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Abstract. Reclaimed surface coal mines in the eastern United States are
commonly revegetated with grasses and legumes. The productivity and carbon
sequestration potential of the vegetation varies with the condition and nature of
the mined site and soil. This study was conducted to determine the distribution
pattern of soil carbon stock on 9 mined grasslands reclaimed after the passage of
SMCRA in 1977. Mine soil samples of the surface and the subsurface overburden
material were collected to approximately 2m depth and chemical and physical soil
properties were determined on the less-than-2mm fine sample fraction. Results
are presented for the vertical distribution of soil organic carbon concentration
(SOC_Cuw), fine earth (<2mm particle size) fraction (Finesyo), coal-derived
carbon concentration (Coal_C), and the bulk density of the fine earth fraction
(BDrfines, g ") down the mine soil profile. The SOC_Cuus ranged between 0.0 and
0.767% and the Coal_C, ranged between 0.0294 and 4.53% among all samples.
The R? of the soil organic carbon content (SOC) predictions (g C m™) was
estimated at 60.6% and the shape of the prediction model resembled that of an
exponential function. The results for a hypothetical scenario indicated that at an
assumed cost of $24 per 1cm thick spoil layer across 1 hectare of homogenous
project area, labeled as cost of SOC analysis within the soil profile, and $97.4 per
Mg of elemental C, labeled as C credits for the analyzed SOC the maximum cost
effective sampling depth was 48cm. One third of the total sequestered SOC was
located beyond the cost-effective sampling depth for this experiment based on
these sample analyses.
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Introduction

Tens of thousands of hectares of previously productive forestland in the Appalachian region
of the United States that produced high value timber, extensive wildlife habitat, and watershed
control presently exist as grassland and highland pasture as a result of surface coal mining
operations. Coal operators usually choose the least expensive and easiest methods for site
reclamation. Hydroseeding to grass (Booze-Daniels et al., 2000) is the most commonly used
practice to gain release of their performance bonds (Daniels and Stewart, 2000) since it is less
expensive than reforestation. A major drawback of reclaiming mined sites to grassland growing
competitive herbaceous species is that this practice reduces the amount of land used to grow
productive native forests - the previous land use for nearly every mined site in the Appalachians
(Skousen et al., 1994).

Environmental scientists have reported evidence suggesting that there is an interconnection
between global warming and anthropogenic emissions of carbon dioxide and methane (ICCT,
2005; Ruddiman et al., 2005). Temperature increases, as well as unusual weather patterns, have
been monitored worldwide. These climate changes are attributed to global warming and
increased concentrations of green house gasses in the atmosphere, with emphasis on atmospheric
carbon dioxide and methane (King, 2004). The latter became an alarming concern amongst
researchers in the post-1980 era when terms like “global warming” and “green house gasses”
were first introduced to the scientific community (IPCC, 1997). The immediate and quick
reaction of various government agencies, research institutions, and universities was to determine
ways to sequester atmospheric carbon and increase its storage time in terrestrial, geologic, and
oceanic systems (IPCC, 2000).

Total C accumulation by forests including the litter layer, soil organic matter (SOM)
(Rodrigue, 2001; Rodrigue et al., 2002), standing timber and long term forest products (IPCC,
2003; Skog and Nicholson, 1998; Spinney et al., 2005), greatly increase the function of forests in
reducing atmospheric CO,. In his summary of the global carbon cycle Schlesinger (1995)
suggests that the potential for enhanced carbon sequestration in terrestrial ecosystems is much
greater in forest vegetation than in soils, which makes reforestation and forest fertilization
attractive short-term practices for atmospheric CO, sequestration on land.

Currently, carbon accreditation of forest development projects is an essential approach to
sequestering atmospheric CO; under the provisions of the Kyoto Protocol. There are millions of
hectares of land disturbed by surface mining across the United States (USDA, 1979) of which
200,000 hectares are located in the East (OSM, 2002). Reforestation projects on these mined
lands are regarded by research institutions, government agencies, and private utility companies
as a unique opportunity for sequestering large amounts of atmospheric CO, in terrestrial carbon
forms.

While improved forest management practices may lead to an increase in forest productivity
(Rodrigue et al., 2002) and carbon sequestration potential of reclaimed forest lands in the
Appalachian and Midwestern coalfields of the United States (Amichev et al., 2004), there are
several challenges associated with verifying C stock changes, especially in the soil component of
these forest ecosystems. Many soil factors have an effect on SOM accumulation and
decomposition in mine soils. Methods of mine spoil placement, and the subsequent development
of mine soils influence their productivity and carbon sequestration potential (Chichester and
Hauser, 1991).
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Conant and Paustian (2002) and Conant et al. (2003) showed that soil C changes can be
detected in grassland and cultivated land using current technology and sampling methods for
various scales of analysis, ranging from farm-level to the entire nation. However, for systems of
higher spatial variability, such as some forested sites in Washington consisting of low C content
sandy soils with irregularly distributed pockets of organic C in buried logs, Conant et al. (2003)
reported increased minimum detectable differences (MDDs) of 4.9 Mg C ha™ and 31.4
Mg C ha™, respectively, for second growth and old-growth forest sites, compared to a MDD of
2 Mg C ha™ for cultivated areas, over four years following changes in management or land use.

Likewise, due to the their manmade origin and in particular the mining and reclamation
methods, the spatial heterogeneity of mine soils could potentially exceed that of natural systems
(Sencindiver and Ammons, 2000) leading to potentially unachievable minimum detectable
differences in soil organic C over a certain period of time (5-10years). Therefore additional
work is needed to determine the magnitude of MDD and the relative expenses associated with
the process of MDD determination for reforestation projects on mined lands.

Modelers of global climate change need accurate and complete soil organic carbon
inventories because the soil C pool is the largest component of the global C pool (Jobbagy and
Jackson, 2000) following geologic and oceanic C pools, and because it acts as a regulator of
atmospheric CO, levels (Amundson, 2001). Soil C inventories and analyses are required for soil
quality assessments (Sikora and Stott, 1996) and C cycling predictions (Ellert et al., 2002). Soil
quality assessments and terrestrial C flux predictions are also needed for state and regional
planning by policy developers, agency officials, and regulators.

The objectives of this paper were (1) to determine the distribution pattern and accumulation
of soil organic carbon down the mine soil profile and (2) to determine the maximum cost
effective depth of SOC analysis on mined lands supporting abandoned grasslands.

Methods and Materials

The current study is part of a larger research project designed to investigate the effect of
different forest establishment treatments on coal mined land and the effects of these treatments
on the carbon sequestration potential on mined lands. In this paper we only report results from
the study sites established near the town of Norton, VA (Fig. 1). The results for the total number
of study sites located in the states of Ohio, West Virginia, and Virginia will be reported in a
separate manuscript as soon as all analyses are complete. In the following sections we describe
the site selection criteria, study area locations, and data collection procedures used in this work.

Study area
All selected sites were on coal-mined land that has been reclaimed to grassland/hayland/

pastureland in the period after 1978. The three sites located in Virginia were seeded to a mixture
of grass and legume species in the period between summer of 2002 and spring of 2003. The
grass species that were observed on the sites were annual ryegrass (Lolium multiflorum Lam.),
orchard grass (Dactylis glomerata L.), foxtail millet (Setaria italica (L.) Palib.) and timothy
(Phleum pratense L.), while the legumes were red clover (Trifolium pratense L.), white clover
(Trifolium repens L.), and birdsfoot trefoil (Lotus corniculatus L.).

At each study site we established three replications (blocks) of nine forest establishment
treatments (Fig. 1). The trees were planted in April of 2004 following application of the study
treatment procedures: herbicide control, tillage, and fertilization. An extensive description of the
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experimental treatments and tree survival and growth data from the first growing season were
previously summarized by Casselman (2005).

We established 27 treatment plots (50 by 50m size) near the town of Norton, Virginia
(Fig. 1). The plots on the site were divided into three blocks of 9 which were selected according
to field measures of site acidity, pH (acidic, neutral, and alkaline), and site accessibility. The
two main criteria in choosing plot locations per research block were (i) to locate all plots on
relatively flat sites with slopes less than 15%, and (ii) to keep the plots adjacent to each other
forming as contiguous of matrix as possible. These criteria were chosen in order to minimize
equipment transportation between plots, fencing, and other associated costs, and to increase work
efficiency.

Data collection

We collected soil samples in the period between July and September of 2003 prior to the
application of forest establishment treatments, at 5 locations on each plot to two sampling depths,
0-10 cm and 10-30 cm (Fig. 1). All soil samples were stored in paper bags, or open plastic bags
in well-ventilated areas, and were either air-dried or oven dried (at 50-60 °C) in order to shorten
the drying time. We passed the soil samples through a No. 10 (<2mm) sieve in order to separate
the fine earth fraction from the coarse rock fragments. The fine earth component of each soil
sample (<2mm) was used for soil carbon content estimation. Total soil carbon was determined
with a carbon-nitrogen auto-analyzer (Vario MAX CNS analyzer, elementar, Hanau, Germany).

In August and September of 2003 two to four 2-m deep pits were excavated with a backhoe
in representative locations at each site. Each horizon was described and sampled (Jones, 2005).
Multiple bulk density samples were collected in each horizon using a modified version of the
excavation method of Blake and Hartage (1986). A metal cylinder approximately 5-cm in
diameter was used to extract soil from each horizon. The hole was then lined with a thin plastic
bag and filled with lead BB’s to the original surface level in order to determine the volume of the
excavated hole (Jones, 2005). The whole soil bulk density, coarse fragments content (CFC)
(>2mm particle size), and the moisture content of the excavated soil were then used to determine
the bulk density of the fine earth fraction (BDsines in g cm™) on the oven-dry weight of the soil.

The majority of soil minerals in the Appalachian region were assumed to have a specific
gravity of 2.65 g cm™ representing that of quartz and approximately the specific gravity of
kaolinite (2.6 g cm™). This assumption seems valid for most mine soils where an overburden
material mostly comprised of crushed sandstone and siltstone material was used as a soil
substitute material. Soils derived from sandstone overburden material are mostly comprised of
sand size quartz particles and the clay fraction of soils derived from siltstone material is
dominated by kaolinite.

Data analysis
Pedogenic soil C exists in two forms, SOM and/or plant residues. A unique property of mine

soils is the presence of coal and carboniferous rock particles, commonly referred to as geogenic
carbon. Depending on their particle size and quality, geogenic carbon particles could have the
chemical and physical properties resembling those of soil organic matter, such as their ability to
be chemically oxidized (Daniels and Amos, 1982) and to be decomposed by soil microorganisms
(Faison, 1993). Because size and quality of geogenic carbon particles is usually a function of
their moisture content and amount of impurities contained in individual coal macerals (distinct
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organic entities within coal fragments) (Faison, 1993), it is in nearly impossible to predict the
presence and distribution of geogenic carbon in the mine soil profile. Before now mine land
researchers have used standard soil organic matter measurement procedures, such as the
Walkley-Black wet oxidation procedure (Walkley and Black, 1934) for SOM analyses in mine
soils with the assumption that coal and carboniferous rock particles are not as easily oxidized as
organic matter (Rodrigue, 2001). Although the latter could be true for some mine soils, the
effect of the oxidizing agent used in the Walkley-Black procedure could be significant depending
on the size and quantity of geogenic carbon particles in the soil (Daniels and Amos, 1982;
Skjemstad and Taylor, 1999).

Because of the uncertainties associated with SOM estimates determined by the Walkley-
Black procedure and the following adjustment of these estimates in order to acquire the final soil
organic carbon content value or the SOC value as referred to in this paper, this method only
provides a qualitative measure of SOC and is not recommended for quantitative SOC analysis in
soils (Nelson and Sommers, 1982; Skjemstad and Taylor, 1999). Unfortunately, there is no
existing method in the literature that may be of use for quantitative estimation of SOC that can
successfully differentiate between pedogenic and geogenic carbon forms in mine soils.

The SOC results in this paper are based on the following assumptions; (i) there is an
insignificant amount of carbonates present in the mine soil samples, and (ii) the total nitrogen is
present in organic forms, such as SOM or coal particles, with negligible or no amounts present as
inorganic nitrogen, such as NH;* or NO3z". The first assumption was reasonable due to fact that
carbonate particles tend to leach very rapidly from young mine soils, which was the case for the
study areas in Virginia, and that the average pH values of these soils was below neutral (pH=7)
(Jones, 2005). The second assumption was also considered reasonable because of the fact that
all of the study sites were in their second growing season, a long enough period for potentially all
nitrogen applied as fertilizer at the time of hydroseeding to be either acquired by the vegetation
or to leach out of the soil system (Li, 1991).

These two assumptions were used to correct the total soil carbon values measured at a
combustion temperature of 900 °C by a carbon-nitrogen auto-analyzer machine where the results
included all pedogenic and geogenic carbon forms present in the soil. A C/N ratio of 52.2 for
pure coal particles, CNca, Was adopted from previous research work carried out at the same
study sites (Li, 1991). An average C/N ratio of 12.0 for the soil organic matter of a grassland
soil, CNsj, that is free of carboniferous particles (Chichester and Hauser, 1991; Insam and
Domsch, 1988) was adopted for the total C correction procedure depicted below.

The total soil carbon concentration measurements (Total Cyu) Were corrected for coal-
derived carbon by solving for the weight percent soil organic carbon concentration, SOC_C o,
and for the weight percent of coal-derived carbon concentration, Coal_Cys, in the following
simultaneous equations:

(TOtaI N tﬂ/): (Coal—cwt%) + (SOC_CWt%)
- C:Ncoal CNsoil

(TOtaI _ th%) = (Coal - th%) + (SOC - th%)

For example, for a soil sample with a measured C/N ratio of 15.0 (CNgampie) and a total
sample nitrogen concentration (Total_Nww,) of 0.075% (note that Total_Cwi=CNsampie™
Total_Nww,=1.125%) the SOC_Cww is 0.8328, which is estimated as [Total_Nww* (CNsample-
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CNeoar)/(1-CNcoal/CNioi)] and Coal_Cuos s 0.2922, which is estimated as [Total_Nuwwo,*(CNsample-
CNioit)/(1-CNs0it/CNeoar)]. - For mine soil samples with C/N ratio lower than 12.0, the sample
SOC_Cuwiy Was assigned the estimate of the Total_Cwwy, and for samples with C/N ratio greater
than 52.2 the SOC_C,9 Was assigned a value of 0. The latter could occur when denser coal
particles with lower moisture content and coal particles of higher aromatic nature dominate the
soil sample (Vorres, 1998).

Soil organic carbon content per soil horizon (or per soil layer) with identified upper and
lower boundaries was estimated in g m™ using the total soil carbon concentration measurements
corrected for coal content, the bulk density of the fine earth fraction, the percent content of fine
earth fraction on a soil volume basis, and horizon depth, as depicted in the equation below:

SOC g = [SOC_Cuwtse] *[BDfines g cm 3] *[Finesyoiss] *[Layercm] Eq.1

where

SOC 4w = soil organic carbon content contained in the volume of soil located within 1m?
horizontal area and restricted between the upper and lower boundaries of the analyzed soil
layer;

SOC_Cuy = soil organic carbon concentration in the fine soil fraction (Fines, less than 2mm soil

C
particles), measured on a weight percent basis= —2—*100;
Fines

. . Fines
BDfines,g om3 =bulk density of the fines= ——°-;
Flnescm3

Finesyoi, = content of fine earth fraction measured as percent of the total volume of excavated

) Fines .,
soil sample= ———™*100;
Sail

cm

Layerqm = soil layer or soil horizon thickness expressed in cm units.

Propagation of uncertainty. Because SOC estimates are most commonly expressed in units that
represent a certain area, such as g m?, kg m?and Mg ha, the results of any SOC quantification
analysis include the combined error associated with measuring each individual component in
Eg. 1. The rules for error propagation described in Harris (2005) were used to produce the 95%
confidence limits of individual SOC predictions estimated at 1cm-increments down the mine soil
profile. The percent error for SOC, > was estimated as the SQRT[(%eSOCww)° +
%€BDfines g em3)? + %eFinesyoe)’], where the %e-term represents the percent relative uncertainty

of the respective variables. Percent relative uncertainty is estimated by dividing the absolute
uncertainty, expressed in the units of the variable such as standard deviation or standard error, by
the magnitude of the measurement, times 100, i.e. %g =StdErr*100/Mean.

Statistical analysis and modeling. Statistical procedures for linear regression analysis, proc REG
and the C(p) model selection method (SAS, 2004), were used to create prediction models for
SOC_Cuwi%, BDrines g em >, and Finesyolos by depth for the mine soil profile. All models presented in
this paper are statistically significant at the 0.05 alpha level. In addition to model predictions of
individual variables, the 95% confidence limits of prediction estimates are also reported.
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Results and Discussion

Vertical distribution of SOC

From various soil horizons at depths ranging from 5 to 150cm from six deep pits excavated
to approximately 2m depth, a total of 22 soil samples were sampled and analyzed for their C and
N content, (Jones, 2005). At these locations only 10 surface (A-horizon) and subsurface (C or
2C) soil horizons were analyzed for their physical properties, including soil bulk density and
CFC measured as weight percent of total soil sample (Jones, 2005). The latter two variables
along with the assumption of specific gravity of 2.65 g cm™ for soil minerals from this study
location were then used to estimate bulk density of the fines and the volumetric percent content
of the fines.

Results from the vertical distribution of SOC_Cy%, Finesyeis%, Coal_Cute, and BDfines, g o

within the mine soil profile are depicted in Fig. 2 and 3. For three of the variables statistically
significant regression models were created which explained between 23 % and 54 %,
respectively, of the variation of SOCyt, and Finesyoe Within the mine soil profile (Fig. 2a
and 2b). Except for one surface horizon, the results indicated that the Coal_Cy, concentration
was approximately 120% of the SOC_C,w, across all horizons at various depths within the soil
profile (Fig. 3a). The SOC_C,u concentration ranged between 0.0 and 0.767% while the
Coal_Cy concentration ranged between 0.0294 and 4.53%.

The distribution of coal-derived carbon within the profile did not follow any particular
pattern that could be described by a mathematical model (Fig. 3a). This is most likely due to the
fact that most coal particles are very resistant to weathering processes and can move down the
soil profile accumulating in the voids created between large rock fragments.

It is of interest to note that the highest concentration of coal-derived carbon was located at
the contact zone between the observed subsurface horizons, between the C- and C2- and between
the C2- and C3-horizons (Fig. 3a). A possible explanation for this phenomenon is that during the
multiple stages of site reclamation and mine spoil placement the upper boundary of the C2- and
C3-horizons were heavily trafficked by machinery hauling crushed overburden material and thus
became the resting surface for a greater amount of coal particles before the next layer of
overburden was hauled to the site and re-spread.

Soil organic carbon concentration decreased exponentially down the mine soil profile but the
variation among individual SOC_C,s, measurements did not permit conclusive inferences about
this soil property. The 95% confidence limits of the SOC_Cw prediction model indicated that
at the lower limit of the predictions there would not be any organic C accumulation beyond a
depth of 19cm. On the other hand, the upper limit of the predictions indicated that there will be
at least 0.574% (weight percent) soil organic carbon at a depth of 150cm (Fig. 2a).

The latter could be regarded as a computational error if one only takes into consideration the
fact that root growth is concentrated in the surface. Because of the excessive compaction of
mine soils and type of vegetation, root growth is generally restricted to the surface 1m of the
mine soil. However it could be argued that SOC accumulation in subsurface soil horizons at
depths greater than 1m could be due to the translocation of dissolved SOC down the profile and
its adsorption to the surfaces of fine soil particles located in the voids between larger coarse
fragments.
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Figure 2. Vertical distribution of (a) SOC_C and (b) Fines,oe, down the mine soil profile of six deep pits excavated in Wise

County, Virginia. Thicker lines indicate the fit of statistically significant prediction models to the data, marked with
x’s, and lighter lines show the 95% confidence limits of these predictions. The soil profile schemes to the right of

each graph indicate the mean horizon boundaries and their associated standard error of the mean.
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Figure 3. Vertical distribution of (a) Coal_Cyuu, and (b) BDrfines, ¢ «m down the mine soil profile of six deep pits excavated in
Wise County, Virginia. Thicker lines indicate the fit of statistically significant prediction models to the data, marked
with x’s, and lighter lines show the 95% confidence limits of these predictions. The soil profile schemes to the right
of each graph indicate the mean horizon boundaries and their associated standard error of the mean.
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Depicted in Fig. 2b, the results showed that the volumetric percent of fines decreased
exponentially with depth. The 95% lower and upper confidence limits of the Finesyo9, Were
51.0% and 86.2% at 1m depth and 46.0% and 84.0% at 1.5m meter depth, respectively.

These results support the argument that there is a sufficient amount of fines to adsorb
dissolved SOC moving from the surface to lower overburden depths. Because the relative
decrease of bulk density of the fines was greater than relative decrease of the volumetric content
of the fines (Fig. 2b and 3b), one can conclude that a greater frequency of various size voids (free
of fine and coarse soil fragments) exist at lower depths. Note that bulk density of the fines was
estimated from the whole soil bulk density, which is the soil mass divided by the sample volume
after correcting for CFC content, where sample volume is defined as [CFC volume + fines
volume + soil air volume]. The latter indicates that the soil air volume term was incorporated in
the estimates of bulk density of the fines.

Depicted in Fig. 4a are the predicted values for SOC 4, content estimated by multiplying
the individual predictions for SOCy, Finesyeig, and BDfines, g m'3, from Fig. 2 and 3, as noted in
Eqg. 1. The 95% confidence limits were estimated using the rules of error propagation, described
above, and the resulting predictions were evaluated against the 10 samples for which all three
parameters were measured at the same location in the profile. The R? of the predictions was
estimated 60.6% with the graphical representation of the prediction model resembling that of an
exponential function.

A more useful graphical representation of the SOC content results from Fig. 4a is depicted in
Fig. 4b. The cumulative SOC content is presented as percent of the total SOC contained within
the 0-150cm soil pedon (Fig. 4b). The cumulative SOC content versus soil profile depth could
be used to determine the most cost-effective depth for SOC inventory on mined lands. The
results from this experimental location indicated that nearly one third of the total SOC on mined
lands was found in the surface 0-13cm soil layer while more than two thirds was located in the
0-53cm soil profile. It could be argued that any SOC located in lower depth would be of lesser
value due to the higher cost of sample collection, especially in compacted and rocky mine soils.

Undoubtedly, the net monetary value of the sequestered SOC below certain depth, computed
as the difference between gross profit from C credits and the measurement costs of the
sequestered SOC will become negative and thus undesirable. This is to say that one will pay
more money for soil pit excavation, soil sample collection, preparation, and carbon analysis to
verify the amount of sequestered SOC below certain soil depths than the actual market gross
value of the verified SOC sequestered in the soil.

In an attempt to determine the optimal sampling depth for mined land, one should know not
only the variability of SOC within the profile but also the variability across the mined landscape.
Assume the following scenario: the cost for excavating, sampling (3 replications), sample
preparation, and C analysis for each 5cm-thick soil layer within the profile is $40 per pit, and the
profit for sequestering atmospheric CO; is $97.4 per Mg of elemental C, as indicated by the
November 15, 2005 price quote at the European Carbon Market acquired from
http://www.pointcarbon.com . Also assume that the project area is homogeneous such that only
3 sampling pits per hectare are necessary to estimate the amount of sequestered SOC in units of
Mg C ha™ at acceptable levels of accuracy and precision. Upon further analysis one could
estimate that for this hypothetical scenario the cost for measuring the sequestered SOC within
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Figure 4. Vertical distribution of (a) SOC g m2 (estimated from data in Figures 2 and 3 using Eq. 1) and (b) its cumulative
distribution expressed as percent of the total SOC m2 sequestered down the profile within the 0-150cm soil pedon
of six deep pits excavated in Wise County, Virginia. Thicker line indicates the fit of a statistically significant
prediction model to the data, marked with circles, and lighter lines show the 95% confidence limits of these
predictions. The soil profile schemes to the right of each graph indicate the mean horizon boundaries and their
associated standard error of the mean.
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$40 , 3pits )
S5cm*1pit  lha *
Therefore in order for a SOC inventorying to be feasible below certain depth the costs for SOC

estimation must be lower than the C credit profit from the estimated SOC, i.e. the profit-to-cost
ratio $(Ceredit)/$(SOCinventory) Must be greater than 1 (Table 1).

1cm soil layer across 1 hectare of homogenous area is $24 (equal to

The data in Table 1 depicts the computational steps for selected soil depths leading to
identification of the maximum cost-effective depth for SOC analysis for this experimental
location. In column b depicted are the SOC values for each 1-cm layer within the soil profile
while columns ¢ and d, respectively, depict the cumulative SOC as g C m™ and as percent of the
whole-profile SOC, to a profile depth indicated in column a. For example, the third data row
shows that the SOC for the 19-20cm soil layer is 23.07 g C m™ and that the cumulative SOC for
the 0-20 layer is 712.72, which represents 40.5% of the total SOC contained within the 0-150cm
profile. Note that the data in column b is also presented in Fig. 4a as the SOC model predictions
and the data in column d is also presented in Fig. 4b.

Because of the logistics of soil excavation, i.e. before one can collect soil samples from
>50cm soil depths one must remove the spoil from 0 to 50cm depth which unmistakably is
associated with certain costs, as mentioned above, a new SOC variable (Table 1, column e) was
estimated to represent the amount of SOC standardized by excavation depth,
(column e) = (column ¢) / (column d)/100. Note that the division by 100 is to convert the g m™
units to Mg ha™*, which is necessary for the next computational step. The profit-to-cost ratio in
column f is estimated as (column e, Mg ha™ cm™) * ($97.4 Mg™) / ($24 cm™ ha'). Yet again, in
order for an SOC inventory to be economically feasible it is desired that at the very least the C
credits received for sequestering atmospheric CO, are enough to recover the costs for measuring
and reporting the sequestered SOC, i.e. the ratio should be greater or equal to 1.

The results for the assumed scenario indicated that at assumed value amounts for costs of
SOC analysis by soil depth ($24/cm) and for price of the estimated SOC content ($97.4/Mg C)
the maximum cost effective sampling depth is 48cm (Table 1). This is to say that although 1/3
of the total sequestered C is located below 48cm depth (Fig. 4b) one will be losing money if
SOC is measured beyond this depth.

Conclusions

Regression models of chemical and physical soil properties were created in order to estimate
the SOC content down the soil profile. Soil organic carbon concentration and volumetric percent
of the fines decreased exponentially down the soil profile. The results indicated that one third of
the total SOC content on mined lands was found in the surface 0-13cm soil layer and more than
two thirds of it was located in the 0-53cm soil profile for the study areas used in this research.

The results for a hypothetical scenario indicated that at assumed costs for SOC analysis
within the soil profile equal to $24 per 1 cm thick spoil layer across 1 hectare of homogenous
project area and for C credit profit from sequestered SOC equal to $97.4 per Mg C, the
maximum cost effective sampling depth was 48cm. For this scenario we assumed that the site
was homogenous and that only three excavation pits per hectare were necessary to account for
the soil variability across space. However this assumption may be invalid due to the manmade
nature of mine soils where soil variation can be significant across space. For example, if 6 pits
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are necessary to describe the horizontal soil variability on a mined site, as opposed to only 3 pits
as was the assumption for a homogenous project area, then the costs will be doubled
($48 cm™ ha) and the cost-effective depth will be reduced to 7 cm allowing only 19.4% of the
total sequestered SOC to be measured and reported for C credits.

Table 1. Maximum cost-effective depth for soil carbon content inventory for a hypothetical
price scenario of C price equal to $97.4 per Mg of elemental C, and cost of SOC
analysis equal to $24 per 1cm thick spoil layer across 1 hectare of homogenous
project area.

SOC standardized by Profit-to-Cost ratio

Depth SOC Cumulative SOC excavation depth

a b C d e f
[cm] [g m?] [g m?] [%0] [Mg ha™ cm™]
1 65.11 65.11 3.7 0.6511 2.64
10 32.71 444.88 25.3 0.4449 1.81
20 23.07 712.72 40.5 0.3564 1.45
30 17.89 912.88 51.8 0.3043 1.23
40 14.45 1071.87 60.9 0.2680 1.09
47 12.62 1165.48 66.2 0.2480 1.01
48 12.38 1177.87 66.9 0.2454 1.00
49 12.16 1190.02 67.6 0.2429 0.99
50 11.93 1201.96 68.2 0.2404 0.98
60 9.98 1310.18 74.4 0.2184 0.89
70 8.41 1401.09 79.6 0.2002 0.81
80 7.11 1477.86 83.9 0.1847 0.75
90 6.01 1542.79 87.6 0.1714 0.70
100 5.08 1597.65 90.7 0.1598 0.65
110 4.26 1643.83 93.3 0.1494 0.61
120 3.55 1682.44 95.5 0.1402 0.57
130 2.92 1714.39 97.3 0.1319 0.54
140 2.36 1740.43 98.8 0.1243 0.50
150 1.86 1761.21 100.0 0.1174 0.48

There is a need for more efficient C analysis techniques and more advanced methods and
tools for horizontal soil variability analyses, such as geographic information systems and
geostatistics, in order to minimize the costs for SOC analysis across the landscape and to focus
the resources available for SOC measurements deeper in the soil profile where much of the
sequestered SOC may be left unreported. Furthermore, the future involvement of the United
States and other nations of the world in a global carbon market, similar to that currently
established in Europe, would increase the demand for C credits thus increasing the price of the
sequestered SOC. As a result, SOC analyses will be economically feasible to greater soil depths
meaning that more thorough and complete SOC inventories will be possible. Eventually, the
greater good following the establishment of such global carbon market will be the increased
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interest in establishing ecosystems with high sequestration potential, such as forest, on disturbed
land that otherwise exists as abandoned grassland or fallow land.
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