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Abstract
Purpose  Surface coal mining operations generate large quantities of mine-waste that are disposed in land-raised ‘mine-
waste dumps’, which are generally unstable, nutrient deficient and unsuitable for creating ecological structure and functions. 
The natural recovery of disturbed ecosystems is a long-term process extending to decades. The purpose of the present work 
is to explore the restoration opportunities using a scientific revegetation approach for re-establishment of ecological services 
and mine dump stabilisation in selected Indian mining wasteland.
Methods  A 18 year re-vegetation study was undertaken into the Indian coalmine spoils to understand the process of ecosys-
tem development, with an ecological and geotechnical perspective. This long-term investigation examined (i) the physico-
chemical properties of soil/mine spoil following standard methods; (ii) screened suitable plant species for restoration; (iii) 
assessed the impact of revegetation on mine dump slope stability by measuring the dump geometry using an electron dis-
tance meter (EDM), numerical simulations and in-situ shear jack test; and (iv) basic ecological services that were achieved 
in two different spoil heaps located in Jharia, formerly comprising native grassland and forest, some 20 km apart.
Results  The results clearly indicated that leguminous plants significantly enhanced spoil stability from 4 to 18 years after re-
vegetation. Following, considerable quantities of organic carbon were stored in the mine spoil, with increases of 125–250% 
and by 82–282% being recorded at 6 and 18 years, respectively. Similarly, C in below ground biomass (BGB) increased by 
380–945%, and 300–993%; C in plant biomass by 194–345% and 392–695% and 214–429% and 73–662%; and C in soil 
microbial biomass (MBC) by 157–372 kg ha–1 and 121–292 kg ha–1. The factor of safety (FOS) was significantly enhanced 
from 1.4 to 1.6 and 1.9 after 6 and 18 years of plantation on dump slope, respectively. Further, the ecological services were 
considerably enhanced by increased soil carbon stock, soil nutrient, microbial biomass, reduced soil runoff and wildlife 
movement.
Conclusion  Long-term monitoring following a scientific re-vegetation approach can assess ecosystem recovery and the re-
establishment of ecological services in damaged ecosystems from mining. The physico-chemical and biological properties 
of re-vegetated mine spoils helps to assess the critical indicators for mine spoil dump stabilisation and ecosystem recovery. 
These indicators can be used to elucidate the geotechnical and ecological engineering processes pertinent for mine spoil and 
degraded ecosystem management.
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1  Introduction

In India, as much 0.44 million ha of land is subject to oper-
ational coal mines and thermal power plants, with > 78% 
being available with coal mines. Apart from this, vast land 
is available as derelict land, due to ca. 297 abandoned and 
discontinued mines (Singh and Banerjee 2024). The east-
ern India has the most significant share of land (> 50% of 
India’s total) available with coal mines. The coal mining 
in India is largely dominated by surface mining with the 
share of underground mining declining to 6% during last 
decade (Ministry of Coal 2021). During surface mining, the 
overburden is removed and deposited in mine-waste dumps 
which can be physically unstable and difficult to re-vegetate 
(Tripathi et al., 2014).

These mine dumps are unconsolidated deposits of signifi-
cant high (e.g. x10’s of meters) and can be steeper than their 
prescribed safety limits resulting from limited land and high 
spoil volumes (Gupta and Singh 2018). If not stabilised, 
these mine spoil dumps can be unstable and an on-going 
safety concern for the mining industry, environmental agen-
cies and the public.

From an ecological perspective, mine spoil is damaged 
ecosystem unsuited to soil healthy microbial activity and 
plant growth, due to its unfavorable chemistry and poorly 
developed soil structure (Nayak and Mishra 2024; Tripa-
thi and Singh 2011). The recent unprecedented increase 
in Indian mine waste dumps and their effect on ecosys-
tems is of great concern, as the natural recovery (coloni-
sation) of plant and faunal species with stabilisation of 
dump slope is a long-term process (Tripathi et al. 2016; 
Ranjan et al. 2015; Park et al. 2021; Kumar et al. 2023; 
Thakur et al. 2024). Further, mine dump failure and the 
associated with loss of life has increased in recent years. 
A re-vegetation strategy employing targeted planting 
of specific species can assist the recovery of mine spoil 
and the ecosystem that has been degraded, damaged, or 
destroyed (Tripathi et al. 2016).

Soil degradation can result in the loss of or alteration of 
many soil properties and functions. The physical, chemical, 
and biological properties of soil are basic indicators of qual-
ity (Doran and Parkin 1994; Larson and Pierce 1994), and 
these can be used to assess mine spoil for potential re-vege-
tation. Otherwise, mine working generally contains factors 
that limit ecosystem development over the short term in the 
absence of reclamation practices (Bradshaw 1997).

Re-vegetation has a catalytic effect upon soil restora-
tion potential, by changing soil microclimatic conditions, 
thereby increasing vegetation-structural complexity, and the 
development of litter and organic matter, which can develop 

during the early years following plantation (Zhang et al. 
2024; Singh et al. 2002). We hypothesised that long-term re-
vegetation could improve biomass and productivity which 
results in (i) improvement in carbon storage from litter fall 
and fine root mortality (ii) nitrogen fixation by leguminous 
plant in the root zone enhances soil fertility, (iii) recovery of 
nutrient cycling by soil microbial biomass, (iv) stabilisation 
of mine spoil through root proliferation, (v) developing eco-
logical services. Effective monitoring of these elements on 
revegetated ecosystem helps in adaptive management activ-
ities to achieve the restoration goals (Bhaduri et al. 2022; 
Collen and Nicholson 2014).

The objective of the present paper is to evince the long-
term study of 18 years to observe the changes in plant growth 
performance, soil nutrient recovery through microbial bio-
mass, slope stability and carbon sequestration and improve-
ment in ecological services in two Indian mine-spoil dump 
after re-vegetation.

The primary research contributions of this paper are out-
lined as follows:

	● Stabilisation of overburden dump slopes through physi-
cal reclamation and bio-stabilisation facilitated by tree 
roots.

	● The selection of suitable plant species aimed at achiev-
ing effective revegetation of overburden, which in turn, 
minimises soil erosion, improves soil fertility, and ac-
celerates the recovery of the ecosystem.

	● Evaluation of long-term plant growth performance and 
the physico-chemical and mechanical characteristics of 
overburden dumps, assessed continuously over an ex-
tended period of 18 years post-plantation, encompass-
ing soil structural and functional attributes, as well as 
dump soil stability (including shear strength factor of 
safety of the dump material through numerical modeling 
techniques).

It should be noted that the generation of mine spoil is not 
confined to India. Substantial extractive industries exist 
in China, North America, Africa, Australia and elsewhere. 
Although mine dumps are well managed in many countries, 
e.g. Australia, in others, especially the developing countries 
where environmental standards are evolving, improved 
low-cost strategies for managing these dumps are required. 
Furthermore, the engineered slopes of mine spoil heaps can 
deteriorate over time (Goh et al. 2007) due to significant 
variability (Masoudian et al. 2019), and so an economic and 
efficient restorative approach that can be applied to different 
types of mine spoil dumps in different parts of the world will 
offer obvious advantages.
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2  Materials and methods

2.1  Study sites

The two overburden dumps chosen and an adjacent waste-
land, sit amongst the rolling landscapes of the Jharia 
coalfields in Jharkhand (Bharat Coking Coal Limited), 
and Raniganj, West Bengal (Eastern Coalfields Limited). 
These two sites were located at 23o 47’43.3” N longitudes 
86o19’40.54” E latitudes, and 23o 45’ 11.2” N longitudes 
and 86o45’399” E latitudes (Fig. 1). Approximately 20 km 
from each location were two control sites, comprising a 
grassland and a native forest habitat. At each of the four 
sites to be examined, 3 sub-sites of 1 ha were investigated 
by regular examination/sampling. Therefore, 12 individual 
sites were examined in this study.

The large-scale coal mining in Jharia started in 1894 
(Saxena, 1991). Currently, approximately 1887 sq. km are 
considered as ‘wastelands’ because of coal mining activities 
(BCCL, 2017). There are 23 large underground and 9 large 
open cast mines being worked in Jharia (Pal et al. 2016).

The Raniganj Coalfields was the site of first Indian coal 
mine, opened in 1774. Approximately 7.5 km2 of land is 
subject to severe subsidence, abandonment and spoil tip-
ping. At present, there are 107 operating mines of which 89 
are underground and the remaining 18 are opencast. Total 
coal reserves to 600  m depth are estimated at 23  billion 
tonnes (Mohalik et al. 2019).

The selected coal mine spoil dumps are 20–30 m in height 
and had slope angles of < 35°. Each dump was re-vegetated 
5 years after tipping operations ceased. The selection of 
native and introduced plant species was based on the work 
of Singh et al. (2006), with the best performing tree species 
(primarily leguminous species) being planted after amend-
ment of soil with farmyard manure at a ratio of 5:1 kg per 
pit of size 30 × 30 × 45 cm. Tree saplings were transplanted 
on dumps before the onset of seasonal rain during May-June 
1993. Figure 2 displays the view of the plantation on the flat 
area of the overburden dump top after 6 months and 1 year 
of planting. Figure 3 shows the view of the plantation on the 
slope of the overburden dump after 1 year and 18 years of 
planting.

The adjacent grassland site contained only perennial 
grasses with a few scattered trees were present in patches. 
The dominant grasses were Heteropogon contortus and co-
dominant grass was Saccharum spontaneom with Cynodon 
dactylon, Cyprus rotundus, Chrysopon fulvus and Chryso-
pogon acciculatus species. The native forest ‘control’ area 
comprised mixed dry deciduous trees dominated by the 
tree species Shorea robusta, Terminalia tomentosa, Butea 
monosperma, Dalbergia sisoo, Madhuca indica, Terminalia 
arjuna, Pongamia pinnata and Azadirachta indica.

The plant species chosen for revegation of the mine spoil 
sites included leguminous trees: Dalbergia sisoo, Albizzia 
lebbeck, Acacia nilotica, Leucena leucocephala; non-legu-
minous: Azadirachta indica and Delonix regia, the bushes: 
Lantana camara, Eupatorium odoratum and Leonotis nep-
tifolia; and the herbaceous species: Xanthium strumarium, 
Saccharum spontaneum, Tridex procumbence and Evolvu-
lus spp.

2.2  Soil sampling

Using a randomised-block design, five soil samples were 
collected from the upper 10 cm layer from 3 replicate plots 
at each of the two control sites (forest and grassland) and 
the two mine spoil dumps. The samples from each plot were 
combined into one representative sample. This sample was 
then sub-divided into two-sub samples, with one (in its field-
moist condition) used for determining moisture, plant avail-
able nutrients (N, P & K), and microbial biomass C, and the 
other being air-dried for physical/chemical characterisation 
(following the procedure outlined by Rowell, 1994).

2.3  Soil characterisation

The soil/spoil samples were characterised for their physical 
and chemical properties, including pH, electrical conduc-
tivity (EC), moisture, bulk density, water holding capac-
ity, organic carbon, available and total nutrients including 
N (total and mineral), P, K, Fe, Cu, Mn and Zn (following 
Mehta, 1954; Rowell, 1994; Brady 1985 and Piper, 1994).

The soil mineral-N is very crucial to predict microbial 
activities, N mineralisation and the root turnover processes, 
but is largely dormant immediately after planting. Mineral 
N (nitrate + ammonia-N) was determined immediately after 
sample collection, following Jackson (1958) and Wetzel and 
Likens (1979).

Microbial biomass C in soil/mine spoil samples was 
determined using the chloroform (CHCl3) fumigation-incu-
bation method of Jenkinson and Powlson (1976), except 
that liquid CHCl3 was used instead of vapour and CO2-C 
evolved from fumigated soil for 10–20 days was taken as 
control (Tripathi and Singh, 2012a). Microbial biomass C 
was calculated following Jenkinson and Ladd (1981), Singh 
et al. (1991a) and Jenkinson and Ladd (1981).

2.4  Plant morpho-metric analysis

Morphometric data was collected at regular age intervals (at 
2-yearly intervals to 12 years, and then again at 18 years).

For determination of below-ground biomass (live + dead 
roots) five replicate monolithic samples of 25 × 25 × 10 cm 
were taken at 0–10 cm, 10–20 cm and 20–30 cm depth. The 
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Fig. 1  Location map of two dump plantation sites in India
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2.5.1  Numerical modeling

Numerical simulations for leguminous and non-leguminous 
species were conducted by the Finite Difference Method 
(FDM) after dividing the whole domain into two different 
two-dimensional zones (elements) interconnected with their 
grid points or nodes, as described in Tripathi et al. (2012b).

Five models were used to simulate the field conditions 
before and after re-vegetation with leguminous plants at 
3, 6, 12 and 18 years. No external load was applied in the 
numerical model. The calculated nodal displacement due to 
gravitational loading in each zone was used to assess the 
strain and sheer stresses over the dump. The Mohr-Coulomb 

monoliths were washed, and the below-ground biomass was 
collected following Tripathi et al. (2009).

2.5  Dump stability

The dump stability analysis, as summarised in Fig. 4 follow-
ing Tripathi et al., (2012b), included the measurement of dump 
geometry using an electron distance meter (EDM). A digital 
terrain model (3-D view) was used to delineate the boundary 
of dump (Fig. 5). Further, the dump geometry, boundary con-
ditions and physical properties were used for numerical simu-
lation models to assess the degree of stabilisation and factor of 
safety (FOS) of revegetated mine spoil dumps.

Fig. 2  View of plantation on 
overburden dump top, (a) after 
6 months, and (b) after 1 year of 
plantation
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the horizontal direction fixed (i.e. the roller boundary) along 
the rear of the dump, and (ii) the fixed boundary with no 
displacement in horizontal and vertical directions along the 
base, as shown in Fig. 6.

The numerical modelling approach is described below:

(i)	 The whole domain was assigned with same properties 
(fixed boundary conditions) as measured in the field to 

constitutive relation was used to calculate the FOS and 
behavior of mine spoil dump.

The dump selected for numerical modelling was 26–30 m 
high with a slope angle of 35º and base length of 90 m. The 
elements selected near slope (area of interest) were smaller 
(0.5 × 0.5 m), while those for the remaining dump area were 
larger (0.5 × 2  m). The creation of boundary conditions 
included (i) displacement in the vertical direction keeping 

Fig. 3  View of plantation on 
overburden dump slope, (a) after 
1 year and (b) after 18 years of 
plantation
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and small variation in it can result in significant change in 
the dump slope stability. A failure relationship, following 
Mohr Coulomb failure law (Lambe and Whitman 1979) was 
drawn and is shown in Fig. 8.

2.5.3  In-situ Jack shear test

In-situ shear strength properties of the dump material 
(before biological reclamation and after 3, 6, 12 and 18 
years of plantation) have been carried out by in-situ jack 
sear test as described by Hribar et al. (1986) and Chau-
lya (1997). The biostability method including the in-situ 

simulate the natural dump material before plantation 
(Fig. 6).

(ii)	 A modified layer was assigned that included the cohe-
sion (c) and friction (φ) values measured on dump 
slopes after planting with leguminous plants at 3, 6, 12 
and 18 years (Fig. 7).

2.5.2  Shear strength properties

Shear strength properties of dump material play a vital 
role in the dump stability. Determination of reliable shear 
strength values is a critical part of any dump slope design 

Fig. 4  The methodology for 
investigating mine dump stability
 

1 3

3445



Journal of Soils and Sediments (2025) 25:3439–3459

dump material with grass roots). A block of known dimen-
sion (40  cm height, 80  cm width and 100  cm length) is 
made and pushed gradually to fail by a fixed reaction face 

jack shear test diagram is also described by Tripathi et 
al. (2012b). These tests have been repeated five times for 
both barren dump and reclaimed dump (separately for 

Fig. 6  Geometry of dump used 
for numerical modeling
 

Fig. 5  A 3-D view of dump slope 
and boundary
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the length of the block. The average value of the depth (h) 
which is measured at three locations is used to determine the 
shear strength parameters.

The shear strength parameters, cohesion (c) and angle 
of internal friction (φ), have been determined as discussed 
below.

A cross section as shown in Fig. 9 has been drawn for 
all the pits tested by making use of the average depth of the 
sliding surface. It has been further subdivided into suitable 
number of slices. The weight of each slice (w) and length (l) 
along the sliding plane have been determined. Further, the 
weight of the whole sliding mass (W) has been determined 
from the following equations:

w = γhmxb� (1)

W =
∑n

i wn� (2)

Where,
hm = mid height of the slice (m); γ = unit weight (t m− 3); 

x = width of the slice (m); b = the width of the test block (i.e. 
0.8 m); and n = the number of slices.

(Fig. 9). The observation is recorded at various stages of 
failure. The loading face of the block is kept at a distance 
equal to the total length of the equipment assembly. The 
sides of the test block are separated from the main soil 
mass by a narrow cut of 15 to 20 cm width to the full depth 
and loosely backfilled by the excavated soil (Fig. 9). Both 
reaction face of the pit and the test block must be vertical 
so that the load applied is horizontal.

The shear jack assembly is lowered in the pit and put into 
the testing position. The load is applied in increments of 0.5 
t. It is maintained for a period of 10 to 15 min after which 
the load is increased to the next stage. It can be noticed that 
after loading, the block of soil starts moving up along a 
sliding plane. This causes cracks and heaving of the failed 
material. The application of load is continued until the test 
block moves horizontally by 10  cm. The load at the start 
of movement (Pmax) and at the time when block moves by 
10  cm (Pmin) are recorded. After the test, the assembly is 
taken out from the pit. The true shape of the sliding surface 
is determined by removing the soil which shears off along 
the sliding plane. After the removal of failed soil, the depth 
of the failure surface is measured at three locations along 
the width of the block and at every 10 cm intervals along 

Fig. 7  Area of interest with differ-
ent dump material properties
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before plantation and after 18 years of plantation on 
dump slope.

2.6  Ecological services

The ecological services were monitored through support 
services, necessary for the achievement of all structural 
and functional services of ecosystem. Generally, no quan-
tification is done during monitoring, as they are expressed 
through indirect use value (Liekens et al. 2010). However, in 
this study, the ecological services were evaluated based on 
the services with direct use value. A format listed in Table 8 
is given to 100 adjacent dwellers with 21 listed direct use 
values with comments of never (0%), rare (1–10), seldom 
(11–49%), and often (50–100%).

Using the value of Pmax, Pmin, lengths and weight of 
slices, the values of cohesion (c) and friction angle (φ) have 
been calculated from the following equations:

c = (Pmax − Pmin) / (b X)� (3)

Tan φ = {(m A) − B − (c X)} / {(m B) + A}� (4)

Where,

m = Pmax/ (b W ) ; A = W Cos θn; B = W Sin θn; X =
∑n

i xn

In-situ jack shear test results are summarised in Table 7. 
Cohesion (c) varied from 64.0 to 122.8 kN m− 2 and angle 
of internal friction (φ) ranged from 32 to 34.6 degree 

Fig. 8  Relation between normal and shear stresses during sliding stage
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2.7  Statistical analysis

The mean data from the re-vegetated mine spoil was used to 
calculate variance and least significant difference following 
Snedecor and Cochran (1967) and SPSS (1997).

3  Results

3.1  Physico-chemical properties

The physico-chemical properties of soil/spoil at the differ-
ent ‘test’ sites are given in Table 1 and Table 2.

The forest and wasteland soils were slightly acidic, 
whereas the dumped spoil at both mining sites were slightly 
alkaline. After re-vegetation, there was an increase in 
organic C by 125 and 250% in ECL and by 82 and 282% in 
BCCL after 6 and 18 years, respectively. Total N increased 
in the ECL and BCCL soils by 37 and 94% and 66 and 
181%, respectively. Similarly, total P was increased by 63 
and 125% in ECL and 250 and 275% in BCCL sites after 6 
and 18 years, respectively.

In comparison to the native forest soil after 18 years, the 
organic C, N and P contents were 47, 63 and 49% lower for 

Fig. 9  In-situ jack shear test 
diagram
 

Table 1  Physico-chemical characteristics of forest, grassland and mine 
spoils before re-vegetation
Parameters Forest Grassland ECL(before 

revegetation)
BCCL(before 
revegetation)

Tex-
ture
(%)

Sand 64.0 61.0 68.0 72.0
Silt 32.0 30.0 28.0 25.0
Clay 12.0 9.0 4.0 3.0

Moisture (%) 9.77 7.2 5.0 4.0
Bulk density 
(Mg m-3)

1.06 1.31 1.75 1.76

Porosity (%) 36.0 34.0 33.8 34.2
pH 5.38 6.2 7.13 7.52
EC 
(Siemens/m)

0.019 0.021 0.108 0.173

Organic C 
(%)

0.86 0.65 0.20 0.17

Organic C 
(kg/ha)

9.11 8.5 3.5 2.99

Total N (%) 0.32 0.14 0.062 0.032
Total P (%) 0.035 0.020 0.008 0.004
Available K 
(mg g-1)

 46.4 57.3 177.6 131.2

Total Fe (%) 2.56  3.5 7.7 6.5
Total Cu (%) 0.21  0.18 0.55 1.84
Total Mn (%) 1.2 2.5 24.1 10.05
Total Zn (%) 0.26 0.21 0.85 2.58
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3.3  Growth performance

Tree growth provides a relative volume index of basal area, 
and overall plant productivity and this was studied at the sites 
of interest (Table 5). The measured increase at ECL after 6 
and 18 years ranged from 194 to 345% and 392–695%, and 
at BCCL from 214 to 429% and 73–662%, respectively. Tree 
growth was fast in the first six years of planting, and then 
stabilised between 6 and 18 years, with all species showing a 
similar growth trend. D. sisoo grew the tallest and Acacia sp. 
the shortest at all sites. However, plant height and girth at the 
ECL and BCCL sites was lower compared to the forest site.

3.4  Microbial biomass C

The Microbial biomass C (MBC) recorded in the test sites 
after re-vegetation is given in Table 6. Microbial biomass 
C in the re-vegetated sites at 6 and 18 years was found in 

the ECL and by 51, 72 and 57%, at the BCCL mine sites, 
respectively. In comparison with the grassland, the organic 
C, N and P contents were 7, 14 and 10% lower for the ECL, 
and 13, 36 and 25% for the BCCL mine sites. The SOC 
content in the re-vegetated mine spoils are shown in Table 
2. The change in total essential nutrients in the re-vegetated 
mine spoils at 6 and 18 years is compared with the forest 
and grassland soils in Table 3.

3.2  Below ground biomass

Below ground biomass (BGB) in the forest, grassland and 
mine spoil is given in Table 4. There was an increase in BGB 
by 380 and 945%, and by 300 and 993% in ECL and BCCL 
sites at 6 and 18 years after re-vegetation, respectively. 
However, even at 18 years, BGB in the ECL and BCCL soils 
were lower than in the forest soils by 26 and 46%, and 1.65 
and 28%, than in the grassland soils, respectively.

Table 2  Physico-chemical characteristics of mine spoils after re-vegetation
Parameters ECL BCCL

6 yrs 12 yrs 18 yrs 6 yrs 12 yrs 18 yrs
Texture (%) Sand 66 65 65 70 68 67

Silt 29 28 26 26 26 25
Clay 5 7 9 4 6 8

Moisture (%) 6.2 7.5 8.7 6.8 8.8 9.2
Bulk density
 (Mg m-3)

1.4 1.23 1.18 1.36 1.19 1.10

Porosity (%) 35 38 41 36 38±0.04 37
pH 5.8 5.46 5.45 5.6 5.9 5.8
EC (Siemens/m) 0.022 0.024 0.024 0.021 0.024 0.024
Organic C(%) 0.45 0.64 0.70 0.31 0.52 0.65
Organic C (kg/ha) 6.3 7.87 8.26 4.22 6.2 7.15
Total N (%) 0.085 0.11 0.12 0.053 0.082 0.09
Total N (kg/ha) 1.19 1.35 1.42 0.72 0.97 0.99
Total P (%) 0.013 0.017 0.018 0.014 0.013 0.015
Total P (kg/ha) 0.18 0.21 0.21 0.19 0.15 0.16
Available K
(mg g-1)

112 65 62 95 55 52

Total Fe (%) 5.4 3.2 2.8 4.94 3.4 2.9
Total Cu (%) 0.38 0.26 0.22 0.44 0.28 0.24
Total Mn (%) 3.6 2.2 1.8 3.2 2.0 1.6
Total Zn (%) 0.68 0.32 0.29 0.56 0.28 0.26

Table 3  Plant available nutrients in the revegetated mine spoils compared to forest, wasteland and non-revegetated mine spoils
Plant available nutrients Forest Grassland Non-revegetated mine spoils 

ECL BCCL ECL BCCL  ECL BCCL 
6 yrs 18 yrs 6 yrs 18 yrs

K (+)74 (+)65 (+)68 (+)56 (-)37 (-)65 (-)27 (-)60
Fe (+)67 (+)54 (+)61 (+)46 (-)30 (-)64 (-)24 (-)55
Cu (+)62 (+)88 (+)67 (+)90 (-)31 (-)60 (-)76 (-)87
Mn (+)90 (+)88 (+)89 (+)75 (-)85 (-)92 (-)68 (-)84
Zn (+)69.4 (+)90 (+)75 (+)92 (-)20 (-)66 (-)78 (-)90
(+) = Higher; (-) = Lower
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and grassland sites, MBC in both the re-vegetated sites 
remained lower. After 18 years, the ECL site had MBC val-
ues of 45 and 9% lower than the forest and grassland sites, 
respectively, whereas the MBC at the BCCL site was 54 and 
by 24% lower, respectively.

3.5  Shear strength properties

The shear strength characteristics of the overburden dump 
slope material, specifically cohesion (c) and the angle of 
internal friction (φ), were determined to be 64.0 (± 4.0) kN 
m− 2 and 32.0 (± 1.5) degree prior to plantation. (Table 7). 
After a period of 18 years following plantation, the cohe-
sion (c) and angle of internal friction (φ) increased to 122.8 
(± 4.3) kN m− 2 and 34.6 (± 1.8) degree, respectively.

the range 157 to 372 kg/ha at ECL and 121 to 292 kg/ha at 
BCCL. This increase of 2.4 times at both sites occurred over 
a period of 6 years. However, in comparison to the forest 

Table 4  Below-ground (root) biomass and plant available (mineral) - N 
in forest, grassland and mine spoils after different ages of revegetation
Sites Belowground (root) 

biomass(gm-2)
Plant 
available 
(mineral)-
N (µg g-1)

Forest 566±18.0 18.5±0.5
Grassland 425±24.0 12.3±0.5
ECL Mine spoil
  2 yrs. 40±7.0 2.4±0.2
  4 yrs. 68±5.7 3.6±0.2
  6 yrs. 192±12.0 5.4±0.3
  8 yrs. 212±14.0 5.9±0.2
  10 yrs. 260±12.0 6.5±0.2
  12 yrs. 289±8.0 6.6±0.2
  18 yrs. 418±9.0 10.2±0.2
BCCL Mine spoil
  2 yrs. 28±5.0 1.6±0.2
  4 yrs. 42±4.6 2.1±0.2
  6 yrs. 112±6.4 2.9±0.2
  8 yrs. 154±10.2 3.7±0.2
  10 yrs. 187±12.0 4.9±0.2
  12 yrs. 289±24.0 5.3±0.3
  18 yrs. 306±9.0 8.9±0.3

Table 5  Plant height increment (m) of selected trees on grassland and mine spoils after different ages of revegetation
Site Species  2 yrs. 4 yrs. 6 yrs. 8 yrs. 10 yrs. 12 yrs. 18 yrs.
Wasteland Dalbergia sissoo 3.15 5.26 6.50 8.90 10.23 11.75 12.90
ECL 2.97 4.80 5.79 7.0 7.87 8.69 9.70
BCCL 2.76 4.60 5.40 6.55 7.50 8.0 9.10
Wasteland Albizzia lebbeck 2.40 4.56 4.88 6.78 8.10 10.36 11.50
ECL 2.43 3.85 4.88 5.86 6.99 7.32 8.90
BCCL 1.60 2.90 3.80 5.10 5.80 6.20 7.80
Wasteland Acacia nilotica 1.70 2.86 3.53 4.18 6.60 5.64 6.80
ECL 1.73 2.45 3.53 4.18 4.93 5.64 6.50
BCCL 1.23 1.90 2.80 3.85 4.10 4.95 5.70
Wasteland Leucena 

leucocephala
3.20 5.60 6.40 8.20 10.80 11.36 12.40

ECL 3.01 4.91 5.87 7.14 8.13 9.12 10.30
BCCL 2.50 4.30 5.10 6.85 7.60 8.30 9.50
Wasteland Azadirachta 

indica
2.40 4.10 6.10 7.76 8.48 10.45 11.30

ECL 3.01 4.91 5.87 7.14 8.13 9.12 10.20
BCCL 2.06 2.80 4.0 5.45 6.25 7.60 8.70
Wasteland Delonix regia 1.90 3.50 4.75 5.90 6.50 7.50 8.40
ECL 1.73 3.08 4.05 4.82 5.52 6.01 7.50
BCCL 1.50 2.10 2.95 3.90 4.30 4.90 6.10
Minimum 1.23 1.9 2.8 3.85 4.1 4.9 5.7
Maximum 3.2 5.6 6.5 8.9 10.8 11.75 12.9
Average 2.29 3.80 4.79 6.09 7.10 7.94 9.07
Standard deviation 0.63 1.14 1.18 1.53 1.82 2.14 2.12
Two-tailed P values, computed at a 
95% confidence level with respect 
to 2nd year values

1.63033E-09 3.77772E-12 7.7156E-12 1.20804E-11 4.17945E-11 1.76655E-12

Table 6  Microbial biomass C (µg/g) in forest, grassland and mine 
spoils (after different ages of revegetation)
Revegetation age (yrs.) Forest Grassland ECL BCCL
0 554±25 260±12 65±4 49±3
2 558±25 265±12 88±4 65±3
4 556±26 278±13 97±5 76±3
6 551±26 289±12 112±5 89±4
8 565±28 296±13 117±5 99±4
10 570±27 306±13 131±5 128±5
12 575±28 325±13 185±5 149±5
18 578±28 347±12 315±7 265±6
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(and subsequently more rapid loss rates) than silt sized par-
ticles, indicating that silt-SOC is more stable (Christensen 
1996). The same mechanisms also play a major role in the 
stabilisation and retention of SOC in mined soil.

4.2  Below ground biomass

The increasing BGB in re-vegetated mining spoil indicated 
the gradual recovery of soil ‘components’ with time after 
re-vegetation. However, even after 18 years, BGB in mining 
spoil was lower than in the native forest and grassland soils, 
most likely reflecting higher plant succession rates.

Below-ground biomass has direct positive impacts on soil 
organic carbon and nitrogen via exudation and upon mortal-
ity (Tripathi and Singh, 2008; Tripathi et al. 2016), and upon 
the structure and functioning of the above ground commu-
nity (Wardle et al. 2004). An increase in BGB along an age 
gradient for re-vegetated mining spoil could be attributed to 
an increase in leaf litter fall followed by decomposition and 
higher root turn over (leading to increase in organic matter). 
Several ant nests (20 nos m2) and termite mounds (x3 num-
bers m2) were also observed in 18 years of revegetated sites. 
It has been considered that it helps in decomposition of 
fallen leaves and twigs of the plant and enhances infiltration 
of water for root growth. According to Evans et al. (2011) 
termite and ants play important role to enhance the fertility 
of the soil in dry climate. The role of bird and soil faunal 
droppings and excreta may also be important, as according 
to Singh et al. (1996), bird droppings enhance the nutrient 
yield in re-vegetated mining spoil. Further, the exudation of 
roots resulting from ‘stressed’ soil conditions may be impor-
tant. An increase in spoil depth after root proliferation also 
helps in the enhancement of total rooting volume (includ-
ing fine roots), thereby increasing above- and below-ground 
biomass production (Ma et al. 2022; Rhoades et al., 2001).

4.3  Growth performance

The morphometric plant data given in Table 5 shows a sharp 
increment in growth heights of leguminous trees (e.g., D. 
sisoo, A. lebbek, L. leucocephala, Acacia sp.). These are 
higher tolerant species, having nitrogen fixing capacities to 
cope-up with the impoverished mining spoils (Singh et al. 
1996). L. leucocephala can fix about 100 kg ha−1 yr−1 nitro-
gen (Wild, 1987), while Kumar et al. (2010) opined that L. 
leucocephala and A. indica support mycorrhizae, which 
help in mining spoil reclamation. Further, proliferated root 
checks the soil erosion and maintain the soil productivity 
resulting into improve plant growth and carbon stock in bio-
mass along an age gradient.

A t-test was utilized to evaluate the statistical significance 
of the increase in plant height between the growth observed 

4  Discussions

4.1  Physico-chemical properties

The organic carbon (OC) in non-re-vegetated mine spoil 
was lower than in the forest and grassland soils. There 
exists an inverse relationship between soil bulk density and 
soil organic matter content (Davidson et al. 1967). Plants 
increase soil organic matter, lower bulk density and moder-
ate soil pH after their establishment on mine spoil (Gill et 
al. 2009). They also bring mineral nutrients to the surface of 
the soil and accumulate them in a form that is bioavailable 
(Singh et al. 1989; Singh et al., 1991b).

The OC content increased gradually after re-vegetation 
in the mine waste and grassland. This reflected the accumu-
lation of organic matter associated with leaf litter and root 
decomposition. However, the OC content in the re-vegetated 
mine spoils were lower than the forest and grassland soils.

We observed that the mean bulk densities of the ECL and 
BCCL spoils were higher than the soils in the forest and grass-
land control sites. Bauer and Black (1981) and Voroney et al. 
(1981) reported an increase in bulk density when land is put 
to use. Interestingly, mine sites are often water-limited due to 
their soils exhibiting lower water holding capacities resulting 
from a comparative increase in coarse material or compaction 
by e.g. site traffic and heavy machinery movement (Carter 
and Ungar 2002; Rodrigue et al. 2002; Tripathi et al. 2016).

An increase in OC of 3.5–3.8 times occurred over a period 
of 18 years in both the revegetated mine spoils. Increasing 
soil organic matter is accompanied by an increase in the soil 
formation, as organic matter has a density around one quarter 
that of mineral soil. An increase in organic matter, therefore, 
is usually accompanied by a reduction in soil bulk density 
(Tunstall 2010; Tripathi et al. 2016). George et al. (2010) and 
Gellie et al. (2017) observed organic matter accumulated in 
the topsoil with increasing time since restoration, developing 
a trajectory towards a native soil carbon profile.

The nature of various organo-mineral associations and 
their location and distribution within soil aggregates deter-
mine the extent of physical protection and chemical sta-
bilisation of SOC (Gjisman and Sanze 1998). Clay-sized 
organo-mineral complexes often show greater accumulations 

Table 7  Results of in-situ (jack) shear test 
Test period Cohesion (c) in 

kN m-2
Angle of inter-
nal friction (f) 
in degree

Before plantation 64.0 (± 4.0) 32.0 (± 1.5)
After 3 years of plantation 73.1 (± 3.2) 32.6 (± 1.3)
After 6 years of plantation 87.3 (± 4.1) 32.9 (± 1.7)
After 12 years of plantation 108.0 (± 6.0) 33.5 (± 2.2)
After 18 years of plantation 122.8 (± 4.3) 34.6 (± 1.8)
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organic carbon and organo-mineral high fraction organic 
carbon. As a result, the rates of C transfer and its transfor-
mation are influenced by biological factors, soil temperature 
and moisture (Post and Kwon 2000).

As microbes have a high tolerance towards stress con-
ditions (as found in mining impacted soils), they are well 
adapted to enhance soil recovery (Farrar and Reboli 1999; 
Suzina et al. 2004). According to Paul and Clark (1996) 
most of the nutrient requirements of plants are met through 
mineralised soil-organic nutrients provided by the microbial 
community hence soil microbial biomass recovery seems to 
be faster. Plant-microbe interactions and C, N cycles also 
play major roles in the amount of carbon stored in biomass 
(Shi et al. 2022). Plants provide C for microbial activity and 
soil-C builds via rhizo-deposition and litter fall. Microbial 
activities directly affect SOC concentrations but indirectly 
influence plant C accumulation via the N cycle.

Soil microbial processes strongly regulate the net primary 
production of an ecosystem (Romero et al. 2023; Singh 
1993). Microbial biomass is the most important parameter 
used to characterise biological soil processes (Tripathi and 
Singh 2009), but has been used, to a much lesser extent, as a 
measure of the carbon turnover potential of soils.

4.5  Overburden dump stability

The shear strength properties of the overburden dump slope 
material, particularly cohesion and angle of internal friction, 
were enhanced from 64.0 to 122.8 kN m− 2 and from 32.0 to 
34.6 degrees, respectively, following 18 years of plantation 
on the overburden dump slope. This improvement is attrib-
uted to the self-compaction of the dump material over time 
and the reinforcement provided by the growth of tree roots 
in the upper layer of the dump material.

The numerical modelling exhibited maximum displace-
ment of elements near the crest (top portion) of the dump 
slope. Hence, the crest of the dump is the best area to assess 
the dump failure that mostly occurs during rainy season after 
significant movement. The stability assessment was based 
upon changes in slope angle, stress, and the FOS before and 
after revegetation. In its original state (without revegetation) 
the dump was unstable with a FOS value 0.94.

The unstable dump (FOS < 1.0) was regraded by terrac-
ing and benching, which reduced the overall angle of slope 
from 35º to 31º. The slope angles and heights of each of 
the two individual benches were 33º and 13 m, with a berm 
width of 3 m (Fig. 10) with a FOS of 1.4. Revegetated dump 
top and slope resulted in reduced stress concentration near 
the surface of the dump slope with increase in age exhibit-
ing substantial increase of FOS value from 1.4 to 1.6 and 1.9 
after 6 and 18 years, respectively (Fig. 11). This enhance-
ment may be due to the proliferation of plant roots that bind 

after 2 years and that after 4, 6, 8, 10, 12, and 18 years of plan-
tation. The two-tailed P values, calculated at a 95% confidence 
level, resulted in values less than 0.05 across all instances 
(Table 5). This P value, which falls below the standard signifi-
cance threshold of 0.05, indicates statistical significance. Such 
results imply a notable difference in plant height increment 
after 4, 6, 8, 10, 12, and 18 years of plantation compared to the 
increment observed after 2 years. The average increments in 
plant height were recorded as 2.29, 3.80, 4.79, 6.09, 7.10, 7.94, 
and 9.07 m after 2, 4, 6, 8, 10, 12, and 18 years of plantation.

The establishment of a vegetative cover and the prolif-
eration of roots are regulatory factors in the reconstruction 
of an ecosystem in mining soil, as they improve the physi-
cal and biological diversity of these disturbed sites (Tripathi 
et al., 2012b). Tree planting is an excellent strategy for the 
reclamation of mining spoils, because the trees not only pro-
vide long-term ecosystem stabilisation and impart potential 
ameliorative effects on soil quality but also have potential 
commercial and aesthetic value (Torbert and Burger 1993; 
Ashby 1987; Tripathi and Singh 2007). Established vegeta-
tive cover can be self-sustaining as it can spread and repro-
duce under severe conditions (Singh et al. 2002), because 
it improves soil aeration, water infiltration and reduce soil 
runoff and accelerates vegetative succession of herbaceous 
layer (Tripathi et al. 2016). The selection of suitable plant 
species helps to thrive on metallophyte with biological 
mechanisms on the toxic mining substrates (Kafle et al. 
2022; Whiting et al. 2004). Further, re-vegetation helps 
early succession pioneer species, grasses and legumes to 
invade in the nutrient-deficient soil conditions. The grass 
also helps in stabilisation of soil and acts as an early nurse 
crop for vegetation growth.

4.4  Microbial biomass C

Microbial activities lead to the development of microbial 
biomass carbon (MBC). MBC development helps physi-
cally stabilise the soil and alters its chemistry, including the 
availability in plant available nutrients. This in turn stimu-
lates root proliferation and plant growth (Singh et al. 2012).

The microbial biomass reflected in organic carbon was 
4.85% and 5% in the ECL and BCCL sites, respectively 
indicating that more stressed mining spoil has greater con-
tribution. However, the forest and grassland sites reflected 
6.7% and 5.34% of MBC, respectively. Yin et al. (2000) 
found that the arrival of bacterial species along a restoration 
gradient that included a mine spoil, restored mining land 
and undisturbed forest depend on time since disturbance. 
Hence, microbial biomass increased along an age gradient 
in comparison to forest and wasteland sites.

Microbial biomass forms a small portion of total SOC, 
but mediates its transfer among inputs, the low fraction 
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Fig. 10  Geometry of the regarded portion of the dump
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waste dump areas reduces land exposed to reduce intense 
solar radiation, soil run-off and the atmospheric tempera-
ture. This, in turn, attracts several micro flora and fauna as 
the vegetation establishes over a period. The establishment 
of micro flora and fauna accelerates numerous ecological 
services via decomposition and nutrient release activities. 
This further enables the succession of grass species on the 
mining dump.

Over a period, our general observation indicated that the 
role of ants and termites is very crucial in litter decomposi-
tion facilitating soil formation via carbon storage and nutri-
ent recycling. The establishment of vegetation roots in five 
years and a gradual increase in soil organic carbon stock 
reduced the sediment and soil run-off on mining dump. The 
roots along with soil invertebrates improved the WHC, soil 
infiltration and facilitated the regeneration of native grasses 
available to herbivores for grazing. The building up of soil 
flora and fauna in the re-vegetated ecosystem attracts mol-
lusks (snails), reptiles (lizards, snakes), bird species (dove, 

the spoil leading to an improvement in shear strength of the 
dump, modifying the path of critical failure surface.

Studies report the stabilisation of dump slopes with fly 
ash from coal power stations (e.g., Roshan et al. 2023; 
Gupta and Singh 2018). It would be interesting to explore if 
this type of stabilisation strategy could incorporate planta-
tion with suitable species to regain the ecological services 
and achieve a sustainable ecosystem recovery.

There exists a strong relationship between strength (as 
seen with increasing cohesion), microbial biomass C and 
below ground biomass (Fig. 12). With an increase in age of 
re-vegetated dump, these key parameters increased propor-
tionately and are shown to be inter-related.

4.6  Ecological services by re-vegetation

Ecological restoration is the human-facilitated repair of a 
degraded ecosystem that reinstates many natural ecological 
services in repaired ecosystems. Re-vegetation on mining 

Fig. 11  Factor of safety for the barren and reclaimed dump slopes (E = No vegetation; F, G, I, J = 3, 6, 12 and 18 year of revegetation)
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process. The managed re-vegetation of mining-spoil dumps 
can reverse the act of land degradation, help to accelerate 
ecosystem recovery, stabilise the slope and exert a positive 
effect on establishment of structural and functional traits.

The selective screening of appropriate plant species is 
important to the success of revegetation. As observed ear-
lier and in present study, the establishment of leguminous 
and herbaceous/grass species on a spoil dump will accel-
erate the ecosystem recovery process. The root matrices 
developed following re-vegetation provide a habitat for soil 
organism establishment, carbon storage and essential plant 
nutrient production. The development of plant and micro-
bial biomass is complementary and helps physical stabi-
lise mining spoil and enhance soil fertility. The above- and 
below- ground biomass provides a myriad of biophysical 
and biochemical processes, including moisture retention, 
reduced bulk density, soil organic matter built-up, increased 
nutrient turn-over, soil cohesion and shear strength. These 
effects eventually reduce the water run-off erosion and lead 
to the development of a stable ecosystem.

The integration of physico-chemical and biological 
properties of non- and re-vegetated mining spoils helps to 
assess the factor of safety and critical failure of surface as 
indicators of mining spoil dump stabilisation and ecosys-
tem recovery. These indicators can be used to elucidate the 

common myna, parrot, sparrow, etc.) and the flying insects 
helping in pollination. Further, over an increasing period 
of vegetation establishment, the occurrence of mammals 
(mouse, wolf, jackal, hyena) was observed. It is interesting 
that revegetation accelerates the regeneration of local spe-
cies, breeding of wild animals and prevents the alien species 
from growing.

The social survey indicated that the re-vegetation on min-
ing dump substantially developed the ecological services 
over a period (Table 8). The recovery of services is seen 
facilitating a self-sustaining ecosystem on mining dumps, 
including the structural and functional components. The tree 
species over a period also attenuated dust and enhanced the 
aesthetic beauty of the site. Hence, re-vegetation signifi-
cantly helped the recovery of the damaged ecosystem, but 
further work is required to understand how complete resto-
ration can be fully restored.

5  Conclusions

Land impacted by mining is deprived of soil moisture, plant 
nutrients and microbial activity and are prone to leaching and 
run-off erosion. The natural recovery of these ecosystems, 
through vegetation succession, is a long-term and gradual 

Fig. 12  relationship between 
various parameters of revegetated 
mine spoils ECL (a, b); BCCL 
(c, d) (b)
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Table 8  Ecological services before and after 18 years of revegetation
Ecological 
component

Before 
revegetation

After 
revegetation

Social 
impact after 
reclamation 
(%)

Aesthetic Negative Positive 100
Movement 
(Humans)

Never Often 62

Movement 
(domestic 
animals)

Rare Often 75

Termite 
occurrence

Rare Often 55

Ants Rare Often 75
Butterfly Rare Often 52
Annelids Never Seldom 50
Mollusks Never Seldom 35
Amphibians Never Seldom 37
Reptiles Rare Often 42
Birds Rare Often 79
Wild Mammals Seldom Often 52
Pollinating insects Never Often 62
Domestic Fuel Never Seldom 34
Domestic animal 
Browse

Never Often 51

Dust pollution Often Never 78
Soil erosion 
control

Often Never 75

Organic storage Never Often 71
Sedimentation in 
water bodies

Often Seldom 70

Soil microbial 
activity

Seldom Often -
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