageneis occurred over
time in these sediments.
Clay fractions (<2 um) were dominated by muscovite and kaolinite
(averaged 57 and 22-. respectively) (Table 12). Significant amounts of
montmorillonite and chlorite (7 and 7-. average) were also present in
all samples. The dominant minerals present in these samples were similar
to those reported by Barnhisel and Massey (1969), Dixon et al. (1980),
and Howard (1979). Quartz, feldspar, and regularly interstratified 2:1
minerals were present, at least in trace amounts, in all clay samples.
Other minerals present included vermiculite, gibbsite, and chloritized
vermiculite. Mineralogy was quantified by comparing peak areas.
Differential scanning calorimetry was not a successful analytical tool
for these samples, even after peroxide treatments, as coal fragments
produced exothermic peaks that masked endothermic peaks of dehydration
characteristic of clay minerals, and particularly useful for kaolinite
quantification.
The muscovite and quartz present is likely a remnant of the
original sediment parent materials. All other clay minerals are
resultant from geologic or near-surface weathering at various points in
geologic time. Montmorillonite and chlorite particularly are likely
diagenic. No definite trends are exhibited in these materials as regards
quantitative clay mineralogy and parent material type. Clay species can
change in very short distances quantitatively in sedimentary materials
such as these. Mixing overburden during construction even further

Table 12. Mineralogy of the clay fraction for selected treatments of both the rock mix and surface amendment cxperments.
Clay '.\linerals Present
Feldspar Gibbsitc Chloritizcd
Treatment
Kaolinite ~lusco\'ite Montmoiillonitc Chloritc Venniculite Quartz Regularly
Vermiculite
Jnterstratified
2: 1 Minerals
%

--

Siltstone

12

70

7

2

1:2 SS:SiS

24

60

s

4

2:1 SS:SiS

28

58

4

6

Sludge 22 Mg/ha§

12

70

6

9

Sludge S6 Mg/ha

16

S4

9

8

Sludge 112 Mg/ha

38

42

4

12

Sawdust 112 Mg/ha 24

45

2

---

Tr

3

Tr

Tr

1

s

Tr

1

Tr

2

6

1

s

1

---

2

2

s

7

------s

13
7
1
§The Sawdust and all Sludge treatmmts were established on 2:1 Sand!itone:Siltstonc spoil mixes.

---

---

Tr

Tr

Tr

Tr

Tr

U)
U)
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created a heterogenous mixture of clays in the samples, and this is
reflected in the clay quantification. The clay minerals present
individually have a low CEC, and the low CEC values determined for the
mine soils reflect this. The dominant mineral, muscovite has a maximum
potential CEC of about 10 cmol(+)/kg. Further, the clay fractions
represent only a very small part of the total soil volume. As these soil
materials weather and new clay minerals are formed, the soil CEC should
increase. However, the nature of the clay minerals present will likely
cause these mine soils to have a low CEC in the long term.

Mine Soil Morphology

Rock Mix Experiment
Soil profiles were exposed in four pits, two in SS plots and two in
SiS plots in 1985, over four years since the initiation of the
experiment.

Surface horizonation was due to plant rooting and the

effects of spoil placement and grading during plot construction.
Distinct A horizons had formed in all four plots to a depth of O to 5 or
6 cm. There seemed to be no difference in A horizon thickness based on
spoil type. All of these profiles contained two C horizons (C1 and C2).
The C1 horizons in the SS plots extended to a depth of 35-45 cm, while
those in the siltstone plots extended to 50-60 cm in depth. Each soil
described had a C2 horizon that extended to a depth of about 100 cm. The
C1 and C2 horizons were separated based on weak structural development
and visible differences in coarse fragment sizes and distribution.
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The A horizons of SS spoils were usually a dark yellowish or
grayish brown and distinctly colored by organic matter. In SiS plots,
spoil coloration due to organic matter was present but less distinct
than for SS materials. Siltstone A horizon colors were brown to dark
gray. The SS texture was gravelly sandy loam while the SiS profile
texture was gravelly silty loam.

Soil structure was granular and weakly

expressed in very fine to fine peds in all rock mix plots. The peds were
very friable, breaking easily under applied pressure. Very dense root
mats were noticeable in all pits and they were composed of very fine and
fine roots. The A horizon boundaries were clear and wavy.
The C1 and C2 horizons in SS pits were dark yellowish brown to dark
grayish brown in color. These horizons were dark gray in the SiS parent
materials. The C1 horizons were more structurally developed, having weak
to medium subangular blocky or massive structure in all pits with some
weak granular structure apparent in the C1 of the SiS materials. The C2
horizons were all structureless and massive. Consistence of both C1 and
C2 horizons was friable. Very fine and fine roots conmonly penetrated
the C1 horizon while roots in the C2 horizon were few. The C1 boundary
was clear and wavy in SS parent materials but diffuse and irregular in
the SiS spoil. This is attributable to the way SiS rock fractures
compared to SS rock. The former breaks into elongated coarse fragments
while the latter forms more rounded coarse fragments. Also present in
one of these SS pit C horizons was a zone of compaction. The SiS spoils
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were dense and distinct, localized zones of compaction could not be
found.

More morphological data can be found in Appendix A along with

selected chemical and physical data of the delineated horizons.

Surface Amendment Experiment
Soil profiles were exposed in 9 pits in this experiment in 1985,
two pits being excavated in control, sawdust, topsoil, and 56 Mg/ha
sludge plots and one in a 224 Mg/ha sludge treatment plot (Appendix A).
As with the rock mix experiment, plant rooting and spoil placement
strongly affects horizonation. In the latter case, spreading of soil
materials in separate lifts creates morphologically distinct boundaries.
In the organically amended plots and in the topsoil plots, treatment
application had a profound effect on A horizon formation. The presence
of Oe horizons in organically amended plots is attributable to these
organic treatments. These Oe layers were 2 cm thick in pits where
described. The A horizon thickness increased with an increased rate of
organic matter addition. Control plots had A horizons with thicknesses
of 3 or 4 cm. Topsoil treatment profiles had A horizons typically 5 or 6
cm thick. Sawdust A horizons were 7 cm thick. Sludge amended treatments
had A horizons that were 11-14 cm thick.
The C horizons present were described as AC, C1, C2, C, or 2C
horizons depending on other morphological parameters observed in the
profile. Many treatments had profiles in which one plot profile might
contain an A-C sequence while another would have an A-C1-C2 sequence.
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One control pit in plot 26 exhibited an A-C1-C2 morphology while in
another, plot 43, an A-C seqence was described. Topsoiled plots had
A-C-2C horizon sequences. The C and 2C horizon designations are
associated with the different parent materials, topsoil vs.
associated with the profile.

overburden,

Sawdust plots had A-AC-C horizon sequences

and organic material in the AC horizon distinguished it from other
horizons.

The 56 Mg/ha sludge rate plot had an A-C1-C2 sequence. The

224 Mg/ha sludge rate plot had an A-C sequence. When present, the AC or
C1 horizons were separated from underlying horizons based on structural
development associated with rooting, compaction during grading, and
differences in coarse fragment sizes and distribution.
The A horizon colors ranged from dark yellowish brown in sludge
amended profiles through dark brown in most other treatments. Sawdust
plots contained visibly stripped sand grains in the A horizon under the
Oe layer. There was also a noticeably "grayed" area in the surface of
the A horizon associated with this phenomenon. Leaching of organic acids
formed during sawdust decompostion would explain this observation.
Textures were gravelly sandy loam or gravelly loam in all treatment
pits.

Structure was very fine and fine granular to fine and moderate

subangular blocky structure with no tendency for a particular structure
to occur in a treatment. Very dense surficial rooting mats were found in
all pits in this horizon. Horizon boundaries described were clear smooth
or clear wavy.
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A C1 horizon was described in one control plot profile and both 56
Mg/ha sludge treatment profiles. Colors ranged from dark brown in the
control plot to yellowish brown in one of the sludge plots. Textures
were gravelly sandy loam with weak, fine and medium subangular blocky to
sometimes massive structure. Consistence was firm, friable, or very
friable.

All horizons contained fine roots and had gradual or clear

wavy boundaries.
The AC horizons were described in sawdust plots. They were dark
grayish brown and the textures were gravelly sandy loam. The horizons
had weak fine to medium subangular blocky structure and were sometimes
massive. Consistence of these horizons was friable with common very fine
roots and with clear wavy boundaries.
Discontinuities were present in the topsoiled plots due to
differences in solum parent materials.

The C and 2C horizons present

were dark brown to yellowish brown. The C horizon was a sandy loam and
contained only a small percentage of coarse fragments. The 2C horizons
were gravelly sandy loams.

Both C horizons in the two profiles

described had very fine to fine granular structure and were sometimes
massive. Moderate subangular blocky structure was described in places in
one pit. Consistence was very friable and the horizons commonly
contained very fine roots and a few fine roots. Both pits had abrupt
smooth boundaries between C and 2C horizons.

Original topsoil additions
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were to a depth of 30 cm, but due to mixing by root growth, settling of
the soil over time, and compaction resultant from grading, the C
horizons were only about 10 cm thick and extended to a depth of 15 or 1G
cm.
Other C horizons were dark grayish brown and found in sawdust plots
and one control plot profile. These C horizons were morphologically very
similar to the C2 and 2C horizons described in the control and topsoil
pits respectively. All of these horizons were pebbly sandy loams,
massive, sometimes with fine or medium subangular blocky structural
inclusions. These horizons were firm and contained few very fine or finn
roots. Sludge plots amended at a rate of 56 Mg/ha were very similar to
those horizons described above except they had dark yellowish brown
colors. Compaction zones were described in 4 of these profiles. A large
bridging void was described in a pit in one of the 56 Mg/ha sludge
plots. W.L. Daniels indicated there was a decrease in the number of
bridging voids between 1983 and 1985. Further morphological, chemical,
and physical information can be found in Appendix A.
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Tall Fescue Biomass Production and Nutrient Concentrations

Biomass Production
Tall fescue dry matter biomass production was highest in the SS
treatment in 1982 {Table 13), and decreased regularly as SiS content
increased. Biomass production in 1983 on the 2:1 SS:SiS treatment {9.30
Mg/ha) was the highest recorded during the first three years of the
study in any rock mix treatment. The 1983 biomass production was
generally higher than those in 1982 or 1984. Biomass production
decreased again in 1983 as the SiS proportion increased, but SS and 1:2
SS:SiS treatments supported similar production levels {6.5 and 6.4
Mg/ha, respectively).

The 1984 biomass was highest in the 1:2 SS:SiS

treatment {6.3 Mg/ha) but was not different from other treatments likely
due to larger variance in biomass production between sample points.
Biomass decreased rather dramatically between 1983 and 1984, but is
still acceptable for fescue under pasture management {Wilkinson and
Mays, 1979), or on mine soils {Jones et al., 1975; Powell et al., 1982).
Mixes of SS and SiS have consistently supported more biomass growth than
pure spoils, except for SS in 1982. The lower biomass production on SiS
plots is attributed to the rockiness, lower water retention, and higher
soil pH. The rock mix experiment treatments were amended each fall with
56 kg N/ha to simulate the very important contribution leguminous
species would make to N availability. The 1982 and 1983 biomass levels
reflect the initial fertilizations and fall N applications. The biomass
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Table 13. Annual standing biomass and N, P, K, Ca, and Mg concentrations in tall fescue
tissue grown on mine soils of the rock mix experiment.
Year

Treatment

1982

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone: (SiS)

6.3a•
6.aa
6.aa
4.4b
3.7b

Sandstone
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS

9.3a
7.bb
6.4bc

1983

Siltston~

1984

Sandstone
2:1 SS:SiS
i:l SS:SiS
1:2 SS:SiS
Siltstone

Biomass
Mg ha- 1

Nutrient Concentration
p
K
Ca
Mg
N
------------------------ g kg- 1 ___________________________
1.98a
l.96a
1.83a
!.7aa
1.56a

17.Sb
19.4:1
18.lab
16.'Jb
16.Sb

9.3a
1a.4a
9.8.i
l'J.6a
1a.4a

l.66b
l.97a
l.84ab
2.03a

l l.3b
14.4a

4.la

7.0b
8.0a

6.3a
4.4a

7.9a
8.aa

l.32b
l.79a
l.64a
l.63a
l.32b

6.Sbc

5.2c

5.7a

S.2a

9.9a
10.aa

10.2a
9.0a
9.0a

8.0a

l.69b

2.9lb
3.17ab
3.33ab
3.65a
3.7la
3.'J7c

2.47a
2.69a

2.i4a
2.i'fo

2.70a

2.12h

.3.91b
J.8%

:?.78a

2.54a

12.!k.h
J4. ';;i
12Jl:l.h

4.36b

'1.39a

2.9la

l l.9ci

2.8lb

2.27b
2.7fo
2.63t\

14..::.,
13.IJ:i
13.7a
14.Ua

3.18ab

3.35ab
.3.35ab
J.60a

2.89a

2.75a

2.92.-i

•Means followed by dLfferent letters within. columns by year ai:-c ~ignificantly different,
a = a.as (Fisher's LSD).
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in 1984 has decreased due to a reduction in N or P availability.

These

fescue communities are easily maintaining the plant cover needed to meet
regulatory requirements.
Tall fescue dry matter biomass production increased as the sludge
amendment rate increased in every year of the study (Table 14). The 1982
control and topsoil treatment biomass production (5.8 and 5.8 Mg/ha) was
greater than that measured in the 22 Mg/ha sludge treatment (3.9 Mg/ha).
The 1983 control, topsoil, sawdust, and 22 Mg/ha sludge treatment
biomass levels were very similar (5.5 Mg/ha averaged) and not different.
In 1984, all sludge treatments produced biomass in amounts greater than
or equal to other treatments. Biomass production was typically greater
in October 1983 in a given treatment than in any other year. Biomass
declined rather dramatically in all treatments between 1983 and 1984
(i.e.

16.5 vs. 7.5 Mg/ha respectively for the 224 Mg/ha sludge

treatment). This biomass production decline is likely due to N and/or P
stress.
One observation made during the study was that in the annually N
amended rock mix plots, legumes were not present within the plot
borders. Legumes commonly invaded the surface treatment plots,
displacing fescue. This implies that N is essential in the maintenance
of tall fescue in a reclamation mix. This aspect of tall fescue growth
could conceivably be used as a management tool to encourage succession
of more desirable species after initial soil stabilization by tall
fescue. Within the guidelines of 5-year bond release requirements, a
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Table 14. Annual standing biomass and N, P, K, Ca, and Mg concentrations in tall fescue tissue
grown on mine soils of the surface amendment experiment.

Year

Treatment

1982

Control
Topsoil§ (30 cm)
Sawdust (1!2Mgha- 1 )
Sludge (22 Mg ha - 1)
Sludge (S6 Mg ha- 1)
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha - 1)

1983

Biomass
Mg ha- 1
S.8cd
S.8cd
3.7d
3.9d
7.7bc
9.3ab
10.7a

Control
S.9c
Topsoil (30 cm)
S.2c
Sawdust (112 Mg ha- 1) S.6c
Sludge (22 Mg ha - 1)
S.2c
Sludge (56 Mg ha- 1)
10.lb
Sludge (112 Mg ha·') 13.6ab
Sludge (224 Mg ha- 1) 16.Sa

Nutrient Conccntmtion
p
K
Mg
Ca
----------------------- g kg - l _________________________

N

8.Sd
8.7cd
9.4cd

II.Sc

IS.Sb
18.2b
23.2a

l.96c
l.94c
l.46c
3.llb
4.00a
3.48b
3.37b

13.0cd

3.12cd

l 1.8cd
14.4c
21.0b
20.9b
29.la

2.S9de 1S.4c
15.8bc
3.92h
4.63a :?I.lab
:Ui2x 23.0a.
J..i.5bc 26.la

10.6d

2.40e

18.2c
17.3c
19.lc
19.6bc
24.oo
23.3ab
24.Ja

3.42d
3.22d
3.38d

IS.le

4.2lc
4.44bc
4.34bc
S.16ab
4.i!bc
4.7%c
5.Sla

12.Sc

S.04c

S.16c
6.26b
7.33a

2.63d
2.74d
2.89cd
3.29bc
3.43ab
3.43ab
3.93a
2.9!ab
2.65b
2.8Sab

3.08a
3.09a
3.14a

2.95ab

9.ld
3.64c
2.56cd
2.JCJd
8.5tl
3.65c
3.12c
2.92bc
1l.5':
4.4fab 2.97b
12.2!:
10.:k:d
4.3<.li>
i7.lb
3.44a
ll.7c
20.2a
~.40b
3.l5ab
16.0b
18.fuh
5.09a
2.90bc
18.Sa
§The •topsoil' used in this study is a mixture of A, E, B, and Cr horizons.
•Means followed by dificrent letters within columns by year arc significantly different,
a = O.OS (Fisher's LSD).
1984

Control
0.9c
Topsoil (30 cm)
l.7de
Sawdust (112 Mg ha- 1) 2.8cd
Sludge (22 Mg ha - 1 )
2.7cd
4.4bc
Sludge (56 Mg ha- 1 )
Sludge ( 112 Mg ha- 1 )
4.8b
Sludge (224 Mg ha- 1 )
7.Sa

10.kd
9.ld
9.7d

2.79b
2.60b
2.69b
3.62a
4.13a
3.75a
2.42b
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one-time sewage sludge application rate of at least 22 Mg/ha but
preferably 56 Mg/ha should provide nutritive elements suitable for plant
growth throughout the bond period.

Further, sludge ameliorates soil

physical properties that might otherwise limit plant growth potential.
Unless a vigorous legume component is present in the plant conrnunity or
large organic N additions are made, meeting 5-year bond requirements
will require excessively large fertilizer additions. These large
inorganic N applications will be leached and the benefit of N
fertilization will be lost while potentially affecting nearby water
systems detrimentally. These results clearly demonstrate that
organically amended topsoil substitutes as used in this experiment are
superior to the native topsoil used as a soil medium. This result will
vary among topsoil substitutes and topsoil materials as a function of
their physical and chemical properties.

Many unweathered, carbonate

bearing topsoil subsitute materials in Virginia, as well as other areas
of Appalachia, will still form superior mine soil compared to natural
"topsoil" as currently recognized in Appalachia.

Nitrogen
There is little doubt that N is a major limiting nutrient in mine
soils (Vogel, 1981; Mays and Bengston, 1978). Tall fescue particularly
has been found to respond to N applications (Hallock et al., 1965;
Collins and Balanko, 1981a; 1981b; Eck et al. 1981a; 1981b). Most
studies for nutrient sufficiency are based on several cuts during the
growing season (Mortin and Motocho, 1973). Typical N concentrations hove
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been reported to be >20 g/kg of dry matter in pasture management
situations (Eck et al., 1981b; Wilkinson and Mays, 1979). A better
comparison of the relationship of treatment to plant N on mine soils is
to consider total annual N uptake by the fescue. Since uptake values are
a function of biomass production, it is not suprising that uptake values
follow the same trends as biomass production.

Despite this, we are able

to more clearly conceptualize the N relation to plant growth as a
function of treatment.
There were no treatment effects on N tissue concentrations in the
rock mix experiment except for the SS treatment in 1984 (Table 13).
Tissue N concentrations were fairly consistent for the 1982 and 1983
sample years in the rock mix experiment. There was a consistent decrease
in tissue N by 1.0-2.0 g/kg between 1984 and 1983. This result was
probably not a dilution effect since biomass production in 1982 and 1984
was similar and the 1984 tissue N concentrations were still lower.
On an uptake basis, the SS treatment took up twice as much N as did
fescue grown on SiS in 1982 (Table 15). In 1983, the 2:1 SS:SiS
treatment accumulated 98.1 kg N/ha, more than at any other time or in
any other treatment. Other mixed SiS and SS treatments accumulated more
N than did either of the pure rock mix treatments in 1983. Reduced N
uptake by fescue was observed in 1984 as compared to 1983, and no
treatment uptake values were significantly different. The amount of N
measured cumulatively between 1982 and 1984 as a percentage of total N
fertilization was 58, 68, 63, 57, and 43 percent for the SS through SiS
treatments. The treatments in which fescue N uptake was initially high
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Table 15. Values for annual N, P, K, Ca, and Mg uptake in tall fc:scuc grown on mine soils
of the rock mix experiment.

Year

Treatment

N

p

Nutrient UI?takc
K
Ca

---------------------- kg ha -

1982

1983

Sandstone (SS)
2:1 SS:SiS
1:1 SS:SiS
1:2 SS:SiS
Siltstone (SiS)

62.la
61.2a
60.2ah
40.0bc
33.Jc

12.Sa
ll.9a
10.Sab
7.8bc

Sandstone
2:! SS:SiS
l:i SS:SiS

60.4b
98.la
77.Sab
69.lb
SJ.Sb

10.8bc

39.2a

7.Sa
7.4a
8.3a
10.Sa
5.6a

1:2 SS:SiS

Sil Mone
1%4

Sandston:

2:! SS:SiS
1:1 SS:SiS

1:2 SS:Si.S
Siltstone

3l.9a
40.0a
51.2a
34.6a

5.8c

18. la

14.1:.b
D.4b
8.9c

l l l.3a
118.Sa
108.7a
76.2b

63.5b

74.2bc

l.33.9a

Mg

1 -------------------------

l02.8ab
94.6bc

18.Sa
19.0a

19.5.a

15.fab

12.9b
19.7c

36.la
2'J.lab
27.5b

66.~

~2.Sbc

67.J:;.
60.6a
67 2<1
90.7a
60.4a

15.9a
13.2a
17.3:i.
20.8;.l
1S.4a

15.6a

16.2a
16.la

12.lb
9.7b

!3.9b
25.?a

19.Sb
PUh
15.lb

?:.Sa
1 L6a
13.5a
17.4a
12. 7a

•Means followed by different letters within columns by year are significantly different,
a == 0.05 (Fisher's LSD).
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had reduced uptake rates in later years. Treatments with initially low
N uptake rates were more successful N accumulators in later years. It
seems likely that these observations regarding N uptake were related to
treatment fescue biomass production.

Availability of N likely decreased

in treatments with initially high N accumulation rates, and this would
account for reduced biomass production in subsequent years.
Tissue N values were found to increase in the surface amendment
experiment as the sludge rate increased in every year of the study
(Table 14). The tissue N levels are generally higher in October 1983
compared to October 1982 and 1984 due to increased N availability during
the 1983 growth season. The sludge material released N as it decomposed
between 1982 and 1983, but much of that N was fixed into various
unavailable organic N forms or leached by 1984.

Tissue N values in the

control, sawdust, and topsoil treatments also increased between 1982 and
1983 but then decreased in 1984. Of all the macronutrient elements
measured in the surface treatment experiment, none fluctuated as
dramatically as the N tissue concentration value, but in any year,
biomass production was linearly related (r2 > 0.79) to the tissue N
concentration. This would seem to indicate the large dependence of
fescue growth on N availability.
Plant uptake of N increased with the sludge addition rate (Table
16). The 1983 N uptake values in the sludge plots were about 80-90
percent greater than 1982 values. The N uptake values from 1984 are
80-90 percent lower than the 1982 values.

The cumulative uptake of N

during this experiment likely deleted the N pool available for uptake
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Table 16. Values for annual uptake of N, P, K, Ca, and Mg in tall fescue grown on mine soils
of the surface amendment experiment.
Year

Treatment

N

Nutrient U(?t3ke

p

K

Ca

Mg

-------------------- kg ha - 1 -----------------------1982

1983

1984

Control
Topsoil§ (30 cm)
Sawdust {112 Mg ha- 1 )
Sludge (22 Mg ha - 1 )
Sludge (56 Mg ha- 1 )
Sludge ( 112 Mg ha- 1 )
Sludge (224 Mg ha- 1 )

49.6c

S0.3c
34.2c

45.3c
118.lb
165.6b
257.5a

l l.4bc
l l.2bc
S.8c
12.Sb
31.la
31.Sa
35.7a

Control
Topsoil (JO cm)
Sawdust ( 112 '.\1g ha - 1 )
Sludge (22 Mg lia - i)
Sludge (56 Mg ha- 1 )
Sludge (H2 !Vig ha-•)
Sludge (224 Mg ha - 1 )

76.6c

17.&b
12.0b

75.0c
214.6b
234.2b
478.6a

20.3b
46.9a
53.ba

Control
Topsoil (30 cm)
Sawdust (112 Mg ha·· 1)
Sludge (22 Mg ha - 1 )
Sludg.: (56 Mg ha- 1 )
Sludge (112 Mg ha-')
Sludge (224 Mg ha - 1 )

9.3c
15.0c
26.3c
27.9c
52.6b
74.2b
137.Sa

SJ.le
6i.4c

14.9h

56.5~

2.Sc

4.0bc
7.2bc
9.7b

18.Sa
18.6a
17.Sa

105.Sb

101J.4b

72.7b
77.6b
19L4a
212.Sa
240.6a

93.ld
fl.~

93.Sd
83.7d

19.8d
18.7d
ll.4d
19.2d
39.fic
57.8b
78.Sa

26.2b
32.lb
42.3a

24.4c
22.6c

l7.6c
13.9c

24.3c
26.Sc

21U.&.

4S.8b
64.lb
95.9a

8Ac

3Al
6.Jd
8.Sd

314.(;b
419.3.t
J~.4'.:

JJ.Oc
33.7c

77.4b
9S.4b

138.7a

12.0cd
20.0bc

22.0b

38.Sa

!5.3c
l5.9c
10.Sc

12.8c

16.lc

15.9c
31.::b

4:?3ab
49.0-::.

2.3J
4.0cd
!Ulc

8.0c
15.4b
15.Sb
21.Sa

§The •topsoil• used in this study is a mixture of A, E, B, and Cr horizons.
•Means followed by different letters within columns by year are ::ignificantly different,
a = 0.05 (Fisher's LSD).
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faster than N can be mineralized or otherwise returned to the soil and
recycled.

This would explain the biomass production decreases observed

between 1983 and 1984.

Phosphorus
Phosphorus is the second major limiting nutrient in mine spoils
(Berg, 1975; Bennett, 1979). Phosphorus is rapidly fixed in these fresh
mine soil parent materials, primarily into Fe-phosphates.

Phosphorus

deficiencies particularly reduce winter survivability of tall fescue
grass on disturbed soils such as surface mine soils (Wilkinson and Mays,
1979). Authors have reported P concentrations in tall fescue of 1.6-2.2
g/kg (Collins and Balasko, 1981b; Eck et al., 1981b) to as high as
2.5-6.2 g/kg depending on growth stage and fertility regime (Reid et
al., 1970).
Tissue P concentrations were not affected by treatment in 1982 in
the rock mix experiment (Table 13). In both 1983 and 1984, tissue P
concentrations are highest in the mixed SS:SiS spoil treatments by 0.10
to 0.35 g/kg.

As with N, there is a decrease in the nutrient

concentration of P in 1984 compared to 1982 and 1983.
A comparison of total P uptake for the treatments over the course
of the study shows fescue P uptake to range from 5.6-18.1 kg/ha/year for
the years 1982-1984 (Table 15). Total cumulative P uptake for 1982-1984
was 42, 51, 45, 43, and 28 percent of the applied fertilization rate for
the SS through SiS treatments. It seems P is much less available in the
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SiS spoils than the other treatments. Higher pH and Ca content of this
spoil type may reduce solubility of applied or endemic P minerals,
resulting in the lowered P availability and plant uptake.
Total P in tall fescue tissue was highest in the 56 Mg/ha sludge
rate treatment (Table 14) in the surface amendment experiment. The
tissue P content decreased as the sludge rate either increased or
decreased from that rate in every year of the study. As the biomass
production increased, P tissue concentrations were diluted by biomass
production increases in the higher sludge rate treatments.

The lowest P

concentration values were consistently reported in the topsoil
(1.94-2.60 g/kg) or sawdust (1.46-2.69 g/kg) treatments between 1982 and
1984.

Tissue P values increased in 1983 compared to 1982 and decreased

between 1983 and 1984. The increased tissue P concentration in 1983 was
probably related to breakdown and release of organic and inorganic P in
plots amended with sludge or sawdust. The rather large decrease in
tissue P concentrations between 1983 and 1984 results from the fixation
of P by Fe oxides in the soil, reducing P availability as mentioned in
the soil chemistry section.
Uptake of P was highest in 1983 in all treatments, with a maximum
uptake value of 56.5 kg P/ha in the 224 Mg/ha sludge treatment. (Table
16). Phosphorus uptake was lowest in 1984 in all treatments compared to
other years, and the minimum value was 2.5 kg P/ha measured in the
control treatment.

Uptake values were not significantly different in

1982, 1983, or 1984 for the three highest sludge rates, and mean uptake
values were 32.8, 52.3, and 18.3 kg P/ha in each year, respectively.
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Potassium
Potassium usually does not limit plant growth on mine soils because
of the presence of clay minerals, especially 2:1 minerals, which provide
plant available K reserves (Vogel, 1981). Tall fescue does respond to K
fertilization in some cases when N and P are present in high enough
quantities to make K limiting. (Wilkinson and Mays, 1979). Potassium
would be expected to become limiting to plant growth on mine soils only
when plant material is harvested and continuously removed from the site
(Mays and Bengston, 1978).
Tissue concentrations of K were highest in all rock mix treatments
in 1982 (Table 13). Both the fertilizer K and the fresh nature of
fractured rock surfaces account for the high tissue concentrations
observed in 1982. Tissue concentrations of K were consistently highest
in the rock mix treatments that were mixes of SS and SiS in all years.
Tissue K concentrations were very similar for 1983 and 1984. These
tissue K concentrations are lower than reported by authors interested in
pasture management (Reid et al., 1970; Reynolds and Wall, 1982) but
should still be adequate considering the different harvesting methods
used in this study.
Total K uptake was higher in rock mix and surface amendment
experiments than any other nutritive element. As expected, treatments
which supported higher biomass production generally had the higher K
uptake. An exception occurred when the highest biomass production was
compared for two treatments in 1982 and the 2:1 SS:SiS treatment (118.5
kg K/ha) removed more K than the higher biomass producing SS treatment
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(111.3 kg K/ha) (Table 15).

Siltstone treatments had the lowest total K

uptake values in 1982, 1983, and 1984 (63.5, 66.4, and 60.4 kg/ha).
Note the high total uptake rates in each year of the experiment compared
to the initial 70 kg K/ha fertilization rate. Undoubtedly, K cycling
through the plant-soil system occurs, as even in 1982, the plants
accumulated more K than applied in fertilizer. This confirms the ability
of the fresh mine soil materials to easily supply K to the plant
conmunity. Potassium uptake is also aided in these soils by releases of
organic acid exudates and decreased soil pH. Both processes afford
organisms with a K source as it is displaced from exchange sites by
hydronium ions.

The cumulative K uptake as a percentage of initial K

application was 361, 447, 398, 374, and 272 percent for SS through SiS
treatments. Again, the ability of mixed SS and SiS treatments to supply
nutrient elements seems to be greater than for pure SS and SiS
treatments. This trend was consistently observed for the macronutrients
N, P, and K.
Plant tissue K content increased in every year as the sludge
application rate increased (Table 14). Tissue K was lowest in topsoil
treatments in 1982, 1983, and 1984 (17.3, 12.5, and 8.5 g K/kg). The
pre-weathered nature of topsoil materials makes for less K being
available from soil minerals.

Tissue K was not found to differ between

control and topsoil treatments in any year. Control, topsoil, and
sawdust tissue K were not different in 1983 or 1984.
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Uptake K increased between 1982 and 1983, then decreased in 1984
(Table 16). The 1984 K uptake was much reduced compared to other years.
This K uptake follows biomass production trends. As the sludge rate
increased, there was an increase in the rate of K uptake. Total K and N
uptake was often similar in this study. It is likely that both K uptake
and concentration is controlled by N and P nutrition, and K should not
limit plant growth.

Other research confirms the tendency for K

accumulation to vary with N fertility (Reid et al., 1970), especially
when soil K is adequate.

Calcium
Calcium has not been identified as a limiting nutrient in mine
soils (Mays and Bengston, 1978), although imbalances between Ca and Mg
has reduced the vigor of plants on reclaimed soil (Vogel, 1981).
Likewise, deficiencies of Ca or Mg have not been observed in tall fescue
(Wilkinson and Mays, 1979). Both Ca and Mg are important in fescue
production for reasons that will be mentioned in the Mg section. Tissue
Ca levels reported elsewhere ranged from 3.8-8.0 g/kg (Reid et al.,
1970), 2.7-5.5 g/kg (Reynolds and Wall, 1982), and 3.2-5.2 g/kg (Eck et
al., 1981b).
Tissue concentrations of Ca in fescue always increased as the SiS
proportion in a spoil mix increased (Table 13). The SiS spoils had
higher Ca components on the CEC and this likely accounts for the high Co
concentrations in tissue. There is little difference in Ca tissue
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concentration in the 1982, 1983, and 1984 samples. The Ca tissue levels
in the tall fescue grown in the rock mix experiment ranged from 2.8-4.4
g/kg.
Fescue total uptake of Ca was highest in all plots in 1983 (Table
15).

Despite the higher Ca tissue concentration in the SiS treatment,

total uptake was more related to biomass production. The treatments
composed of spoil composites again accumulated more Ca than either the
pure SS or SiS rock mix treatments. Cumulative uptake of Ca over the
course of the experiment was 54.1, 68.3, 65.9, 63.8, and 50.8 kg Ca/ha
for SS through SiS treatments.
Tissue Ca concentrations increased as the rate of sewage sludge
addition increased (Table 14). These lime stabilized sludges added
considerable Ca to the soil where it was available for plant uptake. The
topsoil plots were heavily limed and these Ca additions allowed these
pre-weathered materials to have Ca tissue concentrations (3.22 g/kg,
1982) not different from the sawdust and control treatments (3.38 and
3.42 g/kg, 1982) in any year.

The sludge treatments amended at >56

Mg/ha show decreases in Ca tissue concentration between 1982 and 1983
while other treatments exhibit Ca increases. Tissue Ca decreased between
1983 and 1984 in all treatments. Surface amendment experiment tissue Ca
(3.12-7.33 g/kg) fell within ranges reported earlier.
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Fescue Ca uptake was highest in all surface amendment treatments in
1983 (Table 16). There were no differences in tissue Ca for the control,
topsoil, sawdust, or 22 Mg/ha sludge rate treatments in any year. While
there is often a linear relationship of biomass production to Ca tissue
content, Ca has not been found to limit fescue growth.

Magnesium
Magnesium has not been identified as a limiting nutrient in mine
soils (Mays and Bengston, 1978), although Ca:Mg imbalances may occur.
Much of the research on Mg in tall fescue centers not on limiting growth
factors, but on its relation to grass tetany (hypomagnesemia) in cattle.
Tall fescue research has centered on finding ways to alleviate this
problem (Reynods and Wall, 1982; Odom et al., 1980; Sleper et al.,
1980). Sleper et al. (1980) showed a wide range in ability to accumulate
Mg, as well as other cations, as a function of tall fescue genotype.
These authors report Mg in fescue tissue in the range of 1.5-4.1 g/kg.
The tissue concentrations of Mg in tall fescue in the rock mix
experiment was fairly similar for all treatments except pure SS (Table
13).

Consistently, pure SS grown fescue had less Mg in tissue than

other rock mix treatments. The pure SS grown fescue Mg tissue
concentration was lower by 0.3-0.4 g/kg (ie. 2.12 g/kg in 1983) than the
lowest value determined in the other treatments (2.54 g/kg in the 1983
1:1 SS:SiS treatment).

The range of Mg concentration differed by a

maximum of 0.4 g/kg in 1983 in the other four treatments. As with Ca,
the Mg fraction of total CEC was higher in those treatments containing
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SiS, and the higher Mg tissue content in these treatments are likely
related to this factor. Magnesium tissue concentrations were consistent
during the study, usually varying only 0.2-0.3 g/kg between treatments
in any sample year. The tissue ranges of 2.12-2.92 g/kg determined in
the rock mix study are in the lower end of the ranges reported earlier.
Total Mg uptake was highest in most treatments in 1983,
corresponding to the year with maximum biomass production (Table 15).
The rock mix treatments composed of SS and SiS mixes again had higher
total Mg uptake than either of the two pure rock mix treatments. Total
cumulative Mg uptake was 42.3, 53.5, 49.4, 48.0, and 37.5 kg Mg/ha for
SS through SiS treatments.
Tissue concentrations of Mg in f escue increased as the sludge
application rate increased in 1982 (Table 14). Magnesium tissue contents
thereafter were higher in the 112 Mg/ha sludge treatment (3.14 g/kg,
1983) and in the 56 Mg/ha sludge treatment (3.44 g/kg, 1984).

The

topsoil treatment consistently had the lowest Mg tissue concentration,
and it decreased between 1982, 1983, and 1984 (2.74, 2.65, and 2.39
g/kg).

In sludge amended treatments, Mg tissue concentrations increased

over time. In sawdust treatments, Mg tissue concentrations changed
little throughout the course of the study. Control treatment tissue Mg
values increased between 1982 and 1983, then decreased in 1984.
Total Mg uptake was highest in sludge treatments in each year of
the study (Table 16). The rate of Mg uptake increased with an increased
sludge rate.

Uptake values in 1982 were similar to 1983 despite the

much higher biomass productions in the later year.

This indicates Mg is
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initially very available for plont uptake in these fresh geologic
materials. Total Mg uptake decreased dramatically in 1984. Magnesium may
provide useful information on weathering and the initial behavior of
cations in fresh parent materials. Magnesium is not likely to be a
limiting nutrient in our study.

Tall fescue tissue Fe reported by Reid et al. (1970) ranged from
48-645 mg/kg tissue depending on fertility treatment and fescue growth
stage. Iron tissue levels were measured in control and all sludge
treatments in each sample year in this study. There are no differences
in tissue Fe concentration in 1982 or 1983 (Table 17).

Iron levels

decreased in the control (217.5 to 193.9 mg/kg) and all sludge
treatments (ie. 321.3 to 287.8 mg/kg in the 224 Mg/ha sludge treatment)
between 1982 and 1983. Levels of tissue Fe increased in the control
(193.9 to 546.5 mg/kg) and 22 Mg/ha sludge treatment (200.0 to 252.0
mg/kg) between 1983 and 1984. The control treatment had a higher Fe
tissue content than any sludge treatment in 1984. Chelation of Fe in
organic compounds in the soil on high sludge treatments is a possible
explanation for the reduced tissue Fe.

Also, Fe uptake may decrease as

Fe oxidizes and the less plant available Fe3+ is formed. Solubilization
of rock cements, many of which contain Fe in complex chemical forms, may
explain the increased uptake of Fe in the control and 22 Mg/ha sludge
treatment. In any case, these levels of Fe should not be toxic to fescue
growth.
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Table 17. Values for annual Fe, Mn, Zn, Cu, and Cd concentrations in tall fcscue tissue grown
on mine soils of control and sludge surface amendment experiment treatment.;.
Element Conccntmtion
Year
Treatment
Fe
Mn
Cu
Cd
Zn
---------------------- mg kg- 1 ----------------------1982

Control
Sludge (22 Mgha- 1)
Sludge ( 56 Mg ha - 1)
Slu<lge {112 Mg ha - 1 )
Sludge (224 Mg ha - 1 )

217.Sa•
235.3a
198.Ja
247.7a
321.Ja

571.8a
232.9b
146.8c
!40.0c
131.7c

19.9d
23.Jd
36.9c
48.lb
58.4a

3.82c
4.45c
6.72b
&.74a
8.36a

0.15a
0.36a
0.23a
0.28a
0.50a

1983

Control
Sludge (22 Mg ha - 1)
Sludge (56 !\lg ha- 1 )
SJudge ( 112 Mg ha - 1)
Sludge (224 Mg ha - 1 )

193.9a
200.0a
197.la
187.8a
287.8a

276.6a
145.3b
72.lc
64.lc

16.2c
t8.7c

7.25c
9.00b
9.33ab
9.78ab
10.60a

0.12a
0.15a
0.14a
0.14a
0.15a

83.6c

25.4b
25.Sb
29.Ja

18.8d
5.72b
546.Sa
255.la
252.0b 141.lb
21.0d
6.95ab
6.36ab
14l.9b
92.Jbc 25.Sc
96.9b
56.lc
31.lb
7.39ab
JS.Sa
8.48a
168.4b
61.Sc
•Means followed by different letters within columns by year are significantly different,
a = 0.05 (Fisher's ~D).
1984

Control
Sludge (22 Mg ha - 1 )
Sludge ( 56 Mg ha - 1)
Sludge (112 Mg ha- 1 )
Sludge (224 Mg ha - 1 )
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Manganese
Manganese is an element of concern on mine soils since it may be
accumulated by plants to phytotoxic levels, particularly in legumes
(Fleming et al., 1974; Vogel and Berg, 1968). Palazzo and Duell (1974)
report tissue Mn concentrations were highest in grass species when soil
pH was < 5.0. They also report a decrease in pH (4.2) resulted in less
Mn uptake and more Al accumulation. Ranges of tissue Mn concentrations
in fescue were reported as 121-593 mg/kg tissue (Boswell, 1975) and
51-224 mg/kg tissue (Reid et al., 1970).

Jones (1972) reports a Mn

content of about 500 mg/kg in tissue is required to cause toxicity in
some species. Manganese tissue levels are highest in all sludge and the
control treatments in 1982 (Table 17). Tissue Mn is potentially toxic in
the control treatment by the aforementioned criteria. The tissue Mn
concentration decreased in each year of the study as the sludge rate
increased. The Mn tissue levels were decreased somewhat as a result of
dilution effects associated with higher plant yields. The organic matter
in the sludge may have chelated some Mn and thereby decreased its
availability between 1982 and 1984. The pH increase caused by sludge
addition is another factor which could contribute to reduced Mn plant
uptake within a given year. Daniels et al. (1984) report Mn oxides form
in newly created mine soils which reduces Mn availabilty rapidly. It is
clear that sludge addition in this study reduced likelihood of Mn
toxicity.

It is possible that Mn in these spoil materials is a

micronutrient that could become toxic to plant growth in these soils if
they are not managed properly.
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Zinc has been found to cause toxicity problems when applied in some
sludges. Boswell (1975) reported ranges of 16-3,365 mg Zn/kg tissue in
fescue in his study, but no toxicity symptoms for this element were
reported despite these very high concentrations. A level of Zn thought
to be toxic to plant growth is 300 mg/kg tissue (Council for
Agricultural Science and Technology, 1976). A more typical fescue tissue
Zn content hos been reported to be 12-62 mg/kg tissue (Reid et.

al.,

1970). Zinc concentrations in this study increased as the sludge
application rote increased in each year of the study (Table 17).
Concentrations of Zn in tissue decreased in treatments amended with >56
Mg/ho sludge between 1982 and 1984.

The control and 22 Mg/ho sludge

treatments hove very similar Zn values (18.8 and 21.0 mg/kg in 1984)
which changed little during the study. The Zn concentrations in the
range measured are adequate for plant nutrition but should not be toxic.

Copper
Copper may also cause plant toxicity problems in some plant
species. Boswell {1975) reported tissue Cu concentrations of 1-738 mg/kg
tissue. The suggested Cu tolerance level is 150 mg/kg foliar Cu. Typical
tissue Cu concentrations would be closer to 3-46 mg/kg tissue in fescue
{Reid et al., 1970). Copper concentrations increased with the sludge
application rote in each year of the experiment {Table 17). Treatment Cu
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concentrations fluctuated within fairly narrow ranges (3.8-10.6 mg/kg)
throughout the study. The increased Cu concentration caused by sludge
addition should in no way create a toxicity problem in these mine soils.

Cadmium
Cadmium is considered to be toxic to plants and animals and is an
element which may cause particular problems when sludges are applied to
soil. Bingham et al. (1976) found

25~

yield reduction of tall fescue

occured at a Cd tissue level of 37 mg/kg tissue. The suggested tolerance
level for foliar Cd is 3.0 mg/kg tissue (Council for Agricultural
Science and Technology, 1976). Species in the family Brassicaceae have
been found to accumulate Cd. As members of this family are common
horticultural crops used for human consumption, the low tolerance levels
were established. Cadmium tissue levels in this study increased with the
sludge addition rate in 1982 (Table 17). By 1983, Cd levels were much
lower (0.14 mg/kg average) than the 1982 values (0.34 mg/kg average). No
differences were found for any Cd concentration in any year of the
study. As these Cd tissue levels would not be anticipated to cause
toxicity problems, it was not analyzed in 1984. Likewise, Ni, Hg, and Pb
were measured in the first sample year. Concentrations were usually
below detection limits, so monitoring for these elements was
discontinued for the rest of the study.

SUIYl't'IARV

The efficacy of topsoil substitutes and natural topsoil as a soil
medium in surface coal mine reclamation was evaluated. Two parent
material types, sandstone and siltstone, in mixed and pure treatments
were compared in a rock mix experiment.

Sawdust, topsoil, and four

sewage sludge application rates were compared to determine their effects
on reclamation in a second, surface amendment experiment. Tall fescue, a
commonly used reclamation species, was planted to provide a vegetative
measure of the relative success of reclamation treatments.

A further

aim of this study was to demonstrate reclamation strategies that
successfully meet 5-year bond requirements and increase the opportunity
for alternative land uses. Changes in chemical, physical, and
morphological parameters were evaluated in these newly created mine
soils as were treatment effects on tall fescue biomass production and
nutrient status.
Physical properties varied as a function of parent material. Coarse
fragments affected these mine soils and comprised 65 to 79 percent of
all spoils by weight initially. Rock contents decreased between May 1982
and October 1984 in all rock mix treatments except SiS by about 5-10
percent.

Addition of topsoil or >112 Mg/ha sewage sludge reduced coarse

fragment contents by at least 30 percent between May 1982 and October
1984. A decrease in the coarse fragment content is desirable as
nutrients are released by rock disintegration and the soil volume
available for rooting and water retention increases.
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Particle sizes present in mine soils are strongly related to the
parent material and amendment treatment.

Sand content decreased with a

concomitant increase in silt content between May 1982 and October 1983.
This is attributed to physical weathering of sand sized rock fragments
into silt sized particles. The topsoil treatment had the highest sand
content of all treatments. Otherwise, sand and silt particle size
distributions are not different for other surface amendment experiments.
Clay content increased as the sludge application rate increased.
Water availability is a difficult parameter to quantify in mine
soils. Presence of coarse fragments which likely contain plant available
water, but in lower quantities than <2 mm sized soil materials, confound
conclusions. Water availability was higher in the <2 mm soil fraction as
the siltstone content increased or with increased organic additions.
However, when coarse fragment effects were considered, the results
indicated less water was available in SiS spoils than SS. Organically
amended soils retained more water than other treatments, even when
coarse fragment effects were considered.

These water availability

trends are at least quantitatively correct, but absolute water
availability in field soils cannot be safely surmised from these
results. Undoubtedly, coarse fragments and soil particle sizes affect
soil water content and influence soil chemistry, both of which are of
major concern in revegetation efforts and soil development. Minimization
of compaction will also increase water availability and allow for
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improved plant root penetration. Any changes over time that can be
manipulated by management to increase water availability should
provide for a more habitable soil, regardless of proposed use.
Soil pH throughout the study ranged from 5.00 to 7.45 in the
surface (0-5 cm) and 5.57 to 8.05 in the subsurface (25-30 cm). The pH
values increased with an increase in SiS content, but sludge addition
depressed pH initially. Surface pH values were lower than subsurface
values in all treatments in all years, and pH values decreased
consistently between May 1982 and October 1984, mainly due to
nitrification reactions, production of organic acids, and leaching of
basic cations.

These pH values were not limiting to tall fescue growth.

If overburden pH values are < 5.5 prior to spoil replacement, they
should be limed, preferably to pH 6.0-6.5. The acid producing potential
of overburden strata must also be determined to reduce possible problems
being generated by toxic spoil materials.
Values for soil total-N increased in each year of the study as a
result of additions of N fertilizers, organic amendments, and
accumulation of roots and plant litter. The increase in total-N
indicates the N-reservoir available for N cycling and eventual plant
uptake increased each year. The addition of low C:N ratio organic
materials is one possible management tool available to more rapidly
increase this N reservoir. The N added in this manner would not be
leached as rapidly as inorganic fertilizer N sources, especially N03-.
The establishment of a suitable legume stand on reclaimed mine soils
reduces the need for either organic or inorganic N fertilization.
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Phosphorus is probably the most limiting nutrient to mine soil
reclamation in the long term. These studies demonstrated a decrease in
bicarbonate extractable P each year. Further, the adsorption isotherms
clearly demonstrate the continuous increase in absorptive capacity of
mine soil material. Fractionation of P demonstrates the increase in P
fixation and shows that the P is fixed, mostly into various Fe-P forms.
The DCB extaction of Fe indicated there is considerable Fe in these
soils. As this Fe oxidizes, it will likely be the predominant soil
element with which phosphates will react to form unavailable P minerals
in adsorption processes. Addition of organic material increased soil P
content and extractability. Reclamation research should concentrate
efforts on the relationship of extractable P to available P, that taken
up by plants, and the various chemical forms with which P is associated
in the soil.
The cation exchange capacities of these soils were low. The low CEC
clay minerals present, such as kaolinite and muscovite, and the fact
that these soils contain only about 10 percent clay account for these
low CEC values. Calcium usually dominated the exchange complex, but Mg
also comprised a high proportion of CEC in soils not amended with
sludge. Exchangeable K increased in surface samples, and this K likely
will be able to supply plant K nutrient requirements. Exchangeable Al is
not a significant problem in these soils now and should remain low for
some time. Soluble salt values are in a concentration range that should
not inhibit revegetation success in similar reclamation efforts.
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Morphologically distinct horizons developed in these soils rapidly.
The soil A horizons were formed largely by plant rooting. Treatment
application and topsoil substitute placement and grading also created
morphologically distinct horizons.

Concentration of plant roots on rock

faces was a prominent feature in these soils. Bridging voids and zones
of compaction were noted in some soil pits. Fairly thick A horizons,
compared to mine soils generally. were created by plant rooting and
organic amendment additions in surface amendment treatments.
Tall fescue biomass production was consistently highest in blended
rock mix treatments. Addition of sewage sludge at a rate

56 Mg/ha

consistently produced the highest biomass levels in either experiment. A
decrease in biomass production occurred in both experiments between 1983
and 1984. It seems biomass was limited primarily by N, P, and water
availability, as both N and P plant tissue concentrations decreased
between 1983 and 1984 in most treatments. It is possible that biomass
reductions were a result of the growth habit of fescue rather than
nutritive factors.

It may be that continuously grown fescue in

monoculture without frequent clipping may naturally result in decreased
biomass production.

Initial grass establishment seems to be most

limited by N availability, but stand maintenance also relies on the
supply of plant available N.

The presence of a legume in a reclamation

plant community would likely eliminate N deficiencies in companion
grasses.

133

Heavy metal toxicity associated with sludge additions was not found
to be a problem in this study. Sludge additions actually reduced the
potential for Mn toxicity, an element often thought to limit plant
growth in mine soils. Again, the role of P availability and plant uptake
during the 5-year bond period should be more closely examined as regards
mine soil revegetation. Fescue growth over time under the type of
management that occurs in reclamation and conservation efforts should
also be studied further.

CONCLUSIONS

Mine spoils were used as topsoil substitutes to create new mine
soils. Distinct physical, chemical, and morphological changes occurred
with soil development within 3 years.

Tall fescue growth was

significantly affected by the reclamation treatment used to create a new
mine soil. The data support the following conclusions:

1) Carefully selected topsoil substitutes placed so as to avoid
compaction and amended with either organic or inorganic fertilizer
can exceed vegetative production of similarly treated topsoil. This
is especially true when topsoils used are actually mixtures of
subsoil (B and C horizons) and A horizon soil materials as they
often are in the Appalachian mining region.

2) Organic amendments with low C:N ratios such as sewage sludge can
improve soil fertility. Municipal sewage sludge applied at rates of
56 Mg/ha equaled or exceeded heavy fertilization in this study for
the maintenance and establishment of pure KV-31 tall fescue stands.
Sludge applications increased soil bicarbonate extractable P,
total-N, and available water values. Chemical properties most
important to post-mine land use which involve plants are N and P
availability, while water availability is the most significant
physical property. Pure siltstone spoils inhibited fescue
establishment and reduced yields throughout the course of the study.
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3) Distinct changes in soil physical, chemical, and morphological
properties were detected in these mine soils. Soil pH, bicarbonate
extractable P, and coarse fragment contents will decrease with time
in newly created mine soils.

Soil CEC will decrease initially due

to carbonate solubilization and leaching, but stabilize in the short
term in similar materials. The particle size distributions will
change as more coarse soil particles weather into silt and clay
sized particles.

Soil total-N will increase in initial stages of

soil genesis due to organic additions. Water availability will
increase because of organic additions, the formation of soil
structure, and decreased soil particle sizes.

4) The rates of change for mine soil chemical and physical properties
were rapid for many parameters in the initial stages of this study.
Bicarbonate extractable P, Total-N, pH, DCB extractable Fe, water
availability, and CEC all exhibit definite trends of importance to
theoretical soil genesis studies as well as practical management of
newly reclaimed soil systems.

We have a choice as a society to better manage our energy
consumption and find less environmentally destructive ways to obtain
energy resources, but this is not an option we have chosen historically.
So, due to our energy demands, coal surface mining nationwide will
continue to expand as we use coal as a transition fuel from petroleum
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energy sources to as yet undetermined technologies. This will require
further reclamation research to improve reclamation techniques in
practice. The use of topsoil substitutes and organic amendments can play
a role in future reclamation, particularly in the Appalachian coal
mining region. Post-mine reclamation should be geared to a specific land
use goal where practical, since spoil and soil properties desirable for
one land use may not be suitable for another.
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Site: Plot 1
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: Sandstone.
Sampled by: J. Roberts and R.S. Li.

A

0-5 cm; Dark yellowish brown (10 YR 4/4): gravelly sandy loam:
weak, very fine to fine granular structure: very friable;
many very fine and few fine roots; clear wavy boundary.

C1

5-36 cm; Dark yelowish brown (10 YR 4/4) and dark greyish
brown (10 YR 4/2): gravelly sandy loam; massive and weak fine
to medium subangular blocky; friable; conwnon very fine roots
and few fine roots; clear wavy boundary.

C2

36-110+ cm; Dark yellowish brown (10YR 4/4) and dark greyish
brown (10 YR 4/2); massive; friable; few very fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Conwnon rock fragments generally less than 7.6 cm wide.
The C1 horizon roots concentrated on rock fragment
faces. Coarse fragments were as large as 40 cm, but
generally 2 to 7.6 nwn in size. Greyer areas contained
noticeably more clay. Roots penetrate to a depth of 105
cm. The C2 contains more cobbles than the overlying C1
horizon. Compacted area noted about 10 cm wide that
crossed the pit face diagonally from a depth of 20 to 70
cm.
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Site: Plot 1 (cont.)

Chemical Data

Horizon

Depth

pH*

---------

- cm A

C1
C2

Horizon

Total N

0-5
5-36
36-110+

4.98
5.31
5.41

Depth

Ca

644
231
197

C1
C2

0-5
5-36
36-100+

DCB
Ext-Fe

mg kg-1

----------

41.8
16.9
6.3

9 100
10 000
9 600

Exchangeable Cations
Mg
K
Al

- cm A

Bicarbonate
Ext-P

Total CEC

cmol (+) kg-1 -----------1.24
0.98
1. 21

1. 15
0.95
0.89

0.39
0.17
0. 14

0.45
0.85
0.45

3.23
2.95
2.69

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 4
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: Sandstone.
Sampled by: J. Roberts and R.S. Li.

A

0-6 cm; Dark greyish brown (10 YR 4/2) and dark yellowish
brown (10 YR 4/4); gravelly sandy loam; weak, very fine to fine
granular structure; very friable; many very fine and conrnon
fine roots; clear wavy boundary.

C1

6-44 cm; Dark greyish brown (10 YR 4/2) and dark yellowish
brown (10 YR 4/4); very gravelly sandy loam; massive and very
weak fine subangular blocky; friable; conrnon very fine roots;
clear wavy boundary.

C2

44-105+ cm; Dark greyish brown (10 YR 4/2) (7.5 YR 5/8 few
fine distinct sandstone fragments); massive; friable; few
very fine roots.

Remarks: Very dense surficial root mat. Convnon pebbles throughout
(2-7.6 nm). Evidence of compaction in a band 10 cm wide
that began at a depth of about 55 cm. Roots penetrated
about 100 cm. Black stains on exterior of oxidized
sandstone fragments attributed to Manganese.
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Site: Plot 4 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A

C1
C2

Horizon

0-6
6-44
44-105+

5.22
5.68
6.24

Depth

Ca

A

0-6
6-44
44-105+

mg kg-1

684
265
266

24.7
6.3
4.9

Exchangeable Cations

Mg

- cm C1
C2

Bicarbonate
Ext-P

K

Al

DCB
Ext-Fe

--------9 600
10 000
9 400

Total CEC

cmol (+) kg-1 -----------2.12
2.46
2.65

1.47
1.40
1.28

0.26
0. 11
0.10

0.10
0.10
0.05

3.95
4.07
4.08

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 8
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: Siltstone.
Sampled by: J. Roberts and R.S. Li.

A

0-6 cm; Dark greyish brown (2.5 YR 4/2): very gravelly silty
loam; weak, very fine to fine granular structure; very
friable; many very fine roots; clear wavy boundary.

C1

6-52 cm: Dark gray (10 YR 4/1); gravelly silt loam; moderate
fine to medium granular and subangular blocky; friable: many
very fine roots; diffuse irregular boundary.

C2

52-83+ cm: Dark gray (10YR 4/1): gravelly silt loam; moderate
fine subangular blocky and massive; friable; few very fine
roots.

Remarks: Very dense root mat composed of very fine roots. Common
rock fragments generally less than 7.6 cm wide. The C1
horizon roots distinctly concentrated on coarse fragment
faces. Coarse fragments ranged from 2 to 50 mm in size
and were elongated in one dimension 2X greater than the
width. Uniform distribution of coarse fragment sizes.
Rock fragments were noticeably angular. There seemed to
be an increase in clay in the lower C2 horizon.
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Site: Plot 8 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
C1
C2

Horizon

0-6
6-52
52-83+

6.43
5.68
6.24

Depth

Ca

925
553
593

A

0-6
6-52
52-83+

mg kg-1
32.4
5.7
2.3

Exchangeable Cations
Mg
K
Al

- cm C1
C2

Bicarbonate
Ext-P

DCB
Ext-Fe

---------6 400
6 900
6 400

Total CEC

cmol {+) kg-1 -----------3.68
6.33
5.83

2.30
2.20
2.20

0.35
0.20
0.20

0.05
0.05
0.00

6.38
8.78
8.23

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 9
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: Siltstone.
Sampled by: J. Roberts and R.S. Li.

A

0-5 cm; Dark grayish brown (2.5 Y 4/2); very gravelly silt
loam; weak, very fine to fine granular structure; very
friable; many very fine roots; clear wavy boundary.

C1

5-56 cm; Dark gray (10 YR 4/1); very gravelly silt loam;
moderate fine to to medium granular and subangular blocky;
friable; many very fine roots; diffuse irregular boundary.

C2

56-98+ cm; Dark gray (10YR 4/1); very gravelly silt loam;
massive and moderate fine subangular blocky; friable; few
very fine roots.

Remarks: Very dense root mat composed of very fine roots. Common
rock fragments generally less than 7.6 cm wide. The C1
horizon roots concentrated on rock fragment faces.
Coarse fragments were as large as 50 cm and elongated in
one dimension 2X the width. Very similar to morphology
expressed in Plot 8.
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Site: Plot 9 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
C1
C2

Horizon

A

C1
C2

Bicarbonate
Ext-P

0-5
5-56
56-98+

6.92
7 .16
6.86

Depth

Ca

1 314
659
479

mg kg-1
13.7
5.2
3.9

Exchangeable Cations
K
Al
Mg

- cm -

------------

0-5
5-56
56-98+

4.27
4.92
5.63

2.40
1.85
1. 94

cmol (+) kg-1
0.40
0.20
0.17

DCB
Ext-Fe

---------5 200
7 100
8 900

Total CEC

------------

0.05
0.05
0.00

7.12
7.02
7.74

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 21
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended to a
depth of 30 cm with topsoil composed of A, E, B,
and Cr horizons.
Sampled by: J. Roberts and R.S. Li.

A

0-6 cm; Dark brown (10 YR 4/3); gravelly sandy loam; weak, very
fine granular structure; very friable; many very fine roots;
clear wavy boundary.

C

6-16 cm; Dark brown (10 YR 4/3); gravelly sandy loam; weak,
very fine granular to massive; very friable; conmon very fine
roots and few fine roots; abrupt smooth boundary.

2C

16-96+ cm; Dark grayish brown (2.5 Y 4/2); very gravelly sandy
loam; massive; friable; few very fine roots.

Remarks: Very dense fescue root mat composed of very fine fescue
roots. Patches of moss were commonly noticeable in this
plot on the surface and were not seen as frequently in
the rock mix plots. Roots were concentrated on rock
fragment faces. Roots did not penetrate to a depth
greater than 40 cm. A highly compacted area was noted
at a depth of 35 cm that was about 10 cm wide.
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Site: Plot 21 (cont.)

Chemical Data

Horizon

Depth

A

c

2C

Horizon

pH*

Total N

---------

cm -

0-6
6-16
16-96+

5.91
5.38
6.42

Depth

Ca

580
369
376

A

2C

0-6
6-16
16-96+

mg kg-1
14.8
14.6
3.9

Exchangeable Cations
Mg
K
Al

- cm -

c

Bicarbonate
Ext-P

DCB
Ext-Fe

---------7 100
8 100
12 100

Total CEC

cmol (+) kg-1 -----------3.69
2.18
2.53

2.60
1 .58
1. 65

0.25
0.22
0. 1,

0.05
0.05
0.00

6.59
4.03
4.29

*All values were determined for samples of the <2 mm soil sized
fraction.

158
Site: Plot 22
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KV-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended with
112 Mg/ha Sawdust.
Sampled by: J. Roberts and R.S. Li.

Oe

2-0 cm; partially decomposed tall fescue litter.

A

0-7 cm; Very dark grayish brown (10 YR 3/2); gravelly sandy
loam; weak, very fine to fine granular structure; very
friable; many very fine roots; clear wavy boundary.

AC

7-28 cm; Very dark grayish brown (2.5 Y 3/2); very gravelly
sandy loam; massive and weak fine to medium subangular
blocky; friable; common very fine roots; clear wavy
boundary.

C

38-106+ cm; Dark grayish brown (10YR 4/2); massive; friable;
few very fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Very moist soil in the pit face. Visably stripped sand
grains under the Oe horizon and a "graying" of the upper
A. Parent material mottles (reddish yellow 7.5 YR 6/8)
associated with sandstone fragments. Roots to a depth of
90 cm.
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Site: Plot 22 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
AC

c

Horizon

0-7
7-28
28-106+

5.94
6.22
6.46

Depth

Ca

A

c

0-7
7-28
28-106+

mg kg-1

1 728
1 018
368

Exchangeable Cations
Mg

- cm AC

Bicarbonate
Ext-P

K

29.7
33.6
5.0

Al

DCB
Ext-Fe

---------9 300
11 200
11 800

Total CEC

cmol (+) kg-1 -----------4.46
4.34
2.34

3.20
2.60
1. 63

0.50
0.23
0.12

0.10
0.05
0.05

8.26
7.62
4.14

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 25
Date Sampled: 11/13/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended with
112 Mg/ha Sawdust.
Sampled by: J. Roberts and R.S. Li.

Oe

2-0 cm; partially decomposed tall fescue litter.

A

0-7 cm; Dark brown (10 YR 3/3); gravelly loam; moderate fine
granular and subangular blocky structure; very friable; many
very fine roots; clear smooth boundary.

AC

7-16 cm; Dark grayish brown (10 YR 4/2); very gravelly sandy
loam; massive and weak fine to medium subangular blocky;
friable; common very fine roots; clear wavy boundary.

C

16-59+ cm; Dark grayish brown (10VR 4/2); massive; firm;
few fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Very moist soil in the pit face. Visably stripped sand
grains under the Oe horizon and a "graying" of the upper
A. Parent material mottles (reddish yellow 7.5 YR 6/8)
associated with sandstone fragments. Roots to a depth of
50 cm. Rock covered bottom of the pit at a depth of 59
cm.
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Site: Plot 25 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
AC

c

Horizon

A

AC

c

Bicarbonate
E><t-P

0-7
7-16
16-59+

5.71
6. 13
6.46

Depth

Ca

1 176
647
360

mg kg-1
29.7
13.6
5.0

Exchangeable Cations
K
Mg
Al

- cm -

------------

0-7
7-16
16-59+

3.72
2.93
2.27

2.60
1. 90
1.80

cmol (+) kg-1
0.35
0.17
0. 14

DCB
E><t-Fe

---------9 700
11 100
10 300

Total CEC

------------

0. 10
0.05
0.00

6.77
5.05
4.21

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 26
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KV-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix. (CONTROL)
Sampled by: J. Roberts and W.L. Daniels.

A

0-4 cm; Dark brown (10 VR 3/3); gravelly sandy loam; weak, very
fine and fine granular structure: very friable; common fine
roots; clear smooth boundary.

C1

4-18 cm; Dark brown (10 VR 4/3); gravelly sandy loam; weak,
fine and medium subangular blocky; friable; few very fine
roots; clear wavy boundary.

C2

18-100+ cm; Dark brown (10 VR 4/3): very gravelly sandy
loam; massive and weak, moderate subangular blocky structure:
firm; few very fine roots.

Remarks: No dense fescue root
were concentrated on
this plot was not as
were few and orange,

mat and sparsely vegetated. Roots
rock fragment faces. Compaction in
noticeable. Parent material mottles
yellow, and gray in color.
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Site: Plot 26 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A

C1
C2

Horizon

0-4
4-18
18-100+

6. 10
6.21
6. 12

Depth

Ca

A

0-4
4-18
18-100+

mg kg-1

1 610
671
518

Exchangeable Cations
Mg
K

- cm C1
C2

Bicarbonate
Ext-P

15.4
21. 6
4.2

Al

DCB
Ext-Fe

---------9 500
10 900
11 900

Total CEC

cmol (+) kg-1 -----------3.51
2.21
2.02

2.50
1.90
1 .80

0.60
0.27
0. 14

0.05
0.05
0.00

6.66
4.43
3.96

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 28
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KV-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended with
56 Mg/ha Sewage Sludge.
Sampled by: J. Roberts and W.L. Daniels.

Oe

2-0 cm; partially decomposed tall fescue litter.

A

0-14 cm; Dark yellowish brown (10 VR 3/2); gravelly loam;
weak, fine and medium subangular blocky structure; very
friable; many very fine and few fine roots; clear smooth
boundary.

C1

14-25 cm; Dark yellowish brown (10 VR 4/4); very gravelly sandy
loam; weak fine to medium subangular blocky; friable; common
very fine roots; clear wavy boundary.

C2

25-50+ cm; Dark yellowish brown (10VR 4/4); massive; firm;
few fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Very moist soil in the pit face. Roots to a depth of 50
cm. Rock occupied a large volume of the pit face on the
right side in the subsoil. A zone of compaction was
noted at a depth of 25 cm.
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Site: Plot 28 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
C1
C2

0-14
14-25
25-50+

5.96
6.17
6.56

Horizon

Depth

Ca

2 024
643
407

A

0-14
14-25
25-50+

mg kg-1
56. 1
8.9
5.2

Exchangeable Cations
Mg
K
Al

- cm C1
C2

Bicarbonate
Ext-P

DCB
Ext-Fe

---------8 700
10 500
9 600

Total CEC

cmol (+) kg-1 -----------8.00
3.30
2.82

2.00
1.60
1. 73

0.40
0. 11
0. 13

0.05
0.05
0.05

10.45
5.06
4.73

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 34
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KV-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended with
56 Mg/ha Sewage Sludge.
Sampled by: J. Roberts and W.L. Daniels.

Oe

2-0 cm; partially decomposed tall fescue litter.

A

0-11 cm; Dark yellowish brown (10 YR 3/2); gravelly sandy loam;
weak, very fine and fine granular structure; very friable;
many very fine and few fine roots; clear wavy boundary.

C1

11-44 cm; Yellowish brown (10 YR 5/4); gravelly sandy loam;
massive and weak, medium subangular blocky; both firm and
friable areas; few very fine roots; clear wavy
boundary.

C2

44-92+ cm; Dark yellowish brown (10VR 5/4); very gravelly sandy
loam; massive; firm; few very fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Very moist soil in the pit face. Fine roots to a depth
of 80 cm. A large bridging void was found at a depth of
80 cm. W.L. Daniels indicated there were less bridging
voids present in these 1985 pits than in 1983 when pits
were excavated in these plots.
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Site: Plot 34 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A
C1
C2

Horizon

0-11
11-44
44-92+

6.44
6.70
6.61

Depth

Ca

2 597
408
337

C1
C2

0-11
11-44
44-92+

mg kg-1
81. 1
12.3
4.4

Exchangeable Cations
Mg
K
Al

- cm A

Bicarbonate
Ext-P

DCB
Ext-Fe

---------6 600
9 700
7 800

Total CEC

cmol (+) kg-1 -----------9.40
3.03
2.37

2.00
1.30
1 .44

0.70
0. 15
0. 12

0.05
0.00
0.20

12. 15
4.48
4. 13

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 38
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Power River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended with
224 Mg/ha Sewage Sludge.
Sampled by: J. Roberts and W.L. Daniels.

Oe

2-0 cm; partially decomposed tall fescue litter.

A

0-12 cm; Dark yellowish brown (10 YR 3/2); gravelly loam; weak,
fine and moderate granular structure; very friable; many very
fine and few fine roots; clear smooth boundary.

C

12-98+ cm; Dark brown (10 YR 4/3); very gravelly sandy loam;
massive; firm; few very fine roots.

Remarks: Very dense fescue root mat composed of very fine roots.
Very moist soil in the pit face. A compacted zone began
at 29 cm and extended to a depth of 48 cm. Large rocky
areas were noted at the bottom of the pit.
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Site: Plot 38 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A

c

Horizon

0-12
12-98+

6.62
6.66

Depth

Ca

,

2 992
195

A

0-12
12-98+

mg kg-1
72.8
91 .8

Exchangeable Cations
Mg
K
Al

- cm -

c

Bicarbonate
Ext-P

DCB
Ext-Fe

---------8 200
9 000

Total CEC

cmol (+) kg-1 -----------9.90
7.02

1.60
1.06

0.70
0. 12

0.05
0.05

12.25
8.25

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 39
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix amended to a
depth of 30 cm with topsoil composed of A, E, B,
and Cr horizons.
Sampled by: J. Roberts and W.L. Daniels.

A

0-5 cm; Dark brown (10 YR 3/3); gravelly sandy loam; weak, very
fine and fine granular structure; very friable; conmon very
fine roots; clear smooth boundary.

C

5-15 cm; Yellowish brown (10 YR 5/4); gravelly sandy loam;
weak, very fine to fine granular and moderate subangular
blocky structure; very friable; convnon very fine roots;
abrupt smooth boundary.

2C

15-100+ cm; Dark grayish brown (10 YR 4/2); very gravelly sandy
loam; weak, fine to moderate subangular blocky and massive
structure; friable; few very fine and fine roots.

Remarks: Very dense fescue root mat composed of very fine fescue
roots. Moss patches were again apparent as in the other
topsoil plot. Roots were concentrated on rock fragment
faces.
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Site: Plot 39 (cont.)

Chemical Data

Horizon

Depth

pH*

Total N

---------

- cm A

c

2C

Horizon

0-5
5-15
15-100+

6.73
6.80
6.96

Depth

Ca

778
304
367

A

2C

0-5
5-15
15-100+

mg kg-1
14.8
15 .1
4.4

Exchangeable Cations
Mg
K
Al

- cm -

c

Bicarbonate
Ext-P

DCB
Ext-Fe

---------8 900
8 400
10 000

Total CEC

cmol (+) kg-1 -----------3.19
2.53
2.70

2.00
1.67
1.54

0.28
0.14
0.12

0.05
0.00
0.00

5.52
4.34
4.36

*All values were determined for samples of the <2 mm soil sized
fraction.
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Site: Plot 43
Date Sampled: 11/26/85
Classification: Typic Udorthent, loamy-skeletal, mixed, mesic.
Location: Wise Co., Virginia. Powell River Valley Project Area.
Topography: Very gently sloping.
Drainage: Well drained.
Vegetation: KY-31 Tall Fescue.
Parent Material: 2:1 Sandstone:Siltstone spoil mix.
(CONTROL)
Sampled by: J. Roberts and W.L. Daniels.

A

0-3 cm; Dark brown (10 YR 3/3); gravelly sandy loam; weak,
very fine granular structure; very friable; co1T1T1on very
fine and few fine roots; clear smooth boundary.

C

3-93+ cm; Dark greyish brown (10 YR 4/2); very gravelly sandy
loam; massive; firm; few very fine roots.

Remarks: No dense fescue root mat and sparsely vegetated. A
compacted zone began at 30 cm and extended to a depth of
55 cm. Parent material mottles were few and orange,
yellow, and gray in color.
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Site: Plot 43 (cont.)

Chemical Data

Horizon

Depth

pH*

Total

A

Horizon

0-3
3-93+

6.55
6.89

Depth

Ca

1 274
588

c

0-3
3-93+

mg kg-1
23.6
8. 1

Exchangeable Cations
Mg
K
Al

- cm A

Bicarbonate
Ext-P

---------

- cm -

c

N

DCB
Ext-Fe

---------8 400
10 900

Total CEC

cmol (+) kg-1 -----------3.20
2.74

2.00
1. 72

0.37
0. 15

0.05
0.00

5.62
4.61

*All values were determined for samples of the <2 mm soil sized
fraction.

APPENDIX B
Distribution of Exchangeable Cations in
Selected Treatments

174

SANDSTONE TREATMENT
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Distribution of exchangeab·le cations n.easured in the sandstone treatment.
Total CEC values were 5.33, 3.67, and 3.72 cmol (+)/kg in 1982, 1983, and
1984,respectively.
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Distribution of exchangeable cations measured in the siltstone treatment.
Total CEC values were 8.61, 5.50, and 7.07 cmol (+)/kg in 1982, 1983, and
198~ respectively.

SEWAGE SLUDGE TREATMENT (22 Mg/ha)
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Distribution of exchangeable cations mea~ured in the 22 Mg/ha sludge
treatment. Total CEC values were 9.26, 6.53, and 6.73 cmol (+)/kg in
1982, 1983, and 1984,respectively.

SEWAGE SLUDGE TREATMENT (112 Mg/ha)
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Distribution of exchangeable cations measured in the 112 Mg/ha sludge
treatment. Total CEC values were 15.71, 12.56, and 13.54 cn1ol (+)/kg in
1982, 1983, and 1984,respectively.
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Distribution of exchangeable cations measured in the topsoil treatment.
Total CEC values were 7.77, 5.21, and 5.28 cmol (+)/kg in 1982, 1983,
and 1984,respectively.
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Distribution of exchangeable cations measured in the sawdust treatment.
Total CEC values were 10.09, 7.98, and 7.51 cmol (+)/kg in 1982, 1983,
and 1984,respectively.
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