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ABSTRACT
Temporal Changes in Soil Carbon Concentration and Quality in a
Reclaimed Minesoil Chronosequence
Sriroop Chaudhuri
Atmospheric carbon dioxide (CO2) concentrations have increased significantly over the
last half century causing erratic changes in global climate and the ecological balance of
the earth. With proper land management practices, reclaimed minesoils can act as CO2sinks, thus contributing to the terrestrial carbon sequestration efforts to mitigate effects of
increased atmospheric CO2 concentrations. The objective of this research was to
determine temporal changes in soil organic carbon (SOC) geochemistry and contents in a
reclaimed minesoil chronosequence. The study area comprised four reclaimed minesoils
in Monongalia County, West Virginia, with time since reclamation ranging between 2 to
21 years. A comparison between reclaimed minesoils and hayfield soils to determine
minimum samples size requirements based on landuse showed that average SOC (g kg-1)
and SOC stock (Mg C ha-1) were larger in the hay fields (40 g kg-1; 29 Mg C ha-1) than
the reclaimed minesoils (20 g kg-1; 20 Mg C ha-1). Average soil bulk densities (ρb) were
significantly larger in reclaimed minesoils (1.4 g cm-3) than in hay field soils (1.2 g cm-3).
The ρb variability was significantly larger in minesoils than the hayfield soils while SOC
(g kg-1) and SOC stock (Mg C ha-1) variabilities were not related to landuse. The
minimum number of samples required to characterize ρb , SOC, and SOC stocks was a
site-specific property and could not be assumed a priori based on disturbance and/or
landuse history. The oldest minesoil had larger SOC (21.7 g kg-1 vs 11 g kg-1) and SOC
stocks (11.7 Mg C ha-1 vs 4.2 Mg C ha-1) indicating positive effects of increasing time
since reclamation on SOC sequestration along the chronosequence. Soil bulk density was
larger in the youngest minesoil (> 1.45 g cm-3) suggesting effects of recent compressive
reclamation techniques. Soil pH ranged between 6.7 and 7.5 and was similar across the
chronosequence. Electrical conductivity was larger in the youngest minesoil. The largest
clay contents were found in the youngest minesoil. Soil cation exchange capacity (CEC)

was significantly larger in the oldest (12 cmolc kg-1) than the youngest (3 cmolc kg-1)
minesoil. Soil CEC in older minesoils was influenced more by SOC than by clay, while
the opposite was observed in younger minesoils. The relationship of SOC stock to time
since reclamation was best described by a logarithmic, diminishing returns model. When
taken as the first derivative of the diminishing returns model, long-term SOC
sequestration rates were shown to decline precipitously (80%) in the first five years after
reclamation. The model predicts that minesoil surface horizons will contain about 13.3
Mg SOC ha-1 at 50 yr after reclamation. About 75% of that SOC storage is predicted to
be achieved in the first decade after reclamation. In each minesoil the SOC was made of a
labile and a resistant fraction with the latter being more humified than its labile
counterparts. The SOC molecular characteristics changed rapidly in the initial (younger
minesoils) post reclamation phases and then leveled off (older minesoils), indicating that
SOC molecular configurations had become more stable with increasing time since
reclamation. Stronger relationships between SOC (g kg-1) and several spectroscopic
indices were found in the older minesoils. The overall SOC dynamics were controlled
mostly by the molecular characteristics of the resistant SOC fractions in each minesoil. In
a sequential chemi-thermal extraction to isolate coal-C and several SOC pools we found
that SOC was about 20 g kg-1 and 8 g kg-1 in the oldest and the youngest minesoil,
respectively. The resistant humin fraction constituted the bulk of SOC in the oldest
minesoil while a labile acid-hydrolysable SOC fraction was the dominant SOC fraction in
the youngest minesoils. Coal-C was similar in all the minesoils ranging from about 0.60
to 1.50 g kg-1 and was less than 15% of the total soil carbon (TSC). Overall, we found
distinct relationships between various soil C pools and TSC, influenced by time since
reclamation. A stronger positive relationship was observed between the stable humin
fraction and TSC in the older minesoils while the TSC of the younger minesoils were
more influenced by the labile soil carbon (SC) fractions.
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CHAPTER 1: OVERVIEW

Carbon dioxide (CO2) concentrations in the atmosphere, due to miscellaneous
anthropogenic activities, have been estimated to increase from 7.4 Gigatons Gt C yr-1 (1 Gt =
1015 g) in 1997 up to about 26 Gt C yr-1 by 2100 (Houghton, 1995). Since 1800, the average
global CO2-concentration has risen from 280 ppmv to about 378 ppmv in 2005, a 35% increase
(Shrestha and Lal, 2006). The CO2-accumulation in the atmosphere could result in erratic
changes in global climate which in turn would affect the overall ecological balance of the earth.
Projected climate change, due to accumulation of atmospheric CO2, has propelled diverse
research initiatives to design long-term ameliorative strategies to remove atmospheric CO2.
Terrestrial carbon sequestration has a potential role in reducing the recent increase in
atmospheric-CO2. Soils can sequester atmospheric CO2 and contribute significantly to terrestrial
carbon sequestration efforts (Paul et al., 1997; Lal and Bruce, 1999; Rosenzweig and Hillel,
2000). Soil is a major CO2-sink, containing twice as much C as the atmosphere and nearly three
times that within standing vegetation (Schlesinger, 1991). It is, however, this pool that is most
vulnerable to disturbances. However, practices and management efforts that retain SOC lead to C
sequestration and can reduce greenhouse effects (Schlamadinger and Marland, 2000).
Soil carbon sequestration is the process of incorporation of atmospheric- CO2 into the soil
via root turnover, litter decomposition and various soil-biological processes. Development of the
soil organic carbon (SOC) pool is desirable in agro-ecosystems for its beneficial role in nutrient
cycling, water holding capacity, aggregation, air-water movements, root development, and
microbial activity.
Land management practices significantly influence SOC sequestration processes (Puget
and Lal, 2005; Kasper et al., 2006; Woodbury et al., 2006). Several studies have reported SOC
sequestration processes in undisturbed soils (Collins et al., 2000). In the Appalachian region
surface coal mining is a major landuse practice which heavily influences pedospheric processes.
Surface mining disturbs the soil profile and alters soil physical and structural properties.
Constructed or reclaimed minesoils exhibit soil conditions drastically altered by anthropogenic
perturbations rather than natural soil forming processes (Shukla et al., 2004a, b). Restoration of
disturbed minesoils can improve soil quality, biomass productivity, SOC concentration, and C
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sequestration potentials (Lal et al., 1998; Shukla et al., 2004b). Reclaimed minesoils can
sequester significant amounts of C with adoption of appropriate land management strategies and
time since reclamation (Shukla et al., 2005). Two-fold increase in SOC was reported for some
reclaimed minesoils in Ohio, 20 years after topsoil application (Akala and Lal, 2001a, b; Shukla
et al. 2004b).
Major problems in accurate determination of SOC sequestration are accounting for the
intense variability in minesoil properties arising from mining and reclamation operations and
distinguishing between geogenic C (coal-C) mixed with pedogenic-C (SOC). Only pedogenic C
can reduce atmospheric CO2 concentrations. Estimates of SOC stocks have often been made
using an average bulk density and a composite SOC concentration (Jacinthe et al., 2007). This,
however, leads to questions of accuracy and statistical power. On the other hand, methods to
separate Coal-C from SOC are still under review and most are subject to significant error.
The overall goal of this research was to determine SOC sequestration in a
chronosequence of reclaimed minesoils with different time since reclamation but similar
topography, bedrock geology, vegetation and climatic conditions. The research was divided into
four objectives as follows:
1.

Determine the minimum number of samples required to characterize SOC sequestration.
We compared results between reclaimed minesoils and hay field soils to understand how
disturbance affected variability SOC (%), bulk density and SOC stocks (Mg C ha-1) and
thus SOC sequestration.

2.

Determine the SOC sequestration along a reclaimed minesoil chronosequence and assess
the interrelationships between SOC and the soil quality parameters soil bulk density, cation
exchange capacity, electrical conductivity, pH and texture.

3.

Determine overall SOC molecular characteristics and how they change along the minesoil
chronosequence. The main purpose was to gain some insight into the compositional and
structural characteristics of SOC that leads to SOC stabilization and C-sequestration over
time and to assess if SOC molecular characteristics are useful for distinguishing between
minesoils developed over different periods of time.
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4.

Assess the efficiency of a sequential chemi-thermal extraction scheme to distinguish
between Coal-C and SOC and to estimate proportions of various SOC pools in minesoils.
The purpose was to assess effects of time since reclamation on the recalcitrant SOC
fractions in each minesoil and relate them to overall SOC sequestration along the minesoil
chronosequence.
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CHAPTER 2: INTRODUCTION
Mining operations destroy the natural landscapes and adversely affect soil quality,
leading to soil acidity, nutrient deficiency, lack of soil structure, reduced water holding capacity,
low soil organic matter contents and microbial activities (Table 1) (Johnson and Skousen, 1995;
Shukla et al., 2004a, b; Lal and Ussiri, 2005).
Table 2-1: Major problems related soil quality parameters in reclaimed minesoils (modified from
Shrestha and Lal, 2006).
Aspect

Variable

Problem

Management Schemes to Mitigate

Physical

Soil Structure

Compaction

Growing suitable vegetative coverings

Stability

Unstable

Regradation or growing suitable vegetative
coverings

Moisture

Too dry

Growing tolerant species

Macronutrients

N-deficiency

Growing leguminous trees or shrubs (Nfixers)

Nutritional

Micronutrients
Toxicity

Application of organic manures
Too high

Natural weathering or growing tolerant
species

Too low

Liming or growing tolerant species

Heavy metals

Too high

Application of organic matter or growing
tolerant cultivars

Salinity

Too high

Application of gypsum, Improved irrigation
system, Natural weathering or Growing
tolerant species

pH

However, it has been demonstrated that reclaimed minesoils can sequester significant
amounts of atmospheric CO2 leading to improvements in soil properties (Akala and Lal, 2001a;
IPPC, 2000; Thomas et al., 2000). The potential for SOC sequestration in reclaimed minesoils
largely depends on biomass productivity, root network development in the subsoil horizons,
stable soil structure development, aggregation, humification processes and changes in minesoil
properties resulting from overburden weathering. In the United States, there are 3.2 Mha of
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minelands which are capable of sequestering C up to a rate of 0.5-1.0 Mg C ha-1 yr-1 through
reclamation which in turn could incorporate 1.6-3.2 Tg C yr-1 into the soils (1 Tg = 1012 g),
counterbalancing some of the 5.8-11.2 Tg CO2 yr-1 emerging from the burning of coal (Lal,
2004). Since the carbon content of reclaimed minesoils is comparatively low compared to
undisturbed soils, the ability of reclaimed minesoils to sequester C could be significant (Bussler
et al., 1984; IPPC, 2000). One estimate showed that in the United States, with a rate of 25 to 35
Mg C ha-1 yr-1, there was a potential to sequester 45 to 63 Tg of carbon over a 20-30 year period
(Akala and Lal, 2001b).
Time since reclamation plays a major role in developing soil properties and SOC pools in
reclaimed minesoils. Research on SOC sequestration in reclaimed minesoils has mainly involved
chronosequence-based approaches. Soils developing over different time periods but under
similar conditions of topography, vegetation, climate and parent materials are genetically related,
forming a soil chronosequence (Harden, 1982). Soil chronosequence studies yield information
about the rate and direction of pedological changes and these soils are valuable tools in soilgeomorphic research (Pillans et al., 1997; Hugget, 1998). In several chronosequence studies it
has been found that with time, reclaimed minesoils attain comparable soil qualities to that of
undisturbed soils (Akala and Lal, 2001a; Shukla et al., 2005). After 100 years of soil formation
on loess-derived spoils in Iowa, the SOC stock in the upper 10 and 50 cm were about 26 and 82
Mg C ha-1 (Hallberg et al. 1978). In some sandy minespoils in southern Saskatchewan, between
30 to 40 years, SOC stocks increased by 0.5 and 1.4 Mg ha-1 yr-1 in the upper 10 and 100 cm
(Anderson, 1977). In 15 minesoils in Montana the SOC content in the 0-10 cm returned to premining levels within 30 years of reclamation, (Schafer et al., 1980). In a chronosequence
comprising six coal mine spoils in Illinois SOC stocks increased by 0.1 and 0.3 Mg ha-1 yr-1 in
the upper 10 cm and 50 cm (Thomas and Jansen, 1985).
Reclaiming minesoils with pasture/forest ecosystems, implementation of crop rotation
techniques combined with fertilization, manuring etc. in Ohio have proven to be suitable for
mineland restoration (Akala and Lal, 2001a; Shukla and Lal, 2005; Ussiri et al., 2006). In a
chronosequence in Ohio, the SOC stocks at the reclaimed pasture site increased from about 15 to
44 Mg ha-1 and from about 11 to 18 Mg ha-1 for 0-15 cm and 15-30 cm depth respectively while
at the reclaimed forest site SOC stocks increased from 12 to 45 Mg ha-1 and from 91 to 136 Mg
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ha-1 for 0-15cm and 15-30 cm depth intervals respectively with 25 years of soil development
(Akala and Lal, 2001b).
Other studies have demonstrated the beneficial effects of fertilizers and various
amendments on the restoration of disturbed soils (Zvomuya et al., 2007). In a reclaimed minesoil
chronosequence in Ohio, the SOC stocks increased twofold within 20 years of reclamation in the
upper horizons with comparable soil conditions between minesoils and undisturbed soils with
NPK-fertilization (Shukla et al., 2004a). Significant positive effects of P-fertilizers along with
various topsoiling techniques were observed in a 15-year old reclaimed minesoil in southern
Ohio with significant accumulation of „labile‟ SOC pool in the upper 0-10 cm (Jacinthe and Lal,
2007). Effects of sawdust and municipal sewage sludges on soil organic matter (SOM) dynamics
over 16 year period in a reclaimed minesoil showed that SOM- and nitrogen-mineralization
trends were comparable to various undisturbed soils with the most significant „improvement‟
being noticed in the initial 5 years (Bendfeldt et al., 2001). Productivity of several reclaimed
minesoils was found comparable to undisturbed soils in Midwestern coalfields (Rodrigue and
Burger, 2004). Reclaimed forest soils had SOC contents to comparable undisturbed forests and
about 49% higher than agricultural soils after 28-years of reclamation (Shrestha and Lal, 2008).
However, reclamation done according to the guidelines of the federal Surface Mining
Control and Reclamation Act (SMCRA, 1977) often leads to difficulties in determining SOC
sequestration. The guidelines require surface minelands to be topsoiled, amendmened and
fertilized to sustain biological activity (Shukla et al., 2004a,b). In addition SMCRA also requires
that backfilling by overburden materials and compaction to match the regional contour (Jacinthe
and Lal, 2007). A limitation of this approach is the significant loss of SOC resulting from topsoil
removal and storage operations (Abdul-Kareem and McRae, 1984). The use of heavy machinery
and topsoil replacement results in variable degrees of soil compaction. The mixing of dissimilar
materials at random combined with the lack of biological activity, lack of soil structure and postreclamation land use practices results in high variability in soil properties (Gerke et al., 2001;
Shukla et al., 2005, 2007; Hangen et al., 2004, 2005; Nyamadzawo et al., 2007). However,
contradictory views exist regarding the relationship between soil spatial variability and time
since reclamation.
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In one chronosequence study it was found that inorganic N and organic C were spatially
dependent, with spatial variability decreasing significantly with time (Boerner et al., 1998). In
another study lower variability in several minesoil properties, including SOC concentrations,
were observed initially after reclamation and increased as minesoils aged (Shukla et al., 2007). In
a similar study, spatial structures of soil properties were found independent of time since
reclamation (Nyamadzawo et al., 2007). Twenty years after reclamation, certain microbial
properties and inorganic N showed spatial dependency whereas SOM did not (Mummy et al.,
2002). In general, considerable variability exists in reclaimed minesoil properties due to mining
and reclamation processes and due to different time intervals over which these soils form.
Soil organic carbon sequestration results from SOC-stabilization and accumulation of this
stable fraction. In general, three mechanisms have been put forward to describe SOC
stabilization: (i) physical preservation in which SOC is partitioned into soil aggregates thus
becoming inaccessible to microbial enzymes (Six et al., 2004, Jastrow, 1996), (ii) chemical
preservation in which SOC binds with the mineral matrix to form organo-mineral complexes
(Kaiser et al., 2002; Guggenberger and Kaiser, 2003; Mikutta et al., 2006;) and (iii) by inherent
biochemical recalcitrance (Poirier et al., 2003; Tan et al., 2004). Based on turnover rates, SOC
has been divided into three pools, a labile pool essentially made up of root exudates and fresh
plant litter having a turnover times of less than a year; a recalcitrant pool consisting of stabilized
SOM that persists over millennia; and a poorly defined intermediate pool with turnover period
between several years to centuries (Brunn et al., 2005). A variety of geochemical techniques
have been used to isolate these SOC pool. Examples include sequential hydrolysis with
trifluoroacetic acid (TFA) followed by 6N HCl (Quenea et al., 2005, Helfrich et. al., 2007),
single step 6N HCl-extraction (Plante et al., 2006, Paul et al. 2006), oxidative removal of SOC
with H2O2 (Plante et al., 2004), disodium peroxodisulphate (Na2S2O8) (Eusterhues et al., 2003),
or 6% (w/w) sodium hypochlorite (NaOCl) at pH 8 (Helfrich et al., 2007), and demineralization
with 10% hydrofluoric acid (HF) to release mineral-bound SOC (Eusterhues et al., 2007;
Helfrich et al., 2007). Soil organic carbon pools isolated by H2O2, Na2S2O8, or NaOCl have been
used most frequently to isolate a stable and older SOC pool (Helfrich et al., 2007; Mikutta et al.,
2006). Numerous studies have reported the efficiencies of these methods to isolate stable SOC
pools (Helfrich et al., 2007; Zimmerman et al., 2007). In a reclaimed minesoil chronosequence in
southeastern Ohio, oxidation followed by demineralization was able to isolate a stable SOC pool
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that was significantly larger in older than younger minesoils. This indicated that the proportion
of stable SOC increases with time since reclamation. Radiocarbon analyses revealed HF-resistant
SOC-fractions represented stable and older SOC in agricultural and forest soils (Eusterhues et
al., 2003, Kaiser et al., 2002). Acid-hydrolysis removed labile SOC, mainly proteins, nucleic
acids, fatty acids and polysaccharides causing the acid-resistant nonhydrolyzable carbon fraction
(NHC) to be enriched in long-chain alkyls, waxes, lignin, and various aromatics (Ostle et al.,
1999; Paul et al., 2000). Studies have shown that the NHC fraction represents from 30 to 65% of
the total SOC in agricultural soils in Midwestern United States and is about 1300–1800 years old
(Leavitt et al., 1996; Paul et al., 1997). Coupled with 14C-dating, acid hydrolysis has been
implemented to investigate dynamics of SOC in the estimation of size and turnover rate of the
stable SOC pool in various models (Leavitt et al., 1996; Falloon et al., 1998; Paul et al., 2000).
One of the major difficulties in determining accurate SOC sequestration patterns in
reclaimed minesoils is to distinguish geogenic-C (coal-C) from pedogenic-C (SOC) (Ussiri and
Lal, 2008).Therefore, accurate determination of coal-C in reclaimed minesoils is essential to
understand SOC dynamics in these disturbed lands and their relative contribution to the
terrestrial carbon sequestration. However, attempts to quantify coal-C in reclaimed minesoils
have been scant. Stable isotope (δ13C) measurements (Ussiri and Lal, 2008) and radiocarbon
(14C) methods (Rumpel et al., 1988; Chabbi et al., 2007; Ussiri and Lal, 2008) have often been
used to distinguish between “recent” or plant-derived and “old” or coal-derived carbon based on
their age of formation. Thermogravimetric and derivative thermogravimetric (TG/DTG)
techniques have been developed as potential methods to differentiate organic, inorganic and
coal-derived carbon in soil materials. In these techniques, soil materials are heated within a range
of temperature by gradual increments. Based on mass loss within definite temperature intervals
carbon types are characterized. Thermogravimetric methods have been used to identify coal, tar,
limestone, litter and other charred residual materials in soils (Siewert, 2004; Maharaj et al.,
2007a, b). However, radiocarbon, stable isotope and TG/DTG methods are expensive and require
significant resources, expertise in sample preparation, data handling and interpretation of the
results. Thermal oxidation coupled with 13C NMR spectroscopic methods has also been useful in
isolating a stable “black carbon” in from sediments and soils (Haumaier and Zech, 1995; Gelinas
et al., 2001, Simpson and Hatcher, 2004). An alternative method has been proposed by Ussiri
and Lal, (2008) which uses a combination of geochemical and thermal oxidation processes to
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characterize coal-C. This method also distinguishes between different SOC fractions such as
oxidisable, mineral-bound and humin, thus providing insights into the overall SOC dynamics and
C-sequestration processes.
Knowledge of the structure and composition of SOC molecules can offer important clues
for understanding of SOC quality and therefore potential for SOC sequestration. Spectroscopic
techniques are nondestructive, easy-to-use methods to gain insight into the overall molecular
composition and structure of SOC. Absorption of ultra violet (UV) light below wavelength of
400 nm results from the presence of various aromatic groups with variable degrees of
substitution including mono- and poly-substituted phenols (Khorsin et al., 1997). Absorption of
UV light in 200-380 nm range is indicative of conjugated systems, as commonly associated with
aromatic moieties (Weishaar et al., 2003). Several UV-Visible absorption wavelengths have been
used as indicators of SOC molecular characteristics (Hautala et al., 2000). Numerous studies
have shown that ratios calculated by UV-Visible absorption bands can be used to characterize
dissolved organic carbon contents (Deflandre and Gagne, 2001; Barreto et al., 2003), types of
functional groups (Khorosin et al., 1997; Abbt-Braun and Frimmel, 1999; Barreto et al., 2003),
degree of aromaticity (Kononova, 1966; Chin et al., 1994; Peuravori and Pihlaja, 1997; Oliviera
et al., 2006), humification processes (Kukkonen, 1992; Volk et al., 2004), and effects of
composting (Chanyasak et al., 1982; Rivero et al., 2004) of SOC molecules.
There are two fundamental types of molecular structures responsible for generating
fluorescent behavior in organic molecules: (i) polycondensed aromatic and conjugated structures
with high content of carboxylic groups and (ii) aromatic proteins such as tryptophan and tyrosine
(Baker, 2002). Fluorescence intensities also relate to molecular sizes with peaks at lower
wavelengths (~300 nm) resulting from smaller molecules whiles peaks at higher wavelengths
(~380 nm) indicating presence of larger molecules. Efficient fluorophores are typically
characterized by highly substituted, condensed aromatic rings, and/or highly unsaturated
aliphatic chains (Sensei et al., 1989; Baker, 2002). Electron-withdrawing functional groups such
as carboxyl, carbonyl (having double bonds) in organic matter increases the wavelengths of
excitation and emission and in turn cause the fluorescence intensity to shift to lower energy
levels or longer wavelengths. Aromatic ring structures containing conjugated double bonds
behave similarly. On the other hand, fluorescence peaks occurring at a shorter wavelength (~390
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nm) indicate relatively simple and less-conjugated aromatic structures and presence of electrondonating substituents such as hydroxyl, methoxyl and amino groups.
Fluorescence spectroscopic techniques have been used in wide variety of applications
such as determination of the degree of decomposition of dissolved organic matter (Hunt and
Ohno, 2007), characterization and classification of dissolved organic matter occurring in diverse
systems (Peuravuori et al., 2002; Burdige et al., 2004; Cilenti et al., 2005), effects of cropping
practices on chemical nature and quality of organic matter (Canellas et al., 2004), sources of
DOC (Westerhoff and Anning, 2001), influences of composting on soil organic matter quality
(Rivero et al., 2004), characterization of humic substances in composted urban wastes (Valesco
et al., 2004). Different regions of fluorescence spectra are diagnostic of the types and number of
aromatic rings and their condensation/conjugation in organic carbon molecules (Giovanni et al.,
1995; Peuravuori et al., 2002). Fluorescence peaks at higher wavelengths are the result of a high
degree of conjugated double or triple bonds containing -electrons which are capable of
movement (fluorescence) between orbitals. Humification of SOC molecules is indicated by a
shift in emission spectra from shorter to longer wavelengths (red shift) due to the presence of
reactive functional groups such as O- and N-containing groups, highly substituted aromatic
nuclei and/or presence of conjugated unsaturated systems capable of a high degree of resonance
(Sensei et al, 1989; Sensei et al., 1991; Miano and Sensei, 1992; Baker, 2002).
Several absorption features in the near infra-red region (400-4000 cm-1) have been used
in to elucidate types and contents of various functional groups attached to SOM (Ellerbrock and
Gerke, 2004; Solomon et al., 2005). Several FT-IR (Fourier Transform Infrared) studies have
been used to characterize SOC molecules in processes such as changes in land management
practices (Haberhaur et al., 2000; Haberhaur and Gerzabek, 1999), effects of fertilization on
SOC (Ellerbrock et al., 1999a, b), SOC humification (Ding et al., 2002; Giglotti et al., 2003),
degree of decomposition and mineralization (Spaccini et al., 2001), effects of composting on
SOC (Hadjia and Spoljar, 1995; Smidt et al., 2002), and the characterization of natural organic
matter (NOM) in wastewater treatment systems (Kim and Yu, 2005). In a study on two
constructed soils (24-yr and 2-yr old) contaminated with coal-C in southern Brazil, SOC
molecules had higher aromaticity, higher O-alkyl, methoxyl- and carboxyl-C contents and were
more highly conjugated systems in the older soils than the younger soils. (Dick et al., 2006).
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Contamination by coal-C results in increasing refractory/recalcitrant nature of SOC with a
concomitant increase in the aromatic-C and/or alkyl C content of SOM (Dick et al., 2006;
Rumpel et al., 1998). Certain indices, devised by FT-IR absorption bands have been used to
follow patterns of humification of SOM (Inbar et al., 1989; Canellas et al., 2004) based mainly
on the relative proportions of polar vs. non-polar functional groups.
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CHAPTER 3:
Land Use Effects on Sample Size Requirements for Soil Organic Carbon Stock Estimations

Abstract
Soil organic carbon stock (SOC stock, Mg C ha-1) is calculated from SOC concentration (SOC,
g/kg) and soil bulk density (ρb, g cm-3). Temporal changes in SOC stock are used to calculate
terrestrial carbon sequestration rates used in global climate change models. The inherent
variability in soil properties like SOC and ρb means that larger sample sizes may be needed to
accurately determine SOC stocks. Our objective was to calculate the minimum sample size
required to detect changes in ρb, SOC and SOC stock for two land uses. Surface soils (0-5 cm)
from two reclaimed minesoils and two managed hay fields in northern West Virginia were
intensively sampled (60 to 74 samples each). Mean SOC and SOC stock values were larger in
the hay fields (40 g/kg, 29 Mg ha-1) than in the minesoils (20 g/kg, 20 Mg ha-1), but ρb was larger
in reclaimed minesoils (1.4 g cm-3) than in hay field soils (1.2 g cm-3). The ρb variance was larger
in minesoils than hay field soils, but field variances for a given land use were similar (0.09 and
0.11 (g cm-3)2 in minesoils; 0.02 and 0.03 (g cm-3)2 in hay field soils). The variance in SOC
concentration and SOC stock were not related to land use and were not similar within a land use.
As a result, the minimum number of samples required to detect a change in ρb, SOC and SOC
stock was a site-specific property and cannot be assumed a priori.

Keywords: Soil organic carbon stock, sample size, minesoils, bulk density
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3.1

Introduction
In the Appalachian region, surface mining is a prominent land use (Townsend et al.,

2009) that alters soil physical, chemical, and biological characteristics (Indorante et al., 1981;
Shukla et al., 2004; Lal and Ussiri, 2005). After the reclamation of these mined areas, a new soil
begins to form. Minesoils are newly formed man-sculpted soils which are developed after a
mining operation has finished production. Minesoils consist of a collection of blasted material
which was removed during the mining process. With appropriate reclamation methods and
sufficient time, reclaimed minesoils can sequester significant amounts of carbon (Akala and Lal,
2000, 2001; Shukla et al. 2005a, 2005b; Shrestha and Lal, 2006a, 2006b). After 100 years of soil
formation on loess-derived spoils in Iowa, the soil organic carbon stock (SOC stock) in the upper
10 to 50 cm was 26 and 82 Mg C ha-1, respectively (Hallberg et al., 1978). In a chronosequence
of six coal mine spoils in Illinois, SOC stocks increased by 0.1 and 0.3 Mg C ha-1 yr-1 in the
upper 10 cm and 50 cm, respectively (Thomas and Jansen, 1985). The net rate of positive change
following conversion of severely degraded land to agricultural or forest land could be as high as
0.25 Mg C ha-1 yr-1 (Lal and Bruce, 1999). Carbon sequestration in degraded lands has the
potential to offset some of the increased atmospheric CO2 concentrations implicated in global
climate change (Lal, 2004). Sequestered carbon levels are typically expressed as SOC stock (Mg
C ha-1) and calculated as the product of SOC concentration, soil bulk density (ρb), and soil
sampling depth (Akala and Lal, 2001; Sperow, 2006, Jacinthe and Lal, 2007).
Reclamation activities, including backfilling with overburden materials, topsoiling, and
regrading to original contours (Jacinthe and Lal, 2007; Townsend et al., 2009) can produce
significant variation in minesoil properties. The use of heavy machinery, topsoil replacement,
and the random mixing of dissimilar materials, combined with a lack of biological activity and
root networks, poorly developed soil structure and certain post-reclamation management
practices, result in high, and highly variable, minesoil bulk density (Ashby et al., 1984; Skousen
et al., 1998; Guebert and Gardner, 2001; Shukla et al., 2005a, 2007; Nyamadzawo et al., 2007).
This greater variability increases the sample size requirements needed to accurately determine
values for the soil properties used to estimate SOC stock.
Estimates of SOC stock have been made using a single mean ρb value and a single SOC
determination on a composite sample (Akala and Lal, 2000, 2001; Jacinthe and Lal, 2007). This
leads immediately to questions of accuracy and statistical power. Our objective was to determine
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the minimum sample size required to estimate SOC, ρb, and SOC stock values for two land uses
that reflect disturbance extremes; reclaimed surface minesoils and managed hay field soils.
3.2

Materials and Methods
The two reclaimed minesoils, Mylan Park (39° 38' 24" N, 80° 2' 1" W) and WV01 (39°

40' 23" N, 80° 3' 16" W), were located near Morgantown, West Virginia. The topography in this
region is characterized by mountain ranges with rounded ridge tops, steep hill slopes and narrow
valleys. The exposed rocks in this area include interbedded limy and acidic gray shale, siltstone,
sandstone, coal, limestone, and a few thin beds of calcareous red shale of the Dunkard,
Monongahela and Conemaugh Groups.
Both WV01 and Mylan Park (MP) were owned, mined, and reclaimed by the same
company. The sites were mined using contour mining methods with front-end loaders and trucks.
After coal removal, overburden was replaced and regraded to the approximate original contour.
Topsoil to depths of 10 to 20 cm was placed and compacted with bulldozers. Seeded plant
species were tall fescue (Festuca arundinacea), bird‟s foot trefoil (Lotus corniculatus), and rye
grass (Lolium perenne). Mylan Park was reclaimed 21 years ago and WV01 was reclaimed less
than 2 years ago. Predominant species found at MP were orchardgrass (Dactylis glomerata),
alfalfa (Medicago sativa), red clover (Trifolium pratense), white clover (Trifolium repens),
timothy (Phelum pratense L.), tall fescue (Festuca arundinacea), and bird‟s foot trefoil (Lotus
corniculatus).
The managed hay field sites (HF1 and HF2) were located at the West Virginia University
Reedsville Experimental Farm (79°47W, 39°30N) in Preston County, West Virginia. Average
winter and summer temperatures at the site are -2oC and 20oC, respectively, with average annual
rainfall and snowfall of 125 cm and 147 cm, respectively. The hay fields consisted mainly of
orchardgrass (Dactilis glomerata L.), timothy (Phleum pretense L.), alfalfa (Medicago sativa L.)
and smaller proportions of white clover (Trifolium repens L.) and red clover (T. pratense L.).
Hay was cut twice per year (May and June). Nitrogen fertilizer was applied before and after each
cutting at a rate of 84 kg N/ha, to give a total of 252 kg N/ha/yr. The topography of the study
area is uniform with broad level ridges and side-slopes ranging from 3 to 25%.
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3.2.1

Sample Collection and Preparation
At each mine site 0 to 5 cm depth soil samples were collected for SOC and ρb in late

summer (August-September 2008), in a nonaligned 7 m by 5 m grid, over an area of
approximately 0.5 ha. Soil bulk density was determined using a modified excavation method
(Blake and Hartge, 1986) with a 12.5 cm diameter auger. A fine sheet of plastic was placed
inside the excavated hole and fine sand was then poured and gently compacted to match site
topography. A graduated cylinder was used to measure the initial and final volumes of sand; the
difference representing the volume of excavated soil. Gravel-corrected soil bulk density (Ussiri
et al., 2006) was also calculated. For the managed hay field sites, 0 to 5 cm depth soil samples
were collected in a 7m by 7m nonaligned grid earlier, in the summer (July 2008), over an area of
approximately 0.5 ha. Soil bulk density samples were taken with a Uhland sampler (Uhland,
1949).
Soil organic carbon concentrations were determined by automated complete combustion
(LECO Tru Spec CHN, Cary, MI). The SOC stock calculations were both (1) point-based, using
the SOC and ρb determined at each sampling point,
Mg C
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)

j

j
b
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2
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1
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100

and (2) mean-based, using the average ρb for each site and the SOC determined at each sampling
point,
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where j represents a sampling location within site i (WV01, MP, HF1, or HF2), SOC is the SOC
concentration in g kg-1,

j
b

is soil bulk density at sampling location j, and

b

is the site-average

bulk density (g cm-3), d is sampling depth (m) and Mg C ha-1 is SOC stock.
3.2.2

Statistical Analysis
A sensitivity analysis was performed to determine the minimum number of samples

necessary to characterize SOC, ρb, and SOC stock as a function of a user-defined absolute
difference (Snedecor and Cochran, 1989) using:
n̂

s

2

1.96
L

2

2

(3)
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where n̂ is the minimum number of samples needed to detect the difference L, s2 is the sample
variance at each site, and 1.96 is a constant representing tα for infinite degrees of freedom at the
95 % level of confidence (α = 0.05). Sites were compared as regards SOC concentration, ρb, and
SOC stock by analysis of variance using the PROC GLM procedure in SAS 9.1.3 for Windows
(SAS Institute, 2003, Cary, NC). Treatment means were compared using Fisher‟s Least
Significant Difference (LSD) at the 95% level of confidence (probability of a greater F ≤ 0.05).
Correlation analyses were performed between point-based (Eq. 1) and mean-based (Eq. 2) SOC
stocks at each site. Regression analyses were performed between mean-based and point-based
SOC stocks. Residuals were calculated by subtracting mean-based SOC stock values predicted
by the regression model from point-based (observed) values. To study residual trends, residuals
were plotted against the point-based SOC stock values.
3.3.

Results and Discussion

3.3.1

Soil bulk density and soil organic carbon characterization
Soils in both hay fields exhibited larger SOC values than those for either of the minesoils,

and the older minesoil (MP) exhibited larger SOC values than did the younger WV01 site (Table
1). Similar results were observed in reclaimed minesoils and undisturbed grasslands in
Wyoming, USA (Mummey at al., 2002). Soil bulk density was greater in minesoils than in hay
field soils, with WV01 exhibiting a greater density than MP (Table 3-1). These observations are
consistent with previously observed impacts due to the disturbance that occurs before mining
when topsoil is removed and stockpiled, the compaction that results from the reclamation
process, and the subsequent recovery of soil physical quality with time subsequent to reclamation
(Guebert and Gardner, 2001; Shukla et al., 2005a, b; Ussiri et al., 2006). The SOC stocks were
significantly larger in the hay field soils than in the minesoils, more than twice that at WV01 and
about 1.5 times that at MP (Table 3-1). The SOC and ρb values have the same weight in the
equation used to calculate SOC stock (Eq. 1 and 2), and a unit change in SOC has the same
effect on SOC stock as a unit change in ρb. Therefore, the larger SOC at MP had a larger effect
on SOC stock than did the smaller ρb. Coefficient of variation (CV) values for SOC did not show
a pattern that could be attributed to land use. For ρb and SOC stock, CV values for minesoils
were larger than those for hay field soils, except that the SOC stock CV for WV01 was similar to
that for HF1 (Table 3-1). Significantly lower SOC and higher ρb values in the minesoils are
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probably the consequence of reduced biological activity, mechanical compaction, and a lack of
root networks in these intensely disturbed soils.
3.3.2

Sample number requirement
The greater variance in minesoil ρb resulted in a larger minimum number of samples

required to detect a given change in ρb, as compared that for the hay field soils (Figure 3-1a). For
example, to detect a difference in ρb of 0.1 g cm-3 at the 95% level of confidence would require
more than 190 samples in the minesoils, but only between 16 and 64 samples in the managed hay
field soils. For SOC values, the minimum required sample size increased as the variance
increased, as expected, but there was no clear pattern attributable to land use (Figure 3-1b). The
older minesoil, Mylan Park, required more samples than its younger counterpart, WV01. This
result could be the consequence of the lower absolute SOC at WV01, due in part to lower plant
species diversity (data not shown). The disturbance of the managed hay field soils, as compared
with the reclaimed minesoils, was insignificant. High CV values for SOC have been reported for
relatively undisturbed soils (Conant and Paustian, 2002; Conant et al., 2003; Kravchenko et al.,
2006; Yanai et al., 2005; Palmer et al., 2002; Takata et al., 2007), observations in accord with
what we observed for these hay field soils. The greater variability in SOC found in the hay field
sites was also found by Hay (2006). Hay (2006) explained the high variability in SOC
concentrations in managed hay field soils as a result of grazing behavior and the development of
microclimates in an otherwise relatively stable ecosystem.
In determining the number of samples needed to determine SOC stock values, the four
sites were divided into two groups, but these groups were not related to land use (Figure 3-1c).
Regardless of the significance level tested (α = 0.10, 0.05 or 0.01) a similar number of samples
was required at MP and HF1, and also at WV01 and HF2, to statistically define a 10 % change in
SOC (Table 3-2). For ρb, less than 29 samples were required at all sites. For SOC stock, the
largest sample size was required at MP, followed by WV01, and then the hay field soils. Time
since reclamation, minesoil age, and degree of disturbance may explain this observation.
3.3.3

Point-based versus mean-based SOC stock estimates
Field ρb measurements are time consuming. The following analysis was performed to

evaluate the effect of using a single site-average bulk density value to calculate a mean-based
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SOC stock as compared to a point-based estimate of SOC stock. Regression analysis revealed a
weak positive relationship (R2 of 0.56 and 0.49 for MP and WV01, respectively) between the
point-based, and mean-based SOC stock values for the reclaimed minesoils while a stronger
positive relationship (R2 of 0.85 and 0.54 for HF1 and HF2, respectively) was observed for the
hay field soils (Table 3-3). To test the deviation of the observed linear regression relationship
between the observed, point-based SOC stock values and the predicted, mean-based SOC stock
values from a perfect 1:1 linear relationship between these two variates, a “coincidence” test
(Pothoff analysis; Potthoff, 1966) was performed. For two regression line to be coincident the
slope and intercept should not be significantly different, and in case of a 1:1 linear relationship,
the slope should not be statistically different from 1, and the intercept should not be significantly
different from 0. The results of the analysis revealed that for all sites, the relationship between
predicted (mean-based) SOC stocks and observed (point-based) SOC stocks deviated
significantly (α = 0.05), in both slope and intercept from those for the 1:1 linear relationship
(Table 3-3).
The significant deviation of the regression relationships from the 1:1 relationship at all
sites indicated that the use of a site-average ρb value can introduce significant error into SOC
stock estimates. Therefore, the substitution of a site-average ρb for point-to-point ρb
measurements is not recommended. This conclusion applies regardless of the lower minimum
sample size and ρb variation exhibited by the hay fields.
The regression residuals analysis indicated that there was no trend or pattern in the
residuals (no over or underestimation of mean-based values at higher or lower point-based
values) for minesoil SOC stock values (Figure 3-2). However, unlike the minesoils, there was a
pattern when the residuals were plotted against the point-based SOC stock values for the hay
field soils (Figure 3-3). This indicates that not all of the mean-based SOC stock variation was
explained by the regression functions.
The analysis indicates that if estimates of minesoil SOC stocks had been made using a
single site-average ρb value and a single SOC value obtained from a composite sample (Akala
and Lal, 2000; 2001; Jacinthe and Lal, 2007), overestimations as high as 1 Mg C (ha-1), and
underestimations as high as 4 Mg C (ha-1) could have been made (Figure 2). The over- or underprediction of SOC stocks at points in space, using the mean-based approach, was more
problematic for the hay field soils. The difference in variation due to SOC (high) and ρb (low) for
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the hay field soils led to a pattern in the residuals that would affect the accuracy and precision of
mean-based SOC stock values (Figure 3-3).
In summary, proper characterization of a soil property at a given site requires some effort
be devoted to determining the variance and minimum sample size requirement. In this study, the
variability in the properties measured in disturbed minesoils was sometimes comparable to that
found in relatively undisturbed hay field soils, indicating that variance cannot be presumed from
land use. The appropriate sample size should be determined for each site and soil property. The
resources available for sampling, sampling objectives, and the accuracy and precision required
by the end user will define the sampling strategy used by the investigator. Knowledge of the
variability in the parameters used to calculate SOC stock values is needed to better estimate this
important soil storage parameter.
Calculating SOC stock using average bulk density values may result in under- or overestimation of the SOC stock at any given point in the landscape regardless of land use and any
spatial or temporal variability in soil properties. The error in the estimate of SOC stock will
affect carbon sequestration study conclusions, and may result in inaccurate economic and
environmental modeling.
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(a)

(b)

(c)

Figure 3-1: Sample size ( n̂ 0.5) required to determine (a) soil bulk density (g cm-3), (b) SOC
(g/kg), and (c) SOC stock (Mg C ha-1) for selected absolute deviations (L); plotted
using Equation 3. Range on y-axis is 4 to 196 samples.
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(a)

(b)

Figure 3-2: Plotted residuals as response factor to the fitted value (Eq. 2) for (a) WVO1, and (b)
Mylan Park.
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(a)

(b)

Figure 3-3: Plotted residuals as response factor to the fitted value (Eq. 2) for (a) Pasture 1, and
(b) Pasture 2.
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Table 3-1: Summary statistics for SOC, ρb, and SOC stock at each reclaimed mine site (MP and WV01) and each managed hay field
site (HF1 and HF2).
Summary
Statistic

SOC (g kg-1)

ρb (g cm-3)

MP
WV01
HF1
HF2
MP
WV01
HF1
HF2
b
c
a
a
b
a
c
Mean
21.73
11.04
42.92 41.01
1.44
1.98
1.17
1.18c
Median
22.07
10.89
41.11 40.90
1.44
1.94
1.15
1.19
Variance
35.64
2.74
147.54 25.84
0.09
0.11
0.02
0.01
CV (%)
27.48
15.01
28.30 12.40
21.35
16.7
11.36 8.50
Maximum 38.08
16.00
68.20 47.88
2.13
2.81
1.42
1.36
Minimum 6.24
7.90
21.10 34.14
0.70
1.41
0.94
0.89
Skewness -0.17
0.73
0.23
0.03
0.05
0.62
0.20 -0.69
Kurtosis
0.21
1.01
-1.34 -1.85
-0.56
0.34
-1.01 0.72
n
74
64
60
60
74
64
60
60
1
means with same letter indicate no significance at α=0.05 within a soil property.
MP = Mylan Park, HF1 = Hay Field 1, HF2 = Hay Field 2.
1

SOC Stock (Mg C ha-1)
MP
18.61b
18.79
37.79
33.04
32.33
4.75
0.10
-0.29
74

WV01
13.13c
13.03
9.06
22.93
19.82
8.37
0.47
-0.44
64

HF1
29.54a
58.65
45.82
22.92
45.61
17.70
0.27
-0.90
60

HF2
28.96a
28.41
10.98
11.44
36.81
21.62
0.22
-0.54
60
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Table 3-2: Minimum number of samples required ( n̂ ) to detect a 10% change (from the mean) in
SOC, ρb, and SOC stock values at the 90, 95 and 99 % levels of confidence (α = 0.10,
0.05 and 0.01, respectively)
α Level

SOC (g kg-1)

ρb (g cm-3)

MP WV01 HF1 HF2
MP WV01 HF1 HF2
α = 0.10 20
6
22
4
12
8
4
2
α = 0.05 29
9
30
6
17
11
6
3
α = 0.01 50
15
53
10
29
19
10
5
MP = Mylan Park, HF1 = Hay Field 1, HF2 = Hay Field 2.

SOC Stock (Mg C ha-1)
MP
31
43
56

WV01 HF1 HF2
14
9
9
20
12
13
35
22
23
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Table 3-3: Regression parameters obtained for the straight line relationship between the
mean-based (Mg Cmb ha-1) and point-based (Mg Cpb ha-1) SOC stock values and the
statistical significance difference from the 1:1 line (mean-based versus point-based
SOC stock values).
Regression
MP
WV01
HF1
HF2
Parameters
0.49*
0.46*
1.15*
0.80*
Slope
5.74*
7.09*
3.96*
5.86*
Intercept
0.56
0.49
0.84
0.54
R2
*
Significant deviation of the estimated slope and intercept from that for the 1:1 line at the 95%
level of confidence. MP = Mylan Park, HF1 = Hay Field 1, HF2 = Hay Field 2.
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CHAPTER 4:
Temporal Dynamics in Minesoil Surface Carbon Sequestration Due to Reclamation
Chronology

Abstract
Reclaimed minesoils have well defined ages (time since reclamation), making them suitable for
studying temporal changes in terrestrial carbon sequestration. The objective of this research was
to assess the effect of time since reclamation on soil organic carbon (SOC) sequestration and
related soil properties such as texture, bulk density and cation exchange capacity (CEC) in three
West Virginia minesoils along a chronosequence. The minesoils surface 750 Mg ha-1 (0- 6 cm)
was sampled at 1, 4, and 21 and, again at 2, 5, and 22 years post-reclamation. Average SOC
stocks (Mg C ha-1) were highest in the oldest minesoils. Soil bulk density was highest and
unrelated to SOC concentration in the youngest minesoil, reflecting recent compressive
reclamation techniques. The CEC of older minesoils was influenced more by SOC than by clay,
while the opposite was observed in younger minesoils. The relationship of SOC stock to time
since reclamation was best described by a logarithmic diminishing returns model. Short-term
(one year) SOC sequestration rates (Mg C ha-1 yr-1) were not appropriate for describing the
change in SOC sequestration rate occurring along the chronosequence. When taken as the first
derivative of the diminishing returns model, long-term SOC sequestration rates were shown to
decline precipitously (80%) in the first five years after reclamation. The model predicts that the
surface 750 Mg ha-1 of minesoil will contain about 13.3 Mg SOC ha-1 at 50 yr after reclamation.
About 75% of that SOC storage is predicted to be achieved in the first decade after reclamation.

Keywords: chronosequence, minesoil, soil organic carbon sequestration rate, bulk density, cation
exchange capacity.
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4.1

Introduction
Time defines soil properties by influencing the duration of pedological processes, within

a context of parent material, topography, climate, and biota (Jenny, 1941). When soils develop
over different time periods, but under similar conditions of topography, vegetation, climate and
parent materials, the soils are genetically related, forming a chronosequence (Harden, 1982). The
study of soil chronosequences yields information about the rate and trend of pedological change
and these soils are valuable tools in soil-geomorphic research (Pillans et al., 1997; Hugget,
1998). Numerous soil chronosequences have been used to study a wide variety of geochemical
and pedogenic changes (Mellor, 1986; Litcher, 1998; White et al., 2005). Reclaimed minesoils
are especially suitable for soil carbon (C) sequestration-chronosequence research due to their
well-defined ages (time since reclamation), which allows calculation of rates and directions of
change for C storage and related time-dependent processes.
Surface mining practices in the Appalachian region can drastically alter landscape
patterns and often result in a deterioration of soil physical and chemical properties (Shukla et al.,
2004). However, with the adoption of appropriate reclamation strategies and some time for soil
formation, soil properties can improve, with significant sequestration of atmospheric C (Shukla
et al., 2004; Ussiri et al., 2006). Estimates of C sequestration rates for the entire United States
minesoil area range from 0.5 to 1.0 Mg C ha-1 yr-1 (Lal, 2004).
Soil organic matter (SOM) dynamics influence long-term sustainability of reclaimed
ecosystems, linking pedological processes with vegetation development (Schwenke et al., 2000).
Soil organic matter influences soil cation exchange capacity (CEC). In more weathered soils,
several studies have shown that CEC is greatly influenced by SOM (Oorts et al., 2000; Steiner et
al., 2008). The reported contribution of SOM to CEC varies widely, ranging from about 25 to
90% of total CEC (Moody, et al. 1994; Stevenson, 1994; Kaiser et al., 2007).
During the initial post-reclamation period, reclaimed minesoils have low soil organic
carbon (SOC) concentrations (Ussiri et al., 2006), but after 20 to 50 years, surface minesoil SOC
can increase by 10 to 50% (Hallberg et al., 1978; Akala and Lal, 2001; Shukla et al., 2004; Ussiri
et al., 2006). Research has shown that net C gain following conversion of severely degraded land
to agricultural or forest land could be as high as 0.25 Mg C ha-1 yr-1 (Lal and Bruce, 1999).
Within 28 years of reclamation, minesoils in Ohio reclaimed to forest, hay and/or pasture
developed SOC stocks comparable to those of undisturbed soils (Shrestha and Lal, 2007).
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Carbon sequestration is found by determining the SOC stock (Mg C ha-1), which is
calculated with SOC concentration, sampling depth, and bulk density (Akala and Lal, 2001).
Determining SOC stocks in reclaimed minesoils is more complex than other „undisturbed‟ soils
because of the highly variable soil bulk density resulting from disturbances caused by the surface
material mixing and heterogeneous surface compaction during the reclamation procedures.
The main objective of this study was to characterize the effect of time since reclamation
on selected soil quality parameters (bulk density, CEC, electrical conductivity (EC), pH and
texture), and especially SOC sequestration, in a chronosequence of reclaimed minesoils. A
second objective was to assess the effect of time since reclamation on the relationships between
measured soil properties and SOC sequestration in the chronosequence.
4.2

Materials and Methods

4.2.1

Site Description
In 2007, a minesoil chronosequence comprised of three minesoils was identified in

Monongalia County (39° 37' 45" N, 79° 57' 22" W), West Virginia. Time since reclamation
ranged from 1 to 22 years (Table 4-1). The climate in this region is temperate, characterized by
average winter and summer temperatures of 0oC and 22oC, respectively, and an average seasonal
snowfall of about 80 cm. The 30-yr average annual precipitation is 104 cm, 56% of which falls
during the April to September growing season.
The selected minesoils were reclaimed to mixed grass-legume pastures. The predominant
species found were orchardgrass (Dactylis glomerata), alfalfa (Medicago sativa), red clover
(Trifolium pratense), white clover (Trifolium repens), timothy (Phleum pratense L.), tall fescue
(Festuca arundinacea), and bird‟s foot trefoil (Lotus corniculatus). The sites were mined and
reclaimed in similar manner (Table 1), according to the guidelines set by the 1977 Surface Coal
Mining Reclamation Act, compacted and graded to pre-mining surrounding contours so as to
merge uniformly with the existing topography. The reclaimed sites were owned, mined and
reclaimed by the same company. At the time of the first sampling, in 2007, minesoil ages were 1,
4 and 21 years for the WV01, New Hill and Mylan Park sites, respectively.
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4.2.2

Minesoil Sampling and Analysis
Approximately 0.5 ha of each minesoil was sampled in early summer (May-June) of both

2007 and 2008, according to an irregular grid (Table 4-2). In 2007, each sampling point was georeferenced with a hand held GPS unit having a precision of ± 0.3 m, so as to sample close to the
same point in 2008. Visual assessment in 2008 revealed that the second set of „spatially
corresponding‟ sampling points were less than 0.6 m from the points sampled in 2007.
The surface 6 cm depth increment was sampled for bulk density using a modified
excavation method (Blake and Hartge, 1986). Briefly, the method consisted of placing a fine
sheet of plastic inside the 12.5 cm diameter auger-excavated hole and filling the hole to meet the
surface with gently compacted fine sand. A graduated cylinder was used to measure the volume
of sand used. The “gravel-uncorrected” bulk density (BD) was calculated with that volume and
the total mass of the excavated oven-dried (104 oC for 24 hr) soil, while the “gravel-corrected”
BD was calculated with that volume and the mass of excavated oven-dried material passing a 2
mm sieve. In 2007 only gravel-uncorrected BD was determined, but in 2008 both gravel
corrected BD and gravel-uncorrected BD were found. Gravel (oven dried material not passing a
2 mm sieve) averaged less than 100 kg Mg-1 minesoil at all sites, so the gravel-uncorrected BD
was used in all calculations.
Five gram sub-samples of gravel-free soil were shaken with 10 mL of 2 M HCl to remove
inorganic C before analyzing for SOC by dry combustion using a LECO Tru Spec CHN (St.
Joseph, MI) analyzer. The SOC stocks for the surface 750 Mg minesoil ha-1 were calculated
using the following equation:
SOC
Mg C ( ha

1

)

j

(

1 . 25
j
b

)

d

4

2

10 m ha

1

0 . 001

where j represents the sampling location within the study site, SOC is the soil organic carbon
concentration (kg Mg-1), ρb is the measured BD (Mg m-3), and d is the sampling depth (m). The
750 Mg ha-1 results from taking 6 cm layer of minesoil with a BD of 1.25 Mg m-3 (mass
equivalent). The average BD values from all sampling events, at all sites, were greater than 1.25
Mg m-3, so use of this value results in minimal extrapolation of SOC concentrations to depths
deeper than those sampled.
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To determine short- (one year) and long-term SOC sequestration rates (Mg C ha-1 yr-1)
the following calculations were done: a) short-term SOC sequestration rates for each individual
site, the „site-based‟ SOC sequestration rates, were estimated using the site-average value for the
change in SOC stock, calculated from the population of individual values generated at each
spatially corresponding sampling point, using the samples taken one year apart (in 2007 and
2008) and; b) long-term SOC sequestration rates for the whole chronosequence, called
„chronosequence-based‟ SOC sequestration rates, were calculated as the first derivative of a plot
of „mass equivalent‟ SOC stock versus time using the site-average SOC stock values
corresponding to the years since reclamation for the six individual site-sampling events. The
fundamental assumption was that these minesoils form a chronosequence where all other soil
forming factors (parent material, climate, vegetation and topography), and management history,
were similar. These minesoils are distinguished only by time (time since reclamation).
Minesoil chemical properties were determined on samples collected in 2008. Cation
exchange capacity was determined by the compulsive exchange method using 0.1M BaCl2
(Sumner and Miller, 1996). Soil pH and EC were measured on 1:2.5 soil to water extracts
(Rhoades, 1996). Minesoil particle-size distribution (texture) was determined using the pipette
method after preprocessing the samples by removing organic matter with hydrogen peroxide,
free iron oxides with dithionite-citrate-bicarbonate, and carbonates with 2 M HCl, all to ensure
dispersion of minesoil particles (Asamoa, 1973).
Statistical analysis was performed with SAS v 9.1.3 (SAS Institute, 1990). Minesoil
properties were compared between sites and sampling years using ANOVA and Fisher‟s least
significant difference (LSD) at the 95% level of confidence (probability of a greater F ≤ 0.05).
Pearson linear correlation coefficients were calculated between soil variables. Multiple linear
regression models were built to understand the effect of time since reclamation on minesoil
properties and SOC sequestration patterns along the chronosequence.
4.3

Results
Average gravel-uncorrected BD values found in 2007 and 2008 were consistently highest

at WV01, followed by Mylan Park, and lowest at New Hill (Table 4-3). Average SOC
concentrations increased significantly (p ≤ 0.05) following the order WV01 < New Hill < Mylan
Park, in both years (Table 4-4). The average increase in SOC concentration between the two
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sampling years was statistically significant (p ≤ 0.05) at Mylan Park (+21 %) and New Hill (+23
%). The „mass equivalent‟ SOC stocks were significantly higher in 2008 than 2007 at Mylan
Park and New Hill, while no difference was observed at WV01 (Table 4-5). Average SOC
stocks, for 2007, decreased significantly (p < 0.05) following the order Mylan Park > New Hill >
WV01, while in 2008 it followed the order Mylan Park ≈ New Hill > WV01. Site-based SOC
sequestration rates (Mg C ha-1 yr-1) along the chronosequence followed the order: New Hill (2.1
± 3.26) ≈ Mylan Park (2.0 ± 3.12) > WV01 (0.3 ± 0.75). Coefficients of variation (CV) for SOC
concentration, minesoil BD and SOC stock ranged from 15 to 30, 13 to 21 and 20 to 40 %,
respectively, across the two sampling events (Tables 4-3, 4-4 and 4-5). The CV for SOC
concentration was lowest at WV01 (Table 4), while that for SOC stock was highest at Mylan
Park (Table 4-4).
The proportion of primary minesoil particles found in the clay size fraction ranged
between 155 and 180 g kg-1, decreasing significantly (p < 0.05) with minesoil age (WV01 > New
Hill > Mylan Park) (Table 4-6). On average, sand concentrations ranged between 210 and 370 g
kg-1, being greater in the younger minesoils (New Hill > WV01 > Mylan Park). The silt
concentration was greatest in the oldest minesoil (Table 3-6). Variability within each site, for
each component of texture, was similar (CV values between 9 and 16 %), except for the sand
fraction at Mylan Park, which exhibited a CV of nearly 32 %.
Average site CEC values ranged from about 3 to about 12 cmolc kg-1, and increased
significantly with minesoil age, following the order WV01 < New Hill < Mylan Park (Table 47). Minesoil EC behaved oppositely, ranging from 0.03 to 0.05 dS m-1, following the order
WV01 > New Hill > Mylan Park. Average pH was higher in the oldest minesoil, Mylan Park,
(Table 4-7). The within-site variability in these minesoil properties (Table 4-7) was greater for
CEC (CV values from 16 to 20 %) and EC (CV values from 15 to 23 %) than for pH (CV values
between 6 and 12 %). There was little relationship between minesoil age and the variation in
these properties (Table 4-7).
Statistically significant positive correlations were observed between SOC concentrations
and minesoil CEC, clay and EC levels, within all three sites (Table 4-8). The older minesoils
exhibited the greater correlation coefficients. Stronger correlations were observed between CEC
and clay contents in the younger minesoils, though these two properties were significant and
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positively related within all sites (Table 4-8). Within-site SOC concentrations were unrelated to
BD and pH values. The within-site SOC stocks were unrelated to pH in any minesoil, weakly
positively related to EC in the older two minesoils, and positively and significantly related to
SOC concentration, CEC, clay and BD values in all three minesoils (Table 4-8). Minesoil EC
was significantly and positively related to SOC concentration, CEC, clay and SOC stock values,
with somewhat greater correlation coefficients for older minesoils. Minesoil BD and pH values
were not related to any other measured minesoil property (Table 4-8).
Multiple linear regression prediction models for CEC as a function of SOC and clay
concentrations, for each of the minesoils (Table 4-9), explained 58 to 72 % of the variation, with
significantly higher R2 values for older minesoils. The SOC made the more statistically
significant contribution to the models for CEC in the two older minesoils, while clay was more
important in the youngest minesoil.

4.4

Discussion
The minesoil chronosequence selected for the study had similar site geology, overburden

parent material (sandstone and shale), climate, mining method, and reclamation method. Time
since reclamation was the major soil forming factor distinguishing the sites. The observed BD
values were within the range reported for Appalachian minesoils (Akala and Lal, 2001; Shukla et
al., 2004; Ussiri et al., 2006; Jacinthe and Lal, 2007; Chatterjee et al., 2009). In these minesoils,
BD values are determined by reclamation processes, which in this study consisted of overburden
backfilling, grading to the original contour, topsoil replacement, and grading again, all done so as
to provide a surface environment compatible with plant establishment and subsequent growth
(Jacinthe and Lal, 2007). The heavy machinery used during grading compacts the minesoil, often
causing BD values higher than 1.60 Mg m-3 (Shukla et al., 2004; Chatterjee et al., 2009). In this
minesoil chronosequence, the highest BD values were observed at WV01, probably the result of
a lack of time for sufficient root exploration/remediation of the recent reclamation-induced
compaction. The lowest BD values were found in the older minesoils (Table 4-3). Similar
temporal effects on minesoil BD have been reported by Chatterjee et al (2009).
Other soil properties have been affected by time. Proportional declines in minesoil clay,
with corresponding increases in silt or sand with time since reclamation are likely the result of
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continued weathering of coarse rock materials and erosion of detached, unstable clay particles as
these minesoils aged (White et al., 2005). Significantly higher CEC in the older minesoils
indicated development of a more complex surface exchange system able to retain more cations
and/or nutrients, generating better chemical conditions supporting an environment favorable to
biological processes.
Earlier findings on changes in soil chemical properties in chronosequences as a result of
time-dependant pedological processes (e.g. weathering, organic matter accumulation) support
this observation (White et al., 2005). Multiple regression analysis relating measured CEC to
minesoil clay and SOC contents, for each location sampled in this study, revealed that the
statistical significance of the regression coefficients for both clay and SOC changed with time
since reclamation. In the younger minesoil, the regression coefficient for clay exhibited higher
statistical significance than the coefficient for SOC while the opposite was observed for the older
minesoils (Table 4-8). These findings are supported by those of Kaiser et al. (2007), who
reported that the contribution of SOC towards CEC decreased with increasing clay content, and
vice versa.
Two mechanisms may explain these observations. First, the surface-coating of clay
particles by soil organic matter may mask clay surface charges (Kahle et al., 2002). Surficial
interactions between clay and SOC result in stabilization of SOC by the formation of organomineral complexes, leading to its sequestration (Sollins et al., 1996; Six et al., 2002; Eusterhues
et al., 2003). Second, the increased organic matter humification in older soils increases molecular
complexity and increases the CEC. Studies on the molecular make up of SOC revealed that the
older minesoil SOC contains more humified polyaromatic species with a higher degree of
substitution by carboxylic, carbonyl and hydroxyl moieties (Chapter 5). Polyaromatic organic
molecules with a higher degree of substitution around the aromatic nucleus are biochemically
recalcitrant (Solomon et al., 2007). Both mechanisms explain the results observed in this study
(Moody, et al., 1994; Parfitt et al., 1995; Oorts et al., 2000; Loveland and Webb, 2003; Kaiser et
al., 2007).
Soil EC significantly decreased with time along the chronosequence, in agreement with
previously reports by Chatterjee et al. (2009). The decrease in minesoil EC with time since
reclamation is likely the result of loss of free salt with weathering. Minesoil EC was significantly
lower than 1 dS m-1, the value critically limiting the growth of a number of plant species (Ussiri
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et al., 2006). Minesoil EC was significantly and positively related to SOC, clay, and CEC, as
reported by others (Rhoades et al., 1976; Heiniger et al., 2003). The higher positive correlation
coefficients between EC and SOC, clay or CEC observed for the older minesoils indicates that
soil solution electrolyte levels were positively related to ion retention properties in these
minesoils. Additionally, these relationships became more positive with time.
Minesoils have reportedly exhibited high variability in chemical and physical properties
(Wilding and Drees, 1983; Gerke et al., 2001; Haering et al., 2005). Wilding‟s (1985) system
defines high variability when the CV is greater than 35 %, moderate variability when the CV
falls between 15 and 35 %, and low variability when the CV is less than 15 %. Using this system,
SOC stock at Mylan Park is classified highly variable, while that for the other two minesoils in
the studied chronosequence is classified as low to moderately variable. The SOC and BD values
were moderately variable for all minesoils in the studied chronosequence. Soil texture, CEC, EC,
and pH exhibited low to moderate variability, causing these disturbed soils to be ranked similar
in their variation in these properties to non-altered soils.
When determining SOC stocks for a given volume of regolith, BD and SOC
concentration are given equal weight. In this study, the young minesoil surface layer at WV01
exhibited a BD value so high that despite a low SOC concentration, the calculated SOC stock
was greater (in both 2007 and 2008) than that for the surface layer at New Hill. To sample a soil
mass equivalent to that taken from the surface 6 cm at WV01 (about 1200 Mg ha-1), would have
required an extrapolation equivalent to a 50 % increase in sampling depth (3 to 4 cm deeper
depth) at both New Hill and Mylan Park. As minesoil SOC (and other minesoil properties) are
strongly stratified, this was deemed unacceptable. The more conservative approach, limiting the
equivalent soil mass to that sampled at the least dense site (New Hill), yielded the 750 Mg ha-1 (6
cm layer with a bulk density of 1.25 Mg m-3) value chosen here.
The SOC concentration, and the „mass equivalent‟ SOC stock found in the surface 750
Mg of soil (Tables 4-4 and 4-5), increased with time since reclamation (WV01 < New Hill <
Mylan Park), indicating that with similar soil forming conditions the time since reclamation
significantly and positively influenced minesoil organic matter accumulation within a total of 22
years since reclamation. Further, though small, there were significant differences in SOC
concentrations and stocks between minesoils differing only 3 years in time since reclamation.
Overall, surface minesoil SOC stocks were lower in this chronosequence than those reported in
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similar chronosequence studies due to younger minesoils in this chronosequence (Akala and Lal,
2001; Ussiri et al., 2006; Amichev et al., 2008).
Regression of the six site-sampling event average values for „mass equivalent‟ SOC stock
versus time since reclamation (Figure 4-1) revealed a “diminishing returns” type of response,
represented by a logarithmic equation, indicating that SOC stocks had increased most in the early
years following reclamation along the chronosequence. Visual inspection suggests that the model
under predicts chronosequence SOC stocks in the 4 to 15 years after reclamation time frame.
The short-term SOC sequestration rates, calculated from the difference between the 2007
and 2008 data sets from each site, were 0.3, 2.1 and 2.0 Mg C ha-1 yr-1 for WV01, New Hill and
Mylan Park, respectively. These results indicate that SOC sequestration rates were initially slow
for the youngest minesoil, but were more rapid in the older minesoils. The short-term rate results
were contradicted by the long-term SOC sequestration rate versus time relationship shown in
Figure 4-2. The Figure 4-2 relationship is the first derivative of the logarithmic relationship
presented in Figure 4-1.
The first derivative relationship indicated that the „soil mass equivalent‟ SOC
sequestration rate followed a non-linear declining trend with time since reclamation,
characterized by a steeper slope in the early years following reclamation, and did not capture the
slow short-term rate (0.3 Mg C ha-1 yr-1) observed for the WV01 site (Figure 4-2). Inspection of
model fit in Figure 4-1 suggests that the true decline in SOC sequestration rate with time would
be greater than that shown in Figure 4-2.
Other studies have reported that SOC sequestration rates are rapid in the initial years
following reclamation, and then decline with time (Akala and Lal, 2001; Amichev et al., 2008).
In this study, the modeled SOC sequestration rate decreased most rapidly (80 %) over the first
five years. In ten years, the model indicates that the sequestration rate would have declined by 90
%, adding 0.23 Mg C ha-1 yr-1 to a stock estimated (from model shown in Figure 4-1) to about
9.6 Mg C ha-1. Diaz-Zorita and Grove (2002) used another diminishing returns model to estimate
that 8 years of no-tillage crop production would be needed to fill about 90 % of the carbon
sequestration capacity of the surface layer of an agricultural soil near Lexington, Kentucky. The
first derivative developed from this work (Figure 4-2) predicts that the SOC sequestration rate in
the surface layer of these minesoils will be inconsequential (< 0.05 Mg C ha-1 yr-1) about 46
years after reclamation.
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Though there is a general understanding that the SOC sequestration versus time
relationship (Figure 4-1) is nonlinear, there are few examples of models derived from real data.
The SOC stock versus time model shown in Figure 4-1 predicts that the surface 750 Mg ha-1 of
these minesoils will contain about 13.3 Mg SOC ha-1 at 50 yr after reclamation. About 90 % of
that SOC accumulation is predicted to have occurred 28 yr after reclamation, and about 75 %
will have occurred within the first decade post-reclamation.

4.5

Conclusion
The work on this reclaimed minesoil chronosequence found temporal changes in SOC

that were associated with changes in CEC, EC, texture, and pH. The higher SOC, CEC and pH
values, as well as the lower EC values, observed in the older minesoils indicate that these soils
have likely become more favorable for vegetative growth and subsequent SOC sequestration.
The CEC in the youngest minesoils was more related to mineral clay content than organic matter
levels, the opposite of what was found for the older minesoils.
In the studied minesoil chronosequence, SOC and „mass equivalent‟ SOC stocks were
significantly higher in the older minesoils, indicating a positive influence of time on SOM
dynamics under similar soil forming conditions. Short-term (one year) SOC sequestration rates
were significantly higher in the older two minesoils, but did not reveal the true nature of the
change in SOC sequestration rate occurring along the minesoil chronosequence. The long-term
SOC sequestration rates, derived from the plot of SOC stock versus time since reclamation for
the chronosequence, were greater early, falling precipitously in the first five years after
reclamation. These results indicate that the greatest impact of these grassland minesoils, as
regards sequestration of carbon, is realized in the first decade subsequent to reclamation.
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New Hill
n = 75
Mylan Park
n = 67

WV01
n = 63

Figure 4-1: The relationship between SOC stock and time since reclamation for the minesoil
chronosequence.
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Figure 4-2: The relationship between the rate of SOC sequestration and the time since
reclamation for the minesoil chronosequence. The relationship shown is the first
derivative of the relationship shown in Figure 4-1. The time since reclamation is
plotted for each of the six site-sampling events.
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Table 4-1. Characteristics of the reclaimed minesoil sites included in the study.
Site Name
Reclamation Age (years
since reclamation in 2007)

Mylan Park

New Hill

WV01

21

4

1

Coal Type

- - - - - - - - -Waynesburg - - - - - - - - - - -

Method of Mining

- - - contour mining, front end loaders - - -

Overburden Type

- - -- 70-80% sandstone, rest shale - - - -

Reclamation Method
Post-Reclamation Land
Management Practice

- - - -backfilled, 7.5 cm topsoil, graded- - - - - - - - - - - - grass-legume pasture - - - - - - -
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Table 4-2: Grid dimensions and number of minesoil samples collected, by site.

Site Name

Maximum
distance
(m)

Minimum
distance
(m)

Average
distance
(m)

Number of
samples
collected

Mylan Park

6.2

5.5

5.9

74

New Hill
WV01

7.0
12.0

5.0
4.0

6.0
8.0

79
64
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Table 4-3: Descriptive statistics for the minesoil bulk densities (BD) found in 2007 and 2008.

Descriptive
Parameter

- - - - - - - - - - - - - -BD (Mg m-3) - - - - - - - - - - - - - - - - - - - 2007 - - - - - - - - - - - - 2008 - - - - - - MP

NH

WV01

MP

NH

WV01

1.51b
1.31c
2.06a
1.47b 1.27c
2.01a
Mean
1.50
1.30
2.00
1.49
1.28
1.95
Median
0.30
0.18
0.33
0.31
0.18
0.33
Standard Deviation
20.0
13.5
16.0
21.0
14.2
16.5
CV (%)
0.80
0.90
1.51
2.19
0.85
2.82
Minimum
2.22
1.96
2.89
0.75
1.94
1.44
Maximum
0.12
0.44
0.69
0.10
0.34
0.60
Skewness
-0.59
1.65
0.33
-0.58 1.66
0.25
Kurtosis
Mean values, for a given year, followed by the same letter are not significantly
different (α = 0.05); MP = Mylan Park, NH = New Hill.
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Table 4-4: Descriptive statistics for the SOC concentrations (kg Mg-1) found in 2007 and 2008.

Descriptive
Parameter

- - - - - - - 2007- - - - - - - -

- - - - - - - 2008 - - - - - -

MP

NH

WV01

MP

NH

WV01

Mean
Median
Standard Deviation
CV (%)
Minimum
Maximum

18.7a
18.3
5.1
27.0
6.8
29.1

14.5b
14.0
4.3
29.6
4.3
26.1

10.4c
9.9
1.9
18.1
8.8
19.1

21.7a
22.1
6.0
27.5
6.2
38.1

17.7b
17.2
4.6
25.8
6.2
29.5

11.0c
10.9
1.7
15.0
7.9
16.0

Skewness

-0.08

0.10

2.50

-0.17

0.33

0.73

Kurtosis
-0.29
-0.08
7.43
0.21 -0.04
1.01
Mean values, for a given year, followed by the same letter are not significantly different
(α = 0.05); MP = Mylan Park, NH = New Hill.
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Table 4-5: Descriptive statistics for the SOC stocks (Mg C ha-1) found in 2007 and 2008.
- - - SOC Stock (Mg C ha-1) - - Descriptive
Parameter

- - - - - - - 2007 - - - - - - MP

NH

WV01

- - - - - - 2008 - - - - - MP

NH

WV01

Mean
9.7a
8.5b
3.9c
11.7a 10.6a
4.2b
Median
9.3
8.2
3.8
11.0
10.3
4.3
Standard Deviation
3.8
2.9
1.0
4.6
3.2
0.9
CV (%)
38.5
33.8
25.0
39.2
29.8
20.5
Minimum
4.2
2.5
2.5
3.6
3.6
2.4
Maximum
22.4
16.8
8.8
24.3
20.8
6.2
Skewness
0.97
0.55
2.15
0.88
0.66
0.29
Kurtosis
0.99
0.39
8.90
0.70
0.72
-0.12
Mean values, for a given year, followed by the same letter are not significantly
different (α = 0.05); MP = Mylan Park, NH = New Hill.
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Table 4-6: Descriptive statistics for the minesoil particle size fractions (texture) found in 2008.

Descriptive
Parameter

- - - - - Clay (g kg-1)- - MP

NH

WV01

-

- - - - Sand (g kg-1) - - -

- - - - Silt (g kg-1) - - - -

MP

MP

NH

WV01

NH

WV01

156c
163b
177a
208c
367a
295b
635a
577b
529b
Mean
156
166
178
208
368
306
636
581
519
Median
23.7
26.9
25.2
68.6
52.7
46.3
68.5
80.8
56.1
Standard Deviation
13.9
16.0
13.9
31.8
14.3
15.4
10.0
14.1
9.5
CV (%)
121
120
111
59
271
189
514
396
438
Minimum
217
215
236
355
449
358
793
702
721
Maximum
0.08
0.10
-0.27
0.25
-0.15
-0.71
0.21
-0.47
0.53
Skewness
-1.24
-0.95
0.48
-0.48
-1.23
-0.44
-0.45 -0.23
-0.34
Kurtosis
Mean values followed by the same letter are not significantly different (α = 0.05); MP = Mylan Park, NH =
New Hill.
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Table 4-7: Descriptive statistic for selected minesoil properties found in 2008.

Descriptive
Parameter

- - CEC (cmolc kg-1) - -

- - - - - - pH - - - - - - -

- - - - EC (dS m-1) - - - -

MP

MP

MP

NH

WV01

NH

WV01

NH

WV01

11.78a 7.63b
2.82c
7.43a 6.67b
6.68b
0.028c 0.044b 0.053a
Mean
12.03
7.53
2.85
7.59
6.94
6.75
0.030 0.044
0.053
Median
2.35
1.38
0.06
0.47
0.72
0.11
0.007 0.001
0.001
Standard Deviation
19.9
18.0
15.6
6.4
10.8
11.5
22.9
15.4
19.2
CV (%)
16.06
4.99
1.47
5.93
5.37
5.47
0.040 0.030
0.030
Minimum
6.43
10.46
3.85
7.94
7.93
8.06
0.015 0.057
0.070
Maximum
9.64
-0.01
-0.48
-1.64 -0.39
-0.02
0.02
0.04
-0.68
Skewness
-0.41 -0.74
1.03
2.85 -0.74
-1.29
-0.32 -0.48
-0.25
Kurtosis
Mean values followed by the same letter are not significantly different (α = 0.05); MP = Mylan Park, NH =
New Hill.
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Table 4-8: Simple linear correlation coefficient (Pearson‟s r) between measured soil
variables, for the 2008 sampling event.

Minesoil
Name

SOC
kg Mg-1

CEC
cmolc kg-1

Clay
g kg-1

BD
Mg m-3

Mylan Park
0.84*
New Hill
0.78*
WV01
0.63*
Mylan Park
0.79*
0.57*
-1
Clay (g kg ) New Hill
0.79*
0.70*
WV01
0.68*
0.76*
Mylan Park
-0.15
-0.09
-0.19
BD (Mg m-3) New Hill
-0.09
-0.04
0.00
WV01
0.02
-0.08
-0.14
Mylan Park
0.75*
0.60*
0.64* -0.72*
SOC Stock
New
Hill
0.83*
0.62*
0.67* -0.53*
(Mg C ha-1)
WV01
0.65*
0.49*
0.56* -0.73*
Mylan Park
0.13
0.00
0.21
0.02
pH
New Hill
0.10
0.22
0.10
-0.14
WV01
0.16
0.09
0.02
0.12
Mylan Park
0.72*
0.73*
0.69*
-0.04
EC (dS m-1)
New Hill
0.60*
0.73*
0.65*
-0.09
WV01
0.48*
0.67*
0.63*
0.06
*Significant (p ≤ 0.05) relationship between the measured variates.

SOC Stock
(Mg C ha-1)

pH

CEC
(cmolc kg-1)

0.09
0.17
0.02
0.50*
0.57*
0.29

0.10
0.15
-0.04
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Table 4-9: Cation exchange capacity (cmolc kg-1) regression prediction models based on
clay (%) and SOC (g/kg) for 2008 sampling event.

Name

Regression Model

R2

Probability of a greater F (p)
Clay

SOC

Model

Mylan Park

CEC = 0.45 SOC + 0.27 Clay + 6.13

0.72

0.06

< 0.0001

< 0.0001

New Hill

CEC = 0.19 SOC + 0.12 Clay + 2.32

0.62

0.15

< 0.0001

< 0.0001

WV01

CEC = 0.06 SOC + 0.01 Clay + 0.25

0.58

< 0.001

0.09

< 0.0001

64

CHAPTER 5:
Molecular Properties of Soil Organic Carbon (SOC): Indicators of SOC Sequestration
in a Reclaimed Minesoil Chronosequence.

Abstract
The aim of this study was identify the effects of time since reclamation on changes in the
soil organic carbon (SOC) molecular characteristics in a reclaimed minesoil
chronosequence using several UV-Visible and synchronous fluorescence spectroscopic
indices. The minesoils were sampled in 2007 and 2008 in the upper 6 cm. In each minesoil
a labile and a resistant SOC fraction were identified based on SOC molecular
characteristics. The UV-Visible spectroscopic index ε285 (mg/L), EET:EBz and the Kalbitz
indices (KI470:360, KI464:397) were significantly higher in the older minesoils which suggested
that with increasing time since reclamation, the SOC molecules became more condensed,
aromatic and humified with increased substitution by polar functional groups (-COOH,
=CO) in the aromatic nucleus. The UV-Visible index ε285 (mg/L) was more efficient to
identify short-term (1 year) changes, only apparent in the older minesoils, in molecular
properties. Along the chronosequence SOC molecular characteristics changed following a
logarithmic trend. Strong positive relationships (R2) between ε285 (mg/L), KI470:360, KI464:397
and SOC (g kg-1) were observed for all minesoils with significantly higher R2 values been
found in the older minesoils. Strong positive relationships between the ε285 and Kalbitz
indices suggested that humification progressed via aromatization of SOC molecules.
Significantly higher SOC (g kg-1) and presence of more humified and condensed aromatic
species in the older minesoils suggested that these kinds of molecular characteristics lead to
SOC-stabilization resulting in its preservation and sequestration in minesoils.

Keywords: Soil organic carbon, minesoils, spectroscopy, aromaticity, humification.
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5.1

Introduction
Soil organic matter (SOM) is a complex mixture of humic acid, fulvic acid,

polyphenols, amino acids, ketones, esters and carbohydrates with highly variable molecular
size, structure, polyelectrolytic characteristics and functional groups (Gu et al. 1996). Soil
carbon sequestration depends on stability and preservation of SOM from mineralization
loss. The stability of SOM is related to its molecular composition and structural
characteristics; polyaromatic organic molecules with a higher degree of substitution in the
aromatic nucleus are biochemically recalcitrant, leading to long term soil carbon
sequestration (Gerasimovwicz and Bayler, 1985; Solomon et al., 2000, 2005, 2007).
Spectroscopic techniques provide information on the structural and compositional
characteristics of complex organic molecules based on the intensity and position of different
absorption bands. Various UV-Vis (Chin et al., 1994; Khorsin et al., 1997; Peuravori and
Pihlaja 1997; Traina et al., 1999), fluorescence (Sensei et al., 1989, 1990; Baker, 2002;
Swietlik and Sikorska, 2004) and Fourier Transform Infrared (FT-IR) spectroscopic
techniques (Inbar et al., 1989; Haberhauer et al., 1998, 2000; Ellerbrock et al., 1999a, b;
Gerzabeck et al., 2001) have been used to characterize SOM quality, source, decomposition
patterns, extent and types of substitution by different functional groups, and degree of
humification.
Reclaimed minesoils can sequester significant amounts of soil organic carbon (SOC)
with adoption of appropriate reclamation strategies and increasing time since reclamation
(Shukla et al., 2005; Jacinthe and Lal, 2007). Due to their well-defined age (time since
reclamation), reclaimed minesoils are suitable for studying time-dependent pedogenic
processes. The objective of this research was to determine the effect of time since
reclamation on molecular characteristics of a “labile” and “recalcitrant” SOC fraction using
spectroscopic methods in a reclaimed minesoil chronosequence. Our approach was to
determine (i) the changes in SOC molecular characteristics, as revealed by various
spectroscopic indices, with time since reclamation, (ii) the interrelationship of these indices
and their relationship to SOC concentration, (iii) differences between the molecular
properties of the labile and recalcitrant SOC fractions.
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5.2

Materials and Methods
A chronosequence comprising four reclaimed minesoils, were established in

Monongalia County, near Morgantown (39° 37' 45" N, 79° 57' 22" W), West Virginia
(Table 5-1). The sites were owned, mined and reclaimed by the same company. During the
time of the study (2007-2008) Mylan Park, New Hill, WVSK, and WVO1 were 22-21, 5-4,
4-3, and 2-1 year old respectively. Initial reclamation at WVSK was performed in 1998.
However in 2003, the upper soil strata was scraped and pushed back towards the high walls
situated along the hind margin. This made the time since reclamation of WVSK between 4
and 5 years. Mines were reclaimed to pasture ecosystems following the guidelines of
SMCRA, 1977. Mine sites were seeded with tall fescue (Festuca arundinacea), bird‟s foot
trefoil (Lotus corniculatus), rye grass (Lolium canariense) and winter wheat (Triticeae
aestivum). However, during soil sampling the predominant species found at Mylan park
and New Hill sites were orchardgrass (Dactylis glomerata), alfalfa (Medicago sativa), and
red clover (Trifolium pratense) with minor amounts of white clover (Trifolium repens),
timothy (Phelum pratense L.), tall fescue, and bird‟s foot trefoil. At WVSK and WVO1 the
dominant species were mostly grass and legumes.
5.2.1

Soil Sampling and Analysis
Soil samples were collected in 2007 and 2008 using site-specific (7*5 m) grids from

0-6 cm depth covering a 1-1.5 ha area during early summer (May-June). A set of twenty
five representative subsamples, selected on the basis of their aerial distribution and range of
total SOC (g kg-1), from each site were used in the spectroscopic studies. Five gram subsamples of gravel-free soil were shaken with 10 mL of 2 M HCl to remove inorganic C
before analyzing for SOC by dry combustion (LECO TruSpec CHN, LECO Corp. St.
Joseph, MI). Minesoil chemical properties were determined on samples collected in 2008.
Cation exchange capacity (CEC) was determined by the compulsive exchange method using
0.1M BaCl2 (Sumner and Miller, 1996). Soil pH and EC were measured on 1:2.5 soil to
water extracts (Rhoades, 1996). Particle size analysis was done using the pipette method
(Asamoa, 1973).
A two-step sequential extraction scheme was used to isolate a labile SOC fraction
(Ghani et al., 2003) and a resistant SOC fraction (Fuentes et al., 2006). Briefly, the labile
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SOC fractions were extracted by shaking 10 g of soil with 40 mL of deionized water (DI)
for 16 hours in a hot water bath at 80oC. The resistant SOC fractions were extracted by
shaking the soil residues, with 50 mL of 0.1M NaOH for 24 hours in the dark at 22oC. Both,
DI- and NaOH-extracts treated with DOWEX-50W ion exchange resin (BIO-RAD
Laboratory) to remove interfering ions before spectroscopic analyses. Dissolved organic
carbon (DOC, mg L-1) was determined by a Sievers 5310C dissolved carbon analyzer.
Three each of UV-Vis and fluorescence spectroscopic indices were calculated based
on absorption band ratios (Table 5-2). For the UV-Vis analyses, extracts were scanned from
200 to 700 nm on a UV-Visible spectrophotometer (Cary 50 Probe, Varian Inc., Walnut
Creek, CA) to determine, E4:E6 (ratio of the absorption intensity at 465 nm and 665 nm),
EET:EBz, (ratio of the absorption intensity at 253 nm and: 220 nm), ε285 (absorption intensity
at E285 normalized by dissolved organic carbon (DOC, mg L-1)). Synchronous fluorescence
spectra were generated (Eclipse, Varian Inc., Walnut Creek, CA), to compute two indices,
KI470:360 (ratio of synchronous fluorescence intensity at 470 nm and 360 nm); KI464:397 (ratio
of synchronous fluorescence intensity at 464 nm and 397 nm) (Kalbitz and Geyer, 2001).
Emission spectra were collected between the wavelengths 350 and 650 nm, with an
excitation wavelength of 240 nm. The Zsolnay index for each minesoil for each SOC
fraction and sampling year was calculated by dividing the integrated fluorescence intensities
between 570–641 nm by 356–432 nm (Zsolnay et al., 1999).
FT-IR spectra (Equinox 55, Bruker Optics Inc., Billerica, MA) from 1000 – 4000
-1

cm were collected with a horizontal attenuated reflectance cell (HATR, Pike
Technologies, Madison, WI), having a DGTS detector and ZnSe beamsplitter with 4cm-1
resolution. Spectra were obtained in ambient conditions, scanned 100 times, averaged and
corrected against the ambient air as background (Haberhauer et al., 2000). Relative
absorbance intensities of certain diagnostic bands, 2916, 1728, 1651, 1512, 1435, 1388, and
1049 cm-1 were calculated. Relative absorbance (RA) of a particular band was calculated by
dividing the peak height of that particular band by the sum of the peak heights of other
bands (Haberhauer and Gerzabeck, 1999; Haberhauer et al., 2000). For example, relative
absorbance of the 1049 cm-1 band (RA1049) was calculated as:
RA1049 = A1049/∑ A2916 – 1049 cm-1
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Spectroscopic indices for each SOC fraction were compared between (i) the
sampling events for each minesoil representing the short-term change and (ii) across the
entire chronosequence representing long-term change by analysis of variance using the
PROC GLM procedure in SAS 9.1.3 for Windows (SAS Institute, 2003). Regression
analyses were performed between UV-Vis and fluorescence spectroscopic indices and total
SOC (g kg-1) for each minesoil for both sampling events.
5.3

Results and Discussion

5.3.1 UV-Visible Spectroscopy
Average E4:E6 ratios decreased significantly along the chronosequence following the
order WVO1 > WVSK ≈ New Hill > Mylan Park for both SOC fractions for both sampling
events (Table 5-3a and 5-3b). The average E4:E6 ratios were significantly (p < 0.05) lower
in the resistant than the labile SOC fractions. The magnitude of E4:E6 has been inversely
related to molecular weight, degree of condensation and aromaticity (Kononova, 1966;
Wang and Xing, 2005; Huang, et al., 2006). This suggests that with increasing time, the
resistant SOC fractions of the older minesoils became more enriched in condensed aromatic
species with smaller sizes.
Average EET:EBz ratio increased significantly along the chronosequence as Mylan
Park > New Hill > WVSK > WVO1 for the resistant SOC fractions for both sampling
events (Table 5-3a and 5-3b). For the labile SOC fractions, the average EET:EBz ratio
followed the order Mylan Park > New Hill ≈ WVSK > WVO1 for both sampling events. No
significant differences were observed in the average EET:EBz between the sampling events
for any minesoil (Table 5-3a and 5-3b). The EET:EBz ratio is strongly affected by polar
functional groups and therefore reflects the extent of substitution in the benzene nucleus by
hydroxyl, carbonyl, carboxyl and ester moieties (Khorsin et al., 1997; Fuentes et al., 2006).
For unsubstituted benzene EET:EBz is low and increases with increasing content of polar
groups (Kim and Yu, 2005). The higher EET:EBz ratios observed in resistant SOC fractions
of older minesoils suggests that SOM had become more enriched in polar functional groups
as the minesoils aged with higher degree of substitution observed for the resistant than for
the labile SOC fractions.

69

Average ε285 (mg/L) decreased significantly following the order Mylan Park > New
Hill > WVSK > WVO1 for both SOC fractions in both sampling events (Table 5-3a and 53b). The average ε285 values were significantly higher in the resistant than the labile SOC
fractions in all the minesoils for both years. The UV-Visible absorption features near 280
nm are characteristic of the π→π* electronic transitions in a variety of aromatic species
including phenols, benzoic acids, polyenes and polycyclic aromatic hydrocarbons with two
or more rings (Traina et al., 1990; Chin et al., 1994). Therefore the molar absorptivity at
285 nm (ε285) indicates the degree of aromaticity of SOC molecules and chemical reactivity
of organic molecules (Chin et al., 1994; Stevenson et al., 1994; Durate et al., 2003; Huang
et al., 2006). Higher average ε285 (mg/L) in the older minesoils suggests that SOC molecules
become more aromatic with time, an observation supported by other studies (Kang et al.,
2002), with the resistant SOC fractions being more aromatic than their labile counterpart.
5.3.2 Fluorescence Spectroscopy
Average KI464:397 and KI464:397 ratios decreased significantly following the order
Mylan Park > New Hill > WVSK > WVO1 for both SOC fractions for both sampling events
(Table 5-4a and 5-4b). The average Zsolnay index followed the order Mylan Park > New
Hill > SK > WVO1 for the resistant SOC fractions in both years (Table 5-4a and 5-4b). For
the labile SOC fractions, the average Zsolnay index varied as MP > NH ≈ WVSK > WVO1
for both years (Table 4a-b). The shift in fluorescence peaks from the shorter to longer
wavelengths indicates the presence of polycondensed aromatic species with extensive
substitution and/or conjugated unsaturated systems with a high degree of resonance,
characteristics of humified SOM (Sensei et al, 1989, 1991; Miano and Sensei, 1992;
Kalbitz, 2001; Kalbitz and Geyer, 2001). Fluorescence peaks at higher wavelengths are
indicative of highly conjugated double or triple bonds containing -electrons. Electronwithdrawing moieties (carboxyl, carbonyl etc.) increases the wavelengths of excitation and
emission, shifting the fluorescence peaks more towards lower energy levels (longer
wavelengths). On the other hand, electron-donating moieties (hydroxyl, methoxyl, amino
groups etc.) shift fluorescence peaks towards shorter wavelengths (~390 nm) and indicate
less-conjugated aromatic structures (Baker, 2002). Thus fluorescence indices with higher
ratios are indicative of higher humification (Sensei et al., 1989; Kalbitz and Geyer, 2001;
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Kalbitz et al., 1999). Higher average fluorescence indices in older than younger minesoils
suggest SOC molecules in the older minesoils were more humified.
No significant differences (p < 0.05) were observed in the average E4:E6 or EET:EBz
ratios or any of the fluorescence indices between the sampling events within any minesite
(Table 5-3 and 5-4). However, significantly higher average ε285 (mg/L) were observed at
Mylan Park and New Hill in 2008 than 2007 which suggests that ε285 (mg/L) is more
sensitive to short-term changes and thus better suited for identifying temporal changes in
SOM dynamics. Spectroscopic indices showed a logarithmic trend along the
chronosequence indicating that SOC molecules in the younger minesoils underwent various
changes, probably attaining a more „consistent‟ molecular configuration with increasing
time since reclamation (Figure 5-1).
Significant (p < 0.01) positive relationships were observed between SOC (g kg-1)
and several spectroscopic indices for both SOC fractions in sampling both years (Table 5-5
and 5-6). Significantly higher positive R2 values between SOC (g kg-1) and the
spectroscopic indices were observed for the older minesoils and for the resistant than the
labile SOC fractions. This suggested that effect of molecular characteristics on SOC
sequestration in this minesoil chronosequence became stronger as the minesoils aged.
Significant positive relationships were found between ε285 (mg/L) and fluorescence indices,
especially the Kalbitz indices. The spectroscopic indices provided complementary
information on SOC molecular characteristics.
Distinguishable groupings, representing each reclaimed minesoil, were observed
when some these spectroscopic indices were combined on ternary diagrams with total SOC
(g kg-1) as the response variable (Figure 5-2). This suggested that these spectroscopic
indices provide important clues to identify temporal changes in SOM “types” in terms of
their molecular characteristics and can be used to distinguish minesoil with different time
since reclamation.
5.3.3

FTIR-ATR Spectroscopy
Seven absorption bands were identified for each minesoil: a broad band between

3600–3200 cm–1 corresponding to hydrogen-bonded O-H stretching vibrations of hydroxyl
(OH) groups fund in alcohols, phenols and organic acids, and stretching from hydrogen-
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bonded amines and amide groups; a peak at 2930–2920 cm–1 arising from asymmetric and
symmetric C-H stretching vibrations of aliphatic methyl and methylene groups (CH3 and
CH2) including lipid chains; a well pronounced peak at 1730 cm–1 due to C=O stretching of
carboxyl groups; a broad band at 1660–1650 cm–1 produced mainly by aromatic C=C and to
a smaller extent by conjugated carbonyl groups such as quinones and ketonic acids; a peak
at 1512 cm–1 representing aromatic carbonyl bands; two peaks between 1460–1390 cm–1
corresponding to several groups such as CH3, OH of phenols; COO– and/or substituted
aromatic rings; and a sharp peak at 1049 cm–1 for C-O stretching of polysaccharides (Stone
et al., 2001; Ellerbrock and Gerke, 2004; Solomon et al., 2005). Mylan Park, New Hill and
SK had similar spectral patterns indicating no qualitative differences between SOC
molecules at these minesoils (Figure 5-3a). At WVO1, however, no prominent absorbance
features at 1388 and 1435 cm-1 were observed indicating a lack of substituted aromatic
species in these younger minesoils. These spectra, however, differed significantly in the
relative absorbance intensities of certain bands (Fig. 5-3b). Relative absorbance bands
representative of aliphatic-C (2916 cm-1), carboxyl-C (1728 cm-1), aromatic-C (1651 cm-1),
carbonyl-C (1512 cm-1) and polysaccharide-C (1049 cm-1) respectively. The most
significant differences were observed for the polysaccharide band which decreased
significantly following the order WVO1 > SK > New Hill ≈ Mylan Park indicating higher
proportions of polysaccharides in the younger than the older minesoils.. Relative
proportions of the carbonyl-C and aromatic-C decreased significantly following the order
Mylan Park > New Hill > SK > WVO1 while aliphatic-C decreased following the order
WVO1 > Mylan Park ≈ New Hill ≈ SK. This suggests that SOM in older minesoils were
mostly aromatic type with higher substitution by quinones and ketonic moieties while in
younger minesoil it was mostly aliphatic. Carboxyl-C decreased significantly as Mylan Park
> New Hill > SK > WVO1 indicating higher reactivity of SOM in older minesoils.
5.4

Conclusion
The older minesoils had more aromatic and humified SOC with significantly higher

proportions of reactive functional groups. At each minesoil, SOC was comprised of a labile
and a resistant fraction, with the later characterized by more aromatic and humified
molecules. Molecular characteristics were related to total SOC (g kg-1) at each minesite with
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stronger relationships observed for the older minesoils. This indicated that SOC dynamics
were influenced by the molecular characteristics, becoming more apparent as the minesoils
aged. Along this minesoil chronosequence, the SOC molecular characteristics changed
following a logarithmic pattern. The UV-Visible index, ε285 (mg/L) was more sensitive to
short-term changes (1-year) in molecular properties than the other indices used in this study.
Strong interrelationships between ε285 (mg/L) and the Kalbitz indices indicated that
humification processes progressed with aromatization of the molecules.
Overall, this study showed that UV-Visible and fluorescence spectroscopic methods
could be used as efficient means to illustrate differences in SOC molecular characteristics in
reclaimed minesoils distinguished by times since reclamation, which in turn can be linked
with concepts of SOC sequestration in these disturbed soils.
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Figure 5-1: Relationship between UV-Visible and fluorescence spectroscopic indices with time since reclamation across the
chronosequence for the labile and resistant SOC fractions at each minesite.

78

Figure 5-2: Ternary diagram illustrating locations of the reclaimed minesoils with respect to
total SOC (%) and the indices for the (a) resistant and (b) labile SOC fraction for
2008 sampling event.
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Figure 5-3: (a) FTIR-ATR spectra and (b) comparison of relative absorbances for specific
absorption bands for each reclaimed minesoil.
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Table 5-1: General characteristics of the reclaimed minesites included in the study.
and sampling processes
Site Name
Time Since Reclamation
(years) in 2008

Mylan Park

New Hill

WVSK

WVO1

22

5

4

2

Method of Mining

------------------- Contour Mining, Front end loaders ------------------

Type of Overburden

--------------------- 70-80% Sandstone, rest is shale --------------------

Reclamation Method

----------------- Backfilled, 3" topsoil, grass and legumes -------------

SOC (g kg-1)

21.73a (5.97)

16.57b (6.19)

11.96c (3.84)

10.86c (1.66)

CEC (cmolc kg-1)

11.78a (2.35)

7.63b (1.38)

4.75c (0.07)

2.82d (0.06)

pH

7.43a

6.67b

5.45c

6.68b

EC (dS m-1)

0.028c

0.044b

0.039b

0.053a

Number of samples
74
79
83
64
collected
Time since reclamation, SOC, CEC and clay are given for the 2008 sampling event.
For each soil parameter, same letters indicate not significant at α = 0.05; values in the
parenthesis indicate standard deviation.
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Table 5-2: Description of UV-Vis and synchronous fluorescence spectroscopic indices
used in the study (A: Absorption; F: Fluorescence maxima; DOC: Dissolved
Organic Carbon).

Index Name

Index Type

Absorption/Fluorescence
Ratios

References

ε285

UV-Visible

A285 nm /DOC (mg L-1)

Traina et al., (1990)

E4:E6
EET:EBz

UV-Visible
UV-Visible

A465 nm /A665 nm
A253 nm /A220 nm

Chin et al., (1994)
Khorsin et al., (1997)

KI464:360 &KI470:397

Synchronous
fluorescence

F464 nm /F360 nm & F470 nm /F397 nm

Kalbitz and Geyer
(2001)

Zsolnay

Emission
fluorescence

F570–641 nm /F356–432 nm

Zsolnay et al., (1999)
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Table 5-3a: Summary statistics of UV-Visible indices for the resistant SOC fraction for 2007 and 2008 sampling events
-------------------------------------------------------- 2008 -------------------------------------------------------------------------- EET:EBz ----------------

------------------ ε285 ----------------

Descriptive Parameter

----------------- E4:E6 ----------------

Mean
Median
Standard Deviation
CV (%)
Maximum
Minimum
Skewness
Kurtosis

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
a
b
b
c
c
b
b
a
4.30
3.72
3.60
2.7
0.08
0.21
0.32
0.65
0.42
0.85
1.45 2.25a
4.28
3.80
3.49 2.72
0.08
0.22
0.33
0.66
0.48
0.80
1.34
2.49
0.69
0.40
0.41 0.35
0.02
0.04
0.06
0.05
0.23
0.33
0.61
0.80
16.06
10.82 11.44 12.81 23.57
18.66
17.05 7.07
53.49
38.79 42.52 35.61
6.19
4.39
4.64 3.33
0.10
0.27
0.43
0.72
0.74
1.34
2.57
3.21
3.18
3.06
3.04 2.16
0.04
0.12
0.20
0.56
0.01
0.22
0.29
0.32
0.55
0.17
0.58 -0.08
-0.75
-0.73
-0.43 -0.38
-0.43
-0.03
0.16 -0.76
1.07
-1.27
-0.14 -1.01
-0.24
0.68
0.11
-0.69
-1.12
-0.95
-0.61 -0.10
-------------------------------------------------------- 2007 ------------------------------------------------------------

Descriptive Parameter

----------------- E4:E6 ----------------

--------------- EET:EBz ----------------

------------------ ε285 ----------------

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
a
b
b
c
c
b
b
a
c
b
b
Mean
4.33
3.70
3.67
2.75
0.08
0.21
0.31
0.61
0.40
0.77
1.33
2.12a
Median
4.21
3.82
3.64 2.74
0.08
0.21
0.31
0.62
0.38
0.77
1.41
2.23
Standard Deviation
0.70
0.34
0.35 0.40
0.01
0.02
0.02
0.04
0.15
0.35
0.54
0.74
CV (%)
16.22
9.23
9.44 14.70
8.74
9.61
7.44
7.21
37.10
45.03 40.35 34.67
Minimum
6.47
4.29
4.33 3.44
0.09
0.24
0.35
0.69
0.68
1.39
2.06
3.39
Maximum
3.01
3.10
3.10 2.08
0.06
0.16
0.26
0.52
0.19
0.18
0.01
0.51
Skewness
3.45
1.20
1.24 1.36
0.03
0.07
0.08
0.18
0.49
1.21
2.05
2.88
Kurtosis
0.91
-0.36
0.10 -0.06
-0.29
-0.60
-0.23 -0.38
0.48
0.02
-1.08 -0.25
Different letter for each individual UV-Visible index indicates significant difference at α = 0.05 (MP = Mylan Park, NH = New Hill)
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Table 5-3b: Summary statistics of UV-Visible indices for the labile SOC fraction for 2007 and 2008 sampling events
-------------------------------------------------------- 2008 -------------------------------------------------------------------------- EET:EBz ----------------

------------------ ε285----------------

Descriptive Parameter

----------------- E4:E6 ----------------

Mean
Median
Standard Deviation
CV (%)
Maximum
Minimum
Skewness
Kurtosis

WVO1 WVSK
NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
7.36a
5.14b
4.39c 2.56d
0.07c
0.18b
0.19b 0.45a
0.16d
0.46c
0.81b 1.49a
7.30
5.21
4.35
2.59
0.07
0.18
0.19
0.44
0.14
0.43
0.92
1.36
0.69
0.69
0.31
0.24
0.01
0.02
0.03
0.04
0.06
0.15
0.37
0.55
9.41
13.46
7.06
9.55
10.81
12.55
14.44 7.85
38.24
32.62 45.07 37.30
8.26
6.00
5.06
3.07
0.09
0.23
0.22
0.52
0.33
0.76
1.44
2.36
6.02
3.00
3.85
2.14
0.06
0.13
0.12
0.39
0.08
0.17
0.10
0.60
-0.50
-1.17
0.51 -0.17
0.46
-0.12
-1.16
0.67
1.20
0.09
-0.54 0.21
-0.69
2.26
-0.42 -0.08
-0.28
0.59
0.98
-0.42
1.50
-0.37
-0.67 -1.06
-------------------------------------------------------- 2007 ------------------------------------------------------------

Descriptive Parameter

----------------- E4:E6 ----------------

--------------- EET:EBz ----------------

------------------ ε285 ----------------

WVO1 WVSK
NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
a
b
c
d
d
c
b
a
d
c
b
Mean
7.43
5.24
4.41
2.60
0.07
0.17
0.18
0.43
0.10
0.38
0.76
1.18a
Median
7.47
5.20
4.44
2.66
0.07
0.17
0.19
0.42
0.08
0.39
0.74
1.14
Standard Deviation
0.63
0.62
0.29
0.26
0.01
0.02
0.02
0.04
0.08
0.07
0.22
0.41
CV (%)
8.47
11.74
6.64 10.06 11.84
10.73
13.22 9.67
79.00
17.41 28.75 34.50
Maximum
8.81
6.88
4.90
3.07
0.08
0.21
0.23
0.50
0.36
0.50
1.25
1.89
Minimum
6.31
4.02
3.46
2.12
0.05
0.13
0.14
0.35
0.02
0.24
0.39
0.38
Skewness
-0.09
0.19
-1.52 -0.33
0.07
-0.11
0.11
-0.14
1.91
-0.37
0.41 -0.05
Kurtosis
-0.04
1.38
4.38 -0.53
-0.18
0.33
-0.80 -0.78
4.23
-0.10
-0.15 -0.57
Different letter for each individual UV-Visible index indicates significant difference at α = 0.05 (MP = Mylan Park, NH = New Hill)
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Table 5-4a: Summary statistics of synchronous fluorescence indices for the resistant SOC fraction for 2007 and 2008 sampling events
------------------------------------------------------- 2008 -------------------------------------------------------Descriptive Parameter

-------------- KI464:397 --------------

-------------- KI470:360 --------------

Mean
Median
Standard Deviation
CV (%)
Maximum
Minimum
Skewness
Kurtosis

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK
NH
MP
d
c
b
a
d
c
b
a
d
c
b
0.76
1.68
1.86
3.39
0.77
1.76
1.98
3.8
0.04
0.19
0.31
0.44a
0.04
0.19
0.30
0.44
0.78
1.64
1.85 3.43
0.72
1.77
2.02
3.90
0.12
0.22
0.40 0.65
0.16
0.22
0.40
0.52
0.00
0.02
0.03
0.07
15.33
13.37 21.25 19.06 20.47
12.35
19.95 13.70 10.89
8.54
9.33 15.00
1.00
1.99
2.66 4.46
1.03
2.18
2.63
4.45
0.05
0.22
0.38
0.58
0.51
1.11
1.16 2.26
0.55
1.36
1.19
2.74
0.03
0.16
0.25
0.31
-0.24
-0.54
-0.02 -0.10
0.33
-0.06
-0.39 -0.71
-0.40
0.16
0.80
0.22
-0.49
0.27
-0.46 -1.12
-1.39
-0.46
-0.53 -0.56
0.04
-0.94
1.26
0.02
------------------------------------------------------- 2007 --------------------------------------------------------

Descriptive Parameter

-------------- KI464:397 ----------

-------------- KI470:360 --------------

-------------- Zsolnay -------------

-------------- Zsolnay -------------

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK
NH
MP
d
c
b
d
c
b
a
d
c
b
a
Mean
0.04
0.17
0.30
0.42a
0.75
1.65
1.79
3.25
0.77
1.65
1.84
3.62
Median
0.04
0.17
0.30
0.43
0.72
1.61
1.83 3.27
0.76
1.67
1.86
3.66
Standard Deviation
0.10
0.21
0.29 0.51
0.08
0.15
0.22
0.47
0.00
0.01
0.02
0.05
CV (%)
13.44
12.71 16.01 15.66
9.88
8.93
12.08 13.09
5.86
8.61
6.56 12.37
Maximum
0.96
2.18
2.26 4.14
0.96
1.95
2.21
4.26
0.04
0.19
0.34
0.49
Minimum
0.59
1.41
1.03 2.28
0.64
1.37
1.36
2.50
0.03
0.14
0.26
0.32
Skewness
0.41
1.07
-0.91 0.02
0.47
-0.06
-0.28 -0.77
-0.01
0.02
0.25 -0.71
Kurtosis
-0.59
0.97
1.15 -0.85
0.09
-0.42
-0.25
0.18
-1.43
-1.18
-0.56 -0.37
Different letter for each individual fluorescence index indicates significant difference at α = 0.05 (MP = Mylan Park, NH = New Hill)
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Table 5-4b: Summary statistics of synchronous fluorescence indices for the labile SOC fraction for 2007 and 2008 sampling events
------------------------------------------------------- 2008 -------------------------------------------------------Descriptive Parameter

-------------- KI464:397 --------------

-------------- KI470:360 --------------

Mean
Median
Standard Deviation
CV (%)
Maximum
Minimum
Skewness
Kurtosis

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
d
c
b
a
d
c
b
a
c
b
b
0.41
1.27
1.46
2.03
0.55
1.33
1.77
2.36
0.02
0.04
0.05
0.07a
0.02
0.04
0.05 0.07
0.43
1.24
1.47
2.07
0.55
1.34
1.77
2.36
0.00
0.00
0.01 0.01
0.01
0.02
0.10
0.21
0.02
0.01
0.03
0.19
24.90
12.36 21.76 22.45 22.85
8.79
10.05 18.59 11.11
8.50
13.33 19.61
0.57
1.56
1.96
2.77
0.73
1.54
2.13
3.14
0.02
0.05
0.06 0.10
0.25
0.99
0.93
1.26
0.33
1.04
1.43
1.60
0.01
0.04
0.04 0.04
-0.21
0.32
-0.15 -0.12
-0.18
-0.46
-0.13
0.00
0.34
-0.20
0.46 -0.95
-1.24
-0.44
-1.06 -0.89
-1.21
0.60
-0.58 -0.86
-0.90
-0.98
-0.51 0.33
------------------------------------------------------- 2007 --------------------------------------------------------

Descriptive Parameter

-------------- KI464:397 --------------

-------------- KI470:360 --------------

-------------- Zsolnay -------------

-------------- Zsolnay -------------

WVO1 WVSK NH
MP WVO1 WVSK
NH
MP WVO1 WVSK NH
MP
c
b
b
d
c
b
a
d
c
b
a
Mean
0.01
0.05
0.05
0.08a
0.45
1.33
1.46
2.05
0.57
1.32
1.69
2.32
Median
0.01
0.05
0.05 0.08
0.46
1.30
1.47
2.05
0.55
1.30
1.68
2.39
Standard Deviation
0.00
0.00
0.01 0.01
0.01
0.02
0.08
0.14
0.02
0.02
0.02
0.13
CV (%)
21.85
10.29 19.59 18.18 23.26
10.16
8.14 15.41 17.60
8.36
11.34 12.27
Maximum
0.63
1.58
1.94
2.84
0.81
1.59
1.93
3.03
0.02
0.05
0.06 0.09
Minimum
0.27
1.11
0.96
1.43
0.35
1.06
1.40
1.71
0.01
0.04
0.04 0.05
Skewness
-0.12
0.31
0.11
0.22
0.15
0.23
-0.11
0.04
0.88
-0.37
0.13 -0.67
Kurtosis
-0.55
-0.73
-0.65 -0.32
-0.96
-0.53
-0.25 -0.66
0.62
-0.58
-0.68 0.04
Different letter for each individual fluorescence index indicates significant difference at α = 0.05 (MP = Mylan Park, NH = New Hill)
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Table 5-5: Regression coefficients for different spectroscopic indices in the minesoils for both
years for the resistant SOC fractions (p < 0.05).
Minesoil
Name

Spectroscopic
Indices

Sampling
Year

ε285 (mg/L)

2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007

KI470:360
Mylan Park
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
New Hill
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
WVSK
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
WVO1
KI470:360
Zsolnay

SOC (g kg-1)
0.86
0.77
0.78
0.73
0.67
0.73
0.71
0.64
0.85
0.70
0.70
0.66
0.68
0.66
0.71
0.64
0.70
0.63
0.60
0.63
0.57
0.50
0.66
0.54
0.61
0.62
0.56
0.33
0.56
0.46
0.59
0.57

ε285
(mg/L)

KI470:360

KI470:360

0.73
0.65
0.68
0.70
0.64
0.46

0.91
0.72
0.46
0.49

0.34
0.43

0.67
0.59
0.62
0.81
0.56
0.53

0.87
0.70
0.56
0.44

0.60
0.42

0.67
0.52
0.59
0.55
0.69
0.46

0.69
0.41
0.44
0.40

0.51
0.17

0.55
0.50
0.49
0.5
0.24
0.31

0.66
0.42
0.31
0.13

0.30
0.21
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Table 5-6: Regression coefficients for different spectroscopic indices in the minesoils for both
years for the labile SOC fractions (p < 0.05).
Minesoil
Name

Spectroscopic
Indices

Sampling
Year

ε285 (mg/L)

2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007
2008
2007

KI470:360
Mylan Park
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
New Hill
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
WVSK
KI470:360
Zsolnay
ε285 (mg/L)
KI470:360
WVO1
KI470:360
Zsolnay

SOC (g kg-1)
0.64
0.62
0.62
0.64
0.68
0.64
0.58
0.62
0.63
0.61
0.6
0.59
0.56
0.53
0.58
0.56
0.54
0.52
0.56
0.56
0.56
0.51
0.53
0.51
0.46
0.32
0.49
0.47
0.49
0.52
0.46
0.43

ε285
(mg/L)

KI470:360

KI470:360

0.35
0.53
0.44
0.42
0.35
0.42

0.89
0.85
0.25
0.42

0.30
0.47

0.53
0.39
0.53
0.33
0.27
0.27

0.82
0.84
0.27
0.14

0.21
0.12

0.43
0.17
0.29
0.22
0.33
0.36

0.65
0.69
0.25
0.44

0.25
0.39

0.29
0.29
0.28
0.15
0.35
0.13

0.84
0.85
0.42
0.16

0.37
0.17
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CHAPTER 6:
Characterization of Different Soil Carbon Pools and Coal Carbon in a Reclaimed
Minesoil Chronosequence

Abstract
Reclaimed minesoils can contribute significantly towards terrestrial carbon sequestration
processes. However, a major difficulty is to distinguish coal carbon (coal-C) from soil
organic carbon (SOC). We implemented a sequential chemi-thermal extraction procedure
to characterize coal-C and several soil carbon (SC) fractions in a reclaimed minesoil
chronosequence. Total soil carbon (TSC) was about 22 g kg-1 and 11 g kg-1 respectively
in the oldest and the youngest minesoil while total soil organic carbon (TSOC) was about
20 g kg-1 and 8 g kg-1 in the oldest and the youngest minesoil respectively. The humin C
fraction was about 43% and 7.5 % of TSOC in the oldest and the youngest minesoils
respectively while the acid-hydrolysable C fraction was about 41% and 24 % of TSOC in
the youngest and oldest minesoil respectively. Coal-C was similar in all minesoils
ranging from about 0.60 to 1.50 g kg-1 and was less than 15% of the TSC. There were
distinct relationships between the SC pools and TSC, influenced by time since
reclamation. A stronger positive relationship was observed between the stable humin
fraction and TSC in the older minesoils while the TSC of the younger minesoils were
more influenced by the labile SC fractions.
Keywords: carbon sequestration, minesoils, coal-C, sequential extraction, SOC pools.
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6.1

Introduction
Surface mining for coal is the major landuse practice in the Appalachian regions

that affects landscape patterns and ecosystem dynamics. However, it has been shown that
with adoption of appropriate restoration strategies, and increasing time since reclamation,
reclaimed minesoils can sequester significant amounts of carbon and mitigate greenhouse
gas emissions (Akala and Lal, 2000, 2001; Shukla et al., 2005a, 2005b; Sherstha and Lal,
2006).
One problem in the determination of C sequestration in reclaimed minesoils is the
intricate mixing of coal particles/dust with the spoil materials during overburden handling
and reclamation activities (Rumple et al., 1988). Distinguishing between geogenic carbon
(coal-C) and pedogenic carbon (SOC) is difficult and attempts to isolate and quantify
coal-C in reclaimed minesoils have been scant. Stable isotope (δ13C) measurements
(Ussiri and Lal, 2008) and radiocarbon (14C) methods (Rumpel et al., 1988, 2003; Chabbi
et al., 2006; Ussiri and Lal, 2008) have often been used to distinguish between “recent”
or plant-derived and “old” or coal-derived carbon. Several thermogravimetric and
differential thermogravimetric (TG/DTG) techniques have been used to identify coal, tar
and other charred residual materials in soils (Siewert, 2004).These methods have also
been used to distinguish between soil organic matter (SOM), coal, and limestone and
other charred materials in soils and in minesoil chronosequences (Maharaj et al., 2007a,
b). However, radiocarbon, stable isotope and thermogravimetric methods are relatively
expensive techniques and require significant resources, expertise in sample preparation,
data handling and interpretation of the results. Alternative sequential extraction methods
have been proposed to isolate coal-C, based on isotopic characteristics of recent (SOC)
and old (coal) carbon (Ussiri and Lal, 2008). Sequential extraction schemes have been
successful in distinguishing SOC from charred C in soils and sediments (Gelinas et al.,
2001)
In a previous study we observed that soil C increased with increasing time since
reclamation along a minesoil chronosequence (Chapter 2). The objective of this research
was to determine isolate SOC pools coal-C and determine their relationships with time
since reclamation along the minesoil chronosequence.
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6.2

Materials and Methods
A chronosequence of four surface minesoils was identified in Monongalia County

(39° 37' 45" N, 79° 57' 22" W), West Virginia with time since reclamation ranging from
1 to 23 years (Table 6-1). The reclaimed minesites were owned and operated by the same
mining company and had similar topographic, climatic, and geologic characteristics. All
the sites were reclaimed to pasture species following guidelines set by Surface Mining
Control and Reclamation (SMCRA, 1977). Soil core samples were collected from the
upper 0-5 cm from each site during July-September of 2008 using site-specific irregular
grids (7*5 m) based on the previous knowledge of spatial variability of SOC. Soil
samples were air dried, ground, and sieved (<2 mm) and total soil carbon (TSC) was
determined by dry combustion (LECO TruSpec CHN, LECO Corp. St. Joseph, MI).
before the sequential extraction method. Prior to the analysis, inorganic carbonates were
removed by 1M HCl treatment, which were <4% of total soil carbon (TSC) in each
minesoil. For the extraction procedure, a set of 25 representative sub-samples were
selected from each minesoil based on their aerial distribution in the field and range of
TSC.
The soil carbon pools for each minesoil were isolated by a sequential chemithermal extraction procedure (Ussiri and Lal, 2008). Two grams of carbonate-free soil
was used for the extraction which involved sequential application of strong base, acid and
heat (Figure 6-1). After each extraction step, residual soils were washed twice with
deionized water (DI). Residual SC (RSC) remaining after each extraction step was
determined as described above. Hydrolysable SC (HSC) for any particular extraction step
was determined by difference such that:
Base-hydrolysable SC (BHSC)

= TSC - RSC after the base hydrolysis (BRSC)

Acid-hydrolysable SC (AHSC)

= BRSC - RSC after the acid hydrolysis (ARSC)

HF-hydrolysable SC (HFHSC)

= ARSC – HFRSC

Final base-hydrolysable SC (FBHSC)

= HFRSC – FBRSC

Coal-C

= FBRSC – RSC after heat (hRSC)
Total SOC (TSOC) was determined by adding all the HSC pools (BHSC + AHSC

+ HFSC + FBSC). The relative proportion of each HSC pool was expressed as
percentages of TSOC. Total analyzed soil carbon (TASC) was determined by adding
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TSOC and coal-C. Total recovery was calculated by dividing TASC by TSC and
expressed as percentages of TSC to evaluate the overall efficiency of the extraction
scheme. An artificial coal:soil (w:w) mixture with 100%, 50% and 10% coal was used to
evaluate the effect of the extractants on coal-C.
Each soil carbon fraction were compared between the minesoils across the
chronosequence by one-way ANOVA (SAS Institute, 2003) at the p < 0.05 significance
level. Regression analyses were conducted to determine the relationships between each
HSC pools with TSC for each minesoil.
6.3

Results and Discussion
Total soil carbon (TSC) ranged between 23.31 and 11.38 (g kg-1), decreasing

significantly along the chronosequence following the order MP > NH >SK ≈ WVO1
(Table 6-2). Average TSOC ranged from 19.84 to 7.84 (g kg-1) and decreased
significantly following the order of TSC (Table 6-2). Significantly larger TSC (g kg-1)
and TSOC (g kg-1) in older than younger minesoils indicated positive effects of
increasing time since reclamation on soil carbon dynamics in this minesoil
chronosequence. The average BHSC pool (g kg-1) ranged between 4.88 and 2.34 g kg-1
following the order MP > NH > WVO1 ≈ SK (Table 6-3). Base hydrolysis selectively
removes ester-bound biopolymers enriching the residual soil organic matter (SOM) with
alkyl carbon species such as alkanols, alkanoic acids, hydroxyalkanoic acids etc (KögelKnabner et al., 1992; Nierop et al., 2003; Rumpel et al., 2005). Soil carbon species
remaining after base hydrolysis are either non-ester compounds and/or associated very
strongly with the soil mineral matrix (Zegouagh et al., 2004; Rumpel et al., 2005). The
AHSC pool (g kg-1) averaged between 4.94 and 2.19 g kg-1 following the order MP ≈ NH
> WVO1 ≈ SK (Table 6-3). Acid-hydrolysis removes relatively labile SOM components
such as proteins and polysaccharides (Barriuso et al., 1987, Ostle et al., 1999) enriching
the residual, much older (Kiem et al., 2000) SOM with more recalcitrant species
including long-chain alkyls, waxes, lignin, and other aromatics (Schnitzer & Preston,
1983; Paul et al., 2000, 1997; Collins et al., 2000; Haile-Mariam et al., 2000; Paul et al.
2001a; 2001b; 2006; Tan et al. 2006). The absolute amounts of base- and acid-
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hydrolysable (BHSC and AHSC) carbon fractions were higher in the older than the
younger minesoils.
The average HFHSC pool ranged from 1.77 to 1.23 g kg-1 with no significant
differences between the minesoils (Table 6-3). Hydrofluoric acid (HF) selectively
dissolves soil minerals (alluminosilicates) releasing mineral-bound carbon (Dick et al.,
2006: Eusterhues et al., 2007: 2006, 2005, 2003: Dalmolin et al., 2006; Mikutta et al.,
2007). Mineral-association reduces SOM degradation (Jones and Edwards, 1998; Kalbitz
et al., 2005) by providing protection from microbial enzymes (Kaiser and Guggenberger,
2003, 2007; Zimmerman et al., 2004). More mineral-bound carbon in younger minesoils
may indicate that formation of organo-mineral complexes are an important stabilizing
mechanism for soil carbon in the younger minesoils. Higher clay contents in the younger
minesoils might be a cause of higher organo-mineral species in younger minesoils.
However, more information on mineral types (1:1 vs. 2:1 clays) and their distribution in
individual minesoils is necessary to understand their role in soil C dynamics.
The FBSC pool ranged between 9.23 to and 0.60 g kg-1 on average, decreasing in
the order MP > NH > SK > WVO1 (Table6- 3). Soil carbon pool, left after the final base
hydrolysis is considered humin, the most stable and resistant soil carbon pool (Ussiri and
Lal, 2008).
Relative proportions of each HSC pool in TSOC for each minesoil showed that
average BHSC (%) ranged from about 31 to 22% of TSOC and decreased following the
order SK ≈ WVO1 > MP ≈ NH (Figure 6-2). The AHSC (%) were between 41 and 24%,
decreasing as WVO1 ≈ NH > MP ≈ SK. Proteins and carbohydrates are results of soil
biological processes such as microbial and plant exudates (Spielvogel et al., 2007). As
minesoils age (longer time since reclamation) plant species begin to grow and microbial
processes are restored in reclaimed minesoils (Mummey et al., 2002). This might be the
cause of higher absolute concentration of these types of carbon species in older minesoils.
However, higher relative proportions of these labile carbon components in the TSOC in
the younger than older minesoils indicated that with increasing time since reclamation the
labile carbon pools become less dominant proportionally, in minesoil organic carbon
budget.
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The humin fraction constituted about 44 and 7% of TSOC in this minesoil
chronosequence and decreased following the order MP > NH >SK >WVO1. Significantly
higher humin in the older minesoils (> 40% of TSOC) indicated that with increasing time
since reclamation the stable carbon pool increased in these minesoil chronosequence and
became more important than any other C pools in minesoil C budget. Humin constituted
< 8% of TSOC in the youngest (WVO1) minesoil indicating that not enough time had
been elapsed to accumulate this stable C pool.
Coal-C ranged from between 1.76 and 0.6 g kg-1 with no statistically significant
difference between the minesoils (Table 6-4). Coal-C was between 2.5 and 14% of TSC
with lowest in the older and highest in the younger minesoils. This indicated that the
contribution of coal-C towards TSC in these minesoils and was not significant in the C
budget of the older minesoils. Higher coal-C at SK could be due to the recent soilscraping activities that exposed the subsoil with more coal. No significant (p < 0.05)
differences were found between TSC and TSOC for any minesoil except WVO1
indicating that total soil carbon can be considered as soil organic carbon in this minesoil
chronosequence except for the youngest minesoil. This again reflects the most recent
reclamation activities at WVO1, which offered inadequate time to develop soil horizons
and therefore TSOC at WVO1. Lower recovery at WVO1 (84%) at WVO1 could also
account for inappropriate C mass balance and therefore differences in TSOC and TSC at
this site.
The total recovery of soil carbon was between 84 and 94% for the minesoil and
highest for MP and lowest for WVO1 (Table 6-5). Total recovery by this sequential
extraction method was better for the older (> 90%) than the younger minesoils (83-90%)
indicating that this method can be applied to minesoils more than 20-yr old to
characterize coal-C and other soil carbon pools.
Significant (p < 0.01) positive relationships were observed between TSC and
humic for all minesoils with R2 values decreasing in the order MP > NH > SK > WVO1
(Table 6-6). Highest R2 values between TSC and AHSC and that between TSC and
mineral-bound C (HFHSC) were found for WVO1. Strong positive relationships between
TSC and the humin fractions in the older than younger minesoils indicated that
accumulation of humin influenced C dynamics more as the minesoils aged, i.e. with
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increasing time since reclamation. On the other hand, the strong positive relationship
between AHSC with TSC indicated the influence of labile C components in C dynamics
in younger minesoils. Overall, this suggested that different SC pools affect the overall C
dynamics in different ways in this minesoil chronosequence and is „guided‟ by time since
reclamation. No significant relationships were observed between coal-C and any of the
HSC pools or TSC for any minesoil. Coal-C was unrelated with TSC or any C pools
indicating that overall TSOC was not influenced by coal-C.
6.4

Conclusion
Analysis of four reclaimed minesoils indicated that soil carbon increased with

increasing time since reclamation. In the older minesoils, soil C budget was mostly
dominate by the more stable humin fraction while in the younger soils the labile fraction
was more dominant. Coal-C was not related to TSC. Higher coal-C in younger than older
minesoils, indicated the lack of adequate time to develop soil horizons and accumulate
pedogenic carbon in younger minesoils. Overall the sequential extraction procedure
offered a relatively cheap and easy mean to extract coal-C and various soil carbon pools
for minesoils. However, C mass balance revealed that some caution in needed to apply
this method in younger minesoils and higher coal contents. Some effort should also have
to be devoted in testing this method against other methods such as thermogravimetry and
radiocarbon dating to distinguish soil C from coal-C.
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Figure 6-1: Sequential extraction scheme to isolate soil carbon (SC) pools and coal-C
(BHSC = Base-hydrolysable soil carbon, AHSC = Acid-hydrolysable soil
carbon, HFHSC = 10% HF-hydrolysable soil carbon, FBHSC = Final basehydrolysable soil carbon)
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Figure 6-2: Percentages of various soil carbon pools in TSOC at (a) Mylan Park, (b) New
Hill. (c) SK and (d) WVO1.
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Table 6-1: General characteristics of the reclaimed minesites included in the study
Site Name

Mylan Park

New Hill

SK

WVO1

Mining
Begins/Ends

1982/1990

2003/2005

1996/1998

2004/2005

Coal Type

Waynesburg

Waynesburg

Waynesburg

Waynesburg

Contour Mining,
Front end
loaders
70-80%
Sandstone, rest
is shale

Contour
Mining, Front
end loaders
70-80%
Sandstone, rest
is shale

Contour
Mining, Front
end loaders
~80%
Sandstone, rest
is shale

Contour
Mining, Front
end loaders
70-80%
Sandstone,
rest is shale

Backfilled, 3"
topsoil, grass
and legumes

Backfilled, 3"
topsoil, grass
and legumes

Backfilled, 8"
topsoil, grass
and legumes

Backfilled, 3"
topsoil, grass
and legumes

Method of
Mining
Type of
Overburden
Reclamation
Method
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Table 6-2: Descriptive statistics for total soil carbon (TSC, g kg-1) and total soil organic

Minesoil
Name

Mean

Median

CV %

Min

Max

Total Soil Carbon
(TSC)

Mylan Park

21.88a

23.51

29.54

6.8

29.88

-0.82

-0.04

New Hill

17.72b

17.72

26.83

9.8

29.47

0.40

0.12

WVSK

11.64c

11.44

26.23

6.13

16.43

0.02

-1.18

WVO1

11.08c

11.01

16.93

7.92

16.00

0.37

1.03

Total Soil Organic
Carbon (TSOC)

carbon (TSOC, g kg-1) along the reclaimed minesoil chronosequence

Mylan Park

19.84a

22.28

29.97

6.54

28.35

-0.68

-0.31

New Hill

14.09b

14.29

22.76

9.05

22.97

0.62

0.97

WVSK

8.31c

7.80

29.33

4.85

12.30

0.06

-1.41

WVO1

7.84c

7.68

24.07

4.40

12.18

0.16

0.09

Skewness Kurtosis

Different letters indicate significant (p < 0.05) difference.
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Table 6-3: Descriptive statistics of various SC pools (g kg-1) isolated by the sequential
extraction procedure
Median CV %

Min

Max

Skewness

Kurtosis

5.29

40.07

1.05

7.33

-0.67

-0.77

3.09b

3.30

30.69

1.68

5.36

0.41

-0.33

c

2.84

39.6

0.55

4.75

-0.19

-0.44

WVO1

2.34

c

2.23

36.56

1.31

4.02

0.42

-1.18

Mylan Park

4.64a

4.86

34.34

1.98

7.38

-0.17

-1.09

New Hill

4.94a

4.93

15.37

3.09

6.24

-0.19

0.05

b

2.28

19.41

1.24

2.96

-0.28

-0.13

WVO1

3.19

b

3.29

24.2

1.71

4.68

-0.19

-0.35

Mylan Park

1.76a

1.79

45.46

0.21

3.54

-0.09

-0.02

New Hill

1.23

a

1.28

49.18

0.41

2.69

0.40

-0.20

WVSK

1.48a

1.38

40.15

0.65

2.69

0.44

-0.55

WVO1

1.72

a

1.62

30.44

0.98

3.05

0.74

0.59

Mylan Park

8.56a

Base
Hydrolysable
(BHSC)

4.88a

Acid
Hydrolysable
(AHSC)

Mean

10% HF
Hydrolysable
(HFHSC)

Soil
Minesoil
Carbon
Name
Pools
Mylan Park
New Hill
WVSK

WVSK

2.70

2.19

31.52

1.45

11.9

-1.06

0.65

5.3

32.02

2.09

8.68

0.06

0.473

c

1.73

47.76

0.42

3.52

0.19

-1.23

WVO1
0.60d
0.58
41.02
0.15
1.22
0.36
Different letters indicate significant (p < 0.05) difference within each HSC pool.

0.65

Final Base
Hydrolysable
(FBHSC)

9.55

b

New Hill
WVSK

4.83

1.93
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Table 6-4: Descriptive statistics for coal-C (g kg-1) along the minesoil chronosequence
Minesoil
Name

Mean

Median

CV %

Min

Max

Mylan Park

0.59a

0.42

82.08

0.01

1.93

1.03

0.66

New Hill

1.76a

1.24

79.62

0.01

3.94

0.35

-1.50

WVSK

1.68a

1.47

51.06

0.36

3.19

0.28

-1.11

WVO1

1.46a

1.41

63.54

0.02

3.25

0.33

-0.65

Skewness Kurtosis

Different letters indicate significant (p < 0.05) difference.
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Table 6-5: Descriptive statistics for total recovery (%) for reclaimed minesoil
Minesoil
Name

Mean

Median

CV %

Min

Max

Mylan Park

93.94a

96.06

6.01

78.48

99.51

-1.67

2.35

New Hill

89.98ab

89.26

5.66

81.01

101

0.30

0.1

WVSK

85.49b

86.70

5.21

6.10

66.69

0.68

-2.27

WVO1

83.77b

84.59

3.37

77.54

88.24

-0.58

0.00

Skewness Kurtosis

Different letters indicate significant (p < 0.05) difference.
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Table 6-6: Regression coefficients (R2) between TSC and SC pools including coal-C (p <
0.05).
Minesoil Name

TSC
(g kg-1)

BHSC
(g kg-1)
0.86*
0.57
0.73*
0.24

AHSC
(g kg-1)
0.57*
0.60*
0.57*
0.76*
0.44
0.31
0.54
0.15

HFHSC
(g kg-1)
0.12
0.46
0.30
0.51
0.03
0.44
0.06
0.15
0.01
0.07
0.13
0.30

Mylan Park
New Hill
TSC
1
SK
(g kg-1)
WVO1
Mylan Park
New Hill
BHSC
1
SK
(g kg-1)
WV01
Mylan Park
New Hill
AHSC
1
SK
(g kg-1)
WVO1
Mylan Park
New Hill
HFHSC
1
SK
(g kg-1)
WV01
Mylan Park
New Hill
FBHSC
SK
(g kg-1)
WVO1
Mylan Park
Coal-C
New Hill
(g kg-1)
SK
WVO1
*Significant (p ≤ 0.05) relationship between the measured variables.

FBHSC
(g kg-1)
0.88*
0.76*
0.66*
0.57*
0.70
0.35
0.45
0.11
0.48
0.46
0.49
0.60*
0.08
0.24
0.12
0.49
1

Coal
(g kg-1)
0.00
0.34
0.30
0.01
0.03
0.03
0.09
0.34
0.05
0.07
0.06
0.00
0.16
0.13
0.00
0.07
0.00
0.14
0.12
0.04
1
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CHAPTER 7: Conclusion
The results indicated that certain soil properties can be more variable in
undisturbed soils than minesoils. Therefore determination of sample size to characterize
any soil property should be site-specific and property-specific. However, more research is
needed to look into the spatial dependence of soil properties and their relationships with
environmental and landscape parameters to characterize the soil properties. Some effort
may also be devoted to identify the relationship between minesoil ages (time since
reclamation) and variability.
The study shows that with increasing time since reclamation, minesoils can
sequester significant amounts of carbon and influenced several soil properties. For
example, CEC was more dependent on SOC than clays in the older than younger
minesoils. A detailed characterization of soil minerals, especially the clays and Fe-, Aloxy(hydroxide) phases, might be interesting in this regard. Characterization of these
mineral phases might also be helpful in understanding their importance in stabilizing
SOC and therefore SOC sequestration processes in these soils. Calculated rates suggested
that the greatest SOC sequestration was achieved in the first decade since reclamation
along the chronosequence. However, more evidence is necessary to support this
observation and a good way could be to locate additional reclaimed minesoils with
similar soil forming characteristics but having time since reclamation in between the
oldest and the middle phases of this chronosequence.
Minesoils with different time since reclamation differed significantly in SOC
molecular properties and the results suggested that this could be linked to SOC dynamics.
Over time, increased humification and degree of aromaticity of SOC molecules observed
in the older minesoils of this chronosequence, could result in SOC stabilization leading to
its long term preservation and sequestration.
Relative proportions of various soil C fractions differed significantly among the
minesoils. Younger minesoils had a predominance of the labile C fraction while soil C in
the older minesoils was mostly made up of the stable C fractions. Coal-C appeared to be
an insignificant part of the total soil C budget in this minesoil chronosequence except for
the most newly reclaimed site. The soil C fractions, however, were based on effectiveness
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of various extractants isolate the C pools and therefore should be considered
operationally defined. Radiocarbon dating of the individual C pools might offer more
insight into their residence times and hence provide a better sense of old vs. new C.
Research on the molecular make up of these various C pools might also be interesting to
relate the idea of C quality with stability. Other methods, such as thermogravimetry,
might also be helpful to distinguish between soil C of different origin. Some effort could
also be devoted in looking into the microbial communities and their role in organic matter
degradation and recycling in these soils.
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