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Different Effects of Ash Application on the Carbon Mineralization
and Microbial Biomass Carbon of Reclaimed Mining Soils
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Abstract
Ash resulting from biomass energy resource utilization contains a wide range of metal oxides and hydroxides, which may
influence the capacity of the ash to be used as a soil amelioration material. This study aimed to assess the effects of different
ashes on changes in soil carbon (C) mineralization and soil microbial biomass carbon (MBC) in reclaimed mining soils (RMSs).
Different levels (0, 25, 50, and 75 Mg ha−1) of three ashes (rice husk, oil palm shell, and coal fly ash) were applied to 10-year
RMS for a 120-day incubation period. Carbon mineralization was measured over the 120-day incubation period, while MBC and
selected chemical properties were quantified at the end of the incubation period. The results of the study showed that the
application of rice husk and oil palm shell ash at all levels and coal fly ash at low levels (≤ 25Mg ha−1) increased Cmineralization
and MBC. However, the C mineralization and MBC of the soil decreased significantly when the amount of added coal fly ash
reached 75Mg ha−1. These decreases in Cmineralization andMBCmay be ascribed to the harmful effect of high amounts of coal
fly ash on microbial activity and the increased specific surface areas and contents of Ca, Mg, oxalate- and dithionite-extractable
iron and aluminum in soil with high amounts of added coal fly ash. This study demonstrates that the application of different types
of ash to RMS leads to different C mineralization and soil MBC responses.

Keywords Organic carbon stabilization . Decomposition . Iron oxide . Aluminum oxide

1 Introduction

Several attempts have been made to replace fossil fuels with
renewable energy resources, such as biomass energy sources,
in response to concerns about climate change (Bentsen and
Felby 2012; Varlas et al. 2017). A result of the use of biomass
for energy generation is the production of large amounts of ash
during incineration. Ash is frequently considered an unwanted
product because of its toxic elements, such as Cd, Ni, Pb, Cr,
Zn, Co, and Cu (Maresca et al. 2018; Munda et al. 2016;
Noyce et al. 2016); therefore, large quantities of generated
ash are regularly applied for landfills (Careddu et al. 2015;
Valentim et al. 2019). Ash also contains major nutrients

required by plants, except for nitrogen, and has liming prop-
erties due to its high contents of metal oxides and hydroxides
(Maresca et al. 2019; Qin et al. 2017; Silva et al. 2019).
Therefore, ash is frequently applied as an ameliorant material
to soils to improve soil quality.

Microorganisms are essential soil ecosystem drivers that
conduct soil biochemical processes, such as the decomposi-
tion of organic matter (OM), nutrient cycling and the produc-
tion of greenhouse gasses (Paul 2014). Changes in soil eco-
systems may affect soil microbial communities, thus eventu-
ally influencing soil quality and soil productivity. Carbonmin-
eralization and microbial biomass carbon (MBC) are the most
broadly applied variables for measuring the effects of alter-
ations in soil ecosystems on soil microbial processes (Chen
et al. 2018; Morillas et al. 2017; Singh and Gupta 2018; Zhao
et al. 2019). C mineralization and MBC have been used to
describe the effect of long-term nitrogen fertilizer application
(de Andrade et al. 2019) and the effect of corn stover manage-
ment (Urra et al. 2018) on changes in soil quality. MBC is
frequently thought to be a more dynamic indicator than those
based on physicochemical soil characteristics and therefore
has the advantage of being an early warning parameter of
changes in soil quality (Bünemann et al. 2018; Schloter
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et al. 2018). The results of these studies suggest that C miner-
alization and MBC have crucial functions in changes in soil
quality throughout the acceleration of soil organic carbon
decomposition.

Reclaimed mining soils (RMSs) have an irregular soil layer
due to the mining process, so the characteristics of RMSs are
very different from those of the original soils. RMSs generally
have a low level of soil fertility, with low contents of OM and
nutrients, a low soil pH, high contents of toxic elements
(Ahirwal et al. 2017; Feng et al. 2019; Yuan et al. 2018), low
concentrations of cations and a low cation exchangeable capac-
ity (CEC) (Asensio et al. 2019; Zhen et al. 2019). Total organic
carbon contents in the range of 5.6 15.9 g kg−1 (Kumar et al.
2018) and the high bioavailability of metalloid elements such as
Cd, Pb, Cu, Ni, and Zn (Manna and Maiti 2018; Pietrzykowski
et al. 2014) are observed in RMSs. Therefore, soil amelioration
is essentially required to improve the quality of RMSs before
revegetation is conducted in the soils.

In general, the application of ash to soils as a form of soil
amelioration improves the soil physical, chemical, and biolog-
ical characteristics (Moragues-Saitua et al. 2017; Thomaz
2018). The application of 3–6 Mg ha−1 wood ash to soils in-
creased the pH and nutrient concentrations in the O horizon of
forest soil after 2.5 years (Hansen et al. 2018). Furthermore, the
application of whole digestate combined with wood ash to soils
resulted in higher soil pH and nitrate concentration compared to
the application of whole digestate without wood ash (Ibeto et al.
2020). However, the results of a study carried out by García-
Sánchez et al. (2015) showed that no significant changes in soil
chemical and microbiological parameters followed coal fly ash
application to Chernozem soil. No changes in C mineralization
and urease activity in soils were observed after 14 years of coal
fly ash application (Leclercq-Dransart et al. 2019). Differences
in the effect of ash used as an amelioration material on changes
in soil properties may be attributed to differences in the type and
amount of elements contained in the ash. Until now, compre-
hensive information on the changes in soil properties resulting
from different ash applications to RMSs has been relatively
unavailable. The lack of such information restricts the practical
use of ash as an amelioration material to improve the character-
istics of RMSs. The aim of this study was to evaluate the
changes in C mineralization and MBC in response to different
ash applications to RMSs. The hypothesis is that the application
of different ash to RMSs results in different C mineralization
and soil MBC values.

2 Materials and Methods

2.1 Study Site Description

The research site was in the reclaimed coal mining area at the
PT Arutmin Indonesia Satui site (03°11′27″ – 03°46′41″ S,

115°22′56″ – 115°54′14″ E) in the South Kalimantan
Province, Indonesia. Soils at this site are classified as Typic
Dystrudepts on the basis of the soil taxonomy system. The
average annual precipitation is 3001 mm, ranging from 1157
to 4459 mm, with approximately 75% precipitation between
March and July. The average annual temperature is 27.5 °C,
with a mean minimum temperature of 22.7 °C and a mean
maximum temperature of 31.9 °C observed in June and
November, respectively.

The research site is a former coalmine area with an open pit
system that was closed in 2009. After the closure of the mine,
the site was reclaimed and planted with forestry plants and
cover crops. The dominant trees at the site include Acacia
mangium and Paraserianthes falcataria. Smaller proportions
of Samanea saman, Shorea megistophylla, Dipterocarpus
hasseltii, and Peronema canescens were observed at the site.
The cover crop at this site is Calopogonium mucunoides.

2.2 Soil and Ash Sampling and Characterization

The soil used for this study was characterized by the O horizon
(4–0 cm), A horizon (0–45 cm) and B horizon (45–90 cm).
The organic layer (O horizon) is dominated by slightly to
modera te ly decomposed l i t t e r or ig ina t ing f rom
C. mucunoides, which is used as a cover crop in the reclama-
tion of coal mine soils. Soil samples were collected randomly
from 20 soil cores at a depth of 0–30 cm (A horizon) using a
soil auger, and then the samples were combined into a soil
composite sample. Plant debris was removed manually, and
the soil samples were homogenized, placed in a plastic bag,
and stored under field-moist conditions at 4 °C until they were
used for the incubation study. Soil subsamples were air-dried
at room temperature and sieved to 2 mm for soil physical and
chemical characterization.

Rice husk ash was sampled from rice mills located in the
Asam-Asam Village, Jorong Subdistrict, South Kalimantan
Province, which is adjacent to the reclaimed coal mining area
of the PTArutmin Indonesia Satui site. Oil palm shell ash was
collected from the PTPN XIII oil palm processing plant,
Pelaihari, South Kalimantan Province, Indonesia. Coal fly
ash was sampled from the Asam-Asam Coal Power Plant,
which is located in Asam-Asam village adjacent to the
reclaimed coal mining area of the PT Arutmin Indonesia
Satui site. All ashes were air-dried after collection and then
homogenized by sieving (2 mm mesh) before physical and
chemical characterization.

2.3 Organic Matter Preparation

Calopogonium mucunoides grown in the reclaimed coal
mining area of the PT Arutmin Indonesia Satui site as a
cover crop was used as OM in this study. Plant residues
were oven-dried at 60 °C and then ground to <2 mm. The
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residues contained 370.4 g kg−1 organic carbon,
28.5 g kg−1 total nitrogen, 27.3 g kg−1 hot water-soluble
carbon, 37.2 g kg−1 cellulose, 31.5 g kg−1 hemicellulose,
and 14.9 g kg−1 lignin (Saidy et al. 2019).

2.4 Laboratory Incubation

The experiment was conducted using polyvinyl chloride
(PVC) tubes (1.95 cm diameter) containing 30.40 g of moist
soil (the amount of soil in the tube was calculated to obtain a
bulk density of soil similar to that in field measurements after
the compaction of the soil to a depth of 2.00 cm). OM (0.3 g)
and ash (0.00, 0.36, 0.72, and 1.07 g) were added gently to and
combined homogenously with the soil. The amount of OM
added to the soil was equivalent to a field application of
5.0 Mg ha−1, while the amount of ash added to the soil was
equivalent to field applications of 0, 25, 50, and 75 Mg ha−1,
respectively. Distilled water was added carefully to the mix-
ture of soil OM and ash to achieve 70% water-filled pore
space (WFPS), and the mixture in the tube was compacted
to a depth of 2.00 cm. The tubes were then transferred to
1000 mL Mason jars along with 15 mL of distilled water in
a 20 mL glass vial for humidity maintenance. After being
sealed with airtight lids with rubber septa for gas sampling,
the jars were incubated in the dark at room temperature for
120 days. A total of 36 tubes were prepared and incubated:
three ashes×four levels of ash application×three replicates.

Carbon mineralization was determined by extracting
10 mL of headspace gas from each jar using a 10 mL syringe
through the septum in the middle of the lid. The extracted gas
was transferred to a 10 mL glass vial and then injected onto a
gas chromatograph (Shimadzu GC-14A). Carbon mineraliza-
tion was measured on a weekly basis during the 120-day in-
cubation period. After the C mineralization measurement was
completed each week, the jars were opened for 3 h to permit
the exchange of the CO2-enriched water inside the jar with
fresh water. The tubes were watered precisely when the jars
were opened to ensure a constant water content during the
incubation period (the water content at the end of incubation
was 69.2–71.2% WFPS). The total C mineralization in each
sample during the incubation period of 120 days was calcu-
lated as the sum of each C mineralization measurement every
week and expressed as the cumulative C mineralization.

2.5 Characterization of Soil, Ash, and Amended Soil

The determination of soil texture was conducted using sieving
and sedimentation methods (Gee and Bander 1986). The bulk
density of the soil and ash was determined by driving a cylin-
drical metal sampler (diameter = 4.8 cm; height = 10.0 cm)
into the soil or ash to a 30 cm depth, and then the cylindrical
metal was carefully removed to preserve the soil and ash cores
(Blake and Hartge 1986). The soil and ash samples were

transported to the laboratory, dried to a constant weight at
105 °C and then weighed. The soil and ash pH values were
determined using the electrode glass method in an aqueous
mixture of air-dried sample and distilled water (1:5,
mass:volume) (McLean 1982). The contents of organic car-
bon and total nitrogen in the soil and the ash weremeasured by
the dry combustion method using a LECO CNS2000 (LECO
Corporation, MI, USA). The total P of the soil and ash was
measured using molybdenum blue with spectrophotometric
measurements at 660 nm after digestion of the soil and ash
with 60% HClO4 (Olsen and Sommers 1982). CEC was mea-
sured using the ammonium acetate (pH 7.0) method (Rhoades
1982). Measurements of total potassium (K), sodium (Na),
magnesium (Mg), calcium (Ca), aluminum (Al), and iron
(Fe) were conducted by digestion of the soil and ash using a
mixture of HNO3 and HClO4 in glass test tubes for 2 h at
100 °C, followed by digestion at 120 °C until a white residue
was obtained. The solution containing the white residue was
diluted with distilled water to 50 mL and then filtered through
Whatman No. 41 filter paper (Barnhisel and Bertsch 1982;
Olson and Ellis 1982). The concentrations of K, Na, Ca,
Mg, Al, and Fe in the solution were determined using atomic
absorption spectrophotometry (Shimadzu AA6300G). The
characteristics of the soil and ash samples in the study are
presented in Table 1.

Selected soil chemical properties were determined follow-
ing the completion of the incubation period. The soil reaction
(pH), CEC, and total Ca and Mg of the ash-amended soils
were measured using the methods described previously. The
specific surface areas (SSA) of the soils were acquired by five-
point nitrogen adsorption at 77 K and the subsequent desorp-
tion of nitrogen with an autosorb instrument (Nova 4200
Analyzer, Quantachrome Corp., Boynton Beach, USA). The
extraction of Fe and Al from the soils using oxalate (Feo and
Alo) and dithionite (Fed) solutions was conducted by the meth-
od of Blakemore et al. (1987), and the concentrations of Fe
and Al in the extracts were quantified spectrophotometrically
(Shimadzu AA6300G).

After the completion of the incubation period, all tubes
were removed from the jars, and the ash-amended soils were
air-dried for 6 h to determine the soil MBC. Soil MBC was
measured by the chloroform fumigation-extraction (CFE)
method (Vance et al. 1987), and a KEC value of 0.45 was
used to measure MBC (Joergensen 1996). Two soil subsam-
ples of 5 g each (approximately 40% water holding capacity),
one designated for nonfumigation and the other for fumiga-
tion, were placed into a 50 mL conical flask. The soil samples
were fumigated using ethanol-free chloroform in a vacuum
desiccator for 24 h at room temperature in the dark. Both the
nonfumigation and fumigation samples were extracted by
adding 40 ml of 0.5 M K2SO4 to the soil and were shaken
on a shaker at 40 cycles per minute for 30 min. The extract
was filtered through Whatman No. 41 filter paper, and the
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contents of organic C in the extract were measured using the
Walkley-Black wet digestion method (Heanes 1984). Soil
MBC was calculated by subtracting the nonfumigated C mea-
surement from the fumigated C measurement.

2.6 Carbon Mineralization Fitting and Statistical
Analysis

The C mineralization data were fitted to the two-pool carbon
mineralization model, i.e.,Ct =Cs (1-e

-st) +Cf (1-e
-ft), to quan-

tify the dynamics of C mineralization, where Ct is the cumu-
lative C mineralization (mg C kg−1) during the incubation
period t; Cs is the size of the pool of slowly mineralizable C
(mg C kg−1); Cf is the size of the pool of rapidly mineralizable
C (mg C kg−1); and s and f are the mineralization rate con-
stants for the slow and fast pools (day−1), respectively. Curve
fitting was carried out by the least-squares nonlinear curve
fitting procedure in Microsoft Excel® (de Levie 2001).

The experimental data were analyzed by analysis of variance
(ANOVA) in GenStat 11th Edition to test the effects of each
treatment (Payne 2008). In the case of significance in ANOVA,
the least significant difference (LSD) test was used to differen-
tiate among the treatment means at the 95% confidence level.

3 Results

3.1 Characteristics of Soils with Different Types
and Amounts of Added Ash

The ANOVA results revealed that the addition of ash to
the RMSs resulted in significant changes in several soil

chemical characteristics, except soil CEC (Table 2). The
increase in soil pH was larger with coal fly ash addition
than with oil palm shell and rice husk ash addition
(P ≤ 0.05) (Table 3), suggesting that the neutralizing
values of coal fly ash were higher than those of both oil
palm shell and rice husk ash. The SSA of the soils in-
creased with ash addition. The largest increase in SSA
was observed for coal fly ash addition (Table 4). The
contents of Ca, Mg, oxalate-extractable Al, oxalate-
extractable Fe and dithionite-extractable Fe in the soil
also increased with the addition of ash, with higher in-
creases after coal fly ash addition than after oil palm shell
and rice husk ash addition (Table 4).

3.2 Effect of Ash Additions on Carbon Mineralization

Rapid C mineralization was observed for all treatments over
the first 35 days; then, the C mineralization increased gradu-
ally, starting to flatten on day 98 (Fig. 1A, B, and C). The
cumulative carbon mineralization at the end of the incubation
period reached 1260–1593 mg C kg−1, depending on the type
and amount of ash added to the soil (Fig. 1D).

The ANOVA results showed that the cumulative C mineral-
ization during the 120-day incubation period was significantly
influenced by ash application (P ≤ 0.001; Table 2). The C min-
eralization of soils amended with oil palm shell and rice husk
ash exhibited similar responses to increasing amounts of applied
ash. Increasing the amount of oil palm shell or rice husk ash to
high rates (50 and 75 Mg ha−1) increased C mineralization (P ≤
0.05; Fig. 1D). However, the response of C mineralization to
increasing amounts of added coal fly ash was different from that
to increasing amounts of added oil palm shell and rice husk ash.

Table 1 Characteristics of the soil
and different types of ash used in
the experiment

Characteristics Soil Coal fly ash Rice husk ash Oil palm shell ash

Texture

Sand (%) 38.33 (3.99) * – – –

Silt (%) 23.45 (3.72) – – –

Clay (%) 38.22 (2.56) – – –

pH (H2O) 4.23 (0.12) 7.12 (0.10) 6.45 (0.09) 6.68 (0.09)

Bulk density (g cm−3) 1.21 (0.03) 1.37 (0.10) 1.27 (0.10) 1.19 (0.04)

Organic C (g kg−1) 2.34 (0.13) 1.02 (0.05) 1.12 (0.07) 1.24 (0.06)

N (g kg−1) 1.45 (0.03) 0.91 (0.04) 0.34 (0.04) 0.19 (0.03)

P (g kg−1) 1.67 (0.09) 0.11 (0.03) 0.09 (0.04) 0.07 (0.02)

Ca (mg kg−1) 2.34 (0.13) 1897.30 (8.73) 23.56 (2.83) 45.23 (6.24)

Mg (mg kg−1) 3.23 (0.05) 1684.30 (7.08) 43.44 (5.50) 36.22 (2.04)

K (mg kg−1) 2.12 (0.06) 678.23 (6.10) 3.45 (0.15) 3.12 (0.04)

Na (mg kg−1) 1.23 (0.08) 512.30 (5.42) 1.23 (0.04) 1.57 (0.09)

Al (mg kg−1) 12.34 (0.10) 823.21 (4.65) 3.44 (0.16) 3.13 (0.08)

Fe (mg kg−1) 9.67 (0.51) 532.31 (2.98) 2.56 (0.11) 2.34 (0.06)

CEC (cmol kg−1) 19.87 (0.08) – – –

*Numbers in the parentheses indicated the standard deviation of mean (n = 3)
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The application of 75 Mg ha−1 coal fly ash led to a decrease of
14% in C mineralization compared to the soil without coal fly
ash application (P ≤ 0.05; Fig. 1D).

The cumulative C mineralization of soil amended with ash
fitted very well to the two-pool carbon mineralization model
with R2 ≥ 0.99 (Fig. 1A, B and C). The size of the rapidly
mineralizable pool (Cf − 855-1102 mg C kg−1) was larger than
that of the slowly mineralizable pool (Cs – 429-578 mg C
kg−1) (Table 5). The addition of oil palm shell and rice husk
ash to the RMSs resulted in increases in bothCf andCs, but the
increase in Cf was stronger than that in Cs (Table 5). The
greatest increase in the size of Cf by 11% and 15% was ob-
served when the amount of added oil palm shell and rice husk
ash reached 75 Mg ha−1, respectively. The addition of
50 Mg ha−1 oil palm shell and rice husk ash resulted in
the greatest increase in the size of Cs by 8% and 12%,
respectively (Table 5). However, the addition of coal fly
ash to the RMSs decreased both Cs and Cf (Table 5). The
results of ANOVA revealed that the mineralization rates
of the slow (s) and fast ( f ) mineralizable pools were not
significantly influenced by the addition of different types
and amounts of ash (P > 0.05; Table 2).

3.3 Microbial Biomass Carbon

The ANOVA results showed that the soil MBC was influ-
enced by the application of ash (P ≤ 0.001). The addition
of oil palm shell and rice husk ash at 50 Mg ha−1 and
75 Mg ha−1 to the RMSs increased MBC compared to that
of soil without ash (P ≤ 0.05; Fig. 2). In contrast, the ad-
dition of a high amount of coal fly ash to the RMSs led to
a reduction in MBC. The addition of 25 Mg ha−1 coal fly
ash increased MBC. However, the MBC of the soil with
75 Mg ha−1 coal fly ash was lower than that of the soil
without ash (P ≤ 0.05; Fig. 2).

4 Discussion

The application of different types and amounts of ash to the
RMSs resulted in similar effects on C mineralization and
MBC. The application of different amounts of rice husk and
oil palm shell ash and a low amount of coal fly ash increased C
mineralization and MBC, while the application of a high
amount of coal fly ash reduced C mineralization and MBC.
The results of this study are consistent with a study by Basanta
et al. (2017) that reported changes in both microbial activity
and microbial biomass after the application of remediation
treatments. Ash application to soils indirectly influences soil
C mineralization and MBC through changes in the activity of
soil microorganisms. Increases in soil pH as a result of ash
application have been reported to accelerate microbial activity
and therefore increase C mineralization and soil MBC
(Barthod et al. 2018; Cruz-Paredes et al. 2017; Maljanen
et al. 2006; Reid and Watmough 2014; Zimmermann and
Frey 2002). Such an increase in soil MBC due to changes in

Table 2 Results of nested ANOVA of the effect of different types and
amounts of ash addition on changes in soil characteristics, C
mineralization, parameters of the two-pool C mineralization model (Cs,
Cf, s, and f), and MBC

Source of Variation Degrees of Freedom F P value

Soil pH

Ash type 2 19.69 <0.001

Ash type*Ash amount 9 22.80 <0.001

CEC

Ash type 2 19.69 0.201

Ash type*Ash amount 9 22.80 0.134

Ca

Ash type 2 224.62 <0.001

Ash type*Ash amount 9 101.17 <0.001

Mg

Ash type 2 170.69 <0.001

Ash type*Ash amount 9 40.28 <0.001

SSA

Ash type 2 57.29 <0.001

Ash type*Ash amount 9 22.57 <0.001

AlO
Ash type 2 155.14 <0.001

Ash type*Ash amount 9 70.77 <0.001

FeO
Ash type 2 199.28 <0.001

Ash type*Ash amount 9 44.34 <0.001

FeD
Ash type 2 229.67 <0.001

Ash type*Ash amount 9 81.11 <0.001

C mineralization

Ash type 2 31.50 <0.001

Ash type*Ash amount 9 9.55 <0.001

Cf

Ash type 2 36.55 <0.001

Ash type*Ash amount 9 10.57 <0.001

Cs

Ash type 2 23.48 <0.001

Ash type*Ash amount 9 11.92 <0.001

f

Ash type 2 47,286.45 <0.001

Ash type*Ash amount 9 17,973.82 <0.001

s

Ash type 2 147,000.00 <0.001

Ash type*Ash amount 9 72,180.00 <0.001

Microbial biomass C

Ash type 2 6.16 0.007

Ash type*Ash amount 9 5.62 <0.001
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soil pH is primarily related to the increase in soil bacterial
activity (Rousk et al. 2010). In this experiment, all ash addi-
tions increased the soil pH from 3.60 to 4.06–4.48, depending
on the types and the amounts of added ash (P ≤ 0.05; Table 3),
indicating that the ash used in this experiment could be an
alternative material for liming acid soils (Pandey and Singh
2010; Schönegger et al. 2018).

It is known that MBC shows a quick response to soil ame-
lioration and plays an essential function in controlling changes
in soil quality (Bünemann et al. 2018; Kiboi et al. 2018). The
increase in MBC in response to the application of different
amounts of rice husk and oil palm shell ash and a low amount
of coal fly ash in this study might be because of the easily

available nutrients in the ash. The ash used in this experiment
contains nutrients (Table 1) necessary for the growth of soil
microorganisms, although not all of the nutrients are present in
an available form. The results of this research are in line with a
study conducted by Jokinen et al. (2006) that showed increas-
ing amounts and qualities of available C sources (dissolved
organic C) for microbial activity following the application of
wood ash. The amount of C in microbial biomass and the
amount of K2SO4-extractable dissolved organic C was higher
in soil treated with wood ash and nitrogen applications than in
soil treated with nitrogen application only, indicating that
wood ash application resulted in an increase in the amount
of available C for microorganisms (Saarsalmi et al. 2012).

Table 3 Changes in pH, cation
exchangeable capacity (CEC),
calcium (Ca), and magnesium
(Mg) of soils after the addition of
different types and amounts of ash

Type of ash Amount

(Mg ha−1)

pH (H2O) CEC

(cmol kg−1)

Ca Mg
— g kg−1 —

Oil palm shell ash 0 3.63 (0.09)* a** 21.87 (0.97) 0.77 (0.11) a 1.11 (0.13) a

25 3.68 (0.10) ab 20.54 (1.57) 1.10 (0.12) bc 1.23 (0.12) a

50 3.94 (0.05) cd 20.87 (2.37) 1.63 (0.17) d 1.61 (0.15) b

75 4.06 (0.07) d 20.23 (1.86) 1.99 (0.13) e 1.96 (0.17) c

Rice husk ash 0 3.64 (0.06) a 20.98 (3.16) 0.77 (0.11) a 1.11 (0.13) a

25 3.71 (0.16) ab 19.54 (1.75) 0.99 (0.13) ab 1.25 (0.24) a

50 3.91 (0.06) cd 19.87 (1.43) 1.34 (0.11) c 1.26 (0.15) a

75 4.06 (0.08) d 18.76 (1.64) 1.83 (0.15) de 1.31 (0.06) a

Coal fly ash 0 3.64 (0.07) a 22.04 (1.99) 0.77 (0.11) a 1.11 (0.13) a

25 3.84 (0.05) bc 20.54 (2.57) 1.92 (0.24) e 2.26 (0.25) d

50 4.23 (0.12) e 18.65 (1.98) 3.26 (0.30) f 2.96 (0.17) e

75 4.48 (0.18) f 16.45 (2.15) 4.15 (0.19) g 3.27 (0.17) f

*Numbers in the parenthesis represent the standard deviation of mean (n = 3)

**Lower cases following the standard deviation indicate no significant differences among the treatments based on
the LSD test at P ≤ 0.05

Table 4 Changes in specific
surface areas (SSA), oxalate-
extractable aluminum (AlO),
oxalate-extractable iron (FeO),
and dithionite-extractable iron
(FeD) of soils after the addition of
different types and amounts of ash

Type of ash Amount

(Mg ha−1)

SSA

(m2 g−1)

AlO* FeO* FeD**
— g kg−1 —

Oil palm shell ash 0 11.07 (1.09)* a** 1.11 (0.13) a 1.16 (0.19) a 1.57 (0.10) a

25 12.28 (0.25) ab 1.46 (0.11) bc 1.19 (0.02) a 2.11 (0.13) b

50 13.30 (0.28) bc 1.88 (0.10) d 1.33 (0.12) ab 2.30 (0.17) bc

75 13.50 (0.95) cd 2.12 (0.13) e 1.45 (0.11) abc 2.55 (0.10) c

Rice husk ash 0 11.07 (1.09) a 1.11 (0.13) a 1.16 (0.19) a 1.57 (0.10) a

25 11.98 (0.65) ab 1.27 (0.08) ab 1.31 (0.17) ab 1.99 (0.13) b

50 12.22 (0.24) bc 1.56 (0.12) c 1.59 (0.14) bc 2.13 (0.19) b

75 12.34 (0.85) cd 2.00 (0.13) de 1.66 (0.28) c 2.14 (0.17) b

Coal fly ash 0 11.07 (1.09) a 1.11 (0.13) a 1.16 (0.19) a 1.57 (0.10) a

25 15.48 (1.10) d 2.18 (0.24) e 2.30 (0.17) d 2.99 (0.13) d

50 18.11 (0.50) e 3.02 (0.17) f 3.12 (014) e 3.88 (0.39) e

75 19.70 (1.55) f 3.30 (0.13) g 3.85 (0.28) f 5.52 (0.33) f

*Numbers in the parenthesis represent the standard deviation of mean (n = 3)

**Lower cases following the standard deviation indicate no significant differences among the treatments based on
the LSD test at P ≤ 0.05

J Soil Sci Plant Nutr

Author's personal copy



Increased inorganic nitrogen has been observed following
wood ash application to soils (Vestergård et al. 2018), suggest-
ing increased amounts of easily available nutrients for soil
microorganisms. This result indicates that the application of
rice husk and oil palm shell ash and a low amount of fly ash to
RMSs increases soil biochemical processes that eventually
improve the characteristics of the RMSs.

The effect of coal fly ash addition on C mineralization and
soil MBC is different from that of rice husk and oil palm shell
ash addition on the soil MBC; i.e., an increase in soil MBC
occurred at the lowest amount of added coal fly ash, while C
mineralization and soil MBC decreased at higher amounts of
added coal fly ash. The changes in the effects of low and high

amounts of coal fly ash on C mineralization and MBC are
attributed to the direct effect of coal fly ash on easily available
nutrients for microorganisms (Nayak et al. 2014). An increase
in C mineralization and soil MBC at low amounts of added
coal fly ash may be related to the presence of low amounts of
Fe, Al, and other elements derived from coal fly ash that
function as easily available nutrients in soil biochemistry.
However, the decrease in MBC under high amounts of added
coal fly ash may be attributed to the detrimental effect of the
metals contained in coal fly ash. Coal fly ash contains rela-
tively high amounts of Fe and Al (Table 1), which may hinder
soil microbial activity. The low C mineralization of bentonite
waste is attributed to the presence of a high concentration of

Fig. 1 Carbon mineralization of
reclaimed-mine soil with different
amounts of oil palm shell ash (A),
rice husk ash (B), and coal fly ash
(C), throughout a 120-day incu-
bation period. Vertical bars repre-
sent the standard deviation of the
mean (n = 3). The lines are curves
fitted to the two-pool carbon
mineralization model: Ct =Cs(1-
e-st) +Cf(1-e

-ft); R2 > 0.98.
Cumulative C mineralization of
reclaimed-mine soil with addi-
tions of different ash throughout a
120-day incubation period (D).
Different lowercase letters above
the columns indicate significant
differences between the treat-
ments (LSD test, P < 0.05)
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toxic compounds in the bentonite waste (Rodríguez-Salgado
et al. 2017). A large body of research in the last decade has
been carried out to elucidate the changes in soil properties due
to coal fly ash application (Pandey and Singh 2010). Briefly,
studies on the effect of a low amount of coal fly ash on soil
MBC have shown conflicting results. Schönegger et al. (2018)
reported that the addition of a low amount of coal fly ash (2w/
w %) to soils resulted in the suppression of soil MBC after 60
and 100 days of incubation. The soil MBC and soil enzymatic
activity did not change following a low amount of coal fly ash
application (15 Mg coal fly ash ha−1) to soils (García-Sánchez
et al. 2015). In another study, Lim and Choi (2014) found that
the soil MBC observed 7 days after incubation increased sig-
nificantly following the application of a low amount of coal
fly ash (5–10 w/w %) to the soil.

In contrast, no conflicting results on the reduction in soil
MBC following the application of a relatively high amount of

coal fly ash have been reported in previous studies (e.g.,
Nayak et al. 2014; Parab et al. 2015). Parab et al. (2015)
reported that the number of soil beneficial microbes
(Azotobacter) declined considerably with coal fly ash applica-
tion, while the soil microbial activity substantially increased
with the application of up to 50 Mg ha−1 coal fly ash and then
decreased when the amount of applied coal fly ash reached
100 Mg ha−1. A study conducted by Parab et al. (2015) re-
vealed that 50 Mg ha−1 is considered an optimal amount of
applied coal fly ash for improving soil microbial properties. In
another study, Nayak et al. (2014) found that the soil MBC
decreased significantly throughout a 120-day incubation peri-
od with 10% 20% coal fly ash addition to soils, which might
be caused by a reduction in substrate availability due to the
accumulation of persistent lignite-derived organic carbon
compounds. Decreases in MBC may also be related to the
decrease in the soil microbial population with the application
of high amounts of coal fly ash to soils (Pandey and Singh
2010). Soluble C and enzyme activities (alkali phosphatase,
arylsulfatase, b-glucosidase, and L-asparaginase) decrease
significantly in co-composted public green waste with high
coal fly ash application rates (Belyaeva and Haynes 2009).

Another possible mechanism for the decrease in the C min-
eralization of soils with high amounts of coal fly ash is the
reduction in the availability of organic carbon for microorgan-
isms through soil physicochemical reactions, i.e., the stabili-
zation of organic C by oxides contained in coal fly ash. The
application of a high amount of coal fly ash to soil resulted in
increases in the contents of FeO, AlO, and FeD (Table 4). It is
well known that the presence of FeO, AlO, and FeD (iron and
aluminum oxides) in soils increases the sites (specific surface
areas) for OC sorption supplied by the high density of reactive
surface functional groups associated with those oxides. It has
been suggested that the higher SSA of soil with coal fly ash

Table 5 Results of carbon mineralization data fit to the two-pool mineralization model

Type of ash Amount of ash (Mg ha−1) Cs (mg C kg−1) s (day−1) Cf (mg C kg−1) f (day−1) R2

Oil palm shell ash 0 510.44 (25.37)* b** 0.0308 (0.00075) 963.18 (47.73) b 0.0378 (0.00002) 0.999

25 508.25 (14.78) b 0.0234 (0.00008) 1005.77 (13.84) bc 0.0430 (0.00014) 0.999

50 550.25 (10.25) de 0.0276 (0.00012) 1015.62 (18.92) c 0.0402 (0.00005) 0.999

75 545.00 (4.43) cd 0.0248 (0.00009) 1070.35 (8.69) de 0.0431 (0.00008) 0.999

Rice husk ash 0 517.62 (25.81) bc 0.0350 (0.00034) 960.23 (47.60) b 0.0350 (0.00007) 0.999

25 519.72 (7.63) bc 0.0350 (0.00007) 964.33 (14.17) b 0.0350 (0.00002) 0.999

50 577.84 (2.54) e 0.0350 (0.00018) 1022.83 (4.50) cd 0.0350 (0.00021) 0.999

75 542.78 (9.72) cd 0.0258 (0.00005) 1102.44 (19.74) e 0.0403 (0.00012) 0.999

Coal fly ash 0 517.62 (25.54) bc 0.0350 (0.00008) 960.23 (47.60) b 0.0350 (0.00008) 0.999

25 526.11 (7.81) bcd 0.0350 (0.00015) 976.19 (14.49) bc 0.0350 (0.00014) 0.999

50 507.25 (25.01) bc 0.0350 (0.00008) 897.47 (44.61) a 0.0350 (0.00008) 0.999

75 429.37 (10.70) a 0.0234 (0.00011) 855.40 (23.37) a 0.0430 (0.00016) 0.999

*Numbers in the parenthesis represent the standard deviation of mean (n = 3)

**Lower cases following the standard deviation indicate no significant differences among the treatments based on the LSD test at P ≤ 0.05

Fig. 2 Microbial biomass C of reclaimed-mine soil with the addition of
different types of ash. Vertical bars indicate the standard deviation of the
mean (n = 3). Different lowercase letters above the columns indicate sig-
nificant differences between the treatments (LSD test, P < 0.05)
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than that of control soil (Table 2) may enable more organic
carbon-soil interactions and thereby result in a reduction in
carbon mineralization (Saidy et al. 2012; von Lützow et al.
2006; Wattel-Koekkoek et al. 2003). Decreases in C mineral-
ization with high levels of coal fly ash addition have also been
found in previous experiments (McCarty et al. 1994; Nayak
et al. 2014; Pandey and Singh 2010; Pitchel 1990). Lim et al.
(2012) suggested that the application of coal fly ash can re-
duce C emissions due to the formation of carbonate from CO2

resulting from the C mineralization facilitated by calcium-
enriched coal fly ash.

The reduction in the C mineralization of the RMSs with
high amounts of coal fly ash is also related to the presence of
polyvalent cations in coal fly ash. Coal fly ash has high con-
tents of calcium and magnesium (Table 1), which increase the
sorption of OM through the mechanism of cation bridging.
The sorption of OM increases the amount of OM protected
from soil microbial decomposition. The calcium and magne-
sium cations from the added coal fly ash, which increase con-
siderably with increasing coal fly ash application (Table 3),
may function as bridges between the negatively charged func-
tional groups of OM and negatively charged clay minerals,
ultimately leading to increase OM sorption (Arnarson and
Keil 2000; Feng et al. 2005; Singh et al. 2016).

Changes in the C mineralization of the RMSs due to
ash application may also be attributed to alterations in the
size of the slowly mineralizable pool, rapidly mineralized
pool or both pools. The application of oil palm shell and
rice straw ash increased C mineralization, and the sizes of
both the slowly and rapidly mineralizable pools increased
substantially with ash application. In contrast, the sizes of
both the slowly and rapidly mineralizable pools decreased
with coal fly ash application, and C mineralization de-
creased with coal fly ash application. These observations
suggest that coal fly ash application results in the protec-
tion of a relatively large proportion of OM.

Ash application resulted in either increased C mineraliza-
tion or decreased C mineralization, and the mineralization
rates of both the slowly and rapidly mineralized pools did
not change with ash application. This result indicates that
ash addition affected the dynamics of C mineralization by
changing the size of mineralizable C pools. This result is in
line with the previous finding that C mineralization was re-
duced significantly for clays coated with iron and aluminum
oxides; the sizes of the slowly and rapidly mineralizable pools
were considerably reduced, while the mineralization rates of
these pools were unaffected (Saidy et al. 2012). Previous stud-
ies have shown that the size of the mineralizable C pool,
obtained from the two-pool C mineralization model, increases
significantly after the sorption of organic C onto soils (Kalbitz
et al. 2005), clay minerals and goethite (Mikutta et al. 2007).

The results of this study showed that the addition of oil
palm shell and rice husk ash at all doses and coal fly ash at a

low dose resulted in increases in C mineralization and soil
MBC, while C mineralization and soil MBC decreased with
a high amount of coal fly ash application to the RMSs.
Therefore, our hypothesis that differences in the characteris-
tics of the added ash lead to different C mineralization and
MBC in the RMSs was supported. The different effects of ash
application on C mineralization and soil MBC also imply that
coal fly ash application to the RMSs at high amounts may
protect soil C from microbial decomposition and thereby in-
crease soil C stabilization. With regard to ash management,
the results of this study indicate that ash could be applied as a
waste material to the RMSs to improve soil properties and that
the extent of the effect of ash application on changes in soil
properties varied with the ash characteristics.

5 Conclusions

The results of the study showed that the application of differ-
ent types of ash to the reclaimed-mining soils resulted in dif-
ferent carbon mineralization and soil microbial biomass car-
bon effects. The effect of oil palm shell and rice straw ash
application on carbon mineralization was different from that
of coal fly ash application. The addition of oil palm shell and
rice straw ash to the reclaimed-mining soils increased carbon
mineralization. Low amounts of coal fly ash application to the
soils enhanced carbon mineralization, but C mineralization
decreased with a high amount of coal fly ash application.
This decrease in C mineralization may be attributed to in-
creases in the contents of Ca, Mg, Feo, and Alo (oxalate-ex-
tractable iron and aluminum), and Fed (dithionite-extractable
iron), as a high amount of applied coal fly ash may increase
the stabilization of soil organic matter. The increased specific
surface areas (SSA) for organic carbon sorption provided by
surface functional groups associated with oxides contained in
the coal fly ash may also lead to a decrease in C mineraliza-
tion. The results of the carbon mineralization data fitted to the
two-pool carbon mineralization model showed that changes in
soil carbon mineralization in response to ash application are
associated with differences in the sizes of the mineralizable
carbon pools (rapidly mineralizable carbon pool, slowly min-
eralizable carbon pool or both pools). In the oil palm shell and
rice straw ash treatments that increased C mineralization, the
mineralizable C pool size increased with the application of oil
palm shell and rice straw ash to the soil. However, the appli-
cation of coal fly ash to soils led to a decrease in the size of the
mineralizable C pool, which eventually resulted in decreases
in C mineralization. This result demonstrates that coal fly ash
application to the reclaimed-mining soils leads to the protec-
tion of a relatively large proportion of organic matter, thereby
increasing the organic matter content in the reclaimed mining
soils. Similar to carbon mineralization, the soil microbial bio-
mass carbon of the reclaimed mining soils increased
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significantly with oil palm shell and rice husk ash application.
However, the addition of a high amount of coal fly ash
(75 Mg ha−1) led to a reduction in the soil microbial biomass
carbon compared to that of soils without coal fly ash applica-
tion. With regard to ash management, the results of this study
indicate that the application of ash to improve the soil proper-
ties of the reclaimed mining soils could be used as an alterna-
tive to managing ash as a waste material.

Acknowledgements We specially thank Mr. Ahmad Juaeni, Site
Manager of PT Arutmin Indonesia (PT AI) Satui for the provision of
clearance to conduct research in this site. Acknowledgement is also ex-
tended to Mr. Fakhriza Ahmad, Senior Officer of Safety Health and
Environmental Department PT AI Satui Site for his valuable assistance
during field work.

Funding Information This study was financially supported by the
Ministry of Research, Technology and Higher Education, the Republic
of Indonesia, through Competency Grant No. 42/E/KTP/2017.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

Ahirwal J, Maiti SK, Satyanarayana-Reddy M (2017) Development of
carbon, nitrogen and phosphate stocks of reclaimed coal mine soil
within 8-years after forestation with Prosopis juliflora (Sw.) dc.
Catena 156:42–50. https://doi.org/10.1016/j.catena.2017.03.019

Arnarson S, Keil RG (2000) Mechanisms of pore water organic matter
adsorption to montmorillonite. Mar Chem 71:309–320. https://doi.
org/10.1016/S0304-4203(00)00059-1

Asensio V, Flórido FG, Ruiz F, Perlatti F, Otero XL, Oliveira DP, Ferreira
TO (2019) The potential of a Technosol and tropical native trees for
reclamation of copper-polluted soils. Chemosphere 220:892–899.
https://doi.org/10.1016/j.chemosphere.2018.12.190

Barnhisel R, Bertsch PM (1982) Aluminium. In: Page AL, Miller RH,
Keeney DR (eds) methods of soil analysis. Part 2: chemical and
microbiological properties, 2nd edn. American Society of
Agronomy and Soil Science Society of America, Madison, WI, pp
275-300

Barthod J, Rumpel C, Calabi-Floody M, Mora ML, Bolan NS, Dignac
MF (2018) Adding worms during composting of organic waste with
red mud and fly ash reduces CO2 emissions and increases plant
available nutrient contents. J Environ Manag 222:207–215. https://
doi.org/10.1016/j.jenvman.2018.05.079

Basanta R, de Varennes A, Diaz-Ravina M (2017) Microbial community
structure and biomass of a mine soil with different organic and
inorganic treatments and native plants. J Soil Sci Plant Nut 17:
839–852. https://doi.org/10.4067/S0718-95162017000400001

Belyaeva O, Haynes R (2009) Chemical, microbial and physical proper-
ties of manufactured soils produced by co-composting municipal
green waste with coal fly ash. Bioresour Technol 100:5203–5209.
https://doi.org/10.1016/j.biortech.2009.05.032

Bentsen NS, Felby C (2012) BiomaBiotechnol Biofuelsss for energy in
the European Union-a review of bioenergy resource assessments. 5:
25. https://doi.org/10.1186/1754-6834-5-25

Blake GR, Hartge KH (1986) Bulk density. In: Klute A (ed) methods of
soil analysis. Part 1: physical and mineralogical methods, 2nd edn.
American Society of Agronomy and Soil Science Society of
America, Madison. WI, pp 363-375

Blakemore LC, Searle PL, Daly BK (1987) Methods for chemical
analysis of soils. In: New Zealand soil bureau scientific report
80. New Zealand, Department of Scientific and Industrial
Research, Lower Hutt

Bünemann EK, Bongiorno G, Bai Z, Creamer RE, De Deyn G, de Goede
R, Fleskens L, Geissen V, Kuyper TW, Mäder P, Pulleman M,
Sukkel W, van Groenigen JW, Brussaard L (2018) Soil quality – a
critical review. Soil Biol Biochem 120:105–125. https://doi.org/10.
1016/j.soilbio.2018.01.030

Careddu N, Medda P, Sarritzu C, Grasso F (2015) Particulate matter in
fly-ash landfills: an abatement technology using anionic flocculant.
J Clean Prod 102:477–484. https://doi.org/10.1016/j.jclepro.2015.
04.111

Chen H, Zhao X, Chen X, Lin Q, Li G (2018) Seasonal changes of soil
microbial C, N, P and associated nutrient dynamics in a semiarid
grassland of North China. Appl Soil Ecol 128:89–97. https://doi.org/
10.1016/j.apsoil.2018.04.008

Cruz-Paredes C, Wallander H, Kjøller R, Rousk J (2017) Using commu-
nity trait-distributions to assign microbial responses to pH changes
and cd in forest soils treated with wood ash. Soil Biol Biochem 112:
153–164. https://doi.org/10.1016/j.soilbio.2017.05.004

de Andrade BM, de Sousa Ferraz RL, Coutinho ELM, Coutinho Neto
AM, da Silva MS, Fernandes C, Rigobelo EC (2019) Multivariate
analysis and modeling of soil quality indicators in long-term man-
agement systems. Sci Total Environ 657:457–465. https://doi.org/
10.1016/j.scitotenv.2018.11.441

de Levie R (2001) How to use excel in analytical chemistry and in general
scientific data analysis. Cambridge University Press, Cambridge

Feng XJ, Simpson AJ, Simpson MJ (2005) Chemical and mineralogical
controls on humic acid sorption to clay mineral surfaces. Org
Geochem 36:1553–1566. https://doi.org/10.1016/j.orggeochem.
2005.06.008

Feng Y, Wang J, Bai Z, Reading L (2019) Effects of surface coal mining
and land reclamation on soil properties: a review. Earth Sci Rev 191:
12–25. https://doi.org/10.1016/j.earscirev.2019.02.015

García-Sánchez M, Siles JA, Cajthaml T, García-Romera I, Tlustoš P,
Száková J (2015) Effect of digestate and fly ash applications on soil
functional properties andmicrobial communities. Eur J Soil Biol 71:
1–12. https://doi.org/10.1016/j.ejsobi.2015.08.004

Gee GW, Bander JW (1986) Particle size analysis. In: Klute A (ed) meth-
od of soil analysis. Part 1: physical and mineralogical methods, 2nd
edn. Agronomy Society of America and Soil Science Society of
America, Madison, WI, pp 234-289

Hansen M, Kepfer-Rojas S, Bjerager PER, Holm PE, Skov S, Ingerslev
M (2018) Effects of ash application on nutrient and heavy metal
fluxes in the soil and soil solution in a Norway spruce plantation
in Denmark. Forest Ecology andManagement 424:494–504. https://
doi.org/10.1016/j.foreco.2018.05.005

Heanes D (1984) Determination of total organic-C in soils by an im-
proved chromic acid digestion and spectrophotometric procedure.
Commun Soil Sci Plan 15:1191–1213. https://doi.org/10.1080/
00103628409367551

Ibeto CN, Lag-Brotons AJ,Marshall R, Semple KT. 2020. The nutritional
effects of digested and undigested organic wastes combined with
wood ash amendments on carrot plants. J soil Sci plant nut 1-13.
https://doi.org/10.1007/s42729-019-00131-x

Joergensen RG (1996) The fumigation-extraction method to estimate soil
microbial biomass: calibration of the kEC value. Soil Biol Biochem
28:25–31. https://doi.org/10.1016/0038-0717(95)00101-8

Jokinen HK, Kiikkilä O, Fritze H (2006) Exploring the mechanisms
behind elevated microbial activity after wood ash application. Soil

J Soil Sci Plant Nutr

Author's personal copy

https://doi.org/10.1016/j.catena.2017.03.019
https://doi.org/10.1016/S0304-4203(00)00059-1
https://doi.org/10.1016/S0304-4203(00)00059-1
https://doi.org/10.1016/j.chemosphere.2018.12.190
https://doi.org/10.1016/j.jenvman.2018.05.079
https://doi.org/10.1016/j.jenvman.2018.05.079
https://doi.org/10.4067/S0718-95162017000400001
https://doi.org/10.1016/j.biortech.2009.05.032
https://doi.org/10.1186/1754-6834-5-25
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.jclepro.2015.04.111
https://doi.org/10.1016/j.jclepro.2015.04.111
https://doi.org/10.1016/j.apsoil.2018.04.008
https://doi.org/10.1016/j.apsoil.2018.04.008
https://doi.org/10.1016/j.soilbio.2017.05.004
https://doi.org/10.1016/j.scitotenv.2018.11.441
https://doi.org/10.1016/j.scitotenv.2018.11.441
https://doi.org/10.1016/j.orggeochem.2005.06.008
https://doi.org/10.1016/j.orggeochem.2005.06.008
https://doi.org/10.1016/j.earscirev.2019.02.015
https://doi.org/10.1016/j.ejsobi.2015.08.004
https://doi.org/10.1016/j.foreco.2018.05.005
https://doi.org/10.1016/j.foreco.2018.05.005
https://doi.org/10.1080/00103628409367551
https://doi.org/10.1080/00103628409367551
https://doi.org/10.1007/s42729-019-00131-x
https://doi.org/10.1016/0038-0717(95)00101-8


Biology and Biochemistry 38:2285–2291. https://doi.org/10.1016/j.
soilbio.2006.02.007

Kalbitz K, Schwesig D, Rethemeyer J, Matzner E (2005)
Stabilization of dissolved organic matter by sorption to the
mineral soil. Soil Biol Biochem 37:1319–1331. https://doi.
org/10.1016/j.soilbio.2004.11.028

Kiboi MN, Ngetich KF, Mugendi DN, Muriuki A, Adamtey N,
Fliessbach A (2018) Microbial biomass and acid phosphomonoes-
terase activity in soils of the central highlands of Kenya. Geoderma
Regional 15:e00193. https://doi.org/10.1016/j.geodrs.2018.e00193

Kumar S, Singh AK, Ghosh P (2018) Distribution of soil organic carbon
and glomalin related soil protein in reclaimed coal mine-land
chronosequence under tropical condition. Sci Total Environ 625:
1341–1350. https://doi.org/10.1016/j.scitotenv.2018.01.061

Leclercq-Dransart J, Demuynck S, Bidar G, Douay F, Grumiaux F,
Louvel B, Pernin C, Leprêtre A (2019) Does adding fly ash to
metal-contaminated soils play a role in soil functionality regarding
metal availability, litter quality, microbial activity and the commu-
nity structure of Diptera larvae? Appl Soil Ecolo 138:99–111.
https://doi.org/10.1016/j.apsoil.2019.02.027

Lim S, Choi W (2014) Changes in microbial biomass, CH4 and CO2

emissions, and soil carbon content by fly ash CO-applied with or-
ganic inputs with contrasting substrate quality under changing water
regimes. Soil Biol Biochem 68:494–502. https://doi.org/10.1016/j.
soilbio.2013.10.027

Lim S, Choi W, Lee K, Ro H (2012) Reduction in CO2 emission from
normal and saline soils amended with coal fly ash. J soil sediments
12:1299–1308. https://doi.org/10.1007/s11368-012-0545-6

Maljanen M, Nykanen H, Moilanen M, Martikaenen PJ (2006)
Greenhouse gas fluxes of coniferous forest floors as affected by
wood ash addition. For Ecol Manag 237:143–149. https://doi.org/
10.1016/j.foreco.2006.09.039

Manna A, Maiti R (2018) Geochemical contamination in the mine affect-
ed soil of Raniganj coalfield – a river basin scale assessment. Geosci
Front 9:1577–1590. https://doi.org/10.1016/j.gsf.2017.10.011

Maresca A, Hyks J, Astrup TF (2018) Long-term leaching of nutrients
and contaminants from wood combustion ashes. Waste Manag 74:
373–383. https://doi.org/10.1016/j.wasman.2017.11.056

Maresca A, Krüger O, Herzel H, Adam C, Kalbe U, Astrup TF (2019)
Influence of wood ash pre-treatment on leaching behaviour, liming
and fertilising potential. Waste Management 83:113–122. https://
doi.org/10.1016/j.wasman.2018.11.003

McCarty GW, Siddaramappa R, Wright RJ, Codling EE, Gao G (1994)
Evaluation of coal combustion byproducts as soil liming materials:
their influence on soil pH and enzyme activities. Biol Fert Soils 17:
167–172. https://doi.org/10.1007/BF00336317

McLean EO (1982) Soil pH and lime requirement. In: Page AL, Miller
RH, Keeney DR (eds) Methods of soil analysis part 2: chemical and
microbiological properties, 2nd edn. American Society of
Agronomy and Soil Science Society of America, Madison, WI, pp
199–224

Mikutta R, Mikutta C, Kalbitz K, Scheel T, Kaiser K, Jahn R (2007)
Biodegradation of forest floor organic matter bound to minerals
via different binding mechanisms. Geochim Cosmochim Ac 71:
2569–2590. https://doi.org/10.1016/j.gca.2007.03.002

Moragues-Saitua L, Arias-González A, Gartzia-Bengoetxea N (2017)
Effects of biochar and wood ash on soil hydraulic properties: a field
experiment involving contrasting temperate soils. Geoderma 305:
144–152. https://doi.org/10.1016/j.geoderma.2017.05.041

Morillas L, Roales J, Portillo-Estrada M, Gallardo A (2017) Wetting-
drying cycles influence on soil respiration in two Mediterranean
ecosystems. Eur J Soil Biol 82:10–16. https://doi.org/10.1016/j.
ejsobi.2017.07.002

Munda S, Nayak A, Mishra P, Bhattacharyya P, Mohanty S, Kumar A,
Kumar U, Baig M, Tripathi R, Shahid M (2016) Combined

application of rice husk biochar and fly ash improved the yield of
lowland rice. Soil Res 54:451–459. https://doi.org/10.1071/sr15295

Nayak AK, Kumar A, Raja R, Rao KS, Mohanty S, Shahid M, Tripathy
R, Panda BB, Bhattacharyya P (2014) Fly ash addition affects mi-
crobial biomass and carbon mineralization in agricultural soils. B
Environ Contam Tox 92: 160–164. https://doi.org/ https://doi.org/
10.1007/s00128-013-1182-5

Noyce GL, Fulthorpe R, Gorgolewski A, Hazlett P, Tran H, Basiliko N
(2016) Soil microbial responses to wood ash addition and forest fire
in managed Ontario forests. Appl Soil Ecol 107:368–380. https://
doi.org/10.1016/j.apsoil.2016.07.006

Olsen SR, Sommers LE (1982) Phosphorus. In: Page AL, Miller RH,
Keeney DR (Eds) methods of soil analysis. Part 2: chemical and
microbiological properties, 2nd edn. American Society of
Agronomy and Soil Science Society of America, Madison, WI, pp
403-430

Olson, RV, Ellis R (1982) Iron. In: PageAL,Miller RH, KeeneyDR (Eds)
Methods of soil analysis. Part 2: Chemical and microbiological
properties, 2nd edn. American Society of Agronomy and Soil
Science Society of America, Madison, WI, pp 301–312

Pandey VC, Singh N (2010) Impact of fly ash incorporation in soil sys-
tems. Agric Ecosyst Environ 136:16–27. https://doi.org/10.1016/j.
agee.2009.11.013

Parab N, Sinha S, Mishra S (2015) Coal fly ash amendment in acidic
field: effect on soil microbial activity and onion yield. Appl Soil
Ecol 96:211–216. https://doi.org/10.1016/j.apsoil.2015.08.007

Paul EA (2014) Soil microbiology, ecology and biochemistry. Academic
Press, Boston

Payne R (2008) A guide to anova and design in Genstat. VSN
International, Hempstead

Pietrzykowski M, Socha J, van Doorn NS (2014) Linking heavy metal
bioavailability (cd, cu, Zn and Pb) in scots pine needles to soil
properties in reclaimed mine areas. Sci Total Environ 470-471:
501–510. https://doi.org/10.1016/j.scitotenv.2013.10.008

Pitchel JR (1990)Microbial respiration in fly ash/sewage sludge amended
soil. Environ Pollut 63:225–237. https://doi.org/10.1016/0269-
7491(90)90156-7

Qin J, Hovmand MF, Ekelund F, Rønn R, Christensen S, Groot GAD,
Mortensen LH, Skov S, Krogh PH (2017) Wood ash application
increases pH but does not harm the soil mesofauna. Environ Pollut
224:581–589. https://doi.org/10.1016/j.envpol.2017.02.041

Reid C, Watmough SA (2014) Evaluating the effects of liming and
wood-ash treatment on forest ecosystems through systematic
meta-analysis. Can J For Res 44:867–885. https://doi.org/10.
1139/cjfr-2013-0488

Rhoades JD (1982). Cation exchange capacity. In: Page AL, Miller RH,
Keeney DR (Eds) methods of soil analysis. Part 2: chemical and
microbiological properties, 2nd edn. American Society of
Agronomy and Soil Science Society of America, Madison, WI, pp
149-158

Rodríguez-Salgado I, Pérez-Rodríguez P, Santás V, Nóvoa-Muñoz JC,
Arias-Estévez M, Díaz-Raviña M, Fernández-Calviño D (2017)
Carbon mineralization in acidic soils amended with an organo-
mineral bentonite waste. J Soil Sci Plant Nut 17:624–634. https://
doi.org/10.4067/S0718-95162017000300006

Rousk J, Brookes PC, Bååth E (2010) Investigating the mechanisms for
the opposing pH relationships of fungal and bacterial growth in soil.
Soil Biol Biochem 42:926–934. https://doi.org/10.1016/j.soilbio.
2010.02.009

Saarsalmi A, Smolander A, Kukkola M, Moilanen M, Saramäki J (2012)
30-year effects of wood ash and nitrogen fertilization on soil chem-
ical properties, soil microbial processes and stand growth in a scots
pine stand. Forest Ecol Manag 278:63–70. https://doi.org/10.1016/j.
foreco.2012.05.006

Saidy AR, Smernik RJ, Baldock JA, Kaiser K, Sanderman J, Macdonald
LM (2012) Effects of clay mineralogy and hydrous iron oxides on

J Soil Sci Plant Nutr

Author's personal copy

https://doi.org/10.1016/j.soilbio.2006.02.007
https://doi.org/10.1016/j.soilbio.2006.02.007
https://doi.org/10.1016/j.soilbio.2004.11.028
https://doi.org/10.1016/j.soilbio.2004.11.028
https://doi.org/10.1016/j.geodrs.2018.e00193
https://doi.org/10.1016/j.scitotenv.2018.01.061
https://doi.org/10.1016/j.apsoil.2019.02.027
https://doi.org/10.1016/j.soilbio.2013.10.027
https://doi.org/10.1016/j.soilbio.2013.10.027
https://doi.org/10.1007/s11368-012-0545-6
https://doi.org/10.1016/j.foreco.2006.09.039
https://doi.org/10.1016/j.foreco.2006.09.039
https://doi.org/10.1016/j.gsf.2017.10.011
https://doi.org/10.1016/j.wasman.2017.11.056
https://doi.org/10.1016/j.wasman.2018.11.003
https://doi.org/10.1016/j.wasman.2018.11.003
https://doi.org/10.1007/BF00336317
https://doi.org/10.1016/j.gca.2007.03.002
https://doi.org/10.1016/j.geoderma.2017.05.041
https://doi.org/10.1016/j.ejsobi.2017.07.002
https://doi.org/10.1016/j.ejsobi.2017.07.002
https://doi.org/10.1071/sr15295
https://doi.org/10.1007/s00128-013-1182-5
https://doi.org/10.1007/s00128-013-1182-5
https://doi.org/10.1016/j.apsoil.2016.07.006
https://doi.org/10.1016/j.apsoil.2016.07.006
https://doi.org/10.1016/j.agee.2009.11.013
https://doi.org/10.1016/j.agee.2009.11.013
https://doi.org/10.1016/j.apsoil.2015.08.007
https://doi.org/10.1016/j.scitotenv.2013.10.008
https://doi.org/10.1016/0269-7491(90)90156-7
https://doi.org/10.1016/0269-7491(90)90156-7
https://doi.org/10.1016/j.envpol.2017.02.041
https://doi.org/10.1139/cjfr-2013-0488
https://doi.org/10.1139/cjfr-2013-0488
https://doi.org/10.4067/S0718-95162017000300006
https://doi.org/10.4067/S0718-95162017000300006
https://doi.org/10.1016/j.soilbio.2010.02.009
https://doi.org/10.1016/j.soilbio.2010.02.009
https://doi.org/10.1016/j.foreco.2012.05.006
https://doi.org/10.1016/j.foreco.2012.05.006


labile organic carbon stabilisation. Geoderma 173:104–110. https://
doi.org/10.1016/j.geoderma.2011.12.030

Saidy A, Hayati A, Septiana M (2019). The types and the amounts of
organic matter influence carbon dioxide production in the
reclaimed-mine tropical soils. IOP Conference Series: Earth and
Environmental Science, IOP Publishing. https://doi.org/10.1088/
1755-1315/239/1/012012/meta. Accessed 14 May 2019

Schloter M, Nannipieri P, Sørensen SJ, van Elsas JD (2018) Microbial
indicators for soil quality. Biol Fert Soils 54:1–10. https://doi.org/10.
1007/s00374-017-1248-3

Schönegger D, Gómez-Brandón M, Mazzier T, Insam H, Hermanns R,
Leijenhorst E, Bardelli T, Fernández-Delgado Juárez M (2018)
Phosphorus fertilising potential of fly ash and effects on soil micro-
biota and crop. Resour Conserv and Recy 134:262–270. https://doi.
org/10.1016/j.resconrec.2018.03.018

Silva FC, Cruz NC, Tarelho LAC, Rodrigues SM (2019) Use of biomass
ash-based materials as soil fertilisers: critical review of the existing
regulatory framework. Journal of Cleaner Production 214:112–124.
https://doi.org/10.1016/j.jclepro.2018.12.268

Singh JS, Gupta VK (2018) Soil microbial biomass: a key soil driver in
management of ecosystem functioning. Sci Total Environ 634:497–
500. https://doi.org/10.1016/j.scitotenv.2018.03.373

Singh M, Sarkar B, Biswas B, Churchman J, Bolan NS (2016)
Adsorption-desorption behavior of dissolved organic carbon by soil
clay fractions of varying mineralogy. Geoderma 280:47–56. https://
doi.org/10.1016/j.geoderma.2016.06.005

Thomaz EL (2018) Interaction between ash and soil microaggregates
reduces runoff and soil loss. Sci Total Environ 625:1257–1263.
https://doi.org/10.1016/j.scitotenv.2018.01.046

Urra J, Mijangos I, Lanzén A, Lloveras J, Garbisu C (2018) Effects of
corn Stover management on soil quality. Eur J Soil Biol 88:57–64.
https://doi.org/10.1016/j.ejsobi.2018.06.005

Valentim B, Abagiu AT, Anghelescu L, Flores D, French D, Gonçalves P,
Guedes A, Popescu LG, Predeanu G, Ribeiro J, Santos AC, Slăvescu
V, Ward CR (2019) Assessment of bottom ash landfilled at Ceplea
Valley (Romania) as a source of rare earth elements. Int J Coal Geol
201:109–126. https://doi.org/10.1016/j.coal.2018.11.019

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method for
measuring soil microbial biomass C. Soil Biol Biochem 19:703–
707. https://doi.org/10.1016/0038-0717(87)90052-6

Varlas G, Christakos K, Cheliotis I, Papadopoulos A, Steeneveld GJ
(2017) Spatiotemporal variability of marine renewable energy re-
sources in Norway. Energy Procedia 125:180–189. https://doi.org/
10.1016/j.egypro.2017.08.171

Vestergård M, Bang-Andreasen T, Buss SM, Cruz-Paredes C, Bentzon-
Tilia S, Ekelund F, Kjøller R, Mortensen LH, Rønn R (2018) The
relative importance of the bacterial pathway and soil inorganic ni-
trogen increase across an extreme wood-ash application gradient.
GCB Bioenergy 10:320–334. https://doi.org/10.1111/gcbb.12494

von Lützow M, Kögel-Knabner I, Ekschmitt K, Matzner E,
Guggenberger G, Marschner B, Flessa H (2006) Stabilization of
organic matter in temperate soils: mechanisms and their relevance
under different soil conditions - a review. Eur J Soil Sci 57:426–445.
https://doi.org/10.1111/j.1365-2389.2006.00809.x

Wattel-Koekkoek EJW, Buurman P, van der Plicht J, Wattel E, van
Breemen N (2003) Mean residence time of soil organic matter as-
sociated with kaolinite and smectite. European Journal of Soil
Science 54:269–278. https://doi.org/10.1046/j.1365-2389.2003.
00512.x

Yuan Y, Zhao Z, Li X, Wang Y, Bai Z (2018) Characteristics of labile
organic carbon fractions in reclaimed mine soils: evidence from
three reclaimed forests in the Pingshuo opencast coal mine, China.
Sci Total Environ 613-614:1196–1206. https://doi.org/10.1016/j.
scitotenv.2017.09.170

Zhao Z, Wei X, Wang X, Ma T, Huang L, Gao H, Fan J, Li X, Jia X
(2019) Concentration and mineralization of organic carbon in forest
soils along a climatic gradient. Forest Ecol Manag 432:246–255.
https://doi.org/10.1016/j.foreco.2018.09.026

Zhen Q, Zheng J, Zhang X, Shao M (2019) Changes of solute transport
characteristics in soil profile after mining at an opencast coal mine
site on the loess plateau, China. Sci Total Environ 665:142–152.
https://doi.org/10.1016/j.scitotenv.2019.02.035

Zimmermann S, Frey B (2002) Soil respiration and microbial properties
in an acid forest soil: effects of wood ash. Soil Biology and
Biochemistry 34:1727–1737. https://doi.org/10.1016/s0038-
0717(02)00160-8

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

J Soil Sci Plant Nutr

Author's personal copy

https://doi.org/10.1016/j.geoderma.2011.12.030
https://doi.org/10.1016/j.geoderma.2011.12.030
https://doi.org/10.1088/1755-1315/239/1/012012/meta
https://doi.org/10.1088/1755-1315/239/1/012012/meta
https://doi.org/10.1007/s00374-017-1248-3
https://doi.org/10.1007/s00374-017-1248-3
https://doi.org/10.1016/j.resconrec.2018.03.018
https://doi.org/10.1016/j.resconrec.2018.03.018
https://doi.org/10.1016/j.jclepro.2018.12.268
https://doi.org/10.1016/j.scitotenv.2018.03.373
https://doi.org/10.1016/j.geoderma.2016.06.005
https://doi.org/10.1016/j.geoderma.2016.06.005
https://doi.org/10.1016/j.scitotenv.2018.01.046
https://doi.org/10.1016/j.ejsobi.2018.06.005
https://doi.org/10.1016/j.coal.2018.11.019
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/j.egypro.2017.08.171
https://doi.org/10.1016/j.egypro.2017.08.171
https://doi.org/10.1111/gcbb.12494
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1046/j.1365-2389.2003.00512.x
https://doi.org/10.1046/j.1365-2389.2003.00512.x
https://doi.org/10.1016/j.scitotenv.2017.09.170
https://doi.org/10.1016/j.scitotenv.2017.09.170
https://doi.org/10.1016/j.foreco.2018.09.026
https://doi.org/10.1016/j.scitotenv.2019.02.035
https://doi.org/10.1016/s0038-0717(02)00160-8
https://doi.org/10.1016/s0038-0717(02)00160-8

