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Abstract
Mine spoil is deprived of organic carbon. Reclamation and re-vegetation of mine spoil initiate photosynthetic carbon 
fixation and add soil organic matter. Fly ash (FA) generated from coal-fired power stations can be used for reclamation of 
mine spoil. Our research was aimed to assess the effect on FA on carbon mineralization of organic manures and biochar 
added to mine spoil. Incubation experiments were conducted to assess the carbon mineralization of farmyard manure 
(FYM), chicken litter (CL), plant litter (PL), and biochar (BC) added to mine spoil in the presence and absence of FA. After 
1 year of incubation, the cumulative  CO2 emission was lower for the FA-added mine spoil and it was higher for PL (4.42 vs. 
5.09 g  CO2–C/kg soil, with and without FA, respectively) and CL (3.75 vs. 4.07 g  CO2–C/kg soil) followed by FYM (1.86 vs. 
1.97) and BC (0.67 vs. 0.54 g  CO2–C/kg soil). The labile C pool was significantly lower for FA-added mine spoil, whereas the 
stable carbon pool was higher in FA-added soils: FYM (1.4 vs. 0.6 g  CO2–C/kg soil) and CL (2.20 vs. 3.17 g  CO2–C/kg soil). 
Substrate-induced respiration, microbial biomass carbon (MBC), and dissolved organic carbon (DOC) were significantly 
higher under PL, CL, and FYM. FA increased MBC, but decreased DOC. Overall, FA decreased  CO2 emission from mine 
spoil probably due to the interaction of organic matter with the surfaces on FA and the resultant physical protection 
against microbial decomposition.
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1 Introduction

Worldwide coal is the second largest energy source next 
to petroleum and other liquid fuels [19]. Large amount of 
terrestrial carbon are lost due to mining of coal and its 
subsequent firing in power plants [29, 32]. Reclamation of 
coal mine degraded lands provides an opportunity for C 
sequestration [1–3, 31]. Mine spoil is generally very coarse 
and many times difficult to establish vegetation. Sponta-
neous vegetation of abandoned mine spoil is very slow. 
The vegetation process could be accelerated by adopting 
different reclamation strategies. Land shaping, addition 
of top soil, organic materials, plant nutrients, insecticides, 
and irrigation water are some of the major inputs required 
for mine spoil reclamation. Land shaping is mainly focused 

on stabilizing the slopes and establishing drainage chan-
nels to prevent erosion. As the mine spoil is coarse with 
difficult physical condition for plant establishment, addi-
tion of top soil, FA, organic wastes like processed sewage 
sludge, etc., would be helpful. Seeding or planting healthy 
sapling on the treated mine spoil is normally practiced.

Soil C has been shown to increase rapidly by mine soil 
reclamation because initially mine spoils lack soil organic 
carbon [11, 30, 45]. Soil carbon pools are dynamic and 
subject to loss, especially the soil carbon is mineralized 
back to atmosphere as  CO2. Only a small portion of the 
carbon added to the soil is retained as long live stable 
carbon in soil; rest is released back to atmosphere. Man-
agement strategies should concentrate on increasing 
the size of stable carbon pools [30].Coal combustion in 
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power stations generate huge amount of FA, which is a 
solid waste and a menace for the power plant. FA can be 
effectively utilized for reclamation of mine spoil [23, 33, 
38]. FA has silt sized particles which improves soil pore 
structure, aeration, decreases bulk density and improves 
the overall soil physical quality. The improvement in the 
physical conditions of the soils further helps in inhabita-
tion and growth of soil micro- and macro-organisms. The 
presence of some of the essential plant nutrients in FA like 
Ca, Mg, Na, S, Fe, Cu, Mn, Zn, etc., supports plant growth 
and increases biomass yield. FA has been found to be 
very effective for reclamation when it is used with other 
organic amendments like animal manure, sewage sludge, 
biochar, sugar industry waste, etc. [37, 39]. Co-application 
of FA with these amendments has many advantages like 
decrease in bioavailability of toxic metals, pH buffering, 
increase in organic matter, nutrient availability, microbial 
activity, and overall improvement in soil quality. Biochar 
is also used for remediation of mine spoil. Application of 
biochar to mine spoil increases the carbon content in the 
mine spoil. The increase in carbon content promotes reten-
tion of plant nutrients, stimulates microbial growth, and 
initiates cycling of plant nutrient in the mine spoil, and 
sequesters heavy metals. Biochar improves physical qual-
ity of the mine spoils which in turn helps in proliferation 
of plant roots. The porous nature of biochar and its high 
surface area provides a suitable habitat for microbes. Bio-
char increased the shoot biomass and generally reduced 
the concentrations of toxic metals in plant species when 
grown for phytostabilization of mining wastes [7].

Litter fall is the major source of organic matter in 
the mine spoil. The rate of decomposition of the litter 
depends on the nature of the litter, moisture, tempera-
ture, and microbial communities. In a reclaimed mine 
spoil, decomposition rate was faster for the N-fixing litter 
Medicago sativa and dicotyledonous non-N-fixing litter 
Cirsium arvense (half life of 0.9 years) and was the slowest 
for the Calamagrostis epigejos grass (half life of 2.6 years) 
[40]. The highest carbon stock was found in mine spoil 
treated with sewage sludge (33 t/ha) and compost (45 t/
ha) stabilized by lake chalk [37]. Co-application of FA with 
organic amendments like biochar would enhance carbon 
storage in mine spoil and supply essential nutrients for 
plant growth. Artificial soils formed by mixing organic fur-
fural residue and FA could be used for reclamation of mine 
spoil [15]. FA decreased soil respiration [9]. FA has been 
reported to increase humification process of soil carbon 
[6]. Some of the FA properties like, micro pores, alkaline 
pH, and presence of reactive oxides may be responsible 
for carbon stabilization in soil [5, 28]. Amendments of poor 
structured soils with micro- and mesoporous materials like 
FA will reduce soil organic carbon turnover and increase its 
residence time [21]. Different mechanisms of protection of 

soil C mineralization are physical protection of soil carbon 
against microbial degradation, conversion of labile carbon 
to non-labile carbon, and suppression of microbial activity 
due to adverse chemical environment created by FA.

FA has greater potential for use in the reclamation of 
mine spoil. As FA is devoid of organic carbon, FA has to 
be applied along with organic manures or biosolids. The 
role of FA on organic carbon mineralization in mine spoil 
is not fully understood. Thus, this study is aimed to assess 
the carbon mineralization of organic manures and biochar 
applied to FA-amended mine spoil.

2  Materials and methods

2.1  Organic manure, biochar, fly ash, and mine spoil

Fresh mine spoil (MS) was collected from Vishwakarma 
opencast projects (N23°46′, E86°24′), Jharia Coalfields 
(JCF), Dhanbad, India, for the carbon mineralization experi-
ments. FA sample was collected from a captive power plant 
located in Dhanbad, India. Organic amendment materials 
like plant litter (PL), chicken litter (CL), farmyard manure 
(FYM), and biochar (BC) were also used. FYM and CL were 
collected from a nearby cattle and poultry farm, respec-
tively. PL comprising of dried leaves and twigs of Cassia 
siamea (Leguminosae) was added as an amendment. BC 
was prepared from yard waste consisting of mainly tree 
litter. Known quantity of air-dried yard waste was taken in 
stainless steel container with perforated lid, and heated in 
muffle furnace at 400 °C for 60 min. After carbonization, 
the biochar was milled to a homogenous fine powder and 
passed through 40-mesh sieve and stored for future use in 
air-tight containers.

2.2  Sample analysis

Mine spoil, FA samples and other amendments were air-
dried and ground to pass through a 2-mm sieve. The pH 
and electrical conductivity (EC) of the samples were meas-
ured at 1:10 (w/v) soil to water ratio suspension using a cal-
ibrated pH meter and a conductivity meter, respectively. 
For elemental analysis, a subsample of all the materials 
was oven-dried, milled to a homogenous fine powder 
(RM200; Retsch, Castleford, UK), passed through 100-mesh 
sieve, and stored in air-tight containers. The elemental 
composition (C, H, N, S) of the samples was determined 
using a CHNS elemental analyzer (Vario MACRO cube, 
Elementar Germany). Ash content was determined by 
heating the samples in a muffle furnace at 750 °C for 6 h 
(ASTM D-1762-84). For FTIR analysis, oven-dried samples 
were ground to powder, mixed with KBr (1:200 w/w) and 
pelletized (KBr Press Model M-15). The FTIR spectrum of 
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the pellets was recorded in a FTIR spectrometer (IRAffinity-
1S, Shimadzu, Japan) at a resolution of 4 cm−1. For deter-
mination of plant nutrients and trace elements in MS, FA, 
FYM, CL, PL, and BC samples, ASTM method D6349-13 for 
determination of major and minor elements was followed. 
According to this method, samples were placed in muffle 
furnace and gradually heated for 1 h till the temperature 
reaches 500 °C, heating continued for another 1 h till the 
temperature reaches 750 °C, then maintained at 750 °C 
for 2 h. The crucibles were cooled, and the resultant ash 
was grinded to pass through 200-mesh sieve. The ashed 
samples were then reignited at 750 °C for 1 h and again 
cooled. Ashed samples were then digested with 70/30 HCl/
HF mixed acid solution and 2.1 ml  HNO3 in a microwave 
digestion system at 130 °C for 2 h, to which 1.5% boric acid 
was then added and continued digestion for another 1 h, 
following ASTM method D6349-13. The prepared samples 
were analyzed in ICP-OES (iCAP 6300Duo, Thermo Fisher 
Scientific, UK).

2.3  Carbon mineralization experiment

About 5–10 cm of FA or soil cover on the top of the mine 
spoil helps in reclamation and growth of plant species. In 
view of this, for the carbon mineralization experiment, we 
have decided to add about 25% FA dose to the minespoil, 
and a high dose of organic amendments equivalent to 
100 t/ha. Twenty grams of MS was added in 100 ml air-
tight bottles; in half of the bottles, 15 g MS and 5 g FA 
mixture were added. To the MS and MS–FA mixtures, 
organic amendments like FYM, CL, PL or BC were added 
at the dosage of 1%. There were 10 treatments with three 
replications with CRD design. The treatment details are 
listed below:

 1. T1: Control (only MS)
 2. T2: MS + FA (25%)
 3. T3: MS + FA (25%) + FYM (1%)
 4. T4: MS + FYM (1%)
 5. T5: MS + FA (25%) + CL (1%)
 6. T6: MS + CL (1%)
 7. T7: MS + FA (25%) + PL (1%)
 8. T8: MS + PL (1%)
 9. T9: MS + FA (25%) + BC (1%)
 10. T10: MS + BC (1%)

The required quantities of air-dried amendments were 
mixed with MS as per the designated treatments, and the 
mixtures were taken in 100 ml glass bottle having sep-
tum cork for gas sampling at periodical intervals. Appro-
priate amount of distilled water was added to bring the 
mine spoil mixtures to 25% water holding capacity [10]. 
The set up was kept in an incubator at 28 °C, and from 

the headspace of the bottles, gas samples were collected 
at periodical intervals using a 1 ml syringe and the  CO2 
released was measured using gas chromatograph (Bruker, 
Scion-456-GC). After each sampling, the glass bottles were 
opened and allowed to equilibrate with the atmosphere 
for 1 h and the bottles were closed. The incubation experi-
ment was continued for 372 days.

We fitted the C mineralization data in a double expo-
nential model [22] using statistical software Sigma Plot 
11. In this equation, there are two C pools, one is com-
paratively stable with low rate of decomposition and the 
other pool is labile with higher rate of decomposition. The 
double exponential equation is given below:

where  CO2–C is the cumulative C mineralization,  C1 and  C2 
are the size of the stable and labile C pools, respectively, 
k1 and k2 are their corresponding  CO2 emission rates, and 
t is time.

At the end of the experiment, the soil samples were 
homogenized, sieved (2 mm size) and stored at 4 °C till the 
analysis of soil biological properties. Microbial biomass 
carbon (MBC) was estimated by chloroform fumigation 
and extraction method [46]. Dissolved organic carbon 
(DOC) was calculated from the carbon content in  K2SO4 
extracts of non-fumigated soils. Glucose nutrient-induced 
respiration method was followed for determination of sub-
strate-induced respiration (SIR) [20]. All the soil parameters 
were analyzed in triplicate, and the mean values are pre-
sented on a dry weight basis.

2.4  Statistical analysis

One-way analysis of variance was carried out to compare 
the treatment means. Differences between individual 
means were evaluated using Duncan’s multiple range 
tests at P < 0.05. All statistical analyses were done using 
SYSTAT-12.

3  Results and discussion

3.1  Characteristics of mine spoil and amendments

Basic properties of the MS, FA and amendments added 
(FYM, CL, PL, BC), are given in Table 1. pH was found to be 
alkaline in all the amendments. Major plant nutrients (N, 
P, K, Ca, Mg, S) were the highest in chicken litter. C content 
was the highest in biochar followed by plant litter, chicken 
litter, and farmyard manure.

(1)CO2 − C = C1

(

1 − exp−k1t
)

+ C2

(

1 − exp−k2t
)
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Table 1  Characterization of the mine spoil, fly ash, Farmyard manure, chicken litter, plant litter, and biochar (mean ± standard deviation, n, 
number of replicates = 3)

Mine spoil Fly ash Farmyard manure Chicken litter Plant litter Biochar

pH 7.13 ± 0.32 8.66 ± 0.63 7.79 ± 0.52 7.67 ± 0.61 7.47 ± 0.43 9.77 ± 0.46
EC (dS/m) 0.42 ± 0.03 0.59 ± 0.02 3.62 ± 0.03 9.55 ± 0.03 3.35 ± 0.04 1.85 ± 0.03
Total C (%) 2.40 ± 0.13 13.22 ± 1.2 17.70 ± 2.3 28.53 ± 3.4 45.23 ± 4.2 58.54 ± 4.8
Plant nutrients (%)
N 0.96 ± 0.01 0.67 ± 0.01 1.37 ± 0.02 2.54 ± 0.03 1.61 ± 0.01 1.14 ± 0.02
P 0.052 ± 0.00 0.529 ± 0.01 0.72 ± 0.01 4.23 ± 0.09 0.04 ± 0.00 0.28 ± 0.00
K 0.214 ± 0.0 0.625 ± 0.01 2.20 ± 0.01 5.89 ± 0.08 0.38 ± 0.02 1.94 ± 0.35
Ca 1.05 ± 0.01 1.4 ± 0.02 1.72 ± 0.03 5.01 ± 0.05 1.60 ± 0.03 5.68 ± 0.54
Mg 0.079 ± 0.00 0.044 ± 0.00 0.78 ± 0.02 2.14 ± 0.06 0.27 ± 0.04 0.79 ± 0.04
S 0.041 ± 0.00 0.182 ± 0.02 0.19 ± 0.05 1.00 ± 0.29 0.08 ± 0.00 0.39 ± 0.03
Trace elements (mg/kg)
As 1.43 ± 0.02 2.24 ± 0.03 1.53 ± 0.03 1.66 ± 0.02 6.15 ± 0.04 26.2 ± 3.02
Cd 0.15 ± 0.01 1.86 ± 0.02 1.35 ± 0.02 1.87 ± 0.03 0.02 ± 0.0 0.65 ± 0.02
Co 3.4 ± 0.03 11.1 ± 0.08 49.6 ± 4.7 14.1 ± 3.1 0.43 ± 0.01 2.08 ± 0.07
Cr 12.8 ± 1.4 39.6 ± 3.3 128 ± 5.4 135 ± 4.6 15.4 ± 2.1 28.8 ± 0.67
Cu 13.3 ± 2.1 33.6 ± 3.5 4.32 ± 0.4 2671 ± 32.2 19.3 ± 2.4 0.83 ± 0.09
Fe 9248 ± 143 17 452 ± 164 33204 ± 138 18366 ± 163 738 ± 51 7851 ± 356
Mn 171 ± 7.2 220 ± 11.4 1297 ± 32.1 1508 ± 23.4 99.0 ± 6.3 321 ± 24.4
Ni 16.8 ± 3.2 21 ± 2.1 208 ± 14.2 123 ± 13.1 7.28 ± 0.92 23.1 ± 6.21
Pb 3.12 ± 0.05 4.32 ± 0.3 10.1 ± 0.8 18.0 ± 2.1 27.9 ± 3.5 8.08 ± 0.64
Zn 37.5 ± 2.3 30.6 ± 4.1 721 ± 53.2 431 ± 36.7 100 ± 12.3 323 ± 32.1

Fig. 1  FTIR spectra of amendments used for carbon mineralization experiment. MS mine spoil, FA fly ash, FYM farmyard manure, PL plant lit-
ter, CL chicken litter, BC biochar
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3.1.1  FTIR analysis

FTIR analysis (Fig. 1) showed three different groups (1) 
MS and FA; (2) FYM, PL, and CL; (3) BC. Common spectral 
signals observed for all the materials are: 3631 cm−1, O–H 
vibrations of surface hydroxyl group associated with  H2O; 
2900 cm−1, symmetric and asymmetric stretching vibra-
tions of aliphatic C–H bands. For MS and FA, various min-
eral oxide peaks were observed (a sharp peak at 1031 cm−1 
and a shoulder at 920 cm−1 is associated with Si–OH bend-
ing, 1083 cm−1 is due to (Si–O–Si) asymmetric stretching 
vibration; 796 cm−1 for Al/Si–O bending, and 472 cm−1 for 
Si–O–Si bending).In the spectra of biochar, aromatic skel-
etal vibration or C–O stretching vibration (1435 cm−1) [11]; 
C=O in carboxylates, ketones, quinones or C=C stretching 
vibration in aromatic components (1580 cm−1); bending 
vibrations from carbonates (875 cm−1 and 712 cm−1) were 
observed. In addition, certain aromatic C=C ring stretching 
bands (around 1600 cm−1 to 1450 cm−1) occurred in BC 
spectra. Other studies also suggest development of fused 
aromatic structures in BC [11]. During pyrolysis, all the vol-
atiles from the biomass are released and make the residual 
carbon molecules more aromatic in nature [12]. FYM and 
CL showed a broad band around 3430 cm−1 attributed 
to O–H stretching of hydroxyl groups and/or amide and 
amine N–H stretching (Fig. 1). C–O stretching of polysac-
charides (1082 cm−1) [27] and C=O stretching of amide 
groups in proteins and aromatic C=C stretching, amide 
C=O stretching and amide N–H bending (1645 cm−1) were 
observed. Spectra of PL showed the characteristic bands 

of lignin (1510 cm−1, 1738 cm−1) and carbohydrates (1456, 
1418, 1376, 1338 and 1317 cm−1) [34].

The above discussion on FTIR results showed that bio-
char is dominated by aromatic functional groups; FYM and 
CL by polysaccharides and amines; PL by lignin and carbo-
hydrates. So, it is evinced that the amendments used for 
the study have different degrees of carbon lability: FYM, 
and CL is more labile because of the presence of polysac-
charides, and amines; PL is moderately labile due to the 
presence of lignocellulosic materials; biochar is non-labile 
as indicated by the aromatic functional groups.

3.2  Carbon mineralization

Carbon mineralization experiment was conducted from 
processed (< 2  mm) soil samples, and there could be 
limitation that soil preparation might have affected some 
fraction of the labile pool. The other limitation could be 
the soil physical conditions in the experiment could be 
different from the intrinsic field soil environment. How-
ever, these standard laboratory incubation protocols were 
widely used for carbon mineralization studies [16].

Carbon mineralization from the amended mine spoils 
was faster during the initial 80 to 100 days, and thereaf-
ter, it decreased; however, this trend was not observed 
in control (MS), MS + FA, and BC-amended soils (Fig. 2). 
The cumulative  CO2 emission was lower for the FA-added 
mine spoil, and among the organic amendments, it was 
higher for PL (4.42 vs. 5.09 g  CO2–C/kg soil, with and with-
out FA, respectively) and CL (3.75 vs. 4.07 g  CO2–C/kg soil) 

Fig. 2  Cumulative  CO2 emis-
sion from mine spoil (MS) 
amended with fly ash (FA), 
farmyard manure (FYM), 
chicken litter (CL), plant litter 
(PL) and biochar (BC)
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amended soil followed by FYM (1.86 vs. 1.97 g  CO2–C/kg 
soil). It has been reported that addition of fresh organic 
matter like plant litter, sewage sludge, etc., would increase 
the soil microbial respiration and  CO2 emission [14]. Addi-
tion of fresh organic matter to soil initially underwent a 
rapid decomposition of the labile organic fraction, fol-
lowed by decomposition of resistant organic fraction. 
This sequence of decomposition rate has resulted in an 
exponential curve which tends to flatten at latter period of 
incubation [18]. The mineralization rate was the lowest in 
the unamended mine spoil and biochar-added treatments. 
This may be due to the presence of coal-based recalci-
trant carbon in mine spoil [44]. Higher  CO2 emitted in the 
soils amended with PL and CL compared to those treated 
with FYM can be directly associated to higher amount of 
organic matter incorporated with PL and CL. Though PL 
and BC have comparable C content, more  CO2 was emit-
ted per unit of PL than BC which clearly suggests that the 
organic matter in PL is less stable. BC carbon is resistant 
to microbial degradation due to the aromatic structure 
[4, 42].

After 1 year of carbon mineralization experiment, it 
is observed that FYM, PL, and CL-amended mine spoil 
reached a stable mineralization rate. Though the  CO2 emis-
sion rate is slower for BC and control, a linear pattern was 
observed even after 1 year of incubation. This could be 
due to abiotic decomposition of organic carbon in BC [47].

The best-fit parameters of the nonlinear regression 
analysis of the  CO2 emission data using a double decom-
position model are given in Table 2. The type of organic 
amendment significantly affected the size and the miner-
alization of the labile and stable carbon pool. The carbon 
pools were larger for PL, followed by CL and FYM. BC did 
not follow a double exponential model, the trend is linear, 

accordingly the size of the labile and stable carbon pools 
and their mineralization rates were not different. Similar 
results were reported by [16]. The labile carbon pool is 
relatively low in FYM-amended soil as we have used com-
posted manure. Composted manure has lower decompo-
sition rate than the fresh litter which is due to the stable 
fractions of organic C in FYM after composting. The C in 
FYM is more recalcitrant than the C in PL or CL. [25] also 
reported lower  CO2–C evolution from FYM than CL.

The mineralization rate constants (k) varied significantly 
between the treatments (Table 2). Mineralization rate of 
the labile C pool was higher in CL (0.432), followed by PL 
(0.419) and FYM (0.028) which suggests the differential C 
stability of the amendments used. Higher mineralization 
in CL is due to rapid mineralization of hydrolysable C under 
aerobic conditions [24]. BC-amended mine spoils and con-
trol soil have lower k values (0.001) which indicate the lack 
of labile organic matter available for microbial minerali-
zation. For the stable carbon pool, also similar trend was 
observed for the rate constant (k2), but the differences 
were narrower.

CO2 emission decreased in the presence of FA. The labile 
C pool was significantly lower for FA-added soils. On the 
contrary, the size of the stable carbon pool was higher 
in FYM (1.4 vs. 0.6 g  CO2–C/kg soil, with and without FA, 
respectively) and CL (3.17 vs. 2.20 g  CO2–C/kg soil) in the 
presence of FA  (Table 2). In case of PL, the stable pool was 
not affected by FA. Earlier studies showed that addition of 
FA significantly decreased soil C mineralization [36]. The 
reduction in C mineralization due to FA could be due to 
the extreme pH, the presence of heavy metals, amorphous 
aluminosilicates and black carbon. FA may form organo-
mineral complexes that are more stable and resistant to 
microbial decomposition [43]. Kleber [26] reported that 

Table 2  Labile and stable C 
pool and their decomposition 
rates (k1 and k2) estimated by 
a double exponential model

R2, coefficient of determination, k = rate constant (mean with same alphabets are not significant at 
P < 0.05)

MS mine spoil, FA fly ash, FYM farmyard manure, PL plant litter, CL chicken litter, BC biochar

Treatments Labile pool (C1) (g 
 CO2–C/kg soil)

k1 Stable pool (C2) (g 
 CO2–C/kg soil)

k2 R2

MS 1.04c 0.010d 0.03f 0.004c 0.996
MS + FA 0.624de 0.002e 0.636de 0.002cd 0.991
MS + FA + FYM 0.749d 0.028c 1.40c 0.004c 0.999
MS + FYM 1.71b 0.010d 0.60e 0.001d 0.995
MS + FA + CL 0.597e 0.432a 3.17ab 0.014a 0.995
MS + CL 2.49a 0.030c 2.20b 0.003de 0.988
MS + FA + PL 0.701d 0.419a 3.80a 0.010b 0.995
MS + PL 2.16ab 0.050b 3.90a 0.004c 0.992
MS + FA + BC 0.566e 0.002e 0.574e 0.002cd 0.989
MS + BC 0.873cd 0.001f 0.873d 0.001d 0.938
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the interaction of FA and soil creates a protective struc-
tural network that protects the decomposition of organic 
carbon. Development of soil micro aggregates upon FA 
amendment provides physical protection of soil organic 
matter. Increase in stable carbon pool with FA addition 
depicts that a fraction of the added carbon is protected 
by FA depending on the availability of active sites in FA 
and added organic matter. FA addition to soil improves the 
storage of soil carbon by stabilization and physical protec-
tion of soil carbon [33]. The other possible mechanism for 
carbon stabilization is FA that catalyzes the conversion of 
labile and unstable organic C in soil into stable humus [21].

At the end of the C mineralization experiment, the 
residual soil was homogenized and analyzed for some 
biological parameters. Substrate-induced respiration 
(SIR), MBC, and dissolved organic carbon were significantly 
higher under PL-added mine spoil followed by CL and FYM 
treatments (Fig. 3). SIR was not affected by FA. However, 
microbial biomass carbon (MBC) increased significantly 
with FA (Fig. 3) and dissolved organic carbon decreased. 
PL, CL, and FYM increased the soil biological activity prob-
ably due to the energy released from the organic matter 
decomposition [17]. Application of FA-enhanced MBC, 
probably due to the improvement in soil physical envi-
ronment and increase in availability of nutrient elements 
required for the growth of microorganisms [35]. DOC was 
higher under MS with plant litters, whereas least under 

MS with FA (Fig. 3). The decrease in DOC with FA addition 
(Fig. 3c) is probably due to the sorption of organic carbon 
on FA. Soil organic carbon decomposition is inhibited by 
organo-mineral interactions between FA and the organic 
matter at molecular to millimeter scales [21]. Organic mat-
ter stabilization may occur by its sorption on mineral and 
organic soil surfaces, and deposition in pores and other 
inaccessible locations where the decomposers and soil 
enzymes could not attack [28]. Besides carbon stabiliza-
tion, this organo-mineral interaction improves the mine 
spoil quality by increasing microbial activity, controlling 
the availability of metals by binding ions to organic mole-
cules and releasing nutrients that can be utilized by plants 
[39].

FTIR analysis (Fig. 4) was carried out with the residual 
soils of the carbon mineralization experiment. Almost 
similar FTIR pattern was observed for all the amend-
ments. Around 3000–2800 cm−1, the C–H aliphatic peaks 
are prominent for CL and FYM. Si–O peak obtained at 
1100–900  cm−1 was present in all the soils. There is a 
significant difference in the sharpness of the Si–O peak, 
especially wherever FA was added the peaks are sharper. 
However, in BC treated mine spoil, the sharpness of the 
peak was decreased when FA was added. This is probably 
due to loss of mineralizable polysaccharide and other car-
bohydrate-based carbon molecules present in PL and CL 
(Fig. 1). In PL, FYM or CL-added mine spoil the Si–O sites 
of FA are available, but in case of biochar-added soil, the 
aromatic C of biochar get adsorbed on the FA surfaces 
which decreases the sharpness of the Si–O peaks. Further 
studies on the molecular level interaction between FA and 
organic matter are required for better understanding of 
the mechanism of carbon stabilization by FA.

4  Conclusion

Cumulative  CO2 emission was higher for plant litter (4.42 
vs. 5.09 g  CO2–C/kg soil, with and without FA, respectively) 
and chicken litter (3.75 vs. 4.07 g  CO2–C/kg soil) amended 
soil followed by farm yard manure (1.86 vs. 1.97 g  CO2–C/
kg soil). The carbon pools were larger for plant litter, fol-
lowed by chicken litter and farm yard manure-added mine 
spoil. Carbon mineralization rate was higher in chicken 
litter, followed by plant litter and farm yard manure. The 
labile C pool was significantly lower for FA-added soils. On 
the contrary, the size of the stable carbon pool was higher 
in FA-added soils: farm yard manure (1.4 vs. 0.6 g  CO2–C/kg 
soil, with and without FA, respectively), chicken litter (3.17 
vs. 2.20 g  CO2–C/kg soil, with and without FA, respectively). 
Substrate-induced respiration, microbial biomass carbon, 
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Fig. 3  Effect of fly ash and different amendments on mine spoil dis-
solved organic C (DOC), microbial biomass C (MBC), and substrate-
induced respiration (SIR). MS mine spoil, FA fly ash, FYM farmyard 
manure, PL plant litter, CL chicken litter, BC biochar, (n = 3; error bar, 
standard deviation; mean with same alphabets is not significant at 
P < 0.05; t significance between FA treatments is depicted as P val-
ues in the graph)
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and dissolved organic carbon were significantly higher 
under plant litter-added mine spoil followed by chicken 
litter and farm yard manure treatments. FA increased 
microbial biomass carbon but decreased dissolved organic 
carbon. Overall, FA decreased the cumulative  CO2 emission 
from mine spoil.
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