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ABSTRACT

Overburden weathering may influence its effects on soil development and plant growth. Here, an accelerated-weathering experiment
was used to determine how weathering affects the chemistry and toxicity of coal-mine overburden. Seven samples of overburden were
collected; two samples were from a heap of partly weathered material, and five from mining pits. In both cases, the most weathered top
10 cm was removed. Samples included coal-rich clays (with > 1% coal) and coal-free clays. The samples were artificially weathered by
subjecting them to 20 cycles of drying-rewetting-freezing-thawing. Coal-rich clays that have not been weathered were acidic and toxic to
Sinapis alba seedlings, but weathering increased their pH, reduced their conductivity and tended to reduce their phytotoxicity. In contrast,
weathering tended to reduce the pH of coal-free alkaline clays. S. alba grew poorly in weathered coal-free clay, but when grown in coal-rich
clays it grew better in some substrates whereas others were phytotoxic due to their high As content. Weathering decreased Al, As and Na
contents and decreased substrate mass by 1-37%. Overall, these results indicate that weathering changes the properties of overburden in
ways that are important for soil development and plant growth but the nature and extent of the changes depend on the initial composition

of the substrate.
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Introduction

Mining provides essential resources for society but
has devastating effects on the environment. This is par-
ticularly true of open-cast coal mining, during which
original ecosystems are either mined out or covered by
overburden. Overburden differs substantially from soil
in terms of its texture, pH, salinity and toxic metal con-
tent (Bradshaw 1997). Many of these adverse properties
of overburden are associated with weathering; weather-
ing of pyrite, for example, results in acidification (Brad-
shaw 1997; Silva et al. 2011).

In spite of these problems, overburden is often used
in reclamation, i.e., it is re-vegetated in situ or used as
a substitute for topsoil (Helingerova et al. 2010; Zipper
etal. 2011). Although the toxicity and plant performance
in fresh overburden has been studied (Frouz et al. 2004;
Frouz et al. 2011b), little is known about how the growth
of plants in overburden changes as the overburden
weathers. Changes in the properties of overburden dur-
ing weathering have been studied by means of subjecting
overburden to artificial weathering (Haering et al. 1993;
Doolittle and Hossner 1997; Silva et al. 2011). In this
study, we compared plant growth in artificially-weath-
ered and un-weathered overburden that differed in com-
position (coal-rich vs. coal-free) and history. We also
measured the effects of weathering on selected chemical
and physical properties of different kinds of overburden.

Material and Methods

Sampling Site

Samples were collected in the Sokolov coal mining
district in western Bohemia. The material sampled con-
sisted of Miocene clay sediment that was deposited in
meromictic lakes 21.3-16.5 Ma BP (Rojik 2004). In gen-
eral, the clay sediments in the Sokolov Basin are a mix-
ture of kaolinite, illite and montmorillonite, with kaolin-
ite dominant in deeper layers near the coal seam (Kiibek
et al. 1998; Rojik 2004). Seven samples were collected in
October 2009. Two samples (CCW and CW in Table 1)
were of partially weathered material that was removed
from its original location in mining pits and deposited in
a heap at least 20 years prior to this study. The other five
samples were collected directly from mining pits. In all
cases, the most-weathered top 10 cm was removed, and
about 3 kg of overburden collected from a 50 x 50 cm
area. The samples consisted of coal-rich clay (containing
more than 1% of coal; samples CCW, CC1, CC2, CC3)
and coal-free clay (samples C1, C2, and CW). Sampling
locations and mineral compositions of the samples are
presented in Table 1. In general, coal-rich samples had
a higher proportion of silt, sand and fine gravel than
coal-free samples, while coal-free samples consisted of
compacted clay mudstones.

Because of the disturbance caused by sampling and
natural cracks in the overburden, all the material sam-
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Table 1 Location of the sites sampled and composition of the samples of sediments used in the weathering experiment. Composition was
determined using X-ray diffraction and microscopic observation. CC = coal-rich clay, C = clay, W = material that was mined and deposited in a heap

and weathered for at least 20 years before sampling.

Sample name | Sample Location | Coordinates Minerals with > 10% content Minerals with 1-10% content

CcCW Spoil heap 512213;/352222:/,'; kaolinite, quartz, muscovite, coal anatas

ca1 Mine pit 152(?’;191’;336818928'!\’; kaolinite, quartz muscovite, coal

cc2 Mine pit 5122:;/,2222?117,'; kaolinite, quartz illite, sericite, muscovite, coal

c1 Mine pit 51(;2‘2)/,3132)317,'; kaolinite siderite, quartz, muscovite

(@] Mine pit igil:ﬁi;?,’; kaolinite, quartz muscovite, siderite, illite, algal kerogen
a Mine pit ig:l:ﬁéngég kaolinite quartz muscovite, illite

QW Spoil heap ig:li:lgg?;}: kaolinite, quartz, illite muscovite, calcite, siderite, algal kerogen

pled broke into small fragments (< 3 cm in diameter) af-
ter sampling.

In the laboratory, four 200 g subsamples of each sam-
ple were prepared. a 100 g quantity of each subsample
was placed in a 250 ml plastic bottle without addition-
al crushing. The remaining 100 g of each subsample
was dried at < 40 °C for 2 days; this “unweathered” part
was used to determine the initial dry mass and then
stored for chemical analyses.

The material in the bottles was subjected to artificial
weathering and leaching. After 50 ml of distilled water
was added to each bottle, the bottles were shaken by
hand, left undisturbed overnight to allow the material
to absorb the water, and then placed in a -18 °C freez-
er. After 24 h, the bottles were removed from the freezer,
and the material was allowed to thaw at 22 °C for 1 day.
After the material had thawed for 1 day, the excess wa-
ter was decanted and the samples were dried for 2 days
at 40 °C. After the 2 days of drying, 50 ml of water was
added to each bottle and the entire process repeated. In
total, each bottle was subjected to 20 cycles of wetting,
freezing, thawing, decanting and drying. The water that
was decanted after the first and last cycle was used to
measure pH and conductivity. During the first and last
cycle, the sample was weighed after decanting the water
to determine the water-holding capacity of the substrate.
This was calculated as the weight of water stored in the
sample during the first or last cycle as a percentage of the
dry weight of soil before or after weathering, respectively.

The remaining “weathered” material was dried and
weighed to determine mass loss and was also used for
chemical analyses and used in a plant bioassay. Here, the
term “weathered” is used to describe the material after
weathering and leaching; dissolved and suspended mat-
ter removed by percolating water is not included, even if
it is a product of weathering. This is because we aimed to
mimic changes that occur in the surface layer of overbur-

den as a consequence of weathering and leaching, rather
than whether weathering affects the growth of plants.

For the chemical analyses of unweathered and weath-
ered samples, available Ca, Na and Al in each subsample
was extracted by placing 5 g of material in 20 ml of Meh-
lich I solution (Mehlich 1953). For determination of the
As content, 1 g of each subsample was finely ground and
mineralized in nitrohydrochloric acid. The Ca, Na and Al
in the extracts and the As in the mineralized subsample
were quantified using a SpectrAA 640 atomic absorption
spectrophotometer (Varian, Inc. USA) at 420.7 nm. Or-
ganic matter content of samples was determined by loss
on ignition (LOI) of a 2 g quantity after 5 h at 600 °C.

For the plant bioassay, seed was germinated and the
growth of Sinapis alba plants growing in unweathered
and weathered overburden was measured as described
previously (Frouz et al. 2011b). Briefly, pots were filled
with 50 g of substrate (four pots per substrate type) and
20 seeds of S. alba added to each pot. At the end of the bi-
oassay, shoot lengths were measured (or recorded as 0 if
the plants did not germinate).

Particle-size distribution was determined using the
Casagrande method (Klute 1986) for unweathered and
weathered material that was pooled from the four repli-
cates of each treatment. Because most samples contained
few or no clay-sized particles, the fraction of particles
< 0.01 mm was used as a measure of sample disintegra-
tion.

For determination of mineralogical composition,
a5 g quantity of the unweathered material was finely
ground and subjected to X-ray powder diffraction using
a D 5000 Siemens diffractometer. Diffractograms in the
range 2-80 20 were analyzed using a Sicomp PC-32 D
and Diffrac AT software. At the same time, unground
unweathered samples were macroscopically and micro-
scopically evaluated to obtain additional information on
their composition.
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The data for unweathered vs. weathered samples were
compared using ¢ tests. Correlation analysis was used to
explore the relationships between some of the parameters
(Pearson’s r; computed using Statistica 10.0). Principal
component analysis (PCA) was used to visualize chang-
es in individual parameters in various types of substrates
(computed using CANOCO 4.0.).

Results

The variability in the properties of unweathered sub-
strates was substantial (Fig. 1; Tables 2, 3). The pH of
these substrates was positively correlated with available
Ca content (r = 0.766, p < 0.05) and available Al content
positively with Na content (r = 0.900, p < 0.05). S. alba
seedlings were unable to grow in two of the unweathered
substrates (CCW and CC1) (Fig. 1D), which had low pH
values (Fig. 1A), high conductivity values (Fig. 1C) and
high As contents (Fig. 1B). The best predictor of plant
growth in unweathered substrates was pH (r = 0.950,
p < 0.05) and available Ca (r = 0.916, p < 0.05), with plant
growth negatively correlated with As content or conduc-
tivity, but not significantly so.

Weathering resulted in a significant but highly vari-
able reduction in the mass of all but two substrates (Ta-
ble 2). Weathering increased the percentage of fine par-
ticles (< 0.01 mm) in all but one substrate (Table 2). The
percentage of fine particles was not correlated with any
other substrate property. Mass loss was correlated with
water-holding capacity at the end of the experiment
(r=0.750, p < 0.05). Weathering significantly increased
water-holding capacity and significantly reduced organic
matter content (LOI) of all substrates (Table 2).

Depending on the substrate, weathering either result-
ed in a decrease or did not affect available Al and Na (Ta-
ble 3). Weathering resulted in a decrease in available Fe
in one substrate (C1, a coal-free substrate) but not signif-
icantly that in other substrates (Table 3). Decrease dur-
ing weathering of the contents of Al, Na, Fe and As was
positively correlated with their contents in unweathered
substrates (r = 0.749, 0.848, 0.770, and 0.972 for Al, Na,
Fe, and As, respectively; p < 0.05 in each case).

Weathering resulted in significant changes in the pH
of all substrates, with it increasing in acidic substrates and
decreasing in alkaline substrates (Fig. 1A); the increase
in pH caused by weathering was negatively correlated
with the pH before weathering (r = —0.967, p < 0.05).

Table 2 Differences in mass (expressed in terms of loss of mass), organic matter content (loss on ignition, LOI), water-holding capacity and percentage
of particles < 0.01 mm recorded in substrates before and after artificial weathering. Values are means + SD (but variance was not determined for
particle size) and percentages are expressed on a weight-to-weight basis. An asterisk for LOI, water holding capacity and particle size indicates
a significant difference between the means for weathered and unweathered substrates. Loss of mass was calculated as 1 - (mass of weathered
substrate/mass of unweathered substrate) x 100; an asterisk against loss of mass indicates that the mass of the weathered material was significantly

lower than that of the unweathered material.

LOI (%) Water holding capacity (%) < 0?: : :‘:c:(so %)
Substrate Mass loss (%) before after before after before after
ccw 379 +3.3% 34.5 +0.4 229 +1.7% 26.5 +7.9 83.8 +5.5% 14 38
a1 214 +2.2% 303 +0.6 20.7 +1.4% 36.8 +5.7 80.3 +13.0% 0 0
cc2 254 +3.9% 36.6 +3.9 30.8 +8.1* 18.6 +17.7 57.6 +7.2% 0 11
ca 16.4 +3.0% 34.1 +4.6 10.7 +0.3* 213 +23.4 65.8 +2.6% 0 2
C1 1.8 +2.7 334 +2.5 225 +0.4 27.4 +1.0 58.1 +5.1% 0 1
2 2.0 +4.8 18.2 +0.2 8.7 +0.1* 19.3 +7.5 52.6 +3.2*% 0 17
cw 21.9 +0.7% 39.0 +13.5 13.5 +0.1% 39.9 +8.5 77.2 +16.0* 18 20

Table 3 Content of available Fe, Al, Ca,and Na recorded before and after weathering. Values after + are SDs, < 2 indicates that all samples were below
detection limit, and * indicates a significant difference between values recorded before and after weathering.

Fe mg kg-! Almg kg-! Camg kg™ Na mg kg~
before after before after before after before after

CCW | 167.7 +0.0 | 197.7 | £24.2 71.8 +4.1 74.1 +3.7 335 +90 316 | +80 6.9 +1.1 62| 13
cc1 357 +1.1 40.0 | £10.5 1.3 +0.1 10.6 +1.3 548 +3 569 +66 189.1 +1.4 68.1 +5.3*%
cC2 | 1319 +1.8 | 121.7 +6.5 148.3 +2.6 | 100.1 | £6.1* 373 +15 285 +10* 8.7 +0.1 66| *1.8
cc3 <0.2 <0.2 <2 <2 4584 +20 | 4495 +16 59.2 +0.1 428 | *=1.9*%
cl 128.9 +25 | 125.0 +5.8 5944 | £14.0 | 440.3 | £44.2* | 1939 +15 2297 | £128* | 6524 | £16.4 | 520.0 | £33.6*
C2 3424 | £11.6 | 199.7 | £15.1* 52.7 +1.5 353 | *1.8%| 2074 +76 2242 | £158 30.6 +1.1 24.3 +1.4%
cw 0.7 +0.0 4.1 +5.5 30.5 +7.0 72| *74 | 3880 +39 | 4313 +39% 49.7 +1.5 463 | 25
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Weathering resulted in a slight decrease in Ca content
in substrates with alow initial Ca content and increase
in substrates with a high initial Ca content (Table 3); the
increase in Ca content caused by weathering was posi-
tively correlated with the Ca content before weathering
(r = 0.804, p <0.05). Weathering caused a decrease in
conductivity of substrates with a high initial conductiv-
ity and low pH and increase at sites with a high initial
pH (Fig. 1C); conductivity change was negatively corre-
lated with initial conductivity and negatively with initial
pH (r = —0.777 and 0.770, respectively; p < 0.05 in both
cases).

A PCA ordination diagram summarized the relation-
ships between chemical properties of individual over-
burden materials during weathering. Coal-rich and coal-
free clays are clearly separated along the first ordination
axis, which explained most of the variability in the data
(Fig. 2). Coal-rich clays were characterized by a decrease
in conductivity and Ca content and increase in pH dur-
ing weathering. Coal-free clays were characterized by an
increase in conductivity and Ca content and decrease in
pH during weathering.

Weathering resulted in seedlings of S. alba growing
significantly poorer in all coal-free substrates (C1, C2,
and CW), better in one coal-rich substrate (CC2) and
had no significant effect on their growth in the other sub-
strates (Fig. 1D). S. alba seedlings did not grow in two of
the coal-rich clays, whether weathered or not (Fig. 1D),
despite an increase in pH with weathering (Fig. 1A). The
inability of S. alba seedlings to grow in these weathered
substrates may be due to their high As content (Fig. 1B);
however, there were no significant correlations between
growth of seedlings and the As contents of either the un-
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weathered or weathered substrates. Plant growth after
weathering was positively correlated with available Al
Na, conductivity and pH (r = 0.762, 0.767, 0.748 and
0.763 for available Al, Na, conductivity and pH, respec-
tively; p < 0.05 in all cases).

Discussion

In agreement with previous studies (Frouz et al. 2004;
Frouz et al. 2011b), the current study indicates that sub-
strate pH is a good predictor of overburden toxicity and
suitability as a substrate for growing plants. Based on our
results, this is true for unweathered and weathered, over-
burden even though pH and plant performance changed
significantly with weathering. The effect of weathering
on the pH of acidic coal-rich and alkaline coal-free clays
differed. For acidic coal-rich clays pH increased with
weathering for all but one these clays and the suitability
for plant growth remained the same or increased. The pH
increase was more pronounced for clays that were initial-
ly very acidic. For alkaline coal-free clays, in contrast, pH
decreased and plant growth deteriorated with weather-
ing. The reason for this is not clear; but we suspect that
the decrease in plant performance after weathering is an
increase in conductivity, which is known to be associ-
ated with toxicity in alkaline spoils (Frouz et al. 2004).
That the changes in chemistry during weathering differ
in coal-rich and coal-free Miocene clays is reported in
a previous study (Haering et al. 1993).

Another factor that may reduce plant growth in some
substrates is a high As content. Arsenic content alone,
however, does not seem to be critical because the As con-
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Fig. 1 Effects of artificial weathering of substrates from the coal-mine on their pH (A), As content (B), electrical conductivity (C) and lengths of the
shoots of plants (Sinapis alba) growing in these substrates (D). One half of each substrate sample was artificially weathered and one was not. Values
are means + SD. An asterisk indicates a significant difference between values obtained before and after weathering.
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Fig. 2 Changes in the properties of coal-mine substrates resulting from
weathering indicated by principal component analysis (PCA).

tents of some coal-free overburdens were as high as those
of coal-rich overburdens but were not toxic to plants. It is
more likely that it is the interaction between As, pH and
other properties of substrate that are critical. This cor-
responds with the fact that the toxicity of As and metals
strongly depends on pH, sorption and other properties
of substrates (Posthuma et al. 1988; van Gestel 1992; van
Gestel and Hoogerwerf 2001), and it is this that accounts
for the lack of a correlation between plant growth and As
content in this study.

Weathering also reduces the contents of As and availa-
ble Na and Al, probably via leaching. The opposite is true
for available Ca, which increased during weathering. This
may partly affect pH because before weathering, available
Ca is negatively correlated with pH and the loss is higher
in acidic conditions (Silva et al. 2011).

In general, coal-free clays support better plant growth
than coal-rich clays, both before and after weathering,
even though a slight decrease in plant growth can occur
when coal-free clays are weathered. Although weather-
ing improves conditions of acidic coal-rich clays for plant
growth it may still be poor if the pH of these substrates is
below 5 and if the As contents are increased. Such acidic
coal-rich overburden may not support reasonable plant
growth even after decades of weathering.

Differences in the composition of organic matter may
also contribute to differences in the phytotoxicity of coal-
rich and coal-free substrates. Coal is the major organic
component of coal-rich clays and may release potential-
ly toxic phenols during decomposition. a previous study
reports a positive correlation between coal and phenol
contents and post-mining substrate toxicity (Frouz et al.
2004). Kerogen, in contrast, is the major organic com-
ponent of coal-free clays and is likely to produce mostly
harmless aliphatic compounds during decomposition
(Ktibek 1997).

The organic matter in all the substrates decreased sub-
stantially during weathering (Table 2). This loss may have

resulted from the removal of small fragments of organic
matter when water was decanted from the bottles and
from mineralization. Although both mechanisms may
have occurred in all substrates, the former is probably
important in coal-rich substrates because such substrates
contain coal dust. The latter mechanism is probably more
important in coal-free clays, because kerogen is bound to
the mineral matrix (Ktibek et al. 1998; Rojik 2004). How-
ever, the microbial degradation of both coal and clay-
bound organic matter is reported (Machnikowska et al.
2002; Frouz et al. 2011a). Our results suggest that fossil
organic matter is not very stable and its loss may be im-
portant in the overall carbon budget of developing post
mining soils. a previous study (Sourkova et al. 2005) that
compared the organic matter content of substrates along
a chronosequence of post mining sites reports a decrease
in organic matter content in the early stages of develop-
ment of post mining soils. This was explained in terms of
the heterogeneity in materials between sites (Sourkovd et
al. 2005); our results, however, show that weathering can
result in a loss of fossil organic matter.

The loss of mass from the different substrates was very
variable. Because no particles were visible in the decant-
ed water, we infer that much of the mass that was lost was
in the form of soluble compounds or very fine particles in
the case of coal-rich clays. The mechanisms of mass loss
may therefore include the leaching of dissolved solids,
the removal of clay and colloidal coal by moving water
and the mineralization of organic matter. The different
mechanisms resulting in loss of mass may also account
for why it is not associated with any of the other variables
measured. The close association between mass loss and
water-holding capacity after weathering indicates that
penetration of a substrate by water is essential for weath-
ering. An increase in water-holding capacity as a result of
weathering may also substantially improve conditions for
plant growth at post-mining sites.
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