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Land-use suitability assessment crucial is for coal mine rehabilitation planning, especially for the coal mines that

have undergone varying degrees of mining subsidence. In this study, we present an assessment on the suitability

of crop cultivation in the Dawu coal mining district in NW Jiangsu province, Eastern China. Distribution of local land
subsidence is delineated with topographic analysis, and the weight-of-evidence (WoE) suitability assessment has
encompassed various factors including the conditions of soil (e.g., acidity and porosity), groundwater level, irriga-
tion and drainage, terrain slope, and land pollution. Consequently, the Dawu district is divided into four categories
(high, moderate, low, very-low) of agricultural suitability. Collaborating with the local government agencies (e.g., Land
and Resources Bureau and Agriculture Bureau), a land-use plan is proposed. In the plan, the highly suitable areas for
agriculture (and the surrounding moderately suitable areas) are allocated as farmlands, whilst the other moderately to
lowly suitable areas are allocated as ecological zones for restoring the ecosystem and ecological diversity. The barely
suitable areas with severe subsidence are allocated as artificial lakes, which also serve as reservoirs for farmland irriga-
tion and drainage. To protect these new farmlands from soil erosion, infrastructure such as embankment and wind-
break are also included in our rehabilitation plan. Our study highlights the necessity of forward planning in coal mine
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Introduction

With China gradually switching to greener energy and
technology, many coal mines have been shut down in
recent years. Many of these closed mines are distributed
in densely populated regions, notably in Eastern China,
and the reuse (rehabilitation) of these lands has become
a pressing issue (Bai et al. 2018; Dai and Finkelman 2018;
Wang et al. 2020). The issue is further complicated by
the fact that many of the closed coal mines have varying
degrees of land subsidence, led by groundwater rise and
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collapse of abandoned underground mine workings (He
et al. 2008). Land subsidence could cause potential loss
of lives and properties if infrastructures (e.g., residential
buildings, bridges, roads and railways) are built on sites
that are subsided or with a high potential of future sub-
sidence, and the cost of the subsequent land remediation
can be substantial. Therefore, careful planning is needed
to ensure sensible/sustainable land-use and to restore the
environment and ecology of the region, as well as to revi-
talize regional economy (Szczepanska and Twardowska
1999; Zhang and Sun 2005; Dumanski et al. 2006).
Northwestern Jiangsu province in Eastern China is a
historic coal mining region, and contains a number of
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large coalfields (Fig. 1). Previous studies on closed mine
rehabilitation were mainly dedicated to that in large cit-
ies (e.g., Xuzhou) and their impact on urban areas. In
contrast, rehabilitation research on rural areas, espe-
cially on restoring the subsided areas for crop culti-
vation, is scarce. It is well known that underground
coal mining and the related subsidence has profound
impact on agricultural productivity, through altering
the local topography, soil properties, and underground
hydrology (Fig. 2) (Lechner et al. 2016). In this study,
therefore, we selected the Dawu mining district in the
Xuzhou coalfield for a case study. Based on analysis of
the local topography, we mapped out the sites of min-
ing subsidence. We formulated the factors and Weight
of Evidence (WoE) to evaluate the agricultural suitabil-
ity for crop cultivation. Our evaluation results divide
the study area into four categories of suitability (i.e.,
high, moderate, low, very-low) for cultivation. Accord-
ing to the agricultural suitability and local topography,
we devised a land-use plan for the district, comprising
lands for cultivation and for ecological restoration, e.g.,
parks, forests, and artificial lakes. Details for the design
of embankment, land levelling, windbreak, together
with agricultural irrigation and drainage are also intro-
duced as part of the plan.
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Dawu coal-mining district and land subsidence

The Dawu district is located 35 km NE from Xuzhou city
(latitude: 34°17’ ~ 34°32; longitude: 117°17’ ~ 117°42; size:
11,259 km?) in the southeastern North China Plain (aka.
Huang-Huai-Hai Alluvial Plain) (Fig. 1la). At 2016, the
land use of Xuzhou consists mainly of farmland (5989.33
km?) and built-up area (2434 km?), followed by recrea-
tion (556.67 km?), forest (248 km?), coal mining (97.33
km?), and grassland (61.33 km?). Water bodies made up
of 1739.67 km? (15%) of the city area (Fang et al. 2019 and
ref. therein). The district is an important component of
the Xuzhou coalfield, encompassing many counties and
townships, including the Dawu, Dongdawu, Rencangwu,
Duiwei, and Duiweizi (Fig. 1b, c). The primary coal-
bearing sequences are the Upper Carboniferous Taiyuan
Formation and the Lower Permian Shanxi and Lower
Shihezi formations, which may have mainly deposited
in large epicontinental sea basins (Li 2012; An et al
2018; Li et al. 2018; Zheng et al. 2019). The Permian coal
seams are economically more important, because they
are thicker and more continuous. The Shanxi Forma-
tion may have deposited in a tidal-flat delta with brack-
ish water influence, whilst the Shihezi Formation likely
deposited in a delta plain with occasional seawater incur-
sion (Li et al. 2020 and ref. therein). Sandwiched between
the waterbodies of the Pan'anhu National Wetland Park

Fig. 1 a Map of Eastern China, showing the location of the study area (in red rectangle); b Satellite image and ¢ map of the Dawu mining district.
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Fig. 2 Schematic diagram showing the impacts of coal mining subsidence on agricultural productivity (Lechner et al. 2016)

and the Bulao river, the Dawu district is topographi-
cally flat and encompasses an area of 38.28 km? After
the mine closure, it is estimated that almost one-third of
the district (10.50 km?) has varying degrees of the min-
ing subsidence, and the subsidence extends across the
middle-southern parts of the district. The subsided area
includes 8.97 km? agricultural land, 1.06 km? construc-
tion land, and 0.47 km? unused land. The spatial distribu-
tion of these subsided areas in the district is delineated
here and shown in Fig. 3.

Agricultural suitability evaluation for the Dawu
mining district

Evaluation units and factors

In this study, the land-use map and topographic images
(including aerial photos and satellite images) are used as
units for the agricultural suitability evaluation. A wide
range of internal/external conditions were considered as
the evaluation factors, including the soil condition (e.g.,
acidity and porosity) (Parikh and James 2012), ground-
water level (Siebert et al. 2010; Ho et al. 2016), irrigation
and drainage conditions (van der Zee et al. 2017), slope
of terrain (Turunen et al. 2015), land pollution condition
(e.g., heavy metal and arsenic contents; Dai et al. 2012;
Zhao et al. 2018), and the past and current land use sta-
tus (Bhattacharya 2011). In this study, we have merged
these into seven major factors (Table 1): Land pollution
condition is crucial for agricultural suitability evaluation,
and is thus given the highest weight (0.234). At Xuzhou,
although the mean concentrations of Cr (70.266 ppm), Hg
(0.036 ppm), and Pb (24.84 ppm) exceed their respective

background values, they are still below the Chinese envi-
ronmental quality standard for soils (GB15618-1995)
(Fang et al. 2019). These harmful substances (arsenic,
selenium, and heavy metals) may have been products
of acid mine drainage, for instance from the weathering
of pyrite in the coal (Huang et al. 2009; An et al. 2018).
Besides, in the Jiawang district of Xuzhou, where most
of the coal mining activities are/were located (including
the Dawu mine), the ecological risk imposed by heavy
metal contamination was estimated to be moderate
(Fang et al. 2019). Therefore, the weight for land pollu-
tion condition is the highest but not dominating. The sec-
ond most important factor is the soil conditions (0.192),
which include the soil type and pH (Mchinga et al. 2005).
At Xuzhou, the soil type is mainly alluvial, and the soil
acidity is contributed by a combination of acid rain and
acid mine drainage (Han 1995), which both occur uni-
formly across Dawu. Irrigation and drainage conditions
rank the third in terms of weight (0.171). At Dawu, irriga-
tion is not a big issue because of the many water bodies
nearby (notably the Bulao river), whilst drainage is usu-
ally better in areas with previous underground mining
work. Both groundwater level (0.168) and terrain slope
(0.113) have moderate to low weight, because they do
not vary much across the study area: groundwater level
is generally high at Dawu because of the many water bod-
ies nearby, and the terrain is largely flat apart from the
subsided sites. Original land use is of minor unimpor-
tance (weight=0.071), because most of the study area
was a coal mine, except for the places, where roads or
power lines are built. Most external factors (e.g., climate,
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in the planned forest reserve

Fig. 3 Photos of a coal mine in operation (photo taken in the 1990s) and b coal mine after rehabilitation with ecological parks and artificial lakes,
Dawu mining district; ¢, d ecological restoration zone (photos from http://js.people.com.cn/): c embankment along artificial lake, and d reforestation

labor, market) are homogenous across the study area,
with the exception of transportation facilities, which the
sites closer to roads/railway stations would yield a slightly
higher score (Fig. 4).

Weight of Evidence (WoE) determination

In this study, the results of the agricultural suitability
analysis fall into four categories: Highly suitable (100
points), moderately suitable (80 points), lowly suitable
(60 points), and barely suitable/unsuitable (0 point). The
Delphi method is used to quantify the grading and weight
of each factor (Linstone and Turoff 1975). An expert team
is employed to build the analytical hierarchy, to establish
the judgment matrix, and to conduct the consistency
test. This expert team is mainly composed of profession-
als (e.g., engineers) from the Land and Resources Bureau,
Agriculture Bureau, and Water Conservation Bureau of
the Dawu district, together with researchers from the
China University of Geosciences (Beijing), which have
all been long involved (and thus well-experienced) in the
land rehabilitation/remediation of the local mining sub-
sidence. The data (e.g., heavy metal contents, soil type,
and groundwater level) used for the assessment were

largely compiled from unpublished internal govern-
ment surveys and reports (in Chinese), dated back to the
1970s. Topographic evolution (incl. terrain slope) of the
area was recognized through comparing aerial photos
and topographic maps of different ages. These data and
information were first digitized, and then analyzed and
visualized using the ArcGIS software. The WoE factors
and their relative weight for this assessment are shown in
Table 1. The index quantification rating, weight determi-
nation, and data processing is performed with the MAP-
GIS6.7 software, and the weighted sum method is used to
calculate the total score of the attributes for each evalua-
tion unit (Marler and Arora 2010).

Evaluation results

As shown in Fig. 5, the most-suitable land for cultivation
is distributed in the northern and (mainly) northeastern
parts of the study area, which commonly have minimal
or no subsidence. The moderately suitable land extends
east—west across the middle part of the orefield, whilst
the lowly suitable land is distributed in the southeast-
ern corner of the study area, as well as scattered within
the moderately suitable land. The barely suitable or
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Fig. 4 Map showing the distributions of subsided pits (greyish-blue), subsided agriculture/unused land (yellow), and subsided construction land

Table 1 Weight of Evidence (WoE) for agricultural suitability
assessment in the Dawu mining district, Jiangsu province

Evaluation factor Weights
Land pollution 0.234
Soil conditions 0.192
Irrigation and drainage conditions 0.171
Groundwater level 0.168
Terrain slope 0.113
Original land use 0.071
External condition 0.005

unsuitable land is mainly distributed in the southwestern
corner, in the center, and along the southern fringe of the
area, where land subsidence is generally severe.

Rehabilitation land-use design in the Dawu mining
district and future work

Rehabilitation in the Dawu mining district has the fol-
lowing aims: (1) re-introduce agricultural activities to
improve the local economy; (2) improve the living envi-
ronment and standard for local residents; and (3) restore
the ecological environment and diversity. Accordingly,

our design is dedicated to meet these three aims. Rein-
troduction of agricultural land to Dawu is of particular
importance, because since 1987, 9.55% of the farmland
in Xuzhou was lost to construction land, and a further
5.15% was lost because of waterlogging caused by land
subsidence (Bian and Zhang 2006). Turning some of the
subsided land into water bodies (as artificial lakes in rec-
reation parks) improves not only the living environment
of local population, but also the capacity of irrigation and
flood prevention in the district.

Rehabilitation plan for the Dawu district

According to the afore-mentioned agricultural suitabil-
ity and factors such as topography (caused by the vary-
ing degrees of subsidence), population distribution, and
existing infrastructure (e.g., roads and bridges), a reha-
bilitation plan for the Dawu mining district is proposed
(Fig. 6). All the most-suitable areas for cultivation in
northern and southern Dawu, as well as some moder-
ately suitable (and less-subsided or un-subsided) areas in
eastern and western Dawu (Fig. 5) are allocated to agri-
cultural area in the plan. The least-suitable or unsuitable
areas in the southwestern corner and central-eastern part
of the study area (originally a collapsed pit) are designed
to be an artificial lake, which can also serve as both water
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Fig. 5 Map showing the distributions of lands, where the suitability of rehabilitation is high (red), moderate (orange), low (green), and very low

source for irrigating the nearby farmland and as a stor-
age for runoff stormwater (to prevent flooding). The rest
of the moderately suitable areas are allocated to the eco-
logical zone, which consists mainly of parks plus three
patches of forest reserves, where extensive greening will
be carried out (Fig. 2d). To conserve these new farmlands
from flooding or soil erosion (by wind), the following
infrastructures are also added to the plan:

Embankment design

In the Dawu mining district, the areas suitable for culti-
vation are mostly low-lying (ca. 27.0-29.0 m elevation)
and below the flood level of local waterbodies (~30.0 m
elevation). To prevent flooding in the proposed farm-
lands, embankment is designed along the border of the
cultivated land plots (Fig. 2c). To ensure that flooding
would not occur even under severe raining during mon-
soon seasons, the width of the embankment is set to be
6 m (2 m wide at the top of the clay embankment wall),
and the slope coefficient is set to be 1.5, in line with the
Chinese national standard. The water diversion and the
bottom are protected by M10 pulp.

Land leveling design

1. Topsoil stripping backfill: To backfill the subsided
areas, the tillage layer is set to be 18 c¢m, whilst the
thickness of the stripped topsoil is set to be 20 cm.

2. (2) Landform earthwork calculation and topsoil
reconstruction: Earthwork calculation is conducted
with the grid method with the CASS software, with
the basic calculation unit being the flattening unit
(Liu et al. 2021). The topsoil reconstruction design
consists of three parts: (1) Filling materials com-
prise fly ash, coal gangue, and lake mud, with their
actual amount dependent on the local land configu-
ration (e.g., degrees of land subsidence); (2) A 5 cm
clay layer is placed on top of the fly-ash filling layer
as an isolation, which is in turn covered with topsoil;
(3) The required topsoil thickness is estimated to be
50 cm. This estimation is based on the main types
of crops (e.g., wheat, corn, and soybean) suitable for
growth in the Eastern China region, and the local
drainage conditions in Dawu.
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Windbreak design

Although severe hurricanes or windstorms are uncom-
mon in Dawu, strong wind can still cause surface soil ero-
sion and hamper cultivation (Rehacek et al. 2017; Vacek
et al. 2018). As a result, windbreak is planned on both
sides of the main roads in Dawu. The plants selected for
the windbreak include mainly sophora japonica and wil-
low (n=24,232) and privet (n =23,554), planted with
spacing of 2 m x 2 m.

Irrigation and drainage design

Based on the irrigation requirements, new irriga-
tion pumping stations are planned to raise water from
local waterbodies (including the two artificial lakes and
the Bulao river), and two-stage irrigation pipelines are
designed with pipeline water utilization factor of 0.92.
Two types of corrosion-resistant water pipes are to be
used for the farmland irrigation and drainage: Concrete
pipes (600 mm, 500 mm, 400 mm, and 300 mm) and PVC
pipes (250 mm, 200 mm, 160 mm, 110 mm).

Future work
It is hugely important to conduct follow-up study on
comparing the agricultural suitability between different

cultivation crops, because many assessment factors (for
instance local soil conditions (esp. pH) and groundwater
level) would have varying impacts on different crops. At
Xuzhou, the major cultivation crops include rice, wheat,
corn, and sweet potato. As the land rehabilitation is still
underway, it is unclear which of these crop(s) is/are to be
grown. We thus recommend that once the agricultural
activities have commenced, follow-up studies should be
conducted to examine which crop(s) is/are more suitable
on these previous mining sites, as well as the extent of
harmful (e.g., arsenic and heavy metals) substance uptake
in these crops. This will be beneficial for future agricul-
tural suitability assessment for similar historic coal min-
ing districts in eastern/northern China.

Conclusions

In this study, we have put forward the first assessment
on the agricultural suitability of coal mining subsidence
lands in NW Jiangsu province, Eastern China. Delinea-
tion of subsided areas in the district was performed with
topographic analysis. Weight-of-Evidence is assigned on
the various internal and external influencing factors on
crop cultivation. According to the assessment results, the
most-suitable areas are allocated to agricultural lands,
whereas the least-suitable and unsuitable (commonly also
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the most subsided) areas are allocated to artificial lakes
and ecological restoration zone. The moderately-suitable
areas can be allocated to either cultivation or ecological
restoration, dependent on their size, topography, and
proximity to the nearby farmland. Details of the infra-
structures for conserving the farmland (e.g., preventing
flooding or soil erosion) are also formulated, including
the design for lake/river embankment, land levelling and
topsoil replacement, windbreak construction, as well as
measures for irrigation and drainage.
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