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Abstract

For millennium, mining sector is a source not only of mineral extraction for industrialization, economic expansion, and urban
sprawling, but also of socio-environmental concern. It, therefore, has been the central attention of the business and public
policy sustainable development scheme for several years. Thus, gradually, mining industries are getting involved with the
concerns such as carbon emissions mitigation and carbon accounting to govern a rhetorical shift towards “sustainable min-
ing”. However, there is scarce knowledge about how the emergence of a “green and self-sustaining” forestry reclamation
strategy coupled with potential carbon sequestration capacity in degraded mining areas will be an impeccable option for
achieving sustainable development goal-13 (SDG-13: climate action) and ecosystem services during United Nation decade
of ecosystem restoration. This paper reviews the extent to which reforestation and sustainable land management practices
that employed to enhance ecosystem carbon pool and atmospheric CO, sequestration capacity to offset CO, emission and
SOC (soil organic carbon) losses, as consequences of coal mining, to partially mitigate global climate crisis. Moreover,
future research is required on mining innovation concepts and its challenges for designing an SDG impact framework, so
that it not only synergies amongst SDGs, but also trade-offs between each individual “politically legitimized post-2015
development agenda” (i.e. UNSDGs) could be depicted in a systematic way. In a developing country like India, it is also an
utmost need to assess the environmental impact and economic performance of such technological innovation and its pos-
sible synergistic effect.

Keywords Coal mine restoration - Carbon sequestration - Sustainable mining - Sustainable development goal-13 (climate
action) - Ecosystem goods and services (EGS)
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ECB Ecosystem carbon budget TEV Total economic value
EGS Ecosystem goods and services Tg Teragrams (=10’ kg)
ES Ecosystem services TOC Total organic carbon
FAO Food and Agriculture Organization UNDP United Nations Development Programme
FLR Forest landscape restoration UNEP United Nations Environment Programme
FRA Forest restoration approach UNFCC  United Nations Framework Convention on
FRP Forestry reclamation project Climate Change
GDP Gross domestic product UNSDG United Nations Sustainable Development Goals
GHG Greenhouse gas USA United States of America
GRSP Glomalin-related soil protein USD United States dollar
Ha Hectare WCED  World Commission on Environment and
ICMM  International Council on Mining and Minerals Development
IPBES Intergovernmental Platform on Biodiversity WEF World Economic Forum
and Ecosystem Services WoS Web of Science
IPCC Intergovernmental Panel on Climate Change
ITPS Intergovernmental Technical Panel on Soils
K Potassium Introduction
LB Litter biomass
LULC  Land use land cover Background
MEA Millennium Ecosystem Assessment
Mg Megagram (=1 tonne) Since the genesis of industrial revolution and urbaniza-
Mha Million hectare tion, the emission of carbon di-oxide (CO,) accounts for
MRT Mean residence time about 76% to global GHG emissions (IPCC 2014a, b). The
NBS Nature-based solutions atmospheric concentration of CO, exceeded 419 ppm in
NDC Nationally determined contributions 2021 — way above the pre-industrial level of 278 ppm as
NEP Net ecosystem production a consequence of fossil fuel combustion and deforestation,
NPP Net primary productivity predicting 2021 to be the first year on record that exhibits
NPV Net present value CO, levels of more than 50% above pre-industrial levels in
NWEFP Non-wood forest products the last 35 years (https://www.co2.earth, https://www.downt
OB Overburden oearth.org.in/news/climate-change, accessed on 20.05.2021).
ocCp Opencast project In this context, the Paris Agreement, signed by 196 nations
P Phosphorus to reduce their CO, emissions by nationally determined
PAH Polycyclic aromatic hydrocarbon contributions (NDCs), aims to keep global warming below
PES Payment for ecosystem services 2 °C by 2100, with 1.5 °C as a target (UNFCC 2015). Fur-
Pg Petagrams (= 10'? kg) thermore, to accelerate the action towards the goals of the
PME Post-mining ecosystem Paris Agreement and UNFCC, the UK hosted the 26" UN
POM Particulate organic matter climate change COP 26 in Glasgow (Glasgow Climate Pact
REDD Reducing emissions from deforestation and for- 2021), which intends to secure global emission to net zero by
est degradation 2030 and keep 1.5 °C within reach. The COP 26 produced
RMP Recommended management practices new “building blocks” to advance implementation of the
RMS Reclaimed mine site Paris Agreement through actions that can lead the world to
SDG Sustainable development goal a more sustainable and low carbon pathway forward. Moreo-
SERI Society of restoration ecology international ver, being the top three coal-producing country, China aims
SIC Soil inorganic carbon to reduce CO, emissions by 60-65%, India by 35%, and the
SLM Sustainable land management USA by 28% per unit of GDP by 2030 (Yang et al. 2019;
SMB Soil microbial biomass Ramseur 2017).
SMCRA Surface Mining Control and Reclamation Act Amongst conventional fossil fuels, coal, the second larg-
SOC Soil organic carbon est source of primary energy, accounts for 30% of total
SOM Soil organic matter energy consumption globally. As of 2018, the world recov-
SRC Short rotation coppices erable coal reserves were estimated about 1055 billion tons
T-GRSP Total GRSP (BT), out of which about 75% are located in five countries
TEEB The Economics of Ecosystems and (the USA, Russia, Australia, China, India) (https://www.
Biodiversity mining-technology.com/features/feature-the-worlds-bigge
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st-coal-reserves-by-country/, accessed on 20.05.2021).
Though in 2020, global coal demand experienced its largest
drop (falling 5% from 2019 levels) since the Second World
War due to Covid-19 crisis, it can be forecasted based on the
presumption of a global economic recovery in 2021 that a
rebound in global coal demand of 2.6% will be dominated
by China, India, and Southeast Asia (https://www.iea.org/
reports/coal-2020, accessed on 20.05.2021). About 8 BT of
coal combustion occurred annually worldwide for electric-
ity generation that is responsible for being second largest
share (approximately 62%) of the world’s CO, emissions
(https://www.epa.gov/ghgemissions/sources-greenhouse-
gas-emissions, accessed on 20.05.2021) and concerned as
a contributor to global warming. Such anthropogenic per-
turbations of atmospheric carbon cycle directly affect eco-
system sustainability and global climate dynamics. Despite
of having different pros and cons, coal mining industry is
indispensable worldwide for socio-economic development.
Additionally, European Union Member States have empha-
sized the significance of the mining industry to fulfil the
minerals need for consumer products, besides a successful
transformation towards achieving the United Nations Sus-
tainable Development Goals (UNSDGs); therefore, gradu-
ally, mining industries are getting involved with the related
issues of carbon accounting and carbon emission mitigation
(Pellegrino and Lodhia 2012). Incorporation of carbon trad-
ing approach (“‘cap and trade” or “emission trading system”)
could provide substantial, environmental, social, and eco-
nomic co-benefits such as sustainable ecosystem (SDG-12),
improved resource efficiency (SDG-9), ensured energy secu-
rity (SDG-7), and certified employment (SDG-8) in mining
sector. Hence, enhancing soil carbon stocks and atmospheric
CO, sequestration capacity through proper reclamation strat-
egies in coal mine derelict site is now the main attention of
researchers, scientists, and policy makers. The emergence of
such “green and self-sustaining” approaches to regulate car-
bon emissions from land-use change provides a prospect for
mining sectors to exacerbate their sustainability credentials
through carbon finance (Hirons et al. 2014). Enhancing car-
bon sequestration in terrestrial ecosystems could be a poten-
tial approach to offset rising atmospheric CO, levels. Carbon
sequestration potential is linked to not only global climate
change, but also changes in other ecosystem processes that
are significant to human welfare. Therefore, development
of potential carbon sequestration capacity in degraded min-
ing areas is an impeccable option for achieving sustainable
development goal-13 (SDG-13: climate action) during the
UN decade of ecosystem restoration.

Surface mining, the most common coal mining technique
worldwide, causes extreme perturbation to the soil profile
that leads to loss of soil fertility, carbon stock, disruption of
carbon equilibrium, destruction of carbon sink, carbon defi-
cit in natural soil, and reduced ability to provide ecosystem

services (ES) (Li¢ina et al. 2017). Complete destruction of
forest cover, removal of topsoil, generation of overburden
(OB) dumps (used for backfilling of mine voids), and land
use changes due to mining operations (enhanced mineraliza-
tion, erosion, and leaching) cause depletion in global biodi-
versity, carbon cycle, visual aesthetics, and augmentation of
GHG emissions (del Mar Montiel-Rozas et al. 2016; Feng
et al. 2019). Moreover, the carbon content in world’s soils
is around three times that of the vegetation and twice that of
the atmosphere (Tan et al. 2014; Scharlemann et al. 2014;
Averill et al. 2014). Therefore, it is an urgent need to for-
mulate green strategies to enhance carbon storage, carbon
sequestration capacity, and rate of CO, flux in post-mining
terrestrial ecosystems (Lal 2003; Pandey et al. 2016). Hence,
revegetation is inevitable for accelerating the post-mining
ecosystem (PME) recovery, geotechnical stabilization of the
waste dump (through the development of extensive root sys-
tems), generation of ecosystem goods and services (EGS),
sustainable land use land cover (LULC), and partially com-
bating global warming by enhancing CO, sequestration (Tri-
pathi et al. 2012).

In several countries, post-mining degraded landscape was
restored through fast-growing exotic vegetation species. In
the USA and other European countries, perennial vegetation
has been applied on degraded land to boost up the SOC con-
tent and to limit soil erosion (Cortina et al. 2011; Munson
et al. 2012). Besides, over the last decade, more emphasis has
been centralized on three-tier vegetation (i.e. grasses, under-
story vegetation, and trees), five-tier plantation (trees, shrubs,
herbs, grass—legumes, climber), and indigenous and diverse
species composition that could influence carbon dynamics
and soil quality, improve genetic diversity, and accelerate the
recovery to a self-sustainable ecosystem (Yuan et al. 2020).
The regenerated carbon sinks play critical role to offset CO,
emission and SOC losses from coal mining (Shrestha and Lal
2009). In comparison to the young trees and herb or shrub
species, matured woody trees have more carbon sequestration
potential due to higher concentration of aliphatic root suberin,
glycerides, waxes, tannins, and lignin (Tripathi et al. 2014).
Reforested mine soils, thus, could be an important sink for
atmospheric CO, through soil organic matter (SOM) forma-
tion and biomass production (Shrestha and Lal 2009). There-
fore, proper restoration of mine spoil is a significant approach
to sequester large amount of atmospheric carbon to a stable
state towards achieving UNSDGs.

Formulation of research gap

Loss of biodiversity, climate change (in reference to
CO, emission), and reduced ability to provide EGS due
to mining operation can significantly reverse the pro-
gress towards sustainable future and global socio-eco-
nomic development. Under this paradigm, concerns are
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increasingly dominated by one of the most significant
challenges of the twenty-first century “to take urgent
action to combat climate change and its impacts” (Stern
and Stern 2007). Hence, there is an urgent need to stabi-
lize atmospheric CO, to reduce the GHG effect. Carbon
sequestration is one of the significant adaptation strat-
egies that have the capabilities to capture GHGs from
the atmosphere and sink it through terrestrial seques-
tration. Although, the efficacy of carbon sequestra-
tion is affected by climate variability, post-disturbance
land use dynamics, biophysical factors, and degree of
land degradation. The chronological and spatio-tem-
poral variation of carbon sequestration in post-min-
ing degraded ecosystem and its effectiveness towards
achieving UNSDGs should be monitored so that the
contribution of carbon sequestration can be predicted
in terms of mitigation of GHG emission and formation
of sustainable management system to reinstatement of
pre-mining ecosystem and capsulize the gap between
carbon emission and carbon sink.

To date, restoration of post-mining degraded land-
scape confined to the evaluation of reclamation success
by indexing, remote sensing, and modelling. The impor-
tance of restoration science in understanding environmen-
tal moderation through carbon sequestration potential and
ecosystem service generation cannot be overemphasized.
Recovery trajectory of post-mining ecosystem (PME)
becomes more explicit with the multi-story vegetation
approach and its impact on carbon dynamics. Achieving
UNSDGs by steering up PME restoration is not mostly
incorporated. Hence, this review deals to address these
research gaps to develop a cost-effective, self-sustaining
mitigative strategy to combat the global climate and bio-
diversity crisis as well as to regenerate ecosystem goods
and services.

Research question

How could the sustainable management (restoration) of
post-mining ecosystem be essential for achieving the target
of post-2020 framework of UNSDGs (SDG-13)?

How could this target relate with the sustainable mining
during UN decade of ecosystem restoration (2021-2030)?

Objectives

The carbon sequestration accounts to reverse adverse
impact of land degradation in the tropics and sub-tropics
through revegetation approach, a green and sustainable
technology, which affords win—-win effects in terms of
environmental and economic sustainability, higher bio-
diversity, and enhanced environmental management to
empower global environment conservation framework.

@ Springer

The present study aims to review (1) the potentiality
of post-mining ecosystem (PME) restoration towards
achieving UNSDGs (SDG-13) during 2021-2030, (2)
the factors affecting carbon sequestration potential in
PME, (3) the global potential of carbon sequestration in
RMS, (4) the carbon budget for PME, and (5) probable
benefits of carbon sequestration towards achieving the
SDG-13 target (6) to propose sustainable land manage-
ment (SLM) in PME to partially mitigate global climate
change.

Review methodology

The literature review was performed using the Web
of Science (WoS) Core Collection to derive research
statistics relating to the potentiality of carbon seques-
tration in reclaimed coal mine site to achieve sustain-
able development goals (UNSDGs). Despite of having
several databases such as Google Scholar, Scopus, and
ScienceDirect, WoS core collection is considered for
the present study as it is a repository for a wide range
of scientific articles (SCIE, SCI, SSCI). The present
study considered the period of 2001-2021, and the data
was collected on 2 July 2021. The present study focuses
exclusively on the potentiality of carbon sequestration
in reclaimed coal mine sites to achieve sustainable
development goal. “TS = ((restoration OR restored OR
reclamation OR reclaimed OR reforested OR revegeta-
tion OR reforestation) AND (soil carbon sequestration
OR soil carbon stock OR soil carbon pool OR soil car-
bon storage OR atmospheric carbon di-oxide sequestra-
tion) AND (coal mine spoil* OR coal mine tailing* OR
technosol OR anthrosol OR reclaimed mine soil))” was
entered in the basic search option of WoS core collec-
tion for obtaining data for the present study.

Publications over the years and countries

This review was mainly based on the number of published
research articles over the period of 2001-2021 in different
countries that aid to comprehend the evolution occurred in
the subject area. The trends illustrate that there is no such
substantial growth in publications in this particular field
till 2014; from 2015, there has been a significant increase
in research publications. The publications’ statistics fol-
lowed a linear trend (R*=0.6799) as exemplified in Fig. 1.
The country-wise global hotspots for the research publica-
tions in this field were estimated through the analysis of
the WoS database. As presented in Fig. 2, the USA is the
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highest contributing country followed by China, India, and
Poland.

Restoring mine degraded ecosystem
for more than to achieve reclamation success

SDG-based environmental management

Generation of huge OB dump and voids during surface
mining cause severe landscape disruption and significant
disturbances in pedospheric ecosystem. Before the twenty-
first century, the aim of PME restoration was mainly con-
fined to “Ecological Restoration v 1.0”, i.e. “the process
of assisting the recovery of an ecosystem that has been

degraded, damaged, or destroyed” (SER 2004). With the
evolution of the restoration ecology domain in the twenty-
first century, the aim is modified to “Ecological Resto-
ration v 2.0, i.e. “the process of assisting the recovery
of an ecosystem that has been degraded, damaged, or
destroyed to reflect ecosystem value and to provide eco-
system goods and services (EGS) for socio-economic well-
being”. Therefore, in recent decades, the focus of global
research has shifted from evaluating reclamation success
in afforested PME to providing EGS for a clean, sustain-
able environment by accelerating CO, offset potential and
regaining carbon dynamics in the vegetation-soil-atmos-
phere C cycle.

An effective and successful phyto-management (reveg-
etation or afforestation) approach for PME restoration,
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towards achieving the goals of Paris Agreement and
UNSDG-13, depends on the availability of appropriate
growing substratum for vegetation establishment which
will act as a “Cradle for nature” on RMS (Haigh 2018).
In this context, application of topsoil (either stockpile or
concurrent manner) as a blanketing material over slope
of unreclaimed OB dump for at least 40 to 60 cm depth
is broadly acknowledged as one of the critical steps for
assuring vegetation establishment (Maiti 2013; Tripathi
et al. 2014). In some instances, inoculation of beneficial
soil microbes (i.e. nitrogen fixing, phosphorus solubilizing
bacteria) during mixing of topsoil (grading of OB dump)
can enhance the quality of growth substratum that posi-
tively reflect biomass growth and pedogenesis. Mine spoil
composition can influence the rate of carbon sequestration
through the interaction between spoil and vegetation bio-
mass (aboveground: AGB and belowground: BGB) pro-
duction and affinity of PME to stabilize carbon inputs into
SOM pools. Carbon dynamics reflect a long-term balance
between terrestrial carbon input (photosynthesis, litter-
fall, root exudates, root turnover) and losses (respiration,
decomposition, erosion, leaching) in reclaimed ecosystem.
Decomposition of SOM facilitates the soil-atmosphere car-
bon cycle by emitting a part of SOC to the atmosphere as
CO,, whereas a portion is sequestered in soil humus. As
SOM decomposition rate is proportional to SOM content
in soil, stabilization in carbon dynamics at a steady-state
level could be achieved over chronosequence age and under
relatively similar environmental circumstances through the
equilibrium between the rates of C emission and sequestra-
tion. The recent research interest in carbon sequestration
potential of reclaimed ecosystem is centralized on improv-
ing its natural capability to enhance the rate of SOM input
with a long residence time so that derelict mine spoil accu-
mulates carbon through the development of soil horizons
to off-set fossil fuel emissions. Therefore, carbon pool
formation in reclaimed coal mine sites, both in live tree
biomass (AGB, BGB) and in soils, with longer residence
time, making PME conversion to forest ecosystem with
larger sink of CO,.

EGS-based environmental management

The development and survival of global population depend
directly or indirectly on overexploitation of abundant ecosys-
tem resources. As per the FAO and UNEP (2020), the natu-
ral forest ecosystem continues to get reduce by 420 million
hectares during last three decades (1990-2020) at unprece-
dented rates due to massive anthropogenic land-use changes
to support urbanization and the industrial revolution (IPCC
2014a, b). In a nutshell, forest ecosystems have the potential
to provide a wide range of ecological functions, ecosystem
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goods and services, societal and environmental profits such
as carbon sequestration, climate regulation, water purifica-
tion, biomass production, nutrient cycling, habitat provision,
cultural and aesthetic benefits that are currently subjected to
strong pressure due to mining activities, other infrastructure
explosion, and agricultural expansion (Carrasco et al. 2014;
Margono et al. 2014).

Ecosystem degradation and biodiversity loss jeopardize
ecosystem function, resilience, and its ability to provide a
continual flow of ecosystem services to present and future
generations. The novel concept of ecosystem services can
be defined as “the direct and indirect contributions of eco-
systems to human welfare and subsistence” (MEA 2005;
TEEB 2011; IPBES 2014), which is of current interest due
to its potential to integrate the ecological, economic and
social beneficial aspects (Bouwma et al. 2018). Evalua-
tion of the economic value of EGS due to deforestation is
thus obligatory to support proper LULC decision-making
policies for restoration of coal mine degraded land that can
comprehend the trade-off among ecosystem services (ES)
provision, biodiversity conservation, carbon sequestration,
and mine restoration. Hence, the revegetation approach to
coal mine degraded sites would provide a range of EGS,
depending on site-specific socio-economic conditions,
and bio-physico-chemical characteristics (de Groot et al.
2012).

Economic valuation of EGS for sustainable
development

Ecosystem goods and services are a significant contribu-
tor to sustainable human welfare. Due to massive anthro-
pogenic land use changes, the global value of EGS has
reduced by approx. USD 20 trillion/year between 1997 and
2011 (Kubiszewski et al. 2017; Costanza et al. 2014). For
the maintenance and amplification of multiple ecosystem
services (ES) from afforested ecosystem in reclaimed coal
mine site or planted forest, the researchers and policy mak-
ers must be proficient in thorough qualitative and quantita-
tive assessment, monetary valuation, and documentation
of ES. The economic valuation of ES is a significant tool
that not only promotes awareness and explains the relative
importance of biodiversity to policy makers and company
stakeholders (Baral et al. 2016), but also enables more
efficient utilization of limited funds through recognizing
where restoration is economically most significant (de
Groot et al. 2012). But there are some additional ambi-
guities with the economic valuation of ES due to con-
tinuous anthropogenic LULC changes, overexploitation of
natural resources, and subsequent climate changes at local
to global scale (Sannigrahi et al. 2019; Song and Deng
2017; Liu et al. 2017). However, it is difficult to precisely
measure the bio-physical economic values of EGS due to
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under/overestimation and double counting of many indi-
rect ES (Sannigrahi et al. 2019). Recently, several methods
have been implemented to gross estimate “total economic
value (TEV)” and “total economic value (NPV)” of EGS
including “market price” and “benefit transfer” approach
(de Groot et al. 2012; Sannigrahi et al. 2019). The valua-
tion methods are as follows: hedonic pricing, contingent
valuation, production approach, conjoint analysis, and spa-
tial biophysical modelling (de Groot et al. 2012; Costanza
et al. 2017). From the report of the Indian Institute of
Forest Management, Bhopal (Nov 2014) (supported by the
Ministry of Environment, Forest & Climate Change, Govt.
of India), it can be hypothesized that the EGS expected
from reclaimed mine ecosystem could be evaluated from
the given parameters such as timber/wood production,
bamboo production, fodder production, NWFPs (non-
wood forest products), fuel wood, carbon sequestration,
gene pool conservation, pollination and seed dispersal,
soil conservation, water recharge, carbon storage, and
water purification. The economic valuation (TEV, NPV)
of EGS due to deforestation (loss of forest ecosystem due
to anthropogenic LULC change) is listed in supplemen-
tary table 1. The framework for the development of the

inter-relationship between sustainable mine restoration
and EGS with respect to carbon sequestration is illustrated
in Fig. 3.

Sustainable mining and SDG-13 frameworks

From socio-environmental perspective, sustainable mining
is an oxymoron: Exploitation of finite natural resources
is integrally unsustainable. Mining sector, on the other
hand, affords a variety of minerals essential for social
welfare. Being a multi-dimensional concept, sustainable
mining accompanied with a consolidative approach com-
bines institutional and socio-economic development with
environmental upliftment. But, for the implementation
of such a strategic concept, it is necessary to build inte-
grated and holistic sustainable development frameworks
and action recommendations. Since the commencement
of sustainable development, many international organiza-
tions such as International Council on Mining and Miner-
als (ICMM), World Economic Forum (WEF), and United
Nations Development Programme (UNDP) have endeav-
oured to illustrate the concept in the context of the min-
ing industry (Sethi and Emelianova 2011; Buxton 2012;
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Fig.3 The framework for the development of inter-relationship between sustainable mine restoration and EGS in respect of carbon sequestration

@ Springer



88390

Environmental Science and Pollution Research (2022) 29:88383-88409

Sonesson et al. 2016) to present a widely acknowledged
framework for disciplinary action. These guidelines (Son-
esson et al. 2016) provide insight on what factors estab-
lish sustainability in the mining industry and practical
suggestions for its stakeholders on how to procure it. In
accordance with Starke (2016), a broadly accepted, future-
oriented, and politically legitimised approach, the SDGs,
would be a breakthrough for mining sector to incorporate
its operations within a broader sustainable development
framework. In response to extensive criticism, the min-
ing sector has adopted a range of legitimized policies to
functionalise a rhetorical transition towards “sustainable
mining”. Corporate social responsibility (CSR) programs
are at the foreground of these sustainable approaches. Gil-
berthorpe and Banks (2012) emphasized the rationale for
the acceptance of CSR towards providing a guideline to
attain sustainable development. With the increasing sig-
nificance of global climate change in the SDG scenario,
the mining sector has gradually started to involve with
this issue (Grist 2008). The documentations on climate
and mining by ICMM demonstrate the compliance of the
mining industry to play “a constructive and pragmatic role
in climate change policy discussions”, which could be a
positive symptomatic shift towards attaining the SDGs
(Hirons et al. 2014). In accordance with the ICMM cli-
mate report, “The role of Mining and Metals in Land-
Use and Adaptation” recommends the collaboration of
the mining sector with REDD +, but there seems to be
little discussion regarding why and how mining industries
might involve with land use—based carbon finance initia-
tives. Schemes, which are primarily considered as a carbon
offset alternative, should be materialized by now (ICMM
2013). Payment for ecosystem service (PES) schemes
based on the carbon market have proliferated under this
paradigm (Olsen et al. 2011), enabling government, pri-
vate companies, and non-governmental organizations to
pay for carbon storage and sequestration (Hirons et al.
2014). There are several examples of carbon-based PES
schemes, including the reducing emissions from defor-
estation and degradation (REDD +), clean development
mechanism (CDM), and voluntary carbon market. Forest-
based legacies, the potential of which has received limited
attention, could be a direct link between mining operations
and carbon markets. Under such schemes, mine derelict
land could be restored to a forest ecosystem and subse-
quently returned to local communities so that benefits
could be derived through payments for carbon sequestra-
tion (Hirons et al. 2014). These initiatives might theo-
retically intensify CSR agendas by contributing to climate
change mitigation and local development. However, no
explicit consideration has been given to the possibility of
carbon-based PES schemes in a development context at
mine-out sites. Miners can help by planning investments,
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identifying hazards, designing possibilities, and dissemi-
nating transparent report to mitigate the effects of climate
change, particularly by monitoring the mine land of dif-
ferent microclimatic conditions so that decision-makers
can take steps to do the needful. Furthermore, a collabo-
ration between industry, government, and stakeholders is
required to synchronize corporate strategies worldwide to
combat climate change.

Phytoremediation — a nature-based
solution (NBS) for mine restoration

With the industrial revolution, extensive mining of coal and
other natural resources has led to contaminated environ-
ment worldwide (Maiti 2013; Ahirwal and Maiti 2018). A
variety of conventional remediation technologies are used
for environmental decontamination, and new innovative
methods are constantly being developed (Zhang et al. 2017;
O’Connor et al. 2018; Souza et al. 2020; Gao et al. 2022).
However, these technologies frequently rely on the practice
of chemical compounds, fossil fuels, and grid-supplied elec-
tricity, associated with environmental footprint (Hou et al.
2018). Nowadays, adopting nature-based solutions (NBSs)
as a strategy of resource efficient clean-up and enhancing
remediation resilience to global environmental change are
emerging trends (O’ Connor et al. 2019). Compared to con-
ventional methods, NBS approaches to remediation, such
as phytoremediation, offer several environmental, social,
and economic benefits also. Plant-assisted restoration (phy-
toremediation) of those abandoned post mining ecosystems
is thus an effective option to prevent soil erosion, fix toxic
compounds (i.e. heavy metal, PAH), and recover soil fer-
tility and vegetation structure (Ahirwal and Pandey 2021).
The phytoremediation approach should not only consider
the accumulation of toxic compounds but also often coupled
with natural attenuation to achieve recovery trajectory in
native climate condition (Arreghini et al. 2017; Maiti 2013).
Therefore, native plants species are often selected to obtain
the most efficient growth and also the metal accumulating
properties because of their adaptability to the conditions and
are sometimes required by local regulatory agencies due to
concerns over invasive species.

Plant-assisted bioremediation or rhizoremediation refers
to the interaction between the rhizosphere and soil microbes
resulting in transformation of pollutants into less hazardous
compounds (Wei et al. 2021). The rhizospheric microbial
diversity is stimulated by the plant roots through substrates
(glucose, fructose), soil aeration, exozyme secretion, and
nutrient and mineral uptake via root exudation. By fixing
nitrogen, mobilizing and solubilizing phosphorus (nutri-
ents), producing growth regulatory compounds, reducing
stress hormones, and protecting plants against pathogenic
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organisms, these microbes promote the plant growth (Upad-
hyay et al. 2017; Vishwakarma et al. 2018). Due to the ten-
dency to inhabit internal plant tissue naturally, endophytic
bacteria have been included into a recently developed
method to boost phytoremediation capacity and to detoxify
the contaminants (Khare et al. 2018). Furthermore, carbon
storage associated with plant growth and microbial popula-
tion contributed ex situ carbon sequestration in vegetation
biomass of phytoremediator species that partially mitigate
global climate change (O’Connell and Hou 2015; O’Connor
et al. 2019).

Carbon stabilization — prerequisite
for carbon sequestration

Surface mining activities disrupt the carbon equilibrium
state in PME, while proper restoration practices promote
soil development and associated recuperation of carbon
dynamics. With revegetation age, the enhanced potential of
carbon equilibrium in reclaimed ecosystem enables carbon
stabilization at a constant, near steady-state level. The car-
bon stabilization, an integral part of carbon sequestration in
reclaimed ecosystem for a long-term basis, is determined
by technosol properties (physico-chemical and biological),
microclimate, prevailing management system, and sustain-
able land use planning. The mechanisms that are responsible
for carbon stabilization in reclaimed ecosystem may be cat-
egorized as follows: (a) physical stability or protection, (b)
chemical stabilization, (c) biochemical recalcitrance, and (d)
thermal stability (Ussiri and Lal 2005; Christensen 1996).
The nature, location, and distribution of different organo-
mineral associations within soil aggregates determine the
extent of physical protection that have the ability to resist
microbial population to cause decompose. Complex organo-
mineral compounds slow down microbial degradation and
contribute recalcitrant soil carbon that persist in soil for
years. The microaggregates are more efficient than macro-
aggregates for physical stabilization of soil carbon as it is
not generally affected by tillage operation, protect soil car-
bon against decomposition, and more permanent in nature,
resulting in longer residence time for soil carbon. Soil aggre-
gate formation is mainly affected by moisture percentage,
minerology, clay content, and quality of soil organic matter.
Aggregate stability of technosol increases with a combina-
tion of improved management practices such as application
of organic amendments and reduced tillage. The associa-
tion between soil minerals and decomposable/recalcitrance
organic compounds (e.g. organic carbon trapped between
clay layers, i.e. clay-humus complex or adsorbed to clay sur-
faces through polyvalent cation bridges, hydrogen bonding,
Van der Waals forces) is responsible for chemical stabiliza-
tion that can limit microbial decay to organic inputs. The

biochemical recalcitrance is allied to the chemical compo-
sition (stable microaggregates and non-hydrolysable com-
pounds) and degradability of substrate (e.g. lignin and its
derivatives such as quinone, polyphenol, and fungal mela-
nin are resistant to microbial decomposition) (Ussiri and
Lal 2005). Microorganisms and soil faunal communities
promote aggregation by forming binding agents while root
exudates flocculate colloids to stabilize aggregates (Shrestha
and Lal 2006). Microaggregates (formed due to cement-
ing effects of root exudates, faunal mucus, and microbial
cell), which are combined with macroaggregates through
enmeshment of larger fragments of particulate organic mat-
ter (POM), fine roots, and fungal hyphae, lead to secondary
recalcitrance (Lal et al. 2015). The thermal stabilization of
soil carbon is interlinked to temperature-driven biochemical
degradation. With the increase in soil temperature, the rate
of decomposition of soil carbon increases; hence, the degree
of stabilization decreases.

Factors affecting carbon sequestration
potential of reclaimed ecosystem

Different influencing factors such as soil compaction level,
spoil depth, aboveground (AGB) and belowground (BGB)
biomass, the presence of N-fixers, and spoil type affect the
carbon sequestration potential in PME. The management
processes that can influence the rate of accumulation of SOC
in aggrading terrestrial ecosystems are as follows: (a) input
rates of SOM, (b) decomposability of SOM, (c) incorpora-
tion of SOM in deeper soil depth, and (d) enhanced physical
protection by intra-aggregate or organo-mineral complexes
(Ussiri and Lal 2005). Factors affecting soil properties, SOC
dynamics, microbial activity, soil aggregate stability, nutri-
ent availability, soil fertility, and soil horizon development
must be incorporated for better understanding the possible
interventions for good biomass production and potential
sequestration of atmospheric CO, towards achieving self-
sustainable post-mining ecosystems.

Soil microbial biomass (SMB)

Soil microbial biomass (SMB) is an influential indicator that
could provide rapid and accurate statistics of revegetated soil
quality and productivity (Xiao et al. 2015; Bagqir et al. 2018).
Soil microbial community assists to maintain SOC dynamics
and nutrient cycling in reclaimed ecosystems (Song et al.
2016). It exhibits large extent of metabolic flexibility and
high adaptability to the low nutrient dynamics and adversa-
tive characteristics of mine spoil. Microbial processes are
mainly influenced by such factors, i.e. temperature, pH,
moisture, aeration, and nutrient availability in PME (Muk-
hopadhyay et al. 2016; J6zefowska et al. 2017). Previously,
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the development and perseverance of SOC were assumed to
be dependent on the chemical “recalcitrance” of plant inputs
to decomposition, but recent research suggests microbial
necromass as primary contributor of stable SOM fractions
in reclaimed ecosystems (Kallenbach et al. 2016; Clayton
et al. 2021). Presently, it is hypothesized that after microbial
death, a fraction of microbial necromass is stabilized by soil
matrix with each iterative microbial community turnover,
resulting in a progressive accumulation of SOC (Liang et al.
2017). The stability of a restored ecosystem is determined
by evaluating soil microbial populations and their metabolic
activity. Microbial biomass is positively correlated to total
plant biomass (AGB, BGB, litterfall) of the revegetated mine
spoil over time (Tripathi and Singh 2008). With revegetation
age, due to improvement in soil aggregation, infiltration, and
horizon redevelopment, Singh et al. (2004) reported a con-
tinuous increase in microbial biomass in Singrauli coal mine
spoils of India. However, more extensive management and
understanding of SMB are required to enhance SOC stock
and carbon sequestration potential in reclaimed ecosystems
(Fang et al. 2020).

Root biomass

Root production and turnover in revegetated mine ecosys-
tems have a direct influence on the biogeochemical carbon
cycle of terrestrial ecosystems as plant roots provide a path
for energy and carbon movement to the deeper mineral hori-
zon. It is essential to relate the belowground mechanism
with aboveground process for understanding the formation
of revegetated ecosystem carbon pool. The belowground
transmission of carbon by plant roots could be a leading
source of SOC (Ussiri and Lal 2005). Recent studies have
also exhibited that the interaction between root biomass and
rhizo-microorganisms can influence SOC content in reveg-
etated ecosystems (Cheng et al. 2014; Treseder and Holden
2013; Ouyang et al. 2017). Root biomass contributes to
SOC pool either as organic debris through plant death or as
rhizodeposit exudates (composing of soluble compounds,
lysates, secretions, dead fine roots, gases like CO,, ethyl-
ene) through plant growth. Root biomass—driven carbon, an
important flux in terrestrial carbon cycle, is critical for eco-
system function, soil health and carbon sequestration (Song
et al. 2020; Pausch and Kuzyakov 2018). The contribution
of root biomass carbon to the ecosystem carbon pool and
carbon sequestration is mainly influenced by vegetation
type, root productivity, exudation of organic substances,
soil properties (such as moisture, temperature, pH, phospho-
rus, and nitrogen concentration) (Song et al. 2018; Cheng
et al. 2014), turnover rates, and association between root
and mycorrhizal colonization (such as symbiosis, competi-
tion) (Morrién et al. 2017; Bardgett and van der Putten 2014;
Kuzyakov and Xu 2013). Hence, deep-rooted plant species
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have the ability to enhance SOC sequestration by transfer-
ring SOM into deeper mineral horizons (Tefs and Gleixner
2012; Tripathi et al. 2014), accelerating or decelerating the
SOC turnover rate (Kuzyakov 2010), and modulating SOC
from microbial secretion and biomass (Clemmensen et al.
2013). For instance, under the alder (Alnus spp.) plantation
growing on reclaimed technosols, Swiatek et al. (2019) ana-
lysed the development of fine root biomass and associated
carbon pool. They reported the development of carbon pool
(108.89-377 g m~2 year™!) in technosols through balanced
circulation between nutrient deficit condition and decompo-
sition of OM, influenced by the increment of fine root bio-
mass (301-1319 g m~2 year‘l). Pietrzykowski et al. (2021)
estimated carbon sink allocation in BGB of a 12-year-old
willow coppice plantation on fluvisol soil in Southern Poland
and found the accumulation in coarse roots and fine roots at
1.5Mg C ha™! year™" and 1.2 Mg C ha™! year™! respectively
that mitigate the effects of high CO, concentration over a
short time span. In similar climatic condition, Swiqtek and
Pietrzykowski (2021) conducted a study to determine the
soil factors that increase fine root biomass under pine (Pinus
sylvestris), birch (Betula pendula), and larch (Larix decidua)
plantation in reconstructed (PME) forest ecosystems. The
findings of this study confirmed the significance of fine root
biomass to evaluate the soil regeneration and pedogenesis
dynamics in reconstructed ecosystems. In another study,
Swiatek and Pietrzykowski (2022) determined the decompo-
sition rate of fine root and leaf litter on carbon accumulation
in different reconstructed forest ecosystems including PME.
Over a year of the experimental process, they found that the
root decomposition (15-16%) released less carbon compared
to leaf litter (27-36%) which proves the importance of fine
root input to the soil carbon and nutrient (N, P) pool and
their significance for CO, sequestration in reconstructed ter-
restrial ecosystems. However, future research is still required
to assess the responses of rhizo-microorganisms to root exu-
dates and their efficacy in enhancing carbon sequestration
potential in PME.

Species selection and revegetation age

Since the enactment of the Surface Mining Control and
Reclamation Act in 1977, reclamation is practiced to re-
establish landscape similar to its pre-mining morphology. To
mitigate the adverse impact of mining and initiate ecosys-
tem recovery, self-sustainable revegetation or forestry rec-
lamation strategy is a significant PME management option
(Pietrzykowski 2014; J6zefowska et al. 2017). But due to
unfavourable mine spoil characteristics such as low nutrients
and carbon content, low SOM content, poor plant available
water reserve, high acidity, electrical conductivity, bulk
density, and coarse fraction, the establishment of vegeta-
tion restoration is a little bit difficult. In this regard, proper
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land use management strategies in reconstructed mine soil
(technosol) play a decisive role in recuperating soil proper-
ties, ecosystem carbon pool and partially mitigating global
climate crisis over chronosequence reclamation age (Frouz
2017). Different technosol properties such as soil structure
(aggregate stability, compaction, texture), nutrient dynamics
(C:N ratio, NPK inputs), and microbial activity (rhizobacte-
rial interaction, glomalin secretion) accelerate the decom-
position rate of SOM and hence affect carbon accretion in
PME. Thus, proper species selection and management could
enhance the potential of C sequestration in PME through
recuperating vegetation biomass (AGB, BGB) production,
litter decomposition, rooting depth, and faunal interactions.

For instance, Chatterjee et al. (2009) reported significant
increase (from 9.1 to 29.7 Mg ha™") in soil carbon storage of
arestored grassland ecosystem after 30 years of revegetation
in China. In similar climatic condition (the Loess Plateau,
China), Yuan et al. (2017) reported accumulation of soil car-
bon at an average rate of 0.94 Mg ha~! year™! in reclaimed
forest after 17 years. Reclamation success with enhanced
carbon sequestration potential in PME mainly depends
upon proper selection of vegetation species, adequate plant
growth, and biomass productivity (Shrestha and Lal 2006;
Wos and Pietrzykowski 2015; Bandyopadhyay et al. 2020).
Selection of proper vegetation species and their diversity
has a great impact on soil carbon storage and CO, seques-
tration potential due to litter production and decomposition
dynamics, root turnover, rhizospheric carbon input, and soil
microbial populations (Lange et al. 2015; Yan et al. 2020;
Frouz et al. 2009; Cong et al. 2014). According to previous
research, the rates of soil carbon accumulation vary with
vegetation species establishment on the postmining lands
(Bandyopadhyay et al. 2020; Yuan et al. 2017). In China
(RMS of Malan coal mine), Yan et al. (2020) reported accu-
mulation of soil carbon stock at an average rate of 0.46 Mg
Cha~! year™! and 0.6 Mg C ha~! year~'under Rhus typhina
and Platycladus orientalis respectively. Precisely, vegetation
diversity has been regarded as a significant index to indi-
cate recovery of soil carbon pool in mine degraded area. In
another study, after 20 years of reclamation, Lei et al. (2016)
exhibited the improvement of Shannon—Wiener index from
0.39 to 2.09 which positively associated to soil carbon con-
tent. Moreover, mixed plantation with functionally diverse
species could improve nutrient retention, carbon dynamics,
and resource utilization efficiency and strengthen the resil-
ience of technosol ecosystem (Ahirwal and maiti 2018). In
Indian dry tropical climate (Rohini OCP, CCL), Ahirwal
and Maiti (2017) estimated total ecosystem C sequestered
increased from 8 to 90 Mg C ha™! (30-333 Mg CO, ha™)
after 2—14 years of revegetation (6.4 Mg C ha™! year™)
under mixed plantation such as Acacia auriculiformis, Leu-
caena leucocephala, Dalbergia sissoo, Heterophragma ade-
nophyllum, and Ficus racemose. Under the similar climatic

condition, Ahirwal et al. (2018) reported an increase in eco-
system C pool at the rate of 5.38 Mg C ha™' year™! after
15 years of revegetation in which AGB, BGB, and SOC
contribute 66%, 16%, and 0.09% respectively.

Application of amendments

The physico-chemical and biological constraints (high pH,
bulk density, heavy metals; low fertility, SOM concentration,
soil fraction, water holding capacity, microbial population;
poor aggregate stability) of PME for efficient revegetation
could be ameliorated by the application of different organic
amendments that initiate nutrient cycling, soil productivity,
and microbial activity, improve soil water retention capac-
ity, and enhance SOM concentration and carbon sequestra-
tion. Organic amendments address these limitations through
different mechanisms, such as capturing organic carbon in
SOC pool, stabilization of heavy metals, directly or indi-
rectly accelerating nutrient release, improvement of soil
structure and fertility, moisture properties, and SOM pool.
Application of amendments to PME enhances reclamation
success (in terms of ecosystem recovery) towards formation
of the self-sustaining ecosystem. Organic soil amendments
which are commonly used include mulching, grass—legume
seeding, and fossil fuel combustion by-products (fly ash).
Organic materials can either be used as amendments into
surface or subsurface derelict soil or as surface modifier
mulch.

Mulching

Mulches are inorganic or organic materials applied on soil as
temporary surface cover and soil conditioner for surface sta-
bilization and improvement of soil microclimatic condition
for vegetation establishment. Agricultural crop residues (i.e.
hay, straw, saw dust, plant residues) and wood residues with
high C:N/C:P ratio are often applied as mulch on disturbed
land for reclamation purposes (Maiti 2013; Tripathi et al.
2014). The primary roles of surface mulches in reclamation
of mine spoils (after seeding of desired vegetation species)
include the following: (a) minimization of soil water loss
through improvements in infiltration rate, soil moisture hold-
ing capacity, surface wetness, and reduction in evaporation;
(b) enhancement of soil stabilization by reducing surface
soil erosion by wind, water, and raindrop effect; (c) increase
in SOM content and SOC stock; (d) reducing soil surface
temperature; (e) improvement of soil structural stability and
permeability in technosol; (f) reducing weed germination
and improving microclimate conditions for desired species
used for revegetation and increases plant stand; (g) serv-
ing as substrate for beneficial soil microbial organisms; (h)
increases soil nutrient dynamics (N, P, K) and CEC; and
(i) minimization of surface crust formation (Ussiri and Lal
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2005). Additionally, it inhibits the growth of herbaceous
plants and thus eliminates competition between undesir-
able weeds and trees (Maiti 2013). As it is environmentally
benign, labour—efficient, and releases nutrients after micro-
bial decomposition, organic mulching has been frequently
recommended. This results in SOM input to derelict eco-
system that concurrently augments the soil C and N pools
(Frouz 2018; Zhang et al. 2019). Under temperate condition,
Singh et al. (2004) reported greater plant growth as well
as replenishment of soil carbon from high quality litter fall
and root turnover of leguminous plants growing on reveg-
etated mine spoils. In another study, Kumari et al. (2022)
reported an 145% increase of much density (Mg ha™!) in
reclaimed waste dump under subtropical climatic conditions
over 5 years of revegetation with grass—legume seeding that
substantially enhanced the soil fertility with organic mat-
ter input. Previous literature has also recommended that
improving SOM using high-quality biomass residue is the
key to manage soil C sequestration (Farooqi et al. 2018;
Semenov et al. 2019).

Grass—-legume seeding

Numerous issues affect the sequestration and preservation
of soil organic carbon (SOC), some of which are driven by
human-induced activity, such as the low adoption rate of
sustainable soil management techniques (FAO and ITPS
2015; Kumar et al. 2018a, b). Agroforestry, eco-restoration
parks, and fruit orchards are the most often used postmining
land uses in India (Ahirwal and Maiti 2016). To re-establish
the characteristics of a natural ecosystem, it is crucial to
restore the degraded areas. In recent years, the applications
of grass—legume seeding as a reclamation strategy have
gained momentum for the improvement of nutrient-deficient
mine spoil. Leguminous species contribute to the N supply
in abandoned sites during the early stages of reclamation,
so it is crucial to study the early interactions between the
impoverished mine spoil and the development of pioneer
species (grasses and legumes) in a degraded ecosystem in
order to monitor the recovery trajectory. Legume species
are one of the significant options for soil C sequestration
in PME and plays a critical role to mitigate climate change
(Lal 2015). SOC has an impact on soil properties that are
related to aggregate stability and soil aggregation (Six et al.
2002). The management of legume residues affects soil
aggregation, hence influencing soil C sequestration (Fran-
zluebbers 2002). Naturally, the legume species fix nitrogen
(N) through biological nitrogen fixation (BNF) which, in
turn, contributes to C sequestration with an average rate
of 0.88 Mg ha™! year™! (Diekow et al. 2005; Martins et al.
2012). The extent of soil C sequestration differs among vari-
ous leguminous species in accordance with total biomass
production, decomposition rates, and conversion of liable
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C to soil recalcitrant C (Lal 2004a, b; Benbi and Brar 2009;
Benbi et al. 2015; Maiti 2013).

Revegetation with grass and legume species as a restora-
tion strategy has been widely used, but a sustained mixture
of grass and legume species is rare; instead, the majority
of studies reported either legumes or grass species alone.
For instance, in Indian scenario, Kumari and Maiti (2019)
showed the rate of SOC accumulation and soil respiration
were higher under legume Stylosanthes hamata (1.57 Mg
C ha™! year™! and 2.34 pmol CO, m™2 s™!) than grass
Cenchrus ciliaris (1.27 Mg C ha™! year™! and 2.17 pmol
CO, m~2 s7!). Another study, conducted by Kumari et al.
(2022), aimed to evaluate the potential of grass (Pennisetum
pedicellatum) and legume (Stylosanthes hamata) revegeta-
tion to restore the soil fertility of an industrial solid waste
dump in central India. The study reported an increase of
1.61% of SOM and 1.03% of SOC at a 5-year-old reveg-
etated site, concluding that the direct seeding of grass—leg-
ume mixture possibly restores the soil fertility and enhances
biomass production that helps to prevent land degradation
and achieve UN sustainable development goals such as
SDG-13 (climate action).

Fossil-fuel combustion by products

Application of fossil-fuel combustion by-products as soil
amendments in restoration of mine degraded ecosystems
achieves global attention due to its environmental, societal,
and ecological benefits as well as the potential to enhance
carbon sequestration by developing mine soil productivity
(Ram and Masto 2014; Yao et al. 2015). Fly ash is the major
fossil-fuel combustion by-products that can be advantageous
for PME reclamation to promote carbon sequestration. Fly
ash, a coal combustion residue, is an amorphous alumino-
silicate composition comparable to soil with minor content
of unburnt coal carbon with quartz, hematite, mullite, and
magnetite (Ussiri and Lal 2005). Fly ash, being a source of
trace nutrients for plants, can be used to modify soil texture
and increase porosity, water retention capacity, phosphate
solubilizing bacteria, N,-fixing bacteria, pH, EC, CEC, dis-
solved CO32', SO42', Cl17, and other basic cations (Ussiri
and Lal 2005; Shrestha and Lal 2006). The potential appli-
cation of coal combustion by-products to enhance physico-
chemical properties and carbon sequestration in PME could
be accelerated in combination with organic amendments
like mulch or grass—legume seeding or biosolids or sludge
or manure (Ussiri and Lal 2005; Palumbo et al. 2004). In
addition, fly ash promotes flocculation between soil particles
and stabilizes soil structure through cation bridging with
Ca** and other divalent cations, while in organic amend-
ments, OM adsorbs to the soil minerals to form more reac-
tive network for nutrient and water interaction on soil that
can be enhanced by Ca?*. Hence, the addition of fossil fuel
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Table 1 The role of GRSP in
C sequestration in revegetated
ecosystem (GRSP-C =

Glomalin related soil protein-
carbon)

88395
Study area T-GRSP (gkg™!) TOC (gkg™') GRSP-C Reference
(gkg™
Reclaimed coal mine dump, India 5.4 15.89 1.82 Kumar et al. (2018a, b)
Forest ecosystem, China 0.17-6.12 0.47-5.07 - Li et al. (2020)
Planted tropical forest, SE China  2.63 - 19.5 Zhang et al. (2017)

combustion by-products with organic amendments would
provide synergistic profits to soil development and carbon
sequestration potential in the reclaimed mine ecosystem.
Despite of having certain benefits, there are crucial research
gaps on the appropriate proportion of both materials (fly ash
and organic amendments) to be added, application proce-
dures, management required, and optimal strategies for rapid
improvement of carbon sequestration in PME.

Microbial inoculation

Soil microbial community plays a significant role to enhance
carbon sequestration by varied mechanisms such as form-
ing recalcitrant vegetative tissue and stable soil aggregates
and possessing metabolic activities that capture atmospheric
CO,. Soil carbon pool could be affected by mycorrhizal and
rhizobacterial population independently that is far more than
the effects of temperature, precipitation, and net primary
production (Averill et al. 2014). For instance, arbuscular
mycorrhizal fungi (AMF), which obligate plant symbionts,
are associated with more than 80% of plant roots that sig-
nificantly accelerate long-term mine site reclamation suc-
cess. Due to having large surface area of arbuscules, the
symbionts can trade nutrients; hence, AMF acquires carbon
from plant with an additional supply of phosphorus (as phos-
phate) to plants. The direct contribution of mycorrhiza to
C accumulation in soil can be categorised in three groups:
(i) formation and deposition of mycorrhizal residues; (ii)
oxidative and hydrolytic enzyme secretion by mycorrhiza
facilitating the decomposition of plant, microbial residues,
and SOM as well; and (iii) plant growth stimulation (Agni-
hotri 2022). AMF enhances the plant growth which, in turn,
increased above- and belowground biomass, hence the C
input in the soil (especially through roots and rhizodeposi-
tion) (Zhou et al. 2020). Intensive studies have focused on
the role of the external mycelia (Verbruggen et al. 2016;
Soudzilovskaia et al. 2015) and soil aggregation (Daynes
et al. 2013; Vogel et al. 2014) in SOC sequestration. Previ-
ous studies on how AMF facilitates SOC accumulation have
considered the production of glycoprotein (glomalin-related
soil protein; GRSP) by external mycelia that can promote the
soil aggregation (Rillig et al. 2002; Dai et al. 2015; Xie et al.
2015). Compared with our understanding about the effects of
hyphal biomass and soil aggregates on SOC sequestration,

knowledge of how GRSP promoted SOC accumulation is
deficient especially for coal mine restoration (Table 1).

Glomalin-related soil protein (GRSP), an insoluble hydro-
phobic glycoprotein produced from hyphae and spore of
mycorrhizal fungi, affects carbon sequestration by means of
two ways, viz., (i) assisting soil aggregate formation and (ii)
recalcitrant nature that makes it stable in soil environment
for long term, subsequently affecting carbon sequestration
(Peng et al. 2013; Qian et al. 2012). The estimation of indi-
rect contribution of GRSP on SOC sequestration is critical as
it operates mainly through soil aggregation. The formation
and stabilization of soil aggregates increase C sequestration
through (i) physical protection, (ii) plant growth, (iii) deeper
root growth, (iv) increased microbial activity (Subramanian
et al. 2019; Wright and Upadhyaya 1998), and (v) increased
soil moisture (Carminati et al. 2011). Fungal populations
contribute to the atmosphere—soil-vegetation carbon dynam-
ics not only through fungal metabolites production (glo-
malin) but also via fungal necromass degradation. Fungal
necromass is the primary microbial source of stable SOM;
hence, mycelial necromass could be a significant source of
soil carbon storage. Fungal mycelia could grow into stable
soil forms like soil aggregates which would be resistant to
deterioration for a long period. Thus, the more fungal necro-
mass remains protected, the more carbon will be sequestered
in soils (Agnihotri et al. 2022).

Carbon accretion/sequestration
in revegetated mine soil

Globally, different research institutions, ministry projects,
non-governmental organizations, state reforestation pro-
grammes, and federal agencies are involved in enhancing
C sequestration potential in RMS through the revegetation
approach with or without amendments that can offset CO,
emissions due to mining to some extent. The potential of
C sequestration in PME can be enhanced through (a) sus-
tainable land-use management and (b) soil and vegetation
management. Sustainable land use refers to “the rational
development, use, and protection of land resources based
on specific space—time conditions and adopting appropri-
ate means and organizational forms”. Forest landscape
play a critical role in partially mitigating climate change
through C sequestration and provide a broad range of

@ Springer



88396

Environmental Science and Pollution Research (2022) 29:88383-88409

ecosystem services. Forest landscape restoration (FLR)
is a long-term process to regain ecological functionality,
enhance human well-being in deforested or degraded land-
scapes, and deliver a broad range of goods and services
for a wide range of stakeholders and across different land
uses. Moreover, judicious management of soil and vegeta-
tion properties resulted in high biomass accumulation, soil
health recuperation and balance between input and output
of SOC storage that enhance C sequestration potential of
PME (Table 2). As estimated by office of surface mining
(2003), in the USA, there are about 3.2 Mha of degraded
mine spoil that has the carbon sequestration potential at the
rate of about 0.5-1 Mg C ha™! year™! through reclamation
approaches; therefore, sequestering 1.6-3.2 Tg C year™!
into soil and off-setting 5.8—11.7 Tg CO, year™' emitted by
fossil fuel activities. A chronosequence approach could be
a better option to estimate the recovery of PME in terms
of carbon stock (both in soil and vegetation species), C
sequestration, and its equivalent CO, stabilization. Moreo-
ver, this approach is highly efficient to overcome the esti-
mation error caused by the initial heterogeneity in fossil
C content among sites.

The efficiency of C sequestration of afforested PME is
assumed to increase as development of community structure,
pedogenesis via proper stand establishment and manage-
ment. Pietrzykowski and Daniels (2014) assessed the rec-
lamation potential of Pinus sylvestris L. for C sequestration
in PME and associated interrelationship between soil and
vegetation C sequestration, indicating significant potential
for development of total ecosystem C stocks of about 50 Mg
C ha™! and equivalent increase rate of annual C sequestration
of about 1.6-5.6 Mg C ha™! year™! in RMS, Poland. Apart

from that, Quinkenstein and Jochheim (2016) proposed
short rotation coppices (SRC) system for the production of
woody biomass that could potentially sequestered CO, in
RMS within soil and biomass. They validated the proposed
approach through assessing carbon cycle of Populus suaveo-
lens (Poplar) and Robinia pseudoacacia (Black locust) with
SHORTCAR (carbon model) and found SOC stock of about
8.9 Mg C ha™! and 64.5 Mg C ha™' under Poplar and Black
locust respectively over a period of 36 years.

Land-use policy and land-use conversions are key influ-
encing factors of SOC dynamics and its equivalent CO,
sequestration in PME. Ussiri et al. (2006a, b) conducted a
study to evaluate the effects of converting pastureland to
Casuarina spp. and Robinia pseudoacacia L. forest in RMS
of south-eastern Ohio and found the development of SOC
pool by 6 Mg C ha™! (11%) and 24 Mg C ha™! (42%) respec-
tively in 10 years. Similarly, after 24 years of management
practices under different land-use effects (meadow, hay,
grazing, grazing-feeding) in RMS of south-eastern Ohio,
Ussiri et al. (2006a, b) observed SOC dynamics in order
of grazing-feeding (89 mg ha™') > hay (76 mg ha™')> graz-
ing (70 mg ha~') > meadow (64 mg ha™!). In similar envi-
ronmental conditions, Shrestha and Lal (2010) reported
improvement of ecosystem carbon pool at the rate of about
5.1 Mg C ha™! year™' after 25 years of reclamation under
forest and pasture ecosystem in Ohio, USA. Moreover,
under different land-use conversions, Ahirwal et al. (2021)
showed 84% and 50% reduction in soil CO, sequestration in
reclaimed mine soil and agricultural soil respectively com-
pared to natural forest sites.

Table 2 Comparative analysis of carbon sequestration rate in reclaimed mine soil

Ecosystem Revegetation age C sequestration rate (Mg C References
(years) ha™! year‘l)

Reclaimed mine soil, Ohio, USA 25 0.2-2.6 Akala and Lal (2000)
Reclaimed mine soil, Ohio, USA 0-21 1.64 Akala and Lal (2001)
Reclaimed forest Singrauli, India 5 0.1-3.2 Singh et al. (2006)
Reclaimed forest, Czech Republic 22-32 0.1-1.2 Frouz et al. (2009)
Reclaimed mine soil, Ohio, USA 25 1.5 Shrestha and Lal (2010)
Reclaimed coal mine, Singrauli 19 3.64 Singh et al. (2012)
Reclaimed coal mine, West Virginia 22 2 Chaudhuri et al. (2013)
Reclaimed coal mine, India 19 1.21 Tripathi et al. (2014)
Reclaimed coal mine dump, Czech Republic 11 0.9 Bartuska and Frouz (2015)
Reclaimed mine soil, USA 21 2.78 Avera et al. (2015)
Reclaimed coal mine, India 19 3.65 Tripathi et al. (2016)
Pingshuo opencast coal mine, ChinaReclaimed coal 25 3.58 Yuan et al. (2017)

mine, Singrauli
Reclaimed coalmine, Rohini OCP, India 11 1.7 Ahirwal et al. (2017)
Reclaimed coal mine, Singrauli, India 25 6.2 Bandyopadhyay et al. (2020)
Xishan coal mine, China 12 0.99 Yan et al. (2020)
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Carbon budget for reclaimed post mining
ecosystem

Carbon sequestration shows the removal of CO, from
atmosphere by the way of equivalent CO, out of the total
carbon sequestered to the reclaimed ecosystem. Therefore,
an evaluation of carbon budget over a chronosequence is
very essential to identify sustainable management options
for improved C sequestration potential in PME. The carbon
budget is defined as “the net ecosystem production (dif-
ference of C absorption by plants and C release by soil in
RMS), which includes carbon pools, CO, flux for the eco-
system and the net C exchange between atmosphere and
RMS” (Shrestha and Lal 2006). Carbon input of RMS eco-
system includes AGB, BGB, amendments (such as manure,
microbial inoculation, mulch), and precipitation. Likewise,
carbon output includes carbon loss from the ecosystem
by respiration, leaching, and erosion. There are very few
published literatures on carbon budget in RMS ecosystem.

Table 3 Carbon budget (g C m™2 year™") of different types of ecosystem

Different methodologies (carbon balance model includ-
ing Sim-CYCLE model, CENTURY model, FORCARB2
model, INTEC model, and CBM—CFS2 model; eddy covari-
ance; mass balance model) at (a) terrestrial or regional or
national scale and (b) ecosystem or farm scale are adopted
for the estimation of carbon budget in other ecosystems are
mentioned in Table 3.

The carbon budget of degraded ecosystems like PME
needs to be improved for achieving optimum reclamation
success trajectory so that it can be concluded that whether
a degraded mine ecosystem is a C sink (positive NEP) or
a source (negative NEP). The proposed equation for ECB
calculation is as follows (Paustian et al. 1990):

Carbon Budget = 2 Civpur — 2 Courrur

From India, Singh et al. (2012) estimated an annual
carbon budget of about 8.40 t C ha™! year™! in 19-year-
old revegetated mine spoil in Singrauli coalfield out of
which 2.14 t ha™! was allocated in AGB, 2.88 t ha™' in

Ecosystem type Country ECB method C Budget (g C m~2 year™!) Reference
Forest
Pinus sylvestris (40 years old) South Finland Eddy covariance +228 Kolari et al. (2004)
Pinus pinaster Les Landes, France Eddy covariance —200 to—340 Kowalski et al. (2003)
Boreal and temperate forest Ontario, Canada CBM-CFS2 model —-40 Liu et al. (2002)
Forest ecosystem Ontario, Canada CBM-CFS2 model —43 Peng et al. (2000)
Native forest New Zealand Mass balance and modelling —136 Tate et al. (2000)
Agriculture
Mixed crops agriculture Denmark Eddy covariance =31 Soegaard et al. (2003)
Corn crop Ohio, USA Cropland ecosystem model ~ +26 Evrendilek and Wali (2004)
No tillage — corn-soybean mixed North Central USA Eddy covariance +90 Hollinger et al. (2005)
crop
Chisel ploughed, fertilized — Wisconsin, USA Difference method —90 to+590 Brye et al. (2002)
corn crop
No tillage, fertilized — corn crop  Wisconsin, USA Difference method —210 to+430 Brye et al. (2002)
Grassland
Miscanthus sinensis Nagano, Japan Ecological method —100 to -56 Yazaki et al. (2004)
Pasture New Zealand Mass balance and modelling —414 Tate et al. (2000)
Grassland Cork, Ireland Eddy covariance +236 Leahy et al. (2004)
Tall grass prairie Oklahoma, USA Eddy covariance -8 Suyker and Verma (2001)
Tall grass prairie Wisconsin, USA Difference method —410to+70 Brye et al. (2002)
Mixed grass prairie North Dakota, USA  Soil flux +31 Frank and Dugas (2001)
Moist mixed prairie Alberta, Canada Eddy covariance -18 to+21 Flanagan et al. (2002)
Reclaimed mine site
Revegetated mine spoil Singrauli, India Ecological method 8.40 Singh et al. (2012)
(19 years old) (tCha!year™)
Revegetated mine spoil Singrauli, India Ecological method 354.79 Tripathi et al. (2014)
(19 years old)
Afforested mine soil Jharkhand, India Ecological method —6.44 Ahirwal et al. (2021)

(7 years old)
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litter biomass, 0.31 tha™' in BGB, and 1.35 t ha™" in soil.
Likewise, in revegetated mine wasteland from dry tropi-
cal ecosystem, India, Tripathi et al. (2014) estimated the
carbon budget as about 354.79 ¢ C m~! year™! through
ecological method (revegetation).

Carbon dynamics in reclaimed mine
ecosystem

Generally, soil carbon pool is extremely in dynamic equi-
librium with its ecosystem because, at one end, it acts as
energy source for all microbial population and faunal com-
munity in soil environment, and on the other hand, due to
having low density, it is preferentially removed by erosional
process. The magnitude of change in SOC pool depends on
the balance between carbon input (Eq. 1) and output (Eq. 2).

Carbon Input(CI) = AGB + BGB + LB + AM (1)

where AGB = aboveground input, BGB =belowground input
including root exudates, LB =litter biomass input, and AM is
the amendments related input of biomass-C including com-
post, crop/animal residues, etc.

Carbon Loss(CL) =M +E+ L 2)

where M =mineralization, E=erosion, and L=Ieaching. The
magnitude of change in SOC pool, by natural or anthropo-
genic factors, depends on the balance between I and L (Egs.
(3) and (4)).

Carbon Sequestrationor Accretion : CI > CL 3)

Carbon Degradationor Depletion : CI < CL 4)

Only if the erosion-induced loss is successfully controlled
and leaching losses (dissolved organic carbon) are insig-
nificant, the SOC pool can reach a new equilibrium with
changes in land use and management practices. As a result,
the aim of management strategies is to keep the positive
SOC budget by strategically boosting CI and reducing CL.
Site-specific recommended management practices (RMPs)
to generate a positive SOC budget include chronosequence
reclamation with properly selected vegetation species and
judicious application of amendments (mulching, liming,
microbial inoculation, manure/compost). But, all of these
RMPs have trade-offs that must be critically assessed under
site-specific conditions.
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CO, offset to mitigate climate change
from reclaimed mine ecosystem

Mining and associated activities cause severe perturbation
of terrestrial ecosystem, resulting in severe land degrada-
tion and global climate crisis. Soil restoration strategies in
mine spoils can reverse the degradation trends, resulting
in ecosystem development and enhanced SOC sequestra-
tion. Mine spoil reclamation helps to develop soil horizons
relatively fast, hence, enhance sequestration potential of C,
and thus reclaimed soil represents a large sink for atmos-
pheric CO,. Though, the initial SOC content of RMS, when
compared to undisturbed soils, is relatively very low, but
with the revegetation age, it gradually increases. The rate
of carbon sequestration is determined by the productivity
of land uses established on reclaimed sites and technosol
qualities. Hence, mine soils have a substantial potential to
boost their C capital. The ability of a soil to sequester carbon
is determined by accretion and the present level of carbon
in the soil. Due to the challenges (such as presence of coal
particles, coal dust and carbonates) of accurate analytical
quantification of carbon fraction sequestered to soil through
biological processes, the rate and the degree by which RMS
capture CO, and sequestered carbon in degraded terrestrial
ecosystems are still obscure. The PME under sustainable
land use planning (forestry reclamation) that improve carbon
sequestration potential have a comparatively large capacity
to off-set CO, emissions from mining. Therefore, trading of
carbon credits for RMSs requires careful consideration for
encouraging mining sectors or stakeholders to adopt recla-
mation practices and self-sustaining land uses that maximise
carbon sequestration. For instance, as estimated by Shrestha
and Lal (2009), “the 3.2 million ha of reclaimed forest mine
soil can offset 30 teragrams (Tg) of CO, each year and on
the above basis the revegetated mine spoils in the United
States could offset approximately 1.5 Petagrams (Pg) of CO,
produced by coal combustion over 50 years”. On the other
hand, soil microbial activity strongly controls ecosystem net
primary production and most of the nutrient requirements
of terrestrial plant species through the mineralization of soil
organic nutrients. Due to their strong tolerance for stress
conditions, microbial populations assist in C sequestration in
mine spoils. Microbes have physiological systems to survive
and to stay active in stressful situations, and they acclima-
tize to stress by shifting resource allocation from growth to
survival mechanisms, unless the stress is too severe. It has,
however, been employed to a lesser extent as a measure of
RMS’s potential for carbon turnover.



Environmental Science and Pollution Research (2022) 29:88383-88409

88399

Sustainable land management
(SLM) towards carbon sequestration
and mitigation of climate change

A sustainable land management (SLM) system is defined as
“a knowledge-based combination of technologies, policies,
and practices that integrate land, water, biodiversity, and
environmental factors to meet rising food and fibre demands,
while sustaining ecosystem services and livelihood” (Lal et al.
2011). Moreover, the United Nations defines sustainable land
management (SLM) as “the use of land resources, including
soils, water, animals and plants, for the production of goods
to meet changing human needs, while simultaneously ensur-
ing the long-term productive potential of these resources and
the maintenance of their environmental functions” (available
at https://www.fao.org/land-water/land/sustainable-land-manag
ement/en/). Globally, mining and associated alteration in land
use land cover (LULC) are major contributor of soil carbon
loss and GHG emission. In other words, sustainable min-
ing practices and proper PME management offer significant
mitigation potential for global climate crisis (Xie et al. 2020).
Thus, SLM, in terms of introducing forest restoration approach
(FRA), forest and landscape reclamation (FLR), and Miyawaki
afforestation approach, could be one of the recognised options
for restoring ecological functionality, soil carbon loss, and
carbon sequestration potential due to deforestation or forest
degradation during mining. Through the implementation of
SLM, such as soil redevelopment, vegetation reconstruction,
land remodelling, the PME will be progressively transformed
from “‘carbon source” to “carbon sink”. During the planning for
SLM, attention should be paid to the selection of plant species
with high adaptability (with adverse physico-chemical and cli-
matic condition), nitrogen fixing capacity (like legumes), good
growth rate of root system, high survival rate, potential to pro-
duce huge organic waste (like litter fall, dead leaf, stem), and
economic value. In order to reconstruct a technically feasible,
environmentally sustainable, and economically viable ecosys-
tem, stakeholders and policy makers need to understand the
carbon sequestration dynamics of mining areas and take deci-
sions on future mining activities (Maraseni and Mitchell 2016).

The post-mining LULC planning should be favourably
as forestland, grassland or cultivable land having strong
carbon sequestration capacity to compensate large quan-
tity of carbon emission through mining operations. Carbon
sequestration of RMS has huge carbon emission mitigation
potential with a broad range of synergies such as enhanced
ecosystem productivity and soil health. The advancement
of a SLM-based ecological restoration plan should include
following approach:

Forestry reclamation approach (FRA)

In the USA, a five-stage method is being used to promote
high-yielding forest areas on coal-mining soils under the
SMCRA 1977 (Surface Mining Control and Reclamation
Act), which is directed by the U.S. Department of the Inte-
rior Ministry of Surface Mining Reclamation and Enforce-
ment (Adams 2017; Burger et al. 2005; Burger and Zipper
2011). This method is known as the forestry reclamation
approach. Two of the five phases are technological remedia-
tion, and three are biological remediation. Such steps are as
follows:

Build an effective rooting platform for productive
plant growth

Thickness of rooting medium for good tree growth is key to
the success of FRA approach, which should be greater than
1.22 m (4 feet) deep and comprised the best available soil
forming material. The selection of the best growth medium
will depend on local environment conditions and best avail-
able soil material. Topsoil is precious resource, and it should
be conserved and reuse concurrently whenever possible.

Ensure a noncompacted surface

Excessive soil compaction can have a major negative effect
on tree survival and growth. Even if a soil’s chemical and
nutritional properties are ideal, excessive compaction will
create a compacted soil which will be poorly suitable for
trees. To re-establish a healthy and productive forest in
backfilled areas, final grading does such a way that it must
minimize surface compaction.

Use ground vegetation covers

For slopes, soil cover vegetation must be used to prevent ero-
sion and stability. Ground vegetation should include grasses
and legumes which are rapid growing, have straggling devel-
opmental patterns, tolerant to wide range of environmental
condition, and enhance nutrients and moisture contents.

Planting of tree species

Crop trees: economically important, indigenous, woody crop
species.

Nursery trees/wildlife trees: Trees and shrubs which can
fix nitrogen and/or attract wildlife, including birds. Nursery
trees are grown to support the crop trees by improving the
nitrogen status, organic matter of soil and enhancing soil
physical properties.
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Using appropriate tree plantation strategies
to ensure a high rate of seedling survival

There are several options available for the development of
vegetation cover on mine spoils. Few important methods are:

(i) Planting of seedlings
(i) Transplanting
(iii) Habitat transfer
(iv) Natural recolonization

Forest landscape restoration (FLR) approach

Forest and landscape restoration addresses landscape resto-
ration, frequently involving some ecosystems and land uses,
as a means of permitting users to attain trade-offs between
contradictory interests and harmonizing social, cultural,
economic, and environmental benefits. Forest landscape
restoration (FLR) is a continuous procedure of restoring
ecological functionality and improving human well-being
across degraded forest landscapes. FLR is more than just
implanting trees, restoring the entire ecosystem to meet pre-
sent and prospective needs and providing numerous benefits
and land usage over time. Successful FLR is progressive,
centralized on improving environment resilience and provid-
ing potential opportunities for adapting and further optimiz-
ing ecosystem goods and services as community demands
alter or new challenges emerge. It combines a variety of
guiding principles, including:

(a) Special emphasis on landforms — FLR generally
occurs within and across the whole ecosystems, not
individual locations, rather reflecting mosaics of
dynamic land use and management processes under
different tenures and governance structures. It is aimed
at the stage that ecological, societal, and financial inter-
ests can be harmonized.

(b) Encourage shareholders and promote collaborative gov-
ernance — FLR dynamically involves shareholders on
a variety of ranges, like, in land use planning and poli-
cymaking, restoration aims and approaches, execution
approaches, benefit allocation, monitoring, and review
procedures.

(c) Customize to the specific context using a wide range
of perspectives — FLR utilizes a variety of strategies
that are tailored to social, local, economic, ecologi-
cal, and cultural values, requirements and ecosystem
history. It is mainly based on the modern science, best
practice, conventional and primitive knowledge, and
application of this information in the circumstances
of local capacity and recent or existing governance
systems.

@ Springer

(d) Restore various roles to additional benefits — The
objective of FLR is to restore various social, ecologi-
cal, and financial activities across the ecosystem and to
create a variety of EGS (ecosystem goods and services)
that support several stakeholders.

(e) Dynamically regulate enduring resilience — FLR aims
to improve the sustainability of the environment and
its shareholders in the long and medium term. Recla-
mation strategies should improve genetic and species
diversity and be balanced over time to represent climate
change and other environmental factors, experience,
capacity, needs of shareholder and social values. As
reclamation improves, information from monitoring
operations, analysis, and shareholder advice should be
incorporated into administration plans.

Miyawaki method

Miyawaki is a method invented by Japanese botanist
Akira Miyawaki which aims to develop dense native
forests. The idea of sustainable afforestation has been
revolutionized by transforming polluted land into mini-
forests. This approach involves planting trees (only native
species) as close as possible to the area, which not only
redeems space, but also encourages each other to grow
(self-sustainable) and prevents sunlight from entering the
soil, thus mitigating weed growth. The concept behind
this approach is grounded on the assumption that indig-
enous or conventional trees in a specific local area are
more capable of maintaining a healthy and self-sustaining
ecosystem than the exotic and foreign plants that are arti-
ficially grown in that particular region. The strategy is
intended to certify that plant growth is 10 times faster,
and the resulting cultivation is 30 times denser than usual.
The Miyawaki method will help to form a forest in only
20 to 30 years, while traditional methods would take any-
where from 200 to 300 years (Ranjan et al. 2015). This
method includes following steps:

(a) The indigenous plant species of the area are acknowl-
edged and separated into four layers: shrubs, sub-tree,
tree, and canopy.

(b) The analysed soil quality and biomass which would
help to improve the perforation capacity, water reten-
tion capacity, and nutrient in it.

(c) A mound is built with the soil, and the seeds are planted
at a very high density — 3 to 5 saplings m™>.

(d) The ground is enclosed with a thick layer of mulch.

Native or traditional trees of a particular area have more
capability of creating a good and self-sustained ecosys-
tem than the exotic and foreign species which are grown
artificially on that particular area. The advantages of this
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method are as follows: faster result, cost-effective, self-
sustained ecosystem, and no special care is required as
native plant species are used.

Potential benefits of carbon sequestration
towards achieving the SDG target

After the oceanic and geogenic carbon pool, terrestrial
ecosystems are the 3rd largest global carbon pool. Carbon
sequestration is defined as, “process of transferring CO,
from the atmosphere into the soil of a land unit through
unit plants, plant residues and other organic solids, which
are stored and retained in the unit as part of the soil
organic matter (humus)” (Lal et al. 2015). Generically,
carbon (C) sequestration in soil refers to “capture and
secure by storage of atmospheric CO2 with pedosphere
in a manner that also increases its mean residence time
(MRT) and minimizes sinks of re-emission” (Lal 2007).

The primary aim of carbon sequestration are as follows:

(a) Off-setting anthropogenic emission of GHG by fossil
fuel combustion, industrial process, and deforestation

(b) Reduction in net increase of atmospheric CO, concen-
tration and carbon pool

(¢) Improving SOC pool in degraded ecosystem

(d) Development of soil quality and associated ecosystem
goods and services (EGS)

(e) Improving nutrient (N, P, K) and water retention capac-

1ty

(f) Reduction in risk of soil erosion and non-point source
pollution

(g) Increasing sustainable productivity and ecological
security

The Clean Development Mechanism (CDM) under the
Kyoto Protocol recognizes the significant potential of car-
bon sequestration through forestry reclamation as a way
forward to mitigate global warming and to offset carbon
emission by developing countries through investing in for-
estry reclamation project (FRP). The benefits of carbon
sequestration in terms of improved carbon management
at different scale are as follows:

Sustainable development

The concept of sustainable development has been incor-
porated in various socio-academic domain since its com-
mencement through the World Commission on Environ-
ment and Development (WCED) on the international
political agenda in 1987. Sustainable development is

defined by the Brundtland Commission as “development
that meets the needs of the present without compromis-
ing the ability of future generations to meet their own
needs”. The concept of sustainable development has been
embraced by the mining industry through initiating “rec-
lamation approach” in post-mining degraded landscape
to meet societal needs. Besides being the most important
support system for socio-economic infrastructure, mining
industry also fulfils community needs by re-establishing
“ecosystem services” on PME. Therefore, development
of potential carbon sequestration capacity in degraded
mining areas through revegetation strategy could be a
significant step towards achieving sustainable mining
as well as SDG-13 during 2021-2030. As estimated by
Lal et al. (2018), the global potential of terrestrial carbon
sequestration would be about 333 Pg C that equivalent to
atmospheric CO, capture of about 156 ppm by the end
of the twenty-first century. Such a potential of reclaimed
ecosystems possesses different co-benefits that strongly
support UNSDGs_ such as “zero hunger” (SDG-2), “life
on land” (SDG-15), and most importantly “climate action”
(SDG-13).

Ecological restoration

Ecological restoration of post-mining degraded sites is a
“ereen and sustainable strategy” to achieve climate change
mitigation, socio-economic benefits, biodiversity conser-
vation, soil and hydrological stability, and other ecosys-
tem goods and services. The recovery efficiency of carbon
capital in RMS is significant, as, compared to undisturbed
control soil (natural forest), the carbon percentage in mine
spoil is typically very low. Improvement in carbon seques-
tration potential in RMS corresponds to the increase in soil
fractions, SOM, litter decomposition, and development of
soil horizon and hence indicates initiation of pedogenesis
process and effective ecological restoration. Thus, proper
management plans in restored sites are required to recover
SOC and increase carbon sequestration potential to combat
partially with global climate crisis. It is the high time to
implement sustainable restorative land use policy and soil
carbon management systems to reinforce (i) provisioning
of ecosystem goods and services (e.g. food and nutritional
security, climate change mitigation, and water security)
and (ii) the UNSDGs by recarbonization of the terrestrial
biosphere. The process involves a two-pronged approach:
(i) restoration of mine degraded ecosystems and (ii) adop-
tion of best management practises (BMPs) after restora-
tion to increase (i) the net primary productivity (NPP) of
degraded and restored ecosystem and (ii) mean residence
time (MRT) of the carbon sequestered in NPP by transfor-
mation into stable SOC protected against decomposition
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either by translocation into the subsoil or other edaphic
mechanisms (Lal et al. 2018).

Enhancement of soil health

The aftermath of surface mining led to deterioration in soil
health and loss of nutrients due to complete destruction of
natural vegetation and topsoil cover. Reclamation of PME
with proper land use policy and management could able
to reinstatement of pre-mining ecosystem in all structural
and functional aspects. According to Pietrzykowski and
Krzaklewski (2010), forestry reclamation approach plays a
pivotal role in carbon sequestration in soil, vegetation bio-
mass and equivalent absorption of carbon dioxide (CO,)
from atmosphere. Forest ecosystems, by accumulating car-
bon in vegetation biomass, also play an important role in
global carbon recycling (Pietrzykowski and Daniels 2014).
The long-term carbon retention capacity of soil depends
upon the adequate land management practices such as
application of grass—legumes; the conversion of PME to
perennial vegetation (grass or trees) decreases the amount
of fallow land and planting of shrubs and trees such as
windbreaks.

Balancing global carbon cycle

Terrestrial ecosystems, comprising soil and vegetation,
have a large impact on the global carbon (C) cycle and
act as a sink for atmospheric carbon dioxide (CO,) and
methane (CH,) under natural conditions. Conversion of
natural to managed ecosystems (such as urban lands, agro-
ecosystems, and mining lands) deteriorates ecosystem car-
bon stocks, exacerbates gaseous emissions, and aggravates
radiative forcing. Thus, the advent of industrial evolution
apparently altered these sinks into sources of greenhouse
gases (GHGs), primarily CO,, CH,, and nitrous oxide
(N,0O), depleting terrestrial C stocks (soil, vegetation,
and peatlands). Because of the relationship between SOC
stock and atmospheric CO, concentration, recarboniza-
tion of the terrestrial biosphere (soil and vegetation) could
be an essential technique to minimize anthropogenic cli-
mate change (ACC) and boost other ecosystem services.
Recarbonization of the terrestrial biosphere refers to the
formation of positive carbon budget in soil and vegetation
through conversion of degraded ecosystems to a restora-
tive land use and adoption of best management practices
(BMPs) (Smith 2016). In this context, French govern-
ment in UNFCCCOP-21 (The Paris Climate Agreement,
December 2015) recommended a voluntary plan of “4 Per
Thousand” (4PT) to sequester carbon in world soils at the
rate of 0.4% annually to 0.4 m (1.3 ft) depth (UNFCC
2015) to offset anthropogenic emissions. Soil acts as the
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greatest terrestrial carbon sink globally, storing round
about 2157-2293 Pg of carbon to a depth of 1 m (Batjes
2014). Both organic and inorganic carbon stored in soils
and vegetation comprise the terrestrial carbon pool. The
SIC pool primarily consists of carbonate minerals such
as MgCO;, CaCO;, and elemental carbon, whereas the
SOC pool mostly includes plant-derived carbon and highly
active humus. In terrestrial ecosystems, carbon recycling
is primarily achieved by photoautotrophs, which utilize
solar energy to transform atmospheric CO, into more
complex carbon molecule and organic matter. Bound C
molecules disintegrate during plant respiration, and the
monomeric units are transported to the mineral soil as
rhizodeposits, released CO, into the atmosphere. Hence,
soil serves as both a sink and a source for carbon in the
terrestrial environment. Soils, through respiration, emit
94.3 Pg C year™!, which is the second greatest C flow
after gross primary productivity (Xu and Shang 2016).
The global C cycle is balanced by these C fluxes in the
terrestrial biosphere. However, natural or anthropogenic
activities, i.e. LULC change, fossil fuel combustion, and
other variables, have had a considerable impact on these
fluxes over the last century, reducing soil C sequestration
and increasing atmospheric CO, emission.

Conclusion and future recommendations

Global climate change has off-centre considerations in
mining industry, but nowadays, nascent efforts to involve
with the carbon-based PES scheme to adopt self-sustain-
able ecosystem have highlighted the potential of forestry
reclamation approaches to provide ecosystem goods and
services. The 17 sustainable development goals (SDGs)
appeared as guidelines for an action plan designed for pur-
suing an environmentally sustainable future accompanied
by economic growth and societal well-being. In order to
achieve UNSDG-13 (climate action) during UN decade
of ecosystem restoration (2021-2030), mining compa-
nies need to pay attention towards formation of sustain-
able mining strategies by harnessing carbon sequestration
potential through forestry-based reclamation. Reforesta-
tion in PME boosts up the carbon storage recovery both in
plant biomass (AGB, BGB, Litterfall, root biomass) and
soil (SOC, MBC) by developing technosol quality param-
eters coupled with improvement of ecosystem functions.
Hence, mine spoil could be considered as a significant
sink for atmospheric CO, through establishment of veg-
etation and ecosystem structure. Through the research in
the scientific literatures, it is evident that mining sectors
have the potential to combat global climate crisis and to
evaluate carbon budget with the implementation of sus-
tainable land management (such as forestry reclamation
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approach, forest landscape restoration approach, Miyawaki
method of afforestation) through collaboration among
miners, government and local communities in practi-
cal way over a longer period of time. Moreover, future
research is required on mining innovation concepts and
its challenges for designing an SDG impact framework so
that not only synergies amongst SDGs, but also trade-offs
between each individual politically legitimised post-2015
development agenda (i.e. UNSDGs) could be depicted in
a systematic way. In a developing country like India, it is
also an utmost need to assess environmental impact and
economic performance of such technological innovation
and its possible synergistic effect.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-23699-x.

Acknowledgements The author is grateful to Indian Institute of Tech-
nology (Indian School of Mines), Dhanbad and MHRD, Government
of India for providing fellowship to the first author (17DR000508). The
author is also thankful to the editor and reviewers for their thoughtful
insight in this paper.

Author contribution All authors contributed to the study conception
and design. Material preparation, literature search, and analysis were
performed by Sneha Bandyopadhyay. The first draft of the manuscript
was written by Sneha Bandyopadhyay, and all authors commented on
previous versions of the manuscript. All authors read and approved
the final manuscript.

Sneha Bandyopadhyay: conceptualization, methodology, investiga-
tion, literature search, visualization, software, validation, writing —
original draft, writing — review and editing.

Subodh Kumar Maiti: resources, supervision, writing — review
and editing.

Data availability Data sharing not applicable to this article as no data-
sets were generated or analysed during the current study.

Declarations

Ethics approval The manuscript has not been submitted to more than
one journal for simultaneous consideration.

Consent to participate This study has not directly/indirectly involved
human and/or animals.

Consent for publication The manuscript was reviewed, and all authors
consented to publish.

Competing interests The authors declare no competing interests.

References

Adams MB (ed) (2017) The forestry reclamation approach: guide to
successful reforestation of mined lands. Gen. Tech. Rep. NRS-
169. U.S. Department of Agriculture, Forest Service, Northern
Research Station, Newtown Square, p 128. https://doi.org/10.
2737/NRSGTR-169

Agnihotri R, Sharma MP, Prakash A, Ramesh A, Bhattacharya S, Patra
AK, Manna MC, Kurganova I, Kuzyakov Y (2022) Glycoproteins

of arbuscular mycorrhiza for soil carbon sequestration: review of
mechanisms and controls. Sci Tot Environ 806:150571. https://
doi.org/10.1016/j.scitotenv.2021.150571

Ahirwal J, Maiti SK, Singh AK (2017) Changes in ecosystem carbon
pool and soil CO2 flux following post-mine reclamation in dry
tropical environment, India. Sci Total Environ 583:153-162.
https://doi.org/10.1016/j.scitotenv.2017.01.043

Ahirwal J, Kumar A, Pietrzykowski M, Maiti SK (2018) Reclama-
tion of coal mine spoil and its effect on technosol quality and
carbon sequestration: a case study from India. Environ Sci
Pollut Res 25(28):27992-28003. https://doi.org/10.1007/
s11356-018-2789-1

Ahirwal J, Kumari S, Singh AK, Kumar A, Maiti SK (2021) Changes
in soil properties and carbon fluxes following afforestation and
agriculture in tropical forest. Ecol Indic 123:107354. https://doi.
org/10.1016/j.ecolind.2021.107354

Ahirwal J, Maiti SK (2016) Assessment of soil properties of different
land uses generated due to surface coal mining activities in tropi-
cal Sal (Shorea robusta) forest, India. CATENA 140:155-163.
https://doi.org/10.1016/j.catena.2016.01.028

Ahirwal J, Maiti SK (2017) Assessment of carbon sequestration
potential of revegetated coal mine overburden dumps: a chron-
osequence study from dry tropical climate. J] Environ Manage
201:369-377. https://doi.org/10.1016/j.jenvman.2017.07.003

Ahirwal J, Maiti SK (2018) Development of Technosol properties and
recovery of carbon stock after 16 years of revegetation on coal
mine degraded lands, India. CATENA 166:114—123. https://doi.
org/10.1016/j.catena.2018.03.026

Ahirwal J, Pandey VC (2021) Restoration of mine degraded land
for sustainable environmental development. Restor Ecol
29(4):13268. https://doi.org/10.1111/rec.13268

Akala VA, Lal R (2000) Potential of mine land reclamation for
soil organic carbon sequestration in Ohio. Land Degrad Dev
11(3):289-297. https://doi.org/10.1002/1099-145X(200005/
06)11:3%3c289::AID-LDR385%3¢3.0.CO;2-Y

Akala VA, Lal R (2001) Soil organic carbon pools and sequestration
rates in reclaimed minesoils in Ohio. J Environ Qual 30(6):2098—
2104. https://doi.org/10.2134/jeq2001.2098

Arreghini S, de Cabo L, Serafini R, de Iorio AF (2017) Effect of the
combined addition of Zn and Pb on partitioning in sediments and
their accumulation by the emergent macrophyte Schoenoplectus
californicus. Environ Sci Pollut Res 24(9):8098-8107. https://
doi.org/10.1007/s11356-017-8478-7

Avera BN, Strahm BD, Burger JA, Zipper CE (2015) Development
of ecosystem structure and function on reforested surface-
mined lands in the Central Appalachian Coal Basin of the
United States. New for 46(5):683-702. https://doi.org/10.1007/
s11056-015-9502-8

Averill C, Turner BL, Finzi AC (2014) Mycorrhiza-mediated competi-
tion between plants and decomposers drives soil carbon storage.
Nature 505(7484):543-545. https://doi.org/10.1038/nature 12901

Bandyopadhyay S, Novo LA, Pietrzykowski M, Maiti SK (2020)
Assessment of forest ecosystem development in coal mine
degraded land by using integrated mine soil quality index
(IMSQI): the evidence from India. Forests 11(12):1310. https://
doi.org/10.3390/f11121310

Bagqir M, Shah AB, Kothari R, Singh RP (2018) Carbon sequestration
potential of plantation forestry and improvements in soil nutrient
status in a subtropical area of northern India. Environ Sustain
1(4):383-392. https://doi.org/10.1007/s42398-018-00034-0

Baral H, Guariguata MR, Keenan RJ (2016) A proposed framework
for assessing ecosystem goods and services from planted forests.
Ecosyst Serv 22:260-268. https://doi.org/10.1016/j.ecoser.2016.
10.002

@ Springer


https://doi.org/10.1007/s11356-022-23699-x
https://doi.org/10.2737/NRSGTR-169
https://doi.org/10.2737/NRSGTR-169
https://doi.org/10.1016/j.scitotenv.2021.150571
https://doi.org/10.1016/j.scitotenv.2021.150571
https://doi.org/10.1016/j.scitotenv.2017.01.043
https://doi.org/10.1007/s11356-018-2789-1
https://doi.org/10.1007/s11356-018-2789-1
https://doi.org/10.1016/j.ecolind.2021.107354
https://doi.org/10.1016/j.ecolind.2021.107354
https://doi.org/10.1016/j.catena.2016.01.028
https://doi.org/10.1016/j.jenvman.2017.07.003
https://doi.org/10.1016/j.catena.2018.03.026
https://doi.org/10.1016/j.catena.2018.03.026
https://doi.org/10.1111/rec.13268
https://doi.org/10.1002/1099-145X(200005/06)11:3%3c289::AID-LDR385%3e3.0.CO;2-Y
https://doi.org/10.1002/1099-145X(200005/06)11:3%3c289::AID-LDR385%3e3.0.CO;2-Y
https://doi.org/10.2134/jeq2001.2098
https://doi.org/10.1007/s11356-017-8478-7
https://doi.org/10.1007/s11356-017-8478-7
https://doi.org/10.1007/s11056-015-9502-8
https://doi.org/10.1007/s11056-015-9502-8
https://doi.org/10.1038/nature12901
https://doi.org/10.3390/f11121310
https://doi.org/10.3390/f11121310
https://doi.org/10.1007/s42398-018-00034-0
https://doi.org/10.1016/j.ecoser.2016.10.002
https://doi.org/10.1016/j.ecoser.2016.10.002

88404

Environmental Science and Pollution Research (2022) 29:88383-88409

Bardgett RD, Van Der Putten WH (2014) Belowground biodiversity
and ecosystem functioning. Nature 515(7528):505-511. https://
doi.org/10.1038/nature13855

Bartuska M, Frouz J (2015) Carbon accumulation and changes in
soil chemistry in reclaimed open-cast coal mining heaps near
Sokolov using repeated measurement of chronosequence sites.
Eur J Soil Sci 66(1):104—111. https://doi.org/10.1111/ejss.12185

Batjes NH (2014) Total carbon and nitrogen in the soils of the world.
Eur J Soil Sci 65(1):10-21. https://doi.org/10.1111/ejss.12114_2

Benbi DK, Brar JS (2009) A 25-year record of carbon sequestration
and soil properties in intensive agriculture. Agron Sustain Dev
29(2):257-265. https://doi.org/10.1051/agro/2008070

Benbi DK, Brar K, Toor AS, Singh P (2015) Total and labile pools of
soil organic carbon in cultivated and undisturbed soils in north-
ern India. Geoderma 237:149-158. https://doi.org/10.1016/j.
geoderma.2014.09.002

Bouwma I, Schleyer C, Primmer E, Winkler KJ, Berry P, Young J,
Carmen E, §puler0vé J, Bezéak P, Preda E, Vadineanu A (2018)
Adoption of the ecosystem services concept in EU policies. Eco-
syst Serv 29:213-222. https://doi.org/10.1016/j.ecoser.2017.02.
014

Brye KR, Gower ST, Norman JM, Bundy LG (2002) Carbon budgets
for a prairie and agroecosystems: effects of land use and inter-
annual variability. Ecol Appl 12(4):962-979. https://doi.org/10.
1890/1051-0761(2002)012[0962:CBFAPA]2.0.CO;2

Burger JA, Zipper CE (2011) How to restore forests on surface-mined
land, Virginia Cooperative Extension (VCE) publication no
460-123. Retrieved from https://pubs.ext.vt.edu/460/460-123/
460-123_pdf.pdf. Accessed 20 May 2021

Burger JA, Graves D, Angel P, Davis V, Zipper C (2005) The forestry
reclamation approach. Forest Reclamation Advisory, 2, 1-4.
Retrieved from http://arri.osmre.gov/pdfs/pubs/fra_no.2.7.-18-
07.revised.pdf. Accessed 20 May 2021

Buxton A (2012) MMSD+10: Reflecting on a decade. IIED Discus-
sion Paper. International Institute for Environment and Devel-
opment, London. Published by IIED, 2012. http://pubs.iied.org/
160411IED

Carminati A, Schneider CL, Moradi AB, Zarebanadkouki M, Vetter-
lein D, Vogel HJ, Hildebrandt A, Weller U, Schiiler L, Oswald
SE (2011) How the rhizosphere may favor water availability to
roots. Vadose Zone J 10(3):988-998. https://doi.org/10.2136/
vzj2010.0113

Carrasco LR, Nghiem TPL, Sunderland T, Koh LP (2014) Economic
valuation of ecosystem services fails to capture biodiversity value
of tropical forests. Biol Conserv 178:163—170. https://doi.org/10.
1016/j.biocon.2014.08.007

Chatterjee A, Lal R, Shrestha RK, Ussiri DAN (2009) Soil carbon
pools of reclaimed minesoils under grass and forest landuses.
Land Degrad Dev 20(3):300-307. https://doi.org/10.1002/1dr.916

Chaudhuri S, McDonald LM, Pena-Yewtukhiw EM, Skousen J, Roy M
(2013) Chemically stabilized soil organic carbon fractions in a
reclaimed minesoil chronosequence: implications for soil carbon
sequestration. Environ Earth Sci 70(4):1689-1698. https://doi.
org/10.1007/s12665-013-2256-8

Cheng W, Parton WJ, Gonzalez-Meler MA, Phillips R, Asao S,
McNickle GG, Brzostek E, Jastrow JD (2014) Synthesis and
modeling perspectives of rhizosphere priming. New Phytol
201(1):31-44. https://doi.org/10.1111/nph.12440

Christensen BT (1996) Carbon in primary and secondary organomin-
eral complexes. In: Carter MR, Stewart BA (eds) Structure and
organic matter storage in agricultural soils. CRC Press Inc, Boca,
Raton, pp 97-165

Clayton J, Lemanski K, Bonkowski M (2021) Shifts in soil microbial
stoichiometry and metabolic quotient provide evidence for a
critical tipping point at 1% soil organic carbon in an agricultural

@ Springer

post-mining chronosequence. Biol Fertil Soils 57(3):435-446.
https://doi.org/10.1007/s00374-020-01532-2

Clemmensen KE, Bahr A, Ovaskainen O, Dahlberg A, Ekblad A, Wal-
lander H, Stenlid J, Finlay RD, Wardle DA, Lindahl BD (2013)
Roots and associated fungi drive long-term carbon sequestration
in boreal forest. Science 339(6127):1615-1618. https://doi.org/
10.1126/science.1231923

Cong WF, van Ruijven J, Mommer L, De Deyn GB, Berendse F,
Hoffland E (2014) Plant species richness promotes soil car-
bon and nitrogen stocks in grasslands without legumes. J Ecol
102(5):1163-1170. https://doi.org/10.1111/1365-2745.12280

Cortina J, Amat B, Castillo V, Fuentes D, Maestre FT, Padilla FM,
Rojo L (2011) The restoration of vegetation cover in the semi-
arid Iberian southeast. J Arid Environ 75(12):1377-1384. https://
doi.org/10.1016/j.jaridenv.2011.08.003

Costanza R, De Groot R, Braat L, Kubiszewski I, Fioramonti L, Sut-
ton P, Farber S, Grasso M (2017) Twenty years of ecosystem
services: how far have we come and how far do we still need
to go? Ecosyst Serv 28:1-16. https://doi.org/10.1016/j.ecoser.
2017.09.008

Costanza R, De Groot R, Sutton P, Van der Ploeg S, Anderson SJ,
Kubiszewski I, Farber S, Turner RK (2014) Changes in the global
value of ecosystem services. Global Environ Chang 26:152—-158.
https://doi.org/10.1016/j.gloenvcha.2014.04.002

Dai J, Hu J, Zhu A, Bai J, Wang J, Lin X (2015) No tillage enhances
arbuscular mycorrhizal fungal population, glomalin-related soil
protein content, and organic carbon accumulation in soil mac-
roaggregates. J Soil Sediment 15(5):1055-1062. https://doi.org/
10.1007/s11368-015-1091-9

Daynes CN, Field DJ, Saleeba JA, Cole MA, McGee PA (2013)
Development and stabilisation of soil structure via interac-
tions between organic matter, arbuscular mycorrhizal fungi and
plant roots. Soil Biol Biochem 57:683-694. https://doi.org/10.
1016/j.s0ilbi0.2012.09.020

De Groot R, Brander L, Van Der Ploeg S, Costanza R, Bernard F,
Braat L, Christie M, Crossman N, Ghermandi A, Hein L, Hus-
sain S (2012) Global estimates of the value of ecosystems and
their services in monetary units. Ecosyst Serv 1(1):50-61.
https://doi.org/10.1016/j.ecoser.2012.07.005

del Mar Montiel-Rozas M, Panettieri M, Madejon P, Madején E
(2016) Carbon sequestration in restored soils by applying organic
amendments. Land Degrad Dev 27(3):620-629. https://doi.org/
10.1002/1dr.2466

Diekow J, Mielniczuk J, Knicker H, Bayer C, Dick DP, Kogel-Knabner
1(2005) Soil C and N stocks as affected by cropping systems and
nitrogen fertilisation in a southern Brazil Acrisol managed under
no-tillage for 17 years. Soil till Res 81(1):87-95. https://doi.org/
10.1016/j.sti11.2004.05.003

Evrendilek F, Wali MK (2004) Changing global climate: historical
carbon and nitrogen budgets and projected responses of Ohio’s
cropland ecosystems. Ecosystems 7(4):381-392. https://doi.org/
10.1007/s10021-004-0017-y

Fang Y, Singh BP, Collins D, Armstrong R, Van Zwieten L, Tavakkoli
E (2020) Nutrient stoichiometry and labile carbon content of
organic amendments control microbial biomass and carbon-use
efficiency in a poorly structured sodic-subsoil. Biol Fertil Soils
56(2):219-233. https://doi.org/10.1007/s00374-019-01413-3

FAO and UNEP (2020) The state of the world’s forests 2020. Forests,
biodiversity and people. Rome.https://doi.org/10.4060/ca8642en

FAO, Itps (Intergovernmental Technical Panel on Soils) (2015) Status
of the world’s soil resources (SWSR) — main report. FAO, Rome

Farooqi ZUR, Sabir M, Zeeshan N, Naveed K, Hussain MM (2018)
Enhancing carbon sequestration using organic amendments and
agricultural practices. Carbon Capture, Utilization and Seques-
tration 17-35. https://doi.org/10.5772/intechopen.79336


https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1111/ejss.12185
https://doi.org/10.1111/ejss.12114_2
https://doi.org/10.1051/agro/2008070
https://doi.org/10.1016/j.geoderma.2014.09.002
https://doi.org/10.1016/j.geoderma.2014.09.002
https://doi.org/10.1016/j.ecoser.2017.02.014
https://doi.org/10.1016/j.ecoser.2017.02.014
https://doi.org/10.1890/1051-0761(2002)012[0962:CBFAPA]2.0.CO;2
https://doi.org/10.1890/1051-0761(2002)012[0962:CBFAPA]2.0.CO;2
https://pubs.ext.vt.edu/460/460-123/460-123_pdf.pdf
https://pubs.ext.vt.edu/460/460-123/460-123_pdf.pdf
http://arri.osmre.gov/pdfs/pubs/fra_no.2.7.-18-07.revised.pdf
http://arri.osmre.gov/pdfs/pubs/fra_no.2.7.-18-07.revised.pdf
http://pubs.iied.org/16041IIED
http://pubs.iied.org/16041IIED
https://doi.org/10.2136/vzj2010.0113
https://doi.org/10.2136/vzj2010.0113
https://doi.org/10.1016/j.biocon.2014.08.007
https://doi.org/10.1016/j.biocon.2014.08.007
https://doi.org/10.1002/ldr.916
https://doi.org/10.1007/s12665-013-2256-8
https://doi.org/10.1007/s12665-013-2256-8
https://doi.org/10.1111/nph.12440
https://doi.org/10.1007/s00374-020-01532-2
https://doi.org/10.1126/science.1231923
https://doi.org/10.1126/science.1231923
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1016/j.jaridenv.2011.08.003
https://doi.org/10.1016/j.jaridenv.2011.08.003
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1007/s11368-015-1091-9
https://doi.org/10.1007/s11368-015-1091-9
https://doi.org/10.1016/j.soilbio.2012.09.020
https://doi.org/10.1016/j.soilbio.2012.09.020
https://doi.org/10.1016/j.ecoser.2012.07.005
https://doi.org/10.1002/ldr.2466
https://doi.org/10.1002/ldr.2466
https://doi.org/10.1016/j.still.2004.05.003
https://doi.org/10.1016/j.still.2004.05.003
https://doi.org/10.1007/s10021-004-0017-y
https://doi.org/10.1007/s10021-004-0017-y
https://doi.org/10.1007/s00374-019-01413-3
https://doi.org/10.4060/ca8642en
https://doi.org/10.5772/intechopen.79336

Environmental Science and Pollution Research (2022) 29:88383-88409

88405

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

Flanagan LB, Wever LA, Carlson PJ (2002) Seasonal and interannual
variation in carbon dioxide exchange and carbon balance in a
northern temperate grassland. Glob Chang Biol 8(7):599-615.
https://doi.org/10.1046/j.1365-2486.2002.00491.x

Frank AB, Dugas WA (2001) Carbon dioxide fluxes over a northern,
semiarid, mixed-grass prairie. Agric for Meteorol 108(4):317—
326. https://doi.org/10.1016/S0168-1923(01)00238-6

Franzluebbers AJ (2002) Water infiltration and soil structure related
to organic matter and its stratification with depth. Soil till Res
66(2):197-205. https://doi.org/10.1016/S0167-1987(02)00027-2

Frouz J (2017) Effects of soil development time and litter quality on
soil carbon sequestration: assessing soil carbon saturation with a
field transplant experiment along a post-mining chronosequence.
Land Degrad Dev 28(2):664—672. https://doi.org/10.1002/1dr.
2580

Frouz J (2018) Effects of soil macro-and mesofauna on litter decompo-
sition and soil organic matter stabilization. Geoderma 332:161—
172. https://doi.org/10.1016/j.geoderma.2017.08.039

Frouz J, PizZl V, Cienciala E, Kal¢ik J (2009) Carbon storage in post-
mining forest soil, the role of tree biomass and soil bioturba-
tion. Biogeochemistry 94(2):111-121. https://doi.org/10.1007/
$10533-009-9313-0

Gao Y, Wu P, Jeyakumar P, Bolan N, Wang H, Gao B, Wang S, Wang
B (2022) Biochar as a potential strategy for remediation of con-
taminated mining soils: mechanisms, applications, and future
perspectives. J Environ Manage 313:114973. https://doi.org/10.
1016/j.jenvman.2022.114973

Gilberthorpe E, Banks G (2012) Development on whose terms?: CSR
discourse and social realities in Papua New Guinea’s extractive
industries sector. Resour Policy 37(2):185-193. https://doi.org/
10.1016/j.resourpol.2011.09.005

Glasgow Climate Pact (2021) Retrieved from https://unfccc.int/
documents/310475. Accessed 03.08.2022

Grist N (2008) Positioning climate change in sustainable develop-
ment discourse. J Int Dev Stud Assoc 20(6):783-803. https://
doi.org/10.1002/jid.1496

Haigh M (2018) Building a cradle for nature: a paradigm for environ-
mental reconstruction. In: Prasad MNYV, Favas PJC, Maiti SK
(eds) Bio-geotechnologies for mine site rehabilitation. Else-
vier, Amsterdam, pp 593-616 (Chapter 32)

Hirons M, Hilson G, Asase A, Hodson ME (2014) Mining in a
changing climate: what scope for forestry-based legacies? J
Clean Prod 84:430—438. https://doi.org/10.1016/j.jclepro.2013.
11.025

Hollinger SE, Bernacchi CJ, Meyers TP (2005) Carbon budget of
mature no-till ecosystem in North Central Region of the United
States. Agric for Meteorol 130(1-2):59-69. https://doi.org/10.
1016/j.agrformet.2005.01.005

Hou D, Song Y, Zhang J, Hou M, O’Connor D, Harclerode M (2018)
Climate change mitigation potential of contaminated land
redevelopment: a city-level assessment method. J Clean Prod
171:1396-1406. https://doi.org/10.1016/j.jclepro.2017.10.071

International Council on Mining and Minerals (ICMM) (2013)
ICMM launches series of climate change reports. Available
online: http://www.icmm.com/page/93483/news-and-events/
news/articles/icmm-launches-series-of-climatechange-reports

IPBES (2014) About IPBES available online. https://ipbes.net/about.
Accessed 26 May 2021

IPCC (2014a) Retrieved from https://www.ipcc.ch/report/arS/wg3/.
Accessed 20 May 2021

IPCC (2014b) Climate change 2014b: synthesis report. Contribu-
tion of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change

[Core Writing Team, Pachauri RK, Meyer LA (eds.)]. IPCC,
Geneva, Switzerland, pp. 151. https://www.ipcc.ch/pdf/asses
sment-report/ar5/syr/SYR_ARS_FINAL_full_wcover.pdf.
Accessed 20 May 2021

Jozefowska A, Pietrzykowski M, Wos B, Cajthaml T, Frouz J (2017)
The effects of tree species and substrate on carbon sequestra-
tion and chemical and biological properties in reforested post-
mining soils. Geoderma 292:9-16. https://doi.org/10.1016/].
geoderma.2017.01.008

Kallenbach CM, Frey SD, Grandy AS (2016) Direct evidence for
microbial-derived soil organic matter formation and its eco-
physiological controls. Nat Commun 7(1):1-10. https://doi.org/
10.1038/ncomms 13630

Khare E, Mishra J, Arora NK (2018) Multifaceted interactions
between endophytes and plant: developments and prospects.
Front Microbiol 9:2732

Kolari P, Pumpanen J, Rannik U, Ilvesniemi H, Hari P, Berninger F
(2004) Carbon balance of different aged Scots pine forests in
Southern Finland. Glob Chang Biol 10(7):1106-1119. https://
doi.org/10.1111/j.1529-8817.2003.00797.x

Kowalski S, Sartore M, Burlett R, Berbigier P, Loustau D (2003) The
annual carbon budget of a French pine forest (Pinus pinaster)
following harvest. Glob Chang Biol 9(7):1051-1065. https://doi.
org/10.1046/j.1365-2486.2003.00627.x

Kubiszewski I, Costanza R, Anderson S, Sutton P (2017) The future
value of ecosystem services: global scenarios and national impli-
cations. Ecosyst Serv 26:289-301. https://doi.org/10.1016/].
ecoser.2017.05.004

Kumar S, Meena RS, Lal R, Yadav GS, Mitran T, Meena BL, Dotaniya
ML, EL-Sabagh A (2018a) Role of legumes in soil carbon
sequestration. In Legumes for soil health and sustainable man-
agement (pp. 109-138). Springer, Singapore

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

Kumari S, Ahirwal J, Maiti SK (2022) Reclamation of industrial waste
dump using grass-legume mixture: an experimental approach to
combat land degradation. Ecol Engg 174:106443. https://doi.org/
10.1016/j.ecoleng.2021.106443

Kumari S, Maiti SK (2019) Reclamation of coalmine spoils with top-
soil, grass, and legume: a case study from India. Environ Earth
Sci 78(14):1-14. https://doi.org/10.1007/s12665-019-8446-2

Kuzyakov Y (2010) Priming effects: interactions between living and
dead organic matter. Soil Biol Biochem 42(9):1363-1371.
https://doi.org/10.1016/j.s0ilbio.2010.04.003

Kuzyakov Y, Xu X (2013) Competition between roots and microorgan-
isms for nitrogen: mechanisms and ecological relevance. New
Phytol 198(3):656—669. https://doi.org/10.1111/nph.12235

Lal R (2003) Global potential of soil carbon sequestration to mitigate
the greenhouse effect. Crit Rev Plant Sci 22(2):151-184. https:/
doi.org/10.1080/713610854

Lal R (2004a) Soil carbon sequestration impacts on global climate
change and food security. Science 304(5677):1623-1627. https://
doi.org/10.1126/science.1097396

Lal R (2004b) Soil carbon sequestration in India. Clim Change
65(3):277-296. https://doi.org/10.1023/B:CLIM.0000038202.
46720.37

Lal R (2007) Carbon sequestration. Phil Trans R Soc B Biol Sci
363(1492):815-830. https://doi.org/10.1098/rstb.2007.2185

Lal R (2015) Restoring soil quality to mitigate soil degradation. Sus-
tainability 7(5):5875-5895. https://doi.org/10.3390/su7055875

Lal R, Delgado JA, Groffman PM, Millar N, Dell C, Rotz A (2011)
Management to mitigate and adapt to climate change. J Soil
Water Conserv 66(4):276-285. https://doi.org/10.2489/jswc.
66.4.276

@ Springer


https://doi.org/10.1016/j.earscirev.2019.02.015
https://doi.org/10.1046/j.1365-2486.2002.00491.x
https://doi.org/10.1016/S0168-1923(01)00238-6
https://doi.org/10.1016/S0167-1987(02)00027-2
https://doi.org/10.1002/ldr.2580
https://doi.org/10.1002/ldr.2580
https://doi.org/10.1016/j.geoderma.2017.08.039
https://doi.org/10.1007/s10533-009-9313-0
https://doi.org/10.1007/s10533-009-9313-0
https://doi.org/10.1016/j.jenvman.2022.114973
https://doi.org/10.1016/j.jenvman.2022.114973
https://doi.org/10.1016/j.resourpol.2011.09.005
https://doi.org/10.1016/j.resourpol.2011.09.005
https://unfccc.int/documents/310475
https://unfccc.int/documents/310475
https://doi.org/10.1002/jid.1496
https://doi.org/10.1002/jid.1496
https://doi.org/10.1016/j.jclepro.2013.11.025
https://doi.org/10.1016/j.jclepro.2013.11.025
https://doi.org/10.1016/j.agrformet.2005.01.005
https://doi.org/10.1016/j.agrformet.2005.01.005
https://doi.org/10.1016/j.jclepro.2017.10.071
http://www.icmm.com/page/93483/news-and-events/news/articles/icmm-launches-series-of-climatechange-reports
http://www.icmm.com/page/93483/news-and-events/news/articles/icmm-launches-series-of-climatechange-reports
https://ipbes.net/about
https://www.ipcc.ch/report/ar5/wg3/
https://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_FINAL_full_wcover.pdf
https://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_FINAL_full_wcover.pdf
https://doi.org/10.1016/j.geoderma.2017.01.008
https://doi.org/10.1016/j.geoderma.2017.01.008
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1111/j.1529-8817.2003.00797.x
https://doi.org/10.1111/j.1529-8817.2003.00797.x
https://doi.org/10.1046/j.1365-2486.2003.00627.x
https://doi.org/10.1046/j.1365-2486.2003.00627.x
https://doi.org/10.1016/j.ecoser.2017.05.004
https://doi.org/10.1016/j.ecoser.2017.05.004
https://doi.org/10.1016/j.scitotenv.2018.01.061
https://doi.org/10.1016/j.ecoleng.2021.106443
https://doi.org/10.1016/j.ecoleng.2021.106443
https://doi.org/10.1007/s12665-019-8446-2
https://doi.org/10.1016/j.soilbio.2010.04.003
https://doi.org/10.1111/nph.12235
https://doi.org/10.1080/713610854
https://doi.org/10.1080/713610854
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1023/B:CLIM.0000038202.46720.37
https://doi.org/10.1023/B:CLIM.0000038202.46720.37
https://doi.org/10.1098/rstb.2007.2185
https://doi.org/10.3390/su7055875
https://doi.org/10.2489/jswc.66.4.276
https://doi.org/10.2489/jswc.66.4.276

88406

Environmental Science and Pollution Research (2022) 29:88383-88409

Lal R, Negassa W, Lorenz K (2015) Carbon sequestration in soil. Curr
Opin Env Sust 15:79-86. https://doi.org/10.1016/j.cosust.2015.
09.002

Lal R, Smith P, Jungkunst HF, Mitsch WJ, Lehmann J, Nair PR,
McBratney AB, de Moraes Sa JC, Schneider J, Zinn YL, Skorupa
AL (2018) The carbon sequestration potential of terrestrial eco-
systems. J Soil Water Conserv 73(6):145A-152A. https://doi.org/
10.2489/jswc.73.6.145A

Lange M, Eisenhauer N, Sierra CA, Bessler H, Engels C, Griffiths RI,
Mellado-Vazquez PG, Malik AA, Roy J, Scheu S, Steinbeiss S
(2015) Plant diversity increases soil microbial activity and soil
carbon storage. Nat Commun 6(6708):1-8. https://doi.org/10.
1038/ncomms7707

Leahy P, Kiely G, Scanlon TM (2004) Managed grasslands: a green-
house gas sink or source? Geophys Res Lett 31(20). https://doi.
org/10.1029/2004GL021161

Lei H, Peng Z, Yigang H, Yang Z (2016) Vegetation and soil res-
toration in refuse dumps from open pit coal mines. Ecol Eng
94:638-646. https://doi.org/10.1016/j.ecoleng.2016.06.108

Li X, Han S, Luo X, Chen W, Huang Q (2020) Arbuscular mycorrhizal-
like fungi and glomalin-related soil protein drive the distribu-
tions of carbon and nitrogen in a large scale. J Soil Sediment
20(2):963-972. https://doi.org/10.1007/s11368-019-02421-4

Liang C, Schimel JP, Jastrow JD (2017) The importance of anabo-
lism in microbial control over soil carbon storage. Nat Microbiol
2(8):1-6. https://doi.org/10.1038/nmicrobiol.2017.105

Licina V, Aksi¢ MF, Tomi¢ Z, Trajkovi¢ I, Mladenovi¢ SA, Marjanovié
M, Rinklebe J (2017) Bioassessment of heavy metals in the sur-
face soil layer of an opencast mine aimed for its rehabilitation. J
Environ Manage 186:240-252. https://doi.org/10.1016/j.jenvm
an.2016.06.050

Liu J, Peng C, Apps M, Dang Q, Banfield E, Kurz W (2002) His-
toric carbon budgets of Ontario’s Forest ecosystems. Forest
Ecol Manag 169(1-2):103-114. https://doi.org/10.1016/S0378-
1127(02)00301-8

Liu P, Jiang S, Zhao L, Li Y, Zhang P, Zhang L (2017) What are the
benefits of strictly protected nature reserves? Rapid assessment
of ecosystem service values in Wanglang Nature Reserve. China
Ecosyst Serv 26:70-78. https://doi.org/10.1016/j.ecoser.2017.05.
014

Maiti SK (2013) Ecorestoration of the coal mine degraded lands.
Springer, New York

Maraseni TN, Mitchell C (2016) An assessment of carbon sequestration
potential of riparian zone of Condamine Catchment, Queens-
land, Australia. Land Use Policy 54:139-146. https://doi.org/10.
1016/j.]Jandusepol.2016.02.013

Margono BA, Potapov PV, Turubanova S, Stolle F, Hansen MC (2014)
Primary forest cover loss in Indonesia over 2000-2012. Nat Clim
Chang 4(8):730-735. https://doi.org/10.1038/nclimate2277

Martins MDR, Angers DA, Cor4 JE (2012) Carbohydrate composition
and water-stable aggregation of an Oxisol as affected by crop
sequence under no-till. Soil Sci Soc Am J 76(2):475-484. https://
doi.org/10.2136/ss52j2011.0110

MEA (Millennium Ecosystem Assessment) (2005) Ecosystems and
human well-being: synthesis. Island Press, Washington, DC

Morrién E, Hannula SE, Snoek LB, Helmsing NR, Zweers H, De Hol-
lander M, Soto RL, Bouffaud ML, Buée M, Dimmers W, Duyts H
(2017) Soil networks become more connected and take up more
carbon as nature restoration progresses. Nat Commun 8(1):1-10.
https://doi.org/10.1038/ncomms 14349

Mukhopadhyay S, Masto RE, Cerda A, Ram LC (2016) Rhizosphere
soil indicators for carbon sequestration in a reclaimed coal mine
spoil. CATENA 141:100-108. https://doi.org/10.1016/j.catena.
2016.02.023

Munson SM, Lauenroth WK, Burke IC (2012) Soil carbon and nitrogen
recovery on semiarid Conservation Reserve Program lands. J

@ Springer

Arid Environ 79:25-31. https://doi.org/10.1016/j.jaridenv.2011.
11.027

O’Connell S, Hou D (2015) Resilience: a new consideration for envi-
ronmental remediation in an era of climate change. Remediat J
26(1):57-67. https://doi.org/10.1002/rem.21449

O’Connor D, Peng T, Zhang J, Tsang DC, Alessi DS, Shen Z, Bolan
NS, Hou D (2018) Biochar application for the remediation of
heavy metal polluted land: a review of in situ field trials. Sci
Total Environ 619:815-826. https://doi.org/10.1016/j.scitotenv.
2017.11.132

O’Connor D, Zheng X, Hou D, Shen Z, Li G, Miao G, O’Connell S,
Guo M (2019) Phytoremediation: climate change resilience and
sustainability assessment at a coastal brownfield redevelopment.
Environ Int 130:104945. https://doi.org/10.1016/j.envint.2019.
104945

Olsen N, Bishop J, Anstee S (2011) Exploring ecosystem valuation
to move towards net positive impact on biodiversity in the min-
ing sector. IUCN and Rio Tinto Techngical Series No. 1, Gland,
Switzerland & London

Ouyang X, Lee SY, Connolly RM (2017) The role of root decomposi-
tion in global mangrove and saltmarsh carbon budgets. Earth-Sci
Rev 166:53-63. https://doi.org/10.1016/j.earscirev.2017.01.004

Palumbo AV, Mccarthy JF, Amonette JE, Fisher LS, Wullschleger SD,
Daniels WL (2004) Prospects for enhancing carbon sequestration
and reclamation of degraded lands with fossil-fuel combustion
by-products. Adv Environ Res 8(3-4):425-438. https://doi.org/
10.1016/S1093-0191(02)00124-7

Pandey VC, Sahu N, Behera SK, Singh N (2016) Carbon sequestration
in fly ash dumps: comparative assessment of three plant asso-
ciation. Ecol Eng 95:198-205. https://doi.org/10.1016/j.ecole
ng.2016.06.010

Pausch J, Kuzyakov Y (2018) Carbon input by roots into the soil:
quantification of rhizodeposition from root to ecosystem scale.
Glob Chang Boil 24(1):1-12. https://doi.org/10.1111/gcb.
13850

Paustian K, Andren O, Clarholm M, Hansson AC, Johansson G,
Lagerlof J, Lindberg T, Pettersson R, Sohlenius B (1990) Car-
bon and nitrogen budgets of four agro-ecosystems with annual
and perennial crops, with and without N fertilization. J Appl
Ecol 60-84.https://doi.org/10.2307/2403568

Pellegrino C, Lodhia S (2012) Climate change accounting and the
Australian mining industry: exploring the links between cor-
porate disclosure and the generation of legitimacy. J Clean
Prod 36:68-82. https://doi.org/10.1016/j.jclepro.2012.02.022

Peng C, LiuJ, Apps M, Dang Q, Kurz W (2000) Quantifying Ontar-
io’s forest carbon budget. 1. Carbon stocks and fluxes of forest
ecosystems in 1990. Forest Research Report-Ontario Forest
Res Inst (158)

Peng S, Guo T, Liu G (2013) The effects of arbuscular mycorrhizal
hyphal networks on soil aggregations of purple soil in south-
west China. Soil Biol Biochem 57:411-417. https://doi.org/10.
1016/j.s0ilbi0.2012.10.026

Pietrzykowski M (2014) Soil quality index as a tool for Scots pine
(Pinus sylvestris) monoculture conversion planning on affor-
ested, reclaimed mine land. J for Res 25(1):63-74. https://doi.
org/10.1007/s11676-013-0418-x

Pietrzykowski M, Daniels WL (2014) Estimation of carbon seques-
tration by pine (Pinus sylvestris L.) ecosystems developed on
reforested post-mining sites in Poland on differing mine soil
substrates. Ecol Eng 73:209-218. https://doi.org/10.1016/j.
ecoleng.2014.09.058

Pietrzykowski M, Krzaklewski W (2010) Potential for carbon seques-
tration in reclaimed mine soil on reforested surface mining
areas in Poland. Nat Sci 2(09):1015-1021. https://doi.org/10.
4236/ns.2010.29124


https://doi.org/10.1016/j.cosust.2015.09.002
https://doi.org/10.1016/j.cosust.2015.09.002
https://doi.org/10.2489/jswc.73.6.145A
https://doi.org/10.2489/jswc.73.6.145A
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1029/2004GL021161
https://doi.org/10.1029/2004GL021161
https://doi.org/10.1016/j.ecoleng.2016.06.108
https://doi.org/10.1007/s11368-019-02421-4
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1016/j.jenvman.2016.06.050
https://doi.org/10.1016/j.jenvman.2016.06.050
https://doi.org/10.1016/S0378-1127(02)00301-8
https://doi.org/10.1016/S0378-1127(02)00301-8
https://doi.org/10.1016/j.ecoser.2017.05.014
https://doi.org/10.1016/j.ecoser.2017.05.014
https://doi.org/10.1016/j.landusepol.2016.02.013
https://doi.org/10.1016/j.landusepol.2016.02.013
https://doi.org/10.1038/nclimate2277
https://doi.org/10.2136/sssaj2011.0110
https://doi.org/10.2136/sssaj2011.0110
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1016/j.catena.2016.02.023
https://doi.org/10.1016/j.catena.2016.02.023
https://doi.org/10.1016/j.jaridenv.2011.11.027
https://doi.org/10.1016/j.jaridenv.2011.11.027
https://doi.org/10.1002/rem.21449
https://doi.org/10.1016/j.scitotenv.2017.11.132
https://doi.org/10.1016/j.scitotenv.2017.11.132
https://doi.org/10.1016/j.envint.2019.104945
https://doi.org/10.1016/j.envint.2019.104945
https://doi.org/10.1016/j.earscirev.2017.01.004
https://doi.org/10.1016/S1093-0191(02)00124-7
https://doi.org/10.1016/S1093-0191(02)00124-7
https://doi.org/10.1016/j.ecoleng.2016.06.010
https://doi.org/10.1016/j.ecoleng.2016.06.010
https://doi.org/10.1111/gcb.13850
https://doi.org/10.1111/gcb.13850
https://doi.org/10.2307/2403568
https://doi.org/10.1016/j.jclepro.2012.02.022
https://doi.org/10.1016/j.soilbio.2012.10.026
https://doi.org/10.1016/j.soilbio.2012.10.026
https://doi.org/10.1007/s11676-013-0418-x
https://doi.org/10.1007/s11676-013-0418-x
https://doi.org/10.1016/j.ecoleng.2014.09.058
https://doi.org/10.1016/j.ecoleng.2014.09.058
https://doi.org/10.4236/ns.2010.29124
https://doi.org/10.4236/ns.2010.29124

Environmental Science and Pollution Research (2022) 29:88383-88409

88407

Pietrzykowski M, Wo§ B, Tylek P, Kwasniewski D, Juliszewski T,
Walczyk J, Likus-Cieslik J, Ochat W, Tabor S (2021) Carbon
sink potential and allocation in above-and below-ground bio-
mass in willow coppice. J for Res 32(1):349-354. https://doi.
org/10.1007/s11676-019-01089-3

Qian K, Wang L, Yin N (2012) Effects of AMF on soil enzyme
activity and carbon sequestration capacity in reclaimed mine
soil. Int J Min Sci Technol 22(4):553-557. https://doi.org/10.
1016/j.ijmst.2012.01.019

Quinkenstein A, Jochheim H (2016) Assessing the carbon sequestra-
tion potential of poplar and black locust short rotation coppices
on mine reclamation sites in Eastern Germany—model develop-
ment and application. J] Environ Manage 168:53-66. https://
doi.org/10.1016/j.jenvman.2015.11.044

Ram LC, Masto RE (2014) Fly ash for soil amelioration: a review on
the influence of ash blending with inorganic and organic amend-
ments. Earth-Sci Rev 128:52-74. https://doi.org/10.1016/j.earsc
irev.2013.10.003

Ramseur JL (2017) US Carbon dioxide emissions trends and projec-
tions: role of the clean power plan and other factors. US Congres-
sional Research Service, Washington, DC

Ranjan V, Sen P, Kumar D, Sarsawat A (2015) A review on dump
slope stabilization by revegetation with reference to indig-
enous plant. Ecol Process 4(1):1-11. https://doi.org/10.1186/
s13717-015-0041-1

Rillig MC, Wright SF, Eviner VT (2002) The role of arbuscular mycor-
rhizal fungi and glomalin in soil aggregation: comparing effects
of five plant species. Plant Soil 238(2):325-333. https://doi.org/
10.1023/A:1014483303813

Sannigrahi S, Chakraborti S, Joshi PK, Keesstra S, Sen S, Paul SK,
Kreuter U, Sutton PC, Jha S, Dang KB (2019) Ecosystem service
value assessment of a natural reserve region for strengthening
protection and conservation. J Environ Manage 244:208-227.
https://doi.org/10.1016/j.jenvman.2019.04.095

Scharlemann JP, Tanner EV, Hiederer R, Kapos V (2014) Global soil
carbon: understanding and managing the largest terrestrial car-
bon pool. Carbon Manag 5(1):81-91. https://doi.org/10.4155/
cmt.13.77

Semenov VM, Pautova NB, Lebedeva TN, Khromychkina DP, Semen-
ova NA, Lopes de Gerenyu VO (2019) Plant residues decompo-
sition and formation of active organic matter in the soil of the
incubation experiments. Eurasian Soil Sci 52(10):1183-1194.
https://doi.org/10.1134/S1064229319100119

SER (Society for Ecological Restoration) (2004) Society for ecological
restoration international’s primer of ecological restoration avail-
able from http://www.ser.org/resources/resources-detail-view/
serinternationalprimer-on-ecological-restoration. Accessed 03
June 2021

Sethi SP, Emelianova O (2011) International council on mining and
metals sustainable development framework (ICMM). In: Sethi SP
(ed) Globalization and self-regulation. Palgrave Macmillan, New
York. https://doi.org/10.1057/9780230348578_5

Shrestha R, Lal R (2009) Offsetting carbon dioxide emissions through
mine soil reclamation. In: Cleveland CJ (Ed.), Encyclopedia of
Earth, Publisher: Washington DC: Environmental Information
Coalition, National Council for Science and the Environment

Shrestha RK, Lal R (2006) Ecosystem carbon budgeting and soil car-
bon sequestration in reclaimed mine soil. Environ Int 32(6):781—
796. https://doi.org/10.1016/j.envint.2006.05.001

Shrestha RK, Lal R (2010) Carbon and nitrogen pools in reclaimed
land under forest and pasture ecosystems in Ohio, USA. Geo-
derma 157(3-4):196-205. https://doi.org/10.1016/j.geoderma.
2010.04.013

Singh AN, Raghubanshi AS, Singh JS (2004) Impact of native
tree plantations on mine spoil in a dry tropical environment.

Forest Ecol Manag 187(1):49-60. https://doi.org/10.1016/S0378-
1127(03)00309-8

Singh AN, Zeng DH, Chen FS (2006) Effect of young woody planta-
tions on carbon and nutrient accretion rates in a redeveloping
soil on coalmine spoil in a dry tropical environment. India Land
Degrad Dev 17(1):13-21. https://doi.org/10.1002/1dr.690

Singh RS, Singh AK, Tripathi N, Tiwari BK (2012) Carbon seques-
tration in revegetated coal mine wastelands. Coal S&T Project
Report, Ministry of Coal, Government of India, EE/40 GAP/04/
EMG/MOC/2008-2009. Dhanbad: CIMFR; 2012b. p. 102

Six J, Callewaert P, Lenders S, De Gryze S, Morris SJ, Gregorich EG,
Paul EA, Paustian K (2002) Measuring and understanding carbon
storage in afforested soils by physical fractionation. Soil Sci Soc
Am J 66(6):1981-1987. https://doi.org/10.2136/sss2j2002.1981

Smith P (2016) Soil carbon sequestration and biochar as negative emis-
sion technologies. Glob Change Biol 22(3):1315-1324. https://
doi.org/10.1111/gcb.13178

Soegaard H, Jensen NO, Boegh E, Hasager CB, Schelde K, Thomsen
A (2003) Carbon dioxide exchange over agricultural landscape
using eddy correlation and footprint modelling. Agric for Mete-
orol 114(3—4):153-173. https://doi.org/10.1016/S0168-1923(02)
00177-6

Sonesson C, Davidson G, Sachs L (2016) Mapping mining to the
sustainable development goals: An atlas. In World Economic
Forum, Geneva, Switzerland. http://www.jstor.com/stable/resre
p15880.6

Song W, Deng X (2017) Land-use/land-cover change and ecosystem
service provision in China. Sci Total Environ 576:705-719.
https://doi.org/10.1016/j.scitotenv.2016.07.078

Song W, Tong X, Liu Y, Li W (2020) Microbial community, newly
sequestered soil organic carbon, and 815N variations driven by
tree roots. Front Microbiol 11:314. https://doi.org/10.3389/fmicb.
2020.00314

Song W, Tong X, Zhang J, Meng P (2016) Three-source partitioning
of soil respiration by 13 C natural abundance and its varia-
tion with soil depth in a plantation. J for Res 27(3):533-540.
https://doi.org/10.1007/s11676-015-0206-x

Song W, Tong X, Zhang J, Meng P, Li J (2018) How a root-microbial
system regulates the response of soil respiration to temperature
and moisture in a plantation. Pol J Environ Stud 27(6). https://
doi.org/10.15244/pjoes/81271

Soudzilovskaia NA, van der Heijden MG, Cornelissen JH, Makarov
MI, Onipchenko VG, Maslov MN, Akhmetzhanova AA, van
Bodegom PM (2015) Quantitative assessment of the differen-
tial impacts of arbuscular and ectomycorrhiza on soil carbon
cycling. New Phytol 208(1):280-293. https://doi.org/10.1111/
nph.13447

Souza LRR, Pomarolli LC, da Veiga MAMS (2020) From classic
methodologies to application of nanomaterials for soil reme-
diation: an integrated view of methods for decontamination of
toxic metal(oid)s. Environ Sci Pollut Res 27(10):10205-10227.
https://doi.org/10.1007/s11356-020-08032-8

Starke L (2016) Breaking new ground: mining, minerals and sustain-
able development. Routledge

Stern N, Stern NH (2007) The economics of climate change: the Stern
review. Cambridge University Press, Cambridge, UK

Subramanian KS, Vivek PN, Balakrishnan N, Nandakumar NB, Rajk-
ishore SK (2019) Effects of arbuscular mycorrhizal fungus
Rhizoglomus intraradices on active and passive pools of car-
bon in long-term soil fertility gradients of maize based cropping
system. Arch Agron Soil Sci 65(4):549-565. https://doi.org/10.
1080/03650340.2018.1512100

Suyker AE, Verma SB (2001) Year-round observations of the net eco-
system exchange of carbon dioxide in a native tallgrass prairie.
Glob Chang Biol 7(3):279-289. https://doi.org/10.1046/j.1365-
2486.2001.00407.x

@ Springer


https://doi.org/10.1007/s11676-019-01089-3
https://doi.org/10.1007/s11676-019-01089-3
https://doi.org/10.1016/j.ijmst.2012.01.019
https://doi.org/10.1016/j.ijmst.2012.01.019
https://doi.org/10.1016/j.jenvman.2015.11.044
https://doi.org/10.1016/j.jenvman.2015.11.044
https://doi.org/10.1016/j.earscirev.2013.10.003
https://doi.org/10.1016/j.earscirev.2013.10.003
https://doi.org/10.1186/s13717-015-0041-1
https://doi.org/10.1186/s13717-015-0041-1
https://doi.org/10.1023/A:1014483303813
https://doi.org/10.1023/A:1014483303813
https://doi.org/10.1016/j.jenvman.2019.04.095
https://doi.org/10.4155/cmt.13.77
https://doi.org/10.4155/cmt.13.77
https://doi.org/10.1134/S1064229319100119
http://www.ser.org/resources/resources-detail-view/serinternationalprimer-on-ecological-restoration
http://www.ser.org/resources/resources-detail-view/serinternationalprimer-on-ecological-restoration
https://doi.org/10.1057/9780230348578_5
https://doi.org/10.1016/j.envint.2006.05.001
https://doi.org/10.1016/j.geoderma.2010.04.013
https://doi.org/10.1016/j.geoderma.2010.04.013
https://doi.org/10.1016/S0378-1127(03)00309-8
https://doi.org/10.1016/S0378-1127(03)00309-8
https://doi.org/10.1002/ldr.690
https://doi.org/10.2136/sssaj2002.1981
https://doi.org/10.1111/gcb.13178
https://doi.org/10.1111/gcb.13178
https://doi.org/10.1016/S0168-1923(02)00177-6
https://doi.org/10.1016/S0168-1923(02)00177-6
http://www.jstor.com/stable/resrep15880.6
http://www.jstor.com/stable/resrep15880.6
https://doi.org/10.1016/j.scitotenv.2016.07.078
https://doi.org/10.3389/fmicb.2020.00314
https://doi.org/10.3389/fmicb.2020.00314
https://doi.org/10.1007/s11676-015-0206-x
https://doi.org/10.15244/pjoes/81271
https://doi.org/10.15244/pjoes/81271
https://doi.org/10.1111/nph.13447
https://doi.org/10.1111/nph.13447
https://doi.org/10.1007/s11356-020-08032-8
https://doi.org/10.1080/03650340.2018.1512100
https://doi.org/10.1080/03650340.2018.1512100
https://doi.org/10.1046/j.1365-2486.2001.00407.x
https://doi.org/10.1046/j.1365-2486.2001.00407.x

88408

Environmental Science and Pollution Research (2022) 29:88383-88409

Swiatek B, Pietrzykowski M (2021) Soil factors determining the
fine-root biomass in soil regeneration after a post-fire and soil
reconstruction in reclaimed post-mining sites under different tree
species. CATENA 204:105449. https://doi.org/10.1016/j.catena.
2021.105449

Swiatek B, Pietrzykowski M (2022) Impact of leaf litter and fine roots
in the pool of carbon, nitrogen and phosphorus accumulated in
soil in various scenarios of regeneration and reconstruction of
forest ecosystems. Forests 13(8):1207. https://doi.org/10.3390/
13081207

Swiatek B, Wos B, Chodak M, Maiti SK, Jézefowska A, Pietrzykowski
M (2019) Fine root biomass and the associated C and nutrient
pool under the alder (Alnus spp.) plantings on reclaimed techno-
sols. Geoderma 337:1021-1027. https://doi.org/10.1016/j.geode
rma.2018.11.025

Tan WF, Zhang R, Cao H, Huang CQ, Yang QK, Wang MK, Koopal
LK (2014) Soil inorganic carbon stock under different soil types
and land uses on the Loess Plateau region of China. CATENA
121:22-30. https://doi.org/10.1016/j.catena.2014.04.014

Tate KR, Scott NA, Parshotam A, Brown L, Wilde RH, Giltrap DJ,
Trustrum NA, Gomez B, Ross DJ (2000) A multi-scale analysis
of a terrestrial carbon budget: is New Zealand a source or sink
of carbon? Agric Ecosyst Environ 82(1-3):229-246. https://doi.
0rg/10.1016/S0167-8809(00)00228-0

TEEB in Policy (2011) In: Ten Brink P (Ed.), The economics of eco-
systems and biodiversity in national and international policy
making. Earthscan, London, Washington

Tefs C, Gleixner G (2012) Importance of root derived carbon for soil
organic matter storage in a temperate old-growth beech forest—
evidence from C, N and 14C content. For Ecol Manag 263:131—
137. https://doi.org/10.1016/j.foreco.2011.09.010

Treseder KK, Holden SR (2013) Fungal carbon sequestration. Science
339(6127):1528-1529. https://doi.org/10.1126/science.1236338

Tripathi N, Singh RS (2008) Ecological restoration of mined-out
areas of dry tropical environment. India Environ Monit Assess
146(1):325-337. https://doi.org/10.1007/s10661-007-0083-7

Tripathi N, Singh RS, Chaulya SK (2012) Dump stability and soil
fertility of a coal mine spoil in Indian dry tropical environment:
a long-term study. Environ Manage 50(4):695-706. https://doi.
org/10.1007/s00267-012-9908-4

Tripathi N, Singh RS, Hills CD (2016) Soil carbon development
in rejuvenated Indian coal mine spoil. Ecol Eng 90:482-490.
https://doi.org/10.1016/j.ecoleng.2016.01.019

Tripathi N, Singh RS, Nathanail CP (2014) Mine spoil acts as a sink
of carbon dioxide in Indian dry tropical environment. Sci Total
Environ 468:1162—1171. https://doi.org/10.1016/j.scitotenv.
2013.09.024

Upadhyay N, Vishwakarma K, Singh J, Mishra M, Kumar V, Rani
R, Mishra RK, Chauhan DK, Tripathi DK, Sharma S (2017)
Tolerance and reduction of chromium (VI) by Bacillus sp.
MNU16 isolated from contaminated coal mining soil. Front Plant
Sci 8:778. https://doi.org/10.3389/fpls.2017.00778

UNFCC (United Nations Framework Convention on Climate Change)
(2015) COP21 Climate agreement. Paris, France: United Nations
framework convention on climate change. Retrieved from https://
unfccc.int/process-andmeetings/the-paris-agreement/the-paris-
agreement. Accessed 20 May 2021

Ussiri DA, Lal R (2005) Carbon sequestration in reclaimed minesoils.
Crit Rev Plant Sci 24(3):151-165. https://doi.org/10.1080/07352
680591002147

Ussiri DA, Lal R, Jacinthe PA (2006a) Post-reclamation land use
effects on properties and carbon sequestration in minesoils of
southeastern Ohio. Soil Sci 171(3):261-271. https://doi.org/10.
1097/01.55.0000199702.68654.1¢

Ussiri DAN, Lal R, Jacinthe PA (2006b) Soil properties and carbon
sequestration of afforested pastures in reclaimed minesoils of

@ Springer

Ohio. Soil Sci Soc Am J 70(5):1797-1806. https://doi.org/10.
2136/ss52j2005.0352

Verbruggen E, Jansa J, Hammer EC, Rillig MC (2016) Do arbuscular
mycorrhizal fungi stabilize litter-derived carbon in soil? J Ecol
104(1):261-269. https://doi.org/10.1111/1365-2745.12496

Vishwakarma K, Kumar V, Tripathi DK, Sharma S (2018) Charac-
terization of rhizobacterial isolates from Brassica juncea for
multitrait plant growth promotion and their viability studies on
carriers. Environ Sustain 1(3):253-265. https://doi.org/10.1007/
$42398-018-0026-y

Vogel C, Babin D, Pronk GJ, Heister K, Smalla K, Kogel-Knabner
I (2014) Establishment of macro-aggregates and organic mat-
ter turnover by microbial communities in long-term incubated
artificial soils. Soil Biol Biochem 79:57-67. https://doi.org/10.
1016/j.s0ilbio.2014.07.012

Wei Z, Van Le Q, Peng W, Yang Y, Yang H, Gu H, Lam SS, Sonne
C (2021) A review on phytoremediation of contaminants in air,
water and soil. ] Hazard Mater 403:123658. https://doi.org/10.
1016/j.jhazmat.2020.123658

Wos B, Pietrzykowski M (2015) Simulation of birch and pine litter
influence on early stage of reclaimed soil formation process
under controlled conditions. J Environ Qual 44(4):1091-1098.
https://doi.org/10.2134/jeq2014.07.0315

Wright SF, Upadhyaya A (1998) A survey of soils for aggregate stabil-
ity and glomalin, a glycoprotein produced by hyphae of arbuscu-
lar mycorrhizal fungi. Plant Soil 198(1):97-107. https://doi.org/
10.1023/A:1004347701584

Xiao YL, Tu LH, Chen G, Peng Y, Hu HL, Hu TX, Liu L (2015)
Soil-nitrogen net mineralization increased after nearly six
years of continuous nitrogen additions in a subtropical bamboo
ecosystem. J for Res 26(4):949-956. https://doi.org/10.1007/
s11676-015-0124-y

Xie H, LiJ, Zhang B, Wang L, Wang J, He H, Zhang X (2015) Long-
term manure amendments reduced soil aggregate stability via
redistribution of the glomalin-related soil protein in macroag-
gregates. Sci Rep 5(1):1-9. https://doi.org/10.1038/srep 14687

Xie H, Zhang Y, Zeng X, He Y (2020) Sustainable land use and
management research: a scientometric review. Landsc Ecol
35(11):2381-2411. https://doi.org/10.1007/s10980-020-01002-y

Xu M, Shang H (2016) Contribution of soil respiration to the global
carbon equation. J Plant Physiol 203:16-28. https://doi.org/10.
1016/j.jplph.2016.08.007

Yan M, Cui F, Liu Y, Zhang Z, Zhang J, Ren H, Li Z (2020) Vegetation
type and plant diversity affected soil carbon accumulation in a
postmining area in Shanxi Province. China Land Degrad Dev
31(2):181-189. https://doi.org/10.1002/1dr.3438

Yang B, Bai Z, Cao Y, Xie F, Zhang J, Wang Y (2019) Dynamic
changes in carbon sequestration from opencast mining activi-
ties and land reclamation in China’s loess plateau. Sustainability
11(5):1473. https://doi.org/10.3390/su11051473

Yao ZT, Ji XS, Sarker PK, Tang JH, Ge LQ, Xia MS, Xi YQ (2015) A
comprehensive review on the applications of coal fly ash. Earth-
Sci Rev 141:105-121. https://doi.org/10.1016/j.earscirev.2014.
11.016

Yazaki Y, Mariko S, Koizumi H (2004) Carbon dynamics and budget
in a Miscanthus sinensis grassland in Japan. Ecol Res 19(5):511—
520. https://doi.org/10.1111/j.1440-1703.2004.00665.x

Yuan Y, Ren Y, Gao G, Zhao Z, Niu S (2020) Intra- and interspecific
interactions among pioneer trees affect forest-biomass carbon
accumulation in a nutrient-deficient reclaimed coal mine spoil.
Forests 11(8):819. https://doi.org/10.3390/f11080819

Yuan Y, Zhao Z, Zhang P, Chen L, Hu T, Niu S, Bai Z (2017) Soil
organic carbon and nitrogen pools in reclaimed mine soils under
forest and cropland ecosystems in the Loess Plateau. China Ecol
Eng 102:137-144. https://doi.org/10.1016/j.ecoleng.2017.01.028


https://doi.org/10.1016/j.catena.2021.105449
https://doi.org/10.1016/j.catena.2021.105449
https://doi.org/10.3390/f13081207
https://doi.org/10.3390/f13081207
https://doi.org/10.1016/j.geoderma.2018.11.025
https://doi.org/10.1016/j.geoderma.2018.11.025
https://doi.org/10.1016/j.catena.2014.04.014
https://doi.org/10.1016/S0167-8809(00)00228-0
https://doi.org/10.1016/S0167-8809(00)00228-0
https://doi.org/10.1016/j.foreco.2011.09.010
https://doi.org/10.1126/science.1236338
https://doi.org/10.1007/s10661-007-0083-7
https://doi.org/10.1007/s00267-012-9908-4
https://doi.org/10.1007/s00267-012-9908-4
https://doi.org/10.1016/j.ecoleng.2016.01.019
https://doi.org/10.1016/j.scitotenv.2013.09.024
https://doi.org/10.1016/j.scitotenv.2013.09.024
https://doi.org/10.3389/fpls.2017.00778
https://unfccc.int/process-andmeetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-andmeetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-andmeetings/the-paris-agreement/the-paris-agreement
https://doi.org/10.1080/07352680591002147
https://doi.org/10.1080/07352680591002147
https://doi.org/10.1097/01.ss.0000199702.68654.1e
https://doi.org/10.1097/01.ss.0000199702.68654.1e
https://doi.org/10.2136/sssaj2005.0352
https://doi.org/10.2136/sssaj2005.0352
https://doi.org/10.1111/1365-2745.12496
https://doi.org/10.1007/s42398-018-0026-y
https://doi.org/10.1007/s42398-018-0026-y
https://doi.org/10.1016/j.soilbio.2014.07.012
https://doi.org/10.1016/j.soilbio.2014.07.012
https://doi.org/10.1016/j.jhazmat.2020.123658
https://doi.org/10.1016/j.jhazmat.2020.123658
https://doi.org/10.2134/jeq2014.07.0315
https://doi.org/10.1023/A:1004347701584
https://doi.org/10.1023/A:1004347701584
https://doi.org/10.1007/s11676-015-0124-y
https://doi.org/10.1007/s11676-015-0124-y
https://doi.org/10.1038/srep14687
https://doi.org/10.1007/s10980-020-01002-y
https://doi.org/10.1016/j.jplph.2016.08.007
https://doi.org/10.1016/j.jplph.2016.08.007
https://doi.org/10.1002/ldr.3438
https://doi.org/10.3390/su11051473
https://doi.org/10.1016/j.earscirev.2014.11.016
https://doi.org/10.1016/j.earscirev.2014.11.016
https://doi.org/10.1111/j.1440-1703.2004.00665.x
https://doi.org/10.3390/f11080819
https://doi.org/10.1016/j.ecoleng.2017.01.028

Environmental Science and Pollution Research (2022) 29:88383-88409

88409

Zhang J, Tang X, Zhong S, Yin G, Gao Y, He X (2017) Recalcitrant
carbon components in glomalin-related soil protein facilitate soil
organic carbon preservation in tropical forests. Sci Rep 7(1):1-9.
https://doi.org/10.1038/541598-017-02486-6

Zhang R, Huang Q, Yan T, Yang J, Zheng Y, Li H, Li M (2019) Effects
of intercropping mulch on the content and composition of soil
dissolved organic matter in apple orchard on the loess plateau.
J Environ Manage 250:109531. https://doi.org/10.1016/j.jenvm
an.2019.109531

Zhou J, Zang H, Loeppmann S, Gube M, Kuzyakov Y, Pausch J (2020)
Arbuscular mycorrhiza enhances rhizodeposition and reduces the
rhizosphere priming effect on the decomposition of soil organic

Authors and Affiliations

Sneha Bandyopadhyay' - Subodh Kumar Maiti'

Sneha Bandyopadhyay
sneha.17dr000508 @ese.iitism.ac.in

Ecological Restoration Laboratory, Department
of Environmental Science and Engineering, Indian

matter. Soil Biol Biochem 140:107641. https://doi.org/10.1016/].
s0ilbio.2019.107641

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

Institute of Technology (Indian School of Mines), Dhanbad,
Jharkhand 826004, India

@ Springer


https://doi.org/10.1038/s41598-017-02486-6
https://doi.org/10.1016/j.jenvman.2019.109531
https://doi.org/10.1016/j.jenvman.2019.109531
https://doi.org/10.1016/j.soilbio.2019.107641
https://doi.org/10.1016/j.soilbio.2019.107641

	Steering restoration of coal mining degraded ecosystem to achieve sustainable development goal-13 (climate action): United Nations decade of ecosystem restoration (2021–2030)
	Abstract
	Introduction
	Background
	Formulation of research gap
	Research question
	Objectives

	Review methodology
	Publications over the years and countries

	Restoring mine degraded ecosystem for more than to achieve reclamation success
	SDG-based environmental management
	EGS-based environmental management
	Economic valuation of EGS for sustainable development

	Sustainable mining and SDG-13 frameworks
	Phytoremediation — a nature-based solution (NBS) for mine restoration
	Carbon stabilization — prerequisite for carbon sequestration
	Factors affecting carbon sequestration potential of reclaimed ecosystem
	Soil microbial biomass (SMB)
	Root biomass
	Species selection and revegetation age
	Application of amendments
	Mulching
	Grass–legume seeding
	Fossil-fuel combustion by products
	Microbial inoculation

	Carbon accretionsequestration in revegetated mine soil
	Carbon budget for reclaimed post mining ecosystem
	Carbon dynamics in reclaimed mine ecosystem
	CO2 offset to mitigate climate change from reclaimed mine ecosystem
	Sustainable land management (SLM) towards carbon sequestration and mitigation of climate change
	Forestry reclamation approach (FRA)
	Build an effective rooting platform for productive plant growth
	Ensure a noncompacted surface
	Use ground vegetation covers
	Planting of tree species
	Using appropriate tree plantation strategies to ensure a high rate of seedling survival
	Forest landscape restoration (FLR) approach
	Miyawaki method

	Potential benefits of carbon sequestration towards achieving the SDG target
	Sustainable development
	Ecological restoration
	Enhancement of soil health
	Balancing global carbon cycle

	Conclusion and future recommendations
	Acknowledgements 
	References


