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ABSTRACT
Current reclamation research following surface mining in the Appalachian coal region seeks to
measure carbon (C) and nutrient accumulation and retention under forest vegetation to better
understand the role of reforestation in the re-establishment of these ecosystem services. This
study capitalized on the Controlled Overburden Placement Experiment (COPE), a 29-year-old
reclamation research installation in southwestern Virginia, to estimate long-term mine soil C
sequestration potentials and nutrient capitals after different reclamation strategies. The COPE
includes two studies, a rock mix study (RM) comparing topsoil substitutes created from different
ratios of local overburden [pure sandstone (SS), pure siltstone (SiS), 2:1 SS to SiS, 1:1 SS to SiS,
and 1:2 SS to SiS], and a surface amendment study (SA) comparing organic amendments
[control (CON), natural topsoil (TS), sawdust (SD), and 22 Mg ha-1 (22B), 56 Mg ha-1 (56B), 112
Mg ha-1 (112B) and 224 Mg ha-1 (224B) of biosolids] on a common 2:1 SS to SiS topsoil
substitute. In the RM, overburden selection significantly affected soil nitrogen (N) and C
concentrations as well as many other soil chemical [e.g., available phosphorus (P), pH, and other
macro- and micronutrients) and physical (e.g., sand, silt and clay contents) properties. C
sequestration rates were also significantly different and ranged from 0.13 to 0.47 Mg C ha-1 yr-1.
Many of the differences demonstrated relationships with the mineral make-up of the RM
treatment. The SA mine soils also differed significantly in many properties after 29 years,
including N, C, and many other nutrient concentrations and contents. C sequestration rates were
also significantly different with the SD and 224B treatments having negative sequestration rates,

and the remaining treatments ranging from 0.23 to 0.80 Mg C ha-1 yr-1. Collectively, the results
demonstrate that topsoil substitutes and surface amendments show divergent trends in soil C and
nutrient dynamics after nearly three decades of development and stress the importance of postmining reclamation based on available materials and reclamation goals.
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INTRODUCTION
History of Reclamation Legislation and Research Pertaining to the Central
Appalachian Coal Fields
The importance of mined land reclamation has long been realized by landowners,
government, scientists and society; however, the long-term results of reclamation are often
unpredictable and unknown, despite pre-reclamation planning. Federally mandated reclamation
following surface mining has only been in practice in the United States for the past 35 years. The
earliest legislation pertaining to reclamation was enacted at the state level in West Virginia in
1939, while Virginia enacted its first law in 1966 (Meiners 1964; Montrie 2000). Rapid increase
of surface mining initiated by World War II, weak enforcement of regulations at the state level,
and increasing opposition to surface mining necessitated federal government intervention to
regulate and monitor mining activities and their environmental impact (Yarnell 1998, Montrie
2000). In 1977, the United States government passed the Surface Mining Control and
Reclamation Act (SMCRA), which created a permit-based framework with standardized
regulations for the planning, operation, and closure of surface mines (Plass 2000). SMCRA states
basic overall goals for land reclamation, after completion of which, bonds are returned to mining
operators. The main concerns of surface coal mining included visual scarring of the land,
sedimentation of waterways, and exposure of toxic geologic formations. In response, the
requirements laid out in SMCRA addressed these factors, requiring practices such as isolation of
toxic materials, topsoil salvage or use of topsoil substitutes from overburden to create suitable
soil material, return of land to approximate original contour (AOC) to mitigate abandonment of
high walls, stable landform construction and quick plant cover establishment to prevent erosion,
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as well as establishing a diverse and permanent vegetative cover and protecting all adjacent land
and water bodies during the entire mining and reclamation operation (Daniels & Amos 1985;
Chaney et al. 1995; Plass 2000; Angel et al. 2005). As a result, previously forested land has
commonly been reclaimed and revegetated to heavily graded and compacted mine soils with
chemistries unsuitable for forest species. Consequently, reclaimed areas prepared with vegetation
suitable for pastures became grassland systems dominated by grasses, legumes, and shrubs that
could take centuries to become forests through natural successional pathways (Plass 2000; Angel
et al. 2005).
In the early 20th century, pressure from multiple industries on the forests of Appalachia,
research on surface mine reforestation began to be recorded in the 1930s (Yarnell 1998; Emerson
et al. 2009). These research groups have contributed to and continue to contribute to forest
ecosystem and reclamation knowledge (Yarnell 1998; Plass 2000; Torbert & Burger 2000; Angel
et al. 2005; Zipper et al. 2011b). In the past 30 years, there has been considerable research
regarding forest reclamation in the eastern United States, particularly the aspects of overburden
selection for specific topsoil substitutes, mine soil development, compatibility of topsoil
substitutes and tree species, and tree growth and productivity on mine soils.
Daniels et al. (1983) contributed to the early research on topsoil substitutes in the
Southern Appalachians with the construction of the Controlled Overburden Placement
Experiment (COPE) in southwest Virginia. Prior to this study, most research focused on the
properties and development of mine soils that had resulted from unplanned placement of soil and
overburden materials. The results from Daniels et al. (1983) demonstrated that intentional
selection, mixing, and placement of non-toxic overburden materials in different combinations
had distinct effects on survival and establishment of vegetation and mine soil quality. Daniels &
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Amos (1985) examined the geological, physical and chemical properties of overburden and the
typical reclamation practices used in the southern Appalachians, specifically southern West
Virginia and southwestern Virginia. They identified overburden properties and management
practices that created desirable or undesirable mine soil for vegetation survival and
establishment. Roberts et al. (1988a) and Haering et al. (1993 & 2004) continued to study the
development of mine soils created from known overburden materials on the COPE, although
these studies focused on soils planted to grass and herbaceous vegetation. Roberts et al. (1988a)
observed pedogenic variations in the different overburden mixes regarding leaching, oxidation
and organic matter additions. Overburden type was found to have significant effects on chemical
and physical characteristics of the mine soils, including pH, base cation concentrations, salts,
coarse fragments, and sand and silt contents. Results from Haering et al. (1993 & 2004) showed
that important determinants of mine soil development included the rock type used for soil
construction. It was also noted during these studies that the heterogeneity of mine soils made
conventional predictions of soil development and their potential plant nutrient availability and
productivity unreliable based on initial overburden analyses.
Research by Torbert et al. (1988), Andrews et al. (1998), Rodrigue and Burger (2004),
and Showalter et al. (2007) focused on finding mine soil properties that had influence on tree
productivity. Torbert et al. (1988) in southwestern Virginia and Andrews et al. (1998) in
southwestern Virginia and southern West Virginia used white pine (Pinus strobus L.) height as
their productivity measure. Both studies concluded that rooting volume or depth and soluble salt
concentrations were positively related to pine height. Andrews et al. (1998) found additional
relationships between pine height and slope and surface soil phosphorus and manganese
concentrations. Rodrigue and Burger (2004) used white oak (Quercus alba L.) as their reference
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species for site index measurements in pure hardwood to mixed forest stands in eastern
Pennsylvania, southeastern Ohio, eastern West Virginia, southwestern Virginia, southern Illinois,
western Indiana, and western Kentucky. They found positive relationships for site index with
base saturation, total available water, and total porosity in the C horizon, and negative
relationships with electrical conductivity and total coarse fragments. Similarly, Showalter et al.
(2007) measured white oak height in southwestern Virginia and found tree growth was positively
influenced by microbial biomass, exchangeable potassium and phosphorus (P), inorganic
nitrogen (N), and aspect, and negatively influenced by silt and clay contents and pH.
Simultaneously, researchers looked into the effects of specific topsoil substitutes on tree
survival and productivity. In 1990, Torbert et al. published their work on the survival and stem
volume of pitch x loblolly hybrid pines (Pinus rigida Mill. x Pinus taeda L.) on the COPE. They
found rock-type treatment did not affect survival, but did affect stem volume. Stem volume was
significantly greater in pure sandstone than in pure siltstone. They related the increased stem
volumes to lower coarse fragment contents, lower pH, lower soluble salts and higher available
manganese in pure sandstone and pure siltstone. Burger et al. (2007) followed up the same study,
but this time on northern red oak (Quercus rubra L.), which had been planted on the COPE after
pine removal. They measured tree survival, height and ground line diameter (volume). Red oak
survival and growth was lowest in the sandstone treatment, and greatest in the sandstone and
siltstone mixes. Low pH and low levels of extractable and exchangeable bases were associated
with the poor tree measurements in the sandstone plots. High coarse fragment contents and low P
concentrations were thought to contribute to lower tree measurements in the pure siltstone plots
than in the mixed plots. In 2009, Emerson et al. performed a similar experiment in southern West
Virginia comparing the effects of weathered sandstone and unweathered sandstone on various
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hardwood species’ survival and volume. Significant differences were found for both
measurements, with survival being significantly greater on the unweathered sandstone, and
volume being significantly greater on the weathered sandstone. Soil properties attributed to these
results included higher P concentration in the unweathered sandstone, and lower pH and higher
available water content in the weathered sandstone. Showalter et al. (2010) performed
greenhouse experiments comparing the effects of salvaged forest topsoil, weathered sandstone,
unweathered sandstone and unweathered shale on hardwood tree height and biomass. Mine soil
material was collected from a mine in southern West Virginia. Weathered sandstone produced
trees with the greatest growth and this was attributed to lower coarse fragment content, higher
available water, and lower pH. Recent work by Miller et al. (2012) expanded on this knowledge
using weathered sandstone, unweathered sandstone, shale, and a mix of all three materials at a
mine in eastern Kentucky. Tree survival and height were measured for native hardwood species.
Results showed no significant differences in tree survival rates for most species between rock
mix treatments, and almost all tree species demonstrated significant height variation across
treatments. Weathered sandstone produced the tallest trees, and the mix and unweathered
sandstone produced the shortest trees. The authors attributed the variations to higher N and P
concentrations and more weathered soil material in the weathered sandstone, and higher base
cation concentrations and plant-available water in the shale.
In addition to soil-vegetation interactions, research has been performed to understand
how forest or silvicultural management will affect trees planted on reclaimed mine soils.
Andersen et al. (1989) and Chaney et al. (1995) studied the survival and growth of hardwood
species on a site reclaimed with overburden and salvaged forest topsoil in southern Indiana.
Treatments included two tree species [northern red oak and black walnut (Juglans nigra L.)],
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four types of seedling production methods, and two approaches to ground cover vegetation
(chemical control versus no control). Significant differences were found in both studies between
ground cover control methods. Survival and height were significantly higher with chemical
control than without control. In 1995, Torbert et al. completed a study in southern West Virginia
that compared white pine and black locust (Robinia pseudoacacia L.) establishment, survival,
height, and diameter between treatments of two ground cover mixes, two tree planting
techniques, and fertilizer effects on white pine. All plots were constructed with oxidized
sandstone. The authors observed no significant differences in tree measurements related to
ground cover mixes and they attributed this to the chemical characteristics of the mine soil
material being less favorable to herbaceous and grass species than to tree species. They also
concluded that white pines established and survived better when hand-planted and that black
locust established and survived just as well with both planting treatments, although the high
number of direct-seeded black locust did significantly reduce growth in the white pines. Both
species grew more slowly when direct-seeded than when hand-planted and there was no fertilizer
effect on the white pines. Casselman et al. (2006) performed another study on the effect of
silvicultural treatments on tree growth in southern Ohio, central West Virginia, and southwestern
Virginia. They tested effects of chemical weed control, chemical weed control with tillage, and
chemical weed control with tillage plus fertilization on survival, height, and volume of hybrid
poplar [Populus trichocarpa L. (Torr & Gray ex Hook.) x Populus deltoids (Bartr. Ex Marsh.)],
white pine, and a native hardwood mix. Overall, the trees had greater survival and growth rates
in Virginia than in the other two states, which was related to the mine soil material. In Virginia,
weathered sandstone was used to create the mine soils, while in West Virginia and Ohio the mine
soils were predominately siltstone and shale. The silvicultural treatments affected the hybrid
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poplar the most, with height and volume increasing with increasing management intensity, but
had very little effect on the other tree species.
This research has not yet affected changes in US legislation, such as SMCRA, but has led
to the development of government and industry partnerships and reclamation recommendations,
including the Forestry Reclamation Approach (FRA) from The Appalachian Regional
Reforestation Initiative (ARRI), the Reclamation Guidelines for Surface-Mined Land from the
Powell River Project (PRP), and various university extension programs (Angel et al. 2005;
Burger et al. 2005; Miller et al. 2012). Due to the landscape altering nature of surface coal
mining and history of unsuccessful forest reclamation, these steps have been instrumental in
recovering lost forest area in the southeastern United States and, in particular, southern
Appalachia.

The Central Appalachian Forest Ecosystem and Its Reestablishment
The southern Appalachian forest is a unique ecosystem that has sustained abundant
diversity despite its intensive land management history. Disturbances have included: controlled
burns, foraging, hunting, and agriculture by the native peoples before the 1500s; introduction of
exotic plants and animals, increased agriculture and hunting, timber harvest, and settlements by
the Europeans from 1500s to the 1900s; and large-scale development, deforestation, above- and
belowground resource extraction, and pollution from the 1900s until the present (Yarnell 1998).
The southern Appalachian area includes parts of the Appalachian Mountains,
Shenandoah Valley, and the Cumberland and Appalachian Plateaus and extends from
northeastern West Virginia and northwestern Virginia, through Tennessee, North Carolina, and
Kentucky, to northern Georgia and Alabama (Hinkle et al. 1993; Southern Appalachian Man and
the Biosphere 1996a; Ricketts et al. 1999). Throughout this region, there are approximately
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15,000,000 ha of forest, of which approximately 67% is deciduous and 16% is mixed deciduousevergreen (Southern Appalachian Man and the Biosphere 1996a). The two largest deciduous
ecoregions in the southern Appalachians are the mixed mesophytic hardwood forest, also called
the Appalachian/Blue Ridge forest, and the Appalachian oak forest (Hinkle et al. 1993; Southern
Appalachian Man and the Biosphere 1996a; Ricketts et al. 1999). Each ecoregion is comprised of
distinctive plant communities. The typical groupings of the mixed mesophytic hardwood forest
are yellow poplar (Liriodendron tulipifera L.) and yellow poplar-white oak-red oak dominant,
and the common groupings of the Appalachian oak forest are post oak (Quercus
stellata Wangenh.)-black oak (Quercus velutina Lam.), chestnut oak (Quercus montana Willd.),
scrub oaks (Quercus spp.), and scarlet oak (Quercus coccinea Münchh.) (Southern Appalachian
Man and the Biosphere). These forests have developed from remnant populations that survived
beyond the southern extent of glaciers and from sub-tropical and tropical species that have
migrated north since the last glacial age (Yarnell 1998; Hinkle et al. 1993; Ricketts et al. 1999).
The Appalachian forests are known to have the greatest density of endemic species in North
America and contain globally rare, at-risk, and endangered species (Boone & Aplet 1994;
Ricketts et al. 1999).
Of the total forested area in the southern Appalachians, 8% is early successional (0 to 10
years), 22% is sapling/pole (11 to 40 years), 52% is mid-successional (41 to 90 years), and 18%
is late successional (>90 years) (Southern Appalachian Man and the Biosphere 1996a). Natural
forest succession (assuming bare soil with no biological elements) begins with dispersal of
reproductive vegetative structures, and the most commonly and quickly established plants
include pioneer grasses, herbaceous plants, and shrubs that are tolerant of droughty and full-light
conditions (Connell & Slatyer 1977; Swanson et al. 2011). Next, fast growing, early-successional
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trees inhabit the site and create canopy shade under which some plant species die back and
slower growing, later-successional tree species can grow. As the tree canopy closes, the
understory thins and trees are the dominant vegetation type (Groninger et al. 2007). The mid to
late forest seral stages are the most commonly sought after reclamation goal since they are
associated with the most relevant anthropogenic uses: timber resources and recreation (Southern
Appalachian Man and the Biosphere 1996a & 1996b; Miller & Kochenderfer 1998).
The value of the Appalachian forests is not just derived from commercial or recreational
uses, but also from food, water, and fiber products, wildlife and human habitat, cultural
relevance, climate regulation, hydrologic influences, pollutant attenuation, sediment filtration,
nutrient supply, waste decomposition, and support of soil formation, food chains, and nutrient
cycles (Aerts & Honnay 2011). These services are available throughout different stages of forest
succession. A few examples of services that vary over the course of a forest sere include:
decomposition rates and nutrient cycles related to soil microbial and fungal communities;
aboveground and belowground C biomass and stocks depending on vegetation community
structure and composition; food chain dynamics associated with faunal diversity and
composition; hydrological quality and quantity as a function of coarse woody debris; and climate
regulation as a result of microclimate conditions (Tilman 1985; Hedman et al. 1996; Southern
Appalachian Man and the Biosphere 1996a; Lambers et al. 2007; Betts et al. 2010; Williams &
Cook 2010; Banning et al. 2011; Dickie et al. 2011; Swanson et al. 2011).

Mine Soil Carbon Sequestration Capabilities
There is a great deal of interest surrounding the C sequestration potential of soils as a
climate management tool due to the fact that globally, soils contain more C than the whole of
terrestrial vegetation and the atmosphere combined (Schlesinger 1991). The Intergovernmental
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Panel of Climate Change (2000) has suggested that soils be managed specifically to regulate the
amount of C released to and sequestered from the atmosphere. As of yet, knowledge on mine soil
C sequestration potentials and mechanisms is relatively limited. Thus, best management
practices for the surface coal mining industry have not been established. Reclaimed mined soils
are ideal focal points for soil C sequestration through land use and management because they
often have very low initial C contents (Daniels et al. 1983; Bradshaw 1997; Sencindiver &
Ammons 2000; Ussiri & Lal 2005; Amichev 2007).
Forest soils are an important component of the C cycle and the primary pool of C in
forests. Forest ecosystems store vast quantities of C both above and belowground, and play a
large role in the fluctuation of C between the biosphere and the atmosphere (Dixon et al. 1994;
Bolstad et al. 2005; Lal 2005; Lorenz et al. 2011; Pan et al. 2011). It is estimated that forests
cover approximately 4.1 billion hectares of the Earth’s land surface, of which temperate forests
in the continental United States comprise roughly 241 million ha and contain approximately 41
Pg C (Dixon et al. 1994; Pan et al. 2011). More specifically, studies focusing on Appalachian
forests have calculated that aboveground C stocks range from 61 to 152 Mg ha-1 and
belowground C stocks range from 82 to 261 Mg ha-1 (Bolstad 2005; Amichev 2008). The ranges
in C biomass values essentially result from the basic factors of soil formation: climate,
organisms, relief, parent material, and time (Jenny 1941). Climate controls the production and
decomposition of C sources in a forest (Post 1982; Schlesinger 1991; Raich & Schlesinger
1992). In a warm, humid climate such as that in the central Appalachians, production and
decomposition will both be relatively high (Jobaggy & Jackson 2000). Some organisms that
regulate the amount of soil C include vegetation, soil fauna, and humans. Vegetation form,
production, and quality determine the amount of above and belowground biomass, the amount of
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litter, and how easily the litter can be degraded and its turnover time, respectively (Raich &
Schlesinger 1992; Jobaggy & Jackson 2000). Soil organisms, including bacteria, fungi,
detritivores and numerous other meso- and macrofauna, decompose and transform the C inputs
into various forms of organic matter (Fontaine et al. 2003). Humans alter abiotic factors and
biotic factors, particularly in the context of managed ecosystems (Raich & Schlesinger 1992).
Examples of abiotic factors include moisture level changes due to irrigation or nutrient pool
increases with fertilizers, and examples of biotic factors include altering vegetation species
composition or adding organic matter amendments (Raich & Schlesinger 1992; Bradshaw 1997).
The relief of the landscape determines the movement of water and exposure to light within a
forest, and influence the heterogeneity of soil C storage (Lal 2005). The effect of parent material
on soil C relates to soil texture and depth to bedrock, where clays and silts interact with organic
matter more than sands and bedrock restricts the vertical extent of soil systems (Six et al. 2002;
Lal 2005). The residence time of organic matter in soil affects whether soil organic C accrues or
declines, and the temporal scale at which all of these processes are perceived will alter their
relative importance and their overall effects (Raich & Schlesinger 1992).
Increased research on the different mechanisms and pools of stabilized soil C has resulted
in greater understanding of soil C dynamics and pools, and the varying roles of stabilized C in
soil C sequestration (Six et al. 2002). Soil organic matter is stabilized by three mechanisms:
physical stabilization, chemical stabilization, and biochemical stabilization, and can be grouped
into three general reservoirs based on turnover time: active, intermediate, and passive (Six et al.
2002). Physical stabilization occurs when soil macro- and microaggregates enclose organic
matter and segregate it from oxygen and organisms that can further transform it (Six et al. 2002).
Chemical stabilization involves complexation between organic matter and clay and silt soil
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particles and mineral oxides, which reduces the availability of the organic matter to other
chemical reactions (Kögel-Knaber et al. 2008). Biochemical stabilization is an intrinsic property
of specific organic matter that inhibits further decomposition due to chemical complexity and
can be a result of the vegetation quality or the previous decomposition process (Six et al. 2002).
These stabilization mechanisms are the basis of the soil C saturation theory, which implies that
soil C levels can be increased by maximizing stabilization mechanisms with management (Six et
al. 2002). Strategies during mine soil reclamation that could maximize soil C stabilization,
saturation, and sequestration include choosing soil materials high in clays, silts, and oxides,
planting a variety of plant species with litter that will result complex substrates and/or discourage
decomposition, and encouraging soil aggregation by avoiding compaction, reducing erosion, and
using organic amendments.

Surface Mine Reclamation in Central Appalachia
Several types of coal surface mining are used in southern Appalachia. One common type
of mining, called “contour mining,” excavates mountainsides, creating a lateral disturbance along
a coal outcrop. Another type of mining used in southern Appalachia is mountaintop removal,
which excavates the top of a hill or mountain in order to access coal seams. Appalachian coal
surface mining is a process where forests are cleared, soils may be removed separately (and
stored for reclamation use) by heavy machinery, and the rock overlying the coal, or overburden,
is removed using explosives (Simmons et al. 2008; Palmer et al. 2010). Prior to SMCRA, the
soils and overburden remained where they were placed during the mining process (Daniels &
Zipper 2010). Under current SMCRA regulations, topsoil must be salvaged and respread or
replaced by topsoil substitutes, toxic materials must be buried and/or treated, and the final
landform should approximate the land’s original contours. Topsoil substitutes are permitted
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when natural topsoil is too thin to salvage, when it is not practical to salvage topsoil because of
steep terrain, and when overburden material has superior characteristics as a soil medium
compared to the natural topsoil (SMCRA 1977).
Overburden geology and mineralogy have a strong effect on the physical properties of the
resulting mine soil. During the blasting process, the overburden and/or soil becomes a mixture of
coarse fragments and soil sized particles (<2 mm), and coarse fragments typically make up
approximately 40 to 70% of the blasted materials (Daniels & Amos 1985; Sencindiver &
Ammons 2000). This amount of coarse fragments is not unsuitable for the establishment and
survival most tree species, but water availability can be suppressed if the soil material is not deep
enough (Hanson & Blevins 1979; Torbert & Burger 2000). Unweathered siltstones and shales
yield higher coarse fragment contents due to their strong cementation and even though they have
been observed to hold more available water because they consist of smaller soil particles (<0.05
mm), their total water holding capacity is lower because of the coarse fragments. In contrast,
partially weathered sandstones generate lower coarse fragment contents and higher amounts of
soil sized particles upon blasting and thus have a higher total water holding capacity. Since the
soil particles are predominately sand sized (0.05 mm-2 mm), these blasted materials tend to hold
less available water (Hanson & Blevins 1979; Daniels et al. 1983).
Overburden exists in a variety of forms depending on the depth from surface and mineral
composition and these forms can affect the chemical properties. Overburden at depth is typically
less weathered than overburden closer to the surface. When exposed during mining this
overburden begins to weather, resulting in the possible release of salts, carbonates, acid-forming
compounds, metals, and oxides (Sobek et al. 2000). Different mineralogy also affects how
overburden behaves when exposed to the surface. Weathered sandstones, and unweathered
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siltstones and shales are common throughout the central Appalachian coal belt and weather at
different rates due to the amount of cementation naturally occurring between mineral particles
(Haering et al. 1993; Sobek et al. 2000). Siltstones and shales contain finer mineral particles than
sandstones and have higher contents of cementing products, such as carbonates and oxides, than
weathered sandstones (Daniels & Amos 1985; Skousen et al. 2011). As a result, siltstones and
shales generally take longer to weather into soil particles (<2 mm) and release more total
dissolved solids (TDS) during the weathering process than weathered sandstones (Daniels &
Amos 1985; Emerson et al. 2009). Due to these and other predictable characteristics, overburden
selection for use as topsoil substitutes is determined by relative differences in potential toxicity,
acid and TDS production, pH, nutrient and weathering potentials, and mineralogy (Daniels &
Amos 1985; Daniels & Zipper 2010).
Studies on tree survival and growth in various overburden materials have demonstrated
that certain tree species fare better in different combinations of overburden than other species, as
described previously, and overburden selection should be made with revegetation requirements
in mind (Moss et al. 1989; Torbert et al. 1990; Burger et al. 2007; Emerson et al. 2009;
Showalter et al. 2010; Skousen et al. 2011; Miller et al. 2012). Other studies have compared the
growth of pre-SMCRA and post-SMCRA trees and results have shown that many current stands
of trees on pre-SMCRA reclaimed land had nearly equal or better productivity than trees planted
on SMCRA-reclaimed land or unmined land (Carter & Ungar 2002; Rodrigue et al. 2002;
Rodrigue & Burger 2004; Skousen et al. 2006). However, the selected pre-SMCRA sites for
comparison had successfully reforested because of chance placement of the spoil, whereas other
pre-SMCRA areas would not have had successful vegetation establishment due to phytotoxic
conditions (Carter & Ungar 2002). The actual average of pre-SMCRA productivity would likely
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be lower if these areas had been accounted for. Toxic and net acid-forming materials are no
longer allowed to remain at the surface after reclamation or may not even be exposed during the
mining process, and prior to SMCRA controlled overburden placement was not exercised and
resulting surface material ranged in chemistries (§1265) (Daniels & Zipper 2010). Nonetheless,
these studies do demonstrate that forest productivity on reclaimed coal mines comparable to
unmined forest productivity can be achieved and that the proper selection of overburden as
topsoil substitutes is necessary for tree survival and long term productivity.
Nutrient amendments are necessary components for creating topsoil substitutes since
overburden materials contain very little to no available nutrients, particularly N and P (Mays et
al. 2000; Daniels & Zipper 2010). After the appropriate overburden materials have been selected,
topsoil substitutes can be formed. The ultimate goal in amending topsoil substitutes is to provide
enough short-term nutrients that a vigorous plant community can establish, as per SMCRA
regulations, but to also supply nutrients over the long-term to maintain a self-sustaining
ecosystem. In order to provide a suitable physical and chemical rooting medium, topsoil
substitutes are optimally created from more than one overburden material and additional
amendments, including inorganic fertilizers, mulches, and organic amendments.
Chemical fertilizers are an effective and precise way of adding nutrients to topsoil
substitutes, but since they are in inorganic and labile forms, they can be quickly lost via leaching
or volatilization, immobilized by soil microorganisms or mineral complexes, or utilized by
quickly establishing ruderal species (Claassen & Carey 2007). Additionally, if only chemical
fertilizers are used, then it is likely undesired weedy vegetation will proliferate and compete with
or out-compete desired native forest species for nutrients, particularly if application timing does
not align with the nutrient needs of the tree species and fertilizer rates are too high (Mays et al.
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2000; Claassen & Curtis 2007; Burger et al. 2009). The FRA recommends N application rates
between 56 and 84 kg ha-1, which are lower than typical silvicultural application rates, and P
application rates between 89 and 112 kg ha-1 of P and 201 and 257 kg ha-1 of P2O5, which are
higher than typical silvicultural application rates (Burger et al. 2009). When using nursery
seedlings, less fertilizer is required since nutrients will be added during litter fall and root
turnover (Mays et al. 2000). Also, these seedlings are established in conditions with excess
moisture and nutrients and will have internal reserves of nutrients that will allow them to survive
in the lower nutrient conditions of mine soils.
Addition of organic amendments can mitigate some of the challenges when using
chemical fertilizers by retaining bio-available forms of nutrients and building nutrient pools and
can prevent the need for subsequent fertilization applications (Haering et al. 2000; Claassen &
Carey 2007). Organic amendments also benefit soil by increasing the amount of organic matter
in the mine soil, which provides food substrates for soil organisms, regulates soil temperatures,
buffers soil pH, decreases bulk density, increases infiltration rates, increases water holding
capacities, increases aggregate formation, increases porosity and decreases erosion (Slick &
Curtis 1985; McBride 1994; Haering et al. 2000). Organic matter is an important component in
soils that facilitates nutrient cycling between soil nutrient pools, vegetation, and soil microbes
(Bradshaw 1997). Nutrient cycling is essential for the long-term survival and propagation of a
planted vegetative community, and to build that vegetative community into a forest ecosystem.
However, not all organic amendments are equal – they may not provide all of these services or
may provide them in different quantities, and should be evaluated independently.
Claassens and Curtis (2007) compared the N release rates of varying chemical and
organic matter amendments. They found that amendments fell into four general groups: a rapid
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release of N; a moderate release of N; initial rapid release of one- to two-thirds of N with a
slower release rate for the remaining N; and, a slow release rate of N with incremental release
over time. In general the chemical fertilizers had rapid or moderate release rates and released the
most N over the study period, while the manures, biosolids, and plant/animal composts
demonstrated the initial rapid then slowed release with a moderate release of total N, the plantbased composts exhibited the incremental release rate and released the least amount of N by the
end of the study. They recommend a combination of amendments that contain large quantities of
N, but release it relatively slowly. Other studies also qualify the benefits of organic amendment
additions to mine soils in southern Appalachia and the use of a combination of materials, but the
use of any amendment is dependent on availability, public acceptance and application technique
(Slick & Curtis 1985; Roberts et al. 1988b; Moss et al. 1989; Haering et al. 2000).
Application of natural topsoil can also provide native species that will be compatible with
planted trees. Additional benefits include providing native species that may not be commercially
available or are difficult to establish, providing additional nutrients that are usually in a
bioavailable and organic form, and introducing native soil microbes (DePuit 1984; MacKenzie &
Naeth 2010; Showalter et al. 2010). Additional native species increase the diversity, which
decreases the potential for one or few species to dominate the site and increases the likelihood
that more natural successional stages for that region will follow (Hall et al. 2010). Bioavailable
or organic nutrients and native soil microbes will facilitate soil development and nutrient cycle
establishment (Showalter et al. 2010).
Topsoil thickness is site-specific and dependent on the stratification of seed bank,
although, studies in the eastern United States have found that the litter layer is important for the
inclusion of mid to late successional species (Tacey & Glossop 1980; Rockich et al. 2000; Hall
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et al. 2010). Direct placement (without intervening storage or stockpiling) of salvaged topsoil is
optimal, as seed survival rates vary between one month and one year, depending on climate
(DePuit 1984; Rivera et al. 2012). Topsoil placement depth during reclamation is also important
to ensure seeds are not placed too deep for successful germination and emergence; however,
placement at variable depths can allow a greater variety of species to establish since seed size
and optimal seeding depth are related (DePuit 1984; Bowen et al. 2005).
Due to the initial barren nature of a reclaimed mine site, the establishment of trees has
been very challenging. In the early years of SMCRA, early successional tree species were
planted among an incompatible ground cover species, such as tall fescue (Festuca
arundinacea Schreb.) and sericea lespedeza (Lespedeza cuneata (Dum. Cours.) G. Don), thus the
trees were shaded out and survival decreased (Vogel 1981; Torbert & Burger 2000). In contrast,
research has shown that the most ideal revegetation plan includes tree-compatible ground covers
that will fix N, tolerate mine soil conditions, achieve rapid growth to prevent erosion, and have
short stature so as not to shade trees (Torbert & Burger 2000). The FRA recommends planting
one early-successional tree species with a rapid growth habit to help stabilize soil, provide
wildlife habitat and/or food, and to provide shade for a later successional species that can sustain
the forest ecosystem and provide a commercial resource, if so desired by the land owner (Burger
et al. 2005). These reclamation techniques, such as multiple species revegetation used by the
FRA and using natural topsoil materials when available, have demonstrated increased potential
for restoring Appalachian forest ecosystems and allow for successful completion of short-term
and long-term restoration goals.
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Reclamation Goals: Balancing Temporal Scales
The goals of SMCRA can be considered short-term goals since these activities are
directly manipulated during the reclamation process and the results are assessed after the fiveyear period. However, since reforestation take much longer than the five years, long-term goals
are necessary to create a sustainable, self-perpetuating ecosystem (Hobbs & Harris 2001).
Studies on mines ranging from two to over 30 years since reclamation have shown that
characteristics such as soil organic C (SOC) concentration and cycling, base cation
concentrations, N availability and cycling, C sequestration, bulk density, hydraulic conductivity,
water holding capacity, natural attenuation of native forest species, forest floor development,
seed bank accrual, and tree species vary with reclamation age (Torbert et al. 1988; Bendfeldt et
al. 2001; Carter & Ungar 2002; Holl 2002; Bowen et al. 2005; Groninger et al. 2006; Skousen et
al. 2006; Shrestha & Lal 2006; Albaladejo et al. 2008). If the ultimate goal is a late-successional
Appalachian forest ecosystem, it is unknown how much time is required to reach this state and
the specific targets for each of the above-listed characteristics needs to be identified.
Additionally, these studies are not long relative to natural forest succession and more data is
required to recognize trends of reclaimed mine lands applicable toward predicting successional
trajectories. Reclamation and reforestation have a greater probability of success if short-term and
long-term goals focused on ecosystem recovery are defined during the planning stages.
Hobbs and Harris (2001) state that setting goals for reclaimed sites is essential to achieve
successful restoration. They advocate that the goals must be agreed upon by all stakeholders,
including mine operators, reclamation planners or scientists, landowners, regulatory bodies, and
society at large. Various stakeholders will have different ideas of successful reclamation and the
goals must reflect these ideas, and they must also reflect the many possibilities that exist for the
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restoration of a disturbed site (Hobbs & Harris 2001). During the planning phase, the reclamation
materials, locations, and construction requirements must be identified in order to proceed with
the revegetation planning, otherwise the end land use goal may not even be achievable given the
available resources and economy of the project; in other words, the abiotic or physical
limitations need to be resolved before the biotic concerns can be addressed (Bradshaw 1997;
Hobbs & Harris 2001). Furthermore, despite what plans may have been made and actions
undertaken, the trajectory of a site cannot be explicitly predicted, and thus, goals must be refined
to limit the range of ecological and temporal possibilities (Hobbs & Harris 2001). Using predisturbance data or measurements from an adjacent, undisturbed site can help set standards
against which the reclaimed site can be measured (Hobbs & Harris 2001). Defining goals and
comparing with reference and temporal data can improve interpretations of point data while
monitoring reclamation progress.

Objectives
In the past, research at the COPE has evaluated vegetation establishment and productivity
(Roberts et al. 1988ab; Moss et al. 1989; Torbert et al. 1990) and soil genesis from overburden
(Daniels and Amos 1985; Roberts et al. 1988a; Haering et al. 1993; Bendfeldt et al. 2001) over
the course of the 29-year history of the study. To further assess restoration development of
reclaimed coal mines in southwestern Virginia, this study 1) compared the reclaimed soil
properties with respect to topsoil substitute effects and organic amendment effects after 29 years,
and 2) measured the C sequestration potentials of different topsoil substitutes. The research
presented in this document was undertaken to provide additional information about the
development of mined land reclaimed to forest using topsoil substitutes and organic
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amendments, and evidence in support of forest reclamation after surface coal mining in the
Southern Appalachians.
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COAL MINE TOPSOIL SUBSTITUTE CARBON ACCRUAL AND NUTRIENT
RETENTION 29 YEARS AFTER RECLAMATION
Abstract
Recent reclamation research following surface mining in the Appalachian coal region has
focused on topsoil substitute selection. As a growth medium, appropriate topsoil substitute
selection is critical for the establishment of native vegetation to the post-mining landscape. The
soils that form in these topsoil substitutes have different mechanisms and potentials for carbon
(C) accumulation and nutrient retention that can have implications for future ecosystem
productivity and services. Results from 29 years of research on the Controlled Overburden
Placement Experiment (COPE) in southwestern Virginia were used to evaluate the status of soil
carbon (C), nutrients, and other physical and chemical properties in reforested mine soils over a
gradient of topsoil substitutes. Topsoil substitutes studied ranged from pure sandstone (SS) to
pure siltstone (SiS) with additional ratios of 1:2, 1:1, and 2:1 SS to SiS in mixes. Differences in
organic C (CO) and total nitrogen (NT) below 5 cm were related to decreasing SS:SiS ratios.
Results showed significant differences between topsoil substitutes for total soil C (CT), available
P (bicarbonate extractable; PB), some macro- and micronutrients, sand, silt and clay contents, and
C sequestration rates. Topsoil substitutes did not have significantly different corrected NT, but
when compared to the NT of adjacent unmined soils, a N-limitation was possible. We concluded
that topsoil substitutes are still quite different after nearly 30 years and planning their selection
during the mining process is very important toward successful reforestation of reclaimed coal
mines.
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Introduction
The passage of the Surface Mining Control and Reclamation Act (SMCRA) in 1977
changed how surface coal mine operators approached post-mining land use and environmental
issues. Under SMCRA, the federal government requires surface mine operators to produce postmining land with equal or better productivity than that of pre-disturbance conditions, to recreate
approximate original contour (AOC), and to establish a vegetative cover, predominately for
erosion control (Plass 2000). Complications arose in the Appalachian region with the onset of
SMCRA where mine operators were not required to restore forested landscapes (Plass 2000).
These challenges included creating AOC in steep mountainous terrain, choosing between native
topsoil and topsoil substitutes without regard for revegetation, and the creation of pastureland in
areas that were previously forested. High tree mortality rates resulted due to grass and legume
competition and utilizing overburden with unsuitable chemistries for forest vegetation
establishment (Plass 2000).
Mine operators are issued topsoil substitute permits if natural topsoil is less than 6 inches,
is not of suitable quality to support vegetation, and/or other materials are better suited to support
vegetation (SMCRA 1977). Thus, since the passage of SMCRA, the use of topsoil substitutes to
revegetate the post-mining landscape has been a topic of interest in the southern Appalachians.
Natural soils of the region are typically acidic, high in coarse fragments, and have thin topsoil
(A+ E horizons; Haering et al. 1990). The acidity of the soils is attributed to chemical weathering
of the parent material and acidic inputs from forest vegetation (Fisher & Binkley 2000). Steep
slopes and near-surface bedrock result in soils with high coarse fragments. Steep slopes are
constantly eroding, which prevents topsoil accumulation and results in thin topsoil. Additionally,
historical logging during the 19th and 20th centuries caused severe erosion of forest O and A
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horizons, the effects of which can still be discerned today (Yarnell 1998; Jones 2000; Fraterrigo
et al. 2005). These factors make topsoil removal and salvage during coal mining in this area
economically and practically difficult; therefore, topsoil substitutes are a common approach.
Topsoil substitutes are commonly constructed using blasted overburden materials (Haering et al.
1993). In this region of Appalachia, sandstones and siltstones dominate the strata overlying coal
(Daniels & Amos 1985). The chemistries of the sandstone and siltstone can be quite different
from each other and from natural topsoil, and their suitability for use as a topsoil substitute
depend on various properties, including acid production, extractable nutrient and soluble salt
contents, weathering and oxidation potential, and particle size variation (Daniels & Amos 1985).
The forests of Appalachia are naturally dominated by hardwood tree species, and are
considered to have some of the highest species diversity in the world (Hinkle et al. 1993;
Stephenson et al. 1993; Ricketts et al. 1999). Moreover, the Appalachian forests of the eastern
United States have the greatest density of endemic species in North America and contain
globally rare, endangered, and at-risk species (Boone & Aplet 1994; Rickets et al. 1999). Two
ecoregions exist in southern Appalachia – the mixed mesophytic hardwood and the Appalachian
oak forests (Hinkle et al. 1993; Ricketts et al. 1999). Surface mining has disturbed approximately
600,000 ha of forested land in the Appalachians since the passing of SMCRA and continues to
disturb over 10,000 ha annually (Zipper et al. 2011a). Sources report that from less than 1% to
10% of the pre-European Appalachian forests remain untouched by human impacts (Boone &
Aplet 1994; Ricketts et al. 1999).
In recent years, there has been increased desire to restore forested land for economic,
environmental, and cultural reasons (Miller & Kochenderfer 1998; Zipper et al. 2011a). Forests
are recognized as having value for recreation, wildlife habitat, climate regulation, water
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management, erosion control, nutrient cycling, waste and pollution treatment, food production,
raw materials, and cultural value (Costanza et al. 1997; Showalter et al. 2010; Zipper et al.
2011a). Desires to re-establish late-successional forests, which make substantial contributions to
the above-listed ecosystem services, have stimulated further research to determine the conditions
and reclamation methods that favor and encourage establishment and growth of late-seral tree
species.
The Forestry Reclamation Approach (FRA; http://arri.osmre.gov/FRA/FRApproach.shtm
and http://www.prp.cses.vt.edu) has been developed from research on the establishment and
maintenance of eastern tree species on coal surface mines (Torbert et al. 1988; Torbert et al.
1990; Burger et al. 2005). The FRA promotes planting native tree and herbaceous species that
will facilitate natural succession towards the late-successional species compositions observed in
current Appalachian forest ecoregions (Ricketts et al. 1999; Burger et al. 2005; Groninger et al.
2007; Burger et al. 2009; Davis et al. 2010). The FRA also aims to re-establish ecosystem
services, including wildlife habitat and food, timber resources, nutrient cycling, and watershed
regulation (Burger et al. 2005).
Recognition of ecosystem services provided specifically by soils is being realized as an
important step toward fully restoring a functioning ecosystem (Robinson et al. 2012). These
services include hydrological regulation and filtering, nutrient and C cycling and storage, climate
regulation, and decomposition of wastes (Robinson et al. 2012). The Powell River Project (PRP)
Research, Education and Extension Center in southwestern Virginia has been home to research
programs that have focused specifically on these properties and processes in a post-mining
context. Studies at the PRP have evaluated vegetation establishment and productivity as
functions of mine soil type, and soil genesis from overburden (Daniels & Amos 1985; Roberts et
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al. 1988ab; Moss et al. 1989; Torbert et al. 1990; Haering et al. 1993; Bendfeldt et al. 2001).
However, a majority of the studies focused on the first five years of development of mine soils.
This time period is significant because the restored plant community must persist for five years
without inputs or maintenance from the mine operator before bonds are released, as per SMCRA
(§1259). In the context of hardwood forest restoration, however, five years is not a sufficient
time scale for evaluation of restoration success. To assess continuing restoration progression, the
capacity for topsoil substitutes to provide ecosystem services, and to help fill this critical
knowledge gap, the objectives of this study included: 1) comparing the effects of different
topsoil substitutes on soil physical and chemical properties after 29 years of development; and 2)
specifically estimating the C sequestration rates of these mine soils.

Materials and Methods
Study Site Location
The Controlled Overburden Placement Experiment (COPE) is located at the PRP in Wise
County, Virginia, USA (Figure 1.1). The plots were constructed in November 1981 through
April 1982 (Haering et al. 1990). They are located on a flat bench that was contour mined in
1973 and then was actively mined again in 1981/1982. The material used to construct the COPE
was sandstone and siltstone overburden from the second-cut of a contour-mined area adjacent to
the location of the plots (Haering et al. 1990). These materials were selected because they were
from a local source and they had low sulfur contents (Roberts et al. 1988b). The spoils were
associated with the Taggart coal seam of the Upper Middle Wise Formation, and were comprised
of both oxidized and unoxidized materials (Daniels and Amos 1985).
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Figure 1. 1

Locations of the Controlled Overburden Placement Experiment and unmined (UM)
soil plots in Wise County, VA (Source: “Powell River Project”. 37°00’39.67” N and
82°41’07.64” W. Google Earth. 31 January 2007. 3 March 2011.).

The COPE consists of two separate studies: the rock mix study detailed below, and a
surface amendment study comparing organic amendments on a common topsoil substitute. The
rock mix study contains four replications of five treatments (Roberts et al. 1988a). The
treatments are: pure sandstone (SS), 2:1 SS to SiS, 1:1 SS to SiS, 1:2 SS to SiS and pure siltstone
(SiS) (Figure 1.2). Treatments were arranged in a randomized complete block design (Figure 1.2)
where each plot measured 3 x 6 m with 3-m buffers separating the plots. The material used for
each plot extended halfway (1.5 m) into the buffers to eliminate edge effects related to different
spoil materials. Treatment materials were applied to a mean depth of 1.3 m over a compacted
mine bench. After the overburden spoil materials were graded, each plot was disked to a depth of
12 cm and mulched with 2,300 kg of straw ha-1. All of the plots in the rock mix study received
1,120 kg ha-1 15-30-15 NPK fertilizer [ammonium nitrate (NH4NO3), di-ammonium phosphate-P
((NH4)HPO4), and potassium chloride (KCl)] in the first year resulting in elemental additions of
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168 kg N ha-1, 147 kg P ha-1, and 137 kg K ha-1. An additional 56 kg N ha-1 as NH4NO3 was
applied every fall from 1982 to 1985 (Table 1.1).
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39.62 m
F: forested side of plot
F

H

H: herbaceous side of plot

3m

Rock Mix Study
6m

33.53 m
SS
2:1 SS to SiS
1:1 SS to SiS
1:2 SS to SiS
SiS
8.1 m corridor

Surface Amendment Study
45.72 m
Control
Topsoil
Sawdust
22 Mg ha -1 biosolids
56 Mg ha -1 biosolids
112 Mg ha-1 biosolids
224 Mg ha -1 biosolids
3.05 m border
3.05 m outslope (2:1 slope)
Figure 1. 2

Controlled Overburden Placement Experiment design with forested and herbaceous
vegetation on split plots for rock mix and surface amendment studies. The two
studies are divided by an 8.1 m corridor.
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Table 1. 1

Fertilizer additions to the rock mix study from 1982 to 1985.

Year

N

Cumulative N

P

K

-1

(kg ha )

1982
1983

224
56

224
280

147
-

137
-

1984

56

336

-

-

1985

56

392

-

-

Total

392

392

147

137

Data from Roberts et al. (1988a).

In May 1982, each plot was hydroseeded with a water slurry of 80 kg ha-1 Kentucky-31
(KY-31) tall fescue seed (Schedonorus phoenix (Scop.) Holub) and 840 kg ha-1 paper fiber
mulch (Roberts 1988a). In the spring of 1983, half of each plot was sprayed with a non-selective
herbicide (glyphosate) and planted with four loblolly pine (Pinus taeda L.) and 12 pitch x
loblolly pine hybrid (Pinus rigida Mill. x Pinus taeda L.) seedlings. In 2001, the pine trees were
removed after a southern pine beetle (Dendroctonus frontalis Zimmerman) infestation (Burger et
al. 2007). At that time, nine 2-0 northern red oak (Quercus rubra L.) seedlings were planted in
place of the pines (Haering et al. 1990) as reforestation attention was turning away from pine
plantations and toward native hardwoods reclamation. Specifically, northern red oaks were
chosen because of they are native to the Appalachians, have commercial timber value, and are a
generalist species (Johnson et al. 2002). Tree mats measuring 60 x 60 cm were installed around
the red oak seedlings to suppress vegetative competition and remained in place through the
duration of the study.
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Soil Sampling
In the winter of 2010-2011, plots were divided up into four quadrants containing 25 30 x
30-cm quadrats each. Two quadrats, each from a different quadrant, were randomly selected for
soil sampling in each plot. Exclusion criteria were defined to avoid areas of the plots that may
not have yielded representative samples. These criteria included, but were not limited to,
quadrats that had been sampled previously or had been visibly disturbed, contained a pine or oak
stump, contained a stone large enough to impede sampling, areas beneath the tree mats, and
perimeter quadrats. Soils were sampled at depths of 0 to 5 cm, 5 to 10 cm, and 10 to 25 cm. The
0 to 5-cm depth was sampled volumetrically, since traditional bulk density sampling using cores
was not possible due to the high coarse fragment content in the mine soils. Samples were taken
using a 30 x 30-cm sampling frame and a flat-edged hand tool, and soil was scraped to precisely
5 cm, measured at multiple points within the sampling frame. Any rocks or roots that did not
impede sampling, but were too large to take with the soil sample, were measured to estimate
volume. Subsequent depths were sampled by taking a representative grab sample.
For comparison, four adjacent unmined plots were identified. Unmined areas were
located within the local coal mine’s lease (Figure 1.1) and had similar vegetation composition
across the four sites, suggesting reduced variability in site quality. Additionally unmined sites
were placed on as level as possible slope positions to be consistent with the topography of the
COPE. Site and soil descriptions for the unmined plots are summarized in Table 1.2 (USDA
2012). At each unmined site, a central point was chosen based on the above criteria. Then, using
methods adapted from the USDA Forest Inventory Analysis (O’Neill & Arnacher 2004), three
plots were located 10-m from the central point at 0°, 120° and 240°. Mimicking the sampling
from the COPE, plot dimensions were 3 x 3 m and divided into four quadrants, with each divided
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into 25 30 x 30-cm quadrats, two of which were randomly sampled from each plot. Exclusion
criteria were also created for the unmined plots and included quadrats containing dense shrub or
sapling stems, stones, or roots that impeded sampling to further depths, or were adjacent to a
previously selected quadrat.
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Table 1. 2

Unmined soil plot data from the USDA Web Soil Survey for Wise County, VA. Information includes map unit name, parent
material, slope (%), landform, drainage, and typical profile description.

Map Unit
Name

HighsplintShelocta
complex (34G)

Map Unit
Soil
Component Subgroup

Highsplint

Bulk
Slope Landform Drainage Density
(g cm-3)

Typic
Colluvium, SS, SiS,
Backslope, Well
55-70%
Dystrudepts
shale
footslope drained

1.37

Typic
Hapludults

Footslope,
backslope

Well
drained

1.37

Summit

Well
drained

1.42

Fine-loamy
Typic
residuum, weathered
25-35% Shoulder
Hapludults SS and/or shale and
SiS

Well
drained

1.42

Coarse-loamy
Typic
residuum, weathered 35-70%
Dystrudepts
SS

Summit

Well
drained

1.42

Fine-loamy
Typic
residuum, weathered
35-70% Shoulder
Hapludults SS and/or shale and
SiS

Well
drained

1.42

Shelocta

Typic
Hapludults

Colluvium, SS and
shale

Footslope,
backslope

Well
drained

1.46

Kaymine

Typic
Udorthents

Mine spoil or earthy
fill, shale, SiS, SS, 55-80% Backslope
and coal

Well
drained

1.46

Shelocta

Marrowbone
MarrowboneGilpin
complex (49E)
Gilpin

Marrowbone
MarrowboneGilpin
complex (49G)
Gilpin

SheloctaKaymine
complex (70G)

Parent Material

Colluvium, SS and
shale

55-70%

Coarse-loamy
Typic
residuum, weathered 25-35%
Dystrudepts
SS

55-80%
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Typical Profile
0-8 cm: channery
silt loam
8-25+ cm: very
channery silt loam
0-10 cm: gravelly
loam
10-25+ cm: loam
0-13 cm: fine sandy
loam
13-25+ cm: gravelly
sandy loam
0-8 cm: silt loam
8-13 cm: silt loam
13-25+ cm: gravelly
silt loam
0-13 cm: fine sandy
loam
13-25+ cm: gravelly
sandy loam
0-8 cm: silt loam
8-13 cm: silt loam
13-25+ cm: gravelly
silt loam
0-10 cm: gravelly
loam
10-25+ cm: loam
0-10 cm: very
channery silt loam
10-25+ cm:
extremely channery
silt loam

Site Index
Chestnut oak: 75
Hickory: 75
Northern red oak: 80
Chestnut oak: 75
Hickory: 75
Northern red oak: 80
Chestnut oak: 50
Hickory: 50
Chestnut oak: 65
Hickory: 65
Chestnut oak: 50
Hickory: 50
Chestnut oak: 65
Hickory: 65
Hickory: 80
Northern red oak: 85

Northern red oak: 80

Laboratory Analyses
Soil samples were air-dried and passed through a 2-mm sieve to remove coarse fragments
(>2 mm). Additional soil particles (<2 mm) were then removed from coarse fragments with a
wire brush and added to the sieved soil. Rock and soil weights were recorded for the 0 to 5-cm
depth for volumetric density calculations (Table A.1). Volumetric density (VD) was calculated
using the following conversion:
!"!!!!!"!! ! !

!"#$!!"##!!!!
!"#$%#&!!"#$%&!!!"! !

For samples below 5 cm, values for VD were taken from Nash (2012), who used the same
method and collected from within the same rock mix treatment plots, only under an immediately
adjacent herbaceous vegetative cover.
Soil organic matter (SOM) was determined with Walkley-Black wet oxidation and total
organic carbon (CO) was calculated using a standard correction factor of 1.72 (Nelson &
Sommers 1982; Pribyl 2010). Total carbon (CT) and total nitrogen (NT) were determined by dry
combustion (elementar vario MAX, Elementar, Hanau, Germany). Soil pH was determined using
the aqueous extract from a 1:1 water to soil slurry on a LabFit Pty Ltd, model AS-3000
Automated Dual pH Analyser (Maguire & Heckendorn 2011). Available phosphorus (PB) was
determined using a 0.5 M sodium bicarbonate (NaHCO3) extracting solution analyzed on an
inductively coupled plasma atomic emission spectrophotometry (ICP-AES) (CirOS VISION
model with a SOP (radial) view of the plasma, made by Spectro Analytical Instruments and
equipped with a CETAC ASX520-HS autosampler) (Olsen & Sommers 1982; Maguire &
Heckendorn 2011). Exchangeable cations [potassium (K), calcium (Ca), and magnesium (Mg)]
were extracted with ammonium acetate (NH4OAc) at pH 7 and measured with an ICP-AES
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(USDA-NRCS-NSSC 2004). Acid-extractable nutrients [phosphorus (PA), zinc (Zn), manganese
(Mn), copper (Cu), iron (Fe), and boron (B)] were extracted with a Mehlich 1 (0.05N HCl in
0.025N H2SO4) extracting solution and also analyzed with an ICP-AES (Maguire & Heckendorn
2011). Particle size analysis (PSA) was conducted using the pipette method (Gee & Bauder
1986). Organic matter was removed as necessary for PSA with H2O2 (Nelson & Sommers 1996).
Electrical conductivity (EC) was analyzed using a 2:1 water to soil slurry, measured with
conductivity cells referenced to a 0.01N KCl standard solution (YSI 3100 Conductivity
Instrument with a YSI 3254 Pyrex 5-ml Fill Cell) (Maguire & Heckendorn 2011). The Virginia
Tech Soil Testing Laboratory completed the analyses for pH, EC, and P, K, Ca, Mg, Fe, Zn, Mn,
Cu, and B determinations. All samples were analyzed independently and results were combined
mathematically at the plot level prior to statistical analysis.
Carbon and nutrient concentrations were converted to content (Mg ha-1) using the
following calculations:
!"!!!!! ! !!!!

!"#$!!"##! !
!"
!"! ! !"!
!!!
!!!
!""!!"! !!"#$%#&
!"! ! !
!!
or

!"!!!

!!

!"
!"
!"#$!!"##! !
!"
!"! ! !"!
!!
!!
!!
!!! !
!!!
!" !"""!! !""!!"! !!"#$%#&
!" ! !"
!!

Because values of CT were likely contaminated with geogenic sources (e.g., coal residues), a
corrected value of total carbon (CTCorr) was determined by subtracting background concentrations
of geogenic C, as reported in Li & Daniels (1994) and Nash (2012), from the dry combustion
values of CT. This value is reported separately as another means of estimating the organic C
accumulation over time. Accordingly, C sequestration rates were calculated by dividing both
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estimates of organic C (CO and CTCorr) contents by 29 years, assuming a linear rate of
sequestration.

Statistical Analyses
Blocking efficiency of the randomized complete block design was tested using standard
relative efficiency and determined to be non-efficient (<1.25); therefore, the study was
subsequently treated as a completely randomized design with replications. Where normality was
violated (Shapiro-Wilk, standard p <0.05), data was transformed using a natural log, which was
deemed sufficient. Treatment effects were analyzed using one-way analysis of variance
(ANOVA). Where Levene’s test for homogeneity indicated significant variance for a parameter
(standard p <0.05), Welch’s F-test was used to determine treatment effect significance (p <0.10).
Fisher’s LSD means separation was used when treatment effects were considered significant (p
<0.10). All analyses were computed with SAS 9.2 software (SAS Institute Inc. 2011).

Results
SOM, CO, and NT concentrations were found to be significantly different between rock
mix treatments for both the 5 to 10-cm and 10 to 25-cm depths; however, no significant
differences were found between treatments from 0 to 5 cm (Table 1.3; Figures 1.3 & 1.4). CO
concentrations decreased with depth (Figure 1.3). Upon conversion from concentration to
content (Mg ha-1), however, CO and NT were no longer significantly different among treatments
at any depth and no obvious trends across treatments were apparent. The CO-to-NT ratio (CO:NT)
was also not significantly different among treatments at any depth and ranged from
approximately 14:1 (1:1 SS to SiS 10-25 cm) to 19:1 (2:1 SS to SiS 0-5 cm) (Table 1.3). The CO
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sequestration rate (Mg ha-1 yr-1) ranged from 0.49 to 0.55 Mg ha-1 yr-1 (Table 1.4). However,
neither significant differences nor trends were observed between treatments.
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Organic Carbon (%)
0

1

2

3

4

0

5

1

Organic Carbon (Mg ha-1)
2
3
4
5

6

7

8
SS
2:1 SS to SIS

0 to 5 cm

0 to 5 cm

1:1 SS to SIS
1:2 SS to SIS
SIS

c
b
b

5 to 10 cm

5 to 10 cm
ab
a

b

SS

b
10 to 25 cm

2:1 SS to SIS

ab
a
a

1:1 SS to SIS

10 to 25 cm

1:2 SS to SIS
SiS

Figure 1. 3 Concentration (%) and content (Mg ha-1) of organic carbon in each rock mix treatment by depth, 0 to 5, 5 to 10, and 10
to 25 cm. Standard errors bars of the treatment mean for each depth are displayed, where n=4. Letter groups indicate
significantly different treatments within each depth (p<0.10).
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9

Total Nitrogen (Mg ha-1)

Total Nitrogen (%)
0

0.05

0.1

0.15

0.2

0.25

0.3

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

SS
2:1 SS to SIS
0 to 5 cm

0 to 5 cm

1:1 SS to SIS
1:2 SS to SIS
SIS

c
bc
5 to 10 cm

5 to 10 cm

b
b
a

b

SS
b

10 to 25 cm

2:1 SS to SIS

ab

1:1 SS to SIS

a
a

10 to 25 cm

1:2 SS to SIS
SiS

Figure 1. 4 Concentration (%) and content (Mg ha-1) of total nitrogen in each rock mix treatment by depth, 0 to 5, 5 to 10, and 10
to 25 cm. Standard errors bars of the treatment mean for each depth are displayed, where n=4. Letter groups indicate
significantly different treatments within each depth (p<0.10).
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Table 1. 3

Concentrations of total carbon (%), organic matter (%) and bicarbonate-extractable phosphorus and
acid-extractable phosphorus (mg kg-1), organic carbon to nitrogen ratios, and pH of rock mix
treatments at depths of 0 to 5, 5 to 10, and 10 to 25 cm. Significant differences between treatments for
each depth indicated by letter groupings (p <0.10). Standard error expressed for n=4.

0 to 5 cm
5 to 10 cm
10 to 25 cm

4.03 ± 0.30
1.88 ± 0.12 (c)
1.29 ± 0.27 (c)

2:1 SS to SiS
1:1 SS to SiS
Mean Std Error
Mean Std Error
Total Carbon (%)
4.93 ± 0.84
4.15 ± 0.16
2.65 ± 0.42 (b)
2.89 ± 0.11 (b)
1.59 ± 0.32 (bc)
2.15 ± 0.08 (ab)

0 to 5 cm
5 to 10 cm
10 to 25 cm

6.15 ± 0.31
2.41 ± 0.09 (c)
1.41 ± 0.34 (b)

Walkley-Black SOM (%)
7.29 ± 1.10
5.53 ± 0.12
3.41 ± 0.46 (b)
3.56 ± 0.21 (b)
1.58 ± 0.24 (b)
1.83 ± 0.13 (ab)

Depth

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

SS
Mean Std Error

19 ± 1
17 ± 0
18 ± 2

19 ± 1
18 ± 0
17 ± 1

30.92 ± 1.83 (a)
18.14 ± 0.58 (a)
8.80 ± 2.18 (a)

23 ± 1
21 ± 2
22 ± 6

CO :NT
18 ± 1
17 ± 0
14 ± 1

(b)
(b)
(c)

4.92 ± 0.04 (c)
4.82 ± 0.10 (c)
5.23 ± 0.12 (c)

23 ± 1
27 ± 2
31 ± 3

5.55 ± 0.12 (b)
5.57 ± 0.25 (b)
6.08 ± 0.17 (b)

(a)
(a)
(ab)

pH
6.08 ± 0.19 (a)
6.16 ± 0.27 (ab)
6.72 ± 0.25 (a)
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SiS
Mean Std Error

4.76 ± 0.37
2.80 ± 0.28 (b)
2.21 ± 0.25 (a)

5.57 ± 0.46
3.79 ± 0.17 (a)
2.57 ± 0.25 (a)

6.81 ± 0.74
3.87 ± 0.45 (ab)
2.28 ± 0.36 (a)

7.33 ± 0.63
4.70 ± 0.31 (a)
2.49 ± 0.23 (a)

18 ± 1
18 ± 1
16 ± 1

P B (mg kg -1)
30.28 ± 3.89 (a)
15.30 ± 2.28 (b)
15.16 ± 1.45 (b)
9.85 ± 1.04 (c)
4.33 ± 0.35 (b)
4.02 ± 0.35 (b)
PA (mg kg -1)
(b)
43 ± 5
(b)
50 ± 7
(c)
67 ± 6

1:2 SS to SiS
Mean Std Error

17 ± 1
16 ± 0
15 ± 1

15.99 ± 0.71 (b)
8.78 ± 1.20 (c)
4.59 ± 0.82 (b)

37 ± 2
46 ± 3
59 ± 3

(a)
(a)
(b)

6.16 ± 0.12 (a)
6.33 ± 0.25 (a)
7.05 ± 0.26 (a)

16.71 ± 2.76 (b)
10.71 ± 1.52 (c)
5.64 ± 1.09 (b)

40 ± 4
50 ± 7
73 ± 8

(a)
(a)
(a)

6.45 ± 0.23 (a)
6.46 ± 0.33 (a)
7.03 ± 0.32 (a)

Table 1. 4

Contents (Mg ha-1) of organic matter, carbon, and primary and secondary nutrients, and carbon sequestration rates (Mg ha1
yr-1) of rock mix treatments summed for 0 to 25 cm depth. Significant differences between treatments indicated by letter
groupings (p<0.10). Standard error expressed for n=4.
WalkleyBlack SOM

Treatment

CO

NT

PB

PA

K

Ca

Mg

Content (Mg ha -1)
0.063
0.52
0.15
0.005
0.07
0.01
(c)

Fe

Zn

Mn

Cu

0.086
0.012
(a)

0.003
0.000

0.073
0.006
(a)

0.002
0.000

C O Sequestration
Rate
(Mg ha -1 yr -1)
0.0001
0.54
0.0000
0.07
B

SS

Mean
Std Error

26.91
3.46

15.64
2.01

0.88
0.12

0.017
0.002
(a)

0.027
0.006
(b)

2:1 SS to SiS

Mean
Std Error

25.17
2.21

14.63
1.29

0.84
0.10

0.009
0.001
(b)

0.027
0.003
(b)

0.042
0.002

0.63
0.08
(bc)

0.19
0.02

0.053
0.004
(b)

0.003
0.000

0.044
0.005
(b)

0.002
0.000

0.0001
0.0000

0.50
0.04

1:1 SS to SiS

Mean
Std Error

24.48
2.42

14.23
1.41

0.90
0.11

0.006
0.001
(c)

0.051
0.009
(a)

0.044
0.011

0.83
0.10
(ab)

0.22
0.03

0.051
0.011
(b)

0.003
0.000

0.056
0.007
(b)

0.003
0.001

0.0001
0.0000

0.49
0.05

1:2 SS to SiS

Mean
Std Error

27.48
3.70

15.98
2.15

0.93
0.15

0.006
0.001
(c)

0.042
0.001
(a)

0.041
0.003

0.92
0.07
(a)

0.24
0.02

0.044
0.002
(bc)

0.003
0.000

0.052
0.004
(b)

0.002
0.000

0.0002
0.0000

0.55
0.07

SiS

Mean
Std Error

25.11
3.14

14.60
1.82

0.92
0.10

0.006
0.002
(c)

0.043
0.010
(a)

0.040
0.009

0.89
0.15
(a)

0.22
0.04

0.036
0.008
(c)

0.002
0.000

0.049
0.007
(b)

0.002
0.000

0.0001
0.0000

0.50
0.06
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Upon correction of the CT for geogenic contamination, significant differences between
treatments for C contents were found in the 5 to 10 cm and 10 to 25 cm depths (Figure 1.5). For
both depths, the 1:1 SS to SiS had the highest content and the SS and SiS had the lowest
contents. Negative SiS contents are likely due to an over-correction due to the presence of
carbonates at the time Li & Daniels (1994) sampled that may have weathered out of the system
over the intervening years, rather than a true lack of C. Regardless, a value of 0 Mg C ha-1 was
used in the C content and sequestration calculations derived from CTCorr values (Table 1.5). In
those calculations, the C contents and sequestration rates are significantly different, unlike CO
(Tables 1.4 & 1.5). The SiS treatment has significantly lower CTCorr content than the mixed
treatments, and both SiS and SS have significantly lower C sequestration rates compared to the
mixed treatments.
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Figure 1. 5

Content (Mg ha-1) of corrected total carbon in each rock mix treatment by depth, 0
to 5, 5 to 10, and 10 to 25 cm. Standard errors bars of the treatment mean for each
depth are displayed, where n=4. Letter groups indicate significantly different
treatments within each depth (p<0.10).
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Table 1. 5

Contents (Mg ha-1) and sequestration rates (Mg ha-1 yr-1) of corrected total carbon
for rock mix treatments summed from 0 to25 cm. Significant differences between
treatments indicated by letter groupings (p<0.10). Standard error expressed for n=4.

(Mg ha-1)

C TCorr Sequestration
Rate
(Mg ha -1 yr -1)

8.63
1.73
(ab)
8.89
2.81
(a)
13.69
1.20
(a)
13.03
2.17
(a)
3.65
1.98
(b)

0.30
0.06
(b)
0.31
0.10
(a)
0.47
0.04
(a)
0.45
0.07
(a)
0.13
0.07
(b)

Treatment

SS

Mean
Std Error

2:1 SS to SiS

Mean
Std Error

1:1 SS to SiS

Mean
Std Error

1:2 SS to SiS

Mean
Std Error

SiS

Mean
Std Error

C TCorr

Mine soil pH has continued to be influenced by rock mix type and significant differences
were observed between treatments at all depths (Table 1.3). For all depths, pH increased with
increasing SiS content, ranging from 4.82 to 7.05, with the pure SS treatment showing
significantly lower pH values across all depth increments.
Of the remaining macronutrients analyzed, all except K, demonstrated significant
treatment effects. There were significant differences for PB concentration at all depths (Table
1.3). The concentration of PB increased with increasing SS. PB content also showed significant
differences (Table 1.4). SS had higher PB content than all other treatments, and 2:1 SS to SiS was
significantly higher than the remaining treatments with increasing SiS (Table 1.4). The
concentration and content of PA were also statistically different between treatments for each
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depth (Tables 1.3 & 1.4). Concentration and content of PA decreased with increasing SS for all
depths. The contents of SS and 2:1 SS to SiS were significantly lower than all other treatments
(Table 1.4). Notably, these observed trends in extractable P might be driven by the pH of the soil
as much as overburden type. In general, PA demonstrated the highest concentrations at higher
pH values and the opposite is true for PB. The concentration and content of K were not
significantly different between treatments (Tables 1.3 & 1.4); however, concentrations of Ca and
Mg were significantly different at all depths and both increased with increasing SiS (Table 1.4).
The total content of Ca was also significantly different between treatments although Mg content
was not (Table 1.4). Concentration and content of both nutrients generally increased with
increasing SiS (Tables 1.3 & 1.4).
The micronutrients varied in significance between treatments at each depth, but generally
followed patterns associated with rock mix composition. The concentration of Fe differed
significantly in the 0 to 5-cm and 5 to 10-cm depths and decreased with increasing SiS within
these depths (Table 1.4). Significant differences between treatments for Zn concentration were
only observed in the 0 to 5-cm depth, and increased with increasing SiS for this depth (Table
1.4). Mn, Cu, and B concentrations were significantly different for all depths (Table 1.4). Cu and
B concentrations increased with increasing SiS for all depths. Mn concentration did not
correspond with treatment in the 0 to 5-cm and 5 to 10-cm depths, but did increase with
increasing SiS in the 10 to 25-cm depth. All micronutrient concentrations generally decreased
with depth. The contents of Fe and Mn from 0 to 25 cm were significantly different between
treatments (Table 1.4). Iron concentration decreased with increasing SiS, and Mn was greater in
SS than in all other treatments. The contents of Zn, Cu, and B were not significantly different
and did not follow any trends (Table 1.4).
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Particle size analysis indicated treatment effects following 29 years of parent material
weathering, although enough time had passed to allow the EC of the mine soils to equalize in the
surface layers (Table 1.5). Across treatments, percent sand was significantly different at all
depths. Percent silt and clay were not significantly different from 0 to 5 cm, but were
significantly different between treatments from 5 to 10 cm and 10 to 25 cm. Percent sand
decreased along the gradient from SS to SiS and ranged from approximately 69% for all depths
in the SS treatment to 43-49% for all depths in the SiS treatment. Conversely, percent silt and
clay generally increased with increasing SiS. Silt ranged from 21.5% for all depths in the SS
treatment to approximately 39-44% for all depths in the SiS treatment, while clay ranged from
approximately 10 to 13% for all depths and treatments. Treatments showed no difference in EC
(µS cm-1) from 0 to 5 cm and 5 to 10 cm, but were significantly different from 10 to 25 cm (p
<0.10). EC ranged from 30 µS cm-1 (2:1 SS to SiS 10-25 cm) to 152 µS cm-1 (SiS 0-5 cm).
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Table 1. 6

Depth
0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

Nutrient concentrations (mg kg-1) for rock mix treatments for each depth, 0 to 5, 5 to 10, 10 to 25 cm. Significant
differences between treatments for each depth indicated by letter groupings (p<0.10). Standard error expressed for n=4.

SS
Mean Std Error
95 ± 5
53 ± 4
44 ± 3

674 ± 58
412 ± 36
390 ± 56

137 ± 12
108 ± 11
132 ± 11

(d)
(d)
(c)

(d)
(d)
(d)

98.2 ± 7.4 (a)
89.8 ± 6.6 (a)
58.5 ± 10.4

3.5 ± 0.3
2.4 ± 0.2
2.1 ± 0.3

77.6 ± 3.1
63.1 ± 3.6
55.1 ± 3.6

(c)

(a)
(b)
(bc)

2:1 SS to SiS
1:1 SS to SiS
Mean Std Error
Mean Std Error
K (mg kg -1)
81 ± 13
67 ± 12
42 ± 2
48 ± 3
40 ± 1
46 ± 3

1057 ± 89
695 ± 76
592 ± 22

228 ± 23
207 ± 23
201 ± 9

Ca (mg kg -1)
(c)
1202 ± 141 (bc)
(c)
984 ± 138 (b)
(c)
915 ± 151 (b)
Mg (mg kg-1)
(c)
263 ± 27
(c)
252 ± 26
(c)
257 ± 35

Fe (mg kg -1)
67.2 ± 6.5 (b)
58.0 ± 5.4
80.6 ± 10.1 (ab)
68.9 ± 2.1
49.4 ± 6.3
53.9 ± 1.0
Zn (mg kg -1)
3.8 ± 0.3 (bc)
4.3 ± 0.3
4.2 ± 1.0
3.8 ± 0.2
2.4 ± 0.3
2.8 ± 0.1
Mn (mg kg-1)
50.1 ± 3.3 (c)
62.0 ± 6.9
49.9 ± 2.6 (c)
65.3 ± 6.8
44.9 ± 2.4 (c)
67.1 ± 5.2
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1:2 SS to SiS
Mean Std Error
71 ± 4
49 ± 1
47 ± 2

SiS
Mean Std Error
88 ± 19
54 ± 6
49 ± 2

1407 ± 68
1099 ± 73
1071 ± 60

(ab)
(ab)
(ab)

1633 ± 186 (a)
1332 ± 164 (a)
1257 ± 171 (a)

(bc)
(bc)
(bc)

292 ± 16
271 ± 18
304 ± 23

(b)
(ab)
(ab)

(b)
(bc)

55.0 ± 6.3
62.1 ± 5.3
51.8 ± 3.7

(b)
(c)

(ab)

4.6 ± 0.3
4.2 ± 0.2
3.0 ± 0.1

(a)

4.6 ± 0.3 (ab)
4.1 ± 0.3
3.0 ± 0.2

(bc)
(ab)
(ab)

59.5 ± 4.5
63.3 ± 2.9
65.6 ± 6.4

(bc)
(b)
(ab)

69.8 ± 6.0 (ab)
75.9 ± 5.9 (a)
71.2 ± 5.8 (a)

356 ± 35
321 ± 36
332 ± 40

(a)
(a)
(a)

38.8 ± 3.2 (c)
56.1 ± 4.2 (c)
51.2 ± 3.3

Table 1. 6

Depth

Continued.
SS
Mean Std Error

2:1 SS to SiS
Mean Std Error

1:1 SS to SiS
Mean Std Error

1:2 SS to SiS
Mean Std Error

SiS
Mean Std Error

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

1.2 ± 0.1 (c)
1.8 ± 0.1 (c)
1.9 ± 0.1 (c)

Cu (mg kg )
1.3 ± 0.1 (c)
2.4 ± 0.2 (a)
2.5 ± 0.2 (b)
3.3 ± 0.3 (a)
2.4 ± 0.1 (b)
3.0 ± 0.2 (a)

2.2 ± 0.2 (ab)
3.3 ± 0.4 (a)
3.2 ± 0.2 (a)

2.0 ± 0.1 (b)
3.1 ± 0.3 (a)
3.3 ± 0.1 (a)

0.2 ± 0.0 (d)
0.1 ± 0.0 (b)
0.1 ± 0.0 (c)

B (mg kg-1 )
0.2 ± 0.0 (c)
0.2 ± 0.0 (bc)
0.1 ± 0.0 (b)
0.2 ± 0.0 (a)
0.1 ± 0.0 (bc)
0.1 ± 0.0 (ab)

0.3 ± 0.0 (b)
0.2 ± 0.0 (a)
0.2 ± 0.0 (a)

0.3 ± 0.0 (a)
0.2 ± 0.0 (a)
0.2 ± 0.0 (a)
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Table 1. 7

Sand, silt and clay (%), and electrical conductivity (µS cm-1) for rock mix treatments from 0 to 5, 5 to 10, and 10 to
25 cm. Significant differences between treatments for each depth are indicated by letter groupings (p<0.10).
Standard error expressed for n=4.

Depth

Mean

SS
2:1 SS to SiS
1:1 SS to SiS
1:2 SS to SiS
SiS
Std Error Mean
Std Error Mean
Std Error Mean
Std Error Mean
Std Error
Sand (%)
± 0.62 (a)
62.01 ± 1.25 (ab)
50.55 ± 4.43 (bc)
58.06 ± 6.69 (bc)
48.53 ± 5.55 (c)
± 0.32 (a)
62.81 ± 1.14 (a)
48.87 ± 4.78 (b)
50.70 ± 1.72 (b)
43.30 ± 5.42 (b)
± 1.08 (a)
64.57 ± 1.44 (a)
51.55 ± 4.79 (b)
50.73 ± 1.11 (bc)
43.47 ± 4.79 (c)

0 to 5 cm
5 to 10 cm
10 to 25 cm

68.69
68.73
68.20

0 to 5 cm
5 to 10 cm
10 to 25 cm

21.63 ± 0.86
21.45 ± 0.26 (b)
21.45 ± 0.87 (b)

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

27.93 ± 1.28
26.85 ± 0.73 (b)
24.55 ± 1.36 (b)

Silt (%)
37.83 ± 3.77
41.04 ± 3.96 (a)
36.93 ± 3.97 (a)

29.32 ± 8.08
37.66 ± 1.69 (a)
36.56 ± 0.75 (a)

39.17 ± 5.29
43.43 ± 4.73 (a)
43.35 ± 4.54 (a)

9.68 ± 0.27
9.82 ± 0.13 (b)
10.35 ± 0.43 (c)

10.06 ± 1.70
10.34 ± 0.48 (b)
10.88 ± 0.39 (c)

Clay (%)
11.62 ± 0.86
10.09 ± 1.58 (b)
11.51 ± 1.12 (bc)

12.62 ± 1.43
11.64 ± 0.51 (ab)
12.72 ± 0.43 (ab)

12.30 ± 0.27
13.27 ± 0.72 (a)
13.18 ± 0.43 (a)

117.5 ± 10.3
57.5 ± 6.3
35.0 ± 8.7 (b)

EC (µS cm -1)
117.5 ± 21.0
112.5 ± 2.5
77.5 ± 27.8
75.0 ± 11.9
30.0 ± 0.0 (b)
52.5 ± 9.5 (a)

105.0 ± 9.6
65.0 ± 5.0
55.0 ± 8.7 (a)

152.5 ± 8.5
92.5 ± 7.5
70.0 ± 4.1
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(a)

Discussion
The findings from this research demonstrate that even though a reclaimed area can meet
the 5-year performance bond regulations irrespective of the topsoil substitute selections used
here, the effects of topsoil selection on soil properties and processes, and presumably
productivity, are more variable after 29 years of development. The rock mix treatments are still
significantly different in numerous physical and chemical characteristics 29 years after
reclamation, and although some soil development was noticeable within one year of
establishment, the topsoil substitutes still retain characteristics of the original overburden
chemistries and physical properties, particularly at depth (Daniels et al. 1983; Haering 1993).
Soil C and nutrient accrual and retention are important indicators of forest soil function
that relate to plant and faunal productivity, nutrient cycling, and hydrological regulation (Ingram
et al. 2005), and are thus important metrics in evaluating reclamation success. The differences in
concentrations of SOM, CO, and NT observed in this study below 5 cm suggest that the
overburden selection for topsoil substitutes can influence the rate of return of these vital
ecosystem services to the post-mining landscape. From the perspective of C sequestration and
the total mass of nutrients available to the aggrading stand, there was a lack of significant
differences between treatments in SOM, CO, and NT contents that can be attributed to a
combination of factors. The 0-5 cm depth strongly influences our overall (0-25 cm) mass balance
calculations, and after 29 years, that depth increment may be saturated with respect to its
capacity to accrue C and nutrients irrespective of initial soil properties. Our results also exhibited
increasing silt and clay fractions with increasing SiS content in the topsoil substitutes at all
depths (Tables 1.2 & 1.5). Mine soil (<2 mm) mass per volume sampled was found to decrease
and rock mass was found to increase with increasing SiS, which suggests the SiS material
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weathers more slowly than SS material (supplementary data for volumetric densities, soil
masses, and rock masses can be found in Appendix A). This trade-off in soil mass made up for
apparent difference in concentration at 29 years, but the balance between weathering rates and C
or nutrient accrual over longer time scales is less clear (Paul 1984; Six et al. 2002; Chilom &
Rice 2009; Torn et al. 2009). Simmons et al. (2008) documented a similar relationship between
total C and bulk density during their study on mine soils in Maryland. Finally, past results
showed poor tree survival and growth on the pure SiS plot (Torbert et al. 1990; Burger et al.
2007). Poor survival and growth would result in fewer litter inputs supplying SOM and CO to
these soils and a diminished capacity to retain NT in the form of organic N.
Reclaimed mine soils have been described as potential sinks for C, with the opportunity
to be useful for C credits or in C trading (Shrestha & Lal 2006; Conant 2011). The rock mix soils
all have C concentrations lower than the unmined soils, and, as the soils weather and deepen,
their ability to accumulate C will likely continue to increase toward their natural unmined
endmembers. Natural soils are assumed to be closer to their threshold of C-sequestration since
they are often at equilibrium with respect to C gains and losses (Six et al. 2002). Therefore,
mined soils have the potential to exceed the C sequestration rates of unmined soils.
The articles referenced in Table 1.8 studied C dynamics in temperate forests of the
eastern United States and found natural forest soil C contents ranging from approximately 53 to
108 Mg ha-1 and reclaimed soil C contents ranging from approximately 17 to 79 Mg ha-1, over
various stand ages, site indices, depths and reclaimed ages. The estimated C sequestration rates
from these studies ranged from 0.96 to 4.45 Mg ha-1 yr-1. With C contents (based on CO) for the
rock mix treatments between 14.23 and 15.98 Mg ha-1 and associated C sequestration rates
ranging from 0.49 to 0.55 Mg ha-1 yr-1, the C sequestration rates reported here are lower than the
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values reported in other studies in the eastern US. Comparing the CTCorr values (Figure 1.5 &
Table 1.5) to those in Table 1.8 shows an even larger gap between the COPE estimates compared
to the other studies. Since the Walkley-Black method is known to artificially inflate SOM and CO
values, particularly in mine soils because of geogenic C in coal and ferrous Fe, and the controlled
combustion method includes all forms of C in the total carbon value, we corrected our total C to
generate more accurate values (Amichev et al. 2007). The correction factors were taken from
Nash (2012) and accounted for geogenic and carbonate C. As presented in Figure 1.5 and Table
1.5, the CTCorr values for content and sequestration rates were lower than those calculated for CO.
While Walkley-Black SOM values may overestimate organic C, it is possible the CTCorr values
may underestimate organic C, and it is very likely that the true value of organic C lies between
these measures. Regardless of the measurement method, other confounding factors, such as site
management, depth of soil sampled, method of analysis and selection of correction factors, make
it challenging to compare some of these values directly. Regardless, the identification of the
factors that contribute to the observed differences may be important for evaluating the carbon
sequestration potentials of reclaimed and reforested lands over longer-term time scales.
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Table 1. 8

Comparison of soil organic carbon content (Mg ha-1) from research on reclaimed and natural forest soils in the
Central Appalachians.

Source

C
Depth
Determination
(cm)
Method

Akala & Lal
2000

Walkley-Black

Amichev et
al. 2008

Natural C
Content
(Mg ha-1)

Reclaimed
C Sequestration
Reclamation
C Content
Rates (Mg ha-1 yr-1)* Location
Age
(years)
(Mg ha-1)

30

56.6

58.9

25

2.36

OH

Corrected
Walkley-Black

150

108.1
73.5
66.3
53.3

45.2
79.3
51.1
53.0

47
44
35
50

0.96
1.80
1.46
1.06

IL
IN
KY
OH

Chatterjee et
al. 2009

Dry combustion,
chemi-thermal

30

70.2

48.9

11

4.45

OH

Jacinthe &
Lal 2007

Dry combustion,
chemi-thermal

40

n/a

17.8

15

1.19

OH

30

n/a

53.0
41.3
43
47
55

51
34
20-55
30
50

1.04
1.21
0.75-2.15
1.57
1.1

OH

Lorenz & Lal
Chemi-thermal
2007
Rodrigue
2001

Walkley-Black

150

71

IL, IN, KY,
OH, PA,
VA, WV

* Sequestration rates were calculated from table values (content/years), assuming linear rate, and not explicitly taken from the associated
publication.
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In addition to C, mine soils are known to contain mineralogical-N, which can also
artificially inflate NT measured in mine soils (Li & Daniels 1994). Using correction factors from
Li and Daniels (1994), NTCorr concentrations show similar trends compared to NT, with the
exception of having lower values and being significant from only 5 to 10 cm (Figure 1.6)
0

0.05

Corrected Total Nitrogen (%)
0.1
0.15

0.2

0.25

0 to 5 cm

b
b
b

5 to 10 cm

b
a

SS
2:1 SS to SIS
1:1 SS to SIS
1:2 SS to SIS
SiS

10 to 25 cm

Figure 1. 6

Concentration (%) of corrected total nitrogen in each rock mix treatment by depth,
0 to 5, 5 to 10, and 10 to 25 cm. Standard errors bars of the treatment mean for each
depth are displayed, where n=4. Letter groups indicate significantly different
treatments within each depth (p<0.10).

Although, when comparing the two sets of N values to the unmined soils, the difference between
the corrected and uncorrected data is more pronounced (Figure 1.7). Figure 1.7 shows the rock
mix treatment means and unmined soil plot mean for CO, NT and NTCorr, as well as the CO-to-N
ratios of each mean. The linear trendline for the unmined soils shows a CO-to-N ratio of
approximately 20:1 and the shaded area represents the standard error for this mean. The
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uncorrected N values lie below the 20:1 line, indicating the rock mix treatments are less Nlimited than the unmined soils, while the corrected N values lie above this line, indicating the
rock treatments are more N-limited than the unmined soils. Nitrogen deficiencies have been
commonly noted on reclaimed mine soils, and this comparison indicates an N-limitation may be
suppressing the ability of the COPE plots to produce C, and thus the amount of C for soil storage
(Bradshaw 1982; Li & Daniels 1994).
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4.50

4.00

Organic Carbon (%)

3.50

Unmined Soil
SS
Net SS
2:1 SS to SiS
Net 2:1 SS to SIS
1:1 SS to SiS
Net 1:1 SS to SIS
1:2 SS to SiS
Net 1:2 SS to SIS
SiS
Net SiS

35:1

30:1

20:1

25:1

y = 19.727x
15:1

3.00

2.50
10:1
2.00

1.50
5:1
1.00
0.05

0.08

0.10

0.13

0.15

0.18

0.20

0.23

Total Nitrogen (%)

Figure 1. 7

Comparison of total nitrogen (%) (corrected and uncorrected) to organic
carbon (%) in all rock mix treatments and unmined soils (weighted averages
from 0 to 25 cm). All rock mix treatment averages and unmined soils average
are displayed with standard error bars (n=4). Solid line represents C:N of
unmined soils (C:N ! 20). Grey lines and shaded area represent range of C:N
for unmined soils (~17-23). Dashed lines indicate C to N ratios ranging from 5:1
to 25:1. Points are represented as follows: = UM, = SS, = 2:1 SS to SiS,
= 1:1 SS to SiS,
uncorrected: grey.

= 1:2 SS to SiS,

= SiS, corrected (Net): black,

Both Mehlich 1 and bicarbonate extractions were performed to have complete data sets of
available P for both the mined and unmined soils. Since the soils ranged in pH and organic
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matter contents (Tables 1.3 and II.1), having both sets of data was important in order to make
comparisons between the rock mix treatments and to discuss the rock mix treatments in the
context of unmined soil P concentrations. As explained in Pierzynski (2000), the Mehlich 1
method performs best on soils with pH less than 6.5, CEC less than 10 cmol kg-1, and OM
contents less than 5%. The bicarbonate method works best on soils with more neutral pH;
however the bicarbonate extracting solution has been effective at extracting P on acidic soils
(Fixen and Grove 1990). Since both analyses resulted in contrasting results, the exact amount of
available P is indeterminate; however, past studies have suggested that soil P levels may be
limiting productivity (Burger et al. 2007).
Litter cycling is one important ecosystem service that supports the transport of nutrients
to plants and the regulation of soil nutrient capital (Robinson et al. 2012). Evidence of litter
retention is apparent when considering the concentrations of Ca and Mg in the 0 to 5-cm depth
compared to the subsurface depths (Table 1.4). Elevated amounts of Ca and Mg in the 0 to 5-cm
depth indicate that the base cations taken up during tree growth are being deposited back to the
mine soil surface during litter fall. K is not cycled through litter as frequently as Ca and Mg, but
rather it is transported throughout all plant tissue to activate enzymes, assist with anion transport,
and maintain turgor pressure (Maathuis 2009). The concentration of K in all of the mine soil
treatments appears to be decreasing with time when comparing current values with those from
Daniels et al. (1983) and Torbert et al. (1990). Daniels & Amos (1985) attribute decreases K in
mine soils over time with the weathering of mica and subsequent K leaching. It may also be true
that the muscovite micas, associated with the Wise formation, rapidly weather to vermiculite and
result in significant K removal (McBride 1994). The K concentrations reported by Torbert et al.
(1990) were lower than those reported in 1983 by Daniels et al. indicating that overall K was
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being lost from the mine soil system, but the more pronounced significant differences between
topsoil substitutes suggests the higher clay contents with increasing SiS provided more K to the
pure SiS and mixed topsoil substitutes. The current lack of significant difference suggests that
the period of rapid mica weathering may be complete and that the K concentrations in soil and
soil-solution may even be in equilibrium with each other and with current vegetation
requirements.
Trace elements are essential for proper tree growth and function (Stone 1968), and when
the concentrations of trace elements – Zn, Mn, Cu, and B – in the rock mix treatments are
compared to the concentrations in the unmined soils, there appears to be greater availability in all
of the topsoil substitutes (Table 1.4 and Appendix Table B.1). Also, the concentrations are not
high enough to warrant concerns of toxicity, and no toxicities have been reported in previous
studies when trace element concentrations were orders of magnitude higher than present day
concentrations (Stone 1968; Torbert et al. 1990; Burger et al. 2005).

Conclusions
Our objectives included: 1) comparing the effects of different topsoil substitutes on soil
physical and chemical properties after 29 years of development; and 2) specifically estimating
the C sequestration rates of these mine soils. Here we demonstrate that different topsoil
substitutes do differ in soil physical and chemical properties after nearly three decades of
development, including soil volume, particle size distribution, concentrations of organic C, N,
and other macro- and micronutrients, and contents of available P, Ca, Fe, and Mn. Despite these
differences, however, total soil C content and C sequestration rates did not differ over the period
of study.
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The topsoil substitute effects on the nitrogen and phosphorus pools in reclaimed and
reforested mine soils still require more investigation since many factors confound these results
and the interactions of these important nutrients is still not completely understood. The carbon
sequestration potentials of topsoil substitutes also require more research to determine how other
factors, such as management and vegetation, affect the ability of a soil to capture carbon.
Although further research is required to determine how other factors, such as
management and vegetation, affect the ability of a soil to capture carbon and retain nutrients, our
results, combined with results from other studies on mine soils in Central Appalachia, indicate
that mixes of overburden types are best suited for the reestablishment of mixed mesophytic
hardwood forests on reclaimed coal mines.
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CONTINUING EFFECTS OF ORGANIC AMENDMENTS ON COAL MINE
TOPSOIL SUBSTITUTES IN SOUTHWEST VIRGINIA
Abstract
Efforts to restore the forests in the Appalachian coal region have emphasized the
importance of building mine soils that support self-sustaining forest ecosystems. Mine soil
development influenced by organic amendments has been studied at the Controlled Overburden
Placement Experiment in southwestern Virginia for 29 years. Topsoil substitutes made from a
2:1 of sandstone to siltstone were amended with natural topsoil (TS), sawdust (SD), and 22.4 Mg
ha-1 (22B), 56 Mg ha-1 (56B), 112 Mg ha-1 (112B), and 224 Mg ha-1 (224B) of biosolids, or left
unamended (CON). Differences between topsoil carbon (C) concentrations, contents (Mg ha-1),
and sequestration rates (Mg ha-1 yr-1) indicate amendments differentially maintain soil C pools.
The TS, SD, 112B, and 224B treatments contained the most C; however, SD and 224B had
negative C sequestration rates when considering C content of the initial amendment, whereas TS
had the highest rate. The nitrogen (N) concentrations and contents were highest in 112B and
224B, although all the treatments had less N than adjacent, unmined soils. The C:N ratios of
CON, SD, 22B, and 56B were between 20:1 and 25:1, the remaining treatments were between
15:1 and 20:1, and the unmined soils were 20:1. The 56B, 112B, and 224B treatments provided
the most available phosphorus (P), while CON, SD, and TS had the lowest P pools. Overall,
results indicate that many properties of mined soils vary significantly even 29 years after
reclamation, and amendments should be carefully considered during reclamation in Appalachia
to create the most suitable soil for a forested land use.
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Introduction
In 1977, the Surface Mining Control and Reclamation Act (SMCRA) was adopted by
United States Congress and with this came regulations that changed how mine operators
throughout the United States reclaimed surface coal mines. Up until the 1980s, coal mines were
frequently shallower in depth of cut and produced higher ratios of weathered to unweathered
spoil materials than mines do today; spoil material was not extensively graded during
reclamation; and local tree species were often used for revegetation instead of grasses (Rodrigue
et al. 2002; Haering et al. 2004). Additionally, throughout the history of coal mining in the
Appalachians, rock strata that produced severely acidic and metal-laden runoff were occasionally
exposed (Plass 2000; Haering et al. 2004). SMCRA was implemented to address these issues,
resulting in requirements that included isolating acidic and toxic materials, reclaiming to equal or
better productivity, using salvaged surface soil or approved topsoil substitutes, grading the
surface to approximate original contour (AOC), and establishing a vegetative cover for erosion
control (Plass 2000; Zipper 2000). One consequence of the methods chosen by most mines in
order to comply with these regulations was the replacement of forested land with reclaimed
pastures or scrubland (Burger et al. 2007). As of 2010, surface coal mining had disturbed over
600,000 ha of temperate hardwood forest since the adoption of SMCRA in 1977, and more than
10,000 ha are disturbed each year (Zipper et al. 2011a). The temperate forests of Appalachia are
valued for resource production, wildlife habitat, recreation, cultural significance, food
production, and water cycling and purification (Costanza et al. 1997; Showalter et al. 2010;
Zipper et al. 2011a). For these reasons, there is greater interest from landowners, environmental
groups, government, and mine operators to restore surface mines to forested land rather than
grassland or pasture (Miller & Kochenderfer 1998; Zipper et al. 2011a). In order to successfully
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restore forests on surface mined land, it is essential to build mine soils that will support not only
tree establishment in the short-term, but will continue to sustain a self-propagating vegetative
community and provide essential ecosystem services in the long-term. These services include
hydrological regulation and infiltration, nutrient and C cycling, climate regulation, and waste
decomposition (Robinson et al. 2012). Identification and separation of suitable materials during
the planning and operation phases of surface coal mines are important to the successful
implementation of economic and biological reclamation strategies.
Often, forest topsoil (A+E horizons) may not exist in accessible locations or in sufficient
quantities for salvage and reuse. Further, topsoil substitutes may not adequately provide the
nutrients required to support sustained vegetation growth over the long term. In such cases, a
combination of materials may be required to create a suitable reclaimed mine soil, including the
use of overburden, chemical fertilizers and organic amendments. Topsoil salvage, topsoil
substitute suitability and amendment qualities have been studied for decades, and strategies for
successful forest establishment have arisen from this work; however, the individual study periods
have typically lasted from one to five years (Davey 1953; Bengtson & Cornette 1973; Epstein et
al. 1976; Daniels & Amos 1983; Slick & Curtis 1985; Roberts et al. 1988b; Moss et al. 1989;
Haering et al. 2000; Bendfeldt et al. 2001; Daniels & Zipper 2010; Larney & Angers 2012).
There has not been much opportunity to study long-term development of mine soils, but
continued observations from sites as they age is important for understanding long-term
consequences of more immediate post-mining reclamation decisions.
The Controlled Overburden Placement Experiment (COPE) has been used since its
establishment in 1982 to research how topsoil substitutes with different organic amendments
develop with time and how plant establishment and productivity vary between organic
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treatments. Much of the research on the COPE was done prior to 2000, but the experiment has
been maintained since establishment. These unique research plots present the opportunity to
study some of the oldest post-SMCRA forested mine soils in the country. Our objectives include:
1) an assessment and comparison of the current physical and chemical properties of an
organically amended topsoil substitute after 29 years of development under forested vegetation;
and 2) calculating and comparing the C sequestration potentials of the surface amendment
treatments.

Materials and Methods
Study Site Location
The COPE is located at the Powell River Project Research Education Center in Wise
County, Virginia, USA (Figure 2.1). The COPE is located on a flat, contour mined bench and
was constructed with overburden from the second cut of the adjacent coal mining operation
between June of 1981 and April 1982 (Daniels et al. 1983). The overburden in this area is
dominated by sandstone and siltstone and these materials were selected for their low acidity,
moderate to high pH and high carbonate contents (Daniels et al. 1983). The sandstone and
siltstone is from the Upper Middle Wise formation and associated with the Taggart coal seam
(Haering et al. 1990).
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UM 4
COPE

UM 2

UM 1
UM 3

Figure 2. 1

Locations of the Controlled Overburden Placement Experiment and unmined soil
(UM) plots in Wise County, VA. (Source: “Powell River Project”. 37°00’39.67” N and
82°41’07.64” W. Google Earth. 31 January 2007. 3 March 2011.)

The surface amendment experiment was established on the COPE to investigate the
effects of different organic amendment additions to a topsoil substitute on mine soil development
and vegetation productivity (Daniels et al. 1983; Roberts et al. 1988b). The surface amendment
experiment consists of a randomized complete block design with four replications of seven
treatments: control (CON), topsoil (TS), sawdust (SD), and biosolids at four different application
rates: 22.4 Mg ha-1 (22B), 56 Mg ha-1 (56B), 112 Mg ha-1 (112B), 224 Mg ha-1 (224B) (Figure
2.2). All plots were constructed with a 2:1 sandstone to siltstone topsoil substitute and measured
3 x 6 m with a 3-m buffer between each plot (Daniels et al. 1983). Treatment materials were
applied to a mean depth of 1.3 m over a compacted mine bench.
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Table 1. 8

Comparison of soil organic carbon content (Mg ha-1) from research on reclaimed and natural forest soils in the
Central Appalachians.

Source

C
Depth
Determination
(cm)
Method

Akala & Lal
2000

Walkley-Black

Amichev et
al. 2008

Natural C
Content
(Mg ha-1)

Reclaimed
C Sequestration
Reclamation
C Content
Rates (Mg ha-1 yr-1)* Location
Age
(years)
(Mg ha-1)

30

56.6

58.9

25

2.36

OH

Corrected
Walkley-Black

150

108.1
73.5
66.3
53.3

45.2
79.3
51.1
53.0

47
44
35
50

0.96
1.80
1.46
1.06

IL
IN
KY
OH

Chatterjee et
al. 2009

Dry combustion,
chemi-thermal

30

70.2

48.9

11

4.45

OH

Jacinthe &
Lal 2007

Dry combustion,
chemi-thermal

40

n/a

17.8

15

1.19

OH

30

n/a

53.0
41.3
43
47
55

51
34
20-55
30
50

1.04
1.21
0.75-2.15
1.57
1.1

OH

Lorenz & Lal
Chemi-thermal
2007
Rodrigue
2001

Walkley-Black

150

71

IL, IN, KY,
OH, PA,
VA, WV

* Sequestration rates were calculated from table values (content/years), assuming linear rate, and not explicitly taken from the associated
publication.
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In addition to C, mine soils are known to contain mineralogical-N, which can also
artificially inflate NT measured in mine soils (Li & Daniels 1994). Using correction factors from
Li and Daniels (1994), NTCorr concentrations show similar trends compared to NT, with the
exception of having lower values and being significant from only 5 to 10 cm (Figure 1.6)
0

0.05

Corrected Total Nitrogen (%)
0.1
0.15

0.2

0.25

0 to 5 cm

b
b
b

5 to 10 cm

b
a

SS
2:1 SS to SIS
1:1 SS to SIS
1:2 SS to SIS
SiS

10 to 25 cm

Figure 1. 6

Concentration (%) of corrected total nitrogen in each rock mix treatment by depth,
0 to 5, 5 to 10, and 10 to 25 cm. Standard errors bars of the treatment mean for each
depth are displayed, where n=4. Letter groups indicate significantly different
treatments within each depth (p<0.10).

Although, when comparing the two sets of N values to the unmined soils, the difference between
the corrected and uncorrected data is more pronounced (Figure 1.7). Figure 1.7 shows the rock
mix treatment means and unmined soil plot mean for CO, NT and NTCorr, as well as the CO-to-N
ratios of each mean. The linear trendline for the unmined soils shows a CO-to-N ratio of
approximately 20:1 and the shaded area represents the standard error for this mean. The
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uncorrected N values lie below the 20:1 line, indicating the rock mix treatments are less Nlimited than the unmined soils, while the corrected N values lie above this line, indicating the
rock treatments are more N-limited than the unmined soils. Nitrogen deficiencies have been
commonly noted on reclaimed mine soils, and this comparison indicates an N-limitation may be
suppressing the ability of the COPE plots to produce C, and thus the amount of C for soil storage
(Bradshaw 1982; Li & Daniels 1994).
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4.50
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Organic Carbon (%)
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Unmined Soil
SS
Net SS
2:1 SS to SiS
Net 2:1 SS to SIS
1:1 SS to SiS
Net 1:1 SS to SIS
1:2 SS to SiS
Net 1:2 SS to SIS
SiS
Net SiS

35:1

30:1

20:1

25:1

y = 19.727x
15:1

3.00

2.50
10:1
2.00

1.50
5:1
1.00
0.05

0.08

0.10

0.13

0.15

0.18

0.20

0.23

Total Nitrogen (%)

Figure 1. 7

Comparison of total nitrogen (%) (corrected and uncorrected) to organic
carbon (%) in all rock mix treatments and unmined soils (weighted averages
from 0 to 25 cm). All rock mix treatment averages and unmined soils average
are displayed with standard error bars (n=4). Solid line represents C:N of
unmined soils (C:N ! 20). Grey lines and shaded area represent range of C:N
for unmined soils (~17-23). Dashed lines indicate C to N ratios ranging from 5:1
to 25:1. Points are represented as follows: = UM, = SS, = 2:1 SS to SiS,
= 1:1 SS to SiS,
uncorrected: grey.

= 1:2 SS to SiS,

= SiS, corrected (Net): black,

Both Mehlich 1 and bicarbonate extractions were performed to have complete data sets of
available P for both the mined and unmined soils. Since the soils ranged in pH and organic
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matter contents (Tables 1.3 and II.1), having both sets of data was important in order to make
comparisons between the rock mix treatments and to discuss the rock mix treatments in the
context of unmined soil P concentrations. As explained in Pierzynski (2000), the Mehlich 1
method performs best on soils with pH less than 6.5, CEC less than 10 cmol kg-1, and OM
contents less than 5%. The bicarbonate method works best on soils with more neutral pH;
however the bicarbonate extracting solution has been effective at extracting P on acidic soils
(Fixen and Grove 1990). Since both analyses resulted in contrasting results, the exact amount of
available P is indeterminate; however, past studies have suggested that soil P levels may be
limiting productivity (Burger et al. 2007).
Litter cycling is one important ecosystem service that supports the transport of nutrients
to plants and the regulation of soil nutrient capital (Robinson et al. 2012). Evidence of litter
retention is apparent when considering the concentrations of Ca and Mg in the 0 to 5-cm depth
compared to the subsurface depths (Table 1.4). Elevated amounts of Ca and Mg in the 0 to 5-cm
depth indicate that the base cations taken up during tree growth are being deposited back to the
mine soil surface during litter fall. K is not cycled through litter as frequently as Ca and Mg, but
rather it is transported throughout all plant tissue to activate enzymes, assist with anion transport,
and maintain turgor pressure (Maathuis 2009). The concentration of K in all of the mine soil
treatments appears to be decreasing with time when comparing current values with those from
Daniels et al. (1983) and Torbert et al. (1990). Daniels & Amos (1985) attribute decreases K in
mine soils over time with the weathering of mica and subsequent K leaching. It may also be true
that the muscovite micas, associated with the Wise formation, rapidly weather to vermiculite and
result in significant K removal (McBride 1994). The K concentrations reported by Torbert et al.
(1990) were lower than those reported in 1983 by Daniels et al. indicating that overall K was
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being lost from the mine soil system, but the more pronounced significant differences between
topsoil substitutes suggests the higher clay contents with increasing SiS provided more K to the
pure SiS and mixed topsoil substitutes. The current lack of significant difference suggests that
the period of rapid mica weathering may be complete and that the K concentrations in soil and
soil-solution may even be in equilibrium with each other and with current vegetation
requirements.
Trace elements are essential for proper tree growth and function (Stone 1968), and when
the concentrations of trace elements – Zn, Mn, Cu, and B – in the rock mix treatments are
compared to the concentrations in the unmined soils, there appears to be greater availability in all
of the topsoil substitutes (Table 1.4 and Appendix Table B.1). Also, the concentrations are not
high enough to warrant concerns of toxicity, and no toxicities have been reported in previous
studies when trace element concentrations were orders of magnitude higher than present day
concentrations (Stone 1968; Torbert et al. 1990; Burger et al. 2005).

Conclusions
Our objectives included: 1) comparing the effects of different topsoil substitutes on soil
physical and chemical properties after 29 years of development; and 2) specifically estimating
the C sequestration rates of these mine soils. Here we demonstrate that different topsoil
substitutes do differ in soil physical and chemical properties after nearly three decades of
development, including soil volume, particle size distribution, concentrations of organic C, N,
and other macro- and micronutrients, and contents of available P, Ca, Fe, and Mn. Despite these
differences, however, total soil C content and C sequestration rates did not differ over the period
of study.
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The topsoil substitute effects on the nitrogen and phosphorus pools in reclaimed and
reforested mine soils still require more investigation since many factors confound these results
and the interactions of these important nutrients is still not completely understood. The carbon
sequestration potentials of topsoil substitutes also require more research to determine how other
factors, such as management and vegetation, affect the ability of a soil to capture carbon.
Although further research is required to determine how other factors, such as
management and vegetation, affect the ability of a soil to capture carbon and retain nutrients, our
results, combined with results from other studies on mine soils in Central Appalachia, indicate
that mixes of overburden types are best suited for the reestablishment of mixed mesophytic
hardwood forests on reclaimed coal mines.
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CONTINUING EFFECTS OF ORGANIC AMENDMENTS ON COAL MINE
TOPSOIL SUBSTITUTES IN SOUTHWEST VIRGINIA
Abstract
Efforts to restore the forests in the Appalachian coal region have emphasized the
importance of building mine soils that support self-sustaining forest ecosystems. Mine soil
development influenced by organic amendments has been studied at the Controlled Overburden
Placement Experiment in southwestern Virginia for 29 years. Topsoil substitutes made from a
2:1 of sandstone to siltstone were amended with natural topsoil (TS), sawdust (SD), and 22.4 Mg
ha-1 (22B), 56 Mg ha-1 (56B), 112 Mg ha-1 (112B), and 224 Mg ha-1 (224B) of biosolids, or left
unamended (CON). Differences between topsoil carbon (C) concentrations, contents (Mg ha-1),
and sequestration rates (Mg ha-1 yr-1) indicate amendments differentially maintain soil C pools.
The TS, SD, 112B, and 224B treatments contained the most C; however, SD and 224B had
negative C sequestration rates when considering C content of the initial amendment, whereas TS
had the highest rate. The nitrogen (N) concentrations and contents were highest in 112B and
224B, although all the treatments had less N than adjacent, unmined soils. The C:N ratios of
CON, SD, 22B, and 56B were between 20:1 and 25:1, the remaining treatments were between
15:1 and 20:1, and the unmined soils were 20:1. The 56B, 112B, and 224B treatments provided
the most available phosphorus (P), while CON, SD, and TS had the lowest P pools. Overall,
results indicate that many properties of mined soils vary significantly even 29 years after
reclamation, and amendments should be carefully considered during reclamation in Appalachia
to create the most suitable soil for a forested land use.
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Introduction
In 1977, the Surface Mining Control and Reclamation Act (SMCRA) was adopted by
United States Congress and with this came regulations that changed how mine operators
throughout the United States reclaimed surface coal mines. Up until the 1980s, coal mines were
frequently shallower in depth of cut and produced higher ratios of weathered to unweathered
spoil materials than mines do today; spoil material was not extensively graded during
reclamation; and local tree species were often used for revegetation instead of grasses (Rodrigue
et al. 2002; Haering et al. 2004). Additionally, throughout the history of coal mining in the
Appalachians, rock strata that produced severely acidic and metal-laden runoff were occasionally
exposed (Plass 2000; Haering et al. 2004). SMCRA was implemented to address these issues,
resulting in requirements that included isolating acidic and toxic materials, reclaiming to equal or
better productivity, using salvaged surface soil or approved topsoil substitutes, grading the
surface to approximate original contour (AOC), and establishing a vegetative cover for erosion
control (Plass 2000; Zipper 2000). One consequence of the methods chosen by most mines in
order to comply with these regulations was the replacement of forested land with reclaimed
pastures or scrubland (Burger et al. 2007). As of 2010, surface coal mining had disturbed over
600,000 ha of temperate hardwood forest since the adoption of SMCRA in 1977, and more than
10,000 ha are disturbed each year (Zipper et al. 2011a). The temperate forests of Appalachia are
valued for resource production, wildlife habitat, recreation, cultural significance, food
production, and water cycling and purification (Costanza et al. 1997; Showalter et al. 2010;
Zipper et al. 2011a). For these reasons, there is greater interest from landowners, environmental
groups, government, and mine operators to restore surface mines to forested land rather than
grassland or pasture (Miller & Kochenderfer 1998; Zipper et al. 2011a). In order to successfully
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restore forests on surface mined land, it is essential to build mine soils that will support not only
tree establishment in the short-term, but will continue to sustain a self-propagating vegetative
community and provide essential ecosystem services in the long-term. These services include
hydrological regulation and infiltration, nutrient and C cycling, climate regulation, and waste
decomposition (Robinson et al. 2012). Identification and separation of suitable materials during
the planning and operation phases of surface coal mines are important to the successful
implementation of economic and biological reclamation strategies.
Often, forest topsoil (A+E horizons) may not exist in accessible locations or in sufficient
quantities for salvage and reuse. Further, topsoil substitutes may not adequately provide the
nutrients required to support sustained vegetation growth over the long term. In such cases, a
combination of materials may be required to create a suitable reclaimed mine soil, including the
use of overburden, chemical fertilizers and organic amendments. Topsoil salvage, topsoil
substitute suitability and amendment qualities have been studied for decades, and strategies for
successful forest establishment have arisen from this work; however, the individual study periods
have typically lasted from one to five years (Davey 1953; Bengtson & Cornette 1973; Epstein et
al. 1976; Daniels & Amos 1983; Slick & Curtis 1985; Roberts et al. 1988b; Moss et al. 1989;
Haering et al. 2000; Bendfeldt et al. 2001; Daniels & Zipper 2010; Larney & Angers 2012).
There has not been much opportunity to study long-term development of mine soils, but
continued observations from sites as they age is important for understanding long-term
consequences of more immediate post-mining reclamation decisions.
The Controlled Overburden Placement Experiment (COPE) has been used since its
establishment in 1982 to research how topsoil substitutes with different organic amendments
develop with time and how plant establishment and productivity vary between organic
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treatments. Much of the research on the COPE was done prior to 2000, but the experiment has
been maintained since establishment. These unique research plots present the opportunity to
study some of the oldest post-SMCRA forested mine soils in the country. Our objectives include:
1) an assessment and comparison of the current physical and chemical properties of an
organically amended topsoil substitute after 29 years of development under forested vegetation;
and 2) calculating and comparing the C sequestration potentials of the surface amendment
treatments.

Materials and Methods
Study Site Location
The COPE is located at the Powell River Project Research Education Center in Wise
County, Virginia, USA (Figure 2.1). The COPE is located on a flat, contour mined bench and
was constructed with overburden from the second cut of the adjacent coal mining operation
between June of 1981 and April 1982 (Daniels et al. 1983). The overburden in this area is
dominated by sandstone and siltstone and these materials were selected for their low acidity,
moderate to high pH and high carbonate contents (Daniels et al. 1983). The sandstone and
siltstone is from the Upper Middle Wise formation and associated with the Taggart coal seam
(Haering et al. 1990).
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UM 4
COPE

UM 2

UM 1
UM 3

Figure 2. 1

Locations of the Controlled Overburden Placement Experiment and unmined soil
(UM) plots in Wise County, VA (Source: “Powell River Project”. 37°00’39.67” N and
82°41’07.64” W. Google Earth. 31 January 2007. 3 March 2011.).

The surface amendment experiment was established on the COPE to investigate the
effects of different organic amendment additions to a topsoil substitute on mine soil development
and vegetation productivity (Daniels et al. 1983; Roberts et al. 1988b). The surface amendment
experiment consists of a randomized complete block design with four replications of seven
treatments: control (CON), topsoil (TS), sawdust (SD), and biosolids at four different application
rates: 22.4 Mg ha-1 (22B), 56 Mg ha-1 (56B), 112 Mg ha-1 (112B), 224 Mg ha-1 (224B) (Figure
2.2). All plots were constructed with a 2:1 sandstone to siltstone topsoil substitute and measured
3 x 6 m with a 3-m buffer between each plot (Daniels et al. 1983). Treatment materials were
applied to a mean depth of 1.3 m over a compacted mine bench.
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39.62 m
F: forested side of plot
F

H

H: herbaceous side of plot

3m

Rock Mix Study
6m

33.53 m
SS
2:1 SS to SiS
1:1 SS to SiS
1:2 SS to SiS
SiS
8.1 m corridor

Surface Amendment Study
45.72 m
Control
Topsoil
Sawdust
22 Mg ha -1 biosolids
56 Mg ha -1 biosolids
112 Mg ha-1 biosolids
224 Mg ha -1 biosolids
3.05 m border
3.05 m outslope (2:1 slope)
Figure 2. 2

Controlled Overburden Placement Experiment design with forested and herbaceous
vegetation on split plots for rock mix and surface amendment studies.
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The CON, TS, and SD treatments received 1120 kg ha-1 of 15-30-15 NPK dry fertilizer,
which contained ammonium nitrate (NH4NO3), di-ammonium phosphate ((NH4)2HPO4), and
potassium chloride (KCl) (Roberts 1988b). The TS treatment was constructed using the A, B,
and C horizons from adjacent land, which was mixed and placed to a depth of 30 cm on the 2:1
SS to SiS topsoil substitute. TS treatments also received 7.8 Mg ha-1 agricultural limestone to
increase their pH. The SD treatments were constructed using 56 kg ha-1 of sawdust and 336 kg
ha-1 of slow-release N fertilizer (isobutylidene diurea, IBDU) per plot, addition to the 15-30-15
fertilizer. The biosolid treatments were surface applied and did not receive any additional
amendments. All treatments were mixed and incorporated to depth of 10 to 15 cm with a rototiller. The total nutritional contents for each treatment type are listed in Table 2.1.
Table 2. 1

Total amounts (kg ha-1) of N, P, and K added to each treatment in the form of
fertilizers, topsoil, sawdust and biosolids and the amount of organic carbon (Mg ha-1)
contained by each treatment in the surface amendment study.

Treatment

N*

P*
(kg ha-1)

K*

CO**
(Mg ha-1)

Control
Topsoil

168
168

147
147

137
137

17.7
8.6

Sawdust

504

147

137

50.4

22 Mg ha-1
biosolids
56 Mg ha-1

582

29

56

4.9

1455

74

140

12.3

2910

147

280

24.7

5820
biosolids
*Data from Roberts et al. (1988b).
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560

49.4

biosolids
112 Mg ha-1
biosolids
224 Mg ha-1

** Data from Nash (2012).

In May 1982, each plot was hydroseeded with a slurry of 80 kg ha-1 Kentucky-31 tall
fescue seed (Schedonorus phoenix (Scop.) Holub) and 840 kg ha-1 of wood fiber mulch, mulched
with 2300 kg ha-1 straw, and disked to a depth of 12 cm (Roberts et al. 1988b). In the spring of
1983, the tall fescue was removed from half of each plot using a non-selective herbicide
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(glyphosate) and replaced with four loblolly pine (Pinus taeda L.) and 12 pitch x loblolly pine
hybrid (Pinus rigida Mill. x Pinus taeda L.) seedlings. In 2001, southern pine beetle
(Dendroctonus frontalis Zimmerman) infested the pine trees (Burger et al. 2007). The pine trees
were removed and nine 2-0 northern red oak (Quercus rubra L.) seedlings were planted to
determine the effect of mine soil treatments on a native species that is widespread in the
Appalachians and of commercial value (Haering et al. 1990; Johnson et al. 2002). Tree mats
were installed around the oak seedlings and invading vegetation was manually and chemically
controlled to decrease competition from other vegetation and improve tree survival (Burger et al.
2007; W.L. Daniels 2012, Virginia Polytechnic Institute and State University, Blacksburg, VA,
personal communication).

Sampling Methods
Samples were taken in the winter of 2010-2011. Plots were divided up into four
quadrants containing 25 30 x 30-cm quadrats each. In each plot, two quadrats, each from a
different quadrant, were randomly chosen and sampled at depths of 0 to 5 cm, 5 to 10 cm, and 10
to 25 cm. Exclusion criteria were defined to avoid areas of the plots that may not have yielded
representative samples. These criteria included, but were not limited to, quadrats that had been
sampled previously or had been visibly disturbed, contained a pine or oak stump, contained a
stone large enough to impede sampling, areas beneath the tree mats, and perimeter quadrats. The
0 to 5-cm depth was sampled volumetrically since traditional bulk density sampling using cores
was not feasible in the rocky mine soils. A 30 x 30-cm sampling frame was used to delimit the
sampling area and a flat-edged hand tool was used to scrape the soil to precisely 5 cm. All
material from 0 to 5 cm was taken for the sample, but when rocks or roots were too large to take
in the sample the dimensions were recorded.

67

For comparison, four adjacent unmined plots were identified. Unmined areas were
located within the local coal mine’s lease (Figure 2.1) and had similar vegetation composition
across the four sites, suggesting reduced variability in site quality. Additionally unmined sites
were chose on as level as possible slope positions to be consistent with the topography of the
COPE. Site and soil descriptions for the unmined plots are summarized in Table 2.2 (USDA
2012). At each unmined site, a central point was chosen based on the above criteria. Then, using
methods adapted from the USDA Forest Inventory Analysis (O’Neill & Arnacher 2004), three
plots were located 10-m from the central point at 0°, 120° and 240°. Mimicking the sampling
from the COPE, plot dimensions were 3 x 3 m, divided into four quadrants, each divided into 25
30 x 30-cm quadrats, two of which were randomly sampled from each plot. Exclusion criteria
were also created for the unmined plots and included quadrats containing dense shrub or sapling
stems, stones, or roots that impeded sampling to further depths, or were adjacent to a previously
selected quadrat.
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Table 2. 2 Unmined soil plot data from the USDA Web Soil Survey for Wise County, VA. Information includes map unit name, parent
material, slope (%), landform, drainage, and typical profile description.
Map Unit
Name

HighsplintShelocta
complex (34G)

Map Unit
Soil
Component Subgroup

Highsplint

Bulk
Slope Landform Drainage Density
(g cm-3)

Typic
Colluvium, SS, SiS,
Backslope, Well
55-70%
Dystrudepts
shale
footslope drained

1.37

Typic
Hapludults

Footslope,
backslope

Well
drained

1.37

Summit

Well
drained

1.42

Fine-loamy
Typic
residuum, weathered
25-35% Shoulder
Hapludults SS and/or shale and
SiS

Well
drained

1.42

Coarse-loamy
Typic
residuum, weathered 35-70%
Dystrudepts
SS

Summit

Well
drained

1.42

Fine-loamy
Typic
residuum, weathered
35-70% Shoulder
Hapludults SS and/or shale and
SiS

Well
drained

1.42

Shelocta

Typic
Hapludults

Colluvium, SS and
shale

Footslope,
backslope

Well
drained

1.46

Kaymine

Typic
Udorthents

Mine spoil or earthy
fill, shale, SiS, SS, 55-80% Backslope
and coal

Well
drained

1.46

Shelocta

Marrowbone
MarrowboneGilpin
complex (49E)
Gilpin

Marrowbone
MarrowboneGilpin
complex (49G)
Gilpin

SheloctaKaymine
complex (70G)

Parent Material

Colluvium, SS and
shale

55-70%

Coarse-loamy
Typic
residuum, weathered 25-35%
Dystrudepts
SS

55-80%
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Typical Profile
0-8 cm: channery
silt loam
8-25+ cm: very
channery silt loam
0-10 cm: gravelly
loam
10-25+ cm: loam
0-13 cm: fine sandy
loam
13-25+ cm: gravelly
sandy loam
0-8 cm: silt loam
8-13 cm: silt loam
13-25+ cm: gravelly
silt loam
0-13 cm: fine sandy
loam
13-25+ cm: gravelly
sandy loam
0-8 cm: silt loam
8-13 cm: silt loam
13-25+ cm: gravelly
silt loam
0-10 cm: gravelly
loam
10-25+ cm: loam
0-10 cm: very
channery silt loam
10-25+ cm:
extremely channery
silt loam

Site Index
Chestnut oak: 75
Hickory: 75
Northern red oak: 80
Chestnut oak: 75
Hickory: 75
Northern red oak: 80
Chestnut oak: 50
Hickory: 50
Chestnut oak: 65
Hickory: 65
Chestnut oak: 50
Hickory: 50
Chestnut oak: 65
Hickory: 65
Hickory: 80
Northern red oak: 85

Northern red oak: 80

Laboratory Analyses
Soil samples were air-dried and sieved through a 2-mm screen to remove coarse
fragments. Soil was removed from coarse fragments using a wire brush and was added to the
sieved soil. Soil and coarse fragment masses were recorded for the 0 to 5 cm depth and used to
calculate volumetric density (VD) for that depth increment according to the following
calculation:
!" !

!"#$!!"##!!!!
!"#$%#&!!"#$%&!!!"! !

Values for VD below 5 cm were taken from Nash (2012), who used the same method and
collected from within the same treatment plots, only under an immediately adjacent herbaceous
vegetative cover. Concentrations were converted to content (Mg ha-1) using the following
calculations:
!"!!!!! ! !!!!
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Because values of CT are likely contaminated with geogenic sources (e.g., coal residues), a
corrected value of total carbon (CTCorr) was determined by subtracting background concentrations
of geogenic C as reported in Li & Daniels (1994) and Nash (2012) from the dry combustion
values of CT. This value is reported separately as another means of estimating the organic C
accumulation over time. Accordingly, C sequestration rates were calculated by dividing both
estimates of organic C (CO and CTCorr) contents by 29 years, assuming a linear rate of
sequestration, after subtracting the initial treatment C content (Table 2.1).
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Soil organic matter (SOM) was determined using the Walkley-Black wet oxidation
method and total organic carbon (CO) was calculated using the standard 1.72 correction factor
(Nelson & Sommers 1982; Pribyl 2010). Total carbon (CT) and total nitrogen (NT) were
determined by dry combustion on an elementar vario MAX CNS elemental analyzer (elementar
vario MAX, Elementar, Hanau, Germany). Soil pH was measured from a 1:1 water-to-soil
aqueous extract using a LabFit Pty Ltd, model AS-3000 Automated Dual pH Analyser (Maguire
& Heckendorn 2011). Available phosphorus (PB) was determined using a 0.5 M sodium
bicarbonate (NaHCO3) solution and analyzed using an inductively coupled plasma atomic
emission spectrophotometry (ICP-AES) (CirOS VISION model with a SOP (radial) view of the
plasma, made by Spectro Analytical Instruments and equipped with a CETAC ASX520-HS
autosampler) (Olsen & Sommers 1982; Maguire & Heckendorn 2011). Soil was extracted with
ammonium acetate (NH4OAc) at pH 7 and exchangeable cations [(calcium (Ca), magnesium
(Mg), and potassium (K)] were measured with an ICP-AES (USDA-NRCS-NSSC 2004). Other
nutrients [(phosphorus (PA), zinc (Zn), manganese (Mn), copper (Cu), iron (Fe), and boron (B)]
were extracted with Mehlich 1 (0.05N HCl in 0.025N H2SO4) solution and measured using an
ICP-AES (Maguire & Heckendorn 2011). Electrical conductivity (EC) was determined from a
2:1 water to soil slurry using conductivity cells referenced to a 0.01N KCl standard solution (YSI
3100 Conductivity Instrument with a YSI 3254 Pyrex 5-ml Fill Cell) (Maguire & Heckendorn
2011). The Virginia Tech Soil Testing Laboratory on the Virginia Tech campus completed the
analyses for pH, EC, and P, K, Ca, Mg, Zn, Mn, Cu, Fe, and B. All samples were analyzed
independently and combined mathematically at the plot level prior to statistical analysis.
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Statistical Analyses
Blocking efficiency of the randomized complete block design was determined to be nonefficient (<1.25) using the standard calculation for relative efficiency for each parameter. Thus,
the statistical analyses were based on a completely randomized design with replications.
Normality was tested using the Shapiro-Wilk analysis and where it was violated (p <0.05), data
was transformed using a natural log and tested for normality. Treatment effects were analyzed
with one-way analysis of variance (ANOVA). Levene’s test for homogeneity was used to check
significant variance for a parameter and was violated when p <0.05. In such cases, Welch’s Ftest was used to determine treatment effect significance (p <0.10), otherwise the usual general
linear model F-statistic was used to determine treatment effect. When treatment effects were
accepted as significant, means were separated using Fisher’s least significant difference. All
statistical analyses were completed using SAS 9.2 software (SAS Institute Inc. 2011).

Results
The surface amendment treatments had significantly different SOM, CO and NT
concentrations (%) at all depths. (Figures 2.3 & 2.2; Table 2.3). In the 0 to 5-cm depth, the SD
SOM and CO concentrations (CO = 6.78 ± 0.65%) were significantly greater than all the other
treatments, and the TS (CO = 2.40 ± 0.32%) treatments were significantly lower than the SD and
biosolids treatments (Figure 2.3; Table 2.3). From 5 to 10 cm, the SOM and CO concentrations of
the CON (CO = 1.95 ± 0.16%) were not significantly different from the TS or 22B and 56B
treatments. The SD and 224B treatments had significantly higher SOM and CO than all other
treatments, with exception of the 112B treatment. In the 10 to 25-cm depth, the concentrations of
SOM and CO in the CON (CO = 1.06 ± 0.13%) were higher than the TS treatment, and lower than
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that of the SD and biosolid treatments. The only treatment that was significantly different from
the CON at this depth was the 224B (CO = 1.56 ± 0.17%) treatment.
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Concentration (%) and content (Mg ha-1) of organic carbon for surface amendment treatments by depth, 0 to 5, 5 to
10, and 10 to 25 cm. Significant differences (p < 0.10) between treatments for each depth denoted by different
letters. Error bars represent standard errors for n = 4.
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Table 2. 3

Depth

Concentrations of total carbon (%), organic matter (%), and organic carbon to total nitrogen ration of surface amendment
treatments for depths 0 to 5, 5 to 10, and 10 to 25 cm. Significant differences between treatments for each depth indicated by
letter groupings (p <0.10). Standard error expressed for n=4.
Control
Mean Std Error

Topsoil
Mean Std Error

0 to 5 cm
5 to 10 cm
10 to 25 cm

6.56 ± 0.55
3.35 ± 0.28
1.83 ± 0.23

(bc)
(cd)
(bc)

4.12 ± 0.38
2.46 ± 0.29
1.54 ± 0.08

(c)
(d)
(c)

0 to 5 cm
5 to 10 cm
10 to 25 cm

17 ± 1
16 ± 0
15 ± 0

(b)
(b)

15 ± 1
16 ± 1
16 ± 1

(bc)
(b)

Sawdust
22 Mg/ha Biosoilds
Mean Std Error
Mean Std Error
Walkley-Black SOM (%)
11.67 ± 1.11 (a)
7.43 ± 1.28 (b)
5.15 ± 0.54 (a)
3.96 ± 0.41 (bc)
2.16 ± 0.16 (ab)
2.23 ± 0.19 (ab)

20 ± 1
18 ± 0
16 ± 1

CO :NT
17 ± 1
16 ± 0
15 ± 2

(a)
(a)
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(b)
(ab)

56 Mg/ha Biosolids
Mean Std Error

112 Mg/ha Biosolids
Mean Std Error

224 Mg/ha Biosolids
Mean Std Error

7.68 ± 1.90
3.60 ± 0.40
2.40 ± 0.27

(b)
(bc)
(ab)

8.40 ± 0.61
4.32 ± 0.33
2.28 ± 0.35

(b)
(ab)
(ab)

7.07 ± 0.98
4.94 ± 0.46
2.69 ± 0.29

(b)
(a)
(a)

16 ± 1
15 ± 1
15 ± 1

(b)
(bc)

16 ± 1
13 ± 1
15 ± 1

(b)
(cd)

12 ± 1
12 ± 1
14 ± 1

(c)
(d)

For all depths, the SD and biosolid treatments had greater NT concentrations than the
CON (Figure 2.4). In the 0 to 5-cm depth, 224B and 112B were significantly higher than SD, and
SD was significantly higher than the CON (0.225 ± 0020%). The TS (0.088 ± 0.005%) treatment
was significantly lower than the SD and biosolids NT concentrations. The NT concentrations
from 5 to 10 cm were significantly greater in the 112B (0.200 ± 0.022%) and 224B (0.233 ±
0.012%) treatments and significantly lower in the TS (0.088 ± 0.005%) treatment than all other
treatments. The NT concentration in the SD (0.165 ± 0.017%) treatment was significantly higher
than the CON (0.123 ± 0.012%). In the 10 to 25-cm depth, only the 224B (0.115 ± 0.010%)
treatment was significantly different from the CON (0.073 ± 0.009%). The TS (0.058 ± 0.003%)
treatment contained the least NT by percentage, and was also significantly lower than all
biosolids treatments. In all depths, the biosolid NT concentrations generally increased with
increasing application rate.
The CO-to-NT ratios (CO:NT) were relatively consistent within each treatment through the
entire sampled depth, ranging from 12:1 to 20:1 (Table 2.3). The CO:NT ratios were different
among treatments in the 0 to 5-cm and 5 to 10-cm depths, but not in the 10 to 25-cm depth. The
CO:NT was highest in the SD treatment and lowest in the 224B treatment for all depths. From 0
to 5 cm, the TS treatment and the 22B, 56B, and 112B treatments were not different from the
CON. In the 5 to 10-cm depth, the SD CO:NT was greater than all treatments except the 22B
treatment, and the 224B CO:NT was lower all treatments, except the 112B treatment. The CO:NT
from 10 to 25 cm ranged from 14:1 to 16:1 across all treatments. The CO:NT decreased with
increasing application rate of biosolids for all three depths, although some of those differences
were nominal.
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Concentration (%) and content (Mg ha-1) of total nitrogen for surface amendment treatments by depth, 0 to 5, 5 to
10, and 10 to 25 cm. Significant differences (p < 0.10) between treatments for each depth denoted by different
letters. Error bars represent standard errors for n = 4.
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The contents (Mg ha-1) of the C and N variables displayed some different relationships
with the surface amendments than the concentrations did (Figures 2.3 & 2.4; Table 2.4). The
trend of SOM content was similar to that seen in the SOM concentrations, with the highest value
in 224B, followed by SD, then the remaining biosolids treatments. TS and CON were reversed
compared to the concentrations, with TS having a higher SOM content than CON. The CO
content trends were not consistent with the concentration trends (Figure 2.3). There were no
significant differences between treatments in the 0 to 5-cm depth, whereas the 5 to 10-cm depth
resembled the trends seen with concentration, although the TS and CON treatments were no
longer significantly different from 22B and 56B. The 10 to 25-cm depth was also significantly
different between treatments; however, the TS treatment was not significantly lower than the
CON, 22B, 56B, or 112B treatments. The contents for SOM and CO for the entire 0 to 25 cm
depth were highest in the 224B and SD treatments, and lowest in the CON (Table 2.4) However,
the CTCorr content for 0 to 25 cm was significantly higher in the TS treatment than all the other
treatments, and CON, 22B, and 56B were the lowest treatments (Table 2.4).
The NT contents were significantly different at all three depths (Figure 2.4). From 0 to 5
cm, CON (0.30 ± 0.04%) was the lowest, although it was not significantly different from 22B,
while 224B (0.67 ± 0.07%) was significantly higher than all other treatments. In the 5 to 10-cm
depth, CON (0.24 ± 0.01%) was again the lowest, but was not significantly different from TS,
22B, or 56B. The 224B treatment (0.68 ± 0.05%) was significantly higher than all treatments
except 112B. From 10 to 25 cm, CON (0.41 ± 0.04%) was the lowest and 224B (0.98 ± 0.10%)
was the highest. The NT content for the entire sample profile was highest in 224B and lowest in
CON, TS, and 22B (Table 2.4).
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The CO and CTCorr sequestration rates were significantly different across treatments
(Table 2.4). For both parameters, TS had the highest sequestration rate, followed by CON, 22B.
With CTCorr, the SD and 224B treatments had the lowest rates, which were also negative,
suggesting a net C loss relative to the biosolids loading rates; while CO sequestration rates were
negative for all treatments except TS.
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Table 2. 4

Treatment

Contents (Mg ha-1) of organic matter, organic carbon, corrected total carbon, total nitrogen, and primary and secondary
nutrients, and sequestration rates of corrected total carbon for surface amendment treatments summed for 0 to 25 cm.
Significant differences between treatments for each depth indicated by letter groupings (p<0.10). Standard error expressed
for n=4.
SOM

CO

C TCorr

NT

PB

PA

K

Ca

Mg

Fe

Zn

Mn

Cu

0.19
0.01

0.003
0.000
(cd)

0.047
0.003
(d)

0.002
0.000

0.051
0.005
(d)

CO
Sequestration Rate
(Mg ha-1 year-1)
0.0001
-0.09
0.0000
0.04
(c)
(b)
B

C TCorr
Sequestration
(Mg ha-1 year-1)
0.80
0.09
(b)

Control

Mean 25.83
Std Error 1.95
(d)

15.02
1.14
(d)

23.27
2.72
(c)

0.96
0.07
(c)

0.007
0.001
(e)

0.037
0.002
(c)

(Mg ha-1 )
0.037
0.67
0.002
0.03
(b)
(c)

Topsoil

Mean 30.86
Std Error 1.25
(cd)

17.94
0.73
(cd)

56.16
1.39
(a)

1.17
0.07
(c)

0.009
0.000
(de)

0.039
0.004
(c)

0.058
0.004
(a)

0.92
0.03
(bc)

0.25
0.02

0.003
0.000
(d)

0.054
0.004
(d)

0.002
0.000

0.051
0.003
(d)

0.0002
0.0000
(b)

0.32
0.03
(a)

1.64
0.05
(a)

Sawdust

Mean
41.91
Std Error 6.53
(ab)

24.37
3.80
(ab)

31.95
5.72
(bc)

1.38
0.23
(bc)

0.014
0.002
(d)

0.040
0.009
(c)

0.046
0.009
(ab)

0.77
0.13
(c)

0.22
0.05

0.004
0.001
(bc)

0.058
0.011
(cd)

0.003
0.001

0.079
0.017
(cd)

0.0001
0.0000
(bc)

-1.51
0.13
(d)

-0.64
0.20
(d)

Mean 31.60
22 Mg/kg
Biosoilds Std Error 5.75
(bcd)

18.37
3.34
(bcd)

27.46
5.80
(c)

1.19
0.23
(c)

0.012
0.002
(d)

0.041
0.008
(c)

0.037
0.004
(b)

0.74
0.14
(c)

0.18
0.03

0.004
0.001
(cd)

0.040
0.008
(cd)

0.003
0.000

0.062
0.012
(cd)

0.0001
0.0000
(bc)

-0.15
0.12
(b)

0.78
0.20
(b)

Mean 33.13
56 Mg/kg
Biosolids Std Error 5.18
(bcd)

19.26
3.01
(bcd)

28.11
3.61
(c)

1.25
0.15
(bc)

0.022
0.004
(c)

0.053
0.004
(c)

0.040
0.005
(b)

0.75
0.09
(c)

0.17
0.02

0.006
0.001
(bcd)

0.039
0.004
(c)

0.003
0.000

0.077
0.006
(c)

0.0001
0.0000
(bc)

-0.37
0.10
(bc)

0.54
0.12
(bc)

112 Mg/kg Mean 40.08
Biosolids Std Error 3.95
(bc)

23.30
2.30
(bc)

31.30
2.16
(bc)

1.65
0.22
(b)

0.041
0.008
(b)

0.128
0.028
(b)

0.047
0.003
(ab)

1.03
0.12
(b)

0.18
0.02

0.018
0.004
(ab)

0.040
0.002
(b)

0.006
0.001

0.106
0.016
(b)

0.0002
0.0000
(bc)

-0.66
0.08
(c)

0.23
0.07
(c)

224 Mg/kg Mean 51.42
Biosolids Std Error 3.41
(a)

29.89
1.98
(a)

39.28
3.11
(b)

2.34
0.15
(a)

0.068
0.014
(a)

0.222
0.032
(a)

0.053
0.005
(a)

1.54
0.12
(a)

0.23
0.03

0.035
0.006
(a)

0.055
0.011
(a)

0.009
0.001

0.124
0.015
(a)

0.0002
0.0000
(a)

-1.28
0.07
(d)

-0.35
0.11
(d)
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Phosphorus concentrations were different between treatments at all three depths (Table
2.5). In the 0 to 5-cm and 5 to 10-cm depths, the P concentrations in 112B and 224B treatments
were significantly greater and the TS and SD treatments were lower than all other treatments.
The CON P concentration was different from all treatments except 22B. In the 10 to 25-cm
depth, the P concentration in 224B and 112B were higher than all other treatments and the TS P
concentration was lower than all treatments except CON and SD. The P content (Mg ha-1) from 0
to 25 cm was different between treatments (Table 2.4) with the 224B treatment higher than all
other treatments and 112B higher than all treatments except 224B.
Soil pH was significantly different between treatments in the 5 to 10-cm depth (Table
2.5). For the 0 to 5-cm depth, pH ranged from 5.51 to 5.98 and showed no clear trend among
treatments. From 5 to 10 cm, CON had the highest pH and was significantly higher than all
treatments except TS and 224B. SD had the lowest pH and was significantly different from all
treatments except 22B. The range of pH for the 10 to 25-cm depth was 5.98 to 6.43, again with
no discernable treatment trend..
Extractable base cations each followed very different trends in both concentration (mg
kg-1) and content (Mg ha-1) (Tables 2.4 & 2.5). From 0 to 5 cm and 5 to 10 cm, there were no
significant differences among K concentrations due to treatment. CON and 224B had the lowest
K concentrations in the 0 to 5-cm and 5 to 10-cm depths, respectively. 112B had the highest
amount of K in both surface layers. Treatments contained significantly different amounts of K in
the 10 to 25-cm depths. The 56B treatment had significantly greater amounts of K than all
treatments except SD. The CON treatment was significantly higher than 224B. The K contents
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Table 2. 5

Surface amendment treatment pH, and Mehlich 1 acid extractable phosphorus, potassium, calcium, and magnesium
concentrations (mg/kg) for depths 0 to 5, 5 to 10, and 10 to 25 cm. Significant differences between treatments for each depth
indicated by letter groupings (p <0.10). Standard error expressed for n=4.

Depth

Control
Mean Std Error

Topsoil
Mean Std Error

0 to 5 cm
5 to 10 cm
10 to 25 cm

19.27 ± 2.79 (e)
9.23 ± 0.78 (d)
4.60 ± 1.78 (d)

13.01 ± 1.47 (f)
8.63 ± 1.91 (d)
4.23 ± 0.55 (d)

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

27 ± 2
34 ± 2
47 ± 5

(c)
(c)
(cde)

5.97 ± 0.18
5.91 ± 0.13 (a)
6.43 ± 0.12

54 ± 3
37 ± 1
38 ± 1

1149 ± 91
807 ± 64
615 ± 37

231 ± 16
214 ± 10
200 ± 10

(bc)

(b)
(cd)

(a)
(a)

18 ± 1
18 ± 1
33 ± 3

(d)
(d)
(e)

5.90 ± 0.12
5.73 ± 0.10 (ab)
5.98 ± 0.09

65 ± 9
35 ± 1
36 ± 1

989 ± 28
658 ± 33
544 ± 20

177 ± 10
171 ± 5
180 ± 5

(bcd)

(c)
(d)

(bcd)
(cd)

Sawdust
Mean Std Error

22 Mg/ha Biosoilds
Mean Std Error
PB (mg kg -1)
39.30 ± 7.16 (cd)
28.92 ± 3.48 (d)
19.47 ± 2.80 (c)
18.72 ± 4.49 (c)
5.56 ± 0.64 (cd)
8.16 ± 1.10 (bc)

20 ± 5
23 ± 2
42 ± 4

PA (mg kg -1)
(d)
31 ± 4
(d)
40 ± 9
(de)
49 ± 7

(c)
(c)
(cd)

pH
5.62 ± 0.15
5.57 ± 0.12 (bc)
6.05 ± 0.17

5.51 ± 0.13
5.38 ± 0.05 (c)
5.98 ± 0.08

65 ± 5
39 ± 1
39 ± 1

K (mg kg -1)
62 ± 4
39 ± 2
(ab)
36 ± 1

1224 ± 138
761 ± 68
592 ± 29

Ca (mg kg -1)
1189 ± 77
(bc)
830 ± 62
(d)
664 ± 68

224 ± 8
199 ± 5
197 ± 8

Mg (mg kg-1)
(a)
205 ± 14
(ab)
187 ± 11
192 ± 13
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56 Mg/ha Biosolids
Mean Std Error

112 Mg/ha Biosolids
Mean Std Error

46.20 ± 4.24 (bc)
34.68 ± 9.17 (b)
13.40 ± 3.55 (b)

60.46 ± 6.50 (b)
45.36 ± 5.09 (ab)
27.50 ± 6.72 (a)

44 ± 4
60 ± 9
65 ± 7

5.53 ± 0.22
5.63 ± 0.05 (b)
6.16 ± 0.30

(cd)

65 ± 5
38 ± 0
40 ± 0

(b)
(bcd)

1124 ± 53
858 ± 47
731 ± 33

(ab)
(bc)

(b)
(b)
(c)

186 ± 7
176 ± 6
194 ± 13

102 ± 21
134 ± 20
108 ± 23

5.68 ± 0.11
5.65 ± 0.04 (b)
6.04 ± 0.16

(a)

78 ± 7
40 ± 2
36 ± 1

(b)
(bc)

1369 ± 86
1077 ± 82
772 ± 81

(bc)
(cd)

(a)
(a)
(b)

168 ± 11
159 ± 11
167 ± 15

224 Mg/ha Biosolids
Mean Std Error
91.20 ± 11.42 (a)
67.45 ± 10.04 (a)
36.87 ± 11.64 (a)

132 ± 20
163 ± 25
168 ± 26

(a)
(a)
(a)

5.98 ± 0.09
5.75 ± 0.04 (ab)
6.21 ± 0.12

(cd)

67 ± 8
34 ± 4
35 ± 2

(d)

(a)
(b)

1427 ± 200
1285 ± 100
1024 ± 79

(a)
(a)

(cd)
(de)

146 ± 26
151 ± 2
183 ± 8

(d)
(e)

from 0 to 25 cm were significantly higher in the TS and 224B treatments than the CON, 22B,
and 56B treatments.
Mg concentrations were significantly different from 0 to 5 cm and 5 to 10 cm. From 0 to
5 cm, CON and SD had significantly higher Mg concentrations than all treatments, except 22B,
and 224B had significantly lower Mg concentrations than all treatments, except 112B and TS. In
the 5 to 10-cm depth, CON was significantly higher than all treatments, excluding SD, while
224B was significantly lower than all treatments except 112B. The contents of Mg were not
significantly different.
Ca concentrations were significantly different from 5 to 10 cm and 10 to 25 cm. In the 5
to 10 cm depth, Ca concentrations of 112B and 224B were significantly higher than all other
treatments, and TS was significantly lower than all treatments, except SD. From 10 to 25 cm,
224B was significantly higher than all treatments, and both TS and SD were significantly lower
than all treatments, excluding CON and 22B. Ca contents were significantly greater in 224B than
all other treatments.
The secondary nutrients demonstrated significantly different values due to treatment
effects after 29 years (Table 2.6). Fe, Zn, and Cu concentrations were significantly different
between treatments at all three depths, and Mn and B concentrations were both significantly
different from 5 to 10 cm and 10 to 25 cm. Fe, Zn, and Cu concentrations were consistently
lowest in the TS treatment for all three depths. Zn and Cu concentrations increased with
increasing biosolids application rates for all depths. The Mn concentration in the 5 to 10-cm
depth were significantly higher in CON than all other treatments, except for SD, and was
significantly lower in 224B than in all treatments except 112B. In the 10 to 25-cm depth, Mn was
significantly higher in SD than all except the CON treatment, and significantly lower in TS than
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Table 2. 6

Depth
0 to 5 cm
5 to 10 cm
10 to 25 cm

Secondary mineral concentrations (mg kg-1) and electrical conductivity (!S cm-1) for surface amendment treatments at depths of 0
to 5, 5 to 10, and 10 to 25 cm. Significant differences between treatments for each depth indicated by letter groupings (p<0.10).
Standard error expressed for n=4.
Control
Mean Std Error
58.8 ± 12.7 (bc)
66.9 ± 9.5 (d)
51.5 ± 6.1 (de)

Topsoil
Mean Std Error
28.2 ± 2.4
35.8 ± 1.9
37.2 ± 2.4

(c)
(e)
(e)

Sawdust
Mean Std Error

22 Mg/ha Biosoilds
Mean Std Error

Fe (mg kg-1 )
95.4 ± 27.2 (a)
72.3 ± 10.4 (ab)
91.3 ± 5.1 (bc)
80.8 ± 8.0 (cd)
60.8 ± 3.8 (cd)
60.7 ± 2.4 (cd)

56 Mg/ha Biosolids
Mean Std Error
100.9 ± 14.7 (ab)
105.5 ± 8.9 (ab)
74.6 ± 9.5 (bc)

112 Mg/ha Biosolids
Mean Std Error

224 Mg/ha Biosolids
Mean Std Error

83.2 ± 4.9 (a)
114.6 ± 5.2 (a)
88.9 ± 15.0 (ab)

68.7 ± 13.4 (ab)
94.6 ± 2.5 (bc)
94.8 ± 4.8 (a)

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

3.8 ± 0.2
3.5 ± 0.1
2.9 ± 0.1

(de)
(e)
(d)

5.4 ± 1.0
4.4 ± 0.2
3.1 ± 0.2

(e)
(f)
(e)

2.6 ± 0.1
2.1 ± 0.2
2.0 ± 0.2

Zn (mg kg )
(cd)
6.3 ± 1.0
(de)
5.5 ± 0.5
(d)
3.9 ± 0.1

(bc)
(d)
(cd)

8.5 ± 1.1
8.2 ± 1.2
5.4 ± 1.3

(b)
(c)
(c)

23.5 ± 5.6
25.0 ± 4.8
11.3 ± 2.7

(a)
(b)
(b)

30.3 ± 3.8
36.3 ± 7.7
20.3 ± 3.6

(a)
(a)
(a)

(c)
(d)

Mn (mg kg )
55.9 ± 17.2
35.8 ± 2.8
47.3 ± 3.1 (ab)
38.1 ± 5.0
53.2 ± 3.3 (a)
45.5 ± 3.8

(bc)
(bc)

35.7 ± 3.5
36.1 ± 3.2
47.1 ± 2.2

(c)
(bc)

26.4 ± 0.7
30.3 ± 2.7
41.1 ± 1.0

(cd)
(cd)

37.6 ± 18.5
26.7 ± 1.5 (d)
44.8 ± 0.7 (bcd)

(d)
(e)
(f)

1.3 ± 0.2
2.2 ± 0.2
2.6 ± 0.2

Cu (mg kg-1 )
(c)
1.7 ± 0.2
(d)
3.0 ± 0.3
(de)
3.3 ± 0.2

(c)
(c)
(cd)

2.8 ± 0.5
4.5 ± 0.4
3.8 ± 0.5

(b)
(b)
(c)

4.1 ± 0.6
7.0 ± 0.6
5.2 ± 0.9

(a)
(a)
(b)

5.0 ± 0.8
7.4 ± 0.9
7.1 ± 0.6

(a)
(a)
(a)

0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

B (mg kg-1 )
0.2 ± 0.0
(b)
0.1 ± 0.0
(bc)
0.1 ± 0.0

(b)
(ab)

0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

(b)
(abc)

0.2 ± 0.0
0.2 ± 0.0
0.1 ± 0.0

(ab)
(bc)

0.3 ± 0.0
0.2 ± 0.0
0.2 ± 0.0

(a)
(a)

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

51.4 ± 4.6
56.7 ± 9.4
49.0 ± 2.8

1.4 ± 0.2
2.5 ± 0.2
2.5 ± 0.1

0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

117.5 ± 4.8
50.0 ± 5.8
30.0 ± 0.0

(a)
(ab)

(c)
(cd)
(d)

(b)
(c)

(d)
(cd)

37.5 ± 3.9
33.9 ± 1.1
38.8 ± 1.9

0.8 ± 0.0
1.2 ± 0.0
1.8 ± 0.2

0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

(b)
(c)

115.0 ± 18.5
47.5 ± 2.5 (d)
27.5 ± 2.5 (d)

EC (µS cm-1 )
140.0 ± 14.7
135.0 ± 24.0
65.0 ± 2.9 (abc)
57.5 ± 6.3 (cd)
32.5 ± 2.5 (bcd)
37.5 ± 4.8 (abc)
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150.0 ± 29.4
62.5 ± 8.5 (bcd)
47.5 ± 4.8 (a)

150.0 ± 9.1
82.5 ± 11.1 (a)
40.0 ± 7.1 (abc)

142.5 ± 23.6
80.0 ± 10.8 (ab)
40.0 ± 4.1 (ab)

all but the 112B and 224B treatments. The B concentration in 224B was significantly higher than
every treatment, except 112B from 5 to 10 cm, and 56B and 22B from 10 to 25 cm. The contents
(Mg ha-1) of Fe, Zn, Cu, and B were significantly different from 0 to 25 cm (Table 2.4). All four
parameters were greatest in the 224B treatment.
All of the 0 to 25-cm contents for the extractable nutrients were significantly different,
except Mg and Mn (Table 2.4). Both P parameters were highest in the 224B treatment, although
PB was significantly lower in the CON treatment, and PA was lowest in the CON, TS, SD, 22B,
and 56B treatments. The content of K was highest in TS and 224B, and lowest in CON, 22B, and
56B. Ca, Fe, Zn, Cu, and B contents were all highest in the 224B treatment, while Ca was lowest
in the CON, SD, 22B, 56B, and 112B treatments, and Fe, Zn, Cu and B contents were lowest in
the TS and CON treatments.
The levels of EC had stabilized from 0 to 5 cm, but were still significantly different in the
two lower sampling depths (Table 2.6). In the 5 to 10-cm depth, 112B had significantly higher
EC than all treatments, excluding 224B and SD. From 10 to 25 cm, the biosolids treatments were
not significantly different, while TS had significantly lower EC than all the biosolids treatments.

Discussion
Current SOM and CO concentrations still retain significant differences, similar to
observations from the past studies at the COPE, dependent on amendment type. The SD
treatment has the highest SOM and CO concentrations, particularly in the 0 to 5-cm depth. Below
5 cm and when converted into content, the difference between the SD treatment and the other
treatments is lessened (Figure 2.3). The higher concentration of SD SOM and CO in the 0 to 5 cm
depth compared to the other treatments demonstrates the higher resistance of sawdust to
degradation compared to the C source of the other amendments. The TS SOM and CO
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concentrations are the most consistent with depth since the topsoil was mixed evenly throughout
a depth of 30 cm.
In the biosolids treatments, the concentrations of SOM and CO are not linearly related to
application rate, as they were when these amendments were applied (Daniels et al. 1983). Moss
et al. (1989) attributed the divergence from linearity to more rapid decomposition in the 224B
treatment due to the high availability of a C- and N-rich substrate and a low CO:NT. The organic
matter amendments in all treatments may have decomposed more rapidly before establishment of
vegetation due to increased temperatures associated with diminished vegetative cover. The
results from Moss et al. (1989) reported that the pines had extremely poor survival and growth
rates in the 224B treatment, thus this treatment may have had even less protection against
organic degradation, resulting in 224B having the lowest CO concentration among the biosolids
from a depth of 0 to 5 cm.
Roberts et al. (1988b) stated that the Walkley-Black method would likely overestimate
the CON, SD, and biosolids SOM concentrations while underestimating the TS SOM
concentrations due to interactions between the method and the chemistry of the substrate;
however, since the same method has been used on these treatments over the duration of the
experiment, this method can at least give some indication of relative differences and how they
may have evolved over the past 29 years. Since 1982, the concentration of SOM has roughly
doubled in the top 5 cm of the SD and 56B treatments, almost quadrupled in the TS and 22B
treatments, and sextupled in the CON, whereas in the 112B and 224B treatments, the increases
have been much less obvious (Table 2.7). Moss et al. (1989) found that the SD treatment resulted
in some of the best pitch x loblolly pine survival and growth; however since the CON, TS, and
22B SOM concentrations have increased much more than the SD treatment, vegetative
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production subsequent to the Moss et al. (1989) study in these treatments must have been
superior compared to that in the SD treatment in order to account for additional sources of SOM.
Thus, although SD has proven to be a better amendment in the short-term, other amendments
may surpass it in the future.
Table 2. 7

Organic matter concentrations (%) from 0 to 5 cm in the surface amendment
treatments in 1982 and 2011.

Treatment

Walkley-Black
SOM (%)

CON

TS

SD

22B

56B

112B

224B

1982*

1.0

1.0

7.4

2.1

3.2

5.4

6.0

2011

6.56

4.12

11.67

7.43

7.68

8.40

7.07

*Roberts et al. 1988b, values for 0 to 5 cm.

The contents of the SOM and CO below 5 cm and from 0 to 25 cm were also significantly
different between treatments (Figure 2.3 & Table 2.4). The lack of significance between the CO
contents from 0 to 5 cm is likely related to an opposite trend in volumetric density, where the
higher concentrations have lower contents due to lower VD, and the lower concentrations have
higher contents because of higher VD (Figure 2.5 & Table A.1). The TS treatment has the lowest
SOM and CO concentrations of all the treatments, although the contents are not significantly
different in the 0 to 5-cm depth. This contrast between concentration and content is a product of
more soil-sized particles (<2 mm) and less coarse fragments in the TS than in the other
treatments constructed of topsoil substitute, and not necessarily an indication of comparative
fertility. Natural topsoil is also known to provide a more hospitable environment than mine
overburden for vegetation establishment due to in-situ organic matter, microorganism
communities and low coarse fragment contents (DePuit 1984; Daniels & Zipper 2010; Hall et al.
2010). The opposite relationship is apparent in the SD treatment, where the concentration is the
highest and the content is not significantly different. When comparing the VD of SD to the other
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treatments, we see it has the lowest VD, which decreases the differences between observed C
and nutrient contents.

Volumetric Density (g cm-3)

0.6
0.5
0.4
0.3
0.2
0.1
0
CON
Figure 2. 5

TS

SD

22B

56B

112B

224B

Volumetric densities (g cm-3) for the surface amendment treatments
in the 0 to 5 cm depth.

The CTCorr contents presented a different set of observations and interpretations of the C
pools in the surface amendment treatments. After correcting for geogenic C sources (i.e.,
carbonates and coal) in the treatments constructed with topsoil substitute, the TS treatment had
the highest CTCorr content. This method of measuring C is superior to the Walkley-Black method,
although it is not without its own faults. Since the carbonate and coal values were measured from
1982 samples, it is probable that the correction factor is too high (Nash 2012). It is likely that
after nearly 30 years of exposure to surface environments in a mesic setting, nearly all carbonates
have been removed from the top 25 cm. Thus, the true quantity of C for these soils likely lies
between the reported CO and CTCorr values.
Comparisons of the C sequestration rates were made among treatment with the CTCorr and
CO values in order to establish how much C had accrued without accounting for original C inputs
present in the amendments and geogenic sources from the topsoil substitute. Despite the lower
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content values found for each layer of the TS treatment, the CO and CTCorr sequestration rates are
the highest. The high VD suggests that there are more soil-sized particles (<2 mm) providing
more surface area for interaction with SOM and dissolved organic carbon. However, SD and
224B have incurred negative CTCorr sequestration rates and all but TS incurred negative CO
sequestration rates. The difference between the CO and CTCorr rates is likely due to the different
methods of analysis, and again, the true sequestration rate may lie between the two values. The
negative rates are likely due to the initial high additions of C in combination with intense plot
management (pers. comm. W.L. Daniels, 25 July, 2012). Any vegetation invading the plots was
routinely removed using herbicide to reduce competition with the trees. As a result, the
amendments were left without cover, which may have increased both soil temperature and
decomposition rates. The CON, 22B, and 56B were also relatively good at sequestering C, likely
due to good tree growth in the past, and less rapid decomposition of the lower biosolids
application rates, where applicable (Moss et al. 1989).
The concentrations for NT generally follow expected trends based on CO concentrations
and known relationships between N and C. The SD treatment has the greatest NT concentration;
however, it is likely N is in an immobile form due to the high CO concentration, which is typical
of sawdust amendments (Slick & Curtis 1985). The effects of the SD treatment on NT
concentration are the most apparent in the top 10 cm. Since the amendments were incorporated
throughout this depth increment, and observed CO levels have remained high at the surface, it is
expected to see the N concentration stay relatively high in the top 10 cm after 29 years (Figure
2.4).
The TS treatment contains the lowest NT concentration, which is likely related to the
comparably low CO concentration and higher soil particle content. With the lowest initial SOM,
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less of the N-fertilizer may have been retained compared to the other treatments and a greater
amount of soil-sized particles per a given mass would dilute any N in the soil that was present.
The non-significant TS NT contents are again likely associated with the higher VD inherent to
natural topsoil compared to topsoil substitutes.
The NT concentrations increase with biosolids application rate, which seems intuitive,
except for the fact that the 224B CO concentration falls out of order, as discussed previously. A
possible cause could lie in the mobility of N associated with the C in the biosolids amendments,
which is supported by the significantly higher NT contents from 10 to 25 cm (Figure 2.4). If the
224 Mg ha-1 application rate induced rapid decomposition as proposed, then more CO would have
been made labile. The labile CO would have leached down the soil profile as dissolved CO and
the majority of mineralized fertilizer N associated with SOM would have remained at the higher
depths (Kalbitz et al. 2000).
It has been established that topsoil substitutes contain geogenic N, as has been discussed
with C, that can artificially inflate N values found using a complete combustion method, as done
in this study (Li & Daniels 1994). Therefore, the NT concentrations of treatments, except TS,
were corrected for geogenic N (Figure 2.6). The relative concentrations between treatments for 0
to 5-cm and 5 to 10-cm depths remain similar to those found for the uncorrected data. The lack
of difference is probably due to the close relationship between N and C. However, in the 10 to
25-cm depth of the corrected TN concentrations, the significant differences between treatments
no longer exist and the TS concentration is higher than SD and CON concentrations, and
comparable to 22B, 56B and 112B concentrations. This comparison demonstrates another benefit
to using topsoil, which provides more N at greater depths than the other treatments. Having a
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greater amount of N at depth is important for expanding roots systems since the probability of
the roots encountering the nutrient later in plant development will be increased.
Corrected Total Nitrogen (%)
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

cd
d

a
bcd

0 to 5 cm

abc
ab

a

d
d
bc
5 to 10 cm

cd
cd

b
a
Control
Topsoil
Sawdust
22 Mg/ha

10 to 25 cm

56 Mg/ha
112 Mg/ha
224 Mg/ha
Figure 2. 6

Concentration (%) of corrected total nitrogen for surface amendment
treatments by depth, 0 to 5, 5 to 10, and 10 to 25 cm. Significant
differences (p < 0.10) between treatments for each depth denoted by
different letters. Error bars represent standard errors for n = 4.

CO:NT values that range between 20:1 and 25:1 balance between mineralization and
immobilization of N, and are considered ideal or average for plant uptake in southern
Appalachian forests (Slick & Curtis 1985; Fisher & Binkley 2000). The values measured for the
COPE treatments range between 10:1 and 20:1, thus it is expected that N is being mineralized by
soil microbes and bioavailable in all treatments (Slick & Curtis 1985).
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Showing the CO and NT concentrations and ratios in the COPE treatments in the same
context as the unmined soils provides an interesting perspective of the mine soils relative to a
target ecosystem soil (Figure 2.7). Both uncorrected NT and corrected NT are shown. All of the
CO and NT concentrations in the COPE treatments are lower than in the unmined soils. The
COPE treatments also have lower uncorrected CO:NT than the unmined soil, which has a CO:NT
of 20:1.The lower CO:NT indicated that the COPE treatments are less N-limited than the unmined
soils. However, when considering the corrected NT concentrations, most of the surface
amendment treatments move to the more N-limited side of the 20:1 line, between 20:1 and 25:1
CO:NT. So while it appears that N may be a limiting factor for C production in the CON, 22B,
56B and SD treatments, but there remains other possibilities limiting the TS, 112B, and 224B
treatments. Furthermore, all the treatments become more N-limiting than the TS treatment after
correcting NT, except for the SD and 224B treatments, which were already less limiting before
the correction and similar after the correction, respectively. Maintaining this comparison of
treatments within the context of the unmined soils into the future could reveal the developmental
trajectories of each treatment, and could be used to determine the likelihood of the treatments
developing into soils similar to the surrounding unmined soils.
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Unmined Soil
4.50

35:1

30:1

25:1

20:1

Control
Net Control
Topsoil

4.00

Sawdust
Net Sawdust
22 Mg/ha

3.50

y = 19.727x

15:1

Net 22 Mg/ha

Organic Carbon (%)

56 Mg/ha
Net 56 Mg/ha
3.00

112 Mg/ha
Net 112 Mg/ha
224 Mg/ha

2.50

Net 224 Mg/ha

10:1

2.00

1.50
5:1
1.00
0.05

Figure 2. 7

0.10

0.15
Total Nitrogen (%)

0.20

0.25

Comparison of total nitrogen (%) to organic carbon (%) in all surface amendment
treatments and unmined soil means (weighted averages from 0 to 25 cm). Unmined
soils average is displayed with standard error bars (n=4). Solid line represents C:N
of Unmined soils (C:N ! 20). Grey lines and shaded area represent range of SE
about the mean C:N for Unmined soils (~17-23). Dashed lines indicate C to N ratios
ranging from 5:1 to 25:1. Points indicate treatments as follows: = UM, =
Control,
= Topsoil,
= Sawdust, = 22 Mg/ha Biosolids,
= 56 Mg/ha
Biosolids, = 112 Mg/ha Biosolids, = 224 Mg/ha Biosolids, black =
corrected/Net, grey = uncorrected.
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The two measures of P were chosen due to the varying chemistries of the soils. When the
topsoil substitutes were first chosen, they had high pH, high carbonate concentrations and low
OM relative to native soils, thus the Olsen bicarbonate extraction was the best method for
measuring available P (Daniels et al. 1983; Pierzynski 2000). However, the Mehlich-1 extraction
is better suited to extracting P from acidic, Eastern soils, thus it may be a better measure of P in
the TS treatment and unmined soils (Olsen & Sommers 1982; Pierzynski 2000). However,
comparisons cannot be made between the two methods and since the Olsen bicarbonate method
is known to work reasonably well in acidic soils, comparisons between treatments for discussion
will include PB only (Pierzynski 2000).
A comparison among past and present PB concentrations shows that all treatments have
lost PB over time except for the SD, 22B, and 56B treatments (Table 2.8). The biosolid
treatments increase with increasing loading rate in both 1982 and 2011, although at present 112B
and 224B appear to be losing PB, whereas 22B and 56B are gaining PB. Roberts et al. (1988b)
suggested that soluble OM-P and Ca-P complexes may be leaching from the system and this
hypothesis may still be relevant to the 112B and 224B treatments. As noted earlier, the C results
indicated that considerably more C, and therefore OM-P, leached from the 112B and 224B
treatments than the other biosolids treatments. Additionally, since tree growth was inhibited on
112B and 224B, but was successful on 22B and 56B, the recycling of PB would have maintained
the presence of PB in 22B and 56B more than in the other two treatments. Roberts et al. (1988b)
also reported a decreasing trend in CON PB concentration, which appears to have not changed.
They postulated that the CON was not able to retain the P-fertilizer as well as the organically
amended treatments because of the inability to form OM-P complexes. Due to the presence of
carbonates and a pH greater than 6.5, it is likely that any PB retained by the CON formed a Ca-P
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complex. Now that pH has decreased to ~6, these Ca-P complexes will be increasingly soluble,
increasing the amount of PB that is bioavailable. The TS treatment has also decreased in PB
concentration since 1982. The initial P-retention was likely low for similar reasons to the CON.
Although it was likely that the P was soluble and did not form mineral complexes since the pH
was between 5.5 and 6.5, thus the low PB concentration during the present study. The SD
treatment did not retain as much P-fertilizer upon application as the CON or TS did; however, it
has increased in PB concentration more than any other treatment. This increase is likely due to
the success of tree survival and growth on the plots, as reported by Moss et al. (1989).
Table 2. 8

Available phosphorus concentrations (mg kg-1) from 0 to 5 cm in the surface
amendment treatments in 1982 and 2011.

Treatment

PB
(mg kg-1)

CON

TS

SD

22B

56B

112B

224B

1982*

54.1

35.5

24.3

21.9

43.9

80.9

126.1

2011

19.3

13.0

39.3

28.9

46.2

60.5

91.2

*Nash et al. 2012

As referred to previously, the pH of all of the treatments ranged between 5.5 and 6.5
(Table 2.5). Only the 5 to 10 cm is significantly different among treatments. For all treatments
except the 56B, the pH decreased between 0 to 5 cm and 5 to 10 cm, and increases again
between 5 to 10 cm and 10 to 25 cm. If carbonates were leaching from the topsoil substitute, an
increasing pH from 0 to 25 cm would be expected. The TS treatment was amended with lime to
increase the pH. However, the lime would dissolve and leach down the profile, and an increase
pH in the top 5 cm is also not expected for this treatment. As stated by Roberts et al. (1988b), the
pH is associated with the base cation concentrations. While Roberts et al. (1988b) saw decreases
in both base cation concentrations and pH, our results show that the base cations, particularly Ca
and K, are being cycled back into the top 5 cm and that the pH is increased as a result.
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Conclusions
This study demonstrates that different organic amendments have a lasting influence on
the properties of the reclaimed mine soil, have resulted in different revegetation patterns in the
past, and may be expected to differentially affect vegetative productivity into the future.
Specifically, the TS treatment appeared to be more favorable compared to the other biosolids and
sawdust amended treatments with respect to CO and NT concentrations. The TS treatment also
demonstrated the highest C sequestration rates. Furthermore, natural topsoil can have additional
benefits to reclamation, such as a reserve of a native seed bank and soil organisms, and should be
considered during initial reclamation planning (Tacey & Glossop 1980; Wick et al. 2009;
Showalter et al. 2010; Rivera et al. 2012). The SD treatment had relatively abundant NT and CO
pools and maintained high N and C; however, the available P content was relatively low and the
C sequestration rate was negative, calling this treatment into question in the context of future
plant productivity and other ecosystem services. Although nutrient retention generally increased
with increased biosolids application, there was a trend for decreased C sequestration when
considering the initial C additions in the form of biosolids. Additionally, past results showed that
the high biosolid application rates decreased tree survival and exceeded soluble salt thresholds
for pines in the early years of the experiment (Moss et al. 1989). The lower application rates are
a compromise between these positive and negative effects. The CON treatment was typically
inferior to the organic amendments as far as nutrient and C pools are concerned, although it had
one of the highest C sequestration rates.
The use of organic amendments during coal mine soil reconstruction have long been used
and researched as a means to create soil conditions more amenable to vegetation establishment.
This study demonstrates that the benefits of surface amendments on southern Appalachian mine
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soils depend on the type and rate of their application. Further research on the development of the
COPE soils would improve the ability of predicting which amendments will benefit a reclaimed
and reforested coal mine dependent on available resources and desired end land uses into the
future.
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CONCLUSIONS
Long-term research and data on reclamation of surface coal mines in southern Appalachia
are limited. The COPE in southwestern Virginia has been continually monitored and maintained
for nearly 30 years, and the results from multiple studies on its soils and vegetation have been
important to the development of surface mine reclamation practices in the central Appalachians.
Continued research on the COPE has been undertaken to further understand how different
reclamation practices can affect the development of the mine soil. In the central Appalachians,
reclamation requirements stipulated by SMCRA focus on site reconstruction and vegetation
establishment, and deem a site successfully reclaimed if no inputs or maintenance are necessary
for five consecutive years. However, in the context of Appalachian forest ecosystem
development, five years is a very short time period and the results from this research show that
reclaimed mine soils continue to develop well beyond the five-year bond release phase. Thus,
planning and completing reclamation for short-term and long-term ecosystem development and
stability is critical.
This research has focused on one component of a forest ecosystem: the soils. Soils are
identified as having their own set of ecosystem services that are necessary for a healthy and
productive ecosystem (Wardle et al. 2004; Blum 2005; Robinson et al. 2012). In the context of
ecosystem restoration, reclaimed soils are also the foundation for the establishment and survival
of any ecosystem (Bradshaw 1997).
A broad suite of standard soil analyses was performed on the samples from the COPE.
These included soil organic matter and C concentration and content, total N concentration and
content, pH, EC, primary and secondary nutrient concentrations, and particle size analyses.
Comparisons among mine soil treatments and between mine soils and unmined soils were made
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to assess the development of the mine soils, the persistence of treatment effect, and the
correspondence of mine soils with unmined soils 29 years after reclamation. The treatments
included topsoil substitutes constructed from sandstone and siltstone (pure SS, 2:1 SS to SiS, 1:1
SS to SiS, 1:2 SS to SiS, and pure SiS) on the Rock Mix portion of the COPE and amended 2:1
SS to SiS topsoil substitute (CON, TS, SD, 22B, 56B, 112B, and 224B) on the Surface
amendment portion of the COPE. Treatment effects from both studies were still evident after 29
years and varied in relation to unmined soils.
The significant differences between topsoil substitutes below 5 cm for multiple
parameters indicate that topsoil substitute selection has a continuing effect on mine soil
development. These results support the practice of controlled overburden placement during
mining and reclamation and substantiate the importance of selection for achieving specific mine
soil conditions. Applying organic amendments during reclamation can also influence mine soil
conditions over multiple decades. Significant differences observed between surface amendments
along the entire sampling depth for multiple mine soil properties, in combination with results
from earlier studies, indicate that organic amendment selection can govern both short-term and
longer-term mine soil properties. The use of organic amendments can be a useful reclamation
tool and facilitate the use of materials otherwise considered waste. However, amendments should
be chosen carefully with consideration to short-term and long-term requirements, particularly
relating to C substrate degradability and nutrient supply. The more labile biosolids treatments
had greater movement of CO with depth, but the Sawdust treatment maintained higher CO
concentrations over time.
Upon comparison to unmined soils, the soil CO concentrations were consistently lower in
the mine soils. Soil CO has increased in most of the treatments over the 29 years, but as an
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indicator of productivity, the current levels suggest that these soils are not as productive as the
unmined soils. Soil CO also acts to buffer soil against chemical changes, such as pH, and
contains and retains many nutrients in a bioavailable state, which indicates that the mine soils
could be more sensitive and less resilient to environmental changes (McBride 1994; Fisher &
Binkley 2000).
Upon calculation of the topsoil substitute C sequestration potentials for the rock mix
study, these soils have clearly been accruing C over time, but compared to other studies, the rates
found in this study were much lower. At this time in mine soil development, CO accrual rates
were not significantly different, although these rates could vary as the different materials
weather. The surface amendment C sequestration rates did significantly vary, with the TS
sequestering the most C and SD and 224B losing C over the past 29 years. Soil CO accrual is one
small portion of ecosystem C sequestration and budgeting, and from these preliminary results no
definitive statements can be made about the efficacy of using mine soils as C sinks for C
sequestration purposes. Soils are a large factor in the C cycle and more in depth research
indicates that there is potential to use mine soils as a C trading or budgeting tool (Akala & Lal
2000; Shrestha & Lal 2006; Amichev et al. 2008). Further C accounting on the COPE plots could
help identify reclamation practices that may increase C sequestration potential and rates.
Due to their age and construction methods, further research on the COPE has much to
offer the reclamation industry, the surface mining industry, and society at large in the southeast
United States. Additional research could relate to the mechanisms of mine soil nutrient retention,
availability, and cycling in amended and unamended topsoil substitutes; topsoil substitute
ecologies; tree root formation in topsoil substitutes; classification and quantification of soil C
pools in amended and unamended topsoil substitutes; quantification of topsoil substitute C
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budgets; and, further hydrological measurements or models. The results from this research have
increased the data on long-term reclaimed surface mine soils, given support to recommended
reclamation methods and demonstrated that the development of mine soil is complex, gradual,
and continues well beyond the five year bond release period.
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Table A. 1

Sample ID

Soil, coarse fragment and total mass (g), sample volume (cm3), and sample and plot
mean volumetric density (g cm3) for 0 to 5 cm of rock mix (RM), surface
amendment (SA), and unmined (UM) soils.
Treatment

Soil
Mass

Rock
Mass

Total
Mass

(g)

Sample Sample Volumetric
Plot Mean
Volume
Density
Volumetric Density
(cm3 )
(g cm-3 )

RM1-2-1

SS

1266

2338

3604

4500

0.28

RM1-3-1

SS

1324

1635

2959

4500

0.29

RM2-1-1

1:1 SS:SiS

756

3883

4639

4500

0.17

RM2-2-5

1:1 SS:SiS

1278

2224

3502

4500

0.28

RM3-3-3

1:2 SS:SiS

1320

2039

3359

4500

0.29

RM3-4-4

1:2 SS:SiS

1133

2018

3151

4500

0.25

RM4-4-4

SS

1143

2682

3825

4500

0.25

RM4-1-1

SS

1142

1890

3032

4500

0.25

RM5-4-3

1:1 SS:SiS

1144

2737

3881

4500

0.25

RM5-1-2

1:1 SS:SiS

2508

3802

6310

4500

0.56

RM6-4-5

SS

1425

1499

2924

4500

0.32

RM6-2-2

SS

1111

1964

3075

4500

0.25

RM7-3-1

SS

1897

2271

4168

4500

0.42

RM7-1-3

SS

1239

1300

2539

4500

0.28

RM8-2-1

SiS

1106

1906

3012

4500

0.25

RM8-3-2

SiS

632

2286

2918

4500

0.14

RM9-2-4

SiS

1240

3222

4462

4500

0.28

RM9-1-3

SiS

914

2411

3325

4500

0.20

RM10-4-3

1:2 SS:SiS

1223

2898

4121

4500

0.27

RM10-3-3

1:2 SS:SiS

1275

3915

5190

4500

0.28

RM11-1-1

2:1 SS:SiS

1478

2169

3647

4500

0.33

RM11-4-4

2:1 SS:SiS

1349

1877

3226

4500

0.30

RM12-1-4

1:2 SS:SiS

1184

1913

3097

4500

0.26

RM12-3-5

1:2 SS:SiS

1049

3057

4106

4500

0.23

RM13-1-3

2:1 SS:SiS

706

4399

5105

4500

0.16

RM13-3-4

2:1 SS:SiS

1464

2462

3926

4500

0.33

RM14-2-2

SiS

595

4401

4996

4500

0.13

RM14-4-3

SiS

1058

2872

3930

4500

0.24

RM15-1-4

SiS

956

3984

4940

4500

0.21

RM15-4-5

SiS

747

4478

5225

4500

0.17

RM16-4-3

1:1 SS:SiS

1196

2328

3524

4500

0.27

RM16-2-5

1:1 SS:SiS

1137

3297

4434

4500

0.25

RM17-2-3

1:2 SS:SiS

934

2796

3730

4500

0.21
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0.29
0.23
0.27
0.25
0.41
0.28
0.35
0.19
0.24
0.28
0.31
0.25
0.24
0.18
0.19
0.26
0.28

Table A. 1

Continued.

Sample ID

Treatment

Soil
Mass

RM17-3-4

1:2 SS:SiS

1572

4231

5803

4500

0.35

RM18-2-1

2:1 SS:SiS

1620

1926

3546

4500

0.36

RM18-3-5

2:1 SS:SiS

1150

1339

2489

4500

0.26

RM19-2-4

1:1 SS:SiS

1665

3502

5167

4500

0.37

RM19-1-2

1:1 SS:SiS

1277

2794

4071

4500

0.28

RM20-4-2

2:1 SS:SiS

1085

1922

3007

4500

0.24

RM20-3-2

2:1 SS:SiS

701

1773

2474

4500

0.16

ST21-3-2

Topsoil

2033

746

2779

4500

0.45

ST21-4-1

Topsoil

1996

2130

4126

4500

0.44

ST22-2-4

Sawdust

1475

2423

3898

4500

0.33

ST22-3-1

Sawdust

ST23-2-3

Rock
Mass
(g)

Total
Mass

Sample Sample Volumetric
Plot Mean
Volume
Density
Volumetric Density
(cm3 )
(g cm-3 )

622

3815

4437

4500

0.14

-1

939

2470

3409

4500

0.21

-1

22 Mg ha

ST23-4-2

22 Mg ha

1291

3234

4525

4500

0.29

ST24-2-3

Topsoil

1973

866

2839

4500

0.44

ST24-3-5

Topsoil

2224

1231

3455

4500

0.49

ST25-1-4

Sawdust

1144

3660

4804

4500

0.25

ST25-4-5

Sawdust

976

2879

3855

4500

0.22

ST26-2-2

Control

1087

3404

4491

4500

0.24

ST26-3-4

Control

ST27-2-4

1505

3247

4752

4500

0.33

-1

1831

1962

3793

4500

0.41

-1

224 Mg ha

ST27-3-4

224 Mg ha

1711

2632

4343

4500

0.38

ST28-2-3

-1

1644

3720

5364

4500

0.37

-1

56 Mg ha

ST28-4-1

56 Mg ha

1706

3206

4912

4500

0.38

ST29-1-4

Control

814

3319

4133

4500

0.18

ST29-2-1

Control

ST30-1-3
ST30-3-1
ST31-1-3
ST31-4-4
ST32-3-1

1238

3712

4950

4500

0.28

-1

1261

1177

2438

4500

0.28

-1

1285

1984

3269

4500

0.29

-1

1090

2147

3237

4500

0.24

-1

1385

2741

4126

4500

0.31

-1

1375

1110

2485

4500

0.31

-1

112 Mg ha
112 Mg ha
112 Mg ha
112 Mg ha
112 Mg ha

ST32-1-2

112 Mg ha

2016

2724

4740

4500

0.45

ST33-1-2

-1

1420

3214

4634

4500

0.32

-1

1441

4699

6140

4500

0.32

ST33-4-5

56 Mg ha
56 Mg ha
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0.31
0.33
0.20
0.45
0.23
0.25
0.47
0.24
0.29
0.39
0.37
0.23
0.28
0.28
0.38
0.32

Table A. 1

Continued.

Sample ID

Treatment

Soil
Mass

ST34-1-3

56 Mg ha-1

1705

1301

3006

4500

0.38

ST34-4-1

-1

56 Mg ha

854

3516

4447

4500

0.19

ST35-4-5

Sawdust

1495

1294

2148

4500

0.33

ST35-2-1

Sawdust

931

2327

3822

4500

0.21

ST36-1-3

Control

1612

4832

6444

4500

0.36

ST36-2-4

Control

ST37-1-1
ST37-3-1
ST38-2-2

Rock
Mass
(g)

Total
Mass

Sample Sample Volumetric
Plot Mean
Volume
Density
Volumetric Density
(cm3 )
(g cm-3 )

775

7488

8263

4500

0.17

-1

990

3139

4129

4500

0.22

-1

22 Mg ha
22 Mg ha

1537

3154

4691

4500

0.34

-1

2610

1150

3760

4500

0.58

-1

224 Mg ha

ST38-4-2

224 Mg ha

1957

1801

3758

4500

0.43

ST39-1-2

Topsoil

2371

2402

4773

4500

0.53

ST39-4-4

Topsoil

ST40-2-3
ST40-3-2
ST41-2-5

2505

2154

4659

4500

0.56

-1

1478

3135

4613

4500

0.33

-1

22 Mg ha
22 Mg ha

1190

3322

4512

4500

0.26

-1

1267

2175

3442

4500

0.28

-1

224 Mg ha

ST41-4-3

224 Mg ha

1317

2585

3902

4500

0.29

ST42-3-5

-1

1195

2410

3605

4500

0.27

-1

22 Mg ha

ST42-4-3

22 Mg ha

1496

3250

4746

4500

0.33

ST43-3-4

Control

1501

3316

4817

4500

0.33

ST43-4-3

Control

882

3424

4306

4500

0.20

ST44-2-4

Sawdust

868

3306

4174

4500

0.19

ST44-3-4

Sawdust

ST45-1-5

720

1940

2660

4500

0.16

-1

1707

2309

4016

4500

0.38

-1

112 Mg ha

ST45-4-1

112 Mg ha

908

1687

2595

4500

0.20

ST46-1-2

Topsoil

1709

1708

3417

4500

0.38

ST46-3-1

Topsoil

2570

2490

5060

4500

0.57

-1

1667

3116

4783

4500

0.37

-1

ST47-4-4 56 Mg ha
ST48-1-5 224 Mg ha-1
-1
ST48-3-5 224 Mg ha
UM11-1-23
1

1185
2242
1881
1612

3102
1717
2288
41

4287
3959
4169
1653

4500
4500
4500
4500

0.26
0.50
0.42
0.36

UM11-3-20

1

1180

13

1193

4500

0.26

UM12-1-2

1

1930

1239

3169

4500

0.43

ST47-3-2

56 Mg ha
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0.28
0.27
0.27
0.28
0.51
0.54
0.30
0.29
0.30
0.26
0.18
0.29
0.48
0.32
0.46
0.31
0.37

Table A. 1

Continued.

Treatment

Soil
Mass

Rock
Mass
(g)

Total
Mass

UM12-2-22

1

1381

1338

2719

4500

0.31

UM13-2-11

1

1432

30

1462

4500

0.32

UM13-1-25

1

1787

77

1864

4500

0.40

UM21-1-17

2

1084

1258

2342

4500

0.24

UM21-2-11

2

724

1317

2041

4500

0.16

UM22-2-4

2

1188

1604

2792

4500

0.26

UM22-4-2

2

519

2400

2919

4500

0.12

UM23-1-2

2

862

1292

2154

4500

0.19

UM23-4-6

2

747

1230

1977

4500

0.17

UM31-1-2

3

1003

1420

2423

4500

0.22

UM31-4-16

3

736

2099

2835

4500

0.16

UM32-3-3

3

768

1067

1835

4500

0.17

UM32-4-9

3

737

1408

2145

4500

0.16

UM33-4-15

3

514

1380

1894

4500

0.11

UM33-3-19

3

649

1120

1769

4500

0.14

UM41-2-14
UM41-3-16
UM42-2-12
UM42-3-20
UM43-2-8
UM43-4-7

4
4
4
4
4
4

1605
1261
614
750
696
1369

1205
1164
984
1026
1049
1523

2810
2425
1598
1776
1745
2892

4500
4500
4500
4500
4500
4500

0.36
0.28
0.14
0.17
0.15
0.30

Sample ID

Sample Sample Volumetric
Plot Mean
Volume
Density
Volumetric Density
(cm3 )
(g cm-3 )
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0.36
0.20
0.19
0.18
0.19
0.17
0.13
0.32
0.15
0.23

Appendix B. Unmined Soil Properties
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Table B. 1

Unmined soil plot means and total means of total nitrogen, Walkley-Black soil organic matter, and organic carbon
concentrations, organic carbon-to-nitrogen ratio, available phosphorus concentrations (bicarbonate extractable and acid
extractable), pH, potassium, calcium, magnesium, iron, zinc, manganese, copper, and boron concentrations and electrical
conductivity for 0 to 5, 5 to 10, and 10 to 25 cm. Significant differences between sites for each depth indicated by letter
groupings (p<0.10). Standard error expressed for n=4.

0 to 5 cm
5 to 10 cm
10 to 25 cm

0.30 ± 0.02 (b)
0.19 ± 0.01 (bc)
0.08 ± 0.00 (b)

Site 2
Site 3
Mean Std Error
Mean
Std Error
Total Nitrogen (%)
0.40 ± 0.03 (b)
0.59 ± 0.05 (a)
0.22 ± 0.01 (ab)
0.26 ± 0.04 (a)
0.12 ± 0.01 (a)
0.12 ± 0.01 (a)

0 to 5 cm
5 to 10 cm
10 to 25 cm

10.71 ± 0.68
6.34 ± 0.07 (ab)
2.22 ± 0.24 (b)

0 to 5 cm
5 to 10 cm
10 to 25 cm

6.23 ± 0.40
3.68 ± 0.04 (ab)
1.29 ± 0.14 (b)

Depth

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

Site 1
Mean Std Error

21 ± 1
20 ± 1
15 ± 1

6 ± 0
6 ± 2
4 ± 1

(b)

Site 4
Mean Std Error

All Sites
Mean Std Error

0.36 ± 0.09 (b)
0.14 ± 0.01 (c)
0.06 ± 0.01 (c)

0.41 ± 0.06
0.20 ± 0.02
0.10 ± 0.02

Walkley-Black SOM (%)
13.18 ± 0.89
19.32 ± 1.74
7.15 ± 0.14 (a)
8.34 ± 1.21 (a)
3.76 ± 0.55 (a)
4.34 ± 0.37 (a)

15.04 ± 6.46
5.49 ± 0.77 (b)
2.11 ± 0.34 (b)

14.56 ± 1.82
6.83 ± 0.61
3.11 ± 0.56

Organic Carbon (%)
7.66 ± 0.52
11.23 ± 1.01
4.16 ± 0.08 (a)
4.85 ± 0.70 (a)
2.19 ± 0.32 (a)
2.53 ± 0.22 (a)

8.74 ± 3.76
3.19 ± 0.45 (b)
1.23 ± 0.20 (b)

8.46 ± 1.06
3.97 ± 0.35
1.81 ± 0.32

19 ± 2
19 ± 1
18 ± 1

6 ± 1
5 ± 2
4 ± 0

(ab)

CO :NT
19 ± 0
19 ± 2
21 ± 2
P (mg kg -1)
7 ± 2
4 ± 1
3 ± 0
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(a)

22 ± 4
22 ± 3
21 ± 1

7 ± 1
5 ± 0
4 ± 0

(a)

20 ± 1
20 ± 1
19 ± 1

7 ± 0
5 ± 0
4 ± 0

Table B.1 Continued.
Depth
0 to 5 cm
5 to 10 cm
10 to 25 cm

Site 1
Mean
Std Error
4.04 ± 0.08 (bc)
4.21 ± 0.09 (ab)
4.44 ± 0.10 (a)

Site 2
Mean
Std Error
4.57 ± 0.20 (ab)
4.36 ± 0.13 (a)
4.53 ± 0.06 (a)

Site 3
Mean
Std Error
pH
4.00 ± 0.13 (bc)
3.94 ± 0.09 (b)
4.16 ± 0.10 (b)

Site 4
Mean
Std Error
4.68 ± 0.31 (a)
4.56 ± 0.21 (a)
4.61 ± 0.09 (a)

All Sites
Mean
Std Error
4.32 ± 0.17
4.27 ± 0.13
4.43 ± 0.10

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

42 ± 7
37 ± 5
29 ± 4

96 ± 14
62 ± 3
42 ± 5

32 ± 4
21 ± 2
14 ± 2

58 ± 12
37 ± 5
28 ± 2

(b)
(b)
(c)

(c)

K (mg kg )
38 ± 5
26 ± 1
22 ± 1

605 ± 86
167 ± 41
69 ± 10

Ca (mg kg-1 )
(a)
346 ± 88
(a)
117 ± 17
(ab)
54 ± 3

86 ± 17
34 ± 4
18 ± 1

Mg (mg kg-1 )
(a)
51 ± 9
27 ± 5
15 ± 1

54 ± 1
35 ± 5
27 ± 3

48 ± 5
34 ± 3
27 ± 1

(ab)
(ab)
(bc)

678 ± 84
200 ± 51
71 ± 7

(a)
(a)
(a)

431 ± 133
137 ± 30
59 ± 7

(bc)

62 ± 8
27 ± 5
14 ± 2

(ab)

58 ± 11
27 ± 3
15 ± 1

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

103.8 ± 16.7 (a)
78.7 ± 8.6 (ab)
39.5 ± 8.3 (b)

Fe (mg kg )
54.8 ± 16.2 (b)
92.5 ± 5.9 (a)
61.6 ± 9.2
(b)
110.5 ± 9.5 (a)
41.9 ± 3.2
(b)
90.4 ± 19.5 (a)
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49.4 ± 13.3 (b)
54.8 ± 21.7 (b)
33.3 ± 5.2 (b)

75.1 ± 13.5
76.4 ± 12.4
51.3 ± 13.2

Table B.1 Continued.
Depth
0 to 5 cm
5 to 10 cm
10 to 25 cm

0 to 5 cm
5 to 10 cm
10 to 25 cm

Site 1
Mean
Std Error
1.8 ± 0.3
1.3 ± 0.3
0.7 ± 0.1

25.8 ± 10.6
20.0 ± 4.9
13.5 ± 2.8

(bc)
(bc)

Site 2
Mean
Std Error
2.9 ± 0.3
1.5 ± 0.1
1.1 ± 0.1

51.2 ± 15.9
27.7 ± 6.8
15.0 ± 2.3

Site 3
Mean
Std Error

Zn (mg kg-1 )
(a)
2.3 ± 0.2
1.3 ± 0.1
(a)
0.9 ± 0.0
Mn (mg kg-1 )
34.3 ± 10.9
17.4 ± 10.4
9.5 ± 4.0

0 to 5 cm
5 to 10 cm
10 to 25 cm

0.6 ± 0.1
0.5 ± 0.1
0.4 ± 0.1

0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

103.3 ±
63.3 ±
36.7 ±

3.3
3.3
3.3

(c)
(c)

2.2 ± 0.3
1.3 ± 0.1
0.8 ± 0.1

35.1 ± 5.7
19.4 ± 3.2
10.8 ± 2.2

0.4 ± 0.0
0.4 ± 0.1
0.4 ± 0.0

Cu (mg kg
0.4
0.3
0.3

)
± 0.1
± 0.0
± 0.0

0.4 ± 0.1
0.5 ± 0.0
0.5 ± 0.0

0.4 ± 0.0
0.4 ± 0.0
0.4 ± 0.0

0.2 ± 0.1
0.1 ± 0.0
0.1 ± 0.0

B (mg kg-1 )
0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

0.2 ± 0.0
0.2 ± 0.0
0.1 ± 0.0

0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

(ab)

1.8 ± 0.4
0.9 ± 0.1
0.6 ± 0.1

All Sites
Mean
Std Error

29.1 ± 8.0
12.4 ± 5.3
5.4 ± 1.7

-1

0 to 5 cm
5 to 10 cm
10 to 25 cm

(ab)

Site 4
Mean
Std Error

136.7 ±
73.3 ±
43.3 ±

14.5
6.7
3.3

EC (µS cm
146.7
93.3
53.3
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)
±
±
±

12.0
13.3
8.8

130.0 ±
56.7 ±
36.7 ±

25.2
12.0
3.3

129.2 ± 0.0
71.7 ± 0.0
42.5 ± 0.0

